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Innate lymphocytes—Ilineage, localization and timing of

differentiation

Emily R. Kansler'? and Ming O. Li’

Innate lymphocytes are a diverse population of cells that carry out specialized functions in steady-state homeostasis and during
immune challenge. While circulating cytotoxic natural killer (NK) cells have been studied for decades, tissue-resident innate
lymphoid cells (ILCs) have only been characterized and studied over the past few years. As ILCs have been largely viewed in the
context of helper T-cell biology, models of ILC lineage and function have been founded within this perspective. Notably, tissue-
resident innate lymphocytes with cytotoxic potential have been described in an array of tissues, yet whether they are derived from
the NK or ILC lineage is only beginning to be elucidated. In this review, we aim to shed light on the identities of innate lymphocytes
through the lenses of cell lineage, localization, and timing of differentiation.
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INTRODUCTION

Lymphocytes are a fundamental component of the host immune
response to challenge. Different classes of the lymphocyte
response are best defined by the type of effector programs
carried out by CD8" or CD4" T cells. CD8" T cells are cytotoxic
lymphocytes that mediate a type 1 immune response to
intracellular threats such as viruses and tumor cells by directly
killing infected or stressed cells in an antigen-dependent manner.
CD4" T cells can differentiate into three T-helper (Th) lineages
based on the signals they receive during particular challenges.
Th1 cells support a type 1 immune response, whereas Th2 and
Th17 subsets support type 2 and type 3 immune responses,
respectively, through cytokine production and immune cell
recruitment to combat various intracellular and extracellular
threats.

Recently, the field of lymphocyte biology has gained an
appreciation for a more specific definition of lymphocytes based
upon not only effector programs but also tissue localization. For
example, T follicular helper (Tfh) cells substantiate their own
lymphocyte subset.! Although they exhibit Th1, Th2, and Th17
effector programs, Tfh cells play unique roles separate from their
conventional counterparts. In a context-dependent manner, Tfh
cells receive signals to induce Bcl-6, ICOS, and CXCR5 to induce
homing to the follicles of secondary lymphoid organs.” There, they
have specialized roles in promoting the formation of germinal
centers and generation of high-affinity antibodies and memory B
cells.

Memory CD8™ T cells also exemplify how tissue localization and
trafficking patterns define distinct subsets of lymphocytes. During
infection, naive CD8™ T cells encounter antigens and proliferate to
become effector T cells that circulate through the blood,
secondary lymphoid organs and peripheral tissues. After infection
clearance, most effector T cells are eliminated, but some persist
long-term as memory T cells. Recently, four distinct subsets of

memory T cells have been described.> Central memory T (Tcm)
cells are derived from CX3CR1™ effector T cells and primarily
circulate between the blood and secondary lymphoid organs.
Resident memory T (Trm) cells, although also derived from
CX3CR1™ effector T cells, enter peripheral tissues where they are
maintained locally by self-renewal and do not recirculate.
Peripheral memory T cells are generated from CX3CR1
intermediate-expressing effector T cells and are the majority
population that dynamically surveys peripheral tissues; yet unlike
Trms, these cells can re-enter circulation. CX3CR1-high effector
memory T cells are largely excluded from all tissues except the
spleen; otherwise, they are found almost exclusively within the
vascular compartment. These distinct trafficking patterns are a
result of the differentiation from effector T cells with low,
intermediate or high expression of CX3CR1 as well as expression
of other homing molecules; these trafficking patterns further
define subsets within the broad lineage of CD8" T cells.

The third factor to be considered in lymphocytes characteriza-
tion is time at which they differentiate and establish effector
programs. For example, CD1d-restricted invariant NKT (iNKT) cells
are tissue-resident innate-like T cells that express an invariant
TCRa chain that pairs with a limited array of TCRP chains.*®
iNKT cells develop in the thymus from double positive thymocytes
as a result of strong TCR stimulation with an endogenous agonist
ligand and subsequently home to the periphery where they carry
out T helper-like functions in detecting lipid antigens.®” Thus, the
effector program of iNKT cells is specified during ontogeny under
homeostatic conditions. Likewise, the unconventional intestinal
intraepithelial lymphocytes (IELs) of the TCRaf lineage are
selected by agonistic antigens, constitutively home to the
intestine and differentiate to effector lymphocytes with cytotoxic
potential.2 The generation of iNKT cells and IELs are distinct from
that of conventional CD4" and CD8" T cell subsets in which the
effector and tissue-residency programs are induced downstream
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of the circulating naive stage during the course of infection or
challenge.

Many parallels have been drawn between subsets of innate and
adaptive lymphocytes; this has been helpful in understanding
innate lymphocyte biology but has also potentially over simplified
and even branded each subset into presumed subtypes. In this
review, we aim to shed light on the heterogenous population of
innate lymphocytes, in particular, cytotoxic innate lymphocytes in
mice, through the three-way lens of lineage, placement and
timing of differentiation. These three parameters dictate innate
lymphocyte identity and functional outcome in tissue homeostasis
and host defense.

Innate lymphocytes defined by lineage

Over the last decade, the spectrum of innate lymphocytes has
broadened with the recognition of distinct subsets of innate
lymphoid cells (ILCs). Tentatively classified into five groups, innate
lymphocytes include natural killer (NK) cells, ILCTs, ILC2s, ILC3s,
and lymphoid tissue-inducer (LTi) cells.”"" Many seminal studies
have elucidated the development of innate lymphocytes, estab-
lishing that all innate lymphocytes arise from a CD127 (IL-7Ra)-
expressing common innate lymphoid progenitor (ClLp), which is
downstream of the common lymphoid progenitor (CLP) from
which T and B cells are also derived.">™"* ClLps gives rise to the
common helper innate lymphoid progenitor (CHILP) that gives rise
to all helper subsets of ILCs as well as LTi cells.”> A more-restricted
progenitor downstream of CHILPs, the innate lymphoid cell
progenitor (ILCp), is defined by expression of PD-1 and the
transcription factor PLZF.'®"” The ILCps can differentiate into all
subsets of helper ILCs but has lost NK cell potential (Fig. 1a).

Historically, NK cell development has been described as linear
stages downstream of the CLP; each intermediate is defined by
stepwise acquisition of IL-2Rp, loss of IL-7Ra, and gradual gain of
NK cell markers such as NK1.1, CD49b (DX5), CD11b, and
inhibitory/activating receptors of the NKG2 and Ly49 receptor
families.'® More recent studies have identified NK precursors (NKP)
as the earliest NK lineage committed cells, defined by
Lin"CD244"CD27"CD127 FIt3~ and further divided into
CD122™ (pre-NKP) and CD122" (refined NKP, rNKP).'® However,
a significant proportion of pre-NKPs and, to a lesser extent, rNKPs
were fate-mapped by PLZF, indicating that both populations
contain cells differentiated along the ILC pathway.?° In light of this
and the separation of NK and ILC lines at the CHILP and ILCp
stages, a dedicated NK progenitor downstream of ClLp remains
elusive.

The classical type 1 innate lymphocytes, NK cells and ILCT1s,
share features including their developmental requirement for the
transcription factor Id2 and production of type 1 cytokines such as
IFNy.>' However, NK cells require the transcription factor Eomes
and are largely circulating, whereas tissue-resident ILC1s are T-bet
dependent and require Gata3 for their development.>™2° NK cells
are the canonical killers of the innate immune system, functionally
akin to cytotoxic CD8™" T cells via their expression of perforin and
granzymes, whereas cytokine-producing ILC1s mirror CD4"
Th1 cells®® NK cells and ILC1s protect against intracellular
microbial threats and tumor cells. The relatively homogeneous
population of ILC2s share many features with CD4* Th2 cells in
that they respond to IL-25, IL-33, and TSLP during helminth
infections to produce IL-5 and IL-13 in a Gata3- and RORa-
dependent fashion.?” 3" ILC2s play important protective roles such
as promoting tissue homeostasis and repair, but they also have
pathogenic roles in allergy, asthma, and inflammation of tissues
such as the skin and lung.>? ILC3s are more complex, consisting of
natural cytotoxicity receptor-positive and -negative subsets and
dependency on the RORyt transcription factor.>*=° In response to
IL-23, ILC3s produce IL-17 and IL-22 to control bacterial infections
and maintain gut homeostasis, analogous to CD4" Th17 cells.3%38
Dysregulation of ILC3s can cause pathogenic inflammatory
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conditions such as colitis in the gut3® LTi cells are RORyt-
dependent and specialize in the instruction of secondary
lymphoid organ generation during fetal development.3%4°

Innate lymphocytes defined by localization

All ILCs are characterized by maintaining residency within
peripheral tissues.”® ILC2s and ILC3s are enriched specifically at
barrier tissues such as the mucosa and lung, whereas ILC1s have
been reported in a wider array of tissues including the liver,
intestine, adipose tissue, salivary gland, mammary gland and
prostate.?® LTi cells are seeded embryonically into lymphoid
tissues where they particularly instruct development of lymph
nodes and Peyer’s patches.>® In the adult, LTi cells are found in
secondary lymphoid organs where they are thought to aid in
tissue repair, but their exact functions are not clear.*

Mature NK cells are phenotypically defined as circulating
NK1.1"NKp46+CD49b"CD27 CD11b*" cells that equilibrate
between hosts in parabiosis experiments, which have become
the gold standard for determining tissue residency. Mature NK
cells are abundant in the blood, bone marrow (BM), spleen, liver
and lung and, to a lesser extent, in secondary lymphoid tissues.'®

Over the years, there have been reports of “tissue-resident NK
cells” in a variety of organs. Likewise, evidence for tissue-resident
ILC-like cells with cytotoxic potential has emerged. The true
identity of these tissue-resident cytotoxic innate lymphocytes
across tissues is only starting to be uncovered. In this review,
mature circulating CD11b™ NK cells will be termed “conventional
NK” cells (cNK), whereas tissue-resident cells derived from the NK
lineage will be termed “tissue-resident NK cells” (trNK). Similarly,
the term helper ILC (ILCh) is reserved for purely cytokine-
producing cells of the ILC lineage, whereas ILCp-derived cells
with cytotoxic potential will be referred to as “killer ILCs”
(ILCK) (Fig. 1a).

Previously described as tissue-resident NK cells, the type 1
innate lymphocytes in the liver have been extensively studied
since the demarcation of ILC and NK lineages. PLZF-fate mapping
and transfer experiments have demonstrated that most of them
are derived from CHILP and ILCp, conclusively distinguishing them
from the NK cell lineage.'® Furthermore, cytotoxic innate
lymphocytes in the liver are severely reduced in T-bet-deficient
mice but do not require Eomes for their development.>**' These
cells do not recirculate under steady-state conditions and have
high expression of CD49a but lack CD49b expression. Notably,
liver-resident type 1 innate lymphocytes have cytotoxic potential
as exemplified by their relatively high expression of granzymes
and TRAIL*? This evidence collectively suggests that the liver-
resident cytotoxic innate lymphocytes are better classified as ILCks
instead of ILC1s.

A potential example of true tissue-resident NK cells is the
uterine CD49a™ cytotoxic innate lymphocytes. They are present in
the nonpregnant uterus but expand upon embryo implantation to
contribute to arterial remodeling and tolerance at the
maternal-fetal interface.”® They require IL-15, express cytotoxic
molecules, produce IFNy, and were shown to be tissue resident by
parabiosis experiments.*' However, uterine tissue-resident NK
cells do not require T-bet, as they are present in normal numbers
in T-bet-deficient mice. CD49a" uterine NK cells express a high
level of Eomes and are generally CD127-negative; this evidence
collectively suggests that they may be derived from the NK
lineage.** Fate-mapping and adoptive-transfer experiments are
needed to establish the precursor(s) that give rise to these cells to
conclusively determine the identity of uterine cytotoxic innate
lymphocytes.

The repertoire of cytotoxic innate lymphocytes is less defined in
other organs such as the salivary gland. All ILCs require the
transcription factor Gata3 for their development, but cytotoxic
innate lymphocytes in the salivary gland are largely unaffected
upon its loss.** Similarly, loss of T-bet has minimal effects on
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Fig. 1

Lineage, localization and timing of innate lymphocyte differentiation. a All lymphocytes develop from the common lymphoid

progenitor (CLP). From the CLP, the common innate lymphoid progenitor (CILP) gives rise to the natural killer (NK) and innate lymphoid cell
(ILC) lineages. Downstream of the CILP, the common helper innate lymphoid cell progenitor (CHILP) gives rise to all helper ILCs and lymphoid
tissue induced (LTi) cells but has lost NK cell potential. Innate lymphoid progenitors (ILCp) give rise to ILC1, ILC2, and ILC3. In the liver, ILCk are
derived from PLZF-expressing ILCp. However, it remains to be determined whether ILCk are differentiated via a distinct pathway downstream
of ILCp or converted from helper ILC. The identity of an NK-committed progenitor downstream of the CILP remains unclear. Tissue-resident NK
cells may be converted from conventional NK cells but may also be derived from an earlier progenitor. b The first wave of ILC hematopoiesis
arises from the fetal liver starting at embryonic day E15.5. Bone marrow hematopoiesis begins just before birth and becomes the main site of
hematopoiesis from weaning through adulthood. NK cell development is largely thought to occur in the bone marrow, with mature NK cells
arising a few weeks after birth, whereas ILC development occurs during both waves

salivary gland type 1 innate lymphocytes, and a substantial
fraction of them are not derived from the PLZF-expressing ILCps,
distinguishing at least a portion from the liver ILCks.** Conven-
tional NK cells require Eomes for their development, but a
proportion of cytotoxic lymphocytes in the salivary gland remain
in Eomes-deficient mice.”? Collectively, these genetic data suggest
that the population of cytotoxic lymphocytes in the salivary gland
may represent a heterogenous mix of cells derived from the NK
lineage and ILCp lineage, as well as a potentially yet-to-be
identified lineage of cytotoxic innate lymphocytes.

Innate lymphocytes defined by timing of cell fate specification

Fetal liver versus BM hematopoiesis. ILCs initially arise during a
wave of fetal liver hematopoiesis from embryonic day 13.5
through birth (Fig. 1b), at which point they become positioned in
developing tissues, undergo marked tissue expansion, and acquire
mature effector functions.'>*® The signals that dictate placement
in peripheral tissues during ILC development in the fetal liver are
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still unclear, as is the developmental stage at which ILCs seed
tissues. In the fetal intestine, a population of cells were found to
represent a transitional state between fetal liver ILC progenitors
and mature ILCs, as these precursor cells could give rise to ILC1,
ILC2 and ILC3, indicating that ILC precursors can exit the site of
hematopoiesis during fetal development.*’

Just before birth, BM hematopoiesis is established, replaces fetal
liver hematopoiesis during weaning and remains the site of
hematopoiesis through adulthood*® (Fig. 1b). This second wave of
BM hematopoiesis is different from fetal liver hematopoiesis in
that hematopoietic stem cells (HSCs) of the fetal liver are highly
proliferative and undergo symmetric division, which is likely to
supply the hematopoietic demands during embryonic and early
life development®®, BM HSCs, on the other hand, are quiescent
and undergo low self-renewal and asymmetric divisions; this is
potentially due to lower demand in the adult. These marked
differences may reflect inherent cellular differences but could be
due to distinct niches that provide specific instructions to support
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fetal liver versus adult hematopoiesis. NK cell differentiation takes
place during BM hematopoiesis; mature NK cells do not arise until
2 or 3 weeks after birth.">*° The unique niches established during
fetal liver versus BM hematopoiesis have intriguing implications
for cell fate specification of early ILCs versus bone marrow-derived
ILCs and NK cells.

It may be interesting to hypothesize that liver ILCks are derived
from fetal liver hematopoiesis and become established early in
life, whereas in adults, they maintain their pool locally and expand
and activate when necessary. In fact, liver CD49a"CD49b ™ type 1
innate lymphocytes cannot be fully reconstituted upon BM
transfer in irradiated hosts, suggesting that at least a portion of
the pool of adult liver type 1 innate lymphocytes is established
before BM hematopoiesis begins.*® Some organs, such as the
uterus, develop and mature later in life, at which time the BM is
the only site of hematopoiesis. Therefore, the major type 1 innate
lymphocyte population that seeds these tissues may in fact be
BM-derived cells of the NK lineage.

When tissue-resident NK cells establish their effector program is
unclear, but several possibilities exist. First, tissue-resident NK cells
may be converted from conventional NK cells (Fig. 1a). Several
studies have suggested that NK cells can adopt tissue-resident
qualities under certain settings.>' ™3 One report showed that
CD49b" NK cells can express tissue-residency markers such as
CD49a as well as induction of tissue-resident ILC-associated
DNAM-1 and TRAIL expression in a transforming growth factor
beta (TGF-B)-dependent manner both in vivo and in vitro.>®
However, CD49b™ NK cells may consist of a mixture of CD11b"
cNK cells and CD277" NK cells that are considered “immature” NK
cells. Thus, it remains possible that trNKs may be converted from
(D277 progenitor cells rather than cNK cells (Fig. 1a). Concep-
tually, the differentiation of trNKs and cNKs may mirror the
differentiation of Trms and Tems from naive T cells. Trm cells are
derived from precursors that seed nonlymphoid tissues during the
effector phase of an acute immune response and maintain
residency within those tissues. In contrast, Tems continuously
circulate through the bloodstream and are largely excluded from
most tissues. These separate trafficking patterns suggest that
inherent programs established during the progenitor phase
dictate a mature cell's ultimate placement and functional
outcome. Fate-mapping studies and cell-transfer experiments
with precisely defined NK cell populations will help clarify the
origin of trNKs across different tissues.

Local expansion versus recruitment and continued differentiation.
Despite the clarity of the ILC lineage downstream of CLP, when
and where each stage of the differentiation pathway occurs
remains incompletely understood. ILCs may exit sites of develop-
ment as mature cells to seed peripheral tissues where they
maintain their pools locally, or multipotent progenitors may seed
the periphery and differentiate into mature ILCs upon receiving
signals during immune challenge. Alternatively, circulating pro-
genitors may contribute to and repopulate peripheral pools of
ILCs as necessary. It may be that all three scenarios occur to
maintain the proper balance of ILCs under homeostasis and
during immune challenge, and this topic is under active
investigation by several groups.

Under steady-state conditions, after the initial seeding and
expansion of ILCs, there is limited evidence thus far for
recruitment of progenitor populations in adult animals. Rather,
tissue-specific signals appear to dictate local expansion and
activation. Under inflammatory conditions, parabiosis experiments
have revealed that ILCs undergo massive proliferation to expand
their tissue pools locally rather than through recruitment of ILCs or
progenitors from the blood.?*** In addition, studies are emerging
that demonstrate ILC2s expand and become activated in a tissue-
dependent manner due to specific tissue-derived signals.>®> For
example, a recent study identified a circuit between intestinal tuft
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cells and ILC2s, whereby tuft cell sensing of succinate—a
microbial-derived metabolite—through intestinal tuft cell-
specific expression of the succinate receptor induces ILC2
expansion and activation.”®

Still, the possibility for recruitment of mature ILCs from other
sites or continued differentiation of progenitors outside of the BM
exists. In humans, circulating ILCps have been identified from
blood and shown to give rise to all subsets of ILCs in single-cell
cloning assays.>” Their model suggests that progenitor seeding of
peripheral tissues and subsequent tissue-derived signals induce
differentiation of ILCps into mature ILCs in a process termed “ILC-
poiesis”, rather than the model in which the BM instructs ILC
subset generation from ILCps.*®*° However, circulating ILCps in
mouse have yet-to-be identified. Interestingly, a recent report
demonstrated that in mouse, “resting” ILC2s in the intestinal
lamina propria can give rise to circulating inflammatory ILC2s
during IL-25 activation or helminth infection.®® This is reminiscent
of CD4" helper subset induction from a resting or naive state and
may support a model of continual differentiation rather than local
expansion and activation.

Function and regulation of (tissue-resident cytotoxic) type 1 innate
lymphocytes

Steady-state and challenge-associated type 1 innate lymphocyte
response. The embryonic seeding of ILCs before the establish-
ment of BM hematopoiesis may suggest an important function of
ILCs in embryonic development and establishment of the early
immunological niche. It is conceivable that a population of cells
with cytotoxic potential is necessary to complete the immune cell
repertoire necessary for protection early in life. M. Kotas and R.
Locksley eloquently hypothesized that the initial seeding of ILC
populations during gestation may provide instructions to tissues
on how to support a tissue-resident immunological niche for
organ maintenance later on and that the balance of ILCs
established during embryonic development may have important
outcomes during challenges in adulthood.’' These intriguing
hypotheses remain untested.

Many studies are emerging that demonstrate a role for type 1
innate lymphocytes under inflammatory conditions; in particular,
ILC1s are involved in the initial response to a variety of
infections.®”®®> For example, upon oral infection with the
intracellular parasite Toxoplasma gondii, ILC1s produced signifi-
cant amounts of IFNy and TNFa, two cytokines known to be
required for control of the parasite.” In addition, T-bet-deficient
mice that lack ILCT had no IFNy production and were unable to
control parasite growth. In a model of Clostridium difficle infection,
mice lacking T, B, and innate lymphocytes (Ragyc™™) succumbed
to infection much more rapidly than mice lacking only T and B
cells (Rag™™), and the transfer of ILC1 restored resistance to
infection® In a model of mouse cytomegalovirus (MCMV)
infection, Weizman et al.%® established that IFNy derived from
type 1 innate lymphocytes in the liver was essential for initial
control of viral replication. Using Hobit-deficient mice—which
were shown to be deficient in liver tissue-resident ILC1s (likely
ILCks) but not circulating NK cells or ILC1s of other tissues—and
Eomes-deficient mice (lacking conventional NK cells), they showed
that liver-resident type 1 innate lymphocytes, but not cNK cells,
were essential for limiting viral replication of MCMV in the liver.

In the context of cancer, the protective effects of group 1 innate
lymphocytes have been demonstrated in models of chemically
induced and transplantable tumors.?*™%® Loss of NK1.1" cells by
antibody depletion or genetic model systems with NKp46*-
specific diphtheria toxin expression demonstrated the importance
of innate lymphocytes, as defined by NK1.1 and/or NKp46, in
controlling tumor growth. We now know such studies cannot
separate the relative contributions of conventional NK cells and
other type 1 innate lymphocytes since trNKs, ILCks and ILChs
express NK1.1, and NKp46 is a shared marker between NK cells,

Cellular & Molecular Immunology (2019) 16:627 - 633



ILCks and some ILC3s. More recent studies aiming to elucidate
their respective roles have utilized adoptive transfer of NKs or ILCs,
as identified by cell type-specific markers, and probed each
population’s effect on tumor growth. In these experiments,
circulating CD49b* NK cells provided tumor protection while
tissue-resident innate lymphocytes not of the NK lineage did not
display antitumor activity.>®> However, in models of spontaneously
induced breast and prostate cancers, which better recapitulate
endogenous human disease, early protection against tumor
growth was dependent on tissue-resident cytotoxic innate
lymphocytes, whereas cNK cells were dispensable.®® As these
cells are naturally found in nontransformed mammary tissue, they
may serve as tissue sentinels of transformation and dominate
antitumor responses early during tumorigenesis. Nonetheless,
whether these tissue-resident cytotoxic innate lymphocytes are
derived from ILC or NK cell lineages remains to be determined.
Despite the discrepancies between tumor-specific models, harnes-
sing tumor-infiltrating type 1 innate lymphocyte responses
remains of therapeutic interest.

Regulation of cytotoxic innate lymphocytes by cytokines. IL-7 and
IL-15, both of which signal through the common gamma chain
(Yo), have pleotropic roles in type 1 innate lymphocyte biology. In
the BM, the heterogenous progenitor-containing population of
Lin'CD1277CD122" cells is maintained in the absence of IL-15,
likely through compensation by IL-7 signaling.”® As NK cells
mature, they lose expression of IL-7Ra and gain expression of IL-
2R{ at which point they become absolutely dependent on IL-15,
as loss of this cytokine alone is sufficient to ablate the mature NK
cell pool.**”" Although a defining feature of innate lymphoid
development is expression of IL-7Ra, development of ILCs is not
solely dependent on IL-7 as IL-15 can support their differentiation
in the absence of IL-7Rq, such as ILCks in the liver.”? Furthermore,
absence of IL-15 significantly reduces tissue-resident cytotoxic
innate lymphocytes in the liver, salivary gland, and small intestine
lamina propria.”>”37* In fact, IL-15 is a limiting factor for survival
and/or maintenance of cytotoxic innate lymphocytes in the
tumor.%®

IL-15 is a unique cytokine in that the majority of signaling
occurs through trans-presentation in the context of cell-
membrane associated IL-15Ra, thereby rendering IL-15 signaling
cell-to-cell contact dependent.”® IL-15 has a well-established role
in supporting tissue-resident populations, including Trm cells in
nonlymphoid tissues such as the skin.”® Interestingly, enterocyte-
expressed IL-15 is sufficient to maintain the IEL population in the
intestine in an otherwise IL-15-deficient animal.”” Evidence that IL-
15 is dispensable for PD-1% progenitors in the thymus further
suggests that IL-15 is required for maintenance of mature IELs.”37°
It will be intriguing to determine whether IL-15 is sufficient to
sustain cytotoxic innate lymphocytes under steady-state and
challenge conditions; it will also be important to further assess
whether tissue- and/or cell type-specific sources of IL-15
differentially regulate this heterogenous population.

TGF-B signaling also influences tissue-resident lymphocytes. It is
required for maintenance of tissue-residency markers and
cytotoxic potential in NKp46™ innate lymphocytes in the salivary
gland as well as for formation of long-lived Trms in the skin.”5%°
Several studies have demonstrated that regulation of the
transcription factors T-bet and Eomes is intricately tied to
signaling by TGF-B and IL-15 in the formation and maintenance
of tissue-resident lymphocytes.”?8'82 |t is interesting to hypothe-
size that as NK progenitors or ILC progenitors enter TGF-3- and IL-
15-rich tissues, signaling by these cytokines may support the
differentiation of progenitors towards NK or ILCk fates and the
maintenance of the tissue-resident cells.

Regulation of type 1 innate lymphocytes by activating and inhibitory
receptors. Conventional NK cells express an array of activating

Cellular & Molecular Immunology (2019) 16:627 - 633

Innate lymphocytes—Ilineage, localization and timing of differentiation
ER. Kansler and MO. Li

and inhibitory receptors on their surface; the balance and
integration of these signals dictate their responsiveness to target
cells and arm cNK cells with the ability to clear stressed or infected
cells rapidly without prior priming.®** The inhibitory receptors
interact with major histocompatibility complex (MHC) class |
molecules that are constitutively expressed on healthy cells to
prevent cNK cell lysis. The ability to discriminate healthy, self-cells
versus unhealthy cells that have downregulated MHC class |, as is
often the case in viral infections, is the result of “licensing”, a
process that occurs during development in the BMS2> An
interesting outstanding question in the field is to what extent
Ly49 and NKG2 receptor-expressing ILChs and ILCks are regulated
by interaction with MHC class | molecules. The ability to test this is
limited by a current lack of genetic tools and models that can
reliably discriminate the heterogenous populations of type 1
innate lymphocytes.

MHC class I-like molecules are indicators of the evolutionarily
ancient intracellular stress response®® These molecules are
expressed on the surface of cells that have undergone cell stress,
damage, infection or transformation. Detection of these molecules
by activating receptors informs lymphocytes of their need for
elimination. Presumably, the presence of activating receptors on
various cytotoxic innate lymphocytes indicates that these cells can
detect stressed, transformed, or otherwise disrupted tissues. One of
the better characterized activating receptors is NKG2D, which is
expressed on some conventional T cells, NK cells and ILCks.®”%8
NKG2D has been implicated in mechanisms of tumor immuno-
surveillance as well as in sensing tissue injury and infection by
pathogens®°" It will be interesting to explore whether such an
evolutionarily conserved mechanism for detecting cellular stress is
applicable for tissue-resident cytotoxic innate lymphocytes as well.

CONCLUDING REMARKS

The presence of such a diverse array of innate lymphocytes that
mirrors the adaptive immune system in many ways begs the
questions of why such heterogeneity is necessary and whether
innate lymphocytes simply provide redundancy. Innate lympho-
cyte lineages parallel those of conventional CD8" and CD4™ T cell
as well as unconventional innate-like T cell subsets in terms of
their transcription factor dependency and effector programs
employed, which clearly reflects a certain degree of redundancy.
In fact, despite their activation and instruction of inflammatory
responses after establishment, there have been few reports in
which ILCs proved essential for survival.’> Nevertheless, the innate
properties of these cells dictate that they respond quickly to
insults in a generally nonspecific manner, whereas the adaptive
immune response requires days to weeks to fully potentiate a
response. Furthermore, their distinctive localizations within
peripheral tissues perfectly poises innate lymphocytes to both
monitor the overall state of a tissue and manage tissue-specific
affronts they are intended to combat.

In addition to lineage and localization, the repertoire of innate
lymphocytes and their ultimate function can be viewed in terms
of their timing of differentiation and cell fate specification.
During embryonic development, ILC differentiation in the fetal
liver establishes pools of ILC-derived cells, some with cytotoxic
potential, in peripheral tissues early in life. Interestingly, this is
reminiscent of two populations of tissue-resident innate-like
T cells, IELs and iNKT cells. These cell types are both selected by
agonist ligands during development in the thymus at which
point they gain effector functions and are instructed to home to
peripheral tissues. Conceivably, establishment of a range of
cytokine-producing helper subsets and cytotoxic cells com-
pletes the immunological niches necessary for host protection
during development until BM hematopoiesis takes over. There-
fore, waves of differentiation may establish particular niches in
the growing and adult organism, where fetal liver- and/or BM-
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derived innate lymphocytes carry out their functions supporting
overall host protection.
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