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The hematopoietic universe has rapidly expanded in recent
years with the identification of a new major class of cells found in
both human subjects and mice called innate lymphoid cells
(ILCs)."” ILCs belong to the lymphoid lineage because they
derive from the common lymphoid progenitor and depend on
the master lymphocyte cytokine receptor IL-2 receptor common
~ chain.”* Yet their lack of recombined antigen-specific receptors
and other lineage markers distinguish them from conventional T
and B cells, as well as innate-like lymphocytes, such as natural
killer (NK) T cells.! Remarkably, the functional specializations
of ILCs, as well as their developmental programs, resemble those
previously recognized in CD4" Ty cell subsets”; therefore type 1
innate lymphoid cells (ILCls), type 2 innate lymphoid cells
(ILC2s), and type 3 innate lymphoid cells (ILC3s) are now
considered the innate counterparts of Ty1, Ty2, and Ty17 cells,
whereas NK cells are considered the innate counterpart to
CDS8" cytotoxic T cells.”® To date, there is no recognized ILC
counterpart to regulatory T (Treg) cells or follicular helper
T cells. Furthermore, unlike CD4" T-cell polarization from a
multipotent naive cell in the periphery, ILC fate commitment oc-
curs early in development (Fig 1).”""
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Abbreviations used
AHR: Aryl hydrocarbon receptor
Eomes: Eomesodermin
ILC: Innate lymphoid cell
ILC1: Type 1 innate lymphoid cell
ILC2: Type 2 innate lymphoid cell
ILC3: Type 3 innate lymphoid cell
NFAT: Nuclear factor of activated T cells
NK: Natural killer
ROR: Retinoic acid-related orphan receptor
STAT: Signal transducer and activator of transcription
T-bet: T-box transcription factor
TCR: T-cell receptor
TF: Transcription factor
TRAIL: TNF-related apoptosis-inducing ligand
Treg: Regulatory T

ILC subtypes are grouped together based on shared develop-
mental requirements and effector functions. Eomesodermin
(Eomes)™ T-box transcription factor (T-bet)* NK cells are
cytotoxic and produce IFN-y and TNF-a; T-bet™ ILC1s produce
IFN-y and TNF-q, like NK cells; GATA-3" ILC2s produce IL-5,
IL-13, IL-9, and amphiregulin; and retinoic acid-related orphan
receptor (ROR) yt™ ILC3s produce IL-22, GM-CSF and/or IL-17.

ILC1 and NK cell distinctions are controversial because
developmental studies in mice separate these lineages, but their
defining cell-surface markers vary between tissues and often
overlap.'>"® Thus, mouse ILCls are currently best defined by
their lack of Eomes expression within NKp46"NK1.1" cells."”
In human subjects, similar phenotypic heterogeneity in the
absence of lineage tracing makes distinctions even more
difficult, but 2 IFN-y—producing subsets have been described: in-
traepithelial ILCls express a CD1037CD56"CD94 *NKp44™
phenotype, whereas CD127 " ILCls express a CD127"CD161"
phenotype and do not express intraepithelial ILC1 markers.'®'®

ILC2s have been identified in many organs in mice and human
subjects during homeostasis. Cells from both species express CD25,
CD127, the IL-33 receptor ST2, and the inhibitory receptor KLRG1.
Human ILC2s alone express the prostaglandin D, receptor—homol-
ogous molecule expressed on Ty2 cells, CRTH2.”10:19-20

ILC3s are a particularly diverse class of cells in both species. In
adult mice these cells include 2 developmentally distinct lineages,
one of which has many subsets. The first lineage, lymphoid tissue
inducer-like cells or NKp46"CCR6" ILC3s, expresses MHC
class II and produces IL-22, IL-17a, IL-17f, and LT-o.>'*° The
second lineage includes a sequence of cells that progressively
differentiate and express different cytokines, cell-surface
markers, and variable levels of T-bet: T—bethNKp467CCR67
ILC3s express IL-22 and IL-17a”"7%; T-bet"NKp46*"CCR6~
ILC3s express IL-22 and GM-CSF**?%2.  and T-
bet"™NKI1.1"NKp46™ “ex-RORyt” ILC3s produce IFN-y and
cannot be distinguished from ILC1 without lineage tracing.'”
Recently, single-cell sequencing of human ILC3s has similarly
identified 3 cell clusters based on shared and distinct transcrip-
tional programs, including NKp44™ ILC3s, CD62L "NKp44~
ILC3s, and HLA-DR™" lymphoid tissue inducer-like ILC3s, remi-
niscent of diversity found among mouse ILC3s.™ For additional
phenotypic information, the cell-surface expression profiles of
human and mouse ILCs have recently been reviewed.”'°
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Unlike other lymphocytes, ILCs respond directly to cytokine
signals in the microenvironment without a need for antigen-
specific receptor signaling or preactivation. Signaling specificity
is regulated by the cytokine receptors expressed by ILCs,
allowing distinct combinations of myeloid and/or tissue-
produced cytokines to activate each ILC class. Although ILCs
are a relatively small population of cells compared with adaptive
lymphocytes, they appear to play major homeostatic roles,
including through crosstalk with the epithelium. In mice ILCs
are now recognized to constitutively produce “adaptive” cyto-
kines, including IL-22, GM-CSF, and IL-5, at greater levels
during steady state than conventional T cells.”****** The similar-
ities between ILCs and T cells indicate that lymphocytes of funda-
mentally distinct lineages can share core “immune modules” that
encompass transcriptional circuitry and effector functions while
using nonredundant complementary mechanisms of pattern
recognition to enact these functions. We review modules
currently recognized to be shared between T cells and ILCs.

CYTOTOXICITY

NK cells and CD8™ T cells are grouped together in the same
immune module based on their shared function as professional
killers. A core feature of this module is the presence of granular
cytotoxicity, which is characterized in mice and human subjects
by lytic granules that contain perforin and granzymes, which
act together on target cells to induce cellular apoptosis (Fig 2).
In human subjects cytotoxic granules also contain an additional
antimicrobial factor, granulysin.” Cells in this module can also
kill and induce other effector functions through shared expression
of Fas ligand, TNF-related apoptosis-inducing ligand (TRAIL),
TNF-a and IFN-\/.” Upstream, cytotoxic cells are activated by
IL-12, IL-18, and IL-15.

The transcription factors (TFs) Eomes and T-bet are essential
regulators of the cytotoxicity module in mice and likely also in
human subjects based on their conserved pattern of expression (Fig
2).4] As members of the same T-box family of TFs, Eomes and T-
bet have somewhat redundant functions and can partially compen-
sate for each other."”** Therefore the cytotoxic program fails to
develop only in the absence of both molecules, leading to selective
ablation of CD122" (marking IL-2/IL-15 receptor (3) memory
CDS8™ T cells and NK cells and aberrant expression of IL-17 by re-
maining CD8* T cells upon activation.***

The regulation and specific functions of Eomes and T-bet
appear to differ. In CD8" T-cell effector differentiation, T-bet
expression temporally precedes that of Eomes,*® with the highest
T-bet/Eomes ratio in early effector cells and the lowest ratio in
memory cells. Although T-bet is better at inducing IFN-y and
the IL-12 coreceptor IL-12RB32, Eomes results in superior
induction of perforin and granzyme B expression.43 4647 Initially,
this developmental sequence appeared to be conserved in NK cell
differentiation, with T-bet sustaining immature NK cells and
Eomes sustaining mature cells.” Yet evaluation of mice deficient
for T-bet and Eomes in addition to transfer studies have demon-
strated that Eomes is uniquely required for NK cell development,
whereas T-bet is in fact required for the development of
ILCls."**%* Moreover, when ectopically expressed, Eomes
skews ILCls to a cytotoxic NK cell profile with enhanced Ly49
expression, whereas T-bet overexpression similarly results in
increased production of Eomes™~ phenotypic ILC1s.**" These
data suggest that Eomes and T-bet might achieve balance through
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FIG 1. Development of T cells and ILCs. T cells and ILCs both develop downstream of the common lymphoid
progenitor (CLP). T-cell progenitors (left) undergo progressive developmental stages in the thymus, which
ultimately result in export of naive CD8* and CD4 ™" T cells to the periphery. In contrast, ILC generation (right)
occurs in the bone marrow through a series of progenitors with increasingly restricted developmental
potential, resulting in export of lineage-specified ILCs directly to the periphery. The sequences of recognized
ILC progenitors are indicated in black in the bone marrow, whereas presumed progenitors are denoted by

question marks.

mutual regulation. Developmentally, the exogenous factors that
lead to differential regulation of Eomes and T-bet remain an active
area of investigation. These factors likely include tissue factors,
such as TGF-, as recently demonstrated in a unique ILC1-like
population in the salivary gland that is T-bet and Eomes
independent.”’ Nonetheless, in physiologic conditions both
Eomes and T-bet together define the cytotoxic module, with
Eomes particularly critical for NK cells.

MODULE 1: INTRACELLULAR PATHOGENS AND
VIRUSES

ILC1s and Tyl cells are grouped together based on their shared
production of IFN-y and TNF-a and their absent or reduced
capacity for granular cytotoxicity compared with the cytotoxicity
module, likely because of their absent or reduced levels of
perforin and granzyme B (Fig 2)."*** In mice some ILCls

additionally appear to share expression of TRAIL.***** Under-
scoring the similarity in cytokine production with cytotoxicity,
module 1 is similarly defined by the TF T-bet.****~* Cells in
this module are also similarly regulated by the cytokines IL-12,
IL-18, and IL-15, although in human subjects, CD127" ILCls
preferentially respond to IL-12 and IL-18, whereas intraepithelial
ILClIs respond to IL-15. Although IL-12-mediated signal trans-
ducer and activator of transcription (STAT) 4 activation causes
Tul polarization in vivo,” this pathway is not required for
ILC1 development.’® However, it does provide a functional pro-
liferative signal to mouse adipose tissue ILCls in an inflamma-
tory context.”®

Engagement of module 1 is physiologically associated with
viral and intracellular pathogen immunity, but it is deregulated in
patients with Crohn disease and some forms of autoimmunity,
such as type 1 diabetes.” Consistent with this, intraepithelial and
CD127" ILCls have been reported to be increased in frequency
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FIG 2. Effector modules of T cells and ILCs. In the periphery naive T cells (left) that recognize their specific
antigen and are costimulated by antigen-presenting cells become activated and mature to effector cells. For
CD4™" T cells, antigen-presenting cell-derived cytokines drive STAT activation and TF induction, leading to
Tu polarization and the indicated effector functions. Meanwhile, ILCs in the periphery are already mature
cells that do not require STAT activation to develop, although STATs are important for some ILC effector
functions. The TFs required for Ty polarization and ILC development and the effector functions of cells in
the same module are strikingly similar. ILC counterparts to follicular helper T (Tfh) and Treg cells are not

currently recognized.

in patients with Crohn disease.'”'*"% Increased frequencies of
ILC1s have also been reported to correlate with chronic obstruc-
tive pulmonary disease severity, presumably linked to viral
infection.”

T-bet has long been recognized as a key driver of Tyl
differentiation and was more recently recognized as a necessary
factor for ILC1 differentiation.'*****>*" In the absence of
T-bet, naive T cells do not produce IFN-y and instead polarize
to a Th2 effector program.®’ Indeed, T-bet directly represses the
development of Ty2.°>%* The fate of ILC precursors unable to
engage T-bet is currently unclear. Functionally, T-bet drives
module 1 effector cytokine production by binding to the promotor
and regulatory elements of //12rb2 and I]”rlgg.(’“l’(’5 It also directly
induces the expression of Runx3, an additional Ifng-activating
TF. Supporting the role of Runx3 in module 1, Runx3-deficient
mice also do not generate ILC1s.°°

Although T-bet clearly has an important role in module 1, the
role of Eomes is more controversial. In mice, ILC1s are currently
best defined by their lack of Eomes expression. However, in the
absence of an Eomes fate-mapping mouse, it is unclear whether
ILCls always lack Eomes expression or whether they might
sometimes express it. Recently, assay for transposase-accessible
chromatin with high-throughput sequencing (ATACseq) data
from mouse ILCs demonstrated graded expression of ATAC™
open chromatin surrounding Eomes, with the highest expression
in NK cells, lower expression in ILC1s, and minimal expression
in ILC2s and ILC3s,'” suggesting the potential to express Eomes

might not be absent in ILC1s. Furthermore, the “Eomes negative”
definition of this module is not universally true because some Ty
cells from both mice and human subjects express Eomes when
activated.®”°® In human subjects, the 2 identified ILC1 subsets
differ in their expression of Eomes and T-bet: CD127" ILCls
exclusively express T-bet, whereas intraepithelial ILC1s express
T-bet, as well as higher levels of Eomes, compared with
CDI127" ILCls and ILC3s.'”'®7 Notably, intraepithelial
lymphocytes are well known to express highly activated
phenotypes at the steady state because they are in direct contact
with the epithelium and constitutively sense foreign metabolites
and antigens.®’

Collectively, these data suggest that cells in module 1
critically rely on T-bet, likely for this TF’s preferential
induction of cytokine versus cytotoxic machinery, but might
express Eomes in some circumstances, such as activation. Yet,
unlike T-bet, Eomes is not required for the development of Tyl
cells or ILC1s and is unlikely to be a major functional regulator
of this module.

MODULE 2: BARRIER MAINTENANCE AND
HELMINTHS

ILC2s, T2 cells, and Ty9 cells share the same functional
module based on their mutual production of the signature
cytokines IL-5 and IL-13 (Fig 2).70 IL-25, IL-33, and thymic
stromal lymphopoietin are conserved cytokine regulators. Other
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factors associated with this module include IL-4, IL-9, GM-CSEF,
and the epidermal growth factor family member
amphire:guli11.7l’72 In particular, the common < chain family
cytokines IL-4 and IL-9 seem to be differently regulated in this
module because Ty2 cells produce greater quantities of
IL-4,*7 whereas ILC2s and TH9 cells produce IL-9 more
readily.”” TL-4 signaling through STATG6 is also an important
factor for T2 and Ty9 cell polarization in vitro, but this pathway
is not universally required in vivo and is not required for the
development of ILC2s.%7%  However, STAT6 has a
postdevelopmental role in ILC2 function because STAT6-
deficient ILC2s produce less IL-13.”* Type 2 cytokines support
tissue remodeling and the response to helminth infections but
are deregulated in the development of allergy and asthma.™’”""*
Indeed, ILC2s are a rare population in normal human tissues
but are expanded in nasal polyps of allergic patients with
chronic rhinosinusitis and the skin of patients with atopic
dermatitis.”’#%%!

GATA-3 is the master TF regulating module 2 and is required for
the development of ILC2s and Ty2 cells.”>*7** In both human
subjects and mice, [l4, 115, and 1113 are located in a gene cluster
on the same chromosome and are mutually regulated by the locus
control region within an intervening gene, Rad50’"%>*%; Csf2 (en-
coding GM-CSF) is also located nearby on the same chromosome.
GATA-3 binds regulatory elements within this gene cluster and in
the Rad50 locus control region, as well as binding directly to the
promoter of IL-5 and IL-13.*” Consistent with the minimal expres-
sion of IL-4 by ILC2s, GATA-3 does not appear to bind directly to
the IL-4 promoter, and conditional deletion experiments demon-
strate that it is not required for expression after Ty2 develop-
ment.®”%® However, GATA-3 conditional deletion demonstrates a
common role for this TF in module 2 production of IL-5, IL-13,
and amphiregulin***’

Module 2 is a feed-forward module with a high degree of
lineage stability, which in certain conditions can be overcome to
generate plasticity toward module 1. Feed-forward loops depend
on module 2 cytokines and, at least for T cells, cell-intrinsic
signaling. For T cells, IL-4 production by Ty2 facilitates the
polarization of more Ty2 through STAT6 induction of
GATA-3.”° Lineage stability is then enhanced by means of
autoactivation of GATA-3 once it overcomes a threshold
mediated by the transcriptional regulator FOG-1."""" Although
ILCs appear to develop in the absence of polarizing cytokines
in bone marrow, their activation in the periphery is similarly
feed-forward. In mice, ILC2-generated IL-13 acts on the
epithelium to drive the differentiation of tuft cells from LGR5™
stem cells, which in turn generate IL-25, which activates ILC2s
to produce more IL-5 and IL-13.7*7°

Despite module 2 lineage stability, strong module 1 stimuli can
induce plasticity. For example, viral infection with lymphocytic
choriomeningitis virus causes Ty2 to upregulate T-bet and
subsequently produce IFN-y in conjunction with IL-4.””
Recently, mouse ILC2s in the lung were also shown to undergo
similar T-bet-mediated plasticity in response to infection with
respiratory syncytial virus, influenza virus, Haemophilus influen-
zae, and Staphylococcus aureus.”® Likewise, human ILC2s
cultured in vitro with the danger cytokine IL-1 upregulate T-bet
and IL-12R32, prompting responsiveness to IL-12 and the devel-
opment of IFN-vy and IL-13 dual-producing cells.”” Thus module
2 is typically self-perpetuating but can occasionally be redirected
toward module 1.

33,57
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MODULE 3: EXTRACELLULAR BACTERIA AND
FUNGI

All ILC3 cell subsets and Ty17 and Ty22 cells belong to
module 3 based on production of the cytokines IL-22, IL-
17a, and/or IL-17f (Fig 2). IL-26 is additionally produced in
human subjects but is not conserved in mice. In the T-cell line-
age Ty22 cells also produce IL-10, which is not made in sub-
stantial quantities by other cells.”® Yet module 3 shares
additional factors, including inherent plasticity to module 1
and regulation by the cytokines IL-23 and IL-1. IL-23 activa-
tion of STAT3 drives Tyl7 and Ty22 polarization but is not
required for ILC3 development. However, STAT3-deficient
ILC3s are unable to respond appropriately to IL-23 and are
functionally impaired.”>”°

Module 3 is conventionally associated with immunity to
extracellular pathogens and fungi, but this module is also
recognized to have a role in tissue homeostasis. It is deregulated
in the development of psoriasis, Crohn disease, and other forms of
autoimmunity, such as the multiple sclerosis model experimental
autoimmune encephalomyelitis. Consistent with this, investigators
have reported ILC3 expansion in skin and blood of patients with
psoriasis’””; blood, gut, synovial fluid, and bone marrow of
patients with ankylosing spondylitis'®; and blood, lung, and gut
of patients with common variable immunodeficiency.'”’
Interestingly, several laboratories have reported that ILC3 numbers
are reduced rather than increased in patients with Crohn disease
relative to ILC1s'"'®7% and that remaining ILC3s are phenotyp-
ically altered and express less MHC class IL.'"”

The master TF regulating module 3 identity is RORvyt
because in its absence Tyl7 cells and ILC3s do not
develop.”'" After development, however, ROR~t directly reg-
ulates few genes, although in Tyl7 cells, these include the
signature cytokines IL-17a and IL-17f, as well as receptors
for the activating cytokines IL-23 and IL-1." In ILC3s, ROR~yt
may have an even smaller effect because conditional deletion of
ROR~t, as well as pharmacologic blockade, revealed no differ-
ence in IL-17a production by ILC3 but reduced IL-17a produc-
tion in Ty17 cells.'” Many other factors have been shown to
regulate Ty17, but the TF aryl hydrocarbon receptor (AHR)
in particular appears to be shared by ILC3s.”"'"*'"7 AHR is a
ligand-dependent TF that binds pollutants, dietary metabolites,
and bacterial metabolic byproducts.'o8 In conjunction with
RORvyt, AHR is required for the development of Ty22 cells
and postnatal ILC3s and also directly controls IL-22
production,3%-106.107.109

Both human and mouse Ty17 cells, as well as most ILC3s, are
further characterized by substantial plasticity to module 1 through
acquisition of T-bet and reduction of RORyt expression. This was
originally discovered in patients with Crohn disease, who harbor a
population of RORyt  T-bet™* cells that produce both IL-17 and
IFN-y."'" Later, mouse lineage tracing experiments of RORyt
expression demonstrated that Ty17 cells lose ROR+yt and IL-17
in IL-12-rich inflammatory environments but retain the module
1 TF T-bet and IFN-y effector profile.''" For the mouse CCR6
lineage of ILC3s, similar lineage tracing experiments revealed
that plasticity occurs at steady state.'? Unlike transitioning Ty17,
however, RORyt*T-bet "NKp46™ ILC3s have lost the capacity
to produce IL-17 and instead produce IL-22 and IFN-y.”**"
Mouse ILC3 plasticity is enhanced in certain microenvironments,
such as the colon, in part through higher levels of IL-23.”” Human
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NKp44 ™ ILC3s also exhibit substantial plasticity in vitro, which is
induced by several cytokines, including IL-12, IL-2, and
IL-23."%77-112 Consequently, the reduction in ILC3 numbers and in-
crease in ILC1 numbers in patients with Crohn disease might reflect
increased ILC3 plasticity that occurs in the inflammatory
microenvironment.

CONCLUDING REMARKS

The identification of ILCs was a surprise in part because an
entire lineage of cells was missed for many years but also because
it suggested that cytokines conventionally thought to be produced
only by T cells could also be expressed by innate immune cells.' 13
Over recent years, the similarity between T-cell and ILC
development and effector programs has been increasingly
appreciated. For ILCs, engagement of master TFs necessary for
Ty cell polarization explains the convergent function of these
cells in a single module, which notably each directly activate
module-defining effector cytokines. In the future, emerging
unique functions for ILCs are likely to be mediated by lineage-
defining TFs, such as the master ILC regulator Id2 and Ets family
members,''* either directly or through reorganization of the
accessible chromatin landscape.

Can ILCs perform all the functions of T cells? Thus far, there
appear to be 3 functions that ILCs lack. First, ILCs by definition
do not express the T-cell receptor (TCR) and therefore cannot
signal through it. Although obvious, this point is notable because
gene expression and regulatory differences between ILCs and
T cells might involve signaling factors differentially associated
with TCRs but not cytokine receptors. Consistent with this, we
recently reported that the regulomes of human Ty cells were
characterized by activator protein 1 (AP-1) and nuclear factor
of activated T cells (NFAT) TF motifs, core pathways activated
by TCR signaling.'"” Indeed, I/4 expression, which is increased
in T2 cells compared with ILC2s, is well known to be regulated
by activator protein 1 and NFAT.''®

Second, as immediately functional cells, ILCs lack the capacity
for naivety, leading one group to propose that the naive state is the
defining feature of adaptive immune cells rather than any
particular effector function.''” As ILCs develop, they appear to
acquire modular pathways de novo in the bone marrow,
whereas naive CD4" T cells uniquely require TCR signaling
and cytokine-mediated STAT activation to generate chromatin
landscapes supportive of Ty polarization (Fig 1). Interestingly,
in vitro—generated Ty cells also have the capacity to respond
directly to cytokines through innate-like STAT- and nuclear
factor kB (NF-kB)-dependent and NFAT-independent
mechanisms.'"*"'** In vivo tissue-resident memory CD4™ T-cell
populations can also demonstrate similar innate-like cytokine
activation.'””'** Future comparisons between effector profiles
of in vivo—generated T cells of different stages of maturity/tissue
residence and ILCs will likely be informative to further define the
scope of shared immune modules.

Finally, to date, no NKT or ILC subset has been discovered to
express the master regulatory TF forkhead box P3 (FOXP3),
which drives Treg cell development. In the future, it will be
interesting to determine whether a regulatory module driven by
FOXP3 expression is incompatible with NKT and ILC lineage
and, if so, the mechanism through which this occurs.

We thank J. Bando for critical comments.
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What do we know?
o ILCs and T cells share key TFs and effector functions.

o TFs drive effector functions and define ILC and T-cell
subtypes.
o Ty cells go through a naive state while ILCs do not.

e ILC and T-cell functions are similar but not identical.

What is still unknown?

o To what extent do differences in cell surface receptor
signaling produce functional differences between ILCs
and T cells?

e How do effector programs of ILCs compare with those of
naive, effector, and memory T cell subsets?

o Are there ILC counterparts to follicular helper T cells
and Treg cells, and if not, why not?

o What is the contribution of ILCs to human bio
meostasis and disease?

y in ho-
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