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Abstract

The discovery of innate lymphoid cells (ILCs) has revolutionized our understanding of
innate immunity and immune cell interactions at epithelial barrier sites. Their presence and
maintenance are critical for modulating immune homeostasis, responding to injury or infection,
and repairing damaged tissues. ILCs are remarkably similar to CD4+ T helper subsets in terms of
function and transcription factors required for their development but are distinguished by their
lack of antigen specific receptors. Despite their similarities, the absence of a surface TCR and
presence of ILCs/precursors in adult bone marrow has led to speculation that ILCs and T cells
develop separately from lineages that branch at the point of precursors within the bone marrow.
Considering the common lineage markers and effector cytokine profiles shared between ILCs
and T cells, it is surprising that the status of the TCR loci in ILCs was not fully explored at the
time of their discovery. In this thesis, we demonstrate that a high proportion of peripheral tissue
ILC2s have TCRγ chain gene rearrangements and TCRδ locus deletions. Detailed analyses of
these loci show abundant frameshifts and premature stop codons that would encode nonfunctional TCR proteins. Collectively, these data argue that ILC2 can develop from T cells that
fail to appropriately rearrange TCR genes, potentially within the thymus.

iii

Lay Summary

The immune system is a network of cells that works in harmony to safeguard our health
against deadly pathogens as well as promoting tissue repair upon injury. Of the immune cells
involved in these processes, a recently described family of leukocytes named innate lymphoid
cells (ILC) is central to the initiation of an immune response and acts as a bridge between
different compartments of the immune system to resolve infection and promote health. ILCs are
remarkably similar to helper T cells in that they share the same molecular profiles during their
development and perform similar effector functions. However, current models suggest that ILCs
develop strictly in the bone marrow alongside with other blood cell precursors before populating
tissues and organs throughout the body during development. The work presented in this thesis
aims to challenge this concept and propose a new framework that ILCs originate from neonatal
T-cell development.
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Chapter 1: Introduction

1.1

The Immune System
Immune cells and their surrounding stroma function as a collective network to provide

protection against pathogens or modulate repair upon tissue damage. The generated response is
typically governed by the nature of pathogen or cytokine milieu induced by the initial insult at the
site of injury or infection. This context-dependent response can be broadly categorized into two
axes of immunity, innate and adaptive. The innate immune system is regarded as the front line of
defense that responds with fast kinetics but lacks antigen specificity and memory. The term
“innate” arises from the core mechanism that relies on host’s germline genes and it encompasses
any cells in the body that may provide immediate defense against foreign entities (1). Thus, the
types of cells found in this system are highly diverse ranging from cells that are not traditionally
defined as immune cells (epithelial cells) to highly specialized immune cells that facilitate
inflammation and repair (granulocytes, monocytes, innate lymphoid cells) (2, 3). In contrast, the
adaptive immunity operates with delayed kinetics but exquisite specificity in the selection of
antigen-specific clones from a large pool of lymphocytes leading to clearance of the infection and
formation of long-term recall responses (4). Two major adaptive immune cells include B and T
cells, and they work in conjunction with cells of the innate compartment to promote homeostasis
and pathogen clearance (1).
There are three major classes of innate and adaptive cell-mediated immunity, type 1, 2, and
3. Each effector type is optimally designed for specifically responding to distinct species of
pathogens (5). Type 1 immunity is activated upon intracellular infection from bacteria/protozoa or
viruses. Upon receiving IL-12, IL-15, and IL-18 signaling from infected cells, the downstream
1

cells of both innate and adaptive immune system abundantly express and secrete type 1 cytokines
such as IFN-γ, IL-2 and TNFα. In contrast, type 2 and type 3 immune responses are initiated upon
entry of extracellular pathogens. Notably, type 2 immune cells are specialized in producing IL-4,
IL-5 and IL-13 to help eliminate large parasites such as helminths and type 3 immune cells are
known to secret IL-17 and IL-22 to combat extracellular bacteria and fungi (5, 6).

1.2

Innate lymphoid cells
While hints of innate type immune cell subsets, including natural killer (NK) cells and

lymphoid tissue inducer (LTi) cells, were discovered as early as 1970s and early 2000s
respectively (7, 8), a more detailed and full characterization of the innate lymphoid cell (ILC)
family emerged in the late 2000s (9). Undoubtedly, their classification marks a formative
breakthrough that changed our perception of the immune system and immune homeostasis (1012). In just over a decade, ILCs were shown to be important in allergic disease,
autoinflammation and immune tolerance (13, 14). Previous and on-going studies have
highlighted them as key drivers of inflammation and fibrosis in inflammatory bowel disease,
inducers of chronic airway inflammation, and active players in other disorders such as obesity
and cancer (15-20). In general, ILCs are tissue-resident and are triggered through relatively
broad spectrum of receptors for pathogens or inflammatory cues rather than specific-antigen
receptors (B-cell receptors or T-cell receptors). Upon appropriate alarmin signaling, they
orchestrate downstream responses by communicating with neighboring stromal and immune
cells to adjust the cytokine microenvironment in a fashion that promotes protection, health and
homeostasis at mucosal barrier sites (11, 21). In addition, they have also emerged as regulators of
homeostasis and tissue repair in non-barrier organs (22).
2
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Figure 1.1 Summary diagram of the ILC family.

Molecularly, ILCs are extremely heterogenous but, for convenience, have been grouped
into subsets that resemble the classification of T cells based on their surface marker, cytokine
and transcription factor profiles during development and activation (ILC1/NK, ILC2 and
ILC3/LTi) (23, 24). Thus, like type 1, 2 and 17 helper T cells, ILC1, 2 and 3 are categorized
according to the class of immune response they invoke upon perturbation. ILC1s include
conventional NK cells and “helper ILC1s” and are defined by the production of interferon γ
(IFN-γ) in response to IL-12, IL-15 and IL-18 (25). The transcription factor, T-bet, functions as
their master regulator with Eomes being present in NK cells and a small subset of ILC1s (26,
27). ILC2s, on the other hand, depend on the expression of GATA3, and are responsible for
generating type 2 cytokines such as IL-5, IL-9, IL-13 and amphiregulin upon stimulation by the
alarmins, IL-25, IL-33 and TSLP (18, 28, 29). Lastly, ILC3s are defined by production of IL-17
3

and IL-22 in response to IL-23 and IL-1β signaling and are maintained by the transcription
factors RORγt and RORα (30, 31). Within the ILC3 group, there also exists an LTi family that
arises during embryogenesis and facilitate the formation of secondary lymphoid tissues (32).
Broadly speaking, ILC1s are involved in the clearance of intracellular pathogens, ILC2s are
associated with helminth infection and chronic airway inflammation in response to allergens
(33), and ILC3s are predominantly implicated in gut immunity to extracellular pathogens and
responsible for establishing tolerance and mucus secretion (23) (Figure 1.1).

1.3

An overview of the BM model of ILC development
The current framework of ILC development was built on the identification of CXCR6+ α-

lymphoid progenitors (α-LP), early innate lymphoid progenitors (EILP), common helper ILC
progenitors (CHILP) and ILC precursors (ILCP) in the adult bone marrow (BM) (Figure 1.2).
These were discovered and classified through a series of differentiation assays and transcription
factor analyses that determined whether these precursors could competently become either ILC1,
ILC2 or ILC3 (34). Briefly, it is thought that ILC lineage commitment occurs at the level of
CXCR6+ α-LPs and EILPs. These progenitors are direct descendants of common lymphoid
progenitors (CLP) in that they retain the capacity for both ILC and NK cell differentiation, but
lack the ability to become functional T or B cells. Transcriptomic and protein analyses revealed
that transcription factors NFIL3, TOX and TCF-1 (Tcf7) are critical in ILC lineage specification
as they precede the expression of downstream ILC progenitor genes (35-37). In contrast, CHILPs
and ILCPs represent further restricted downstream progenitors that have lost the ability to form
T, B and NK cells. CHILPs and ILCPs are defined by the expression of transcription factors Id2
and PLZF, which reaffirms their commitment to helper ILC subsets (38, 39). Subsequently,
4

based on the upregulated expression of T-bet (ILC1), GATA3, RORα, Bcl11b (ILC2) and
RORγt (ILC3), the precursors become one of three mature ILC subsets (24) (Figure 1.2). Using
this model as a foundation, later studies examined other possible sources of tissue-resident ILCs
in adult and during embryonic development. Similar to the adult BM, it was shown that ILC
development occurs in the fetal liver from Id2, PLZF and Arginase-1 (Arg-1) expressing ILC
progenitors (40, 41). Fetal ILC development contributes predominantly to the generation of
CD4+ LTi cells and NKp46+ ILC3s which then migrate to the gut and guide Peyer’s patch
development (42). NK1.1+ ILC1 precursors are also found in the fetal liver. However, their gene
expression signature resembles that of adult hepatic ILC1s suggesting that, perhaps, they
represent liver-specific precursors that are long-lived, maintained, and self-renewed after their
genesis in early liver development (43, 44).

5

Figure 1.2 An overview of BM-dependent ILC and thymus-dependent T-cell development.
Current models for both ILC and T-cell development suggest that they are of distinct lineages and that the site for
maturation do not overlap beyond the CLP stage. ILCs have been proposed to develop in the BM whereas
committed T-cell progenitors undergo intense development processes that are heavily influenced by the thymic
niche.

1.4

Normal thymic development of T cells
In contrast to most other hematopoietic lineages, T-cell development is critically

dependent on the ability of developing thymocytes to undergo a strict maturation process in the
thymic microenvironment before colonizing the peripheral tissues (Figure 1.2). Originally, CLPs
were thought to be the only branchpoint in which T-cell fate restriction occurs. However, with
the discovery of lymphoid-primed multipotent progenitors (LMPP), the classical view of T-cell
6

development was revised to include a secondary pathway that was independent of CLPs (45).
LMPPs are defined by their expression of the fms-like tyrosine kinase 3 (Flt3) and are positioned
upstream of CLPs in the differentiation hierarchy (46, 47). Like CLPs, they are restricted to the
T-, B-cell and NK cell lineage, but are different in that they retain the potential for
granulocyte/monocyte development. It has been shown that LMPPs are much more akin to early
T-cell progenitor (ETP) in the thymus, suggesting that the thymus-seeding progenitor (TSP) pool
includes both LMPPs and downstream CLPs lacking Ly6D- expression (45, 48). Once in the
thymus, CD4-CD8- TSPs enter the double negative (DN) stage in T-cell specification. This stage
is divided into four major compartments: DN1/ETP to DN4 (Figure 1.2). Depending on the
differential expression of CD24, CD25, CD44 and CD117 (KIT) and the state of the T-cell
receptor (TCR) loci, developing DN thymocytes are classified as either DN1/ETP, DN2a, DN2b,
DN3 or DN4 (45, 49). DN1 cells represent 0.01% of the total T-cell progenitors in the thymus
and are surprisingly multipotent as they retain the ability to differentiate into cells of the myeloid
lymphoid lineages. However, upon arrival at the corticomedullary junction, Notch signaling
induces a genetic program that secures their commitment to the T-cell fate and prepares them for
TCR gene rearrangement (45). As these cells progress to the DN2 stage, they become localized
within the subcapsular zone of the thymic cortex. Here, they begin rearranging their TCRβ, γ and
δ loci via the activation of Rag1 and Rag2 genes. It is expected that DN2 cells become more
dependent on IL-7 produced by thymic epithelial cells (TEC) as it is vital for their proliferation,
survival and differentiation (50). There are two subtypes of DN2 cells, DN2a and DN2b, and
they are characterized based on the expression of lymphocyte-specific protein tyrosine kinase
(Lck) and the ability to suppress NK, myeloid and dendritic cell (DC) potential. Although they
are more restricted than DN1/ETPs, DN2a cells are still relatively fluid in terms of their
7

differentiation potential. This however, is lost as they continue through the process of TCR gene
rearrangement and transition towards DN2b (51). At DN3, developing thymocytes extensively
rearrange their DNA at the TCRβ, γ and δ loci and are selected for survival based on the
expression of functional γδ or preTα/β (preTCR) chains. γδTCR expression, along with
transcription factor Id3, promotes γδ T-cell development whereas preTCR expression guides the
remaining DN3 cells to enter the DN4 stage. Once at the DN4 stage, thymocytes begin migrating
back towards the medulla and initiate TCRα gene rearrangements upon preTCR signaling. After
the formation of a functional αβTCR, thymocytes then upregulate CD4 and CD8 co-receptors to
become double positive (DP) thymocytes. From here, DP cells are positively selected for
reactivity with MHC, becoming either CD4 or CD8 single positive (SP) cells. Shortly thereafter,
the surviving SP cells undergo negative selection against autoreactivity and become mature naïve
T cells (45, 49, 50) (Figure 1.2).

1.5

Thesis hypothesis and summary
Although antigen specificity remains a unique hallmark distinguishing the innate and

adaptive immune response, ILCs otherwise share striking molecular and functional similarities to
CD4+ T cells and produce the same effector cytokines and transcriptional regulators. Despite
this, current dogma suggests two major distinctions between ILCs and T cells. The first is the
lack of the aforementioned antigen-specific surface receptors on ILCs (52). The second is that
T-cell development is compartmentalized almost exclusively in the thymus due to a critical
requirement of this unique microenvironment for the signalling of TCR gene rearrangements and
positive/negative receptor selection (53). In contrast, ILC development is thought to occur in the
BM where committed ILC precursors differentiate prior to peripheral migration without further
8

maturation in other lymphoid tissues (39, 54, 55). Intriguingly, however, a few previous studies
and an elegant new lineage-tracing study suggest that ILC2s seed the periphery during perinatal
development and that these cells then become tissue resident, turn over slowly and expand
locally thereafter (56-58). Furthermore, it has been shown that targeted deletion of E-box protein
transcription factors and other essential regulators of T cell development can lead to “aberrant”
reprogramming of ETPs to ILC1(NK)/ILC2 lineage in the thymus (59-61), thus suggesting that
thymus could represent an additional source of ILCs, particularly in situations where the
development of T cells is blocked (62). Certainly, these observations call into question the
concept and significance of BM ILC generation and its contribution to the peripheral ILC pool.
Based on these observations, we hypothesize that adult BM ILCs do not actively
replenish the peripheral pools, but instead, ILCs develop early in life and share a common
developmental origin with T cells. To address this hypothesis, we examined TCR gene
rearrangements, a major distinguishing hallmark between ILCs and T cells. A detailed evaluation
of the TCR receptor gene loci and their transcripts in tissue-resident lung ILC2s revealed a high
frequency of sterile TCRγ and β transcripts but not TCRδ and α. We also observed a high
frequency of V-J gene rearrangements in their TCRγ chain loci and find many of these cells have
deleted one copy of TCRδ alleles. Although these DNA rearrangements are readily detectable,
we discover that few, if any, of the rearranged loci are transcribed and instead transcripts
preferentially arise from the germline loci. Additionally, sequence analyses of DNA
rearrangements suggest that the majority of predicted transcripts from these loci would fail to
encode full-length TCR surface receptors due to either a high frequency of out of frame DNA
rearrangements or loss of the TCRd locus. In summary, we find that ILC2s share far greater

9

similarities to T cells than has previously been appreciated and these argue for a parallel
developmental pathway.
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Chapter 2: Materials and methods

2.1

Mice
C57BL/6J, TCRδ/β-/- (B6.129P2-Tcrdtm1Mom Tcrbtm1Mom/J), Foxn1nu/nu and Rag1-/- mice

(originally from Jackson Laboratories (Bar Harbor, ME)) were all maintained in a pathogen-free
environment at the Biomedical Research Centre. All experiments were performed according to the
institutional and Canadian Council on Animal Care guidelines approved by the University of
British Columbia Animal Care Committee.

2.2

Single-cell suspensions
Lungs from naïve WT mice were perfused with PBS containing 2mM EDTA, minced and

digested with 200 U/mL collagenase IV (Sigma-Aldrich) for 35 min at 37°C. Samples were passed
through a 70-μm cell strainer and lymphocytes were enriched using a standard Percoll separation.
Residual red blood cells were lysed with ACK Lysing Buffer (Gibco) for 5 min at 4°C. Prior to
antibody staining, cells (1.0-2.0 X 107) were incubated with anti-CD16/32 (2.4G2) to prevent nonspecific antibody binding. Splenic and thymic tissues were passed through a 40-μm cell strainer
and treated with ACK Lysing Buffer for 7 min at 25°C to remove any remaining red blood cells.

2.3

Antibodies and fluorescence-activated cell sorting analyses
FITC-conjugated anti-mouse NK1.1 (PK136), CD11c (N418), Gr1 (RB6-8C5), CD11b

(M1/70), CD8a (53.67), CD3ε (2C11), CD19 (1D3), CD3 (KT3), B220 (RA-6B2), CD4 (GK1.5)
and CD5 (53-7.3); PB-conjugated anti-mouse CD45.2 (104) (eBioscience); APC-conjugated anti11

mouse CD90.2 (53-2.1) (eBioscience); PE-conjugated anti-mouse CD25 (PC61) (BD
Biosciences); PE-Cy7-conjugated anti-mouse CD127 (SB/199); and PerCP-eFluor710-conjugated
anti-mouse γδTCR (GL3) (eBioscience) were used for tissue-resident lung ILC2 isolation. γδT
cells were sorted with PB-conjugated anti-mouse CD45.2 (104); FITC-conjugated anti-mouse
CD3ε and CD3; and PerCP-eFluor710-conjugated anti-mouse γδTCR. Viable cells were identified
using the eFluor 506 fixable viability dye (FVD) (eBioscience). Staining and antibody dilutions
were prepared in PBS (Gibco) with 10% FBS (Gibco) and 2 mM EDTA. Cell sorting and FACS
analyses were performed on BD Influx, LSR-II and Beckman Coulter Cytoflex respectively.
Enrichment of splenic T cells was via the EasySep Mouse Biotin Positive Selection Kit II
(StemCell Technologies).

2.4

Genomic PCR
Genomic DNA (gDNA) from isolated cells was extracted using DNeasy Blood & Tissue

Kit (Qiagen) and standard protocols. Quantity and purity (OD260/OD280>1.8) were determined
by spectrophotometry using Nanodrop ND-1000 (Nanodrop Technologies). For assessing TCRγ
and δ, 20 μL of 40 ng gDNA, 5 μL of 2 μM forward and reverse TCRγ and δ specific primers
(Appendix A) and 25 μL of Taq PCR Master Mix (Qiagen) were subjected to 35 cycles of PCR: 1
min at 94°C, 1 min at 55°C, 1 min at 72°C, and finally 10 min at 72°C. TCRβ PCR design was as
described by Brady et al. (63) and thermocycling conditions were 3 min 94°C followed by 35
cycles of 45 sec at 94°C, 1 min at 60°C, 1 min at 72°C, and lastly 10 min at 72°C. All PCR
amplicons (1 μL) were analyzed using a QIAxcel Automated Capillary Gel Electrophoresis
System (Qiagen).
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2.5

Copy number variation assay
TCRδ loci was evaluated using real-time quantitative PCR and reagents from Applied

Biosystems. On per assay basis, the total reaction volume was 10μL, containing 5μL of TaqMan
Fast Advance Master Mix, 0.5μL of Custom TaqMan Copy Number Assay, 0.5μL of TaqMan
Copy Number Reference Assay (Mouse Tfrc), gDNA template, primers, probe and nuclease-free
water (Appendix A). Thermocycling conditions were 20 sec at 95°C, followed by 40 cycles of 1
sec at 95°C and 20 sec at 60°C. Analyses were done on the CopyCaller Software v2.1 provided by
Applied Biosystems.

2.6

RT-PCR
Total RNA was extracted using Trizol LS (Ambion) and reverse transcribed with a High

Capacity cDNA Reverse Transcription Kit (Thermo). cDNA samples for RT-PCR were equal to
150 ng RNA. TCRγ forward and reverse primers (Appendix A) were used to evaluate whether
cells express full length TCRγ transcripts. Thermocycling conditions were 3 min at 94°C, followed
by 35 cycles of 1 min at 94°C, 45 sec at 50°C, 1 min at 72°C, and lastly 10 min at 72°C. All PCR
amplicons (1 μL) were imaged using a QIAxcel Automated Capillary Gel Electrophoresis System.

2.7

Next-generation sequencing of PCR amplicons and analysis
To minimize errors during nucleotide addition in genomic PCR, Q5 Hot Start High Fidelity

DNA polymerase (NEB) was used instead of Taq polymerase when sequencing rearranged TCRγ
loci in tissue-resident lung ILC2 and γδT cell samples. Total reaction volume was 50 μL,
containing 25 μL of Q5 Hot Start High-Fidelity 2X Master Mix, 6.25 μL of 2 μM forward and
13

reverse primers, and 18.75 μL of 40 ng gDNA and nuclease-free water. Thermocycling conditions
were as follows: 30 sec 98°C followed by 35 cycles of 10 sec at 98°C, 30 sec at 60°C, 20 sec at
72°C, and lastly 2 min at 72°C. PCR amplicons were then purified and sequenced using the
Illumina MiSEQ sequencing platform with the read depth of 100,000 reads per sample at the BRC
Sequencing Core (UBC, BC). Different combinations of rearranged TCRγ sequences were then
analyzed bioinformatically with tcR, MiXCR and vdjtools using standard parameters for gene
alignment and sequencing error correction. Plots were generated on R Studio using ggplot2. Highthroughput sequencing data are available at GEO under accession number GSE152726.
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Chapter 3: Results

3.1

ILC subsets express TCR constant region genes
Previously, we utilized single-cell RNA sequencing (scRNA-seq) on cecal ILC subsets to

better understand the role of the transcription factor RORa in ILC and NK cell lineage
development and Crohn’s-like fibrotic disease (30). As with that study, single-cell libraries were
aggregated based on gene expression similarities and cluster identities were defined by signature
ILC subset genes (64, 65). ILC1s, 2s, and 3s were represented in cluster 1-4 and NK cells were
excluded for the purpose of this study (Figure 3.1A, B). Despite the fact that these fractions were
rigorously depleted for surface CD3 and TCR expression, we found that all cecal ILC subsets
display high-level expression of Cβ genes but differentially express Cδ, γ and α transcripts.
Specifically, transcripts of Cα is expressed at high levels predominantly by ILC1 and ILC3 clusters
(cluster 1, 3, 4), while Cγ expression is largely restricted to ILC1 and ILC2 clusters (cluster 1, 2).
Finally, Cδ transcripts were found to be limited to ILC1 cluster, suggesting that ILCs transcribe a
wide range of their TCR genes with a distinct and unusual locus bias (Figure 3.1C).
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Figure 3.1 Cecal ILC subsets express transcripts of Cβ, Cα, Cγ, and Cδ.
(A) Activated ILC subsets were sort-purified based on Lin–CD45.2+Thy1.2+CD3– surface markers (green) for
droplet-based scRNA-seq analyses. (B) Unsupervised clustering of ILC subsets using Seurat R package. tdistributed stochastic neighbor embedding (tSNE) plots were generated to visualize graph-based clustering of single
cecum ILC libraries. NK, T, and B cells were excluded from the analysis based on their signature mRNA expression
profiles. (C) Distribution of TCR constant region gene expression in activated ILC subsets.
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To confirm TCR constant region gene expression as a general feature of tissue-resident
ILCs and rule it out as a unique feature of the high-turnover gut microenvironment, we conducted
similar evaluations of TCR constant region genes in lung ILC2s, which are easily enriched from
this tissue due to their abundance and slow turnover at steady-state (56, 58). Two rounds of
purification were performed based on surface markers Lin-CD45.2+Thy1.2hiCD25+CD127+
γδTCR- and T and NK cells were rigorously depleted using antibodies against NK1.1, CD3, CD4,
CD8 and CD5 (Figure 3.2A). Prior to final lysis, sorted cells were evaluated for γδTCR surface
expression to exclude any possibility of contamination (Figure 3.2B). Again, we observed selective
expression of the constant region genes in a pattern similar to that seen in gut ILC2 subsets: strong
expressions of Cγ and β region genes while transcripts of Cδ and α were absent. As a further
control for T cell contamination, a similar population was isolated from Rag1-/- mice, which lack
all T and B cells due to a lesion in VDJ recombinase expression (28). Interestingly, these ILC2s
also showed Cγ and β transcripts arguing that these represent expression of sterile transcripts from
unrearranged TCR alleles in ILC2s (Figure 3.2C). To independently verify this observation at the
single cell level, we performed scRNA-seq and observed that, likewise, the majority of cells
expressed high levels of Cβ and Cγ4 mRNAs while Cδ and Cα transcripts were largely absent.
Intriguingly, these analyses also showed that virtually all cells expressing Cδ and α transcripts
failed to express Cγ transcripts, consistent with the inability of these cells to ever express a
functional TCR (Figure 3.2D). These data argue that several TCR loci are accessible and
transcribed in ILC subsets.
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Figure 3.2 Lung ILC2s isolated from naïve WT mice also display high levels of TCR constant region
transcripts.
(A) Naïve lung ILC2s from adult WT mice were isolated based on CD45+Lin-Thy1.2+CD127+CD25+γδTCR- surface
markers with two rounds of cell sorting (red gate). Lung tissues were pooled from 8-9 sex- and age-matched mice
for optimal yield. (B) FACS plots showing enriched lung ILC2 population prior to downstream PCR analysis. The
purified population was tested for potential γδT cell contamination. (C) RT-PCR was performed on both WT and
Rag1-/- ILC2s to verify the expression of TCR constant region genes seen in cecal ILC2s. WT CD3+ splenocytes
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(Spl-CD3ε+ WT) were used as a positive control and fibroblast cultured from fibro/adipogenic progenitors were
used as a negative control for sterile TCR mRNA expression. Glyceraldehyde-3-phosphate dehydrogenase (Gapdh)
primers was used as a loading control. (D) scRNA-seq analysis of independently sorted lung CD45+Lin-RORa+/cells was provided by Dr. M. Ghaedi and Dr. F. Takei. ILC2 cluster was identified based on ILC2-specific gene
expression (Areg, Il7r, Rora, Gata3) and relative expression heatmap of TCR constant genes was created to
complement the RT-PCR data.
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3.2

Lung ILC2s undergo TCRγ and non-productive TCRδ gene rearrangement
We next evaluated the rearrangement status of the TCRγ, δ and β loci in WT naïve lung

ILC2s. The murine TCRγ locus contains four variable (Vγ), joining (Jγ) and constant (Cγ) region
clusters (Figure 3.3A) and PCR primers were designed to produce an amplicon of 350 – 600 bp
from genomic V-J DNA segments that had undergone rearrangement (66). Six recombination
permutations, Vγ2, Vγ3, Vγ4, Vγ5, Vγ1.1 and Vγ1.2 and their respective joining J segments (Jγ1,
Jγ2 and Jγ4), were evaluated to fully profile all TCRγ gene rearrangements (Figure 3.4A) (67). To
our surprise, lung ILC2s exhibited the entire spectrum of possible V to J rearrangement
combinations with the sole exception of Vγ1.1-Jγ4. To further confirm this result, ILC2s from
adult Rag1-/- mice were sorted and tested in parallel. As expected, no such TCRγ gene
rearrangements were detected in recombinase-deficient cells. In technical and biological replicates
(n = 6), WT ILC2s consistently exhibited Vγ2-Jγ1 and Vγ1.2-Jγ2 gene rearrangements whereas
Vγ3-Jγ1, Vγ4-Jγ1 and Vγ5-Jγ1 gene rearrangements proved more variable between samples.
Evaluation of lung γδT cells revealed that although these also exhibited DNA rearrangements, the
pattern of Vγ usage was consistently distinct from that of ILC2s, further arguing against the
likelihood of γδT cells contaminating ILC2 preparations. In summary, our data suggest that ILC2s
undergo T cell-type TCRγ gene rearrangements.
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Figure 3.3 Comprehensive schematic of TCRγ (A), TCRδ (B), TCRβ (C) and TCRα (D), and their
rearrangement mechanism.
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Figure 3.4 TCRγ locus is rearranged and TCRδ locus is deleted in ILC2s.
(A-C, E) Genomic PCR of select TCRγ, δ, and β gene rearrangement permutations. ILC2s from Rag1-/- and Nude
(Foxn1nu/nu) mice, splenocytes from Rag1-/- mice, and splenic and lung γδT cells were used as controls. Non-specific
(n.s.) amplicon is marked by an indicated arrow. Gapdh was used as a control for genomic PCR. (D) Copy number
variation assay of WT lung ILC2s and γδT cells by real-time quantitative PCR. Significance was determined by
Student’s t test. **, P < 0.01; ***, P < 0.001. Splenocytes from Rag1-/- mice were used as a reference since they
retain two copies of germline TCRδ alleles.
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We used a similar genomic PCR strategy to evaluate TCRβ and δ rearrangements. The
TCRβ locus contains 23 functional Vβ segments and two Dβ-Jβ-Cβ clusters (Figure 3.3C) (68)
and, thus, designing PCR primers for its entire repertoire was impractical. Instead, we adapted the
PCR strategy from Brady et al. (63) to assess 14 possible permutations. ILC2s exhibited no VDJ
rearrangements in their TCRδ or β loci in stark contrast to control γδT cells (Figure 3.4B, C).
Because the TCRδ locus is nestled between Vα and Jα segments of TCRα locus, we also sought
to ensure that our failure to detect TCRδ rearrangements was not due to a deletion of the locus
during TCRα gene rearrangement (Figure 3.3D). To test this, qPCR-based copy number variation
assessment of Cδ was compared between lung ILC2s, γδT cells and Rag1-/- splenocytes.
Surprisingly, both lung ILC2s and γδT cells exhibited calculated Cδ copy number of 1, indicating
that, on average, one TCRδ allele is missing in these cells (Figure 3.4D), while Rag1-/- splenocytes
exhibited the expected 2 copies. These data would argue that some of the V segments shared by
TCRα and δ loci (69) may rearrange to Jα segments during TCRδ gene rearrangement process in
ILC2s. Lastly, to confirm that these rearrangement events are occurring exclusively in the thymus,
we applied a similar genomic PCR strategy on Nude (Fox1nu/nu) mice, which has a vestigial thymic
microenvironment. As expected, Vγ2-Jγ1 recombination remained germline, thus validating the
position that TCR gene rearrangements require functional thymi (Figure 3.4E). In aggregate, these
data provide clear evidence that lung ILC2s undergo TCRγ gene rearrangement and ineffectively
recombine the TCRδ locus.
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3.3

Lung ILC2s transcriptionally silence rearranged Vγ loci while maintaining sterile Cγ

expression
To test whether the rearranged TCRγ loci are expressed in mature ILC2s, the
complementary-determining region 3 (CDR3) containing sequences from Vγ, Jγ and Cγ segments
was amplified via RT-PCR (66, 70). Although we consistently obtained products of the expected
size for rearranged TCRγ loci transcripts in γδT cells, we failed to detect similar amplicons in
ILC2s (Figure 3.5A). To further confirm this result, we assayed Vγ to Jγ regions in the total RNA
to rule out the possibility of unprocessed pre-mRNAs being present. Consistent with the previous
findings, we detected no rearranged TCRγ pre-mRNAs in these cells (Figure 3.5B). Based on our
previous ability to consistently detect Cγ transcripts in ILC2s by scRNA-seq (Figures 3.1C, 3.2D),
we conclude that although ILC2s are able to rearrange their TCRγ loci, they fail to transcribe the
rearranged alleles and instead the Cγ transcripts detected in ILC2s are selectively produced by
non-rearranged TCRγ constant regions in these cells. Taken together, these results indicate that in
ILC2s rearranged TCRγ loci are transcriptionally silenced while sterile Cγ transcripts are
permitted from the non-rearranged alleles.
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Figure 3.5 ILC2s do not transcribe rearranged TCRγ locus.
(A) cDNA libraries from lung ILC2s were subjected to RT-PCR for full-length TCRγ transcripts (Vγx-Cγ). (B) PremRNA (Vγx-Jγx) RT-PCR was also performed to rule out the possibility of unprocessed TCRγ mRNAs. ILC2s
from Rag1-/- mice and splenic γδT cells (Spl-γδT WT) were used as a negative and positive control respectively.
Gapdh was used as a control to test for cDNA content.

3.4

A high frequency of non-productive TCRγ locus rearrangements in the ILC2 lineage
Since lung ILC2s fail to express transcripts from the rearranged TCRγ loci, we

hypothesized that this may reflect transcriptional silencing of alleles that have undergone
unsuccessful/non-productive V(D)J recombination. To address this, we sequenced the genomic
PCR products from lung ILC2s and γδT cells. Vγ2-Jγ1 and Vγ1.2-Jγ2 rearrangement
combinations were compared due to their frequent rearrangement in both lung ILC2s and γδT cells
(Figure 3.4A). Comparison of sequence diversity of the rearranged TCRγ genes (caused by random
rearrangement events) between these two cell types showed that lung ILC2s exhibit a lesser degree
of potential TCRγ clonotypes than γδT cells indicating that, if ILC2s were to express TCR proteins
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from these alleles, they would exhibit a fairly limited repertoire compared to their γδT cells
counterparts (Figure 3.6A). Strikingly, when characterizing the frequency of in-frame and out-offrame rearrangements of top 20 potential clonotypes, we found that non-functional clonotypes of
Vγ2-Jγ1 constituted on-average 78% of the population in lung ILC2s in contrast to 31% in γδT
cells. Additionally, potential Vγ1.2-Jγ2 clonotypes of both ILC2s and γδT cells displayed a higher
proportion of non-functional clonotypes than their functional counterparts (Figure 3.6B-C). To
summarize, we find that lung ILC2s fail to express their rearranged TCRγ loci and that this
correlates with a high frequency of non-productive TCRγ chain rearrangements.
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Figure 3.6 Frequent non-productive TCR locus rearrangements in the ILC2 lineage.
Bulk NGS of rearranged genomic Vγ2-Jγ1 and Vγ1.2-Jγ2 amplicons of lung ILC2s and γδT cells isolated from WT
mice. Data were collected from two independent sequencing runs. (A) tcR pipeline was used to compare TCRγ
clonotype diversity between ILC2s and γδT cells. (B) Relative abundance of in-frame or out-of-frame TCRγ gene
rearrangement of top 20 most frequent clonotypes was calculated using MiXCR and vdjtools. (C) In-depth CDR3
sequence analysis of top 20 Vγ2 repertoire. Representative ILC2 and γδT samples were chosen to portray the
characteristics of non-functional and functional Vγ2-Jγ1. Non-functional CDR3 amino acid sequences (CDR3aa) are
highlighted in red. * demarcates pre-mature stop codons and _ denotes frameshifts caused by indels.
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Since successful thymic T cell development is strongly tied to expression and signalling
via the products of productive TCR gene rearrangements, we sought to further evaluate if nonproductive TCR rearrangements could influence the proportion of ILC2s in vivo. We assessed the
frequency of thymic, splenic and lung ILC2s in adult wild type, Rag1-/- and Tcrδ/β-/- mice and
examined their absolute numbers and frequencies compared to the total CD45+ cells. Like RAGdeficient mice, Tcrδ/β-/- mice also lack functional T lymphocytes as their T cell progenitors cannot
express surface TCRs during development, but are distinct in that their recombination machinery
is still functional (71, 72). We find that, in steady-state conditions, both Rag-/- and Tcrδ/β-/- mice
exhibit a substantial increase in ILC2 frequency and number compared to the population observed
in wild type mice (Figure 3.7A, B). We also observe that this increase is less dramatic in Tcrδ/β-/mice; however, this likely reflects the fact that these mice are still capable of generating B cells,
which serve to dilute the frequency of ILC2s when compared to T and B cell-deficient Rag-/- mice
(Figure 3.7B). Of note, the CD127+CD25hi population in the thymi of these KO strains do not
express ST2 (IL-33R) (Figure 3.8) nor do they express CD44 (data not shown) confirming that
these are indeed DN cells arrested at the CD44-CD25+ stage of thymopoiesis (73). Collectively,
we conclude that failure to initiate TCR gene rearrangement or express functional TCR could cause
developing T cells to abort T cell development and re-route into the ILC2 lineage.
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Figure 3.7 Evaluation of ILC2 frequency in models that are incapable of generating functional T cells.
(A) Thymus, spleen and lung tissues were isolated and put into single cell suspensions from adult (7-10 weeks) WT,
Rag1-/- and Tcrδ/β-/- mice. ILC2 frequency and absolute number were measured using the gating strategy shown in
the representative FACS plots. ILC2s were characterized based on CD45.2+Lin-Thy1.2hiCD25+CD127+ surface
markers and the data were collected on Beckman Coulter Cytoflex. (B) Percent frequencies of ILC2s in total
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CD45.2+ cells and their total numbers in the thymus, spleen and lung. Significance was determined by Student’s t
test (n > 4). *, P < 0.05; **, P < 0.005; ***, P < 0.0005; P < 0.0001 is not labeled. Representative data from two
independent experiments are shown.

Figure 3.8 Expression of ST2 in Rag1-/- and Tcrδ/β-/- thymic ILC2s.
Thymic CD45.2+Lin-Thy1.2+ cells in both Rag1-/- and Tcrδ/β-/- mice were further characterized into CD127+CD25+
(red) and CD127+CD25hi (blue) groups and the expression of surface ST2 protein was analyzed. CD127+CD25+
group is ST2+ indicating that they are terminally different from the CD127+CD25hi DN cells.
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Chapter 4: Discussion

4.1

Summary of key findings
In this thesis, we re-evaluate the key distinguishing feature between T cells and ILCs: TCR

recombination and mRNA expression. TCR gene rearrangements have long been held as the key
hallmark of T cell commitment since T cells require antigen-specific receptors to survive,
proliferate, and mount an effective immune response (49). Strikingly, both scRNA-seq and RTPCR show that sterile TCR constant region transcripts are expressed at high frequencies in cecal
and lung ILC2s. Furthermore, lung ILC2s undergo TCRγ locus recombination and deletion of one
allele of the TCRδ locus. In-depth sequence analyses of rearranged TCRγ loci in these cells reveal
less sequence diversity than conventional γδT cells and that these predicted clonotypes, if
expressed, would be largely non-functional due to out-of-frame TCRγ rearrangements.
Furthermore, scRNA-seq data suggest that single cells actively transcribe either TCRγ or TCRδ
loci, but not both, which would further preclude the opportunity to produce a functional surface
receptor. Consistent with previous studies in Rag1-/- mice, our results also suggest that ILC2s can
normally develop in mice in the absence of TCR recombination machinery; however, they are
present at increased frequencies in the periphery (lung) and primary and secondary lymphoid
organs (thymus and spleen). That aside, the fact that these cells frequently express sterile
transcripts from the TCR gene loci and, at some stage in their development, have initiated gene
rearrangements typical of γδT cells argues for a closely related developmental pathway.
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4.2

ILCs are long lived tissue-resident cells in adult and colonize tissues during

fetal/neonatal development
The working model of adult hematopoiesis argues that the BM is responsible for
generating and replenishing all blood and immune cells required for the lifetime an individual.
Although this is true for some short-lived circulating leukocytes (74), it has become increasingly
clear that tissue-resident cells such ILCs, macrophages, mast cell subsets and γδ T cells persist
throughout life and, for the most part, expand and contract locally in their tissue of residence,
largely independent of hematopoietic activity in the BM (58, 75-78). As outlined in Elsaid et al.
(79), the developmental pathways for most tissue-resident cells do not fit the rudimentary model
of adult hematopoiesis, but instead, follow a highly conserved and layered approach during
ontogeny. These cells arise in distinct waves in coordination with tissue development, thus
accounting for both the spatial and temporal aspects of embryogenesis. It is thought that highly
coordinated programs and interactions between the stromal and immune cells facilitate tissue
development, in addition to providing early immune protection specific to a given tissue type
(79).
Considering the fact that BM ILC progenitors provide minimal contributions to tissueresident ILC pools, it stands to reason that tissue-resident ILCs perhaps colonize during early
stages in ontogeny rather than constantly being restored through BM lymphopoiesis.
Intriguingly, the idea of layered ontogeny in ILC development has recently been explored in a
lineage tracing study that closely monitored ILC2 development and turnover (56). Through
elegant pulse-labeling of putative BM and fetal ILC precursors (Id2+ and Arg-1+ respectively)
(39, 55), this group showed that development of ILC2s is temporally controlled and that they
follow the model of layered lymphopoiesis similar to the one described in early macrophage
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development. These findings argue that ILC2s rapidly colonize peripheral tissues during the first
week or two of postnatal life in mice and at a time when the bone marrow (BM) is still
establishing itself as the sole source of hematopoietic progenitor activity. Strikingly, this study
also concludes that once they establish residence in peripheral tissues, ILC2s turn over very
slowly within the specific peripheral tissue microenvironments. This includes BM ILC2s, which
appears to turnover with a kinetics of weeks to months rather than days. Thus, the evidence to
suggest that BM ILC2s seed peripheral tissues to any large degree is increasingly scant and it is
likely that the ILC2s present within the BM represent tissue-resident cells with tissue-specific
function (56). Indeed, a subsequent fate-mapping study using polychromic reporter mice
expressing Id2, Bcl11b, GATA3, RORα and RORγt revealed co-differentiation of ILCs and
developing thymocytes in embryonic thymi, strengthening the concept that ILCs develop early in
life parallel to early T-cell development (80).

4.3

TCR gene rearrangements in ILCs
V(D)J recombination at the TCR loci is an extraordinary process reserved for committed

thymocytes at their DN stage. It is thought to occur in a temporally ordered sequence of steps as
DN cells progress towards more committed DP state. TCR gene transcription, as a unique
hallmark of T-cell development, has hinted at a strikingly close relationship between ILCs and T
cells in the past with both EILPs and ILCPs expressing high levels of sterile TCR transcripts
even though they were originally identified in the adult BM (81). The detailed characterization of
TCR gene rearrangements performed in this thesis offers a fascinating window into the life
history of ILC2s. The preferential expression of TCRγ constant regions and preponderance of
non-productive TCRγ and δ gene rearrangements without the VDJ recombination of the TCRβ
33

locus suggest the possibility that ILC2s may abortively arise from DN2-DN3 transition stage
during γδ T-cell development. As reviewed in Spidale et al. (77), the development of tissueresident γδ T cells occurs early in life in a time-sensitive manner. Unlike adult αβ T cells, γδ T
cells emerge in progressive waves that are defined by the specific gene usage of Vγ and Vδ
segments during fetal/neonatal development (76). Vγ3+ γδ T cells (also known as DETCs) are
the first T cell subset to arise from the fetal liver during embryogenesis. They preferentially
migrate to the epidermis and provide early immunity in developing skin. Subsequent γδ T cell
waves that follow this vanguard wave of DETCs are Vγ4+ and Vγ2+ γδ T cells. Vγ4+ γδ T cells
seed non-lymphoid tissue sites such as the uterus, lung, adipose tissue and skin dermis during
late fetal development while Vγ2+ γδ T cells appear during the late fetal/neonatal stage,
colonizing various mucosal and non-mucosal sites (77). In line with the layered model of ILCgenesis, it is possible that abortive Vγ2-Jγ1 locus rearrangements in tissue-resident ILC2s
represent an ontogeneologic relic of “failed” Vγ2+ γδ T-cell development (Figure 4.1). When
viewed in the context the aforementioned neonatal lineage tracing experiments (56) and the
presence of ILCs in the embryonic thymus and their dependence on early T cell transcription
factors (80), a compelling case emerges for the development of ILCs from abortive T cell
development and as an offshoot from neonatal T cell progenitors.
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Figure 4.1 A new model for layered ontogeny of ILC2s along with fetal and postnatal waves of γδ T cells.
Like most tissue-resident cells, the developmental timepoint in which ILC2s arise and colonize tissues coincides
with γδ T cells early in life (based on layered ontogeny in B6 mice). Taken together with TCR locus sequence
tracing data and pulse-labeling lineage tracing studies, it is highly likely that tissue-resident ILC2s arise perinatally
from developing DN2s that have ineffectively rearranged their γ/δ loci, rather than from progenitors in the BM.
These cells then take up residence at their designated tissue sites and self-renew locally.

In addition to ILC2s, it is noteworthy that earlier studies showed the TCR loci are also
frequently rearranged in NK cells. Comprehensive genomic analyses of adult and neonatal
splenic NK cells revealed that the TCRγ locus is rearranged while TCRβ locus maintains its
germline configuration. Intriguingly, unlike ILC2s, NK cells were reported to express rearranged
TCRγ transcripts; however, the sequencing data exhibited a variable degree of productive
rearrangements despite being isolated from mRNA products. Minimal TCRδ locus
35

rearrangements (Vδ4-Jδ1) were detected only in neonatal NK cells, suggesting that, similar to
ILC2s, at least one allele could have been deleted due to an abortive gene rearrangement event at
the TCRα/δ loci (66).
Further evidence for TCR gene rearrangements in other ILC subsets has recently been
demonstrated in human studies through sophisticated single-cell transcriptome analyses that
revealed gene expression patterns associated with tissue-residency and migration in human ILCs
(82). In this report, blood ILC1s (EOMES-/+) are shown to uphold the expression of T-cell
related-genes such as CD3, CD4, CD5, CD6, CD27, LEF1. As such, the group investigated
whether these cells and other ILC subsets express rearranged TCR transcripts, despite lacking
surface TCRs. They showed that blood EOMES+ ILC1s express rearranged αβ chains and
putative blood ILC1s exhibit rearrangements in all four TCR chains. Within this pool, ILC1s
with rearranged δ/γ transcripts associated with Ikzf2 expression while ILC1s with rearranged α/β
transcripts clustered closely with CXCR3+ Th1 cells (82). These observations suggest that ILC1s
are more akin to CD4+ and CD8+ T cells and that in their lifetime, they have undergone a
maturation process in the thymus. Although it is noteworthy that, these authors failed to detect
rearranged TCRg chain expression in human ILC2s, it is also important to bear in mind that these
studies only evaluated TCR transcripts rather than the genomic loci. Indeed, in our previous
studies of murine ILC2 genomic loci and transcripts, we found that the rearranged loci are
transcriptionally silent in murine ILC2s as well, potentially reflecting an attempt to silence
alleles that have failed productive in-frame rearrangement; a process that naturally occurs in
developing thymocytes. With this in mind, it would be of interest to now evaluate genomic TCR
loci in human ILC subsets. Although human and murine ILC/T-cell biology exhibit significant
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differences, the use of TCR gene rearrangements as an indelible mark of the lineage of origin in
both studies points to a thymic origin of tissue resident ILCs.

4.4

Notch signaling, the initial fate determinator in the thymus
In addition to abortive V(D)J recombination, limited Notch signaling in the thymic

microenvironment may also determine whether thymocytes continue developing as T cells or
shunt away from the T-cell lineage and into ILC lineages. Notch activity was discovered in the
early 20th century from strains of Drosophila that exhibited serrated “notched” wings (83). Its
signaling pathway is evolutionarily conserved and is imperative for regulating cell fate decisions,
survival, proliferation and niche formation (84). In the context of T-cell development, Notch1
and its ligand, Delta-like 4 (DLL4), serve as an essential checkpoint signal that imprints T-cell
identity in TSPs entering the thymus. Their signaling is mediated by direct cell-cell interaction
between TSPs and TECs and promotes the acquisition of T-cell fate by upregulating T-cell
specific genes while gradually repressing myeloid and B-cell potential (45, 85). Upon
interaction, a series of proteolytic cleavage events release the cytoplasmic domain of Notch,
which then binds to recombination binding protein-J (RBP-J) in the nucleus and activates
transcription of genes associated with T-cell development including Tcf7, Hes1, Gata3 and
Bcl11b (50, 85, 86). Loss-of-function studies of Notch1 and Cre-mediated deletion of DLL4
revealed aberrant proliferation of B cells in the thymus, and argues that their presence is indeed
necessary for T-cell commitment (45). In contrast, the importance of Notch signaling in ILC
development has been quite controversial. Deletion of RBP-Jκ in hematopoietic cells leads to a
noticeable reduction in the frequency of lamina propria NKp46+ILC3, but not CD4+LTi-like cells
(87, 88). Moreover, culturing EILPs on OP9-DLL1 stroma results in enhanced generation of
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ILC2s, yet the development of all ILC subsets is unaffected in the absence of Notch signaling
(35). Lastly, multiple groups have concluded that committed ILC progenitors and precursors
have diminished dependency on Notch (35, 89, 90), thus creating the notion that its signaling is
dispensable in ILC development. More recently however, an in vitro assay performed using a
Tet-inducible cell system, which allows for fine-tuning of DLL1 and DLL4 expression under
doxycyclin, revealed that the strength and duration of Notch signaling influences the
development of different ILC subsets. In this study, CLPs that were exposed to robust NotchDLL signaling differentiated predominantly into T cells, LTi cells and ILC3s, whereas those
receiving intermediate signaling preferentially became ILC1s/NK cells and ILC2s. Expectedly,
CLPs with minimal to no Notch signaling led to B-cell differentiation (Figure 4.2). The same
study also showed that specific deletion of DLL4 on TECs results in an abnormal expansion of
ILC2 in the thymus (37), suggesting that the gradient of Notch signaling may influence ILC fate
in the thymic microenvironment.
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Figure 4.2 Notch signaling at the thymic corticomedullary junction may determine T-cell/ILC fate.
Notch signaling is mediated through direct cell-cell contact in the thymus; therefore, the number of TECs interacting
with TSPs/ETPs at the corticomedullary junction will vary depending on cell position and niche availability. Based
on the observations from in vitro assays, it is highly likely that ETPs that receive zero to low Notch-DLL interaction
will differentiate into B cells. In contrast, strong Notch signaling will guide ETPs towards the T-cell and ILC3/LTi
lineages while intermediate Notch signaling will result in ILC1/NK and ILC2 commitment during fetal and postnatal
periods.

Notch signaling is not binary, but rather it is dose- and time-dependent during ontogeny
and in cell fate decisions (84). It is widely known that TSPs/ETPs are multipotent, and that T-cell
potential is acquired progressively through DN to DP stage. Considering the fact that Notch
signaling is facilitated by cell-cell interaction, it is highly likely that the size of initial thymic
niche for ETPs is limited. Therefore, the degree and duration of Notch signaling would vary
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from cell to cell, leaving the option for other lineages to appear in the embryonic/postnatal
thymus similar to the ones observed in the dose-dependent in vitro system (Figure 4.2).
Addressing the redundancy of Notch in later ILC progenitors requires careful consideration of its
unique purpose. Notch and its ligand interaction are often described in the context of
development and regulation of cell fates. In both T-cell and ILC development, Notch establishes
T-cell and ILC identity through upregulation of TCF-1 and its related transcription factors. As
DN2 cells mature into DN3 cells, their dependency on Notch signaling decreases, eventually
becoming redundant (91). Since a similar behaviour is observed in downstream ILC progenitors,
it is possible that TCF-1+ EILPs and CHILPs are already committed and downstream of
developing thymocytes that share the same hierarchical level as DN3 cells in the differentiation
hierarchy.

4.5

E-Id proteins and Bcl11b determine thymocyte fate
The transcription factors involved in positive and negative regulation of ILC

differentiation have been discussed in great detail in past studies and reviews (25, 85, 92).
Emerging studies have highlighted the fact that differential expression of factors associated with
T-cell development, HES1, TCF-1 and GATA3, RORα, E and Id proteins, and Bcl11b, are all
critical for ILC maturation (25, 59, 80, 93, 94). Among these, E-Id proteins and Bcl11b are
especially interesting because they have been shown to play a role in inducing ILC development
in the thymus. E proteins are under the class I basic helix-loop-helix (bHLH) family of
transcription factors that are historically described in early T-cell lineage commitment and
specification in coordination with Notch signaling. They form homo- or heterodimers (e.g., E2AHEB) with other bHLH or HLH proteins, which then turns on the T-cell-specific programme in
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developing thymocytes. E protein function is regulated by class IV HLH family inhibitor of
DNA binding (Id) factors. Id proteins lack the DNA binding domain; thus, they sequester E
protein function by forming a heterodimer complex that cannot bind to DNA (85). Intriguingly,
hindering the activity of E proteins by deleting E2A and HEB or ectopically expressing Id1 or
Id2 blocks the generation of functional T cells, and instead promotes ILC2 proliferation in adult
thymi (59, 62, 95). Furthermore, fetal ETPs lacking E2A and HEB in vitro can also generate
ILC1- and ILC3-like cells (59); therefore, it is highly likely that the strength of Notch signaling,
and E-Id protein levels may influence ETP fate in the thymus (Figure 4.3). Bcl11b, on the other
hand, belongs to a family of Kruppel-like C2H2 type zinc finger transcription factors and is
expressed in late DN2a thymocytes and essential for DN2-DN3 transition in T-cell development
(85, 96). Bcl11b-deficiency causes arrest of T cells at the DN2a stage and, fascinatingly, allows
aberrant differentiation of NKp46+ ILC1/NK cells and myeloid cells in the thymus (60, 61).
Bcl11b has also been implicated ILC2 biology and development. It is widely accepted that
Bcl11b is important for overall ILC2 maintenance and function; however, in the original study
that used heterozygous germline knockout and conditional knockout of Bcl11b, only the ST2+
BM ILC2 compartment was reduced upon Bcl11b deletion. Surprisingly, the frequency of lungresident ST2+ ILC2s was not affected by this genetic manipulation, but rather there was an
incredible increase in the KLRG1+ ILC2 population (97). It would be extremely interesting to
revisit these transgenic mice models and examine their thymus-residing cells to determine if
there is an abnormal expansion of KLRG1+ ILC2s or perhaps other ILC subsets in the thymus
through high fidelity single-cell sequencing. Considering this and the evidence for layered
ontogeny of ILCs, it is quite possible that the origin of BM ILC2s and lung ILC2s is completely
independent of each other and that E-Id proteins and Bcl11b may be the transcriptional
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checkpoints that initiate reprogramming of T cells that have neither received adequate Notch
signaling nor undergone productive TCR gene rearrangements (Figure 4.3).

42

Figure 4.3 Schematic of ILC development in coordination with thymocyte specification and maturation.
As early T-cell progenitors are known to be multipotent, we propose that the branchpoint in which ILC
differentiation occurs is at the DN1/ETP and DN2-DN3 transition stage. Depending on the status of the TCR loci,
strength of Notch signaling and activities of E-Id proteins and Bcl11b, developing thymocytes may acquire innate-
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like properties and give rise to one of three ILC subsets. Furthermore, we suggest that tissue-resident ILC
progenitors, including the BM, originate from failed T-cell development and locally maintain the mature ILC pool.

4.6

Addressing normal development of ILCs in T-cell knockout models
The presence of functional ILC subsets in mice with genetic lesions in T-cell

development raises an interesting conundrum because if ILCs are indeed associated with T-cell
development, one might predict there would be a reduction in their frequency upon interfering
with thymocyte maturation. In contrast, earlier characterization of ILCs has indicated that ILCs
can develop and function normally in RAG-/- and nude mice, thus highlighting them as distinct
subsets, independent of the T-cell lineage (98). With the evidence of non-productive TCR
rearrangement, however, it is now critical to revisit this hypothesis and re-evaluate it from the
perspective of abortive T-cell development. In maturing thymocytes, RAG genes are typically
expressed during the DN2-DN3 transition (45) (Figure 1.2). Therefore, without active RAG1 or
RAG2 proteins, thymocytes cannot rearrange their TCR loci and progress further into latter
stages of T-cell development (99-101). Taken together with the fact that pre-DN3 cells are
multipotent, there is room for Rag-deficient ETPs and DN2a cells to shunt away from the T-cell
lineage and immediately choose the innate cell fate as part of a salvage mechanism. Indeed, our
characterization of ILC2s in Rag1-/- mice revealed that there is a heightened frequency of ILC2s
in the thymus, indicating active generation of ILC2s upon blocking TCR gene rearrangements.
Likewise, other studies have also characterized the heterogeneous populations of DN cells in
RAG mutants containing putative NK cells (102), and suggesting that this pathway may apply to
other ILC subsets. Similar to RAG mutants, the mature T cell population is also substantially
decreased in nude mice carrying null mutations of the forkhead transcription factor 1 (Foxn1),
44

which is essential for TEC differentiation during development (103). The nude mouse vestigial
thymic microenvironment is detrimental for ETPs as it cannot provide sufficient Notch signaling
for their specification and survival. Considering the evidence of dose-dependent Notch signaling
in determining cell fate, it is highly likely that all T-cell progenitors are co-opted into the ILC
fate program immediately after entering this non-functional thymic niche. This would increase
the total frequency of ILCs in the peripheral tissues, and certainly, previous studies have
observed heighten ILC counts at various barrier sites (104, 105). Going forward, purposefully
disrupting TCR gene rearrangements at specific stages in development and investigating whether
this influences the total number of ILCs in the periphery will directly validate an abortive
pathway within T-cell development.

4.7

Functional significance of BM ILCs
The vast majority of ILCs within the BM are affiliated with the ILC2 subset. Given the

evidence that ILCs can develop neonatally from thymic precursors and become tissue-resident
thereafter, the functional significance of BM ILC2s then comes into question. Likewise, the fact
that these cells show a remarkably slow turnover (56) would argue against them serving as a
precursor pool for peripheral ILCs and might instead suggest that, like peripheral ILCs, these
cells fulfill an important tissue-resident function. Consistent with this observation, it has been
shown that self-renewal and maintenance of ILCs is facilitated by a pre-existing pool of tissueresident ILCPs under inflammatory conditions (58, 106). Specifically, during the acute phase of
Nippostrongylus brasiliensis helminth infection, ILC2s in the lung, gut and mesenteric lymph
node proliferate locally without significant contribution from the BM (56, 58, 107). The signs of
recruitment and redistribution of ILC2s from other tissues including the BM only begin to appear
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after day 15 post-infection where the acute inflammatory conditions turn chronic and overt (58,
107, 108). Recent studies have shown that their contribution is rather minor (<10%) and that
immature Il18r1 expressing BM ILCPs are responsible for seeding BM-derived ILC2s in the
lung to generate the full phenotypic spectrum of ILC2s (56, 107). Indeed, there is a clear
precedent for a selective BM resident function for several mature hematopoietic lineages.
Macrophage-like osteoclasts, for example, play a key role in bone remodeling and, together with
osteoblasts regulate bone homeostasis (109). Similarly, the BM serves as a long-term reservoir
and archive for antigen-specific, antibody-secreting plasma cells and possibly a unique
population of isotype-switched, affinity-mature memory B cells that could be called into service
upon reinfection with specific pathogens (110, 111). With these examples in mind, it is worth
considering a BM specific role for resident ILC2s. Intriguingly, several studies have suggested
that BM ILC2s can, in fact, play key roles in stimulating eosinophilopoiesis in response to
systemic Th2 inflammatory insults (112, 113). Likewise, recent studies suggest that through
secretion of GM-CSF ILC2s can stimulate the recovery of BM hematopoiesis in response to
severe chemically induced stress (114). In aggregate, these studies suggest that, like there are
peripheral tissue counterparts, BM ILC2s may have colonized this tissue early in development
and serve a tissue-resident purpose thereafter. Taken together with previous TCR gene
rearrangement data, it will now be important to test whether these cells, too, show genetic marks
of deviation from early thymic progenitors.

4.8

Future directions and concluding remarks
The recent discovery of ILCs has been transformative in our understanding of the

development of orchestrated and appropriate immune responses to the specific pathogens and in
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bridging the division of labor between innate and adaptive immune responses. More recently,
their functional significance has been expanded to include roles in non-barrier organs and key
roles in tissue and organ homeostasis and repair. Despite this attention and these insights, a deep
understanding of their ontogeny and development has lagged behind. Accumulating evidence
now suggests remarkable conservation of molecular, transcriptional, and developmental parallels
between these cells and neonatal T cells and, indeed, that in some instances these cells can
develop from T cells that have failed to appropriately rearrange their antigen specific receptors.
Studies of layered ontogeny of T cells and ILCs point towards the fact that long-lived, tissueresident ILCs are likely to be thymus-derived and that during steady-state or mild immune
challenge, they expand and respond appropriately to remaining inflammation. However, in
hematopoietic crisis, for example chronic inflammation, complete hematopoietic ablation, sepsis,
or severe viral infections, BM stem cell derived ILCs may also be called into service and enter
the peripheral niches to support the existing pool of tissue-resident ILC subsets. Certainly, future
studies are needed to further clarify the relative contributions of these pools, their lineage
relationships and whether they can be harnessed for improved treatment of clinical disease.
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