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ABSTRACT

Author: Ravali Bhavaraju

Title: Pharmacokinetic Modeling of Oral siRNA Therapeutics for Treatment of Inflammatory
Bowel Disease

Supervising Professor: Nicholas A. Peppas, Sc. D.

This thesis investigates the pharmacokinetics of orally administered small interfering RNA
(siRNA) for the treatment of Inflammatory Bowel Disease (IBD). This study involves the
construction of two physiologically based pharmacokinetic (PBPK) models to examine the
absorption, distribution, metabolism, and elimination of siRNA across several physiological
compartments in the gastrointestinal (GI) tract and within cells.

The first model, the GI transfer PBPK model, examines the pharmacokinetics of siRNA in eight
compartments, focusing on the stomach, duodenum, jejunum, ileum, colon, liver, plasma, and
kidneys. Key parameters, including compartment volumes, absorption rate constants, and
elimination rate constants, were derived from literature and data fitting in MATLAB SimBiology.
Sensitivity analyses identified key rate constants, such as the absorption into the stomach, the
elimination from the jejunum, and the absorption into the ileum, that significantly influence
siRNA concentrations, suggesting critical factors for optimizing IBD treatment.

The second model, the cell PBPK model, examines the intracellular journey of siRNA within
target cells in the ileum, focusing on endosomal uptake, cytoplasmic release, and binding to the
RNA-induced silencing complex (RISC). Sensitivity analyses on this model indicated that
endosomal escape and the association to RISC significantly impact siRNA's gene-silencing
potential, suggesting critical points for optimizing therapeutic strategies at the cellular level.

The findings from these models contribute valuable insights into the pharmacokinetics of siRNA,
guiding future research and optimization strategies for IBD treatment. = Additional
pharmacokinetic data, parameter refinement, and experimental validation are essential to
enhance the models' accuracy and adaptability, ultimately contributing to improved IBD
treatment and the advancement of siRNA-based therapy.
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CHAPTER 1
INTRODUCTION

1.1 Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is a set of chronic conditions characterized by inflammation
in the gastrointestinal (GI) tract. IBD consists of two major forms, Crohn’s disease (CD) and
ulcerative colitis (UC). Approximately 3.1 million adults in the United States, representing 1.3%
of the adult population, are diagnosed with IBD'. IBD is typically diagnosed in young adults,
with approximately 25% of patients presenting before the age of 20, but it can affect people of
any age’. Gender-specific prevalence is observed, with Crohn’s disease exhibiting a higher
prevalence in women, while ulcerative colitis is more prevalent among men. Additionally, rates

of IBD are higher in urbanized regions?.

Crohn’s disease and ulcerative colitis differ in clinical presentation and affect different regions of
the GI tract. Crohn’s disease involves severe inflammation across the GI tract, from the oral
cavity to the anus, and through the GI ftract’s layers’. The affected regions are often not
continuous and present in patches. Ulcerative colitis affects continuous regions of the colon and
rectum and involves inflammation in the mucosal layer of the GI tract. Common symptoms of
both Crohn’s disease and ulcerative colitis are diarrhea, abdominal pain, rectal bleeding, anemia,

and significant weight loss®.

Research indicates that IBD may be caused by a combination of genetic heritability and
environmental factors (Figure 1)*. A study of genome-wide data from over 75,000 patients found

an association between 163 autosomal genetic risk loci and IBD". Crohn’s disease and ulcerative
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colitis share approximately 110 of the 163 risk loci, with many shared between other immune
diseases®. IBD is also related to environmental factors and has a positive association with
urbanized environments”®, Diet largely defines gut microbiota, and Western diets, which are high
in fat, refined sugar, and red meat are linked to increased mucosal inflammation’. Use of
antibiotics and oral contraceptives, increased hygiene practices, elevated stress levels, and

early-life microbial exposures have also been associated with an increased risk of developing

IBD'"".

Genetic Susceptability

CD Dysregulated Immune
IL23R IL10 System
NLRP3 IL12B ARPC2 |nﬂammatory
IRGM JAK2 ECM1 o
cors BE $ T cell activity Response
ITLN1 TLR4
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Figure 1 — Interplay of factors involved in IBD pathogenesis. Created with Biorender.com

Pathogenesis of IBD can be described as the result of a dysregulated immune inflammatory state
due to genetic factors and an abnormal microbiome'?. In a dysregulated immune state, epithelial
damage is caused by abnormal mucus production and an inability to effectively repair the
epithelium'®. Epithelium damage facilitates the traversal of immune cells, including T cells, B

cells, macrophages, and dendritic cells, into the lamina propria'®. The resulting overproduction of
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pro-inflammatory cytokines, such as TNF-a, IL-6, and IL-23, or immune cells, such as T helper
cells Thl and Thl7 that produce interleukins, can lead to chronic and sustained immune
activation, mucosal disruption, microbial invasion, and tissue damage'?. Thus, from a molecular

point of view, interleukins are a very important factor in the development of the disease.

1.2 Current Treatment Strategies
Current treatments for Inflammatory Bowel Disease include aminosalicylates, corticosteroids,
immunomodulators, biologics, and lastly, surgery'®. Figure 2 depicts a typical progression of

treatment for IBD patients.
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Figure 2 — IBD Treatment Approaches. Created with Biorender.com

Aminosalicylates

5-Aminosalicylates (5-ASA) are therapeutic agents administered to induce remission in patients
with mild-to-moderate IBD. It has been reported that from 88 to 97% of patients are prescribed
5-ASA during their first year post-diagnosis’>. Common 5-ASA-based drugs include
sulfasalazine, mesalamine, and olsalazine. 5-ASA reduces inflammation by inhibiting enzymes
involved in prostaglandin signaling and the synthesis of inflammatory cytokines such as IL-6 and

TNF-a'%. It also reduces inflammation by blocking reactive oxygen and nitrogen species'”'®,

The therapeutic agent 5-ASA must be formulated in a drug delivery system to target colon
mucosa or avoid stomach or small intestine absorption'®. Common formulations include Asacol,

a pH-dependent methacrylic acid-containing copolymer that targets mesalamine delivery to the

11
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illeum and colon, and Pentasa, a semipermeable ethylcellulose membrane that is
moisture-sensitive and releases approximately 50% of the drug continuously through the small
and large intestines'®!?. Despite their efficacy in inducing remission and reducing UC relapse,

5-ASA delivery poses a risk of nephrotoxicity, primarily interstitial nephritis®.

Corticosteroids

Corticosteroids are rapid-acting drugs used to induce remission in patients with
moderate-to-severe IBD'®. Corticosteroids manage inflammation by reducing intestinal
permeability, causing apoptosis of lymphocytes, and managing proinflammatory transcription
factors, such as NF-x'®. Prednisone (PRED) is the most commonly prescribed corticosteroid and
has a 50% remission rate*'. PRED binds to glucocorticoid receptors and reduces the production

of proinflammatory prostaglandins and cytokines systemically?'.

While corticosteroids are effective at inducing remission quickly, they have no proven efficacy in
long-term remission maintenance and have many adverse effects'*??. The long-term effects of
corticosteroids include increased infection susceptibility, diabetes mellitus, hypertension,
osteoporosis, and adrenal insufficiency. Moreover, approximately 15-40% of patients developed
steroid dependency or excess'®. Corticosteroids continue to be a commonly prescribed option,

particularly for pediatric patients, due to their low cost and oral administration.

Immunomodulators

Immunomodulators are typically prescribed due to 5-ASA inefficacy and corticosteroid

dependency or resistance. The main types of immunomodulators for IBD are thiopurines,
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methotrexate, calcineurin inhibitors, and Janus Kinase (JAK) inhibitors®. Thiopurines, such as
6-mercaptopurine, deactivate processes in T lymphocytes that cause inflammation by disturbing

nucleic acid synthesis?**

. Methotrexate inhibits enzymes, such as AICAR transformylase,
causing an accumulation of anti-inflammatory adenosine and down-regulation of immune cells®.
Calcineurin inhibitors, such as cyclosporine A, interfere with the activation of T cells and inhibit
inflammatory cytokines like TNF-a, and IL-2*. Lastly, JAK inhibitors inhibit Janus kinases,
which bind to cytokine receptors on multiple inflammatory pathways, thereby lowering
inflammation?. Increased infection susceptibility is a major concern for immunomodulators due

to their systemic effects, so screenings for hepatitis B virus, hepatitis C virus, human

immunodeficiency virus, and tuberculosis are a common prerequisite to eligibility'®.

Biologics

Biologics provide a targeted form of IBD treatment by inhibiting specific inflammatory
molecules and pathways without causing systemic immune suppression. However, biologics still
have adverse side effects including a higher risk of infection and reactions at the injection site®.
The most common biologics for IBD are tumor necrosis factor (TNF) inhibitors, such as
adalimumab, which inhibit TNF-0, a pro-inflammatory cytokine that plays a role in several
inflammatory signaling pathways™. Integrin inhibitors are another class of biologics that prevent
integrins, or cell surface transmembrane glycoproteins, from facilitating the binding of
leukocytes to the GI tract’’. The most common integrin inhibited for treatment is 04f7, a
glycoprotein that is crucial to leukocyte migration and adhesion in the gut®'. Lastly, interleukin
(IL) inhibitors block pro-inflammatory pathways, reduce inflammation, and enable mucosal

healing®. Of the most common interleukin inhibitors for IBD,
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e Ustekinumab targets IL-12 and IL-23;
e Tocilizumab targets IL-6;
e Secukinumab inhibits IL-17; and

e Dupilumab inhibits IL-14 and IL-13%.

Disadvantages of Current Treatments

While each established IBD treatment has efficacy in managing symptoms and improving patient
outcomes, each has its disadvantages. Aminosalicylates, such as mesalazine, have limited
efficacy for moderate to severe cases and can cause side effects such as gastrointestinal
discomfort’. Corticosteroids are efficacious at providing short-term relief but are not
recommended for prolonged use due to adverse effects including osteoporosis, diabetes mellitus,
and hypertension. The ability of immunomodulators to successfully lower inflammation through
immune suppression also increases infection susceptibility and liver toxicity. Lastly, while
biologics are potent and targeted in their inhibition of inflammation, they increase infection risk,
are expensive, and often have lowered patient compliance due to administration requiring

intravenous or subcutaneous injection®.

Overall, these therapeutic agents treat the symptoms of IBD by modulating active inflammation
and targeting existing proteins or pathways. There remains a need for treatments that target the
root cause of IBD while maintaining a high degree of specificity and minimizing systemic

adverse effects.
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1.3 siRNA Treatments

Small Interfering RNA

Small interfering RNA (siRNA) compounds are double-stranded RNA molecules that are part of
the RNA interference pathway, a natural gene regulation mechanism that down-regulates specific
genes and mRNA sequences®. For therapeutic applications, siRNAs can be engineered to silence
disease-specific genes by targeting the mRNA associated with the genes. Once administered, the
siRNAs require endosomal uptake and cytoplasmic release to bind to the RNA-induced silencing
complex (RISC), which facilitates cleavage of the target mRNA. This process prevents protein

translation, achieving gene knockdown and silencing?®.

There are currently five siRNA therapeutic agents with approval by the Food and Drug
Administration, all of which target the liver’’. Patisiran and Vutrisiran are approved for the
treatment of transthyretin-mediated amyloidosis, Givosiran is approved for acute hepatic
porphyria, Lumasiran is approved for for primary type 1 hyperoxaluria, and Inclisiran is
approved for for high cholesterol and cardiovascular disease®. Additional siRNA drugs are

undergoing clinical trials and focus on ocular, dermal, pulmonary, and renal targets.

For IBD management, siRNA can silence genes that are involved in the immune response and
inflammation pathways of the GI tract*. Several anti-inflammatory siRNA treatments in
pre-clinical or clinical stages target TNF-o, integrins, interleukins, and other molecules

implicated in inflammatory pathways*.
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Nanoparticles for Targeted siRNA Delivery

While siRNA is a promising candidate for targeted gene knockdown in IBD, its delivery faces
several challenges (Figure 3). Its negative charge, hydrophilicity, and large molecular weight
(~13000 g/mol) hinder cell membrane penetration. siRNA is also susceptible to nuclease
degradation, particularly by RNAase and phosphatase due to its phosphodiester bond*'. Immune
system interactions and endosomal entrapment further hinder siRNA cellular uptake and release.
Furthermore, while oral administration is often preferable due to increased patient compliance
and ease of administration, it exposes siRNA to the GI tract's acidic conditions and digestive
enzymes. Thus, there is a need for robust siRNA formulations that can survive harsh GI tract

conditions, penetrate the intestinal wall and cell membrane, and deliver into the cytoplasm*.

Harsh GI Tract Conditions Intestinal Permeability
' A ( '
Mucus
Acidic Digestive Barrier — Lamina
conditions enzymes :
o Eroprla
Epithelial Cells (immune
Variable Gut (Enterocytes) > cells, fibers)
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\ J \ J
Cellular Uptake and Endosomal Escape Immune Barriers
( ' 3 [ Reticuloendothelial )
. eticuloendothelia A
. et TN
. LIl system uptake Dendritic cell ’
i : 2 Macrophage Cytokines
C e Lysosomal
degradation
\. J . J

Figure 3 — Barriers to siRNA delivery in the GI tract. Created with Biorender.com
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Nanoparticles (NPs) are employed to address these challenges and ensure systemic protection
and targeted delivery of siRNA*. Nanoparticles are material particles on the nanoscale that are
engineered for biological barrier navigation, environmental responsiveness, molecular targeting,
and controlled release®. For example, hydrophilic NPs can be used to extend circulation time
and half-life, while positively charged NPs can be implemented to improve siRNA-NP

interaction and cellular uptake.

The three main classes of nanoparticles used in drug delivery are inorganic, polymeric, and
lipid-based®. Inorganic nanoparticles, including gold or iron-based, are typically used in
conjunction with imaging platforms but are less favored due to toxicity and solubility concerns.

Polymeric and lipid-based nanoparticles are more prevalent in siRNA delivery®.

Polymeric NPs are made from natural or synthesized polymers and offer easy modification,
biodegradability, and biocompatibility**. However, concerns include byproduct toxicity,
accumulation, and complex synthesis. Nanocapsules and nanospheres are the most common
forms of polymeric NPs*. Nanocapsules encapsulate the drug in a polymeric shell, with drug
release behavior defined by polymer composition and cross-linking. Due to their enclosed
cavities, nanocapsules are preferable over nanospheres for highly lipophilic drugs. In
nanospheres, the drug is embedded within the polymer matrix, allowing for uniform and

controlled drug release®’.

Lipid-based nanoparticles consist of lipid bilayers enclosing aqueous regions with the therapeutic

agent and have high biocompatibility and bioavailability”. Liposomes and lipid nanoparticles
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(LNPs) are the two forms of lipid-based nanoparticles. Liposomes, composed of one or more
phospholipid bilayers, transport hydrophilic and hydrophobic drugs and enhance cellular
uptake®®. Lipid nanoparticles are typically composed of cationic or ionizable lipids, enabling high
compatibility with negatively-charged siRNA, enhancing cellular uptake through
negatively-charged cell membranes, and improving endosomal escape in the cytoplasm via the
proton-sponge effect. Both liposomes and LNPs incorporate cholesterol for structural integrity
and cellular uptake and polyethylene glycol (PEG) to evade opsonization and reticuloendothelial

system clearance®.

Several studies have shown the preclinical efficacy of nanoparticle-mediated siRNA therapies for
inflammatory GI diseases like IBD. For example, research conducted in Dr. Nicholas A. Peppas’
laboratory at The University of Texas at Austin has conducted extensive research in designing
hydrogel nanoparticles that can deliver siRNA to the GI tract. These siRNA-loaded nanogels
exhibit pH-dependent properties, allowing them to protect siRNA in extracellular environments,

deliver specifically to the intestinal area of interest, and release once uptaken into the cell* ",

While several studies have shown preclinical efficacy, none have made it further than clinical
trials®®. The most common therapies use oral administration, which enables direct and targeted
delivery to the GI tract, reduces systemic exposure, and improves patient compliance*®*. Common
siRNA targets for IBD include TNF-a, CD98, Map4k4, 1L-22, IL-10, and Cyclin-D1, and
effective nanoparticle carriers in studies include liposomes with hyaluronan and DPPE,

polyethyleneimine (PEI) derived nanoparticles, calcium phosphate and PLGA nanoparticles,
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chitosan-derived nanoparticles, and poly(amino acid) nanoparticles such as poly(lysine) and

poly(arginine)****,
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CHAPTER 2
BACKGROUND
2.1 Pharmacokinetic Modeling
Computational modeling and simulation are used across drug discovery and development to
analyze the behavior, efficacy, and safety of therapeutics. These modeling approaches are often
used for selecting dosage, planning clinical studies, and supporting regulatory submissions>.

One important metric examined is pharmacokinetic (PK) behavior, which broadly describes how

a therapeutic agent is transported through the body™. PK models use simplified descriptions of
drug movement and physiological processes to describe the concentration of the drug over time,
typically in the plasma. Pharmacokinetic/Pharmacodynamic (PK/PD) models correlate a drug’s
pharmacokinetic profile with its pharmacodynamic (PD) response, which describes the drug’s
effect on a physiological target®. By relating time, drug concentration, and target effect, PK/PD

models can create a dose-response curve for a particular drug and disease™.

Physiologically based pharmacokinetic (PBPK) models can be used to predict pharmacokinetic
behavior by modeling the absorption, distribution, metabolism, and elimination (ADME) of a
drug in various organs’’. In PBPK models, the body is divided into compartments that
correspond to the different physiological organs in the body, and each compartment is connected
by flow rates that correspond to the movement of the drug®®. The movement of the drug through
and between compartments is converted into a series of ordinary differential equations (ODEs)
that are solved and describe metrics such as the concentration of the drug in a particular
compartment over time>®. A comprehensive understanding of a drug’s pharmacokinetic behavior

enables tailoring of the drug to maximize effect and monitor toxicity™.
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The aim of this thesis was to build a physiologically based pharmacokinetic model for oral
siRNA therapeutics. This model could provide a better understanding of how an oral siRNA
therapeutic travels through the body and can answer questions such as what organs it distributes

to, at what rate it moves through them, and how much reaches the target organs.

2.2 Pharmacokinetics of siRNA

Understanding of siRNA pharmacokinetics is rapidly advancing as an increasing number of
siRNA therapies are being developed. siRNA has unique pharmacological and chemical
properties that affect its ADME characteristics differently from traditional small molecule and

359 First, with regards to absorption, small molecules are typically

biologic-based drugs
absorbed through diffusion or active transport, and large molecule biologics are absorbed
through receptor interaction or lymphatic uptake®. siRNA, when conjugated to nanoparticles
such as GalNAc, is absorbed through the asialoglycoprotein receptor (ASPGR) and the
lymphatic system. Four of the five FDA-approved siRNA treatments, givosiran, lumasiran,
inclisiran, and vutisiran, are administered subcutaneously, and the fifth, patisiran, is injected
intravenously®. Current data shows that siRNA bioavailability is low due to its charge and large
size. Inclisiran, for example, had a subcutaneous bioavailability of 24.7-33.8% in monkeys®*¢'.

Moreover, after subcutaneous injection, givosiran, lumasiran, inclisiran, and vutisiran were

rapidly absorbed and reached peak concentrations between 2 and 4 hours®.

For distribution, small molecules distribute through diffusion and active transport, and biologic

distribution is highly dependent on molecular weight and charge®*®. Free siRNA has a short
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systemic circulation and can accumulate in the bladder, kidney, and liver, while
nanoparticle-conjugated siRNA can be synthesized to distribute mainly to a target organ such as
the liver, as occurs with GalNAc conjugates. Because siRNA must distribute into cells to silence
genes, interaction with cellular internalization pathways is necessary. For siRNA absorbed into
the systemic circulation, balanced plasma protein binding allows for protection from metabolic

and clearance pathways while still ensuring adequate tissue distribution>*,

In addition, small molecules are metabolized predominantly by cytochrome P450 (CYP) and
non-CYP enzymes, and biologics are metabolized by endopeptidases like trypsin. siRNA is
subject to nucleolytic, endonuclease, and exonuclease degradation, and mass spectrometry
studies have shown free siRNA being metabolized and distributed to tissues at lower molecular
weights®. These shorter-length oligonucleotide siRNA metabolites can be pharmacologically
active, as is the case with givosiran and its active metabolite AS(N-1)3" givosiran. When
complexed with nanoparticles, siRNA shows a longer half-life in the plasma and lower plasma

clearance than free siRNA®.

Fourth, small molecules, biologics, and siRNA are eliminated through renal clearance and biliary
excretion. Free siRNA and nanoparticle-conjugated siRNA can have highly distinct elimination
half-lives, such as 10 minutes for free siRNA and 162 hours for a siRNA/LNP complex®. In
addition to this, siRNA and components of RISC can be recycled, and 70% of LNP-delivered
siRNA has been found to undergo exocytosis due to recycling pathways regulated by

Niemann-Pick type C1 (NPC1)>*%,
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The current research on siRNA pharmacokinetics is primarily based on intravenous and
subcutaneous administration. There remains a need to find pharmacokinetic data based on oral

administration of siRNA for accurate pharmacokinetic modeling.

2.3 Studies on Oral siRNA Pharmacokinetics

Several previous studies have recorded pharmacokinetic data after oral administration of siRNA
in vivo. In a 2020 study by Attarwala et al., sSiIRNA was orally administered to C57BL/6 mice to
knock down the TG2 gene, which is overexpressed in celiac disease®. The siRNA used in this
study was encapsulated in two distinct nanoparticle systems. In the first, sSiRNA was enclosed in
type-B gelatin nanoparticles, which were then enclosed in poly(e-caprolactone)-based
microspheres. In the second, siRNA was enclosed in type-B gelatin nanoparticles, which were
then placed in a safflower oil-based emulsion. The gelatin nanoparticles offered protection from
nuclease degradation, while the second hydrophobic encapsulation offered protection from
proteases and the low pH of the GI tract. This study included pharmacokinetic profiles of both
nanoparticle systems over 96 hours after oral administration of a single dose. It included data in
9 physiological compartments: ileum, colon, duodenum, jejunum, liver, plasma, kidney, stomach,

and spleen.

In a 2014 study by Han et al., siRNA was orally administered to tumor-bearing nude mice to
knock down the vascular endothelial growth factor (VEGF) gene and treat hepatoma®. siRNA
labeled with  Tetramethylrhodamine (TAMRA) fluorescence was encapsulated in
galactose-modified trimethyl chitosan-cysteine (GTC) at varying grafting densities, or ratios of

chitosan and lacobionic acid. The trimethyl and cysteine groups improve mucoadhesion through
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electrostatic interactions and disulfide bonding, and they improve intestinal permeation through
tight junction opening. The galactose modification promoted endocytosis by interacting with
asialoglycoprotein receptors (ASPGR) on cancerous hepatocytes. The study included distribution
profiles in the plasma, intestine, tumor, heart, liver, kidney, lung, and spleen over 24 hours after

oral administration of a single dose.

In a 2017 study by Kang et al., siRNA was administered orally to BALB/c albino mice to target
the AKT2 gene for the treatment of colorectal liver metastases (CLM)®. The AKT2 siRNA was
combined with citrate-stabilized gold nanoparticles to form AuNP-siRNA (AR) complexes,
which were then encapsulated in glycol chitosan-taurocholic acid (GT) to form AR-GT
complexes. The cationic glycol chitosan protects the therapeutic agent through GI transit, and the
taurocholic acid ligands enhance the targeting of colorectal liver metastases by interacting with
apical sodium bile acid transporters and promoting movement through the enterohepatic
recycling system. This study tracked gold in the AR-GT complexes and recorded nanoparticle
accumulation in the stomach, duodenum, jejunum, ileum, liver, kidney, and spleen over 48 hours

after oral administration of a single dose.

2.4 Pharmacokinetic Modeling Software

A multitude of software and tools are available to facilitate pharmacokinetic and
pharmacodynamic modeling, including MATLAB, GastroPlus, Berkeley Madonna, R,
NONMEM, SAAM 11, and Simcyp®*. This project uses MATLAB SimBiology, which is an
application within MATLAB, a programming and computing environment developed by

MathWorks”. SimBiology is a modeling and simulation tool for biological systems and is
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commonly used for pharmacokinetic and pharmacodynamic analysis. SimBiology’s Model
Builder tool has a graphical user interface that allows users to construct compartmental models
using block diagrams. These diagrams include nodes and links, reflecting physiological
compartments and drug flow, respectively®’. This process automatically generates the underlying
ordinary differential equations that describe the system’s dynamics. Additionally, the Model
Analyzer tool within SimBiology provides a multitude of functionalities, including model

simulation, non-compartmental analysis, and sensitivity analysis.

MATLAB SimBiology connects with MATLAB’s main Integrated Development Environment
(IDE) to combine coding, debugging, and visualization capabilities in one platform. This enables
exporting and additional analysis of pharmacokinetic data simulated through the tool.
SimBiology also offers flexibility in defining PBPK models®. Users can tailor equations and
parameters to align with specific research needs. Moreover, MATLAB has advanced computing
power and capabilities that are beneficial for PBPK modeling, which often involves complex
differential equations with multiple time scales. Overall, MATLAB SimBiology’s user interface,

flexibility, and computing capabilities make it an effective choice for PBPK modeling.
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CHAPTER 3

OBJECTIVES
The goal of this thesis was to build a physiologically based pharmacokinetic (PBPK) model that
describes the absorption, distribution, metabolism, and elimination of orally administered siRNA
for the treatment of Inflammatory Bowel Disease (IBD). To accomplish this, several specific

objectives have been set:

1. To conduct a literature search for existing pharmacokinetic data from in vivo studies of

orally-delivered siRNA

2. To construct and solve a PBPK model for orally administered siRNA

3. To perform a sensitivity analysis of the PBPK model and examine the pharmacokinetic

response to adjustments in model properties
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CHAPTER 4

METHODS
4.1 Extraction of In Vivo Pharmacokinetic Data
The first step to building a pharmacokinetic model of orally administered siRNA was to find
pharmacokinetic data in the literature that could be used to calculate model parameters, such as
compartmental volumes and flow rates. Among the three studies that documented
pharmacokinetic data after the in vivo oral administration of siRNA — Attarwala et al.**, Han et

al.®, and Kang et al.®® — the study by Attarwala et al. was selected for parameter estimation.

We preferred to use the study by Attarwala et al. over the studies by Han et al. and Kang et al. for
several reasons. The Attarwala et al. study has data points for 96 hours, while the study by Han
et al. was completed over 24 hours, and the study by Kang et al. over 48 hours® . Given that
formulations of siRNA and nanoparticles can exhibit half-lives over 90 hours, a longer
measurement period would enhance pharmacokinetic study’'. Additionally, the Attarwala et al.
study delineated detailed sections of the intestine — specifically, the duodenum, jejunum, ileum,
and colon — while Han et al. presented the intestine as one compartment, and Kang, et al.
omitted the colon. Furthermore, Attarwala et al. directly measured and recorded siRNA
concentration. On the other hand, Han et al. recorded siRNA distribution percentage, which
necessitates further transformation to derive concentration values, thereby introducing the
potential for data distortion. Similarly, the Kang et al. methodology estimated siRNA
accumulation indirectly through the accumulation of gold, one component of the nanoparticle
conjugate. The assumption that accumulation of gold is equal to siRNA accumulation introduces

potential inaccuracies that may arise if the gold component behaves differently than siRNA.
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Finally, the therapeutic target of siRNA in the Attarwala et al. study is Celiac disease, an
inflammatory gastrointestinal disease that aligns closely with the intestinal focus of IBD. The
Han et al. study, which targets hepatoma, and the Kang et al. study, which targets colorectal liver

metastases, both target the liver rather than the intestines.

The data presented in the Attarwala study were concentration-time profiles of siRNA in the
ileum, colon, duodenum, jejunum, liver, plasma, kidney, stomach, and spleen after oral
administration of siRNA enclosed in two nanoparticle systems: a Nanoparticle in Microsphere

Oral System (NiMOS) and a Nanoparticle in Emulsion (NiE).

WebPlotDigitizer, a computer vision software used for data retrieval from images, was used to
extract quantitative data from each compartmental concentration-time plot (Figure 4).
WebPlotDigitizer generates the numerical values of selected data points following user definition
of reference points on each axis. For the Attarwala pharmacokinetic data, the logarithmic scale of
the y-axis was specified as well. Following the application of WebPlotDigitizer, the software
generated downloadable .csv files containing the numerical data for each plot point. Because the
image data from the NiE nanoparticle system plot was indistinct in several compartments, only

the NiMOS system concentration-time profiles were extracted.
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Figure 4 — Example workflow of using WebPlotDigitizer to extract concentration-time data from

pharmacokinetic plots. 1) User clicks four known points on the axes of the plot: two on the x-axis and two

on the y-axis. 2) User enters the known values of the specified points and indicates the scale if applicable.

3) User clicks on each point that numeric extraction is required for. 4) WebPlotDigitizer provides the

numerical values of each selected point.

4.2 Pharmacokinetic Parameter Estimation

The parameters required for each compartment of the model were the compartment volume, the

drug absorption rate into the compartment, and the drug elimination rate from the compartment.

The compartment volumes were acquired from studies involving mice of comparable weights to

Attarwala et al., which used mice between 20 and 30 grams. The liver and kidney volumes were

sourced from Hall et al., the duodenum, jejunum, ileum, and colon volumes were from Casteleyn
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et al., the stomach volume was from McConnell et al., and the plasma volume was from Shah et

a172775 .

The absorption and elimination rates for each compartment were estimated from the
concentration-time profiles from Attarwala et al. in two steps. First, the Non-Compartmental
Analysis (NCA) function in the Model Analyzer of MATLAB SimBiology was run with the
concentration-time profile data from each compartment (Figure 5). Non-compartmental analysis
(NCA) computes pharmacokinetic parameters from concentration-time profiles without the
specification of a compartmental model and while assuming linear pharmacokinetics™. The NCA
results included CL, the total drug clearance, and V z, the volume of distribution during the

terminal phase. The K, or the elimination rate, was calculated by dividing CL by V z"".
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Figure 5 — Example workflow for running Non-Compartmental Analysis on MATLAB SimBiology for
calculating initial estimates of compartment volume and elimination rate. A) The selected
concentration-time profile is added, and profile data is classified into group, time, concentration, and
dose. B) The results of running Non-Compartmental Analysis include estimates of CL, the total drug

clearance, and V' z, the volume of distribution during the terminal phase.

Second, the Fit Data function within the Model Analyzer was used to estimate the absorption
and elimination rates of each compartment using the results of the NCA as initial estimates
(Figure 6). This estimation was run for each of the compartmental concentration-time profiles.
The OneComp with K,, or one-compartment with elimination rate, model type was selected. The
time data was set as the independent class, the concentration data was set as the response class,
and the dose was defined as an instant bolus dose to the central compartment. The elimination
rate, K,, and volume of distribution, V' z, from the NCA were set as the initial untransformed

estimates of the central compartment volume and elimination rate, respectively. The nonlinear
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least-squares solver, or Isgnonlin, was the estimation method used for fitting data. The Fit Data
function resulted in estimations and standard errors for the compartment volume, central, the

elimination rate, K,, and the absorption rate, K.
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Statistics (Duodenum_EstParams: LastRun)
Group AlC BIC LogLikelihood DFE MSE SSE
1 1 54.4662 53.8414 -24.2331 3 377.2711 1.1318e+3

Figure 6 — Example workflow for running Fit Data on MATLAB SimBiology for calculating parameter
estimates. A) The selected concentration-time profile is added, and profile data is classified into group,
independent variable, response, and dose. B) The results from the non-compartmental analysis are added
as initial values for the parameter estimation. C) The results of running Fit Data include estimates of

compartment volume, elimination rate, and absorption rate with statistical estimates for the fit.

4.3 Gastrointestinal Transfer PBPK Model Creation
The SimBiology Model Builder tool was used to build the compartmental model schematic. The
Model Builder tool allows users to create block diagram PBPK schematics by adding, defining,

and connecting compartment, species, and reaction blocks. The model incorporates eight
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compartments: the stomach, duodenum, jejunum, ileum, colon, liver, plasma, and kidneys.
Reaction blocks were added between each compartment to indicate flow between compartments
and out of each compartment to indicate elimination. A species block was added within each
compartment to represent the amount of drug in that compartment and at the end of each

elimination rate to represent the amount of drug eliminated out of each compartment.

The compartment volumes derived from literature and the rates estimated in SimBiology were
added to define each compartment and reaction, respectively. The absorption rate constants (Ka)
were applied to the reaction blocks that went into each compartment from its predecessor. The
elimination rate constants (Ke) were applied to the reaction blocks that exited each compartment

without subsequent entry into another compartment.

4.4 Cell PBPK Model Creation

A second PBPK model was developed to describe siRNA movement and delivery within the cell.
Similar to the primary PBPK model, this cell PBPK model was created using the Model Builder
tool in SimBiology. The model was created with the physiological compartments most relevant

to siRNA movement within the cell: the endosome, the cytoplasm, and the RISC complex.

Moreover, kinetic rate constants governing siRNA cellular dynamics for this model were adopted
from several siRNA cellular kinetics studies. The rate constants for degradation of endosomal
siRNA, degradation of free cytoplasmic siRNA, dissociation of siRNA to the RISC complex, and
degradation of RISC-loaded siRNA were acquired from a study by Ayyar et al. on the delivery of

GalNAc-conjugated siRNA to the hepatic cells of mice’. The rate constant for association of
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siRNA to the RISC complex was drawn from Ayyar et al. as well. However, because the
association rate constant had units of nM'hr"!, it was incompatible with the other rate constants
used in the model, which had units of hr''. Thus, for model compatibility, the rate constant for
association of siRNA to RISC from was assumed to follow hr' units. The rate constant for
endosomal escape of siRNA was from a study by Bartlett et al. on in vitro delivery of siRNA to
mammalian cells”. Lastly, the rate constant for endosomal uptake of siRNA in the ileum was

assumed to be 1.

4.5 Model Assumptions
Several key assumptions were used in the development of these models.

1) All pharmacokinetic processes are assumed to follow first-order kinetics, meaning the
rates do not saturate at any point.

2) The volumes of each compartment in the GI transfer PBPK model are assumed to be
constant throughout the study period.

3) The GI transfer PBPK model only includes the eight specified compartments: the
stomach, duodenum, jejunum, ileum, colon, liver, plasma, and kidneys. This assumes
these compartments represent the critical sites of siRNA movement and that other tissue
interactions are either negligible or have a minor effect.

4) The GI transfer PBPK model assumes that perfusion rates across different compartments
are uniform.

5) The cell PBPK model assumes that the initial dose to the endosome is given as a single,

instant bolus derived from the siRNA concentration in the ileum.

34


https://www.zotero.org/google-docs/?G7AGVj

6) To ensure compatibility in the cell PBPK model, the rate of association of siRNA to the
RISC complex is assumed to follow hr! units instead of the original nM'hr"! units from
Ayyar et al.

7) In the cell PBPK model, the rate of endosomal uptake of siRNA in the ileum is assumed
tobe 1.

8) The cell PBPK model assumed that only free siRNA in the cytoplasm will associate to

the RISC complex.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Gastrointestinal Transfer PBPK Model

A gastrointestinal (GI) transfer PBPK model was proposed to describe the pharmacokinetics of

orally administered siRNA for the treatment of IBD. The compartmental model proposed for this

is shown in Figure 7. Each compartment was defined by a compartment volume, absorption rate

constant, and elimination rate constant, and all parameters used are defined in Table 1. The

model includes eight compartments. Oral administration of the dose is represented by a dose

delivered to the first compartment of the model, the stomach, at the start of the simulation. From

the stomach, the model splits the intestine into its three parts: the duodenum, the jejunum, and

the ileum. The ileum splits into the liver and the colon, which feeds back into the liver. After the

liver, the drug enters circulation in the plasma compartment and, lastly, goes through the kidney.

There are eight ordinary differential equations that describe this PBPK model:

Stomach

dt

dc
Duodenum_ __

dt

Jejunum

dt

* —k * — k *C

Dose 2 Stomach 3 Stomach
* C _ * _ *

stomach 4 Duodenum 5 Duodenum

* — * — *

Duodenum 6 Jejunum 7 Jejunum

-k *C -k *C -k *C

Jejunum 8 Ileum 9 Ileum 11 Ileum

* E3
Clleum klO CColon kll CColon

* +k_ *C k_*C k_*C
Ileum 11 Colon 12 Liver 13 Liver
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dc
Plasma __ % % %

dt o k13 CLiver ISV Plasma k15 CPlasma
% - k15 i CPlasma B k16 ’ CKidney
where, kl - kabsorption,stomach’ k2 - kelimination,stomach’ k3 - kabsorption, duodenum’ k4 -
elimination, duodenum’ 5 - absorption, jejunum’ 6 - elimination, jejunum’ 7 - absorption, ileum’ 8 -
elimination, ileum’ 9 - absorption, colon’ 10 - elimination, colon’ 11 - absorption, liver’ 12 -
elimination, liver’ 13 - kabsorption, plasma’ k14 - kelimination, plasma’ k15 - kabsorption, kidney’ and k16

elimination, kidney
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Figure 7 — GI Transfer PBPK Model Schematic. The model includes eight compartments: Stomach,
Duodenum, Jejunum, Ileum, Colon, Liver, Plasma, and Kidney. All compartments are defined by rate

constants.
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Table 1 — GI Transfer

PBPK Model Compartment Volumes. All volumes were acquired from

literature” 7.

Parameter Volume (mL)
stomach 0.37
duodenum 021
. 0.69
jejunum
) 0.07
ileum

0.21
colon
) 1.65
liver
1
plasma
Vkidney 051

Table 2 — GI Transfer PBPK Model Absorption and Elimination Rates

using the Fit Data tool in MATLAB SimBiology and Attarwala et al®.

. All rate constants were calculated

Parameter Description Rate (hr'l)
k . 0.1
1 absorption, stomach
k N 0.5
2 elimination, stomach
56.985
k3 absorption, duodenum
.602
k4 elimination, duodenum 0.6026
k o 42.46
5 absorption, jejunum
k S 13
6 elimination, jejunum
k o 0.3676
7 absorption, ileum
k o 0.3676
8 elimination, ileum
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k k ) 0.6917
9 absorption, colon
k ko 0.01
10 elimination, colon
0.1621
kll kabsorption, liver
.01
k12 kelimination, liver 0.0
0.3567
k13 kabsorption, plasma
0.01
k14— keliminatian, plasma
0.4
k15 kabsorption, kidney
k k. 0.5962
16 elimination, kidney

The model was simulated with an initial dose of 12500 nanograms to replicate the conditions
used in the original study by Attarwala et al. This dose was introduced into the first compartment
— the stomach — to mimic oral administration. The simulation results, displayed in Figure 11,
show the siRNA concentration across eight compartments over time. The maximum
concentration (C,,,) and the area under the curve (AUC) for each compartment are summarized
in Table 3. According to these findings, the highest C,,,, and AUC values are found in the ileum
and colon compartments. This outcome is promising, as IBD primarily affects the ileum and

colon®.
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PBPK Model Predicted siRNA Concentration Over Time
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Figure 8 — GI Transfer PBPK Model Simulation Plot. Concentration of siRNA in each compartment

simulated over 48 hours.

Table 3 — GI Transfer PBPK Model Simulation Statistics. C,,,, refers to the maximum concentration in

the simulated results. AUC refers to the area under the curve for the simulated results.

Compartment Cnax (ng/mL) AUC (ng-h/mL)
Stomach 58.1 583.5
Duodenum 174.6 845.7

Jejunum 123.1 1166.3

Ileum 313.8 3000.2

Colon 264.4 2794.6

Liver 32.6 370.2

Plasma 30.6 291.9

Kidney 23.5 223
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A comparison of the actual and predicted pharmacokinetic data is shown in Figure 9, where
actual refers to the pharmacokinetic data from Attarwala et al., and predicted refers to the
simulation results of the GI transfer model. Table 4 quantifies these results by comparing the
maximum concentration (C,,,) and the area under the curve (AUC) for each compartment. The
model’s predictions for the jejunum, ileum, and colon showed the lowest percent errors for C,,,,,,
and the predictions for the jejunum, ileum, and liver had the lowest percent errors for AUC,
indicating a greater fit to the actual data for these compartments. The kidney compartment
exhibited a poor fit, which is likely due to the limited data from the Attarwala et al. study from
which only three data points were extracted. Overall, these results suggest that the GI transfer

model aligns well with the pharmacokinetic data in several compartments.
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Figure 9 — GI Transfer PBPK Model Simulation Fit. ‘Actual’ refers to the compartmental

pharmacokinetic data from Attarwala et al., and ‘Predicted’ refers to the results from simulation of the GI

Transfer PBPK Model®.
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Table 4 — GI Transfer PBPK Model Rate Sensitivity Analysis Results. C,,, refers to the maximum

concentration in the simulated results.

Compartment | C,.. (ng/mL) or | Actual Predicted Difference Percent
AUC (ng-h/mL) Error (%)
Duodenum Crax 174.6 134.9 39.7 22.7%
AUC 845.7 1360.4 514.7 60.9%
Jejunum Crnax 1166.3 1315 148.7 12.8%
AUC 123.1 127.6 4.5 3.7%
Ileum Cnax 3000.2 3897.6 897.4 29.9%
AUC 313.7 314.1 0.4 0.1%
Colon Cinax 2794.6 5153.2 2358.6 84.4%
AUC 264.4 246.2 18.2 6.9%
Liver Cinax 370.2 360.4 9.8 2.6%
AUC 32.6 16.2 16.4 50.3%
Plasma Crax 291.9 512.9 221 75.7%
AUC 30.6 22.1 8.5 27.8%
Kidney Crax 223 670 647.7 2904.4%
AUC 23.5 28.5 5 21.3%

5.2 Gastrointestinal Transfer PBPK Model Sensitivity Analysis

A sensitivity analysis was performed on the GI transfer model to determine the influence of each
rate constant on the concentration of siRNA in the ileum. The ileum is one of the most
commonly affected regions of the GI tract for patients with IBD, so it is desirable to maximize

the concentration of therapeutic siRNA in the ileum®-®. Thus, this sensitivity analysis was
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performed with the goal of determining which parameters in the model are most impactful on the
concentration of siRNA in the ileum. First, a variance-based sensitivity analysis, the Sobol
method, was conducted using the MATLAB SimBiology Global Sensitivity Analysis add-on®.
This analysis tool computes the total-order Sobol index, which quantifies the proportion of the
total variance in the output that results from changes in the input parameter, both individually
and in conjunction with other parameters®. A higher Sobol index indicates that an input
parameter has a higher influence on the output result. In this case, the input parameters are the

rate constants, and the output result is the concentration of siRNA in the ileum.

The plots of the total-order Sobol indices over time for each rate constant, k1 - k16, are shown in
Figure 10. The plots for k2 -k s and k1o - k16 reveal that their total-order Sobol indices remain

consistently at 0. This suggests that variations in these parameters, either independently or in
combination with other parameters, have no discernible effect on the concentration of siRNA
reaching the ileum. Importantly, this finding does not definitively rule out the importance of
these rate constants under all possible conditions. Rather, it allows these parameters to be

deprioritized for future model refinements or experimental validations.

The plots for kl, k & k7, k . and k 9 reveal total-order Sobol indices greater than 0 at one or more

points during the simulation period. This indicates that variations in absorption into the stomach

(kl), elimination from the jejunum (k6), absorption into the ileum (k7), elimination from the

ileum (k 8), and absorption into the colon (k 9), either independently or in combination with other
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parameters, significantly impact the concentration of siRNA in the ileum. Thus, this model is

highly sensitive to kl, k6, k7, k8, and kg.

Sensitivity Analysis of Rate Constants On siRNA Concentration in lleum
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Figure 10 — PBPK Model Sobol Indices over time for variance in ileum concentration of siRNA. Indices

were calculated using the MATLAB SimBiology Global Sensitivity Analysis add-on.

Given that the model is sensitive to k1’ k6, k7, k8 and k9, a second sensitivity analysis was

conducted to determine which of these rate constants has the greatest impact. To do this, the GI

transfer PBPK model was simulated multiple times, each with one rate constant, k1’ k6, k7, k8
and k 9 decreased or increased by 50% from its original value. For example, with k L originally at

0.1 hr', simulations were run at adjusted values of 0.05 hr' and 0.15 hr''. Similarly, k, which
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was originally 13 hr', was simulated at 6.5 and 19.5 hr'; k7 and k8, which were originally
0.3676 hr'!, were simulated at 0.1838 and 0.5514 hr'; and k,, originally 0.6917 hr!, was

simulated at 0.34585 and 1.03755 hr''.

The plots of the concentration of siRNA in the ileum over time for each set of simulations with
varied rate constants is shown in Figure 11. Each subplot includes three simulations with a given
rate constant at its original value, decreased by 50%, and increased by 50%. The results show the
effect each constant has on the concentration of siRNA in the ileum over time, and the resulting
maximum concentrations (C,,,) of each simulation are detailed in Table 5. As revealed by the

Coax results, a given variation in k v k6 and k7 has a greater impact on C,,, than the same
variation in k8 and k9. This suggests that the GI transfer PBPK model is most sensitive to
variations in absorption into the stomach (kl), elimination from the jejunum (k6), and absorption
into the ileum (k7) and that these constants play a pivotal role in the concentration of siRNA that

is delivered to the ileum. Consequently, these findings highlight areas where parameter
estimation refinement and experimental validation are crucial for improving the model’s
predictive accuracy. Furthermore, future work in optimizing siRNA delivery can prioritize focus

on siRNA absorption into the stomach (k 1), elimination from the jejunum (k 6), and absorption

into the ileum (k7) .
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kg. The simulation using the original value of the rate constant is blue, the simulation using the rate

constant decreased by 50% is orange, and the simulation using the rate constant increased by 50% is

green.
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Table 5 — GI Transfer PBPK Model Rate Sensitivity Analysis Results. C,,, refers to the maximum

concentration in the simulated results.

Parameter | Description Difference in C,,,, with rate Difference in C,,,, with rate
constant decreased by 50% constant increased by 50%
(ng/mL) (ng/mL)
kl absorption, stomach -142.8 +124.9
k ST +296.5 -102.9
6 elimination, jejunum
k o -314.2 +150.7
7 absorption, ileum
k o +46.1 -35.6
8 elimination, ileum
k ] +99.8 -60.6
9 absorption, colon

While the focus of this analysis was on the ileum, reflecting the priorities of an IBD treatment

strategy, the same model can be used to analyze other parameters and achieve different goals. For

instance, a plasma sensitivity analysis can be useful to study how siRNA circulates through the

bloodstream in a future application where systemic distribution is desirable. This might be

relevant if oral administration of siRNA is used to treat conditions beyond IBD or if there is a

need for a systemic therapeutic effect. By assessing the rate constants that influence plasma

concentrations, a broader understanding of siRNA dynamics can be achieved, allowing us to

understand how to prioritize siRNA delivery into circulation for future studies.

Thus, a sensitivity analysis was performed on the GI transfer PBPK model to determine the

influence of each rate constant on the concentration of siRNA in the plasma. As in the previous
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sensitivity analysis for the ileum, a variance-based sensitivity analysis, the Sobol method, was
conducted using the MATLAB SimBiology Global Sensitivity Analysis add-on*’. This analysis
tool computes the total-order Sobol index, where a higher Sobol index indicates that an input
parameter has a higher influence on the output result. In this case, the input parameters are the

rate constants, and the output result is the concentration of siRNA in the plasma.

The plots of the total-order Sobol indices over time for each rate constant, k1 - k16, are shown in

Figure 12. The plots for k2 -k s and kg, k k12’ k14, and k16 reveal that their total-order Sobol

10’
indices remain consistently at 0. This suggests that variations in these parameters, either
independently or in combination with other parameters, have no discernible effect on the
concentration of siRNA reaching the plasma.

The plots for k » k6, k7, k & k11’ k__, and k1 s reveal total-order Sobol indices greater than 0 at

13’
one or more points during the simulation period. This indicates that variations in absorption into

the stomach (kl), elimination from the jejunum (k6), absorption into the ileum (k7), elimination
from the ileum (k 8), absorption into the liver (k 11), absorption into the plasma (k L 3), and
absorption into the kidney (k1 5), either independently or in combination with other parameters,

impact the concentration of siRNA in the plasma.
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Sensitivity Analysis of Rate Constants On siRNA Concentration in Plasma
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Figure 12 — PBPK Model Sobol Indices over time for variance in plasma concentration of siRNA. Indices

were calculated using the MATLAB SimBiology Global Sensitivity Analysis add-on.

By conducting this analysis, the GI transfer PBPK model provides a useful tool for

understanding and optimizing siRNA delivery into plasma circulation. This capability can be

valuable for future studies or applications where delivery into circulation is a priority. It

highlights the versatility of the model and suggests that similar analyses can be used in future

research to explore different delivery pathways for siRNA therapeutic strategies.
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5.3 Cell PBPK Model

A cell PBPK model was proposed to describe the pharmacokinetics of siRNA once it reaches the
cell. Once in the target tissue, it must be endosomally uptaken into the cell, released into the
cytoplasm, and bound to the RISC complex. Once bound to RISC, it can cleave the target mRNA
and silence the gene. The compartmental model proposed for this is shown in Figure 10, which
depicts the overall schematic in Figure 10A and the model as it appears in MATLAB
SimBiology in Figure 10B. The rate constants used to define the model are listed in Table 3. The
model includes three compartments. It begins with the endosome compartment, where the initial
dose is delivered in the model to represent the amount of siRNA that reaches the target tissue. In
this case, the target tissue is the ileum. In the endosome, the siRNA is either degraded or released
into the second compartment, the cytoplasm. In the cytoplasm, the siRNA is either degraded or
loaded onto the third compartment, the RISC complex. The RISC-loaded siRNA is either

degraded or unloaded from the RISC complex.

Three ordinary differential equations describe this PBPK model:

dac

Endosome — k * _ % _ %

dt 1 Dose 2 Endosome 3 Endosome
dCCytoplasm k * * k * k *
—Cytoplam C - - C + C

dt 3 Endosome 4 Cytoplasm 5 Cytoplasm 6 RISC
ac
—BSC — g ox —k *C . —k *C

dt 5 Cytoplasm 6 RISC 7 RISC

where, k L= Endosomal uptake of ileum siRNA, k , = Degradation of endosomal siRNA, k 3=
Endosomal escape, k4 = Degradation of free cytoplasmic siRNA, k 5= Association of siRNA to
the RISC complex, k 6= Dissociation of siRNA from the RISC complex, and k7 = Degradation

of RISC-loaded siRNA.
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Figure 13 — Cell PBPK Model Schematics. The model includes 3 compartments: Endosome, Cytoplasm,
and RISC. A) General schematic. B) Schematic built in MATLAB SimBiology Model Builder tool. Each
compartment includes species blocks (blue) to represent the amount of siRNA and reaction blocks
(yellow) to define the rate of movement of siRNA from one compartment to another. The initial amount

of ‘Endosomal siRNA’ is defined by the amount dosed into the ‘Ileum amount’ species.

Table 6 — Cell PBPK Model Rate Constants. All rate constants were acquired from literature’”.

Parameter | Description Rate (hr?)
k1 Endosomal uptake of ileum siRNA 1

k2 Degradation of endosomal siRNA 0.012

k3 Endosomal escape 0.06

k4 Degradation of free cytoplasmic siRNA 0.1

k5 Association of siRNA to the RISC complex 0.00023
k6 Dissociation of siRNA from the RISC complex 0.000001
k7 Degradation of RISC-loaded siRNA 0.005
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The goal of this model was to calculate the amount of RISC-loaded siRNA over time. Because
only RISC-loaded siRNA can cleave and silence the target mRNA, measuring the amount of
RISC-loaded siRNA can indicate the gene-silencing ability of siRNA and improve understanding
of how to maximize its therapeutic effect. This model was simulated with a 1000 ng dose to the
Endosome compartment. This represents that 1000 ng of an orally administered dose of siRNA
was delivered to this cell in the target tissue, the ileum. The results from this simulation are in
Figure 11, which plots the amount of RISC-loaded siRNA over time. The maximum

concentration of RISC-loaded siRNA in this simulation was 1.532 nanograms at 56.6 hours.

Amount of RISC-Loaded siRNA In Target Cell Over Time

1.8

o o o N N N
IS ) © - ) IS o

Amount of RISC-Loaded siRNA in Target Cell (ng)
o

0 200 400 600 800 1000 1200
Time (hours)

Figure 14 — Cell PBPK Model Simulation Plot. The model was simulated over 1152 hours given a 1000
ng instant bolus dose at time 0. The simulation result shows the amount of RISC-Loaded siRNA over

time.
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5.4 Cell PBPK Model Sensitivity Analysis

A sensitivity analysis was performed on the cell PBPK model to determine the influence of each
rate constant on the amount of RISC-loaded siRNA. The goal of this analysis was to determine
which parameters within the cell are most impactful on gene silencing, with the amount of
RISC-loaded siRNA acting as a quantitative proxy for gene silencing abilities. As in the previous
sensitivity analysis on the GI transfer model, a variance-based sensitivity analysis, the Sobol
method, was conducted using the MATLAB SimBiology Global Sensitivity Analysis add-on®.
This analysis tool computes the total-order Sobol index, and a higher Sobol index indicates that
an input parameter has a higher influence on the output result. In this case, the input parameters

are the rate constants, and the output result is the amount of RISC-loaded siRNA.

The plots of the total-order Sobol indices over time for each rate constant, k1 - k7, are shown in
Figure 12. The plots for k1’ kz, and k6 reveal that their total-order Sobol indices remain
consistently at 0. This suggests that variations in endosomal uptake of ileum siRNA (kl),
degradation of endosomal siRNA (kz), and dissociation of siRNA from RISC (k6), either

independently or in combination with other parameters, have no discernable impact on the
amount of RISC-loaded siRNA in this model. Importantly, this finding does not definitively rule
out the importance of these three rate constants under all possible conditions. Rather, it allows

these parameters to be deprioritized for future model refinements or experimental validations.
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The plots for k3, k4, k s and k7 reveal total-order Sobol indices greater than 0 at one or more

points during the simulation period. This indicates that variations in endosomal escape of siRNA

(k3), degradation of free cytoplasmic siRNA (k 4), association of siRNA to RISC (ks), and
degradation of RISC-loaded siRNA (k7), either independently or in combination with other

parameters, significantly impact the amount of RISC-loaded siRNA in this model.

Thus, this model is highly sensitive to k3, k4, k s and k7 for varying durations during the
simulation period. Endosomal escape (k3) has a high impact index in the first 50 hours of

simulation and has a negligible impact after 50 hours, likely because all of the initial dose has
been transported out of the endosome compartment by that point. Degradation of free

cytoplasmic siRNA (k4) and association of siRNA to RISC (k 5) have a high impact index

throughout the majority of the simulation and decrease in impact near the end, when the majority

of siRNA is likely degraded or loaded onto RISC. Degradation of RISC-loaded siRNA (k7) has a

negligible impact index in the first 100 hours, likely because siRNA has not yet been transported

into the RISC compartment, and has increasing impact over time after 100 hours.
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Sobol Index of Rate Constants on Amount of RISC-Loaded siRNA Over Time
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Figure 15 — Cell PBPK Model Sobol Indices over time. Indices were calculated using the MATLAB

SimBiology Global Sensitivity Analysis add-on.
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Given that the model is sensitive to k3, k4, k s and k7, a second sensitivity analysis was

conducted to determine which of these rate constants has the greatest impact. To do this, the cell

PBPK model was simulated multiple times, each with one rate constant, k3, k v k5 or k7,
decreased or increased by 50% from its original value. For example, with k3 originally at 0.06
hr!, simulations were run at adjusted values of 0.03 hr! and 0.09 hr'. Similarly, k,, which was
originally 0.1 hr', was simulated at 0.05 and 0.15 hr''; k 5 which was originally 0.00023 hr', was
simulated at 0.000115 and 0.000345 hr'; and k_, originally 0.005 hr', was simulated at 0.0025

and 0.0075 hr''.

The plots of the amount of RISC-loaded siRNA over time for each set of simulations with varied
rate constants is shown in Figure 13. Each subplot includes three simulations with a given rate
constant at its original value, decreased by 50%, and increased by 50%. The results show the
effect each constant has on the amount of RISC-loaded siRNA over time, and the resulting
maximum concentrations (C,,,) of each simulation are detailed in Table 3. As revealed by the

Coax results, a given variation in k4 and k 5 has a greater impact on C,,,, than the same variation in
k3 and k7. This suggests that the cell PBPK model is most sensitive to variations in the
absorption into the stomach (k4) and association of siRNA to RISC (k 5) and that these constants

play a pivotal role in the amount of siRNA that gets loaded onto the RISC complex.
Consequently, these findings highlight areas where parameter estimation refinement and
experimental validation are crucial for improving the model’s predictive accuracy. Furthermore,

future work in optimizing siRNA delivery can prioritize focus on the degradation of free siRNA
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(k4) and the association of siRNA to the RISC complex (k 5).
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Figure 16 — Cell PBPK Model Sensitivity Analysis given variations in A) k3 B) k4 Ok s D) k7. The

simulation using the original value of rate constant is blue, the simulation using the rate constant

decreased by 50% is orange, and the simulation using the rate constant increased by 50% is green.
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Table 7 — Cell PBPK Model Rate Sensitivity Analysis Results. C,,, refers to the maximum concentration

in the simulated results.

RISC-loaded siRNA

Parameter | Description Difference in C,,,, with rate Difference in C,,,, with rate
constant decreased by 50% constant increased by 50%
(ng/mL) (ng/mL)
k3 Endosomal escape -0.31 +0.14
k4 Degradation of free +1.33 -0.49
cytoplasmic siRNA
k5 Association of siRNA | -0.76 +0.76
to the RISC complex
k Degradation of +0.15 -0.11
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS
This thesis aimed to investigate the pharmacokinetics of orally administered small interfering
RNA (siRNA) for the treatment of Inflammatory Bowel Disease (IBD). To achieve this, a
comprehensive literature review was conducted to find pharmacokinetic data that could inform
the construction of two distinct physiologically based pharmacokinetic (PBPK) models: one for

gastrointestinal (GI) transfer and the other for cellular dynamics.

The first model, the GI transfer PBPK model, examined the pharmacokinetics of orally
administered siRNA in eight compartments, from the stomach to the kidneys, with special
attention on the ileum and colon — key regions for IBD treatment. Parameters such as
compartment volumes, absorption rate constants, and elimination rate constants were derived
from literature, data fitting, and parameter estimation. Sensitivity analyses indicated that
absorption into the stomach, elimination from the jejunum, and absorption into the ileum are
critical to the siRNA concentration in the ileum. This suggests that optimizing these rate
constants could improve therapeutic outcomes for IBD. The GI transfer model provided valuable
insights into the absorption, distribution, and elimination of siRNA, forming a foundational tool

for exploring the pharmacokinetics of oral siRNA therapies.

The second model, the cell PBPK model, focused on the intracellular journey of siRNA once it
reaches target cells in the ileum. This model described endosomal uptake, cytoplasmic release,
and binding to the RNA-induced silencing complex (RISC), key steps in the gene-silencing

pathway. Sensitivity analyses on this model revealed that the rate constants for degradation of
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free cytoplasmic siRNA and association to RISC significantly impact the gene-silencing
potential of siRNA. This model's insights are crucial for understanding siRNA's cellular

dynamics, providing a roadmap for optimizing therapeutic strategies at the cellular level.

Furthermore, the versatility of the PBPK models was demonstrated through a plasma sensitivity
analysis, indicating the models’ potential for exploring different therapeutic strategies beyond
IBD, where systemic distribution may be essential. This flexibility suggests that the models can

be adapted to study various diseases and applications of siRNA-based treatments.

In light of these findings, several recommendations emerge. To refine the PBPK models,
additional pharmacokinetic data and experimental validation are needed to improve the accuracy
of the rate constants. This involves more comprehensive studies that measure siRNA
pharmacokinetics under various conditions, including oral administration, intravenous
administration, and with various nanoparticle encapsulations. For the GI transfer model, focusing
on the key rate constants that affect absorption and elimination can help optimize siRNA
delivery to target compartments. For the cell model, optimizing the rate constants associated with
endosomal escape, cytoplasmic degradation, and RISC complex dynamics can enhance siRNA's

therapeutic efficacy.

These conclusions and recommendations aim to guide future research on PBPK modeling and
siRNA therapeutics, emphasizing the importance of refining models, conducting experimental
validation, and exploring broader applications for improving IBD treatment and advancing the

field of siRNA-based therapy.
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