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CHAPTER 8
Summary and discussion
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SUMMARY AND DISCUSSION
We have studied human ILCs in the context of inflammation and repair. In the past five years a wealth 
of studies has been published on the importance of ILCs for immunity, inflammation and mucosal 
homeostasis. Where these cells develop and which factors drive this development in humans 
remains largely unknown. Recent work in mice demonstrated that ILCs derive from a committed 
ILC precursor (ILCP), downstream of the common lymphoid progenitor (CLP; Figure). Before birth 
the liver serves as the primary source of these precursors, while after birth CLPs and ILCPs develop 
and mature in the bone marrow. So far two groups described a committed murine ILC precursor: 
CHILPs (‘common helper ILC precursor’) which generated all ILCs except for NK cells, and the more 
committed (promyelocytic leukemia zinc finger) PLZF+ ILC precursors that lacked LTi cell potential.1,2 
The human ILC precursor has not yet been identified, nor the primary transcription factors that 
drive ILC development from CLPs. We did show however, that Notch signal strength dictates 
commitment to either the T cell or ILC lineage (chapter 2).3 This is in line with the observation in 
mice that Notch signals were required for the development of all of the different ILC subsets. Mice 
that selectively lacked RBP-J (a protein mediating the transcriptional output of Notch signaling) in 
the hematopoietic compartment had significantly reduced numbers of ILC1s and NKp46+ ILC3s.4 
Both in vitro and in vivo development of ILC2s was found to depend on Notch signaling and also 
ILC3s require Notch for development.5-8 To date, the only ILC progenitor that has been identified 
in humans is a committed ILC3 precursor which lacked developmental potential for the other ILC 
subsets.9 Identification of the precursor to all of the different human ILC subsets will be important to 
better understand ILC ontogeny and reconstitution.

ILCs in intestinal auto-immune disease
We demonstrated that aberrant ILC activation may be harmful, such as observed in the context of 
inflammatory bowel disease (IBD). In the intestines ILCs play an important role in the maintenance 
of mucosal immunity and homeostasis through their interaction with commensal bacteria, non-
hematopoietic cells and other cells of the immune system.10 Constitutive expression of IL-22 by 
ILC3s promotes proliferation and survival of intestinal epithelial cells,11 that provide early host defense 
via the secretion of antimicrobial peptides which regulate the gut microbial community.12 Interestingly, 
intestinal tissues of patients with Crohn’s disease contained significantly reduced amounts of IL-
22 producing ILC3s while proportions of IL-17A-producing ILC3s and IFN-γ-producing ILC1s were 
significantly increased (chapter 3).13,14 These data suggest that in the pathobiology of Crohn’s 
disease depletion of IL-22 producing ILC3s may play an important role, as does the increase of 
ILC1s and perhaps IL-17 producing ILCs. Findings by Bernink et al strongly suggest that the increase 
of ILC1s and the decrease of NKp44+ ILC3s is the result of transdifferentiation of ILC3s to ILC1s.19 
The increase in IFN-γ-producing ILC1s is notable as IL-17- and IFN-γ-producing ILCs were described 
to be potent inducers of intestinal inflammation in the mouse, with neutralization of IFN-γ being 
sufficient to prevent disease progression.15  Decreased levels of IL-22 in Crohn’s disease might lead 



Summary and discussion

159

8

to translocation of intestinal microbes and subsequent immune activation. Indeed, translocation of 
commensals is frequently observed in infectious and inflammatory conditions, such as HIV wasting 
disease, hepatitis virus infection and inflammatory bowel disease (IBD).16,17 The importance of ILCs 
for the anatomical containment of commensals was demonstrated by experiments in the mouse 
where depletion of ILC3s resulted in dissemination of Alcaligenes species to peripheral organs, which 
resulted in a state of generalized inflammation.18 ILC3s contain intestinal commensals in two ways: 
in a direct manner, by maintaining epithelial barriers, and indirectly, by interacting with T cells. Human 
and mouse intestinal ILC3s express major histocompatibility (MHC) class II, but no co-stimulatory 
molecules, and in the mouse antigen presentation by ILC3s in the absence of co-stimulation led 
to inhibition of CD4 T cells.19. Mice with a selective deletion of MHC class II on ILC3s suffered from 
spontaneous intestinal inflammation as a result of dysregulated commensal bacteria-dependent CD4 
T cell responses.19 Taken together, based on our observations in human Crohn’s disease patients it 
can be hypothesized that intestinal inflammation in this context is the result of a shifted balance from 
the protective IL-22-producing ILC3s towards the pro-inflammatory IFN-γ-producing ILC1s. 

Figure. Model  for the development of distinct ILC subsets. The common lymphoid progenitor (CLP) gives 
rise to T cells, B cells, natural killer (NK) cells and ILCs. Downstream of the CLP a committed ILC precursor (ILCP) 
with developmental potential for ILC1s, ILC2s and ILC3s was found in the mouse. Upstream of this ILCP a common 
precursor shared by NK cells and ILCs presumably exists (‘common ILC precursor’ or ‘CILCP’). ILC1s express the 
transcription factor T-bet and produce IFN-γ. ILC2s depend on GATA3 for their development and are characterized 
by expression of type 2 cytokines such as IL-5 and IL-13. ILC3s  are RORγt-positive and produce IL-17 and/or IL-22. 
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ILCs in the skin
Circulating human ILCs express the skin-homing markers cutaneous lymphocyte antigen (CLA) 
and CCR10, and ILCs can indeed be found in the skin.20,21 However, little is known about the 
physiological functions of ILCs in this organ. ILC1s are present in the skin, but have never been 
functionally studied.21,22 The fact that ILC2s are present at barrier surfaces and respond to epithelial 
cell-derived cytokines might suggest a role in maintenance of skin homeostasis. Indeed, IL-13 
has been implicated in wound healing,23 but too much of this cytokine hampers the production 
of antimicrobial peptides by skin keratinocytes and increases the risk of infections.24 Skin ILC2s 
produce amphiregulin20 and amphiregulin regulates keratinocyte proliferation,25 suggesting an 
interaction between these cells that however remains to be confirmed. Interestingly, in contrast to 
ILC2s from other tissues, skin-derived ILC2s are most responsive to TSLP and to a much lesser 
extent to IL-25 and IL-33,21,26 which indicates differential activation requirements depending on the 
tissue and environment ILCs are isolated from.21,26 

Skin ILC2s are involved in skin pathology. Atopic dermatitis (AD) is a prominent type 2-disease of 
the skin, associated with increased expression of IL-25, IL-33 and TSLP and high amounts of IL-5 
and IL-13.27 Recent work suggests that ILC2s might contribute to AD pathogenesis, as ILC2s were 
expanded in the skin of affected individuals.20 In addition, enhanced type 2-cytokine production in 
AD might be a result of reduced E-cadherin expression in AD lesions, as E-cadherin is a ligand for 
the inhibitory ILC2 receptor KLRG1. Culturing ILC2s with E-cadherin resulted in a downregulated 
expression of the typical type 2-cytokines.20 Moreover, ILC2s were found to co-localize with 2D7+ 
basophils in lesional human AD skin. Basophils produce IL-4 and in a mouse model were required 
for the development of AD-like disease, with ILC2s proliferating in an IL-4–dependent manner.28 
Basophils also promote type-2 responses through the production of pro-inflammatory eicosanoids, 
which might as well apply to ILC2s, that in humans and mice respond to leukotrienes.29,30 

Finally, the skin harbors IL-22 producing ILC3s. As IL-22 is important in fibroblast-mediated wound 
repair of the skin, ILC3s may be involved in this process however this was never addressed directly.31 
In chapter 4 we described increased numbers of IL-22 producing NCR+ ILC3s in inflamed skin and 
peripheral blood of psoriasis patients.21,22 Under homeostatic conditions NCR+ ILC3s are virtually 
absent in the peripheral blood and the presence of NCR+ ILC3s in the circulation of these patients 
likely represents recruitment to or redistribution from the skin. As mentioned before, NCR+ ILC3s 
constitute an innate source of IL-22, which is also known to drive the epidermal thickening that is 
characteristic for psoriasis.32 Interestingly, in a patient responding to anti-TNF treatment, circulating 
NCR+ ILC3s diminished, suggesting that circulating ILC3s could serve here as a biomarker.22 
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Tissue damage and repair
ILCs are important in the protection against tissue injury and in tissue repair. For example, in mice it was 
demonstrated that influenza virus infection led to complete destruction of the lungs of ILC-deficient 
mice,33 and ILC3s were required for epithelial repair in response to small intestinal tissue damage 
induced by the chemotherapeutic agent methotrexate.34 In chapter 5 the importance of ILCs in 
tissue repair is further exemplified by our observations in acute myeloid leukemia (AML) patients who 
received an allogeneic hematopoietic stem cell transplantation.35 Chemotherapy commonly causes 
damage to mucosal membranes lining the gastrointestinal tract, a complication clinically known 
as mucositis. For patients receiving an allogeneic HSCT, chemo- and/or radiotherapy-induced 
mucositis is an important risk factor for the development of graft-versus-host disease (GvHD).36,37 
In this context, we suggest a protective role for circulating ILCs expressing the activation marker 
CD69 and the gut homing-molecule α4β7. We found that AML patients who received two cycles of 
remission-induction chemotherapy and who had relatively high proportions of activated, gut-homing 
ILCs at the time of leukocyte reconstitution demonstrated less mucositis before allogeneic HSCT 
and a reduced susceptibility to GvHD post allogeneic HSCT.35 We hypothesized therefore that tissue 
damage leads to recruitment and activation of ILCs, in particular ILC3s. Patients with insufficient 
ILC reconstitution supposedly had less tissue repair before transplantation subjecting them to an 
increased risk for post-transplant GvHD.

Our data indicated that host ILCs were depleted with conditioning therapy and that reconstituting, 
circulating ILCs after stem cell transplantation were of donor origin. A study performed in a mouse 
model of GvHD showed that ILCs in the tissue were radio-resistant and that after transplantation 
host ILCs were the source of increased IL-22 production after conditioning therapy.38 It is possible 
that also in humans tissue-resident ILCs are radiotherapy and perhaps chemotherapy-resistant and 
continue to contribute to tissue protection even when full donor chimerism of circulating ILCs has 
been obtained. This remains to be investigated in tissue samples from allogeneic HSCT recipients. 

As compared to other innate cell types we observed a slow reconstitution of ILCs after allogeneic 
HSCT. Given the importance of these cells for innate immunity and epithelial homeostasis it is tempting 
to speculate that improvement of reconstitution dynamics following chemotherapy and following 
allogeneic HSCT could lower the risk of developing complications such as GvHD and perhaps 
(opportunistic) infections. Indeed, treatment with IL-22 in vivo after mouse allogeneic bone marrow 
transplantation enhanced the recovery of intestinal stem cells, increased epithelial regeneration and 
reduced intestinal pathology and mortality from graft-versus-host disease.39 Alternatively one could 
think of transplantation of ILC precursors or mature ILCs in animals with GvHD. If these interventions 
improve outcome in the setting of GvHD it will be worthwhile to also test this in humans. 
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Another cell type important in tissue repair is the mesenchymal stromal cell (MSC). MSCs are 
increasingly applied as second-line therapy in patients with steroid-refractory GvHD because in 
addition to tissue-protective properties they harbor immunosuppressive activities. In chapter 6 we 
performed a critical review of the literature on the outcome of transplantation of MSCs in the treatment 
of steroid-refractory GvHD. We found that in the selected studies the proportion of patients achieving 
complete resolution of all symptoms (CR) varied between 8% and 83%. As ILCs and MSCs have 
been described to interact with each other at the initial stages of fetal lymph node development,40,41 
and both have tissue-protective capacities and are associated with protection against GvHD, we 
further explored the interaction between both cell types. Our experiments described in chapter 7 
indicate that MSCs can activate and induce expansion of ILC3s and enhance ILC3-derived IL-22 
production in co-cultures. This suggests that MSCs may suppress GvHD not only by inhibiting T cell 
proliferation,42,43 but also by enhancing the tissue-protective properties of ILCs. Clinically it remains 
largely unknown which patients benefit most from transplantation of MSCs, but our observations 
suggest that the presence of ILC3s could be an important determinant. To test this hypothesis it 
would be informative to take advantage of MSC transplantation in ILC3-deficient and wild type mice 
with GvHD. Finally, it remains to be determined whether the observed effects are specific for MSCs 
or can also be achieved with transplantation of other stromal cell types. 

Future perspectives
Studies presented in this thesis demonstrate that aberrant activation of ILCs is associated with the 
development of chronic inflammatory disorders and that in the setting of tissue damage ILCs are 
associated with repair of damaged tissues and protection against GvHD. ILCs therefore represent a 
promising new target for immunomodulating therapies. 

It is important to note that the categorization of ILCs into ILC1s, ILC2s and ILC3s is actually somewhat 
arbitrary, as ILCs are in fact plastic: upon stimulation they can take on a different phenotype and 
function. The first notion that ILC3s could adopt an ILC1 phenotype came from data showing that 
upon culture in the presence of IL-7 and IL-2 human NCR+ ILC3s partly downregulated RORγt. 
This downregulation of RORγt was accompanied by the emergence of IFN-γ producing cells.44 For 
mouse ILC3s it was demonstrated that loss of RORγt was accelerated by IL-12 and IL-15. Cells 
that lost expression of RORγt acquired the capacity to produce IFN-γ and were strong inducers of 
colitis.45 In line with this we observed that in the ileum of Crohn’s  disease patients the proportions of 
IFN-γ-producing ILC1s were increased while NCR+ ILC3s were diminished.13 Additional experiments 
demonstrated that IFN-γ-producing ILC1s could also be stimulated to become IL-22-producing 
ILC3s, and that this ILC1 to ILC3 plasticity was dependent on environmental cues as IL-23, IL-1β 
and retinoic acid.46 The functional and transcriptional plasticity of ILC3s in both mice and humans 
raises the question of whether ILC2s also represent a plastic subset. Human ILC2s express low 
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levels of RORγt and ILC3s start producing IL-5 and IL-13 upon stimulation of Toll-like receptor 2 
(TLR2).47 This is suggestive of ILC2 plasticity depending on environmental cues, and indeed Bal and 
Bernink showed that that IL-12 and IL-4 govern ILC2 functional identity and that their imbalance 
results in the perpetuation of type 1 or type 2 inflammation (Bal et al, accepted for publication).  

The observed plasticity within the family of ILCs might have important implications for the 
development of strategies to interfere with chronic inflammatory disorders like IBD and psoriasis. As 
cues from the microenvironment seem to dictate ILC phenotype and function, targeting these cues 
is probably the best approach. This notion also holds true for the treatment of GvHD, but a major 
difference between this type of inflammation and the inflammation seen in IBD and psoriasis is that 
ILC numbers are severely reduced after allogeneic stem cell transplantation. In addition it might thus 
be useful to think of strategies to improve ILC reconstitution. As discussed earlier, there could be 
a role for MSCs here, as these cells turned out to induce expansion of ILC3s in vitro. More directly, 
ex vivo expansion of mature ILCs or ILC precursors followed by adoptive transfer of expanded cells 
could be another good approach to enhance ILC reconstitution dynamics. Studies using ILCs as a 
cell therapy will likely be performed in the near future and will tell us whether this approach is feasible 
for the prevention and treatment of infections, mucositis and GvHD.
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