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Cell culture

The B cell lymphoblastoid Daudi cell line was maintained in logarithmic growth in RPMI 1640 medium (Gibco® GlutaMAX™ media) with 10% fetal bovine serum (FBS) (Gibco®).

Cells were cultured at 37°C in a humidified chamber with 5% CO 2 in air, and passaged 1:10 twice a week.

!

Peripheral blood mononuclear cell (PBMC) purification

Bone marrow and peripheral blood samples were obtained from patients and total PBMC were isolated using Ficoll. 

In vitro CD107a Degranulation Assay

In vitro degranualtion assay was performed to evaluate NK reactivity to the B cell target Daudi by measuring CD107a expression on the surface after cytotoxic granule release. In summary, isolated PBMC were pre-stained with CD3/CD56 to determine NK frequency in the sample.

Next, PBMC were incubated with Daudi cells at a 1:10 ratio NK:Daudi in the presence of 1.5 ul of anti-CD107a (BD Biosciences, Franklin Lakes, NJ) and 1 ul Golgi-stop (BD Biosciences) (containing monensin) to inhibit vesicle trafficking. Cell mixture was then resuspended in RPMI Glutamax 10% supplemented with 10 IU/ml Interleukin 2 (eBiosciences) and incubated overnight. After stimulation, cell mixture was collected and stained for FACS using an antibody cocktail containing 7AAD, the anti-CD45RO-FITC, -CD69-PE, -CD19-ECD, -CD56-PECy7, -CD3-APC, -CD45RA-APCAlexaFluor750, -CD107a-HV500 and -CD16-KO antibodies (BD Biosciences, Beckman). A bivariate plot of CD56 versus CD3 was used to acquire at least 10,000 NK cells.

!

Multicolor Staining for Intracellular Markers

Cell permeablization and intracellular staining was performed as previous described (Krzywinska et al. 2016). Briefly,1-10 million cells were incubated with 10% normal human serum at RT for 15 min and then stained with an antibody mix for cell surface markers (anti-CD45RO-FITC, -CD19-ECD, -CD56-PC7, -CD3-APC, -CD45RA-APCAlexaFluor750 and -CD16-KO antibodies) (BD Biosciences, Beckman). After surface staining, cells were washed twice and permeabilize with CytoFix/CytoPerm (BD Biosciences) reagent according to the manufacturer protocol. After fixation and permeablization, cells were washed twice in BD Perm/Wash solution and follow FACS staining for intracellular markers Granzyme B-PE (Miltenyi Biotec) and Ki-67-V450 (BD Biosciences) at 4°C for 30 minutes in the dark. Finally, ! &I! cells were washed twice in BD Perm/Wash solution and resuspended in PBS 2% FBS prior to acquisition on flow cytometer Gallios (Beckman). A bivariate plot of CD56 versus CD3 was used to acquire at least 10,000 NK cells. 
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1. Introduction

The immune system recognizes and eliminates tumor cells (Dunn et al., 2002), which defend themselves by different mechanisms (Villalba et al., 2013). The lymphocyte lineage natural killer (NK) cell belongs to the innate immune system (Lanier, 2008; Vivier et al., 2008) and show strong anti-leukemia activity when engrafted in allogeneic settings in hematological cancer patients (Velardi, 2008; Ruggeri et al., 2007; Anel et al., 2012). However, the presence of an anti-leukemia NK cell population in patients with hematological malignancies has not been proven.

NK cells are not a homogenous population and different subsets have different physiological activities. Moreover, different stimuli (e.g., cytokines vs targets cells) give rise to different immunophenotypes (Fujisaki et al., 2009; Sanchez-Martinez et al., 2014). In peripheral blood, human NK cells are mostly CD3 -CD56 dim cells with high cytotoxic activity, while CD3 -CD56 brigth cells excel in cytokine production (Bryceson et al., 2011). In vitro evidence indicates that CD56 bright NK cells are precursors of CD56 dim NK cells and this might also be the case in vivo (Domaica et al., 2012). In addition, combined analysis of CD56 and CD16 expression during NK cell development indicates that their profiles change as follows:

CD56 brigth CD16 -→ CD56 brigth CD16 dim → CD56 dim CD16 dim → CD56 dim CD16 + .
Additional markers can be used to identify specific subsets within these NK cell populations (Moretta, 2010; Freud et al., 2014).

Identification of antileukemic NK cells in vivo is complex. CD69 expression increases after NK cell activation but it is not exclusive of NK cells encountering tumor cells (Fogel et al., 2013; Elpek et al., 2010). Due to the clinical interest of NK cells, it is therefore highly relevant to identify more precisely the NK cell population(s) with antitumor functions.

CD45 is a protein tyrosine phosphatase that is specifically expressed in leucocytes (Kaplan et al., 1990). CD45 regulates receptor signaling by E-mail address: martin.villalba@inserm.fr (M. Villalba).

direct interaction with components of the receptor complexes or by dephosphorylating and activating various Src family kinases (SFK) (Rhee and Veillette, 2012). However, it can also hinder cytokine receptor signaling by inhibiting Janus kinases (JAK) (Irie-Sasaki et al., 2001) or by dephosphorylating Src activating residues (Rhee and Veillette, 2012). CD45 activity is critical for efficient immune response, because its deficiency results in severe combined immunodeficiency (SCID) in mice (Kishihara et al., 1993; Byth et al., 1996; Mee et al., 1999) and humans (Kung et al., 2000; Tchilian et al., 2001). Total CD45 expression increases with T cell maturation (Hermiston et al., 2009), but the CD45 family comprises several isoforms derived from a single complex gene (Hermiston et al., 2009). Naive T lymphocytes usually express the long CD45RA isoform. Activated and memory T cells express CD45RO, the shortest CD45 isoform, generated by activation-induced alternative splicing of CD45 pre-mRNA (Warren and Skipsey, 1991; Roth, 1994; Lynch and Weiss, 2000; Hermiston et al., 2009). It has been proposed that CD45RO expression also identifies memory NK cells (Fu et al., 2011). Little is known about CD45 expression and function in NK cells, although it is commonly accepted that CD45 positively regulates their activation by dephosphorylating the inhibitory site of SFKs, thus leading to cytokine and chemokine production. However, in vitro cytotoxicity is only slightly impaired in NK cells derived from CD45-deficient mice (Huntington et al., 2005; Hesslein et al., 2006; Mason et al., 2006). As most of what is known was obtained in mouse models and cannot be transposed to humans, the role of CD45 in human NK cells is an open issue and could depend on the type and strength of the activation.

Here we show that, in contrast to T cells, NK cells can express both CD45 isoforms: CD45RA and CD45RO. Moreover, these CD45RARO NK cells recognize tumor cells in patients with hematological cancers and, subsequently, degranulate.

Experimental Procedures

Cell Culture

The K562 cell line (ATCC CCL 243) and the lymphoblastoid EBV cell line PLH (IHW Number: 9047) were maintained in logarithmic growth in RPMI 1640 medium (Gibco® GlutaMAX™ media) with 10% fetal bovine serum (FBS) (Gibco®). Cells were cultured at 37 °C in a humidified chamber with 5% CO 2 in air, and passaged 1:10 twice a week.

Peripheral Blood Mononuclear Cell (PBMC) Purification

Bone marrow and peripheral blood samples were obtained from patients with different hematological diseases and from healthy donors after informed consent. Cells were purified by Ficoll-Hypaque (Sigma) density-gradient centrifugation as described earlier (Allende-Vega et al., 2015). Briefly, 3-6 ml of 1:2 diluted blood or 1:3 diluted bone marrow samples in RPMI were added on top of 5 ml of Histopaque. Cells were centrifuged at 1600 rpm and at 20 °C without break for 30 min. Mononuclear cells were collected from the interlayer white ring. After washing in RPMI, cells were suspended in complete RPMI medium supplemented with 10% FBS (Invitrogen).

In Vitro NK Cell Stimulation Protocol

PBMCs, 1.10 6 cells/ml, were stimulated during 10 or 20 days with a high dose of IL-2 (1000 U/ml, eBiosciences) or with the lymphoblastoid EBV cell line PLH together with IL-2 (100 U/ml) and IL-15 (5 ng/ml, Miltenyi).

Selection of Patients and Healthy Donors

Data and samples from patients with different hematological cancers were collected at the Oncology and Clinical Hematology Department of the CHU Montpellier, France, after patient's informed consent (Allende-Vega et al., 2015). Patients were enrolled in two independent clinical programs approved by the "Comités de Protection des Personnes Sud Méditerranée I": ref 1324 and ID-RCB: 2011-A00924-37. All samples from cancer patients were collected at diagnosis and included HD, Healthy donor (n bs = 10); MM, multiple myeloma (n bs = 19, n bms = 20); B-CLL, B-cell chronic lymphocytic leukemia (n bs = 15); BCL, B-cell lymphoma (n bs = 14); AML, acute myeloid leukemia (n bs = 14); bs, blood samples; bms, bone marrow samples.

Multicolor Staining of Cell Surface Markers

PBMCs were stained with 7AAD (Beckman) to identify viable cells and with the following anti-CD25-FITC, -CD45RO-FITC, -CD161-

FITC, -CD3-PE, -CD19-PE, -CD62L-PE, -CD69-PE, -CD138-PE, -CD314(NKG2D)-PE, -CD3-ECD, -CD19-ECD, -CD38-ECD, -CD56-PECy7, CD3-APC, -CD56-APC, -GzB-AlexaFluor700, -CD19-AlexaFluor700, -CD20-APC-AlexaFluor750, -CD45-APC- AlexaFluor750, -CD45RA-APC-AlexaFluor750, -CD5-PacificBlue, -CD16-PacificBlue, -CD57-PacificBlue, -CD45-KromeOrange, -CD16- KromeOrange (Beckman), -CD158b-FITC, -CD158a-PE, -CD107a- HV500, -Ki-67-V450 (BD Biosciences), -CD45RA-FITC, -CD45RO-PE, -CD159a(NKG2A)-PE, -CD335(NKp46)-PE, -CD94-PE-Vio770, -CD335(NKp46)-PE-Vio770, -CD45RO-APC, -CD14-VioBlue, -CD19- VioBlue, -CD158e-VioBlue (Miltenyi Biotec
) and -CD71-APC (Immuno-Tools) antibodies against surface markers for cell phenotyping. Briefly, 1x10 6 cells were incubated with the different antibodies in PBS with 2% FBS at 37 °C for 30 min. Cells were then washed and suspended in 200-250 μl PBS 2% FBS and staining was analyzed using a Gallios flow cytometer (Beckman) and the Kaluza software.

Viable lymphocytes were gated using FSC-SSC and 7AAD staining. B lymphocytes (CD19 + ), T lymphocytes (CD3 + CD56 -) and NK cells (CD56 + CD3 -) were differentiated based on CD19, CD3 or CD56 expression. NK cells were then separated in four distinct populations based on CD45RA and CD45RO expression:

CD45RA + RO -(CD45RA), CD45RA +- RO + (CD45RARO), CD45RA dim RO -(CD45RA dim ), CD45RA dim RO + (CD45RA dim RO
). These different populations were then analyzed for CD16, CD57, CD62L, CD69, CD71, CD94, CD107a, CD158a, CD158b, CD158e, CD159a (NKG2A), CD161, CD314 (NKG2D), CD335 (NKp46), Ki-67, GzB expression and cell size and granularity (FSC and SSC).

In Vitro CD107a Degranulation Assay

After PBMC purification and NK cell quantification, 3 million cells were incubated at 37 °C for 4 h or overnight with K562 target cells at an Effector (NK cell): Target ratio of 1:10 in a final volume of 500 μl (RPMI Glutamax with 10% FBS and 10U/ml IL2). The medium also contained 1.5 μl anti-CD107a antibody (BD Biosciences, Franklin Lakes, NJ) and 1 μl monensin to prevent CD107a degradation (BD Golgi-Stop BD Biosciences). Then, cells were resuspended in 50 μl of an antibody cocktail containing the anti-CD45RO-FITC, -CD69-PE, -CD19-ECD, -7AAD, -CD56-PECy7, -CD3-APC, -CD45RA-APCAlexaFluor750, -CD107a-HV500 and -CD16-KO antibodies (BD Biosciences, Beckman). Samples were analyzed on a Beckman Coulter FACS Gallios flow cytometer using the Kaluza software. Events were initially gated on forward and side scatter (SSC) to identify lymphocytes. A bivariate plot of CD56 versus CD3 was used to acquire at least 10,000 NK cells.

Multicolor Staining for Cell Surface and Intracellular Markers

After PBMC purification, 1 million cells were pre-blocked by incubation with 10% normal human serum at RT for 15 min and then stained with 50 μl of the PANEL Ki-67 antibody cocktail against cell surface markers (anti-CD45RO-PE, -CD19-ECD, -CD56-PC7, -CD3-APC, -CD45RA-APCAlexaFluor750 and -CD16-KO antibodies) (BD Biosciences, Beckman). Cells were washed twice with Staining Buffer and resuspended in 250 μl BD Cytofix-Cytoperm solution at 4 °C for 20 min. Cells were washed twice in BD Perm-Wash solution. Next, cells were fixed-permeabilized in 50 μl BD Perm-Wash solution containing an antibody cocktail against intracellular markers (anti-GzB-AlexaFluor700, -Ki-67-V450) as described in the figures at 4 °C for 30 min in the dark. Cells were washed twice in BD Perm-Wash solution and resuspended in Staining Buffer prior to flow cytometric analysis on a 1365 E. Krzywinska et al. / EBioMedicine 2 (2015) 1364-1376 Beckman Coulter FACS Gallios flow cytometer using the Kaluza software. Events were initially gated on forward and side scatter (SSC) to identify lymphocytes. A bivariate plot of CD56 versus CD3 was used to acquire at least 10,000 NK cells.

Identification of Pure Single NK Cells

Primary CD56 + NK cells were enriched and purified from PBMCs of B-cell lymphoma patients with the CD56 + NK cell isolation kit (Miltenyi Biotec, Auburn, CA, USA). The purity (% of CD56 + CD3 -) of CD56 + NK cells, measured by flow cytometry, was N 90%. Purified CD56 + NK cells have been stained with anti-CD335(NKp46)-PE to formally identify NK cells together with anti-CD45RA-FITC, -CD45RO-APC and -CD19-VioBlue (detection of trogocytosis-capable NK cells). Purified and stained NK cells have been analyzed with the DEPArray™ System (Silicon Biosystems, Menarini). This technology allowed us to detect, enumerate and take pictures of single cells.

DEPArray TM Procedure

Cell sorting experiments were performed as described in the manufacturer's instructions and in (Lianidou et al., 2013). Briefly, DEPArray cartridges were manually loaded with 14 μl of sample and 800 μl of the buffer solution in which purified and stained NK cells had to be recovered. After loading the cartridge into the DEPArray system, ∼9.26 μl of sample was automatically injected by the system into a microchamber of the cartridge where the cells were spontaneously organized into a preprogrammed electric field consisting of 16,000 electrical cages in which individual cells are trapped. Image frames covering the entire surface area of the microchamber for each of four fluorescent filter cubes (FITC, PE, APC and DAPI-Hoechst-VioBlue-PacificBlue) and bright field images were captured. Captured images were digitally processed and presented in a software module that enables selection of cells of interest by the operator.

Statistics

All the experiments shown in the figures were performed at least with samples from six patients for each malignancy and the same number of healthy donors (HD). The statistical analysis was performed using the Student t test: *p b 0.01; **p b 0.001; ***p b 0.0001. Average values were expressed as mean plus or minus the standard error (SD).

Results

Expression of Different CD45 Isoforms in Patients With Hematological Malignancies

In healthy donors, NK cells were mainly CD45RA cells with few CD45RA dim cells, found particularly in immature NK cell subsets. CD45RARO cells represented between 0 and 0.75% of all NK cells and belonged exclusively to the fully mature CD56 + CD16 + subset (Fig. 1A top panels and supplemental Table 1). NK cells derived from healthy donor bone marrows showed equal distribution (Fig. 1B). Blood samples from patients with multiple myeloma (MM) contained four times more CD45RA dim cells and between 1 and 20% of CD45RARO cells (Fig. 1A and supplemental Table 2). As MM is characterized by accumulation of tumor cells in the bone marrow, we also investigated whether bone marrow NK cells, which should be in closer contact with tumor cells, were more activated than circulating NK cells. This was not the case as the percentage of CD45RA dim and CD45RARO cells was similar in blood and bone marrow samples (Fig. 1A and supplemental Table 2).

Similar increases in the CD45RA dim and CD45RO populations were also observed in bone marrow samples from patients with acute myeloid leukemia (AML) or in blood samples of patients with B-cell chronic lymphocyte leukemia (B-CLL) and B-cell lymphoma (BCL) (Fig. 1A and supplemental Table 3). In summary, the C45RARO cell population was statistically increased in all analyzed samples from patients with blood malignancies compared to healthy controls (Fig. 1B and supplemental Fig. 1). The gating strategy to identify CD45RARO cells is described in supplemental Fig. 1B).

Phenotypic Characterization of CD45RARO Population

As indicated in Fig. 1, CD45RARO cells belonged to the CD56 + CD16 + subset (Fig. 2A) and mostly express the maturation marker CD57 (Fig. 2B) although CD62L was coexpressed by half of them. The CD45RARO population contained higher percentage of cells that expressed KIRs, although it was statistically significant only for CD158e (Fig. 2C and supplemental Fig. 2). The percentage of granzyme B (GzmB) + cells was similar to other subsets, but the intracellular level of this cytokine was lower (Fig. 2C). This could be due to a deficient production or a recent degranulation that has emptied the intracellular stores. CD45RARO cells also expressed similar levels than CD45RA of another maturation marker the CD161-Killer cell lectin-like receptor subfamily B, member 1 (KLRB1) or the natural cytotoxicity receptor (NCR) NKP46 and slightly higher levels of the activating NKG2D receptor (Fig. 2D and supplemental Fig. 3). However, they showed lower levels of the CD94 glycoprotein and, probably, the inhibitory NK receptor NKG2A (Fig. 2D and supplemental Fig. 3). In summary, CD45RARO cells are fully mature NK cells that mainly express NK receptors of mature cells.

Expression of Different CD45 Isoforms in Vivo: Patients With Cytomegalovirus (CMV)-Reactivation

We next asked whether other conditions that lead to NK cell activation, such as viral infections, could give rise to a similar phenotype. We thus analyzed peripheral blood mononuclear cell (PBMC) samples from patients with reactivation (CMV + ) or not (CMVneg) of CMV infection following kidney transplantation. CMV reactivation induced an increase in the total number of NK cells (Fig. 3A). In addition, CMV + patients showed an increase in CD56 dim CD16 dim cells associated with a reduction of the CD56 brigth subsets compared to CMVneg patients (Fig. 3B). The reason of these changes is not clear to us, but could be due to different factors, such as CMV-induced NK cell maturation (Della Chiesa et al., 2013), or an effect on the expression of the different NK cell markers in CMV-infected cells, as previously described for decidual NK cells (Siewiera et al., 2013). These changes were accompanied by minor variations in the expression pattern of CD45 isoforms (Fig. 3C). These results indicate that the expression pattern of CD45 isoforms in NK cells activated by viral infection or hematological cancers is different. Specifically, CD45RARO cells are mainly present in samples from patients with hematological cancers, whereas they represent a minor fraction in virus-infected patients.

Metabolic Characterization of CD45RARO Population

Activated lymphocytes generally increase their size (Zarcone et al., 1987; Skak et al., 2008) and become highly metabolically active cells ( Sanchez-Martinez et al., 2014; Sanchez-Martinez et al., 2015). The Ser-Thr kinase mammalian target of rapamycin (mTor) probably links the metabolic shift and the cytoskeletal organization after NK cell activation (Marcais and Walzer, 2014). We observed a subset of NK cells from MM patients that was larger in size (FS) and with high granularity (SS) and corresponded to CD45RARO cells (Fig. 4A and supplemental Fig. 5C). This suggested that they were activated cells that had a higher metabolic activity compared to the other NK subsets. Hence, we activated NK cells in vitro by incubating them with the Epstein Barr Virus (EBV) lymphoblastoid cell line PLH. To support NK cell survival we added low concentrations of two NK cell activating cytokines: IL-2 (100 U/ ml) and IL-15 (5 ng/ml) (Anel et al., 2012). We incubated NK cells for up to 20 days to reflect long-term activation. In agreement with previous reports (Zarcone et al., 1987; Skak et al., 2008), 10-day activation induced an increase in size (FCS) and granularity (SSC) that was more relevant at day 20 (supplemental Fig. 4A). After 3 days of in vitro activation, NK cells started losing CD45RA (supplemental Fig. 4B). However, it was questionable if a real CD45RARO population appeared or cells were losing CD45RA whereas gaining CD45RO. 10 days after initial activation, most cells are CD45RA - CD45RO + . However, at day 20 a CD45RARO population appeared in the culture. This was not exclusive of the presence of accessory cells because long-term activation with cytokines produced a similar pattern (supplemental Fig. 4B). In summary, CD45RARO NK cells also exist in vitro after long activation. Next, we evaluated in vitro activation of patient CD45RARO population. Three days of cytokine-induced activation induced a strong rearrangement on the expression of CD45 isoforms and it was impossible to evaluate the faith of individual populations (Supplemental Fig. 4C). These results additionally suggested that CD45RARO cells could change their CD45 phenotype, at least in vitro.

We then assessed the expression of transferrin receptor protein 1 (TfR1 or CD71), which is required for iron delivery from transferrin to the cells. CD71 expression increases in active metabolic cells because iron is a cofactor for fundamental biochemical activities, such as oxygen transport, energy metabolism and DNA synthesis (Wang and Pantopoulos, 2011). In agreement with the superior metabolic activity suggested by high FS and SS of CD45RARO cells, CD71 expression was higher in CD45RO + cells in both healthy controls and patients with hematological malignancies (Fig. 4B and supplemental Fig. 5A). Moreover, most of these cells also expressed the proliferation marker Ki-67 (Fig. 4C and supplemental Fig. 5B). In summary, CD45RARO cells represent a NK subset of highly metabolic cells in proliferation.

CD69 expression increases after NK cell stimulation and is considered a bona fide marker of NK cell activation (Elpek et al., 2010), including ex vivo (Vey et al., 2012). Analysis of CD69 expression in the different CD45 populations in patients showed that CD45RO + cells were mainly CD69 + (Fig. 4D); but not vice versa, as most CD69 + cells were not CD45RO. The very low amount of CD45RO + cells in healthy donors precluded any meaningful analysis of this population.

In healthy donors, CD45RA dim cells were mainly CD69 -(Fig. 4E). CD45RA dim cells were significantly increased in patients and many were also CD69 + . However, reduction of CD45RA expression was not always associated with gain of CD69 expression. In fact, patients' samples were enriched particularly in CD45RA dim CD69 -and CD45RA CD69 + and, to a lower extent, in CD45RA dim CD69 + cells. This finding suggests that loss of CD45RA and gain of CD69 expression identify two different physiological processes and that these two populations might have different functions.

Functional Characterization of CD45RARO Population

To identify the function of the different NK cell subsets, first we assessed cell degranulation by ex vivo staining of PBMCs with anti-CD107a antibodies (Fig. 5A). In healthy donors, around 1% NK cells were CD107a + . Most of these cells were CD45RA, with a small number of CD45RO + cells. Remarkably, most CD45RARO and half of CD45RAdim RO cells were CD107a + (Fig. 5B). NK cells from patients with hematological cancers showed a large increase in CD107a + cells (Fig. 5A and supplemental Fig. 6A), particularly among the CD45RO + subsets, which are specifically increased in these patients (Fig. 1). Reduction of CD45RA expression was not associated with increased degranulation (Fig. 5B). Like in healthy donors, the CD45RARO and, to a lower extent, CD45RA dim RO fractions contained mostly cells that had degranulated (Fig. 5B and supplemental Fig. 6B). The median CD107a-mean fluorescence intensity (MFI) of these two populations was largely increased compared to CD45RO -populations (supplemental Fig. 6A). This was not exclusive of circulating NK cells, because similar results were obtained also for NK cells derived from bone marrow samples of patients with MM and AML (Fig. 5B andC upper panels). In contrast, CD45RARO cells showed low GzmB content (Fig. 2C). Our explanation is that CD45RARO cells had recently degranulated in vivo.

CD45RARO cells continued to show the higher degranulation rate after an in vitro analysis using K562 as target cells (Fig. 5C bottom panels), although other populations significantly increased degranulation. Interestingly, the different CD45 NK cell subsets did not change after the 4-hour in vitro cytotoxic assay (supplemental Fig. 7). This and the in vitro activation results (supplemental Fig. 4) showed that expression of CD45RA and CD45RO is stable at short times but can change after long lasting activation.

CD45RARO Have Performed Trogocytosis in Vivo

To investigate if CD45RARO cells were performing antitumor activity in vivo, we investigated if these cells have performed trogocytosis on tumor targets. Trogocytosis is a process whereby lymphocytes, i.e. NK cells (Suzuki et al., 2015; Nakamura et al., 2013), gain surface molecules from interacting cells and express them on their own surface and has been observed in B lymphoblastic leukemia (B ALL) ex vivo (Soma et al., 2015). We observed that long-time activated NK cells (see supplemental Fig. 4) performed trogocytosis in two AML cell lines (supplemental Fig. 8). In fact, NK cells extracted at least two proteins expressed in AML cells, CD14 and CD33, with considerable efficiency. This showed that human NK cell efficiently performed trogocytosis and we investigated if this was the case in vivo. Because in this experiment we studied markers of other cell types, we used a double labeling to identify NK cells and gated on CD56 + NKP46 + cells. In a BCL patient, we observed that 14% of the NK cells expressed the BCL marker CD19 in their membrane (Fig. 6A). This value increased to 52% in the CD45RARO population and it was much lower in the other populations. NK cells also gained at lower level expression of the myeloid marker CD14, although the population was predominantly CD45RA dim RO. However, the NK cells that stained positive for both CD19 and CD14 were very rare. This suggested that two different NK cell populations were performing trogocytosis. The CD45RARO cells were doing it on tumor cells. We observed the very similar results in another CD19 + disease: B-CLL (supplemental Fig. 9). Next, we used the purified NK cells (CD56 + selection) from whole blood of a B-CLL patient and analyzed them with the DEPArray™ System, which allowed identifying, visualizing and taking pictures of single cells. We labeled cells with NKp46 to formally identify NK cells together with CD45RA, CD45RO and CD19. Fig. 6B showed that single cells expressed all markers. Thus, we showed a picture of a human NK cell that has just performed in vivo trogocytosis in a tumor cell (see also the graphical abstract).

To exclude that NK cells were not gaining CD19 in all tumors, we investigated NK cells from an AML patient (Fig. 6B). Around 10% of NK cells expressed the AML marker CD14 and only 3% expressed CD19, which was expressed in all NK cell populations. In contrast, 90% of CD45RARO expressed CD14 showing that they have massively performed trogocytosis in a CD14 + population in AML patients.

Next, we investigated if CD45RARO cells derived from a AML patient that had performed trogocytosis and gained CD14 expression were able to take CD19 from tumor cells of a BCL patient. Tumor CD19 + cells and NK cells from the AML patient did not express the same membrane markers (Fig. 7A). We distinguished BCL cells by CD19 and CD10 staining and after 16-h cytotoxic assay, we observed that 4% of NK cells form the AML patient gained expression of both CD10 and CD19 (Fig. 7A). The CD45RARO population was mainly stable all through the assay (Fig. 7B). The population that performed trogocytosis mainly was the CD45RARO (Fig. 7C). This showed that the CD45RARO population was prompted to recognize and interact with allogeneic tumor cells. In summary, our data showed that NK cells performed trogocytosis on tumor cells and that the CD45RARO population is mainly responsible of this.

Discussion

Identification of human NK cell populations is important for understanding their physiology and for improving their therapeutic use in the clinic. Altogether our results indicate that CD45RARO cells are fully mature NK cells (CD56 dim CD16 + CD57 + KIR + CD161 + ), which are activated (high size and granularity, CD69 + CD71 + KI67 + NKG2D + ) and that have degranulated (CD107a + and low GzmB content) and performed trogocytosis (CD19 + in BCL and B-CLL and CD14 + in AML). Moreover, they are prompted to perform trogocytosis on different target cells. These findings suggest that they are effector cells with maximal cytotoxic activity against cancer cells. It seems that a population of highly mature NK cells encounters its targets and respond by becoming effector cells. In addition, we observed that a population of NK cells has performed trogocytosis in non-tumor, myeloid, cells at least in BCL and B-CLL patients. It is well known that NK cells kill dendritic cells and macrophages in several contexts, but the role here is unknown. Moreover, the population that has performed it is mainly CD45RA dim RO, a generally minor population.

The large size and granularity of CD45RARO cells could preclude their observation when standard FCS-SSC parameters for the classical lymphocyte populations are used. It is essential to understand that activated lymphocytes increase in size and granularity, which distinguish them for naïve lymphocytes. This is important for future studies of CD45RARO NK cells in solid cancers, which could also induce a similar phenotype because NK cell infiltration is associated with a good prognosis in several cancers (Senovilla et al., 2012; Mamessier et al., 2013; Mamessier et al., 2012). However, our work does not show the irrefutable proof that CD45RARO cells are bona-fide NK cells, although all results point in this direction. Alternative analyses are needed to definitively state the nature of these cells.

Target cell availability is probably maximal for NK cells in blood borne cancers, hence, we believe that these diseases will show the highest CD45RARO NK cell numbers; although these cells are unable to control the disease. Leukemogenesis in mouse is enhanced when the host immune system is impaired (Garaude et al., 2008; Kaminski et al., 2012) and more hematological cancer patients present severe NK cell dysfunctions (Baier et al., 2013). Others and we have shown the requirement of fully functional NK cells to eradicate blood-borne tumors in several mouse models (Karre et al., 1986; van den Broek et al., 1995; Pardo et al., 2002; Aguilo et al., 2009; Charni et al., 2009; Charni et al., 2010; Ramírez-Comet et al., 2014). The use of alloreactive NK cells may represent a new cancer treatment, specifically for tumors of hematopoietic origin. Indeed, KIR-KIR ligand incompatibility in the graft-versus-host (GvH) direction, which is mainly based on NK cell alloreactivity, improves the outcome after unrelated cord blood stem cell transplantation (UCBT) in the clinic (Willemze et al., 2009; Stern et al., 2008). Moreover, NK cells: i) are not responsible of GvH disease (GvHD); ii) can be injected as "differentiated" cells and thus do not need to survive within the patient's body for a long time; iii) protect from opportunistic infections (Willemze et al., 2009), probably through their immunoregulatory effects on B and T cells, macrophages and, more importantly, polymorphonuclear cells (Bhatnagar et al., 2010). However, evaluation of NK cell activation in vivo is difficult because we lack effective methods for their analysis. CD69 expression has routinely been used (Elpek et al., 2010; Vey et al., 2012); though, our results show that CD69 expression does not imply degranulation, which is believed to be the most essential component of the NK cell anti-tumor activity (Bryceson et al., 2011), or trogocytosis. Conversely, our work indicates that CD45RO expression identifies degranulating NK cell subsets in patients with hematological malignancies. We believe that efficient antitumor treatments that involve also NK cell activity, such as monoclonal antibodies against tumor antigens, should also increase these NK cell populations. Other options for treatment include new chemicals that can be associated with immunotherapy to boost the immune response (Villalba et al., 2014) and that could improve the NK cell-mediated response (Catalán et al., 2015).

CD45 activity is regulated by dimerization and spontaneous CD45 homodimerization at the plasma membrane inhibits its activity (Xu and Weiss, 2002). The size of CD45 extracellular domain is inversely proportional to the extent of CD45 dimerization and thus selfinhibition (Xu and Weiss, 2002). Larger CD45 isoforms, such as CD45RA, dimerize less efficiently and, accordingly, they should better promote TCR signaling than smaller isoforms, such as CD45RO (Rhee and Veillette, 2012). However, CD45 activity also depends on its plasma membrane localization and thus on its extracellular domain (Mustelin et al., 2005; Rhee and Veillette, 2012). At least in T cells, too high CD45 activity leads to dephosphorylation of the activating residues in Src kinases, whereas too low CD45 activity might leave phosphorylated the inhibitory residues. Therefore, it is important for efficient NK cell activation that CD45 activity remains within a specific window (Hermiston et al., 2009) and the amount of specific CD45 isoforms will regulate the final activity. We found that CD45RARO NK cells show maximal degranulation and trogocytosis, suggesting that expression of both CD45RA and CD45RO isoforms might give to NK cells the appropriate level of CD45 activity for efficient signaling to boost cytotoxicity. CD45 is required for full NK cell cytotoxicity in vivo in mice (Hesslein et al., 2011); however, it is not required in vitro (Mason et al., 2006; Hesslein et al., 2006; Huntington et al., 2005). In agreement, we observed that other NK cell subsets, which express different CD45 isoforms, improved degranulation in vitro. This suggests that NK cells depend less of CD45 expression in vitro than in vivo. Expression of different CD45 isoforms changes the recognition of CD45 ligands. For example, the abundance and types of O-glycans on the different CD45 isoforms regulate the cell sensitivity to galectin-1 (Earl et al., 2010). Galectin-1, which is abundantly produced by tumor cells, blocks T cell-mediated cytotoxic responses (Ito et al., 2012) and induces apoptosis of thymocytes and T cells (Earl et al., 2010). It is possible that anti-tumor NK cells are selected based on their resistance to galectin-1 or to other ligands through expression of CD45RO. Indeed, as O-glycans bind mainly to CD45 extracellular domain, cells that express short CD45 isoforms, like CD45RO, will have relatively fewer O-glycans and thus will be more resistant to galectin-1.

Ex vivo we found very few NK cells that express CD45RO in peripheral blood samples from healthy donors. This is surprising, especially if CD45RO expression identifies memory NK cells, as it has been proposed (Fu et al., 2011). This finding suggests that the amount of memory NK cells might be extremely low in blood or bone marrow samples, or that CD45RO may not be a marker of memory NK cells. Alternatively, CD45RO expression in NK cells could have been specifically lost during ex vivo sample handling. We think that this is unlikely because NK cells express slightly higher levels of total CD45 than other lymphocyte types (data not shown). In fact, we found that CD45RO is mostly associated with effector NK cells; however, differently from what observed in most T cell populations, CD45RA down-regulation is not required for NK cell activation. This suggests that in NK cells the expression of different CD45 isoforms plays a different role than in T cells.

In summary, we show here that NK cells that recognize tumor cells are present in all examined patients of hematological cancers. Hence, NK cells are actively recognizing tumor cells in leukemia patients; but this seems to be insufficient to eradicate disease. Protocols to enhance such population should improve patient's prognosis. Finally, the presence of this population identifies blood-borne cancer patients.
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Introduction

The anti-CD20 IgG1 monoclonal antibody (mAb) rituximab (RTX) has improved the treatment of B-cells lymphocytic leukemia (B-CLL) and B-cells non-Hodgkin lymphomas (B-NHL). Its success is related to its capacity to induce Fc-(antibody-dependent cell-mediated cytotoxicity (ADCC). One receptor for human IgG1 is FcgRIIIa (CD16 a), which is expressed on natural killer (NK) cells and macrophages. The influence of FcgRIIIa-158VF polymorphism on RTX clinical response strongly suggests that ADCC is critical. 1 Based on these results, there has been an attempt to produce new anti-CD20 mAbs that exhibit higher affinity for FcgRIIIa either by Fc mutations or by glycoengeenering. 2,3 This later strategy, leading to low fucose content of the Nglycan, is currently under clinical investigations in B-cell malignancies with the mAb obinutuzumab (OBZ; previously GA101, Roche, Genentech), which shows stronger ADCC in vitro and in a lymphoma xenograft mouse model compared to RTX 4 and improved clinical activity for treating chronic lymphocytic leukemia (CLL). 5 This clinical benefit has been observed in other B-cell malignancies. 4,6,7 OBZ is approved for first-line CLL in association with chlorambucil and in combination with bendamustine for the treatment of patients with follicular lymphoma (FL) who relapse or are refractory to RTX-containing regimen. 8 However, it is remarkable to note that the mAbs themselves have modest clinical activity. For example, RTX or OBZ when used as monotherapy in patients with relapsed follicular lymphoma have demonstrated short progression-free survival (PFS). 8 These data indicate that there is a need to optimize their use in co-therapy. In this sense, hematological cancer patients possess antitumor NK cells that are unable to control disease. 9,10 Blood-borne cancer cells use different mechanisms for immune escape, 11,12 e.g. inducing NK cell dysfunction. 13,14 In addition, NK cell differentiation may be inhibited by the presence of tumor cells e.g. acute myeloid leukemia (AML) cells infiltrating bone-marrow. 15,16 Therefore, the failure of mAb as monotherapy could be related to impaired NK cell function and hence, there is a clinical interest to reactivate patient NK cells. 17 Lenalidomide (LEN; Revlimid; Celgene) is an immune-modulatory drug that can activate NK cells. 14,[18][19][20][21] LEN treatment during and after stem cell transplantation (SCT) increases NK cell proliferation, enhances NKp44 expression on NK cells 14 and increases circulating NK-cell numbers in leukemia patients. 22,23 LEN increases co-stimulatory receptor expression on NK cells, such as CD16 and Lymphocytes Function-associated Antigen (LFA) 14 and stabilizes NK cell:target cell immunological synapse. 20,23,24 These effects lead to increased cytotoxic activity and increased proliferation of LEN-stimulated NK cells. 14,19,20 LEN has similar effects in B-NHL patients restoring synapse formation, ADCC, and cytotoxic functions in NK cells. 25,26 Of particular clinical importance, LEN allows NK cells to be activated by lower doses of RTX. 20 Finally, it also favors target recognition by inducing expression of NKG2D and DNAM-1 ligands on malignant cells. 27 LEN mechanism of action is thus predominantly immune-mediated, making LEN a suitable treatment to restore exhausted NK cell cytotoxic functions.

With this view, the clinical trial GALEN is a Phase Ib/II study of OBZ combined with LEN for the treatment of relapsed/refractory follicular and aggressive B-cell lymphoma (diffuse large B-cell lymphoma (DLBCL) and mantle cell lymphoma (MCL) by the LYSA Lymphoma Study Association. The primary objective of the Phase IB part of the study was to determine the recommended dose (RD) of LEN when administered in association with OBZ. The primary objective of the Phase II part of the study was to assess the efficacy of the association of the recommended dose of LEN in combination with OBZ, as measured by the overall response rate (ORR) at the end of 6 cycles in these 2 different populations of lymphoma patients. We developed a pilot exploration of some specific aspects of NK cell biology. In this respect, we monitored the following time points: i) C1D1 predose; ii) C1D28 and iii) C6D28 (supplemental Fig. 1).

Results

Effect of treatment on lymphocyte populations

Patients were treated with a combination of LEN (orally administered) and 3 doses of OBZ in the first cycle and a single dose on the first day of the following for total of six consecutive treatment cycles (see supplemental Fig. 1 for treatment and sampling protocol). We did not observe differences in the NK cell parameters tested between the different lymphoma types in our pilot study, hence we analyzed them together (both FL and DLBCL patients). We observed a transient decrease in hemoglobin levels, a significant decrease in leucocytes and a trend towards a decrease in lymphocytes (Fig. 1A). T cell numbers were unchanged and there was a transient decrease in NK cells at the end of the first cycle (Fig. 1B). B cells (CD19 C ) decreased in numbers (Fig. 1C). The CD20 C population, which is the main target of OBZ, showed a tendency to decrease (Fig. 1C), similar to CD5 C cells (Fig. 1C). The remaining CD19 C cells showed increased expression of the major histocompatibility complex-I (MHC-I), as has been observed in other hematological neoplasias 14 ; but also of the stress ligands MHC class I polypeptide-related sequence A (MICA) and MICB (Fig. 1D). The increased expression of MHC-I and MICA/B could have countervailing effects on NK cells because they are recognized by KIRs, inhibitory receptors, and NKG2D, activating receptor, respectively. Hence the final effect on NK cell recognition in remaining target cells is unclear.

Treatment induces maturation of the immature NK cell population

We next directly investigated the physiological status of NK cells during treatment. In the peripheral blood, human NK cells are mostly CD3 ¡ CD56 dim cells with high cytotoxic activity, while CD3 ¡ CD56 bright cells excel in cytokine production 28 . In vitro evidence indicates that CD56 bright NK cells are precursors of CD56 dim NK cells and this might also be the case in vivo 29 . In addition, combined analysis of CD56 and CD16 expression during NK cell development indicates that their profiles changes as follows:

CD56 bright CD16 ¡ ! CD56 bright CD16 dim ! CD56 dim CD16 dim ! CD56 dim CD16 C .
Additional markers can be used to identify specific subsets within these NK cell populations 30,31 . As previously described 9,10 , we observed a tendency to a higher proportion of immature NK cells in patients compare to HD, which correlated with a decrease in the full mature CD56 dim CD16 C (Fig. 2A). At the end of treatment most patients lost the immature subsets and gained a NK distribution similar to healthy donors (Fig. 2A), i.e. with less immature cells.

We next analyzed the maturation marker CD161-killer cell lectin-like receptor subfamily B, member 1 (KLRB1) that is expressed early in NK cell development and before CD56 32 . The expression of this marker did not change during treatment in the CD56 C NK compartment (Fig. 2B).

During in vivo maturation CD56 bright cells become CD56 dim CD62L C CD57 ¡ cells that produce perforin, while maintaining high IFN-g production in response to cytokines 28,33 . On the other hand, CD56 dim CD62L ¡ CD57 C cells show low response to cytokines and higher cytotoxic capacity 28,34 . CD62L was slightly increased in patients and the treatment decreased the expression (Fig. 2B). In contrast CD57 was lower in patients and remained unchanged by the treatment (Fig. 2B). This suggests that at the end of treatment the NK cells show decreased expression of an immature marker, i.e. CD62L. When NK cells reach fully mature CD56 dim CD16 C status, they gain full expression of killer inhibitory receptors (KIRs) receptors. KIR expression in patients before and after treatment was variable and expression of the 3 KIRs taken together was similar in patients and healthy donors (Fig. 2C).

The CD94 glycoprotein heterodimerizes with the naturalkiller group 2 (NKG2) receptors, which are type II transmembrane proteins. CD94/NKG2 A is an inhibitory receptor that recognizes HLA-E and it is the first inhibitory receptor expressed during NK cell maturation 32,35 . CD94 can also associate with the activating receptors NKG2C and E 32,35 . The activating receptor NKG2D represents an exception: it is a homodimer 32,35 . CD94 was lower in patients and increased on treatment (Fig. 2D). In contrast, NKG2A was higher in patients and was not modified by treatment (Fig. 2D). NKG2D, which was lower in patients, significantly increased after treatment (Fig. 2D). In summary, NK activating receptors tend to increase while inhibitory receptors are either unchanged or decreased.

Treatment decreases the activated NK cell population

The proliferation marker Ki-67 is increased in NK cells from hematological cancer patients. 9,10 Fig. 3A showed that the elevated values remained unchanged during treatment. In contrast, levels of the activation marker CD69, which were similar to healthy donors, decreased at the end of treatment (Fig. 3A).

The antitumor NK cell population is easily recognized by expression of CD45RO (CD45RO cells) in general together with CD45RA (CD45RARO cells). Patients show high levels of these cells, leading to a decrease in the CD45RA C RO ¡ population (CD45RA cells). 9,10 Patients in our cohort clearly showed this phenotype (Fig. 3B). At the end of treatment this phenotype tended to converge versus a healthy donor phenotype with increase in CD45RA cells and a decrease in CD45RO C cells. Taken together these data suggest that elimination of target cells decreases NK cell activation status.

Treatment modulates NK cell cytotoxic activity

If NK cell target cells were disappearing, we also expect to find a decrease in NK degranulation because cytotoxicity is probably the main antitumor function of these lymphocytes in hematological neoplasias. 9,10 The proportion of granzyme C cells was similar to healthy donors and slightly decreased after treatment (Fig. 4A). The amount of granzyme, as measured by the median fluorescence intensity (MFI) values, was higher in patients, underwent a significant reduction at the end of cycle 1, and recovered to normal values at the end of treatment (Fig. 4A). In agreement with our previous results, 9,10 we observed that more NK cells were degranulating in patients, measured by CD107a expression in the plasma membrane (Fig. 4B). At the end of treatment the proportion of degranulating cells had significantly decreased (Fig. 4B). NK cells degranulated at similar levels at the beginning and at the end of the treatment against the allogeneic non-Hodgkin B lymphoma cell line Daudi (Fig. 4C andD). Interestingly, after the first cycle NK cells were more active against the allogeneic targets (Fig. 4C andD). This suggests that the presence of targets cells and the treatment activate NK cells in vivo. CD56 dim cells were responsible for CD107a expression ex vivo, whereas CD56 bright cells lacked expression of this marker (Fig. 4E). CD56 dim CD16 ¡ cells are considered immature cells and precursors of CD56 dim CD16 C cells Unexpectedly, CD56 dim CD16 ¡ cells expressed higher CD107a levels than CD56 dim CD16 C cells. 30,31 This is probably related to CD16 downregulation after NK cell activation 36 and also explains the relative high CD56 dim CD16 ¡ cell numbers in patients (Fig. 2A).

Treatment decreases the trogocytosis of tumor-associated markers by NK cells

These results suggested that NK cells were actively killing their targets during treatment and the absence of such targets at the end of treatment generated resting NK cells. To test this hypothesis, we investigated the proportion of NK cells that have killed CD19 C targets at the different time-points. We took advantage of the fact that NK cells gained target cell antigens, e.g. CD19, by trogocytosis. 9,10 As expected, the percentage of CD19 C NK cells was higher in patients than in healthy donors and decreased with treatment (Fig. 5A). The CD45RARO NK subset expressed the highest level of CD19 and treatment successfully decreased CD19 expression (Fig. 5A). Other subsets also decreased CD19 expression (Fig. 5A). These results suggest that efficient treatments leading to elimination of NK cell target cells reduce NK: target cell interaction and lead to lack of target antigens on NK cell surface.

We next investigated which populations were responsible for other variations in NK cell markers and focused on three of them that changed after treatment. CD69 expression was higher in patients and decreased after treatment (Fig. 3A). CD45RO C cells showed higher CD69 levels, and treatment did not decrease it. CD45RO ¡ cells showed lower levels that decreased with treatment (Fig. 5B). Therefore the decrease in CD69 expression is linked to both the decrease in the number of CD45RO C cells, which expressed higher CD69 levels and the decrease of CD69 in CD45RO ¡ cells.

NKG2D expression was lower in patients and increased after treatment (Fig. 2D). NKG2D was lower in CD45RO C cells and treatment increased expression in both CD45RO ¡ and CD45RO C (Fig. 5B). Hence the increase in NKG2D levels is due to the decrease in CD45RO C cell numbers and the increase in NKG2D expression by all NK cells. CD94 expression was not modified in patients but increased during treatment (Fig. 2D). CD45RO C cells expressed less CD94 and both CD45RO C and RO ¡ non-significantly increased CD94 expression during treatment (Fig. 5B). The increase of CD94 on the whole NK cell population is thus related to both, the decrease in CD45RO C cells and the general increase of CD94.

Treatment does not exhaust NK cells

Finally, we investigated the effect of treatment on two receptors regulated on NK cells by CD16-mediated activation: the stimulatory CD137 receptor and the inhibitory PD-1 receptor 17 . We used samples from a different cohort of patients in the GALEN clinical study and investigated the effect of OBZ treatment at the following time points: 1) during LEN course, just before OBZ injection (D7 before OBZ); 2) 1 hour after the end of OBZ infusion (D7 after OBZ); 3) at D0 of cycle 2 before LEN (cycle 2); and 4) at assessment of clinical response after 6 cycles (end of induction). OBZ increased CD137 in both FL and DLBCL patients (Fig. 6). The effect was found within hours after OBZ treatment and increased until the end of treatment. In contrast, PD-1 expression was unchanged (Fig. 6). This suggests that OBZ induces NK CD137 receptor expression in the presence of LEN and that continued infusion of the mAb keeps levels of this activating receptor high. In contrast, under these conditions, the inhibitory PD-1 receptor was not expressed.

Discussion

Although RTX-based therapy is efficient in a large number of patients, there is still a need for improvement. The development of new mAbs such as OBZ aims to fulfill this demand. However, even the best-designed mAb could be inefficient in some patients if they lack proper effector cells. The use of LEN to activate NK cells could address this problem. Here we observe that treatment with LEN reverses the immature phenotype of patient NK cells (Figs. 2 and3) and induces expression of activating ligands, i.e. NKG2D (Fig. 2) and CD137 (Fig. 6). During treatment and in the presence of target cells (at end of first cycle), NK cells from patients degranulated more than those from healthy donors (Fig. 4). Once target cells disappear (Fig. 1), the activated markers CD69 and CD45RO (Fig. 3), the degranulation marker CD107a (Fig. 4) and the marker of trogocytosis CD19 (Fig. 5) decrease on NK cell membrane. This suggests that is possible to follow disease development by studying NK cell markers; at least, when NK cells are the effectors of the therapy, e.g. some clinical mAb. At the end of first cycle, when target cells are still present in relative numbers, NK cells show increased cytotoxicity in vitro and ex vivo and low GrzB levels (Fig. 4). However, the NK cell number decreases (Fig. 1). We propose the following scenario. NK cells are constitutively killing target cells (Fig. 5 and 9,10 ). Some NK cells die during this immune response generating an increase in immature cells. OBZ and LEN induce improved target cell recognition and NK cell activation. NK cells degranulate in larger numbers but also die in larger numbers. At the end of treatment, most targets cells have disappeared and NK cells are no longer dying, so there is less de novo formation of NK cells and they are becoming more mature. However, NK cells continue to show high Ki- 67 levels. Perhaps this can be explained by adaptive differentiation of NK cells and subsequent growth of a larger population of mature "memory" NK cells, as has been suggested after CMV infection. 37 Almost all phenotypic changes observed in NK cells disappear with the lack of target cells suggesting that treatment keeps NK activated only in the presence of target cells. Several populations are responsible for the changes in NK cell phenotype (Fig. 5B) although cytotoxicity ex vivo is almost exclusively associated to CD56 dim cells (Fig. 4E). Unexpectedly, we observed that CD45RO C NK cells showed low NKG2D expression (Fig. 5B). We speculate that once NK cells are engaged on killing, NKG2D expression is not anymore required.

Our results show an increase in immature, CD56 bright , NK cells in lymphoma patients (Fig. 2A). CD56 bright cells produce high cytokine levels. 28 In the context of anti-CD20-induced ADCC, we believed that NK cell cytotoxic function would be more relevant than cytokine production. In hematological cancer patients, cytotoxicity is mainly mediated by CD56 dim NK cell subsets. 9,10 This is confirmed in the current study (Fig. 4E). When we planned our analysis, we decided to maximize the study of cytotoxic, CD56 dim , NK cells and did not investigate cytokine production because it is believed that CD56 dim cells produce low cytokine levels. 28 However, in view of our current results it would be interesting to investigate the cytokine profile of the immature NK cell populations that accumulate in lymphoma patients.

LEN targets the E3 ligase cereblon that degrades the Ikaros transcription factors IKZF1 and IKZF3. 38 In vivo, LEN induces tumor cell apoptosis and blocks bone marrow stromal support, 39 but also activates immune cells, e.g. NK cells. 14,[18][19][20][21] Our results support that NK cells are important mediators of the clinical benefits of LENCOBZ.

It is noteworthy that PD-1 is absent on NK cells isolated from healthy donors but it is expressed on those from MM patients. 40 We observe that there is a large heterogeneity of PD-1 expression in our patient cohort, and only a few of them constitutively express PD-1 (Fig. 6). As discussed above, there is probably continual production of mature NK cells to replace those dying during the immune response. These new cells are probably not exhausted and lack PD-1 expression. Hence, the continual renewal of NK cells might preclude PD-1 expression on NK cells in some patients. Treatment did not significantly affect PD-1 expression. This suggests that the role of PD-1 on treatment is minor. Perhaps LEN partially reversed the exhaustion of effector cells as previously suggested. 41 LEN is probably the most active treatment (alone or combined with anti-PD-1/ PD-L1 antibodies or other drugs) able to restore cytotoxic function to exhausted NK cells. 14 Our results show the hypothesis that LEN in combination with OBZ increases several NK cell biological parameters associated with maturation and activation. However, because we did not obtain samples in monotherapy, i.e. LEN or OBZ alone, we cannot identify the relative contribution of these two drugs.

Cancer patients show NK cell subsets that are significantly different of those found in healthy donors. 9,10 However, one question was unresolved: what is the fate of these NK cell subsets when their target cells disappear? Here we show for the first time that in our situation the NK cell subsets come back to a normal situation, i.e. similar to healthy donors, for the vast majority of markers. This is probably related to the disappearance of target cells because both LEN and OBZ are NK cell activating molecules that should not promote NK cell resting markers. This suggests that NK cells strongly react to effective treatment and that NK cell monitoring could be interesting to follow-up anti tumor treatments; mainly those involving mAb therapy.
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Patients and methods

Patients

All patients belong to the BioGALEN study and signed specific informed consent form before biological samples collection of BioGALEN. This study is recorded in website ClinicalTrials. gov with number NCT01582776. Phase Ib was for follicular lymphoma (FL) patients and Phase II for follicular and aggressive (DLBCL and MCL) B-cell lymphoma patients. 3 £ 3 ml of heparinized blood or 4 ml of bone marrow aspirate were collected at day 0. At the end of first cycle or at the end of treatment (supplemental Fig. 1) 3 £ 3 ml of heparinized blood was collected.

Cell culture

The B cell lymphoblastoid Daudi cell line was maintained in logarithmic growth in RPMI 1640 medium (Gibco Ò Gluta-MAX TM media) with 10% fetal bovine serum (FBS) (Gibco Ò ). Cells were cultured at 37 C in a humidified chamber with 5% CO 2 in air, and passaged 1:10 twice a week.

Peripheral blood mononuclear cell (PBMC) purification

Bone marrow and peripheral blood samples were obtained from patients and total PBMC were isolated using Ficoll. Briefly, 3-6 ml of 1:2 diluted blood or 1:3 diluted bone marrow samples in RPMI were added on top of 5 ml of Histopaque (Sigma). Cells were centrifuged at 1600 rpm and at 20 C without break for 30 minutes. Mononuclear cells were collected from the white ring at the interface. After washing in RPMI, cells were cryopreserved in liquid nitrogen in medium comprise of FBS plus 10% culture-grade DMSO (CliniMACS) until analyzing.

Flow cytometry analysis

Isolated PBMCs were stained with 7AAD (Beckman) to identify viable cells and with the following -CD45RO-FITC, -CD161-FITC, -CD3-PE, -CD19-PE, -CD62 L-PE, -CD69-PE, -CD314 (NKG2D)-PE, -CD3-ECD, -CD19-ECD, -CD56-PECy7, CD3-APC, -CD56-APC, -GzB-AlexaFluor700, -CD19-AlexaFluor 700, -CD20-APC-AlexaFluor750, -CD45RA-APC-AlexaFluor 750, -CD5-PacificBlue, -CD16-PacificBlue, -CD57-PacificBlue, -CD16-KromeOrange (Beckman), -CD158 a-V450, -CD158b-FITC, -CD158 a-PE, -CD107 a-HV500, -Ki-67-V450, HLA-ABC-BV711 (BD Biosciences), MIC-A/B-PE, -CD45RA-FITC, -CD45RO-PE, -CD159 a(NKG2 A)-PE, -CD94-PE-Vio770, -CD45RO-APC, -CD19-VioBlue, -CD158e-VioBlue (Miltenyi Biotec) antibodies against surface markers. Briefly, 1 to 10 £ 10 6 cells were incubated with the different antibodies in PBS containing 2% FBS at 4 C for 30 minutes. Cells were then washed with PBS and suspended in 200-250 ml PBS 2% FBS. Finally, sample acquisition was performed using Gallios flow cytometer (Beckman) or Fortessa (BD Biosciences). Acquired samples were later analyzed using Kaluza software v5.1 (Beckman).

In vitro CD107a degranulation assay

In vitro degranulation assay was performed to evaluate NK reactivity to the B cell target Daudi by measuring CD107a expression on the surface after cytotoxic granule release. In summary, isolated PBMC were pre-stained with CD3/CD56 to determine NK frequency in the sample. Next, PBMC were incubated with Daudi cells at a 1:10 ratio NK:Daudi in the presence of 1.5 ul of anti-CD107a (BD Biosciences, Franklin Lakes, NJ) and 1 ul Golgi-stop (BD Biosciences) (containing monensin) to inhibit vesicle trafficking. Cell mixture was then resuspended in RPMI Glutamax 10% supplemented with 10 IU/ml Interleukin 2 (eBiosciences) and incubated overnight. After stimulation, cell mixture was collected and stained for FACS using an antibody cocktail containing 7AAD, the anti-CD45RO-FITC, -CD69-PE, -CD19-ECD, -CD56-PECy7, -CD3-APC, -CD45RA-APCAlexaFluor750, -CD107a-HV500 and -CD16-KO antibodies (BD Biosciences, Beckman). A bivariate plot of CD56 versus CD3 was used to acquire at least 10,000 NK cells.

Multicolor staining for intracellular markers

Cell permeablization and intracellular staining was performed as previous described. 9,10 Briefly,1-10 million cells were incubated with 10% normal human serum at RT for 15 min and then stained with an antibody mix for cell surface markers (anti-CD45RO-FITC, -CD19-ECD, -CD56-PC7, -CD3-APC, -CD45RA-APCAlexaFluor750 and -CD16-KO antibodies) (BD Biosciences, Beckman). After surface staining, cells were washed twice and permeabilize with CytoFix/CytoPerm (BD Biosciences) reagent according to the manufacturer protocol. After fixation and permeablization, cells were washed twice in BD Perm/Wash solution and follow FACS staining for intracellular markers Granzyme B-PE (Miltenyi Biotec) and Ki-67-V450 (BD Biosciences) at 4 C for 30 minutes in the dark. Finally, cells were washed twice in BD Perm/Wash solution and resuspended in PBS 2% FBS prior to acquisition on flow cytometer Gallios (Beckman). A bivariate plot of CD56 versus CD3 was used to acquire at least 10,000 NK cells.

Statistics

Experimental figures and statistical analysis were performed using GraphPad Prism (v6.0). Statistical significance between day 0 and the following time-points was determined using paired Student t-test on the sample patients for each sampling point. To determine statistical significance between healthy donors and patients, one-way ANOVA test was used to compare between healthy donors versus patients at every timepoints. All statistical values presented as à : p<0.05; Ãà : p<0.01; ÃÃà : p<0.001. Average values were expressed as mean plus or minus the standard error (SD). !" !" 
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Introduction

Recent progress in cancer treatment is primarily related to the development of novel targeted therapies [1]. These require the identification of suitable targets that are mainly expressed by the tumor cell population and/or playing a critical role in neoplastic cell growth. Therapeutic monoclonal antibodies
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(mAbs) particularly illustrate this concept. Indeed, rituximab (RTX), an IgG1 mAb directed against CD20 antigen, has now become the treatment of choice for most B-cell chronic lymphocytic leukemias (B-CLL) and B-cell non-Hodgkin's lymphomas (B-NHL). The combination of RTX with conventional chemotherapy has shown better efficacy in randomized clinical trials. Similar success has been found with other cytotoxic mAbs, such as trastuzumab in breast cancer or cetuximab in colorectal carcinoma and squamous cell carcinoma of the head and neck [2, 3]. Nevertheless, mAbs alone generally have modest clinical activity. For example, the anti-CD20 mAbs RTX and obinutuzumab (OBZ; previously GA101, Roche, Genentech), when used as monotherapy in patients with relapsed follicular lymphoma (FL), have only led to short progression-free survival (PFS) [4]. Thus, there is a need to optimize their use in combination therapy.

RTX success is related to its capacity to induce Fc-antibody-dependent cell-mediated cytotoxicity (CD16a), which is expressed on natural killer (NK) cells and macrophages. The link between -158VF polymorphism and RTX clinical responses strongly suggests that ADCC is critical [5]. This polymorphism is located on the extra-cellular -acid 158 is involved in the interaction with CH2 of human IgG1 [4]. Human IgG1 has a higher affinity for VV-NK cells compared to FF-NK cells [5]. Based on these observations, there has been an attempt to produce new anti-CD20 mAbs by either Fc mutations or by glycoengeenering that [4, 6]. Lowering the fucose content of the N-glycan is currently under clinical investigation in B-cell malignancies with the mAb OBZ, which shows stronger ADCC in vitro and in a lymphoma xenograft mouse model relative to RTX. It also demonstrated improved clinical activity for treating B-CLL and other B-cell malignancies [4]. OBZ is approved for first-line B-CLL in association with chlorambucil, and in combination with bendamustine for the treatment of patients with FL who relapse or are refractory to a RTX-containing regimen [4]. Initial results show that lenalidomide, which stimulates NK cell activity [7], activates NK cells in OBZ-treated patients [8].

NK cells mediate ADCC but also possess natural cytotoxicity, which is mediated by engagement of their natural cytotoxicity receptors (NCRs). These play a central role in triggering NK activation. In humans, NKp30, NKp46, and NKp80 are constitutively expressed on resting and activated NK cells [9]. The NK cell-activating receptor CD16 mediates ADCC. Hematological cancer patients possess antitumor NK cells that are unable to control disease [10, 11]. Notably, blood-borne tumor cells use different mechanisms for immune escape [12, 13], e.g., by inducing NK cell dysfunction [7, 14]. This mechanism has also been observed in a variety of patients of solid tumors [3]. In addition, NK cell differentiation may be inhibited by the presence of tumor cells, e.g., acute myeloid leukemia (AML) cells infiltrating bone marrow [15, 16]. Therefore, the failure of mAbs in monotherapy could be related to impaired NK cell function. Hence, there is a clinical interest to reactivate or replace patient NK cells [17]. Clinical-grade production of allogeneic NK cells is efficient and NK cell-mediated therapy after hematopoietic stem cell transplantation (HSCT) seems safe [16, 18, 19]. Despite the strong cytolytic potential of expanded NK cells against different tumors, clinical results have been very limited [16, 18, 19].

The combination of allogeneic NK cells with mAb could improve cancer treatment by replacing the defective effector immune cells. In addition, mAbs would effectively guide these effectors to their tumor targets. Several groups have tried this combination with varying results that could be due to deficient CD16 expression or lack of proper activation of expanded NK [20-23]. In addition, these studies did not include a systematic evaluation of the effect of these cells in combination with several mAbs on different tumors, nor did they include primary tumor cells.

The aim of this work was to generate allogeneic NK cells with strong ADCC response against different tumors and mediated by different therapeutic mAbs. In addition, NK cell production should be easily scaled up and developed with good manufacturing practices (GMP). We have produced umbilical cord blood (UCB)-derived NK cells because UCB are rapidly available, present low risk of viral transmission and have less strict requirements for HLA matching and lower risk of graft-versus-host disease (GvHD) [18]. For NK cell expansion we used Epstein-Barr virus (EBV)-transformed lymphoblastoid B cell lines as accessory cells, which induce a unique genetic reprogramming of NK cells [24]. This generates effectors that overcome the anti-apoptotic mechanism of leukemic cells [25] and that are able to eliminate tumor cells from patients with poor prognosis [26]. We show that NK cells obtained with our protocol are able to perform ADCC in vitro and in vivo. The ADCC response was induced by using different therapeutic antibodies and against multiple target cells.

Chemicals

The D1D2 peptide has been previously described [27]. IL-2 and IL-15 were obtained from Miltenyi Biotec. To produce deglycosylated cetuximab, a commercial cetuximab solution was treated overnight with PNGAseF (Promega) at 37 °C in 50 mM sodium bicarbonate buffer (pH 7.8) at 125 U/mg of cetuximab. Deglycosilated cetuximab was purified by gel filtration using a Sephadex 75 column in PBS, and sterilized by filtration. The AF 647 Goat F(AB')2 anti human IgG (H+L) min x (BOV, HRS, MS) was from Interchim.

B-CLL patients

Data and samples from patients were collected at the Clinical Hematology Department of the CHU Montpellier, France, after patients' written consent and following French regulations. Patients were enrolled in two independent clinical programs approved by the "Comités de Protection des Personnes Sud Méditerranée I": ref 1324 and HEMODIAG_2020 (ID-RCB: 2011-A00924-37). Samples were collected at diagnosis and kept by the CHU Montpellier [11, 28]. For analysis, peripheral blood mononuclear cells (PBMCs) were obtained by ficoll gradient and stored frozen in liquid nitrogen until use. The percentage of CD19 + CD5 + cells was always higher than 90%. Other samples from hematological cancer patients were obtained from the same collections.

Cell lines

The (EBV)-transformed lymphoblastoid B cell line PLH, the hematopoietic cell lines HL60 and MV4-11 (acute myeloid leukemia), Daudi and Raji (Burkitt's lymphoma derived, CD20 + ), K562 (erythroleukemia), MM.1S and U266 (multiple myeloma), MEC1 (B-chronic lymphocytic leukemia) and its variants MEC-1-BCL-XL and MEC-1-MCL-1 were cultured in 10% FBS RPMI medium. The adherent cell lines Calu-1 (lung cancer), A549 (lung adenocarcinoma), SK-OV-3 (ovarian carcinoma) and SKBR3 (breast adenocarcinoma) were cultured in 10% FBS DMEM medium.

PBMC and UCBMC purification

UCBs were obtained from healthy donors from the CHU Montpellier. Prof. John de Vos is the responsible of the "Collection du Centre de Resources Biologiques du CHU de Montpellier" http://www.chu-montpellier.fr/fr/plateformes (Identifiant BIOBANQUES -BB-0033-00031). PBMC and UCB mononuclear cells (UCBMC) were respectively collected from peripheral blood samples and UCB units using Histopaque -1077 (Sigma). Briefly, 13 mL Histopaque was added to 50 mL centrifugation tubes and 30 mL of 1/2 diluted blood in RPMI, (Invitrogen) was slowly added at the top. Tubes were centrifuged at 400 rcf for 30 min at 20 °C without brake. Mononuclear cells were collected from the interlayer white ring, washed in RPMI and suspended in RPMI medium supplemented with 10% FBS (Invitrogen).

Isolation and activation of human NK cells

Frozen UCBMCs were depleted of T cells by using EasySep TM CD3 Positive Selection Kit (STEMCELL technologies). Cells were cultured for 10 -irradiated PLH cells at 1:1 NK cell:accessory cell ratio in the presence of IL-2 (100 U/mL) and IL-15 (5 ng/mL), or with IL-2 alone (1000 U/mL). PLH cells were added every four days and fresh cytokines every two days. At the end of the process, NK cell purity (CD56+/CD3-) was always higher than 90%.

FACS analysis

For phenotype analysis, cells were stained with 7AAD (Beckman) to identify viable cells and antibodies against the surface markers CD25-FITC, CD45RO-FITC, CD69-PE, CD62L-PE, CD19-PE, CD3-PE, CD19-ECD, CD56-PECy7, CD56-APC, CD3-APC, CD45-APCAlexaFluor750, CD45RA-APC-AlexaFluor750, CD16-PacificBlue, CD57-PacificBlue, CD45-KromeOrange, CD16-KromeOrange (Beckman), CD158b-FITC, CD158a-PE, CD107a-HV500 (BD Biosciences), CD158e-Vioblue (Miltenyi). 1×10 5 -3×10 5 cells were incubated for 20-30 min at 4 °C with different antibodies in PBS containing 2.5% FBS. Cells were then washed and suspended in 200-250 µL of the same media. Staining was analyzed on a Gallios flow cytometer (Beckman) using the Kaluza software. Alive lymphocytes were gated using FSC/SSC and 7AAD staining. B lymphocytes (CD19+), T lymphocytes (CD3+CD56-) and NK cells (CD56+CD3-) were distinguished using, respectively, CD19, CD3 and CD56 antibodies.

NK cell-mediated cytotoxicity

Fresh or frozen (stored in liquid nitrogen) NK cells were labeled with 3 µM of CellTracker™ Violet BMQC Dye (Life Technologies) and incubated overnight with target cells at different E:T ratios. Subsequently, phosphatidylserine (PS) translocation and membrane damage were analyzed in the violet fluorescence-negative target cell population by flow cytometry using Annexin V-FITC (Immunostep) and 7AAD (BD Biosciencies) or propidium iodide (PI) as previously described [25, 29]. We consider all cells positive for annexin-V and/or PI (or 7-ADD) as dead (or dying).

In ADCC experiments, we incubated target cells with the relevant antibodies (RTX and OBZ at 10 µg/mL; daratumumab, cetixumab and trastuzumab at 5 µg/mL) for 30 min at 37 °C. To arm NK cells, we incubated them at the same concentration of antibodies before washing and incubation with target cells. EGTA was used at 1 mM to block the granular exocytosis pathway and MgCl2 at 1.5 mM to maintain the osmotic pressure. We used the tetrazolium dye MTT (3-( 4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazomiu m bromide) to determinate cellular viability. We M HCl in isopropanol to dissolve the crystals and quantified absorption at 550 nm using a spectrophotometer.

In all experiments, we calculated the basal cell death in the absence and presence of the different mAbs. These values were subtracted from those obtained after NK cell or NK cell+mAb treatments to generate the specific natural cytotoxicity or specific ADCC, respectively. All mAbs gave very low levels (<3%) of cytotoxicity in presence of heat-inactivated serum media.

Evaluation of RTX-armed e-NK

e-NK cells (2×10 5 ) were incubated for 1 h with 10 µg/mL RTX, washed and incubated with 1:800 solution of a goat F(ab')2 anti-human IgG (H+L) for 30 min at 4 °C. After incubation, NK cells were washed with PBS and RTX binding was analyzed by FACs. As a control, cells were only stained with the goat F(ab')2 anti-human IgG.

NK degranulation assay

Briefly, 50×10 3 target cells per well were placed in RPMI, 10% FBS, IL-2 100 U/mL with monensin (BD Biosciences) in a 96-well V-bottom plate. NK and target cells were incubated overnight at 37°C in 5% CO2 and living cells were counted using a Muse cytometer (Millipore) with the count and viability kit (Millipore). As a control, NK cells were incubated without targets. CD107a + NK cells were analyzed on a Gallios flow cytometer (Beckman Coulter) using 7AAD, CD45RO-FITC, CD19-PE, CD56-PECy7, CD3-APC, CD45RA-APCAlexaFluor750, CD16-Kro-meOrange and CD107a-HV500 (BD Biosciences). Results were analyzed using Kaluza software.

In vivo experiments

In vivo experiments were carried out using -week-old male NOD scid gamma (NSG) mice. Mice were bred and housed in pathogen-free conditions in the animal facility of the European Institute of Oncology-Italian Foundation for Cancer Research (FIRC), Institute of Molecular Oncology (Milan, Italy). For engraftment of human cells, mice were subcutaneously engrafted with 5×10 6 BCL-P2 or 10×10 6 LNH1 primary tumor cells derived from a B-cell lymphoma (BCL) patient (BCL P2) or a diffuse large B-cell lymphoma (DLBCL) patient (LNH1). At day 4, we engrafted 15 (BCL-P2) or 10 (LNH1) million e-NK cells and at day 6, mice were treated i.p. with RTX (in saline medium) 3 mg/kg once a week for 3 weeks; or with a combination of both treatments e-NK and RTX. Tumor growth was monitored at least once a week using a digital caliper, and tumor volume was calculated according to the formula: L × W 2 /2 (mm 3 ), where W represents the width and L the length of the tumor mass.

Statistical analysis

Experimental figures and statistical analysis were performed using GraphPad Prism (v6.0). All statistical values are presented as * p<0.05; ** p<0.01; *** p<0.001 and **** p<0.0001. Mean values are expressed as mean plus or minus the standard error of the mean (SEM).

Results

Costimulation with the EBV lymphoblastoid PLH cell line more efficiently expands UCB NK cells for clinical use than IL-2 stimulation

Cytokines and encounter with target cells induce dissimilar gene expression on NK cells [24]. We used umbilical cord blood (UCB) cells and compared two NK cell activation/expansion protocols: one using a high dose of the cytokine IL-2 (1000 U/mL) and the other using cell costimulation. The costimulation protocol was performed with the EBV cell line PLH together with low concentrations of IL-2 (100 U/mL) and IL-15 (5 ng/mL) [9]. NK cell expansion is jeopardized by T cells, therefore we depleted them from UCB before expansion. NK cell cultures underwent massive cell death at day 12 in IL-2-driven expansion (data not shown). So, we compared different parameters that reflect NK activity at day 10:

Proliferation. Costimulation-driven expansion was considerably more efficient (Figure 1A).

Cytotoxicity. IL-2-driven expansion led to NK cells with superior natural cytotoxicity against K562 (Figure 1B), Daudi (Figure S1A) and primary CD20 + B cell lymphoma cells (BCL P2; Figure 1C). Moreover, these NK cells also showed higher ADCC activity with RTX (Figure 1C and Figure S1A). However, natural cytotoxicity gradually increased in the costimulation protocol when cells were activated for longer periods of time (Figure 1D). This correlated with a notable large-scale expansion of cells (median ± SD, IL- 2 10 d (16.8 ± 22.2), costimulation 10 d (140.5 ± 235.8) and costimulation 20 d (260.9 ± 141.2), n=10).

Activation markers. Both protocols increased the expression of the activation marker CD69 (Figure S2B) and decreased CD45RA expression to that of CD45RA dim cells (Figure 2B). This was associated with an increase in the activation marker CD45RO, as previously published [10]. Costimulation maintained higher CD16 expression (Figure S2B).

Exhaustion markers. We investigated the expression of two markers that could suppress NK cell-mediated cytotoxicity: TIM-3 [30] and PD-1 [31]. While both protocols did not affect their expression, the mean fluorescence intensity (MFI) of positive populations tended to increase (Figure S2B). This probably reflects that, after long activation, some NK cells become exhausted.

Maturation and homing markers. UCB NK cells showed a low percentage of CD62L + cells (18.1% ± 6.7%, n=3) that increased 10 d after IL-2 treatment (68.2% ± 13.5%) and costimulation (56.7% ± 11.9%). However, at day 20 post-costimulation, CD62L expression was lost (1.6% ± 0.4). IL-2-stimulated cells did not survive this long; so, we could not measure CD62L levels. CD62L is a "homing receptor" facilitating naive lymphocytes to enter secondary lymphoid tissues. Mature NK cells express low CD62L, which favors their peripheral trafficking [32].

In agreement with others [33], few naïve UCB NK cells expressed CD57 (1.2% ± 1.3%, n=3). IL-2 stimulation barely increased expression (7.3% ± 3.9%) and costimulation did not change it (0.6% ± 0.6). Longer costimulation, i.e., 20 days, also had no effect (1.6% ± 0.5%). The lack of CD57 expression did not impair NK cell cytolytic activity (see below).

In summary, costimulation led to higher numbers of activated and functional NK cells with higher CD16 expression. This prompted us to only use costimulation for the next experiments. On the other hand, IL-2 induced higher and faster cytotoxicity and could be the best option for autologous NK cell grafts.

Frozen/thawed NK cells keep their cytolytic activity

For clinical purposes, it would be advantageous to have a bank of cryopreserved expanded NK cells ready to use [34]. Compared with fresh expanded NK cells, frozen/thawed NK cells lost roughly 35% of CD16 expression and 50% of their cytolytic activity (Figure 1E). As shown in Figure 1D, 20 day-activation showed higher cytolytic activity than shorter expansions. For the next experiments, we used 20-21 days costimulation-induced expansion of UCB-derived NK cells containing more than 90% of NK cells that were kept frozen until use. Hereafter, we call them e-NK.

e-NK cells mediate ADCC against target cells with diverse CD20 levels

We observed that e-NK performed ADCC similarly on Raji and Daudi cells, which express high CD20 levels (Figure S2A), as on primary tumor cells, which express low levels (Figure S2B). Even though P2 cells probably express more CD20 than P148, they were slightly less sensitive to RTX-mediated ADCC. In fact, e-NK performed ADCC even if their natural cytotoxicity against some patient cells was low or absent (Figure 2A and Figure S2B-E). Hence, e-NK show strong ADCC with RTX independently of their natural cytotoxicity and with lower variability (Figure 2A-B). The glycoengineered mAb OBZ [4, 35] induced higher ADCC than RTX (Figure 2C and Figure S2B-C).

e-NK cells can be "armed" with mAbs to facilitate treatment

We next used e-NK cells coated with anti-CD20 mAb ("armed" e-NK cells) as an alternative to antibody-coated target cells. "CD20-armed" e-NK showed similar results to opsonizing tumor cells with anti-CD20 (Figure S3A). The presence of RTX after e-NK "arming" was visualized by using a fluorescent anti-IgG (Figure S3B). "OBZ-armed" e-NK also efficiently generated ADCC (Figure S4).

Statistical analysis of several e-NK productions on cells from 5 CLL patients did not show any differences between opsonizing targets or "arming" e-NK (Figure 3A). Moreover, the analysis of these 4 e-NK expansions on the CLL targets showed that all productions could be armed (Figure 3B). Combining all these results statistically showed that significant ADCC was mediated by e-NK (Figure 3C). The interaction of NK cell-expressed LFA-1 with its target cell ligand ICAM modulates NK cell cytotoxicity [37]. Blocking this interaction with the D1D2 peptide [27] partly reduced natural cytotoxicity and almost completely abolished ADCC (Figure 4B). Therefore, our e-NK use similar mechanisms for eliminating target cells as primary human cells.

Cytotoxicity requires degranulation and cell interaction by ICAM

e-NK mediate ADCC with daratumumab

Next we tested if e-NK produced ADCC with the anti-CD38 daratumumab [38]. We used 3 target cells that express CD38 (MM.1S, MV4-11 and BCL-P2; Figure S5A) and observed that three different e-NK preparations showed ADCC with daratumumab (Figure S5B-D). In contrast, daratumumab failed to induce ADCC against U266 that are negative for CD38 (Figure S5A,E). Several e-NK productions efficiently performed ADCC with daratumumab on MM.1S and P2 that was statistically significant (Figure 4C).

e-NK mediate ADCC with cetuximab

Next, we analyzed if e-NK cells mediate ADCC with other mAbs used to treat solid tumors. We used the cell lines Calu-1 and A549. Calu-1 cells express more epidermal growth factor receptor (EGFR) than A549 (data not shown). Both lines are targets of the anti-EGFR cetuximab, which has been proposed for use with adoptively-transferred expanded allogeneic NK cells in clinical trials for cervical cancer [39]. In fact, in vitro and clinical data suggest that cetuximab mediates ADCC through NK cells [23, 34]. We observed a relatively large variation in the natural cytotoxicity of the different e-NK donors versus these target cells. The decrease in cell viability, as measured by MTT formation, was low (Figure S6A). However, the increase in cell death, measured by annexin-V / 7-ADD staining, was higher. This showed that e-NK had induced the initial steps of apoptosis (annexin-V staining), but longer times were required to evaluate cell viability with MTT. Cetuximab increased early apoptosis and accelerated the process of cell death, decreasing viability. Several e-NK productions efficiently performed ADCC with cetuximab on CALU-1 and A549 that was statistically significant (Figure 5A).

EGTA diminished ADCC but insignificantly (Figure S6B-C). This suggested that the mechanism of action only partly involved degranulation, indicating a possible participation of death ligand-induced apoptosis. 

e-NK mediate ADCC with trastuzumab

We next tested the anti-HER2 mAb trastuzumab on SK-BR-3 cells, which express high HER2, and A549 cells, which express low levels. Under this condition, e-NK performed ADCC in both cell lines by decreasing viability or increasing apoptosis (Figure S7A). Natural cytotoxicity, as well as ADCC, heavily depended on degranulation because EGTA largely decreased both (Figure S7A-B). Statistical analysis of several e-NK productions on SK-BR-3 and A549 showed that cell viability was significantly reduced and apoptosis tended to increase, although this was not statistically significant. This suggested that e-NK efficiently performed ADCC with trastuzumab (Figure 5B). However, the increase in apoptosis was not statistically significant. Finally, we extended this study to the ovarian cell line SK-OV-3 that was resistant to both natural cytotoxicity and ADCC during short treatment (data not shown). A 6-day treatment revealed that NK cells, mainly with trastuzumab, efficiently killed these cells (Figure 5C).

e-NK mediated ADCC in vivo

We next evaluated e-NK activity in vivo by engrafting primary tumor cells from a B-cell lymphoma (BCL) patient (P2) or from a diffuse large B-cell lymphoma (DLBCL) patient (LNH1) into NSG mice. NSG mice have a complete null mutation by (Il2r ), which is a common component of the cell surface receptors for several cytokines, including IL-2 and IL-15. Therefore, the signaling pathways for these cytokines are blocked in knockout mice. They should lack functional NK cells, which require IL15 signaling to develop. Four days later, mice were engrafted with e-NK and, 2 days later, treated with RTX; the latter decreased tumor growth (Figure 6A), showing that RTX possesses direct, non-effector functions independently of NK cell-mediated effects. While e-NK also decreased tumor growth (Figure 6A), co-treatment was more effective, protecting all mice from BCL cells and 4 out of 5 mice from DLBCL cells.

e-NK cells showed ADCC against chemoresistant cells

EBV-activated NK cells overcome anti-apoptotic mechanisms active in chemoresistant cells [25, 26]. Overexpression of BCL-XL and MCL1 are common features of several hematological cancers [40]. Jurkat cells over-expressing BCL-XL are resistant to doxorubicin and to soluble TRAIL [41]. MCL1 overexpression protects them from ibrutinib cytotoxicity [42]. e-NK killed the CD20 + B-CLL cell line MEC-1 overexpressing BCL-XL or MCL1, neither of which conferred protection against ADCC compared to wild type cells (Figure S8). Several e-NK productions kill chemoresistant cell lines to statistically significant levels (Figure 6B). However, BCL-XL overexpression significantly decreases ADCC at high E:T ratios. This suggests that chemoresistance could partially protect tumor cells from e-NK-mediated ADCC, but not from e-NK natural cytotoxicity.

Discussion

Clinical mAbs fail to improve prognosis in a large number of patients. This could be due to the impairment of NK cells observed in most cancer patients [3, 16, 18]. Therefore, restoring this immune function should improve mAb clinical benefits. We focused on developing a protocol to obtain NK cells in sufficient number and with high ADCC activity together with different therapeutic mAbs. From UCB-derived NK, we produced e-NK that only partially lost ADCC function after cryopreservation (Figure 1) and preserved ADCC in vivo (Figure 6). e-NK do not require relatively high Ag levels to perform ADCC, since they were effective with different cell lines expressing variable Ag levels.

The coupling of mAbs and e-NK should synergize in several clinical contexts. First, e-NKs should bypass NK dysfunction by increasing mAb-induced ADCC in patients with immune defects. Second, the clinical activity of NK cells is uncertain in solid cancers [16, 18]. Probably these effectors scarcely recognize solid tumor targets in vivo and/or fail to infiltrate these tumors-e.g., NK have been detected in the tumor stroma but not within the tumor lesion in some cases [43-45]. Moreover, the adoptive transfer of autologous NK cells in patients as single therapy maintained high levels of circulating NK cells but did not mediate tumor regression [3, 18, 46]. mAbs should recruit e-NK to the selected targets and can also facilitate target elimination by favoring the recognition of opsonized cells. In fact, haploidentical NK cells combined with anti-GD2 mAb therapy has shown promising antitumor activity in pediatric recurrent/refractory neuroblastoma [47, 48]. Third, e-NKs overcome anti-apoptotic mechanisms active in leukemic cells (Figure 6B and [25]), allowing elimination of tumor cells from patients with poor prognosis [26].

e-NK could also have anti-tumor activity per se. First, high numbers of tumor-infiltrating NK correlates with a better prognosis in some tumors [16].

Second, NK are the first lymphocytes to recover after HSCT including after umbilical cord blood transplantation (UCBT). The speed of recovery correlates with the prognosis [18]. In spite of these findings, NK cell adoptive immunotherapy has provided clinical benefit. Perhaps current expansion protocols fail to produce enough NK cells to support clinical success or generate cells with impaired activity [16]. An inconvenience of engraftment of allogeneic expanded NK cell is their low survival in vivo [49]. The persistence of ex vivo haploidentical IL-2-activated and -expanded NK-DLIs reaches a maximum of 7 days in lymphoma patients [50]. This leaves grafted NK cells little time to eliminate their targets. The advantage is that NK will be less likely to generate the clinical problems found with CAR-T cells, which produce some chronic effects related to their long-term persistence ([51]; http://www .medscape.com/viewarticle/876591). One of the main concerns in using allogeneic immune cells is the incidence of GVHD. Allogeneic NK cells infusion is well tolerated in cancer patients [3, 18] and the severity of aGVHD correlates with impaired reconstitution of the NK cell compartment [52]. To our knowledge, engraftment of NK cells has been linked to GVHD only when combined to HLA-matched, T-cell-depleted nonmyeloablative peripheral blood stem cell transplantation [53]. NK cells likely contributed to GVHD in this setting by augmenting underlying T-cell alloreactivity [53].

An interesting alternative to allogeneic NK is KIR/KIRL blocking antibodies that activate endogenous NK cells [54]. This approach has the inconvenience that cancer patient NK cells are hyporeactive [3, 16, 18], suggesting that they are too inefficient to totally eliminate tumors. Moreover, recent clinical data suggest that such antibodies modify the endogenous NK repertoire. This would make KIR-expressing NK cells, which are those with higher cytolytic activity, hyporeactive [55]. This raises concerns about the clinical use of these antibodies. There are other ways to activate endogenous NK cells, such as the use of lenalidomide (LEN) [7, 8]. Preliminary results from the Phase Ib/II clinical trial GALEN suggest that LEN could facilitate OBZ-mediated NK cell activation [8], as was observed with RTX [56].

In collaboration with the University Hospital of Montpellier, we wish to test the clinical efficiency of e-NK in lymphoma patients resistant to standard treatments, including RTX. ) )
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Bejj LDLR LDLR
Elevated level of low-density lipoprotein (LDL) in blood is a predominant risk factor for atherosclerosis, a large cause of mortality . Control of plasma cholesterol levels largely depends on low-density lipoprotein receptor (LDLR), which mediates the endocytosis of cholesterol-rich LDL 2,3 . is process takes place mainly in the liver 2,3 . LDL is degraded in lysosomes and cholesterol made available for repression of microsomal enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase, the rate-limiting step in cholesterol synthesis 2,3 . Hence, LDLR regulates intracellular and extracellular cholesterol homeostasis and is involved in atherosclerosis due to accumulation of LDL-cholesterol in blood 4 . Lipid and carbohydrate metabolic pathways are interconnected and targeting the latter may result in altered cholesterol levels. e pyruvate dehydrogenase (PDH) kinase (PDK) inhibitor dichloroacetate (DCA) activates PDH, the rate-limiting enzyme of aerobic glucose oxidation 5 . PDH converts glycolysis-produced pyruvate in acetyl-CoA that enters the mitochondria and is consumed in the process of oxidative phosphorylation (OXPHOS). us, DCA inhibits glycolysis and lactate production and induces OXPHOS [6][7][8][9][10] . DCA concentration in DCA-treated patients is unclear because its half-life is less than 1 hour and it is not detectable in patients during the initial phase of treatment that can last 2 to 3 months 11,12 . However, DCA inhibits its own metabolism and serum concentrations increase, eventually reaching a plateau, with plasma concentrations around 0.3 mM 11 . Michelakis et al. gave 50 mg/Kg/day of DCA to patients and obtained similar values: 0.44 ± 0.16 mM 12 .

DCA treatment decreases plasma triglyceride and cholesterol in animal models and humans 13,14 . is e ect is likely indirect due to the decrease in plasma of very-low-density lipoproteins (VLDL) by stimulation of triglyceride oxidation 5,14 , although the mechanism remains unknown. A er these ndings there was an attempt to use DCA to treat two cases of familial hypercholesterolemia (FH) 15 . DCA reduced circulating cholesterol levels in both patients by decreasing LDL cholesterol 15 . Unfortunately, DCA had to be discontinued following neuropathological e ects and this precluded its use to treat high cholesterol levels 15 . e biological mechanism underlying DCA e ects on cholesterol was unknown and, to the best of our knowledge, no further studies were conducted to investigate it. Nowadays, the most accepted explanation would be that the change in carbohydrate metabolism alters lipid metabolism. In this sense, DCA, by inhibiting glycolysis, activates AMPK 9 , which inhibits cholesterol synthesis 16,17 leading to LDLR expression 18,19 . Enhanced LDLR expression is mediated by a MAPKK because the MAPKK inhibitors PD98059 18 and U0126 20,21 restrain it. is would indicate that DCA has a similar mechanism of action than the alkaloid berberine and its analogs 18,19 . An alternative explanation could be that DCA induces ROS production 9,10 and the cellular oxidative state regulates LDLR expression 22 . Hence, changes in ROS could mediate DCA-induced LDLR expression.

In preliminary experiments, we found by transcriptome analysis that LDLR was one of the most downregulated genes in hematopoietic cells expressing a small hairpin RNA for ERK5 (shERK5) and one of the most upregulated a er DCA treatment. We have previously observed that DCA increased mRNA and protein expression of the MAPK ERK5, which is essential for cell survival in OXPHOS conditions 8,10,[23][24][25][26] . ERK5 activates the MEF2 family of transcription factors [27][28][29][30] that in turn mediates most of the e ects of ERK5 on metabolism 8,10,[23][24][25][26] . In fact, DCA activates multiple genes with promoters containing MEF2 binding sites. Genomic analysis using the UCSC genome browser (http://genome.ucsc.edu/) showed that LDLR is one of such genes because its promoter contains several binding sites for at least two MEF2 proteins, MEF2A and MEF2C, which have been validated in several cell lines by Chromatin Immunoprecipitation (ChIP; (http://genome.ucsc.edu/). We investigate here how DCA reduces cholesterol levels and the role of the ERK5/MEF2 pathway.

We rst observed that DCA increased LDLR mRNA in hematopoietic cells (Fig. 1A, le panel). Since liver is the main organ that takes up LDL-cholesterol from blood, we tested the e ect of DCA in two hepatic cell lines, nding that LDLR mRNA levels were also increased (Fig. 1A, right panel). Augmented LDLR mRNA levels correlated with an increase of LDLR protein in the plasma membrane (Fig. 1B and Supplemental Fig. 1A). We then tested the functional consequence of this enhanced expression by incubating control or DCA-treated cells with uorescently labeled LDL. DCA increased LDL transport into these cell lines (Fig. 1C and Supplemental Fig. 1B). DCA induces OXPHOS in leukemic cells 8-10, 24, 25, 31 . To investigate whether the metabolic switch from aerobic glycolysis to OXPHOS mediated by DCA a ect LDLR expression, we used a glucose-free culture medium containing a nal glutamine concentration of 4 mM and 10 mM galactose. Glutamine is used to drive mitochondria to utilize OXPHOS and galactose allows cells to synthesize nucleic acids through the pentose phosphate pathway 8,24,32,33 . We called it 'OXPHOS medium' because it forced leukemic cells to use OXPHOS as primary ATP source 8,9,23 . We observed that acute myeloid leukemia (AML) OCI-AML3 cells growing in OXPHOS medium for 2 weeks, such as those treated with DCA, presented an increase of ERK5 and LDLR mRNA (Supplemental Fig. 2A), LDLR protein and LDL intake (Fig. 1D). ese results indicated that, as expected, the e ect of DCA on LDLR expression was due to a metabolic switch. DCA and OXPHOS also increased LDLR mRNA and protein as well as LDL intake in primary lymphoma cells derived from a B cell lymphoma patient (BCL-P2; Fig. 1A, Supplemental Fig. 1B and Fig. 1E). We found similar results in the hepatic cell lines HepG2-C3A and HuH7, with OXPHOS media increasing LDLR protein and uptake (Supplemental Fig. 3).

In primary human hepatocytes, DCA also induced LDLR expression at 6 and 24 h post treatment (Fig. 2A). However, e ects disappeared at 48 and 72 h with a net decrease (Fig. 2A). is is likely due to the short DCA half-life, since LDLR mRNA levels were kept high when fresh DCA was added to the medium every 24 h (Fig. 2B). e cellular oxidative state can regulate LDLR expression 22 and DCA induces ROS production in certain hematopoietic cell lines but not in others 9,10 . We observed a similar phenomenon in two di erent hepatic cell lines. In Huh7 cells there was an increase of ROS, but not in HepG2-C3A cells, a er DCA treatment (Fig. 3A). In contrast, in all cell lines utilized in this study, DCA increased LDLR expression, suggesting that ROS production was not essential (Figs 1A and 3B). Next, we incubated both hepatic cell lines with the antioxidant N-acetyl-cysteine (NAC). NAC e ciently blocked DCA-induced ROS production in HuH7 cells (Fig. 3A); however, it did not a ect DCA-induced LDLR mRNA (Fig. 3B) or plasma membrane protein (Fig. 3C). To de nitively exclude that ROS played any role in LDLR induction, we incubated primary hepatocytes with DCA in presence or absence of NAC. We found that NAC did not inhibit and in fact increased LDLR mRNA expression (Fig. 3D). ese results exclude a major role for de novo ROS production in LDLR expression a er DCA treatment.

in vivo

We next assessed whether DCA enhances LDLR expression in vivo. We engrafted human AML primary cells in non-obese diabetic/severe combined immunodeficient (NOD/ SCID)-interleukin-2 receptor γ chain null (NSG) mice, as previously described 9,10 . Mice with established tumors (day 80 post-gra ) were treated daily with DCA (Fig. 4A). e treatment was not toxic and did not show any notable e ect on mice survival 9 . Human tumor AML cells gather in murine spleen and bone marrow, hence we isolated mRNA from these organs. We used human-speci c primers and observed that DCA signi cantly increased expression of LDLR mRNA (Fig. 4A).

We also found augmented mouse LDLR mRNA levels in normal liver and spleen from wt mice that were treated daily, for 1 and up to 3 days, with DCA (Fig. 4B). e e ect was rst observed in hematopoietic cells gathering in spleen and, later, in liver. us, DCA induced LDLR expression in multiple cell populations in vivo.

is could, at least partially, explain the reduction in plasma cholesterol levels a er DCA treatment in several species including humans 5,[13][14][15]34 . We further investigated the underlying mechanism of DCA-induced LDLR expression and the role of the ERK5/MEF2 pathway, which is activated by DCA 8,10,23,24 . To this end, we targeted ERK5 utilizing a small hairpin RNA (shERK5). Reducing ERK5 expression resulted in decreased LDLR mRNA levels in non-treated hematopoietic cells (Fig. 5A). We could not investigate DCA e ects on cells expressing shERK5 because ERK5 is essential to perform OXPHOS and hence DCA is highly toxic in cells with reduced ERK5 levels 8,10,23,24 . Conversely, overexpression of ERK5 increased LDLR mRNA levels (Fig. 5A). As shown in Supplemental Fig. 4A, transfection with shERK5 or ERK5 expressing vectors e ciently decreased and increased ERK5 protein levels respectively. Decreasing ERK5 levels with small interference RNA for ERK5 (siERK5) also impaired LDLR expression in primary hepatocytes (Fig. 5B) or in HuH7 hepatic cells (Supplemental Fig. 5A), in which we observed a reduction of 40% on ERK5 protein levels (Supplemental Fig. 4B). Overexpression of ERK5 in Jurkat cells augmented LDLR protein and enhanced LDL uptake (Fig. 5C). e MAPKK MEK5 activates ERK5 in di erent physiological contexts 35 . us, we next used the MEK5 inhibitor BIX02189, which inhibits its catalytic function, and showed that it decreased LDLR protein and LDL uptake in Jurkat and OCI-AML3 cells (Fig. 5D). We validated these ndings in primary tumor cells derived from a BCL patient (Supplemental Fig. 6). Treatment of these cells with an extremely selective ERK5 inhibitor, XMD8-92, resulted in the reduction of LDLR protein (Supplemental Fig. 6). Taken together, these results indicate that ERK5 is essential for LDLR expression and function in multiple cell lines. Jurkat-TAg cells were transfected with 5 µg of the empty pSUPER Neo vector (control) or with this vector containing a small hairpin RNA for ERK5 (shERK5) or with a pcDNA vector expressing ERK5 (ERK5). Forty-eight hours later mRNA expression of the whole population was analyzed by qPCR and represented as the % of mRNA compared to cells transfected with the empty vector. (B) Primary hepatocytes were transfected with control siRNA (control) or with siRNA against ERK5 (siERK5). 96 h later mRNA was collected and ERK5 and LDLR mRNA expression was analyzed by qPCR. (C) Jurkat cells were transfected with ERK5 as described in (A) and LDLR plasma membrane protein (le ) and LDL intake (right) were analyzed by FACs. D) Jurkat (le and center) and OCI-AML3 (right) cells were treated with 5 µM of the MEK5 inhibitor BIX02189 for 24 h and LDLR protein (le ) or LDL intake (center and right) were analyzed by FACs. Bar graphs represent means ± SD; *p < 0.05, **p < 0.01, ***p < 0.005 student t-test compared to empty vector transfected cells (control).

DCA induces AMPK activation, the main cellular metabolic sensor 36 . AMPK, by blocking de novo cholesterol production 16,17 , could mediate LDLR expression as it has been observed with berberine or its analogs 18,19 . e e ect of berberine on LDLR expression was inhibited by PD98059 18 and U0126 20,21 , In fact, a PD98059 18 and U0126 20,21 sensible pathway mediated berberine e ect. Although these MAPKK inhibitors were initially described as speci c MEK1 inhibitors, they also inhibit the ERK5 upstream kinase MEK5 37 . is indicates that DCA may have a similar mechanism of action than berberine. To test this hypothesis, we used metformin, which stimulates AMPK in Jurkat and OCI-AML cells 36 . Surprisingly, metformin did not increase, but rather decreased, LDLR mRNA levels (Fig. 6A), protein levels (Fig. 6B) and LDL intake (Fig. 6C) in two hematopoietic cell lines. Metformin also decreased LDL uptake in HEPG2-C3A cells (Fig. 6D). Moreover, blocking expression of the catalytic subunit of AMPK, AMPKα, with two di erent siRNA that e ectively decrease AMPKα levels 38 , did not statistically decrease LDLR mRNA. In summary, these data indicated that the AMPK pathway did not modulate DCA-induced LDLR expression and suggested that we uncovered a totally new pathway that controlled LDLR expression.

ERK5 mediates part of its metabolic functions through the MEF2 family of transcription factors 8,10,23,24 . Interestingly, LDLR promoter contains predicted binding sites for MEF2A and C that have been validated in several cell lines (http://genome.ucsc.edu/). erefore, we performed a knockdown of MEF2A and C in OCI-AML3 cells by siRNA. ese siRNA halved mRNA expression of both transcription factors (Fig. 7A) and reduced between 25 and 50% protein levels (Supplemental Fig. 4C). e level of knockdown was su cient to signi cantly decrease LDLR mRNA levels (Fig. 7A). Finally, to further investigate whether DCA activated LDLR promoter, we checked the Histone H3 lysine 27 acetylation (H3K27Ac), a modi cation associated with active gene expression 39 . We observed that H3K27Ac increased a er DCA treatment indicating an increase of LDLR gene transcription (Fig. 7B).

e LDL receptor-adapter protein 1 (LDLRAP1) is a cytosolic protein that interacts with the cytoplasmic tail of LDLR 40 . LDLRAP1 promoter contains MEF2 binding sites (http://genome.ucsc.edu/), suggesting that the same ERK5/MEF2 pathway could regulate this gene. Consequently with this hypothesis, DCA enhanced LDLRAP1 expression in hepatic cell lines and primary hepatocytes (Fig. 8A). OCI-AML3 and primary tumor B cells also increased LDLRAP1 mRNA a er DCA treatment or a er incubation in OXPHOS medium (Fig. 8B). In non-stimulated cells, siERK5 reduced LDLRAP1 mRNA in primary hepatocytes, Huh7 cells and primary tumor cells (Fig. 8C (le ), Supplementary Fig. 5C). Similarly, OCI-AML3 cells transfected with siMEF2 repressed the expression of LDLRAP1 mRNA (Fig. 8C (right). In summary, cells performing OXPHOS increased the expression of an additional protein involved in LDLR activity.

Carbohydrate and lipid metabolism are intrinsically bound and their dysfunction play a major role in cardiovascular disease. Diabetes is typically associated to dyslipidemia, but vice versa, lipid changes also disturb glucose metabolism 41 . DCA, by stimulating PDH activity, decreases glucose catabolism and stimulates OXPHOS 6,7 . To fuel it, cells could rely on fatty acid oxidation (FAO), suggesting that DCA could increase lipid catabolism. LDL particles transport cholesterol and triglycerides; hence an increase in LDLR should allow cells to increase fat availability. We propose that the avidity for fatty acids induces DCA-treated cells to increase LDLR expression and, subsequently, cholesterol uptake. is is supported by our observations showing that OXPHOS, which mediates FAO, reproduces DCA e ects on LDLR expression in vitro (Fig. 1 and Supplemental Figs 2 and3). e mechanism requires ERK5, which directs the choice of catabolic substrates 8,10,[23][24][25][26] and, hence, is a good candidate to control increase on fat avidity. Inhibiting ERK5 function by pharmacological or genetic means decrease LDL intake (Fig. 5). is reduces the consumption of exogenous cholesterol but should also a ect the consumption of fatty acids. In contrast, in vivo ERK5 stimulation, e.x; by DCA treatment, induces LDLR mRNA (Fig. 4) and would induce triglyceride oxidation as previously observed 5,14 .

e ERK5 target MEF2 also regulates this pathway, likely because LDLR promoter contains MEF2 binding sites (see Introduction). ERK5 induces activation of several members of the MEF2 family of transcription factors by several mechanisms. It induces direct phosphorylation at di erent serines and threonines on MEF2A, C and D 27,28 . It can also activate MEF2A and D by direct interaction because ERK5 serves as a MEF2 coactivator through its signal-dependent direct association with the MEF2 MADS domain. Although, at least MEF2A-dependent transcription requires ERK5 kinase activity 29,30 . MEF2 mediates several ERK5 e ects on metabolism 10 . However, the exact mechanism via which DCA stimulates LDLR expression could be multifactorial, although it is a general phenomenon that we have con rmed in several hematopoietic, colon and hepatic cells (Fig. 1), including primary human hepatocytes (Fig. 2), which are the main regulators of cholesterol levels 2,3 .

We cannot exclude that other mechanisms play a role in DCA-induced LDLR expression. For example, DCA inhibits HMG CoA reductase activity in liver and leukocytes 6 . is could lead to an even higher demand on exogenous cholesterol and subsequently to an increase in LDLR levels. In addition, we have also recently shown that the MAPK ERK5 induces Sirt1 expression 24 that also stabilizes LDLR protein 42 . erefore, ERK5 could target LDLR function in multiple ways and some of them independently of MEF2 family. In contrast, we have mainly excluded that ROS levels or AMPK activation play a major role in this process (Figs 3 and6).

Other drugs could modulate the ERK5/MEF2 pathway to regulate the expression of LDLR. Berberine induces LDLR expression by a MAPK pathway sensitive to PD98059 18 and U0126 20,21 , two inhibitors that block the ERK5 pathway 37 . en, ERK5 could also partly mediate berberine e ects, although independently of AMPK (Fig. 6).

DCA decreases cholesterol plasma levels in several animal models and humans 5,[13][14][15] . In this study, we have mainly used high (10 mM) DCA concentrations for acute responses and "physiological" concentrations (1 to 5 mM) for chronic treatments. ese latter values are in the range of those used in DCA-treated patients 11,12 . Michelakis et al. gave 50 mg/Kg/day of DCA to patients 12 . On average, this amount of DCA should give a blood concentration of 4.6 mM, i.e. by considering 70 Kg/patient and a total of 5 L of blood. However, DCA plasma concentration was around 0.4 mM 11,12 and the ultimate destination of the DCA that was not in blood was unknown. Perhaps the liver processes DCA very fast as suggested by our results using primary hepatocytes (Fig. 2). ere was an attempt to use DCA for treating hypercholesterolemia using similar DCA doses to ours in vivo 15 . DCA reduced circulating cholesterol levels in two patients through a mechanism involving a reduction in LDL cholesterol 15 , although both patients initially showed low LDLR surface activity. However, DCA was halted due to its neuropathological e ects 15 and this precluded its use to treat high cholesterol. ese pathological e ects have been observed in other clinical contexts, e.g. lactic acidosis and stroke-like episodes (MELAS) 43 . At the beginning of their DCA treatment, patients quickly eliminate DCA 11,12 . In this manuscript, we have observed that in primary hepatocytes fresh DCA should be daily added to media to keep physiological e ects (Fig. 2). As expected, hepatocytes probably metabolize DCA faster than other cell types 6 . A er several weeks of treatment, DCA plasma concentrations reach a plateau around 0.4 mM 11,12 , and during this phase neuropathology appears 11 . From a pharmaceutical point of view, it would be desirable to use drugs with the LDLR-stimulating e ect of DCA, but without its neuropathological e ects. e uncovering of ERK5/MEF2 pathway as a regulator of LDLR expression opens an interesting pharmacological possibility. Experimental procedures were conducted according to the European guidelines for animal welfare (2010/63/EU). Protocols were approved by the Animal Care and Use Committee "Languedoc-Roussillon" (approval number: CEEA-LR-12163). The use of human specimens for scientific purposes was approved by the French National Ethics Committee. All methods were carried out in accordance with the approved guidelines and regulations of this committee. Written informed consent was obtained from each patient prior to surgery.

In vivo

In vivo experiments were carried out using 6 to 8 weeks/old male NSG mice. Mice were bred and housed in pathogen-free conditions in the animal facility of the European Institute of Oncology-Italian Foundation for Cancer Research (FIRC), Institute of Molecular Oncology (Milan, Italy). For engra ment of human cells, 1 million AML cells were injected intravenously (i.v.) through the lateral tail vein in non-irradiated mice. NSG mice with established human AML tumors (day 80 post-gra ) were treated with DCA (50 mg/kg, 1 dose/day by gavage, starting at day 1 for 16 consecutive days). Human tumor AML cells gather in mouse spleen and bone marrow, hence we isolated mRNA from these organs. We used human-speci c primers to visualize expression of human LDLR mRNA. In a di erent experiment B6 wt mice were treated with a daily single dose of DCA (50 mg/kg/day) intraperitoneally and mouse LDLR mRNA was analyzed in spleen and liver at di erent time points. e leukemic human cell lines T Jurkat TAg and OCI-AML3 were grown in RPMI 1640-Glutamax (GIBCO) supplemented with 5% (Jurkat) or 10% (OCI-AML3) FBS 10,24 . Primary cells from a lymphoma B cell patient (BCL-P2) were grown in the same medium with 10% FBS. In certain experiments cells were grown in RPMI 1640 without glucose (GIBCO 11879) with the addition of 2 mM glutamine and 10 mM galactose (OXPHOS medium). e Jurkat TAg cells carry the SV40 large T Ag to facilitate cell transfection. HepG2-C3A and HuH7 cells were grown in MEM and DMEM respectively supplemented with FBS, sodium pyruvate, glutamine, penicillin and streptomycin. e HCT116 human colon cancer cells were cultured in low glucose (5 mM) DMEM medium supplemented with 10% FBS. Cellular con uence during experiments was between 80-85%.

Liver samples were obtained from liver resections performed in adult patients for medical reasons. Human hepatocytes isolation and culture were performed as described previously 44 . Brie y, a er liver perfusion, hepatocytes were counted and cell viability was assessed by trypan blue exclusion test. A suspension of 1 × 10 6 cells/mL per well was added in 12-well plates pre-coated with type I collagen (Beckton Dickinson) and cells were allowed to attach for 12 h. en, the supernatant containing dead cells and debris was carefully removed and replaced with 1 mL of serum-free long-term culture medium (Lanford medium, LNF). e number of con uent attached cells was estimated at ~1.5 × 10 5 cells/cm 2 .

DCA was from Santa Cruz Technologies. Galactose and glutamine were from GIBCO. Human anti-LDLR-PE and IgG were from BD Biosciences and 7AAD from Beckman. e MEK5 inhibitor BIX02189 and the ERK5 inhibitor XMD8-92 were from Selleck. RIPA bu er to prepare protein extracts was from Euromedex. e complete protease inhibitor cocktail (Complete EDTA-free) and the phosphatase inhibitor cocktail (PhosSTOP) were from Roche. ERK5 and MEF2A/C antibodies were from Cell Signaling Technology and Abcam respectively. e antibody against β-Actin and HRP-labeled secondary antibodies were from Sigma.

Jurkat cells in logarithmic growth phase were transfected with the indicated amounts of plasmid by electroporation 45,46 . In each experiment, cells were transfected with the same total amount of DNA by supplementing with empty vector. Cells were incubated for 10 min at RT with the DNA mix and electroporated using the Gene Pulser Xcell ™ Electroporation system (Bio-Rad) at 260 mV, 960 mF in 400 µl of RPMI 1640. Expression of the di erent proteins was con rmed by western blot. e transfection e ciency in Jurkat TAg cells is between 60 and 80%. OC-AML-3 cells were transfected using Amaxa TM D-Nucleofector TM Lonza Kit according to manufactured protocol. In HuH7 and HCT116 cells, transfection of 30-50 nM siRNAs was carried out using Lipofectamine RNAiMAX (Invitrogen) in Opti-MEM (Invitrogen), according to the manufacturer's instructions. Primary hepatocytes were transfected twice at days 1 and 3 post-seeding. Cells were harvested 48 to 96 h post-transfection.

The expression vectors for ERK5, the pSUPER expression vector for GFP alone or GFP plus shERK5 and the pSiren-retroQ-puro (BD Biosciences) retroviral vectors for shERK5 and control have been previously described 45 . Control, MEF2A and C and ERK5 siRNA were ON-TARGETplus SMARTpools (mixture of 4 siRNA) were from Dharmacon.

Cell number, viability and cell death was analyzed with the Muse Cell Analyzer (Millipore) by incubating cells with Muse Count & Viability and Annexin V and Dead Cell kits respectively, following manufacturer's instructions. Cells lines were plated at 300,000 cells/ml and treated with DCA for the indicated times, harvested and counted to perform further analysis. To evaluate ROS levels, we labeled cells with CellROX ® Deep Red Reagent or with CH-H2DCFDA (Life Technologies) for 30 minutes and analyzed them by FACs following manufacturer's instructions.

Total RNA was extracted using NucleoSpin RNA isolation columns (Macherey-Nagel), reverse transcription was carried out using iScript ™ cDNA Synthesis Kit (Biorad). Quantitative PCR was performed with KAPA SYBR Green qPCR SuperMix (Cliniscience) and a CFX Connect ™ Real-Time qPCR machine (Biorad) with LDLR, LDLRAP1, ERK5 and actin primers (Supplemented Fig. 7). All samples were normalized to β-actin mRNA levels. Results are expressed relative to control values arbitrarily set at 100. Protein analysis by immunoblotting was performed essentially as previously described 45 . Brie y, samples were collected, washed out with PBS and lysed with RIPA bu er. Protein concentration was determined by BCA assay (Pierce) before electrophoresis in 4-15% TGX gels (BioRad) and equal amount of protein was loaded in each well. Protein transfer was performed in TransTurbo system (BioRad) in PVDF membranes. A er blocking for 1 h with 5% non-fat milk, membranes were incubated overnight at 4 °C in agitation with primary antibodies, washed three times with PBS-Tween 0,1% and incubated with the appropriate HRP-labeled secondary antibody for 1 h. Membranes were washed out three times with PBS-Tween 0,1% and developed with Substrat HRP Immobilon Western (Millipore). Band quanti cation was performed using the "ImageLab" soware from BioRad and represented as the ratio between the protein of interest and a control protein i.e. actin. e value of 1 is arbitrarily given to control cells. One blot representative of several experiments is shown.

A er treatment cells were incubated with BODIPY FL LDL (Invitrogen) in PBS with 2% FBS and incubated at 37 °C for 30 min. Cells were then washed and suspended in 200-250 µl PBS 2% FBS and analyzed using a Gallios ow cytometer (Beckman) and the Kaluza so ware. Brie y, 1 × 10 6 cells were stained with antibody in PBS with 2% FBS and incubated at 37 °C for 30 min. Cells were then washed and suspended in 200-250 µl PBS 2% FBS and staining was analyzed using a Gallios ow cytometer (Beckman) and the Kaluza so ware. OCI-AML3 cells were treated with 10 mM DCA for 72 h. Ten million cells were centrifuged (5 min; 1200 rpm) and the pellet was washed two times in 1X phosphate-bu ered saline (PBS) at room temperature and suspended in 10 mL of 1X PBS. Cells were xed in 1% paraformaldehyde (Electron Microscopy Sciences) at room temperature for 5 min. Fixation wa lysed in 1 ml of cell lysis bu er (5 mM PIPES, 85 mM KCl, 0.5% NP40, Na Butyrate 10 mM + 2X protease inhibitor cocktail (Halt ™ Protease Inhibitor Cocktail, EDTA-Free (100X), ermo scher)) at 0 °C for 10 min. Nuclei were recovered by centrifugation (10 min, 5000 rpm) at 4 °C and lysed in 250 µl nuclei lysis bu er (50 mM Tris-HCl pH 7.5, 1% SDS, 10 mM EDTA, Na Butyrate 10 mM + Halt ™ Protease Inhibitor Cocktail (3X)) at 4 °C for at least 2 hours. 250 µl of each sample were then sonicated 2 times for 5 min (30 s on/o ) at 4•C using a Bioruptor (Diagenode). A er sonication, absorbances at 280 nm (A280) of 1/100 diluted samples were measured and A280nm and was adjusted to 0.133 with nuclei lysis bu er. One hundred microliter were used for ChIP experiments in a nal volume of 1 ml. Samples were incubated under gentle agitation at 4 °C overnight in the presence of 3 µg of either a speci c antibody or a negative control. Antibodies (anti-K27Ac Ab4729 (Abcam) and negative control IgG (Diagenode)) were previously bound to DYNA Beads Protein G Novex (Life Technology) according to the supplier's recommendations. Dynabeads-bound immunoprecipitates were sequentially washed once with a low salt bu er (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% triton, 0.1% SDS, 1 mM EDTA, 1 mM Na Butyrate + Halt ™ Protease Inhibitor Cocktail (1X)), a high-salt bu er (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 1% triton, 0.1% SDS, 1 mM EDTA, 1 mM Na Butyrate) and a LiCl-containing bu er (20 mM Tris-HCl pH 7.5, 250 mM LiCl, 1% NP40, 1% Na deoxycholate, 1 mM EDTA, 1 mM Na Butyrate) and, then, twice with a TE bu er (10 mM Tris-HCl pH 7.5, 1 mM EDTA, Tween 20 0.02%). Samples were then eluted in 250 µL of elution bu er (100 mM NaHCO3, 1% SDS), and DNA-protein complexes were incubated at 65 °C for 5 hours to reverse crosslinks. Samples were then treated with 100 mg/ml proteinase K and 100 mg/ml RNAse A at 45 °C for 2 hours to digest proteins and contaminating RNA. DNA was puri ed with an extraction kit (NucleoSpin Gel and PCR clean-up, Macherey-Nagel) according to the manufacturer's recommendations and qPCR analysis was performed using the Roche LightCycler 480 real-time PCR system. e data were normalized with inputs taken from samples before the immunoprecipitation and treated under the same conditions. e primers used to amplify various regions of LDLR gene promoter. e statistical analysis of the di erence between means of paired samples was performed using the paired t test. Analysis of multiple comparisons with single control was performed using one-way ANOVA with post-hoc tukey test. e results are given as the con dence interval (*p < 0.05, **p < 0.01, ***p < 0.005). All the experiments described in the gures with a quantitative analysis have been performed at least three times in duplicate. Other experiments were performed three times with similar results.

All data are available upon request.

INTRODUCTION

The main purpose of cell metabolism is the conversion of metabolic substrates to energy (catabolism) or to build blocks for generating new molecules (anabolism). Metabolism requires the intake of substrates and the outtake of metabolites through the highly impermeable cell plasma membrane and multiple transporters with differences in specificity have been described. One of the biggest and better-conserved families of transporters is the ATP-binding cassette (ABC transporters [1, 2]). The ABC superfamily has 48 members that have been classified into 7 groups (subfamilies A to G). One of their main biological functions is the transport of lipids [3], essential molecules for cell metabolism. Although it is conceivable that changes in metabolism regulate ABC expression, this remains uninvestigated.

ABC transporters are well known for their role in multiple drug resistance (MDR) because many of them export anticancer drugs and render tumors resistant to chemotherapy [4]. The tumor suppressor gene p53 is an important regulator of metabolic homeostasis by promoting OXPHOS and inhibiting glycolysis [5]. It induces the expression of different metabolic genes, such as cytochrome c oxidase 2 (SCO2), glutaminase 2 (GLS2), p53 up-regulated modulator of apoptosis (PUMA), glucose transporter 1 and 4 (GLUT1 and GLUT4) and TP53induced glycolysis and apoptosis regulator (TIGAR) [6, 7]. More than half of all human tumors harbor mutations in the p53 gene. Most of these mutations abrogate its DNA binding and transactivation activity [8], but others can provide mutant p53 (mutp53) with gain-of-function (GOF) activity that is dependent on its de novo ability to regulate directly or indirectly gene expression [9, 10]. Furthermore, certain p53 mutants enhance drug resistance in liver cancer cells and B-CLL cells [11, 12].

Several ABC promoters contain consensus p53 binding sequences [4]. The direct regulation of ABC promoters by p53 is controversial and depends on the architecture of the promoter, the nature of p53 (mutant or wild type), the presence of other p53 family members and variations cell-and tissue-specific [4, 13]. We have observed that inducing OXPHOS in leukemic cells sensitizes wtp53-expressing cells to genotoxic drugs such as doxorubicin and vincristine [7]. In contrast, cells carrying mutp53 were more resistant to these anticancer drugs.

OXPHOS promotes the expression of the MAPK extracellular signal-regulated kinase-5 (ERK5), which regulates the choice of metabolic substrates in hematopoietic cells [14-19]. ERK5 induces activation of several members of the MEF2 family of transcription factors by different mechanisms. It mediates direct serine and threonine phosphorylation of MEF2A, C and D [20, 21]. It activates MEF2A and D by direct interaction because ERK5 serves as a MEF2 coactivator through its signal-dependent direct association with the MEF2 MADS domain [22, 23]. The effect of activated ERK5 on MEF2A-dependent transcription requires ERK5 kinase activity. MEF2 mediates several ERK5 effects on metabolism, including NRF2 activation [15, 16]. This transcription factor and the related NRF1 are master regulators of metabolism that are coordinated with MEF2 family to induce expression of metabolic genes [24]. The promoters, or very proximal regions, of several ABC genes, i.e. ABCB1, ABCB4, ABCB8, ABCB9, ABCB10, ABCB11, ABCC1, ABCC4, ABCC12 and ABCG1, have MEF2A binding sites that have been validated by ChIP (http://genome.ucsc.edu/). Most of these transporters also have NRF1 or NRF2 binding sites, i.e. ABCB8, ABCB9, ABCB10, ABCB11, ABCC1, ABCC3, ABCC5, ABCC4, ABCC10, ABCC12, ABCC13, ABCG1, which have also been validated by ChIP (http://genome.ucsc. edu/). This information is based on ChIP-seq experiments performed by the ENCODE consortium [25]. Hence, we investigated here if metabolism, through ERK5, controls ABC expression and the role of p53 status.

RESULTS

OXPHOS regulated ABC transporters in AML cell lines

We induced OXPHOS either by inhibiting pyruvate dehydrogenase kinase (PDK) with dichloroacetate (DCA; [7, 14, 16, 26-28]) or by incubating cells in the absence of glucose. When glucose is no longer available, cells use alternative energy substrates, such as glutamine (Gln). Gln oxidation, or glutaminolysis, generates ATP through OXPHOS [29, 30] and this pathway is functional in leukemic cells [15, 31]. We called OXPHOS medium a glucose-free medium supplemented with 10 mM galactose and 4 mM Gln [14, 15, 31]. OXPHOS induces expression of both wild type (wt) and mutp53 depending on the cellular context [7]. We used DCA concentrations on the range of that found in plasma of DCA-treated patients [32, 33] and tested the effect on the expression of 4 ABC transporters, ABCB1, ABCC1, ABCC5 and ABCG2, involved in MDR, in 3 AML cell lines with different p53 status: OCI-AML3 cells express wt p53, HL60 are p53 null and NB4 are mutp53 [7]. DCA decreased by half the mRNA of the different ABC transporters on OCI-AML3 cells and this correlated with protein reduction in the 2 examined transporters (Figure 1A). In contrast, in HL-60 and NB4 cells, DCA increased mRNA and protein expression (Figure 1B and 1C).

Consequently with our observations in cell lines, we observed that DCA decreased ABC mRNA and protein expression in primary cells derived from a B-cell lymphoma (BCL) patient with wtp53 (Figure 1D). On the contrary DCA increased expression of ABCC5 and ABCG2 in two mutp53 patients and ABCC1 in one patient. In contrast, ABCB1 expression was unchanged (Figure 1E). Due to lack of enough patient samples, we could not analyze protein expression.

Moreover, OCI-AML3 cells growing in OXPHOS medium displayed reduced mRNA expression of the above-mentioned ABC transporters (Figure 2A). Conversely, mutant p53-expressing NB4 cells increased ABC expression in the same medium (Figure 2A). In contrast to DCA, OXPHOS medium did not increase ABC expression in null p53 HL60 cells (Figure 2A). This showed that although DCA and OXPHOS medium could have similar effects, they could also induce different outcomes depending on p53 status. This could be related to the different stimulation periods needed to optimize changes in cell metabolism.

To verify that OXPHOS was affecting transcription of these genes, we assessed histone modifications that have been linked to ABCC1 promoter activation [11, 12] in OCI-AML3 cells. We found that DCA inhibited acetylation on H3 K27 on the ABCC1 promoter (Figure and HL60 cells were grown in OXPHOS medium for 2 weeks and expression of ABC transporters was analyzed as in Figure 1. The bar graphs represent means ± SD of 3 independent experiments performed in triplicate; * p<0.05, ** p<0.01, *** p<0.005 student t-test compare to control cells. (B) Cells were treated with 5 mM DCA for 3 days and processed for ChIP analysis. The enrichment of K27 acetylation on Histone 3 in the ABCC1 promoter was analyzed as described in material and methods by using different primers around the transcription start site (TSS). www.impactjournals.com/oncotarget 2B). We conclude that DCA inhibited transcription of ABC transporters on wtp53 cells.

OXPHOS regulated ABC transporters in hepatic cells

The main detoxifying organ is liver. We tested DCA effect in 2 hepatic cell lines expressing wtp53 (HepG2-C3A) or mutp53 (HuH7). When wtp53 was present, an acute dose of DCA decreased ABC transporters mRNA and protein (Figure 3A and 3C). In contrary, and similar to mutp53 leukemia cells, DCA increased ABC mRNA expression in HuH7 cells and also ABCC1 protein (Figure 3B and 3C). Surprisingly, ABCB1 protein decreased after treatment suggesting alternative posttranscriptional regulation. Finally, we examined the effect of OXPHOS on ABC transporters expression in non-transformed cells. Primary hepatocytes from non-cancer patients, which were obviously wtp53, showed the same pattern than cell lines expressing wtp53 (Figure 3D).

DCA decreased mRNA of ABC transporters in vivo

We had observed that DCA increased doxorubicin efficacy in vivo on tumor cells expressing wtp53 [7]. We engrafted human wtp53 AML primary cells in nonas previously described [7, 16]. Mice with established tumors (day 80 post-graft) were treated daily with DCA. The treatment was not toxic and did not show any notable effect on mice survival [7]. Human tumor AML cells gather in mouse spleen and bone marrow, hence we isolated mRNA from these organs and used humanspecific primers. We observed that DCA significantly reduced expression of ABC transporters mRNA (Figure 4A).

Additionally, we assessed the effect of DCA in normal tissues of non-tumor bearing wt mice. A daily injection of DCA, for 1 and up to 3 days, also reduced mouse ABC transporters mRNA in liver and spleen (Figure 4B). The effect largely increased with the number of doses received. Hence, DCA reduced ABC expression in multiple wtp53 cell populations in vivo. This could, at least partially, explain its effect on genotoxic drug treatment in wtp53 tumor cells in vivo [7].

OXPHOS modulated drug clearance from tumor cells depending on its p53 status

A direct functional consequence of modulating ABC transporters expression in tumor cells could be changes in their responsiveness to chemotherapeutic drugs. To investigate if the changes in the expression of ABC transporters affect drug clearance, we incubated tumor cells with the genotoxic drug daunorubicin, which is a fluorescent compound. This allows monitoring its intracellular accumulation by FACs. In addition, it is used in the clinic to treat leukemia and lymphoma, which are at the origin of some cell lines that we have used in our study. Finally, like other anthracyclines, it is exported from cells by a broad range of transporters [34]. We used OCI-AML3 cells treated for one week with 1 mM and 5mM DCA or growing in OXPHOS medium. Then, cells were further incubated with daunorubicin and drug clearance was followed by FACs. We found that OXPHOS OCI-AML3 cells were impaired on decreasing drug levels (Figure 5A and5C). The effect was mainly observed at short time points, but it was still noticeable as much as 24 h after (Figure 5A). Primary wtp53 tumor cells from a BCL patient also showed decreased daunorubicin export (BCL-P2; Figure 5D). As expected, the outcome was opposite in cells with alterations in p53. In tumor cells not expressing p53 (HL-60) or expressing mutp53 (NB4) DCA induced a faster drug clearance (Figure 5E) in agreement with an increase on ABC transporters. Furthermore, blocking expression of wtp53 in OCI-AML3 cells by treating them with a small interference RNA against p53 (sip53), which effectively decreased p53 expression (Supplementary Figure 1), prevented DCAinduced decreased daunorubicin clearing (Figure 5B), whereas a control siRNA did not show any effect (data not shown). Therefore, changes in mRNA and/or protein expression of ABC transporters due to metabolic changes lead to alterations in drug clearance, which depended in p53 status.

To further investigate the role of p53 in ABC transporter expression after metabolic changes, we used two isogenic colon cancer cell lines (p53 +/+ and p53 -/- HCT116 cells) that differently respond to DCA treatment [7]. DCA decreased the ABCB1 and ABCC1 mRNAs without changing those of ABCC5 and ABCG2 (Figure 6A). p53 -/-HCT116 cells did not downregulate any ABC mRNA after DCA treatment (Figure 6B). These results from HCT116 +/+ cells suggest that the role of p53 in ABC expression is cell type dependent and depends in multiple factors [4, 13]. The absence of DCA effect on HCT116 -/- and of OXPHOS medium in null p53 HL60 cells, suggest that p53 is essential to mediate the effect of metabolism on ABC expression.

ERK5 was essential for DCA-induced effects

We further investigated the underlying mechanism of OXPHOS-induced ABC transporters expression. We focused on the role of the ERK5/MEF2 pathway, which is activated in cells performing OXPHOS [14-16, 31]. However, we could not reduce ERK5 levels in cells performing OXPHOS because this kinase is essential for cell survival in this metabolic status [14-16, 31]. We speculated that decreasing ERK5 levels in non-treated www.impactjournals.com/oncotarget Reducing expression of ERK5 with a small interference RNA for ERK5 (siERK5), which reduced ERK5 levels (Supplementary Figure 2A and2B), decreased and increased ABC transporters mRNA in HuH7 and primary hepatocytes, respectively (Figure 7A and7B). This suggested that ERK5 effects, like those of DCA, depended on p53 status. To test this hypothesis, we used Jurkat cells that express very low levels of mutp53 [35]. DCA or OXPHOS medium induced a small increase in ABCB1 protein (Supplementary Figure 3). Consequently a shERK5, which encodes for a different sequence that the previous described siRNA and decreased ERK5 expression (Supplementary Figure 2C), decreased mRNA of multiple ABC transporters (Figure 7C). In agreement, the ERK5 inhibitor XMD8-92 or the MEK5 inhibitor BIX02189 also decreased basal ABCB1 protein expression (Figure 7D). Finally, overexpression of ERK5 (Supplementary Figure 2C) increased ABC mRNA expression (Figure 7C).

DISCUSSION

ABC transporters have attracted great attention in recent years due to their role in MDR [4]. But, it should be kept in mind that their main physiological role in eukaryotes is possibly the transport of other substances out of the cell, e.g. lipid transport [3]. It is somehow intuitive that changes in metabolism regulate the transport of a variety of molecules. We show here that wtp53 cells, which comprise the vast majority of non-transformed cells, while performing OXPHOS decrease expression of ABC transporters. During OXPHOS, cells use most of the carbon of metabolic substrates to produce energy and CO2. Then, they should avoid releasing metabolites to external media. In contrast, during glycolysis, cells generate a number of intermediate metabolites that can not accumulate and would need to be exported. We hypothesize that this is the physiological interest to increase expression of the exporter ABC transporters during high glycolysis. However, tumor cells take advantage of this fact to acquire MDR. Transformed cells present a metabolism more orientated to anaerobic glycolysis than their non-transformed counterparts, which mainly use respiration/OXPHOS. This should favor tumor MDR by increasing ABC transporters activity in wtp53 expressing cells. In fact, MDR1-dependent chemoresistant cells show an even more glycolytic metabolism that the sensitive counterparts [36, 37]. Interestingly, hypoxia or changes in glucose levels increase MDR1 expression by hypoxia-inducible factor-1 (HIF-1; [38, 39]). This could partly explain the observation that hypoxic tumor cells are more chemoresistant [13]. These observations could be exploited in the clinic to prevent MDR. Since more glycolytic tumors show higher MDR, inducing a metabolic switch should decrease MDR, although as we prove here the p53 status should be taken into account.

High expression of ABC transporters is often observed in drug-naive tumors compared with the tissue of origin and, as previously described, this correlates with a more glycolytic metabolism. Hence, constitutive MDR1 or MRP over expression is likely regulated in some cells by pathways involved in malignant transformation, e.g. metabolic changes [13]. Metabolic drugs such as DCA could revert tumor metabolism and decrease ABC transporters expression. However, DCA accumulates both wt and mutp53 protein [7]. If the last induces ABC expression as suggested in several cell lines by our results and in previous works [4, 13], DCA would finally increase MDR. HSP90 inhibitors, e.g. 17-AAG, degrade mutp53 by favoring its MDM2-mediated ubiquitination [40], and we have shown that DCA cooperates with 17-AAG to kill mutp53 tumor cells [7]. This could be a possibility to treat mutp53 tumors. In summary, it is essential to know p53 status before treatment with metabolic drugs as we have previously shown [7].

ERK5 could use different ways to transcriptionally activate ABC and MEF2 [13]. ERK5 inhibition induces p53 activation and increases sensitivity to 5-fluorouracil in colon cancer cells but the role of ABC was not investigated [41]. We propose that ERK5 activity by regulating metabolism affects p53 effect in ABC promoters.

Oxidative stress induces expression of ABC transporters, which is likely mediated by NRF2 [42, 43]. ERK5, through MEF2, generates an antioxidant response independently of de novo ROS generation through NRF2 activation [16]. Hence, by activating NRF2, ERK5 could modulate ABC expression.

HIF regulates ABC expression [38, 39] and ERK5 regulates in normoxia an array of genes regulated by HIF1 in hypoxia [44]. In fact, ERK5 by modulating metabolism regulates genes that are regulated by HIF. This could be the case of ABC expression by direct binding to ABC promoters [13, 45] or by regulating intermediate mediators. In particular that targets ABC promoters [39]. Given the fact that ERK5 metabolism on ABC expression.

As previously described, the promoters of several ABC genes studied here, i.e. ABCB1 and ABCC1, have MEF2A binding sites. MEF2 mediates a large part of the observed ERK5 effects on metabolism [15, 16, 47]. Hence, this could also be the case of ABC transporters. The existence of multiple ERK5 targets mediating ABC expression makes it difficult to elucidate their individual relevance. The contribution of each factor could depend, as discussed for p53 [4, 13], on the architecture of the promoter, the level of expression of each target, the presence of other targets and variations cell-and tissuespecific.

ERK5 inhibition in mutp53 cells decreased ABC expression (our results) and should decrease MDR and favors chemotherapy as it has been shown [41], although the mechanism was not described. Our results show that metabolism targets multiple ABC promoters, depending on p53 status, which will have a clear effect on drug export. In this context, DCA overcomes resistance to paclitaxel in A549/taxol cells [48]; however, p53 status is unknown in this subline although the parental cell line, i.e. A549, is wtp53. Then DCA could decrease expression of ABC transporters in this study as we have observed here. However, Zhou et al proposed that ABCB1 expression did not change and expression of other ABC members was not analyzed [48]. Authors propose that citric acid accumulation induces apoptosis, but DCA and paclitaxel can also activate alternative pathways leading to cell death. In our case, we have shown that inducing OXPHOS in wtp53 cells cooperates with genotoxic drugs to eliminate tumor cells in vitro and in vivo [7].

An interesting clinical approach would be to treat patients whose tumors express wtp53 with DCA before standard chemotherapy. We have used here DCA concentrations similar to that used in patients [7, 32, 33]. These concentrations were effective to change ABC expression and then should sensitize tumor cells to chemotherapy as we have observed in mice [7]. In fact a combinatorial therapy involving DCA in preclinical settings have been proposed with several compounds such as metformin [49], Nutlin-3 [50] or paclitaxel [51]. But until our knowledge there is a current lack of clinical results.

The control of ABC transporters by cell metabolism is a physiologic process required to optimize substrate use. Therefore wtp53 cells in proliferative states, which enter aerobic glycolysis, would also increase ABC expression and become more resistant to drug treatment. This could have implications for the treatment of non-cancerous proliferative conditions. For example, in coronary artery stent restenosis and pulmonary artery hypertension (PAH) there is an unwanted proliferation of endothelial cells. Notably, inhibition of ABCC4 prevents and reverses pulmonary hypertension in mice [52] and ABCA3 deficiency is related to PAH of the newborn [53]. Moreover, ABCG2 clears hypoxia-induced intracellular metabolites and protects the heart from pressure overloadinduced ventricular dysfunction [54]. Hypoxia-induced aerobic glycolysis could obviously affect the effectiveness of drug treatment in these situations. This could be also the case in other situations requesting high proliferation such as inflammation or wound healing.

In summary, the effects of metabolism on the transcription of ABC transporters clearly depend on p53 status. However, sensitization to chemotherapy by metabolic drugs does not depend only on ABC transcription because pro-apoptotic pathways are also activated that could lead to synergism between metabolic drugs and standard chemotherapy.

MATERIALS AND METHODS

Ethical statement

Experimental procedures were conducted according to the European guidelines for animal welfare (2010/63/ EU). Protocols were approved by the Animal Care and Use Committee "Languedoc-Roussillon" (approval number: CEEA-LR-12163).

Reagents and antibodies

DCA was from Santa Cruz Technologies. Galactose and glutamine were from GIBCO. Human anti-ABCB1, ABCC1 and control IgG1 were from Miltenyi Biotec and 7AAD from Beckman. The ERK5 inhibitor XMD8-92 and the MEK5 inhibitor BIX02189 were from Selleck.

Plasmids

The expression vectors for ERK5, the pSUPER expression vector for GFP alone or GFP plus shERK5 have been previously described [46]. Control, ERK5 and p53 siRNA were ON-TARGETplus SMARTpools (mixture of 4 siRNA) from Dharmacon and has been previously used [7, 47]. ERK5 shRNA (AGCTGCCCTGCTCAAGTCT) was transfected in Jurkat cells as previously described [46].

In vivo mouse experiments

In vivo experiments were carried out using 6 to 8 weeks/old male NSG mice. Mice were bred and housed in pathogen-free conditions in the animal facility of the European Institute of Oncology-Italian Foundation for Cancer Research (FIRC), Institute of Molecular Oncology (Milan, Italy). For engraftment of human cells, 1 million www.impactjournals.com/oncotarget AML cells were injected intravenously (i.v.) through the lateral tail vein in non-irradiated mice. NSG mice with established human AML tumors (day 80 post-graft) were treated with DCA (50 mg/kg, 1 dose/day by gavage, starting at day 1 for 16 consecutive days). Human tumor AML cells gather in mouse spleen and bone marrow, hence we isolated mRNA from these organs. We used human-specific primers to visualize expression of human ABC mRNA. In a different experiment B6 wt mice were treated in pathogen-free conditions at the INM animal facility at Montpellier, France, with a daily single dose of DCA (50 mg/kg/day) intraperitoneally and mouse LDLR mRNA was analyzed in spleen and liver after different times.

Cell lines and culture conditions

The leukemic human cell lines, HL-60, NB4, Jurkat TAg and OCI-AML3 were grown in RPMI 1640-Glutamax (GIBCO) supplemented with 5% (Jurkat) or 10% (OCI) FBS [15, 16]. Primary cells from a lymphoma B cell patient (BCL-P2) were grown in the same medium with 10% FBS. In certain experiments cells were grown in RPMI 1640 without glucose (GIBCO 11879) with the addition of 2 mM glutamine and 10 mM galactose (OXPHOS medium). The Jurkat TAg cells carry the SV40 large T Ag to facilitate cell transfection. The hepatic cell lines HepG2-C3A and HuH7 were grown in MEM and DMEM respectively supplemented with 10% FBS, 1 mM sodium pyruvate, 2 mM glutamine, penicillin and streptomycin. The HCT116 human colon cancer cells were cultured in low glucose (5 mM) DMEM medium supplemented with 10% FBS. Cellular confluence during experiments was between 80-85% for adherent cells.

Human liver samples and preparation of PHHs cultures

Liver samples were obtained from liver resections performed in adult patients for medical reasons (CRB-CHUM -Biological Resource Center of the Montpellier University Hospital, Dr. Jeanne Ramos and Pr. Sylvain Lehmann). The use of human specimens for scientific purposes was approved by the French National Ethics Committee. All methods were carried out in accordance with the approved guidelines and regulations of this committee. Written informed consent was obtained from each patient prior to surgery. Human hepatocytes isolation and culture were performed as described previously [55]. Briefly, after liver perfusion, hepatocytes were counted and cell viability was assessed by trypan blue exclusion test. A suspension of 1x10 6 cells/mL per well was added in 12-well plates pre-coated with type I collagen (Beckton Dickinson) and cells were allowed to attach for 12h. Then, the supernatant containing dead cells and debris was carefully removed and replaced with 1 mL of serum-free long-term culture medium (Lanford medium, LNF). The number of confluent attached cells was estimated at ~1.5x10 5 cells/cm 2 .

Transient transfection

Jurkat cells in logarithmic growth phase were transfected with the indicated amounts of plasmid by electroporation [46, 56]. In each experiment, cells were transfected with the same total amount of DNA by supplementing with empty vector. Cells were incubated for 10 min at RT with the DNA mix and electroporated using the Gene Pulser Xcell™ Electroporation system (Bio-Rad) of the different proteins was confirmed by western blot. The transfection efficiency in Jurkat TAg cells is between 60 and 80%. In HuH7 cells, transfection of 30-50 nM siRNAs was carried out using Lipofectamine RNAiMAX (Invitrogen) in Opti-MEM (Invitrogen), according to the manufacturer's instructions. Primary hepatocytes were transfected twice, at day first and third post-seeding. Cells were harvested 48 to 96 h post-transfection. OCI-AML3 cells (2 x 10 6 p53 siRNA, or control siRNA by electroporation using Nucleofactor Electroporation system (Lonza). Cells were harvested 24 to 72 h post-transfection.

Counting and determination of cell viability

Cell viability and cell numbers were determined using the Muse ® Cell Analyzer (Millipore) Number of cells means number of live cells and viability is the number of live cells counted divided by total cell counted (alive and dead cells).

RT-PCR

Total RNA was extracted using NucleoSpin RNA isolation columns (Macherey-Nagel). Reverse transcription was carried out using iScript™ cDNA Synthesis Kit (Biorad). Quantitative PCR was performed with KAPA SYBR Green qPCR SuperMix (Cliniscience) and a CFX Connect™ Real-Time qPCR machine (Biorad) with ABCB1, ABCC1, ABCC5, ABCG2 and actin levels. Results are expressed relative to control values arbitrarily set at 100. The primers used were:

Mouse primers www.impactjournals.com/oncotarget

Human primers

Flow cytometry

Briefly, 1x10 6 cells were stained with antibody in PBS with 2% FBS and incubated at 37°C for 30 min. 2% FBS and staining was analyzed using a Gallios flow cytometer (Beckman) and the Kaluza software.

ChIP experiment

OCI-AML3 cells were treated with 10mM DCA for 72 h. Ten million cells were centrifuged (5min; 1200rpm) and the pellet was washed two times in 1X phosphate-buffered saline (PBS) at room temperature and suspended in 10mL of 1X PBS. Cells were fixed in 1% paraformaldehyde (Electron Microscopy Sciences) at room temperature for 5 min and lysed in 1 ml of cell lysis buffer (5 mM PIPES, 85 mM KCl, 0.5% NP40, Na Butyrate 10mM + 2X protease inhibitor cocktail (Halt™ Protease Inhibitor Cocktail, EDTA-Free (100X), Thermofischer)) at 0°C for 10 min. Nuclei were recovered by centrifugation buffer (50 mM Tris-HCl pH 7.5, 1% SDS, 10 mM EDTA, Na Butyrate 10mM + Halt™ Protease Inhibitor Cocktail were then sonicated 2 times for 5 min (30 s on/off) at 4°C using a Bioruptor (Diagenode). After sonication, absorbances at 280 nm (A280) of 1/100 diluted samples were measured and A280nm and was adjusted to 0.133 with nuclei lysis buffer. One hundred microliter were used for ChIP experiments in a final volume of 1 ml. Samples were incubated under gentle agitation at 4°C overnight a negative control. Antibodies (anti-K27Ac Ab4729 (Abcam) and negative control IgG (Diagenode)) were previously bound to DYNA Beads Protein G Novex (Life Technology) according to the supplier's recommendations. Dynabeads-bound immunoprecipitates were sequentially washed once with a low salt buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% triton, 0.1% SDS, 1 mM EDTA, 1mM Na Butyrate + Halt™ Protease Inhibitor Cocktail (1X)), a high-salt buffer (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 1% triton, 0.1% SDS, 1 mM EDTA, 1mM Na Butyrate) and a LiCl-containing buffer (20 mM Tris-HCl pH 7.5, 250 mM LiCl, 1% NP40, 1% Na deoxycholate, 1 mM EDTA, 1mM Na Butyrate) and, then, twice with a TE buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, elution buffer (100 mM NaHCO3, 1% SDS), and DNAprotein complexes were incubated at 65°C for 5 hours to reverse crosslinks. Samples were then treated with 100mg/ ml proteinase K and 100 mg/ml RNAse A at 45°C for 2 hours to digest proteins and contaminating RNA. DNA was purified with an extraction kit (NucleoSpin Gel and PCR clean-up, Macherey-Nagel) according to the manufacturer's recommendations and qPCR analysis was performed using the Roche LightCycler 480 real-time PCR system. The data were normalized with inputs taken from samples before the immunoprecipitation and treated under the same conditions. The primers used to amplify various regions of LDLR gene promoter. Supplementary Table 1 shows the primers used in this experiment.

Daunorubicin accumulation / drug uptake Studies

The intracellular daunorubicin accumulation in cells was examined by flow cytometer [57]. The logarithmically growing cells were cultured in 48-well for 24 h). After incubation, cells were placed on ice, washed twice with PBS and analyzed by flow cytometry (Beckman-coulter, Elite), excitation 488 nm (argon laser) for the mean fluorescence intensity (MFI) of intracellular daunorubicin. A minimum of 10000 events was analyzed for each histogram.

Statistical analysis

The statistical analysis of the difference between means of paired samples was performed using the paired t test. The results are given as the confidence interval ( * : p<0.05, ** : p<0.01, *** : p<0.005). All the experiments described in the figures with a quantitative analysis have been performed at least three times in duplicate. Other experiments were performed three times with similar results. Energy consumption in organisms should be nely regulated to spare resources. e vast majority of eukaryotic cells perform oxidative phosphorylation (OXPHOS), which uses the energy generated by mitochondrial oxidation to produce adenosine triphosphate (ATP). is metabolic pathway is highly e cient in releasing energy but it produces reactive oxygen species (ROS) as a byproduct. ROS are involved in normal cell signaling and homeostasis. However, under stress conditions levels may rapidly increase resulting in cell damage, a process known as oxidative stress. Hence, cells using mitochondria as rst energy source must regulate ROS levels. Logically, ROS and mitochondria are functionally linked in several ways. First, ROS in the short-term regulate mitochondrial morphology and function via non-transcriptional pathways 1 . Second, ROS lead to Kelch-like ECH-associated protein 1 (KEAP-1) degradation, thereby activating nuclear factor (erythroid-derived 2)-like 2 (NFE2L2 or NRF2) 2,3 , which regulates expression of mitochondrial genes 4 . In addition, NRF2 controls ROS production by mitochondria 5 and mitochondrial function 6,7 . NRF2 arguably mediates the strongest anti-oxidant cellular response by binding to anti-oxidant response elements (ARE) in gene promoters and, consequently, regulates oxidative stress 2,3 . On the other hand, mitochondrial activity induced by acute exercise promotes Ref1/Nrf2 signaling and increases mitochondrial antioxidant activity and capacity in myocardial and skeletal muscle 8,9 . Remarkably, restraining OXPHOS in vivo in the liver strongly decreases Nrf2 levels 10 . Moreover, tumor cells forced to perform 
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OXPHOS generate a NRF2-mediated anti-ROS response 11 . However, how mitochondria transcriptionally signal the genetic program to block the ROS they produce remains unknown. NRF2 activation depends on its dissociation from the repressor protein KEAP1 and its subsequent translocation into the nucleus 2 . In hematopoietic cells, the MAPK extracellular signal-regulated kinase-5 (ERK5), through the transcription factor MEF2, induces expression of miR-23 that inhibits KEAP-1 mRNA leading to NRF2 activation 11 Several types of oxidative stress activate ERK5 12 , notably in leukemic cells 11,13,14 . In fact, ERK5 is considered a redox MAPK 15 . In endothelial cells, steady laminar blood ow (s-ow) activates ERK5 that induces up-regulation of NRF2-dependent gene expression, although the mechanism is not fully elucidated 16,17 .

Growing evidence indicates that there are alternative pathways leading to de novo production of NRF2 3 . In this context, KEAP-1 inhibition only partially accounts for OXPHOS-induced antioxidant response 11 . Chip-seq experiments performed by the ENCODE consortium have shown that the NRF2 promoter contains MEF2 binding sites 18 . Moreover, predicted networks of transcription factor interactions in skeletal muscle unveil direct regulation of NRF2 by MEF2A 19 and MEF2D binds and activates the Nrf2 promoter 20 . Hence, ERK5 could transcriptionally induce NRF2 expression through MEF2, a transcription factor that mediates some of the metabolic e ects of ERK5 11,13,14,[21][22][23][24] . In fact, ERK5 regulates the choice of catabolic substrates in hematopoietic cells 11,13,14,[21][22][23] , suggesting that is a good candidate to mediate the link between OXPHOS and the antioxidant response. We hypothesize that mitochondrial activity triggers the ERK5 pathway that, through MEF2, induces NRF2 expression and NRF2-mediated antioxidant response. We validate this by showing that mitochondrial complex I activity and fumarate accumulation induce the transcriptional expression of ERK5. ERK5 through MEF2 induces NRF2 de novo expression. erefore, mitochondrial activity is directly linked to the most important antioxidant response in the absence of de novo increase in ROS levels. is implies that eukaryotic cells have evolved a genetic program to prevent oxidative stress directly linked to OXPHOS and not requiring ROS.

Results

We have previously described that leukemic cells performing OXPHOS generated an anti-oxidant response independently of ROS 11 . is response was partially mediated by an ERK5-induced increase in miR-23 that impairs expression of KEAP-1 11 . In parallel experiments, we found that NRF2 mRNA was also increased in three hematopoietic cell lines and in primary cells obtained from a B-cell lymphoma (BCL) patient growing in OXPHOS medium (Fig. 1A). is glucose-free culture medium has nal concentrations of 4 mM glutamine and 10 mM galactose. Glutamine is used to drive mitochondria to utilize OXPHOS and galactose allows cells to synthesize nucleic acids through the pentose phosphate pathway 13,14,25,26 . We called it 'OXPHOS medium' , because it forced leukemic cells to use OXPHOS as primary ATP producer 13,24,27 . e PDK1 inhibitor dichloroacetate (DCA), which stimulates OXPHOS in all tested leukemic cells 11,13,14,22,27,28 , also increased NRF2 mRNA (Fig. 1A). Both ways to stimulate OXPHOS also induced NRF2 protein (Fig. 1B). e e ect of DCA on NRF2 mRNA and protein is reproduced in two hepatic cell lines (Supplemental Fig. 1A) and in a group of primary leukemic cells from 4 patients (Supplemental Fig. 1B). Of relevance, we observed that in primary human hepatocytes DCA also increased ERK5 and NRF2 mRNA as well as that of the NRF2 targets HO-1 and NQO-1 (Fig. 1C). In summary OXPHOS induced expression of NRF2 in multiple cell contexts.

NRF2 must translocate to the nucleus to activate its target genes and generate the antioxidant response. HuH7 hepatic cells treated with DCA showed NRF2 accumulation in the nucleus (Fig. 2A). ese results were reproduced in non-adherent Jurkat cells by western blotting (Fig. 2B) and in the hepatic cell line HepG2C3A (Supplemental Fig. 2A). We observed a total increase in NRF2 that was more predominant in the nuclear fraction. OXPHOS medium also induced NRF2 translocation to the nucleus in Jurkat cells (Supplemental Fig. 2B).

OXPHOS induced de novo expression of

. To test if enhanced OXPHOS could exert a similar e ect on NRF2 expression in vivo, we engra ed AML primary cells in non-obese diabetic/severe combined immunode cient (NOD/SCID)-interleukin-2 receptor γ null (NSG) mice, as previously described 27 . Mice with established tumors (day 80 post-gra ) were treated with DCA. e treatment was not toxic and did not show any notable e ect on mouse survival 27 . Human tumor AML cells gather in mouse spleen and bone marrow, hence we isolated mRNA from these organs. We used human-speci c primers to analyze the expression of the selected mRNAs and found an increase in NRF2 mRNA (Fig. 3A). is increase paralleled that of ERK5 and NQO-1 under similar conditions 11 . DCA also induced mouse Erk5, Nrf2 and Nqo1 mRNA in liver and spleen in a separate experiment in which C57BL/6 wild type mice were treated for di erent periods of time, 1 to 3 days, with DCA (Fig. 3B). e e ect was rst observed in spleen and later in liver tissue. Nrf2 was likely active because we observed an increase in its target gene Nqo-1 (Fig. 3B). Hence DCA induced NRF2 expression in multiple cell populations in vitro and in vivo.

e cellular oxidative state can regulate NRF2 expression 2 . erefore, we investigated whether NRF2 expression is regulated by ROS in our setting. DCA induces ROS production in some hematopoietic cell lines, e.g. OCI-AML3, but not all, e.g. Jurkat 11,27,29 . In contrast, both cell lines increased NRF2 expression suggesting that ROS production was not essential for this induction (Fig. 4). Next, we incubated both cell lines with the antioxidant N-acetyl-cysteine (NAC), which failed to consistently reduce DCA-induced ERK5, NRF2 or NQO-1 mRNA (Fig. 4), although e ciently blocked DCA-induced ROS increase 11,29 . We observed similar results in primary leukemic cells from a BCL patient (BCL-P2). DCA does not increase ROS in the hepatic cell line HepG2C3A, but it did in Huh7 29 . However, DCA signi cantly increased ERK5, NRF2 or NQO-1 mRNA in both cell lines and in the presence of NAC (Supplemental Fig. 3). ese results excluded a major role of ROS in NRF2 expression a er DCA treatment. Normally ROS activate NRF2. Unexpectedly in AML cells, there is no relationship between high ROS levels and high nuclear NRF2 30 . Furthermore, the use of NAC, which successfully sequesters endogenous ROS in AML, has no e ect on nuclear NRF2 levels 30 . Taken together, this excludes ROS as causing nuclear accumulation of NRF2 in resting human AML cells 30 .

Next, we investigated the mechanism responsible for mitochondria activity-induced NRF2 expression. Reducing expression of ERK5 with a small hairpin RNA (shERK5) diminished NRF2 mRNA expression in hematopoietic cells under resting conditions (Fig. 5A). NRF2 protein levels were also reduced a er shERK5 transfection (Fig. 5B). We could not treat shERK5-expressing cells with DCA because they die due to lack of appropriate mitochondrial functions and antioxidant response 11,13,14,[21][22][23] . Conversely, overexpression of ERK5 increased NRF2 mRNA (Fig. 5A). Reducing expression of ERK5 in primary human hepatocytes (Fig. 5C) and hepatic cell lines, HuH7 and HepG2C3A (Supplemental Fig. 1A,B), with small interference RNA for ERK5 (siERK5) also impaired expression of NRF2 and its target genes NQO-1 and HO-1.

To further study the role of the ERK5/MEF2 pathway in NRF2 expression, we overexpressed several proteins of this pathway. Strong activation of the ERK5 pathway by co-overexpression of a constitutively active mutant of MEK5 (MEK5D), the upstream kinase of ERK5, and ERK5 induced a greater increase in NRF2 mRNA (Supplemental Fig. 4C). In those experiments, only 30-60% of the cells are e ectively transfected. To overcome this issue, we use a luciferase reporter plasmid driven by a DNA fragment of 1.5 kb of the human NRF2 promoter 30 . In this context, cells expressing the reporter plasmid also contain the overexpressed proteins. ERK5 signi cantly activated the reporter and MEK5D increased this e ect (Fig. 5D). Expression of a dominant negative form of MEF2C (MEF2C-DN) decreased the e ect of ERK5 and MEK5D. is DN construct also diminished basal or DCA-stimulated reporter expression. In contrast, MEF2C overexpression increased both basal and DCA-induced activity (Fig. 5D). DCA, which induced strong activation, did not show a synergistic, but rather an additive, e ect with the activating proteins. ese results suggested that ERK5 controls NRF2 expression through MEF2. To test this, we transfected a small interference RNA for MEF2 (siMEF2) in the hepatic cell line HepG2C3A (Supplemental Fig. 4D) and the AML cell line OCI-AML3 (Fig. 5E). is e ciently decreased MEF2 mRNA and protein 29 and also decreased both basal and DCA-induced NRF2 mRNA (Fig. 5E).

e previous experiments had shown that OXPHOS generates a signal that induces ERK5 expression, which contributes to the NRF2-mediated antioxidant response. We con rmed this in vivo by using a transgenic Tet-O mouse that express a mutant active form of the ATPase Inhibitory Factor 1 (IF1) in hepatocytes to restrain OXPHOS in the liver 10 . Interestingly Santacatterina et al. describe in the Fig. 8C of their MS that liver Nrf2 levels are lower in mice expressing IF1. We con rmed it by analyzing expression of Nrf2 mRNA (Fig. 6A). is correlated with lower expression of Erk5 mRNA as compared to wild type mice (Fig. 6A). is shows that OXPHOS also induces Erk5 mRNA expression in vivo.

We con rmed the essential role of mitochondrial function on ERK5 expression by using broblasts derived from patients with strong mitochondrial disorders (Supplemental Table 1). ERK5 and NRF2 mRNA were signicantly reduced in these patients (Fig. 6B).

We next focused on the molecular mechanisms underlying our observations. When we inhibited the mitochondrial complex I with metformin, we observed a decrease on ERK5, NRF2 and NQO-1 mRNA and protein expression (Fig. 6C). Both metformin and DCA induce AMPK activation 27 , however, they blocked and induced ERK5 expression, respectively. is suggested that AMPK and its associated metabolic changes were not involved in ERK5 expression. We con rmed this by reducing the expression of the catalytic subunit of AMPK, AMPKα, with 2 di erent siRNA that e ectively blocked several AMPK-mediated metabolic changes 27 . is did not a ect expression of ERK5 or NRF2 mRNA (Supplemental Fig. 5). erefore, AMPK activation was not responsible for generating the antioxidant response in cells performing OXPHOS. In Fig. 6C we showed that complex I inhibition decreased ERK5 mRNA. e electron transport chain complex III removes electrons from ubiquinol (QH 2 ) and sequentially transfer them to cytochrome c. e reduction of ubiquinone (Q) to QH 2 could either be due to mitochondrial complex I, which removed electrons from NADH, or mitochondrial complex II, which removed them from succinate and transferred through FAD. en, we investigated the e ect of the complex II inhibitor thenoyltri uoroacetone (TTFA). is drug strongly induced ERK5 mRNA expression (Fig. 6D). DCA did not increase TTFA e ects suggesting that both shared the same target.

TTFA was slightly toxic (Supplemental Fig. 6A) and, like metformin, could have o -target e ects. erefore, we used an array of cell lines with impaired activity of the di erent mitochondrial complexes (Supplemental table 2). ρ0 cells that lack mitochondrial DNA and thus a functional ETC, did not induce ERK5 expression a er DCA treatment (Fig. 6E, right lower panel), in agreement with our previous results showing that mitochondrial activity induced ERK5 expression (Fig. 6A,B 13 . We next used 3 di erent cell lines in 2 di erent mitochondrial backgrounds with defects in mitochondrial complex I and observed that DCA treatment did not induce ERK5 expression (Fig. 6E, le panels). In agreement with Fig. 6D, mutation in mitochondrial complex II did not inhibit DCA-induced ERK5 expression (Fig. 6E, top right panel). Cells with mutations in complex III and V, but not in complex IV, increased ERK5 expression a er DCA treatment (Fig. 6E, right panels). However, complex V mutant show lower basal ERK5 mRNA levels in agreement with in vivo experiments (Fig. 6A). Mutation in the mitochondrial tRNA Ile in the L929 cell line (mB77), which produces more ROS 31 , did not increase ERK5 mRNA (Fig. 6E, upper right panel). is supported our results in Fig. 4 showing that de novo ROS production was not involved in ERK5 expression.

Mitochondria adapt the organization of the di erent complexes and supercomplexes to optimize the use of the available substrates, mainly regulating the proportion of respiratory complex III superassembled with complex I for electron transport. is is needed to avoid competition between FADH 2 -and NADH-derived electrons 31 . DCA, by inhibiting PDK1, activates PDH and the formation of acetyl-CoA from pyruvate. is generates 3 NADH per 1 FADH 2 (through succinate) molecules in the TCA cycle. Other substrates however, generate a di erent proportion of NADH/FADH 2 electrons and therefore a di erent demand of CI/CII dependent oxidation. erefore, while both complexes are always delivering electrons to the ETC simultaneously, the requirement of complex I seems relatively favored by DCA. Complex II, or succinate dehydrogenase (SDH), is also part of the Krebs cycle and catalyzes the conversion of succinate to fumarate. Hence, if complex II is outcompeted by complex I activity, succinate accumulation and fumarate reduction may be induced. Both phenomena are well known in intracellular signaling. Fumarate and succinate, in their acid form, acidify culture media. Hence, we used monomethylsuccinate (MMS) and dimethylfumarate (DMF) to investigate the impact of fumarate and succinate accumulation on ERK5 expression. MMS decreased ERK5 levels (Fig. 7A). In contrast, DMF increased them (Fig. 7A). Next, we used metformin to inhibit complex I, forcing the use of complex II, and added MMS to increase complex II activity. When used together, they decreased even further ERK5 expression (Fig. 7B). is suggested that complex II activity reduced ERK5 expression, probably by inhibiting complex I activity. In summary, whereas succinate probably does not play any role per se on ERK5 expression, fumarate induces its expression. is suggested that DCA, by accumulating fumarate, induces ERK5 mRNA.

Complex I receive electrons from NADH and deliver them to CoQ. Complex II employs FADH as co-factor to deliver electrons from succinate to CoQ.FADH 2 . erefore, the ratio of NADH/FADH 2 electrons changes with di erent substrates and the requirement of complex I for NADH oxidation vary according to the NADH/FADH 2 ratio. Oxidative metabolism of one molecule of glucose generates ten NADH and two FADH2, a NADH:FADH2 electron ratio of 5. Fatty acids (FA), e.g. palmitate, generate a ratio of 2 32 . Etomoxir inhibits FA transport into the mitochondria and blocks fatty acid oxidation (FAO), resulting in an increase of the ratio NADH/FADH 2 . Interestingly, etomoxir decreased basal and DCA-induced increase ERK5 mRNA (Fig. 7C). erefore, we found no correlation between ERK5 expression and the expected changes in NADH/FADH 2 ratio. Etomoxir and DCA were not toxic to OCI-AML3 cells, although they decreased cell proliferation (Supplemental Fig. 6B). However when combined they induced cell death suggesting that DCA treatment requires FAO for cell survival as suggested by our previous results 29 . In summary complex I activity, through accumulating fumarate, induces ERK5 expression leading to NRF2-mediated antioxidant response.

Discussion

ROS generation is inherent to the activity of the electron transport chain, with Complex I being considered one of the main sites at which premature electron leakage to oxygen occurs and give rise to superoxide anion 33 . We show here that complex I activity initiates an antioxidant response mediated by ERK5-induced NRF2 expression. It is interesting to note that the main generator of ROS is at the same time responsible of triggering the mechanism to eliminate them. Of relevance, ROS de novo production is not required for this response. e cell "anticipates" ROS formation and activates the pathway to avoid their uncontrolled increase. Once produced, ROS quickly originate biochemical reactions that generate damage to cell structures. Hence, it is on the cell's own bene t to create the antioxidant response when ROS production is going to occur. However, new data are challenging the "only" deleterious view of mitochondrial ROS. For example ROS increase with aging, but increasing mitochondrial ROS production speci cally through the respiratory complex I reverse electron transport (RET) extends Drosophila lifespan 34 . and β-galactosidase activities. e graphic represents the relative luciferase units (RLU). (E) OCI-AML3 cells were transfected with siRNA for MEF2A and C and 24 h later treated with 10 mM DCA for 36 h. NRF2 mRNA and NRF2 protein were analyzed as in in (A) and (B) respectively. Experiments were done in triplicate. e data represent means ± SD; statistics were performed using student t-test (C) or One-way ANOVA with posthoc Tukey test (A,D and E); *p < 0.05, **p < 0.01, ***p < 0.001. Treatments were compared to empty vector transfected cells (control) if not speci ed in the graph. 1). (C) Di erent hematopoietic cell lines were incubated for 24 h with 5 mM metformin. mRNA expression was quanti ed by qPCR and represented as the % of mRNA compared non-treated cells. ERK5 and NRF2 protein expression was analyzed in these cell lines by western blotting (lower panel). (D) Jurkat and OCI-AML3 cells were treated with 10 mM DCA and 300 µM TTFA for 24 h. NRF2 mRNA expression was quanti ed by qPCR and represented as the % of mRNA compared to control cells. (E) Di erent cell lines described in Supplemental Table 2 were treated with 20 mM DCA during 24 hours. ERK5 mRNA was quanti ed by qPCR and represented as the % of mRNA compared to non-mutant control cells. Experiments were done in triplicate and data represent means ± SD; statistics were performed using student t-test (A-C) or One-way ANOVA with post-hoc Tukey test (D and E); *p < 0.05, **p < 0.01, ***p < 0.001; § p < 0.05, § § p < 0.01 compare to the respective control cell lines. Treatments were compared to non-treated cells (control) if not speci ed in the graph.

We show that mitochondrial complex I activity is required for ERK5-induced NRF2 expression. We have examined several possibilities that could account for our observation. DCA inhibits glycolysis and increases FAO as suggested by the high toxicity of the combined etomoxir plus DCA treatment ((Supplemental Fig. 6) and 29 ).

en, this switch would change NADH:FADH2 electron ratio. When electron ux from FAD overwhelms the oxidation capacity of CoQFAD, CI is degraded, releasing CIII from CI-containing complexes to receive FAD-derived electrons 35 . e increased electron ux through FAD could saturate the oxidation capacity of the dedicated coenzyme Q (CoQ) pool and result in the generation of ROS 36 . However, in our experiments ROS do not mediate OXPHOS-induced ERK5 expression (Figs 4 and6). Moreover, etomoxir decreases basal ERK5 expression but it does not block DCA-induced increase. Finally, if FAO is inducing ERK5 expression, complex II inhibition should decrease it, but we found an increase with TTFA and basically no e ect by genetic approaches. is suggests that another mechanism is responsible for triggering ERK5 expression.

In non-transformed cells inhibition of OXPHOS by IF1 induces AMPK activation 10 , which could lead to ERK5 activation 37 . DCA also induces AMPK 27 . However, our pharmacological (metformin, Fig. 6C) and genetic (siRNA, Supplemental Fig. 5) approaches suggest that AMPK is not involved on ERK5 expression during OXPHOS.

Strong mitochondrial complex I activity could decrease electron transport through complex II and the subsequent accumulation of succinate or reduced fumarate be responsible for ERK5 expression. Our results using TTFA or genetically-modi ed cells support this conclusion (Fig. 6). However, MMS fails to induce ERK5 even if complex I was blocked by metformin (Fig. 7). In contrast, we found that DMF induced ERK5 (Fig. 7). Interestingly, DMF induces Nrf2 expression through a PD98059-sensitive pathway 38 . Although this MAPKK inhibitor was initially described as a speci c MEK1 inhibitor, it also inhibits the ERK5 upstream kinase MEK5 39 . erefore, fumarate indeed mediates ERK5 expression. Accumulated fumarate can covalently modify cysteine residues of proteins, in an uncatalyzed process termed succination, modifying cellular signaling 40 . Succination occurs on KEAP1 41 and results in constitutive NRF2 activation and increased expression of its target genes 41 . erefore, fumarate induces the NRF2-mediated antioxidant response by directly a ecting KEAP-1 41 and by inducing de novo NRF2 expression (our results).

An alternative is that succinate promotes CII activity and induces RET thereby decreasing mitochondrial membrane potential. In reverse, fumarate blocks CII thereby increasing complex I activity and this could trigger ERK5 expression.

Although it is well-established that ROS induce NRF2 activation 2 , recent data support that alternative pathways independent of ROS are also operative. For example, OXPHOS decreases KEAP-1 expression independently of ROS 11 and NRF2 expression in AML depends on NF-κB but not on ROS 30 . Interestingly, ERK5 activates NF-κB in leukemic cells 42 . Hence, ERK5 could handle the NRF2-mediated antioxidant response by at least 3 mechanisms independently of de novo ROS generation: i) direct transcription through MEF2 (the results presented here); ii) direct transcription through NF-κB 30,42 ; iii) upregulation of miR-23 and downregulation of KEAP1 mRNA 11 . is emphasizes the central role of ERK5 in the antioxidant response [11][12][13][14][15][16][17] .

Transcriptome analysis shows that the ERK5 pathway regulates in normoxia several genes involved in metabolic remodeling, including some controlled by hypoxia inducible factor-1α (HIF-1α under hypoxia 13,43 . Also, like HIF-1α, ERK5 is degraded by a process depending on the tumor suppressor von Hippel-Lindau (VHL), through a prolyl hydroxylation-dependent mechanism 44 . Hence, mitochondrial complex I activity through fumarate accumulation could also protect ERK5 from VHL-induced degradation. is is based on the fact that succinate and fumarate (and succinate) outcompete α-ketoglutarate, an essential co-factor of prolyl hydroxylase domain enzymes 45 .

How ERK5 induces NRF2 mRNA expression is not totally elucidated. ERK5 directly phosphorylates MEF2A, C and D at di erent serines and threonines 46,47 . It activates MEF2A and D by direct interaction because ERK5 serves as a MEF2 coactivator through its signal-dependent direct association with the MEF2 MADS domain; although, at least, MEF2A-dependent transcription requires ERK5 kinase activity 48,49 .

Finally, forcing cells to produce energy through OXPHOS also a ects cell viability and proliferation independently of ROS. is is rather related to energy depletion. In this sense OXPHOS requires mitochondrial function and DCA induces cell death in ρ0 cells, while in other cells it just inhibits growth 11,23,50 . In summary forcing OXPHOS in vitro is cytostatic in "normal" tumor cells and cytotoxic in cells with major mitochondrial dysfunctions.

Experimental Procedures

Ethical statement. Experimental procedures were conducted according to the European guidelines for animal welfare (2010/63/EU). Protocols were approved by the Animal Care and Use Committee "Languedoc-Roussillon" (approval number: CEEA-LR-12163). The use of human specimens for scientific purposes was approved by the French National Ethics Committee. All methods were carried out in accordance with the approved guidelines and regulations of this committee. Written informed consent was obtained from each patient prior to surgery.

Reagents and antibodies. DCA was from Santa Cruz Technologies. Galactose and glutamine were from GIBCO. RIPA bu er to prepare protein extracts was from Euromedex. e complete protease inhibitor cocktail (Complete EDTA-free) and the phosphatase inhibitor cocktail (PhosSTOP) were from Roche. H 2 O 2 , DMF and MMS were from Sigma. ERK5 and NRF2 antibodies were from Cell Signaling Technology and Santa Cruz respectively. e antibody against β-Actin and HRP-labeled secondary antibodies were from Sigma. mouse experiments. In vivo experiments were carried out using 6 to 8 weeks/old male NSG mice.

Mice were bred and housed in pathogen-free conditions in the animal facility of the European Institute of Oncology-Italian Foundation for Cancer Research (FIRC), Institute of Molecular Oncology (Milan, Italy). For engra ment of human cells, 1 million AML cells were injected intravenously (i.v.) through the lateral tail vein in non-irradiated mice. NSG mice with established human AML tumors (day 80 post-gra ) were treated with DCA (50 mg/kg, 1 dose/ day by gavage, starting at day 1 for 16 consecutive days). Human tumor AML cells gather in mouse spleen and bone marrow, hence we isolated mRNA from these organs. We used human-speci c primers to visualize expression of human mRNA. In a di erent experiment B6 wild type mice were treated with a daily single dose of DCA (50 mg/kg/ day) intraperitoneally and mouse mRNA was analyzed in spleen and liver a er di erent times. e samples from transgenic mice containing the mutant H49K version of hIF1 have been described 10 . mRNA was analyzed in liver of these mice.

Cell lines and culture conditions.

e leukemic human cell lines T Jurkat Tag, NB4 and OCI-AML3 were grown in RPMI 1640-Glutamax (GIBCO) supplemented with 5% (Jurkat) or 10% (OCI and NB4) FBS. Primary cells from a lymphoma B cell patient (BCL-P2) were grown in the same medium with 10% FBS. In certain experiments cells were grown in RPMI 1640 without glucose (GIBCO 11879) with the addition of 2 mM glutamine and 10 mM galactose (OXPHOS medium). e Jurkat TAg cells carry the SV40 large T Ag to facilitate cell transfection. HepG2C3A and HuH7 cells were grown in MEM and DMEM respectively supplemented with 10% FBS, sodium pyruvate, glutamine, penicillin and streptomycin. e HCT116 human colon cancer cells were cultured in low glucose (5 mM) DMEM medium supplemented with 10% FBS. Cellular con uence during experiments was between 80-85%.

Primary Leukemic Cells. Data and samples from patients with di erent hematological cancers were collected at the Oncology and Clinical Hematology Department of the CHU Montpellier, France, a er patient's informed consent. Patients were enrolled in two independent clinical programs approved by the "Comiteś de Protection des Personnes Sud Mediterraneé I (ref 1324)" and ID-RCB: 2011-A00924-37. All samples from cancer patients were collected at diagnosis.

Human liver samples and preparation of primary human hepatocytes (PHHs) cultures. PHHs were isolated as described previously 51 from donor organs unsuitable for transplantation or from liver resections performed in adult patients for medical reasons unrelated to our research program. Liver samples were obtained from the Biological Resource Center of Montpellier University Hospital (CRB-CHUM; http://www. chu-montpellier.fr; Biobank ID: BB-0033-00031) and this study bene tted from the expertise of Dr Jeanne Ramos (hepatogastroenterology sample collection) and Prof Sylvain Lehmann (CRB-CHUM manager). e procedure was approved by the French Ethics Committee and written or oral consent was obtained from the patients or their families.

Human hepatocytes isolation and culture were performed as described previously 51 . Brie y, a er liver perfusion, hepatocytes were counted and cell viability was assessed by trypan blue exclusion test. A suspension of 1 × 10 6 cells/mL per well was added in 12-well plates pre-coated with type I collagen (Beckton Dickinson) and cells were allowed to attach for 12 h. en, the supernatant containing dead cells and debris was removed and replaced with 1 mL of serum-free long-term culture medium (Lanford medium, LNF). e number of con uent attached cells was estimated at ~1.5 × 10 5 cells/cm 2 .

Plasmids.

e luciferase reported plasmid driven by a DNA fragment of 1.5 kb of the human NRF2 promoter was a kind gi from Stuart Rushworth 30 . e expression vectors for ERK5, the pSUPER expression vector for GFP alone or GFP plus shERK5 and the pSiren-retroQ-puro (BD Biosciences) retroviral vectors for shERK5 and control have been previously described 52 . Control, MEF2A and C and ERK5 siRNA were ON-TARGETplus SMARTpools (mixture of 4 siRNA) from Dharmacon.

Transient transfection. Jurkat cells in logarithmic growth phase were transfected with the indicated amounts of plasmid by electroporation 42,53 . In each experiment, cells were transfected with the same total amount of DNA by supplementing with empty vector. Cells were incubated for 10 min at RT with the DNA mix and electroporated using the Gene Pulser Xcell ™ Electroporation system (Bio-Rad) at 260 mV, 960 mF in 400 µl of RPMI 1640. Expression of the di erent proteins was con rmed by western blot. e transfection e ciency in Jurkat TAg cells is between 60 and 80%. OC-AML-3 cells were transfected using Amaxa TM D-Nucleofector TM Lonza Kit according to manufactured protocol. In HuH7 and HCT116 cells, transfection of 30-50 nM siRNAs was carried out using Lipofectamine RNAiMAX (Invitrogen) in Opti-MEM (Invitrogen), according to the manufacturer's instructions. Adherent primary hepatocytes were transfected twice at day rst and third post-seeding with 20 nM siRNA. Cells were harvested 48 to 96 h post-transfection.

Reporter assay. In all experiments, Jurkat cells were transfected with β-galactosidase reporter plasmid 42,53 . e transfected cells were harvested a er 2 days and centrifuged at 1000 g for 5 min. e cell pellet was suspended in 1 ml cold PBS and transferred to 1.5 ml Eppendorf tube for washing. Cells were lysed with 100 µl luciferase lysis bu er (Promega) and incubated at room temperature for 10 min. e lysates were centrifuged and luciferase assays (40 µl) performed according to the manufacturer's instructions (Promega, Charbonnières, France) using a Berthold luminometer. For β-Galactosidase assays, 40 µl of lysates were added to 200 µl of β-Galactosidase assay bu er (50 mM phosphate bu er pH 7.4; ONPG 200 µg; 1 mM MgCl2; 50 mM β-Mercaptoethanol) and the absorbance measured at 405 nm. e results were expressed as luciferase units normalized to the corresponding β-galactosidase activity. e expression level of the transfected proteins was routinely control by immunoblot analysis.

Subcellular fractionation.

For preparation of nuclear extracts, Jurkat cells were grown in indicated medium. Ten million cells were taken and washed twice in cold PBS 54 . Nuclear and cytoplasmic proteins were extracted using according to manufactured instruction of Bio Basic Inc ® . Extracted soluble proteins were ana- lyzed by immunoblotting.

Counting and determination of cell viability. Cell number, viability and cell death was analyzed with the Muse Cell Analyzer (Millipore) by incubating cells with Muse Count & Viability and Annexin V and Dead Cell kits respectively, following manufacturer's instructions 27 .

Control or treated cells were washed with cold bu er and xed with paraformaldehyde (3.2% in PBS) for 20 minutes. Cells were washed 3 times with PBS and stored at 4 °C until labelling. Cells were permeabilized with Triton (0.1% in TBS) for 5 minutes and washed with TBS-T (TBS + Tween 0.05%). Cells were labelled with primary antibody (for one hour at room temperature (dilution in TBS + 2% SVF) and washed with TBS-T. Cells were labeled with secondary antibody and Hoechst or DAPI (1/1000 dilution in TBS + 2% SVF) for 30 minutes. Cells were washed with TBS-T and nally washed with H 2 O before montage. Immuno uorescent labeling was examined under a uorescent microscope (Leica Microsystem, Rueil-Malmaison, France) and images were analyzed using Metamorph so ware (Universal Imaging Corporation, Downington, PA).

RT-PCR.

Total RNA was extracted using NucleoSpin RNA isolation columns (Macherey-Nagel), reverse transcription was carried out using iScript ™ cDNA Synthesis Kit (Biorad). Quantitative PCR was performed with KAPA • WM) <$--) ;#"%) LEWSH) =2'/$3'&) 2;'$#) HPW) 23.) NLg) '#$2'%$3'&) #$.,<$.) &O8 ;#;$) 2<'/52'/"3)%2#0$#&()$7>7)K6^f()K6Za`2)23.)-"+$#)K6RbONi)&,:="=,-2'/"3&7)
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Fig. 1 .

 1 Fig. 1. Patients with hematological malignancies and healthy donors have different NK cell subset profiles. A) PBMCs from blood samples (bs) of a healthy donor and of a patient with multiple myeloma (MM) or from bone marrow (bms) of the patient with MM or samples of patients with other hematological diseases were stained for FACS analysis with anti-CD19 (B cells), -CD3 (T cells, CD3 + CD56 -) and -CD56 (NK cells, CD56 + CD3 -), to identify the different lymphocyte populations, and also with anti-CD16, to identify NK cell subsets at different stage of maturation, and with -CD45RA, and -CD45RO antibodies. Numbers in the quadrants indicate the percentage of cells. B) Percentage of different NK cell populations based on CD45RA and RO expression in healthy donors and in patients with hematological cancers. The populations correspond to the quadrants in A: upper left (CD45RA), bottom left (CD45RA dim ), upper right (CD45RARO) and bottom right (CD45RA dim RO). The bars show the mean ± SD for each medical condition, Student t-test compare to healthy donor blood (left panel) or bone marrow (right panel) samples: *p b 0.01; **p b 0.001; ***p b 0.0001. HD, Healthy donor; MM, multiple myeloma; B-CLL, B-cell chronic lymphocytic leukemia; BCL, B-cell lymphoma; AML, acute myeloid leukemia; bs, blood samples; bms, bone marrow samples.

Fig. 2 .

 2 Fig.2. The phenotypic characterization of CD45RARO shows that they are fully mature cells. PBMCs from a representative BCL patient were stained as in Fig.1to identify the CD45RARO population and the maturation development was revealed by expression of CD56 CD16(A) or CD57 CD62L (B). Numbers in the quadrant indicate the percentage of cells. C-D) PBMCs from 5 BCL patients were stained as in Fig.1to identify the CD45RARO population and the expression of different molecules on the different NK cell subsets was revealed by using antibodies against KIRs 158a, b and e, GzmB, the Lectin Like Transcript-1 (LLT1) receptor CD161, the NCR NKP46, the activating receptor NKG2D, the inhibitory receptor NKG2A(D) and the molecule CD94.

Fig. 3 .

 3 Fig.3. CMV + patients and patients with hematological cancer have different NK cell subset profiles. A) PBMCs from patients with reactivation (CMV + ) or not (CMVneg) of CMV infection following kidney transplantation were purified as in Fig.1and the percentage of NK cells was calculated. B) The abundance (in percentage) of NK cells at different stages of maturation (CD56 CD16) was analyzed in the samples described in(A). C) The percentage of each NK cell subsets (CD45 isoforms) is shown. There were not any differences between the two groups of patients. In (B) and (C) bars represent the mean ± SD of at least four individuals for each medical condition.

Fig. 4 .

 4 Fig. 4. Functional characterization of CD45RARO NK cells. A) FS and SS values of the different NK cell subsets (based on the expression of CD45 isoforms) derived from a blood sample of a patient with MM. B-C) Expression of CD71 and Ki67 in the different NK cell subsets in a representative BCL patient. D-E) Representative graphs showing the expression of CD45RO or CD45RA versus CD69 in NK cells from blood (bs) or bone marrow samples (bms) of patients with different blood-borne cancers. Numbers in the quadrant indicate the percentage of cells.

Fig. 6 .

 6 Fig. 6. CD45RARO cells have performed trogocytosis on tumor cells. PBMCs from patients with BCL (A) or AML (C) were purified as in Fig. 1 and were stained with different antibodies. Numbers in the quadrant indicate the percentage of cells. In this experiment, the NK cell population corresponded to CD56 + NKP46 + cells. B) Purified NK cells (CD56 + selection) from a B-CLL patient have been were stained with NKp46, to formally identify NK cells, together with CD45RA, CD45RO and CD19. They were analyzed with the DEPArray™ System.

Fig. 7 .

 7 Fig. 7. CD45RARO cells are prompted to perform trogocytosis on allogeneic tumor cells. PBMCs from an AML patient were incubated with purified tumor cells from a BCL patient (E: (NK cell):T ratio 0.3:1), which are CD10CD19 for 16 h before staining with different antibodies. A) Top panels identified the BCL cells, the NK cells before and after cytotoxic assay. In the bottom panels CD10CD19 expression was analyzed in the NK cells described in the top panels. Numbers in the quadrant indicate the percentage of cells. B) CD45RA RO expression before and after cytotoxic assay was analyzed in NK cells. C) The expression of CD10CD19 was analyzed in different NK cell CD45 subsets. The numbers in graphics represent the percentages of cells in the specific quadrant.

Figure 1 .

 1 Figure 1. Effect of treatment on lymphocyte populations. (A) Absolute values of hemoglobin (left), total leukocyte count (middle) and total lymphocyte count (right) are reported as before the first induction (day 0), after first round of treatment (end cycle 1) and after the final round of treatment (end study) respectively (n D 16). (B) Absolute count of T lymphocyte (CD3CCD56-) population and NK cell (CD3-CD56C) populations from total PBMC (n D 16). (C) Absolute count of lymphocyte populations carrying specific markers associated with B-cell lymphoma (n D 16). (D) Expression of HLA and the stress ligands MIC-A and MIC-B on CD19 C population in term of mean fluorescence intensity (HD: n D 4; patients: n D 10). Significance was determined by paired t-test between day 0 versus following time-points, and one-way ANOVA between HD and patients at every time-points with à p 0.05, Ãà p 0.01 and ÃÃà p 0.001.

Figure 2 .

 2 Figure 2. Treatment induces maturation of the immature NK cell population. (A) Analysis of NK cell subpopulations based on level of CD56 and CD16 expression that divides NK cells in 4 subpopulations: CD56 br CD16 ¡ (top, left panel), CD56 br CD16 C (top, right panel), CD56 dim CD16 ¡ (bottom, left panel) and CD56 dim CD16 C (bottom, right panel). (B) Assessment of NK cell maturation status determined by expression of the maturation markers CD161, CD62 L and CD57. (C) Expression of several KIR receptors on healthy donor and patient NK cells: CD158 a (KIR2DL1), CD158b (KIR2DL2/3) and CD158e (KIR3DL1). (D) Expression of the inhibitory heterodimer complex NKG2 A/ CD94 and the activating receptor NKG2D. Patient: n D 16, healthy donor: n D 4. Significance was determined by paired t-test between day 0 versus following time-points, and one-way ANOVA between HD and patients at every time-points with à p 0.05, Ãà p 0.01 and ÃÃà p 0.001.

Figure 3 .

 3 Figure 3. Treatment decreases the activated NK cell population. (A) Proliferation potency of NK cell presented as intracellular staining of the nuclear marker Ki-67 and NK activation status determined by expression of the activation marker CD69. (B) Analysis of NK populations based on differential expression of CD45 isoforms: CD45RA C (left panel) and CD45RACR0C plus CD45R0C (right panel). Patient: n D 16, healthy donor: n D 4. Significance was determined by paired t-test between day 0 versus following time-points, and one-way ANOVA between HD and patients at every time-points with à p 0.05, Ãà p 0.01 and ÃÃà p 0.001.

Figure 4 .

 4 Figure 4. Treatment modulates NK cell cytotoxic activity. (A) Percentage of GrzB C NK cells (left panel) and the MFI of GrzBC population (right panel). (B) Ex vivo degranulation of NK cells determined by CD107 a staining (left panel: % of CD107 a C NK cells; right panel: MFI of CD107 a C NK cells. (C) Degranulation of NK cells upon overnight incubation with Daudi target cells at [E:T] D 1:10 determined by % of CD107 a C cell (left panel) and MFI of CD107 a C NK (right panel). (D) The increase in CD107 a in in vitro assays (DCD107 a) was calculated as the difference between the % of CD107 a C in degranulation assay versus the % of CD107 a C NK cell detected ex vivo for each data point. (E) Percentage of the different NK cell subsets that expressed CD107 a ex vivo. Patient: n D 16, healthy donor: n D 4. Significance was determined by paired t-test between day 0 versus following time-points, and one-way ANOVA between HD and patients at every time-points with à p 0.05, Ãà p 0.01 and ÃÃà p 0.001.

Figure 5 .

 5 Figure 5. Trogocytosis of tumor associated marker on NK cell population. (A) Trogocytosis of CD19 tumor marker on the total NK population (left panel) or on different NK cell subpopulations regarding expression of CD45 isoforms: CD45RA C , CD45RAR0 C , CD45RA dim and CD45R0 C . (B) The percentage of NK cells expressing CD69, NKG2D and CD94 was analyzed in the CD45RO ¡ and CD45RO C populations. Patient: n D 16, healthy donor: n D 4. Significance was determined by paired t-test between day 0 versus following time-points, and one-way ANOVA between HD and patients at every time-points with à p 0.05, Ãà p 0.01 and ÃÃà p 0.001.

Figure 6 .

 6 Figure 6. NK cell increased expression of CD137, but not PD1, in FL and DLBCL patients. Expression of CD137 (TNFRSF9) and the exhaustion marker PD1 on NK cells before the treatment (day 0 -cycle 1), before the first infusion of OBZ (day 8 -cycle 1), before the treatment of 2 nd cycle (end cycle 1) and finally at the end of the last cycle (end cycle 6). Statistical significance was determined by paired t-test between "day 0 -cycle 1" and the following time points; p values à à p 0.05, Ãà p 0.01 and ÃÃà p 0.001.
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  death receptor binding on tumor cells by ligands expressed by NK cells. In agreement with this, e-NK natural cytotoxicity was only partially diminished by the degranulation inhibitor EGTA (Figure4A), which in contrast, largely blocked ADCC.

Figure 1 .

 1 Figure 1. Optimization of NK cell expansion protocol. (A) Comparison of costimulation (PLH accessory cells + IL-2 100 U/mL + IL-15 5 ng/mL) and IL-2 (1000 U/mL) expansion protocols using three UCB donors (2903, 3464, 2928). (B) K562 cells were incubated overnight with costimulation-(circles) or IL-2-activated (triangles) NK cells from two different donors at different effector: target (E:T) ratios. Cell death was analyzed by 7-AAD staining. (C) BCL Patient 2 cells were incubated overnight with costimulationor IL-2-activated NK cells from three different donors, in the presence (black symbols) or absence (white symbols) of RTX (10 µg/mL). (D) NK cells from 2 donors were expanded by costimulation for different days. At these days, NK cells were frozen. They were thawed at the same time and tested for cytotoxicity against the cell lines. (E) NK cells from 2 donors were expanded for 20 days and frozen or kept fresh before testing their cytotoxicity.

Figure 2 .

 2 Figure 2. e-NK mediate ADCC with anti-CD20 mAbs. (A) PBMCs from CLL patient 148 were incubated for 1 h with 10 µg/mL of RTX and overnight with e-NK cells obtained from nine different donors at a 1:1 E:T ratio. Cell death was analyzed by 7AAD staining. The right panel shows the statistical analysis. (B) 7 e-NKs were tested against 13 CD20+ target samples at different E:T ratios as described in (A). (C) 5 e-NKs were tested against 6 CD20+ target samples at different 1:1 E:T ratios as described in (A). Graphics represent mean ± SEM. Significance was determined by paired t-

Figure 3 .Figure 4 .Figure 5

 345 Figure 3. Anti-CD20-armed e-NK show ADCC activity. PBMCs from CLL samples were incubated for 1 h with 10 µg/mL of RTX and overnight with donor e-NK cells at a 3:1 E:T ratio (antibody-coated target cells condition). Alternatively, e-NK cells were incubated for 1 h with 10 µg/mL of RTX before incubating them overnight with target cells (antibody-armed NK cell condition). (A) The bars represent cell death of each individual CLL sample to 4/5 e-NK preparations. (B) The bars represent cell death of each individual e-NK preparation to 4/5 CLL samples. B-CLL cell death was analyzed by 7-AAD. Graphics represent mean ± SEM. Significance was determined by paired t-

Figure 6 .

 6 Figure 6. e-NK show ADCC in vivo and overcome mechanisms of drug resistance. (A) 5 NSG mice/group were subcutaneously engrafted with 5×10 6 BCLP2 (left) or 10×10 6 LNH1 (right) cells and treated with e-NK and/or RTX. (B) e-NK cell-induced ADCC overcome anti-apoptotic mechanisms of drug resistance. CD20 + MEC-1 cells overexpressing BCL-XL and MCL1 were incubated with RTX (10 µg/mL). After 1 h, e-NK cells from 3 different donors were added overnight. Cell death was analyzed by 7AAD/annexin-V labeling. Graphics represent mean ± SEM. Significance was determined by paired t-
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Figure 1 .

 1 Figure 1. OXPHOS induced LDLR expression and LDL uptake. (A) e hematopoietic cell lines Jurkat and OCI-AML3 and primary cells from a BCL patient (BCL-P2) as well as HepG2-C3A and Huh7 hepatic cell lines were treated with 10 mM DCA for 24 h and LDLR mRNA was analyzed by RT-qPCR. (B) Cell lines were treated for 72 h with 5 mM DCA and LDLR protein in plasma membrane was analyzed by FACs. (C) Cells were treated as in (B) and uorescent LDL intake analyzed by FACs. (D) OCI-AML3 cells were grown in OXPHOS medium for 2 weeks and LDLR expression (le ) and LDL intake (right) were analyzed by FACs. (E) BCL-P2 cells were treated with 5 mM DCA for 1 week (le ) or were grown in OXPHOS medium for 2 weeks (center) and LDLR protein in plasma membrane analyzed by FACs. LDL intake (right) was analyzed in cells growing in OXPHOS. e bar graphs represent means ± SD of 3 independent experiments performed in triplicate; *p < 0.05, **p < 0.01, ***p < 0.005 student t-test compared to control cells.

Figure 2 .

 2 Figure 2. DCA induced LDLR expression in primary human hepatocytes. (A) Primary hepatocytes were treated with the indicated concentrations of DCA for the indicated times. (B) Cells were treated at time 0 with DCA and some were treated every 24 h before harvesting as indicated. LDLR mRNA was analyzed by RT-qPCR. e bar graphs represent means ± SD of 3 independent donors performed in triplicate; *p < 0.05, **p < 0.01, ***p < 0.005 one-way ANOVA with post-hoc Tukey test.

Figure 3 .

 3 Figure 3. Increase in ROS levels was not required for LDLR expression. (A) Both hepatic cell lines were treated with 2 mM NAC 1 h before adding DCA (10 mM) for 24 h. Cells were labeled with CH-H2DCFDA and analyzed by FACs for ROS production. LDLR mRNA (B) or protein (C) from these cells were analyzed as described in Fig. 1. Results represent the means ± SD of these donors with experiments performed in triplicate. e data represent means ± SD; *p < 0.05, **p < 0.01, ***p < 0.005 student t-test compared to cells non treated with DCA. D) Primary hepatocytes from 2 independent donors were treated for 6 and 24 h as in (A) but with two di erent DCA concentrations before analyzing LDLR mRNA expression. e data represent means ± SD; *p < 0.05, **p < 0.01, ***p < 0.005 one-way ANOVA with post-hoc Tukey test.

Figure 4 .

 4 Figure 4. DCA induced LDLR expression in vivo. (A) NSG mice were engra ed with primary human AML cells. At day 80 post-gra , they were treated with DCA (n = 4) or leave untreated (n = 4). At day 140, mRNA from bone marrow or spleen was isolated and human LDLR mRNA expression was quanti ed by qPCR. e data represent means ± SD; *p < 0.05, **p < 0.01, ***p < 0.005 student t-test compared to non treated mice. (B) B6 wt mice (n = 4/5 per group) were treated with a dose of DCA (50 mg/kg) everyday intraperitoneally and mouse LDLR mRNA was analyzed in spleen and liver at indicated time points. e data represent means ± SD; *p < 0.05, **p < 0.01, ***p < 0.005 one-way ANOVA with post-hoc Tukey test.

Figure 5 .

 5 Figure 5. ERK5 controled LDLR expression and LDL uptake. (A) 10 7Jurkat-TAg cells were transfected with 5 µg of the empty pSUPER Neo vector (control) or with this vector containing a small hairpin RNA for ERK5 (shERK5) or with a pcDNA vector expressing ERK5 (ERK5). Forty-eight hours later mRNA expression of the whole population was analyzed by qPCR and represented as the % of mRNA compared to cells transfected with the empty vector. (B) Primary hepatocytes were transfected with control siRNA (control) or with siRNA against ERK5 (siERK5). 96 h later mRNA was collected and ERK5 and LDLR mRNA expression was analyzed by qPCR. (C) Jurkat cells were transfected with ERK5 as described in(A) and LDLR plasma membrane protein (le ) and LDL intake (right) were analyzed by FACs. D) Jurkat (le and center) and OCI-AML3 (right) cells were treated with 5 µM of the MEK5 inhibitor BIX02189 for 24 h and LDLR protein (le ) or LDL intake (center and right) were analyzed by FACs. Bar graphs represent means ± SD; *p < 0.05, **p < 0.01, ***p < 0.005 student t-test compared to empty vector transfected cells (control).

Figure 6 .

 6 Figure 6. AMPK did not regulate DCA-induced LDLR expression and LDL uptake. Two di erent hematopoietic cell lines were treated with 5 mM metformin for 24 h and LDLR mRNA (A), protein (B) and LDL uptake (C) were analyzed. (D) HepG2-C3A cells were treated as in (A) and LDL uptake was measured. (E) HCT116 cells were transfected with 2 small interference RNA (siRNA) for AMPKα or with control siRNA and treated with 20 mM DCA for 6 h before mRNA analysis.

Figure 7 .

 7 Figure 7. DCA required the transcription factor MEF2 to target LDLR promoter. (A) OCI-AML3 cells were transfected with 40 nM siRNA control or with 20 nM siRNA for eachMEF2A and MEF2C (siMEF2). Twentyfour hours later cells were incubated for 24 h with 10 mM DCA. mRNA expression was analyzed by qPCR and represented as the % of mRNA compared to cells transfected with the empty vector. (B) OCI-AML3 cells were incubated for 72 h with 10 mM DCA. Cells were prepared for ChIP analysis using an antibody against H3 acetylation on lysine 27. Acetylation was revealed at di erent points of the LDLR promoter by using speci c oligonucleotides. Bar graphs represent means ± SD; *p < 0.05, **p < 0.01, ***p < 0.005 student t-test compared to empty vector transfected cells (control).

Figure 8 .

 8 Figure 8. DCA induced LDLRAP1 expression. (A) Two hepatic cell lines or primary hepatocytes were treated with DCA as in Figs 1 and 2 and LDLRAP1 mRNA was analyzed. (B) OCI-AML3 cells (le ) and primary cells from a BCL patient (BCL-P2; right) were treated with 5 mM DCA or grown in OXPHOS medium for 2 weeks and LDLRAP1 mRNA was measured. (C) Primary hepatocytes were transfected as in Fig. 5 and expression of LDLRAP1 was analyzed by q-PCR. e bar graphs represent means ± SD of 3 independent experiments performed in triplicate; *p < 0.05, **p < 0.01, ***p < 0.005 student t-test or one-way ANOVA with post-hoc Tukey test.

Figure 1 :

 1 Figure 1: DCA-induced ABC transporters expression depended on p53 status in leukemic cells. Different hematopoietic cell lines OCI-AML3 wtp53 (A), HL-60 nullp53 (B), NB4 mutp53 (C) and primary cells from BCL-P2 wtp53 patient (D) or B-CLL mutp53 patients were treated with 1 and 5 mM DCA for 1 week and RNA and plasma protein levels were analyzed by qPCR or FACS respectively. Data represent the % of mRNA compared to control cells. The bar graphs represent means ± SD of 3 independent experiments performed in triplicate; * p<0.05, ** p<0.01, *** p<0.005 student t-test compare to control cells.

Figure 2 :

 2 Figure 2: OXPHOS inhibited or stimulated ABC expression in wtp53 or mutp53 cells, respectively. (A) OCI-AML3, NB4

Figure 3 :

 3 Figure 3: DCA-induced ABC transporters expression depended on p53 status in hepatic cells. (A-B) Hepatic cell lines HepG2-C3A wtp53 and HuH7 mutp53 were treated with 20mM DCA for 24h before analyzing mRNA level as described in Figure 1. (C) Cells were treated with the indicated concentration of DCA for 1 week and protein level was analyzed by FACS. (D) Primary hepatocytes were treated with indicated amount of DCA for 72 hours. The data represent means ± SD (n=3); * p < 0.05, ** p < 0.01, *** p < 0.001 Student's t-test compared to control cells or as depicted in the graphic.

Figure 4 :

 4 Figure 4: DCA induced ABC transcription in vivo. (A) NSG mice were engrafted with primary human AML cells. At day 80 postgraft, they were treated with DCA (n=4) or leave untreated (n=4). At day 140, mRNA from spleen or bone marrow was isolated and human ABCB1, ABCC1, ABCC5 and ABCG2 mRNA expression was quantified by qPCR. (B) B6 wt mice (n=4/5 per group) were treated with a dose of DCA (50 mg/kg) everyday intraperitoneally and mice mRNA in spleen and liver at different times was obtained to analyze ABC transporters. The data represent means ± SD; * p<0.05, ** p<0.01, *** p<0.001 student t-test compare to non treated cells or mice.

Figure 6 :

 6 Figure 6: DCA-induced ABC transporters expression required wtp53. (A and B) Two isogenic colon cancer cell lines (p53 +/+ and p53 -/-HCT116 cells) were treated with 1 and 5 mM DCA for 1 week and RNA was analyzed by qPCR. Data represent the % of mRNA compared to control cells. The bar graphs represent means ± SD of 3 independent experiments performed in triplicate; * p<0.05, ** p<0.01, *** p<0.005 student t-test compare to control cells.

Figure 7 :

 7 Figure 7: The ERK5 pathway regulated ABC transcription. (A) HuH7 cells were transfected with control siRNA or siERK5. Thirty-six hours later mRNA expression was analyzed by qPCR. (B) Primary human hepatocytes were transfected with control siRNA or siERK5 at day 1 and 3 post seeding. 96 h later mRNA levels were assessed. (C) Jurkat cells were transfected with a small hairpin RNA for ERK5 (shERK5) or ERK5 expression vector. 36h later mRNA expression was analyzed by qPCR. (D) * p < 0.05, ** p < 0.01, *** p < 0.001 Student's t-test compared to empty vector transfected cells (control).
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Figure 1 .

 1 Figure 1. Cells performing OXPHOS upregulated NRF2 expression. (A) Di erent hematopoietic cells were incubated in OXPHOS medium or treated with 5 mM DCA for 2 weeks. NRF2 mRNA was quanti ed by qPCR and values normalized to β-actin mRNA. Results were represented as the % of mRNA compared to cells growing only in glucose medium. Bars show average ± SD of 3 independent experiments performed in triplicate. (B) NRF2 protein expression was analyzed in several cell lines by western blotting (upper panel) or by ow cytometry in OCI-AML3 cells. (C) Hepatocytes from 4 donors were treated with the indicated concentration of DCA for 24 h and ERK5, NRF2, NQO-1 and HO-1 mRNA were analyzed. Bars show average ± SD of the four donors performed in duplicate.

Figure 2 .

 2 Figure 2. OXPHOS induced NRF2 translocation into the nucleus. (A) Huh7 cells were treated with 10 mM DCA for 48 h and nuclear translocation was revealed by immuno uorescence. (B) Jurkat cells were treated with 10 mM DCA for 48 h and NRF2 nuclear translocation was revealed by subcellular fractionation and western blotting.

Figure 3 .

 3 Figure 3. Cells performing OXPHOS induce NRF2 expression in vivo. (A) NSG mice were engra ed with primary human AML cells. At day 80 post-gra , they were treated with DCA (n = 4) or leave untreated (n = 4). At day 140, mRNA from bone marrow or spleen was isolated and the expression of di erent human mRNA was quanti ed by qPCR. (B) B6 wt mice (n = 4/5 per group) were treated with a dose of DCA (50 mg/kg) everyday intraperitoneally and mouse Erk5, Nrf2 and Nqo-1 mRNA was analyzed in spleen and liver at di erent times. e data represent means ± SD; statistics were performed using student t-test (A) or One-way ANOVA with post-hoc Tukey test (B); *p < 0.05, **p < 0.01, ***p < 0.001. Di erent times posttreatment were compared to non-treated mice (control) if not speci ed in the graph.

Figure 4 .

 4 Figure 4. Increase in ROS levels is not required for NRF2 expression. OCI-AML and HuH7 cell lines and primary leukemic cells from a BCL patient were treated with 2 mM NAC 1 h before adding DCA (10 mM) for 24 h. mRNA was analyzed as described in Fig. 1. Experiments were done in triplicate and data represent means ± SD; statistics were performed using One-way ANOVA with post-hoc Tukey test; *p < 0.05, **p < 0.01, ***p < 0.001. Treatments were compared to non-treated cells (control) if not speci ed in the graph.

Figure 5 .

 5 Figure 5. ERK5 controls NRF2 expression. (A) 10 7 Jurkat-TAg cells were transfected with 5 µg of the empty pSUPER Neo vector or with this vector containing a small hairpin RNA for ERK5 (shERK5) or with a pcDNA vector expressing ERK5. Forty-eight hours later mRNA expression was analyzed by qPCR and represented as the % of mRNA compared to cells transfected with the control vector. (B) Cell transfected with control (Neo) or shERK5 were analyzed for protein expression by western blotting at 24 and 48 h post-transfection. Graphic bars show the NRF2/actin ratio of the depicted experiment. (C) Primary human hepatocytes were double transfected with control siRNA or with siRNA against ERK5 (siERK5). 96 h later mRNA was collected and mRNA expression was analyzed by qPCR. (D) 10 7 Jurkat-TAg cells were co-transfected with 5 µg of the following vectors ERK5 wild type, a constitutively active MEK5 mutant (MEK5D, M5), MEF2C and MEF2C with dominant negative function (MEF2DN) together with 2 µg of a luciferase reporter plasmid driven by the NRF2 promoter along with 1 µg of β-galactosidase expression vector. Cells were incubated in regular glucose media (gray bars) or containing 10 mM DCA (black bars) 24 h a er transfection and analyzed 2 days later for luciferase

Figure 6 .

 6 Figure 6. Inhibition of mitochondrial complex I and II signals ERK5 expression. (A) Erk5 and Nrf2 mRNA expression in the liver of wild-type and T/H (Tet-O -H49K (h-IF1) mice. mRNA from 3 mice of each genotype was quanti ed by qPCR and represented as the % of mRNA compared to wild-type mice. (B) ERK5 and NRF2 mRNA expression in broblasts derived from a group of 8 healthy donors or 8 patients su ering from mitochondrial defects (Supplemental Table1). (C) Di erent hematopoietic cell lines were incubated for 24 h with 5 mM metformin. mRNA expression was quanti ed by qPCR and represented as the % of mRNA compared non-treated cells. ERK5 and NRF2 protein expression was analyzed in these cell lines by western blotting (lower panel).(D) Jurkat and OCI-AML3 cells were treated with 10 mM DCA and 300 µM TTFA for 24 h. NRF2 mRNA expression was quanti ed by qPCR and represented as the % of mRNA compared to control cells. (E) Di erent cell lines described in Supplemental Table2were treated with 20 mM DCA during 24 hours. ERK5 mRNA was quanti ed by qPCR and represented as the % of mRNA compared to non-mutant control cells. Experiments were done in triplicate and data represent means ± SD; statistics were performed using student t-test(A-C) or One-way ANOVA with post-hoc Tukey test (D and E); *p < 0.05, **p < 0.01, ***p < 0.001; § p < 0.05, § § p < 0.01 compare to the respective control cell lines. Treatments were compared to non-treated cells (control) if not speci ed in the graph.

Figure 7 .

 7 Figure 7. Fumarate/succinate regulate ERK5 expression. OCI-AML3 were treated with di erent drug combinations and the expression of ERK5 mRNA was analyzed by qPCR. (A) OCI-AML3 cells were treated with 10 mM DCA, 5 mM MMS and/or 300 µM DMF for 24 h. (B) OCI-AML3 cells were treated with 5 mM metformin and/or 5 mM MMS for 24 h. (C) OCI-AML3 cells were treated with 5 mM DCA and/or 100 µM Etomoxir for 48 h. e data represent means ± SD; *p < 0.05, **p < 0.01, ***p < 0.005 ANOVA with post-hoc Tukey test. Treatments were compared to non-treated cells (control) if not speci ed in the graph.
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SYBR Green qPCR SuperMix (Cliniscience) and a CFX Connect ™ Real-Time qPCR machine (Biorad) with ERK5, NRF2, NQO1, HO-1 and actin primers. Supplemental Table 3 shows all primers used in this study. All samples were normalized to β-actin mRNA levels. Results are expressed relative to control values arbitrarily set at 100 27 .

Immunoblotting. Protein analysis by immunoblotting was performed essentially as previously described 27 .

Brie y, samples were collected, washed out with PBS and lysed with RIPA bu er. Protein concentration was determined by BCA assay (Pierce) before electrophoresis in 4-15% TGX gels (BioRad) and equal amount of protein was loaded in each well. Protein transfer was performed in TransTurbo system (BioRad) in PVDF membranes. A er blocking for 1 h with 5% non-fat milk, membranes were incubated overnight at 4 °C in agitation with primary antibodies, washed three times with PBS-Tween 0,1% and incubated with the appropriate HRP-labeled secondary antibody for 1 h. Membranes were washed out three times with PBS-Tween 0,1% and developed with Substrat HRP Immobilon Western (Millipore). Band quanti cation was performed using the "ImageLab" soware from BioRad and represented as the ratio between the protein of interest and a control protein i.e. actin. e value of 1 is arbitrarily given to control cells. One blot representative of several experiments is shown.

Statistical analysis.

e statistical analysis of the di erence between means of paired samples was performed using the paired t test. Multiple comparisons were performed using One-way ANOVA with post-hoc Tukey HSD test. e results are given as the con dence interval (*p < 0.05, **p < 0.01, ***p < 0.005). All the experiments described in the gures with a quantitative analysis have been performed at least three times in duplicate. Other experiments were performed three times with similar results. We used actin as a loading control and the histograms represent the ratio (value of protein of interest)/(value of actin). 

Author Contributions

Additional Information

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-23884-4.

Competing Interests: e authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional a liations.