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In this thesis we explored the heterogeneity and plasticity of human innate 
lymphoid cell subsets, with particular focus on cytotoxic ILCs, which comprise one 
the latest discovered subset within the ILC family. Following the identification of 
helper ILC subsets, in 2013 a universal nomenclature for ILCs was proposed1. 10 
years later, this nomenclature was revised into a more complete but simple and 
practical nomenclature based on development, phenotype and function2. In the 
past five years, a large array of studies, including those in this thesis, have been 
performed into the plasticity, distinction and development of helper and cytotoxic 
ILCs, including NK cells.

Here we provide an in-depth integration of our and other studies investigating the 
relationship, identity, plasticity and implication of helper ILCs, cytotoxic ILCs and 
NK cells in health and inflammatory diseases.

The identification of cytotoxic ILCs
As extensively described in chapter one of this thesis, ILCs are subdivided into 
five canonical subsets; LTi cells, CD127+ helper ILC1s, ILC2s, ILC3s and CD127-/low 
cytotoxic NK2. These subsets differentiate from a common ILC precursor through 
a mechanism that still needs to be elucidated in particular in humans. In chapter 
3 we describe the role of the transcription factor GATA2 in development of ILCs 
and provide evidence that this transcription factor is involved in differentiation of 
multipotent CD34+ progenitors into ILC precursors thereby blocking development 
of all ILCs.
Many overlapping surface markers between helper ILC1s, ILC3s and NK cells exist, 
including CD56, CD161, NKp44 and NKp46 in humans and NKp46 and NK1.1 in 
mice3, complicating the identification and lineage determination of newly identified 
subsets. Therefore, in chapter 4 and chapter 5, we investigated the phenotypical 
and functional differences and the potential plasticity between different ILC 
subsets using the isolation protocol described in chapter 2. We first focused on 
intraepithelial CD103+ ILC1s, helper ILC1s and ILC3s in the tonsil and intestine 
in chapter 4. The previously described plasticity between helper ILC1 and ILC3 
subsets4 is expanded in this chapter, as we now show that IFN-γ producing CD127+ 
ILC1s can transdifferentiate towards IL-22 producing ILC3s, under the influence of 
IL-23 and IL-1β. In contrast, cytotoxic CD103+ ILC1s showed high resemblance to NK 
cells and were not capable of transdifferentiating towards ILC3s. Next, in chapter 
5, we focused on the distinction between helper ILCs and NK cells and identified 
a set of three markers that allows their segregation of within the lineage-negative 
ILC/NK cell population. Mature tonsillar NK cells do not express the IL-7Rα (CD127) 
and CD200R1, which are expressed on all tonsillar and peripheral blood helper ILC 

subsets5–7. Conversely, NK cells express NKp80, which is absent on helper ILCs. 
Thus, the combination of CD127, CD200R1 and NKp80 expression is sufficient to 
distinguish helper ILCs from NK cells in the tonsil.
In Chapter 5 this set of surface markers was used in combination with the 
C-type lectin receptor CD94 to identify a previously unknown highly cytotoxic ILC 
population in tonsil, from hereon called CD94+ ILCs. CD94+ ILCs could be subdivided 
into three subsets (Figure 1, Table 1) that mirror conventional ILC1 and ILC3 subsets 
based on their expression of CD117 and NKp44 and their transcriptional profiles. 
CD94+NKp44+ ILC3s showed weak cytotoxic potential, whereas CD94+NKp44- ILC3s 
were highly cytotoxic correlating with the expression of Eomes, Granzyme B and 
granulysin. Although not tested, the high expression of cytotoxic molecules in CD94+ 
ILC1s indicate that these cells display even higher cytotoxic potential. Thus, tonsillar 
helper ILC1s and ILC3s have a cytotoxic counterpart, defined by the expression of 
CD94.
In chapter 6 we analyzed the full spectrum of helper ILCs and NK cells in the intestine 
of healthy and Crohn’s disease patients in a more unbiased approach by single cell 
RNA sequencing. We identified CD127+CD94+ cytotoxic ILCs that were comprised 
of two subsets, based on the expression of CD117. The CD117+ subset displayed a 
naïve phenotype reflected in low expression of cytotoxic molecules whereas the 
CD117- subset expressed cytotoxic molecules similar to NK cells. CD117- cytotoxic 
ILCs additionally expressed and secreted high levels of granulysin, a molecule that 
may be involved in clearance of bacteria through a direct killing mechanism8–11 
or that may act as a chemoattractant or differentiation factor for other immune 
cells12–14. In inflamed intestine, the frequency of CD117- cytotoxic ILCs was increased, 
outnumbering helper ILC1s. Under the influence of IL-15, CD117+ cytotoxic ILCs 
upregulated effector molecules, including granulysin, and downregulated CD117, 
providing evidence that these cells gain properties of CD117- cytotoxic ILCs. Anti-
inflammatory TGF-β abrogated the secretion of granulysin in cytotoxic ILCs and 
diminished the expression of granzyme B and perforin. The intestinal cytotoxic 
CD117- population may represent similar cells as the tonsillar cytotoxic ILC1s found 
in chapter 5, however direct comparison of these populations is difficult due to the 
low cell numbers found in the tonsil.
While we find conventional CD117-NKp44- CD94- helper ILC1 in the intestine by 
flow cytometry in chapter 4 and 6, we did not observe a separate cluster that fits 
with this phenotype in our single cell RNA sequencing analysis. Lymphocytes are 
known for their low RNA concentration15, which resulted in the lack of detection of 
some genes that are crucial to distinguish helper ILC1s from other ILC3s, including 
TBX21, IFNG and IL22. Therefore, deeper sequencing could allow for the detection of 
these ILC1 and ILC3 defining genes and may result in a separate helper ILC1 cluster.
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In chapter 5 we unraveled the developmental requirements for cytotoxic ILCs and 
show in vitro that non-cytotoxic ILC3s and ILC1s have the capacity to differentiate 
towards a cytotoxic counterpart under the influence of IL-12. Stimulation with IL-15, 
which is a major NK cell stimulating cytokine, retained the phenotype of helper ILCs 
and did not induce a cytotoxic program. The in vitro generated CD94+ ILCs were 
efficient killers compared to their CD94- counterparts, but retained expression of 
the core ILC marker CD200R1 and did not upregulate NKp80 or CD16, indicating 
that they were distinct from mature NK cells. It was proposed by other researchers 
that ILC3s can differentiate into mature NK cells via ‘stage 4a cells’ that show 
similarities to CD94+ ILCs (Table 1), under the influence of IL-1516–19. However, these 
studies identified ILC3s as lineage-CD117+IL-1R1hi cells which include a mixture of 
CD127- cells and CD127+ ILCs. Our observation that highly purified tonsillar and 
intestinal CD127+ ILC3s retained their phenotype and did not become NK cells when 
stimulated with IL-15 in combination with previous data showing that CD127- cells 
did differentiate towards NK cells20, strongly indicate that ILC3s are unlikely to be 
precursors of bona fide NK cells. This conclusion is further supported by a report 
showing that in patients deficient in the ILC3 lineage determining transcription 
factor RORγt, ILC3s are absent whereas NK cells are present in normal numbers. 
Furthermore IL-7-deficient patients also lack ILC3s but have normal numbers of NK 
cells21.
Taken together, helper ILC1s and ILC3s have the capacity to upregulate a cytotoxic 
machinery in response to pro-inflammatory cytokines, which is reminiscent of the 
existence of CD4+ cytotoxic T cells22–25. Furthermore, cytotoxic CD127+CD94+ ILCs 
that are distinct from NK cells are found in the tonsil and intestine and increased in 
patients suffering from Crohn’s disease.

Cytotoxic ILCs described in other studies
While CD94/NKG2A expression in CD127+ ILCs has been observed by several studies 
in the past 5 years16,17,26–29, but in depth characterization of these cells was not 
performed and thus the functional identification of cytotoxic CD94+ ILCs described 
in this thesis is new. In the past years however, other research groups identified 
several ILC subsets with cytotoxic capacities (Table 1).
Cytotoxic CD103+ ieILC1s that lack CD127 were described in the tonsil and 
intraepithelial compartment of the intestine30. In chapter 4 we further characterized 
these cells in the tonsil and show their high phenotypical and functional resemblance 
to conventional NK cells. Further studies into the relationship between ILC3s and 
ieILC1s with single cell RNA sequencing and analysis by RNA velocity indicates a 
gradient from high expression of core ILC3 markers such as CD127, CD117 and RORC 
towards low or no

Figure 1. Cytotoxic CD94+ ILC subsets with their defining surface markers and 
transcription factors. 
All cytotoxic ILC subsets are marked by the expression of CD94, CD127 (IL-7Ra), CD161 and 
CD200R1. Based on CD117 (c-kit) and NKp44 surface expression, cytotoxic ILC1s and ILC3s can 
be distinguished.

expression of these markers which correlates with increasing expression of core 
ieILC1/NK cell markers, such as CD94, TBX21 and IFN-γ26. In the studies described 
in chapter 4 and 5 we were not able to transdifferentiate ILC3s into CD103+ ILC1s, 
but the study described above demonstrates that a spectrum of intermediate cells 
that share NK cell and ILC3 features exists. Indeed, the cytotoxic ILCs described in 
chapter 5 and 6 resembled cells found within spectrum. It remains to be elucidated 
whether ILC3s can transdifferentiate fully towards the ieILC1s/NK cell side of this 
spectrum, perhaps through mechanisms that have not been identified at this 
moment.
In the peripheral blood, Salome et al. identified CD127+CD56+CD117-ILC1-like cells 
with high cytotoxic capacities that were named ‘ILCk’31. Part of these cells expressed 
CD94, NKp30, NKp80 and cytotoxic molecules including, perforin and granzymes 
(Table 1). Their observation that culturing ILC1-like cells in presence of IL-7 and IL-15 
resulted in CD16 upregulation strongly suggests that these cells belong to the NK 
cell lineage. It would be of interest to analyze the protein expression of RORγt and 
CD200R1 and the capacity to produce ILC specific cytokines such as IL-22 in these 
ILC1-like cells. Most likely PB ILCk are CD56bright NK cells with low expression of 
CD127 and lack of CD200R1, which we also observed in chapter 5.
In another study, NK cells defined as CD3-CD56+ from Blood, Bone Marrow, Spleen, 
Lung, Lateral Lymph Nodes (LLN), Gut and Mesenteric Lymph Nodes (MLN) were 
profiled by high dimensional flow cytometry27. Two populations both expressing 
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CD56, CD127 and CD161 and lacking mature NK cell markers were found in LLN, 
spleen, gut and MLN but very low numbers were found in the blood. One population 
expressed low levels of NKp44 and could represent CD56+ ILC3s. It should be 
noted that NKp44 is also an activation marker for NK cells32. The other population 
expressed CD94 and was not further studied but could represent CD94+ ILCs similar 
to those we found in the tonsil and intestine and thus could also be present in the 
spleen and MLN.
A recent study exploiting single cell RNA sequencing in human blood, tonsil, lung 
and colon on the total CD127+ ILC pool and the CD56+ NK pool identified an 
IL7R+SELL(CD62L)+ITGB2(CD18)+ cell in the tonsil, which could be the equivalent to 
the cytotoxic granulysin high ILCs observed in the intestine in our study33. However, 
this specific cluster was not observed in the colon, most likely due to the non-
inflamed nature of the intestinal tissue in this study33.
It should be noted that all studies described above exploited different gating 
strategies to isolate ILCs and NK cells and therefore the found populations are not 
directly comparable.

Development of (cytotoxic) ILCs
Several studies in the mouse have shown that ILCs develop from the common 
lymphoid progenitor (CLP), via a common innate lymphoid progenitor (CILP) that 
gives rise to an innate lymphoid cell precursor (ILCp)34. In Chapter 3 we show that a 
GATA2-deficient patient exhibits CLPs in the bone marrow, but not ILC progenitors. 
In line with this, these patients were deficient in mature ILCs and NK cells in the 
blood. Therefore, GATA2 is probably implicated in the differentiation from CLP 
towards ILCp. GATA2 is upregulated in ILC2s upon activation and may thus play a 
critical role in the development and functional activity of ILCs35. We had the unique 
opportunity to study ILC reconstitution in these patients upon hematopoietic 
stem cell transplantation and observed that both ILCs and NK cells reconstituted 
to normal levels within 12 months post transplantation. This data is in contrast 
to another study showing that ILC reconstitution did not occur in SCID patients 
who received HCT36. The patients in our study obtained full donor chimerism (both 
lymphoid and myeloid compartment was replaced by donor cells), whereas in the 
above-mentioned study the patients only obtained their lymphoid compartment 
from the donor. This might indicate that a complete chimerism is essential for ILC 
development. It would be of interest to investigate the specific involvement of GATA2 
in the development of ILCs and NK cells.

CD94+ 
ILC1

CD94+

NKp44- 
ILC3

CD94+

NKp44+

ILC3

Stage 
4a

NK ieILC1 CD117+

CD94+

ILC

CD117+

CD94+

ILC

NK ILCk

Tissue T T T T T T & I I I I B

Ref Ch5 Ch5 Ch5 Ref 
16

Ch5 Ch4,
Ref 30

Ch6 Ch6 Ch6 Ref 
31

CD127 + + + +/- - - + + - +

CD94 + + + + + + + + + +/-

CD117 - + + +/- - - - + - -

NKp44 - - + +/- - + - - - +/-

CD161 + + + +/- - low low + low ND

CD56 + + + + + + + + + +

NKp80 - - - - + ND + low + +

KIRs - - - ND +/- +/- +/- +/- + -

CD16 - - - - +/- ND - - - -

CD200R1 + + + ND - ND + + +/- ND

CD103 - - - - + + - - +/- ND

CD18 ND ND ND ND ND ND + Low + ND

IL1R1 low + + +/- - - ND ND ND ND

T-bet + + - low + + ND ND ND +

Eomes + + - low + + low low + +

RORgt low + + +/- - - - - - Low

AHR low + + +/- - - - low - Low

Table 1. Expression of core ILC and NK cell markers on described cytotoxic ILC 
subsets. 
- indicates lack of expression, + indicates clear positive expression on the whole population, +/- 
indicates heterogeneous expression in the population and low indicates low or weak expression 
in the whole population. Ch = Chapter, T = Tonsil, I = Intestine, Ref = Reference, ND = not 
determined.

Studies into mouse ILCp’s show that these cells are heterogeneous and that 
subpopulations could also give rise to Eomes+ cells7,37. In humans, ILCp’s that were 
broadly characterized in blood as CD127+CD117+, generated all ILC subsets including 
non-cytotoxic ILC1s, ILC2s and ILC3s, but also Eomes+CD94+ cells5,38. The arising 
Eomes+CD94+ cells were considered to be NK cells even though they developed 
from the ILCp independent of IL-15 and mature NK cell markers including CD16, 
NKp80, KIRs and CD57 were not tested. The alternative possibility is that these cells 
are not bona fide NK cells but instead are CD94+ cytotoxic ILCs that developed via 
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non-cytotoxic ILC3s or ILC1s. This notion was supported by the observations that 
non-cytotoxic helper ILC3s and ILC1s can give rise to CD94+Eomes+ cells in vitro 
under the influence of IL-12 as shown in chapter 5 and other studies (Figure 2)39,40.
Peripheral blood-derived ILC2s were also shown to upregulate CD94 and Eomes 
upon exposure to IL-12 and IL-1β5. Also upregulation of granzyme B, but not perforin, 
was observed in ILC2s in response to (combinations of) IL-23, IL-33 and TSLP in 
combination with IL-241. It remains to be determined whether these cells indeed 
display cytotoxic activity and whether a cytotoxic ILC2 counterpart exists in vivo. In 
the tonsil, we did not observe co-expression of CRTH2 and CD94. However, CRTH2 
is downregulated in ILC2s upon activation42 and CD127- cells with ILC2 features have 
been described43, raising the possibility that cytotoxic ILC2s are not CD127+CRTH2+ 
and are thus missed in ex vivo analysis.
Thus, the development of cytotoxic ILCs from ILC3s and ILC1s is dependent on IL-2 
and IL-12, and not IL-15. Furthermore, Eomes+CD94+ cells that are generated from 
peripheral blood ILCp’s in absence of IL-15 may not represent conventional NK cells. 
Lastly, Eomes and granzyme B expression can be induced in ILC2s, but it remains to 
be elucidated whether these cells are capable of killing targets and whether similar 
cells exist in vivo.

Cytotoxic ILCs in the mouse
In mice, helper ILCs are characterized by the lack of lineage markers and expression 
of Thy1 and CD127. ILC1s express NK1.1, NKp46 and the transcription factor T-bet, 
ILC2s express ST2 and the TF GATA3. RORγt+ ILCs can be divided in CCR6+ LTi cells 
and CCR6-ILC3. Part of those latter cells express NKp46. CCR6-NKp46- ILC3 are 
the precursors of NKp46+ ILC344. NK cells express the TFs Eomes and T-bet but 
also NK1.1 and NKp46, complicating discrimination from helper ILC1s and ILC3s 
by cell surface staining2. Furthermore, heterogeneity exists within each helper 
ILC population. Transcriptional analysis of total small intestine helper CD127+ 
ILCs revealed 4 subpopulations of ILC1s and ILC2s and 5 subtypes of ILC3s45. 
Expression of granzymes points towards the presence of cytotoxic cells within the 
ILC1 subtypes. It would be of interest to test the physiological contribution of these 
subpopulations using fate map studies and test their cellular cytotoxicity and Eomes 
expression. In several studies CD49b and CD49a were proposed to distinguish 
conventional NK cells from helper ILC1s as Eomes+ cells express CD49b whereas 
Eomes- cells express CD49a and higher amounts of IL7R transcripts6. This suggests 
that NK cells can be characterized as NK1.1+CD49b+Eomes+ cells whereas ILC1s are 
NK1.1+CD49a+Eomes-. Additionally, these ILC1s were shown to express CD200R1 
whereas NK cells did not6, similar to human PB and tonsil (chapter 5)5,7. 

Figure 2. Proposed model for the development of (cytotoxic) ILCs and NK cells. 
The Common Innate Lymphoid Progenitor (CILP) can give rise to the ILC progenitor (ILCp) and the 
NK progenitor (NKp). IL-15 is indispensable for further NK cell maturation. Mature NK cells can 
lose their cytotoxic potential upon TGF-β exposure, further research is needed to assess whether 
NK cells become helper ILC1s. The ILCp gives rise to mature non-cytotoxic ILC1s, ILC2s and ILC3s. 
Upon exposure to IL-12, ILC1s and ILC3s upregulate CD94, Eomes, express cytotoxic molecules 
and are capable of killing target cells. ILC2s also upregulate and Eomes, but the expression of 
granzymes and killing of target cells remains to be investigated.

Other studies additionally identify the transcription factor Hobit as specific for ILC1s 
within the total NK1.1+NKp46+ population46. Hobit expression inversely correlates 
with Eomes expression in mice47. However, in humans this is not the case as both 
liver and blood NK cells strongly express Hobit48,49 and CD103+ ieILC1s also co-
expressed Hobit and Eomes26. in our scRNA-seq analysis of intestinal ILCs and NK 
cells, no Zfp863 (encoding Hobit) transcripts were detected.
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Experiments using parabiotic mice showed that CD49a+ ILC1s were tissue resident 
in the liver50–53 and peritoneal cavity6 and that those cells were similar to the Eomes- 
ILC1s described in the small intestine44. Intestinal Eomes- ILC1s could be derived 
from the common helper ILC progenitor that gave rise to all helper ILC subsets, 
but not Eomes+ NK cells and could not further differentiate towards Eomes+ NK 
cells44. These data suggest that the ILC and NK cell lineages are clearly distinct 
in the mouse but that phenotypically ILC1s and NK cells show slight differences 
between tissues. This clear distinction is challenged by investigations into the 
cellular cytotoxic activity of ILC1s and NK cells in the tumor microenvironment. 
In mammary and prostate tumors, the NK1.1+CD49a+ ILC1s were expanded and 
highly expressed Granzyme B, in contrast to NK1.1+CD49b+ NK cells54. CD49a+ 
ILC1s expressed intermediate levels of Eomes, lacked CD127 and poorly produced 
IFN-γ but exhibited cytotoxicity towards tumor cells. These features are distinct 
from those of conventional helper CD127+ ILC1s but transcriptional similarities to 
conventional non-cytotoxic ILC1s were also observed, for example expression of 
CD200R1 and CD7, and therefore these cells were called ILC1-like cells. Thus, tumor 
associated ILC1-like cells share common phenotypic features with conventional 
non-cytotoxic ILCs but are functionally similar to NK cells. An open question remains 
whether the cytotoxic ILC1-like cells emerge from the conventional ILC lineage or the 
NK cell lineage. The notion that IL-15 was indispensable for generating ILC1-like cells 
is not an argument that these cells belong to the NK lineage because conventional 
helper ILC1 also require IL-1544. Furthermore, NFIL3 deficiency greatly reduced 
NK cell numbers whereas ILC1-like cell numbers remained unaffected, suggesting 
different developmental pathways of ILC1-like cells and NK cells54. It was shown 
that CD49b+CD49a- NK cells can convert to less cytotoxic CD49b+CD49a+ ILC1-
like cells and subsequently towards CD49b-CD49a+ ILC1s under the influence 
of TGF-β55–57. These findings were confirmed by a study showing that deletion 
of a specific microRNA, miR-142, diminished IL-15 signaling and enhanced TGF-β 
signaling, resulting in diminished NK cell numbers, whereas CD49a+ ILC1-like cells 
expanded58. It was not investigated whether CD49a+ ILC1s could convert into 
cytotoxic CD49a+CD49b+ cells or mature CD49b+ NK cells. Furthermore, it remains 
to be determined whether conventional murine RORγt+ ILC3s have the capacity to 
upregulate a cytotoxic machinery, as is the case in humans (Chapter 5).
Thus, although ILCs with cytotoxic capacities exist in both human and mice, direct 
comparing these populations is strongly hampered by due to the difficulties to 
unambiguously identify these cells.

A dual role for IL-12 in ILC3 functions
In chapter 4 and 5 we show that IL-12 can induce two programs in ILC3s. One; ILC3s 
transdifferentiate towards IFN-γ producing non-cytotoxic ILC1s, and two, part of 
the ILC3s additionally upregulate a cytotoxic machinery and resemble cytotoxic 
ILC populations found in chapter 5 and 6. Some major questions remain; why 
and how does IL-12 induce two programs in ILC3s and how is decided which cells 
become cytotoxic and which not. Two possibilities arise: First, within the ILC3 pool 
heterogeneity may exists with cells that are capable of gaining cytotoxicity versus 
cells that are not. Second, a linear model of IFN-γ upregulation and subsequent gain 
of cytotoxicity may exist and intrinsic negative feedback mechanisms may establish 
an equilibrium between cytotoxic and non-cytotoxic type 1 responses. The effect 
of IFN-γ itself on cytotoxic functions was mainly studied in CTLs and NK cells. Some 
studies show that autocrine IFN-γ positively enhances CTL cytotoxicity59 and that 
IFN-γ producing CTL are thus more cytotoxic60. Conversely, IFN-γ producing NK cells 
are marked by decreased cytotoxic functions61,62. Further research would be needed 
to identify potential heterogeneity and their differentiation potential within the ILC3 
pool and studies using IFN-γ blocking antibodies in ILC3 cultures could elucidate the 
role of autocrine IFN-γ expression in ILC3 mediated cytotoxicity.
Another major question is why do ILCs have the capacity to produce IFN-γ and 
upregulate a cytotoxic machinery when NK cells are functional? The production of 
IFN-γ and induction of cytotoxicity in ILC3s may be complementary in the case of 
a pathogenic threat. In mice it was shown that liver ILC1s higher responsiveness 
to DC-derived IL-12 and are the main early source of IFN-γ during viral infections6. 
Interestingly, depletion of ILC1s resulted in increased MCMV load despite the 
presence of NK cells6. IFN-γ secretion by ILC1s increases antigen presentation and 
MHCII expression in APCs63–65, thereby enhancing the activation of the adaptive 
immune system against the specific pathogen. Moreover, IFN-γ induces upregulation 
of MHCI on many other cell types66, arming them against non-specific innate killing 
mechanisms. Also IFN-γ enhances IgG expression in plasma B cells which in turn 
opsonizes target cells67, allowing for antibody dependent cellular cytotoxicity and 
faster elimination of infected or malignant cells. At the same time the pathogen-
induced IL-12/IFN-γ axis may temporarily inhibit NK cell mediated cytotoxicity61,62, 
while it boosts ILC3 mediated cytotoxicity. Therefore, cytotoxic ILCs could represent 
the main cytotoxic innate cell during IL-12/IFN-γ mediated innate immune responses, 
when NK cell cytotoxicity is temporarily hampered.

Can NK cells or cytotoxic ILCs convert back to helper ILCs?
It remains to be examined whether cytotoxic ILCs can convert back to non-
cytotoxic cells. Mouse NK cells stimulated with TGF-β have diminished cytotoxic 
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capacities55,56 and IL-15 enhanced this effect57 which was interpreted to mean that 
NK cell revert to helper ILC1 under influence of TGF-β. In chapter 6 we show that 
the expression and secretion of cytotoxic molecules of human intestinal cytotoxic 
ILCs is downregulated upon culturing with TGF-β. However, this cytokine did not 
rescue CD127 downregulation nor induced RORγt upregulation, suggesting that 
cytotoxic ILCs could not transdifferentiate (back) towards CD127+ helper ILCs under 
these conditions. However, since downregulation of CD127 surface expression in 
activated helper ILCs is described, it is possible that cytotoxic ILCs can convert back 
to RORyt- IFN-γ-producing ILC1s that lack CD127 expression. It would be interesting 
to examine the mRNA levels of CD127 in ILCs that have downregulated CD127 
surface expression or to assess the chromatin accessibility around the IL7R locus 
in activated (cytotoxic) ILCs and NK cells.

Implication of ILCs in Crohn’s disease
In chapter 4 and 6 we focused on the ILC composition in inflamed human intestinal 
resection specimen from Crohn’s disease patients as compared to non-inflamed 
controls. Crohn’s disease is marked by a constant inflammation of the intestinal 
mucosa with elevated levels of pro-inflammatory cytokines, including IL-12, IL-1β 
and IFN-γ. Whereas IL-22 producing ILC3s were lower in frequency, two cell types 
were found highly elevated in these patients; non-cytotoxic IFN-γ producing 
ILC1s and cytotoxic CD127+CD94+ ILCs which have the capacity to produce high 
levels of granulysin. Both ILC subsets were absent in fetal intestine, suggesting 
that colonization with commensals is important for the induction of these cells. 
It must be noted that the inflamed resection specimen examined are from end-
stage patients, whose treatment options were all exhausted and thus these results 
cannot be extrapolated to newly diagnosed patients. The increased frequencies of 
these cell types could both be the consequence of differentiation from ILC3s under 
the influence of inflammatory factors such as IL-12, as observed in tonsillar ILC3s 
in chapter 4 and 5. One discrepancy is that in vitro generated cytotoxic ILCs did 
not express mature NK cell markers upon IL-12 exposure, whereas ex vivo isolated 
intestinal cytotoxic ILCs expressed more NK cell related markers and high levels of 
granulysin. It remains to be elucidated whether other factors that are present in 
the inflamed intestinal microenvironment, such as TNF-α, IL-18, IL-23, IL-2768, and 
microbial products could induce the expression of these NK cell markers and drive 
granulysin expression in cytotoxic ILCs. Upregulated IFN-γ and granulysin levels may 
play critical roles in sustaining inflammation as IFN-γ promotes differentiation of 
monocytes to DCs69 and granulysin can induce a type 1 program in DCs70, resulting 
in enhanced expression of IL-12. Granulysin however has also been described to act 
as a bactericide8–11,71 and thus the expansion of granulysin expressing cells in Crohn’s 

disease patients could be a response to elevated intruding bacteria observed in 
these patients and may be beneficial.
The current first line of treatment for Crohn’s disease patients is administering 
corticosteroid and immune suppressors. The first biologics to be approved are 
TNF-α inhibitors, such as infliximab, adalimumab and certolizumab but a substantial 
number of patients are unresponsive to these treatments or experience adverse 
side effects. Given the role of IL-12, which is abundant in inflamed tissues of CD 
patients, in promoting cytotoxicity and IFN-γ producing ILC1s and T cells, and loss 
of IL-22 producing ILC3s, it may play a central role in the pathogenesis of Crohn’s 
disease. However, specifically blocking the IL-12/IFN-γ pathway through anti-p35 or 
anti-IFN-γ antibodies was shown not efficacious72. On the other hand, blocking the 
p40 subunit of IL-12, which is shared with IL-2373, provided better outcomes. Studies 
in mice indicate that particularly IL-23 is a driving factor behind inflammatory bowel 
disease74–78. The use of the anti-p40 agent Ustekinumab is currently approved for 
the treatment of adult patients with moderate to severe Crohn disease and clinical 
trials with IL23R blockers show promising results79. This leaves the question how 
our findings with IL-12 and the ILC compartment relates to these clinical outcomes. 
As IL-23 boosts IL-22 production in ILC3s, which in turn has important roles in 
homeostasis and tissue repair, one would expect negative outcomes of IL-23 
inhibition. It is unclear whether IL-23 inhibition in Crohns disease patients results 
in decreased IL-22 levels, but it is known that this is the case in psoriasis patients 
treated with ustekinumab80. Potentially, the pro-inflammatory functions of IL-23 
overrule the beneficial effects of ILC3 derived IL-22. Inducing IL-22 in ILC3s in absence 
of IL-23, for example with RA and/or IL-15, could potentially further benefit patients 
that are under treatment with anti-IL-23. However, it should be noted that high levels 
of IL-22 correlate with disease severity in Crohn’s disease patients81 and that IL-22 
has been described to also have pro-inflammatory activities. For example, colonic 
epithelial cells display ER stress and upregulated pro-apoptotic molecules under 
the influence, which was amplified by IL-17A, a cytokine that of often co-produced 
with IL-2282. Furthermore, colonic epithelial cells can produce neutrophil attracting 
chemokines CXCL1 and CXCL5 in response to IL-22, which can cause tissue damage 
through the production of neutrophil extracellular traps (NETs)83. It is unclear what 
determines whether IL-22 is anti- or pro-inflammatory. Therefore, more research 
is needed to elucidate the role of the loss of IL-22 producing ILC3s and the gain of 
type 1 (cytotoxic) ILCs in the pathogenesis of Crohn’s disease.

Concluding remarks
Cellular cytotoxicity is an ancient defense strategy to fight compromised host cells 
and intruding pathogens. NK cells and ILCs mature and differentiate in response 
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to distinct cues. Notwithstanding the differences between NK cells and cytotoxic 
ILCs, characterizing and interpreting cell status based on phenotype is challenging 
as the repertoire of surface receptors that is used to define these cell types is 
shared. This also complicates interpretation of conflicting data about the identity 
of cytotoxic ILCs and NK cells. However, the existence of both cytotoxic NK cells 
and ILCs is suggestive of complementary functions. Indeed, circulating NK cells are 
equipped with cell–cell contact receptors enabling them to patrol, scan and assess 
health-status of host cells in an active manner, whereas tissue-resident ILCs assess 
the status quo by sensing secreted environmental signals including cytokines, 
metabolites, and (neuro)peptides. These signals are interpreted by ILCs, which 
respond by adapting its transcriptional program without the urgency to recruit NK 
cells from the circulation. Whereas NK cells are activated by a combination of cell-
cell interactions and IL-2 or IL-15, cytokines that are constitutively expressed by a 
wide variety of cells, the acquisition of cytotoxic capacity by ILCs depends on IL-12, 
likely secreted by dendritic cells that are exposed to danger signals, such as viral, 
bacterial or other pathogen-derived products. Therefore, it is tempting to speculate 
that the cytotoxic program of NK cells is mainly directed against compromised host 
cells, whereas cytotoxic responses of ILCs are directed against intruding pathogens. 
Additionally, cytotoxic ILCs may act as a back-up strategy in case NK cell effector 
functions are not sufficient or silenced. Thus, although the outcome of a pathogenic 
event may be a cytotoxic response for both NK cells and ILCs, their developmental 
requirements, location, patrolling, and activation mechanisms are distinct. It would 
be highly interesting to analyze the characteristics and functions of cytotoxic ILCs 
in cancer, viral infections and other autoimmune diseases.
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