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ARTICLE INFO ABSTRACT
Keywords: Small interference RNA (siRNA) is a class of short double-stranded RNA molecules that cause
Semi-mechanistic model mRNA degradation through an RNA interference mechanism and is a promising therapeutic

Small interference RNA modality. RBD1016 is a siRNA drug in clinical development for the treatment of chronic Hepatitis

;lzl\cli 1 salactosamine B Virus (HBV) infection, which contains a conjugated with N-acetylglucosamine moiety that can
GalN A}C, & facilitate its hepatic delivery. We aimed to construct a semi-mechanistic model of RBD1016 in
Pharmacokinetic pre-clinical animals, to elucidate the pharmacokinetic/pharmacodynamic (PK/PD) profiles in

Hepatitis B virus mice and PK profiles in monkeys, which can lay the foundation for potential future translation of
RBD1016 PK and PD from the pre-clinical stage to the clinic stage. The proposed semi-
mechanistic PK/PD model fitted PK and PD data in HBV transgenic mice well and described
plasma and liver concentrations in the monkeys well. The simulation results showed that our
model has a reasonable predictive ability for Hepatitis B surface antigen (HBsAg) levels after
multiple dosing in mice. Further PK and PD data for RBD1016, including clinical data, will assist
in refining the model presented here. Our current effort focused on model building for RBD1016,
we anticipate that the model could apply to other GalNAc-siRNA drugs.

1. Introduction

Small interference RNA (siRNA) is a class of short (21-25 nts) double-stranded RNA molecules that cause mRNA degradation
through an RNA interference (RNAi) mechanism and thereby preventing translation to protein [1]. RNAi is an evolutionarily
conserved mechanism of gene regulation found in various organisms [2,3], the endogenous siRNA can reduce gene expression through
enzymatic cleavage of a target mRNA, or hindrance of translation, mediated by the RNA-induced silencing complex (RISC) [4]. In
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principle, siRNA can target any mRNA, especially to treat genetic diseases currently untreatable by conventional medicine, thus of-
fering a promising therapeutic modality.

The site of action of siRNA is the cytosol, and they must pass through a series of biological barriers from the administration site to
reach the target site [4], a variety of potential delivery strategies are needed to overcome the problem [5]. The development of
N-acetylgalactosamine (GalNAc) conjugates, which bind to the asialoglycoprotein receptor (ASGR) abundantly expressed on the
surface of hepatocytes, has become a breakthrough approach for targeted delivery of siRNA to hepatocytes [6]. So far, GalNAc based
therapies have held a prominent position in the drug development pipeline of several pharmaceutical companies [6], five
GalNAc-based siRNA drugs have been approved by FDA, in which siRNAs are all conjugated to a GalNAc ligand and enable ASGPR -
mediated targeted delivery to hepatocytes [7-9]. GalNAc is relatively simple to synthesize and can be administrated subcutaneously,
and has shown favorable biocompatibility/toxicity profiles, as well as very high efficacy, so it is currently the most popular platform
for siRNA delivery [10]. At present, most siRNA drugs in clinical trials are based on GalNAc conjugation [10,11].

RBD1016 is a GalNAc-siRNA drug in clinical development for treating chronic Hepatitis B Virus (HBV) infection [12]. Worldwide,
more than 350 million people are infected with HBV [13], current treatments for HBV include nucleoside analogs and interferon-alpha
administration, which have low efficacy on HBsAg reduction and undesirable side effects, thus new therapies that target multiple
aspects of the HBV viral life cycle are needed [14]. The HBV genome contains four overlapping open reading frames that encode the
different viral proteins. Due to its unique transcript arrangement and the fact that replication occurs via an RNA intermediate, RNAi
therapy is an appealing treatment method [15]. RBD1016 is designed to target the highly conserved region of the HBV X-gene and can
silence four HBV gene transcripts by RNAi, thus can simultaneously inhibit HBV DNA, HBsAg, and HBeAg expression.

There is no siRNA drug approved for treatment of HBV infection so far. Several siRNA drugs are currently being evaluated in pre-
clinical and clinical trials. ARC-520 was the first-in-class siRNA for chronic HBV [16]. But the development of ARC-520 was terminated
due to mortality induced by the excipient of ARC-520 (not the active siRNA component) in non-human primates. Following ARC-520, a
series of novel siRNA drugs with indications for HBV infection have entered clinical trials, such as the GalNAc-conjugated siRNA drugs
AB-729, RG-6346, VIR-2218 and JNJ-3989 [17]. Although much knowledge has been gained over the last decade about
GalNAc-conjugated siRNAs, there is a lack of published literature on the pharmacokinetic (PK) and HBsAg inhibition efficacy of siRNA
drugs for HBV, except for the two studies of ARC-520 [18,19] and two studies of JNJ-3989 [12,20] published recently.

Mechanism-based PK/PD models can integrate data from in vitro and in vivo studies as well as literature-derived values and can be
used to extrapolate drug exposure and therapeutic effects, which is anticipated to reduce experimental attrition and facilitate the
translation of complex therapeutics [21,22]. Several modeling efforts have also emerged to support the clinical development of siRNAs
and regulatory submissions [23]. In terms of modeling applications for the clinical translation of experimental animal data of
GalNAc-conjugated siRNA drugs, these include one minimal physiologically based pharmacokinetic-pharmacodynamic (mPBPK-PD)
model [24] and a JNJ-3989 PK model in mice have been reported [12]. Developing mechanism-based PK/PD model for GalNAc-siRNA
drugs can be resource-intensive, as the complexity of siRNA targeting to the liver, intracellular kinetic processes, and RNA interference
in hepatocytes [1]. The mechanism-based model requires 30 or more parameters for its implementation, and many are difficult to
obtain through in vitro experimental methods [24]. Traditional empirical models fail to integrate the mechanisms of GalNAc-siRNA
targeting hepatocyte [25]. More examples and attempts at describing PK/PD modelling of GalNAc conjugated siRNA drugs are needed.
Compared to mechanistic models, semi-mechanistic models can simplify the structure and parameters and include important mech-
anistic processes, which can help assist in GalNAc-siRNA drug development.

Therefore, we aimed to construct a semi-mechanistic model of RDB1016 in pre-clinical animals, to help us to understand the PK
profiles of RDB1016 in HBV transgenic mice and healthy cynomolgus monkeys, and the PD profiles including inhibition efficacy for
target mRNA and HBsAg in HBV transgenic mice. The model may also provide rational preclinical platforms to analyze exposure-
efficacy relationships and to facilitate translation to the clinic.

2. Materials and methods
2.1. PK and HBsAg data collection

The RBD1016 liver concentration data, mRNA, and HBsAg data used for mice PK/PD model building were obtained from two
studies in HBV transgenic mice (C57B/6N-Tg (1.28HBV)/Vst), one was single-dose PK-PD study, another was a single-dose PD study.
The RBD1016 plasma concentration data were collected from a separate plasma PK study in HBV transgenic mice. All animal pro-
cedures were approved by the local Scientific Ethical Committee for Animal Testing.

In the HBV transgenic mice single-dose PK-PD study, the relationship between liver PK and PD biomarkers was investigated.
Twenty-one mice were randomly divided into seven groups, with three mice in each group; one group was subcutaneously (SC)
administered phosphate buffer saline (PBS) as vehicle control; the other six groups were administered RBD1016 (3 mg/kg, SC). The
first day of dosing was designated Day1 (D1), and the 6 groups of mice which received RBD1016 were sacrificed at 6 predetermined
time points after administration (D2, D8, D15, D29, D57, D85). The levels of HBsAg in serum, as well as HBV mRNA and total drug
concentration in liver tissue were detected after terminal sampling of all animals. The dose level and time points selected in the single-
dose PK/PD study were based on our previous experience.

In the HBV transgenic mice single-dose PD study, the dose-effect relationship was evaluated. Forty-eight mice were divided into six
groups (eight mice per group), half male and half female. And each mice was subcutaneously injected with PBS or five different doses
of RBD1016 (0.1, 0.3, 1, 3, and 9 mg/kg). Blood samples were collected at pre-dose and once weekly for the first 4 weeks post-dose and
every two weeks thereafter. until day 85, and the samples were used for the analysis of HBsAg level.
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In the separate plasma PK study, transgenic mice were administered 3 mg/kg RBD1016 or PBS subcutaneously to assess plasma PK
characteristics. Blood samples were collected at 0.25, 0.5, 1, 2, 4, 6, and 10 h after administration, and the concentration was based on
data from one individual animal for each timepoint.

The data used for the monkey plasma and liver PK model were obtained from a single-dose PK study in healthy cynomolgus
monkeys. The SC dosing groups in this study contained twelve cynomolgus monkeys (half male and half female), animals were
randomly assigned to 3 groups with 4 animals per group, and each group received a single subcutaneous injection of RBD1016 at a dose
of 1, 3, or 9 mg/kg. Serial blood samples were collected at pre-dose and 10min, 30min, 1, 2, 4, 6, 8, 10, 24, 48, 96 h, and 7, 14, 21, 28,
35, 42, 56, 84, 112, 140 and 168 days post-dose. Liver samples were acquired by repeated ultrasound-guided percutaneous needle
biopsy of the liver at time points 2, 14, 28, 56, 84, 112, 140, and 168 days post-dose (the first day of dosing day 1). A summary of
information about the data used for model building can be found in Table S1.

2.2. Bioanalysis methods

RBD1016 consist of 19- to 23-nucleotide double-stranded RNA duplexes, one strand is the sense strand (RBD1016_SS), and the
other strand is the antisense strand (RBD1016_AS). RBD1016_AS is a pharmacologically active component. RBD1016_AS has 2-nucle-
otide overhang at the 3'end, which can be degraded by nucleic acid into RBD1016_AS-3-1 and RBD1016_AS-3-2. In vitro studies
showed that the activity of the metabolites (RBD1016_AS-3-1 and RBD1016_AS-3-2) was comparable to that of the original drug
(RBD1016_AS). So, the concentration of RBD1016 was taken as the sum of the RBD1016_AS and the metabolite (RBD1016_AS-3-1 and
RBD1016_AS-3-2) in our study.

The RBD1016 concentrations (include RBD1016_AS, RBD1016_AS-3-1 and RBD1016_AS-3-2) in blood samples were analyzed using
a hybridization-based liquid chromatography-fluorescence assay. The lower limit of quantification (LLOQ) for the plasma assay was
0.729 ng/ml, and the linear calibration range was 0.729-364 ng/ml. The RBD1016 concentrations in mice liver samples were analyzed
using high-performance liquid chromatography (HPLC) -high resolution mass spectrometry (HRMS), the LLOQ was 0.182 pg/g, and
the linear calibration range was 0.182-364 pg/g. Monkey liver samples were analyzed using HPLC- fluorescence method with the
linear calibration range 0.117-58.4 ug/g. Real-time quantitative PCR was performed to evaluate the HBV X-gene mRNA expression in
the liver. Relative quantification was achieved using the comparative 2-AACt method; all samples were run in triplicate and
normalized to GAPDH. HBsAg levels in blood samples were quantified using the chemiluminescence method, and the linear range was
between 0.03 and 250 IU/mL. When building the PK model, liver concentrations expressed in ug/g were scaled to nmol/g based on the
molecular weight of RBD1016 (MW was 15479.38 Da).

2.3. Semi-mechanistic PK/PD model
The PK and PD data (including liver HBV X-gene mRNA and serum HBsAg level) from HBV transgenic mice were used to build the

mice semi-mechanistic PK/PD model, and a sequential PK-PD modeling approach was employed. The PK data from healthy cyn-
omolgus monkeys were used to build the monkey semi-mechanistic PK model. The semi-mechanistic PK/PD model structure of
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Fig. 1. Representation of the semi-mechanistic PK/PD model of RBD1016. Ap represents RBD1016 amounts in the absorption depot. Cpyjasma
and Cjiver represent the RBD1016 concentrations in plasma and liver, respectively. IN represents subcutaneously dosing, Ka represents the SC ab-
sorption rate constant, CL represents plasma clearance, Ky, represents the zero-order synthesis rate of the receptor (ASGPR), and K., represents the
first-order degradation rate constant of ASGPR. K, represents the association rate constant for GalNAc to ASGPR; K¢ represents the dissociation
rate constant for GalNAc to ASGPR. RC represents the ASGPR-GalNAc-siRNA complex. Kj, represents the internalization rate constant for bound
ASGPR, and K. jiver represents the degradation rate constant for RBD1016 in the liver. Kin mrna represents the zero-order synthesis rate of target
mRNA, Koue mrna represents the first-order degradation rate constant of target mRNA, Kin protein T€presents the zero-order synthesis rate of HBsAg,
Kout protein Tepresents the first-order degradation rate constant of HBsAg. Compartments in blue represent sampling compartments. Red solid line
arrows represents stimulation of mRNA degradation; red dashed arrows indicate inhibition of HBsAg synthesis. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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RBD1016 is presented in Fig. 1. The PK part of the model was the same between mice and monkeys. Nonlinear mixed-effect modeling
(Phoenix NLME version 8.3.1; Certara USA, Inc.) was performed for all analyses, and the first-order conditional estimation-extended
least squares (FOCE-ELS) method was used for model building. Since the liver concentration of RBD1016 in mice and mRNA level were
conducted with a destructive sampling approach (sacrificed at each time point), a naive pooled approach was utilized when building
the mice semi-mechanistic PK model.

A one-compartment model for plasma with an additional liver compartment, including binding to ASGPR and uptake from plasma
to the liver compartment via ASPGR, was selected to describe RBD1016 PK. In this model, after SC dosing, a linear absorption for
RBD1016 was characterized by Equation (1):

dAD o

G- Ka x Ap x F Equation 1

where Ap represented the amounts of RBD1016 in the absorption compartment after SC administration, Ka represented the first-order
absorption rate constant from the absorption compartment to the central compartment, F represented the bioavailability.

After SC absorption, the plasma concentration of RBD1016 was presented in the central compartment, with a central volume of
distribution (V},). The plasma concentrations (Cpjasma) of RBD1016 in the central compartment were eliminated via a linear pathway,
quantified by plasma elimination clearances (CL) or by binding to the ASGPR transporter (R). In the model, plasma RBD1016 binds to
ASGPR, forming the ASGPR-GalNAc-siRNA complex (RC) according to the second-order association rate (Koy) and first-order disso-
ciation rate constant (Kf) as described in Equation (2).

dCplasma Ap x Ka x F B CL % Cplasma

I v, v, — Kon X Cpiasma X R+ Koge x RC Equation 2

Once the RC is formed, it is internalized into the hepatocytes, following a first-order process. The concentration of ASGPR (R) and
RC were described in Equation (3) and Equation (4) separately.

dR .
EZKSY" — Kaeg X R — Kon X Cplasma + Koie X RC Equation 3
dclitc :Kon X Cplasma - Koff x RC — Kint x RC Equation 4

Where Ky, and Kgeg represent the biosynthesis and degradation rates of ASGPR. The initial value of mice liver ASGPR (R0) con-
centration was assumed to be 647 nM, as reported by Bon et al. [24,26], and was fixed in the model. Ky, derives from Kgeg and RO, as
Ksyn = Kgeg x RO, and Kjy, represents the hepatocytes internalization rate constant for bound ASGPR.
After hepatocytes internalization, liver disposition was characterized by Equation (5), in which Ke jiver represented the first-order
liver elimination rate.
dGjyer _ Kint x RC x V,,

T Vi — Ke_tiver X Ciiver Equation 5

The dynamics of target mRNA and HBsAg were then described using an indirect response model with zero-order synthesis rate
constants. In the model, RBD1016 in the liver compartment promotes the degradation of target mRNA (Kot mrna), and this will reduce
the production of HBsAg (Kin HBsag) as described in Equations (6) and (7).

dmRNA Smax,mRNA X Cliver i
=K; — K 1+———m—— RNA Equation 6
dt in_mRNA out_mRNA X ( + Civer + SCoo X m! quation
dHBsA mRNA .
—dt g:Kin_HBsAg X (l‘l'lRNA ) h— Kout_HBsAg X HBSAg Equatlon 7
0

where mRNA represented the level of mMRNA, Smax mrna represented the maximum effect of RBD1016, Cjiyer represented the RBD1016
concentration in the liver, and SCsy represented the concentration producing 50 % of maximal response. Ki, mrna represented the
production of mRNA derived from Koyt mrna and baseline mRNA (mRNAy), as Kin mrna = Kout mrna X MRNAq. HBsAg represented the
level of serum HBsAg, and Kj, 1psag represented the production of HBsAg, which derived from Koyt ppsag and baseline HBsAg (HBsAgo),
as Kin apsag = Kout HBsAg X HBsAgo. The exponent p is the shape factor determining the response curve’s steepness.

2.4. Statistical model

A statistical model is a model that characterizes the differences between the predictions of the model and the observed values. In the
statistical model, we incorporated two levels of random variation: between-subject variability (BSV) and within-subject variability
(WSV). BSV refers to the deviation of individual parameter values from the typical population estimate parameters, an exponential
model was used to describe the BSV. The exponential model was described as 6; = 6 - exp (1;), where 6; represented the parameter
estimate for the i th individual, 6 represented the typical population estimate parameters, and exp (#;) was the inter-individual random
deviation of ¢; from 6. n; was assumed to be normally distributed with mean zero and variance of w?.



Q. Lietal Heliyon 10 (2024) e31924

WSV refers to the differences between the observed and predicted values of individuals that are caused by unknown factors. It
typically arises from errors in measurement, sampling, and analysis, and represents the unexplained portion of the between-subject
variability in model parameters. The residual error model was used to describe the WSV. The residual error model was multiplica-
tive with the proportional error model, which described as Cops = Cpreq - (1 + €1) + €2. Cops represented the observed values, Cpreq
represented the predicted values, ¢ represented the residual variation, and ¢ was assumed to be normally distributed with mean zero
and variance of ¢2.

Because a naive pooled approach was utilized when building the mice semi-mechanistic PK model in mice, thus, no BSV terms were
estimated in the mice PK model, and all the variability was attributed to the unexplained residual variability.

2.5. Model simulation and evaluation

The mice’s final semi-mechanistic PK/PD model, which was built with single-dose PK and PD data, was used to simulate the serum
HBsAg levels in mice after multiple-dose administration of RBD1016. We used a Monte Carlo simulation approach. The model was run
with 1000 Monte Carlo simulations using typical values and between-subject and within-subject variability estimated from the final
PK/PD model. The simulation dose regimens were 3 mg/kg SC q4w and q8w with a total of 3 times. The HBsAg data from model
simulations were compared to observations for external validation. Plasma or liver concentration data were not available for the
external validation mice multiple dosing data set.

The monkey semi-mechanistic PK model was diagnosed with goodness-of-fit (GOF) plots. GOF plots were used to evaluate general
parameter precision, including conditional weighted residuals (CWRES) versus time; CWRES versus population predicted concen-
tration (PRED); observed concentration (DV) versus PRED; DV versus individual predicted concentration (IPRED).

3. Results
3.1. PK and PD properties of RBD1016

Before constructing the semi-mechanistic model, we first conducted an exploratory data analysis (EDA) on the PK and PD data to
gain insight into the nature of the data and to guide the model construction process. In the separate plasma PK study, following 3 mg/
kg SC administration of RBD1016, the plasma concentration reached a maximum of 40.1 nmol/L at 0.5 h post-dose, then decreased
rapidly and was below the LLOQ (0.047 nmol/L) after 2 h. The maximal concentration in the liver was observed 24 h post-dose and
decreased slowly, and the liver RBD1016 was still detectable up to day 85 (Fig. 2). The mean mRNA expression decreased after dosing
and reached a nadir on Day 29. There was a delay between the maximum mRNA inhibition effect and the peak concentration in the
liver (Fig. 3). The inhibition of HBsAg was dose-dependent. The level of HBsAg reduced to a minimum of 0.16 % relative to the baseline
on Day 15 in 3 mg/kg dose level. The efficacy of HBsAg inhibition was still observed for up to 85 days (Fig. 4).

In the healthy cynomolgus monkeys PK study, after SC administration of 1, 3, and 9 mg/kg single doses, exposure to RBD1016 in
plasma increased in a greater than dose-proportional manner. Consistent with potential saturation of ASGPR-mediated disposition, the
greater than dose-proportional exposure in plasma was associated with a less than dose-proportional increase in liver exposure (data
not shown).
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Fig. 2. Semi-mechanistic PK/PD model fittings in PK data. Plasma RBD1016 concentration versus time (A); Liver RBD1016 concentration versus
time (B). Red circles represent the observed concentration, and lines represent model predictions. Plasma observations were collected from n = 1
mice for each time point, liver observations were collected from n = 3 mice for each time point after SC 3 mg/kg RBD1016. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Semi-mechanistic PK/PD model fitting in target mRNA levels. Red circles represent the observed mRNA, and black line represents model
predictions. Liver mRNA observations were collected from n = 3 mice for each time point after SC 3 mg/kg RBD1016. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Semi-mechanistic PK/PD model fitting in HBsAg expression levels. HBsAg expression level for the 0.1 mg/kg, 0.3 mg/kg, 1 mg/kg dose
groups (A); HBsAg expression level for the 3 mg/kg and 9 mg/kg dose groups (B). The red circles on each plot represent the HBsAg observation for
each of the five dose groups, and the black lines represent model predictions. Serum HBsAg observations were collected from n = 8 mice from each
group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.2. Mice semi-mechanistic PK/PD model

The mean plasma and liver PK data of RBD1016 and the mean expression level of mRNA and HBsAg per time point were used to
construct the semi-mechanistic mice PK/PD model. Because the PK data and liver tissue mRNA levels from the HBV transgenic mice
were conducted with a destructive sampling approach (one sample per mouse), a naive pooled approach was utilized when estimating
the parameters related to these data. The plasma concentration data and mean liver concentration data in the 3 mg/kg group were used
to build the PK model, the mean mRNA expression data in the 3 mg/kg group, and HBsAg data in all single dose groups were used to
construct the PD model.

Table 1 summarized the parameters estimated from the mice semi-mechanistic PK/PD model, the PK parameters were estimated
with adequate precision as the relative standard error percent (RSE) was below 10 %, but the PD parameters Koy mrna and Smax mRNA
had larger RSE (96.3 % and 117 %, respectively). The absorption rate constant (Ka) after SC administration was 2.1 h’l, plasma
RBD1016 clearance was 0.09 L/h, and the estimated central volume of distribution was 0.00267 L RBD1016 rapidly accumulated in
the liver through ASGPR-mediated endocytosis after absorption, the Ko, was 0.53 oM 'm hfl, Koff was 1.32 h’l, they were fixed to
literature value [24]. The liver half-life was 28.9 days (0.693/Ke jiver), Substantially longer than the plasma half-life.

Fig. 2 depicts the time course of observed versus model-predicted PK data in HBV transgenic mice. The proposed semi-mechanistic
PK/PD model captured the concentration-time profiles of RBD1016 both in plasma (Fig. 2A) and liver (Fig. 2B). Figs. 3 and 4 depicts
the time course of observed versus model-predicted PD data in HBV transgenic mice, including target mRNA (Fig. 3) and HBsAg
expression level (Fig. 4). In which, Fig. 4A shows the observed and predicted HBsAg expression level for the 0.1-1 mg/kg dose groups,
and Fig. 4B shows the observed and predicted HBsAg expression level for the 3-9 mg/kg dose groups.

3.3. Monkey semi-mechanistic PK model

A total of 190 concentration data, including plasma and liver concentrations from 1, 3, and 9 mg/kg dose groups were used to build
the monkey semi-mechanistic PK model. The final semi-mechanistic PK model parameter estimates were summarized in Table 1. All
the parameters were estimated with adequate precision as RSE was below 30 %. The absorption rate constant after SC administration
was 0.315 h™!, plasma clearance was 1.89 L/h, and the estimated central volume of distribution was 2.33 L. ASGPR receptor and its
degradation rate constant (Kqeg) were physiologically related parameters, they were fixed as the values reported in the literature [24].
The values of K, and K¢ have not been reported in cynomolgus monkeys. If the two parameters were assumed to be the same as those
in mice, the model cannot fit the data well. Therefore, Ko and Ko of cynomolgus monkeys were estimated in our model, and K,, was
0.004 nM " 'm h’l, and Kyg was 1.56 h~L. The liver RBD1016 half-life was 32.1 days (0.693/Ke liver), substantially longer than the
plasma half-life. The model fitting results for individual plasma and liver RBD1016 concentrations were shown in Figs. 5 and 6,
respectively. Our results showed that the model fitted the monkey plasma and liver drug concentration data well.

3.4. Model simulation and evaluation

The simulation results suggested that the mouse PK/PD model had a reasonable predictive ability for HBsAg levels in HBV
transgenic mice after multiple doses of RBD1016 (Fig. 7). For group 3 mg/kg SC g4w, the observed values were mostly within the 90 %
confidence intervals of the forecasted values (Fig. 7A). For group 3 mg/kg SC q8w, the predicted HBsAg levels were consistent with the
overall variation trend of the observations, but the model underpredicted the inhibition of HBsAg expression after the first dose
(Fig. 7B). We acknowledge it as the limitation of our model because plasma and liver concentrations were not collected for the
multiple-dose PD study, hence, we could not determine whether this prediction bias originates from the PK or PD part of the semi-

Table 1
Semi-mechanistic PK/PD model parameter values in mice and monkey.
Parameter Unit Description Mice Estimate (RSE%) Monkey Estimate (RSE%)
v L Central volume of distribution 0.00267 (1.6) 2.33 (11.7)
Viiver g Liver weight 0.8 (Fixed) [11] 63 (Fixed) [27]
Ka 1/h Subcutaneous absorption rate constant 2.10 (1.5) 0.315 (9.9)
CL L/h Plasma RBD1016 clearance 0.09 (0.5) 1.89 (9.0)
Kon 1/(nM*h) Association rate constant for GalNAc to ASGPR 0.53 (Fixed) [23] 0.004 (21.4)
Kogr 1/h Dissociation rate constant for GalNAc to ASGPR 1.32 (Fixed) [24] 1.56 (14.5)
Kdeg 1/h Degradation rate constant for ASGPR 0.044 (Fixed) [26] 0.044 (Fixed) [26]
Kint 1/h Internalization rate constant for bound ASGPR 2.4 (Fixed) [24] 0.137 (16.6)
Ke tiver 1/h Degradation rate constant for RBD1016 in liver 0.00101 (4.7) 0.0009 (16.6)
RO nM Baseline ASGPR density in hepatocytes 647 (Fixed) [26] 339 (Fixed) [24]
Kout mrNA 1/h Degradation rate constant for target mRNA 0.0129 (96.3) NA
Smax mRNA NA Maximal stimulation of target mRNA degradation 65.6 (117) NA
SCs0_cliver nM Liver concentration at half-maximal effect 6.62 (58.7) NA
mRNAO % Baseline mRNA in mouse liver 100 (Fixed) NA
Kout_HBsAg 1/h Degradation rate constant for HBsAg 0.0431 (26.6) NA
B NA Beta coefficient for protein translation 2.29 (23.8) NA

RSE, relative standard error; NA, not applicable.
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Fig. 5. Monkey semi-mechanistic PK model fittings in individual plasma RBD1016 concentration. Red circles represent plasma RBD1016
concentration for each individual, and black lines represent model predictions. The first row in the figure shows data from 1 mg/kg dose group (A);
the middle row was data from 3 mg/kg dose group (B); the bottom row was data from 9 mg/kg dose group (C). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

mechanistic model, or because of variation between these two dose regimen studies in the observed values.

The goodness-of-fit (GOF) plots for the monkey semi-mechanistic PK model were provided in Fig. S1 to Fig. S2. The conditional
weighted residuals (CWRES) vs. time or vs. individual-predicted (IPRED) showed that most CWRES were within the range of (-2, 2).
The population-predicted (PRED) and IPRED plasma and liver RBD1016 concentrations vs. observed concentrations showed no major
bias. These model diagnostics suggested that the semi-mechanistic PK model of the monkey adequately describes the plasma and liver
RBD1016 concentrations.

4. Discussion

Small interfering RNAs (siRNAs) have emerged as an exciting strategy for gene therapy in treating human diseases by silencing
harmful genes [28]. Duplex siRNAs cannot easily penetrate hydrophobic cellular membranes without assisting carriers, so cell-specific
targeted delivery of siRNAs in vivo is perhaps the most critical consideration in developing an effective RNAi-based therapeutic agent
[29]. One of the most successful conjugation delivery systems is the GalNAc platform which efficiently and specifically delivers siRNAs
to liver hepatocytes that express high levels of ASGPR, the high-affinity receptor for GalNAc [30]. The model-based drug development
can be applied to streamline the overall drug discovery, including development and regulatory evaluation processes [31]. In our study,
semi-mechanistic PK and PK/PD models for RBD1016 - a GalNAc-siRNA intended for HBV infection, were developed using data
collected from pre-clinical studies. The developed pre-clinical models characterized the PK and PD data of RBD1016 in mice and PK
profiles in monkeys, and were able to reasonably predict HBsAg expression in mice following multiple doses of SC administration of
RBD1016. To the best of our knowledge, this study reports the first semi-mechanistic PK/PD model of GalNAc-siRNA in HBV mice and
the first semi-mechanistic PK model of GalNAc-siRNA in monkeys, we anticipate that the model could contribute to our further clinical
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Fig. 6. Monkey semi-mechanistic PK model fitting in individual liver RBD1016 concentration. Red circles represent liver RBD1016 con-
centration for each individual, and black lines represent model predictions. The first row in the figure shows data from 1 mg/kg dose group (A); the
middle row was data from 3 mg/kg dose group (B); the bottom row was data from 9 mg/kg dose group (C). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Simulation results of the semi-mechanistic PK/PD model. The red circles on each plot indicate the HBsAg observation in group 3 mg/kg
SC q4w (A) or g8w (B) with a total of 3 times in the multiple-dose PD study. Black solid lines represent model predictions of median HBsAg following
3 mg/kg SC q4w*3 (A) or q8w*3 (B). Dashed lines denote upper and lower 90 % confidence intervals. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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study of RBD1016.

GalNAc-siRNA exhibited unique pharmacokinetic and pharmacodynamic characteristics. GalNAc residues is one of the specific
ligands for ASGPR expressed on the surface of hepatocytes. GalNAc-siRNA, through its conjugated GalNAc ligand, allows rapid and
targeted delivery of siRNAs to hepatocytes. The plasma concentrations of GalNAc-siRNA are transient, the rapid clearance of GalNAc-
siRNAs from the blood is consistent with rapid distribution to the hepatic tissue by receptor-mediated uptake through ASGPR [30], and
the low molecular weight (~13 kDa) and small size (~7 nm) facilitating glomerular filtration (pore size ~8 nm) [32]. The onset of
action is typically delayed relative to the time of administration, and the pharmacological effects last for a long time [33,34]. For
GalNAc-siRNA, the concentration in the liver directly related to the gene silencing effect, one of the critical aspects of GalNAc- siRNAs
development is the knowledge of kinetics in liver tissue. In a recent study by Nair et al. [35], they compared the PK and transthyretin
(Ttr) mRNA knockdown activity of two siRNAs in mice, which have the same sequence but different chemical modifications. Their
results showed that both siRNAs had similar plasma PK properties but different knockdown activities due to different exposures in the
liver, demonstrating that the effects of GalNAc-siRNA were correlated with liver concentrations. Christopher R. Brown et al. [33]
investigated the possible mechanistic explanations for the extended duration of GalNAc-siRNA activity observed in vivo. Their results
also indicated that there was a direct correlation between liver concentration and drug efficiency. The chemical stability of siRNA in
acidic intracellular compartments (e.g., lysosomes) within hepatocytes was a significant driver of prolonged activity duration.

In our study, after subcutaneous injection of RBD1016 into transgenic mice and monkeys, the RBD1016 rapidly accumulated in
hepatocytes and was slowly eliminated in liver tissue with a liver half-life of 29 days and 32 days, respectively. RBD1016 must pass
through a series of biological barriers from the administration site to reach the target site, so the effect is delayed relative to the plasma
concentration. The efficacy of RBD1016 (HBV mRNA expression) decreased after dosing and reached a nadir on Day 29, although peak
plasma concentrations are reached after 0.5 h of dosing. And the inhibition efficacy was still observed for up to 85 days. Similar
pharmacokinetic profiling was reported in JNJ-3989, which distributes from plasma to liver via ASGPR mediated liver internalization
in less than 24 h, with sustained (>42 days) liver exposure after administered subcutaneously in mice [12]. The kinetics of ARC-520
has been reported by Trubetskoy VS et al. [16], different form RBD1016, ARC-520 was administered intravenously, but like RBD1016,
total amount of guide strands observed in liver exceeded that observed in the other tissues, and has slower elimination rate in liver than
in plasma.

HBV has a narrow host range, causing chronic infection only in humans and chimpanzees, but the use of chimpanzees is strongly
restricted and not easily available for HBV research [36], so we used HBV transgenic mice to analyze the relationship between PK and
PD. X gene mRNA was one of the indicators of PD that we collected, results showed there was a 2-week delay in the maximum in-
hibition of mRNA relative to the peak liver concentration of RBD1016 in mice. The inhibitory effect gradually decreases as the hepatic
concentration of RBD1016 slowly decreases, and the therapeutic effect is maintained until 85 days after a single dose of 3 mg/kg.
Because of this unique PK/PD characteristic of GalNAc-siRNA, it was necessary to use liver concentration to establish exposure-effect
relationships of RBD1016.

There have been several computational models of GalNAc—siRNA in the literature, which was used both in pre-clinical and clinical
settings for different applications in product development [23], but the modeling of siRNA therapeutics is still in its infancy. Vivaswath
S. Ayyar et al. [24] developed a minimal physiologically based pharmacokinetic-pharmacodynamic (mPBPK-PD) model for
GalNAc-siRNA to facilitate preclinical-to-clinical translation. This model required the input of up to 30 parameters, including ASGPR
binding rates, endosomal escape rates, and the formation of RNA-induced silencing complex (RISC), which may be challenging to
characterize experimentally. The complexity of the PBPK model and diverse choice of parameters have limited its further application.
An empirical compartment-based modeling approach was used to describe the exposure-effect relationship in nonclinical animals and
extrapolated to humans via allometric scaling based on body weight or liver weight [25]. However, these models did not integrate
knowledge system-specific parameters related to ASGPR (e.g., receptors per cell, degradation half-life, and recycled fraction), which
was very important for understanding in vivo biodistribution of GalNAc-siRNA. Here, according to the liver-targeted distribution
characteristics of GalNAc-siRNA [37], we constructed a semi-mechanistic PK/PD model. The PK part of the model consists of plasma
compartment and liver compartment, and the ASGPR receptor-mediated uptake process in hepatocytes was included in the model.
RBD1016 in liver decreased by a first-order elimination rate constant.

ASGPR density (R) is very important for GalNAc-siRNA uptake into the liver. ASGPR saturation is generally associated with a less-
than-dose-proportional increase in liver exposure and a greater-than-dose-proportional increase in plasma exposure [30]. The values
of ASGPR density in mouse liver reported in the literature are consistent [26,38]. This parameter is species-specific, so we fixed it to a
value from the literature (647 nM in mice, 340 nM in monkeys). However, the uptake through the ASGPR depends not only on the
receptor numbers but also on the kinetics of the receptor, e.g., receptor turnover rate. Charlotte Bon et al. [26] reported that the
degradation rate constant (Kgeg) of ASGPR in mice was 0.04 h™!; in our model, we assumed the value of Kgeg was the same between
mice and monkeys and fixed to 0.04 h™!. GalNAc-siRNA could bind to free ASGPR to form a GalNAc-ASGPR complex through an
association rate constant (Ko,). Once the complex is formed, it could either dissociate (Kyf) or be internalized (Kin). Vivaswath S.
Ayyar reported Kop, Ko, and Kj,c were 0.53 nM 'eh7 ! 1.32h " and 2.4 h ™! in the mice PBPK model, respectively. The GalNAc and
ASGPR binding affinity depends on the number of GalNAc clusters present in the molecule [39]. RBD1016 uses a triantennary GalNAc
ligand that binds to the ASGPR with high affinity [40]; we assumed that nucleic acid sequence and species do not affect GalNAc and
ASGPR binding kinetics, and we fixed these parameters to Vivaswath S. Ayyar [24] reported values in mice PK model. Currently, the
values of K, and Ky in monkeys have not been reported in the literature. In our model K, estimated from monkeys is smaller than
mice, so ASGPR affinity may vary between species. To our knowledge, there is no relevant literature reporting differences of GalNAc
and ASGPR affinity between mouse and monkey. Thus, more data are needed to gain insight into different species variation in ASGPR
affinity. Finally, the model fitted the liver PK profile in mice (Fig. 2) and cynomolgus monkeys well (Figs. 5-6).
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The narrow host range of HBV infection provided an obstacle to the establishment of an animal model of HBV infection. Most
advances in HBV research have been gained using mice models with HBV replication or infection. So, in our study, we obtained mRNA
and HBsAg data from HBV transgenic mice (C57B/6N-Tg (1.28HBV)/Vst) and established the semi-mechanistic PK/PD model only in
mice. For RBD1016, the maximum mRNA suppression observed in the transgenic mice occurred 15 days after administration and was
significantly delayed relative to the peak hepatic concentration. The delay was a commonly acknowledged phenomenon in the siRNAs
PK-PD relationship [33,35,41,42]. A series of processes lead to the delayed effect of siRNA, which is transported from the site of
administration to the target tissue, taken up into the target cells, transported into the cell endosomes, escapes from the endosomes,
forms the RISC complexes, and target proteins turnover time [33]. The literature about the GalNAc-siRNA PD model is generally
sparse. Alessandro Boianelli et al. [42] and Vivaswath S. Ayyar et al. [24] used indirect effect models to describe changes in target
mRNA or protein; modelling efforts for Patisiran, Givosiran, and Inclisiran also used a similar indirect effect model approach to support
regulatory approval in FDA multi-discipline review. In our study, an indirect-response model was developed with an Ep,« effect model
linking liver RBD1016 concentrations with mRNA level, and mRNA degradation lowering the level of the translated HBsAg. We are not
aware of any published report of synthesis rate constants and degradation rate constants of HBV mRNA and HBsAg - this is the first time
these parameters have been reported.

The mice model building uses mean data, because the small size of the mice was not suitable for the continuous collection of plasma
samples, and mice need to be sacrificed to obtain liver tissue for measurement of RBD1016 concentration and mRNA level. The PK
parameters in mice were well estimated with RSE below 30 %. The PD parameters Koyt mrna and Smax mrna had larger RSE (96.3 % and
117 %, respectively), suggesting the limited data may be inadequate to accurately estimate these parameters. Simulation results
showed the model performed well in predicting HBsAg 3 mg/kg SC q4w and the first dose of 3 mg/kg SC q8w, performed poorly in the
second and third doses of 3 mg/kg SC q8w. This implies that the model may be effective at predicting one dosing regimen and not so
good at predicting another. The model did not predict all multiple-dose regimens well, the exact cause of this is not yet known. The
reasons may be the mice plasma and liver PK data and mRNA data used to establish the model were only available for a single dose of 3
mg/kg, and the accumulation pattern of drugs in the liver after multiple doses was not clear. In addition, the RSE of PD parameters are
large, and the observed values of HBsAg with multiple doses are highly variable among individuals. This suggests that in the following
study if we want to build a model that better describes the PK/PD relationship, it is necessary to collect plasma and liver drug con-
centrations and mRNA indicators in different dose groups and multiple doses. For the PK model in monkeys, blood samples were
obtained consecutively, and liver samples were acquired by repeated ultrasound-guided percutaneous needle biopsy, allowing the use
of individual data to build the model. The PK parameters were well estimated (RSE%<30 %) in the monkey. The model was evaluated
using the goodness-of-fit plots (GOF) method.

Understanding how PK translates between species is pivotal to supporting the first-in-human dose selection from pre-clinical data
[43], and experience in siRNA drug translation is limited. A recent study collected time-course biomarker data for 11 GalNAc-siRNAs
in various species and applied the PK-PD modeling approach to estimate the biophase (liver) half-life and potency. Their analysis
indicates that siRNAs are generally more potent in humans than in mouse and monkey and that liver half-life is in the range of 0.6-3
weeks in mouse, 1-8 weeks in monkey, and 1.5-14 weeks in human. This is largely consistent with our liver half-life estimates (4.1 and
4.6 weeks in mouse and monkey respectively) [42].

Also, if the model is used to predict human PK/PD in the future, we should translate the parameters from pre-clinical animals to
humans. In our semi-mechanistic model, some parameters were physiologically relevant parameters, like ASGPR density (RO) and
degradation rate constant for ASGPR (Kgeg), which could be obtained from the literature, or if the literature has not yet been reported,
experiments need to be designed to determine these parameters. Other parameters were drug-related, such as the hepatic clearance
constant (Ke jiver). Extrapolation of drug-related parameters is limited by the scarcity of siRNA drugs currently on the market and
limited data. More non-clinical and clinical data on different GalNAc-siRNAs need to be collected to explore how to extrapolate. For
small molecule drugs and antibody drugs, interspecies allometric scaling using eg bodyweight, has been widely used in the prediction
of pharmacokinetic parameters of a species of interest. The allometric relationship is based on the power-law function, which can be
represented as Y = a x WP, where Y is the parameter of interest, W represents the average body weight of a species, and a and b are the
allometric coefficient and exponent of the equation, respectively [44]. We explored the applicability of the allometric scaling method
for PK parameter extrapolation between two species (mouse and monkey) of GalNAc-siRNA drugs. Results showed allometric expo-
nents were different from the exponents of 1.0 for V and 0.75 for CL, which were widely used in small molecules and antibody drugs
parameter extrapolation. Exploratory allometric scaling of our mouse and monkey K,, and K. jiver parameters showed that they
decreased as expected from mouse to monkey, but also differs from the generally assumed —0.25 exponent for first-order rate
constants.

However, our results were based only on data from mouse and monkey of RBD1016, there have been a lot of uncertainties about the
capacity to extrapolate to human PK/PD profiles. The uncertainty arises from the fact that we still do not have an in-depth under-
standing of the kinetic processes after siRNA entry into hepatocytes, the kinetic processes of target mRNA degradation, and the
turnover processes of target proteins in different species. And limited by the detection methods, there are challenges for the locali-
zation and quantification of siRNAs in the cell. In addition, a few GalNAc-siRNA drugs were approved for marketing, and relatively few
publicly available data could be used to explore the extrapolation method. This study is focused on RBD1016, but we hope to apply the
PK/PD model to other GalNAc-siRNA candidates. Several factors need to be considered when applying the modeling to different
therapeutic candidates, for example, 1) different siRNA sequences and modifications, 2) ASGPR receptor abundance and affinity, 3)
target mRNA and protein kinetics, 4) individual differences, disease states, and other factors on the model. So, large amount of non-
clinical and clinical data needs to be accumulated if we hope to accurately extrapolate the PK/PD model from animals to humans.

The study had some limitations. The data used to build the mice PK/PD model was rather limited and only included one dose group,

11



Q. Lietal Heliyon 10 (2024) e31924

which might explain the uncertainty associated with the estimation of e.g. parameters Koyt mrna and Smax mrna. This also limited the
possibility of characterizing the potential saturation of ASGPR at higher doses. Further dose regimen-finding studies are required to
explore these PK/PD relationships. Multiple dosing studies including both plasma and liver PK, and a PD or response measure, were
lacking, limiting the ability to characterize e.g. liver concentration accumulation and effects on mRNA levels and HBsAg. RBD1016 is
currently being tested in phase I clinical trials, further work is warranted to optimize the model following clinical data collection.

In summary, our study constructed a semi-mechanistic PK/PD model of RBD1016 in mice and a PK model in monkeys; the model
fitted PK and PD data in mice well and well-described plasma and liver concentrations in the monkeys. The simulation results showed
that the mice PK/PD model has a reasonable predictive ability for HBsAg levels after multiple dosing in mice. The GOF plots of the
monkey semi-mechanistic PK model suggested that this model adequately describes the plasma and liver RBD1016 concentrations in
monkeys. The models could help us to understand the exposure-effect relationships of RBD1016 in nonclinical animals. With the
subsequent collection of more non-clinical and clinical data of RBD1016, we will further optimize the PK/PD model. This study is
expected to be useful for the model-informed drug development of GalNAc-siRNA drugs.
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