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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. To date, ILCs have been defined by a set of
transcription factors, surface antigens and cytokines, and their functions resemble those
of three major classes of helper T cell subsets, Th1, Th2 and Th17. Despite this, the lack of
antigen-specific surface receptors and the notion that ILCs can develop in the absence of
the thymic niche have clearly set them apart from the T-cell lineage and promulgated a
dogma that ILCs develop directly from progenitors in the bone marrow. Interestingly
however, emerging studies have challenged the BM-centric view of adult ILC
development and suggest that ILCs could arise neonatally from developing T cell
progenitors. In this review, we discuss ILC development in parallel to T-cell
development and summarize key findings that support a T-cell-centric view of
ILC ontogeny.

Keywords: T-cell development, innate lymphoid cell development, layered hematopoiesis, neonatal, fetal, origins
of lymphocytes
INTRODUCTION

While hints of innate type immune cell subsets, including NK cells and lymphoid tissue inducer
(LTi) cells, were discovered as early as 1970s and early 2000s respectively (1, 2), a more detailed and
full characterization of the innate lymphoid cell (ILC) family emerged in the late 2000s (3).
Undoubtedly, their classification marks a formative breakthrough that changed our perception of
the immune system and immune homeostasis (4–6). In just over a decade, ILCs were shown to be
important in allergic disease, autoinflammation and immune tolerance (7, 8). 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 (9–14). In general, ILCs are tissue-resident and are triggered through relatively
broad spectrum receptors for pathogens or inflammatory cues rather than specific-antigen receptors
(BCRs or TCRs). 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 (5, 15). In addition, they have also emerged as regulators of homeostasis and tissue
repair in non-barrier organs (16).
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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) (17, 18). 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 g (IFN-g)
in response to IL-12, IL-15 and IL-18 (19). The transcription
factor, T-bet, functions as their master regulator with Eomes
being present in NK cells and a small subset of ILC1s (20, 21).
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 (12, 22, 23). Lastly, ILC3s are defined by
production of IL-17 and IL-22 in response to IL-23 and IL-1b
signaling and are maintained by the transcription factors RORgt
and RORa (24, 25). Within the ILC3 group, there also exists
an LTi family that arises during embryogenesis and facilitate the
formation of secondary lymphoid tissues (26). 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 (27), and ILC3s are
predominantly implicated in gut immunity and responsible for
establishing tolerance and mucus secretion (17).

Because ILCs closely resemble helper T cells, they are often
regarded as the innate counterparts of Th1, Th2 and Th17 cells.
Despite this, current dogma suggests that the ontogeny of ILCs
and T cells are separate and distinct, and that the thymic
microenvironment is dispensable for ILC maturation (19). This
concept arose from three distinct observations made from
seminal studies that identified ILCs and their function. First,
unlike T cells, all subset of ILCs do not depend on the expression
of surface antigen-specific T-cell receptors (TCR) for their
development and activation (18). Therefore the thymus, the
site which provides the appropriate niche for TCR gene
rearrangements and signaling through TCR and other co-
receptors, was not considered to be important in ILC biology.
Second, they are present, expanded and functional in mice with
profound lesions in T-cell development including Foxnnu/nu

(nude) and in Rag-/- mice (28). Lastly, the characterization of
early ILC progenitors in the adult BM and their restricted T-cell
potential as they differentiate downstream of common lymphoid
progenitors (CLP) have left an impression that the unique
microenvironment of the thymus is dispensable for ILC
development (29–32). As a result, investigations of ILC
development in adult animals have focused predominantly on
the key progenitor populations originally described in the adult
BM, and the concept of ILCs arising during early T-cell
development, until recently, has remained largely unexplored.

With the identification of BM ILC progenitors, the mapping
of signaling pathways and factors that contribute to ILC
development became the topic of intense investigation.
Interestingly, these studies found that although ILCs do not
undergo TCR-dependent development or activation, the factors
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required for their commitment and maturation are virtually
indistinguishable from those found in T-cell development with
the noteworthy exception of NFIL3 expression in early BM ILC
progenitors (18, 32–34). Furthermore, recent reports have
highlighted the ontogeny and presence of ILCs in embryonic/
neonatal thymi (35, 36), suggesting that the bifurcation of T- and
ILC-driven lineages, at least during neonatal life, is at the
committed T-cell progenitor stage in the thymus. Here, we
revisit ILC development in the context of neonatal T-cell
development with a focus on recent literature highlighting
layered ontogeny of ILC2s and TCR gene rearrangements and
propose a model that more closely aligns the development of ILC
and T-cell lineages during neonatal life.
AN OVERVIEW OF THE BM MODEL OF
ILC DEVELOPMENT

The current framework of ILC development was built on the
identification of CXCR6+ a-lymphoid progenitors (a-LP), early
innate lymphoid progenitors (EILP), common helper ILC
progenitors (CHILP) and ILC precursors (ILCP) in the adult
BM (Figure 1). 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 (37). Briefly, it is thought that
ILC lineage commitment occurs at the level of CXCR6+ a-LPs
and EILPs. These progenitors are direct descendants of CLPs in
that they retain both ILC and NK cell potential, 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 (29,
32, 38). 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 (30, 39).
Subsequently, based on the upregulated expression of T-bet
(ILC1), GATA3, RORa, Bcl11b (ILC2) and RORgt (ILC3), the
precursors become one of three mature ILC subsets (18)
(Figure 1). 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). To date, the exact timepoint in which
ILC progenitors colonize the periphery is unclear. Surprisingly,
May 2021 | Volume 12 | Article 681110
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elegant recent parabiosis and pulse-label lineage tracing studies
showed that the majority of tissue-resident ILC1, ILC2, ILC3 and
LTi cells residing in the mucosal barrier tissues are not
replenished through steady-state BM lymphopoiesis but
instead self-renewed locally in their tissue of residence (44–47).
Furthermore, tissue-resident lung Il18r1+ST2- ILC2 progenitors
have been recently shown to produce ILC2s locally upon
immune challenge and independent of de novo production of
ILCs in the BM (48). These simple observations then call into
question the concept and significance of BM ILC generation and
its contribution to the peripheral ILC pool.
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). 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 development was
revised to include a secondary pathway that was independent of
Frontiers in Immunology | www.frontiersin.org 3
CLPs (49). LMPPs are defined by their expression of the fms-like
tyrosine kinase 3 (Flt3) and are positioned upstream of CLPs in
the differentiation hierarchy (50, 51). 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 ETPs in the thymus, suggesting that the
thymus-seeding progenitor (TSP) pool includes both LMPPs and
downstream CLPs lacking Ly6D- expression (49, 52). 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). Depending on
the differential expression of CD24, CD25, CD44 and CD117
(KIT) and the state of the TCR loci, developing DN thymocytes
are classified as either DN1/ETP, DN2a, DN2b, DN3 or DN4 (49,
53). 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 and 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 (49). As these cells progress to the DN2 stage,
they become localized within the subcapsular zone of the thymic
cortex. Here, they begin rearranging their TCRb, g and d loci via
the activation of Rag1 and Rag2 genes. It is expected that DN2
FIGURE 1 | 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.
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cells become more dependent on IL-7 produced by thymic
epithelial cells (TEC) as it is vital for their proliferation,
survival and differentiation (54). 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
differentiation potential. This however, is lost as they continue
through the process of TCR gene rearrangement and transition
towards DN2b (55). At DN3, developing thymocytes extensively
rearrange their DNA at the TCRb, g and d loci and are selected
for survival based on the expression of functional gd or preTa/b
(preTCR) chains. gdTCR expression, along with transcription
factor Id3, promotes gd 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 TCRa gene rearrangements
upon preTCR signaling. After the formation of a functional
abTCR, 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 (49, 53, 54)
(Figure 1).
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 (56), it has
become increasingly clear that tissue-resident cells such ILCs,
macrophages, mast cell subsets and gd 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 (45, 57–60). As outlined in Elsaid et al. (61), 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 (61).

Considering the fact that BM ILC progenitors provide
minimal contributions to tissue-resident ILC pools, it stands to
reason that tissue-resident ILCs perhaps colonize during early
Frontiers in Immunology | www.frontiersin.org 4
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
(47). Through elegant pulse-labeling of putative BM and fetal
ILC precursors (Id2+ and Arg-1+ respectively) (30, 62), 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 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 s lowly wi th in the spec ific per iphera l t i s sue
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 (Schneider et al., 2019). Indeed, a
subsequent fate-mapping study using polychromic reporter mice
expressing Id2, Bcl11b, GATA3, RORa and RORgt 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 (36).
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 sequence as DN cells progress towards
more committed DP state. TCR gene expression, 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 (63). In
order to concretely address whether ILCs stem from embryonic/
neonatal T-cell development, we recently performed detailed
genetic analyses of all TCR loci in mature tissue-resident ILCs.
Single-cell analyses of cecal ILC1, 2 and 3s and lung ILC2s
showed abundant expression of TCR constant region transcripts.
Specifically, Cb transcripts are expressed in all ILC subsets while
Ca, g and d transcript levels are more closely associated with
specific ILC subsets. Subsequent in-depth genomic analyses
revealed that although lung ILC2s do not show evidence of
DNA rearrangements at the TCRb loci, they exhibit clear
evidence of rearrangements at their TCRg loci in a pattern that
is strikingly similar to mature Vg2+ gd T cells. In addition, qPCR
analysis shows that at least one of the TCRd alleles is frequently
deleted. Lastly, when sequenced, Vg2-Jg1 rearrangements were
found to be largely out-of-frame, thus precluding their ability to
express a functional TCRg subunit even if this locus was actively
transcribed and translated (64).
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The detailed characterization of TCR gene rearrangements
performed in our study offers a fascinating window into the life
history of ILC2s. The preferential expression of TCRg constant
regions and preponderance of non-productive TCRg and d gene
rearrangements without the VDJ recombination of the TCRb
locus suggest the possibility that ILC2s may abortively arise from
DN2-DN3 transition stage during gd T-cell development. As
reviewed in Spidale et al. (59), the development of tissue-resident
gd T cells occurs early in life in a time-sensitive manner. Unlike
adult ab T cells, gd T cells emerge in progressive waves that are
defined by the specific gene usage of Vg and Vd segments during
fetal/neonatal development (58). Vg3+ gd 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 gd T cells that follow this vanguard wave of
DETCs are Vg4+ and Vg2+ gd T cells. Vg4+ gd T cells seed
non-lymphoid tissue sites such as the uterus, lung, adipose tissue
and skin dermis during late fetal development while Vg2+ gd T
cells appear during the late fetal/neonatal stage, colonizing
various mucosal and non-mucosal sites (59). In line with the
layered model of ILC-genesis, it is possible that abortive Vg2-Jg1
locus rearrangements in tissue-resident ILC2s represent an
ontogeneologic relic of “failed” Vg2+ gd T-cell development
(Figure 2). When viewed in the context the aforementioned
neonatal lineage tracing experiments (47) and the presence of
ILCs in the embryonic thymus and their dependence on early
T-cell transcription factors (36), a compelling case emerges for
Frontiers in Immunology | www.frontiersin.org 5
the development of ILCs from abortive T-cell development and
as an offshoot from neonatal T-cell progenitors.

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 TCRg locus is rearranged while TCRb
locus maintains its germline configuration. Intriguingly, unlike
ILC2s, NK cells were reported to express rearranged TCRg
transcripts; however, the sequencing data exhibited a variable
degree of productive rearrangements despite being isolated from
mRNA products. Minimal TCRd locus rearrangements (Vd4-
Jd1) were detected and 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 TCRa/d loci (65).

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 (66). 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 ab chains and putative blood EOMES- ILC1s exhibit
rearrangements in all four TCR chains. Within this pool, ILC1s
with rearranged d/g transcripts associated with Ikzf2 expression
while ILC1s with rearranged a/b transcripts clustered closely
FIGURE 2 | A new model for layered ontogeny of ILC2s along with fetal and postnatal waves of gd T cells. Like most tissue-resident cells, the developmental
timepoint in which ILC2s arise and colonize tissues coincides with gd 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 g/d loci, rather than from progenitors in the BM. These cells then take up residence at their designated tissue sites and self-renew locally.
May 2021 | Volume 12 | Article 681110
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with CXCR3+ Th1 cells (66). 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 differences, the use of TCR
gene rearrangements as an indelible mark of the lineage of origin
in both of these studies points to a thymic origin of the tissue-
resident ILCs.
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 (67). Its
signaling pathway is evolutionarily conserved and is imperative
for regulating cell fate decisions, survival, proliferation and niche
formation (68). 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 (49, 69).
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 (54, 69,
70). 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 (49). In contrast, the importance of
Notch signaling in ILC development has been quite
controversial. Deletion of RBP-Jk in hematopoietic cells leads
to a noticeable reduction in the frequency of lamina propria
NKp46+ILC3, but not CD4+LTi-like cells (71, 72). Moreover,
culturing EILPs on OP9-DLL1 stroma results in enhanced
generation of ILC2s, yet the development of all ILC subsets is
unaffected in the absence of Notch signaling (29). Lastly, multiple
groups have concluded that committed ILC progenitors and
precursors have diminished dependency on Notch (29, 31, 73),
Frontiers in Immunology | www.frontiersin.org 6
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 Notch-DLL 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 3). The same study also showed that specific deletion
of DLL4 on TECs results in an abnormal expansion of ILC2 in
the thymus (38), suggesting that the gradient of Notch signaling
may influence ILC fate in the thymic microenvironment.

Notch signaling is not binary, but rather it is dose- and time-
dependent during ontogeny and in cell fate decisions (68). 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 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 3). 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 (74). Since a similar behavior 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.
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 other reviews (19, 69, 75). Emerging studies have
highlighted the fact that differential expression of factors
associated with T-cell development, HES1, TCF1 and
GATA3, RORa, E and Id proteins, and Bcl11b, are all
critical for ILC maturation (19, 36, 76–78). 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
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homo- or heterodimers (e.g., E2A-HEB) with other bHLH or
HLH proteins, which then turns on the T-cell-specific program
in 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 (69). 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
(76, 79, 80). Furthermore, fetal ETPs lacking E2A and HEB in
vitro can also generate ILC1- and ILC3-like cells (76);
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). 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 (69,
81). 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 (82, 83). 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
Frontiers in Immunology | www.frontiersin.org 7
reduced upon Bcl11b deletion. Surprisingly, the frequency of
lung-resident ST2+ ILC2s was not affected by this genetic
manipulation, but rather there was an incredible increase in
the KLRG1+ ILC2 population (84). 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
checkpoints that initiate reprogramming of T cells that have
neither received adequate Notch signaling nor undergone
productive TCR gene rearrangements (Figure 4).
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
FIGURE 3 | Notch signaling at the thymus 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.
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function normally in Rag-/- and nude mice, thus highlighting
them as distinct subsets, independent of the T-cell lineage (85).
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 (49) (Figure 1). Therefore,
without active RAG1 or RAG2 proteins, thymocytes cannot
rearrange their TCR loci and progress further into latter stages
of T-cell development (86–88). 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-/-
Frontiers in Immunology | www.frontiersin.org 8
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 (89), 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 (FOXN1), which is essential for
TEC differentiation during development (90). The nude mouse
vestigial thymic microenvironment is detrimental for early T-cell
progenitors 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
FIGURE 4 | 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-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.
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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 (91, 92). In
future studies, it would be extremely interesting to purposefully
disrupt TCR gene rearrangement at specific stages in
development and investigate whether this influences the total
number of ILCs in the periphery.
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 (47) 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 tissue-resident ILCPs under inflammatory
conditions (45, 48). 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 (45, 47, 93). The
signs of recruitment and redistribution of ILC2s from other
tissues including the BM only begin to appear after day 15 post-
infection where the acute inflammatory conditions turn chronic
and overt (45, 93, 94). 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 (47, 93). 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 (95). 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 (96, 97).
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 system Th2
inflammatory insults (98, 99). Likewise, recent studies suggest
that through secretion of GM-CSF ILC2s can stimulate the
recovery of BM hematopoiesis in response severe chemically
induced stress (100). In aggregate, these studies suggest that, like
there 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
Frontiers in Immunology | www.frontiersin.org 9
gene rearrangement data, it will now be important to test
whether these cells, too, show genetic marks of deviation from
early thymic progenitors.
CONCLUDING REMARKS

The recent discovery of ILCs has been transformative in our
understanding of the development of finally orchestrated and
appropriate immune responses to the appropriate pathogens and
in 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, tissue-resident 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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