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Abstract

Peritoneal Dialysis (PD), a treatment modality for end-stage renal disease (ESRD) uses
high concentrations of glucose in its dialysis solutions. Since, 40% ESRD patients are diabetic,
use of glucose-based PD solutions is non-rational because of the local and systemic adverse
effects of glucose. There is a need for a biocompatible, non-glucose based osmotic agent that
can replace glucose in peritoneal dialysis solutions. Recent studies on low molecular weight
hyperbranched polyglycerol (HPG) as an osmotic agent show good ultrafiltration and reduction
of peritoneal membrane injury but elimination through the kidneys. Our studies show that HPG
is excreted via kidneys, and in ESRD patients, kidney function is impaired which could
potentially result in poor excretion of this osmotic agent. N-acetylgalactosamine (GalNAC)
carrying proteins and macromolecules has shown to be effectively up taken by the liver through
asialoglycoprotein receptor (ASGPR). Thus, we hypothesize that HPG modified by GalNAc
conjugation can be recognized by ASGPR in the liver, taken up and excreted through feces.
GalNAc epoxide was synthesized by standard organic modifications and conjugated with HPG
(3K) at two different densities (one or three GaINAc molecules per HPG) (denoted as HPG+1S
or HPG+3S). The polymers were labeled with alexa647 and screened for effective
internalization in a panel of hepatocyte cell lines with different levels of ASGPR expression
using flow cytometry. Results of dose-dependent uptake of polymers and ASGPR staining of
hepatocytes suggested receptor mediated internalization of HPG+3S in HepG2 and HuH7.5.1
cells. Km values were assessed to determine the efficacious HPG conjugate followed by
competitive inhibition with natural ligands of ASGPR in HepG2 cells. HEK293 cells
ectopically expressing ASGPR1 and ASGPR1&2 genes were used to confirm HPG+3S uptake

through ASGPR specifically. Mice tissue distribution studies of radiolabeled HPG and



HPG+3S showed better uptake of HPG+3S by the liver than HPG. Percentage of HPG+3S
excreted via feces was significantly more than HPG in mice with normal kidney function, which
support the enhanced binding of HPG+3S to ASGPR in hepatocytes. In conclusion, both our in
vitro and in vivo results substantiate our claim that GaINAc conjugated HPG can be rerouted

to be excreted via feces.



Lay Summary

About 40% of kidney failure patients cannot opt for peritoneal dialysis because they are
diabetic and peritoneal dialysis solutions contain high concentrations of glucose.
Hyperbranched Polyglycerol (HPG) has been proven to be safe with properties good enough to
replace glucose in peritoneal dialysis solutions but show poor excretion when kidney function
is compromised. We suggest modification of HPG with GalNAc that target the liver and
eventually be excreted through feces. We made a few HPG-GalNAc polymers which were
tested in liver cells and the better performing polymer was tagged and injected into mice. HPG-
GalNAc polymers showed better uptake in both liver cells and mice liver than HPG. Mice were
able to excrete HPG-GalNAc through feces despite having normal kidney function. Further
studies on HPG-GalNAc need to be performed to test its ability as an osmotic agent in peritoneal

dialysis.
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Glossary

ICso — It is the concentration of inhibitor required to reduce binding of another substance to

the receptor by 50%.

Km — Kmvalue is an index of the affinity of an enzyme for its substrate. In this case, it refers

to the affinity of ASGPR receptor for the various HPG polymers. The lower the Kn, value the

better the affinity.
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Chapter 1: Introduction

The kidneys are responsible for various bodily functions such as regulating water and
mineral levels, removing impurities/waste substances, producing hormones etc. The Urology
Care Foundation suggests that the term “Kidney failure” refers to a lot of problems which
include improper blood supply to the kidneys, blockage caused by stones, polycystic kidney
disease, glomerulonephritis, and nephropathies caused due to hypertension and diabetes (1).
Kidney failure can be of two types: Acute Renal Failure (ARF) and Chronic Renal Failure
(CRF). ARF is characterized by abrupt increase in creatinine levels that is caused due to an
injury or insult that causes a structural or functional change in the kidney. With ARF, renal
function can be reverted to normal if the cause is treated (2). CRF is gradual and permanent
loss of renal function that goes unnoticed until the kidney function goes as low as 20% (1).
CRF will eventually lead to End Stage Renal Disease (ESRD) which is defined as an
irreversible loss in renal function that can be fatal without intervention such as dialysis or
transplant (3). The prevalence of ESRD is reported to be greater in countries like the US and
Japan (4,5). In Canada, the annual overall prevalence for CRF is 12.5% with around 0.73
million people progressing to ESRD according to a study in 2013(6). The number of ESRD
patients has been on the rise since 1980 in Canada and is also predicted to keep increasing (7—
9). Progression to ESRD is linked to other co-morbid conditions like diabetes, hypertension and
cardiovascular disease and accounts for about 16 times more than the average healthcare cost
for a person and has serious implications (6,7). The best treatment option for ESRD is kidney
transplant followed by dialysis. According to a statistics report on organ replacement, 42% of
patients received a transplant kidney in 2017. The remaining 58% received some form of

dialysis (10). Patients are put on some sort of dialysis until a donor kidney is found.



1.1 End Stage Renal Disease

Patients with glomerular filtration rate (GFR) of less than 15 mL per 1.73m? body
surface area or requiring dialysis irrespective of GFR for survival are identified to have ESRD
as per the National Kidney Foundation(3). ESRD can often be called stage V of CRF but differs
from CRF by the fact that, in ESRD patients require long-term dialysis for survival (11). ESRD
is characterized by fluid retention in the body which in turn leads to hypertension, ventricular
dysfunction which further leads to cardiovascular disease (CVD), disruption of bone and
mineral metabolism, dyslipidemia and protein energy malnutrition. Anemia is also associated
with ESRD due to reduced erythropoietin synthesis by the affected kidneys (3). People aged
65 years and above have a four times greater chance of progressing to ESRD (1). Hypertension
and proteinuria are considered two of the strongest factors contributing to quick progression to
ESRD. (12,13). There has been a striking increase in percentage of ESRD patients with diabetes
as the primary prognosis. In fact, diabetes has progressed to become the number one cause for
nephropathies leading to ESRD (13-16). The prognosis of ESRD remains poor and mortality

rates are linked to infection during dialysis, CVD, acidosis etc. (3).

1.2 Dialysis

Dialysis is a treatment method which is used to remove impurities or uremic toxins from
the body through artificial means. It is of two types: Hemodialysis and Peritoneal Dialysis (PD).
Hemodialysis is a method where an artificial kidney or hemodialyzer is used. The blood is
usually drawn out from the femoral vein or fistula and passed through an extracorporeal

machine with several filters that filter blood and then the purified blood is sent back to the



patient. Hemodialysis aims to restore intracellular and extra cellular chemical/fluid balance that
is normally maintained by the kidneys. This is done by the movement of solute particles such
as urea, phosphates, albumin and other protein bound solutes across a semi-permeable
membrane with the help of hydrostatic or osmotic pressure(17-19). Patients may be required to
do dialysis twice per week to daily depending on the extent of residual renal function.
Frequency of dialysis is also determined by several factors such as amount of uremic toxins
generated, body mass and other clinical conditions (17,20). There are several risk factors
associated with hemodialysis such as hypotension, embolus formation, increased risk of CVD
due to vascular stiffness and calcification. Sepsis is the second most common cause of death in
dialysis patients after cardiovascular related deaths (21-24). Hemodialysis is not the focus of
this thesis and hence will not be discussed further.

1.3 Peritoneal Dialysis:

PD is a type of dialysis in which a catheter is implanted in the peritoneum of the patient
and a highly osmotic solution is poured into the peritoneum and later drained (known as
exchange) (25). There are three different types of PD: Continuous Ambulatory peritoneal
dialysis (CAPD), Automated Peritoneal Dialysis (APD) and a combination of both. In APD, an
automated cycler is used to perform the exchanges when the patient is sleeping in the night. In
CAPD, 4 to 5 exchanges are performed during the day, with the help of gravity and no machine
is needed (26). PD also allows patients to continue employment and does not put financial
pressure on patients as much as hemodialysis. In 2017, 23% of new patients who started
dialysis opted for PD (10). Comparison of dialysis costs throughout the world show that costs
incurred for PD is much cheaper than for hemodialysis. In Canada, the average annual costs per

patient for hemodialysis (in unit) is estimated to be $64,214 and for PD is estimated to be



$38,658 (27). From Figurel, we can see the cost distribution for different types of treatment
modalities for renal failure. Although, the material costs for PD are higher than hemodialysis,
the total costs for PD is much lesser than hemodialysis. Inclusion of inpatient and outpatient
costs, training of personnel, medication, and other hidden costs such as transportation costs and
patient productivity suggest PD to be much more advantageous (28-30). Naturally, the
question arises why only a small percentage of renal failure patients undergo PD despite the
increased cost effectiveness and quality of life. Factors like age, predisposition to other disease
such as immune disorders, diabetes, hypertension, abdominal surgeries, and peritoneal

membrane health all contribute to the recruitment of patients for PD.

120+
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Figure 1: Annual health care costs of dialysis stratified by modality in Canada(30).
The success of PD depends on the ultrafiltration ability of the peritoneal membrane. The
peritoneal membrane consists of a monolayer of mesothelial cells underneath which lies a rich

network of capillaries. These mesothelial cells are responsible for maintaining peritoneal



homeostasis and this ability is exploited to perform dialysis. The membrane allows solute
transport and fluid balance but is prone to inflammation and fibrosis (31). The major drawback
with PD is ultrafiltration failure which is normally caused due to fibrosis and infection of the
peritoneal membrane (32). Thus, the use of a safe and biocompatible osmotic agent is highly
essential. PD solutions are composed of an osmotic agent, buffer, and electrolytes. Glucose is
the most common osmotic agent and conventional PD solutions use either glucose or glucose-
based polymers. It is known that 39% of new patients with ESRD are diabetic (10).

There is increasing evidence that conventional PD solutions lead to local and systemic
toxicities. Glucose degradation products are generated and contribute to lower pH of the dialysis
solutions. Icodextrin, a poly-glucose solution was used. Icodextrin solutions are isosmotic and
have low ultrafiltration rates hence used for long dwell times. Amino acid-based PD solutions
contain 1.1% amino acids which have similar osmolarity rates to 1.5% dextrose solutions but
are associated with acidosis and raise in urea/ nitrogen levels. Neutral pH solutions comprised
of 2 or more bags that must be mixed before use were introduced. More data on the use of these
neutral pH PD solutions are needed. The use of conventional PD solutions is still required
despite the newer PD solutions because none of them completely replace glucose-based PD
solutions and only aim to reduce the use of conventional PD solutions in hopes of prolonging
PD treatment. Use of conventional PD solutions is associated with loss of mesothelial layer,
inflammation, angiogenesis with vasculopathy and fibrosis locally. Systemic effects include
hyperglycemia, dyslipidemia, oxidative stress and metabolic syndrome, endothelial dysfunction
and decrease in residual renal function. These effects eventually lead to cardiovascular

diseases(25,31,33-36).



Table 1: Commonly used PD solutions manufactured by Baxter.

_ Osmotic Level of _
Solution pH Disadvantages
Agent GDP
Low pH; damages peritoneal
] Glucose _ _
Dianeal 5.2 High membrane; systemic glucose
(5-42.5g/L) o _
exposure; infusion pain
Physioneal - Glucose Hiah Local and systemic damage due
: [
(Two chamber) (15-42.5g/L) : to glucose exposure
Icodextrin low pH; hypersensitivity; single
Extraneal 5.6 Low .p yP / ) J
(75g/L) daily use; longer dwell times
Amino Acids S )
) Acidosis; single daily use; low
Nutrineal 55 (1.1% No
. pH
solution)

With more patients being diabetic, there is a need for non-glucose based peritoneal

dialysis solution that is safer for the peritoneal membrane, limits the systemic effects of glucose

and enables diabetes induced nephropathic patients to opt for PD. For this, a small

biocompatible osmotic agent that will not elicit an immune response and that can impart high

osmolarity to PD solutions will be ideal.
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Figure 2: Schematic showing harmful effects of conventional PD solutions that new PD

solutions aim to control (36).



1.4 Hyperbranched Polyglycerol (HPG):

In 1999, a group of scientists from Germany showed that hyperbranched polyglycerol
(HPG) can be synthesized using glycidol monomer (AB: latent cyclic monomer) by ring
opening multi-branching polymerization (ROMBP) reactions. Through controlled and slow
monomer addition, hyperbranched dendritic polyglycerols with polydispersity less than 1.5 can
be synthesized (37). Glycerol being found in phospholipids, the newly found polymer was
expected to be biocompatible and used for biomedical applications. In one of the earliest
reviews of HPG by Holger Frey and Ranier Haag list several applications. HPG will make good
hydrogels owing to the dendrimers present. The OH groups can be modified with cell growth
factors that can stimulate cell growth and provide a scaffold. Esterification with fatty acids
created an amphiphilic core which enables use as nano capsules and nano particles that can be
used as topical ointments and in drug delivery(38,39).
HPG has a very similar structure to polyethylene glycol (PEG) and is very biocompatible. In
2006, biocompatibility testing on both linear and hyperbranched polyglycerols of lower
molecular weight showed no significant complement activation or red blood cell (RBC)
aggregation and hence was deemed biocompatible and hemocompatible(40). Both in vitro and
in vivo biological evaluations of higher molecular weight HPGs (100 K — 800 K) show that
HPG is more thermally stable than PEG and behaves protein-like in a solution. HPG does not
elicit any immunological responses when injected in mice and rats. It is actively flushed out of
the system by the kidneys although the higher molecular weight HPG take more time for

clearance (41,42).



Figure 3: General Scheme for ring opening multi-branching polymerization of HPG
(43).

A decade of research in HPG extends in various directions such as regenerative
medicine, colloidal organ preservative, theranostic applications, drug delivery, polymer
therapeutics and imaging applications (43,44). In 2007, Brooks and colleagues first
demonstrated the use of HPG as an osmotic agent by the development of an improved low
viscosity substitute for human serum albumin (45). Later in 2013, Sprague Dawley rats (10-12
weeks old) were given peritoneal injections of solutions containing low molecular weight HPG
as the osmotic agent and compared with the conventional physioneal solution. HPG solutions
showed good ultrafiltration properties with efficiency increasing with increase in molecular

weight of the polymer (46).
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Figure 4: Ultrafiltration of HPG solutions compared to that of Physioneal solution.(46)

HPG solutions not only show good ultrafiltration, but also cause less damage to the
peritoneal membrane than conventional physioneal solution. It is also to be kept in mind that
the physioneal solution is the better solution among conventional dialysis solution. Moreover,
in cultured human peritoneal mesothelial cells (HPMC), HPG solutions were found to induce
apoptosis versus necrosis by conventional PD solutions. Further research on the local and
systemic effects of HPG versus conventional solutions for a long term (3 months) in rats show
that the physioneal solution triggered more inflammatory cytokine production than HPG
solution (46,47). When obese diabetic rats received Physioneal, icodextrin and HPG (1K)
solutions, HPG solution shows better ultrafiltration and less peritoneal membrane damage and

lesser changes to blood metabolic panel and cytokine profile(48).
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Figure 5: Comparison of Physioneal (PYS), icodextrin (ICO), and HPG in the
preservation of peritoneal membrane structure and function(48).

Although, HPG polymers show good ultrafiltration properties and better preservation
of the peritoneal membrane, our group has found out that HPG excretion is mainly dependent
on kidney function (data not published yet). Since, we are considering HPG for dialysis
solutions for a long term, we need to keep in mind that PD patients have reduced residual renal
function and the goal of PD is to preserve this function. HPG accumulation in the long run may
turn into a health hazard for prolonged use of HPG based PD solutions. Thus, there is a need to
find a by-pass route for HPG that might be absorbed by the body during exchanges to be

excreted. Liver targeting and biliary excretion is one way of creating a by-pass route and can
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be achieved by aiming to target the ASGPR which is a receptor found predominantly in
hepatocytes.
1.5 Asialoglycoprotein Receptor (ASGPR):

The asialoglycoprotein receptor (ASGPR) also known as the Ashwell-Morell receptor
is one of the first C-type lectin receptors to be discovered. It is known to be expressed in the
parenchymal cells of the liver (sinusoidal surface) predominantly. It is also found to be
expressed in monocytes, peritoneal macrophages, testes, human sperm, and epithelial cells of
the intestine. (37). ASGPR plays a role in regulating the number of glycoproteins in the blood
by identifying proteins that are highly glycosylated at the terminal galactose and GaINAc
residues. Upon ligand binding, ASGPR is internalized by clatherin mediated endocytosis and
then receptor-ligand complexes are broken down with the help of lysosomes. Ligand binding
and internalization is dependent on Ca?* ions (49,50).

The receptor is a complex transmembrane hetero-oligomeric structure consisting of two
types of polypeptide chains H1 and H2 encoded by ASGPR1 and ASGPR2 genes, respectively.
The receptor is formed by assembly of these chains in a 2:1 ratio (51). There is a total of 5
isoforms of the ASGPR: 2 isoforms of ASGPR1 gene (1a and 1b) and 3 isoforms of ASGPR2
gene (2a,2b and 2c). The amino acids aspartic acid 241, aspartic acid 265, asparagine 264,
glutamic acid 252, glutamine 239 and tryptophan 243 belonging to H1 are recognized to be the
active site for ligand binding. A glycine rich loop protrudes from the surface to which sugars
are attracted to the binding pocket where the second calcium ion binds to the sugar (52).GalNAc

residues have been found to bind more tightly than galactose residues (49,53).
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Figure 6: Binding model for ASGP-R ligands in an optimal conformation to the

heterooligomeric receptor consisting of H1 and H2 subunits (54).
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Figure 7: A schematic of receptor mediated active targeting of hepatocytes (55).
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The presence of the ASGPR in hepatocytes in large numbers proved to be an effective
liver targeting strategy. By conjugating galactose or GalNAc to liposomes, micelles, or
dendrimers successful receptor mediated uptake by hepatocytes have been achieved(49). An
increase in the number of GaINAc moieties presents increased uptake and stronger binding
ability to the receptor. Several groups have come up with this strategy to selectively target the
liver especially for drug delivery for hepatocellular carcinoma(49,54-57). Preclinical gene
therapies with GalNAc conjugated siRNAs have shown to successfully target hepatocytes (58—
60). Revirusan, a GalNAc-siRNA conjugate targeting transthyretin in for treatment of

transthyretin mediated amyloidosis emerged successful in clinical trials (61).
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Chapter 2: Objective of the thesis

From literature review, we know that there is a consistent increase in the incidence of
ESRD patients with primary prognosis of diabetes. Amongst the very few treatment options
available to them, they are not able to opt for peritoneal dialysis due to the use of glucose as the
main osmotic agent. Albeit HPG shows promising ultrafiltration and lesser peritoneal
membrane damage than glucose-based solutions, it still poses the risk of accumulating within
the body since HPG is primarily excreted via the kidneys. On the other hand, ASGPR mediated
liver targeting is a well-researched method for targeted delivery of drugs and gene therapies to
hepatocytes and has emerged successful over these recent years.

We hypothesize that conjugation of HPG with GalNAc will generate a non-glucose
osmotic agent with liver targeting capability, thereby providing a new elimination route via
feces for HPG and ameliorate the pressure on the failing kidneys in CRF and ESRD patients
who opt for PD. This will excavate PD as a safe renal replacement therapy option for diabetic
CRF and ESRD patients which could in turn help in the reduction of health care costs for the
government.

With the intention to prove our hypothesis, we have the following specific aims:
1. The first is to successfully conjugate low molecular weight HPG to GalNAc. We
decided to synthesize a few polymer conjugates with different number of GalNAc per

HPG. Therefore, synthesis of HPG-GalNAc conjugates is the first step in our project.

2. The next step was to test the binding and uptake ability of HPG-GalNAc conjugates in

a panel of hepatocyte cell lines to identify the best performing HPG-GalNAc conjugate.

3. The final step of this thesis is to radiolabel HPG and best performing HPG-GalNAc

conjugate and understand its biodistribution and excretion in mice.
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Chapter 3: Materials and Methods

This chapter lays out the various materials and methods used in the synthesis of HPG-
GalNAc followed by the procedures adopted in vitro and in vivo experiments to analyze

polymer conjugates.

3.1 HPG-GalNAc Synthesis

HPG-GalNAc synthesis comprised of four different steps. The first three steps involved
the synthesis of the sugar to GalNAc-epoxide. The fourth step comprised conjugation of
previously synthesized HPG polymer (3k) to the GalNAc-epoxide. 1,2-dichloroethane,
trimethylsilyl triflate (TMSOTTf), dichloromethane (DCM), dimethylflouride (DMF) and
methanol were the solvents used and were purchased from Sigma Aldrich, Canada. Other
materials such as 4A molecular sieves, magnesium sulphate, sodium bicarbonate, meta-
chloroperoxybenzoic acid and sodium hydride were all purchased from Sigma Aldrich, Canada

as well. All chemical structures were drawn using Chemdraw software.

3.1.1 Step 1: Synthesis of Galactopyrano-2-oxazoline

D-galactopyrano-2-oxazoline was obtained from N-acetyl-D-galactosamine (crude
GalNAc) (Biosynth Carbosynth, San Deigo, CA) by using trimethylsilyl triflate (TMSOTTY) at
50°C with 1,2-dichloroethane as the solvent.

GalNAc (10 g) was dissolved in 160 mL of anhydrous 1,2-dichloroethane along with
4A molecular sieves in a sealed reaction vessel under argon atmosphere. TMSOTf (7.5mL) was
added to the reaction mixture and left undisturbed overnight. The reaction mixture was then

filtered through celite, washed twice with 10% sodium bicarbonate (2 x 50 mL) and thrice with
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water (3 x 50 mL). The organic layer was dried over anhydrous magnesium sulphate, filtered,
and concentrated under vacuum to obtain a dark brown solid that weighed approximately 6.3g.
(yield- 63%) (62). Conversion of GalNAc to D- galactopyrano-2-oxazoline was confirmed by
H NMR with the disappearance of the doublet at 7.89 to 7.92 ppm corresponding to proton from

NH-CO-CH: group (refer to appendix).
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Figure 8: Conversion of N-acetyl-D-galactosamine to D-galactopyrano-2-oxazoline.

3.1.2 Step 2: Gal-2-oxazoline to Allyl-GalNAc

Gal-2-oxazoline obtained from the first step was dissolved in 200 mL of anhydrous 1,2-
dichloroethane followed by the dropwise addition of allyl alcohol (14mL) with 4A molecular
sieves under argon atmosphere. The reaction mixture was brought to 70°C and then TMSOTf
(1.6 mL) was added. After 20 hours, the reaction mixture was brought to room temperature and
filtered through celite. The organic layer was washed first with a saturated solution of sodium
bicarbonate (50 mL) twice and then with brine (2 x 50 mL). The organic layer was dried over
anhydrous magnesium sulphate, filtered, and concentrated under vacuum to remove excess of
allyl alcohol and a colorless white solid was obtained which weighed approximately 5.64 g
(yield 89%). The final white solid product obtained would be allyl-GaINAc(62). This

intermediary product was verified by H NMR (Nuclear Magnetic Resonance) with the
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reappearance of the doublet at 7.89-7.92 ppm and the presence of dddd peaks corresponding to

protons of the allyl group at 5.84 ppm (refer to appendix).
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Figure 9: Formation of Allyl-GalNAc from Galactopyrano-2-oxazoline using allyl

alcohol.

3.1.3 Step 3: Allyl-GalNAc to GalNAc-epoxide

The allyl-GalINAc produced at the end of step 2 was dissolved in 120 mL of
dichloromethane (DCM) to which meta chloroperoxybenzoic acid (5.9 g) was added and the
reaction mixture was stirred for 24 hours at room temperature. The completion of this reaction
was monitored by thin layer chromatography (TLC). A white precipitate, m-chlorobenzoic acid
was obtained as a by-product and the reaction mixture was filtered to remove it. The volume of
the filtrate was then reduced by 30% with the help of a rotary evaporation and then cooled to
0°C to precipitate more m-chlorobenzoic acid. The concentration-precipitation-filtration cycles
were repeated thrice to obtain a white solid of GalNAc-epoxide with trace amounts of m-
chlorobenzoic acid (62). The final product of sugar modification was confirmed by the presence

of characteristic peaks of epoxide at 2.55, 2.70, and 3.06 ppm (refer to appendix).
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Figure 10: Conversion of allyl-GalNAc to GalNAc epoxide.

3.1.4 Step 4: Conjugation of HPG-3K with GalNAc-epoxide

To the solution of HPG 3K in anhydrous dimethylflouride (DMF) (100 mL), sodium
hydride (approximately 20 mg) was added under argon atmosphere. The reaction mixture was
stirred for 2 hours at 70°C and then a solution of GalNAc-epoxide in anhydrous DMF was
added to it dropwise (with the help of an injection pump) and the reaction was continued
overnight. The ratio of GaINAc-epoxide and HPG 3K determines the number of GalNAc groups
that will be conjugated to HPG 3K and it was varied accordingly to obtain polymers with an

average number of one and three GaINAc groups per HPG 3K molecule.
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Figure 11: Conjugation of HPG with epoxy-GalNAc.
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DMF was removed under reduced pressure and the resulting polymer was then dissolved
in anhydrous methanol. Deprotection of the acetyl groups of GaINAc was accomplished by
incubating the polymer with sodium methanolate at room temperature for 2 hours initially.
After, full conversion was confirmed by presence of characteristic peak corresponding to
GalNAc at 2.0 ppm, methanol was removed under reduced pressure and the polymer was

dissolved in water, and its pH was adjusted to 7.0 with HCI.
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Figure 12: Deprotection of acetyl groups to hydroxyl groups.

The polymer conjugates were characterized using NMR. The products of each reaction
were verified using H NMR. Samples were prepared in DO or DMSO at each stage of the
synthesis and analyzed. The final polymer samples were also run through Gel Permeation

Chromatography (GPC) to obtain the size, molecular weight, and polydispersity data (63).

3.2 Labelling of polymer conjugates

There are two methods to label HPG polymer and HPG polymer conjugates: fluorescent
dye labeling and radiolabeling. For in vitro studies, Alexa 647 dye which has excitation
wavelength of 650 nm and emission at 665 nm and can be detected with the Allophycocyanin

(APC) channel was chosen. For in vivo studies, radiolabeling with tritium (3H1) was chosen.
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3.2.1 Alexa 647 labelling

Freeze dried polymer was dissolved in 0.1M sodium bicarbonate buffer (1 mL). Alexa
647 dye (purchased from Thermofisher Scientific, Canada) was dissolved in anhydrous DMF
(5 mgin 0.5mL). 75-80 pL of dye solution was added to the reaction mixture and continuously
stirred at room temperature overnight in dark conditions (64). After stopping the reaction, the
dye tagged polymer solution was dialyzed in a 1K membrane for 24 hours to remove excess
dye, DMF and salts. A much smaller cut-off membrane was used to prevent loss of dye tagged
polymer (molecular weight approximately 3K). Dye tagged polymer was then freeze dried and

then dissolved in distilled H20 to make stock solution of 1 mg/mL concentrations.

3.2.2 Radiolabeling

HPG 3K and GalNAc conjugated HPG 3K (HPG+3S) were radiolabeled with tritium
(®Ha) for performing in vivo bio -distribution experiments. The radiolabeling reactions were set
up using previously established protocols by Irina Chafeeva at the hot lab in Dr.Jayachandran
Kizhakkedathu’s lab (42,65). The final injectable solutions were then transported to BC Cancer

Research facility (Vancouver, BC).

3.3 Invitro: Cell Culture

The panel of hepatocytes chosen for initial screening of the best HPG polymer conjugate
included HepG2, HuH 7.5.1 and THLE2 cells.
HepG2 cells provide a good 2D model for liver toxicity and uptake studies. It was derived from

a 15-year white male with hepatocellular carcinoma(66). The cells are adherent and epithelial
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cell like. HepG2 cells were available in the lab inventory at Dr. Caigan Du’s lab. HepG2 cells
were cultured in uncoated culture plates with DMEM supplemented by 10% FBS and 1%
antibiotics. HuH 7 cells are known for virology research such as the Hepatitis C and dengue
virus. They are hepatocellular carcinoma cells derived from a Japanese male in his late fifties
(67). HuH 7.5.1 cells were acquired from Dr. Jean Francois laboratory by signing an Material
Transfer Agreement with Apath,L.L.C . HuH 7.5.1 cells were cultured similar to HepG2 cells.
THLE 2 cells are transformed human liver epithelial cells from an adult male using simian virus
40 (SV40)(68). THLE2 cells were purchased from the American Type Culture Collection
(ATCC) and cultured in lab optimized KI** media. KI media is prepared by mixing a 1:1 ratio
of DMEM and F-12 media along with1% HEPES modification solution, 0.25%EGF (Epidermal
Growth Factor),10% fetal bovine serum (FBS) and 1% antibiotics. HEK293 cells were cultured
using DMEM supplemented by 10% FBS and 1% antibiotics. THP-1 cells were cultured with

RPMI media along with 10% FBS and 1% antibiotics.

3.3.1 Initial screening of polymer conjugate internalization in different hepatocytes

Time dependent uptake experiments were performed to get information on the shortest
period required for the uptake as well as the time at which the maximum uptake can be seen.
This experiment helped in optimization of the time required for treating cells with polymer
solutions.

Cells were plated in a 24 well plate with a seeding density of 1 x 10° cells per well and
left undisturbed overnight at 37°C. Cells were treated with 2 uM of polymer solutions (HPG,
HPG+1S, HPG+3S) in their respective media including the presence of FBS and incubated for

different time points starting from 30 minutes up to 4 hours. Previous studies had used
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concentrations ranging from 0.4 to 12.5 uM. A concentration that would be ample for the cells
yet not saturate them very soon was chosen. Initially, it was planned to check the uptake up to
24 hours but since more than 90% of cells were positive at 4 hours, time points till 4 hours were
opted(54,57,69). After incubation, the supernatant was collected, and the cells were washed
with phosphate buffered saline (PBS), collected in tubes, centrifuged at 5000rpm for 5 minutes
and resuspended in PBS. The cells were analyzed using BD-FACS canto using the APC channel
(650 nm-785 nm) and Flowjo software.

For visualization of the internalization of the polymer in cells, HepG2 cells were seeded
in single chambered glass slides with a seeding density of 2 x 10° cells and left undisturbed
overnight. Cells were treated with 2 uM of polymer solutions and incubated for 1 hour. Media
was discarded and cells were washed with PBS. 4% paraformaldehyde was used to fix cells and
nuclei were stained with DAPI dye. Chambers were removed and cells were mounted. Cells

were imaged using Z stack feature in a confocal microscope (ZEISS LSM 900).

3.3.2 Receptor Mediated Internalization
After confirmation of internalization of the polymers, it was necessary to confirm
receptor mediated uptake. To prove this, the following experiments were performed:
1. Confirmation of expression of the ASGPR in hepatocyte cell lines.
2. Dose dependent uptake to determine the Kn, values of different polymers.
3. Uptake in the cells ectopically expressing ASGPR.

4. Inhibition assays with natural ligands.
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3.3.2.1 ASGPR expression in the panel of hepatocyte cultures

Panel of hepatocytes were stained for presence of ASGPR to know the amount of
ASGPR expressed in each cell line which was helpful in correlation of the difference in the
uptake observed amongst the cell lines during initial internalization screening and aided in
choosing the optimal cell line as a 2D model.

Cells were collected in tubes and washed with 1% FBS solutions and then incubated
with primary antibody-ASGPR1(Santa Cruz Biotech) for 30 minutes on ice protected from
light. Cells were then washed twice with 1% FBS and incubated with secondary antibody that
was tagged with a fluorescent label (FITC). Unstained cells were used as a background control.
Both the cells were run through a flow cytometer and analyzed using the FITC channel (490

nm-520 nm, green).

3.3.2.2  Determination of affinity of the polymer conjugates

The goal of this experiment was to determine the Michaelis Menten constant, Ki, of the
polymer conjugates to the cell surface receptor. K is defined as the concentration at which half
of the active sites are occupied and the rate of the reaction is half its maximal value. Hence, the
lower the Kn value, the better the affinity of the polymer conjugate to the receptor. This constant
was used to determine the polymer conjugate with higher affinity in our experiments. Under
ideal conditions, the rate of internalization is used determine Ky values but since it is difficult
to determine the rate of internalization, the difference in Mean fluorescence intensities (MFI)
was used to arbitrarily determine Km values. This approach has been adopted from previous
studies (57). The Michaelis Menten curve also indicates receptor mediated uptake as binding

of a ligand to the receptor is similar to enzyme Kinetics.
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To determine the Kn values of all the HPG polymer and polymer conjugates, dose
dependent uptake was performed by keeping time constant. Cells were seeded in 24 well plate
with a seeding density of 1 x 10° per well and treated with different doses of polymer solutions
starting from 20 uM and serially diluted till zero. After two hours, the supernatant was collected,
cells were collected post two washes with PBS and analyzed using a flow cytometer under the
APC channel. With the obtained MFI values, Km values were calculated through non-linear
regression analysis using the Graphpad Prism software. Kn, values for each sample was then
group analyzed to determine the better performing polymer conjugate.

Henceforth, only the better performing polymer conjugate and HepG2 cells were used to save

time and resources.

3.3.2.3 Internalization by HEK293 Cells Ectopically Expressing ASGPR

ASGPR predominantly binds GalNAc residues but can bind other sugars as well.
Similarly, there would be several other receptors that are capable of binding to our polymer.
Hence, it was necessary to confirm that the polymer conjugate internalization is mediated
through ASGPR. HEK293 cells are human kidney embryonic cells and naturally do not express
ASGPR. An uptake assay using HEK?293 cells with and without the receptor genes enabled us

to prove that our polymer conjugate is specific to the ASGPR.

HEK?293 cells were available from the lab inventory. HEK293 cells expressing
ASGPR1 and ASGPR1&2 genes were acquired from Dr. Michael Tanowitz’s laboratory at
IONIS Pharmaceuticals, California. Cells were cultured in DMEM with 10% FBS.

Hygromycin was used to select ASGPR1 positive cells and a mixture of hygromycin and
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puromycin was used to positively select HEK293 cells expressing both ASGPR1 and ASGPR2
genes. Cells were seeded in 24 well plate overnight and then treated with 2 uM solution of HPG
and HPG+3S for 2 hours. After incubation, cells were washed with PBS, collected, and

analyzed using a flow cytometer using APC channel.

3.3.2.4  Competitive Inhibition of HPG+3S with Natural Ligands

Asialofetuin is a glycoprotein with three asparagine-linked tri-antennary complex
carbohydrate chains and terminal N-acetylgalactosamine residues and shows affinity to the
ASGPR (54,70). Asialofetuin is used as a natural ligand. The tri-antennary structure of
asialofetuin makes it an ideal molecule to perform competitive inhibition studies as our test
polymer also has three sugar moieties. Additionally, we used crude GalNAc as well for
inhibition studies. The ICsg values of both Asialofetuin (~45.6 uM) and GalNAc (~4.55mM) is
drastically different and hence both were used in experiments to roughly estimate where our
polymer conjugate would fall on the affinity spectrum for the receptor(54).

Cells were seeded in 24 well plates with a seeding density of 1 x 10%well and left
overnight. Cells were grouped into 3 with one group being the blank, the second group was
treated only with HPG+3S (0-2 uM) for 2 hours and the third group of cells were treated with
8 UM of asialofetuin in media for 1 hour and then treated with HPG+3S (0-2 uM) for 2 hours.
The cells were then washed with PBS and then run through a flow cytometer. Using the MFI
values of group 2 and group 3, percentage inhibition and dose response curves were drawn
using the Graphpad Prism. The K values of HPG+3S with and without asialofetuin was

calculated. For inhibition with GalNAc, cells were pretreated with 10000-fold higher
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concentrations of GalINAc and then with HPG+3S. The MFI values were then compared to the

cells without the pretreatment, and the percentage inhibition was calculated.

3.3.3 Efflux of HPG+3S from Hepatocytes

HPG+3S internalization through the receptor does not guarantee its breakdown or
metabolism. To understand whether HPG+3S is metabolized is very tricky because there are N
number of ways in which HPG+3S polymer can be cleaved by the lysosomes. The presence of
HPG+3S in the media after washing would indicate that hepatocytes are able to efflux the
polymer out from the cell. After treating cells with HPG and HPG+3S (2 uM) for 2 hours, cells
were washed thoroughly with PBS and then switched to fresh media. A volume of 50 pL from
the media was collected and the presence of HPG polymers was tested with the help of a
fluorescence spectrophotometer. Due to the sensitivity of the spectrometer being in the
microgram level, it was not easy to detect presence of HPG polymers in the media. Hence, an
indirect approach employing the flow cytometer was used to see a drop in the MFI values.
HepG2 Cells were treated with 2 uM of HPG and HPG+3S for 2 hours and then washed
thoroughly and incubated with fresh media. Cells were collected at different time points starting
with zero hour and ending at 48 hours (0, 2, 4, 24, 48 hours) and run through the flow cytometer

and MFI values were recorded and analyzed using Flowjo software.

3.3.4 Internalization of the conjugate in other cells expressing ASGPR.

ASGPR has been found to be expressed not only by the hepatocytes but also by

monocytes. THP-1 cells are a good working model and were procured from liquid nitrogen of
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the lab inventory. These suspension cells were cultured with RPMI media from Gibco,
Thermofisher along with 10% FBS and 1% antibiotics.

Cells were treated with 2 uM of HPG and HPG+3S for different times starting from 30
minutes up to 4 hours and analyzed with the help of a flow cytometer. The MFI values obtained

were also compared to that of the values obtained from HepG2 cells as well.

3.4 Invivo - Bio Distribution of HPG and HPG+3S in C57BI/6 mice

Radiolabeled HPG and HPG+3S were used for in vivo experiments. All animal
experiments with radioactive polymer were performed with the help of the Investigational Drug
Program team (led by Dr. Nancy Dos Santos) at the animal facility of BC Cancer Research
Institute (BCCRI), VGH campus. The radioactive polymer test solutions were prepared to be
injectable at CBR, UBC campus and transported to BCCRI.

Female C57BL/6 mice that were 7-8 weeks old and weighing 17-20g were injected
intravenously with a dose of 10 mg/kg. The mice were sacrificed at 2, 8, 24 and 48 hours after
injection and their blood, liver, stomach, gall bladder, intestines, heart, lungs, spleen and
kidneys were collected. Urine and feces were also collected to examine the percent of polymer
excreted. The radioactivity in the tissue and excreta were recorded with the help of a
scintillation counter. The radioactivity present in each tissue was used to calculate the percent
of polymer retained in tissue by dividing it with the radioactive count of the polymer injected

to each mouse.
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3.5 Statistical analysis
Graphpad prism 8.0 software was used to analyze graphical data. For multiple
comparisons two-way ANOVA was used. For comparing means between two groups two-tailed

unpaired Student t-tests were used.
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Chapter 4: Results

4.1 Characterization of HPG polymers

NMR (nuclear magnetic resonance spectroscopy) analysis of the three polymers were

done by dissolving about 10 mg of the polymer in approximately 1 mL of D2O. NMR analysis

helps to determine the molecular structure of the HPG-GalNAc conjugates. In this case, NMR

analysis was done to estimate the number of sugar moieties present in HPG 3K polymers. The

molecular weight (MW), size and polydispersity of the polymers were determined by Gel

permeation chromatography (GPC). Polydispersity index (PDI) gave us the estimate of the

heterogeneity (presence of molecules of different size and weight) in a sample.

Table 2: MW, size and PDI values of HPG, HPG+1S and HPG+3S determined by GPC.

MW (x 10%) (g/mol) Size (nm) PDI
HPG 3K 2.717 ( 2.9%) 1.21 (+1.679%) 1.29 (+ 3.029%)
HPG 3K with 1
GalNAc group 3.538 (+ 1.7%) 1.25 (+6.197%) 1.29 (+ 1.919%)
(HPG+1S)
HPG 3K with 3
GalNac groups 4.756 (+ 1.8%) 1.46 (+1.85%) 1.38 (+ 0.95%)

(HPG+3S)

Table 1 shows the MW, size and PDI of all the three polymers synthesized. The MW of

the polymer are an average and deviate from the empirical MW estimated.

30



FHPG-3K_001.esp |

0.04 3

MNormalized Intensity
1

>"'\
S

19168 188

il
e

LA e o e T LR e e e T L e e e I o T T
440 35 30 25 20 18 14
Chemical Shift {ppm)

Figure 13: NMR of HPG 3K
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Figure 14: NMR of HPG 3K with one GalNAc group (HPG+1S)
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Figure 15: NMR of HPG 3K with three GalNAc groups (HPG+3S)

The peaks at 0.85, 1.3 and 3.25-4.1 ppm were characteristic proton peaks of the HPG.
The peak at 0.85 ppm corresponds to the three protons present of the first CHs of the HPG
polymer chain. The peak at 1.5 ppm showed the protons present in a CH2 molecule. The peaks
from 3.25 to 4 corresponded to protons of CHO molecules in the HPG polymer. There would
be an overlap of protons from the GalNAc sugar group as well in these peaks. In Figures 14
and 15, another peak at 2.0 ppm was seen. This peak exclusively corresponded to the CHz group
of the sugar. The difference in the chemical shift was due to the difference in the environment
that the CHz groups are present. Thus, the presence of a peak at 2.0 ppm indicated the presence
of GalNAc group. The integration values represent the number of protons available and hence
to calculate the number of GalNAc groups presented per molecule, the integral values of peak

at 2.0 ppm were divided by integral values of peak at 0.85 ppm.
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4.2 Invitro examination of HPG and GalNAc conjugated HPG

4.2.1 Initial screening of polymer internalization in different hepatocyte cell lines
After characterization and dye tagging of the different HPG polymers and polymer

conjugates, the efficiency of polymer conjugates uptake was tested in cultures of a panel of

human hepatocytes (HepG2, HuH7.5.1 and THLEZ2). Since the polymer and polymer

conjugates differed in the number of sugar moieties they carried, HPG referred to unmodified

parent HPG (3k), HPG+1S referred to HPG 3K with an average of 1 GalNAc group per HPG

molecule, and HPG+3S referred to HPG 3K having an average of 3 GalNAc groups per HPG

molecule.
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Figure 16: Time dependent internalization of Alexa 647 tagged HPG+3S, HPG+1S, and
HPG in three hepatocyte cell lines using flow cytometry. A) In HepG2 cells. B) In

HuH7.5.1 cells. C) In THLEZ2 cells.
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From Figure 16, HepG2 cells showed significant uptake of HPG+3S than HPG+1S and
HPG, indicated by both p =0.0049 at 0.5 hour and p = 0.0010 at 1 hour (HPG+3S versus HPG),
p <0.001 at 2 hours (HPG and HPG+1S versus HPG+3S) and p = 0.002 at 4 hours (HPG versus
HPG+1S). In HuH 7.5.1 cells (Figure 16B), a significant difference in the uptake of the
polymers only after 2 hours could be seen, indicated by that p = 0.0087 (HPG versus HPG+1S)
and p = 0.002 (HPG versus HPG+3S) at 2 hours, and p < 0.0001 at 4 hours in both the groups,
additionally p = 0.0111 at 4 hours (HPG+1S versus HPG+3S), whereas in HepG2 cells the
difference was visible from 30 minutes itself. In THLE 2 cells, HPG+1S performed better,
which was indicated by p = 0.0003 at 1 hour (HPG+1S versus HPG). After 2 hours, all the
polymers showed significant uptake, supported by p < 0.0001 (HPG versus HPG+1S), p=0.045
(HPG versus HPG+3S) and p = 0.0007 (HPG+1S versus HPG+3S), and p < 0.0001 at 4 hours

in all the groups.

A) HPG B) HPG+1S C) HPG+3S

Figure 17: Polymer internalization in HepG2 cells fixed using 4%PFA in culture slides.
A) Red, HPG; blue, DAPI nuclei staining. B) Red, HPG+1S; blue, DAPI nuclei staining.
C) Red, HPG+1S; blue, DAPI nuclei staining.

Confocal microscopy of fixed HepG2 cells which were priorly exposed to HPG, HPG+1S and
HPG+3S (Figure 17) qualitatively showed that the amount of HPG+3S internalized was
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comparatively more than HPG+1S and HPG; reaffirming data from previous studies that

increased number of sugar moiety increases the uptake efficiency of polymer conjugates.

4.2.2 Receptor mediated internalization of HPG+3S.

The following results were from experiments designed to prove that internalization of

GalNAc conjugated HPG in hepatocytes was ASGPR-dependent.
4221

ASGPR expression in different human hepatocyte cell lines.

Panel of hepatocytes were stained for presence of ASGPR1 to know the amount of

ASGPR expressed in each cell line. ASGPR1 antibody was sufficient to verify expression since

ASGPR2 lacks export signal and cannot be expressed on the surface of a cell without
ASGPR1(57).
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Figure 18: ASGPRL receptor staining in different human hepatocyte cell lines using flow

FITC-A

cytometry. Red: background staining, Blue: ASGPR1 staining. A) HepG2 cells: high

expression. B) HuH7.5.1 cells: moderate expression. C) THLEZ2 cells: low expression.

The histograms of cells that were stained for the receptor were merged with the

histograms of the cells that background stained. The area under the curve in red corresponded

to the cells that were background (isotype antibody) stained, and blue referred to the cells that
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were stained (positive). Amongst the chosen hepatocyte panel high expression of ASGPR was
seen in HepG2 cells, followed by moderate expression in HuH.7.5.1 cells. Interestingly, in
THLEZ2 cells, low expression of ASGPR1 was observed. When the difference of MFIs between
the stained group versus control group were compared a similar pattern was observed, with the
difference in HepG2 cells being the greatest (531.5), followed by HuH7.5.1 cells (275) and the

difference in THLEZ2 cells being the smallest (50).

4.2.2.2  Determination of affinity of polymer conjugates and dose dependent
internalization.

After obtaining ASGPR expression in different hepatocyte cell lines, we examined the
uptake of unmodified HPG and its polymer conjugates in these cell lines. The cells were
incubated with fluorescent labeled polymer conjugates for a period of two hours and analyzed
with the help of FACS. MFI values were plotted against concentration to draw a non-regression
Michaelis-Menten kinetics curve. Usually, the Michaelis-Menten curve is drawn using
concentration on X axis and the rate of internalization on Y axis. Since it was difficult to figure
out the rate of internalization, Kn values were obtained using MFI values through non-linear

regression plots using Graphpad8 software.
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Figure 19: Determination of affinity of HPG polymer and polymer conjugates using flow

cytometry. A) Dose dependent response in HepG2 cells. B) Dose dependent response in

HuH7.5.1 cells. C) Dose dependent response in THLE2 cells D) Comparison of Km values

across the hepatocyte cell lines panel.
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Multiple comparison using two-way ANOVA that in HepG2 cells, HPG+3S performed

better than HPG+1S and HPG (p = 0.0196 and p < 0.0001, respectively), HPG+1S showed

better internalization than HPG (p = 0.035) at their highest concentrations. At 2 uM, HPG+3S

showed significant uptake than HPG (p = 0.0467). In HuH7.5.1 cells also HPG+3S showed

better uptake with higher concentrations than HPG with p< 0.0001 and HPG+1S with p =

0.0058. In THLEZ2 cells as well there was significant difference in the MFI values between the

unmodified HPG polymer and polymer conjugates at higher concentrations. Table 3 shows the

Km values of the polymers in all three hepatocyte cell lines.

Table 3: Mean Km values of the polymer candidates in hepatocyte cell lines.

HPG (UM) HPG+1S (uM) HPG+3S (uM)
THLE?2 65.86 95.83 66.14
HuH7.5.1 40.50 56.66 13.57
HepG2 61.05 58.24 6.44

From table 3, it was seen that Kmn values were lower for HPG+3S in the cells that express

ASGPR at least moderately. The lowest K value was 6.44 micromoles in HepG2 cells. This

indicated that HepG2 cells and HPG+3S would make an ideal model for further studies.
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4.2.2.3 Uptake in Kidney Cells that Ectopically Express ASGPR

To confirm that internalization of HPG+3S was through the ASGPR and not through
some other sugar binding receptor, HEK293 cells which are human embryonic kidney cells
that normally do not express the ASGPR were used. Three groups of cells were used:

1. Cells that did not express both ASGPR1 and ASGPR2 genes (ASGPR™)

2. Cells that expressed only ASGPR1 but not ASGPR2 (ASGPR*)

3. Cells that expressed both ASGPR1 and ASGPR2 (ASGPR*")

All the three cell lines were stained to check expression of ASGPR1.
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Figure 20: ASGPRL1 receptor staining in HEK293 cells using flow cytometry. Red:

background staining, blue: ASGPR1 staining. A) ASGPR” B) ASGPR*- and C)
ASGPR**,
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Figure 21: Uptake analysis of HPG and HPG+3S in HEK?293 cells using flow cytometry.
ASGPR”: HEK 293 cells, ASGPR*": HEK293 cells expressing ASGPR1 gene,
ASGPR**: HEK293 cells expressing ASGPR1 and ASGPR2 gene.

Comparing MFI values of HPG and HPG+3S, a significant increase was observed in
HPG+3S uptake in both ASGPR*"and ASGPR** (p < 0.001 during multiple comparison tests
of two-way ANOVA) over HPG. For HPG+3S, ASGPR*" had higher MFI values than

ASGPR** (with p < 0.001, unpaired T test).

4.2.2.4  Competitive Inhibition with Natural Ligands
Asialofetuin:

To further confirm ASGPR mediated uptake of HPG+3S, a competitive inhibitory
experiment was done with the flow cytometry. HepG2 cells were exposed to HPG+3S with and
without asialofetuin (natural ligand for ASGPR) and Ky, values were calculated. Our results

show that competitive inhibition of HPG+3S with asialofetuin resulted in the increase in Kn
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values of HPG+3S. In the presence of asialofetuin, the K values of HPG+3S was 1.77 £+ 0.54
MM whereas in the absence of asialofetuin the Km value was 0.555 + 0.27 uM. The results were
significant with p = 0.0024. The percentage of inhibition was close to 50% with a 1:4 ratio of
HPG+3S to asialofetuin. Inhibition percentage was found to increase with increasing ratios
initially and then eventually decreased with the mean value of percentage inhibition being 61%

amongst the concentrations used with one sample test p < 0.001.
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Figure 22: A) Competitive Inhibition of HPG+3S using flow cytometry in the presence
and absence of asialofetuin. B) Percentage inhibition of uptake of HPG+3S by asialofetuin.

C) Competitive inhibition of HPG+3S by GalNAc using flow cytometry.

44



GalNAc:

Competitive inhibition with GaINAc was also performed to reaffirm the above results.
HepG2 cells were exposed to HPG+3S in the presence and absence of naturally occurring
GalNAc. There was around 85% of inhibition of HPG+3S by GalNAc with a polymer to
GalNAc ratio of 1:10,000, confirming that HPG+3S uptake by hepatocytes was indeed through
the ASGPR with paired t-test p = 0.0067.
4.2.3 Efflux of HPG+3S from Hepatocytes

It was necessary to know if the internalized polymer conjugate is eventually effluxed
out of the hepatocytes since we expect HPG+3S to enter the biliary route and be eliminated via
feces. HepG2 cells were initially treated with HPG+3S and HPG for 2 hours and later washed
and switched to fresh media. A decrease in the MFI values was observed after the cells were
switched to fresh media (Figure 23). There was not much difference between blank (no
treatment) and HPG group.
Figure 23: Efflux of HPG polymers in HepG2 cells after 2 hours of treatment.
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A significance with p = 0.005 was obtained when values were compared by two tailed t-test
suggesting HPG+3S internalization as well as efflux.

4.2.4 Internalization by Monocytes

THP-1 cells were stained for the antibody and MFI value was 246 after normalizing

values with the background. Cells stained positive which meant there was a low level of ASGPR

expression in THP-1. Figure 24 shows the staining of THP-1 cells with side-by-side comparison
with HepG2 cells.
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Figure 24:Comparison of receptor expression in hepatocytes (HepG2) vs monocytes

(THP-1) Red: background staining, blue: ASGPR1 staining. HepG2: High expression,
THP-1: low expression.

THP-1 cells were then treated with HPG polymers for up to 4 hours and internalization
was analyzed. It was seen that there was a significant difference in uptake between HPG+3S

and HPG (p = 0.008, Two tailed t-test). When the results of THP-1 were compared to that of

46



HepG2, it was seen that HPG+3S uptake in HepG2 was significantly higher when compared to

THP-1 (p = 0.0037 at 2 hours, p < 0.0001 at 4 hours).
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Figure 25: A) Time dependent uptake of HPG polymers in THP-1 cells. B) Comparison

of uptake of HPG polymers in THP-1 and HepG2 cells.
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4.3 Biodistribution of HPG and HPG+3S in mice

To understand what happens to HPG+3S and where it goes in vivo, we intravenously
injected mice with radiolabeled HPG+3S and HPG, monitored the mice up to 48 hours,
collected various organs, and their homogenate was analyzed for radioactivity to compare
biodistribution of the polymer with and without GaINAc modification. The data here is
organized based on different organ systems in the animals with more emphasis on the digestive
system and urinary system since we expected to see significant difference in these two systems
more than the others.
4.3.1 Digestive System

Under the digestive system, stomach, small and large intestines, gall bladder and the
liver were collected. Most of the organs of the digestive system were the organs encompassed
by the peritoneum and thus it was necessary to see the percent of injected dose retained in this
system. Our results were on par with our hypothesis and confirmed that HPG+3S conjugation
facilitated uptake by the liver. Statistical analysis also proved to be significant (HPG+3S vs
HPG, p = 0.0025, two tailed t-test). The percentage of HPG+3S retained in the liver when
compared to all the other organs across all the other systems was higher and greater than the
percent of HPG retained in the liver. HPG+3S passes through the biliary route because Figure
26 B shows an increase in the percent of injected dose of HPG+3S excreted, especially between
8-24 hours. In 48 hours, approximately 17% of the injected HPG+3S was excreted via the feces

but not even 2% of the unmodified polymer (HPG) was excreted via feces (p = 0.0027).
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Figure 27: Distribution of HPG compared to HPG+3S in organs of the digestive system.
A) Percent of injected dose retained in stomach and Gall bladder. B) Percent of injected

dose retained in the small and large intestine.
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Roughly around the same time, a spike in the intestine (Figure 27 B) was seen as well,
but this was not statistically significant (p > 0.5). At 2 hours, there was comparatively some
HPG+3S retention in the gall bladder. Unfortunately, these data were not statistically significant
(p = 0.25). Similarly, in the stomach, there was no significant difference in the amount of

polymer retained between the two groups (p = 0.06).

4.3.2 Urinary System

The kidneys are responsible for urine production and the clearance of molecules from
the circulatory system. Up to 24 hours, it was seen that ~1 % of the injected dose was retained
in the kidneys with no significant difference between HPG and HPG+3S (p = 0.25). On the
other hand, we saw the percent of injected dose excreted via the urine, more than 80% of the
injected HPG was excreted with in a span of 24 hours and about 65% of injected HPG+3S was
excreted in the HPG+3S group. There are no error bars in Figure 28 B because of the difference
in collection of samples between both the groups. In our experiments, an increased liver uptake
of HPG+3S despite the animals having a normal functioning renal system that flushed out the
polymer was noticed. In the HPG+3S group, about 17% of the polymer was excreted via the

feces and the rest (~65%) was out through the urine.
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4.3.3 Circulatory System

For the circulatory system, distribution in the heart, whole blood as well as plasma and
spleen were analyzed. Overall, there was no significant difference in the percentage of HPG
and HPG+3S accumulated in the heart and spleen but at 8 hours and 24 hours there was a
significant difference with p = 0.0023 and p = 0.03, respectively. In whole blood and plasma
there was a significant difference in the ratios between HPG and HPG+3S solutions (p = 0.0068,
two tailed T test). Although there was significance in the presence of HPG+3S in the blood, the
percentage of injected HPG+3S retained was still very low and around 2% in the plasma at 2

hours but overall, around 1% only remaining after two hours.
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Figure 29: Distribution of HPG and HPG+3S in the circulatory system. A) Percentage of
injected dose retained in the heart. B) Percentage of injected dose retained in the spleen.

C) Percentage of injected dose retained in the whole blood and plasma.
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4.3.4 Respiratory System

In Figure 30, at 2 hours, approximately 1.5% of injected HPG+3S is found in the lungs
compared to 0.5% of HPG, but by 48 hours HPG+3S percentage drops to 0.5%. This showed
that HPG+3S was being either phagocytosed or redirected to the liver. On the other hand, the
percent of HPG retained remained quite constant at all time points (a little above 0.5%)
although not at a greater level. Two tailed t-test values for both the polymers were not

significant (p = 0.5).
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Figure 30: Percent of injected dose retained in the lungs.
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Chapter 5: Discussion

5.1 Synthesis and Characterization of HPG polymers

The results of characterization of HPG-GalNAc polymers indicate that the experimental
setup can be used for conjugation up to three sugar moieties per HPG molecule. Increasing the
sugar to polymer ratio for conjugation of more sugar groups per HPG molecule resulted in 2-3
GalNAc groups repeatedly. This might be due to steric factors that GaINAc around a relatively
small HPG core (HPG 3K) can be challenging to accommodate. The higher molecular weight
HPG were able to be conjugated with greater than 5 GalNAc groups using click chemistry(71).
However, click chemistry method was not tried for conjugation in our synthesis process. The
molecular weights of the polymer deviate from the empirical molecular weights estimated. It
is to be noted that the molecular weight of HPG polymers and number of GalNAc groups per
HPG molecule is an average. Thus, polymer solutions are interspersed with molecules varying
in molecular weight and size and GalNAc groups present. This must be kept in mind while
interpreting the in vitro data. Dialyzing the final product for long hours decreased the
polydispersity of the polymer solution but also led to increase in molecular weight. This is
because the membranes used for dialysis have pores that cut of an average molecular
weight/size and might contain bigger pores that will lead to some polymer loss. Hence dialyzing
times had to be controlled. NMR spectra obtained were consistent to that previous reported data
for HPG and presence of GaINAc was detectable in HPG+S and HPG+3S.
Fluorescent labeling reactions that were set up to generate a lower dye to polymer ratio which
suggests that there is a chance that every HPG molecule might not have a dye conjugated to it.
This could interfere in the in vitro results as more polymer molecules might be internalized than

the amount quantified. Despite this, in vitro results were consistent for replicas of the
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experiment performed. Hence for better accuracy, radiolabeling was preferred for in vivo
experiments.
5.2 Invitro analysis of HPG polymers
Initial screening of the polymer in various hepatocyte cell lines (figure 16) is in

accordance to our hypothesis that GaINAc conjugated HPG has greater uptake potential by
hepatocytes than unmodified HPG. The difference in the uptake potential of HPG+S and
HPG+3S in the three hepatocyte lines (HepG2, Huh7.5.1 and THLE2) can be attributed to
various factors such as:

1. the number of GaINAc groups present.

2. the spatial alignment of the sugar groups

3. the steric hindrance of the molecules while binding with the receptor.

4. The amount and type of receptor expressed on the surface of cells.

Staining all these three cell types with ASGPR1 gave us a picture of how much difference in
the expression of ASGPR amongst the chosen hepatocyte panel. Only ASGPR1 antibody was
used because it has been proven previously that ASGPR2 lacks an export signal and it relies on
ASGPR1 to be presented in the plasma membrane(57). THLEZ2 cells having originated from
primary cells were expected to have the greater expression of the receptor(72), but we observed
that the expression was much lower(Figure 18 C), which may be due to a high passage number
of the cells (passage 38) when we received them from ATCC. The gene expression changes
(up-regulated or down-regulated) can be expected following many passages in cultures. Also,
THLEZ2 cells contain viral vectors and insertion of vector can also affect their gene expression.

From the dose response curves (Figure 19), we could see that HPG and HPG+S tend to

have a more linear graph when compared to HPG+3S. This difference is stark in HepG2 cells
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and can also be seen in HuH7.5.1 cells. ASGPR exists as a trimer on the cell surface and the
presence of three GalNAc groups in HPG+3S might set out a perfect tri-antennary ligand for
the receptor. Non-linear Michaelis-Menten kinetics analysis suggest HPG+3S follows receptor
mediated uptake since Kn values are the least for HPG+3S especially in HepG2 cells. The
lowest Ki value of HPG+3S is in HepG2 and the fact that HepG2 have a good expression of
ASGPR were the reason why HepG2 cells were chosen as the best fit for 2D model for
competitive inhibition experiments performed for this thesis. Although results of our uptake
experiments suggest internalization of HPG+3S based on ASGPR expression similar to the
results obtained by Zhou et al(73), there are a few caveats that we need to be aware of. We
know that dye tagging of the polymer candidates was successful, but the reaction yield and
efficiency is not 100%. This means that there is a good probability for untagged polymer
molecules to be taken up by the hepatocytes but wouldn’t contribute to fluorescence values.
Once a molecule is tagged with a dye, it should be treated as a completely different molecule
from the parent molecule as Alexa 647 itself has a molecular weight around 1 kDa. The best
way to overcome this drawback is by radiolabeling polymer candidates. Due to safety concerns,
the tedious processes involved with handling radiolabeled polymer and lack of facilities to use
radiolabeled polymer for the in vitro studies, we chose to use fluorescent labeled polymer for
the in vitro experiments and used radiolabeled polymer for the in vivo studies for better
accuracy. MFI values were used as a parameter to determine internalization of polymer
molecules, but Michaelis-Menten equation uses rate of internalization to calculate Kn values.
This is not something new, and previous studies (57,69) have resorted to the same method as
well. It should be kept in mind that K values calculated for the polymer candidates are arbitrary

values indeed.
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Contrastingly, in THLEZ cells, we saw that HPG+S shows better uptake than HPG+3S
but the dose response showed a linear relation between concentration and uptake which does
not suggest receptor mediated uptake. Even though, there are other non-specific modes of entry
into the cell; for example: pinocytosis and diffusion through the plasma membrane are a couple
of ways the polymer can enter the cell(74), it is unlikely that HPG would be able to diffuse
through the plasma membrane considering its size. The other likely option that explains the
uptake of HPG and HPG+1S is fluid-phase endocytosis that involves pinching off the sinusoidal
surface of the cell(75,76). Also, HPG+S is smaller than HPG+3S but larger than HPG.
Naturally, the next question that arose was why we did not see more of HPG uptake than
HPG+S. This could be explained by the presence of GalNAc group in HPG+S, which might
help in identifying HPG+S as compatible compared to HPG. On the other hand, THLE2 cells
were received from ATCC at passage 38. As this is a high passage number to begin with, the
cells may not be at the best performance and begin to lose function. Another point to consider
is that THLEZ2 cells are immortalized primary cells by using viral vectors(72). Insertion of viral
vectors may alter the expression of certain genes downstream. Both these factors are capable
of influencing ASGPR expression in THLE2 cells and may contribute to the anomaly in the
response curves.

Although, low Km values of HPG+3S indicate receptor mediated internalization, uptake
through ASGPR was confirmed through experiments performed with HEK293 cells ectopically
expressing ASGPR1 and ASGPR2 genes. The results of this experiment indicate that
internalization of HPG+3S can take place even if ASGPR1 gene is present and does not rely
much on ASGPR2 gene. Competitive inhibition studies show that HPG+3S has a better affinity

for the receptor as it takes a 1:4 ratio of HPG+3S to asialofetuin to show at least 50% inhibition.
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The 85% inhibition seen with GalNAc is with a 10000-fold increase. The difference in
competitive inhibition between asialofetuin and GalNAc is explained with their difference in
the range of ICsg values of the receptor (Asialofetuin: 45.6 uM; GalNAc: 4.55 mM)(54).
Initially efflux experiments were designed to be measured using a spectrofluorometer, but its
sensitivity was not high enough to detect the expected nanomolar (or less than nano level)
concentration of the polymer effluxed out hepatocytes. An alternate route was chosen where
we could indirectly detect efflux of the polymer. We do not see a difference between HPG and
blank since the cells were treated only for 2 hours. From the initial time response graphs
(Figurel6), we know that there is very little uptake of HPG compared to HPG+3S. There are a
few drawbacks with this experiment, the first one being the cleavage of polymer can happen at
any position or may not happen at all (hepatocytes are known for intact transport of cargo (77)).
For example, the dye tagged region of polymer could still be within the cell, resulting in
detection of positive cells, but there is a high possibility for the rest of the polymer to be effluxed
out and vice versa. Secondly, after changing the cells to fresh media, the media was not
changed. This means that whatever the polymer that was effluxed had a good chance of being
available to the cells again for uptake. Even though the results of the efflux experiments could
not be relied on, our animal studies data supports our hypothesis that the polymer not only can
be internalized by the liver but can be excreted from the system as well. Approximately 17%
of HPG+3S polymer (Figure 26B) that we found in feces in normal mice with functional
kidneys supports that claim.

Monocytes were found to express both ASGPR1 and ASGPR2 genes (78). This naturally made
us wonder if there will be an immune response against the polymer. Previous research on HPG

suggested that HPG polymers of various size and shapes were biocompatible and found to have
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no RBC aggregation or complement activation in mice after IV injections up to 28 days (40).
Von Willebrand factor( VWEF) is also considered to be a ligand for ASGPR (79) and its presence
in monocytes could be involved in the clotting cascade mostly with clearance of VWF. Uptake
by THP-1 (human monocyte line) of HPG+3S was significantly greater than HPG in our
experiment, and this need not be seen only to illicit an immune response, but it might also aide
in transporting of the polymer to the liver. It is also noteworthy that in vivo whole blood and
spleen data show a significant difference between HPG+3S and HPG. It is difficult to draw any
conclusions related to the physiological response to HPG+3S based on our data and hence
further investigation is required. It is necessary to check long term hemocompatibility of
HPG+3S if it is intended to replace glucose as an osmotic agent for peritoneal dialysis solutions
and to begin with assays like PRT (plasma recalcification time) and APTT (Activated partial

thromboplastin time) can be performed.

5.3 Invivo analysis: Biodistribution of HPG polymers in mice

Biodistribution results in mice were interesting and in congruence with our hypothesis.
Uptake of HPG+3S by the liver served as a by-pass route of elimination of the polymer as seen
in the feces and urine data. Liver uptake led to ~17% of HPG+3S excreted via feces even though
the mice had normal functioning kidney. Elimination of the HPG+3S via feces led to drop in
its content in urine with in the first 8 hours, but more HPG+3S was eliminated between 8-24
hours than HPG. Hepatocytes have a robust rate of transcytosis from the sinusoidal surface to
the canalicular surface and elucidates the rapid excretion of HPG+3S via the biliary route to
feces (75,77). This indicates that the workload on the kidneys can be spread over a longer

duration, which might be good news for patients with residual renal function. In the circulatory
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system, the presence of HPG+3S in the whole blood was significantly more than HPG as per

scintillation counts, but there was not a big difference in the percentage of polymer retained in

both groups. By 48 hours, both the groups had less than 1% of polymer retained in the blood.

This is a good sign that clearance of the polymer from the system will not be much of a problem.

The concern here is that, the biodistribution results are based on a single intravenous injection

to the mice, but in clinical scenario if HPG+3S were to replace glucose as the osmotic agent,

then there would be constant absorption of HPG+3S in to the system and we need to study how

polymer clearance would be under constant exposure to HPG+3S. Future experiments on rat

models may help us understand the clearance of the polymer while administering HPG+3S daily

via intra peritoneal injections. A few limitations of the animal study are that:

1)

2)

There were a few discrepancies in the collection of samples from mice. While collecting
stomach and intestines, the contents of the gastrointestinal tract was excluded. Having
that data would have provided more insights on where HPG+3S is present with respect
to time and might have also helped explain the spike in gall bladder that we saw at 2
hours. Now, we have a gap in the passage since we see uptake by liver and elimination
in feces.

Female C57BL/6 mice that were 7-8 weeks old were used in the study. The mice are
still young and cannot be considered as fully matured adults. Young mice were preferred
to avoid effects of hormonal changes on the metabolism of mice. However, metabolism
in adult mice slows down when compared to younger mice and we know that end stage
renal disease is more common in adults. The robust metabolism in the mice might not
be what we would expect in older patients. Hence, these results cannot be extrapolated

to clinical scenarios although they provide insights on HPG+3S metabolism.
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3) The mice had normal functioning renal system. That would not be the case in clinical
scenario. It is essential to see the biodistribution of both the control (HPG) and test
(HPG+3s) polymer in mice with compromised renal function. Only then it would be

able to understand the biological implications of HPG+3S.
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Chapter 6: Summary and Future Studies

6.1 Summary

In this study, lower molecular weight HPG (3K) was successfully conjugated with
GalNAc using sodium hydride and DMF. In vitro results show that there are two important
factors that affect HPG polymer uptake by the hepatocytes:

1. The number of GalNAc sugars conjugated to HPG.

2. The number of receptors expressed on the cell surface.
The controllable factor would be the number of GalNAc sugars. Tagging too many GalNAc
sugars would be ideal for HPG uptake by the liver, but caution must be taken to limit the size
of the osmotic agent used for dialysis. Higher percentage solutions were needed for preparation
of iso/hyper osmolar solution with increase in size. This can be expected to affect dwell times
in the longer run.

Competitive inhibition studies show a decent affinity of HPG+3S to ASGPR when
compared to asialofetuin. This solidified receptor mediated internalization of HPG+3S. The
strengths of this study are that in vitro and in vivo results are in accordance and that HPG+3S
shows good uptake in young mice with normal functioning urinary system. The fact that
HPG+3S can target the liver with robust urinary clearance is a bonus to us and gives hope to

expect a larger percentage of excretion via feces under diseased condition.
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6.2 Recommended Future Studies

1)

2)

3)

4)

5)

6)

Here are a few directions to proceed from here:

Synthesizing HPG polymers with more GalNAc groups which could increase the
efficiency of uptake. It would be best to optimize the synthesis of HPG-GalNAc
polymers with the ability to regulate the number of GaINAc groups easily.

It was observed that the higher the molecular weight of HPG polymer, the greater the
percentage of HPG solution. For this reason, it may be a better idea to see if 1K HPG
can be used to conjugate 3 or more GalNAc sugars per molecule.

Under physiological conditions, other cell types in the liver will be involved and it will
be a good idea to check the effect of HPG+3S on other liver cells such as Kupffer cells
and stellate cells. Liver organoids containing stellate cells and hepatocytes (1:2 ratio)
are available. Stellate cells when activated contribute to liver cirrhosis and it will be a
good idea to check activation of stellate cells when exposed to HPG polymers(80-82).
Since HPG+3S shows quite a strong affinity to the receptor, it would be a good idea to
check if injection of HPG+3S in mice will affect the clearance of other glycosylated
proteins in the system (for example: VWF and other clotting factors).

Peritoneal membrane health is important for ultrafiltration. Human peritoneal
membrane cells can be used to check toxicity of HPG-GalNAc polymers and animal
studies can be done to check thickening of peritoneal membrane and apoptosis of
peritoneal membrane cells.

Although hemocompatibility of HPG (higher molecular weight) has previously been
performed, lower molecular weight HPG conjugated with GalNAc may behave

completely differently. Since, we are considering HPG+3S as an osmotic agent to
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replace glucose in future, long term hemocompatibility and bio compatibility tests
should be performed.

7) Biodistribution study of HPG polymers in mice with compromised renal function.

8) Intra peritoneal injections for longer study durations in mice or rats with compromised
renal function (such as 5/6 nephrectomy) should be done and ultrafiltration should be

calculated.
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Appendix

H NMR of intermediary products during sugar modification of GalNAc:
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A) H NMR spectrum of N-acetyl galactoseamine

78



Normalized Intensity

Normalized Intensity

GALNAC-12.001.esp
0.11 -

0.10-

0.09 =

0.08 =

0.07 =

0.06 =

0.05 =

0.04 =

0.03 =

0.02 -

0.01 -

) i U

0.87 1.00 0.95 1.083.52
(=] J [ | —

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
Chemical Shift (ppm)

B) H NMR spectrum of D-galactopyrano-2-oxazoline

n m
1.29
| S—

3.551.08 1.07 7.97 3.89 3.9
_ S e — -
I T B o e o e L A e S e L B o o v v
8 7 6 5 4 3 2 1
Chemical Shift (ppm)

GALNACc-15.001.esp

o
o
©

o
e}
@

o
o
N

o
o
o)

o
e}
a

o
o
K

o
e}
®

o
o
N

o
e}
b=

o

C) H NMR spectrum of allyl GalNAc

79



2.0 15 1.0
80

25

3.0

JGALNAC-19.001.esp

~

~]

o

o}
=
[}

@
Q
[}

~
o

o

©
o

o

0 <
o o

o o
Rusuaiu| paziewlon

[w)
o

o

N
o

o

o
Q
o

o

4.5

5.0 .
Chemical Shift (ppm)

7.0

8.0

D) H NMR spectrum of GalNAc-epoxide



