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Chapter 1

GENERAL INTRODUCTION
Barrier surfaces, including skin, the intestinal tract and the airways are colonized by countless
commensal bacteria, which are beneficial to the host physiology by regulating the development of the
immune system, nutrient metabolism, and protection against pathogens1. It is of cardinal importance
that the anatomical containment and diversity of commensals is tightly regulated, as translocation
and/or dysbiosis result in severe pathology, including chronic infectious, inflammatory and metabolic
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3 ILCs (ILC3). ILC1 express T-bet and respond to cytokines IL-12 and IL-18 by producing the type 1
cytokines IFN-γ and TNF-α (ILC1); ILC2 depend on GATA3 and respond to TSLP, IL-33 and IL-25 by
producing the type 2 cytokines IL-4, IL-5 and IL-13; and ILC3 that depend on RORγt and respond to
IL-23 and IL-1β by producing IL-22, IL-17, and GM-CSF19 (figure 1).
Whereas group 2 and group 3 ILCs have been well-characterized, the classification of group 1 ILCs

diseases. The mucosal epithelial barrier surface of lung and intestine are made up of a single-cell
layer that separates the commensals form the underlying sterile tissues, which harbour many
immune cells that closely interact with the commensals and the epithelial layer in order to maintain
the mucosal homeostasis. In particular helper innate lymphoid cells (ILCs) have been implicated as
important regulators of these host-microbiota interactions2. Their functional diversity and strategic
location allows helper ILCs to interact with other cell types and thereby contribute to maintaining the
mucosal homeostasis and initiating and propagating protective immunity, inflammation and tissuerepair responses already before the adaptive immune response becomes operative3.

is more diffuse19, 20. In addition to the non-cytotoxic helper ILC1 and cNK cells, two distinct Eomesexpressing subsets have been described that reside in anatomically distinct locations. The first one
is an intestinal intraepithelial IFNγ-producing CD103+ ILC1 subset that depends on the transcription
factor Nfil3. Like cNK-cells, CD103+ ILC1 produced high levels of granzyme and perforin21, 22. Although
the developmental requirements closely relate to those of cNK-cells, the precursor of this subset
remains to be formally defined23. The other subset resides specifically in the liver and salivary gland
(SG). In contrast to all other group 1 ILCs subsets, this subset does develop in an Nfil3 independent
manner, and kills target T-cells in a TRAIL-dependent manner20.

ILC SUBSETS

How these separate branches of group 1 ILCs relate and complement to each other is currently under
investigation.

Helper ILCs constitute a family of effector cells whose existence and importance have only recently
become apparent3, 4. Cytotoxic conventional NK (cNK) cells represent the prototypic ILC subset, which
like helper ILCs derive from the common lymphoid progenitor (CLP) and depend on the transcriptional
repressor Id2 and the transcription factors NFIL3 and Tox5. However, NK cells are functionally and
developmentally distinct from the more recently discovered helper ILC subsets, as they do not
express CD127, depend on IL-15 signalling and express eomesodermin (eomes), whereas helper ILCs
are non-cytotoxic, and depend on the transcription factors TCF and GATA3, and IL-7 signalling 6, 7, 8, 9,
10, 11
.
The member of the ILC family that was discovered first is the RORγt-expressing lymphoid tissue
inducer (LTi) cell, which plays essential roles in the formation of secondary lymphoid organs (SLO)
during embryogenesis, a process which is considered to be developmentally progammed12, 13, 14, 15. The
capacity of SLOs to facilitate an appropriate host defence response after birth is dependent on the
maternal intake of retinoic acid (RA), which directly influences the maturation status of developing
LTi cells in utero15. LTi cells persist during adulthood, where they are important for the formation
of cryptopatches (CPs), as well as isolated lymphoid follicles (ILFs), which evolve from CPs. Within
the ILFs, LTi cells are required for the production of IgA by B cells16 and have also been reported to
produce IL-17 and some IL-2212, 17.
Recently additional members of the ILC helper family have been identified that are related to LTi
cells in terms of their developmental requirements but have distinct functions. With regard to the
transcription factor dependency and cytokine expression profile, they are comparable to those of
the T helper (Th) cell subsets 18. As such this novel discovered family of ILCs can be considered as the
innate equivalents of Th cell subsets4, including group 1 ILCs (ILC1), group 2 ILCs (ILC2), and group
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ILCS IN MUCOSAL TISSUES
Homeostatic control of the mucosal barrier function is complex as it is continuously exposed to a
plethora of dietary and bacterial antigens to which the immune response should be tolerant but
concurrently alert to initiate a strong defence response against intruding pathogens.
ILCs are interspersed throughout the mucosa, just below the epithelial layer and in close contact with
stromal cells and other mucosal tissue-resident or recruited immune cells, whereas some ILCs are
preferentially located in secondary lymphoid structures24, 25. They express a broad arsenal of cytokine
receptors that together with their unique cytokine expression patterns enables them to convey
signals to other (non-) hematopoietic cell types that are in close proximity to monitor and to maintain
the mucosal homeostasis. Thus the communication between these strategically positioned ILCs and
other cell types allows ILCs to act like a relay station in order to maintain the mucosal homeostasis,
and when necessary to transfer signals to initiate an appropriate immune response (figure 2).
Maintenance of mucosal homeostasis
Epithelial cells and tissue-resident professional antigen presenting cells (APCs) are the primary sensors
of microbial antigens at the mucosal barrier surface. At steady state, ILC3 interact with these cell
types in a cell-contact-, and/or cytokine-dependent manner. For example, the interaction between
post-natal ILC membrane-bound lymphotoxin β (LTα1β2) and its cognate receptor, LT- β receptor on
dendritic cells (DCs) promotes the expression of IL-2326. IL-23, in turn, triggers synthesis of IL-22,
which is an essential cytokine for the maintenance of the epithelial barrier integrity and glycosylation
of the apical surface27, 28, 29. To maintain the levels of ILC-derived IL-22 within an acceptable range, its
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expression is adjusted and kept in check by symbiotic microbiota-triggered epithelial expression of IL2530 and the constitutive secretion of IL-22 binding protein (IL-22BP) by surrounding resident APCs31.
Furthermore, LTα1β2-mediated activation of DCs trigger the transcription of inducible nitric oxide
synthase (iNOS), an enzyme that is critical for T-cell-independent IgA induction by B-cells, whereas
ILC3-derived soluble lymphotoxin (sLTα3) contributes to T-cell-dependent production of IgA32,
the main immunoglobulin isotype at the intestinal surface that neutralize potential inflammatory

1

commensals at steady state. Another example of cytokine-mediated control of mucosal homeostasis
comes from a set of studies that demonstrated the production of GM-CSF by ILC3 in response to
IL-1β. that originated from a specific subset of mucosa-resident macrophages that directly sample
antigens from the lumen. GM-CSF in turn instructed DCs and macrophages to produce regulatory
molecules such as retinoic acid (RA) and IL-10 to induce and expand the regulatory T-cell pool33. In
addition to their communication with B cells, myeloid cells, and epithelial cells, several studies in mice
demonstrated that ILC3 also physically interact with T helper cells through the expression of major
histocompatibility complex II (MHC class II)34, 35. Intestinal ILC3 can take-up, process, and present
commensal bacterial antigens to T-cells, but lack the expression of co-stimulatory molecules that
are essential for T-cell activation, and, as a consequence, induce apoptosis in activated commensal
bacteria-specific T-cells. Thus, through two distinct mechanisms (competition and negative selection)
ILCs contribute in controlling T-cell-dependent immune response to commensal bacteria, and thereby
prevent disturbance of mucosal homeostasis.
In summary, their unique anatomic location, the interactions with other cells types, and their diverse
spectrum of action poise ILCs, in particular ILC3, to play a key role in keeping the mucosal homeostasis.
Figure 1. Developmental pathways of ILC subsets. Black lines: All ILC subsets derive from the CLP under the
influence of the transcription factor Nfil3. In presence of Nfil3, the transcription factor Tox, TCF-1, GATA3, and
the transcriptional repressor Id2 are up-regulated, enabling development of the ILC/NK-cell lineage towards
the CHILP in the presence of IL-7 signaling. Development towards the NKp depends on the transcription factor
eomes, and does not depend on Id2 and Tox, but are needed at a later stage following commitment to the NKp
in a T-bet and IL-15 dependent manner. The progeny of CHILP develop into ILC1, ILC2, and ILC3 in a PLZF-dependent manner, whereas LTi-cells seem to develop in a PLZF and AhR independent manner. Maturation of the
distinct subsets depend on IL-12 and Tbet for ILC1 and produce IFNγ and TNFα; ILC2 depend on GATA3, Gfi1 and
BCL11b and produce IL-4, IL-5 and IL-13; ILC3 maturation depends on RA, AhR and RORγt and produce IL-17A,
Il-22 and GM-CSF. Dashed lines: proposed relationship to known developmental pathways of ILC subsets. Both
liver/SG ILC1 and CD103+ ILC1 are dependent on T-bet and eomes, but develop in an IL- 15 independent manner.
The precursor of these cell-types has yet to be identified. CLP: common lymphoid progenitor; Nfil3: nuclear factor IL-3 regulated protein; Tox: thymocyte selection–associated high-mobility group protein; TCF-1: T-cell factor
1; GATA3: GATA binding protein 3; Id2: inhibitor of DNA binding 2; CHILP: common helper innate lymphoid cell
precursor; NKp: NK precursor; eomes: eomesodermin; PLZF: promyelocytic leukemia zinc finger; LTi: lymphoid
tissue inducer; AhR: arylhydrocarbon receptor; RA: retinoic acid; Gfi1: growth factor independent 1; Bcl11b:
B-Cell CLL/Lymphoma 11B; RORt: retinoic acid receptor (RAR)-related orphan receptor.
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on the down-regulation of the transcription factors RORγt and GATA3, respectively, and up-regulation
of T-bet, a process which was triggered through the secretion of inflammatory cytokines, such as
IL-1β, IL-12, IL-15, and IL-18 by surrounding APCs, monocyte and/or epithelial cells. ILC1-derived
IFNγ, in turn, attracted pro-inflammatory monocytes to the site of infection, amplifying the
transdifferentiation towards ILC1 and thereby a pro-inflammatory feed-forward loop39. Of note, as
aforementioned, helper ILC1 are distinct from the cNK cells and CD103+ ILC1, which only modestly
increased in the studied resection specimen22.

Figure 2. ILCs act like a relay station. The barrier surface separates the microbiota from the underlying lamina
propria. Blue dashed arrows indicate the interactions between mononuclear phagocytes, lymphocytes and
granulocytes directly with each other and the microbiota. ILCs do also interact with all these cell-types transmits
and/or enhance signals (black arrows). ILC1 signaling is depicted in red, ILC2 signaling in blue, and ILC3 signaling
in green. ILC1 are activated by IL-21, IL-12 and Il-18 and secrete IFNγ and TNFα; ILC2 are activated by PGD2, IL-4,
IL-9, IL-25, IL-33 and TSLP, and secrete IL-4, Il-5, IL-9 and IL-13; ILC3 are activated by IL-1β, IL-23, retinoic acid,
AhR-ligands, and ILC3-derived IL-22 is cached by IL- 22BP under homeostatic conditions. ILC3 secrete Il-17, IL-22,
GM-CSF, and produce soluble lymphotoxin (LTα3) and membrane-bound lymphotoxin (LTα1β2). Both ILC2 and ILC3
can express MHCII to instruct T-cell subsets. Al ILC subsets are activated by IL-2 and IL-7 (depicted in black). PGD2:
prostaglandin D2.

Protective immunity
Following from its central role in transmitting homeostatic signals to other cells in their close proximity,
ILCs also efficiently sense deviations from mucosal homeostasis, and thereby contribute to shaping a
proper immune response. For example, whereas IL-22 producing ILC3 are the predominant ILC subset
in the intestinal tract under homeostatic conditions, IFNγ-producing ILC1 expanded dramatically
when infected with intracellular bacteria such as Salmonella enterica36, Clostridium difficile37, or the
intracellular protozoan Toxoplasma gondii8. The expansion of ILC1 was, at least partly, a consequence
of a transdifferentiation process from ILC3 and ILC2 towards ILC122, 38. Transdifferentiation depended
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ILC2-derived IL-13 was essential for the expulsion of Nippostrongylus brasiliensis infected lung and
intestinal tissues40, 41, 42, 43. In one study ILC2 were directly triggered by the secretion of the alarmins
IL-33, IL-25, and/or thymic stromal lymphopoietin (TSLP) as a consequence of epithelial cell-derived
stress responses44. Another study demonstrated that ILC2 were activated through basophil-derived
IL-4 in an IL-33-dependent manner45. Nonetheless, both studies demonstrated that ILC2-derived
IL-13 promoted gobleT-cell hyperplasia, activation of alternatively activated macrophages, and
contraction of smooth muscle cells aimed to promote parasite expulsion. In addition, ILC-derived
IL-13 promoted the migration and activation of DCs to draining lymph nodes where they primed
T-cells to differentiate to Th2 cells in an IL-4-independent manner indicating that ILC2 are involved in
regulating adaptive immune responses 46. In another study it as shown that ILC2 were able to takeup, process and present antigens through MHC class II to T helper cells, potentiating the synthesis of
type 2-cytokines in ILC2 in a Th2 cell-derived IL-2 dependent manner.47 Thus, while T-cells contributed
to the full activation of ILC2 by secreting IL-2 in the initial phase of an inflammatory response, ILC2
in turn enhanced T-cell proliferation and the production of Th2 cytokines, propagating the adaptive
immune response.
In addition to their functions in the control of the intestinal homeostasis, IL-22 producing ILC3 are
also of crucial importance in host defence against chemical, mechanical, or certain pathogen induced
intestinal tissue damage. For example, the attaching and effacing extracellular enteropathogenic
bacterium Citrobacter rodentium triggers the secretion of the inflammasome-activated alarmins IL1β and IL-18 by epithelial cells and phagocytes, enhancing ILC-derived IL-22 secretion48. Epithelial
cells responded to IL-22 by promoting their mucus production, the synthesis of antimicrobial peptides
such as RegII and RegIII by Paneth cells, and enhanced proliferation31.
Taken together, ILCs possess a high degree of plasticity and this polyphenic trait together with their
diverse effector functions alloweded ILCs to rapidly respond to environmental challenges and to
instruct surrounding cells to efficiently initiate and propagate inflammatory responses.
Tissue repair
At the onset of a protective immune response genes are transcribed that are involved in the resolution
of inflammation, and their expression increases once the infection is resolved. Regulatory pathways
and the production of soluble mediators, such as prostaglandins, lipoxins, and resolvins, dampen
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inflammation and promote wound healing and tissue remodelling in order to restore the homeostatic
set point49. ILCs respond to these signals in both a direct and indirect manner.
Prostaglandin D2 (PGD2), for example, enhances ILC2-derived type 2 cytokine production when
bound to CRTH250, 51, but concurrently it has important roles in promoting resolution of inflammation,
especially when bound to the D prostanoid receptor 1 (DP1)52. Furthermore, ILC2 express the
receptor for the eicosanoid-like molecule lipoxin A4 (LXA4), which was shown to negatively regulate
ILC2 function by inhibiting PGD2-induced ILC2 activity53. In addition to dampening type 2 effector
functions, mouse ILC2 also promoted tissue repair through the expression of amphiregulin (Areg),
a member of the epidermal growth factor family54, 55. ILC2-expressed Areg was essential for the
restoration of epithelial damage following influenza A-induced cell damage, and chemically induced
intestinal tissue damage. In this setting, autocrine secretion of IL-9 contributed to the survival of ILC2
and enhanced the production of Areg56.
ILCs also contribute to the resolution of inflammation in an indirect manner. Following the removal
of apoptotic cells and the replacement of inflammatory monocytes by resident macrophages,
the changed microenvironment favours the transdifferentiation of “inflammatory” ILC1 into
homeostatic ILC3, a process that depends on IL-23, IL-1β, and RA22. Epithelial and/or phagocytederived RA accelerated the re-differentiation process by enhancing the expression of the ILC3 specific
transcription factor RORγt, and the synthesis of IL-2222, 57. IL-22 producing ILC3, in turn, promote
tissue repair following bacterial and radiation-induced damage23. Another study had shown that ILC3
promoted the restoration of secondary lymphoid organ microarchitecture following disruption of the
T-cell-zone stromal cells during the acute phase of cytotoxic T-cell-mediated protection against the
lymphocytic choriomeningitis virus (LCMV) infection. In that study, the LTα1β2 dependent interaction
between ILC3 and stromal cells was key for ILC3 survival and proliferation, presumably through the
secretion of stromal-derived IL-758.
Taken together, ILCs employ distinct mechanisms and are involved at different stages of the resolution
process in order to restore mucosal homeostasis.
Chronic inflammation
A strong protective immune response can induce a shift in homeostatic set point in order to optimally
protect the host at the cost of incompatible lower priority homeostatic processes59. However, when
such a shift become persistent, and does not return to its ground state, the inflammatory response
may become detrimental itself60. ILCs can be trapped in such an alternative inflammatory state and
contribute to the perpetuation of the inflammatory environment resulting in chronic inflammation
and inflammation-driven cancer. The trigger that drives such a vicious circle of inflammation may
have fundamentally distinct origins, and the qualitative contribution of ILCs in the pathogenesis
therefore may vary in nature.
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The primary factor(s) that drives the onset of chronic inflammation are often polymorphisms in genes
that are involved in monitoring and regulating the host-microbial interactions; however, it is increasingly
appreciated that environmental factors also contribute to intestinal immunopathogenesis61. Such
triggers may include opportunistic infections, diet, and drugs (e.g. antibiotics, NSAIDs). Prolonged
exposure to these factors may affect the host immune system, including ILCs, directly but also
indirectly by adversely altering the microbial composition of the barrier surface of the intestine
. For example, a pathogenic insult, or translocation of bacterial species due to a chemically or
physically induced disruption of the epithelial border elicits a strong host defence response in the
intestinal tract. When such an insult persists, it affects the composition of the luminal mircobiota by
reducing its diversity and renders otherwise naturally underrepresented bacterial species of the flora
a growth advantage over the homeostatic dominant species, a process known as dysbiosis63. In such
as setting, S. enterica-mediated transdifferentiation of ILC3 towards IFNγ-producing ILC1 induces
damage to epithelial tight junctions, favouring bacterial translocation, survival, and colonisation,
thereby exacerbating intestinal inflammation36. Similarly, Helicobacter hepaticus-induced infection
promotes chronic inflammation through the accumulation of ILCs that secrete IL-17A and IFNγ.
which are involved in the disease because antibody-mediated neutralisation of these cytokines was
sufficient to ameliorate colitis64, 65.
62

In addition to the direct effects, chronically activated ILCs also indirectly contribute to dysbiosismediated intestinal immunopathology. For example, the expansion of the pathobiont segmented
filamentous bacteria (SFB) prompts ILCs to produce IL-22 in a DC-dependent manner, triggering
production of antimicrobial peptides and serum amyloid A (SAA1 and SAA2) by epithelial cells66.
SAAs in turn activate Th17 cells to produce large amounts of IL-17 and IFNγ, resulting in severe
immunopathology in the terminal ileum67, 68. This mechanism of action is probably not restricted
to SFB as also other attaching and effacing bacteria, such as EHEC and C. Rodentium, and selected
strains from individuals with ulcerative colitis (UC) were able to induce a robust Th17 response63, 67, 69.
Dysbiosis and the aforementioned ILC-related immunopathology can also occur as a consequence
of dietary stress (e.g. malnutrition, unvaried diet) whereas certain specific dietary compounds
directly affect ILC populations. It has been shown that the aryl hydrocarbon receptor (AhR) ligand,
phytochemical indol-3-carbinol (I3C), which is produced by cruciferous vegetables from the family
Brassicaceae (e.g. broccoli, cauliflower, cabbage) is essential not only for the maintenance and
expansion of postnatal ILC3 and their effector function, but also for the formation of cryptopaches
and isolated lymphoid follicles (ILFs). Mice fed on a phytochemical-free diet showed a significant
reduction in ILC3 number and were highly susceptible to C. Rodentium and SFB infections69, 70, 71,
whereas this was completely restored following administration of I3C70.
Another essential dietary compound for ILC development and function is the vitamin A metabolite,
retinoic acid (RA). RA is found as β-caratenoid in plants such as carrots, lettuce, and red pepper and
as retinol in fish and animal products. Both metabolites are processed by multiple dehydrogenases
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in epithelial cells and DCs to produce all-trans RA, which can directly activate ILCs to induce the
transcription factor RORγt and enhances IL-22 production. Mice deprived from dietary RA not only
had an altered intestinal ILC composition, but also were highly susceptible to C. Rodentium infections,
resulting in severe intestinal immunopathology. Administration of recombinant IL-22, RA, or transfer
of ILC3s from mice that were sufficient in RA prevented colitis.

General Introduction
Deciphering the intercellular and intracellular molecular pathways that regulate ILCs will inevitably
contribute to the understanding how mucosal homeostasis is achieved and maintained. Moreover, a
proper understanding of ILC biology may reveal potential targets for novel therapeutic interventions
upon severe and persistent deviations from homeostasis.
In chapter 2 I describe a previously unidentified subset of the human ILC family that is enriched in

Taken together, these examples demonstrate that in addition to predisposed individuals with
polymorphisms in genes that are involved in regulating microbiota-host interactions, environmental
factors contribute to the development of inflammatory bowel disease (IBD), such as Crohn’s disease
and ulcerative colitis. Indeed, resection specimen from individuals that suffer from chronically
inflamed diseases, such as Crohn’s disease and chronic obstructive pulmonary disease (COPD), show
a shifted distribution towards pro-inflammatory ILC1 as compared to control material.
Overall, ILCs constitute a family of innate effector cells, which act like a relay station at the mucosal
border, and thereby instructing other cell types in its proximity in order to maintain the homeostasis.
Moreover, ILCs are highly responsive to their microenvironment, allowing them to switch between a
default “homeostatic” towards a protective “inflammatory” state. However, extreme deviations from
homeostasis may also result in directly and indirectly ILC-driven immunopathology.

ILCS IN VISCERAL TISSUE
In addition to its functions in orchestrating immune responses, ILCs have recently also been
implicated controlling processes of metabolic homeostasis, such as the regulation of thermogenesis,
caloric expenditure, obesity, and diabetes 72, 73, 74, 75, 76, all processes that depend on the browning
of subcutaneous white adipose tissues (scWAT). ILC2 are resident in adipose tissues40, 74, where
they interact with eosinophils to produce IL-5 and IL-13 in an IL-4 dependent manner in order to
maintain the pool of AAM76. These macrophages in turn produce catecholamines when exposed
to low temperatures in an uncoupling protein 1 (UP1)-dependent manner, resulting in beiging of
scWAT72, an essential process for theremogenesis. Furthermore, ILC2 also directly drive beiging of
fat by instructing adipocyte-precursors in a methionine enkephalin-dependent manner, a process
shown to limit obesity in mice74. Indeed, the frequency of ILC2 in adipose tissue is reduced in obese
mice that are fed on a high-fat diet and in obese humans as compared to control adipose tissue74,23.

type 1 inflammatory diseases, which we named ILC1. More specifically, I found that ILC1 accumulated
in resection specimen from individuals that suffer from Crohn’s disease, and this accumulation
inversely correlated with the decrease of ILC3. Mechanistically, I found that ILC1 could derive from
ILC3 when exposed to specific inflammatory factors.
In chapter 3 I studied the observed ILC3-derived ILC1 transdifferentiation in a more physiological
intercellular context. Furthermore, I asked the question whether the observed plasticity is a reversible
process following inflammatory resolution, and explored their molecular mechanisms underlying this
plasticity.
In Chapter 4 I explored the factors that induce ILC2 activation, as well as the effector molecules that
are produced by these cells. In addition I performed gain- and loss-of-function experiments, which
revealed the intracellular signalling pathways that are essential for ILC2 effector functions.
In chapter 5 I asked the question whether the observed plasticity was restricted to ILC1 and ILC3
(chapter 2 and 3), or whether ILC2 may also have a reversible transdifferentiation potential towards
pro-inflammatory ILC1 when exposed to a type 1 inflammatory environment. To this end, I performed
phenotypical and functional studies from resection specimen of individuals that suffer from COPD or
polyps from individuals that suffer from allergic chronic rhinosinusitis. Finally, I performed antibodymediated neutralisation studies in ILC1, ILC2 and ILC3 to explore their potential to manipulate this
plasticity.

AIM AND OUTLINE OF THESIS
In this thesis I performed studies to investigate the contribution of human ILCs in maintaining the
mucosal homeostasis, initiating and/or propagating inflammatory responses, but also - when not
properly regulated - how these cells contribute to immunopathology.
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