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Allogeneic hematopoietic cell transplantation (allo-HCT) is an efficacious and frequently the only treatment option for some hematological malignances. However, it often faces severe morbidities and/or mortalities due to graft versus host disease, and the severity of the conditioning regiment needed, that result in toxicity-related issues poorly tolerable for some patients. These shortcomings have led to the development of less aggressive alternatives like non-myeloablative (NMAC) or reduced-intensity conditioning regiments (RIC). However, these approaches tend to have an increase of cancer relapse and limited persistence of donor-specific chimerism. Thus, strategies that lead towards an accelerated and more durable donor engraftment are still needed. Here, we took advantage of the ability of host-derived unlicensed NK (UnLicNK) cells to favor donor cell engraftment during myeloablative allo-HCT, and evaluated if the adoptive transfer of this cell type can improve donor chimerism in NAMC settings. Indeed, the infusion of these cells significantly increased mixed chimerism in a sublethal allo-HCT mouse model, resulting in a more sustainable donor cell engraftment when compared to the administration of licensed NK cells or HCT controls. We observed an overall increase in the total number and proportion of donor B, NK and myeloid cells after UnLicNK cell infusion. Additionally, the extension and durability of donor chimerism was similar to the one obtained after the tolerogenic Tregs infusion. These results serve as the needed bases for the implementation of the adoptive transfer of UnLicNK cells to upgrade NMAC protocols and enhance allogeneic engraftment during HCT.
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Introduction

Hematopoietic cell transplantation (HCT) is a preferred option for the treatment of a number of malignant and non-malignant hematological diseases as well as severe combined immune deficiencies (1). In order to achieve maximal donor stem cell engraftment, many transplantation protocols have involved the administration of myeloablative conditioning regimens (MAC) through total body irradiation or high dose chemotherapy, which eliminates the host’s immune system and allows for donor hematopoietic stem cell (HSC) engraftment. However, at the initial stages after transplantation patients are susceptible to cancer relapse and opportunistic infections due to the lack of immune defense. Additionally, the development of graft versus host disease (GvHD) following allogeneic HCT can result in significant mortality risk despite being associated with anti-tumor responses (1). Furthermore, aggressive conditioning regimens are associated with high toxicities and treatment-related mortality (TRM) making these therapies inaccessible to elderly patients and patients with poor performance status and impaired organ function (2). Interestingly, current protocols that use non-myeloablative (NMAC) or reduced-intensity conditioning regiments (RIC), which are less toxic, are able to accomplish cell engraftment and graft versus leukemia (GvL) effects with significant reduction of TRM when compared to MAC (3). These regimens have been associated with mixed hematopoietic chimerism in the recipients. The extension and durability of these allogenic mixed chimeras are important to establish a long-term allograft acceptance with minimal or absent immunosuppression in an effort to induce transplantation tolerance (4). Unfortunately, increased cancer relapse rates, attaining durable donor-specific chimerism, and immune tolerance towards donor antigens are still major concerns in HCT when NMAC is used.

Current approaches to improve HCT tolerance are achieved through the adoptive transfer of immune cells with both tolerogenic and/or effector functions. Our group and many others have utilized the suppressor properties of regulatory T cells (Tregs) to prevent GvHD and improve tolerance to donor HSC engraftment (5–9). Similarly, NK cells provide a protective effect in allogeneic HCT outcome (1, 10). Indeed, NK cells can suppress GvHD due to the elimination of alloreactive T cells and/or antigen presenting cells (APC) preventing the T cell immune barrier to allogeneic HCT engraftment (10–12). However, host NK cells also play a critical role in breaking immune tolerance to allogeneic cells. Host-type licensed NK (LicNK) cells, those NK cells expressing inhibitory receptors that recognize self-MHC, are preferentially involved in the rejection of allogeneic HSC, unlike unlicensed NK cells (UnLicNK) (13). In contrast, new evidence supports the use of activated UnLicNK cells as a means to increase donor specific tolerance and engraftment when donor MHC class I (MHCI) interacts with their inhibitory receptor, indicating a unique function of UnLicNK cells (14). In this study, we exploited the ability of UnLicNK cells to enhance donor-specific mixed chimerism prior to NMAC allogenic HCT in order to achieve more rapid and sustained chimerism.



Material and Methods


Mice

C57BL/6 (H-2b) and BALB/c (H-2d) mice were purchased from Jackson Laboratories (Sacramento, CA). CD45.1+ congenic mice were bred in our animal facility. Female mice were used at 8-12 weeks of age and housed under specific pathogen-free conditions. All animal protocols were approved by the IACUC at Stanford University.



Purification of NK Cells and Tregs

For NK cells, single cell suspensions from spleen and BM cells were collected from C57BL/6 mice and T-cell were depleted using EasySep™ mouse CD90 selection kit according to manufacturer’s instructions (StemCell Technology, Vancouver). Cells were then cultured in RPMI complete media at 37°C with 5% CO2 and supplemented with 1,000 IU/ml recombinant human IL-2 (IL-2) from NCI repository (Frederick, MD). As previously described, adherent NK cells were collected on day 5 and stained for CD45.1, TCRβ, CD122, Ly49G2, and Ly49C/I. Gated CD45.1+TCRβ-CD122+ cells were flow sorted by FACS Aria II (BD) for total NK, licensed or unlicensed NK cells based on their Ly49G2 and Ly49C/I expression profile according to the mouse strain. CD4+CD25high Tregs were isolated as previously described (15).



Transplantation

One million sorted ex vivo IL-2 expanded host-type NK cells (Ly49C/I+/-Ly49G2+/-), LicNK (Ly49C/I+Ly49G2-) or UnLicNK (Ly49C/I-Ly49G2+) cells, obtained as previously described (14) (see Supplemental Material for a detailed description), were intravenously injected into C57BL/6 mice that received sublethal irradiation (700cGy). Mice were treated with low doses (5x104 IU) of IL-2 or PBS intraperitoneally (ip) for 7 days after irradiation to maintain and/or activate NK and Tregs respectively. Two days later, mice received an intravenous injection of 10 million NK and T cell depleted (NTCD) BALB/c donor-derived BM cells (negative selection of anti-CD4, anti-CD8, and anti-CD49b microbeads kits from Miltenyi Biotec). After transplantation, cell chimerism in peripheral blood (PB) was calculated according to the frequencies of donor-type MHCI. In some experiments, splenocytes were collected at day 28 post-HCT to evaluate immune parameters by flow cytometry.

Similarly, one million host-type sorted NK cells (total NK: Ly49C/I+/-Ly49G+/-; LicNK: Ly49C/I-Ly49G+; or UnLicNK: Ly49C/I+Ly49G-) and/or half a million host-type sorted Tregs were intravenously injected into BALB/c mice that received sublethal irradiation (550cGy). Mice were treated with low doses (5x104 IU) of IL-2 or PBS intraperitoneally (ip) for 7 days after irradiation. Two days after NMAC regimen, mice received an intravenous injection of 5 million NTCD C57BL/6 donor-derived BM cells. In this set of experiments, to select host-type NK cells from BALB/c mice, anti-mouse Ly49G clone 4T8 was used.

The irradiation dose was chosen based on the lethal dose of total body radiation without BMC rescue for each of the strains. For C57BL/6 this dose is 950cGy whereas for BALB/c the dose is 800cGy. To accomplish a non-myeloablative regimen a 150cGy reduction from the TBI tolerated was used.



Flow Cytometry Analysis

Antibody staining of peripheral blood lymphocytes (PBL) or single-cell suspensions from spleen was performed as previously described (16). Briefly, cells were pre-incubated with Fc-block (anti-CD16/32) 10 min at 4C to prevent unspecific binding, followed by incubations with surface mAbs for 20 min at 4C. Cells were then washed with staining buffer (PBS supplemented with 2% FBS). For transcription factors, the Foxp3/transcription factor staining buffer set was used following manufacturer’s instructions (ThermoFisher). Stained cells were analyzed with an LSRII cytometer (Becton Dickinson, San Jose, CA). Fluorescence minus one (FMO) or biological comparison controls were used for cell analysis. See Supplementary Table 1 for a detailed description of antibodies used. Data analysis was performed using FlowJo software (TreeStar).



Stimulation

For NK cell subset stimulation, a million cells were stimulated with anti-NK1.1 (clone PK136) coated 24-well plates for 4 h at 37°C with 5% CO2. For analysis of NK and CD8 T cell function 28 days after HCT, 2 million splenocytes were stimulated for 4 h at 37°C with 5% CO2 with 160 ηg/ml phorbol 12-myristate 12-acetate (PMA) and 1.6μg/ml ionomycin (Io) in complete media. After stimulation, cells were collected and stained for IFNγ using BD Cytodix/Cytoperm Fixation/permeabilization kit following manufacturer’ instructions.



Serum Cytokine Analysis

The level of cytokines in the serum collected at day 28 post-HCT was measured using a multiplex assay (Luminex, Life-Technologies©) with the Th1/Th2/Th9/Th17/Th22/Treg Cytokine 17-Plex Mouse ProcartaPlex™ Panel (ThermoFisher) following manufacturer’s instructions.



Statistical Analysis

Each experiment was performed at least 2 times with three to five mice per group. Student’s two-tailed t-test, one-way ANOVA (Bonferroni post-test analysis) or two-way ANOVA (Bonferroni post-test analysis) were used when appropriate to determine statistical significance (Graphpad Prism 4, La Jolla, CA). P-values were considered statistically significant when p<0.05.




Results


Infusion of Host-Derived Unlicensed NK Cells Improves Allogeneic BMC Engraftment After Non-Myeloablative Hematopoietic Cell Transplantation

To evaluate the potency of total-, Lic-, and UnLic-NK cells on alloengraftment, we injected each NK cell subset into sublethally irradiated H2b+ recipient mice, and IL-2 was administered daily for 7 days to maintain the transferred NK cells. Two days later, NTCD-BMCs obtained from H2d+ donor mice were injected, and PB chimerism was assessed by flow cytometry every 7 days (Figure 1A). IL-2 injection alone delayed donor hematopoietic cell rejection compared to PBS injection alone (Figure 1B), as expected given the ability of low dose of IL-2 to selectively activate and expand host Tregs (5, 17). When host-type IL-2 activated UnLicNK cells (Ly49C/I-Ly49G2+) were administered in NMAC HCT settings, we observed the highest and most sustained engraftment of H2Dd+ donor cells when compared to administration of total NK cells (Ly49C/I+/-Ly49G2+/-), LicNK cells (Ly49C/I+Ly49G2-), IL-2 treated or PBS HCT controls (Figures 1A, B). From all the immune cells analyzed, a higher donor cell engraftment (or donor cell chimerism) was particularly observed for B, NK, CD11c+ DC, and Gr1+ myeloid cells, while just a small portion of donor T cells were present (Figure 1C). Despite this increase in donor cells, the total percentage of each cell type was maintained along all the groups except for Gr1+ myeloid cells that were at higher levels in UnLic NK cell group for up to 2 months post-HCT (Supplementary Figure 1). However, the analysis of the immune cell compartment from the spleens collected at the peak of engraftment (day 28 post-HCT) showed a significant increase in the total number of B, NK, CD11c+, and Gr1+ cells by UnLicNK cell infusion, with a higher percentage of H2Dd expression in this group when compared to the other groups (Figures 1D, E). The improvement of donor cell engraftment was not due to phenotypic and functional differences between activated LicNK or UnLicNK cells as no major differences were reported in the expression of NK cell receptors, activating transcription factors, proliferation capacities or function (Supplementary Figure 2) (18). Importantly, as previously observed (19), infused CD45.1+ NK cells were not detected shortly after IL-2 treatment cessation due to the well-known contraction phenomenon (16), suggesting that UnLicNK affects HCT during early stages of reconstitution (data not shown).




Figure 1 | Infusion of host type activated UnLicNK cells improves donor cell engraftment after NMAC allogeneic HCT. Sublethally irradiated C57BL/6 mice received a million ex vivo IL-2 expanded total NK cells (Ly49C/I+/-Ly49G2+/-), LicNK cells (Ly49C/I+Ly49G2-), UnLicNK (Ly49C/I-Ly49G2+) cells or PBS followed by 10 million NTCD-BMC 2 days later. Mice were treated with IL-2 (5x104 IU/ml) or PBS for seven consecutive days following NK cell transfer. (A) Schematic representation of NMA HCT regimen. (B) Percentage of total H2Dd+ cells at each time point after NMAC HCT is shown for gated CD4 (CD45.2+TCRβ+CD4+), CD8 (CD45.2+TCRβ+CD8+), CD19 (CD45.2+TCRβ-CD19+), CD49b (CD45.2+TCRβ-CD49b+), CD11c (CD45.2+ TCRβ -CD19-CD11c+), and Gr1 (CD45.2+ TCRβ -CD19-CD11b+Gr1b+) -positive cells. (C) Percentage of donor H2Dd+ cells among CD4+, CD8+, CD19+, CD3-CD49b+, CD11c+, or Gr1+ cells is shown. (D) Total number of CD4+, CD8+, CD19+, CD3-CD49b+, CD11c+, and Gr1+ cells is shown at day 28 post-HCT in the spleen. (E) Proportion of host (H2Kb) and donor (H2Dd) is shown for each cell type in the spleen at day 28 post-HCT. Data is representative of at least two independent experiments with n=3–5 per group (mean ± SEM). One-way ANOVA or Two-Way ANOVA was used to assess significance. Significant differences are displayed for comparisons with the IL-2 HCT control group (*p<0.05, **p<0.01, ***p<0.001).



As previously demonstrated, UnLicNK cells favored allogeneic engraftment through the production of GM-CSF with elevated levels of GM-CSF found in the co-cultures of sorted UnLicNK cells with allogeneic BMC, but not with syngeneic BMC, when compared with LicNK cells (Supplementary Figure 3A) (14). Consequently, allogeneic BMCs derived from co-cultures with UnLicNK cells displayed higher hematopoietic potential, which was abrogated by anti-GM-CSF treatment (Supplementary Figure 3B). In contrast, no differences were found regarding the levels of the inflammatory cytokines IFNγ and TNFα in the supernatant of allogeneic BMC with LicNK or UnLicNK cells (Supplementary Figures 3C, D). We also evaluated the immunosuppressor cytokine TGFβ, but no differences were found (Supplementary Figure 3E).

Similarly, the analysis of GM-CSF in the serum of mice treated with NMAC HCT showed a higher presence of GM-CSF in those groups that received total or UnLicNK cells, whereas no differences were found for IFNγ and TNFα between the IL-2 treated NMCA HCT groups (Figure 2). The differences in GM-CSF levels between groups during the in vivo experiment were not very striking if compared to the in vitro experiments, which is likely attributed to the reduced half-life of GM-CSF (6–9 h) and the usage of GM-CSF in vivo for BM engraftment. Nevertheless, taking together, these results suggest that GM-CSF is also involved in the mechanism by which UnLicNK cells regulate allogeneic BMC engraftment.




Figure 2 | Analysis of GM-CSF, IFNγ and TNFα after NMAC HCT. Serums were collected form mice receiving NMAC HCT treatment regimen depicted in Figure 1A. and the cytokine levels were measured by a multiplex assay. (A–C) Levels of GM-CSF (A), IFNγ (B), and TNFα (C) in the serum. Data is representative of two independent experiments with n=3–5 per group (mean ± SEM). One-way ANOVA or student t-test were used to assess significance. (*p<0.05, **p<0.01, ***p<0.001, n.s, no significance).





Unlicensed NK Cells Favors the Homeostatic Reconstitution of Both Host-Derived and Donor-Derived Immune Cells

Unlike the other cell types, T cells only showed a slight, but not significant, increase of total numbers and practically all the cells were host-derived (Figure 1). No major differences were found in the CD4 T cell compartment in terms of numbers and activation phenotype (Supplementary Figure 4). However, a significant increase in CD8+ T cells with an effector memory profile (CD62L-CD44+) was observed in the mice that received UnLicNK cells or total NK cells compared to IL-2 HCT controls (Figure 3A), a subset which reconstitution has been associated to control of tumor growth (20). Interestingly, the expression of H2Dd was much higher within this T cell subset (Figure 3B) when compared to the overall CD8 T cell population (Figure 1D). According to a larger activation stage, we observed an increase in the expression of the activating transcription factor eomesodermin (Figure 3C) and the proliferative maker Ki67 (Figure 3D) in the total (H2d/b+) CD8 T cells of mice receiving total or UnLicNK cells when compared to IL-2, PBS HCT, and rad controls. The functional stage of these cells, measured by IFNγ production, was conserved along the groups (Figure 3E). In contrast, donor NK cell reconstitution and expansion were favored by the treatment with UnLicNK cells (Figures 1C, D). The activating phenotype, and the capacity to proliferate and respond to stimuli, measured by IFNγ production, of total NK cells were preserved in all HCT conditions (Figures 4A–D). From all the parameters analyzed only KLRG1 expression was upregulated on NK cells from mice that received UnLicNK cells and a mild, but not significant increase of Eomes was also observed (Figures 4A, B) that could indicate an improvement in the activations status. Additionally, the levels of IFNγ were significantly higher in the co-cultures of sorted UnLicNK cells with syngeneic BMC when compared to LicNK cells, suggesting a superior effect against cells expressing self-MHCI (Supplementary Figure 3C).




Figure 3 | The treatment with UnLicNK cells causes an increase of donor-derived effector-memory CD8 T cells. Splenocytes were collected at day 28 post-HCT and phenotypic analysis was performed by flow cytometry. (A) Percentage of effector memory (CD62L-CD44+), central memory (CD62L+CD44+), and naïve (CD62L+CD44-) cell subsets for CD3+CD8+ T cells is shown. (B) Percentage of H2Dd+ cells within the CD8 T effector memory subset is shown. (C) MFI expression of the activating transcription factor eomes is shown for total (H2b/d) CD3+CD8+ T cells. (D) Percentage of Ki67 for gated total CD8 T cells is shown. (E) Representative dot-plots of IFNγ+ cells on gated total CD8 T cells after stimulation with PMA/Io. Data is representative of two independent experiments with n=3–5 per group (mean ± SEM). One-way ANOVA or Two-Way ANOVA was used to assess significance (*p<0.05, **p<0.01, ***p<0.001, n.s, no significance).






Figure 4 | NK cell activation status during NMAC HCT. (A) The percentage of KLRG1 is shown for gated total (H2b/d) NK cells (CD3-CD49b+). (B) MFI expression of the activating transcription factor eomes is shown for total NK cells (D). (C) Percentage of Ki67 for gated total NK cells is shown. (D) Representative dot-plots of IFNγ+ cells on gated total NK cells after stimulation with anti-NK1.1. Data is representative of two independent experiments with n=3–5 per group (mean ± SEM). One-way ANOVA was used to assess significance. (*p<0.05, **p<0.01, n.s, no significance).



Similar to NK cells, the myeloid compartment was significantly enhanced by the treatment with UnLicNK cells (Figures 1D and 5). An increase in the number of myeloid-derived DCs (CD3-CD19-CD11c+CD11b+), mainly from donor origin, was observed in the mice that received UnLicNK cells compared to IL-2 HCT and LicNK cells (Figures 5B, C). The DCs of this group also displayed a higher expression of MHCII (Figure 5D), which was particularly relevant in the donor-derived DC, suggesting a more mature phenotype. Allogeneic CD11b- DCs (CD3-CD19-CD11c+CD11b-), monocytes, myeloid derived suppressor cells (MDSC) and neutrophils were also favored by the infusion of UnLicNK cells (Figures 5B, C). These results indicates that UnLicNK cells promoted both development and maturation of donor-derived myeloid cells, likely caused by the known ability of activated UnLicNK to secrete GM-CSF upon MHCI interaction, which is involved in myeloid cell differentiation (14).




Figure 5 | Impact of the early presence of host type activated UnLicNK cells after NMAC allogeneic HCT for myeloid cell reconstitution. (A) Representative Pseudo-color-plots for the gating strategy to differentiate the myeloid cell compartment. (B) The total number of myeloid-derived DC (CD3-CD19-CD11c+CD11b+), CD11b- DC (CD3-CD19-CD11c+CD11b-), monocytes (CD3-CD19-CD11c-CD11b+F4/80-Gr1-), MDSC/neutrophils (CD3-CD19-CD11c-CD11b+F4/80-Gr1+) and macrophages (CD3-CD19-CD11c-CD11b+F4/80+) is shown. (C) The percentage of H2Dd+ cells is shown for each type described in (C, D). (D) Representative histograms for the expression of MHCII on myeloid-derived DCs. Data is representative of two independent experiments with n=3-5 per group (mean ± SEM). One-way ANOVA or Two-Way ANOVA was used to assess significance (*p<0.05, **p<0.01, ***p<0.001).



Regarding the B cell compartment, we observed an expansion of total and donor derived B cells after infusion of UnLicNK cells (Figure 1, Supplementary Figure 5). However, a decrease in the expression of the maturation marker IgM occurred after NK cell infusion, particularly in H2Dd+ B cells (Supplementary Figure 5) suggesting a stimulation of donor BM-derived B cell development with a more immature phenotype. A recent study demonstrated a role of Tregs in the maintenance of immune homeostasis and B cell differentiation (21). Thus, we next analyzed the presence of Tregs in the spleen at day 28 after NMAC HCT by flow cytometry Although the administration of total or UnLicNK cells did not significantly modified the percentage and total numbers of Tregs during NMAC HCT in IL-2 treated mice, more Tregs were actually observed in these two groups (Figures 6A–C). The majority of these Tregs were from host-origin (Figure 6D) like the rest of the T cell compartment.




Figure 6 | The number of Tregs is slightly increase by UnLicNK cell treatment during NMAC HCT. (A) Representative dot-plots of Foxp3 and CD25 is shown for gated CD4 T cells. (B) Total percentage of Foxp3+CD25+ CD4 Tregs is shown for gated CD4 T cells. (C) Total number of Tregs is shown. (D) Proportion of host (H2Kb) and donor (H2Dd) is shown for Tregs. Data is representative of two independent experiments with n=3–5 per group (mean ± SEM). Two-way Anova (A) or One-way ANOVA were used to assess significance. (*p<0.05, **p<0.01, ***p<0.001, n.s, no significance).





Infusion of Host-Derived Unlicensed NK Cells Results in a Tolerogenic Behavior Similar to the One Observed When Host-Derived Tregs Are Infused

Previous studies have reported that administration of Tregs can achieve donor-specific tolerance and protect against GvHD (1, 5, 8–10, 22). Furthermore, exogenous administration of GM-CSF increases Tregs and ameliorates chronic GvHD through CD11c+CD8α- DCs (23). Hence, enhanced tolerance and donor engraftment has also been observed when host-type Tregs are given during NMAC allogeneic HCT as well (8). These studies provide a rationale for combining host-type Tregs and UnLicNK cells into NMAC HCT to further improve donor chimerism. The infusion of UnLicNK cell and Tregs, alone or combined, caused a significant improvement of donor BM engraftment compared to the IL-2 HCT group, with a preferential increase of H2Dd+ B, NK and myeloid cells (Figures 7A, B). However, there were no differences in the magnitude and durability of engraftment between the groups that received these cells alone or combined (Figure 7A). Similar results were obtained when donor and host strains were exchanged (donor C57BL/6 and host BALB/c), suggesting that this effect is not strain-dependent (Figure 7C). It is important to note that the results obtained after UnLicNK cell infusion were very similar to those obtained by the tolerogenic immune Tregs, which therapeutic application in the clinic is limited by the low representation of this cell type (8).




Figure 7 | Immune reconstitution after infusion of host type UnLicNK cells and Tregs in NMAC allogeneic HCT. (A) Percentage of H2Dd+ donor cells after NMAC HCT is shown. (B) Percentage of H2Dd+ donor cells for gated CD4+, CD8+, CD19+, CD3-CD49b+, CD11c+, and Gr1+ cells is shown. (C) Percentage of H2Kb+ donor cells after NMAC HCT is shown. Data is representative of three independent experiments with n=4–5 per group (mean ± SEM). One-way ANOVA or Two-Way ANOVA was used to assess significance. Significant differences are displayed for comparisons with the IL-2 HCT control group (*p<0.05, **p<0.01, ***p<0.001).






Discussion

In allogeneic HCT, reaching peripheral tolerance is still a pending issue. There has been many therapeutic strategies developed that aim to prevent alloreactivity against donor antigens, by directly targeting the cells involved in the alloreactivity or by promoting a more immunosuppressive environment (24). Some of these strategies do indeed involved adoptive cell therapy such as infusion of Tregs or NKT cells (1, 15, 24–27). Other immune cells that have also shown immune-tolerogenic properties in HCT are NK cells and MDSC (10, 12, 14, 24, 28). Within NMAC/RIC settings, however, new regimens to improve systemic immune tolerance across major histocompatibility barriers are also still necessary. Here, we demonstrate that the infusion of host-type UnLicNK cells is capable of increasing donor cell specific engraftment and achieves accelerated and durable mixed allogeneic chimeras.

We have shown that the infusion of host-derived UnLicNK cells alters the NK cell population by increasing the total number of NK cells, especially the ones derived from donor BMCs. It has been reported that UnLicNK cells can improve allogenic engraftment by the release of GM-CSF, a growth factor that is secreted by this particular subset when interacts with donor BMC during allogenic HCT in a SHP-1 dependent manner (14). GM-CSF is involved in hematopoiesis and its administration, combined with other cytokines, can accelerate hematopoietic recovery after allogeneic HCT (29, 30). Interestingly, long-term hematopoietic regeneration after syngeneic or allogeneic HCT was promoted by the treatment with a novel synthetic cytokine that was derived from the fusion of GM-CSF and IL-4 (31). Furthermore, during high-dose conditioning regimens, GM-CSF have shown to shorten neutropenia, a major cause of mortality in these settings (32). Accordingly, higher levels of GM-CSF were detected in the serum of mice treated with total or UnLicNK cells during NMAC HCT. In is important to note that the high frequency of UnLicNK cells presence in the composition of ex vivo IL-2 expanded total NK cells (14, 18, 33) contribute to the similarities observed between the infusion of UnLicNK and total NK cells in some of the parameters analyzed.

NK cells can also regulate donor cell reconstitution by directly modulating reactive T cells or antigen presenting cells in a NKG2D-, FasL-, IL-10-, or perforin-dependent manner (10, 11, 16, 34). TGFβ has been also attributed a part in the immunosuppressor function of NK cells (35), but no differences in the secretion of TGFβ were found between sorted LicNK and UnLicNK cells and will unlikely play a role in our model. Taking in consideration our results and these studies, NK cells, in our scenario, could modulate alloengraftment by exerting both an immunosuppressive (regulate T cells) and a graft supporting effect (secrete GM-CSF).

Additionally, the early reconstitution and expansion of donor NK cells, which functional capacities are maintained, along with the effect of infused UnLicNK cells themselves, could potentially lead to a stronger and earlier protection against cancer relapse and opportunistic infections. Accelerate NK cell reconstitution and expansion during HCT is expected to enhanced response against cancer and viral infection when immunotherapies targeting NK cells are applied (36–38). Such is the case for IL-2 and anti-TGFβ combinatorial therapy (39, 40). Additionally, adoptive NK cell transfer therapies, and lately CAR-NK cell therapy, have proven effective in hematological malignances (8, 12, 41–43). If we focus more on NK cell subsets, it has also been shown that UnLicNK cells in HLA-matched HCT after myeloablative therapy are functionally competent against tumors expressing self-HLA immediately after transplantation unlike LicNK cells, demonstrating that alloreactivity can be obtained with HLA-matched donor NK cells by selecting those NK cells that express inhibitory receptors for non-self HLA (44). In line with these data, an increase of IFNγ secretion was observed in cultures of sorted UnLicNK cells with cells expressing self-MHCI when compared to LicNK cells. Moreover, a previous study have shown that the lysis of YB tumors transfected with self-HMC (YB-H2Db) was also enhanced in H2b-derived UnLicNK cells when compared to LicNK cells, whereas no differences were found against tumors expressing non-self-MHCI (YB-H2Dd) (33). Similarly, a rapid reconstitution of NK cells with inhibitory receptors for non-self HLA has been correlated with good prognosis in neuroblastoma, non-Hodgkin’s lymphoma, Hodgkin’s disease, acute myeloid leukemia, multiple myeloma, and metastatic breast cancer (45). UnLicNK cells were also involved in the anti-tumor efficacy of anti- disialoganglioside GD2 monoclonal antibody therapy for high-risk neuroblastoma patients (46). Additionally, we observed that infusion of UnLicNK cells induce an increase of CD8 T cells with a memory phenotype and with their proliferative abilities improved, while their functional capacities remain intact. It has been reported that donor CD8+CD44high memory T cells have a protective effect against GvL without causing GvHD (31). Likewise, homeostatic reconstitution from a lymphopenic stage in sublethally irradiated mice have showed a greater expansion of this particular subset and was correlated with protection against tumor growth (20). Although evaluating the anti-tumor efficacy of this therapy is out of the scope of this study, all these studies suggest that the adoptive transfer of host-derived UnLicNK cells could potentially help not only towards tolerance of allogeneic cells in HCT, as we report here, but also protect from cancer. Therefore, further analysis to evaluate the anti-tumor efficacy of UnLicNK cells during NMAC HCT is necessary.

The importance of MDSC in solid organ and HCT has been highlighted in recent studies due to their potential role in immune tolerance (28, 47–49). An early recovery of MDSC has been positively correlated with enhanced tolerance in 26 patients undergoing allogeneic HCT (50). In this study, tolerance was attributed to the suppression of third-party CD4 T cell proliferation as well as Th1 differentiation. A higher presence of Tregs was also reported in those patients (50). Other studies suggest alternative mechanisms such as a strengthened crosstalk between MDSCs and Tregs or NKT cells (28, 51). In agreement with these studies, an increase of the myeloid cell compartment was also observed at day 28 post-HCT after treatment with UnLicNK cells, but an increase on CD4 T cells or NKT cells was not observed at this time point in the organs analyzed.

Increasing the presence of Tregs by cell transfer therapy or targeting its expansion, are therapeutic strategies highly explored during allogeneic HCT settings with promising results (7, 9, 26, 27, 52). However, there are still some limitations surrounded Tregs adoptive transfer therapy that mainly fall into two categories, the low proliferative rate of this cell type and its paucity, which limit the cell numbers that can be obtained for cell therapy to achieve biological effects (17). A study performed by Hotta and collaborators suggested that GM-CSF therapy could mitigate GvHD by promoting Tregs proliferation (53). In our model, host-derived Tregs were expanded in all groups that received IL-2, as it was expected given the role of IL-2 in the preferential expansion of Tregs due to their expression of the high affinity IL-2Rα, and no significant changes were found between these groups. However, a tendency towards higher numbers of Tregs was observed in the mice that received Total or UnLicNK cells. Therefore, our intention for combining Tregs and NK cell transfer during NMAC allogeneic HCT was to obtain an additive or synergistic tolerogenic effect with highly sustainable donor-host chimeras that will allow for the infusion of lower doses of Tregs. Unfortunately, the combination of both cell types did not improve donor cell engraftment, even when a high therapeutic dosage of Tregs was given (27). It is possible that the co-administration of Tregs and UnLicNK did not cause an additive/synergistic effect because the exogenous administration of Tregs bypassed the need for UnLicNK cells. Still, it is important to note that we did achieve a similar level of chimerism between the groups that received UnLicNK cell and Tregs cell therapy. Because obtaining large numbers of NK cells for therapeutic usage is more attainable, these results advocate for UnLicNK cell adoptive transfer therapy as a promising therapeutic alternative to Tregs to promote donor chimerism during NMAC settings. Furthermore, the use of NK cells to improve allogeneic engraftment represents other advantages given the versatility to manipulate (by cell sorting or neutralizing antibodies against KIRs) and expand the NK cell subset of interest. Consequently, these results offer evidence for the potential therapeutic use of UnLicNK cells in HCT to give a much-needed upgrade to the NMAC regimen protocols.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

All animal studies and protocols were reviewed and approved by the IACUC at Stanford University.



Author Contributions

MA designed and performed the research, analyzed the data, and wrote the manuscript. AP, FS, JB, and KM-B. contributed in conducting the experiments. AP, FS, JB, KM-B, and TH provided scientific input and assisted with the preparation of the manuscript. RN provided overall scientific guidance and helped write the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Institute of Health grants RO1CA125276 and P01CA049605. MA was supported by the AACR-Millennium Fellowship in Lymphoma Research (15-40-38-ALVA), the ASBMT New Investigator Award, the Marie Skłodowska-Curie fellowship (CINK 746985), and by the Spanish Association Against Cancer’s Investigator grant (2019 AECC Investigator). AP was supported by the ASBMT New Investigator Award. FS was supported by the Geneva University Hospitals, the Swiss Cancer League, the Fondation Genevoise de bienfaisance Valeria Rossi di Montelera and the Dubois-Ferrière-Dinu-Lipatti Foundation. KM-B was supported by the German Cancer Aid. The FACSAria II (BD Bioscience, San Jose) used in this project was obtained through the grant S10RR025518-01.



Acknowledgements

The figures contain elements from Servier Medical Art (https://smart.servier.com/), licensed under Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/). We thank the Stanford shared FACS facility; Sara Clark, and Paul Richardson for their technical assistance. We also thank the NCI repository for providing the IL-2. Finally, we wish to thank all the members of Negrin’s laboratory for the valuable help and discussion through the course of this project.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.614250/full#supplementary-material



References

1. Pierini, A, Alvarez, M, and Negrin, RS. NK Cell and CD4+FoxP3+ Regulatory T Cell Based Therapies for Hematopoietic Stem Cell Engraftment. Stem Cells Int (2016) 2016:9025835. doi: 10.1155/2016/9025835

2. Guillerey, C, Huntington, ND, and Smyth, MJ. Targeting natural killer cells in cancer immunotherapy. Nat Immunol (2016) 17(9):1025–36. doi: 10.1038/ni.3518

3. Huang da, W, Sherman, BT, and Lempicki, RA. Systematic and integrative analysis of large gene lists using DAVID bioinformatics resources. Nat Protoc (2009) 4(1):44–57. doi: 10.1038/nprot.2008.211

4. Gibbons, C, and Sykes, M. Manipulating the immune system for anti-tumor responses and transplant tolerance via mixed hematopoietic chimerism. Immunol Rev (2008) 223:334–60. doi: 10.1111/j.1600-065X.2008.00636.x

5. Hirakawa, M, Matos, TR, Liu, H, Koreth, J, Kim, HT, Paul, NE, et al. Low-dose IL-2 selectively activates subsets of CD4(+) Tregs and NK cells. JCI Insight (2016) 1(18):e89278. doi: 10.1172/jci.insight.89278

6. Nishikii, H, Kim, BS, Yokoyama, Y, Chen, Y, Baker, J, Pierini, A, et al. DR3 signaling modulates the function of Foxp3+ regulatory T cells and the severity of acute graft-versus-host disease. Blood (2016) 128(24):2846–58. doi: 10.1182/blood-2016-06-723783

7. Pierini, A, Strober, W, Moffett, C, Baker, J, Nishikii, H, Alvarez, M, et al. TNF-alpha priming enhances CD4+FoxP3+ regulatory T-cell suppressive function in murine GVHD prevention and treatment. Blood (2016) 128(6):866–71. doi: 10.1182/blood-2016-04-711275

8. Liu, E, Marin, D, Banerjee, P, Macapinlac, HA, Thompson, P, Basar, R, et al. Use of CAR-Transduced Natural Killer Cells in CD19-Positive Lymphoid Tumors. N Engl J Med (2020) 382(6):545–53. doi: 10.1056/NEJMoa1910607

9. Di Ianni, M, Falzetti, F, Carotti, A, Terenzi, A, Castellino, F, Bonifacio, E, et al. Tregs prevent GVHD and promote immune reconstitution in HLA-haploidentical transplantation. Blood (2011) 117(14):3921–8. doi: 10.1182/blood-2010-10-311894

10. Simonetta, F, Alvarez, M, and Negrin, RS. Natural Killer Cells in Graft-versus-Host-Disease after Allogeneic Hematopoietic Cell Transplantation. Front Immunol (2017) 8:465. doi: 10.3389/fimmu.2017.00465

11. Olson, JA, Leveson-Gower, DB, Gill, S, Baker, J, Beilhack, A, and Negrin, RS. NK cells mediate reduction of GVHD by inhibiting activated, alloreactive T cells while retaining GVT effects. Blood (2010) 115(21):4293–301. doi: 10.1182/blood-2009-05-222190

12. Ruggeri, L, Capanni, M, Urbani, E, Perruccio, K, Shlomchik, WD, Tosti, A, et al. Effectiveness of donor natural killer cell alloreactivity in mismatched hematopoietic transplants. Science (2002) 295(5562):2097–100. doi: 10.1126/science.1068440

13. Sun, K, Alvarez, M, Ames, E, Barao, I, Chen, M, Longo, DL, et al. Mouse NK cell-mediated rejection of bone marrow allografts exhibits patterns consistent with Ly49 subset licensing. Blood (2012) 119(6):1590–8. doi: 10.1182/blood-2011-08-374314

14. Alvarez, M, Sun, K, and Murphy, WJ. Mouse host unlicensed NK cells promote donor allogeneic bone marrow engraftment. Blood (2016) 127(9):1202–5. doi: 10.1182/blood-2015-08-665570

15. Edinger, M, Hoffmann, P, Ermann, J, Drago, K, Fathman, CG, Strober, S, et al. CD4+CD25+ regulatory T cells preserve graft-versus-tumor activity while inhibiting graft-versus-host disease after bone marrow transplantation. Nat Med (2003) 9(9):1144–50. doi: 10.1038/nm915

16. Alvarez, M, Bouchlaka, MN, Sckisel, GD, Sungur, CM, Chen, M, and Murphy, WJ. Increased antitumor effects using IL-2 with anti-TGF-beta reveals competition between mouse NK and CD8 T cells. J Immunol (2014) 193(4):1709–16. doi: 10.4049/jimmunol.1400034

17. Pierini, A, Nishikii, H, Baker, J, Kimura, T, Kwon, HS, Pan, Y, et al. Foxp3+ regulatory T cells maintain the bone marrow microenvironment for B cell lymphopoiesis. Nat Commun (2017) 8:15068. doi: 10.1038/ncomms15068

18. Barao, I, Alvarez, M, Ames, E, Orr, MT, Stefanski, HE, Blazar, BR, et al. Mouse Ly49G2+ NK cells dominate early responses during both immune reconstitution and activation independently of MHC. Blood (2011) 117(26):7032–41. doi: 10.1182/blood-2010-11-316653

19. Alvarez, M, Simonetta, F, Baker, J, Pierini, A, Wenokur, AS, Morrison, AR, et al. Regulation of murine NK cell exhaustion through the activation of the DNA damage repair pathway. JCI Insight (2019) 5. doi: 10.1172/jci.insight.127729

20. Ma, J, Urba, WJ, Si, L, Wang, Y, Fox, BA, and Hu, HM. Anti-tumor T cell response and protective immunity in mice that received sublethal irradiation and immune reconstitution. Eur J Immunol (2003) 33(8):2123–32. doi: 10.1002/eji.200324034

21. Cooper, MA, Elliott, JM, Keyel, PA, Yang, L, Carrero, JA, and Yokoyama, WM. Cytokine-induced memory-like natural killer cells. Proc Natl Acad Sci USA (2009) 106(6):1915–9. doi: 10.1073/pnas.0813192106

22. Fionda, C, Abruzzese, MP, Zingoni, A, Soriani, A, Ricci, B, Molfetta, R, et al. Nitric oxide donors increase PVR/CD155 DNAM-1 ligand expression in multiple myeloma cells: role of DNA damage response activation. BMC Cancer (2015) 15:17. doi: 10.1186/s12885-015-1023-5

23. Naparstek, E, Hardan, Y, Ben-Shahar, M, Nagler, A, Or, R, Mumcuoglu, M, et al. Enhanced marrow recovery by short preincubation of marrow allografts with human recombinant interleukin-3 and granulocyte-macrophage colony-stimulating factor. Blood (1992) 80(7):1673–8. doi: 10.1182/blood.V80.7.1673.bloodjournal8071673

24. Bertaina, A, and Roncarolo, MG. Graft Engineering and Adoptive Immunotherapy: New Approaches to Promote Immune Tolerance After Hematopoietic Stem Cell Transplantation. Front Immunol (2019) 10:1342. doi: 10.3389/fimmu.2019.01342

25. Schneidawind, D, Pierini, A, Alvarez, M, Pan, Y, Baker, J, Buechele, C, et al. CD4+ invariant natural killer T cells protect from murine GVHD lethality through expansion of donor CD4+CD25+FoxP3+ regulatory T cells. Blood (2014) 124(22):3320–8. doi: 10.1182/blood-2014-05-576017

26. Kellner, JN, Delemarre, EM, Yvon, E, Nierkens, S, Boelens, JJ, McNiece, I, et al. Third party, umbilical cord blood derived regulatory T-cells for prevention of graft versus host disease in allogeneic hematopoietic stem cell transplantation: feasibility, safety and immune reconstitution. Oncotarget (2018) 9(86):35611–22. doi: 10.18632/oncotarget.26242

27. Pierini, A, Colonna, L, Alvarez, M, Schneidawind, D, Nishikii, H, Baker, J, et al. Donor Requirements for Regulatory T Cell Suppression of Murine Graft-versus-Host Disease. J Immunol (2015) 195(1):347–55. doi: 10.4049/jimmunol.1402861

28. Shao, L, Pan, S, Zhang, QP, Jamal, M, Rushworth, GM, Xiong, J, et al. Emerging Role of Myeloid-derived Suppressor Cells in the Biology of Transplantation Tolerance. Transplantation (2020) 104(3):467–75. doi: 10.1097/TP.0000000000002996

29. Baron, F, and Nagler, A. Novel strategies for improving hematopoietic reconstruction after allogeneic hematopoietic stem cell transplantation or intensive chemotherapy. Expert Opin Biol Ther (2017) 17(2):163–74. doi: 10.1080/14712598.2017.1269167

30. Shi, Y, Liu, CH, Roberts, AI, Das, J, Xu, G, Ren, G, et al. Granulocyte-macrophage colony-stimulating factor (GM-CSF) and T-cell responses: what we do and don’t know. Cell Res (2006) 16(2):126–33. doi: 10.1038/sj.cr.7310017

31. Deng, J, Li, Y, Pennati, A, Yuan, S, Wu, JH, Waller, EK, et al. GM-CSF and IL-4 Fusion Cytokine Induces B Cell-Dependent Hematopoietic Regeneration. Mol Ther (2017) 25(2):416–26. doi: 10.1016/j.ymthe.2016.11.013

32. Dekker, A, Bulley, S, Beyene, J, Dupuis, LL, Doyle, JJ, and Sung, L. Meta-analysis of randomized controlled trials of prophylactic granulocyte colony-stimulating factor and granulocyte-macrophage colony-stimulating factor after autologous and allogeneic stem cell transplantation. J Clin Oncol (2006) 24(33):5207–15. doi: 10.1200/JCO.2006.06.1663

33. Alvarez, M, Sungur, CM, Ames, E, Anderson, SK, Pomeroy, C, and Murphy, WJ. Contrasting effects of anti-Ly49A due to MHC class I cis binding on NK cell-mediated allogeneic bone marrow cell resistance. J Immunol (2013) 191(2):688–98. doi: 10.4049/jimmunol.1300202

34. Lee, SH, Kim, KS, Fodil-Cornu, N, Vidal, SM, and Biron, CA. Activating receptors promote NK cell expansion for maintenance, IL-10 production, and CD8 T cell regulation during viral infection. J Exp Med (2009) 206(10):2235–51. doi: 10.1084/jem.20082387

35. Barao, I, Hanash, AM, Hallett, W, Welniak, LA, Sun, K, Redelman, D, et al. Suppression of natural killer cell-mediated bone marrow cell rejection by CD4+CD25+ regulatory T cells. Proc Natl Acad Sci USA (2006) 103(14):5460–5. doi: 10.1073/pnas.0509249103

36. Jaiswal, SR, Zaman, S, Nedunchezhian, M, Chakrabarti, A, Bhakuni, P, Ahmed, M, et al. CD56-enriched donor cell infusion after post-transplantation cyclophosphamide for haploidentical transplantation of advanced myeloid malignancies is associated with prompt reconstitution of mature natural killer cells and regulatory T cells with reduced incidence of acute graft versus host disease: A pilot study. Cytotherapy (2017) 19(4):531–42. doi: 10.1016/j.jcyt.2016.12.006

37. Bergerson, RJ, Williams, R, Wang, H, Shanley, R, Colbenson, G, Kerber, A, et al. Fewer Circulating Natural Killer Cells 28 Days After Double Cord Blood Transplantation Predicts Inferior Survival and IL-15 Response. Blood Adv (2016) 1(3):208–18. doi: 10.1182/bloodadvances.2016000158

38. Drylewicz, J, Schellens, IM, Gaiser, R, Nanlohy, NM, Quakkelaar, ED, Otten, H, et al. Rapid reconstitution of CD4 T cells and NK cells protects against CMV-reactivation after allogeneic stem cell transplantation. J Transl Med (2016) 14(1):230. doi: 10.1186/s12967-016-0988-4

39. Hallett, WH, Ames, E, Alvarez, M, Barao, I, Taylor, PA, Blazar, BR, et al. Combination therapy using IL-2 and anti-CD25 results in augmented natural killer cell-mediated antitumor responses. Biol Blood Marrow Transpl (2008) 14(10):1088–99. doi: 10.1016/j.bbmt.2008.08.001

40. Alvarez, M, Dunai, C, Khuat, LT, Aguilar, EG, Barao, I, and Murphy, WJ. IL-2 and Anti-TGF-beta Promote NK Cell Reconstitution and Anti-tumor Effects after Syngeneic Hematopoietic Stem Cell Transplantation. Cancers (Basel) (2020) 12(11):3189. doi: 10.3390/cancers12113189

41. Miller, JS, Soignier, Y, Panoskaltsis-Mortari, A, McNearney, SA, Yun, GH, Fautsch, SK, et al. Successful adoptive transfer and in vivo expansion of human haploidentical NK cells in patients with cancer. Blood (2005) 105(8):3051–7. doi: 10.1182/blood-2004-07-2974

42. Quintarelli, C, Sivori, S, Caruso, S, Carlomagno, S, Falco, M, Boffa, I, et al. Efficacy of third-party chimeric antigen receptor modified peripheral blood natural killer cells for adoptive cell therapy of B-cell precursor acute lymphoblastic leukemia. Leukemia (2020) 34(4):1102–15. doi: 10.1038/s41375-019-0613-7

43. Ravi, D, Sarkar, S, Purvey, S, Passero, F, Beheshti, A, Chen, Y, et al. Interaction kinetics with transcriptomic and secretory responses of CD19-CAR natural killer-cell therapy in CD20 resistant non-hodgkin lymphoma. Leukemia (2020) 34(5):1291–304. doi: 10.1038/s41375-019-0663-x

44. Yu, J, Venstrom, JM, Liu, XR, Pring, J, Hasan, RS, O’Reilly, RJ, et al. Breaking tolerance to self, circulating natural killer cells expressing inhibitory KIR for non-self HLA exhibit effector function after T cell-depleted allogeneic hematopoietic cell transplantation. Blood (2009) 113(16):3875–84. doi: 10.1182/blood-2008-09-177055

45. Venstrom, JM, Zheng, J, Noor, N, Danis, KE, Yeh, AW, Cheung, IY, et al. KIR and HLA genotypes are associated with disease progression and survival following autologous hematopoietic stem cell transplantation for high-risk neuroblastoma. Clin Cancer Res (2009) 15(23):7330–4. doi: 10.1158/1078-0432.CCR-09-1720

46. Tarek, N, Le Luduec, JB, Gallagher, MM, Zheng, J, Venstrom, JM, Chamberlain, E, et al. Unlicensed NK cells target neuroblastoma following anti-GD2 antibody treatment. J Clin Invest (2012) 122(9):3260–70. doi: 10.1172/JCI62749

47. Hongo, D, Tang, X, Baker, J, Engleman, EG, and Strober, S. Requirement for interactions of natural killer T cells and myeloid-derived suppressor cells for transplantation tolerance. Am J Transpl (2014) 14(11):2467–77. doi: 10.1111/ajt.12914

48. Schneidawind, D, Baker, J, Pierini, A, Buechele, C, Luong, RH, Meyer, EH, et al. Third-party CD4+ invariant natural killer T cells protect from murine GVHD lethality. Blood (2015) 125(22):3491–500. doi: 10.1182/blood-2014-11-612762

49. Swift, L, Zhang, C, Trippett, T, Narendran, A, et al. Potent in vitro and xenograft antitumor activity of a novel agent, PV-10, against relapsed and refractory neuroblastoma. OncoTargets Ther (2019) 12:1293–307.

50. Guan, Q, Blankstein, AR, Anjos, K, Synova, O, Tulloch, M, Giftakis, A, et al. Functional Myeloid-Derived Suppressor Cell Subsets Recover Rapidly after Allogeneic Hematopoietic Stem/Progenitor Cell Transplantation. Biol Blood Marrow Transpl (2015) 21(7):1205–14. doi: 10.1016/j.bbmt.2015.04.015

51. D’Aveni, M, Notarantonio, AB, Bertrand, A, Boulange, L, Pochon, C, and Rubio, MT. Myeloid-Derived Suppressor Cells in the Context of Allogeneic Hematopoietic Stem Cell Transplantation. Front Immunol (2020) 11:989. doi: 10.3389/fimmu.2020.00989

52. Del Papa, B, Ruggeri, L, Urbani, E, Baldoni, S, Cecchini, D, Zei, T, et al. Clinical-Grade-Expanded Regulatory T Cells Prevent Graft-versus-Host Disease While Allowing a Powerful T Cell-Dependent Graft-versus-Leukemia Effect in Murine Models. Biol Blood Marrow Transpl (2017) 23(11):1847–51. doi: 10.1016/j.bbmt.2017.07.009

53. Hotta, M, Yoshimura, H, Satake, A, Tsubokura, Y, Ito, T, and Nomura, S. GM-CSF therapy inhibits chronic graft-versus-host disease via expansion of regulatory T cells. Eur J Immunol (2019) 49(1):179–91. doi: 10.1002/eji.201847684



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Alvarez, Pierini, Simonetta, Baker, Maas-Bauer, Hirai and Negrin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2020.614250_cover.jpg
, frontiers
in Immunology

Infusion of Host-Derived Unlicensed
NK Cells Improves Donor
Engraftment in Non-Myeloablative
Allogeneic Hematopoietic
Cell Transplantation





OEBPS/Images/fimmu-11-614250-g001.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Infusion of Host-Derived Unlicensed NK Cells Improves Donor Engraftment in Non-Myeloablative Allogeneic Hematopoietic Cell Transplantation

      

        		

          Introduction

        



        		

          Material and Methods

        

          		

            Mice

          



          		

            Purification of NK Cells and Tregs

          



          		

            Transplantation

          



          		

            Flow Cytometry Analysis

          



          		

            Stimulation

          



          		

            Serum Cytokine Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Infusion of Host-Derived Unlicensed NK Cells Improves Allogeneic BMC Engraftment After Non-Myeloablative Hematopoietic Cell Transplantation

          



          		

            Unlicensed NK Cells Favors the Homeostatic Reconstitution of Both Host-Derived and Donor-Derived Immune Cells

          



          		

            Infusion of Host-Derived Unlicensed NK Cells Results in a Tolerogenic Behavior Similar to the One Observed When Host-Derived Tregs Are Infused

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgements

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-11-614250-g007.jpg





OEBPS/Images/fimmu-11-614250-g005.jpg





OEBPS/Images/fimmu-11-614250-g003.jpg
cos

Conacou  corz'coum

igg.TI']]]

o Racowa g
-2 § @
- :
-=aan £
S
‘ot cou
o o
- -
HCTL2HCT L2TonINK 12Nk
] ] e

L2 Untionk

[ g





OEBPS/Images/fimmu-11-614250-g004.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-11-614250-g006.jpg





OEBPS/Images/fimmu-11-614250-g002.jpg





