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ABSTRACT

In the past decade, our appreciation of the contribution of innate lymphoid cells (ILCs)

towards homeostatic and inflammatory responses has advanced tremendously; however, be-

cause ILCs and T cells both rely on a highly overlapping set of genes for development,

models of ILC-specific deficiency have lagged. To establish selective tools requires an un-

derstanding of the shared and distinct regulators of ILC development. Recent work from

our lab and others has advanced an understanding of the precursors that comprise the ILC

developmental hierarchy and the expression of transcription factors driving this progres-

sion. Analysis of chromatin accessibility and genome editing via CRISPR/Cas9 have also

enabled the identification of cis-regulatory elements governing ILC development. Yet, many

of the ILC precursors described to date have been recognized as far more heterogeneous

populations than initially proposed, a result of the limitation in available tools to resolve

such complexity. Moreover, the general lack of clarity has hindered an assessment of the dy-

namic changes in genome accessibility occurring between precursor and product. We utilized

CRISPR/Cas9-mediated transgenesis to generate novel combinatorial transcription factor re-

porters to address precursor heterogeneity and uncovered intermediate specified precursors

to the ILC and Lymphoid Tissue-inducer lineages. From these results, we established a

revised hierarchy of ILC development and used our multi-transcription factor reporter mice

to isolate refined precursor populations and compare changes in chromatin accessibility over

developmental time. At the Gata3 locus, we discovered a dynamic region responsible for

regulating the high level of GATA3 expression in ILC2s that is necessary for their proper

development and function at homeostasis and following type 2 inflammation. In sum, the

revised hierarchy of ILC development and chromatin accessibility data for intermediate ILC

precursors will enable the identification of crucial regulators of ILC development and inform

the generation of models to better understand ILC biology.

xii



CHAPTER 1

INTRODUCTION

1.1 Innate Lymphoid Cells (ILCs)

Cells of the immune system are typically categorized in to two distinct arms, adaptive and

innate, with lymphoid lineage cells existing on a spectrum between these two classifications.

Adaptive lymphocytes include classical αβ T cells and B cells that are highly diverse due to

the expression of unique antigen recognition receptors, a result of somatic recombination. As

such, adaptive lymphoid cells are initially slow to react, but consequently develop antigen-

specific memory and enact a highly focused response. Innate lymphoid cells (ILCs) on the

other hand lack expression of somatically rearranged receptors and instead respond more

broadly and quickly to a given homeostatic or inflammatory context.

Generally considered to be tissue-resident sentinel cells, ILCs are situated to rapidly re-

spond to local signals within barrier tissues, such as the skin, lung, and intestine, as well

as more distal sites including the liver, adipose tissue, and salivary glands. Several groups

and subsets have been described for ILCs, which correspond to cytotoxic and T helper (Th)

cell subsets, based on key commonalities including transcription factor expression profile,

response stimuli, and cytokine production.1,2 Interest in understanding ILC biology and

function has exploded in the past decade following the discovery of their involvement in

a host of different contexts including lymphoid tissue development, tissue homeostasis and

repair, tumors, allergens, and metabolism.

Though demonstrably shown to contribute to homeostatic and inflammatory responses,

the exact role of ILCs in the context of an uncompromised adaptive immune response is

poorly understood, as T cells are often impacted by strategies that modulate ILCs. There-

fore, in order to devise precise models to address their function, it is necessary to delineate

the development and transcriptional regulation of the ILC lineage.

1



1.2 ILC subsets

Though extensive heterogeneity has been documented among the ILC subsets within and

between tissues3, evidence derived from studies of ILC development, transcription factor ex-

pression, tissue-specific phenotype, and function at homeostasis and following inflammatory

challenge supports a five subset model for the ILC lineage (Fig.1.1).

Group 3 (RORγ(t)+) ILCsGroup 2 (GATA3+) ILCsGroup 1 (TBET+) ILCs

Extracellular pathogens
Intestinal homeostasis

Lymphoid tissue development
Immune

Contributions
Parasites and allergens

Tissue repair
Metabolic homeostasis

Intracellular pathogens
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Intestine
Mesenteric Lymph Node
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Lung
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Figure 1.1: Group 1, 2, and 3 ILC subsets and function. ILCs are subdivided into groups based on
the expression pattern of cell surface markers, transcription factors, and effector cytokines akin to T helper
cell subsets. Each group characteristically responds to a set of stimuli under unique contexts of immune
activation during inflammation or at homeostasis.

1.2.1 Group 1 ILCs (NK cell and ILC1)

Group 1 ILCs comprise both the prototypical Natural Killer (NK) cell and the more

recently described ILC1 subsets.1,2 The shared type 1 effector program expressed by NK

cells and ILC1s is driven by the signature “master” transcription factor TBET (encoded by

Tbx21 )4,5, and mirrors the programs expressed by cytotoxic CD8+ T cells and Th1 cells,

respectively (Fig.1.1). The inflammatory mediators IL-12, IL-15, and IL-18 produced by

epithelial and myeloid cells upon exposure to and detection of intracellular pathogens (e.g.
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Toxoplasma gondii 5 and mouse cytomegalovirus (MCMV)6), act on group 1 ILCs to drive

the expression of several effector cytokines, most notably IFNγ and TNFα. In mice, NK cells

and ILC1s are commonly characterized by surface expression of NK1.1, though expression

of this marker is strain specific, and the natural cytotoxic receptor (NCR) CD335 (NKp46).

NK cells and ILC1 are found across a wide variety of tissues including the spleen, liver, lung,

gut, and skin where viral and intracellular bacterial infections may occur.

Though shared transcriptional and effector commonalities exist, several key features gen-

erally distinguish NK cells from ILC1s. NK cells are predominately circulating cells7, imbued

with steady-state cytotoxic potential via high levels of Perforin and Granzyme expression8,

are marked by surface expression of CD49b (DX5) in a majority of tissues9, and are de-

pendent on the transcription factor EOMES (encoded by Eomes) for development and ac-

quisition of effector function.4 Conversely, ILC1s are tissue-resident cells devoid of EOMES

expression with more limited cytotoxic capacity and preferentially express CD49a, TRAIL,

CD200R, and CD127 (IL-7Rα)8,9, though expression of these surface markers varies de-

pending on activation state and tissue of origin. Notably, transgene-enforced expression

of EOMES alone is sufficient to drive expression of an NK cell-like phenotype in ILC1s.10

Lastly, ILC1s arise prior to NK cells during ontogeny and are detectable before birth in the

murine fetal liver (FL), whereas NK cells appear two to three weeks after birth.11 While the

aforementioned features are commonly used to distinguish NK cells from ILC1s, the extent of

heterogeneity and overlap of markers within the group 1 ILC lineage has only recently been

appreciated. For example, salivary gland (SG) group 1 ILCs express features associated with

both the NK cell lineage (EOMES and DX5) and ILC1 lineage (CD49a and TRAIL).12,13

The mixed SG NK/ILC1 phenotype has been ascribed to TGF-β-mediated suppression of

EOMES function13,14, and is observable in the spleen, liver, and lung following T. gondii

infection.15

While numerous studies have expanded our understanding of the role NK cells and ILC1s
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play during type 1 immune responses, characterization of the distinct contribution of each

subset towards various immunological challenges remains difficult and has been hampered in

part by the lack of sufficient tools for lineage-specific ablation. Nonetheless, several reports

have ascribed unique roles in the contexts of specific models. Mice deficient in Hobit (en-

coded by Zfp683 ), a gene necessary for liver ILC1 tissue-residency16, were found to be highly

susceptible to MCMV infection, a result attributed to impaired early IFNγ production from

ILC1s at initial sites of infection.6 In mice and humans, a unique NK cell subset accumulates

within the decidua during pregnancy and has been proposed to promote fetal development

through the secretion of angiogenic and growth-promoting factors.17–19

1.2.2 Group 2 ILCs (ILC2)

Group 2 ILCs consist solely of the ILC2 subset that shares an effector program with

Th2 cells.1,2 The “master” transcription factor GATA3 (encoded by Gata3 ) is necessary for

expression of a type 2 helper effector program in ILC2s, which is characterized by the expres-

sion of RORα, BCL11B, and GFI1 (encoded by Rora, Bcl11b, and Gfi1 respectively) and the

secretion of type 2 cytokines IL-5, IL-9, IL-13, and amphiregulin (AREG) (Fig.1.1).20–22

Disparate inflammatory stimuli, ranging from large extracellular helminths (Nippostrongylus

brasiliensis) to small protease allergens (papain), initiate the release of the type 2 medi-

ators thymic stromal lymphopoietin (TSLP), IL-25, and/or IL-33 from non-immune cells

that act on and activate ILC2s, which are predominately found within barrier tissues in-

cluding the lung, gut, and skin. Similar to ILC1s, ILC2s are classically considered to be

a tissue-resident population7,23,24, though it has recently been appreciated that ILC2s can

migrate from the gut to the lung in the context of helminth infection.25–27 At homeostasis,

ILC2s are also found in the white adipose tissue (WAT) and beige fat where they sustain

eosinophil numbers28, and can regulate beige fat biogenesis through IL-4Rα, the common

IL-4/IL-13 receptor subunit, and STAT6 signaling in adipocyte precursors.29,30 Gut ILC2s
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can separately contribute to diet-induce obesity.31

Notably, whether TSLP, IL-25, or IL-33 are the primary mediators of ILC2 activation is

often tissue-specific, though these cytokines are not required for ILC2 tissue-specific iden-

tity.32 In the lung and WAT, adventitial stromal cell derived IL-33 activates ILC2s through

IL-33Rα (ST2, encoded by Il1rl1 ).28,33 However, in the gut, tuft cell derived IL-25 drives

a feed-forward circuit with ILC2s through IL-25R (IL-17RB, encoded by Il17rb)34–37, while

in the skin IL-18, classically associated with type 1 immunity, mediates ILC2 activation

through CD218a (IL-18R1).32

Though TSLP, IL-25, and IL-33 are considered classical mediators of ILC2 activation,

recent work has identified a role for lipids and neuropeptides in controlling ILC2 activation

and function, underscoring the unique position ILC2s have as integrators of tissue-derived

signals. Leukotrienes amplify ILC2 activation in conjunction with primary IL-25 or IL-

33 signals through CYSLTR1 while prostaglandins promote tissue accumulation of ILC2s

through CRTH2 following type 2 inflammation.38–40 Vasoactive intestinal peptide (VIP)

and neuromedin U similarly enhance ILC2 activation41–44, while Calca-encoding calcitonin

gene-related peptide limits ILC2 function.45,46

1.2.3 Group 3 ILCs (Lymphoid Tissue-inducer and ILC3)

Group 3 ILCs consist of the Lymphoid Tissue-inducer (LTi) and ILC3 subsets that, like

Th17 cells, express a common type 3 effector program driven by the “master” transcription

factor RORγ(t) (RORγ and RORγt isoforms, encoded by Rorc).1,2 LTis and ILC3s are

abundantly found within the adult gut lamina propria where, in response to the epithelial-,

immune-, microbial-, or dietary-derived signals such as IL-1β, IL-23, or retinoic acid (RA),

they are stimulated to produce several soluble factors including TNFα, GM-CSF, IL-17, and

IL-22 (Fig.1.1).47 At steady state, LTis and ILC3s are the primary producers of IL-2248,49,

which acts on epithelial cells to promote wound healing and the production of antimicro-
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bial peptides at the expense of lipid absorption and metabolism.47,50 Production of IL-22

from group 3 ILC subsets, at least in the context of Citrobacter rodentium infection, may

be partially redundant.51 Expression of the aryl hydrocarbon receptor (AhR, encoded by

Ahr) within LTis and ILC3s is critical for their expansion in the adult gut lamina propria

and for formation of isolated lymphoid follicles (ILFs) and cryptopatches (CRs) in response

to dietary AhR ligands.49,52–54 Similar to ILC2s, LTi and ILC3 activity is regulated by

neuropeptides, such as VIP and Glial Cell-line Derived Neurotrophic Factors, that suppress

or activate IL-22 production through VIPR2 or RET receptor respectively.50,55

LTis are likely the most recently evolved ILC subset56, as they are necessary and respon-

sible for the development and formation of secondary lymphoid organs and intestinal Peyer’s

patches through their interaction with endothelial lymphoid tissue-organizers and provision

of lymphotoxin (LTα1β2) and RANK ligand during early embryogenesis.57,58 Fetal derived

LTi and post-natal LTi-like cells are commonly distinguished from ILC3s based on the ex-

pression of CCR6, cKit, Neuropilin-1 (NRP-1, encoded by Nrp1 ), and CD4, though only a

proportion of LTis are marked by CD4 expression.8,57–59 Throughout fetal ontogeny, LTis

are found in abundance at lymph node anlagen58, and their development and function is

highly dependent upon the cell-autonomous activity of maternally derived RA.60,61 In the

adult mouse, LTi-like cells are principally located within ILFs and CRs in the gut, drawn

in to clusters through CXCR5 and CCR6 chemokine receptor signaling.62 Though predom-

inately found in the gut, a population of LTi-like cells was recently described in the skin

epidermis where they regulated sebaceous gland size and antimicrobial lipid production.63

ILC3 are traditionally subdivided based on the expression of NCRs into NKp46+ and

NKp46-CCR6- (double negative, DN) ILC3s. In contrast to LTi, NKp46+ and DN ILC3s

appear later in ontogeny and only begin to accumulate in the gut after birth in response to

the microbiota.52,54,59 ILC3 localization in the gut lamina propria is depend on expression

of CXCR6, the absence of which impairs IL-22 mediated barrier integrity.64 NKp46+ ILC3s
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develop from the pool of DN ILC3s in a process dependent on the transcription factors

TBET and GATA3, Notch signaling, and the microbiota.54,65–68 In this process, RORγ(t)

expression in DN ILC3s is repressed by TBET and GATA3, resulting in a concomitant in-

crease in IFNγ and NKp46 expression. Continued and complete suppression of RORγ(t)

expression results in a loss of the type 3 phenotype in NKp46+ ILC3s and conversion to

ILC1s, or “ex-ILC3s”.5,54

1.3 ILC Progenitors

While demonstrably shown to contribute to homeostatic maintenance and pathogen resis-

tance, the exact role of ILCs in the context of an uncompromised adaptive immune response

is poorly understood.1,69 An evaluation of ILC importance is hindered by a deficiency in

models for the specific depletion of ILCs and ILC subsets. As such, it is of interest to the

field at large to determine specific factors involved in ILC development, persistence, and

function. ILC precursors in the murine adult bone marrow (BM), FL, and peripheral tissue

have been described by several groups, including ours, using a combination of transcription

factor reporter mice and lineage potential analysis. These publications have lead to the

development of a hierarchical model of ILC development (Fig.1.2).

1.3.1 The Innate Lymphoid Cell Precursor (ILCP)

A restricted precursor to murine helper ILC1/2/3 but not LTis or NK cells was identified

by our lab through the application of a Natural Killer T (NKT) cell transcription factor

reporter strain for PLZF (encoded by Zbtb16 ; Zbtb16 EGFPCre).78 Initial fate-mapping ex-

periments using Zbtb16 EGFPCre x ROSA26floxSTOP-EYFP reporter mice revealed that, akin

to NKT cells, ILC1, ILC2, and ILC3 in numerous tissues were EYFP+, whereas LTi and

NK cells showed little to no fate-mapping. Notably, EYFP fate-mapped mature ILC1/2/3

populations did not express EGFP, in contrast with NKT cells, suggesting the existence of
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Figure 1.2: Current model of ILC development. In the mouse, all ILCs develop from the CLP
(common lymphoid precursor), which is shared with the B cell and T cell lineages.70 CLP give rise to αLP
(α4β7+ lymphoid precursor) and the downstream EILP (early innate lymphoid precursor), both of which
are capable of differentiating into NK cells through an intermediate NKP (NK cell precursor). EILP then
give rise to a CHILP (common helper innate lymphoid precursor) with ILC1/2/3 and LTi potential. Lastly
an ILCP (innate lymphoid cell precursor) committed to the ILC1/2/3 lineage and an LTiP (LTi precursor)
committed to the LTi lineage arise from the CHILP before final lineage differentiation.

an earlier Zbtb16 -expressing progenitor. Indeed, upon examination of adult BM or embry-

onic day 14 (E14) FL cells negative for myeloid and adaptive lineage markers (Lin-), a rare

EGFP+ population was identified that expressed several markers previously used to char-

acterize LTi precursors (LTiP) (detailed below), such as α4β7, IL-7Rα, and CD117 (cKit,

encoded by Kit).59,72,73 Intriguingly, whereas NKT cells express Zbtb16 throughout devel-

opment85, Zbtb16 was only transiently expressed during ILC development, as indicated by

the fact that mature peripheral ILC1/2/3 are incompletely fate-mapped (∼65% EYFP+)

and that precursors committed to the ILC2 lineage (detailed below) rapidly downregulated

Zbtb16 expression.78,79,86 Lin-α4β7+IL-7Rα+Zbtb16 -EGFPCre+ cells also expressed tran-

scription factors previously reported to be necessary for ILC-lineage development including

Id2, Tcf7, Gata3, Rorα, and Tox, but did not express markers associated with mature periph-

eral NK cells and ILC1s83,84,87, ILC2s21,22,81,88,89, or ILC3 and LTis59,73,90, such as NK1.1,

NKp46, IL-25R, IL-33Rα, CCR6, and CD4.78 Subsequent reports have since observed that
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Table 1.1: Defining surface markers and transcription factors of ILC precursors and the re-
porter strain used to characterize each precursor.

Precursor Expression Profile Reporter Strains References

CLP Lin-IL-7Rα+Flt3+cKit+Sca-1+ — 71

αLP Lin-α4β7+IL-7Rα+Flt3+/- RORγtEGFP, ID2EGFP 72–74

EILP Lin-α4β7+IL-7Rα-CD90.2-TCF1+ Tcf7 EGFP 75–77

CHILP Lin-α4β7+IL-7Rα+Flt3-CD25-ID2+ ID2EGFP 5

ILCP Lin-α4β7+IL-7Rα+PD-1+PLZF+ Zbtb16 EGFPCre 78–80

ILC2P
Lin-IL-7Rα+Sca-1+

ICOS+ID2+GATA3+
GATA3EGFP, ID2EGFP 78,81

LTiP
Lin-α4β7+IL-7Rα+cKit+

CCR6+CXCR5+RORγ(t)+
RORγtEGFP 58,59,73,82

NKP
Lin-2B4+CD27+IL-7Rα+

CD122+Flt3-ID2+
ID2EGFP 83,84

Zbtb16 expression in these BM precursors is highly correlated with CD279 (PD-1, encoded

by Pdcd1 ) expression.79,80,91

Further characterization of the Lin-α4β7+IL-7Rα+Zbtb16 -EGFPCre+ population follow-

ing bulk transfer into Rag1-/-γc-/- immunodeficient mice in competition with congenically

marked CLP revealed the restricted differentiation potential of these precursors. Lin-α4β7+

IL-7Rα+Zbtb16 -EGFPCre+ cells readily generated mature ILC1/2/3 in several distinct

tissues yet displayed a limited potential for NK cells and no potential for LTis or adap-

tive lymphocytes (B and T cells).78 Moreover, NK-like cells derived from Lin-α4β7+IL-

7Rα+Zbtb16 -EGFPCre+ cells were distinct from CLP-derived NK cells in their augmented

expression of NKp46. Results from the in vivo transfer experiment were confirmed through

clonal analysis where individual Lin-α4β7+IL-7Rα+Zbtb16 -EGFPCre+ cells differentiated

into single ILC1/2/3 progeny or multi-potential ILC1/2/3 colonies at a lower frequency. Im-

portantly, Zbtb16 -EGFPCre+ cells arose from short-term in vitro cultures of Lin-α4β7+IL-
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Figure 1.3: Stability of NK cell and ILC1 distinguishing markers in vitro. (A) Liver NK
cells (CD45+CD3ε-TCRβ- NK1.1+DX5+CD49a-Eomes-EGFP+) and (B) Liver ILC1 (CD45+CD3ε-TCRβ-

NK1.1+DX5-CD49a+Eomes-EGFP-) were isolated from EomesEGFP/+ reporter mice and single-cell sorted
into wells containing OP9 stromal cells supplemented with IL-2, IL-7, and SCF. Mature group 1 ILCs were
cultured for 6 days and the expression of identifying markers associated with Liver NK cells (DX5, Eomes,
KLRG1, Ly49D) and Liver ILC1s (CD49a, CD200R) was assessed.6

7Rα+Zbtb16 -EGFPCre- cells, indicating their appearance downstream of an α4β7+ lym-

phoid precursor (detailed below). Based on the aforementioned parameters, Lin-α4β7+IL-

7Rα+Zbtb16 -EGFPCre+ cells were termed the Innate Lymphoid Cell Precursor (ILCP)

(Table1.1).

Of note, LTi potential was not addressed at the single-cell level in our initial study.78

However, our group later confirmed and extended the initial clonal analysis of the ILCP

by staining for CD4 in single-cell cultures as a marker for LTis, confirming that the ILCP

does not efficiently give rise to LTis at the clonal level.92 Though the ILCP was devoid of

numerous mature ILC markers, a fraction of ILCPs in the murine adult BM expressed the

ILC2-lineage marker ICOS, suggesting that there is early acquisition of lineage markers prior

to terminal differentiation.78 As a matter of fact, our group later documented multi-lineage

priming within FL ILCPs, noting that there were cells that coexpressed transcription fac-

tors commonly associated with discrete mature ILC lineages, including Tbx21, Bcl11b, and

Rorc.92

Contrary to our initial findings, two recent publications reported that adult BM ILCPs re-

tain substantial NK cell potential.93,94 Through the combination of a novel Id2 RFP reporter
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in conjunction with the Zbtb16 EGFPCre reporter, Xu et al. (2019) found that Id2 -RFP+

Zbtb16 -EGFPCre+ ILCPs were able to give rise to NK cells, identified by EOMES and/or

Perforin expression, following in vivo transfer and in vitro culture.93 Similar observations

were made by Walker et al. (2019) using 5x polychromILC mice (ID2BFP/+GATA3hCD2/+

RORαTeal/+Bcl11btdTomato/+RORγtKatushka/+).94 Given the potential for impurities in

cell sorting prior to in vivo transfer studies, in vitro clonal analysis provides a more optimal

means to distinguish a populations lineage potential. However, when assessing potential in

vitro, care must be taken to assure the stability of distinguishing markers commonly used

during ex vivo analysis. Though EOMES serves as a distinct marker for NK cells ex vivo,

as detailed above, we have observed the upregulation of EomesEGFP expression within in

vitro cultured ILC1s, calling into question the results presented by Xu et al. (2019) and

Walker et al. (2019) (Fig.1.3).93,94 Thus, whether the ILCP is a committed precursor to

ILC1/2/3 cells distinct from an NK cell precursor (detailed below) or the ILCP retains some

not-insignificant NK cell potential, and the relevance of said potential in vivo, remains to be

determined.

1.3.2 The Common Helper Innate Lymphoid Precursor (CHILP)

Coinciding with the identification of the ILCP, a separate precursor, termed the Common

Helper Innate Lymphoid Precursor (CHILP) was identified in the adult BM through the use

of an ID2EGFP reporter line.5,95 The CHILP, defined as a Lin-α4β7+IL-7Rα+CD25-Flt3-

ID2-EGFP+ population (Table1.1), was described as a precursor capable of generating

ILC1/2/3 and LTis but not NK cells or adaptive lymphocytes following in vivo transfer

and in vitro culture, placing this progenitor upstream of the ILCP in the ILC developmen-

tal hierarchy (Fig.1.2). Early models of ILC development predicted the existence of an

Id2 -expressing precursor such as the CHILP given that all mature ILCs (ILC1/2/3, LTis,

and NK cells) express the transcription factor ID2 and depend on it for proper develop-
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ment through the suppression of adaptive-lineage promoting E-proteins.21,96,97 The role of

E-proteins and ID2 as countervailing forces promoting T cell or ILC development respec-

tively was underscored using a mixed reporter system to demonstrate an inverse correlation

between E2A (encoded by Tcf3 )-EGFP expression and ID2-EYFP expression during ILC

development.86,98 Moreover, ID2 expression level in ILC precursors is highly indicative of

T cell potential when cultured with exogenous Notch ligand from OP9-DL1 stromal cells.92

Nonetheless, as the CHILP was incapable of generating NK cells under the assayed condi-

tions, the observations made by Klose et al. (2014) suggested the existence of an even earlier

Id2 expressing progenitor capable of generating all ILC subsets.5

Several outstanding issues remained following the initial identification of the CHILP. First,

though the CHILP was negative for EOMES, TBET, and RORγ(t) expression, as defined

the CHILP was heterogeneous and partially overlapped with the ILCP, displaying a bimodal

expression pattern of PLZF.5 Second, LTis were not distinguished from ILC3s following in

vitro single-cell culture. Lastly, the CHILP was isolated from the murine adult BM, which in-

efficiently generates LTis and contains very few RORγ(t)+ cells when compared to the FL.73

As such, a CHILP equivalent within the FL is commonly assumed to contain a RORγ(t)+

LTiP; however, whether the CHILP as defined contains a shared precursor to both ILCs and

LTis or comprises a mixture of distinct progenitors remains unclear without clonal analysis.

The proposed identity of the CHILP was further complicated by Xu et al. (2019) and

Walker et al. (2019) who documented substantial NK cell potential from the CHILP, com-

parable to their observations made with the ILCP as noted above.93,94 Though the afore-

mentioned issue of in vitro NK cell identification still applies in these contexts (Fig.1.3),

the differing conclusion of Xu et al. (2019) at least may be partly explained by the design

of the Id2 RFP reporter used in this study.93 The ID2EGFP reporter first used to character-

ize the CHILP is a weakly expressed knock-in knock-out reporter that closely reflects ID2

protein expression whereas the Id2 RFP reporter is very brightly expressed and employs an
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internal ribosome entry site (IRES) to track Id2 mRNA expression.5,93,95 Thus it is possi-

ble that early ILC-lineage precursors with broader lineage potential and lower levels of Id2

expression, that would have been excluded with the ID2EGFP reporter, were included in the

analysis of total Id2 -RFP+ precursors.

1.3.3 The α4β7+ Lymphoid Precursor (αLP)

An early precursor to LTis and NK cells that had lost B cell potential but retained T cell

and dendritic cell (DC) potential was originally identified in the murine FL among CLP-like

cells based on the expression of integrin α4β7.72 Later termed the α4β7+ lymphoid precursor

(αLP), this population was minimally defined by a Lin-α4β7+IL-7Rα+Flt3+/- expression

profile, with Flt3 expression marking cells immediately downstream of the CLP (Fig.1.2;

Table1.1). Iterative refinement through the exclusion of cells expressing surface markers and

transcription factors now associated with more differentiated precursors, such as the LTiP

and ILCP, has since limited the αLP to include only the earliest progenitors that are negative

for Rorc, Gata3, Zbtb16, and Tcf7 and express low levels of Id2.73,74,91,92,99 Expression of

CXCR6, which coincided with a loss of T cell potential among LTi precursors73, was used

by Yu et al. (2014) to distinguish a subset of αLP in ID2EGFP reporter mice capable of

generating all known ILC subsets (ILC1/2/3, LTis, and NK cells) upon in vivo transfer.74 At

the clonal level, CXCR6+ αLP readily generated multi-lineage wells (ILC1s, ILC2s, ILC3s,

and/or NK cells), albeit LTis were not distinguished from ILC3s and EOMES, which is

unstable in vitro (Fig.1.3), was used to identify NK cells.74 However, in both the adult BM

and FL of Cxcr6 EGFP reporter mice, EGFP expression in the αLP was associated with the

expression of the maturation markers RORγ(t) and CD90.2 (Thy1, congenic alleles 1 and

2) as well as elevated ID2, suggesting that CXCR6 expression marks already differentiated

precursors within the αLP.73,99 We have similarly observed that CXCR6 expression, as

determined by surface staining, coincides with the expression of ILC development markers
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PLZF, Tcf7, CD90.2, PD-1, and CCR6 in the FL (unpublished observations).

Recently, our group evaluated the lineage potential and transcription factor expression of

FL αLPs through single-cell analysis.92 When expression of Zbtb16 -EGFP and CXCR5 were

used to exclude the ILCP and LTiP, respectively, from the FL Lin-α4β7+IL-7Rα+Flt3+/-

population, we found that early immature Flt3+/- αLP contained a common precursor to

the ILC and LTi lineages and was marked by upregulation of transcription factors necessary

for early ILC development, including Tox, Nfil3, Sox4, and Runx1. Similar results have been

reported for adult BM αLP using single-cell RNA-seq79,91,99; however, αLPs are orders of

magnitude rarer in the adult BM compared to the FL and have a lower comparative cell

plating efficiency (unpublished observations), indicating the possible existence of a separate

pan-ILC precursor in adult mice.

1.3.4 The Early Innate Lymphoid Precursor (EILP)

Most recently, a novel ILC precursor was identified in the BM of TCF1 (encoded by Tcf7 )

EGFP reporter mice based on a Lin-α4β7+CD90.2-IL-7Rα-Tcf7 -EGFP+ expression profile

and was designated the Early Innate Lymphoid Precursor (EILP) (Table1.1).75 The EILP

showed high expression of the early transcription factors Tox and Nfil3, akin to the αLP,

but expressed low levels of the transcription factors Id2 and Zbtb16 that are associated with

the CHILP and ILCP, respectively. Following transfer into Rag1-/-γc-/- mice, the EILP

efficiently generated all known ILC subsets but not adaptive lymphocytes. Moreover, EILPs

generated ILC1/2/3 and NK cells at the clonal level with a high frequency of multi-lineage

wells, though DX5 was employed as an NK cell marker and is unreliable in vitro (Fig.1.3).

In addition, LTi were not identified at the single-cell level. Thus, whether the EILP contains

a shared precursor to all ILCs or is a mixture of precursors to ILC1/2/3, LTis, and/or NK

cells remains unresolved.

Most strikingly, the EILP was characterized as an IL-7Rα- population, in contrast to
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all previously identified ILC precursor populations (Table1.1).5,59,73–75,78,81 This obser-

vation raised the question of whether the EILP represented a precursor downstream of

the IL-7Rα+ CLP or was derived from an alternate IL-7Rα- precursor capable of gen-

erating ILCs. A follow-up paper by Harly et al. (2018) utilized Tcf7 EGFPIL-7RαCre x

ROSA26floxSTOP-EYFP reporter mice to demonstrate that EILPs were indeed fate-mapped

for IL-7Rα expression.76 Furthermore, CLP transferred from Tcf7 EGFP BM into irradiated

wild-type hosts gave rise to Tcf7 -EGFP+ EILPs 7-days after injection, confirming that the

EILP arises downstream of the CLP (Fig.1.2). EILPs were found to reexpress IL-7Rα in

culture, when exogenous IL-7 was excluded, and upregulate PLZF expression, demonstrating

that the EILP is capable of differentiating into ILCPs in vitro. However, BM EILPs express

some low level of PLZF75,76; as such, it is unclear whether ILCPs derived from the EILP

are an expanded population of cells already expressing PLZF or whether ILCPs can arise de

novo.

Interestingly, Yang et al. (2015) noted that, under specific in vitro culture conditions

permissive for DC development, EILPs are capable of differentiating into CD11c+ I-Ab

(MHC-II)+ DC-like cells.75 Through single-cell RNA-seq analysis of Tcf7 -EGFP+ adult

BM precursors, Harly et al. (2019) observed that a fraction of EILPs expressed transcripts

associated with the DC lineage, enabling the EILP to be split into three subsets: an ILC/DC-

specified EILP, an ILC-biased EILP, and a DC-biased EILP.77 Shared ILC- and DC-lineage

potential from the specified EILP, though rare, was evident at the clonal level. Nevertheless,

alternate DC-lineage potential diminished upon Zbtb16 expression in the ILC-biased EILP

and was undetectable in the downstream ILCP, coinciding with an upregulation of Tcf7 ex-

pression. These results are notable as they indicate that, similar to developing T cells, ILC

precursors first lose B cell potential and then gradually lose DC potential.72,100
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1.3.5 The ILC2 Precursor (ILC2P)

The first precursor to the helper ILC lineage was identified in the murine adult BM as

a committed ILC2 precursor (ILC2P), defined as a Lin- population with surface expres-

sion of Sca-1 (Ly6A/E), IL-7Rα, and CD25 (IL-2Rα) and intracellular expression of Id2

and Gata3 (Table1.1).81 The ILC2P, which exclusively generated ILC2 following in vivo

transfer or in vitro culture, expressed several markers associated with ILC2-lineage function,

including IL-33Rα and IL-25R, yet this population differed from mature ILC2s in several

ways. The BM ILC2P showed considerable expression of the early ILC-lineage marker α4β7

without expression of the mature ILC2 markers cKit and KLRG1; was extremely limited

in its ability to produce the type 2 cytokines IL-5 and IL-13 following stimulation; and dis-

played marked proliferative potential after in vivo transfer, all in stark contrast to mature

ILC2s.20–22,81,89,101 These metrics formed the basis for classifying this BM population as a

bona fide ILC2P.

The extent to which the BM ILC2P seeds peripheral tissues to replace or replenish ma-

ture ILC2 populations has been a matter of intense scrutiny given the limited turnover

and migration of tissue-resident ILCs at steady state.7 Recent work using inducible fate-

mapping experiments has revealed a critical neonatal window for tissue seeding of ILC2s at

homeostasis.24 When ILC2s were lineage traced via tamoxifen treatment of Arg1 CreERT2

x ROSA26floxSTOP-EYFP or ID2CreERT2 x ROSA26floxSTOP-EYFP reporter mice during the

neonatal period (postnatal day 10-12), fate-mapped ILC2s persisted in multiple tissues for

the majority of the lifespan of the mouse (1 year). Nevertheless, the contribution if any of

BM ILC2P to peripheral mature ILC2 populations particularly during inflammatory contexts

remains controversial with evidence for and against.24,27
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1.3.6 Lymphoid Tissue-inducer Precursor (LTiP)

An early progenitor to the LTi lineage was first identified among the αLP in the murine

FL72,102, and later refined using RORγtEGFP reporter mice.58,59,73,82 Unlike precursors to

NK, ILC1, and ILC2, ILC3 and LTi precursors are incredibly rare in the murine adult BM,

exemplified by a near absence of RORγ(t) expression in the BM.5,73,94 FL RORγ(t)+ cells,

which critically depend on Id2 and Rorc for development, were defined by a Lin-NKp46-

α4β7+IL-7Rα+cKit+RORγt-EGFP+ expression profile and generated both LTis and ILC3s

following in vivo transfer or culture in vitro (identified by CD4+ and NKp46+ respec-

tively).58,59,82 In addition to RORγ(t), FL precursors to both the LTi and ILC3 lineage were

found to be enriched among CXCR5+ and CXCR6+ cells, while CCR6 expression was lim-

ited to LTi-lineage cells.59,73,82,92 Most recently, our lab utilized the Zbtb16 EGFPCre reporter

to distinguish early CXCR5+Zbtb16 + ILC3 precursors (ILC3P) from CXCR5+Zbtb16 - LTi

precursors (LTiP) in the FL, a distinction that was corroborated by single-cell multiplex

transcriptional analysis.78,92 However, to date, a clonal assessment of the proposed LTiP

has not been performed.

1.3.7 The Natural Killer cell Precursor (NKP)

A BM precursor to NK cells downstream of the common lymphoid progenitor (CLP)

and devoid of adaptive lymphocyte potential was first identified among CD3ε-CD122 (IL-

2Rβ)+NK1.1-DX5- cells.87 These NK cell precursors (NKP) were principally characterized

by CD122 expression and an absence of mature NK cell phenotypic markers such as expres-

sion of activating and inhibitory receptors and cytolytic potential via Granzyme and Perforin

release in vitro. The identity of the NKP was later refined (rNKP) through the inclusion

of IL-7Rα and Id2 -EGFP as defining markers, which subsequently led to the identification

of an even earlier pre-NKP that was phenotypically similar to the rNKP but lacked CD122

expression.83,84 Following in vivo transfer and in vitro culture, the rNKP and pre-NKP
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both generated CD3ε-NK1.1+ cells at a high frequency, though the potential for alternate

ILC lineages was not addressed at this time. More recently, our lab revisited the identity

of the rNKP and pre-NKP using Zbtb16 EGFPCre x ROSA26floxSTOP-EYFP reporter mice

and found that both populations were highly heterogeneous and overlapped extensively with

the newly discovered ILCP and ILC1-lineage cells. Both the rNKP and pre-NKP contained

subpopulations with substantial Zbtb16 -EGFPCre expression, a hallmark of the ILCP, and

EYFP fate-mapping, indicative of substantial ILC1-lineage overlap or an ill-defined low level

expression of Zbtb16 in the NK cell lineage. Thus the early development of the NK cell

lineage and the identity of a committed NK cell precursor that lacks ILC1 potential remains

poorly understood.

1.3.8 Peripheral Tissue ILC Precursors

Precursors to the ILC lineage have principally been identified in the adult BM and FL, sites

of lymphocyte hematopoiesis, though the extent of their contribution to the maintenance

of peripheral populations is an area of active study. The replenishment and replacement

of peripheral ILC populations by adult BM precursors appears to be rather limited.7,23,24

However, several publications have identified populations of multi-potent or restricted ILC

precursors, indicating that the pool of tissue-resident ILCs may primarily be replenished by

ILC precursors that seed the tissue during the fetal or post-natal window.27,103–105

By crossing a reporter strain for the urea cycle enzyme Arginase-1 (ARG1; Arg1 EYFP),

which was known to map BM ILC2P, with a RORγtCre x ROSA26floxSTOP-RFP fate-

mapper mouse, Bando et al. (2015) identified an ILC precursor in the fetal intestine ca-

pable of generating ILC1/2/3 after in vitro clonal culture.103 Intriguingly, this Lin-IL-7Rα+

α4β7+Arg1 -EYFP+RORγt-RFP-NK1.1-IL-33Rα- population of ILC precursors coexpressed

TBET, GATA3, and RORγ(t) at low levels, reminiscent of multi-lineage priming observed

in the FL ILCP.92,103 However, while the Arg1 + fetal intestine ILC precursor was capable
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of generating ILC1/2/3, very few multi-lineage wells were observed, suggesting that this

precursor likely follows the ILCP in the developmental hierarchy and is a recent emigrant

to the gut from the FL. A similar, albeit more restricted precursor to ILC1s and ILC3s was

identified after hematopoietic deletion of the transcription factor Runx3 resulted in their

accumulation within the adult gut.104

More recently, a tissue-resident precursor was identified in the lung of neonatal and adult

mice.27,105 By performing single cell analysis on lung Lin-CD45+IL-7Rα+ ILCs, two groups

independently observed a population of IL-18Rα+IL-33Rα- cells that expressed features

characteristic of adult BM and FL ILCPs, including Tcf7, Zbtb16, Rorα, and Kit. Trajec-

tory analysis indicated that IL-18Rα+IL-33Rα- ILCs differentiated into IL-18Rα-IL-33Rα+

ILC2s in the lung. When compared to adult BM ILCPs, adult lung IL-18Rα+IL-33Rα- ILC

precursors were capable of generating multi-lineage wells, yet demonstrated biased differen-

tiation towards the ILC2 lineage following in vivo transfer and in vitro culture.27,105

1.3.9 Human ILC Precursors

Equivalents to murine ILC1s, ILC2s, ILC3s, LTis, and NK cells have been identified in

humans based on the expression of similar core transcription factors (i.e., TBET, GATA3,

RORγ(t), and EOMES), cytokines, and surface markers, though several defining markers

are poorly conserved.2,106 In humans, as in mice, all ILC subsets arise at multiple stages of

life from distinct anatomical sites, such as the yolk sac, fetal liver, and bone marrow, where

they arise from a common lymphoid progenitor.2,107 However, while numerous advances

have contributed towards an understanding of murine ILC development and its intermediate

precursors, human ILC development remains less well characterized in part due to limitations

of tissue availability and appropriate tools.

A Lin-CD34+CD45RA+CD117+IL-1R1+ precursor capable of generating all human ILCs,

but not alternate lineages, was identified as a population exclusively present within secondary
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lymphoid tissues.108 Notably, this human ILC progenitor expressed low to intermediate levels

of RORγ(t), which contrasts with observations made in mice that found no evidence of a

history of RORγ(t) expression among NK cells.109 It was later determined that RORC -

deficient patients capably generated NK cells, ILC1s, and ILC2s, suggesting that RORγ(t)+

precursors were not the exclusive and/or primary intermediate for human ILC development,

or that RORγ(t) expression in these cells was not essential.110

Recently, a CD117+ ILCP with restricted ILC potential was characterized in peripheral

blood of healthy human adults.110 These ILCPs were also found in several lymphoid and

non-lymphoid tissues including the fetal liver, cord blood, adult lung, and adult tonsils. Akin

to ILCPs in the mouse, these cells expressed ZBTB16, TCF7, ID2, GATA3, and IL7R and

did not express factors associated with mature ILC subsets. Likewise, human ILCPs were

multipotent and capable of generating ILC1, ILC2, ILC3, and NK cells at a clonal level in

vitro and following in vivo transfer into BALB/c Rag2 -/-Il2rg -/-SirpaNOD immunodeficient

mice. Though the identification of ILCPs in circulation differs from studies in mice, and

NK cell potential from the murine ILCPs remains controversial, the functional similarities

between human and mouse ILCPs highlights the value of studies in mice that provide a

framework to understand human ILC development and biology.

1.4 Regulation of core factors in ILC development

Conditional knockout strategies have illustrated that numerous lineage-determining tran-

scription factors that drive T cell development similarly promote ILC development70, though

how a shared collection of transcription factors and receptors ultimately drives the devel-

opment of similar cells with divergent states of responsiveness remains an enigma. TOX

(encoded by Tox )111,112, E4BP4/NFIL3 (encoded by Nfil3 )74,113–118, and TCF188,90,119

are required for the development of all ILC subsets. More selectively, GATA368,120–122,

ID221,58,96,97, and RUNX1 (encoded by Runx1) 123,124 are necessary for helper ILC and
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LTi-lineage development but are not required for NK cell development and instead con-

tribute to NK cell maturation. Whereas the prior transcription factors have broad roles

in ILC development, PLZF11,78, BCL11B79,125–127, RORγ(t)58,59,65, TBET4,5,9,128, and

others are more restricted in their contributions.104,129,130

While the precise function of each transcription factor is poorly understood, several stud-

ies have contributed to the field’s understanding of the regulatory network constructed by

these transcription factors during ILC development. Groups including ours have identified

changes in transcript induction during development and after maturation3,8,79,91,92, provid-

ing insight into the timeline of expression.70 For example, mechanistically, NFIL3, TOX,

and ID2 are proposed to act in concert to promote ILC development. In accordance with

the observations that retroviral overexpression of ID2 or TOX virtually restores the ILC

developmental deficiency observed in Nfil3 knockouts, NFIL3 was able to bind within the

Id2 locus and to the promoter of Tox.74,118 While informative, this approach does not nec-

essarily identify or recapitulate spatial and temporal transcription factor binding during

development nor does it indicate the necessity or sufficiency of particular enhancers. More

recently, an alternative approach combining the Assay for Transposase Accessible Chromatin

with sequencing (ATAC-seq) and CRISPR/Cas9 has been used to identify specific regulatory

regions that contribute to stage- or subset-specific expression of a transcription factor.

1.4.1 Inhibitor of DNA binding 2 (ID2)

The transcriptional regulator ID2, a member of the inhibitor of DNA binding (ID) family

of proteins, has long been recognized as a necessary factor in development of all ILC subsets,

as mice deficient in ID2 display an NK cell maturation defect and are devoid of LTis and

ILC1/2/3.21,96,97 ID2 and its family members antagonize the function of E-protein family

members, such as E2A, that would induce Rag1 expression in order to suppress adaptive

lymphocyte development.131 Mechanistically, E-proteins contain DNA binding domains and
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basic helix-loop-helix (bHLH) domains, the latter of which permits the formation of homo-

or heterodimers, while ID2, which contains a similar bHLH domain and no DNA binding

capability, inhibits E-protein function by forming heterodimers. Though ID2 is the predom-

inantly expressed ID family member in ILCs, compensatory expression of ID1 and ID3 has

been observed in the absence of ID2 without restoration of ILC development, indicating a

non-redundant role for these transcription factors in suppressing E-protein function.75,97,132

Curiously, while a pronounced defect in NK cell maturation, characterized by CD27 down-

regulation and CD11b upregulation133, is observed in ID2-/- mice, residual NK cells are

detectable and display an immature phenotype as a result of compensatory ID3 expres-

sion.97,132,134 In the absence of both ID2 and ID3, a näıve T cell program is induced in NK

cells, revealing a critical role for E-protein suppression during NK cell maturation.132

How Id2 expression is induced in the ILC lineage and what factors regulate its expression

remain poorly understood. Recently, Mowel et al. (2017) identified a distal cis-regulatory

element that specifically controlled Id2 expression in group 1 ILCs, leaving group 2 and 3

ILCs unperturbed.135 The region regulating Id2 expression was demarcated by a long non-

coding RNA (lncRNA) termed Rroid that was necessary for group 1 ILC homeostasis and

function. The Rroid locus was found to induce Id2 expression in part by promoting STAT5

deposition at the Id2 promoter. Interestingly, early group 1 ILC precursors including the

ILCP and NKP developed normally in mice lacking the Rroid locus, while NK cells displayed

a cell-intrinsic impairment in maturation. These results suggested that the Rroid locus may

play an important role in suppressing E-protein function by promoting Id2 expression during

NK cell maturation132,134, and indeed, Rroid -deficient NK cells expressed higher levels of T

and B cell specific genes compared Rroid -sufficient NK cells.135
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1.4.2 Promyelocytic Leukemia Zinc Finger (PLZF)

PLZF was first characterized as a transcription factor necessary for NKT cell develop-

ment and acquisition of effector function, and has more recently been used to characterize a

committed ILC1/2/3 precursor.78,85 The precise mechanistic function of PLZF in the ILC

lineage remains uncharacterized, though insight may be gained from studies performed in T

cells. Within CD4+ T cells, transgenic overexpression of PLZF is sufficient to promote the

acquisition of an NKT-like effector phenotype with IL-4 and IFNγ expression85, and in both

NKT cells and PLZF transgenic thymocytes, PLZF directly binds the gene locus of several

key helper T cell surface receptors (e.g., Icos, Sell, Ifngr, and Il4ra) and transcription factors

(e.g., Gata3, Rora, Rorc, and Runx3 ).136 The effects of Zbtb16 deletion are most pronounced

in ILC2s and ILC1s, with little impact on ILC3s despite all three subsets proceeding through

the PLZF-expressing ILCP.11 Zbtb16 -deficient mice are impaired in their ability to mount

type 2 inflammatory responses in the lung as a result of reduced numbers of ILC2s.137

A specific cis-regulatory element governing Zbtb16 expression in the ILC and NKT cell

lineage was recently discovered by our lab.80 By combining ATAC-seq and CRISPR/Cas9-

mediated deletion, it was observed that mice containing a deletion in the intronic region of

Zbtb16, either +18/32 or +21/23, failed to upregulate PLZF expression in adult BM ILCPs

and thymic NKT precursors. Several RUNX motifs were present within the +21/23 region

of Zbtb16, which, when individually removed, were found to synergistically contribute to the

function of the enhancer.

1.4.3 T cell factor 1 (TCF1)

Initially characterized as a transcription factor critically required for thymocyte devel-

opment and establishment of the T cell identity138,139, TCF1 is now recognized as being

similarly important for the development of all ILCs and for enforcing commitment to the

ILC lineage.77 Mice deficient in Tcf7 were first documented to have defects in NK cell de-

23



velopment at steady-state.140 The impact of Tcf7 deletion was subsequently extended to

ILC2s and NKp46+ ILC3s, with Tcf7 -deficient mice presenting impaired responses to the al-

lergen papain and C. rodentium respectively.88,90 The establishment of mixed BM chimeras

later confirmed the extent of Tcf7 requirement in all ILC subsets, including ILC1s and LTis,

given the observation that TCF1 expressing ILC precursors (NKP, CHILP, and ILCP) are

undetectable in Tcf7 -/- mice.75,78,119 In addition to the requirement for TCF1 during the

development of all ILCs, ILC3s and NK cells rely on TCF1 for proper function, differenti-

ation, and/or maturation. ILC3s deficient in Tcf7 more readily produce IL-17 and IL-22

following stimulation, indicating that TCF1 acts to constrain ILC3 function.141 Interestingly,

Tcf7 -deficient ILC3s also display elevated expression levels of RORγ(t), which supports the

reported pronounced defect in NKp46+ ILC3 development90, as RORγ(t) dose regulates

NKp46+ ILC3 differentiation from DN ILC3s68, and suggests that TCF1 might suppress

RORγ(t) downstream of Notch signaling.54,67 In NK cells, TCF1 promotes the survival of

immature NK cells and, in contrast to NKp46+ ILC3s, acts to restrain NK cell maturation,

which is supported by the observation that NK cells with elevated levels of TCF1 expression

arrest at the CD27+CD11b- immature NK cell stage.119,142

Until recently, a cis-regulatory element controlling Tcf7 expression in the T cell lineage

had not been described, though a prime candidate had been identified at an evolutionarily

conserved site ∼31.5 kb upstream of the gene that was bound by numerous T cell lineage

transcription factors including TCF1, Notch-1/CSL, and RUNX1.143,144 Subsequent inter-

rogation of this element via CRISPR/Cas9-mediated deletion revealed that Tcf7 +30/32 kb

controlled Tcf7 expression in both T cells and ILCs145, a finding we have independently

confirmed. Deletion of Tcf7 +30/32 resulted in diminished thymic cellularity and TCF1

expression in thymocytes comparable to germline Tcf7 knockouts. Similar developmental

impairments were observed in the ILC lineage with reduced numbers of EILP, ILCP, and

ILC2P as well as lower TCF1 expression, indicating there is a shared dependence on this
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Tcf7 enhancer in both ILCs and T cells.

1.4.4 GATA binding protein 3 (GATA3)

GATA3 is a pleiotropic transcription factor with notable roles not only at several stages

of ILC and T cell development, but also throughout organismal development146, such as in

the craniofacial ganglia147, central nervous system, endocardium, urogenital system148, kid-

ney149, inner ear150, and embryonic lens.151 Generally, in T cells, GATA3 controls the devel-

opment of early thymic progenitors (ETPs) and thymopoiesis152,153, CD4-CD8 T cell lineage

commitment154, T cell homeostasis155, and Th2 cell differentiation and function.156–158

As indicated, GATA3 performs similarly broad roles during ILC development, differen-

tiation, and function. GATA3 is necessary for the development, maintenance, and func-

tion of ILC2s, akin to its well-established role in Th2 cells.81,159 However, the effects of

GATA3 extend beyond type 2 lymphocytes, as the transcription factor was shown to con-

trol the appearance and development of ILC precursors in the adult BM and FL, as well as

the peripheral maintenance of all IL-7Rα-expressing ILCs (ILC1/2/3 and LTi) but not NK

cells.68,76,120–122,160 Incidentally, the requirement for GATA3 during helper ILC develop-

ment resembles its function in promoting helper T cell development during CD4-CD8 T cell

lineage commitment. Building upon initial observations, Zhong et al. (2020) demonstrated

that GATA3 was largely dispensable for the differentiation of LTis, and was instead prin-

cipally involved in the acquisition of LTi function.161 These results suggested that GATA3

likely functions upstream of a shared precursor to ILCs and LTis after the NK cell branch

point, coinciding with PLZF expression78, and may contribute to the ILC vs. LTi lineage

fate decision.161

Numerous enhancers have been reported to regulate Gata3 expression in non-lymphoid tis-

sues.146–151 Yet to date, only one enhancer has been identified that regulates the expression

of Gata3 within the immune system.162,163 Using a bacterial artificial chromosome (BAC)
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reporter system, Hosoya et al. (2011) first identified a 7.1 kb enhancer ∼280 kb downstream

of Gata3 within a gene desert based on EGFP expression in thymocytes and näıve CD4+ T

cells, for which they termed it the T cell enhancer 7.1 kb (TCE7.1).162 A subsequent study

by Ohmura et al. (2016) utilized CRISPR/Cas9 to generate mice with a germline deletion

of TCE7.1 in which they observed impaired development of CD4 single-positive (CD4SP) T

cells in the thymus that extended into peripheral näıve CD4+ T cells.163 It was originally

reported that Th2 cells did not express EGFP in the TCE7.1 BAC reporter system162, sug-

gesting that Th2 cells differentiated independently of this enhancer, however these results

were not explored in the context of an in vivo type 2 inflammatory model or through the use

of mice deficient in the enhancer, the latter of which would be confounded by early defects

in CD4+ T cell development. Moreover, while the TCE7.1 BAC reporter was used to indi-

cate that thymic NK cells utilized this enhancer, these results were not corroborated in the

TCE7.1 deletion mouse nor have they been extended to the ILC family as a whole. Only

recently has in been shown that TCF1 is capable of binding to TCE7.1 within the EILP77,

suggesting that TCE7.1 may regulate Gata3 expression during ILC development as it does

in thymocytes.

1.4.5 Interleukin-7 Receptor (IL-7R)

The surface receptor for the cytokine IL-7, IL-7R, comprises the IL-7R α-chain (IL-7Rα)

and the common cytokine receptor γ-chain (IL-2Rγc). Genomic deletion of IL-7Rα severely

impairs the maintenance and development of adaptive lymphocytes, halting early thymocyte

and pro-B cell progression164, as well as ILC1/2/3 and LTi development from their IL-7Rα-

expressing precursors.5,21,65,76,81,109,165 IL-7Rα is expressed during B cell, T cell, and ILC

development, starting from the CLP. In the B cell lineage, IL-7Rα expression progressively

decreases as the cells develop into immature B cells.166 However, in both thymocytes and

ILC precursors IL-7Rα expression is transiently downregulated at the double-positive (DP)
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Figure 1.4: Chromatin accessibility at the Il7r locus and impact of Il7r -3.6/4.2 and Il7r
+5.3/6.2 deletion. (A) ATAC-seq accessibility coverage tracks in sequential BM progenitors to the ILC
lineage, including CLP, αLP, rEILP, iILCP, ILCP and ILC2P (detailed in Chapter 3.1). Magenta and cyan
windows represent Il7r -3.6/4.2 and Il7r +5.3/6.2 regions respectively. (B) Il7r -3.6/4.2∆/∆:WT and (C)
Il7r +5.3/6.2∆/∆:WT reconstitution ratio for the indicated populations in mixed BM chimeric mice.

thymocyte stage and the EILP respectively before being reexpressed.75,167 The purpose and

reason behind the transient loss of IL-7Rα expression in the ILC and T cell lineage is un-

known. In B cells, the downregulation of IL-7Rα expression coincides with a migration away

from IL-7 producing stromal cells in the BM166, indicating that ILC precursors may migrate

away from and back into an IL-7 rich niche. Alternatively, in T cells, IL-7 signaling is capable

of regulating the expression of its own receptor168, suggesting that the EILP might have low

IL-7Rα expression as a result of IL-7 signaling.

Whether or not distinct regulatory elements underlie the dynamic expression pattern of

IL-7Rα and the transient trough of expression in T cell and ILC development compared to

B cell development remains largely unexplored. A conserved non-coding sequence (CNS)

element containing consensus binding motifs for several T cell and ILC lineage transcrip-

tion factors, including GATA and RUNX, was identified ∼3.6 kb upstream of the Il7r start

codon (Fig.1.4A, magenta window).169 Yang et al. (2013) later identified a TCF motif

present within this region, which was necessary for TCF1 induced luciferase reporter activ-
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ity and was bound by TCF1 in ex vivo expanded ILC2s.88 Deletion of this region, designated

CNS-1, resulted in a cell-intrinsic impairment in CD4+ and CD8+ T cell maintenance and

IL-7Rα expression, but was dispensable for both thymocyte and BM B cell development in

unperturbed mice.170 Apart from peripheral NK cells, ILC development and maintenance

was not addressed. We have found, through the establishment of mixed BM chimeras, that

CNS-1 (Il7r -3.6/4.2) was intrinsically required for the development and/or maintenance of

several ILC subsets as well as in adaptive lymphocytes (Fig.1.4B). These results suggest

that similar to T cells, ILCs rely on Il7r -3.6/4.2 for optimal IL-7Rα expression and indicate

that while Il7r -3.6/4.2 deficient B cells arise normally at steady-state, their development is

partially impaired in competition.

An additional putative enhancer was identified within the second intron of Il7r using Chro-

matin Immunoprecipitation sequencing (ChIP-seq) analysis (Fig.1.4A, cyan window).68

Zhong et al. (2016) observed an enrichment of GATA3 binding at the conserved genomic re-

gion Il7r +5.3/6.2 in ILC2s, ILC3s, and Th2 cells. When we generated mixed BM chimeras

for Il7r +5.3/6.2, we observed that this region was intrinsically required for the development

and/or maintenance of both ILC subsets and adaptive lymphocytes, similar to Il7r -3.6/4.2

(Fig.1.4C). As with the deletion of Il7r -3.6/4.2, deletion of Il7r +5.3/6.2 only partially

compromised the development of ILCs, T cells, and B cells, but had the largest impact on

the Il7r expressing ILC2s and ILC3s. Thus, at least two elements, Il7r -3.6/4.2 and Il7r

+5.3/6.2. appear to regulate Il7r expression throughout the lymphocyte lineage.
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1.5 Aims and Significance

All murine ILCs, comprising helper ILC1, 2, and 3, LTis, and NK cells, are derived from

the CLP.1,69 ILCs, though lymphoid in origin, lack somatically rearranged antigen recog-

nition receptors, which are defining features of B and T cells. Still, extensive similarities

exist between ILCs and T cells, including a reliance on similar factors and stimuli for their

development; the transcription factors TCF1 and GATA3 as well as signaling via IL-7Rα

are crucial for ILC and T cell development, while additional factors contribute to a greater

extent towards ILC development, namely ID2 and PLZF.1,69 Despite their involvement in

ILC development, a comprehensive understanding of how each transcription factor or sig-

naling receptor is regulated and in turn contributes to the specification of the ILC lineage is

lacking.

In addition to the parallels between ILCs and T cells, a level of similarity exists within

subsets of ILCs, as is the case with NK cells and ILC1s or LTis and ILC3s.1,4,5,9,11,58,69

While similar in their requirement for a “master regulator”, TBET or RORγ(t) respectively,

the use of conditional knockouts and fate mapping reveals a differential reliance on specific

transcription factors and branch points whose precise positions during ILC development re-

main to be defined. This model is further substantiated by the identification of intermediate

ILC precursors in the mouse adult BM and FL, such as the ILCP, that give rise to restricted

subsets of mature ILCs.5,73–75,78 However, many proposed precursors are still ill-defined

or have apparent heterogeneity5,11,70,76,77,93,94, and a systematic approach to addressing

precursor-product relationship has not been performed. Thus, the lineage progression and

bifurcation during ILC development are matters of great interest in the field.

Binding of temporally-regulated transcription factors within cis-regulatory modules (e.g.

enhancers and silencers), provides a level of specificity for gene expression necessary to de-

termine cell fate. Given that numerous transcription factors are shared between T cells and

ILCs as well as among mature and precursor ILCs, we expect the availability of binding sites
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within cis-regulatory elements to govern the lineage-specific expression of crucial transcrip-

tion factors, which would then instruct the development and maturation of ILCs. Thus the

overarching hypothesis is that a combined approach based on new combinatorial transcrip-

tion factor reporter strains and epigenetic analysis will clarify the developmental progression

of ILCs and help elucidate the regulation of ILC transcription factors.

Aim 1: Generate novel transcription factor reporter strains for use in combina-

tion to identify and isolate putative ILC precursors.

Aim 2: Delineate the developmental progression and intermediate precursors of

the ILC lineage.

Aim 3: Discern regions of dynamic chromatin accessibility and identify putative

cis-regulatory elements throughout ILC development.

Aim 4: Assess the activity of putative cis-regulatory elements during ILC devel-

opment to address the role of these elements in driving lineage progression

and expression of proximal genes.

These studies will 1) generate tools that enable the characterization of ILC precursors,

2) clarify the developmental progression of the ILC lineage, 3) provide a resource for un-

derstanding the regulation of genes during ILC development, and 4) lay the foundation for

dissecting the cis-regulatory network that governs the lineage- and stage-specific expression

of key transcription factors during ILC development. As the ablation of shared factors leads

to defects in both the development and function of ILCs and T cells, there has been no

definitive assessment of homeostatic or inflammatory responses sans ILCs. The results of

this study will serve to inform the generation of better tools (e.g. selective knockouts) to

determine and influence the contribution of ILCs to homeostatic and inflammatory responses.
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CHAPTER 2

MATERIALS AND METHODS

2.0.1 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.

Zbtb16 EGFPCre mice were generated as previously described (Stock No. 024529).78 ID2EYFP

mice were a gift from Ananda Goldrath (University of California, San Diego, La Jolla,

CA) and were described previously.171 RORγtEGFP mice were described previously (Stock

No. 007572).58 Tcf7 EGFP mice were a gift from Avinash Bhandoola (National Institutes

of Health, Bethesda,MD) and were described previously (Stock No. 030909).75 For FL

experiments, the morning after timed pregnancy setup was considered as E0. For enhancer

deletion analysis (detailed below), male and female littermate mice ranging from 6 to 8 weeks

were used in all experiments of the study. Novel reporter mice and enhancer deletion mice

(detailed below) were maintained on the C57BL/6J background. All mice were bred and

housed in the 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.

2.0.2 Generation of reporter and enhancer deletion mice

Tcf7 mCherry, RorcThy1.1, Gata3 Citrine, and Zbtb16 hCD4 mice were generated via CRISPR/

Cas9-mediated insertion. Guide sites targeting the 3’ UTR of each gene were designed

using the Broad Institute or IDT design tools. Regions flanking the cut site were ampli-

fied to generate 1 kb and 3 kb asymmetric homology arms. Homology arms were cloned

into a pUC19 vector along with a minimal IRES sequence and reporter sequence using

NEB Hi-Fi DNA Assembly Master Mix (NEB). The vector was amplified, purified with
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the Thermo Purelink HiPure Plasmid Filter Kit (ThermoFisher), and the sequence was

verified by Sanger sequencing. Alt-R CRISPR-Cas9 crRNA, tracrRNA, and Cas9 nucle-

ase were purchased from IDT. The following sequences were used for each crRNA: 5’-

CGACCTGAGAATGTTGGTGC-3’ (Tcf7 ), 5’-GTCCTACAAGGCAAGCCTAG-3’ (Rorc),

5’-GGAGGAACTCTTCGCACACT-3’ (Gata3 ), and 5’-CGAGCTAGAACCAGACAAAG-

3’ (Zbtb16 ). For microinjections, gRNA was assembled with crRNA and tracrRNA according

to the manufacturer’s instructions and added to the final injection mix at 20 ng/µl along

with 50 ng/µl Cas9 nuclease and 12.5 ng/µl plasmid in embryo-grade water. Mixes were

injected into the nuclei of C57BL/6J embryos (detailed below). Successful 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.

Gata3 +674/762∆/∆, Gata3 +674/710∆/∆, Gata3 +710/762∆/∆, and Gata3 +278/

285∆/∆ mice were generated via CRISPR/Cas9-mediated deletion. Guide sites were se-

lected using IDT design tools and Alt-R CRISPR/Cas9 crRNA, tracrRNA, and Cas9 nucle-

ase were purchased from IDT. Targeting strategies and crRNA sequences are displayed in

Fig.3.14C, Fig.3.17A, and Fig.3.22B. For microinjections, guide RNA (gRNA) was as-

sembled with crRNA and tracrRNA according to the manufacturer’s instructions and added

to the final injection mix at 50 ng/µL and 50 ng/µL Cas9 per guide in embryo grade wa-

ter. Mixes were injected into the nuclei of C57BL/6J embryos (detailed below). 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 be-

fore (Fig.3.22E).172 Targeting strategy and crRNA sequence are displayed in Fig.3.22E.

Briefly, the Gata3 +761/762 sequence was cloned upstream of the murine minHSP68 pro-

moter 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
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gRNA, 50 ng/µL Cas9 nuclease, and 12.5 ng/µL plasmid in embryo grade water. Success-

ful 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.

Table 2.1: List of CRISPR/Cas9-generated mice.

Strain Type Reporter

Tcf7 mCherry Transcription Factor Reporter mCherry

RorcThy1.1 Transcription Factor Reporter Thy1.1

Gata3 mCitrine Transcription Factor Reporter mCitrine

Zbtb16 hCD4 Transcription Factor Reporter hCD4

Tcf7 +30/32 Deletion —

Il7r -3.6/4.2 Deletion —

Il7r +5.3/6.2 Deletion —

Gata3 +674/762 Deletion —

Gata3 +674/710 Deletion —

Gata3 +710/762 Deletion —

Gata3 +278/285 Deletion —

H11 Gata3 +761/762 Enhancer Reporter EGFP

H11 Gata3 +283/284 Enhancer Reporter EGFP

H11 Zbtb16 +21/23 Enhancer Reporter EGFP

H11 Tcf7 +30/32 Enhancer Reporter EGFP

H11 Il7r -3.6/4.2 Enhancer Reporter EGFP

H11 Il7r +5.3/6.2 Enhancer Reporter EGFP

H11 Tcrb Eb Enhancer Reporter EGFP

2.0.3 Embryo microinjection

C57BL/6 J female mice in diestrus ranging from 9 and 16 weeks were selected for super-

ovulation. Mice were injected with 5-7 IU of PMSG (Millipore #367222 or BioVendor
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#RP1782721000) via intraperitoneal (i.p.) injection at 2:50-3:05 PM depending on age and

size of the mice, followed by HCG 5-7 IU (Sigma CG5) 47 hours later. C57BL/6J males

were introduced one hour later. The next morning, females were examined for evidence

of a mating plug, and harvested for fertilized eggs if a plug was present. Harvested eggs

were cultured for 1-3 hours in KSOMaa Evolve Bicarb +BSA (Zenith Biotech #ZEKS-050)

and then placed on the injection slide in KSOMaa Evolve HEPES +BSA (Zenith Biotech

#ZEHP-050). Glass needles loaded with the aforementioned injection mixes were placed on

ice until ready for injection. An Eppendorf FemtoJet apparatus was used to inject mixes

into fertilized eggs, which were then returned to the incubator and cultured until embryo

transfer into 0.5 day pseudopregnant CD-1 females. Implanted females were monitored daily

and separated 2 days before the pups were due to deliver. Tail and toe samples were taken

from pups at 2 weeks for genotyping.

2.0.4 Preparation of cell suspensions

FLs were passed through a 70-µm cell strainer and re-suspended in FACS buffer (1X HBSS

[Gibco], 0.25% BSA [Millipore-Sigma], 50 ng/ml DNase, and 5 mM sodium azide [Millipore-

Sigma]). BM 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 re-suspended in FACS

buffer. Spleens and thymi were prepared in the same manner as FLs. Adult livers were

passed through a 70-µm cell strainer and re-suspended in FACS buffer. Fat was removed

by centrifugation in 0.45% Percoll (Millipore-Sigma). RBCs were removed with 1× RBC

lysis buffer (ThermoFisher). The lung was perfused with 1× PBS (Corning), chopped into

small pieces, and digested by shaking (250 rpm) at 37°C for 15 min in RPMI (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 1X

PBS, and cutting length- and widthwise into small pieces. Intraepithelial lymphocytes were
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removed by two 37°C 15-min shakes (250 rpm) in RPMI with 5 mM EDTA (ThermoFisher)

and 1% FBS (Atlanta Biologicals), 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.

Visceral WAT (vWAT) was digested by shaking (250 rpm) at 37°C for 45 min in RPMI with

1mg/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 4 times

with 1X PBS 5 mM EDTA to collect a total of 3.5 mL BAL fluid.

2.0.5 Flow cytometry

Single-cell suspensions were incubated with BD FcBlock for 15 min on ice. All FL cells were

lineage depleted with CD3ε, CD11c, CD19, GR-1, NK1.1, TCRβ, and Ter119, while BM

depletions additionally contained B220, CD4, CD8α, and CD11b. Lineage antibodies conju-

gated to APC-Cy7 or Biotin were incubated with cells for 30 min on ice, then subsequently

incubated with anti-Cy7 or anti-streptavidin microbeads (Miltenyi Biotec) for an additional

30 min. Bead-bound cells were depleted with an autoMACS (Miltenyi Biotec) using the

depletion-sensitive program. The following fluorochrome- or biotin-conjugated antibodies

were used: α4β7 (DATK32), CCR6 (29-2L17), CD11c (N418), CD19 (6D5), CD45.1 (A20),

CD45.2 (104), CD90.2 (Thy-1.2; 53–2.1), CD127 (IL-7Rα; A7R34), CXCR5 (L138D7), 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), Ter119 (TER-

119), 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), CD3ε (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
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(Sca-1, D7), NK1.1 (PK136), Siglec-F (E50-2440), TCRβ (H57-597), Thy1.1 (OX-7), Ter119

(TER-119), RORγ(t) (Q31-378), and PLZF (R17-809; all from BD Biosciences); GATA3

(TWAJ), IL-13 (eBio13A), and FOXP3 (FJK-16s) (all from ThermoFisher); NRP-1 (761705)

from R&D Systems; TCF1 (Cell Signaling Technologies); and polyclonal goat α-Rb IgG (Ab-

cam). To exclude dead cells, Zombie NIR, Yellow, or Violet Fixable Viability Dye (BioLe-

gend) was added to live cells. Intracellular staining was performed using the Foxp3 Transcrip-

tion Factor Staining Buffer Kit (ThermoFisher) according to the manufacturer’s instructions.

Cells were blocked with unlabeled isotype-matched antibody (above) and negative controls

were prepared using 20-fold excess unlabeled antibody to the TF (cold competitor). Samples

were acquired on a four-laser LSRII (BD Biosciences) or sorted on a FACSAriaII or FACSAria

Fusion (BD Biosciences) and analyzed using FlowJo software (TreeStar). Unless otherwise

indicated, cell populations were lineage negative and identified as follows for Chapter 3.1:

ILC2P (α4β7+IL-7Rα+CD90.2+ICOS+Zbtb16 -), ILCP (α4β7+IL-7Rα+CCR6-Zbtb16 + or

α4β7+IL-7Rα+CCR6-Tcf7 +Zbtb16 +), LTiP (α4β7+IL-7Rα+CCR6+Zbtb16 - or α4β7+IL-

7Rα+CCR6+Tcf7 +Zbtb16 -Rorc+), iILCP (α4β7+IL-7Rα-CD90.2-Tcf7 +Zbtb16 +Rorc-),

iLTiP (α4β7+IL-7Rα-CD90.2-Tcf7 +Zbtb16 -Rorc+), rEILP (α4β7+IL-7Rα-CD90.2-Tcf7 +

Zbtb16 -Rorc-), Rorc+ αLP (α4β7+IL-7Rα+CD90.2-PD-1-Tcf7 -Zbtb16 -Rorc+), Flt3- αLP

(α4β7+IL-7Rα+CD90.2-PD-1-Flt3-Tcf7 -Zbtb16 -), Flt3+ αLP (α4β7+IL-7Rα+CD90.2-PD-

1-Flt3+Tcf7 -Zbtb16 -), CLP (α4β7-IL-7Rα+CD90.2-PD-1-Flt3+), and CHILP (α4β7+IL-

7Rα+ID2+CD25-Flt3-).

Unless otherwise indicated, cell populations were identified as follows while exclud-

ing alternate lineages for Chapter 3.2: BM CLP (Lin-IL-7Rα+Flt3+Sca-1+cKit+), BM

αLP (Lin-α4β7+CD90.2-IL-7Rα+Tcf7 mCherry-PD-1-Flt3+) BM rEILP (Lin-α4β7+CD90.2-

IL-7Rα-Tcf7 mCherry+PD-1-); BM iILCP (Lin-α4β7+CD90.2-IL-7Rα-Tcf7 mCherry+PD-1+);

BM ILCP (Lin-α4β7+IL-7Rα+Tcf7 mCherry+PD-1+); BM ILC2P (Lin-α4β7+IL-7Rα+

CD90.2+ICOS+PD-1-); splenic NK cells (CD45.2+CD19-CD3ε-TCRβ-NK1.1+); liver NK
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cells (CD45.2+CD19-CD3ε-TCRβ-NK1.1+DX5+CD49a-); liver ILC1 (CD45.2+CD19-CD3ε-

TCRβ-NK1.1+DX5-CD49a+); lung and vWAT NK/ILC1 (CD45.2+CD19-CD11c-CD3ε-

TCRβ-NK1.1+); lung and BAL ILC2 (CD45.2+CD19-CD11c-CD3ε-TCRβ-IL-7Rα+

CD90.2+CD25+IL-33Rα+); vWAT ILC2 (CD45.2+CD19-CD11c-CD3ε-TCRβ-IL-7Rα+

CD90.2+CD25+IL-33Rα+KLRG1+); SI LP ILC2 (CD45.2+CD19-CD11c-CD3ε-TCRβ-IL-

7Rα+CD90.2+KLRG1+Sca-1+IL-17RB+); SI LP NCR+ ILC3 (CD45.2+CD19-CD11c-

CD3ε-TCRβ-IL-7Rα+CD90.2+CD121a+CCR6-NKp46+); SI LP LTi (CD45.2+CD19-

CD11c-CD3ε-TCRβ-IL-7Rα+CD90.2+CD121a+CCR6+NKp46-NRP1+); SI LP ILC3

(CD45.2+CD19-CD11c-CD3ε-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+CD3ε+TCRβ+, CD4+ or CD8α+); Lung and BAL Th2 cells (CD45.2+CD3ε+

TCRβ+CD90.2+CD4+IL-33Rα+GATA3+); medLN Th2 cells (CD45.2+CD3ε+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+CD3ε+TCRβ+CD90.2+CD4+FOXP3+GATA3+IL-33Rα+

KLRG1+), and vWAT GATA3- Treg cells (CD45.2+CD3ε+TCRβ+CD90.2+CD4+FOXP3+

GATA3-).

2.0.6 OP9 and OP9-DL1 stromal cell culture

Stocks of OP9 and OP9-DL1 stromal cells were a gift from J.C. Zúñiga-Pflücker (University

of Toronto, Toronto, Canada). All experiments were performed in Opti-MEM with Glu-

taMAX (Gibco) containing heat-inactivated 10% FBS, 1% penicillin-streptomycin (Gibco),

and 60 µM 2-mercaptoethanol (Millipore- Sigma) and were maintained in a 37°C incubator

37



(ThermoFisher) with 5% CO2. Stromal cells were plated at a density of 10,000 cells per

well of a 96-well plate, allowed to grow overnight, and then irradiated (1500 rad). Before

sorting lymphocytes, the media was replaced and supplemented with murine stem cell fac-

tor (25 ng/ml; BioLegend), IL-7 (25 ng/ml; BioLegend), and IL-2 (25 ng/ml; BioLegend).

FL cells were lineage depleted as described, stained, and single cells were sorted. Cultures

were analyzed after 6 d, and colonies with five or more CD45+ cells were considered. Cell

populations were defined as follows for single-cell cultures: ILC1 (NK1.1+ICOS-α4β7-), ILC2

(NK1.1-ICOS+α4β7-), ILC3/LTi0 (NK1.1-ICOS+/-α4β7+CD4-), and/or LTi4 (NK1.1-

ICOS+/-α4β7+CD4+). Wells were categorized as LTi4 if >8% of NK1.1-ICOS+/-α4β7+

cells were CD4+; no frequency was used to categorize ILC1, ILC2, or ILC3/LTi0. Early

T cells were identified in OP9-DL1 cultures by high expression of CD25. For bulk cul-

tures, stromal cells were plate at a density of 24,000 cells per well of a 48-well plate, grown

overnight, and irradiated as above. Media was replaced and supplemented with stem cell

factor (25 ng/ml), IL-7 (25 ng/ml), IL-2 (25 ng/ml), and Flt3-L (25 ng/ml; BioLegend).

Cells were sorted, and 500 cells of each precursor population were plated and allowed to

grow for 48 h before analysis. CD45+ cell populations were defined as follows for bulk

cell cultures: ILC1 (NK1.1+ICOS-), ILC2 (NK1.1-ICOS+), ILC3/LTi0 (NK1.1-ICOS-Rorc-

Thy1.1+CD4-), and/or LTi4 (NK1.1-ICOS-Rorc-Thy1.1+CD4+).

2.0.7 Mixed Bone Marrow Chimeras

To generate mixed chimeras, bone marrow was isolated as described above for Gata3 +674/

762∆/∆ (CD45.2) mice and WT (CD45.1 or CD45.1/.2) mice, depleted of T cells, and

mixed at a 50:50 ratio. 10 million mixed cells were injected retro-orbitally into lethally

irradiated (1000 rad) CD45.1/.2 or CD45.1 recipients to allow for discrimination of donor

Gata3 +674/762∆/∆ and WT cells from host cells. Host mice were allowed to recover for

6 weeks prior to analysis or treatment. Populations were normalized to the reconstitution
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frequency of splenic neutrophils or splenic B cells.

2.0.8 IL-33 challenge

500 ng of IL-33 (Biolegend) in PBS was administered i.n. in 40 µL to Isoflurane (Henry

Schein) anesthetized mice on days 0, 1, and 2, followed by analysis on day 3 (Fig.3.14L).

Control mice were administered PBS alone.

2.0.9 House Dust Mite challenge

HDM extracts (Stallergenes Greer Lenoir) were suspended in 1X sterile endotoxin free PBS

(Sigma) to a concentration of 4 mg/mL. Lots are titrated to induce a minimum of 2 X 106

eosinophils in the BAL of C57BL/6 mice on day 13 using an i.t. challenge model (Fig.3.18A

and Fig.3.20A). Briefly, mice were anesthetized with i.p. injection of ketamine/xylazine

(Covetrus) and sensitized via administration of 50 µg HDM extract in 50 µL 1X sterile

endotoxin free PBS through i.t. instillation on day 0. After 7 days, mice were challenged

i.t. with 25 µg HDM extract in 50 µL 1X sterile endotoxin free PBS on days 7, 8, 9, and

10 followed by analysis on day 13. Control mice were treated with PBS alone during the

sensitization and challenge phases.

2.0.10 Strongyloides venezuelensis passage and infection

S. venezuelensis was propagated in 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 days. Mice were s.c. infected with 700 L3 larvae per mouse. For egg count,

feces were collected, weighed, and homogenized with counts normalized to feces weight.
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2.0.11 OVA-Alum challenge

Mice were treated using a 23-day model of sensitization and challenge as previously described

(Fig.3.18I).137 Briefly, 50 µL of 1 mg/mL Grade V OVA (Sigma) in 1X PBS was mixed

with 50 µL of Imject Alum (ThermoFisher), 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 1X PBS or PBS only on days 20, 21, and 22 and analyzed on day 23.

2.0.12 Histology

Subsequent to perfusion, as described above, the left lobe of the lung was removed and

fixed in 10% neutral buffered formalin (Azer Scientific) for a minimum of 24 hours before

transfer to 70% Ethanol (Fisher Scientific) for storage. Lobes were embedded in paraffin and

cut into 5 µm sections before staining with PAS. Histology slides were scanned using the

Pannoramic SCAN 40x 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 0-5 as follows: 0 = No PAS staining, 1 = 0-25% PAS+ cells, 2 =

26-50% PAS+ cells, 3 = 51-75% PAS+ cells, 4 = 76-100% PAS+ cells, and 5 = 100% PAS+

cells and evidence of mucus plugs.

2.0.13 ATAC-seq sample preparation

ATAC-seq was performed as described in the published Omni-ATAC protocol.173 Briefly,

5,000–10,000 cells were sorted into FACS buffer and washed twice with 1 ml ice cold ATAC-

seq re-suspension buffer (RSB; 10 mM Tris, pH 7.4 [Invitrogen], 10 mM NaCl [Millipore-

Sigma], 3 mM MgCl2 [Millipore-Sigma]) by centrifugation at 0.5 xg for 5 min at 4°C. After

centrifugation, the supernatant was carefully removed to avoid the cell pellet, which was

then gently re-suspended in 50 µl ATAC-seq RSB containing 0.1% NP-40 (Roche), 0.1%

Tween-20 (Millipore-Sigma), and 0.1% digitonin (Millipore-Sigma). The lysis reaction was
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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 xg for 10 min at 4°C. The supernatant was subsequently

removed, and the pelleted nuclei were gently re-suspended in 50 µl transposition mix (25 µl

2x Tagment DNA 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.174

Libraries were sequenced by 50 bp single-end, dual-index sequencing on an Illumina HiSeq

4000.

2.0.14 ATAC-seq analysis (Chapter 3.1)

ATAC-seq reads were aligned to the mouse genome (mm10) with Bowtie, and duplicate

reads were removed using Picard Tools. A pooled bam file was generated from all samples,

including replicates (n = 2), and peaks were called on the pooled bam file with MACS2

to control for type I error.175 Called peaks were filtered through a modified blacklist, and

mitochondrial and Y chromosome peaks were removed (n = 214,321).176 ATAC-seq read

counts for all samples, including replicates, were determined via bedtools multiBamCov,

and peaks with low read counts were removed (n = 122,250). Quantile normalization, GC

content normalization, and peak length normalization were performed using the CQN R

package.177 Peaks were filtered to select for the top peaks (n = 100,000) with the highest

variance. Heatmap generation and principal component analysis were performed on normal-

ized data. Generation of normalized bigWig files for data visualization was performed by

first generating normalized bedGraph files with bedtools genomecov, where the sum of reads

within peaks associated with transcription start sites was used as a scaling factor, followed by

file conversion using the University of California, Santa Cruz, bedGraphToBigWig program.

Motif enrichment analysis was performed using HOMER.178 The R package Gviz was used
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for coverage track visualization.

2.0.15 Bioinformatic analysis (Chapter 3.2)

Publicly available data was downloaded from the NCBI SRA database.68,129,179–183 Reads

were aligned to the mouse genome (mm10) with Bowtie and duplicate reads were removed

using Picard Tools. Bedgraphs were generated using HOMER178, and files were converted

to bigWig format for visualization using the UCSC bedGraphToBigWig program. The R

package Gviz was used for coverage track visualization.

2.0.16 Statistical analysis

Single-cell indexing, Chi-Square Test for Independence followed by post-hoc analysis with

Bonferroni correction, hierarchical clustering by Pearson correlation as the distance metric,

heatmap generation, and principal component analysis were all performed in R. Student’s

t-test, multiple t-tests controlling for False Discovery Rate, and One-way ANOVA with

Tukey’s multiple comparisons test were performed in GraphPad Prism 8.

2.0.17 Accession codes

Chapter 3.1 GEO: ATAC-seq data, GSE150763 and Chapter 3.2 GEO: ATAC-seq data,

GSE169542
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CHAPTER 3
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3.1.1 Abstract

Transcription factor (TF) reporter mice have proved integral to the characterization of

murine innate lymphoid cell (ILC) development and function. Here, we implemented a

CRISPR/Cas9-generated combinatorial reporter approach for the simultaneous resolution of

several key TFs throughout ILC development in both the fetal liver and adult bone marrow.

We demonstrate that the Tcf7 -expressing early innate lymphoid precursor (EILP) and the

common helper ILC precursor (CHILP) both contain a heterogeneous mixture of specified

ILC and lymphoid tissue inducer (LTi) precursors with restricted lineage potential rather

than a shared precursor. Moreover, the earliest specified precursor to the LTi lineage was

identified upstream of these populations, before Tcf7 expression. These findings match

dynamic changes in chromatin accessibility associated with the expression of key TFs (i.e.,

GATA3 and RORγ(t)), highlighting the distinct origins of ILC and LTi lineages at the

epigenetic and functional levels, and provide a revised map for ILC development.
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3.1.2 Introduction

Innate lymphoid cells (ILCs) are a diverse lineage classically divided into ILC1, ILC2,

ILC3, lymphoid tissue inducer (LTi) cells, and natural killer (NK) cells based on develop-

mental origin, phenotype, and function.69 Studies identifying restricted precursors provide

a basis for the delineation of ILCs into distinct developmental origins, and transcription

factor (TF) reporter mice have served as critical tools for these studies.70 LTi precursors

(LTiPs) were identified in the fetal liver (FL) of RORγtEGFP mice.58,59,73 The ILC pre-

cursor (ILCP), which generated ILC1/2/3 but not LTi or NK cells, was characterized in

Zbtb16 EGFPCre mice.78 Concurrently, the common helper ILC precursor (CHILP) was de-

scribed in ID2EGFP mice and generated ILC1/2/3 and LTi but not NK cells.5 Early work

found that a shared precursor to all ILCs resides downstream of the common lymphoid pre-

cursor (CLP) within the α4β7+ lymphoid precursor (αLP).72–74,91 More recently, however,

studies using Tcf7 EGFP mice defined an early innate lymphoid precursor (EILP) that resides

downstream of the αLP as the common precursor to all ILCs (Fig.3.1A).75,76

Several models have been proposed for ILC development based on precursor fates; nev-

ertheless, outstanding questions remain regarding precursor ontogeny, heterogeneity, and

hierarchy. First, neither the CHILP nor the EILP were characterized in the FL, the domi-

nant source of LTi during ontogeny, and furthermore, LTi were not distinguished from ILC3

in clonal cultures.5,75,76 Second, both the CHILP and EILP are heterogeneous and contain a

Zbtb16 + subpopulation.5,76,77 Thus, whether these populations contain a shared precursor

to the ILC and LTi lineages (ILC-LTi) or are an amalgamation of distinct precursors remains

unresolved. Finally, though studies on ILC progenitor fates have prompted their hierarchical

placement, a contemporaneous comparison of precursor potential has not been conducted.

Recent reports have applied polychromatic reporter mice to examine bone marrow (BM)

ILC progenitors.77,93,94 To better address the aforementioned questions, we implemented a

multi-TF reporter strategy to evaluate ILC progenitors in the FL and BM. We established a
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Figure 3.1: Current and revised models for ILC development. (A) In the current model, CLP give
rise to αLP, gaining α4β7 expression and progressively losing Flt3. The EILP, identified by Tcf7 expression
and the lack of IL-7Rα, arises downstream of the αLP generating all known ILC subsets. The CHILP,
identified by high ID2 expression, is downstream of the EILP generating ILC and LTi lineage cells. The
ILCP, identified by Zbtb16 expression, and LTiP, identified by Rorc, both arise from the CHILP and generate
ILC1/2/3 or LTi, respectively. (B) In the revised model, CLP give rise to αLP, gaining α4β7 expression
and progressively losing Flt3. Bifurcation into the ILC and LTi lineage occurs within the αLP stage and is
marked by low expression of ID2 and the early expression of Rorc within the αLP. Expression of ID2 increases
to intermediate levels as cells mature, coinciding with the transient down-regulation of IL-7Rα expression.
Expression of Zbtb16 in the iILCP and further up-regulation of Rorc in the iLTiP along with differential
Gata3 up-regulation mark the restriction of cellular potential. High expression of ID2 and augmented Gata3
expression coincides with IL-7Rα re-expression as cells further differentiate toward the ILCP and LTiP.
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method for site-specific integration using CRISPR/Cas9-mediated transgenesis that enables

the rapid generation of compatible TF reporter mouse lines expressing distinct reporters184

These novel reporters were combined with preexisting reporters to interrogate ILC devel-

opmental stages. Our studies revealed that both the EILP and CHILP were heterogeneous

mixtures of ILC and LTi lineage progenitors with restricted lineage potential. Furthermore,

we identified a new early LTi-specified precursor upstream of the EILP, before Tcf7 ex-

pression. Chromatin accessibility in FL precursors supports the proposed cellular identity

for each new ILC and LTi lineage precursor, and TF motif enrichment across developmen-

tal trajectories implicates GATA3 and RORγ(t) as major TFs in establishing ILC and LTi

lineage identity, respectively. Together, these findings warrant a revised map of ILC and

LTi lineage developmental progression and highlight the value of using a combinatorial TF

reporter system for resolving complex developmental processes.

3.1.3 Results

3.1.3.1 Generation of novel TF reporter lines

Enhanced characterization of ILC development necessitates the combined use of reporter

lines for the simultaneous resolution of key TFs. However, because many previously gen-

erated strains used enhanced GFP (EGFP) to report on TF expression, these lines could

not be combined for multi-TF analysis.5,58,75,78 To overcome this limitation, we employed

CRISPR/Cas9-mediated transgenesis for the rapid generation of new designer transgenic

lines with distinct reporters (Fig.3.2A).184 TCF1 (Tcf7 ), RORγ(t) (RORγ and RORγt

isoforms, Rorc), and GATA3 (Gata3 ) were of particular interest for addressing ILC devel-

opment; therefore, we generated three novel reporter lines: Tcf7 mCherry, RorcThy1.1, and

Gata3 Citrine. An internal ribosome entry site (IRES)-reporter sequence was inserted into

the 3’ UTR of each gene; as such, reporter expression closely reflects mRNA expression

(Fig.3.2A).185 To confirm the fidelity of each novel TF reporter, we compared the pat-
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tern of reporter expression to previously characterized EGFP reporter lines, intracellular

TF staining, and/or known population expression. Tcf7 -mCherry expression in lineage-
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Figure 3.2: Generation of the novel TF reporter mice. (A) Design of CRISPR/Cas9 knock-in
strategy. (B-F) Representative flow plots of ILC progenitors from a Tcf7EGFP x Tcf7mCherry adult BM (B),
thymocytes from a RorcThy1.1 adult thymus (C), mature ILCs from a RorcThy1.1 SI lamina propria with
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BM (F). Data are representative of at least two independent experiments (B-F). DN, double negative; DP,
double positive; dsDNA, double-strand DNA.
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Figure 3.3: Immune phenotyping of Tcf7mCherry, RorcThy1.1, Gata3Citrine, and ID2EYFP

reporters.
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Figure 3.3, continued. (A–G) Expression of Rorc-Thy1.1 in thymic NKT cells from Zbtb16EGFPCre

Tcf7mCherryRorcThy1.1 adult mice. Cell numbers from adult C57BL/6 and Zbtb16EGFPCre/+Tcf7mCherry/+

RorcThy1.1/+Gata3Citrine/+ mice taken from the thymus (Thy; B), spleen (Spl; C), liver (Liv; D), SI (E), lung
(F), and BM (G; n = 5). Each symbol represents an individual mouse; data are presented as mean ± SEM. Q-
values were calculated with multiple t tests controlling for false discovery rate. (H–J) Reporter MFI and fre-
quency of reporter positive cells in the indicated populations from select tissues of Zbtb16EGFPCreTcf7mCherry

(H), Zbtb16EGFPCreTcf7mCherryID2EYFP (I), and Zbtb16EGFPCreTcf7mCherryGata3Citrine (J) adult mice (n
= 3). Each symbol represents an individual mouse. Data are representative of (A) or pooled from (B–J)
at least two independent experiments. *, Q < 0.05; ****, Q < 0.0001. ETP, early thymic precursor; DN,
double negative; ISP, immature single positive; DP, double positive; SP, single positive.

negative (Lin-) α4β7+ populations in the BM was identical to Tcf7 -EGFP expression in

Tcf7EGFP/mCherry mice (Fig.3.2B).75 To circumvent known issues related to hypomorphic

expression of RORγt in knock-in knock-out reporters, we elected to report on both RORγ(t)

isoforms using a novel RorcThy1.1 reporter.58,68,94 Thymocytes from RorcThy1.1/+ mice dis-

played dynamic reporter expression consistent with RORγtEGFP/+ mice (Fig.3.2C).58 In-

tracellular staining for RORγ(t) in the small intestine (SI) lamina propria demonstrated

that Rorc-Thy1.1 expression coincides with protein expression in mature group 3 ILCs

(Fig.3.2D), while FL Rorc-Thy1.1 expression precedes protein expression, likely reflect-

ing the difference in mRNA and protein expression kinetics (Fig.3.2E).185 Notably, the

Rorc-Thy1.1 reporter captures rare thymic NKT17 cells (Fig.3.3A). Lastly, Citrine expres-

sion in Gata3 Citrine/+ reporter mice brightly marked BM immature ILC2 (Fig.3.2F).81 To

establish parity with wild-type mice, we evaluated major hematopoietic cell populations in

C57BL/6 and Zbtb16 EGFPCre/+Tcf7 mCherry/+RorcThy1.1/+Gata3 Citrine/+ mice. No signif-

icant differences were observed in cell number apart from the expected reduction in thymic

NKT cells, resulting from a hypomorphic Zbtb16 allele, and marginally elevated numbers of

liver B cells in compound heterozygotes (Fig.3.3B-G).186 Overall, the novel Tcf7 mCherry,

RorcThy1.1, and Gata3 Citrine reporters reflect TF expression patterns without altering lym-

phocyte development.

To catalog reporter expression across tissues, we isolated mature ILCs and reference popu-

lations from the novel Tcf7 mCherry and Gata3 Citrine reporters and the previously generated

ID2EYFP reporter. The ID2EYFP reporter is a knock-in knock-out expressing enhanced
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YFP (EYFP), akin to the ID2EGFP reporter used to characterize the CHILP, αLP, and

ILC2 precursor (ILC2P).5,81,91,93,95,171 Unsurprisingly, peripheral T cells expressed sub-

stantial levels of Tcf7 -mCherry, though some population-level heterogeneity was observed

(Fig.3.3H). Conversely, most mature ILCs, apart from SI LTi, expressed low or negligible

levels of Tcf7 -mCherry. ID2-EYFP was uniformly expressed across mature ILC populations

(Fig.3.3I). However, NK cells displayed markedly lower levels of ID2-EYFP compared with

the ILC1/2/3 and LTi. This observation is consistent with the ID2EGFP reporter and the

novel ID2TagBFP reporter but contrasts with the recently described Id2 RFP reporter, where

Id2 -RFP expression is equivalent in all ILCs.81,93,94 Lastly, Gata3 -Citrine expression was

predictably high in lung and SI ILC2, while T cells and all other ILCs expressed low to

intermediate levels (Fig.3.3J).68,81 Expectedly, B cells were devoid of reporter expression

in Tcf7 mCherry, ID2EYFP, and Gata3 Citrine mice.

3.1.3.2 FL EILPs are transcriptionally heterogeneous

The EILP is the critical stage in which TCF1 expression promotes ILC lineage fate deci-

sions, and was initially overlooked given its unexpected placement at a stage of transient IL-

7Rα down-regulation, a marker commonly used to identify mature and developing ILCs.75–77

To date, the EILP has only been characterized in the BM, and the existence of an equivalent

precursor in the FL has not been reported. Although the BM EILP is considered multi-

potent for all ILC lineages (Fig.3.1A), its ability to generate LTi at a clonal level remains

unresolved, as LTi arise almost exclusively during the fetal period.58,59,73,75,78 To this end,

we performed intracellular staining for TCF1, PLZF (Zbtb16 ), and RORγ(t) within embry-

onic day 15 (E15) FL ILC progenitors and divided Lin-α4β7+TCF1+ cells into non-EILP

(IL-7Rα+) and EILP (IL-7Rα-CD90.2-) populations, conforming to the gating strategy used

to identify the BM EILP (Fig.3.4A).75 This result supports the existence of an EILP within

the FL. The non-EILP comprises the previously defined ILCP and LTiP (Fig.3.4A, lower
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Figure 3.4: Characterization of TF expression in the FL EILP. (A) Intracellular staining for TCF1,
PLZF, and RORγ(t) TFs in C57BL/6 E15 FL (n = 8). (B) Representative flow cytometry plots of ILC
progenitors from a Zbtb16EGFPCreTcf7mCherryRorcThy1.1 mice E15 FL (n = 3). (C) Representative flow
cytometry plots of ILC progenitors from a Zbtb16EGFPCreTcf7mCherryRorcThy1.1 mice adult BM (n = 3).
Associated plots reflect population frequencies; each symbol represents an individual FL or BM; data are
presented as mean ± SEM. Data are representative of or pooled from at least two independent experiments.

right panel). A fraction of PLZF-RORγ(t)- non-EILP expresses low levels of IL-7Rα and

is negative for CD90.2, which may reflect TCF1 expression before IL-7Rα down-regulation.

Surprisingly, we observed substantial heterogeneity among the EILP. The EILP displayed

a remarkably similar pattern of PLZF and RORγ(t) expression compared with non-EILP

cells, mirroring the ILCP and LTiP, respectively (Fig.3.4A, lower left panel). A subset

of BM EILP expresses PLZF; however, RORγ(t) expression has not been reported in this

population, ostensibly due to the paucity of RORγ(t)+ BM cells.5,75,78,94 Given the striking

similarities of the PLZF+ EILP and RORγ(t)+ EILP with the ILCP and LTiP, respectively,

hereafter we refer to the PLZF+ EILP as the incipient ILCP (iILCP), the RORγ(t)+ EILP

as the incipient LTiP (iLTiP), and the remaining PLZF-RORγ(t)- EILP as the refined EILP

(rEILP).
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Figure 3.5: Analysis of ILC and LTi maturation markers on iILCP and iLTiP.
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Figure 3.5, continued. (A) Representative flow cytometry plots of the EILP from a C57BL/6 E15 FL
stained for the indicated surface markers and intracellular RORγ(t) (n = 4). (B) MFI of CCR6, PD-1,
and IL-7Rα on the iLTiP, LTiP, iILCP, and ILCP from a Zbtb16EGFPCreTcf7mCherryRorcThy1.1 E15 FL (n
= 7). Each symbol represents an individual FL; data are presented as mean ± SEM. (C) Representative
flow cytometry plots of ILC progenitors from a Zbtb16EGFPCreTcf7mCherryRorcThy1.1 E15 FL (n = 3). (D)
Representative flow cytometry plots of ILC progenitors from a Zbtb16EGFPCreTcf7mCherryRorcThy1.1 adult
BM (n = 3). Associated plots reflect population frequencies; each symbol represents an individual FL or
BM; data are presented as mean ± SEM. (E–J) Pairwise comparisons of Tcf7 -mCherry, ID2-EYFP, and
Gata3 -Citrine reporter expression MFI from Fig. 3 plots for FL (E–G) and BM (H–J) precursors. Circle
size and color denote level of significance. Data are representative of (A) or pooled from (B–J) at least two
independent experiments. Pairwise comparison P values were calculated by one-way ANOVA with Tukey’s
multiple comparisons test *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant.

Phenotypic analysis supported the notion that the iLTiP was more immature than

the LTiP. A small fraction of iLTiP express CCR6 and CXCR5 but were devoid of CD4 ex-

pression, all of which are markers up-regulated during LTi maturation (Fig.3.5A).58,59,73,92

Furthermore, CCR6, PD-1, a marker correlated with ILCP maturation, and IL-7Rα were

expressed at lower levels on the iLTiP compared with the LTiP (Fig.3.5B).79,80,91 These

results suggested that the iLTiP could represent an early precursor upstream of the LTiP.

3.1.3.3 Triple transgenic reporter mice reflect EILP heterogeneity

While TF staining facilitates the simultaneous detection of PLZF, RORγ(t), and

TCF1, this method precludes live cell sorting for functional analysis. By breeding the

novel Tcf7 mCherry and RorcThy1.1 mice with existing Zbtb16 EGFPCre mice to generate

Zbtb16 EGFPCreTcf7 mCherryRorcThy1.1 mice, we successfully recapitulated FL EILP hetero-

geneity observed via intracellular staining (Fig.3.4B). We principally observed Zbtb16 +

and Zbtb16 -Rorc- cells among adult BM EILP and non-EILP, consistent with the dimin-

ished capacity of BM precursors to generate ILC3 and LTi (Fig.3.4C).5,73,78 Nevertheless,

we discerned a rare Rorc-Thy1.1Hi fraction among the non-EILP (Fig.3.4C, lower right

plot). Compared with TCF1 in the FL, Tcf7 -mCherry expression increased with CD90.2

expression in both FL and BM reporter mice, a facet shared with the Tcf7 -EGFP reporter

(Fig.3.4A-C, upper left panels).75–77 This observation may result from a difference in the

half-life of the reporter versus protein.185 While not noted in previous reports, we consistently
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Figure 3.6: TF reporter expression in FL and adult BM ILC progenitors.
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Figure 3.6, continued. (A–F) Representative histogram plots of Tcf7 -mCherry, ID2-EYFP, and Gata3 -
Citrine reporter expression in the indicated ILC progenitors from (A) Zbtb16EGFPCreTcf7mCherryRorcThy1.1

E15 FLs (n = 3), (B) Zbtb16EGFPCreTcf7mCherryRorcThy1.1ID2EYFP E15 FLs (n = 6), (C) Zbtb16EGFPCre

Tcf7mCherryRorcThy1.1Gata3Citrine E15 FLs (n = 3), (D) Zbtb16EGFPCreTcf7mCherry adult BM, (E)
Zbtb16EGFPCreTcf7mCherryRorcThy1.1ID2EYFP adult BM (n = 3), and (F) Zbtb16EGFPCreTcf7mCherry

RorcThy1.1Gata3Citrine adult BM (n = 3). Associated plots reflect population median fluorescent inten-
sity (MFI); each symbol represents an individual FL or BM; data are presented as mean ± SEM; pairwise
comparison P values are presented in Fig.3.5 E–J, and were calculated by one-way ANOVA with Tukey’s
multiple comparisons test. Data are representative of or pooled from at least two independent experiments.

observed a population of TCF1+/Tcf7 +IL-7Rα-CD90.2+ cells in both the FL and BM

(Fig.3.4A-C, upper right panels).75–77 These cells were predominantly Zbtb16 -EGFP+,

though Rorc-Thy1.1+ and double-negative populations were discernable in the FL and BM,

respectively (Fig.3.5C and D). Taken together, through the combinatorial use of novel TF

reporters, we can reconstruct EILP heterogeneity observed via TF staining.

Given the combinatorial nature of the novel and existing TF reporters, we incorpo-

rated Gata3 Citrine or ID2EYFP reporters with Zbtb16 EGFPCreTcf7 mCherryRorcThy1.1 mice

to gauge the hierarchical placement of the rEILP, iILCP, and iLTiP through TF expression

patterns. E15 FL rEILP, iILCP, and iLTiP expressed intermediate levels of Tcf7 -mCherry

and ID2-EYFP relative to the earliest precursors (CLP, Flt3+ αLP, and Flt3- αLP) and

the later ILCP and LTiP (Fig.3.6A and B; and Fig.3.5E and F). A fraction of FL αLP

expressed low/intermediate levels of ID2-EYFP compared with the ILCP and LTiP, in accor-

dance with a previous report.99 Gata3 -Citrine expression was higher in both the iILCP and

ILCP compared with the iLTiP and LTiP, respectively, suggesting that early up-regulation

of Gata3 coincides with Zbtb16 expression (Fig.3.6C and Fig.3.5G). Tcf7, ID2, and Gata3

expression increases from early to late ILC progenitors, though expression levels vary in

mature ILCs (Fig.3.3H-J).70,76,78,79,91,92 In support of a linear maturation program, ex-

pression of Tcf7 -mCherry, ID2-EYFP, and Gata3 -Citrine all progressively increased from

the rEILP to iILCP to ILCP. Likewise, these reporters increased from the iLTiP to the LTiP.

The adult BM displayed comparable Tcf7 -mCherry and Gata3 -Citrine expression patterns,

though low ID2 expressers were absent from the αLP (Fig.3.6D-F; and Fig.3.5H-J). As

expected, Tcf7 -mCherry expression decreased while Gata3 -Citrine expression increased as
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cells matured into ILC2P.78,93 In summary, the transcriptional states of the rEILP, iILCP,

and iLTiP indicate that these precursors may arise before the ILCP and LTiP in develop-

mental time (Fig.3.1B).

3.1.3.4 The iILCP and iLTiP are restricted precursors to the ILCP and

LTiP

To formally determine the cellular potential of the FL rEILP, iILCP, and iLTiP in com-

parison with the earlier αLP and the later ILCP and LTiP, we performed clonal analysis

using Zbtb16 EGFPCreTcf7 mCherryRorcThy1.1 mice. Precursors were cultured on OP9 stro-

mal cells and assessed for the ability to differentiate into ILC1/2/3 and/or LTi (Fig.3.7 and

Table3.1-3.7). CCR6 identifies LTi in vivo; however, CCR6 proved unreliable in vitro (un-

published observations). Therefore, we used CD4 as a marker of LTi potential. While CD4

expression is characteristic of a majority of LTi (LTi4), ∼40% of LTi lack CD4 (LTi0) and

are indistinguishable from CD4- ILC3 in vitro and in vivo; this uncertainty is acknowledged

as ILC3/LTi0.59,92 Single clones were index sorted from the EILP to facilitate the unbiased

assessment of cell potential. In short, EILP were sorted based on the minimal set of identi-

fying markers used in Fig.3.4B (bottom left panel). Following in vitro differentiation, wells

were computationally assigned to a subset (rEILP, iILCP, or iLTiP) based on Zbtb16 -EGFP

and Rorc-Thy1.1 expression at the time of sorting. As expected, the ILCP and LTiP gave

rise almost exclusively to ILC1/2 and ILC3/LTi0 or to LTi4 and ILC3/LTi0, respectively.

The iLTiP were already largely LTi lineage restricted, displaying a striking bias toward LTi4

and ILC3/LTi0 akin to the LTiP (P = 1). The iILCP exhibited a similar differentiation po-

tential as the ILCP (P = 0.22), generating primarily ILC1/2 and ILC3/LTi0, with a reduced

frequency of ILC2, presumably due to the premature interruption of Notch signals required

for efficient ILC2 differentiation.92 The iLTiP generated a fraction of ILC1, and the iILCP

generated a fraction of LTi4 (∼11% each, Table3.4 and 3.6), distinguishing them from their
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Figure 3.7: Clonal potential of FL ILC progenitors. Single-cell potential of the indicated ILC pro-
genitors sorted from Zbtb16EGFPCreTcf7mCherryRorcThy1.1 E14-E16 FLs onto OP9 stromal cells. Pie charts
represent the frequency of single ILC1 (NK1.1+ICOS-α4β7-), ILC2 (NK1.1-ICOS+α4β7-), and ILC3/LTi0
(NK1.1-ICOS+/-α4β7+CD4-); two or more ILC subsets (multi); LTi4 (NK1.1-ICOS+/-α4β7+CD4+); and
mixed ILC1/2/3/LTi0 and LTi4 (mixILC/LTi). Data are pooled from >20 independent experiments. P
values for pie charts were calculated using Chi-Square Test for Independence followed by post-hoc analysis
with Bonferroni correction; comparisons were made against the Flt3+ αLP (black), ILCP (blue), and LTiP
(orange).

downstream counterparts, indicating incomplete lineage commitment under our culture con-

ditions. Taken as is, evidence from cell phenotype, transcriptional state, and differentiation

potential are consistent with a model wherein the iILCP and iLTiP arise upstream of the

ILCP and LTiP and have diminished alternate lineage potential downstream of the common

ILC-LTi precursor (Fig.3.1B).

BM rEILP generate Zbtb16 -EGFP+ cells in short-term culture.77 As the FL rEILP ap-

peared to represent a common ILC-LTi precursor downstream of the αLP, we evaluated its

clonal potential with respect to the αLP. Previous work from our laboratory suggested that

the αLP represents the stage of bifurcation into the ILC and LTi lineages.92 The rEILP

generated ILC1/2 and ILC3/LTi0 progeny similar to the iILCP, with a more pronounced
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decrease in ILC2 (Fig.3.7). Few LTi4 arose from the rEILP, and no mixed ILC and LTi

lineage wells were observed, which stands in contrast to the Flt3+ αLP and Flt3- αLP.92

Thus, the rEILP likely represents a precursor upstream of the iILCP, before expression of

the ILC lineage marker Zbtb16.77 Taken together, these findings indicate that the ILC-LTi

precursor resides upstream of the EILP (Fig.3.1B).

3.1.3.5 The CHILP is a heterogeneous mixture of ILC and LTi progenitors

The CHILP, characterized in the BM by high ID2 expression upstream of the ILCP, was

proposed to be the common ILC-LTi precursor (Fig.3.1A).5,69,92 However, whether the

CHILP is a shared ILC-LTi precursor or a heterogeneous mixture of ILCP and LTiP has not

been tested. As such, we performed index-based clonal analysis on the CHILP population

isolated from the BM of Zbtb16 EGFPCreID2EYFP mice. Cells were seeded onto OP9 or

OP9-DL1 stroma, as Notch ligand is required for efficient generation of group 3 ILCs from

BM precursors.73 The BM CHILP comprised a mixture of Zbtb16 + ILCP, ICOS+Zbtb16 -

ILC2P, and Zbtb16 -ID2+ cells (Fig.3.8A). The latter subset primarily generated single wells

of ILC1, ILC2, or ILC3/LTi0, with a fraction of multi ILC1/2 and ILC3/LTi0 wells arising

in cultures with Notch ligand. (Fig.3.8B and C; and Table3.8-3.13). Given the limited

ability of BM ILC progenitors to generate group 3 ILCs in vitro, we extended our analysis

by index sorting the CHILP from the FL of Zbtb16 EGFPCreID2EYFP mice. The FL CHILP

comprised Zbtb16 + ILCP and Zbtb16 -ID2+ cells, similar to the BM, in addition to CCR6-

expressing LTiP (Fig.3.8D). FL CHILP subsets did not generate mixed wells of ILC and

LTi on either OP9 or OP9-DL1 stroma (Fig.3.8E and F; and Table3.14-3.19). Thus, in

both the BM and FL the CHILP, like the EILP, represents a mixture of ILC and LTi lineage

progenitors downstream of a shared ILC-LTi precursor (Fig.3.1A and B).
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3.1.3.6 An early Rorc-expressing αLP marks the bifurcation between ILC

and LTi lineages

As both the EILP and the CHILP contain separate precursors to the ILC and LTi lineages,

we examined the upstream αLP for the presence of an earlier precursor in Zbtb16 EGFPCre
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the appropriate ILC classification. Data are representative of (A and D) or pooled from (B, C, E, and F) four
independent experiments. P values for pie charts were calculated using Chi-Square Test for Independence
followed by post-hoc analysis with Bonferroni correction; comparisons were made against the ILCP (blue),
ILC2P (green), and LTiP (orange).
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Figure 3.9: Identification of Rorc expression in the FL αLP.
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Figure 3.9, continued. (A) Representative flow cytometry plot of αLP from Zbtb16EGFPCreTcf7mCherry

RorcThy1.1 E15 FL (n = 7). Adjacent plot reflects population frequencies. (B) Representative histogram
plot of ID2-EYFP expression in the indicated ILC progenitors from Zbtb16EGFPCreTcf7mCherryRorcThy1.1

ID2EYFP E15 FL (n = 6). Associated plots reflect population MFI. (C) MFI of Rorc-Thy1.1, CCR6, IL-7Rα,
and PD-1 on Rorc+ αLP, iLTiP, and LTiP from Zbtb16EGFPCreTcf7mCherryRorcThy1.1 E15 FL (n = 8). (D)
Quantification of Flt3-Rorc- αLP, Rorc+ αLP, iLTiP, and LTiP from Zbtb16EGFPCreTcf7mCherryRorcThy1.1

FL at E11, E13, and E15. (E) Representative flow plots and histograms of bulk cultured Flt3-Rorc- αLP,
Rorc+ αLP, iLTiP, and LTiP from Zbtb16EGFPCreTcf7mCherryRorcThy1.1 E15 FL cultured for 2 d on OP9
stromal cells (n = 3). Adjacent plot reflects CD4+ frequency among Rorc+Tcf7+ cells. (F) Single-cell
potential of the indicated αLP precursors sorted from Zbtb16EGFPCreTcf7mCherryRorcThy1.1 E15 FL onto
OP9 stromal cells. (G) Hierarchical clustering dendrogram of ILC progenitor clonal potential on OP9
stromal cells calculated from Pearson correlation. For plots, each symbol represents an individual FL; data
are presented as mean ± SEM; and P values were determined by one-way ANOVA with Tukey’s multiple
comparisons test. P values for pie charts were calculated using Chi-Square Test for Independence followed by
post-hoc analysis with Bonferroni correction; comparisons were made against the Flt3+Rorc- αLP (black).
Data are pooled from at least two independent experiments. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

Tcf7 mCherryRorcThy1.1 mice. A subset of αLP expressed Rorc-Thy1.1 (Rorc+ αLP), despite

lacking Tcf7 -mCherry expression (Fig.3.9A). This population was absent from the adult

BM (Fig.3.10A). The Rorc+ αLP represented the majority of ID2-EYFPLo/Int cells among

the FL αLP (Fig.3.9B and Fig.3.6B). Compared with the iLTiP and LTiP, the Rorc+

αLP expressed less Rorc-Thy1.1 and PD-1, while being low for CCR6 and intermediate for

IL-7Rα (Fig.3.9C). We then examined the ontogeny and immediate potential of the Rorc+

αLP. The iLTiP was detectable as early as E13 alongside the LTiP, and both increased until

E15 (Fig.3.9D). The Rorc+ αLP was maximally present at E13, in greater numbers than

either the iLTiP or LTiP, but decreased by E15, while the Flt3-Rorc- αLP was detectable

as early as E11. The phenotype and rapid expansion and contraction indicated that the

Rorc+ αLP might precede the iLTiP and LTiP in a developmental wave during ontogeny.

In a short-term in vitro culture assay, the Rorc+ αLP, iLTiP, and LTiP rapidly and almost

exclusively generated Tcf7 +Rorc+ cells; however, only the iLTiP and LTiP generated a

substantial frequency of LTi4 cells by 2 d (Fig.3.9E). Notably, while both the Flt3-Rorc-

αLP and Rorc+ αLP promptly up-regulated Tcf7 -mCherry expression, only a fraction of

Flt3-Rorc- αLP expressed Rorc-Thy1.1. These results suggested that the Rorc+ αLP could

represent a very early precursor biased toward the LTi lineage.

We further addressed the clonal potential of the Rorc+ αLP through index-based sort-
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Figure 3.10: Analysis of Rorc+ αLP. (A) Representative flow cytometry plot of αLP from
Zbtb16EGFPCreTcf7mCherryRorcThy1.1 adult BM (n = 3). Associated plot reflects population frequencies;
each symbol represents an individual BM; data are presented as mean ± SEM. (B) Single-cell potential
of the indicated αLP precursors sorted from Zbtb16EGFPCreTcf7mCherryRorcThy1.1 E15 FL onto OP9-DL1
stromal cells. Early T cells were identified in OP9-DL1 cultures by high expression of CD25+; T cell-only
wells were excluded from charts, while ILC+T cell wells were included with the appropriate ILC. (C) Nor-
malized Rorc-Thy1.1 MFI of index-sorted single Rorc+ αLP categorized by in vitro potential on OP9 and
OP9-DL1. Data were normalized by experiment to average LTiP Rorc-Thy1.1 MFI; data are presented as
mean ± SEM; and P values were determined by one-way ANOVA with Tukey’s multiple comparisons test.
Data are pooled from two (A and B) or four (C) independent experiments. P values for pie charts were
calculated using Chi-Square Test for Independence followed by post-hoc analysis with Bonferroni correction;
comparisons were made against the Flt3+Rorc- αLP (black). *, P < 0.05.

ing of the αLP onto OP9 and OP9-DL1 stromal cells, subdividing into Flt3+Rorc- αLP,

Flt3-Rorc- αLP, and Rorc+ αLP. Regardless of the culture condition, the Rorc+ αLP pre-

dominantly generated ILC3/LTi0 and LTi4, though the large fraction of ILC3/LTi0 may indi-

cate that additional signals are required for efficient CD4 expression (Fig.3.9F, Fig.3.10B,

and Table3.20-3.25). Nevertheless, the Rorc+ αLP retained multipotentiality similar to the

Flt3+Rorc- and Flt3-Rorc- αLP. Multipotentiality was independent of initial Rorc-Thy1.1

expression level in index-sorted Rorc+ αLP (Fig.3.10C). Hierarchical clustering by clonal
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potential on OP9 stroma revealed that the Rorc+ αLP was more similar to the iLTiP and

LTiP than it was to the Flt3+Rorc- and Flt3-Rorc- αLP (Fig.3.9G). Based on these results,

the Rorc+ αLP appears to be an early LTi-specified precursor before LTi lineage restriction.

3.1.3.7 ATAC-seq reinforces ILC and LTi lineage progression and reveals

differential use of TF modules

To gain further insight into the lineage relationship between the newly identified FL

ILC and LTi lineage intermediates, we profiled their chromatin accessibility landscape using

ATAC-seq. Unsupervised hierarchical clustering separated the progenitors into roughly three

groups. Common precursors (CLP, Flt3+ Rorc- αLP, and Flt3-Rorc- αLP) clustered together

away from ILC and LTi lineage progenitors (Fig.3.11A). Consistent with its transitional

placement, the Rorc+ αLP clustered with the iLTiP while exhibiting high correlation with

the common αLPs. Notably, ILC and LTi lineage progenitors did not cleanly separate

into two groups. Though the iILCP and ILCP formed a distinct cluster separate from

the Rorc+ αLP and iLTiP, the LTiP clustered with the ILCP, despite strong correlation

with LTi lineage progenitors. Clustering of the LTiP with the ILCP may result from an

oversized influence of principal component 1 on the correlation analysis that reflects lineage

maturation and/or the appearance of common type 3 signatures in a heterogeneous ILCP

(Fig.3.11B).92 Additionally, the rEILP clustered with the common precursors away from

the iILCP and ILCP, mirroring the hierarchical clustering based on differentiation potential

(Fig.3.9G).

We then examined chromatin accessibility data tracks near genes associated with ILC

and LTi lineage differentiation. Though the Rorc+ αLP is only specified toward the LTi

lineage, accessibility at the Rorc locus was comparable to that observed in the iLTiP and

LTiP (Fig.3.11C). ILC lineage progenitors, in contrast, only showed increased accessibility

at the Rorc locus within the ILCP, the stage in which multi-transcriptional priming and
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Figure 3.11: Chromatin accessibility of FL ILC progenitors.
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Figure 3.11, continued. (A) Correlation heatmap for FL ILC progenitor ATAC-seq samples (n = 2).
Precursors are categorized by in vitro clonal potential. (B–E) 3D principal component (PC) analysis of
ATAC-seq data. Accessibility coverage tracks at the indicated loci in FL ILC progenitors: Rorc (C), Il7r
(D), and Flt3 (E). Black arrow heads indicate regions of dynamic chromatin accessibility. (F) Developmental
trajectory heatmap of TF motif enrichment derived from comparing the indicated FL ILC progenitor to the
CLP. Motifs were plotted if they exhibited a log10(P value) ≤ -100 and a signal-to-noise ratio ≥1.5 in at
least one comparison. Data represents two samples per cell type and were collected across seven independent
experiments.

ILC1/2/3 subset differentiation occurs.92 This pattern of accessibility was mirrored at the

Il17a/Il17f locus (Fig.3.12A). Increasing accessibility was observed in the Il7r locus at

two sites bound by TCF1 (-3.6 kb) and GATA3 (+5.3 kb), tracking IL-7Rα re-expression

(Fig.3.11D).68,88 Similarly, accessibility at a Tcf7 enhancer (-31 kb) progressively increased

before the expression of Tcf7 (Fig.3.12B and Fig.3.6A). Examination of the Flt3 locus

showed that regions accessible in common precursors were either unchanged or moderately

reduced in accessibility within the Rorc+ αLP and rEILP but were diminished in later pro-

genitors (Fig.3.11E). Taken together, comparison of the chromatin accessibility landscape

between FL precursors reinforces the hierarchical placement of each precursor during ILC

development (Fig.3.1B).

The molecular determinants that govern the distinct differentiation of the ILC and LTi

lineages are poorly understood. To determine the TFs important for ILC and LTi lineage

differentiation across the FL developmental trajectory, we identified statistically enriched

TF motifs in ATAC-seq peaks with increased accessibility in each common αLP, ILC, or

LTi lineage progenitor in comparison to the CLP. Peaks were robustly and predictably en-

riched for Runt and ETS motifs in both the ILC and LTi lineages, starting in the com-

mon αLPs and progressively increasing in enrichment along each developmental trajectory

(Fig.3.11F).80,104,130 While the rEILP showed similar enrichment for Runt and ETS mo-

tifs, there was distinguishable motif enrichment for the bZIP member CEBP, several IRF

factors, and myeloid-expressed ETS factors (i.e., PU.1 and SpiB), consistent with a recent

report demonstrating that this population expresses several of these factors and retains den-

dritic cell (DC) potential.77 Binding motifs for TCF1 and other high-mobility group family
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Figure 3.12: Chromatin accessibility profiles of FL ILC progenitors. (A and B) Accessibility
coverage tracks at the (A) Il17a/Il17f and (B) Tcf7 loci in FL ILC progenitors. Black arrow heads indicate
regions of dynamic chromatin accessibility. Data represents two samples per cell type and were collected
across seven independent experiments.

members were comparably enriched in both the ILC and LTi lineages; motif enrichment fol-

lowed the known pattern of Tcf7 expression in these cells (Fig.3.6A). More notable was the

differential enrichment for zinc finger and nuclear receptor TF motifs between the ILC and

LTi lineage, respectively. Whereas motifs for GATA3 and similar zinc finger family members

were greatly enriched in the ILC lineage, maximally within the ILCP, the LTi lineage dis-

played a markedly lower enrichment, mirroring Gata3 expression (Fig.3.6C). Conversely,

the LTi lineage was significantly enriched in nuclear receptor motifs comprising the TFs

RORγ, RORγt, and RORα, while these motifs only showed enrichment late in ILC lineage

development in the ILCP. In summary, the patterns uncovered through TF motif enrichment

analysis provide insight into the shared and distinct usage of TFs throughout ILC and LTi

lineage development.
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3.1.4 Discussion

Using a novel combination of CRISPR/Cas9-generated TF reporter lines, we have iden-

tified and resolved population-level heterogeneity within FL ILC progenitors. The EILP

is present within the FL and comprises a previously unappreciated mixture of PLZF- and

RORγ(t)-expressing cells, herein termed the iILCP and iLTiP, respectively. Although PLZF

expression in the BM EILP has been described before, RORγ(t) expression in the FL EILP

was overlooked due to the exclusive focus on the adult BM.75–77 Functional assessment of

precursor potential using the combination reporter mice revealed that the EILP and CHILP

contained discrete precursors to the ILC and LTi lineages. The sensitivity and deliberate

selection of our reporter combination also enabled the identification of a Rorc+ population

before Tcf7 expression, marking the earliest known precursor to the LTi lineage. Analysis

of the chromatin accessibility landscape in precursors re-enforces the lineages distinctions

reached through phenotypic, transcriptional, and in vitro clonal analysis and implicates the

differential usage of GATA3 and RORγ(t) in the development of the ILC and LTi lineages,

respectively. These results warranted a revised model for ILC development that accounts for

the newly discovered heterogeneity and places the common ILC-LTi precursor upstream of

its previously assumed position within the Tcf7 + compartment (Fig.3.1B).

Conventional TF staining captures the cellular heterogeneity present within the FL EILP,

yet functional analysis necessitated the use of TF reporters. Compared with previous re-

ports that have relied on single TF reporters and surface markers to make claims about ILC

development, the multi-TF reporter system enables the simultaneous resolution of several

TFs throughout development while permitting the functional assessment of lineage poten-

tial. Several recent reports have implemented combinatorial reporters, generated through

standard transgenic methods, to interrogate ILC development in the adult BM.77,93,94 The

novel application of CRISPR/Cas9-mediated transgenesis in this study stands out as a rapid

and flexible method for the generation of custom reporter lines that can be used to evaluate
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or discover cellular complexity.

The EILP and the CHILP were identified in previous reports using Tcf7 EGFP and

ID2EGFP mice respectively, and both precursors were reported to generate restricted ILC

subsets (Fig.3.1A).5,75,76 The observations made herein suggest a different model for

ILC development (Fig.3.1B). Clonal analysis performed with Zbtb16 EGFPCreTcf7 mCherry

RorcThy1.1 mice demonstrates that the FL EILP is not a precursor to all ILCs but in-

stead contains distinct intermediates to the ILC and LTi lineages upstream of the ILCP and

LTiP. Our discovery of an iILCP and iLTiP within the EILP suggested several surprising

implications. First, precursors to the ILC and LTi lineage both transiently down-regulate

IL-7Rα expression.76 The consequence of reduced IL-7Rα expression during ILC and LTi

development remains to be determined. Continuous IL-7Rα expression via transgene only

marginally impairs thymocyte development, potentially by inhibiting TCF1 up-regulation,

though group 3 ILCs appear unperturbed by sustained IL-7Rα expression.100,167 Second, the

existence of intermediate precursors to the ILCP and LTiP intermediate for ID2 expression

called into question the identity of the CHILP. Using Zbtb16 EGFPCreID2EYFP reporter mice

to isolate the Zbtb16 -ID2+ fraction of the CHILP, we provide evidence through index-based

clonal analysis that the CHILP is not a shared ILC-LTi precursor as formerly suggested, but

actually comprises an admixture of restricted precursors in both the BM and FL, similar to

the EILP, and is unlikely to be a discrete precursor.

Another inference that can be made from EILP heterogeneity is that the bifurcation of

the ILC and LTi must occur earlier in development. Despite looking like a shared ILC-LTi

precursor, the rEILP appears to represent a stage before the iILCP, preceding Zbtb16 ex-

pression with negligible LTi potential. This observation is in line with the recent study that

found that a BM specified EILP, equivalent to the rEILP here, generated Zbtb16 + cells in

short-term culture.77 Instead, we discerned an earlier multipotent Rorc+ αLP in the FL of

Zbtb16 EGFPCreTcf7 mCherryRorcThy1.1 mice that was devoid of several maturation markers,
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including Tcf7, but was already biased toward LTi differentiation. Sawa et al. (2010) pro-

posed the existence of two FL α4β7+RORγt-EGFP+ populations that generated LTi almost

exclusively. RORγt-EGFPhigh cells noted in that study likely represent the LTiP, while the

RORγt-EGFPmid cells likely represent a mixture of both iLTiP and Rorc+ αLP, as these

two populations were indistinguishable in the absence of Tcf7 and IL-7Rα assessment. The

absence of Rorc+ αLP and diminished output of LTi from adult BM may result from a

failure to up-regulate ID2 in αLP (Fig.3.6E), as sequential expression of ID2 and RORγ(t)

was proposed to facilitate LTi development.82 Taken together, our results suggest a model in

which a shared ILC-LTi precursor within the αLP expresses Rorc, diminishing ILC lineage

potential, followed closely by Tcf7 expression and down-regulation of IL-7Rα giving rise

to the iLTiP. In parallel, Tcf7 and subsequent Zbtb16 and Gata3 expression in the iILCP

defines the reduction in LTi lineage potential.

ATAC-seq assessment of FL ILC progenitors reinforced the cellular identity and lineage

classification of the newly characterized rEILP, iILCP, Rorc+ αLP, and iLTiP. The Rorc+

αLP categorically presented a transitional chromatin accessibility landscape between com-

mon precursors and the more mature iLTiP and LTiP. ILC lineage and LTi lineage progen-

itors largely clustered together apart from two exceptions. First, the rEILP clustered with

common precursors and displayed aspects of alternate lineage potential, including CEBP,

IRF8, PU.1, and SpiB motif enrichment. Harly et al. (2019) found that rEILP from BM

generated DCs in vitro under permissive conditions and established TCF1 as the key factor

in driving ILC lineage commitment. Our results indicate that, like BM rEILP, FL rEILP

may retain DC potential, emulating in the ILC lineage the progressive loss of B cell and then

myeloid cell potential observed during thymocyte development.72,100 Second, notwithstand-

ing the disparate phenotype, transcriptional state, and cellular potential of the ILCP and

LTiP, clustering of these precursors revealed that a similar accessibility landscape was ac-

quired during cellular maturation, and that only a fraction of accessible regions contributed
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to their distinct cellular identity. The similarity may result from the appearance of shared

type 3 signatures, as the ILCP contains ILC3-biased cells.92 Future characterization of the

chromatin accessibility landscape will benefit from the isolation of homogenous populations

of ILC1, ILC2, and ILC3 precursors. Nevertheless, TF motif enrichment across the de-

velopmental trajectories suggests a markedly differential usage of GATA3 and RORγ(t) in

establishing ILC and LTi lineage cellular identity, respectively. Moreover, our Gata3 -Citrine

reporter indicated that expression of Gata3 in the LTi lineage is delayed when comparing

the iLTiP to the iILCP and does not reach the expression level observed in the ILCP. Zhong

et al. (2020) demonstrated a differential reliance on the TF GATA3 for the development

of ILC1/2/3 and LTi cells; whereas ILC1/2/3 require GATA3 for development, LTi develop

in the absence of GATA3, albeit while exhibiting functional defects. The results presented

herein highlight the role GATA3 plays as a defining factor governing the distinct develop-

ment of these two lineages.

The model proposed herein conforms with our earlier observations using single-cell analysis

that implicated the αLP as the point of lineage bifurcation between the ILC and LTi lineage,

based on the generation of mixed colonies.92 The frequency of mixed colonies was notably

low, possibly resulting from a lack of critical factors necessary for the overall survival of early

multipotent αLPs given that our culture system supports ample LTi generation. Further-

more, the window to capture large numbers of ILC-LTi precursors among the αLP may be

earlier than E14-16, as suggested by the early wave of Rorc+ αLP at E13 (Fig.3.9D). In stark

contrast to previous findings and the work presented here, Walker et al. (2019) generated a

novel PLZFtdTomato reporter and observed PLZFtdTomato expression in peripheral LTi-like

cells and in CD4+ LTiP from the FL.78,92 These incongruous findings may be explained by

the design of each Zbtb16 reporter. The Zbtb16 EGFPCre reporter was constructed by insert-

ing an IRES-EGFPCre sequence downstream of the Zbtb16 stop codon.78 The PLZFtdTomato

reporter, on the other hand, was constructed by inserting a T2A-tdTomato polyA sequence
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before the Zbtb16 stop codon.94 While the T2A sequence enables precise expression of td-

Tomato during protein translation, the incorporation of an exogenous polyA bypasses the

endogenous polyA signal sequence and may disrupt any 3’ UTR regulatory mechanisms that

could govern the stability or turnover of Zbtb16 mRNA.186,187 Altered post-transcriptional

regulation of Zbtb16 mRNA, potentially resulting in exaggerated expression, may explain

the observation that the PLZFtdTomato reporter does not reflect Zbtb16 EGFPCre fate map-

ping and known intracellular staining patterns for PLZF in the LTiP, ILC2P, or mature ILC

populations.5,78,91,92,161

In summary, our study has highlighted the value of applying a multi-TF reporter ap-

proach, specifically to the dissection of ILC and LTi lineage progression. Moreover, we have

identified several unappreciated precursors along both the ILC and LTi development path-

ways. Delineation of these early intermediates will facilitate the molecular interrogation of

factors and mechanisms that govern ILC development and lineage progression.
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3.1.5 Appendix

Table 3.1: Fetal Liver Flt3+ αLP
OP9 culture

n = 80, Plating Efficiency: 37.91%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

ILC1 30 37.50 867.92 431.55

ILC2 1 1.25 9.00 0

ILC3 14 17.50 100.21 38.97

LTi4 11 13.75 136.08 37.99

mixLTi 4 5.00 112.24 37.14

multi 20 25.00 571.49 237.36

Table 3.2: Fetal Liver Flt3- αLP
OP9 culture

n = 175, Plating Efficiency: 40.60%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

ILC1 90 51.43 547.53 224.39

ILC2 2 1.14 262.00 284.25

ILC3 36 20.57 206.27 71.57

LTi4 14 8.00 170.92 88.53

mixLTi 4 2.28 457.25 472.42

multi 29 16.57 450.93 195.88

Table 3.3: Fetal Liver rEILP
OP9 culture

n = 55, Plating Efficiency: 21.82%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

ILC1 31 56.36 982.39 189.21

ILC2 1 1.82 48.00 0

ILC3 17 30.91 128.76 29.59

LTi4 3 5.45 32.33 10.33

mixLTi 0 0.00 0 0

multi 3 5.45 869.67 777.90
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Table 3.4: Fetal Liver iILCP
OP9 culture

n = 244, Plating Efficiency: 52.54%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

ILC1 138 56.56 450.28 53.56

ILC2 31 12.70 44.32 6.62

ILC3 24 9.84 59.29 12.27

LTi4 27 11.07 68.19 11.70

mixLTi 0 0.00 0 0

multi 24 9.84 187.79 64.26

Table 3.5: Fetal Liver ILCP
OP9 culture

n = 876, Plating Efficiency: 53.27%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

ILC1 408 46.58 189.87 140.02

ILC2 269 30.71 38.84 27.09

ILC3 95 10.84 51.15 31.54

LTi4 25 2.85 54.67 20.26

mixLTi 0 0.00 0 0

multi 79 9.02 61.45 52.60

Table 3.6: Fetal Liver iLTiP
OP9 culture

n = 86, Plating Efficiency: 55.23%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

ILC1 10 11.63 463.59 313.78

ILC2 1 1.16 35 0

ILC3 33 38.37 119.54 37.26

LTi4 41 47.67 50.97 20.90

mixLTi 0 0.00 0 0

multi 1 1.16 1103.00 0
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Table 3.7: Fetal Liver LTiP
OP9 culture

n = 155, Plating Efficiency: 55.20%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

ILC1 9 5.81 166.77 154.52

ILC2 0 0.00 0 0

ILC3 59 38.06 61.37 52.68

LTi4 85 54.84 49.08 27.27

mixLTi 0 0.00 0 0

multi 2 1.29 393.5 207.18

Table 3.8: Bone Marrow Zbtb16 -ID2+

OP9 culture
n = 12, Plating Efficiency: 49.06%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

ILC1 6 50.00 89.50 48.43

ILC2 5 41.67 16.60 5.10

ILC3 1 8.33 9.00 0

LTi4 0 0.00 0 0

mixLTi 0 0.00 0 0

multi 0 0.00 0 0

Table 3.9: Bone Marrow ILCP Zbtb16+ID2+

OP9 culture
n = 80, Plating Efficiency: 76.11%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

ILC1 47 55.95 142.34 22.99

ILC2 33 39.29 17.00 2.01

ILC3 0 0.00 0 0

LTi4 0 0.00 0 0

mixLTi 0 0.00 0 0

multi 4 4.76 37.25 26.28
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Table 3.10: Bone Marrow ILC2P Zbtb16 -ID2+

OP9 culture
n = 33, Plating Efficiency: 53.12%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

ILC1 0 0.00 0 0

ILC2 33 100.00 9.70 0.97

ILC3 0 0.00 0 0

LTi4 0 0.00 0 0

mixLTi 0 0.00 0 0

multi 0 0.00 0 0

Table 3.11: Bone Marrow Zbtb16 -ID2+

OP9-DL1 culture
n = 21, Plating Efficiency: 36.56%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

µ Tcell

Col. Size

σ Tcell

Col. Size

ILC1 15 71.43 50.27 12.35 3.00 1.32

ILC1+Tcell 2 9.52 186.00 71.00 69.50 5.50

ILC2 0 0.00 0 0 0 0

ILC3 1 4.76 39.00 0 3.00 0

ILC3+Tcell 1 4.76 505.00 0 67.00 0

LTi4 0 0.00 0 0 0 0

mixLTi 0 0.00 0 0 0 0

multi 1 4.76 103.00 0 0.00 0

multi+Tcell 1 4.76 79.00 0 28.00 0

Table 3.12: Bone Marrow ILCP Zbtb16+ID2+

OP9-DL1 culture
n = 96, Plating Efficiency: 62.90%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

µ Tcell

Col. Size

σ Tcell

Col. Size

ILC1 15 15.62 44.20 9.78 4.67 1.55

ILC1+Tcell 5 5.21 188.40 33.27 95.40 29.16

ILC2 36 37.5 34.31 5.86 0.94 0.25

ILC3 6 6.25 21.00 6.89 6.50 3.28

ILC3+Tcell 5 5.21 97.60 10.10 54.00 4.30

LTi4 0 0.00 0 0 0 0

mixLTi 0 0.00 0 0 0 0

multi 20 20.83 105.65 27.66 8.75 3.91

multi+Tcell 9 9.38 198.77 61.35 80.77 74.58
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Table 3.13: Bone Marrow ILC2P Zbtb16 -ID2+

OP9-DL1 culture
n = 26, Plating Efficiency: 26.67%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

µ Tcell

Col. Size

σ Tcell

Col. Size

ILC1 0 0.00 0 0 0 0

ILC2 26 100.00 9.85 0.81 0.04 0.04

ILC3 0 0.00 0 0 0 0

LTi4 0 0.00 0 0 0 0

mixLTi 0 0.00 0 0 0 0

multi 0 0.00 0 0 0 0

Table 3.14: Fetal Liver Zbtb16 -ID2+

OP9 culture
n = 67, Plating Efficiency: 84.62%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

ILC1 14 20.90 119.57 24.21

ILC2 4 5.97 21.00 8.65

ILC3 32 47.76 46.62 10.70

LTi4 14 20.90 39.07 8.08

multi 3 4.48 692.00 395.55

Table 3.15: Fetal Liver ILCP Zbtb16+ID2+

OP9 culture
n = 115, Plating Efficiency: 73.73%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

ILC1 33 28.70 177.91 40.31

ILC2 41 35.65 34.98 3.01

ILC3 18 15.65 49.39 6.87

LTi4 9 7.83 40.00 11.47

multi 14 12.17 78.64 31.72
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Table 3.16: Fetal Liver LTiP Zbtb16 -ID2+

OP9 culture
n = 66, Plating Efficiency: 67.16%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

ILC1 2 3.03 25.50 8.50

ILC2 0 0.00 0 0

ILC3 20 30.30 21.55 3.37

LTi4 44 66.67 25.84 3.60

multi 0 0.00 0 0

Table 3.17: Fetal Liver Zbtb16 -ID2+

OP9-DL1 culture
n = 65, Plating Efficiency: 75.00%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

µ Tcell

Col. Size

σ Tcell

Col. Size

ILC1 21 32.31 62.10 14.24 2.19 1.03

ILC2 6 9.23 46.33 20.44 3.17 1.82

ILC3 20 30.77 27.25 4.80 0.20 0.09

ILC3+Tcell 1 1.54 1137.00 0 183.00 0

LTi4 11 17.19 24.45 7.22 0.36 0.20

multi 3 4.62 65.33 20.34 5.33 5.33

multi+Tcell 2 3.08 308.00 161.00 133.00 98.00

Tcell 1 1.54 444.00 0 177.00 0

Table 3.18: Fetal Liver ILCP Zbtb16+ID2+

OP9-DL1 culture
n = 57, Plating Efficiency: 83.15%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

µ Tcell

Col. Size

σ Tcell

Col. Size

ILC1 39 34.82 92.74 14.27 2.23 0.55

ILC1+Tcell 2 1.78 478.50 189.50 41.50 9.50

ILC2 34 30.36 37.76 5.11 1.21 0.28

ILC2+Tcell 2 1.78 132.50 3.50 36.50 11.50

ILC3 17 15.18 51.18 14.57 1.24 1.24

LTi4 6 5.35 31.83 14.36 0.17 0.17

multi 7 6.25 82.42 23.05 3 2.6012

multi+Tcell 5 4.46 680.4 387.21 238.6 333.62
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Table 3.19: Fetal Liver LTiP Zbtb16 -ID2+

OP9-DL1 culture
n = 112, Plating Efficiency: 65.09%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

µ Tcell

Col. Size

σ Tcell

Col. Size

ILC1 3 5.26 15.33 4.91 0.33 0.33

ILC2 0 0.00 0 0 0 0

ILC3 24 42.10 21.54 3.68 0.42 0.21

ILC3+Tcell 1 1.75 71.00 0 33.00 0

LTi4 27 47.37 19.93 2.55 0.30 0.12

multi 2 3.51 102.50 45.50 3.50 3.50

Table 3.20: Fetal Liver Flt3+ Rorc- αLP
OP9 culture

n = 30, Plating Efficiency: 44.44%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

ILC1 27 42.86 1175.66 383.46

ILC2 0 0.00 0 0

ILC3 9 14.29 136.11 113.19

LTi4 9 14.29 131.99 46.64

mixLTi 3 4.76 122.33 38.20

multi 15 23.81 588.39 279.66

Table 3.21: Fetal Liver Flt3- Rorc- αLP
OP9 culture

n = 124, Plating Efficiency: 46.90%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

ILC1 71 57.26 636.60 185.61

ILC2 1 0.81 12 0

ILC3 17 13.71 170.53 63.39

LTi4 9 7.26 226.99 61.34

mixLTi 1 0.81 1104.00 0

multi 25 20.16 378.75 196.12
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Table 3.22: Fetal Liver Rorc+ αLP
OP9 culture

n = 64, Plating Efficiency: 70.75%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

ILC1 10 15.62 321.40 88.95

ILC2 1 1.56 12.00 0

ILC3 34 53.12 146.29 16.95

LTi 10 15.62 83.20 17.22

mixLTi 0 0.00 0 0

multi 9 14.06 507.33 220.38

Table 3.23: Fetal Liver Flt3+ Rorc- αLP
OP9-DL1 culture

n = 63, Plating Efficiency: 31.17%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

µ Tcell

Col. Size

σ Tcell

Col. Size

ILC1 4 13.33 187.25 85.99 8 3.02

ILC2 0 0.00 0 0 0 0

ILC2+Tcell 3 10.00 796.66 144.23 412 323.65

ILC3 1 3.33 54.00 0 12.00 0

ILC3+Tcell 3 10 1757.00 580.67 1309.00 621.90

LTi4 1 3.33 49.00 0 5.00 0

LTi4+Tcell 1 3.33 1012.00 0 773.00 0

mixLTi 0 0.00 0 0 0 0

multi 0 0.00 0 0 0 0

multi+Tcell 6 20.00 648.33 570.49 246.5 277.15

Tcell 11 36.67 1548.54 830.08 1140.63 574.33
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Table 3.24: Fetal Liver Flt3- Rorc- αLP
OP9-DL1 culture

n = 41, Plating Efficiency: 40%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

µ Tcell

Col. Size

σ Tcell

Col. Size

ILC1 5 12.20 202.60 111.05 5.40 3.50

ILC1+Tcell 6 14.63 408 118.88 65.83 31.71

ILC2 1 2.44 215.00 0 6.00 0

ILC2+Tcell 5 12.20 2352.79 2102.03 2074.80 2103.67

ILC3 0 0.00 0 0 0 0

ILC3+Tcell 5 12.20 2133.99 1386.65 1841.4 1387.09

LTi4 1 2.44 51.00 0 3.00 0

LTi+Tcell 2 4.88 1464.50 38.50 990.50 28.50

mixLTi 1 2.44 196.00 0 4.00 0

mixLTi+Tcell 1 2.44 3936.00 0 1311.00 0

multi 2 4.88 93.5 60.10 5 5.65

multi+Tcell 12 29.27 1271.08 949.99 609.33 743.97

Table 3.25: Fetal Liver Rorc+ αLP
OP9-DL1 culture

n = 49, Plating Efficiency: 60.26%

Wells Grown
% of Wells

Grown
µ Col. Size σ Col. Size

µ Tcell

Col. Size

σ Tcell

Col. Size

ILC1 3 6.12 253.33 41.91 8.00 2.89

ILC1+Tcell 6 12.24 526.00 131.38 83.67 33.48

ILC2 1 2.04 261.00 0 23.00 0

ILC3 16 32.65 129.31 21.78 4.25 0.93

ILC3+Tcell 3 6.12 385.00 115.02 53.00 7.51

LTi4 9 18.37 65.00 18.38 1.78 0.64

mixLTi 0 0.00 0 0 0 0

multi 2 4.08 666.00 176.00 15.00 3.00

multi+Tcell 7 14.28 606.71 274.93 108.28 59.35

Tcell 2 4.08 133.00 109.00 98.00 74.00

81



3.2 A novel Gata3 enhancer necessary for ILC2 development

and function

Darshan N. Kasal1,2, Zhitao Liang1,2, Maile K. Hollinger1,3, Crystal Y. O’Leary2, Wioletta

Lisicka1,4, Anne I. Sperling1,3, and Albert Bendelac1,2

1Committee on Immunology, University of Chicago, Chicago, IL 60637, USA

2Department of Pathology, University of Chicago, Chicago, IL 60637, USA

3Department of Medicine, Section of Pulmonary and Critical Care, University of Chicago,

Chicago, IL 60637, USA

4Department of Medicine, Section of Gastroenterology, University of Chicago, Chicago, IL

60637, USA

Accepted for publication in the Proceedings of the National Academy of Sciences

15 June 2021; doi:10.1073/pnas.2106311118

3.2.1 Abstract

The type 2 helper effector program is driven by the master transcription 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 novel 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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3.2.2 Significance Statement

Group 2 innate lymphoid cells (ILC2s) and adaptive CD4+ T helper type 2 (Th2) cells ex-

press a common effector program orchestrated by the “master” transcription factor GATA3

that is acquired through development or differentiation respectively. To elucidate the regu-

latory mechanisms controlling the acquisition of this shared program, we used a combination

of chromatin accessibility data and CRISPR/Cas9-mediated deletion, which revealed a novel

Gata3 enhancer necessary for ILC2 development 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.

3.2.3 Introduction

Innate lymphoid cells (ILCs) are classically considered tissue-resident lymphocytes that

are functionally divided into three groups (1, 2, and 3), mirroring CD4+ T helper (Th)

cell subsets, in accordance with their transcription factor (TF) expression profile and rapid

cytokine response under varied homeostatic and inflammatory conditions.2 ILCs and T cells

express a highly overlapping subset of TFs, yet these two lineages differ in their temporal ac-

quisition of effector properties through development or activation respectively.179,188 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 de-

velopment, differentiation, and function.189,190 In T cells, GATA3 controls the development

of early thymic progenitors (ETPs) and thymopoiesis152,153, CD4-CD8 T cell lineage com-

mitment154, T cell homeostasis155, and Th2 cell differentiation and function.156–158 Akin to

its functions in T cells, GATA3 regulates ILC precursor development121,122, peripheral ILC

maintenance68,121, ILC2 differentiation and function81,159, and may contribute to ILC vs.

lymphoid tissue-inducer (LTi) lineage specification.161,172 Importantly, GATA3 expression

dramatically increases above developmental levels during type 2 lymphocyte lineage com-
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mitment in both ILC2s and Th2 cells.78,156,162,172 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).189 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 lethality146, and tissue-specific en-

hancers regulate GATA3 expression during the development of the craniofacial ganglia147,

central nervous system, endocardium, urogenital system148, kidney149, inner ear150, and

embryonic lens.151 Of particular importance to the immune system, Engel and colleagues

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.162,163 Through a combination of

bacterial artificial chromosome and CRISPR/Cas9-mediated deletion approaches, Ohmura

et al. 2016 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 näıve CD4+ T cells.163 However, no element of Gata3 +278/285 fully recapitulated the

elevated pattern of Gata3 expression seen in Th2 cells.162,163 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 respectively179,188, 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
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manipulate the innate and adaptive arms of type 2 immunity. For example, whether an

innate type 2 response by ILC2s is a prerequisite for the effective differentiation of Th2 cells

remains controversial188,191–193, and could be addressed using mice lacking an ILC2-specific

enhancer.

Through a comparison of accessible chromatin regions within the Gata3 locus gene desert,

we identified a novel 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 re-

gion 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 cells, resulting in variable

functional defects in allergic and helminthic inflammatory responses depending on the de-

gree of requirement for ILC2s vs. Th2 cells. Other lymphoid lineages such as group 1 (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 reporter strategy in conjunction with the analy-

sis 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, differentiation, and function.

3.2.4 Results

3.2.4.1 A distal enhancer of Gata3 regulates ILC2 homeostasis

To identify potential cis-regulatory elements of Gata3 associated with ILC2 develop-

ment we examined chromatin accessibility in bone marrow (BM) ILC progenitors using the

assay for transposase accessible chromatin with sequencing (ATAC-seq) (Fig.3.13A). Ap-
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proximately 674 kb downstream of Gata3 we identified an 88 kb region (Gata3 +674/762)

containing signatures of type 2-specific activity. Chromatin accessibility increased in this re-

gion from the common lymphoid progenitor (CLP) to the ILC2 precursor (ILC2P), coinciding

with ILC2 lineage differentiation. Moreover, within the 88 kb locus, an un-characterized long

non-coding RNA (lncRNA) 1700061F12Rik was expressed specifically in peripheral ILC2s, as

determined by RNA-seq data from Immgen (Fig.3.14A).194 Cell-type specific transcription

of lncRNAs has been increasingly recognized as a correlate of active cis-regulatory elements.

For example, the lncRNA Rroid was previously found to demarcate a group 1 ILC specific en-

hancer of Id2.135 Similarly, the Gata3 enhancer TCE7.1 (Gata3 +278/285) resides adjacent

to the lncRNA Dreg1, which was co-expressed with Gata3 in T cells (Fig.3.13A).195,196

A more detailed examination of accessibility within sequential progenitors throughout BM

ILC development revealed that elements within the Gata3 +674/762 region began to show

increased accessibility in the ILC precursor (ILCP), the stage in which ILC1/2/3 multi-

lineage priming occurs, and were further augmented in the ILC2P where Gata3 expression

is maximal (Fig.3.13B, red window and side bar).92,172 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 previously identified enhancer

Gata3 +278/285, which was accessible from the rEILP to the ILCP, but closed upon ILC2

differentiation (Fig.3.13B, 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 populations using publicly available ATAC-seq data.179,197 The distal

Gata3 +674/762 region was conspicuously inaccessible in thymocytes while Gata3 +278/285

accessibility persisted throughout T cell development, consistent with previously reported
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Figure 3.13: Chromatin accessibility at the Gata3 locus and impact of Gata3 +674/762 dele-
tion 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 ILC1, lung ILC2, SI LP NCR+ ILC3,
SI LP CD4+ LTi, splenic CD4+ T cells, and Nippostrongylus brasiliensis-activated lung Th2 cells.179 Expres-
sion levels of Gata3 -Citrine relative to lung ILC2 are shown to the right of (B) and (C).172 Representative
flow cytometry plots and summary data of cell numbers in WT vs. Gata3 +674/762∆/∆ mice for (D) BM
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Figure 3.13, continued. ILC2P (pre-gated on Lin-α4β7+IL-7Rα+), (E) lung ILC2 (pre-gated on CD45.2+

CD19-CD11c-CD3ε-TCRβ-IL-7Rα+CD90.2+), (F) vWAT ILC2 (pre-gated on CD45.2+CD19-CD11c-CD3ε-

TCRβ-IL-7Rα+CD90.2+CD25+), and SI LP ILC2 (pre-gated on CD45.2+CD19-CD11c-CD3ε-TCRβ-IL-
7Rα+CD90.2+Sca-1+). Summary data of cell numbers for (H) spleen NK cells and liver ILC1; (I) SI
LP ILC3; (J) CD4SP thymocytes; and (K) splenic CD4+ T cells in WT vs. Gata3 +674/762∆/∆ mice.
Dots represent individual mice; n ranging from 6-15 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.

experiments (Fig.3.14B).162,163,197 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.3.13C, red window and side bar).156,172,179 A comparison of acces-

sibility across the Gata3 locus revealed no ILC2- vs. Th2 cell-specific peaks (Fig.3.15). At

the Gata3 +278/285 enhancer, however, only group 3 ILCs and CD4+ T cells maintained

some minor accessibility while this enhancer was closed in group 1 ILCs, ILC2s, and Th2

cells, despite continuous Gata3 expression throughout all populations (Fig.3.13C, 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

and/or activated 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 (Fig.3.14C). Strikingly, Gata3 +674/762∆/∆ 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 intesti-

nal lamina propria (SI LP) were reduced 62-89% compared to wild-type (WT) littermate

controls (Fig.3.13D-G). Conversely, group 1 ILCs (NK cell and/or ILC1) 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.3.13H, 3.13I, and Fig.3.14D). Similarly, thymocytes,
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Figure 3.14: Deletion of Gata3 +674/762 and profiling of immune cells, related to Figure 1
and 2. (A) 1700061F12Rik expression data in the indicated populations from Immgen.194 (B) Zoomed
in ATAC-seq accessibility coverage tracks for the Gata3 +674/762 and Gata3 +278/285 regions in double
negative (DN), double positive (DP), CD4SP, and CD8 single positive (CD8SP) thymocytes. Expression
levels of Gata3 -Citrine relative to lung ILC2 are shown to the right of (B).172 (C) CRISPR/Cas9 deletion
strategy for Gata3 +674/762 with crRNA sequences. Summary data of cell numbers for (D) liver NK cells,
lung NK/ILC1, and vWAT NK/ILC1; (E) ETPs and CD4/CD8 thymocyte ratio; and (F) splenic B cells.
(G) Summary bar graphs of GATA3 MFI in SI LP ILC2, SI LP ILC3, and ETPs. (H) Summary bar graph
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Figure 3.14, continued of normalized IL-33Rα MFI on vWAT ILC2. (I) Summary data of vWAT
eosinophil cell numbers. (J) Summary data for frequency of IL-5 and IL-13 cytokine production from SI LP
ILC2s stimulated in vitro with PMA and ionomycin for 4 hours. (K) Schematic for i.n. challenge with IL-33.
(L) Summary data for eosinophils in the lung and BAL and ILC2 numbers in the BAL from IL-33 chal-
lenged mice. (M) Summary data of GATA3+ Treg cell numbers in the vWAT. (N) Gata3 +674/762∆/∆:WT
reconstitution ratio for the indicated populations in mixed bone marrow chimeric mice. Dots represent indi-
vidual mice; n ranging from 4-15 in different groups pooled from multiple independent experiments; data are
presented as mean ± SEM. 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.

splenic T cells, and splenic B cells were also unaltered in the absence of Gata3 +674/762

(Fig.3.13J, 3.13K, Fig.3.14E, and 3.14F). 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 ex-

pressing cells at homeostasis. Hereafter we will refer to the deleted 88 kb region as the type

2-specific Gata3 enhancer (Gata3 +674/762).

3.2.4.2 ILC2s bearing a deletion of Gata3 +674/762 are functionally im-

paired at homeostasis

We next evaluated the differentiation and function of residual ILC2s at homeostasis in

mice lacking the Gata3 +674/762 region. We found that Gata3 +674/762∆/∆ mature ILC2s

expressed 50-60% less GATA3 than WT littermate ILC2s in the lung and SI LP, while

SI LP ILC3s, CD4SP thymocytes, and ETPs showed no reduction in GATA3 expression

(Fig.3.16A and Fig.3.14G). As GATA3 expression was significantly diminished in Gata3

+674/762∆/∆ 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 regulated by GATA3 in both ILC2s and Th2 cells.121,198,199

Relative to WT littermate controls, lung and vWAT ILC2s from Gata3 +674/762∆/∆ mice

displayed 28-33% lower levels of surface IL-33Rα (Fig.3.16B and Fig.3.14H). GATA3 binds

to several cis-regulatory elements within the Il4 /Il5 /Il13 cytokine locus in ILC2s and Th2

cells to control locus accessibility and gene expression.121,159,200–203 Basal production of IL-
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5 by ILC2s underlies the homeostatic recruitment and maintenance of eosinophils in several

tissues.28,41 In both the lung and vWAT, eosinophil numbers were reduced 61-79% in Gata3

+674/762∆/∆ mice compared to WT littermate controls (Fig.3.16C and Fig.3.14I). Di-

minished numbers of eosinophils could result from a combined effect of reduced ILC2 numbers

1700061F12Rik Gata3Dreg1Gm13219
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Figure 3.15: Chromatin accessibility at the Gata3 locus. ATAC-seq accessibility coverage tracks in
BM CLP, αLP, rEILP, iILCP, ILCP, ILC2P, NK cell, ILC1, ILC2, NCR+ ILC3, CD4+ LTi, CD4+ T cell, and
Th2 cell.179 Red and purple windows represent Gata3 +674/762 and Gata3 +278/285 regions respectively.
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and an impaired capacity to sense local IL-33; therefore, we addressed the intrinsic capacity

of ILC2s to produce type 2 cytokines ex vivo. ILC2s haplo-insufficient for GATA3 produce

less IL-5 and IL-13 than their WT counterparts.159 Indeed, ILC2s from the lung and SI LP

of Gata3 +674/762∆/∆ 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.3.16D and Fig.3.14J). 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 +674/762∆/∆ ILC2s in vivo, we applied

a 3-day regimen of type 2 pulmonary inflammation via intranasal (i.n.) administration

of IL-33 (Fig.3.14K).137,204 Using this model, we found that eosinophilia was reduced in

the lung and bronchoalveolar lavage (BAL) in Gata3 +674/762∆/∆ mice, and infiltration

of ILC2s into the bronchoalveolar space did not reach levels seen in WT littermate mice

(Fig.3.14L). Thus, the inflammatory response to i.n. IL-33 administration is impaired in

Gata3 +674/762∆/∆ mice, likely a combined result of diminished ILC2 numbers and func-

tion.

To determine whether the observed reduction in ILC2s in Gata3 +674/762∆/∆ mice was

cell intrinsic, we used congenically marked mice to generate mixed bone marrow chimeras

containing a 50:50 ratio of Gata3 +674/762∆/∆ and WT bone marrow (Fig.3.16E). Fol-

lowing 6 weeks of reconstitution, ILC2s of Gata3 +674/762∆/∆ 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.3.16F). In

contrast, group 1 and 3 ILCs as well as eosinophils, B cells, and T cells showed comparable

reconstitution between Gata3 +674/762∆/∆ and WT cells. From these results, we conclude

that the Gata3 +674/762 region is intrinsically required to achieve normal 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.28,205,206 At
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Figure 3.16: Impact of Gata3 +674/762 deletion on homeostatic ILC2 function. (A) Represen-
tative histogram and summary bar graph of GATA3 median fluorescent intensity (MFI) in lung ILC2 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-33Rα MFI on
lung ILC2. (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 (pre-gated on
CD45.2+CD19-CD11c-CD3ε-TCRβ-IL-7Rα+CD90.2+CD25+IL-33Rα+) stimulated in vitro with PMA and
ionomycin for 4 hours. (E) Schematic for establishing congenically marked mixed bone marrow chimeric
mice. (F) Gata3 +674/762∆/∆:WT reconstitution ratio for the indicated populations in mixed bone marrow
chimeric mice. Dots represent individual mice; n ranging from 6-10 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.

homeostasis, we observed a 77% reduction in GATA3+ Treg cells from Gata3 +674/762∆/∆

mice compared to WT littermate controls (Fig.3.14M). Furthermore, this defect appeared

to be cell-extrinsic, as it was corrected in mixed (Gata3 +674/762∆/∆:WT) bone marrow

chimeras (Fig.3.14N). Given that vWAT GATA3+ Treg cells proliferate in response to IL-

33206, and adventitial stromal cells produce IL-33 in response to IL-13 from ILC2s33, the

homeostatic defect in the vWAT may be secondary to the ILC2 defect in Gata3 +674/

762∆/∆ mice.
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3.2.4.3 Gata3 +278/285 regulates pan-ILC development before differentia-

tion

The previously identified enhancer, Gata3 +278/285, was shown to control the devel-

opment and persistence of T cells at homeostasis; however, the contribution of Gata3

+278/285 to Gata3 expression within the ILC lineage was not explored.162,163 To char-

acterize the impact of Gata3 +278/285 on ILC development and function, we generated

mice deficient in Gata3 +278/285 via CRISPR/Cas9-mediated deletion (Fig.3.17A). Sim-

ilar to Gata3 +674/762∆/∆ mice, Gata3 +278/285∆/∆ 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 (Fig.3.17B-D). However, in contrast with Gata3 +674/762∆/∆,

Gata3 +278/285 deletion also had a broad impact on other ILCs. In the spleen, liver, and

lung of Gata3 +278/285∆/∆ mice, group 1 ILCs were diminished, while ILC3 were overrep-

resented in the SI LP, possibly a result of an expanded niche from the loss of SI LP ILC2s

(Fig.3.17E and Fig.3.17F).61 Consistent with initial observations in Gata3 +278/285∆/∆

mice, CD4SP T cells were considerably underrepresented in the spleen and in the thymus,

causing an inversion of the CD4/CD8 ratio (Fig.3.17G and Fig.3.17H).163 Splenic B cell

numbers were unaffected by the deletion of Gata3 +278/285∆/∆ (Fig.3.17I). 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 +674/762∆/∆ mice, the residual

mature ILC2s in the lung and SI LP of Gata3 +278/285∆/∆ mice expressed unaltered levels

of GATA3 compared to WT littermate ILC2s (Fig.3.17J). Conversely, GATA3 expression

in ETPs and CD4SP thymocytes was diminished in Gata3 +278/285∆/∆ mice, in line with

the previous publication.163 Further contrasting observations made in Gata3 +674/762∆/∆

mice, IL-33Rα expression on the residual Gata3 +278/285∆/∆ lung ILC2s and expression
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Figure 3.17: Deletion of Gata3 +278/285 and profiling of lymphocyte subsets and home-
ostatic ILC2 function. (A) CRISPR/Cas9 deletion strategy for Gata3 +278/285 with crRNA se-
quences. Representative flow cytometry plots and summary data of cell numbers in WT vs. Gata3
+278/285∆/∆ mice for (B) BM ILC2P (pre-gated on Lin-α4β7+IL-7Rα+) and (C) lung ILC2 (pre-gated on
CD45.2+CD19-CD11c-CD3ε-TCRβ-IL-7Rα+CD90.2+). Summary data of cell numbers for (D) SI LP ILC2;
(E) spleen NK cells, liver ILC1, liver NK cells, and lung NK/ILC1; (F) SI LP ILC3; (G) ETPs, CD4SP
thymocytes, and CD4/CD8 thymocyte ratio; (H) splenic T cells and split CD4+ and CD8+ T cells, and (I)
splenic B cells in WT vs. Gata3 +278/285∆/∆ mice. (J) Representative histogram and summary bar graph
of GATA3 MFI in lung ILC2 and summary bar graph for SI LP ILC2, SI LP ILC3, CD4SP thymocytes, and
ETPs. White histogram denotes lung ILC2 GATA3 stain blocked with unlabeled antibody (cold competitor).
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Figure 3.17, continued. (K) Summary bar graph of normalized IL-33Rα MFI on lung ILC2. (L)
Representative flow cytometry plots of lung ILC2s (pre-gated on CD45.2+CD19-CD11c-CD3ε-TCRβ-IL-
7Rα+CD90.2+CD25+IL-33Rα+) and summary data for frequency of IL-5 and IL-13 cytokine production
from lung ILC2s and SI LP ILC2s stimulated in vitro with PMA and ionomycin for 4 hours. Dots represent
individual mice; n ranging from 3-9 in different groups pooled from multiple independent experiments; data
are presented as mean ± SEM. 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.

of IL-5 and IL-13 from stimulated Gata3 +278/285∆/∆ lung and SI LP ILC2s were also unal-

tered compared with that of WT littermate ILC2s (Fig.3.17K and Fig.3.17L). 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 expression and acquisition of the type 2 helper effector program in ILC2s.

Notably these findings correlate with the temporal pattern of accessibility of these enhancers

and the relative expression of Gata3 in the different lymphocyte subsets (Fig.3.13B, 3.13C,

and Fig.3.14B).172

3.2.4.4 Gata3 +674/762∆/∆ mice have an impaired type 2 inflammatory

response

Th2 cells, like ILC2s, upregulate GATA3 above their undifferentiated CD4+ counter-

parts156,162, 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 con-

tribution of Th2 cells to type 2 pulmonary inflammation.137 To broadly assess the impact of

Gata3 +674/762 deletion in vivo, we used two experimental models of type 2 airway inflam-

mation, which elicit both ILC2 and Th2 cell responses. First, we applied a 14-day protocol of

intratracheal (i.t.) allergen sensitization and challenge using house dust mite (HDM) extract

(Fig.3.18A).204 Following HDM challenge on days 7-10, Gata3 +674/762∆/∆ mice exhib-

ited 60-78% diminished eosinophilia in the lung and BAL, while maintaining a 94-96% reduc-

tion in ILC2 numbers (Fig.3.18B, 3.18C, Fig.3.19A, and Fig.3.19B). Unlike studies at
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Figure 3.18: Impact of Gata3 +674/762 deletion on allergic airway inflammation.
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Figure 3.18, continued. (A) Schematic for i.t. sensitization and challenge with HDM extract. (B)
Representative 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
(pre-gated on CD45.2+CD19-CD11c-CD3ε-TCRβ-IL-7Rα+CD90.2+CD25+) and (D) Th2 cell (pre-gated on
CD45.2+CD3ε+TCRβ+CD90.2+CD4+) numbers in the lung. (E) Summary plots of GATA3 MFI in lung
ILC2. (F) Representative flow cytometry plots and summary data for frequency of IL-5 and IL-13 cytokine
production from lung ILC2s (pre-gated on CD45.2+CD19-CD11c-CD3ε-TCRβ-IL-7Rα+CD90.2+CD25+IL-
33Rα+) stimulated in vitro with PMA and ionomycin for 4 hours. (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 (pre-gated on CD45.2+CD3ε+TCRβ+CD90.2+CD4+IL-33Rα+)
stimulated in vitro with PMA and ionomycin for 4 hours. (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 hours. Dots represent
individual mice; n = 5 or 6 (HDM) and n = 7 or 6 (OVA-Alum) for WT or Gata3 +674/762∆/∆ mice. Data
is 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.

homeostasis, this model also permitted the assessment of Th2 cell generation and function,

demonstrating a 68-86% impaired Th2 cell differentiation and infiltration in both the lung

and BAL compared to WT littermate controls (Fig.3.18D and Fig.3.19C). Furthermore,

like ILC2s, GATA3 expression and the frequency of IL-5/IL-13 double-producers were lower

in Gata3 +674/762∆/∆ Th2 cells (Fig.3.18E-H, Fig.3.19D, and Fig.3.19E). 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,

including a 60% decrease in lung eosinophilia (Fig.3.18B), and unaltered bronchial goblet

cell hyperplasia (Fig.3.19F).

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 subcutaneous (s.c.) infection, S. venezuelensis migrates through the lung where it
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Figure 3.19: Response of Gata3 +674/762∆/∆ mice to type 2 inflammatory challenge, related
to Figure 3.
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Figure 3.19, continued. (A) Summary data for AMac and eosinophils in the BAL of HDM challenged
mice. Summary data of (B) ILC2 and (C) Th2 cell numbers in the BAL from HDM challenged mice. (D)
Summary plots of GATA3 MFI in BAL ILC2s and Th2 cells from HDM challenged mice. (E) Summary data
for frequency of IL-5 and IL-13 cytokine production from BAL ILC2s and Th2 cells from HDM challenged
mice stimulated in vitro with PMA and ionomycin for 4 hours. (F) PAS staining of lung sections at 40X
magnification with summary bar graph of PAS scores. (G, L) Summary data for AMac and eosinophils in
the lung or BAL from S. venezuelensis challenged mice. Summary data of (H, M) ILC2 and (I, N) Th2
cell numbers in the lung or BAL from S. venezuelensis challenged mice. (J, O) Summary bar graphs of
GATA3 MFI in lung and BAL ILC2s and Th2 cells from S. venezuelensis challenged mice. (K, P) Summary
data for frequency of IL-5 and IL-13 cytokine production from lung or BAL ILC2s and Th2 cells from S.
venezuelensis challenged mice stimulated in vitro with PMA and ionomycin for 4 hours. (Q) Time course
of S. venezuelensis egg counts in the feces of infected mice. Dots represent individual mice; data are pooled
from multiple independent experiments (HDM; n = 5) or one experiment (S. venezuelensis; n = 3); 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 unpaired t-test or multiple unpaired t-test. *, P < 0.05 ; **, P < 0.01; ***, P < 0.001.

induces a type 2 inflammatory response via activation of ILC2s and Th2 cells before even-

tual maturation in the duodenum of the small intestine and clearance within ∼2 weeks in

mice with a functional adaptive immune system.193,207,208 Subsequent to the resolution of

helminth infection, Gata3 +674/762∆/∆ mice showed weaker eosinophilia (63-84%); de-

creased numbers of ILC2s (84-94%) with lower expression of GATA3 (71-77%) and dual

production of IL-5/IL-13 (17-57%); and blunted Th2 cell differentiation and/or infiltration

(53-72%) with lower GATA3 expression (16-26%) in both the lung and BAL (Fig.3.19G-P).

As with the HDM challenge model, the impact of Gata3 +674/762 deletion on Th2 cells was

markedly less pronounced than on ILC2s in both the lung and BAL following S. venezue-

lensis infection. These results, and the persistence of some residual ILC2s, may explain why

the time-course of helminth clearance was similar in Gata3 +674/762∆/∆ mice compared to

WT littermates (Fig.3.19Q). In sum, the type 2 inflammatory response following exposure

to HDM extract and S. venezuelensis infection is defective in Gata3 +674/762∆/∆ mice,

and the defect is more pronounced in ILC2s compared with Th2 cells.

Lastly, we used a third model of type 2 pulmonary inflammation, based on antigen adju-

vanted allergen challenge via intraperitoneal (i.p.) systemic ovalbumin (OVA)-Alum admin-

istration followed by i.n. challenge with OVA (Fig.3.18I). The rationale for this additional

model was that, unlike HDM and S. venezuelensis, OVA-Alum induced allergic airway in-

flammation was previously suggested to be largely independent of ILC2s.137,191 Strikingly,
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in contrast with HDM and S. venezuelensis challenged mice, the extent of eosinophilia in

the lung and BAL was comparable between WT littermate and Gata3 +674/762∆/∆ mice

treated with the OVA-Alum protocol (Fig.3.18J). Furthermore, despite the persistent re-

duction in cell numbers (∼75%) and GATA3 expression (∼45%) by ILC2s, Th2 cells showed

unaltered expansion, differentiation, infiltration, GATA3 expression, and type 2 cytokine

production in the lung and BAL of OVA-Alum treated Gata3 +674/762∆/∆ mice compared

with WT littermate mice (Fig.3.18K-N). These results not only support prior observations

that ILC2s are largely dispensable in the systemic OVA-Alum model, but also demonstrate

that Gata3 +674/762∆/∆ Th2 cells are fully capable of eliciting a normal, robust type 2

inflammatory response.

3.2.4.5 Gata3 +674/762∆/∆ mice exhibit a profound cell-intrinsic ILC2 de-

fect and a modest, partially cell-extrinsic Th2 cell defect

In Gata3 +674/762∆/∆ mice, extrinsic factors could contribute to the impaired differen-

tiation 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 competition with WT cells (Fig.3.13I and Fig.3.16F), the deficiency in ILC2 numbers

and early type 2 cytokine production in Gata3 +674/762∆/∆ mice may hinder the proper

priming and progression of an adaptive type 2 response.137,191–193 To address this possi-

bility, we evaluated the intrinsic differentiation capacity of Gata3 +674/762∆/∆ Th2 cells

through a competitive (Gata3 +674/762∆/∆:WT) mixed bone marrow chimera model where

mice were sensitized and challenged i.t. with HDM extract (Fig.3.20A). In this model, the

differentiation of Gata3 +674/762∆/∆ Th2 cells occurs in the presence of a WT ILC2 com-

partment, permitting an assessment of the intrinsic type 2 differentiation capability of WT

and Gata3 +674/762∆/∆ CD4+ T cells. As expected from unchallenged mixed bone mar-

row chimeras, the reconstitution frequency of Gata3 +674/762∆/∆ and WT eosinophils and
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Figure 3.20: 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 +674/762∆/∆: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 re-
duction in the frequency of IL-5/IL-13 cytokine double producers for lung ILC2s (Gata3 +674/762∆/∆:WT)
vs. lung Th2 cells (Gata3 +674/762∆/∆:WT) in mixed bone marrow chimeras. Dots represent individual
mice; n = 6 for mixed bone marrow chimeras and data is 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.

CD4+ T cells was equivalent while ILC2s from Gata3 +674/762∆/∆ BM were profoundly

outcompeted 1:20 in the lung and 1:4 in the BAL by WT ILC2s (Fig.3.20B). In contrast

to ILC2s however, differentiated Th2 cells of both genotypes were equally represented in the

mediastinal lymph node (medLN), lung, and BAL. Nevertheless, Gata3 +674/762∆/∆ Th2

cells expressed ∼25% lower levels of GATA3 in the lung and BAL (Fig.3.20C). Further-

more, while Gata3 +674/762∆/∆ ILC2s were intrinsically 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 non-significant defect (13% reduction compared to WT Th2 cells)

(Fig.3.20D). When the deficiency in ILC2 and Th2 cell cytokine production was directly

evaluated in a pair-wise comparison, Gata3 +674/762∆/∆ ILC2s were found to be signifi-

cantly more impaired than Gata3 +674/762∆/∆ Th2 cells (40% lower than Th2 cells). Taken

together, these findings support the conclusion of a predominant and profound cell-intrinsic
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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.

3.2.4.6 Characterization of Gata3 +761/762, a regulatory element recapit-

ulating Gata3 regulation in ILC2s

Our results indicated that the Gata3 +674/762 region controlled the proper differen-

tiation and function of ILC2s and, to a minor degree, Th2 cells. To identify which ele-

ments within Gata3 +674/762 contributed to the regulatory function, we utilized public

ChIP-seq data to assess additional parameters typical of enhancer elements. Alignment of

histone 3 K27 acetylation (H3K27Ac) and TF binding in ILC2s and Th2 cells, in addi-

tion to genomic conservation, revealed a top candidate sub-domain, Gata3 +761/762, with

enhancer-like characteristics in ILC2s and Th2 cells (Fig.3.21A, maroon window). Gata3

+761/762 was conserved in placental mammalian genomes and its flanking regions accumu-

lated H3K27Ac marks.180,181 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.68,129,180–183 Another putative enhancer, Gata3

+736/737, exhibited somewhat similar though markedly weaker features and did not show

genomic conservation (Fig.3.21A, black window). Notably, neither 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 en-

hancer regions (Fig.3.21A, cornflower blue window). We next scanned for immune-specific

TF motifs present within the Gata3 +761/762, Gata3 +736/737, and Gata3 +283/284 re-

gions using the TRANSFAC database to gain insight into potential regulatory mechanisms

(Fig.3.22A).209 Strikingly, Gata3 +761/762 contained a multitude of predicted GATA3 mo-
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tifs, seven in total, while Gata3 +736/737 and Gata3 +283/284 only contained three and one

GATA3 motif respectively. Enrichment for GATA3 motifs within Gata3 +761/762 agrees
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Figure 3.21: 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
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with the observed ChIP-seq enrichment seen in ILC2s and Th2 cells (Fig.3.21A), suggesting

a potential auto-regulatory role for GATA3 in type 2-specific Gata3 expression.201,210,211

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 (Fig.3.22B). However, deletion of Gata3 +674/710 or the

complementary Gata3 +710/762 segment appeared to only marginally, or non-significantly,

compromise ILC2 numbers in the lung, failing to recapitulate the magnitude of the ILC2
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defect associated with the larger Gata3 +674/762 deletion (Fig.3.22C and 3.22D), indicat-

ing the presence of redundant regulatory elements, a well-established feature of many impor-

tant enhancers.212 Moreover, these results demonstrated that while lncRNA 1700061F12Rik

was expressed in ILC2s (Fig.3.14A), it was not necessary for ILC2 development. To de-

termine the sufficiency of Gata3 +761/762, the top candidate regulatory element within

Gata3 +674/762, to contribute to the regions characterized type 2-specific Gata3 regula-

tory function, we generated in vivo enhancer reporter mice via CRISPR/Cas9-mediated in-

tegration.172 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.213–216 However, traditional methods used to generate 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 fac-

tors while additionally increasing efficiency and minimizing time to generation.213,217 We

therefore applied a CRISPR/Cas9-mediated integration strategy to target the H11 locus

(Fig.3.22E).172 To this end, we generated H11 Gata3 +761/762 enhanced green fluorescent

protein (EGFP) reporter 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.3.18A), we found that ILC2s and, to a lesser degree Th2

cells, in the lung and BAL were marked by EGFP expression whereas group 1 ILCs were not

(Fig.3.21B). 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.3.21C). 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.
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3.2.5 Discussion

ILC2s and Th2 cells express a similar GATA3-driven type 2 helper effector program and

contribute to a variety of allergic and helminthic inflammatory processes, but their dif-

ferentiation occurs in very different contexts.179,188 While optimal Th2 cell differentiation

from näıve CD4+ T cells occurs in the lymph nodes following antigen exposure and IL-

4-mediated activation of STAT6202,211,218,219, ILC2s differentiate from precursors in the

BM and peripheral tissues70,81, and are maintained in the periphery at homeostasis inde-

pendently of STAT6 or exposure to type 2 cytokines.220 To understand the mechanisms

underlying these differences, we leveraged ATAC-seq chromatin accessibility data in combi-

nation with CRISPR/Cas9-mediated deletion to identify cis-regulatory elements controlling

the Gata3 locus. Our studies identified a novel distal regulatory 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 cells78,156,162,172,179, and deletion of this re-

gion specifically and profoundly 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 unper-

turbed. 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 +674/762∆/∆ mice were variably compromised in their ability to mount a type 2

inflammatory response. 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 gen-

erally modest impact of Gata3 +674/762 deletion on eosinophilia and goblet cell hyperplasia
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that characterize the overall type 2 inflammatory response. 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 decreased by 75-96%

at homeostasis and after allergic and helminthic challenges in mice bearing a deletion of

Gata3 +674/762. Furthermore, the few residual ILC2s in Gata3 +674/762∆/∆ mice were

impaired by ∼50% in GATA3 expression, a level previously shown to significantly alter

their ability to produce type 2 cytokines159, consistent with a 64% reduction in IL-5/IL-13

double-producer lung ILC2s. In contrast, Th2 cells showed a more limited and mostly indi-

rect dependency on Gata3 +674/762 for expansion 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 53-86% following HDM or S. venezuelensis challenge, or not decreased

at all in the case of the ILC2-independent OVA-Alum challenge model.137,191 Furthermore,

this decrease in Th2 cells was largely corrected in a mixed bone marrow chimera setting, in-

dicating a predominantly cell-extrinsic origin for the Th2 cell defect in Gata3 +674/762∆/∆

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.192,221 Separately, production of IL-4 by Th2 cells

could further enhance Th2 cell differentiation in an autocrine or paracrine manner.211,222

Accordingly, our findings indicated that deletion of Gata3 +674/762 induced a major nu-

merical 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
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deletion on a variety of type 2 responses, particularly those, like OVA-Alum, that do not

appear to involve significant ILC2 contribution.137,191 Thus, our study provides a genetic

basis for the distinct mechanisms involved in driving innate versus 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 TCE7.1162,163, 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 thy-

mocytes but had little impact on the acquisition of the type 2 helper effector program in

ILC2s, including the elevated GATA3, IL-33Rα, and cytokine expression 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 con-

tribute to enhancer function in an apparently redundant manner (Fig.3.22C and 3.22D).

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 2-fold of WT littermate ILC2s. The presence of separate but

redundant regulatory elements is a well characterized phenomenon across both vertebrates

and invertebrates that confers robustness, patterning precision, and evolvability to gene

expression.212 Nevertheless, it was possible to characterize at least one potent regulatory el-

ement, 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.179,180 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.68,129,181,182 Lastly, Gata3 +761/762 showed high sequence
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conservation 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 diphtheria toxin receptor, providing “next-generation”

tools to assess or manipulate the distinct contribution of ILC2s towards type 2 inflammatory

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 characterize the presence of a novel Gata3 enhancer con-

trolling ILC2 development and function that is largely dispensable for Th2 cells, suggest

the existence of additional, distinct regulatory elements 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 pu-

tative GATA3 binding motifs. These observations support the possibility that GATA3 may

exert a prominent positive feedback on its own expression201,210,211, providing a potential

mechanistic explanation for achieving the elevated levels of GATA3 required to support the

type 2 helper effector program of ILC2s.
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CHAPTER 4

DISCUSSION AND FUTURE DIRECTIONS

4.1 Discussion

4.1.1 Generation and application of multi-transcription factor reporters

A majority of ILC precursors described to date have been identified and described using

single transcription factor reporter mouse strains in combination with a number of distin-

guishing surface markers (Table1.1). This approach permitted the isolation and charac-

terization of considerably more refined populations than surface markers alone permitted

given the greater specificity of transcription factor expression throughout development and

differentiation. However, the extent of ILC precursor population heterogeneity was often

missed given the reliance on single transcription factor reporter lines. In the ILCP, which

was characterized in Zbtb16 EGFPCre mice78, multi-lineage priming occurs with individual

ILCP expressing transcripts for Tbx21, Bcl11b, and Rorc.92 Among the CHILP, identified

in ID2EGFP mice, nearly 50% expressed PLZF and were thus contaminated with ILCP in

addition to the LTiP in the FL.5 The αLP, already recognized as a highly heterogeneous

population70, included both the ILCP and LTiP as well as more mature cells.73,74,91,92,99

Only after the fact was it reported that the EILP, discovered in Tcf7 EGFP mice, contained

a distinct PLZF-expressing sub-fraction as opposed to a broad low level of expression.75–77

Characterization of the heterogeneity observed in these populations has been limited by the

dependence on EGFP as a fluorescent reporter, which was initially used to report on RORγt,

Zbtb16, ID2, and Tcf7.5,59,73–75,78,81 Thus it was not possible to combine these strains for

further refinement.

Recent implementation of combinatorial transcription factor reporter strains has high-

lighted the power of this approach in resolving population heterogeneity. Harly et al.

(2019) utilized Zbtb16 EGFPCreTcf7 EYFP mice to distinguish Zbtb16 + EILP from Zbtb16 -
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EILP in the adult BM, revealing a stage of commitment to the ILC lineage over shared

ILC/DC lineage potential.77 Both Xu et al. (2019) and Walker et al. (2019) combined

a multitude of transcription factor reporter strains, Zbtb16 EGFPCreId2 RFPBcl11btdTomato

and ID2BFP/+GATA3hCD2/+RORαTeal/+Bcl11btdTomato/+RORγtKatushka/+ respectively,

to identify adult BM populations enriched for ILC3 potential, interrogate ILCP heterogene-

ity, and further refine the ILC2P.93,94

In contrast to these three reports that utilized standard transgenic methods to gener-

ate each novel transcription factor reporter strain, we employed CRISPR/Cas9-mediated

transgenesis to rapidly develop several select reporters.172,184 Through a careful selection

of specific transcription factors expressed throughout ILC development, we opted to gen-

erate Tcf7 mCherry, RorcThy1.1, and Gata3 Citrine reporter mice which could then be com-

bined with existing Zbtb16 EGFPCre and ID2EYFP lines.78,171 By combining Zbtb16 EGFPCre,

Tcf7 mCherry, and RorcThy1.1 strains, we were able to resolve the heterogeneity of PLZF

and RORγ(t) expression observed within the EILP and characterize transitional stages of

transcription factor expression to support the hierarchical placement of intermediate ILC

precursors.

4.1.2 Delineating ILC and LTi-lineage bifurcation

The point of ILC and LTi-lineage bifurcation has been somewhat contentious given the

identification of three separate precursors with reported shared ILC-LTi lineage potential.70

The CHILP was the first reported common ILC-LTi precursor found to generate both ILC

and LTi upon in vivo transfer.5 Yet, the observation of a prominent PLZF-expressing sub-

population within the CHILP, contemporaneously characterized as the ILCP78, and the

expected overlap with the FL LTiP prompted a modern reevaluation of the CHILP as a

PLZF-RORγ(t)- population with high levels of TCF1 and ID2 downstream of the αLP

(Fig.3.1A). Utilizing an approach that combined in vitro clonal culture and single-cell mul-
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tiplex PCR, our lab traced the last common ILC-LTi lineage precursor in the FL to the

Flt3- αLP population, based on the ability to generate mixed cultures of ILC1/2 and LTi

and the identification of a cell cluster with a gene expression signature characteristic of both

ILCs and LTis.92 Separately, Yang et al. (2015) characterized a population in the adult

BM termed the EILP, which they found generated ILC1/2/3, LTis, and NK cells, and was

suspected to arise downstream of the αLP based on the precursors gene expression profile.75

However, placement of the EILP downstream of the CLP or parallel in development was

not fully appreciated until the application of Tcf7 EGFPIL-7RαCre x ROSA26floxSTOP-YFP

reporter mice confirmed a history of Il7r expression.76 Furthermore, the adult BM EILP was

found to contain a fraction of PLZF-expressing cells, similar to the CHILP5, suggesting that

a common ILC-LTi precursor would likely reside within the PLZF- fraction of the EILP.77

The results presented herein (Chaper 3.1) detail the uncharacterized heterogeneity of

the EILP through the evaluation of FL precursors resolved through multi-transcription fac-

tor reporter lines. We observed that the EILP contained a mixture of incipient precursors

based on the mutually exclusive expression of PLZF and RORγ(t), the iILCP and iLTiP

respectively, that were already specified towards the ILC and LTi lineages. Furthermore,

PLZF-RORγ(t)- EILP, reclassified as the rEILP, were not multipotent for ILCs and LTis,

which eliminated the EILP as a candidate shared ILC-LTi lineage precursor. An assess-

ment of the CHILP revealed the presence of contaminating ILCP and LTiP, as expected70,

and that the remaining PLZF-RORγ(t)- CHILP similarly did not contain a shared ILC-LTi

lineage precursor, in line with the CHILP arising downstream of the EILP. Lastly, we ob-

served that a fraction of Flt3- αLP expressed Rorc, was devoid of LTi-lineage maturation

markers, and displayed an increased propensity to differentiate towards ILC3/LTi in bulk

and single cell culture. Moreover, the Rorc+ αLP already contained numerous epigenetic

features in common with more mature LTi-lineage precursors (iLTiP and LTiP), reinforcing

our conclusion that the Rorc+ αLP represents an early precursor in the LTi-lineage track.

114



These observations warranted the development of a revised hierarchical map of ILC devel-

opment wherein ILC and LTi-lineage bifurcation occurs prior to the EILP at the αLP stage

(Fig.3.1B).

Several outstanding questions remain from the study in Chapter 3.1 regarding ILC devel-

opment.172 First, while clonal analysis of the EILP and CHILP and the identification of the

LTi-specified Rorc+ αLP helped to reinforce the Flt3- αLP as the point of ILC-LTi lineage

bifurcation92, a refined common precursor has not been identified. Tox, Nfil3, and Id2 were

previously found to mark the earliest stages of the αLP and Runx1 and Sox4 were found at

the transitional stage between the αLP and ILCP.92 Therefore, a multi-transcription factor

reporter approach focusing on these factors, while excluding mature populations with Tcf7

for example, may help to identify a refined early ILC precursor within the αLP. Second,

while it appears that GATA3 and RORγ(t) play important and discrete roles in promoting

ILC and LTi-lineage development respectively161, how these factors act to promote lineage

bifurcation, fate, and progression and how they themselves are induced remain to be de-

termined. Identification and refinement of a shared ILC-LTi precursor will go a long way

towards addressing these questions. Additionally, advancements in low-input ChIP-seq when

combined with sequential ILC and LTi-lineage chromatin accessibility data may provide in-

sight into the binding of GATA3 and RORγ(t) across the genome. Lastly, our study did

not address where NK lineage cells branch off during ILC development, as such, where the

bifurcation occurs remains unclear, and other reports have proposed distinct possibilities

(discussed below).

4.1.3 Epigenetic analysis of ILC precursors

How external and internal stimuli are integrated to implement the transcriptional pro-

gram within ILCs is only beginning to be understood. Previous reports suggest that the

majority of transcription factor binding sites are found within cis-regulatory elements distal
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to the genes they regulate and are active in specific cell types.178,223 Pioneering transcrip-

tion factors and lineage-determining transcription factors act in concert to alter chromatin

accessibility through nucleosome repositioning at cis-regulatory elements, which contributes

to the epigenetic regulation of gene expression in eukaryotic organisms.178,223,224 Traditional

strategies to assess global accessibility and regulation, such as DNase-seq and ChIP-seq, are

often prohibitively difficult for application to rare cell populations as is the case with ILC

progenitors. To circumvent this issue, ATAC-seq has been used to reliably determine the

chromatin accessibility landscape of mature ILCs and ILC precursors.80,179

By comparing chromatin accessibility between ILCs and T cells, Shih et al. (2016) demon-

strated that whereas ILC subset-specific regulatory elements proximal to cytokine genes were

open at homeostasis, allowing for rapid transcript expression upon infection, the same reg-

ulatory elements in näıve T cells were closed. Thus ILCs and T cells acquire their effector

programs through development or differentiation respectively.179 A comparison of chromatin

accessibility between the CLP and ILCP by our lab permitted the identification of an intronic

enhancer within the Zbtb16 locus that functions as a critical regulator of PLZF expression

during ILC development.80

Building on these studies that focused on mature ILCs and distinct stages of ILC de-

velopment, chromatin accessibility data presented in Chapter 3.1 enabled the compari-

son of chromatin landscapes between early, intermediate, and late progenitors, revealing

differentially-accessible regions that emerged or disappeared throughout ILC development

in the ILC and LTi lineages. Moreover, these findings separately reenforced the hierarchical

placement of each precursor based on in vitro clonal culture data. Lastly, in lieu of ChIP-seq

binding data, motif analysis in accessible regions across the ILC and LTi lineage uncovered

a shared usage of RUNX, ETS, and TCF factors and a differential reliance on GATA and

ROR factors respectively for development.
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4.1.4 Identification of a novel Gata3 enhancer

Classical evaluation of a given cis-regulatory element’s contribution to gene expression

has been accomplished through the use of in vitro and in vivo reporter expression systems or

in silico identification.88,143,162,169 While these strategies can address whether a particular

cis-regulatory element is active, accessible, and/or bound by transcription factors, they are

each limited in scope. In vitro assays are rapid but neglect the context of cis-regulatory

element activity such as tissue- or stage-specific expression. In vivo transgenic approaches

and in silico identification go further to map the pattern of activity often without assessing

the function of a particular cis-regulatory element. Our lab and others have extended these

approaches via the targeted removal of cis-regulatory element using CRISPR/Cas9-mediated

deletion.80,135,163,184

In our recent work, a comparison of chromatin accessibility between the CLP and ILCP

followed by a systematic removal of Zbtb16 intronic enhancer elements revealed the origin

of tissue-specific expression of PLZF in the hematopoietic (ILC and NKT cell) and skeletal

compartments.80 Subsequent to the identification of the Gata3 enhancer TCE7.1 through

in silico and in vivo analysis in an earlier report162, Ohmura et al. (2016) specifically re-

moved this enhancer element and found that in accordance with a BAC driven reporter

assay, TCE7.1 played a large role in regulating GATA3 expression during thymocyte devel-

opment.163 When scanning for accessible regions around Id2, Mowel et al. (2017) identified

an enhancer region demarcated by a lncRNA which when removed via CRISPR/Cas9 dra-

matically impaired the expression of Id2 in and development of group 1 ILCs.135

Characterization of the novel enhancer Gata3 +674/762, described in Chapter 3.2, fol-

lowed a similar approach as these three studies. Through a stage-specific comparison of

chromatin accessibility at the Gata3 locus in ILC precursors, mature ILCs, and T cells, we

observed a distal region, Gata3 +674/762, with features characteristic of a type 2-specific

Gata3 enhancer. CRISPR/Cas9-mediated deletion of Gata3 +674/762 revealed a severe
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Figure 4.1: Impact of Gata3 +674/762 deletion on lung IL-18Rα+IL-33Rα- ILC precursors.
Representative flow cytometry plot and summary data of cell numbers in WT vs. Gata3 +674/762∆/∆ mice
for lung IL-18Rα+IL-33Rα- ILC precursors and ILC2s (pre-gated on CD45.2+CD19-CD11c-CD3ε-TCRβ-IL-
7Rα+CD90.2+).

and specific impairment in ILC2 development, GATA3 expression, and IL-5/IL-13 cytokine

production at homeostasis and following type 2 inflammation. Notably, while accessibility of

Gata3 +674/762 tracked with Th2 cell differentiation, deletion of Gata3 +674/762 only had

a minor largely cell extrinsic impact on Th2 cells, which suggested partial redundancy of the

enhancer element. Lastly, the specific function of Gata3 +674/762 in type 2 immune cells

was confirmed using an enhancer reporter system that revealed that only ILC2s and Th2

cells expressed factors capable of binding to and activating this enhancer region. In sum,

these results identified a type 2-specific regulatory element that was necessary for GATA3

transcription factor expression in ILC2s, but mostly redundant for Th2 cells.

Though deletion of Gata3 +674/762 severely impacted GATA3 expression in ILC2s, we

did not identify a discrete element within the 88 kb region that was responsible for the ob-

served cis-regulatory activity. Further interrogation of Gata3 +674/762 and the important

elements within necessitates a more detailed understanding of the distal interactions made

with the Gata3 promoter element. Low-input chromatin conformation capture techniques

could permit the identification of contact points within Gata3 +674/762 that interact with

the Gata3 promoter element to regulate gene expression in ILC2s. How these interactions

compare between ILC2s and Th2 cells may provide insight into the distinct usage of Gata3
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+674/762 in these two lineages. The stage of ILC2 development in which Gata3 +674/762 is

necessary for Gata3 expression appears to be the ILC2P when Gata3 expression is elevated,

based on the H11 Gata3 +674/762 reporter and the pattern of GATA3 expression during

ILC development. However, the ILC2P is not the exclusive contributor to peripheral ILC2

populations at homeostasis and during inflammation.24,27,105 We documented a blockage

in development from peripheral IL-18Rα+IL-33Rα- ILC precursors in the lung (Fig.4.1),

suggesting that Gata3 +674/762 is universally required for full ILC2 lineage commitment.

Finally, as Gata3 +674/762 contains numerous GATA3 binding motifs and its function co-

incides with type 2 upregulation of GATA3, it is possible that Gata3 +674/762 performs

an auto-regulatory role by enhancing and/or maintaining the augmented expression level

of GATA3 in ILC2s. Nevertheless, a dissection of the GATA3 motifs, through deletion or

replacement, and the temporal removal of Gata3 +674/762 using the Cre-lox system will be

necessary to substantiate the role of Gata3 +674/762 in regulating Gata3 expression.

Numerous models have been devised to target ILC function at homeostasis and during

inflammation.225 Two models in particular, Rorafl/fl or Rorasg/sg and Il5 tdTomato-Cre, were

designed to ascertain the specific contribution of ILC2s. Prior deletion strategies targeting

ILC2s through Rora relied on their dependence on this transcription factor for develop-

ment22,89; however, later discovery of more widespread expression of Rora in ILC3s and

Th2 cells has brought to light ILC2-extrinsic issues associated with this approach.188,226

More recently, implementation of the Il5 tdTomato-Cre strain in combination with a ROSA26

Diphtheria toxin (DTA) deleter allele has offered greater specificity in targeting the ILC2 lin-

eage.28,41,188 At steady state, ILC2s are the dominant producer of IL-541; as such, the afore-

mentioned model is highly effective in addressing ILC2 function in the absence of Th2 cell in-

duction. Under inflammatory contexts where Th2 cell differentiation does occur however, the

Il5 tdTomato-Cre X ROSA26DTA system results in diminished numbers of cytokine-producing

Th2 cells.188 One workaround has been to reconstitute Rag1 -/-Il5 tdTomato-CreROSA26DTA
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mice with unmanipulated näıve CD4+ T cells, yet this approach suffers from aberrant lymph

node development and impaired Th2 cell differentiation. Compared with these two models

of ILC2 deficiency, deletion of Gata3 +674/762 is highly specific for ILC2s while demon-

strating a minimal impact on Th2 cells. Nevertheless, the penetrance of this phenotype

is not complete in all tissues, as seen with numbers of ILC2s in the intestine, and further

manipulations may be required to definitively exclude any cell-intrinsic impact in Th2 cells.

Thus, Gata3 +674/762∆/∆ mice offer a novel system to study ILC2-specific function when

outstanding issues are considered.

4.2 Future Directions

4.2.1 Enhancer reporters

It is clear from prior reports and the results presented herein that a combination of reporter

strains has and will permit a more detailed refinement of ILC development. Furthermore,

careful reporter design that permits combination and a selective application of reporters can

enable the interrogation of distinct windows of development, as has been done for the ILCP

and now the EILP and CHILP.

Integration of a novel type of reporter system based on enhancer activity will enable the

identification and characterization of precursors in the process of differentiating towards a

particular lineage and provide additional insight beyond chromatin accessibility as to when

enhancers are active, not just accessible, during development. The latter point, when com-

bined with gene expression and motif enrichment analysis, will not only provide information

as to what stage enhancer-associated transcription factors are functioning but also what

upstream network of factors may be responsible for gene induction. By redesigning the tra-

ditionally used LacZ in vivo enhancer reporters to use fluorescent proteins and/or surface

markers215, this approach, which is flow cytometry compatible, should offer a new layer of
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refinement for ILC development and gene regulation.

As demonstrated in Fig.3.21B and 3.21C, the H11 Gata3 +761/762 enhancer reporter

specifically marked ILC2s and differentiated Th2 cells following HDM challenge. Thus, en-

hancer reporters can be used to distinguish cells that have reached a point in maturation

where a specific enhancer is active, presumably based on the expression of transcription

factors capable of binding to said enhancer, which may provide insight into the induction

and regulation of key transcription factors. Case in point, we have generated H11 enhancer

reporters for Zbtb16 +21/23 and Gata3 +283/284. For H11 Zbtb16 +21/23, we discerned

high levels of EGFP expression in the ILCP and, to a lesser degree, NKT cells, where Zbtb16

is expressed and the region is accessible (Fig.4.2A).80 Notably, a small fraction of Flt3+

αLP are EGFP+, which may indicate precursors within the ill-defined αLP capable of dif-

ferentiation towards the ILC lineage. For H11 Gata3 +283/284, we noted expression not

only within thymocytes, as expected from previous reports162,163, but also at the ILCP

stage to an equivalent degree, consistent with the observed impact of Gata3 +283/284 dele-

tion on ILC development (Fig.4.2B and Fig.3.17). Whether this enhancer is active at the

rEILP and iILCP stage, when this region initially becomes accessible (Fig.3.13B), can be

addressed by including this enhancer reporter in existing multi-transcription factor reporter

combinations.

Additional H11 enhancer reporter lines have been generated by our lab to test the princi-

ples of this system. We generated H11 enhancer reporters for Il7r -3.6/4.2 and Il7r +5.3/6.2

based on the previous work and data shown in (Fig.1.4B and 1.4C), which identified these

regions as important enhancers of Il7r expression in innate and adaptive lymphocyte lin-

eages.68,88,169,170 For H11 Il7r -3.6/4.2, we observed expression of EGFP in IL-7Rα express-

ing peripheral ILC populations, the ILCP and ILC2P, as well as CD4+ and CD8+ T cells in

the spleen (Fig.4.2C). For H11 Il7r +5.3/6.2, we observed expression of EGFP in IL-7Rα

expressing peripheral ILC populations, the ILCP, and ILC2P (Fig.4.2D). Notably, neither
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Figure 4.2: Characterization of H11 enhancer reporters. Summary bar graph shows H11 enhancer
EGFP reporter expression in various lymphocyte populations for the enhancers (A) Zbtb16 +21/23, (B)
Gata3 +283/284, (C) Il7r -3.6/4.2, (D) Il7r +5.3/6.2, (E) Tcf7 +30/32, and (F) Tcrb Eb.

the CLP nor the Flt3+ αLP were EGFP+, despite expression if IL-7Rα and in accordance

with chromatin accessibility, indicating that neither express factors capable of activating

this enhancer (Fig.1.4A). A similar H11 reporter was generated for Tcf7 +30/32, were we

documented a high level of EGFP expression in TCF1 expressing T cells, thymocytes, and

the ILCP when the enhancer is accessible (Fig.4.2D).145 These results highlight the power

of enhancer reporters to track in vivo enhancer activity.

While the H11 enhancer reporter system appears to be highly effective in mapping en-

hancer activity, two main caveats exist that must be considered in advance of applying this
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strategy. First and foremost, while the site-specific integration of the enhancer into the H11

locus limits multiple and off-target integration, no locus aside from that of the enhancer

in question will replicate activity of insulators and appropriate 3D chromatin conformation

involved in higher order enhancer regulation.223 Second, as a safe-harbor sequence213,217,

the H11 locus is not likely to contain the same nucleosome deposition seen at the native

enhancer. These two aspects together can enable access to an enhancer that would normally

be closed in a particular cell type, leading to reporter expression if the cell expresses factors

capable of binding the transgenic enhancer element. This effect was observed in several of our

enhancer reporters. For H11 Il7r -3.6/4.2 and H11 Il7r +5.3/6.2, we noted EGFP expression

in splenic neutrophils, despite the absence of Il7r expression in these cells (Fig.4.2C and

4.2D).194 Similarly, for the H11 enhancer reporter using the minimal Tcrb enhancer (Tcrb

Eb)227, we found that EGFP was expressed in mature ILCs, ILC precursors, and splenic B

cells in addition to conventional TCRαβ+ thymocytes and splenic T cells (Fig.4.2F). These

results indicate that when these enhancer elements are introduced irrespective of their na-

tive genomic position and chromatin accessibility, abnormal enhancer activation can occur,

perhaps due to the expression of the same or similar transcription factors capable of binding

and activating the element. Thus, this enhancer reporter system is best used in conjunction

with chromatin accessibility data and is most suited for tracking cells that express factors

capable of enhancer activation.

4.2.2 Development of NK cell and ILC1 lineages

A major outstanding question in the field of ILC development is the resolution of NK

cell precursors from ILC1 precursors, which has been hampered in large part by their highly

similar gene expression pattern and parallel stages of progression. Precursors to the NK

cell lineage, including the pre-NKP and rNKP83,84,87, were and continue to be identi-

fied principally through surface marker expression, even though it is now appreciated that
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ILC1s also express a majority of these same markers. Fate-mapping using Zbtb16 EGFPCre x

ROSA26floxSTOP-EYFP reporter mice and precursor transfer studies indicated that the NK

cell lineage diverges prior to both the ILCP and the CHILP, presumably originating from

the rEILP or Flt3+/-αLP (Fig.3.1B).5,75,78 Moreover, when Zbtb16 EGFPCre fate-mapping

was applied specifically to interrogate NK cell lineage precursors, our lab observed that sig-

nificant fractions of the pre-NKP and rNKP expressed or were fate-mapped by Zbtb16.11

Therefore, a history of Zbtb16 expression is expected to distinguish the NK cell lineage from

the ILC1 lineage. However, two recent reports have applied novel Id2 RFP and ID2TagBFP

reporters to suggest that the ILCP and the CHILP both retain significant NK cell poten-

tial.93,94 While our studies in the FL do not shed light on the point of bifurcation, as ILC1

cells predominate over NK cells during early life11, we and others have demonstrated the

need for more sophisticated tools, like multi-transcription factor reporters, to address lineage

development.

A multi-transcription factor reporter strategy, similar to that used in Chaper 3.1, is likely

to provide more robust distinction of precursor populations than surface markers alone.

One approach would be to combine the existing EomesEGFP reporter with Tcf7 mCherry,

ID2EYFP, and our novel Zbtb16 hCD4 reporter4,171,172, which will enable the clean separa-

tion of rEILP, iILCP, and ILCP from Eomes-EGFP+Zbtb16 -hCD4- cells that are presumably

NK cell precursors. Additionally, because Tcf7 mCherry captures a window of intermediate

ILC precursors including the NKP (Fig.3.6D and Fig.3.3I)75,78,119, and ID2EYFP ap-

pears to be more highly expressed in the ILC1 lineage compared to the NK cell lineage

(Fig.3.3H), an EomesEGFPTcf7 mCherryID2EYFPZbtb16 hCD4 combination may enable the

exclusion of later NK cell lineage precursors and ILC1 lineage precursors respectively. A sec-

ond approach would be to design a novel compatible Eomes reporter for combination with

the Zbtb16 EGFPCre x ROSA26floxSTOP-EYFP fate-mapping system in order to rigorously

exclude cells with a history of Zbtb16 expression. Lastly, unbiased single-cell sequencing of

124



adult BM ILC precursors could be used to identify alternate transcription factors suitable for

a combination reporter system while NK cell lineage-specific enhancer regions determined

from differential chromatin accessibility data can be incorporated into the H11 enhancer

reporter system. Ultimately, these three possible approaches must be experimentally vali-

dated using an assay capable of distinguishing differentiated NK cells from ILC1s, yet no

markers currently used for in vitro clonal culture offer such clarity. As such, the search for

the elusive NK cell lineage-restricted precursor requires not only novel tools for identification

and isolation, but also a faithful method for characterization.

4.3 Conclusion

In sum, by designing and applying a multitude of newly generated transcription factor

reporter lines created via CRISPR/Cas9-mediated transgenesis, we have resolved population

heterogeneity of several ILC precursors in the FL and adult BM; established a resource for

understanding the dynamic change in chromatin accessibility across the ILC and LTi lineages,

providing a means to dissect the regulatory network governing transcription factor expression

in these cells; and identified a novel distal regulatory element controlling Gata3 expression

during ILC2 development and function.

The results of this study will bolster our understanding of the basic biology of ILCs and,

in a more translational and clinically relevant context, support the generation of refined

models to study ILC function, at homeostasis and following diverse inflammatory insults,

that will advance an understanding of the role ILCs play in human health and disease.

Our contributions to the field of CRISPR/Cas9-mediated transgenesis not only enable the

rapid development of transcription factor and novel enhancer reporter mouse strains to

separate distinct lineages of ILCs, but also provides insight into the application of this

revolutionary technique to repair or replace sequences, such as deleterious mutations in

somatic or germline human genomes. Clarification of the ILC developmental hierarchy and
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collection of chromatin accessibility across developmental time permits the discovery and

determination of a transcription factor’s role in guiding lineage progression, and may be

used to artificially influence cell fate decisions to achieve a specific course of development.

Identification of the novel Gata3 enhancer necessary for ILC2 development and function

sheds light onto the origin and evolution of ILCs and T cells, how shared effector programs

have emerged in both the innate and adaptive arms of the immune system, which will

inform the design of tools to target and tweak these two systems to promote desirable health

outcomes. It is difficult to predict how a body of work will ultimately be used in future

scientific endeavors and clinical applications, yet, the work presented herein should provide

a solid foundation upon which greater and more profound advances can be made.
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