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Abstract

Innate lymphoid cells (ILCs) are a recently described group of innate immune cells that mirror the characteristics of CD4+ T
cell subsets. Based on their transcriptional factor and cytokine profile, ILCs family is divided into main subgroups—ILCls,
ILC2s, and ILC3s. Recently, one new subpopulation of ILCs with immunosuppressive characteristics has been described and
named as regulatory ILCs. Various roles of ILCs have been confirmed including the role during the response to microbial
signals, the role in inflammation and process of tissue repair. Function of ILCs is mediated through the cytokines production
and direct cell-to-cell contact. This article summarizes in detail, the relationship between the ILCs and various immune-

related disorders.
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Introduction

For years, the immune system was divided into innate and
adaptive arm. Innate immunity provides initial defense
against microbes, prior to activation of adaptive immune
response. The cell types involved in both immune responses
differ in many characteristics, such as specificity and in how
quickly they respond to infections.

The innate immune system blocks the entry of microbes
and eliminates or limits their growth. If microbes success-
fully pass the epithelial barriers, they encounter other cells
of innate immunity, which provide two main types of reac-
tions, inflammation and antiviral defense. These reactions
can be effective at controlling and eradicating infections.

However, since many pathogenic microbes have evolved
to resist innate immunity, defense against them requires
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the more powerful and specialized mechanisms of adap-
tive immunity. There are two types of adaptive immunity,
humoral and cellular. In humoral immunity, plasma cells
secrete antibodies that may prevent future infections and
eliminate extracellular microbes. In cellular immunity,
cytotoxic CD8* T lymphocytes directly kill infected cells,
whereas CD4* T helper 1 (Th1), Th2, and Th17 lympho-
cytes eradicate microbes via secreted cytokines. One of the
main characteristics of adaptive immunity is diversity which
provides defense against large variety of antigens, thanks
to the clonal distribution of membrane receptors that can
distinguish subtle differences between antigens [1].

Recently, a family of immune cells named innate lym-
phoid cells (ILCs) was discovered. They were characterized
that mirror the phenotypes and cytokine profile of CD4" T
cell subsets [2].

The ILC family is divided into three main subsets, ILCI,
ILC2, and ILC3. Each of them is defined by distinct tran-
scription factors and cytokine expression, and different func-
tions as well [3]. Though ILCs share developmental origin
with T cells, ILCs do not express antigen receptors encoded
by rearranged genes nor undergo clonal selection and
expansion when stimulated [4]. Instead, ILCs react quickly
to stress signals from other cells in the tissue microenvi-
ronment or microbial compounds by cytokines production
[4]. Since ILC1, ILC2, and ILC3 cells correspond to Thl,
Th2, and Th17 subsets, respectively, it is thought that they
are involved in the immunity against intracellular bacteria,
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parasites, and extracellular microbes [5]. Recent studies
show the role of ILCs in regulation of tissue homeostasis
and remodeling, inflammation, lipid metabolism, and body
temperature [6—8]. In addition, involvement in pathogenesis
of allergy, asthma, autoimmune diseases, and cancer has also
been described [9]. During the past year, a new subpopula-
tion of ILCs has been described. It is termed as regulatory
ILCs (ILCregs) for its regulatory role in intestinal homeosta-
sis and innate immunological defense similar to regulatory
T cells (Tregs) [10].

In this paper, we will briefly describe some key features
of ILCs in immune-related diseases.

Classification of ILCs subsets

ILCs are cells with highly expressed plasticity, with phe-
notype and function shifting depending on their microen-
vironment, thus making their classification complicated. In
addition, discovery of the new ILCregs population should
probably extend the nomenclature proposed in 2013 by Spits
and colleagues [11].

Group 1 ILCs (ILCls) consist of conventional natural
killer (cNK) cells and intraepithelial type 1 ILCs (ieILCls).
The main transcription factor required for their develop-
ment is T-bet, and commonly they produce IFN-y as the
main effector cytokine [12]. Additionally, ieILCs express
transcription factor eomesodermin (Eomes) and CD103
molecule, and exert cytotoxic activity [13]. Another group
of IFN-y-producing cells with a separate developmental
route also belong to the group of ILCls. They are referred
as helper ILCs, and include exILC2s and exILC3s [14]. This
type of ILCs differ from cNK cells by the absence of cyto-
toxic function, lack of expression CD56, CD16, CD94, and
transcription factor Eomes [12, 15].

Due to the lack of antigen receptors expression, ILCs
react to the microenvironment through cytokine receptors.
ILCls secrete IFN-y as a response to intracellular pathogens
and production of IL-12, IL-15, and IL-18 by myeloid cells
[4]. Myeloid cells are able to activate ILC1s above secreted
cytokines through the engagement of activating natural cyto-
toxicity receptors (NCRs) on ILCl1s surface. Namely, activa-
tion of NCRs (e.g., NKp46, NKG2D, NKG2A, or Ly49s)
triggers the production of cytokines by ILC1s. Such mecha-
nism presumes a receptor—ligand-mediated mechanism for
ILC activation and expression of their effector functions
[13].

It is shown that ILC1s accumulate in gut and lung where
they contribute to IFN-y-mediated inflammation, inflam-
matory bowel disease, and chronic obstructive pulmonary
disease, respectively [12]. In order to phenotypically distin-
guish ILC1s’ subtypes in inflamed tissues, a mass cytometry
analysis was performed [16]. Results showed that ILC1s do
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not constitute a distinct or consistent population at the phe-
notypical or functional levels in any of the tested tissues.
In addition, investigated ILC1s expressed T cell markers,
such as CD3, invariant TCR-p, CD4, CD5, and CDS8. These
findings suggest a possibility for the existence of distinct
heterogeneous population of innate-like T lymphocytes or
T cell-like innate lymphocytes [17]. But these findings need
to be additionally evaluated.

Group 2 ILCs (ILC2s) were identified in the human intes-
tine [18], lung [19], and skin [20] where they produce the
type 2 cytokines and share involvement in allergic inflam-
mation. Helminthic infections or allergen exposure activate
immune cells which produce IL-25, IL-33, TSLP (thymic
stromal lymphopoietin), and PGD,, and in turn trigger ILC2s
activation. Type 2 cytokines, IL-4, IL-5, IL-9 and IL-13,
stimulate protective mechanisms in helminthic infections,
such as mucus production, eosinophilia, goblet cell hyper-
plasia, IgE isotype switching, and fibrosis [6]. In addition,
ILC2s are probably involved in tissue repair and regulation
of metabolic homeostasis of glucose and lipids [21]. Simi-
larly to Th2 cells, the development of ILC2s is thought to
be dependent upon GATA-3 expression [22]. ILC2s can be
identified in humans from other ILC subsets by the expres-
sion of chemoattractant receptor, homologous molecule
expressed on Th2 cells, CRTH2 [16]. ILC2s also express
CD25, various levels of c-kit and IL-7R. Since their respon-
siveness to IL-25, IL-33, and TSLP, ILC2s are presumed to
have adequate receptors to these molecules [18]. Existence
of G-protein coupled receptors on the surface of ILC2s ena-
bles them to facilitate lipid signaling from prostaglandins
and leukotrienes [23]. No functional subpopulations of ILC2
cells have been identified in healthy individuals.

The ILC3 group (ILC3s) includes ILC3 cells and clas-
sical lymphoid tissue inducer (LTi) cells [24]. Depending
on the expression of NCR, ILC3 cells contain the group of
NCR* and NCR™ ILCs. They are usually activated upon
bacterial and fungal infections in the presence of IL-1p and
IL-23 produced by myeloid cells [25, 26]. When activated,
ILC3s secrete IL-17 and IL-22. IL-17 recruits neutrophils
and macrophages to the site of the infection, while IL-22
may have anti-inflammatory effects in inflammatory diseases
[27]. ILC3s can exhibit features of antigen presenting cells
by accepting and presenting antigens, thus playing the role
in adaptive immunity [28]. In addition, ILC3s also produce
lymphotoxins and GM-CSF [29], while NCR™* ILC3s con-
tribute to protective immunity by secretion of proinflam-
matory cytokines, IFN-y and TNF-a [30]. Expression of
transcription factor RORyt is the most important for devel-
opment and maturation of ILC3s family members [31].

Regulatory ILCs predominantly inhabit the gut where
they expand following pathogenic stimulation and sup-
press intestinal inflammation. These cells are distinct from
ILCs and Tregs, without significant gene profile similarity.
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Namely, ILCregs lack expression of transcription factors
that play important roles in ILC development, such as T-bet,
GATA-3, RORyt, or Foxp3. Instead, they express unique /d3
required for their development [10]. Since ILCregs produce
regulatory cytokines, IL-10 and TGF-8, it is most likely that
this cell population provides the missing link between ILCs
and Tregs. Such autocrine TGF-f is probably required for
the expansion of ILCregs [10].

Summarized phenotype of each ILCs subset is presented
in Table 1.

In recent years, there has been a rapid advance in under-
standing of the signals that govern ILC development, which
has been nicely summarized elsewhere [32, 33].

ILCs respond to the microenvironment through cytokine
receptors, translating signals into effector cytokines and
activating adaptive effector functions [4]. It is thought
that ILCs regulate adaptive immunity through promotion
of T cell activation via regulation of dendritic cells (DCs)
[34]. Namely, DCs as central players of immune regula-
tion, recognize, decode, integrate and present information
from microbial and stress stimuli to T cells thus stimulating
immune response [35]. Positive feedback loop between DCs
and cNK cells through the production of IFN-y and IL-12
promotes the differentiation of Thl cells [36]. ILC2s lead to
the activation of DCs through the IL-13 production and sub-
sequent Th2 differentiation [37]. Finally, DCs produce IL-23
upon ILC3s’ membrane-bound lymphotoxin a;}, stimula-
tion, which in turn promote the activity of ILC3s and dif-
ferentiation of Th17 cells [38]. However, these mechanisms
are not fully elucidated and further research should describe
it more accurate.

Although ILCs do not express antigen-specific receptors,
they express subset-specific receptors, allowing them to be
activated specifically under inflammatory conditions [16].
Each subset, however, shares a group of common recep-
tors important for their activation and regulation during

inflammation or infections. These receptors include induc-
ible T cell co-stimulator (ICOS), CD161, and IL-18 receptor
(IL-18R) [16].

ICOS receptor was initially described as a co-stimula-
tory receptor expressed by activated T cells important for
their function [39]. Recent findings suggest that ICOS play
an important role in activation and survival of ILC2s upon
its interaction with ICOS ligand, both expressed by this
group of cells [40]. There are papers demonstrating the
expression of ICOS by ILC3s, but its function remains to
be elucidated [15].

CD161 is a C-type lectin which binds to lectin-like tran-
script-1 upon activation by numerous immune cells [41].
Differentiated Th1, Th2, and Th17 CD4* T cells express
CD161 where it acts as co-stimulatory or co-inhibitory
receptor. All ILC subsets also express CD161, but its acti-
vation or inhibition role still needs to be investigated.

The IL-18R binds IL-18 produced by intestinal epithe-
lial cells and macrophages under inflammatory conditions
[42]. Human ILC2s and ILC3s express IL-18R [40]. Upon
activation by IL-18, ILC2s secrete high amounts of type 2
cytokines, whereas ILC3s produce IL-17 as a response to
IL-18 only when provided together with IL-23 [40].

ILCs in pathogenesis of the diseases

Many studies were investigating the role of ILCs in the
pathogenesis of various diseases. In this review the current
knowledge of ILCs as a part of different immunological dis-
orders is summarized (Fig. 1).

ILC1s

ILC1s subpopulation is probably involved in the immune
response against various infections, since these cells mostly

Table 1 Expression of

~or ILCls ILC2s ILC3s ILCregs
characteristic molecules on
human ILCs’ surface c¢NK ielLCls ILCls NCR* NCR™ LTi
NKG2A NKG2A CD127 CD127 CD127 CD127 CD127 CD25
NKp46 NKp46 CDl61 CDl61 CDl61 CDl61 CD161  Sca-1
NKp44 NKp44 IL12RB1  IL-7R CD117 CD117 CD117  CD90
IL12RB1  IL12RB1  KLRGI CRTH2 NKp46 IL-12RB1  CD25 CD45
CD25 CDI122 ICOS CD117 NkP44 CD25 CCR6 CD127
CD122 IL-17RB IL-12RB1 ICOS IL-23R
KLRGI1 KLRGI CD25 CCR6 IL-1R1
ICOS ICOS IL-23R
CCR6 CCR6 IL-1R1
IL-1R1 IL-23R
MHC class I IL-1R1
IL-33R MHC class II
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ILC1 ILC2 ILC3 ILCreg
. - IL-12 IL-25
Stimulatin -
cytokineg IL-15 IL-33 ﬁ_?; TGF-B ?
IL-18 TSLP
Cytokines IFN- IL-4 IL-5 IL-17 IL-10
production B v IL-9 IL-13 IL-22 TGF-B
Function Immunity to Immunity to helminths |[Immunity to extracellular Resolution of innate
intracellular pathogens Wound repair pathogens inflammation
Disease Crohn’s disease Atopic dermatitis IB.D . Colitis
association COPD Asthma Psoriasis ?
Chronic rhinosinusitis Multiple sclerosis ’

Fig. 1 Innate lymphoid cells: subsets, functions and disease association

inhabit the mucosal surfaces where they meet infective
agents [43]. Namely, upon infection, innate immune cells
produce different cytokines involved in activation of ILC1s
[5]. Following activation, ILCls secrete mainly IFN-y,
important for protection against infections, such as Clostrid-
ium difficile [44] and Toxoplasma gondii [45].

Numerous studies described the increased number of
ILClIs in various inflammatory diseases [46—48]. Intestinal
samples from patients with Crohn’s disease or bronchoalveo-
lar lavage (BAL) fluid from patients with chronic obstructive
pulmonary disease are characterized with great increase of
ILC1s versus ILC2s and ILC3s [48]. In addition, a large
number of ILCls are found in peripheral blood of patients
with anti-neutrophil cytoplasmic antibody-associated vas-
culitis, rheumatoid arthritis, systemic lupus erythematosus
(SLE), and systemic sclerosis, suggesting the importance
of ILCls in their pathogenesis [47, 49, 50]. Since the role
of IFN-y in inflammation is well established, the usage of
IFN-y blockers can be considered as a promising therapeutic
strategy in certain inflammatory conditions. Different anti-
IFN-y antibodies were approved in treatment of Crohn’s dis-
ease, theumatoid arthritis, SLE, and systemic sclerosis [48].
Description of their modes of actions overcomes this review
and is well-described elsewhere [51, 52].

Involvement of IFN-y in anti-tumor response is well
known as well [53-55]. However, there is no evidence link-
ing IFN-y-producing ILCl1s directly with tumor immunity.
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There are few ongoing studies investigating the effect of
their secreted cytokines and anti-tumor response [55, 56].
The authors described ILC1-like cells expressing granzyme
B and TRAIL which can efficiently lyse tumor cells in a
mammary tumor model [56]. Further research is required to
establish whether an equivalent cell type exists in humans.

ILC2s

Due to its production of Th2 cytokines, ILC2s were consid-
ered as a detrimental in numerous inflammatory disorders
[5, 57].

Allergic asthma is an airway disease caused by over acti-
vated immune response to allergens, such as dust mites, pet
dander, pollen, mold, etc., [58]. Inhalation of these allergens
leads to airway hyper-responsiveness and inflammation, and
sequent bronchoconstriction, excessive mucus production,
and airway narrowing [59]. For a long time it was thought
that Th2 immune response plays a crucial role in pathogen-
esis of asthma. However, Kim et al. described involvement
of ILC2s, ILC3s, and Th17 cells as well [60]. Recent stud-
ies showed increased number of ILC2s in lungs and BAL
fluid with up regulated levels of IL-25, IL-33, and TSLP
in peripheral blood of patients with asthma [61, 62]. It is
thought that ILC2s in cooperation with DCs and CD4* T
cells modulate immune response at mucosal sites and con-
tribute to allergic airway inflammation [63]. In addition,
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several genes associated with ILC2s are certified in asth-
matic patients, including the gene that encodes RORa,
IL-13, and IL1RL1 (component of IL-33 receptor), suggest-
ing a role of ILC2s in asthma pathogenesis [64]. Lungs of
asthmatic patients express high levels of IL-9, another Th2
cytokine [65]. It has been demonstrated that this cytokine
leads to airway remodeling and mucus hyperproduction.
Study by Wilhelm and colleagues [66] revealed possible
autocrine or paracrine effect of IL-9 on ILC2s leading to
their survival and increased secretion of IL-5 and IL-13,
important for asthma symptoms.

Human ILC2s are also involved in pathogenesis of
chronic rhinosinusitis (CRS) [18]. CRS is a persistent
inflammatory disease characterized by sinonasal mucosal
inflammation lasting at least 12 weeks [67]. High IgE sera
levels and eosinophilia are common findings in patients with
CRS. Main symptoms of CRS include nasal congestion,
headache, and postnasal drip, whose severity is dependent
on the size of the nasal polyps and number of ILC2s within
[18, 68]. Namely, increased number of ILC2s in polyps fol-
lowing eosinophilia, suggest the potential role of ILC2s in
the activation and survival of eosinophils in CRS [69]. Aller-
gic rhinitis is a disease also characterized with involvement
of ILC2s, and it is frequently associated with CRS [48].

Atopic dermatitis (AD) is a chronic inflammatory skin
disease, mostly seen among children. It is characterized by
various signs and symptoms, such as rash in the creases of
the elbows or knees, at the neck, wrists, and ankles. Rash is
often followed by itchy, scaly patches. Recent studies pro-
posed the role of ILC2s in pathogenesis of AD. Namely,
Salimi and colleagues [20] demonstrated increased number
of ILC2s in the skin lesions of AD patients followed by high
amounts of IL-5 and IL-13. Increased levels of TSLP, IL-25,
and IL-33, stimulators of ILC2s, were also detected in these
lesions [21]. Interaction between ILC2s and innate immune
cell types could have an important role in the pathogenesis
of AD as well [70]. Basophils, mast cells, and keratinocytes
are marked as cells of great importance. Namely, Kim et al.
have demonstrated the presence of basophils in skin lesions
of AD patients [71]. Investigating AD in murine model, this
group showed that depletion of basophils can reduce skin
inflammation and improve the healing. Mast cells and their
mediator, PGD,, could also promote disease symptoms by
inducing the migration of ILC2s to the skin lesions. Further-
more, keratinocytes with engaged ligand NKp30 leads to the
production of IL-5 and IL-13 by ILC2s, suggesting addi-
tional mechanism of ILC2s activation in AD patients [72].

Another important role of ILC2s is reflected through the
promotion of immunity against extracellular helminthic
parasites [73, 74]. Namely, type 2 cytokines produced by
ILC2s, IL-4, IL-5, IL-9, and IL-13, regulate the alternative
activation of macrophages, granulocyte response and smooth
muscle contractility, inducing parasite expulsion [75]. In

addition, study showed that ILC2s express amphiregulin, a
member of the epidermal growth (EGF) family of proteins,
which mediates anti-helminthic immunity [76]. Amphiregu-
lin also interacts with EGF receptor upon stimulation by
IL-33, and promotes the proliferation of epithelial cells, thus
contributing to process of tissue remodeling [20, 77].

Some investigations were trying to explain the role of
ILC2s in regulation of metabolic homeostasis [78-80]. It
is supposed that ILC2s are main responders to nutrient and
metabolic stress. For instance, IL-5 and IL-13 produced
by ILC2s in murine white adipose tissue maintain eosino-
phils and alternatively activated macrophages limit induced
obesity and insulin resistance [78]. However, these mecha-
nisms are not fully understood and more research needs to
be performed.

While activation of ILCls goes in favor of antitumor
immunity, ILC2s are generally associated with tumor pro-
gression [70]. This feature is reflected through the produc-
tion of IL-33 and IL-13. Namely, breast cancer murine
model studies revealed that administration of IL-33 increases
tumor growth and development of metastases. Such findings
were accompanied by the growing number of IL-13-produc-
ing ILC2s [81]. Another study showed linkage between high
sera levels of IL.-33 and liver cirrhosis [82]. Activation and
proliferation of liver-resident ILC2s seems to be dependent
on IL-33, which in turn produce IL-13 and activate hepatic
stellate cells, resulting in hepatic fibrosis. Patients with
these conditions are in high risk of developing hepatocel-
lular cancer. Amphiregulin, expressed by ILC2s, can also
play a role in tumor progression via activation of Tregs [19].
Activated Tregs, in turn induce immune suppression and
inhibit antitumor immune response. Such immunosuppres-
sive role of ILC2s makes these cells an interesting target for
cancer immunotherapy and such an idea needs additional
investigations.

ILC3s

ILC3s act as mediators of different inflammatory diseases
and tumors through cytokine production and antigen pres-
entation [83].

Inflammatory bowel disease (IBD) represents a group of
intestinal disorders that cause prolonged inflammation of
the digestive tract. It is induced by a dysregulated immune
response to intestinal microbiota. The two main types of IBD
are ulcerative colitis (UC), limited to the colonic mucosa,
and Crohn disease (CD), which can affect any segment of the
gastrointestinal tract. Patients with this condition are more
prone to the development of malignancy. The main symp-
toms of IBD refer to diarrhea, constipation, bowel move-
ment abnormalities, abdominal cramping and pain, nausea,
and vomiting [84]. The most common ILC subset in human
intestine is ILC3s where they produce I1L-22, IL-17, and
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IFN-y [85], key cytokines of chronic inflammation which
characterizes IBD [86].

Psoriasis is another inflammatory disease where ILC3s
have a significant share in pathogenesis. This is an autoim-
mune disorder, characterized by patches of abnormal skin.
It typically affects the outside of the elbows, knees or scalp.
Itch, burns, and stings are the main symptoms of psoriasis.
Recent studies have demonstrated an increased frequency
of NCR* ILC3s in psoriatic skin lesions suggesting their
important role in pathogenesis of the disease [87]. In addi-
tion, IL-22, produced by NCR* ILC3s isolated from pso-
riatic skin, was shown as main inducer of psoriatic plaque
formation [88].

Multiple sclerosis (MS) is a chronic disease of the cen-
tral nervous system, characterized by discrete areas of
demyelination and axon injury associated with inflamma-
tory activity [89]. One of the key defining characteristics
of MS is dissemination of the lesions in both, space and
time. Combination of multiple factors seems to contribute
to inflammatory activity. Recent studies showed that Thl,
Th9, and Th17 cells are included in autoimmune response
of MS [90, 91]. Data supporting ILC3s involvement in MS
pathogenesis have been reported [92]. Namely, increased
number of ILC3s was found in blood of MS patients com-
pared to healthy individuals. Strong expression of IL-17
in the brain lesions of MS patients supports the potential
impact of ILC3s in MS [93].

Regarding the role in tumor immunity, ILC3s are found
as a big part. Most of the studies involved investigations in
gut, where ILC3s through IL-23/IL-17 cytokine axis play
its role in IBD [86, 94]. Langowski and colleagues [95]
pointed the significantly high amounts of IL-23 in human
colon tumors compared to healthy persons. Involvement of
IL-23 in colon carcinogenesis was described through the
murine model studies, where IL-23-deficient mice expressed
resistance to tumor formation induced by chemicals. Devel-
opment of human breast cancer, lung cancer, pancreatic
and gastric cancer was shown as IL-17 dependent [96-98].
Presence of NCR* ILC3s seems to be nice prognostic factor
in development of human non-small cell lung cancer [99].
These cells were found in lymphoid infiltrates interacting
with tumor cells and tumor-associated fibroblasts, formatting
tertiary lymphoid structures. These structures stand in posi-
tive correlation with better clinical outcome of the disease,
indicating NCR* ILC3s as good prognostic factor of human
NSCLC.

ILCregs
To date, not many investigations were performed regarding
the role of ILCregs in health and disease. Current knowledge

indicates their involvement in the regulation of intestinal
inflammation [10].
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Investigation showed that ILCregs exist in
mouse and human intestines, where they exert
Lin'CD45*CD127*IL-10* profile, validated through immu-
nohistochemical staining and flow cytometry analysis. These
cells are able to suppress ILC-driven inflammation in an
IL-10-dependent manner. Namely, ILCregs inhibit the acti-
vation of ILCls and ILC3s blocking their production of
IFN-y and IL-17 [10]. It is believed that this suppression is
achieved via IL-10 secretion during the innate intestinal coli-
tis. On the other hand, ILCregs do not suppress the activa-
tion of ILC2s during the intestinal inflammation. Additional
protective role of ILCregs in resolution of innate intestinal
inflammation is reflected through the IL-22 production by
ILC3s. Namely, the protecting potential of IL-22 in mucosal
immunity is well known [100]. Although ILCregs suppress
the IL-17 and IFN-y production, IL-22 secretion by ILC3s
is not affected, suggesting beneficial tissue protection in the
presence of ILCregs. It remains unclear whether ILCregs
can be found in tissues other than intestinal tract where they
can have protective effects in inflammatory disorders as well.
Therefore, future studies need to be performed.

Conclusion

Ever since they were discovered, ILCs were the subject of
many studies. Primarily described in three subgroups, ILCs
are now expanded with a new population named ILCregs.
ILCls, ILC2s, and ILC3s, reflect both the phenotypic and
the functional characteristics of Th1, Th2, and Th17, respec-
tively. ILCregs probably represents the missing piece con-
necting ILCs and Tregs.

ILCs have a great part in immunity and homeostasis, but
also evince an important role in immune-related disorders,
making them an interesting therapeutic target, thus addi-
tional research needs to be performed.

Acknowledgements The authors thank the support of the Ministry of
Education, Science and Technological Development of the Republic
of Serbia (projects numbers 175102, 175056).

Compliance with ethical standards

Conflict of interest The authors declare no competing financial inter-
est.

References

1. Origins TJ. On the origin of the immune system. Science.
2009;324:580-2.

2. Spits H, Cupedo T. Innate lymphoid cells: emerging insights
in development, lineage relationships, and function. Annu Rev
Immunol. 2012;30:647-75.



Function of innate lymphoid cells in the immune-related disorders

237

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

Diefenbach A, Colonna M, Koyasu S. Development, differ-
entiation, and diversity of innate lymphoid cells. Immunity.
2014;41:354-65.

Eberl G, Colonna M, Di Santo JP, et al. Innate lymphoid cells:
a new paradigm in immunology. Science. 2015;348:6566.
Spits H, Di Santo JP. The expanding family of innate lymphoid
cells: regulators and effectors of immunity and tissue remod-
eling. Nat Immunol. 2011;12:21-7.

Artis D, Spits H. The biology of innate lymphoid cells. Nature.
2015;517:293-301.

Brestoff JR, Kim BS, Saenz SA, et al. Group 2 innate lymphoid
cells promote beiging of white adipose tissue and limit obesity.
Nature. 2015;519:242-6.

Lee MW, Odegaard JI, Mukundan L, et al. Activated type
2 innate lymphoid cells regulate beige fat biogenesis. Cell.
2015;160:74-87.

Geremia A, Arancibia-Carcamo CV, Fleming MP, et al. IL-
23-responsive innate lymphoid cells are increased in inflam-
matory bowel disease. J] Exp Med. 2011;208:1127-33.

Wang S, Xia P, Chen Y, et al. Regulatory innate lym-
phoid cells control innate intestinal inflammation. Cell.
2017;171(201-216):e218.

Spits H, Artis D, Colonna M, et al. Innate lymphoid cells-
a proposal for uniform nomenclature. Nat Rev Immunol.
2013;13:145-9.

Cortez VS, Colonna M. Diversity and function of group 1
innate lymphoid cells. Immunol Lett. 2016;179:19-24.

Fuchs A, Vermi W, Lee JS, et al. Intraepithelial type 1 innate
lymphoid cells are a unique subset of IL-12- and IL-15-respon-
sive IFN-gamma-producing cells. Immunity. 2013;38:769-81.
Mjosberg J, Spits H. Human innate lymphoid cells. J Allergy
Clin Immunol. 2016;138:1265-76.

Jurisi¢ V, Stojaci¢-Djeni¢ S, Colovié¢ N, Konjevi¢ G. The role
of cytokine in regulation of the natural killer cell activity. Srp
Arh Celok Lek. 2008;136(7-8):423-9.

Simoni Y, Newell EW. Dissecting human ILC heterogeneity:
more than just three subsets. Immunology. 2018;153:297-303.
Roan F, Ziegler SF. Human group 1 innate lymphocytes are
negative for surface CD3 epsilon but express CD5. Immunity.
2017;46:758-9.

Mjosberg JM, Trifari S, Crellin NK, et al. Human IL-25-
and IL-33-responsive type 2 innate lymphoid cells are
defined by expression of CRTH2 and CD161. Nat Immunol.
2011;12:1055-62.

Monticelli LA, Sonnenberg GF, Abt MC, et al. Innate lymphoid
cells promote lung-tissue homeostasis after infection with influ-
enza virus. Nat Immunol. 2011;12:1045-54.

Salimi M, Barlow JL, Saunders SP, et al. A role for IL-25 and
IL-33-driven type-2 innate lymphoid cells in atopic dermatitis.
J Exp Med. 2013;210:2939-50.

Kim BS, Siracusa MC, Saenz SA, et al. TSLP elicits IL-33-inde-
pendent innate lymphoid cell responses to promote skin inflam-
mation. Sci Transl Med. 2013;5:170ral16.

Turner JE, Morrison PJ, Wilhelm C, et al. IL-9-mediated
survival of type 2 innate lymphoid cells promotes damage
control in helminth-induced lung inflammation. J Exp Med.
2013;210:2951-65.

Roediger B, Weninger W. Group 2 innate lymphoid cells
in the regulation of immune responses. Adv Immunol.
2015;125:111-54.

Liu M, Zhang C. The role of innate lymphoid cells in immune-
mediated liver diseases. Front Immunol. 2017;8:695.

Hughes T, Becknell B, Freud AG, et al. Interleukin-1beta selec-
tively expands and sustains interleukin-22 + immature human
natural killer cells in secondary lymphoid tissue. Immunity.
2010;32:803-14.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Coccia M, Harrison OJ, Schiering C, et al. IL-1beta mediates
chronic intestinal inflammation by promoting the accumulation
of IL-17A secreting innate lymphoid cells and CD4(+) Th17
cells. J Exp Med. 2012;209:1595-609.

Neurath MF. Cytokines in inflammatory bowel disease. Nat
Rev Immunol. 2014;14:329-42.

Hepworth MR, Monticelli LA, Fung TC, et al. Innate lymphoid
cells regulate CD4" T-cell responses to intestinal commensal
bacteria. Nature. 2013;498:113-7.

Mortha A, Chudnovskiy A, Hashimoto D, et al. Microbiota-
dependent crosstalk between macrophages and ILC3 promotes
intestinal homeostasis. Science. 2014;343:1249288.
Melo-Gonzalez F, Hepworth MR. Functional and phenotypic
heterogeneity of group 3 innate lymphoid cells. Immunology.
2017;150:265-75.

Cording S, Medvedovic J, Cherrier M, et al. Development and
regulation of RORgammat(+) innate lymphoid cells. FEBS
Lett. 2014;588:4176-81.

Yang Q, Bhandoola A. The development of adult innate lym-
phoid cells. Curr Opin Immunol. 2016;39:114-20.

Zook EC, Kee BL. Development of innate lymphoid cells. Nat
Immunol. 2016;17:775-82.

Gasteiger G, Rudensky AY. Interactions between innate and
adaptive lymphocytes. Nat Rev Immunol. 2014;14:631-9.
Pulendran B. The varieties of immunological experience: of
pathogens, stress, and dendritic cells. Annu Rev Immunol.
2015;33:563-606.

Jiao L, Gao X, Joyee AG, et al. NK cells promote type 1 T
cell immunity through modulating the function of dendritic
cells during intracellular bacterial infection. J Immunol.
2011;187:401-11.

Halim TY, Steer CA, Matha L, et al. Group 2 innate lym-
phoid cells are critical for the initiation of adaptive T helper
2 cell-mediated allergic lung inflammation. Immunity.
2014;40:425-35.

Tumanov AV, Koroleva EP, Guo X, et al. Lymphotoxin con-
trols the IL-22 protection pathway in gut innate lymphoid
cells during mucosal pathogen challenge. Cell Host Microbe.
2011;10:44-53.

Dong C, Juedes AE, Temann UA, et al. ICOS co-stimulatory
receptor is essential for T-cell activation and function. Nature.
2001;409:97-101.

Simoni Y, Fehlings M, Kloverpris HN, et al. Human innate lym-
phoid cell subsets possess tissue-type based heterogeneity in
phenotype and frequency. Immunity. 2017;46:148-61.

Germain C, Meier A, Jensen T, et al. Induction of lectin-like tran-
script 1 (LLT1) protein cell surface expression by pathogens and
interferon-gamma contributes to modulate immune responses. J
Biol Chem. 2011;286:37964-75.

Dinarello CA, Novick D, Kim S, et al. Interleukin-18 and IL-18
binding protein. Front Immunol. 2013;4:289.

Walker JA, Barlow JL, McKenzie AN. Innate lymphoid cells-how
did we miss them? Nat Rev Immunol. 2013;13:75-87.

Abt MC, Lewis BB, Caballero S, et al. Innate immune defenses
mediated by two ILC subsets are critical for protection against
acute Clostridium difficile infection. Cell Host Microbe.
2015;18:27-37.

Klose CSN, Flach M, Mohle L, et al. Differentiation of type 1
ILCs from a common progenitor to all helper-like innate lym-
phoid cell lineages. Cell. 2014;157:340-56.

Yang Z, Tang T, Wei X, et al. Type 1 innate lymphoid cells con-
tribute to the pathogenesis of chronic hepatitis B. Innate Immun.
2015;21:665-73.

Braudeau C, Amouriaux K, Neel A, et al. Persistent deficiency
of circulating mucosal-associated invariant T (MAIT) cells in
ANCA-associated vasculitis. J Autoimmun. 2016;70:73-9.

@ Springer



238

T. Dzopali¢ et al.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Kim J, Kim G, Min H. Pathological and therapeutic roles of
innate lymphoid cells in diverse diseases. Arch Pharm Res.
2017;40:1249-564.

Schepis D, Gunnarsson I, Eloranta ML, et al. Increased propor-
tion of CD56bright natural killer cells in active and inactive sys-
temic lupus erythematosus. Immunology. 2009;126:140-6.
Roan F, Stoklasek TA, Whalen E, et al. CD4* group 1 innate
lymphoid cells (ILC) form a functionally distinct ILC subset that
is increased in systemic sclerosis. J Immunol. 2016;196:2051-62.
Chen P, Vu T, Narayanan A, et al. Pharmacokinetic and pharma-
codynamic relationship of AMG 811, an anti-IFN-gamma [gG1
monoclonal antibody, in patients with systemic lupus erythema-
tosus. Pharm Res. 2015;32:640-53.

Werth VP, Fiorentino D, Sullivan BA, et al. Brief report: pharma-
codynamics, safety, and clinical efficacy of AMG 811, a human
anti-interferon-gamma antibody, in patients with discoid lupus
erythematosus. Arthritis Rheumatol. 2017;69:1028-34.
Bromberg JF, Horvath CM, Wen Z, et al. Transcriptionally active
Statl is required for the antiproliferative effects of both inter-
feron alpha and interferon gamma. Proc Natl Acad Sci USA.
1996;93:7673-8.

Martini M, Testi MG, Pasetto M, et al. IFN-gamma-mediated
upmodulation of MHC class I expression activates tumor-specific
immune response in a mouse model of prostate cancer. Vaccine.
2010;28:3548-57.

van Beek JJP, Martens AWJ, Bakdash G, et al. Innate lymphoid
cells in tumor immunity. Biomedicines. 2016;4:7.

Dadi S, Chhangawala S, Whitlock BM, et al. Cancer immunosur-
veillance by tissue-resident innate lymphoid cells and innate-like
T Cells. Cell. 2016;164:365-77.

Halim TY. Group 2 innate lymphoid cells in disease. Int Immu-
nol. 2016;28:13-22.

Holgate ST. Innate and adaptive immune responses in asthma.
Nat Med. 2012;18:673-83.

Bousquet J, Clark TJ, Hurd S, et al. GINA guidelines on asthma
and beyond. Allergy. 2007;62:102-12.

Kim HY, Umetsu DT, Dekruyff RH. Innate lymphoid cells
in asthma: will they take your breath away? Eur J Immunol.
2016;46:795-806.

Drake LY, Kita H. Group 2 innate lymphoid cells in the lung.
Adv Immunol. 2014;124:1-16.

Kabata H, Moro K, Koyasu S, et al. Group 2 innate lymphoid
cells and asthma. Allergol Int. 2015;64:227-34.

Drake LY, Iijima K, Kita H. Group 2 innate lymphoid cells and
CD4* T cells cooperate to mediate type 2 immune response in
mice. Allergy. 2014;69:1300-7.

Moffatt MF, Gut IG, Demenais F, et al. A large-scale, consor-
tium-based genomewide association study of asthma. N Engl J
Med. 2010;363:1211-21.

Barlow JL, Bellosi A, Hardman CS, et al. Innate IL-13-pro-
ducing nuocytes arise during allergic lung inflammation and
contribute to airways hyperreactivity. J Allergy Clin Immunol.
2012;129(191-198):e191-4.

Wilhelm C, Turner JE, Van Snick J, et al. The many lives of IL-9:
a question of survival? Nat Immunol. 2012;13:637-41.

Lee S, Lane AP. Chronic rhinosinusitis as a multifactorial inflam-
matory disorder. Curr Infect Dis Rep. 2011;13:159-68.

Akdis CA, Bachert C, Cingi C, et al. Endotypes and phenotypes
of chronic rhinosinusitis: a PRACTALL document of the Euro-
pean Academy of Allergy and Clinical Immunology and the
American Academy of Allergy, Asthma Immunology. J Allergy
Clin Immunol. 2013;131:1479-90.

Ho J, Bailey M, Zaunders J, et al. Group 2 innate lymphoid cells
(ILC2s) are increased in chronic rhinosinusitis with nasal polyps
or eosinophilia. Clin Exp Allergy. 2015;45:394-403.

@ Springer

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Ebbo M, Crinier A, Vely F, et al. Innate lymphoid cells:
major players in inflammatory diseases. Nat Rev Immunol.
2017;17:665-78.

Kim BS, Wang K, Siracusa MC, et al. Basophils promote
innate lymphoid cell responses in inflamed skin. J Immunol.
2014;193:3717-25.

Salimi M, Xue L, Jolin H, et al. Group 2 innate lymphoid cells
express functional NKp30 receptor inducing type 2 cytokine pro-
duction. J Immunol. 2016;196:45-54.

Moro K, Yamada T, Tanabe M, et al. Innate production of T(H)2
cytokines by adipose tissue-associated c-Kit(+)Sca-1(+) lym-
phoid cells. Nature. 2010;463:540—4.

Williams CM, Rahman S, Hubeau C, et al. Cytokine pathways
in allergic disease. Toxicol Pathol. 2012;40:205-15.

Pulendran B, Artis D. New paradigms in type 2 immunity. Sci-
ence. 2012;337:431-5.

Zaiss DMW, Gause WC, Osborne LC, et al. Emerging functions
of amphiregulin in orchestrating immunity, inflammation, and
tissue repair. Immunity. 2015;42:216-26.

Monticelli LA, Osborne LC, Noti M, et al. IL-33 promotes an
innate immune pathway of intestinal tissue protection dependent
on amphiregulin-EGFR interactions. Proc Natl Acad Sci USA.
2015;112:10762-7.

Molofsky AB, Nussbaum JC, Liang HE, et al. Innate lymphoid
type 2 cells sustain visceral adipose tissue eosinophils and alter-
natively activated macrophages. J Exp Med. 2013;210:535-49.
Miller AM, Asquith DL, Hueber AJ, et al. Interleukin-33 induces
protective effects in adipose tissue inflammation during obesity
in mice. Circ Res. 2010;107:650-8.

Spencer SP, Wilhelm C, Yang Q, et al. Adaptation of innate lym-
phoid cells to a micronutrient deficiency promotes type 2 barrier
immunity. Science. 2014;343:432-7.

Kim HY, Lee HJ, Chang Y]J, et al. Interleukin-17-producing
innate lymphoid cells and the NLRP3 inflammasome facili-
tate obesity-associated airway hyperreactivity. Nat Med.
2014;20:54-61.

Neumann K, Karimi K, Meiners J, et al. A proinflammatory role
of type 2 innate lymphoid cells in murine immune-mediated
hepatitis. J Immunol. 2017;198:128-37.

Sonnenberg GF, Artis D. Innate lymphoid cells in the ini-
tiation, regulation and resolution of inflammation. Nat Med.
2015;21:698-708.

Malik TA. Inflammatory bowel disease: historical per-
spective, epidemiology, and risk factors. Surg Clin N Am.
2015;95:1105-22.

Pearson C, Thornton EE, McKenzie B, et al. ILC3 GM-CSF
production and mobilisation orchestrate acute intestinal inflam-
mation. Elife. 2016;5:¢10066.

Longman RS, Diehl GE, Victorio DA, et al. CX(3)CR86(+) mon-
onuclear phagocytes support colitis-associated innate lymphoid
cell production of IL-22. J Exp Med. 2014;211:1571-83.
Villanova F, Flutter B, Tosi I, et al. Characterization of
innate lymphoid cells in human skin and blood demonstrates
increase of NKp44 +ILC3 in psoriasis. J Investig Dermatol.
2014;134(4):984-91.

Teunissen MBM, Munneke JM, Bernink JH, et al. Composition
of innate lymphoid cell subsets in the human skin: enrichment of
NCR(+) ILC3 in lesional skin and blood of psoriasis patients. J
Investig Dermatol. 2014;134:2351-60.

Sospedra M, Martin R. Immunology of multiple sclerosis. Annu
Rev Immunol. 2005;23:683-747.

Bielekova B, Goodwin B, Richert N, et al. Encephalitogenic
potential of the myelin basic protein peptide (amino acids 83-99)
in multiple sclerosis: results of a phase II clinical trial with an
altered peptide ligand. Nat Med. 2000;6:1167-75.



Function of innate lymphoid cells in the immune-related disorders

239

91.

92.

93.

94.

95.

96.

Langrish CL, Chen Y, Blumenschein WM, et al. IL-23 drives a
pathogenic T cell population that induces autoimmune inflam-
mation. J Exp Med. 2005;201:233-40.

Perry JS, Han S, Xu Q, et al. Inhibition of LTi cell develop-
ment by CD25 blockade is associated with decreased intrath-
ecal inflammation in multiple sclerosis. Sci Transl Med.
2012;4:145ral06.

Lock C, Hermans G, Pedotti R, et al. Gene-microarray analysis of
multiple sclerosis lesions yields new targets validated in autoim-
mune encephalomyelitis. Nat Med. 2002;8:500-8.

LiuJ, Duan Y, Cheng X, et al. IL-17 is associated with poor prog-
nosis and promotes angiogenesis via stimulating VEGF produc-
tion of cancer cells in colorectal carcinoma. Biochem Biophys
Res Commun. 2011;407:348-54.

Langowski JL, Zhang X, Wu L, et al. IL-23 promotes tumour
incidence and growth. Nature. 2006;442:461-5.

He S, Fei M, Wu Y, et al. Distribution and clinical significance of
Th17 cells in the tumor microenvironment and peripheral blood
of pancreatic cancer patients. Int J] Mol Sci. 2011;12:7424-37.

97.

98.

99.

100.

Pan B, Shen J, Cao J, et al. Interleukin-17 promotes angiogenesis
by stimulating VEGF production of cancer cells via the STAT3/
GIV signaling pathway in non-small-cell lung cancer. Sci Rep.
2015;5:16053.

Wu X, Yang T, Liu X, et al. IL-17 promotes tumor angiogenesis
through Stat3 pathway mediated upregulation of VEGF in gastric
cancer. Tumour Biol. 2016;37:5493-501.

Carrega P, Loiacono F, Di Carlo E, et al. NCR(+)ILC3 con-
centrate in human lung cancer and associate with intratumoral
lymphoid structures. Nat Commun. 2015;6:8280.

Sugimoto K, Ogawa A, Mizoguchi E, et al. IL-22 ameliorates
intestinal inflammation in a mouse model of ulcerative colitis. J
Clin Investig. 2008;118:534—44.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Function of innate lymphoid cells in the immune-related disorders
	Abstract
	Introduction
	Classification of ILCs subsets
	ILCs in pathogenesis of the diseases
	ILC1s
	ILC2s
	ILC3s
	ILCregs

	Conclusion
	Acknowledgements 
	References




