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Abstract

:

Disease relapse is a common cause of treatment failure in FMS-like tyrosine kinase 3 (FLT3) mutated acute myeloid leukemia (AML). In this study, to identify therapeutic targets responsible for the survival and proliferation of leukemic cells (blasts) with FLT3 mutations after gilteritinib (GILT, a 2nd generation tyrosine kinase inhibitor (TKI)) treatment, we performed proteomic screening of cytokine release and in vitro/ex vivo studies to investigate their associated signaling pathways and transcriptional regulation. Here, we report that macrophage migration inhibition factor (MIF) was significantly increased in the supernatant of GILT-treated blasts when compared to untreated controls. Additionally, the GILT-treated blasts that survived were found to exhibit higher expressions of the CXCR2 gene and protein, a common receptor for MIF and pro-inflammatory cytokines. The supplementation of exogenous MIF to GILT-treated blasts revealed a group of CD44High+ cells that might be responsible for the relapse. Furthermore, we identified the highly activated non-classical NFKB2 pathway after GILT-treatment. The siRNA transient knockdown of NFKB2 significantly reduced the gene expressions of MIF, CXCR2, and CXCL5. Finally, treatments of AML patient samples ex vivo demonstrated that the combination of a pharmaceutical inhibitor of the NFKB family and GILT can effectively suppress primary blasts’ secretion of tumor-promoting cytokines, such as CXCL1/5/8. In summary, we provide the first evidence that targeting treatment-activated compensatory pathways, such as the NFKB2-MIF/CXCLs-CXCR2 axis could be a novel therapeutic strategy to overcome TKI-resistance and effectively treat AML patients with FLT3 mutations.
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1. Introduction


Despite significant advancements in our understanding of AML, the relapsed and refractory disease remains a major unmet challenge and the primary reason for the poor overall survival seen in AML [1,2]. Approximately 50% of patients will develop relapsed disease following induction chemotherapy, resulting in a dismal 5-year overall survival rate of 29.5% (NCI SEER). FLT3 inhibitors have been studied for the treatment of high-risk patients with FLT3-mutated relapsed/refractory AML (FLT3mut AML) [3]. While FLT3 inhibitors have shown promising initial responses, complete remission and durable responses are rarely achieved due to the acquisition of drug-resistant clones [4,5]. Primary and secondary resistance to TKIs that developed during the treatment course suggests that alternative signaling pathways may be responsible for the survival of relapsed/refractory blasts [6]. Thus, it is critical to (1) Gain a better understanding of the fundamental intra/extracellular changes of the AML blasts after the treatment; (2) Develop effective therapies targeting the specific pathways underlying AML relapse to overcome treatment-resistance and improve overall survival for AML patients [7].



Inflammation has been found to promote all stages of tumorigenesis in solid tumors [8]. Tumor-promoting inflammatory cytokines, such as chemokine (C-X-C motif) ligands (CXCLs) and their receptors, such as the CXC chemokine receptor (CXCR) family play important roles in mediating the interaction between AML blasts and their microenvironment [9,10]. Both normal and malignant hematopoietic stem cells are known to secrete cytokines and growth factors into their microenvironment for cell survival and proliferation [11,12,13,14]. However, how FLT3mut AML blasts respond to treatment and what kind of autocrine cytokines are released to support their survival and continuous proliferation post-treatment are not fully understood. Filling in such knowledge gaps is crucial for the development of effective targeted therapies to overcome the drug resistance in relapsed/refractory AML with FLT3-mutation. In this study, we designed a series of in vitro and ex vivo experiments to identify cytokines and their transcriptional regulation responsible for the initiation of the survival mechanism and subsequent cell proliferation of FLT3mut AML blasts after TKI treatment. First, human cytokine proteomic arrays were utilized to profile the cytokines changes within cell-free supernatants from GILT-treated MV4-11 cell line. Next, we investigated the correlation of selected TKI-activated cytokines, their signaling pathways and transcriptional regulation to the survival mechanism of TKI-treated blasts. Finally, we explored whether the combination of GILT and multiple inhibitors of receptors and transcription factors controlling the signal transduction of pro-inflammatory cytokines would effectively treat ex vivo primary blasts from FLT3mut AML. We found that TKI-activated NFKB2-MIF/CXCLs-CXCR2 pathways could be a novel target for the treatment of FLT3mut AML.




2. Materials and Methods


The list of reagents including manufacturers and catalogs of antibodies, kits and qPCR primers are found in the supplementary data (Supplementary Tables S1 and S2).



2.1. Primary Leukemia Blasts


FLT3mut AML bone marrow (BM) mononuclear cells (BMMNC) (Patients #1-6, Table 1) were obtained from the City of Hope National Medical Center (COHNMC). All donor patients signed an informed consent form. Sample acquisition was approved by the Institutional Review Boards at the LLUMC and the COHNMC in accordance with an assurance filed with and approved by the Department of Health and Human Services, and it (IRB#:58238, 11-10-2021) met all requirements of the Declaration of Helsinki.




2.2. Cell Culture of AML Cells and Treatment of Blasts by TKIs


MV4-11 (ATCC CRL-9591) is a patient-derived AML blast cell line with FLT3-ITD. The FLT3mut AML cells (either MV4-11 or primary AML BMMNC) were cultured in RPMI-1640 medium (Hyclone, Thermo Scientific, Waltham, MA, USA), supplemented with 10% heat-inactivated fetal bovine serum (FBS, HyClone, Citiva, Brooklin, NY, USA) and 1% penicillin/streptomycin. Cells were grown at 37 °C in a humidified atmosphere containing 5% CO2. Gilteritinib (GILT) and Quizartinib (QUIZ) are second-generation FLT3 inhibitors [15]. As single agents to treat blasts in vitro, a single dose of 80 nM of GILT or QUIZ was added to 1 ml of 1 × 106 MV4-11 cells for each experimental group in 24 well plates. Three days after the one dose treatment, cells were then collected for qPCR analyses of their gene expressions for CXCR2, CD44, CD74, NFKB1, NFKB2, etc., some of which were confirmed by the flow cytometry assay of protein expressions.




2.3. In Vitro & Ex Vivo Treatment of MIF and Small Molecular Inhibitors


The list of recombinant human MIF, inhibitors, abbreviations, manufacturers, and catalog # are found in the supplementary data (Supplementary Table S1). (1) For MIF in vitro experiments, different doses of MIF were added to 1 mL of 1 × 106 MV4-11 cells or RAW264.7 cells for each experimental group in 24-well plates. RAW264.7 is a macrophage cell line (Sigma-Aldrich 91026702-1VL, Burlington, MA, USA). Two days after the one dose treatment, cells were then collected for either analysis by flow cytometry (FC) or qPCR. (2) As combination agents to treat blasts in vitro/ex vivo, one dose of 80 nM GILT with one dose of different inhibitors were added to 1 mL of 1 × 106 MV4-11 cells or 1 mL of 0.5–1 × 106 primary FLT3mut AML BMMNC for each experimental group in 24-well plates. We also performed dose-dependent experiments of CXCR2-I and NFKB-I with or without 80 nM GILT, and the current dose for either 50 µM CXCR2-I or 50 µM NFKB-I is the most effective dose on MV4-11 based on our FC analyses (Figure 4A). Three days after the one dose treatment, cells were then collected for either analysis by FC and/or qPCR.




2.4. Combination of GILT and Recombinant Human MIF Protein to Treat MV4-11 In Vitro


(a) Sequential coculture: after 3 days’ treatment of 80 nM GILT, appropriate doses of recombinant human MIF were added into GILT-treated cells for continuous cultures for two days.



(b) Simultaneous coculture: 80 nM GILT and appropriate doses of MIF were added to the culture medium at the same time in vitro for 3 days, and then another dose of MIF was added for continuous cultures for two days. After 5 days, cells from either sequential or simultaneous cultures were collected for FC assay and qPCR assay.




2.5. Cell Proliferation Assay


BrdU incorporation assay was performed as previously reported [16]. Briefly, the detection of cell proliferation has utilized the incorporation of the thymidine analog BrdU (5-bromo-2′-deoxyuridine, Abcam, Cambridge, UK) during DNA synthesis, followed by detection with an anti-BrdU antibody. Ki-67 presents during all active phases of the cell cycle and is a potential biomarker for the proliferation of AML cells [17].




2.6. Transfection of siRNA-NFKB2 in MV4-11


A small interfering RNA (siRNA) was used to transiently knockdown NFKB2 (p100/52) in MV4-11 cells. Cells transfected with scrambled siRNA were used as control (siRNA-NegControl). The cells were grown in 24-well plates and transfected with siTran 2.0 siRNA transfection reagent (Origene Cat# TT320002) using 50 nM NFKB2 (human, ID 4791) 27mer siRNA duplexes (#SR303162, Origene, Rockville, MD, USA). In experiments with GILT treatment, one dose of 80 nM Gilteritinib was added to MV4-11 cells with siRNA-NFKB2 in 24 well plates at the same time. The qPCR experiments, including confirmation of knockdown and gene changes, were performed 2 days after transfection.




2.7. Flow Cytometry (FC)


Cells were harvested and examined for the expression of cell surface biomarkers (CD) and intracellular proteins by multichromatic FC as previously described [18]. About 1 × 104~106 cells in 100 µL FC buffer (PBS containing 1% FBS and 0.05% sodium azide) were stained with various fluorescence-conjugated antibodies specific for the desired cell surface proteins at 4 °C for 30 min. The surface-stained cells were then fixed and permeabilized using the appropriate reagents (e.g., the BD Pharmingen Cytofix/Cytoperm buffer, Franklin Lakes, NJ, USA) and stained with different fluorescence-conjugated antibodies specific for the desired intracellular proteins at 4 °C for 2 h or overnight in the permeabilizing buffer (e.g., the BD Perm/Wash buffer). Concentrations of the Abs were used per the manufacturers’ recommendations. Finally, the cells were washed twice in the permeabilizing buffer and twice in the FC buffer before being analyzed on the BD FACSAria II. Data were analyzed using the FlowJo software (FlowJoTM v10, Ashland, OR, USA).




2.8. RNA Isolation and Real-Time Polymerase Chain Reaction (qPCR) Analysis


MV4-11 or primary BMMNC was treated in vitro for appropriate days. Then treated cells were collected for RNA isolation and qPCR analysis as previously described [19]. Total RNA was isolated using the RNeasy Micro Kit (Qiagen, Germantown, MD, USA) according to the manufacturer’s instructions. First-strand cDNA was synthesized using the SuperScript III Reverse Transcriptase (Invitrogen; Life Technologies, Waltham, MA, USA). With an Applied Biosystems 7900HT Real-Time PCR machine, qPCR was performed and analyzed. Primers used in this study are available in Supplementary Table S2. The PCR conditions were 10 minutes at 95 °C followed by 40 cycles of 10 seconds at 95 °C and 15 s at 60 °C. The relative expression level of a gene was determined using the ΔΔCt method and normalized to GAPDH.




2.9. Proteomics and Blotting Analysis


Three days after the one dose treatment, the cell-free supernatants were collected for human cytokine profile assay. The Human XL Cytokine Array Kit (Catalog # ARY022B, R&D, Minneapolis, MN, USA) was used according to the manufacturer’s procedures and exposed to X-ray film (<10 min). Profiles of mean spot pixel density were created using a transmission-mode scanner and Image J analysis software (NIH, Besthesda, MD, USA).




2.10. Imaging Acquisition


Phase-bright images were taken using an Olympus 1X71 inverted microscope and were processed using an Olympus cellSens Dimension 1.15 Imaging Software (Shinjuku-Ku, Tokyo, Japan).




2.11. Statistical Analysis


Statistical significance was assessed by ANOVA or by an independent student “t” test for comparison between two or more groups. All values were presented as mean ± SEM. Results were considered significant when the p-value was <0.05.





3. Results


3.1. The Release of MIF Was Significantly Increased by GILT-Treated MV4-11 Cells In Vitro


To identify therapeutic targets responsible for the survival and proliferation of TKI-treated FLT3mut AML blasts, we performed proteomic screenings of human cytokines secreted in the cell-free supernatants from GILT-treated MV4-11, a FLT3mut AML cell line. Under the condition without treatment (No Tx), MV4-11 was found to release different cytokines in their supernatant; however, one dose of GILT-treatment significantly reduced the release of a variety of cytokines, such as Osteopontin (Figure 1A), a protein closely associated with adverse prognosis in AML patients [20]. Notably, MIF was upregulated by 2.6-fold in the supernatant of treated MV4-11 blasts when compared to the untreated control (Figure 1A,B). We also examined the release of MIF in GILT-treated bone marrow mononuclear cells (BMMNC) ex vivo. In the GILT-treated FLT3mut AML patient-derived samples (patients #1 and 2, Table 1), MIF release was significantly increased by 2.1-fold in the supernatant when compared to the untreated control (Figure 1C,D). GILT-treatment caused significant cell death among the blasts (~40% reduction in blasts) whereas there was a continuously increased number of blasts in non-treated control groups (~200% increase). Thus, the mean pixel densities of MIF per viable GILT-treated MV4-11 cell could be much higher than the mean pixel densities of MIF per viable non-treated MV4-11 cell (data not shown). Next, to investigate which transmembrane proteins interact with MIF after TKI treatments, we compared gene expressions of all encoded MIF receptors including CD74, CD44, CXCR1, CXCR2 and CXCR4 [21]. Our qPCR data showed significantly increased expression of CXCR2 mRNA (109-fold) in GILT-treated MV4-11 cells, the highest amongst all screened MIF receptors (Figure 1E). Similar expression changes in CXCR2 and other MIF receptors’ mRNA occurred in quizartinib (QUIZ, another 2nd generation TKI)-treated MV4-11 cells compared to those in control cells (Figure 1E). Consistent with increased gene expression of CXCR2 after the TKI treatment, CXCR2 protein was also found to be upregulated (3 days after GILT-treatment, flow cytometry histogram, Figure 1E). Notably, more CXCR2 proteins were located intracellularly than on the surface of FLT3mut AML blasts (Supplementary Figure S1A). When we continued the culture of GILT-treated MV4-11 cells by medium change and replating for another week, we found that there was a continuous increase in CXCR2 proteins at both the surface and intracellular locations of survived and recovered blasts (flow cytometry histogram, Supplementary Figure S1B), suggesting its potential role in the relapse of FLT3mut AML. Increased CXCR2 expression was found to be associated with poor prognosis in AML patients [22]. In summary, our data showed that (1) both a FLT3mut AML cell line and primary FLT3mut BMMNC released more MIF after TKI treatment; (2) TKI-treated MV4-11 cells that survived had significantly upregulated gene and protein expressions of CXCR2, a common receptor for MIF and many pro-inflammatory cytokines, which could be a valuable target for immunotherapy to treat FLT3mut AML.




3.2. MIF Promoted the Proliferation of MV4-11 through the Activation of MIF/CXCLs-CXCR2 Signaling Pathways


A significant increase in MIF expression has been related to angiogenesis, cell cycle initiation and tumor metastasis in solid tumors; however, the exact role of MIF in FLT3mut AML is not yet fully understood [23]. To explore the functional role of MIF on FLT3mut AML blasts, we added different doses of recombinant human MIF peptides to the cell cultures of MV4-11. 50 ng/mL MIF promoted MV4-11’s proliferation by displaying greater percentages of BrdU+ and CXCR2+ expressions (flow cytometry histograms, Figure 2A). The qPCR analyses also confirmed that MIF can effectively increase the gene expressions of CXCR2 mRNA, chemokine (C-X-C motif) ligand (CXCL) 1, CXCL5, CXCL8 (IL8), Cyclin-dependent kinase 4 (CDK4), and CYCLIN E1 in MV4-11 cells (Figure 2B–D). To investigate how MIF affects the immune cells in the AML microenvironment, we tested MIF’s effect on macrophages, a common immune cell in the bone marrow. MIF was found to suppress the proliferation of the RAW264.7, a macrophage cell line (Figure 2E). In summary, our data showed that (1) MIF can induce the proliferation of MV4-11; (2) MIF can induce the gene and protein expressions of CXCR2, a shared receptor for a large variety of cytokines; (3) MIF can induce gene expressions of pro-inflammatory cytokines and cell division related regulatory proteins.




3.3. MIF Promoted the Survival of A Group of CD44High+ Cells after the TKI Treatment In Vitro


From our own findings and prior reports of CXCLs-CXCR2 in cancer progression [24], we hypothesized that MIF/CXCLs-CXCR2 pathways could be activated by TKI-treatment in viable blasts to support their survival and continuous proliferation. Accordingly, we performed a serial coculture to examine whether the supplementation of exogenous MIF at early (simultaneous) or late stage (sequential) of TKI treatment could rescue the GILT-treated MV4-11 in vitro (Figure 3). CD44, a multifunctional cell surface adhesion receptor, was identified as a key regulator of quiescent AML leukemic stem cells (LSCs) which are highly microenvironment dependent [25,26]. In the sequential coculture (detailed procedures in the method), we discovered that the supplementation of MIF to GILT-treated MV4-11 cells significantly increased a group of the viable quiescent CD44+ cell population (Ki67-, indicated by red arrows, Figure 3A/plots). The percentage of this CD44+ population was found to significantly increase from 3.66% in untreated control to 17.7% in GILT only, 26.3% in GILT+50 ng/mL MIF and 25.2% in GILT+200 ng/mL MIF (Figure 3A). In the simultaneous coculture, another group of CD44High+ cells was also found which included both Ki67+ and Ki67- subsets (Figure 3B). This group of CD44High+ cells could be visualized in the flow cytometry histogram (Figure 3C). Meanwhile, the qPCR data revealed that the supplementation of MIF to GILT-treated MV4-11 cells significantly increased the gene expression of CXCR2 (bar chart, Figure 3C). CD44high+ stem-like cells have been previously found to be highly tumorigenic, treatment-resistant and responsible for metastatic progression in breast cancer [27,28,29]. Recently, a combined genetic and functional approach to trace the origins of AML relapse demonstrated that therapy-resistant cells were already present at diagnosis and evolved at relapse from either rare LSCs or blasts with stemness transcriptional signatures [30]. Our current findings suggest that the significantly increased MIF after TKI treatment might support a group of preexisting LSCs-like blasts with inducible CD44high+ expression to survive TKI-treatment and result in the relapse of FLT3mut AML.




3.4. Targeting the MIF-CXCR2 Pathway in the Treatment of FLT3mut AML Blasts In Vitro


Next, we investigated whether pharmaceutically targeting the MIF-CXCR2 signaling pathway would effectively improve the therapeutic efficacy of TKI for FLT3mut AML. We explored the combination of GILT with different doses of SB225002, a CXCR2-inhibitor (CXCR2-I) on MV4-11 blasts in vitro. Our flow cytometry data revealed that there was a dose-dependent cytotoxic effect of either CXCR2-I alone (upper plots, Figure 4A) or the combination of GILT plus different doses of CXCR2-I (lower plots, Figure 4A) on MV4-11 in vitro. The percentage of viable CD44+ MV4-11 blasts was significantly reduced from 95% in untreated control cells to 6.46% in GILT+50 µM CXCR2-I, which was superior to 68.8% in GILT only and 6.93% in CXCR2-I only (bar chart, Figure 4A). We also examined the anti-leukemic effect of combining GILT with CXCR2-I on primary BMMNC ex vivo. Our data again showed that 80 nM GILT + 50 uM CXCR2-I significantly reduced the percentage of viable CD33+CD13+ primary blasts (1.75% versus 7.14% in GILT only, 3.11% in CXCR2-I only, and 24.9% in untreated control, Figure 4B/upper plots), and Ki-67+CD13+ proliferating blasts (0% versus 60% in GILT only, 14.3% in CXCR2-I only, and 81.3% in untreated control, Figure 4B/lower plots, Figure 4C/D and Patient #2 and #3, Table 1). However, two patients’ BMMNC specimens did not respond to the combination treatment with the same doses of GILT and CXCR2-I (data not shown, Patients # 1 and 4, Table 1). Our data showing varying responses of primary FLT3mut AML blasts to CXCR2-I is consistent with a previous report that inhibition of the CXCL8-CXCR2 axis moderately reduced the clone proliferation of MDS/AML cell lines and patient samples [31]. One plausible explanation for lacking stable efficacy of using CXCR2-I could be that CXCL8 induced a quick internalization of CXCR2 and delayed recycling back to the cell membrane as previously reported [32,33]. Furthermore, the intracellular CXCR2 (Supplementary Figure S1A) has been shown to activate the NFKB pathway in solid tumors [24], an action that releases different tumor-promoting cytokines to support the surviving blasts through bypassing the targeted therapy (indicated by a red dash arrow in schematic diagram of last figure).




3.5. NFKB2 Could Activate MIF/CXCLs-CXCR2 Pathways in TKI-Treated Blasts In Vitro


Next, we attempted to identify the transcription factor controlling gene expressions of cytokines and their receptors in surviving TKI-treated blasts. Nuclear factor kappa-light-chain enhancer of activated B cells (NFKB), a family of transcription factors including NFKB1 (p50–p65, canonical) and NFKB2 (p52-RelB, non-canonical), is known to regulate the expression of different tumor-promoting cytokines including MIF and their receptors [34,35,36]. Our qPCR data showed significantly increased NFKB2 mRNA (110-fold) in GILT-treated MV4-11 when compared to the untreated control (NO-TX) (right bar chart, Figure 5A). The increased fold of NFKB2 was much higher than NFKB1 (left bar chart, Figure 5A). Similar expression changes in NFKB1 mRNA and NFKB2 mRNA occurred in Quiz-treated MV4-11 cells when compared to those in control non-treatment cells (Figure 5A). Next, we performed siRNA knockdown of NFKB2 in vitro and then examined the genetic changes after the significant reduction of NFKB2 mRNA (Figure 5B–E). The siRNA knockdown of NFKB2 significantly reduced the NFKB2 mRNA by approximately 3-fold (siRNA-NFKB2 versus untreated control, Figure 5B) and by 2-fold in combination with GILT (GILT+ siRNA-NFKB2 versus GILT only, Figure 5B). Transient knockdown of NFKB2 does not affect the gene expression of NFKB1 (data not shown). Furthermore, our data showed that transient silencing of NFKB2 significantly reduced the MIF mRNA by 1.5-fold (siRNA-NFKB2 versus untreated control, Figure 5C) and GILT-activated gene expressions of CXCR2 and CXCL5 by 2-fold and 2.6-fold, respectively (GILT+siRNA-NFKB2 versus GILT only, Figure 5D,E). Additionally, we generated a new MV4-11 cell line with NFKB2 knockdown through shRNA-NFKB2. Our preliminary data from analyzing this new cell line is consistent with that of the results from siRNA-NFKB2 experiments (data now shown). In summary, our data suggest that NFKB2-MIF/CXCLs-CXCR2 pathways could play a key role in the survival mechanism of TKI-treated FLT3mut AML blasts.




3.6. The Combination of GILT and a NFKB Family Inhibitor (NFKB-I) Significantly Reduced the Viable Primary Blasts from FLT3mut AML Patients Ex Vivo


Finally, we examined the therapeutic efficacy of combining GILT with BAY11-7821 (NFKB-I) on FLT3mut AML blasts. Our data showed that 80 nM GILT + 50 uM NFKB-I significantly reduced the percentage of viable CD117+CD13+ primary blasts (3.51% versus 24.1% in GILT only, 5.26% in NFKB-I only, and 33.1% in untreated control, Figure 6A/upper plots), and Ki-67+CD33+ proliferating blasts (24.7% versus 85.5% in GILT only, 35.3% in NFKB-I only, and 91.4% in untreated control, Figure 6A/lower plots, 6B/C and Patient #5, Table 1). The combination of GILT+ NFKB-I also significantly reduced the amount of key tumor-promoting cytokine proteins, such as CXCL1, CXCL5 and CXCL8 (IL8) in the supernatant of treated BMMNC specimens of FLT3mut AML patients when compared to untreated controls (Figure 6D/blot films and Figure 6E). We also examined the anti-leukemic effect of the combination on a refractory FLT3mut AML patient sample (Patient #6, Table 1). Our data showed that 80 nM GILT + 50 uM NFKB-I not only significantly inhibited the cluster formation in primary BMMNC (Supplementary Figure S2A), but the combination also significantly reduced the viability of CD117+CD13+ blasts (upper plots, Supplementary Figure S2B) and suppressed the proliferation of Ki-67+CD33+CD117+CD13+ primary blasts (lower plots, Supplementary Figure S2B). Our qPCR data confirmed that the combination of GILT and NFKB-I significantly reduced the gene expression of CYCLIN E1, a molecule responsible for the S-phase of the cell cycle, and the gene expression of CD44, an adhesion molecule for cluster formation (Supplementary Figure S2C). Lastly, the combinatory treatment effectively eliminated CXCL8 (IL8) in the supernatant of treated FLT3mut AML patient specimens when compared to GILT only (Supplementary Figure S2D). In summary, our ex vivo data suggest that targeting NFKB2-MIF/CXCLs-CXCR2 pathways including GILT+NFKB-I and/or CXCR2-I (disrupting the internalization/ maintenance of NFKB’s activation) might be a novel therapeutic approach to treat both newly diagnosed and refractory FLT3mut AML patients by effectively suppressing the release of tumor-promoting cytokines to overcome TKI-resistance and prevent AML relapse.





4. Discussion


In this study, we found in FLT3mut AML that (1) MIF, a tumor-promoting cytokine, was released in greater amounts after TKI-treatment; (2) CXCR2, a receptor for MIF and many pro-inflammatory cytokines was increased by TKI-treatment; (3) NFKB2-MIF/CXCLs-CXCR2 signaling pathways could be responsible for the survival of TKI-treated FLT3mut AML blasts (Figure 7); and (4) The combination of GILT and NFKB-I can effectively treat primary blasts by reducing tumor-promoting cytokines ex vivo.



AML has the lowest survival rate among the leukemias [1,2]. As a result, there is an urgent need to understand the fundamental intracellular and extracellular mechanisms of treatment resistance and develop effective therapies to overcome the drug resistance and improve the prognosis of AML patients. Tumor-promoting cytokines and their release into the microenvironment are known to play causal roles in the treatment resistance of cancer cells and their regained tumorigenic capabilities in solid tumors [8]. MIF is a pro-inflammatory cytokine that binds to CD74/CD44 receptors, activating pro-survival and proliferative pathways to promote wound healing [37]. MIF/CXCLs-CXCR2 pathways were shown to be up-regulated in solid tumors, and these pathways have been suggested as therapeutic targets to prevent disease progression [38,39,40,41]. The involvement of MIF in FLT3mut AML is not yet fully understood, but there is an ongoing clinical trial (NCT03918655) in the early stages of the investigation. Our current findings showing MIF’s expression in AML cell lines and primary blasts (Figure 1) and MIF-induced expressions of CXCL1/5/8 and CXCR2 in MV4-11 cells in vitro (Figure 2) are consistent with a previous report that primary AML blasts constitutively express MIF, stimulating bone marrow mesenchymal cells to release the CXCR2 ligand CXCL8 (IL-8) to sustain blasts’ survival [42]. Our data also suggest that MIF might play a key role in maintaining the routine release of CXCL1/5/8 reported in the supernatants of naïve AML patient cultured cells ex vivo [10]. The regulation of the human MIF gene expression was found to involve very complex transcriptional networks, such as Hypoxia-Inducible Factors (HIF families) [35], which are known to confer therapeutic resistance to AML [43]. Thus, it is possible that to survive in the hypoxic condition of AML bone marrow, increased release of MIF promotes a favorable tumor microenvironment by restricting the macrophages and performing an autocrine effect to support the survival and proliferation of blasts through both the MIF-CD74/CD44 pathway and the MIF/CXCLs-CXCR2 pathways in relapsed or refractory FLT3mut AML patients (Figure 7).



NFKB family transcription factors are known to control the expression of most tumor-promoting cytokines and their receptors [34,44], including the human MIF gene [35]. As a member of “rapid-acting" transcription factors, such as c-Jun, the NFKB family is one of the first responders to harmful cellular stimuli [45] and suppresses apoptosis to promote cancer progression [46]. The NFKB family has been found constitutively activated in AML; however, most studies have focused on the classical pathway of NFKB1/P105/P50 [47]. Evolutionarily, duplicated gene pairs that are “redundant” elements of the compensation system in the cellular system can overlap in function to ensure biological robustness for all living beings [48]. Nevertheless, redundancy might also be an obstacle to cancer treatment [49]. In this study, we found that a non-canonical NFKB2 pathway was more activated than the canonical NFKB1 pathway during TKI treatment (Figure 5A). FLT3-ITD was reported to promote the non-canonical P52/NFKB2 pathway in refractory AML [50]. Additionally, the treatment-activated NFKB2 pathway was found to promote the chemokine release in primary AML cells [51]. Our siRNA knockdown data demonstrated the essential role of NFKB2 in the gene expressions of MIF, pro-survival CXCL cytokines, and their CXCR2 receptor (Figure 5C–E). Thus, we speculate that in survived TKI-treated blasts, the non-canonical NKFB2 pathway is activated to compensate for suppressed NFKB1 and promote the release of pro-survival cytokines, such as MIF/CXCL1/5/8 to initiate the survival and proliferation of TKI-treated blasts (Figure 7). Therapeutic application of inhibition of both canonical and non-canonical NFKB signaling pathways has been in clinical trials to treat solid tumors [52,53]. In this study, our preliminary ex vivo results showed that the combination of GILT and NFKB-I could effectively reduce primary FLT3mut AML blasts by inhibiting their cell cycle initiation, cluster formation and release of pro-survival cytokines. These promising results will need to be confirmed in a larger cohort of FLT3mut AML patients and further evaluated of therapeutic efficacy in AML mouse models in vivo. In summary, we provided the first evidence to support the novel concept that treatment-activated compensation systems could be responsible for AML relapse. Targeting NFKB2-MIF/CXCLs-CXCR2 pathways on top of utilizing TKIs could be a significant step towards preventing the relapse of FLT3-mutated AML.
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Figure 1. MIF was released more by TKI-treated AML blasts in vitro and ex vivo. (A) Image of partial blot films developed for proteomic analyses of cell-free supernatants from 80 nM gilteritinib (GILT)-treated MV4-11 cells. The blue arrows indicate the dots of Osteopontin at the same location in the film. The red arrows indicate the dots of MIF at the same location in the film. Note: Each antibody has two dot spots according to the manufacturer’s specification. (B) Cumulative Mean Pixel Densities of MIF (Fold Change); (C) Image of partial blot films developed for proteomic analyses of cell-free supernatants from 80 nM GILT-treated primary AML BMMNC cell (Patient #1). The black arrows indicate the reference spots (control dots) from the manufacturer. The red arrows indicate the dots of MIF at the same location in the film. (D) Cumulative Mean Pixel Densities of MIF (Fold Change from AML BMMNC, Patient #1); (E) 3 days after the treatment of 80 nM gilteritinib (GILT) or quizartinib (QUIZ) in vitro, the cells were collected for RNA isolation and gene expressions were analyzed by qPCR. Data show mRNA expressions of the genes encoding different receptors CD74, CD44 and CXCR2 for MIF; Representative FC histogram plot of CXCR2 expression in GILT-treated MV4-11 cells after 3 days in vitro; * p < 0.05, ** p < 0.01. 
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Figure 2. MIF promoted the proliferation of MV4-11 through up-regulating the expressions of CXCR2, cytokines and cell division proteins in vitro. (A) Representative flow cytometry (FC) plots of BrdU expression (upper histogram) and CXCR2 expression (lower histogram) in 50 ng/mL MIF-treated MV4-11 cells or non-treatment control (without adding MIF) after 2 days in vitro; (B) Data show the change of mRNA expressions of CXCR2 gene and CXCL1 chemokine gene in MV4-11 cells at 50 ng/mL MIF in vitro; (C) Data show the change of mRNA expressions of CXCL5 and CXCL8 chemokine genes in MV4-11 cells at 50 ng/mL MIF in vitro; (D) Data show the change of mRNA expressions of CDK4 and CYCLIN E1 genes in MV4-11 cells at 50 ng/mL MIF in vitro; (E) Representative FC histogram plot of Ki-67 expression in RAW264.7 experimental groups after 2 days in vitro; Red curve indicates the treated group with 50 ng/mL MIF, showing less expression of Ki-67 when compared to the non-treatment control (gray curve); * p < 0.05, ** p < 0.01. 
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Figure 3. MIF promoted the survival of a group of CD44High+ cells after TKI treatment in vitro. (A) Representative FC plots of Ki-67 and CD44 expressions in MV4-11 experimental groups after 5 days’ sequential coculture of 80 nM GILT and appropriate doses of MIF in vitro; Red arrow indicates viable Ki-67-CD44+ cells; Right bar chart: Cumulative FC percentage data of viable Ki-67-CD44+ cells; (B) Representative FC plots of Ki-67 and CD44 expressions in MV4-11 experimental groups after 5 days’ simultaneous coculture of 80 nM GILT and appropriate doses of MIF in vitro; Black arrow or arrowhead indicates Ki-67+CD44+ or Ki-67-CD44+ cell population respectively; Right bar chart: Cumulative FC percentage data of viable CD44High+ cells; (C) Representative FC histogram plot of CD44 expression in MV4-11 experimental groups after 5 days’ simultaneous coculture in vitro; Color arrows indicate groups treated with 80 nM GILT alone or its combination with different doses of MIF, showing GILT-treated groups with the supplementation of MIF had a group of CD44High+ cells when compared to the non-treatment control or GILT alone; Right bar chart: qPCR Data show the change of mRNA expression of CXCR2 gene in MV4-11 cells at different doses of MIF combined with 80 nM GILT in vitro; * p < 0.05, ** p < 0.01. 
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Figure 4. Therapeutic effect of the combination therapy of GILT and CXCR2-I on MV4-11 and primary AML-FLT3 BMMNC in vitro and ex vivo. (A) Representative FC plots of viable CD44+ MV4-11 cells (indicated by the red circle in the plot of No-Tx control) in different treatment groups including different doses of CXCR2-I alone or in combination with 80 nM GILT; Right bar chart: Cumulative FC percentage data of viable CD44+ blasts; Red curve arrows indicate the trend of dose-dependent treatment efficacy; (B) Representative FC plots of viable CD33+CD13+ primary blasts (Patient #3) in different treatment groups; Blue arrows (Gating) indicate further analyses of Ki-67 expression of these viable CD33+CD13+ primary blasts; (C) Cumulative FC percentage data of viable CD33+CD13+ primary blasts; (D) Cumulative FC percentage data of viable Ki-67+CD33+CD13+ primary blasts; * p < 0.05, ** p < 0.01, *** p < 0.005. 
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Figure 5. TKI-activated NFKB2 (P100/P52) pathway and siRNA knockdown of NFKB2 in vitro. (A) Data show mRNA expressions of canonical (NFKB1) and non-canonical (NFKB2) pathways after 80 nM GILT or 80 nM QUIZ treatment; (B) 2 days after the siRNA-NFKB2 treatment (50 nM) with or without 80 nM GILT in vitro, the cells were collected for RNA isolation and gene expressions were analyzed by qPCR. Data show mRNA expressions of NFKB2; (N = 3) (C–E) Data show mRNA expressions of MIF, CXCR2 and CXCL5 genes after transiently knocking down NFKB2 in MV4-11; * p < 0.05, ** p < 0.01. 
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Figure 6. The therapeutic effect of the combination of 80 nM GILT and 50 uM NFKB-I on a newly diagnosed AML-FLT3 BMMNC (Patient #5) ex vivo. (A) Representative FC plots of viable CD117+CD13+ primary blasts in different treatment groups; Blue arrows (Gating) indicate further analyses of Ki-67 expression of these viable CD117+CD13+ primary blasts; (B) Cumulative FC percentage data of viable CD117+CD13+ primary blasts; (C) Cumulative FC percentage data of viable Ki-67+CD33+CD117+CD13+ primary blasts; (D) Image of partial blot films developed for proteomic analyses of cell-free supernatants from GILT-treated primary AML BMMNC cells. The black arrows indicate the control dots from the manufacturer. The yellow, red and blue arrows indicate the dots of CXCL1, CXL5 and CXCL8 respectively in the film. (E) Cumulative Mean Pixel Densities (Fold Change) of CXCL1, CXCL5, CXCL8. * p < 0.05, ** p < 0.01. 






Figure 6. The therapeutic effect of the combination of 80 nM GILT and 50 uM NFKB-I on a newly diagnosed AML-FLT3 BMMNC (Patient #5) ex vivo. (A) Representative FC plots of viable CD117+CD13+ primary blasts in different treatment groups; Blue arrows (Gating) indicate further analyses of Ki-67 expression of these viable CD117+CD13+ primary blasts; (B) Cumulative FC percentage data of viable CD117+CD13+ primary blasts; (C) Cumulative FC percentage data of viable Ki-67+CD33+CD117+CD13+ primary blasts; (D) Image of partial blot films developed for proteomic analyses of cell-free supernatants from GILT-treated primary AML BMMNC cells. The black arrows indicate the control dots from the manufacturer. The yellow, red and blue arrows indicate the dots of CXCL1, CXL5 and CXCL8 respectively in the film. (E) Cumulative Mean Pixel Densities (Fold Change) of CXCL1, CXCL5, CXCL8. * p < 0.05, ** p < 0.01.
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Figure 7. Schematic diagram depicting TKI-activated NFKB2-MIF/CXCLs-CXCR2 compensation pathways responsible for the survival and proliferation of AML blasts. After TKI treatment, cytotoxicity-induced injury signals might directly activate the non-canonical NFKB2 (P100/P52) pathway to release more MIF, CXCL5, CXCL8 and other tumor-promoting cytokines. MIF might act as an autocrine signal to initiate the survival mechanism* through MIF-CD74/CD44 pathways. Meanwhile, MIF-CXCR2, CXCL5-CXCR2 and CXCL8-CXCR2 pathways might be responsible for cell proliferation by activating CDK4/CYCLIN E-based transition from G1 to S phase of the cell cycle progression. * pBAD-BCL2: Phosphorylation of BAD has been restored by PIM family compensation pathways to prevent its binding to BCL-2, allowing blasts to survive the TKI treatment. Red color indicates the key molecules in this study. 
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Table 1. Information of AML-FLT3 Patients.






Table 1. Information of AML-FLT3 Patients.





	No.
	Diagnosis
	Age
	Sex
	Disease Status
	Gene Mutations





	#1
	AML
	55
	M
	Newly diagnosed
	1. FLT3: 40% allele frequency

(c.2503G>T; p.D835Y)

2. NPM1: SR 0.72

(c.863_864insCTTG; p.W288Cfs*12)



	#2
	AML
	41
	M
	Relapsed/Refractory
	FLT3 Internal Tandem Duplication (ITD):

Allele Frequency:

(2 separate mutations) 0.25% & 0.52%



	#3
	AML
	69
	M
	Relapsed/Refractory,

On treatment
	1. FLT 3 ITD: SR 0.89

(c.1789delins25; p.Y597delins9) (23% allele frequency)

2.RUNX1: 94% allele frequency

(c.602G>A; p.R201Q)

3.IDH2: 65% allele frequency

(c.419G>A; p.R140Q)

4. DNMT3A: 48% allele frequency

(c.2645G>A; p.R882H)

5.SRSF2: 46% allele frequency

(c.284_307del24; p.P95_R102del)



	#4
	AML
	53
	F
	Newly Diagnosed
	1. CBFB-MYH11: Allele Frequency 102.3453%

2. FLT3 (c.1793_1794ins21;p.Y597_E598insDDPSLID):

Allele Frequency 0.65%

3. KIT (c.1251_1257dekubsGGCA;p.Y418_D419delinsA):

Allele Frequency 2%



	#5
	AML
	62
	M
	Newly diagnosed
	1. FLT3-ITD: Level = 0.98



	#6
	AML
	65
	F
	Refractory
	1. FLT 3: ITD SR 0.57

2. PHF6: 41% allele frequency

(c.821G>A; p.R274Q)

3. RUNX1: 34% allele frequency

(c.494_497dup; p.G168Kfs*46)

4. WT1: 82% allele frequency

(c.1140dup; p.S381Vfs*4)
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
MIFt€—NFKB2

e

- CDMICDT4

CDKi > CYCLINE
ey

Ps2) MFICXCR2
CXCL1,5,8, ot

“[onoie

-

NFKB2AMIFICXCLS-CXCR? Pathway
TUMOR PROMOTING MCROENVIRONMENT

s






media/file4.png
MV4-11 _§ s CXCR2 FOLD CHANGE _§ _10 CXCL1 FOLD CHANGE
- o treatment §§ ¢ g
g. Isotype control —— & £ * . 3 S * %
3| i B =
Q'L 2 0 ——— E 0 ——
A _ ! , , % 5 NO-TX 50ng/ml MlF% 3 NO-TX  50ng/ml MIF
>BrdU =B €8
p § . CXCLS5 FOLD CHANGE % = CXCL8 FOLD CHANGE
' L’:g{%‘; No treatment ° §15 ag B
F ) * % , &
‘ 50ng/ml MIF g 3': . ~§ 22 , * i
| : : —
2 $ C NO-TX 50ng/ml| MIF z 3 NO-TX S0ng/ml MIF
§ § CDK4 FOLD CHANGE §= CYCLINE1 FOLD CHANGE
2210 £9 4
B" §§ .
o w ° - -
e mom W
§§ o e R ii , .
E 23 p NO-TX Song/miMIF E 3 NO-TX  50ng/m| MIF






nav.xhtml


  biomedicines-10-01038


  
    		
      biomedicines-10-01038
    


  




  





media/file2.png
i | NO TREATMENT
OSTEOPONTIN

re 00
GILTERITINIE

R Mean Pixel Density

// of MIF (Fold Change)

MIF .

;:«'O.I

OSTEOPONTIN
A LR J MIF NoTx  GILTERITNIS
§_ CD74 FOLD CHANGE § _ CD44 FOLD CHANGE
E 20 v §20 -
g% 15 . % 3 [ p——
2210 “g‘ 210 .
35 .  — 5
3 zzs NO-TX GILT QuIZ 3 3 NO-TX GILT QuIZ
x = e .
5 CXCR2 FOLD CHANGE Flow Cytometry Histogram
% 160
2 =
€280 =1 e
S E I . 8 : Isotype control
£t 0 /) GILTERITINIB
33 E vo GILT QuIZ — o CXCRD

C

MIF
v/
*e LR
e
Reforo:u{a Zpoto
MIF
4 oo

D

Mean Pixel Density of MIF (Fold Change)

4

2

% %

No Tx GILTERITINIB






media/file5.jpg
NoTx ST GETSelWr GTgelWE  KI6T.CoMrColle )

(B T = e

H |0 | |

8 @ |

I (
N

1 f r 1 e 1

o=

: ——

1 =™

: J | JJ

1

i .

GTERITNE
GITsS0nmi
ST 2000mi M

[, count






media/file3.jpg
Twvean

NO-TX  S0ng/mi MIF}

k
— m
13

CXCL1 FOLD CHANGE

NO-TX  SongimI MIF

‘CXCLS FOLD CHANGE

'

CXCLS FOLD CHANGE

NO-TX  Songimi MF

‘CYCLINET FOLD CHANGE






media/file1.jpg
CXCRZFOLDCHANGE

P |
- -

o our ouz
FlowGytometry Histogram

By

el
e
P
& .
- ;.
“F7
Rl
e
c &






media/file7.jpg
SMCHCRZ1 M CXCRI 0w CROREA

CONTROL ___CXCR21__ GILTERITINIB_GILT+CXCR21

Viable CD334CD13+ Cells (%) || Ki67+CD334CD13+ Cells (%)
0] p—t— 100 an

1:' il
.

o M B
K ‘






media/file10.png
M ™ .v(*#. sV&c M
: % | E
2
o4 S I8
B | eﬂava m
- - % * 3
- - h
‘s 9- 0 O =W NO
v R
meNL o
- Ll Rl (HOdVD 0} pazyewLION)
(HOJYD 03 pazyewoN) VO SaIdX3 SUD eAnEINY E
UOISSRIAX T WNNW SARRIOY B
T -
% “
[
w N %
— *
m £ . g || g ",
< Z ?, %,
| « o %, )
o “nn.. - £ .7 .r-we %
X ol o~
g . NG (2 =, L
a1 © |; x &
x| W x o
S| o - | %,
*
| & 2 - :
4 S T 3 -
nN.- m m w - (HQJVYO 01 pazIRWION)
m (HOYD 01 PrmeuLON) uorssaudx 3 ausD aaneay D
oSy § sy ageyay
p
%| w B o N %,
O o ®,
E| 2 “
g
5| ‘S ERE M
) g -+ [+ 4 9
(@] (&) Q
el 2 = "
Z| O ) x L w@.
-2 =
A » | +
1 HE _B
5| &
zZ| Z w w ~N ©
b wn o w o © © ©
3] - -

(HOIYD 01 pazyesion)
VOIS 0dX ] 0UDT) MY

<

(HOd YO 01 pazieunoN)
uojssesdxy suen saneey ()






media/file12.png
CONTROL

NFKB-I

Q7
$5.5

-—>» CD117

vy v eeg =

GILTERITINIB

GILT+NFKB-l

Gated ¢n CD117+CD1 3

1 K“T’CD”OC‘OHTOCDﬂO 1 KI74CD33eCO1170CO130
LR ) i

v

1

+Cells
KMI’CO)JOCMi T+CD13+
1. ‘
1

1 KI674CD334CD1174C013¢

—— |

—>CD33

Viable CD117+CD13+ Cells (%) Viable Ki-67+CD33+CD1174CD13+ Cells (%)

40 — 100 o

-
? I . ” I I
- - B -
0 0
¥ Y ® ' i Cl & Q"
43 " & A"
B £ & e
CONTROL oo 00 GILT ONLY e 0 MEAN P“f;,,?fé‘,?;gf cxeL
ks oo
Reference Spots o » 0.5
- - -
. 0\.\ e S & &
CXCL5 &

& CXCLS8/IL8 MEAN PIXEL DENSITY OF CXCLS
ey e S e
CXCL1

0.5
. NFKB-l ONLY . GILT + NFKB-I 0 I . - -
NQ ‘ k o G*é W\ 43"'\
® 0 ¥ £
(}\‘I
K 'k ‘ k MEAN PIXE{I';DI:'LEI::I:::;SFCXCLB
05 l . -
X X W N X X T & 49>
D E < j‘






media/file9.jpg
_CANONICAL NFKBPATHWAY  NON-CANONICAL NFKB PATMWAY &

502

NFKB2 mRNA|

NFKB1 FOLD CHANGE NFKB2 FOLD CHANGE

Womaredts GAPDN
o2

- 8 §
LI
-

T o i oo

; .
s| =
H
l, = m
e o e T e

B2
;
f"/‘”

Womakied’o AP,

0 e |

m






media/file0.png





media/file14.png
| TKI TREATMENT

—_——— = = =

< CDK4-->CYCLINE
Cell Cycle Transition
from G1 to S phase

‘-~ - PROLIFERATION ------ Nucleus ;
- ,

P100/P52) MIF/ICXCR2/ .
(PI00/PS2) | cxcit, 5,8, otc, /. | Linhibit
1Promote

-
-
.

.
*»
*»
.
.
e
.
"
bl

-
.
-
-
-
-
-
-
-
o'..
.
-
.
.
et

NFKB2-MIF/CXCLs-CXCR2 Pathway
TUMOR-PROMOTING MICROENVIRONMENT

1Incroase






media/file8.png
| |

00 ——>Ki-67.

§ mr—y crrey v ey ey ey

§ oy vy — ey v vy =y

No-Tx SuMCXCR24  20uM CXCR24 50uM CXCR24
Q2
71.8  CD44+ viable blasts (%)
3!
o / ' SR
O . e
.joc a3 |los a3 i a3
10.083 094 |l0.81 1.2 9.09 187 19.4
— > VIABILITY DYE
Gilteritinib (GILT) ~ GILT+5uM CXCR24 ~ GILT+20uM CXCR24  GILT+50uM CXCR2- I I
1Q1 @ 1a1 Q2 1a1 @ 1af Q2 '
168.8 189 353 542 |20, 634 646 66.2
3 1 1 1. L ol
Q. 1 14 O <
o gla 1 pcigice
! - . 3 G é.él
Q4 Q3 a3 Q3 ¢'e
1531 7.01 128 1277 246
vyl e mr———————" D) §5; “POI; “PHIS
A > VIABILITY DYE
CONTROL CXCR2-l ‘ GILTERITINIB GILT+CXCR2-
’ a1 a2
‘245 1.75%
|
™. i
o 1
o !
O
T » Q
1%
ey —
> CD13
KIS7+CD13+ CHLLS ! KIS7+CD13+ CHLLS
3 1 [

‘ ‘
1

—> CD13__

f oy ey ey —reey v ey

Viable CD33+CD13+ Cells (%)
X

C

30
20 &
*
10
0 | —
NoTx CXCRZ!) GILTERITNIB GAT
CXCR21

KI-67+C D33+CD1 3+Cells (%)

| I

NoTx CXCR)I GCATERITNG Gll! .






media/file11.jpg
CONTROL ___ NFKB1 __ GILTERITING _GILT+NFKBA

=con

>cois

j |

——> KT

Viable CD117+CD13+ Cells (%)






media/file6.png
No Tx 80nM GILT GILT+50ng/ml MIF  GILT+200ng/ml MIF Ki67-CD44+ Cells (%)
{ 1 4 ¢ 11
1 Ki67+CD44+ 1 Ki67+CD44+ ] KI67+CD44+ 1 Ki67+CD44+
N 81.9 1 27.2 ! 222 ) 27.7
1 I 13 ! i |
1 8 e e @
1 1 1 { e
] KlO?-CD“o B ] KI67-CD44+ ! KI67-CD44+
! | ! 263 1 26.2
Wy e — e —— vy -“V“‘W**W"“—w—"'—v*w"; oy - oy ¢ —— -y v ey "&*——-r-'—r‘——-r"——v*—"r'
A »CD44
‘ No Tx 80nM GILT GILT#SOnglmI MIF GlLT#ZOOngfmI MIF CD“HIglN Cells (%)
1.
3
] n I
X o ‘i —
' 4"
1 «"
- Flow Cytometry Histogram i CXCR2 FOLD CHANOE
r No treatment (No Tx) ig'”
-5 No staining 3% 60
¥ Isotype control 1§
S GILTERITINIB t3 e
- GILT+50ng/mi MIF _,g & & ¢ f
GILT+200ng/mI MIF | & & &
C ) ) ) ¢ &






