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Introduction

The mucosal immune system faces a unique challenge. It
is continuously exposed to foreign antigens, commensal
bacteria and pathogens, from which it is separated only
by a single layer of epithelial cells."” Rather than creating
an impermeable barrier, the central design principle of
this system is to allow controlled interaction between
microbes, food-derived antigens and the underlying
immune cells. Such controlled interactions are mediated
by specialized cells (e.g. M cells, transepithelial dendritic
cells)>* and they are required to maintain tissue homeo-
stasis. Such interactions calibrate the responsiveness of
immune cells so that they do not inappropriately respond
to microbes or antigens presented via these ‘secured’
pathways but retain the ability to protect the host from
infections if necessary. On a cellular level, the intestinal
immune system displays an unusual degree of plasticity
allowing it to adapt to these highly divergent tasks.>®
Under homeostatic conditions, the
viewed as a state of truce allowing for symbiosis between
the intestinal microbiota, epithelial cells and the underly-
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Summary

It is rapidly emerging that the defence system of innate lymphocytes is
more diverse than previously recognized. In addition to natural killer
(NK) cells, lymphoid tissue inducer (LTi) cells, and natural helper cells
have now been identified. LTi cells are developmentally dependent on the
orphan transcription factor RORyt and instruct lymph node development
during embryogenesis. More recently, it has become evident, that in addi-
tion to their role for lymph organ development, LTi cells are also potent
producers of cytokines such as interleukin-22 (IL-22) and IL-17 in adult
mice. In addition to LTi cells, another RORyt-dependent innate lympho-
cyte subset co-expressing RORyt and NK cell receptors (NKRs) has been
identified. These NKR" RORyt" cells are also potent producers of IL-22
but it is unclear whether they are part of the NK cell or LTi cell lineage.
This review will highlight recent progress in understanding development
and function of innate IL-22-producing lymphocyte subsets.
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It is now increasingly appreciated that intestinal epithe-
lial cells produce cytokines and growth factors that shape
the differentiation and responsiveness of the underlying
immune system.” The aggregate of these factors has been
termed the ‘epimmunome’.® However, it is less appreci-
ated that immune cells, in addition to producing cyto-
kines that help to fight infections or that prevent
inappropriate activation of other immune cells, also pro-
duce cytokines that instruct epithelial cell function. We
refer to the total of these factors as the ‘immuno-epithe-
lome’. Research on both ‘epimmunomics’ and ‘immuno-
epithelomics’ is required to better understand immunity
and epithelial cell biology at mucosal surfaces. Further-
more, such research will probably unravel the central
checkpoints regulating the regeneration of epithelial cells
and the pathogenesis of inflammatory bowel diseases such
as Crohn’s disease and ulcerative colitis.

Recently, various reports have identified an innate lym-
phocyte population residing in the intestinal lamina pro-
pria that phenotypically resembles natural killer (NK)
cells and expresses the retinoic acid orphan receptor
(ROR) yt.g_B We will refer to these cells as NK cell recep-
tor-expressing (NKR)" RORyt" innate lymphoid cells
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(ILCs). The NKR* RORyt" ILCs are well represented in
the small intestine, colon, mesenteric lymph nodes (LNs)
and liver, whereas they are absent or constitute only a
small subpopulation in secondary lymphoid organs (such
as spleen or peripheral LNs).”™'* The NKR* RORyt" ILCs
are potent and constitutive producers of the cytokine
interleukin-22 (IL-22). Interestingly, the IL-22 receptor
(IL-22R) is not expressed by haematopoietic cells but is
exclusively found on epithelial cells.'"*” Tt is therefore
assumed that IL-22 is one of the factors that immune
cells employ to modulate the function of epithelial cells.
Constitutive production of IL-22 is instructed by cur-
rently undefined cues. However, the commensal microfl-
ora seems to play an important role because
NKR" RORyt" ILCs from germ-free mice produced only
low levels of IL-22.”'"" Gene array data from colon
explants treated with IL-22 have provided insight into
some of the IL-22-regulated genes. Intriguingly, genes
involved in the antimicrobial defence of epithelial cells
are up-regulated (e.g. Reg3 and S100a family of genes).'

Reg3 genes constitute a small gene family encoded on
mouse chromosome 6 and human chromosome 2 with
largely unknown functions.'®' Reg3 genes encode C-type
lectin-like proteins that are secreted by epithelial cells and
one member, Regllly, displays antimicrobial activity
against Gram-positive bacteria.'”*° Epithelial expression
of Reg3 genes is dependent on the presence of commensal
microflora as germ-free mice expressed only very low lev-
els.”>** Tt has been postulated that epithelial cell-intrinsic,
TLR-dependent sensing of intestinal microbes leads to
Reg3 expression.” It is now widely accepted that Reg3
genes may be important regulators of epithelial barrier
function and of the pattern of microbial colonization at
epithelial surfaces. For example, Reg3 gene expression is
much reduced in mice treated with antibiotics, allowing
for colonization with vancomycin-resistant enterococci,
which are repelled in the presence of Regllly.”* Although
IL-22 is constitutively expressed by NKR™ RORyt™ ILCs,’
IL-22 has also emerged as an important factor to further
enhance Reg3 gene expression under inflammatory condi-
tions.'®** Interleukin-22-dependent Reg3 expression is
required for protection against Citrobacter rodentium
infection, which induces a severe form of colitis, and is a
mouse model of attaching and effacing intestinal infec-
tions in humans such as those with Escherichia coli
0157:H7."® Hence, the IL-22/Reglll axis constitutes the
first recognized molecular pathway of how immune cells
instruct epithelial cell function.

The innate immune system is an evolutionarily ancient
arm of the body’s defence system. It is composed of
phagocytic cells (myeloid cells) and innate lymphocytes.
Until recently, NK cells were the only representative of
innate lymphocyte lineages. They provide a first line of
defence against virus infections and tumours. Unlike
adaptive T and B lymphocytes, NK cells do not rearrange

their receptor genes somatically, but rather express germ-
line encoded receptors, which have inhibitory or activat-
ing qualities.”® There have been few studies of intestinal
NK cells but from these, it was evident that these cells
had a unique phenotype and were poor effector cells
[cell-mediated cytotoxicity, interferon-y (IFN-y) produc-
tion].>**® Within the last couple of years, it has become
obvious that in addition to NK cells there are at least two
additional innate lymphocyte subsets — lymphoid tissue
inducer (LTi) cells (also referred to as RORyt" ILCs) and
natural helper cells (also called nuocytes, type 2 ILCs or
fat associated lymphoid clusters) all of which are well rep-
resented at mucosal surfaces.””>° It is a rapidly emerging
concept that the transcriptional and effector programme
of mucosal innate lymphocytes is reminiscent of the vari-
ous helper T cell (Th) effector fates (i.e. Thl, Th2, Thl17,
Th22). Hence, the analysis of innate lymphocytes at
mucosal surfaces is of particular relevance because it may
shed light on the primordial design principles of the
immune system because the intestine was the first site
requiring protection. Such functions preceded the emer-
gence of adaptive immunity and formation of secondary
lymphoid organs (i.e. spleen, lymph nodes).

This review will highlight the development and possible
function of IL-22-producing NKR* RORyt" ILCs, in both
human and mouse within the framework of the newly
emerging innate lymphocyte populations.

Lineage relationships of IL-22-producing
NKR* RORyt* innate lymphoid cells

Widespread interest surrounds the developmental origin
and the lineage relationship of IL-22-producing
NKR* RORyt"™ ILCs.”” " Indeed, expression of the tran-
scription factor RORyt, in combination with NKRs (e.g.
NKp46/NCR1, NKG2D, NK1.1) and markers of lymphoid
progenitors (e.g. CDI127/IL-7Ra, CD117/c-kit), by this
previously unappreciated lymphocyte subset was an
unconventional feature.”'> It remains an important and
largely unresolved question where to position these cells
on haematopoietic lineage maps.

Intestinal NKR* RORyt" ILCs are innate lymphocytes

Mice genetically deficient for the recombination activating
genes (Rag) Ragl or Rag2 lack all B and T cells in the
periphery.*®*" Their immune defence comprises compo-
nents of the innate immune system: myeloid cells and
innate lymphocytes. Three distinct innate lymphocyte lin-
eages can be discriminated: NK cells, LTi cells and natural
helper cells, all of which are present in mice that genetically
lack Rag proteins. Additional deletion of the cytokine com-
mon y chain (i.e. Rag2™" I12rg”’~ mice) cripples the devel-
opment of innate lymphocytes and the immune system of
such mice is composed of myeloid cells only.**™** Intestinal
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NKR" RORyt" ILCs are present in Rag-deficient mice but to innate lymphocytes, Tox™’~ mice also lack CD4 T cells.”®
not in Rag2™” II2rg”’~ mice.”"’ Hence, NKR* RORyt" Consistent, with their grouping within the innate lympho-
ILCs are part of the innate lymphocyte lineages. cyte lineages, NKR" RORyt" ILCs are absent in Id2-defi-

It is an emerging picture that the development of all cient mice and are substantially reduced in Tox/~
innate lymphocyte lineages depends on the helix-loop-helix mice.*®* Collectively, these data support the view that
protein inhibitor of DNA binding 2, 1d2 (Fig. 1).>**** NKR" RORyt" ILCs are part of innate lymphocyte lineages.
Id2 dimerizes with E proteins and prevents their DNA It remains to be established whether they differentiate
binding.*® Mice that are Id2~~ lack all known innate as part of one of the three recognized innate lymphocyte

lymphocyte populations (NK cells, LTi cells and natural lineages or define a ‘separate’ lineage (Fig. 1).
helper cells), suggesting that these three innate lymphocyte
populations share a common developmental programme
and may be derived from an Id2-dependent ‘common
innate lymphoid progenitor’ (Fig. 1). A common develop-

NKR* RORyt* ILCs require RORyt for their
development or differentiation

mental programme of NK cells and LTi cells was recently Lineage specification of haematopoietic cells is defined
further supported by the analysis of mice deficient for TOX by the temporally spaced expression of lineage-defining
(thymocyte selection-associated high mobility group box transcription factors and the requirement of cytokines
protein). Similar to Id2™~ mice, Tox™’~ mice also lack for their differentiation and survival. Importantly, studies
mature NK cells and LTi cells.*” However, the dependence in mice lacking RORyt show that the population of intes-
of LTi cells on TOX seemed to be less absolute compared tinal NKR" RORyt" ILCs is lacking, whereas NKR"
with Id2 because Tox™’~ mice still developed some Peyer’s RORyt™ cells (i.e. conventional NK cells) develop
patches and had intestinal LTi-like cells albeit in substan- normally and are even over-represented.””'" Hence, NKR*
tially reduced numbers.”” Whereas the developmental RORyt" ILCs require RORyt for their development/
defect of lymphocyte lineages in mice lacking Id2 is limited differentiation or for assuming a specific effector fate.

Innate lymphocyte lineages
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Figure 1. Models for the differentiation of interleukin-22 (IL-22)-producing natural killer cell receptor-positive (NKR") retinoic acid orphan
receptor (ROR) yt* innate lymphoid cells (ILCs). All lymphocyte lineages develop from a committed common lymphoid progenitor (CLP).''”!'8
All of the recognized innate lymphocyte lineages [natural killer (NK) cells, lymphoid tissue inducer (LTi) cells, natural helper (NH) cells] are
developmentally dependent on the transcription factor 1d2.>**>*® These data suggest that the innate lymphocyte lineages may share an Id2-depen-
dent common innate lymphoid progenitor (CILP). Further commitment to the distinct innate lymphocyte lineages requires regulated expression
of lineage-specific transcription factors (E4BP4 for the NK cell lineage, RORyt for the LTi cell lineage).”' *7*7> A specific transcription factor
determining the cell fate of NH cells is currently unknown, making it unclear whether NH cells represent a progenitor cell subset or a distinct
innate lymphocyte lineage. Specific cytokines are required to further regulate differentiation and survival of the innate lymphocyte subsets. Inter-
leukin-15 is required for NK cell lineage differentiation whereas IL-7 is required for LTi cells and NH cells.****7>7>828% Three models for the
development of NKR* RORyt" ILCs have been proposed. NKR* RORyt" ILCs are either NK cells up-regulating RORyt or LTi-like cells that up-
regulate NK cell receptors. NKR" RORyt" cells may also represent a distinct innate lymphocyte lineage derived from a progenitor distinct from
the NK or LTi cell lineage.
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RORyt plays a dual role in the immune system. It is
the lineage-defining transcription factor of LTi cells
(Fig. 1). Mice lacking RORyt do not develop LNs and
Peyer’s patches.”’ ™’ In addition to its function as a mas-
ter-regulator for the development of LTi cells, RORyt also
plays an important role during T helper cell fate deci-
sions.”" Expression of RORyt is induced when T-cell acti-
vation occurs in a certain cytokine context (IL-6 and
transforming growth factor-$)>'>* and it then determines
a specific functional fate for effector Th cells, driving their
differentiation along the Th17 pathway. Th17 cells are
characterized by the production of IL-17 family cytokines
and the cytokine IL-22. They play an important disease-
promoting role in autoimmune disorders such as experi-
mental autoimmune encephalitis, a mouse model of mul-
tiple sclerosis.”® CD4 T cells from mice lacking RORyt
and the related transcription factor RORa cannot be dif-
ferentiated into Th17 cells, demonstrating that the differ-
entiation of naive T cells into Thl7 cells depends on
these transcription factors.”">* This is further supported
by studies with ectopic expression of RORyt in naive T
cells, which leads to the induction of the full Th17 pro-
gramme.”'

Given the dual function of RORyt in the immune sys-
tem as (i) a lineage-defining transcription factor of LTi
cells and (ii) an inducible cell-fate-determining factor in
CD4 T cells, three distinct proposals for the lineage rela-
tionship of NKR" RORyt" ILCs are under discussion.”” >’
In the following, we will review the available evidence for
each of these models.

First proposal: the ‘NK lineage model’

The first proposal is that NKR" RORyt" ILCs are NK cells
that up-regulate RORyt expression to assume a specific
effector cell fate. It should be noted that this view is not
invalidated by the fact that NKR* RORyt" ILCs are lack-
ing in Rorc(yt)_/ ~ mice. Similar to Thl7 cells,
NKR" RORyt" ILCs may require RORyt expression to
become IL-22-producing lymphocytes. This view is sup-
ported by several lines of evidence and is largely based on
studies of human NK cell subsets.

Cell surface receptors are often used to define immune
cells. The activating NK cell receptor NKp46 is considered
to be an almost NK cell-specific receptor.”® This is based
on the finding that NKp46, in contrast to other NKRs
(e.g. NK1.1, NKG2D), is not expressed by T cells, NKT
cells or most 0 T cells.”®>® It is argued that the finding
of a human lymphocyte subset expressing NKp46 and
RORyt supports the view that these cells constitute a sub-
population of NK cells.

Human NK cells are generally defined as CD56" CD3”~
lymphocytes, all of which express NKp46. Two subpopu-
lations can be distinguished on the basis of their surface
levels of CD56 and the expression of CD16 (Fcy receptor

type 3). In peripheral blood, the majority of NK cells,
characterized by CD56%™ CD16" marker expression, are
potent cytotoxic cells.”> The smaller CD56"" CD16™
subset is not well equipped for cell-mediated cytotoxicity
but is a potent source of IFN-7.°%°! It is still not entirely
clear whether there is a linear developmental relationship
between these two subsets. Based on data that CD56"8"
NK cells express cell surface markers also found on lym-
phoid progenitors (e.g. CD127/IL-7Ra, CD117/c-kit), it is
assumed that they are the progenitors of CD56%™
cells.?*®® However, cellular activation increases CD56
expression, and in some organs such as within the tonsils,
almost all NK cells express high levels of CD56.°* NKp44
is an orphan immune receptor that is not expressed by
resting peripheral blood NK cells but is up-regulated
upon activation (e.g. culture in IL-2 or IL-15).>% A
murine homologue has not been identified and may be
lacking.®” Interestingly, a population of NKR™ cells consti-
tutively expressing NKp44 has been found in human ton-
sils and in other mucosa-associated lymphoid tissues
whereas they are not well represented in human LNs.'>%*
This may reflect the fact that surgically removed tonsils
represent chronically inflamed tissues. Alternatively, dif-
ferential expression could indicate the presence of a par-
ticular mucosa-associated innate lymphocyte subset. A
fraction of NKp44" cells in tonsils expresses CCR6, and
NKp44" CCR6" cells are potent producers of IL-22 but
they do not express perforin or granzyme B and do not
produce IFN-7.'"* In addition, NKp44" CCR6" cells
express mRNA encoding for RORyt, the aryl hydrocarbon
receptor and interferon regulatory factor 4 amounting to
a transcriptional and effector programme reminiscent of
Th17 cells.">"® It has been proposed that these IL-22-pro-
ducing cells are NK cells that up-regulate RORyt under
the influence of tissue-specific cues to assume a particular
NK cell effector fate — NK-22 cells.'?

Another line of evidence supporting the view that
IL-22-producing CD56" cells are an NK cell subset comes
from studies that have identified a differentiation pro-
gramme of NK cells from lymphoid progenitors residing
within secondary lymphoid organs. These studies indicate
that an NK cell-committed progenitor is present in sec-
ondary lymphoid organs and differentiates in a four-stage
programme into mature NK cells.**® Interestingly,
IL-22-producing cells are entirely contained within the
population of ‘stage 3’ immature NK cells (i.e. CD34~
CD117/c-kit" CD947) corroborating the view that IL-22-
producing NKR" cells are an immature NK cell subset.”
In contrast to mature NK cells, ‘stage 3° NK cells
expressed the IL-1R and culture in IL-1f and IL-15 led to
their expansion. In vitro culture of ‘stage 3° NK cells in
the absence of IL-1 led to rapid differentiation into ‘stage
4 mature NK cells that had lost the ability to produce
IL-22 and instead expressed IFN-y and displayed cell-
mediated cytotoxicity.”!

456 © 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 132, 453-465



Although there is some overlap of these two distinct
views concerning the differentiation of IL-22-producing
NK cells, there are also dividing issues. While the data on
‘NK-22 cells’ implies that naive NK cells up-regulate
RORyt expression under tissue-specific cues to assume a
specific functional fate, the data concerning ‘stage 3> NK
cells would place IL-22-producing cells within a tonsil-
resident NK cell precursor population.

Conversely, there are also inconsistent data with the
‘NK lineage model’ of NKR" RORyt" ILCs. NK cells
require IL-15 for their development and survival. As a
result, both 11157~ mice and Il15ra™"~ mice lack mature
NK cells.”>”> However, LTi cells and NKR™ RORyt" ILCs
are normally represented in the intestinal lamina propria
of 1115~ mice, demonstrating that NKR* RORyt" ILCs
develop independently of IL-15.% Recently, an NK
cell lineage-specific transcription factor (E4BP4 or NFIL3)
has been identified.”*’> E4BP4 is not required for the
development of LTi cells as E4bp4~~ mice have normal
development of lymph nodes (Hugh Brady, personal
communication). Interestingly, intestinal NKR" RORyt"
ILCs develop in mice genetically lacking E4BP4 demon-
strating that NK cells and NKR" RORyt" ILCs may not
share a common developmental program (Hugh Brady,
personal communication).

Second proposal: the LTi lineage model (‘NKR-LTi
cells’)

The second proposal is that NKR" RORyt" ILCs are LTi
cells that up-regulate NK cell receptors. RORyt is the line-
age-defining transcription factor of the LTi cell lineage
and all LTi cells express RORyt.>' > Rorc(yt)™~ mice can-
not differentiate LTi cells from precursors and, conse-
quently, fail to develop peripheral lymph nodes, Peyer’s
patches and intestinal lymphoid follicles (e.g. cryptopatch-
es and isolated lymphoid follicles). The LTi cells employ
members of the tumour necrosis factor superfamily, in
particular surface (s) lymphotoxin (sLTwa;f,) for proper
lymphoid organogenesis during fetal development.””® As
an example, LTa-deficient mice have a normal LTi cell
compartment but lack LNs and Peyer’s patches, demon-
strating the vital role of sLTo,f3, expressed by LTi cells
for lymph organ development.”” The LTa,f,-expressing
LTi cells interact with LTfSR-expressing stromal cells and
induce the expression of adhesion molecules such as
intercellular adhesion molecule 1 (ICAM-1) and vascular
cell adhesion molecule 1 (VCAM-1). This interaction sub-
sequently triggers a complex and only partially under-
stood cascade of events involving the production of
chemokines, further up-regulation of adhesion molecules
and attraction of lymphocytes to the site of the LN anla-
gen, 133078

Lymphoid tissue inducer cells were first characterized
in mouse fetal lymphoid tissues as lineage marker-nega-

IL-22-producing RORyt™ ILCs

tive (Lin”) CD4' CD127/IL-7Ra* CD117/c-kit"  cells.*
The initial research already noted a potential relationship
between LTi cells and NKR" cells. Clonal culture of LTi
cells isolated from mesenteric LN of newborn mice in
IL-2 gave rise to NKI.1" cells that displayed cytotoxic
activity against tumour cell targets.”® However, the devel-
opmental potential of LTi cells from newborn mice was
not restricted to the ‘NK cell lineage’ as culture with
granulocyte-macrophage colony-stimulating factor and
IL-4 resulted in the generation of antigen-presenting cells.
However, genetic lineage tracing revealed that myeloid
cells are negative in a RORyt-fate map demonstrating that
LTi cells may not differentiate into antigen-presenting
cells in vivo.””®

In humans, the equivalent of mouse embryonic LTi cells
has only recently been identified."> A population of Lin~
RORC" CD127/IL-7Ra" cells with LTi cell function has
been isolated from first-trimester and second-trimester
developing human mesenteric LN."? Interestingly, culture
of human LTi cells in the presence of IL-7, IL-15 and stem
cell factor results in the up-regulation of NK cell receptors
(i.e. CD56)."® Similar data have been obtained with LTi-like
cells from the tonsils of adult individuals. Importantly,
human LTi cells produce IL-17 and IL-22 but do not display
any classical NK cell functions (cytotoxicity, IFN-y). In con-
trast, CD56" LTi-derived cells have lost the potential to pro-
duce IL-17 but still produce IL-22."> Consistent with the
data from the human system, a population of Lin~ CD4"
LTi-like cells has been identified in the spleens of adult mice
that also constitutes an innate source of IL-17 and IL-22.%'
Collectively, these data indicate that LTi cells are potent
innate producers of IL-22 and that NKR* RORyt" ILCs
may be derived from the LTi cell lineage.

Whereas IL-15 is an important factor for NK cell devel-
opment and survival, IL-7 is important for LTi cell com-
mitment.**** In further support of the LTi lineage model,
mice lacking IL-7 also lack NKR" RORyt" ILCs whereas
NK cell development was largely normal.***° Deficiencies
of IL-7R in humans leads to severe combined immunodefi-
ciency disease (SCID) in which T-cell development is per-
turbed but NK cell and B-cell compartments are largely
normal (T~ B* NK' SCID).*>*® Although patients with
IL7R mutations have a largely normal NK cell compart-
ment (CD56%™ and CD56™¢" NK cells), they specifically
lack IL-22-producing ‘stage 3> NK cells (‘NK-22 cells’).*
These data demonstrate that both LTi cells and ‘NK-22
cells’ require IL-7 for their development, whereas conven-
tional NK cells can develop in the absence of IL-7.

Recently, the two prevailing models for the differentia-
tion of NKR" RORyt" cells have been experimentally
probed (Fig. 1).% If NKR* RORyt" ILCs are derived from
cNK cells, transfer of c¢NK cells into alymphoid mice
should give rise to NKR" RORyt" cells. However, after
transfer, cNK cells do not acquire RORyt expression and
cNK cells do not turn on RORyt expression when cul-
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tured in vitro in the presence of various cytokines, includ-
ing those known to induce RORyt expression in Thl7
cells (i.e. IL-6 and transforming growth factor-f).*" Col-
lectively, these data demonstrate that ¢cNK cells are not
the progenitors to NKR™ RORyt" ILCs.

The LTi lineage model predicted that NKR* RORyt*
ILCs are derived from LTi cell precursors. This model
was recently tested in studies combining transfer of genet-
ically tagged LTi cells into lymphopenic mice with genetic
lineage tracing and in vitro differentiation assays.*® One
important issue is the ‘definition’ of LTi cells. All studies
to date have used cell surface markers to define the LTi
cell population. This may not be appropriate because it
has been shown that natural helper cells share most of
these markers (CD127/IL-7Ra, CD117/c-kit).>* As natural
helper cells do not express RORyt and are negative in a
RORyt-fate map (A.D., unpublished data), defining LTi
cells as innate RORyt-expressing lymphocytes may be
more selective.’®* Transfer of LTi-like cells (i.e. NKR™
RORyt" cells) into alymphoid mice demonstrated that
this population contains precursors of NKR* RORyt"
ILCs.**¥ In addition, in vitro differentiation experiments
showed that NKR" RORyt" ILCs are derived from
NKR™ RORyt" LTi-like cells.** Collectively these data
demonstrate that IL-22-producing NKR" RORyt" ILCs
differentiate from LTi-like cells (i.e. NKR™ RORyt" ILCs)
but not from cNK cells.**®” We will refer to these cells as
NKR-expressing LTi-like cells (NKR-LTi cells).

Third proposal: the NKR" RORyt" lineage model

Three subsets of LTi-like cells (i.e. NKR™ RORyt" ILCs)
can be discriminated on the basis of CD4, CD127 (IL-
7Rx) and CDI117 (c-kit) expression: CD4" CD127"eh
CD117"¢",  CD4~ CD127"%" CD117"¢" and CD4~
CD127°" CD117"" cells (Fig. 2).*” In this study it was
found that CD4* CD127"¢" CD117"®" and CD4~
CD127"8" CD117"8" LTi cells up-regulate NKRs very
inefficiently in vitro, whereas CD4~ CD127°°" CD117°"
cells readily acquire NKR expression (Fig. 2). In addition,
depletion of CD4" cells by injection of depleting antibod-
ies only mildly affects the numbers of NKR" RORyt"
ILCs. On the basis of these experiments, it was then con-
cluded that CD4~ CD127"°% CD117"" cells may consti-
tute a committed progenitor to NKR" RORyt" ILCs
constituting an innate lymphocyte lineage distinct from
LTi cells.*” In such a model of NKR* RORyt" ILC differ-
entiation its precursor does not express CD4 and
NKR" RORyt" ILCs are also CD4~ (Fig. 2). However, clo-
nal differentiation assays of CD4" LTi cells from newborn
mice led to the efficient generation of NK1.1" LTi-derived
cells.’® In addition, a population of CD4" NKR* RORyt"
ILCs is clearly present in virtually all lymphoid organs
and in the intestinal lamina propria.*® Hence, it will be
an important avenue of future research to determine
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Figure 2. Lineage relationships between lymphoid tissue inducer
(LTi) cells and natural killer cell receptor-positive (NKR") retinoic
acid orphan receptor (ROR) 7t" innate lymphoid cells (ILCs). Two
different models for the development of NKR" RORyt" ILCs have
been proposed.*”®” Model 1: LTi-like cells constitute an innate lym-
phocyte lineage defined by the expression of the orphan transcription
factor RORyt. Genetic fate mapping for CD4 expression revealed that
most NKR™ LTi-like cells are derived from a CD4" progenitor.*
Both CD4" and CD4~ LTi-like cells up-regulate NKRs differentiating
into CD4" or CD4~ RORyt" NKR-LTi cells. Dependent on the organ
microenvironment NKR-LTi cells lose RORyt expression differentiat-
ing into RORyt™ NKR-LTi cells that are functionally distinct from
RORyt" NKR-LTi cells.* Model 2: The population of NKR™ RORyt*
ILCs contains two distinct innate lymphocyte lineages that can be
discriminated by their levels of c-kit expression. The LTi cell lineage
(CD4" or CD4") is characterized by a c-kit"®" phenotype whereas
the CD4", committed precursor to CD4~ NKR" RORyt" ILCs is c-
kitlow.87

whether these subsets of RORyt" ILCs constitute distinct
innate lymphocyte lineages (Fig. 2, Model 2) or rather
reflect distinct differentiation states or effector fates
within the same lineage modulated by environmental fac-
tors (Fig. 2, Model 1).

Regulated expression of RORyt generates plasticity in
the NKR-LTi population

Another important question is whether NKR-LTi cells
constitute a stable cell fate (Box A). Data from CD56"
LTi cell-derived clones cultured in the presence of IL-7
indicate that the cells maintain RORyt expression.*® On
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Box A: Open questions

What is the lineage relationship between the different subsets
of RORyt" innate lymphoid cells (ILCs)?

Do the subsets of RORyt" ILCs represent distinct differentiation
states within the lineage of lymphoid tissue inducer (LTi) -like
cells or do they represent distinct innate lymphocyte lineages?

Which factors stabilize or de-stabilize RORyt expression by
natural killer cell receptor (NKR) -LTi cells?

What are the molecular identities of the microbiota-dependent
cues promoting function of LTi-like cells and NKR-LTi cells?

Are specific microbiota required to induce the functional
programme of RORyt" ILCs?

How can LTi-like cells and NKR-LTi cells discriminate between
‘self and ‘non-self’?

What is the role of NKRs for the activation of NKR-LTi cells?

Which facets of epithelial cell function and renewal are regulated
by RORyt" ILCs?

the other hand, depending on the cytokine environment,
NKR" RORyt" ILCs can switch from the production of
IL-22 to the expression of IFN-y, leukemia inhibitory
factor and even IL-5 and/or IL-13."***° Using a combi-
nation of cell transfer experiments employing genetically
tagged LTi-like cells with the analysis of RORyt expres-
sion in the context of a RORyt-fate map, we have recently
found that LTi-like cells stably up-regulate NKRs in vivo
and then progressively lose RORyt expression.’” The
extent of RORyt loss depends on the organ microenviron-
ment. Whereas NKR-LTi cells remained RORyt-positive
in the lamina propria of the small intestine, the majority
of NKR-LTi cells lost RORyt expression in the colon or
in secondary lymphoid organs (e.g. spleen).®’ Interest-
ingly, the gradient of RORyt expression assigns distinct
functional profiles to NKR-LTi cells. While RORyt*
NKR-LTi cells are a potent innate source of IL-22,
RORyt™ NKR-LTi cells no longer express IL-22 but
instead produce IFN-y.%

The organ-specific cues that stabilize RORyt expression
(in the small intestine) or accelerate RORyt loss (colon,
spleen) are largely unknown. Our data demonstrate that
IL-7 is one factor stabilizing RORyt expression.*” This is
also supported by in vitro culture data of human LTi-like
cells that stably maintained RORyt expression when cul-
tured in the presence of IL-7.%8 In contrast, IL-2, 1L-12
and IL-15 promoted RORyt loss, which is in agreement
with previous data showing that culture of human ‘NK-
22 cells’ in IL-2 led to a switch in cytokine production
from IL-22 to IFN—y.89 In addition, clonal culture of
mouse LTi cells in IL-2 generated NKR-expressing cyto-
toxic cells producing IFN-7.”° Indeed, the production of
IFN-y by such NKR-LTi cells requires down-modulation
of RORyt expression.® Additional work including a
complete assessment of the differentiation potential and
functional profile of NKR-LTi cells in vivo is required
(Box A).

IL-22-producing RORyt™ ILCs

Commensal microflora promotes the differentiation
of NKR-LTi cells

Homeostasis of intestinal NKR-LTi cells requires signals
from the commensal microflora.”'" Studies in germ-free
mice show a reduction in the relative and absolute num-
bers of RORyt" NKR-LTi cells, suggesting a conditioning
by the commensal microflora.”'" In contrast, the num-
bers of NK cells were increased in germ-free mice whereas
the number of LTi cells remained virtually unchanged.
These data indicate that either the differentiation of
RORyt" NKR-LTi cells from their potential precursors is
diminished or the factors stabilizing the cell fate of
RORyt" NKR-LTi cells are limited in the absence of intes-
tinal microbiota. Microflora-dependent signals from other
immune cells or from epithelial cells are potential candi-
dates for instructing the differentiation of NKR-LTi cells
(Box A). Interestingly, IL-7 production in the small intes-
tine is partially dependent on the commensal microfl-
ora.*® These data demonstrate that the commensal
microbiota plays an important role in stabilizing RORyt
expression in NKR-LTi cells but it does not affect the dif-
ferentiation of NKR-LTi cells from LTi-like progenitors.®

Function of innate IL-22-producing lymphocytes

Interleukin-22 is a member of the IL-10-related cytokine
family.”"** Tt signals through a heterodimeric receptor
that consists of the IL-10Rf and the IL-22R chain."
Interleukin-22 signalling is mediated by janus kinase (Jak)
1 and signal transducer and activator of transcription
(STAT) 1, 3 and 5.7° Interestingly, IL-22R expression is
restricted to cells of the non-haematopoietic lineage.'*
Hence, IL-22 is a cytokine produced by immune cells to
modulate the function of epithelial cells and constitutes
an important factor of the ‘immunoepithelome’.

Cellular sources of IL-22

Although IL-22 is expressed by various cell types of the
adaptive immune system (Th17 cells, 76 T-cell subpopula-
tions),”** here we will focus on innate sources of IL-22.
In the innate immune system, two lymphocyte subsets are
an important source of IL-22: LTi cells and RORyt" NKR-
LTi cells. It is emerging that the function of LTi cells is
not limited to lymphoid organogenesis in the developing
fetus; LTi cells are present in adult lymphoid organs
(mouse and human)?"®*% and within the intestinal lam-
ina propria, where they are potent and constitutive pro-
ducers of IL-22 and IL-17, suggesting a much broader role
than previously appreciated.'>*"*° In addition to LTi cells,
early reports indicated that human NKR" cells can also
produce IL-22 following in vitro stimulation with IL-12
and IL-18."* As alluded to above, it is now increasingly
obvious that human and mouse RORyt" NKR-LTi cells,
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but not conventional NK cells, are an innate source of
IL-22.210121397 1 contrast to LTi cells, RORyt" NKR-LTi
cells did not appreciably express IL-17.>">

Various reports have proposed that CD11c" dendritic
cells (DCs) can produce IL-22."%%® This is based on data
from experimental colitis models during which IL-22 pro-
ducers were identified in situ by co-staining for IL-22 and
various cell surface markers. As IL-22-producing cells
were CD11c", it was concluded that these cells may repre-
sent DCs. However, CD11c is not a DC-specific marker
and is also expressed by other cell populations including
NK cells, LTi cells and NKR-LTi cells. Additional data
demonstrate that IL-22 expression is absent in mice lack-
ing all lymphocytes (Rag2™"~ II2rg /7). Further analy-
ses are required to demonstrate that DCs may represent
another innate source of IL-22.

Function of IL-22-producing innate lymphocytes
during homeostasis

Constitutive IL-22 production by LTi cells and RORyt"
NKR-LTi cells is dependent on the presence of the com-
mensal microbiota.”'! Similar to findings in germ-free
mice, blockade of IL-22 during steady-state or genetic
deletion of all LTi and NKR-LTi cells leads to diminished
expression of the antimicrobial proteins ReglIIff and Reg-

(@)

11Ty by epithelial cells.” It should be noted that epithelial
Reg3 expression in Rag-deficient mice is entirely compara-
ble to that in mice with components of the adaptive
immune system, whereas expression is extinguished in
alymphoid mice (Rag2”~ II2rg”") (A.D. and A.M., unpub-
lished observations).'" These data demonstrate that innate
lymphocytes are required for instructing epithelial expres-
sion of tissue-protective and antimicrobial proteins dur-
ing steady-state (‘immunoepithelomics’). It also raises
important questions concerning the regulation of Reg3
expression in epithelial cells during homeostasis. The
available data are in line with two non-exclusive models.
The ‘IL-22 model’ predicts that intestinal microbiota-
dependent molecular cues instruct the expression of IL-22
by innate lymphocytes and IL-22 induces Reg3 gene
expression by intestinal epithelial cells (Fig. 3). This view
is contrasted by an ‘epithelial cell-autonomous model’ in
which MyD88-dependent sensing of intestinal microbiota
by epithelial cells directly instructs Reg3 expression
(Fig. 3).2%% Future studies are required to determine the
extent to which each of these processes contributes to
Reg3 expression and epithelial barrier function. It is
highly likely that IL-22 has a broader role in epithelial
homeostasis and may, in addition to instructing the
expression of Reg3 genes, regulate other aspects of epithe-
lial function.

Shaping -— Regllly Shaping & Regllly
microbial composition ~ Regllly microbial composition Regllly
Regllly Reglily
= =1 - -
- PRR
-
| MyD88
Reg3g

Epithelial cells

*’ Dendritic cells

) NKR*RORyt*innate lymphoid cells
) LTi-like cells

== Commensal microflora

_—

Figure 3. Models for interleukin-22 (IL-22) -instructed epithelial homeostasis. Lymphoid tissue inducer (LTi) -like cells and natural killer cell
receptor (NKR) -LTi cells are resident within cryptopatches of the small intestine and constitutively produce IL-22 if commensal bacteria are
present.”'® The IL-22 receptor (IL-22R) is exclusively expressed by epithelial cells and IL-22 regulates the expression of Reg3 genes in intestinal
epithelial cells.”'*!'® ReglII proteins have antimicrobial function and may be important regulators of the composition of the colonizing intestinal
microbiota.'*?***** Two non-exclusive models for the regulation of Reg3 gene expression have been proposed. The ‘epithelial cell-autonomous
model’ of Reg3 gene expression (a)>® predicts that epithelial cells themselves ‘sense’ the presence of bacteria in a MyD88-dependent manner
resulting in the up-regulation of Reg3 gene expression. The TL-22 model’ of Reg3 gene expression (b)’ emphasizes the role of IL-22-producing
innate lymphocytes in instructing Reg3 expression by epithelial cells. In this model, the microflora regulates through an unknown pathway the
functionality of LTi-like cells and retinoic acid orphan receptor (ROR) 7t" NKR-LTi cells. PRR, pattern-recognition receptors.
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Function of IL-22-producing innate lymphocytes
during intestinal inflammation

Based on the above and the finding that IL-22 induces
the expression of factors that enhance epithelial barrier
function, a protective role of IL-22 during intestinal
inflammation has been proposed. For the first weeks fol-
lowing infection, Rag-deficient mice can contain C. roden-
tium in an IL-22-dependent manner.'® Infection with
C. rodentium leads to an accumulation of IL-22-produc-
ing NKR" cells." In 11227~ mice, loss of epithelial Reg3
expression increases susceptibility to C. rodentium infec-
tion and exogenous application of recombinant RegIIly
improves survival of 11227~ mice after C. rodentium
infection.'® Expression of IL-22 is absent in alymphoid
mice (Rag2™~ I12rg”"") and these mice quickly succumb
to C. rodentium infection, which provides additional evi-
dence that innate lymphocytes but not myeloid cells (such
as DCs) are an important source of IL-22 in this model."!
The IL-22-producing NKR-LTi cells may play an impor-
tant role in the intestinal innate immune defence against
C. rodentium infection as depletion of NK1.1* cells exac-
erbated disease.'?

A recent report has re-evaluated the role of LTi-like
cells and NKR-LTi cells for protection against C. roden-
tium infection.'” The authors found that innate
lymphocytes, but not myeloid cells, are the major
source of IL-22 during the first 6 days following infec-
tion, and among innate lymphocytes, CD4" LTi-like
cells are the most prominent source of the cytokine.
While depletion of CD4" LTi-like cells diminishes sur-
vival, transfer of CD4" LTi cells but not of CD4 T cells
protects 11227~ mice against C. rodentium infection.'®
Hence, CD4" LTi-like cells are the major source of
IL-22 that provides innate protection against C. roden-
tium infection.

A protective role of IL-22-producing NKR-LTi cells in
inflammatory bowel diseases has also been illustrated in
an adoptive transfer colitis model employing transfer of
CD45RB™ CD25~ CD4 T cells into Ragl™~ recipient
hosts.” Colitis is significantly exacerbated if CD4 T cells
are transferred into 11227~ Ragl™~ mice.”® Innate
NKI1.1" CD4" cells that infiltrate the inflamed colons have
been identified as IL-22 producers.99 Consistent with this,
transfer of colitogenic T cells into mice lacking all IL-22-
producing innate lymphocytes (Ragl™~ Il2r¢g”~ mice)
dramatically exacerbates disease.”

Before the identification of IL-22-producing NKR-LTi
cells or LTi cells, a protective role of IL-22 in acute
dextran sulphate sodium (DSS)-induced colitis was
observed.'"”’ Interleukin-22 was found to regulate
mucus-associated proteins and was required for the
regeneration of mucus-producing goblet cells after
DSS-mediated epithelial damage.'”" Anti-NK1.1 treat-
ment in DSS-treated mice results in reduced IL-22

IL-22-producing RORyt™ ILCs

expression in the colon, suggesting an important pro-
tective role for IL-22-producing NKR' lymphocytes.”
Considering that IL-22 is produced at steady-state, it is
conceivable that some of the effects observed in its
absence reflect a pre-existing reduction of epithelial bar-
rier function.”

Conclusions and perspectives

The identification of an IL-22-producing mucosal innate
lymphoid subset co-expressing NKRs and RORyt in both
mice and humans has opened a new window in the field
of mucosal immunology. Two innate IL-22-producing
lymphocyte susbsets have now been identified, LTi-like
cells (i.e. NKR™ RORyt" ILCs)'#"'% and RORyt" NKR-
LTi cells (also referred to as NK-22, NCR-22 or
NKR' RORyt" ILCs).” 2780 Recent data from genetic
lineage tracing experiments have provided compelling evi-
dence that IL-22-producing NKR" RORyt" ILCs are
derived from NKR™ RORyt" cells.*>® Hence, IL-22-pro-
ducing ILCs are of an innate lymphocyte lineage distinct
from conventional NK cells. However, because of the
recently discovered phenotypic variety within the popula-
tion of NKR™ RORyt" ILCs,*” it is less clear whether these
various subsets represent differentiation stages or effector
fates of one distinct innate lymphocyte lineage (LTi-like
cells), or whether LTi-like cells and NKR* RORyt" ILCs,
despite their shared transcriptional and developmental
programme, have different precursors and may constitute
separate innate lymphocyte lineages (Fig. 2 and Box A).

It has now become clear that there is far more diversity
in innate lymphocyte lineages than previously appreciated.
In addition to conventional NK cells, natural helper cells
and RORyt" ILCs (including LTi-like cells and NKR-LTi
cells) have been identified. Their functional and transcrip-
tional programmes strikingly resemble that of the differ-
ent T helper cell effector fates (Thl, Th2, Th17 and
Th22)."9%' These findings indicate that such effector
profiles were already formed within the innate immune
system long before adaptive immunity emerged. Although
the various ILC populations obviously resemble discrete
T-cell effector fates, there are also important differences
that probably reflect the different design principles of
innate and adaptive immunity. T lymphocytes are naive
cells and do not display effector functions before recog-
nizing their cognate antigens. Only then, a small pool of
antigen-specific T cells expands and dependent on cyto-
kine and chemokine cues provided by innate cells, T cells
assume discrete effector fates directed by specific tran-
scriptional programmes. Hence, the vast majority of the
cells within the T-lymphocyte lineage are naive and
assume distinct effector fates only when needed. In con-
trast, and in keeping with their innate qualities, the vari-
ous innate lymphocyte lineages are already polarized
towards a specific functional profile in the absence of an
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infection. A certain degree of plasticity and adaptation is
still possible by fine-tuning the effector programme of
ILCs through regulated expression of transcription fac-
tors.*>!%* The various ILC populations therefore represent
distinct lymphocyte lineages, each with a pre-formed and
fully developed effector programme anticipating the vari-
ous microbial challenges.

The intestinal microbiota has an important impact on
the function and differentiation of NKR-LTi cells.”!"
While LTi cells and NK cells develop largely normally in
germ-free mice, RORyt" NKR-LTi cells are reduced in
absolute and relative numbers.>'""'> We have recently
shown that the commensal microbiota controls the
differentiation of NKR-LTi cells by stabilizing RORpt
expression, thereby slowing their differentiation to
RORyt™ NKR-LTi cells.*® The organ-specific molecular
cues that stabilize or de-stabilize RORyt expression are an
important unresolved question (Box A). The intestinal
microflora is also required for IL-22 production by intes-
tinal LTi-like and RORyt" NKR-LTi cells.”!' Future
research will need to clarify the question of the molecular
signals induced by the microbiota instructing functional-
ity of RORyt" ILCs (Box A). An important role may
be assigned to the DC populations surrounding lam-
ina propria cryptopatches as the conveyors of such
signals.””'®'%” Recently, specific microbiota have been
identified (i.e. segmented filamentous bacteria) that are
required to induce a Thl7 effector programme in the
intestine.'”®'% Segmented filamentous bacteria are not
involved in inducing functionality of LTi-like cells and
NKR-LTi cells.?”!1%® As a result, other classes of specific
microbiota may be required for the induction of IL-22
production (Box A).

How LTi-like cells and NKR-LTi cells discriminate
between ‘self and ‘non-self is important (Box A). Cer-
tainly, cytokines such as IL-23 and IL-1 are shown to
stimulate IL-22 expression by LTi-like cells and NKR-LTi
cells”'>”! but no data are available assigning function to
the NKRs expressed by NKR-LTi cells. It is an intriguing
scenario that NKRs, such as NKG2D, that recognize
stress-inducible ligands, tune the function of NKR-LTi
cells."**''? The NKp46 receptor plays a redundant role in
mediating innate defence against C. rodentium infection.””
Another line of evidence supports the view that ligands of
pathogen (pattern)-recognition receptors (PRR) may acti-
vate LTi-like cells and NKR-LTi cells.'"**"*>% Tt is con-
troversial whether this reflects a cell-intrinsic action of
such PRRs” or is the indirect result of cytokine produc-
tion by PRR-activated myeloid cells.'?

Available data suggest that innate IL-22-producing
cells have a largely protective function probably through
their instruction of epithelial cells to express antimicro-
bial and tissue-protective genes. However, evidence for
a disease-promoting role of LTi-like cells in Helicobacter
hepaticus-induced colitis has recently been provided.''’

Interestingly, IL-17 and not IL-22 is the disease-
promoting factor and it may be that the balance
between IL-17 and IL-22 production is decisive for a
disease-promoting or protective role of these cells.'">™'"?
Further analyses are required to understand how the
balance between IL-22 and IL-17 production by LTi-like
cells is regulated.

It has been difficult to devise experimental approaches
that allow for selective interference with either LTi cells
or NKR-LTi cells. For example, Rorc(yt)_/_ mice have
often been used as a model system that is devoid of both
LTi-like cells and NKR-LTi cells making it impossible to
assign function to a specific subset.”'"?'? In addition,
these mice also lack LNs, Peyer’s patches and intestinal
lymphoid follicles, which obscures the discrimination
between effects reflecting the absence of RORyt" ILCs or
those that reflect the lack of leucocyte interactions within
LNs or other lymphoid clusters. Experimental systems
such as the inducible ablation of LTi-like cells and NKR-
LTi cells or direct targeting of NKR-LT1 cells are required
to more accurately assign function to these innate lym-
phocyte populations.

Intestinal epithelial cells have a rapid turnover and
need to further adapt when additional damage occurs.
The LTi-like cells and NKR-LTi cells constitutively pro-
duce IL-22 and instruct a tissue-protective programme in
epithelial cells.” Recent data from the Drosophila system
demonstrate that a cytokine-mediated feedback loop
instructs stem cells to generate additional progeny under
conditions of infection or stress, thereby establishing epi-
thelial homeostasis.''® The cytokine signalling pathway
involved in that process is orthologous to the vertebrate
Jak/Stat cascade. These data may suggest that regulation
of epithelial homeostasis by cytokine cues is an evolution-
arily ancient programme required for adapting epithelial
renewal and maintaining barrier function at sites of direct
contact with the environment. Future research into
renewal of epithelial cells in the absence and presence
of LTi-like cells and NKR-LTi cells is required. A more
in-depth understanding of the molecular and cellular
requirements for maintaining intestinal mucosal homeo-
stasis is of considerable interest. To this end, a better
understanding of both the ‘immunoepithelome’ and the
‘epimmunome’ is needed. Further research into innate,
IL-22-producing lymphocyte subsets will also be an
important step in understanding the pathogenesis of
human inflammatory bowel disease disorders.
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