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Summary

Innate lymphoid cells (ILC) is the collective term for a group of related innate lympho-
cytes, including NK cells and the more recently appreciated non-NK ILC (ILC1, ILC2 and
ILC3). ILC all depend on the common y-chain of the IL-2 receptor and the transcription
factor Id2. Furthermore, ILC lack rearranged antigen-receptors such as those expressed by
T and B cells. Recent data indicate that non-NK ILC contribute to a wide range of
homeostatic and pathophysiological processes primarily by virtue of cytokine production.
A lot of effort has been put into understanding the role for the non-NK ILC in mucosal
homeostasis, including in the gut and lungs. Recent reports also point towards a role for
ILC in skin inflammation. In the lung, ILC may propagate stromal-derived danger signals,
with subsequent induction of mainly type 2 cytokine production. This might represent an
early trigger of type 2-mediated pathology, which subsequently also engages the adaptive
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immune system. Similarly, in the skin, ILC are well placed to sense keratinocyte-derived
danger signals in an antigen-independent manner. Recent findings link ILC2 to atopic
dermatitis and ILC3 to psoriasis. In this review, we provide an updated perspective on the
role for non-NK ILC in atopic and non-atopic inflammation in the airways as well as in

Innate lymphoid cells — an overview

Innate lymphoid cells (ILC) is a group of cells that dur-
ing the last 10 years have received vast attention.
Accumulating data, mainly from studies of mice, sug-
gest that these cells are important in tissue homeostasis,
that is, maintenance of tissue integrity during the
healthy state, as well as during inflammatory conditions
and microbial infections [1]. However, we are only
beginning to grasp the mechanisms behind how this is
achieved.

Natural killer (NK) cells are part of the ILC family.
However, whereas IL-15 is crucial for NK-cell develop-
ment, a set of more recently described ILC populations
instead relies on IL-7 and, hence, are diminished in
IL-7Ro /= mice [2]. However, similar to NK cells, these
non-NK ILC: (1) lack rearranged antigen specific recep-
tors, as those expressed by B and T cells, (2) depend on
the common-y-chain of the IL-2 receptor (y.) for devel-
opment and (3) are derived from a still relatively poorly
defined common lymphoid progenitor relying on the
transcriptional repressor Id2 [2]. Recently, a Lineage

(Lin) Td2*IL-7Ro 047" lymphoid progenitor express-
ing high levels of the transcription factor PLZF was
identified as an ILC precursor in mice, giving rise to all
ILC populations (ILC1-3) except lymphoid tissue inducer
(LTI) cells and NK cells [3, 4]. Downstream from this
common ILC precursor, each ILC subset develops under
its own unique transcriptional programme [5].

As the name indicates, ILC are all part of the innate
immune system, responding without antigen specificity
to signals derived from stromal cells and cells of the
immune system, including dendritic cells and macro-
phages [1]. Aside from NK-cell-mediated cytotoxicity,
the main effector functions of ILC seem to be cytokine
secretion, and for LTI cells, induction of adhesion mole-
cules on stromal cells as part of lymph node formation
[6]. ILC are spread throughout tissues in close proximity
to epithelial tissue. Hence, an important function of ILC
might be as translators and amplifiers of epithelial-
derived signals to other components of the innate
immune system, as well as to the adaptive immune sys-
tem. In fact, recent studies suggest that ILC can directly
interact with T cells, to dampen their activity and that
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T cells may provide survival and activation signals to
ILC [7-9].

In this review, we provide an updated view on the
role for non-NK ILC in atopic, that is, allergen-triggered
type 2 immunity, and non-atopic inflammation in the
skin and airways.

Group 3 innate lymphoid cells

Both mouse and human group 3 ILC (ILC3) depend on
the transcription factor RORyt, also expressed by Th17
cells producing IL-17A/F. Indeed, alike Th17 cells, ILC3
may, under certain circumstances, produce IL-17A [10,
11]. In addition to RORyt, other transcription factors
contribute to ILC3 development, including T-cell factor
1 (Tcf1) [12], T-bet [13] as well as GATA3 [14, 15].
These latter findings, however, remain to be confirmed
in humans. The prototypical member of the group 3 ILC
is the lymphoid tissue inducer (LTI) cell, which mediates
formation of lymph nodes during fetal development [6,
16]. Cells with a phenotype similar to LTI cells can be
found also after birth [17]. These cells lack markers
expressed by cells of the common lineages (Lin"), but
express IL-7Ra (CD127), c-kit (CD117) [17] and, in
mice, Thyl (CD90) [1]. Furthermore, the group 3 ILC
include cells which, alike NK cells, bear natural cyto-
toxicity triggering receptors (NCRs), such as NKp44 in
humans and NKp46 in mice, and produce IL-22 [11,
18]. The capacity of these cells to express NCRs raises
the issue of how ILC3 are related to NK cells that lack
RORyt expression. Fate-mapping experiments have
revealed that RORyt" ILC3 are not precursors of RORyt”
NK cells, as NK cells have no history of RORyt expres-
sion [19, 20]. Furthermore, in humans, RORyt express-
ing ILC fail to generate NK cells when cultured in IL-15
[11, 21]. Hence, ILC3 and NK cells are likely separate
lineages in both mice and humans.

Through their production of IL-22, NCR" ILC3 are
crucial in gut tissue protection against the mouse path-
ogen Citrobacter rodentium [18, 22, 23]. Data from
humans suggest that ILC3, induced to produce IL-22 by
stimulation of IL-23 and IL-1B [24, 25], might have a
similar gut protective role [26]. Hence, ILC3 seem
important in gut tissue protection. However, on the
other side of the coin, in a certain setting of gut
inflammation in mice, induced by Helicobacter hepati-
cus, NCR™ ILC3 was instead shown to mediate pathol-
ogy via production of IL-17A [10].

Group 2 innate lymphoid cells

The first indication of an innate lymphoid cell type that
provided a source of type 2 cytokines came already in
2001 when it was shown that IL-25 administration lead
to induction of IL-5 and IL-13 from a non-B, non-T

innate lymphoid cell which was vy.-dependent [27].
However, it was not until 2010 that this cell type was
thoroughly defined in mice as Lin'Sca-1"Thyl.
1"CD127*T1/ST2(IL-33R)* [28-30]. These cells were
identified as crucial in type 2-mediated immunity
against parasite infections in the gut. It did not take
long until the human equivalent of these cells was
identified in the adult and fetal gut and lung, as well as
in adult peripheral blood as Lin"CD127" cells expressing
chemoattractant receptor-homologous molecule
expressed on Th2 cells (CRTH2), CD161, ST2 and CD25
[31, 32].

In contrast to ILC3, mouse group 2 ILC (ILC2) develop
independently of RORyt [28], but instead require a
related transcription factor, RORa [33, 34], as well as
GATA3 [35], Notch [33], Tcf1 [12, 36] and Gfi1 [37].

Paralleling mouse findings, we have shown that
human ILC2 express RORa, but low levels of RORyt [31,
38]. Furthermore, ectopic GATA3 expression is enough
to drive peripheral blood CD117* non-ILC2 into an
ILC2 fate [38] and it has also been shown that strong
Notch activation drives human ILC2 development from
Lin"CD34"CD1a” thymic progenitors [39]. Hence, the
transcriptional requirements between mouse and human
ILC2 seem to be rather similar, although many details
still remain to be elucidated.

Group 1 innate lymphoid cells

Recent reports have shown that there are functional over-
laps between NK cells and subsets of ILC. Several studies
suggested the existence of non-NK ILC populations in the
mouse with an effector phenotype resembling that of NK
cells, namely the capacity to express T-bet and produce
IFN-v upon IL-12/18 stimulation [40-42].

In humans, two independent groups reported on the
presence of IFN-y producing ILC populations in Crohn’s
disease termed group 1 ILC (ILC1) that were develop-
mentally and/or phenotypically distinct from NK cells.
One of these ILC1 populations was, at least partly,
derived from a RORyt" ILC3, alike in the mouse [41,
42]. These ILC1, defined as Lin CD127*CD161"
CD117 CRTH2 NKp44~, expressed T-bet and produced
significant levels of IFN-y upon IL-12/18 stimulation
[26]. Another group described an intraepithelial
CD56"NKp44"CD103™ ILC1 population, which was phe-
notypically and functionally similar to NK cells, yet
present in IL-15 receptor-deficient mice [43]. Hence,
these ILC1 were developmentally distinct from conven-
tional NK cells.

ILC in lung immunity

The human lung has about 70 m® of surface area
exposed to the outside environment, including microbes
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and potential allergens [44]. For this purpose, the lung
is equipped with a competent immune system with the
intricate task of keeping tolerance to harmless agents,
while in parallel mounting appropriate immune
responses when needed. While the alveolar space is
dominated by macrophages, the airway mucosa har-
bours specialized subsets of macrophages, as well as
dendritic cells (DCs), T cells and plasma B cells, some
which are organized in bronchio-alveolar lymphoid tis-
sue (BALT) [44]. In addition, the parenchyma harbours
scattered populations of macrophages, as well as DCs
and T cells.

Most individuals manage to keep their respiratory
system in health; however, an increasing population
develops inflammatory diseases of the lungs, such as
asthma. The advancement of biological therapies in
asthma has yielded useful insights into key pathobio-
logical pathways in this heterogeneous disease. Whereas
clinical trials with antibodies targeting IgE, IL-5, IL-9
and IL-13 have shown efficacy, of varying degrees,
treatments with anti-IL-4 antibodies have generated lar-
gely disappointing results [45]. This points towards key
roles for cytokines produced by ILC2, namely IL-5, IL-9
and IL-13 in asthma pathogenesis. Indeed, ILC2 [31, 32,
46], as well as all the other to days date described pop-
ulations of ILC, including NK cells [46,47], ILC1
(Marquardt N, Kekalainen E, Safholm J, Manson M,
Bergman P, Al-Ameri M, Michaelsson J, Mjosberg J,
unpublished observation) and ILC3 ([48], Marquardt N,
Kekalainen E, Safholm J, Manson M, Bergman P,
Al-Ameri M, Michaelsson J, Mjosberg J, unpublished
observation), can be found in the human lung during
non-inflammatory. Hence, there are strong reasons to
believe that ILC may participate in lung homeostasis
and/or disease. As expected, these questions have been
addressed in mouse models. In the following section,
we dissect the hitherto reported mechanisms concerning
the role for ILC in atopic and non-atopic lung inflam-
mation.

Innate lymphoid cells in atopic lung inflammation

Several mouse studies have revealed a key role for ILC2
in atopic asthma, where ILC2 exert their effector func-
tions in atopic airway inflammation via secretion of the
cytokines IL-4, IL-5, IL-9 and IL-13, mediating goblet
cell hyperplasia, mucus production and smooth muscle
contraction [1] (Fig. 1a). In addition, ILC2 maintain
and/or promote the activity of other immune cells
involved in the atopic inflammation, including eosin-
ophils and alternatively activated macrophages [49, 50].
These mechanisms may be similar in humans, although
this still remains to be investigated. A few of studies
have addressed the role for ILC2 in type 2-mediated
inflammation in the lung and upper airways of humans

[31, 32, 46]. Using immunofluorescence microscopy of
the non-inflamed lung, ILC, defined as CD161%c-
kit*tryptase™ cells, were shown to reside in small- and
medium-sized airways, sometimes in association with
mast cells [46]. Using a more thorough definition of
ILC2, Lin CD127°"CD161"CRTH2" or Lin CD127"ST2
"CD25", ILC2 were found in BAL and lung tissue of
non-inflamed lungs [31, 32]. ILC2 were also shown to
be enriched in nasal polyps of patients with chronic
rhinosinusitis [31], a type 2-mediated inflammation
with atopic features. However, no study has so far been
able to address the role for ILC2 in human asthma,
which is eagerly awaited.

In mice, the role for ILC2 in asthma has been demon-
strated in models of OVA, HDM, papain protease or
Alternaria alternata allergen-induced airway inflamma-
tion [51-56]. In these models, the allergens trigger the
secretion of IL-25, IL-33 and/or TSLP from the airway
epithelium (Fig. 1a). Alike Th2 cells, ILC2 have recep-
tors for all three of these cytokines, which stimulates
and regulates proliferation and secretion of type 2 cyto-
kines, including IL-4, IL-5, IL-9 and IL-13. Interestingly,
although Th2 and ILC2 in principle seem to have the
exact same function in this context, it was shown that
even in the presence of T cells, ILC2 numerically repre-
sent the major source of type 2 cytokines in BAL and
lung during papain-, IL-25- and IL-33-induced airway
inflammation [53, 54]. These findngs are important, as
they tell us that ILC2 are not only playing an important
role in Rag*/ ~ mice, that is, the absence of a functional
adaptive immune system.

Interleukin-25 has a crucial role in ILC2-driven air-
way inflammation, as intranasal administration of this
cytokine alone is enough to cause airway inflammation
[51, 54]. Furthermore, blocking of IL-25 leads to sup-
pression of IL-13 production and reduced airway
inflammation [57-59]. Recently, IL-25 was shown to
have important functions in airway hyperreactivity
(AHR) induced by HDM, not only as an inducer of ILC2
activity but also for tissue remodelling by stimulating
neovascularization and directly acting on human pul-
monary fibroblast to induce collagen secretion [59]. In
addition to IL-25, IL-33 can drive ILC2-mediated airway
inflammation [51], and recently, the relative importance
of these two cytokines in inducing airway inflammation
was addressed [60]. By making use of N17rb~/~ and
1117117/~ mice, with defective IL-25 and IL-33 signal-
ling, respectively, as well as Il17rb~/~ 1111117/~ double-
knockout mice, it was shown that IL-33 plays a more
important role than IL-25 in experimental AHR induced
by OVA and Ragweed [60]. Using IL-13 reporter mice,
IL-33 rapidly induced IL-13 production from ILC2,
whereas the effects of IL-25 were slower and less
potent. Extending these findings, it was recently
shown that IL-25 and IL-33 have different capacities of
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Fig. 1. Role for ILC in lung and skin. (a) ILC1, ILC2 and ILC3 are found in the non-inflamed human lung. In mice, ILC2 participate in tissue resto-
ration following influenza A virus infection via secretion of amphiregulin (Areg). In atopic or virus-induced AHR, epithelial and dendritic cells
(DQC) are triggered to release IL-25, IL-33, TSLP and TL1A. These factors, together with PGD, and LTD,, stimulate ILC2 to produce Areg and type 2
cytokines, including IL-4, IL-5 and IL-13, contributing to smooth muscle contraction, goblet hyperplasia, mucus secretion, as well as stimulation
of eosinophils and alternatively activated macrophages (AAM). These effects are counteracted by the inflammation-induced pro-resolving factor
LXA,, inhibiting the activation of ILC2. In a model of obesity-induced AHR, myeloid cells are triggered to produce IL-1p, acting on ILC3 to induce
the release of IL-17 with a pathogenic role in this disease model. (b) The healthy skin harbours all the to date described ILC populations. ILC2 in
the non-inflamed skin are kept in check by continuous interactions with keratinocyte L-cadherin. Furthermore, ILC2-derived IL-13 limits the
activity of skin-residing mast cells. In atopic dermatitis, activated mast cells, keratinocytes, T cells and DCs contribute to increased release of IL-2,
IL-25, IL-33, TSLP and PGD,, leading to ILC2 activation. In psoriasis, keratinocytes produce CCL20, IL-8 and IL-6 which may cause increased pro-
duction of IL-1f and IL-23 from DCs, which acts on ILC3 to increase their production of IL-22, contributing to epidermal thickening, and perhaps

also pro-inflammatory IL-17.

inducing ILC2 vs. so-called multipotent progenitor type
2 (MPPtype2) cells. MMPtype2 cells, in contrast to ILC2,
have progenitor capacity and can give rise to macro-
phages and mast cells [61]. Whereas IL-33 administra-
tion potently induced accumulation of ILC2, IL-25
administration led to enrichment of MMPtype2 cells in
several tissues including blood, lung and mesenteric
lymph nodes [62]. Interestingly, just like observed for
ILC2, these MMPtype2 cells could generate type 2
pathology in the lungs, with increased production of
IL-4, IL-5 and IL-13, goblet cell hyperplasia and eosino-
philia. Collectively, these findings indicate distinct roles
for IL-25 and IL-33 in inducing different subsets of
innate type 2-like cells, as well as in different experi-
mental airway inflammation models, and are important
when considering IL-25 and IL-33 as early clinical ther-
apy targets for airway inflammation.

Recently, it was also shown that in papain-induced
AHR, TLA1, a member of the TNF family of cytokines
produced by myeloid cells and epithelial cells, synergiz-
es with IL-25 and IL-33 to induce ILC2 function [63]. It
was shown that ILC2 express the receptor for TL1A,
DR3, which, although potently triggering ILC2 function,

was not important for ILC2 development. In HDM-
induced asthma, IL-25 regulates the production of
TSLP, another cytokine with the capacity to induce
cytokine production from ILC2 [59]. In a model of
papain-induced AHR, lung explants produced not only
IL-25 and IL-33, but also TSLP, which triggered the
secretion of type 2 cytokines from ILC2 [53].

Recently, a number of asthma-associated, non-cyto-
kine, lipid mediators regulating ILC2 function were
described (Fig. 1a). Dorethy et al. [56] showed that in
Alternaria alternata-induced AHR, leukotriene D,
(LTD,) potentiated lung inflammation by inducing ILC2
proliferation and production of IL-13 and IL-5. Interest-
ingly, LTD, also induced high levels of IL-4, which was
not seen for IL-33-stimulation. In humans, it has been
shown that in addition to IL-25, IL-33 and TSLP [31,
38], prostaglandin D, (PGD,) [64] and lipoxin A,
(LXA,) [46] regulate the activity of peripheral blood
ILC2. Barnig et al. and Xue et al. demonstrated that
PGD,, produced by mast cells during the allergic
response, could stimulate ILC2 migration and produc-
tion of type 2 cytokines (IL-4, IL-5, IL-13, IL-9 and
GM-CSF) in vitro. Furthermore, LXA, was identified as

© 2014 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 1033-1043
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one of the very first negative regulators of ILC2 func-
tion [46]. LXA,, known to be a pro-resolving mediator
in asthma, could inhibit the stimulatory effects of
PGD,, IL-25 and IL-33. Hence, it seems as lipid media-
tors act as both accelerators and breaks of ILC2 func-
tion, and thereby also the allergic response.

Little is known about the role for ILC3 in atopic lung
inflammation. However, in similarity to the situation in
the gut, where IL-22-producing ILC3 act as mucosal gate-
keepers, IL-22-producing ILC3 seem to limit OVA-specific
asthma [65]. In this study, IL-22 acted on lung epithelial
cells to reduce IL-13-induced CCL17 production, thereby
limiting Th2 cell recruitment into the lung.

Regarding, ILC1, future studies will reveal whether
these cells might contribute to type 1-mediated disease,
for example, that observed in chronic obstructive pul-
monary disease.

Innate lymphoid cells in non-atopic lung inflammation

In the lungs, ILC2 were first described in the setting of
influenza A virus infection, which is intriguing given
the fact that respiratory viruses can cause severe
asthma exacerbations. It was shown that upon virus
infections, macrophages [66], as well as NKT cells [67],
produce IL-33, which in turn induces ILC2 activity and
concomitant AHR. The importance of ILC2 in this set-
ting was demonstrated by depleting ILC2, which then
ameliorated AHR, whereas adoptive transfer of ILC2
into 11137/~ mice re-established AHR [66]. Interestingly,
using a different influenza virus A strain, another group
showed that although being a major source of type 2
cytokines, ILC2 also produced amphiregulin, a protein
belonging to the epidermal growth factor family. This
provided ILC2 with a tissue-protective role, as depletion
of ILC2 in this setting severely worsened virus-induced
AHR and administration of amphiregulin restored epi-
thelial cell integrity and lung function [32].

Innate lymphoid cells 2 have been shown to be cru-
cial for helminth parasite immunity in the lung [68]. As
expected, this is mediated via production of IL-4, IL-5
and IL-13 [68]. In addition, the group of Stockinger
revealed ILC2 as producers of IL-9 during lung N. bra-
siliensis infection [69]. IL-9 was shown to be important
for lung restoration following infection and this was
achieved in part through its autokrine impact on ILC2
survival, inducing expression of anti-apoptotic BCL3.
Recently, it was also shown that ILC2 in the lungs pro-
duce arginase-1, an immune modulatory enzyme asso-
ciated with fibrosis and tissue regeneration [70].

In contrast to atopic lung inflammation, where 1L-33
seems to be the dominant ILC2 and inflammation indu-
cer, parasite immunity in the lung might rely on IL-25
to a higher degree. In the lungs following S. mansoni
infection, the levels of IL-25 is markedly higher than

© 2014 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 1033-1043

IL-33 or TSLP, and IL17rb*/*, but not II1rl1~'~ or
tslpr*/ ~, mice show lower collagen deposition following
parasite infection [71].

In addition to virus- and parasite-induced AHR,
recent data indicate that ILC are involved in obesity-
associated AHR (Fig. 1a). The immunological mecha-
nisms behind obesity-associated AHR seem to be differ-
ent from atopic AHR, with obesity-associated AHR
lacking the classical type 2 profile. In a mouse model
of obesity-induced AHR, ILC3 were found to be a cru-
cial source of IL-17A, which was needed for AHR [48].
These ILC3, characterized as Lin RORyt"Thy1.2"c-kit ™,
relied on macrophage-derived IL-1P, and hence, the
NALP3 pathway, for production of IL-17A. Depletion of
ILC3 ameliorated AHR, whereas adoptive transfer of
ILC3 into Ragz_/ ~ mice was enough to induce obesity-
like IL-1B-dependent AHR [48]. An on-going clinical
trial with anti-IL-17 therapy (secukinumab/Novartis,
[45]) might reveal how relevant this novel NALP3-IL1p-
ILC3-IL-17A pathway is from a clinical perspective.

In summary, the role of ILC in AHR, regardless of its
cause, seems to be as early propagators of stromal-
derived danger signals, which causes induction of mainly
type 2 cytokine production. This might be the early trig-
ger of type 2-mediated pathology, which subsequently
propagates to also include the adaptive immune system.
However, further research is needed to reveal the role for
ILC in human atopic and non-atopic lung inflammation,
where very limited information is available.

ILC in skin immunity

The healthy skin forms a highly organized physical and
immunological barrier against the external environment
and the microbiota [72—74]. Mouse and human skin dif-
fers in both tissue architecture and set-up of skin-resi-
dent immune cells [73, 75], which is important to bear in
mind when translating data obtained in murine disease
models into the context of human disease. The skin epi-
thelium, epidermis, is formed by several layers of kerati-
nocytes that may evoke powerful local inflammatory
responses and drive recruitment and activation of
immune cells [76]. Epidermis contains lymphocytes (CD4
and CD8 T cells in humans [75] and dendritic epidermal
T cells in mice [77]) and both human and murine epider-
mis contain antigen-presenting cells [Langerhans cells
(LCs)] [78]. Whereas epidermal immune cells are mostly
non-migratory within epidermis, the underlying and
highly vascularized dermis is constantly patrolled by cir-
culating memory T cells, neutrophils and monocytes that
upon appropriate activation signals quickly extravasate
into dermis [79-81]. In homeostasis, mast cells, macro-
phages and several subtypes of dendritic cells form sta-
ble cell populations in dermal tissues [82-85] and
quickly respond to inflammatory stimuli.
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Despite careful characterization of ILC in epithelial
barriers such as gastrointestinal mucosa and airways, the
composition and functionality of ILC populations within
the healthy skin is only beginning to be mapped
(Fig. 1b). Human ILC2 expressing CD25 and ST2 were
characterized in full thickness skin and in particular IL-
33, but also TSLP and IL-25 were able to induce IL-5, IL-
6 and IL-13 as well as amphiregulin in ILC2 ex vivo [86,
87]. Although these studies concentrated on ILC2, a pop-
ulation of IL7Ra-expressing cells lacking CRTH2, TSLPR
and ST2 suggested the presence of ILC1 or ILC3 in
healthy skin. In line with this, recent studies detected all
members of the Lin"CD127* ILC family in fresh healthy
skin and IL-2-propagated skin biopsies; ILC2 based on
CRTH2 expression, ILC3 based on NKp44 expression and
ILC1 based on lacking expression of CRTH2, CD117 and
NKp44 [87-89]. In humans, ILC are readily detectable in
dermal cell isolates, whereas very few ILC can be
detected in epidermal cell isolates [87]. Paralleling these
data, in murine skin, ILC preferentially localize in the
dermis in close proximity to epidermis [7].

In healthy mouse skin, the majority of studies pub-
lished to date have concentrated on ILC2 in parallel to
available human data [7, 86, 90]. Skin ILC2 were absent
in Id2~/7[90], 117", Icos™'~ mice but enriched in Rag_/
~ mice lacking T cells [7], showing that skin-ILC share
survival factors with ILC in circulation and other organs.
In C57BL/6 mice, ILC2 are restricted to the dermis and
constitute 5-10% of all dermal CD45" cells [7]. Interest-
ingly, a small population of ILC expressing the ILC3 mar-
ker RORyt was detected in healthy skin in C57BL/6 mice
[90], suggesting the presence of ILC3 in healthy murine
skin. Roediger et al. [7] utilized intravital microscopy to
show that ILC display a migratory DC movement pattern
with slow patrolling and long interactions with mast
cells. The ILC movement pattern was considerably slower
and more disrupted in comparison with dermal T cells.
Ex vivo experiments indicated that ILC suppress mast
cells through constitutive IL-13 production in homeosta-
sis [7]. Further proof that ILCs have a role in skin homeo-
stasis was found by in vitro experiments using human
skin ILC2, which showed a remarkable ILC2 inhibitory
effect of E-cadherin-KLGR interaction. E-cadherin is
strongly expressed on all epithelial cells, whereas KLGR
is expressed by ILC2. Hence, it is possible that keratino-
cytes or LCs, migrating through the dermis, dampens
ILC2 activity in the healthy skin [86]. This stromal cell-
ILC interaction is likely bidirectional, as ILC2 produce
amphiregulin, participating in skin remodelling, kerati-
nocyte proliferation and wound healing [86].

Innate lymphoid cells in atopic skin inflammation

Atopic dermatitis (AD) affects 10-15% of children
of the industrialized world and involves pro-allergic

Th2-type responses within the skin coupled to high
serum IgE levels. Both genetic and environmental fac-
tors precipitate the disease [91]. The epidermal barrier
function is severely impaired and activated keratino-
cytes contribute to the chronic inflammation in both
dermis and epidermis [92]. In the early phase of eczema
formation, Th2 responses dominate, whereas a mixture
of Th1 and Th2 immune cells and cytokines are obvious
in chronic AD [93]. Despite many clinical trials target-
ing IL-5, IL-6, IgE, CD20, TNFa and IL-23, these efforts
have as of today not yet identified an effective systemic
treatment for AD.

In human AD, several keratinocyte-, eosinophil- or
basophil-derived cytokines that activate ILC2, such as
IL-25 [94], IL-33 [95, 96] and TSLP [97], participate in
development or maintenance of skin pathology
(Fig. 1b). ILC2 expressing the skin-homing receptors
CLA, CCR10 and CCR4 infiltrate AD skin [86] with ele-
vated expression of IL-25R (IL17RB), IL-33R (ST2),
TSLPR, KLGR1 [86], CRTH2 and CD161 [90]. Interest-
ingly, ILC1, ILC2 and ILC3 were all elevated in the skin
in acute dermatitis induced by patch test challenge with
nickel in known nickel-allergic subjects, and the strong
ILC2 skewing in atopic dermatitis was not reproduced
[89], highlighting the importance of careful dissection
of ILC populations in different inflammatory conditions.

The pathomechanisms of ILC in AD has been investi-
gated in several different mouse models where ILC2
accumulation and production of Th2 cytokines have
been shown in AD induced by calcipotriol and overex-
pression of TSLP [7, 90] or by keratin-14-driven over-
expression of IL-33 or IL-25 [98]. Whereas Kim et al.
found that TSLP is essential to activate ILC2 and main-
tain the dermatitis in C57BL/6 [90], BALB/c mice
showed a different pattern with ILC2 infiltration in the
skin being mainly dependent on IL-25 and IL-33 [86].
The occurrence of AD in Rag‘/‘ mice in the absence of
conventional T cells indicated that ILC independently
can induce AD [7, 86, 90], and Kim et al. showed that
adoptive transfer of lymph node ILC2 from calcipotriol-
induced AD into healthy mouse skin induced AD-like
inflammation in immune-competent mice [90]. A popu-
lation of IL-5 and IL-13 producing ILC2 was expanded
in IL-33-driven dermatitis lesions and pathology was
reverted by systemic IL-5 inhibition [98], suggesting
that ILC2-derived IL-5 may be an important mediator
of inflammation in the skin. Another potential activa-
tion signal for ILC2 was shown in systemic treatment
with IL-2 complexed with the anti-IL-2 antibody JES6-
1-induced dermatitis, with subsequent expansion of
ILC2 and an increased ILC2 production of IL-13 and IL-
5 but also IL-6, TNFo and CXCL-1 [7]. These data sug-
gested that whereas activated ILC2 have pro-inflamma-
tory properties that could activate both keratinocytes
and conventional T cells within the skin [7], IL-2 might

© 2014 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 1033-1043
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provide a T-cell derived, ILC2-stimulating signal capa-
ble of creating a disease-driving loop of activation
between ILC and T cells (Fig. 1b).

Innate lymphoid cells in non-atopic skin inflammation

Psoriasis is a chronic inflammatory disease of the skin
affecting 2-3% of humans worldwide. The revolution-
ary success in treating severe psoriasis with antibodies
directed against TNFo, the p40 subunit of IL-12/23, and
recently, IL-17 has revealed key cytokines that maintain
the chronic phase of the inflammation. Both IL-17 and
IL-22 participate in skin pathology in psoriasis [99—
102]. IL-22 producing CD4" T cells are retained in the
healed psoriasis skin several years of successful anti-
TNFo or anti-IL-12/23 therapy [103]. Further strength-
ening the role for IL-22 in psoriasis pathogenesis, we
recently showed that genetic variants of the IL-22 pro-
motor with putative AHR-binding sites are associated to
onset of psoriasis in childhood and overexpression of
IL-22 in circulating T cells [104]. In line with the Th17
environment, NRC* ILC3 are accumulated in active
human psoriasis plaques [87-89] (Fig. 1b). Interestingly,
two separate studies found that the ILC population in
non-affected skin in psoriasis patients was skewed
towards NCR* ILC3 in the absence of pathology [88,
89]. Keratinocytes secreting IL-8, CCL20, IL-1B and the
antimicrobial peptide LL37 [105, 106] may stimulate
ILC directly within the psoriatic plaque or activation of
IL-23 and IL-1P producing inflammatory and skin-resi-
dent dendritic cells [107, 108] (Fig. 1b).

Although there is much to be done to fully under-
stand the mechanisms of ILC in psoriasiform pathology,

a few studies in experimental models suggest that ILC3
play an active role in psoriasis pathogenesis. Repeated
intradermal injection of IL-23 in mice induces psoriasi-
form inflammation with hyperplastic epidermis and der-
mal leucocyte infiltration. In Rag~/~ mice, Hendrick
et al. [109] elegantly showed that T-cell-independent,
CCR6-dependent, IL-22-induced hyperplasia occurs,
whereas T cells are necessary to maintain the inflam-
mation. Topical application of imiquimod (Aldara)
results in TLR7-dependent and Th17-driven psoriasi-
form plaques in mouse skin, with an enrichment of IL-
17 and IL-22 producing gammadelta T cells and RORyt"
ILC3 [110]. Again, psoriasiform inflammation was
induced in Rag*/* but not in Rag*/*IZng*/* lacking
both conventional T cells and ILC, strengthening the
notion that ILC3 are sufficient to induce skin pathology
[110].

In summary, all members of the ILC family are pres-
ent in healthy human skin and may have several
important, yet relatively unexplored, functions in tissue
homeostasis. To date, studies of inflammatory skin dis-
orders have revealed harmful sides of ILC in the skin.
ILC2 are accumulated in human and experimental AD
and have the ability to drive disease independent of
other lymphocytes. In contrast, IL-22 and possibly IL-
17 producing ILC3 are present in psoriasis plaques. As
such, ILC might make up new treatment targets for
treatment of inflammatory skin disorders, for which
efficient therapies are still lacking.
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