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Abbreviations 

CYP, cytochrome P450; siRNA, small interfering ribonucleic acid; GalNAc, N-

acetylgalactosamine; CLint, intrinsic clearance; ESC, enhanced stabilization chemistry; STC, 

standard template chemistry; NADPH, β-nicotinamide adenine dinucleotide phosphate reduced 

form; NADH, β-nicotinamide adenine dinucleotide reduced form; ASGPR, asialoglycoprotein 

receptor; AUC, area under the concentration vs. time curve; AUCR, AUC ratio; CAR, 

constitutive androstane receptor; Cmax, maximum concentration; CRO, contract research 

organization: Ct, cycle time; DDI(s), drug-drug interaction(s); DME, drug metabolizing enzymes; 

DMSO, dimethylsulfoxide; EMA, European medicines agency; Emax, maximum fold increase (or 

induction) minus baseline of 1-fold; F2, the concentration achieving 2-fold induction; FDA, food 

and drug administration; fmCYP, fraction metabolized by CYP; GAPDH, glyceraldehyde 3 

phosphate dehydrogenase; Indmax, maximal fold induction; IVIVE, in vitro in vivo extrapolation; 

PMDA, pharmaceutical and medical devices agency; PK, pharmacokinetics; PXR, pregnane-X 

receptor; TDI, time dependent inhibition; UWDID University of Washington drug-drug interaction 

database 
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Abstract 

Small interfering RNAs (siRNAs) represent a new class of medicines that are smaller (~16,000 

Da) than biological therapeutics (>150,000 Da) but much larger than small molecules (<900 

Da).  Current regulatory guidance on drug-drug interaction (DDI) from EMA, FDA, and PMDA 

provide no recommendations for oligonucleotide therapeutics including siRNAs, therefore small 

molecule guidance documents have historically been applied.   Over ~10 years, in vitro DDI 

investigations with siRNAs conjugated to a triantennary N-acetylgalactosamine ligand (GalNAc-

siRNAs) have been conducted during nonclinical drug development to elucidate the potential 

clinical DDI liability.    GalNAc-siRNAs were evaluated as substrates, inhibitors or inducers of 

major CYPs and as substrates and inhibitors of transporters.  Aggregate analysis of these data 

demonstrates a low potential for DDI against CYPs.  Zero of five, ten and seven are inducers, 

time-dependent inhibitors, or substrates, respectively, and 9 of 12 do not inhibit any CYP 

isoform evaluated.  Three GalNAc-siRNAs inhibited CYP2C8 at supratherapeutic 

concentrations, and one mildly inhibited CYP2B6.  The lowest Ki of 28 µM is >3000-fold above 

the therapeutic clinical Cmax,ss and importantly no clinical inhibition was projected. Of four 

GalNAc siRNAs tested none were substrates for transporters and one caused inhibition of P-gp, 

calculated not to be clinically relevant.   Pharmacological basis for DDI, including consideration 

of the target and/or off-target profile for GalNAc-siRNAs should be made as part of the overall 

DDI risk assessment.  If modulation of the target protein doesn’t interfere with CYPs or 

transporters, then in vitro or clinical investigations into the DDI potential of the GalNAc-siRNAs 

are not warranted.  
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Significance Statement 

Recommendations for evaluating DDI potential of small molecule drugs are well established, 

however guidance for novel modalities, particularly oligonucleotide-based therapeutics are 

lacking.  Given the paucity of published data in this field in vitro DDI investigations are often 

conducted.  The aggregate analysis of GalNAc-siRNA data reviewed herein demonstrates that 

like new biological entities (NBEs), these oligonucleotide-based therapeutics are unlikely to 

result in DDI, and therefore it is recommended that the need for in vitro or clinical investigations 

similarly be determined on a case-by-case basis.  Given the mechanism of siRNA action, 

special consideration should be made in cases where there may be a pharmacological basis for 

DDI.  
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Introduction  

Harnessing the endogenous gene regulatory pathway of RNA interference (RNAi) is possible 

using chemically modified small interfering ribonucleic acids (siRNA) that induce short term 

silencing of proteins and represent a new class of drugs (Kim and Rossi, 2008). When 

introduced into cells, the guide (or antisense) strand of the siRNA loads into an enzyme 

complex called the RNA-Induced Silencing Complex (RISC).  This enzyme complex 

subsequently binds to its complementary mRNA sequence, mediating cleavage of the target 

mRNA and the suppression of the target protein encoded by the mRNA (Elbashir et al, 2001). 

Unmodified siRNAs are rapidly degraded by extra-and intracellular nucleases which limits tissue 

distribution upon systemic administration (Soutchek et al, 2004).   Conjugation of the siRNA with 

N-acetylgalactosamine (GalNAc), which targets the asialoglycoprotein receptor (ASGPR), richly 

expressed on hepatocytes (Nair et al., 2014) has been successfully used as a delivery approach 

and leads to high levels of siRNA in hepatocytes.  Multiple GalNAc-siRNAs have achieved 

proof-of-concept status in the clinic (Fitzgerald et al., 2017; Pasi et al., 2017; Zimmermann et 

al., 2017).  Current GalNAc-siRNAs employ enhanced stabilization chemistry (ESC) (Foster et 

al., 2018), a design which confers increased stability against nuclease degradation resulting in 

enhanced potency, lower dose, less frequent dosing, and reduced exposure to monomers 

(Janas et al., 2019).  The ESC chemistry and GalNAc delivery platform are used for several 

siRNA compounds currently in clinical development, including five that are in Phase 3 

development (givosiran, fitusiran, inclisiran, lumasiran and vutrisiran), and one in Phase 2 

(cemdisiran).  

There is no regulatory DDI guidance for oligonucleotide therapeutics; as such, they are 

considered as small molecule drugs and evaluation of their potential for DDI is encouraged.  To 

satisfy these recommendations, in vitro studies are typically carried out to evaluate whether a 

new chemical entity (NCE) is a substrate of CYPs or transporters, or if it can inhibit or induce 

major CYPs.  Since there are well documented interactions due to inhibition of transporters, this 
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is also generally evaluated in vitro during drug development.  While there are some differences 

in the interpretation of a positive DDI signal depending on the regulatory authority (EMA, 2012; 

FDA, 2017; PMDA, 2017), they are united in the recommendation for conducting in vitro 

experiments to derive the kinetic parameters to contextualize the clinical potential for DDI.  EMA 

also specifically states that the potential for higher concentrations in the hepatocytes than in the 

plasma should be discussed, and if available data indicate that the drug may accumulate in 

hepatocytes, this should be considered in the AUCR estimations (EMA, 2012).  These aspects 

are relevant for GalNAc-siRNAs given their targeted delivery to the liver.      

In 2018, the first siRNA therapeutic, ONPATTRO® (patisiran) was approved.  Patisiran 

is formulated as a lipid nanoparticle, and therefore, the mode of delivery to hepatocytes is 

different than GalNAc conjugated siRNAs which are the focus of this paper.  GalNAc-siRNAs 

are ~16,000 kDa, highly soluble and negatively charged at physiological pH.  They are rapidly 

taken up into the liver (target tissue) by ASGPR, where they are metabolized by endo- or exo-

nucleases followed by subsequent excretion into bile or urine.  Preclinical and clinical data 

suggest that renal clearance of intact GalNAc-siRNA accounts for less than 25% of the total 

clearance (unpublished, internal data).  Given these attributes, it is highly unlikely that GalNAc-

siRNA would serve as substrates or inhibitors/inducers of drug metabolizing enzymes and 

transporters.  Additionally, given the mechanism of uptake and the rapid distribution into the 

liver, the circulating plasma levels are low and transient. Furthermore, the free intracellular 

hepatocyte concentration is also likely to be low since ASGPR-mediated endocytosis deposits 

the siRNA into the lysosomal compartment (Weigel and Yik, 2002).  A recent publication 

evaluated the potential for antisense oligonucleotides (ASOs) to mediate DDI based on in vitro 

investigations (Shemesh et al., 2017), but there is no published data on GalNAc-siRNAs.  As 

part of the nonclinical characterization, the DDI potential towards CYPs and transporters was 

evaluated for multiple GalNAc-siRNAs during their development.  The assays conducted were 

dependent on the development stage for the GalNAc-siRNA, for example full transporter studies 
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were only conducted on those in late stage (Phase 2/3) development.  These data indicate that 

the likelihood for clinical DDI at pharmacologically relevant doses is low.  
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Materials and Methods 

GalNAc-siRNA 

All oligonucleotides were synthesized as previously described by Nair et al (Nair et al., 2014).  

The general chemical modifications used in inclisiran, revusiran, fitusiran and givosiran have 

been previously published (Shen and Corey, 2018), the designs of all other GalNAc-siRNA are 

consistent with those already published with or without the addition of a glycol nucleic acid 

(GNA), (Schlegel et al., 2017).    

Chemicals and Reagents  Antipyrine, 2-Benzoxalinone, carbutamide, reserpine, warfarin, 

phenacetin, bupropion, paclitaxel, diclofenac, dextromethorphan, omeprazole, phenobarbital, 

rifampicin, Estrone-3-sufate sodium salt, taurocholic acid sodium salt, cyclosporin A, metformin, 

pyrimethamine, verapamil hydrochloride, probenecid, β-Estradiol 17-(β-D-glucuronide) sodium 

salt, cholecystokinine-8, β-Nicotinamide adenine dinucleotide phosphate reduced (NADPH), 

dimethylsulfoxide (DMSO), 1.0 M potassium phosphate monobasic solution, 1.0 M potassium 

phosphate dibasic solution were purchased from Sigma Chemicals (St. Louis, MO), midazolam 

and S-mephenytoin, 6α-hydroxypaclitaxel, 6α-hydroxypaclitaxel-d5 and (±)-4-

hydroxymephenytoin-d3 were purchased from Toronto Research Chemicals (Toronto Canada), 

acetonitrile (MeCN) and methanol were purchased from Fisher scientific (Pittsburgh, PA). 

Recombinant human CYPs (rCYPs),  ITS+ Premix and Matrigel™ were purchased from Corning 

(Tewksbury, MA).    Pooled human liver microsomes (Lot No. 1210223, mixed gender, pool of 

200 donors) were purchased from XenoTech, LLC (Lenexa, Kansas). Acetaminophen, 

hydroxybupropion, 4'-hydroxydiclofenac, 4'-hydroxymephenytoin, dextrorphan tartrate, 1'-

hydroxymidazolam, 6β-hydroxytestosterone, acetaminophen-d4, (±)-hydroxybupropion-d6, 4'-

hydroxydiclofenac-13C6, dextrorphan-d3, 1'-hydroxymidazolam-d4, and 6β-hydroxytestosterone-d3 

were purchased from Cerilliant (Round Rock, TX). 96-well polypropylene assay plates and 

rubber sealing mats were purchased from Fisher Scientific (Pittsburgh, PA).  Ko124, 3H-N-

methyl-quinidine, N-methyl-quinidine, and 3H Estrone-3-sulfate were supplied by Solvo (Szeged, 
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Hungary).  3H-Taurocholic acid, 3H Estradiol 17 β-D glucuronide and 3H-cholecystokinine-8 were 

supplied by Perkin Elmer (Waltham, MA).  3H-tenofovir and 14C metformin were supplied by 

Moravek biochemicals (Brea, CA), tenofovir was supplied by Sequoia research products Ltd.  

Determination of incubation concentrations for in vitro assays 

The concentrations of GalNAc-siRNAs used in the in vitro assays were selected by considering 

the observed plasma concentrations and estimated liver concentrations in the clinic (Table 1).  

Since GalNAc-siRNAs are large, anionic and hydrophilic in nature, they do not passively cross 

plasma membranes.  These siRNAs do not bind to albumin (data on file) and are unlikely to bind 

to liver microsomes or hepatocytes.  A recent publication evaluated the potential for a different 

design of chemically modified GalNAc-siRNA to bind to plasma and liver proteins (Humphreys 

et al., 2019).  Their data indicated that binding to liver homogenate appeared greater than 

plasma binding, however these studies were designed with a final protein concentration of 200 

mg/mL (personal communication with first author).  This protein concentration is much greater 

than what was used during the in vitro DDI investigations of 0.1 to 1 mg/mL contained herein.  If 

protein binding is estimated from this reported data (fuliver = 0.018 to 0.051), with the assumption 

that binding to liver homogenate is linear with protein level, than the binding under the assay 

conditions employed (0.1 or 1 mg/mL) is expected to be negligible (fuliver = 0.8 to 1).  This 

approach has previously been published (Kalvass et al., 2007; Sane et al., 2016; Riccardi et al., 

2017). Furthermore, the chemically modified GalNAc-siRNAs are highly stable in liver in vivo 

and are not expected to be appreciably metabolized during the short incubation times employed 

in the in vitro studies (Nair et al., 2017).  Therefore, no corrections are made for metabolic 

stability, plasma protein binding (assumed to be 1) and Ki values estimated from IC50 values are 

expected to be representative of free values.   It should be noted that the use of Fu = 1 is highly 

conservative as the PPB at relevant clinical concentrations is ~90% (Fu = 0.1). 

CYP substrate study   
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Recombinant enzymes were thawed rapidly at 37°C and kept on ice until use per 

manufacturer’s recommendation. Individual rCYP incubations contained 50 pmol/mL of 

rCYP1A2, rCYP2B6, rCYP2C8, rCYP2C9, rCYP2C19, rCYP2D6, rCYP3A4 or rCYP3A5, 2 

concentrations of GalNAc-siRNA, or 1 μM CYP probe substrate. Reactions were initiated by the 

addition of NADPH (1 mM final concentration). Protein concentrations for all enzymes were 

normalized to the recombinant CYP containing the highest protein concentration (Supplemental 

Table 1). All reactions were carried out in triplicate and the final organic solvent concentration in 

the incubation was ≤1%. Reactions containing test article were terminated at 0 and 30 min by 

freezing on contact with dry ice/ethanol. Reactions containing positive controls were terminated 

by adding 100 μL aliquot of the reaction mixture to 100 μL of ice cold ACN containing a cocktail 

of internal standard (0.5 μM of reserpine, antipyrine, carbutamide, warfarin and 1 μM 2-

benzoxazolinone). Probe substrates for each of the rCYP enzymes were included in the study 

as positive controls. The negative control incubations consisted of the test article with rCYPs but 

without NADPH. GalNAc-siRNA was analyzed by LC-TOF-MS. Positive control substrates were 

analyzed by UHPLC-MS/MS. Peak area ratios were used to calculate the percent parent 

remaining following 30- or 45-min incubations. 

CYP direct and time dependent inhibition study  

The substrate concentrations used were selected to approximate the Km values, determined for 

each batch of HLMs used.  Potassium phosphate buffer (100 mM, pH 7.4) was prepared by first 

diluting 1 M solutions of monobasic potassium phosphate and dibasic potassium phosphate with 

ultrapure water to 0.1 M. The 100 mM solutions were combined in a ratio (~3:1) 

dibasic:monobasic potassium phosphate such that the final pH of the buffer was 7.4.  HLM at 

20 mg/mL was diluted in the reaction mixture to 0.1 mg/mL for incubation with probe substrate.  

Probe substrate assay conditions were designed by considering linearity of reaction and 

ensuring that minimal (<10%) depletion of substrates occurred over the incubation time-course 

(characterization data on file at CRO).  Reactions were started by the addition of 20 µL of 10 
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mM NADPH (10×) and returned to the incubated shaker. The total incubation volume was 

200 µL. All incubations were conducted at 37°C.  Reactions proceeded for 5 minutes 

(midazolam), 10 minutes (phenacetin, dextromethorphan, and testosterone), 15 minutes 

(bupropion, diclofenac), 25 minutes (S-mephenytoin), or 40 minutes (paclitaxel). At the end of 

incubation, 100 µL of each reaction was terminated with an equal volume of ice cold ACN 

containing a cocktail of stable labeled internal standards. Time-dependent inhibition of CYP 

activities were performed using pooled human liver microsomes with 30-minute pre-incubations. 

Pooled human liver microsomes (1 mg/mL) were pre-incubated for 30 minutes with GalNAc-

siRNA (ten concentrations in triplicate) in KPi buffer in the presence or absence of 1 mM 

NADPH at 37°C. Reactions (50 µL) containing KPi, HLM, and NADPH were started with 12.5 µL 

of the 4× inhibitor dilution, blank or 4× positive control inhibitor. Mechanism based selective 

inhibitors furafylline (1 µM for CYP1A2), ThioTEPA (5 µM for CYP2B6), gemfibrozil glucuronide 

(25 µM for CYP2C8), tienilic acid (1 µM for CYP2C9), ticlopidine (10 µM for CYP2C19), 

paroxetine (0.5 µM for CYP2D6), and azamulin (0.5 µM for CYP3A4/5) were included as the 

positive controls in triplicate. Following the 30-minute pre-incubation time period a 20 µL aliquot 

was taken from each well and added to 180 µL of reaction mix. NADPH was approximately 1 

mM and HLM was 0.1 mg/mL. The plates containing the substrate reactions were placed on the 

incubated shaker and proceeded for 5 minutes (midazolam), 10 minutes (phenacetin, 

dextromethorphan, testosterone), 15 minutes (bupropion, diclofenac), 25 minutes (S-

mephenytoin), or 40 minutes (paclitaxel). At the end of incubation, reactions were terminated by 

mixing 100 µL of each reaction mixture with an equal volume of ice cold ACN containing a 

cocktail of stable labeled internal standards.  

CYP induction study  

Cryopreserved human hepatocytes from 3 different human donors were used for evaluation of 

induction potential.  Donor demographics are located in Supplemental Table 2.  Frozen vials of 

cryopreserved hepatocytes were rapidly thawed in a 37°C water bath and re-suspended in 
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Hepatocyte Plating Medium (HPM) containing ~30% Percoll. The cells were centrifuged and 

resuspended in HPM and the viability and cell count determined using the Nexcelom Cellometer 

according to the manufacturer’s procedures. Cells were only used if the final isolation viability 

was greater than 80%. HPM was added to bring the cells to the required concentration and 

seeded onto 24-well plates coated with a simple collagen, type I substratum. Cells were 

incubated in a humidified chamber at 37C, 5% CO2 and cell attachment was confirmed 4 to 

6 hours after plating by visual inspection using phase contrast microscopy. After attachment, 

plates were swirled, and medium containing debris and unattached cells was aspirated. Fresh 

HMM containing ITS+ Premix and Matrigel™ was added to culture plates and the plates were 

immediately returned to the humidified incubation chamber. Hepatocyte cultures were 

maintained for approximately 24 hours prior to treatment with GalNAc-siRNAs or prototypical 

inducers. Positive and negative controls were prepared at 1000× the final concentration in 

DMSO. Working solutions were prepared by dilution of the 1000× solutions in HMM (1 µL stock 

+ 999 µL media). The final concentration of DMSO under all conditions was 0.1%.  Cultures 

were treated for 2 or 3 consecutive days for RT-PCR or in situ activity, respectively, with solvent 

alone (0.1% DMSO), positive controls (50 µM OM, 1 mM PB and 10 µM RIF), negative control 

(25 µM FLUM), or test article.  All treatments were carried out in triplicate. The medium was 

replaced daily with fresh supplemented medium containing the appropriate treatment.  Prior to 

mRNA preparation at 48 hours of treatment or in situ CYP activity determination at 72 hours, 

100 µL/well of culture supernatant was taken and assayed for lactate dehydrogenase (LDH) 

leakage using the CytoTox-ONE™ Homogeneous Membrane Integrity Assay kit (Promega, 

Madison, WI). After 48 hours of treatment, spent medium from a subset of each treatment group 

was aspirated and cells lysed for mRNA preparation with 200 µL of 1:1 Buffer RLT (Qiagen) and 

Trizol (Life Technologies). RNA was isolated using RNeasy Kit (Qiagen) according to the 

manufacturer’s instructions. Eluted RNA was quantified using a Nanodrop spectrophotometer 

(ThermoFisher, Pittsburgh, PA). Reverse transcription (RT) was performed with the High 
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Capacity cDNA Reverse Transcriptase Kit with RNase inhibitor (Life Technologies, Carlsbad, 

CA) using an ABI 9700 thermocycler. Quantitative PCR analysis was performed on RT 

reactions using gene-specific primer/probe sets for CYP1A2, CYP2B6 or CYP3A4 target cDNA 

and endogenous control (GAPDH). Relative-fold change in mRNA content was determined 

based on threshold cycle (CT) data of each target gene relative to endogenous control for each 

reaction and normalized to vehicle control.  After 72 hours of treatment, the spent medium was 

aspirated from the remaining cultures from each treatment group, wells were washed with 

warmed HMM and a cocktail of CYP probe substrates in HMM was added to each well 

(phenacetin; 100 µM, bupropion; 50 µM, midazolam; 10 µM).  Probe substrate incubations were 

performed for 30 min at 37°C on a rotary shaker at 150 RPM and terminated by taking 100 µL of 

the reaction and adding it to 100 µL/well of ice-cold acetonitrile with stable labeled internal 

standards. Plates were vortexed for 4 min and then centrifuged at 3000 RPM for 10 min at 4°C 

and then analyzed for quantitation of metabolite levels. 

Evaluation of GalNAc-siRNA uptake into sandwich cultured hepatocytes 

Cryopreserved human hepatocytes from a single donor were used to determine whether the 

human hepatocytes were exposed to GalNAc-siRNAs evaluated in the CYP induction study.  

Human hepatocytes were recovered, plated and cultured as described in the CYP induction 

study section.  After the acclimation period the same concentrations of GalNAc-siRNAs used to 

evaluate induction potential were added to the hepatocytes.  Twenty-four hours post GalNAc-

siRNA administration hepatocyte cultures were washed twice with ice-cold PBS and 100 µL of 

lysis buffer containing 0.25% TritonX-100 in 1X PBS was added to lyse the cells.  Cells were 

scraped from the bottom of the well and test article concentrations were determined.  The 

concentration of test articles in the in vitro hepatocyte samples were determined using a RT-

qPCR method capable of quantitating antisense strands of siRNA using a target-specific 

stem-loop primer and sequence-specific forward and reverse primers for amplification using the 

general conditions previously described (Landesman et al., 2010).  PBS-TritonX-100 buffer was 
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spiked with test articles to generate the standard curves and quality control (QC) 

samples.  Concentrated samples were diluted in 0.25% PBS-TritonX-100.   Intracellular 

concentrations were estimated as previously described (Ramsden et al., 2014), using the viable 

seeded cell number of 65,000 cells/well. 

In vitro transporter substrate study 

Specific transporter assay details are presented in Supplemental Table 3.  The accumulation of 

GalNAc-siRNA into membrane vesicles was determined using inside-out membrane vesicles 

(total protein: 50 μg/well for all transporters) prepared from cells overexpressing human ABC 

transporters as well as from control cells. Two incubation time points (2 and 20 min) and two 

concentrations of GalNAc-siRNA were tested in the presence of ATP or AMP, to determine 

whether GalNAc-siRNA is actively transported into the vesicles. Reactions were quenched by 

the addition of 200 μL of ice-cold washing buffer and immediate filtration via glass fiber filters 

mounted to a 96-well plate (filter plate). The filters were washed 5 × 200 μL of ice-cold washing 

buffer and dried. GalNAc-siRNA was extracted from the vesicles through lysing these by 

applying 2 times with 100 μL lysis solution (Epicentre, Tissue & Cell Lysis Solution (600 ml). 

Samples were analyzed to determine the concentration of GalNAc-siRNA retained inside the 

vesicles determined by LC-MS/MS detection. Incubation with AMP provided background activity 

values for all data points.  Incubation with probe substrate (solvent only) served as positive 

controls while membrane vesicle preparations from control cells (for BCRP and P-gp) or Sf9 

cells expressing beta-gal (for BSEP) served as negative controls.  

In vitro transporter inhibition study - vesicular assays 

GalNAc-siRNA was incubated with membrane vesicle preparations (total protein: 25 μg/well for 

BCRP and 50 μg/well for BSEP and P-gp) and the probe substrate. Incubations were carried out 

in the presence of 4 mM ATP or AMP to distinguish between transporter-mediated uptake and 

passive diffusion into the vesicles. GalNAc-siRNA was added to the reaction mixture in 1.5 μL of 

solvent. Reaction mixtures were preincubated for 10 minutes at 32 ± 1 °C for BCRP and at 37 ± 
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1 °C for BSEP and P-gp. Reactions were initiated by the addition of 25 μL of 12 mM MgATP (or 

12 mM AMP in assay buffer as a background control), preincubated separately. Reactions were 

quenched by the addition of 200 μL of ice-cold washing buffer and immediate filtration via glass 

fiber filters mounted to a 96-well plate (filter plate). The filters were washed (5 × 200 μL of ice-

cold washing buffer), dried and the amount of substrate inside the filtered vesicles was 

determined by liquid scintillation counting. 

In vitro transporter substrate study - uptake assays 

Uptake experiments were performed using CHO, MDCKII, or HEK293 cells stably expressing 

the respective uptake transporters. Cells were cultured at 37 ± 1 °C in an atmosphere of 95:5 

air:CO2 as described in Supplemental Table 3 and were plated onto standard 24-well tissue 

culture plates at the density 5 × 105 cells/well. The uptake of GalNAc-siRNA was determined 

using cells overexpressing the respective uptake transporters (MATE1, MATE2-K, OAT1, 

OAT3, OATP1B1, OATP1B3, OCT1 and OCT2) and control cells, at two incubation time points 

(2 and 20 min) and at two concentrations of GalNAc-siRNA.  In follow-up inhibition assays 

conducted for MATE1, OATP1B1 and OAT3, the transporter-specific uptake of GalNAc-siRNA 

was determined in the presence of a known inhibitor of the respective transporter (1 μM 

pyrimethamine for MATE1, 50 μM rifampicin for OATP1B1 and 200 μM probenecid for OAT3).  

Before the experiment, the medium was removed, and the cells were washed twice with 300 μL 

of HK buffer (pH 7.4 or 8.0). Cellular uptake of GalNAc-siRNA into the cells was measured by 

adding 300 μL of HK buffer containing GalNAc-siRNA and incubating them at 37 ± 1 °C. 

Reactions were quenched by removing the HK buffer containing GalNAc-siRNA and the cells 

were washed twice with 300 μL of HK buffer. Cells were lysed by adding 300 μL of lysis solution 

(Epicentre, Tissue & Cell Lysis Solution (600 ml) and incubated for 10 minutes. Samples were 

analyzed to determine the concentration of GalNAc-siRNA retained inside the vesicles 

determined by LC-MS/MS detection. The amount of protein in each well was quantified using 

the BCA kit for protein determination (Sigma-Aldrich, St Louis, MO, USA). 
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In vitro transporter inhibition study - uptake assays 

Cells were cultured at 37 ± 1 °C in an atmosphere of 95:5 air: CO2 and were plated onto 

standard 96-well tissue culture plates at the cell number described in Supplemental Table 3.  

Before the experiment, the medium was removed, and the cells were washed twice with 100 μL 

of HK buffer at pH 7.4 (OAT1, OAT3, OATP1B1, OATP1B3, OCT1 and OCT2) or 8.0 (MATE1 

and MATE2-K). Uptake experiments were carried out at 37 ± 1 °C in 50 μL of HK buffer (pH 7.4 

or pH 8.0) containing the probe substrate and GalNAc-siRNA or solvent. The organic solvent 

concentration was equal in all wells. After the experiment, cells were washed twice with 100 μL 

of ice-cold HK buffer and lysed with 50 μL of 0.1 M NaOH. Radiolabeled probe substrate 

transport was determined by measuring an aliquot (35 μL) from each well for liquid scintillation 

counting. Uptake of the probe substrate in control cells provided background activity values for 

all data points. Incubation without GalNAc-siRNA or reference inhibitor (PBS only) provided 

100% activity values. A reference inhibitor served as positive control for inhibition.  

Analytical Methods Samples (20 µL) were injected on a Supelco Discovery C18 5µ 2.1x150 

mm column maintained at room temperature using a Thermo Accela High Speed LC system.  A 

solvent system consisting of water with 0.1% formic acid (mobile phase A) and acetonitrile with 

0.1% formic acid (mobile phase B) was used at a flow rate of 0.4 mL/min was used with the 

following gradient:  0 – 5 min 15% B, 5 – 10 min 15 – 52.5% B, 15 – 16 min 52.5 – 85% B 

maintain 85% B for 2 min, 18 – 19 min 15% B then equilibrated for 3 min.  The column eluent 

was analyzed by MS on a Thermo LTQ OrbiTrap XL Mass Spectrometer run in positive mode 

using FTMS and data-dependent FT MS/MS scans (CID and HCD) to elucidate metabolite 

structures.  The resulting data were analyzed using Xcalibur 3.0 and Thermo Metworks 1.3 

software.   

Analysis of GalNAc-siRNA concentrations 

LC-TOF-MS assays were developed. The LC-TOF-MS assays quantified the concentrations of 

specific GalNAc-siRNAs by peak area ratio (PAR), by detecting the antisense strand and sense 
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strand portion of the duplex (by PAR only). Incubation samples were spiked with internal 

standard, processed by solid phase extraction, and analyzed using reversed-phase UHPLC with 

Turbo Ion Spray TOF-MS detection. Accurate mass of ten ions for each strand of the analyte, 

sense and antisense, and each strand of IS, antisense and sense, were monitored in the 

negative ion mode. The peak area for the analyte or IS was the sum of the response from the 

respective ten ions. The peak area ratios of the respective analyte-sense/IS-sense and analyte-

antisense/IS-antisense single strands were used. 

Probe substrates CYP assays 

The quenched reactions were vortexed at high speed (knob setting 10) for four minutes and 

centrifuged for 10 min at 3000 ± 40 x rpm at low temperature (~10°C). A portion of the 

supernatant (150 µL) was transferred into 1.4 mL snaplock tubes (Nova Biostorage). Samples 

were centrifuged for five min as described above prior to injection on the UHPLC-MS/MS. The 

analysis system consisted of a Shimadzu Nexera X2 LC-30 UPLC system (Shimadzu 

Corporation, Kyoto, Japan) and an API4000 triple quadrupole mass spectrometer (AB Sciex, 

Toronto, Canada). The LC-MS/MS system was controlled by Analyst software (version 1.6.1). 

Analyst performed the system hardware control and sample analysis.  The following transitions 

were used for probe substrate assays.  Phenacetin (180.12→138.17), acetaminophen 

(152.1→110.1), Bupropion (240.11→184.07), (±)-Hydroxybupropion (256.1→131.2), Paclitaxel 

(854.46→569.20), Diclofenac (296.32→214.07), S-Mephenytoin (219.19→134.09), 

Dextromethorphan (272.26→215.15), Midazolam (326.14→291.12), 1’-Hydroxymidazolam 

(342.1→203.1), internal standards warfarin (309.39→163.00), Acetaminophen-d4 

(156.1→114.1), 1'-Hydroxymidazolam-d4 (346.1→203.1), Hydroxybupropion-d6 (262.1→131.2). 

Calculations and Data Analysis 

IC50 values 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 3, 2019 as DOI: 10.1124/dmd.119.087098

 at A
SPE

T
 Journals on A

pril 9, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 DMD # 87098  

19 
 

Concentrations of the metabolites formed were calculated from a calibration curve using 

authentic metabolite standards.  The CYP activities were expressed as pmol/min/mg of 

microsomes.  The degree of inhibition was determined by comparing the formation of 

metabolites in the presence of different concentrations of GalNAc-siRNA versus vehicle control.  

IC50 values were calculated from the percent vehicle control activity using Prism 7 for Windows 

(GraphPad Software, La Jolla, CA) and applying Equation 1.  Comparison of three parameter 

(hillslope = -1) or four parameter fitting was conducted to determine the best fit. Curve fitting 

was not carried out in cases where the inhibition at the highest concentration of test article was 

≤ 10% of the control value, rather the IC50 value was set to > the highest concentration of 

GalNAc-siRNA tested. The calculated IC50 values for positive controls were compared with 

reported literature values and results typically obtained at QPS. 

Equation 1  𝑌 = 𝑚𝑖𝑛 +
𝑚𝑎𝑥−𝑚𝑖𝑛

1+(
𝑥

𝐼𝐶50
)−ℎ𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒

 

To determine if the test article is a time-dependent inhibitor, changes in IC50 value from pre-

incubated samples with NADPH were compared to IC50 value from samples pre-incubated 

without NADPH. Time-dependent inhibition was indicated if the ratio of IC50 (without 

NADPH)/IC50 (with NADPH) is > 1.5 (Grimm et al., 2009). For the assay to be considered valid 

the time-dependent controls had to cause at least a 20% change in the % inhibition in the 

presence of NADPH. 

Ki values were estimated from IC50 values using the Cheng-Prusoff equation (Cheng and 

Prusoff, 1973) assuming a competitive inhibition mechanism: 
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Induction data 

TaqMan® data was analyzed using the comparative CT method (Schmittgen and Livak, 2008) 

(also known as the ΔΔCT method). The CT values from the samples and the GAPDH controls 

were used for the calculations. The ΔCT was calculated by subtracting the CT of the reference 

(GAPDH) from the CT value of the sample. Next the ΔΔCT value was calculated by subtracting 

the mean ΔCT of the calibrator (the vehicle control) from each sample ΔCT. The relative 

quantitation (or fold over control) was calculated by raising 2 to the negative power of the ΔΔCT.   

Statistical analyses 

The means of all replicates were used in calculations.  IC50 values were determined using 

GraphPad Prism (version 7) (GraphPad Software, La Jolla, CA).  Data were processed with 

Microsoft Excel 2010 (Microsoft, Redmond, WA).  To evaluate significance for induction studies 

data was analyzed using one-way ANOVA with the results examined for statistical significance 

using the Bonferroni procedure in XLSTAT add-in for Microsoft Excel® (Addinsoft, New York, 

NY). When necessary, data was examined for outliers using the Grubb’s test (Grubbs F.E, 

1950). The ‘Grubbs test for Outliers’ module of XLSTAT add-in for Microsoft Excel® (Addinsoft, 

New York, NY) was used to perform the analysis.  All studies were conducted at QPS (Newark, 

DE), Solvo (Szeged, Hungary), or Sekisui XenoTech (Kansas City, KS) in accordance with 

company specific standard operating procedures (SOP), in the spirit of GLP. 

Estimation of liver concentrations in human 

The maximal concentration in human liver was estimated using Phoenix WinNonlin and two 

approaches.  The first considered the relationship between rat and monkey liver to plasma 

ratios where the monkey liver to plasma ratio was scaled allometrically to human based on body 

weight with an exponent of 0.37.  The exponent was derived using the average mouse, rat and 

monkey liver to plasma ratios determined at non-saturating dose levels of nine GalNAc-siRNAs 

during PK/PD studies.  The second approach relied on simulations derived from fitting of the 

average liver PK profile observed in monkey and allometric scaling CL (exponent 0.75) and V 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on July 3, 2019 as DOI: 10.1124/dmd.119.087098

 at A
SPE

T
 Journals on A

pril 9, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 DMD # 87098  

21 
 

(exponent 1).  The estimated liver concentrations were within 2.5-fold of each other using all 

methods and the mean concentration was used as an input for the DDI risk assessment.  The 

estimated liver concentrations are based on total concentrations and not reflective of free 

concentrations, or discriminative of location (i.e. hepatocytes, endocytic pathway vs 

endoplasmic reticulum). 

Mechanistic static modeling 

The mechanistic static model reported previously (Fahmi et al., 2009) was used with the 

following exceptions.  Equation 1 was reduced to Equation 2 considering the enzymes inhibited, 

the mode of GalNAc-siRNA delivery (subcutaneous rather than oral) and the interactions 

observed (direct inhibition only).   

AUCi/AUC =  (
1

[𝐴ℎ×𝐵ℎ×𝐶ℎ]×𝑓𝑚+(1−𝑓𝑚)
) 𝑋 (

1

[𝐴𝑔×𝐵𝑔×𝐶𝑔]×(1−𝑓𝑔)+𝑓𝑔
)  Equation 1 

 

AUCi/AUC =  (
1

[𝐴ℎ]×𝑓𝑚+(1−𝑓𝑚)
)  Equation 2 

Where   

𝐴ℎ =
1

1 +
[𝐼]ℎ

𝐾𝑖

 

I = estimated liver concentration (Table 1) 
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Results 

CYP substrate 

The potential of GalNAc-siRNAs to act as a substrate of major CYP isoforms was evaluated 

using cDNA expressed enzymes (refer Table 2).  In vitro incubations were conducted in 

triplicate with two concentrations each of seven GalNAc-siRNAs which contain different 

oligonucleotide sequences and chemical modifications.  No NADPH dependence and no 

meaningful depletion of the GalNAc-siRNAs was observed after incubation with recombinant 

enzymes (Table 2).  These studies were designed to evaluate both the sense and antisense 

strands.  The positive control substrates all resulted in time-dependent depletion over the 

incubation time-course, which was consistent with historical data, confirming that rCYPs were 

appropriately functional (Supplemental Table 4).  Based on the minimal depletion observed, 

GalNAc-siRNAs are not substrates of CYP 1A2, 2B6, 2C8, 2C9, 2C19, 2D6, 3A4, or 3A5, and 

therefore, clinical interactions with inhibitors and inducers of CYP enzymes are not likely.   

CYP direct and time dependent inhibition 

The potential of twelve GalNAc-siRNAs to inhibit the major CYP isoforms (ie, CYP1A2, 

CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, and CYP3A) was evaluated in vitro using 

pooled human liver microsomes (HLM), standard probe substrates for each CYP isoform and 

included appropriate positive and negative controls.  No direct or time dependent inhibition was 

observed for CYPs 1A2, 2C9, 2C19, 2D6 or 3A4/5 by any of the GalNAc-siRNAs evaluated 

(Figure 1, Table 3).   AAT02 was also evaluated for time-dependent inhibition and resulted in an 

IC50 value > 18.4 µM with and without NADPH for the same CYPs (data not included in table).  

Additionally, although not requested to be evaluated by regulatory authorities, fitusiran did not 

result in direct inhibition of CYP2A6.  All prototypical direct and time-dependent inhibitors 

resulted in values in line with literature reports (Supplemental Tables 5 and 6), demonstrating 
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that the test system was functional for assessing inhibition potential.  Cemdisiran, fitusiran and 

lumasiran resulted in direct inhibition of CYP2C8 at very high incubation concentrations with 

IC50 values of 224, 56 and 416 µM, respectively.  These values are > 4,600-fold higher than the 

total maximal steady state concentrations observed in plasma.  Cemdisiran also caused 

concentration dependent direct inhibition of CYP2B6 with an IC50 value of 583 µM, which is 

12,000-fold higher than the therapeutically relevant plasma Cmax,ss,total.  No time-dependent 

inhibition was observed for CYP2C8 or CYP2B6 by any of the GalNAc-siRNAs tested. 

Considering the in vitro data and the recommendations in regulatory guidance documents 

(FDA 2017; EMA 2012) the risk of clinical DDI due to inhibition is low. 

CYP induction 

No concentration dependent or statistically significant increase in mRNA levels was observed 

for any of the GalNAc-siRNAs evaluated while the positive and negative control compounds 

elicited expected magnitudes of response (Figure 2).  There were also no measurable increases 

in enzyme activity following any of the GalNAc-siRNA treatments (data on file).  Metabolic 

stability for inclisiran was determined during the induction study and results demonstrated that 

inclisiran was highly stable (<5% depletion) over the 24-hour exposure period (Table 4). 

Confirmation of uptake into sandwich cultured hepatocytes 

Higher concentrations of GalNAc-siRNAs were observed in hepatocytes than the nominal 

incubation concentrations, particularly at lower concentrations (Table 5).  This is consistent with 

the knowledge that ASGPR mediates active uptake of GalNAc into hepatocytes.  The saturation 

of ASGPR uptake is not unexpected at these concentrations and has been previously described 

(Bon et al., 2017).  Taken together these data confirm that lack of induction during the in vitro 

induction study is not due to lack of exposure to test article.  
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Transporter substrate 

Four GalNAc-siRNAs were evaluated as potential substrates of uptake (OATP1B1, OATP1B3, 

OAT1, OAT3, OCT1 and OCT2) and efflux (BCRP, BSEP, MATE1, MATE2-K and P-gp) 

transporters.  No significant accumulation >2-fold or inhibition of uptake by selective 

inhibitors >50% was observed for any of the GalNAc-siRNAs tested against any of the 

transporters evaluated.  One potential exception was fitusiran which during an initial 

investigation was flagged as a potential substrate of MATE2-K based on the accumulation ratio 

(>2-fold).  A follow up study showed an accumulation ratio for MATE2-K as <2-fold, but a mild 

inhibition when a prototypical MATE2-K inhibitor was used.  Given the variability observed 

between studies, the knowledge that substrates for MATE2-K are typically cations and are 

generally also transported by OCT2 (Yonezawa and Inui, 2011), and that fitusiran was not a 

substrate for OCT2, the in vitro data was deemed inconclusive.  Furthermore, considering that 

the fraction of fitusiran excreted in urine from hemophilia patients after 3 monthly doses was 

17% of the total administered drug and no active secretion was observed this in vitro 

observation is likely not clinically relevant. Based on the totality of data the likelihood for 

GalNAc-siRNAs to act as substrates for transporters is low. 

Transporter inhibition 

The potential for GalNAc-siRNA to inhibit uptake (OATP1B1, OATP1B3, OAT1, OAT3, OCT1 

and OCT2) and efflux (BCRP, BSEP, MATE1, MATE2-K and P-gp) transporters was assessed 

using transfected cell lines or vesicles expressing the transporter of interest.  No significant 

inhibition was observed for uptake transporters or efflux transporters, with the exception of 

concentration dependent inhibition of P-gp by givosiran (Figure 3).  While a full concentration 

effect curve was not generated, an estimation of the IC50 (4.2 µM) was made for the purpose of 
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conducting a clinical DDI risk assessment.  This evaluation demonstrated that the in vitro 

inhibition of P-gp observed is not projected to be clinically relevant. 

Estimation of total human liver concentrations 

Since it is known that GalNAc-siRNA liver concentrations are much higher than the plasma 

concentrations in nonclinical animal models, it is expected that the liver levels are likewise going 

to be higher in human, although they cannot be directly measured.  EMA recommend in these 

cases to consider the liver concentration for DDI assessment as a worst-case method (EMA 

2012).  Considering this, the human relevant maximal liver concentrations were estimated from 

the nonclinical animal data and used for modeling DDI potential.  The relationship between rat 

and monkey preferential liver distribution (liver Cmax/plasma Cmax) is displayed in Figure 4.  The 

values were positively correlated with monkey liver enrichment being greater than rat liver 

enrichment values for all GalNAc-siRNAs investigated. The mean estimated liver concentrations 

from in vitro data and two-approaches for modeling are displayed in Table 1.  These values 

represent the total estimated liver concentration, and therefore, are considered to be the worst-

case scenario.  Given that ASGPR mediates uptake through endocytosis into the lysosomal 

compartment, it is expected that the free intracellular concentration available to interact with the 

drug metabolizing enzymes located in the endoplasmic reticulum is much less than the total 

estimated liver concentration.  The total liver concentration was estimated to be between 50- 

and 870-fold higher than the plasma concentration across the six GalNAc-siRNA conjugates 

used to inform the model.  

Clinical DDI risk assessment 

Evaluation of GalNAc-siRNAs as perpetrators of DDI against CYP 
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GalNAc-siRNAs did not cause in vitro induction or time-dependent inhibition of CYPs; therefore, 

clinically relevant induction or time-dependent inhibition is not expected.  One GalNAc-siRNA 

(cemdisiran) caused concentration dependent inhibition of CYP2B6 and three GalNAc-siRNAs 

(fitusiran, cemdisiran and lumasiran) caused concentration dependent inhibition of CYP2C8 at 

supratherapeutic concentrations.  Based on these observations, a clinical risk assessment was 

made for CYP2B6 and CYP2C8 inhibition potential which was consistent with recommendations 

made in regulatory guidelines (EMA, FDA and PMDA), reference Table 6.  All of the regulatory 

agencies are aligned in the cut-off criterion used for evaluating CYP inhibition potential.  Namely 

that clinical risk cannot be excluded if the R1 value is > 1.02, where R1 = 1 + I/Ki and I is 

unbound Cmax,ss.  Given that GalNAc-siRNA are targeted to the liver, the estimated liver 

concentrations were also used as a worst-case evaluation, and a cutoff of R1 > 1.1 was applied.  

It should be noted that the regulatory guidance documents do not have recommendations for 

cut-off criteria when using input concentrations other than plasma.   However, the highly 

conservative cut-off of 1.02 is recommended with the goal of avoiding false negatives by 

accounting for inherent system variability and/or accumulation at the interaction site.  Using 

estimated liver concentrations represents a conservative approach beyond using unbound 

plasma concentrations and therefore, the cut-off was set to be 1.1, which is still below the 

threshold of clinically relevant inhibition (1.25).   When the R1 value is > 1.02 (plasma) or 1.1 

(liver), a second-tier approach can be used which includes modeling the potential with either a 

mechanistic static (net effect) or dynamic (PBPK) model.  If the second-tier model is ≥ 1.25, 

then clinical evaluation would be recommended.  Using the plasma concentration, the risk of 

clinically relevant inhibition of CYP2B6 or CYP2C8 is low.  When using the liver concentration, 

the potential for clinically relevant inhibition of CYP2C8 by fitusiran and cemdisiran could not be 

excluded by the R1 equation, and therefore mechanistic static modeling was conducted.  The 

substrate used in the modeling was cerivastatin (Fm = 0.82) which is more sensitive towards 

CYP2C8 than other substrates (i.e. repaglinide, Fm = 0.49-0.63).  Using this approach, the 
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potential for clinically relevant DDI of CYP2C8 is low (R < 1.25) and no clinical interaction 

studies are warranted. 

Givosiran as a P-gp inhibitor 

The current FDA and PMDA draft DDI guidance documents propose a cut-off based only on 

orally administered drugs and recommend using Igut/IC50 > 10.  The route of administration for 

GalNAc-siRNAs is through subcutaneous injection, thus the potential for GalNAc-siRNAs to 

mediate gut level DDI on P-gp is low.  For this reason, the cut-off of I1/IC50 ≥ 0.03 proposed by 

(Ellens et al., 2013, V Arya et al., 2017) was used to determine whether in vitro inhibition of P-gp 

by givosiran could be clinically relevant.  Based on this analysis the likelihood for givosiran to 

inhibit P-gp in the clinic is very low (AUCR = 1.0).  
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Discussion  

Regulatory authorities encourage thorough investigation of DDI potential during drug 

development since it can lead to adverse clinical effects or reduction in efficacy.  These 

investigations are often carried out in vitro and are typically focused on the major drug 

metabolizing enzymes (CYPs and UGTs) and transporters where clinically relevant DDI has 

been observed.  There is currently no guidance addressing DDI potential of novel therapeutics 

such as oligonucleotides.  Therefore, recommendations made for small molecules are often 

adhered to during their development.  Years of experience has enabled the recommendation 

that DDI of protein therapeutics, can be determined on a case by case basis (Huang et al., 

2010), since DDI potential is low with the exception of cytokine modulators (Kenny et al., 2013).  

The rapid development of novel therapeutics containing oligonucleotides has resulted in many 

clinical studies over the last 30 years when the first ASO, fomivirsen was approved.   An 

additional five ASOs have been approved and include, pegaptanib in 2004, mipomersen in 

2013, eteplirsen, defibrotide, nusinersen in 2016 and inotersen in 2018.  During this timeframe 

no significant pharmacokinetic DDI have been reported (Geary et al., 2002; Geary et al., 2006; 

Yu et al., 2009; Li et al., 2014).  The first siRNA, ONPATTRO® (patisiran), approved by the FDA 

in 2018, employs a different dosing route and delivery mechanism than the current generation of 

GalNAc-siRNAs which are the focus of this paper.   

Considering the mechanism of action, disposition, and molecular size, it is unlikely that 

GalNAc-siRNA would interact with drug metabolizing enzymes and transporters.  They are 

highly soluble in water and negatively charged at physiological pH.  ASGPR-mediated uptake 

efficiently delivers GalNAc-siRNA to the liver; thus, solute carrier transporters are unlikely to 

contribute to their active uptake.  In nonclinical models (rat and monkey), renal clearance is not 

a major route of elimination of GalNAc-siRNA (less than 25% of total clearance) suggesting that 

the role of renal transporters is likely minor.  Metabolite identification studies indicate that 
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GalNAc-siRNAs are metabolized to shortmers by exo- and endonucleases.  GalNAc-siRNAs do 

not induce cytokines in vitro or in vivo, therefore, modulation of drug metabolizing activity 

through this mechanism is unlikely.  

Reaction phenotyping of seven GalNAc-siRNAs confirmed that they are not substrates 

of CYP enzymes including, CYP 1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 3A4 and 3A5.  Clinical 

interactions with inhibitors or inducers of CYP enzymes would therefore not be expected.  None 

of the nine GalNAc-siRNAs tested caused any time-dependent inhibition of the major CYP 

enzymes including, CYP 1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 3A4 and 3A5.  Mild direct 

inhibition was observed for CYP2B6 with cemdisiran (Ki = 292 µM) and for CYP2C8 with 

cemdisiran (Ki = 112 µM), fitusiran (Ki = 28 µM) and lumasiran (Ki = 208 µM).  A recent 

publication by Sekisui XenoTech postulated that the phosphorothioate (PS) linkages, contained 

within the evaluated ASOs, could be the reason for observed direct inhibition of CYP in HLMs, 

which tended to be rank ordered as CYP1A2 ≈ CYP2C8 > CYP2B6 (Kazmi et al., 2018).  The 

authors demonstrated test system dependency whereby inhibition studies carried out using a 

more physiologically relevant hepatocyte model resulted in no or reduced extents of inhibition.  

Unlike the ASO molecules which contain at least twelve PS linkages, GalNAc-siRNAs contain a 

maximum of six PS linkages. To evaluate the clinical relevance of CYP2B6 or CYP2C8 in vitro 

inhibition, a risk assessment using the decision trees presented in regulatory DDI guidance 

documents was performed.  Since GalNAc-siRNAs are efficiently delivered to the hepatocytes 

via ASGPR, the liver concentration is anticipated to be much higher than plasma.  However, as 

previously mentioned, the free intracellular concentration available to inhibit CYP enzymes on 

the endoplasmic reticulum is likely to be much lower than the total liver concentration.  A worst-

case assessment of DDI potential was made by inputting estimated total liver concentrations, in 

addition to plasma, to project the clinical outcome.  Based on this analysis, no clinical DDI 

evaluation would be triggered (R value < 1.25).  It is possible that conducting inhibition studies 
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using a more physiologically representative model such as hepatocytes, similarly to ASO, would 

yield lower extents of inhibition.  However, since clinically relevant inhibition is not expected, 

these studies were not conducted.    

There was no modulation of drug metabolizing enzymes observed during in vitro 

induction studies characterizing endpoints of AhR, CAR and PXR.  Thus, clinical interactions 

due to induction of drug metabolizing enzymes by GalNAc-siRNA are unlikely.  Taken together 

the likelihood for GalNAc-siRNA to perpetrate DDI against CYP substrates is unlikely.     

Transporters can drive intracellular concentrations and mediate clinically relevant DDI; 

thus, regulatory agencies, EMA, FDA and PMDA recommend that all new chemical entities 

(NCE) be evaluated as substrates or inhibitors of transporters.  In vitro investigations can be 

prioritized based on knowledge of the NCE as well as the physiochemical properties.  For 

example, compounds with high solubility or permeability do not need to be evaluated as 

substrates of P-gp and BCRP and renal transporters only need to be evaluated if renal excretion 

is a major elimination pathway (EMA, 2012 and FDA, 2018).  Inhibition of P-gp and BCRP 

should also be considered only for those molecules administered orally.  The rationale for this is 

because clinically relevant DDI are more likely to occur at the GI tract where inhibitor 

concentrations would be much higher than plasma and therefore can achieve a high enough 

level to inhibit intestinal P-gp.  A review of clinical DDI studies with common P-gp substrates 

(digoxin, dabigatran, loperamide and apixaban) yielded 249 total clinical interaction studies.  Of 

these, 130 studies were positive for inhibition and all precipitants were dosed orally.  Only 10 

clinical DDI studies have been conducted to date with perpetrators dosed subcutaneously (5) or 

IV (5), and none of these studies resulted in relevant clinical inhibition.  Clinical P-gp DDI 

studies with drugs administered subcutaneously were limited to GLP-1 receptor agonists 

(albiglutide, dulaglutide, lixisenatide, semaglutide) because of an on-target delayed gastric 

emptying which could alter GI absorption kinetics of co-administered therapies. The route of 
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administration for GalNAc-siRNAs is through subcutaneous injection, thus the potential for 

GalNAc-siRNAs to mediate gut level DDI on P-gp is low.  The likelihood for givosiran to result in 

clinically meaningful inhibition of P-gp was determined to be low when considering the in vitro 

derived IC50 value.  Current data across GalNAc-siRNAs demonstrate low potential for inhibition 

interactions with transporters.  Furthermore, GalNAc-siRNAs were determined to not be 

substrates of clinically relevant transporters.  Overall, these data confirm that the likelihood for 

clinically relevant interactions with transporters by GalNAc-siRNAs is low.   

The totality of data confirms that chemical inhibition or induction of drug metabolizing 

enzymes and transporters mediated by GalNAc-siRNA is highly unlikely.  The potential for 

pharmacological mediated DDI should be evaluated by understanding the mechanism of action 

and downstream or upstream effects of target gene knockdown.  A weight of evidence approach 

for including/excluding clinical DDI investigation dependent on the properties of the siRNA and 

the pharmacology of the target is recommended.  To reduce off-target effects, siRNA 

sequences are carefully designed, with the first step employing algorithms aimed to reduce the 

probability of perfect matches and hybridization with RNAs for genes other than the target 

followed by a strategy to mitigate off-target activity.  In general, based on this large dataset, in 

the absence of any pathway mediated DDI potential, it can be concluded that GalNAc-siRNAs 

are unlikely to be a victim or perpetrator of DDI and in vitro or clinical investigations are not 

warranted.  
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 Legends for Figures 

Figure 1: The potential for a. cemdisiran, b. HBV01, c. vutisiran, d. AAT, e. fitusiran, f. 

givosiran, g. revusiran, h. lumasiran, i. inclisiran, j. AGT01, k. AAT02 or l. HBV02 to inhibit the 7 

major CYP enzymes was investigated using pooled HLM.  No inhibition of CYP 1A2, 2B6, 2C8, 

2C9, 2C19, 2D6, 3A4/5 was observed after incubation of HBV01 TTRSC02, AAT, givosiran, 

revusiran, inclisiran, AGT01, AAT02 or HBV02.  Weak in vitro inhibition was observed for 

CYP2B6 and CYP2C8 by cemdisiran.  Weak in vitro inhibition was observed for CYP2C8 after 

incubation with fitusiran and lumasiran. 

Figure 2: The potential for a. cemdisiran, b. givosiran, c. HBV01, d. inclisiran and e. fitusiran to 

induce CYP enzymes through activation of AhR, CAR or PXR was evaluated from 3 separate 

human hepatocyte donors.  No concentration dependent induction of any of the isoforms 

evaluated was observed.  Concentration dependent decreases in mRNA levels for two donors 

was observed after givosiran treatment. 

Figure 3: The potential for a. revusiran, b. fitusiran, c. givosiran and d. inclisiran (single 

concentration was tested and was set to be much higher than the observed clinical Cmax,ssu 

concentration) to act as inhibitors of clinically relevant transporters was investigated.  No 

relevant inhibition was observed for revusiran, fitusiran and inclisiran against any of the 

transporters evaluated.  Givosiran resulted in concentration dependent decreases in P-gp 

activity.  

Figure 4: Correlation analysis of liver enrichment observed in rat versus cynomolgus monkey.  

In this plot the liver enrichment represents the preferential distribution of GalNAc-siRNAs into 

liver when compared with plasma (Cmax liver/Cmax plasma), since this is a ratio it is unitless.  
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Tables 

Table 1.  Clinical PK parameters 

GalNAc siRNA 
Clinical Dose (mg), clinically 

relevant unless otherwise 
noted 

Clinical Cmax (µM) 

Plasma 
Liver 

projected 

revusiran 500 0.058 5.1 

HBV01 3 (mg/kg, highest dose tested) 0.057 12 

AAT01 6 (mg/kg, highest dose tested) 0.11 29 

fitusiran 80 0.0092 4.3 

givosiran 2.5 (mg/kg) 0.020 12 

inclisiran 300 0.061 17 

cemdisiran 600 0.048 12 

vutrisiran 25 0.0054 1.9 

lumasiran 3 (mg/kg) 0.061 7.1 
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Table 2.  CYP450 reaction phenotyping using rCYP % remaining after designated time-course 

Parameter revusiran HBV01 AAT01 fitusiran cemdisiran vutrisiran lumasiran 

Time point 
(min) 

45 45 45 45 45 45 45 

[conc] µM 0.620 0.053 0.614 0.0465 0.0477 0.0490 0.612 

CYP1A2 105 97.8 102 106 103 107 103 

CYP2B6 104 113 101 103 109 104 100 

CYP2C8 98.2 102 103 100 96.1 107 106 

CYP2C9 102 87.6 97.5 91.6 101 96.9 99.4 

CYP2C19 100 95.8 107 102 102 106 98.8 

CYP2D6 98.2 88.8 103 102 110 105 107 

CYP3A4 102 108 101 102 95.4 102 94.2 

CYP3A5 89.3 97.2 98.6 100 92.9 102 102 
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Table 3.  Time-dependent inhibition results for GalNAc-siRNA against CYPs 1 

CYP isoform 

IC50 (µM) 

AAT01 HBV01 givosiran 

-NADPH +NADPH Ratio -NADPH +NADPH Ratio -NADPH +NADPH Ratio 

CYP1A2 >614 >614 1 >665 >665 1 >614 >614 1 

CYP2B6 >614 >614 1 >665 >665 1 >614 >614 1 

CYP2C8 >614 >614 1 >665 >665 1 >614 >614 1 

CYP2C9 >614 >614 1 >665 >665 1 >614 >614 1 

CYP2C19 >614 >614 1 >665 >665 1 >614 >614 1 

CYP2D6 >614 >614 1 >665 >665 1 >614 >614 1 

CYP3A4/5 (Midazolam) >614 >614 1 >665 >665 1 >614 >614 1 

CYP3A4/5 (Testosterone) >614 >614 1 >665 >665 1 >614 >614 1 

CYP isoform 

IC50 (µM) 

lumasiran cemdisiran vutrisiran 

-NADPH +NADPH Ratio -NADPH +NADPH Ratio -NADPH +NADPH Ratio 

CYP1A2 >612 >612 1 >596 >596 1 >612 >612 1 

CYP2B6 >612 >612 1 >596 >596 1 >612 >612 1 

CYP2C8 >612 >612 1 >596 >596 1 >612 >612 1 

CYP2C9 >612 >612 1 >596 >596 1 >612 >612 1 

CYP2C19 >612 >612 1 >596 >596 1 >612 >612 1 

CYP2D6 >612 >612 1 >596 >596 1 >612 >612 1 

CYP3A4/5 (Midazolam) >612 >612 1 >596 >596 1 >612 >612 1 

CYP3A4/5 (Testosterone) >612 >612 1 >596 >596 1 >612 >612 1 

CYP isoform 

IC50 (µM) 

inclisiran AGT01 HBV02 

-NADPH +NADPH Ratio -NADPH +NADPH Ratio -NADPH +NADPH Ratio 

CYP1A2 >612 >612 1 >18.3 >18.3 1 >20 >20 1 

CYP2B6 >612 >612 1 >18.3 >18.3 1 >20 >20 1 

CYP2C8 >612 >612 1 >18.3 >18.3 1 >20 >20 1 

CYP2C9 >612 >612 1 >18.3 >18.3 1 >20 >20 1 

CYP2C19 >612 >612 1 >18.3 >18.3 1 >20 >20 1 

CYP2D6 >612 >612 1 >18.3 >18.3 1 >20 >20 1 

CYP3A4/5 (Midazolam) >612 >612 1 >18.3 >18.3 1 >20 >20 1 

CYP3A4/5 (Testosterone) >612 >612 1 >18.3 >18.3 1 >20 >20 1 

2 
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Table 4.  Evaluation of metabolic stability for inclisiran in the incubation media during the 

induction study 

[inclisiran] µM Donor 
% of time = 0 hours (Mean ± SD), n = 3 

6 hours 24 hours 

0.0245 

1 99.3 ± 2.09 111 ± 0.76 

2 94.5 ± 1.84 123 ± 2.68 

3 100 ± 1.33 107 ± 4.51 

0.245 

1 96.1 ± 3.18 117 ± 1.79 

2 98.3 ± 0.83 126 ± 0.29 

3 102 ± 1.31 110 ± 3.92 

1.22 

1 96.8 ± 2.90 116 ± 6.66 

2 104 ± 1.95 124 ± 7.05 

3 99.3 ± 2.69 114 ± 2.99 
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Table 5.  Confirmation of uptake into sandwich cultured human hepatocytes 

GalNAc-siRNA 
Nominal incubation 
concentration (µM) 

Measured intracellular concentration 
(µM)                      

Mean ± SD (n=3) 

fitusiran 

0.000308 0.0467 ± 0.00761 

0.0154 0.181 ± 0.0315 

0.154 1.12 ± 0.165 

1.54 5.08 ± 1.82 

HBV01 

0.000665 0.0044 ± 0.000734 

0.00665 0.0271 ± 0.00825 

0.0665 0.687 ± 0.283 

6.65 2.95 ± 1.5 

givosiran 

0.000613 0.000923 ± 0.0000883 

0.00613 0.0496 ± 0.0081 

0.613 1.34 ± 0.15 

6.13 3.25 ± 1.53 

inclisiran 

0.0245 0.0571 ± 0.00788 

0.245 0.288 ± 0.038 

1.22 0.734 ± 0.135 

cemdisiran 

0.0119 0.191 ± 0.027 

0.119 1.04 ± 0.0235 

1.19 3.90 ± 0.368 

11.9 10.1 ± 2.35 
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Table 6.  Assessment of the clinical drug-drug interaction potential based on reversible inhibition of metabolizing enzymes and cutoff 

criteria from regulatory guidance 

GalNAc-
siRNA 

Enzyme Ki 

Total plasma Cmax,ss (μM) 
required to cause clinically 
relevant inhibition based on 

DDI guidance criteria [observed 
clinical concentration at 
therapeutic dose, µM]a 

R1 
Mechanistic 

static 
model 

EMA FDA PMDA Plasma Liver Liver 

cemdisiran CYP2B6 292 5.83 [0.048] 1.00 1.04 1.03 

fitusiran 

CYP2C8 

28 0.56 [0.0092] 1.00 1.15 1.12 

cemdisiran 112 2.24 [0.048] 1.00 1.10 1.08 

lumasiran 208 4.16 [0.061] 1.00 1.03 1.03 
a cutoff = R = 1+50*[I]/Ki, where I is Cmax,ss,u, R ≥ 2.0 and fu = 1 
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