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            Abstract
Whereas stereochemical purity in drugs has become the standard for small molecules, stereoisomeric mixtures containing as many as a half million components persist in antisense oligonucleotide (ASO) therapeutics because it has been feasible neither to separate the individual stereoisomers, nor to synthesize stereochemically pure ASOs. Here we report the development of a scalable synthetic process that yields therapeutic ASOs having high stereochemical and chemical purity. Using this method, we synthesized rationally designed stereopure components of mipomersen, a drug comprising 524,288 stereoisomers. We demonstrate that phosphorothioate (PS) stereochemistry substantially affects the pharmacologic properties of ASOs. We report that Sp-configured PS linkages are stabilized relative to Rp, providing stereochemical protection from pharmacologic inactivation of the drug. Further, we elucidated a triplet stereochemical code in the stereopure ASOs, 3â€²-SpSpRp, that promotes target RNA cleavage by RNase H1 in vitro and provides a more durable response in mice than stereorandom ASOs.
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                    Figure 1: The synthesis cycle of the SOSICS method.[image: ]


Figure 2: The stereochemical preferences of RNase H1.[image: ]


Figure 3: Stereochemistry affects ASO pharmacological properties in vitro.[image: ]


Figure 4: An SSR code promotes RNase HC activity in vitro.[image: ]


Figure 5: In vivo serum APOB and APOC3 protein kinetics in transgenic mice that were treated with mixtures or stereopure ASOs.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Synthesis of 3â€™-O-oxazaphospholidine monomers. All oxazaphospholidine monomers were synthesized according to published protocols with minor modifications.
DMTr, 4,4â€™-dimethoxytrityl; Et3N, triethylamine; Ph, phenyl; THF, tetrahydrofuran


Supplementary Figure 2 Reversed-phase HPLC data for dimers (Sp)-8a-i and (Rp)-8a-i and purified ASOs mipomersen and WV-1-7.
Sp dimers (left column, top to bottom: (Sp)-8a [(Sp)-d(AsT)], (Sp)-8b [(Sp)-d(GsT)], (Sp)-8c [(Sp)-d(5mCsT)], (Sp)-8d [(Sp)-d(CsT)], (Sp)-8e [(Sp)-d(TsT)], (Sp)-8f [(Sp)-A(MOE)sdT], (Sp)-8g [(Sp)-G(MOE)sdT], (Sp)-8h [(Sp)-5mC(MOE)sdT], (Sp)-8i [(Sp)-T(MOE)sdT]) and Rp dimers (center column, top to bottom: (Rp)-8a [(Rp)-d(AsT)], (Rp)-8b [(Rp)-d(GsT)], (Rp)-8c [(Rp)-d(5mCsT)], (Rp)-8d [(Rp)-d(CsT)], (Rp)-8e [(Rp)-d(TsT)], (Rp)-8f [(Rp)-A(MOE)sdT], (Rp)-8g [(Rp)-G(MOE)sdT], (Rp)-8h [(Rp)-5mC(MOE)sdT], (Rp)-8i [(Rp)-T(MOE)sdT]) were eluted using different gradients (see Methods). Dimers were synthesized to demonstrate stereochemical control of synthesis. Absorbance at 254 nm is shown with respect to elution time (min) for each dimer. Purified ASOs (right column, top to bottom: Mipomersen, WV-1, WV-2, WV-3, WB-4, WV-5, WV-6, WV-7), showing purity on C18 column with elution time (x axis, min) and Absorbance at 254 nm (y axis).


Supplementary Figure 3 Diastereomixture and stereochemically pure ASOs show different behaviors on reversed-phase and ion-exchange HPLC.
(a) Ion-exchange HPLC absorbance profiles of mipomersen and WV-1-6. (b) Reverse-phase HPLC data of mousomersen (the mouse sequence of mipomersen, see Supplementary Table 3) and WV-8-11. (c) Ion-exchange HPLC data of mousomersen and WV-8-11. Elution time (x axis) and Absorbance (Abs.) at 254 nm (y axis) are shown. Light green curves show the gradients of percentage of buffer B.


Supplementary Figure 4 Determination of initial velocities (V0) for WV-5 and mipomersen in RNase HC cleavage experiment.
Slope of the best fit line (V0) for WV-5 was 6.90 Â± 0.54 Î¼M/min and mipomersen was 2.37 Â± 0.20 Î¼M/min under the conditions described in Methods.


Supplementary Figure 5 Dose-response data for mipomersen and ASOs, WV-1-6, in cultured HepB3 cells.
APOB100 mRNA levels were quanitified by RT-PCR and standardized to GAPDH. There is no correlation between potency (IC50) in these assays and efficacy in mice (Fig. 5). Error bars indicate s.d. (n=3), and statistical analysis was performed in Graphpad Prism 6.01.


Supplementary Figure 6 Mipomersen dose-finding study.
Mipomersen was dosed by intraperitoneal injection on days 1, 4, 8, 11, 15, 18, 22, 25, 29, 32, 36, and 39. Human APOB serum protein (shown as a percentage compared with PBS control) dose-dependently decreases in response to mipomersen at days 17 and 24 (n=5 mice per group). We opted for the 10 mg/kg dose in subsequent experiments.


Supplementary Figure 7 Comparative efficacy and duration of action study data.
(a) Human APOB100 serum protein levels (shown as percentage compared with PBS control) decreases in response to 10 mg/kg mipomersen or its components, and recovers in the wash out period (Dosing days: 1, 4, 8, 11, 15, 18, 22, 25, 29, 32; blood collection days 17, 24, 31, 38, 45, 52, 60, 66; n=5 mice per group, error bars represent s.d.). (b) The concentration of WV-5, WV-6 and mipomersen persisting in mouse liver (Î¼g/g) on days 3, 24 and 45 (n=4, error bars represent s.d.) is shown. The concentrations of the ASOs detected at each time point were not statistically significantly different. (c) LC-MS quantification of ASOs in the liver. Calibration curves for mipomersen, WV-5 and WV-6 were generated using the protocol described with a concentration range of 5-500 Î¼g/g. The oligonucleotides were detected using selected reaction monitoring for the following transitions involving loss of phosphate from intact oligonucleotide: m/z 896.5 â—Š 94.9 for mipomersen, WV-5 and WV-6, and m/z 855.9 â—Š 94.9 for the internal standard.


Supplementary Figure 8 Chemical structure of WV-12 (top) and WV-13 (bottom).
(a) ASOs are GalNAc-conjugated, 20mer PS oligonucleotides composed of unmodified 10-nucleotide DNA cores and 2â€²-MOE-modified ends. C is 5MeC in the 2â€²-MOE modified ends. Complementary RNA strand (human APOC3 mRNA): rArUrArArArGrCrUrGrGrArCrArArGrArArGrCrU. (b) Ion-exchange HPLC data for WV-12 (left) and WV-13 (right). Absorbance at 254 nm is shown with respect to elution time (min) for each oligo.


Supplementary Figure 9 WV-12 (black) and WV-13 (pink) persists in mouse liver on day 78 (n=5, error bars represent s.d.).
The concentrations of the ASOs (Î¼g/g) detected were not statistically significantly different.
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