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Allogeneic hematopoietic cell transplantation (HCT) is often complicated by graft versus host disease (GvHD), an alloreactive immune response triggered by tissue damage. Interleukin (IL)-22 producing type 3 innate lymphoid cells (ILC3) protect epithelial tissues against chemo(radio)therapy-induced damage, suppress alloreactive T cells and mitigate acute GvHD symptoms after allogeneic HCT. Relatively high numbers of ILC before and after allogeneic HCT has been associated with significantly reduced tissue damage and less acute GvHD. While most transplantation conditioning and GvHD prophylaxis regimens are aimed at eliminating host and alloreactive donor lymphocytes, the effect of these regimens on ILC remain elusive. Here, we studied the effect of conditioning chemotherapy and immunosuppressive agents on the survival, proliferation, activation and function of human ILC3 in vitro. Tonsil-derived ILC3 were activated and incubated with agents commonly used to prevent and treat GvHD. While fludarabine, rapamycin, mycophenolic acid and prednisolone suppressed ILC3 to a similar degree as T cells, the effect of other agents, including cyclosporine A, methotrexate, imatinib, ibrutinib and ruxolitinib, was milder on ILC3 than on T cells. ILC3 are less sensitive to immunosuppressants potentially because of their expression of functionally active ATP Binding Cassette Subfamily B Member 1 (ABCB1) drug exporter proteins. This suggests less intracellular accumulation of immunosuppressive agents, which renders ILC3 resistant to these compounds. The present findings may help to develop strategies to simultaneously maintain the tissue protective properties of ILC3 and at the same time suppress alloreactive lymphocytes, which is important in the prevention and treatment of acute GvHD.
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Introduction

Allogeneic hematopoietic cell transplantation (HCT) is crucial in the treatment of hematologic malignancies, including intermediate- or high risk acute myeloid leukemia (AML) and myelodysplastic syndrome (MDS). Allogeneic HCT is life-saving when donor lymphocytes induce an anti-tumor immune response that eliminates residual malignant cells. However, alloreactive immune responses often turn against non-malignant cells and tissues of transplant recipients, leading to graft versus host disease (GvHD), which is a major contributor to the high morbidity and mortality associated with allogeneic HCT (1).

A key feature of acute GvHD pathophysiology is tissue damage, which is inflicted by pre-transplantation conditioning chemo- and radiotherapy or by opportunistic infections, such as cytomegalovirus (CMV) reactivation in the gastro-intestinal epithelium (2). Tissue damage leads to the release of pro-inflammatory signals, including damage-associated molecular patterns (DAMP), translocation of bacteria and release of pathogen-associated molecular patterns (PAMP) that ultimately activate alloreactive immune cells. The risk to develop acute GvHD is proportional to the level of tissue damage. For example, non-myeloablative or reduced-intensity allogeneic HCT is associated with a significantly lower incidence of acute GvHD than myeloablative allogeneic HCT (3).

Innate lymphoid cells (ILC) are tissue resident cells with immune regulatory and tissue reparative properties. These cells lack rearranged antigen-specific receptors, and respond rapidly to environmental cues. ILC play essential roles in the homeostatic repair and maintenance of epithelial barriers. In particular NKp44-expressing ILC3 modulate gut epithelial homeostasis via the production of interleukin (IL)-22. In murine acute GvHD models it has been demonstrated that IL-22 enhanced intestinal stem cell recovery with consequent reduced epithelium barrier damage and better restoration of the intestinal epithelium (4, 5). In addition, ecto-enzyme expressing ILC3 have shown to be able to convert pro-inflammatory extracellular ATP into adenosine, which suppresses activation of T cells (6). Furthermore, we have demonstrated that high levels of the ILC pool after remission induction chemotherapy, before allogeneic HCT, and early after allogeneic HCT was associated with reduced epithelial damage (i.e. mucositis) and a lower incidence of acute GvHD (7, 8). Notably, in patients with acute GvHD of the intestine, affected tissues were depleted of ecto-enzyme expressing ILC3, corroborating the potential significance of these cells in vivo (6).

Together, these studies suggest that ILC3 can mitigate or prevent acute GvHD and that rapid reconstitution and recovery of a functional ILC population may be prognostically beneficial for allogeneic HCT recipients. However, the key factors that determine ILC reconstitution after allogeneic HCT remain to be determined. Also, it remains elusive whether commonly used conditioning regimens deplete ILC and how immunosuppressants that are used to prevent or treat GvHD affect ILC reconstitution and function. Here we demonstrate that ILC3 are less sensitive to certain immunosuppressive agents compared to T cells, which may result from increased expression and functional activity of the drug exporter ATP Binding Cassette Subfamily B Member 1 (ABCB1) on ILC3. These findings may offer rationale to adjust GvHD prevention regimens to protocols aimed at maintaining the ILC pool while suppressing alloreactive T cells.





Materials and methods




Isolation of ILC3 and T cells

Study protocols were approved by the Medical Ethical Committee of the Amsterdam UMC, location AMC, Amsterdam, The Netherlands, following the Declaration of Helsinki protocols. Tonsils were obtained ‘cold’ (non-inflamed) from pediatric- and adult tonsillectomies. Donors, both male and female, ranged in age from 16-35- years. Tonsil tissue was mechanically cut in small pieces and dispersed by using the stomacher 80 Biomaster and tissue fragments were plunged through a steel strainer. Mononuclear cells were isolated by density gradient centrifugation using Ficoll-Paque Plus medium (GE Healthcare). Prior to sorting ILC3, tonsil mononuclear cell samples were magnetically depleted of T cells and B cells by labeling these cells with FITC-conjugated anti-CD3 and anti-CD19 (BioLegend) plus anti FITC microbeads (Miltenyi). ILC3 were sorted as Lineage (CD1a, CD3, CD4, CD14, CD16, CD19, CD34, CD94, CD123, BDCA2, FcER1α, TCRαβ, TCRγδ) negative, CD45+CD127+CD161+CRTH2-CD117+NKp44+ cells. T cells from the same tonsil were negatively sorted (to avoid CD3-antibody induced T cell activation) as CD45+CD19-CD14-CD16-CD56- cells on a FACSAria II (BD). Sorted cells were >95% CD3+.





Cell proliferation and drug transporters

Freshly sorted tonsillar ILC3 (1x104) and T cells (10x104) were rested overnight in 96-well round bottom plates, and incubated in Yssel’s medium (made ‘in house’) (9) supplemented with 1% (vol/vol) human AB serum and IL-2 (10 U/ml; Novartis). ILC3 and T cells were pre-incubated for 1 hour with IL-2 (100 U/ml; Novartis), IL-1β and IL-23 (both 50 ng/ml; R&D systems) (10), or anti-CD3/anti-CD28 Dynabeads™ (ratio 50 cells:1 bead; Thermo Fisher Scientific), respectively, and cultured for 4 days in the presence of immunosuppressive agents at dosages reported in literature (Supplemental Table 1) (11–23), or vehicle control (dimethyl sulfoxide (DMSO) or sodium chloride). DMSO and sodium chloride were diluted equal to the highest drug concentration. The final concentration of DMSO never exceeded 0.1%. Immunosuppressive agents were purchased from Selleck and dissolved in DMSO according to the manufacturer’s instructions.

To measure proliferation, cells were incubated with CellTrace Violet (Invitrogen) according to manufacturer’s instructions. To phenotype ILC3 and T cells, the following antibodies were used at recommended concentrations: fluorescein isothiocyanate (FITC)-conjugated anti-CD1a (HI149), anti-CD3 (OKT3), anti-CD4 (RPA-T4), anti-CD14 (HCD14), anti-CD16 (3G8), anti-CD19 (HIB19), anti-CD34 (581), anti-CD94 (DX22), anti-CD123 (6H6), anti-BDCA2 (CD303; 201A), anti-FcER1α (AER-37), anti-TCRαβ (IP26), anti-TCRγδ (B1); allophycocyanin (APC)-conjugated anti-CD56 (HCD56); APC-cyanine (Cy)7-conjugated anti-CD3 (UCHT1); Alexa Fluor (AF) 700-conjugated anti-CD45 (HI30); AF647–conjugated anti-NKp44 (P44-8); phycoerythrin (PE)-Cy7–conjugated anti-CD127 (A019D5); PE-CF594-conjugated anti-CRTH2 (BM16); brilliant violet (BV) 510-conjugated anti-CD161 (HP-3G10); BV605-conjugated anti-CD25 (BC96); PE-conjugated anti-CD243 (ABCB1; UIC2), AF594-conjugated anti-MRP1 (ABCC1) (QCRL-1) (all BioLegend) and PE-Cy5.5–conjugated anti-CD117 (104D2; Beckman Coulter). Appropriate isotype control antibodies (Supplemental Table 2) and unstained cells were used for the identification of cells that stained positive for each antibody used. Cell viability was measured with the LIVE/DEAD™ Fixable Green Dead Cell Stain (Invitrogen) or Fixable Viability Dye eFluor780 (eBiosciences) according to manufacturer’s instructions. For drug transporter experiments, cells were cultured in the presence or absence of the ABC-transporter antagonist verapamil (5 µg/ml) and cyclosporine A for 4 days and then incubated with pre-warmed 20 nM MitoTracker Green (MTG; Invitrogen) for 30 min. Cells were acquired on a LSRFortessa cytometer (BD Biosciences) and analyzed using FlowJo software (version 10; TreeStar). The percentage divided cells was determined by subtracting the percentage of undivided cells (generation 0) from the viable cells.





Cytokine secretion

To analyze the effect of immunosuppressive agents on cellular cytokine secretion, supernatants from each culture were harvested and analyzed for the presence of IL-22 and interferon-gamma (IFN-γ) using Invitrogen’s enzyme-linked immunosorbent assay (ELISA) kit according to manufacturer’s instructions.





Statistical analysis

All statistical analysis was performed using GraphPad Prism 7 for Windows. Statistical significance was determined with the nonparametric paired Wilcoxon test.






Results




Conditioning chemo-immunotherapy is cytotoxic to ILC3

We previously demonstrated that AML remission-induction chemotherapy depletes ILC (7, 8), but the effect of pre-transplantation conditioning therapy on the ILC population is unknown. We investigated the effect of fludarabine and antithymocyte globuline (ATG), the drugs most commonly used in conditioning regimens in our institute, on human NKp44+ ILC3 sorted from tonsils and stimulated in vitro for 4 days. As a control, we used T cells that were sorted from the same tonsils. ILC3 and T cells were stimulated with cytokines (IL-2, IL-1β, IL-23) or anti-CD3/CD28 beads, respectively, and incubated with fludarabine or ATG at concentrations reported in literature (12–14). Fludarabine significantly reduced the viability of stimulated ILC3, like T cells, in a dose-dependent manner (Figures 1A–C). It should be noted that we titrated fludarabine concentrations in such a way that not all ILC and T cells were lost. ILC3 that survived incubation with fludarabine had lower CD127 expression, and a higher capacity to produce IL-22 than ILC3 that were not incubated with fludarabine (Supplemental Figure 1). This was similar to fludarabine-surviving T cells, that produced higher levels of IFN-γ (Supplemental Figure 1). While ATG induced proliferation of T cells, as published previously (12), ATG did not significantly affect ILC3 viability, proliferation or cytokine production (Figures 1B, C and Supplemental Figure 1).




Figure 1 | Conditioning chemo-immunotherapy is cytotoxic to ILC3. (A) Representative experiment of tonsil-sorted, CellTrace Violet-labeled, IL-2/IL-1β/IL-23 stimulated NKp44+ ILC3 and anti-CD3/CD28 dynabead stimulated T cells cultured in the presence of vehicle or fludarabine and analyzed by flow cytometry after 4 days. Live cells were gated as indicated, numbers represent percentage of living cells. (B) Cell viability and (C) cell division for NKp44+ ILC3 (upper panels) and T cells (lower panels) treated with fludarabine (Flud; n=6) or ATG (n=5) as fold change relative to vehicle control. Each data point indicates a single donor. Error bars indicate mean percentages ± SD. Asterisks indicate p<0.05. **, p<0.01; ***, p<0.001.







Immunosuppressive agents differentially affect ILC3 in comparison to T cells

We next investigated the effect of immunosuppressive agents on ILC3 proliferation, activation and cytokine production (see for representative flow cytometry examples Supplemental Figure 2). We tested cyclosporine A, rapamycin, mycophenolic acid, methotrexate, prednisolone, the tyrosine kinase inhibitor imatinib, the JAK2 inhibitor ruxolitinib and the protein kinase inhibitor ibrutinib, all immunosuppressive agents that are more or less commonly used to prevent or treat acute GvHD. Starting concentrations were based on reports in literature (see Materials and Methods) and titrated to reach concentrations that were effective on T cells, our reference population, but not toxic to T cells as we needed life cells to study the effects of drug on cell proliferation, activation and cytokine secretion. In all experiments, donor to donor variations were observed. This might be attributed to differences in age or gender, but this is outside the scope of this study. At higher concentrations, cyclosporine A induced death of T cells, but had no effect on ILC viability, while mycophenolic acid induced death of ILC3 but did not affect T cell viability. None of the other immunosuppressive agents had a significant effect on the survival of ILC3 and T cells (Figure 2A). All immunosuppressants attenuated proliferation of T cells in a dose-dependent manner, as expected, but their effect on proliferation of ILC3 was less uniform. Rapamycin, mycophenolic acid and prednisolone significantly suppressed ILC3 proliferation (Figure 2B). Under normal circumstances, ILC downregulate CD127 when activated, most likely as a self-regulatory mechanism, but incubation of ILC3 with rapamycin, mycophenolic acid and prednisolone led to an increase in CD127 expression (Supplemental Figure 3). Cyclosporine A, methotrexate, imatinib, ibrutinib and ruxolitinib did not mitigate ILC3 proliferation (Figure 2B). Activation of ILC3, as measured by CD25 expression, was significantly suppressed only by mycophenolic acid and ibrutinib (Figure 2C). In contrast, all drugs, except methotrexate and prednisolone, inhibited the activation of T cells. Only two agents significantly suppressed cytokine secretion compared to the vehicle control: prednisolone significantly inhibited IL-22 secretion by ILC3, and cyclosporine A inhibited IFN-γ secretion by T cells (Figure 2D). In addition, at higher concentrations, IL-22 production by ILC3 was significantly increased in the presence of ruxolitinib, whereas IFN-γ production by T cells tended to be reduced. Collectively, these results demonstrate that suppressive agents commonly used to prevent or treat GvHD do not suppress the proliferation, activation or cytokine production of ILC3.




Figure 2 | Immunosuppressive agents differentially affect ILC3 in comparison to T cells. Tonsil-sorted, CellTrace Violet-labeled IL-2/IL-1β/IL-23 stimulated NKp44+ ILC3 and anti-CD3/CD28 dynabeads stimulated T cells were incubated with vehicle or immunosuppressive agents as indicated. Fold change in the percentage of (A) living cells, (B) divided cells and (C) activated (CD25+) cells are depicted. (D) Signature cytokine production by activated ILC3 (IL-22) and T cells (IFN-γ) measured by ELISA and normalized to 1000 cells relative to control. CsA, cyclosporine A; Rapa, rapamycin; MPA, mycophenolic acid; MTX, methotrexate; Pred, prednisolone; Ima, imatinib; Ibr, ibrutinib; Rux, ruxolitinib; n=7 for all conditions except MTX (n=6). Each data point indicates a single donor. Error bars indicate mean ± SD. Asterisks indicate p<0.05.







Cyclosporine A suppresses T cells but not ILC3 in co-culture

In vivo ILC3 and T cells do not operate as individual subsets. In fact, they may influence each other’s behavior in response to stimulating signals and drugs. We therefore co-cultured ILC3 and T cells, in the absence and presence of cyclosporine A, an agent that suppressed T cell activation and proliferation, but not ILC3 when cultured separately (Figure 2). Stimulation of co-cultured ILC3 and T cells with IL-2/IL-1β/IL-23 and anti-CD3/CD28 beads induced proliferation and CD25 expression of both ILC3 and T cells (Figures 3A, B) comparable to when co-cultured subsets were stimulated separately (Figure 2). Cell viability of ILC3 and T cells was not affected under these conditions (Supplemental Figure 4). Adding cyclosporine A to the co-culture significantly suppressed T cell proliferation and activation, but did not affect ILC3 (Figures 3A, B). These data reinforce our finding that cyclosporine A differentially affects ILC3 and T cells, also when ILC3 and T cells are co-cultured.




Figure 3 | Cyclosporine A specifically affects T cells but not ILC3 in co-culture. CellTrace labeled ILC3 and T cells were co-cultured, stimulated with IL-2/IL-1β/IL-23 and/or anti-CD3/CD28 dynabeads and incubated with vehicle control or cyclosporine A (CsA) as indicated. Fold change of the percentage of (A) divided cells and (B) activated (CD25+) cells are depicted. N=5 for conditions stimulated with IL-2/IL-1β/IL-23 and with IL-2/IL-1β/IL-23 + anti-CD3/CD28 beads; n=6 for conditions stimulated with anti-CD3/CD28 dynabeads and all CsA conditions. Each data point indicates a single donor. Error bars indicate mean ± SD; asterisks indicate p<0.05.







Activated ILC3 express the drug exporter ABCB1

The observation that ILC3 appear to be unresponsive to the majority of immunosuppressive agents tested here suggests that a general mechanism underlies the drug resistance. We hypothesized that ATP-binding cassette transporters, which are membrane proteins able to efflux drugs from cells, may be involved. We focused on two well-known members of the ABC family, ATP Binding Cassette Subfamily B Member 1 (ABCB1) and ATP Binding Cassette Subfamily C Member 1 (ABCC1) (24, 25). Unstimulated, freshly isolated ILC3 and T cells showed very limited expression of ABCB1 and ABCC1 (Figures 4A, B). Following stimulation with IL-2/IL-1β/IL-23 for 4 days, ILC3 upregulated ABCB1 expression, and to a lesser extent ABCC1. Only a small percentage of stimulated T cells expressed ABCB1 and ABCC1. The proportion of ABCB1-expressing ILC3 was significantly higher compared to ABCB1-expressing T cells (Figures 4A, B).




Figure 4 | Activated ILC3 express the drug exporter ABCB1. (A) Representative flow cytometry experiment and (B) pooled data of ABCB1 and ABCC1 expression on unstimulated and stimulated ILC3 (IL-2/IL-1β/IL-23) and T cells (anti-CD3/CD28). N=2 for unstimulated ILC3 and T cells and n=5 for stimulated ILC3 and T cells. (C, D) Stimulated and MTG labeled ILC3 and T cells were cultured with vehicle control or verapamil (Vera; 5 µg/ml) for 4 days. (C) Representative flow cytometry experiment and (D) pooled data for expression of MTG (mean fluorescence intensity (MFI)); n=8. (E) Stimulated ILC3 and T cells cultured with vehicle control or CsA with or without verapamil. Divided cells are depicted as fold change compared to the vehicle control. Error bars indicate mean percentages ± SD. Asterisks indicate p<0.05. Each data point indicates a single donor.



We then investigated whether selective blocking of the ABCB1 transporter could reverse the relatively high resistance of ILC3 for drugs as compared to T cells. For these experiments we measured the efflux of MitoTracker Green (MTG), which is a dye that passively diffuses across the plasma membrane and binds to active mitochondria (26). Activated ILC3 were incubated with MTG in the presence of the ABCB1 inhibitor verapamil. The MTG levels in ILC3 were significantly higher in the presence of verapamil compared to ILC3 cultured without this ABCB1 inhibitor (also when the outlier was excluded from analysis (data not shown)) and comparable to the levels observed in activated T cells (Figures 4C, D). Moreover, co-incubation of stimulated ILC3 with verapamil and cyclosporine significantly reduced proliferation of these cells (Figure 4E). These results suggest that the differential effects of immunosuppressive agents on ILC3 compared to T cells may be related to upregulation and functional activity of the ABCB1 transporter on activated ILC3.






Discussion

ILC are innate immune cells enriched at epithelial barrier surfaces such as the gut, lung and skin, where these cells produce inflammatory and regulatory cytokines in response to local injury. We and others have demonstrated the importance of ILC in the prevention of tissue damage and subsequent GvHD in experimental GvHD models and in allogeneic HCT recipients (5, 7, 8, 27, 28). It is unknown to what extent ILC are depleted by pre-transplantation conditioning regimens, and whether ILC are functionally suppressed by the immunosuppressive agents used to prevent acute GvHD. Therefore, we investigated the effect of commonly used pre- and post-transplantation immunomodulatory agents on the survival, proliferation, activation and cytokine production of ILC3 in vitro. We demonstrated that fludarabine depleted ILC3 and that ATG tended to lower ILC3 in a dose-dependent manner. A number of agents that suppress T cell proliferation and function, and as such are commonly used to prevent or treat acute and chronic GvHD, had differential effects on ILC3. In particular cyclosporine A, methotrexate and the more recently introduced immunomodulatory agents imatinib, ibrutinib and ruxolitinib had no effect on ILC3, contrasting their potent inhibitory effects on T cells. This drug refractoriness of ILC3 may be related to the expression of the drug transporter ABCB1 on stimulated ILC3, which allows the efflux of drugs from ILC3.

Our finding that fludarabine is toxic to ILC3 is in line with the observation that circulating numbers of ILC are low early after allogeneic HCT (8). ILC reconstitution after allogeneic HCT is often delayed, and our results suggest that this may be related to the use of immunosuppressive agents. For example, mycophenolic acid is typically used to prevent acute GVHD as it effectively dampens T cell alloreactivity, but as it suppressed ILC3 proliferation in vitro it is likely to delay ILC recovery in vivo.

Acute GvHD frequently occurs after allogeneic HCT, despite the use of lymphocyte depleting agents and of drugs that suppress surviving and recovering donor lymphocytes. In part this may be related to incomplete depletion and suppression of alloreactive cells. In recent years it has become apparent, however, that tissue damage and specifically disruption of epithelial barrier homeostasis also plays an important role in the pathophysiology of acute GvHD. Several factors may contribute to barrier loss, in addition to chemotherapy and radiotherapy. For example, damage to the microbiome deprives the gastro-intestinal epithelium from factors that are imperative for its maintenance and repair, such as aryl hydrocarbon receptor (AhR) ligands and short chain fatty acids (29). Loss and slow reconstitution of tissue reparative cells, such as IL-22 producing ILC3, further enforce the disruption of epithelial barrier homeostasis, as has been demonstrated in GvHD mouse models and in patients with GvHD (30, 31). As ‘graft versus tumor’ immunity and GvHD are intimately linked and often difficult to untangle, since both depend on alloreactive immune responses, it may be beneficial to focus on prevention of tissue damage and enhancement of tissue repair instead of further suppressing alloreactive immune responses. ILC, in particular IL-22 producing ILC3, are important candidates for such an approach. The choice of agents that do suppress alloreactive T cells, but not tissue reparative ILC3, may be of additive value in designing an optimal regimen to prevent or treat GvHD in allogeneic HCT patients. Ruxolitinib is particularly interesting in this context as it suppressed T cell proliferation, activation and cytokine production and enhanced IL-22 production by ILC3.

While steroids are the first line therapy for acute GvHD, about half of the patients with GvHD are not responsive to corticosteroid therapy. This has been attributed to differential effects of steroids on T cell subsets, with T helper (Th)1 cells being more receptive to the immunosuppressive effect of corticosteroids than Th2 or Th17 cells (32). Alternatively, steroid-refractory acute GvHD could represent a different entity, less driven by T cells and more driven by tissue damage (31). In this context it is interesting to note that prednisolone significantly reduced IL-22 production by ILC3. In patients with acute GvHD where tissue damage is dominant, prednisolone may actually aggravate disease by suppressing ILC3 mediated IL-22 production. It should be noted that patients with steroid-refractory acute GvHD often benefit from ruxolitinib (33), perhaps via enhanced IL-22 production by ILC3.

This study has several limitations. It is very difficult to verify to what extent drug concentrations used in vitro are representative for the in vivo situation. We were not able to verify findings on tissue derived ILC3 from allogeneic HCT recipients, because ILC numbers that can be derived from these patients are too low, in particular in the presence of acute GvHD. Experiments were instead performed on ILC3 isolated from tonsils, as tonsillar and gut ILC3 are phenotypically and functionally similar, and depend on the same transcription factors (6, 34–36).

In conclusion, immunosuppressive agents commonly used to prevent or treat acute GvHD do not seem to hamper ILC3 proliferation or activation. Given the importance of ILC3 for the maintenance of tissue homeostasis, prevention of tissue damage and prevention of GvHD these findings may favor the use of cyclosporine A and methotrexate rather than mycophenolic acid in GvHD prevention regimens, and offers rationale for the use of ruxolitinib and other agents in the treatment of GvHD.
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