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1. General task of the immune system
The immune system is tasked to maintain a delicate balance between tolerating 
foreign harmless matters while attacking and eliminating harmful substances such 
as bacteria, viruses and parasites that continuously try to invade our body. At the 
same time, it must be capable of eliminating malignant self while tolerating healthy 
cells. This task is accomplished by a network of immune cells constantly scanning 
the cellular status in the surrounding tissue and activating or inhibiting each other 
through cellular contact or secretion of signaling molecules such as cytokines, 
chemokines and growth factors. The immune system is classically divided into two 
arms; innate immunity and adaptive immunity. Innate immune cells provide a rapid, 
but non-specific response to danger signals and instruct the cells of the adaptive arm 
which later provide a specific long-lasting response that ultimately clears the threat. 
Memory formation upon an adaptive immune response allows quick reactivation of 
antigen specific cells upon reinfection and faster clearance of the pathogen. In the 
past 15 years, immune cells are discovered that share phenotypes and functions 
with adaptive immune cells but already orchestrate an immune response at the 
early onset of infection. These cells were called Innate Lymphoid Cells (ILCs)1. In 
this thesis we explored the heterogeneity and plasticity of human ILC subsets in 
health and disease, with particular interest in the identification, development and 
implication of cytotoxic ILCs and their distinction from helper ILCs and Natural 
Killer (NK) cells.

2. Cytotoxic versus helper functions in immune cells
Cytotoxicity is an ancient defense strategy to eliminate host cells that are 
compromised due to an infection or oncogenic events and is exerted by adaptive 
CD8+ cytotoxic T cells (CTLs) and innate NK cells. CTLs require pre-activation by 
Antigen Presenting Cells (APCs) of the innate immune system, are directed against 
a specific virus or tumor antigen and only kill cells that present these antigens 
on Major Histocompatibility Complex (MHCI)2. NK cells were first noticed for their 
‘ ’natural’’ ability to kill tumor cells without any prior activation3. NK cell killing 
is regulated by a large range of receptors that assess the health status of host 
cells in the surrounding tissue. The outcome of synergistic signals delivered by 
interactions between these activating and inhibiting receptors and the target cell 
is decisive of whether an NK cell kills4. The modes of action of CTLs and NK cells 
are complementary. For example, healthy MHCI expression prevents killing by a 
patrolling NK cell through binding to inhibitory NK cell receptors, but when a specific 
antigen is presented in MHCI the target cell is susceptible to CTL killing. Conversely, 
malignant or infected cells have often downregulated MHCI5,6, thereby escaping CTL 
killing, but the lack of MHCI detection and potential expression of stress molecules 
leaves them susceptible to NK cell killing. Target cell elimination is mediated by the 
formation of a lytic immunological synapse between the cytotoxic cell and its target 
after which cytotoxic molecules are released. The major cytotoxic molecules include 
perforin and granzymes. Perforin forms a pore in the membrane of the target cell 
that allows entry of granzymes which cleave a variety of targets to induce cell death7.
Non-cytotoxic, or helper, immune cells exert their effector functions through 
secretion of cytokines and chemokines which instruct or attract other immune cells, 
thereby ‘’helping’’ to mount an appropriate immune response. The types of immune 
responses are roughly subdivided into type 1, type 2 and type 3 with each their 
signature cytokines. Type 1 immune responses provide defense against intracellular 
bacteria and viruses but overactivation can cause inflammation or autoimmune 
disease. Type 2 cytokines help in the defense against helminths and parasites but 
can also cause allergy and asthma. Type 3 immunity provides protection against 
extracellular bacteria and fungi but can also contribute to inflammation and 
autoimmunity. The subdivision of immune response types was made in the T cell 
field where CD4+ T helper cells are polarized towards Th1 (type 1), Th2 (type 2) or 
Th17/22 (type 3) during maturation and activation8,9. This activation is mounted 
by APCs which take up antigens in the surrounding tissues, travel to the lymph 
node, present these antigens and secrete T cell skewing cytokines. Upon activation, 
antigen specific T helper cells instruct B cells to produce antibodies and activate 
CD8+ CTLs. It takes several days for this adaptive immune response to be in place.
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In the past 15 years, is has become clear that cells from the innate immune system, 
ILCs, produce similar signaling molecules as T helper cells but without specific 
antigen priming1,10. Thus, similar to cytotoxic cells, also helper cells are found in both 
the innate and adaptive arm of the immune system and ILCs are often regarded as 
the innate equivalent to CD4+ T helper cells whereas NK cells are regarded as the 
functional equivalent of CD8+ cytotoxic T cells.

3. Classification and functions human ILC subsets
130 years after the recognition of leukocytes11 and only 13 years after the distinction 
between T and B cells was first made12, the first reports on the existence of mouse 
non-T, non-B cells with ‘’natural’’ cytotoxic properties date from 197513,14 and a year 
later the presence of NK cells was confirmed in humans3. In 2001 and 2002 studies 
performed in the mouse first hinted towards in a non-cytotoxic, non-B, non-T 
cell population that produced IL4, IL-5 and IL-13 in response to IL-2515,16 and were 
later shown involved in resistance against the helminth parasite Nippostongylus 
brasiliensis17. Then in 2008 and 2009, several other non-T, non-B lymphocyte 
populations with the capacity to produce IL-22 were identified18–22. After several 
reports further characterizing and proposing different names for these cells23–30, 
it was quickly realized that these populations were the innate equivalents of the 
well-known subpopulations of T helper cells31. A uniform nomenclature calling them 
Innate Lymphoid Cells was proposed in 20131 and revised in 202010. Our knowledge 
on ILC subsets, their localization and their functions has expanded tremendously 
over the past years.
ILCs control tissue and metabolic homeostasis, protect from infectious diseases, but 
these cells can also contribute to the pathology of chronic inflammation. Strategically 
located at mucosal sites, ILCs are an important source of effector cytokines secreted 
upon exposure to mediators and cytokines produced by epithelial, stromal, or other 
immune cells. In an antigen independent manner, ILCs produce cytokines already 
at the onset of an infection thereby sustaining and regulating appropriate immune 
responses to commensals and pathogens at mucosal barriers. ILCs are classified 
in five subsets, Lymphoid Tissue inducer (LTi) cells (extensively reviewed in ref 32), 
cytotoxic NK cells, and non-cytotoxic helper ILC1s, ILC2s and ILC3s of which the latter 
four are considered the innate equivalents of CD8+ T cells and T helper(h)1, Th2 and 
Th17/22 cells1,10. In general all ILC subsets, with the exception of conventional NK cells, 
are characterized by the expression of the IL-7Rα (CD127) and the absence of surface 
markers that define T cells, B cells, myeloid cells, granulocytes, hematopoietic stem 
cells, and plasmacytoid dendritic cells31,33. Further characterization of subsets is 
based on the expression of additional surface markers, transcription factors, and 
cytokines (Figure 1).

Figure 1. Classification of innate lymphoid cell (ILC) subsets. 
For each ILC subsets, the effector cytokines produced in response to the main stimulating/
activating cytokines/mediators, together with the transcription factors important for their 
function are depicted

3.1 Conventional NK cells
NK cells circulate in peripheral blood (PB) and are implicated in tumor surveillance 
and protective immunity to intracellular bacteria and viruses. They generally express 
the transcription factors T-bet and Eomesodermin (Eomes) and produce IFN-γ upon 
activation with inflammatory cytokines, such as IL-15, IL-12 and IL-18 (Figure 1, also 
extensively reviewed in ref 34). Human PB NK cells are historically defined as cytotoxic 
CD56dimCD16+ NK cells and cytokine-producing CD56brightCD16- NK cells which 
could obtain cytolytic activities upon activation. NK cells are distinguished from 
helper ILCs by their expression of Killer-cell immunoglobulin-like receptors (KIRs), 
CD94/NKG2 dimers, Eomes and their secretion of cytotoxic granzymes and perforin. 
In humans, tissue resident intraepithelial (ie)ILC1s have been reported to share 
many characteristics with NK cells, such as surface markers, Eomes expression, 
IL-15 responsiveness, IFN-γ production, and cytotoxicity. These cytotoxic ieILC1s are 
found in the tonsil and the intraepithelial compartment of the intestine35.

3.2 ILC1
Helper ILC1s share several common features with NK cells, such as T-bet expression 
and IFN-γ production, but in contrast to NK cells, they do not express Eomes and have 
no or very low cytotoxic capabilities34,36–38. ILC1s are implicated in immunity towards 
intracellular bacteria, viruses and parasites. The first study recognizing ILC1s, back 
then named thymic NK cells, was performed in a mouse model and demonstrated 
their main characteristics such as IFN-γ production and the expression of the ILC 
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marker CD12739. Some years later, human non-cytotoxic IFN-γ producing ILC1s were 
characterized by the expression of CD127 and the absence of the NK cell markers 
CD56, CD94, Eomes, and cytotoxic molecules36,37. Furthermore, ILC1s lack the other 
ILC subtype defining markers such as CRTH2 (ILC2 defining marker), CD117 and 
NKp44 (ILC3 defining markers). So far human CD127+CD117-NKp44- ILC1 are found 
in the tonsil, intestinal lamina propria, lung, spleen, fat, blood, cord blood, skin and 
liver where they are named tissue resident NK cells36–38,40–45. IFN-γ production by 
ILC1s is induced by cytokines secreted by myeloid cells, most notably IL-12 and can 
be boosted by IL-1836. Particularly DCs secrete IL-12 and IL-18 upon recognition of 
bacterial pathogens which subsequently induces IFN-γ production by ILC1s. The 
functions of IFN-γ range from promoting the release of antimicrobial products in 
macrophages, enhancing antigen processing and presentation pathways46 and 
promoting mucus release in epithelial cells47, thereby enhancing antibacterial, 
viral and anti-cancer immunity. In the mouse IFN-γ producing ILC1s were shown 
indispensable for the clearance of intracellular pathogens such as Salmonella 
enterica47 and Toxoplasma Gondii48. ILC1s are also implicated in immunity against viral 
infections. During mouse cytomegalovirus (MCMV) infection, mouse liver ILC1s were 
shown to recognize the MCMV-encoded glycoprotein M12 and expand and contract 
after infection to form a stable pool of IL18R+ memory cells that displayed enhanced 
effector functions during reinfection49. These memory ILC1s displayed distinct 
transcriptional and epigenetic features characterized by enhanced expression of 
the cytokine receptors and IL-2R, IL-18R and IL7R when compared to naïve ILC1s49,50.
Studies in the mouse indicate that the modes of action of ILC1-derived IFN-γ is 
diverse. Recent work indicates that IFN-γ produced by mouse liver resident ILC1s 
promotes their own development by inducing expansion and differentiation of their 
progenitors in a T-bet dependent manner51. One of the first studies indicating a role 
for tissue protection of ILC1s shows that ILC1-derived IFN-γ promotes the survival 
of hepatocytes through induction of Bcl-xL during acute liver injury52. It remains to 
be investigated whether similar mechanisms exist in humans.
In mice, the distinction between ILC1s and NK cells is based on the expression of 
CD49a and CD49b, as CD49a+ ILCs express higher transcripts for IL7R and CD200R1 
and CD49b+ NK cells express Eomes53. CD49a+Eomes- ILC1s are found in the 
liver44,51,54,55, peritoneal cavity53, adipose tissue56, small intestine47, skin, thymus and 
lymph nodes57. In humans, ILC1s and NK cells are not distinguished by CD49a and 
CD49b but rather by the combination of CD94, CD127, Eomes en T-bet expression. 
Recent work indicates that, similar to mouse, CD200R1 is expressed on human 
peripheral blood ILC1, ILC2 and ILC3s, but not NK cells58. However, ILC1s and NK cells 
described in different tissues show high transcriptional and phenotypical diversity 

and overlapping markers10,59–61. Additionally, a marker that exclusively defines helper 
ILC1s remains to be found.

3.3 ILC2
Group 2 ILCs (ILC2s) are found in the blood, lungs, skin and tonsil in humans. In the 
mouse, ILC2s are dispersed through all mucosal tissues and the peripheral blood. 
ILC2 development is controlled by the GATA3 transcription factor in both human and 
mouse30,62 and these cells have the capacity to produce type 2 cytokines, including 
IL-5, IL-9, IL-13, the epidermal growth factor receptor ligand amphiregulin, and IL-4. 
ILC2s were shown to mediate parasite expulsion and tissue repair but also contribute 
to type 2 inflammatory diseases such as allergy, asthma and chronic rhinosinusitis 
with nasal polyps (CRSwNP)24–26,30,63–65. While the ILC2 activating cytokines IL-33 and 
IL-25 are potent inducers of IL-5 and IL-1366,67, TSLP produced by epithelial cells68, 
enhances the production of type 2 cytokines69,70. Besides cytokines, ILC2s are (co)-
activated by prostaglandin D2 (PDG2)71,72, cysteinyl leukotrienes (cysLTs)73–76 and 
neuropeptides77–79.
The ILC2 activating alarmins are produced by a large array of cells, either 
constitutively or upon exposure to pathogens. For example, IL-33 is constitutively 
expressed by epithelial cells at barrier sites80 and produced by fibroblasts, mast 
cells, macrophages, endothelial cells and keratinocytes upon activation81,82. IL-25 
is produced by epithelial cells83,84, keratinocytes in the skin85, macrophages86, 
eosinophils, basophils, mast cells87 and Th2 cells15. Specialized epithelial cells called 
tuft cells, produce IL-25 in the intestine, skin and thymus which in turn activates 
ILC2s to produce IL-1376,88,89. The tuft cell-ILC2 interplay is particularly interesting 
as tuft cells also produce cysLTs73,76,90 which cooperate with IL-2576 or IL-3373 to 
induce IL-13 expression in ILC2s. ILC2-derived IL-13 is important for the clearance 
of the helminth parasite Nippostrongylus brasiliensis by inducing smooth muscle 
contraction and mucus production, but also for epithelial remodeling by inducing 
tuft cell differentiation and goblet cell hyperplasia76,79,91.
IL-5 produced by ILC2s in response to epithelial-derived alarmins recruits and 
maintains eosinophil function and survival92. Eosinophils produce IL-4 which in 
turn induces IL-5 production by ILC2s, revealing cross-talk and co-maintenance 
between ILC2s and eosinophils38. This positive feedback loop is of importance in 
CRS as inflamed nasal polyps from these patients display elevated type 2 cytokines 
and increased ILC2 and eosinophil frequencies38,93,94. In the mouse stomach, IL-5 
produced by ILC2s during Helicobacter pylori infection induce IgA secretion by plasma 
cells which in turn coats and controls bacteria95. It remains to be elucidated whether 
a similar mechanism is present in humans.
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Latest research indicates regulatory properties of ILC2s via the production of IL-10 in 
mice96–98 and humans99,100. In mice a natural subpopulation of IL-10-producing ILC2s 
is present in the lungs96,98 and intestine97. IL-10 can be induced in vitro by IL-2, IL-4, 
IL-27, IL-33, neuromedin U or chronic exposure to the allergen papain. IL-10 inhibits 
ILC2 effector functions in an autocrine manner98 and sustains a positive feedback 
loop by further inducing IL-10 production by ILC2s97. In humans IL-10 production is 
observed specifically in KLRG1+ ILC2s and is induced by retinoic acid (RA) and IL-
3399,100. The clinical symptoms of grass-pollen allergic individuals inversely correlates 
with IL-10-producing ILC2s upon immunotherapy indicating that these cells play a 
critical role in tolerance to allergens99. On the other hand, IL-10 producing ILC2s 
were rarely found in nasal tissue from healthy individuals but increased in nasal 
polyps from CRS patients suggesting that the IL-10 producing ILC2s are dispensable 
in healthy nasal tissue100.
Interestingly, ILC2s are abundant in the mouse adult intestine62, and in the human 
fetal intestine30,38,66, but absent in the human adult intestine 38,61,101–103. Possibly 
intestinal ILC2s lose their specific markers such as CRTH2 and are thus missed in 
analyses or they disappear after birth. However, no cells with ILC2 transcripts were 
detected in the latest studies employing scRNA sequencing on the total CD127+ ILC 
population in human colon61 and on the total CD3-CD19- cell population in ileum59, 
suggesting that they disappear. Generally, ILC2s are characterized by the expression 
of the PGD2 receptor CRTH2, however, downregulation of CD127 and CRTH2 
expression upon activation in vitro has been described38,72 and unconventional 
CRTH2-CD127- ILC2s were identified in human blood and lung104. Therefore, the true 
frequencies of ILC2s may have been underestimated in previous studies. Indeed, 
scRNA sequencing revealed a relative high presence of CRTH2- ILC2s in human 
lungs61. It would be of interest to reanalyze the presence of ILC2s, including CRTH2- 
ILC2s, in inflammatory diseases.

3.4 LTi cells
LTi cells act to orchestrate the generation of nascent lymphoid tissue through 
a process that requires their interaction with stromal organizer cells, which is 
dependent on lymphotoxin23,105. LTi cells are closely related to ILC3s as they express 
the Retinoic Acid Receptor-related orphan receptor gamma (RORγt) and can produce 
IL-22 and/or IL- 17, which are important for epithelial barrier integrity and immunity 
against fungal infections respectively106. Although closely related, in mice ILC3s and 
LTi cells develop via distinct pathways107. In mice, all LTi cells are CCR6+ and can 
further be subdivided into CD4+ and CD4− populations, both expressing RORγt. 
Almost all human ILC3s express CCR6, therefore this marker cannot be used to 
distinguish ILC3s and LTi cells20,27. However, within the human ILC3 population 

resides a neuropilin-1 (NRP1) expressing subset with LTi activities, which is found 
in the mesenteric lymph node, spleen, tonsil, thymus and lung tissue of smokers108.

3.5 ILC3
Group 3 ILCs are the most abundant ILC subset in human intestines and tonsil and 
their functions are extensively investigated. They are defined by the expression of 
RORγt and their capacity to produce IL- 22 and/or IL-17 and GM-CSF in response 
to IL-2, IL-23 and IL-1β18,20,21,27,109–114. Human ILC3s all express CD117 and can be 
subdivided by the expression of NKp44. NKp44-expressing ILC3s are restricted 
to the tissue and are the main IL-22 producers. Within the NKp44- ILC pool resides 
an ILC precursor similar as found in peripheral blood58,115 and an IL-17-producing 
subset, perhaps a mix of ILC3s and transdifferentiated ex-ILC2s38,116,117. Peripheral 
blood NKp44- ILC3s exhibit the potential to develop into all ILC subsets, including 
cytotoxic NK-like cells, and may encompass ILC precursors (ILCp) and possibly 
immature ILC3s58,115.
ILC3 functions are critical in the intestine, where they mediate homeostasis, 
activation or repression of the adaptive immune response, bacterial immunity, 
chronic inflammation and tissue repair. Already before birth, the intestine contains 
numerous ILC3s which are modulated by signals derived from the maternal 
microbiota118. In newborn mice ILC3s produce IL-22, most likely in response to 
myeloid cell-derived IL-23 upon colonization of segmented filamentous bacteria. 
IL-22 was shown to induce amyloid A proteins 1 and 2 in epithelial cells in a STAT3 
dependent manner, which in turn promote IL-17A producing T cells119. Additionally, 
before CD4+ T cells are in place, IL-22 promotes production of antimicrobial 
molecules in intestinal epithelial cells, also via STAT3120–123. The importance of 
intestinal ILC3s in regulating microbiota induced immune responses remains 
through adulthood. For example, microbiota-induced IL-1β production by intestinal 
macrophages induces GM-CSF production by ILC3s which signals back to DC’s and 
macrophages that in turn activate colonic Tregs, thereby promoting tolerance to 
commensals113. In mice, MHCII expressing ILC3s were shown to directly present 
microbial antigens to CD4+ T cells in which the lack of co-stimulatory molecules 
results in inactivation of commensal specific T cell responses124. Their antigen 
presentation capacity also allows ILC3s to indirectly suppress IgA+ plasma cells 
via restricting T follicular helper cell responses in the intestinal mesenteric lymph 
nodes125. On the other hand, ILC3s are capable of inducing an effector T cell response 
as activation by IL-1β or TL1A induce upregulation of co-stimulatory molecules, which 
allows bidirectional activation of both CD4+ T cells and ILC3s126,127. ILC3 activation by 
TL1A is a double-edged sword as microbiota induced production of TL1A by CX3CR1+ 
mononuclear phagocytes can either promote the ILC3-IL-22 axis and protect against 
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acute colitis or induce aberrant T cell activation and T cell driven colitis127. In humans, 
HLA-DR+ ILC3s are found in the blood, gut and spleen and are able to take up, 
process and present full protein128,129. However, in the intestine a similar mechanism 
as in mice takes place, as these ILC3s do not express co-stimulatory molecules 
and the gut microenvironment induces IL-23-mediated MHCII downregulation. In 
contrast, splenic ILC3s are efficient T cell activators which could be explained by the 
absence of IL-23129. Similar to mice, stimulation with IL-1β upregulates co-stimulatory 
molecules on both PB ILC3s and ILC2s and could elicit a cytomegalovirus-specific 
memory CD4+ T cell response128. ILC3s in the colon from colorectal cancer (CRC) 
patients displayed higher HLA-DR, but despite their lack of co-stimulatory molecules 
they co-localized with T cells, implying their potential to acquire antigen-presenting 
characteristics in vivo128. Another mode of immunosuppression by specialized human 
ectoenzyme expressing (ecto+) ILC3s is the suppression of T cell activation through 
the production of adenosine. These ecto+ ILC3s were depleted in the intestine of 
patients suffering from aberrant immune activation during graft versus host disease 
(GVHD)130.
ILC3-epithelial cell interactions are bidirectional as epithelial cells can also deliver 
signals to ILCs. Retinoic Acid (RA), derived from vitamin A, produced by epithelial 
cells131 and specialized DCs132, boosts IL-22 production in ILC3s133 (also shown in 
chapter 4). By binding to the RORC promotor, RA induces RORγt expression, in turn 
enhancing AHR expression which subsequently boosts IL-22 expression by binding 
to the IL22 locus134–137. IL-22 acts directly on the epithelial barrier by promoting 
epithelial cell proliferation138,139 and secretion of antimicrobial peptides to maintain 
segregation from commensal120,121. The importance of AHR and ILC3-derived IL-22 
in maintaining the epithelial barrier extends to genome integrity during genotoxic 
stress in epithelial cells in response to certain metabolites of glucosinolates found 
in cruciferous vegetables. These metabolites bind to AHR, thereby controlling 
IL-22 production by ILC3s. IL-22 signaling in epithelial cells regulates DNA Damage 
Responses (DDR) that induces apoptosis in damaged cells or blocks the cell cycle 
to allow for DNA repair. Therefore, ILC3-derived IL-22 protects from malignant 
transformation137. However, the involvement of IL-22 in cancer formation is two faced 
as overproduction of IL-22 could result in uncontrolled epithelial cell proliferation. 
Therefore, negative regulators of IL-22 are in place, including epithelial cell-derived 
IL-25140 and DC produced IL-22BP121,141.
Besides its importance in homeostasis control, ILC3-derived IL-22 is induced by 
phagocyte derived IL-23 and IL-1β upon pathogenic exposure111,112. For example 
in mice, phagocyte derived IL-23 and subsequent IL-22 production by ILC3s was 
shown particularly important for survival upon Citrobacter Rodentium infection, 
which is a natural murine intestinal pathogen that serves as a model for human 

enteropathogenic and enterohemorrhagic E. coli infections18,109,111,112,114,142,143. ILC3-
derived IL-22, particularly in combination with NF-kB activating cytokines including 
IL-17A, TNF and IFN-γ, was a potent inducer of the antimicrobial peptide lipocalin-2 
(LCN-2) in human intestinal epithelial cell lines. LCN-2 specifically protects against 
Enterobacteriaceae by neutralizing enterobactin, an important iron-scavenging 
molecule123.
Overall, ILC3s play an important role in the complex cross-talk between epithelial 
cells, phagocytes and T cells which all together regulates tolerance towards harmless 
commensals and contributes to protection against intruding pathogens.

4. ILC and NK cell development
ILC development is studied in more detail in mouse than in human. Similar to T 
and B lymphocytes, ILCs develop from the common lymphocyte progenitor (CLP) 
present in fetal liver and bone marrow144. Expression of inhibitor of DNA binding 2 
(Id2) represses E-box proteins that would otherwise induce T or B cell commitment. 
Different ILC-committed progenitors have been described that can differentiate into 
all helper and cytotoxic ILC subsets such as the α-lymphoid precursor (αLP)145 and 
the ILC progenitor (EILP)146,147. It was the consensus that all helper ILCs express CD127 
and depend on IL-7 for their development, whereas NK cells develop from the CLP 
via the NK progenitor (NKp) under the influence of IL-15 instead of IL-7148. However 
recent research shows that the EILP progenitor gives rise to the ILC progenitor which 
progress to express transcription factors that define a common NK, ILC1 and ILC3 
developmental pathway, branched from the ILC2p149. Thus it seems that the ILCp is 
not strictly ILC-lineage restricted but retains some NK cell lineage potential.
In humans, ILC / NK cell development is less well studied. Two groups described 
a human RORγt-expressing CD34+ ILC progenitor in secondary lymphoid tissues 
and small intestine that was able to give rise to all helper ILCs and Eomes+ NK 
cells150,151. Similar to mice, a divergence of an ILC2 committed precursor from a 
common NK / ILC3 pathway was described in the tonsil152. Studies provide evidence 
for ILC development in peripheral blood as they described circulating human ILC 
progenitors that had the potential to develop into all ILC subsets and NK cells115. 
These cells express CD127 and CD117 and were previously considered ILC3s, but 
could give rise to all ILC subsets when cultured with IL-1β and IL-23. Nagasawa 
et al showed that the ILCp population contains a committed NKp46+ ILC3 
precursor that give rise to IL-22 producing ILC3s and could be skewed towards 
IFN-γ producing ILC1s and cytotoxic Eomes+ cells, and a KLRG1+ pre-ILC2 subset 
representing a developmentally intermediate stage of ILC2s58. Interestingly, the 
ILC3/1/NK precursor had no capability to develop into ILC2s, whereas the pre-ILC2 
could differentiate towards IL-22, IL-17A, IFN-γ producing ILCs upon stimulation with 
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ILC3- or ILC1- skewing cytokines (Figure 2). A recent study further dissected the 
differentiation potential of KLRG1+ pre-ILC2s and found a CD62L-expressing subset 
that mainly differentiated into ILC2s, whereas CD62L- cells could also differentiate 
into other subsets. These findings should be confirmed in experiments using single 
cell culturing153.

Figure 2. Model for human ILC development. 
All ILCs are derived from the common lymphoid progenitor (CLP). Pre-ILC2s give rise to ILC2s, but 
have the capacity to differentiate towards ILC3s or ILC1/NK-like cells when stimulated with type 3 
or type 1 cytokines. Pre-ILC3s give rise to RORγt+ ILC3s when cultured with IL-2+IL-7 but require 
IL-1β+IL-23 stimulation for IL-22 production. Pre-ILC3s can also give rise to ILC1/NK cells when 
stimulated with IL-1β and IL-12 or IL-23. Pre-ILC3s cannot give rise to ILC2s.

5. Plasticity of ILCs
Similar to CD4+ T helper cells154, ILCs are plastic cells. The concept of plasticity 
involves the (reversible) transdifferentiation of a mature cell into another mature 
cell, thereby adapting its phenotype and function. Plasticity differs fundamentally 
from cellular development or maturation, which by definition involves the 
irreversible change from an immature to a mature cell and, as a consequence, a 
change of their phenotype and often its function. However, the phenotype and 
function of a mature cell is not carved in stone and can be modified by changing 
local tissue microenvironmental conditions. Multiple studies show that mature 
ILCs can, similar to T helper cells, generate characteristics of other subtypes in 
response to local environmental cues and are thus plastic cells. This allows for 
rapid and efficient mounting of an appropriate immune response, but dysregulation 
of plasticity could contribute to the development and maintenance of chronic 
inflammation37,38,116,117,155–160 (Figure 3).

5.1 Plasticity of ILC2
Two independent groups described human ILC2 conversion into IFN-γ expressing 
ILC1s under the influence of IL-12 and IL-1β (Figure 3)38,116,117,157. ILC2-ILC1 plasticity 
is potentiated by IL-1β stimulation which transcriptionally activates loci encoding 
for TBX21, IFNG and IL12RB2, allowing IL-12 signaling in ILC2s and subsequent 
upregulation of IFN-γ and T-bet38,117.
These IFN-γ producing ex-ILC2s were accumulated in lung tissues and peripheral 
blood from patients with the inflammatory disease severe chronic obstructive 
pulmonary disease (COPD)38,116. COPD is a chronic inflammatory disease of the 
lung with irreversible loss of function that is associated with long-term exposure 
to cigarette smoke. Lung tissue affected by COPD display high levels of IL-1β, IL-12, 
IL-33, IL-17 and IFN-γ161,162. This cytokine milieu is a potent inducer of ILC2 towards 
ILC1 transdifferentiation and chronic exposure to IL-1β and IL-12 could contribute 
to the pathology of COPD by perpetuating type 1 responses.
Interestingly, upon IL-1β and IL-12 stimulation the IL5 and IL13 loci remain accessible, 
suggesting that IFN-γ expressing ex-ILC2s may still be capable of producing type 
2 cytokines117. Indeed, transdifferentiation was reversible by stimulation with IL-4 
and IL-4 boosted IL-5 and IL-13 secretion in ILC2s38. IL-4 is highly present in nasal 
polyps of patients of Chronic Rhinosinusitis with nasal polyps (CRSwNP) where it is 
produced by elevated frequencies of eosinophils. IL-4 producing eosinophils were 
capable of inducing IL-5 production by ILC2s38. In turn IL-5 attracts eosinophils92 and 
indeed ILC2s were found embedded in eosinophilic areas. This crosstalk between 
eosinophils and ILC2s might amplify type 2 inflammation in CRSwNP38.
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Figure 3. Plasticity of human ILC subsets.
ILCs can acquire different phenotypes and functions under the influence of cytokines from a 
local tissue environment. ILC subsets are categorized into type 1, 2, or 3 immune responses 
by their secretion of effector cytokines. Each arrow with indicated cytokine(s) demonstrates 
the conversion towards another phenotype and function. ILC subsets are dysregulated during 
inflammatory diseases. ILC1s are enriched during Crohn’s disease and Chronic Obstructive 
Pulmonary Disease (COPD), ILC2s are elevated in asthma and Chronic Rhinosinusitis (CRS) and 
IL-17 producing ex-ILC2s are increased in Psoriasis and Cystic Fibrosis.

ILC2s are heterogeneous with regard to CD117 expression. CD117+ ILC2s express 
some molecular features of ILC3s, such as RORγt and lower GATA3156,163. In line 
with this, IL-23 and IL-1β stimulation induced the secretion of IL-17 in CD117+ 
ILC2s. Of note, CD117- ILC2s can also upregulate RORγt and produce IL-17 in the 
additional presence of TGF-β. Phenotypically IL-17-producing ILC2s resemble 
NKp44- ILC3s, but functionally these cells are distinct as ex-ILC2s are still capable 
of producing IL-13 which is not produced by ILC3s. Elevated frequencies of IL-17 

producing CD117+NKp44- ILCs were found in lesional skin of patients with 
psoriasis, an inflammatory skin disease that is characterized by elevated type 3 
cytokines including IL-23 and IL-17A164 and ILC3 frequencies41,165,166. Potentially, the 
elevated frequencies of IL-17 producing CD117+ ILCs originate from ILC2s that are 
transdifferentiated under the influence of IL-23, IL-1β and TGF-β. The observation 
that dermal CD117+NKp44- ILCs can convert towards ILC2s under influence of IL-4 
indicates that ILC2 to ILC3 plasticity is reversible156.
IL-17 producing ex-ILC2s also accumulated in nasal polyps from cystic fibrosis (CF) 
suffering individuals whereas conventional ILC2s were nearly absent155, in contrast to 
nasal polyps from CRS patients which are mainly populated by conventional ILC2s38. 
CF patients often suffer from bacterial infections, mainly with Staphylococcus 
Aureus (SA) and Pseudomonas Aeruginosa (PA). Epithelial derived IL-1β, IL-23 and 
TGF-β in response to SA or PA induced robust IL-17 production in ILC2s, suggesting 
that these factors contribute to the elevated IL-17 levels observed in CF patients 
and potentially perpetuates inflammation155. Indeed, anti-IL-17 therapy in CF mouse 
models suppresses inflammation in CF mouse models167.
Interestingly, no conversion of either ILC1 or ILC3 towards ILC2s has been described.

5.2 Plasticity of ILC3
Studies in mice first demonstrated RORγt downregulation, T-bet upregulation and 
IFN-γ production in intestinal ILC3s upon stimulation with IL-12 and IL-1828. Soon 
after human CD127+ ILC1s were described it became clear that, in response to IL-12 
and IL-1β, ILC3s could phenocopy these ILC1s and acquire IFN-γ potential while losing 
their potential to produce IL-22. ILC3 towards ILC1 conversion is characterized by loss 
of RORγt and Helios, and upregulation of T-bet and Aiolos36,37,158. It was shown that 
helper ILC1 frequencies were enhanced in patients suffering from Crohn’s disease 
(CD)36,37 (chapter 3 and 4). In this thesis we describe that this process is reversible 
by stimulation with IL- 23 and IL-1β and ILC1 towards ILC3 transdifferentiation 
could further be boosted DC-derived RA (chapter 3). Particularly in the intestine 
of CD patients, this process seems to be relevant, since inflamed lamina propria 
from intestinal resection specimen displays higher frequencies of ILC1s. ILC1 
differentiation towards IL-22 producing ILC3s was not observed for ieILC1s/NK cells 
and appears to be restricted to CD127- expressing ILCs (chapter 4 and 5).
ILC3s were also shown to be capable of producing IL-6, IL-8 and macrophage 
inflammatory protein (MIP) 1a/B in response to the active form of Vitamin D. 
Upregulation of these cytokines coincided with repression of the IL-23R pathway, 
including IL-22/IL-17/GM-CSF production168. Interestingly, vitamin D3 is implicated 
in CD as vitamin D receptor deficient mice are more susceptible to colitis169 and CD 
patients display low vitamin D levels168. Furthermore, excessive activation of the 
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IL-23R axis is associated with CD170 and lack of vitamin D may perpetuate the IL-23R 
axis in patients. Therefore, supplementing vitamin D3 in CD patients may target the 
IL-23R pathway in ILC3s and could help the regulation of intestinal inflammation. 
It would be of interest to assess the capability of vitamin D3 stimulated ILC3s to 
transdifferentiate towards IFN-γ producing ILC1s.

6. Helper ILCs in cancer
While NK cells were implicated in immunity against cancer a long time ago3 (reviewed 
in REF 171), helper ILCs also appear to be modulated and potentially play a role in 
the progression or elimination of malignancies. However, their role is less clear and 
seems to vary based on the tumor type.
In the peripheral blood of AML and CLL patients, human helper ILC1s increased in 
frequency but were dysfunctional172–174. ILC1s were also found increased in colorectal 
cancer (CRC)175, however their implication in disease progression is not known. Since 
ILC1s are found elevated CD patients36,37 (chapter 3 and 4) and CD patients have 
higher risk of developing CRC176, ILC1s may have detrimental effects on anticancer 
immunity in CRC. In the mouse, tissue-resident ILC1-like cells show high granzyme 
B expression and limit tumor growth independent of NK cells177.
The implication of ILC2s in cancer progression is under debate. ILC2 frequencies 
correlate with the presence of Tregs178,179 and myeloid-derived suppressor cells180,181 
and therefore high ILC2 levels may worsen disease outcome. PDG2 and/or IL-33, 
secreted by tumor cells induces IL-5 and IL-13 production by ILC2s180–182 which resulted 
in expansion of Tregs and myeloid-derived suppressor cells respectively, allowing 
a suppressive microenvironment and cancer progression180,181. Furthermore, ILC2s 
locally suppress IFN-γ production and cytotoxic functions of NK cells accompanied 
by higher tumor burden in the lungs183. However, ILC2s may also exert indirect 
anti-tumor effects. A recent study in mice shows that IL-9-secreting ILC2s were 
increased in CRC and were potent activators of CD8+ T cells184. Intratumoral ILC2s 
were found in pancreatic cancer in both human and mouse, especially in tissues 
with high CD8+ T cell counts. IL-33 stimulation enhanced the anti-tumor effect of 
ILC2s inducing CCL5 mediated influx of DCs and CD8+ T cell activation. Anti-PD1 
treatment further enhanced the anti-tumor effects of ILC2s, identifying ILC2s as 
targets for immunotherapy185.
ILC3s are also described involved in both tumor progression and protection. Besides 
the implication of ILC3-derived IL-22 in epithelial cell DNA damage protection 
and hyperproliferation (discussed above121,137,141), IL-22 also promotes survival of 
pancreatic, lung and breast cancer cells186–188. The hypoxic environment often 
observed in solid tumors may enhance IL-22 expression by ILC3s and could further 
promote cancer progression189. Furthermore, ILC3s were implicated in promoting 

metastasis of breast cancer by producing the cancer cell motile factor RANKL190. 
The tumor microenvironment in CRC promotes ILC3s to IL-10 producing cells due to 
TGF-β stimulation resulting in enhanced tumor growth191. ILC3s were also described 
to exert a protective role in lung cancer, where their production of TNF contributes 
to the formation of protective tertiary lymphoid structures192.

7. Overlapping phenotypes and function between helper ILC1, ILC3s 
and NK cells
So far the main focus has been on the potent cytokine production by helper ILCs 
and their plastic nature. These features are reminiscent of the plasticity observed 
in CD4+ T helper cells154. Over the past 5 years, the use of more sophisticated 
techniques for cellular analysis such as single cell RNA sequencing, CyTOF and 
mass cytometry, has led to the identification of many different ILC/NK subsets. 
Many cell surface markers initially described on NK cells, including NKp44, CD56, 
CD161 and NKp46, were also reported on ILC1 and ILC3 subsets, complicating the 
identification and lineage determination of newly identified ILC/NK cell subsets34. 
Furthermore, ours and others research indicate the presence of several human 
cytotoxic cells with both helper ILC and NK cell features59,193,194. While ILC3s are clearly 
distinctive from NK cells by their expression of RORγt, some studies suggest that 
human ILC3-like cells may be precursors of mature NK cells195,196, whereas previous 
studies clearly demonstrated that ILC3s did not exhibit nor could develop NK cell 
features23. It remains an open question whether cells sharing NK and ILC features 
originate from helper ILCs as a result of plasticity, whether these cells represent 
different developmental stages of NK cells, or whether they represent distinct stable 
subsets with their own unique functional capacity.

8. Outline of this thesis
In this thesis we investigated the identification and functions of the full spectrum 
of human helper ILCs and NK cells in the tonsil and the intestine. We further 
elucidated the plasticity of human intestinal ILC3s and ILC1s and unraveled the 
molecular mechanisms underlying this plasticity. Furthermore, we expanded our 
knowledge on the diversity of ILCs by describing intermediate cytotoxic ILCs found 
in the tonsil and intestine. We show that these intermediate cells exhibit their own 
unique features, which are tissue specific. Furthermore, we investigated the origin of 
these intermediate cytotoxic cells and their presence in inflammatory bowel disease. 
Our findings opened a new field of ILC related cytotoxicity and will contribute to 
our understanding of the large diversity of ILC/NK cell biology which may allow for 
new approaches in the treatment of inflammatory diseases.
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In chapter 2 we describe the isolation of ILCs from different human tissues and 
what frequencies of ILC subsets to expect upon isolation.

In chapter 3 we studied the presence of ILC subsets in the blood of two patients 
who suffer from a GATA2 deficiency and received hematopoietic stem cell 
transplantation. We show that prior to HCT these patients did not have any ILCs in 
their periphery. The different conditioning regimens of these patients, myeloablative 
HCT versus non-myeloablative HCT, provided us the unique opportunity to assess 
the impact of pre-treatment on ILC reconstitution. We show that ILCs are present 
in the periphery within 12 months after HCT.

In chapter 4 we studied the two previously described human ILC1s (ieILC1 and 
helper ILC1) in more detail in the tonsil and intestine and highlight their importance 
in inflammatory bowel disease. Additionally, we show the reversible plasticity and 
its molecular requirements between helper ILC1s and ILC3s.

In chapter 5 we identified previously unrecognized cytotoxic CD127+CD94+ 
ILC3s that are distinct from conventional NK cells, share features with ILC3s, 
but additionally exhibit cytotoxic capacities. We unravel their developmental 
requirements and show that helper ILC3s and ILC1s have the capacity to differentiate 
towards a cytotoxic counterpart.

In chapter 6 we studied the composition of the full spectrum of cytotoxic ILCs, 
helper ILCs and NK cells in human intestine and found two subsets that share NK 
and helper ILC features. One of these subsets was expanded in inflamed intestinal 
resection specimen from Crohn’s disease patients compared to healthy controls. 
This expanded population had the unique capacity to secrete granulysin, a molecule 
that is implicated in bacterial lysis and attraction of other immune cells.

In chapter 7 we provide a discussion of our findings in light of the latest literature 
and an in-depth comparison of the different cytotoxic ILC/NK cell subsets that were 
discovered in the past 5 years.
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