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INTRODUCTION



A CpG-containing DNA oligonucleotide functionalized with the 2-(N-formyl-N-methyl)aminoethyl thiophosphate protecting group (CpG ODN fma1555) was prepared from phosphoramidites 1a–d using solid-phase techniques. The oligonucleotide behaved as a prodrug by virtue of its conversion to the well-studied immunomodulatory CpG ODN 1555 through thermolytic cleavage of the 2-(N-formyl-Nmethyl)aminoethyl thiophosphate protecting group. Such a conversion occurred at 37 C with a halftime of 73 h. The immunostimulatory properties of CpG ODN fma1555 were evaluated in two in vivo assays, one of which consisted of mice challenged in the ear with live Leishmania major metacyclic promastigotes. Local intradermal administration of CpG ODN fma1555 was as effective as that of CpG ODN 1555 in reducing the size of Leishmania lesions over time. In a different infectious model, CpG ODN 1555 prevented the death of Tacaribeinfected mice (43% survival) when administered between day 0 and 3 post infection. Administration of CpG ODN fma1555 three days before infection resulted in improved immunoprotection (60–70% survival). Moreover, co-administration of CpG ODN fma1555 and CpG ODN 1555 in this model increased the window for therapeutic treatment against Tacaribe virus infection, and thus supports the use of thermolytic oligonucleotides as prodrugs in the effective treatment of infectious diseases.



Over the last few years, our research efforts have focused on the design and development of thermolytic groups for 50 -hydroxyl (1) and phosphate (2–7) protection in an attempt to implement a ‘heat-driven’ process (8) for the synthesis of DNA oligonucleotides on microarrays. In sharp contrast to the current methods employed for oligonucleotide synthesis, such a process would involve rapid and efficient thermal removal of protecting groups from oligonucleotides under neutral conditions throughout chain assembly and final deprotection. Specifically, heat-sensitive phosphate/thiophosphate protecting groups exhibiting unique thermolytic properties have been incorporated into oligonucleotides via phosphoramidites 1–6 (Scheme 1) employing solid-phase techniques. The deprotection mechanism of each thermolytic phosphate protecting group is consistent with a well-studied intramolecular cyclodeesterification reaction (9–12), which has also been observed by others (13–16). Given the relatively rapid phosphate deprotection kinetics of DNA oligonucleotides that have been prepared using phosphoramidites 4, 5 and 6 (6,7), the thermolytic 3-(2-pyridyl)-1-propyl, 2-[N-methyl-N(2-pyridyl)]aminoethyl, and 4-methythio-1-butyl groups for phosphate protection may indeed find application in the synthesis of oligonucleotides on microarrays considering the mildness of the deprotection conditions used for each group. However, oligonucleotides functionalized with the 2-(N-formyl-N-methyl)aminoethyl group for phosphate/ thiophosphate protection require a much higher temperature (90 C) over a considerably longer period of time (3 h) to complete the thermolytic cleavage of this protecting group. Although these conditions are not optimal for the preparation of diagnostic oligonucleotide microarrays, oligonucleotides functionalized with the 2-(N-formyl-N-methyl)aminoethyl
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phosphate/thiophosphate protecting group may serve as potential therapeutic oligonucleotide prodrugs in vivo on the basis of the anticipated sluggish removal of the phosphate/ thiophosphate protecting group at 37 C. Oligonucleotide prodrugs have been the focus of intense scrutiny in recent years in an effort to facilitate cellular uptake of antisense oligonucleotides and provide these biomolecules with increased resistance to hydrolytic nucleases. Thus, masking the phosphodiester groups of oligonucleotides with acylthioethyl (17–21), acyloxymethyl (22) and 4-acyloxybenzyl (23,24) protecting groups or with groups derived from bis(hydroxymethyl)-1,3-dicarbonyl compounds (25,26) that would expectedly be cleaved upon reaction with intracellular enzymes, offers a viable solution to the notoriously poor cellular delivery of negatively charged oligonucleotide drugs. From this perspective, oligonucleoside phosphorothioates functionalized with the 2-(N-formyl-N-methyl)aminoethyl group for thiophosphate protection are likely to exhibit the characteristics of oligonucleotide prodrugs in that they are uncharged and, thus, inherently resistant to the hydrolytic activity of nucleases. A distinctive feature of this class of modified oligonucleotides lies in that esterases or other intracellular enzymes are not required for prodrug to drug conversion. Only a 37 C environment is necessary to thermolytically convert oligonucleoside 2-(N-formyl-N-methyl)aminoethyl phosphorothioate triesters to functional oligonucleoside phosphorothioate diesters. Synthetic single-stranded DNA oligonucleoside phosphorothioates containing unmethylated CpG motifs (CpG ODNs) have been selected as a model to evaluate whether thermolytic CpG ODNs can be administered as prodrugs in vivo.



Scheme 2. Synthesis of the phosphinylating reagent 8 and preparation of deoxyribonucleoside phosphoramidites (1a–d) from suitably protected deoxyribonucleosides (9a–d). (i) bis(N, N-diisopropylamino)chlorophosphine, N,N-diisopropylethylamine, CH2Cl2, 25 C, 2 h; (ii) 8, 1H-tetrazole, MeCN, 25 C, 2–16 h; (iii) silica gel chromatography.



Typically, CpG ODNs are rapidly internalized by immune cells (B cells, macrophages, dendritic cells and monocytes) (27,28) and localize to endocytic vesicles where they interact with Toll-like receptor 9. This interaction triggers an immunostimulatory cascade that is characterized by B-cell proliferation, dendritic cell maturation, natural killer cell activation, and the secretion of a variety of cytokines, chemokines and polyreactive immunoglobulins (27,29). Such a pro-inflammatory and Th1-biased immune response improves resistance of the host to infectious pathogenic microorganisms. In this regard, numerous studies indicate that administration of CpG ODNs can act alone to improve the response to parasitic, bacterial and viral infections in animal models (30–32). In this study, we report the synthesis and characterization of a CpG ODN functionalized with thermolytic 2-(Nformyl-N-methyl)aminoethyl phosphorothioate triesters and assess for the first time its immunostimulatory and immunoprotective properties in vivo. MATERIALS AND METHODS 2-(N-Formyl-N-methyl)aminoethan-1-ol (7) This compound (Scheme 2) was prepared from the reaction of 2-(methylamino)ethanol (Aldrich) with ethyl formate (Aldrich) as described earlier (2).
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Scheme 1. Deoxyribonucleoside phosphoramidites functionalized with thermolytic groups for phosphorus protection.
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N, N, N0 , N0 -Tetraisopropyl-O-2-[(N-formyl-Nmethyl)aminoethyl]phosphorodiamidite (8)



affording triethylamine-free phosphoramidites as white amorphous solids in yields ranging from 70 to 85%.



This phosphinylating reagent (Scheme 2) was prepared following a procedure that had been modified from its earlier version (2,12). To a stirred solution of 2-(N-formylN-methyl)aminoethan-1-ol (3.50 g, 34.0 mmol) and N, Ndiisopropylethylamine (35.0 ml, 201 mmol) in anhydrous dichloromethane (20 ml) was added, at 25 C, a solution of bis(N, N-diisopropylamino)chlorophosphine (Aldrich) (9.98 g, 37.4 mmol) in dry dichloromethane (10 ml). Formation of the phosphorodiamidite was monitored by 31P NMR spectroscopy, which revealed over a period of 2 h, complete conversion of bis(N, N-diisopropylamino)chlorophosphine (d P 135.5 p.p.m.) to the desired product as a mixture of rotamers (dP 118.0 and 118.7 p.p.m.). The suspension was filtered and the filtrate was evaporated to an oil under reduced pressure. The material was transferred to a 50 ml round bottom flask, which was then connected to a vacuum-jacketed short path distilling head and a distributing adapter. Vacuum distillation was performed using a heat gun to enable rapid heating without substantial decomposition. A colorless distillate (bp 145 C at 1 mmHg) was obtained in 67% yield (7.58 g, 22.8 mmol). 1H NMR (300 MHz, C6D6): d 3.56 (m, 2H), 3.53 (sept, J = 6.9 Hz, 2H), 3.49 (sept, J = 6.9 Hz, 2H), 2.30 (m, 2H), 1.80 (s, 3H), 1.63 (m, 4H), 1.23 (d, J = 6.9 Hz, 12H), 1.19 (d, J = 6.9 Hz, 12H). 13C NMR (75 MHz, C6D6): d 15.2, 24.0, 24.1, 24.7, 24.8, 26.2, 31.1 (d, JPC = 9.6 Hz), 34.2, 44.6, 44.7, 64.1 (d, 2JPC = 21.5 Hz). 31P NMR (121 MHz, C6D6): d 118.0, 118.7. EI-HRMS: calcd for C16H36N3O2P (M)+ 333.2545, found 333.2528.



50 -O-(4,40 -dimethoxytrityl)-30 -O-(N, N-diisopropylamino)[2(N-formyl-N-methyl)aminoethoxy]phosphinyl-2 0 -deoxythymidine (1a). 31P NMR (121 MHz, C6D6): d 148.4, 148.3, 148.2. FAB-HRMS: calcd for C41H53N4O9P (M + Cs)+ 909.2604, found 909.2544.



A properly protected deoxyribonucleoside (9a–d, 2 mmol) was dried under high vacuum for 4 h in a 50 ml roundbottom flask and, then, dissolved in anhydrous MeCN (10 ml). To this solution was added N, N, N0 , N0 -tetraisopropylO-2-[(N-formyl-N-methyl)aminoethyl]phosphorodiamidite (8, 730 mg, 2.2 mmol) followed by 0.45 M 1H-tetrazole in MeCN (4.4 ml, 2 mmol), dropwise, over a period of 0.5 h (Scheme 2). Phosphinylation of suitably protected 20 -deoxyribonucleosides was usually complete within 2 h at 25 C with the exception of protected 20 -deoxyguanosine, which was allowed to proceed overnight. The reaction mixture was then concentrated under reduced pressure, dissolved in benzene:triethylamine (9:1 v/v), and chromatographed using a column (4 · 10 cm) containing silica gel 60 (230–400 mesh, 20 g) equilibrated in benzene:triethylamine (9:1 v/v). The phosphoramidites were eluted from the column using the equilibration solvent as the eluant. Appropriate fractions were pooled, concentrated, and each of the deoxyribonucleoside phosphoramidites 1a–d was obtained as a white foamy material. The purified product was dissolved in 3 ml of benzene and the solution was added to 100 ml of cold (20 C) vigorously stirred hexane. The suspension was allowed to settle and most of the supernatant was carefully decanted. The wet material was pulverized under reduced pressure, and then dissolved in 10 ml of benzene. The solution was frozen in a dry-ice/acetone bath, and lyophilized under high vacuum



N6-benzoyl-50 -O-(4,40 -dimethoxytrityl)-30 -O-(N, N-diisopropylamino)[2-(N-formyl-N-methyl)aminoethoxy]phosphinyl20 -deoxyadenosine (1c). 31P NMR (121 MHz, C6D6): d 148.9, 148.8, 148.1. FAB-HRMS: calcd for C48H56N7O8P (M + Na)+ 912.3827, found 912.3843. N2-isobutyryl-50 -O-(4,40 -dimethoxytrityl)-30 -O-(N, N-diisopropylamino)[2-(N-formyl-N-methyl)aminoethoxy] phosphinyl-20 -deoxyguanosine (1d). 31P NMR (121 MHz, C6D6): d 149.0, 143.9, 143.7. FAB-HRMS: calcd for C45H58N7O9P (M + Na)+ is 894.3933, found 894.3978. Proton-decoupled 31P NMR spectra were recorded at 7.05 T (300 MHz for 1H) using deuterated solvents and 85% phosphoric acid in deuterium oxide as an external reference. The NMR spectrometer was run at 25 C and chemical shifts d are reported in parts per million. Low- and high-resolution FAB mass spectra were acquired from samples dissolved in either 4-nitrobenzyl alcohol or a mixture of dithiothreitol and dithioerythritol (3:1, v/v), and bombarded with 8 keV fast cesium ions. A mass calibration standard of cesium iodide, or a mixture of cesium iodide and sodium iodide, was used. Accurate mass measurements were performed on [M + H]+ or on [M + Na]+ ions, which were obtained by addition of aqueous sodium iodide to the sample matrix. Solid-phase oligonucleotide synthesis Solid phase synthesis of d(GPS(FMA)CPS(FMA)TPS(FMA)APS(FMA)GPS(FMA)APS(FMA)CPS(FMA)GPS(FMA)TPS(FMA)TPS(FMA)APS(FMA)GPS(FMA)CPS(FMA)GPS(FMA)T) [CpG ODN fma1555], d(G PS(FMA) C PS(FMA) T PS(FMA) A PS(FMA) G PS(FMA) A PS(FMA) GPS(FMA)GPS(FMA)TPS(FMA)TPS(FMA)APS(FMA)GPS(FMA)GPS(FMA)GPS(FMA)T) [ODN fma1556], where PS(FMA) stands for a thermolytic 2-(N-formyl-N-methyl)aminoethyl phosphorothioate triester function, and d(GPSCPSTPSAPSGPSAPSCPS GPSTPSTPSAPSGPSCPSGPST) [CpG ODN 1555], where PS stands for a phosphorothioate diester function, was performed on a scale of 1 mmol using a succinyl long chain alkylamine controlled-pore glass (Succ-LCAA-CPG) support functionalized with 50 -O-DMTr-dT as the leader nucleoside. The syntheses were carried out using an ABI 392 DNA/ RNA synthesizer and phosphoramidites 1a–d or commercial 2-cyanoethyl deoxyribonucleoside phosphoramidites as 0.1 M solutions in dry MeCN. The reaction time for each phosphoramidite coupling step was 180 s. With the exception of the deblocking solution, all ancillary reagents necessary for the
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General procedure for the preparation of deoxyribonucleoside phosphoramidites 1a–d



N4-benzoyl-50 -O-(4,40 -dimethoxytrityl)-30 -O-(N, N-diisopropylamino)[2-(N-formyl-N-methyl)aminoethoxy]phosphinyl20 -deoxycytidine (1b). 31P NMR (121 MHz, C6D6): d 149.0, 148.9, 148.5, 148.4. FAB-HRMS: calcd for C47H56N5O9P (M + Na)+ 888.3714, found 888.3745.
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preparation of oligonucleotides were purchased and utilized as recommended by the instrument’s manufacturer. Given that only thioated oligodeoxyribonucleotides were prepared, the iodine oxidation step of the synthesis cycle was replaced with a sulfurization step employing 0.05 M 3H-1,2-benzodithiol-3-one 1,1-dioxide in MeCN, as recommended in the literature (33,34). The sulfurization step was performed before the capping step, and the reaction time for these steps was 120 and 60 s, respectively. The dedimethoxytritylation step of the synthesis cycle was effected over a period of 60 s with a freshly prepared solution of 3% trichloroacetic acid (w/v) in dichloromethane. Oligonucleotide deprotection and purification



Oligonucleotide characterization RP-HPLC analysis of purified CpG ODN fma1555 was performed using an analytical 5 mm Supelcosil LC-18S column (4.6 mm · 25 cm) according to the following conditions: starting from 0.1 M TEAA (pH 7.0), a linear gradient of



Figure 1. RP-HPLC profiles of d(GPS(FMA)CPS(FMA)TPS(FMA)APS(FMA)GPS(FMA)APS(FMA)C PS(FMA) GPS(FMA) T PS(FMA T PS(FMA) A PS(FMA) GPS(FMA) C PS(FMA) GPS(FMA)T) [CpG ODN fma1555]. Magenta line: Chromatographic profile of purified CpG ODN fma1555. Brown line: Chromatographic profile of purified CpG ODN fma1555 that was heated in 1· PBS (pH 7.2) for 626 h at 37 C. Turquoise line: Chromatographic profile of purified CpG ODN fma1555 that was heated in 1· PBS (pH 7.2) at 37 C for 73 h. RP-HPLC analyses were performed using a 5 mm Supelcosil LC-18S column (4.6 mm · 25 cm) according to the following conditions: starting from 0.1 M TEAA (pH 7.0), a linear gradient of 1% MeCN/min is pumped at a flow rate of 1 ml/min for 40 min. Peak heights of each profile are normalized to the highest peak, which is set to one arbitrary unit.



1% MeCN/min was pumped at a flow rate of 1 ml/min for 40 min. An RP-HPLC profile of the purified oligonucleotide is shown in Figure 1. Samples of purified CpG ODN fma1555, CpG ODN 1555 and ODN 1556 were analyzed employing a Waters 1525m binary pump equipped with a Waters 2777 sample manager, which was connected online to an orthogonal Electrospray Ionization Time of Flight (ESI-TOF) mass spectrometer (Micromass LCT Premier, Waters, Milford, ME). The mobile phase for direct introduction of the sample was composed of 0.2% formic acid (40%) and acetonitrile (60%). MS chromatograms were acquired in the positive ion mode using an ESI-MS capillary voltage of 3.5 kV, a sample cone voltage of 60 V, and an MCP detector voltage of 2200 V. Desolvation gas flow rate was maintained at 400 l/h, cone gas flow rate at 50 l/h. Desolvation temperature and source temperature were set to 150 and 80 C, respectively. The acquisition range was set at m/z 50–2000. The 2.1 s scan cycle consisted of a 2 s acquisition time and a 0.1 s interscan delay. Instrument calibration was performed routinely in positive ion mode prior to MS experiments by direct infusion of sodium formate in 2propanol:water (9:1 v/v) at 10 ml/min. Leu-enkephalin was used as a lock mass and MassLynx was the operating software for the MS system. Raw summed spectra were deconvoluted using the MaxEnt1 software. To further characterize CpG ODN fma1555 and ODN fma1556, the purified oligonucleotides (1 OD260 unit each) were dissolved in 1· Phosphate-buffered saline (PBS, pH 7.2) (0.5 ml) and placed in a heat block, pre-heated to 37 – 2 C, to thermolytically cleave the 2-(N-formyl-N-methyl)aminoethyl thiophosphate protecting group over a period of 626 h. Each fully deprotected oligonucleotide (0.25 OD260 unit) was analyzed by PAGE using a denaturing 20% polyacrylamide–7 M urea gel (40 cm · 20 cm · 0.75 mm), which was prepared as described by Maniatis et al. (36). Electrophoresis was carried out at 350 V until the bromophenol blue dye of the loading buffer traveled 80% of the length of the gel. The gel was then stained by soaking in a solution of Stains-all, as reported elsewhere (10). A photograph of the gel is shown in Figure 2.
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The synthesis column containing the 50 -O-dimethoxytritylated oligonucleotide was placed into a stainless steel pressure vessel and exposed to pressurized ammonia (10 bar at 25  C) for 12 h (35). Upon removal of residual ammonia from the pressure container, the 50 -O-DMTr-oligonucleotide was eluted off the column with 40% MeCN in 0.1 M triethylammonium acetate (TEAA, pH 7.0) (1 ml). The purification of each oligonucleotide was accomplished by reverse phase high performance liquid chromatography (RP-HPLC) employing a UV detection system and a semi-preparative 5 mm Supelcosil LC-18-S column (10 mm · 25 cm). An elution gradient for the purification of 50 -O-DMTr-CpG ODN fma1555 or 50 -ODMTr-ODN fma1556 was optimized as follows: starting from 5% MeCN in 0.1 M TEAA (pH 7.0), 1.5% MeCN/min was pumped at a flow rate of 3 ml/min for 30 min. A different elution gradient was however used for the purification of 50 -ODMTr-CpG ODN 1555; thus starting from 0.1 M TEAA (pH 7.0), 1% MeCN/min was pumped at a flow rate of 3 ml/ min for 40 min. The product peaks were collected and the eluates were evaporated using a stream of air without heating. The residue was dissolved in 80% acetic acid (1 ml) and the solution was left standing at ambient temperature for 30 min. The acidic solution was also evaporated through the use of a stream of air without a heat source. Each oligonucleotide was then dissolved in a solution of 40% MeCN in 0.1 M TEAA (pH 7.0) (1 ml) and purified by RP-HPLC using the same conditions (column and elution gradient) as those employed for the purification of the respective 50 -ODMTr-CpG ODN fma1555, 50 -O-DMTr-ODN fma1556 and 50 -O-DMTr-CpG ODN 1555. The pooling and evaporation of eluates containing each purified 50 -O-deprotected oligonucleotide was performed in a manner similar to that described for the respective 50 -O-DMTr-oligonucleotides. After reconstitution of each purified oligonucleotide in ddH2O (1 ml), its concentration was determined by UV spectrophotometry at 260 nm. The recovered yields of CpG ODN fma1555 and ODN fma1556 were 65 and 68 OD260 units, respectively, whereas the recovered yield of CPG ODN 1555 was 95 OD260 units. Each oligonucleotide solution was stored frozen at 20 C.
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Animals and infection protocols Balb/C mice were obtained from the National Cancer Institute (Frederick, MD), housed in sterile microisolator cages in the CBER-specific pathogen-free animal facility, and bred at 6–12 weeks of age. All experiments were approved by the FDA Animal Care and Use Committee.



Purified CpG ODN fma1555, CpG ODN 1555 and ODN fma1556 were assayed for endotoxins using the Limulus amebocyte lysate assay and were found to contain 
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