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Acute myeloid leukemia (AML) remains a devastating disease, with low cure rates despite intensive standard chemotherapy regimens. In the past decade, targeted antileukemic drugs have emerged from research efforts. Nevertheless, targeted therapies are often effective for only a subset of patients whose leukemias harbor a distinct mutational or gene expression profile and provide only transient antileukemic responses as monotherapies. We previously presented single agent and combination preclinical data for a novel 3-carbon-linked artemisinin-derived dimer (3C-ART), diphenylphosphate analog 838 (ART838), that indicates a promising approach to treat AML, given its demonstrated synergy with targeted antileukemic drugs and large therapeutic window. We now report new data from our initial evaluation of a structurally distinct class of 2-carbon-linked dimeric artemisinin-derived analogs (2C-ARTs) with prior documented in vivo antimalarial activity. These 2C-ARTs have antileukemic activity at low (nM) concentrations, have similar cooperativity with other antineoplastic drugs and comparable physicochemical properties to ART838, and provide a viable path to clinical development.




Keywords: artemisinins, sorafenib, venetoclax (ABT-199), leukemia, antineoplastics



Introduction

The prognosis for patients with acute myeloid leukemia (AML) remains poor (5-year survival ~ 25-30%) and is particularly dismal for patients who are over 60 years old, unfit, or with relapsed/refractory disease, unfavorable cytogenetics, or certain molecular abnormalities (1). According to the Surveillance, Epidemiology, and End Results (SEER) database from 2010-2017, median overall survival in de novo AML was only 11 months (2). Improved understanding of the pathophysiology and mutational landscape of AML has stimulated the successful development of a number of targeted therapies. In fact, nine new AML therapeutics – including inhibitors of B-cell lymphoma 2 (BCL2), FMS-like tyrosine kinase 3 (FLT3), and isocitrate dehydrogenase (IDH) – were approved by the FDA between 2017 and 2021 (1, 3). However, the use of these targeted inhibitors as monotherapies has achieved only shallow, transient responses followed by the emergence of therapy resistant AML in the majority of patients with targetable mutations (4–6). There has thus been growing interest in additional new agents and combination regimens with novel mechanisms that may be non-cross resistant with respect to current antileukemic drugs, and that suggest low clinical toxicity.

The revolutionary antimalarial natural product artemisinin and its semi-synthetic derivatives (collectively referred to here as ARTs) (Figure 1) all share a unique endoperoxide pharmacophore that is bio-activated to cytotoxic carbon free radical species (7). Although they are best known as antimalarials, ARTs are active against a range of microbes (8–10) and also have potent antineoplastic activity (11–14). They are active against a broad array of leukemia cell lines, including those harboring poor risk genetic aberrations, such as FLT3 mutations and BCR-ABL and mixed-lineage leukemia (MLL) rearrangements, and those resistant to current antileukemic drugs (15–18). First-generation ART derivatives suffer from poor bioavailability and rapid metabolism (7), precluding the sustained exposure desired for antineoplastic therapy. Semi-synthetic trioxane dimers were designed to address these pharmacokinetic vulnerabilities (19). We previously reported that the novel 3-carbon linked ART dimer (3C-ART), diphenylphosphate analog 838 (ART838), was 88-fold more potent than artesunate (AS), the major clinical artemisinin derivative, against 23 leukemia cell lines, with a favorable therapeutic window (17). ART838 synergized with the kinase inhibitor sorafenib (SOR) and the BCL2 inhibitor venetoclax (VEN) (to form a combination regimen referred to as “SAV”) both in vitro and in AML xenograft and PDX models (20). Unfortunately, commercial development of ART838 is impractical, as its patent protection ends soon (US7417156B2 issued 9/27/02).




Figure 1 | Chemical structures of artemisinin (A), artesunate (B), ART838 (C), ART576 (D) and ART631 (E).



A structurally distinct class of two-carbon linked ART dimers (2C-ARTs) was originally developed to further enhance drug-like properties (19). We evaluated two of over 20 analogs from this 2C-ART class that were shown to be effective against an in vivo mouse model of malaria (19). Ketone analog ART576 and allyloxime analog ART631 were selected for evaluation due to their antimalarial efficacy and ease of synthesis. In addition, for both these ART analogs, there was unpublished in vitro data demonstrating potent activity against a range of cancer cell lines, including several leukemia cell lines. ART576 and ART631 (Figure 1) were evaluated for in vitro and in vivo antileukemic efficacy, both as monotherapies and in combination with SOR and VEN, as well as in pharmacodynamic and pharmacokinetic (PK) assays.



Materials and Methods


Reagents

Synthesis of 2C-ARTs has been described previously (19). All other compounds, antibodies, and reagents were as detailed in Supplemental Table 1 of Moses et al. (20).



Cells

The AML cell lines used for in vitro antileukemic activity assays are described in Table 1. Lentiviral-transduced luciferase (luc)-labeled MV4;11 and MOLM14 AML cells were developed and characterized previously (20, 21)


Table 1 | AML cell lines.





Cytotoxicity

Cytotoxicity was assessed using alamarBlue assays (Life Technologies, Grand Island, NY) following manufacturer’s guidelines. Cell death was verified by Annexin V/7-aminoactinomycin D (7AAD) staining (BioLegend, San Diego, CA) per manufacturer’s guidelines.



Metabolic Stability

The metabolic stability of ART631 was assessed in human and mouse plasma and liver microsomes (LM). For phase I microsomal stability assays, analogs (10 µM in <1% acetonitrile) were incubated in PBS containing liver microsomes, with or without cofactors (22). Microsomal controls (without cofactors) were used to determine non-enzymatic degradation. All experiments were incubated at 37°C for 1h and performed in duplicate. Reactions were stopped with acetonitrile and analyzed as described below.



Reactive Oxygen Species (ROS)

Cells were pre-treated with 5 mM ROS detection reagent 5-(and 6-)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-H2DCFDA, Life Technologies) for 30 min, followed by the iron chelator deferoxamine mesylate (DFO; 11 mM) for 60 min. Cells were then treated with ART631 (200 nM) or DMSO control for 18h, with subsequent analysis by flow cytometry. Western blotting and quantitative reverse transcription PCR (qRT-PCR) to assess for molecular markers of ROS-mediated apoptosis were performed as previously described (20).



Pharmacokinetics (PK)

Mice were dosed orally with ART631 at empirically determined maximally tolerated doses (MTDs) of 75 mg/kg ART631 as a single dose alone or 15 mg/kg as a multiple dose regimen (once daily x5), either alone or in combination with SOR (30 mg/kg/d) and VEN (150 mg/kg/d), for side-by-side comparison to the ART838, SOR and VEN combination evaluated previously (20). ART631, SOR, and VEN were mixed in vehicle and given as a single administration. Mice (n = 3/time point) were euthanized at 0.5, 1, 1.5, 2, 3, 4, 6, 8 and 12 h after dosing. ART631 was quantified in plasma as described below. Pharmacokinetic parameters were calculated from mean concentration-time data using non-compartmental methods in Phoenix WinNonlin version 8.3 (Certara, Princeton, NJ). The maximum plasma concentration (Cmax) and time to Cmax (Tmax) were the observed values. The AUClast was calculated using the log-linear trapezoidal method. AUC was extrapolated to infinity (AUCINF) by dividing the last quantifiable concentration by the terminal disposition rate constant (λz). The λz was determined from at least 3 points on the slope of the terminal phase of the concentration-time profile. The terminal half-life (T1/2) was determined by dividing 0.693 by λz. Apparent clearance (Cl/F) was calculated by dividing the dose administered by AUCINF. Apparent volume of distribution (V/F) was calculated by dividing Cl/F by λz. If the percent AUC extrapolated was >20% or the r2 of λz was <0.85, the AUCINF, Cl/F, T1/2 and V/F were not reported.

The Method of Bailer was used to estimate the variance of AUC given the calculated variance of the mean concentration at each time point (23). A pairwise comparison utilizing Z test was used to determine whether there was a significant difference between ART631 exposures as expressed by AUClast (24). In all cases, p < 0.05 was considered statistically significant.



Bioanalytical Method

ART631 was extracted from 25 µL plasma or microsomal solutions with 100 µL acetonitrile containing artemisinin (i.e. the natural product) as internal standard. Chromatographic separation was achieved with a Zorbax XDB C18 column (2.1 x 50mm, 3.5µm, Agilent Technologies, Santa Clara, CA) at room temperature using gradient elution over a 6 min total analytical run time. Mobile phase A was ammonium acetate (2mM) containing 0.1% formic acid, and mobile phase B was acetonitrile containing 0.1% formic acid. The gradient started with mobile phase B and was held at 40% for 0.5 minutes with a flow rate of 0.4 mL/min, then increased to 100% over 1.5 minutes and held for 2.0 minutes, and finally returned back to 40% mobile phase B and allowed to equilibrate for 2.0 minutes. An AB Sciex 5500 triple quadrupole mass spectrometer operated in positive electrospray ionization mode was used for the detection of ART631. For stability studies, the ratio of ART631 to the internal standard, artemisinin, was assessed. Calibration curves for ART631 were computed using the ratio of the peak area to that of the internal standard by using a quadratic equation with a 1/x2 weighting function over the range of 8-1585 nM with dilutions of up to 1:10 (v/v).



AML (Cell Line) Xenograft and Patient-Derived Xenograft (PDX) Assays

Immunodeficient NOD-Rag1nullIL2rgnull (NRG) mice were purchased from Jackson Laboratory (Bar Harbor, ME), bred and housed at the University of Maryland Baltimore. Similar to our previous publication (20). mice were transplanted IV with luc-labeled human AML cell lines or cryopreserved AML patient cells on day -10, and baseline total body luminescence was quantified on day 0 by Xenogen bioluminescence imaging (Xenogen IVIS Spectrum; PerkinElmer, Waltham, MA). Mice were allocated to treatment groups so that each group had similar average day 0 luminescence, then groups were administered drugs per oral (PO; gavage). Luminescence of each mouse was assessed over time and compared with that mouse’s day 0 luminescence (fold-change AML burden). Clinical behavior, appearance, weight, and survival were also monitored.




Results


ART576 and ART631 Exhibited In Vitro Activity Against Multiple AML Cell Lines at Nanomolar Concentrations

In alamarBlue assays, ART838, ART631, and ART576 had comparable in vitro activity against the human MOLM14 AML cell line, and all 3 were substantially more potent than the first-generation derivative artesunate (AS) (Figure 2). ART576 inhibited growth of 8 of 10 human AML cell lines tested, and ART576’s antileukemic potency (IC50 range: 23-105 nM; Table 2) was similar to that of ART838, which inhibited 9 of the same 10 cell lines (IC50 range: 22-112 nM). ART576 did not inhibit THP1 cell growth (IC50 >1000 nM), while ART838 did (IC50 = 45 nM). ART631 inhibited growth of the same 9 of these 10 human AML cell lines (IC50 range: 20-45 nM; Table 2) as did ART838, slightly exceeding the potency of ART838. Cell lines with adverse risk cytogenetic and molecular features, e.g. MLL rearrangements (ML2, MOLM14, MV4;11, THP1), FLT3-ITD (MOLM14, MV4;11), TP53 mutations (KG1a, ML2, THP1, U937), and NRAS/KRAS mutations (ML2, THP1), were among those exquisitely sensitive to ART631, with IC50s < 50 nM. The K562 cell line was the only exception, as it was resistant to all 3 of these ARTs. Based on this in vitro activity data combined with the drug stability data described below, ART631 was prioritized over ART576 for further in vitro and in vivo antileukemic efficacy experiments here (Table 2).




Figure 2 | 2C-ARTs ART631 and ART576 potently inhibited the growth of MOLM14 AML cells, with activity comparable to ART838. In this experiment, provided to show the entire concentration:response range, MOLM14 AML cells were cultured with a range of concentrations of artesunate (AS), ART838, ART631, and ART576 for 48h. Graph indicates growth inhibition relative to vehicle (DMSO)-treated controls by alamarBlue absorbance assays. Data points and error bars represent mean and SD of 3 independent experiments done in triplicate. Although Table 1 shows only IC50s, this full concentration:response range was assessed for all 10 AML cell lines.




Table 2 | In vitro IC50 values for ART analogs against 10 human AML cell lines.





ART631 Was More Stable Than ART576 in Microsomes

We compared the in vitro stability of ART576 and ART631 (Table 3). ART576 was stable in plasma (<10% degradation), but unstable with degradation of >70% in human liver microsomes with co-factors and >90% in mouse liver microsomes with co-factors (Table 3). Compared to ART576, ART631 was less stable in plasma with degradation of >40%, but was considerably less susceptible to NADPH-dependent phase I metabolism, with ~30% degradation in human liver microsomes with co-factors and ~40% in mouse liver microsomes with co-factors (Table 3). Based on these results as well as the in vitro antileukemic activity results above, we prioritized ART631 over ART576 for in vivo PK profiling and antileukemic efficacy assays, despite the fact that neither were equivalent to ART838 in stability [≤20% degradation as previously reported (20)].


Table 3 | Stabilities of ARTs.





ART631 Synergized With the Kinase Inhibitor Sorafenib (SOR) and the BCL2 Inhibitor Venetoclax (VEN) to Cause Apoptotic AML Cell Death

MOLM14, MV4;11, and HL60 human AML cells were assessed for cell viability and caspase-dependent apoptosis following treatment with ART631 (200 nM), VEN (50 nM), SOR (5 µM), and combinations thereof. These concentrations were chosen because they resulted in less than 15% cell death in these cell lines when drugs were given as single agents (20). Consistent with published data for ART838 (20), there was substantially more synergy between ART631 and VEN than between ART631 and SOR in all three cell lines, and the VEN plus SOR combination was also highly effective (Figure 3). Importantly, treatment with ART631 plus VEN plus SOR as a 3-drug combination induced apoptotic cell death more potently than any of the 2-drug combinations, although there was only modest superiority of the ART631 plus VEN plus SOR 3-drug combination over the ART631 plus VEN or the VEN plus SOR 2-drug combinations (Figure 3). Pre-treatment with the pan-caspase inhibitor QVD-OPh (QVD) almost fully inhibited apoptosis and cell death for all of these drugs and combinations.




Figure 3 | ART631-based combination treatments reduced cell viability in AML cell lines. MOLM14, MV4;11, and HL60 AML cells were each treated for 18h with vehicle (DMSO) control, ART631 alone (200 nM), VEN alone (50 nM), SOR alone (5 uM), and 2- and 3-drug combinations, all with and without a 30-45 min pre-incubation with 10 nM pan-caspase inhibitor QVD-OPh (QVD). Treated cells were stained with 2.5 ug/mL 7-aminoactinomycin D (7-AAD) and 0.5 ug/mL allophycocyanin (APC)-conjugated Annexin V in Annexin V binding buffer and analyzed by flow cytometry. Graphs indicate % cell viability based on Annexin V/7-AAD dual staining. For MOLM14 and MV4;11, means and SDs shown are based on 3 independent experiments. HL60 cell data is from one experiment done in triplicate.





ART631 Elevated ROS and DDIT3/CHOP Levels, and Reduced MCL1 Protein Levels in AML Cells

The accepted antimicrobial and antineoplastic mechanism of ARTs involves bioactivation of the endoperoxide pharmacophore by Fe2+-containing molecules, resulting in generation of reactive oxygen species (ROS) and free radicals (25). Consistent with this mechanism, treatment of MOLM14 cells with ART631 (200 nM) substantially increased total cellular ROS levels (Figure 4A), and pre-treatment with the iron chelator deferoxamine mesylate (DFO; 11 uM) diminished ROS generation by ART631, as demonstrated previously for ART838 (17). There was an associated increase in the level of C/EBP homologous protein (CHOP), a protein well known to play an important role in ROS-induced apoptosis (18), following treatment with ART631 (Figure 4B), comparable to that observed with ART838. Consistent with CHOP protein elevation, DDIT3, the mRNA which encodes CHOP, was increased in MOLM14 cells treated with ART631, ART838, or AS, by qRT-PCR (Figure 4C), suggesting DDIT3 as an attractive potential pharmacodynamic biomarker. Last, like ART838 and other ARTs (18, 20), ART631 decreased anti-apoptotic protein MCL1 expression substantially, by western blotting of MOLM14 cells (Figure 4B). Western blotting to assess CHOP and MCL1 expression and qRT-PCR to assess DDIT3 mRNA levels were also performed in MV4;11 and ML2 AML cells with similar results (Figures 5A, B).




Figure 4 | ART631 elevated ROS and CHOP levels and reduced MCL1 expression in MOLM14 AML cells. (A) MOLM14 AML cells were pre-treated with ROS detection reagent CM-H2DCFDA (5 mM) for 30 min, pre-treated with deferoxamine mesylate (DFO; 11 mM) for 60 min, and then treated with ART631 (200 nM) or DMSO control for 18h. They were then analyzed by flow cytometry. Graph represents %CM-H2DCFDA fluorescence compared to vehicle (DMSO) control treated cells. Error bars represent SD from 3 independent experiments. (B) MOLM14 AML cells were treated for 18h with vehicle, AS (10 uM), ART838 (200 nM), ART631 (200 nM), cytarabine (AraC; 150 nM), or SOR (5 uM). Protein was isolated and western blotted for MCL1, BCL2, CHOP, and β-actin. (C) MOLM14 cells were treated as in (B) for 18h, total RNA isolated, cDNA synthesized, and SYBR Green qRT-PCR performed in triplicates. Ct values were normalized to housekeeping gene GAPDH and fold change shown relative to vehicle (DMSO) control. Error bars represent SD from 3 independent experiments done in triplicate.






Figure 5 | ART631 elevated ROS and CHOP levels and reduced MCL1 expression in MV4;11 and ML2 AML cells. (A) MV4;11 cells (left) and ML2 cells (right) were treated for 18h with vehicle, AS (10 uM), ART838 (200 nM), ART631 (200 nM), cytarabine (AraC; 150 nM), or SOR (5 uM). Protein was isolated and western blotted for MCL1, BCL2, CHOP, and β-actin. (B) MV4;11 cells (left) and ML2 cells (right) were treated as in (A) for 18h, total RNA isolated, cDNA synthesized, and SYBR Green qRT-PCR performed. Ct values were normalized to housekeeping gene GAPDH and fold change shown relative to vehicle (DMSO) control. Error bars represent SD from 3 independent experiments done in triplicate. ML2 cell data is from one experiment done in triplicate.





Maximum Tolerated Dose (MTD) and PK of ART631 in NRG Mice

In pilot experiments, the MTD of ART631 was determined, in NRG (host strain for our AML xenograft models) mice, to be 75 mg/kg PO (gavage) for a single dose, or 15 mg/kg/d PO x5d every 14 days. When ART631 was combined with 150 mg/kg/d VEN and/or 30 mg/kg/d SOR, as was done previously with ART838 (20), ART631 was tolerated at the multiple dose MTD, and no further dose adjustments were made. The PK of ART631 was assessed at the MTD.

Plasma concentration-time profiles following ART631 administration at the single and multiple dose MTD and in the SAV combination are presented in Figure 6, and associated PK parameters in Table 4. After PO administration, Cmax occurred at 1.5-2.0h with a mono-exponential decline. The concentration of ART631 exceeded the in vitro IC50 for 9 of the 10 AML cell lines tested (45 nM) for at least 6h after administration as a single dose, as multiple doses alone, or as multiple doses in the SAV combination (Figure 6). ART631’s half-life of 1.1 - 1.7h (alone) - 2.4h (in SAV) indicates that daily dosing is reasonable. Using the Method of Bailer, the AUClast from single dose ART631 (22905 nM*h) was significantly higher than AUClast from multiple doses of ART631, either alone (2737 nM*h) or when administered as part of the SAV combination (3734 nM*h) (Table 4). The AUClast from multiple dose ART631 when administered in SAV (3734 nM*h) was significantly higher compared to that of the multiple dose ART631 administered alone (2737 nM*h) (Table 4), but this increased exposure did not result in increased clinical toxicity.




Figure 6 | Concentration-time profiles of ART631 in NRG mice (n=3) treated with single doses of 75 mg/kg PO ART631 (MTD dose; closed circle), or multiple doses of 15 mg/kg PO ART631 for 5 days (MTD dose) alone (open circle) or in the SAV combination (closed square). Plasma was obtained over 12h, with ART631 concentration determined by LC/MS-MS. Dashed line represents the highest in vitro IC50 of ART631 (45 nM). Data points and error bars represent mean and SD of 3 replicates, respectively.




Table 4 | PK parameters for 2C-ARTs after single dose and five-day oral regimens.





ART631-Containing SAV Induced Deep, Long Remissions in Two Human AML Cell Line Xenograft Models

Using our previously determined 5-day MTD SAV drug schedule (i.e. 5-day treatment cycles consisting of 15 mg/kg/d ART631 combined with 150 mg/kg/d VEN and 30 mg/kg/d SOR, followed by 9 days off drug; schematic in Figure 7A), we assessed treatment of established human luc-labeled MV4;11 (Figures 7B–D) and MOLM14 AML (Figures 8A–C) cell line xenografts with VEN plus SOR plus ART631 in NRG mice (Figures 7B, 8A). These xenograft experiments with ART631 and ART631-containing SAV were performed simultaneously with those with ART838 and ART838-containing SAV reported previously (20). Outcome metrics included in vivo antileukemic efficacy after completion of each treatment cycle relative to treatment day 0, measured as fold-change in AML burden via Xenogen imaging (Figures 7C, 8B), and survival (Figures 7D, 8C).




Figure 7 | VEN plus SOR plus ART631 induced deep, long remissions in AML xenografts. (A) SAV MTD cyclic drug treatment schema. (B) NRG mice were transplanted IV with Luc-labeled MV4;11 cells on day -10. After Xenogen quantification of baseline total body luminescence on day 0, mice were placed into balanced experimental groups prior to drug administration via gavage, then treated per our previously established MTD PO x 5 day schedule (5 days on, 9 days off). Mice were treated with 15 mg/kg/d ART631 as monotherapy or in combination with 150 mg/kg/d VEN and 30 mg/kg/d SOR for 5 identical 5-day treatment cycles over 10 weeks. These xenograft experiments with ART631 and ART631-containing SAV were performed simultaneously with those with ART838 and ART838-containing SAV reported previously (20). Treatment response outcomes were measured by (C) leukemia response quantitation (fold-change in leukemia burden on day 7 (and later) vs day 0 for each mouse via Xenogen imaging (grey-shaded bands on graphs indicate days when mice were treated). Error bars represent SD of fold-change in leukemia burden of mice in each treatment group. (D) shows corresponding Kaplan-Meier survival curves. Mouse deaths empirically defined to have occurred for reasons other than leukemia (i.e. deaths of mice with luminescence at or below average background luminescence (5.7x105 photons/mouse based on intensity values from non-leukemia bearing mice) were censored. Comparisons between treatment groups were calculated by log-rank (Mantel-Cox) test.






Figure 8 | VEN plus SOR plus ART631 induced deep, long remissions in AML xenografts. (A) NRG mice were transplanted IV with Luc-labeled MOLM14 cells on day -10. After Xenogen quantification of baseline total body luminescence on day 0, mice were placed into balanced experimental groups prior to drug administration via gavage, then treated per our previously established MTD PO x 5 day schedule (5 days on, 9 days off). Mice were treated with 15 mg/kg/d ART631 as monotherapy or in combination with 150 mg/kg/d VEN and 30 mg/kg/d SOR for 5 identical 5-day treatment cycles over 10 weeks. These xenograft experiments with ART631 and ART631-containing SAV were performed simultaneously with those with ART838 and ART838-containing SAV reported previously (20). Treatment response outcomes were measured by (B) leukemia response quantitation (fold-change in leukemia burden on day 7 (and later) vs day 0 for each mouse via Xenogen imaging (grey-shaded bands on graphs indicate days when mice were treated). Error bars represent SD of fold-change in leukemia burden of mice in each treatment group. (C) shows corresponding Kaplan-Meier survival curves. Mouse deaths empirically defined to have occurred for reasons other than leukemia (i.e. deaths of mice with luminescence at or below average background luminescence (5.7x105 photons/mouse based on intensity values from non-leukemia bearing mice) were censored. Comparisons between treatment groups were calculated by log-rank (Mantel-Cox) test.



Although no activity of ART631 monotherapy was observed in these experiments, ART631 was clinically tolerable, and the ART631-containing SAV regimen had potent antileukemic efficacy, comparable to that seen with the ART838-containing SAV regimen (20). In the MV4;11 xenograft model, 9 of 10 mice from the ART631-containing SAV group had undetectable AML burdens on day 98 (Figure 7B), compared with 5 of 9 mice from the ART838-containing SAV group (20); however, the increase in survival in the ART631-containing SAV group compared with the ART838-containing SAV group did not reach statistical significance (p=0.112). In the MOLM14 xenograft model, 2 of 10 mice from the ART631-containing SAV group had undetectable AML burdens on day 147 (Figure 8A), compared with 2 of 9 mice from the ART838-containing SAV group (20). Treatment ended on day 60 for both MV4;11 and MOLM14 xenograft models.



ART631-Containing SAV Slowed Growth of an AML PDX Model

We then compared the efficacy of 15 mg/kg/d ART631 monotherapy, versus 150 mg/kg/d VEN plus 30 mg/kg/d SOR, versus ART631 combined with VEN plus SOR (i.e. SAV) at the previously indicated doses, using a luc-labeled AML45 PDX model (Figure 9A). This PDX experiment was performed simultaneously with the previously reported AML45 PDX experiment evaluating ART838 monotherapy and ART838-containing SAV (20). All combination regimens [SOR plus VEN, ART631-containing SAV, and ART838-containing SAV (20)] slowed the increase in this patient-derived AML burden over time versus vehicle (Figure 9B). ART631 monotherapy resulted in a statistically significant increase in survival versus vehicle (p=0.0029; Figure 9C), though the magnitude was small; whereas the increase in survival did not reach statistical significance with ART838 monotherapy versus vehicle (20). Both SAV groups had longer survival than SOR plus VEN (p=0.0002 for ART838-containing SAV (20) and p<0.0001 for ART631-containing SAV; Figure 9C). The ART631-containing SAV group had longer survival than the ART838-containing SAV group (p=0.0187) and a nearly twofold survival increment over vehicle (Figure 9C).




Figure 9 | VEN plus SOR plus ART631 inhibited growth of an AML PDX. NRG mice bearing luc/YFP-labeled AML45 PDX were prepared as in Figure 7. (A) After Xenogen quantification of baseline total body luminescence on day 0, mice were placed into balanced experimental groups prior to drug administration via gavage, then treated per our previously established MTD PO x 5 day schedule (5 days on, 9 days off). Mice were treated with 15 mg/kg/d ART631 as monotherapy, with 150 mg/kg/d VEN and 30 mg/kg/d SOR, or with ART631 plus VEN plus SOR (i.e. SAV) at the previously indicated doses for 4 identical 5-day treatment cycles over 8 weeks. This PDX experiment was also performed simultaneously with the previously reported AML45 PDX experiment with ART838 and ART838-containing SAV (20). Treatment response outcomes were measured by (B) leukemia response quantitation (fold-change in leukemia burden on day 7 (and later) versus day 0 for each mouse via Xenogen imaging (grey-shaded bands on graphs indicate days when mice were treated). Error bars represent the SD of fold-change in leukemia burden of mice in each treatment group. (C) shows corresponding Kaplan-Meier survival curves. Comparisons between treatment groups were calculated by log-rank (Mantel-Cox) test.






Discussion

ART838 was previously shown to have superior potency against AML in vitro and in vivo, as compared to AS, as monotherapy (17). ART838 was also shown to synergize with both VEN and SOR in vitro and in vivo (17, 20), most notably in xenograft models (20), and to have superior pharmacologic parameters (17). However, ART838 is nearing the end of its patent life, reducing its appeal for the commercial investment necessary to develop a new drug.

The class of 2C-ARTs offered promise, as they were predicted to have similar or better pharmacologic properties compared to ART838, based on their lower molecular weights, improved functionality, and adherence to Lipinski’s rules. Indeed, multiple 2C-ART derivatives had previously demonstrated potent in vivo efficacy in a malaria model (19), suggesting good drug-like pharmacology. Their extended patent protection, physicochemical features, and in vivo antimalarial activity indicated that 2C-ART derivatives might be more attractive for development as antineoplastics, compared to earlier ART derivatives including ART838. We therefore wished to identify a new, commercially viable 2C-ART with potential to be a key component of a novel, effective, low-toxicity AML treatment paradigm and a valuable addition to the current limited antileukemic therapeutic armamentarium. We selected two 2C-ARTs — ART576 and ART631— for evaluation in comparison to ART838, because of their in vivo antimalarial activity and ease of synthesis.

ART631 was more active than ART576 and had similar in vitro activity as ART838 against multiple AML cell lines (Table 2). Synergism of ART838 with SOR and VEN was formally reported in vitro previously (20). Here, we set out evaluate whether ART631 adds to SOR and VEN, and our results indicate that these 3 drugs cooperate to enhance apoptotic AML cell death (Figure 3). The amount of drug cooperativity of the ART631-containing SAV 3-drug combination may have been obscured in these assays by the high activity of the 2-drug SOR plus VEN and ART631 plus VEN combinations (20). ART631-containing SAV was potently active in the two tested AML cell line xenograft models, causing deep responses in MV4;11 and MOLM14 xenografts at day 7, which persisted for months during and after treatment completion and were overall comparable to responses seen in simultaneous experiments with ART838-containing SAV in xenograft models (20). Strikingly, SAV with ART631 appears to have cured 9 of 10 MV4;11 xenografted mice (Figure 7) and 2 of 10 MOLM14 xenografted mice (Figure 8). ART631-containing SAV was also similarly clinically tolerable compared with ART838-containing SAV (20). It is important to note here that we demonstrated previously that VEN plus SOR was extremely potent against MV4;11 and MOLM14 xenografts, possibly reducing the demonstrable additive or synergistic contributions of both ART631 and ART838 in their respective SAV regimens (20).

In contrast to the impressive sensitivity of these two AML cell line xenograft models to SAV regimens containing either ART631 or ART838, the AML45 PDX model, which was derived from an older adult with relapsed, refractory AML (20), was much less sensitive to all tested drug combinations. However, ART631-containing SAV was clearly the most leukemia growth inhibitory regimen and resulted in longer survival than both ART838-containing SAV (20) and the SOR plus VEN 2-drug combination (Figure 9C). These in vivo results in the AML PDX model confirm the observed in vitro cooperativity between the SAV drugs as well as the contribution of ART631 to the SAV regimen in a subtype of AML that is notoriously resistant to treatment. We propose that SAV containing ART631 (or potentially other 2C-ARTs) offers a good starting point for a future novel, low-toxicity treatment paradigm for AML that can potentially be improved upon with either additional synergistic agents or with substitutions for either SOR or VEN; namely, with more potent and selective kinase and BCL2 inhibitors, respectively (26–29).

ART631 was acceptably stable in microsomes, though it lacked the robust stability of ART838 (17). ART631 exhibited similar pharmacokinetics as ART838; the multiple day MTD regimen of ART631 (15 mg/kg/d x5) resulted in similar exposure (Figure 6 and Table 4) as that previously shown for the multiple day MTD regimen of ART838 (50 mg/kg/d x5) (20). When administered as part of SAV, ART631 exposure was somewhat higher and half-life longer compared with ART631 monotherapy (Figure 6 and Table 4), though fortunately increased toxicity was not observed.

While it is somewhat limited in its in vitro stability, ART631 is a first-in-class antileukemic 2C-ART with potent activity in vitro and in vivo, is easily synthesized, and is highly effective, at least serving here as a “tool” compound for proof-of-principle experiments demonstrating the efficacy of a 2C-ART as a component of SAV. Lead optimization studies can now be performed to improve upon the efficacy, stability, and pharmacokinetic properties of ART631 or potentially other 2C-ARTs, in an effort to identify a lead 2C-ART. This new lead 2C-ART will be an essential component of a novel combination regimen that warrants clinical testing in leukemia patients.
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AML cell lines were cultured with a range of concentrations of AS, ART838, ART631, or ART576 for 48h. ICsps were calculated based on observed growth inhibition relative to vehicle
(DMSO)-treated controls using alamarBlue absorbance assays (means of 2 independent alamarBlue assays performed with triplicate samples + SD).
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(mg/kg/d) (nM) (h) (nM*h) (h) (L/kg) (L/n/kg)
ART631 75 POX 1 13063 15 22905 1.1 8.4 5.2
ART631 15 POqd x5 935 20 2737 17 215 8.7
ART631 in SAV 15 POqd x5 719 20 3734 2.4 213 6.1

Pharmacokinetics were assessed in the blood plasma of NRG mice after administration of each of the noted dosing regimens (75 mg/kg ART631 PO x 1, 15 mg/kg ART631 PO qd x 5d
both alone and in SAV). For reference, the maximal tolerated dose (MTD) of ART631 was determined to be 75 mg/kg PO x 1 or 15 mg/kg/d PO x 5d. Plasma was collected at multiple time
points 0.5-12 hours after the single regimens or after the 5 dose of the five-day regimens. Samples were analyzed by liquid chromatography/triple quadrupole mass spectrometry (LC/
MS-MS) as previously described (17). PK parameters (maximum plasma concentration [Cpa: time to reach Cpax [Tmaxl: area under the plasma concentration-time curve [AUC] from time
zero to the last measurable concentration [AUCsy); plasma half-life [T1,2]; apparent volume of distribution [Vz/F]: apparent clearance [CL/F]) were calculated from mean drug concentration-
time data using non-compartmental methods as analyzed in Phoenix WinNonlin version 8.3.
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2C-ART analogs were compared for stability in human and mouse plasma or in LM with or without cofactors. All values represent percentages remaining of the original ART analog.
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Cell Line Major Genetic Aberrations Source Catalog # Culture Media

K562 BCR-ABL, TP53 ATCC, Manassas, VA CCL-243 RPMI+10%FBS

KGla FGFR10P2-FGFR1, TP53 ATCC, Manassas, VA CCL-240 RPMI+10%FBS

HEL JAK2VB17F ATCC, Manassas, VA TIB-180 RPMI+10%FBS

HL60 PML-RARA, c-MYC ATCC, Manassas, VA CCL-246 RPMI+10%FBS

ML2 KMT2A-MLLT4, KRAS, TP53 DSMZ, Branschweig, DEU ACC-15 RPMI+10%FBS

MOLM14 KMT2A-MLLT3, FLT3ITD, CBL Aexon 8 DSMZ, Branschweig, DEU ACC-777 RPMI+10%FBS

MV4;11 KMT2A-AFF1, FLT3ITD ATCC, Manassas, VA CRL-9591 RPMI+10%FBS

TF1 EpoR truncation, IDH2 ATCC, Manassas, VA CCL-2003 RPMI+10% FBS+0.5ul/mL GMCSF
THP1 KMT2A-MLLT3, NRAS, TP53 ATCC, Manassas, VA TiB-202 RPMI+10% FBS+50uM 2-Mercaptoethanol
U937 PICALM-AF10, TP53 ATCC, Manassas, VA CRL-1593 RPMI+10%FBS

These AML cell lines utilized for in vitro antileukemic activity testing (ICsq) were purchased from the listed sources and cultured in the indicated media. Their major genetic aberrations,

including oncogenic gene fusions, FLT3ITD status, and point mutations, are as listed.
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