Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1724

Exploring medical applications of a
bioactive polymer

FELIX SELLBERG
ACTA
UNIVERSITATIS ISSN 1651-6206
UI{%;})%I‘EEASIS ISBN 978-91-513-1156-2

2021 urn:nbn:se:uu:diva-437508




Dissertation presented at Uppsala University to be publicly examined in Rudbeckssalen, Dag
Hammarskjolds vég 20, Uppsala, Friday, 30 April 2021 at 09:00 for the degree of Doctor of
Philosophy (Faculty of Medicine). The examination will be conducted in English. Faculty
examiner: Professor Buddy Ratner (University of Washington).

Abstract
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In this thesis, we have studied a polymeric compound called PVAC, designed as a scavenger
of reactive electrophilic substances. We explored several diseases where these substances are
overproduced.

In Paper I, adhesion formation was induced via bowel anastomosis surgery in rats. Formation
of adhesions is a process driven by hypoxia and reactive electrophilic substances; we
hypothesised that PVAC could stop the processes if administered peri-surgery. PVAC was
administered in two different ways, as a peritoneal lavage post-surgery and as an addition to the
sutures used during the surgery. When sutures were impregnated with PVAC before surgery,
weaker adhesion formation was observed at the surgery site. No difference was noted between
PVAC treated and control animals when it was delivered via lavage. Another situation where
electrophiles are a problem was studied in Paper 11, haemolysis. Haemolysis in vitro is a process
driven by oxidative processes during the storage of red blood cells. When storage media was
supplemented with PVAC, a dose-dependent decrease in haemolysis and increased red blood
cell stability was observed.

In Paper III, we investigated the effects of PVAC as an anti-tumoural agent based on
observations in cell cultures. When cell lines were cultured in the presence of PVAC, a reduction
in viability of cells was observed. When PVAC was studied in animal models, we found an effect
of'the polymer in melanoma in immunocompetent mice but not in breast cancer in athymic mice.
When tumour biopsies were studied, increased T cell infiltration was noted in PVAC treated
animals. An immune-mediated mechanism might explain why no effect was seen in the athymic
mice since they lack an adaptive immune system.

In Paper IV, we labelled PVAC using a radioactive tracer, [18F]FBA, to detect PVAC in a
PET camera. Rats underwent surgery to induce ischaemia reperfusion injury in kidneys or limbs.
[18F]FBA PVAC accumulated in the ischaemic tissue after 1.V administration, it was possible
to distinguish the injured area after 20 minutes. Since reactive electrophiles are also mediators of
disease in ischaemia reperfusion injury we aim to investigate if PVAC has therapeutic potential
in addition to the ability to detect ischaemia.

To conclude, we have explored PVAC as an example of a bioactive polymer. We feel that the
compound group is underused in medicine that we hope this thesis will prime more researchers
to explore.
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Introduction

Polymers

In this thesis, a novel bioactive polymer is explored called polyvinyl alcohol
carbazate (PVAC). Though this thesis is not within the field of chemistry, to
give a proper background and an understanding of the underlying concepts, a
brief description of the field of polymer chemistry is provided. PVAC will be
used as an example to understand these concepts.

A polymer is a chemical substance composed of repeating units, called
monomers, that make up a macromolecule. Polymers can be of biological
origin, such as proteins, cellulose and genomic material, or synthetic, such as
plastics. The chemical reaction forming a polymer is called polymerization; it
combines the monomers into the larger polymer in repeated patterns. The ex-
act size of a polymer is hard to control, and the resulting molecule often has a
size range. This range is due to the polymerization process, where the final
size depends factors such as reaction time and available material. If the poly-
mer consists of one repeating monomer, it is known as a homopolymer. If two
or more units are repeating, it is known as a copolymer. Copolymers can come
in different orientations depending on how the units are oriented. They can be
randomly distributed, oriented as a gradient, in an alternating pattern or
branching, Figure 1. For some polymers, this process can be guided to achieve
the desired structure.
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Figure 1. Examples of distribution of groups in copolymers. PVAC, a copolymer,
follows a random distribution where n occurs about 90% of the time and m 10% of
the time.

PVAC consists of two different repeating units and is, by definition, a copol-
ymer. The repeating units are denominated by n and m in Figure 1. The ratio
of the units is roughly 1/9 (m/n), where n is the backbone of the polymer,
polyvinyl alcohol (PVA), and m is a modified backbone with a functional
group in the form of a carbazate. PVA is a common polymer used in industrial
applications such as papermaking, an additive to concrete and 3D printing.
Although most polymers are formed via polymerization of the corresponding
monomer, PVA is an exception in that the synthesis is composed of two parts.
First polyvinyl acetate (also known as wood glue) is created via polymeriza-
tion of its corresponding monomer vinyl acetate.

Figure 2. Synthesis of polyvinyl alcohol from polyvinyl acetate (PVA). Under alka-
line conditions polyvinyl acetate reacts with water to form PV A and acetic acid.

Afterwards, polyvinyl acetate undergoes hydrolysis, which can usually be
performed in the presence of a base to form PVA, Figure 2. The PVA size
can vary and is commercially available within the range of 10-200 kDa, degree
of polymerization ~ 200-4500. The PV A size used in synthesis for PVAC is
roughly 18 kDa (range, 13 — 23). PVA is known to be non-toxic when
administered both orally and intravenously. PVA is secreted via the kidneys
(1), and polymeric size influences the renal clearance. With increasing size,
the clearance kinetics are slowed drastically. The ti» of PVA is increased from
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90 min to 23 hours when size increases from 15 to 43 kDa, but accumulation
within tissue remained low (2). When the size is increased even further, elim-
ination has been observed up to 125 kDa, well beyond the size of albumin (67
kDa), a compound typically retained in circulation in healthy individuals. This
behaviour highlights the notion that molecular mass alone does not predict
kidney elimination (3). Another critical factor for renal clearance is the shape
of a molecule. Flexible polymers such as PVA form coils in solution, permit-
ting elimination even at large sizes (4). Because PVA exhibits the favourable
characteristics outlined above, it has been used in numerous medical applica-
tions; for example, drug formulation (5) and tissue replacement (6). To form
PVAC, the PVA has been functionalized with the addition of carbazate
groups. Carbazate is added to the PVA backbone in a series of reactions. To
start, carbonyl diimidazole (CDI) reacts with PVA, 1 forming an intermediate
while releasing one of the imidazoles. After the addition of hydrazine, the
other imidazole is removed, and PVAC is formed 2, Figure 3.

Figure 3. Synthesis of PVAC. 1 PVA reacts with CDI to releasing imidazole form-
ing an intermediate. 2 Hydrazine is added releasing imidazole again and forming
PVAC.

The carbazate present in PVAC acts similarly to an amine in many aspects.
An amine is a nucleophilic nitrogen compound which bears reactivity towards
electrophilic substances such as reactive carbonyl species (RCS, ketones and
aldehydes), Figure 4. RCS contains
the chemical element known as a car-
bonyl carbon, a carbon atom with a
double-bonded oxygen atom. This
chemical element can be present in
many different molecules. RCS are
electrophilic at the carbonyl carbon,
favouring the addition of nucleophilic
compounds. This reaction is favoured
when less steric hindrances and fewer
electron-releasing groups are capable

gf nertral;mng;niiga‘t})llhglnghthe car g igure 4. Examples of RCS, the general
onyl carbon (7). chydes have one gy ctures of aldehydes and ketones are

hydrogen bonded to the carbonyl car- presented. An example of a biologically
bon making it less crowded and open relevant aldehyde, acrolein, and a ke-

for reactions. A common reaction with tone (and aldehyde), methylglyoxal.
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RCS is nucleophilic addition to the carbonyl carbon. The reaction liberates
water making it an addition-condensation reaction, Figure 5. Many common
endogenous substances such as the thiol of cysteine, the primary amine of ly-
sine and the secondary amine of histidine are capable of similar reactions (8).

)OL NH )OL N//_R1
OH O H 2 ? OH 0~ N~
N1 G S T G LN
n m Rj n m
PVAC Aldehyde Water

Figure 5. Example of condensation addition of an RCS, in this case an aldehyde is
added to PVAC.

Biological processes can form RCS and reactive oxygen species (ROS) (9,10).
They can either be desired, such as when ROS is produced within the immune
system to combat invading pathogens (11) , or an undesired by-product in
other chemical reactions such as aerobic metabolism in the electron transport
chain (12). When formed, they are very reactive, adding to lipids, proteins or
nucleic acids and can disrupt their biological function, Figure 6.

Usually, the excess ROS formed is reduced by endogenous systems such
as glutathione or enzymes such as aldehyde dehydrogenases (ALDH) (13).
However, a disruption in the steady state can lead to an accumulation of dam-
age. This balance between oxidizing and reducing processes can be altered in
many ways. The oxidative pressure might be increased, known as oxidative
stress, or reducing agents might be scarce due to malnutrition or disease.

A Steady state B Reductive potential overwhelmed

Reductive potential L 2

L Formation of RCS X
Oxidative stress @ @ 3
@ @ RCS modifies structures

° ; Loss of function
“i K “: e Ko ‘ Inflammatory signaling

Figure 6. Selected events in the process known as oxidative stress. A balance is al-
ways struck between oxidative and reducing processes. Normally the balance is kept
by endogenous reducing systems, such as super oxide dismutase (SOD), glutathione
(GSH), or aldehyde dehydrogenase (ALDH). B If, however, these mechanisms are
overwhelmed ROS instead react further, mainly with lipids, forming RCS. The RCS
then reacts with nucleophilic targets such as proteins and DNA causing irreversible
loss of function and inflammatory signalling.

A deficiency in ALDH has been linked to increased cancer rates and late-onset
Alzheimer’s disease (14—16). Loss of function in glutathione synthesis in mice
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accelerated cardiovascular disease formation while a gain of function slowed
the progress (17). The mechanism differs from disease to disease but shares
similar traits. As endogenous systems are overwhelmed, RCS accumulates
and reacts with proteins, lipids and DNA, disrupting their normal function and
signal inflammation (18). Because the carbazate of PVAC can neutralize RCS,
PVAC can act as a scavenger of these reactive electrophilic compounds.

For a polymer to act as a scavenger in vivo, there are several requirements.
Scavenging must occur within the narrow pH and temperature range of human
physiology. The reaction needs to result in a stable end product without the
formation of toxic by-products. The polymer needs to be soluble in water and
stay in solution, even after neutralization of the intended ligands. Size also
needs to be considered because this will significantly affect half-life and tissue
distribution. Carbazate allows for this neutralizing reaction, fulfilling the con-
ditions above and thus allows PVAC to scavenge reactive carbonyl species in
vivo.

A brief history of PVAC

PVAC was first synthesized at Angstréom Laboratory in 2006 by researchers
Ossipov et al. (19). The goal was to create a hydrogel to replace lost cartilage
in the knee joint after degradation by osteoarthritis. The hydrogels were com-
posed of a cross-linking polymer and hyaluronic acid (HY A), a cartilage com-
ponent. The HY A was activated to react with the polymers resulting in a cross-
linking reaction where a hydrogel was formed. The formed hydrogel showed
promising results in animal studies, enhancing chondrogenesis after an in-
duced cartilage defect in rabbits (20).

Further modifications were made to the gel by the addition of bone growth
stimulating agents (21). However, PVAC also showed interesting results when
used alone without the addition of HYA. PVAC resulted in reduced infiltra-
tion of leukocytes in tissues. These results were unexpected, and contact was
made with the clinical immunology department at Uppsala University, where
I was then assisting the research. Since I was aiming to be registered as a PhD
student, the project was a good fit. This thesis’s work expands on this aspect,
PVAC as a stand-alone agent, investigating many other scenarios in which
PVAC can be used to ameliorate problems in medicine. We treat PVAC as a
model system for synthetic polymers, a scarcely explored substance class in
medicine.
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Understanding PVAC

Before starting our work, it was already known that PVAC could act as a scav-
enger of RCS. To further investigate this role, we studied a signalling pathway
central to inflammation, the toll-like receptor (TLR) pathway (22,23). Car-
bonyl modified endogenous substances such as oxidized albumin are ligands
for TLRs. One of the first experiments with PVAC aimed to investigate
whether TLRs were part of the explanation for the observed results with
PVAC. A transfected reporter cell line that produces a blue dye when signal-
ling occurs via TLRs was used. Several known TLR ligands that could be
scavenged were added with or without PVAC. However, it became clear that
the most crucial compound in these cultures was not any of the ligands that
we attempted to scavenge but PVAC itself.

Figure 7. Representative example of morphology observed in a light field micro-
scope during early cultures without (left) or with (right) the addition of PVAC.

Figure 7 is a representative example of what I observed in 2016, when I stud-
ied these cultures through a light field microscope. In the picture, an adherent
cell line is viewed, and it usually exhibits a growth pattern, as seen on the left
in the figure. However, in the presence of PVAC, morphology was altered, as
can be seen on the right. To understand what we observed, we conducted sev-
eral experiments where we first suspected that cell lysis was occurring. How-
ever, this was not the explanation as it turned out that non-nucleated cells such
as red blood cells (RBC) were not disrupted due to the polymer’s presence. In
fact, they were stabilized with lower levels of haemolysis than our non-treated
controls. The observation with RBC lead to the investigations that would be
summarized in Paper II. The effects on nucleated cells were explored in detail
and led to the work presented in Paper III, whether the polymer is used as an
anti-tumoural agent. In addition to exploring PVAC based on the previous ob-
servations in cell cultures, we also tried to identify scenarios where electro-
philes are overproduced, and PVAC as a scavenger could play a role. One
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such disease is adhesion formation after surgery; this situation was explored
in Paper 1. Another situation where the overproduction of electrophiles is un-
desired is during ischaemia-reperfusion injury (IRI). In Paper IV, we investi-
gate whether PVAC can visualise IRI.

Polymeric substances in medicine

Synthetic polymers have been used in the field of medical devices for a long
time, the first example being poly (methyl methacrylate, PMMA) which was
used in 1949 as a replacement for the human lens (24). PMMA has since found
use in other medical devices such as cosmetic applications and as a bone ad-
hering cement in dentistry and orthopaedics (25,26). Another example of a
polymer with wide use in the medical device field is poly ethylene glycol
(PEG). PEG can be used to form liposome vesicles to transport drugs in cir-
culation (27) or conjugated directly to drugs to modify their kinetics by in-
creasing molecular size (28,29). It is even used as a stand-alone agent in lax-
atives such as macrogol (30) where it has an osmotic effect while being well-
tolerated and inert. In addition to polymers as medical devices, they are also
being explored as pharmaceuticals. An example is in the field of oncology,
where anti-tumoural polymers are studied (31,32).

In addition to synthetic polymers, naturally occurring polymers such as
HYA, fibrin and collagen have also been utilized extensively. Since the first
production of HY A in the 70s as a biomedical product, it has seen wide use in
medical applications such as corneal transplantation (33), osteoarthritis (34)
and tissue engineering (35). It also has widespread use in cosmetic applica-
tions (36). Although there are some examples, as outlined above, it is rare that
polymers are used as stand-alone drugs (37).

Adherence formation (I)

Adhesions are the formation of connective tissue between two anatomical lo-
cations which are not normally connected. Intraperitoneal adhesions occur in
most adults after peritoneal surgical trauma. In many cases, adhesions do not
cause problems, but they can cause bowel obstruction, infertility and chronic
abdominal pain. They also complicate subsequent surgical procedures. The
actiology of intraperitoneal adhesions is complex, but they arise as a conse-
quence of surgical trauma. Surgical trauma leads to loss of and disruption of
the vasculature, which in turn leads to tissue hypoxia. The hypoxia causes in-
flammation leading to cytokine production, causing fibroblasts to deposit ex-
tracellular matrix components such as collagen and fibronectin in the tissue,
which later serve as building blocks for the adhesions. Hypoxia also leads to
oxidative stress, further promoting inflammation and immune activity (38).
Another key component in the process is fibrinogen, a protein that plays a role
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in clot formation. Fibrinogen has been shown to have an increased tendency
to aggregate and promote clot formation when modified by RCS (39,40).
Taken together, the processes above generate RCS, which in turn drive adhe-
sion formation. This indicates the potential for a scavenger of RCS to prevent
the formation of adhesions. A similar approach has been investigated by re-
searchers with vitamin E, an antioxidant, with somewhat conflicting results
(41,42). Vitamin E and other strategies have failed to translate into clinical
practice, and there is still an unmet need for innovations to prevent adhesion
formation (43).

Haemolysis (II)

Haemolysis is defined as the lysis of RBC, disrupting their membrane and
causing loss of function. In most situations, it is an unwanted result and can
be divided into haemolysis in vitro or in vivo, outside or inside of the body,
respectively. Haemolysis in vitro is often a problem during the storage of
RBC, for example, in blood banks at hospitals for use as transfusion units to
treat anaemia. It is well established that RCS causes haemolysis in vitro. Pro-
tein carbonylation and early oxidative injury contribute to the ageing and de-
struction of RBC during storage (44—46). Attempts to increase the reductive
potential and protect RBC from RCS during storage have been explored with
both vitamins (E and C) and metal chelators (46,47). Results were promising
but have failed to reach clinical practice (48).

While haemolysis in vivo is mostly caused by non-oxidative processes such
as infection, genetic diseases or deficiencies, it is known that oxidative stress
can aggravate haemolytic diseases such as thalassemia, glucose-6-phosphate
dehydrogenase deficiency and hereditary spherocytosis (49,50). Thus a solu-
ble scavenger could act as a preservative during storage in vitro and as a sta-
bilizer in vivo during haemolytic diseases.

Ischaemia reperfusion injury (IV)

The definition of ischaemia is an insufficient supply of blood to a tissue or
organ. Insufficient supply of blood not only comprises insufficiency of oxygen
but also reduces the availability of nutrients and causes a build-up of metabolic
waste products. Restoration of blood supply to ischaemic tissues can cause
additional damage known as IRI that can be more damaging than the initial
ischaemia (51). Reintroduction of blood flow brings oxygen back to the tis-
sues, causing excess production of ROS. (52,53) This, in turn, causes RCS
such as malondialdehyde (MDA), 4-hydroxy-2-nonenal (4-HNE) and acrolein
to be formed. RCS react with proteins to form adducts, which ultimately dis-
rupt the structure and function of cellular structures. One common situation
where IRI takes place is in the case of kidney transplantation. As a kidney is
removed from a donor, it is without oxygen supply for a time before it is re-
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attached to the circulation in the recipient. In kidney transplantation IRI, it is
known that RCS formation causes kidney endothelium and tubular cell inju-
ries, which leads to acute renal dysfunction. This is a major clinical problem
due to its high mortality rate (54,55).

Here we see a dual potential for a scavenger, both to identify ischaemia and
to act as a therapeutic agent.

Oncology (I1I)

Oncological diseases are one of the leading causes of death, resulting in more
than 9 million deaths worldwide per year, with one in six deaths attributed to
cancer (56). To reduce cancer deaths, focus is placed on preventive measures
such as reducing lifestyle risk factors and developing new ways for early de-
tection, but there is still a need for the development of new therapeutics (57).
Drug resistance is of particular interest (58), and for some diseases, the prob-
lem can be combated by using multiple drugs and treatment modalities (59).
Recently new therapies have reached clinical use, such as checkpoint inhibi-
tors (CPIs) (60) and targeted therapies such as tyrosine kinase inhibitors
(TKIs). These new therapies have led to improvements in results (61) but have
met problems with drug resistance. Examples of this are CPI resistance in
melanoma (62) and, TKI resistance in gastrointestinal stromal tumours
(GIST) (63). There is an unmet need for alternative treatment strategies with
novel modes of action.
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General aims

The overall aim of this thesis was to understand the underlying mechanisms
of the polymeric substance PVAC, and to use this substance as a model system
for polymeric compounds in medicine and to highlight the potential of such
substances.

Paper 1

To investigate whether PVAC added during surgical intervention would re-
duce the formation of adhesions between anatomical structures in the gut.

Paper 11

To explore and understand the observed reduction in haemolysis caused by
the addition of PVAC when RBC are stored.

Paper 111

To determine whether PVAC can be used as an anti-tumoural agent and to
find the mechanism resulting in reduced viability of cells.

Paper IV

To study the use of a labelled version of the polymer as a diagnostic tool for
ischaemic tissues.
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Materials and methods

Synthesis of PVAC

All PVAC used in the thesis was sourced and synthesized at two different
locations, Angstrém Laboratory, Uppsala University or by Specific Polymers
(Castries, France).

For the reaction mechanism to synthesize PVAC, please see the introduc-
tion. PVA (0.50 g, 13-23 kDa) was dissolved in dimethyl sulfoxide (20 ml,
DMSO). To dissolve PVA completely, the mixture was heated (80°C, 15 min).
The solution was left to cool to room temperature (RT), and CDI (1.00 g) was
added and was left to react for 24 h at RT. Hydrazine hydrate (3.2 ml, 80%)
was added and was left to react for 24 h at RT. Residual hydrazine and imid-
azole were purified with dialysis (3.5 kDa MWCO) for three days. The prod-
uct was isolated as a white powder after lyophilization (64).

To determine the effects of PVAC, compared with PVA and carbazate, we
used two control substances. These were ethyl carbazate (EC), a low-molecu-
lar-weight carbazate compound and, PV A at the same size used in PVAC syn-
thesis. They were, when used, handled in the same way as PVAC.

Labelling of PVAC (II - IV)

Labelling substances is essential to learn about their characteristics and allows
for measurements in different models when there are no available methods to
detect the substance. In this thesis, several different ways of labelling PVAC
have been used, with a fluorochrome, fluorescein isothiocyanate (FITC), with
biotin or with a radionuclide, 4-['*F]fluorobenzaldehyde (['*F]FBA). Label-
ling with a fluorochrome allows detection via excitation with a laser and reg-
istering the emitted light. Fluorochrome labelling was used to detect PVAC in
complex matrixes such as serum and urine, to visualize PVAC in confocal
microscopy and to track cells binding to PVAC via flow cytometry. Labelling
with biotin creates a specific reactivity of the molecule towards avidin and
was used to isolate PVAC from complex mixtures such as cell lysates. Label-
ling with a radionuclide allowed for detection via positron emission tomogra-
phy (PET) to track the biodistribution in in vivo models.

When labelling PVAC, a part of the molecule needs to be used for conju-
gation to the labelling agent. In all cases, the carbazate was used, Figure 8.
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FITC is derived from fluorescein, a chemical compound first synthesized in
1871 (65). It was later functionalized further with the addition of an isocyanate
in 1942 (66). The isocyanate creates reactivity towards nucleophiles such as
amines on proteins but also towards the carbazate group present on PVAC.
However, since the function of PVAC is partly derived from the carbazate
group, conjugation at this site potentially changes the behaviour of the mole-
cule. Therefore, a balance must be struck between retaining function and al-
lowing for detection. Conjugation can also change the physical properties of
PVAC, which leads to, for example, altered solubility.

Figure 8. Scheme of the three different products generated when labelling. 1 Conju-
gation to FITC, reaction at neutral pH at RT. 2 Conjugation with a radioactive alde-
hyde, ['*F]FBA, reaction at acidic conditions at RT. 3 Conjugation to biotin, reac-
tion at neutral pH at RT.

The conjugation reaction with FITC is simple and can be carried out at neutral
pH in water. 1 FITC was dissolved in DMSO (1 mg, 0.1 ml). PVAC was dis-
solved in deionized water (100 mg, 5 ml). The components were mixed and
allowed to react for 2 h under stirring in a glass beaker obscured from light
(FITC is sensitive to photobleaching with loss of signal after exposure to
light). Since FITC is a much smaller molecule at 389 g/mol, non-conjugated
residual FITC can be separated from the FITC PVAC via dialysis. The size of
the pores were the same as in the dialysis membrane used in the synthesis of
PVAC (MWCO, 3.5 kDa).

To track the biodistribution of PVAC via PET radionuclide ["*F]FBA, was
used. ["*F]FBA, an aldehyde, bears reactivity towards nucleophiles, including
the carbazate group of PVAC. However, since time is limited when working
with radiochemistry as radioactive decay results in loss of signal over time,
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the reaction conditions were optimized further with regard to speed. Because
an acidic pH accelerates the reaction, the final condition that was chosen was
pH 4.0. 2 Freeze-dried PVAC (2.8 mg) was dissolved in sodium acetate buffer
(pH 4.0, 200 pl). ["*F]FBA dissolved in ethanol (100 pl) was added and, the
reaction was allowed to react at RT for 15 min. Again, the size difference
between the reactants was used to isolate labelled PVAC. ['"*F]JFBA PVAC
was eluted in fractions on a size exclusion column.

To identify possible ligands for PVAC, a label was added to facilitate im-
mune precipitation. We choose biotin as a label. 3 To conjugate PVAC to bi-
otin, the ImmunoProbe™ Biotinylation Kit (Sigma) was used, according to
manufacturer’s instructions. The volumes were adjusted for the desired con-
jugation level of 1%.

Functional assays of PVAC (I — IV)

To track the reactivity of PVAC, we designed an assay to measure the capa-
bility of neutralization of known ligands. This allowed for functional testing
of PVAC in different settings. To accomplish this, a kit from Megazyme for
the detection of acetaldehyde was used in a slightly modified way.

Figure 9. Oxidation of an aldehyde catalyzed by ALDH. An aldehyde and water
produces a carboxylic acid and a hydrogen ion while consuming NAD* and forming
NADH. NADH can be quantified to estimate the aldehyde levels.

The kit tracks the activity of the endogenous enzymatic digestion of RCS.
ALDH catalyzes the oxidation of RCS to carboxylic acids, Figure 9. In the
reaction, NAD+ is consumed, and NADH is formed. The change in NAD con-
formation results in a shift in the absorbance spectrum of the molecule allow-
ing for detection of NADH at 340 nm using a plate reader. When paired with
a standard curve generated from known concentrations of RCS, measurements
of the levels of RCS in samples can be made. We used this assay in two dif-
ferent ways, as a functional assay for PVAC and to detect free RCS. To track
the functionality of PVAC, a pre-incubation step with PVAC was added, and
RCS substrates for the enzyme were added. There is a reduction in the signal
if PVAC can neutralize the substrates. This allows us to investigate the kinet-
ics of scavenging and affinity towards different ligands for PVAC. Another
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way to use the assay is to quantify the burden of electrophilic substances,
which would instead be needed to be oxidized by these endogenous pathways.

Flow Cytometry (II - III)

Flow cytometry is a technology that allows for the analysis of single cells in
suspension. It can be used to achieve multiple different tasks, e.g. to track
cellular health, identify extra- and intra-cellular structures and separate rare
populations of cells from complex mixtures. A flow cytometer is an
instrument with three functions: separation of cells from a suspension into a
single cell stream, illumination of single cells with one or more lasers, and
detection of emitted or reflected light from the cells. Some advanced
instruments can perform a fourth task, isolation of cells (67). The first task is
achieved by funnelling the cell suspension into narrowing channels with in-
creasing fluid pressure. When done correctly, this creates a single cell stream
when passing the laser and detectors. A laser then illuminates the cells as they
pass by one after another. Multiple detectors then register reflected or emitted
light from the illuminated cells. The detectors are often placed behind filters
and mirror to measure the light of a specific wavelength. A common form of
detectors in flow cytometry is the photomultiplier tube.

Cells are then incubated with different compounds, often antibodies, con-
jugated to fluorochromes. Fluorochromes are molecules that emit light when
illuminated with light of a specific wavelength. The compounds have known
ligands that are expressed in certain situations (e.g. apoptosis or mitosis) or on
certain populations (e.g. the T cell receptor or blood group antigens). As the
cell travels through the instrument, it is illuminated with lasers exciting the
fluorochromes attached to the cells causing them to emit light back to the de-
tectors in the instrument. Since every cell is registered separately, one can then
infer the characteristics of the cell. In Paper III flow cytometry was used to
track cell health when cells were exposed to PVAC at different concentrations.
A combination of markers FITC-Annexin V and 7-AAD was used to track
cellular health over time. Annexin V has affinity for phospholipids expressed
in the cell membrane of cells undergoing apoptosis (68). 7-AAD reacts with
DNA but cannot travel through the cellular membrane if it is intact (69). Thus
7-AAD measures cell membrane integrity. This allows for the distinction of
three different populations, cells that do not bind with 7-AAD or Annexin V
are double-negative and viable, cells that bind to Annexin V but not 7-AAD
that are in the process of apoptosis and, cells binding to 7-AAD, which are
non-viable, Figure 10a. Cell cycle analysis was also performed using propid-
ium iodide, which is another fluorochrome that associates with DNA. Cell
cycle analysis quantifies the amount of DNA in a cell as a tool to determine
which phase of the cell cycle the cell is in (70). In G-phase, the cells contain
a single set of genomic material. As they go into S-phase, they start to produce
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more genomic material and the signal increases. Finally, in the M-phase, they
contain twice as much genomic material as they get ready for mitosis. Cell
cycle analysis can be used to infer whether a compound is affecting the pro-
liferation of cells (71), Figure 10b.
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Figure 10. A Representative example of viability staining using a permeability and
apoptosis marker. B Representative example of cell cycle staining with populations
marked. Watson’s pragmatic model was used to delineate the populations.

Flow cytometry was also used in Paper II to track whether PVAC associated
directly with RBC. Fluorochrome conjugated PVAC (FITC PVAC) was incu-
bated with RBC, and they were subsequently washed before analysis with
flow cytometry. RBC were also subjugated to varying levels of stress prior to
incubation. They were then analysed to determine whether PVAC bound more
to stressed RBC.

Storage of RBC (II)

Studies were conducted to test whether the storage of RBC could be improved
with the addition of PVAC to storage media. Erythrocyte concentrates were
obtained from healthy blood donors, and Sagman solution was used. They
were stored under different conditions with or without the addition of PVAC.
RBC were stored in cold (4°C) as is done in contemporary storage or room
temperature (20°C) to represent a more challenging situation with rapidly in-
creasing haemolysis (72). RBC supernatants were sampled regularly, and free
haemoglobin quantified. The percentage of haemolysis was calculated by di-
viding the supernatant concentration by the total haemoglobin concentration
for each sample. EC and PVA were also added to determine whether they
would affect haemolysis during storage.

Free aldehydes were quantified with the ALDH functional assay described
previously. RBC were also fragility tested where haemolysis is provoked with
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increasing amounts of hypotonicity in the surrounding solution finally causing
osmotic lysis of the cells. Some RBC were pre-incubated in PVAC to deter-
mine whether it stabilized the membrane of the RBC.

Identifying ligands for PVAC (II — I1I)

To isolate which specific proteins interact with PVAC immunoprecipitation
(IP) and mass spectrometry (MS) were used. Immunoprecipitation involves
extracting a specific protein from a solution. In our case, proteins which inter-
act with PVAC, and since two targets are precipitated the correct term would
be co-immunoprecipitation. To enable the technique, PVAC was labelled with
biotin as outlined previously. A solution, cell suspension or cell lysate, was
then incubated with Biotin PVAC, allowing possible ligands to interact with
PVAC. Magnetic streptavidin beads were then introduced to the mixture, as-
sociating with biotin. PVAC was then trapped on the surfaces of magnetic
beads along with any other molecules that have interacted with PVAC. Rig-
orous washing was performed to remove any unspecific binding. Finally, pH
was lowered to induce hydrolysis to break the bond between the protein and
PVAC. Proteins were separated from PVAC on an SDS gel, and the gross
distribution of molecular weight proteins in the mixture were observed. Bands
were then isolated from the gel with a scalpel and processed for MS. The iso-
lated bands were digested, reduced and alkylated before MS. The MS setup
was a NanoLC-MS/MS using a Q Exactive Orbitrap mass spectrometer. The
peptides were eluted in a linear gradient over 90 min. Raw data were analysed
using Proteome Discovery software against the UniProt database. In the
search, specific modifications were also included, such as oxidation of methi-
onine and carbamidomethylation of cysteines.

Ethical considerations

All experiments in the study which studied animals or human tissues were
approved by the regional ethics committees. When performing animal exper-
iments we adhered to the three Rs and when possible chose different models
and minimized the number of animals for each experiment.
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Animal experimentation (I, III - IV)

In the thesis, different rodent models were used to study oncology, ischaemia
and adhesions formation. In Paper I, rats were used to model adhesion for-
mation after surgery. In Paper III, mice models of melanoma and breast cancer
were studied. Furthermore, in Paper IV, rats were used to model ischaemia-
reperfusion injury.

Model of peritoneal adhesion formation (I)

To model adhesion formation after surgical intervention, rats were used. A
midline incision in the abdomen was made, and a 15-cm small bowel resection
at the ileocecal junction was made. End-to-end anastomosis was sutured, and
the incision was closed (73). The study was divided into two separate parts. In
part A, the animals received peritoneal lavage containing saline or PVAC dis-
solved in saline. In part B the sutures used to suture the end-to-end anastomo-
sis were either impregnated in PVAC or saline. After seven days, all animals
were euthanized, and a sizeable u-shaped incision was made (to not disturb
potential adhesions formed), and adhesions were graded blinded. Animals
were graded according to two different scales, Nair and Kennedy. Nair grades
the presence and frequency of adhesions, whereas Kennedy focuses on the
strength of the adhesion. In part B, where impregnated sutures were used, an-
imals also underwent peritoneal lavage immediately after surgery was per-
formed and after 6 h. The fluid extracted from the lavage was kept for analysis
of cytokines (IL-18 and IL-6) and malondialdehyde (MDA).

Mice models of oncology (I1I)

Two different mice models were used in this thesis, and the work was per-
formed in collaborations with Adlego AB at Astrid Fagreaus Laboratory. Mel-
anoma was modelled in C57BL/6J mice injected with B16.F10, a mouse mel-
anoma cell line. Breast cancer was modelled in athymic nude mice injected
with MDA-MB-231, a human breast cancer cell line.

Tumours were first established via injection of a cell suspension. The mel-
anoma tumour was placed near the right flank, and the breast cancer in the fat
surrounding the mammary gland. When tumour size reached 0.05 cm® for mel-
anoma and 0.1 cm® for breast cancer, the mice were stratified into groups.
Three groups were used, a control group receiving intra tumoural injections
with vehicle (NaCl) and a high and low dose group receiving PVAC injec-
tions. Injections were performed bi-weekly after stratification into groups. Tu-
mour size was recorded via calliper measurements, and the health status of
animals was monitored. Termination for the melanoma model was set when
the tumour size reached 2 cm® in the control group. All mice were euthanized
at this point. The breast cancer model was terminated after 28 days, and all the
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mice were euthanized. Tumours were excised and weight of tumours recorded
ex vivo. Tumours were then divided into two parts. One part was frozen and
stored at -80°C and the other was placed in formaldehyde.

Models of ischaemia reperfusion injury (IV)

These studies were performed at the preclinical PET platform at Uppsala Uni-
versity. To model ischaemia-reperfusion injury, Sprague-Dawley rats were
used. No sham operations were performed as the organs studied, kidneys, and
hind limbs are bilateral with the non-ischaemic counterpart acting as a control.
In the renal ischaemia model, the renal artery was freed via dissection, and a
micro-clip was placed on the artery. After 30 — 45 min of ischaemia, the clip
was removed, and the wound was sutured. Half of the animals were blocked,
receiving non-labelled PVAC before ["*FJFBA-PVAC. After injection of
["*FJFBA-PVAC, the animals were placed in a PET camera and underwent a
60 min dynamic scan followed by CT or MRI. The animals were then eu-
thanized, and organs recovered for ex vivo biodistribution.

To model hind limb ischaemia, an incision was made through the femoral
triangle to visualize and place a micro-clip on the femoral artery. The clip’s
location was verified with the whitening of the corresponding foot. After 45 —
60 min, the clip was removed, and the wound was sutured. After injection of
["*FJFBA-PVAC, the animals were placed in a PET camera and underwent a
90 min dynamic scan followed by a CT scan. The animals were then eu-
thanized, and organs recovered for ex vivo biodistribution.

Radioactivity in the organs ex vivo was measured using Nal well counter.
This device estimates radioactivity in an organ. Weighing the organ enables
calculation of the uptake per gram of tissue.

Kinetics and biodistribution of PVAC (1V)

To determine the kinetics and biodistribution of PVAC in different modes of
administration direct labelling was used. The kinetic study used fluorochrome
labelled FITC-PVAC and was performed at Adlego, Stockholm. Sprague-
Dawley rats were injected either 1.V. or I.J. with FITC-PVAC. Serum and
urine samples were gathered at multiple time-points. The animals were eu-
thanized at the end of the experiment. A standard curve with FITC-PVAC was
generated, and the concentrations in urine and serum interpolated from the
curve.

To study biodistribution and kinetics in more detail radiolabelled,
["*FJFBA-PVAC was used in combination with PET. Sprague-Dawley rats
were sedated and injected 1.V or I.J with ['"*FJFBA-PVAC. A 90-min dynamic
PET scan was performed followed by a CT scan. The CT scan allowed for
correct identification of the anatomical structures where uptake occurred after

30



alignment with PET data. Afterwards, the animals were euthanized, and or-
gans recovered for ex vivo biodistribution.

Cell culture (111)

To model complex diseases in vitro, cells are often cultured in an incubator
simulating human physiology. Cell culture allows for less costly experimen-
tation and more dynamic studies compared with in vivo studies. To evaluate
the anti-tumoural effects of PVAC, different cell lines were cultured to model
human disease, Table 1.

Table 1. Cell line characteristics

Name Species Tissue origin Use

GIST-T1 Human GIST In vitro

A375 Human Melanoma In vitro

B16.F10 Mouse Melanoma In vitro + in vivo
MDA-MB-231 Human Breast cancer In vivo

Gastrointestinal stromal tumours (GIST) are rare in the gastrointestinal tract,
arising from the peristaltic pacemakers, Cajal cells (74). To study melanoma
in vitro, a human counterpart was studied in addition to the mouse tumour
B16.F10 to assure translation. A375, a human melanoma cell line, was chosen
due to ample data in the literature and a similar transcriptional profile to pri-
mary human melanoma materials (75). Cells were cultured in a 37° C incuba-
tor with a 5% CO2 mix. Cells were cultured in DMEM media supplemented
with 10% FBS and penicillin/streptomycin antibiotics. To the media of GIST-
T1, GlutaMAX was also added. GIST-T1was used for both flow cytometry
and viability assays, while B16.F10 and A375 were used for flow cytometry
assays. Flow cytometry assays are described in detail in that section. For via-
bility assays, the CellTiter-Glo assay was used according to the manufac-
turer’s instructions. The assay quantifies ATP content in wells reflecting the
number of viable cells.

Gene Expression Analysis (III)

We used gene expression analysis to understand the mechanism behind the
observed behaviour in cell culture experiments and the in vivo mice models in
Paper I1I. In gene expression analysis, all mRNA is isolated and turned into
cDNA. The DNA is then sequenced and quantified. The expression profile
can be compared with a control group, and the genes which differ most in
expression (most often described in the fold change) are identified. The frozen
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sections of tumours form the in vivo experimentation were further dissected
and digested in a column for tissue homogenization. RNA was then isolated
from the homogenized tissue via the RNeasy mini kit. mRNA was further iso-
lated and cDNA synthesized, and the cDNA library generated was sequenced
using Illumina NextSeq 550. Sequencing data were aligned to a reference ge-
nome, and post-processing was carried out to compare expression between
groups.

QCM (III)

To study the chemical properties of PVA and PVAC with regard to hydropho-
bic and hydrophilic interactions, quartz crystal microbalance with dissipation
(QCM-D) was used. In QCM-D, a quartz crystal is used, and a current is
passed through the material (76). The material oscillates in a specific pattern
corresponding to the current. A sensor can then be placed on the oscillating
crystal, and this sensor can be coated with various materials. The quartz crys-
tal’s oscillations corresponds to the sensor’s mass; the last term dissipation
corresponds to energy loss in the system. Dissipation can be thought of as how
much the material protrudes from the sensor, waving in the surrounding solu-
tion leading to energy loss. Gold sensors were coated with 1-undecanethiol in
a self-assembling monolayer to form a hydrophobic surface, and uncoated
gold sensors were used as a hydrophilic surface. The sensors were then placed
in a QSense Pro, and PBS containing 2.5 mg/ml of PVAC or PVA was circu-
lated over the sensor. Mass shift (ng/cm?) and dissipation were recorded.

Testing of complement and coagulation (I - II)

To investigate how PVAC influences innate immunity and coagulation, two
assays were carried out, thromboelastography (TEG) and a whole blood cham-
ber model. TEG is a clinical test that simulates clot formation and studies sev-
eral parameters in real-time. It is a whole blood assay, where the blood is
added to a rotating cup. Calcium is added, and the temperature is set to 37° C
to stimulate coagulation. A small rod is inserted into the cup, and a clot, starts
to form around it. The kinetic energy needed to keep the cup in motion is
registered over time. Various parameters are registered to investigate the co-
agulation system, e.g. reaction time, kinetics and maximal amplitude.

The whole blood chamber model is a model of coagulation and comple-
ment activation. It tests substances in solution, surfaces or materials (77). A
small plastic chamber is filled with whole blood and spun on a wheel in an
incubator set to 37°C to emulate blood flow. The chamber surfaces, including
the lid used to seal the chamber, are all covered in heparin to reduce back-

32



ground activation of coagulation and complement. A test item is then intro-
duced in the chamber, for example, a drug in solution or foreign materials.
The chambers are then sealed and placed on the wheel to rotate. After a set
time (1-4 h), the experiment is terminated, and the chambers are opened.
Blood is gathered and analysed with a series of assays. The cellular composi-
tion is analysed using a haematology cell counter. If a higher resolution is
desired, flow cytometry can be used. Plasma is then generated via centrifuga-
tion, and complement and coagulation markers are analysed with ELISA.

Thrombin-antithrombin (TAT), C3a and sC5b-9 (TCC) were analysed with
in-house designed assays. In the model, platelet consumption and increased
TAT levels indicate increased coagulation system activity, while increased
levels of C3a and TCC indicate complement system activity.

Radiology (IV)

PET provides functional imaging of the distribution of a molecular tracer.
Tracers for PET are radionuclides, substances capable of emitting gamma-ray
radiation. Once the tracer has been administered and absorbed, a PET scanner
can detect the gamma rays released and interpret the pattern to localise tracer
absorption sites. PET allows for real-time detection of the tracer in 3D within
a biological system. Many tracers are available, but the most commonly used
is "*fluorine-labelled fluorodeoxyglucose (‘*FDG), a glucose analogue used to
identify tissues with abnormal metabolism. In our studies, we also used '°F as
the source of gamma radiation and conjugated it to PVAC. For details, please
see the labelling of PVAC section.

We used dynamic and static PET imaging. In dynamic scans, the dataset
was reconstructed into 26 timeframes (12 frames of 10 sec, 3 frames of 1 min,
5 frames of 5 min, 6 frames of 10 min). CT or MRI was then aligned with the
PET data to determine in which anatomical structure/organs an increased up-
take was observed. To determine whether a substance is distributed evenly
throughout the body or whether it accumulates in specific organs, a standard-
ised uptake value (SUV) is calculated. Radioactivity is quantified before de-
livery to the animal; this value is then decay adjusted as gamma radiation loses
intensity over time. If the tracer is evenly distributed throughout the animal,
every part has an SUV of one. If the tracer accumulates in a specific organ,
this will lead to an SUV above one. Thus, SUV can quantify how much of the
radioactive signal is present in certain parts of the test subject. PET data were
analysed using PMOD and Image J.
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Statistics (I - IV)

Statistics were calculated, and graphs were generated in GraphPad Prism in
the thesis. The significance level throughout the thesis was set to p-value <
0.05, and significant differences were denoted with *. Figure data in the thesis
are presented as mean or median values depending on the data’s nature. Error
is generally presented as the standard error of the mean (SEM). Statistics in
the text are reported as p-value, mean difference between groups tested, 95%
CI (when possible to calculate), in the format of, p = 0.05, z% (x — y), where
z is the mean difference between the groups and x and y are the bounds of the
95% CI.

Depending on experiment setup and data nature, statistic tests have been
chosen accordingly. For details, please see the individual papers. For analyses
generating large data sets, RNA sequencing data and MS special methods
were used. For RNA sequencing, sample group comparisons were made using
R package DESeq2. To compare groups, generating fold changes, Wald test p
values were used and adjusted for multiple testing with the Benjamini and
Hochberg method. For MS data, the most significantly discovered proteins
were tabulated and since no differences were found between the groups, the
analysis was not continued beyond the qualitative stage.
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Results

Paper I - Preventing adherence formation

In the paper, a model of adhesion formation developed by F. Fredriksson was
used. In the model, end-to-end anastomosis of a 15-cm small bowel resection
is done. The study was performed in two setups. In setup A, PVAC dissolved
in saline or saline alone was perfused via peritoneal lavage after surgery. In
setup B, the sutures used when suturing the end-to-end anastomosis were
incubated in PVAC dissolved in saline or saline alone. In setup A, no
difference between the groups was found. In setup B, PVAC incubated sutures
reduced the adherence formation according to Kennedy, but no difference was
found according to Nair, Figure 11.
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Figure 11. Adherences formed after surgery were scored according to two different
systems, Kennedy and Nair. Kennedy scoring focuses more on the thickness and
strength of the adhesions while Nair scores the number of formed adhesions. There
was a difference with a reduction in the Kennedy scoring, while no difference was
noted in the Nair scoring.

In setup B, inflammatory markers were also measured by gathering peritoneal
lavage immediately after surgery and 6 h post-operation. IL-1 8 and IL-6 were
elevated 6 h after surgery, but they did not differ between PVAC and saline-
treated sutures, Figure 12. The same pattern with elevated levels after 6 h but
no difference between PVAC and saline-treated sutures was seen for MDA.
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Figure 12. Inflammatory cytokines (A,B) and RCS (C) measured immediately after
surgery and 6 h post-surgery in setup B. All markers were clearly elevated 6 h post-
surgery there was no difference between PVAC treated sutures and saline treated
controls.

Paper II - Reducing haemolysis during storage of RBC

RBC stored in the presence of a low-molecular-weight carbazate (EC), PVA
backbone, and PVAC affected hemolysis in different ways. After a month in
storage, RBC stored in the presence of EC displayed increased hemolysis
levels (~300% for the highest concentration). For PVA, there was a slight
increase for RBC stored in the presence of 100 pg/ml of PVA. Concentrations
above 20 pg/ml of PVAC lowered the level of hemolysis, Figure 13. To
understand the observed reduction of hemolysis in more detail, several
functional assays were conducted. When osmotic stability testing was
performed, PVAC stabilized RBC reducing the hemolysis induced by
hypotonic solutions, Figure 14. There was more binding of PVAC to RBC that
had been exposed to osmotic stress than those which had not. An attempt to
identify PVAC ligands on the surface of RBC was made. However, MS results
revealed only unspecific binding in the control group, which had no PVAC
added.
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EC and PVA at 100 pg/ml increased hae-
molysis while PVAC at 2.5 mg/ml, 500 and,
100 pg/ml decreased the levels of haemoly-
sis compared with the control.
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Figure 14. A Fragility testing of red blood cells, increasing concentrations of PVAC
reduced haemolysis when subjugated to hypotonic solutions in dose-dependent fash-
ion. B PVAC associated with stressed RBC more than naive RBC.

Paper IIT - PVAC as an anti-tumoural agent

When cells in culture were exposed to PVAC, the ATP content reduced, indi-
cating a reduction in the number of viable cells. This effect had a non-linear
dose-response curve with a peak effect at 100 pg/ml. To assess the potential
cytotoxicity from the chemical constituents of PVAC, both the backbone PVA
and EC were used at different concentrations. They failed to affect ATP con-
tent of the cells, Figure 15a. A similar dose-response curve was also seen in
the viability flow cytometry. It was also indicated that cells underwent apop-
totic cell death, not lytic death, because they first were positive for Annexin
V, a marker of apoptosis, and then became permeable for dyes with an affinity
for DNA (PI and 7-AAD). To investigate the translation of the results in vivo,
two mouse models, one of melanoma (B16) and one of breast cancer (MDA -
MB-231) were used. In melanoma, tumour size reduced over time, whereas in
breast cancer no change was observed after treatment, Figure 15b-c. In histo-
pathology of tumour material at the end of the study, increased infiltration of
T cells (CD3+ cells) was observed in the highest dose of PVAC, which was
not observed in the breast cancer model. Moreover, whole-genome expression
analysis was done using mRNA sequencing. Although some differences were
noted in individual genes, the results failed to identify a pathway or mecha-
nism behind the observed effect. Again, we tried to identify possible ligands
for PVAC on the tumour cells, but no specific binding was noted.
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Figure 15. Results obtained when investigating PVAC as an anti-tumoural agent. A
PVAC displayed a non-linear dose-response curve when cultures of GIST-T1 cells
exposed to PVAC. EC and PV A did not influence ATP content in cells. B B16.F10
melanoma model in mice showed a decrease in tumour size over time after intra tu-
moural injections with PVAC. C MDA-MB-231 breast cancer model in mice
showed an increase in size of tumours after intra tumoural injections of a low dose
of PVAC.

Paper IV — PVAC to detect IRI

The affinity of PVAC and its ability to neutralize known mediators of IRI was
first confirmed. The ALDH assay was used and mediators tested were
methylglyoxal, oxidized albumin, malondialdehyde and acrolein. When the
mediators were pre-incubated with PVAC, they were effectively neutralized.
PVAC was then labelled to allow for detection with PET; ['"*F]FBA was used
to produce a tracer (['*FJFBA PVAC). Surgery was performed on rats to
induce IRI in kidneys and hind limbs. Before this experimentation, the
biodistribution and kinetics were studied revealing that ['"*FJFBA PVAC was

38



generally confined to the bloodstream and uptake in specific organs mainly
reflected blood content. The elimination route was urine via the kidneys. The
ischaemic kidney model had higher uptake of ["FJFBA-PVAC in the
ischaemic kidney than the non-ischaemic kidney, Figure 16a. Furthermore,
when non-labelled PVAC was given before the tracer (['"*F]JFBA PVAC), there
was no uptake. Thus the uptake could be saturated, indicating limited specific
ligands expressed in the tissue for which PVAC has an affinity. In the non-
ischaemic kidney, an early peak was seen as PVAC had not yet been
eliminated into urine and, levels then decreased over time with a loss of signal.
In the ischaemic kidney, the reverse was seen; because circulation was lacking
in the ischaemic organ, the initial uptake was low but steadily increased over
time. The SUV one hour after IRI was increased four-fold, compared with the
non-ischaemic counterpart. Moreover, visualization allowed for easy
distinction between ischaemic and non-ischaemic tissue. The difference was
apparent after about 20 min. In animals that were blocked, there was no
difference in the SUV when comparing ischaemic and non-ischaemic kidneys
at any time point. They were also impossible to distinguish visually, Figure
71-J in the manuscript. The observations made above in the dynamic portion
were in line with those in the ex vivo measurements made in the Nal well
counter. In the ischaemic hind limb model, the dynamic portion of the PET
did not lead to any difference in uptake between ischaemic and non-ischaemic
limb, Figure 16b. In general, the SUV in limbs was much lower than in the
kidneys, 0.1 and 2.8 respectively, from the biodistribution data in naive
animals. However, when inspecting the results visually, it was possible to
distinguish areas with increased uptake compared with the non-ischaemic
control, Figure 16d. Ex vivo measurements had an increased uptake compared
with naive animals but did not differ compared to paired controls.
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Figure 16. Uptake of ['*F]JFBA PVAC in ischaemic vs non-ischaemic tissue in mod-
els of kidney (A, C) and hind limb (B, D) ischaemia. A Uptake in the ischaemic kid-
ney increased rapidly over time, whereas in non-ischaemic and blocked kidneys the
uptake had an early peak and decreased over time. B Uptake in the ischaemic hind
limb and non-ischaemic did not differ over time. C Representative example with the
difference between the ischaemic and non-ischaemic kidney, picture is 60 min post
infusion. D Representative example with the difference between ischaemic and non-
ischaemic hind limb, picture is 90 min post infusion.

Paper I-1I — Biocompatibility

Blood compatibility was studied in two different models. First TEG was used
to investigate influences on coagulation, Figure 17. Secondly, a whole blood
model where innate immunity and complement can also be studied was used
(77). In TEG, both the angle, amplitude and K value of the assay was affected,
indicating slower kinetics in the coagulation system and overall decreased co-
agulability. In the whole blood model, blood from three donors was circulated
in chambers for 2 h. PVAC did not activate the coagulation system as TPC
and TAT levels were comparable to the negative control. The complement
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cascade, assessed by TCC and C3a, was similarly unaffected compared to the
negative control, Figure 18.
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Figure 18. A Whole blood loop model of complement activation and coagulation.
Whole blood was introduced to small heparinized chambers and then spun on a
wheel placed in an incubator, to simulate circulation. Three groups were used a neg-
ative control (saline), PVAC (dissolved in saline) or a thrombogenic metal to act as a
positive control. TPC and TAT reflect coagulation activity and TCC and C3a com-
plement activity. No difference was seen between the negative control and PVAC in
any of the parameters.

Paper IV — Kinetics in vivo

To study the kinetics of PVAC, rats were injected, 1.V. or 1.J., with either
["*FJFBA PVAC or FITC PVAC. ["*F]FBA PVAC was tracked via dynamic
PET and FITC PVAC with serial blood sampling. With PET, uptake in the
blood had a ti, of 10.2 min in the aorta, Figure 19a. For FITC PVAC, the
elimination phase was split into a fast phase and a slow phase. The fast phase
had a ti» of 0.2 h and The slow phase had a t;» of 10.73 h. L.J. injection gave
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rapidly increased serum concentrations followed by a steady-state at 2 h be-
tween elimination and absorption. After 6 h, the elimination-phase started with
reducing circulation levels. The t;, for I.J injection was 34.90 h, Figure 19b.
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Figure 19. Kinetics of PVAC in rat models. A Graph of dynamic PET data from the
aorta and bladder after 1.V injection of ['*F]JFBA PVAC. B Serum concentration of
FITC PVAC after L.V or 1.J injection. C Early uptake in aorta after .V injection. D-
E pictures of uptake after 1.J administration. Arrows pointing towards knee joint
were FITC PVAC was administered and bladder of the animal. F Total eliminated
FITC PVAC in urine over time.
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Discussion

What have we learned?

What matters is the journey not the destination — Ralph Waldo Emerson

Do not tell me about your effort, show me your results — Tim Fargo

As with most things, the truth appears somewhere in-between, although we
have learned many things about PVAC. Some of the goals set out by the thesis
have not been achieved. However, such is the scientific process, and setting a
specific path can be difficult and counter-productive. We have demonstrated
that a polymer such as PVAC can influence biology in potent ways. But some
of the observed effects still lack an explanation.

The elimination of FITC PVAC through the kidneys followed a two-phase
elimination curve: a rapid phase lasting about 2 h followed by a slower phase.
The elimination was via the kidneys into the urine. The two-phase elimination
could be explained by the size range (15-35 kDa) of PVAC, where the elimi-
nation through the kidneys would be more rapid in the smaller size range. In-
deed, a similar correlation between size and half-life has been observed with
PVA (2). Alternatively, PVAC may bind to circulating molecules, e.g. carrier
proteins, which could slow down the elimination of the bound fraction. Still,
after 48 h, circulating levels were low, suggesting a near-complete elimination
from the circulation. When administered locally into the joint, the kinetics was
slower with less PVAC excreted in the urine, suggesting that a macro-mole-
cule such as PVAC is retained in tissues. The biodistribution of the polymer
followed to blood content in the respective organs.

PVAC as a scavenger

Several interesting effects have been found in the thesis. In Paper I, I, and IV,
these can partly or mostly be explained by the scavenging properties of PVAC.
In adhesion formation, RCS play a central role, and MDA, an example of such
an RCS, was elevated 6 h after the surgical procedure in our studies. Experi-
mental data in animals support that reducing oxidative stress reduces adhesion
formation (78). However, PVAC impregnated sutures failed to impact these
levels. The failure to impact MDA levels might be due to the relatively low
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dose of delivered PVAC through this administration method. In part A of the
study, PVAC was delivered via intra-peritoneal lavage, this did not allow for
MDA levels to be measured since the method for obtaining samples was also
via intra-peritoneal lavage. However, no difference was noted in adherence
scoring in setup A. The difference in impact on adhesion formation between
setup A and B might be due to the higher concentration at the anastomosis site
when impregnating the sutures. Most adhesions observed during the scoring
were at the site of the anastomosis. The reduction in adhesion formation in
setup B was seen when scored with Kennedy (scoring the strength/severity of
adhesions) but not with Nair (scoring the number/localization of adhesions).
Since PVAC impregnated sutures likely convey their effect very locally at the
anastomosis site, this might explain why Kennedy and not Nair resulted in a
difference. A strength of using functionalized sutures is that an additional pro-
cedure during the surgical procedure is not required. The approach needs to
be explored further to see how the innovation can be brought to patients.
Another scenario where PVAC demonstrated the potential of a polymeric
scavenger was to reduce haemolysis in various settings. Here PVAC showed
a dose-dependent reduction in haemolysis when RBC were stored in test tubes.
This effect failed to be replicated by either EC or PVA, showing that it is the
combination of the chemical elements resulting in the effect. One of the fac-
tors contributing to haemolysis in vitro is oxidative injury, and MDA has been
shown to increase in concentration during storage (45,46). If this were the sole
mechanism behind the effects of PVAC, EC, a low-molecular-weight carba-
zate also capable of scavenging RCS such as MDA would convey similar re-
sults. What we observed instead was an increase in haemolysis when EC was
added to storage. RBC were also more resistant to osmotic fragility when in
the presence of PVAC, giving evidence to some other membrane interaction
stabilizing RBC. A membrane interaction was further confirmed when the as-
sociation between PVAC and RBC increased after being stressed in a hypo-
tonic solution. When we tried to identify these possible membrane interaction
points, we failed to find any conclusive evidence. We aim to investigate
PVAC:s ability to reduce haemolysis in vitro by studying clinical blood storage
in blood bags with a new storage media with added PVAC. From Paper III
and IV, we see that PVAC is well tolerated in vivo, and it could be possible to
investigate whether we would see effects on haemolysis in vivo in the future.
To set out to determine whether PVAC has an affinity for ischaemic tissues,
we confirmed scavenging of RCS formed during IRI. After this was demon-
strated, a radioactive tracer ['*F]JFBA-PVAC was synthesized and tracked in
a PET camera. When ["*FJFBA-PVAC was administered in the presence of
ischaemia, the kinetics and biodistribution were altered compared with naive
animals. In a model of kidney IRI ['"*FJFBA-PVAC accumulated in the is-
chaemic kidney with an increasing signal over time and the ability to clearly
distinguish the kidney 20 min after reperfusion. In the ischaemic hind limb
model, the dynamic results were less convincing and failed to show an SUV
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difference. When inspecting the images, some differences could be noted, and
ex vivo uptake was higher in the ischaemic limb. The lack of a difference in
the dynamic part is likely due to two reasons. Firstly, the hind limb tissues
contain less blood, and in a resting animal (such as during the anaesthesia) are
relatively low perfused. Secondly, the relatively small size of the experimental
groups leads to low power of the study, and if more animals were studied a
difference might be noted. We think that the results are convincing in concept
and that other different experiments might yield more valuable data than rep-
lication of this experiment. Another finding pointing towards a specific uptake
of [*FIFBA-PVAC in the ischemic tissue is that blocked animals (receiving
non-labelled PVAC before injection of the tracer) demonstrated a pattern sim-
ilar to non-ischaemic kidneys or naive animals.

Other tracers have been investigated to detect ischaemic tissues. These in-
clude Na["*F]F, [''C]Choline, ®*Ga-DOTATATE and ['*F]JFDG. However, the
models differ somewhat, so it is not easy to compare the results. Na['*F] has
been studied in models of myocardial IRI, and uptake was measured longer
after IRI was induced (24 h) (79). [''C]Choline and **Ga-DOTATATE have
been explored in stroke; compared with ["*F]JFBA-PVAC, their uptake was
low in ischaemic tissue, about 2 SUVs (80,81). ["*F]FDG has been investi-
gated more thoroughly but with conflicting results. The current understanding
of the distribution is a decreased uptake in the ischaemic core combined with
increased uptake in the border to the ischaemic area (82). Many tracers have
been explored to visualize ischaemia, but they have not been designed specif-
ically for this task. Furthermore, the rapid accumulation observed with
["*FIFBA-PVAC appears unique, with differentiation between ischaemic and
non-ischaemic tissue 20 min after the insult.

In conclusion, PVAC, an RCS scavenger, provides a novel way of detecting
ischaemic events. We have not yet investigated whether there is a therapeutic
benefit to scavenging RCS in IRI but are working on studies to answer this
question.

The elusive mechanism of action

Several theories were presented as to the underlying mechanism behind the
effects seen in the anti-tumoural paper. No direct lysis is observed in the cells,
but gross morphology is considerably affected after a few hours of exposure.
No effect on the cell cycle was observed, and although a reduction in ATP
content was noted, it was far from complete. We screened for differences in
protein expression with mRNA sequencing, and although several genes were
up or down-regulated compared with controls, they did not point in the direc-
tion of a cohesive mechanism. We tried to identify possible interactions via IP
and MS, but we found unspecific binding to the beads used for IP and not
interactions with PVAC. In addition to what is part of the paper, we studied
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cell metabolism, apoptotic pathways, and alternative chemical pathways of
the carbazate, all without decisive data giving us insights into the mechanism.
Although we have failed to generate supporting data, our current theory is that
PVAC influences the tumour microenvironment in some way that alters the
growth and viability, most likely without specific interactions but with a more
general physical effect. Such effects have been described previously by poly-
mers. PVA has been found to influence cells in culture, and it is believed to
mimic the extracellular matrix and can be used to replace serum in media (83).
Furthermore, P10(4), an amphiphilic polymer with anti-tumoural properties,
has some apoptosis-inducing effect after contact with the membrane, although
the exact mechanism was elusive to the authors (84). Another anti-cancer pol-
ymer uses amphiphilic properties to kill cancer cells (31), similar to P10(4).
When we investigated the properties of PVAC, we found that it is a hydro-
philic compound, but a similar mechanism cannot be ruled out. It is known
that tumour cells produce excess RCS and that these modify the membrane
(18,85). This could create points of interaction for PVAC. However, apart
from the apoptosis-inducing effect in vitro, the in vivo effects observed with
increased immune infiltration of CD3+ cells are also difficult to explain. Here
we find no examples in the literature from any similar compounds.

Polymers have played a role in oncology for some years, with the first pol-
ymer-modified drug being doxorubicin, studied in 1999 (86). Here, a polymer
(meth acrylamide) was used to increase the drug’s molecular size to alter ki-
netics and biodistribution. The concept explored is known as the enhanced
permeability retention effect (EPR). EPR is an effect seen where molecular
size dictates biodistribution, causing a skew towards tumour tissue retention
(87). EPR occurs due to the way that tumours construct their vascular. The
vessel walls have larger gaps making the vessels permeable to macromole-
cules that would typically be trapped inside the bloodstream. Modifications
via polymers have been among the most common strategies to try and use the
EPR effect (88). In contrast, it is only recently that polymers have started to
be used as a stand-alone anti-tumoural agent (31,32,84). To summarize, poly-
mers have recently been expanded in their role in oncology from being a way
to augment conventional therapies to being the therapeutics themselves (89).
We find that PVAC could play a role in this new utilization of polymers as
stand-alone agents.

The case for bioactive polymers in medicine

In the papers presented in this thesis, we highlight several possibilities with
bioactive polymers in medicine. They present a scarcely explored concept
with many interesting properties. Compared with small molecules, polymers
allow for tuning to molecular size. In the case of PVAC, another PVA source
could be used to synthesize PVAC if a longer ti,, or altered biodistribution is
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needed. We also demonstrate the flexibility of labelling the substance without
severely altering the function. The same chemistry could be used to introduce
other functional groups. Specific scavengers could be introduced to the poly-
mer if a more targeted approach is needed. As an example a short lipid mole-
cule can be used as an anchor to the cell membrane, a strategy that has been
used to anchor PEG to cell membranes (90). This technology has been used to
shield cells in circulation from an immune response in islet- and liver cell
transplantation (91,92). When designing a bioactive polymer as a drug candi-
date, several backbones can be used in addition to PVA. For example, PEG or
PVP also have excellent bio-compatibility and are soluble (93). Combinations
of different polymeric compounds can also be used. It has been reported that
combinations of PEG, PCG and PLLA forms an amphiphilic polymer which
self-assembles into nanoparticles. These can then interact with the cellular
membrane to disrupt it and act as a cytotoxic agent (94). To highlight the po-
tential of such a bioactive polymer tool-box, PEG has been used for multiple
cell surface modifications. Different sizes of the PEG-backbone have been
used and specific ligands have been introduced to facilitate cell shielding, fu-
sion of membranes and control of cellular interactions (95).

To conclude, we have explored PVAC as an example of bioactive polymers
as a concept. We feel that the compound group is underused in medicine and
hope that this thesis will open for more researchers to explore these molecules.
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Future perspectives

Several interesting findings have been observed in our studies of PVAC. For
some of these applications, patents have been filed. This leads to the possibil-
ity of pursuing further development of PVAC.

PVACs reduction in haemolysis during storage was exciting, and we are con-
ducting studies into clinical blood storage to determine whether this reduction
translates into the possibility of prolonging storage times.

To further investigate PVAC in oncology, we will continue with mechanistic
studies with the hope of understanding the underlying mechanism of action.
Moreover, different administrations routes are being investigated to see
whether it is possible to dose PVAC 1.V and reach distant tumours via EPR.
We will also explore metastatic disease to determine whether the ignited im-
mune system locally will reach other tumours.

The visualization of ischaemic tissue is interesting, but a natural next step is
to investigate whether the polymer has therapeutic potential in these diseases.
Further studies will investigate whether scavenging the reactive mediators
formed during IRI helps treat the disease. Another possibility is that the satu-
rating binding we observed may occlude tissue antigens and stop the inflam-
matory cascade.

As for myself, I will continue my journey as a researcher with the aim of at-
taining the title of associate professor. New and exciting investigations in clin-
ical research have been initiated, and I believe that immunology and this thesis
lays a solid foundation for further endeavours.
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Popularvetenskaplig sammanfattning

Denna avhandling handlar om en polymer, PVAC. Polymerer &r stora kemiska
dmnen som bestar av en eller flera repeterade enheter. PVAC designades fran
borjan inte som ett ladkemedel utan skapades for att konstruera en gel med ma-
let att ersitta forlorat brosk i leder. Gelen bestod av tva komponenter, PVAC
och ett &mne som finns i brosk. I studier av gelen i djurmodeller observerades
att inflammationen i lederna minskade. Nér gelens sammanséittning hade ett
Overskott av PVAC sa minskade inflammationen ytterligare. Denna observat-
ion ledde till att vi i denna avhandling har utforskat PVACs egenskaper vidare.

PVAC bestar av tva repeterande komponenter. Den ena dr en vanlig plast
som anvénds inom industri och medicin, PVA, som &r vattenldslig och inert.
Den andra komponenten ar carbazat, en kemisk grupp som binder och neutra-
liserar olika reaktiva &mnen som bildas i kroppen och kan betraktas som en
potent antioxidant.

I kroppen bildas reaktiva &mnen, som PVAC kan binda och neutralisera,
bland annat vid inflammation. En situation dér inflammation orsakar problem
ar vid kirurgiska ingrepp i buken. Inflammationen tros bland annat bidra till
att kroppen bildar sammanvéxningar som i sin tur kan leda till besvir langt
efter operationen. I det forsta arbetet tillsattes PVAC till suturtradar som an-
vindes for att sy under operationer. Da bildades svagare sammanvéxningar
kring operationsomradet. Att gora suturtradar med tillsatt PVAC skulle alltsa
kunna vara en mojlighet for att minska sammanvéxningar efter operationer. |
det andra arbetet jobbade vi med att forhindra sonderfall av r6da blodkroppar.
Sonderfallet begransar hur linge man kan lagra roda blodkroppar pa blodcen-
traler och beror bland annat pd inflammation. Nér vi tillsatte PVAC till lag-
ringsmediet som de rdda blodkropparna lagrades i sa kunde vi se ett minskat
sonderfall. PVAC band upp och neutraliserade olika reaktiva amnen vilket
stabiliserade de roda blodkropparna.

I kontrast till den stabiliserande effekten av PVAC hos réda blodkroppar
sags en helt annan effekt pd celler med cellkdrna. De tdlde inte narvaron av
polymeren utan slutade att vixa och dog. I tidigare djurférsok hade PVAC inte
setts ha nagon toxisk inverkan. Vi borjade dirfor fundera pd om PVAC kunde
anviandas som behandling mot cancer. Vi studerade tva olika gnagarmodeller
av cancer, en av melanom och en av brostcancer. Melanomet var en mustumor
som placerades i en vanlig mus medans brstcancern var isolerad fran en méan-
niska och placerades i en mus utan immunforsvar. Det sistnimnda gjordes for
att undvika en avstotningsreaktion, en reaktion fran immunforsvaret pa en
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fraimmande art, som skulle doda tumoren. I modellen av melanom hade PVAC
en god effekt och tumorerna var mindre 1 djuren som fick PVAC. I modellen
av brostcancer sags ingen sadan effekt. Forklaringen till detta fanns sannolikt
i tumdorvavnaden. Vid analys av tumorvavnad fran melanom aterfanns ett stort
antal immunceller (framforallt T celler) hos de mdss som fatt PVAC. Detta
var inte fallet i modellen av brostcancer dé dessa moss saknade ett immunfor-
svar. Exakt varfor PVAC orsakade en 6kad aktivitet hos immunforsvaret i tu-
mdrvdvnaden vet vi dnnu inte men resultaten ér lovande. Pé senare ar har flera
lakemedel som forsoker rikta immunforsvaret mot tumdrer utvecklats och
upptickterna som lag till grund for dessa ledde till ett nobelpris 2018. Ett hin-
der for sddana ldkemedel ar fall dd immunforsvaret inte ar aktivt i vdvnaden.
En mojlighet for att aktivera immunforsvaret i dessa fall vore en kombinat-
ionsbehandling med PVAC.

I det sista arbetet forsokte vi att synliggora syrebrist i kroppen. Detta ar
intressant da det kan vara svart att diagnostisera samt att avgora omfattningen
och skadorna som den leder till. Vid syrebrist 6verproduceras méanga av de
dgmnen som PVAC binder till. For att kunna synliggora syrebristen sé skapade
vi en version av PVAC som gick att spara i kroppen. Vi valde att gora detta
genom att kombinera PVAC med ett radioaktivt &mne som sedan kunde sparas
med en rontgenmetod kallad PET. Dérefter skapades syrebrist i njurar och ex-
tremiteter hos forsoksdjur. Vi studerade sedan hur radioaktivt PVAC forde-
lade sig i kroppen hos djuren. Mycket riktigt visade PET kameran en anrikning
av PVAC i delarna av kroppen som hade syrebrist.

Sammantaget sa har vi studerat PVAC i ett flertal olika situationer med
manga mdjliga intressanta anvandningsomraden. Polymerer som anvinds som
lakemedel pa detta sétt dr ovanliga. Vi anser att arbetet som vi har genomfort
inte bara berdr PVAC 1 sig utan att det belyser att polymerer som grupp av
amnen dr potentiellt intressanta att studera nérmare.

50



References

10.

11.

12.

13.
14.

15.

16.

DeMerlis CC, Schoneker DR. Review of the oral toxicity of polyvinyl alcohol
(PVA). Food Chem Toxicol. 2003 Mar;41(3):319-26.

Yamaoka T, Tabata Y, Ikada Y. Comparison of Body Distribution of Poly(vinyl
alcohol) with Other Water-soluble Polymers after Intravenous Administration.
Journal of Pharmacy and Pharmacology. 1995 Jun 1;47(6):479-86.

Besheer A, Méder K, Kaiser S, Kressler J, Weis C, Odermatt EK. Tracking the
urinary excretion of high molar mass poly(vinyl alcohol). Journal of Biomedical
Materials Research Part B: Applied Biomaterials. 2007;82B(2):383-9.

Ohlson M, Sorensson J, Lindstrom K, Blom AM, Fries E, Haraldsson B. Effects
of filtration rate on the glomerular barrier and clearance of four differently shaped
molecules. Am J Physiol Renal Physiol. 2001 Jul;281(1):F103-113.

Xu X, Zhao J, Wang M, Wang L, Yang J. 3D Printed Polyvinyl Alcohol Tablets
with Multiple Release Profiles. Scientific Reports. 2019 Aug 28;9(1):12487.
Baker MI, Walsh SP, Schwartz Z, Boyan BD. A review of polyvinyl alcohol and
its uses in cartilage and orthopedic applications. J Biomed Mater Res B Appl
Biomater. 2012 Jul;100(5):1451-7.

T.W Graham Solomons CBF. Organic Chemistry. 9th ed.

Rudolph TK, Freeman BA. Transduction of Redox Signaling by Electrophile-
Protein Reactions. Sci Signal. 2009 Sep 29;2(90):re7.

Negre-Salvayre A, Coatrieux C, Ingueneau C, Salvayre R. Advanced lipid perox-
idation end products in oxidative damage to proteins. Potential role in diseases
and therapeutic prospects for the inhibitors. Br J Pharmacol. 2008 Jan;153(1):6—
20.

Kausar S, Wang F, Cui H. The Role of Mitochondria in Reactive Oxygen Species
Generation and Its Implications for Neurodegenerative Diseases. Cells. 2018 Dec
17;7(12).

Lambeth JD. NOX enzymes and the biology of reactive oxygen. Nature Reviews
Immunology. 2004 Mar;4(3):181-9.

Forrester Steven J., Kikuchi Daniel S., Hernandes Marina S., Xu Qian, Griendling
Kathy K. Reactive Oxygen Species in Metabolic and Inflammatory Signaling.
Circulation Research. 2018 Mar 16;122(6):877-902.

Meister A, Anderson ME. Glutathione. Annu Rev Biochem. 1983;52:711-60.
Chang JS, Hsiao J-R, Chen C-H. ALDH2 polymorphism and alcohol-related can-
cers in Asians: a public health perspective. Journal of Biomedical Science. 2017
Mar 3;24(1):19.

Kamino K, Nagasaka K, Imagawa M, Yamamoto H, Yoneda H, Ueki A, et al.
Deficiency in Mitochondrial Aldehyde Dehydrogenase Increases the Risk for
Late-Onset Alzheimer’s Disease in the Japanese Population. Biochemical and Bi-
ophysical Research Communications. 2000 Jun 24;273(1):192-6.

Wood PL. Neurodegeneration and aldehyde load: from concept to therapeutics. J
Psychiatry Neurosci. 2006 Sep;31(5):296-7.

51



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

52

Callegari A, Liu Y, White CC, Chait A, Gough P, Raines EW, et al. Gain and
Loss of Function for Glutathione Synthesis: Impact on Advanced Atherosclerosis
in Apo E Deficient Mice. Arterioscler Thromb Vasc Biol. 2011
Nov;31(11):2473-82.

Schopfer FJ, Cipollina C, Freeman BA. Formation and Signaling Actions of Elec-
trophilic Lipids. Chem Rev. 2011 Oct 12;111(10):5997-6021.

Ossipov DA, Brannvall K, Forsberg-Nilsson K, Hilborn J. Formation of the first
injectable poly(vinyl alcohol) hydrogel by mixing of functional PVA precursors.
Journal of Applied Polymer Science. 2007;106(1):60—70.

Aulin C, Bergman K, Jensen-Waern M, Hedenqvist P, Hilborn J, Engstrand T. In
situ cross-linkable hyaluronan hydrogel enhances chondrogenesis. Journal of Tis-
sue Engineering and Regenerative Medicine. 2011;5(8):e188-96.

Neovius E, Lemberger M, Docherty Skogh AC, Hilborn J, Engstrand T. Alveolar
bone healing accompanied by severe swelling in cleft children treated with bone
morphogenetic protein-2 delivered by hydrogel. Journal of Plastic, Reconstruc-
tive & Aesthetic Surgery. 2013 Jan 1;66(1):37-42.

Erridge C, Kennedy S, Spickett CM, Webb DJ. Oxidized Phospholipid Inhibition
of Toll-like Receptor (TLR) Signaling Is Restricted to TLR2 and TLR4. J Biol
Chem. 2008 Sep 5;283(36):24748-59.

Xiang M, Fan J, Fan J. Association of Toll-like receptor signaling and reactive
oxygen species: a potential therapeutic target for posttrauma acute lung injury.
Mediators Inflamm. 2010;2010.

Trivedi RH, Apple DJ, Pandey SK, Werner L, [zak AM, Vasavada AR, et al. Sir
Nicholas Harold Ridley. He changed the world, so that we might better see it.
Indian J Ophthalmol. 2003 Sep;51(3):211-6.

Vaishya R, Chauhan M, Vaish A. Bone cement. J Clin Orthop Trauma. 2013
Dec;4(4):157-63.

Hassan M, Asghar M, Din SU, Zafar MS. Chapter 8 - Thermoset polymethacry-
late-based materials for dental applications. In: Grumezescu V, Grumezescu AM,
editors. Materials for Biomedical Engineering. 2019. p. 273-308.

Borresen B, Hansen AE, Kjar A, Andresen TL, Kristensen AT. Liposome-en-
capsulated chemotherapy: Current evidence for its use in companion animals.
Veterinary and Comparative Oncology. 2018;16(1):E1-15.

Seymour LW, Ferry DR, Kerr DJ, Rea D, Whitlock M, Poyner R, et al. Phase 11
studies of polymer-doxorubicin (PK 1, FCE28068) in the treatment of breast, lung
and colorectal cancer. Int J Oncol. 2009 Jun;34(6):1629-36.

Ma S, Song W, Xu Y, Si X, Lv S, Zhang Y, et al. Rationally Designed Polymer
Conjugate for Tumor-Specific Amplification of Oxidative Stress and Boosting
Antitumor Immunity. Nano Lett. 2020 Apr 8;20(4):2514-21.

Chapman RW, Stanghellini V, Geraint M, Halphen M. Randomized clinical trial:
macrogol/PEG 3350 plus electrolytes for treatment of patients with constipation
associated with irritable bowel syndrome. Am J Gastroenterol. 2013
Sep;108(9):1508-15.

Takahashi H, Yumoto K, Yasuhara K, Nadres ET, Kikuchi Y, Taichman RS, et
al. Anticancer polymers designed for killing dormant prostate cancer cells. Sci
Rep. 2019 Jan 31;9(1):1096.

Gakhar G, Liu H, Shen R, Scherr D, Wu D, Nanus D, et al. Anti-tumor Effect of
Novel Cationic Biomaterials in Prostate Cancer. Anticancer Res. 2014 Aug
1;34(8):3981-9.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Koivusalo L, Kauppila M, Samanta S, Parihar VS, Ilmarinen T, Miettinen S, et
al. Tissue adhesive hyaluronic acid hydrogels for sutureless stem cell delivery
and regeneration of corneal epithelium and stroma. Biomaterials. 2019
Dec;225:119516.

Cooper C, Rannou F, Richette P, Bruyére O, Al-Daghri N, Altman RD, et al. Use
of Intraarticular Hyaluronic Acid in the Management of Knee Osteoarthritis in
Clinical Practice. Arthritis Care Res (Hoboken). 2017 Sep;69(9):1287-96.
Chircov C, Grumezescu AM, Bejenaru LE. Hyaluronic acid-based scaffolds for
tissue engineering. Rom J Morphol Embryol. 2018;59(1):71-6.

Fallacara A, Manfredini S, Durini E, Vertuani S. Hyaluronic Acid Fillers in Soft
Tissue Regeneration. Facial Plast Surg. 2017 Feb;33(1):87-96.

Maitz MF. Applications of synthetic polymers in clinical medicine. Biosurface
and Biotribology. 2015 Sep 1;1(3):161-76.

Bell EL, Klimova TA, Eisenbart J, Moraes CT, Murphy MP, Budinger GRS, et
al. The Qo site of the mitochondrial complex III is required for the transduction
of hypoxic signaling via reactive oxygen species production. The Journal of Cell
Biology. 2007 Jun 18;177(6):1029-36.

Paton LN, Mocatta TJ, Richards AM, Winterbourn CC. Increased thrombin-in-
duced polymerization of fibrinogen associated with high protein carbonyl levels
in plasma from patients post myocardial infarction. Free Radical Biology and
Medicine. 2010 Jan 15;48(2):223-9.

Fredriksson F. Outcome and prevention strategies in peritoneal adhesion for-
mation. Thesis. In 2016.

de la Portilla F, Ynfante I, Bejarano D, Conde J, Fernandez A, Ortega JM, et al.
Prevention of peritoneal adhesions by intraperitoneal administration of vitamin
E: an experimental study in rats. Dis Colon Rectum. 2004 Dec;47(12):2157-61.
Sanfilippo JS, Booth RJ, Burns CD. Effect of vitamin E on adhesion formation.
J Reprod Med. 1995 Apr;40(4):278-82.

Arung W, Meurisse M, Detry O. Pathophysiology and prevention of postopera-
tive peritoneal adhesions. World J Gastroenterol. 2011 Nov 7;17(41):4545-53.
Garcia-Roa M, del Carmen Vicente-Ayuso M, Bobes AM, Pedraza AC, Gonza-
lez-Fernandez A, Martin MP, et al. Red blood cell storage time and transfusion:
current practice, concerns and future perspectives. Blood Transfus. 2017
May;15(3):222-31.

Chaudhary R, Katharia R. Oxidative injury as contributory factor for red cells
storage lesion during twenty eight days of storage. Blood Transfus. 2012
Jan;10(1):59-62.

Knight JA, Voorhees RP, Martin L, Anstall H. Lipid peroxidation in stored red
cells. Transfusion. 1992 May;32(4):354-7.

Knight JA, Blaylock RC, Searles DA. The effect of vitamins C and E on lipid
peroxidation in stored erythrocytes. Ann Clin Lab Sci. 1993 Feb;23(1):51-6.
Cadamuro J, Wiedemann H, Mrazek C, Felder TK, Oberkofler H, Fiedler GM, et
al. The economic burden of hemolysis. Clin Chem Lab Med. 2015
Oct;53(11):¢285-288.

Fibach E, Rachmilewitz E. The role of oxidative stress in hemolytic anemia. Curr
Mol Med. 2008 Nov;8(7):609—-19.

Ghoti H, Fibach E, Dana M, Abu Shaban M, Jeadi H, Braester A, et al. Oxidative
stress contributes to hemolysis in patients with hereditary spherocytosis and can
be ameliorated by fermented papaya preparation. Ann Hematol. 2011
May;90(5):509-13.

Collard CD, Gelman S. Pathophysiology, clinical manifestations, and prevention
of ischemia-reperfusion injury. Anesthesiology. 2001 Jun;94(6):1133-8.

53



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

54

Fridovich I. The biology of oxygen radicals. Science. 1978 Sep 8;201(4359):875—
80.

Keyer K, Imlay JA. Superoxide accelerates DNA damage by elevating free-iron
levels. Proc Natl Acad Sci USA. 1996 Nov 26;93(24):13635-40.

Eraslan E, Tanyeli A, Polat E, Polat E. 8-Br-cADPR, a TRPM2 ion channel an-
tagonist, inhibits renal ischemia-reperfusion injury. J Cell Physiol. 2019
Apr;234(4):4572-81.

Malek M, Nematbakhsh M. Renal ischemia/reperfusion injury; from pathophys-
iology to treatment. J Renal Inj Prev. 2015 Jun 1;4(2):20-7.

Mattiuzzi C, Lippi G. Current Cancer Epidemiology. J Epidemiol Glob Health.
2019 Dec;9(4):217-22.

GBD 2015 Risk Factors Collaborators. Global, regional, and national compara-
tive risk assessment of 79 behavioural, environmental and occupational, and met-
abolic risks or clusters of risks, 1990-2015: a systematic analysis for the Global
Burden of Disease Study 2015. Lancet. 2016 Oct 8;388(10053):1659—724.
Vasan N, Baselga J, Hyman DM. A view on drug resistance in cancer. Nature.
2019 Nov;575(7782):299-3009.

DeVita VT, Simon RM, Hubbard SM, Young RC, Berard CW, Moxley JH, et al.
Curability of advanced Hodgkin’s disease with chemotherapy. Long-term follow-
up of MOPP-treated patients at the National Cancer Institute. Ann Intern Med.
1980 May;92(5):587-95.

Queirolo P, Boutros A, Tanda E, Spagnolo F, Quaglino P. Immune-checkpoint
inhibitors for the treatment of metastatic melanoma: a model of cancer immuno-
therapy. Seminars in Cancer Biology. 2019 Dec 1;59:290-7.

Jakhetiya A, Garg PK, Prakash G, Sharma J, Pandey R, Pandey D. Targeted ther-
apy of gastrointestinal stromal tumours. World J Gastrointest Surg. 2016 May
27:8(5):345-52.

Imbert C, Montfort A, Fraisse M, Marcheteau E, Gilhodes J, Martin E, et al. Re-
sistance of melanoma to immune checkpoint inhibitors is overcome by targeting
the sphingosine kinase-1. Nature Communications. 2020 Jan 23;11(1):437.
Gramza AW, Corless CL, Heinrich MC. Resistance to Tyrosine Kinase Inhibitors
in Gastrointestinal Stromal Tumors. Clin Cancer Res. 2009 Dec 15;15(24):7510—
8.

Fredriksson F, Sellberg F, Bowden T, Engstrand T, Berglund D, Lilja HE. Sutures
impregnated with carbazate-activated polyvinyl alcohol reduce intraperitoneal
adhesions. J Pediatr Surg. 2017 Nov;52(11):1853-8.

Gesellschaft DC. Berichte der Deutschen Chemischen Gesellschaft. Verlag
Chemie.; 1871. 1056 p.

Immunologists AA of. The Demonstration of Pneumococcal Antigen in Tissues
by the Use of Fluorescent Antibody. The Journal of Immunology. 1942 Nov
1;45(3):159-70.

Macey MG, editor. Flow Cytometry: Principles and Applications. Humana Press;
2007

Vermes I, Haanen C, Steffens-Nakken H, Reutelingsperger C. A novel assay for
apoptosis. Flow cytometric detection of phosphatidylserine expression on early
apoptotic cells using fluorescein labelled Annexin V. J Immunol Methods. 1995
Jul 17;184(1):39-51.

Schmid I, Krall WJ, Uittenbogaart CH, Braun J, Giorgi JV. Dead cell discrimi-
nation with 7-amino-actinomycin D in combination with dual color immunoflu-
orescence in single laser flow cytometry. Cytometry. 1992;13(2):204-8.



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

&3.

84.

85.

86.

Braylan RC, Diamond LW, Powell ML, Harty-Golder B. Percentage of cells in
the S phase of the cell cycle in human lymphoma determined by flow cytometry.
Cytometry. 1980 Nov;1(3):171-4.

Pozarowski P, Darzynkiewicz Z. Analysis of cell cycle by flow cytometry. Meth-
ods Mol Biol. 2004;281:301-11.

Sut C, Tariket S, Chou ML, Garraud O, Laradi S, Hamzeh-Cognasse H, et al.
Duration of red blood cell storage and inflammatory marker generation. Blood
Transfus. 2017 Mar;15(2):145-52.

Fredriksson F, Christofferson RH, Carlsson PO, Lilja HE. Locally increased con-
centrations of inflammatory cytokines in an experimental intraabdominal adhe-
sion model. J Pediatr Surg. 2014 Oct;49(10):1480—4.

Corless CL, Barnett CM, Heinrich MC. Gastrointestinal stromal tumours: origin
and molecular oncology. Nat Rev Cancer. 2011 Nov 17;11(12):865-78.

Marie Vincent K, Postovit L-M. Investigating the utility of human melanoma cell
lines as tumour models. Oncotarget. 2017 Jan 2;8(6):10498-509.

Ekholm P, Blomberg E, Claesson P, Auflem IH, Sjoblom J, Kornfeldt A. A quartz
crystal microbalance study of the adsorption of asphaltenes and resins onto a hy-
drophilic surface. J Colloid Interface Sci. 2002 Mar 15;247(2):342-50.

Hong J, Nilsson Ekdahl K, Reynolds H, Larsson R, Nilsson B. A new in vitro
model to study interaction between whole blood and biomaterials. Studies of
platelet and coagulation activation and the effect of aspirin. Biomaterials. 1999
Apr;20(7):603—-11.

Nakagawa H, Matsumoto Y, Matsumoto Y, Miwa Y, Nagasaki Y. Design of
high-performance anti-adhesion agent using injectable gel with an anti-oxidative
stress function. Biomaterials. 2015 Nov;69:165-73.

Choi H, Han JH, Lim SY, Lee [, Cho Y-S, Chun EJ, et al. Imaging of Myocardial
Ischemia-Reperfusion Injury Using Sodium [18F]Fluoride Positron Emission To-
mography/Computed Tomography in Rats and Humans. Mol Imaging. 2017
01;16:1536012117704767.

Dundar A, Bold MS, Agac B, Kendi AT, Friedman SN. Stroke detection with 3
different PET tracers. Radiology Case Reports. 2019 Nov;14(11):1447-51.
Delaunay K, Le Jeune F, Garin E, Devillers A, Palard-Novello X. 18F-Choline
Uptake in Acute Ischemic Stroke: Clinical Nuclear Medicine. 2017
Feb;42(2):e121-2.

Bunevicius A, Yuan H, Lin W. The Potential Roles of 18F-FDG-PET in Man-
agement of Acute Stroke Patients. Vol. 2013, BioMed Research International.
Hindawi; 2013 p. €634598.

Nishimura T, Hsu I, Martinez-Krams DC, Nakauchi Y, Majeti R, Yamazaki S, et
al. Use of polyvinyl alcohol for chimeric antigen receptor T-cell expansion. Ex-
perimental Hematology. 2019 Dec 1;80:16-20.

Raffaghello L, Zuccari G, Carosio R, Orienti I, Montaldo PG. In vitro and in vivo
antitumor activity of the novel derivatized polyvinyl alcohol-based polymer
P10(4). Clin Cancer Res. 2006 Jun 1;12(11 Pt 1):3485-93.

Fritz KS, Petersen DR. An overview of the chemistry and biology of reactive
aldehydes. Free Radical Biology and Medicine. 2013 Jun;59:85-91.

Vasey PA, Kaye SB, Morrison R, Twelves C, Wilson P, Duncan R, et al. Phase |
clinical and pharmacokinetic study of PK1 [N-(2-hydroxypropyl)methacryla-
mide copolymer doxorubicin]: first member of a new class of chemotherapeutic
agents-drug-polymer conjugates. Cancer Research Campaign Phase I/II Commit-
tee. Clin Cancer Res. 1999 Jan;5(1):83-94.

55



87.

88.

89.

90.

91.

92.

93.

94.

95.

56

Maeda H. Tumor-Selective Delivery of Macromolecular Drugs via the EPR Ef-
fect: Background and Future Prospects. Bioconjugate Chem. 2010 May
19;21(5):797-802.

Maeda H. Polymer therapeutics and the EPR effect. Journal of Drug Targeting.
2017 Nov 26;25(9-10):781-5.

Thakore SI, Solanki A, Das M. Chapter 4 - Exploring potential of polymers in
cancer management. In: Holban A-M, Grumezescu AM, editors. Materials for
Biomedical Engineering, p. 113-33.

Teramura Y, Iwata H. Surface Modification of Islets With PEG-Lipid for Im-
provement of Graft Survival in Intraportal Transplantation. Transplantation. 2009
Sep 15;88(5):624-30.

Miura S, Teramura Y, Iwata H. Encapsulation of islets with ultra-thin polyion
complex membrane through poly(ethylene glycol)-phospholipids anchored to
cell membrane. Biomaterials. 2006 Dec 1;27(34):5828-35.

Takemoto N, Liu X, Takii K, Teramura Y, Iwata H. Transplantation of Co-ag-
gregates of Sertoli Cells and Islet Cells Into Liver Without Immunosuppression.
Transplantation. 2014 Feb 15;97(3):287-93.

D’souza AA, Shegokar R. Polyethylene glycol (PEG): a versatile polymer for
pharmaceutical applications. Expert Opin Drug Deliv. 2016 Sep;13(9):1257-75.
Zhong G, Yang C, Liu S, Zheng Y, Lou W, Teo JY, et al. Polymers with distinc-
tive anticancer mechanism that kills MDR cancer cells and inhibits tumor metas-
tasis. Biomaterials. 2019 Apr 1;199:76-87.

Teramura Y, Ekdahl KN, Fromell K, Nilsson B, Ishihara K. Potential of Cell
Surface Engineering with Biocompatible Polymers for Biomedical Applications.
Langmuir. 2020 Oct 20;36(41):12088-106.



Acknowledgements

Firstly, I would like to thank the department of Immunology, Genetics and
Pathology and the EDUU program for giving me the opportunity to pursue a
thesis in combination with my studies. The continued journey, a combination
between research and clinical duties was made possible by the research and
development department at Uppsala University Hospital.

David Berglund, mentor, colleague and main supervisor. I have learnt so
much from you not just about medicine, science and entrepreneurship but also
about general views on life and which goals to pursue. Thank you for all that
has been and hopefully our future collaborations will be even more fruitful.
Who knows, you might even come to the realisation that life across the pond
is not as great as it seems and return with your family to Sweden.

Folke Knutson co-supervisor. Even though my knowledge about south
American civil wars might be lacking I have enjoyed our work together. Your
insight into transfusion medicine is inspiring. I hope to carry a piece of your
entrepreneurship and legacy in transfusion medicine forward in my future ca-
reer.

Bo Nilsson co-supervisor. The years that [ have had the privilege to be able to
work in the wonderful environment of your lab and research group is some-
thing that I will always cherish. You are a truly creative and insightful re-
searcher, and your knowledge of innate immunity and immunology in general
is impressive. | hope that we can continue to develop your ideas in the future
and that we will be able to bring these innovations closer to patients.

Robin Frobom, I cannot think of a more competent and ambitious peer than
you. [ have thoroughly enjoyed our shared work in the lab and on manuscripts.
I hope that you will have a wonderful career as a clinician and as a researcher
even though I am convinced that you do not need my well wishes. If I could
advice you on one thing it would be to broaden the search on Hemnet to in-
clude Uppsala as well and then we could spend more time together and you
could live a life on more than a few square meters with your growing family.

57



Christian Binder, | admire your conviction and work ethic, you have made
me set my alarm hours earlier during research periods, yet still hours after you
are pumping iron at the gym. I hope your new career will bring you joy even
though financial analysis is about as scientific as astrology.

Thank you Jaan Hong for sharing your lab space with me and guiding me in
all the experiments with the chamber model. You always bring valuable input
on experimental design and results.

Dear Erik Berglund, getting to know you has been wonderful and thank you
for all your support during the thesis. Our collaborative studies with your
group at the Karolinska Institute, especially in oncology have yielded some of
the most interesting results and I look forward to keep refining them with you.

Dear Fanny Fredriksson, working with you has been rewarding in a multi-
tude of ways. Your creative mind in experimental design and surgical skill has
aided our collaborations well. To this day it is still a mystery how you manage
to balance your growing family in combination with your immense productiv-
ity professionally, perhaps you can share the secret with me someday?

Peetu Silanpii, thank you for all your support and hard work during our time
together. I believe that you will find success wherever you chose to turn next
and I look forward to following your journey as a physician and, hopefully, a
researcher.

Thank you to everyone in the lab at C5. Anna, Vivek and, Amanda for shar-
ing the office and lab throughout the years. You have all created the wonderful
atmosphere at the workplace. Whether we discuss if anyone can really under-
stand what Anna is saying or laboratory work it has been a pleasure in your
presence. Claudia, Karin and Kristina thank you so much for your hospital-
ity in the lab and the times we have worked together. Your input on method-
ology and study design has been invaluable for this thesis.

Dear Yuji Teramura, thank you for our discussions of polymers in general
and PVAC in particular. The technologies which have sprung from your cre-
ativity leave me in awe and if I manage to achieve something remotely similar
in my career [ would consider it well spent.

Sana Asif, thank you for your guidance in the lab and our talks about our
future careers. Our discussions about specializations and the clinic in general
have always been rewarding. I wish you best of luck in your future career at
the hospital.

58



Alireza Biglarnia, I believe our collaborations have just begun and even
though you did not remember me from our time in the operating room I can
assure you that you left a profound impact on me. Your technical skill paired
with deep understanding of pre-clinical and clinical science is rare and it will
allow you to succeed with any goal which you chose to pursue.

Barbro Persson, our talks in the evenings when the lab is asleep have been
some of the highlights of my time at clinical immunology. I am glad that you
are pursuing a PhD of your own and I wish you the best of luck with it. I hope
that our paths keep intersecting in the future.

Tim Bowden, thank you for your patience with my theories and questions
regarding polymer chemistry. You have shared some of your vast knowledge
with me and it has been essential to the thesis.

There are many groups and labs which we have worked with throughout the
years and I would like to direct my gratitude to;

The pre-clinical pet platform at Uppsala University Ram Kumar Selvaraju,
Ola Aberg, Sergio Estrada and, Veronika Vingstedt. Regardless if we are
playing ping pong or conducting experiments I have cherished every moment
in your lab.

The mass spectrometry unit at BMC where Alexander Falk, Ganna
Shevchenko and, Sara Lind work. Thank you for your assistance during our
collaborative studies.

The Bioinformatics and Expression Analysis facility at KI and David Brodin
in particular, your support and knowledge in the field has been essential to the
project.

The blood bank at Uppsala University Hospital for allowing me to spend time
in your research lab and mostly to Helena Léf. Your positivity and work ethic
make any task achievable.

All my colleagues at ITB for allowing me to grow as a researcher in their
organization. Filip, Peter, Stefan, Susanne and, Kasper I wish you the best
of luck and I think that ITB will accomplish great things in the future with
such a competent and driven workforce.

To Goran, Ylva and Thorsteinn, the research team at the ENT clinic at Upp-

sala University Hospital. Our projects in oncology will hopefully continue to
generate exciting data and I look forward to continuing our collaborations.

59



To the members of in research group Korsgren for my first steps in science;
Marcus, Peter, Marie and Anton. You thought me everything from how you
hold a pipette to how you dance the Macarena.

To my friends in science; Axel, Jesper, Robin and David. I know that you
will finish your thesis in half the time that I took me and I look forward to
following your careers in science. Who knows, you might even learn to do
your own graphs eventually.

To my family for their support and love. I cannot think of a better start in life
than what I had the privilege of experiencing. Maria and Per I hope that you
find some serenity in your new life in Vaxholm. To my siblings Fanny, Frida
and Fabian [ wish you and you families’ wonderful lives.

Catarina, my better part, always supporting me regardless of the endeavour.
Your positivity and energy can keep me going through anything and it courses
though every aspect of my life. Even as I am finishing the thesis, writing in
bed at 23 you are understanding and asking if I need any help. I hope that I
can bring you as much joy as you have brought me throughout the years.

60






Acta Universitatis Upsaliensis

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1724

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-437508

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2021



	Abstract
	List of Papers
	Contents
	Publications outside the scope of the thesis
	Abbreviations
	Introduction
	Polymers
	A brief history of PVAC
	Understanding PVAC
	Polymeric substances in medicine
	Adherence formation (I)
	Haemolysis (II)
	Ischaemia reperfusion injury (IV)
	Oncology (III)


	General aims
	Paper I
	Paper II
	Paper III 
	Paper IV

	Materials and methods 
	Synthesis of PVAC
	Labelling of PVAC (II - IV)
	Functional assays of PVAC (II - IV) 
	Flow Cytometry (II - III) 
	Storage of RBC (II)
	Identifying ligands for PV AC (II - III)
	Ethical considerations
	Animal experimentation (I, III - IV)
	Model of peritoneal adhesion formation (I) 
	Mice models of oncology (III) 
	Models of ischaemia reperfusion injury (IV)
	Kinetics and biodistribution of PVAC (IV)

	Cell culture (III) 
	Gene Expression Analysis (III)
	QCM (III) 
	Testing of complement and coagulation (I - II)
	Radiology (IV)
	Statistics (I - IV) 

	Results
	Paper I - Preventing adherence formation
	Paper II - Reducing haemolysis during storage of RBC
	Paper III – PVAC as an anti-tumoural agent
	Paper IV - PVAC to detect IRI 
	Paper I-II - Biocompatibility
	Paper IV - Kinetics in vivo

	Discussion
	What have we learned?
	PVAC as a scavenger
	The elusive mechanism of action 
	The case for bioactive polymers in medicine 

	Future perspectives
	Populärvetenskaplig sammanfattning
	References
	Acknowledgements 



