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INTRODUCTION 
Chronic inflammatory disorders such as inflammatory bowel disease (IBD) and psoriasis have a 
multifactorial etiology that is characterized by dysregulated immune responses.1,2 In IBD, symptoms 
like diarrhea and abdominal pain are considered to develop as the result of an inappropriate 
inflammatory response to intestinal microbes in a genetically susceptible host.1 Psoriasis affects 
about 2% of the population and is characterized by  infiltration of the skin by innate and adaptive 
immune cells that cause well-demarcated plaques of thickened epidermis.2 Another condition 
characterized by aberrant activation of the immune system is graft-versus-host disease (GvHD). 
GvHD frequently complicates allogeneic hematopoietic stem cell transplantation (HSCT) and is 
characterized by destruction of healthy tissues (including the gut, skin and liver) by alloreactive 
immune cells from the donor that recognize ‘non-self’ antigens in the recipient. Allogeneic HSCT 
is an important modality in the treatment of patients with hematologic malignancies, but HSCT 
outcomes are often hampered by the morbidity and mortality associated with GvHD.3

A better understanding of the cascade of events leading to the aberrant activation of immune cells in 
auto- and alloimmune disorders is important for the development of targeted therapies that can alter 
the sometimes disastrous effects of such diseases. Innate lymphoid cells (ILCs) represent a recently 
described family of lymphocytes with important functions in barrier immunity, mucosal homeostasis 
and tissue repair. In this thesis we explore the presence and function of human ILCs in the context 
of chronic inflammation and GvHD.

The recent identification of a unique family of cells
About ten years after the identification of T and B lymphocytes as separate members of the lymphoid 
system,4 Kiessling and colleagues added natural killer (NK) cells as a third group of lymphocytes.5  
From then on, lymphocytes could be categorized as adaptive (expressing an antigen-specific 
receptor; T and B lymphocytes) or innate (not expressing an antigen-specific receptor; NK cells). 
NK cells are cytotoxic innate lymphoid cells, that kill target cells that lack the ligands for inhibitory 
receptors expressed by NK cells. Killing of these targets was found to be mediated through the 
release of cytotoxins, and without the need for prior sensitization. More than twenty years after 
this initial discovery of innate lymphoid cells a second type of innate lymphocytes was identified, 
the lymphoid tissue inducer (LTi) cell.6 LTi cells are essential for the formation of lymph nodes and 
Peyer’s patches and can be found in human mesenteric lymph nodes as early as at 8 weeks of 
gestation. The discovery of the LTi cell was followed by the identification of IL-22 producing ‘LTi-like 
cells’ in postnatal tissues that variably expressed NK cell receptors, such as CD56, and the natural 
cytotoxicity receptors NKp44 (in humans)7 and NKp46 (in mice and humans).8,9 Notably, LTi-like 
cells were reported to be negative for other NK markers as CD16, CD94, granzymes and perforin, 
which allowed for proper phenotypic discrimination. These LTi and LTi-like cells are now referred to 
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as ILC3s.10,11 It became clear that the innate lymphocyte compartment also harbored other non-
cytotoxic subsets, including ‘nuocytes’12 and ‘natural helper cells’,13 type 2 cytokine producing 
innate cells that are now collectively called ILC2s,11,14 and type 1 cytokine producing cells now 
referred to as ILC1s.15 Together these non-cytotoxic ILCs turned out to be the innate equivalents of 
the T helper family, closely aligned in the production of cytokines and with a similar involvement in 
the physiology and pathophysiology of immune responses.

Key characteristics of ILCs 
ILCs can be found throughout the body, but are enriched at barrier surfaces. In the peripheral blood 
ILCs represent only a small fraction of the total lymphocyte pool: about 0.1% of the circulating 
lymphocytes. ILCs are lineage negative cells, e.g. not expressing markers for stem cells (CD34), 
myeloid and plasmacytoid dendritic cells (CD1a, CD11c, CD123, BDCA2), monocytes and 
macrophages (CD14), mast cells (FceR1) and adaptive lymphocytes (T cell receptor, CD3, CD19). 
ILCs commonly express CD45, CD127 and CD161 and can be further categorized into ILC1s, ILC2s 
and ILC3s based on the expression of  CRTH2 (chemoattractant receptor-homologous molecule 
expressed on TH2 cells), CD117 and the natural cytotoxicity receptor (NCR) NKp44. As ILCs only 
express germline-encoded receptors, and thus lack the need for antigen-specific priming, they are 
poised to respond rapidly when necessary. ILCs can thereby play a pivotal role in the initiation phase 
of inflammatory processes  and immunity to pathogens. 

ILC1s
Based on the expression of CD56 and CD16, NK cells have long been subdivided in a subset with 
enhanced killing activity (CD56loCD16+) and a subset with the ability to secrete large amounts of the 
cytokines IFN-γ, GM-CSF and TNF (CD56hiCD16-).16,17 The latter subset is mostly non-cytotoxic and 
was found to partly express CD127, a fraction that might represent the human equivalents of the 
Notch dependent thymic NK cells that were described in the mouse.18,19 Although these cells have 
not been well characterized yet, several reports describing the production of IFN-γ by CD127+ ILCs 
suggests that these IFN-γ producers might represent the innate counterparts of T helper 1 (TH1) 
cells. 

ILC2s
Human ILC2s express CRTH2, variable levels of c-Kit and they lack expression of NKp44. ILC2s 
are responsive to the epithelial cell-derived cytokines IL-25, IL-33 and thymic stromal lymphopoietin 
(TSLP),14 which are secreted after exposure to helminths and allergens and are also involved in Th2 
responses. ILC2s respond to these cytokines with production of the type 2 cytokines IL-4, IL-5 
and IL-13.14,20 ILC2s express the transcription factor retinoid-related orphan receptor alpha (RORα) 
and functionally depend on the transcription factor GATA binding protein 3 (GATA3), as was shown 
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by a reduced response to IL-33 and TSLP upon partial silencing of GATA3.20 Conversely, ectopic 
expression of GATA3 in CRTH2- ILCs resulted in induction of CRTH2 and the capacity to produce 
type 2 cytokines in response to TSLP and IL-33.20 In addition to producing type 2 cytokines, another 
important feature of ILC2s is their capacity to process and present antigen to T cells. Human ILC2s 
express high levels of HLA-DR and the antigen-specific interaction between ILC2s and T cells was 
shown to be important for the initiation of type 2 cytokine expression by T cells.21 

ILC3s
Human ILC3s are CRTH2-negative ILCs that express the stem cell factor (SCF) receptor c-Kit 
(CD117) and are categorized into NKp44-negative and NKp44-positive ILC3s. NKp44+ ILC3s are 
found throughout the body, particularly at mucosal sites, but are virtually absent from the circulation 
in healthy individuals. Stimulation of NKp44+ ILC3s with IL-23 and IL-1β results in expansion of the 
cells22 and secretion of IL-22, an important cytokine in the regulation of mucosal homeostasis and 
tissue repair.7,23 NKp44- ILC3s were shown to acquire NKp44 and the capacity to produce large 
amounts of IL-22 when cultured with IL-23 and IL-1β. This differentiation was also observed for 
mouse NKp46- ILC3s after adoptive transfer in vivo.24 All ILC3s express RORγt and the transcription 
factor aryl hydrocarbon receptor (AHR) which is essential for the development of ILC3s.7,25 Mouse 
studies revealed an important role for ILC3s and IL-22 in protection of the host against the enteric 
pathogen Citrobacter rodentium.7,26

Scope of this thesis
ILCs have emerged as important regulators of anti-microbial immunity and tissue homeostasis and 
may also play a role in autoimmune diseases. Most of our knowledge about ILCs in the context of 
inflammatory disorders and tissue repair comes from mouse studies. Observations in the mouse 
however, do not necessarily apply to the human situation. The aim of this thesis is to investigate 
human ILCs in the context of inflammation and repair. In particular we focused on ILC development, 
and the involvement of ILCs in autoimmune disorders like IBD and psoriasis and in the alloimmune 
GvHD.
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ABSTRACT
Innate lymphoid cells (ILCs) are emerging key players of the immune system with close lineage 
relationship to T cells. ILC2 play an important role in protective immunity against multicellular 
parasites, but are also involved in the pathogenesis of type 2 immune diseases. Here, we have 
studied the developmental requirements for human ILC2. We report that ILC2 are present in the 
thymus of young human donors, possibly reflecting local differentiation. Furthermore, we show that 
uncommitted lineage−CD34+CD1a−human thymic progenitors have the capacity to develop into 
ILC2 in vitro under the influence of Notch signaling, either by stimulation with the Notch ligand Delta 
like 1 (Dll1) or by expression of the active intracellular domain of NOTCH1 (NICD1). The capacity of 
NICD1 to mobilize the ILC2 differentiation program was sufficiently potent to override commitment 
to the T cell lineage in CD34+CD1a+ progenitors and force them into the ILC2 lineage. As Notch is an 
important factor also for T cell development, these results raise the question how one and the same 
signaling pathway can elicit such distinct developmental outcomes from the same precursors. We 
provide evidence that Notch signal strength is a critical determinant in this decision: by tuning signal 
amplitude, Notch can be converted from a T cell inducer (low signal strength) to an ILC2 inducer 
(high signal strength). Thus, this study enhances our understanding of human ILC2 development 
and identifies a mechanism determining specificity of Notch signal output during T cell and ILC2 
differentiation.
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INTRODUCTION
A new group of hematopoietic effector cells has been identified in recent years, which is now 
commonly referred to as the innate lymphoid cell (ILC) family (1). Cells belonging to this family 
characteristically express the IL7Rα chain (CD127), but lack markers specific for any other 
hematopoietic lineage. Members of this family are closely related to T cells, but do not express 
rearranged antigen receptors (2).

The ILC family displays broad functional diversity, which strikingly resembles that of T cells in terms 
of activating stimuli and signature cytokines secreted. For every T helper cell lineage, there appears 
to be a corresponding ILC lineage: group 1 ILC produce IFNγ like T helper 1 cells (Th1) (3–5), ILC2 
produce Interleukin 5 (IL-5) and IL-13 and are thus akin to Th2 cells (6–9), and members of the ILC3 
lineage produce IL-17 and/or IL-22, resembling Th17 and Th22 cells (10–12). ILC secrete these 
factors in response to cytokines produced by epithelial and myeloid cells upon stress inflicted by 
pathogens. For instance, type 2 ILC respond to IL-25, IL-33, and thymic stromal lymphopoietin 
(TSLP), which are secreted by mast cells and epithelial cells (13). ILC2 are crucial for defense 
against helminth parasites (6) and involved in airway inflammation and tissue repair associated with 
influenza infections (14, 15). Accumulating evidence also implicates ILC2 in the pathogenesis of type 
2 inflammatory diseases such as allergic asthma (16–20).

Like T cells, ILC2 are known to derive from a common lymphoid progenitor (CLP) (21–23). While 
developmental processes of ILC are only beginning to be explored, differentiation of T cells has been 
well characterized. T cell differentiation is initiated after migration of CLP to the thymus, the primary 
site of T cell development. Developing human T cells can be separated into several discrete stages. 
The earliest thymic progenitors express CD34, but lack expression of CD7 and CD1a (24, 25). These 
cells have been shown to retain myeloid potential in vitro (26), whereas CD7 upregulation restricts 
them to NK/T potential. Commitment to the T cell lineage is marked by upregulation of CD1a (25). 
This is followed by rearrangement of T cell receptor β genes. Once a fully rearranged in frame TCRβ 
gene is generated, its gene product combines with the pre-TCRα chain (pTα) to form the pre-TCR, 
allowing a process called β-selection to take place. In humans, TCRβ+ cells first appear at an 
immature CD4+ stage (ISP4+) stage (27). As a consequence of β-selection, cells expand massively, 
(further) upregulate CD4 and CD8 co-receptors and rearrange their TCRα genes to generate the 
mature TCR, which is subjected to positive and negative selection processes. Final differentiation of 
T cells into effector cells, such as Th1, Th2, or Th17 cells, does not occur until the cells are activated 
by cognate antigen in the secondary lymphoid organs.

Aside from the absence of antigen receptors, ILC clearly are distinct from T cells in their 
developmental requirements. Thus, ILC lineages depend on Id2 for their development, whereas this 
factor is dispensable for T cell development. Also, the factor RORα is essential for differentiation of 
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ILC2 cells, but is not required for development of the corresponding Th2 subset, at least in vitro (20). 
Nonetheless, many parallels do exist between the factors that regulate differentiation of the various 
Th subsets and their ILC counterparts. For instance, RORγt is required for generation of (murine) 
Th17 and group 3 ILCs (28), whereas evidence suggests that the lineage defining transcription factor 
for Th1 cells, Tbet (29), also regulates ILC1 differentiation (30). ILC2, on the other hand, depend 
on GATA3 for development and function, as do Th2 cells (31–34). Two additional factors known to 
govern T cell specification from thymic progenitors were recently shown to also be required for ILC2 
differentiation, namely Tcf1 (35) and Notch (23).

Notch is a cell surface receptor, which is activated by binding to membrane bound ligands of 
the Delta like (Dll1 and Dll4) and Jagged (Jagged 1, Jagged 2) families. Ligand binding initiates a 
proteolytic cascade, which results in the release of the intracellular portion of the receptor, the Notch 
intracellular domain (NICD). NICD then translocates to the nucleus, where it associates with the DNA 
binding factor CSL [named after CBF-1 (mammals), Su(H) (Drosophila), and Lag-1 (C. elegans)]. 
Together, NICD and CSL recruit additional coactivators to induce transcription of target genes (36).

Notch signaling is absolutely required for at least two steps during the differentiation of T cells: T cell 
commitment and β-selection. The Notch pathway has also been implicated in differentiation of ILC 
(37). Lymphoid tissue inducer cells (LTi), which belong to the ILC3 group (1), require transient Notch 
activity at an early stage but Notch needs to be downregulated to allow for further differentiation of 
these cells (38). Depending on the microenvironment, Natural Cytotoxicity Receptor (NCR)+ ILC3 
(named according to the expression of the NCR genes Nkp44/Nkp46) also might develop under 
the influence of Notch (39, 40). Finally, murine studies have demonstrated that group 2 ILC require 
Notch signaling for their development in vitro (23, 35). Whether Notch also regulates differentiation 
of human ILC2 has not been examined.

The involvement of Notch in differentiation of both ILC2 and T cells raises the question how activation 
of these pathways results in adoption of the T cell versus the ILC2 differentiation program. Two 
fundamentally different mechanisms are possible. First, the two cell types develop from different 
precursors, already more or less committed to either lineage. Alternatively, a common precursor 
gives rise to both cell types. In this scenario, the signals driving differentiation are distinct either 
qualitatively, involving additional signals dedicated to either lineage, or quantitatively.

Here, we examined these possibilities by studying Notch mediated in vitro differentiation of human 
thymocytes. We find that human thymic progenitors can give rise to both T cells and ILC2 in response 
to activation of Notch. Our data show that the strength of the Notch signal determines whether T 
cells or ILC2 are generated, with stronger signals favoring ILC2 differentiation. Thereby, we provide 
a mechanism explaining how the distinction between the T cell and ILC2 program can be made.
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RESULTS
Group 2 innate lymphoid cells can be found in the human thymus
The close lineage relationship between T cells and group 2 ILCs (35) suggests that common 
precursors may exist for both lineages, which, depending on microenvironmental signals, differentiate 
into either T cells or ILC2. T cells differentiate in the thymus. Where ILC2 develop has not been 
established. There is evidence that these cells are generated in other locations than thymus, as 
suggested by the discovery of an ILC2 precursor in bone marrow (32, 41) and the presence of ILC2 
in athymic FoxN1nu/nu (nude) mice (23, 42). However, these findings do not exclude the possibility 
that ILC2 can be generated in the thymus as well. If common precursors of ILC2 and T cells exist, 
which differentiate into ILC2 in the thymus, one would expect to find differentiated ILC2 in this organ. 
To examine this, we analyzed single cell suspensions of freshly isolated human thymocytes by multi-
color flow cytometry for markers associated with group 2 ILC. ILCs were defined as CD45+ cells 
expressing high levels of the IL7Rα chain (CD127), but lacking expression of markers specific for 
T cells (CD1a, CD3, TCRγδ, TCRαβ), B cells (CD19), hematopoietic stem cells (CD34), and other 
lineages (CD11c, CD14, CD94, CD123, FcϵR1, BDCA2), collectively termed “lineage” (Figure 1A, 
left). We found that an average of 0.0625% of CD45+ thymocytes belong to the ILC lineages. We 
further analyzed these IL7Rαhighlineage−cells for the expression of CRTH2 (Figure 1A, right), which, 
within the family of ILCs, is specific for group 2 ILC (9). Using this strategy, we indeed detected 
a distinct population of CRTH2+ ILC in thymic specimens, on average accounting for 5% of the 
lineage−IL7Rαhigh ILC compartment (Figure 1C).

Phenotypically, thymic lineage−IL7RαhighCRTH2+ cells are similar to group 2 ILCs identified in other 
human tissues in that they express CD161 (9) and cKit (CD117) (Figure 1B), as was described for a 
subpopulation of human ILC2 (1). Furthermore, thymic lineage−IL7RαhighCRTH2+ cells do not express 
CD56 or NKp44 (Figure 1B), which are associated with conventional NK cells and ILC3 (1). These 
cells therefore adhere to what have been defined as the phenotypic hallmarks of human group 2 ILC 
(2, 9) and can thus be regarded as thymic ILC2. 

The presence of ILC2 in the thymus is remarkable, because thus far, such cells have only been found 
in mucosal tissues in the intestine and airways, consistent with their role in innate border patrol, in 
blood (9), presumably reflecting their migration, and in bone marrow, the major site of hematopoiesis 
(8, 34). Although we did not formally test whether ILC2 differentiation takes place in the human 
thymus, the fact that such cells are found at relatively high numbers in the thymus is consistent with 
the possibility that these cells are generated in this non-inflamed organ.
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Figure 1. Human thymus contains group 2 innate lymphoid cells. 
(A) Gating strategy applied to identify thymic ILC2. Thymocytes were pre-gated for CD45+ cells and innate 
lymphoid cells were defined as lineage− (CD1a−CD3−CD11c−CD14−CD19−CD34−CD123−TCRαβ−TCRγδ−BDCA2−

FcϵRI−) CD127high cells (left). This population was further analyzed for the presence of CRTH2+ cells (right). 
Percentages of cells in the respective gates are displayed. (B) Flow cytometric analysis of the expression of 
CD161, CD117 (cKit), Nkp44, and CD56 by thymic ILC2 as defined in (A). Representative FACS plots from a 
single donor are shown (A,B). (C) Relative abundance of ILC2 in human thymic specimens from a total of 16 
donors analyzed (C). Results in (C) are shown as mean ± SEM.

Figure 2. Thymic progenitors can differentiate into ILC2 in vitro by Notch activation. 
(A) Flow cytometric analysis of ILC2 differentiation from thymic CD34+CD1a− progenitors. Cells were cultured on 
control OP9 or OP9 Dll1 as indicated for 1 week. ILC2 were defined as CD45+lineage−CRTH2+. (B) CD34+CD1a− 
progenitors were cultured on OP9 cells as indicated. After 2 weeks, the abundance of CD4+CD8+ T cells was 
assessed. (C) Thymic CD34+CD1a+ progenitors were cultured and ILC2 development was measured as in 
(A). Data are shown as mean ± SEM from minimally four independent experiments. Mann–Whitney test was 
performed for statistical analyses, *p < 0.05.
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In vitro differentiation of ILC2 from thymic progenitors by Notch signaling
Given the presence of innate group 2 lymphocytes in the human thymus, we asked whether these 
cells can develop directly from thymic progenitors. A recent study showed that ILC2 differentiation 
can be induced from murine bone marrow-derived common lymphoid and thymic progenitors by 
co-culture with OP9 stromal cells expressing the Notch ligand Dll1 (23). To test whether human 
thymic progenitors have the capacity to differentiate into ILC2, we initiated OP9 co-cultures with 
human CD34+CD1a− thymocytes, which have not yet committed to the T lineage (43). Although 
some lineage−IL7Rα+CRTH2+ cells appeared after 1 week of culture with control OP9 cells, the 
frequency of such cells was significantly increased upon co-culture with OP9 Dll1 (Figure 2A). Under 
these same conditions, OP9 Dll1 cells also induced differentiation of T cells, as expected, but this 
process required minimally 2 weeks of co-culture (Figure 2B).

Interestingly, when OP9 Dll1 co-cultures were initiated with thymic CD34+CD1a+ progenitors, which 
are believed to already have committed to the T cell lineage (43), enhanced induction of lineage−

IL7Rα+CRTH2+ cells by OP9 Dll1 was not detected (Figure 2C). This indicates that these progenitors 
might have lost the potential to differentiate into the ILC lineage, as has been demonstrated for 
murine thymic DN3 cells (23).

Constitutive NOTCH1 activation robustly induces differentiation of Lineage−IL7Rα+ 

CRTH2+ cells
OP9 cells expressing Dll1 have widely been used to induce Notch dependent T cell differentiation 
(44). It is not immediately obvious how activation of Notch in the same progenitors would induce two 
distinct differentiation programs, namely ILC2 or T cells. Although Notch is clearly required in a cell 
intrinsic manner in thymic progenitors during T cell differentiation (45), this has not been established 
for ILC2. Indeed, it is conceivable that ILC2 induction by OP9 Dll1 would be an indirect effect from 
lateral Notch activation in the OP9 cells, resulting in production of other signals by these cells, which 
promote ILC2 differentiation. To test whether cell intrinsic Notch signaling in thymic progenitors 
induces ILC2 differentiation, we ectopically expressed the intracellular domain of NOTCH1 (NICD1) 
in thymic CD34+CD1a− progenitors, thereby inducing constitutive activation of NOTCH1 in these 
cells, and subjected these to co-culture on control OP9 cells. NICD1 expression resulted in robust 
induction of an IL7Rα+CRTH2+ population, which lacks expression of T cell (CD1a, CD3, CD4, CD8, 
TCRαβ, TCRγδ) and other lineage markers (CD11c, CD14, CD19, CD34, CD94, CD123, FcϵR1, 
BDCA2) (Figure 3A). Thus, direct activation of Notch in thymic CD34+CD1a− progenitors results in 
the differentiation of cells resembling ILC2 cells.
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A prominent population of lineage−CRTH2+ cells was usually present after 1 week, but these cells 
first appeared after as little as 4 days of co-culture on OP9 cells, and persisted for up to 2 weeks 
(Figure 3B). NICD1 induced differentiation of lineage−IL7Rα+CRTH2+ cells was subject to donor-
to-donor variation. However, ectopic NICD1 expression consistently induced a prominent lineage−

IL7Rα+CRTH2+ population (Figure 3C).

Collectively, these data show that activation of Notch in human thymic hematopoietic progenitors 
activates the ILC2 differentiation program. Indeed, the connection between Notch and the ILC2 
differentiation program is potent enough to dismantle the T cell differentiation program in cells 
already committed to the T cell lineage and make them adopt the ILC2 fate instead.

Strikingly, NICD1 even robustly induced a lineage−IL7Rα+CRTH2+ population from T-committed 
CD34+CD1a+ thymic progenitors, although to a lesser degree than from uncommitted CD34+CD1a− 
thymocytes (compare Figures 3C,D). This suggests that strong, sustained Notch signaling can 
overcome commitment to the T cell lineage in thymic progenitors and therefore challenges the lineage 
fidelity of these precursors. Strikingly, ectopic expression of NICD1 in CD34+CD1a− thymocytes also 
resulted in a prominent lineage−IL7Rα+CRTH2+ population when thymic progenitors were cultured 
in the combined presence of IL-7 and Flt3l (Figure 3E), conditions known to promote development 
into the T cell lineage (46, 47).

Figure 3. Constitutive activation of Notch induces prominent ILC2 differentiation. 
(A) Flow cytometric analysis for expression of CD127 and CRTH2 by thymic CD34+CD1a− progenitors 
transduced with NICD1 (right) or an empty vector control (left), both containing IRES-Thy1.1, and cultured on 
control OP9 cells. Numbers indicate percentages of CD45+lineage− cells expressing CRTH2 among transduced 
(Thy1.1+) cells. Data shown are from one representative experiment out of nine experiments. (B) Time course 
of ILC2 differentiation induced by ectopic expression of NICD1 (black line) in CD34+CD1a− thymocytes. CRTH2 
expression by transduced CD45+lineage− cells after 4 days (left), 1 week (middle), and 2 weeks (right) of co-culture 
is shown. Data are representative of two independent experiments. Empty vector (ev) control transduced cells are 
shown in light gray lines, filled dark gray histogram represents staining with an isotype-matched control antibody. 
(C,D) Cumulative data from ILC2 differentiation induced by ectopic expression of NICD1 in CD34+CD1a−(C) and 
CD34+CD1a+ (D) thymocytes. Shown is mean ± SEM of nine (C) and seven (D) experiments. Significance was 
analyzed using the Mann–Whitney test, *p < 0.05, ***p < 0.0005. (E) Differentiation of CD45+lineage−CRTH2+ 
cells by CD34+CD1a− thymocytes cultured in the presence of IL-7 only or IL-7 + Flt3l. (F) Differentiation of 
CD45+lineage−CRTH2+ cells by ectopic expression of NICD1 or GATA3 in CD34+CD1a− thymocytes. Data in (E,F) 
are shown as mean + SD from two independent experiments.
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The transcription factor GATA3 has been shown to play an essential role in development and function 
of both murine and human ILC2 (32, 33). Overexpression of GATA3 in a population of lineage−

CD127+CD117+Nkp44−CRTH2− immature ILC was sufficient to drive these cells into the ILC2 lineage 
(33). To determine whether GATA3 is also able to elicit ILC2 differentiation from thymic progenitors, 
we ectopically expressed this factor from a retroviral vector in CD34+CD1a− uncommitted progenitors 
and monitored ILC2 differentiation. Indeed, GATA3 expression was sufficient to induce an ILC2 
phenotype (Figure 3F), further supporting the notion that thymic progenitors have the capacity to 
differentiate into genuine ILCs. However, NICD1 was more potent in ILC2 differentiation in direct 
comparison with GATA3, at least at the expression levels obtained by our retroviral expression 
systems (Figure 3F).

NOTCH1 induced CRTH2+ cells are bona fide ILC2
Thus far, our interpretation that Notch activation instructs thymic progenitors to differentiate into 
ILC2 cells has been based on the absence of lineage markers (including those defining T cells) 
and the presence of CRTH2, a marker supposedly not found in immature T cells. However, given 
the wealth of data demonstrating the role of Notch in differentiation of T cells, it is conceivable that 
the cells obtained here represent a previously not described subtype of immature T cells. Also, it is 
possible that our results reflect atypical expression of CRTH2 on T cell lineage cells, for instance as 
a consequence of direct transactivation of the gene encoding this marker by Notch. We therefore 
sought to determine whether the CRTH2+ cells differentiated from thymic progenitors in response to 
Notch are genuine group 2 ILCs.

To this end, we performed more extensive phenotyping by multi-color flow cytometry, examining 
the surface expression of several markers known to be associated with human ILC2. As described 
above (Figure 3A), NICD1+ (CRTH2+) cells express the IL7Rα chain (Figure 4A), although surface 
levels varied between experiments and were sometimes lower than those found on freshly isolated 
ILCs. This is most likely due to in vitro culture in the presence of recombinant IL-7, which results in 
receptor internalization (48). Indeed, such down regulation of IL7Rα has also been observed when 
freshly isolated mature ILC2 cells were cultured in vitro (9). NICD1 induced CRTH2+ cells express 
low levels of KLRB1 (CD161) in a bimodal distribution (Figure 4A) as has been shown for human 
ILC derived from other tissues (9). Additionally, NICD1 induced CRTH2+ cells also express CD25 
(the IL-2Rα chain), CD7, and ICOS, all of which have been shown to be expressed by group 2 
ILCs (1, 9). CRTH2+ cells differentiated in vitro by Notch activation for the most part do not express 
cKit (Figure 4A). The interpretation of this observation is complicated by the fact that expression of 
cKit by human group 2 ILC is variable. Among human fetal gut and peripheral blood ILC2, both a 
cKit+ and cKit− population have been described (9). Expression of cKit, therefore, does not seem to 
constitute part of the core ILC2 identity. Finally, NOTCH1 induced CRTH2+ cells do not show surface 



Modulation of signal strength switches Notch from an inducer of T cells to an inducer of ILC2

27

2

expression of CD56 and Nkp44 (Figure 4A), associated with the NK and other ILC subsets (1). Taken 
together, the expression pattern of these surface markers shows that CRTH2+ cells derived from 
thymic progenitors by Notch mediated in vitro differentiation phenotypically resemble bona fide ILC2 
found in the thymus and various other human tissues.

To further characterize these Notch induced thymic ILC2, we determined mRNA expression levels 
of lineage defining transcription factors, cytokine receptors, and signature cytokines in cells directly 
isolated from differentiation cultures (Figure 4B). Cells differentiated from thymic progenitors in vitro 
by expression of NICD1 expressed transcripts for the lineage specific cytokine receptors IL1RL1 
(ST2, a subunit of the IL-33 receptor), IL17RB (a subunit of the receptor for IL-25), and CRLF2 
(TSLP-R). Together with CD25 (Figure 4A), these cells thus express the critical receptors to respond 
to the ILC2 activating cytokines IL-2, IL-25, IL-33, and TSLP. Notably, expression of transcripts 
for these cytokine receptors was not detected in empty vector control cells (Figure 4B). In vitro 
differentiated ILC2 also expressed RORA mRNA encoding the ILC2 lineage specific transcription 
factor RORα. However, these cells did not express elevated levels of GATA3 compared to control 
cells. This may seem counter-intuitive, given the ability of GATA3 to induce ILC2 differentiation from 
thymic progenitors (Figure 3E) and the fact that GATA3 is a known direct target of Notch signaling 
(49–51). However, it should be noted that expression of GATA3 is low also in resting ILC2 derived 
from peripheral tissues after in vitro culture and that expression of this factor is elevated only after 
exposure to activating stimuli such as TSLP (33). Therefore, high constitutive expression of GATA3 
does not seem to be a characteristic of resting human ILC2 cells. Most strikingly, even without 
exogenous activation, NICD1+ cells expressed transcripts for the ILC2 signature cytokines IL-13 and 
IL-5 (Figure 4B), whereas empty vector control cells did not, further reinforcing the interpretation that 
NICD1 induced CRTH2+ cells are fully functional group 2 ILC. Constitutive expression of IL-5 and IL-
13 transcripts by unstimulated ILC2 has been observed previously in the fetal gut (9). We therefore 
conclude that ILC2 differentiated in vitro from thymic progenitors by activation of NOTCH1 resemble 
bona fide group 2 ILCs.
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Figure 4. NICD1 induced lineage−CRTH2+ cells are bona fide ILC2. 
(A) Flow cytometric analysis of surface expression of CD127 (IL7Rα), CD117 (cKit), CD161, CD7, CD25, 
ICOS, CD56, and Nkp44 on Thy1.1+ thymocytes transduced with NICD1-IRES-Thy1.1-MSCV (black line) or 
IRES-Thy1.1-MSCV empty vector (ev, gray line) and differentiated in vitro on control OP9 cells. Gray shaded: 
isotype-matched control antibody. FACS data are representative of minimally three experiments. (B) Expression 
of PTGDR2 (CRTH2), IL1RL1 (ST2), IL17RB (IL-25R), CRLF2 (TSLP-R), RORA, GATA3, IL-5, and IL-13 mRNA in 
thymocytes transduced and differentiated in vitro as in (A). Cells were sorted after 1 week of culture as NICD1 
(red bars) or empty vector transduced (ev, white bars) on the basis of Thy1.1 expression. Expression levels 
were normalized to the housekeeping gene β-Actin. nd, Not detectable. Data are shown as mean + SD of two 
independent experiments.
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Notch promotes T cell versus ILC2 differentiation in a signal strength dependent manner
The fact that activation of Notch can induce differentiation of both T cells and ILC2 from the same 
thymic progenitors raises the question what determines which of these differentiation programs is 
turned on. The Notch pathway is sensitive to signal amplitude, which allows induction of discretely 
different responses by one and the same signaling pathway (52, 53). Given our findings that 
expression of NICD1 was much more potent at eliciting ILC2 differentiation than co-culture with OP9 
Dll1, we reasoned that the strength of the Notch signal might be a critical factor deciding whether T 
cells or ILC2 are generated.

To test this hypothesis, we generated an expression construct, in which the concentration of nuclear 
NICD1 can be controlled in a quantitative manner. In this construct, NICD1 is N-terminally fused to 
a mutated Estrogen receptor ligand binding domain (mER). This mutated domain no longer binds 
Estrogen, but does respond to Tamoxifen (54). In the absence of this drug, mER-NICD1 is bound by 
heat shock proteins in the cytoplasm and hence kept transcriptionally inactive. Addition of Tamoxifen 
to the culture medium induces transcriptional activity of mER-NICD1 in a dose-dependent manner 
(Figure 5A). Some leakiness is frequently observed with these types of ER-fusion proteins (55, 
56) and indeed, we also consistently observed weak but significant activity of mER-NICD1 in the 
absence of Tamoxifen (Mock) on two different Notch-responsive promoters (Figure 5A). Therefore, 
this tool enabled us to induce different levels of NOTCH1 activation, and even explore the impact of 
very low levels owing to the leakiness of the mER system. In comparison, expression of constitutively 
active NICD1 served to induce high signaling strength. Together, these constructs allowed us to 
examine the consequences of Notch signaling across a more than 100-fold dynamic range, as 
measured in reporter gene assays (compare luciferase activities in the absence of Tamoxifen with 
those obtained with expression of constitutively active NICD1 in Figure 5A).

To test whether Notch signal strength affects ILC2/T cell differentiation, we retrovirally expressed 
mER-NICD1 or constitutive NICD1 in uncommitted, CD34+CD1a− thymic precursors, subjected 
these to co-culture on control OP9 cells and titrated in Tamoxifen. The activity of the mER-NICD1 and 
NICD1 constructs could also be controlled quantitatively in these cells, as shown by the Tamoxifen 
dose-dependent induction of CD7 expression (Figure 5B), which we have found to be a sensitive 
gauge for Notch activity in thymic precursors.

Using this system, we measured differentiation of T cells as well as group 2 ILC by flow cytometry. 
We chose to examine the development of these cells after 2 weeks because of the different kinetics 
in T cell and ILC2 differentiation. Differentiation of T cells generally requires incubation periods of at 
least 2 weeks (57) (Figure 2B). As shown before (Figure 3B), group 2 ILC populations emerge within 
several days of culture, but persist longer and could therefore be assessed here after 2 weeks in 
direct comparison with T cells.
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Figure 5. Notch promotes differentiation of T cells versus ILC2 in a signal strength dependent manner.
(A) Activation of the Notch-responsive reporter constructs HES1-luciferase (left) and CBF-1-luciferase (right) 
induced by different levels of nuclear release of mER-NICD1 or constitutive NICD1 expression. U2OS cells were 
transfected with a mixture of reporter plasmids expressing Firefly luciferase, a plasmid constitutively expressing 
Renilla luciferase and an empty vector control, mER-NICD or NICD1, respectively. 4-Hydroxytamoxifen (Tamoxifen, 
4-HT) was added at the indicated concentrations. Firefly luciferase activities were normalized to Renilla luciferase 
activities from the same samples and are displayed as fold of empty vector control samples at the respective 
concentration of Tamoxifen. Data shown are from one representative of three independent experiments performed 
in triplicate (mean + SD). (B–D) Flow cytometric analysis of thymocytes after 2 weeks of co-culture on control 
OP9 cells. CD34+CD1a− progenitors were transduced with NICD1, mER-NICD1, or an empty vector control prior 
to co-culture. Tamoxifen was added to mER-NICD1 and empty vector transduced cultures at the concentrations 
indicated. (B) Levels of CD7 expression are displayed as MFI. Data shown are from one representative experiment 
from 2 similar experiments. (C) Transduced cells were analyzed for surface expression of CD4 and CD8 to assess 
T cell differentiation. (D) ILC2 differentiation as determined by expression of CRTH2 on transduced lineage− cells. 
Data displayed in (C) and (D) are cumulative from three independent experiments (mean + SD).

As expected, neither T cell differentiation nor generation of ILC2 occurred effectively in the absence 
of Notch activation: considerable populations of both CD4+CD8α+ T cells (Figure 5C) and lineage−

IL7Rα+CRTH2+ ILC2 (Figure 5D) only arose from cultures which had received a Notch signal by means 
of ectopic NICD1 expression, but not in empty vector transduced control cultures. With regard to 
dosage dependence, however, T cell and ILC2 differentiation displayed opposite requirements: even 
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very low doses of Notch activity were sufficient to elicit development of T-lineage cells (Figure 5C). 
In fact, the lowest levels of NOTCH1 signaling activity, owing to the leakiness of our system in the 
absence of Tamoxifen (see above), gave rise to the most prominent T cell differentiation (almost 20% 
of CD4+CD8α+ T cells), whereas hardly any ILC2 were observed in this condition (Figure 5D). Titrating 
in Tamoxifen to induce higher levels of NOTCH1 signaling gradually diminished the number of T cell 
lineage cells obtained (Figure 5C). In contrast, stronger NOTCH1 induced more ILC2 differentiation 
(Figure 5D). Most strikingly, the highest level of Notch signaling, induced here by constitutively active 
NICD1, did not yield any T cells (Figure 5C); instead, constitutive NICD1 expression resulted in the 
most prominent ILC2 differentiation (Figure 5D). Taken together, these results demonstrate that by 
varying signal strength, one and the same Notch pathway can activate two distinct differentiation 
programs, with weaker signals favoring development of T cells and stronger signals inducing more 
efficient ILC2 differentiation.

DISCUSSION
ILC are increasingly recognized as important mediators of immunity and lymphoid tissue (re)modeling 
(2). The mechanisms underlying differentiation of these cells and the anatomical locations where 
these processes take place are only beginning to be characterized. What is known has mostly been 
learned from studies in mice. Here, we have studied the differentiation of human ILC2.

We report the identification of ILC2 in the human thymus. The presence of ILC2 in the thymus could 
theoretically be explained by migration to this site, although it is not clear what the function of such 
recruitment would be. The currently known function of ILC2 consists of defense at epithelial barriers 
(58) and it seems unlikely that ILC2 would be required for this purpose in a sterile internal organ 
such as the thymus. It is of course conceivable that ILC2 have additional, not identified functions, 
for instance in tissue homeostasis or development, which explain their presence in this organ. An 
alternative explanation for their presence in the thymus is that ILC2 are in fact generated in this 
organ, although the thymus is likely not the only site of ILC2 development. At face value, a role 
for the thymus in differentiation of ILC2 may seem at odds with a study reporting the identification 
of a Lin−Sca1hiId2hi GATA3hi (LSIG) ILC2 precursor in murine bone marrow (20, 32). However, 
transcriptome analysis and adoptive transfer experiments suggested that these cells have already 
committed to the ILC2 lineage and may represent an immature ILC2 stage. Whether differentiation 
of progenitors into this immature ILC2 stage could also take place in the thymus was not addressed 
directly in these studies. Another mouse study directly addressed the question whether the thymus 
is essential for ILC2 development (23). Wong and colleagues made use of FoxN1nu/nu (nude) mice, 
which display defective thymus development (59). Normal numbers of group 2 ILC were found in 
mesenteric lymph nodes in these mice after injection of IL-25 (23). While this formally proves that 
ILC2 differentiation can occur at extrathymic sites, at least in mice, this study does not address 
whether this process also occurs in the thymus.
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Whether ILC2 differentiation occurs in the human thymic organoid could be investigated using 
humanized immune system mice (60). Furthermore, studies of patients with DiGeorge syndrome, 
who have defects in thymic development like FoxN1nu/nu (nude) mice (61), could provide valuable 
insights. However, it stands to reason that, if ILC2 do develop in the thymus, progenitors with the 
capacity to differentiate into group 2 ILC must exist in this organ. Our finding that CD34+CD1a− cells 
differentiate into ILC2 in response to activation of Notch shows that this is indeed the case.

Recent studies underline the close genetic relationship between T and ILC2 cells, the latter 
expressing a multitude of markers which classically have been considered T-lineage genes, such as 
CD7, Lck, Lat, Bcl11b, and Tcf7 (6, 35). Indeed, thymic lineage−CD34+CD1a−cells can develop into 
both ILC2 and T cells, as we show here. Expression of CD1a by these cells has been considered 
to mark their commitment to the T cell lineage (43). Correspondingly, we found that CD34+CD1a+ 
progenitors failed to give rise to ILC2 after co-culture on OP9 Dll1. However, the ability to differentiate 
into ILC2 was not lost completely by these cells, as ectopic expression of the NICD1, which we 
found to be a much stronger stimulus for ILC2 differentiation than OP9 Dll1 cells, could still divert 
these cells into ILC2. A gradual decrease in ILC2 potential was reported also for murine progenitors: 
ILC2 differentiation in vitro was induced efficiently by OP9 Dll1 when CD44+CD25−CD4−CD8−double 
negative 1 (DN1) cells were used, less efficiently when using CD44+CD25+ DN2 cells, and not at all 
with CD44−CD25+ DN3 cells (23), which are thought to be fully committed to the T cell lineage (62).

Many studies have shown that thymic CD34+CD1a− cells differentiate into T cells when cultured 
on OP9 stroma cells expressing the Notch ligand Dll1 (46, 63). It was surprising, therefore, 
that differentiation of ILC2 was also obtained using the same conditions and progenitors in our 
experiments. Our data reveal that the strength of the Notch signal is an important parameter in this 
decision, with lower Notch signals mediating T cell differentiation, while strong Notch signals induce 
ILC2 differentiation. Similar dosage dependent outcomes of Notch signaling have been reported 
before (64), for instance in the lineage decision between αβ and γδ T cells (52, 65). While we did not 
observe γδ T cells in our cultures, possibly due to differences in culture conditions and progenitor 
sort strategies, the block in αβ T cell development observed here with high levels of Notch activation 
is in line with these studies (65). Two non-mutually exclusive mechanisms can be envisioned to 
explain how a subset of progenitor cells receives the strong Notch signals required for differentiation 
of ILC2. First, specialized niches with high levels of Notch ligands may exist in the thymus and/or 
hematopoietic organs (66, 67). Both cortical and medullary epithelial cells (TEC) express the Notch 
ligands Dll1, Dll4, Jag1 and Jag2 in humans (66). However, other components of the thymic stroma, 
for instance thymic DCs (68), also express Notch ligands. Second, the CD34+CD1a− population may 
contain a mixture of cells with high and low sensitivity to Notch ligands. Such differential sensitivity 
may for instance be achieved through modification by Fringe glycosylases, expression of different 
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levels of Notch and downstream mediators or pathway modifiers (69, 70). This diversification may 
itself be influenced by factors produced in specialized niches. Indeed, factors such as TGFβ, Wnt, 
and type I interferons can all modify the maximum amplitude of Notch signaling through various 
ways (64) (Amsen, unpublished data). TECs produce TGFβ (71), while thymic plasmacytoid DCs 
constitutively express IFNα under non-inflamed conditions (72), indicating once more that both 
epithelial and non-epithelial stromal components of the thymic microenvironment might contribute 
to specialized niches capable of eliciting strong Notch signals in developing thymocytes. Given that 
mice lacking thymic epithelial cells still generate ILC2 (23), it is tempting to speculate that the relevant 
source of the Notch activating signals consists of a non-epithelial stromal cell.

The prominent induction of ILC2 differentiation by strong Notch signaling echoes a similar role for 
Notch in differentiation of T helper 2 cells, which are functionally related to ILC2 (73). Induction of Th2 
differentiation by Notch involves direct transactivation of GATA3 in CD4+ T cells (31, 50, 51). Since 
GATA3 is also essential for the generation and function of murine and human ILC2 (32, 33), it seemed 
likely that Notch mediated ILC2 differentiation would also proceed via induction of this transcription 
factor, at least partially. To our surprise, however, GATA3 levels were not elevated by Notch signaling 
during differentiation of ILC2 cells from CD34+CD1a− cells. Although not elevated, GATA3 expression 
was still clearly detectable in these cells, suggesting that Notch mediated ILC2 development might 
not be completely independent of GATA3. Nonetheless, it seems likely that Notch induces the ILC2 
fate predominantly via activation of other genes. Interestingly, some of the genes shared between 
the T cell and ILC2 programs (6, 35), Tcf1 and Bcl11b, are established direct targets of Notch (74, 
75). Direct transactivation of such genes would provide at least a partial explanation for the ability of 
Notch to induce ILC2 differentiation without elevating expression of GATA3, although it seems likely 
that also other direct Notch targets exist, which are dedicated to the ILC2 differentiation program. 
One mechanistic explanation for the high Notch signal strength dependence of ILC2 differentiation 
might be that transactivation of such dedicated target genes requires higher concentrations of 
NICD, for instance due to steric impediment by factors surrounding the Notch-responsive elements.

In summary, we show that the human thymus contains ILC2. Whether or not this reflects a role for 
this organ in development of these cells, progenitors with the capacity to differentiate into ILC2 can 
be found in the thymus. These progenitors reside within a population which also has the capacity 
to generate T cells in response to apparently the same set of signals and we demonstrate that the 
strength of Notch signaling is an important determinant in deciding which fate is chosen. Apart from 
augmenting our understanding of the processes involved in the generation of ILC2, these findings 
also suggest possible avenues to generate ILC2 for reconstitution of this cell type in patients after 
stem cell transplantation or in patients suffering from immunodeficiencies.
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MATERIALS AND METHODS
Isolation of thymic hematopoietic progenitors
Postnatal thymic (PNT) tissue specimens were obtained from children undergoing open heart 
surgery (LUMC, Leiden, The Netherlands); their use was approved by the AMC ethical committee 
in accordance with the declaration of Helsinki. Cell suspensions were prepared by mechanical 
disruption using the Stomacher 80 Biomaster (Seward). After overnight incubation at 4°C, thymocytes 
were isolated from a Ficoll-Hypaque (Lymphoprep; Nycomed Pharma) density gradient. Single cell 
suspensions were enriched for CD34+ cells by MACS (Miltenyi Biotec), stained with fluorescently 
labeled antibodies and subsequently FACS sorted on a FACS Aria (BD Bioscience) as CD34+CD1a−

CD3−CD56−BDCA2− or CD34+CD1a+CD3−CD56−BDCA2−, respectively (referred to in this study as 
CD34+CD1a− and CD34+CD1a+). Purity of the sorted populations was >99%.

Flow cytometry
Staining for expression of surface proteins was performed at 4°C for 20 min. Distinction of live and 
dead cells was based on staining with 7-Aminoactinomycin D (7-AAD, eBiosciences) or fixable live/
dead dyes (Invitrogen). Data were acquired on a LSR Fortessa flow cytometer (BD Bioscience) and 
analyzed using FlowJo software (TreeStar). Single cell suspensions were stained with antibodies 
directly labeled with Fluorescein Isothiocyanate (FITC), Phycoerythrin (PE), Phycoerythrin-Cyanine 
5 (PE-Cy5), PE-Cy5.5, PE-Cy7, PerCP-Cy5.5, Allophycocyanin (APC)/Alexa Fluor 647, APC-Cy7, 
AF700 (all BD Bioscience, BioLegend, or MACS Miltenyi), Horizon V500 (HV500, BD Bioscience), 
Brilliant Violet 421 (BV421), BV711, and BV785 (all BioLegend). Antibodies specific for the following 
human antigens were used: CD1a, CD3, CD4, CD7, CD8, CD11c, CD14, CD19, CD25, CD34, 
CD45, CD56, CD94, CD117 (cKit), CD123, CD127 (IL7Rα), CD161, CD294 (CRTH2), CD303 
(BDCA2), CD336 (Nkp44), CD278 (ICOS), TCRαβ, TCRγδ, and FcεR1. Anti-mouse CD90.1 (Thy1.1) 
-FITC, -PE, or -APC-eFluor 780 (eBioscience) were used to detect cells transduced with MSCV – 
IRES-Thy1.1 retroviruses.

Retroviral constructs
The human NICD1-IRES-Thy1.1-MSCV construct has been described before (49). To 
generate the mER-NICD fusion, an N-terminal mER domain was PCR amplified using 
the following primers: GATCAGGAATTCCACACCATGGGAGATCCACG AAATGAA and 
GATCAGGATATCCACCTTCCTCTTCTTCTTGG and cloned into the EcOR1 and EcORV sites of 
pBluescript (pBS) to create mER-pBS. Human NICD1 lacking a translation initiation signal was 
PCR amplified using these primers: ATCGGAGGTTCTCGCAAGCGCCGGCGGCAGCAT and 
GATCAGAAGCTTGAATTCTTACTTGAAGGCCTCCGGAATG and subsequently cloned into the 
EcORV and HindIII sites of mER-pBS. The mER-NICD1 fusion insert was then cloned into IRES-
Thy1.1-MSCV using BamH1 and Cla1.



Modulation of signal strength switches Notch from an inducer of T cells to an inducer of ILC2

35

2

Virus production and transduction
For virus production, Phoenix GALV packaging cells were transiently transfected using FuGene HD 
(Promega). Virus containing supernatant was harvested 48 h after transfection, snap frozen on dry 
ice and stored at −80°C until use. For transduction, cells were incubated with virus supernatant in 
plates coated with Retronectin (30 μg/ml, Takara Biomedicals) for 6–8 h at 37°C the following day.

In vitro differentiation of thymic progenitors
Sorted thymic progenitors were cultured overnight in Yssel’s medium containing 5% normal human 
serum, SCF (20 ng/ml), and IL-7 (10 ng/ml, both PeproTech). OP9 cells were mitotically inactivated 
by irradiation with 30 Grey and seeded at a density of 5 × 103/cm2 1 day prior to initiation of co-
cultures. After transduction, thymic progenitors were added to pre-seeded OP9 cells. Co-cultures 
were performed in MEMα (Invitrogen) with FCS (20%, FetalClone I, Hyclone) and IL-7 (5 ng/ml). 
In some cases, Flt3l (5 ng/ml, PeproTech) was added to the medium. Cultures were refreshed 
every 3–4 days. Differentiation assays for ILCs were typically analyzed after 1 week, unless stated 
otherwise. Cells were harvested by forceful pipetting and passed through 70 μm nylon mesh filters 
(Spectrum Labs). For longer culture periods, cells were transferred onto fresh stromal cells every 
week.

Quantitative real-time PCR
RNA was isolated using the NucleoSpin RNA II or NucleoSpin RNA XS kit (Macherey-Nagel) according 
to the manufacturer’s instructions. cDNA synthesis was done using the High Capacity cDNA kit 
(Applied Biosystems). Quantitative Real-Time PCRs were performed in an iCycler instrument using 
IQ SYBR Green Supermix (both BioRad). For calculation of relative expression level of the genes of 
interest, the ΔCt method was used. The following primers were used: ACTB (β-Actin) (Gene ID: 60) 
Forward: CAC CAT TGG CAA TGA GCG GTT C; Reverse: AGG TCT TTG CGG ATG TCC ACG T; 
CRLF2 (TSLP-R) (Gene ID: 64109) Forward: GAG TGG CAG TCC AAA CAG GAA; Reverse: ACA 
TCC TCC ATA GCC TTC ACC; GATA3 (Gene ID: 2625) Forward: ACC ACA ACC ACA CTC TGG 
AGG A; Reverse: TCG GTT TCT GGT CTG GAT GCC T; IL1RL1 (ST2) (Gene ID: 9173) Forward: 
ATG TTC TGG ATT GAG GCC AC; Reverse: GAC TAC ATC TTC TCC AGG TAG CAT; IL-5 (Gene ID: 
3567) Forward: AGC TGC CTA CGT GTA TGC CA; Reverse: CAG GAA CAG GAA TCC TCA GA; 
IL-13 (Gene ID: 3596) Forward: ATT GCT CTC ACT TGC CTT GG; Reverse: GTC AGG TTG ATG 
CTC CAT ACC; IL17RB (Gene ID: 55540) Forward: CCA ACA CAG CAC TAT CAT CG; Reverse: ATA 
TGG AGT CAG CTG CAC CG; PTGDR2 (CRTH2) (Gene ID: 11251) Forward: AAT CCT GTG CTC 
CCT CTG TG; Reverse: ATG TAG CGG ATG CTG GTG TT; RORA (Gene ID: 6095) Forward: ACA 
AGC AGC GGG AGG TGA TGT; Reverse: TGA GAG TCA AAG GCA CGG C.
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Reporter gene assays
U2OS cells were transiently transfected using the FuGene HD transfection reagent (Promega). Cells 
were co-transfected with a NOTCH-responsive promoter and either NICD1-IRES-Thy1.1-MSCV, 
mER-NICD1-Thy1.1-MSCV, or an empty vector control. To correct for differences in transfection 
efficiency, the pRL-CMV control vector was co-transfected, from which Renilla luciferase is expressed 
constitutively. Transfections were performed in triplicate. Where applicable, 4-Hydroxy-Tamoxifen 
(Sigma) was added after overnight incubation to induce nuclear translocation of mER-NICD1. Cells 
were lysed 48 h post transfection and luciferase activity was measured using the Dual Luciferase 
Reporter Assay System (Promega) on a Synergy HT microplate reader (Syntek). Two different Notch-
responsive reporter constructs were used, which have been described previously (76).
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ABSTRACT
Innate lymphoid cells (ILCs) are effectors of innate immunity and regulators of tissue modeling.
Recently identified ILC populations show a cytokine expression pattern that resembles that
of Th2, Th17, and Th22 cells. Here we describe a distinct ILC subset similar to Th1 cells,
which we call ILC1. ILC1 expressed the transcription factor T-bet and responded to IL-12
by producing interferon-γ (IFN-γ). ILC1 were distinct from natural killer (NK) cells since they
lacked perforin, granzyme B and the NK markers CD56, CD16, and CD94 and could develop
from RORγt+ ILC3 cells under the influence of IL-12. The frequency of the ILC1 subset was
significantly higher in inflamed intestine of Crohn’s disease patients, pointing towards a role for
these IFN-γ producing ILC1 in the pathogenesis of gut mucosal inflammation.
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INTRODUCTION
Innate lymphoid cells (ILCs) are emerging as crucial effectors of innate immunity and tissue 
remodeling. ILCs lack rearranged receptors, are dependent on the transcriptional repressor Id2, 
share a lymphoid morphology, and express and are dependent on the common γ-chain of the 
interleukin 2 receptor (IL-2Rγ)1. Several subpopulations of ILCs have been found that differ from 
one another in their ability to produce cytokines and their dependency on transcription factors2. 
Notably, the cytokine production profiles of ILC subpopulations are very similar to those of helper 
T cell subsets. ILCs have been identified that produce IL-17, IL-22 or both and are dependent on 
the transcription factor RORγt, similar to IL-17-producing helper T cells (TH17)3; in contrast, other 
ILC subsets, including ILC2 cells4, natural helper cells5, nuocytes6 and innate helper cells type 27, 
produce the type 2 cytokines IL-5 and IL-13 and, like T helper type 2 (TH2) cells, depend on GATA-3 
for their development and function8, 9, 10. These various ILC subsets have been classified into three 
groups: group 1 ILCs, including natural killer (NK) cells and ILC1 cells (described here); GATA-3-
dependent group 2 ILCs; and RORγt-dependent group 3 ILCs11, 12.

ILCs are instrumental in immunity to invading microbes. ILC2 cells are crucial in controlling infections 
by helminths and other parasites5, 6, and IL-22-producing ILC3 cells activated by IL-2313 provide 
protection during the acute phase of Citrobacter rodentium–induced colitis14. ILCs are also important 
in tissue remodeling and repair. Lymphoid tissue–inducer cells, which belong to the ILC3 subset, 
are involved in repair of tissue damage from lymphocytic choriomeningitis virus after clearance of 
infection15, and ILC2 cells mediate tissue repair in the lung after infection with influenza virus16.
Notwithstanding the importance of ILCs in maintaining the epithelial integrity at mucosal tissues, 
these cells have also been associated with pathophysiological conditions. ILC2 cells are more 
abundant in nose polyps that emerge in chronic rhinosinusitis4, a disease characterized by 
eosinophilia and large amounts of immunoglobulin E. Furthermore, ILC2 cells drive airway hyper-
reactivity in mouse models of allergic asthma17, 18. IL-23 has been shown to act as the main driver 
of innate gut inflammation by ‘instructing’ ILCs to produce IL-17A, IL-17F and interferon-γ (IFN-γ) in 
a Helicobacter hepaticus–induced model of innate colitis19. Moreover, patients with Crohn’s disease 
have “significantly” more IL-17-producing ILC3 cells20.

Whereas the ILC equivalents of TH2 cells, TH17 cells and IL-22-producing helper T cells (TH22 cells) 
have now been identified, a T helper type 1 cell (TH1 cell)–like ILC population has not yet been well 
characterized, although some reports have described ILCs that produce substantial amounts of 
IFN-γ, either alone or in combination with IL-1719,20,21,22. Several studies of mice that lack a functional 
adaptive immune system have demonstrated that IFN-γ produced by ILCs is a potent inducer of 
gut inflammation23 and that neutralization of IFN-γ is sufficient to ameliorate disease progression19. 
It has been documented that IL-23-responsive ILC3 cells that produce IL-22 partly shift toward an 
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IFN-γ-producing subset when cultured with IL-12 plus IL-1822. Moreover, the conversion from IL-22 
production toward IFN-γ production has been described as being accompanied by downregulation 
of the transcription factor RORγt, probably as a consequence of changes in the local cytokine 
environment21. Here we identified a lineage-negative (Lin−) CD127+c-Kit−NKp44− ILC population in 
humans that produced the proinflammatory cytokine IFN-γ but was distinct from NK cells. Notably, 
we found that the IFN-γ-producing ILCs accumulated in inflamed intestine from individuals with 
Crohn’s disease.

RESULTS
Phenotype and gene expression of innate lymphoid cell populations
Human ILC subsets have been described24 that can be considered as the innate equivalents of 
the TH22, TH17 and TH2 subsets. As these ILC populations are readily found in human tonsils, 
we searched this organ for an ILC population with TH1 cell characteristics. By gating on CD127+ 
hematopoietic cells (CD45+) with a lymphoid morphology that lacked markers for hematopoietic 
precursors (CD34), B cells, T cells or NK cells, or myeloid cells, we identified a CRTH2+ ILC2 
population (Figure 1a, middle) with high expression of IL13 mRNA and mRNA encoding the 
transcription factors GATA-3 and RORα (Figure 1b). Furthermore, we observed a c-Kit+NKp44+ 
ILC (called ‘NKp44+ ILC3 cells’ here; Figure 1a, right) that expressed IL22, IL23R and the genes 
encoding aryl hydrocarbon receptor (AHR) and RORγt (RORC; Figure 1c). We did not detect any 
IL17 transcripts in any of the ILC populations from human tonsils (Figure 1c); however, stimulation 
with the phorbol ester PMA plus ionomycin for 2 h or 4 h induced IL17 expression in the NKp44+ 
ILC3 cells (Figure 1c), which indicated that these cells were able to produce IL-17. In addition to 
the ILC2 and NKp44+ ILC3 populations, we identified two additional populations, c-Kit+NKp44− and 
c-Kit−NKp44− (Figure 1a, right). The c-Kit−NKp44− cells were distinct from ILC2 cells and NKp44+ 
ILC3 cells, as they did not express transcripts encoding IL-22, IL-13 or IL-17, and either did not 
express or had relatively low expression of GATA3, RORA and RORC (Figure 1b,c). The c-Kit+NKp44− 
cells also had low expression of GATA3 and RORA and expressed RORC. Furthermore, these ILCs 
did not include CD34+ common lymphoid progenitors25. Thus, in the tonsil we identified two CD127+ 
ILC populations that were distinct from ILC2 and ILC3.

The c-Kit−NKp44− innate lymphoid cells resemble TH1 cells
Given the diversity in cytokine production profiles of ILCs, we examined the cytokine expression 
profile of the NKp44− ILC subsets. Ex vivo–isolated c-Kit−NKp44− ILCs, but not c-Kit+NKp44− ILCs, 
expressed transcripts encoding IFN-γ (Figure 2a), which suggested that the former population 
contained TH1-like ILCs. Consistent with that idea, we observed that c-Kit−NKp44− ILCs had much 
higher expression of transcripts of TBX21 (which encodes the transcription factor T-bet) and T-bet 
protein (Figure 2a,b) than did c-Kit+NKp44− or NKp44+ ILC3 cells. Furthermore, the c-Kit−NKp44− 
ILC subset had very low expression of RORC (Figure 1c) and RORγt protein (Figure 2b).
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Figure 1. Phenotypes and gene-expression profiles of ILC populations in human tonsil. (a) Flow 
cytometry analysis of the expression of CRTH2, c-Kit and NKp44 in tonsil mononuclear cell populations depleted 
of T cells (CD3) and B cells (CD19) by magnetic bead–based separation, followed by gating on Lin− (CD1a−CD3−

CD11c−CD14−CD19−CD94−CD34−CD123−TCRαβ−TCRγδ−BDCA2−FcεR1−) cells and CD127+ cells: c-Kit+NKp44+ 
cells are called ‘NKp44+ ILC3 cells’ here; CRTH2+ cells are called ‘ILC2 cells’ here; and CD45+CD127−CD94+ 
cells are called ‘NK cells’ here. Numbers in gates (outlined areas) or quadrants indicate percent cells in each. 
(b,c) Expression of IL13, GATA3 and RORA (b) or IL22, AHR, RORC, IL23R and IL17 (c) in the ILC populations 
sorted as in a, presented relative to the expression of ACTB (which encodes β-actin). IL17 (in c) was assessed 
in NKp44+ ILC3 cells stimulated for 2 or 4 h with PMA plus ionomycin (P+I). ND, not detectable. *P < 0.05, **P < 
0.01 and ***P < 0.001 (analysis of variance (ANOVA)). Data are representative of 20 experiments (a) or of at least 
three independent experiments with one to three donors each (b,c; error bars, s.e.m.).
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Figure 2. The c-Kit−NKp44− ILCs have characteristics of TH1 cells. (a) Expression of IFNG, TBX21, CCL3, 
CXCR3, IL12RB1, IL12RB2, LTA and LTB in tonsil ILC populations sorted as in Figure 1a, presented relative 
to ACTB expression. (b) Flow cytometry of Lin−CD127+c-Kit−NKp44−, Lin−CD127+c-Kit+NKp44−, NKp44+ ILC3 
and cNK cells. (c) IFN-γ production by tonsil CD45+ Lin−CD127+c-Kit−NKp44− ILCs sorted by flow cytometry 
as in Figure 1a and cultured for 4 d either alone or with various combinations (below graph) of IL-2, IL-12, IL-
23, IL-1β and/or IL-18. (d) IFN-γ production by tonsil CD45+ Lin−CD127+c-Kit−NKp44−, c-Kit+NKp44−, NKp44+ 
ILC3 and NK cells, sorted by flow cytometry as in Figure 1a and cultured for 4 d in the presence of IL-2, IL-12 
and IL-18. *P < 0.05, **P < 0.01 and *** P < 0.001 (Student’s t-test). Data are representative of at least three 
independent experiments with one to three donors each (a), at least four experiments with one donor each (b) or 
three independent experiments with one to three donors in each (c,d; error bars, s.e.m.).
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T-bet controls expression of many genes, including those encoding the chemokine CCL3 and the 
chemokine receptor CXCR326,27, which is also expressed on TH1 cells that migrate to inflammatory 
sites28. Indeed, the c-Kit−NKp44− ILC subset had significantly higher expression of CCL3 and CXCR3 
than that of the other ILC subsets (Figure 2a). Flow cytometry confirmed that a substantial part of the 
c-Kit−NKp44− subset expressed CXCR3 and T-bet (Figure 2b). The bimodal distribution of CXCR3 
expression by the c-Kit−NKp44− cells might have been due to internalization of the receptors as 
a consequence of the processing procedure or differences in their activation status. We cannot, 
however, completely rule out the possibility that the c-Kit−NKp44− ILC subset was heterogeneous.

IFN-γ expression is under direct control of T-bet, and T-bet expression is amplified through T cell 
antigen receptor–independent IL-12 signaling29. The c-Kit−NKp44− subset had significantly more 
IL12RB2 transcripts than did c-Kit+NKp44− cells, NK cells or the NKp44+ ILC3 subset (Figure 2a). In 
contrast, transcripts encoding the IL-12 receptor subunit β1 (IL-12Rβ1) were uniformly expressed 
among the ILC subsets (Figure 2a). We also assessed the expression of LTA, as LTα protein is 
expressed on TH1 but not TH2 cells30. LTA transcripts were significantly more abundant in the c-Kit−

NKp44− subset than in the other ILC subsets, whereas LTB was expressed in all ILC populations in 
similar amounts (Figure 2a).

Next we sought to assess which physiological factors were responsible for regulating these c-Kit−

NKp44− cells. IL-23, which is a potent activator of RORγt-dependent ILC3 subsets in mice13, 19, 
has been shown to induce IFN-γ production in a subset of mouse ILCs19. However, IL-23 was 
unable to induce IFN-γ production by freshly isolated tonsil c-Kit−NKp44− ILCs (Figure 2c). Similarly, 
the proinflammatory cytokine IL-1β did not upregulate IFN-γ production (Figure 2c). In contrast, 
activation with IL-12 triggered fivefold more IFN-γ production, which was synergistically enhanced 
by IL-18 (Figure 2c). The amount of IFN-γ protein induced by IL-12 plus IL-18 in c-Kit−NKp44− ILCs 
was similar to that in NK cells (Figure 2d). Together these data identified a distinct CD127+c-Kit−

NKp44− ILC population with many functional and phenotypic characteristics in common with TH1 
cells. Hence, we designated this subset ‘ILC1’.
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Figure 3. ILC1 cells are distinct from mature NK cells.  (a) Flow cytometry of tonsil ILC1, NKp44+ ILC3 
and cNK cells. (b) Expression of IL1R1 in ILC populations sorted as in Figure 1a; cNK cells are CD45+, CD127−

CD94+, presented relative to ACTB expression. *P < 0.05 (Student’s t-test). Data are representative of at least 
three experiments with one donor each (a) or three independent experiments with one to three donors each (b; 
error bars, s.e.m.)
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ILC1 cells are distinct from NK cells
Having identified an ILC population that expressed IFN-γ and T-bet, we sought to determine whether 
these cells were distinct from conventional natural killer (cNK) cells or precursors of cNK cells, as 
cNK cells also express IFN-γ and T-bet. ILC1 cells did not express either perforin or granzyme 
B, two signature cytotoxic molecules of NK cells (Figure 3a). They also did not express the killer 
immunoglobulin-like receptor KIR3DL1 or the IL-15α receptor component of the IL-15R complex, 
which is essential for the development of cNK cells31 (Figure 3a). Furthermore, ILC1 cells lacked the 
NK cell–associated marker CD56, in contrast to NKp44+ ILC3 cells, which were heterogeneous in 
their expression of CD56 (Figure 3a), as published before32, 33. ILC1 cells and NK cells also differed 
in expression of IL1R1, which encodes the receptor for IL-1β (Figure 3b). IL1R1 transcripts were 
most abundant in NKp44+ ILC3 cells (Figure 3b), consistent with the important role of IL-1β in 
development and maintenance of these cells34, 35.

The presence of large amounts of CD127 and the absence of c-Kit and CD34 on ILC1 cells 
suggested that these cells were also distinct from committed precursors of NK cell or immature 
NK cells, as those cells are defined by expression of CD34 and c-Kit, respectively36. The ILC1 
subset expressed CD161, a marker commonly expressed on cells of the ILC3 and ILC2 subsets. 
Furthermore, approximately 50% of the ILC1 subset expressed CD69, whereas only a few of the 
cNK cells expressed this antigen (Figure 3a). This indicated that the ILC1 cells were activated in 
situ, whereas most cNK cells were not. Thus, although ILC1 cells and NK cells shares the ability to 
produce large amounts of IFN-γ, they represented distinct cell types.

The ILC1 subset is a stable cell type
To further confirm the proposal that ILC1 is a stable cell type, we generated cell lines from freshly 
isolated tonsil ILC1 cells, using a feeder-cell mixture that has successfully been used to generate 
cell lines of NK cells, ILC2 cells and ILC3 cells4, 33, 37. After 4–6 weeks of culture in a feeder-cell 
mixture that contained IL-12, the ILC1 cells expressed CD161 and CXCR3 but lacked c-Kit and 
NKp44 (Figure 4a). In contrast to freshly isolated ILC1 cells (Figure 3a), ILC1 cells cultured in vitro 
did not express the activation marker CD69, whereas cultured ILC3 cells had low CD69 expression 
(Figure 4a). Furthermore, ILC1 cell lines lacked expression of CD3, CD94 and CD56, whereas the 
NKp44+ ILC3 cells were heterogeneous in their CD56 expression (Figure 4a). To determine whether 
the ILC1 cell lines also maintained their functionality upon culture, we stimulated cells with PMA plus 
ionomycin and assessed the cytokine expression profile. Similarly to the freshly isolated ILC1 cells, 
ILC1 cell lines produced large amounts of IFN-γ but no IL-17 or IL-22 (Figure 4b). A small proportion 
of the ILC1 subset also produced IL-13, similar to cultured NKp44+ ILC3 cells37. Cultured ILC1 cells 
expressed abundant TBX21 transcripts, similar to freshly isolated ILC1 cells (Figure 2a), but had 
lower RORC expression than that of NKp44+ ILC3 cells (Figure 4c). IL-12 plus IL-18 induced IFN-γ 
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production by cultured ILC1 cells, but IL-23 did not (Figure 4d). Together these data showed that 
ILC1 cells cultured in the presence of IL-12 maintained their phenotype, their transcription-factor 
expression pattern and their ability to produce IFN-γ, which indicated that the ILC1 subset was 
stable.

Accumulation of ILC1 in Crohn’s disease intestine
People with inflammatory bowel disease have chronic inflammation of their intestines. Two main 
phenotypes can be distinguished: ulcerative colitis and Crohn’s disease. Crohn’s disease is a type 
1–mediated inflammatory disease38, as patients have enhanced IFN-γ production in their intestinal 
lamina propria39 and have larger amounts of the proinflammatory cytokines IL-12 and IL-18. Therefore, 
we hypothesized that people with Crohn’s disease might have an altered ILC composition that is 
more polarized toward ILC1 cells than is that of non-inflamed control patients. To examine this, we 
first analyzed the composition of ILCs in fetal gut, which has not been colonized with microbes. We 
observed that all ILCs in fetal gut expressed c-Kit, and most were positive for NKp44, as published 
before40, whereas no ILC1 cells were present in fetal gut (Figure 5a). Next we compared the ILC 
composition of inflamed and non-inflamed intestinal lamina propria of people affected by Crohn’s 
disease with that of non-inflamed unaffected intestine from patients undergoing intestinal resection 
for colorectal cancer. The frequency of ILC1 cells was significantly greater in inflamed tissue from 
people with Crohn’s disease than in that from controls without inflammatory bowel disease (Figure 
5a), whereas the frequency of NKp44+ ILC3 cells was significantly lower (Figure 5a). Relative to 
other leukocytes, the overall frequencies of ILCs in inflamed and non-inflamed tissues were similar 
(Figure 5a). Like tonsil ILCs, the gut ILC1 subset expressed IFNG and CXCR3 but lacked CD94 and 
the cytotoxicity molecules perforin and granzyme B (Figure 5b,c). Together these data indicated 
that in people with Crohn’s disease, the ILC1 cells represented the most frequent ILC subset and 
expressed transcripts encoding the proinflammatory cytokine IFN-γ. 

IL-12 induces differentiation of c-Kit+ ILCs into ILC1 cells
In addition to ILC1 cells, ILC2 cells and NKp44+ ILC3 cells, we identified a c-Kit+NKp44− population, 
which had low expression of IL23R and IL12RB2 and lacked IL13, IL22, IL17 and IFNG transcripts; 
this raised the possibility that this subset might represent immature ILCs able to acquire features of 
mature ILC subpopulations. To test this idea, we purified the c-Kit+NKp44− subset and stimulated 
these cells ex vivo with IL-2, a cytokine that acts as a growth and maintenance factor for ILCs. 
Incubation of c-Kit+NKp44− cells with IL-2 resulted in the appearance of cells with a phenotype 
similar to that of ILC1 cells and NKp44+ ILC3 cells. Expression analysis confirmed that these two 
groups of cells indeed were ILC1 and NKp44+ ILC3, as the former had high expression of TBX21, 
IFNG and CXCR3, and the latter had high expression of RORC (Figure 7a).
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Figure 4. Stable cell lines can be generated from the ILC1 subset. (a) Flow cytometry of expanded tonsil 
ILC1 and NKp44+ ILC3 subsets. Isotype, isotype-matched control antibody. (b) Flow cytometry of ILC1 and 
NKp44+ ILC3 subsets stimulated with PMA plus ionomycin and stained for intracellular IL-17 and IL-22, or IFN-γ 
and IL-13. Numbers in quadrants indicate percent cells in each. Right, summary of data at left. (c) Expression 
of TBX21 and RORC in expanded ILC1 and NKp44+ ILC3 subsets. (d) IFN-γ production by expanded ILC1 cell 
populations cultured for 4 d with IL-2 and IL-23 or with IL-2, IL-12 and IL-18. *P < 0.05, **P < 0.01 and ***P 
< 0.001 (Student’s t-test). Data are representative of at least eight experiments with one donor in each (a), five 
experiments with one donor in each (b), two independent experiments with one to two donors each (c) or three 

independent experiments with one donor each (d; error bars (b–d), s.e.m.).
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Figure 5. Accumulation of ILC1 cells in inflamed intestine of people with Crohn’s disease. (a) Flow 
cytometry of ILC populations in freshly isolated lamina propria mononuclear cells from fetal gut, controls and 
inflamed ileum from people with Crohn’s disease (top); numbers in quadrants indicate percent cells in each. Below 
quantification of total ILCs (defined as CD45+ Lin−CD127+) and the NKp44+ ILC3, ILC1 and c-Kit+NKp44− subsets 
in fetal, control and Crohn’s disease samples (n = 7 donors). (b) Flow cytometry of Crohn’s disease–derived ILC1, 
c-Kit+NKp44−, NKp44+ ILC3 and cNK cells. (c) Expression of IFNG, IL22, RORC and IL17 in ILC populations 
sorted as in Figure 1a, presented relative to the expression of 18S rRNA. NS, not significant; *P < 0.01 and **P < 
0.001 (Student’s t-test). Data are representative of at least seven independent experiments with one donor in each 
(a,b) or three independent experiments with one donor in each (c; error bars (a,c), s.e.m.)
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Figure 6. Expansion of the ILC1 subset during gut inflammation in NSG mice reconstituted with fetal 
human HSCs (CD34+CD38−). (a) Flow cytometry of human ILC populations from HIS mice on the basis of the 
expression of CRTH2, c-Kit and NKp44, with gating on human CD45+ lamina propria mononuclear cells, followed 
by the gating strategy in Figure 1a. Numbers in gates (outlined areas) or quadrants indicate percent cell in each. 
Bottom right, summary of results in plots. (b) Characteristics of inflammation in DSS-treated (3% (wt/vol)) or water-
treated HIS mice on day 7 of treatment: total human hematopoietic (CD45+) cells in the lymphocyte gate, colon 
length and weight loss (top), and histological score (bottom left; sum of inflammatory parameters (Supplementary 
Table 2 and Supplementary Figure 2) in HIS mice or in control mice not reconstituted with human HSCs (Cont)), 
IFNG expression in freshly isolated human ILC1 cells, T cells (CD3) and NK cells from DSS-treated HIS mice 
(bottom right) and colon stained with hematoxylin and eosin (bottom middle). Original magnification, ×100. (c) Flow 
cytometry of human ILC populations in freshly isolated lamina propria mononuclear cells from HIS mice, with gating 
as in a. *P < 0.05 (Student’s t-test). Data are representative of six independent experiments with one to five mice 
(a) or at least two independent experiments with three to five mice (b,c; error bars, s.e.m.).
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Next we assessed whether c-Kit+NKp44− ILCs could develop into mature ILC1 cells or ILC3 
cells. Indeed, culture of purified c-Kit+NKp44− cells for 8 d with IL-2, IL-1β and IL-23 resulted in a 
considerable shift toward NKp44+ ILC3 cells, whereas culture with IL-2 and IL-12 induced a shift 
toward ILC1 cells (Figure 7a and Supplementary Figure 1a). Under the latter culture conditions we 
found, in addition to cells with an ILC1 phenotype, cells with a c-Kit−NKp44+ phenotype. These cells 
might have been similar to a very small population of cells with the same phenotype found in freshly 
isolated tonsils (Figure 1a). Stimulation of the differentiated c-Kit+NKp44−-derived NKp44+ ILC3 cells 
and ILC1 cells with PMA plus ionomycin resulted in production of IL-22 and IFN-γ, respectively 
(Figure 7b), which indicated functional differentiation of c-Kit+NKp44− cells into IL-22+ ILC3 cells and 
ILC1 cells. We next sought to rule out the possibility that the observed divergence in phenotype 
induced by IL-23 and IL-1β or by IL-12 was a result of ‘preferential’ outgrowth of contaminating, 
already differentiated cells in the c-Kit+NKp44− subset. We stained c-Kit+NKp44− cells with a cell-
tracking dye, cultured them without feeder cells under conditions that favored the development of 
ILC1 cells or NKp44+ ILC3 cells, and monitored them over time. After 3 d of culture, cells with an 
ILC1 or NKp44+ ILC3 phenotype appeared in the nonproliferating fractions (Figure 7c). This indicated 
that the appearance of ILC1 or NKp44+ ILC3 cells was not due to the ‘preferential’ outgrowth of 
contaminating cells but was the result of the differentiation of the c-Kit+NKp44− population.

RORγt+ innate lymphoid cells can differentiate into ILC1 cells
A fraction of the c-Kit+NKp44− ILCs in tonsils expressed RORγt, which raised the question of whether 
the ILC1 subset that differentiated under the influence of IL-12 might be derived from RORγt+ ILCs. As 
all CRTH2− ILCs in fetal gut express RORγt4 we purified c-Kit+NKp44− cells from fetal intestine by the 
same strategy we used for tonsils (Figure 8a) and cultured those cells for 8 d with cytokines. As with 
the tonsil cells, we observed that c-Kit+NKp44− ILCs from fetal intestine acquired the ILC1 phenotype 
when cultured with IL-2 and IL-12, whereas when cultured with IL-2, IL-23 and IL-1β, these cells 
differentiated into NKp44+ ILC3 cells (Figure 8b, top, and Supplementary Figure 2b).

Figure 7. IL-12 induces ILC1 differentiation. (a) Differentiation of highly purified tonsil c-Kit+NKp44− ILCs into 
the NKp44+ ILC3 and ILC1 subsets after stimulation for 8 d with various combinations (above plots) of IL-2, IL-23, 
IL-1β and IL-12, assessed by flow cytometry (top; graphs, Supplementary Figure 1a). Numbers in gates (outlined 
areas) and quadrants indicate percent cells in each. Below, expression of IFNG, TBX21, CXCR3 and RORC in 
the differentiated c-Kit+NKp44−-derived ILC populations (cultured with only IL-2); results are relative to ACTB 
expression. (b) Intracellular IL-22 or IFN-γ in c-Kit+NKp44−-derived NKp44+ ILC3 or ILC1 subsets stimulated with 
PMA and ionomycin (histograms) and frequency of cytokine-producing cells (graphs). Numbers above bracketed 
lines (histograms) indicate percent IL-22+ cells (left) or IFN-γ+ cells (right). (c) Flow cytometry of highly purified 
c-Kit+NKp44− ILCs stimulated for 3 d with cytokines and stained with a proliferation dye. Filled histogram represents 
nonproliferation control. Numbers above bracketed lines or in quadrants indicate percent nonproliferating cells. *P 
< 0.05 and **P < 0.01 (Student’s t-test). Data are representative of at least five independent experiments (a, top), 
at least three independent experiments with one to three donors each (a, bottom), six experiments (b, histograms) 

or four independent experiments (c) or are from at least six independent experiments (b, graphs; error bars, s.e.m.)
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Figure 8. RORγt+ ILCs of fetal gut are able to differentiate into ILC1. (a) Flow cytometry of ILC populations 
on the basis of the expression of CRTH2, CD127 and NKp44, with gating on CD45+ lamina propria mononuclear 
cells, followed by gating on Lin−CD127+ ILCs. Numbers in gates (outlined areas) or quadrants indicate percent 
cells in each. (b) Flow cytometry of highly purified c-Kit+NKp44− ILCs or NKp44+ ILC3 cells cultured 8 d with 
cytokines (as in Figure 7a; graphs, Supplementary Figure 1b,c). (c) Flow cytometry of purified NKp44+ ILC3 
stained with a proliferation dye and then cultured for 3 d as in b (graphs, Supplementary Figure 3). 
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Figure 8. Continued Filled histogram represents nonproliferation control. Numbers in histograms and quadrants 
indicate percent of nonproliferating cells; (d) Expression of RORC, TBX21 and IFNG in freshly isolated tonsil 
NKp44+ ILC3 and ILC1 populations or in cells stimulated with either IL-2 and IL-12 or IL-2, IL-23 and IL-1β. *P 
< 0.05 (Student’s t-test). Data are representative of seven (a) or three (b) independent experiments with one to 
three donors each or three independent experiments (c) or one experiment with two donors (d; error bars, s.e.m.).
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To further explore the plasticity of ILCs, we investigated whether the RORγt+ fetal gut NKp44+ ILC3 
subset was able to differentiate into the ILC1 subset when cultured with IL-2 and IL-12. Indeed, 
highly purified fetal gut NKp44+ ILC3 cells rapidly lost expression of NKp44 and c-Kit (Figure 8b, 
bottom, and Supplementary Figure 2c), which indicated that these cells differentiated into ILC1 
when cultured with IL-2 and IL-12. To exclude the possibility that appearance of ILC1 cells in these 
cultures was the result of proliferating contaminating cells, we labeled purified fetal NKp44+ ILC3 
cells with a cell-tracking dye and followed their expression profiles when they were cultured with 
IL-2 and IL-12. The nonproliferating fraction of cells did change their phenotype (Figure 8c and 
Supplementary Figure 3), which confirmed that ILCs were able to change their phenotype after 
exposure to changes in their local cytokine environment. We obtained similar data by culturing 
NKp44+ ILC3 cells from the tonsil with IL-2 and IL-12 (Supplementary Figure 4).

The finding that RORγt+ ILC3 cells cultured in IL-2 plus IL-12 were able to differentiate into ILC1 cells 
raised the question of whether freshly isolated ILC1 cells were also able to differentiate into RORγt-
expressing ILC3 cells. ILC1 cells survive poorly when cultured for prolonged periods of time without 
IL-12, which complicates in vitro culture assays. However, when we cultured ILC1 cells for 3 d in 
IL-2 plus IL-23, we observed that their expression of TBX21 was much lower but their expression of 
RORC remained similar to that of control cells that were not stimulated (Figure 8d).

Together the data reported above indicated that the appearance of ILC1 cells in cultures with IL-2 
plus IL-12 was a result of differentiation rather than proliferation of contaminating cells. They also 
indicated that IL-12 were able to drive the differentiation of IL-22-producing RORγt+T-betdim ILCs into 
an IFN-γ-producing RORγt−T-bethi ILC subset. Our data obtained with ILC1 cells in short-term culture 
with IL-2 plus IL-23 suggested that ILC1 cells also had the potential to change their transcription 
factor–expression profile.

DISCUSSION
Here we have described a distinct CD127+c-Kit−NKp44− ILC type that differs from the already 
known RORγt-dependent (ILC3) and GATA-3- and RORα-dependent (ILC2) ILCs. The c-Kit−NKp44− 
ILCs isolated ex vivo expressed IFNG but had only low expression of IL13 and no expression of 
IL22 or IL17. In addition, these ILCs had high expression of the transcription factor T-bet and its 
downstream targets CXCR3 and CCL3, and had very low expression of RORγt. The c-Kit−NKp44− 
ILCs were distinct from NK cells, as they lacked IL-15Rα and were devoid of CD16, CD94, NKp46, 
CD56, killer immunoglobulin-like receptors, granzyme B and perforin. The c-Kit−NKp44− cells were 
also distinct from c-Kit+ immature NK cells36, as they had high expression of IL-7Rα, which is not 
present on immature NK cells33, and lacked c-Kit. In addition, the c-Kit−NKp44− ILCs were different 
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from thymus-dependent IL-7Rα+ NK cells, as the latter cells express CD5642, in contrast to c-Kit−

NKp44− ILCs. Thus, the IFN-γ-producing c-Kit−NKp44− ILCs were distinct from NK cells and could 
be considered the innate equivalent of the TH1 subset, and thus we designated these cells ‘ILC1’.

Notably, we observed that inflamed intestinal lamina propria of people with Crohn’s disease had a 
higher proportion of ILC1 cells, in agreement with a published report indicating that CD56− ILCs, 
including IFN-γ-producing cells, are overrepresented in inflamed intestine of people with Crohn’s 
disease20. Consistent with another report20, we also detected CD56− IL-17A-expressing ILCs in 
inflamed tissues of a few people with Crohn’s disease. However, in contrast to ILC1 cells, these 
IL17A-expressing cells were c-Kit+. Our experiments with DSS-treated HIS mice suggested that the 
high proportion of ILC1 cells may have been a direct consequence of acute inflammation rather than 
a side effect of a long-term ongoing inflammation.

IL-17- and IFN-γ-producing IL-23-responsive ILCs have been described as potent inducers of 
gut inflammation in an innate mouse model of colitis, and neutralization of IFN-γ is sufficient to 
ameliorate disease progression19. Large amounts of IFN-γ are also present in the lamina propria 
of people with Crohn’s disease39, 43. In line with those findings, a clinical trial has shown that an 
antagonistic antibody to IFN-γ (fontolizumab) lowers the amount of C-reactive protein, a marker 
of inflammation39, although in this small trial no “significant” improvement in clinical response, as 
determined by the subjective Crohn’s Disease Activity Index, was found for fontolizumab relative to 
the response obtained with placebo.

In addition, antibody to the p40 component of the IFN-γ-inducing cytokine IL-12 has not shown clear 
therapeutic efficacy in neutralizing IL-1244, which is evidence against a prominent role of the IL-12–
IFN-γ axis in Crohn’s disease. However, interpretation of the results from that study44 is confounded 
by the fact that the antibody to p40 also targets IL-23, which shares p40 with IL-12. IL-23 induces 
IL-17, which might be protective in Crohn’s disease, given that in patients with Crohn’s disease, 
therapy with antibody to IL-17 seems to slightly exacerbate disease activity45. An antibody to the 
p35 chain that exclusively targets IL-12 might be tested to further examine the role of the IL-12 and 
IFN-γ in Crohn’s disease.

We also identified, in various tissues, CD127+c-Kit+NKp44− ILCs that did not express IL-13, IL-17, 
IL-22 or IFN-γ ex vivo. The c-Kit+NKp44− population contained precursors of both ILC3 and ILC1, 
as c-Kit+NKp44− ILCs differentiated into IL-22-producing ILC3 in the presence of IL-2 and IL-23 
and into IFN-γ-producing ILC1 in the presence of IL-2 and IL-12. Differentiation occurred before 
proliferation was manifest, which indicated that the observed changes in phenotype and cytokine 
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expression profile were not a consequence of outgrowth of a small contaminating population of 
already differentiated cells. We also observed that highly purified NKp44+ ILC3 cells from both fetal 
gut and tonsil were able to differentiate into ILC1 cells in response to IL-2 and IL-12 by first losing 
c-Kit expression and then NKp44 expression. These data indicated that at least a proportion of 
ILC1 cells were derived from RORγt+ ILC3 cells, consistent with the observations that ILC3 cells in 
mice with a RORγt fate-mapping marker eventually lose RORγt expression and convert into IFN-γ-
producing cells without losing the fate marker21. A phenotypic shift from RORγt+ IL-17- and IL-22-
producing cells to RORγt− IFN-γ-producing cells is not without precedent, as such shifts have also 
been observed in T cells46, 47. Conversely, freshly isolated ILC1 cells rapidly downregulated TBX21 
after brief incubation with IL-2 and IL-23, although expression of RORC remained low, similar to 
that of control cells not treated with cytokines. Whether the conversion of ILC1 cells into T-bet− ILCs 
occurs in vivo remains to be determined.

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

In summary, we have demonstrated here the existence of an ILC1 subset able to produce large 
amounts of IFN-γ, which were distinct from NK cells. At least a portion of these cells differentiated 
from ILC3 cells under the influence of IL-12. We hypothesize that there is also an ILC1 population 
that develops independently of the transcription factor RORγt. Cell fate–mapping experiments in 
mice would be needed to verify this hypothesis. Because no ILC1 cells were present in the fetal 
gut, we speculate that ILC1 cells develop after colonization of the gut with commensals and that 
ILC1 cells may be involved in the early innate immune response against certain bacteria49. Given the 
finding that ILC1 cells accumulated in inflamed tissues in Crohn’s disease, these cells may contribute 
to the pathogenesis of this disease.
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METHODS
Tissue collection
All tissues were collected after subjects provided informed consent, with approval of tissue-specific 
protocols by the Medical Ethical Committee of the Academic Medical Centre, Amsterdam. Tonsils 
were obtained from pediatric tonsillectomies. Inflamed intestinal mucosa of patients with Crohn’s 
disease was freshly obtained and processed after intestinal resection of inflamed ileum. Non-
inflamed ileum, referred to as ‘non-inflamed control’, was collected after intestinal resection of colon 
cancer, where the ileum was considered unaffected. Subjects were excluded when they underwent 
chemo- or radiotherapy before resection. Human fetal tissues were obtained from elective abortions 
at the Stichting Bloemenhove clinic in Heemstede, the Netherlands, upon on the receipt of informed 
consent. The use of human abortion tissues was approved by the Medical Ethical Committee of the 
Academic Medical Center, Amsterdam. Gestational age, determined by ultrasonic measurement of 
the diameter of the skull or femur, ranged from 14 to 17 weeks.

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

Intestinal lamina propria was incubated for 15 min with HBSS medium (Gibco) containing DTT (154 
μg/ml), 0.1% (vol/vol) β-mercaptoethanol and 5 mM EDTA at 37 °C to eliminate mucus and epithelial 
cells. Lamina propria was then cut into small pieces and digested for 30 min at 37 °C with HBSS 
(Gibco) containing Liberase TM (125 μg/ml) and DNase I (200 μg/ml) (Roche). Cell suspensions were 
filtered through a 70-μm nylon mesh, and lamina propria mononuclear cells were isolated with Ficoll-
Paque Plus medium (GE Healthcare).

Flow cytometry analysis and sorting
The following antibodies to human proteins were used. From BioLegend: fluorescein isothiocyanate 
(FITC)-conjugated anti-CD1a (HI149), anti-CD3 (OKT3), anti-CD11c (3.9), anti-CD94 (DX22), anti-
CD123 (6H6) and anti-FcER1α (AER-37); phycoerythrin-conjugated anti-CD161 (HP-3G10), anti-
KIR3DL1 (DX9), anti-perforin (DG9) and anti-NKp44 (P44-8); peridinin chlorophyll protein–cyanine 
5.5–conjugated anti-CD117 (104D2); Alexa Fluor 647–conjugated anti-NKp46 (9E2), anti-NKp44 
(P44-8) and anti–granzyme B (GB11); allophycocyanin-conjugated anti-NKG2D (1D11) and anti-T-
bet (ebio4B10); Alexa Fluor 700–conjugated anti-CD56 (HCD56). From Beckman Dickinson: FITC-
conjugated anti-CD4 (RPA-T4), anti-CD14 (MϕP9), anti-CD16 (3G8), anti-CD19 (HIB19), anti-CD34 
(581), anti-CD56 (NCAM16.2), anti-TCRαβ (IP26) and TCRγδ (B1); phycoerythrin-conjugated anti-
CD16 (3G8) and anti-CXCR3 (IC6/CXCR3); Alexa Fluor 647–conjugated anti-CRTH2 (CD294; BM16); 
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allophycocyanin-indotricarbocyanine (Cy7)–conjugated anti-CD45 (2D1). From other manufacturers: 
allophycocyanin-conjugated anti-CD4 (S3.5; Invitrogen); phycoerythrin-Cy7–conjugated anti-CD127 
(R34.34; Beckman Coulter); phycoerythrin-conjugated anti-RORγt (AFKJS-9; eBioscience); and 
FITC-conjugated anti-BDCA2 (CD303; AC144; Milenyi). The cell proliferation dye was Cell-Trace 
Violet (c34557; Invitrogen).

For phenotypic analyses by flow cytometry, data were collected with an LSRFortessa instrument 
(BD Biosciences) and analyzed with FlowJo software (TreeStar). For sorting by flow cytometry, 
tonsil mononuclear cell samples were depleted of T cells, B cells and NK cells by labeling with 
FITC-conjugated anti-CD3, anti-CD16 and anti-CD19 (described above) plus anti-FITC microbeads 
(Miltenyi).

Establishment of cell lines and analysis of cytokine production
We expanded Lin−CD127+ ILC populations with irradiated allogeneic peripheral blood mononuclear 
cells (25 Gy), irradiated Epstein-Barr virus–transformed JY human B cells (50 Gy), phytohemagglutinin 
(1 μg/ml; Oxoid) and IL-2 (100 U/ml; Novartis) in Yssel’s medium (AMC; made in house) supplemented 
with 1% (vol/vol) human AB serum. Cells were cultured up to 6 weeks and resorted before further 
analysis.

Fresh Lin−CD127+c-Kit−NKp44− ILCs (2,000 cells per well in a 96-well plate) were stimulated for 
3–4 d with combinations of IL-2 (10 U/ml; Novartis), IL-23 (50 ng/ml; R&D Systems), IL-1β (50 ng/
ml; R&D Systems), IL-12 (50 ng/ml; R&D Systems) and IL-18 (50 ng/ml; R&D Systems). IFN-γ was 
measured in supernatants by enzyme-linked immunosorbent assay (eBiosciece).

Intracellular cytokine staining
Cell lines expanded ex vivo were stimulated for 6 h with PMA (10 ng/ml; Sigma) and ionomycin 
(500 nM; Merck) in the presence of GolgiPlug (BD Biosciences) for the final 4 h of culture. A 
Cytofix/Cytoperm kit (BD Biosciences) was used for cell permeabilization, staining and subsequent 
washing. The following antibodies were used: allophycocyanin-conjugated anti-IL-13 (JES10-5A2; 
BioLegend), allophycocyanin-conjugated IL-17 (BL168; BioLegend), and phycoerythrin-conjugated 
anti-IL-22 (142928; R&D Systems) and anti-IFN-γ (B27; BD Bioscience). Data were acquired with an 
LSRFortessa instrument (BD Biosciences) and analyzed with FlowJo software (TreeStar).

Quantitative real-time PCR
RNA was isolated with either the RNeasy Micro kit (Qiagen) or the NucleoSpin RNA XS kit 
(Macherey-Nagel) according to the manufacturer’s protocol. Complementary DNA was synthesized 
with the High-Capacity cDNA Archive kit (Applied Biosystems). PCR was done on a LightCycler 
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480 Instrument II (Roche) with SYBR Green I master mix (Roche). The primers used are listed in 
Supplementary Table 3; primers for 18S rRNA, IFNG, IL22, IL17, IL13 and RORC were as described4. 
LinRegPCR software was used to quantify expression18.

Human immune system mice
CD34+ CD38− HSCs isolated from human fetal liver (0.2 × 105–2 × 105 cells) were transplanted 
intrahepatically into sublethally irradiated (1.0 Gy) newborn NSG mice (younger than 1 week of 
age). Peripheral blood was collected from a facial vein every 3 to 4 weeks after transplantation to 
determine the kinetics of human cell engraftment. Mice 8–12 weeks old were treated with either 
water or DSS (3% (wt/vol)) for 7 d.

Histological scoring
The longitudinally divided colons were rolled, fixed in 4% (vol/vol) formalin and embedded in paraffin 
for routine histology. An experienced pathologist evaluated formalin-fixed hematoxylin tissue 
sections microscopically, in a blinded fashion, and graded the incidence and severity of inflammatory 
lesions in colons. The following factors were each scored on a scale from 0 to 4: the extent of the 
area involved, the number of follicle aggregates, edema, fibrosis, hyperplasia, erosion or ulceration, 
crypt loss, and infiltration of granulocytes and mononuclear cells (Supplementary Table 2). The total 
inflammation score was calculated as the sum score of the above.

Statistical analysis
Statistical significance was determined with ANOVA or Student’s t-test. Prism GraphPad software 
was used.
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Supplemental table 2. Histological scoring.

score 0 1 2 3 4

Area involved 0% 1-10% 10-25% 25-50% > 50%

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

Mild              
(4-5)

Moderate (6-7) Severe (>7)

edema Absent Minimal Mild Moderate Severe

fibrosis Absent Minimal Mild Moderate Severe

Erosion/ulceration 0% 1-10% 10-25% 25-50% >50%

Crypt loss 0% 1-10% 10-25% 25-50% > 50%

granulocytes Normal Minimal 
increase

Mild increase Moderate 
increase

Severe 
increase

Mononucl. cells Normal Minimal 
increase

Mild increase Moderate 
increase

Severe 
increase

The total inflammation score was determined by the average score of the following criteria: area involved, the 
number of follicle aggregates, oedema, fibrosis, hyperplasia, erosion/ulceration, crypt loss and infiltration of 
granulocytes and mononuclear cells.

Supplemental table 3. Sequences of real-time PCR primers designed in house.

mRNA Primer Sequences (5’-3’) 

β-actin Forward primer CACCATTGGCAATGAGCGGTTC

Reverse primer AGGTCTTTGCGGATGTCCACGT

IL13 Forward primer ATT GCT CTC ACT TGC CTT GG 

Reverse primer GTC AGG TTG ATG CTC CAT ACC 

IL23R Forward primer AAC AAC AGC TCG GCT TTG GT 

Reverse primer GGA ATA TCT GGC GGA TAT CC 

AHR Forward primer CTT AGG CTC AGC GTC AGT TA 

Reverse primer GTA AGT TCA GGC CTT CTC TG 

RORC Forward primer AAT CTG GAG CTG GCC TTT CA 

Reverse primer CTG GAA GAT CTG CAG CCT TT 

CCL3 Forward primer ACTTTGAGACGAGCAGCCAGTG

Reverse primer TTTCTGGACCCACTCCTCACTG

CXCR3 Forward primer ACGAGAGTGACTCGTGCTGTAC

Reverse primer GCAGAAAGAGGAGGCTGTAGAG

IL12RB2 Forward primer AGACCTCAGTGGTGTAGCAGAG

Reverse primer TGATGACCAGCGGTTCAGGATC

IL12RB1 Forward primer TGAGATTCTCGGTGGAGCAGCT

Reverse primer CTGTAGTCGGTAAGTGACCTCC

IL1R1 Forward primer GTGCTTTGGTACAGGGATTCCTG

Reverse primer CACAGTCAGAGGTAGACCCTTC
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Supplemental figure 1. Differentiation of ILC1 and NKp44+ ILC3 .
(a) Differentiation of tonsil ckit+NKp44- derived ILCs towards the ILC1 subset and NKp44+ ILC3 subset when 
cultured in IL-2 and IL-12 or IL-2, IL-23 and IL-1β, respectively (N=5; ** p<0.01). (b) Differentiation of fetal gut 
ckit+NKp44- derived ILCs towards the ILC1 subset and NKp44+ ILC3 subset when cultured in IL-2 and IL-12 or IL-
2, IL-23 and IL-1β, respectively (N=3; ** p<0.01). (c) Differentiation of fetal gut NKp44+ ILC3 derived ILCs towards 
the ILC1 subset and NKp44+ ILC3 subset when cultured in IL-2 and IL-12 or IL-2, IL-23 and IL-1β, respectively 
(N=3; ** p<0.01). 



Human type 1 innate lymphoid cells accumulate in inflamed mucosal tissues

73

3

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

Supplemental figure 4. NKp44+ ILC3 from tonsil differentiate into ILC1 under influence of IL-12.
ILC3 from tonsil differentiate into ILC1 under influence of IL-2 and IL-12. Freshly purified ILC3 from tonsil are 
cultured for 8 days either alone or with combinations of IL-2 and IL-12, or IL- 23 and IL‐1β, followed by flow 
cytometry analysis of ckit and NKp44. Numbers in quadrants indicate percent cells in each. Data shown is 
representative of 3 experiments. 
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ABSTRACT
Innate lymphoid cells (ILCs) are increasingly appreciated as important regulators of tissue 
homeostasis and inflammation. However, their role in human skin remains obscure. We found that 
healthy peripheral blood CD117+ ILC3, lacking the natural cytotoxicity receptor (NCR) NKp44 (NCR− 
ILC3), CD117−NCR−CRTH2−CD161+ ILC1, and CRTH2+ ILC2, express the skin-homing receptor 
cutaneous lymphocyte antigen (CLA). NCR+ ILC3 were scarce in peripheral blood. Consistently, 
we identified in normal skin ILC2 and NCR− ILC3, a small proportion of CD161+ ILC1, and hardly 
any NCR+ ILC3, whereas NCR+ ILC3 were present in cultured dermal explants. The skin ILC2 and 
NCR+ ILC3 subsets produced IL-13 and IL-22, respectively, upon cytokine stimulation. Remarkably, 
dermal NCR− ILC3 converted to NCR+ ILC3 upon culture in IL-1β plus IL-23, cytokines known to be 
involved in psoriatic inflammation. In line with this observation, significantly increased proportions of 
NCR+ ILC3 were present in lesional skin and peripheral blood of psoriasis patients as compared with 
skin and blood of healthy individuals, respectively, whereas the proportions of ILC2 and CD161+ ILC1 
remained unchanged. NCR+ ILC3 from skin and blood of psoriasis patients produced IL-22, which 
is regarded as a key driver of epidermal thickening, suggesting that NCR+ ILC3 may participate in 
psoriasis pathology.
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INTRODUCTION
Innate lymphoid cells (ILCs) is the collective term for a group of hematopoietic cells with a lymphoid 
morphology, all of which lack rearranged antigen-specific receptors such as those expressed by 
T and B cells (Spits and Di Santo, 2011; Spits and Cupedo, 2012). ILCs are defined as lineage-
negative (Lin−) cells with a lymphoid morphology that express the α-chain of the IL-7 receptor 
(CD127). ILCs are effector cells that perform their function via the release of cytokines and have 
been described to be involved in protective responses against microorganisms, in lymphoid tissue 
formation, in tissue remodeling after damage, and in the homeostasis of tissue stromal cells (Spits 
and Di Santo, 2011; Spits and Cupedo, 2012). The prototypic members of this family are the Natural 
killer (NK) cells that provide protection against viruses and tumors. Over the last decade, other 
members of the ILC family have been identified that are developmentally related to NK cells, as they 
all depend on the transcription factor Id2 and the common γ-chain of the IL-2 receptor (IL2Rγc). 
ILC subsets have been classified into three groups on the basis of transcription factor expression 
and cytokine production profile (Spits et al., 2013). Group 3 ILCs (ILC3), which may express natural 
cytotoxicity receptors (NCR) including NKp44, rely on the transcription factor RORγt, respond to 
IL-1β and IL-23, and produce IL-17 and/or IL-22. These cells are involved in tissue remodeling and 
tissue protection in both mice and humans. ILC3 include the lymphoid tissue inducer (LTi) cells that 
are crucial for formation of lymph nodes during fetal development (Cupedo et al., 2009). Another 
subset distinct from ILC3, ILC2, was recently described in the context of lung tissue protection 
and helminth parasite expulsion in the gut (Moro et al., 2010; Neill et al., 2010; Price et al., 2010; 
Monticelli et al., 2011). In humans, these cells express CRTH2 (Mjösberg et al., 2011), lack NKp44, 
produce type 2 cytokines such as IL-5 and IL-13 (Mjösberg et al., 2011, 2012), and are GATA-3 
dependent (Mjösberg et al., 2012). More recently, we described a population of CD117−NKp44− ILC 
that are distinct from NK cells and dedicated to the production of IFN-γ, and hence termed ILC1 
(Bernink et al., 2013). These cells express the transcription factor T-bet, respond to IL-12 plus IL-
18 by production of IFN-γ, and are enriched in the inflamed ileum mucosa of patients with Crohn’s 
disease (Bernink et al., 2013).

As ILCs are crucial in mucosal defense, it is reasonable to assume that they are also involved 
in immune defense and tissue repair of the skin, which is one of the body’s largest physical and 
immunological barriers. Indeed, a previous report demonstrated the presence of NKp44+ ILCs in 
inflamed human skin (Cella et al., 2009). More recently, RORγt+ ILC3 have been observed in Aldara-
induced skin inflammation (Pantelyushin et al., 2012) that in some, but not all, aspects resembles 
psoriasis (Nestle et al., 2009), one of the most common inflammatory disorders of the skin. Previous 
studies have ascribed IL-23, which induces IL-17 and IL-22 production from T-helper cells, as the 
essential cytokine for driving skin inflammation (Pantelyushin et al., 2012). However, recent studies 
demonstrate that Aldara-induced psoriasiform skin inflammation occurs to the same extent in 
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Rag1/2−/− mice lacking T and NK T cells (Hedrick et al., 2009; Pantelyushin et al., 2012), but not in 
Rag2−/−Il2rγc−/− mice that in addition lack ILC and conventional NK cells. These experimental studies 
suggest that skin-invading RORγ+ ILC3 can induce a pathology with some resemblance to psoriasis 
(Pantelyushin et al., 2012).

Here we examined the ILC populations that are the most dominant in skin of healthy donors, CD117−

CRTH2−NCR−CD161+ ILC1, CRTH2+ ILC2, and NCR− ILC3. Few NCR+ ILC3 were present in normal 
skin, whereas these NCR+ ILC3 were present in cultured dermal explants. Skin ILC2 and NCR+ ILC3 
were functional as they responded to cytokine stimulation by secreting IL-13 and IL-22, respectively. 
NCR− ILC3 cultured in vitro with IL-1β plus IL-23 converted to NCR+ ILC3 cells. Strikingly increased 
proportions of NCR+ ILC3 were present in human psoriatic skin lesions as compared with normal 
skin. The increase in NCR+ ILC3 in the skin of psoriasis patients was mirrored by similar increases in 
peripheral blood NCR+ ILC3 of psoriasis patients as compared with healthy individuals. Both blood 
and skin NCR+ ILC3 produced IL-22, but very little IL-17. These data suggest that NCR+ ILC3, by 
providing a source of IL-22, may participate in psoriasis pathology.

RESULTS
Composition of human ILC subsets in normal human adult skin
Recently, we and others identified several ILC populations in humans that can be classified in three 
groups on the basis of the expression of c-Kit (CD117), NKp44, and CRTH2 (Spits et al., 2013). As 
ILCs are involved in tissue immunity, remodeling, and epithelial barrier maintenance in the lung and 
gut (Sonnenberg and Artis, 2012; Spits and Cupedo, 2012; Walker et al., 2013), we hypothesized 
that ILCs would also be involved in skin immunity and homeostasis. With this background, we set out 
to determine the composition of ILCs present in adult normal human skin. Freshly prepared, single-
cell suspensions from dermis of healthy individuals contained a discrete population of CD45+ cells 
lacking Lin markers for T cells (CD3, TCR), B cells (CD19), NK cells (CD94), myeloid and plasmacytoid 
dendritic cells (CD1a, CD11c, CD123, BDCA2), monocytes and macrophages (CD14), mast cells 
(FcεR1), and stem cells (CD34) (Figure 1a). These CD45+Lin− cells with lymphoid morphology and 
high expression of CD127 represented 1.3±0.3% of the CD45+ dermal lymphocytes (Figure 1a and 
b). Approximately 25% (24.2±9.9%) of these cells expressed CRTH2 (Figure 1a and b), a marker 
for human ILC2 (Mjösberg et al., 2011). Interestingly, the IL-22-producing NCR+ ILC3 population, 
which we previously described in tonsil and gut mucosa (Crellin et al., 2010; Bernink et al., 2013), 
could hardly be found in freshly prepared dermal-cell suspensions (1.3±0.6% of CD45+Lin−CD127+ 
ILC, Figure 1a and b), which is similar to the very low proportions of NCR+ ILC3 in peripheral blood 
(Figure 2). Importantly, the absence of NCR+ ILC3 in these freshly prepared dermal-cell suspensions 
could not be explained by enzymatic cleavage of NKp44 as experiments showed that the enzymes 
used (dispase II and collagenase D) did not considerably affect expression of critical ILC markers 



Enrichment of NCR+ ILC3 in lesional skin and blood of psoriasis patients

81

4

such as CD127, CD117, CRTH2, or NKp44 (Supplementary Figure S1 online). Of note, we also 
observed a prominent population of CD117−CRTH2−NKp44− ILCs in both freshly isolated dermal-cell 
suspensions (39.8±14.4%) and dermal crawl-out cultures (24.8±11.0%) (Figure 1). Phenotypically, 
this population resembles the ILC1 that we recently described to be accumulated in Crohn’s disease 
ileum (Bernink et al., 2013). However, only a minority of this skin population expressed the pan-ILC 
marker CD161 (Figure 1), indicating that the ILC3-derived ILC1 that we identified (Bernink et al., 
2013) are very rare in the normal skin, comparable to our findings in non-inflamed intestine (Bernink 
et al., 2013). Hence, this prevented us from performing functional studies of these cells.

Peripheral blood ILCs express the skin-homing marker CLA
A likely source of skin ILCs would be peripheral blood, in which, CD117−CRTH2−NCR− ILC1, CRTH2+ 
ILC2, and NCR− ILC3 are present (Mjösberg et al., 2011; Bernink et al., 2013). To test our hypothesis, 
we examined the expression of the skin-homing markers cutaneous lymphocyte antigen (CLA) and 
CCR10 on peripheral blood ILCs (Figure 2). Interestingly, both ILC2 and NCR− ILC3 expressed the 
skin-homing marker CLA, whereas few cells expressed CCR10, which was restricted to the CLA+ 
ILC population (Figure 2). Strikingly, the proportion of NCR+ ILC3 was very low in peripheral blood 
from healthy donors (Figure 2), which correlates well with the very low percentages of NCR+ ILC3 in 
freshly isolated normal skin (Figure 1).

Function of dermal ILC2
CRTH2+ ILC2 were also present in so-called crawl-out dermal-cell suspensions (Figure 1b), 
representing cells that had migrated out of cultured dermal explants. Both freshly isolated and crawl-
out CRTH2+ ILC2 showed high expression of CD161 and a variable expression of CD117 (Figure 1), 
concurrent with the phenotype of ILC2 that we previously identified in human peripheral blood and 
nasal polyps (Mjösberg et al., 2011, 2012). Freshly prepared and crawl-out flow cytometry–sorted 
dermal CRTH2+ ILC2 responded to IL-33 plus thymic stromal lymphopoietin (TSLP) stimulation with 
secretion of IL-13 (Figure 3a), confirming their similarity to the previously described human ILC2 
(Mjösberg et al., 2011, 2012). In addition, ILC2 cell lines could be established, which maintained 
their expression of CRTH2, CD127, and CD117 (Figure 3b) and lacked markers for T and NK 
cells (CD3 and CD94, data not shown). Furthermore, these cells expressed CD25 (Figure 3b), a 
previously described marker for human ILC2 (Monticelli et al., 2011). Upon stimulation with phorbol 
12-myristate 13-acetate (PMA) plus ionomycin, these skin ILC2 cell lines produced IL-13 (Figure 
3b). Furthermore, ILC2 cell lines responded to TSLP with increased production of IL-13 and IL-5, 
especially in the combination with IL-25, which together exerted a synergistic effect on inducing IL-
13 production (Figure 3c and d). Noteworthy, addition of IL-33 to this mix did not further enhance IL-
13 production, and TSLP plus IL-33 did not synergistically enhance IL-13 production as compared 
with TSLP or IL-33 alone (Figure 3c and d). Hence, in contrast to previously published data on ILC2 
in polyps and blood where IL-33 and TSLP synergistically enhance type 2 cytokine production 
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(Mjösberg et al., 2012), ILC2 in the skin are mainly regulated by TSLP and IL-25 and to a lesser 
extent by IL-33. In contrast to blood and polyp ILC2 (Mjösberg et al., 2012), skin ILC2 cell lines did 
not produce significant levels of IL-4, IL-9, or GM-CSF (data not shown). Of note, a minority of the 
cultured ILC2 co-expressed IFN-γ and IL-22, and to a lesser extent IL-17 (Figure 3b), in accordance 
with our previous studies of blood and polyp ILC2 (Mjösberg et al., 2011, 2012). However, this was 
only seen with PMA/ionomycin stimulation but not with ILC2-specific stimulations such as IL-25, 
IL-33, and TSLP (data not shown). Hence, ILC2 seem to have the capacity to produce some IL-22 
and IFN-γ; however, the physiological triggers and importance of this production remains unknown.
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Figure 1. Innate lymphoid cells in normal human skin. (a) Flow cytometry analysis of Lin−CD127hi ILC within 
the CD45+ lymphocyte population in freshly prepared cell suspensions (upper panel) and crawl-out cells from 
dermal explant cultures (lower panel). Numbers in gates (outlined areas) and quadrants indicate percent cells 
in each throughout. Histograms depict CD161 expression by CRTH2+ ILC2 (black line), CD117+NKp44− cells 
(dashed line), CD117+NKp44+ ILC3 (dotted line), and CD117−NKp44− cells (light gray shading). The lineage 
‘cocktail’ included antibodies to CD1a, CD3, CD4, CD11c, CD14, CD19, CD34, CD123, TCRαβ, TCRγδ, BDCA2, 
FcεR1, and CD94. (b) ILC subpopulation distribution in normal human skin is dependent on the method used for 
sample preparation. Data are depicted as the mean percentage ±SD and are representative of 10 independent 
experiments with one donor each. ILC, innate lymphoid cell; Lin, lineage.
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Figure 2. Peripheral blood ILCs express skin-homing marker cutaneous lymphocyte antigen (CLA). 
Gating for Lin−CD127hi ILC subsets in peripheral blood of a healthy donor. Flow cytometry analysis of the 
expression of CLA and CCR10 by peripheral blood CRTH2+, CRTH2−CD117+, and CRTH2−CD117− ILC. Data 
are from one experiment and representative of nine independent experiments with one donor each. ILC, innate 
lymphoid cell; Lin, lineage.

Capacity of skin NCR− ILC3 to convert into NCR+ ILC3
Despite the very low numbers of NCR+ ILC3 in cell suspensions prepared from freshly isolated 
skin, we consistently found a prominent CRTH2− ILC population (26.5±8.6%) expressing CD161 
and NKp44 (NCR+ ILC3) (Figure 1a and b) in the crawl-out CD45+Lin− ILCs from dermal explant 
cultures. Previously, we have documented that, in the tonsil, NKp44 identifies a population of ILC3 
that responds to IL-1β plus IL-23 with production of IL-22 (Crellin et al., 2010; Bernink et al., 2013). 
In agreement with this, isolated crawl-out NCR+ ILC3 from dermal explant cultures expressed RORγt 
(Figure 3e) and secreted IL-22 when they were exposed to IL-1β plus IL-23 for 4 days (Figure 3f), 
suggesting that NCR+ ILC3 provide a source of IL-22 in skin.

We recently showed that NCR− ILC3 isolated from human tonsils and fetal intestine differentiate to 
NCR+ ILC3 under the influence of IL-1β plus IL-23 (Bernink et al., 2013). Hence, we reasoned that the 
NCR+ ILC3 population found in crawl-out cultures might have arisen during the 3-day culture of the 
explant, deriving from a skin-resident NCR− ILC3 population. Indeed, such a NCR− ILC3 population, 
expressing CD161, could be found in both freshly prepared dermal-cell suspensions and crawl-outs 
derived from normal skin (Figure 1). When cultured in IL-1β plus IL-23, these cells readily converted 
into NCR+ ILC3 (Figure 4a). The majority of these cells expressed CD161 and CD56 (Figure 4b). Of 
note, NCR− ILC3 did not give rise to CRTH2+ ILC2 upon culture with either IL-1β plus IL-23 or TSLP 
plus IL-33 (Figure 4a). In summary, in addition to differentiated ILC2, normal skin harbors a NCR− ILC3 
population, which can convert into NCR+ ILC3 with the capacity to produce IL-22.
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Figure 3. Cutaneous Lin−CD127hiCRTH2+ ILC2 produce IL-13 upon stimulation. (a) IL-13 secretion of 
freshly prepared and crawl-out dermal CRTH2+ ILC2 in response to IL-33 plus TSLP stimulation. (b) Flow 
cytometry analysis of cell lines generated from normal skin CRTH2+ ILC2 (upper panel) after stimulation with 
PMA and ionomycin, and staining for intracellular IL-13, IL-22, IFN-γ, or IL-17 (lower panel). (c, d) IL-13 or IL-5 
secretion of expanded skin-derived ILC2 after stimulation with various combinations (horizontal axes) of IL-2 
(1 U ml−1), IL-33 (50 ng ml−1), IL-25 (50 ng ml−1), and TSLP (50 ng ml−1). (e) RORγt expression is higher in dermal 
crawl-out CD117+NKp44+ (NCR+ ILC3) than in CD3−CD127−CD94+ (NK) cells. (f) IL-22 secretion from crawl-out 
Lin−CD127hiCD117+NKp44+ cells. Results were normalized to 2,000 cells (a, f) or 25,000 cells (c, d) per 200 μl 
in a 96-well plate. Data are representative of two experiments with one donor each (b) or from at least two 
experiments with one donor each (a, c, d–f; mean and SEM). ILC, innate lymphoid cell; Lin, lineage; NCR, natural 
cytotoxicity receptor; PMA, phorbol 12-myristate 13-acetate; TSLP, thymic stromal lymphopoietin.
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NCR+ ILC3 accumulate in skin lesions and peripheral blood of patients with psoriasis
Although the contribution of T cells to the pathogenesis of psoriasis is well established (Nestle et 
al., 2009; Res et al., 2010), it is becoming increasingly clear that the innate immune system also 
participates in the initiation and/or maintenance of psoriatic inflammation (Bos et al., 2005). We set 
out to examine the presence and frequency of ILCs in freshly prepared lesional skin of psoriasis 
patients as compared with normal skin of healthy individuals. To this end, we collected blood, as well 
as biopsies from active lesions of psoriasis patients to be compared with normal skin and blood from 
healthy individuals. Strikingly, flow cytometric phenotypical analysis of the ILC populations revealed 
that psoriatic skin contained significantly higher proportions of total Lin−CD127+ ILCs (Figure 5b). 
In addition, significantly elevated frequencies of NCR+ ILC3 were seen in both skin and blood from 
psoriasis patients as compared with normal skin and blood from healthy individuals (Figure 5a–d). 
Noteworthy, the frequency of NCR+ ILC3 in the skin correlated with psoriasis severity (psoriasis area 
and severity index scores; P=0.042; Figure 5e).
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Figure 4. Normal skin harbors a NCR− ILC3 population, which can be converted to NCR+ ILC3. (a) 
Differentiation of highly purified normal skin CD117+NKp44− ILCs into NKp44+ ILC3 after stimulation for 10 days 
with feeder cells and either 100 U ml−1 IL-2 alone (two dot plots left side) or a combination of IL-2, IL-23 plus 
IL-1β (50 ng ml−1) or IL-2, IL-33 plus TSLP. (b) Flow cytometry analysis of the expression of CD56 and CD161 by 
in vitro differentiated NKp44+ ILC3 (black line) and NKp44− ILC3 (light gray shading). Data are representative of 
two experiments with one donor each (a, b). ILC, innate lymphoid cell; NCR, natural cytotoxicity receptor; TSLP, 



86

thymic stromal lymphopoietin.

Figure 5. Accumulation of NCR+ ILC3 in lesional skin and peripheral blood of psoriasis patients. (a) 
CD45+Lin−CD127+ lymphocytes from healthy or psoriatic lesional skin, representing the total ILC population, were 
subdivided into ILC2 and ILC3 on the basis of the mutually exclusive expression of CRTH2 and NKp44. CD161+ 
ILCs that were negative for CRTH2, NKp44, and CD117 were regarded as ILC1. (b) Summary of the percentages 
of ILC subsets in human skin. In the top row, ILC subsets are depicted as a percentage of CD45+ lymphocytes, 
while in the bottom row ILC subsets are depicted as a percentage of total ILC. (c) Peripheral blood of healthy 
donors contains ILC2 and ILC1, but is devoid of NCR+ ILC3, whereas blood of psoriasis patients contains a clear 

population of NCR+ ILC3. 
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(d) A summary of the ILC subsets in blood depicted as percentage of CD45+ lymphocytes in the top row and 
depicted as a percentage of total ILCs in the bottom row. (e) Correlation analysis of dermal NCR+ ILC3 frequency 
and psoriasis area and severity index (PASI) score. Sample numbers may vary between groups. Horizontal lines 
indicate mean values ±SD. **P<0.001. (e) Correlation analysis of blood and dermal NCR+ ILC3 frequency and 
PASI score. ILC, innate lymphoid cell; Lin, lineage; NCR, natural cytotoxicity receptor.
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By contrast, the frequencies of ILC2 were similar in normal and psoriatic skin and blood (Figure 
5a–d). Furthermore, we did not find any evidence for alterations in the frequency of CD161+ ILC1 in 
psoriatic as compared with healthy skin (Figure 5b).

To assess the cytokine production from psoriasis-associated NCR+ ILC3, we sorted and in vitro 
expanded these cells from the blood and dermal crawl-out cultures of psoriasis patients. Upon IL-
1β/IL-23 plus PMA/ionomycin stimulation, blood and skin NCR+ ILC3 produced IL-22, but few cells 
produced IL-17 (Figure 6a–e). A larger proportion of NCR+ ILC3 in the skin as compared with the 
blood seemed to produce IL-22, both at resting and IL-1β/IL-23 plus PMA/ionomycin-stimulated 
conditions; however, due to the small number of observations, we were not able to assess this 
with statistical certainty. Importantly, we could also show that IL-22 was secreted from psoriasis 
blood–derived NCR+ ILC3 (Figure 6f), but not NK cells or ILC2 (data not shown). IL-22 was secreted 
both spontaneously and in response to IL-1β plus IL-23 stimulation, which further increased the 
production of IL-22 (Figure 6f). No secreted IL-17 was detected from these NCR+ ILC3.

Hence, our finding of increased numbers of NCR+ ILC3 in lesional psoriatic skin and blood is likely 
to be clinically relevant, as these cells potently produce IL-22, a cytokine known to contribute to the 
epidermal thickening that is characteristic for this inflammatory skin disease (Zheng et al., 2007).
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Figure 6. NCR+ ILC3 from lesional skin and peripheral blood of psoriasis patients produce IL-22. (a) Flow 
cytometric cytokine analysis of cell lines generated from conventional NK cells (cNK) and NCR+ ILC3 from peripheral 
blood and skin-biopsy crawl-out cells from psoriasis patients. Cells were cultured with IL-2 (10 U ml−1), IL-23 plus 
IL-1β (both 50 ng ml−1) for 3 days, stimulated with PMA/ionomycin for 6 hours, and then stained for intracellular IL-
22 and IL-17. (b–e) Percentage of IL-22+ (b, c) and IL-17+ (d, e) blood- and skin-derived NCR+ILC3 after stimulation 
with PMA/ionomycin after 3 days of pre-incubation with either 10 U ml−1 IL-2 alone or in combination with IL-23 
plus IL-1β (50 ng ml−1). (f) IL-22 secretion of expanded blood-derived conventional NK cells and NCR+ ILC3 after 
stimulation with either 10 U ml−1 IL-2 alone or in combination with IL-23 plus IL-1β (50 ng ml−1). Results were 
normalized to 8,000 cells per 200 μl in a 96-well plate (f; mean and SEM). Data are representative of two (blood) or 
three (skin) psoriasis patients. Each patient sample was examined in independent experiments. ILC, innate lymphoid 
cell; NCR, natural cytotoxicity receptor; PMA, phorbol 12-myristate 13-acetate.
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DISCUSSION
In this study, we provide a detailed characterization of the Lin−CD127+ ILC phenotypes found in the 
normal skin of healthy humans. Furthermore, we show that all ILC populations found in the blood, 
including NCR− ILC3 and CRTH2+ ILC2, have the capacity to migrate to and populate the skin, as 
part of these cells express CLA. Consistently, we identified in healthy human skin ILC2 and NCR− 
ILC3, but hardly any CD161+ ILC1 or NCR+ ILC3, whereas NCR+ ILC3 were present in cultured 
dermal explants. The ILC2 and NCR+ ILC3 subsets in healthy human skin were functional as they 
produced IL-13 and IL-22, respectively, upon cytokine stimulation. The scarcity of CD161+ ILC1 
prevented us from performing functional studies of these cells. Extended characterization of the 
skin CRTH2+ ILC2 revealed that they could be expanded in vitro in high-dose IL-2 without loss of 
phenotype or function as they maintained CD127, CRTH2, CD117, and CD25, lacked markers for T 
and NK cells (CD3 and CD94), and retained their capacity to produce IL-13 following in vitro culture. 
These data show that the skin ILC2 are a stable subset of cells that can be driven to proliferation 
by high-dose IL-2, a finding consistent with a recent paper describing mouse ILC2 ( Roediger et al., 
2013). Interestingly, in contrast to blood and nasal polyp ILC2, which respond vigorously to TSLP 
plus IL-33 (Mjösberg et al., 2012), TSLP plus IL-25 more potently triggered IL-13 production than 
the combination TSLP plus IL-33. Recently, Kim et al. (2013) published data from a mouse model of 
atopic dermatitis demonstrating that cutaneous allergic inflammation is critically dependent on TSLP-
driven ILC2 responses. However, ILC2 inflammation in the mouse skin occurred independently of 
IL-25 and IL-33. In our study, we did not address the role for ILC2 in atopic dermatitis; however, our 
data on healthy human skin ILC2 clearly show that IL-25, and to a lesser extent also IL-33, enhances 
the capacity of TSLP to stimulate ILC2, findings that may have implications when considering these 
pathways as targets in the treatment of atopic dermatitis. The demonstration that CRTH2+ ILC2 
are present in normal human skin is in contrast with the data of Kim et al. (2013) who showed 
that, although ILC2, identified as Lin−IL33R+CD25+ ILC, were present in healthy skin, they lacked 
expression of CRTH2. The reason for this discrepancy is unknown but may be attributed to the use 
of different cell surface–identification markers and flow cytometric gating strategies.

Importantly, we identified IL-1β plus IL-23-responsive IL-22-producing NCR+ ILC3 in cell suspensions 
obtained from dermal explant cultures derived from the skin of healthy individuals. These cells were 
scarce in freshly isolated skin-cell suspensions. This led us to hypothesize that these cells were 
derived from NCR− ILC3 that were present in both freshly isolated dermal-cell suspensions as well 
as in dermal crawl-out cultures. Indeed, in accordance with what we previously observed in fetal 
intestine and tonsil (Bernink et al., 2013), dermal NCR− ILC3 cultured with IL-1β plus IL-23 converted 
to NCR+ ILC3. This observation is intriguing in the context of skin inflammation, as IL-1β and IL-23 
are upregulated in psoriatic lesions (Debets et al., 1997; Lee et al., 2004; Piskin et al., 2006) and 
implicated in pathogenesis of the disease (Zheng et al., 2007). Indeed, we found an accumulation of 
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IL-22-producing NCR+ ILC3 in freshly isolated lesional skin and blood of psoriasis patients. Paralleling 
our findings, it was recently reported that the number of ILC3 is increased in 12-day-old crawl-out 
cultures of psoriasis skin (Dyring-Andersen et al., 2014). This study did not, however, assess the 
frequency of different ILC populations in freshly isolated skin biopsies or blood of psoriasis patients, 
which is likely to yield a more relevant view of the in vivo ILC status of these patients. Furthermore, 
during the review process of our manuscript, another study demonstrated an accumulation of NCR+ 
ILC3 in psoriasis (Villanova et al., 2014). This paper suggested NCR+ ILC3 as sources of both IL-22 
and IL-17 in psoriasis. However, Villanova et al. (2014) did not demonstrate cytokine production from 
pure ILC populations in the skin. Instead, they examined CD45+CD3− cells, which, although enriched 
for ILC, are not pure, and their results need to be interpreted with caution. In a set of preliminary 
experiments, we confirmed that CD45+CD3− cells isolated from the skin produce IL-17 following 
stimulation with PMA/ionomycin (Supplementary Figure 2). This observation, together with our 
demonstration of very low frequencies of IL-17+NCR+ ILC3, suggests that IL-17 is produced by cells 
distinct from NCR+ ILC3 within the CD45+CD3− population. Villanova et al. (2014) did not assess 
which cytokines might drive the IL-17 or IL-22 production from NCR+ ILC3. Hence, our study further 
extends these observations, as we demonstrated that the IL-22 production, and to a lesser extent 
the IL-17 production, was stimulated in purified blood and skin-derived NCR+ ILC3 by the presence 
of IL-1β plus IL-23. In addition, we show that culture of NCR− ILC3 in IL-1β plus IL-23 increases 
the frequency of NCR+ ILC3 in vitro, suggesting that these cytokines not only stimulate cytokine 
production from NCR+ ILC3 but may also contribute to the accumulation of NCR+ ILC3 in psoriasis.

All together, our findings suggest that the elevated levels of IL-1β and IL-23 found in the skin of 
psoriasis patients support conversion of NCR− ILC3 into NCR+ ILC3, the latter of which constitutes 
a source of IL-22 in the skin, contributing to the epidermal thickening that is characteristic for this 
inflammatory skin disease (Nakajima, 2012). Interestingly, elevated numbers of NCR+ ILC3 were 
also present in peripheral blood of psoriatic patients. This raises the possibility that NCR3+ ILC3 
are not only generated in the skin but also elsewhere and then migrate to the skin. Of note, we did 
not find any evidence for altered frequencies of CD161+ ILC1 in lesional skin of psoriasis patients. 
As these cells are primarily induced by IL-12 (Bernink et al., 2013), this suggests that the effects of 
IL-23 dominate those of IL-12 in psoriatic skin lesions. It will be highly interesting to see whether the 
numbers of NCR+ ILC3 in the peripheral blood and skin are modulated by therapy targeting IL-23 
in psoriasis.

IL-22 is not only produced by NCR+ ILC3 but also by T cells in psoriasis. As T cells are more 
abundant, it is tempting to assume that they represent the major source of IL-22. However, the 
relatively lower frequency of NCR+ ILC3 as compared with T cells does not diminish the importance 
of NCR+ ILC3. A good example of this comes from studies of ILC3 in the gut, where these cells are 
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also rare. Mice lacking IL-22-producing ILC3 show strikingly increased susceptibility to the pathogen 
Citrobacter rodentium ( Satoh-Takayama et al., 2008). Furthermore, ILC3 and T-helper cells may 
have complementary functions. Again, using the C. rodentium infection model, it was shown that IL-
22 was induced from ILC3 and Th22 cells in sequential waves, each crucial for host defense ( Basu 
et al., 2012). Hence, although numerically inferior, NCR+ ILC3 have a nonredundant function in the 
gut, which may very well also be the case in the skin.

In conclusion, we demonstrate that the ILC compartment in normal human skin comprises functional 
ILC2 as well as NCR− ILC3, the latter of which can be converted to NCR+ ILC3. In psoriatic skin 
lesions, however, these NCR+ ILC3 are present in increased proportions, and as these NCR+ ILC3 
provide a source of IL-22, they may, together with T cells, participate in the pathogenesis of psoriasis.

MATERIALS AND METHODS
Skin and blood collection
The study protocols were reviewed and approved by the Medical Ethical Committee of the Academic 
Medical Center, Amsterdam, following the Declaration of Helsinki protocols. All material was 
collected after patient’s written informed consent. Normal adult skin was obtained as residual tissue 
after plastic surgery of the breast or abdomen. Patients with active psoriasis vulgaris who visited the 
Department of Dermatology at the Academic Medical Center in Amsterdam donated 4 mm punch 
biopsies from an active lesion. All patients refrained from any systemic therapy or phototherapy for at 
least 4 weeks before participation and topical treatments were not allowed 14 days before baseline. 
The mean psoriasis area and severity index of the patients was 10.7±6.9. Some of the skin donors 
(healthy and psoriatic) also donated peripheral blood that was sampled via venipuncture.

Preparation of dermal and epidermal skin suspensions
Thin sheets of 0.3 mm thickness were shaved from residual normal skin by an electrodermatome 
and were treated overnight at 4 °C with 0.3% (wt/vol) dispase II (Roche, Almere, The Netherlands) 
in PBS to enable the separation of dermis and epidermis. To get fresh cell suspensions, the dermis 
was fragmented by scissors and incubated in IMDM with 0.5% (wt/vol) collagenase D (Roche), 
50 U ml−1 DNAse I (Sigma-Aldrich, St Louis, MO), and 0.5% (vol/vol) FCS for 90 minutes at 37 °C. 
Alternatively, to allow spontaneous migration of cells from the tissue, the dermis was cut into small 
pieces of 2–4 cm squares and was cultured in IMDM with 10% FCS for 3 days. Skin biopsies 
from lesional skin of psoriasis patients were treated subsequently with dispase and collagenase as 
described above.
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Flow cytometry analysis and sorting
The following antibodies to human proteins were used: FITC-conjugated anti-CD1a (HI149), anti-
CD3 (OKT3), anti-CD4 (RPA-T4), anti-CD11c (3.9), anti-CD14 (HCD14), anti-CD16 (3G8), anti-CD19 
(HIB19), anti-CD34 (581), anti-CD94 (DX22), anti-CD123 (6H6), anti-FcεR1α (AER-37), phycoerythrin 
(PE)-conjugated anti-CCR10 (6588-5) anti-CD94 (HP-3D9), anti-CD161 (HP-3G10), anti-NKp44 
(P44-8), peridinin chlorophyll protein–cyanine 5.5 (PerCP-Cy5.5)-conjugated anti-CD117 (104D2), 
Alexa Fluor 647–conjugated anti-NKp44 (P44-8), Pacific Blue-conjugated anti-CLA (HECA-452), 
allophycocyanin-indotricarbocyanine (APC-Cy7)-conjugated anti-CD25 (BC96), Brilliant Violet 421–
conjugated anti-CD161 (HP-3G10), Alexa Fluor 700–conjugated anti-CD3 (UCHT1), anti-CD56 
(HCD56; all from BioLegend, San Diego, CA); FITC-conjugated anti-TCRαβ (IP26), anti-TCRγδ 
(B1), PE-conjugated anti-CD16 (3G8), Alexa Fluor 647–conjugated anti-CRTH2 (CD294; BM16), 
APC-Cy7-conjugated anti-CD45 (2D1), V500-conjugated anti-CD3 (UCHT1), and isotype-matched 
control antibodies conjugated to Alexa Fluor 700 (MOPC-21), PE, APC, or PE-Cy7 (X40; all from 
BD Biosciences, Mountain View, CA); R Phycoerythrin-Cyanine 5.5 (PE-Cy5.5)-conjugated anti-
CD117 (104D2D1), R Phycoerythrin-Cyanine 7 (PE-Cy7)-conjugated anti-CD127 (R34.34; both 
from Beckman Coulter, Woerden, The Netherlands), and FITC-conjugated anti-BDCA2 (CD303; 
AC144; Milenyi Biotec, Leiden, The Netherlands). Intracellular RORγt staining was carried out using 
PE-conjugated anti-human RORγt (clone AFKJS-9; eBioscience, San Diego, CA) and the Foxp3 
permeablilization/fixation kit according to the manufacturer’s instructions.

Generation of ILC lines
Purified Lin−CD127+CRTH2+, Lin−CD127+CRTH2−CD117+NKp44+, and Lin−CD127+CRTH2−CD117−

NKp44− ILC populations were stimulated with 1 μg ml−1 phytohemagglutinin (Oxoid, Hampshire, 
UK), 25 Gy–irradiated allogeneic peripheral blood mononuclear cells, 50 Gy–irradiated Epstein–Barr 
virus–transformed JY human B cells, and 100 U ml−1 IL-2 (Novartis, Arnhem, The Netherlands) in 
Yssel’s medium (prepared in-house (Yssel et al., 1984)) supplemented with 1% (vol/vol) human AB 
serum. Culture medium containing IL-2 was refreshed two times per week and cells were re-sorted 
before further analysis.

Measurement of cytokine production
Purified fresh and expanded ILCs were cultured for 3–4 days at 2,000 cells per well in a round-
bottomed 96-well plate in Yssel’s medium supplemented with 1% (vol/vol) human serum in the 
presence or absence of 10 U ml−1 IL-2 and stimulated with one of the following cytokines or 
combinations thereof: 50 ng ml−1 TSLP, 50 ng ml−1 IL-25, or 50 ng ml−1 IL-33 (all from R&D systems, 
Abingdon, UK) for Lin−CD127+CRTH2+ ILCs; 50 ng ml−1 IL-23 and 50 ng ml−1 IL-1β (both from 
R&D systems) for Lin−CD127+CRTH2−CD117+NKp44+ ILCs and 50 ng ml−1 IL-12 and 50 ng ml−1 
IL-18 (both from R&D systems) for Lin−CD127+CRTH2−CD117−NKp44− ILCs. IL-13, IL-17, IL-22, 



Enrichment of NCR+ ILC3 in lesional skin and blood of psoriasis patients

93

4

and IFN-γ were measured in culture supernatants by enzyme-linked immunosorbent assays from 
R&D systems or Sanquin (Amsterdam, The Netherlands). Alternatively, multiple cytokine detection 
(including IL-4, IL-9, and GM-CSF) in the supernatants was performed using the MILLIPLEX MAP 
Human Cytokine/Chemokine Panel (Merck Millipore, Billerica, MA) and the Bio-Rad Bioplex-200 
analysis instrument (Bio-Rad, Hercules, CA), all according to the manufacturer’s instructions. The 
Bioplex Manager 4.1 software was used for data analysis. To detect intracellular cytokines, ILCs 
were stimulated for 6 hours with 10 ng ml−1 PMA (Sigma) and 500 nM ionomycin (Merck) in the 
presence of GolgiPlug (BD Biosciences) for the final 4 hours of culture. In some experiments, IL-23 
and IL-1β (50 ng ml−1) was added for the whole culture period. Cytofix/Cytoperm kit (BD Biosciences) 
was used for permeabilization during subsequent staining and washing steps. We used the following 
antibodies: APC-conjugated anti-IL-13 (JES10-5A2) and APC-conjugated anti-IL-17 (BL168) from 
BioLegend; PE-conjugated anti-IL-22 (142928) from R&D systems and PE-conjugated anti-IFN-γ 
(B27) from BD Biosciences. Data were acquired with LSR-Fortessa equipment (BD Biosciences) 
and analyzed with FlowJo software (TreeStar, Ashland, OR).

Statistical analysis
Statistical significance was determined with Student’s t-test and Pearson correlation analysis using 
SPSS software.
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SUPPLEMENTAL DATA

Supplemental figure 1. Sensitivity of ILC markers to enzymatic digestion. Migratory cells from dermal 
tissue, collected after 3 or 4 days of culture, were enzyme treated under the same conditions used to prepare 
freshly-prepared dermal single cells. Comparison of enzyme treated (solid line; no filling) with untreated (solid 
line; gray filling) cells revealed that only markers CD117 and NKp44 are sensitive to enzyme treatment, but their 
expression is still clearly detectable. Dotted lines represent isotype-matched control antibodies. Results from one 
experiment are shown and is representative of 2 independent experiments with 2 different donors.
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Supplemental figure 2. IL-22 and IL-17 production from psoriasis dermal CD45+CD3- cells. Upper panel: 
gating strategy for the CD45+CD3- cells in dermis and assessment of IL-17 and IL-22 production following PMA/
ionomycin stimulation for 5 hours (with Brefeldin A for the last 4 hours). Lower panel: Number of IL-22 or IL-17-
producing CD45+CD3- cells in healthy controls and psoriasis patients which were not treated or treated with anti-
IL-12/23 biologics or UVB irradiation (not treated=lesional). Data are displayed as +/- S.E.M and the statistics 
were done by ANOVA with Dunnett’s multiple comparison test.
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ABSTRACT
Allogeneic hematopoietic stem cell transplantation (HSCT) is widely used to treat hematopoietic 
cell disorders but is often complicated by graft-versus-host disease (GVHD), which causes severe 
epithelial damage. Here we have investigated longitudinally the effects of induction chemotherapy, 
conditioning radiochemotherapy, and allogeneic HSCT on composition, phenotype, and recovery of 
circulating innate lymphoid cells (ILCs) in 51 acute leukemia patients. We found that reconstitution 
of ILC1, ILC2, and NCR−ILC3 was slow compared with that of neutrophils and monocytes. NCR+ 
ILC3 cells, which are not present in the circulation of healthy persons, appeared both after induction 
chemotherapy and after allogeneic HSCT. Circulating patient ILCs before transplantation, as well as 
donor ILCs after transplantation, expressed activation (CD69), proliferation (Ki-67), and tissue homing 
markers for gut (α4β7, CCR6) and skin (CCR10 and CLA). The proportion of ILCs expressing these 
markers was associated with a decreased susceptibility to therapy-induced mucositis and acute 
GVHD. Taken together, these data suggest that ILC recovery and treatment-related tissue damage 
are interrelated and affect the development of GVHD.
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INTRODUCTION
Allogeneic hematopoietic stem cell transplantation (HSCT) can be a life-saving treatment of patients 
with hematologic malignancies. Although curative for many, it is characterized by significant 
morbidity and mortality. Preparative regimens including chemotherapy and radiotherapy can cause 
serious harm to mucosal tissues by inducing apoptosis of rapidly dividing epithelial cells.1 In current 
models for the development of acute graft-versus-host disease (GVHD), such tissue destruction 
plays an important role in the initiation phase of a process that, through activation of innate immune 
responses, eventually leads to donor T-cell activation and immune-mediated tissue damage.2,3

Innate lymphoid cells (ILCs) comprise a family of innate cells with a lymphoid morphology that 
lack rearranged antigen receptors. ILCs play key roles in the early stages of the immune response 
and are important effectors in tissue remodeling and repair.4,5 ILCs can be divided into functionally 
different groups, based on the expression of specific transcription factors and signature cytokines.6-8 
Group 1 ILCs are characterized by the expression of T-bet and interferon (IFN)-γ.9 ILC1 are activated 
through IL-12 and/ or IL-18 and are increased in the gut of patients with Crohn colitis.9,10 Group 2 
ILCs depend on the transcription factors GATA311,12 and RORα13,14 and produce the type 2 cytokines 
IL-13 and IL-5 upon activation by thymic stromal lymphopoietin (TSLP), IL-33, and/or IL-25.15 
ILC2 are important in protecting the airway epithelium against the cytopathic effects of respiratory 
viruses,5 but they also play a role in pathological responses such as (atopic) dermatitis,16,17 chronic 
rhinosinusitis,15 and liver fibrosis.18 Group 3 ILCs represent all RORγt-dependent ILCs, including 
lymphoid tissue–inducer (LTi) cells, natural cytotoxicity receptor (NCR)-negative ILC3, and NCR+ 
ILC3, and are activated upon stimulation with IL-1β and IL-23.19-21 NCR+ ILC3 are an important 
innate source of IL-22, a potent cytokine that acts directly on epithelial cells to induce proliferation, 
survival, and repair.22,23 Recently, it was demonstrated in a mouse model of acute intestinal GVHD 
that sublethal radiotherapy increased intestinal IL-22 production by IL-23 responsive, radiotherapy-
resistant host ILCs. Subsequent allogeneic HSCT in IL-22–deficient recipients led to severe GVHD, 
causing significantly increased tissue damage, with apoptosis of crypt cells and loss of epithelial 
integrity, and increased GVHD-related mortality.24 These data suggest that IL-22–producing NCR+ 
ILC3 may dampen the detrimental effects of GVHD, at least in the intestine of mice. Whether ILC3 
have similar protective effects in human GVHD is unknown.

We longitudinally studied loss and recovery of groups 1, 2, and 3 ILCs in the peripheral blood of 
adult patients with acute leukemia, after induction chemotherapy and after allogeneic HSCT. ILCs 
were lost upon induction and conditioning chemotherapy, and their recovery after allogeneic HSCT 
was slow. Reconstituting ILCs were of donor origin. Expression of CD69 on ILCs in patients before 
allogeneic HSCT (after induction chemotherapy) and appearance of donor NCR+ ILC3 after HSCT 
correlated with a decreased incidence of GVHD, which may suggest that these cells have protective 
effects in the context of treatment-related tissue damage.
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MATERIALS AND METHODS
Study participants and clinical protocols
Study protocols were approved by the Medical Ethical Committees of the Karolinska Institutet, 
Stockholm, Sweden, and of the Academic Medical Center, Amsterdam, The Netherlands. All 
participants signed informed consent in accordance with the Declaration of Helsinki. We performed 
a pilot study with freshly isolated peripheral blood mononuclear cells (PBMCs) of healthy controls 
(n = 10) and of patients with acute myeloid leukemia (AML) (n = 9) or acute lymphoblastic leukemia 
(ALL) (n = 2), treated at the Academic Medical Center in Amsterdam (Table 1). The median ages of 
healthy persons (36 years, range 30-56) and patients (50 years, range 19-70) were not significantly 
different. Patient material was collected at consecutive time points before, during, and after 2 cycles 
of induction chemotherapy, after conditioning therapy at the day of allogeneic HSCT, and at 4-week 
intervals after allogeneic HSCT. To confirm and extend the findings obtained from this small cohort, 
we included patients from a second, larger and independent cohort. At the Karolinska Institutet, a 
large allogeneic HSCT biobank for patients receiving allogeneic HSCT was set up between June 
2005 and December 2010. Clinical data were collected prospectively. From all patients with AML 
(n = 67) in this biobank, 40 patients were randomly selected based on availability of PBMCs at 2 
time points: (1) collected at the day conditioning therapy was started (after completing (re-)induction 
chemotherapy, before allogeneic HSCT), and (2) at 12 weeks after allogeneic HSCT (median, day 84 
after allogeneic HSCT; range day 56-day 112; of 6 patients, no sample was available at day 84 and 
the nearest day at which material was available was chosen). Most patients had AML (n = 37), and 
three had myelodysplastic syndrome–refractory anemia with excess blasts–2; GVHD did not develop 
in 12 of the patients, and acute GVHD grade I-IV did develop in 28 patients (Table 1; no significant 
age differences between GVHD+/GVHD– groups). The majority of patients had a clinical follow-up of 
>12 months (n = 37). Diagnosis of cutaneous GVHD was made on the basis of clinical considerations 
and was not always confirmed by biopsy of affected tissue; gut GVHD was always confirmed by 
histopathology. From September 2007 onward, mucositis grading was evaluated regularly by a 
dentist, according to the World Health Organization Toxicity Grading Scale (daily from the day of 
admission) and the Oral Mucositis Assessment Scale (3× per week). For comparison, PBMCs of 
healthy individuals were cryopreserved before analysis (n = 8; median age 29 years, range 26-32; P 
< .05 compared with patients in cohort 2).

Isolation of cells
PBMCs were obtained from whole blood by Ficoll-Paque (GE Healthcare) density gradient 
centrifugation. For cryopreservation, PBMCs were resuspended in cryoprotective media containing 
10% dimethyl sulfoxide and fetal bovine serum. Before flow cytometry analysis, the PBMCs were 
rapidly thawed.



Activated ILCs are associated with a reduced susceptibility to GVHD

103

5

Table 1. Characteristics of study participants.

Cohort N Age* 
(range)

Diagnosis Conditioning Donor GVHD

AML ALL MA RIC MUD Sib Acute Chronic

1 11 50 
(19-70)

9† 2 0 6 4 2 1 3

2 12 43 
(25-65)

12 0 3 9 12 0 — —

28 51 
(15-65)

28 0 19 9 14 14 24 22

MA, myeloablative conditioning (busulfan, cyclophosphamide ± ATG); MUD, matched-unrelated donor; RIC, 
reduced-intensity conditioning (cohort 1: fludarabine, total body irradiation ± ATG; cohort 2: fludarabine, busulfan 
± ATG); Sib, sibling donor.
* Median age in years.
† Five patients in cohort 1 did not proceed to HSCT and were therefore studied during the induction phase only.

Flow cytometry analysis
The following antibodies to human proteins were used: fluorescein isothiocyanate (FITC)-conjugated 
anti-CD1a (HI149), anti-CD11c (3.9), anti-CD14 (HCD14), anti-CD19 (HIB19), anti-CD34 (581), anti-
CD94 (DX22), anti-CD123 (6H6), anti-FcER1α (AER-37), phycoerythrin (PE)–conjugated anti-CCR10 
(6588-5), Pacific Blue–conjugated anti-CLA (HECA-452), allophycocyanin-indotricarbocyanine 
(APC-Cy7)–conjugated anti-CD25 (BC96), Brilliant Violet 570–conjugated anti-CD56 (HCD56), 
Brilliant Violet 605–conjugated anti-CCR6 (G034E3), Brilliant Violet 650–conjugated anti-α4β7 
(Act-1; the α4β7 monoclonal antibody was obtained through the National Institutes of Health AIDS 
Reagent Program, Division of AIDS, National Institute of Allergy and Infectious Diseases [cat#11718] 
from Dr A.A. Ansari and subsequently biotinylated using the FluoReporter Mini-Biotin-XX Protein 
Labeling Kit from Invitrogen), Alexa Fluor 700–conjugated anti-CD69 (FN50; all from BioLegend); 
FITC-conjugated anti-TCRαβ (IP26), anti-TCRγδ (B1), Alexa Fluor 647–conjugated anti-CRTH2 
(CD294; BM16), V500-conjugated anti-CD3 (UCHT1; all from BD Biosciences); R Phycoerythrin-
Cyanine 5 (PE-Cy5)–conjugated NKp44 (Z231), R Phycoerythrin-Cyanine 5.5 (PE-Cy5.5)–
conjugated anti-CD117 (104D2D1), R Phycoerythrin-Cyanine 7 (PE-Cy7)–conjugated anti-CD127 
(R34.34; both from Beckman Coulter), and FITC-conjugated anti-BDCA2 (CD303; AC144; Milenyi 
Biotec). Intracellular staining for Ki-67 and GATA3 was done using Brilliant Violet 711–conjugated 
anti–Ki-67 (Ki67; BioLegend), PE-conjugated anti-GATA3 (TWAJ, eBioscience), and the Foxp3 
permeablilization/fixation kit according to the manufacturer’s instructions.

For phenotypic analyses by flow cytometry, data were collected with an LSR-Fortessa instrument 
(BD Biosciences) and analyzed with FlowJo software (TreeStar). For chimerism analysis, Lin−CD127+ 
ILCs from peripheral blood were sorted on a FACSAria (BD Biosciences).
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Chimerism analysis
Genomic DNA of sort-purified Lin−CD127+ ILCs was isolated with the QIAamp DNA Micro Kit 
(Qiagen) according to the manufacturer’s protocol. Donor-vs-patient chimerism was determined by 
analyzing genomic polymorphisms through profiling of short tandem repeat (STR) DNA loci using the 
PowerPlex 16 System (Promega Corporation, Madison, WI). Amplified fragments were separated 
by capillary electrophoresis conducted on the ABI PRISM 3130 XL Genetic Analyzer (Applied 
Biosystems), and corresponding peak area values were transferred to the Applied Biosystems 
GeneMapper 4.1 (Applied Biosystems) for evaluation.

Statistical analysis
Data are shown as median values with interquartile ranges. Differences between healthy controls 
and patients were calculated using the 2-tailed Mann-Whitney U test, using Graphpad Prism 5 
for Mac OS X. For comparison of separate time points, the Wilcoxon signed rank test was used. 
Survival curves were analyzed by log-rank tests. P values <.05 were considered significant.

RESULTS
Differential recovery of peripheral blood ILC subsets after induction chemotherapy and 
after allogeneic HSCT
Circulating ILCs are phenotypically identified by a bright expression of the α-chain of the IL-7 receptor 
(CD127) in the absence of lineage markers for T cells (CD3, TCR), B cells (CD19), natural killer (NK) 
cells (CD94), myeloid and plasmacytoid dendritic cells (CD1a, CD11c, CD123, BDCA2), monocytes 
and macrophages (CD14), mast cells (FcεR1), and stem cells (CD34; Figure 1A).15 ILC subsets are 
distinguished based on the expression of CRTH2 (chemoattractant receptor–homologous molecule 
expressed on T-helper 2 lymphocytes; CD294), CD117 (c-Kit), and the activating natural cytotoxicity 
receptor (NCR) NKp44. Group 1 ILCs are CRTH2−CD117−NKp44− ILCs, whereas group 2 ILCs 
express CRTH2 with or without CD117. Group 3 ILCs are CRTH2−CD117+ ILCs that, based on 
expression of NKp44, can be separated into NCR+ ILC3 and NCR− ILC3.7 In healthy individuals, 
CRTH2+ ILCs make up the most prominent ILC subset in the peripheral blood, whereas NCR+ ILC3 
are virtually absent under homeostatic conditions (Figure 1A). The cytokine expression profile of 
ILCs derived from the peripheral blood is similar to that of tissue-derived ILC, with ILC1 producing 
IFNγ (supplemental Figure 1), ILC2 producing type 2 cytokines like IL-13,12,15 NCR– ILC3 capable to 
secrete some IFNγ and IL-22 (supplemental Figure 1), and NCR+ ILC3 producing IL-22.25
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Figure 1. Loss and recovery of ILCs after AML induction chemotherapy and allogeneic HSCT. (A) Gating 
strategy for the identification of peripheral blood ILCs, here shown for a healthy individual. ILCs are Lin− (CD1a−

CD11c−CD14−CD19−CD34−CD123−TCRαβ−TCRγδ−BDCA2−FcεR1−CD94−), CD3− lymphocytes that are CD127+. 
Groups 1, 2, and 3 ILCs are identified by the expression of CRTH2, CD117, and NKp44. Numbers in quadrants 
indicate the percent cells in each throughout. (B) Representative dot plot of a peripheral blood sample obtained 
from a patient with AML, 18 days after the first-induction chemotherapy cycle. (C) Loss and recovery dynamics of 
total ILCs (Lin−CD127+) during 2 AML induction chemotherapy cycles (left panel, n = 11 [cohort 1, Table 1]) and 
after reduced-intensity conditioning allogeneic HSCT (right panel, n = 6 [cohort 1, Table 1]). Samples were taken 
during neutropenia (at day 21 of each induction chemotherapy cycle), during the recovery phases of the first and 
second induction chemotherapy cycles, and at the days of resubmission for the second (“cycle 2”) and third 
(“cycle 3”; good-risk AML patients only) induction chemotherapy cycles. Patients with intermediate or poor-risk 
AML proceeded to allogeneic HSCT after the second induction chemotherapy cycle, and samples were collected 
from these patients at the day of admission to receive pre-allogeneic HSCT conditioning therapy (“allo-HSCT”). 
Arrows with “cycle 1,” “cycle 2,” or “cycle 3/allo-HSCT” (left panel) indicate the first day of induction chemotherapy 
cycles or the first day of conditioning therapy preceding allogeneic HSCT; peripheral blood neutrophil numbers 
had completely recovered at these time points. Dashed lines represent the 95% confidence interval (CI) as 
measured for healthy, age-matched controls (n = 10). (D) The recovery dynamics of total ILC (Lin−CD127+), ILC1, 
ILC2, NCR− ILC3, and NCR+ ILC3 after induction chemotherapy (white bars) and 12 weeks after allogeneic HSCT 
(gray bars, n = 40 [cohort 2, Table 1]). Data in (C) and (D) are depicted as median values with interquartile ranges. 
*P < .05, **P < .01, ***P < .001. HC, healthy controls (black bars, n = 8).
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To study the loss and recovery dynamics of ILC during chemotherapy and after allogeneic HSCT, 
we longitudinally measured the numbers of circulating ILCs in patients with acute leukemia (cohort 
1, Table 1). We did not measure peripheral blood ILC numbers at the time of diagnosis, because 
AML frequently causes a decrease in normal hematopoietic cells including ILCs. By inference, 
low ILC numbers after the first-induction chemotherapy cycle may be AML-induced rather than 
chemotherapy-related. The second AML induction chemotherapy cycle and the preallogeneic HSCT 
conditioning chemoradiotherapy decimated the number of circulating ILCs (Figure 1B-C). Recovery 
of ILCs was incomplete 6 months after allogeneic HSCT (Figure 1C).

To confirm and extend these findings, we measured the number of circulating ILCs in a larger 
cohort of 40 patients with AML (cohort 2, Table 1). Samples were taken at 2 consecutive time 
points: (1) after completing AML (re-)induction chemotherapy (before allogeneic HSCT) and (2) at 12 
weeks after allogeneic HSCT. At the first time point, after completing (re-)induction chemotherapy, 
peripheral blood neutrophil and monocyte counts had fully recovered (supplemental Figure 2, white 
bars). However, the number of ILC2 was strongly decreased compared with control values, and this 
decrease was responsible for the lower number of total circulating ILCs (Figure 1D, white bars). In 
contrast, the number of circulating NCR+ ILC3 was modestly but significantly increased compared 
with reference values. Numbers of ILC1 and NCR− ILC3 tended to be lower but were not significantly 
different from healthy individuals (Figure 1D, white bars). At the second time point, 12 weeks after 
allogeneic HSCT, numbers of monocytes, neutrophils, and the total pool of lymphocytes (including T 
cells, B cells, NK cells, and ILCs) were not statistically different from healthy control reference values 
(supplemental Figure 2, gray bars). Numbers of circulating ILC2 were strongly decreased, whereas 
ILC1 and NCR− ILC3 were more modestly but significantly lower than normal, and a modest but 
significant increase of NCR+ ILC3 was again observed (Figure 1D, gray bars). Notably, ILC2 in our 
study are defined by the expression of CRTH2. Because it cannot be excluded that reconstituting 
ILC2 lack or downregulated CRTH2, we tested 4 allogeneic HSCT recipients for the presence 
of CRTH2− ILC2 (which do express ST2 and/or GATA3), but these cells could not be detected 
(supplemental Figure 3). Finally, we correlated peripheral blood numbers of ILC with cyclosporine 
and steroid dose and found no significant correlations (supplemental Figure 4).

Reconstituting ILCs are activated and express markers associated with tissue homing
To further characterize the properties of ILC reconstituting after induction chemotherapy and 
allogeneic HSCT, we investigated the expression of markers associated with tissue homing, activation 
status, and proliferative activity. Reconstituting ILCs showed increased expression of the activation 
marker CD69 and the proliferation antigen Ki-67, both after induction chemotherapy (before HSCT) 
and when measured 12 weeks after HSCT (Figure 2A). Expression of tissue-homing markers by 
ILC was mutually exclusive: skin-homing markers (CLA, CCR10) expressing ILC did not express 
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gut-homing markers, and gut-homing markers (α4β7, CCR6) expressing ILC did not express skin-
homing markers (Figure 2B).26-29 Induction chemotherapy led to an increased expression of the gut-
homing markers α4β7 (on ILC2 and NCR− ILC3) and CCR6 (on ILC1). After allogeneic HSCT, CCR6 
expression was significantly increased on ILC1, as well as on NCR− ILC3 (Figure 2C). Induction 
chemotherapy also induced expression of the skin-homing markers CLA (by ILC2) and CCR10 (by 
all ILC subsets; Figure 2D). After allogeneic HSCT, all ILC subsets again showed increased CCR10 
expression. The proportion of CLA+ ILC2 had decreased compared with pre-allogeneic HSCT values 
but was significantly increased compared with healthy controls (Figure 2D). In healthy individuals, 
the number of circulating NCR+ ILC3 was too low to allow analysis of their expression of activation 
and homing markers. However, the majority of NCR+ ILC3 that appeared in the circulation after 
induction chemotherapy and after allogeneic HSCT were activated and expressed gut- or skin-
homing markers (Figure 2A,C-D). From these data, we concluded that reconstituting ILCs have an 
activated phenotype and an enhanced expression of tissue-homing markers compared with healthy 
individuals.

Appearance of α4β7+ CD69+ ILCs after induction chemotherapy is associated with a lower 
incidence of GVHD
When analyzing the level of expression of the activation marker CD69 on the ILCs of patients who 
recovered from induction chemotherapy but were not yet transplanted with HSC, we observed a 
striking dichotomy of expression of CD69. Two groups of patients were observed, with either high 
or low proportions of CD69+ ILCs (Figure 3A), and this correlated with the development of GVHD 
(Figure 3B). The majority of the patients with high proportions of CD69+ ILCs before allogeneic HSCT 
did not develop acute GVHD (Figure 3C). Patients with higher proportions of CD69+ ILCs also had 
less severe mucositis (supplemental Figure 5). Patients with high proportions of CD69+ ILCs showed 
a significantly higher expression of the gut-homing marker α4β7 than patients with lower proportions 
of CD69+ ILCs, in particular in the ILC2 and NCR− ILC3 subsets (Figure 3D); and in patients with 
increased expression of α4β7 on ILC2 and ILC3 after induction chemotherapy (before allogeneic 
HSCT), there was a lower incidence of intestinal GVHD (Figure 3E).
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Figure 2. Reconstituting ILCs are activated and express markers associated with tissue homing. 
(A) Expression of the early activation marker CD69 (upper panels) and the proliferation antigen Ki-67 (lower 
panels) after induction chemotherapy (before HSCT, white bars) and 12 weeks after allogeneic HSCT (gray 
bars). (B) Expression of molecules associated with homing to gut (α4β7 and CCR6) or skin (CCR10 and CLA) 
was mutually exclusive. A representative example of homing marker expression on Lin−CD127+ ILC is depicted. 
(C) Expression of α4β7 (upper panels) and CCR6 (lower panels) after induction chemotherapy (before HSCT, 
white bars) and 12 weeks after allogeneic HSCT (gray bars). (D) Expression of CCR10 (upper panels) and CLA 
(lower panels) after induction chemotherapy (before HSCT, white bars) and 12 weeks after allogeneic HSCT 
(gray bars). Data are shown as median values with interquartile ranges. *P < .05, **P < .01, ***P < .001. HC, 
healthy controls (black bars, n = 8). Patient data are taken from cohort 2, Table 1 (n = 40). ND, not determined. 
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Figure 3. Appearance of α4β7+ CD69+ ILCs after induction chemotherapy is associated with a lower 
incidence of GVHD. (A) CD69 expression separated patients into 2 distinct groups: patients with a high or low 
proportion of CD69+ ILCs, in particular for ILC2, NCR− ILC3, and NCR+ ILC3. (B) Patients who did not develop 
acute GVHD had significantly higher proportions of CD69+ ILC before allogeneic HSCT. (C) Kaplan-Meier curves 
for patients who did or did not develop acute GVHD, stratified according to the expression of CD69 by ILC before 
HSCT. CD69hi denotes patients with a proportion of CD69+ ILC higher than median; CD69lo patients with CD69+ 
ILC proportions lower than median (see [A] for individual data). (D) Expression of the gut-homing molecule α4β7 
by the ILCs of patients with high or low proportions of CD69+ before allogeneic HSCT. (E) Patients in whom 
acute GVHD of the gut did not develop had higher proportions of α4β7+ ILC2 and ILC3 before allogeneic HSCT. 
Squares in (A) denote healthy persons, triangles HSCT recipients (before allogeneic HSCT). Data (n = 40 [cohort 2, 
Table 1]) in (B,D-E) are shown as median values with interquartile ranges. All samples were taken before allogeneic 
HSCT. *P < .05, **P < .01, ***P < .001. HC, healthy controls (black bars, n = 8). ND, not determined.
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Elevated numbers of circulating NCR+ ILC3 after HSCT in patients without GVHD
Although circulating numbers of NCR+ ILC3 are nearly absent in the peripheral blood of healthy 
individuals, NCR+ ILC3 are readily detectable in allogeneic HSCT recipients, albeit with a large 
variation (Figure 1D, gray bars). A large proportion of these NCR+ ILC3 express tissue-homing 
markers such as α4β7, CCR6, CLA, and CCR10 (Figure 2). NCR+ ILC3 produce IL-22, a cytokine 
that acts on epithelial cells to restore tissue damage.30-32 Epithelial damage induced by conditioning 
chemotherapy and radiotherapy has been recognized as a risk factor for developing GVHD, an 
observation that could be confirmed in our patients: acute GVHD developed in more patients with 
grade III mucositis than in patients with grade I or II mucositis (Figure 4A).33,34 Notably, 12 weeks 
after allogeneic HSCT, the number of circulating NCR+ ILC3 was highest in patients who had not 
developed acute GVHD at that time and who would not develop chronic GVHD in the ensuing 
months (Figure 4B). This dichotomy between high and low ILC numbers had also been observed 
in the first cohort and was apparent as early as 6 weeks after allogeneic HSCT (Figure 4C), a time 
when all patients were receiving immunosuppressive therapy to prevent GVHD, and when none of 
them had yet developed GVHD.

 

 
Figure 4. Elevated numbers of circulating NCR+ ILC3 after HSCT in patients without GVHD. (A) Mucositis 
was scored daily during HSCT conditioning therapy and thereafter in 24 patients (enrolled in cohort 2 after the year 
2007; Table 1). Most patients in whom acute GVHD developed had grade II or grade III mucositis during conditioning 
therapy, whereas most patients in whom acute GVHD did not develop had grade I or grade II mucositis. (B) NCR+ 
ILC3 numbers 12 weeks after allogeneic HSCT for patients with or without acute GVHD or chronic GVHD (n = 
40 [cohort 2, Table 1]). (C) The dichotomy between circulating NCR+ ILC3 numbers for patients in whom chronic 
GVHD would and would not develop was apparent as early as 6 weeks after allogeneic HSCT, a time point at which 
acute GVHD had developed in none of the patients and all patients were on maximal immunosuppressive therapy 
to prevent GVHD (n = 6 [cohort 1, Table 1]). Data are shown as median values with interquartile ranges. *P < .05, 
**P < .01, ***P < .001. HC, healthy controls (n = 8 [cohort 2] in panel A and n = 10 [cohort 1] in panel B).
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Tissue-homing marker expression on ILCs after allogeneic HSCT
We then investigated homing marker expression in relation to the development of GVHD after patients 
had received allogeneic HSCT. Twelve weeks after allogeneic HSCT, patients with high proportions 
of CD69+ ILC2 and NCR– ILC3 had increased expression of the gut-homing marker α4β7 compared 
with those with low proportions of CD69+ ILCs (Figure 5A). The proportion of α4β7+ ILC2 and α4β7+ 
NCR– ILC3 tended to be increased in patients in whom GVHD of the gut did not develop, but this 
was not significant for NCR– ILC3 (Figure 5B). Similarly, the proportion of skin-homing CLA+ ILC1 
and CLA+ NCR– ILC3 were modestly but significantly increased in patients without GVHD of the skin, 
compared with patients with GVHD of the skin (Figure 5C). In addition, the proportion of CCR10+ 
ILC1 and CCR10+ NCR– ILC3 was increased in patients who did not develop cutaneous GVHD 
compared with healthy individuals (Figure 5C).

Figure 5. Tissue-homing marker expression after allogeneic HSCT. (A) Expression of the gut-homing 
marker α4β7 by the ILCs of patients with high or low proportions of CD69+ ILCs, 12 weeks after allogeneic HSCT. 
(B) Expression of the gut-homing marker α4β7 in healthy controls (black bars) and patients with and without acute 
GVHD of the gut. (C) Proportion of CLA+ (left panels) and CCR10+ (right panels) ILC1 and NCR– ILC3 in healthy 
controls (black bars) and patients with and without GVHD of the skin. Data are shown as median values with 
interquartile ranges and were all taken 12 weeks after allogeneic HSCT (n = 40 [cohort 2, Table 1]). *P < .05, **P 
< .01, ***P < .001. HC, healthy controls (black bars, n = 8).
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After allogeneic HSCT, reconstituting ILCs are of donor origin
In a previously described murine model of allogeneic HSCT and acute GVHD, tissue-protective ILCs 
were of the recipient origin, suggesting that these ILCs were radiotherapy resistant.24 In our study, 
all patients included had obtained full-donor chimerism of PBMCs 12 weeks after allogeneic HSCT, 
with most patients showing full-donor chimerism as early as 4 weeks after HSCT. We analyzed 
genomic polymorphisms through profiling of STR DNA loci of sort-purified ILCs and demonstrated 
full-donor chimerism of peripheral blood ILCs in 5 of 6 allogeneic HSCT patients tested, as early as 
7 weeks post-HSCT (Figure 6). One patient who had 90% donor chimerism of PBMCs also had 90% 
donor chimerism of ILCs. These data suggest that in humans, reconstituting ILCs after allogeneic 
HSCT are of donor origin.

Figure 6. After allogeneic HSCT, reconstituting ILCs are of donor origin. (A) Sorting strategy for ILCs of 
one HSCT recipient. (B) STR polymorphism profiles of sorted ILCs and of PBMCs of the same HSCT recipient 
before and after allogeneic HSCT, and of the donor for this patient. Demonstrated is one representative patient 
of 6 patients tested.
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DISCUSSION
In the past years, ILCs have received increasing attention as a group of innate effector cells that, 
through the production of cytokines, mediate a variety of effects including the maintenance of tissue 
homeostasis and epithelial barrier integrity. Allogeneic HSCT is often complicated by GVHD that is 
characterized by allo-immune inflammation at the site of epithelial barriers such as the gut and skin 
and is elicited by damage to these tissues (eg, because of chemotherapy and radiotherapy). Given 
that in a mouse model for allogeneic HSCT–induced acute GVHD, radio-resistant ILCs protected 
tissues against damage inflicted by GVHD,24 we longitudinally analyzed ILC numbers, activation 
status, and expression of tissue-homing molecules in acute leukemia patients after induction 
chemotherapy and after allogeneic HSCT.

In a first set of experiments, we analyzed the effects of induction chemotherapy on the number 
and composition of ILCs. We observed that chemotherapy led to a significant loss of circulating 
ILCs, indicating that ILCs are not resistant to this regimen. Subsequent recovery of ILC1, ILC2, 
and NCR– ILC3 was slow. In contrast, circulating NCR+ ILC3 were present within weeks after 
induction chemotherapy, whereas such cells are not present in the circulation of healthy persons. 
A significant proportion of these NCR+ ILC3 expressed the gut-homing marker α4β7 and the skin-
homing markers CLA and CCR10. Interestingly, pre-HSCT proportions of CD69+ NCR+ ILC3 that 
express homing receptors were significantly higher in patients who did not develop acute or chronic 
GVHD. The exact mechanism has yet to be elucidated, but it is possible that epithelial damage 
evoked by chemotherapy induces activation and proliferation of NCR+ ILC3, which then redistribute 
into the circulation. Thus the presence of activated CD69+ NCR+ ILC3 in the circulation may be a 
reflection of ongoing functional activities in the tissues of the patients. In the mouse, NCR+ ILC3 are 
known to be involved in tissue repair and prevention of bacterial translocation in the gut.35 It is likely 
that human NCR+ ILCs also mediate these functions in the gut, and together these activities may 
render the patients less sensitive to GVHD. We have demonstrated previously that human CD69+ 
ILCs derived from adult intestine produce IL-22,36 and perhaps IL-22 is an important mediator of 
protection against GVHD. This hypothesis is supported by the observation that IL-22–producing 
ILCs protected the gastrointestinal epithelium against GVHD-mediated tissue injury in an allogeneic 
HSCT mouse model.24

Patients with a lower incidence of GVHD after HSCT also had high proportions of circulating, 
activated CD69+ tissue-homing ILC2 and NCR– ILC3 after induction chemotherapy, before HSCT, 
suggesting that these activated ILCs may also be involved in protection against conditioning therapy–
associated tissue damage, thereby impeding the development of GVHD. Indeed ILC2 have been 
shown to mediate tissue repair of damage inflicted by influenza virus infection of the lung through 
production of the EGF family member amphiregulin. However, whether amphiregulin-producing 
ILC2 and IL-22–producing NCR– ILC3 protect epithelial tissues from conditioning therapy–induced 
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damage, lowering the probability of ensuing GVHD remains to be determined. If observations that 
high proportions of CD69+ ILCs before HSCT predict GVHD can be confirmed in larger cohorts of 
patients, this may be used as a biomarker to identify patients at risk of developing GVHD before 
allogeneic HSCT.

Second, we longitudinally analyzed ILC reconstitution after allogeneic HSCT. Appearing ILCs were 
of donor origin. Reconstitution of ILCs, in particular of ILC2, was slow in the patients under study, 
when compared with recovery of other innate effector cells such as neutrophils and monocytes. 
Similar slow recovery has been observed previously for T lymphocytes,37 which has been attributed 
to defects in the thymic environment. However, ILC2 can be detected in Foxn1nu/nu (nude) mice that 
do not have a functional thymus,17 making it unlikely that thymic damage accounts for the slow 
recovery of ILC2. It has also been suggested that lymphocyte recovery after allogeneic HSCT is the 
result of homeostatic proliferation of de novo–generated (from transplanted progenitor cells) and 
co-transplanted mature cells.38,39 Indeed the proliferation marker Ki-67 was highly expressed in all 
ILC subsets during reconstitution; however, Ki-67 expression did not correlate with the magnitude 
of ILC reconstitution. For example, ILC2 recovery was incomplete, despite high Ki-67 expression. In 
addition, Ki-67+ NCR+ ILC3 appeared after allogeneic HSCT, whereas these cells are virtually absent 
in the circulation of healthy individuals. These observations suggest that Ki-67 expression is not 
driven by homeostatic proliferation.

In healthy individuals, circulating ILCs do not express CD69, whereas this marker is expressed on 
ILCs in the tissues. The presence of CD69 on the circulating ILCs of patients recovering from HSCT 
may suggest that redistribution of ILCs from tissues contribute to ILC recovery. It remains to be 
determined to what extent ILC recovery, or the recovery of certain ILC subsets, depends on age. In 
our study, cohort 1 was age-matched with the control group, and recovery of circulating numbers 
of ILCs was incomplete 6 months after allogeneic HSCT (Figure 1C). Under homeostatic conditions, 
the majority of circulating ILCs consists of ILC2, and it was demonstrated recently that murine ILC2 
are a long-lived population.40 Although the longevity of other ILC subsets remains to be determined, 
and the life span of human ILCs has not been assessed, it can be argued that when ILCs are a long-
lived cell population, replacement of lost ILCs may be equally slow.

After allogeneic HSCT, reconstitution of ILCs was associated with a reduced incidence of GVHD. A 
rapid appearance of NCR+ ILC3 was observed in the peripheral blood of patients in whom acute or 
chronic GVHD did not develop. As discussed previously, NCR+ ILC3 mediate tissue protection and 
containment of intestinal commensals in mice, mechanisms that may be translatable to humans 
in the protection against GVHD. ILC3 may also mediate this effect by inhibition of T-cell activation 
because it was shown in the mouse that these cells express class II major histocompatibility complex 
and present antigen to T cells, leading to suppression of T-cell activation.41
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It is possible that the lower numbers of recovering activated ILCs in patients in whom GVHD 
developed is caused by the GVHD itself or by immunosuppressive therapy to treat GVHD, but it 
should be noted that the dichotomy in NCR+ ILC3 reconstitution between patients with and without 
GVHD was apparent as early as 6 weeks after allogeneic HSCT, a time point when none of the 
patients under study had developed GVHD and all patients were receiving immunosuppressive 
treatment to prevent GVHD. In addition, we observed increased proportions of skin-homing ILC1 
and NCR– ILC3 and gut-homing ILC2 in patients without acute GVHD of the skin and gut at the 
time of analysis, 12 weeks after allogeneic HSCT. Although this may suggest that ILC1, ILC2, 
and NCR– ILC3 also protect against the development of GVHD of gut and skin, similar to NCR+ 
ILC3, these data should be interpreted with caution. Early ILC recovery (6 weeks post-SCT) was 
measured in the smaller cohort only, and analyses of tissue-homing marker expression before 12 
weeks after allogeneic HSCT are lacking, and GVHD itself or its treatment may affect the appearance 
of activated, tissue-homing ILC1, ILC2, and NCR– ILC3 (eg, by containing ILCs in inflamed tissues).

Of note, reconstituting ILCs after allogeneic HSCT were of donor origin. Before and after allogeneic 
HSCT, we observed an association of CD69+ ILCs with an absence of GVHD. It is tempting to speculate 
that patient ILCs protect epithelial tissues during the pre-HSCT conditioning chemotherapy and 
radiotherapy, thereby lowering the risk of later development of GVHD. In the weeks after allogeneic 
HSCT, these cells then disappear and are replaced by donor ILCs, which matches observations in a 
mouse model of GVHD.24 These donor ILCs, when appropriately activated in the tissues, may take 
over the role of recipient ILCs in protecting tissues against GVHD.

Although the present study represents the largest longitudinal characterization of ILC reconstitution 
performed to date, further studies in independent cohorts are needed to corroborate the link 
between ILCs and the emergence of GVHD. If confirmed, this may warrant supplying patients who 
undergo allogeneic HSCT with in vitro expanded NCR+ ILC3 and ILC2 to prove that these ILCs 
protect against GVHD. Techniques to culture and expand these ILCs have been developed in our 
laboratory12,42 and in that of others.43
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SUPPLEMENTAL DATA

Supplemental figure 1. Cytokine expression of peripheral blood ILC1 and NCR− ILC3. Lin−CD127+  
CD161+CRTH2−CD117−NKp44−ILC1 and Lin−CD127+CD161+CD117+NKp44−ILC3 derived from the peripheral 
blood of healthy donors were expanded as previously described (Mjösberg e.a., 2011), resorted and stimulated 
with PMA and ionomycin for 6 hours in the presence of GolgiPlug (BD) for the last 4 hours of culture. Depicted is 
one representative experiment out of 3.

Supplemental figure 2. Loss and recovery of other immune cells after induction chemotherapy and 
allogeneic HSCT. Recovery dynamics of circulating neutrophils, monocytes and  lymphocytes after induction 
chemotherapy (white bars) and 12 weeks after  allogeneic HSCT (grey bars; n=40, cohort 2, Table 1). Data are 
shown as median values with interquartile ranges. Asterisks indicate P<0.05 (*) or <0.01 (**). HC, healthy controls 
(black bars; n=8). 
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Supplemental figure 3. Absence of CRTH2− GATA3+ ILC after allogeneic HSCT. (A) Representative dot 
plots showing CRTH2 and GATA3 expression within the total population of Lin− CD127+ ILC. One experiment out 
of 9 is depicted (healthy individuals (n=5) and allogeneic HSCT recipients (n=4) from cohort 1 with cryopreserved 
PBMC available at 6 months post-transplant).There are no GATA+ CRTH2- ILC2 in these individuals. (B) Allogeneic 
HSCT recipients had significantly lower proportions of GATA3+ ILC2, similar to what had been observed for 
CRTH2+ ILC2. Horizontal lines represent medians. Asterisk indicates P<0.05 (*); HC: healthy control. 

Supplemental figure 4. Circulating ILC numbers and immune suppression. Correlation between numbers 
of circulating ILC and cyclosporine dose (A) and prednisone dose (B), for patients from the GvHD group (cohort 
2, Table 1). The number of circulating NCR+ ILC3 is significantly correlated with prednisone dose, however, when 
the outlying patient with very high prednisone dose and low ILC is removed from the analysis, the correlation is no 
longer significant. r: Spearman’s rank correlation.
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Supplemental figure 5. CD69 expression prior to conditioning therapy in relation to the development 
of mucositis after conditioning therapy. Mucositis grading was evaluated according to the WHO Toxicity 
Grading Scale (daily from the day of admission for conditioning therapy) and the Oral Mucositis Assessment Scale 
(three times a week). Patients with lower proportions of CD69+ NCR− ILC3 showed more grade 2 and grade 3 
mucositis than patients with higher proportions of CD69+ NCR− ILC3.
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ABSTRACT
Background: Acute graft-versus-host disease (GvHD) is a major complication after allogeneic 
hematopoietic stem cell transplantation (HSCT) that causes high morbidity and mortality among 
patients who do not respond to steroid treatment. Mesenchymal stromal cells (MSCs) have 
immune modulatory abilities and earned their place in the treatment of GvHD after a pediatric 
patient remarkably recovered from steroid-refractory acute GvHD with MSC salvage therapy. Large, 
prospective clinical trials evaluating the potency of MSCs have however not been published. 

Methods: To evaluate the therapeutic potential of MSCs in the treatment of steroid-refractory acute 
GvHD, we conducted a systematic literature search. We included all studies that focused on MSC 
treatment of adult allogeneic HSCT recipients with grade III-IV steroid-refractory acute GvHD and 
that were transparent about their methods and patient selection criteria.

Results: From a total of 255 articles, 9 articles met the quality criteria for this study. The proportion of 
patients achieving complete resolution of all symptoms (CR) varied between 8% and 83%. Four of 
the 9 studies reported CR rates above 50%. GvHD grade at the time of treatment was identified as 
a predictor of clinical response. Interestingly, complete response but not partial response to MSCs 
was associated with overall survival. No serious side effects of MSC therapy were reported. 

Conclusion: MSC treatment does improve the outcome in steroid-refractory acute GvHD patients 
but well-designed, prospective randomized clinical trials are needed to confirm the potential of MSCs 
as salvage therapy for steroid-refractory GvHD and to identify those patients that will benefit most.
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INTRODUCTION
Allogeneic hematopoietic stem cell transplantation (HSCT) is frequently applied to treat hematological 
malignancies, but is often complicated by GvHD that occurs in up to 70% of allogeneic HSCT 
recipients (1). Steroids, often combined with methotrexate, calcineurin inhibitors and/or mycophenolic 
acid, make up the first line treatment for acute GvHD and are effective in 30-50% of patients (2). The 
outcome for patients who do not respond to corticosteroids is poor, with a reported 2 year survival 
of less than 20% (3). Intensification of immunosuppressive therapy in these patients for example by 
increasing the doses of steroids, or adding anti-thymocyte globulin (ATG), infliximab or daclizumab 
to steroids did not improve response rates, but did increase the risk for infectious complications 
(4-7). 

With no consistently effective therapy for steroid-refractory acute GvHD and alternative approaches 
that were at best only modestly successful, finding a more potent salvage therapy became urgent. 
In 2004 mesenchymal stromal cell (MSC) therapy came into play, when Le Blanc and co-workers 
infused haploidentical MSCs into a pediatric patient with severe steroid-refractory acute GvHD (8). 
A remarkable recovery was observed. The rationale to treat this patient with MSCs was based on 
observations in baboons transplanted with histo-incompatible skin grafts, in which infusion of ex 
vivo-expanded MSCs delayed the time to graft-rejection (9). 

MSCs were first described by Friedenstein, as fibroblast-shaped, non-hematopoietic progenitor 
cells in postnatal bone marrow (10). Later, similar cells were identified in other tissues such as 
adipose tissue and umbilical cord blood. MSCs are self-renewing multipotent adult precursors of 
mesenchymal lineages (11). Minimal definition criteria for MSCs include the capacity to adhere to 
plastic, the expression of CD105, CD73 and CD90 and the lack of CD45, CD34, CD14, HLA-DR, 
CD11b, CD79a or CD19 expression, and the ability to differentiate into osteoblasts, adipocytes 
and chrondroblasts in vitro (12). As MSCs are progenitors of well-differentiated supportive tissues, 
researchers have been exploring their role in regenerative medicine. Several animal studies 
demonstrated their potential to create and repair new bone, tendon, cartilage and muscle (11,13-
15). 

With the observation that MSCs in addition have immunosuppressive properties and that infusion 
of these cells was curative in a patient with steroid-refractory GvHD, smaller and larger studies on 
the effect of MSCs in steroid-refractory GvHD followed. Although MSC infusion is now considered 
as a second-line therapy for steroid-refractory GvHD in most centers, no large, prospective clinical 
trials have been reported. The aim of this study was to systematically review data available to date 
to evaluate the effect of MSCs as a treatment for severe, steroid-refractory acute GvHD.
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METHODS
Research strategy and selection criteria
In April 2015, we performed a systematic literature search in PubMed. Keywords used were: 
‘mesenchymal stromal cells’, ‘mesenchymal progenitor cell’, ‘multipotent mesenchymal stromal 
cell’, ‘multipotent bone marrow stromal cell’, ‘multipotent stromal cell’, ‘MSC’ and ‘mesenchymal 
stem cell’ and ‘graft-versus-host disease’, ‘graft-vs-host disease’ or ‘GVHD’. Articles were screened 
independently by two researchers (J.M.M. and M.J.A.). The focus of our review was on severe, grade 
III/IV steroid-refractory acute GvHD in adult allogeneic HSCT recipients but studies that included 
grade II GvHD in addition to grade III-IV GVHD patients were permitted. Studies were only eligible for 
analysis when stratified for GvHD type (acute (onset <100 days after HSCT) vs chronic (onset >100 
days after HSCT)) and severity (grading). We excluded studies that focused on prevention of GvHD 
by means of MSC co-transplantation, studies in which MSCs were used as first-line therapy or were 
used in combination with other second-line therapies such as etanercept, studies that included 
pediatric populations only, case reports, animal studies, non-English publications and conference 
meeting abstracts, based on title and abstract. 

Assessment of study quality
Before inclusion into the study, eligible studies were subjected to a quality assessment that focused 
on crucial aspects of MSC transplantations. Quality assessment with regard to materials and 
methods included a clear description of included patients (median age, sex), the number of patients 
included, GvHD grade stratification, characteristics of the product (donor characteristics, MSC 
source, culturing methods, passage times, number of cells infused and number of MSC infusions). 
Quality criteria for study design and results were a clear description of clinical endpoints, detailed 
descriptions of individual patient outcomes, specification of statistical methods and median follow-
up time. While the use of control groups significantly increases the quality of a study, only few studies 
did include a control group (16,17).

Analysis
Taking into consideration the expected heterogeneity between studies and the lack of control 
groups in this highly experimental field, we performed a systematic review using descriptive statistics 
to analyze results, except for the correlation analysis shown in Figure 2, for which non-parametric 
Spearmen’s rank coefficients and 95% confidence intervals were determined using Prism software.
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RESULTS
Literature search, study characteristics and patient characteristics
A total of 255 articles were found, of which 177 were excluded based on titles and abstracts. After 
screening the full texts of the remaining 78 articles, another 69 articles were excluded based on the 
criteria as described in the methods section. The remaining 9 articles were eligible for the purpose 
of our study (Figure 1). Study and patient characteristics are depicted in Table 1. All studies were 
conducted as non-randomized clinical trials (16-24). In two studies, a control group was included 
consisting of patients with steroid-refractory GvHD who declined MSC treatment or for whom MSCs 
were not available due to limited resources (16,17). The total number of patients included varied from 
6 (18) to 55 (20), with median ages ranging between 19 and 58 years. A total of 169 men and 104 
women received MSCs; 35 steroid-refractory GvHD patients who did not receive MSCs (21 men, 14 
women) were included. Two studies focused entirely on grade III-IV acute GvHD (18,21); the other 
studies included patients with grade II GvHD as well. Median time of follow-up of the patients ranged 
from 3 to 40 months, with three studies not providing information on follow-up times (19,22,24).

Table 1. Patient characteristics for each study

1st Author Patients MSC

No M:F Agea aGvHD 
II:III:IVb

Source/
medium

Passagec Dosed No Follow upe

Ringden
(2006)

pts 8 7:1 56 (8-61) 0 : 6 : 2 BM/fcs 1-4 0.7-9 1-2 2 - 36

co 16 9:7 40 (3-60) 2 : 10 : 4 NA NA NA NA NM

Fang (2007) 6 3:3 39 (22-49) 0 : 2 : 4 AT/fcs NM 1e 1-2 18 - 90

Le Blanc (2008) 55 34:21 22 (0.5-64) 5 : 25 : 25 BM/fcs NM 0.4-9 1-5 1.5 - 64

Von Bonin (2009) 13 7:6 58 (21-69) 0 : 2 : 11 BM/pl 1-2 0.6-1.1 1-5 1.5 - 23

Resnick (2013) 50 28:22 19 (1-69) 5 : 6 : 39 BM/fcs 1-3 0.3-3.1 1-4 NM

Sanchez (2014) 25 13:12 NM (20-65) 7 : 15 : 3 BM/pl 1-3 0.7-1.3 2-8 NM

Introna (2014) 40 27:13 28 (1-65) 11 : 20f BM/pl NM 0.8-3.1 2-11 NM

Zhao (2015) pts 28 19:9 26 (14-54) 4 : 8 : 16 BM/fcs 4-5 1g 2-8 1.5 - 44

co 19 12:7 29 (14-50) 2 : 8 : 9 NA NA NA NA 1.5 - 34

Te Boome (2015) 48 31:17 45 (1-69) 12 : 33 : 3 BM/pl 3 0.9-2.5 1-4 Up to 12
a Median age (range).
b Number of patients per aGvHD grade.
c Number of ex vivo passages of MSCs before infusion.
d Dose 106 MSCs/kg.
e Follow-up in months.
f Grades III-IV combined.
g Median dose.
NA indicates not applicable; NM, not mentioned; BM, bone marrow; No, number of individuals (“Patients”) or 
number of MSC infusions (“MSC”); AT, adipose tissue; pl, platelet lysate.
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Figure 1. Literature search
Flowchart of selection process of relevant papers, as outlined in the Methods.

MSC therapy
Details on MSC therapy for each study are outlined in Table 1. MSCs were obtained from the bone 
marrow (16,17,19-24) or adipose tissue (18) obtained from healthy volunteers of varying ages. One 
study included pediatric donors (20), another study included only adult volunteers (17) and the 
remaining the studies did not provide details on MSC donor age. MSCs were expanded in medium 
containing fetal calf serum (FCS) (16,18-20) or human platelet lysate (17,21-24). The number of MSC 
passages before infusion ranged from one to five. In one study both freshly isolated and viably frozen 
MSCs were used, which did not seem to affect efficacy (19). The number of MSCs administered 
varied largely, between 0.3x106 and 9x106 cells/kg bodyweight, with a median number of MSCs 
ranging from 0.9x106 cells/kg to 1.8x106 cells/kg bodyweight. Also the number of MSC infusions 
varied, ranging from 1 to 19 per patient, with median numbers of infusions ranging between 1 and 
4. In all studies standard immunosuppressive regimens such as prednisolone and cyclosporine 
were continued during MSC therapy. In 2 studies additional immunosuppressive therapy was 
allowed when patients did not respond to MSCs and included infliximab, pentostatin, alemtuzumab, 
extracorporeal photopheresis (21), or psoralen ultra-violet A (PUVA) and mofetil mycophenolate (22).
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Definition of steroid-refractory acute GvHD and of study endpoints
Steroid-refractory acute GvHD was generally defined as patients with acute GvHD not responding 
to high-dose steroid treatment (≥ 2 mg/kg/day) for 5 to 7 days, or with progression of at least one 
grade within 72 hours after start of high-dose steroid treatment. In two studies steroid-refractory 
acute GvHD was not explicitly defined (17,22), in one study ‘therapy-refractory acute GvHD’ was 
defined as persistent or progressive symptoms despite 5 days of treatment with steroids (≥ 2 mg/
kg/day) or 48 hours after escalation with concomitant therapy such as methotrexate, infliximab, or 
pentostatin (21). In the study by Zhao et al ‘refractory acute GvHD’ was defined as steroid-refractory 
acute GvHD (as above) that failed at least one second-line therapy (including mycophenolate mofetil, 
cyclophosphamide, methotrexate, CD25 monoclonal antibody or human anti-thymocyte globulin 
(16)). 

Endpoints were defined as complete response (CR), partial response (PR), mixed response (MR), 
overall response (OR=CR+PR+MR), overall mortality rate (OMR), overall survival (OS), disease free 
survival (DFS), transplantation related mortality (TRM) and GvHD related mortality. CR and PR were 
defined as the complete or partial resolution of all acute GvHD symptoms at median time of follow-
up. OS was reported in all but one study (19), as was TRM (23). Von Bonin et al. provided the most 
detailed information, including OMR at 31 days, OS at 8.6 months, GvHD related mortality and OR 
and CR+PR at 28 days after MSC treatment (21). 

Clinical response to MSC treatment
Complete response rates differed between patient groups (Table 2). The 2 studies with the smallest 
number of patients included (less than 10) showed complete response rates of 75% and 83% 
(17,18). Other groups demonstrated more modest effects with complete response rates ranging 
between 8% (21) and 61% (16). Clinical responses to MSC treatment determined to a large extent 
the survival rates. The groups with the highest complete response rates also reported the best 
overall survival rates (Figure 2A), up to 66% at 40 months after MSC treatment (17,18). In one of 
these studies, all non-MSC treated steroid-refractory acute GvHD patients (n=16) had died 1,5 years 
after MSC treatment, whereas 70% of MSC treated patients (n=8) were still alive at that time (17). 
Other groups reported lower overall survival, with 2 to 3 year survival rates varying up to 53% (20). 
Response to MSC treatment was not the only determinant of overall survival; up to 17% of patients 
died because of relapsed malignancy in these studies, a proportion that is not higher than expected 
based on historical data. 
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Table 2. Response rates and survival
1st Author Outcome Survival

CR (%) PR (%) MR (%) Relapse (%) TRMa (%) OS (%)

Ringden (2006) pts 6/8 (75) 0/8 (0) 3/8 (38) 5/8 (63)

co NM NM NM 0/16 (0)

Fang (2007) 5/6 (83) 1/6 (17) 1/6 (17) 4/6 (66)

Le Blanc (2008) 30/55 (55) 9/55 (16) 3/55 (5) CR 11/30 (37) 16/30 (53)
PR/NR 18/25 (72)b 4/25 (16)b

Von Bonin (2009) 1/13 (8) 1/13 (8) 5/13 (38) 0/13 (0) 9/13 (21) 4/13^ (31)

Resnick (2013) 17/50 (34) 16/50 (32) 1/50 (2) CR/PR 6/33 (18) NM

Sanchez (2014) 11/25 (44) 6/25 (24) 2/25 (8) CR/PR 7/17 (41) 8/11 (67)
NR 5/8 (71) 3/14 (21)

Introna (2014) 11/40 (27) 16/40 (40) 6/40 (15) 18/40 (45) 16/40 (40)

Zhao (2015) pts 17/28 (61) 4/28 (14) 2/28 (7)c 12/28 (43) …/28 (46)d

co 5/19 (26) 3/19 (16) 1/19 (3)c 13/19 (68) …/19 (26)

Te Boome (2015) 12/48 (25) …/48 (44)
a TRM: transplantation-related mortality, here defined as nonrelapse mortality.
b P < 0.05 compared with patients with CR in same study.
c At median time of follow-up (±300 days).
d Not significantly different from control group.

Interestingly, the majority of patients under study showed at least a partial response (Table 2). 
Partial responses to MSC treatment did however not significantly improve survival (Figure 2B). 
When the survival rate was calculated for patients with a partial response to MSC treatment, it was 
demonstrated that all of these patients died in the ensuing years, in sharp contrast to the complete 
responders in the same studies of whom up to 67% (22) was alive 2-3 years after MSC treatment. 
In two studies overall survival of MSC treated patients was compared to overall survival of steroid-
refractory GvHD patients that did not receive MSC therapy. Overall survival for non-MSC treated 
patients was 0 (17) to 26% (16).

Factors affecting clinical responses
When stratifying endpoints according to GvHD grade at start of MSC treatment, Introna and 
colleagues showed that the complete response rate at 28 days after MSC treatment in grade III-IV 
acute GvHD patients was significantly lower than in grade II acute GvHD patients (11% and 62%, 
respectively) (24). Other studies found a similar correlation between GvHD severity at initiation of 
MSC therapy and response rates (16,19), but this could not be confirmed by all (20,23). Interestingly, 
responsiveness to MSC treatment may be organ specific. The groups of Introna and Resnick 
did find better responses for acute GvHD of the skin and the gastro-intestinal system and less 
favorable outcomes for patients with acute GvHD of the liver (19,24), an observation that could 
not be confirmed by others (16,20). In addition, single organ involvement was associated with a 
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better clinical response compared to multi-organ involvement (16,24). In one study, a trend towards 
a better overall response was observed when MSC treatment was initiated within 30 days after 
acute GvHD onset (24), but a firm correlation between patient’s outcome and median time from 
acute GvHD onset to treatment with MSCs could not be demonstrated (19). To what extent age 
affects the outcome remains to be established. In two studies better survival was noted for children 
compared to adults with acute steroid-refractory GvHD (19,20); in the latter study age was even in a 
multivariate analysis model predictive for outcome. In another study, children tended to have a better 
outcome but this was related to confounding factors such as the relatively high number of children 
with grade II acute GvHD included in this study and a shorter time-interval between MSC treatment 
and acute GvHD onset in children compared to adults (24). Indeed, the overall outcome in this study 
was not dependent on age. MSC characteristics such as passage number or using viably frozen or 
freshly isolated and cultured MSCs did not affect survival rates (19). 

Figure 2. Correlation between clinical response and survival
Complete response rates (A) and partial response rates (B) plotted against overall survival rates for each study. 
Depicted are non-parametric Spearmen’s rank coefficient r (A: r=0.92; p<0.01; B: r=0.20; p=0.72) and 95% 
confidence intervals.
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Side effects 
None of the studies reported side effects at the time of infusion of MSCs or in the first 48 hours after 
infusion. Zhao et al compared infection rates between MSC recipients and their control (non-MSC) 
group and did not find significant differences in the incidence of infectious complications (16). Other 
groups investigated the incidence of infections in comparison to historic controls or to data obtained 
from literature and did not report important differences. 

DISCUSSION
Steroid-refractory acute GvHD is a common complication of allogeneic HSCT with a high mortality. 
MSC therapy, through its immune suppressive properties, can rescue part of the steroid-refractory 
acute GvHD patients and is frequently applied as such. It is generally assumed that about half of 
steroid-refractory acute GvHD patients are responsive to MSC therapy, however, large, prospective 
randomized trials objectifying MSC therapy response rates and identifying patients that will benefit 
most have not been published. While anticipating prospective studies such as currently carried out 
in Europe (HOVON112 EudraCT nr 2011-003237-33 and HOVON113 EudraCT nr 2012-004915-
30), we performed a literature search to clarify the potential of MSCs in treating steroid-refractory 
acute GvHD. 

We identified 9 studies that fulfilled pre-defined quality criteria to be included in our analysis. In 
these studies, response and survival rates of steroid-refractory GvHD patients receiving MSC 
therapy varied. Responses depended on disease severity at start of MSC treatment, and were 
positively correlated with overall survival, with patients obtaining a complete response having the 
best prognosis (Figure 2). Interestingly, partial responses were not associated with better outcomes 
and prognosis in partial responders was similar to non-responders or non-MSC treated controls. 
Single organ involvement was associated with a better MSC response, and acute GvHD of skin and 
intestine appeared to react better to MSC treatment than acute GvHD of the liver, although not all 
studies could confirm this observation. Another point of discussion is the influence of age: children 
seemed to benefit more and age was an independent predictor of response to therapy in one study, 
but in other studies this could not be confirmed. Altogether, 4 of the 9 studies reported complete 
responses in more than 50% of patients (Table 2), with no adverse effects.

A number of factors limit the interpretation of these data: the great variety in study endpoints, in 
characteristics of donor and patient populations, and in immunosuppressive regimens patients 
received before and after transplantation of MSCs. A publication bias towards MSC studies with 
positive outcomes may in addition have influenced our results (25). Most importantly, the number 
of patients under study was low and varied largely between studies, ranging between 6 and 55. 
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The largest prospective trial published today includes ‘only’ 55 patients (20), hampering proper 
analysis of factors determining responses to MSC therapy. Osiris Therapeutics Inc released 
preliminary results of two phase III trials conducted in 2009, including 452 patients, and reported 
no significant differences in primary endpoints between MSC and placebo-treated groups (http://
investor.osiris.com/releasedetail.cfm?releaseid=407404). The discrepancy in outcomes between 
these (unpublished) trials and published data may be related to several factors: the use of a limited 
number of MSC donors, the extensive expansion of MSCs necessary to generate enough MSCs 
from such limited number of donors, the use of cryopreserved MSCs and expansion of MSCs in FCS 
may render MSCs immunogenic through the upregulation of MHC expression (26). The negative 
effects of cryopreservation or the use of FCS on MSC therapy outcome could not be confirmed in 
the present study but the number of donors used and MSC passage numbers are important factors 
that have been taken into account in the design of present MSC trials.

While it is clear that response to MSC therapy is the greatest determinant of prognosis and survival 
in these patients, factors that determine response to MSC therapy are largely unknown. Firstly, MSC 
can be derived from alternate sources such as adipose tissue, fetal membrane cells from placenta 
and umbilical cord blood (18,27,28), and MSC source may be an important determinant of effectivity 
(29). For example, adipose tissue derived MSC had better immunosuppressive capacities than bone 
marrow derived MSC in vitro and in vivo (30,31). All except one (18) of the included studies used 
bone marrow derived MSC, precluding such analysis here. Other obvious MSC product variables 
such as passage number, donor age, gender, storage and others did not affect outcome in any of 
the studies. In one study MSCs from one donor were used to treat several patients (20). Responses 
in these patients varied, suggesting that recipient factors rather than donor characteristics determine 
outcome of MSC transfusion. Indeed, in another study it was demonstrated that T cell suppressive 
capacities of MSCs  in vitro did not correlate with clinical outcome. Clinical outcome in this study was 
in fact inferior compared to other studies despite very potent in vitro T cell suppressive capacities 
of MSCs (21). 

MSCs have been shown to suppress T cell proliferation and NK cell function in vitro. Responsiveness 
of recipient lymphocytes to MSCs may be one factor to determine MSC treatment outcome, 
however, factors that determine such responsiveness are largely unknown. In addition, interaction 
between MSCs and the recently identified innate lymphoid cells (ILCs) may play a role. ILC3s are 
abundantly present at mucosal sites and upon activation produce the tissue-restoring cytokine IL-
22. Under homeostatic conditions, as well as in the context of GvHD, host-ILC3s were found to 
be crucial for epithelial tissue repair with mice lacking IL-22 suffering from severe acute GvHD (32). 
We have demonstrated that allogeneic HSCT recipients with relatively high proportions of activated 
ILCs before transplantation have less risk to develop GvHD after HSCT (33). In another series of 
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experiments we have found that MSCs can enhance IL-22 production by ILC3s (manuscript in 
preparation). In line with this, it is tempting to speculate that the presence of ILCs in GvHD-affected 
tissues is a determinant of responsiveness to MSC treatment, but this has to be further explored. 
Other factors may include the presence or absence of other tissue repair cell subsets, as well as the 
cytokine milieu in affected tissues that may hamper or stimulate immunomodulatory effects of MSCs, 
For example, INF-γ can potentiate the immunomodulatory properties of MSCs via upregulation of 
indoleamine 2,3-dioxygenase (IDO), an enzyme that degrades the essential amino acid tryptophan 
(34). In vitro and in vivo evidence demonstrates that the magnitude of the IDO response correlates 
with the immunomodulatory capacities of MSCs (35,36). MSCs have the potential to home to 
affected tissues (17,37,38), and thus the local presence of IFN-γ could determine the efficacy of 
MSC treatment.

Taken together, while large prospective trials are underway, published evidence indicates that MSC 
treatment can be curative in steroid-refractory acute GvHD. Results are however variable, and 
research should be focused on better identification of those patients that will benefit from MSC 
therapy.
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ABSTRACT
Graft-versus-host disease (GvHD) remains a challenging complication after allogeneic hematopoietic 
stem cell transplantation (HSCT). Transplantation of mesenchymal stromal cells (MSCs) is used as 
second line treatment for patients with steroid-refractory GvHD. The beneficial effects of MSCs are 
mainly attributed to their ability to modulate inflammation by suppressing the activity of alloreactive 
T cells. In addition, MSCs can enhance tissue repair by promoting the expansion of  regulatory T 
cells (Tregs) and through repolarization of macrophages into the anti-inflammatory M2 subtype. Here 
we show that in vitro MSCs also interact with type 3 innate lymphoid cells (ILC3s), a more recently 
identified subset of cells with important functions in tissue repair and homeostasis. Previously we 
reported on the association between the activation status of peripheral blood ILCs and a reduced 
susceptibility to tissue damage and GvHD. Here we describe that MSCs enhance the proliferation 
and IL-22 production of ILC3s. Transwell experiments indicate that these effects are mediated 
through cell-cell contact and, to a lesser extent, soluble factors. These data suggest that in addition 
to inhibiting proliferation of alloreactive T cells, MSCs may contribute to the control of GvHD by 
promoting the expansion and IL-22 production of tissue-restoring ILC3s.
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INTRODUCTION
Patients with hematologic malignancies are frequently treated with an allogeneic hematopoietic 
stem cell transplantation (HSCT), to induce an anti-tumor response elicited by donor lymphocytes. In 
50-70% of the HSCT recipients however, donor lymphocytes are also reactive to the recipient’s non-
malignant cells and cause GvHD.1,2 GvHD is treated with steroids and other immunosuppressive 
agents, such as calcineurin inhibitors and methotrexate. When these first-line therapies fail, 
transplantation of mesenchymal stromal cells (MSCs) is an increasingly applied second-line 
therapeutic option.3-5

MSCs have the capacity to differentiate into several cell types, including osteoblasts, chondrocytes and 
adipocytes.6 In the bone marrow MSCs can be found in close proximity to hematopoietic progenitor 
cells, where they support hematopoiesis by producing several growth factors and cytokines.7,8 In 
addition, MSCs can produce immunosuppressive factors such as indoleamine 2,3-dioxygenase 
(IDO), interleukin (IL)-10, transforming growth factor β1 (TGF-β1) and prostaglandin E2 (PGE2), 
which  can inhibit the proliferation and function of various immune cells, including macrophages, 
neutrophils, natural killer cells, dendritic cells, T cells and B cells.9-11 Furthermore, MSCs can 
promote the relative expansion of CD4+CD25+FoxP3+ regulatory T cells (Tregs) and the repolarization 
of macrophages into the anti-inflammatory M2 subtype.12-14 Because of their immunomodulatory 
properties MSCs are clinically applied to treat a variety of inflammatory conditions, including steroid-
refractory GvHD.4,15,16 

Tissue damage and inflammation caused by chemotherapy, radiotherapy or pathogens play a key 
role in the induction of GvHD. Alloreactive lymphocyte responses may in turn cause more tissue 
damage and thereby sustain the inflammatory conditions.1,2 Innate lymphoid cells (ILCs) constitute 
a family of lymphocytes with important functions in the control of tissue homeostasis and barrier 
immunity.17,18 We and others reported on the protective role of ILCs in the development of GvHD.19-21 
We observed that patients with increased proportions of activated, CD69+ ILCs prior to allogeneic 
HSCT had a reduced risk to develop GvHD after allogeneic HSCT.19 ILCs can, in analogy to the T 
helper system, be divided into subsets with distinct phenotypes and effector functions. Type 3 ILCs 
(ILC3s) are important producers of tissue-protective IL-22 and are involved in epithelial homeostasis 
and tissue repair.22 In particular ILC3s that express the natural cytotoxicity receptor NKp44 produce 
large amounts of IL-22. NKp44- ILC3s produce relatively little IL-22, but upon activation and 
upregulation of NKp44 they can be induced to produce larger amounts of IL-22.23 ILC3s represent 
the dominant ILC subset in the intestines, an organ that is frequently affected by GvHD. 

Given the importance of both ILC3s and MSCs in the context of tissue injury and GvHD, we here 
investigated the potential interaction between MSCs and ILC3s in vitro. Culturing freshly isolated, 
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tonsil-derived NKp44- or NKp44+ ILC3s in the presence of bone marrow-derived MSCs resulted in 
NKp44 upregulation and expansion of ILC3s. Moreover, MSCs enhanced the production of IL-22 
by ILC3s. These data add a possible novel mechanism of action for MSCs in the control of GvHD. 

MATERIALS AND METHODS
Patient material
For the collection of MSCs, bone marrow samples were obtained from patients (age range 18-70 
years) undergoing median sternotomy for cardiac surgery. All participants provided written informed 
consent. ILCs were isolated from tonsils obtained from pediatric tonsillectomies. Study protocols 
were approved by the Medical Ethical Committee of the Academic Medical Center, Amsterdam, The 
Netherlands. 

Isolation of MSCs and ILCs
Bone marrow mononuclear cells were isolated by Ficoll-Paque (GE Healthcare) density gradient 
centrifugation and subsequently plated at a concentration of 2.5 - 3.75 x 105 cells/cm2 in 80 cm2 
culture flasks in M199 medium (Gibco) supplemented with 10% FCS, 1% penicillin-streptomycin, 20 
µ/ml ECGF (Roche diagnostics) and 8 IU/ml heparin (Leo Pharma). Cells were cultured for 2 days 
at 37°C in a 5% CO2 humidified atmosphere, after which non-adhering cells were removed. Plastic-
adhering cells are MSCs, which was confirmed by flow cytometry analysis. To maintain a culture of 
the MSC cell fraction, adherent cells were detached with TrypLE solution (Gibco) by the time 80-90% 
confluence was reached, and seeded in new 80 cm2 culture flasks at a concentration of 3.75 x 104 

cells/cm2. Culture medium was refreshed once a week.

To obtain ILCs, tonsil tissue was cut in small pieces and mechanically disrupted using the Stomacher 
80 Biomaster (Seward). The cell suspension was passed through a 70-μm cell strainer and 
mononuclear cells were isolated by Ficoll-Paque density gradient centrifugation (GE Healthcare). T 
cells and B cells were magnetically depleted by labeling the cell suspension with FITC-conjugated 
anti-CD3 and anti-CD19 (BioLegend) followed by incubation with magnetic anti-FITC microbeads 
(Miltenyi). ILC subsets were sorted from the remaining cell fraction using flow cytometry.

Flow cytometry 
ILCs are phenotypically defined by the expression of CD127 and the C-type lectin CD161 and the 
absence of rearranged antigen receptors and lineage markers for stem cells (CD34), myeloid and 
plasmacytoid dendritic cells (CD1a, CD11c, CD123, BDCA2), monocytes and macrophages (CD14), 
mast cells (FceR1), and adaptive lymphocytes (T cell receptor (TCR)αβ and TCRγδ, CD3, CD19).17 
ILC1s are Lin- CD127+ CD161+ CRTH2- CD117- NKp44- lymphocytes that upon activation produce 
the type 1 cytokine IFN-γ. ILC2s are Lin- CD127+ CD161+ CRTH2+ lymphocytes that produce the 
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type 2 cytokines IL-4, IL-5 and IL-13. ILC3s, the ILC subset that when activated produces IL-22, 
are Lin- CD127+ CD161+ CD117+ CRTH2- cells that variably express the natural cytotoxicity receptor 
NKp44.17 The phenotype definition of MSCs requires expression of CD73, CD90 and CD105, and  
lack of expression of CD11b, CD14, CD19, CD34, CD45 and HLA-DR.6

The following antibodies were used for sorting and phenotype analyses: PE-Cy7–conjugated anti-
CD34 (8G12), Pacific Blue-conjugated anti-CD45 (HI30), PE-conjugated anti-CD73 (AD2), 
PerCP-Cy5.5-conjugated anti-CD90 (5E10), FITC–conjugated anti-TCRαβ (IP26), anti-TCRγδ 
(B1), APC-Cy7–conjugated anti-CD45 (2D1), Brilliant Violet 605-conjugated anti-CD105 (266), 
APC-conjugated anti-CD54 (HA58)  and anti-CD106 (51-10C9), Alexa Fluor (AF) 647-conjugated 
anti-CRTH2 (BM16) and PE-CF594-conjugated anti-CD3 (UCHT1; all from BD Biosciences); FITC-
conjugated anti-CD105 (SN6; AbD Serotec); FITC-conjugated anti-CD54 (BBIG-I1) and anti-
CD106 (BBIG-V3; both from R&D systems); FITC–conjugated anti-CD1a (HI149), anti-CD3 (OKT3), 
anti-CD14 (HCD14), anti-CD19 (HIB19), anti-CD34 (581), anti-CD94 (DX22), anti-CD123 (6H6), 
anti-FcER1α (AER-37), anti-CRTH2 (BM16), AF647–conjugated anti-NKp44 (P44-8), Brilliant Violet 
421-conjugated anti-CD161 (HP-3G10), AF700-conjugated anti-CD45 (HI30), AF700-conjugated 
CD69 (FN50), and PE-conjugated anti-NKp44 (p44-8; all from BioLegend); PE-Cy5.5-conjugated 
anti-CD117 (104D2D1), PE-Cy7-conjugated anti-CD127 (R34.34; both from Beckman Coulter) and 
FITC–conjugated anti-BDCA2 (CD303; AC144; Miltenyi Biotec). ILCs were sorted with a FACSAria 
(BD Biosciences). For phenotypic analyses by flow cytometry, data were collected with an LSR-
Fortessa instrument (BD Biosciences) or a FACS Canto II flow cytometer (BD Biosciences) and 
analyzed with FlowJo software (TreeStar).

Co-cultures and proliferation assay
MSCs and ILCs were co-cultured for 5 days at 37°C in a 5% CO2 humidified atmosphere at a 1:1 
ratio (unless indicated otherwise), in Yssel’s medium (AMC, made in house) supplemented with 1% 
(vol/vol) human AB serum and IL-2 (100 U/ml; Novartis). ILCs were always freshly isolated from 
tonsil tissue, and MSCs were obtained from maintenance cultures with a maximum of 7 passages. 
For some experiments (indicated in Figures), MSCs were pre-incubated for 40-48 hours with 10 
ng/ml IFN-γ (Boehringer Ingelheim). To evaluate proliferation of ILCs in co-cultures, freshly isolated 
ILCs were incubated with CellTrace (Invitrogen) for 20 minutes at 37°C, according to manufacturer’s 
instructions. For blocking experiments the following concentrations of blocking antibodies were 
used: 10 μg/ml LEAF purified anti-IL-7 (BVD10-40F6; BioLegend), 10 μg/ml anti-IL-1β (H16-27; 
BioLegend), 2 μg/ml anti-IL-23 p19 (polyclonal goat IgG; R&D), 20 μg/ml anti-CD54 (ICAM-1; 
BBIG-I1; R&D), 20 μg/ml anti-CD106 (VCAM-1; 1G11; Immunotech), 20 μg/ml anti-β1-Integrin 
(P4C10) and 20 μg/ml anti-β2-integrin (MAB19872; both from Merk Millipore) and 20 μg/ml anti-α4-
integrin (Tysabri; Biogen Idec International).
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Intracellular cytokine staining
For intracellular cytokine staining, ILCs were stimulated for 6 h with PMA (10 ng/ml; Sigma) and 
ionomycin (500 nM; Merck) plus 50 ng/mL IL-23 and 50 ng/ml IL-1β (both from R&D systems) in the 
presence of GolgiPlug (BD) for the final 4 h of the stimulation. The Foxp3 permeablilization/fixation 
kit (eBioscience) was used for cell permeabilization, staining and subsequent washing. Fixed cell 
samples were stained with AF700-conjugated IL-17A (BL168; BioLegend) and PE-conjugated anti-
IL-22 (142928; R&D Systems) and analyzed using an LSRFortessa and FlowJo software (TreeStar). 

Quantitative real-time PCR
Total RNA was extracted with a NucleoSpin RNA XS kit (Macherey-Nagel) according to the 
manufacturer’s instructions, and cDNA was produced with a High-Capacity cDNA Archive kit 
(Applied Biosystems). SYBR Green I Master Mix (Roche) and a LightCycler 480 (Roche) were 
used for PCR (primer sequences in Supplemental Table 1). All ILC samples were normalized to the 
expression of ACTB and results presented in arbitrary units. 

Statistical analysis
Statistical significance was determined with Wilcoxon signed rank test, ANOVA or Student’s t-test, 
using Graphpad Prism 5 for Mac OS X. P values less than 0.05 were considered significant

RESULTS
MSCs induce proliferation of ILC3s 
To investigate the potential interaction between MSCs and NKp44+ ILC3s, we cultured allogeneic 
adult bone marrow-derived MSCs with freshly isolated, sort-purified tonsillar NKp44+ ILC3s that 
were labeled with the fluorescent label CellTrace to track cell divisions, in the presence of exogenous 
IL-2. We observed that co-culture of NKp44+ ILC3s with MSCs resulted in an enhanced proliferation 
of ILCs (Figure 1A). The increase in ILC3 proliferation was the result of a significantly higher fraction 
of proliferating ILC3s, as well as an increase in the number of cell divisions per responding ILC3, 
reflected by a significantly higher proliferation index (Figure 1B). Pre-incubation of MSCs with IFN-γ, 
that has previously been shown to enhance the immunomodulatory properties of MSCs both in vitro 
and in vivo,24 did not further increase the enhanced proliferation of ILC3s (Figure 1A, B). The extent 
of ILC3 proliferation was related to the number of MSCs present in the co-culture, as lower MSC-to-
ILC ratios resulted in a smaller increase in proliferation (Figure 1C). We conclude that proliferation of 
NKp44+ ILC3s is enhanced in the presence of MSCs in a dose-dependent manner.
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Figure 1. MSCs induce proliferation of NKp44+ ILC3s.
A. NKp44+ ILC3s labeled with the proliferation dye CellTrace and analyzed after 5 days of culture in the absence 
or presence of MSCs and IL-2 (100 U/ml). Peaks in the histograms represent successive generations of live ILCs, 
with the peak most to the right representing non-dividing cells. MSCs were left untreated or pre-incubated for 
40-48 hours with 10 ng/ml IFN-γ. B. Percent proliferating NKp44+ ILC3s and proliferation index, representing the 
number of cell divisions per responding ILC3, after 5 days of culture in the absence or presence of MSCs and 
IL-2. MSCs were left untreated or pre-incubated for 40-48 hours with 10 ng/ml IFN-γ. C. Proliferation of NKp44+ 
ILC3s after 5 days of co-culture with increasing numbers of MSCs per ILC. Data are representative of three (C) or 
six (A,B; mean and SEM) independent experiments. * P < 0.05, ** P < 0.01, *** P < 0.001. 

MSCs enhance IL-22 production by ILC3s
One of the key effector functions of NKp44+ ILC3s is the production of IL-22, which is important for 
the homeostasis and repair of barrier tissues.22 After 5 days of culture in the presence of only IL-2, 
NKp44+ ILC3s produced ample amounts of IL-22 upon restimulation with phorbol-12-myristate-13-
acetate (PMA) and ionomycin (range 8 – 51%; Figure 2A). No cytokine production was detected 
in ILC3s that were not stimulated with PMA and ionomycin (data not shown). Significantly larger 
quantities (up to a 2.6 fold increase) of IL-22 were detected in PMA/ionomycin-stimulated NKp44+ 
ILC3s that had been co-cultured with MSCs for 5 days (Figure 2A). Compared to NKp44+ ILC3s, 
NKp44- ILC3s produced only limited amounts of IL-22 in the presence of IL-2 only. However, upon 
co-culture with MSCs, NKp44- ILC3s uniformly acquired NKp44, upregulated the activation marker 
CD69 (Supplemental Figure 1) and produced significantly more IL-22 (up to a 3.8 fold increase; Figure 
2B). Production of IL-17A, a signature cytokine of murine ILC3s, was not significantly enhanced by 
co-culture with MSCs (Figure 2A, B). It was notable that pre-incubation of MSCs with IFN-γ negatively 
affected the increase in IL-22 production in both NKp44+ and NKp44- ILC3 co-cultures (Figure 2A, B).



146

 

Figure 2. MSCs enhance IL-22 production by ILC3s.
Flow cytometric cytokine analysis of NKp44+ ILC3s (A) and NKp44- ILC3s (B). Cells were cultured in the absence 
or presence of MSCs and IL-2 for 5 days, stimulated with PMA/ionomycin for 6 hours, and then stained for 
intracellular IL-22 and IL-17. Numbers indicate percent cells in each throughout. MSCs were left untreated or pre-
incubated for 40-48 hours with 10 ng/ml IFN-γ. Lower panels show percentages of IL-22+, IL17+ and IL-22+IL17+ 
cells. Horizontal lines in lower panels represent mean values. ** P < 0.01, *** P < 0.001. 
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MSCs promote proliferation of ILC3s through the production of soluble factors and cell-
cell contact
Thus, MSCs enhance the proliferation and IL-22 production of ILC3s. This is notable, as MSCs 
have been reported to inhibit the proliferation of lymphocyte subsets such as T cells, B cells and NK 
cells, which may be attributable to the production of inhibitory cytokines such as IL-10, TGF-β and 
prostaglandin E (PGE2) by MSCs.9-11 PCR analysis revealed that in comparison to conventional NK 
cells (cNK), NKp44- and NKp44+ ILC3s had a lower expression of transcripts encoding the receptors 
for IL-10, TGF-β and prostaglandin E (PGE2), suggesting that ILCs may be less responsive to these 
signals (Supplemental Figure 2). In contrast to this idea however, addition of TGF-β and PGE2 to 
MSC-ILC co-cultures did inhibit ILC3 proliferation (Supplemental Figure 3), suggesting that MSCs 
concomitantly provide stimulatory signals for ILC3s that overrule these inhibitory cytokines. Those 
stimulatory signals could be membrane-expressed proteins mediating cell-cell contact, or soluble 
factors produced by MSCs. 

To investigate the involvement of soluble factors, we cultured NKp44+ ILC3s in the presence of 
supernatant derived from MSC cultures. The proliferation of ILC3s in this condition was enhanced 
compared to the IL-2 only condition but less pronounced compared to the MSC co-culture condition 
(Figure 3A), suggesting that one or more soluble factors produced by MSCs have a stimulatory effect 
on ILC3s. As MSCs are known to produce IL-7,8 a cytokine that supports the development and 
expansion of lymphocytes, including ILC3s, we tested the effect of IL-7 on ILC3 proliferation.25 In the 
absence of MSCs, we observed a stimulatory effect of IL-7 on IL-2-induced proliferation of ILC3s 
(Figure 3B). Addition of IL-7 neutralizing antibodies to MSC-ILC co-cultures modestly reduced the 
MSC-induced proliferation of NKp44+ ILC3s (Figure 3C). Neutralization of IL-1β and IL-23, other 
cytokines known to stimulate NKp44+ ILC3s,25,26 did not affect ILC3 proliferation in our co-cultures 
(Figure 3C). These results suggest that IL-7 produced by MSCs has a stimulatory effect on the 
proliferation of NKp44+ ILC3s, but this effect is subtle. 

To test whether cell-cell contact is responsible for the additional stimulatory effect of MSCs on 
NKp44+ ILC3s, we performed transwell experiments. Co-culturing MSCs with NKp44+ ILC3s on 
the bottom of the transwell plate resulted in an enhanced ILC3 proliferation, similar to what was 
observed in normal culture plates. However, when ILC3s were cultured in the insert of the transwell 
system, i.e. physically separated from MSCs, ILC3 proliferation was significantly less enhanced, but 
not completely abrogated (Figure 3D). ILC3s when cultured in the absence of MSCs showed very 
little proliferation. These data suggest that direct interaction between MSCs and NKp44+ ILC3s is 
important for the observed stimulatory effect of MSCs. 
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To gain insight in the molecules that mediate cell-cell contact between MSCs and ILC3s, we 
analyzed the role of adhesion molecules. During fetal lymph node development interaction between 
lymphoid tissue inducer (LTi) cells, which represent a subset of ILC3s, and LTβR+ mesenchymal cells 
results in the expression of Vascular Cell Adhesion Molecule-1 (VCAM-1) and Intercellular Adhesion 
Molecule-1 (ICAM-1) on MSCs.27,28 While the classical phenotype of MSCs was not altered upon co-
culture (fairly stable expression of CD73, CD90 and CD105; Supplemental Figure 4), we observed a 
significant increase in the expression of ICAM-1 and VCAM-1 on MSCs after co-culture with NKp44+ 
ILC3s (Figure 3E). However, the addition of blocking antibodies directed against ICAM-1 or VCAM-
1 (n=2, data not shown), or to their integrin ligands on ILCs (integrin-β1, integrin-β2; Figure 3F), 
or the integrin family member mostly expressed by ILC3s (Figure 3F) did not affect MSC-induced 
proliferation of NKp44+ ILC3s. This suggests that other yet unknown molecules mediate the cell-cell 
contact-dependent increase in ILC proliferation.
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Figure 3. MSCs promote expansion of ILC3s via IL-7 and in a cell-cell contact dependent manner.
A. Flow cytometry analysis of CellTrace labeled NKp44+ ILC3s after 5 days of culture in the presence of IL-2 alone, 
with MSC supernatant or with MSCs. B. CellTrace labeled NKp44+ ILC3s cultured for 5 days in the presence of 
IL-2 or a combination of IL-2 and IL-7 (50 ng/ml). C. CellTrace labeled NKp44+ ILC3s cultured for 5 days with IL-2 
on MSCs in the absence or presence of neutralizing antibodies to IL-7, IL-1β and/or IL-23. D. CellTrace labeled 
NKp44+ ILC3s cultured in a transwell system on the bottom or in the insert, in the absence or presence of MSCs 
(on the bottom) and IL-2. E. NKp44+ ILC3s induce expression of ICAM-1 and to VCAM-1 on MSCs, measured 
after 5 days of co-culture. F. Representative histograms of the addition of blocking antibodies directed against 
integrin-β1, integrin-β2 or integrin-α4 to CellTrace labeled NKp44

+
 ILC3s cultured for 5 days in presence of MSCs 

and IL-2. Data are representative of five (A,E), seven (C; mean), nine (D; mean) or at least three (B,F) independent 
experiments. * P < 0.05.
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DISCUSSION
Transplantation of mesenchymal stromal cells (MSCs) is a promising and an increasingly applied 
second-line treatment for steroid-refractory GvHD patients. However, only about half of the treated 
patients actually benefit from this therapy and it is unclear which factors determine responsiveness 
to MSC therapy.5,29 A key mediator in the development of GvHD is tissue damage. Innate lymphoid 
cells (ILCs) have tissue-protective properties and having relatively high numbers of circulating type 
3 ILCs has been associated with protection against GvHD.19 We hypothesized that the therapeutic 
effect of MSCs in this context is partly exerted via and dependent on ILCs. Therefore, we investigated 
the possible interaction between MSCs and ILCs in vitro. 

We found that co-culture of ILCs with MSCs led to proliferation and IL-22 production by in particular 
NKp44- and NKp44+ ILC3s. This stimulatory effect of MSCs on ILC3s mainly depended on cell-cell 
contact, as demonstrated with transwell experiments, while the ILC3 stimulatory cytokine IL-7 also 
played a role. Previous work form our laboratory indicated that expression of ICAM-1 and VCAM-
1 was inhibited when MSC-ILC co-cultures where treated with a combination of a soluble fusion 
protein of the lymphotoxin-β receptor (LTβR) and the immunoglobulin G1 Fc region (LTβR-Ig) and 
tumor necrosis factor (TNF) receptor II immunoglobulin (TNFRII-Ig).27 Experiments to test whether 
interference at this point affects ILC3 proliferation in MSC-ILC co-cultures are currently performed.

The stimulatory effect of MSC on ILC3s is notable because MSCs inhibit proliferation of other 
lymphocyte subsets, via the secretion of inhibitory factors such as IL-10, TGF-β and prostaglandin E 
(PGE2).9-11 Although they may be less responsive, ILC3s are not insensitive to these factors. These 
data suggest that in the presence of ILC3s MSCs produce less inhibitory factors, or that ILC3s are 
more sensitive to the stimulatory factors than the inhibitory stimuli of MSCs. 

In the development of GvHD damage to intestinal epithelium is pivotal.2 Mouse studies have 
shown that in the intestines, ILC3s maintain the epithelial barrier via the production of IL-22 and 
through interactions with commensal bacteria-specific CD4+ T cells.22,30,31 The receptor for IL-
22 (IL-22R) is exclusively expressed on non-hematopoietic cells and ligation of IL-22R promotes 
intestinal-stem-cell-mediated epithelial regeneration and secretion of antimicrobial peptides.20-22 
Furthermore, selective deletion of MHC-II in murine RORγt+ ILCs led to dysregulated commensal 
bacteria-dependent CD4+ T cell responses that promoted spontaneous intestinal inflammation.30 
When applying this to steroid-refractory GvHD patients, infused MSCs may act as a double-edged 
sword: they may support mucosal healing through increased IL-22 production by ILC3s, and they 
may support ILC3 reconstitution and thereby contribute to ILC-dependent inhibition of (alloreactive) 
T cell proliferation. MSCs and ILC3s may interact in a paracrine fashion as ILC3s induce expression 
of VCAM-1 by MSCs, that is the ligand for the integrin α4β7, which is expressed by activated 
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ILC3s.19 As a result ILC3s can be maintained in the tissues by MSCs. In this model, the outcome 
of MSC transfusion on GvHD is critically dependent on the presence or absence of ILC3s in MSC-
treated patients. Indeed, transplantation of MSCs of one donor to several GvHD patients led to 
variable responses, suggesting that recipient rather than MSC donor characteristics determine this 
variability.4 One such recipient variable could be the presence or the ability to recruit or enhance 
reconstitution of ILC3s. 

Taken together, we have demonstrated that MSCs enhance ILC3 proliferation and IL-22 production. 
Our studies warrant further investigation into the tissue-protective roles of ILC3s and MSCs in the 
context of GvHD and by analogy other MSC-responsive inflammatory diseases.



152

REFERENCES

1. Socie G, Blazar BR. Acute graft-versus-host disease: from the bench to the bedside. Blood. 
2009;114(20):4327–4336. 

2. Blazar BR, Murphy WJ, Abedi M. Advances in graft-versus-host disease biology and therapy. Nat Rev 
Immunol. 2012;12(6):443–458. 

3. Le Blanc K, Ringdén O. Mesenchymal stem cells: properties and role in clinical bone marrow transplantation. 
Current Opinion in Immunology. 2006;18(5):586–591. 

4. Le Blanc K, Frassoni F, Ball L, et al. Mesenchymal stem cells for treatment of steroid-resistant, severe, acute 
graft-versus-host disease: a phase II study. Lancet. 2008;371(9624):1579–1586. 

5. Munneke JM, Spruit MJA, Cornelissen AS, et al. The Potential of Mesenchymal Stromal Cells as Treatment 
for Severe Steroid-Refractory Acute Graft-Versus-Host Disease. Transplantation. 2015;1. 

6. Dominici M, Le Blanc K, Mueller I, et al. Minimal criteria for defining multipotentmesenchymal stromal cells. 
The InternationalSociety for Cellular Therapy position statement. Cytotherapy. 2012;8(4):315–317. 

7. Funk PE, Stephan RP, Witte PL. Vascular cell adhesion molecule 1-positive reticular cells express interleukin-7 
and stem cell factor in the bone marrow. Blood. 1995;86(7):2661–2671. 

8. Méndez-Ferrer S, Michurina TV, Ferraro F, et al. Mesenchymal and haematopoietic stem cells form a unique 
bone marrow niche. Nature. 2010;466(7308):829–834. 

9. Le Blanc K, Mougiakakos D. Multipotent mesenchymal stromal cells and the innate immune system. Nat Rev 
Immunol. 2012;12(5):383–396. 

10. Uccelli A, Moretta L, Pistoia V. Immunoregulatory function of mesenchymal stem cells. Eur J Immunol. 
2006;36(10):2566–2573. 

11. Bernardo ME, Fibbe WE. Mesenchymal Stromal Cells: Sensors and Switchers of Inflammation. Stem Cell. 
2013;13(4):392–402. 

12. Luz-Crawford P, Kurte M, a JB-A, et al. Mesenchymal stem cells generate a CD4. Stem Cell Research & 
Therapy. 2013;4(3):1–1. 

13. Maggini J, Mirkin G, Bognanni I, et al. Mouse Bone Marrow-Derived Mesenchymal Stromal Cells Turn 
Activated Macrophages into a Regulatory-Like Profile. PLoS ONE. 2010;5(2):e9252. 

14. Németh K, Leelahavanichkul A, Yuen PST, et al. Bone marrow stromal cells attenuate sepsis via prostaglandin 
E2–dependent reprogramming of host macrophages to increase their interleukin-10 production. Nat Med. 
2008;15(1):42–49. 

15. Tyndall A, Leblanc K. Stem cells and rheumatology: Update on adult stem cell therapy in autoimmune 
diseases. Arthritis Rheum. 2006;55(4):521–525. 

16. Zappia E. Mesenchymal stem cells ameliorate experimental autoimmune encephalomyelitis inducing T-cell 
anergy. Blood. 2005;106(5):1755–1761. 

17. Hazenberg MD, Spits H. Human innate lymphoid cells. Blood. 2014. 

18. Artis D, Spits H. The biology of innate lymphoid cells. Nature. 2015; 517(7534):293–301. 

19. Munneke JM, Bjorklund AT, Mjosberg JM, et al. Activated innate lymphoid cells are associated with a reduced 
susceptibility to graft versus host disease. Blood. 2014. 

20. Hanash AM, Dudakov JA, Hua G, et al. Interleukin-22 Protects Intestinal Stem Cells from Immune-Mediated 
Tissue Damage and Regulates Sensitivity to Graft versus Host Disease. Immunity. 2012;37(2):339–350. 

21. Lindemans CA, Calafiore M, Mertelsmann AM, et al. Interleukin-22 promotes intestinal-stem-cell- mediated 
epithelial regeneration. Nature. 2015;1–18. 



MSCs stimulate proliferation and cytokine production of group 3 ILCs

153

7

22. Sonnenberg GF, Fouser LA, Artis D. Border patrol: regulation of immunity, inflammation and tissue 
homeostasis at barrier surfaces by IL-22. Nat Immunol. 2011;12(5):383–390. 

23. Hoorweg K, Peters CP, Cornelissen F, et al. Functional Differences between Human NKp44(-) and NKp44(+) 
RORC(+) Innate Lymphoid Cells. Front Immunol. 2012;3:72. 

24. Duijvestein M, Wildenberg ME, Welling MM, et al. Pretreatment with Interferon-γ Enhances the Therapeutic 
Activity of Mesenchymal Stromal Cells in Animal Models of Colitis. Stem Cells. 2011;29(10):1549–1558. 

25. Cella M, Otero K, Colonna M. Expansion of human NK-22 cells with IL-7, IL-2, and IL-1beta reveals intrinsic 
functional plasticity. Proc Natl Acad Sci USA. 2010;107(24):10961–10966. 

26. Cella M, Fuchs A, Vermi W, et al. A human natural killer cell subset provides an innate source of IL-22 for 
mucosal immunity. Nature. 2008;457(7230):722–725. 

27. Cupedo T, Crellin NK, Papazian N, et al. Human fetal lymphoid tissue–inducer cells are interleukin 17–
producing precursors to RORC+ CD127+ natural killer–like cells. Nat Immunol. 2008;10(1):66–74. 

28. Cupedo T. Human lymph node development: An inflammatory interaction. Immunology Letters. 
2011;138(1):4–6. 

29. Hashmi S, Ahmed M, Murad MH, et al. Survival after mesenchymal stromal cell therapy in steroid-refractory 
acute graft-versus-host disease: systematic review and meta-analysis. Lancet Haematol. 2016;3(1):e45–52. 

30. Hepworth MR, Monticelli LA, Fung TC, et al. Innate lymphoid cells regulate CD4+ T-cell responses to intestinal 
commensal bacteria. Nature. 2013. 

31. Hepworth MR, Fung TC, Masur SH, et al. Immune tolerance. Group 3 innate lymphoid cells mediate intestinal 
selection of commensal bacteria-specific CD4⁺ T cells. Science. 2015;348(6238):1031–1035. 



154

SUPPLEMENTAL DATA

Supplemental figure 1. Acquisition of NKp44 and CD69 by NKp44- ILC3s after 5 days of co-culture. Numbers 
indicate percent cells in each quadrant. Gates are set based on isotype controls.

Supplemental figure 2. Expression of IL10RA, IL10RB, TGFBR1 and PTGER2 in NKp44- ILC3s, NKp44+ ILC3 
and conventional NK cells (sorted as Lin+CD3-CD56+), presented relative to ACTB expression. Data (mean and 
SEM) are representative of four experiments with one donor each. ** P < 0.01. 

Supplemental figure 3. CellTrace labeled NKp44+ ILC3s cultured for 5 days with MSCs, IL-2 (100 U/ml) and 
PGE2 and/or TGF-β. Peaks in the histograms represent successive generations of live ILCs, with the peak most 
to the right representing non-dividing cells. Data are representative of three independent experiments.
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Supplemental figure 4. Flow cytometry analysis of MSCs after 5 days of culture with IL-2 (100 U/ml) in the 
absence or presence of NKp44+ ILC3s. Data are representative of at least four experiments.

Supplemental table 1. Primer sequences.

IL-10RA FW GCCGAAAGAAGCTACCCAGTGT

IL-10RA RV GGTCCAAGTTCTTCAGCTCTGG

IL-10RB FW GGAATGGAGTGAGCCTGTCTGT

IL-10RB RV AAACGCACCACAGCAAGGCGAA

TGFBR1 FW GACAACGTCAGGTTCTGGCTCA

TGFBR1 RV CCGCCACTTTCCTCTCCAAACT

PTGER2 FW GACCACCTCATTCTCCTGGCTA

PTGER2 RV AACCTAAGAGCTTGGAGGTCCC





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 
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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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NEDERLANDSE SAMENVATTING
Aangepaste versie van ‘Aangeboren lymfoïde cellen’ door J.M. Munneke en M.D. Hazenberg in het 
Nederlands Tijdschrift voor Hematologie, 2015. 

‘Innate lymphoid cells’ (ILC’s) zijn cellen met een lymfoïde morfologie, die anders dan T- en 
B-lymfocyten worden gekenmerkt door afwezigheid van antigeenspecifieke receptoren.1 Samen 
met ‘natural killer’ (NK)-cellen worden ze daarom tot het aangeboren (lymfocytaire) immuunsysteem 
gerekend. Immuunfenotypisch worden ILC’s gekenmerkt door de expressie van CD161 en de IL-
7-receptor (CD127) in combinatie met de afwezigheid van markers specifiek voor andere cellijnen 
(‘lineages’) zoals T-cellen (CD3, TCR), B-cellen (CD19), NK-cellen (CD94), myeloïde en plasmacytoïde 
dendritische cellen (CD1a, CD11c, CD123, BDCA2), monocyten en macrofagen (CD14), mestcellen 
(FcεR1) en stamcellen (CD34). Terwijl NK-cellen al in de jaren 70 van de vorige eeuw werden ontdekt, 
weten we pas sinds een paar jaar van het bestaan van ILC’s. Een belangrijk verschil tussen beide 
celtypen is het vermogen andere cellen te kunnen doden (cytotoxiciteit), een eigenschap die alleen 
de ‘natural killers’ bezitten. 

Onderzoek naar de foetale ontwikkeling van lymfeklieren en Peyerse platen ligt aan de basis van 
de huidige kennis over ILC’s. Vanaf week 8 van de foetale ontwikkeling vindt de aanleg van deze 
secundaire lymfoïde structuren plaats. Dit proces wordt geïnitieerd door cellen die het vermogen 
hebben om lymfoïd weefsel te induceren: ‘lymphoid tissue inducer cells’ (LTi-cellen). LTi-cellen 
activeren stromale cellen waardoor deze chemokines en adhesiemoleculen tot expressie brengen, 
die voor aantrekking en het in het weefsel vasthouden van andere hematopoëtische cellen van belang 
zijn. Zo kunnen zich lymfeklieren met gespecialiseerde B- en T-celzones vormen en ontstaat de plek 
waar adaptieve immuunreacties worden geïnitieerd. Enige tijd na de ontdekking van de LTi-cel werd 
vastgesteld dat soortgelijke cellen ook na de geboorte aanwezig zijn: de ILC’s.1 Postnataal dragen 
ILC’s bij aan de vorming van ‘mucosa associated lymphoid tissue’ (MALT), maar hun functie reikt 
verder dan alleen de inductie van lymfoïd weefsel.2 ILC’s zijn voornamelijk aanwezig aan oppervlakten 
die in contact staan met de buitenwereld en spelen daar een belangrijke rol in de afweer en in het 
onderhoud en herstel van deze weefsels. Desondanks zijn ILC’s lange tijd onopgemerkt gebleven en 
één van de redenen hiervoor is dat ze in verhouding tot andere immuuncellen maar in zeer geringe 
aantallen (0,01 tot 0,1% van alle circulerende lymfocyten) in bloed en weefsels aanwezig zijn.3 Dat 
deze relatief kleine populatie cellen toch een noemenswaardige rol speelt, hangt samen met haar 
strategische lokalisatie in combinatie met het vermogen snel in aantal toe te kunnen nemen. In 
tegenstelling tot T- en B-cellen (van het adaptieve immuunsysteem), die voor expansie afhankelijk 
zijn van antigeenspecifieke stimulatie in een lymfeklier, worden ILC’s rechtstreeks en niet via een 
specifieke antigeenreceptor geactiveerd, waarmee er eenvoudiger en daarmee sneller expansie van 
ILC’s kan plaatsvinden.
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Figuur 1. De familie van ILC’s. ILC-subsets ontwikkelen zich uit een gecommitteerde ILC-progenitor (ILCp). Het 
fenotype van de humane ILCp is nog onbekend. Mature ILC’s zijn ‘lineage negatief’ (Lin-; afwezige expressie van 
CD1a, CD3, CD14, CD19, CD34, CD94, CD123, TCRαβ, TCRγδ en FcεR1), maar brengen CD127 (alfa-keten 
van de IL-7-receptor) en CD161 (‘killer cell lectin-like receptor subfamily B’) tot expressie. ILC1 zijn afhankelijk van 
de transcriptiefactor T-bet, produceren IFNγ en spelen een rol in de afweer tegen intracellulaire bacteriën. ILC2 
zijn afhankelijk van GATA3, brengen CRTH2 tot expressie, produceren type-2-cytokines en zijn betrokken bij de 
afweer tegen parasieten en bij wondherstel in de long. ILC3 zijn RORγt-afhankelijk, brengen CD117 en (deels) 
NKp44 tot expressie, produceren voornamelijk IL-22 en IL-17 en zijn van belang voor afweer tegen extracellulaire 
bacteriën en voor wondgenezing in de darm.

ILC1, ILC2 en ILC3
Zoals NK-cellen worden beschouwd als aangeboren equivalent van CD8+-T-cellen, kunnen ILC’s als 
aangeboren equivalent van CD4+-T-helper (Th)-cellen worden gezien. Binnen de familie van ILC’s 
kunnen we subgroepen onderscheiden die wat betreft ontwikkeling en functie gelijkenis vertonen 
met de verschillende Th-subsets (zie Figuur 1).1 ILC1 zijn net als Th1-cellen afhankelijk van de 
transcriptiefactor T-bet en produceren interferon-γ (IFNγ).4,5 Th2-cellen en ILC2 ontwikkelen zich 
beide onder invloed van de transcriptiefactor GATA3 en produceren type 2-cytokines zoals IL-13 en 
IL-5.6,7 ILC3 zijn de aangeboren variant van Th17- en Th22-cellen. Bij Th17- en Th22-cellen is er een 
inconsequentie in de naamgeving ontstaan toen deze subsets naar de cytokines die ze produceren 
werden vernoemd. Net als Th17- en Th22-cellen zijn ILC3 afhankelijk van de transcriptiefactor 
RORγt en produceren ze IL-17 en/of IL-22.8,9 Andere T-helpersubsets zijn T-folliculaire helper 
(Tfh)- en regulatoire T (Treg)-cellen. Het is voorstelbaar dat er voor deze subtypen ook aangeboren 
equivalenten bestaan, maar deze zijn vooralsnog niet geïdentificeerd. 
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In de afgelopen jaren is veel onderzoek verricht naar de functies van ILC’s bij muis en mens. ILC1 
dragen bij aan de afweer tegen intracellulaire pathogenen en bij patiënten met de ziekte van Crohn, 
een aandoening gekarakteriseerd door een type 1-immuunrespons, werd een toename gezien van 
ILC1 in de lamina propria van de darm (hoofdstuk 3 van dit proefschrift).4 ILC2 vormen net 
als Th2-cellen een pijler in de bescherming tegen parasieten, maar bleken ook van belang in de 
pathogenese van astma en allergie.7,10 Bij patiënten met atopische dermatitis bijvoorbeeld, bleek 
de verhoogde productie van type 2-cytokines mede te kunnen worden toegeschreven aan een 
toename van het aantal ILC2 in de aangedane huid.11 Evenals Th2-cellen hebben ILC2 het vermogen 
amfireguline te produceren, een eiwit dat tot proliferatie van epitheelcellen leidt. Na infectie met 
influenza waren ILC2 via de productie van amfireguline cruciaal voor het herstel van beschadigd 
longepitheel in een muizenmodel.12 Daarnaast produceren ILC2 enkefaline peptides, die wit vet 
omzetten in beige vet en zo van belang zijn voor de preventie van obesitas.13 Het belang van ILC3 
werd onderstreept in muizenmodellen voor bacteriële darminfecties, waarin ILC3 via de productie 
van IL-22 cruciaal bleken voor behoud en herstel van de epitheelbarrière in de darm.14 IL-22 induceert 
proliferatie en overleving van epitheelcellen en leidt tot productie van antimicrobiële peptides. In 
afwezigheid van dit ‘aangeboren’ IL-22 verloor de darm haar barrièrefunctie en was de overleving 
beperkt, doordat er eenvoudig translocatie en verspreiding van pathogenen kon plaatsvinden.14 Een 
andere belangrijke functie van ILC3 in de darm is onderdrukking van T-celactivatie. ILC3 brengen 
‘major histocompatibility complex’ (MHC) klasse II tot expressie en hebben het vermogen antigeen 
op te nemen en te presenteren. Door de afwezigheid van costimulatoire moleculen leidde deze 
antigeenpresentatie door ILC’s echter niet tot activatie, maar tot onderdrukking van T-celresponsen. 
In een muizenmodel werd aangetoond dat afwezigheid van ILC3 geassocieerd was met systemische 
inflammatie ten gevolge van ontregelde T-celresponsen gericht tegen commensalen.15 Dat ILC3 
niet alleen een beschermende rol spelen in de darm, blijkt uit onderzoek van de groep van Powrie 
waarin werd aangetoond dat ILC3 door hun vermogen IL-22 te produceren van invloed zijn op 
de ontwikkeling van invasief groeiend coloncarcinoom.16 ILC3 zijn echter ook in andere organen 
aangetoond, zoals in de gezonde huid. Schade aan de huid leidt via de productie van IL-22 tot 
de activatie van fibroblasten waardoor wondherstel kon optreden.17 Wij hebben aangetoond dat 
psoriasis geassocieerd is met een toename van het aantal ILC3 in de aangedane huid (hoofdstuk 
4 van dit proefschrift).18 Het IL-22 dat door deze dermale ILC3 wordt geproduceerd, draagt 
waarschijnlijk bij aan de epidermale hyperplasie die karakteristiek is voor psoriasis.18

Bescherming tegen graft-versus-host-ziekte
ILC’s zijn dus op een vergelijkbare manier als T-helpercellen betrokken bij infecties, atopische 
constitutie en auto-immuunziekten. Daarnaast spelen ze een rol in weefselhomeostase en 
-herstel. Eén van de belangrijkste complicaties van allogene stamceltransplantatie is graft-versus-
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host-ziekte (GvHD). GvHD wordt uitgelokt door weefselschade, die veelal ontstaat door de pre-
transplantatieconditionering en/of post-transplantatie opportunistische infecties. In een graft-versus-
host muizenmodel bleek dat conditionering voorafgaand aan stamceltransplantatie resulteerde in 
toegenomen productie van IL-22 door ILC3 in de darm. IL-22 is belangrijk voor het herstel van 
darmepitheel en getransplanteerde muizen die deficiënt waren voor IL-22 overleden aan gastro-
intestinale GvHD.19 

Aangezien ILC’s dus een rol zouden kunnen spelen in de pathogenese van GvHD, hebben we in een 
groep allogene stamceltransplantatiepatiënten de ILC-dynamiek bestudeerd (hoofdstuk 5 van dit 
proefschrift).20 Inductiechemotherapie voor de behandeling van acute myeloïde leukemie leidde tot 
een significant verlies van het aantal circulerende ILC’s. Het herstel van de ILC’s na chemotherapie 
varieerde tussen patiënten, waarbij een deel van de patiënten relatief veel geactiveerde ILC’s hadden 
die oppervlaktemarkers tot expressie brachten die zijn geassocieerd met migratie naar de darm. 
In deze groep patiënten kwam significant minder mucositis voor en na transplantatie bleken deze 
patiënten beschermd tegen het ontstaan van GvHD. De aanwezigheid van geactiveerde ILC’s 
voorafgaand aan een stamceltransplantatie lijkt dus de vatbaarheid voor GvHD na transplantatie te 
beïnvloeden (zie Figuur 2). 

Dat deze bevindingen mogelijke consequenties hebben voor de praktijk, blijkt uit onderzoek waarbij in 
een muizenmodel co-infusie van ILC2 met het stamceltransplantaat beschermde tegen GvHD (ASH 
2014, abstract 538). Mogelijk zullen op termijn ook patiënten met weinig geactiveerde ILC’s door 
middel van ILC infusie preventief kunnen worden behandeld. Daarnaast zouden circulerende ILC’s 
kunnen worden gebruikt als biomarker om het risico op GvHD te voorspellen.20 Zover is het echter 
nog niet. Een opvallende bevinding was de observatie dat de aanwezigheid van geactiveerde ILC1, 
de ILC’s die IFNγ produceren, voorafgaand aan allogene hematopoëtische stamceltransplantatie 
(HSCT) ook geassocieerd was met minder GvHD na HSCT. Aanvullend onderzoek is noodzakelijk 
om dit fenomeen te verklaren. Immers, type 1-immuunresponsen die in het algemeen gepaard gaan 
met IFNγ-productie lijken in de meeste muizenmodellen GvHD juist te induceren. Een mogelijke 
verklaring ligt in de plasticiteit van ILC’s. Na activatie kunnen ILC1 differentiëren naar een ILC3, IL-
22-producerend fenotype en mogelijk beschermen ze in deze hoedanigheid patiënten tegen het 
ontstaan van GvHD.
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Figuur 2. Model voor betrokkenheid van ILC’s bij mucositis en graft-versus-host-ziekte (GvHD).
Weefselschade, geïnduceerd door chemo- en radiotherapie, is een bekende risicofactor voor GvHD. 
Patiënten met voldoende geactiveerde (CD69+), naar de darm migrerende (α4β7+) ILC’s na afloop van de 
inductiechemotherapiecycli ontwikkelden na conditionering en stamceltransplantatie significant minder mucositis 
en GvHD. Deze observatie suggereert dat ILC’s de mucosale schade beperken en zo van invloed zijn op preventie 

van GvHD. Het is nog onduidelijk welke factoren bepalend zijn voor ILC-reconstitutie.

ILC-reconstitutie na stamceltransplantatie
Na allogene stamceltransplantatie was het herstel van ILC’s traag. Een halfjaar na stamceltransplantatie 
was het aantal circulerende ILC’s bij patiënten nog steeds significant lager dan bij gezonde personen 
(hoofdstuk 5 van dit proefschrift).20 Omdat de cellen van het aangeboren immuunsysteem over 
het algemeen snel herstellen was dit een verrassende bevinding. Een dermate traag herstel doet 
denken aan T-celreconstitutie na stamceltransplantatie en werpt de vraag op wat de overeenkomsten 
zijn in de ontwikkeling van beide celtypen. Het trage herstel van T-cellen wordt toegeschreven aan 
een geïnvolueerde en door chemoradiatie en GvHD beschadigde thymus, in combinatie met een 
weinig efficiënte perifere expansie van mature cellen (onder andere door immuunsuppressieve 
behandeling). ILC’s ontwikkelen zich onafhankelijk van de thymus en aan involutie of schade van 
dit orgaan kan het trage herstel dus niet worden toegeschreven. Een alternatieve verklaring is dat 
ILC’s relatief lang levende cellen zijn met een intrinsiek lage ‘turnover’, waardoor in geval van verlies 
onvoldoende voor tekorten kan worden gecompenseerd.21 Daarnaast zou de immuunsuppressie 
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ter preventie van GvHD medeverantwoordelijk kunnen zijn voor de trage reconstitutie. Het trage 
herstel van T-cellen is voornamelijk geassocieerd met een verhoogde gevoeligheid voor virale en 
schimmelinfecties. Nog onduidelijk is of er een verband bestaat tussen ILC-reconstitutie en het risico 
op opportunistische infecties, maar gezien de overlap in functie met T-cellen en de rol van ILC’s in 
bescherming tegen infecties lijkt dat niet ondenkbaar.

ILC-progenitor
Om het trage herstel van ILC’s na depletie door chemotherapie en stamceltransplantatie beter te 
begrijpen, is inzicht in de ontwikkeling van ILC’s vanuit de hematopoëtische stamcel noodzakelijk. 
Recentelijk werden 2 muizenstudies gepubliceerd waarin een gecommitteerde ILC-voorloper werd 
beschreven die ontstaat uit de ‘common lymphoid progenitor’ (CLP) en die de potentie heeft zich tot 
alle typen ILC’s te ontwikkelen.22,23 De ILC-progenitor (ILCp) is dusdanig gecommitteerd dat deze niet 
meer in staat is zich te ontwikkelen tot T-cel, B-cel of NK-cel. Bij de mens is deze ILCp vooralsnog 
niet geïdentificeerd, maar het ligt in de lijn der verwachting dat er ook een humane ILC-voorloper 
is (zie Figuur 1). Identificatie van de humane ILCp zal een belangrijke stap voorwaarts zijn in de 
toepassing van ILC’s in de preventie en behandeling van GvHD. Voor de ontwikkeling van T-cellen, 
maar ook van ILC’s, is ‘Notch’- signalering van groot belang (hoofdstuk 2 van dit proefschrift). Er 
zijn 4 verschillende Notch-receptoren (Notch 1 t/m 4) en 5 liganden (Jagged 1 en 2, en Delta-like 1, 
3 en 4), waarmee in vitro gecommitteerde T-celvoorlopers te verkrijgen zijn. Deze in vitro ontwikkelde 
voorlopers bleken in een muizenstudie effectief in het ondersteunen van T-celreconstitutie na 
allogene stamceltransplantatie. Voor mensen is dit nog niet onderzocht, maar ex vivo expansie 
van humane hematopoëtische voorlopers op Notch-liganden, gevolgd door infusie in een klinische 
context, bleek al wel veilig. Infusie van geëxpandeerde voorlopers uit navelstrengbloed resulteerde 
in een aanzienlijk versnelde ‘engraftment’ van neutrofielen.24 Wanneer ILC’s in vitro kunnen worden 
gegeneerd uit hematopoëtische stamcellen en ILC-voorlopers, dan kunnen de primaire factoren van 
belang voor differentiatie en expansie van ILC’s uit ILC-voorlopers worden geïdentificeerd, wat van 
belang is voor het ontwikkelen van toepassingen (zoals  cytokinetherapie of co-transfusie van ex 
vivo geëxpandeerde ILC’s) die tot een versneld herstel van ILC’s na allogene HSCT kunnen leiden.

Interactie met mesenchymale stromale cellen
Voor patiënten met steroïde-refractaire graft-versus-host-ziekte is transplantatie van mesenchymale 
stromale cellen (MSC’s) een effectieve behandeling gebleken (hoofdstuk 6 van dit proefschrift).25 
MSC’s zijn cellen met het vermogen te differentiëren in osteoblasten, adipocyten en chondrocyten. 
In het beenmerg bevinden MSC’s zich in de buurt van hematopoëtische voorlopercellen 
waarvan ze de ontwikkeling stimuleren via de productie van cytokines en groeifactoren.  
Daarnaast kunnen MSC’s factoren produceren waardoor de proliferatie en functie van verschillende 
soorten immuuncellen geremd kunnen worden. Vanwege deze immunomodulatoire karakteristieken 
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worden MSC’s gebruikt in de behandeling van verschillende inflammatoire aandoeningen, waaronder 
graft-versus-host-ziekte. De in hoofdstuk 5 van dit proefschrift beschreven resultaten hebben ons 
tot de hypothese gebracht dat het effect van MSC’s in de behandeling van graft-versus-host-ziekte 
via ILC’s gemedieerd zou kunnen zijn. Inderdaad laten preliminaire, in vitro-data laten zien dat de 
proliferatie en IL-22 productie van ILC3 is toegenomen in de aanwezigheid van MSC’s (hoofdstuk 
7 van dit proefschrift). Als deze interactie tussen MSC’s en ILC’s ook in vivo plaatsvindt, werpt 
dat een nieuw licht op hoe MSC’s een rol kunnen spelen in de preventie en behandeling van graft-
versus-host-ziekte.

Conclusie
ILC’s zijn voor het eerst beschreven in de context van de foetale ontwikkeling van lymfoïde weefsels. 
Door de overeenkomsten met T-helpercellen is daarna in relatief korte tijd veel bekend geworden 
over de functies van ILC’s. ILC’s zijn cruciaal voor weefselhomeostase en -herstel, maar dragen 
ook bij aan directe bescherming tegen infecties. Ook voor een reeks van pathologische condities is 
inmiddels betrokkenheid van ILC’s beschreven. Bij allogene stamceltransplantatiepatiënten was de 
aanwezigheid van geactiveerde ILC’s in het bloed voorafgaand aan de transplantatie geassocieerd 
met bescherming tegen GvHD. Het is niet ondenkbeeldig dat deze kennis tot nieuwe interventies zal 
leiden ter preventie of behandeling van GvHD.
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