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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).
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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.
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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


