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ABSTRACT
Conjugation of small interfering RNA (siRNA) to tris N-acetyl-
galactosamine [(GalNAc)3] can enable highly selective,
potent, and durable knockdown of targeted proteins in the
liver. However, potential knowledge gaps between in vitro
experiments, preclinical species, and clinical scenarios
remain. A minimal physiologically based pharmacokinetic-
pharmacodynamic model for GalNAc-conjugated siRNA
(GalNAc-siRNA) was developed using published data for fitu-
siran (ALN-AT3), an investigational compound targeting liver
antithrombin (AT), to delineate putative determinants govern-
ing the whole-body–to-cellular pharmacokinetic (PK) and
pharmacodynamic (PD) properties of GalNAc-siRNA and
facilitate preclinical-to-clinical translation. The model mathe-
matically linked relevant mechanisms: 1) hepatic biodistribu-
tion, 2) tris-GalNAc binding to asialoglycoprotein receptors
(ASGPRs) on hepatocytes, 3) ASGPR endocytosis and recy-
cling, 4) endosomal transport and escape of siRNA, 5) cyto-
plasmic RNA-induced silencing complex (RISC) loading, 6)
degradation of target mRNA by bound RISC, and 7) knock-
down of protein. Physiologic values for 36 out of 48 model
parameters were obtained from the literature. Kinetic param-
eters governing (GalNAc)3-ASGPR binding and internaliza-
tion were derived from published studies of uptake in
hepatocytes. The proposed model well characterized
reported pharmacokinetics, RISC dynamics, and knockdown

of AT mRNA and protein by ALN-AT3 in mice. The model
bridged multiple PK-PD data sets in preclinical species
(mice, rat, monkey) and successfully captured reported
plasma pharmacokinetics and AT knockdown in a phase I
ascending-dose study. Estimates of in vivo potency were
similar (�2-fold) across species. Subcutaneous absorption
and serum AT degradation rate constants scaled across spe-
cies by body weight with allometric exponents of �0.29 and
�0.22. The proposed mechanistic modeling framework char-
acterizes the unique PK-PD properties of GalNAc-siRNA.

SIGNIFICANCE STATEMENT
Tris N-acetylgalactosamine (GalNAc)3–conjugated small interfering
RNA (siRNA) therapeutics enable liver-targeted gene therapy and
precision medicine. Using a translational and systems-based mini-
mal physiologically based pharmacokinetic-pharmacodynamic
(mPBPK-PD) modeling approach, putative determinants influ-
encing GalNAc-conjugated siRNA (GalNAc-siRNA) functionality in
three preclinical species and humanswere investigated. The devel-
oped model successfully integrated and characterized relevant
published in vitro–derived biomeasures, mechanistic PK-PD pro-
files in animals, and observed clinical PK-PD responses for an
investigational GalNAc-siRNA (fitusiran). This modeling effort delin-
eates the disposition and liver-targeted pharmacodynamics of Gal-
NAc-siRNA.

Introduction
Recent advances in RNA-based gene therapy for both rare

and prevalent diseases are transforming precision medicine.
By harnessing the natural biologic process of RNA interference
(RNAi) (Hannon, 2002), an important novel class of RNA-
based therapeutics is being developed. One such modality is

This work was supported by Janssen Research and Development, LLC.
1Current affiliation: Adagene Inc., San Diego, California, USA.
2Current affiliation: Tenacia CP BIO Consulting, Exton, Pennsylvania, USA.
*V.S.A. and D.S. contributed equally to this work.
dx.doi.org/10.1124/jpet.121.000805.
S This article has supplemental material available at jpet.aspetjournals.org.

ABBREVIATIONS: ASGPR, asialoglycoprotein receptor; AT, antithrombin; GalNAc, N-acetylgalactosamine; BW, body weight; GalNAc-siRNA,
GalNAc-conjugated siRNA; GSA, global sensitivity analysis; IL-2, interleukin 2; mPBPK-PD, minimal physiologically based pharmacokinetic-
pharmacodynamic; PD, pharmacodynamic; PK, pharmacokinetic; PRCC, partial rank correlation coefficient; QW, once weekly; Q4W, once
monthly; RISC, RNA-induced silencing complex; RNAi, RNA interference; siRNA, small interfering RNA; TTR, transthyretin.

134

1521-0103/379/2/134–146$35.00 https://doi.org/10.1124/jpet.121.000805
THE JOURNAL OF PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS J Pharmacol Exp Ther 379:134–146, November 2021
Copyright ª 2021 by The American Society for Pharmacology and Experimental Therapeutics

http://jpet.aspetjournals.org/content/suppl/2021/08/19/jpet.121.000805.DC1
Supplemental material to this article can be found at: 

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

dx.doi.org/10.1124/jpet.121.000805
http://jpet.aspetjournals.org
http://jpet.aspetjournals.org/content/suppl/2021/08/19/jpet.121.000805.DC1
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/
http://jpet.aspetjournals.org/


small interfering RNA (siRNA), a therapy that mediates RNAi
by acting upstream of most drugs, potently silencing mRNA—
the genetic precursors—that encode for targeted proteins,
thus preventing their synthesis.
Within cells, unbound cytoplasmic concentrations of siRNA

act by engaging the RNA-induced silencing complex (RISC),
inducing the RISC-mediated cleavage of the targeted mRNA
(Hannon, 2002; Huang, 2017). Historically, efficient in vivo
delivery of siRNA has been hampered by multiple factors such
as rapid elimination (e.g., nuclease degradation, renal clear-
ance), unfavorable physicochemical properties for cellular
uptake (e.g., high molecular weight, large size, negative charge),
potential for immunogenicity, and significant endo-lysosomal
degradation (Wang et al., 2010; Dowdy, 2017). Recent break-
through innovations to improve the pharmacokinetic (PK) and
pharmacodynamic (PD) properties of siRNA include the use of
enhanced stabilization chemistry for oligonucleotide synthesis,
20-F and 20-O-methyl nucleoside modifications to one strand of
the siRNA duplex to lower immunogenicity, lipid nanoparticle
formulations, and the development of tris N-acetylgalactos-
amine (GalNAc)3-conjugated siRNA (GalNAc-siRNA hereafter)
(Layzer et al., 2004; Nair et al., 2014; Khvorova and Watts,
2017; Springer and Dowdy, 2018). With the regulatory appro-
vals of two GalNAc-siRNA therapies, OXLUMO (lumasiran),
and GIVLAARi (givosiran), and recent clinical successes of
many other siRNA compounds, the clinical pipeline for Gal-
NAc-siRNA therapy has increased substantially, with over a
dozen late-stage trials to treat diverse liver-related diseases
now underway (Khvorova and Watts, 2017; Springer and
Dowdy, 2018; Setten et al., 2019; Debacker et al., 2020; Hu et
al., 2020).
Administered via the subcutaneous route, siRNA conjugated

to tris-GalNAc maintains potent and durable gene silencing
activity in the clinic (e.g., weeks to months), which occurs
through a series of kinetic steps involving 1) rapid and exten-
sive distribution into the liver, 2) binding to the asialoglyco-
protein receptor (ASGPR) that is expressed abundantly and
exclusively on hepatocytes, 3) internalization via ASGPR-
mediated endocytosis, 4) endosomal transport and receptor
recycling, 5) escape from the endosomal compartment into
cytoplasm (via mechanisms not fully understood yet), 6) bind-
ing to cytoplasmic RISC, 7) stimulation of the natural degra-
dation rate of the targeted mRNA by the siRNA-loaded RISC,
and 8) consequent inhibition of production of the targeted pro-
tein (Wei et al., 2011; Gilleron et al., 2013; Nair et al., 2017;
Humphreys et al., 2019; Brown et al., 2020; Debacker et al.,
2020). An interesting feature of the PK-PD relationship for
siRNA is an apparent disconnect between their transient
plasma exposure and prolonged pharmacologic effects. This
unique PK-PD characteristic enables monthly, quarterly, or
even twice-yearly dosing schedules to maintain therapeutic
efficacy.
Although there has been a general understanding of a

RISC-dependent mechanism for siRNA (Wei et al., 2011;
Nair et al., 2017), quantitative information on determi-
nants influencing the extent and duration of GalNAc-
siRNA activity remains incomplete. As such, systematic
and quantitative model-based interspecies assessments of
GalNAc-siRNA disposition and gene silencing activity are
warranted. Mechanism-based characterization of PK-PD
relationships of siRNA present some challenges and
unique opportunities due to the complex, cascading, and

potentially nonlinear processes involved in their disposi-
tion and pharmacology. This necessitates the use of inte-
grative and multiscale modeling approaches to delineate
and quantify specific determinants controlling their dose-
exposure-response relationships in vivo. Beyond enabling
the separation of drug- and system-specific determinants,
properly assembled translational, physiologically based
PK-PD (PBPK-PD) models provide a mechanistic platform
to extrapolate and predict drug effects from in vitro and in
vivo preclinical systems to clinical responses for new and
existing therapies (Mager and Jusko, 2008; Shah et al.,
2012; Singh et al., 2020). Based on a recent review article
originating from the US Food and Drug Administration
(Fairman et al., 2021), and to our knowledge, a PBPK-PD
framework for characterizing RNAi mediated by GalNAc-
siRNA has not been reported thus far.
Here, we employed a stepwise approach to 1) develop a min-

imal PBPK-PD (mPBPK-PD) model to comprehensively char-
acterize the whole-body–to-intracellular PK-PD actions of
GalNAc-siRNA, 2) physiologically scale the platform model
across three preclinical species (mouse, rat, and monkey),
3) characterize clinical response in a first-in-human study for
a specific GalNAc-siRNA, and 4) demonstrate the utility of
translational systems modeling to quantitate the PK-PD prop-
erties of this novel therapeutic platform. The model was devel-
oped by leveraging published data comprising in vitro
experiments, comprehensive in vivo PK-PD studies conducted
in preclinical species, and reported clinical phase I data for
fitusiran (ALN-AT3), an investigational GalNAc-siRNA conju-
gate targeting endogenous antithrombin (AT) to treat hemo-
philia A and B (Pasi et al., 2017). Global sensitivity analysis
(GSA) was further performed to understand the impact of
selected model parameters on gene silencing. The proposed
model provides a mechanistic framework that further assesses
the preclinical and clinical PK-PD behavior of GalNAc-siRNA
therapeutics.

Methods
Minimal PBPK-PD Model

Based upon the relevant physiologic and pharmacological
mechanisms of GalNAc-siRNA disposition and actions described
in the Introduction and found in the literature (Sarin, 2010; Bon
et al., 2017; Nair et al., 2017; Humphreys et al., 2019; Debacker
et al., 2020), a multiscale PK-PD model was developed (Fig. 1).
The model was assembled in a stepwise manner. The definitions
for all model parameters are provided within selected main and
supplemental tables. Definitions for state variables in the model
are listed in Supplemental Table 1 in Supplemental Appendix 2.
The system of ordinary differential equations describing the
model is provided in Supplemental Appendix 3.
Minimal Physiologically Based Pharmacokinetic

Model to Characterize Pharmacokinetics and Biodis-
tribution of GalNAc-siRNA. The whole-body disposition of
GalNAc-siRNA was characterized using a mPBPK modeling
approach (Cao and Jusko, 2012) (Fig. 1A). The model incorpo-
rated a distinct kidney compartment subdivided into vascular
and tissue spaces. A bound depot was included to account for
drug sequestration in the extracellular and/or tissue space(s).
Renal filtration (i.e., elimination) of the free (unbound) drug
was assumed to occur from the kidney vascular space. The
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main organ of pharmacologic relevance, liver, comprised a vas-
cular space, an extracellular compartment, a bound pool, and
a cellular space accounting for drug entry into hepatocytes via
specific, ASGPR-mediated intracellular uptake.
Liver mPBPK-PD Model to Characterize Target

Gene Silencing by GalNAc-siRNA. Free (unbound) Gal-
NAc-siRNA in the plasma entered from the liver vasculature
into the extracellular space, controlled by the liver uptake
clearance. Unbound siRNA either bound within a pool or
interacted specifically with the ASGPR on hepatocytes. Tris-
GalNAc binding to the ASGPR caused internalization of Gal-
NAc-siRNA into endosomes followed by rapid cleavage of the
GalNAc moiety, along with rapid and extensive recycling of a
majority of free ASGPR (90%) back to the cell surface
(Schwartz et al., 1982; Weigel and Oka, 1983). Furthermore, it

was assumed that a very small fraction of siRNA (1%) under-
went endosomal escape into the cell cytoplasm (Gilleron et al.,
2013), bound to free cytoplasmic RISC, and consequently
caused gene silencing by stimulating the natural degradation
rate of target mRNA (Debacker et al., 2020) (Fig. 1B).
Cellular Model of Target-Mediated Uptake and

Intracellular Delivery of GalNAc-siRNA. The kinetics of
drug binding and uptake via the ASGPR was described by
adapting the general framework of cell-level target-mediated
drug disposition (Krzyzanski et al., 2016). The model incorpo-
rated the turnover of ASGPR on the cell surface (de novo syn-
thesis and degradation), kinetics of tris-GalNac-siRNA binding
with ASGPR, internalization of the bound complex into endo-
some, subsequent GalNAc cleavage from conjugate, endosomal
degradation and/or escape of siRNA, and rapid recycling of free

Fig. 1. Schematic of the mPBPK-PD model for GalNAc-siRNA–mediated target gene knockdown. (A) An mPBPK model depicting the whole-body
disposition of GalNAc-siRNA. All organs are represented by a rectangular compartment and connected in an anatomic manner with blood flow
(solid arrows). Arrows represent the direction of the flow. Each tissue compartment within this model, except plasma and remainder, is divided
into subcompartments. (B) The structure of the organ-level mPBPK-PD model for GalNAc-siRNA disposition and pharmacodynamics is shown.
The liver tissue is divided into vascular, extracellular, and cellular subcompartments. Cellular (hepatocyte) uptake processes as relevant to
ASGPR dynamics, GalNAc-binding, internalization, endosomal degradation, and cytoplasmic entry are shown (enlarged within dashed box). For a
detailed description of the processes please refer to the Minimal PBPK-PD Model subsection in the Methods.
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ASGPR from the endosome to the cell surface (Fig. 1B). Upon
binding to ASGPR, GalNAc-siRNA was assumed to distribute
within the total volume of hepatocytes, which comprise 80% of
the cellular volume of liver (Zhou et al., 2016). Since adult hepa-
tocytes display a long average life span of 200–300 days
(Duncan et al., 2009), constant numbers of hepatocytes were
assumed over time.
Each “scale” described within the mPBPK-PD model is

related mathematically based on the underlying cellular and
organ physiology. Physiologic parameter values describing
organ volumes, plasma flows, filtration rates, liver fractional
volumes, and hepatocellularity in mice, rats, monkeys, and
humans were obtained from the literature (Davies and Morris,
1993; Sohlenius-Sternbeck, 2006; Duncan et al., 2009; Dela-
naye et al., 2012; Shah and Betts, 2012; Iwama et al., 2014;
Sasaki et al., 2014). Liver concentrations of ASGPR in each
species was calculated by accounting for species-specific
cellular expression, hepatocellularity, and liver weight
(Supplemental Appendix 4).

Model Assumptions

Certain additional assumptions were made during the
modeling. These include that 1) elimination of GalNAc-siRNA
in plasma is negligible, which is supported by in vitro stability
assessments (Nair et al., 2017); 2) presence of functional
ASGPR (i.e., expression of protein subunits 1 and 2) is
confined to the hepatocytes (https://www.proteinatlas.org/
ENSG00000141505-ASGR1/celltype; https://www.proteinatlas.
org/ENSG00000161944-ASGR2/celltype); 3) drug distribution
is confined within the vascular and extracellular volumes of
“remainder” organs (Dowdy, 2017); 4) only “free” ASGPR
(cleaved from conjugate) recycles to the cell surface; 5) only
free siRNA escaping the endosome is able to interact with the
RISC in the cytoplasm (Sen and Blau, 2005; Gilleron et al.,
2013); 6) once bound, dissociation of siRNA from RISC is negli-
gible (Bartlett and Davis, 2006); 7) RISC-loaded siRNA con-
centrations stimulate the natural degradation rate of target
mRNA; and 8) knockdown of mRNA is translated to decreased
protein expression.

Data Sets and a Stepwise Modeling Approach

All data used in this study were obtained from the literature.
The PK data sets (plasma, total liver, RISC-bound siRNA in
liver, and kidney concentration-time profiles) examined in this
analysis include GalNAc-siRNA targeting AT, transthyretin
(TTR), and delta-aminolevulinate synthase 1 that were col-
lected across four species (mice, rats, cynomolgus monkeys, and
humans), whereas mRNA and protein time courses were

examined only for ALN-AT3, an investigational GalNAc-siRNA
targeting AT, in mice, monkeys, and humans (Akinc et al.,
2012; Sehgal et al., 2015; Pasi et al., 2017). Relevant informa-
tion (including target, dose, species, measurements) regarding
each preclinical and clinical study obtained from the literature
is summarized in Table 1 and briefly stated below. A stepwise
approachwas applied to develop and qualify the platformmodel
using experimental data obtained from in vitro (hepatocyte)
and in vivo preclinical studies as well as clinical responses in
humans. Due to availability of rich data sets describing both PK
and PD properties, the mouse, a relatively well established pre-
clinical animal to study GalNAc-siRNA pharmacology (Sehgal
et al., 2015; Nair et al., 2017), was chosen as the starting species
for model development and calibration. The stepwise model-
building approach involved:
Step 1 (In Vitro Modeling of ASGPR-Mediated Gal-

NAc Uptake). Two independent in vitro experiments examin-
ing kinetics of (GalNAc)3–interleukin 2 (IL -2) uptake in primary
hepatocytes from mice (Sato et al., 2002) were modeled simulta-
neously using a basic model of receptor-mediated endocytosis
(Supplemental Fig. 1A in Supplemental Appendix 1) to obtain
select kinetic rate constants forGalNAc endocytosis byASGPR.
Step 2 (mPBPK Model Development in Mice). An

mPBPK model incorporating distinct kidney and liver com-
partments was developed to characterize the available plasma
and tissue PK profiles in mice. For PK model development,
plasma and total tissue (liver and kidney) concentrations of
GalNAc-siRNAs targeting AT (ALN-AT3) or TTR (siTTR-2) in
mice were obtained from the literature at doses ranging from
1 to 25 mg/kg i.v. or s.c. (Akinc et al., 2012; Sehgal et al., 2015;
Nair et al., 2017) (Table 1). Specifically, concentration-time
profiles of siTTR-2 in plasma and kidney after 10 mg/kg i.v.
and s.c. doses were obtained. In addition, both plasma and
total liver concentration-time profiles for ALN-AT3 after 1,
2.5, 5, and 25 mg/kg single i.v. and/or s.c. doses were included.
Step 3 (mPBPK-PD Model Development and Valida-

tion in Mice). Based upon availability of multiple, compre-
hensive published PK-PD data sets for ALN-AT3 (fitusiran),
this compound was chosen as a relevant case example for full
PK-PD characterization. In mice, the time courses of RISC
occupancy (liver Ago2-loaded siRNA concentrations), AT
mRNA in liver, and serum AT protein after 1, 2.5, and 5 mg/
kg s.c. were used for further model development and charac-
terization of the PK-PD relationship (Sehgal et al., 2015; Nair
et al., 2017). In addition, a data set profiling the knockdown of
serum AT protein after repeated 0.75, 1.5, and 3 mg/kg [once
weekly (QW) � 5] s.c. dosing of ALN-AT3 in mice was used for
model qualification (Sehgal et al., 2015).

TABLE 1
Summary of published preclinical and clinical in vivo data sets used to develop the proposed translational mPBPK-PD model.

Target Dose (mg/kg) Species Measurement(s) Reference(s)

AT 1–5 (s.c., SD) Mice Plasma, liver, and RISC PK,
AT mRNA, plasma AT

Sehgal et al., 2015; Nair et al., 2017

AT 25 (i.v. and s.c., SD) Mice Plasma PK, liver PK (s.c.) Akinc et al., 2012
AT 0.75–3 (s.c., MD) Mice Plasma AT Sehgal et al., 2015
TTR 10 (i.v. and s.c., SD) Mice Plasma, kidney PK Nair et al., 2017
ALAS1 1–10 (s.c., SD) Rat Liver, RISC PK Lee et al., 2019
AT 1–30 (s.c., SD) NHP Plasma AT Sehgal et al., 2015
AT 0.015–1.8 (s.c., SD, MD) Human Plasma PK, plasma AT Pasi et al., 2017

ALAS1, delta-aminolevulinate synthase 1; MD, multiple dosing; NHP, nonhuman primate; PK, pharmacokinetics; SD, single dose.
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Step 4 (mPBPK Model–Based Scale Up to Rats). The
proposed mPBPK-PD model was scaled based on physiologi-
cally based PK principles (Kagan et al., 2011; Ayyar and Jusko,
2020) to predict the pharmacokinetics of GalNAc-siRNA in
higher-order species, including the rat. Model-based simula-
tions in the rat, based on the model developed in Steps 1–3,
were compared with available data (total liver PK at 10 mg/kg
s.c. and RISC-bound siRNA at 1 and 5 mg/kg s.c.;
Table 1) for givosiran (Lee et al., 2019). The RISC association
rate constant (kon,RISC) and turnover constant (kDR) were
assumed to be drug- and sequence-specific and were therefore
estimated. All other model parameters were either fixed or
scaled based on themodel developed in Steps 1–3.
Step 5 (Modeling Knockdown in Nonhuman Pri-

mates). Next, the platform model was applied to characterize
the in vivo time profiles of plasma AT knockdown by ALN-
AT3 in nonhuman primates. Relative AT activity in plasma
after a single subcutaneous injection of ALN-AT3 at 1, 3, 10,
and 30 mg/kg in cynomolgus monkeys were obtained from
Sehgal et al. (2015). Two model parameters relating to phar-
macodynamics, i.e., the in vivo drug potency (SC50) and the
AT protein degradation rate constant, were estimated. All
other model parameters were either fixed, scaled, or adjusted
to species-specific values based on the model developed in
Steps 1–3.
Step 6 (Modeling Plasma Pharmacokinetics and

Knockdown in Humans). Plasma pharmacokinetics and
protein knockdown by fitusiran (ALN-AT3SC) were obtained
from a published phase I dose-escalation study in four healthy
subjects and 25 patients with moderate or severe hemophilia
A or B (Pasi et al., 2017). Mean plasma concentrations of fitu-
siran over time after a single subcutaneous injection across a
dose range of 0.015–1.8 mg/kg were investigated. In addition,
the time course of plasma AT knockdown was characterized at
0.03 mg/kg s.c. (single dose) in healthy subjects and at 0.015
mg/kg QW � 3 s.c., 0.225 once monthly (Q4W) � 3 s.c., and 80
mg Q4W � 3 s.c. in subjects with hemophilia (Pasi et al.,
2017). As a final model qualification step, AT knockdown pro-
files were simulated under 0.45 and 1.8 mg/kg Q4W � 3 s.c.
regimens and compared with observed data. Two model
parameters, namely, the subcutaneous absorption rate cons-
tant (ka) and SC50, were estimated, whereas the AT protein
degradation rate constant was fixed to a reported value (Men-
ache et al., 1990). The structural model remained unchanged
across species, and all other model parameters were either
fixed or scaled based on the model developed in Steps 1–3.

Parameter GSA

Considering the complexity of the underlying system, a
GSA (Marino et al., 2008; Alden et al., 2013) was performed in
which multiple drug- and system-specific parameters describ-
ing the model (Fig. 1) were simultaneously varied over time to
deduce the overall uncertainty described in the final model
output, i.e., overall protein knockdown. The partial rank corre-
lation coefficient (PRCC) method was implemented in the R
software environment (Singh et al., 2020), in which a total of
30 model parameters were simultaneously perturbed with a
sampling size of 5000. The limits for lower and upper bounds
varied for each parameter and were based on physiologically
plausible values. PRCC-based sensitivity indexes were simu-
lated as a time course for up to 40 days. PRCC describes the

relative importance of a parameter along with its positive or
negative correlation on the desirable model output.

Data Collection and Model Implementation

The data used in this report were obtained from the litera-
ture. The data were extracted as either mean values or indi-
vidual observations (where available) from published graphs
by computer digitization (WebPlotDigitizer, version 4.1;
https://automeris.io/WebPlotDigitizer). Thus, estimated PK
and PD parameters should be considered approximate and
fit-for-purpose (i.e., proof of-concept). The PK-PD analysis
was performed in ADAPT 5 (D'Argenio et al., 2009). Data
were pooled and fitted using the maximum likelihood algo-
rithm. The residual error variance model was defined as fol-
lows:

Vi ¼ ðsintercept þ sslope � YiÞ2

where Vi is the variance of the ith observation, Yi is the ith
model prediction, and rintercept and rslope are additive and pro-
portional variance model parameters representing a linear
relationship between the standard deviation of the model out-
put and Yi. The goodness-of-fit was assessed by visual inspec-
tion of the fitted curves, improvement in the log-likelihood
objective function, examination of residual plots (observed ver-
sus predicted and predicted versus residual), and precision
(CV%) of the estimated parameters.
R (http://www.r-project.org), R Studio, and GraphPad Prism

8 (GraphPad Software, Inc., San Diego, CA) were used for
GSA and graphical assessments, respectively.

Results
Modeling In Vitro Kinetics of GalNAc Endocytosis in Mice
Hepatocytes (Step 1)

A basic model of receptor-mediated endocytosis (Supplemental
Fig. 1A in Supplemental Appendix 1) simultaneously captured
observed in vitro cellular disposition data from two separate
experiments in mouse primary hepatocytes (Sato et al., 2002)
reasonably well (Supplemental Fig. 1, B and C in Supplemental
Appendix 1). The dissociation rate constant (koff) and internaliza-
tion rate constant for ASGPR-mediated endocytosis were esti-
mated as 0.022 minute�1 (23.9% CV) and 0.04 minute�1 (7.7%
CV), which were subsequently fixed during the in vivo modeling
(Table 2). To derive the association rate constant (kon) for (Gal-
NAc)3 with ASGPR (Table 2), a reported value of 2.48 nM for the
equilibrium dissociation constant of this interaction was used
(Kanasty et al., 2013). An inherent assumption in utilizing these
data of tris-GalNAc–IL-2 uptake within the current framework
is that the entity conjugated to tris-GalNAc does not significantly
influence the binding and internalization rates of the conjugate,
which is instead driven primarily by the tris-GalNAc moiety
itself.

mPBPK Model Development in Mice (Step 2)

The developed model (Fig. 1) was fitted simultaneously
to multiple PK data sets obtained in mice, which included
measurements of drug in plasma, liver (total and
RISC-bound), and/or kidney for two compounds (ALN-AT3
and siTTR-2; Table 1). As depicted in Fig. 2 and in
Supplemental Figs. 2 and 3 in Supplemental Appendix 1,
the model characterized the concentration versus time
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profiles of both siRNA in plasma, liver, and kidney reason-
ably well across the broad dose range examined (1 mg/kg
to 25 mg/kg i.v./s.c.). Several model parameters were fixed
a priori to physiologically tenable estimates, whereas
selected parameters (e.g., liver uptake clearance, endoso-
mal degradation constant, and siRNA-RISC association
constant), which were unknown or best identified from in
vivo profiles, were estimated with acceptable precision
(Table 2). The model captured well the initial steep, rapid
drop in plasma siRNA concentrations after intravenous
and subcutaneous dosing (Supplemental Figs. 2, A–C and
3, A and B in Supplemental Appendix 1), consistent with
the short “apparent” plasma half-life typical for this class
of compounds (Fairman et al., 2021). In addition, the
model fits produced profiles which characterized a shal-
lower, prolonged phase in plasma appearing at later
times, which was evident particularly at the higher doses
of 10 and 25 mg/kg i.v./s.c.. This phase may be attribut-
able to some exchange of drug between plasma and kid-
ney, which displayed extensive uptake and prolonged
concentration-time profiles (though to a lesser extent than
liver). The model-estimated apparent subcutaneous bio-
availability in mice was �33% (5.0% CV) with a first-order ka
value of 0.7 hour�1 (6.5% CV) (Table 2). The tissue-plasma
partition coefficient for the remainder compartment was set
as 0.1. This value was fixed because 1) owing to its larger
size and net negative charge, GalNAc-siRNA do not freely
permeate into the cell space within non–

ASGPR-expressing tissues and hence is confined to extra-
cellular fluid spaces, and 2) biodistribution studies indi-
cate very low concentrations (relative to plasma
exposure) in all tissues, except the liver and kidney
(McDougall et al., 2021).
In general, liver concentration-time profiles of ALN-AT3

were captured reasonably well across 1–25 mg/kg s.c. doses
(Fig. 2A and Supplemental Figure 2D in Supplemental
Appendix 1), with slight exception for the liver Cmax at the
highest dose. The rapid disappearance of drug in plasma
(Supplemental Figs. 2, A–C and 3, A and B in Supplemental
Appendix 1) was associated with efficient uptake into liver
interstitium, with a net uptake clearance of 207 ml/h (8.5%
CV). As expected, based on the physicochemical properties of
GalNAc-siRNA, the model-estimated value of drug movement
from liver tissue back into vascuature was extremely small
(0.0025 ml/h; 24% CV), indicating minor to negligible drug
re-entry into circulation after leaving the liver vasculature
into tissue. Several parameters relating to ASGPR-mediated
endocytosis of GalNAc-siRNA were fixed or calculated a
priori based on published values (Supplemental Fig. 1 in
Supplemental Appendix 1 and Table 1) (Schwartz et al., 1982;
Sato et al., 2002; Prakash et al., 2014; Bon et al., 2017). Fur-
thermore, the rate constant of cleavage of tris-GalNAc from
the siRNA upon internalization was fixed as 1.32 hour�1, cal-
culated from a reported 30-minute half-life associated with
this step (Prakash et al., 2014). Of mechanistic relevance, sim-
ulation of the concentration-time profile of free surface ASGPR

TABLE 2
mPBPK-PD model parameter values in mice.

Parameter Description Estimate CV% or reference

Rtot (nM) Baseline ASGPR density in mouse liver 633.4 Bon et al., 2017
kdeg (h�1) Degradation rate constant for ASGPR 0.04 Bon et al., 2017
ksyn (nM/h) Synthesis rate for ASGPR 27.9 Calculated (ksyn 5 Rtot · kdeg)
koff (h

�1) Dissociation rate constant for GalNAc to ASGPR 1.32 Estimated (Sato et al., 2002)
kon (nM�1·h�1) Association rate constant for GalNAc to ASGPR 0.53 Calculateda (kon5koff /KD )
kint (h�1) Internalization rate constant for bound ASGPR 2.4 Estimated (Sato et al., 2002)
krec (h

�1) ASGPR recycling constant 13.8 Schwartz et al., 1982
kdeg,R (h�1) Degradation rate constant for endosomal ASGPR 1.53 Schwartz et al., 1982
kcle (h

�1) Rate constant for GalNAc cleavage from siRNA 1.32 Prakash et al., 2014
ka (h�1) Subcutaneous absorption rate constant 0.7 6.5
F (%) Apparent subcutaneous bioavailability 33 5.0
fu,p Plasma fraction unbound 0.15 Humphreys et al., 2019
PS (ml/h) Kidney permeability flow rate 49.6 31.9
fu,k Kidney fraction unbound 0.07 15.6
kass,kid (h�1) Kidney association rate constant for binding 9.9 14.2
kdis,kid (h�1) Kidney dissociation rate constant for binding 0.026 13.8
CLup,liv_in (ml/h) Liver uptake clearance 207.2 8.5
CLup,liv_eff (ml/h) Liver release clearance 0.0025 23.9
kass,liv (h�1) Liver association rate constant for binding 0.0032 63.2
kdis,liv (h�1) Liver dissociation rate constant for binding 0.0034 24.4
KP,rest Partition coefficient for remaining organs 0.1 Fixed
fesc Fraction siRNA in endosome escaping into cytosol 0.01 Gilleron et al., 2013
kdeg,d (h�1) Rate constant for endosomal siRNA degradation 0.012 3.0
kon,RISC (nM�1·h�1) Association rate constant of siRNA to RISC 0.00023 22.6
koff,RISC (h�1) Dissociation rate constant of siRNA from RISC 10�7 Fixed (Bartlett and Davis, 2006)
RISCtot (nM) Total RISC concentration in hepatocytes 30 Wang et al., 2012
kDR (h�1) Degradation rate constant for loaded RISC 0.005 21.0
kdeg,c (h

�1) Degradation rate constant for free cytosolic siRNA 0.1 Fixed (sensitivity analysis)
kdeg,m (h�1) Degradation rate constant for AT mRNA 0.06 41.3
kdeg,p (h�1) Degradation rate constant for AT protein 0.05 25.0
Smax Maximal stimulation of target mRNA degradation 14.2 Fixed (calculated)
SC50 (ng/M) Bound RISC at half maximal effect 2.4 6.5
c Gamma coefficient for mRNA-protein translation 1.5 5.6

aKD value set as 2.48 nM (Kanasty et al., 2013). KD 5 equilibrium dissociation constant.
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indicated that 1 mg/kg s.c. did not result in full occupancy of
available ASGPR at any time, whereas 2.5 and 5 mg/kg s.c.
doses produced a very transient ASGPR saturation in a
dose-dependent manner (data not shown). On the other hand,
a 25 mg/kg s.c. dose fully reduced free ASGPR over time (>48
hours after dosing), which may explain the less than dose-pro-
portional increase in total liver Cmax and area under the curve
at this high dose (Supplemental Fig. 2D in Supplemental
Appendix 1).
The prolonged half-life of drug in liver was captured well,

which was mostly governed by the degradation constant of
siRNA in the endosomal compartment (0.01 hour�1; 3.0% CV),
resulting in a prolonged profile for the escaped fraction of
siRNA into the cytosol. To prevent overparameterization, two
additional rate constants describing endosomal escape and
cytoplasmic degradation of siRNA were fixed based on an
imaging study tracking endosomal release of siRNA (Gilleron
et al., 2013) and a local parameter sensitivity analysis, respec-
tively (Table 2). As depicted in Fig. 2B, the concentration-time
profile of RISC-bound ALN-AT3 in liver after 2.5 mg/kg s.c.
(Nair et al., 2017) was well described. Consistent with reports
of a prolonged occupancy profile for RISC (Wang et al., 2009;
Deerberg et al., 2013), the bound complex, which comprised
only �0.1–1% of total liver siRNA at any time, was character-
ized by a slow degradation rate constant (kDR; 0.005 hour�1;
21% CV).

Concentration-time profiles of drug in kidney were described
using permeability-limited entry, incorporated a sequestered
pool accounting for prolonged drug accumulation, and
assumed renal filtration of free GalNAc-siRNA from the vas-
cular space (Fig. 1A), which captured observed data well
(Supplemental Fig. 3, C and D in Supplemental Appendix 1).
The model-estimated fraction unbound in kidney of 0.07
(15.7% CV) was small in comparison with that in plasma
(0.15) (Humphreys et al., 2019), indicating greater distribution
into the kidney. The permeability flow rate of free drug into
kidney was smaller than renal plasma flow, consistent with
permeability rate–limited entry (Table 2).

mPBPK-PD Model Development and Validation in Mice
(Step 3)

In addition to GalNAc-siRNA pharmacokinetics and RISC
occupancy in liver, gene knockdown by ALN-AT3, as assessed
by liver AT mRNA and serum AT protein (Sehgal et al., 2015;
Nair et al., 2017), was integrated within the model framework
and well characterized. Notably, modest onset delays (5–8
hours) in both mRNA and protein responses were accounted
for by the mPBPK-PD model. Hysteresis among RISC-loaded
siRNA, liver AT mRNA, and serum AT was captured well
using tandem, precursor-like indirect response models (Ayyar
et al., 2018), which accounted for turnover of AT mRNA [0.06
hour�1 (41% CV)] and protein [0.05 hour�1 (25% CV); Table 2].

Fig. 2. Model-based characterization
of the concentration-time profiles of
total liver pharmacokinetics (A) and
RISC-loaded siRNA in liver (B) as
well as time courses of liver AT
mRNA (% baseline) (C) and serum
AT (% baseline) (D) after a single
dose of ALN-AT3 in mice at 1, 2.5, or
5 mg/kg s.c. Model simulation pre-
dicting serum AT after ALN-AT3 QW
� 5 at 0.75, 1 and 3 mg/kg s.c. injec-
tions are shown (E), and observed
data (Sehgal et al., 2015) are over-
laid (F). Solid lines represent model-
fitted or simulated profiles, whereas
symbols indicate observed data
points. Use of unique colors and sym-
bols is described within the figure.
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The maximal stimulation of target mRNA degradation (Smax)
was calculated based on the maximal knockdown observed and
fixed, whereas the SC50 was estimated as 2.4 nM (6.5% CV;
Table 2). Serum AT protein was reduced to a greater extent
compared with its associated mRNA, which was captured
empirically using an estimated c value of 1.5 (5.6% CV).
The developed mPBPK-PD model was used to simulate the

time course of AT protein knockdown by ALN-AT3 after multi-
ple weekly doses in mice (0.75, 1.5, and 3 mg/kg QW � 5).
Based on the established mPBPK-PD relationship, the simula-
tions predicted a dose-dependent knockdown in AT ranging
from 70% to 90% relative to baseline (Fig. 1E). These simula-
tions were qualified upon comparison with mean observations
from a published study in mice (Sehgal et al., 2015), which
assessed AT knockdown under the same dosing regimen
(Fig. 1F). Both the extent of knockdown and time to
achieve steady-state reductions were predicted well, pro-
viding further confidence in the model's predictiveness.

Characterization of Givosiran Liver and RISC
Pharmacokinetics in Rats (Step 4)

The developed mPBPK model was physiologically scaled
from mice to rats. Available profiles of liver pharmacokinetics
and RISC occupancy of givosiran in rats (Lee et al., 2019)
were used for model evaluation. All parameters were either
fixed or scaled [based on body weight (BW )–based allometric
exponents] based on Step 2 (Supplemental Tables 2 and 3 in
Supplemental Appendix 2), except kon,RISC and kDR, which are
considered drug- and sequence-specific. As depicted in Fig. 3,
the model successfully captured the concentration-time profile
of givosiran in liver at 10 mg/kg s.c. (Fig. 3A) as well as the
bound siRNA-RISC profile after 1 and 5 mg/kg s.c. (Fig. 3B).
Consistent with the RISC profile for ALN-AT3 in mice, the
peak of RISC-bound siRNA for givosiran was delayed com-
pared with the peak in total liver pharmacokinetics, and this
profile was captured reasonably well by the model. The mode-
l-estimated value for kon,RISC of givosiran (0.00016 nM�1·h�1;
15.1% CV) varied by 1.5-fold compared with that estimated for
ALN-AT3 in mice (Table 2). This difference is plausible, and
the results suggest that the current model may be extended to
describe the kinetics of different GalNAc-siRNA compounds.

Characterization of Serum AT Dynamics in Monkeys (Step 5)

Next, the platform model was scaled to characterize phar-
macodynamic effects of ALN-AT3 in nonhuman primates
(cynomolgus monkeys). All model parameters related to
plasma, tissue, and intracellular pharmacokinetics were either
fixed or scaled based on BW-based allometric exponents
(Supplemental Tables 2 and 3 in Supplemental Appendix 2).
Two parameters related to pharmacodynamics, namely, the
SC50 and AT degradation rate constant, were estimated. As
depicted in Fig. 4, the model characterized well the full
reported time course and extent of reductions of approximately
50%, 70%, 80%, and >90% in AT protein levels after single
subcutaneous doses of ALN-AT3 at 1, 3, 10, and 30 mg/kg
(Sehgal et al., 2015). Of importance, the model inherently cap-
tured the delayed onset in response, evidenced at the first
measured time point �48 hours after dosing, which is likely
attributable to the cascade of relevant PK and PD processes,
including liver uptake, slow cytoplasmic release, RISC loading,
and natural turnover of mRNA and protein. Notably, the SC50

in cynomolgus monkeys was estimated to be reasonably simi-
lar compared with mice (i.e., �2-fold, 2.4 versus 5.3 nM). The
AT degradation rate constant estimate was 5-fold lower in
monkeys as compared with that in mice (see Fig. 7 and Dis-
cussion). Both parameters were estimated with good precision
(Supplemental Table 3 in Supplemental Appendix 2).

PK and PD Characterization of ALN-AT3 (Fitusiran) in
Humans (Step 6)

As a final step, published first-in-human study data for fitu-
siran (Pasi et al., 2017) were evaluated using the model devel-
oped through preclinical data. Similar to the approach taken in
Step 4, nearly all model parameters related to plasma, tissue,
and intracellular pharmacokinetics were either fixed or scaled
(based on BW-based allometric exponents; Supplemental Tables
2 and 3 in Supplemental Appendix 2); only the ka for subcutane-
ous absorption was estimated based on the observed plasma pro-
files. Furthermore, the SC50 parameter relating to PD effect was
estimated. As shown in Fig. 5A, themodel was able to character-
ize the observed plasma pharmacokinetics of fitusiran across a
broad range (0.015–1.8 mg/kg s.c.). In addition, selected PD data
sets of serum AT reduction in healthy volunteers or in subjects
with hemophilia at 0.03mg/kg s.c. (single dose), 0.015mg/kgQW
� 3 s.c., 0.225Q4W� 3 s.c., and 80mgQ4W� 3 s.c. were charac-
terized reasonably well by the model (Fig. 5B). Notably, there
was some bias in capturing the exaggerated response at very low
doses (reason currently unknown). To qualify the model in
humans, AT knockdown profiles were simulated under 0.45 and
1.8 mg/kg Q4W� 3 s.c. regimens of fitusiran and compared with
observed data (Pasi et al., 2017). The model simulations success-
fully predicted the mean AT knockdown response under these
clinically relevant dosing regimens and over an extended dura-
tion (months) (Fig. 5C). Of translational relevance, estimated
drug potencies were reasonably similar (i.e., within a 2-fold
range) across mice, monkeys, and humans (Supplemental Table
3 in Supplemental Appendix 2).

Parameter GSA

Figure 6 describes a time-variant GSA on the mPBPK-PD
model developed for ALN-AT3 (Fig. 1; Table 2) on percent pro-
tein knockdown. At early time points (e.g., <5 days), it was
observed that parameters related to drug absorption, liver
uptake, and endosomal degradation were sensitive to initial
protein knockdown. As expected, parameters such as apparent
subcutaneous bioavailability and liver uptake clearance were
positively correlated with protein knockdown, whereas rate
constants for intracellular degradation in liver, including
endosomal and bound RISC, were negatively correlated. Fur-
thermore, the GSA indicated that steps controlling siRNA deg-
radation in liver (after entry into hepatocytes via ASGPR)
remained sensitive at early times before gradually decreasing
(e.g., endosomal degradation). This gradual decrease corre-
sponded with a time-dependent increase in model sensitivity
to the degradation rate constant for loaded RISC. This param-
eter, along with PD effect parameters (Smax, SC50, and c), gov-
erned percent protein knockdown over time (see SC50; others
not shown). These findings are consistent with the mPBPK-
PD modeling results (see Fig. 2).
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Discussion
Owing to their high selectivity for targeted RNA, siRNA-

based therapeutics have witnessed an explosion of interest
across academia and industry over the past decade. These
compounds offer the ability to target previously undruggable
human and viral genomes to selectively knock down disease-
causing proteins (Dowdy, 2017). To date, three RNAi thera-
peutics, ONPATTRO, GIVLAARi, and OXLUMO, the latter
two being GalNAc-siRNAs, are approved for the treatment of
hereditary amyloidogenic transthyretin amyloidosis, acute
hepatic porphyria, and primary hyperoxaluria type 1, respec-
tively. Another GalNAc-siRNA, inclisiran, has been submitted
for new drug application to the US Food and Drug Adminis-
tration (Hu et al., 2020). As of 2020, seven siRNAs were
undergoing phase III trials, and more candidates are under
early development (Hu et al., 2020).
Despite tremendous successes, the quantitative impact of

putative determinants of GalNAc-siRNA activity is only par-
tially understood. Given its unique PK-PD characteristics in
comparison with small molecule and protein-based therapeu-
tics, it has been challenging to establish mechanistic PK-PD
models for GalNAc-siRNA (Fairman et al., 2021), and there
are, as yet, no established paradigms or defined guidelines
that leverage preclinical data to predict safe and efficacious
doses for GalNAc-siRNA in humans (Fairman et al., 2021).
Transient plasma exposure accompanied by extensive uptake
and prolonged residence within the liver is typically observed
for this class. Rather than free (unbound) plasma concentra-
tions, cytoplasmic concentrations of siRNA bound to RISC

relate more closely with the time course of gene knockdown in
target cells (Wei et al., 2011; Nair et al., 2017). As such, the
development of mechanistic and translational systems PK-PD
models could be a highly beneficial first step to integrate key
factors associated with the whole-body–to-intracellular kinet-
ics and activities of these agents.
Efforts in the mathematical modeling of RNAi have been

published, providing in-depth insights into the complicated
interplay of different components (e.g., Dicer, Ago2) and better
understanding of RISC assembly and molecular biology (Wang
et al., 2009; Wang et al., 2012; Deerberg et al., 2013). The PK-
PD relationships of some antisense oligonucleotides have been
adequately characterized using simpler models. For instance,
a mechanism-based PK-PD model for an antisense oligonucle-
otide targeting hepatic apolipoprotein B mRNA in mice has
been reported (Shimizu et al., 2015). Although the model char-
acterized well preclinical PK-PD profiles in mice, its scope for
translation (viz. PK-PD prediction in humans) seems limited.
Recently, a compartment-based allometric PK modeling
approach employing rodent liver pharmacokinetics (liver and
RISC-bound profiles) was used to predict human RISC phar-
macokinetics (Lee et al., 2019).
Here, we describe a stepwise approach to develop a first-in-

kind mechanistic platform model for GalNAc-siRNA, which
demonstrated preclinical to clinical translatability. The first
step of our modeling approach leveraged reported data charac-
terizing the kinetics of IL-2–tris-GalNAc conjugate binding
and uptake to ASGPR in primary hepatocytes from mice (Sato
et al., 2002). By modeling these profiles with a simple, fit-
for-purpose model (Supplemental Fig. 1 in Supplemental
Appendix 1), estimates for the first-order dissociation and
internalization rate constants were derived. These data did
not provide information to distinctly identify both the asso-
ciation rate constant as well as ASGPR density. Therefore,
upon transitioning to the second step (i.e., mPBPK model
development in mice), published values for system-specific
parameters related to ASGPR (e.g., receptors per cell, deg-
radation half-life, and recycled fraction) derived from in
vivo assessments in mice were obtained and fixed a priori
(Table 2). This approach not only conferred mechanistic
confidence in the cellular- and tissue-related processes
described but also minimized the issue of over-paramete-
rization frequently encountered with mechanistic systems
models. In Steps 2 and 3, the proposed model, in totality,
well characterized multiple PK (plasma and tissue) and
PD (mRNA and protein) data sets in mice (Fig. 2;
Supplemental Figs. 2 and 3 in Supplemental Appendix 1)
and successfully predicted PD response under different

Fig. 3. Model-based characterization of
the concentration-time profiles of total
liver pharmacokinetics at 10 mg/kg s.c.
(A) and RISC-loaded siRNA in liver at
1 and 5 mg/kg s.c. (B) givosiran in rats.
Solid lines represent model-fitted or
simulated profiles, whereas symbols
indicate observed data points. Use of
unique colors and symbols is described
within the figure.

Fig. 4. Model-based characterization of plasma AT (% baseline) after
single doses of ALN-AT3 in cynomolgus monkeys at 1, 3, 10, and 30
mg/kg s.c. Solid lines represent model-fitted profiles, whereas symbols
indicate observed data (Sehgal et al., 2015). Use of unique colors and
symbols is described within the figure.
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ALN-AT3 dosing regimens (Fig. 2, E and F). It is acknowl-
edged that the model overpredicted plasma ALN-AT3 concen-
trations at two later time points across the 1–5 mg/kg range.
In Steps 4 and 5, the platform model was physiologically

scaled from mice to rats and a higher-order preclinical
species (i.e., cynomolgus monkeys; Supplemental Tables 2
and 3 in Supplemental Appendix 2). Key mechanistic
aspects considered during interspecies extrapolation were
physiologic flows and volumes, hepatocellularity, ASGPR
expression and kinetics, intracellular elimination/turn-
over constants (endosomal, RISC, mRNA, and protein),
intracellular binding constants, and the RISC-PD effect
relationship (Smax and SC50; Supplemental Tables 2 and 3
in Supplemental Appendix 2). Since values for ASGPR
expression were not found in rats and nonhuman pri-
mates, reported estimates in mice (1.8 million receptors
per cell) (Bon et al., 2017) and in humans (1.1 million
receptors per cell) (Miki et al., 2001) were employed for
rats and monkeys, respectively. The affinity constants for
(GalNAc)3 binding to ASGPR were assumed to be
unchanged across species. In addition, fraction unbound
in plasma as well as binding constants in both kidney and
liver were fixed across species (Humphreys et al., 2019).
Due to unavailability of suitable published PK and PD
data sets for ALN-AT3 in rats, reported liver PK and
RISC occupancy profiles of givosiran, an approved Gal-
NAc-siRNA therapeutic, were used. Using this approach,
the model captured both the liver and RISC PK profiles
reasonably well (Fig. 3). Furthermore, the model charac-
terized well the time course and extent of serum AT reduc-
tion in monkeys across 1–30 mg/kg s.c. (Fig. 4).
Finally (Step 6), the model was applied across a broad range

of doses to describe observed plasma pharmacokinetics of fitu-
siran as well as associated serum AT reduction in humans.
The model described the entire data set reasonably well

(Fig. 5, A and B). There was some bias (underprediction) of
PD response at very low doses. The exact reason(s) for mis-
prediction at very low doses is unclear. It is speculated
that the efficiency for hepatocyte uptake and/or endosomal
escape could be higher (than predicted) at very low doses,
which needs further evaluation through experiments. This
might also possibly be a consequence of underestimating
the true subcutaneous bioavailability (discussed below).
Nonetheless, as shown in Fig. 5C, simulations of AT reduc-
tion at pharmacologically relevant doses successfully pre-
dicted the observed clinical response. Of translational
relevance, drug potency was found to be similar (within
�2-fold) across mice, monkey, and humans (Table 2;
Supplemental Table 3 in Supplemental Appendix 2).
Interspecies comparison of two parameters, which were esti-

mated during model fitting, was performed. The analysis
revealed BW-based allometric relationships in ka and serum
AT removal constant across the species examined (Fig. 7, A
and B). The ka scaled with an exponent of �0.29 (R2 5 0.82),
and the serum AT removal constant scaled with an exponent
of �0.22 (R2 5 0.95). In both cases, these estimates scaled
across body weight with exponents close to �0.25, consistent
with allometric expectation (West and Brown, 2005). Model-
fitted estimates for ka in rat and cynomolgus monkey were
obtained based on plasma pharmacokinetics for other GalNAc-
siRNA (data not shown). A similar exponent value of �0.35
has been reported for the subcutaneous absorption constant of
human recombinant erythropoietin, a peptide of �30 kDa
(Woo and Jusko, 2007). In addition, similar trends in plasma
subcutaneous absorption profiles across rats, monkeys, and
humans were shown for at least two other GalNAc-siRNA
(McDougall et al., 2021). Whether interspecies differences in
lymphatic physiology could explain the observed trends in ka
after subcutaneous dosing requires further exploration.

Fig. 5. Model-based characteri-
zation of the plasma concentra-
tion-time profiles of fitusiran (A)
and the time course of plasma
AT (% baseline) (B) after various
subcutaneous dosing regimens in
humans. Model simulations pre-
dicting plasma AT (% baseline)
after fitusiran given Q4W � 3 at
0.45 and 1.8 mg/kg s.c., along
with observed data (Pasi et al.,
2017) overlaid, are shown (C).
Use of unique colors and symbols
is described within the figure.
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Three mechanistic hypotheses have been proposed to
explain the prolonged liver half-life of GalNAc-siRNA (Hum-
phreys et al., 2019). These include 1) existence of a “protein
bound” depot within liver, 2) that the depot is a subcellular
organelle such as the endosome, and 3) binding of siRNA to
RISC in the cytosol and consequent “protection” of free siRNA
from intracellular degradation (Humphreys et al., 2019). The
processes considered within our mPBPK-PD model generally
reflect such mechanisms. For example, the “bound pool” in
liver, which is currently implemented in an empirical manner,
may be rationalized by recent experimental findings (Brown et
al., 2020), which show that acidic intracellular (endo-lysoso-
mal) compartments can serve as a long-term depot for Gal-
NAc-siRNA conjugates and contribute to the extended
durability in tissue. Our model-based results and GSA suggest
that intracellular (endosomal) degradation is a major

determinant of liver half-life. Our findings also point to the
importance of bound RISC kinetics, which also controls PD
durability. However, since the RISC-bound siRNA comprises
<1% of total liver siRNA at any given time after dosing, it
does not significantly influence the overall PK half-life of total
siRNA in liver.
A few theoretical and experimental considerations on the

pharmacokinetics of GalNAc-siRNA require further discussion
within the context of the present mPBPK modeling. Experi-
mental considerations and challenges relating to transient satu-
ration of ASGPR after intravenous dosing have been described
(McDougall et al., 2021), which can impact the estimation of
the true subcutaneous bioavailability of GalNAc-siRNA using
conventional fitting to plasma pharmacokinetics after intrave-
nous and subcutaneous dosing. In this work, estimation of bio-
availability relied on simultaneous fitting of multiple plasma

Fig. 6. Results from the GSA on the
developed mPBPK-PD model for
ALN-AT3: PRCC-based sensitivity
indexes of liver uptake clearance, sub-
cutaneous bioavailability (F), SC50
(bound RISC), endosomal degradation,
bound RISC degradation, and target
protein degradation on target protein
knockdown.

Fig. 7. Interspecies comparisons of
parameter values for ka and plasma
AT degradation constant (kdeg,p).
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PK data sets after dosing in mice and/or monkeys. Included
intravenous data were after relatively high doses of siRNA (10
and 25 mg/kg) in mice. Therefore, it is likely that our reported
“apparent” subcutaneous bioavailability estimates are affected
(i.e., reflect an underestimate of true subcutaneous bioavailabil-
ity) resulting from an early, transient saturation of ASGPR
after higher intravenous doses. Proper computation of the true
absolute bioavailability may be achieved by conducting low-
dose intravenous infusion studies, as an approach to reduce
ASGPR saturation occurring with intravenous bolus dosing.
Based on their size (�15 kDa) and hydrophilic nature, renal
clearance of GalNAc-siRNA was assumed to occur as a function
of the plasma fraction unbound, glomerular filtration rate, and
concentrations within the kidney vascular space (Ck, vasÞ. Under
these assumptions, the current model predicts that renal clear-
ance, at pharmacologic doses, accounts for a relatively minor
pathway of elimination at �11% of total clearance of GalNAc-
siRNA in humans. Interestingly, the rates of renal clearance of
inclisiran and lumasiran were found to approximate the total
glomerular filtration rate without accounting for plasma frac-
tion unbound (Wright et al., 2020). These findings possibly sug-
gest that nonspecific binding of GalNAc-siRNA to plasma
proteins may not effectively restrict glomerular filtration; how-
ever, more studies are needed.
Despite such considerations, the developed mPBPK model

that integrated in vitro biomeasures, preclinical PK-PD data in
animals, and clinical responses successfully characterized the
unique PK-PD properties of GalNAc-siRNA therapeutics. It is
particularly encouraging that our mathematical model–based
demonstration of feasibility in translating the PK-PD properties
of GalNAc-siRNA across species (based on allometric/physiologi-
cally based PK principles) was in general agreement with exten-
sive absorption, distribution, metabolism, and excretion and PK-
PD experiments that showed good predictability in preclinical to
clinical translatability for this drug class (McDougall et al.,
2021). Although the current model offers a mechanistic frame-
work for understanding the clinical behavior of GalNAc-siRNA,
additionalmechanistic studies (Humphreys et al., 2019; Agarwal
et al., 2021) are needed to fully decipher the binding and cellular
disposition properties of this drug class, which contribute to their
unique PK-PD properties. In vitro quantification of the cellular
and subcellular disposition kinetics of GalNAc-siRNA (of varying
chemistries) in viable experimental cell systems will enable fur-
ther in vitro–in vivo bridging using more evolved mathematical
models. Similarly, there remains considerable opportunity to
employ in vitro stability and gene knockdown assays in hepato-
cytes from different species to inform in vivo potency a priori
toward prediction of activity in humans (Basiri et al., 2020).
In summary, the approaches taken in this work demonstrate

how several basic, well established processes governing phar-
macokinetics (e.g., species physiology, binding, transport, tar-
get-mediated drug disposition), target engagement, and
pharmacodynamics (e.g., mechanism of action, biomarkers, and
turnover processes) can be assembled (Ayyar and Jusko, 2020)
to establish integrated PK-PD models for novel therapeutics
such as GalNAc-siRNA. The proposed framework is expected to
promote mechanistic and quantitative reasoning to guide exper-
imental designs during the preclinical and early clinical devel-
opment of GalNAc-siRNA. This mechanistic systems model
may also form the basis for characterizing the PK-PD prop-
erties of other ligand-conjugated oligonucleotide therapeutics.
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Appendix S1. Supplemental Figures S1 – S3. 

 

Figure S1. (a) Schematic for the receptor-mediated endocytosis of GalNAc-IL-2 in mice primary 

hepatocytes and (b and c) model-based characterization of  in vitro data from pulse-chase experiments 

(Sato et al., 2002). In (a), free drug, free receptor, bound complex, and internalized complex are 

represented in the model, and binding and internalization processes are indicated by arrow lines. In (b) 

and (c), lines represent model fitted profiles whereas symbols are observed data [legend in (b)].  
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Figure S2. Model-based characterization of (a-c) plasma PK and (d) total liver PK following a single 

dose of ALN-AT3SC in mice. Solid lines and dots represent model fitted profiles as well as observed 

data. Dosing routes and levels are indicated by figure legends.  
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Figure S3. Model-based characterization of (a-b) plasma PK and (d) total kidney PK following a 10 

mg/kg SC/IV single dose of siTTR-2 in mice. Solid lines and dots represent model fitted profiles as well 

as observed data. Dosing routes and levels are indicated by figure legends.  
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Appendix S2. Supplemental Tables S1 – S3. 

Table S1. Glossary of the state variables used in the model. 

Model variable Description Unit 

Cp  Drug concentration in plasma ng/mL

Crest Drug concentration in the remaining organs ng/mL

Ck,vas Drug concentration in the kidney vasculature ng/mL

Ck Drug concentration in the kidney tissue ng/mL

Cl,vas Drug concentration in the liver vasculature ng/mL

Adeep,k  Drug amount in kidney bound pool ng 

Cl,isf  Free GalNAc-siRNA concentration in liver interstitial fluid (ISF) nM 

Adeep,l Drug amount in liver bound pool nmol 

Rf and BR Free (unbound) and bound ASGPR concentrations in liver nM 

Fvol Volume correction factor for interaction at endosome and ISF interface   - 

Rf,endo and BRendo  Free (unbound) ASGPR and bound ASGPR in liver endosome nM 

Cf,endo and Cf,cytoplasm Free (unbound) siRNA in liver endosome and in cytoplasm nM 

B_RISC RISC-loaded siRNA in the liver nM 

RISCtot Total RISC concentration in hepatocytes nM 

mRNA and mRNA0 Relative target mRNA over time and when t = 0 %

Protein and Protein0 Relative target protein over time and when t = 0 % 

 

 

 

 

 

 

 

 

 



JPET-AR-2021-000805 

Table S2. Physiological parameter values used in mice, rats, monkeys, and humans. 

Parameter  Description Unit 
Mice  
(28 g) 

Rat  
(280 g) 

NHP  
(6.2 kg) 

Human 
(71 kg) 

Qrest Plasma flow to remainder tissue mL/h 204 1761 10358 97677 

Vrest Extracellular volume of remainder tissue mL 5.1 52.6 1087 12394 

Vp Plasma volume in circulation mL 0.94 9.1 187 3126 

Qkidey Plasma flow to kidney mL/h 68.5 365 3237 36402 

Vk Interstitial and cellular volume of kidney mL 0.47 2.2 24.4 296 

Vk,vas Plasma volume in kidney vasculature mL 0.029 0.132 1.5 18.2 

Qliver Plasma flow to liver mL/h 100 820 8838 47844 

Vl,c Cellular volume of liver mL 1.23 10.7 120 1371 

Vl,isf Interstitial volume of liver mL 0.39 2.6 37.4 429 

Vl,vas Plasma volume in liver vasculature mL 0.16 1.3 15.9 183 

GFR Glomerular filtration rate mL/h 13.8 168 1138 7200 

fu Plasma free fraction of GalNAc-siRNA  - 0.15 0.15 0.15 0.15 
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Table S3. Model parameter values and approach for mPBPK-PD based scale-up from mice to rats, 

monkeys, and humans.  

Parameter Description Mouse Rat Monkey Human 

Rtot (nM) Baseline ASGPR density in mouse liver 633 513a,b 339b,c 340b 
kdeg (h

-1) Degradation rate constant for ASGPR  0.04 
ksyn (nM/h) Synthesis rate for ASGPR 27.9 Calculated (ksyn = Rtot · kdeg) 

koff (h
-1) Dissociation rate constant for GalNAc to ASGPR 1.32 

kon (nM-1·h-1) Association rate constant for GalNAc to ASGPR 0.53 

kint (h
-1) Internalization rate constant for bound ASGPR 2.4  - 0.25d 

krec (h
-1) ASGPR recycling constant 13.8 

kdeg,R (h
-1) Degradation rate constant for endosomal ASGPR 1.53 

kcle (h
-1) Rate constant for GalNAc cleavage from siRNA 1.32 

ka (h
-1) SC absorption rate constant 0.7 0.54e 0.35e 0.06 (5.5) 

F (%) SC bioavailability 33 50e 33f 28g 
fu,p Plasma fraction unbound 0.15 

PS (mL/h) Kidney permeability flow rate 49.6 0.75d 
fu,k Kidney fraction unbound 0.07 
kass,kid (h

-1) Kidney association rate constant for binding 9.9 
kdis,kid (h

-1) Kidney dissociation rate constant for binding 0.026 
CLup,liv_in (mL/h) Liver uptake clearance 207 0.75d 
CLup,liv_eff (mL/h) Liver release clearance 0.0025 0.75d 

kass,liv (h
-1) Liver association rate constant for binding 0.0032 

kdis,liv (h
-1) Liver dissociation rate constant for binding 0.0034 

KP,rest Partition coefficient for remaining organs 0.1 
fesc  Fraction siRNA in endosome escaping into cytosol 0.01 
kdeg,d (h

-1) Rate constant for endosomal siRNA degradation 0.012 0.012f  - 0.25d 
kon,RISC (nM-1·h-1) Association rate constant of siRNA to RISC  0.00023 0.00016 (15)h  0.00023f 
koff,RISC (h

-1) Dissociation rate constant of siRNA from RISC 10-7 

RISCtot (nM) Total RISC concentration in hepatocytes 30 
kDR (h

-1) Degradation rate constant for loaded RISC 0.005 0.008h 0.005f 0.0007 g 
kdeg,c (h

-1) Degradation rate constant for free cytosolic siRNA 0.1 
kdeg,m (h

-1) Degradation rate constant for AT mRNA 0.06 NA 0.06f 0.04i 
kdeg,p (h

-1) Degradation rate constant for AT protein 0.05 NA 0.01 (9.0) 0.0096j 
Smax Maximal stimulation of target mRNA degradation 14.2 NA 14.2 14.2 
SC50 (nM) Bound RISC at half maximal effect 2.4 NA 5.3 (9.6) 3.4 (7.4) 
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γ Gamma coefficient for mRNA-protein translation 1.5 NA 1.5 1.5 
a Total ASGPR density calculated based on 1.8 million receptors/cell (assumed same as mice; see Appendix S4). 
b Corrected for HPPGL and liver weight. 
c Total ASGPR density calculated based on 1.1 million receptors/cell (assumed same as human; see Appendix S4). 
d Estimate in mice scaled using species body weight and listed allometric exponent. 
e Calibrated using plasma PK for undisclosed siRNA (not shown). 
f Assumed same as mice. 
g Local sensitivity analysis for lowest OFV. 
h Parameter value specific to givosiran. 
i Calculated (Yang et al., 2003). 
i Calculated (Menache et al., 1990). 
Note: Values listed within parentheses reflect % CV of estimate. 
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Appendix S3. Model Differential Equations. 

Plasma (ng/mL) 𝑑𝐶𝑑𝑡 = 𝐼𝑛𝑝𝑢𝑡𝑉 − 𝑄 + 𝑄 + 𝑄 · 𝐶𝑉 + 𝑄 · 𝐶𝐾 , · 𝑉 + 𝑄 · 𝐶 ,𝑉 + 𝑄 · 𝐶 ,𝑉                 (1) 
𝐼𝑛𝑝𝑢𝑡 = 𝐷𝑜𝑠𝑒 (𝐼𝑉) 𝑜𝑟 𝑘𝑎 · 𝐷𝑜𝑠𝑒 · 𝐹 (𝑆𝐶) 

 
Remainder (ng/mL) 𝑑𝐶𝑑𝑡 = 𝑄 · 𝐶 − 𝑄 · 𝐶𝐾 ,𝑉                                                                                                                                             (2) 
 

Kidney - vascular (ng/mL) 𝑑𝐶 ,𝑑𝑡 = (𝑄 · (𝐶 − 𝐶 , ) − 𝑃𝑆 · (𝑓 · 𝐶 , − 𝑓 , · 𝐶 ) − 𝐺𝐹𝑅 · 𝑓 · 𝐶 , )𝑉 ,                                                (3)  
 

Kidney - tissue (ng/g) 𝑑𝐶𝑑𝑡 = 𝑃𝑆 · (𝑓 · 𝐶 , − 𝑓 , · 𝐶 )𝑉 − 𝑘 , · 𝑓 , · 𝐶 + 𝑘 , · 𝐴 ,𝑉                                                                            (4) 
 

Kidney – bound pool (ng) 𝑑𝐴 ,𝑑𝑡 =  𝑘 , · 𝑓 , · 𝐶 · 𝑉 − 𝑘 , · 𝐴 ,                                                                                                                   (5) 
 

Liver - vascular (ng/mL) 𝑑𝐶 ,𝑑𝑡 = 𝑄 · (𝐶 − 𝐶 , ) − (𝐶𝐿 , · 𝑓 · 𝐶 , − 𝐶𝐿 , · 𝐶 , ·  𝑀𝑊1000)𝑉 ,                                                 (6) 
Where 𝑀𝑊 =  15000  

Liver - interstitial fluid (nM) 

𝑑𝐶 ,𝑑𝑡 = 𝐶𝐿 , · 𝑓 · 𝐶 ,𝑀𝑊 ∙ 1000 − 𝐶𝐿 , · 𝐶 ,1000𝑉 , − 𝑘 · 𝐶 , · 𝑅 + 𝑘 · 𝐵𝑅       (contd. )               
                                                                                                                     −𝑘 ,  · 𝐶 , + 𝑘 , · ,,                 (7) Note: 𝑉 ,  in L 
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Liver – bound pool (nmol) 𝑑𝐴 ,𝑑𝑡 =  𝑘 ,  · 𝐶 , · 𝑉 , − 𝑘 , · 𝐴 ,                                                                                                                       (8) Note: 𝑉 ,  in L 

 

Liver - free ASGPR (nM) 𝑑𝑅𝑑𝑡 =  𝑘 − 𝑘 · 𝑅 − 𝑘 · 𝐶 , × 𝑅 + 𝑘 · 𝐵𝑅 + 𝑘 ·  𝑅 , ·  𝐹                                                    (9) where 𝐹 =  𝑉 , ∙ .,  
Liver - bound ASGPR (nM) 𝑑𝐵𝑅𝑑𝑡 =  𝑘 · 𝐶 , · 𝑅 − 𝑘 · 𝐵𝑅 − 𝑘 · 𝐵𝑅                                                                                                                  (10) 
 

Liver - bound endosomal ASGPR (nM) 𝑑𝐵𝑅𝑑𝑡 =  𝑘 · 𝐵𝑅/𝐹 − 𝑘 · 𝐵𝑅                                                                                                                            (11) 
 

Liver - free endosomal ASGPR (nM) 𝑑𝑅 ,𝑑𝑡 =  𝑘 · 𝐵𝑅 − 𝑘 ·  𝑅 , − 𝑘 , ·  𝑅 ,                                                                                          (12) 
 

Liver - free endosomal siRNA (nM) 𝑑𝐶 ,𝑑𝑡 =  𝑘 · 𝐵𝑅  − 𝑘 ·  𝐶 , − 𝑘 , ·  𝐶 ,                                                                                          (13) 
 

Liver - free cytoplasmic siRNA (nM) 𝑑𝐶 , 𝑑𝑡 =  𝑓 · 𝑘 , ∙  𝐶 , − 𝑘 ,  ·  𝐶 , − 𝑘 , · 𝐶 , · (𝑅𝐼𝑆𝐶 − 𝐵_𝑅𝐼𝑆𝐶)+ 𝑘 , · 𝐵                                                                                                                                        (14)  
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Liver – siRNA bound to RISC (nM) 𝑑𝐵_𝑅𝐼𝑆𝐶 𝑑𝑡 =  𝑘 , · 𝐶 , · (𝑅𝐼𝑆𝐶 − 𝐵_𝑅𝐼𝑆𝐶) − 𝑘 , · 𝐵_𝑅𝐼𝑆𝐶) − 𝑘 · 𝐵_𝑅𝐼𝑆𝐶                         (15) 

 

Liver - target mRNA knockdown (%) 𝑘 , = 𝑘 , · 𝑚𝑅𝑁𝐴                                                                                                                                               (16) 𝑑𝑚𝑅𝑁𝐴 𝑑𝑡 =  𝑘 , − 𝑘 , ∙ 1 + 𝑆 · 𝐵_𝑅𝐼𝑆𝐶𝑆𝐶 + 𝐵_𝑅𝐼𝑆𝐶 ∙ 𝑚𝑅𝑁𝐴                                                                            (17)  
Liver - target protein knockdown (%) 𝑘 , = 𝑘 , · 𝑃𝑟𝑜𝑡𝑒𝑖𝑛                                                                                                                                       (18) 𝑑𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑑𝑡 =  𝑘 , · 𝑚𝑅𝑁𝐴𝑚𝑅𝑁𝐴 − 𝑘 , · 𝑃𝑟𝑜𝑡𝑒𝑖𝑛                                                                                      (19) 

 

Output – Plasma concentration (ng/mL) 𝑂𝑢𝑡𝑝𝑢𝑡 = 𝐶                                                                                                                                                                       (20) 

 

Output – Kidney concentration (ng/g, perfused tissue) 𝑂𝑢𝑡𝑝𝑢𝑡 = (𝐶 ·  𝑉 + 𝐴 , )/(𝑉 ,  + 𝑉  + 𝑉 , , )                                                                                     (21) 𝑉 , ,  is the blood cell volume in kidney vasculature 

 

Output – Liver concentration (ng/g, perfused tissue) 𝑂𝑢𝑡𝑝𝑢𝑡= (((𝐶 , + 𝐵𝑅) ·  𝑉 , /1000 + (𝐵𝑅 + 𝐶 , + 𝐶 , ) · 𝑉 ,  · 0.81000 + 𝐴 , )  · 𝑀𝑊)/(𝑉 , + 𝑉 ,+ 𝑉 , + 𝑉 , ,  )                                                                                                                                                                      (22) 𝑉 , ,  is the blood cell volume in kidney vasculature 
Assuming hepatocytes account for 80% cells in liver 
 

Output – RISC-bound siRNA (ng/g) 𝑂𝑢𝑡𝑝𝑢𝑡 _ _ =    𝐵 · 6.65                                                                                                                                 (21) 

Assumes a MW of 13.3 kDa for double-stranded siRNA (cleaved from GalNAc) and 6.65 kDa for RISC-bound 
antisense strand. 
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Appendix S4. Calculation of liver ASGPR density and interspecies scaling. 

Liver ASGPR density =  𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟𝑠𝑐𝑒𝑙𝑙  × 𝐻𝑃𝑃𝐺𝐿 𝑐𝑒𝑙𝑙𝑠𝑔 × 𝑙𝑖𝑣𝑒𝑟 𝑤𝑡. (𝑔) × 10𝑎𝑣𝑜𝑔𝑎𝑑𝑟𝑜 𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 × 𝑐𝑒𝑙𝑙 𝑣𝑜𝑙. 𝑜𝑓 𝑙𝑖𝑣𝑒𝑟 (𝐿)  

 

Receptors per cell taken from (Bon et al., 2017) for mice (assumed same in rats) and from (Miki et al., 

2001) for humans (assumed same in cyno monkeys). HPPGL represents hepatocytes per gram of liver, 

which is 135 million in mice, 117 million in rats, and 120 million in monkey and humans (Sohlenius-

Sternbeck, 2006). Liver weights (wt.) and cellular volume (vol.) of liver for each species is listed in Table 

S2 of Appendix S2. 
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