

[image: Combined Inhibition of Akt and mTOR Is Effective Against Non-Hodgkin Lymphomas]
Combined Inhibition of Akt and mTOR Is Effective Against Non-Hodgkin Lymphomas





ORIGINAL RESEARCH

published: 18 June 2021

doi: 10.3389/fonc.2021.670275

[image: image2]


Combined Inhibition of Akt and mTOR Is Effective Against Non-Hodgkin Lymphomas


Ricardo Rivera-Soto 1, Yi Yu 2, Dirk P. Dittmer 1,3 and Blossom Damania 1,3*


1 Curriculum in Genetics and Molecular Biology and Lineberger Comprehensive Cancer Center, The University of North Carolina at Chapel Hill, Chapel Hill, NC, United States, 2 ArQule, Inc., A Wholly Owned Subsidiary of Merck & Co., Inc., Kenilworth, NJ, United States, 3 Department of Microbiology and Immunology, The University of North Carolina at Chapel Hill, Chapel Hill, NC, United States




Edited by: 
Stefano Luminari, University of Modena and Reggio Emilia, Italy

Reviewed by: 
Marek Mraz, Central European Institute of Technology (CEITEC), Czechia

Narendranath Epperla, The Ohio State University, United States

*Correspondence: 
Blossom Damania
 blossom_damania@med.unc.edu

Specialty section: 
 This article was submitted to Hematologic Malignancies, a section of the journal Frontiers in Oncology


Received: 20 February 2021

Accepted: 24 May 2021

Published: 18 June 2021

Citation:
Rivera-Soto R, Yu Y, Dittmer DP and Damania B (2021) Combined Inhibition of Akt and mTOR Is Effective Against Non-Hodgkin Lymphomas. Front. Oncol. 11:670275. doi: 10.3389/fonc.2021.670275



Non-Hodgkin lymphoma (NHL) are a diverse group of hematological malignancies comprised of over 60 subtypes. These subtypes range from indolent to aggressive. The PI3K/Akt/mTOR pathway has been shown to contribute to cell survival and proliferation and is constitutively active in most NHL. MK-7075 (miransertib) and MK-4440 are small molecules that effectively inhibit Akt and have entered clinical development. Using in vitro and in vivo models of NHL, we explored targeting the kinase Akt with miransertib and MK-4440 alone or in combination with the mTORC1 inhibitor, rapamycin (sirolimus). Both Akt inhibitors inhibited the pathway and NHL proliferation in a subtype-dependent manner. However, these compounds had a minimal effect on the viability of primary B-cells. Importantly, the combination of miransertib and sirolimus synergistically reduced cell proliferation in NHL, including in one indolent subtype, e.g., follicular lymphoma (FL), and two aggressive subtypes, e.g., diffuse large B-cell lymphoma (DLBCL) and primary effusion lymphoma (PEL). To establish in vivo efficacy, we used several xenograft models of FL, DLBCL, and PEL. The results obtained in vivo were consistent with the in vitro studies. The FL xenograft was highly sensitive to the inhibition of Akt alone; however, the tumor burden of PEL xenografts was only significantly reduced when both Akt and mTORC1 were targeted. These data suggest that targeting the PI3K/Akt/mTOR pathway with Akt inhibitors such as miransertib in combination with mTOR inhibitors serves as a broadly applicable therapeutic in NHL.
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Introduction

Lymphomas are a diverse group of neoplastic diseases that arise from lymphoid cells. They are subdivided into Hodgkin and non-Hodgkin lymphomas (NHL). Approximately 90% of lymphoma cases in the United States are classified as NHL, which are further subclassified into >60 subtypes depending on characteristics, such as the cell of origin, stage of cell development, and clinical aggressiveness (1, 2). The American Cancer Society predicts that in the United States alone, >80,000 patients will receive a NHL diagnosis during the year 2021 (2). NHL that arises from B-cells accounts for up to 90% of the cases (1). In this study, we selected multiple different subtypes of NHL to represent the full spectrum of the disease burden, including follicular lymphoma, diffuse large B-cell lymphoma, and primary effusion lymphoma.

Diffuse large B-cell lymphoma (DLBCL) and follicular lymphoma (FL) are the two most common NHL in the United States and responsible for almost half of all NHL diagnoses. FL is characterized by a nodular pattern of growth and develops in the germinal center of lymph nodes (3). Follicular lymphoma is usually indolent, with a median survival of over 15 years. On the other hand, most DLBCL cases tend to present as aggressive diseases requiring immediate intervention. Although most patients respond to current therapeutics, relapses and refractory tumors are not uncommon. Therefore there is a need to develop new therapeutic approaches.

Primary effusion lymphoma (PEL) is an aggressive post-germinal center B-cell lymphoma. It is directly linked to the γ-herpesvirus, Kaposi’s sarcoma-associated herpesvirus (KSHV; HHV8) (4). PEL is characterized by lymphomatous effusions in body cavities such as the peritoneal, pleural, and pericardium that are composed of large plasmablastic cells (5). The disease mostly develops in the context of immunosuppression with a median survival of 6 months (6, 7). PEL are exquisitely dependent on Akt kinase signaling pathways owing to the involvement of viral proteins. This motivated us to target this signaling cascade with novel Akt inhibitors and explore the efficacy of these agents broadly in NHL.

The phosphatidylinositol 3‐kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) regulates many cellular processes (8–10). Given the significant role that the pathway plays in regulating cell survival, proliferation, and metabolism, it is not surprising to see PI3K/Akt/mTOR signaling deregulated in many cancers (11, 12). The hyperactivation of the pathway can occur through different mechanisms, including mutations or gene amplifications of the kinases PI3K and Akt (also known as protein kinase B), or the loss of the tumor suppressor phosphatase and tensin homolog (PTEN) (13, 14). Viral proteins also activate this pathway substituting for genetic lesions, specifically in PEL (15). Given that multiple NHL subtypes display activated PI3K/Akt/mTOR signaling, members of the pathway have become attractive drug targets. Several compounds advanced through clinical development, e.g., duvelisib, copanlisib, and idelalisib in the treatment of refractory FL, underscoring the clinical significance of targeting this pathway (16–20).

Idelalisib and rapamycin-derivatives (sirolimus) target PI3K and mTOR, but the identification and development of inhibitors for the other kinase in this pathway, Akt, has proven difficult. Recently, two novel pan-Akt inhibitors, miransertib (MK-7075/ARQ 092) and MK-4440 (ARQ 751), have been reported (21). Both compounds are highly specific allosteric inhibitors that target all three Akt isoforms with an inhibitory concentration (IC50) as low as 1 nM against purified kinase, and both are orally bioavailable (22). We sought to test these inhibitors against several subtypes of NHL. Our results show that both compounds effectively reduce the viability of several NHL cell lines. Moreover, a combination of miransertib with the allosteric and orally bioavailable, mTORC1 inhibitor sirolimus (rapamycin) resulted in a reduction in tumor growth in four different xenograft models. Overall, this study demonstrates that targeting Akt and mTOR with two individual inhibitors is a feasible approach against these malignancies and warrants clinical development.



Materials and Methods


Cell Culture

All non-Hodgkin lymphoma cell lines were cultured on RPMI 1640 (Corning) supplemented with 10% heat-inactivated FBS, 1% penicillin/streptomycin, and 1% L-glutamine. All PEL cells were maintained as described above but further supplemented with 0.075% sodium bicarbonate (Gibco) and 0.05 mM β-mercaptoethanol (Gibco). The human peripheral blood B-cells were purchased from STEMCELL Technologies. Regular mycoplasma testing is performed on the cell lines. Cell lines were authenticated by high-throughput sequencing.



Compounds

ArQule, Inc. (a wholly owned subsidiary of Merck & Co., Inc.) provided miransertib (ARQ 092) and MK-4440. Miransertib and dactolisib were also purchased from MedChemExpress. For in vitro studies, both compounds were dissolved to 30 mM in DMSO and stored at -20°C protected from light. Sirolimus (rapamycin) was purchased from Selleckchem, dissolved to 10 mM in DMSO, and stored at -80°C. For the in vivo studies, twice per week, miransertib was dissolved to 10 mg/ml in 0.01 M phosphoric acid (pH 2.2) and protected from light. Sirolimus was dissolved to 10 mg/ml in 100% ethanol and further diluted on the day of administration to equal parts of 20% PEG-400 and 20% Tween-80 in water (23).



Immunoblotting

Cells were collected, and lysates were prepared from washed pellets using RIPA lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris HCl pH 8.0, 5 mM EDTA, 0.5% Sodium deoxycholate, 0.1% SDS). Lysates from tumors were prepared by homogenizing frozen slices with T-PER® Tissue Protein Extraction Reagent (ThermoScientific) according to the manufacturer’s instructions. Lysis buffers were supplemented with Halt protease/phosphatase inhibitor cocktail (ThermoScientific). Samples were clarified by centrifugation at 16,000 x g for 10-15 minutes, and protein concentration was determined by Bradford (Bio-Rad) or Pierce BCA (ThermoScientific) assays. Lysates were loaded with 4x Laemmli sample buffer (Bio-Rad), resolved on acrylamide SDS-PAGE gels, and transferred onto a nitrocellulose membrane (Amersham). For the pAkt (T308) immunoblot, cells were lysed in 1x Laemmli buffer (2% SDS, 10% glycerol, 60 mM Tris-HCl pH 6.8, 0.01% bromophenol blue, 100 mM DTT, 6 M urea, and 5% 2-mercaptoethanol), sonicated for 15s (4.5s on, 0.5s off, 10% amplitude), and boiled at 100°C for 10 min (24). Primary antibodies against pAkt [(S473; 4060) and (T308; 13038S)], Akt (9272), pFOXO1 (S256; 84192), FOXO1 (2880), pS6K (T421/S424; 9204), S6K (9202), pS6 (S235/6; 4858), S6 (2217), PARP (9542), cleaved-caspase-7 (9491), and α-tubulin (9099) were purchased from Cell Signaling Technologies (CST). All primary antibodies were used at a dilution of 1:1000, except for pS6, S6 and tubulin, which were used at a dilution of 1:4000-5000. The HRP-conjugated primary antibody against β-actin (sc-47778 HRP) was purchased from Santa Cruz Biotechnology and used at a 1:5000-10000 dilution. The secondary HRP-conjugated anti-rabbit (7074) antibody was purchased from CST and used at a 1:2000-5000 dilution.



CellTiter-Glo Cell Viability Assay

One hundred microliters of a suspension of 1.6 x 105 cells/ml were seeded into a 96-well white plate (Greiner Bio-One). Cells were treated with compounds for up to 72 h, and CellTiter-Glo (Promega) was used to determine cell viability according to the manufacturer’s protocol. Luminescence was measured in a CLARIOstar plate reader (BMG Labtech). All data points were collected in triplicates from at least three experiments.



Trypan Blue Exclusion Assay

One milliliter of 1.6 x 105 cells/ml was plated in 24-well plates and treated with compounds for up to 72 h. The number of live cells was manually counted by excluding dead cells (stained with trypan blue) using a hematocytometer. All data points on NHL cells were collected in duplicates from at least three experiments. The experiments with primary cells were done with 3-6 biological replicates.



Caspase-3 Activity Assay

A maximum of 2 x 106 cells in 10 ml of total media was treated for 48-72 h, and the activity of caspase-3 was measured by using ApoAlert Caspase-3 Fluorescent Assay Kit (Takara Bio) according to the manufacturer’s instructions. Fluorescence was measured in a CLARIOstar plate reader (BMG Labtech). All data points were collected from at least three experiments.



Annexin-V Affinity Assay

Two million cells diluted at a concentration of 2 x 105 cells/ml were treated for 48 h. Four hundred thousand cells were washed twice with 200 µl of FACS buffer (0.5% BSA in PBS) and stained with annexin-V antibodies conjugated to FITC and propidium iodide dye according to the manufacturer’s instructions (Biolegend). Samples were processed on a MACSQuant VYB flow cytometer (Miltenyi Biotec). The analysis was conducted using FlowJo software.



Xenograft Models

All animal studies were performed under protocols approved by the University of North Carolina Institutional Animal Care and Use Committee.


PEL Model

Four to five weeks old female NOD-scid-gamma (NSG) mice were intraperitoneally (i.p.) injected with 200 µl of PBS containing 1.0 x 105 BCBL-1-Trex-RTA-Luciferase cells. After three days, a total of 24 mice were randomly sorted into four study arms, vehicle, miransertib, sirolimus, and the combination of miransertib and sirolimus. Treatment began on day three after injection. Two hundred microliters of miransertib or the vehicle for miransertib were administered via oral gavage daily (Monday-Friday) to a final dose of 100 mg/kg of body weight. One hundred microliters of sirolimus or the vehicle for sirolimus were administered through i.p. injection twice a week (Monday and Thursday) to a final dose of 0.375 mg/kg of body weight. Once a week and before dosing, imaging was performed using the Xenogen IVIS-Lumina System (Caliper Life Sciences) by administering, through i.p. injection, 10 μl/gbw of luciferin (PerkinElmer). Images were analyzed using Living Image v4.4. All animals were sacrificed when the tumor burden reached institutional limits.



BJAB and Karpas-422 Model

Four to five weeks old female NSG mice were subcutaneously (s.c.) injected with 2.0 x 105 (BJAB) or 2.5 x 106 (Karpas-422) cells in 200 μl of a 1:1 mixture of PBS and Matrigel (Corning). For the BJAB experiment, High-Concentration Matrigel was used. Tumor volume was measured thrice per week using calipers. Once tumors were palpable, mice were randomly assigned to four treatment groups and treated following the same schedule as above. The experiments were ended, and animals were sacrificed when the tumor volume reached institutional limits.



FL-18 Model

Four to five weeks old female NSG mice were i.p. injected with 200 μl of anti-asialo GM1 antibody (WAKO) that was freshly reconstituted in 6.67 ml of PBS. Twenty-four hours later, 1 x 106 FL-18 cells (200 μl) in a 1:1 mixture of PBS and Growth Factor Reduced Matrigel (Corning) were s.c. injected. Tumor volume was measured as above. Treatments and harvesting were performed as above.




Immunohistochemistry

Solid tumors were fixed in 10% formalin vials (Fisher Scientific) for up to 3 days, and sections were processed as previously (25). The pS6 primary antibody was purchased from CST (4858) and used at a dilution of 1:400. The images were obtained with a Leica Microscope (DM4000B) and Zeiss camera (Axiocam 105) and acquired using Zeiss Zen Core. Images were analyzed to calculate the H-index using the Multiplex IHC module from HALO (Indica Labs).



CompuSyn

To assess the effect of combining miransertib and sirolimus, the combination index (CI) was calculated using the Chou-Talalay method (26). The CI was obtained using CompuSyn (http://www.combosyn.com/) according to their instructions. A synergistic effect was determined when the calculated CI at a Fa50 (effect level of 50%) was <1.0.



Statistics

All statistical tests were performed using GraphPad Prism8. The EC50 was calculated using the log(inhibitor) vs. response - Variable slope (four parameters) function of GraphPad with the data collected after 72 h treatment.




Results


Follicular Lymphoma Cell Lines Are Sensitive to Akt Inhibitors

To assess the effect of the Akt inhibitors miransertib and MK-4440, we treated a representative FL cell line, FL-18, for 72 h and manually counted live cells using trypan blue. Both compounds reduced the number of live cells in a dose-dependent manner (Figure 1A). To determine the half-maximal effective concentration (EC50), we performed CellTiter-Glo assays. Treatment with both inhibitors reduced the viability in a dose-dependent manner (Figure 1B). Table 1 shows the calculated EC50 obtained from the drug response curves. These results indicate that both compounds were active against FL.




Figure 1 | Follicular lymphoma cells are sensitive to Akt inhibition. (A) The follicular lymphoma (FL) cell line FL-18 was treated for 72 h with miransertib or MK-4440, and live cells were counted by excluding dead cells stained with trypan blue. (B) Two FL cell lines, FL-18 (i) and SU-DHL-16 (ii), were treated as in (A), but viability was measured using CellTiter-Glo. (C) FL-18 cells were treated with 1 or 5 µM of miransertib or MK-4440 for up to 72 h. Immunoblots were performed to determine the levels of phosphorylated (p)Akt (S473), pFOXO1 (S256), p-p70-S6K (T421/S424), pS6 (S235/6), the respective total proteins, and the loading control β-actin. The red arrow points to the p70-S6K isoform. (D) FL-18 cells were treated with 1 or 5 µM of miransertib or MK-4440 for 24 h. Immunoblots were performed to determine the levels of pAkt (T308), Akt, and the loading control α-tubulin.




Table 1 | Summary of EC50 for miransertib and MK-4440 calculated in a variety of NHL cell lines.



To confirm that miransertib and MK-4440 inhibit Akt and its downstream targets, we performed immunoblotting of protein lysates collected from FL-18-treated cells. These inhibitors prevent Akt from localizing to the plasma membrane blocking its phosphorylation (22). Therefore, we predicted that treatment with the inhibitors would reduce phosphorylation of Akt and its downstream targets, FOXO1, S6K, and S6. Both S6K and S6 are downstream of mTORC1, whereas FOXO1 is a direct Akt target. Both inhibitors effectively reduced the levels of pAkt in FL-18 cells (Figures 1C, D). Furthermore, both inhibitors effectively decreased pFOXO1, pS6K, and pS6, demonstrating that the Akt inhibitors repress the mTORC1 and FOXO1 arms of the PI3K/Akt/mTOR signaling pathway. Together, these results indicate that in FL cells, both Akt inhibitors can decrease the activity of the pathway and reduce cell viability.



Inhibition of Akt and mtorc1 Is Synergistic Against Follicular Lymphoma

Targeting multiple signaling pathways or several members of the same pathway is a common strategy aimed at reducing the chances of developing drug resistance (27). Although we were able to effectively see a reduction in the viability of cells treated with either miransertib or MK-4440, we wanted to know whether the addition of the mTOR inhibitor, sirolimus, would be synergistic. Thus, we measured the viability of FL-18 cells treated with the single compounds miransertib, MK-4440, sirolimus, or the combination of the Akt and the mTORC1 inhibitor (Figure 2A). As expected, individual treatment with the three single agents reduced the proliferation of the FL-18 cells. The effect was further enhanced when the Akt and mTORC1 inhibitors were combined. The combination of either miransertib or MK-4440 with sirolimus was strongly synergistic (CI<0.2), according to the Chou-Talalay method (26). For further experiments, we chose to focus on miransertib because it is further along in clinical development.




Figure 2 | Combined inhibition of Akt and mTORC1 strongly suppresses the growth of follicular lymphoma cells. (A) FL-18 cells were treated with different doses of sirolimus alone or in combination with miransertib (i) or MK-4440 (ii). After 72 h, the percentage of viable cells was calculated using CellTiter-Glo, normalized to the DMSO (vehicle; 100%) control, and the heat-map depicts the effect on cell viability. darker color = lower luminescence = lower viability. (B) FL-18 cells were treated for 3 h with miransertib, sirolimus, or the combination of both, and immunoblots performed as in Figure 1C. (C) FL-18 cells were subcutaneously (s.c.) injected into NOD-scid-gamma (NSG) mice and treated with vehicle (n=6), 100 mg/kg miransertib (n=6), 0.375 mg/kg sirolimus (n=6), and 100 mg/kg miransertib + 0.375 mg/kg sirolimus (n=6). The tumor growth was measured thrice per week, and the mean ± STD was illustrated in the line graph. **p < 0.01 determined by two-way ANOVA. (D) Immunoblots were performed on proteins extracted from the tumors collected at the end of the experiment shown in panel (C). (E) Representative images of immunohistochemistry against pS6 (S235/6) performed to tumor sections. Sections were developed with DAB (3,3′-diaminobenzidine) and counterstained with hematoxylin (Scale bars, 100 μm). (F) The histo H-score of pS6 was calculated from 9 frames per treatment group using HALO. *p < 0.05; ***p < 0.001 determined by one-way ANOVA.



Another reason to focus on the miransertib/sirolimus combination was the feedback activation of Akt by mTOR. During long, continuous exposure, inhibition of mTORC1 increases the activity of Akt through mTORC2-mediated phosphorylation of serine 473, leading to an increase in activated Akt (14, 28). We predicted that targeting both Akt and mTORC1 would strongly hinder the activation of the overall pathway. To prove this hypothesis, we performed immunoblots for key members of the pathway in lysates collected from singly and dually-treated cells. Treatment with miransertib prevented phosphorylation of Akt and reduced the levels of pS6 (Figure 2B). As expected, sirolimus-mediated inhibition of mTORC1 strongly decreased the levels of pS6 while having no effect on pAkt. When cells were treated with both inhibitors, both pAkt and pS6 were reduced. These results demonstrate the superiority of combined inhibition of Akt and mTORC1, which efficiently dampens the entire signaling network.

Next, we tested these inhibitors in vivo. NOD-scid gamma (NSG) mice were subcutaneously (s.c.) injected with FL-18 cells. Once the tumors were palpable, mice were treated for three weeks. Treatment with miransertib or sirolimus individually or the combination of both compounds significantly reduced tumor growth (Figure 2C). There was no difference between the groups treated with the monotherapy versus the group treated with the combination. At the end of the experiment, tumor sections were lysed, and immunoblotting was performed to verify that the compounds inhibited their target in vivo. Treatment with miransertib, but not sirolimus, reduced the levels of pAkt (Figure 2D). Furthermore, immunoblots showed that the levels of pS6 were reduced in both miransertib- and sirolimus-treated groups and more completely suppressed in tumors of mice treated with both compounds. Similarly, immunohistochemistry for pS6 performed on tumor sections confirmed a significant reduction in the group treated with the Akt inhibitor alone or in combination with sirolimus (Figures 2E, F). These studies demonstrate that in the FL-18 xenograft model, miransertib and sirolimus inhibit their targets and strongly suppress tumor growth.



Combined Treatment of Miransertib and Sirolimus Represses the Growth of Diffuse Large B-Cell Lymphoma

To determine whether this approach was effective in other subtypes of NHL, we tested our Akt inhibitors against multiple DLBCL cell lines. We treated four different cell lines, including BJAB and Karpas-422, with a broad range of concentrations for up to 72 h and performed CellTiter-Glo assays. Miransertib and MK-4440 individually reduced DLBCL viability in a cell line-dependent manner. (Figure 3A and Table 1). Immunoblots with lysates from a representative DLBCL cell line, BJAB, also showed that treatment with either inhibitor sharply reduced the levels of pAkt while only slightly reducing the downstream targets, pFOXO1, pS6K, and pS6 (Figure 3B).




Figure 3 | Diffuse large B-cell lymphoma cells are sensitive to Akt inhibition by miransertib and MK-4440. (A) The DLBCL cell lines BJAB (i), Karpas-422 (ii), and SU-DHL-4 (iii) were treated for 72 h with miransertib, or MK-4440, and CellTiter-Glo was used to measure viability. (B) BJAB cells were treated for up to 72 h with miransertib, sirolimus, or the combination of both, and immunoblots performed as in Figure 1C. The red arrow points to the p70-S6K isoform.



The differences in reducing the phosphorylation between pAkt and its downstream targets suggest that although Akt is inhibited, the pathway was not entirely repressed. To determine whether combining the Akt inhibitors with the mTORC1 inhibitor, sirolimus, would be effective, BJAB cells were treated for 72 h with single compounds or their combination. Miransertib and MK-4440 each reduced viability to as low as 29% when compared with DMSO (Figure 4A). Sirolimus reduced the growth of BJAB cells as well. The combination of either miransertib or MK-4440 with sirolimus was strongly synergistic, with a CI below 0.2. Combining miransertib with sirolimus completely abrogated the phosphorylation of both Akt and S6 (Figure 4B). Furthermore, although treatment with sirolimus increased the levels of pFOXO1, this was circumvented when cells were treated with the combination (Figure 4C). BJAB serves as an example of an extremely robust DLBCL. These results suggest that for such tumor subtypes, the combined inhibition of Akt and mTORC1 is needed to shut down the PI3K/Akt/mTOR network.




Figure 4 | Combined inhibition of Akt and mTORC1 suppresses the growth of diffuse large B-cell lymphoma. (A) BJAB cells were treated with different doses of sirolimus alone or in combination with miransertib (i) or MK-4440 (ii). After 72 h, the percentage of viable cells was calculated using CellTiter-Glo, normalized to the DMSO (vehicle; 100%) control, and the heat-map depicts the effect on cell viability. darker color = lower luminescence = lower viability. (B) BJAB cells were treated for 3 h with miransertib, sirolimus, or the combination of both, and immunoblots performed as in Figure 1C. (C) BJAB cells were treated for 48 h with DMSO, miransertib (5 µM), sirolimus (5 nM), or the combination of miransertib and sirolimus. Lysates were prepared, and immunoblots were performed as in Figure 1C. (D) BJAB cells were s.c. injected into NSG mice, followed by treatment with vehicle (n=6), 100 mg/kg miransertib (n=6), 0.375 mg/kg sirolimus (n=6), and 100 mg/kg miransertib + 0.375 mg/kg sirolimus (n=6). The tumor growth was measured thrice per week, and the mean ± STD was illustrated in the line graph. *p < 0.05 determined by two-way ANOVA. (E) Immunoblots were performed from protein extracted from the tumors collected at the end of the experiment shown in (D). (F) Representative immunohistochemistry images against pS6 (S235/6) performed on tumor sections as in Figure 2E. (G) The H-score of pS6 was calculated from 8 frames per treatment group using HALO. *p < 0.05; ***p < 0.001 determined by one-way ANOVA. (H) Xenograft with Karpas-422 was performed as in (D) *p < 0.05; **p < 0.01 determined by two-way ANOVA. (I) Similar to (E) but with samples collected from the experiment shown on (H). (J) Representative images of immunohistochemistry against pS6 (S235/6) performed on tumor sections as in Figure 2E. (Scale bars, 100 μm) (K) The H-score of pS6 was calculated from 12 frames per treatment group using HALO. *p < 0.05; ***p < 0.001; ****p < 0.0001 determined by one-way ANOVA.



Next, we tested these compounds in vivo using two DLBCL xenograft models. NSG mice were s.c. injected with BJAB or Karpas-422 cells. Treatments began once the tumors were palpable and continued until the tumor masses reached institutional limits. The combined Akt and mTORC1 inhibitors treatment inhibited BJAB tumor growth compared with the vehicle or the monotherapy (Figure 4D). BJAB tumors were subjected to immunohistochemistry and immunoblotting, which showed that treatment with miransertib alone or in combination with sirolimus reduced the levels of both pAkt and pS6 (Figures 4E–G).

Like the BJAB xenograft, treatment with miransertib and sirolimus reduced Karpas-422 tumor growth (Figure 4H). Treatment with miransertib alone reduced tumor growth but did not reach statistical significance despite a significant reduction in the levels of pAkt (Figure 4I). By contrast, the combination of miransertib and sirolimus strongly and significantly reduced tumor growth and decreased the activation of the pathway as seen by immunoblotting (Figure 4I) and immunohistochemistry (Figures 4J, K). These results suggest that while DLBCL are sensitive to Akt inhibition by miransertib, more complete therapeutic efficacy is achieved in combination with an mTORC1 inhibitor.



Miransertib and MK-4440 Repress the Growth of KSHV-Associated Primary Effusion Lymphoma

Primary effusion lymphoma (PEL) is a rare but highly aggressive NHL linked to the γ-herpesvirus Kaposi’s sarcoma-associated herpesvirus (KSHV) (4). The activation of the PI3K/Akt/mTOR signaling pathway is essential for PEL (15, 23, 29, 30). Notably, the KSHV proteins ORF K1, viral G-protein-coupled receptor, and viral interleukin-6 induce the activation of this signaling pathway. Since most PEL cell lines do not display PI3K activating mutations, viral proteins are hypothesized to drive the constitutive activation of the pathway (31). We treated a panel of PEL cells with miransertib or MK-4440 and counted live cells by excluding dead cells stained with trypan blue. Treatment with the inhibitors suppressed growth with none to minimal cells alive at 10 µM (Figure 5A). To test a broader range of concentrations and to calculate the EC50, we used CellTiter-Glo following a 72-h incubation with the inhibitors. The response to the compounds was complete but varied across different PEL cell lines (Figure 5B and Table 1). These results demonstrate that Akt inhibitors repress PEL cell growth.




Figure 5 | Inhibition of Akt by miransertib or MK-4440 reduces the viability of primary effusion lymphoma cells. (A) The PEL cell lines BC-1 (i), BC-3 (ii), BCBL-1 (iii), JSC-1 (iv), VG-1 (v) were treated for 72 h with miransertib, or MK-4440, and live cells were counted by excluding dead cells stained with trypan blue. (B) The PEL cell lines BC-1 (i), BC-3 (ii), BCBL-1 (iii), JSC-1 (iv), VG-1 (v) were treated for 72 h with miransertib, or MK-4440, and CellTiter-Glo was used to measure viability. (C) A representative PEL cell line, BC-3, was treated for 24 h with miransertib or MK-4440, and immunoblots were performed as in Figure 1C. The red arrow points to the p70-S6K isoform.



Immunoblots were performed to determine if the compounds were inhibiting their predicted molecular targets. Treatment of BC-3 cells with either compound for 24 h strongly reduced the phosphorylation of Akt but had only minimal effect on the downstream targets pFOXO1, pS6K, and pS6 (Figure 5C). This was surprising and underscored the need in certain NHL for inhibiting multiple steps in the same pathway.



Miransertib Synergizes With Sirolimus to Reduce Tumor Growth in a PEL Xenograft Model

The previous observations suggested that in the PEL subtype of DLBCL, even though Akt was inhibited, the pathway remained active. To overcome this barrier, we tested whether the combination of inhibitors has a synergistic effect on viability. A representative PEL cell line, BCBL-1, was treated with a range of concentrations of either miransertib, MK-4440, sirolimus, or the combination of sirolimus and the Akt inhibitor. Both Akt inhibitors reduced viability compared to DMSO (Figure 6A), as did sirolimus, but the reduction by the single agent was moderate (~ 50%). In contrast, when miransertib or MK-4440 was combined with sirolimus, viability reduced by up to 83% after 72 h of treatment. The calculated CI was below 0.2, suggesting that the combination was strongly synergistic. The cell viability results were mirrored by the molecular target analyses. The addition of sirolimus led to a complete reduction in pS6 and in combination with miransertib reduction in pAkt (Figure 6B).




Figure 6 | Combined inhibition of Akt and mTORC1 is synergistic against primary effusion lymphoma cells. (A) BCBL-1 cells were treated with different doses of sirolimus alone or in combination with miransertib (i) or MK-4440 (ii). After 72 h, the percentage of viable cells was calculated using CellTiter-Glo, normalized to the DMSO (vehicle; 100%) control, and the heat-map depicts the effect on viability. darker color = lower luminescence = lower viability. (B) BC-3 cells were treated for 6 h with DMSO, MK-4440 (1.5 µM), miransertib (1.5 µM), sirolimus (5 nM), or the combination of the mTORC1 and Akt inhibitors. Lysates were prepared, and immunoblots were performed as in Figure 1C. (C) BCBL-1-Luc we intraperitoneally (i.p.) injected into NSG mice and treated with vehicle (n=6), 100 mg/kg miransertib (n=6), 0.375 mg/kg sirolimus (n=6), and 100 mg/kg miransertib + 0.375 mg/kg sirolimus (n=6) over a course of 4 weeks. The expression of luciferase was measured every Monday by i.p. injecting mice with luciferin. Representative images obtained on the 28th day of treatment show the tumor burden. (D) The luminescence measured from (C) images was presented as a box and whiskers plot with the whiskers marking the minimum and maximum values. *p < 0.05 determined by two-way ANOVA. The p-values for all other comparisons were >0.05. (E) The body weight of mice was measured and recorded throughout the experiment. (F) Immunoblots were performed from protein extracted from the tumors collected at the end of the xenograft experiment shown on (C, D). (G) Representative images of immunohistochemistry against pS6 (S235/6) performed to tumor sections as in Figure 2E. (Scale bars, 100 μm) (H) The H-score of pS6 was calculated from at least 15 frames per treatment group using HALO. *p < 0.05 determined by one-way ANOVA.



To determine if the Akt inhibitor miransertib alone or combined with sirolimus can attenuate tumor growth in vivo, we used a PEL xenograft model. To gain more granularity, we followed tumor growth over time using cells expressing a luciferase gene. TRex-RTA BCBL-1 cells were intraperitoneally (i.p.) injected into NSG mice, allowing us to visualize the tumor growth upon injection of luciferin (25, 32). After four weeks of treatment, the combination of miransertib and sirolimus significantly reduced growth compared to the vehicle (Figures 6C, D). At the concentrations used, the single agents did not retard growth, mirroring the results from tissue culture experiments. Additionally, we measured the animal weight throughout the experiment to assess the well-being of the animals and determine any in vivo toxicity. Generally, animals did not show signs of toxicity and did not suffer weight loss (Figure 6E). Tumors collected from mice treated with the combinatorial treatment had lower levels of pS6 (Figures 6F–H). Overall, these results suggest that the combined inhibition by miransertib and sirolimus is needed to effectively inhibit aggressive NHL, such as PEL.



Miransertib and MK-4440 Induce Apoptosis in NHL Cells

The studies presented above demonstrate that inhibition of Akt with miransertib or MK-4440 reduces the growth of NHL. To determine whether treated cells died or were simply growth-arrested, we measured apoptosis. First, a caspase-3 assay to measure the protease activity was performed. The results show that treatment for 48-72 h with either miransertib or MK-4440 increased the levels of active caspase-3 in FL-18- (i), BJAB- (ii), and BCBL-1- (iii) treated cells (Figure 7A). To complement the caspase-3 activity assays, we performed immunoblots to determine the levels of a protein, poly (ADP-ribose) polymerase (PARP), which is cleaved during the induction of apoptosis and thus serves as an apoptotic marker. Similar to the results from the caspase-3 assay, inhibition of Akt led to an increase in the cleavage of PARP in all three lymphoma subtypes (Figure 7B). These results suggest that both Akt inhibitors induce apoptosis in NHL cells.




Figure 7 | Inhibition of Akt by miransertib or MK-4440 induces apoptosis in non-Hodgkin lymphoma cell lines. (A) FL-18 (i), BJAB (ii), and BCBL-1 (iii) cells were treated for up to 72 h with DMSO, miransertib, or MK-4440 at the indicated concentrations. The level of caspase-3 activity following the drug treatment was measured using the ApoAlert Caspase-3 Fluorescent Assay, and the results were graphed as a dot plot representing the increase in activity compared to DMSO (activity = 0). (B) FL-18, BJAB, and BC-3 cells were treated for 72 h with DMSO, miransertib, or MK-4440 at the indicated concentrations. Immunoblots were performed to detect the levels of PARP and the loading control β-actin. The red arrow points to cleaved PARP. (C) FL-18, BJAB, and BCBL-1 cells were treated for 48 h with vehicle, miransertib (5 µM for BJAB and BCBL-1, and 10 µM for FL-18), sirolimus (10 nM) or the combination of the Akt and mTORC1 inhibitor at the indicated concentrations. The percentage of annexin V+ cells was determined by staining cells with annexin V-FITC and propidium-iodide (PI) followed by flow cytometry analysis. The mean ± STD of 3 experiments is depicted in the bar graph. *p < 0.05; **p < 0.01; ***p < 0.001 determined by one-way ANOVA. (D) FL-18, BJAB, and BCBL-1 cells were treated for 48-72 h with vehicle, miransertib (1 µM for BJAB and BCBL-1, and 5 µM for FL-18), sirolimus (10 nM) or the combination of the Akt and mTORC1 inhibitor at the indicated concentrations. The caspase-3 assays were performed as in panel (A) The mean ± STD of 3 experiments is depicted in the bar graph. *p < 0.05 determined by Welch’s t-test. (E) FL-18, BJAB, and BCBL-1 cells were treated for 48 h with DMSO, miransertib (5 µM for BJAB and BCBL-1, and 10 µM for FL-18), sirolimus (5 nM), or the combination of both inhibitors. Immunoblots were performed to detect the levels of PARP and the loading control β-actin. The red arrow points to cleaved PARP. (F) FL-18, BJAB, and BCBL-1 cells were treated as in (E), and immunoblots were performed for cleaved-caspase 7 and the loading control β-actin.



Furthermore, our previous observations suggested that the combination of miransertib and sirolimus is strongly synergistic in reducing the viability of several NHL cell lines. Therefore, we asked whether the combination had a more robust induction of apoptotic signaling. First, we used flow cytometry to quantify the percentage of cells staining for the apoptotic marker, annexin-V. Interestingly, although treatment with miransertib increased the numbers of cells staining for annexin-V, statistical significance was only attained when cells were treated with both Akt and mTORC1, even though sirolimus alone is not an inducer of apoptosis (Figure 7C). This observation prompted us to determine the activity of caspase-3 in cells treated with miransertib and sirolimus. We found that in BJAB and BCBL-1 cells, the combination increased caspase-3 activity compared to the single compounds (Figure 7D). In the case of FL-18 cells, the combination did not increase the activity beyond the levels seen with miransertib alone. Interestingly, immunoblots demonstrated that in cells treated with the combination of miransertib and sirolimus, there is an increase in the levels of cleaved PARP (Figure 7E) and cleaved caspase-7 (Figure 7F). Altogether, these results suggest that the reduction in viability is mediated in part via apoptosis.



Miransertib and MK-4440 Are Not Toxic to Primary Human B-Cells

Finally, we wanted to determine the effect of the compounds on normal (non-cancerous) cells. To test whether the compounds were toxic to primary cells, we obtained peripheral human B-cells, treated them with DMSO or the compounds, and determined viability by performing trypan blue exclusion assays. The results showed that the compounds had a minimal effect on the viability of primary B-cells (Figure 8A). Interestingly, the cells were treated at 2.5 µM, which is higher than the EC50 calculated on most cells. Furthermore, to determine whether the inhibitors reduced the activation of the pathway in primary B-cells, cells were treated for 24 h with miransertib, sirolimus, or the combination, and immunoblots were performed for pFOXO1. The results showed that while sirolimus has no effect on pFOXO1, miransertib alone or in combination with sirolimus has only a slight reduction in the phosphorylation of the protein (Figure 8B). Finally, we wanted to determine whether the combination of miransertib and sirolimus had a more substantial cytotoxic effect on primary B-cells. To do that, we treated primary B-cells with the Akt inhibitors and sirolimus alone or in combination at a concentration where the combination was enough to reduce viability to about 50% in NHL cells (Figures 2A, 4A, 6A). The results demonstrated that in contrast to NHL cells, the combination did not strongly reduce the viability of normal cells (Figure 8C). Interestingly, in terms of viability, the combination of miransertib and sirolimus had a similar effect to those observed with the dual PI3K/mTOR inhibitor, dactolisib. Altogether, these results suggest that the compounds might have a more potent effect on NHL cells, which might be due to their addiction to the PI3K/Akt/mTOR pathway.




Figure 8 | Miransertib and MK-4440 are not toxic to human primary B-cells. (A) Human primary B-cells were treated with DMSO, miransertib (2.5 µM), or MK-4440 (2.5 µM), and the number of live cells was manually counted by excluding dead cells stained with trypan blue. Every dot represents one of six biological replicates. (B) Primary B-cells were treated for 24 h with DMSO, miransertib (2.5 µM), sirolimus (5 nM), or the combination of both inhibitors. Immunoblots were performed to detect pFOXO1, FOXO1, and the loading control β-actin. (C) Human primary B-cells were treated with DMSO, miransertib (0.31 µM), MK-4440 (0.31 µM) sirolimus (0.13 nM), miransertib (0.31 µM) + sirolimus (0.13 nM), MK-4440 (0.31 µM) + sirolimus (0.13 nM), or dactolisib (6.5 nM), and the number of live cells were manually counted by excluding dead cells stained with trypan blue.






Discussion

The numerous therapeutical approaches used to treat NHL demonstrate the heterogeneity of these malignancies and the lack of a broadly efficacious therapy. The continued discovery of molecular targets and novel treatments is vital to improving overall survival for this disease cluster. One signaling pathway that has attracted attention in NHL is the PI3K/Akt/mTOR network (Figure 9) (12). Supraphysiological activation of this pathway can result from activating mutations in the PI3K isoforms and Akt, the loss of the negative regulator PTEN and the introduction of viral oncogenes. In addition to being vital to the survival of cancer cells, this signaling pathway’s hyperactivation is believed to be an important player in drug resistance (33). For instance, the resistance of activated B-cell DLBCL cell lines to the Bruton’s tyrosine kinase inhibitor, ibrutinib, is mediated through overactivation of the PI3K/Akt/mTOR (34, 35). Conversely, PI3K inhibitors synergized with chemotherapy agents against ibrutinib-resistant DLBCL cells. These examples highlight the vital role that this signaling pathway might play as a therapeutic target against NHL.




Figure 9 | Summary. Simplified model of the PI3K/Akt/mTOR pathway, including the compounds and their respective target. The in vitro studies demonstrated that the combination of miransertib or MK-4440 and sirolimus was synergistic against a variety of NHL cell lines. In the in vivo studies, the follicular lymphoma model was highly sensitive to miransertib treatment alone. The diffuse large B-cell lymphoma models were slightly sensitive to miransertib, but the addition of sirolimus strongly repressed tumor growth. For the highly aggressive primary effusion lymphoma model, only mice treated with the combination of Akt and mTOR inhibitors suppressed tumor growth (created with BioRender.com).



In recent years, three PI3K inhibitors (duvelisib, copanlisib, and idelalisib) have received approval from the United States’ Food and Drug Administration (FDA) to treat refractory FL and are currently in clinical trials for other NHL subtypes (18–20). An additional PI3Kα inhibitor, alpelisib, in combination with fulvestrant, was approved in 2019 to treat certain breast cancers (36). mTOR belongs to the family of phosphatidylinositol 3-kinase-related protein kinases due to its similarity with PI3K. The pharmacological inhibition of mTOR through rapamycin and its derivatives (rapalogs) has been approved for various treatments, including cancers, and studied in the context of lymphomas. Feng et al., discussed in detail the development of these compounds against hematological malignancies (37). To mention a few, several phase I-II trials have been conducted to test the efficacy of these compounds (e.g., everolimus and temsirolimus) and have shown some efficacy as monotherapy or in combination with other standard chemotherapy regimens such as R-CHOP or lenalidomide (38–41). Furthermore, a recent study demonstrated the efficacy of the combination of the histone deacetylase inhibitor, vorinostat, in combination with sirolimus or everolimus in heavily treated relapsed/refractory lymphoma patients (42). Although mTOR inhibition has shown some clinical value, the development of these compounds for such indications has slowed down as demonstrated by the lack of active phase III trials (37).

Akt inhibitors have lagged behind in discovery and clinical development. An extensive literature review on the development of Akt inhibitors was recently published by Song et al. (43). Some of the most promising candidates include the ATP-competitive Akt inhibitors capivasertib (AZD5363) and ipatasertib (GDC-0068), and the allosteric inhibitor MK-2206. All three compounds have progressed through clinical trials with mixed results (44–46). Several phase III trials are ongoing using capivasertib combined with compounds such as paclitaxel, abiraterone, palbociclib, or fulvestrant for the treatment of a variety of conditions, including breast cancers (NCT03997123; NCT04862663; NCT04305496) and prostate cancers (NCT04493853). Notably, some clinical data has demonstrated that patients with aberrant PI3K/Akt/mTOR tend to show the best response highlighting the pathway as a possible indicator for therapy selection (44). On the other hand, although Roche’s ipatasertib in combination with paclitaxel had promising phase I-II data as first-line treatment for metastatic triple-negative breast cancer, in phase III trials, the combination failed to reach the primary endpoint (47, 48). Similarly, MK-2206 has demonstrated a manageable safety profile but has, for the most part, failed to show clinical efficacy, including in refractory lymphoma patients (49). The encouraging results seen with capivasertib demonstrate the likely clinical benefit in targeting Akt. Therefore, significant research effort should be centered on characterizing novel compounds.

Miransertib is one of the most recent Akt inhibitors to enter clinical trials. Given the importance of Akt, which is commonly known as the “cell survival kinase,” we explored miransertib for its therapeutic benefits against NHL. Some pre-clinical and early clinical studies have demonstrated the efficacy of the orally bioavailable pan-Akt inhibitor miransertib against certain cancers (22, 50, 51). Preliminary results of a phase I trial in heavily pretreated NHL, and chronic lymphocytic leukemia patients showed that 3/11 patients had a partial response to miransertib (51). Moreover, miransertib is currently undergoing a phase II trial (NCT04316546) to treat a rare but progressive overgrowth syndrome (Proteus syndrome) that arises from the E17K mutation in Akt, with case reports showing single-agent activity (52–54). Notably, no toxicities were reported in these case studies, which included pediatric cases. Thus, we wanted to test whether the Akt inhibitors miransertib and MK-4440 are effective against NHL spanning indolent to aggressive forms. We found that both Akt inhibitors reduced the activation of the PI3K/Akt/mTOR signaling pathway, decreased cell proliferation, and had efficacy in xenograft models. The effect was subtype-dependent. Some cell lines were more drug-resistant than others. Cell lines representing mantle cell lymphoma and Burkitt’s lymphoma (BL) were amongst the most resistant (Table 1). Our results obtained with BL are consistent with a recent report showing that BL cells grow despite high PTEN levels and are not sensitive to Akt inhibition (24). Most other subtypes, specifically FL, DLBCL, and PEL, were sensitive to Akt inhibition.

Interestingly, although treatment with miransertib or MK-4440 alone strongly inhibited Akt, the pathway remained active as downstream targets were slightly phosphorylated especially in DLBCL and PEL cells. This leftover activation might be responsible for the higher resistance detected in these cells as compared to FL. Previous studies in DLBCL demonstrated that Akt-independent activation of S6K through upregulation of PIM2 or the B-cell receptor is a major driver of resistance to Akt inhibition (55). Furthermore, KSHV viral proteins are believed to be significant drivers of tumorigenesis in PEL cells, and several of these proteins have been found to activate the PI3K/Akt/mTOR signaling pathway (15). One such protein is the product of ORF36, viral protein kinase, which resembles S6K and phosphorylates S6 (56). Similarly, upregulation of interleukin-6 and JAK/STAT signaling was reported as a resistance mechanism against PI3K inhibitors in lymphoma (57). Notably, KSHV encodes for a viral homolog to interleukin-6, which constitutively activates JAK/STAT signaling (58). Therefore, there are multiple avenues for which extrinsic factors such as viral proteins and intrinsic factors such as mutations or overactivation of parallel pathways might drive resistance to Akt inhibition.

The dual PI3K and mTOR inhibitor compound dactolisib (NVP-BEZ235) is broadly effective against NHL, inducing cell death and strongly repressing the PI3K/Akt/mTOR pathway (29, 59); however, the clinical development of dactolisib was terminated due to toxicity (60–62). The EC50 of dactolisib against NHL was <10 nM, which is significantly lower than what we observed with miransertib and MK-4440. Furthermore, dactolisib strongly repressed tumor growth at a concentration of ~40 mg/kg, whereas for miransertib, we used 100 mg/kg (29, 59). The experience with dactolisib provides proof of principle that combined inhibition of multiple targets in this pathway is broadly efficacious. Our results support this paradigm. Neither miransertib nor MK-4440 alone completely inactivated the pathway as determined by phosphorylation of S6, but the combined inhibition of Akt and mTOR synergistically reduced cell growth. The advantage of this approach compared to using one compound that targeted two kinases, as in the case of dual inhibitors, is that the dose of each inhibitor, miransertib, or sirolimus, can be adjusted individually to provide maximum benefit and minimum cytotoxicity.

The combined inhibition of mTORC1 and Akt prevented the mTORC2-mediated phosphorylation of Akt at residue 473. This phosphorylation is usually increased upon inhibition of mTORC1 by sirolimus and is predicted to contribute to drug resistance (14, 28). The newer generation of mTORC1 and mTORC2 inhibitors might provide an even more robust effect.

Follicular lymphoma stood out in our survey because this tumor type seemed exquisitely sensitive to even single agents. Here the administration of miransertib or sirolimus significantly reduced the tumor growth in the FL-18 model. The combination of both inhibitors did not prevent tumor growth beyond the effect seen in mice treated with monotherapy, even though the tumors from the dually-treated group expressed the lowest amount of pS6. Unfortunately, in vitro models for studying FL are limited as patient-derived cell lines resemble transformed FL (63). The lack of resources in this and other FL studies provides a challenge for collecting pre-clinical data with unadulterated FL.

In the case of DLBCL, both BJAB and Karpas-422 xenografts responded the best when treated with the combination of miransertib and sirolimus. Both immunohistochemistry and immunoblots demonstrated a reduction in the phosphorylation of S6, suggesting that the compounds reached the tumors in vivo. Similarly, a substantial reduction in tumor growth in the PEL xenograft was only attained in the arm treated with the combination. Interestingly, although the combination of miransertib and sirolimus reduced pS6 in PEL tumors, it had minimal effect on pAkt. Since the BCBL-1 xenografts have both solid and liquid components, it is possible that our compounds did not completely reach the solid tumors even though it strongly repressed the dissemination of ascites. These observations illustrate the difficulties of treating lymphomas composed of effusions such as PEL.

Several Akt targets are directly involved in the inhibition of apoptosis (64). These targets include the FOXO family of proteins (65). Our results demonstrated that Akt inhibition increased the levels of FOXO1 protein. Thus, we reasoned that miransertib and MK-4440 should trigger the induction of apoptosis, which might be responsible for decreasing cell viability. To analyze the apoptotic state in treated cells, we measured the activity of caspase-3 and the presence of cleaved PARP and caspase-7. These studies demonstrated that inhibition of Akt induced the activation of apoptotic signaling and it was increased when combined with sirolimus. Altogether, inhibition of Akt in several NHL cell lines induces apoptosis and might be responsible for the reduction in cell growth.

In conclusion, this report demonstrates the feasibility and need for targeting Akt and mTORC1 as a treatment for NHL. To our knowledge, this report is the first one that uses a variety of in vitro and in vivo models to demonstrate the approach against hematological malignancies. Although this study examines miransertib and sirolimus as an all-oral regimen that might achieve this goal, we believe that this strategy should continue to be explored with newer and more specific inhibitors.



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 animal study was reviewed and approved by UNC IACUC.



Author Contributions

RR-S, DD, and BD designed the research, analyzed results, and wrote the manuscript. RR-S performed experiments. YY provided compounds and technical advice. All authors contributed to the article and approved the submitted version.



Funding

This work and BD was supported by National Institutes of Health (NIH) grants CA096500, CA163217, and CA254564. DD was supported by NIH grants CA239583 and CA228172. RR-S was supported by NIH grants GM007092 and CA019014 and holds a Graduate Diversity Enrichment Program Award from the Burroughs Wellcome Fund.



Acknowledgments

We thank the members of the Damania and Dittmer laboratories for helpful discussions and Jason P. Wong for technical advice. We thank the University of North Carolina Lineberger Animal Studies Core for performing animal studies and the UNC Animal Histopathology & Lab Medicine Core. BD is a Leukemia and Lymphoma Society Scholar and a Burroughs Wellcome Fund Investigator in Infectious Disease.



References

1. Armitage, JO, Gascoyne, RD, Lunning, MA, and Cavalli, F. Non-Hodgkin Lymphoma. Lancet (2017) 390(10091):298–310. doi: 10.1016/s0140-6736(16)32407-2

2. Siegel, RL, Miller, KD, Fuchs, HE, and Jemal, A. Cancer Statistics, 2021. CA: A Cancer J Clin (2021) 71(1):7–33. doi: 10.3322/caac.21654

3. Carbone, A, Roulland, S, Gloghini, A, Younes, A, von Keudell, G, López-Guillermo, A, et al. Follicular Lymphoma. Nat Rev Dis Primers (2019) 5(1):83. doi: 10.1038/s41572-019-0132-x

4. Cesarman, E, Chang, Y, Moore, PS, Said, JW, and Knowles, DM. Kaposi’s Sarcoma-Associated Herpesvirus-Like DNA Sequences in AIDS-Related Body-Cavity-Based Lymphomas. N Engl J Med (1995) 332(18):1186–91. doi: 10.1056/NEJM199505043321802

5. Shimada, K, Hayakawa, F, and Kiyoi, H. Biology and Management of Primary Effusion Lymphoma. Blood (2018) 132(18):1879–88. doi: 10.1182/blood-2018-03-791426

6. Boulanger, E, Gérard, L, Gabarre, J, Molina, JM, Rapp, C, Abino, JF, et al. Prognostic Factors and Outcome of Human Herpesvirus 8-Associated Primary Effusion Lymphoma in Patients With AIDS. J Clin Oncol (2005) 23(19):4372–80. doi: 10.1200/jco.2005.07.084

7. Guillet, S, Gérard, L, Meignin, V, Agbalika, F, Cuccini, W, Denis, B, et al. Classic and Extracavitary Primary Effusion Lymphoma in 51 HIV-Infected Patients From a Single Institution. Am J Hematol (2016) 91(2):233–7. doi: 10.1002/ajh.24251

8. Vivanco, I, and Sawyers, CL. The Phosphatidylinositol 3-Kinase AKT Pathway in Human Cancer. Nat Rev Cancer (2002) 2(7):489–501. doi: 10.1038/nrc839

9. Luo, J, Manning, BD, and Cantley, LC. Targeting the PI3K-AKT Pathway in Human Cancer: Rationale and Promise. Cancer Cell (2003) 4(4):257–62. doi: 10.1016/s1535-6108(03)00248-4

10. Cantley, LC. The Phosphoinositide 3-Kinase Pathway. Science (2002) 296(5573):1655–7. doi: 10.1126/science.296.5573.1655

11. Martini, M, De Santis, MC, Braccini, L, Gulluni, F, and Hirsch, E. PI3K/AKT Signaling Pathway and Cancer: An Updated Review. Ann Med (2014) 46(6):372–83. doi: 10.3109/07853890.2014.912836

12. Blachly, JS, and Baiocchi, RA. Targeting PI3-kinase (Pi3k), AKT and mTOR Axis in Lymphoma. Br J Haematol (2014) 167(1):19–32. doi: 10.1111/bjh.13065

13. Manning, BD, and Cantley, LC. AKT/PKB Signaling: Navigating Downstream. Cell (2007) 129(7):1261–74. doi: 10.1016/j.cell.2007.06.009

14. Manning, BD, and Toker, A. Akt/Pkb Signaling: Navigating the Network. Cell (2017) 169(3):381–405. doi: 10.1016/j.cell.2017.04.001

15. Bhatt, AP, and Damania, B. Aktivation of PI3K/AKT/mTOR Signaling Pathway by KSHV. Front Immunol (2012) 3:401. doi: 10.3389/fimmu.2012.00401

16. Westin, JR. Status of PI3K/Akt/mTOR Pathway Inhibitors in Lymphoma. Clin Lymphoma Myeloma Leuk (2014) 14(5):335–42. doi: 10.1016/j.clml.2014.01.007

17. Erdmann, T, Klener, P, Lynch, JT, Grau, M, Vočková, P, Molinsky, J, et al. Sensitivity to PI3K and AKT Inhibitors Is Mediated by Divergent Molecular Mechanisms in Subtypes of DLBCL. Blood (2017) 130(3):310–22. doi: 10.1182/blood-2016-12-758599

18. Flinn, IW, Miller, CB, Ardeshna, KM, Tetreault, S, Assouline, SE, Mayer, J, et al. Dynamo: A Phase II Study of Duvelisib (Ipi-145) in Patients With Refractory Indolent Non-Hodgkin Lymphoma. J Clin Oncol (2019) 37(11):912–22. doi: 10.1200/jco.18.00915

19. Dreyling, M, Morschhauser, F, Bouabdallah, K, Bron, D, Cunningham, D, Assouline, SE, et al. Phase II Study of Copanlisib, a PI3K Inhibitor, In Relapsed or Refractory, Indolent or Aggressive Lymphoma. Ann Oncol (2017) 28(9):2169–78. doi: 10.1093/annonc/mdx289

20. Gopal, AK, Kahl, BS, de Vos, S, Wagner-Johnston, ND, Schuster, SJ, Jurczak, WJ, et al. Pi3kδ Inhibition by Idelalisib in Patients With Relapsed Indolent Lymphoma. New Engl J Med (2014) 370(11):1008–18. doi: 10.1056/NEJMoa1314583

21. Lapierre, JM, Eathiraj, S, Vensel, D, Liu, Y, Bull, CO, Cornell-Kennon, S, et al. Discovery of 3-(3-(4-(1-Aminocyclobutyl)phenyl)-5-phenyl-3H-imidazo[4,5-b]pyridin-2-yl)pyridin-2-amine (Arq 092): An Orally Bioavailable, Selective, and Potent Allosteric AKT Inhibitor. J Med Chem (2016) 59(13):6455–69. doi: 10.1021/acs.jmedchem.6b00619

22. Yu, Y, Savage, RE, Eathiraj, S, Meade, J, Wick, MJ, Hall, T, et al. Targeting AKT1-E17K and the PI3K/AKT Pathway With An Allosteric Akt Inhibitor, Arq 092. PloS One (2015) 10(10):e0140479. doi: 10.1371/journal.pone.0140479

23. Sin, SH, Roy, D, Wang, L, Staudt, MR, Fakhari, FD, Patel, DD, et al. Rapamycin is Efficacious Against Primary Effusion Lymphoma (PEL) Cell Lines In Vivo by Inhibiting Autocrine Signaling. Blood (2007) 109(5):2165–73. doi: 10.1182/blood-2006-06-028092

24. Gehringer, F, Weissinger, SE, Möller, P, Wirth, T, and Ushmorov, A. Physiological Levels of the PTEN-PI3K-AKT Axis Activity Are Required for Maintenance of Burkitt Lymphoma. Leukemia (2020) 34(3):857–71. doi: 10.1038/s41375-019-0628-0

25. Wong, JP, Stuhlmiller, TJ, Giffin, LC, Lin, C, Bigi, R, Zhao, J, et al. Kinome Profiling of Non-Hodgkin Lymphoma Identifies Tyro3 as a Therapeutic Target in Primary Effusion Lymphoma. Proc Natl Acad Sci USA (2019) 116(33):16541–50. doi: 10.1073/pnas.1903991116

26. Chou, TC. Theoretical Basis, Experimental Design, and Computerized Simulation of Synergism and Antagonism in Drug Combination Studies. Pharmacol Rev (2006) 58(3):621–81. doi: 10.1124/pr.58.3.10

27. Bayat Mokhtari, R, Homayouni, TS, Baluch, N, Morgatskaya, E, Kumar, S, Das, B, et al. Combination Therapy in Combating Cancer. Oncotarget (2017) 8(23):38022–43. doi: 10.18632/oncotarget.16723

28. O’Reilly, KE, Rojo, F, She, QB, Solit, D, Mills, GB, Smith, D, et al. mTOR Inhibition Induces Upstream Receptor Tyrosine Kinase Signaling and Activates AKT. Cancer Res (2006) 66(3):1500–8. doi: 10.1158/0008-5472.can-05-2925

29. Bhatt, AP, Bhende, PM, Sin, SH, Roy, D, Dittmer, DP, and Damania, B. Dual Inhibition of PI3K and mTOR Inhibits Autocrine and Paracrine Proliferative Loops in PI3K/AKT/mTOR-Addicted Lymphomas. Blood (2010) 115(22):4455–63. doi: 10.1182/blood-2009-10-251082

30. Uddin, S, Hussain, AR, Al-Hussein, KA, Manogaran, PS, Wickrema, A, Gutierrez, MI, et al. Inhibition of Phosphatidylinositol 3′-Kinase/AKT Signaling Promotes Apoptosis of Primary Effusion Lymphoma Cells. Clin Cancer Res (2005) 11(8):3102–8. doi: 10.1158/1078-0432.ccr-04-1857

31. Boulanger, E, Marchio, A, Hong, SS, and Pineau, P. Mutational Analysis of TP53, Pten, PIK3CA and CTNNB1/Beta-Catenin Genes in Human Herpesvirus 8-Associated Primary Effusion Lymphoma. Haematologica (2009) 94(8):1170–4. doi: 10.3324/haematol.2009.007260

32. Caro-Vegas, C, Bailey, A, Bigi, R, Damania, B, and Dittmer, DP. Targeting mTOR With MLN0128 Overcomes Rapamycin and Chemoresistant Primary Effusion Lymphoma. mBio (2019) 10(1):1–13. doi: 10.1128/mBio.02871-18

33. West, KA, Castillo, SS, and Dennis, PA. Activation of the PI3K/Akt Pathway and Chemotherapeutic Resistance. Drug Resist Updat Rev Comment Antimicrob Anticancer Chemother (2002) 5(6):234–48. doi: 10.1016/s1368-7646(02)00120-6

34. Jain, N, Singh, S, Laliotis, G, Hart, A, Muhowski, E, Kupcova, K, et al. Targeting Phosphatidylinositol 3 Kinase-β and -δ for Bruton Tyrosine Kinase Resistance in Diffuse Large B-Cell Lymphoma. Blood Adv (2020) 4(18):4382–92. doi: 10.1182/bloodadvances.2020001685

35. Kapoor, I, Li, Y, Sharma, A, Zhu, H, Bodo, J, Xu, W, et al. Resistance to BTK Inhibition by Ibrutinib Can Be Overcome by Preventing FOXO3a Nuclear Export and PI3K/AKT Activation in B-Cell Lymphoid Malignancies. Cell Death Dis (2019) 10(12):924. doi: 10.1038/s41419-019-2158-0

36. André, F, Ciruelos, E, Rubovszky, G, Campone, M, Loibl, S, Rugo, HS, et al. Alpelisib for PIK3CA-Mutated, Hormone Receptor–Positive Advanced Breast Cancer. New Engl J Med (2019) 380(20):1929–40. doi: 10.1056/NEJMoa1813904

37. Feng, Y, Chen, X, Cassady, K, Zou, Z, Yang, S, Wang, Z, et al. The Role of mTOR Inhibitors in Hematologic Disease: From Bench to Bedside. Front Oncol (2021) 10:611690(3043):1–15. doi: 10.3389/fonc.2020.611690

38. Bennani, NN, LaPlant, BR, Ansell, SM, Habermann, TM, Inwards, DJ, Micallef, IN, et al. Efficacy of the Oral mTORC1 Inhibitor Everolimus in Relapsed or Refractory Indolent Lymphoma. Am J Hematol (2017) 92(5):448–53. doi: 10.1002/ajh.24671

39. Johnston, PB, LaPlant, B, McPhail, E, Habermann, TM, Inwards, DJ, Micallef, IN, et al. Everolimus Combined With R-CHOP-21 for New, Untreated, Diffuse Large B-Cell Lymphoma (NCCTG 1085 [Alliance]): Safety and Efficacy Results of a Phase 1 and Feasibility Trial. Lancet Haematol (2016) 3(7):e309–16. doi: 10.1016/s2352-3026(16)30040-0

40. Witzig, TE, Reeder, CB, LaPlant, BR, Gupta, M, Johnston, PB, Micallef, IN, et al. A Phase II Trial of the Oral mTOR Inhibitor Everolimus in Relapsed Aggressive Lymphoma. Leukemia (2011) 25(2):341–7. doi: 10.1038/leu.2010.226

41. Padrnos, L, Ernst, B, Dueck, AC, Kosiorek, HE, Ginos, BF, Toro, A, et al. A Novel Combination of the mTORC1 Inhibitor Everolimus and the Immunomodulatory Drug Lenalidomide Produces Durable Responses in Patients With Heavily Pretreated Relapsed Lymphoma. Clin Lymphoma Myeloma Leuk (2018) 18(10):664–72.e2. doi: 10.1016/j.clml.2018.06.013

42. Janku, F, Park, H, Call, SG, Madwani, K, Oki, Y, Subbiah, V, et al. Safety and Efficacy of Vorinostat Plus Sirolimus or Everolimus in Patients With Relapsed Refractory Hodgkin Lymphoma. Clin Cancer Res (2020) 26(21):5579–87. doi: 10.1158/1078-0432.ccr-20-1215

43. Song, M, Bode, AM, Dong, Z, and Lee, MH. AKT as a Therapeutic Target for Cancer. Cancer Res (2019) 79(6):1019–31. doi: 10.1158/0008-5472.CAN-18-2738

44. Schmid, P, Abraham, J, Chan, S, Wheatley, D, Brunt, AM, Nemsadze, G, et al. Capivasertib Plus Paclitaxel Versus Placebo Plus Paclitaxel As First-Line Therapy for Metastatic Triple-Negative Breast Cancer: The Pakt Trial. J Clin Oncol (2020) 38(5):423–33. doi: 10.1200/jco.19.00368

45. Jones, RH, Casbard, A, Carucci, M, Cox, C, Butler, R, Alchami, F, et al. Fulvestrant Plus Capivasertib Versus Placebo After Relapse or Progression on an Aromatase Inhibitor in Metastatic, Oestrogen Receptor-Positive Breast Cancer (FAKTION): A Multicentre, Randomised, Controlled, Phase 2 Trial. Lancet Oncol (2020) 21(3):345–57. doi: 10.1016/S1470-2045(19)30817-4

46. Xing, Y, Lin, NU, Maurer, MA, Chen, H, Mahvash, A, Sahin, A, et al. Phase II Trial of AKT Inhibitor MK-2206 in Patients With Advanced Breast Cancer Who Have Tumors With PIK3CA or AKT Mutations, and/or PTEN Loss/PTEN Mutation. Breast Cancer Res BCR (2019) 21(1):78. doi: 10.1186/s13058-019-1154-8

47. Kim, SB, Dent, R, Im, SA, Espié, M, Blau, S, Tan, AR, et al. Ipatasertib Plus Paclitaxel Versus Placebo Plus Paclitaxel as First-Line Therapy for Metastatic Triple-Negative Breast Cancer (LOTUS): A Multicentre, Randomised, Double-Blind, Placebo-Controlled, Phase 2 Trial. Lancet Oncol (2017) 18(10):1360–72. doi: 10.1016/s1470-2045(17)30450-3

48. Turner, N, Dent, R, O’Shaughnessy, J, Kim, SB, Isakoff, S, Barrios, CH, et al. 283mo Ipatasertib (IPAT) + Paclitaxel (PAC) for PIK3CA/AKT1/PTEN-altered Hormone Receptor-Positive (HR+) HER2-Negative Advanced Breast Cancer (ABC): Primary Results From Cohort B of the IPATunity130 Randomised Phase III Trial. Ann Oncol (2020) 31:S354–S5. doi: 10.1016/j.annonc.2020.08.385

49. Oki, Y, Fanale, M, Romaguera, J, Fayad, L, Fowler, N, Copeland, A, et al. Phase II Study of an AKT Inhibitor MK2206 in Patients With Relapsed or Refractory Lymphoma. Br J Haematol (2015) 171(4):463–70. doi: 10.1111/bjh.13603

50. Jilkova, ZM, Kuyucu, AZ, Kurma, K, Ahmad Pour, ST, Roth, GS, Abbadessa, G, et al. Combination of AKT Inhibitor ARQ 092 and Sorafenib Potentiates Inhibition of Tumor Progression in Cirrhotic Rat Model of Hepatocellular Carcinoma. Oncotarget (2018) 9(13):11145–58. doi: 10.18632/oncotarget.24298

51. Harb, W, Saleh, MN, Papadopoulos, KP, Chai, F, Larmar, M, Abbadessa, G, et al. Clinical Trial Results From the Subgroup of Lymphoma/CLL in a Phase 1 Study of ARQ 092, A Novel Pan Akt-Inhibitor. Blood (2015) 126(23):5116. doi: 10.1182/blood.V126.23.5116.5116

52. Biesecker, LG, Edwards, M, O’Donnell, S, Doherty, P, MacDougall, T, Tith, K, et al. Clinical Report: One Year of Treatment of Proteus Syndrome With Miransertib (ARQ 092). Mol Case Stud (2020) 6(1):1–9. doi: 10.1101/mcs.a004549

53. Forde, K, Resta, N, Ranieri, C, Rea, D, Kubassova, O, Hinton, M, et al. Clinical Experience With the AKT1 Inhibitor Miransertib in Two Children With PIK3CA-Related Overgrowth Syndrome. Orphanet J Rare Dis (2021) 16(1):109. doi: 10.1186/s13023-021-01745-0

54. Keppler-Noreuil, KM, Sapp, JC, Lindhurst, MJ, Darling, TN, Burton-Akright, J, Bagheri, M, et al. Pharmacodynamic Study of Miransertib in Individuals With Proteus Syndrome. Am J Hum Genet (2019) 104(3):484–91. doi: 10.1016/j.ajhg.2019.01.015

55. Ezell, SA, Wang, S, Bihani, T, Lai, Z, Grosskurth, SE, Tepsuporn, S, et al. Differential Regulation of mTOR Signaling Determines Sensitivity to AKT Inhibition in Diffuse Large B Cell Lymphoma. Oncotarget (2016) 7(8):9163–74. doi: 10.18632/oncotarget.7036

56. Bhatt, AP, Wong, JP, Weinberg, MS, Host, KM, Giffin, LC, Buijnink, J, et al. A Viral Kinase Mimics S6 Kinase to Enhance Cell Proliferation. Proc Natl Acad Sci USA (2016) 113(28):7876–81. doi: 10.1073/pnas.1600587113

57. Kim, JH, Kim, WS, and Park, C. Interleukin-6 Mediates Resistance to PI3K-Pathway–Targeted Therapy in Lymphoma. BMC Cancer (2019) 19(1):936. doi: 10.1186/s12885-019-6057-7

58. Neipel, F, Albrecht, JC, Ensser, A, Huang, YQ, Li, JJ, Friedman-Kien, AE, et al. Human Herpesvirus 8 Encodes a Homolog of Interleukin-6. J Virol (1997) 71(1):839–42. doi: 10.1128/JVI.71.1.839-842.1997

59. Bhende, PM, Park, SI, Lim, MS, Dittmer, DP, and Damania, B. The Dual PI3K/mTOR Inhibitor, NVP-BEZ235, Is Efficacious Against Follicular Lymphoma. Leukemia (2010) 24(10):1781–4. doi: 10.1038/leu.2010.154

60. Salazar, R, Garcia-Carbonero, R, Libutti, SK, Hendifar, AE, Custodio, A, Guimbaud, R, et al. Phase II Study of BEZ235 Versus Everolimus in Patients With Mammalian Target of Rapamycin Inhibitor-Naïve Advanced Pancreatic Neuroendocrine Tumors. Oncol (2018) 23(7):766–e90. doi: 10.1634/theoncologist.2017-0144

61. Carlo, MI, Molina, AM, Lakhman, Y, Patil, S, Woo, K, DeLuca, J, et al. A Phase Ib Study of BEZ235, A Dual Inhibitor of Phosphatidylinositol 3-Kinase (PI3K) and Mammalian Target of Rapamycin (mTOR), in Patients With Advanced Renal Cell Carcinoma. Oncol (2016) 21(7):787–8. doi: 10.1634/theoncologist.2016-0145

62. Seront, E, Rottey, S, Filleul, B, Glorieux, P, Goeminne, JC, Verschaeve, V, et al. Phase II Study of Dual Phosphoinositol-3-Kinase (PI3K) and Mammalian Target of Rapamycin (mTOR) Inhibitor BEZ235 in Patients With Locally Advanced or Metastatic Transitional Cell Carcinoma. BJU Int (2016) 118(3):408–15. doi: 10.1111/bju.13415

63. Maesako, Y, Uchiyama, T, and Ohno, H. Comparison of Gene Expression Profiles of Lymphoma Cell Lines From Transformed Follicular Lymphoma, Burkitt’s Lymphoma and De Novo Diffuse Large B-Cell Lymphoma. Cancer Sci (2003) 94(9):774–81. doi: 10.1111/j.1349-7006.2003.tb01518.x

64. Franke, TF, Hornik, CP, Segev, L, Shostak, GA, and Sugimoto, C. PI3K/AKT and Apoptosis: Size Matters. Oncogene (2003) 22(56):8983–98. doi: 10.1038/sj.onc.1207115

65. Zhang, X, Tang, N, Hadden, TJ, and Rishi, AK. AKT, FoxO and Regulation of Apoptosis. Biochim Biophys Acta (BBA) - Mol Cell Res (2011) 1813(11):1978–86. doi: 10.1016/j.bbamcr.2011.03.010



Conflict of Interest: YY worked for ArQule, Inc, now a wholly owned subsidiary of Merck & Co., Inc. BD served as an advisor to ArQule, Inc.

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

Copyright © 2021 Rivera-Soto, Yu, Dittmer and Damania. 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-11-670275-g007.jpg





OEBPS/Images/fonc-11-670275-g002.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Combined Inhibition of Akt and mTOR Is Effective Against Non-Hodgkin Lymphomas

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Cell Culture

          



          		

            Compounds

          



          		

            Immunoblotting

          



          		

            CellTiter-Glo Cell Viability Assay

          



          		

            Trypan Blue Exclusion Assay

          



          		

            Caspase-3 Activity Assay

          



          		

            Annexin-V Affinity Assay

          



          		

            Xenograft Models

          

            		

              PEL Model

            



            		

              BJAB and Karpas-422 Model

            



            		

              FL-18 Model

            



          



          



          		

            Immunohistochemistry

          



          		

            CompuSyn

          



          		

            Statistics

          



        



        



        		

          Results

        

          		

            Follicular Lymphoma Cell Lines Are Sensitive to Akt Inhibitors

          



          		

            Inhibition of Akt and mtorc1 Is Synergistic Against Follicular Lymphoma

          



          		

            Combined Treatment of Miransertib and Sirolimus Represses the Growth of Diffuse Large B-Cell Lymphoma

          



          		

            Miransertib and MK-4440 Repress the Growth of KSHV-Associated Primary Effusion Lymphoma

          



          		

            Miransertib Synergizes With Sirolimus to Reduce Tumor Growth in a PEL Xenograft Model

          



          		

            Miransertib and MK-4440 Induce Apoptosis in NHL Cells

          



          		

            Miransertib and MK-4440 Are Not Toxic to Primary Human B-Cells

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc.2021.670275_cover.jpg
, frontiers
in Oncology

Combined Inhibition of Akt
and mTOR Is Effective Against
Non-Hodgkin Lymphomas





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-670275-g004.jpg





OEBPS/Images/fonc-11-670275-g008.jpg
Primary B-cells
Trypan Blue Exclusion Assay

150
2 = e ousO
3a + Miansertt
28 - Mkasto
33
52
2
52
£3
§e
5
4
Days after treatment
s
Primary B-cells
Miransertib + +
Sirolimus v+
PFOXO1 [ = —
20 [
FOXOT | mm s S s
Actin | ————
c Primary B-cells
Trypan Blue Exclusion Assay
5 - DMSO
ki ~+ Miransertib
Sam > WAt
22 ~+ Siroimus
33 Miransertb +
% *
S2w Siolimus
g2 . MK-4440+
I Siolmus
£= - Dactolisy
4

H 2 H
Days after treatment





OEBPS/Images/fonc-11-670275-g001.jpg
of -4 FL-18

e ey
Topan ol o
g o™ d ouso 10 50 1030 4
" = o [
1 e s
3271 [ —————
LR S r T T
§ IR e
Concaniaton A1) pprosad =
B CellTiter-Glo Viability Assay PTOSOK | e e s e i |-
] FL18. P56 [m—
s [ ———
u e [ ———

suonL1e fLe
[r—
oS0 10 50 1050 M
0 ey
" [—me——
[ - Tt [ — ——

AR e S A





OEBPS/Images/fonc-11-670275-g006.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-670275-g003.jpg
CellTiter-Glo Vmbmy Assay 4

L [~ Mansertb. BJAB
- [ MK440 Miransertib  MK-4440
ouso 558 154 g
w [
o[ ————]
P N -
»
o oot [ o e -]
=
& .
L o (S S S =
£ L, [am————
. s "
" ot [ ]
svonas

Concentration (Log (LM))





OEBPS/Images/fonc-11-670275-g005.jpg
>

Percertage of Live Cells

e e

W EEEEEF Y EEEEEF]

Concctaion )

Colier Gla Assay

P, =






OEBPS/Images/table1.jpg
Follicuiar Lymphoma

Diftuse Large B-Coll Lymphoma

primary Effusion Lymphoma

Mantio Cell Lymphoma

Burkitt's Lymphoma

s
SUDHL16

SUDHL4
Karpas-422
WSUNHL
801

803
BCBL1
Jsc
Ve
Ganta 519
Jeko-1
iz
Rec
BLa1
Dasi
Ramos

Raj

Miransertib

0573
o122
105
0080
o124
193
037
420
228
233
0567
248
Py
0817
a8t
107
0a
4z
255

ECu (M)

MK-4440

246
0013
108
0007
0012
0418
119
353
158
219
0258
277
130
0382
27
o7t
143
378
180





OEBPS/Images/fonc-11-670275-g009.jpg
( PISK/AK/MTOR )

4:»\ -

m. ,

/ E Ny

m
i Miransertib] [MK-4440 Yool prolfeation

Follcular  Diffuse Lorge Bell  ErmerY

Effusion
_ L) e S
2 5
g] & £ e + -
Ed 5 2
- 52 g
= LA
il E e ++
cellVsbiny =%
100 om0

elaive Effct -being the weakest and-+++ belng the srongest.






