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Abstract
Apoptosis, the programmed death of cells, is primarily regulated by a delicate balance between
pro-apoptotic and anti-apoptotic signals. The Bcl-2 (B-cell lymphoma 2) family of proteins acts as
anti-apoptotic agents, promoting cell survival. Dysregulation of these proteins is a common
occurrence in conditions such as cancer and fibrosis, where overexpression of anti-apoptotic
members can foster tumor cell survival and fibroblast activation. In this study, our aim was to
explore the therapeutic potential of Bcl-2 inhibitors, both as a small molecule (specifically
Navitoclax (Navi)), inhibitor and as Bcl-2 siRNA, for targeted treatment. Intravenous
administration of Navi often leads to thrombocytopenia, necessitating a precise delivery strategy
to the diseased site while maintaining therapeutic efficacy and minimizing side effects. Our initial
project focused on utilizing PLGA-based nanoparticles conjugated with Angiotensin 2 (AT2), a
protein commonly overexpressed in kidney disease, to achieve targeted delivery. Intravenous
administration of Navi-loaded, AT2-conjugated PLGA nanoparticles demonstrated selective
kidney targeting without inducing thrombocytopenia. Histological analysis revealed a reversal of
fibrosis post-treatment with targeted nanoparticles, corroborated by improved renal function and
apoptosis induction in kidney tissues. Encouraged by these findings, our subsequent endeavor
involved advancing the delivery system for Bcl2 siRNA in stomach cancer. While siRNA holds
promise for cancer therapy due to its ability to target specific genes, oral delivery remains
challenging due to instability in the intestinal environment. To address this, we employed -Glucan
(BG), a mucoadhesive polymer, to shield and stabilize siRNA orally. In vivo studies in a stomach
cancer mouse model demonstrated that BG-mediated siRNA formulations effectively reduced
Bcl2 expression and induced apoptosis, offering a promising avenue for cancer treatment. In

conclusion, our findings underscore the potential of targeted delivery systems for Bcl-2 inhibitors
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in cancer and fibrosis therapy, providing a safe and effective means of inducing apoptosis at

disease sites.
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understanding. The untreated, naked siRNA, and BG/siRNA shows the feature of adenocarcinoma.
The section of BG/5FU/siRNA treatment group almost resemblance as healthy stomach. ......... 80
Figure 23: Serum biochemistry to demonstrate toxicity. Serum analysis for (A) total protein (TP),
(B) alanine aminotransferase (ALT), (C) creatinine, and (D) blood urea nitrogen (BUN) does not
show any significant difference of the treatment group with the untreated. Data presented as mean
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Figure S 12: Figure S1.6. SPR analysis shows the binding of BG to mucin. Curve- a) indicates
association of BG with mucin, b) represents the plateau and where BG continues to bind with
mucin and c) indicates the dissociation of BG With MUCIN. ...........ccccccveviiiinieeni e 86
Figure S 13: Cellular viability (A) and IC50 (B) value of 5FU formulations. Cellular viability (A)
and 1C50 (B) value of 5FU formulations. The IC50 value of 5FU, BG/5FU and BG/5FU/siRNA
was found to be around 25uM= 8.3, 35uM= 9.3 and 35uM=+7.4 respectively........ccccevvevieenee. 86
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Chapter 1: Introduction

1.1.ROLE OF BCL2 IN CANCER AND FIBROSIS

Apoptosis, often referred to as programmed cell death, is a highly regulated process of cellular
self-destruction that occurs in multicellular organisms [1]. It plays crucial roles in development,
tissue homeostasis, and the elimination of damaged or potentially harmful cells [2]. Bcl-2 is
primarily known for its anti-apoptotic function. It resides in the outer mitochondrial membrane
and functions to inhibit the intrinsic apoptotic pathway, also known as the mitochondrial pathway
[3]. This pathway is activated in response to various cellular stresses such as DNA damage,
oxidative stress, or growth factor deprivation [4]. Bcl-2 interacts with the Bax and Bak pro-
apoptotic proteins. These proteins promote apoptosis by inducing mitochondrial outer membrane
permeabilization (MOMP), leading to cytochrome c release and activation of caspases [5]. Bcl-2
inhibits the pro-apoptotic activity of Bax and Bak, thereby preventing MOMP and apoptosis [5].
Dysregulation of Bcl-2 expression or function can have profound implications for cell survival and
contribute to various diseases, including cancer. In many types of cancer, Bcl-2 is overexpressed,
leading to increased resistance to apoptosis [6]. Additionally, Bcl-2 has been implicated in
promoting cancer cell migration, invasion, and metastasis in certain contexts [7]. Bcl2 has been
targeted by researchers for various cancer treatment such as hematological cancers [8], ovarian
cancers, melanoma [9].

Bcl-2 has also been implicated in promoting the survival of fibrogenic cells, such as fibroblasts
and myofibroblasts, which are key mediators of tissue fibrosis [10]. Enhanced expression of Bcl-2
in these cells may protect them from apoptosis and prolong their survival, thereby promoting
fibrogenesis and tissue remodeling. Bcl-2 has been found to interact with various signaling

molecules involved in fibrogenesis, such as transforming growth factor-beta (TGF-p) and nuclear



factor kappa B (NF-xB) and p53/p21WAFL to promote fibroblast activation and collagen production
[11]. This suggests that Bcl-2 may contribute to the pathogenesis of fibrosis by enhancing fibroblast
activation and extracellular matrix deposition. In this study we have targeted Bcl2 protein for the
treatment modality.

In this study we have used Navitoclax, also known by its generic name ABT-263, a small molecule.
Navitoclax works by blocking the activity of certain Bcl-2 family proteins, particularly Bcl-2, Bcl-
xL, and Bcl-w. By inhibiting these proteins, Navitoclax can promote apoptosis in cancer cells,
leading to their death [12]. Navitoclax has shown efficacy in preclinical and clinical studies against
various types of cancer, including chronic lymphocytic leukemia (CLL), small cell lung cancer,
and lymphomas [13]. Although, the primary focus of Navitoclax (Navi) has been cancer treatment,
its mechanism of action as a Bcl-2 family inhibitor suggests potential applications in fibrosis
treatment due to its ability to induce apoptosis in activated myofibroblasts, which are key
contributors to fibrosis progression [14]. Preclinical studies have shown promising results
regarding the potential anti-fibrotic effects of Navi in various models of fibrosis, including liver
fibrosis, lung fibrosis (such as idiopathic pulmonary fibrosis), and renal fibrosis [15] [16]. However,
despite being a very potential effect for cancer and fibrosis treatment, Navi still did not get FDA
approval because of its serious side effect. Navi has been found to create, thrombocytopenia or
low platelet count in 63% of patients and neutropenia (low white blood cell count) in 51% of
patients [17] [18][19]. Addressing these limitations requires ongoing research and innovation in
areas such as precision medicine, targeted therapy, early detection, supportive care, and patient-
centered approaches to cancer treatment. In this study we tried to identify a treatment option with
Navi without these side effects with targeted delivery of Navi to the site of disease. We also

envisioned to establish an easy patient friendly Bcl2 mediated therapeutic approach.



1.2.UNMET NEED OF AN IMPROVED TREATMENT FOR STOMACH CANCER AND KIDNEY FIBROSIS
Both the stomach cancer and kidney fibrosis suffers from lack of proper treatment option and high
mortality and morbidity rate [20]. According to the American Cancer Society, the estimated
mortality rate for stomach cancer in the United States in 2021 was about 5.5 per 100,000 men and
women per year. It is also important to note that Hispanic people suffers from stomach cancer
twice as more compared to Non- Hispanic White [21]. The development of better treatment options
for stomach cancer is essential to improve patient outcomes, increase survival rates, reduce
treatment-related toxicity, and enhance the quality of life for patients living with this disease. Till
now the curative option for stomach cancer is surgery and postoperative adjuvant therapy [22].
Even after a painful surgery the survival is not ensured as, according to the American Cancer
Society, the 5-year relative survival rate is only about 32%. We tried to develop an oral, effective,
painless cure for stomach cancer that does not involve painful surgery or injection.

On the other hand, kidney fibrosis is a key pathological process in the development and progression
of chronic kidney disease (CKD). About 10-14% of world population is currently affected with
kidney fibrosis [23]. According to the report of National Institute on Diabetes and Digestive and
Kidney Diseases (NIDDK) 2020, 100.6 per 1,000 people with CKD die with a higher rate in Black
and Hispanic people compare to their White counterparts. On top of that it is a disease that often
diagnose late because of being asymptomatic and having non-specific symptoms in the early stage.
[24]. If left untreated, progressive kidney fibrosis can eventually lead to end-stage renal disease
(ESRD), where the kidneys are no longer able to function adequately to sustain life. At this stage,
patients require renal replacement therapy, such as dialysis or kKidney transplantation, to survive.
Despite having such alarming statistics there is no fibrosis targeted treatment available in the

market. The last medication for CKD approved by FDA was Jardiance, to slow the progression of



ESRD [25]. The development of improved treatments for CKD is critical for reducing disease
burden, improving patient outcomes, and enhancing quality of life for affected individuals is a
demand of time now. Advances in research and innovation are essential for addressing the unmet
needs of CKD and stomach cancer patients and improving the standard of care for this chronic

condition. Our study is an effort to do that.

1.3.APPROACH TAKEN IN THIS STUDY TO ADDRESS THE LIMITATIONS OF CURRENT THERAPY

We have used nanoparticle mediated targeted drug delivery to avoid the current limitation of
treatment. Targeted drug delivery refers to the administration of medication specifically to the site
of action within the body, such as a particular organ, tissue, or cell type, while minimizing the
exposure of other tissues [26]. Targeted drug delivery offers several advantages over the
conventional therapy such as, enhanced therapeutic effect of medications by ensuring a higher
concentration of the drug to the site of action, minimize exposure to healthy tissues reduces the
likelihood of adverse effects with systemic drug administration, lower doses and less frequent
dosing improves the patient adherence to treatment regimens [27][28]. In this study we have used
PLGA and BG to deliver the drug on the targeted site. PLGA is a widely used polymer in drug
delivery systems due to its biodegradability, biocompatibility, tunable properties, and versatility.
PLGA nanoparticle formulation enables controlled release of the drug over time, providing
sustained therapeutic levels in the body. [29]. PLGA nanoparticles can also be surface-modified or
functionalized with ligands or targeting moieties to achieve targeted drug delivery to specific
tissues, cells, or organelles to enhance the drug efficacy while minimizing off-target effects and
toxicity [30]. For the treatment of kidney fibrosis, we have modified the surface of PLGA

nanoparticle with angiotensin 2 (AT2) peptide to obtain the targeted delivery to fibroblast. AT2 is



a protein that plays a dominant role in development of kidney fibrosis and has been found to be
over expressed in renal fibrosis [31]. By promoting proliferation, inflammation and fibrosis, AT2
contributes to the development of chronic diseases like chronic kidney disease [32].

On the other hand, BG has been used as a delivery vehicle for stomach cancer. Mucoadhesive
properties of BG helps the particle to remain in the stomach for longer time period and provide
stomach specific targeting ability, as the stomach has a very thick (~700M) mucous layer [33].
The objective of this study was to address the limitation of Bcl2 inhibitors and promise a batter
therapeutics for both cancer and fibrosis. In chapter one we have presented the study of kidney
fibrosis where we have delivered intravenous Navi to reverse kidney fibrosis while reducing the
side systemic adverse effects. Chapter 2 consists of the study of stomach cancer treatment with
Bcl2 siRNA. Here the pivotal point was to identify an even more advanced delivery strategy that
will provide superior therapeutic efficacy compared to conventional therapy while reducing the

side effects. Here we have delivered Bcl2 siRNA orally with the help of BG.



Chapter 2: Kidney selective Bcl2 inhibitor delivery improves fibrosis treatment

ABSTRACT

Kidney fibrosis is one of the deadliest diseases. Kidney fibrosis often goes undiagnosed due to the
absence of symptoms until the disease progresses to advanced stages, at which point dialysis or
kidney transplant become the only viable treatment options. Despite the significant morbidity and
mortality associated with kidney fibrosis, there is currently no treatment available that efficiently
and effectively addresses the condition. This study aims to develop a nanoparticle-mediated
therapeutic modality targeting kidney fibrosis, anticipating improved therapeutic outcomes. We
have modified Poly(lactic-co-glycolic acid (PLGA) nanoparticle to link with angiotensin 2
targeting peptide and loaded with the Bcl-2 inhibitor (Navitoclax/Navi), to carry the payload to
the site of action efficiently and specifically. Navi induces apoptosis by inhibiting the anti-
apoptotic protein Bcl2. The therapeutic efficacy of various Navi formulations was investigated by
both in-vitro and in-vivo models and compared to a group treated with Fasudil, a Rho-kinase
inhibitor. Significant reduction of Bcl2 expression and upregulation of apoptosis were observed in
group of mice treated with targeted nanoparticle (TNP/Navi) when compared to free Navi or non-
targeted formulation (NP/Navi), using immunohistochemistry and molecular biology techniques.
A significant reduction in a-SMA and CTGF was observed in the TNP/Navi group for both in-
vitro and in-vivo models, that demonstrates an obvious indication of therapeutic potential of the
developed formulation. Conservation of normal kidney morphology and less collagen deposition
in the kidney treated with TNP/Navi further consolidates that AT2 targeted nanoparticle mediated
apoptosis upregulation has the potential to reverse the pathology of kidney fibrosis.

Keywords: kidney; fibrosis; targeted therapy; nanoparticle; navitoclax
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GRAPHICAL ABSTRACT

2.1. INTRODUCTION

Fibrosis is a pathological process characterized by the excessive accumulation of extracellular
matrix (ECM), mostly collagen, which leads to functional impairment and ultimately functional
failure of the affected organ [34]. Fibrosis can occur in many organs, including the kidney, heart,
liver, lung, and skin, because of impaired healing of an injury. The key cellular basis of renal
fibrosis is the activation of myofibroblasts, resulting in the excessive accumulation of ECM and
inflammatory cell infiltration [35][36]. Renal fibrosis, an underlying pathology in the development
of chronic kidney disease (CKD), affects 15% of the US populations [37]. CKD often remains
undiagnosed until it reaches the end-stage kidney disease (ESKD), as symptoms are not typically
apparent in the early stages [38]. Due to the lack of proper therapeutic modalities, 69% of patients
are managed in the clinic by dialysis, and 31% are managed by kidney transplant at the ESKD [39].

Both available mitigation options are very expensive, with a mortality rate of 160.8 in every 1,000



among patients managed with dialysis and 50 out of 1000 patients those have received a kidney
transplant in 2018 [40][39].

Despite the substantial morbidity and mortality linked to renal fibrosis, there is currently
no clinically effective treatment, resulting in kidney fibrosis being a persistent condition. Some
antifibrotic agents have demonstrated great potential, but their use is limited due to inadequate
efficacy and off-target effects, hindering their ability to reverse the underlying pathology of
fibrosis[41]. Clinical management of CKD involves treating symptoms such as high blood pressure,
dyslipidemia, electrolyte imbalance, anemia, metabolic acidosis, vitamin D deficiency, uremia
[42], and other comorbid conditions, in addition to the use of immunosuppressing agents.
Treatments include the use of angiotensin-converting enzyme inhibitors, angiotensin 2 (AT2)
receptor blockers, adjustments to drug dosing, and avoidance of potential nephrotoxins to slow
down disease progression[43]. Rho-kinase inhibitors, investigated in preclinical rodent models,
have emerged as potential candidates for fibrosis treatment [44,45]. However, the lack of specificity
and random localization of Rho-kinase inhibitors can lead to various complications, such as
conjunctival hyperemia, corneal verticillata, pain at the instillation site, and conjunctival
hemorrhages [46]. Therefore, there is an unmet need to discover safer therapeutic candidates and
develop a myofibroblast-targeted delivery system that offers improved efficiency and enhanced
biosafety.

Navitoclax (Navi) is a novel B-cell leukemia 2 (Bcl-2) inhibitor that induces apoptosis, a
form of programmed cell death. In normal wound healing process myofibroblast is cleared up by
apoptosis process, however in pathologic condition myofibroblast becomes resistant to apoptosis
and [47]. Bcl2 expression in myofibroblast is crucial in the development of fibrosis. Some other

fundamental pathways responsible for fibrosis are Wnt, MRTF-A/SRF, Smad, Klotho, and



microRNAS. [48,49]. Various studies, including our own, have demonstrated Navi’s potential to
ameliorate cancer and slow down fibrosis progression [13,50,51]. Recently, Bcl2 inhibitors have
exhibited remarkable therapeutic effects on interstitial and pulmonary fibrosis [52-54]. However,
Navi has not yet been approved by the FDA due to severe hematological toxicities observed in
clinical trials [55]. Rudin et al. reported that 40% of patients in clinical trials experienced grade I11-
IV thrombocytopenia as a result of intravenous administration of Navi[55]. Aside from
thrombocytopenia, no severe side effects were observed in either pre-clinical or clinical studies
involving rodents and humans, respectively [56].

Biocompatible delivery vehicles have been investigated to address the hematological side
effects and other toxicity issues caused by off-target delivery, aiming to prevent drug-blood
interactions during systemic circulation [57,58]. Specifically, PLGA nanoparticles (NP) have been
used for drug delivery for over two decades, enabling organ specific drug delivery to the liver,
lungs, and the kidneys [59-61]. To improve the targeting of AT2 overexpressed cells such as
fibroblast and myofibroblasts within the kidney, the surface of PLGA NP was modified with an
AT2 (angiotensin 2) targeting peptide (RVYIHPI) [62]. The renin-angiotensin system (RAS) plays
a critical role in the pathogenesis of renal and cardiovascular disorders, including fibrosis, due to
its regulatory functions in arterial pressure and extracellular fluid volume [49]. RAS (Renin-
Angiotensin System) pathway activation begins in the kidney with the production of Renin. Renin
converts angiotensinogen to angiotensin 1 (AT1), which is then converted to AT2 by angiotensin-
converting enzyme (ACE). AT2, the active component of RAS, acts on the kidney, heart, and
blood vessels. AT2 activates transforming growth factor-b (TGFpB-1) and plays a key role in the

development of fibrosis (Figure 1). Furthermore, AT2 stimulates collagen and fibronectin



production, which in turn activates Smad signaling pathways to induce fibrosis [32,49,63,64]. As a
result, the AT2 protein has been demonstrated to be overexpressed in kidney fibrosis [64,65].

We hypothesize that a targeted delivery approach specific to AT2 can increase the
specificity and potency of the therapeutic modality by concentrating Navi within the cells of
interest, for instance myofibroblasts. We also hypothesize that uptake of Navi by other cells where
Bcl-2 proteins are not upregulated will not be effective in inducing apoptosis and will thereby
minimize the risk of nonspecific accumulation mediated toxicity. In the present study, Navi has
been used as a therapeutic agent to alleviate kKidney fibrosis. Navi, a phase 2 clinical trial small
molecule drug, was loaded into a PLGA nanosphere and its surface was modified with AT2 to
improve the targeting specificity toward the cells associated with fibrosis in kidneys. We found
that the AT2 targeted PLGA nanoparticle loaded with Navi can reverse kidney fibrosis when
administered intravenously to mice with kidney fibrosis. Histological and pathological analysis
revealed no signs of systemic or local toxicities, as direct interaction between blood cells and Navi
was prevented by the PLGA. Immunohistochemical analysis of the tissues demonstrated that the
therapeutic efficacy and apoptosis induced by Navi formulations were higher than the positive
control Fasudil. This approach demonstrates promising potential and clinical translational

possibilities for improved management of CKD and should be further evaluated using advanced
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pre-clinical genetically modified animal models for Kidney fibrosis.
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Figure 1: Role of AT2 in fibrosis development. AT2 binds with the AT2 receptor and activates
TGFp-1. TGEpB-1 later activates the Smad pathway and activated Smad causes activation of
myofibroblast from fibroblast and thereby produces extra cellular matrix (a-SMA, collagen,
CTGF, Fibronectin). AT2 can work without the Smad pathway where it can directly produce ECM,

that activates Smad and augment fibrosis.
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2.2. MATERIALS & METHODS
2.2.1. Materials

PLGA (lactide:glycolide monomer ratio of 50:50, molecular-weight 12000 Da), Polyvinyl
Alcohol (PVA), and Rhodamine B (RhB) were purchased from Sigma—Aldrich (St. Louis, MO).
NRK-49F cells and DMEM media were obtained from ATCC (Manassas, VA). Phosphate buffer
saline (PBS), penicillin—streptomycin, trypsin/EDTA, and penicillin were purchased from Gibco
BRL (Grand Island, NY, US). TUNEL click, Hoechst and all organic solvents were purchased
from Thermo Fisher Scientific (Fremont, CA). Solvents were either HPLC grade or American
Chemical Society analytical grade reagents. Bcl2 rabbit polyclonal antibody and secondary anti-
rabbit antibody conjugated with alexa 488 fluorophore were acquired from (Abclonal, Woburn,
MA). The distilled water used was of Milli-Q quality (Millipore, Bedford, MD).
2.2.2. Synthesis of PLGA nanoparticles

The PLGA nanoparticles were prepared using a slightly modified version of the method
described in our previously published article [66]. Briefly, PLGA was dissolved in DCM with EDC
and NHS and stirred overnight in a reactor. The following day, a cold methanol/ethyl ether co-
solvent (50%, V/V) was added to the solution, and the precipitate was lyophilized for 24 hr. To
prepare the PLGA-AT2, PLGA-NHS and AT2 were dissolved in DCM and stirred magnetically
overnight at room temperature. After 24 hr, the methanol/ethyl-ether co-solvent was added, and
the precipitate was lyophilized.

Targeted nanoparticles (TNP) and non-targeted nanoparticles (NP) were prepared using
the O/W emulsion method. PLGA-NHS, PLGA-ATZ2, and Navi were used to prepare TNP, while
PLGA-NHS and navitoclax were dissolved in DCM for non-targeted NP. The DCM solution was

added dropwise into PVA (1%) at high steering speeds. The reaction mixture was incubated
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overnight at room temperature. The sample was then centrifuged for 30 min at 3900 RPM to
separate the dispersed and continuous phases. Then, the supernatant was removed, followed by
lyophilizing the particle under high vacuum for 24-48 hr, and characterized by measuring particle
size and zeta potential values. For biodistribution, RhB fluorescent dye was conjugated with PLGA
and PLGA-AT2 to produce NP/RhB and TNP/RhB nanoparticles following the same method.
2.2.3. Particle characterization (Size distribution, zeta Potential)

The size and zeta potential of nanoparticles were characterized using a Zetasizer Nano ZS
(Malvern Instruments, UK). The size of PLGA nanoparticles was measured by dynamic light
scattering (DLS) at 25 °C temperature and a 173° scattering angle. Zeta potential measurements
were performed at 25 °C after diluting the samples to 1 mg/mL in deionized water. The stability,
size, and zeta potential of each nanoparticle were assessed for up to 6 hr. Scanning electron
microscopy (SEM) and nuclear magnetic resonance (NMR) were also performed to examine the
particles and confirm conjugation.

2.2.4. Loading content and in-vitro Release study

Navi drug loading and entrapment efficiencies of the targeted and non-targeted NPs were
determined directly by quantifying loaded Navi amount in the NPs by a UV-—visible
spectrophotometer at Amax — 345 nm following the equation of previously published article [67]

) w mass of drug in nanoparticle
Drug loading % (—) = - X 100%
w mass of nanoparticles

Entrapment ef ficiency (EE)of Navi (%)

Initial amount of Navi used — amound of Navi in supernat 100
= X
Initial amount of Navi used
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In vitro release was studied using dialysis against PBS. Briefly, free Navi, NP/Navi, and
TNP/Navi were taken into a 15 kDa dialysis bag individually and a continuous stirring at 100
RPM. 2mg of Navi was in each formulation. 1 mL of solution was collected from the outer phase
everyonl,2,4,6,8,10and 12 hr and the same volume of PBS was added to maintain the volume.
The release amount of Navi was quantified by measuring the absorbance at the wavelength of 345
nm by a UV—visible spectrophotometer (UV-2800, Shimadzu) [67].

2.2.5. Docking Calculations and Molecular Dynamics Simulations.

In computational studies, we investigated the binding of RVYIHPI peptide sequence with
Angiotensin Il Receptor Type-1 (AGTR1) protein. The structure of the peptide sequence was
extracted from the AlphaFold [68] predicted structure of an uncharacterized protein
(AOAO078AK97) of 1106 amino acids which contained this sequence, obtained by conducting a
peptide search with the help of UniProt database [69]. The confidence level for the structure
prediction of these residues was medium (pLDDT score between 70-80). The structure of the
AGTRL1 protein was also extracted from AlphaFold (P30556). The pLDDT score was between 70-
90 signifying high and very high confidence in model prediction for this protein structure. We
compared this AlphaFold predicted structure with the crystal structure of synthetic nanobody-
stabilized angiotensin 1l type 1 receptor bound to TRV023 (60S1). We adopted the AlphaFold
structure for our docking purposes because it aligned well with the sequence of the crystal
structure, and it had no missing residues. Since the C terminus residues (319 to 359) on the
intracellular side of the protein, were predicted to be a long and unstructured coil, we removed

them from the AGTRL1 protein.
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After the preparation of the peptide and AGTR1 structures, docking calculations were
performed using the AutoDock Vina software [70] and our automated approach was implemented
through a custom Linux shell script (available through https://github.com/vukoviclab/docking-
scan), reported elsewhere [71]. In the molecular docking calculations, a grid box was systematically
positioned at various positions on a grid, scanning the protein surface. The scanning grid had box
center x-, y- and z-coordinates changed from -33.8 to 18.2 A, -50.6 to -7.3 A and -8.5 to 68.6 A.
Each grid box dimension was 2x2x2 nm?® with an interval of 5 nm with a default spacing and
exhaustiveness of 0.0375 nm and 8, respectively. Our procedure ranked the locations of the peptide
ligands on the AGTR1 protein surface with different docking scores signifying the binding
strengths of each pose.

To obtain the best binding poses with the highest negative binding scores, we analyzed
those ligand docking poses acquired through AutoDock Vina which had a binding score more
negative or equal to -8.0 kcal/mol. We only selected the docking pose where the peptide was
docked near the N-terminus of the protein, which is a part of the AGTRL1 extracellular domain [72]
in agreement with the experiments which designed the peptide to target the extracellular side of
AGTR1, as the initial configuration for the ensuing molecular dynamics (MD) simulations. This
pose had the highest negative docking score of -8.6 kcal/mol indicating highest binding affinity
between the peptide and the protein in this pose. The modeled peptide-AGTR1 complex system
was placed in a 1,2-Didecanoyl-sn-glycero-3-phosphocholine (DDPC) bilayer membrane, built
with CHARMM-GUI membrane builder [73] and CHARMM36 topology [74]. The bilayer was
built in a rectangular box with 116 lipid molecules in the upper leaflet and 114 lipid molecules in
the lower leaflet, and 16,065 TIP3P water molecules, distributed equally between the two layers.

The system was neutralized with sodium and chloride ions.
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The simulations of the solvated peptide-AGTR1 complex in the DDPC membrane were
performed with NAMD?2.13 package [75] and CHARMMS36 forcefield parameters [76,77]. All
simulations were conducted with Langevin dynamics in the NpT ensemble, where the value of the
Langevin constant y,4,4 Was set to 1.0 ps?, the pressure remained constant at 1 bar, and the
temperature remained constant at either 298 K. The long-range Coulomb interactions were
calculated every two-time step, using the Particle Mesh Ewald (PME) method [42], with periodic
boundary conditions applied in all directions. After 5,000 steps of minimization, solvent molecules
were equilibrated for 1 ns while the atoms of this protein-peptide complex were restrained using
harmonic forces with a spring constant of 1 kcal/(mol-A2?) Next, the system was equilibrated in a
400 ns long production MD run, with harmonic restraints applied on a central heavy atom of the
protein with a spring constant of 1 kcal/(mol-A?). The three orthogonal dimensions of the periodic
cell were allowed to fluctuate independently while keeping the ratio of the unit cell in the x-y plane
constant.
2.2.5.1. Binding energy calculations.

The relative binding free energies between RVYIHPI and AGTR1 were calculated using
the Molecular Mechanics Generalized Born-surface Area (MMGB-SA) [43] method over time
with the trajectory obtained from our MD production run. The following equation was used to
calculate the individual free energies of the extracted configurations of the protein, the peptide,
and the complex:

Gror = Emm + Gsorv—p + Gsorv—np — TAScons,

where, Eyum, Gsorv—pr Gsotv—np AScons respectively represent the summation of the
bonded and the Lennard-Jones energy terms, the polar contribution of the solvation energy, the
nonpolar contribution of the solvation energy, and the entropy of conformation. NAMD2.13
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package generalized Born implicit solvent model [44] was used to calculate all the above terms,
except ASconf @S the contribution of conformational entropy term was neglected. The dielectric
constant of the solvent for these calculations was taken to be 78.5. The relative binding free energy

was finally calculated as:

Gumes-sa = Gror(complex) — Gyop(protein) — Gio(peptide).

2.2.5.2. Residue-residue interaction analysis.

The interactions between residues of the protein and the residues of the peptide were
studied with the help of a LIGPLOT program [78] for the initial and final configurations of the
system. The initial configuration refers to the structure obtained from the docking calculation, and
the final configuration refers to the structure obtained after a 400 ns equilibration in MD

simulations.

2.2.5.3. Electrostatic interaction analysis.
The electrostatic potential surfaces of AGTR1 were analyzed using APBS (Adaptive
Poisson-Boltzmann Solver), [79] and the APBS electrostatics plugin from VMD, for the last

configuration of the system in the MD trajectory.

2.2.6. Surface plasmon resonance (SPR) analysis

To assess the binding affinities between AT2 protein and AT2 peptide, binding analysis
was performed using the iMSPR-mini (iCLUEBIO, Korea) at 25 °C. TNPs were drop-cast onto
the gold sensor chip at a concentration of 50 ug/mL. AT2 and Collagen 1 proteins were then

dissolved in PBS and injected over the AT2 peptide-attached gold chip to record resonance

17


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/binding-affinity

changes and assess the binding affinity. PBS (pH 7.4) was used as the negative control. Response
curves were collected using iIMSPR Software for protein-peptide binding affinity analysis.
2.2.7. Cell culture and nanoparticle uptake

The rat renal fibroblast cell line (NRK-49F) was used for in vitro cellular uptake studies.
The cells were cultured at 37 °C in a humidified atmosphere containing CO2 (5%) in DMEM
medium with FBS (10%) and penicillin (1%). The cells were grown as a monolayer and harvested
with EDTA solution (0.25%), followed by seeding 1000 cells in a 24 well plate. The following
day, the complete media was replaced with serum-free media containing 10 ug/mL TGFp-1
(transforming growth factor beta) (R&D System, Minneapolis, MN, USA) to activate the process
of converting the fibroblasts into myofibroblasts.

After 24 hour incubation with TGF-1, 20 uL of NP/RhB and TNP/RhB (0.5 mg/mL) were
added to the wells and incubated for 4 hr. After incubation, Hoechst dye was added to stain the
nuclei and the cells were incubated in the dark for another 40 min. The medium was then aspirated
from the wells, and the cells were washed three times with cold PBS (pH 7.4). Images were then
taken with a DM660 Leica microscope (Leica Microsystem, Deerfield, IL, USA).

2.2.8. Immunocytochemistry

Cells were grown around 70-80% confluency on coverslips and incubated overnight in
serum-depleted medium and then treated with TGF-B1 (10 ng/mL) and all the treatments (NP,
TNP, NTP/Navi, TNP/Navi, Fausidil) for 24 hr. Next day after washing with cold PBS.
Paraformaldehyde (4 %) was added for 10 min for fixation. Then the cells were permeabilized
with Triton-X100 (0.1 %) in PBS for 10 min at room temperature and then blocked with BSA
(2 %) in PBST to block non-specific binding for 1 hr. The samples were incubated at 4°C for

overnight with 1:500 diluted rabbit anti-a-SMA antibodies. After one wash with PBS, the samples
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were incubated with 1:100 diluted FITC-conjugated goat antirabbit IgG antibodies (Abclonal,
(Woburn, MA) for 1 hr at room temperature. Then washed with PBS, (DAPI). DAPI-positive and
a-SMA-positive cells were counted in the slide at three randomly chosen regions under a DM660
Leica microscope (Leica Microsystem, Deerfield, IL, USA).
2.2.9. In-vivo mice model preparation

Six to seven-week-old C57BL/6 mice (21-25 g) were purchased from Jackson Laboratory
(Bar Harbor, ME, USA) and maintained under specific pathogen-free conditions. All experiments
were performed with approval from the Institutional Animal Care and Use Committee (IACUC)
of the University of Texas at El Paso (protocol # A-201920-1). A single dose of 250 mg/kg folic
acid was injected intraperitoneally (IP) to develop a mouse model of kidney fibrosis according to
a previously published article [80]. The mice were divided into 6 groups: Healthy, Untreated, oral
Navitoclax, Fasudil, TNP/Navi, NP/Navi. Fifteen days after the folic acid injection, the treatment
began in different groups on every 5" day. After the 3" treatment, we waited for 5 days, and the
mice were sacrificed. Organs and blood were collected for further analysis. Immediately after
collection one kidney from each group was frozen for primary cell isolation, western blot, and

gPCR analysis.
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Figure 2: Kidney fibrosis animal model preparation. Schematic representation of kidney fibrosis

model preparation and treatment. The image of rat was retrieved from Chemdraw.

2.2.10. In vivo bio-distribution and nanoparticle targeting

To examine the kidney properties and biodistribution of nanoparticles, both NP and TNP
were labeled with RhB fluorescent dye. Fluorescence distribution was observed using an IVIS®
Spectrum (PerkinElmer, Waltham, MA, USA) and Quantum FX (Perkin Elmer, Waltham, MA,
USA) for co-registering functional optical signals with anatomical uCT. NP/RhB and TNP/RhB
were dissolved in PBS and injected intravenously into the mouse tail vein at a dose of 1 mg/kg.
Mice were anesthetized with isoflurane throughout the imaging procedure. 2D/3D fluorescence
imaging and pCT scans were performed before injection and at 3, 6, and 24 hr post-injection. All
images were generated using the Living Image® 4.3.1 software (PerkinElmer, Waltham, MA,

USA).
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Ex-vivo image of kidney was taken to examine the targeting ability of TNP in fibrosed
kidney compared to healthy. NP/RhB and TNP/RhB were administered intravenously via tail vein
and animals were sacrificed after 4 hr. The kidney was collected and immediately was subjected
to image using a ChemiDoc imaging System. A healthy control without any treatment was used
as a negative control. The images were analyzed using ImageJ software.

2.2.11. Therapeutic efficacy of PLGA-NPs in the kidney fibrosis mice model

In the established folic acid induced chronic kidney fibrosis model, mice were divided into
6 treatment groups: healthy, untreated, Fasudil, Navi (PO), NP/Navi, and TNP/Navi. The dose of
Navi in the groups with free oral Navi and intravenous PLGA NPs was 10 mg/kg. Fasudil was
administered via intraperitoneal injection at a dose of 10 mg/kg. Five days after the final treatment,
animals were sacrificed, and organs and blood were collected for further analysis. Kidney size was
measured using a digital slide caliper. Kidney weight was also measured.

2.2.12. Histology and immunohistochemical staining

Tissue processing was performed using an auto processor (Thermo Scientific Spin Tissue
Processor Microtome STP-120). Tissues were dehydrated using different concentrations (70%,
95%, and 100%) of histologically graded ethanol (Fisher Scientific, USA) and then submerged in
xylene and infiltrated with paraffin. Paraffin-embedded tissues were sectioned (6 um) onto Super
Frost Plus slides using a Shandon Finesse E/ME microtome. Slides were air-dried for 2 days before
staining. Tissue sections were deparaffinized and stained with hematoxylin and eosin. Masson’s
trichrome staining was also performed using a Masson’s Trichrome Staining Kit (Abcam,
Cambridge, UK) to visualize the fibrotic area. All procedures were performed according to a
previously published protocol [81]. Images were obtained using a MoticEasyScan One slide

scanner (Motic Digital Pathology, USA). Immunohistochemistry for a-SMA and CTGF was
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performed using anti-rabbit polyclonal a-SMA antibody (Abclonal, USA) and anti-CTGF rabbit
polyclonal antibody (Abclonal, USA). AIll sections were mounted using Cytoseal 60
(ThermoFisher Scientific, USA)
2.2.13. Immunofluorescence

For IFC, sectioned tissue was deparaffinized and rehydrated. Then, antigen unmasking
with boiled 1 mM EDTA solution the section was then washed and then permeabilized by
incubating the sections in PBS supplemented with 0.2% Triton X-100 (Sigma-Aldrich) for 45 min.
Kidney sections were also used for IFC staining to detect the expression of extracellular matrix
proteins. The sections were incubated with blocking buffer (1%) at room temperature. The sections
were then incubated with a fluorescent dye conjugated primary antibody. The antibodies used for
IFC were as follows: a-smooth muscle actin (1:100), a-SMA eFlour and FITC-CTGF (1:100)
(FabGenX, USA). The following day, the sections were covered with DAPI mounting media
(Abcam, Cambridge, UK). The image was taken using a Leica DM600 microscope. All images
were analyzed using ImageJ software.
2.2.14. Western blot analysis

To examine the expression of a-SMA, CTGF, and Bcl-2, proteins were extracted from
tissues and underwent western blot analysis as previously described [67]. For in-vitro western
blotting analysis NRK-49F cells were cultured in a 6 well plate and treatment were added for 24
hr before the collection of protein. The antibodies used were as follows: anti-aSMA (1:1000), anti-
CTGF (1:1000), anti-Bcl2 (1:1000) and anti-a-tubulin (1:2500). WB was performed following the

same method as described before [66].
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2.2.15. TUNEL assay

TUNEL assay was performed using the Click-iT Plus TUNEL assay kit (Cat #C10625)
(ThermoFisher Scientific, Waltham, Massachusetts, USA). The assay was performed according to
the manufacturer’s instructions.
2.2.16. Blood and serum analysis

Blood was collected in heparinized tubes from the posterior vena cava after sacrifice. Blood
samples (500 uL - 1 mL) were collected from each mouse. Blood samples were analyzed using
the DREW HEMAVET instrument. Serum was separated from the blood serum and analyzed
using Heska Element DC for liver and kidney toxicity markers.
2.2.17. Hydroxyproline measurement

Total hydroxyproline was measured in the serum collected from different treatment groups
using a hydroxyproline assay kit (Cat # 102966-250) (VWR, Atlanta, GA, USA). The assay was
performed in accordance with the manufacturer’s instructions. The samples were acid hydrolyzed
and then cleaned using activated charcoal. After the addition of the substrate, the optical density
was measured at 565 nm. The concentration was measured using a calibration curve made with

different concentrations of hydroxyproline protein.

2.2.18. Statistical Analysis
Data are presented as mean + SD. Statistical analyses were performed using GraphPad
Prism version 9 (GraphPad Software, San Diego, CA, USA). Two-sample comparisons were

determined using a two-tailed Student t-test. Statistical significance was set at p < 0.05.
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2.3. RESULTS AND DISCUSSION
2.3.1. Characterization of NPs ideal for targeting diseases specific to the kidney:

Four different PLGA nanoparticles (NPs) were prepared for this study: PLGA NP (NP),
AT2 targeted PLGA (TNP), Navi loaded PLGA (NP/Navi), and AT2 peptide linked PLGA NP
loaded with Navi (TNP/Navi) (Fig. 1A). These NPs were characterized by size and zeta potential.
NPs were dissolved and diluted in deionized water for size and zeta potential measurements.

Dynamic light scattering (DLS) revealed that the size of the PLGA NPs increased with each added

compound.
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Figure 3: Physical properties of NPs. Schematics of hanoparticles (A). Size and Zeta potential of
the nanoparticle particles were measured by Zetasizer (B and C). The average size and zeta of
TNP/Navi were 339 d.nm and -11.1333 mV. Whereas size and zeta potential of TNPs were 196.5
nm and -0.123 mV. SEM image of TNP/Navi NPs showed smooth surface (D), and SPR analysis

response after running AT2 protein over the TNP liganded chip (E).

The size of the free PLGA NPs were measured as 200 nm in diameter, but their size
increased up to 339 nm upon peptide conjugation and Navi loading (TNP/Navi). Similarly, the

zeta potential of NPs was measured as -14.33 mV but changed to -0.123 mV upon peptide
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conjugation and Navi loading (TNP/Navi) (Fig. 3B). The size distribution and zeta potential values
demonstrated that particle size increased and negative zeta potential value decreased due to
presence of positively charged AT2 peptide and loading of lipophilic small molecule [82]. The
changes in size and zeta potential of the particles confirmed the nanoscale size and optimal zeta
potential for kidney targeting. The negatively charged glomeruli basement membrane [83]
facilitates the transport of the kidney-targeting particle TNP/Navi may triggered by both active
targeting and charge-charge interaction, concurrently. Although the glomerulus pore size is
approximately~70 nm, in glomeruli nephropathy, both size and charge are disrupted, allowing
particles larger than 1000 nm to penetrate [84]. It has been reported in a previous study that
mesoscale PLGA coated with PEG nanoparticle, approximately 400 nm in size, had 7 times higher
accumulation in the proximal tubule of the kidney and effectively escaped the reticuloendothelial
system. Therefore, the particles created for this study were ideal for targeting diseases specific to
kidney. The SEM image confirms the size of the TNP/Navi particles and reveals a smooth surface
with spherical shape (Fig. 3C). NMR analysis was conducted to confirm chemical conjugation
between PLGA and peptide, and the peak shift in the NMR spectrum is an indication conjugation
of AT2 peptide and PLGA (Fig. 3D). NMR spectra of other particles are presented in the
supporting information (Fig. S1). The loading content (LC) and loading efficiency (LE) of Navi
in TNP/Navi and NP/Navi were calculated as 17.01% and 23.57% and loading efficiency was
calculated as 73.95% and 80.4321%, respectively.

Stability of different particles were measured for up to 6 hr in PBS and FBS solution (10%).
The size of NPs increased over time because of aggregation (Fig. S4). However, the zeta potential
value was relatively stable for at least 6 hr, confirming the stability of the TNP/Navi. The

cumulative release profile showed that release of Navi from NP/Navi is higher and faster compared
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to TNP/Navi observed for up to 8 hr (Fig. S3). SPR analysis was performed to measure the
targeting ability of the peptide to the AT2 protein and other fibrotic proteins, such as collagen.
After injecting the AT2 protein onto the COOH-attached gold chip, an increase in the response
from the baseline was observed, confirming the TNP’s capacity to bind the AT2 protein (Fig. 3D).
Collagen 1 also produced a slightly higher response, confirming the targeting NPs (PA) were able

to bind with collagen, as shown in Fig. S2.

2.3.2. AT2 peptide and protein dynamics modulation shows protein peptide binding

To examine the complex of RVYIHPI peptide bound to AGTR1 and the energetics of their
binding, we modeled this complex by molecular docking calculations and then simulated it using
molecular dynamics simulations. In experiments, the RVYIHPI peptide would be targeting the
extracellular side of the AGTR1 membrane protein. In docking calculations, the RVYIHPI peptide
was found to have one primary location for binding to the extracellular side of AGTR1, which is
inside the top cavity of AGTR1, as seen in Fig 4 and Fig S5. The most favorable docking score

for the peptide is -8.6 kcal/mol.
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Figure 4:AT2 peptide and protein dynamics modulation. Peptide RVYIHPI interacts and binds
strongly to the N-terminus of AGTR1 membrane protein. A) Representative snapshot of the
protein-peptide system in the DDPC membrane. The atoms of the membrane bilayer are shown as
grey spheres, the AGTR1 protein is shown in cyan, and the peptide is colored according to the
types of residues present. White represents non-polar residues; green represents polar residues
and blue represents the basic residues. B) Binding energy between RVYIHPI and AGTR1
calculated over time for the 400 ns MD trajectory. The average binding energy was calculated
over the last half of trajectory. C) 2D interaction diagram of protein-peptide interaction at the
beginning of the simulation and after 400 ns of simulation. The peptide residues are shown using
violet bonds whereas the protein residues are in orange. C, N and O atoms are shown as black,
blue and red circles. Hydrogen atoms have been omitted for clarity. The polar interactions
between peptide and protein residues are shown using green dotted lines with a labeling of inter

heavy atom distance involved in polar interaction. The protein residues having non-polar

28



interaction are depicted using semi dark red semi circles. D) Surface electrostatic potential of the
AGTR1 protein calculated using the APBS tool. The positively charged surface is shown in blue
while the negatively charged surface is in red. The peptide in the binding pocket is colored
according to the atom type: cyan (C), blue (N), and red (O). Hydrogen atoms are not shown for
clarity. For better visualization of the peptide in the cavity, the front part of the protein has been

removed and the cutting plane is colored in gray.

The complex of RVYIHPI peptide bound to AGTR1 was then embedded in a DDPC
membrane and simulated for 400 ns, as described in the Methods. During the equilibration
simulation, the peptide adjusted inside the binding cavity of AGTR1. The simulations reveal the
average binding free energy of the peptide RVYIHPI to the AGTRL1 protein as -39.6 kcal/mol (Fig
4B). The specific interactions involved between the residues of the protein and the peptide have
been examined with LIGPLOT. Fig 4C shows that in the initial configuration there are several
hydrogen bonding interactions between the residues Argl67, Phel82, GIn267 of AGTR1 and
residues Tyr105, 11e106, Pro108, Hsd107 and Argl03 of the peptide. There are also points of
hydrophobic contact between several residues of AGTR1 as shown by the red spoked arcs
including Trp84, Tyr35, Prol192, etc., and the peptide. After 400 ns simulation, the final peptide:
AGTRL1 configuration shows hydrogen bonding interactions between Asp281, Asp278 of AGTR1
with Arg103 of the peptide. There are also several protein residues like Ala277, Cys18, GIn15
which have hydrophobic contacts with the peptide. There is a salt bridge formation between
Asp278 and Arg103 as indicated by the red dotted bond. Although, the overall number of hydrogen
bonding interactions decreases as the simulation progresses from 0 ns to 400 ns, the peptide
rearranges itself so that Arg103 of peptide can maximize its interaction with the negatively charged

binding pocket of the protein (Asp278 and Asp281). Also, 11e109 finds the slightly positively
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charged pocket of AGTR1, shown in Fig 4D. These stabilizing electrostatic interactions favor the

strong binding interaction between peptide RVYIHPI and protein AGTRL.
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Figure 5: Cellular uptake of targeted NPs and Bcl2 inhibition. NPs uptake by NRK-49F cell line
with TGFf-1. NP/RhB and TNP/RhB were added after 24 hr incubation of TGFf-1. Four hours
after incubation with NP and TNP it was observed that TNP uptake was higher in the
myofibroblast. Whereas no nanoparticle was up taken by the cells with NP/RhB. The scale bar

represents 200 um (A).

2.3.3. In-vitro myofibroblasts promote accumulation of targeted NPs:

NRK-49F cells were treated with TGFB-1 to convert fibroblasts into myofibroblasts. Bright
field images of cells were taken before and after adding the TGFB-1 (Fig. S6). Cells became
slender after adding TGFp-1, confirming the conversion of myofibroblasts. Healthy fibroblasts

typically present in all tissues and help in wound healing. Exposure to cytokines such as IL-1 and
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IL-8 due to injury can activate fibroblasts into myoblasts, initiating the fibrosis process. Certain
proteins, such as AT2, a-SMA, and VCAML are overexpressed in myofibroblasts [85,86]. To
confirm the uptake of nanoparticles, RhB labeled PLGA (non-targeting) and TNP/RhB were added

to the cells after TGFB-1 treatment, and the targeted nanoparticles showed higher accumulation in

the cells (Fig. 5A).
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Figure 6; Invitro therapeutic effects. a-SMA expression of untreated and treated cell with Fasudil,
Navi, NP/Navi, and TNP/Navi (4). The image shows reduced expression of o-SMA with the
treatment group. Scale bar represents 50 mm. The images were quantified in ImageJ and the graph

represents the relative intensity (B) and area% (C). In both parameters, a-SMA reduced the most

in TNP/Navi group.
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2.3.4. In-vitro therapeutic efficacy for a-SMA shows reduction of a-SMA in TNP/Navi group

In-vitro therapeutic efficacy was measured by immunocytochemistry for a-SMA.
Myofibroblast is a contractile fusiform cell with a-SMA, which is responsible for the multiple
physiological process like wound healing and fibrosis [87,88]. In response to tissue injury fibroblast
migrates to the injured cite and transform into myofibroblast and produce a-SMA and stress
fibroblast [89]. Hence, a-SMA is considered as one of the reliable and significant markers for
myofibroblast as well as fibrosis. The immunocytochemistry results showed that TGF-f increased
the production of a-SMA in untreated cells whereas, after treatment the a-SMA significantly
reduced (P value 0.0001) especially with Fasudil (P value 0.0064) and TNP/Navi (P value 0.0034).
The image was quantified both in terms of intensity and area % (Fig. 6).
2.3.5. Biodistribution of PLGA NPs

We investigated the targeting ability and biodistribution of AT2 conjugated PLGA NPs in
live mice using IVIS and CT co-registration. RhB conjugated PLGA without any targeting peptide
was used as a control. Both the particles were used in 1mg/kg concentration. Significant
accumulation of TNP/RhB in the kidney was observed 3 hr after administration (Fig. 7B) Although
there were still nanoparticles in the kidney 6 hr post administration, few NPs were observed in
other major organs such as the liver, lungs, and heart. After 24 hr post injection, TNP particles
remained in the kidney, while NPs from other organs were cleared. A 3D rotating image is
provided in the supplementary section (PPT).

To measure the selective nanoparticle accumulation in kidney, ex-vivo image of the
excised kidney was taken (Fig. 7B). It showed 66.01% higher accumulation of TNP (80.24%) in

fibrosed kidney than in healthy kidney (14.23%). In fibrosed kidney 43.75% more accumulation
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of TNP was observed than non-targeting particles (36.49%), which confirms the targeting ability

of the TNP in fibrosed kidney (Fig. 7C, and Fig. 7D).
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Figure 7: In-vivo biodistribution of the NPs. Biodistribution was observed for 24 hr post-
administration of the targeted and non-targeted NPs via tail vein. The AT2 conjugated PLGA
nanoparticle attached with RhB (TNP/RhB) dye showed kidney targeting ability and mostly
accumulated in the kidney for at least 24 hr. Kidney regions are indicated in white dash in the

TNP group. Other than liver no signal was captured with non-targeted NP/RhB particles. Ex vivo
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nanoparticle uptake in healthy and fibrosed kidneys were measured. Representative ex-vivo
images of healthy and fibrosed kidney after treatment with NP/RhB and TNP/RhB. Healthy control
without any treatment was used as negative control (control). Healthy represents healthy treated
with TNP/RhB, NP/RhB group represents fibrosed kidney treated with NP/RhB, and TNP/RhB
represents fibrosed kidney with TNP/RhB. The image shows higher accumulation of targeted

particles in fibrosed kidney both in terms of area percentage (B) and fluorescent intensity (C).

2.3.6. Therapeutic efficacy of PLGA NPs

After observing the high accumulation of TNP in the kidney, we began investigating the
therapeutic efficacy using kidney fibrosis model developed in C57BL/6 mice. The mice were
weighed and divided into 6 groups (healthy control, untreated disease control, Navi (PO), Fasudil
(IP), NP/Navi (1V), and TNP/Navi (V). Treatments were started at 15 days after the fibrosis
induction and involved 3 cycles. Each treatment modalities were administered every 5" days. Five
days after the last treatment, the kidneys were harvested to measure their size and weight. We have
observed that the size and weight of kidneys were significantly decreased after treatment with (p
< 0.0005) in the untreated group, increased. In chronic kidney disease, kidney size is reduced due
to damaged nephrons (Fig. 8C, and Fig. 8D) [90]. The fibrosis process, which heals damaged
nephrons in the kidney, cause organ shrinkage, a phenotypic indication of fibrosis development
[90,91].

Body weights of the mice were also measured to monitor toxicity of the therapeutics
modalities. The body weights of untreated mice significantly increased after the end of the
treatment. However, in the treatment group, weight initially decreased during the middle of the

treatment but then increased following TNP/Navi and NP/Navi treatment. Healthy mice
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experienced consistent weight gain. With Navi (PO) and Fasudil (IV), weight reduction persisted
throughout the treatment, possibly due to toxicity or treatment ineffectiveness. Body weights of

untreated mice were higher than that of mice in the treatment groups (Fig. 8B).

A ¢
- 6 DPOPG ° st

=a) Healthy control

Treatment
startt

w

-

N

o
|

Folic acid
injection

Weight of mice (gm)
=N -—
o -
T T

-~ Healthy -~ Navi NP/Navi
Untreated Fasudil TNP/Navi

al 90 T Ty SR ,
- 0 10 20 30
C Days
10 D 0.4+
g 8 < - g 0.3 Hl Healthy
- " T l = Untreated
(7] - o .
é 202 =3 Navi
5 4- - =3 Fasudil
& £ 0.1 =3 NP/Navi
2 =
2 =3 TNP/Navi
0- 0.0-

Figure 8: Size and weight of the harvested kidney. Image of the harvested kidneys (A). Size and
weight (C) and (D) of kidneys in different treatment groups were measured after sacrifice. The size
of the untreated kidney shrunk by 38.20% (p value 0.0001) than healthy control (A). After
treatment with Navitoclax (Navi), Fasudil, NP/Navi, and TNP/Navi, kidney sizes increased up to

26.66% with TNP/Navi. Weight of the mice (B) before and during the treatment.

Kidney failure can lead to the accumulation of excess fluid in the body, a condition known

as edema, which may have contributed to the observed weight gain in mice [92]. Edema occurs
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during kidney damage due to sodium retention and reduction of protein levels in the blood. In
kidney damage, the pores of glomeruli change, allowing proteins to pass through, resulting in
hypoproteinemia in the blood [93]. Lower protein levels cause low capillary colloidal pressure,
resulting in low circulatory volume. As a defense mechanism to maintain blood circulation in the
vital organs, the kidneys increase the circulatory volume by retaining sodium and water, which
can lead to edema. Edema in chronic kidney disease often begins with the face and legs before
progressing to asities (abdominal cavity) [94,95]. In the untreated mouse serum, the total protein
level was found to be 2.3 g/dL, lower than the reference range (5-8 g/dL), which explains the
weight gain in mouse model.
2.3.7. Reversal of fibrosis and pro-fibrotic protein expression with TNP/Navi

In kidney fibrosis, there is an excessive accumulation of extracellular matrix proteins such
as a-SMA, CTGF, collagen 1, and hydroxyproline. To assess the therapeutic effect of treatment,
tissue sections were stained with Masson’s trichrome (MT) stained to visualize the
collagen/fibrotic areas in the tissue. During MT staining, fibrotic areas or collagen in the kidney
appeared blue, while other regions were red/pink in color (Fig. 9A). The untreated kidney section
exhibited a larger blue region compared to the healthy group, which appeared to decrease after
treatment. After staining, images were taken at 8X magnification and analyzed with ImageJ
software to represent the quantitative data. For quantitative measurement, whole tissue sections
were analyzed to avoid bias. It was observed that untreated kidney sections had the highest
collagen accumulation or large fibrotic area. In untreated group the fibrotic area percentage was
51.72+0.41% (Fig. 9C). Fibrosis was reduced with treatment. In the TNP/Navi treatment group,
the fibrotic area was significantly (p <0.005) reduced by 34.23% compared to the untreated group

(Fig. 9A, and Fig. 9B). Serum hydroxyproline measurement showed a significant reduction in
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hydroxyproline after treatment with TNP/Navi compared to untreated cells (p <0.0001) (Fig. 9C).
Hydroxyproline is an important diagnostic factor for the severity of fibrosis and plays a crucial
role in the synthesis of collagen [96,97]. The reduction in hydroxyproline levels indicates that the

TNP has the ability of fibrosis treatment in kidney.
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Figure 9: Masson’s Trichrome staining of the kidney section. Masson’s Trichrome staining of the
kidney section in 8X magnification. Scale bar represents 100 um. The image indicated reduction
of fibrosis with the treatment specifically with Fasudil, NP/Navi and TNP/Navi (A). (B)
quantitative representation of fibrosis in the kidney section. Error bar represented SD and scale

bar represented 100 um. Hydroxyproline measurement form mice serum showed higher level of
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hydroxyproline in untreated group which got decreased by the treatment group specifically with
Fasudil, NP/Navi and TNP/Navi (C). P-value *indicated <0.05, ** indicated <0.001, and ***

indicated <0.0001.

Other fibrotic proteins such as a-SMA and CTGF, were measured by immunofluorescence
(Fig. 10A). A higher intensity (arbitrary unit) of CTGF was observed in the untreated group
(79.8+3.76) which decreased with treatment (Fig. 10F). More specifically, treatment with
TNP/Navi particles resulted in a CTGF expression level close to that of healthy controls. An
increased a-SMA level was observed in the untreated group (9.18+0.46 arbitrary unit) compared
to control and decreased following treatment. No fluorescent signal for a-SMA was detected with
NP/Navi and TNP/Navi treatment group. The red arrow indicates the green CTGF region, and the
yellow arrow indicates red a-SMA. Images were taken at 10X magnification, with the scale bar
representing 100 pm. Western blot data of a-SMA and CTGF also supports the
immunofluorescence data. Statistically significant increase in expression of a-SMA (p < 0.0005)
with untreated from healthy and decrease after treatment with TNP/Navi (p < 0.005). CTGF in

untreated kidney fibrosis mice also increased but decreased for the mice with treatment.
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Figure 10: immunofluorescence of kidney sections. Images of kidney sections for CTGF and a-

o

o

SMA were obtained by direct immunofluorescence (A). The green signal indicates CTGF, and red
indicates a-SMA expression. Scale bar represents 100 um. Western blot of a-SMA (B) and CTGF
(E) was done from the kidney tissue lysate. Quantitative analysis of WB data revealed that
untreated kidney tissue had higher expression of both o-SMA (C) and CTGF (F) which reduces
with the treatment. (D) and (G) represent the quantitative analysis of a-SMA and CTGF

respectively. The error bar represents the SD.

2.3.8. Improvement of kidney morphology and kidney function with TNP/Navi formulation
Kidney morphology was assessed using H&E staining of the paraffin-embedded kidney

sections. We observed distorted kidney morphology in the untreated group, accompanied by
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increased nuclear infiltration (blue dots) (Fig. 10A). In contrast, the healthy group exhibited
distinguishable glomeruli (yellow arrow) and tubules (green arrow). After treatment, kidney
morphology improved and closely resembled the healthy group, especially with TNP/Navi, where
the kidney structure was more visible with less nuclear infiltration.

Serum analysis was performed to evaluate kidney function and systemic toxicity (Fig. 11B-
11H). Two crucial indicators of kidney dysfunction are creatinine and blood urea nitrogen (BUN).
In the untreated group, the creatinine level (Fig. 11B) was measured as 1.6 mg/dL, while the
creatinine level for a healthy mouse is up to ~1.2 mg/dL [98]. Therefore, a creatinine level greater
than 1.2 mg/dL in the untreated mice suggests impaired kidney function. However, treatment with
TNP/Navi and NP/Nabi formulation reduced the creatinine level within the normal range (0.3-0.6
mg/dL) confirming the restoration of renal function. BUN levels were also elevated in the
untreated group but were decreased upon treatment (Fig. 11C). Liver function tests, including total
protein (TP), alkaline phosphatase (ALP), and alanine aminotransferase (ALT) were conducted
(Fig. 11D-11F). TP decreased in the untreated group due to impaired kidney function, where the
kidney pore size was large enough to allow proteins to pass through the membrane [94]. Total
protein level increased from 2.3+0.51 gm/dL (untreated) to 3.775+0.89 in TNP/Navi group (Fig.
11D). No significant changes in platelet and hemoglobin (Hb) level indicates that the treatment
did not produce any hematological side effect even though the formulations (TNP and NP) were
delivered intravenously. A reduction of Hb level up to 6.77+2.9 mg/dL (Fig. 11H) in untreated
group was observed but increased with the treatment, confirming anemia, which is a common
symptom in kidney fibrosis. Healthy kidney produces erythropoietin (EPO), which stimulates bone
marrow to produce blood cells. Kidney fibrosis impairs kidney function, resulting in reduced EPO

production and, subsequently, anemia [99]. However, Hb level reached the normal range (10-14
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g/dl) upon treatment, indicating therapeutic progress. Systemic presence of Navi results in reduced
platelet count by inducing thrombocytopenia [100]. In healthy, Navi, Fasudil, TP/Navi and
TNP/Navi group the Hb level was 13.16+1.19, 10.55+3.61, 12.75+4.43, 9.05£2.22 and 14.25+2.19
mg/dL, respectively. The reduced level of Hb in TP/Navi than that of TNP/Navi indicates the off
targeting hematological side effect of TP/Navi formulation. Thrombocytopenia was observed for
orally administered Navi, whereas TNP/Navi, NP/Navi and Fasudil did not cause
thrombocytopenia in the blood (Fig. 11G). Platelet count was observed for 6 hours after
administration of Navi (PO), NP/Navi (IV) and TNP/Navi (IV). The platelet value decreased in

the 1% hour which remained constant with the free Navi than TNP/Navi (Fig. S6).
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Figure 11: Histology of kidney tissue. H&E staining of kidney sections from different treatment
group (A). The untreated kidney section showed damaged renal structure whereas structure
improved with the treatment. Serum analysis of kidney function marker Creatinine (B) and Blood
urea nitrogen (BUN) (C). High creatinine and BUN level in untreated group indicated the renal
disfunction, which improved with the treatment group. Total protein (D) was less than normal

level in untreated group of mice. Alkaline phosphatase (ALP), alanine aminotransferase (ALT)
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was in normal range with all the groups (E and F).). Blood platelet (G)level was lower than normal
range with oral Navi group and normal with other groups. The Hb (H) level was below normal

range for the untreated mice which indicates anemia in the untreated kidney fibrosis model.

2.3.9. Navi, NP/Navi, and TNP/Navi treatment results in Bcl2 inhibition and apoptosis

Bcl2 inhibition and apoptosis were assessed using western blotting and TUNEL assay from
serum samples and tissue sections from different treatment groups. Reduced Bcl2 expression was
observed in WB with Navi, NP/Navi, and TNP/Navi treatment group (Fig. 12B). After analyzing
the WB data using ImageJ the relative expression in different groups was found to be 0.65+0.13,
0.56+£0.01, 0.52+0.04, 0.74+0.17 and 0.44+0.10 in untreated, Navi, Fasudil, NP/Navi and
TNP/Navi respectively (Fig. 12C). The TUNEL assay was used to measure apoptosis by
visualizing the broken nucleus, was performed on tissue sections from kidney. For Navi, NP/Navi,
and TNP/Navi, TUNEL-positive cells were 10.49+1.25%, 19.55+6.14% and 38.86+4.88%
respectively, supporting the western blot data (Fig. 12A and 12D). TUNEL assay indicates more
apoptosis in Navi treated kidney specifically in TNP/Navi. In TNP/Navi treated group 35.16%
more apoptosis (p < 0.05) was observed in the TNP/Navi group compared to the untreated mice.
The above studies confirmed that free Navi, NP/Navi, and TNP/Navi NPs reduced the expression
of Bcl2 protein, inducing apoptosis of fibrotic cells since the particles were targeted to

myofibroblasts.
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apoptosis of tissue after treatment. (A) Tunnel assay shows apoptosis (green dot) of fibrotic cell.
(B) WB analysis of Bcl2. Bcl2 expression was decreased in the group treated with TNP/Navi.

(C)+(D) Quantitative analysis of WB data and TUNEL assay. Scale bar represents 100 pm.

2.4. CONCLUSIONS

Kidney fibrosis is a challenging and irreversible condition with limited effective and
available treatment options. The use of the Bcl2 inhibitor (Navitoclax) has emerged as a potential
approach to mitigate fibrosis. Despite its potential, however, Bcl2 inhibitors can cause severe
haemato-toxicity, resulting in platelet destruction. Consequently, navitoclax is often administered
orally to prevent direct exposure to blood cells, despite its low availability. To overcome this
challenge, the present study employed AT2 peptide conjugated PLGA nanoparticles to deliver
Navi specific to kidney and cells associated with fibrosis such as fibroblast and myofibroblast. The
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AT2-targeted nanoparticles successfully ameliorated fibrosis, as confirmed by immunostaining of
a-SMA and CTGF. This was accompanied by a reduction in the hydroxyproline levels and
significant improvements in kidney function markers such as creatinine and BUN. In summary,
nanoparticle enabled fibrosis-targeting Navitoclax (TNP/Navi) delivery showed less toxicity than
oral administration of Navitoclax and significantly less side effects than Fasudil. This study
represents a significant advancement in the development of kidney-targeting particles for the
delivery of Navitoclax. These promising findings suggest that AT2 targeting hold emerging
potential for improving outcome of kidney fibrosis treatment could represent a viable therapeutic

option for treating kidney fibrosis, potentially paving the way for clinical trials in the future.
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Figure S 1: Proton NMR. Proton NMR of AT2 (A), PLGA/NHS (B), Navi (C) and PLGA-AT2 (D).
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Figure S 2: SPR spectra. SPR spectra after immobilization of carboxylated gold chip with
PLGA/AT2 nanoparticle (A). Response after running collagen over the nanoparticle (NP) liganded
chip (B). (a) represents base line response with PBS, (b) is the response of binding of collagen

with AT2 and (c) is the curve for dissociation.

—~ 150
3
[«F]
n
©
2 1004
g
S
= -o- Navi
E 50_
g NP/Navi
£ TNP/Navi
o
0 | | I I 1
0 2 4 6 8 10
Time(Hour)

Figure S3: Release profile of Navi. Release profile of Navi shows slower release of TNP/Navi than

free Navi.
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Figure S 3: Stability of NPs. The stability of NPs in PBS with 10% FBS were measured by size (A)
and zeta (B) potential of the particles for up to 6hrs. It was observed that the particles were stable

in the solution, especially (TNP/Navi) particle.
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Figure S 4: Electrostatic potential surface of the AT2 protein binding to AT2 peptide. Analysis of
the electrostatic potential surfaces of the AGTR1 protein binding to RVYIHPI peptide. Blue
surfaces indicate regions of positive electrostatic potential and red surfaces indicate regions of

negative electrostatic potential.
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Figure S 5: Transformation of fibroblast to myofibroblast. NRK-49F cell before (a) and after (b)

adding TGFp-1. After the incubation of TGFp-1 the cells became slender from round shape.
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Figure S 6: Platelet count post-treatment with different Navi formulations. After administration
of oral Navi, NP and TNP blood were collected at each different time point and platelet were
measured. A sudden drop of platelet with oral Navi was observed in the 1% hr. With TNP the
platelet did not drop as much as oral Navi as 1% hr also was constant up to the 6hrs. With oral

Navi the platelet count was decreasing with each time point.
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Chapter 3: p-Glucan-Mediated Oral Codelivery of 5FU and Bcl2 siRNA Attenuates
Stomach Cancer

ABSTRACT

Based on cancer related deaths, stomach cancer is ranked 5™, and 1%t among Hispanics. Lack of
technologies for early diagnosis and unavailability of target specific therapeutics is largely the
cause of the poor therapeutic outcomes from existing chemotherapeutics. Currently available
therapeutic modalities are invasive and require systemic delivery, though the cancer is localized
in the stomach at its early stage. Therefore, we hypothesize that an oral local delivery approach
can extend retention duration of the therapeutics modalities within the stomach and thereby
enhance therapeutic efficacy. To accomplish this, we have developed a R-glucan (BG) based oral
delivery vehicle that can adhere to the mucus lining of the stomach for an extended period while
controlling release of Bcl2 siRNA and 5-fluorouracil (5FU) payload for over 6 hr. We found that
Bcl2 siRNA selectively knocked down the Bcl2 gene in C57BL/6 stomach cancer mice model
followed by upregulation of apoptosis and remission of cancer. BG was found to be very effective
in maintaining stability of sSiRNA for at least 6 hr, when submerged in simulated gastric juice tested
in vitro. To investigate potential therapeutic effects in vivo, we used a stomach cancer mice model,
where C57BL/6 mice were treated with 5FU, BG/5FU, siRNA, BG/siRNA, and BG/5FU/siRNA.
Higher inhibition of Bcl2 and therapeutic efficacy was observed in mice treated with
BG/5FU/siIRNA confirmed with Western blotting and a tunnel assay. Significant reduction in
tumor region was observed with histology (H&E) and immunohistochemistry (Ki67, TUNEL, and
Bcl2) analysis. Overall, the oral formulation shows improved efficacy with non-significant side
effects compared to the conventional treatment tested in gastric cancer mice model.

Keywords: stomach cancer; oral biologics; oral local delivery; stomach specific
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3.1. INTRODUCTION

Stomach cancer is the 5" most common cancer by incidence and 3" most deadly cancer [101]. In
2018, 782,685 out of 1,033,701 patients were died of stomach cancer worldwide [102]. According
to the data from the American Cancer Society 26,380 new stomach cancer patients will be
diagnosed solely in the United States in 2022, and among the diagnosed individual, 11,090 will

die. Currently available therapeutic interventions for stomach cancer treatment are chemotherapy,
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immunotherapy, radiotherapy, and surgery. Among FDA approved chemotherapeutic drugs, 5-
fluorouracil (5FU), Capecitabine, Docetaxel, Epirubicin, Doxorubicin, Trastuzumab, Trifluridine,
and Tipiracil are most widely considered in clinic for stomach cancer treatment [103]. Other
promising drugs are those developed for immunotherapy, such as PDL1 inhibitors like
Pembrolizumab or Nivolumab, and targeted gene therapy drugs have also shown promise for
stomach cancer therapy [104]. Some genes (for instance IL-8, CLDN1, KRT17, CLDN7, and
MMP7) are reportedly upregulated, and some other genes (for instance GAS5, ZIC1, RASALL,
GPER, KIAA1324, ADA and SLC9A?2) are found to be downregulated in stomach cancer [105-108].
It has also been reported that upregulation of STAB1, STATS3, Bcl2, and Bcl-xL genes occur in
the stomach during cancerous state [108,109].

Like the treatment of other cancers, for stomach cancer treatment, dosage form, rout of
administration and dosage amount of the chemotherapeutics is crucial to avoid potential severe
risk of toxicity to the healthy tissue associated with non-specific distribution. Stomach cancer
management is severely challenging due to the difficulty to deliver the appropriate amount of drug
to the location of cancer and maintain their therapeutic concentration for prolong duration,
regardless of rout of administration. This is further compounded by the relatively late diagnosis
that is more typical of stomach cancer patients and that occurs when the cancer has grown and
spread across the stomach [110]. In addition, oral administration of chemotherapeutics is not very
effective due the bowel movement and shorter retention duration. The retention duration of any
orally administered drug to the stomach is 10-30 min, much less than the duration often needed to
induce adequate therapeutic effect and maintain appropriate therapeutic concertation within the
cancer site [111,112] . Finally, oral delivery of therapeutic modalities is challenging because of

significantly low bioavailability resulting from poor intestinal permeability, enzymatic
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degradation, thick mucus membrane barrier, and off-target localization [113]. In order to overcome
these issues, we aim to develop an oral local delivery vehicle, made from the mucoadhesive carrier,
b-glucan (BG) [114]. BG is a unique carbohydrate polymer that is naturally present in the cell wall
of yeast, fungi, and cereal. BG used in this study is a barley derived low viscosity glucose polymer
with a molecular weight of 179,000 Da. We have previously reported that BG is very stable in
acidic buffer, has a strong binding affinity with mucin, and forms microstructure particles in
presence of fatty acid [114]. Studies show that the BG-based vehicle is highly effective in oral
vaccine and protein delivery [115,116]. The BG-mediated mucoadhesive particle has the ability to
protect the therapeutic regimens from the harsh gastric environment, enhance retention of the
therapeutic payload within the stomach for a longer duration, and maintain sufficient therapeutic
concentration for prolong period (6 hr or more) [117]. In addition, BG was found to act as an
immune modulator of the gastrointestinal (GI) tract [118]. Finally, BG also has shown significant

potential in Gl site-specific drug delivery to treat liver diseases, bowel disease, and stomach cancer
[117,119,120]

5FU is a pyrimidine analog, a potent and widely used chemotherapy to treat Gl-tract related
cancers including stomach cancer [121,122]. A meta-analysis of stomach cancer treatment revealed
a significant advantage in terms of 3-year survival when on chemotherapy with S-1, an oral 5FU
derivative (80 %), compared to the surgery (70%). 5FU or S-1 is considered as first-line treatment
due to better efficacy but is recommended to administer with adequate precaution to avoid the
severe risk of side effects associated with toxicity [123]. Despite having higher therapeutic
effectivity, oral delivery causes various side effects within the GI tract and intravenous
administration produces toxicities in major organs including the heart, lungs and kidney [124]. Side

effects of 5FU include cardiotoxicity, hypotension, breathing problem, hair loss, and weight loss
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[124]. With the development of a delivery platform that has the potential to minimize systemic
distribution of 5FU and increase drug concentration within the site of cancer, it is highly likely
possible to minimize drug-mediated toxicity and increase therapeutic effects. Besides, 5FU itself
is not very effective of treating cancer, for instance, treatment response rate is between 10-15%
for advanced colorectal cancer. Therefore, we presume that a combination of RNAI can improve
the therapeutic effect by synergizing the mechanism of action. Therefore, we aim to incorporate a
Bcl2 small interfering RNA (siRNA) that holds emerging promise for the genetic treatment of
cancer. Since its discovery, siRNA is considered to apply for various cancer treatments as gene
therapy including stomach cancer [125,126].

Bcl2 overexpression has been found in cancers including the stomach, breast and pancreas,
where it promotes the proliferation of cancer cell [127-130]. Bcl2 downregulation has also been to
induce apoptosis to tumor cell and make them more sensitive to chemotherapy. [131] Some recent
reports have demonstrated strategies for improved oral delivery of siRNA to ameliorate hepatic
cancer through nanoparticle and mucoadhesive molecules [132]. The Bcl2 family is composed of a
subset of proteins that act as apoptosis regulators (Figure 13). Research suggested that the
hyperactivation of Bcl2-related anti-apoptotic effects correlates with cancer occurrence,
progression, and prognosis. Therefore, we hypothesize that a combination of Bcl2 siRNA and 5FU

can accelerate stomach cancer therapeutic outcomes when given orally.

54



#% 5FU Bcl-2 siRNA

Bcl-2 siRNA

DNA Damage 1

~T===4Bci2
Nucleus

l Mitochondria

Apoptosis l
Cytochrome ¢

Figure 13: The Mechanism of Action of Co-Treatment of 5-FU and Bcl2 siRNA and Their Synergy

to Improve Stomach Cancer Treatment.

To prove the concept and to investigate therapeutic feasibility, 5SFU and siRNA were
loaded within a nanoparticle composed with BG. Both physical and chemical characterization were
conducted prior to utilizing the formulation for in vitro and in vivo studies. We have observed that
the BG-based oral vehicles not only increase retention of the payload of 5FU and siRNA within

the stomach but also facilitate sustained release of the payload for over 6 hr. In vivo studies
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revealed that the oral delivery of BG/siIRNA/5FU downregulates the Bcl2 protein by 60% and
increases apoptosis by 140% with a daily oral dose for 15 days. Immunohistochemistry analysis
of stomach tissue also shows that Ki67 expression reduces by 300% compared to untreated cancer
and 5FU groups, and 200% compared to siRNA treated group. These results are obvious indication
of the potency and effectiveness of the BG-based oral formulation of SiRNA/S5FU. The
toxicological studies including histochemistry and serum biochemistry also demonstrate the
biosafety of the orally administered siRNA/5FU formulation and hold a strong promise for pre-

clinical studies with larger animals.

3.2. MATERIALS AND METHODOLOGY

3.2.1 Materials

The human colon cancer cell line (CaCo2) and stomach cancer cell line (AGS) were purchased
from ATCC (Manassas, VA). 5FU, sodium dodecyl sulfate, and Coumarin 6, were purchased from
Sigma-Aldrich (St. Luis, MO). B-Glucan (MW 179,000) was purchased from Megazyme
(Wicklow, Ireland). Bcl2 siRNA was purchased from cell signaling technology (Danvers, MA).
Fetal bovine serum (FBS), penicillin, Phosphate-buffered saline (PBS), and 0.05% Trypsin-EDTA
were purchased from Life Technologies (Carlsbad, CA). Bcl-2 SiRNA | (Cat #6441) was
purchased from Cell Signaling Technologies (Danvers, MA). Bcl2 antibody, ki67 antibody, and
FITC- Goat anti-Rabbit 1gG was purchased from ABclonal (Woburn, MA). Simulated gastric juice
was purchased from RICCA (Arlington, TX). Click-iT Plus Tunnel assay, eosin, xylene, Harris

Hematoxylin, was purchased from Fisher Scientific (Waltham, MA).
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3.2.2. Preparation of BG and formulations

BG NP were prepared by direct physical mixing method. In details, 30 mg of BG was
dissolved in 1 mL of DI water upon heating at 80 °C and constant stirring for 15-20 min. Upon
heading and continuous stirring BG form transparent gel like solution. Thereafter, with discontinue
of heating 12 mg of 5FU was directly added to the BG solution and kept stirring for additional 30
min for uniform mixing.

To prepare BG/5FU/siRNA, 12 pL of siRNA was added in BG/5FU under constant
stirring. Then it was mixed with alternate sonication and vertexing. siRNA loaded BG nanoparticle
was prepared via electrostatic interaction. 30 mg of BG was dissolved in 1 mL of DI water upon
heating at 80 °C and constant stirring for 15-20 min. 12 uL (12 nM) of siRNA was added into the
BG solution after it comes to the room temperature. The siRNA solution was added to the BG
solution dropwise under vigorous stirring for 10 min. The formation of the BG/siRNA nanoparticle

form via electrostatic interaction between BG and siRNA.

3.2.3 Characterization of the formulations

The particle size and zeta potential of BG formulations were determined by a Zeta sizer
(Nano ZS, Malvern Instruments, Worcestershire, UK) and kept at 25 °C during the measuring
process. All formulations were analyzed three times and the results are presented as the mean. The
stability of the formulations and their individual payload were evaluated in saline (pH 7.4) and
simulated gastric juice (pH 1-1.4) at different time points. For measuring the size and zeta potential
of BG, BG/5FU, BG/siRNA, and BG/5FU/sIRNA, all the formulations were diluted in deionized

water.
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3.2.4 Invitro release study

In vitro release using a dialysis bag against simulated gastric juice. Briefly free 5FU,
BG/5FU and BG/5FU/siRNA were taken into the dialysis bag individually. 2 mg of 5FU were
dissolved in 100 pL of DMSO and were dialyzed against 50 mL of simulated gastric juice (pH 1-
1.4,37 °C) with 2 kDa MWCO dialysis bags, and continuous stirring at 100 RPM. 1 mL of solution
was collected from outer phase in every 2 hr for a 12 hr period and the same volume of GJ was
added to maintain the volume. The release amount of 5FU into the GJ was quantified by measuring
the absorbance at the wavelength of 265 nm by UV-Visible spectrophotometer (UV-2800,

Shimadzu spectrophotometer) [133].

3.2.5 Stability of the formulation

To examine the stability of the formulations, naked siRNA and siRNA with BG were
diluted in PBS and incubated with BG at 37 °C for 0, 1, 2, 4, and 6 hr, and size and zeta potential
were measured. To measure the stability of SiRNA in gastric juice with and without BG, siRNA
and BG/siRNA were diluted with simulated gastric juice and incubated for 0, 1, 2, 4, and 6 hr and
then size and zeta potential were measured according to the method demonstrated earlier. Gel
electrophoresis of these formulations was also conducted to confirm the stability of loaded siRNA.
To determine the stability of siRNA within BG, the siRNA samples were separated into 1%
Agarose gels. Agarose solution was prepared by dissolving in 1X TAE and heated in a microwave
for 3 min until dissolved completely. Ethidium bromide was added to the solution before pouring
the agarose solution into the casting stand and a 10-well comb was placed to generate wells that
are 1.5 mm deep. The melted agarose was allowed to cool for 30 min at room temperature for

polymerization. The chamber was filled with 1X TAE buffer solution to a height of 1.5 cm above
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the gel surface. RNA samples were premixed with the agarose gel loading dye (6X) prior to loading
20 mL (1 pL siRNA, 3 pL dye with 6 pL of simulated gastric juice, and 10 pL BG) of samples
into the wells from left to the right. The power supply was activated as soon as all wells were
filled, to avoid initial diffusion of the dye into the gel. The samples were run at 100V for 40 min
and were imaged using ChmiDoc image analysis (BioRad, USA). The formulations were
incubated in GJ for 0, 1, 2, 4, and 6 hr prior to measure stability of the payload of siRNA. The

stability of naked siRNA and BG/siRNA in GJ were also measured by the nanodrop as well.

3.2.6 Ex-vivo diffusion study

To measure the diffusion of hydrophobic small molecule through the intestinal layer an ex-
vivo study with porcine intestine was done. Here cumarin-6 was used a model hydrophobic
molecule instead of 5FU for visualization purposes. Cumarin-6 and BG/cumarine-6 was added
over the porcine intestine for different time point. In each time point the intestine was washed with
PBS for 5 min then was subjected to image. BG/cumarin-6 particle was prepared by O/W

emulsion.

3.2.7 Surface Plasmon Resonance (SPR) to demonstrate binding interaction between
formulations and mucin
To demonstrate physical and chemical interaction between the BG-based formulations and
mucin, we used the SPR (ibClu, South Korea) technique. BG solution was run over carboxylate
functionalized (-COOH) Au-chip, 1x PBS was used as a running buffer, and 50 uM mucin was
used as an analyte. The experiment was conducted according to the manufacturer's instruction.

Briefly, EDC and NHS were added over the COOH-Au chip for 3 min with real-time monitoring.
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Then, BG was run over the chip for 5 min at a flow rate of 30 uL/min followed by running of
ethanolamine blocking buffer. From the change of response from baseline, the immobilization of
BG was confirmed. After immobilizing the chip with BG, mucin was injected at flow rate of 30
pL/min for 5 min and after that regeneration buffer was injected to wash out the excess analyte

from the chip. The data was collected from the software and graph were plotted in Prism GraphPad.

3.2.8 Cell culture

For the cell experiment AGS cell line were used. The cells were cultured at 37 °C in a
humidified atmosphere containing 5% COz in DMEM media supplemented with 10% FBS. 5000
cells per well were seeded in a 96-well plate and incubated overnight. BG formulations with
different concentration of 5FU (45 uM, 35 uM, 25 puM, 15 uM, and 5 uM), and 1 nM of siRNA
were added into the cells and incubated for 24 hr. To measure cytotoxicity, an MTT assay kit
(Vybrant MTT cell proliferation assay Kkit, ThermoFisher) was used according to the
manufacturer’s instructions. In brief, 10 pL of the MTT solution was mixed with 100 puL of the
culture medium for 4 hr in the incubator. Then 100 pL of SDS—HCI solution was added to each
well and mixed well. Then incubated for another 12 hr in a humidified chamber. Finally, the
absorbance at 570 nm was taken. Healthy cells without any formulation were used as a control;
background absorbance was subtracted from each value, and the cell viability percentage was

measured [66]. The data is provided in the supplementary figure S7.

3.2.9 Development of stomach cancer mice model
All animal experiments were carried out in strict accordance with protocols approved by

the Animal Care and Use Committee of the University of Texas at El Paso comply with the
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National Research Council's Guide for the Care and Use of Laboratory Animals. Both male and
female (50:50) mice were chosen for the experiments as sex has no significant influence in the
stomach cancer. A stomach cancer mice model was developed by feeding N-methyl-N-nitrosourea
(NMNU) with water (IACUC protocol no A-201019-A). The 6-week-old C57BL/6 mice were kept
ina 12 hr light-12 hr dark cycle. The mice had unprotected access to food and water. NMNU was
dissolved in distilled water available ad libitum, freshly prepared three times per week. The mice
received 240 ppm NMNU in the drinking water over 5 weeks (every other week). Five weeks after
NMNU administration, the mice were ready for the experiment, as the method was reported
elsewhere [134,135]. A total of 30 stomach cancer mice were prepared and divided randomly into 5
groups- no treatment (control), 5FU, BG/5FU, siRNA, BG/siRNA, and BG/5FU/siRNA. Another
group of healthy mice were used as a negative control without any treatment. To investigate
therapeutic feasibility, 5FU (10 mg/kg) and siRNA (100 nM) was administered either orally (PO)
or intravenously (IV). All the formulations were freshly prepared prior to administration.
Formulations were administered orally on every 3™ day for the subsequent 5 cycles over 15 days.
The animals were sacrificed 72 hr after the last treatment followed by the organ harvest and blood
collection for further studies. Immediately after harvesting the size and weight of the stomach and

intestine were measured.

3.2.10 In vivo and ex vivo imaging for biodistribution

To understand the absorption and biodistribution profile of the orally administered
formulation, coumarin-6, a fluorescent dye was loaded with BG and orally administered via gavage
to mice. For in vivo imaging the mice were anesthetized and then imaged using an in vivo imaging

system (IVI1S) at different time points of post-administration, according to the method published
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earlier[136]. For the ex vivo imaging, the mice were sacrificed after 2, 4 and 6 hr of post-

administration, and the organs were harvested, followed by imaging using the IVIS.

3.2.11 Invivo protein expression

The fresh frozen stomach tissue was homogenized using RIPA buffer with freshly prepared
protease inhibitor in it. The homogenate was then centrifuged at 13,000 rpm for 10 min at 4 °C.
The supernatant was collected, and the total protein content was determined using Bradford’s assay
(Sigma-Aldrich). SDS-PAGE (12%) was performed to separate protein samples (30 pg) at 70-80
V for 3 hr at room temperature. Later, the proteins were transferred to a PVDF membrane using a
transfer unit run at 25 V overnight at 4 °C. The PVDF membrane was blocked by incubating with
3% BSA containing TBST for 90 min. The membrane was incubated with Bcl2 and B-actin
primary antibodies (Abclonal, USA) overnight at 4 °C. After three washing cycles with ice-cold
PBS, the membrane was incubated with horseradish peroxidase-conjugated secondary antibody
(Abclonal., USA) for 2 hr at room temperature. The primary and secondary antibodies were used
ata 1:1000 dilution ratio. The membrane was treated with ECL mixture. The bands were visualized
using a ChemiDoc imaging system (BioRad, USA). The band intensities were calculated using

ImageJ software.

3.2.12 Histology

Three days after the last treatment the animals were sacrificed to harvest the organs for
further histology and immunohistochemistry. Different part of intestine (duodenum, jejunum, and
ileum) was embedded in OTC and other organs were embedded in paraffin. Fresh frozen stomach

was processed in STP 120 Spin Tissue Processor (Fisher Scientific, USA) and embedded in
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paraffin on the following day. The tissue was cut at 6 pum thickness and was attached on a super
frost plus slide (Fisher Scientific, USA). The slides with tissue sections were used for H&E
staining, immunofluorescence assay, and tunnel assay. H&E image was taken using a
MoticEasyScan One slide scanner (Motic digital pathology, USA) and Leica DM 6000B

fluorescent microscope.

3.2.13 Immunofluorescence and immunohistochemistry analysis

Immunofluorescence analysis was performed to understand the Bcl2 and ki67 protein
expression in tumor tissues after treatment with different formulations. The 6 um thin sections
were obtained by sectioning paraffin-embedded colon tissues using a microtome. Sections were
mounted onto poly-I-lysine-coated super plus charged glass slides and rehydrated in multiple
concentrations of alcohol and xylene for 5 min each. Sections were incubated with antigen retrieval
sodium citrate buffer (10 mM sodium citrate buffer pH 6, 0.05% Tween 20) at 90-95 °C for 10
min and blocked using 2.5% bovine serum albumin (BSA) in Tris-buffered saline for 1 hr at room
temperature. Then, the sections were incubated with Bcl2 and ki67 primary antibody (at 1:100 and
1:50 dilution ratio) overnight at 4 °C. The next day, the sections were incubated with FITC-Goat
Anti-Rabbit 1gG secondary antibody for 2 hr at room temperature. The slides were then dehydrated

and mounted with DAPI mounting media. Images were acquired using Leica microscope.

3.2.13 TUNEL assay
Click-iT™ Plus TUNEL Assay (Thermo Fisher) and an Alexa Fluor™ 488 dye assay kit was used
in this assay to examine the fragmentation of DNA and detection of apoptosis according to the

manufacturer's instructions. Shortly, a fresh frozen stomach sample was fixed in formalin. And
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then was dehydrated in increasing concentration of alcohol. After cleaning in xylene those tissues
were submerged in paraffin. The paraffin-embedded tissues were cut to 6um thickness for the
assay. Before conducting the assay, the section was deparaffinized with xylene by decreasing the
concentration of ethanol from 100% to 70%. After deparaffinization, the stomach sections of all
treatment groups were washed twice in PBS for 5 min and then incubated for 15 min with 1X
Proteinase K solution (Component H in the assay kit was diluted 1:25 in PBS). The slides were
again fixed in 4% PFA for 20 min and washed with PBS for 5 min. To induce DNA-stand
breakdown in the skin, skin samples were incubated with 1 unit of DNase | (diluted in 1X DNase
| Reaction Buffer (20 mM Tris-HCI, pH 8.4, 2 mM MgCl,, 50 mM KCI) for 30 min at room
temperature. After incubation, the sections were washed with DI water and 100 uL of TDT
Reaction Buffer (Component A in the kit) were added to each well and incubated for 10 min. The
TDT reaction buffer was removed and replaced with 50 uL of the prepared TDT reaction mixture
for 1 hr. Next, the reaction mixture was removed, and each well was rinsed with DI water and the
samples were incubated in 3% BSA and 0.1% Triton™ X-100 in PBS for 5 min with gentle
shaking. After rinsing the slide with 1X PBS 50 uL of freshly prepared Click-iT™ Plus TUNEL
Reaction cocktail added to each section for 30 min in the dark. The reaction cocktail was removed
and replaced with 3% BSA in PBS for 5 min. The samples were rinsed with 1X PBS and mounted
with DAPI mounting media and a coverslip. prepared for imaging by placing the tissue on a glass
slide and adding a mounting medium and a coverslip. The slides were incubated for 1 hr at 4 °C
and then images were taken using Leica LAS X software attached to a Leica DM2000 microscope

(Leica, Germany).

3.2.14 Serum biochemistry
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Serum biochemistries analysis was conducted to determine the systemic toxicity of the
formulations administered to the stomach cancer mice model. Three days after the last dose of
treatment, the mice were euthanized, and 1 mL of blood was collected from the portal vein in
heparin-coated tubes. Blood was centrifuged at 3000 rpm for 7 min and plasma was collected.
Serum biochemistry analysis included parameters related to liver and kidney function, e.g.,
aspartate aminotransferase (AST), alanine aminotransferase (ALT/GPT), alkaline phosphatase
(ALP), total protein (TP), blood urea nitrogen (BUN), and creatinine (Cr). Biochemical analyses
were quantified using a chemical analyzer (Element-DC by HESKA), and the results were

presented using GraphPad Prism software.

3.2.15 Statistics and image analysis

All experiments were carried out in triplicates, and the error bar is indicated as mean £ SD unless
stated otherwise. Student t-test, Welch's nonparametric t-test, and one-way analysis of variance
(ANOVA) was performed using GraphPad Prism nonlinear regression software (GraphPad
Software Inc.). A P value of <0.05 was considered significant. *Indicates statistical significance
with p< 0.05; *** indicates statistical significance with p < 0.001. Image analysis of
immunofluorescence and tunnel assay was done by using the OpenCV Python programming

library.

3.3 RESULTS AND DISCUSSION
3.3.1 Preparation and characterization of BG particles
The barley-derived low-viscosity BG used in this study is a long-chain polysaccharide, with very

low solubility in the aqueous solution (Figure 14 A). With gentle stirring in association with rising
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temperature (up to 80 °C) the BG get dissolved completely in DI water. BG itself used as both
solubilizer and carrier of the payload for both 5FU and siRNA. The method of the formulation
preparation is shown in figure 14 B. Upon heating at 80 °C the mixture of BG forms a gel like
clear solution in presence of water which facilitate mixing of the hydrophobic 5FU physically. We
have used SEM, to confirm shape and size of the - BG/5FU, BG/siRNA and BG/5FU/siRNA
formulations (Figure 14 C). The SEM images of BG/5FU and BG/siRNA are provided as the
supplementary information (Figure S8).

The size of BG, BG/5FU, BG/SiRNA, and BG/5FU/siRNA was measured as 273.66+ 39.87, 569
+ 52.43, 470 + 80.24, 439.66x 42.33, respectively, using dynamic light scattering (DLS). The
result indicates that size of the 5FU and siRNA loaded particles were bigger compared to naked
BG particles. Zeta potential of BG, BG/5FU/, BG/siRNA and BG/5FU/siRNA were recorded as
0.01+ 0.06, 1.76x 0.09, -3.36x 0.63, -0.91+ 0.19, respectively. The zeta potential of
BG/siRNA/siRNA were increased compared to BG/siRNA, as BG/5FU showed a positive charge
(1.76+0.09 mV). The change of zeta potential confirms the successful loading of 5FU and siRNA
within BG nanoparticle. We do not see excessive changes, as the siRNA is meant to be loaded
within the core and that is not expected to impact on charges on surface.

The size and zeta potential of BG in PBS and simulated gastric juice were measured up to 5 hr of
incubation at room temperature. We have observed that the average particle size and zeta potential
changed with each loading of the compound. The average size of BG in PBS was 273+£39 nm in
diameter at the first hour and 386+54, and 58381 nm in diameter at 3" and 5" hr of incubation
(Supporting figure S7). Which is an indication that the formulations tend to form aggregation and
that results in increment of the diameter. Similarly in the presence of simulated gastric juice, the

average size of BG was found to be 276+15, 399+18, and 608+62 nm in diameter at 1%, 3", and
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5™ hr, respectively. It has been observed that with time the size tends to increase, as well. After 5
hr of incubation the size increased by almost 200% in both saline and simulated gastric juice. As
the size is almost similar in both PBS and simulated gastric juice, we can conclude that gastric
juice does not impact the formulation differently than saline. BG is hydrophilic in nature and due
to the presence of abundant hydroxyl groups that participate in hydrogen bonding with water and
give the molecule the ability to hold water [137].

The release study of 5FU was conducted in a simulated GJ. BG incorporated 5FU shows sustained
release tend compared to the free 5FU. The cumulative release of free 5FU reaches to the 100% in
5 hr of dialysis, whereas, for BG/5FU formulations 100% release of 5FU takes almost 10 hr, is an

indication of sustained release (Supplementary Figure S9).
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Figure 14: Chemical and physical properties of the formulations. (A) Chemical structure
(repeating unit) and schematic presentation of BG. (B) Schematic representation of preparation
of formulations; BG/siRNA, BG/5FU and BG/5FU/siRNA. (C) SEM images of BG/5FU/siRNA BG

showed smooth surface and nano size (Scale bar= 5 um). (D) Size distribution, and (E) zeta
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potential of all the formulations were measured using DLS and zeta analyzer, respectively. Data

presented as mean +SEM, where n=3.

Figure 15: Mucoadhesive properties of BG. (A) A schematic representation of mucoadhesiveness
of BG and how it facilitates the transport of sSiRNA and 5FU across the epithelium. BG/coumarin-
6 was incubated on the porcine intestine for a different period and washed for 5 min before taking
the image. (B) Image shows that BG facilitates to penetrate of the hydrophobic coumarin-6 into
the intestinal layer with time. Whereas only cumarin-6 without BG does not diffuse through the
intestine. (C) The same section of BG/cumarin-6 was taken under a ChemiDoc imager (BioRad,
USA) and the result corresponded with the image of BG/cumarin-6 in (B). The components in

figure (A) were obtained from smart.servier.com.
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3.3.2 Mucoadhesive properties of BG

Figure 15A demonstrates how BG particles interact with mucus layer within stomach. The
mucoadhesiveness and intestinal transportation of hydrophobic small molecule were further
confirmed by an ex vivo diffusion study in a porcine intestine lumen. As the mucous layer is a
barrier for hydrophobic molecules, to check how it cross through the epithelial layer with
assistance of BG we have used coumarin-6, a small molecule hydrophobic fluorescent dye with
similar chemical and physical properties (molecular weight and hydrophobicity) as 5FU, for ease
of visualization and detection purpose [138]. Higher fluorescence intensity and accumulation of
coumarin-6 was observed in the stomach layer with increment of duration of incubation. At the 2"
hr, presence of coumarin-6 was observed within deeper layers of the intestine, which indicates the
transportation of hydrophobic small molecule (Figure 15B). At the 12" hr, coumarin-6
incorporates evenly across the layers of the intestine. The same tissue was subjected to be observed
under a ChemiDoc imager to capture the fluorescence signal within the cross-sectioned of the
intestinal lumen and similar result was observed. With time (0.5, 2, and 12 hr) more coumarin-6
were distributed throughout the intestine which is an indication and confirmation of BG’s ability
to facilitate intestinal transportation of hydrophobic payload (Figure 15C). However, the image
with only cumarin-6 shows that without BG, cumarin-6 itself is not able to diffuse through the
intestinal layer.

Mucoadhesive polymers have been found to be crucial in delivering nucleic acid and peptide drugs.
Recently a study stated that mucoadhesive nanoparticle has the potential to deliver KDM6A-
MRNA on the targeted site and treat bladder cancer [139]. SPR analysis was performed to examine

how BG interacts with mucin. The results demonstrate that BG has mucoadhesive properties and
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binds with the mucus in presence of acidic simulated gastric juice. A carboxylated gold (Au) chip
was modified with BG and a solution of mucin was run over the chip to understand their binding
kinetics, association, and dissociation profile. SPR analysis shows a response of 30000 RU from
baseline, which confirms the strong binding affinity of BG with mucin. Curve (a) indicates the
association of BG with mucin, curve (b) represents the plateau as it continues binding, and curve
(c) represents the dissociation of BG with mucin. As mucin is the main component of the mucus
layer, the association, and binding profile of BG with mucin provides evidence of BG’s affinity

with mucus layer and its ability to bind with (Figure S11, and S12).

3.3.3 Stability of siRNA payload in BG formulation

The stability of sSiRNA was measured with and without BG in PBS and simulated gastric juice.
The size and zeta potential measurement of BG and BG/siRNA in presence of PBS and simulated
gastric juice were conducted from 0 to 6 hr to examine the stability of SIRNA payload. siRNA is a
nucleic acid with a negatively charged surface and forms particles via electrostatic interaction with
the partially cationic-charged BG (0.0158 mV). Size of the BG/siRNA formulation was measured
as 370+80 nm at 0 hr and 707+76 nm in diameter at 6™ hr. The increasing size indicates the
possibility of self-aggregation of sSiRNA in simulated gastric juice when attached to BG (Figure
16B, and 16C). The result was confirmed by zeta potential analysis. As negatively charged sSiRNA
was attached to positively charged BG the net charge of the BG/siRNA became almost neutral.
The zeta potential of BG/siRNA in simulated gastric juice was measured as -0.68+0.99 mV
immediately after dissolving and -0.80+£1.96 mV after 6 hr of incubation (Figure 16E and 16F).
The consistency of the zeta potential confirms the stability of siRNA payload within BG while

dissolved into simulated gastric juice.
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The stability of siRNA was further confirmed by the agarose gel electrophoresis. The band shows
that the siRNA is stable while loaded within BG for at least 8 hr, both in simulated gastric juice
(Figure 16D) whereas naked siRNA was found to be stable only for 2 hr after incubation with GJ
(Supporting figure S10). siRNA stability analysis by nanodrop also supports western blotting

results.
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Figure 16: Stability of BG/siRNA particles in PBS and simulated gastric juice Schematic of the
formulation (A). The size and zeta potential of BG and BG/siRNA in PBS and gastric juice were
measured. Particle size distribution of BG and BG/siRNA was observed in PBS (B) and in
simulated gastric juice (C) at 0, 1, 2, 4, and 6 hr. It was observed that after adding siRNA the size
of BG increased initially at 0 hr measurement. (D) Gel electrophoresis analysis of naked siRNA
and BG/siRNA incubated with simulated gastric juice up to 6 hr. The image showed that naked
SiRNA was not stable in simulated gastric juice even 1 hr after mixing, whereas siRNA/BG was
found to be stable up to 6 hr after mixing with simulated gastric juice. Zeta potential of BG and

siRNA with BG was also observed in PBS (E) and in simulated gastric juice (F). Zeta potential of
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siRNA with BG showed negative charge constantly up to 6 hr. Data presented as mean +SEM,

where n=3.

3.3.4 In Vivo imaging and biodistribution

To investigate the in-vivo biodistribution and organ accumulation coumarin-6 loaded BG was
administered orally to the mice. It was examined that the BG can retain in the stomach for at least
6 hr (Figure 17A). To confirm further, the ex vivo image of organs was also taken after being
euthanized. In both in vivo and ex vivo image BG was found to be retained only in the stomach.
Except for the stomach it goes to the intestine and almost clears out from the intestine by 6 hr.
BG retains the higher intensity of fluorescence in stomach through the 6 hr period. The result
confirms that the BG is highly stomach specific which can maintain sustain release of hydrophobic

payload (Figure 17B).
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Figure 17: Fluorescence imaging to investigate biodistribution. (A) In vivo imaging shows
noninvasive fluorescence-based localization of orally administered formulations. (B) Ex vivo
images of the harvested organs show biodistribution of mice at pre-administration, after 2, 4 and
6 hr. Magnified images of Gl tract show that BG particle remain in the stomach at least for 6 hr

whereas slowly diffused via intestine.

3.3.5 Phenotypical in vivo treatment efficiency

Stomach cancer was induced to C57BL/6 mice by feeding N-methyl-N-nitrosourea (NMNU) in
every other week for 5 weeks period (Figure 18A). The cancer induced mice were treated with
saline, 5FU, siRNA, BG/5FU, BG/siRNA, and BG/5FU/siRNA via oral administration for 5 times
at every 3" day. The siRNA mentioned in the in-vivo experiment is Bcl2 siRNA. Before starting
the treatment we investigate a control SiRNA, Bcl2 siRNA I and Bcl2 siRNA II. We observed no
change of Bcl2 with control and with Bel2 siRNA I we got less reduction of Bcl2 expression
compared to Bcl2 siRNA 1. That’s why we decided to move forward with Bcl2 siRNA T in further
study. To investigate phenotype of therapeutic progress upon treatment with formulation in
compared with saline treated mice, we have harvested the animal after 72 hr of 5" treatment. The
size and weight of the stomach and intestine were measured immediately after the collection of the
organs (Figure 18B, 18C, and 18D). A reduction in the size and weight of the stomach was
observed in the untreated and oral siRNA treatment group, and this is an indication of a cancerous
state. However, no significant difference in the size and weight of the intestine was observed
(Supportin Figure S14), which is an indication of localized cancer specific to the stomach. In
stomach cancer, the mice loss appetite due to reduced production of ghrelin hormone [140], hence

we have observed weight loss in the untreated group when compared to the healthy control. On
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top of that, cancer-mediated inflammation also results in the shrinkage of the organ, the stomach
in this case. Reduction of size upon oral administration of nitroso compound is one of the
phenotypic indications of induction of stomach cancer, and gaining the size back to normal which
is comparable to healthy mice demonstrated the therapeutic efficacy of orally administered
BG/siRNA/5FU formulation. The therapeutic efficacy of BG/SIRNA/SFU has been further

confirmed with histological and immunohistichemistry analysis with the tissues.
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Figure 18: In vivo therapeutic efficacy. (A) Schematic of animal model preparation and treatment.
B) Image of the stomach collected from different group of treatment- Healthy (a), Untreated cancer
(c), BG/5FU (c), 5FU (d), siRNA (e), BG/siRNA (f), BG/5FU/sIRNA (g). (C) and (D) weight and

size of the stomach. Data presented as mean +SEM, where n=5.
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3.3.6 Oral Bcl2 siRNA causes in-vivo gene silencing and apoptosis.

A TUNEL assay was conducted to investigate the apoptosis within the tissue from the stomach of
both healthy, untreated cancer, and treated cancer mice. We have observed significantly higher
apoptosis in the stomach treated with BG/5FU/siIRNA than the stomach treated with naked siRNA
and both untreated and healthy control (Figures 19A, and 19D). No fragmented DNA was
observed within the stomach tissues of healthy control and untreated mice, which indicates that
oral co-delivery of siRNA and 5FU induces apoptosis in stomach cancer. Apoptosis was quantified
by the mean fluorescent intensity and compared with healthy control and untreated control. The
degree of apoptosis was calculated as 49, 107, 38, 62, and 131% for the 5FU, BG/5FU, siRNA,
BG/siRNA, and BG/5FU/siRNA group relative to untreated control, respectively.

This reveals that apoptosis for BG/5FU/siRNA treated group was 69.46% more than BG/SiRNA,
and 95% more than free siRNA. To examine if the apoptosis was caused by downregulation of
Bcl2, western blotting (WB) analysis was performed from the tissue lysate of different treatment
groups. The WB data shows significant downregulation of Bcl2 gene resulted in by oral
BG/5FU/siRNA compared to conventional naked oral sSiRNA (p-value <0.005), and untreated (p-
value <0.0005). Data showed that the downregulation of Bcl2 gene expression was inversely
proportional with the DNA fragmentation, which confirmed that the apoptosis resulted from the
Bcl2 downregulation. Relative expression of Bcl2 was 1, 1.07£0.008, 1.24+0.11, 0.76+0.02,
0.88+0.05, 1.66+0.14, and 0.29+0.04 for the healthy, untreated, 5FU, BG/5FU, siRNA,
BG/sIRNA, and BG/5FU/siRNA, respectively (Figure 19B and Figure 19C). This data confirms
that BG-assisted orally administered siRNA was protected from the harsh gastric environment and
was able to pass the mucus layer of the intestine and go into the site of action to silence the Bcl2

gene.
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Figure 19: Immunohistochemistry to attribute apoptosis. (A) TUNEL assay shows broken nucleus
(red arrow) in siRNA, BG/siRNA, and BG/5FU/siRNA groups. Scale bars represent 200 um. (B)
Western blot analysis also shows reduced Bcl2 expression in BG/5FU/siRNA group compared to
naked siRNA and BG/siRNA. The error bar represents the standard deviation. (C) Quantitative
analysis of WB, and (D) apoptosis in percentage. Data presented as mean +SEM, where n=5. P

value <0.0001 is denoted as ***.

The stomach tissue was also utilized to analysis Bcl2 protein expression using
immunohistochemistry (IHC). The anti-Bcl2 positive area was quantified in comparison to the
whole tissue section stained with DAPI. The area percentage of Bcl2 antibodies for healthy,
untreated, 5FU, BG/5FU, siRNA, BG/siRNA, and BG/5FU/siRNA was 1.19%, 1.46%, 1.22%,
1.45%, 0.97%, 1.11%, and 0.47%, respectively (Figure 20A). To measure the relative expression

of Bcl2 on the tissue section the data was calculated and compared with the stomach tissue
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collected from the healthy mice, where Bcl2 expression in healthy mice was considered as 100%
(Figure 20B). The immunofluorescence data reciprocates the same as WB data. Oral delivery of
BG/5FU/SIRNA resulted in the lowest expression of Bcl2 as observed in WB and
immunofluorescence images of tumor tissue. In the immunofluorescence image, we have observed
higher Bcl2 expression in the untreated tissue section. The untreated section had 51.20% more
expression of Bcl2 than compared to the healthy control. The mice treated with BG/5FU/SIRNA
had 111.45%=1.6 less expression of Bcl2 compared to untreated cancer and 68.39% less
expression than mice treated with naked siRNA. Mice treated with BG/siRNA also causes less
expression of Bcl2 confirmed by WB and ICH but the combination of siRNA and 5FU resulted in
higher Bcl2 inhibition efficiency. This confirms that sSiRNA with 5FU produces a synergistic effect
in downregulating the Bcl2 proteins.
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Figure 20: Immunohistochemistry to attribute expression of Bcl2 protein. (A)
Immunohistochemistry for Bcl-2 protein shows higher expression of Bcl-2 in untreated mice

stomachs (red arrow). The naked oral siRNA treatment group also had more Bcl-2 expression than
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BG/siRNA and BG/5FU/siIRNA. The scale bar represents 100 um. (B) Quantification of Bcl2

immunofluorescence data analysis was presented. Data presented as mean £SEM, where n=5.

3.3.7 Therapeutic Efficacy In Vivo

Cell proliferation marker was measured by immunofluorescence assay to evaluate the antitumor
effect of the formulations. Ki67 is a protein found in the nucleus of the cancer cell. Detection of
Ki67 expression has been a reliable indicator for cancer proliferation and prognosis in cancers
including stomach cancer [141]. Therefore, Ki67 is considered an important indicator of therapeutic
assessment and chemosensitivity. Studies show that higher expression of Ki67 corresponds with a
low chemosensitivity [142]. In this study, the stomach section from different treatment groups of
mice was subjected to immunofluorescence for Ki67 protein analysis. The untreated stomach
showed higher expression of Ki67 (yellow arrow) and with treatment, specifically with
BG/5FU/SIRNA, the expression of Ki67 expression was reduced significantly (Figure 21A). The
protein expression was quantified from immunofluorescence images. The area with Ki67 positive
cells was measured in compared to the whole tissue section with DAPI stained. The area (%) of
healthy, untreated, 5FU, BG/5FU, siRNA, BG/siRNA, and BG/5FU/siRNA was measured as
100%, 446.86%, 221.44%, 155.61%, 498.85%, 278.82%, and 90.27%, respectively. The Ki67
expression in the untreated group was 346.86% higher in the untreated group compared to the
healthy control. Whereas, with BG/5FU/siRNA treatment group the expression was reduced by
356.59% when compared to the stomach of untreated cancer mice (Figure 21B). We have also
observed partial expression of Ki67 to the group of mice treated with 5FU which is comparatively

higher than mice treated with BG/5FU/siRNA [143].
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Figure 21: Immunofluorescence for ki67 of stomach sections of different treatment groups. (A) A
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higher expression of ki67 (yellow arrow) was observed in untreated group, whereas after
treatment the expression got reduced specially with BG/5FU/siRNA formulation. Scale bar
represents 100 um. (B) Ki67 expression was quantified compared to healthy control. Data

presented as mean +SEM, where n=5.

H&E staining with stomach tissue was conducted to measure the anticancer therapeutic effect of
stomach cancer as well as the inflammatory effect among the tissue/cell around the cancer. Figure
9 represents the H&E staining image of the same stomach section in different magnifications. To
visualize the whole tumor area the image was taken at 10X magnification and to understand the
pathophysiology a higher magnification image was taken at 40x by a slide scanner. As seen in
Figure 22, the presence of tumors in the stomach as indicated by the black arrow. Moreover, a

large intramucosal tumor was observed in the stomach of untreated cancer mice, and cancer mice
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treated with siRNA and BG/siRNA. However, no visible tumor was observed in the stomach of
the cancer mice treated with BG/5FU/siRNA. The total remission of cancer indicates the ability

and anticancer efficacy of oral delivery of the 5SFU/siRNA assisted by BG.
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Untreated

4/
y
&

Figure 22: Histology of stomach. (A) The histological staining (H&E) shows a growth (blue
arrow) in the untreated section, while after treatment with 5FU, 5SFU/BG, and BG/5FU/siRNA the
tumor region got significantly reduced. (B) H&E staining of stomach cancer sections with 40X
magnification. The red rectangular area was cropped and magnified for better morphological
understanding. The untreated, naked siRNA, and BG/siRNA shows the feature of adenocarcinoma.

The section of BG/5FU/siRNA treatment group almost resemblance as healthy stomach.

In figure 19B, the images were taken at 40X, and then the red rectangular area was cropped to

magnify for better and clearer visualization of the tissue morphology. The higher magnification of
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the images shows adenocarcinoma in the untreated group where there was higher staining of
nuclei, irregular glandular space, and distortion of normal epithelial structure [144]. Signet ring
cells were also found in the untreated stomach cancer tissue. No improvement of tumor was
observed with naked siRNA treated stomach section. However, mice treated with BG/5FU/SiRNA

and BG/5FU demonstrated that the cellular structure almost resembled to healthy stomach.
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Figure 23: Serum biochemistry to demonstrate toxicity. Serum analysis for (A) total protein (TP),
(B) alanine aminotransferase (ALT), (C) creatinine, and (D) blood urea nitrogen (BUN) does not
show any significant difference of the treatment group with the untreated. Data presented as mean

+SEM, where n=5.
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3.3.8 Serum biochemistry and toxicity

To examine the systemic side effect mediated by the treatment modalities, serum analysis was
conducted with the blood collected from both healthy controls, untreated, and treatment groups.
Liver and kidney toxicity was measured by quantifying the presence of total protein (TP), alanine
aminotransferase (ALT), creatinine, and blood urea nitrogen (BUN) in blood and compared with
healthy control. As depicted in figure 23, none of the parameters were found out of the reference
range, which confirms that the oral formulations are not significantly toxic to the liver and kidney.
As, the treatments were given orally, the H&E staining of the small intestine was also done, and
no toxicity was observed in the histological section of the duodenum, jejunum, and ilium of the
different treatment groups (Supplementary figure S15).

3.4 CONCLUSIONS

Stomach specific oral delivery of anticancer therapeutics can enhance the retention duration of the
therapeutic modalities thus improving the therapeutic effect by increasing drug concentration
within the site of cancer. 5FU is the first-line treatment of choice for stomach cancer, however,
toxic effect and development of resistance are the major concern. Considering the risk to benefit
ratio of using 5FU, there is a concern about their broad-spectrum application for various cancer.
In this study, oral delivery of 5FU and Bcl2 siRNA were used to enhance therapeutic effect by
synergistic effect of 5FU and siRNA. RNAI is gaining popularity as an anti-cancer treatment
option because of selective gene silencing and no off-targeting effect which provides better
therapeutic efficacy and fewer side effect. To overcome the challenges associated with the oral
delivery of siRNA, we have developed a nano carrier composed of BG, a highly biocompatible
polysaccharide. The BG was not only protecting the payload of sSiRNA to maintain their stability

but enhancing their retention within the stomach for at least 6 hr. The co-delivery of
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BG/5FU/siIRNA was shown to downregulate Bcl2 expression and apoptosis of cancer cells.

TUNEL assay confirms the apoptosis of tumor cells. Ki67 marker was also reduced with the

treatment and histological staining shows almost complete remission of the tumor region with

BG/5FU/siRNA formulation. Our findings demonstrate that this oral therapeutic modality has

potential for treating stomach cancer and the co-delivery of siRNA and 5FU is more effective than

individual entities such as free siRNA and 5FU. However, the pathway of producing a synergistic

effect in silencing Bcl2 has not been examined in this study. Therefore, we aim to continue this

study to understand the mechanism of action of 5FU and Bcl2 siRNA combination.
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Figure S 7: Size of BG in PBS (A) and Gastric Juice (B). In both PBS and GJ size tends to increase

with time.
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Figure S 8: SEM image of BG/FU (A) and BG/siRNA (B)
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Figure S 9: Release study of 5FU. Free 5FU shows a burst release in 2" hour compared to the

BG/siRNA and BG/5DU/siRNA. BG/5FU and BG/5FU/siRNA shows a sustain release up to 10hrs.
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Figure S 10: Stability of siRNA formulation in BG. Stability of siRNA formulation in BG. (A)
Agarose gel electrophoresis of naked siRNA in GJ after incubating for 1,2,4,6 and 8hrs. (B)

Nanodrop measurement of siRNA shows that naked siRNA without BG is not stable in GJ.
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Figure S 11: Surface plasmon resonance (SPR) analysis for binding affinity of BG and mucin.

Shows the picks for (d) EDC/NHS and (e) BG. BG was used as ligand over COOH-Au chip.
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Figure S 12: Figure S1.6. SPR analysis shows the binding of BG to mucin. Curve- a) indicates
association of BG with mucin, b) represents the plateau and where BG continues to bind with

mucin and c) indicates the dissociation of BG with mucin.
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Figure S 13: Cellular viability (A) and 1C50 (B) value of 5FU formulations. Cellular viability (A)
and IC50 (B) value of 5FU formulations. The 1C50 value of 5FU, BG/5FU and BG/5FU/siRNA

was found to be around 25uM+ 8.3, 35uM= 9.3 and 35uM=7.4 respectively.
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Figure S 14: Size and weight of intestine post-treatment. (A) Intestine collected from different

treatment group. Weight (B) and size (C) of the collected intestine were measured. No significant

difference was found between the treatment and untreated group.
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Figure S 15: H&E staining of intestine shows no significant toxicity. H&E staining of duodenum,

jejunum, and ileum of different treatment groups. No significant toxic effect was observed in the
intestinal section.
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Summary:

The objective of this thesis was to figure out a safe treatment option for cancer and fibrosis as both
these diseases have a very high number of mortality rate and very bad prognosis. To overcome the
limitations of the current treatment options we used a nanocarrier to deliver the drug. Here Bcl2
inhibitors were used to load the drug on the specific targeted site and used Bcl2 inhibitors as
therapeutic modality.

In the first project we focused on developing a myofibroblast targeted treatment option for kidney
fibrosis. The conventional treatments are mostly symptomatic. Till now there has been no available
treatment option for kidney fibrosis which would reverse the fibrosis process. In this purpose, we
designed PLGA nanoparticle and modified the surface of nanoparticle with AT2 peptide and
loaded Navi inside as a therapeutic modality. Navi is a very potent drug for both cancer and
fibrosis. However, due to the hematological side effects it is still not FDA approved and is given
orally to limit the side effects. The result showed that this AT2 targeted treatment option with Bcl2
inhibition was able to reverse kidney fibrosis process in fibrosed mice model at the same time it
found that PLGA coating prevent the side effect specifically the hematological side effect. This
study provided a much-needed treatment for kidney fibrosis. Although, more study needs to be
done to proceed to the clinical trial, to be available for clinical use. However, it creates a new
horizon of research with Bcl2 inhibition. No study has been done before with Bcl2 inhibition for

kidney fibrosis.
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e Bcl2 inhibition can induce apoptosis in fibrosed kidney cell and reverse it back to
normal.

e Navi does not produce thrombocytopenia when delivered with PLGA coated
nanoparticle.

e AT2 conjugation provides the kidney selective ability to the particle.

e A new treatment for kidney fibrosis.

In the second project we prepared an alternative stomach targeted oral treatment approach for
stomach cancer. We have used Bcl2 siRNA to knock down Bcl2 gene and 5FU and loaded the
therapeutics inside BG nanoparticle. The result of our study showed that the Bcl2 siRNA and 5FU
produce synergistic effect in creating apoptosis and provided better therapeutic result compared to
only siRNA or free 5FU. On top of that, BG nanoparticle helped longer retention of drugs in the
site of cancer and reduced random distribution of drug which helped in getting better therapeutic
efficacy with lesser dosages and demand less frequency and side effect. This study enabled oral
siRNA-based chemotherapy for stomach cancer. RNAI has been revolutionary in cancer treatment
as it could target a specific gene that causes cancer. However, oral delivery of nucleic acid is
always a challenge as nucleic are not stable in intestinal milieu. BG were able maintain the stability
of siRNA without any chemical modification and changing the properties intact. It provides a
platform for research for oral delivery of other nucleic acids such as mMRNA or other RNAI or

protein molecules. The innovation of this study is listed below,
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e 5FU and Bcl2 siRNA produce synergistic effect on apoptosis and provide better
therapeutic effects.

e BG acts as a shield and provides the stability to the siRNA in acidic stomach
environment.

e BG nanoparticle is more stomach specific compared to any other part of the body
containing mucous.

e BG NP facilitates the transportation of hydrophobic small molecule like 5FU through

the intestine.

In summary this thesis focused on developing a nanoparticle mediated improved treatment option
for stomach cancer and kidney fibrosis with Bcl2 inhibition. Both the treatments were successful
in terms of therapeutic efficacy and did not generate the usual toxic effect. We exhibited that Bcl2
inhibition of cancer cell and fibrosed cell can treat stomach cancer and reverse fibrosis.

Additionally, efforts to improve access to cancer care and reduce healthcare disparities are
essential to ensure that all patients receive the best possible treatment options. Addressing these
limitations will require continued research efforts to deepen our understanding of fibrosis
pathogenesis, develop more effective and targeted therapies, improve diagnostic tools and
biomarkers, and optimize treatment approaches for individual patients. Additionally, early
detection and intervention strategies are needed to prevent or minimize fibrosis progression and
improve patient outcomes. However, it's important to note that while preclinical studies are
encouraging, further research, including clinical trials, is needed to fully evaluate the safety and

efficacy of Navitoclax in cancer and fibrosis treatment in humans.
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