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Abstract

Background—Retinoic acid (RA), the main biologically active metabolite of vitamin A, is 

known to promote gut homing of lymphocytes, as well as various regulatory and effector immune 

responses. In contrast, the active form of vitamin D, 1,25-dihydroxyvitamin D3 (1,25D3), is 

predominantly immunosuppressive. Little is known about the effects of these vitamins on the 

recently identified innate lymphoid cells (ILCs).

Objective—We sought to characterize the effects of RA and 1,25D3 on human ILCs.

Methods—PBMCs were isolated from 27 non-selected blood donor buffy coats, and ILCs were 

sorted by FACS. ILC1, ILC2, and ILC3 cells were cultured for 5 days with RA, 1,25D3, and 

various cytokines known to activate ILCs (IL-2, IL-7, IL-12, thymic stromal lymphopoietin 

(TSLP), IL-25, and IL-33). Cytokines produced by ILCs were measured in culture supernatants, 

and surface receptor expression was analyzed by flow cytometry.

Results—RA acted synergistically with IL-2 and other activating cytokines to induce expression 

of the gut-homing integrin α4β7 in ILCs, as well as production of IL-5 and IL-13 in ILC2 cells, 

and IFN-γ in ILC1 and ILC3 cells. Expression of integrin α4β7 and cytokine production in ILCs 

stimulated with RA + IL-2 was increased at least 4-fold as compared to ILCs cultured with RA or 

IL-2 alone. In contrast, RA completely inhibited the IL-2-induced expression of cutaneous 

lymphocyte antigen (CLA) in ILCs. Moreover, addition of 1,25D3 to ILCs cultured with RA + 

IL-2 inhibited cytokine production and expression of integrin α4β7 by at least 30%.

Conclusions—RA and 1,25D3 have antagonistic effects on expression of effector cytokines and 

gut-homing integrin in human ILCs. The balance between these vitamins may be an important 

factor in the functioning of ILCs and the diseases in which ILCs are implicated, such as allergic 

inflammation.
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Introduction

Innate lymphoid cells (ILCs) are emerging as important effectors of innate immunity, and 

are defined by three main features: their lymphoid morphology; the absence of 

recombination activating gene (RAG)-dependent antigen receptors; and a lack of myeloid 

cell and dendritic cell phenotypical markers [1]. The prototypical ILC populations are 

natural killer (NK) cells and lymphoid tissue-inducer (LTi) cells. Recently, several different 

ILC populations have been identified, which have distinct patterns of cytokine production 

that mirror the cytokine-secreting profiles of conventional T helper (Th) cell subsets [2]. For 

example, ILC1 cells produce IFN-γ in response to IL-12 combined with IL-2 or IL-18. 

These cells accumulate in inflamed intestine in individuals with Crohn’s disease [3]. In 

contrast, ILC2 cells produce predominantly IL-5 and IL-13, in response to IL-2 combined 

with IL-25, IL-33, or TSLP. These cells are enriched in the nasal polyps of patients with 

chronic rhinosinusitis, a condition frequently caused by allergies. Nasal polyp epithelial cells 

express TSLP, which enhances cytokine production in ILC2 cells [4, 5]. ILC2 cells are also 

present in healthy human skin, and are enriched in lesional skin from patients with atopic 

dermatitis (AD). Skin-resident ILC2 cells play a critical role in the development of AD in a 

murine model, and responses of these cells are dependent on TSLP [6]. Human ILC3 cells 

can be divided into NKp44+ and NKp44− subsets. In healthy human skin and blood, ILC3 

cells are almost exclusively NKp44−, and appear to have a high degree of plasticity. Human 

NKp44− ILC3 cells can differentiate into NKp44+ ILC3 cells when stimulated with IL-23 

and IL-1β, and under influence of IL-12 into ILC1 cells [3, 7]. The key functions of ILCs are 

thought to be preservation of epithelial integrity and tissue immunity throughout the body 

[8]. Vitamin A plays an important and pleiotropic role in immunity. It is exclusively 

provided through the diet, and vitamin A supplementation in deficient individuals improves 

the clinical outcome of multiple infectious diseases [9]. Retinoic acid (RA), the main 

biologically active metabolite of vitamin A, has been shown to modulate responses of 

various immune cells [10]. For example, RA enhances expression of the gut-homing integrin 

α4β7 in both murine and human B cells and CD4+ T cells [11–13]. Moreover, RA 

cooperates with TGF-β to promote the conversion of naive CD4+ T cells into Foxp3+ Treg 

cells in mice as well as humans [14, 15]. In contrast, RA has been shown to activate effector 

CD4+ T cells under proinflammatory conditions. The RA-retinoic acid receptor α (RARα) 

axis is essential for the production of the proinflammatory cytokines IFN-γ and IL-17A by 

Th1 and Th17 cells in response to infection [16]. Furthermore, RA enhances Th2 responses 

in human CD4+ T cells in vitro and in helminth-infected mice [12, 17–19]. A few recent 

studies have reported an effect of RA on murine ILCs. Mielke et al. showed that RA 

promotes production of IL-22 in ILC3 cells stimulated with IL-1β and IL-23 [20]. In 

addition, Van de Pavert et al. observed that fetal RA signaling controls the differentiation of 

LTi cells, which are a subset of ILC3 cells and crucial for the formation of secondary 

lymphoid organs. The authors established that maternal levels of dietary vitamin A control 

the size of secondary lymphoid organs and the efficiency of immune responses in the adult 

offspring [21].

Vitamin D is synthesized in the skin upon exposure to sunlight, and is provided through the 

diet. In its hormonally active form of 1,25-dihydroxyvitamin D3 (1,25D3), vitamin D is 
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known to have a predominantly immunosuppressive effect [22]. Accordingly, low serum 

levels of vitamin D have been linked to a higher susceptibility to autoimmune and allergic 

diseases [23, 24]. 1,25D3 inhibits production of IFN-γ by human Th1 cells in vitro but has 

little direct effect on Th2 cells [25, 26]. However, 1,25D3 can inhibit allergen-specific Th2 

cytokine responses indirectly by acting on dendritic cells (DCs) to reduce expression of the 

co-stimulatory molecule OX40 ligand (OX40L) and enhance production of TGF-β [27]. 

Furthermore, 1,25D3 promotes the differentiation of both IL-10+ and FoxP3+ Treg cells 

[28]. To our knowledge, the effect of 1,25D3 on ILCs has not yet been investigated.

In the present study, we hypothesized that RA and 1,25D3 influence human ILC responses. 

Because our primary interest is in allergy, we put emphasis on ILC2 cells. We observed that 

RA acts synergistically with IL-2 and other cytokines known to stimulate ILCs, to induce 

expression of the gut-homing integrin α4β7, as well as production of IL-5 and IL-13 in ILC2 

cells, and IFN-γ in ILC1 and ILC3 cells. In contrast, 1,25D3 inhibited the effects of RA on 

cytokine production and expression of gut-homing integrin. Together, these data shed a light 

on the effect of two immunomodulatory vitamins on human ILC responses. The balance 

between these vitamins, which has shifted with industrialization, may be an important factor 

in the development of allergic inflammation and other chronic immune disorders in which 

ILCs play a role.

Materials and Methods

Blood donors and isolation of ILCs

Buffy coats were obtained from 27 non-selected, de-identified blood donors at the 

Massachusetts General Hospital Blood Donor Center (Boston, MA). The study was 

approved by the Institutional Review Board of Partners Healthcare (Boston, MA). Peripheral 

blood mononuclear cells (PBMCs) were isolated by means of density gradient centrifugation 

(Ficoll-Paque Plus; GE Healthcare). For depletion of T cells, monocytes, NK cells, B cells, 

and residual red blood cells, PBMCs were labeled with FITC-conjugated anti-CD3 (clone 

OKT3; BioLegend), anti-CD14 (M5E2), anti-CD16 (3G8), anti-CD19 (HIB19), and anti-

CD235a (GA-R2) (all from BD Biosciences). Cells were washed and labeled with FITC 

selection cocktail (FITC Positive Selection kit), and magnetic D particles (Stemcell 

Technologies). After magnetic separation, the negative fraction was subsequently labeled 

with FITC-conjugated anti-CD3, anti-CD14, anti-CD16, and anti-CD19, as well as FITC-

conjugated anti-CD1a (HI149), anti-CD11c (3.9), anti-CD94 (DX22), anti-CD123 (6H6), 

anti-FcεRIα (AER-37) (all from BioLegend), anti-CD4 (RPA-T4), anti-CD34 (581), anti-

CD56 (NCAM16.2), anti-TCRαβ (T10B9.1A-31), anti-TCRγδ (B1) (all from BD 

Biosciences), and anti-BDCA2 (CD303; AC144; Miltenyi Biotec). Upon labeling with these 

lineage markers, cells were washed and labeled with V450-conjugated anti-CRTH2 (CD294; 

BM16; BD Biosciences), PE-conjugated anti-NKp44 (CD336; P44-8), APC-conjugated 

anti-c-Kit (CD117; 104D2) (both from BioLegend), and PE-Cy7-conjugated anti-CD127 

(eBioRDR5; eBioscience). Cells were washed again and sorted with a FACSAria II 

instrument (BD Biosciences) (Supp. Fig. 1A). In a subset of experiments, anti-NKp44 was 

omitted from the labeling panel for sorting, and aliquots of sorted ILCs were labeled with 
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anti-CRTH2, anti-c-Kit, anti-CD127, and PE-conjugated anti-ST2 (polyclonal; R&D 

Systems), before analysis by flow cytometry (Supp. Fig. 1B–C).

Culture of ILCs

Sorted ILC1, ILC2, and ILC3 cells were cultured in 96-well round-bottom plates for 5 days 

in StemSpan SFEM serum-free medium (Stemcell Technologies) with penicillin (100 U/ml) 

and streptomycin (100 μg/ml) (Life Technologies), but without additional supplements. 

ILCs were cultured with combinations of RA (all-trans retinoic acid; 10-fold dilutions from 

0.5–500 nM, a concentration of 50 nM was used unless stated otherwise; Sigma), 1,25D3 

(1α,25-Dihydroxyvitamin D3; 10-fold dilutions from 0.5–50 nM; Sigma), RAR antagonist 

(LE540; 1 μM; Wako Chemicals), RAR inverse agonist (BMS 493; 1 μM; Tocris 

Bioscience), IL-2 (10 U/ml), IL-7 (10 ng/ml), IL-12 (50 ng/ml), IL-25 (50 ng/ml), IL-33 (50 

ng/ml), and TSLP (50 ng/ml) (all from R&D Systems). The number of plated cells per well 

ranged from 1,000–5,000 cells for ILC1 and ILC2 cells, and from 2,000–10,000 cells for 

ILC3 cells. PMA (10 ng/ml; Sigma) and calcium ionophore (250 ng/ml; Sigma) were added 

for the last 24 hours of culture [4].

Cytokine analysis and flow cytometry

After culture of ILCs, supernatants were harvested for cytokine analysis. IL-4, IL-5, IL-9, 

IL-13, IL-17A, and IFN-γ were measured with Cytometric Bead Array (CBA) Flex Sets (BD 

Biosciences). IL-22 was measured with Milliplex Immunology Multiplex Assay (EMD 

Millipore). The limits of detection were 1.4 pg/ml for IL-4, 1.1 pg/ml for IL-5, 3.1 pg/ml for 

IL-9, 0.6 pg/ml for IL-13, 0.3 pg/ml for IL-17A, 8 pg/ml for IL-22, and 1.8 pg/ml for IFN-γ.

Cytokine data shown in this paper were normalized to 2,000 ILCs per 200 μl culture volume. 

ILCs were labeled with FITC-conjugated anti-integrin β7 (FIB504), PE-conjugated anti-

integrin α4 (CD49d; 9F10) (both from eBioscience), PE-Cy7-conjugated anti-integrin αE 

(CD103; Ber-ACT8; BioLegend), AF647-conjugated anti-CLA (HECA-452; BD 

Biosciences) or APC-conjugated anti-integrin β1 (CD29; MAR4; BD Biosciences), and 

violet cell viability dye (L34955; Life Technologies). In a subset of experiments, ILCs were 

labeled with cell viability dye, fixed and permeabilized (Fixation/Permeabilization solution 

kit; BD Biosciences), and labeled with PE-conjugated anti-Ki-67 (Ki-67; BioLegend). Flow 

cytometry was performed with an LSR II instrument (BD Biosciences). Data were analyzed 

using FlowJo software (TreeStar Inc.).

Data representation and statistical analysis

The boxplots shown in this paper represent first and third quartiles, minimum, maximum, 

and median values for each variable. The D’Agostino and Pearson omnibus normality test or 

Shapiro-Wilk normality test was used to assess whether data sets had a Gaussian 

distribution. Statistical significance was determined with the paired t-test if data were 

normally distributed, or with the Wilcoxon matched-pairs signed-rank test if data were not 

normally distributed. Prism 5 software (GraphPad) was used.
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Results

RA acts synergistically with IL-2 and other cytokines to induce production of IL-5, IL-13, 
and IFN-γ in human ILCs

The gating strategy for the sorting of human ILCs from PBMCs was adapted from Bernink 

et al. [3] and is shown in Supp. Fig. 1A. ILC1 cells (Lin−CD127+CRTH2−c-Kit−NKp44−), 

ILC2 cells (Lin−CD127+CRTH2+), and NKp44− ILC3 cells (Lin−CD127+CRTH2−c-

Kit+NKp44−), were readily detected. In agreement with a previous study, NKp44+ ILC3 

cells (Lin−CD127+CRTH2−c-Kit+NKp44+) were very rare in healthy human peripheral 

blood [7]. Expression of the IL-33 receptor ST2 was observed on ILC2 cells, as well as on 

ILC3 cells (Supp. Fig. 1B–C). After sorting, ILC1, ILC2, and ILC3 cells were cultured with 

RA and various cytokines known to stimulate ILCs. We observed a synergistic effect of RA 

and IL-2 on the induction of IL-5, IL-13, and IFN-γ (Fig. 1A–C). IL-4, IL-9, IL-17A, and 

IL-22 were below detection limits (data not shown). Production of IL-5 in ILC2 cells, IL-13 

in ILC2 and ILC3 cells, as well as IFN-γ in ILC1 and ILC3 cells, was 4–40 fold higher in 

cultures with RA + IL-2 than with RA or IL-2 alone (p<0.01). The effect of RA on cytokine 

production in ILCs was dose-dependent (Supp. Fig. 2).

Because our primary interest was in the effect of RA on ILC2 cells and its potential role in 

allergic disease, we next tested combinations of RA with various cytokines known to 

activate this cell population. As shown in Fig. 2, RA significantly enhanced IL-5 production 

when combined with IL-2 or IL-33, whereas combinations of RA with IL-2, IL-25, IL-33, 

TSLP, or IL-7 led to an increase in production of IL-13. In contrast, RA enhanced the 

production of IFN-γ in ILC1 and ILC3 cells when combined with IL-2, but not with IL-12 

or IL-7 (Supp. Fig. 3).

Lastly, we compared the magnitude of the synergistic effect of RA with that of conventional 

ILC1 and ILC2 agonists. Whereas IL-2 + RA induced a marked IFN-γ response in ILC1 

cells, a combination of IL-2 + IL-12 was even more potent. In ILC2 cells, combinations of 

IL-2 + IL-25 and IL-2 + TSLP induced responses similar to IL-2 + RA, while IL-2 + IL-33 

triggered higher production of IL-5 and IL-13 (Supp. Fig. 4).

RA acts synergistically with IL-2 and other cytokines to induce expression of the gut-
homing integrin α4β7 in human ILCs

RA has previously been shown to induce expression of integrin α4β7 in human CD4+ T 

cells [12]. To investigate whether RA has a similar effect on human ILCs, we measured the 

expression of α4β7 by flow cytometry after ILC culture as described above. In all three ILC 

populations, we observed a very strong induction of α4β7 in cultures with RA + IL-2 (Fig. 

3). In contrast, neither RA nor IL-2 alone had a significant effect, except in ILC3 cells, 

where IL-2 alone modestly induced α4β7. Similar to cytokine production, induction of α4β7 

expression by RA was dose-dependent (Supp. Fig. 5). RA also synergized with IL-7 to 

enhance α4β7 expression in all three ILC populations, whereas RA induced α4β7 in ILC2 

cells when combined with TSLP (Supp. Fig. 6A).

Of the individual integrin chains that constitute the α4β7 heterodimer, integrin α4 can also 

pair with integrin β1 to form α4β1, and integrin β7 can pair with integrin αE (CD103) to 
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form αEβ7. We observed that in addition to integrins α4 and β7, also integrin β1 is induced 

in ILCs by RA in synergy with IL-2, as well as by IL-7 alone (Supp. Fig. 6B). In contrast, 

expression of integrin αE was not significantly induced by any of the used stimuli (data not 

shown). Whereas we were technically only able to assess expression of the individual 

integrin chains, it seems likely that expression of both α4β7 and α4β1 heterodimers is 

induced by RA + IL-2 in ILCs.

To further study the effect of RA on surface markers involved in homing to organs other 

than the gut, we also analyzed the expression of the skin-homing receptor cutaneous 

lymphocyte antigen (CLA) (Fig. 4). Interestingly, stimulation with IL-2 alone induced CLA 

expression in ILC1 cells and especially ILC3 cells, but addition of RA strongly decreased 

expression of CLA. Comparable results were found when IL-7 was used instead of IL-2 

(Supp. Fig. 6C). Together, these data show that RA induces gut-homing integrin in human 

ILCs, whereas homing to the skin may be inhibited.

1,25D3 inhibits RA-induced cytokine production in human ILCs

1,25D3 has a predominantly immunosuppressive effect on human lymphocytes, and several 

groups have found an association between serum vitamin D levels and allergic disease [22, 

24]. We investigated whether 1,25D3 could suppress RA-induced cytokine responses in 

human ILCs. Production of IL-5 and IL-13 in ILC2 cells stimulated with RA + IL-2, as well 

as production of IFN-γ in ILC3 cells, was inhibited by 1,25D3 in a dose-dependent manner 

(Fig. 5). The decrease in cytokine production did not appear to be due to non-specific effects 

of 1,25D3 on ILCs. Whereas IL-2 promoted ILC survival as well as proliferation, both RA 

and 1,25D3 did not significantly influence the proliferation or viability of ILCs (Supp. Fig. 

7).

1,25D3 inhibits RA-induced expression of the gut-homing integrin α4β7 in human ILCs

In the same ILC cultures that were used for measurement of cytokine responses, we studied 

the effect of 1,25D3 on RA-induced expression of α4β7. In both ILC2 and ILC3 cells 

cultured with RA + IL-2, expression of α4β7 was significantly and dose-dependently 

inhibited by 1,25D3 (Fig. 6). In contrast, the inhibition of CLA expression by RA was not 

reversed by 1,25D3 (data not shown).

Discussion

Allergic and other chronic immune-mediated diseases have become rapidly more prevalent 

in association with modernization and urbanization around the world [29–31]. There are 

myriad environmental changes suggested to partially explain this association. The ‘vitamin 

hypothesis’ posits that nutritional shifts accompanying these lifestyle changes, including 

increasing vitamin A sufficiency and vitamin D deficiency, may contribute to this trend by 

influencing conventional CD4+ T cell, B cell and basophil responses [22, 24, 32]. Our 

findings presented here suggest that ILCs may also be influenced in a pro-inflammatory 

manner by those changes.

The active metabolites of vitamins A and D have long been known to modulate responses of 

both innate and adaptive immune cells [22]. We observed that RA acts in synergy with IL-2 
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and other activating cytokines to induce production of effector cytokines in three recently 

identified types of human ILCs. In addition, RA combined with activating cytokines 

enhances the expression of the gut-homing integrin α4β7 in ILCs, whereas RA alone 

markedly inhibits the expression of the skin-homing receptor CLA. Our findings are in 

agreement with multiple papers reporting similar effects of RA on other lymphocytes, as 

well as DCs. For instance, RA induces production of Th1 and Th2 cytokines in CD4+ T cells 

[16–19]. Moreover, RA-induced expression of integrin α4β7 has been shown before in T 

cells and B cells [11–13]. Expression of CLA in human T cells has previously been reported 

to be downregulated by RA as well as 1,25D3 [33]. Whereas RA strongly decreased CLA 

expression in ILCs, we did not observe an inhibitory effect of 1,25D3 (data not shown).

A recent publication indicated that IL-13-producing ILC2 cells are enriched in the small 

intestinal lamina propria of vitamin A-deficient mice, whereas ILC3 cells are diminished 

[34]. Moreover, those authors observed that production of IL-13 in human Lin−CD127+c-

Kit+ ILCs cultured with IL-7 and stem cell factor (SCF) was enhanced by a RAR inverse 

agonist (RAi). We tested the same RAi as well as a RAR antagonist in ILC2 cell cultures in 

combination with IL-2 or IL-7, but did not find any induction of IL-13 or IL-5 in these cells 

(Supp. Fig. 8). In contrast, stimulation with RA + IL-2 resulted in marked induction of IL-5 

and IL-13 in ILC2 cells, and a combination of RA + IL-7 induced IL-13 production. An 

explanation for this discrepancy may be, that Spencer et al. used the c-Kit ligand SCF in 

their ILC cultures and therefore focused on the effect of RA on differentiating ILCs, 

whereas we studied fully differentiated, CRTH2+ ILC2 cells. It is possible that RA has 

profoundly different effects on ILC development and differentiation than on the effector 

response of mature ILCs. In addition, based on their gating strategy, ILC2 and ILC3 cells 

were co-cultured, leaving open the possibility of cell-cell interactions and effects of ILC3-

secreted factors on ILC2 cells that we did not observe in our pure ILC2 cell cultures.

The ILC1 and ILC2 cells described in this paper exclusively produced type 1 (IFN-γ) and 

type 2 (IL-5, IL-13) cytokines, respectively, which suggests that these cells are fully 

committed. In contrast, human peripheral blood NKp44− ILC3 cells appear to be less 

differentiated. These cells possess characteristics of both ILC1 and ILC2 cells, as shown by 

their production of IFN-γ and IL-13, as well as expression of ST2. Moreover, production of 

the ILC3 cytokines IL-17A and IL-22 was below detection limits. It has been suggested 

previously that NKp44− ILC3 cells have a high degree of plasticity, which allows these cells 

to differentiate into NKp44+ ILC3 cells when stimulated with IL-23 and IL-1β, and into 

ILC1 cells when cultured with IL-12. Human NKp44+ ILC3 cells are mainly tissue-resident 

and express hallmark ILC3 genes [3, 7, 8]. Whereas the stimuli used in our study did not 

promote the expression of IL-17A and IL-22 in NKp44− ILC3 cells, the effects of RA and 

1,25D3 on these cells were in line with those observed on ILC1 and ILC2 cells.

An important question is how activation of ILC2 cells by RA in synergy with IL-2 and other 

cytokines, likely to be present at sites of allergic inflammation, might take place in vivo, and 

what the consequences would be. Based on our sort data, the frequencies of ILC1, ILC2, and 

ILC3 cells in human PBMCs are approximately 0.01%, 0.015%, and 0.02%, respectively, 

which is consistent with published studies indicating that ILCs are mainly tissue-resident. 

ILC2 cells are abundantly present in human skin and lung, and constitute a minor ILC 

Ruiter et al. Page 7

Clin Exp Allergy. Author manuscript; available in PMC 2016 March 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



population in the gut, where ILC3 cells are the most prevalent [8]. Accumulation of ILC2 

cells has been shown to occur in lesional skin of patients with AD [6, 35]. Moreover, ILC2 

cells infiltrated the skin after intraepidermal allergen challenge in a house dust mite-allergic 

patient, where the cells produced IL-5 and IL-13 [35]. It appears that TSLP, IL-25 and IL-33 

play important roles in the activation of ILC2 cells and their promotion of AD [6, 35]. In this 

context of chronic allergic inflammation, ILC2 cells are likely to be exposed to activating 

cytokines as well as RA, since it has been shown that skin-resident CD103− DCs 

constitutively produce RA [36].

AD is often the first manifestation of the ‘atopic march’, and approximately one-third of 

young children with moderate-to-severe AD develop food allergies, which are frequently 

participating triggers of the inflammation [37]. An important hallmark of AD is a defective 

epidermal barrier function, which allows the penetration of environmental triggers such as 

allergens, and their interaction with the immune system. In fact, the skin has been postulated 

to be an important route of sensitization to peanut allergen [38–40]. Recently, we observed 

that peanut protein induces expression of the enzyme retinaldehyde dehydrogenase 2 

(RALDH2) and production of RA in human myeloid DC (unpublished data) [41]. A similar 

effect of peanut protein on skin-resident DC, in addition to their constitutive RA production, 

may contribute to an environment relatively rich in RA. In combination with activating 

cytokines, this could lead to production of IL-5 and IL-13 by skin-resident ILC2 cells, as 

well as homing of activated ILC2 cells to the gut. Here, ILC2 cells may cooperate with Th2 

cells in orchestrating allergic inflammation after sensitization, as was recently shown in a 

murine model for peanut allergy [42].

The effects of 1,25D3 are generally immunosuppressive, and vitamin D deficiency has been 

linked to higher susceptibility for autoimmune and allergic diseases [22–24]. Recent studies 

have found that low serum vitamin D levels are correlated with both AD and food allergy 

[43, 44]. We observed that 1,25D3 inhibits RA-induced production of effector cytokines and 

expression of gut-homing integrin in human ILCs. ILC2 cells have been shown to enhance 

allergic inflammation, and two recent studies reported that ILC2 cells also facilitate 

sensitization to allergens [6, 35, 42, 45–47]. Inhibition of ILC2 cell activation and gut 

homing by 1,25D3 could therefore ameliorate allergic inflammation, particularly in the 

gastro-intestinal tract, and perhaps in this way play a role in prevention of allergic disease.

In summary, we have shown that the biologically active metabolites of vitamins A and D 

have profound effects on cytokine production and homing of human ILCs. Our data provide 

additional evidence for a mechanism by which alterations in nutrition and exposure to 

sunlight may influence immunity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
RA acts synergistically with IL-2 to induce cytokine production in human ILCs. 

Concentrations of IL-5 (A), IL-13 (B), and IFN-γ (C) were measured in culture supernatants 

of ILC1, ILC2, and ILC3 cells incubated with the indicated stimuli. Cytokine data were 

normalized to 2,000 ILCs per 200 μl culture volume. Combined data of nine independent 

experiments and subjects are shown. * p<0.05, ** p<0.01 (cultures with IL-2 + RA vs. 

cultures with IL-2 or RA alone).
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Fig. 2. 
RA acts synergistically with activating cytokines to induce production of IL-5 and IL-13 in 

human ILC2 cells. Concentrations of IL-5 and IL-13 were measured in culture supernatants 

of ILC2 cells incubated with the indicated stimuli. Cytokine data were normalized to 2,000 

ILCs per 200 μl culture volume. Combined data of seven independent experiments and 

subjects are shown. * p<0.05, ** p<0.01 (cultures with cytokine + RA vs. cultures with 

cytokine alone).
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Fig. 3. 
RA acts synergistically with IL-2 to induce expression of integrin α4β7 on human ILCs. A, 

Representative example of α4β7 expression on ILCs, gated on live cells. B, Expression of 

α4β7 was measured on ILCs incubated with the indicated stimuli. Combined data of nine 

independent experiments and subjects are shown. ** p<0.01 (cultures with IL-2 + RA vs. 

cultures with IL-2 or RA alone).

Ruiter et al. Page 14

Clin Exp Allergy. Author manuscript; available in PMC 2016 March 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
RA inhibits expression of CLA on human ILCs. A, Representative example of CLA and 

integrin β7 expression on ILCs, gated on live cells. B, Expression of CLA was measured on 

ILCs incubated with the indicated stimuli. Combined data of four independent experiments 

and subjects are shown. * p<0.05, ** p<0.01 (cultures with IL-2 + RA vs. cultures with IL-2 

alone).
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Fig. 5. 
1,25D3 inhibits RA-induced cytokine production in human ILCs. Concentrations of IL-5, 

IL-13, and IFN-γ were measured in culture supernatants of ILC2 and ILC3 cells incubated 

with the indicated stimuli. Cytokine data were normalized to 2,000 ILCs per 200 μl culture 

volume. Combined data of seven independent experiments and subjects are shown. * 

p<0.05, ** p<0.01 (cultures with IL-2 + RA vs. cultures with IL-2 + RA + 1,25D3).
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Fig. 6. 
1,25D3 inhibits RA-induced expression of integrin α4β7 on human ILCs. A, Representative 

example of α4β7 expression on ILCs, gated on live cells. B, Expression of α4β7 was 

measured on ILC2 and ILC3 cells incubated with the indicated stimuli. Combined data of 

seven independent experiments and subjects are shown. * p<0.05, ** p<0.01 (cultures with 

IL-2 + RA vs. cultures with IL-2 + RA + 1,25D3).
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