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General introduction

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

General Introduction
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.

18

19

1

Chapter 1

REFERENCES
1.

2.

Hooper, L.V., Littman, D.R. & Macpherson, A.J.
Interactions between the microbiota and the
immune system. Science 336, 1268-1273 (2012).
Sonnenberg, G.F. & Artis, D. Innate lymphoid cell
interactions with microbiota: implications for
intestinal health and disease. Immunity 37, 601610 (2012).

3.

Artis, D. & Spits, H. The biology of innate lymphoid
cells. Nature 517, 293-301 (2015).

4.

Spits, H. & Di Santo, J.P. The expanding family of
innate lymphoid cells: regulators and effectors of
immunity and tissue remodeling. Nat Immunol 12,
21-27 (2011).

5.

Mjosberg, J., Bernink, J., Peters, C. & Spits, H.
Transcriptional control of innate lymphoid cells.
Eur J Immunol 42, 1916-1923 (2012).

6.

Satoh-Takayama, N. et al. IL-7 and IL-15
independently program the differentiation of
intestinal CD3-NKp46+ cell subsets from Id2dependent precursors. J Exp Med 207, 273-280
(2010).

7.

Gordon, S.M. et al. The transcription factors T-bet
and Eomes control key checkpoints of natural
killer cell maturation. Immunity 36, 55-67.

8.

Klose, C.S. et al. Differentiation of type 1 ILCs from
a common progenitor to all helper-like innate
lymphoid cell lineages. Cell 157, 340-356 (2014).

9.

Mielke, L.A. et al. TCF-1 controls ILC2 and
NKp46+RORgammat+
innate
lymphocyte
differentiation and protection in intestinal
inflammation. J Immunol 191, 4383-4391 (2013).

10. Yagi, R. et al. The transcription factor GATA3 is
critical for the development of all IL-7Ralphaexpressing innate lymphoid cells. Immunity 40,
378-388 (2014).
11. Zhong, C. et al. Group 3 innate lymphoid cells
continuously require the transcription factor
GATA-3 after commitment. Nat Immunol (2015).
12. Cupedo, T. et al. Human fetal lymphoid tissueinducer cells are interleukin 17-producing
precursors to RORC+ CD127+ natural killer-like
cells. Nat Immunol 10, 66-74 (2009).
13. van de Pavert, S.A. & Mebius, R.E. New insights
into the development of lymphoid tissues. Nat Rev
Immunol 10, 664-674 (2010).

20

General Introduction
14. Mebius, R.E., Rennert, P. & Weissman, I.L.
Developing lymph nodes collect CD4+CD3LTbeta+ cells that can differentiate to APC, NK
cells, and follicular cells but not T or B cells.
Immunity 7, 493-504 (1997).
15. van de Pavert, S.A. et al. Maternal retinoids control
type 3 innate lymphoid cells and set the offspring
immunity. Nature 508, 123-127 (2014).
16. Tsuji, M. et al. Requirement for lymphoid tissueinducer cells in isolated follicle formation and
T-cell-independent immunoglobulin A generation
in the gut. Immunity 29, 261-271 (2008).
17. Takatori, H. et al. Lymphoid tissue inducer-like cells
are an innate source of IL-17 and IL-22. J Exp Med
206, 35-41 (2009).
18. Diefenbach, A., Colonna, M. & Koyasu, S.
Development, differentiation, and diversity of
innate lymphoid cells. Immunity 41, 354-365
(2014).
19. Spits, H. et al. Innate lymphoid cells--a proposal
for uniform nomenclature. Nat Rev Immunol 13,
145-149 (2013).
20. Seillet, C. & Belz, G.T. Differentiation and diversity
of subsets in group 1 innate lymphoid cells. Int
Immunol (2015).
21. Fuchs, A. et al. Intraepithelial type 1 innate
lymphoid cells are a unique subset of IL-12- and
IL-15-responsive IFN-gamma-producing cells.
Immunity 38, 769-781 (2013).

27. Sonnenberg, G.F. et al. Innate lymphoid cells
promote anatomical containment of lymphoidresident commensal bacteria. Science 336, 13211325 (2012).
28. Sonnenberg, G.F., Monticelli, L.A., Elloso, M.M.,
Fouser, L.A. & Artis, D. CD4(+) lymphoid tissueinducer cells promote innate immunity in the gut.
Immunity 34, 122-134 (2011).

41. Neill, D.R. et al. Nuocytes represent a new innate
effector leukocyte that mediates type-2 immunity.
Nature 464, 1367-1370 (2010).

30. Sawa, S. et al. RORgammat+ innate lymphoid cells
regulate intestinal homeostasis by integrating
negative signals from the symbiotic microbiota.
Nat Immunol 12, 320-326 (2011).

42. Price, A.E. et al. Systemically dispersed innate IL13-expressing cells in type 2 immunity. Proc Natl
Acad Sci U S A 107, 11489-11494 (2010).

31. Huber, S. et al. IL-22BP is regulated by the
inflammasome and modulates tumorigenesis in
the intestine. Nature 491, 259-263 (2012).
32. Kruglov, A.A. et al. Nonredundant function of
soluble LTalpha3 produced by innate lymphoid
cells in intestinal homeostasis. Science 342, 12431246 (2013).
33. Mortha, A. et al. Microbiota-dependent crosstalk
between macrophages and ILC3 promotes
intestinal homeostasis. Science 343, 1249288
(2014).
34. Hepworth, M.R. et al. Innate lymphoid cells
regulate CD4+ T-cell responses to intestinal
commensal bacteria. Nature 498, 113-117 (2013).
35. Hepworth, M.R. et al. Immune tolerance. Group 3
innate lymphoid cells mediate intestinal selection
of commensal bacteria-specific CD4(+) T-cells.
Science 348, 1031-1035 (2015).

23. Sonnenberg, G.F. & Artis, D. Innate lymphoid
cells in the initiation, regulation and resolution of
inflammation. Nat Med 21, 698-708 (2015).

36. Klose, C.S., Kiss, E.A., Schwierzeck, V., Ebert, K.,
Hoyler, T., d’Hargues, Y., Go ̈ ppert, N., Croxford,
A.L., Waisman, A., Tanriver, Y., and Diefenbach,
A. (2013). A T-bet gradient controls the fate and
function of CCR6-RORgt+ innate lymphoid cells.
Nature 494, 261–265.

25. Sanos, S.L. et al. RORgammat and commensal
microflora are required for the differentiation of
mucosal interleukin 22-producing NKp46+ cells.
Nat Immunol 10, 83-91 (2009).
26. Tumanov, A.V. et al. Lymphotoxin controls the IL22 protection pathway in gut innate lymphoid
cells during mucosal pathogen challenge. Cell Host
Microbe 10, 44-53 (2011).

40. Moro, K. et al. Innate production of T(H)2
cytokines by adipose tissue-associated c-Kit(+)Sca1(+) lymphoid cells. Nature 463, 540-544 (2010).

29. Goto, Y. et al. Innate lymphoid cells regulate
intestinal epithelial cell glycosylation. Science 345,
1254009 (2014).

22. Bernink, J.H. et al. Interleukin-12 and -23 Control
Plasticity of CD127(+) Group 1 and Group 3 Innate
Lymphoid Cells in the Intestinal Lamina Propria.
Immunity 43, 146-160 (2015).

24. Reynders, A. et al. Identity, regulation and in
vivo function of gut NKp46+RORgammat+ and
NKp46+RORgammat- lymphoid cells. EMBO J 30,
2934-2947 (2011).

39. Goldszmid, R.S. et al. NK cell-derived interferongamma orchestrates cellular dynamics and the
differentiation of monocytes into dendritic cells
at the site of infection. Immunity 36, 1047-1059
(2012).

37. Abt, M.C. et al. Innate Immune Defenses Mediated
by Two ILC Subsets Are Critical for Protection
against Acute Clostridium difficile Infection. Cell
Host Microbe 18, 27-37 (2015).
38. Bernink, J.H. et al. Human type 1 innate lymphoid
cells accumulate in inflamed mucosal tissues. Nat
Immunol 14, 221-229 (2013).

43. Voehringer, D., Reese, T.A., Huang, X., Shinkai, K.
& Locksley, R.M. Type 2 immunity is controlled
by IL-4/IL-13 expression in hematopoietic noneosinophil cells of the innate immune system. J
Exp Med 203, 1435-1446 (2006).
44. Chang, Y.J. et al. Innate lymphoid cells mediate
influenza-induced
airway
hyper-reactivity
independently of adaptive immunity. Nat Immunol
12, 631-638 (2011).
45. Motomura, Y. et al. Basophil-derived interleukin-4
controls the function of natural helper cells, a
member of ILC2s, in lung inflammation. Immunity
40, 758-771 (2014).
46. Halim, T.Y. et al. Group 2 innate lymphoid cells are
critical for the initiation of adaptive T helper 2 cellmediated allergic lung inflammation. Immunity 40,
425-435 (2014).
47. Oliphant, C.J. et al. MHCII-mediated dialog
between group 2 innate lymphoid cells and CD4(+)
T-cells potentiates type 2 immunity and promotes
parasitic helminth expulsion. Immunity 41, 283295 (2014).
48. Munoz, M. et al. Interleukin-22 induces
interleukin-18 expression from epithelial cells
during intestinal infection. Immunity 42, 321-331
(2015).
49. Buckley, C.D., Gilroy, D.W., Serhan, C.N., Stockinger,
B. & Tak, P.P. The resolution of inflammation. Nat
Rev Immunol 13, 59-66 (2013).
50. Xue, L. et al. Prostaglandin D2 activates group 2
innate lymphoid cells through chemoattractant
receptor-homologous molecule expressed on
TH2 cells. J Allergy Clin Immunol 133, 1184-1194
(2014).

21

1

Chapter 1
51. Bernink, J.H., Germar, K. & Spits, H. The role of
ILC2 in pathology of type 2 inflammatory diseases.
Curr Opin Immunol 31, 115-120 (2014).
52. Dennis, E.A. & Norris, P.C. Eicosanoid storm in
infection and inflammation. Nat Rev Immunol 15,
511-523 (2015).
53. Barnig, C. et al. Lipoxin A4 regulates natural killer
cell and type 2 innate lymphoid cell activation in
asthma. Sci Transl Med 5, 174ra126 (2013).
54. Monticelli, L.A. et al. Innate lymphoid cells
promote lung-tissue homeostasis after infection
with influenza virus. Nat Immunol 12, 1045-1054
(2011).
55. Monticelli, L.A. et al. IL-33 promotes an innate
immune pathway of intestinal tissue protection
dependent on amphiregulin-EGFR interactions.
Proc Natl Acad Sci U S A 112, 10762-10767 (2015).
56. Turner, J.E. et al. IL-9-mediated survival of type 2
innate lymphoid cells promotes damage control in
helminth-induced lung inflammation. J Exp Med
210, 2951-2965 (2013).
57. Mielke, L.A. et al. Retinoic acid expression
associates with enhanced IL-22 production by
gammadelta T-cells and innate lymphoid cells and
attenuation of intestinal inflammation. J Exp Med
210, 1117-1124 (2013).
58. Luci, C. et al. Influence of the transcription factor
RORgammat on the development of NKp46+ cell
populations in gut and skin. Nat Immunol 10, 7582 (2009).
59. Kotas, M.E. & Medzhitov, R. Homeostasis,
inflammation, and disease susceptibility. Cell 160,
816-827 (2015).
60. Medzhitov, R. Inflammation 2010: new adventures
of an old flame. Cell 140, 771-776 (2010).
61. Kaser, A., Zeissig, S. & Blumberg, R.S. Inflammatory
bowel disease. Annu Rev Immunol 28, 573-621
(2010).
62. Caballero, S. & Pamer, E.G. Microbiota-mediated
inflammation and antimicrobial defense in the
intestine. Annu Rev Immunol 33, 227-256 (2015).
63. Guo, X. et al. Innate Lymphoid Cells Control
Early Colonization Resistance against Intestinal
Pathogens through ID2-Dependent Regulation of
the Microbiota. Immunity 42, 731-743 (2015).

General Introduction
65. Coccia, M. 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 209, 15951609 (2012).
66. Ivanov, II et al. Induction of intestinal Th17 cells
by segmented filamentous bacteria. Cell 139, 485498 (2009).

1

67. Atarashi, K. et al. Th17 Cell Induction by Adhesion
of Microbes to Intestinal Epithelial Cells. Cell 163,
367-380 (2015).
68. Sano, T. et al. An IL-23R/IL-22 Circuit Regulates
Epithelial Serum Amyloid A to Promote Local
Effector Th17 Responses. Cell 163, 381-393
(2015).
69. Qiu, J. et al. The aryl hydrocarbon receptor
regulates gut immunity through modulation
of innate lymphoid cells. Immunity 36, 92-104
(2011).
70. Kiss, E.A. et al. Natural aryl hydrocarbon receptor
ligands control organogenesis of intestinal
lymphoid follicles. Science 334, 1561-1565 (2011).
71. Lee, J.S. et al. AHR drives the development of
gut ILC22 cells and postnatal lymphoid tissues
via pathways dependent on and independent of
Notch. Nat Immunol 13, 144-151 (2011).
72. Lee, M.W. et al. Activated type 2 innate lymphoid
cells regulate beige fat biogenesis. Cell 160, 74-87
(2015).
73. Qiu, Y. et al. Eosinophils and type 2 cytokine
signaling
in
macrophages
orchestrate
development of functional beige fat. Cell 157,
1292-1308 (2014).
74. Brestoff, J.R. et al. Group 2 innate lymphoid cells
promote beiging of white adipose tissue and limit
obesity. Nature 519, 242-246 (2015).
75. Kim, H.Y. et al. Interleukin-17-producing innate
lymphoid cells and the NLRP3 inflammasome
facilitate obesity-associated airway hyperreactivity.
Nat Med 20, 54-61 (2014).
76. Molofsky, A.B. et al. Innate lymphoid type 2 cells
sustain visceral adipose tissue eosinophils and
alternatively activated macrophages. J Exp Med
210, 535-549 (2013).

64. Buonocore, S. et al. Innate lymphoid cells drive
interleukin-23-dependent
innate
intestinal
pathology. Nature 464, 1371-1375 (2010).

22

23

CHAPTER 2
Human Type 1 Innate Lymphoid Cells Accumulate in Inflamed
Mucosal Tissues
Jochem H. Bernink & Charlotte P. Peters, Marius Munneke, Anje A. te Velde, Sybren L. Meijer, Kees
Weijer, Hulda S. Hreggvidsdottir, Sigrid E. Heinsbroek, Nicolas Legrand, Christianne J. Buskens,
Willem A. Bemelman, Jenny M. Mjösberg & Hergen Spits

Nature Immunology, 2013

Chapter 2

Human Type 1 Innate Lymphoid Cells Accumulate in Inflamed Mucosal Tissues

ABSTRACT

INTRODUCTION

Innate lymphoid cells (ILCs) are effectors of innate immunity and regulators of tissue modeling.
Recently identified ILC populations show a cytokine expression pattern that resembles that
of Th2, Th17, and Th22 cells. Here we describe a distinct ILC subset similar to Th1 cells,
which we call ILC1. ILC1 expressed the transcription factor T-bet and responded to IL-12
by producing interferon-γ (IFN-γ). ILC1 were distinct from natural killer (NK) cells since they

Innate lymphoid cells (ILCs) are emerging as crucial effectors of innate immunity and tissue
remodeling. ILCs lack rearranged receptors, are dependent on the transcriptional repressor Id2, share
a lymphoid morphology, and express and are dependent on the common γ-chain of the interleukin
2 receptor (IL-2Rγ)1. Several subpopulations of ILCs have been found that differ from one another
in their ability to produce cytokines and their dependency on transcription factors2. Notably, the

lacked perforin, granzyme B and the NK markers CD56, CD16, and CD94 and could develop
from RORγt+ ILC3 cells under the influence of IL-12. The frequency of the ILC1 subset was
significantly higher in inflamed intestine of Crohn’s disease patients, pointing towards a role for
these IFN-γ producing ILC1 in the pathogenesis of gut mucosal inflammation.

cytokine production profiles of ILC subpopulations are very similar to those of helper T cell subsets.
ILCs have been identified that produce IL-17, IL-22 or both and are dependent on the transcription
factor RORγt, similar to IL-17-producing helper T cells (TH17)3; in contrast, other ILC subsets, including
ILC2 cells4, natural helper cells5, nuocytes6 and innate helper cells type 27, produce the type 2
cytokines IL-5 and IL-13 and, like T helper type 2 (TH2) cells, depend on GATA-3 for their development
and function8, 9, 10. These various ILC subsets have been classified into three groups: group 1 ILCs,
including natural killer (NK) cells and ILC1 cells (described here); GATA-3-dependent group 2 ILCs; and
RORγt-dependent group 3 ILCs11, 12.
ILCs are instrumental in immunity to invading microbes. ILC2 cells are crucial in controlling infections
by helminths and other parasites5, 6, and IL-22-producing ILC3 cells activated by IL-2313 provide
protection during the acute phase of Citrobacter rodentium–induced colitis14. ILCs are also important
in tissue remodeling and repair. Lymphoid tissue–inducer cells, which belong to the ILC3 subset,
are involved in repair of tissue damage from lymphocytic choriomeningitis virus after clearance of
infection15, and ILC2 cells mediate tissue repair in the lung after infection with influenza virus16.
Notwithstanding the importance of ILCs in maintaining the epithelial integrity at mucosal tissues, these
cells have also been associated with pathophysiological conditions. ILC2 cells are more abundant in
nose polyps that emerge in chronic rhinosinusitis4, a disease characterized by eosinophilia and large
amounts of immunoglobulin E. Furthermore, ILC2 cells drive airway hyper-reactivity in mouse models
of allergic asthma17, 18. IL-23 has been shown to act as the main driver of innate gut inflammation
by ‘instructing’ ILCs to produce IL-17A, IL-17F and interferon-γ (IFN-γ) in a Helicobacter hepaticus–
induced model of innate colitis19. Moreover, patients with Crohn’s disease have “significantly” more
IL-17-producing ILC3 cells20.
Whereas the ILC equivalents of TH2 cells, TH17 cells and IL-22-producing helper T cells (TH22 cells)
have now been identified, a T helper type 1 cell (TH1 cell)–like ILC population has not yet been well
characterized, although some reports have described ILCs that produce substantial amounts of
IFN-γ, either alone or in combination with IL-1719,20,21,22. Several studies of mice that lack a functional
adaptive immune system have demonstrated that IFN-γ produced by ILCs is a potent inducer of gut
inflammation23 and that neutralization of IFN-γ is sufficient to ameliorate disease progression19. It
has been documented that IL-23-responsive ILC3 cells that produce IL-22 partly shift toward an
IFN-γ-producing subset when cultured with IL-12 plus IL-1822. Moreover, the conversion from IL-22
production toward IFN-γ production has been described as being accompanied by downregulation
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of the transcription factor RORγt, probably as a consequence of changes in the local cytokine
environment21. Here we identified a lineage-negative (Lin−) CD127+c-Kit−NKp44− ILC population in
humans that produced the proinflammatory cytokine IFN-γ but was distinct from NK cells. Notably,
we found that the IFN-γ-producing ILCs accumulated in inflamed intestine from individuals with
Crohn’s disease.

RESULTS
Phenotype and gene expression of innate lymphoid cell populations
Human ILC subsets have been described24 that can be considered as the innate equivalents of the
TH22, TH17 and TH2 subsets. As these ILC populations are readily found in human tonsils, we searched
this organ for an ILC population with TH1 cell characteristics. By gating on CD127+ hematopoietic cells
(CD45+) with a lymphoid morphology that lacked markers for hematopoietic precursors (CD34), B
cells, T cells or NK cells, or myeloid cells, we identified a CRTH2+ ILC2 population (Figure 1a, middle)
with high expression of IL13 mRNA and mRNA encoding the transcription factors GATA-3 and RORα
(Figure 1b). Furthermore, we observed a c-Kit+NKp44+ ILC (called ‘NKp44+ ILC3 cells’ here; Figure
1a, right) that expressed IL22, IL23R and the genes encoding aryl hydrocarbon receptor (AHR) and
RORγt (RORC; Figure 1c). We did not detect any IL17 transcripts in any of the ILC populations from
human tonsils (Figure 1c); however, stimulation with the phorbol ester PMA plus ionomycin for 2
h or 4 h induced IL17 expression in the NKp44+ ILC3 cells (Figure 1c), which indicated that these
cells were able to produce IL-17. In addition to the ILC2 and NKp44+ ILC3 populations, we identified
two additional populations, c-Kit+NKp44− and c-Kit−NKp44− (Figure 1a, right). The c-Kit−NKp44− cells
were distinct from ILC2 cells and NKp44+ ILC3 cells, as they did not express transcripts encoding IL22, IL-13 or IL-17, and either did not express or had relatively low expression of GATA3, RORA and
RORC (Figure 1b,c). The c-Kit+NKp44− cells also had low expression of GATA3 and RORA and expressed
RORC. Furthermore, these ILCs did not include CD34+ common lymphoid progenitors25. Thus, in the
tonsil we identified two CD127+ ILC populations that were distinct from ILC2 and ILC3.
The c-Kit NKp44 innate lymphoid cells resemble TH1 cells
Given the diversity in cytokine production profiles of ILCs, we examined the cytokine expression profile
of the NKp44− ILC subsets. Ex vivo–isolated c-Kit−NKp44− ILCs, but not c-Kit+NKp44− ILCs, expressed
transcripts encoding IFN-γ (Figure 2a), which suggested that the former population contained TH1like ILCs. Consistent with that idea, we observed that c-Kit−NKp44− ILCs had much higher expression
of transcripts of TBX21 (which encodes the transcription factor T-bet) and T-bet protein (Figure 2a,b)
than did c-Kit+NKp44− or NKp44+ ILC3 cells. Furthermore, the c-Kit−NKp44− ILC subset had very low
expression of RORC (Figure 1c) and RORγt protein (Figure 2b).
−

28

−

2

Figure 1. Phenotypes and gene-expression profiles of ILC populations in human tonsil. (a) Flow cytometry analysis
of the expression of CRTH2, c-Kit and NKp44 in tonsil mononuclear cell populations depleted of T cells (CD3) and B
cells (CD19) by magnetic bead–based separation, followed by gating on Lin− (CD1a−CD3−CD11c−CD14−CD19−CD94−
CD34−CD123−TCRαβ−TCRγδ−BDCA2−FcεR1−) cells and CD127+ cells: c-Kit+NKp44+ cells are called ‘NKp44+ ILC3 cells’
here; CRTH2+ cells are called ‘ILC2 cells’ here; and CD45+CD127−CD94+ cells are called ‘NK cells’ here. Numbers in
gates (outlined areas) or quadrants indicate percent cells in each. (b,c) Expression of IL13, GATA3 and RORA (b) or
IL22, AHR, RORC, IL23R and IL17 (c) in the ILC populations sorted as in a, presented relative to the expression of
ACTB (which encodes β-actin). IL17 (in c) was assessed in NKp44+ ILC3 cells stimulated for 2 or 4 h with PMA plus
ionomycin (P+I). ND, not detectable. *P < 0.05, **P < 0.01 and ***P < 0.001 (analysis of variance (ANOVA)). Data
are representative of 20 experiments (a) or of at least three independent experiments with one to three donors
each (b,c; error bars, s.e.m.).
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T-bet controls expression of many genes, including those encoding the chemokine CCL3 and the
chemokine receptor CXCR3 (refs. 26,27), which is also expressed on TH1 cells that migrate to
inflammatory sites28. Indeed, the c-Kit−NKp44− ILC subset had significantly higher expression of CCL3
and CXCR3 than that of the other ILC subsets (Figure 2a). Flow cytometry confirmed that a substantial
part of the c-Kit−NKp44− subset expressed CXCR3 and T-bet (Figure 2b). The bimodal distribution of
CXCR3 expression by the c-Kit−NKp44− cells might have been due to internalization of the receptors
as a consequence of the processing procedure or differences in their activation status. We cannot,
however, completely rule out the possibility that the c-Kit−NKp44− ILC subset was heterogeneous.
IFN-γ expression is under direct control of T-bet, and T-bet expression is amplified through T cell
antigen receptor–independent IL-12 signaling29. The c-Kit−NKp44− subset had significantly more
IL12RB2 transcripts than did c-Kit+NKp44− cells, NK cells or the NKp44+ ILC3 subset (Figure 2a). In
contrast, transcripts encoding the IL-12 receptor subunit β1 (IL-12Rβ1) were uniformly expressed
among the ILC subsets (Figure 2a). We also assessed the expression of LTA, as LTα protein is expressed
on TH1 but not TH2 cells30. LTA transcripts were significantly more abundant in the c-Kit−NKp44− subset
than in the other ILC subsets, whereas LTB was expressed in all ILC populations in similar amounts
(Figure 2a).
Next we sought to assess which physiological factors were responsible for regulating these c-Kit−
NKp44− cells. IL-23, which is a potent activator of RORγt-dependent ILC3 subsets in mice13, 19, has been
shown to induce IFN-γ production in a subset of mouse ILCs19. However, IL-23 was unable to induce
IFN-γ production by freshly isolated tonsil c-Kit−NKp44− ILCs (Figure 2c). Similarly, the proinflammatory
cytokine IL-1β did not upregulate IFN-γ production (Figure 2c). In contrast, activation with IL-12
triggered fivefold more IFN-γ production, which was synergistically enhanced by IL-18 (Figure 2c).
The amount of IFN-γ protein induced by IL-12 plus IL-18 in c-Kit−NKp44− ILCs was similar to that in NK
cells (Figure 2d). Together these data identified a distinct CD127+c-Kit−NKp44− ILC population with
many functional and phenotypic characteristics in common with TH1 cells. Hence, we designated this
subset ‘ILC1’.

Figure 2. The c-Kit−NKp44− ILCs have characteristics of TH1 cells.
(a) Expression of IFNG, TBX21, CCL3, CXCR3, IL12RB1, IL12RB2, LTA and LTB in tonsil ILC populations sorted as in
Figure 1a, presented relative to ACTB expression. (b) Flow cytometry of Lin−CD127+c-Kit−NKp44−, Lin−CD127+cKit+NKp44−, NKp44+ ILC3 and cNK cells. (c) IFN-γ production by tonsil CD45+ Lin−CD127+c-Kit−NKp44− ILCs sorted
by flow cytometry as in Figure 1a and cultured for 4 d either alone or with various combinations (below graph) of
IL-2, IL-12, IL-23, IL-1β and/or IL-18. (d) IFN-γ production by tonsil CD45+ Lin−CD127+c-Kit−NKp44−, c-Kit+NKp44−,
NKp44+ ILC3 and NK cells, sorted by flow cytometry as in Figure 1a and cultured for 4 d in the presence of IL-2,
IL-12 and IL-18. *P < 0.05, **P < 0.01 and *** P < 0.001 (Student’s t-test). Data are representative of at least three
independent experiments with one to three donors each (a), at least four experiments with one donor each (b) or
three independent experiments with one to three donors in each (c,d; error bars, s.e.m.).
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ILC1 cells are distinct from NK cells
Having identified an ILC population that expressed IFN-γ and T-bet, we sought to determine whether
these cells were distinct from conventional natural killer (cNK) cells or precursors of cNK cells, as
cNK cells also express IFN-γ and T-bet. ILC1 cells did not express either perforin or granzyme
B, two signature cytotoxic molecules of NK cells (Figure 3a). They also did not express the killer
immunoglobulin-like receptor KIR3DL1 or the IL-15α receptor component of the IL-15R complex,
which is essential for the development of cNK cells31 (Figure 3a). Furthermore, ILC1 cells lacked the
NK cell–associated marker CD56, in contrast to NKp44+ ILC3 cells, which were heterogeneous in
their expression of CD56 (Figure 3a), as published before32, 33. ILC1 cells and NK cells also differed in
expression of IL1R1, which encodes the receptor for IL-1β (Figure 3b). IL1R1 transcripts were most
abundant in NKp44+ ILC3 cells (Figure 3b), consistent with the important role of IL-1β in development
and maintenance of these cells34, 35.
The presence of large amounts of CD127 and the absence of c-Kit and CD34 on ILC1 cells suggested
that these cells were also distinct from committed precursors of NK cell or immature NK cells, as those
cells are defined by expression of CD34 and c-Kit, respectively36. The ILC1 subset expressed CD161,
a marker commonly expressed on cells of the ILC3 and ILC2 subsets. Furthermore, approximately
50% of the ILC1 subset expressed CD69, whereas only a few of the cNK cells expressed this antigen
(Figure 3a). This indicated that the ILC1 cells were activated in situ, whereas most cNK cells were
not. Thus, although ILC1 cells and NK cells shares the ability to produce large amounts of IFN-γ, they
represented distinct cell types.

Figure 3. ILC1 cells are distinct from mature NK cells.
(a) Flow cytometry of tonsil ILC1, NKp44+ ILC3 and cNK cells. (b) Expression of IL1R1 in ILC populations sorted as in
Figure 1a; cNK cells are CD45+, CD127−CD94+, presented relative to ACTB expression. *P < 0.05 (Student’s t-test).
Data are representative of at least three experiments with one donor each (a) or three independent experiments
with one to three donors each (b; error bars, s.e.m.)
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The ILC1 subset is a stable cell type
To further confirm the proposal that ILC1 is a stable cell type, we generated cell lines from freshly
isolated tonsil ILC1 cells, using a feeder-cell mixture that has successfully been used to generate cell
lines of NK cells, ILC2 cells and ILC3 cells4, 33, 37. After 4–6 weeks of culture in a feeder-cell mixture
that contained IL-12, the ILC1 cells expressed CD161 and CXCR3 but lacked c-Kit and NKp44 (Figure
4a). In contrast to freshly isolated ILC1 cells (Figure 3a), ILC1 cells cultured in vitro did not express
the activation marker CD69, whereas cultured ILC3 cells had low CD69 expression (Figure 4a).
Furthermore, ILC1 cell lines lacked expression of CD3, CD94 and CD56, whereas the NKp44+ ILC3
cells were heterogeneous in their CD56 expression (Figure 4a). To determine whether the ILC1 cell
lines also maintained their functionality upon culture, we stimulated cells with PMA plus ionomycin
and assessed the cytokine expression profile. Similarly to the freshly isolated ILC1 cells, ILC1 cell
lines produced large amounts of IFN-γ but no IL-17 or IL-22 (Figure 4b). A small proportion of the
ILC1 subset also produced IL-13, similar to cultured NKp44+ ILC3 cells37. Cultured ILC1 cells expressed
abundant TBX21 transcripts, similar to freshly isolated ILC1 cells (Figure 2a), but had lower RORC
expression than that of NKp44+ ILC3 cells (Figure 4c). IL-12 plus IL-18 induced IFN-γ production by
cultured ILC1 cells, but IL-23 did not (Figure 4d). Together these data showed that ILC1 cells cultured
in the presence of IL-12 maintained their phenotype, their transcription-factor expression pattern
and their ability to produce IFN-γ, which indicated that the ILC1 subset was stable.
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Accumulation of ILC1 in Crohn’s disease intestine
People with inflammatory bowel disease have chronic inflammation of their intestines. Two main
phenotypes can be distinguished: ulcerative colitis and Crohn’s disease. Crohn’s disease is a type
1–mediated inflammatory disease38, as patients have enhanced IFN-γ production in their intestinal
lamina propria39 and have larger amounts of the proinflammatory cytokines IL-12 and IL-18.
Therefore, we hypothesized that people with Crohn’s disease might have an altered ILC composition
that is more polarized toward ILC1 cells than is that of non-inflamed control patients. To examine this,
we first analyzed the composition of ILCs in fetal gut, which has not been colonized with microbes.
We observed that all ILCs in fetal gut expressed c-Kit, and most were positive for NKp44, as published
before40, whereas no ILC1 cells were present in fetal gut (Figure 5a). Next we compared the ILC
composition of inflamed and non-inflamed intestinal lamina propria of people affected by Crohn’s
disease with that of non-inflamed unaffected intestine from patients undergoing intestinal resection
for colorectal cancer. The frequency of ILC1 cells was significantly greater in inflamed tissue from
people with Crohn’s disease than in that from controls without inflammatory bowel disease (Figure
5a), whereas the frequency of NKp44+ ILC3 cells was significantly lower (Figure 5a). Relative to
other leukocytes, the overall frequencies of ILCs in inflamed and non-inflamed tissues were similar
(Figure 5a). Like tonsil ILCs, the gut ILC1 subset expressed IFNG and CXCR3 but lacked CD94 and the
cytotoxicity molecules perforin and granzyme B (Figure 5b,c). Together these data indicated that in
people with Crohn’s disease, the ILC1 cells represented the most frequent ILC subset and expressed
transcripts encoding the proinflammatory cytokine IFN-γ.

Figure 4. Stable cell lines can be generated from the ILC1 subset.
(a) Flow cytometry of expanded tonsil ILC1 and NKp44+ ILC3 subsets. Isotype, isotype-matched control antibody. (b)
Flow cytometry of ILC1 and NKp44+ ILC3 subsets stimulated with PMA plus ionomycin and stained for intracellular
IL-17 and IL-22, or IFN-γ and IL-13. Numbers in quadrants indicate percent cells in each. Right, summary of data
at left. (c) Expression of TBX21 and RORC in expanded ILC1 and NKp44+ ILC3 subsets. (d) IFN-γ production by
expanded ILC1 cell populations cultured for 4 d with IL-2 and IL-23 or with IL-2, IL-12 and IL-18. *P < 0.05, **P <
0.01 and ***P < 0.001 (Student’s t-test). Data are representative of at least eight experiments with one donor in
each (a), five experiments with one donor in each (b), two independent experiments with one to two donors each
(c) or three independent experiments with one donor each (d; error bars (b–d), s.e.m.).
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Figure 5. Accumulation of ILC1 cells in inflamed intestine of people with Crohn’s disease.
(a) Flow cytometry of ILC populations in freshly isolated lamina propria mononuclear cells from fetal gut, controls
and inflamed ileum from people with Crohn’s disease (top); numbers in quadrants indicate percent cells in each.
Below quantification of total ILCs (defined as CD45+ Lin−CD127+) and the NKp44+ ILC3, ILC1 and c-Kit+NKp44− subsets
in fetal, control and Crohn’s disease samples (n = 7 donors). (b) Flow cytometry of Crohn’s disease–derived ILC1,
c-Kit+NKp44−, NKp44+ ILC3 and cNK cells. (c) Expression of IFNG, IL22, RORC and IL17 in ILC populations sorted
as in Figure 1a, presented relative to the expression of 18S rRNA. NS, not significant; *P < 0.01 and **P < 0.001
(Student’s t-test). Data are representative of at least seven independent experiments with one donor in each (a,b)
or three independent experiments with one donor in each (c; error bars (a,c), s.e.m.)
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Figure 6. Expansion of the ILC1 subset during gut inflammation in NSG mice reconstituted with fetal human HSCs
(CD34+CD38−). (a) Flow cytometry of human ILC populations from HIS mice on the basis of the expression of
CRTH2, c-Kit and NKp44, with gating on human CD45+ lamina propria mononuclear cells, followed by the gating
strategy in Figure 1a. Numbers in gates (outlined areas) or quadrants indicate percent cell in each. Bottom right,
summary of results in plots. (b) Characteristics of inflammation in DSS-treated (3% (wt/vol)) or water-treated HIS
mice on day 7 of treatment: total human hematopoietic (CD45+) cells in the lymphocyte gate, colon length and
weight loss (top), and histological score (bottom left; sum of inflammatory parameters (Supplementary Table 2
and Supplementary Figure 2) in HIS mice or in control mice not reconstituted with human HSCs (Cont)), IFNG
expression in freshly isolated human ILC1 cells, T cells (CD3) and NK cells from DSS-treated HIS mice (bottom right)
and colon stained with hematoxylin and eosin (bottom middle). Original magnification, ×100. (c) Flow cytometry
of human ILC populations in freshly isolated lamina propria mononuclear cells from HIS mice, with gating as in a.
*P < 0.05 (Student’s t-test). Data are representative of six independent experiments with one to five mice (a) or at
least two independent experiments with three to five mice (b,c; error bars, s.e.m.).
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IL-12 induces differentiation of c-Kit+ ILCs into ILC1 cells
In addition to ILC1 cells, ILC2 cells and NKp44+ ILC3 cells, we identified a c-Kit+NKp44− population,
which had low expression of IL23R and IL12RB2 and lacked IL13, IL22, IL17 and IFNG transcripts;
this raised the possibility that this subset might represent immature ILCs able to acquire features of
mature ILC subpopulations. To test this idea, we purified the c-Kit+NKp44− subset and stimulated these
cells ex vivo with IL-2, a cytokine that acts as a growth and maintenance factor for ILCs. Incubation
of c-Kit+NKp44− cells with IL-2 resulted in the appearance of cells with a phenotype similar to that of
ILC1 cells and NKp44+ ILC3 cells. Expression analysis confirmed that these two groups of cells indeed
were ILC1 and NKp44+ ILC3, as the former had high expression of TBX21, IFNG and CXCR3, and the
latter had high expression of RORC (Figure 7a).

2

Next we assessed whether c-Kit+NKp44− ILCs could develop into mature ILC1 cells or ILC3 cells. Indeed,
culture of purified c-Kit+NKp44− cells for 8 d with IL-2, IL-1β and IL-23 resulted in a considerable
shift toward NKp44+ ILC3 cells, whereas culture with IL-2 and IL-12 induced a shift toward ILC1 cells
(Figure 7a and Supplementary Figure 1a). Under the latter culture conditions we found, in addition
to cells with an ILC1 phenotype, cells with a c-Kit−NKp44+ phenotype. These cells might have been
similar to a very small population of cells with the same phenotype found in freshly isolated tonsils
(Figure 1a). Stimulation of the differentiated c-Kit+NKp44−-derived NKp44+ ILC3 cells and ILC1 cells
with PMA plus ionomycin resulted in production of IL-22 and IFN-γ, respectively (Figure 7b), which
indicated functional differentiation of c-Kit+NKp44− cells into IL-22+ ILC3 cells and ILC1 cells. We next
sought to rule out the possibility that the observed divergence in phenotype induced by IL-23 and
IL-1β or by IL-12 was a result of ‘preferential’ outgrowth of contaminating, already differentiated
cells in the c-Kit+NKp44− subset. We stained c-Kit+NKp44− cells with a cell-tracking dye, cultured them
without feeder cells under conditions that favored the development of ILC1 cells or NKp44+ ILC3 cells,
and monitored them over time. After 3 d of culture, cells with an ILC1 or NKp44+ ILC3 phenotype
appeared in the nonproliferating fractions (Figure 7c). This indicated that the appearance of ILC1
or NKp44+ ILC3 cells was not due to the ‘preferential’ outgrowth of contaminating cells but was the
result of the differentiation of the c-Kit+NKp44− population.
Figure 7. IL-12 induces ILC1 differentiation. (a) Differentiation of highly purified tonsil c-Kit+NKp44− ILCs into the
NKp44+ ILC3 and ILC1 subsets after stimulation for 8 d with various combinations (above plots) of IL-2, IL-23, IL-1β
and IL-12, assessed by flow cytometry (top; graphs, Supplementary Figure 1a). Numbers in gates (outlined areas)
and quadrants indicate percent cells in each. Below, expression of IFNG, TBX21, CXCR3 and RORC in the differentiated
c-Kit+NKp44−-derived ILC populations (cultured with only IL-2); results are relative to ACTB expression. (b) Intracellular
IL-22 or IFN-γ in c-Kit+NKp44−-derived NKp44+ ILC3 or ILC1 subsets stimulated with PMA and ionomycin (histograms)
and frequency of cytokine-producing cells (graphs). Numbers above bracketed lines (histograms) indicate percent
IL-22+ cells (left) or IFN-γ+ cells (right). (c) Flow cytometry of highly purified c-Kit+NKp44− ILCs stimulated for 3 d with
cytokines and stained with a proliferation dye. Filled histogram represents nonproliferation control. Numbers above
bracketed lines or in quadrants indicate percent nonproliferating cells. *P < 0.05 and **P < 0.01 (Student’s t-test).
Data are representative of at least five independent experiments (a, top), at least three independent experiments
with one to three donors each (a, bottom), six experiments (b, histograms) or four independent experiments (c) or
are from at least six independent experiments (b, graphs; error bars, s.e.m.)
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RORγt+ innate lymphoid cells can differentiate into ILC1 cells
A fraction of the c-Kit+NKp44− ILCs in tonsils expressed RORγt, which raised the question of whether
the ILC1 subset that differentiated under the influence of IL-12 might be derived from RORγt+ ILCs. As
all CRTH2− ILCs in fetal gut express RORγt (ref. 4), we purified c-Kit+NKp44− cells from fetal intestine
by the same strategy we used for tonsils (Figure 8a) and cultured those cells for 8 d with cytokines.
As with the tonsil cells, we observed that c-Kit+NKp44− ILCs from fetal intestine acquired the ILC1
phenotype when cultured with IL-2 and IL-12, whereas when cultured with IL-2, IL-23 and IL-1β,
these cells differentiated into NKp44+ ILC3 cells (Figure 8b, top, and Supplementary Figure 2b).
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Figure 8. RORγt+ ILCs of fetal gut are able to differentiate into ILC1.
(a) Flow cytometry of ILC populations on the basis of the expression of CRTH2, CD127 and NKp44, with gating on
CD45+ lamina propria mononuclear cells, followed by gating on Lin−CD127+ ILCs. Numbers in gates (outlined areas)
or quadrants indicate percent cells in each. (b) Flow cytometry of highly purified c-Kit+NKp44− ILCs or NKp44+
ILC3 cells cultured 8 d with cytokines (as in Figure 7a; graphs, Supplementary Figure 1b,c). (c) Flow cytometry
of purified NKp44+ ILC3 stained with a proliferation dye and then cultured for 3 d as in b (graphs, Supplementary
Figure 3).
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Figure 8. Continued
Filled histogram represents nonproliferation control. Numbers in histograms and quadrants indicate percent of
nonproliferating cells; (d) Expression of RORC, TBX21 and IFNG in freshly isolated tonsil NKp44+ ILC3 and ILC1
populations or in cells stimulated with either IL-2 and IL-12 or IL-2, IL-23 and IL-1β. *P < 0.05 (Student’s t-test).
Data are representative of seven (a) or three (b) independent experiments with one to three donors each or three
independent experiments (c) or one experiment with two donors (d; error bars, s.e.m.).
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To further explore the plasticity of ILCs, we investigated whether the RORγt+ fetal gut NKp44+ ILC3
subset was able to differentiate into the ILC1 subset when cultured with IL-2 and IL-12. Indeed, highly
purified fetal gut NKp44+ ILC3 cells rapidly lost expression of NKp44 and c-Kit (Figure 8b, bottom, and
Supplementary Figure 2c), which indicated that these cells differentiated into ILC1 when cultured
with IL-2 and IL-12. To exclude the possibility that appearance of ILC1 cells in these cultures was
the result of proliferating contaminating cells, we labeled purified fetal NKp44+ ILC3 cells with a cell-

Notably, we observed that inflamed intestinal lamina propria of people with Crohn’s disease had
a higher proportion of ILC1 cells, in agreement with a published report indicating that CD56− ILCs,
including IFN-γ-producing cells, are overrepresented in inflamed intestine of people with Crohn’s
disease20. Consistent with another report20, we also detected CD56− IL-17A-expressing ILCs in
inflamed tissues of a few people with Crohn’s disease. However, in contrast to ILC1 cells, these IL17Aexpressing cells were c-Kit+. Our experiments with DSS-treated HIS mice suggested that the high

tracking dye and followed their expression profiles when they were cultured with IL-2 and IL-12. The
nonproliferating fraction of cells did change their phenotype (Figure 8c and Supplementary Figure
3), which confirmed that ILCs were able to change their phenotype after exposure to changes in their
local cytokine environment. We obtained similar data by culturing NKp44+ ILC3 cells from the tonsil
with IL-2 and IL-12 (Supplementary Figure 4).

proportion of ILC1 cells may have been a direct consequence of acute inflammation rather than a side
effect of a long-term ongoing inflammation.

The finding that RORγt+ ILC3 cells cultured in IL-2 plus IL-12 were able to differentiate into ILC1 cells
raised the question of whether freshly isolated ILC1 cells were also able to differentiate into RORγtexpressing ILC3 cells. ILC1 cells survive poorly when cultured for prolonged periods of time without
IL-12, which complicates in vitro culture assays. However, when we cultured ILC1 cells for 3 d in IL-2
plus IL-23, we observed that their expression of TBX21 was much lower but their expression of RORC
remained similar to that of control cells that were not stimulated (Figure 8d).
Together the data reported above indicated that the appearance of ILC1 cells in cultures with IL-2
plus IL-12 was a result of differentiation rather than proliferation of contaminating cells. They also
indicated that IL-12 were able to drive the differentiation of IL-22-producing RORγt+T-betdim ILCs into
an IFN-γ-producing RORγt−T-bethi ILC subset. Our data obtained with ILC1 cells in short-term culture
with IL-2 plus IL-23 suggested that ILC1 cells also had the potential to change their transcription
factor–expression profile.

DISCUSSION
Here we have described a distinct CD127+c-Kit−NKp44− ILC type that differs from the already known
RORγt-dependent (ILC3) and GATA-3- and RORα-dependent (ILC2) ILCs. The c-Kit−NKp44− ILCs isolated
ex vivo expressed IFNG but had only low expression of IL13 and no expression of IL22 or IL17. In
addition, these ILCs had high expression of the transcription factor T-bet and its downstream targets
CXCR3 and CCL3, and had very low expression of RORγt. The c-Kit−NKp44− ILCs were distinct from NK
cells, as they lacked IL-15Rα and were devoid of CD16, CD94, NKp46, CD56, killer immunoglobulin-like
receptors, granzyme B and perforin. The c-Kit−NKp44− cells were also distinct from c-Kit+ immature
NK cells36, as they had high expression of IL-7Rα, which is not present on immature NK cells33, and
lacked c-Kit. In addition, the c-Kit−NKp44− ILCs were different from thymus-dependent IL-7Rα+ NK
cells, as the latter cells express CD5642, in contrast to c-Kit−NKp44− ILCs. Thus, the IFN-γ-producing
c-Kit−NKp44− ILCs were distinct from NK cells and could be considered the innate equivalent of the
TH1 subset, and thus we designated these cells ‘ILC1’.
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IL-17- and IFN-γ-producing IL-23-responsive ILCs have been described as potent inducers of gut
inflammation in an innate mouse model of colitis, and neutralization of IFN-γ is sufficient to ameliorate
disease progression19. Large amounts of IFN-γ are also present in the lamina propria of people with
Crohn’s disease39, 43. In line with those findings, a clinical trial has shown that an antagonistic antibody
to IFN-γ (fontolizumab) lowers the amount of C-reactive protein, a marker of inflammation39, although
in this small trial no “significant” improvement in clinical response, as determined by the subjective
Crohn’s Disease Activity Index, was found for fontolizumab relative to the response obtained with
placebo.
In addition, antibody to the p40 component of the IFN-γ-inducing cytokine IL-12 has not shown clear
therapeutic efficacy in neutralizing IL-1244, which is evidence against a prominent role of the IL-12–
IFN-γ axis in Crohn’s disease. However, interpretation of the results from that study44 is confounded
by the fact that the antibody to p40 also targets IL-23, which shares p40 with IL-12. IL-23 induces IL17, which might be protective in Crohn’s disease, given that in patients with Crohn’s disease, therapy
with antibody to IL-17 seems to slightly exacerbate disease activity45. An antibody to the p35 chain
that exclusively targets IL-12 might be tested to further examine the role of the IL-12 and IFN-γ in
Crohn’s disease.
We also identified, in various tissues, CD127+c-Kit+NKp44− ILCs that did not express IL-13, IL-17,
IL-22 or IFN-γ ex vivo. The c-Kit+NKp44− population contained precursors of both ILC3 and ILC1, as
c-Kit+NKp44− ILCs differentiated into IL-22-producing ILC3 in the presence of IL-2 and IL-23 and into
IFN-γ-producing ILC1 in the presence of IL-2 and IL-12. Differentiation occurred before proliferation
was manifest, which indicated that the observed changes in phenotype and cytokine expression
profile were not a consequence of outgrowth of a small contaminating population of already
differentiated cells. We also observed that highly purified NKp44+ ILC3 cells from both fetal gut
and tonsil were able to differentiate into ILC1 cells in response to IL-2 and IL-12 by first losing c-Kit
expression and then NKp44 expression. These data indicated that at least a proportion of ILC1 cells
were derived from RORγt+ ILC3 cells, consistent with the observations that ILC3 cells in mice with a
RORγt fate-mapping marker eventually lose RORγt expression and convert into IFN-γ-producing cells
without losing the fate marker21. A phenotypic shift from RORγt+ IL-17- and IL-22-producing cells to
RORγt− IFN-γ-producing cells is not without precedent, as such shifts have also been observed in T
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cells46, 47. Conversely, freshly isolated ILC1 cells rapidly downregulated TBX21 after brief incubation
with IL-2 and IL-23, although expression of RORC remained low, similar to that of control cells not
treated with cytokines. Whether the conversion of ILC1 cells into T-bet− ILCs occurs in vivo remains
to be determined.

Isolation of cells.
Tonsil tissue was cut in small pieces and mechanically disrupted using the Stomacher 80 Biomaster
(Seward). Cell suspension was passed through a 70-μm cell strainer and mononuclear cells were
isolated with Ficoll-Paque Plus medium (GE Healthcare).

Our data indicated a high degree of plasticity among the different ILC populations, as has already been

Intestinal lamina propria was incubated for 15 min with HBSS medium (Gibco) containing DTT (154

suggested by other studies21, 34. How the plasticity among ILCs is regulated remains to be established,
but T-bet might be a central regulator. It has been reported that IL-17-producing ILCs are involved in
the pathogenesis of mice deficient in Tbx21 (which encodes T-bet) and Rag1 (recombination-activating
gene 1) that develop colitis resembling human ulcerative colitis48. That same study also found that
T-bet positively regulates IFN-γ and considerably diminishes the capacity of ILCs to produce IL-17.
T-bet has also been found to be essential for the differentiation of NKp46+ ILC3 cells49. In addition, it
has been shown that IL-12 induces NKp46+ ILC3 cells to produce IFN-γ, but IL-23 does not. Our results
extend these findings by showing that IL-12 resulted in rapid downregulation of RORγt expression
and upregulation of T-bet expression combined with loss of the expression of c-Kit and NKp44. Thus,
‘tunable’ expression of T-bet emerges as an important regulator of ILC effector function.

μg/ml), 0.1% (vol/vol) β-mercaptoethanol and 5 mM EDTA at 37 °C to eliminate mucus and epithelial
cells. Lamina propria was then cut into small pieces and digested for 30 min at 37 °C with HBSS
(Gibco) containing Liberase TM (125 μg/ml) and DNase I (200 μg/ml) (Roche). Cell suspensions were
filtered through a 70-μm nylon mesh, and lamina propria mononuclear cells were isolated with FicollPaque Plus medium (GE Healthcare).

In summary, we have demonstrated here the existence of an ILC1 subset able to produce large
amounts of IFN-γ, which were distinct from NK cells. At least a portion of these cells differentiated
from ILC3 cells under the influence of IL-12. We hypothesize that there is also an ILC1 population that
develops independently of the transcription factor RORγt. Cell fate–mapping experiments in mice
would be needed to verify this hypothesis. Because no ILC1 cells were present in the fetal gut, we
speculate that ILC1 cells develop after colonization of the gut with commensals and that ILC1 cells
may be involved in the early innate immune response against certain bacteria49. Given the finding
that ILC1 cells accumulated in inflamed tissues in Crohn’s disease, these cells may contribute to the
pathogenesis of this disease.

METHODS
Tissue collection.
All tissues were collected after subjects provided informed consent, with approval of tissue-specific
protocols by the Medical Ethical Committee of the Academic Medical Centre, Amsterdam. Tonsils
were obtained from pediatric tonsillectomies. Inflamed intestinal mucosa of patients with Crohn’s
disease was freshly obtained and processed after intestinal resection of inflamed ileum. Noninflamed ileum, referred to as ‘non-inflamed control’, was collected after intestinal resection of colon
cancer, where the ileum was considered unaffected. Subjects were excluded when they underwent
chemo- or radiotherapy before resection. Human fetal tissues were obtained from elective abortions
at the Stichting Bloemenhove clinic in Heemstede, the Netherlands, upon on the receipt of informed
consent. The use of human abortion tissues was approved by the Medical Ethical Committee of the
Academic Medical Center, Amsterdam. Gestational age, determined by ultrasonic measurement of
the diameter of the skull or femur, ranged from 14 to 17 weeks.
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Flow cytometry analysis and sorting.
The following antibodies to human proteins were used. From BioLegend: fluorescein isothiocyanate
(FITC)-conjugated anti-CD1a (HI149), anti-CD3 (OKT3), anti-CD11c (3.9), anti-CD94 (DX22), antiCD123 (6H6) and anti-FcER1α (AER-37); phycoerythrin-conjugated anti-CD161 (HP-3G10), antiKIR3DL1 (DX9), anti-perforin (DG9) and anti-NKp44 (P44-8); peridinin chlorophyll protein–cyanine
5.5–conjugated anti-CD117 (104D2); Alexa Fluor 647–conjugated anti-NKp46 (9E2), anti-NKp44
(P44-8) and anti–granzyme B (GB11); allophycocyanin-conjugated anti-NKG2D (1D11) and anti-Tbet (ebio4B10); Alexa Fluor 700–conjugated anti-CD56 (HCD56). From Beckman Dickinson: FITCconjugated anti-CD4 (RPA-T4), anti-CD14 (MϕP9), anti-CD16 (3G8), anti-CD19 (HIB19), anti-CD34
(581), anti-CD56 (NCAM16.2), anti-TCRαβ (IP26) and TCRγδ (B1); phycoerythrin-conjugated antiCD16 (3G8) and anti-CXCR3 (IC6/CXCR3); Alexa Fluor 647–conjugated anti-CRTH2 (CD294; BM16);
allophycocyanin-indotricarbocyanine (Cy7)–conjugated anti-CD45 (2D1). From other manufacturers:
allophycocyanin-conjugated anti-CD4 (S3.5; Invitrogen); phycoerythrin-Cy7–conjugated anti-CD127
(R34.34; Beckman Coulter); phycoerythrin-conjugated anti-RORγt (AFKJS-9; eBioscience); and FITCconjugated anti-BDCA2 (CD303; AC144; Milenyi). The cell proliferation dye was Cell-Trace Violet
(c34557; Invitrogen).
For phenotypic analyses by flow cytometry, data were collected with an LSRFortessa instrument
(BD Biosciences) and analyzed with FlowJo software (TreeStar). For sorting by flow cytometry, tonsil
mononuclear cell samples were depleted of T cells, B cells and NK cells by labeling with FITC-conjugated
anti-CD3, anti-CD16 and anti-CD19 (described above) plus anti-FITC microbeads (Miltenyi).
Establishment of cell lines and analysis of cytokine production.
We expanded Lin−CD127+ ILC populations with irradiated allogeneic peripheral blood mononuclear
cells (25 Gy), irradiated Epstein-Barr virus–transformed JY human B cells (50 Gy), phytohemagglutinin
(1 μg/ml; Oxoid) and IL-2 (100 U/ml; Novartis) in Yssel’s medium (AMC; made in house) supplemented
with 1% (vol/vol) human AB serum. Cells were cultured up to 6 weeks and resorted before further
analysis.
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Fresh Lin−CD127+c-Kit−NKp44− ILCs (2,000 cells per well in a 96-well plate) were stimulated for 3–4 d
with combinations of IL-2 (10 U/ml; Novartis), IL-23 (50 ng/ml; R&D Systems), IL-1β (50 ng/ml; R&D
Systems), IL-12 (50 ng/ml; R&D Systems) and IL-18 (50 ng/ml; R&D Systems). IFN-γ was measured in
supernatants by enzyme-linked immunosorbent assay (eBiosciece).
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Intracellular cytokine staining.
Cell lines expanded ex vivo were stimulated for 6 h with PMA (10 ng/ml; Sigma) and ionomycin (500
nM; Merck) in the presence of GolgiPlug (BD Biosciences) for the final 4 h of culture. A Cytofix/
Cytoperm kit (BD Biosciences) was used for cell permeabilization, staining and subsequent washing.
The following antibodies were used: allophycocyanin-conjugated anti-IL-13 (JES10-5A2; BioLegend),
allophycocyanin-conjugated IL-17 (BL168; BioLegend), and phycoerythrin-conjugated anti-IL-22
(142928; R&D Systems) and anti-IFN-γ (B27; BD Bioscience). Data were acquired with an LSRFortessa
instrument (BD Biosciences) and analyzed with FlowJo software (TreeStar).
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Quantitative real-time PCR.
RNA was isolated with either the RNeasy Micro kit (Qiagen) or the NucleoSpin RNA XS kit (MachereyNagel) according to the manufacturer’s protocol. Complementary DNA was synthesized with the
High-Capacity cDNA Archive kit (Applied Biosystems). PCR was done on a LightCycler 480 Instrument
II (Roche) with SYBR Green I master mix (Roche). The primers used are listed in Supplementary Table
3; primers for 18S rRNA, IFNG, IL22, IL17, IL13 and RORC were as described4. LinRegPCR software was
used to quantify expression18.
Human immune system mice.
CD34+ CD38− HSCs isolated from human fetal liver (0.2 × 105–2 × 105 cells) were transplanted
intrahepatically into sublethally irradiated (1.0 Gy) newborn NSG mice (younger than 1 week of
age). Peripheral blood was collected from a facial vein every 3 to 4 weeks after transplantation to
determine the kinetics of human cell engraftment. Mice 8–12 weeks old were treated with either
water or DSS (3% (wt/vol)) for 7 d.
Histological scoring.
The longitudinally divided colons were rolled, fixed in 4% (vol/vol) formalin and embedded in paraffin
for routine histology. An experienced pathologist evaluated formalin-fixed hematoxylin tissue
sections microscopically, in a blinded fashion, and graded the incidence and severity of inflammatory
lesions in colons. The following factors were each scored on a scale from 0 to 4: the extent of the
area involved, the number of follicle aggregates, edema, fibrosis, hyperplasia, erosion or ulceration,
crypt loss, and infiltration of granulocytes and mononuclear cells (Supplementary Table 2). The total
inflammation score was calculated as the sum score of the above.
Statistical analysis.
Statistical significance was determined with ANOVA or Student’s t-test. Prism GraphPad software was
used.
46
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Supplemental table 2. Histological scoring
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score

0

1

2

3

4

Area involved

0%

1-10%

10-25%

25-50%

> 50%

follicles

Mild
(4-5)
Mild

Moderate
(6-7)
Moderate

Severe (>7)

edema

Normal (0-1) Minimal
(2-3)
Absent
Minimal

fibrosis

Absent

Minimal

Mild

Moderate

Severe

Erosion/ulceration

0%

1-10%

10-25%

25-50%

>50%

Crypt loss

0%

1-10%

10-25%

25-50%

> 50%

granulocytes

Normal

Mononucl. cells

Normal

Minimal
increase
Minimal
increase

Mild increase Moderate
increase
Mild increase Moderate
increase

Severe

2

Severe
increase
Severe
increase

The total inflammation score was determined by the average score of the following criteria: area involved, the
number of follicle aggregates, oedema, fibrosis, hyperplasia, erosion/ulceration, crypt loss and infiltration of
granulocytes and mononuclear cells.
Supplemental table 3. Sequences of real-time PCR primers designed in house

mRNA

Primer

Sequences (5’-3’)

β-actin

Forward primer

CACCATTGGCAATGAGCGGTTC

Reverse primer

AGGTCTTTGCGGATGTCCACGT

Forward primer

ATT GCT CTC ACT TGC CTT GG

Reverse primer

GTC AGG TTG ATG CTC CAT ACC

Forward primer

AAC AAC AGC TCG GCT TTG GT

Reverse primer

GGA ATA TCT GGC GGA TAT CC

Forward primer

CTT AGG CTC AGC GTC AGT TA

Reverse primer

GTA AGT TCA GGC CTT CTC TG

Forward primer

AAT CTG GAG CTG GCC TTT CA

Reverse primer

CTG GAA GAT CTG CAG CCT TT

Forward primer

ACTTTGAGACGAGCAGCCAGTG

Reverse primer

TTTCTGGACCCACTCCTCACTG

Forward primer

ACGAGAGTGACTCGTGCTGTAC

Reverse primer

GCAGAAAGAGGAGGCTGTAGAG

Forward primer

AGACCTCAGTGGTGTAGCAGAG

Reverse primer

TGATGACCAGCGGTTCAGGATC

Forward primer

TGAGATTCTCGGTGGAGCAGCT

Reverse primer

CTGTAGTCGGTAAGTGACCTCC

Forward primer

GTGCTTTGGTACAGGGATTCCTG

Reverse primer

CACAGTCAGAGGTAGACCCTTC

IL13
IL23R
AHR
RORC
experiments with 2-4 pooled donors, each.

20-25
6

15.8
5

28
4

24
3

2

29.3-33.1

+

Percentage of human (h)CD45 cells, hCD3 cells, hCD14 cells, and hILCs in colon of HIS mice after a ficoll density gradient purification step. Table represents
percentage of total CD45+ cells =(human + mouse CD45+ cells) in colon of NSG mice that are reconstituted with human hematopoietic stem cells. Data are from 6

2.2
84.2
10.9
4.3

2.4
86.9
5.8
4.2

54.6

1.6

50

40

5.3

8.8
11.5
30.8
53
3.4
53.4

7.9
2.3-2.8
85.2-86.1
6.1-7.3
4.8-5
29.3-56.8

0-3
48.8-66.9
48.3-51
3.2-4.1
34.7-36
12
1

hCD45
hCD3
hCD127+ lin- ckit+NKp44ckit+NKp44+
ckit-NKp44CD14
(% of hCD45+ mCD45) (% of hCD45) (% of hCD45) (% of hCD127+ lin-) (% of hCD127+ lin-) (% of hCD127+ lin-) (% of hCD45)
Exp
#

Supplemental table 1. % of human CD45+ cells in colon of HIS mice

SUPPLEMENTAL DATA

CCL3
CXCR3
IL12RB2
IL12RB1
IL1R1
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Supplemental figure 1. Differentiation of ILC1 and NKp44+ ILC3
(a) Differentiation of tonsil ckit+NKp44- derived ILCs towards the ILC1 subset and NKp44+ ILC3 subset when cultured
in IL-2 and IL-12 or IL-2, IL-23 and IL-1β, respectively (N=5; ** p<0.01). (b) Differentiation of fetal gut ckit+NKp44derived ILCs towards the ILC1 subset and NKp44+ ILC3 subset when cultured in IL-2 and IL-12 or IL-2, IL-23 and IL1β, respectively (N=3; ** p<0.01). (c) Differentiation of fetal gut NKp44+ ILC3 derived ILCs towards the ILC1 subset
and NKp44+ ILC3 subset when cultured in IL-2 and IL-12 or IL-2, IL-23 and IL-1β, respectively (N=3; ** p<0.01).
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Supplemental figure 2. Histological scoring
Histological scoring of: area involved, the number of follicle aggregates, oedema, fibrosis, hyperplasia, erosion/
ulceration, crypt loss and infiltration of granulocytes and mononuclear cells in humanized immune system (his)
mice vs. non-reconstituted control mice. Mice are treated for 7 days with 3% DSS . Each dot represents 1 mouse.
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Supplemental figure 3. Differentiation of non-proliferating fraction of NKp44+ ILC3 from fetal gut differentiate into
ILC1 Quantification of the fetal gut non-proliferating fraction of NKp44+ ILC3 derived ILCs towards the ILC1 subset
when cultured in IL-2 and IL-12 or IL-2, IL-23 and IL-1β, respectively (N=3; ** p<0.01)

Supplemental figure 4. NKp44+ ILC3 from tonsil differentiate into ILC1 under influence of IL-12
ILC3 from tonsil differentiate into ILC1 under influence of IL-2 and IL-12. Freshly purified ILC3 from tonsil are
cultured for 8 days either alone or with combinations of IL-2 and IL-12, or IL-23 and IL‐1β, followed by flow
cytometry analysis of ckit and NKp44. Numbers in quadrants indicate percent cells in each. Data shown is
representative of 3 experiments.
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SUMMARY

INTRODUCTION

Human group 1 ILCs consist of at least three phenotypically distinct subsets, including NK cells, CD127+
ILC1, and intraepithelial CD103+ ILC1. We observed in inflamed intestinal tissues from Crohn’s disease
patients that CD103+ ILC1 did only change modestly in frequency, whereas CD127+ ILC1 were strongly
increased at the cost of ILC3. Here we demonstrate in vitro and in vivo that differentiation of ILC3
to CD127+ ILC1 was reversible: CD127+ ILC1 differentiate to ILC3 in the presence of IL-2, IL-23 and

The intestinal immune system is tolerant towards commensal bacteria but adroitly poised to fight
invading pathogens. Homeostatic interactions between commensal bacteria and the intestinal
immune cells contribute to the surveillance of the mucosal surface and maintenance of the epithelial
barrier. Upon a pathogenic assault, the innate immune system responds promptly by tailoring an
immune response accordingly to eliminate the pathogen or to instruct the adaptive arm of the

IL-1β in a RORγt-dependent manner, and this process was enhanced in the presence of retinoic acid.
Furthermore, we observed in resection specimen from Crohn’s disease patients a higher proportion
of CD14+ dendritic cells (DC), which promoted polarization from ILC3 to CD127+ ILC1. In contrast,
CD14- DCs, promoted differentiation from CD127+ ILC1 towards ILC3. These observations suggest that
environmental cues determine the composition, function and phenotype of CD127+ ILC1 and ILC3.

immune system. Following the mounted immune response, a phase of resolution precedes the
recovery of intestinal homeostasis and restoration of the intestinal architecture.
Innate lymphoid cells (ILCs) are a family of innate effector cells that are important not only for
the integrity and maintenance of the intestinal tract but also in the protection against infiltrating
pathogens at the acute phase of infection (Artis and Spits, 2015; Spits and Cupedo, 2012). Distinct ILC
subsets respond to and protect against different pathogens by secreting cytokines that are similar to
the cytokine and transcription factor expression pattern of the T helper cell family (Spits et al., 2012).
RORγt-expressing CD127+ group 3 ILCs are involved in organizing tertiary lymphoid structures (van
de Pavert and Mebius, 2010), are critical in controlling containment of commensals (Sonnenberg et
al., 2012), and also promote antimicrobial peptide production and the proliferation of epithelial cells
(Cella et al., 2009; Crellin et al., 2010). Furthermore, IL-22 producing group 3 ILCs protect against
certain bacterial pathogens such as Citrobacter rodentium, which is used as a model in mice for
the attaching and effacing enteropathogenic Escherichia coli (EPEC) and enterohaemorrhagic E. coli
(EHEC) (Satoh-Takayama et al., 2008; Sonnenberg et al., 2011). T-bet-expressing group 1 ILCs protect
against bacteria such as Helicobacter typhlonius (Powell et al., 2012) and intracellular pathogens such
as Salmonella enterica in an IFNγ-dependent manner (Klose et al., 2013).
Recently we identified a human ILC1 subset that like ILC2 and ILC3 expressed high amounts of the
IL-7 receptor α-subunit (CD127) and the C-type lectin CD161. CD127+ ILC1 lacked c-Kit and NKp44,
which are expressed on all ILC3 and a subset of ILC3, respectively. Another group identified a distinct
subset of group 1 ILCs, which were located in the intestinal epithelium (Fuchs et al., 2013). These ILC1
expressed the epithelial homing integrin CD103 and only low amounts of CD127. The relationship
between these CD103+ ILC1 and CD127+ ILC1 is unclear. Here we compared the CD103+ ILC1 and
CD127+ ILC1 in more detail.
Previously, we and others demonstrated that prolonged exposure to type 1 polarizing cytokines
induced a change of ILC3 into c-Kit- NKp44- ILC1. This was accompanied by downregulating RORC,
which was inversely proportional to the upregulation of TBX21 and the production of IFNγ (Bernink et
al., 2013; Vonarbourg et al., 2010). In line with this observation, individuals with Crohn’s disease – a
typical type 1 inflammatory disease – displayed a reduced frequency of group 3 ILCs in inflamed ileal
resection specimen, whereas group 1 ILCs were present in a considerably higher frequency compared
to patients without intestinal inflammation (Bernink et al., 2013).
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Here we addressed the question whether IFNγ-producing group 1 ILCs have the potential to
differentiate towards IL-22-producing ILC3. We demonstrated both in vitro and in vivo that human
CD127+ group 1 - but not CD103+ ILC1 or cNK cells - can differentiate into ILC3, depending on the
cytokines they are exposed to, a process which is dependent on the transcription factor RORγt.
Furthermore, we demonstrated that the gut metabolite retinoic acid (RA) accelerates transition of
CD127+ ILC1 to IL-22-producing ILC3, and we identified RA-producing CD103+ dendritic cells (DCs) as

The transcription factor arylhydrocarbon receptor (AHR) was expressed in all ILC subsets, but highest
in ILC3. Freshly isolated intestinal ILC subsets showed a similar transcription factor expression profile
compared to their tonsil counterparts (Supplemental Figure 1A).

a physiological source that could drive ILC differentiation and maintenance of ILC3.

stimulation with IL-15 and IL-12 resulted in a robust IFNγ response in all ILC1 subsets, which was most
pronounced in cNK cells. Stimulation with the pro-inflammatory cytokines IL-12 plus IL-18 induced a
similar response in all group 1 ILC subsets, and was higher compared to stimulation with IL-12 plus
IL-15.

RESULTS
CD127 and CD103 define distinct ILC1 subsets
Human group 1 ILCs comprise a heterogeneous population of IFNγ-producing effector cells, including
conventional natural killer (cNK) cells and two populations of ILC1. The first ILC1 subset described
by our group (Bernink et al., 2013) expresses high levels of CD127 (the IL-7Rα-chain), and is referred
to as CD127+ ILC1. The ILC1 subset described by Fuchs et al. (Fuchs et al., 2013) expresses CD103
(an intergrin αE subunit), which in association with β7 may play a role in homing of intraepithelial
lymphocytes. This ILC1 subset is therefore referred to as CD103+ ILC1. In order to obtain more insight
into the functional differences between CD127+ and CD103+ ILC1, we first compared the phenotype
and tissue distribution of the two ILC1 subsets in human palatine tonsils, ileum and mesenteric
lymph node. CD103+ ILC1, which could be distinguished from CD127+ ILC1 by the expression of CD56,
NKp44, and CD103 were detected in tonsil and ileum, but not in mesenteric lymph node (Figure 1A).
The frequencies of CD127+ and CD103+ ILC1 subsets in tonsils were similar, but were less compared
to NKp44+ and NKp44- ILC3 (Figure 1A). In the ileum the CD103+ ILC1 were found in the epithelium as
documented before (Fuchs et al, 2013), whereas the CD127+ ILC1 were present in the lamina propria
(Figure 1A). Compared to CD127+ ILC1, CD103+ ILC1 expressed very little CD127 if at all (Figure 1B).
CD103+ ILC1 from tonsils expressed CD94 and are heterogeneous for CD160, whereas CD127+ ILC1
were negative for both markers (Figure 1B). Both ILC1 subsets expressed CD161, but CD103+ ILC1
showed much lower expression compared to CD127+ ILC1 (Figure 1B). Like CD103+ ILC1, conventional
cNK cells expressed CD56 and CD94 and were heterogeneous for CD160, but lacked the expression
of CD103, and CD161 (Figure 1B).
We next analyzed the expression of transcription factors in freshly isolated ILC subsets. Transcripts
of the transcription factor RORγt (RORC) were undetectable in ex vivo isolated CD103+ ILC1, and low
-but not absent- in CD127+ ILC1 compared to NKp44- and NKp44+ ILC3 subsets (Figure 1C). TBX21,
which encodes for the transcription factor T-bet was expressed at highest levels in CD103+ ILC1 and
CD127+ ILC1 as compared to both ILC3 subsets. The transcription factor Eomesodermin (Eomes),
which has been associated with cNK cells in mice (Daussy et al., 2014; Gordon et al., 2012; Klose
et al., 2014), was highly expressed in CD103+ ILC1, but absent in all CD127+ ILC1 and ILC3 subsets
(Figure 1C). As expected, both ILC1 subsets but not ILC3, expressed transcripts for IFNG, which was
most pronounced in CD103+ ILC1. IL22 transcripts were highly expressed in the NKp44+ ILC3 subset.
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In contrast to ex vivo isolated cNK cells, CD103+ and CD127+ ILC1 did not produce IFNγ in response
to IL-15 alone as measured by enzyme-linked immnosorbent assay (ELISA) (Figure 1D). Combined

Together, these data demonstrate that in addition to cNK cells, two distinct human IFNγ producing
group 1 ILC subsets are present in the tonsil and ileum, which have the ability to respond to the proinflammatory cytokines IL-12, IL-15 and IL-18 ex vivo.
When comparing the ILC composition of fetal intestine to that of non-inflamed and inflamed
resection specimens from patients that suffer from Crohn’s disease, we observed that CD127+ ILC1 in
fetal intestines, which were not yet colonized with commensal bacteria, were very low in frequency,
and we did not observe any CD103+ ILCs (Figure 1E and Supplemental figure 1B). Furthermore, we
observed that fetal intestinal NKp44- ILC3 expressed CD103, whereas this marker was restricted to
CD103+ ILC1 in adult gut and tonsils (Supplemental figure 1C). Interestingly, the frequency of CRTH2+
group 2 ILCs in the fetal intestines decreased in post-natal intestinal tissues. Furthermore, whereas
in adult non-inflamed intestinal resection specimen the frequencies of CD103+ ILC1 and CD127+
ILC1 were the same, lamina propria CD127+ ILC1 expanded dramatically in inflamed ileum resected
from Crohn’s disease patients, outnumbering intraepithelial CD103+ ILC1, which expanded less than
twofold (Figure 1E, Supplemental Figure 1D). No significant changes in frequency were observed for
cNK cells between non-inflamed and inflamed Crohn’s Ileum (supplemental figure 1E).
Together, these data confirm that CD103+ ILC1 are restricted to the intraepithelial compartment
(Fuchs et al., 2013), whereas CD127+ ILC1 are found within the lamina propria. Furthermore, CD127+
ILC1 outnumbered CD103+ ILC1 in inflamed gut tissues of Crohn’s disease patients.
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Figure 1. Phenotype, function, and distribution of CD127+ and CD103+ ILC1 in human tonsil, intestine, and
mesenteric lymph node. (a) Flow cytometric analysis of the expression of CD103+ ILC1 and CD127+ ILC1 in freshly
isolated tonsil mononuclear cells, which are depleted from T cells (CD3) and B cells (CD19) by magnetic bead–
based separation, in freshly isolated intestinal epithelial cell (IE) and lamina propria (LP) fraction of resection
specimen, and freshly mesenteric lymph nodes (MLN). Subsets were gated on CD3- and CD45+ followed by gating
on either CD56, CD103 and NKp44 for CD103+ ILC1, or selecting for Lin− (CD1a− CD3− CD14− CD19− CD94− CD34−
CD123− TCRαβ− TCRγδ− BDCA2− FcεR1− CRTH2-) and CD161+, CD127+, and NKp44- and c-Kit- for CD127+ ILC1, both
indicated in blue box. Numbers in gates (outlined areas) or quadrants indicate percent cells in each. Distribution
of ILC1 subsets in tissues is quantified in bar diagrams as percentage (%) of the total CD45+ CD3- lymphocyte
population. Data shown for tonsil is representative of at least 15 experiments, with one to two donors each,
and intestinal data is representative of at least 6 experiments, one donor each. (b) Flow cytometric analysis of
CD127+ ILC1 (black line), CD103+ ILC1 (dashed line), and cNK cells (grey filled) of indicated surface molecules.
Gating strategy used is as in figure 1a. Data shown is representative of at least 4 experiments. (c) Expression of
RORC, TBX21, IL22, AHR, IFNG, and EOMES in the CD127+ ILC1, NKp44- ILC3, NKp44+ ILC3, and CD103+ ILC subsets
of freshly isolated tonsils, presented relative to the expression of ACTB (which encodes β-actin). Data shown
is combined data of at least 3 experiments, each with 1 to 2 donors each. (d) IFNγ-production by CD127+ ILC1
(black), and CD103+ ILC1 (white), and cNK cells (grey), cultured for 4 days, either alone or IL-15 and/or IL-12,
and IL-12 with IL-18. (e) Mean frequency (as percentage of total ILCs per sample) of CD103+ ILC1, CD127+ ILC1,
CRTH2+ ILC2, NKp44- ILC3, and NKp44+ ILC3 within fetal intestine (N=12), non-inflamed control intestine (N=6),
and Crohn’s disease intestine (N=6). In these experiments IE and LP fractions were combined before analysis. * P
< 0.05, ** P< 0.01 (analysis of variance).

IL-23 and IL-1β are sufficient to drive differentiation of CD127+ ILC1 towards ILC3
Differentiation of ILC3 towards IFNγ-producing CD127+ ILC1 under influence of IL-12 may contribute
to the increase in frequency of CD127+ ILC1 in inflamed mucosal tissues as seen in the inflamed
intestines of individuals with Crohn’s disease (Bernink et al., 2013; Vonarbourg et al., 2010). We then
asked whether IFNγ-producing ILC1 have also the potential to differentiate towards IL-22 producing
ILC3. To address this question, we sorted CD127+ ILC1, NKp44- ILC3, NKp44+ ILC3, CD103+ ILC1, and
cNK cells (Figure 2A, left column), and cultured these cells for 4 days in the presence of feeder
cells with IL-2 and IL-12, or IL-23, and IL-1β. As documented previously (Bernink et al., 2013; Cella
et al., 2010), IL-2, IL-23 and IL-1β maintained the ILC3 phenotype, and promoted the acquisition of
NKp44. Furthermore, IL-2 and IL-12 was sufficient to induce differentiation of NKp44- and NKp44+
ILC3 towards CD127+ ILC1 (Bernink et al., 2013), and CD127+ ILC1 cultured in the presence of IL-2
and IL-12 maintained their phenotype. (Figure 2A). Although CD127+ ILC1 showed only a modest
expression of IL-1R and IL-23R compared to ILC3 (Supplemental Figure 2), CD127+ ILC1 differentiated
towards ILC3 when cultured with IL-1β, IL-2 and IL-23 (Figure 2A). As a consequence, CD127+ ILC1
lost their potential to produce large amounts of IFNγ, and instead started to produce IL-22 (Figure 2B
and C). Neither CD103+ ILC1 nor cNK cells differentiated into ILC3 or produced IL-22 (Figure 2A-C).
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like transcription factor profile in CD127+ ILC1 when exposed to IL-2, IL-23 and IL-1β (Supplemental
Figure 3A-B). Notably, neither in ILC3 nor in CD127+ ILC1 we observed Eomes (Supplemental Figure
3C). This was in sharp contrast to cNK cells and CD103+ ILC1, which did not express RORγt, but rather
maintained or enhanced their expression of T-bet and Eomes (Supplemental Figure 3C and F).
The observation that CD127+ ILC1 acquire phenotypic and functional features of ILC3 may be the
result of outgrowth of a small number of ILC3 contaminating the purified ILC1. In that case the ILC3
should have undergone many cell divisions. To address this, we labeled sorted CD127+ ILC1 with a cell
tracer dye and cultured them in the presence of IL-2, IL-23 and IL-1β. Electronic gating on cells that
expressed high levels of the cell tracer, and thus did not proliferate, revealed that these cells expressed
c-Kit and NKp44, indicating that the non-proliferated fraction of CD127+ ILC1 differentiated towards
ILC3 (Figure 3A). This observation argues against the possibility that outgrowth of contaminating ILC3
in CD127+ ILC1 cultures accounted for the observed phenotype. Furthermore, we did not detect any
difference in viability between the non- and proliferating cell fractions (Figure 3B). Further supporting
our hypothesis, we sorted out ILC3-derived ILC1 and observed that these cells could re-differentiate
towards ILC3 in the in the presence of IL2, IL-23 and IL-1β (Supplemental Figure 4).

Figure 2. IL-2, IL-23 and IL-1β drive ILC3 differentiation. (a) Purified CD127+ ILC1, NKp44- ILC3, NKp44+ ILC3, CD103+
ILC1, and cNK cells from tonsil were cultured for 4 days either with IL-2 and IL-12 or with IL-2, IL-23, and IL-1β.
Cells were phenotyped for the expression of c-Kit and NKp44. Numbers in quadrants indicate percent cells in each.
Data shown is representative of 4 experiments. (b) Expression of intracellular IFNγ measured by flow cytometry of
either IL-2 and IL-12 (dashed line) or IL-2, IL-1b and IL-23 (black line) cultured subsets in (a), following stimulation
with PMA plus ionomycin. Data shown is representative of 3 experiments. (c) Expression of intracellular IL-22
measured by flow cytometry of either IL-2 and IL-12 (dashed line) or IL-2, IL-1b and IL-23 (black line) cultured
subsets in (a), following stimulation with PMA plus ionomycin. Data shown is representative of 3 experiments.

To further confirm that the CD127+ ILC1 can differentiate to ILC3, we generated clones of purified ILC1
(>97%) in the presence of feeder cells and IL-2, IL-1β and IL-23. No difference was observed in the
plating efficiencies between the two ILC3 populations and ILC1 under these conditions (Figure 3C).
The burst size after 14 days of culture was on the average 4000 cells per well (Figure 3D), allowing for
a phenotypic evaluation of the progeny of the individual ILC1. Interestingly most ILC1-derived clones
showed a heterogeneous phenotype as exemplified in the left panel of Figure 3E; the right panel
shows an overview of the distribution of nine individual clones within the progeny of one single cell.
We observed cells with a phenotype of ILC1, NKp44- ILC3, and NKp44+ ILC3 (Figure 3E). In addition,
we observed clones that were partly NKp44+ c-Kit-. Cells with a similar phenotype were also observed
in ex vivo isolated ILC (Bernink 2013), and have yet to be characterized in more detail. The different
phenotypes we observed within a clone correlated with different functional capacities, since c-Kit+
cells isolated from the progeny of a single ILC1 produced mainly IL-22 and little IFNγ, whereas c-KitNKp44- cells isolated from the same cell samples produced IFNγ and little IL-22 (Figure 3F). These
data support the notion that a sizeable fraction of CD127+ ILC1 can differentiate into IL-22 producing
ILC3 in the presence of the cytokines IL-2, IL-23 and IL-1β.

IL-22 and IL-17 production is restricted to lymphocytes that express the transcription factor RORγt
(Ivanov et al., 2006), whereas IFNγ production is associated with high expression of the transcription
factor T-bet (Lazarevic et al., 2010). Given the plasticity of the CD127+ ILC subsets in their cytokine
expression pattern, we asked whether the transcription factor program adapted accordingly. As such,
we purified ILC subsets from tonsils and intestinal resection specimens and cultured these cells for 4
days in the presence of feeder cells with IL-2 and IL-12, or IL-2 IL-23 and IL-1β (Supplemental Figure
3A-F). Indeed, NKp44+ ILC3 lost their RORγt expression upon exposure to IL-2 and IL-12, whereas
T-bet was up-regulated (Supplemental Figure 3A and B). Also, we observed a change into an ILC3-
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ILC1 differentiate towards ILC3 in vivo
Previously, we demonstrated that CD127+ ILC1 accumulated at the onset of intestinal inflammation
in mice that were reconstituted with a human immune system (HIS) (Bernink et al., 2013). In order
to evaluate whether the observed ILC1 to ILC3 differentiation in vitro also occurred in humanized
mice without inflammation, we engrafted sub-lethally irradiated lymphopenic mice (NOD SCID
IL2gc-/-; NSG) with human hematopoietic stem cells (HIS-mice). First we analyzed the ILC1 and ILC3
composition in blood, spleen, lung, small intestine and colon, which were reconstituted on average
up to 80% with human cells at the age of 8 weeks (Figure 4A and B, Supplemental Figure 5A). Next,
we injected humanized mice intravenously (i.v.) with expanded ILC1 as described previously (Bernink
et al., 2013), which were labeled with a cell tracer dye (Supplemental Figure 5B). This allowed us
to trace the fate of ILC1 in vivo under homeostatic conditions. Analyses of blood, spleen, liver, lung,
small intestine and colon revealed that cell tracker-positive ILCs were clearly detectable in all organs
4 days after injection (Figure 4C, Supplemental Figure 5B). Interestingly, the ILC distribution-profile
of cell tracer-positive ILCs is similar to the human ILC profile derived from the injected hematopoietic
stem cells (Figure 4B), which was particularly emphasized in the small intestine, as also NKp44+ ILC3
were detectable (Figure 4D).
ILC in mice and humans are very similar in functional respects although phenotypic differences are
obvious. It has been documented also in mouse that ILC3 can lose RORγt and upregulate T-bet and
their capacity to produce IFNγ (Cella et al., 2010; Vonarbourg et al., 2010). Based on our findings
we expected that these murine ILC3-derived ILC1 (also called ex-RORgt+ ILC3) can differentiate
back to ILC3 under homeostatic conditions. To examine this, we reconstituted lymphopenic mice
(Rag2-/- Il2rg-/-) with murine NKp46+ NK1.1+ RORγt-fate-map (fm)+ ILC3s, which had downregulated
RORγt expression (ex-RORgt+ ILC3) (Klose et al., 2013)(Supplemental Figure 5C). Analysis of small and
large intestine 6 weeks after injection revealed that, ILC3-derived ILC1 upregulated RORγt expression
(Figure 4E). Together, these data indicate that in the absence of inflammation, CD127+ ILC1 can
switch towards ILC3 in vivo.

Figure 3. CD127+ ILC1 clones give rise to IL-22 producing ILC3 subsets. (a) Flow cytometry of purified CD127+
ILC1 from tonsil, stimulated for 7 days with IL-2 IL-23 IL-1β and stained with a proliferation dye. Numbers
above bracketed lines indicate percent of non-dividing cells and after first division, followed by phenotyping
for the expression of c-Kit and NKp44. Numbers in quadrants indicate percentage cells in each. Data shown is
representative of 3 experiments. (b) CD127+ ILC1 sorted from tonsil have been cultured for 5 days with IL-2, IL-23,
and IL-1β. Non-proliferating cells (dashed line) and proliferating cells (black line) were stained with a live/dead
marker. (c) Cloning efficiency of CD127+ ILC1, NKp44- ILC3, and NKp44+ ILC3 was tested in cultures with 1, 4, and
8 cells per well with IL-2, IL-23, and IL-1β, and feeder cells for 14 days. (d-f) Clonal burst sizes of two independent
experiments were calculated based on the cloning efficiency assay. (e) Phenotyping and quantification of the
expression of c-Kit and NKp44 in expanded CD127+ ILC1 clones. (f) IL-22 and IFNγ production of clone 3, 4, and 5
derived ILC1 and ILC3 fractions.
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Retinoic acid accelerates ILC3 differentiation and IL-22 production
The vitamin A metabolite retinoic acid (RA) has recently been reported to enhance IL-22 production by
ILC3 in mice (Mielke et al., 2013). Here we investigated whether RA contributes to the differentiation
of ILC1 towards ILC3. The subunits for the receptor for RA, retinoic acid receptor α (RARA), γ (RARG)
and RXRG were readily detectable in freshly isolated CD127+ ILC subsets (Figure 5A), suggesting
that these cells are responsive to RA. Purified NKp44- ILC3 and CD127+ ILC1 stimulated with the
combination with IL-2, IL-1β and IL-23 upregulated NKp44, and this effect was further enhanced
by the addition of RA (Figure 5B), suggesting that RA accelerated differentiation. In line with these
results, we observed that RA enhanced upregulation of RORγt in CD127+ ILC1 cultured with IL-2, IL-23
and IL-1β as compared to IL-2 alone (Figure 5C).
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CD45 cells. Then gating strategy was used as in Figure 1a. (b) Using gating strategy as in Figure 4a, blood, spleen,
lung, small intestine, and large intestine were analyzed for the expression of c-Kit and NKp44. (c) Humanized mice
were retro-orbitally inoculated with expanded and with cell tracker labeled ILC1 (~1x105 – 5x105 cells per mouse)
4 days before analysis. Percentage of cell tracker positive ILCs compared to total hCD45 ILCs in analyzed organs
varied between 0 and 0.5 %. Left: large intestine, right: bar diagram indicating % of cell tracker positive ILCs per
organ. (d) Using gating strategy as in Figure 4a and 4c, blood, spleen, lung, small intestine, and large intestine
were analyzed for the expression of c-Kit and NKp44. Data shown is representative of 3 experiments, each with 2
humanized mice (1-3 donors each), and reconstituted cells are from 1 donor each. (e) Ex-RORγt+ ILC3 (defined as
Lin- RORγt-fm+ NKp46+ NK1.1+) and NK/ILC1 (defined as Lin- RORγt-fm- NKp46+ NK1.1+) (Supplemental Figure 5C)
were isolated from eight week old Rorc(γt)-CreTg x Rosa26R-YFP mice on a C57BL/6 background (H-2b), and were
transferred intravenously into 8 week old Rag2-/- Il2rg-/- mice, which were kept for 6 weeks under SPF conditions
before analysis of RORγt expression in small and large intestine. Ex-RORgt+ ILC3: N=3; NK/ILC1: N=2.

Next, we measured IL-22 protein by ELISA in cultures that started with purified CD127+ ILC1.
Culture with RA alone did not result in any production of IL-22. However, when cultured for 7 days
in combination with IL-2, IL-23 and IL-1β, increased amounts of IL-22 were found in the culture
supernatants of CD127+ ILC1, and further increased in the presence of RA (Figure 5D), indicating
that following differentiation of ILC1 to NKp44+ ILC3, these cells started to produce IL-22. RA did not
induce a notable production of IL-22 in either CD103+ ILC1 or cNK cells (Supplemental Figure 6). Cells
cultured in the presence of RA showed a reduced proliferating capacity (Figure 5E). Thus, although
RA enhanced differentiation of ILC1 into functional ILC3, it also reduced expansion of the ILC3 pool.
Differentiation of CD127+ ILC1 to ILC3 is controlled by RORγt
Given the plasticity among the CD127+ ILCs in terms of transcription factor and cytokine expression
profile, we asked whether differentiation of CD127+ ILC1 to ILC3 was controlled by the transcription
factor RORγt. To address this question, we cultured purified tonsil CD127+ ILC1 and ILC3 for 4 days
with IL-2, IL-23 and IL-1β in the presence or absence of SR1001, a synthetic RORγt ligand, which
induces suppression of the receptor’s transcriptional activity (Solt et al., 2011). SR1001 inhibited
differentiation of CD127+ ILC1 to ILC3 compared to the DMSO control, as reflected by their hampered
up-regulation of c-Kit and NKp44 and reduced IL-22 production, whereas the cell number did not
differ (Figure 6A-B). SR1001 variably affected IL-22 production by NKp44- ILC3, compared to the
DMSO control as measured by ELISA (Figure 6B), but SR1001 did not substantially affect the ability of
ex vivo isolated NKp44+ ILC3 to produce IL-22.
Together, these data indicate that RORγt is important for the differentiation from CD127+ ILC1 towards
IL-22 producing ILC3 but may not be involved in IL-22 production after completion of the differentiation
process. ORγt expression in small and large intestine. Ex-RORgt+ ILC3: N=3; NK/ILC1: N=2.

Figure 4. Expanded ILC1 differentiate to ILC3 in NOD SCID IL2gc-/- (NSG) mice that were engrafted with human
immune cells. (a) Gating strategy of human ILCs of the lamina propria mononuclear cells fraction of the large
intestine in humanized mice. Cells were electronically gated on lymphoid cells, followed by gating on human (h)
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(d) Il-22 production by CD127+ ILC1, cultured for 4 days with RA alone, with IL-2, IL-23, and IL-1β, or IL-2, IL-23,
IL-1β, and RA. Data shown is representative of 3 experiments with 1 donor each. (e) Flow cytometry of CD127+
ILC1 stimulated for 7 days with either IL-2 IL-23 IL-1β (dotted line) or IL-2 IL-23 IL-1β, and RA (black line), which
were stained with a proliferation dye. Data shown is representative of 5 experiments with 1 donor each. * P < 0.05
(Mann-Whitney test).
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Figure 6. CD127+ ILC1 derived differentiation to ILC3 is controlled by RORγt. (a) Freshly isolated CD127+ ILC1,
NKp44- ILC3, and NKp44+ ILC3 from tonsil are cultured for 4 days with IL-2 IL-23, IL-1β, and RA in the presence
of either SR1001 or DMSO. Cells are phenotyped for the expression of c-Kit and NKp44. Numbers in quadrants
indicate percentage cells in each. On the right, bar diagrams indicate absolute cell number and percentage of
c-Kit+ NKp44+ cells of each subset cultured in either SR1001 or DMSO. (b) IL-22-production by CD127+ ILC1, NKp44ILC3, and NKp44+ ILC3, cultured as in 6a. Data shown is combined data of 3 experiments. * P < 0.05 (MannWhitney test)

Figure 5 RA accelerates ILC3 differentiation and IL-22 production. (a) Expression of RARA, RARG and RXRG of
CD127+ ILC1 and ILC3 subsets, presented relative to the expression of ACTB (which encodes β-actin) of freshly
isolated CD127+ ILC1 NKp44- ILC3, and NKp44+ ILC3. Data shown is combined data of at least 3 experiments with
1 to 2 donors each. (b) Freshly isolated CD127+ ILC1, and NKp44- ILC3, from tonsil are cultured for 4 days either
with IL-2 IL-23, and IL-1β or with IL-2, IL-23, IL-1β, and retinoic acid (RA). Cells were phenotyped for the expression
of c-Kit and NKp44 and numbers in quadrants indicate percent cells in each. Data shown is representative of at
least 4 independent experiments with 1 to 2 donors each. Percentage of c-Kit+ NKp44+ cells and cell numbers
are indicated in bar diagrams on the right. (c) Freshly isolated CD127+ ILC1 from tonsil are cultured for 7 days
with either IL-2 (grey line), with IL-2, IL-23, and IL-1β (black line), or with IL-2, IL-23, IL-1β, and RA (dotted line),
followed by intracellular staining for RORγt. Data shown is representative of 2 experiments with 2 donors each.
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ILC are instructed by dendritic cells
The finding that CD127+ ILC1 can differentiate into ILC3 raises the question which cell type may
induce this differentiation. We examined the frequencies of HLA-DR+ CD11c+ dendritic cells (DCs) in
Crohn’s ileum compared to non-inflamed control. We observed that a significantly greater proportion
of DCs in the inflamed gut expressed CD14 and that the CD14 expression levels were higher than
on CD14+ DC from non-inflamed tissue (Figure 7A). Interestingly, while there was no detectable
difference in the expression of IL23p19 between CD14- and CD14+ DCs, the latter did show increased
expression of IL12p35 (Figure 7B), indicating a potential role for these cells in the differentiation into
CD127+ ILC1. In order to investigate the differential potential of these two DC subsets in promoting
and maintaining the ILC1 phenotype, we cultured CD127+ ILC1 or NKp44+ ILC3 in the presence of
autologous CD14+ or CD14- DCs. CD127+ ILC1 maintained their phenotype when cultured with CD14+
DCs but upregulated c-Kit and NKp44 to adopt an ILC3 phenotype when cultured with CD14- DCs.
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In contrast, NKp44+ ILC3 differentiated to the CD127+ ILC1 phenotype in the presence of CD14+ DCs
but maintained their signature c-Kit and NKp44 expression when cultured with CD14- DCs (Figure
7C). Similar results were also obtained in an allogeneic setting in which fetal intestinal DCs were cocultured with freshly isolated tonsillar ILCs. In these experiments, lipopolysaccharide (LPS) activated
CD14+ DCs promoted differentiation of NKp44+ ILC3 to CD127+ ILC1, whereas CD14- DCs favored
development of ILC3 (Supplemental Figure 7A). In contrast to intestinal CD14+ DCs, CD14- DCs are
heterogeneous in their expression of CD103 (Figure 7D). As CD103+ DCs have been demonstrated
to produce RA (Coombes et al., 2007; Sanders et al., 2014), we asked whether CD103+ DCs are
sufficient to drive ILC3 conversion. To this end, we employed a recently described in vitro monocyte
derived DC (mDC) culturing system (Bakdash et al., 2014). We cultured peripheral blood derived
CD14+ monocytes in the presence of GM-CSF and IL-4 in the presence or absence of RA. Only mDCs
cultured in the presence of RA (RA-mDC) upregulated CD103 and started to produce RA both under
basal conditions (Bakdash et al., 2014) as well as upon stimulation with LPS as measured by the
activity of the enzyme aldehyde dehydrogenase (ALDH), which drives the conversion of retinaldehyde
into RA (Supplemental Figure 7B). As a control we used diethylaminobenzaldehyde (DEAB), which
inhibited ALDH activity, and thereby the conversion of retinol to RA. RA-mDC also expressed higher
levels of IL23p19 transcripts upon LPS or polyI:C stimulation as compared to mDC (Supplemental
Figure 7C). In contrast, mDC expressed higher IL12p35 transcripts upon stimulation with either poly
I:C or LPS compared to RA-mDC (Supplemental Figure 7C). In line with these findings we observed
that CD127+ ILC1 cultures with activated RA-mDC induced an enhanced differentiation towards ILC3
compared to mDCs (Figure 7E). Together these in vitro experiments show that ILC3 have the capacity
to differentiate into CD127+ ILC1 and vice versa, depending on the milieu they are exposed to.
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Figure 7. Intestinal dendritic cells (DCs) control differentiation of CD127+ ILC1 towards ILC3. (a) Gating strategy
of intestinal DCs. Cells were pre-gated on CD3-, CD45+ (data not shown), followed by gating on HLA-DR and
CD11c. Fetal gut, non-inflamed ileal (control), and Crohn’s disease ileal DCs, and MLN DCs were analyzed for
the expression of CD14 and quantified in bar diagrams. *** P < 0.001 (analysis of variance). (b) Expression of
IL23p19 and IL12p35 in freshly isolated ileal CD14+ and CD14- DC subsets, relative to the expression of ACTB
(which encodes for β-actin). Data shown is combined data of 3 independent experiments with 1 donor each. . *
P < 0.05 (Mann-Whitney test). (c) Autologous co-culture assay between either freshly isolated intestinal CD14- or
CD14+ DCs (isolated according to gating strategy in (7a)) and CD127+ ILC1 and ILC3 (isolated according to gating
strategy in 1a). Cells were cultured for 4 days. Numbers in quadrants indicate percentage cells in each. On the
right, bar diagrams indicate percentage of c-Kit+ NKp44+ cells. (d) CD103 expression on CD14+ and CD14- intestinal
DCs. On the right the bar diagram in which the percentage is quantified. . *** P < 0.001 (Mann-Whitney test).
(e) In vitro generated mDC and RA-mDCs (as shown in methods) were stimulated with LPS and co-cultured with
freshly isolated tonsil CD127+ ILC1, NKp44- ILC3, NKp44+ ILC3 for 4 days. Cells were analyzed for the expression
of c-Kit and NKp44. Numbers in quadrants indicate percentage cells in each. Data shown is representative of at
least 3 independent experiments. On the right the bar diagram in which the percentage is quantified. * P < 0.05
(student’s t-test).
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DISCUSSION
Whereas group 2 and group 3 ILC subsets have been well characterized, group 1 ILCs are less clearly
defined. Recently, we and another research group identified human ILC subsets that shared the
capacity to produce IFNγ (Bernink et al., 2013; Fuchs et al., 2013). These subsets were distinct from
each other; one expressed high amounts of CD127, whereas the other expressed the integrin CD103
and only low amounts of CD127. Here we compared these two subsets side by side. We confirmed
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that CD103+ ILC1 are located within the epithelium of the intestine, whereas CD127+ ILC1 reside in
the lamina propria. Both populations were present only in very low numbers in fetal intestine, which
suggests that colonization by microbiota may trigger their appearance in the intestine. We found that
CD127+ and CD103+ ILC1 were equally distributed in both tonsil and non-inflamed intestinal resection
specimen. In inflamed resection specimens of individuals with Crohn’s disease, we observed a
dramatic increase in frequency of CD127+ ILC1 whereas the proportions of CD103+ ILC1 also increased

which dominate under homeostatic conditions, into ILC1. This conversion was dependent on IL12 (Bernink et al., 2013; Vonarbourg et al., 2010). Gut inflammation triggers the influx of IL-12
producing phagocytes (Goldszmid et al., 2012; Neurath, 2014; Schulthess et al., 2012). In line with
those findings we observed in intestinal resection specimen from people with Crohn’s disease an
elevated frequency of IL12 expressing CD14+ DCs compared to non-inflamed control, and ex-vivo
isolated CD14+ DC cultures in the presence of NKp44+ ILC3 were sufficient to drive ILC3 to ILC1

but to a substantially lesser extent.

differentiation. CD14- DCs dominate under homeostatic conditions, and these cells were sufficient
to drive ILC1 to ILC3 differentiation. Our observation that human ILC1 can also differentiate into ILC3
in reconstituted HIS mice and that mouse ILC3-derived ILC1 (or ex-ILC3) differentiate into ILC3 in
lymphopenic mice, raises the possibility that after resolution of inflammation the “inflammatory”
IFNγ-producing CD127+ ILC1 revert to “homeostatic” IL-22-producing ILC3. Further evaluation of
the CD14- population revealed approximately 25% of these cells expressed CD103, which marks an
RA-producing tissue resident DC population. Direct comparison of monocyte-derived DCs and RAproducing CD103+ DCs (Bakdash et al., 2014) revealed that the latter were superior in driving ILC1 to
ILC3 conversion compared to the mDCs. Thus, DCs respond differently to environmental cues, which
enable them to instruct the ILCs.

In mice a distinct subset of ILC1 has been recently characterized which also lacked Eomes but
were NKp46+ Tbet+ and RORγt-fm-, meaning that these cells never expressed RORγt during their
development (Klose et al., 2014). This ILC1 subset was mainly present in the mucosal tissues, such as
the intestine (Klose et al., 2014). Although the human CD127+ ILC1 subset described here also lack
Eomes, they also lacked expression of the natural cytotoxicity receptors (NCRs) NKp46 and NKp44.
CD103+ ILC1 have been described to express perforin and granzymes, and mostly co-express Eomes
and Tbet, and therefore may represent a subset of cNK cells specifically located in the epithelium.
Thus the human cell types described here are probably distinct from the mouse RORγt fate-map- ILC1
and the human equivalent of these cells has yet to be indentified.
Previous studies in human and mouse systems have provided evidence that ILC3, particularly in the
intestine, have the ability to upregulate T-bet and downregulate RORγt, both in vitro and in vivo
(Bernink et al., 2013; Klose et al., 2013; Vonarbourg et al., 2010). Here we reported that human
IFNγ-producing CD127+ T-bet+ c-Kit- NKp44- ILC1 can differentiate into IL-22-producing NKp44+ ILC3.
This differentiation was induced by IL1β and IL-23, coincided with increased levels of RORγt and
decreased levels of T-bet and was amplified by RA. Since RA has been shown to directly upregulate
RORγt (van de Pavert et al., 2014), those findings raised the possibility of an involvement of RORγt in
this process. This notion is reinforced by the finding that SR1001, an antagonist binding to the ligand
binding domain of RORγt (Solt et al., 2011), inhibited ILC3 differentiation. Not only the frequency of
NKp44+ ILC3, but also the accumulation of IL-22 during the differentiation process was reduced by
the RORγt inhibitor. Importantly, SR1001 did not inhibit IL-22 production by ex vivo isolated NKp44+
ILC3, suggesting that the reduction of IL-22 production in the ILC1 differentiation cultures was the
result of inhibition of the differentiation process of ILC1 into ILC3 and not of the effector function of
ILC3 after completion of the differentiation process. However, it should be noted that not all CD127+
ILC1 differentiated towards ILC3 in the presence of IL-2, IL-1β and IL-23. Between 2-15 percent of the
cells kept their ILC1 phenotype. Whether these cells constitute a distinct subset or whether a certain
equilibrium is maintained between the subsets remains an open question and needs to be further
investigated.
Using HIS-mice we previously observed that CD127+ ILC1 expanded in frequency promptly upon
inflammation in the gut (Bernink et al., 2013). We proposed that the accumulation of ILC1 under
those conditions is the result of a rapid inflammation-induced differentiation of NKp44+ ILC3,
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Several studies in mice support the idea that DCs are important in instructing ILCs. In one study it was
demonstrated that basal production of Il-1β by a subset of gut-resident macrophages in mice was
essential for ILC3 homeostasis locally and in MLN. Crosstalk between these macrophages and ILC3
instructed CD103+ DCs to produce RA, which in turn contributed to intestinal homeostasis (Mortha
et al., 2014). Another study demonstrated that CD103+ DCs are a cellular source of IL-23, which have
been demonstrated to interact and activate ILCs in a transient manner (Kinnebrew et al., 2012).
Our data suggest that RA is an important regulator of ILC1 to ILC3 conversion. RA is present in high
concentrations in the gastrointestinal tract (Veldhoen and Brucklacher-Waldert, 2012). Epithelial
derived RA has been shown to influence processes of immune cells located in the lamina propria. For
example, RA drives differentiation of monocytes towards CD103+ DCs, which acquired a tolerogenic
phenotype and thereby able to drive regulatory T cell differentiation (Iliev et al., 2009). RA also has
a direct effect on mouse ILC3 by promoting the up-regulation of IL-22 (Mielke et al., 2013), and in
another study it was demonstrated that the gut-resident ILC composition is directly influenced by
RA, favoring ILC3 over ILC2 (Spencer et al., 2014). In line with these reports we observed in our in
vitro cultures that RA, in combination with IL-2, IL-23 and IL-1β, induced human ILC3 differentiation
and enhanced IL-22 production. This, together with the notion that high titers of RA are readily
produced by epithelial cells and lamina propria-resident CD103+ DCs, may explain our observation
that adult gut-resident CD127+ ILCs predominantly comprised the NKp44+ ILC3 compartment and
lacked CRTH2+ ILC2. These NCR+ ILC3 expressed high levels of IL22 under homeostatic conditions
compared to NKp44- ILC3 and ILC1, possibly in order to maintain the integrity of the epithelial barrier
during homeostasis (Sonnenberg and Artis, 2012).
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We found in intestinal resection specimen of Crohn’s disease patients an increased frequency of IFNγ
producing CD127+ ILC1, which was inversely proportional to the reduced frequency of NKp44+ ILC3.
Intestinal inflammation, such as Crohn’s disease, is accompanied by an influx of pro-inflammatory
IL-12 producing phagocytes at the site of infection (Goldszmid et al., 2012), which may drive the
differentiation of ILC3 towards CD127+ ILC1. IFNγ in turn, has been reported to orchestrate the
replacement of resident mononuclear phagocytes by circulating pro-inflammatory monocytes

the kinetics of human cell engraftment. At 2 months of age mice were retro-orbital inoculated with
approximately 1x105 – 5x105 expanded and cell tracker labeled CD127+ ILC1 (as described in Bernink
et al.). After 4 days mice were sacrificed and organs were harvested for analyses.

(Goldszmid et al., 2012), reinforcing the pro-inflammatory milieu at the site of infection. Furthermore,
it was reported that IFNγ signals directly on Paneth cells in the intestinal crypts, instructing them to
release antimicrobial compounds, which was coupled to the extrusion and death of Paneth cells
(Farin et al., 2014). Concordantly, prolonged IFNγ responses do harm the host, resulting in severe
gut inflammation (Buonocore et al., 2010; Klose et al., 2014; Vonarbourg et al., 2010). Therefore, it is
tempting to speculate that persistently increased numbers of ILC1 contribute to the disease process.
If this is the case it might be possible that enforcing differentiation of these ILC1 to ILC3 may have a
therapeutic effect in Crohn’s Disease. In this respect it is noteworthy that ILC1 isolated from surgical
specimens of Crohn’s disease patients also convert to NKp44+ ILC3.

background (H-2b) (as described in (Vonarbourg et al., 2010)). Ex-RORγt+ ILC3 were defined as LinRORγt-fm+ NKp46+ NK1.1+ cells and the NK/ILC1 population was defined as Lin- RORγt-fm- NKp46+
NK1.1+ cells. Using a BD FACS Aria III cell sorter, cells were sorted into Eppendorf tubes filled with 500
µL Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FCS, 10mM HEPES, 1mM
Sodium Pyruvate plus nonessential amino acids, 80 mM 2-Mercaptoethanol, 8 mg/ml Glutamine,
100 U/ml Penicillin, 0.4 mg/ml Gentamicin and 100 mg/ml Streptomycin. Cells were subsequently
washed in PBS and 8,000 cells were transferred intravenously into 8 week old Rag2-/- Il2rg-/- mice.
Mice were kept for 6 weeks under SPF conditions at which time they were analyzed

Taken together, an efficient mechanism presents itself by which ILC can quickly adapt to changes
inflicted by pathogens without the need of recruiting new cells from the circulation. Furthermore,
the identification of environmental cues and transcription factors that drive this plasticity may be
used to develop future targets for potential therapeutic interventions.

METHODS
Tissue collection
All tissues were collected after subjects provided informed consent, with approval of tissue-specific
protocols by the Medical Ethical Committee of the Academic Medical Centre, Amsterdam. Tonsils
were obtained from pediatric tonsillectomies. Inflamed intestinal ileum of patients with Crohn’s
disease was freshly obtained and processed after surgical resection. Non-inflamed ileum, referred
to as ‘non-inflamed control’, was collected after surgical resection of colon cancer, where the ileum
was considered unaffected. Subjects were excluded if they had undergone chemo- or radiotherapy
before resection. Patients’ age range from 18 to 68 years. Human fetal tissues were obtained from
elective abortions at the Stichting Bloemenhove clinic in Heemstede, the Netherlands, upon on the
receipt of informed consent. The use of human abortion tissues was approved by the Medical Ethical
Committee of the Academic Medical Center, Amsterdam. Gestational age, determined by ultrasonic
measurement of the diameter of the skull or femur, ranged from 14 to 17 weeks.
Human immune system mice
CD34+ CD38- HSCs isolated from human fetal liver (0.2×105 – 2×105 cells) were transplanted
intrahepatically into sublethally irradiated (1.0 Gy) newborn NSG mice (younger than 1 week of age).
Peripheral blood was collected from a facial vein every 3 to 4 weeks after transplantation to determine
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Transfer experiments
ILC populations were prepared from eight week old Rorc(γt)-CreTg x Rosa26R-YFP mice on a C57BL/6

Isolation of cells
Tonsil tissue was cut in small pieces and mechanically disrupted using the Stomacher 80 Biomaster
(Seward). Cell suspension was passed through a 70-μm cell strainer and mononuclear cells were
isolated with Ficoll-Paque Plus medium (GE Healthcare).
Intestinal lamina propria was incubated for 30 min with PBS containing 5 mM EDTA at 37 °C to
separate epithelial cells from lamina propria cells. Lamina propria was then cut into small pieces and
digested for 30 min at 37 °C with RPMI (Gibco) containing Liberase TM (125 μg/ml). Cell suspensions
were filtered through a 70-μm nylon mesh, and intraepithelial and lamina propria mononuclear
cells were isolated with Ficoll-Paque Plus medium (GE Healthcare). In some experiments IEL and LP
fractions were analyzed separately, and in some experiments both fractions were combined before
analysis. Mesenteric lymph nodes were mechanically disrupted and were passed through a 70-μm
cell strainer and mononuclear cells were isolated with Ficoll-Paque Plus medium.
Isolation of Lamina Propria Lymphocytes (LPL) in mice were performed as described in (Sanos and
Diefenbach, 2010). In short: small intestines were removed, Peyer’s patches were excised, and the
intestines were flushed with ice-cold PBS and cut longitudinally. Epithelium was dissociated by
incubation for 40 min at 37°C in Hank’s Balanced Salt Solution without Ca2+/Mg2+ (HBSS) with 5 mM
EDTA and 10 mM HEPES and subsequent vortexing. Remaining tissue, containing LPL, was minced
with a scalpel and digested in HBSS (with Ca2+/Mg2+) containing Collagenase D (0.5 mg/ml), DNase
I (0.5 mg/ml) and Dispase (0.5 U/ml) for 1h at 37°C under constant shaking. Cells were detached by
thorough vortexing and filtered through a 70 µM filter. Leukocytes were enriched using a Percoll
Gradient centrifugation. Cells were resuspended in PBS containing 2% FCS and stained for 30 min on
ice with fluorochrome-conjugated antibodies.
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Flow cytometry analysis and sorting
The following antibodies to human proteins were used. From BioLegend: fluorescein isothiocyanate
(FITC)- conjugated anti-CD1a (HI149), anti-CD3 (OKT3), anti-CD94 (DX22), anti-CD123 (6H6) and antiFcER1α (AER-37); phycoerythrin- conjugated anti-CD161 (HP-3G10), anti-KIR3DL1 (DX9), and antiNKp44 (P44-8); peridinin chlorophyll protein–cyanine 5.5– conjugated anti-CD117 (104D2); Alexa
Fluor 647–conjugated anti-NKp44 (P44-8); allophycocyanin- conjugated anti-NKG2D (1D11) and

Cell cultures and RORγt inhibition
For short-term cultures (2 to 7 days), CD103+ ILC1, cNK cells, and Lin− CD127+ ILC populations were
cultured in some experiments with or in some experiments without irradiated allogeneic peripheral
blood mononuclear cells (25 Gy), irradiated Epstein-Barr virus–transformed JY human B cells (50 Gy),
phytohemagglutinin (1 μg/ml; Oxoid) and IL-2 (100 U/ml; Novartis) in Yssel’s medium (AMC; made
in house) supplemented with 1% (vol/vol) human AB serum. For ILC3 polarization experiments IL-23

anti-T-bet (ebio4B10); Alexa Fluor 700–conjugated anti-CD56 (HCD56). From Beckman Dickinson:
FITC- conjugated anti-CD14 (MφP9), anti-CD16 (3G8), anti- CD19 (HIB19), anti-CD34 (581), antiCD56 (NCAM16.2), anti-TCRαβ (IP26) and TCRγδ (B1); phycoerythrin-conjugated anti-CD16 (3G8);
Alexa Fluor 647–conjugated anti-CRTH2 (CD294; BM16); allophycocyanin-indotricarbocyanine
(Cy7)–conjugated anti-CD45 (2D1). From other manufacturers: phycoerythrin-Cy7–conjugated antiCD127 (R34.34; Beckman Coulter); phycoerythrin-conjugated anti-RORγt (AFKJS-9; eBioscience);
and FITC-conjugated anti-BDCA2 (CD303; AC144; Miltenyi). The cell proliferation dye was Cell-Trace
Violet (c34557; Invitrogen). The following antibodies to mice proteins were used. CD3-biotin (1452C11), CD5-biotin (53-7.3), CD19-biotin (MB19-1), Gr-1-biotin (RB6-8C5), NKp46-PE (29A1.4), NK1.1PeCy7 (PK136), CD4-PerCP-Cy5.5 (GK1.5), RORγt-APC (B2D), H2-Kb-PerCP-Cy5.5 (AF6-88.5.5.3) (all
eBiosciences), CCR6-BV421 (29-2L17, BioLegend) Streptavidin-V500 (BD Biosciences).

(50 ng/ml; R&D Systems), and IL-1β (50 ng/ml; R&D Systems), and in indicated experiments retinoic
acid (RA) (1μM; Sigma-Aldrich) were supplemented to cultures. For ILC1 polarizing experiments IL12 (50 ng/ml; R&D Systems) was supplemented to cultures. Inhibition of RORγt was achieved by the
addition of the synthetic RORγt-ligand SR1001 (10μM; Sigma-Aldrich) to cell cultures with freshly
isolated CD127+ ILC1 and ILC3, which were cultured in the presence of IL-2 (10 U/ml; Novartis) IL-23
(50 ng/ml; R&D Systems), and IL-1β (50 ng/ml; R&D Systems and RA (1μM; Sigma-Aldrich) and RA
(1μM; Sigma-Aldrich).

For phenotypic analyses by flow cytometry, data were collected with an LSR-Fortessa instrument (BD
Biosciences). For sorting by flow cytometry an ARIA IIU (BD Biosciences) was used. Data was analyzed
with FlowJo software (TreeStar). Peripheral blood and tonsil mononuclear cell samples were depleted
of T cells and B cells by labeling with FITC-conjugated anti-CD3 and anti-CD19 (described above) plus
anti-FITC microbeads (Miltenyi).
Intracellular cytokine staining
Cell cultures were stimulated for 6 h with PMA (10 ng/ml; Sigma) and ionomycin (500 nM; Merck)
in the presence of GolgiPlug (BD Biosciences) for the final 4 h of culture. A Cytofix/Cytoperm kit
(BD Biosciences) was used for cell permeabilization, staining and subsequent washing. The following
antibodies were used: allophycocy- anin-conjugated IL-17 (BL168; BioLegend), and phycoerythrinconjugated anti-IL-22 (142928; R&D Systems) and anti-IFN-γ-pe-cy7 (B27; BD Bioscience). Data
were acquired with an LSRFortessa instrument (BD Biosciences) and analyzed with FlowJo software
(TreeStar).
Quantative realtime PCR
RNA was isolated with NucleoSpin RNA XS kit (Macherey-Nagel) according to the manufacturer’s
protocol. Complementary DNA was synthesized with the High-Capacity cDNA Archive kit (Applied
Biosystems). PCR was done on a LightCycler 480 Instrument II (Roche) with SYBR Green I master mix
(Roche). Primers sets used are shown in Supplemental table 2.
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Generation of mDC and RA-mDC
RA-mDCs and mDCs were generated as described in (Bakdash et al., 2014). In brief, monocytes were
isolated from PBMCs using density centrifugation, then cultured for 6 days in IMDM (Gibco, Paisley,
UK) containing gentamicin (86 µg/l; Duchefa, Haarlem, The Netherlands) and 10% FCS (Gibco),
supplemented with GM-CSF (500 U/ml; Schering-Plough, Uden, The Netherlands) and IL-4 (10 IU/ml;
Miltenyi Biotech, Bergisch Gladbach, Germany). RA-DCs were generated in the additional presence
of 1 µM of retinoic acid (Sigma-Aldrich).
Aldefluor assay
The ALDH activity of DCs was determined by the ALDEFLUOR staining kit (Aldagen) following
manufacturer’s instructions.
Cytokine production
Freshly isolated CD103+ ILC1, CD127+ ILC1 and cNK cells (2000 cells per well in a 96-well plate) were
stimulated for 4 days with combinations of IL-2 (10 U/ml; Novartis), IL-12 (50 ng/ml; R&D Systems),
IL-18 (50 ng/ml; R&D Systems), IL-15 (50 ng/ml; R&D Systems). Cytokine production was measured
by enzyme-linked immunosorbent assay (ELISA). IFN-γ (e-Biosciece) and IL-22 (R&D) were measured
from supernatants of cultures.
Statistical Analysis
Statistical significance was determined with ANOVA, Student’s t-test, or Mann-Whitney test. Prism
GraphPad software was used.
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SUPPLEMENTAL DATA

Supplemental table 2 – primers

Supplemental table 1 – lineage markers
Antigen

Fluorchrome

Clone

Company

CD1a

FITC

HI149

Biolegend

CD3

FITC

OKT3

Biolegend

CD14

FITC

MφP9

BD

CD19

FITC

HIB19

BD

CD34

FITC

581

BD

CD94

FITC

DX22

Biolegend

CD123

FITC

6H6

Biolegend

TCRab

FITC

IP26

BD

TCRgd

FITC

B1

BD

FceR

FITC

AER-37

Biolegend

CD303

FITC

AC144

Miltenyi

mRNA

Primer

Sequence (5’-3’)

β-actin

Forward

CACCATTGGCAATGAGCGGTTC

Reverse

AGGTCTTTGCGGATGTCCACGT

Forward

CTT AGG CTC AGC GTC AGT TA

Reverse

GTAAGTTCAGGCCTTCTCTG

Forward

AATCTGGAGCTGGCCTTTCA

Reverse

CTGGAAGATCTGCAGCCTTT

Forward

ATTGCCGTGACTGCCTACCAGA

Reverse

GGAATTGACAGTTGGGTCCAGG

Forward

GTTCCAGCCTTATATGCAGGAGG

Reverse

GCACATTCCTCTGGATATGCAGG

Forward

GAGTGTGGAGACCATCAAGGAAG

Reverse

TGCTTTGCGTTGGACATTCAAGTC

Forward

AAATGGGTGACCTGTGGCAAAGC

Reverse

CTCCTGTCTCATCCAGTGGGAA

Forward

AGCACCAGCTTCCAGTTAGTGG

Reverse

CAAAGCAAGGCTTGTAGATGCGG

Forward

CATCACCAAGGTCAGCAAAGCC

Reverse

GCTCACTGAACTTGTCCCACAG

Forward

GACTGCCTCATTGACAAGCGTC

Reverse

GACCACTGGTAGCACATTCTGC

Forward

TGCCTTCACCACTCCCAAAACC

Reverse

CAATCTCTTCAGAAGTGCAAGGG

Forward

GAGCCTTCTCTGCTCCCTGATA

Reverse

GACTGAGGCTTGGAATCTGCTG

AHR
RORC
TBX21
IL22
IFNG
EOMES
RARA
RARG
RXRG
IL12p35
IL23p19
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donor. (b) Flow cytometric analysis of the expression of CD103+ ILC1 and CD127+ ILC1 in fetal intestinal
mononuclear cells. Both subsets were gated on CD3- and CD45+ followed by either CD56, CD103 and NKp44 for
CD103+ ILC1, or by Lin− (CD1a− CD3− CD14− CD19− CD94− CD34− CD123− TCRαβ− TCRγδ− BDCA2− FcεR1− + CRTH2-)
and CD161+, CD127+, and NKp44- and c-Kit- for CD127+ ILC1, both indicated in blue box. Numbers in gates (outlined
areas) or quadrants indicate percent cells in each. Data shown is representative of at least 5 experiments, with one
to three donors each. (c) Flow cytometry analysis of the expression of CD127+ ILCs in mononuclear cells of fetal
and adult intestinal tissues. Cells were gated as in figure 1a, and then CD127+ ILC1 (dashed line), NKp44- ILC3
(black line) and NKp44+ ILC3 (grey line) were stained for CD103. Numbers in gates (outlined areas) indicate percent
cells in each. Data shown is representative of at least 5 experiments, with one to three donors each. under:
quantification of percentage CD103+ cells in each ILC population of total ILC pool. (d) Flow cytometric analysis of
the expression of CD103+ ILC1 and CD127+ ILC1 in control and inflamed (Crohn’s) intestinal mononuclear cells.
Gating strategy is as in 1a, and numbers in gates (outlined areas) or quadrants indicate percent cells in each. Top
is epithelial fraction and bottom is lamina propria fraction. Shown experiment is representative of 6 experiments.
(e) Flow cytometric analysis of the expression of CD56 CD94 cNK cells in Crohn’s and control ileum. Bars indicate
+

+

cells of 5 patients each.

Supplemental figure 2. Flow cytometric analysis of the expression of IL-1R, IL-23R, CD25, CD122, and
CD132 on freshly isolated CD127+ ILC1 (black), NKP44- ILC3 (dashed), NKP44+ ILC3 (blue), and isotype
(grey, filled). Data shown is representative of 2 experiments.

Supplemental figure 1. (a) Expression of RORC, TBX21, IL22, AHR, IFNG, and EOMES in the CD127+ ILC1, NKp44ILC3, NKp44+ ILC3, and CD103+ ILC subsets from freshly isolated intestinal resection specimen, presented relative
to the expression of ACTB (which encodes β-actin). Data shown is combined data of 3 experiments, each with one
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is representative of 4 independent experiments with 1 to 2 donors each. (d-f) IL-2, IL-23 and IL-1β
up-regulate RORγt and IL-2 and IL-12 down-regulate RORγt in intestinal CD127+ ILCs. Highly purified
CD127+ ILC1, and NKp44+ ILC3 from intestinal resection specimen are cultured for 4 days with either
IL-2 and IL-12 (black line) or with IL-2, IL-23, and IL-1β (dashed line), followed by intracellular staining
for RORγt (d), T-bet (e), or Eomes (f). Data shown is representative of 2 independent experiments,
each with one donor.

3

Supplemental figure 4. Purified ILC3 were cultured in the presence of IL-2 and IL-12 for 7 days. ILC3derived ILC1 were then sorted out and cultured in the presence of Il-2 IL-23 and IL-1β. Cultures were
analyzed for the expression of c-Kit and NKp44 after 7 days. Gating strategy is as in figure 1a, and
numbers in gates (outlined areas) or quadrants indicate percent cells in each. Data shown is
representative of 5 experiments, each with one donor, and combined data is quantified in bar graphs
on the right.

Supplemental figure 3. IL-2, IL-23 and IL-1β induce the upregulation of RORγt. Sorted CD127+ ILC1,
CD103+ ILC1, NKp44+ ILC3, and cNK cells from tonsil were cultured for 4 days with either IL-2 and
IL-12 (black line) or with IL-2, IL-23, and IL-1β (dashed line), followed by intracellular staining for
RORγt, (b) T-bet, or (c) Eomes. Filled histograms are isotypes for RORγt, T-bet, Eomes. Data shown
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cells are from 1 donor each. (c) Sorting strategy of Lin- RORγt-fm+ NKp46+ NK1.1+ cells (ex-ILC3) and
Lin- RORγt-fm- NKp46+ NK1.1+ (ILC1/NK) from intestines of Rorc(γt)-CreTg x Rosa26R-YFP mice. Lamina
propria lymphocytes were selected by electronic gating, followed by selecting for lineage- cells,
which were either RORγt-fm+ and RORγt-fm-. Then cells were selected for NKp46 and NK1.1.

3

Supplemental figure 6. Freshly isolated CD127+ ILC1, CD103+ ILC1, and cNK cells from tonsil were
cultured for 4 days either with IL-2 alone or with IL-2, IL-23, IL-1β, and RA. Il-22 production was
measured by ELISA. Data shown is representative of at least 3 independent experiments.

Supplemental figure 5. (a) Composition of human mononuclear cells vs. murine CD45 cells in spleen,
lung, small intestine and large intestine. Cells were electronically gated on lymphoid cells, followed by
gating on human (h) CD45 cells vs. murine (m) CD45 cells. (b) Humanized mice were retro-orbitally
inoculated with expanded and with cell tracker labeled ILC1 (~1*105 - 5*105 cells per mouse) 4 days
before analysis. hCD45 and mCD45 cells were analyzed for cell tracker+ ILCs. Data shown is
representative of 3 experiments, each with 2 humanized mice (1-3 donors each), and reconstituted
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Supplemental figure 7. Dendritic cells instruct differentiation of CD127+ ILC1 and ILC3. (a) Gating strategy of
the isolation of fetal intestinal DCs. CD3- CD45+ mononuclear cells were gated on HLA-DR and CD11c. Cells were
sorted based on CD14 expression. LPS (30 ng/ml) activated CD14+ and CD14- DCs were co-cultured with allogenic
tonsil derived ILC1 (gating strategy as in figure 1a). ILCs were analyzed for the expression of c-Kit and NKp44 after
4 days. Numbers in quadrants indicate percentage in each. On the right, bar diagrams indicate percentage ILC3.
Data shown is representative of 3 independent experiments. (b) Aldehyde dehydrogenase activity of mDC and
RA-mDC with (grey, filled) or without DEAB (black line) as determined by Aldefluor assay after stimulation with
LPS. Data shown is representative of 2 experiments. (c) Expression of IL12p35 and IL23p19 of monocyte derived
DCs (black) and RA-mDCs (white) after activation with LPS or Poly I:C for 4 hours, presented relative to the
expression of ACTB (which encodes β-actin). Data shown is representative of 4 independent experiments, each
with 1 to 3 donors.
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ABSTRACT

INTRODUCTION

Type 2 innate lymphoid cells (ILC2s) are part of a large family of ILCs that are important effectors in
innate immunity, lymphoid organogenesis, and tissue remodeling. ILC2s mediate parasite expulsion
but also contribute to airway inflammation, emphasizing the functional similarity between these cells
and Th2 cells. Consistent with this, we report that the transcription factor GATA3 was highly expressed
by human ILC2s. CRTH2+ ILC2s were enriched in nasal polyps of patients with chronic rhinosinusitis, a

Innate lymphoid cells (ILCs) are emerging as important effectors in innate immunity, lymphoid tissue
formation, and tissue remodeling. ILCs are characterized by a lymphoid morphology, the absence
of markers for T, B, and myeloid cells, and high expression of the IL-7 receptor (IL-7αR; CD127). ILCs
are related to natural killer (NK) cells; they share with NK cells a dependency on the transcriptional
repressor Id2, but whereas NK cells depend on IL-15, ILCs require IL-7 for their development and

typical type 2-mediated disease. Nasal polyp epithelial cells expressed TSLP, which enhanced STAT5
activation, GATA3 expression, and type 2 cytokine production in ILC2s. Ectopic expression of GATA3
in Lin−CD127+CRTH2− cells resulted in induction of CRTH2 and the capacity to produce high amounts
of type 2 cytokines in response to TSLP plus IL-33. Hence, we identify GATA3, potently regulated by
TSLP, as an essential transcription factor for the function of human ILC2s.

survival (reviewed in Spits and Cupedo, 2012). IL-7-dependent ILCs can be divided into several
subpopulations on the basis of transcription factor dependency, cytokine secretion profile, and
functions. The prototypic ILC population, lymphoid tissue inducer (LTi) cells, is instrumental for
the formation of secondary lymphoid organs during embryonic development and depends on the
transcription factor RORγt (Eberl et al., 2004). After birth, IL-22-producing RORγt-dependent ILCs are
dominating in mucosal tissues, playing essential roles in innate immunity and wound healing (Cella
et al., 2009; Crellin et al., 2010; Satoh-Takayama et al., 2008; Zenewicz et al., 2008).
Type 2 cytokine-producing ILCs were described by Rennick (Fort et al., 2001) and Coffman (Hurst
et al., 2002). These cells lacked T and B cell markers, were dependent on the gamma common (γc)
chain of the IL-2 receptor, and produced high amounts of IL-5 and IL-13 in response to the Th2 cellstimulating cytokine IL-25. More recently, IL-5- and IL-13-producing ILCs, which were called natural
helper (NH) cells, were found in fat-associated lymphoid tissue where they were essential for the
innate immune response against the nematode Nippostrongulus brasiliensis (Moro et al., 2010).
These cells responded not only to IL-25 but also IL-33. Two other research groups used IL-13 reporter
mice to trace IL-25- and IL-33-responsive ILCs in a variety of tissues including lung and gut (Neill
et al., 2010; Price et al., 2010). These IL-13-producing ILCs have been named nuocytes (Neill et al.,
2010) or innate helper type 2 (ih2) cells (Price et al., 2010). Although some differences were noted
in phenotypes and tissue distribution of NH cells, nuocytes, and ih2 cells, they may represent the
same cell type, here referred to as type 2 ILCs (ILC2s). Also, in humans IL-25- and IL-33-responsive
ILC2s have been defined (Monticelli et al., 2011; Mjösberg et al., 2011). These cells express CD127,
the prostaglandin D2 receptor, chemoattractant receptor expressed on Th2 cells (CRTH2), and the
common ILC and NK cell marker CD161 (Mjösberg et al., 2011). Besides a critical role in the early
innate immune response against helminths, ILC2s are also involved in both airway inflammation
(Chang et al., 2011) and tissue repair (Monticelli et al., 2011) after influenza virus infection. Moreover,
these ILCs can mediate type 2 disease as shown in several mouse asthma models (Barlow et al., 2012;
Bartemes et al., 2012; Halim et al., 2012; Kim et al., 2012; Wolterink et al., 2012). The increased
presence of ILC2s in inflamed nasal polyps of patients suffering from chronic rhinosinusitis (CRS)
(Mjösberg et al., 2011) suggests an involvement of these cells in human type 2 inflammatory diseases
as well. Thus, ILC2s are emerging as essential partners in the so-called type 2 franchise, which include
basophils, eosinophils, mast cells, Th2 cells, Th9 cells, and IgE-producing B cells, which together form
the immune response against parasites, but also mediate type 2 inflammatory diseases including
asthma and allergic diseases (reviewed in Oliphant et al., 2011; Paul and Zhu, 2010). The various type
2 leukocyte populations are governed by factors produced by hematopoietic and nonhematopoietic
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accessory cells. Besides IL-25 and IL-33, these factors include thymic stromal lymphopoetin (TSLP).
TSLP is produced predominantly by epithelial cells and is believed to prime dendritic cells (DCs) to
facilitate development of Th2 cells (Ito et al., 2005), which is associated with the pathogenesis of
allergic inflammatory diseases (reviewed in Ziegler and Artis, 2010).
The developmental requirements and the transcription factors that are responsible for differentiation
and function of ILCs are being unraveled. RORγt is required for development and function of LTi cells
and ILC22 but is dispensable for development of ILC2s (Moro et al., 2010; Neill et al., 2010). Instead,
the related transcription factor RAR-related orphan receptor alpha (RORα, also known as TR1F1) is
needed for ILC2s as shown by the fact that RORα-deficient mice fail to develop ILC2s (Wong et al.,
2012). Other transcription factors that affect the function of ILC2s have yet to be identified. The
transcription GATA3 might be a candidate. GATA3 is needed for development of Th2 cells and acts
by binding directly to several genes of the Th2 cell cytokine locus including IL4, IL5, and IL13, and
concomitantly inhibiting development of Th1 cells (Zheng and Flavell, 1997; Ouyang et al., 1998).
Previously we noted striking similarities between ILCs and Th cell subsets with respect to their
cytokine production profiles and proposed that ILCs and Th cells share transcriptional programs
that regulate their development and function (Spits and Di Santo, 2011). Consistent with this
hypothesis, we show here a critical role of GATA3 in the function of human ILC2s. Although GATA3 is
broadly expressed among the different ILC populations, including NK cells, ILC2s were characterized
by high GATA3 expression. Activation of resting ILC2s by TSLP increased the expression of GATA3.
TSLP strongly enhanced IL-4, IL-5, and IL-13 production, activated STAT5, and acted with IL-33 to
synergistically induce IL-4, IL-5, and IL-13 production. GATA3 was essential for the function of ILC2s,
as shown by the fact that ectopic expression of GATA3 by retrovirus-mediated gene transfer in
Lin−CD117+CD127+CRTH2− cells resulted in induction of CRTH2 and in acquisition of the capacity to
produce high amounts of IL-5 and IL-13 as well as IL-4 in response to TSLP plus IL-33. Hence, we
identify GATA3 as an essential transcription factor for the function of human ILC2s, emphasizing the
similarity of ILC2s and Th2 cells as we proposed earlier (Spits and Di Santo, 2011).

RESULTS
Nasal Polyp Epithelium Express IL33 and TSLP
We previously showed that ILC2s, defined as Lin−CD127+CRTH2+, are strikingly enriched in inflamed
nasal polyps of CRS patients as compared to noninflamed nasal mucosa of healthy control subjects
(Mjösberg et al., 2011). Further characterization revealed that these ILC2s respond to IL-25 and
IL-33 with increased production of IL-13 (Figure S1A available online), a behavior characteristic
of the ILC2s that we previously identified in peripheral blood and fetal gut, defined as Lin−
CD127+CRTH2+CD161+CD25+ (Mjösberg et al., 2011). Like ILC2s in peripheral blood, short-term
primary cell lines of nasal polyp ILC2s (henceforth referred to as “ILC2 cell lines”) could be established
that kept their surface expression of CD127 and CRTH2 (Figure S1B). Although only a minority of
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these cells produced IL-22 and IFN-γ, they all produced IL-13 but no IL-17 upon short-term culture
with PMA plus ionomycin (Figure S1C), demonstrating their type 2 cytokine production profile. ILC2
cell lines expressed receptors for IL-25 and IL-33 (Figures S1D and S1E) and also responded to IL-25
and IL-33 in combination with IL-2 in vitro (Figures S1F and S1G). These data demonstrated that
both freshly isolated and ILC2 cell lines from nasal polyps were similar to the ILC2s that we previously
described in peripheral blood and fetal gut (Mjösberg et al., 2011). In addition, the ILC2s were
characterized by expression of CD25 (Mjösberg et al., 2011) and ST2 mRNA (Figure S1E), indicating
that they are similar to those previously described by Monticelli et al. (2011)).

4

Figure 1. TSLP and IL-33 Are Expressed by Nasal Epithelial Cells
(A–C) Nasal epithelial cells from CRS polyps (filled dots), healthy mucosa (open squares), or H292 airway epithelial
cells lines (open triangles) were cultured with poly(I:C) and analyzed for expression of IL33 (A), long-form TSLP
(B), and total TSLP (C) mRNA by RT-PCR. (D–F) Nasal epithelial cells from healthy mucosa was analyzed for IL33
(D), long-form TSLP (E), and total TSLP (F) by RT-PCR. Expression was normalized to expression of the housekeeping gene GAPDH and to the expression of unstimulated cells to generate the relative expression ratio at each
time point. All data are shown as mean ± SD and are representative of at least two independent experiments
performed in triplicate.

To broaden our understanding of the physiological stimuli that contribute to the accumulation and
maintenance of ILC2s in the nasal polyps, we investigated nasal epithelial cells, a major source of
immune regulatory cytokines, for expression of potential ILC2-regulating cytokines. Nasal epithelial
cells from healthy individuals and CRS nasal polyps constitutively, and at comparable amounts,
expressed factors that were previously shown to regulate ILC2s including IL33 (Figure 1A) and also
TSLP mRNA (Figures 1B and 1C). In this study, we analyzed both the total TSLP transcript expression
(including both the short and long splice variants of the TSLP mRNA) and the long splice variant of
the TSLP mRNA separately, because the latter was shown to be associated with actual TSLP protein
production (Harada et al., 2009).
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It was previously demonstrated that polyinosinic:polycytidylic acid [poly(I:C)], a double-stranded RNA
analog and Toll-like receptor (TLR) 3 ligand, induces TSLP expression in human bronchial epithelial cells
(Harada et al., 2009). We extended this finding to also include nasal epithelial cells, because poly(I:C)
upregulated the expression of long-form TSLP, as well as IL33, in nasal polyp epithelial cells, nasal
epithelial cells from healthy individuals, and the respiratory airway epithelial cell line H292 (Figures 1A
and 1B). IL33 and long-form TSLP were not selectively induced by poly(I:C); stimulation with flagellin,
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stimulation was most probably the result of increased IL-13 production on a per cell basis rather than
proliferation of a subpopulation of IL-13+ cells. IL-25, especially in combination with IL-33, triggered
significant IL-13 production from ILC2s (Figures S1F and S1G). IL-25 also acted in synergy with TSLP
to induce IL-13 production but to a much lesser extent than what we observe for the combination
of IL-33 and TSLP (data not shown). Hence, we focused our studies on TSLP and IL-33, because these
cytokines had the strongest effects on the ILC2s.

R848, and PGN also resulted in an increase in IL33 and long-form TSLP expression (Figures 1D and 1E).
In summary, these data show that nasal epithelial cells from both healthy nasal mucosa and CRS
polyps constitutively, and at similar amounts, express both total and long-form TSLP, which is induced
by a wide range of TLR ligands. Collectively, this means that nasal epithelial cells are able to respond
to microbial challenge by producing factors, including IL-33 and TSLP, known to be involved in the
type 2-mediated inflammation seen in these nasal polyps (van Drunen et al., 2012).
ILC2s Respond to TSLP Expressed by Nasal Polyp Epithelium
Having identified TSLP as an immune regulatory cytokine expressed by nasal epithelial cells, we
hypothesized that TSLP could have the capacity to induce cytokine production from ILC2s, similar to
what was previously described for IL-33. TSLP signals through a receptor heterodimer consisting of
the TSLP receptor and the IL-7 receptor α chain (CD127), the latter being constitutively expressed by
all subsets of human and mouse ILCs. Analyzing the expression of the TSLP receptor (TSLPR) subunit,
we found a high expression in both freshly isolated and ILC2 cell lines from tonsils, blood, and nasal
polyps as compared to other ILC subsets, including NK cells (Figures 2A and 2B).
Consequently, stimulating freshly isolated ILC2s from blood and nasal polyps with TSLP in combination
with IL-2 resulted in significantly increased secretion of IL-13, one of the signature cytokines for the
human ILC2s (Figures 2C and 2D). In addition, ILC2s also produced a number of additional cytokines
associated with type 2 immune responses, including IL-4, IL-5, IL-9, and GM-CSF and the production
was clearly enhanced by IL-33, and to a lesser extent also TSLP (Figures 2C and 2D). We also analyzed
a range of other cytokines, of which the ILC2s produced IL-6, IL-8, and IP10 at concentrations above
100 pg/ml. Many other cytokines were produced at concentrations below 100 pg/ml and were not
affected by IL-33 or TSLP stimulation (see Table S1).
The fact that TSLP triggered resting ILC2s freshly isolated from peripheral blood (Figure 2C)
suggests that these cells do not require preactivation to respond to TSLP, in contrast to what was
previously reported for Th2 cells (Kitajima et al., 2011). Like freshly isolated ILC2s, prerested ILC2
cell lines responded to TSLP with increased IL-4, IL-5, and IL-13 production (Figures 2E and 2F). This
response was more apparent in the presence of IL-2, and TSLP plus IL-33 exerted a strong synergistic
induction of IL-4, IL-5, and IL-13 production (Figures 2E and 2F). Notably, TSLP plus IL-33 induced the
expression of ST2, an observation previously made for Th2 cells (Guo et al., 2009), possibly explaining
this synergistic effect (Figure S1H). When following IL-33 plus TSLP response over time, we observed
that IL-13 was induced at day 2, before significant cell proliferation was induced by TSLP (data not
shown). Hence, the increased IL-13 concentration seen in the supernatants after IL-33 plus TSLP
100

Collectively, our data identify TSLP, expressed by nasal epithelial cells, as a potent stimulator that acts
in synergy with IL-33 to induce cytokine secretion from ILC2s in nasal polyps.
TSLP Triggers STAT5 Activation that Drives IL-13 Production in ILC2s
We next asked the question which signaling pathway was involved in TSLP-induced IL-13 production.
In Th2 cells, TSLP triggers phosphorylation of STAT5 (Kitajima et al., 2011) but STAT3 has also been
reported to be activated through TSLP (Reche et al., 2001). Stimulating ILC2s with TSLP, IL-2, or IL-7
(data not shown) led to phosphorylation of STAT5, but not STAT3, whereas IL-15, a known trigger of
conventional NK cells, stimulated phosphorylation of both STAT5 and STAT3 in NK cell lines (Figures
3A and 3B ). NK cells, however, did not respond to TSLP with STAT5 phosphorylation (Figure 3A),
consistent with the low to undetectable TSLPR expression in these cells (Figures 2A and 2B).
To examine the hypothesis that STAT5 activation alone is sufficient to drive TSLP-induced IL-13
production in ILC2s, we made use of a tamoxifen (4HT)-inducible retroviral construct encoding STAT5b
linked to the estrogen receptor (ER) (Scheeren et al., 2005). With this approach, activation of STAT5,
but not STAT3, in prerested ILC2s led to a clear induction of IL-13 production (Figure 3C), showing
that the isolated activation of the STAT5 pathway is sufficient to induce IL-13 production in ILC2s.

Figure 3. TSLP Stimulates Phosphorylation of STAT5 in ILC2s
(A and B) Expression of phosphorylated STAT3 and STAT5 as measured by flow cytometry. ILC2s (sorted as Lin−
CD127+CRTH2+) or NK (sorted as CD3−CD56dim) short-term cultured cells were rested overnight in medium without
cytokines and subsequently pulsed with the indicated cytokines for 20 min. Data are representative of three
independent experiments with at least one donor each. (C) Tamoxifen (4HT) treatment of prerested, presorted
(GFP+ or GFP−) peripheral blood ILC2 cell lines transduced (GFP+) with retroviral constructs encoding STAT5b or
STAT3 linked to the estrogen receptor (ER) or empty control vector (EV). Data are from two experiments with one
donor each and shown as mean ± SEM. 4HT, 4-hydroxytamoxifen.
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GATA3 Is Induced by the STAT5 Activator TSLP
One of the direct targets of STAT5 is the Th2 cell-associated transcription factor GATA3 (Guo et al.,
2009), which directly binds to several genes of the Th2 cell cytokine locus, including IL13, to induce
their transcription. To assess the role for GATA3 in ILC2s, we first evaluated the GATA3 expression in
freshly isolated and ILC2 cell lines. Comparing GATA3 expression to other ILC subsets revealed that
GATA3 was highly expressed by both freshly isolated and ILC2 cell lines (Figures 4A and 4B ). GATA3
mRNA expression was not exclusively restricted to the ILC2 subset; ILC22 and NK cells also expressed
GATA3 (Figures 4A and 4B), the latter finding being consistent with the previously described role of
GATA3 as a regulator of NK cells (Samson et al., 2003).
Having shown that TSLP triggers STAT5 activation, which alone is sufficient to drive expression of
IL-13, we investigated the capacity of TSLP to induce GATA3 expression in ILC2s. TSLP increased
the frequency of cells expressing GATA3 protein (Figure 4C). Furthermore, TSLP stimulation led to
increased GATA3 mRNA expression (Figure S2). NK cells also expressed GATA3 protein but at a lower
level than did ILC2s (Figure 4D). Importantly, GATA3 expression was not triggered by TSLP in NK cells
(Figure 4D), in line with the low expression of TSLPR on these cells (Figures 2A and 2B). Analyzing
GATA3 protein expression over time revealed that GATA3 was induced by TSLP in nondividing cells by
day 2, demonstrating that TSLP induces expression of GATA3 protein and not preferential outgrowth
of GATA3+ cells (Figure S2).

Figure 2. ILC2s Express Receptors for and Respond to TSLP
(A and B) TSLPR mRNA expression as determined by RT-PCR in freshly isolated (A) or short-term primary cell
lines (B) of ILC2s (sorted as Lin−CD127+CRTH2+), NK cells (sorted as CD3−CD56dim), or ILC22 cells (sorted as Lin−
CD127+CD117+NKp44+) isolated from blood, nasal polyps, tonsil, or fetal gut as indicated in the figure. Expression
was normalized to expression of the house-keeping gene 18S and shown as mean ± SEM. (C and D) Cytokine
secretion after stimulation of freshly isolated ILC2s (sorted as Lin−CD127+CRTH2+) from (C) blood and (D) polyps
with IL-2 plus IL-33 or IL-2 plus TSLP for 4 days. Data were normalized to 2,000 cell/200 μl and are shown as pg/
ml. Data in (A)–(D) are from at least three independent experiments with one donor each. (E and F) Cytokine
secretion after stimulation of ILC2 cell line from (E) blood or (F) nasal polyp with IL-2, IL-33, TSLP, and combinations
of these cytokines as indicated for 4 days. Cytokine production was measured by a multiplex cytokine bead assay
and shown as pg/ml. Data are representative of at least three independent experiments with one donor each
stimulated in triplicate. All data are shown as mean ± SEM. Student’s paired t test *p ≤ 0.05, **p ≤ 0.01, †p = 0.06,
††p = 0.07. See Figure S1 for additional information.
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Ectopic Expression of GATA3 Is Sufficient to Drive the ILC2 Program
In ILC2s, TSLP induced IL-13 production in a STAT5-dependent fashion, which also correlated with
induction of GATA3. In Th2 cells, GATA3 is the master transcription factor that governs a wide
spectrum of features unique to Th2 cells, including expression of ST2, thereby making the cells
responsive to IL-33 as shown by high IL-13 production (Guo et al., 2009). To formally test the role of
GATA3 in ILC2 function, we asked whether GATA3 overexpression is sufficient to drive the program
of ILC2 phenotype and function. Overexpression of GATA3, as confirmed at mRNA (Figure 5A) and
protein (Figure S3A) level, in a population of Lin−CD127+CD117+NKp44−CRTH2− ILCs led to expression
of the cardinal surface marker of ILC2s and Th2 cells, CRTH2 (Figure 5B), suggesting that forced
GATA3 expression is sufficient to induce differentiation toward the ILC2 lineage. In strong support
of this, GATA3-overexpressing ILCs upregulated the expression of ST2 and TSLPR (Figures 5C and
5D) and also resulted in acquisition of the capacity to respond to IL-33 plus TSLP by secreting high
amounts of IL-13, IL-4, IL-5, and GM-CSF (Figures 5E–5H). Notably, GATA3 overexpression by itself
was not sufficient to drive significant type 2 cytokine production in these cells, as indicated by the
fact that GATA3-overexpressing cells rested in low amounts of IL-2 produced only modest amounts of
IL-4, IL-5, IL-13, and GM-CSF (Figures 5E–5H). This notion is in agreement with the observation that
GATA3 alone is not sufficient to induce IL-4 production in M12 B cell lymphoma cells, which requires
additional activating signals provided by PMA plus ionomycin (Zheng and Flavell, 1997). Hence,
GATA3 most probably acts as a transactivator of IL-4, IL-5, and IL-13 production, requiring additional
signals provided by TSLP and IL-33.
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Figure 4. TSLP Enhances GATA3 Expression in ILC2s
(A and B) GATA3 mRNA expression as determined by RT-PCR in freshly isolated (A) or short-term primary (B)
cell lines of ILC2s (sorted as Lin−CD127+CRTH2+), NK cells (sorted as CD3−CD56dim), or ILC22 cells (sorted as Lin−
CD127+CD117+NKp44+) isolated from blood, nasal polyps, tonsil, or fetal gut as indicated in the figure. Data are
from at least three independent experiments with one donor each. Expression was normalized to expression
of the house-keeping gene 18S and shown as mean ± SEM. (C and D) ILC2 (sorted as Lin−CD127+CRTH2+) (C) or
NK (sorted as CD3−CD56dim) (D) short-term cell lines were stimulated with IL-2, IL-33, TSLP, or combinations of
these cytokines for 4 days and analyzed for expression of intracellular GATA3 protein by flow cytometry. Data
are representative of three independent experiments with at least one donor per experiment. See Figure S2 for
additional information.
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Figure 5. GATA3 Overexpression Is Sufficient to Drive the ILC2 Program
(A) Lin−CD127+CD117+NKp44−CRTH2− cells were transduced with a retroviral vector encoding GATA3 wild-type
(WT) or empty vector (EV), sorted as transduced (GFP+) or untransduced (GFP−) cells on day 3 and analyzed
for GATA3 mRNA expression by RT-PCR. Expression was normalized to expression of the house-keeping gene
18S. Data are from two independent experiments with at least one donor each. (B) CRTH2 surface expression
in empty vector control transduced (left) or GATA3 overexpressing (right) cells (GFP+) as determined by flow
cytometry. The percentages within the dot plots refer to the percentage of CRTH2+ ILCs within the GFP+ gate
representing transduced cells. Data are from three independent experiments with at least one donor each. (C
and D) Lin−CD127+CD117+NKp44−CRTH2− cells were transduced as described in (A) and analyzed for ST2 (C) or
TSLPR (D) mRNA expression by RT-PCR. Expression was normalized to expression of the house-keeping gene 18S.
Data are from two independent experiments with at least one donor each. (E–H) IL-13, IL-5, IL-4, and GM-CSF
production from empty vector control (black bars) or GATA3 overexpressing (unfilled bars) cells upon IL-2 or IL-2,
IL-33 plus TSLP stimulation for 4 days. Cells were transduced and sorted as described in (A). Cytokine production
was normalized to that of the EV-transduced cells and shown as percentage of EV control. Data are from three
independent experiments with at total of six donors. All data are shown as mean ± SEM. Wilcoxon’s matched pairs
test *p ≤ 0.05, †p = 0.06. See Figure S3 for additional information.
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ILC2s were recently shown to depend on the transcription factor RORα, because RORα-deficient
mice lack ILC2s and fail to expel helminth parasites in the intestine, a process normally mediated
by ILC2s (Wong et al., 2012). In agreement with these data, we find that human ILC2s also express
higher amounts of RORA as compared to ILC22s and NK cells (Figure S3B). As seen for GATA3, RORA
expression was not exclusively restricted to the ILC2 subset; ILC22 and NK cells also expressed RORA.
GATA3 overexpression in CRTH2− ILCs did not lead to significant upregulation of RORA expression

(Figure S4). Even given the fact that GATA3 was only partially silenced, the reduction in GATA3
expression had functional consequences for IL-4, IL-5, and IL-13 production, as shown by the fact
that GATA3 silencing significantly reduced the production of IL-13, as compared to control vector
transduced cells (Figures 6B–6D). This was also observed for IL-4 and IL-5, but because of the high
variability in the degree of GATA3 silencing, these differences did not reach statistical significance.
The decrease in type 2 cytokine production was not due to reduced survival of the GATA3-silenced

(Figure S3C). Furthermore, TSLP stimulation, which enhances GATA3 expression in ILC2s, did not
upregulate RORA (Figure S3D). Hence, we conclude that RORA is not potently regulated by GATA3
and that GATA3 can induce TSLP plus IL-33 responsiveness, resulting in IL-13 production independent
of enhanced RORA expression.

cells; the ratio of GFP+ GATA3sh transduced and GFP− untransduced cells remained stable over time
in transduced cultures (data not shown). These data show that even a partial silencing of GATA3 is
sufficient to affect the functionality of ILC2s, demonstrating that GATA3 is critical for IL-33 plus TSLP
responsiveness in terms of IL-4, IL-5, and IL-13 production.

DISCUSSION

Figure 6. GATA3 Silencing Reduces IL-13 Production in ILC2s
(A) ILC2s (sorted as Lin−CD127+CRTH2+) short-term cell lines were transduced with a retroviral vector encoding
GATA3 small-hairpin (sh) or empty vector, sorted as transduced (GFP+) or untransduced (GFP−) cells on day 3,
stimulated with IL-2 or IL-2, IL-33 plus TSLP for 4 days and analyzed for GATA3 protein expression by flow cytometry.
Data are from two independent experiments with at least one donor each. (B–D) IL-13, IL-5, and IL-4 production
from empty vector control (black bars) or GATA3sh (unfilled bars) cells upon IL-2 or IL-2, IL-33 plus TSLP stimulation
for 4 days. Cells were transduced and sorted as described in (B). Cytokine production was normalized to that of
the EV-transduced cells and shown as percentage of EV control. Data are from four independent experiments with
at total of five to eight donors. Data are shown as mean ± SEM. Wilcoxon’s matched pairs test **p ≤ 0.01. See
Figure S4 for additional information.

Silencing of GATA3 Reduces the Responsiveness to IL-33 and TSLP in ILC2s
To determine whether GATA3 is essential for the function of ILC2s, we investigated the functional
consequences of GATA3 silencing in these cells. Transducing ILC2s with retroviral constructs encoding
small hairpin-RNA targeting the GATA3 mRNA led to a 30%–60% reduction of GATA3+ cell frequency,
both at baseline (in the presence of low dose IL-2) and upon stimulation with TSLP plus IL-33
(Figure 6A). At the mRNA level, a 30% reduction in GATA3 mRNA expression was seen at baseline
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We report here that the transcription factor GATA3 is important for the function of human ILC2s,
emphasizing the functional similarity between ILC2s and Th2 cells. Although GATA3 is broadly
expressed among the different ILC populations, including NK cells, ILC2s are characterized by high
GATA3 expression. We previously showed that ILC2s are enriched in nasal polyps of patients with
CRS, a typical type 2-mediated inflammatory disease. We observed that TSLP, expression of which is
enhanced in nasal epithelial cells upon microbial challenge, is a potent regulator of ILC2s, as shown
by the fact that TSLP enhances GATA3 expression and production of a wide range of type 2 cytokines
in these cells. In contrast to Th2 cells, this occurs without prior activation of the cells, showing that
ILC2s are able to directly respond to epithelial-derived TSLP to initiate the type 2 response. In ILC2s,
TSLP signals through STAT5 and acts with IL-33 to synergistically induce IL-13 production. GATA3 is
crucial for the function of ILC2 because ectopic expression of GATA3 by retrovirus-mediated gene
transfer in Lin−CD127+CD117+NKp44−CRTH2− cells results in induction of surface CRTH2, in expression
of ST2 and TSLPR, and in acquisition of the capacity to produce high amounts of type 2 cytokines in
response to TSLP plus IL-33.
Asthma, allergic rhinitis, and atopic dermatitis are atopic diseases where elevated levels of TSLP have
been reported. Together with the notion that TSLP polymorphisms are associated with atopy (reviewed
in Ziegler and Artis, 2010) and that TSLP receptor-deficient mice are resistant to ovalbumin-induced
asthma (Zhou et al., 2005), this suggests a role for TSLP in the pathogenesis of these diseases. TSLP
induces polarization of dendritic cells, with increased expression of OX40L, promoting differentiation
of naive T cells to Th2 cells (Ito et al., 2005). Th2 cells produce IL-4, IL-5, and IL-13, key cytokines in
allergy and asthma, indicating that TSLP is involved in exacerbation of allergic inflammation driven by
Th2 cells. However, experimental allergen-induced asthma occurs also in RAG-deficient mice, which
lack T cells, suggesting that cells of the innate immune system are critical effectors in type 2-mediated
inflammation (Bartemes et al., 2012; Halim et al., 2012; Wolterink et al., 2012). Indeed, several
studies have demonstrated a role for ILC2s in various models of allergic airway inflammation (Barlow
et al., 2012; Kim et al., 2012; Wilhelm et al., 2011; Bartemes et al., 2012; Halim et al., 2012; Wolterink
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et al., 2012). Furthermore, ILC2s are involved in influenza virus-mediated airway hyperreactivity by
promoting inflammation (Chang et al., 2011). In contrast, ILC2s are also critical for tissue repair and
remodeling inflicted by influenza virus infection (Monticelli et al., 2011). We observed that TSLP
induces the production of high amounts of IL-13 and IL-5, but also IL-4, IL-9, and GM-CSF by ILC2s. In
the mouse, it was reported that Th2 cells express TSLP receptors and respond to TSLP by production
of the Th2 cell type cytokines IL-4, IL-5, and IL-13 (Kitajima et al., 2011), demonstrating the functional

These data parallel our findings, which identify GATA3 as crucial for the function of ILC2s. In ILC2s,
GATA3, potently induced by TSLP, seems to regulate not only the production of type 2 cytokines in
conjunction with IL-33, possibly through NF-κB signaling, but also the expression of ST2 and TSLPR,
thereby controlling the IL-33 plus TSLP-induced activation of these cells. Hence, GATA3 is a central
player in the function of ILC2s, emphasizing the similarity of these cells and Th2 cells, consistent with
the idea that ILC2s and Th2 cells share not only cytokine secretion profiles, but also transcriptional

similarity between ILC2s and Th2 cells. However, TSLP responsiveness in Th2 cells was significant only
after activation via the T cell receptor (Kitajima et al., 2011). Our data showed that freshly isolated
ILC2s from nasal polyps, but also from blood, most probably in a resting state, respond to TSLP
without prior activation. Hence, ILC2s are capable of directly responding to TSLP, initiating the type
2-mediated response.

programs (Spits and Di Santo, 2011). A critical difference between these type 2 effector cells is,
however, that RORα is required for ILC2 but not for Th cell development (Wong et al., 2012). In our
studies of human ILC2s, we find that RORA is highly expressed, but not restricted to, ILC2s; ILC22
and NK cells also express intermediate levels of RORA. Notably, GATA3 does not seem to control the
expression of RORA, because neither ectopic nor enhancement of endogenous GATA3 expression by
TSLP induced RORA expression. In an accompanying paper (Hoyler et al., 2012), it is demonstrated
that GATA3 is essential for the development of ILC2s and that during development of ILC2s from
its progenitor, high levels of GATA3 is expressed before RORα. Our studies suggest that RORα is not
regulated by GATA3. Hence, it is possible that RORα acts in parallel with GATA3 in regulating ILC2
development. Future studies should further unravel the mechanisms underlying the role of RORα
and GATA3 in the development of these cells.

In search for the cellular source of TSLP in the nasal polyps, we found that in epithelial cells, TSLP was
expressed at baseline and that expression was promoted upon stimulation with several TLR agonists
including poly(I:C), flagellin, R848, and PGN, indicating that microbes might be the indirect trigger
of high type 2 cytokine production by ILC2s. While completing our work, a study of papain-induced
asthma demonstrated that also in mice, stromal-derived TSLP and IL-33 induce IL-13 production
from ILC2s, driving the allergic inflammation (Halim et al., 2012). Thus, both in mice and humans,
airway pathology may be mediated by aberrant stimulation of epithelial cells that initiate a cascade
of reactions leading to overstimulation of ILC2s.
TSLP has been reported to signal through STAT5 (Kitajima et al., 2011) and STAT3 (Reche et al., 2001).
We found that TSLP stimulation of ILC2s led to activation of STAT5 but not STAT3. Consistent with
our findings on ILC2s, in Th2 cells, TSLP enhances phosphorylation of STAT5 and production of type
2 cytokines such as IL-4, IL-5, and IL-13 (Kitajima et al., 2011). ChIP analysis revealed that STAT5
binds directly to the GATA3 gene (Kitajima et al., 2011), suggesting that STAT5 directly upregulates
the expression of GATA3. Indeed, our studies support this idea: the isolated activation of STAT5
alone enhanced IL-13 production in ILC2s. Hence, we identify the TSLP signaling pathway in ILC2s as
being dependent on STAT5 and GATA3, with subsequent production of IL-13, IL-5, and IL-4 shown to
be direct targets for GATA3 (Yagi et al., 2011).
Recently, it was demonstrated that bone marrow-derived Lin−CD127+Flt3− common lymphoid
progenitors in the presence of Notch1, IL-7, and IL-33 signaling gave rise to ILC2s. These cells failed
to develop in mice with a spontaneous deletion in the gene for the transcription factor RORα.
Consequently, because ILC2s are crucial for parasite expulsion in the intestine, RORα-deficient mice
failed to mount an appropriate immune response to the helminth parasite N. brasiliensis (Wong et al.,
2012). Our data identified GATA3 as crucial for the function of ILC2s. A recent study showed that
transgenic mice where GATA3 was deleted only in IL-13-producing cells, of which the majority was
ILC2s during N. brasiliensis infection, were phenocopies of IL-13-deficient mice, exhibiting reduced
worm clearance (Liang et al., 2012). This shows that GATA3 is critical for IL-13 production in ILC2s.
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In conclusion, we show here that ILC2s are directly induced by nasal stromal-derived factors such as
TSLP, and we identify the TSLP-GATA3 axis as crucial in controlling the function of these cells. ILC2s
are emerging as critical players in type 2-mediated immune pathology in the airways. Hence, they
constitute a member of the “type 2 franchise,” including mast cells, basophils, eosinophils, and Th2
cells that collectively mediate immunity against helminth parasites but are also involved in allergy and
asthma. ILC2s may constitute an early source of type 2 cytokines, capable of initiating and amplifying
Th2 cell-mediated responses. In addition, ILC2s are important for tissue repair but may also mediate
pathology. As such, ILC2s and the cytokines they produce may be attractive targets for therapy of
type 2-mediated immune pathologies.

EXPERIMENTAL PROCEDURES
Collection of Human Tissues
Inflamed nasal polyps were obtained from chronic rhinosinusitis patients during surgery and healthy
nasal tissues were from nasal correction surgeries. Tonsils were from routine tonsillectomies. All
nasal and tonsil tissue collection was done at the Academic Medical Center (AMC) (Amsterdam, The
Netherlands) and approved by the Medical Ethical Commission of the AMC. Human fetal tissues were
obtained from elective abortions at the Stichting Bloemenhove clinic in Heemstede (The Netherlands)
upon on the receipt of informed consents. The use of human abortion tissues was approved by the
Medical Ethical Commission of the AMC. Gestational age was determined by ultrasonic measurement
of the diameter of the skull or femur and ranged from 14 to 17 weeks. Buffy coats were provided by
the blood bank at Sanquin (Amsterdam) after written informed consent.
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Isolation and Stimulation of Human Nasal Epithelial Cells
NCI-H292 human airway epithelial cells (American Type Culture Collection, USA) were cultured at
37°C in RPMI 1640 culture medium (Invitrogen, The Netherlands) supplemented with 10% (v/v)
fetal calf serum (HyClone, USA), 1.25 mM of glutamine, 100 U/ml of penicillin, and 100 μg/ml of
streptomycin. Primary epithelial cells were obtained by digestion of nasal biopsies or polyps with 0.5
mg/ml collagenase 4 (Worthington Biochemical Corp., Lakewood, USA) with a subsequent incubation

Establishment of Primary ILC Cell Lines
Lin−CD127+CRTH2+ ILC2s and Lin−CD127+CRTH2−NKp44− ILCs were cultured in Yssel's Medium (AMC,
in-house made) supplemented with 1% Human AB Serum (Invitrogen). Cells were expanded with a
feeder mixture, composed by irradiated allogeneic PBMCs (25 Gy), irradiated JY EBV-transformed B
cells (50 Gy), 1 μg/ml PHA (Oxoid), and 100 U/ml IL-2 (Novartis). IL-2 was replenished every 2−3 days.
NK cells were expanded with the same protocol. Expanded Lin−CD127+CRTH2+ cells are referred to as

with anti-EpCAM MicroBeads (Miltenyi Biotec, Germany) and a positive selection on a magnetic
column. Primary cells were cultured in BEGM (Lonza Clonetics, The Netherlands) in fully humidified
air containing 5% of CO2 at 37°C.

ILC2 cell lines and were used for experiments within 3 weeks of primary isolation.

Primary epithelial cells and NCI-H292 cell line were cultured to 80% confluence and rested for 24 hr in
RPMI 1640 medium containing 100 U/ml of penicillin and 100 μg/ml of streptomycin. Cells were then
stimulated with 20 μg/ml of polyinosinic:polycytidylic acid [poly(I:C)], 0.5 μM CpG-ODN, 20 μg/ml
peptidoglycan (PGN+), or 1 μg/ml Flagellin diluted in RPMI. Flagellin, R848, and CpG were purchased
from InvivoGen (USA) and poly(I:C) and PGN from Sigma Aldrich (Germany). 1, 2, 4, 6 hr and/or 8, 16,
and 24 hr after stimulation, cells were collected for RNA extraction. All stimulation experiments were
performed in triplicate.
Isolation of ILCs from Peripheral Blood and Nasal Polyps
Polyp tissues were cut into fine pieces and digested for 30–45 min at 37°C with Liberase TM (125 μg/
ml) and DNase I (200 μg/ml) (both from Roche). Alternatively, cells were isolated by mechanically
disrupting the tissue with the Stomacher 80 Biomaster (Seward). The cell suspensions were filtered
through a 70 μm nylon mesh. Peripheral mononuclear cells (PBMCs) were isolated on Lymphoprep
(Nycomed) or Ficoll-Paque Plus (GE Healthcare). PBMCs were further depleted of T, B, and NK cells and
monocytes by labeling with FITC-conjugated CD3, CD14, CD16, and CD19 antibodies (clones described
below) and anti-FITC microbeads (Miltenyi). Depletion of lineage-positive cells was performed with
a LD column (Miltenyi). For flow cytometric sorting, lin-depleted cells from buffy coats or total single
cell suspensions from nasal polyps were stained with the following antibody mix (clone name within
brackets): Fluorescein isothiocyanate (FITC)-conjugated anti-CD1a (HI149), CD3 (OKT3), CD11c (3.9),
CD14 (HCD14), CD16 (3G8), CD19 (HIB19), CD34 (581), CD94 (DX22), CD123 (6H6), FcER1α (AER-37);
phycoerythrin (PE)-anti-NKp44 (P44-8), peridinin chlorophyll protein-cyanine 5.5-conjugated antiCD117 (104D2) (all from Biolegend), FITC-conjugated anti-CD4 (RPA-T4), CD56 (NCAM16.2), TCRαβ
(IP26), TCRγδ (B1), Alexa Fluor-647 (AF647)-conjugated anti-CRTH2 (CD294; BM16), allophycocyanin
(APC)-cyanine 7 (Cy7) anti-CD45 (2D1) and isotypes PE, APC, PECy7 (X40) (all from Beckton Dickinson),
PE-Cy7 anti-human CD127 (R34.34) (Beckman Coulter), FITC-conjugated anti-human BDCA2 (CD303;
AC144; Milenyi). Lineage−CD127+CRTH2+ ILCs from nasal polyps and Lineage−CD127+CD117−CRTH2+
ILCs or NK cells (CD3−CD56dim) from peripheral blood were sorted on a FACSAria (BD) to ≥98% purity.
For phenotyping, cells were also stained with PE-conjugated anti-GATA3 (TWAJ) (eBioscience)
according to the manufacturer's instructions. For FACS phenotype analysis, data were acquired on an
LSRFortessa (BD) and analyzed with FlowJo software (TreeStar, Inc.).
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Retroviral Constructs and Transductions
For overexpression of GATA3, the retroviral construct pLZRS-GATA3-IRES-GFP was used according to
previous descriptions (Dontje et al., 2006). For expression of inducible STAT5 and STAT3, cells were
transduced with LZRS-STAT5-ER-IRES-GFP or LZRS-STAT3-ER-IRES-GFP, respectively, as described
before (Scheeren et al., 2005). Control virus was LZRS-IRES-GFP. For GATA3 silencing, we used
pSINSUPER-pol3-GATA3i (position 308) and pSINSUPER-pol3-GATA3i (position 1274) retroviral
constructs. Control virus was pSINSUPER-pol3. For virus production, constructs were transfected into
Phoenix-GalV packaging cells as described before (Scheeren et al., 2005). For transduction, ILCs were
transferred to plates coated with retronectin (50 μg/ml, Takara, Kyoto, Japan) and incubated with
virus supernatants for 6 hr. To induce nuclear translocation of ER-tagged STAT3 and STAT5, cells were
treated with 1 μM 4-hydroxytamoxifen (4HT; Sigma-Aldrich, St Louis, MO, USA) for 2 days.
Cytokine Stimulation of Fresh ILC2s and Cell Lines
To test cytokine production from fresh cells, Lin−CD127+CRTH2+ ILCs were plated at a density of 1.5–
2 × 104 cells/ml in 96-well plates and stimulated for 4 days with IL-2 (1–10 U/ml, Novartis), IL-2
(1–10 U/ml) plus IL-25 (50 ng/ml; R&D Systems), IL-33 (50 ng/ml; R&D Systems), or TSLP (50 ng/
ml; R&D Systems). ILC2 cell lines were seeded at 1.3 × 105 cells/ml, rested without cytokines for 24
hr, and stimulated with IL-2, IL-25, IL-33, TSLP (R&D), or combinations of these cytokines for 4 days.
Transduced cells were sorted as GFP+ (untransduced cells as GFP−) on day 3 after transduction, plated
at a density of 2–5 × 104 cells/ml in 96-well plates, and stimulated for 4 days with IL-2 (1 U/ml) or
IL-2 (1 U/ml) plus IL-33 and TSLP (50 ng/ml; R&D Systems). Multiple cytokine detection (see Table
S1) in the supernatants was performed with the MILLIPLEX MAP Human Cytokine/Chemokine Panel
(Merck Millipore) and the Biorad Bioplex-200 analysis instrument, all according to the manufacturers'
instructions. The Bioplex Manager 4.1 software was used for data analysis. In some experiments, IL13 in supernatants was analyzed with ELISA (Sanquin).
Intracellular Cytokine and Transcription Factor Staining
Intracellular cytokine staining was performed on ex vivo expanded cell lines (0.5–2 × 105 cells/ml)
stimulated for 6 hr with 10 ng/ml PMA (Sigma) and 500 nM ionomycin (Merck) in the presence
of Golgiplug (BD) for the final 4 hr of culture. Cell permeabilization, staining, and subsequent
washings were performed with the Cytofix/cytoperm kit (BD). The following antibodies were used:
APC-conjugated anti-IL-13 (JES10-5A2, BioLegend), APC-conjugated IL-17 (BL168, BioLegend), PEconjugated anti-IL-22 (142928, R&D), and anti-IFN-γ (B27, BD Bioscience).
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Intracellular GATA3 was analyzed in ex vivo expanded cell lines or transduced cells stimulated for
4 days with IL-2 (1 U/ml), IL-7, IL-33, TSLP (all 50 ng/ml, R&D), or combinations of these cytokines.
GATA3 staining was performed with a GATA3 (TWAJ) (eBioscience) antibody according to the
manufacturer's instructions. For cell proliferation analysis, cells were incubated for 30 min at 37°C
with 1 μM of CellTrace Violet stain (Invitrogen) prior to cytokine stimulation and GATA3 staining as
described above.
Intracellular staining for pSTAT5 was done on ex vivo expanded cell lines after 15–20 min of incubation
at 37°C with IL-2 (1–10 U/ml), IL-7, IL-15, IL-33, TSLP (all 50 ng/ml, R&D), or combinations of these
cytokines. This was followed by addition of fixation/permeabilization reagent (BD) and subsequent
fixation in ice-cold methanol. Staining was done with an Alexa 647-conjugated monoclonal antibody
specific for phosphorylated STAT5 (pY694, clone 47) or PE-conjugated anti-STAT3 (pY705, clone
4/P-STAT3) (both from BD). Cells were incubated for 60 min on ice and subsequently washed with the
permeabilization buffer of the fixation/permeabilization kit (BD).

4

Data were acquired on an LSRFortessa or LSRII (BD) and analyzed with FlowJo software (Tree Star,
Inc.).
Quantitative Real-Time PCR
For nasal epithelial cells and H292 cell lines, total RNA was extracted by TRIzol (Life Technologies,
USA) and chloroform (Merck, Germany) phase separation method and additionally purified with
nucleospin RNA II kit (Machery-Nagel) according to the manufacturer's protocol. The MBI Fermentas
first strand cDNA synthesis kit (Fermentas GmbH, Germany) was used to synthesize cDNA according
to the manufacturer's instructions. PCRs were performed in Bio-Rad iCycler (Bio-Rad, France) with
a mRNA-specific TaqMan gene expression assay (Applied Biosystems, USA) for TSLP-long form
(Hs01572933_m1) or with IQ SYBR Green Supermix (Bio-Rad, France) using the primers described
in Table S1. Expression levels of evaluated genes were calculated with the comparative ΔCt method.
Each value was corrected for the expression of the housekeeping gene and compared to the control
(unstimulated) condition.
For all other samples, RNA isolation, cDNA synthesis, and PCR was performed as previously described
(Mjösberg et al., 2011). Additional primers used for PCR are described in Table S2.
Statistical Analysis
Student's t test or Wilcoxon's matched pairs test was used to determine the statistical differences
between the data sets. *p ≤ 0.05, **p ≤ 0.01, †p = 0.06, ††0.07, ns, not significant.
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SUPPLEMENTAL DATA
Table S1. Cytokines analyzed in supernatants of freshly isolated blood or nasal polyp ILC2s *

Cytokines
> 100pg/mL
GM-CSF
IL-4
IL-5
IL-6
IL-8
IL-9
IL-13
IP10

Cytokines
< 100pg/mL
sCD40L
Eotaxin
GRO
IFN-γ
IL-1β
TNFα
IL-10
IL-12p40
IL-12p70
IL-15
IL-17a
MCP1
MCP3
MIP1a
MIP1b
RANTES
VEGF

4

* Fresh ILC2s (2-3000 cells/culture) were cultured for 4 days with IL-2, IL-2 plus IL-33 or IL-2 plus TSLP. The table
shows the cytokines produced at concentrations above 100 pg/mL (left column) or less than 100 pg/mL (right
column) with any stimuli.
Table S2. Sequences of real-time PCR primers designed in-house.

mRNA
GAPDH
IL33
TSLP
TSLPR
GATA3
RORA

116

Primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer

Sequences (5′-3′)
GAA GGT GAA GGT CGG AGT C
GAA GAT GGT GAT GGG ATT TC
GCC TGT CAA CAG CAG TCT ACT G
TGT CTT AGA GAA GCA AGA TAC
TAT CTG GTG CCC AGG CTA TTC G
TGA AGC GAC GCC ACA ATC CTT G
GAG TGG CAG TCC AAA CAG GAA
ACA TCC TCC ATA GCC TTC ACC
ACC ACA ACC ACA CTC TGG AGG A
TCG GTT TCT GGT CTG GAT GCC T
ACA AGC AGC GGG AGG TGA TGT
TGA GAG TCA AAG GCA CGG C

Figure S1, related to figure 2. ILC2s in nasal polyps respond to IL-25 and IL-33 and stable cell lines can be
established. Blood ILC2 cell lines upregulate ST2 expression upon IL-33 plus TSLP stimulation
(A) Freshly isolated ILC2s (sorted as Lin-CD127+CRTH2+) were cultured with IL-2 plus IL-25 or IL-2 plus IL-33 for
4 days and subsequently analyzed for IL-13 production by ELISA. Data were normalized to 2000 cells/200 μL.
Data are from two independent experiments with one donor each and shown as mean±SEM. (B) ILC2s (black
lines) from nasal polyps were expanded with feeder cells and analyzed for expression of CD127 and CRTH2 using
flow cytometry after two weeks of expansion. NK cells were used as controls (grey lines) and isotype controls are
shown as filled grey histograms. Data are representative of at least 5 independent experiments with one donor
each. (C) ILC2 cell lines from nasal polyps were cultured with medium (filled grey) or PMA plus ionomycin (black
lines) and subsequently analyzed for intracellular cytokines using flow cytometry. Data are representative of two
independent experiments with one donor each and shown as mean ± SEM. (D-E) ILC2s from nasal polyps were
isolated and expanded with feeder cells for two weeks before they were analyzed for expression of receptors for
IL-25 (IL17RB) and IL-33 (ST2). As comparison, the expression in blood NK cells and fetal gut ILC22 cells was used.
Data are from at least 3 donors per group and shown as mean±SEM. (F-G) ILC2 cell lines (F: polyp; G: blood) were
stimulated with IL-2, IL-25, IL-33 and combinations of these cytokines for 4 days before analyzing the supernatants
for secreted IL-13. Data are representative of at least two experiments with one donor each stimulated in
triplicates and shown as mean ± SEM. (H-I) ILC2s from blood were isolated and expanded with feeder cells for
two weeks, rested in low dose IL-2 (1U/mL) before they were stimulated with the indicated cytokines for 2-4 days.
The samples were thereafter analyzed for expression of receptors for IL-33 (ST2) (H) and TSLP (TSLPR) (I). Data are
from two independent experiments with one donor in each and shown as mean±SEM.
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4
Figure S2, related to figure 4. TSLP upregulates GATA3 expression in ILC2s
(A) Blood ILC2 cell lines were stimulated with IL-2 or IL-2 plus TSLP for 4 days before analyzing the expression of
GATA3 mRNA using PCR. Data are from two experiments with at least one donor each and shown as mean±SEM. (B)
Blood ILC2 cell lines were stained with a cell tracking dye, stimulated with IL-2, IL- 25, IL-33, TSLP and combinations
of these cytokines for 4 days and subsequently analyzed for expression of intracellular GATA3 protein expression.
Data are representative of two independent experiments with at least one donor per experiment.

Figure S3, related to figure 5. GATA3 overexpression does not enhance RORA expression
(A) Lin-CD127+CD117+NKp44-CRTH2- ILCs were transduced with empty control vectors (EV) or vectors encoding
wildtype GATA3 (GATA3wt). On day 3, transduced (GFP+) cells were sorted and cultured with IL-2 or IL-2, IL-33 plus
TSLP for 4 days upon which intracellular GATA3 protein expression was assessed using flow cytometery. GATA3
protein was normalized to the empty vector. Figure shows data from 3 independent experiments with one donor
each. (B) RORA mRNA expression was analyzed in ILC2, NK and ILC22 cell lines from polyps, blood and fetal gut
as indicated in the figure. Data were obtained from at least three donors per group. (C) RORA mRNA expression
was analyzed in blood ILC2 transduced with empty vector (EV) or GATA3 wild-type encoding vectors (GATA3wt).
Data are from two experiments with one and two donors each, respectively. All data are shown as mean ± SEM.

Figure S4, related to figure 6. GATA3 silencing by retroviral transfer of small- hairpin RNAs
Blood ILC2 cell lines were transduced with empty vectors (EV) or vectors encoding small hairpin RNAs targeting
GATA3 (GATA3sh). On day 3 of transduction, cells were assessed for GATA3 mRNA expression. All data are shown
as mean ± SEM.
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ABSTRACT

INTRODUCTION

Group 2 innate lymphoid cells (ILC2) secrete type-2 cytokines which protect against parasites, but
can also contribute to a variety of inflammatory airway diseases. We report here that IL-1β directly
activates human ILC2 and that IL-12 induced conversion of the activated ILC2 into IFN-γ-producing
ILC1, which was reversible by IL-4. The plasticity of ILCs was manifest in diseased tissues of severe
chronic obstructive pulmonary disease and chronic rhinosinusitis which display IL-12 and IL-4

At steady state, the human respiratory tract is protected against airborne pathogens, pollutants
and other challenges from the environment through crosstalk between epithelial cells and tissueresident immune cells. However, perpetual exposure to certain microbial pathogens, toxins or other
environmental agents often results in respiratory diseases, such as asthma, chronic rhinosinusitis
(CRS), chronic obstructive pulmonary disease (COPD) and cancer1, 2.

signatures and accumulation of ILC1 and ILC2, respectively. Eosinophils are a major cellular source
of IL-4 revealing cross talk between IL-5-producing ILC2 and IL-4–producing eosinophils. We propose
that IL-12 and IL-4 govern ILC2 functional identity and their imbalance results in the perpetuation of
type 1 or type 2 inflammation.

Whereas CRS with nasal polyps (CRSwNP) and allergic asthma, are type 2 inflammatory diseases3, 4,
COPD is a heterogeneous airway disease with elements of type 1 inflammation including elevated
levels of IL-12, IL-18 and IFN-g5, 6. Although airway epithelial cells and innate immune cells are
essential components in driving chronic airway inflammatory diseases7, by which mechanisms these
cells contribute to disease development remains poorly understood.
Innate lymphoid cells (ILCs) are a family of effector cells that are important for protection against
infiltrating pathogens and restoration of the tissue integrity8. Three major subsets have been defined
based on their phenotype and functional similarities to T helper (Th) cells: group 1 ILCs that include
the prototypical NK cell and IFN-γ-secreting ILC1 subsets, group 2 ILCs (ILC2) endowed with the ability
to secrete the Th2-associated cytokines (IL-4, IL-5, IL-9, and IL-13), and group 3 ILCs that include
lymphoid tissue inducer cells (LTi) and ILC3 able to produce IL-22, IL-17, and GM-SCF9.
At steady state, ILC1 are only present at a low frequency within tissues, whereas ILC2 and ILC3
represent the most prominent subsets, which contribute in protective innate immune responses,
tissue homeostasis and repair. However, when dysregulated, ILCs can promote inflammation-driven
pathology10, 11. ILC1 accumulated in the lamina propria of individuals with Crohn’s disease12, ILC2 are
enriched in individuals with atopic diseases, such as in blood, sputum and bronchoalveolar lavage
(BAL) samples of allergic asthmatics13, 14, in polyps from individuals with CRS15 and in skin of individuals
with atopic dermatitis16, and NKp44+ ILC3 are increased in frequency in psoriatic skin lesions and
obesity-induced asthma17, 18.
The composition of ILCs may be altered in diseased tissues by recruitment of subsets from the
periphery. However, recently it was reported that ILCs are tissue sessile cells with limited migration
of hematogenic ILCs into tissue19. Another mechanism which changes the ILC composition is
transdifferentiation of one ILC subset into another. We and others have reported on the bidirectional
transdifferentiation between ILC1 and ILC3 in the intestinal lamina propria12, 20, 21 as ILC3 differentiated
towards IFN-γ-secreting CD127+ ILC1 under the influence of the type 1 cytokine IL-12, and ILC1 could
be reverted by IL-23, IL-1b, and retinoic acid towards IL-22-secreting ILC3.
Here we observed that IFN-γ-producing ILC1 accumulated in lung tissue from individuals with another
inflammatory disease, severe COPD. Investigating the possible origin of these ILC1, we found that
ILC2 have the capacity to transdifferentiate into ILC1 in an IL-12 dependent manner. The conversion
of ILC2 into ILC1 could be reversed by IL-4. The importance of IL-4 in maintaining the ILC2 phenotype
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and function was emphasized by the observations that both IL-4 expression and ILC2 frequencies in
nasal polyps of patients with CRS were strongly enhanced compared to control turbinate. Eosinophils
were found to be an important source of IL-4 in nasal polyps from CRS patients.
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CD3, CD14, CD16, CD19, CD34, CD94, CD123, BDCA2, FcεR1α, TCRαβ, TCRγδ) CD127+CD161+ cells. From this
population CRTH2+ cells define ILC2, CRTH2- NKp44- define ILC1, and ckit+ cells define ILC3. (b) Flow cytometry
analyzing the expression of CRTH2, IL-7Rα, CD161, ST2, TSLPR, IL17-RB, CD25, KLRG1, IL-4R, IL-9R and ICOS in ILC1
(black), ILC2 (red) and ILC3 (grey line) from blood and non-inflamed lung. Isotype-matched control antibody is
shown as grey shaded curve-filled histograms. (c) Average frequencies (as percentage of total ILCs) of ILC1 (black),
ILC2 (red), NKp44- ILC3 (grey) and NKp44+ ILC3 (white) from skin (n=5), blood (n=20), lung (n=6), tonsils (n=3), gut
(n=6), mesenteric lymph nodes (MLN) (n=4), fetal lung (n=6), fetal MLN (n=5) and fetal gut (n=6). ILCs are defined
according to the gating strategy as shown in figure 1a (d). Representative histograms of the expression of CRTH2
in the total ILC population (CD45+, Lin-, CD127+, CD161-) obtained from COPD lung as compared with non-inflamed
lung (left panel) or nasal polyps (right panel) versus turbinate (healthy control nasal tissue) (e) Frequency of
total ILCs over CD45+ population from control (non-COPD and GOLD stage I and II COPD, white) and COPD GOLD
stage III and IV lung (black). (f) Mean frequency (as percentage of total ILCs) of ILC subsets as depicted in c from
control as compared with COPD GOLD stage III and IV lung. Pie charts (left panels) and frequencies of ILC2, ILC1,
and NKp44+ ILC3 from individual donors (right panels). (g) Frequency of total ILCs over CD45+ population from
turbinate (white) and nasal polyps (black). (h) Mean frequencies as shown in f from turbinate and nasal polyps.
Each circle represent a separate donor, small horizontal line represent the mean .*P<0.05, ** P<0.01, *** P<0.001
(t test). Data are representative of at least three (a,b,c) or six (d) donors per experiment or are combined from at
least six (e,f) or seven (g,h) donors. Error bars (e,g) represent SEM.

RESULTS
Phenotype and distribution of human ILC subsets among tissues
Human ILC2 are characterized by the expression of CRTH2, the c-type lectin CD161, and high
amounts of CD715. To explore whether additional makers could help to further define human ILC2,
we performed a comprehensive phenotypic analysis of all ILC subsets using a previously established
gating strategy22 (figure 1a and Supplementary figure 1a). All human ILC subsets in peripheral blood
and lung tissue express the IL-7Rα subunit (CD127) and CD161, but their expression was highest
on ILC2 (figure 1b). Mouse ILC2 have been reported to specifically express IL-33R (ST2), ICOS, and
CD2523. However, we found that these markers were not distinctive for human ILC2; all ILC subtypes
expressed ICOS, whereas both ILC2 and ILC3 expressed CD25. In addition human ILC2 expressed
IL-4R, IL-9R, and IL-25 receptor (IL-17RB), but expression of these markers was not selective for
ILC2. Lung and blood ILC2 expressed KLRG1, but in blood this marker was also expressed on ILC1.
In contrast to findings published elsewhere24, ST2 and TSLPR were undetectable on the cell surfacemembrane of freshly isolated ILCs from blood of adults or lung tissues, although transcripts were
detected15, 25. Thus the only surface marker tested that- in our hands- uniquely identified human ILC2
amongst CD161+ CD127+ ILCs is CRTH2.

Figure 1. Phenotype and tissue distribution of human ILCs, and changes in ILC ratios in COPD and nasal polyps. (a)
Gating strategy for the detection of ILCs in human blood. Blood was depleted of T-cells (CD3) and B cells (CD19)
by magnetic bead-based separation. Cells were then selected for CD45+ CD3-, followed by gating on lin- (CD1a,
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Although ILCs are found in many organs throughout the human body, their composition varies
considerably between tissues22. We compared, side-by-side, the ratios of ILC1, ILC2, and ILC3 in
peripheral blood, skin, tonsil, lung, intestine, and mesenteric lymph node (MLN). In all analyzed tissues
ILC3 was the predominant population, whereas CD127+ ILC1 were only found at low frequencies. We
found NKp44+ ILC3 to be enriched in mucosal associated tissues such as in the lung, intestine, tonsil,
125
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and MLN, compared to peripheral blood and fetal tissues (figure 1c). ILC2 represented approximately
10% of the total ILC population in fetal lung and rose to a frequency greater than 25% in adult lung.
Comparable frequencies were observed in skin. In contrast, ILC2 frequencies were diminished in
adult MLN and intestinal tissues (figure 1c). Thus lungs were the only tissue investigated in which
both ILC2 and NKp44+ ILC3 coexisted at a considerable frequency.
Altered ILC tissue composition in chronic airway inflammation
Previously, we observed that IFN-γ-producing ILC1 accumulated in inflamed ileum of Crohn’s disease
patients, suggesting that an inflammatory environment alters the ILC composition12. Consistent with
the fact that COPD is also associated with a type 1 immune pathology5, 6, we observed a marked
enrichment of ILC1 as well as of NKp44- ILC3 in lung tissue from patients with severe COPD compared
to that of healthy persons and patients suffering from GOLD stage I and II COPD (control), (figure
1f, patient characteristics in Supplementary table 2). In contrast the frequencies of both NKp44+
ILC3 and ILC2 were decreased (figure 1d,f), whereas the total percentage of CD45+ lymphocytes was
unaltered (figure 1e).
We have previously demonstrated that ILC2 were enriched in the nasal polyps of individuals who
suffer from CRS compared to healthy turbinate tissue15. Here we observed that, whereas the total
percentage of CD45+ lymphocytes was unchanged, (figure 1g) the frequencies of both ILC1 and ILC3
were diminished in parallel with the increased ILC2 frequency in nasal polyps (figure 1h). Of note, the
expression of surface markers in nasal polyps did not markedly differ from that of blood ILCs. CD25
was, however, strongly down-regulated in polyp ILCs (Supplementary figure 1b).
ILC2 phenotype can change in vivo
Previously we demonstrated that the tissue microenvironment determines the relative frequencies
of intestinal ILC3 and CD127+ ILC1. We therefore evaluated whether this was also the case for ILC2,
and thus whether ILC2 were phenotypically stable in Human Immune System (HIS) mice. Eight weeks
after injecting the hematopoietic stem cells in sub-lethally irradiated newborn NOD SCID IL2gc-/-; NSG
mice26, 80% of the immune cells of these animals were of human origin (figure 2a, Supplementary
figure 2a), and blood, spleen, and lung were repopulated with human ILCs, including ILC2 (figure 2b).
These observations indicate that these mice support development and maintenance of human ILC2.
Next, we expanded purified blood CRTH2+ ILC2 and subsequently resorted the expanded cells to >
98% purity (Supplementary figure 2b)15. The purified ILC2 were labelled with a cell tracer dye and
injected intravenously into HIS mice to allow the fate of ILC2 to be monitored in vivo when exposed
to different microenvironments. Analysis of blood, lung, and spleen four days following injection
revealed a small population of labelled cells, which preferentially homed to the lungs (figure 2c). In
all tissues we observed, in addition to conventional ILC2, ILCs which had lost CRTH2 expression. The
appearance of ILC2-derived CRTH2- ILCs within the labelled population phenotypically paralleled that
of NKp44- ILC3 and ILC1 (figure 2d). CRTH2 expression was reduced in blood ILC2 whereas in lung
and spleen 60% of the cells remained CRTH2+. In parallel we continued to culture ILC2 in vitro and
observed that those cells remained CRTH2+ (Supplementary figure 2c).
126

5

Figure 2. Transferred ILC2 shift phenotype and transcription factor profile in NOD SCID IL2gc-/- (NSG) mice
engrafted with human immune cells. (a) Gating strategy of human ILCs from spleen of humanized mice. Cells were
gated on lymphoid cells, followed by gating on human (h) CD45+ cells. ILCs were selected based on Lin- CD161+
expression. (b) Human ILC subsets in blood, lung and spleen were further characterized according the gating
strategy as described in figure 1a and depicted as ILC1 (black), ILC2 (red) and ILC3 (blue) based upon c-kit and
CRTH2 expression. (c) NSG mice were retro-orbitally inoculated with expanded cell-tracer labelled ILC2 (±1x1051x106 cells per mouse) 4 days before analysis. Percentage of cell tracker positive ILCs as compared to total hCD45+
cells in blood, lung, and spleen. Bar diagram indicates percentage of cell tracer+ cells per organ. (d) Representative
flow cytometry plots from blood, lung and spleen (left panels), average frequencies (as percentage of total ILCs)
of c-Kit+ CRTH2- ILC2 (black), CRTH2+ ILC2 (white), c-Kit- CRTH2+ ILC2 (grey). (e) Expression of GATA3 and TBX21 in
CRTH2+ ILC2 and CRTH2- ILC2 (c-Kit+/-) pooled from various organs as compared with reconstituted (r) ILC1 and
rILC2. Data are representative of five experiments, each with one to two humanized mice (one-three donors each,
a-d), or pooled from three experiments with a total of four humanized mice (e). Reconstituted cells are from one
donor each. Error bars (c, d, e) represent SEM.
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Transcriptional analyses of the transferred cells showed that both c-Kit- CRTH2- ILC2 and CRTH2+
ILC2 expressed the same levels of GATA3, whereas the c-Kit- CRTH2- ILC2 expressed higher levels of
TBX21, which encodes for the transcription factor T-bet (figure 2e). No cytokine transcripts could be
detected in ex-vivo isolated labelled ILC, presumably because these cells had not been activated in
vivo. Taken together, these results suggest that a proportion of ILC2 may convert to other subsets.
IL-1b is a strong activator of ILC2
IL-1b is known to activate ILC3 particularly in the presence of IL-2312, 27, 28. IL-1b also acts together
with IL-23 and retinoic acid to transdifferentiate ILC1 into ILC320. Previously we demonstrated that
ILC2 express the receptor for IL-1β15, and therefore we investigated the effect of IL-1b on ILC2. We
observed that IL-1b, in combination with low concentrations of IL-2 which by itself does not activate
ILC2, strongly stimulates IL-5 and IL-13 production by ILC2 (figure 3a). The IL-5 production induced
by IL-2 and IL-1b was even higher than that of the combination of IL-2 and IL-33 or IL-2 and TSLP and
was boosted by the combination of IL-1β with either of these two cytokines (figure 3b). These data
indicate that IL-1b is a strong ILC2-stimulating cytokine.

5

Figure 3. IL-1beta activates ILC2. (a) Isolated CD127 CD161 CRTH2 ILC2 from peripheral blood cultured for 6
+

+

+

days either with IL-2, or IL-2 and IL-1β, or with IL-2, IL-33 and TSLP. Cells were analyzed for intracellular IL-5 and
IFN-γ production (left panel), Average frequencies of IL-5 producing cells and IL-13 production as measured by
ELISA (right panels). (b) IL-5 production of ILC2 after stimulation for 6 days with different cytokine combinations.
Data is representative of four different donors. Error bars represent SEM.
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Figure 4. IL-12 governs ILC2 transdifferentiation towards IFN-γ producing cells. Purified ILC2 from blood sorted
according to the gating strategy as in figure 1a, activated for 6 days with IL-2 alone, or in combination with IL-1β,
IL-12, IL-33, and TSLP. Cells were analyzed for c-Kit and CRTH2 expression (top panels) and intracellular IL-5 and
IFN-γ secretion was measured (bottom panel). (b) Mean frequencies of c-Kit- CRTH2- ILC2 and IFN-γ producing
cells generated in above mentioned activation conditions. (c) ILC2, ILC1 and c-Kit- CRTH2- ILC2 obtained after
stimulation with IL-2 IL-33 TSLP and IL-12, or IL-2 IL-1β and IL-12, were sorted based on CRTH2 and c-Kit markers
and analyzed for GATA3 and TBX21 expression. (d) Intracellular GATA-3 and T-bet staining of cells stimulated as
in c. (e) Representative plot of CD62L expression on ILC2 in peripheral blood and nasal polyp. (f) CD127+ CD161+
CRTH2+ ILC2 were sorted from nasal polyp tissue and stimulated for 6 days with the same conditions as in a and
phenotyped for c-Kit and CRTH2 expression (top panel) and intracellular IL-5 and IFN-γ secretion (bottom panel).
Data are representative of three (d,e) or four (a,f) different donors. Error bars (b,c) represent SEM.
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Representative FACS plots (left panels) and quantification (right panels) of intracellular IL-5 and IFN-γ production
of CRTH2+ ILC2 and CRTH2- c-Kit- sorted fractions of peripheral blood clones upon 2-3 days activation with IL-2, IL33, and TSLP or IL-2, IL-12, and IL-18. (e) IL-5 and IFN-γ production of CRTH2+ ILC2 and CRTH2- c-Kit- sorted fractions
of nasal clones upon 4 days activation with IL-2 IL-33 and TSLP, or IL-2 IL-12 and IL-18. Data is representative of at
least three different cloning experiments with one donor each (a,b), or combined from three independent sorter
experiments (c-e). Error bars represent SEM (c,d,e,f).

Activation in the presence of IL-12 transdifferentiates ILC2
Individuals who suffer from COPD exhibit elevated titers of the inflammatory cytokines IL-1β, IL-12
and IFN-γ5, 29 raising the possibility that these cytokines contribute to transdifferentiation of ILC3 into
ILC112. As ILC2 frequency was also diminished in COPD patients (figure 1e), we asked whether IL-12
may also be able to drive differentiation of ILC2 to ILC1. We cultured freshly isolated peripheral blood
ILC2 with either IL-1b, IL-33 plus TSLP alone, or in combination with IL-12 (figure 4a). IL-33 plus TSLP
induced ILC2 to secrete IL-5 and IL-13, which was accompanied by some downregulation of CRTH2
(Supplementary figure 3a). The decrease in CRTH2 expression did not affect the capacity of these
cells to produce IL-5 and IL-13 upon subsequent activation with IL-33 plus TSLP (Supplementary
figure 3a). Addition of IL-12 caused a strong down-regulation of CRTH2 and of c-Kit resulting in cells
with a CRTH2- c-Kit- phenotype, phenocopying ILC112 (figure 4a,b). A similar change in phenotype
was observed after stimulation with IL-1b plus IL-12, whereas IL-12 alone did not induce this change
(figure 4a,b), even though all human ILC subtypes expressed transcripts of both subunits of the IL-12
receptor (Supplementary figure 3b)12. Assessment of cytokine production by intracellular staining
following stimulation with PMA and ionomycin revealed that IL-33 plus TSLP, or IL-1b exposed ILC2
produced predominantly the type 2 cytokine IL-5, but no IFN-γ. Conversely, addition of IL-12 to both
experimental conditions resulted in a robust production of IFN-γ (figure 4a,b). Stimulation with IL-33
plus TSLP or IL-1β with IL-12 strongly reduced expression of GATA3 transcripts and protein and upregulated T-bet (figure 4c,d) and these cells were no longer responsive to IL-33 and TSLP, but became
responsive to IL-12 and IL-18, in a similar manner as bona fide ILC1 (Supplementary figure 3c,d).
Blood-derived ILC2 express high levels of CD62L, whereas nasal polyp ILC2 lack this expression,
indicating that ILC2 in nasal polyps are more mature compared to blood (figure 4e). Both polypderived ILC2 and fetal lung-derived ILC2 down-regulated CRTH2 and c-Kit in response to ILC1inducing cytokines and produced IFN-γ, but not IL-5 (figure 4f and supplementary figure 3e,f). These
results indicate that ILC2 have the potential to transdifferentiate into ILC1 when exposed to a type 1
inflammatory environment, such as present in the lungs from patients with COPD.
Figure 5. ILC2 clones differentiate into IFN-γ producing ILC1. (a) Frequencies of ILC2 (CRTH2+; red), c-Kit+ CRTH2ILC2 (grey) and c-Kit- CRTH2- ILC2 (black) subsets from two donors with twenty-three and eight different peripheral
blood ILC2 clones (left panels) and flow cytometry plot of the CRTH2 expression on two different ILC2 clones
(number 1 and 4) after three weeks of culture. (b) Frequencies as in a of nasal polyp ILC2 clones (left panels)
and flow cytometry plot of c-Kit and CRTH2 expression on a clone. (c) ILC2 clone-derived subsets as described
in a were sorted based on CRTH2 and c-Kit markers and analyzed for GATA3, TBX21 and RORC expression. (d)
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To rule out the possibility that the phenotypic and functional changes observed in ILC2 were a
consequence of preferential outgrowth of a few contaminating ILC1, we performed clonal analyses
of ILC2 isolated from peripheral blood and from nasal polyps of patients with CRSwNP. Single ILC2
were cultured using irradiated allogeneic lymphocytes25 as supporting cells which produce IL-12 and
IL-1β (Supplementary table 3). The cloning efficiencies were 23 and 8% (peripheral blood) and 21
and 17% (nasal polyps).
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in the presence of IL-4. Amounts are normalized per 5000 cells. (f) Representative flow cytometry plot and MFI of
CRTH2 expression on total BAL ILCS upon expansion for two weeks with feeder cells in the presence of IL-2 or IL-2
and IL-4. (g) Intracellular staining of GATA-3 and isotype in the CRTH2+ and CRTH2- fraction of expanded BAL ILCS.
(h) The production of IL-13 measured by ELISA and IL-5 measured by intracellular staining in expanded total BAL
ILCS that were stimulated for 6 days. *P < 0.05, **P < 0.01, and ***P < 0.001 (1-way ANOVA (b,e,h) or t-test (a,f)).
Data are from one experiment with at least four samples (a) or from at least three (c), four (e, h), five (f), or six (d)
independent experiments. Representative examples of three (b, g), five (f), or six (d) independent experiments are
shown. Error bars represent SEM (a, c-f, h).

In all experiments we observed clones that maintained CRTH2 expression, clones that partly
maintained CRTH2 expression, and clones that lost CRTH2 (figure 5a,b). The proportion of clones
that had retained their CRTH2 expression was highest when isolated from nasal polyps (figure 5b).
From selected clones we isolated the CRTH2+ cells and CRTH2- c-Kit- cells and analysed the expression
of transcription factors and cytokine production after stimulation. We observed that the CRTH2+
portion from PBMC derived clones expressed higher levels of GATA3 compared to the CRTH2- portion
(figure 5c). Conversely, both c-Kit+ and c-Kit- CRTH2- cells isolated from the same heterogeneous
clone expressed high levels of TBX21 and the c-Kit+ CRTH2- ILC2 expressed higher levels of RORC
(figure 5c). The CRTH2+ portions responded to IL-33 plus TSLP by secreting IL-5 and IL-13, whereas
the c-Kit- CRTH2- cells responded only modestly to these cytokines (figure 5d). The c-Kit- CRTH2portion of clones from PBMCs and nasal polyps were much more responsive to the type 1 stimuli
IL-12 and IL-18 by secreting IFN-γ compared to CRTH2+ ILC2 (figure 5d and e). Taken together, these
data strongly indicate that ILC2 either isolated from PBMC or from nasal polyps are able to acquire
features of IFN-γ-producing ILC1.
IL-4 promotes maintenance of CRTH2 expression and expansion of ILC2
Whereas CRSwNP and COPD are both inflammatory airway diseases3, 4, 6, ILC2 were only found at
increased frequencies in nasal polyps from persons suffering from CRS (figure 1h). As the opposing
roles for IL-4 and IL-12 in Th cell differentiation are well documented30, we compared the expression
of these transcripts in nasal polyps as compared to healthy turbinate and observed that in polyp
tissues the amount of transcripts of IL4 were elevated while IL12 transcripts were undetectable
(figure 6a). We did not detect differences in IL33 transcripts31, but TSLP transcripts were elevated in
total CRS polyp tissue compared to healthy non-inflamed turbinate (figure 6a).

Figure 6. IL-4 is essential for maintenance of CRTH2 expression and expansion of ILC2. (a) Expression of IL4, TSLP
and IL33 transcripts in nasal polyps and control turbinate tissue. (b-c) Representative flow cytometry plots of
CRTH2 and c-Kit expression on blood ILC2 upon stimulation for 5 days with IL-2+IL-33+TSLP and upon successive
re-stimulation for 5 days with IL-4. Numbers in the plots represent the cell percentages. (d) Representative
histograms and quantification of the percentage of proliferating blood ILC2 labeled with cell trace violet upon
stimulation for 5 days with various cytokine combinations. Numbers in the plots represent the percentage of
proliferating cells. (e) Production of IL-5 and IL-13 as detected by ELISA upon stimulation for 5 days of blood ILC2
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To examine whether IL-4 is involved in inducing or maintaining CRTH2 expression we first cultured
peripheral blood-derived ILC2 under ILC1 polarizing conditions. We then re-stimulated these cells
in the presence of IL-4 and observed that CRTH2 and c-Kit expression were partly and completely
restored, respectively (figure 6b,c). Of note, stimulation of bona fide CD127+ ILC1 or ILC3 from
peripheral blood with IL-4 did not result in the up-regulation of CRTH2 (Supplementary figure 4a),
indicating that the transdifferentiation potential of IL-4 was restricted to ILC2-derived ILC1 (ex-ILC2).

133

5

Chapter 5

Interleukin-1β, -4 and -12 Control ILC2 Fate in Human Airway Inflammation
IL-4 synergizes with IL-33 to induce proliferation and IL-5 and IL-13 production to a level comparable
to that induced by IL-33 plus TSLP (figure 6d,e). IL-4 by itself was, however, insufficient to induce
production of IL-5 and IL-13.
IL-4 is essential for the activation of ILC2 in lung and BAL fluid32, and contributes to the expansion of the
ILC2 pool in mice33. Using cells from individuals undergoing a bronchoscopy for diagnostic purposes
with different indications, including asthma (patient characteristics supplied in Supplementary table
4) we found that the total ILC pool from BAL fluid lacked CRTH2+ ILC2 (Supplementary figure 4b). To
test the hypothesis that the BAL ILCs contain ex-ILC2 we expanded BAL ILCs in vitro and observed a
clear increase in CRTH2 expression and up-regulation of GATA3 in the presence of IL-4 (figure 6f,g).
This suggested that a considerable proportion of BAL ILCs were derived from ILC2, which had lost
CRTH2 expression. In line with these findings, BAL ILCs stimulated by IL-33 and TSLP in the presence
of IL-4 produced much higher amounts of IL-5 and IL-13 (figure 6h). Taken together, these data
indicate that the functional identity of ILC2 is restored by IL-4.
Targeting of IL-12p70 and IL-4 regulate ILC2 transdifferentiation
Next, we asked whether neutralization of IL-12 or addition of IL-4 could prevent the transdifferentiation
of ILC2 towards ILC1. Following exposure of blood-derived ILC2 and ILC3 to the supernatant from a
mixed lymphocyte reaction that contains IL-12 (Supplementary table 3) these ILC down-regulated
c-Kit and ILC2 also downregulated CRTH2 (figure 7a,i). Both ILC subsets secreted large amounts of
IFN-γ upon culture in MLR supernatant followed by re-stimulation with PMA and ionomycin (figure
7b,i). These findings suggest that factors in the MLR supernatant contributes to the differentiation
of both ILC subsets towards ILC1. Antibody-mediated neutralization of IL-12 (IL-12p70) in this setting
inhibited differentiation of ILC2 and ILC3 into ILC1 as indicated by downregulation of CRTH2 and c-Kit,
and acquisition of the capacity to produce IFN-g (figure 7c,d). IL-4 dampened the polarization of ILC2
towards ILC1 to a similar extent as neutralization of IL-12p70, but did not affect transdifferentiation
of ILC3 to ILC1 (figure 7e,f). The combined administration of anti-IL-12p70 and IL-4 did not result in a
stronger reduction of IFN-γ or enhanced IL-13 response in ILC2 (figure 7g-i).

Figure 7. Anti-IL-12p70 treatment abrogates ILC2 conversion towards ILC1-like cells. (a,b) Isolated ILC2 and ILC3
cells from blood donors were incubated for 5 days with supernatant from a mixed leukocyte reaction (MLR)
alone or with anti-IL-12p70 monoclonal antibody at 5 µg/ml (c,d) or with IL-4 (50 ng/ml) (e,f) or a combination
of IL-4 and anti-IL-12p70 (g,h). (a,c,e,g) Expression of CRTH2 and c-Kit. (b,d,f,h) Intracellular staining of IL-13
and IFN-γ. (i) Bar diagram showing percentage of newly generated c-Kit- Ex-ILC2 (upper panel) or percentage of
IFN-g producing cells (lower panel) upon activation with MLR supernatant (white), or in combination with antiIL12p70 (black), or IL-4 (grey) or anti-IL-12p40 and IL-4 (grey dim). (j) Representative flow cytometry plot of polyp
homogenate treated for 6 days with IL-12 and anti-IL-4 or IL-4 and anti-IL-12p70. Numbers in quadrants indicate
percentage of cells in each. *P<0.05, (1-way ANOVA). Data are representative of three (a-i) or four (j) different
experiments. Error bars represent SEM (i).
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In order to test whether administration of neutralizing antibodies and recombinant cytokines were
also effective in a pathophysiological setting, we cultured total CRS polyp cells in the presence of IL-4
and anti-IL-12 (figure 7j) and observed that the CRTH2+ population was maintained. In contrast ILC2
cultured in the presence of IL-12 and anti-IL-4 antibodies strongly down-regulated CRTH2 (figure 7j).
These findings confirm the critical roles of IL-12 and IL-4 in determining the ratio of ILC2 and ILC1 in
inflamed tissues.
Cross talk between eosinophils and ILC2 in nasal polyps
The observation that IL4 transcripts were increased in nasal polyps of patients with CRS (figure 6a)
raised the question of which cell type is the source of this cytokine. IL-4 production has been ascribed
to mast cells, basophils and eosinophils34.
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in eosinophils from nasal polyp tissue compared to isotype control. (d) Representative flow cytometry plots
and quantification of intracellular IL-4 production in blood ILC2 stimulated for 5 days with IL-2, IL-2 IL-33 and
TSLP, or IL-2 IL-33 TSLP and IL-4, followed by 6 hours of PMA/Ionomycin and Golgistop. Numbers in the plots
represent the percentage of IL-4+ ILC2. (e) Representative flow cytometry plots of CD62L and CD69 expression
on peripheral blood eosinophils after overnight co-culture with pre-activated ILC2 (IL-2+IL-33+TSLP) or ILC1 (IL2+IL-12+IL-18). (f) Quantification of activated (CD62L- and/or CD69+) eosinophils cultured as in e. (g) Reduction in
apoptosis (Annexin V staining) of eosinophils upon co-culture as in e compared to single cultures of eosinophils.
(h) Quantification of intracellular IL-5 production by ILC2 after co-culture for 5 days with pre-activated eosinophils
(30 min with 500 ng/ml ionomycin), *P < 0.05, ***P < 0.001 (1-way ANOVA (d,f,h)). Data are representative of
three (c), four (d) at least five (e-g) or fourteen (b) different experiments or two different experiments with three
donors each (h). Error bars represent SEM (d,f,g,h).

As expected, we found that eosinophils were highly elevated in polyps (figure 8a and Supplementary
figure 5), whereas lower and only slightly increased numbers of basophils and mast cells were
detected (Supplementary table 5). In order to study the spatial relationship between ILC2 and
eosinophils, nasal polyp tissues were subjected to an immunohistochemistry protocol that allows for
simultaneous visualization of ILC2 and eosinophils.
Eosinophils were visualized as eosinophil cationic protein positive (EG2+), and ILC2 as lineage-negative
CD25+, GATA3+ cells (figure 8b, left panel). Polyps were divided into eosinophilhigh (tissue eosinophilia)
and eosinophillow (no or few scattered eosinophils) polyps. No ILC2 were found in the eosinophillow
polyps. In contrast, ILC2 could be identified in 12 of the 14 (86%) of the eosinophilhigh polyps and had
in these cases an average tissue density ranging between 0.03-0.6 ILC2/mm2. Within the individual
tissue sections, the eosinophilia had a patchy and heterogeneous distribution that co-localized
spatially with presence of ILC2 (figure 8b, right panel). In such eosinophil-rich foci the ILC2 density
was higher than 2 ILC2/mm2. The spatial and statistical link between ILC2 and eosinophils was further
illustrated by computerized Monte Carlo simulation-based methodology (Supplementary figure
6). Here the ILC2 distribution in close proximity to eosinophils is compared to computer simulated
random ILC distribution (figure 8b).
Intracellular staining of freshly isolated polyp cells confirmed that in an inflammatory setting
eosinophils produce IL-4 (figure 8c). Eosinophils were, however, not the only source of IL-4 because
ILC2 themselves also produced IL-4 upon stimulation with IL-33 and TSLP, which was enhanced in the
presence of exogenous IL-4 (figure 8d).
Figure 8. Eosinophils and ILC2 activate each other and perpetuate type 2 inflammation in nasal polyps. (a)
Quantification of eosinophils (MBP+ cells) in the lamina propia of turbinate and nasal polyp tissue from different
patients. (b) Bright field microscopic image of multi‐IHC stained eosinophilhigh nasal polyp where CD25 (green),
GATA3 (brown) double positive ILC2 are identified after physical IHC blocking (black) and exclusion of CD3+,
Tryptase+, CD20+, CD68+, CD56+ cells. Eosinophils are identified by their characteristic granule structure at DIC
(Differential Interference Contrast) optics, or by immune staining for eosinophil cationic protein (EG2; not shown).
The spatial link between eosinophils and ILC2 cells is exemplified in the right image as the eosinophil density
in a cross sectioned nasal polyp together with x,y coordinates for the confirmed ILC2 cells in the same section.
(c) Representative flow cytometry plots of the gating of eosinophils (Sigl8+ CCR3+) and intracellular IL-4 staining
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Co-culture with ILC2 led to activation of eosinophils, as indicated by the down-regulation of CD62L
and up-regulation of CD69 on these cells (figure 8e,f). This stimulation resulted in prolonged survival
of eosinophils (figure 8g). In contrast ILC1 were unable to stimulate eosinophils and did not promote
their survival (figure 8f,g). The eosinophil-ILC2 interplay did not only result in activation of eosinophils
but also of ILC2, as co-culture of these cells with pre-activated eosinophils enhanced IL-5 production,
in an IL-4-dependent manner (figure 8h). Together, these data suggest that in a type 2 inflammatory
setting eosinophil-produced IL-4 can act as an mediator for continued cross talk between ILC2 and
eosinophils.
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DISCUSSION
It has become increasingly clear that the composition of ILCs in inflamed tissues of patients suffering
from inflammatory diseases such as Crohn’s disease, psoriasis and atopic dermatitis12, 35 differs
considerably from that in non-inflamed tissues. Here we compared the ILC composition in lung
tissues from individuals with severe COPD to control lung tissues.
COPD is a heterogeneous disease, which is associated with elevated protein levels of IL-1β, IL-12,
IL-33, and IFN-γ in the inflamed lung tissue5, 6. Similarly, in a COPD mouse model elevated titers of
IL-12, IFN-γ, and IL-33 were measured, and were associated with a Th1 inflammatory response6.
We observed in lung specimens of individuals with severe COPD that ILC2 and NKp44+ ILC3 were
diminished whereas ILC1 were increased in frequency when compared to control lung samples. The
overall ILC frequency was unaltered, strongly suggesting that the change in the ratio of ILC2 and
ILC1 resulted from transdifferentiation rather than from recruitment of peripheral blood ILC1. This
is consistent with recent data showing that ILC2, like other ILC subsets, are tissue resident cells19, 36.
Previously, we observed that IL-12 mediates transdifferentiation of ILC3 into ILC1. Here we found
that co-stimulation of ILC2 with IL-12 induced a strongly increased expression of T-bet, which was
associated with a reciprocal down-regulation of GATA3 and its target CRTH225. The acquisition of
T-bet resulted in the capacity to produce high titers of IFN-g and the loss of IL-5 and IL-13 production.
These findings indicate that IL-12 mediates transdifferentiation of not only ILC3 but also ILC2 into
ILC1.
IL-1β levels are elevated in inflamed COPD lung tissues5. Although IL-1β was thus far mostly associated
with activation of ILC3, the studies presented here indicate that IL-1β is also a major stimulator of
ILC2, being even more potent than IL-33. IL-12 turned out to strongly modulate the effect of IL-1b
on ILC2, changing IL-1b from an ILC2 activator into an inducer of ILC1. Therefore, it is tempting to
hypothesize that the ratio of IL-1b and IL-12 in inflamed tissues is a major factor in determining the
type of inflammation.
The observation in the accompanying paper that murine ILC2 can transdifferentiate into IFN-γ+
ILC1 following influenza virus infection, suggests that acquisition of IFN-γ by ILC2 is of relevance to
tailoring an optimal immune response against viral pathogens or intracellular bacteria. It is likely that
chronic exposure to pro-inflammatory cytokines such as IL-12, in combination with IL-1β and IL-33,
contributes to the pathology of COPD by perpetuating type 1 immune responses.
Loss of ILC2 identity as a consequence of activation in the presence of IL-12 raised the question of
how ILC2 identity may be maintained. We observed that activation of ILC2 in the presence of IL-4
resulted in robust proliferation, which was accompanied by secretion of the type 2 cytokines IL-5 and
IL-13. Moreover, freshly isolated ILCs in BAL fluid lacked phenotypic ILC2 markers, but culturing these
ILCs in the presence of IL-4 resulted in the expression of GATA-3 and CRTH2, with the ability to secrete
high amounts of type 2 cytokines. In addition, IL-4 inhibited IL-12-induced transdifferentiation of
ILC2. These findings indicate that IL-4 favors maintenance of ILC2 function and phenotype.
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Given that IL-4 is strongly expressed in nasal polyps of CRSwNP patients, our findings suggest that
this cytokine is responsible for the enhanced frequency of ILC2 in the inflamed nasal tissue in this
disease. This notion is supported by the finding that antibody mediated neutralization of IL-4 in the
presence of IL-12 decreased ILC2 in homogenates of polyps from individuals with CRS. It is of note
that the ILC2 of CRSwNP patients appeared more polarized compared to peripheral blood ILC2, which
were relatively immature as indicated by the expression of CD62L. It will be of interest to determine
whether cytokine-induced epigenetic changes are responsible for locking the ILC2 fate in chronic
diseases such as CRSwNP.
As previously reported, ILC2 are important regulators of eosinophil recruitment37, 38. In line with
those findings, we found that ILC2 co-localized with the accumulated eosinophils in nasal polyps.
Interestingly, eosinophils were identified as a cellular source of IL-4, and when activated were able
to induce IL-5 secretion by ILC2. Co-cultures of IL-4 secreting eosinophils and IL-5 secreting ILC2
conferred a survival advantage to eosinophils, most likely as result of IL-5 secreted by ILC238. As ILC2
in nasal polyp tissues also produce IL-4, cross talk between ILC2 and eosinophils may be critical for
the perpetuation and amplification of type 2 inflammation in CRSwNP.
Identification of modulators of ILC functions may be of interest for future therapeutic interventions.
Specific targeting of IL-12 may result in reduction of IFN-γ-mediated pathology in the lung, such as
progressive emphysema in patients with COPD39, 40. This could be achieved by the therapeutic antiIL-12p40 monoclonal antibodies (mAb) ustekinumab and briakinumab, although these antibodies
target both IL-12 and IL-23. No specific anti-IL-12 drugs have been developed for clinical application.
Dupilumab, a mAb against the IL-4Rα chain that is shared by IL-4 and IL-13 showed promising
results in reducing pathology in patients with persistent moderate-to-severe asthma41 and atopic
dermatitis, and this treatment may target several type 2 effector cells including ILC242. Treatment
with mepolizumab or reslizumab, two anti-IL-5 mAb was able to reduce polyp size in half of CRSwNP
patients, suggesting that targeting eosinophils may be a promising treatment strategy43, 44. On the
basis of our data revealing an ILC2-eosinophil activation loop, it might be possible that simultaneous
targeting of ILC2 by anti-IL-4 or anti IL-4R antibodies may increase the therapeutic efficacy of the antiIL-5 antibodies in CRSwNP. In addition the anti-IL-13 antibody lebrikizumab which has been shown
to improve lung function in asthma45 may reduce the pathological function of ILC2 in CRSwNP and
synergize with anti-IL-5 antibodies to improve its therapeutic action.
In summary, our data in this and previous studies12, 20, 46 indicate that a high degree of plasticity is
common for all ILC populations. This allows ILCs to quickly adapt to changes in their microenvironment
without the need of recruiting circulating ILCs. As a result, upon mucosal infections, ILC plasticity
might help to promptly control pathogens and induce rapid regeneration of damaged tissue. When
dysregulated, this ILC plasticity can contribute to the worsening of chronic diseases. Our findings can
provide an impetus to generate drugs targeting ILC2, which could be relevant for the treatment of
chronic airway diseases such as asthma, CRSwNP and COPD.
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ONLINE METHODS
Tissue collection.
All tissues were collected after subjects provided informed consent, with the approval of tissuespecific protocols by the Medical Ethical Committee of the Academic Medical Centre, Amsterdam.
Uninflamed nose turbinate tissue was obtained from healthy adults. Inflamed nasal polyps were from
patients with chronic rhinosinusitis. Lung tissues were obtained from adult patients undergoing lung
tumor surgery or lung transplantation surgery; tissues were obtained at an appropriate distance from
the tumor. Bronchoalveolar lavage samples were obtained from patients undergoing a bronchoscopy
for diagnostic purposes. Human fetal tissues were obtained from elective abortions at the Stichting
Bloemenhove clinic in Heemstede, the Netherlands, after receipt of informed consent. The use of
human abortion tissues was approved by the Medical Ethical Commission of the Academic Medical
Center, Amsterdam. Gestational age was determined by ultrasonic measurement of the diameter of
the skull or femur and ranged from 14 to 17 weeks. Buffy coats were provided by the blood bank at
Sanquin, Amsterdam.
Isolation of cells.
All solid tissues were rinsed of connective tissue, fat and muscle. Tissues were cut into fine pieces and
digested for 30–45 min at 37 °C with Liberase TM (125 μg/ml). Lung cells were isolated by incubation
of tissues with DNase I (50 U/ml; Sigma-Aldrich) and collagenase type 1 (300 U/ml; Worthington).
Cell suspensions were filtered through a 70-μm nylon mesh or steel strainer, and mononuclear cells
were isolated with Lymphoprep (Axis-Shield). Peripheral blood mononuclear cells were isolated on
Lymphoprep (Axis-Shield).
Flow cytometry analysis and sorting.
The following antibodies to human proteins were used. From BioLegend: fluorescein isothiocyanate
(FITC)-conjugated anti-CD1a (HI149), anti-CD3 (OKT3), anti-CD14 (HCD14), Anti-CD16 (3G8),
Anti-CD19 (HIB19), Anti-CD34 (581), anti-CD94 (DX22), anti-CD123 (6H6), anti-FcER1α (AER-37);
phycoerythrin (PE)-conjugated anti-CD161 (HP-3G10), anti-NKp44 (P44-8), anti-TSLPR (1B4), antiIL4rα (CD124, G077F6), anti-IL9R (CD129, AH9R7), anti-KLRG1 (2F1/KLRG1), anti-CD25 (BC96), antiICOS (CD278, C398.4A), anti-Siglec-8 (7C9); Alexa Fluor 647–conjugated anti-CCR3 (5E8), anti-NKp44
(P44-8); allophycocyanin (APC)-conjugated anti-GATA3 (16E10A23); Alexa Fluor (AF) 700–conjugated
anti-CD3 (UCHT1), anti-CD45 (HI30); brilliant violet (BV) 421-conjugated anti-CD161 (HP-3G10). From
Beckman Dickinson: FITC-conjugated anti-CD34 (581), anti-TCRαβ (IP26), TCRγδ (B1); PE-CF594conjugated anti-CD3 (UCHT1), anti-CRTH2 (BM16); AF647 or PE-CF594–conjugated anti-CRTH2
(CD294; BM16); APC-indotricarbocyanine (Cy7)–conjugated anti-CD45 (2D1); peridinin chlorophyll
protein–cyanine 5.5–conjugated (PerCP-Cy5.5) anti-CD94 (HP-3D9). From other manufacturers:
phycoerythrin-Cy7-conjugated anti-CD127 (R34.34; Beckman Coulter), anti-T-bet (4B10; eBioscience);
PE-conjugated anti-RORγt (AFKJS-9; eBioscience), anti-IL17RB (170220; R&D systems), anti-GATA3
(TWAJ; eBioscience); FITC-conjugated anti-BDCA2 (CD303; AC144; Miltenyi), anti-ST2L (B4E6); and
PE Cy5.5-conjugated anti-CD117 (104D2D1; Beckman Coulter). The cell proliferation dye was CellTrace Violet (c34557; Life Sciences).
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For phenotypic analysis by flow cytometry, data were acquired on an LSRFortessa or FACSCanto
II instrument (BD Biosciences) and analyzed with FlowJo software (TreeStar). For sorting by flow
cytometry, lung, nasal polyp and peripheral blood mononuclear cell samples were depleted of T
cells, B cells, and monocytes by labeling with FITC-conjugated anti-CD3, anti-CD14, and anti-CD19
(described above) plus anti-FITC microbeads (Miltenyi) or positively selected by labeling with PEconjugated anti-CD161 (described above) plus anti-PE microbeads. Cells were sorted on a FACSAria
(BD).
Establishment of CD127+ CRTH2+ cell lines and analysis of cytokine production.
Lin− CD127+ CD161+ CRTH2+ ILC populations were expanded with irradiated allogeneic peripheral
blood mononuclear cells (25 Gy), irradiated Epstein-Barr virus–transformed JY human B cells (50 Gy),
phytohemagglutinin (1 μg/ml; Oxoid) and IL-2 (100 U/ml; Novartis) in Yssel's medium (AMC; made
'in-house') supplemented with 1% (vol/vol) human AB serum.
Fresh and expanded Lin− CD127+ CD161+ ILC populations were stimulated for 5-6 d with IL-2 (10 U/
ml; Novartis), IL-33, TSLP, IL-4, IL-12, IL-18, IL-1β (all at a concentration of 50 ng/ml; R&D Systems)
or combinations of these cytokines. In some experiments anti-IL-4 (5 µg/ml; Biolegend), anti-IL12p70 (5 µg/ml; R&D systems), or anti-IL-1β (5 µg/ml; Biolegend) were added to block the respective
cytokines. IL-5, IL-13 and IFN-γ were measured in supernatants by enzyme-linked immunosorbent
assay (eBioscience). Multiple cytokines were detected in some experiments by Luminex technology
(Millipore).
Intracellular cytokine staining.
Fresh or expanded ILCs were stimulated for 6 h with PMA (10 ng/ml; Sigma) and ionomycin (500 nM;
Merck) in the presence of GolgiPlug (BD) for the final 4 h of culture. A Cytofix/Cytoperm kit (BD) was
used for cell permeabilization, staining and subsequent washing. The following antibodies were used:
AF488-conjugated IL-4 (8D4-8; eBioscience); APC-conjugated anti-IL-13 (JES10-5A2; BioLegend), antiIL-5 (JES1-39D10; BioLegend), PE-conjugated anti-IL-5 (JES1-39D10; BioLegend); PE-Cy7-conjugated
anti-IFN-γ (B27; BD Bioscience); BV421-conjugated anti-IL-4 (MP4-25D2; BioLegend). Data were
acquired on an LSRFortessa or FACSCanto II instrument and were analyzed with FlowJo software.
Quantitative real-time PCR.
Total RNA was extracted with a NucleoSpin RNA XS kit (Macherey-Nagel) according to the
manufacturer's instructions. cDNA was synthesized with a High-Capacity cDNA Archive kit (Applied
Biosystems). PCRs were performed in Bio-Rad iCycler (Bio-Rad, France) with a mRNA-specific TaqMan
gene expression assay (Applied Biosystems, USA) for IL-4 (HS00174122_m1) or with IQ SYBR Green
Supermix (Bio-Rad, France) using the primers described in Supplementary table 1. Bio-Rad CFX
Manager 3.1 software was used for quantification of expression. All samples were normalized to the
expression of GAPDH and β-Actin and results are presented in arbitrary units.
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Histological analysis.
Snap frozen biopsies from 28 healthy individuals and 47 nasal polyposis patients were cut into
6-μm thick serial sections and transferred to amino-phosphate-ethylsilane coated slides (Starfrost,
MarketLab, Caledonia, MI, USA). Slides were stained for eosinophils by detecting major basic protein
(Clone BMK13 at 0.02 µg/mL, Monosan) using Brightvision (Immunologic) as per manufacturer’s
instructions. All sections were examined by 2 independent observers blinded to the experimental
conditions. The numbers of positively stained cells were counted in the epithelium (per mm) and
adjacent lamina propria (per mm2) at a final magnification of 200x. Results are expressed as the
median number of positive cells per mm or mm2. In separate experiments tissue ILCs in histological
sections were identified by immunohistochemistry as CD25 (Vina green HRP chromogen) and GATA3
(DAB HRP chromogen) double-positive cells after physical chromogen exclusion (deep space black
chromogen) of CD3, CD20, Tryptase, CD68 or CD56 positive cells. In the same section the eosinophils
were identified by positive IHC taining for eosinophil cationic protein (using the monoclonal antibody
EG2 and Permanent red chromogen). The multi-stained slides were digitalized in an Olympus VS120
slide scanner. The x,y coordinates for individual ILCs and eosinophils were generated in ImageJ (v
1.47v, NIH, USA). The hypothesis that the ILC2 cells tend to occur in regions with a high density of
eosinophils was tested using Monte Carlo simulations. A small circular neighborhood of radius 300
pixels was defined around each of the 20 ILC2 cell locations (Figure 8b). The number of eosinophils
in each of these neighborhoods was counted and added to produce a count for the entire group of
cells. The distribution of the group eosinophil counts under the null hypothesis of random placement
was determined by simulating 106 groups of 20 locations randomly placed within the study area and
calculating the group eosinophil count measure for each simulated group. A simple proportional edge
correction was applied to neighborhood counts when part of the circular neighborhood fell outside
the study area. The null hypothesis could be rejected with a significance level of p < 0.001 showing
that the density of eosinophils around the ILC2 locations is indeed significantly higher than would be
expected by chance. The simulations were repeated for 10 neighborhood search radii between 50
and 500 pixels and the results were found to be consistent across all the radii. All simulations were
performed using MATLAB and Statistics Toolbox Release R2015b (MathWorks).
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Statistical analysis.
Statistical significance was determined with ANOVA, Student's t-test, or Mann-Whitney U-test. Prism
GraphPad software was used.
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SUPPLEMENTAL DATA

Supplementary table 2. Clinical characteristics of COPD patients.

Supplementary table1. Sequences of real-time PCR primers designed in-house

mRNA
GAPDH
Beta Actin
GATA3
RORC
TBX21 (T-bet)
TSLP
IL-12p35
IL-33
IL-5
IL-22
IL-13
CRTH2
IL1RL1 (IL33R)
IL17RB(IL25R)
TSLPR
IL-12Rb2
IL-4Ra
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Primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer

Sequence (5’-3’)
GTC TCC TCT GAC TTC AAC AGC G
ACC ACC CTG TTG CTG TAG CCA A
CAC CAT TGG CAA TGA GCG GTT C
AGG TCT TTG CGG ATG TCC ACG T
ACC ACA ACC ACA CTC TGG AGG A
TCG GTT TCT GGT CTG GAT GCC T
AAT CTG GAG CTG GCC TTT CA
CTG GAA GAT CTG CAG CCT TT
ATT GCC GTG ACT GCC TAC CAG A
GGA ATT GAC AGT TGG GTC CAG G
TAT CTG GTG CCC AGG CTA TTC G
TGA AGC GAC GCC ACA ATC CTT G
TGC CTT CAC CAC TCC CAA AAC C
CAA TCT CTT CAG AAG TGC AAG GG
GCC TGT CAA CAG CAG TCT ACT G
TGT GCT TAG AGA AGC AAG ATA CTC
AGC TGC CTA CGT GTA TGC CA
CAG GAA CAG GAA TCC TCA GA
CCC ATC AGC TCC CAC TGC
GGC ACC ACC TCC TGC ATA TA
ATT GCT CTC ACT TGC CTT GG
GTC AGG TTG ATG CTC CAT ACC
AAT CCT GTG CTC CCT CTG TG
ATG TAG CGG ATG CTG GTG TT
ATG TTC TGG ATT GAG GCC AC
GAC TAC ATC TTC TCC AGG TAG CAT
CCA ACA CAG CAC TAT CAT CG
ATA TGG AGT CAG CTG CAC CG
GAG TGG CAG TCC AAA CAG GAA
ACA TCC TCC ATA GCC TTC ACC
AGA CCT CAG TGG TGT AGC AGA G
TAG ATG ACC AGC GGT TCA GGA TC
GAC CTG GAG CAA CCC GTA TC
GAT GCG GAG GGA GGG TTC TA

COPD

Control

Patient

Source

Smoke status

Female, 58 yrs

Lung transplant (GOLD stage IV)

Ex

Female, 63 yrs

Lung transplant (GOLD stage IV)

Ex

Male, 60 yrs

Lung transplant (GOLD stage IV)

Ex

Female, 60 yrs

Lung transplant (GOLD stage IV)

Ex

Male, 58 yrs

Lung transplant (GOLD stage IV)

Ex

Male, 58 yrs

Lung transplant (GOLD stage IV)

Ex

Male, 60 yrs

Lung transplant (GOLD stage IV)

Ex

Male, 74 yrs

Lung resection

Ex

Male, 68 yrs

Lung resection (GOLD stage I)

Ex

Male, 63 yrs

Lung resection (GOLD stage II)

Current

Female, 63 yrs

Lung resection

No

Male, 46 yrs

Lung resection

Current

Female, 54 yrs

Cancelled donor lung

Current

Supplementary table 3. Cytokines present in supernatant of mixed lymphocyte reaction measured by multiplex.

Cytokine

Concentration

IL-12p70

31 ± 12 pg/ml

IL-1β

332 ± 175 pg/ml

TNF-α

4 ± 0.5 ng/ml

IFN-ϒ

629 ± 44 pg/ml

IL-8

29 ± 2 ng/ml

IL-6

2 ± 1 ng/ml

IL-13

715 ± 181 pg/ml

IL-33, TSLP and IL-23 were undetectable
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Supplementary table 4. Clinical characteristics of BAL patients.

Patient

Diagnosis

Male, 70 yrs

Atypic pneunomia

Male, 71 yrs

Extrinsic allergic alveolitis

Male, 65 yrs

Non-specific interstitial pneumonia

Male, 42 yrs

Sarcoidosis

Female, 39 yrs

Corticosteroid resistant asthma

Supplementary table 5. Cellular composition of nasal polyps and turbinate tissue.

Nasal polyp
(% CD45+ cells ± SEM)
n=6
Turbinate
(% CD45+ cells ± SEM)
n=2

T cells

Eosinophils

Basophils

Mast cells

44.5 ± 4.7

3.7 ± 2.1

0.3 ± 0.07

0.9 ± 0.1

56.1 ± 6.4

0.4 ± 0.2

0.1 ± 0.00

0.7 ± 0.6

5
Supplemental figure 1. Gating strategy for the detection of ILCs in human lung and nasal polyps and the expression
of cell surface proteins on nasal polyp ILCs. (a) Flow cytometry analysis of human lung and nasal polyp tissue of
CD45, Lin (CD1a, CD3, CD14, CD16, CD19, CD34, CD123, BDCA2, FcεR1α, TCRαβ, TCRγδ), CD127, CD161, c-Kit,
CRTH2, and NKp44 to detect ILC1 (CRTH2- c-Kit- NKp44-), ILC2 (CRTH2+ c-Kit+/- ), and ILC3 (CRTH2- c-Kit+
NKp44+/-). (b) Flow cytometry analyzing the expression of CRTH2, IL7Rα, CD161, ST2, TSLPR, IL17RB, CD25,
KLRG1, IL4R, IL9R and ICOS in ILC1 (black), ILC2 (red) and ILC3 (grey line) from nasal polyp tissue. Isotypematched control antibody is shown as grey shaded curve. Data are representative of at least three different
donors (a,b).
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5
Supplemental figure 2. Repopulation of NSG mice with human hematopoietic stem cells and purity of expanded
ILC2. (a) Flow cytometry analysis of human and murine CD45 expression in blood, lung and spleen of NSG mice
eight weeks after engraftment with human hematopoietic stem cells. (b) c-Kit and CRTH2 expression after
resorting of ILC2 that were expanded for four weeks with irradiated allogeneic peripheral blood mononuclear
cells, irradiated Epstein-Barr virus–transformed JY human B cells, phytohemagglutinin and IL-2. (c) CRTH2
expression after culturing CTV labeled ILC2 for 4 days with IL-2. Data are representative of six mice (a) or five
different experiments (b).
Supplemental figure 3. Reactivation of ILC2 with IL-33 and TSLP and transdifferentiation of lung ILC2 (a) Flow
cytometry analysis of c-Kit and CRTH2 expression on blood ILC2 (left panel) and IL-5 and IL-13 production (right
panel) upon stimulation for five days with IL-2, IL-2 + IL-33 + TSLP. Cells were washed and stimulated for another
four days with IL-2 + IL-33 + TSLP. (b) Expression of IL12RB2 on ILC1, ILC2, ILC3 and NK cells as measured by
qPCR. (c,d) IL-5 and IL-13 production and intracellular (c) IL-5 and IFN-γ production by blood ILC2, ILC1, and ILC2
expanded with IL-2, IL-1β and IL-12 after culture for 4 days with IL-2, IL33, and TSLP. (e) Flow cytometry analysis
of c-Kit and CRTH2 expression on lung ILC2 directly after isolation and upon stimulation with IL-2, IL-33, and IL-12
for seven days and IFN-γ production of lung c-Kit- ex-ILC2 obtained upon stimulation with IL-2, IL-33, and IL-12
for seven days. (f) Isolated ILC2 from lung cultured for 6 days either with IL-2, or IL-2, IL-33, and TSLP, or with IL-2,
IL-33, TSLP, and IL-12. Cells were analyzed for c-Kit and CRTH2 expression (left panels), percentage of c-Kit- ex-ILC2
generated in above mentioned activation conditions (right panel). Data are representative of three (a,c,d,e,f) or
four (b) different donors.
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5

Supplemental figure 4. Stimulation of ILC1 and ILC3 with IL-4 and gating strategy for BAL ILC . (a) Flow cytometry
analysis of c-Kit and CRTH2 expression on blood ILC1 and ILC3 upon stimulation for five days with IL-2 or IL-2
and IL-4. (b) Gating strategy for ILC detection and ILC distribution in bronchoalveolar lavage (BAL) fluid. Data are
representative of three individual experiments (a) or five different samples (b).

Supplemental figure 5. Gating strategy for basophils, mast cells,and eosinophils in nasal polyp and conchae
tissue. Polyp and conchae tissue was analyzed by flow cytometry for CD45, CD3, CD123, FcεRI, c-Kit, CD203c and
Siglec8. Basophils were gated as CD3- CD123+ FcεRI+ CD203c+, mast cells as c-Kit+ FcεRI+ CD203c+, and eosinophils
as SSChigh Siglec8+. Data are representative of five polyp and two conchae samples.
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Supplemental figure 6. ILC2 spatial distribution graph. Using the known x,y coordinates for each eosinophil, the
true observed accumulated eosinophil counts within a fixed close space surrounding each ILC2 cell were calculated
and compared to computer simulations of random ILC distributions. The true accumulated eosinophils count
within a 300 um radius around each of the 20 ILC in figure 8b (n=668 ILC-associated eosinophils) was compared
to the combined eosinophil counts calculated for simulated 250 000 cases of computer-generated random
distributions of the same number of fictive ILCs (mean combined eosinophil count = 139, range 35-452),
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DISCUSSION
In this thesis I set out studies to explore the heterogeneity of human CD127+ ILC subsets and explored
the molecular mechanisms that control their diverse functions in regulating mucosal homeostasis,
protective immunity, and inflammation.
ILC distribution
ILCs are present in multiple human tissues in varying frequencies1. In circulation and lymph nodes
ILCs constitute only a minor population of the total pool of lymphocytes, whereas the frequency of
ILCs in mucosal tissues is approximately two hundred fold higher (chapter 5)1, 2. It should be noted,
however, that the absolute quantity of ILCs is not necessarily a reference for functional importance.
For example, the numbers of ILCs in mesenteric lymph nodes are very low, but these cells are essential
in the anatomical containment of lymphoid-resident commensals3.
Phenotype characterisation studies revealed that the composition of ILCs is tissue-specific, and is
subject to change during development, homeostasis, and inflammation (chapter 2, 3, 5). In peripheral
blood and lung tissues, ILC2 constituted approximately 25-30% of the total ILC population, whereas
these cells were virtually absent in the intestinal lamina propria of adults2. Conversely, NKp44+ ILC3
represented the predominant subset in the lamina propria, whereas these cells were not present in
peripheral blood in healthy individuals (chapter 2, 3, 5). Thus the ILC composition is tailored in order
to optimally respond to the functions that are needed in a particular tissue.
ILC precursors
Several studies in mice demonstrated that the ILC precursors are already seeded in the tissues, and
that these differentiate to the distinct ILC subsets in situ4, 5, 6, 7. But whether this occurs in a stochastic
manner or is specifically regulated by factors that are present in the microenvironment, such as is
the case with DC-primed T cells, is yet unknown. Given the tissue-specific ILC composition (chapter
5), it is conceivable that ILCs develop from subset-specific progenitors, each with their own unique
microenvironmental requirements that result in the preferential developmental outgrowth of one
or multiple ILC subsets. In support of this idea is the identification of a human RORγt+ CD34+ ILC
precursor in tonsil and intestinal lamina propria that gave rise to mature ILC3, but not ILC1 and ILC2
7
. However, our studies raise the possibility that a common ILC precursor exists which gives rise to
one type of mature ILC subset, a naïve ILC that subsequently differentiates to the distinct subsets in a
microenvironment-dependent manner (chapter 2-5). For example, cytokines, eicosanoids, hormones
and other metabolites present in a particular tissue could promote a certain transcriptional program,
which reciprocally inhibits the transcription factors that control the development of other ILC fates, in
a similar manner as is observed in T helper cell biology8, 9. In this scenario, the identified RORγt+ CD34+
ILC precursor could be a precursor of such a naïve ILC, and the microenvironmental factors to which
this precursor was exposed limited the potential to develop into the other ILC subsets. In support
of this idea is the presence of high concentrations of the vitamin A metabolite retinoic acid (RA) in
mucosal tissues that favour the maturation and activation of ILC3 at the cost of ILC1 and ILC210, 11, 12.
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ILC function
Intestinal NKp44+ ILC3 are the main producers of IL-2213, 14, 15, a cytokine that regulates antibacterial
immunity, epithelial survival, mucus production by epithelial cells, and their regeneration following
injury by directly signalling to the epithelial stem cells, promoting the replacement of damaged
cells 16, 17, 18. Tissue-resident APCs (chapter 3)12, 19, 20 and epithelial cells21 are the primary sensors of
microbial antigens and instructed intestinal ILC3 to produce IL-22. ILC3 also produced csf2, which in
turn instructed APCs to produce regulatory molecules by local myeloid and lymphoid cells19, 22, 23, 24.
In addition, class II MHC+ ILC3 reduce T-cell immune response to commensal bacteria, preventing
disturbance of mucosal homeostasis25, 26. Thus at steady state, the interactions between ILC3,
epithelial cells, and APCs instruct each other to promote an “axis of tolerance” at the mucosal barrier
(chapter 1 & 3)27.
However, a pathogenic insult or chemical or physical disruption of the epithelial barrier triggers a
protective immune response, including the recruitment of Il-12 producing inflammatory monocytes12,
28, 29, 30
. IL-12 induced a shift in the ILC composition as compared to non-inflamed material, strongly
increasing the frequency of an IFNγ-producing ILC subset (ILC1) (chapter 2)2. IFNγ, in turn,
orchestrates the replacement of tissue-resident tolerizing APCs by pro-inflammatory monocytes and
inflammatory type 1 macrophages, reinforcing a pro-inflammatory loop in order to protect the host
from infiltrating intracellular bacteria and viruses 28, 31.
ILC2-derived IL-5 and IL-13 are essential for the early defence against helminths and other parasitic
nematodes32, 33, 34 by promoting goblet-cell hyperplasia, contraction of smooth muscle cells, and
attracting eosinophils and alternatively activated macrophages (AAM)35, 36, 37, 38. We observed that
airway-epithelial cells responded to TLR ligands by producing higher titers of TSLP and IL-33, which
were essential cytokines for full ILC2 stimulation in a GATA3-dependent manner (chapter 4)39, 40. In
addition we observed that ILC2-derived IL-5 enhanced the survival and activation of polyp-resident
eosinophils, which in turn triggered the proliferation and activation of ILC2, resulting in a positive
feedback loop and propagating the type 2 mediated inflammatory milieu (chapter 5). Furthermore,
studies in mouse models suggest that T-cells contributed to the full activation of ILC2 by secreting IL-2
in the initial phase of an inflammatory response, where ILC2 in turn enhanced T cell proliferation and
the production of Th2 cytokines, propagating the adaptive immune response41, 42.
Thus the importance of ILCs in mucosal tissues lies in their strategic location, just below the epithelial
layer, where they act like a relay station by transmitting and amplifying signals to non-haematopoietic,
and both innate and adaptive haematopoietic cells in their proximity in order to maintain the
homeostasis or contribute in shaping a protective immune response 41, 42, 43.
ILC plasticity
The identification of the non-cytotoxic CD127+ ILC1 completed the compendium of the ILC family with
effector functions that correspond to those of the known T-helper cell (Th) family (chapter 2), and in
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this respect natural killer (NK) cells could be considered as the innate equivalent of cytotoxic CD8+ T
cells (CLT)14. Our data indicate that ILCs seem to preserve their potential to transdifferentiate towards
inflammatory ILC1, and vice versa once the instigator of inflammation is removed (chapter 2-5).
Although plasticity is also described for Th cells, plasticity is restricted to only certain Th subsets, and
is irreversible8. From a teleological perspective this difference could be explained by that ILCs need
to maintain their full transdifferentiation potential in order to promptly respond to environmental

Whether reprogramming of ILCs occurs exclusively at the site of infection, involves the recruitment
of cells from the periphery that subsequently transdifferentiated in situ, or combinations of these
scenarios, is not resolved yet. However, recent studies using parabiotic mice, it was demonstrated
that murine ILCs are tissue-resident cells that were maintained and expanded locally both under
homeostatic conditions and following an inflammatory insult48, 49. It was moreover demonstrated
that haematogenous ILC hardly migrate into the tissues. These studies support the idea that

triggers, whereas T-cells come into play at a later stage once the exact antigen already is identified.

reprogramming of ILC does not involve recruitment of ILCs from the periphery but occurs at the site
of inflammation.

Our in vitro studies indicate that IL-12 is sufficient to induce a shift of ILC3 towards ILC1 and this
could be reversed in the presence of IL-23, Il-1β and RA (chapter 2-3)2, 12. A similar shift from ILC3
towards ILC1 was observed in experiments with HIS-mice, which were exposed to an acute chemically
induced inflammation (chapter 2). Transfer of human “inflammatory” ILC1 to non-infected recipient
HIS-mice could reverse the phenotype towards ILC3. In line with our human studies, another group
demonstrated using a Rorγt fate-map mice that IL-22 producing ILC3 transdifferentiated towards IFNγproducing ILC1, which was accompanied by the down-regulation of the ILC3-defining transcription
factor RORγt and inversely correlated with the up-regulation of the ILC1-defining transcription
factor T-bet upon infection with the intracellular bacterium S. Enterica44, 45. Transfer of T-bet+ RORγtRORγt-fm+ ILCs into recipient mice regained their expression of RORγt at steady state (chapter 3)12,
demonstrating that ILCs readily adapt to the environment.
In addition to the plasticity between ILC2 and ILC3 towards ILC1 and vice versa, our in vivo and clonal
expansion studies indicate that ILC2 could acquire some characteristics of ILC3, such as enhanced
expression of RORC in a portion of cells that lost the expression of CRTH2 (chapter 5). In support of
these findings, a study using fate-mapping reporter mice demonstrated a phenotypic and functional
shift from an ILC2 towards an IL-17 secreting RORγt+ ILC3 phenotype to protect the host against C.
albicans46. Furthermore, it was reported that obese individuals have a reduced frequency of ILC247
and are susceptible to obesity-associated airway hyper reactivity, a disease which is– at least partly
– driven by IL-17A produced by ILC343. This links the loss of ILC2 in adipose tissues to an enhanced
frequency of pathogenic IL-17A producing ILC3. It is tempting to speculate that the reduction of ILC2 is
reciprocally connected to the increase of ILC3. Possibly the loss of the constitutive feed-forward loop
between eosinophils, ILC2, and AAM37, 38 resulted in an enhanced development of IL-1β producing
inflammatory macrophages (M1) that triggered in the presence of RA10 the transdifferentiation of
ILC2 towards ILC3.
Our studies indicate that ectopic over-expression of the ILC2 defining transcription factor GATA3 in
blood-derived ILC3 was sufficient to up-regulate CRTH2 and to produce type 2 cytokines, such as IL4, IL-5 and IL-13 (chapter 4)39. However whether such plasticity occurs under certain physiological
conditions is currently under investigation. Transdifferentiation of ILC3 into ILC2 would be beneficial,
for example, when the intestine, which is devoid of ILC2 at steady-state becomes infected with
enteric nematodes.
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Thus one could reason that the CD127+ ILC helper subset composition in distinct tissues is a result
of a complex transdifferentiation program that is controlled by multiple transcription factors that
can be induced or repressed in a temporospatial manner to activate specific functional programs
that are specified by diverse functional requirements, and that the observed plasticity enables ILC to
efficiently respond to a diverse spectrum of physiological events without the need of recruiting ILCs
from circulation.
Uncontrolled plasticity
Notwithstanding the importance in host defence, ILC plasticity also unveils another layer of
complexity to the control of mucosal homeostasis, which needs to be tightly regulated, as imbalances
may contribute to pathology. Indeed, a rapidly increasing number of mouse studies indicate that
the persistent exposure of ILCs to an ongoing (chronic) inflammatory environment trap ILCs in
an inflammatory state, which may become detrimental itself, propagating lung and intestinal
immunopathology41, 45, 50, 51, 52. In this thesis we reported that the increased frequency of inflammatory
ILC1 inversely correlated with the frequency of homeostatic ILC3 and ILC2, respectively in inflamed
intestinal resection specimen from individuals that suffer from Crohn’s disease and bronchial
resection specimen from individuals with COPD compared to non-inflamed material (chapter 2, 3, 5).
Furthermore, we observed that the frequency of ILC2 was strongly increased in individuals with nasal
polyps that suffer from allergic rhinosinusitis (CRS) as compared to control conchae (chapter 5)1. This
disease was accompanied by enhanced levels of epithelial-derived TSLP and eosinophil-derived IL-4,
which are in cross talk with ILC2, perpetuating type 2 inflammation.
In agreement with studies in mice our observations suggest that in a variety of inflammatory conditions
the ILCs are trapped in an inflammatory state and as such contributed to immunopathology. However,
it should be noted that the studied resection material here are from end-stage disease patients to
which no drugs were sufficient anymore to suppress inflammation. Thus whether the observed shift
in ILC composition directly contributed to the pathology, or is rather the consequence of such an
event is difficult to determine in this setting. Using consecutive paediatric biopsy samples starting
from patients that recently have been diagnosed with Crohn’s disease would help to elucidate the
contribution of ILC1 in driving intestinal immunopathology.
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Concluding remarks
Taken together, as the uncontrolled activation of CD127+ ILC-specific transcription factors seem to
play an important role in the pathogenesis of inflammatory and metabolic diseases, it would be
of major interest to identify the molecular cues that dictate the transdifferentiation programs, as
inferring or stabilizing these factors may be interesting targets for future therapeutic interventions.
In support of this idea is the observation that cytokine-neutralization experiments were sufficient to
diminish the transdifferentiation potential of ex-vivo isolated ILC subsets when exposed to a changed
microenvironment (chapter 5), and inhibition of RORγt in freshly isolated ILC1 that were cultured
under ILC3 skewing conditions abrogated their transdifferentiation potential (chapter 3)12.
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SAMENVATTING
De buitenste cellaag (epitheelcellen) van de huid, de darmwand en de luchtwegen staat direct in
contact met de buitenwereld en is daardoor geplaveid met een grote hoeveelheid bacteriën. Deze
bacteriën dragen bij aan nutriëntopname, de ontwikkeling van het afweersysteem en beschermen
tegen pathogenen. Het is belangrijk dat de bacteriën in het epitheeloppervlak in de juiste verhouding
aanwezig zijn en dat zij zich op de juiste plek bevinden. Dysbiose (d.w.z. afname van de diversiteit)
en translocatie van bacteriën kan leiden tot ernstige pathologie, zoals chronische ontstekingsziekten,
infectieziekten en stofwisselingsziekten.
Onder het bacterierijke epitheeloppervlak van de darm en de longen bevindt zich steriel
slijmvliesweefsel. Dit slijmvliesweefsel is verrijkt met afweercellen, die door signaaltransductie
zorgen voor het behoud van die strikte scheiding en ordening van de microflora. Zo dragen zij in
belangrijke mate bij aan het behoud van de mucosale homeostase. Recent onderzoek heeft
uitgewezen dat vooral een specifiek type afweercellen hierbij een belangrijke rol speelt. Dit is een
familie van lymfocyten, die behoort tot het aangeboren immuunsysteem en zodoende worden deze
cellen “innate lymphoid cells” (ILCs) genoemd. Tot op heden zijn hiervan drie verschillende subsets
beschreven: ILC1, ILC2 en ILC3.
Het soort signalen dat wordt uitgescheiden door ILCs en de mate waarin dit gebeurt, hangt zowel
af van het samenspel tussen ILCs met andere soorten afweercellen, als ook van de interacties die
ILCs aangaan met de microflora, stromale cellen en de epitheellaag. De strategische locatie van
de ILCs in het slijmvliesweefsel en de verschillende effector functies zorgen er voor dat ILCs direct
kunnen reageren op plotselinge veranderingen in het micromilieu. Zonodig kunnen zij direct andere
effector cellen instrueren, met als doel de mucosale homeostase te bewaken of te herstellen door
middel van het initiëren van een beschermende afweerrespons. Echter, wanneer dit niet goed is
gereguleerd kunnen ILCs ook bijdragen aan afweercel gemedieerde pathologie (immunopathologie)
van de longen en darmen.
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cellen die vooral aanwezig is in het slijmvliesweefsel tijdens de herstelfase na een ontsteking en in
homeostase. Aldus concludeer ik dat de in hoofdstuk 2 genoemde transdifferentiatie van ILC3 naar
ILC1 een reversibel proces is
In hoofdstuk 4 wordt voorts beschreven door welke signalen ILC2 geactiveerd worden en van welke
cellen deze signalen afkomstig kunnen zijn. Verder is in dit hoofdstuk onderzocht welke intracellulaire
signaalpaden door ILC2 worden gebruikt voor het produceren van ILC2 specifieke cytokines.
Al laatste zijn in hoofdstuk 5 de ILC populaties in longweefsel van COPD patiënten en in poliepen
van chronisch rhinosinusitis (CRS) patiënten vergeleken met controlegroepen. In COPD wordt een
substantiële afname van ILC2 gevonden, terwijl in CRS de frequentie van ILC2 juist is toegenomen.
COPD en CRS zijn verschillende soorten ontstekingsziekten die respectievelijk zijn geassocieerd met
IL-12 en IL-1β en met IL-4. In dit hoofdstuk wordt beschreven dat deze cytokines het fenotype van de
ILCs kunnen beïnvloeden; net zoals tussen ILC1 en ILC3 is transdifferentiatie tussen ILC1 en ILC2 een
reversibel proces dat afhankelijk is van het micromilieu waar deze cellen aan worden blootgesteld.
Samengevat hebben de resultaten van het in dit proefschrift beschreven onderzoek geleid tot de
identificatie van een hiervoor nog onbekende ILC subset (ILC1) die vooral voorkomt in een bepaald
soort ontstekingen. Ook blijkt uit mijn resultaten dat alle ILC subsets een bijzonder plastisch
type lymfocyten zijn die in staat zijn in elkaar te transdifferentiëren onder invloed van bepaalde
omgevingssignalen. Hierdoor kunnen ze snel en efficiënt reageren op veranderingen van het
micromilieu, zonder dat eerst nieuwe cellen hoeven te worden gerekruteerd vanuit de periferie.
De identificatie van een “inflammatoire” ILC subset en de signalen die deze en andere ILCs reguleren
bieden mogelijk nieuwe perspectieven voor de ontwikkeling van therapeutische interventies.

A

In dit proefschrift naar de biologie van humane ILCs beschrijf ik de intracellulaire en intercellulaire
signalen die betrokken zijn bij de regulatie van de verschillende ILC subsets. In hoofdstuk 2
worden allereerst de verschillende ILC subsets die voor komen in de humane darm beschreven.
Onder homeostatische condities blijkt de darm grotendeels uit ILC3 te bestaan. Maar in ontstoken
darmweefsel, zoals bij patiënten die lijden aan de ziekte van Crohn, blijkt de frequentie van ILC3
zich omgekeerd evenredig te verhouden tot de in dit hoofdstuk voor het eerst beschreven proinflammatoire ILC1. ILC1 blijken vooral te expanderen in ontstoken weefsels dat is geassocieerd met
verhoogde waarden van type 1 cytokines, zoals interleukin (IL)-12 interferon (IFN)-γ, tumor necrosis
factor (TNF)-α. Bovendien blijken ILC3 onder invloed van IL-12 te transdifferentiëren naar de proinflammatoire ILC1. In hoofdstuk 3 beschrijf ik vervolgens hoe deze ILC1 onder invloed van IL-23 en
IL-1β weer terug differentiëren naar ILC3. Dit proces wordt versterkt in de aanwezigheid van retinoine
zuur, een vitamine A metaboliet dat wordt geproduceerd door een bepaald type dendritische
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Appendices

DANKWOORD
“Dat lijkt me niet nodig; immunologie leer je hier”, was jouw antwoord toen ik aan het begin van mijn
promotietraject voorstelde een cursus immunologie voor PhD studenten te volgen. Beste prof. Spits,
beste Hergen, ik had me geen betere mentor in de immunologie en geen interessantere promotieplek
kunnen wensen. Je hebt enorm veel kennis en ervaring en weet altijd weer een verrassende
invalshoek te vinden. Ik heb tijdens de wekelijkse meeting op woensdagochtend genoten van jouw
traktaties op studies uit de oude doos, die af en toe nog verrassend actueel bleken te zijn. Je hebt
me vrijheid gegeven om me te ontwikkelen als onderzoeker. Heel veel dank voor alles. En wat betreft
de cursus, ik denk dat je gelijk hebt gehad. Ik hoop de komende jaren van je te kunnen blijven leren.
Dear Carla, immunology started for me in San Diego at the Salk Institute during my visit at the Lemke
lab. At that time as a student in neurosciences, I expected to study a certain family of proteins related
to the nervous system, but instead I started working on immune cells of the intestinal tract. Quite a
different topic, but it made me soon realize that it is immunology that I like the most. Your dedication,
enthusiasm, and passion for science are contagious, and inspired me to pursue a scientific career in
immunology. I remember well that you asked me to read the decision letter of your job-interview
at Yale University, because you were too nervous. Of course they wanted to have you there, and I
feel honoured that I had the possibility to join you as your first student. We built up the Rothlin-lab,
together with Antonio and Leo, and I feel very special having been part of that. Also I would like to
thank you for being part of my committee and coming over for my thesis defence. It means a lot to
me, thank you so much.
Na mijn afstuderen wist ik dus zeker dat ik wilde promoveren op het gebied van intestinale
immunologie. Een klein probleem was echter dat ik geen immunologie achtergrond heb en zodoende
niet wist bij wie of waar ik dit zou kunnen doen. Ik heb vele ziekenhuizen en onderzoeksinstituten
in Nederland aangeschreven. Beste prof. van den Brink, beste Gijs, jij reageerde direct enthousiast
en ik was erg blij dat ik bij jouw groep in Leiden destijds een presentatie mocht geven. Jij bracht me
in contact met Wouter op het AMC, waar ik de mogelijkheid had een beurs aan te vragen om mijn
onderzoek voort te zetten. Beste prof. de Jonge, beste Wouter, ik ben blij dat je mij de mogelijkheid
hebt gegeven om bij jou in het lab aan de slag te gaan. Dat later ook Gijs op het Tytgat Instituut zou
gaan werken wist ik toen nog niet en al helemaal niet dat ook Hergen zich weer zou vestigen op het
AMC. Doordat jullie toen vertrouwen in mij hadden, kan ik nu mijn thesis verdedigen. Ik vind het dan
ook ontzettend leuk dat jullie beide zitting hebben genomen in mijn commissie. Veel dank voor alles.
Graag wil ik ook dr. Blom, mijn co-promotor bedanken. Beste Bianca, halverwege mijn promotietraject
ben ik vanuit het Tytgat naar jouw lab verhuisd op de afdeling Celbiologie en Histologie waar ik me
mede dankzij jou direct welkom voelde. Ik val regelmatig je kamer binnen voor advies, met ideeën en
vragen. Ik hoop dat te kunnen blijven doen.
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Dankwoord
Naast de hiervoor genoemde commissieleden wil ook graag prof. Mebius, prof. Baeten en prof. van
der Poll bedanken voor het zitting nemen in mijn leescommissie en het (versneld) beoordelen van
mijn proefschrift.
Mijn proefschrift had niet tot stand kunnen komen zonder de fantastische samenwerking met het
gastrointestinale chirurgie team van het AMC. In het bijzonder wil ik dr. Buskens en prof. Bemelman
daarvoor bedanken.
Dan mijn paranimfen, Marius en Eef. Beste Marius, wij zijn ongeveer tegelijkertijd aan het
promotietraject begonnen. Lange dagen hebben we gemaakt, heel veel zelfs, maar afzien was het
eigenlijk nooit. Onze diners bij de drive-in tijdens het nachtelijke sorten en de borrels in het Gasthuys
om resultaten te bespreken heb ik fantastisch gevonden en mis ik nu enorm. En dan natuurlijk nog
onze uitvinding. Dat het werkt is zeker, we moeten het alleen nog even laten zien. En natuurlijk werd
jij mijn paranimf. Bedankt! Beste Eef, vanzelfsprekend ben jij mijn andere paranimf. Al heb je geen
idee waar ik me al die jaren nou precies al mee bezig houd, toch heb je altijd oprechte interesse
getoond. En ook help je me altijd om te relativeren als ik me ergens druk over maak. Bedankt dat je
mijn paranimf wil zijn.
Verder wil ik natuurlijk de leden van het Spits-team bedanken. Beste Jenny en Charlotte, jullie
vormden in de eerste jaren als twee-eenheid de kern van het team. In het begin vond ik het daardoor
wat lastig om mijn plek te vinden, maar na verloop van tijd veranderde dat. Er ontstond een prettige
samenwerking tussen ons drieën die geleid heeft tot prachtige publicaties. Beste Xavi en Suzanne,
jullie hebben het afgelopen jaar in een recordtijd een enorme hoeveelheid data gegenereerd. Zonder
jullie enorme inzet en enthousiasme was ons mooie paper er niet gekomen. Bedankt! Beste Lisette,
af en toe vergat ik even dat je nog student was; je draaide al gauw mee als volwaardig onderzoeker.
Bedankt voor jouw bijdrage aan ons mooie paper en natuurlijk fantastisch dat je nu als PhD student
bij ons bent teruggekomen. Ondertussen is het team nog verder uitgebreid en nu ik dit schrijf besef
ik opeens dat het allemaal vrouwen betreft: Kristine, Mara, Maho, Melanie, Vera, Mette, Joannah,
Loes, Cynthia, Sophie, Kim en Nathalie. Allemaal hebben jullie op een of andere manier geholpen dit
proefschrift tot stand te laten komen. Hartelijk dank.
Natuurlijk wil ook de mensen van HIS-muis faciliteit en van de sort faciliteit bedanken. Beste Kees,
Arie, Esther Julien, Berend en Toni, hartelijk dank voor al jullie hulp.
Tenslotte, lieve Ber, zonder jou was het me nooit gelukt. Jouw onvoorwaardelijke steun, betrokkenheid,
enthousiasme, geduld en vertrouwen vind ik heel bijzonder. Dank je wel, ik hou heel veel van je.
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