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The treatment of chronic lymphocytic leukemia (CLL) patients with venetoclax-based regimens has demonstrated efficacy and a safety profile, but the emergence of resistant cells and disease progression is a current complication. Therapeutic target of sphingosine kinases (SPHK) 1 and 2 has opened new opportunities in the treatment combinations of cancer patients. We previously reported that the dual SPHK1/2 inhibitor, SKI-II enhanced the in vitro cell death triggered by fludarabine, bendamustine or ibrutinib and reduced the activation and proliferation of chronic lymphocytic leukemia (CLL) cells. Since we previously showed that autologous activated T cells from CLL patients favor the activation of CLL cells and the generation of venetoclax resistance due to the upregulation of BCL-XL and MCL-1, we here aim to determine whether SPHK inhibitors affect this process. To this aim we employed the dual SPHK1/2 inhibitor SKI-II and opaganib, a SPHK2 inhibitor that is being studied in clinical trials. We found that SPHK inhibitors reduce the activation of CLL cells and the generation of venetoclax resistance induced by activated T cells mainly due to a reduced upregulation of BCL-XL. We also found that SPHK2 expression was enhanced in CLL cells by activated T cells of the same patient and the presence of venetoclax selects resistant cells with high levels of SPHK2. Of note, SPHK inhibitors were able to re-sensitize already resistant CLL cells to a second venetoclax treatment. Our results highlight the therapeutic potential of SPHK inhibitors in combination with venetoclax as a promising treatment option for the patients.
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Introduction

Leukemic B cells from chronic lymphocytic leukemia (CLL) patients circulate between peripheral blood and lymphoid tissues where they survive, become activated, and proliferate in close contact with activated T cells, myeloid cells and by receiving signals through the B-cell receptor (BCR). In the last years, the approval of multiple new targeted therapy drugs that affect the proliferation or survival of CLL cells, improved both clinical outcomes and quality of life of CLL patients. One of them is venetoclax (1), a potent and selective inhibitor of the antiapoptotic protein BCL-2, that binds specifically to the hydrophobic groove of BCL-2, displacing proapoptotic proteins and rapidly inducing apoptosis in cells that rely on BCL-2 for survival (2). It has demonstrated efficacy and a safety profile in CLL and other hematological malignancies, both in clinical trials (1, 3, 4) and in real world setting (5). While CLL patients treated with venetoclax can reach deep clinical responses, particularly when used in combination with an anti-CD20 monoclonal antibody, and/or inhibitors of Bruton tyrosine kinase (3, 4, 6), the emergence of resistant cells is a current complication. Multiple independent mechanisms contributed to venetoclax resistance, including the acquisition of various mutations in BCL-2 and/or the upregulation of other anti-apoptotic proteins which are not targeted by venetoclax, such as BCL-XL and MCL-1 (7, 8). Different groups reported that malignant cells that recently interacted in vivo with the supportive microenvironment of lymphoid tissues (9, 10), or those that were cultured in vitro with different signals that mimic microenvironment stimuli (11–15), show an increased expression of BCL-XL and MCL-1 and are less sensitive to venetoclax compared to quiescent or unstimulated CLL cells. In line with this, we previously reported that when peripheral blood mononuclear cells (PBMC) from CLL patients were incubated on immobilized anti-CD3 monoclonal antibodies (aCD3) to induce T cell activation, autologous activated T lymphocytes induced the activation of CLL cells, and in vitro venetoclax resistance due to the upregulation of BCL-XL and MCL-1 (11, 12). Moreover, we found that venetoclax-resistant CLL cells show a highly activated and proliferative phenotype and a sustained resistance to a second treatment with the drug (11).

Sphingosine kinases (SPHK) participate in the regulation of bioactive sphingolipid metabolism and mediate several biological functions, including cell growth, differentiation, survival and migration, among others (16). SPHK has two isoforms, SPHK1 and SPHK2, which mediate the phosphorylation of sphingosine to form sphingosine 1-phosphate (S1P) (17). Therapeutic targeting of SPHK has attracted enormous attention and opened new opportunities in the treatment combinations of cancer patients. In line with this, our previous work on SHPK in CLL confirmed that SKI-II, the most well-characterized dual SPHK1/2 inhibitor (18), induced CLL cell death in a dose-dependent way (19). Moreover, non-apoptotic doses of SKI-II enhanced the cell death triggered by fludarabine, bendamustine or the targeted drug ibrutinib which inhibit Bruton’s tyrosine kinase (BTK) and IL-2–inducible T cell kinase (ITK) (19). Interestingly, sub-apoptotic doses of SKI-II also reduced the activation and proliferation of CLL cells induced by different signals that mimic the tumor microenvironment, including anti-IgM plus CD40L (19). In addition, others found that safingol, a known SPHK1 inhibitor which was recently found to be a substrate for SPHK2 (20), potentiates the anti-cancer effect of a botanical drug called Polyphenon E™ (21). In solid tumors, opaganib, an orally active, isozyme-selective inhibitor of SPHK2 with antitumor and anti-inflammatory activity, which can be safely administered to severely compromised patients with solid and hematological tumors or Covid-19 (22), restores the sensitivity of BRAFV600E mutant colon cancer cells to vemurafenib (23) and it has being studied in clinical trials with patients with metastatic castration-resistant prostate cancer progressing on abiraterone or enzalutamide (NCT04207255) and with advanced cholangiocarcinoma patients in combination with hydroxychloroquine sulfate (NCT03377179). The combination of SPHK inhibitors and venetoclax in CLL cells was not evaluated yet.

To further study the role of SPHK in CLL, we herein determine whether SPHK inhibitors can reduce the emergence of in vitro venetoclax resistance in CLL cells and/or are able to induce the cell death of already venetoclax-resistant cells. Our results suggest that a combined therapy of venetoclax and SPHK inhibitors may be a promising treatment option for CLL patients in the future.





Methods

Peripheral blood samples were collected from twenty-eight unrelated CLL patients. All samples used in this study were obtained after informed consent in accordance with the Declaration of Helsinki and with Institutional Review Board approval from the Academia Nacional de Medicina, Buenos Aires, Argentina. CLL was diagnosed according to standard clinical and laboratory criteria. At the time of analysis, all patients were free from clinically relevant infectious complications and were treatment naïve or had not received treatment for ≥3 months before the investigation began. The main clinical and biological characteristics of the patients enrolled in our study are summarized in Supplementary Table 1.

In the present study we employed 0,2 µM of venetoclax, a concentration achievable in vivo since 1 μM of venetoclax can be found in plasma of treated CLL patients in the steady state (1, 24). This concentration was selected because in our previous study we demonstrated that autologous activated T cells promote CLL resistance to doses of venetoclax ranged between 0.01 and 1 uM (11, 12). In the case of SPHK inhibitors, opaganib was employed at 15 µM because up to 13,5 µM (25) or 16 µM (26) can be found in plasma of treated patients. SKI-II was not evaluated in clinical trials yet, but its concentration of 15 µM was selected based on our previous in vitro studies (19). A detailed description of materials and methods employed in this study can be found in the online Supplementary Data.





Results




Venetoclax-resistant CLL cells express high levels of SPHK2

When we studied the phenotype of venetoclax-resistant CLL cells induced by activated T cells, we found that they showed an aggressive phenotype characterized by higher CD86, PD-1, Ki-67 and MCL-1 and/or BCL-XL expression with sustained resistance to a second treatment with the drug (11, 12). Since we previously reported that SPHKs regulate CLL cell survival, activation and proliferation (19), we hypothesized that venetoclax-resistant cells would also express high levels of SPHKs. To test this hypothesis, venetoclax resistant cells were generated as previously described (11, 12) by culturing PBMC from CLL patients with or without aCD3 for 72 h in the presence of DMSO or venetoclax during the last 24 h of culture. Then, SPHK1 and SPHK2 were evaluated by western blot in viable purified CLL cells. Because most of CLL cells die in control cultures with venetoclax, this condition was not assessed. As it is shown in Figure 1A, the presence of autologous activated T cells enhanced SPHK2 expression in CLL cells, which was higher in those resistant to venetoclax. SPHK1 expression was not consistently modified under these culture conditions (Figure 1B). Non-normalized data of the expression of SPHK1 and 2 are shown in Supplementary Figure 1. Results obtained with a representative CLL patient are shown in Figure 1C.




Figure 1 | Venetoclax resistant CLL cells show high expression of SPHK2. PBMC from CLL patients (4x106 cells/ml) were cultured in complete medium with aCD3 or the isotype control. After 48 h, venetoclax (Ven) 0,2 µM or DMSO were added to the cultures. After 24 h, non-viable cells were excluded by employing a dead cell removal kit and then CLL cells were purified using a CLL purification kit as detailed in the Supplementary Material and methods section. Then, whole cell lysates were prepared with purified viable CLL cells and proteins were separated on a standard 12% SDS-PAGE and transferred to a PVDF membrane. Membranes were probed with primary antibodies for SPHK1, SPHK2 and β-Actin, followed by the corresponding secondary antibody. Then, specific bands were quantified by employing ImageJ and quantitative densitometry protein expression relative to β-actin as loading control was obtained for each culture condition. The figure shows the expression of SPHK2 (n=9) (A) and SPHK1 (n=6) (B) relative to the expression obtained in control cultures. To compare aCD3 and aCD3+Ven versus control cultures we employed Wilcoxon Signed Rank Test, **p < 0.01. The comparison between aCD3 and aCD3+Ven was performed using Wilcoxon matched-pairs signed rank test, # p < 0.05. (C) The figure shows the results obtained with one representative CLL sample.







SPHK inhibitors reduce the generation of venetoclax resistance induced by activated T cells

The results mentioned above prompted us to evaluate whether SPHK inhibitors affect the generation of venetoclax resistance. To this aim, we employed the dual SPHK1/2 inhibitor SKI-II and the SPHK2 inhibitor opaganib. PBMC from CLL patients were cultured with or without aCD3 in the presence of DMSO, SKI-II (15 µM) or opaganib (15 µM) for 72 h, with the addition of DMSO or venetoclax during the last 24 h. The survival of CLL cells were evaluated by flow cytometry. The percentages of viable CLL cells in each culture condition are shown in Figure 2A (left panel). SPHK inhibitors did not significantly modify the survival of CLL cells in control cultures or aCD3 cultures with DMSO. As we previously reported, CLL cells from aCD3 cultures were less sensitive to venetoclax treatment compared to CLL cells from control cultures. Of note, in the presence of SKI-II or opaganib leukemic cells in aCD3 cultures with venetoclax showed reduced survival values compared to CLL cells in this culture condition without SPHK inhibitors. To easily show the effect of SPHK inhibitors on this process we calculated the venetoclax resistance index for each patient (Figure 2A, right panel). Resistance indexes compare venetoclax-induced cell death in control and in aCD3 cultures and were calculated with the survival values shown in the left panel of Figure 2A, as we previously reported (12). Values near one show that CLL cells from control and aCD3 cultures similarly die in response to venetoclax treatment, while higher values indicate that aCD3 cultures favor venetoclax resistance. As it is shown in the right panel of Figure 2A, both SPHK inhibitors significantly reduce venetoclax resistance indexes. Dot plots showing leukemic cell survival in a representative experiment are shown in Supplementary Figure 2. The heterogeneous venetoclax resistance indexes observed in Figure 2A could not be associated with the clinical stage of the patients, their mutational status, or the expression of CD38 and CD49d on leukemic cells (Supplementary Figure 3).




Figure 2 | SKI-II and opaganib prevent venetoclax resistance and CLL activation induced by autologous activated T cells. PBMC from CLL patients (4x106 cells/ml) were cultured in complete medium with aCD3 or the isotype control in presence or absence of SKI-II 15 µM and opaganib 15 µM for 48 h. Then, venetoclax (Ven) 0,2 µM or DMSO were added to the cultures for additional 24 h. (A) CD19+ cell survival was evaluated by flow cytometry as detailed in Supplementary Methods. Left panel: The figure shows the mean ± SEM of CD19+ cell survival in each condition. Right panel: With the values of CD19+ cell survival obtained in control, venetoclax (Ven), aCD3 and aCD3+Ven cultures we calculated the venetoclax resistance index for each patient as follows:  (aCD3+Ven/aCD3) x (control/Ven). A value higher than 1 indicates that aCD3 cultures favor venetoclax resistance.  The figure shows the mean ± SEM of venetoclax resistance index. Statistical analysis was performed using Friedman test followed by Dunn´s test, ** p<0.01, **** p<0.0001 (n=16). (B-D) Purified CLL cells from control and aCD3 cultures with and without SKI-II and opaganib at 48 h were analyzed by western blot as detailed in Figure 1, but in this case, membranes were probed with primary antibodies for BCL-XL, MCL-1 and β-Actin, followed by the corresponding secondary antibody. (B) The figures show the expression of MCL-1 and BCL-XL on leukemic cells from control and aCD3 cultures. Statistical analysis was performed using Wilcoxon matched-pairs signed rank test, * p<0.05, NS stands for Not Statistically Significant (n=6). (C) The figures show the expression of MCL-1 and BCL-XL in leukemic cells from aCD3+SKI-II and aCD3+opaganib cultures relative to the expression obtained in aCD3 cultures. To compare aCD3+SKI-II and aCD3+opaganib versus aCD3 cultures we employed One sample t test, * p<0.05, ***p<0.001 (n=6) (D) The figure shows the results obtained with one representative CLL sample (CLL #23 in Supplementary table 1). (E, F) PBMC from CLL patients were cultured with aCD3 or the isotype control in presence or absence of SKI-II 15 µM and opaganib 15 µM for 48 h. The expression of CD86, PD1 and PDL1 on CD19+ cells was evaluated by flow cytometry. (E) The figures show the CD86, PD1 and PDL1 expression on CD19+ cells in control and aCD3 cultures. Statistical analysis was performed using Wilcoxon matched-pairs signed rank test, ** p<0.01 (n=9). (F) The figure shows the mean ± SEM of the expression of CD86, PD1 and PDL1 on CD19+ cells in aCD3 cultures with SKI-II and opaganib relative to aCD3 cultures without SPHK inhibitors. Statistical analysis was performed using Wilcoxon Signed Rank Test, * p<0.05, ** p<0.01 (n=9).







SPHK inhibitors reduce the upregulation of BCL-XL and MCL-1 and the activation of CLL cells induced by activated T cells

Given that aCD3 cultures favored venetoclax resistance by the upregulation of BCL-XL and MCL-1 in CLL cells (11, 12), we wondered whether SPHK inhibitors are able to impair the upregulation of these proteins. To this aim, PBMC from CLL patients were cultured with or without aCD3 in the presence of DMSO, SKI-II and opaganib for 48 h and BCL-XL and MCL-1 expression was evaluated by western blot in purified viable CLL cells. We confirmed that CLL cells in aCD3 cultures expressed high levels of BCL-XL and MCL-1 (Figure 2B). As it is shown in Figure 2C both SPHK inhibitors reduced the upregulation of BCL-XL on malignant cells induced by activated T cells while MCL-1 expression was only reduced by SKI-II under these culture conditions. The results obtained with a representative CLL patient are shown in Figure 2D. We also confirmed that CLL cells in aCD3 cultures became activated (11, 12, 27), and favored the upregulation of CD86, PD-1 and PD1-L on CLL cells (Figure 2E) which was impaired by SKI-II and opaganib (Figure 2F). Non-normalized data of Figures 2C and F are shown in Supplementary Figure 4.





SPHK inhibitors slightly reduce CD4+ and CD8+ T cell activation without affecting their survival

Since the activation of T lymphocytes favors the generation of CLL cells that are less sensitive to venetoclax, the strong reduction in venetoclax resistance due to SPHK inhibitors (Figure 2A) might involve an effect on T cell activation and/or survival. To test this hypothesis, PBMC from CLL patients were incubated with or without aCD3 in the presence of DMSO, SKI-II or opaganib for 72 h and the survival of CD4+ and CD8+ T cells was evaluated by flow cytometry. As it is shown in Figure 3A SPHK inhibitors did not significantly affect the survival of CD4+ and CD8+ T lymphocytes at the times evaluated. On the other hand, we confirmed that both CD4+ and CD8+ lymphocytes were activated upon CD3 crosslinking since they upregulated the activation marker CD69 and increased the percentage of CD69+ cells at 24 h (Figure 3B). SPHK inhibitors did not modify the expression of CD69 on CD4+ cells, while SKI-II only slightly reduced the level of CD69 expression on CD8+ cells (Figure 3B). When the expression of CD40L was evaluated, both SPHK inhibitors only slightly reduced the expression of CD40L induced on CD4+ cells upon CD3 crosslinking (Figure 3C). Non-normalized data of Figures 3B, C are shown in Supplementary Figure 5.




Figure 3 | SPHK inhibitors slightly reduce CD4+ and CD8+ T cell activation without affecting their survival. PBMC from CLL patients (4x106 cells/ml) were cultured in complete medium with aCD3 or the isotype control in presence or absence of SKI-II 15 µM and opaganib 15 µM for 72 h. (A) CD4+ and CD8+ cell survival was evaluated by flow cytometry as detailed in Supplementary Methods at 24 and 72 h. The figure shows the mean ± SEM of CD4+ (left panel) and CD8+ (right panel) cell survival in each condition. Statistical analysis to compare the survival of the cells with or without SPHK inhibitors was performed using Friedman test (n=7). (B) The expression of CD69 on CD4+ (n=6) and CD8+ cells (n=8) was evaluated by flow cytometry at 24 h as detailed in Supplementary Methods. Left panel: the figures show the percentage of CD69+ CD4+ and CD69+ CD8+ cells in control and aCD3 cultures, and in aCD3 cultures with SKI-II and opaganib relative to aCD3 cultures without SPHK inhibitors. Statistical analysis was performed using Wilcoxon test and Wilcoxon matched-pairs signed rank test, * p<0.05. Right panel: the figures show the mean ± SEM of CD69 expression on CD4+ and CD69+ CD8+ cells in control and aCD3 cultures, and in aCD3 cultures with SKI-II and opaganib relative to aCD3 cultures without SPHK inhibitors. Statistical analysis was performed using Wilcoxon test and Wilcoxon matched-pairs signed rank test, * p<0.05. (C) The expression of CD40L on CD4+ cells was evaluated by flow cytometry at 24 h as detailed in Supplementary Methods. The figure shows the mean ± SEM of the percentage of CD40L+ CD4+ cells and the expression of CD40L on CD4+ cells in control and aCD3 cultures and in aCD3 cultures with SKI-II and opaganib relative to aCD3 cultures without SPHK inhibitors at 24 h. Statistical analysis was performed using Wilcoxon Signed Rank Test and Wilcoxon matched-pairs signed rank test, * p<0.05, ** p<0.01 (n=8). NS stands for Not Statistically Significant.







SPHK inhibitors induce the cell death of venetoclax-resistant cells

Finally, given that venetoclax resistant cells express high levels of SPHK2 (Figure 1A) we aimed to determine whether SPHK inhibitors can affect the survival of already venetoclax resistant cells. To this aim, PBMC from CLL patients were cultured as mentioned above, alone (control cultures) or with aCD3 for 72 h (aCD3 cultures) in the presence of DMSO or venetoclax during the last 24 h. After that, cells from control cultures with DMSO, aCD3+DMSO and aCD3+VEN were washed and cultured again with DMSO, SKI-II or opaganib for another 96 h, combined with DMSO or venetoclax during the last 24 h of culture as detailed in Figure 4A. Because most of CLL cells die in control cultures with venetoclax (Figure 4B), this condition was not assessed.




Figure 4 | SPHK inhibitors re-sensitize resistant CLL cells to a second venetoclax treatment. (A) Schematic diagram of the culture protocol. (B) PBMC from CLL patients (4x106 cells/ml) were cultured in complete medium with aCD3 or the isotype control for 72 h in the presence of DMSO or venetoclax (Ven) during the last 24 h of culture. The figure shows the mean ± SEM of CD19+ cell survival in each condition. PBMC from control cultures (C), aCD3 cultures (D) and aCD3+VEN cultures (E) were washed and cultured with DMSO, SKI-II 15 µM or opaganib 15 µM for 96 h combined with DMSO or venetoclax (Ven) during the last 24 h of culture. Statistical analysis was performed using One sample t test. **** p< 0.0001 (n=5) *** p< 0.001 ** p< 0.01 *p< 0.05 (n=5). RM one-way ANOVA, followed by Holm-Sidak’s multiple comparisons test, # p< 0.05 ##p< 0.01 (n= 5).



As expected, CLL cells that came from control cultures rapidly died in response to venetoclax and were not significantly affected by the presence of SPHK inhibitors (Figure 4C). Similarly, SPHK inhibitors alone did not affect the survival of CLL cells that came from aCD3+DMSO cultures but promoted the cell death induced by venetoclax (Figure 4D). Of note, when venetoclax resistant CLL cells that came from aCD3+venetoclax cultures were evaluated we found that, despite the aggressive phenotype acquired under this culture condition (11), they died in response to opaganib alone showing a 45% of cell death (Figure 4E). Moreover, even though 64% of already venetoclax resistant cells were able to survive to a second drug exposure, 50% of these cells died due to the presence of venetoclax in combination with SKI-II and 75% in combination with opaganib, showing that SPHK inhibitors were able to re-sensitize resistant CLL cells to a second venetoclax treatment (Figure 4E). Non-normalized data of Figures 4C–E are shown in Supplementary Figure 6.






Discussion

The present study seeks to address the role of SPHK inhibitors in the context of venetoclax resistance induced in CLL cells by autologous activated T lymphocytes. Within lymphoid tissues and particularly in lymph nodes, CLL cells obtain a distinctly activated gene signature in comparison with the peripheral blood due to the array of signals from the tumor microenvironment that favor not only their activation, but also their survival and proliferation (28, 29). T cells were shown to be an important source of the stimuli that CLL cells receive within lymph nodes (30). In line with this, we here confirmed that in vitro activation of autologous T cells induces the activation of CLL cells and the emergence of venetoclax resistance (11, 12, 27). To determine whether SHPK inhibitors can reduce the generation of venetoclax resistance in our in vitro system, we employed SKI-II, which inhibits both isoforms of SHPK, and opaganib, a SPHK2 inhibitor that is currently in Phase 2 clinical testing in patients having cholangiocarcinoma (NCT03377179) or prostate cancer (NCT04207255). The fact that both inhibitors reduced the generation of venetoclax-resistant CLL cells induced by autologous activated T lymphocytes suggests that the inhibition of SHPK2 may be involved in this process.

In an attempt to understand how SPHK inhibitors reduce the generation of venetoclax resistance in our in vitro system, we evaluated the expression of BCL-XL and MCL-1 in CLL cells, which are not targeted by venetoclax. Given that activated T cells induced the upregulation of these molecules in CLL cells (11, 12), we hypothesized that SPHK inhibitors would impair their expression. When the upregulation of BCL-XL induced in CLL cells by autologous activated T cells was evaluated, we found that both SPHK inhibitors reduced it, suggesting that SPHK2 may participate in this process. On the other hand, when MCL-1 was evaluated, we found that its upregulation induced by activated T cells was not consistently affected by opaganib and only reduced in a 40% by the presence of SKI-II, suggesting that the activation of SPHK1 might be involved, at least in part, in the upregulation of MCL-1 in CLL cells. The role of SPHK1 and 2 in MCL-1 expression on malignant cells seems to differ depending on the cell type. Thus, inhibition of SPHK1 in human acute myeloid leukemia cells, but not the inhibition of SPHK2, induces MCL-1 degradation (31). Similarly, SPHK1 inhibition reduce BCR/ABL-induced upregulation of MCL-1 in chronic myeloid leukemia cells (32). On the contrary, in large granular lymphocyte leukemia (33) or multiple myeloma (34) SPHK2 inhibition downregulates MCL-1 expression.

Based on our results, it seems that the reduction in venetoclax resistance exerted by SKI-II and opaganib might principally rely on the impairment of BCL-XL upregulation. The role of MCL-1 and BCL-XL in the resistance to venetoclax is still a matter of debate. While Liu et al. reported that the increase in MCL-1 expression is one important mechanisms for venetoclax resistance (35), others found that BCL-XL is a major regulator of this process in CLL (9, 36). In line with our result, Haselager et al. demonstrated that there is a hierarchy of BCL-2 family members in CLL cells under the pressure of venetoclax, in which BCL-XL is dominant over MCL-1 in CLL venetoclax resistance when both are present (9, 36).

Regarding CLL activation induced by activated T cells, the fact that both SPHK inhibitors similarly reduced the upregulation of the activation markers CD86, PD-1 and PDL1 induced by the presence of activated T lymphocytes, suggests that SPHK2 might participate in the upregulation of these molecules. However, since in our in vitro assay, PBMC from CLL patients were cultured on aCD3 to induce T cell activation and the presence of activated T lymphocytes favor the activation of the leukemic clone, the reduced CLL activation that SKI-II and opaganib induced in our system, may involve an effect on the T cell compartment. When we evaluated the effect of SPHK inhibitors on the survival and activation of CD4+ and CD8+ T cells from CLL patients, we found that SKI-II and opaganib slightly reduce T cell activation, without affecting their survival. Given that in murine T cells SPHK inhibition and/or ablation improves T cell mediated tumor control against murine melanoma and increases the secretion of an array of cytokines in response to stimulation, further experiments are warranted to evaluate whether this is also the case in T cells of CLL patients (37–39). In summary, the reduction in CLL activation exerted by SPHK inhibitors in our system may involve a direct effect on CLL cells and indirect effects on other subpopulations present in PBMC cultures, including CD4+ and CD8+ T cells.

We here found that SPHK2 expression was clearly enhanced by the presence of activated T cells of the same patient and the presence of venetoclax selects resistant cells with high levels of SPHK2. This observation encouraged us to test whether SPHK2 inhibition favor the cell death of these already resistant cells, so we first generated venetoclax resistant cells and then cultured them with SPHK inhibitors in combination with venetoclax. Of note, despite the aggressive phenotype of venetoclax-resistant cells (11) these cells die when were cultured again with a second venetoclax treatment in combination with SKI-II and opaganib (Figure 4E). We are aware that our observations are limited to an in vitro venetoclax resistant assay. However, when we analyzed a public data set of CLL cells from 7 patients with persistent MRD after 1 year on venetoclax-based therapy (RNA-Seq GSE192685 (40)), we found that 5 out of 7 CLL samples showed higher SPHK2 expression at progression on venetoclax therapy (SC2) compared to the values prior to venetoclax treatment (SC1) (Supplementary 7). It remains to be determined whether co-treatment with SPHK inhibitors could re-sensitize these in vivo venetoclax resistant CLL cells.

Despite the efficacy of venetoclax based regimens, minimal residual disease recrudescence and progressive disease are common with extended follow-up (41). The failure of therapeutic regimens to eradicate malignant cells often results from the outgrowth of minor subclones with more dangerous and aggressive phenotype. In line with this, it was already reported that an intraclonal complexity exists in CLL (42). Thus, the leukemic clone contains a spectrum of cells from the “proliferative fraction” to the “quiescent fraction”. While the first one is enriched in recently born/divided cells mostly present in lymphoid tissues that can be also found in peripheral blood as a small proportion of recently emigrant CLL cells, the “quiescent fraction” enriched in older, less vital cells, are mostly present in peripheral blood and need to immigrate to lymphoid tissue or die (42). Two independent groups recently demonstrated that in treatment naïve patients the small proportion of recently emigrant CLL cells overexpress anti-apoptotic proteins including MCL-1 and BCL-XL (9, 10). Of note, this subpopulation survives and increases upon in vivo venetoclax treatment of the patients showing that resistant CLL cells already exist, even in untreated CLL patients and these cells persist during proapoptotic treatment with venetoclax (10). Further studies are warranted in order to determine whether in treatment naïve patients the small proportion of recently emigrant CLL cells that overexpress MCL-1 and BCL-XL also express high levels of SPHK2.

As we already mentioned above, the fact that SKI-II and opaganib similarly diminish the generation of venetoclax-resistance and re-sensitize already venetoclax-resistant CLL cells to the drug suggest that the inhibition of SHPK2 is involved in this process. However, while opaganib is a very well-known SPHK2 inhibitor that reduces sphingosine-1 phosphate levels, it may also inhibit other enzymes in the sphingolipid metabolism. Thus, by inhibiting dihydroceramide desaturase opaganib increases dihydroceramides, and by targeting glucosylceramide synthase reduces hexosylceramides (22). Since glucosylceramide synthase inhibitors were reported to sensitize CLL cells to chlorambucil and fludarabine induced cell death (43), further experiments are needed to confirm whether SKI-II and opaganib effects on CLL cells are meditated by the inhibition of SHPK2 and/or other molecule(s).

In conclusion, our results highlight the therapeutic potential of SPHK inhibitors in combination with venetoclax as a promising treatment option for the patients. Undoubtedly, comparative clinical studies are needed to clearly demonstrate whether SPHK inhibitors are good partners of venetoclax in CLL.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The studies involving human participants were reviewed and approved by Institutional Ethics Committee from the Institutes of the Academia Nacional de Medicina, Buenos Aires, Argentina. The patients/participants provided their written informed consent to participate in this study.





Author contributions

VS did most of the experiments and created the Figures. BB, CC, JB, AC, and MV contributed in the purification of CLL samples, in CD38 and CD49d determination by flow cytometry and in the analysis, interpretation and discussion of the data. GC, MC, CM, MP, and RB provided patients samples and advice and contributed in the analysis and interpretation of the data; NOF contributed in the analysis, interpretation and discussion of the data; MG and MB participated in the project conception and critically reviewed the manuscript, which was written by VS and RG. RG designed and supervised the study. All authors approved the final version of the manuscript.




Acknowledgments

The authors would like to acknowledge Martin Bertini for his collaboration in data collection, past members of our laboratory Esteban E. Elias and Maricef Vergara Rubio for their contributions, and we want to thank María Tejeda and Romina Mariel Pagano for their technical assistance. We also want to thank Guillermo Videla Richardson and Mariana Belén Vera from LIAN FLENI CONICET and Marisa Fernández from IDEHU-CONICET for their support during the revision of the manuscript.





Conflict of interest

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1143881/full#supplementary-material




References

1. Roberts, AW, Davids, MS, Pagel, JM, Kahl, BS, Puvvada, SD, Gerecitano, JF, et al. Targeting BCL2 with venetoclax in relapsed chronic lymphocytic leukemia. N Engl J Med (2016) 374(4):311–22. doi: 10.1056/NEJMoa1513257

2. Anderson, MA, Huang, D, and Roberts, A. Targeting BCL2 for the treatment of lymphoid malignancies. Semin Hematol (2014) 51(3):219–27. doi: 10.1053/j.seminhematol.2014.05.008

3. Fischer, K, Al-Sawaf, O, Bahlo, J, Fink, AM, Tandon, M, Dixon, M, et al. Venetoclax and obinutuzumab in patients with CLL and coexisting conditions. N Engl J Med (2019) 380(23):2225–36. doi: 10.1056/NEJMoa1815281

4. Seymour, JF, Kipps, TJ, Eichhorst, B, Hillmen, P, D'Rozario, J, Assouline, S, et al. Venetoclax-rituximab in relapsed or refractory chronic lymphocytic leukemia. N Engl J Med (2018) 378(12):1107–20. doi: 10.1056/NEJMoa1713976

5. Mato, AR, Thompson, M, Allan, JN, Brander, DM, Pagel, JM, Ujjani, CS, et al. Real-world outcomes and management strategies for venetoclax-treated chronic lymphocytic leukemia patients in the united states. Haematologica (2018) 103(9):1511–7. doi: 10.3324/haematol.2018.193615

6. Jain, N, Keating, M, Thompson, P, Ferrajoli, A, Burger, J, Borthakur, G, et al. Ibrutinib and venetoclax for first-line treatment of CLL. N Engl J Med (2019) 380(22):2095–103. doi: 10.1056/NEJMoa1900574

7. Blombery, P, Thompson, ER, Nguyen, T, Birkinshaw, RW, Gong, JN, Chen, X, et al. Multiple BCL2 mutations cooccurring with Gly101Val emerge in chronic lymphocytic leukemia progression on venetoclax. Blood (2020) 135(10):773–7. doi: 10.1182/blood.2019004205

8. Leverson, JD, and Cojocari, D. Hematologic tumor cell resistance to the BCL-2 inhibitor venetoclax: A product of its microenvironment? Front Oncol (2018) 8:458. doi: 10.3389/fonc.2018.00458

9. Haselager, MV, Kielbassa, K, Ter Burg, J, Bax, DJC, Fernandes, SM, Borst, J, et al. Changes in bcl-2 members after ibrutinib or venetoclax uncover functional hierarchy in determining resistance to venetoclax in CLL. Blood (2020) 136(25):2918-2926. doi: 10.1182/blood.2019004326

10. Jayappa, KD, Gordon, VL, Morris, CG, Wilson, B, Shetty, BD, Cios, KJ, et al. Extrinsic interactions in the microenvironment in vivo activate an antiapoptotic multidrug-resistant phenotype in CLL. Blood advances. (2021) 5(17):3497–510. doi: 10.1182/bloodadvances.2020003944

11. Elias, EE, Sarapura Martinez, VJ, Amondarain, M, Colado, A, Cordini, G, Bezares, RF, et al. Venetoclax-resistant CLL cells show a highly activated and proliferative phenotype. Cancer Immunol Immunother. (2022) 71(4):979–87. doi: 10.1007/s00262-021-03043-x

12. Elias, EE, Almejun, MB, Colado, A, Cordini, G, Vergara-Rubio, M, Podaza, E, et al. Autologous T-cell activation fosters ABT-199 resistance in chronic lymphocytic leukemia: rationale for a combined therapy with SYK inhibitors and anti-CD20 monoclonal antibodies. Haematologica (2018) 103(10):e458–e61. doi: 10.3324/haematol.2018.188680

13. Bojarczuk, K, Sasi, BK, Gobessi, S, Innocenti, I, Pozzato, G, Laurenti, L, et al. BCR signaling inhibitors differ in their ability to overcome mcl-1-mediated resistance of CLL b cells to ABT-199. Blood (2016) 127(25):3192–201. doi: 10.1182/blood-2015-10-675009

14. Oppermann, S, Ylanko, J, Shi, Y, Hariharan, S, Oakes, CC, Brauer, PM, et al. High-content screening identifies kinase inhibitors that overcome venetoclax resistance in activated CLL cells. Blood (2016) 128(7):934–47. doi: 10.1182/blood-2015-12-687814

15. Thijssen, R, Slinger, E, Weller, K, Geest, CR, Beaumont, T, van Oers, MH, et al. Resistance to ABT-199 induced by microenvironmental signals in chronic lymphocytic leukemia can be counteracted by CD20 antibodies or kinase inhibitors. Haematologica (2015) 100(8):e302–6. doi: 10.3324/haematol.2015.124560

16. Spiegel, S, and Milstien, S. The outs and the ins of sphingosine-1-phosphate in immunity. Nat Rev Immunol (2011) 11(6):403–15. doi: 10.1038/nri2974

17. Rodriguez, YI, Campos, LE, Castro, MG, Aladhami, A, Oskeritzian, CA, and Alvarez, SE. Sphingosine-1 phosphate: A new modulator of immune plasticity in the tumor microenvironment. Front Oncol (2016) 6:218. doi: 10.3389/fonc.2016.00218

18. Orr Gandy, KA, and Obeid, LM. Targeting the sphingosine kinase/sphingosine 1-phosphate pathway in disease: review of sphingosine kinase inhibitors. Biochim Biophys Acta (2013) 1831(1):157–66. doi: 10.1016/j.bbalip.2012.07.002

19. Almejun, MB, Borge, M, Colado, A, Elias, EE, Podaza, E, Risnik, D, et al. Sphingosine kinase 1 participates in the activation, proliferation and survival of chronic lymphocytic leukemia cells. Haematologica (2017) 102:e257-60. doi: 10.3324/haematol.2017.167353

20. Adams, DR, Pyne, S, and Pyne, NJ. Structure-function analysis of lipid substrates and inhibitors of sphingosine kinases. Cell Signal (2020) 76:109806. doi: 10.1016/j.cellsig.2020.109806

21. Tsukamoto, S, Kumazoe, M, Huang, Y, Lesnick, C, Kay, NE, Shanafelt, TD, et al. SphK1 inhibitor potentiates the anti-cancer effect of EGCG on leukaemia cells. Br J Haematol (2017) 178:152–61. doi: 10.1111/bjh.14119

22. Smith, CD, Maines, LW, Keller, SN, Katz Ben-Yair, V, Fathi, R, Plasse, TF, et al. Recent progress in the development of opaganib for the treatment of covid-19. Drug design Dev Ther (2022) 16:2199–211. doi: 10.2147/DDDT.S367612

23. Grbcic, P, Eichmann, TO, Kraljevic Pavelic, S, and Sedic, M. The sphingosine kinase 2 inhibitor ABC294640 restores the sensitivity of BRAFV600E mutant colon cancer cells to vemurafenib by reducing AKT-mediated expression of nucleophosmin and translationally-controlled tumour protein. Int J Mol Sci (2021) 22(19):10767-91. doi: 10.3390/ijms221910767

24. Seymour, JF, Ma, S, Brander, DM, Choi, MY, Barrientos, J, Davids, MS, et al. Venetoclax plus rituximab in relapsed or refractory chronic lymphocytic leukaemia: a phase 1b study. Lancet Oncol (2017) 18(2):230–40. doi: 10.1016/S1470-2045(17)30012-8

25. Britten, CD, Garrett-Mayer, E, Chin, SH, Shirai, K, Ogretmen, B, Bentz, TA, et al. A phase I study of ABC294640, a first-in-Class sphingosine kinase-2 inhibitor, in patients with advanced solid tumors. Clin Cancer Res (2017) 23(16):4642–50. doi: 10.1158/1078-0432.CCR-16-2363

26. Lewis, CS, Voelkel-Johnson, C, and Smith, CD. Targeting sphingosine kinases for the treatment of cancer. Adv Cancer Res (2018) 140:295–325. doi: 10.1016/bs.acr.2018.04.015

27. Borge, M, Nannini, PR, Morande, PE, Jancic, C, Bistmans, A, Bezares, RF, et al. CXCL12 is a costimulator for CD4+ T cell activation and proliferation in chronic lymphocytic leukemia patients. Cancer Immunol Immunother. (2013) 62(1):113–24. doi: 10.1007/s00262-012-1320-7

28. Herishanu, Y, Perez-Galan, P, Liu, D, Biancotto, A, Pittaluga, S, Vire, B, et al. The lymph node microenvironment promotes b-cell receptor signaling, NF-kappaB activation, and tumor proliferation in chronic lymphocytic leukemia. Blood (2011) 117(2):563–74. doi: 10.1182/blood-2010-05-284984

29. Herndon, TM, Chen, SS, Saba, NS, Valdez, J, Emson, C, Gatmaitan, M, et al. Direct in vivo evidence for increased proliferation of CLL cells in lymph nodes compared to bone marrow and peripheral blood. Leukemia (2017) 31(6):1340–7. doi: 10.1038/leu.2017.11

30. de Weerdt, I, Hofland, T, de Boer, R, Dobber, JA, Dubois, J, van Nieuwenhuize, D, et al. Distinct immune composition in lymph node and peripheral blood of CLL patients is reshaped during venetoclax treatment. Blood advances. (2019) 3(17):2642–52. doi: 10.1182/bloodadvances.2019000360

31. Powell, JA, Lewis, AC, Zhu, W, Toubia, J, Pitman, MR, Wallington-Beddoe, CT, et al. Targeting sphingosine kinase 1 induces MCL1-dependent cell death in acute myeloid leukemia. Blood (2017) 129(6):771–82. doi: 10.1182/blood-2016-06-720433

32. Li, QF, Huang, WR, Duan, HF, Wang, H, Wu, CT, and Wang, LS. Sphingosine kinase-1 mediates BCR/ABL-induced upregulation of mcl-1 in chronic myeloid leukemia cells. Oncogene (2007) 26(57):7904–8. doi: 10.1038/sj.onc.1210587

33. LeBlanc, FR, Pearson, JM, Tan, SF, Cheon, H, Xing, JC, Dunton, W, et al. Sphingosine kinase-2 is overexpressed in large granular lymphocyte leukaemia and promotes survival through mcl-1. Br J Haematol (2020) 190(3):405–17. doi: 10.1111/bjh.16530

34. Venkata, JK, An, N, Stuart, R, Costa, LJ, Cai, H, Coker, W, et al. Inhibition of sphingosine kinase 2 downregulates the expression of c-myc and mcl-1 and induces apoptosis in multiple myeloma. Blood (2014) 124(12):1915–25. doi: 10.1182/blood-2014-03-559385

35. Liu, VM, Guièze, R, Rosebrock, D, Jourdain, AA, Hernández-Sánchez, M, Martinez, AZ, et al. MCL-1 and PKA/AMPK axis fuel venetoclax resistance in lymphoid cancers. Blood (2019) 134(Supplement_1):1284. doi: 10.1182/blood-2019-131336

36. Haselager, M, Thijssen, R, West, C, Young, L, Van Kampen, R, Willmore, E, et al. Regulation of bcl-XL by non-canonical NF-kappaB in the context of CD40-induced drug resistance in CLL. Cell Death differentiation. (2021) 28(5):1658–68. doi: 10.1038/s41418-020-00692-w

37. Chakraborty, P, Vaena, SG, Thyagarajan, K, Chatterjee, S, Al-Khami, A, Selvam, SP, et al. Pro-survival lipid sphingosine-1-Phosphate metabolically programs T cells to limit anti-tumor activity. Cell Rep (2019) 28(7):1879–93 e7. doi: 10.1016/j.celrep.2019.07.044

38. Barra, G, Lepore, A, Gagliardi, M, Somma, D, Matarazzo, MR, Costabile, F, et al. Sphingosine kinases promote IL-17 expression in human T lymphocytes. Sci Rep (2018) 8(1):13233. doi: 10.1038/s41598-018-31666-1

39. Bajwa, A, Huang, L, Kurmaeva, E, Ye, H, Dondeti, KR, Chroscicki, P, et al. Sphingosine kinase 2 deficiency attenuates kidney fibrosis via IFN-gamma. J Am Soc Nephrol JASN. (2017) 28(4):1145–61. doi: 10.1681/ASN.2016030306

40. Ghia, EM, Rassenti, LZ, Choi, MY, Quijada-Alamo, M, Chu, E, Widhopf, GF 2nd, et al. High expression level of ROR1 and ROR1-signaling associates with venetoclax resistance in chronic lymphocytic leukemia. Leukemia (2022) 36(6):1609–18. doi: 10.1038/s41375-022-01543-y

41. Lew, TE, Tam, CS, and Seymour, JF. How I treat chronic lymphocytic leukemia after venetoclax. Blood (2021) 138(5):361–9. doi: 10.1182/blood.2020008502

42. Calissano, C, Damle, RN, Marsilio, S, Yan, XJ, Yancopoulos, S, Hayes, G, et al. Intraclonal complexity in chronic lymphocytic leukemia: fractions enriched in recently born/divided and older/quiescent cells. Mol Med (2011) 17(11-12):1374–82. doi: 10.2119/molmed.2011.00360

43. Gerrard, G, Butters, TD, Ganeshaguru, K, and Mehta, AB. Glucosylceramide synthase inhibitors sensitise CLL cells to cytotoxic agents without reversing p-gp functional activity. Eur J Pharmacol (2009) 609(1-3):34–9. doi: 10.1016/j.ejphar.2009.03.018




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Sarapura Martinez, Buonincontro, Cassarino, Bernatowiez, Colado, Cordini, Custidiano, Mahuad, Pavlovsky, Bezares, Favale, Vermeulen, Borge, Giordano and Gamberale. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-13-1143881-g003.jpg
:lControI .SKI-II 15uM .Opaganib 15uM

72h

24h

r
=3
o
=

72h

24h

= R ko

.
XY
-

o o o o =]

© ©o < N

(%) sl1@ 8|qein ,.8ad

~H

s
Rl

1004

T T T T
=3 [~ o (<] o
© © < ~

(%) sl1ea ajqein ,yad

e o B

ns

& & 18 _
g 8 & = e 8
(14w) sie2 ,¥ad (14W) sn1ed ,8ao uo
uo uoissaidxa 690D uoissaidxa 6900
+
* b
a o o o o o
=3 =3 =3 =3 o =3 =3 =3 (=3
s}
2 3 < ;5 3 S B S ]

(14w) sue2 ,yaos
uo EO_wa‘_nxw 6900

(%) si192 ,¥ad ,69a9

(A1) sie2 ,8ad
uo uoissaidxe 69090

=3
=3 o
-

(%) S92 809 6909

7

r T T T T

e o 9 o o
088 42
1

0-
aCD3

(%) si1#2 ,¥ad 6900

r
o
=]
2

T T T T
o o =) o
©® © < «

(%) s11#2 ,809 6900

0

+

+

aCb3

aCD3

aCbh3

(6]

"

e

aCD3

(14W) sue2 yao
uo uoissaidxe 10vAd

*x

o o o

o o

< o~
A_us_vm__»o,,eno:o

uoissaidxa 10rad

600
aCD3

+

o o o
® © ~

(%) sl192,¥a2,70vad

aCD3

*x

o o o e o o
S © ©® < «
1

(%) s1192 ,¥a2 ,10¥ad

aCD3





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Venetoclax resistance induced by activated T cells can be counteracted by sphingosine kinase inhibitors in chronic lymphocytic leukemia

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        

          		

            Venetoclax-resistant CLL cells express high levels of SPHK2

          



          		

            SPHK inhibitors reduce the generation of venetoclax resistance induced by activated T cells

          



          		

            SPHK inhibitors reduce the upregulation of BCL-XL and MCL-1 and the activation of CLL cells induced by activated T cells

          



          		

            SPHK inhibitors slightly reduce CD4+ and CD8+ T cell activation without affecting their survival

          



          		

            SPHK inhibitors induce the cell death of venetoclax-resistant cells

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-13-1143881-g001.jpg
+

aCD3
Ven

g
£
o
s
®
£
£
o
<
«Q

SPHK2 (75kd)
SPHK1 (45-60kd)

\. *

A\

aCD3
Ven

s & o

= =

o~ o~

(1013u02 03 aAne|al)
unoe-g/LMHdS

o

T
(=3 o
o
v

300

r
(=3
=3
<

1500
1000
aCD3

(1o13u09 03 annelas)
unoe-g/zMHdS

Ven





OEBPS/Images/fonc-13-1143881-g004.jpg
Flow
citometry:
Cell
viability

72 h Control /aCD3 96h DMSO/SKI-Il/Opaganib

24h 24h
DMSO/Ven DMSO/Ven

Wash

Control .SKI-II .Opaganib

150 . e s
23 .
TE .
: 8 100 ...............................................
C 32 i
g5
28 5
oe
8= .
. e
DMSO VEN
B
#
Control 150
.
28
32 400 - e
D 3¢
2% .
g:
23 50 T
8 "
. |
i i i i q DMSO VEN
0 20 40 60 80 10
CD19* viable cells (%)
#H
200
1501

VEN

m
CD19" viable cells
(% relative to aCD3+VEN)

DMSO





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc.2023.1143881_cover.jpg
, frontiers ‘ Frontiers in Oncology

Venetoclax resistance induced
by activated T cells can be
counteracted by sphingosine
kinase inhibitors in chronic
lymphocytic leukemia





OEBPS/Images/fonc-13-1143881-g002.jpg
kkk

[ T T T
(=] v o wn o
~N - -

(uap/j013u02 X £@De/UBA+EQDE)
X9pul 92Ue)SISal Xe[20}oUdA

Control [ sk 111 15um [ Opaganib 15m

SI132 3|qelA 61aD

+
+

+ o+ !
+
o
—_ — — m = Q9
© © © 2
Q < ¢©
T ¢ £ 835§
& g § ©® 98§
« N o
= g © o
x 5 £
: =
— (&) o
2 = 3
.
[a1]
(=]
: .
H PR + 2
* :
+
T w T 1 ™ T w T
=3 =3 =3 °on =3 =3 =3 o
I S ) [} B S I3
2 2 ] < =
(saoe o3 aanejal) (€aoe o3 anyejay)
updy-grix-108 upov-¢/L 10N
o
/ ’ '
. .
) .
«@ w o wn 8
s 2 2 2 3§ 2 3 3 g
(1013u09 0} aARejeI) (1ou02 o) aAgejas)
ugoy-g1x-108 unov-4/L 10N
om

+

aCD3

w5

m
O 0 O 0
3 = B Q

200

(14W) sue2 6100
uo uojssaidxa L1ad

N\NEE

Q =) o o
=} < «

(14w) sned 612
uo _..O_mmﬂunxw rad

wx

80
aCD3

o o
S 3
« <

2000

1500

1000
0f

(14W) s1129 6100
uo uoissaidxa 98ad

+

¥

T
o
=]

150
5
aCD3

(14W) si1e2 610D
uo uoissaidxa L1ad

+

o
3

150
0
aCD3

(14w) sie2 6102
uo uoissaidxe Lad

+

T
o
S n
-

(14W) S22 6109
uo uoissaidxa 98a9

150
aCD3





