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Abstract

Hyaluronic acid (HA) is widely studied as a targeting moiety to CD44 overexpressing
cancer cells. Various types of nanoparticles (NPs) were modified by HA.
Virus-like particles (VLPs) derived from mouse polyomavirus are an interesting class
of NPs that can be modified by various targeting agents to increase their potential as
gene or drug delivery vehicles for e.g. theragnostic purposes. HA has not been tested
as a targeting moiety on VLPs, hence this was the focus of the current study.
HA (~14 kDa) was attached to the VLPs via a bispecific Bodipy-derived fluorescent
probe. To test the targeting potential of HA on comparable non-viral NPs,
nanodiamonds were prepared in a similar manner. NPs functionalized with HA,
together with Bodipy-labeled control variants, were tested on interactions
with MDA-MB-231 cells overexpressing CD44.

The NP-cell interaction via CD44 was assessed by a competitive cell-binding assay,
where non-labeled HA competed for HA-binding sites at CD44 with the NPs.
CD44 specific cell interactions were detected in studies with HA functionalized
nanodiamonds, whereas VLP-HA* associated with cells in a less specific manner.
Control VLPs with polyethylene glycol (PEG) did not interact with the cells. Results
indicate that the HA targeting strategy for the VLPs requires optimization to achieve
suitable coverage of the VLP surface by HA molecules that could shield virus-specific

interactions (as seen in VLP-PEG*) and provide re-targeting to CD44.
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Abstrakt

Kyselina hyaluronova (HA) je testovana jako agens cilici na rakovinné bunky
nadmeérné exprimujici CD44. Mnohé typy nanopartikuli (NPs) byly vyuZity k povrchové
modifikaci pomoci HA. Viru podobné partikule mysiho polyomaviru (VLPs) jsou
zajimavou skupinou NPs. Kvuli zvySeni jejich potencialu v ramci theragnostiky, mohou
byt VLPs modifikovany rdznymi cilicimi agens. HA v8ak nebyla dosud testovana jako
cilici agens na VLPs, proto se tato prace zaméfuje pravé na toto téma. HA (~14 kDa)
byla pfipojena na VLPs skrze bispecifickou fluorescencni sondu odvozenou od Bodipy.
Aby bylo mozné otestovat cilici potencial HA na srovnatelnych nevirovych NPs, byly

podobnym zpusobem modifikovany nanodiamanty.

NPs modifikované HA spolu s kontrolnimi variantami oznaCenymi Bodipy byly
testovany na interakce s MDA-MB-231 bufkami nadmérné exprimujicimi CD44.
Interakce NPs s burikami skrze CD44 byla zhodnocena pomoci kompetitivni vazebné
eseje, kdy neznacena HA kompetovala s NPs o HA vazebna mista na CD44. CD44
specifické interakce byly detekovany v experimentech u HA modifikovanych
nanodiamantu, zatimco VLP-HA* interagovaly s burfikami méné specificky. Kontrolni
VLPs s polyethylenglykolem (PEG) s bunkami téméfr neinteragovaly. Vysledky
naznacuji, ze strategie cileni pomoci HA vyzaduje optimalizaci, aby bylo mozné
dosahnout dostateCného povrchového pokryti VLPs HA molekulami, které by dokazalo
zakryt virus-specifické interakce (jako u VLP-PEG*) a poskytlo tak specifické cileni na
CD44.

Klicova slova

Kyselina hyaluronova, CD44, klik chemie, mySi polyomavirus, nanopartikule,

viru-podobné partikule, cileni
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List of Abbreviations

Af488 Alexa Fluor™ 488 azide

Alkyne linker Propargyl-N-hydroxysuccinimidyl ester linker

Bp Heterobifunctional bodipy — containing azide and aminooxy functionality,
produced by Jan Bartor

BSA Bovine serum albumin

CD44s Standard isoform of CD44

CD44v CD44 splicing variants

Click chemistry

Cu'-catalyzed alkyne-azide cycloaddition

Click reaction

Cu'-catalyzed alkyne-azide cycloaddition

dH.0 Destilled water

ddH->0 Double destilled water

EPR effect Enhanced permeability and retention effect
FBS Fetal bovine serum

FC experiments

Flow cytometry NP-cell interaction studies

FC1

Flow cytometry experiment 1

FC2

Flow cytometry experiment 2

FC3

Flow cytometry experiment 3

FL experiments

Fluorescence microscopy NP-cell interaction studies

FL1

Fluorescence experiment 1

FL2

Fluorescence experiment 2

FDA

Food and Drug Administration

Free controls

HA*, PEG*, Bp

Free HA Non-labeled HA (8-15 kDa)

HA Hyaluronic acid

HA* Fluorescently labeled HA; Bp-HA produced by Jitka Neburkova (IOCB)
lgG Immunoglobulin G

IMDM medium Iscove’s modified Dulbecco’s medium

LYVE1 Lymphatic vessel endothelial hyaluronan receptor 1

MDA cells MDA-MB-231 cells

MPyV Mouse polyomavirus

MPyV VLPs MpyV VP1 virus-like particles

NC Negative control

ND-Bp Nanodiamonds with Bp attached

ND-HA* + HA Nanodiamonds with HA* attached incubated with free HA
ND-HA* Nanodiamonds with HA* attached

NDs Nanodiamonds

NHS ester N-hydroxysuccinimidyl ester




NPs

Nanoparticles

NP-Bp VLP-Bp and ND-Bp

NP-HA Nanoparticles modified with HA

NP-HA* VLP-HA* and ND-HA*

PEG Polyethylene glycol

PEG* Fluorescently labeled PEG; Bp-PEG produced by Jitka Neburkova (IOCB)
pfu Plaque-forming unit

Rec Bac VP1 Recombinant baculovirus containing gene encoding MPyV VP1
RT Room temperature

SDS Sodium dodecyl sulfate

SDS-PAGE SDS polyacrylamide gel electrophoresis

TEM Transmission electron microscopy

VLP-alkyne MPyV VLPs with alkyne linker attached

VLP-Bp MPyV VLP-alkyne with Bodipy attached

VLP-HA* + HA MPyV VLP-alkyne with HA* attached incubated with free HA
VLP-HA* MPyV VLP-alkyne with HA* attached

VLP-PEG* MPyV VLP-alkyne with PEG* attached

VLPs MPyV VP1 VLPs

VP1 Main structural mouse polyomaviral protein




1. Introduction

Cancer is one of the leading causes of death worldwide. In 2018, 65 456 cancer cases
were detected in the Czech Republic and 26 980 deaths were attributable to cancer
(WHO, 2020). Chemotherapeutics used in cancer treatment often come with a variety
of side effects, among which non-target healthy cells are often affected and therefore
more specific targeting approaches are needed (Ho6fling and Bolte, 1981). Extensive
research regarding this issue focuses on the use of nanocarriers, which can provide

many advantages in cancer diagnosis and treatment.

Nanocarriers can protect the often hydrophobic chemotherapeutic drugs, or another
payload (e.g. siRNA) and release them at target site (Byeon et al., 2018). This can be
achieved via the enhanced permeability and retention effect (EPR effect) at the tumor
site. Newly formed vessels at the tumor site are often abnormal as wide fenestrations
are present between the endothelial cells, therefore nanocarriers are preferentially
accumulated there due to their size (Fang et al., 2020). Furthermore, the surface
of the nanocarriers can be modified with targeting moieties to increase the targeting
specificity. Various types of targeting moieties were used; among the most common
types, antibodies specific against receptors overexpressed in cancer cells or their
ligands were utilized (Xiao et al., 2015; Su et al., 2019). Thus, using nanocarriers with
a surface targeting moiety can achieve a combination of targeting to tumor site via the
EPR effect and of active targeting, using targeting moieties for enhancing the targeting

specificity (Fang et al., 2020; Sanfilippo et al., 2020).

Hyaluronic acid (HA) is extensively studied and used in many areas of medical
research. In addition, HA has been conjugated onto nanocarriers and used
as a targeting moiety to CD44 overexpressing cancer cells (Eliaz and Szoka, 2001;
Ganesh et al., 2013b; Byeon et al., 2018). The CD44 receptor is the primary receptor
for hyaluronic acid with a function in many cellular processes and is frequently
overexpressed on solid tumors. It has also been determined as a biomarker
in the so-called cancerous stem cells, that possess the cancer initiating ability
(Prince et al., 2007; Du et al., 2008; Takaishi et al., 2009).



Mouse polyomavirus virus-like particles (VLPs) are particles self-assembled
from the main structural viral protein (VP1). They possess many advantages,
such as stability, natural origin, the possibility of surface modification by targeting
moieties and encapsulation of payloads. However, VP1 receptors are ubiquitous
and therefore, VLPs interact with a wide range of cells. Nonetheless, because
the surface can be modified by targeting moieties, the MPyV VLPs VP1-mediated
interactions can be shielded (when a large targeting moiety is used)
and simultaneously, VLPs can be re-targeted to a different receptor (Zackova
Suchanova et al., 2017). Nevertheless, HA has not yet been tested as a targeting and

shielding moiety on VLPs. This will therefore be the focus of this thesis.



2. Literature Review

2.1 Nanoparticles and Tumor Targeting

Classical methods used in cancer therapy and diagnosis are often insufficiently specific
and often also provide undesirable side-effects that research is still trying to address
(Sarafraz et al.,, 2018; Streckmann et al., 2018; Georgakopoulos et al., 2019;
Mallepally et al., 2019). Hence, research focuses on testing new approaches of cancer
therapy and diagnosis, which could eliminate these drawbacks. The current study will

focus on one of the new approaches, the use of nanoparticles (NPs).

Research regarding NPs has been evolving since the 1990s, but especially in the last
20 years, there has been a sharp increase in both, studies of nanoparticles used

in cancer research and reviews mapping the issue (Fig. 1). The topic is therefore very

extensive.
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Figure 1 Graphs representing data from PubMed, search: Cancer; nanoparticle summarizing
A) the number of publications regarding clinical trials in years 2000-2018 and B) the number of reviews
published on the topic in years 2000-2018. Data show an increasing trend in published reviews
on the topic.

In general, two types of NPs are produced, organic (e.g. liposomes, polymeric,
protein-based NPs) and inorganic (e.g. nanocrystals, gold, iron oxide NPs), hybrid NPs
can also be produced (Cho et al., 2011; Nair et al., 2011; Lee et al., 2013; Li et al.,
2014; Byeon et al., 2018; Karakocak et al., 2018; Sanfilippo et al., 2020). Organic
nanoparticles provide many advantages over free chemotherapeutics, including
increased circulation time, drug protection, controlled release of the drug, and targeting
the tumor site ( Zhao et al., 2015; Li et al., 2016).
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Inorganic NPs offer additional advantages. Namely stimuli-responsive functions, like
magnetic responses (used e.g. in magnetic resonance imaging) (Lee et al., 2013;
Li et al., 2014). The main advantage of NPs is their versatility of use as delivery system
platforms. The encapsulated substance can vary and the targeting moieties on the

surface of the particles can be adapted too.

The first NP approved by the Food and Drug Administration (FDA) was Doxil in 1995:
Polyethylene glycol (PEG; often used as a shielding agent in nanomedicine) -
functionalized liposomes encapsulating the chemotherapeutic drug Doxorubicin.
Doxorubicin, like many different chemotherapeutic agents, is not readily soluble.
Negative side effects are also associated with the application of free doxorubicin.
By encapsulating doxorubicin in liposomes and subsequently coating the liposomes
with PEG, many improvements have been achieved at the same time, such as
increased circulation time, reduction of side effects (cardiotoxicity) and transport
of NPs to the tumor site via the EPR effect. Nonetheless, in some aspects additional

research was needed (Safra et al., 2000; Barenholz, 2012).

To further increase the specificity of tumor site targeting, surface modifications of NPs
by targeting moieties have also been studied. As of 2016, however, most FDA
approved NPs were based only on accumulation at the tumor site by the EPR effect
(Bobo et al., 2016). Nevertheless, methods of active cancer cell biomarkers targeting
are being extensively studied. Usually, the targets are receptors overexpressed
on cancer cells. In active cancer cell targeting, antibodies, antibody fragments against
cancer cell biomarkers, or ligands of the overexpressed receptors are most often used
for surface modification of NPs. Many studies using actively targeted nanoparticles
have already achieved clinical trials. The most common targets are often the epidermal
growth factor receptor, human epidermal growth factor receptor 2, the transferrin
receptor, or the prostate-specific membrane antigen (Davis et al., 2010; Lee et al.,
2017; van Zandwijk et al., 2017; Autio et al., 2018). In recent years, the CD44 receptor
has also been significantly studied as a target for active cancer cell targeting
(Yang et al., 2015; Xiong et al., 2016).
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2.2 Hyaluronic Acid and the CD44 Specific Targeting
2.2.1 Hyaluronic Acid

Hyaluronic acid was first found in cattle vitreous humor in 1934 by Karl Meyer and John
W. Palmer. The name originated from hyaloid (vitreous) and uronic acid
(Meyer and Palmer, 1934). HA is a naturally occurring linear glycosaminoglycan,
that consists of a repeating disaccharide composed of D-glucuronic acid and
N-acetylglucosamine connected by alternating -1,3 and B-1,4 glycosidic bonds
(Fig. 2) (Liu et al., 2011; Fallacara et al., 2018). In the human body, HA is synthesized
by hyaluronan synthases and degraded either nonspecifically by the damage caused
by reactive oxygen species or specifically by the hyaluronidase enzymes (Csoka et al.,
1999; Usui, 2003).

D-glucuronic acid  N-acetyl-D-glucosamine
1

A ~ -

OH OH

(4]
--_--_"'-n- = ?oo— H
HUH__Z/-\\Z,U w/ .

OH

HOH,C,

HOy
0

Hydrophilic groups Hydrophobic moieties Hydrogen bonds

Figure 2 HA is composed of a repeating disaccharide of D-glucuronic acid and N-acetyl-D-glucosamine,
structure shown in A). Hyaluronic acid is highly hydrophilic, the hydrophilic and hydrophobic moieties
present in its structure are shown in B). Adapted from (Fallacara et al., 2018).

In the human body, hyaluronic acid is most abundant in the extracellular matrix of soft
tissues, in umbilical cords, in synovial fluid and in vitreous humor. The physiological
functions of HA are derived from its interaction with proteins (hyaladherins), and its
unique hydrodynamic functions (linear structure; in tissue, HA immobilizes water

molecules) (Fallacara et al., 2018).
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Several HA-binding receptors have been determined, the primary receptor being
CD44, the other being the receptor for HA-mediated motility, the hyaluronan receptor
for endocytosis, or the lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1)
(Harris and Weigel, 2008; ; Misra et al., 2015; Lawrance et al., 2016).

The biological functions of HA include roles in cell motility, embryogenesis, signal
transduction. Hyaluronic acid also hydrates tissues, lubricates joints, supports
the structure of the extracellular matrix and regulates innate immunity. Naturally
occurring HA usually has molecular weight (Mw) of 1000 to 8000 kDa (Cowman et al.,
2015). The specific biological functions of HA are often derived from the HA Mw,
and are frequently opposite in high and low Mw HA, e.g. changes in the phenotype
of macrophages induced by HA are completely different in high and low Mw HA
(Rayahin et al., 2015).

High Mw HA has often space-filling, anti-inflammatory and anti-angiogenic functions.
In synovial fluid it is responsible for the lubricating function (Gupta et al., 2019);
also high Mw HA has shown to inhibit cell cycle progression in smooth muscle cells
(Kothapalli et al., 2007). Low Mw HA contains pro-inflammatory (supports
the production of pro-inflammatory cytokines in macrophages), immunostimulatory
and antioxidant function. It promotes angiogenesis and promotes cell cycle
progression in smooth muscle cells (Ke et al., 2011; Rayahin et al., 2015;
Gupta et al., 2019). Given the importance of HA Mw in its functions in the human body,
it is clear that the distribution and HA Mw can be an indicator of various diseases,
such as liver fibrosis (Jeffers et al., 2007; Orasan et al., 2016). Therefore, it is important

that new methods for HA size analysis are being developed (Rivas et al., 2018).

Thanks to its unique properties, HA has gained wide use. Among other things,
it is used in cosmetics, in soft tissue reconstruction, in some ophthalmological
surgeries, and for improvements of function in arthritic patients (Holmberg and
Philipson, 1984; Sun et al., 2006; Nobile et al., 2014; Cheng et al., 2017).

Another use relates to the main HA receptor, CD44. CD44 is a transmembrane
glycoprotein made of 4 domains: extracellular HA binding and stalk domains,
transmembrane domain and the cytosolic domain. It is overexpressed on many cancer
cells and has been detected as a biomarker of cancer stem cells, which possess the
cancer-initiating ability (Prince et al., 2007; Du et al., 2008; Takaishi et al., 2009).
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There are various isoforms of CD44 produced by alternative splicing, the standard
isoform (CD44s) is ubiquitous and the variants (CD44v) are present mostly in cancer
cells. CD44v are associated with progression in various types of cancer. E.g. high
levels of CD44v6 are connected to poor prognosis in colon cancer (Garouniatis et al.,
2013; Todaro et al., 2014).

The N-terminus of CD44 binds HA and the binding affinity is affected by the HA Mw.
The higher HA Mw, the higher the binding affinity - the saturation point has been
investigated and proposed to be 262 kDa (Wolny et al., 2010). High Mw HA also
promotes CD44 aggregation, as multivalent binding can occur in longer HA chains and
CD44 molecules can move along the HA chains. The aggregation is however not
present in CD44-HA oligosaccharide binding. Low HA Mw also showed reversible
CD44 binding, while HA with Mw higher than 10 kDa showed irreversible CD44 binding
(Wolny et al., 2010). Three modes how CD44 binds HA been proposed (Fig. 3)
(Vuorio et al., 2017).

Figure 3 Three different modes how CD44 binds HA, figure shows HA-binding domains (grey) and HA1s
oligomer (multicolor rod) and the R41 residue (light green) important for HA binding in all CD44 modes.
Edited from Vuorio et al., 2017

Hyaluronic acid was utilized as a molecule targeting the CD44 overexpressing cancer
cells. The targeting was achieved e.g. by a direct conjugation of chemotherapeutics
to HA, or by conjugation of nanocarriers with HA (Gibbs et al., 2008; Nair et al., 2011).

14



2.2.2 HA-NPs in Active Tumor Targeting

In the last twenty years, active targeting utilizing hyaluronic acid as a targeting moiety
has been extensively studied. In 2014, for example, the chemotherapeutic Irinotecan,
conjugated to HA for patients with metastatic colorectal cancer, entered clinical trials
(Gibbs et al., 2008). A wide range of types of nanocarriers conjugated with HA was
developed, most often liposomes, polymeric, or inorganic NPs were investigated

(examples shown in Figure 4).

. .
* | 3 it
Xiao et al., 2015 — Polymeric NPs Li et al., 2016 — Liposome encapsulated NPs

Li et al., 2014 - Iron Oxide NPs Zhao et al., 2015 — Mesosporous silica NPs

Figure 4 TEM micrographs of examples of various HA-NP types studied and the corresponding
reference.

Nanoparticles usually mediated drug delivery. Most commonly poorly water-soluble
chemotherapeutics (doxorubicin, letrozole, campothecin, paclitaxel, docetaxel)
(Eliaz and Szoka, 2001; Cho et al.,, 2011; Xiao et al., 2015; Zhao et al., 2015;
Zhong et al.,, 2015; Byeon et al., 2018) , or siRNA were encapsulated in NPs
and targeted to cancer cells (Ganesh et al., 2013b, 2013a; Yang et al., 2015).
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Moreover, delivery of the detection signal (e.g. fluorescent substance) into cancer cells
with overexpressed CD44 was facilitated by NPs modified with HA (Surace et al., 2009;
Choi et al., 2010). The size of the NPs was usually between 100-500 nm, because
there is an increased accumulation of particles of that size at the tumor site due to the
enhanced EPR effect (Fang et al., 2020).

Alternatively, inorganic CD44 targeted NPs have also been produced for specific
diagnosis by MRI. The NPs were usually made of gold or iron oxide (Lee et al., 2013;
Li et al., 2014; Karakocak et al., 2018; Sanfilippo et al., 2020). These particles were
often significantly smaller in size (~ 16 nm), however a selective NP-cell interaction
with cancer cells overexpressing the CD44 receptor was detected (Li et al., 2014).
Su et alia (2019) also developed superparamagnetic iron oxide NPs targeted
to the CD44 receptor via an anti-CD44 antibody. Nanoparticles selectively killed tumor
cells overexpressing the CD44 receptor in alternating magnetic field (Su et al., 2019).
HA--modified NPs were extensively tested both in vitro on targeting the CD44
overexpressing cancer cells and in vivo, usually in xenograft models (Choi et al., 2010;
Zhong et al., 2015). Factors affecting in vitro and in vivo cancer cell targeting by HA

will be summarized and discussed in the following text.

In vitro, NPs targeting CD44 are usually tested on NP-cell interaction via fluorescence
microscopy, flow cytometry, or are tested on intracellular localization by confocal
scanning light microscopy. Usually cancer cells overexpressing the CD44 receptor are
incubated with the NPs for a selected time and then the fluorescent signal is detected.
Also, to confirm that NPs enter the cells via the CD44 receptor a competitive
cell-binding assay is usually performed. Hereby either an anti-CD44 antibody blocks
the HA binding site or excess of free HA is delivered and competes with HA-NPs CD44
binding (Surace et al., 2009; Choi et al., 2010). In these experiments, various factors

that can affect the NP-cell binding rate have been studied.

Among these factors are HA Mw, cell surface coverage by HA, NP size, the length of
incubation time of NPs with cells, NP concentration used for incubation with cells, the
free HA concentration used for receptor competitive cell-binding assay, pre/co-
incubation of NPs and free HA with cells and the cell type. Examples of the CD44
targeting studies including some of the mentioned factors affecting the studies are

summarized in Table 1.
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It has been proven that high Mw HA has higher affinity for the CD44 receptor
than low Mw HA. This was shown in various studies testing more different HA Mw on
NPs. Three different HA Mw (7, 63, 102 kDa) used as targeting moiety on NPs were
compared for cancer cell targeting. It would be expected that due to the highest Mw,
102 kDa HA-NPs would provide the highest signal in NP-cell interaction. Even though
102 kDa Mw provides the highest CD44 binding affinity, the highest NP-cell interaction
was detected for 63 kDa HA (Zhong et al., 2019). In the study, it was explained that
both HA-CD44 binding affinity and HA-NPs-induced clustering of CD44 receptors
depended on HA Mw. However, although HA with the highest Mw has the highest
binding affinity for the CD44 receptor, due to multivalent binding to the receptors it
triggers their clustering. As a result, there are fewer receptors available to interact with
other HA modified NPs.

Also, Li et alia in 2014 attached HA onto magnetic iron oxide NPs. Two HA Mw were
tested: ~6 kDa and ~31 kDa; higher Mw HA caused lower surface coverage by HA. It
was suggested that due to a large size of HA some areas were inaccessible for
conjugation (Li et al., 2014). It was also shown that multiple CD44 bind to a single HA
chain (in high Mw HA) and that HA binding shows an increasing trend with higher HA
Mw and with a saturation point at HA Mw = 262 kDa (Wolny et al., 2010).

HA oligomers were also tested in CD44 targeting. In 2001 Eliaz et alia showed that a
high copy number of low affinity oligomers on liposomes provided enhanced targeting
to murine melanoma B16F10 cells compared to control normal African green monkey
CV-1 kidney cells. Oligo HA possess low affinity for the CD44 receptor and in vitro,
hyaluronan-grafted liposomes showed higher NP-cell interaction with higher HA Mw
(Qhattal et al., 2014). Therefore, an appropriate HA Mw should be utilized in similar

studies.

Qiu et alia also showed that an increasing degree of substitution in HA-octadecylamine
micelles showed decreasing size and higher NP-cell interaction. They propose that the
HA carboxyl groups and the size of the NPs matter, with lower size of NPs and higher
number of HA available for CD44 interaction showing the highest HA-micelle-cell
interaction (Qiu et al., 2016).
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The incubation time can also affect the resulting NP-cell interaction signal. In 2001,
Eliaz and Szoka investigated the influence of incubation time on CD44-targeted
doxorubicin encapsulating liposome — cell (B16F10) interaction. They have shown that
liposome-CD44 interaction shows saturation kinetics and that the interaction first
reaches its maximum after two hours of incubation of cells with liposomes (Fig. 5A).
This was measured in vitro. Nevertheless, the situation can be different with different
types of particles (as the size of NPs and HA Mw might differ from liposomes used in
Eliaz and Szoka) and in the in vivo experiments. Regarding NP concentration in NP-
cell incubation assays, various HA-NP studies showed increasing NP-cell interactions
with higher concentrations of NPs used for incubation with cells (Xiao et al., 2015;
Zhao et al., 2015).
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Figure 5 In this figure, results from Eliaz and Szoka, 2001 are shown. A) Reduced liposome NP-cell
interaction in the presence of increasing free HA concentration during the competitive cell-binding assay.
Dots show HA-containing liposomes, triangles show HA-free liposomes. Full dots and triangles show
preincubation with free HA (1 hour prior to incubation of cells with liposomes) and empty dots and
triangles show co-incubation of increasing concentration of free HA, with liposomes and cells (3 h,
37° C). As the study worked with HA oligomers attached to liposomes, the HA concentration is shown
as concentration of HA-disaccharide equivalent in the polymer. B) the interaction of liposomes with
B16F10 cells dependent on incubation time, liposomes containing HA (full dots) compared to liposomes
not containing HA (empty dots), the maximum is reached after 2 h of incubation.

Furthermore, in 2001 Eliaz and Szoka also tested increasing concentration of free HA
used in the competitive cell-binding assay and they showed a reducing trend
of liposome-cell interactions with higher concentration of free HA being present in the
incubation of free HA and NPs with the cells. The highest reduction of liposome-cell
interactions was comparable to the non-HA-containing liposomes-cell interactions
(Fig. 5B).
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The interaction of HA-CD44 is strong. Thus, it is necessary to provide a high excess of

free HA in the competitive cell-binding assay (Eliaz and Szoka, 2001).

It has also been shown, that different cell types might possess different affinity of the
CD44 receptor towards hyaluronan (Lesley et al.,, 1995). These differences were
proposed to be the result of N-glycosylation of the CD44 receptor. Conformational
changes might affect the affinity too (English et al., 1998; Skelton et al., 1998). It is
expected, that CD44 possesses two conformational states; A and B, and conformation
B is stabilized by HA binding (Vuorio et al., 2017). It has also been shown that the
NP binding ability of the cancer cells might be affected by the aggregation of the CD44
receptors. Hence high Mw HA can trigger aggregation of the CD44, while oligo HA
cannot (Sleeman et al., 1996; Wolny et al., 2010; Yang et al., 2012). This has already
been shown for another HA-binding receptor, LYVE-1 (Lawrance et al., 2016).

The drug delivery of HA-modified NPs was also tested in vivo on tumor xenograft
models (Nair et al., 2011; Zhong et al., 2015) and compared to in vitro experiments.
Additional factors have been shown to be important. /n vivo, it is of great importance
that NPs are non-toxic, stable, can reach specifically the target cells (the circulation
time is essential) and that the encapsulated drug is released at the target site. Some
drawbacks of this issue were also presented in HA-CD44 targeting research. In
hyaluronan-modified liposomes in vivo tumor targeting experiments, it was shown that
attachment of HA negatively affects the circulation time of the liposomes, with higher
Mw HA liposomes (175-350 kDa) cleared faster from the circulation than lower Mw
liposomes (5-8 kDa; 50-60 kDa). Therefore, PEG was also co-attached on the surface
of liposomes to enhance the circulation time (Qhattal et al., 2014). Regarding the issue
of drug release at target site, various types of NPs were prepared to release the content
in cell. Among the most interesting is the reduction-sensitive release, where release is
triggered by the reducing environment in the cytoplasm, causing the reduction of the
SS bonds in NPs (tested in vitro in Zhao et al., 2015; Rezaei et al., 2020; Zhang et al.,
2020) (and also in vivo in mice in Zhong et al., 2015; Hu et al., 2016)
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2.3 Mouse Polyomavirus Virus-Like Particles

Virus-like particles are structures reminiscent of the native viruses, which are usually
formed only by viral structural proteins. Mouse polyomavirus (MPyV) is a small
tumorigenic non-enveloped dsDNA virus. Its genome encodes early non-structural and
late structural proteins. The main structural protein of MPyV, VP1, can be produced
via various expression systems (mammalian, yeast, insect and prokaryotic)
(Pattenden et al., 2005). In this study, the VP1 protein was produced
via the baculovirus expression system. Hereby the produced VP1 protein alone is
capable of self-assembly into virus-like particles, hence VLPs (Fig. 6) (Montross et al.,
1991). The VLPs have a diameter of around ~45-50 nm and are capable of
disassembly and re-assembly (Polidarova, 2016). Due to their origin, VLPs are non-
toxic and biodegradable, and so they have the potential to be used as nanoplatforms
for drug delivery, diagnostic or both (as theragnostic agents). VLPs have already been
studied as gene delivery nanocarriers and as vaccine platforms (Forstova et al., 1995;
Fraiberk et al., 2017).

A

e £ -

MPyV structure MPyV VLPs

Figure 6 Figure shows A) Protein data bank “1sie” X -ray crystallography structure of MPyV viral capsid;
3,6 A (Stehle and Harrison, 1996). And B) shows MPyV VLPs micrograph with negative staining
acquired by transmission electron microscopy — fraction 4 from MPyV VLP isolation 4.
Scalebar represents 200 nm.
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Gangliosides (glycosphingolipids containing sialic acid) are the natural receptors
for MPyV VP1. However, they are omnipresent on the surface of most cell types,
mainly the cells of the nervous system (Smith et al., 2003; You et al., 2015). This is
a major drawback in the use of VLPs as nanocarriers, as the interaction of VLPs

with cells is very broad.

Nonetheless, surface lysines of VLPs can be chemically modified and a targeting
moiety can be conjugated onto the surface of the VLPs. Hereby, the moiety might
provide both, shielding the broad VP1-mediated cell interactions and active targeting
to a specific receptor. On VLPs, this was already tested in 2017 by Zackova Suchanova
et alia, as transferrin was conjugated onto the surface of VLPs
(Zackova Suchanova et al., 2017). The transferrin receptor is overexpressed
on many cancer cell types. Thus, transferrin is broadly studied as a cancer cell
targeting moiety (Calzolari et al., 2007; Chan et al., 2014). Nevertheless, despite that
HA is extensively studied as a cancer cell targeting moiety, it has not yet been tested

on VLPs and therefore, it will be the focus of this study.
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3. Aims and Objectives

MPyV VLPs could be potentially used as a theragnostic tool. However, their interaction
with cells is mainly determined by the VP1-mediated interaction with sialic acid
containing receptors. The long-term goal of the research in the laboratory of virology
is to develop VLPs with the binding specificity to cancer-specific receptors. This could

be achieved by using a targeting agent.

HA has been used in many studies as a targeting agent for NPs to cancer cells
overexpressing the CD44 receptor. An interesting strategy for HA conjugation to NPs
has been developed by the collaborating Laboratory of Synthetic Nanochemistry
from the IOCB that produced another type of biocompatible NPs, nanodiamonds
(NDs), that were also conjugated with HA (ND-HA*). To our knowledge, HA has not
yet been conjugated as a targeting moiety onto the surface of MPyV VLPs, nor was

such conjugate tested on interactions with CD44 overexpressing cancer cells.

By using the same strategy as was used for ND-HA*, we intended to modify MPyV

VLPs with HA. Hence the main specific aims of the diploma project were:

i. To determine whether the VLPs modified by HA (VLP-HA*) can be
re-targeted from the natural receptor to CD44 on cancer cells;

ii. To compare VLP-HA* with ND-HA* nanoparticles in their targeting
potential to CD44

These specific aims were addressed in two main sub-goals:

l. To produce fluorescently labeled MPyV VLPs with attached HA and

concurrently also control VLPs

. To test the interaction of VLP and ND variants with cancer cells

overexpressing the CD44 receptor, specifically with the MDA-MB-231 cells
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4. Study Design

The procedure of the current thesis is summarized in figure 7 and was briefly
as follows: MPyV VP1 VLPs were produced, the surface of the VLPs was chemically
modified by Propargyl-N-hydroxysuccinimidyl ester linker (alkyne linker), resulting
in “WLPs-alkyne” that contain alkyne functionality. To assess the number of alkyne
linkers attached per VLP, VLPs-alkyne were characterized by conjugation with a
fluorescent probe, Alexa Fluor™ 488 azide (Af488). Conjugation was performed via
Cu'-catalyzed Alkyne-Azide cycloaddition (“click chemistry”). The number of Af488
molecules bound per VLP-alkyne was estimated and thus the number of alkyne-linker

molecules bound per VLP was calculated.

VLP-alkyne was further used for conjugation of the Bodipy fluorescent dye (containing
azide functionality) (Bp) prepared by Jan Barton (IOCB), or Bp-conjugated HA (HA*)
or Bp-conjugated PEG (PEG*) (both molecules: HA* and PEG* were prepared by Jitka
Neburkova, IOCB). Hereby three types of VLP constructs were produced; VLP-alkyne
with conjugated Bp (VLP-Bp), VLP-alkyne with conjugated HA* (VLP-HA*) and
VLP-alkyne with conjugated PEG* (VLP-PEG?).

HA should provide the VLPs with a shielding capacity from the VP1-mediated
interactions and moreover, provide a re-targeting capacity from VP1 specific receptors
to the CD44 receptor, that is often overexpressed on cancer cells. Therefore, the three
types of VLP constructs were tested on interactions with the human breast cancer
MDA-MB231 cells (MDA cells), which overexpress CD44. The NP-cell interactions
were tested via incubation of the MDA cells with the three types of VLP constructs or
with their counterparts, another type of NPs, nanodiamonds with Bp (ND-Bp) or HA*
(ND-HA*) conjugated, that were produced by Jitka Nebarkova (I0CB).

To determine whether the NPs interact with the cells via the CD44 receptor, the
competitive cell-binding assay was performed; the MDA cells were incubated with a
mixture of non-labeled (free HA) and NPs. Free HA would compete for the HA-binding
sites at CD44 receptors with NPs and reduce NP-cell interactions, if NPs enter the cells

mainly via the CD44 receptors.
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Figure 7 Summary of the study design in the current thesis: A) shows steps prepared by 1 — Jan Bartori (IOCB),
2+3 — Jitka Neburkova (IOCB), B) shows VLP variants production and C) shows NP-cell interaction experiments,
where both ND and VLP variants were tested on interaction with MDA cells. B+C were performed in this thesis.
Green stars indicate heterobifunctional fluorescent dye Bodipy (Bp) and -~~~ indicates alkyne linker.
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5. Materials and Methods

5.1 Materials

5.1.1 Laboratory Equipment
Centrifuge GS-15R (Beckman Coulter®, USA)
Centrifuge (MSE, UK)
Centrifuge Universal 320R (Hettich, Germany)
Centrifuge Microfuge® 16 (Beckman Coulter®, USA)
Ultracentrifuge optima TM L-90K (Beckman Coulter®, USA)
Rocker Duomax 1030 (Heidolph, Germany)
Sonicator Q500 (Qsonica, USA)
Sonicator UP50H (Dr. Hielscher GmbH, Germany)
Fraction recovery system (Beckman Coulter®, USA)
Refractometer ABBE (Carl Zeiss Jena, DDR)
Shaker (Bio-Rad, USA)
Shaker 30 (Labnet, USA)
Fusion-FX6.EDGE V.070 (Vilber, France)
Qubit® fluorometer (Invitrogen, USA)
Transmission electron microscope JEOL JEM 1200EX (JEOL, Japan)
Molecular imager Fx (Bio-Rad, USA)
Fluorescent microscope BX60F-3 (Olympus, Japan)
Rotator YC-80 (Miulab, China)
Epoch™ Microplate Spectrophotometer (BioTek Instruments, USA)

Spectrophotometer Specord 250 (Analytik Jena, Germany) — measurement
performed by Jitka Neburkova (IOCB)

SDS-PAGE Mini-PROTEAN® Tetra System (Bio-Rad, USA)
Western Blot Apparatus (Bio-Rad, USA)

Burker Chamber Assistant (BLAUBRAND®, Germany)
Thermobox LBT 165 (Zanussi, Italy) - for Sf-9 cells incubation

Thermobox Sartorius Stedim (BioTech, Germany) - for MDA-MB-231 cells
incubation

Dry Block Heating Thermostat BioTDB-100 (Biosan, Latvia)
Scales Pioneer™ (OHAUS®, China)
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5.1.2

51.3

Scales Kern 440-33 (Kern&Sohn, Germany)
Magnetic Stirrer MST (VELP®Scientifica, Italy)
Vortex Genie-2 (Scientific Industries, USA)
Laminar Box 1201 (Forma Scientific, USA)

Software

Microplate data collection and analysis software: Gen5 1.10 (BioTek, USA)

Imaging software itTEM 5.1 (Olympus soft imaging solutions, Germany)

Fluorescence analysis software Quantity One 4.6.9 (Basic) (Bio-Rad, USA)

Flow cytometry data analysis software: Kaluza Analysis 2.1 (Beckman, USA)

Imaging software: NIS-Elements AR 2.30 (Nicon®, USA)
GraphPad Prism 8 (GraphPad software, USA)

Frequently Used Solutions and Chemicals
TNM - FH Insect medium (Sigma-Aldrich, USA)

TNM - FH Insect medium with serum:
TNM - FH Insect medium (Sigma-Aldrich, USA)
10 % Fetal bovine serum (Gibco™ Thermo Fisher Scientific, USA)
1/100 (v/v) Antibiotic mixture
Antibiotic mixture (Gibco™ Thermo Fisher Scientific, USA)
100x concentrated solution in 1 ml:
10 000 units of penicillin
10 mg streptomycin
25 mg amphotericin B (Gibco™ Thermo Fisher Scientific, USA)
Phosphate buffered saline (PBS):
10 mM Naz2HPOs4 (Penta, Czech Republic)
137 mM NacCl (Lach-ner, Czech Republic)
2.7 mM KCI (Lachema, Czech Republic)
1.8 mM Kh2PO4 (Lach-ner, Czech Repubilic)
pH 7.4
Buffer B:
150 mM NacCl (Lach-ner, Czech Republic)
10 mM Tris-HCI, pH 7.4 (Serva Electrophoresis, Germany)
0.01 mM CaClz (Sigma-Aldrich, USA)
Cesium chloride (Carl Roth GmbH, Germany)
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Paraffin oil (Carl Roth GmbH, Germany)
Dried milk (Aditiva, Czech Republic)
Developing solution (1:1 A:B)

A:
2 ml Tris-HCI 0.1 M, pH 8.5: Tris-(hydroxymethyl)-aminomethane
in ddH20 (Penta, Czech Republic), pH adjusted with HCI (Lach-
ner, Czech Republic)
200 pl 250 mM Luminol/DMSO (Sigma Aldrich, USA)
80 pl 90 mM p-coumaric Acid/DMSO (Sigma Aldrich, USA)

B:

2 ml Tris-HCI 0.1 M, pH 8.5 (Penta, Czech Republic)
18 ml dH20
12 pl 30 % H202 (Sigma Aldrich, USA)
Sucrose (Lach-Ner, Czech Republic)
Phospowolframic acid 2 % (Sigma-Aldrich, USA)
HEPES (Sigma-Aldrich, USA)
Propargyl-N-hydroxysuccinimidyl ester linker (Sigma-Aldrich, USA)
DMSO (Penta, Czech Republic)

Alexa Fluor™ 488 azide 10 mM (Life Sciences™ Thermo Fisher Scientific,
USA)

BTTP - Mw 430.56 (from Petr Cigler Nanochemistry group, IOCB)
CuSO04-5H20 (Sigma-Aldrich, USA)
Sodium Ascorbate (Sigma-Aldrich, USA)
Amoninoguanidin.HCI (Sigma-Aldrich, USA)
Versen 0.02 % in PBS (Sevac, Czech Republic)
Trypsin 0.25 % in PBS (Sigma-Aldrich, USA)
Iscove's Modified Dulbecco's Medium (Sigma Aldrich, USA) (IMDM medium)
IMDM medium with serum:
IMDM medium (Sigma Aldrich, USA)
10 % Fetal bovine serum (Gibco™ Thermo Fisher Scientific, USA)
GlutaMAX™ Supplement (Gibco™ Thermo Fisher Scientific, USA)
Soybean trypsin inhibitor (Gibco™ Thermo Fisher Scientific, USA)
BSA 0.5 % (Sigma-Aldrich, USA)
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5.1.5

5.1.6

51.7

DAPI (Sigma-Aldrich, USA)

Paraformaldehyde 3.7 % (Sigma-Aldrich, USA)

Triton X-100 0.5 % (Serva Electrophoresis, Germany)
Glycerol (Lach-Ner, Czech Republic)

Nanoparticles
ND-HA* (10 mg/ml) - Nanodiamonds with Bodipy and HA (Mw 8-15 kDa)
attached by click chemistry, produced by Jitka Neburkova, IOCB

ND-Bp (5 mg/ml) - Nanodiamonds with heterobifunctional Bodipy attached,
produced by Jitka Neburkova, |IOCB

Cell Lines and Viruses
SF9 Cell line: Spodoptera frugiperda ovarian cells

MDA-MB-231 cell line (ATCC® HTB-26™): human breast adenocarcinoma
cells

MPyV VP1 expressing recombinant baculovirus (Rec Bac VP1): VP1 gene was
derived from MPyV - BG strain (GenBank accession number: AF442959),
prepared with the use of the Bac-to-Bac system (Thermo Fisher Scientific, USA;
cat.nr.10359016) by M. Marek (Marek, 2007).

Commercial Kits
Qubit® Protein Assay Kit (Invitrogen, USA)

Molecular Markers
Spectra ™ Multicolor Broad Range Protein Ladder (Thermo Fisher Scientific,
USA) (shown in figure 8)

Gel Blot

Figure 8 Spectra ™ Muilticolor Broad Range Protein Ladder (Thermo Fisher Scientific, USA)
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5.1.8

5.1.9

Antibodies
Primary antibody: Mouse monoclonal IgG antibody anti-MPyV VP1, dilution
1:100 (Forstova et al., 1993)

Secondary antibody: Horse radish peroxidase conjugated goat antibody
anti-mouse IgG, FC fragment specific, dilution 1:1000 (Bio-Rad, USA)

Other Laboratory Material
Petri Dish (d = 60 mm) (BioFil, Hungary)

Petri Dish (d = 150 mm) (BioFil, Hungary)
Conical Centrifuge Tubes (BioFil, Hungary)
Polypropylene Centrifuge Tubes (Beckman Coulter®, USA)

Nitrocellulose Membrane Amersham™ Protran™ 0.45 ym NC (GE Healthcare
Life Sciences, Germany)

Dialysis Tubing MWCO (d = 16 mm) 12000-14000 Servapor®
(Serva Electrophoresis, Germany)
Dialysis Tubing MWCO (d = 6 mm) 12000-14000 Servapor®

(Serva Electrophoresis, Germany)

Copper Grids FCF200-CU (Electro Microscopy Sciences, USA)
Centrifuge Tubes ART.00279-00 (Kartell Spa, Italy)
Amicon® Ultra, 15 ml, 100K (Merck Millipore, Ireland)
Amicon® Ultra, 0.5 ml, 30K, (Merck Millipore, Ireland)
Parafilm PN-996 (Bemis, USA)

12-Well plate (TPP, Switzerland)

24-Well plate (BioFil, Hungary)

Microtitration plate (Gama, Czech Republic)

FACS Centrifugation tubes (Sarstedt, Germany)
Microscope Slides (Knittel Glass, Germany)

Microscope Cover Glasses 12 mm (VWR, Germany)
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5.2 Methods

5.2.1 MPyV VLP-HA* and Control Production
5.2.1.1 MPyV VP1 VLPs Production

For each VLP preparation, approx. 9.6*107 Sf9 cells were used. Before infection,
the cells were freshly seeded: the Sf9 cells from the Petri dishes (d = 60 mm) with cells
grown to confluency were scraped and transferred onto a new Petri dish (d = 150 mm)
in serum-free TNM-FH insect medium. The cells were left to attach to the dish
in a thermostat (1.5 h, 27° C). The medium was aspirated, and the cells were infected
with RecBac VP1 inoculum (3 ml) with multiplicity of infection approx. 10 pfu/cell.
The cells were placed on a rocker (1 h, RT). After adding the virus, medium containing
fetal bovine serum and antibiotics was added (22 ml) to the Petri dish and the cells
were cultivated in a thermostat in 27° C. The cells were harvested seventy-two hours
post infection. Briefly, the cells were scraped into conical centrifuge tubes (50 ml) and
centrifuged (1500x g, 5 min, RT). The supernatant was discarded, and the pellet was
washed with PBS, centrifuged (1500x g, 5 min, RT) and stored (-20° C).

The pelleted Sf9 cells were lysed by sonication on ice (2 mm probe, 4 x 45 s, 30 s
break, 40 % amplitude) and centrifuged (4300 rpm, 10 min, 4° C). The supernatant
was transferred to a clean ultracentrifugation tube and the samples were further
purified by isopycnic ultracentrifugation in cesium chloride gradient (SW41, 35000 rpm,
20 h, 18° C) (Ultracentrifuge Optima TM L-90K, Beckman) (see 5.2.1.2).

The samples were subsequently divided into subfractions and analyzed. Refractive
indices of the subfractions were measured and Immunodot blot was performed
(see 5.2.1.3). The subfractions were merged based on the refractive indices and the
Immunodot blot signal (as indicated in the Results 6.1.1), dialyzed against buffer B
(72 h, 4° C, 1.5 |; buffer changed once after 1 h) and concentrated through a sucrose
cushion (See 5.2.1.4). After centrifugation, the supernatant was carefully discarded
and the pelleted material was resuspended in an appropriate buffer (usually buffer B,
200 pl). Due to aggregates persisting, the samples were shortly sonicated on ice and
the protein concentration was measured by Qubit (Qubit® Fluorometer, Invitrogen)
(See 5.2.1.5). The samples were analyzed by transmission electron microscopy (TEM)
(See 5.2.1.6) and stored at -20° C.
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5.2.1.2 Purification by Cesium Chloride Gradient

The cell lysates were centrifuged (SW41, 4300 rpm, 10 min, 4° C) and the supernatant
was transferred to a clean ultracentrifugation tube. Buffer B was added to the
supernatant, to reach 8 g and 3.7 g of cesium chloride were added. The refractive
index was measured to be 1.364-1.365. Paraffin oil was layered on top of the samples,
and the samples were centrifuged in the ultracentrifuge Optima TM L-90K (SW41,
35000 rpm, 20 h, 18° C).

5.2.1.3 Immunodot Blot and Chemiluminescence Detection

2 ul of vortexed sample were loaded on a nitrocellulose membrane. After drying,
the membrane was blocked in 5 % low fat dry milk in PBS (1 h, RT). The primary
antibody was added, and the membrane was incubated on a shaker (1 h, RT). The
membrane was washed three times by PBS (10 min, RT, shaker). The secondary
antibody was added, and the membrane was incubated on a shaker (30 min, RT).
Next, the membrane was washed three times by PBS (10 min, RT, shaker), PBS was
discarded, the membrane was developed using the developing solution and the

chemiluminescent signal was detected by Fusion-FX6.EDGE V.070.

5.2.1.4 Concentration of Samples by Ultracentrifugation through Sucrose
Cushion

The samples in an appropriate buffer (e.g. buffer B) were collected into clean

ultracentrifugation tubes. The appropriate buffer (e.g. buffer B) was added to the

ultracentrifugation tubes and 10 % (alternatively 20 %) sucrose was layered under the

sample. The samples were concentrated by ultracentrifugation (SW41, 35000 rpm,

18° C, 3 h) in ultracentrifuge Optima TM L-90K.

5.2.1.5 Protein Concentration Measurement by Qubit®

Qubit® working solution was prepared by diluting the Qubit® Protein Reagent 1:200 in
Qubit® Protein Buffer. 190 ul of Qubit® working solution was added to each of the
tubes used for standards, 10 pl of each Qubit® standard was added to the appropriate
tube and tubes were mixed by vortexing. Qubit® working solution was added to
individual assay tubes with the samples (usually separately 2 ul non-diluted and 2 pl
of 10x diluted samples) so that the final volume in each tube after adding the sample
was 200 pl. The samples were mixed by vortexing, incubated (15 min, RT) and the
protein concentration was read by Qubit®.
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5.2.1.6 Transmission Electron Microscopy - Negative Staining

The samples were shortly vortexed and 5 pl of the samples were transferred onto
parafilm. Electron microscope grids were laid on top of the samples and incubated with
the samples (10 min, RT). The grids were transferred onto filtered ddH20 (two times
100 pl) (two times 1 min, RT) and then onto 2 % phosphotungstic acid (two times 50 pl)
(two times 30 s, RT). Afterwards, samples were observed via transmission electron
microscopy by the JEOL JEM-1011 microscope with CDD camera and electron

micrographs were acquired using the itTEM 5.1 imaging software.

5.2.1.7 VLP-alkyne Construction

Fractions of VLPs from multiple isolation experiments with the best preserved integrity
were thawed on ice, merged for further experiments (Results — Table 6), dialyzed
against HEPES buffer (0.1 mM, pH 7.9, 48 h, 4° C, buffer changed 3 times: 0.51, 0.5 |,
1.5 I) and transferred to a clean Eppendorf tube (5 ml). VLPs were further used
for the conjugation of a Propargyl-N-hydroxysuccinimidyl ester linker. As it was
proposed in earlier studies, 35-molar excess of MPyV VP1 VLP surface lysines of
alkyne linker (Sigma Aldrich) was added to the sample (10 % DMSO) (Zackova
Suchanova et al., 2020).

35-times molar excess of MPyV VP1 VLP surface lysines was determined as follows:
Briefly, the number of particles in the sample was calculated by dividing total protein
content weight by the weight of 1 VLP (2.69*10-'* mg). To obtain the total number of
exposed lysines, the number of particles in the sample was multiplied by 720 (number
of surface lysines/VLP). Next, the amount of substance of the total surface lysines was
calculated by dividing the total number of exposed lysines by the Avogardo constant.
The amount of substance of the total surface lysines in the sample was multiplied by
35. After adding the appropriate amount of alkyne linker, the sample was incubated at
a rotator (24 h, RT) (Rotar, Miulab).
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The sample was dialyzed against HEPES buffer (0.1 mM, pH 7.4, 48 h; first 2 changes
10 % DMSO, 0.5 1, 0.5 1 1.5 1) and concentrated (Amicon®Ultra, 15 ml, 100K, Merck
Millipore) (3*10 min, 5000x g, RT), Amicon tubes were washed to prevent sample
losses. Protein concentration was measured by Qubit® (See 5.2.1.5) and samples
were stored (-20° C).

5.2.1.8 Characterization of VLP-alkyne Constructs — Af488 Conjugation
via Click Chemistry

To determine the number of available alkyne groups on VLPs, a control reaction was
performed using conjugation of Af488 fluorescent dye onto a small amount (60 ug) of
VLP-alkyne via click chemistry. The reaction was run in total volume of 100 ul and the
molar ratio of reagents was kept the same as in Besanecey-Webler et alia from 2011
as follows: Molar ratio - Alkyne : BTTP : CuSO4 : sodium ascorbate; 1:5:2.5:25.
Moreover, the molar ratio of protein to Af488 was 1:100 as determined in (Hustedova,
2019).

The reaction was performed as follows: 60 ug of protein were added to a clean
centrifuge tube, ddH20, 10 mM Af488 were added and the sample was gently mixed
by a pipette, 5 mM CuSO4-5H20 with 50 mM BTTP ligand were added and the samples
were gently resuspended. Furthermore, 10 mM Aminoguanidin-HCI was added. Lastly,
100 mM sodium ascorbate was added, the samples were resuspended, sealed with

parafilm, covered by aluminium foil and left in dark for incubation (2 h, RT).

The sample was dialyzed against buffer B (4° C, 24 h; 0.5 1, 0.5 1, 1.5 1), washed by
buffer B (5 times) (Amicon®Ultra, 0.5 ml, 30K, Merck Millipore) (14000x g, RT, five
times 4 min). The protein concentration was determined by Qubit® (See 5.2.1.5) and
the samples were analyzed by TEM (See 5.2.1.6). The number of Af488 molecules
bound per VLP was determined from absorbance measurement of labeled VLPs
(See 5.2.1.9and 5.2.1.10).

5.2.1.9 Absorbance Measurement

The samples were vortexed and 60 ul per well were applied per well in a microtitration
plate. Absorption spectra were measured (300 — 900 nm, alternatively 300-700 nm) by
Epoch™ microplate spectrophotometer. Data were collected and analyzed by

microplate data collection and analysis software: Gen5 1.10.
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5.2.1.10 Determination of the Number of Dye Molecules per VLPs from
Absorption Spectrum
The number of dye molecules per one VLP was calculated from a linear equation after

subtracting the VLP scattering from the VLP-dye absorption spectrum as follows:

First, dye dilution and determination of factor were performed. A 50x dilution series of
dye was prepared, and the absorbance spectra of the individual dilutions were
measured by Epoch™ Microplate spectrophotometer (60 pl; 300-700 nm).
The OD values at dye absorbance maximum (488 nm for Af488; 498 nm for Bp) were
plotted against the concentrations of the dilutions and a linear regression curve was
added. The factor was acquired from the equation for further calculations of number of
dye (Bp, Af488) molecules bound per VLP.

Next, the absorption spectra of the fluorescently labeled samples were measured by
Epoch™ Microplate spectrophotometer (60 pl; 300-900 nm) (see 5.2.1.9). The
calculations of the number of dye molecules bound per VLP are summarized in table 2.
The peak at dye maximum (488 nm for Af488; 498 nm for Bp) of the absorption
spectrum curve of VLP labeled samples was measured (A pye max), and the difference
at the dye maximum wavelength compared to non-fluorescent control (A nc) was
calculated (assigned as A peaksize). Furthermore, the peak size absorbance was divided
by the factor from the dye dilution standard curve (0.0902 for Af488, 0.0948 for Bp) to
calculate the x unknown of the regression curve equation. Subsequently, the weight of
dye in sample was calculated by multiplying the x unknown by the volume of the

measured sample.

y = factor*x Af488 (A max at 488 nm):
y = 0.0902x
A Dye max — A Nc = A Peak size Mw = 825.46

A izel factor =
Peak size/ TACLOr = X Bp (A max at 498 nm):

M dye in sample (MG) = X * V sample y = 0.0948x
Mw = 668

N dye in sample = M dye in sample *10%/Mw dye
N dye molecules in sample = N dye in sample * Na V sample = 0.06 ml

) — * * )
N VLPs in sample = V sample * C (pg/ml) N number VLPs in 1 ug N number VLPs in 1 ug = 3.71*1010

N dye molecules/ 1 VLP = N dye molecules in sample /' N VLPs in sample

Table 2 Summary of the calculation of the dye molecules number bound per 1 MPyV VP1 VLP in the
left. And equations obtained from the regression curves in the first step — dye dilution, standard curve
preparation, providing the factor for each dye type.
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Next, the amount of substance of the dye was calculated by dividing the weight of the
dye in sample by the molecular weight of the dye (Af488 825.46; Bp 668). The number
of dye molecules in sample was calculated by multiplying the amount of substance of
the dye by the Avogadro constant. The number of VLPs in the sample was calculated
by multiplying the volume of the sample by the concentration of the protein in the
sample and by the number of VLPs in 1 ug (3.71*10'9). And finally, the number of the
molecules of the dye per VLP was calculated by dividing the number of the dye
molecules in the sample by the number of VLPs in the sample. The number of alkyne
linkers conjugated per VLP was estimated to be equal to the number of Af488

molecules bound per VLP.

5.2.1.11 Click Reaction — VLP-HA*, VLP-PEG*, VLP-Bp Construction

Materials

HA (Mw 8-15 kDa) (Contipro, Czech Republic)
Heterobifunctional Bodipy (produced by Jan Barton, IOCB)
HA* (produced by Jitka Nebarkova, IOCB from Contipro HA)

PEG* (produced by Jitka Nebudrkova, IOCB from PEG Mw 20 kDa — Jenkem,
USA)

The stock of VLP-alkyne sample was used for conjugation of HA* or PEG* or Bp.
All three compounds contain the azide functionality. In VLP-HA* and VLP-PEG*
production, 1.5 mg of VLP-alkyne was used for conjugation of HA* (Mw 8-15 kDa) or
PEG* (Mw 20 kDa) via click reaction using a final molar ratio in reaction 1:1.125
(azide:alkyne). Ratios of the other reagents and the procedure were the same as

in click reaction in VLP-alkyne characterization (See 5.2.1.8).

Since the low molecular weight Bp reacts with different efficiency during click reaction,
three various molar ratios of VLP-alkyne to Bp were tested first, to obtain approximately
the same labeling as subsequently determined in VLP-HA* a VLP-PEG* samples. For
testing, 50 ug of VLP-alkyne were used with VLP-alkyne to Bp ratios: 1:1, 1:0.5,
1:0.125. The other reagents ratio remained as described earlier (5.2.1.8). Protein
concentration was measured in all samples by Qubit (5.2.1.5) and the absorption

spectra were measured (300-900 nm) (5.2.1.9).
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The number of Bp molecules bound per VLP-alkyne was counted based on the Bp
standard curve (See 5.2.1.10). Because the number of Bp molecules bound
per VLP-alkyne was the most similar to VLP-HA* in VLP-alkyne to Bp ratio 1:0.5, that
ratio was used for the final preparation of VLP-Bp sample (where 1 mg of VLP-alkyne
was used for the Bp conjugation via the click reaction, all other conditions remained
the same as in previous experiments). The number of Bp molecules was counted (See
5.2.1.10). All types of VLPs (VLP-HA*/PEG*/Bp) were analyzed by SDS-PAGE
(5.2.1.12), Western blot (5.2.1.14) and TEM (5.2.1.6) and stored in -20° C.

5.2.1.12 SDS-PAGE
Materials
5x Laemmli sample buffer — stored at -20° C
5 % SDS (Sigma-Aldrich, USA)
50 mM Tris-HCI, pH 6.8
50 % (v/v) glycerol (Lachema, Czech Republic)
25 % B-mercaptoethanol (Serva, Czech Republic)
0.05 % (w/v) bromphenol blue (Lachema, Czech Republic)
Stacking gel (5 %)
0.5 ml 30 % acrylamide
0.375 ml Tris-HCI, pH 6.8
30 yl 10 % SDS
2.11 ml ddH20
20 pl 10 % ammonium persulphate
5 ul tetramethylenediamine
Resolving gel (10 %)
2 ml 30 % acrylamide
2.25 ml Tris-HCI, pH 8.8
60 ul 10 % SDS
1.625 ml ddH20
40 ul 10 % ammonium persulphate

4.25 pl tetramethylenediamine

38



Running buffer, pH 8.3

25 mM Tris

192 mM glycine

1 % SDS
The samples were first appropriately diluted and mixed with 5x Laemmli sample buffer
in 4:1 volume ratio (Sample : Laemmli sample buffer). Samples were mixed by
vortexing, incubated at 100° C (5 min) and stored at -20° C. The reagents (as
summarized above) for the resolving gel were mixed, loaded into a clean assembled
gel casting apparatus and ddH20 was carefully layered on top of the gel. Gel was left
to polymerize for 30 minutes (RT). Next, water was discarded, apparatus was dried
with filtration paper, the stacking gel reagents were mixed, applied on top of the
resolving gel and the electrophoresis comb was inserted in the apparatus. After
polymerization (20 min, RT), the comb was removed, and the polymerized gels were
transferred into an electrophoresis apparatus. The apparatus was filled with running
buffer and the samples were loaded into the wells. The electrophoresis was set at 80 V
(30 min) and at 140 V (~1 h). Afterwards, the gels were carefully removed from the
apparatus and used further for fluorescent signal acquisition (See 5.2.1.13) and

western blotting (See 5.2.1.14) or for protein staining (See 5.2.1.15).

5.2.1.13 Fluorescence Acquisition from SDS-PAGE Gel

The apparatus was cleaned, and the gel was inserted into Molecular imager Fx. The
fluorescent signal was acquired at Af488 channel both at low and at high intensity with
the resolution at 100 ym and at 200 ym and analyzed by fluorescence analysis

software Quantity One 4.6.9.

5.2.1.14 Western Blot

Material
Blotting buffer — pH 8.3, 4° C
25 mM Tris
195 mM glycine
20 % ethanol
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SDS-PAGE gel used for fluorescence acquisition was incubated in blotting buffer
(10 min, RT), the blotting sandwich was assembled as follows: One by one, four filter
papers were soaked in blotting buffer and layered onto a blotting sponge onto each

other. On top, a soaked Whatman paper was also applied.

The gel was placed onto the Whatman paper, and a nitrocellulose membrane was
layered onto the gel. Next, one Whatman paper, four filter papers and a blotting sponge
were placed on top (all soaked in blotting buffer). Air bubbles were carefully removed,
the sandwich was placed in a blotting apparatus and proteins were blotted from the gel
onto the membrane for 3 hours at 250 mA. After disassembling the apparatus, the
membrane was washed by dH20 and blocked by 5 % low-fat dry milk in PBS (30 min,
RT). The membrane was immunostained and the chemiluminescent signal was

acquired (as in Immunodot blot, see 5.2.1.3).

5.2.1.15 SDS-PAGE Gel Staining

Material

Imperial™ Protein Stain (Thermo Fisher Scientific, USA)

The second gel from SDS-PAGE was stained by Imperial™ Protein Stain as follows:
The SDS-PAGE gel was washed three times with 100 ml ddH20 (three times 5 min,
RT). Water was discarded, the staining reagent was mixed by shaking and
the SDS-PAGE gel was covered by the stain and placed on a shaker (2 h, RT). The gel
was washed overnight by 200 ml of ddH20 placed on a shaker (RT) and a scan of the

stained gel was acquired.
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5.2.2 NP-Cell Interaction Studies

5.2.2.1 NP - MDA-MB-231 Cell Interaction Experiments - Flow Cytometry

MDA-MB231 cells were cultivated in IMDM medium with 10 % FBS at 37° C in a
humidified atmosphere containing 5 % CO.. Before the experiment, cells were seeded
in the appropriate dish as follows: the cultivation medium was aspirated, the cells were
rinsed with versen, and trypsin (0,25 % v/v in PBS) was added to the cells (1 ml) and
incubated in a thermobox until cells detached from the dish. Subsequently, the cells
were carefully resuspended in IMDM medium containing serum (3 ml). The cells were

counted in the Blirker chamber, 2*10° cells were plated per well on a 12-well plate.

The cells were cultivated in a thermobox (37° C) for 24 hours. Before the addition
of NPs, cells were rinsed once with serum-free IMDM medium, and fresh serum-free
IMDM medium was added (300 ul) to each well.

Three experiments were performed using flow cytometry (FC1, FC2, FC3). First an
optimization of the FC experiment was necessary. Thus, the procedures slightly varied
in experiments FC1, FC2 and FC3 (as indicated in the Results section 6.2 —
summarized schema of NP-cell interaction experiments in figure 21). In FC1 and FC2

the FC experiment was optimized, the FC3 was the final FC experiment.

Two types of samples were present in the studies; samples with pre- (FC1) or co-
incubation (FC2, FC 3) of non-labeled HA free HA with NPs and cells (samples

indicated as +HA) and without any incubation with free HA.

In FC1, NP samples (VLP-HA*/PEG*/Bp, ND-HA*/Bp and negative control) were
tested with (+HA — monoplicates) and without (duplicates) preincubation with free HA.
Free HA was added (0.2 mg/ml or 1 mg/ml) to the cells (in the samples that were to be
preincubated with free HA) and the cells were incubated in a thermobox (37° C) for 1
h. Then, the medium was discarded, and fresh serum-free IMDM medium was added
(300 pl). The NPs (VLPs or NDs) (7 ug of VLPs, 30 ug of NDs) or control compounds
(free HA*/PEG*/Bp; final molar concentration 1,4 uyM) were added to the cells. In
negative controls (NC), only serum-free IMDM medium was left on the cells. The cells
were incubated with the NPs in a thermobox (37° C) for 2 hours with occasional

shaking.

41



The medium was discarded, the cells were rinsed with versen (1 ml), detached from
the dish by treatment with trypsin (0.25 ml, 0.25 %) that was subsequently inactivated
by the addition of the soybean trypsin inhibitor (1 mg/ml in PBS, 0.25 ml). The samples
were transferred to FACS centrifugation tubes and 2 ml of cooled PBS were added.
The samples were centrifuged (500x g, 4° C). Supernatant was discarded,
PBS with 0.5 % BSA (300 ul) was added, samples were resuspended when placed on
ice and measured by flow cytometry. NC was measured first. NC with DAPI (1 uM final
concentration) was measured and the rest of the samples was measured with DAPI

too.

In FC2, 2 mg/ml and in FC3, 5 mg/ml free HA was added simultaneously with the NPs
and different amounts of VLPs (7 ug of VLPs, 30 pg of NDs in FC2, monoplicates;
12 ug of VLPs, 30 pg of NDs in FC3 and also 20 ug of VLP-HA* in FC3, triplicates).
In FC3 also free controls (HA* 16 uM; PEG*, Bp 1.4 uM) were tested.

Data from the flow cytometer were processed in the Kaluza software 2.1 (Beckman).
The gating strategy was briefly as follows: first the cell population was gated in the NC
sample (negative control), furthermore singlets were selected. In the NC with DAPI,
live cells were gated and in the next step, Bp positive and Bp negative cells were gated
(summarized in Appendix Il — Fig. S.ii). This protocol was further used for all samples

that were not pre- or co-incubated with free HA.

For the samples that were pre- or co-incubated with free HA a separate NC was
prepared in a similar manner (in FC1 and FC3) and this protocol was then applied to
them. The median fluorescence intensity (MFI) in the total live singlet gated cell
population and the % of Bp positive cells from the total live singlet gated cell population
were acquired. Overlaying histograms were generated, and data were plotted
(Microsoft Excel). The statistical analysis of the differences of the triplicates incubated
with free HA and not incubated with free HA in FC3 was performed in GraphPad Prism
8 by the Mann Whitney test.
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5.2.2.2 NP - MDA-MB-231 Cell Interaction Experiments - Fluorescence
Experiments

MDA-MB231 cells were cultivated as specified above. Before the experiment, the cells

were counted in the Blirker chamber, 1*10° cells were plated per well on a 24-well

plate (with sterilized glass coverslip) and placed in a thermobox (37° C, 24 h). Medium

was discarded and cells were washed with serum-free IMDM medium, medium was

discarded, and fresh serum-free IMDM medium was added (200 pl). Two fluorescence

experiments were performed (FL1, FL2).

From this point on, procedures slightly varied in experiments FL1 and FL2 (as indicated
in the Results section 6.2 — summarized schema of NP-cell interaction experiments
in figure 21). Two types of samples were present in the experiments: (1) samples with
free HA present with NPs during incubation with cells (samples indicated as +HA), and
(2) samples with NPs without free HA.

In FL1, NP samples (VLP-HA*, ND-HA*) were tested on interactions with MDA cells
with and without co-incubation with free HA (VLP-HA*+HA; ND-HA*+HA), all other
controls were tested only without incubation with free HA (VLP-PEG*, VLP-Bp, ND-Bp,
HA*, PEG*, Bp*, NC). Free HA (1.5 mg/ml) and NPs (VLP-HA* or ND-HA*, 9 ug and
30 pg respectively) were added to the MDA cells (in the samples that were to be co-
incubated with free HA) and only NPs (VLP-PEG*/Bp, ND-Bp; 3.5 pyg or 30 ug
respectively) or controls (HA*, PEG*, Bp*; 1.4 uM) were added to samples that were
not incubated with free HA. Cells were placed in a thermobox (2 h, 37° C) (alternatively
30 min, 2 h or 4 h in FL2). Medium was discarded and samples were fixed
with paraformaldehyde (3.7 %, 0.5 ml, 15 min). Paraformaldehyde was aspirated,
samples were washed with PBS (1 ml) and then incubated with triton X-100 (0.5 %,
0.5 ml, 5 min). The cells were washed by PBS (3 times, 1 ml). Then, 300 ul of PBS
with DAPI (1 pg/ml) was added and the samples were incubated for 10 minutes in the
dark. The samples were washed with PBS (3 times, 1 ml) and ddH20 (0.5 ml), and
then ddH20 (200 pl) was added. The slides were removed from the wells, dried and
mounted in glycerol (50 %, 3 pl). The slides were stored (-20° C) and later observed

under the BX60F-3 fluorescence microscope.

From all samples, micrographs were acquired in NIS-Elements AR 2.30 imaging
software on automatic and on manual exposition. Only representative pictures
are shown in Results.
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6. Results

6.1 MPyV VLP-HA* and Control Production
6.1.1 MPyV VP1 VLP Production

In the first part of the study, it was necessary to produce a sufficient amount of MPyV
VLPs, four subsequent isolations of VLPs took place. A baculovirus expression system
was used for VLPs production. The insect cells Sf9 were infected with recombinant
baculovirus encoding the MPyV VP1 gene. VLPs are formed in the cell nucleus of
infected cells and can be isolated by a standard protocol (see Methods — 5.2.1.1).
VLPs were purified by isopycnic ultracentrifugation in cesium chloride gradient. Each
gradient was divided into individual subfractions, which were merged into fractions
(Tables 3-6 and Fig. 9-12) based on the buoyant density determined from the refractive
indices of the subfractions and the presence of VP1 (determined by the signal on the
Immunodot blot). The VLPs in each fraction were subsequently visualized by the

transmission electron microscopy (Appendix | — S.i).
Table 3 VLP isolation 1: refractive indices of the subfractions from six (I-VI) gradients. Subfractions of

the same color were merged to compose fractions 1-5. Orange — fraction 1; green — fraction 2; light blue
— fraction 3; dark blue — fraction 4, pink — fraction 5.

Subfraction || ] 1]} \' \" Vi

1 1.373 1.365 1.368 1.370 1.369 1.373
2 1.371 1.374 1.374 1.371 1.370 1.370
3 1.368 1.371 1.370 1.369 1.368 1.366
4 1.367 1.370 1.367 1.368 1.367 1.366
5

6 1.363

7 1.362

8 1.362 1.363

9

10 1.362

11 1.360 1.361

12

13

14 1.358 1.358 1.355 1.357 1.357 1.358
15 1.358 1.355 1.357 1.356
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Figure 9 Immunodot blot of VLP isolation 1 was performed to detect the presence of MPyV VP1 by an
aMPyV VP1 antibody in subfractions 1-15, 20 s exposition. Signal detected by Fusion-FX6.EDGE V.070.

Table 4 VLP isolation 2: refractive indices of the subfractions from six (I-VI) gradients. Subfractions of
the same color were merged to compose fractions 1-5. Orange — fraction 1; green — fraction 2; light blue
— fraction 3; dark blue — fraction 4, pink — fraction 5.

Subfraction || | 1] v Vv Vi

1 1.366 1.370 1.370 1.369 1.365 1.364
2 1.371 1.371 1.370 1.371 1.372 1.372
3 1.368 1.366 1.368 1.369 1.370 1.367
4 1.368 1.366 1.364 1.367 1.367 1.367
5

6

7

8

9

10

11

12

13

14 1.357 1.357 1.357 1.357 1.358 1.356
15 1.352 1.355 1.352 1.353 1.357 1.356
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Figure 10 Immunodot blot of VLP isolation 2 was performed to detect the presence of MPyV VP1
by an aMPyV VP1 antibody in subfractions 1-15, 30 s exposition. Signal detected by Fusion-FX6.EDGE
V.070.

Table 5 VLP isolation 3: refractive indices of the subfractions from six (I-VI) gradients. Subfractions
of the same color were merged to compose fractions 1-4. Orange — fraction 1; green — fraction 2; light

blue — fraction 3; dark blue — fraction 4.

Subfraction |1 T I IV v Vi

1 1.374 |1.373  [1.369 |1.372 [1.374  |1.373
2 1.371 [1.372  [1.372  [1.371 [1.37 1.371
3 1.369 |1.369  [1.37 1.369  |1.369  |1.369
4 1.367 |1.368 |1.368 |1.367 |1.367  |1.367
5 1.367 |1.366  |1.367 |1.366 |1.366  |1.366
6 1.365 |1.366 |1.366 |1.364 |1.365  |1.365
7

g

9

10

11 1.361

12 1.36

13 1.359  1.36

14 1.359

15
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Figure 11 Immunodot blot of VLP isolation 3 was performed to detect the presence of MPyV VP1
by an aMPyV VP1 antibody in subfractions 1- 14, 30 s exposition. Signal detected by Fusion-FX6.EDGE

V.070.

Table 6 VLP isolation 4: refractive indices of the subfractions from six (I-VI) gradients. Subfractions
of the same color were merged to form fractions 1-4. Orange — fraction 1; green — fraction 2; light blue
— fraction 3; dark blue — fraction 4.

Subfraction |I Il ]l v \'} Vi

1 1.373 1.373 1.373 1.373 1.361 1.373
5 1.371 1.370 1.370 1.371 1.373 1.372
3 1.368 1.368 1.367 1.368 1.370 1.369
4 1.366 1.366 1.365 1.366 1.367 1.367
5 1.365 1.365 1.364 1.365 1.365 1.365
6 1.364 1.364 1.363 1.363 1.364 1.364
7

8

9 1.3615 ‘ 1.361 1.3615
10 1.361 ‘ 1.360 1.361
" 1.360 ‘ 1.359 1.360
12 1.358 ‘ 1.358 1.359
13 1.357 1.357 1.356 1.357 1.357 1.357
14 1.356 1.356 1.355 1.356 1.356 1.356
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Figure 12 Immunodot blot of VLP isolation 4 was performed to detect the presence of MPyV VP1
by an aMPyV VP1 antibody in subfractions 1-14, 10 s exposition. Signal detected by Fusion-FX6.EDGE

V.070.

Based on the micrographs acquired by TEM (for TEM micrographs see Appendix | -
S.i), fractions from the VLP isolations 1-4 with best retained integrity (summarized in

6.1.2.1. — Table 7) were selected for the following experiments.

6.1.2 Modification of VLPs
The strategy for conjugation of HA to VLPs has been designed in the Laboratory of

Synthetic Nanochemistry (IOCB). The strategy is based on a newly synthetized
heterobifunctional and biorthogonal fluorescent (Bodipy) probe (Fig. 13) (synthesis
was performed by Jan Barton, IOCB (for details see Bartori, 2015). The probe contains
two reactive groups (aminooxy and azide). The aminooxy group has been used for
conjugation of aldehyde on oxidized sugar subunit of hyaluronic acid or for conjugation
of a control PEG molecule (Neburkova et al., 2018). The resulting compounds were

designated as HA* or PEG*, respectively. These reactions were done by Jitka

Neburkova (I0OCB).
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Aminooxy group for conjugation to hyaluronic acid or PEG

- Azide group for conjugation to VLPs (or NDs)
N3

Heterobifunctional probe
(Aminooxy-Bodipy-Azide)

Figure 13 The chemical structure of the bifunctional florescent dye Bodipy created by Jan Bartori (IOCB). The figure
was adapted from Bartori, 2015.

The azide group on Bp probe (present also in HA* and PEG*) was subsequently used
for conjugation to VLPs (or NDs) via “click chemistry”. NDs are crafted with polymers
that carry alkyne moiety required for bioconjugation, whereas VLPs must be modified
by a heterobifunctional linker containing propargyl and N-hydroxysuccinimidyl ester
moieties to introduce the alkyne functionality for subsequent reaction. Modification of
VLPs was done as part of this thesis and is described in detail in the following chapters.
NDs were modified by Jitka Neburkova (IOCB) and resulting NDs (ND-HA*, ND-Bp)
were used in this thesis only as control NPs for experiments that investigated the mode

of interaction of VLPs with target cells (Fig. 14 — ND TEM micrographs).
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Figure 14 TEM micrographs with negative staining A) ND-HA* and B) ND-Bp. NDs were produced by Jitka
Nebdlrkova (IOCB). Red scalebar represents 200 nm. Transmission electron microscope JEOL JEM 1200EX.

6.1.2.1 VLP-alkyne Construction and Sample Characterization

Based on the acquired TEM micrographs, the fractions from MPyV VLP isolations
with intact VLPs were selected for subsequent chemical modification (conjugation
of an alkyne functionality containing linker), resulting in VLP-alkyne (Table 7). VLPs
were modified with the heterobifunctional propargyl-N-hydroxysuccinimidyl (NHS)
ester linker. NHS ester reacts with surface lysines on VLPs. The expected number
of surface lysines on VLPs is 720 and the reaction was performed in 35-fold molar
excess of linker as described previously (Zackova Suchanova et al., 2017).
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And the sample was further dialyzed, washed and concentrated (see details
in Methods —5.2.1.7).

However, large losses occurred during repeated washing in the process. Therefore,
the alkyne linker-attachment step had to be performed three times in total (see fractions

used in individual batches are summarized in Table 7).

Table 7 Fractions (and the VLPs isolation number) used for alkyne linker attachment and the protein
amount in three working batches (assigned as A, B, C). For TEM micrographs see Appendix .

VLP batch VLP isolation Fractions used | Protein amount

(see Appendix ) | (mg)

A Isolation 1 1,24,5 6.41
Isolation 2 4

B Isolation 4 2-4 2.40

C Isolation 2 1 4.25
Isolation 3 3,4

After attaching the alkyne linker, the VLPs were characterized for their capacity to bind
a model fluorescent probe Af488 via Cu'-catalysed alkyne-azide cycloaddition.
Characterization was essential primarily to estimate the number of linkers attached
to the VLPs and to evaluate, whether the particles retained integrity during the click
reaction. The amount of Af488 molecules bound per particle was calculated based
on the absorption spectra (Fig. 15) of the samples, using a standard curve (Table 8)
(see details of the click reaction and of the calculations in Methods —5.2.1.8, 5.2.1.10).
TEM micrographs were acquired before and after the click reaction to confirm,

that the integrity of the VLPs was retained (data not shown).
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VLP-alkyne characterization via Af488 conjugation
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Figure 15 Absorption spectra of three VLP-alkyne working batches measured after Af488 conjugation via click
chemistry. Measured by Epoch™ Microplate Spectrophotometer.

Table 8 Summary of the characterization of the VLP-alkyne batches. The number of Af488 molecules bound per
VLP in each batch is shown. The number of Af488 bound per VLP indicates the number of alkyne linkers attached
per VLP.

Batch A B C
Af488/VLP 476 1196 880

Eventually, the individual batches of VLP-alkyne were pooled. Recurrently,
electron micrographs were acquired via TEM to evaluate whether the integrity
of the VLPs was preserved during the process of alkyne linker attachment (Fig. 16).
Most of the VLPs retained integrity during the alkyne linker attachment step. In order to
determine the final amount of VLP-alkyne, the protein concentration was measured.
The total amount of VLP-alkyne was 6 mg, which is less than a half of the amount

of the protein used for linker conjugation (13.06 mg).
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Figure 16 MPyV VP1 VLPs with alkyne linker attached after dialysis to HEPES (0.1 M, pH 7.4).
Transmission electron microscopy, negative staining. Indicated red scalebar represents 200 nm. White
arrow shows 1 of the VLPs-alkyne, integrity was preserved. Transmission electron microscope JEOL
JEM 1200EX.

6.1.2.2 Click Reaction — VLP-HA*, VLP-PEG®*, VLP-Bp Construction

After pooling the VLPs with alkyne linker attached, three types of modified VLPs were
produced using click reaction: VLP-HA*, VLP-PEG*, VLP-Bp. The first type of VLPs,
VLP-HA* was expected to increase the VLP binding specificity to the CD44 receptors

overexpressed on cancer cells in further experiments.

Shielding of the VLPs surface with the HA molecules (8-15 kDa) was also expected to
limit the broad VP1-mediated interactions of the VLPs. The other two types of particles
were used as controls. VLP-PEG* was prepared by the attachment of PEG* (20 kDa),
similar in size to HA*. High molecular PEG is used in nanotechnology as a shielding
molecule that can decrease non-specific interactions. It served as an appropriate
control for VLP modification: although lacking the targeting ligand, it should exhibit
similar shielding capacity as HA. In the second type of control, Bp alone was attached
to VLP-alkyne, thus the difference in cell binding of VLPs without a large shielding
ligand and VLP-HA* could also be determined. Bodipy is small in size (Mw 668 Da),
therefore VLP-Bp control is expected not to limit the VP1-mediated cell binding in
VLPs.
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Bodipy provides the possibility of quantification of HA* or PEG* molecules bound
per VLP. In all VLP variants (VLP-HA*/PEG*/Bp), Bp lends VLPs fluorescence, hence

the possibility of VLP detection in NP-cell interaction studies.

VLP-HA* and VLP-PEG* samples were prepared by click reaction.
Non-attached molecules were removed by dialysis, VLPs were further purified
(unconjugated HA* and PEG* were removed) and concentrated through a 20 % (w/w)
sucrose cushion. The number of HA* or PEG* molecules on VLPs surface
were estimated from the absorption UV-vis spectra of VLP-HA* and VLP-PEG*
(Table 9, Figure 18) (for details see Methods — 5.2.1.11) by using two different
spectrophotometers that led to slightly different results (Table 9, Figure 18).

Three molar ratios of VLP-alkyne to Bp (1: 1, 1: 0.5, 1: 0.125) were also tested
in the production of VLP-Bp particles (Fig. 17), in order to determine a ratio
that achieves a final coverage of VLPs with Bp molecules similar to VLP-HA* (Table 9).
The concentration of the samples and the absorption spectra were measured.
The number of Bp molecules bound per VLP was then calculated using a standard
curve (for details see Methods — 5.2.1.10).

Absorbance spectra of VLP-Bp ftrial
constructs

0,095

0,085
0,08

o 0,075
O 0,07

0,065

0,055
0,05

Figure 17 Absorption spectra of three molar VLP-alkyne to Bp ratios tested in click reaction: 1:1, 1:0.5 and 1:0.25.
Measured by Epoch™ Microplate Spectrophotometer.

The VLP-Bp sample achieved coverage, most similar to that of VLP-HA*, when using
a VLP-alkyne to Bp molar ratio of 1:0.5 during the click reaction. Therefore, this ratio
was used in the final preparation of the VLP-Bp sample in large scale.
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Unfortunately, after subsequent analysis (Figure 18, Table 9) the resulting number of

BP molecules bound per VLP was higher than expected. The final number of Bp

molecules bound per VLP-alkyne for all VLP types is summarized in Table 9.

The ND particles used in subsequent studies were prepared with the use of the same

“click” chemistry in IOCB and the number of HA* and Bp on NDs was also determined

by the same method (see Table 9 for summary). As seen from Figure 18 sensitivity of

the spectrometer is essential for correct measurement of absorption spectra and

calculation of the number of Bp molecules per VLP (Table 9). The results based on

spectra shown in Figure 18B are considered valid in this thesis as they were obtained

by a spectrophotometer with higher sensitivity.

A Absorbance spectra — VLP variants
0,35
0,3
0,25
0,2

CD) 0,15
0,1

0,05

0

400 450 500 550 600
Wavelength (nm)

VLP-HA* VLP-PEG* VLP-Bp

B Absorption spectra — VLP variants
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Figure 18 The UV-vis absorption
spectra of VLP-HA*, VLP-PEG* and
VLP-Bp samples A) acquired in our
laboratory by Epoch™ Microplate
absorbance spectrophotometer with
lower sensitivity compared to B)
measured by Jitka Nebutrkova (I0CB)
using Specord 250 absorbance
spectrophotometer  with higher
sensitivity. In both graphs, VLP-Bp
sample shows highest peak at Bp
maximum (498 nm), nonetheless
lower protein concentration than
other VLP samples. VLP-HA* shows
nearly half the value and VLP-alkyne
as negative control shows no peak at
Bp maximum.
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Table 9 Summarized number of Bp molecules bound per NP in all VLP (including trial versions
of VLP-Bp) and ND variants A) calculated from the absorption spectra measurement by the Epoch™
Microplate absorbance spectrophotometer of low sensitivity in our laboratory B) calculated from the
absorption spectra measurement by the Specord 250 absorbance spectrophotometer with higher
sensitivity by Jitka Neburkova (IOCB). Ratio in trial Bp samples shows molar ratio of VLP-alkyne to Bp
during the click reaction. The ratio with grey background was chosen for large scale production of VLP-
Bp. The number of Bp molecules bound per VLP was calculated as specified in Materials and methods
(5.2.1.10).

VLP:Bp | VLP:Bp VLP:Bp | VLP- VLP- VLP- | ND- ND-
1:1 1:0.5 1:0.125 | HA* PEG* | Bp HA* Bp
A) Number of Bp | 29 12 nd 6 26 36 - -
molecules/NP
B) Number of Bp | - - - 56 144 153 80 153
molecules/Np

All types of VLP constructs, modified in the above-described manner, were visualized
by TEM. The results showed the preservation of the integrity of most VLPs in all types
of VLP samples after the click reaction (Figure 19). However, in VLP-HA* and VLP-Bp

some VLPs disassembled into pentamers could be observed too.
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Figure 19 VLPs after click reaction VLP-HA*, VLP-PEG* and VLP-Bp, negative staining, transmission
electron microscopy. The red scalebar represents 200 nm, white arrows show a representative VLP with
preserved integrity. Blue arrows in VLP-HA* and VLP-Bp sample show VLPs disassembled into
pentamers. Transmission electron microscope JEOL JEM 1200EX.

The samples were further characterized by SDS PAGE, by detection of fluorescence
from the SDS PAGE gel, by staining of the gel and by using a western blot (Figure 20).
By fluorescent signal detection from the SDS PAGE gel, it was possible to acquire a
signal in all three types of VLP constructs (VLP-HA*/PEG*/Bp), as opposed to no signal
in VLPs with only the alkyne linker attached (Figure 20A). No signal showing unbound
HA* was detected in VLP-HA*, therefore it is expected that excess HA* that did not
bind to VLPs in click reaction was successfully removed by centrifugation though a

sucrose cushion.
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The SDS PAGE gel, stained by Imperial protein stain, showed the presence of a protein

of about 45 kDa, corresponding to the size of MPyV VP1 protein, in all VLP samples
(Figure 20B). In the western blot, where the aMPyV VP1 antibody was used for MPyV

VP1 detection, it was possible to confirm the presence of VP1 protein in all VLP

samples (Figure 20C). In agreement with the calculation of the numbers of Bp
molecules bound per VLP-alkyne (Table 9), the fluorescence of VLP-HA* (Figure 20A)
was distinctly lower compared to VLP-PEG* and VLP-Bp even though the VP1 amount

vas similar in all samples loaded on the gel (Figure 20B).

VLP-alkyne- HA* PEG* kDa

HA* PEG* Bp - B HA
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VLP-alkyne- ND- | M HA* PEG* KkDa
HA* PEG* Bp -

B

HA* PEG*

VLP-alkyne- ND M
HA*  -PEG* -Bp -

Figure 20 Characterization of VLPs after
modification with Bp-reagents. Samples on
10 % SDS-PAGE acrylamide gel were
loaded as follows (from left to right): VLP-
HA*, VLP-PEG* VLP-Bp, VLP with alkyne
linker (4 ug/well each), molecular marker,
HA* and PEG* (0.4 ug/well each). (A)
Fluorescence signal detection on gel;
BioRad Molecular Imager FX. (B) Protein
detection on gel by Imperial™ protein
stain. Black rectangular with label "45 kDa’,
shows the presence of a ~45 kDa protein in
VLP samples, same size as MPyV VP1.
(C) Immunodetection of MPyV VP1 by
Western Blot using aMPyV VP1 antibody.
Chemiluminescent signal was acquired by
Fusion Fx6.

kDa
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In summary, MPyV VLPs were produced and an alkyne functionality containing linker
was successfully attached to the VLPs. The relative number of the alkyne linker
molecules attached per VLP was estimated by conjugating Af488 onto the VLP-alkyne
via click chemistry and subsequently the number of Af488 molecules bound per VLP
was counted using a standard curve. Next, HA*, PEG* or Bp were conjugated onto
VLP-alkyne.

The samples were characterized via SDS-PAGE and it was confirmed that the MPyV
VP1 protein (45 kDa) was present in all VLP samples. In addition, a fluorescent signal
was detected in all VLP constructs (VLP-HA*/PEG*/Bp) except for the negative control
(VLP-alkyne). TEM showed preserved integrity of VLP variants after click reaction.
Furthermore, the VLP constructs were tested for interactions with CD44

overexp ressi ng cancer.
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6.2 NP-Cell Interaction Studies - Flow Cytometry and

Fluorescence Microscopy

After modifying the VLPs, it was possible to use them for evaluation of their interaction
with cancer cells overexpressing the CD44 receptor. Human breast adenocarcinoma
cells, MDA-MB-231 were selected for the experiments, as they have already been used

in the past for CD44 targeting experiments (Surace et al., 2009).

A total of three experiments were performed to detect the interactions of NPs with the
MDA cells using flow cytometry (FC1, FC2, FC3) and two fluorescence experiments
(FL1, FL2) were performed to visualize the interaction with cells. In all experiments
three types of VLP constructs (VLP-HA*, VLP-PEG* and VLP-Bp) and two types of ND
constructs (ND-HA* and ND-Bp) were used. The sequence of the experiments was as
follows: FC1,2; FL1,2; FC3 (simplistic schema of the experiments summarized in

figure 21).

NP - cell interaction experiments

2000
1h 2h =
FC1 (@ = (free HA ===) + NPs = 0 I‘
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FC2 (free HA),NPs +(@) = 1000
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FL1 (free HA), NPs+..,, —

30min,2h,4h
FL2 sonication of VLPs we(free HA), NPs+ -
3000
2000

1000

2h
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Figure 21 Schema showing the basic procedure of the NP-MDA cell interaction experiments: Flow cytometry 1,2,
and 3 and fluorescence microscopy 1,2. Free HA in brackets represents selected samples being incubated with
free HA during incubation of NPs with cells (in the competitive cell-binding assay). Petri dish represents MDA-MB-
231 cells. NPs represents the VLP and ND variants. Different amounts of NPs and free HA were used in the
experiments as indicated in Methods — 5.2.2. In FC1 free HA was aspirated after incubation.
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6.2.1 Optimization of the FC Experiment

In the FC experiments, NPs were incubated with the cells for 2 hours and the NP-cell
interactions were detected by flow cytometry. To evaluate, whether the NPs interact
with the CD44 receptor, a competitive cell-binding study was performed like it was
previously done in other studies (Xiao et al., 2015). Hereby, free HA (non-fluorescent)
competes for the HA binding site at CD44 receptors with the NPs. Thus, a reduction of
NP-cell interactions should be observed in samples incubated with free HA compared

to samples not incubated with free HA, if the NPs enter mainly via the CD44.

Therefore, in the current study it was expected that a reduction of NP-cell interactions
would only be detectable in VLP-HA* and ND-HA* samples, as specifically these
samples are expected to enter the cells via the CD44 receptor, due to the HA-CD44

binding.

The FC experiments were briefly as follows: The MDA cells were plated on a 12-well
plate (2*10° cells per well) and incubated overnight. The cells were washed and fresh
serum-free IMDM medium was added (300 ul). Then, procedures were slightly different
in experiments FC1, FC2 and FC3. However, two types of samples were always
present in the studies, samples with pre- (FC1) or co-incubation (FC2, FC 3) of free
HA and NPs with cells (samples indicated as +HA) and samples without incubation
with free HA (Fig. 23-29). Thus, it would be possible to determine the normal NP-cell
interactions and the NP-cell interactions in conditions, where NPs and free HA compete
for the binding site at CD44 receptors. NPs were incubated with MDA cells for 2h
in FC1, FC2 and FC3.

In FC1, the NP samples were tested with and without preincubation with free HA. Free
HA was added to the cells 1-hour prior to the incubation with NPs and medium
containing free HA was discarded prior to adding NPs (VLPs 7 ug, NDs 30 ug). Two
concentrations of free HA were tested (0.2 mg/ml or 1 mg/ml). In literature excess
of free HA is usually used (5 or 10 mg/ml) (Li et al., 2016; Wang et al., 2018). Therefore,
it was expected that a higher concentration of free HA in the competitive cell-binding
assay would cause a more distinct reduction of NP-cell interactions in NP-HA* samples
(VLP-HA* and ND-HA®).

Alternatively, free HA in FC2 (2 mg/ml) and in FC3 (5 mg/ml) was added

simultaneously with the NPs. In FC2 standard amount of NPs was used (VLPs 7 ug,
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NDs 30 pg per well), whereas a higher amount of VLP-HA* was used in FC3
(VLPs 12 pug, NDs 30 pg, VLP-HA* also 20 ug per well). After co-incubation with NPs,
the cells were washed and prepared for flow cytometry detection of NP-cell
interactions. Data obtained from the flow cytometry were processed using Kaluza

software 2.1 (see gating strategy in Appendix Il - S.ii).

In FC1 the effect of incubation of cells with free HA prior to incubation with NPs was
observable in the ND-HA* sample, the higher the amount of free HA delivered for
preincubation (1 mg/ml), the larger the reduction of the median fluorescence intensity
(MFI1) value, and the larger the reduction of the NP-cell interactions (Figure 23B).
Nonetheless, the differences within the ND-HA* replicates were large. In the VLP-HA*
sample, lower concentration of free HA (0.2 mg/ml) in preincubation was not having
any effect on reduction of the NP-cell interactions, surprisingly a slight increase could

be observed instead.

Another result of the FC1 experiment were the surprisingly high NP-cell interactions of
ND-Bp and VLP-Bp. In the VLP-Bp sample this was expected as this result can be
explained by the rather high VP1-mediated interactions of NPs with the cells, which is
characteristic for VLPs. As Bp is small in size it does not hinder the VP1-specific
interactions as effectively as large ligands. However, nonspecific interactions with cells
have not been reported for ND samples that were obtained for this study, they were
not expected to interact with cells when not modified, therefore the increased MFI value
was surprising and might potentially be an effect of the dye. Moreover, both VLP-Bp
and ND-Bp had a higher number of Bp molecules attached to NPs than their
VLP-HA*/PEG* or ND-HA* counterparts (Fig. 22), which affects the final MFI value.
Compared to VLP-PEG*, VLP-HA* exhibited slightly increased cell binding, but it was
probably not mediated by CD44, since no reduction of NP-cell interactions could be
observed in the VLP-HA* sample after preincubation with non-labeled HA.
Free controls (HA*, PEG*, Bp; 1.4 uM) were tested too and showed low or almost no

interaction with the MDA cells.
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Figure 22 Overlaying histograms of gated live singlets of all A) VLP and B) ND variants (samples not incubated with
free HA) compared to NC from FC1 experiment, mean data of duplicates are shown. Kaluza 2.1

As no reduction of NP-cell interactions was observed in the VLP-HA* sample (22A, C)
after preincubation with free HA in FC1, it was determined that a different strategy in

competitive cell-binding assay will be used in further experiments.

Free HA could be rapidly internalized and previously published studies also used
higher concentration of free HA in similar experiments. Hence in FC2, FC3 free HA
was added to the MDA cells simultaneously with NPs and was not discarded before
the incubation with NPs (co-incubation of free HA and NPs with cells). Moreover,

a larger amount of free HA was used in the competitive cell-binding experiments.
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Figure 23 Graphs ofthe MFI values and the % of cells positive for the Bp signal from the FC1 experiment.
Fully colored columns indicate two replicates — | and Il of samples not incubated with free HA, dashed
columns indicate preincubation of samples with free HA 0.2 mg/ml, checkered columns indicate
preincubation with 1 mg/ml free HA. The first two graphs show the median fluorescent intensity (MFI)
in live cell population in A) VLP samples and in B) ND samples and free controls. The other two graphs
show the % of cells positive for the Bp signal in C) VLP samples and D) in ND samples and free controls.
A slight effect of HA preincubation is shown as NP-cell interaction reduction in NP-HA™.
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Based on the results from the first NP-cell interaction experiment, it was decided
to repeat the experiment (“FC2 experiment”), this time with co-incubation of HA and
NPs with the MDA cells and using a higher concentration of free HA for the
co-incubation (2 mg/ml), which was expected to increase the effect of the incubation
with free HA in ND-HA* and VLP-HA* samples, hence show a greater reduction

of the NP-cell-interactions.

As a result, it was possible to observe a strong effect of co-incubation with free HA
on NP-cell interactions in ND-HA*, the MFI was reduced by almost a half in the ND-HA*
sample co-incubated with free HA compared to the sample without co-incubation with
free HA. A slight reduction in NP-cell interactions could also be observed in the
VLP-HA* sample co-incubated with free HA compared to the VLP-HA* sample not
incubated with free HA.
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VLP-HA* interacted with the MDA cells distinctly less than ND-HA* (Figure 24).
The reason for the low signal in VLP-HA* could be, the difference in surface coverage
of NPs by HA* as the surface coverage is lower in VLPs than in NDs.
Based on the calculations about 56 (in VLP-HA*) compared to ~80 (in ND-HA¥)
molecules of HA* were estimated to be bound per NP (see Table 9). Therefore, a larger

amount of VLP-HA* was used in subsequent experiments (FL1,2, FC3).

6.2.2 Fluorescent Microscopy Experiments

Subsequently, the interaction of the NPs with the cells was observed in two
fluorescence experiments — FL1 and FL2. The fluorescence experiments were
performed to obtain qualitative information about the NPs-cell interactions. As a large
difference between VLP and ND samples in the NP-cell interactions was detected
in FC1 and FC2, showing higher NP-cell interactions in ND samples, it was necessary
to visualize the NP-cell interactions. It was expected that a large difference might be
caused e.g. by excessive aggregation of VLP samples, which could be confirmed

by fluorescence microscopy.

Like in the FC experiments, adherent cells were incubated with NPs for 2 h (FL1),
alternatively for 30 min, 2 h and 4 h (FL2). In a competitive cell-binding assay some
NP samples were also co-incubated with free HA and the cells(1.5 mg/ml) to evaluate,
whether a reduction in NP-cell interactions would be observable in samples
co-incubated with free HA compared to the samples that were not incubated with free
HA. The amount of VLP-HA* in the experiment was increased to correspond to the

fluorescent units of all other NPs.

The procedure was briefly as follows: The MDA cells (1*10° cells per well) were plated
on a 24-well plate and left to grow overnight. The cells were washed, and serum-free
IMDM medium was added (200 ul). Then, the procedure was slightly different
in experiments FL1 and FL2. Two types of samples were present in the experiments:
Samples with free HA and NPs co-incubated with cells (samples indicated as +HA)
and samples without incubation with free HA. In the FL1, free HA (1.5 mg/ml) and NPs
(only in VLP-HA* and ND-HA* sample, 9 ug and 30 ug respectively) or only NPs (of

free controls) were added to the cells.
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The samples were incubated for 2 hours (alternatively for 30 min, 2 h or 4 h in FL2)
and further prepared for fluorescence microscopy (for details see Methods — 5.2.2.2).

Micrographs were acquired using manual and automatic exposition.

As assumed, frequent aggregation could be observed in all VLP samples (VLP-HA®,
VLP-PEG*, VLP-Bp) (Fig. 25). The aggregation was most distinct in the VLP-Bp
sample. Due to the aggregation in all VLP variants, it was subsequently possible
to observe high local fluorescence, however, often outside the cells. Therefore, VLPs

were sonicated before incubation with cells in further experiments (FL2 and FC3).
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Figure 25 FL1 — incubation of NPs (NDs 15 ug, VLP-HA* 9 ug, VLP-PEG*/Bp 3.5 ug in 200 ul of serum-
free IMDM medium), of free controls (HA*, PEG™, Bp; 1.4 uM), or only of serum-free IMDM medium (NC)
with MDA-MB231 cells, 2 h. Micrographs of merged images from brightfield projection, DAPI staining
(blue) and Bp signal (green) are shown in the left panels and merged images from DAPI and Bp signals
only are shown in the right panels. Samples indicated as +HA (VLP-HA*+HA, ND-HA*+HA) were
co-incubated with free HA (1.5 mg/ml). Red arrows indicate aggregates in VLP samples. Indicated red
scalebars show 50 um. The samples were observed under fluorescent microscope BX60F-3.
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NDs did not exhibit aggregation and were analyzed in detail during longer exposure
times (Fig. 26).

ND-HA* ND-HA* + HA

ND-HA* ND-Bp

Figure 26 ND samples, fluorescent images captured with automatic exposure, DAPI (blue) and Bp
(green) signals acquired; + HA samples indicate co-incubation of NDs with free HA (1.5 mg/ml) and
MDA-MB231 cells. Red arrows show NDs accumulated at the cell surface or inside the cells. Less Bp
fluorescent signal can be observed in cells in the ND-HA* +HA sample compared to the sample not
incubated with free HA — the ND-HA* sample. NPs mostly scattered outside the cells can be observed
in the ND-Bp sample. Indicated red scalebars show 50 um. The samples were observed under
the fluorescent microscope BX60F-3.
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The FL1 experiment for visualizing the interaction of NPs with cells using fluorescence
microscopy was repeated in FL2. Due to aggregates found in VLP samples in FL1, the

VLPs in FL2 were sonicated prior to incubation with cells.

Also, since the incubation time could affect the number of internalized particles,
different lengths of incubation time of NPs with cells (30 min, 2 h, 4 h) were tested.
In previous experiments, the incubation time was set at 2 hours. Nevertheless, other
studies used longer incubations (3 or 4 h) (Xiao et al., 2015; Yu et al., 2013).

Only VLP-HA*, VLP-Bp and ND-HA* with the longest NP-cell incubation time (4 h) were
also tested on co-incubation with free HA (1.5 mg/ml) as it was done in FL1. The VLP
samples appeared less aggregated due to sonication. Nonetheless, it would probably
be appropriate to sonicate the samples longer. After 30 minutes, most of the particles
were present outside of the cells and after two hours, NPs could be detected partly in
the cells. At 4 hours of incubation, the situation was similar to two hours, nevertheless

slightly better, as more Bp signal could be detected in the cells in the ND-HA* sample.

The co-incubation of NPs and free HA with the cells reduced the NP-cell interactions
of ND-HA* (Fig. 27), while in VLP-HA* samples, this effect was almost unobservable.
A similar result as in VLP-HA* was observed in the control (VLP-Bp), where it was
expected that co-incubation with free HA should not have any effect on the NP-cell

interactions (only representative micrographs of 4 h incubation shown in Figure 27).
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Figure 27 FL2 — 4-hour long incubation of NPs (ND-HA* 15ug, VLP-HA* 9 ug, VLP-Bp 3.5 ug in 200 ul
of serum-free IMDM medium) or only serum-free IMDM medium (NC) with MDA-MB231 cells.
Summarized micrographs of merged images from brightfield projection, DAPI staining (blue) and Bp
signal (green) are shown in the left panels and merged images from merged DAPI and Bp signals only
are shown in the right panels. Samples indicated as +HA (VLP-HA*+HA, ND-HA*+HA, VLP-Bp+HA)
were co-incubated with free HA (1.5 mg/ml). Micrographs were acquired with manual exposition
per each projection. Indicated red scalebars show 50 um. The samples were observed under the
fluorescent microscope BX60F-3.

73



In summary, the findings from the previous experiments were as follows:
In the competitive cell-binding assay, co-incubation of free HA and NPs with cells,
and a higher concentration of free HA in the co-incubation caused a larger reduction
of NP-cell interactions in the ND-HA* sample in FC2. Aggregates were found in VLP
samples in FL1; therefore, VLP samples were sonicated prior to incubation with the
cells (FL2). Furthermore, a larger amount of VLP-HA* compared to other NPs was
used for incubation with the MDA cells in FL1,2 due to a lower surface coverage by Bp
in the sample compared to all other NP samples. Eventually, these findings from the

previous experiments were applied to the final experiment, FC3.

6.2.3 The Final Flow Cytometry Experiment — FC3

In FC3, standard (12 pg as other VLP samples) and larger (20 ug) amounts of VLP-HA*
were incubated with the MDA cells. The NPs were incubated with the cells for standard
2 hours. All types of NPs were used in triplicates and were co-incubated with, due to
limited availability of materials, the highest concentration of free HA of 5 mg/ml. Finally
the concentration of free HA used in the competitive cell-binding assay was
comparable to other studies. Thus, it was expected that a distinct reduction of NP-cell
interactions would be observable in NP-HA* samples after co-incubation with free HA.
Because VLP internalization could also be negatively affected by excessive

aggregation, VLP samples were sonicated before incubation with cells.

The FC3 experiment was similar to FC1 and FC2 and was arranged as follows:
the MDA cells were plated on a 12-well plate (2*10°) and incubated overnight.
The cells were washed, and fresh serum-free IMDM medium was added (300 ul).
Two types of samples were present in the FC3 experiment, samples with co-incubation
of free HA (5 mg/ml) and NPs with the cells and samples without incubation with free
HA. Hereby, normal NP-cell interactions and the NP-cell interactions when NPs
compete for the binding site at CD44 with free HA could be compared. If a reduction in
NP-cell interactions would be observed in the samples incubated with free HA, it would

be expected that the NPs enter via the CD44 receptor.
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Furthermore, free HA (5 mg/ml) was added simultaneously with the NPs (VLPs 12 pg,
NDs 30 ug, also 20 ug tested for VLP-HA*). The samples were washed and prepared
for flow cytometry detection of the NP-cell interactions. Data obtained from the FC3
were processed using Kaluza software 2.1 (see gating strategy in Appendix Il — Fig.
S.ii).

No reduction of the MFI value was observed in VLP-HA* (12 ug) co-incubated
with free HA, compared to the counterpart that was not incubated with free HA.
However, a slight reduction of the MFI value was detected in VLP-HA* (20 ug) samples
after co-incubation with free HA. This reduction was nonetheless not observable in the

percentage of cells positive for Bp signal (Fig. 28 and 29).

This could recurrently be explained by the presence of aggregates in VLP samples as
aggregated VLPs might provide high fluorescent signals to single cells when
internalized. In the correspondent control, VLP-PEG*, almost no effect of the
co-incubation with free HA was detected as expected. Surprisingly, an increase in the
percentage of cells positive for Bp signal was detected. In the VLP-Bp control an
increase could also be observed in both, the MFI value and in the percentage of cells

positive for Bp signal.
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Figure 28 Overlaying histograms of gated live singlets of all A) VLP and B) ND variants (samples not
incubated with free HA) compared to NC from the FC3 experiment, merged data of triplicate samples
are shown. Kaluza 2.1

The co-incubation of the ND-HA* sample and free HA with the MDA cells showed
a reduction in the NP-cell interactions compared to the sample that was not incubated
with free HA. A reduction could be observed in both, the MFI value (a reduction
by 60 %) and the percentage of cells positive for the Bp signal (Fig. 29), which confirms
the expectation, that ND-HA* probably enter the cells via the CD44 receptor.

75



NPs with conjugated Bp, i.e. VLP-Bp and ND-Bp showed high values, both the MFI
and the percentage of cells positive for the Bp signal that was not influenced by the
addition of free HA, thus showing a CD44 non-specific interaction or uptake of these
NPs.

To confirm that the MDA cells are able to interact with HA per se, the HA* compound
was used in the control assay. According to the expectation, high MFI value of cells
was observed after the addition of HA* (16 uM), which shows that HA* is taken up
by the cells, plausibly via the overexpressed CD44 receptors. Controls PEG* and Bp

show almost no interactions with MDA cells as expected.
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Figure 29 Graphs of the MFI values and of the % of Bp positive cells of live gated singlets in FC3. Fully
colored columns indicate samples without incubation with free HA, patterned columns indicate
co-incubation with HA (2 mg/ml). VLP-HA* 12 ug indicates 12 ug of VLP-HA™ in incubation with cells,
VLP-HA* 20 ug indicates 20 ug of VLP-HA™ (in 300 ul of IMDM medium). In all other VLP samples 12 ug
and in ND-samples 30 ug were incubated with cells for 2 hours (in 300 ul of IMDM medium).

The first two graphs show the median fluorescent intensity in live cell population in A) VLP samples and
in B) ND samples and controls (HA*, PEG*, Bp). The other two graphs show the % of Bp positive cells
in C) VLP samples and D) in ND samples and free controls. Data shows mean of measurement in
triplicates, error bars indicate the standard deviation of the triplicates. Differences between samples
incubated with free HA and samples not incubated with free HA were analyzed in GraphPad Prism 8
by the Mann Whitney statistical test and were insignificant, nevertheless a strong trend was observed.
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Resulting values (MFI, % of BP positive cells) of the samples that were not incubated
with free HA and the samples incubated with free HA were compared. The data were
analyzed by the Mann Whitney statistical test and showed statistically insignificant
differences; however, a strong trend was observed, hence more measurements could

be performed to obtain a higher statistical power.

In conclusion, our data showed that modification of VLP with HA*, in contrast to
ND-HA*, did not result in the efficient CD44-mediated interactions with CD44 positive
cells. The lower interaction of VLP-PEG* control with MDA cells compared to VLP-Bp*
suggested that PEG* (20 kDa) provided efficient shielding capacity from the
VP1-mediated interactions to the VLPs. VLP-Bp and ND-Bp showed high (unexpected
in case of ND-Bp) interacting potential with the MDA cells, these results require further

analysis.
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7. Discussion

Nanoparticles are widely studied in the field of cancer research as advantageous drug
delivery and diagnostic platforms; they can protect the payload and be specifically
targeted to cancer biomarkers. Various targeting moieties were conjugated onto NPs
in previous studies (e.g. folate, , transferrin, hyaluronic acid) and numerous
nanoparticle types were tested (e.g. polymeric, lipidic, protein-based) (Zackova
Suchanova et al., 2017; Byeon et al., 2018; Neburkova et al., 2018).

The MPyV VLPs could potentially serve as theragnostic agents. Nonetheless, the main
problem of a plausible VLP use in active targeting, is their interaction with a wide range
of cells based on the VP1 interaction with its ubiquitous receptors. This project aimed
to achieve two goals simultaneously: hinder the broad VP1-specific interactions with
cells and at the same time re-target the VLPs to a “cancer associated” target.
In the current study specifically to the CD44 receptor overexpressed on many types of
cancer cells. In the past, transferrin has already been tested as cancer cells targeting

moiety in VLPs (Zackova Suchanova 2012; Zackova Suchanova et al., 2017).

Fluorescently labeled HA (Mw 8-15 kDa) was used in this study; to modify the surface
of the MPyV VLPs by conjugation via an alkyne linker (resulting in VLP-HA*) and to re-
target the VLPs to the CD44 receptor. Other VLP variants were prepared too to serve
as controls: Fluorescently labeled PEG (~Mw 20 kDa) was conjugated onto VLPs,
resulting in VLP-PEG™*. Due to a similar size to the HA*, PEG* should provide a similar
shielding capacity from the VP1-specific interactions to the VLPs as HA* in VLP-HA*.
Bodipy alone was also conjugated onto VLPs, resulting in VLP-Bp. The small-sized
fluorescent probe partially allows the VLPs the VP1-mediated cell interactions.
Moreover, free controls (HA*, PEG*, Bp) were also tested. Another type of NPs,
nanodiamonds with either fluorescent HA* (ND-HA*) of Bp (ND-Bp) were provided by

Jitka Neburkova (IOCB) to serve as controls.
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7.1 MPyV VLP Constructs Production and NP Characterization

MPyV VLPs were produced, the alkyne linker was attached and subsequently
HA*/PEG*/Bp were conjugated onto VLP-alkyne using click chemistry. Different
numbers of HA* (VLP-HA* ~ 56 HA*), PEG* (VLP-PEG* ~ 144 PEG*) and Bp
molecules (VLP-Bp ~ 153 Bp) per VLP-alkyne were conjugated. The difference
in the number of the fluorescent probes attached in the VLP constructs could also be
observed from the fluorescence signal detection from the SDS-PAGE gel. Even though
the protein amount loaded onto the gel was the same in all VLP variants,
the fluorescent signal of the VLP-PEG* and VLP-Bp samples was distinctly more
intensive than that of the VLP-HA* sample.

The reason for a different number of HA* and PEG* molecules conjugated to
VLP-alkyne could be as follows: In the HA* material received from Jitka Neburkova
(IOCB), used for the click reaction, a large amount of unlabeled HA was probably
present. This was due to a less efficient conjugation of HA with Bp (than that of PEG
with Bp). Hence, unconjugated unlabeled HA probably remained present in the HA*
material during the click conjugation of HA* onto VLP-alkyne, which might explain why
the resulting surface coverage of VLP-alkyne by HA* (in VLP-HA*) was lower than that
by PEG* (in VLP-PEG*).

The reason for a high number of Bp molecules conjugated per VLP during the click
reaction (~153 Bp/VLP-alkyne) in the VLP-Bp sample compared to the VLP-HA* is
probably different. In the click reaction, the VLP-alkyne to Bp ratio was adjusted so that
the resulting number of the Bp molecules bound per VLP-alkyne would correspond
approximately to the number of HA* molecules bound per VLP surface in the VLP-HA*
sample. As already mentioned, the fluorescent dye, Bp, is relatively small in size, it can
achieve better access to alkyne functionalities on alkyne linkers due to lower steric
hindrance. Steric hindrance might affect the efficiency of click reaction (Bock et al.,
2006). Thus, the efficiency of the click reaction could be higher when conjugating VLP-
alkyne with Bp than with larger ligands, such as HA* or PEG*.

NDs (ND-HA*, ND-Bp) used as control NPs in this thesis were prepared by Jitka
Neburkova (IOCB). NDs were modified by direct conjugation of HA* or Bp onto NDs
by click reaction and resulted also in a different ligand per VLP number, ~80 (ND-HA*)
and ~153 (ND-Bp) respectively.
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7.2 NP-Cell Interaction Studies

The NP-cell interactions of VLP-HA* (and all other NP constructs and controls)
with the human breast adenocarcinoma MDA-MB-231 cells, which overexpress
the CD44 receptor were studied. The MDA cells have repeatedly been used in similar
studies, nonetheless with alternative CD44-targeted NP types; and the conjugation
of HA provided increased NP-cell interactions (Surace et al., 2009; Lee et al., 2013;
Wang et al., 2018).

Briefly, all NP types (VLP-HA*, VLP-PEG*, VLP-Bp, ND-HA*, ND-Bp) and free controls
(HA*, PEG*, Bp) were, usually for 2 hours, incubated with the MDA cells. Thereafter,
the fluorescent signal was measured by flow cytometry or visualized by fluorescence
microscopy. It was monitored whether the NPs would specifically interact
with the CD44 receptor, which was evaluated by the competitive cell-binding assay.
The principle of this assay was blocking the CD44 receptors before or during
the incubation with NPs. This was performed in previously published studies in two
ways, either by using an aCD44 monoclonal antibody (specific for the HA binding site,
e.g. Hermes-1) or by using excess of unlabeled free HA, competing for the HA-binding
site at CD44 receptors with the NPs (Surace et al., 2009; Ganesh et al., 2013b;).
In both ways, the HA binding site at the CD44 receptor should be occupied,
and consequently it should be possible to detect a reduction in NP-cell interactions
(hence the MFI value). In this study, free HA was used for the competitive cell-binding

assay.

In NP-MDA cell interaction studies, it was expected that HA* modified NPs, the
VLP-HA* and ND-HA* nanoparticles would interact most with the MDA cells as HA
provides the NPs CD44-specific targeting ability.

In the VLP constructs, it was expected that VLP-PEG* would show lower cell
interactions than VLP-HA*, because PEG* should provide the same shielding capacity
from broad VP1-specific cell-interactions as HA*. At the same time PEG*, however,
lacks the targeting capability. VLP-Bp were expected to permit, at least partially,
the VP1-specific interactions with the cells. NDs, unless modified, should not interact
with the cells. Thus, it was expected that ND-HA* would interact more with the cells
than ND-Bp. In free controls (HA*, PEG*, Bp) it was expected that HA* would interact

the most with the cells due to binding to the CD44 receptors.
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Nevertheless, as shown by previous studies, many factors may affect the efficiency
of the cancer cell-NP interactions such as: the NP surface coverage by HA,
HA molecular weight, the length of incubation time of NPs with cells, NP concentration
used for incubation with cells, free HA concentration used for receptor competitive
cell-binding assay and pre/co-incubation of NPs and free HA with cells
(Eliaz and Szoka, 2001; Xiao et al., 2015; Zhao et al., 2015; Xiong et al., 2016;
Sanfilippo et al., 2020).

The differences between ND samples and VLP samples in the interactions with the
MDA cells in the first flow cytometry experiments (FC1, FC2) were markable, with NDs
interacting with the MDA cells distinctly more. Already during the VLPs production,
aggregation was frequently observed in the samples. Moreover, large differences
between mean and median fluorescence were detected in the VLP samples, indicating
non-homogenous behavior of the NPs in cell binding. So, it was hypothesized that the
NP-cell interactions could be affected by a plausible excessive aggregation of the VLP
samples, which was then also observed in the fluorescence experiments. Aggregates
were observed in all VLP variants, compared to ND variants. Therefore, the VLP
samples were sonicated in further experiments, before incubation with cells,
which improved the problem with VLP aggregation (in FL2). Nonetheless, in the FC3
the NDs still interacted more intensely with the MDA cells than the VLPs.

Higher interaction with the MDA cells would be expected for the ND-HA* sample,
however, not for the ND-Bp sample. As already mentioned, unmodified NDs were not

expected to interact with cells and as Bp is small in size, it cannot cover the ND-surface.

It was surprising that ND-Bp appeared to interact most intensely with the cells in all
NP-cell interaction experiments. This could be partially explained by obtaining the
highest fluorescent signals in ND-Bp compared to other NPs due to the highest number
of Bp molecules attached per NP (~153). Nevertheless, VLP-Bp were estimated to
have the same number of Bp molecules attached (~153) and showed lower NP-cell

interactions.

Therefore, it could be discussed that it could either be the NP type (VLPs or NDs)
or the alkyne linker presence (present in VLPs, not present in NDs) that might affect

the NP-cell interactions.
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On VLPs the number of alkyne linkers attached per VLP was estimated from the Af488
fluorescent probe conjugation by click chemistry. As the expected number of surface
lysines present per VLP is 720 and also higher numbers of alkyne linker molecules
per VLP were calculated (476; 1196; 880 in VLP-alkyne working batches A, B and C
respectively), it is expected that some disassembled particles were present
in the samples, providing extra lysines for alkyne linker conjugation. Nevertheless,
the estimated number of alkyne linkers attached per VLP was distinctly higher
than the number of HA*/PEG*/Bp conjugated per VLP. Thus, multiple extra alkyne

linkers are present at VLP surface.

O’Connor et al studied ordered lipid domains (typical for cancer and multidrug
resistance cells) detection by lipophilic probes — Bodipy was conjugated to cholesterol
either directly or a hexyl linker was introduced. The length of the linker affected the
final localization of the probe, the probe with the linker introduced showed strong
plasma membrane associations (O’ Connor et al.,, 2019). It should be taken into
consideration, that the NP-cell interactions could also be affected by the presence of

the alkyne linkers on VLP surface.

Moreover, Bp-bound controls (VLP-Bp, ND-Bp) showed higher NP-cell interactions
than their NP counterparts (VLP-Bp than VLP-PEG *, VLP-HA *; ND-Bp than ND-HA*):
however, also the surface coverage by Bp in both types of NPs is highest in NP-Bp
samples, and so it is believed that the highest values (both the MFI value and the %
of Bp positive cells) are caused by the highest fluorescence of these samples.
Therefore, the fluorescent signal in NP-cell interaction studies could be more

pronounced.

An alternative explanation, unlikely, could be that Bp itself promotes the interactions
of the NPs with the MDA cells. It was already presented that the fluorescent dye type
may alter cellular uptake of NPs. In 2017 Snipstad et alia encapsulated six types
of fluorescent dyes in commonly used NPs and it was shown that the dye type affected
the cellular uptake (Snipstad et al., 2017). However, the free control - Bp did not show
increased interactions with cells compared to other free controls; and when the
approximate fluorescence normalization was estimated, VLP-HA* and VLP-Bp showed

similar cell-interactions.
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Therefore, it is expected that the reason for the high values of the fluorescent signal of
the NP-Bp (mainly of VLP-Bp) in the FC experiments is as mentioned above, the high
number of the BP molecules attached to the NP surface in the NP-Bp samples. Despite
the same number of Bp molecules attached in VLP-Bp and ND-Bp, in all experiments,
ND-Bp showed higher interactions with the MDA cells. In further studies it would be
interesting to test ND conjugated with another type of fluorescent dye on NP-cell
interactions in a similar manner to see whether the fluorescent dye type is affecting

the NP-cell interactions.

The differences in the NP-cell interactions in the VLP samples were as follows:
VLP-PEG* always showed the lowest NP-cell interactions, VLP-HA* intermediate and
VLP-Bp interacted with the MDA cells similarly as VLP-HA*, nevertheless contained
a different number of Bp molecules attached than VLP-HA*. As PEG* is of similar size
as HA* (8-15 kDa), it should provide a similar shielding capacity from the VP1-specific
interactions to the VLPs. However, the surface coverage by the shielding ligand is
lower in the VLP-HA* (~56) compared to VLP-PEG* (~153). Thus, one
of the explanations for the difference between VLP-HA* and VLP-PEG* NP-cell
interactions would be, that VLP-PEG* possesses a higher shielding capacity, and
hereby reduces more the broad VP1-specific interactions with cells than VLP-HA*.
VLP-Bp then, due to the smallest size, possesses the lowest shielding capacity, hence
the broad VP1-specific cell interactions are strongest in the VLP-Bp sample. Moreover,
VLP-Bp possesses the highest number of Bp molecules attached (compared to other
VLP variants), that enhances the fluorescent signal and hereby the NP-cell interactions

appear to be highest.

The effect of the length of the incubation time of NPs with the MDA cells was also
tested in the current thesis. In our study, we used an incubation length of 2 hours,
as well as e.g. Cho et aliain 2011. Longer incubations (usually 3 or 4 hours) were used
more often in similar studies (Li et al., 2014; Zhong et al., 2015) frequently also two
different incubation times were tested (Xiao et al., 2015; Zhao et al., 2015; Li et al.,
2016; Xiong et al., 2016). After longer incubation of NPs with cells, higher NP-cell
interactions might be achieved. However, we observed the effect of the difference
in the incubation length on NP-cell interactions only qualitatively using fluorescence

microscopy.
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In the ND-HA* sample a positive effect of longer incubation time of NPs with cancer
cells on NP-cell interactions could be plausibly observed, which is in agreement with
other studies (Xiong et al., 2016). In further experiments, it would be desirable
to perform a quantitative experiment, to evaluate the effect of the NP-cell incubation
time length on the NP-cell interactions quantitatively too. The concentration of the NPs
in the incubation with the cells might also affect the resulting NP-cell interactions.
Uptake in concentration-dependent manner was observed e.g. in Zhao et alia (2015),
which is in agreement with our results as different amounts of VLP-HA* (12 ug and
20 pug) were provided to NP-cell incubation FC3 experiment, with higher amount

showing higher NP-cell interactions.

Furthermore, incubation with excess non-labeled free HA was studied
in the competitive cell-binding assay. First, free HA was added in two concentrations
(0.2 or 1 mg/ml) to the MDA cells 1 hour prior to incubating with NPs (and discarded
prior to NP addition), preincubation was also used in previously published studies
(Ganesh et al., 2013b; Lee et al., 2015; Zhao et al., 2015; Zhong et al., 2015).
Due to free HA competing for binding sites at CD44 receptors, it was expected that for
samples that enter via CD44 a reduction in NP-cell interactions would be observed
after incubation with free HA. A mild reduction of the NP-cell interactions was observed
in the ND-HA* sample with the higher free HA concentration (1 mg/ml) used
in the competitive cell-binding assay. Previously published studies usually use higher
excess of free HA (5 or 10 mg/ml) and often co-incubate free HA and NPs with MDA

cells (as summarized in 2.2.2 - Table 1).

Thus, a higher concentration (2 mg/ml) of free HA for the competitive cell-binding assay

was used in the following experiment (FC2) as it was used in Zhao et alia (2015).

Moreover, the internalization of HA is very rapid, so co-incubation of NPs and free HA
with the cells was used further (Choi et al., 2010; Xiao et al., 2015; Li et al., 2016).
Additionally, it was proposed to use relatively high Mw of free HA (e.g. 100 kDa,
102 kDa) for the competitive cell-binding assay, to achieve CD44 saturation
by multivalent interactions (Li et al., 2016; Zhong et al., 2019). Due to limited availability
of materials, HA Mw 8-15 kDa was used as free HA in the competitive cell-binding

studies in this thesis.
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After implementing the above mentioned changes in the competitive cell-binding
assay, finally, a reduction of the NP-cell interactions could be observed in ND-HA*
when co-incubated with free HA (compared to sample that was not incubated with free
HA) and slightly in VLP-HA* too. In 2001 Eliaz et alia tested increasing concentrations
of free HA used for the incubation with CD44-targeted liposomes and cancer cells and
increasing concentration of free HA in incubation caused larger reduction of NP-cell
interactions (with a saturation point) in CD44 targeted liposomes compared to no
reduction in non-targeted liposomes. Therefore, free HA provided to cells and NPs for
the incubation in the competitive cell-binding assay was increased to the maximal
concentration that could be used (due to limited availability of materials) in the FC3
experiment— 5 mg/ml, finally reaching the free HA concentration in the competitive
cell-binding assay, that is usually used in similar studies (summarized in 2.2.2 —
Table 1).

Blocking cellular CD44 receptors by free HA during co-incubation distinctly reduced
the ND-HA* interactions with MDA cells by 60 %, which is in agreement with the results
obtained in similar studies (see summarized in 2.2.2 - Table 1). Thus, ND-HA* likely
enters the MDA cells via the overexpressed CD44 receptors. This could not be
deduced from the VLP-HA* sample results. The cause might be e.g. a different surface
coverage of ND-HA* (~80) and VLP-HA* (~56) by HA*, nonetheless the difference in

the estimated HA* number bound per NP was not distinct.

In 2018 Neburkova et alia showed that due to a ubiquitous presence of VP1 receptors,
MPyV VLPs provide a broad tropism and a low density of poly(HPMA) bound to MPyV
VLP surface could not inhibit the VP1-specific binding, however a high surface density

of short PEG chains was sufficient to enable retargeting of VLPs .

Hence a low HA* surface coverage of VLP-HA* might not be sufficient to completely
re-target VLP-HA* from the natural receptor, VLP-HA* might partially retain the VP-1
mediated interactions with the cells. Therefore, it would be desirable to analyze this
further, by producing VLPs with higher surface coverage by HA* and test the VLPs in

a similar manner.
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Moreover, when free controls were tested on interactions with the MDA cells, it was
expected that HA* per se would show highest interactions, which was not observed
in FC1. As already mentioned (in 7.1), because of the process of HA* production,
non-labeled HA was also present in the sample, and the HA*- cell interaction could
hereby be blocked by non-labeled HA competing for the binding site at CD44. When a
higher concentration of HA* was used (16 uM) in FC3, this sample provided the overall
highest (due to the highest molar concentration) NP-cell interactions, and hereby it was

shown that HA* per se interacts with cells.

Due to the non-labeled HA present in the HA* sample, it was suspected, that some
non-labeled HA could also remain in the VLP-HA* sample and hereby block the CD44
binding by competing for the binding site. Nonetheless, no band showing unbound HA*
in fluorescent signal acquiring from the SDS-PAGE gel was observed after the click
reaction in the VLP-HA* sample. Therefore, it was deduced, that all excessive HA* that
did not bind to VLP-alkyne during the click reaction was successfully removed
by the following sucrose cushion centrifugation. It is expected that if non-labeled HA
was also present in the sample, it would behave similarly as labeled HA*, hence it
would be removed by the sucrose cushions. Thus, it is expected that the reason
for lower NP-cell interactions in VLP-HA* sample compared to ND-HA* sample and
the ineffective competition of free HA in competitive cell-binding studies is not caused

by the presence of non-labeled HA in VLP-HA* sample.

Even when the VLP-HA* number provided for incubation with cells was twice as high
as ND-HA* in FC3, ND-HA* still showed higher NP-cell interactions. If fluorescent units
should be similar to those of HA* (16 uM) that was tested in FC3, VLP-HA* added
to the incubation with cells would have to be distinctly higher. VLP-HA* did not show a
desirable CD44-targeting ability and so optimization is needed. Resulting values (MFl,
% of BP positive cells) of NPs not incubated with free HA and NPs incubated with free
HA in the FC3 experiment were compared and data were analyzed by the Mann
Whitney statistical test. Results were statistically insignificant, but strong trends were
observed, and more measurements should be performed to obtain a greater statistical

power.
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Since VLP-HA* examined in this diploma thesis did not show strong affinity for the MDA
cells, several other factors should be addressed in the future. It has been shown
in the literature that not only surface coverage density by HA, but also the molecular
weight of HA has a fundamental effect on the binding affinity for CD44 receptors (Li et
al., 2014; Zhong et al., 2019). Because HA with a higher Mw has been shown to have
a higher affinity for the CD44 receptor, high molecular weight HA has often been used
as a targeting moiety (Surace et al., 2009). Zhong et alia (2019) compared three
different HA Mw (7,63,102 kDa) conjugated onto NPs in cancer cell targeting; and HA
Mw of 63 kDa proved to be the most suitable here. It showed a sufficient CD44 binding
affinity and the availability of receptors was not affected by CD44 clustering as much
as in the 102 kDa Mw HA. Thus, similar Mw of HA should be tested for conjugation
on NPs in further experiments (Zhong et al., 2019).

Various types of cells could be used, as is frequent in other studies, because different
cell types can show different affinity of CD44 for HA. Usually the expression
rate of CD44 is assessed by using a fluorescent aCD44 antibody to detect surface
CD44 receptors by flow cytometry or other methods prior to the NP-cell interaction
experiments (Ganesh et al., 2013) . NP-cell interactions should preferably be tested
on multiple cell types overexpressing the CD44 receptor (e.g. B16F10, A549, Hela,
HCT-116 or HepG2 cells). As control the NP-cell interactions should also be tested
on normal healthy cells with low CD44 expression or on cells lacking the CD44 receptor
(e.g.MCF-7, U87MG, NIH-3T3, HK2 cells) (Surace et al., 2009; Li et al.,, 2014;
Zhao et al., 2015).

Moreover, longer incubation time of NPs with cells should be tested in the flow
cytometry NP-cell interaction studies as it might result in an increase of the NP-cell
interactions (Xiong et al., 2016; Zhong et al., 2019).

To assess the NPs internalization via the CD44 receptor by the competitive cell-binding
assay, excess of free HA (e.g. 10 mg/ml), preferably of higher Mw (~100 kDa), should
be used in co-incubation of free HA and NPs with cells, alternatively
an aCD44 monoclonal antibody specific against the HA binding site might be used
for receptor blocking during this assay (Surace et al., 2009; Lee et al., 2015; Li et al.,
2016).

88



8. Summary

MPyV VP1 VLPs were produced with the use of the baculovirus expression system.
Alkyne linker was attached onto the surface of the VLPs. Bodipy, fluorescently labeled
HA (Bodipy bound HA) or fluorescently labeled PEG (Bodipy-bound PEG) were
conjugated onto the VLP-alkyne by the Cu'-catalyzed alkyne-azide cycloaddition.
The numbers of the Bp, HA* and PEG* molecules bound per VLP-alkyne were
calculated to be 153, 56, and 144 respectively. Control NPs — nanodiamonds with HA*

or Bp prepared in a similar manner were produced by Jitka NebUrkova (IOCB).

Interactions of ND (ND-HA*, ND-Bp) and VLP (VLP-HA*/PEG*/Bp) variants
with human breast adenocarcinoma MDA-MB-231 cells overexpressing the CD44
receptor were tested by flow cytometry and analyzed by fluorescence microscopy.
The interaction of the NPs with the MDA cells via the CD44 receptor was assessed by
the competitive cell-binding assay, where the NPs competed with non-labeled free HA
for binding sites at the CD44 receptors. Hence, a reduction in NP-cell interactions
should be detected, if NPs interact with the cells via the CD44 receptor. The control
ND-HA* showed a reduction in the interactions with the MDA cells by 60 % after
incubation with free HA (compared to ND-HA* not incubated with free HA). Therefore,
it is deduced that ND-HA* plausibly interact with the MDA cells via the CD44 receptor.
However, VLP-HA* did not show comparable reduction in NP-cell interactions after
incubation with free HA. VLP-Bp and ND-Bp surprisingly exhibited high non-specific
interaction with the MDA cells, whereas VLP-PEG* did not associate with the cells as

expected.

In conclusion, our study demonstrated that MPyV VLPs can be successfully modified
by conjugation with HA*. The surface coverage by HA* in VLP-HA* was plausibly not
sufficient to limit virus-specific interactions with the cells and provide complete
re-targeting to the CD44 receptor. The preparation of VLP-HA* with higher number of
HA* molecules will be required to further analyze the specific interaction of VLP-HA*
with the CD44 receptor. The results obtained with control ND-HA* suggest that NPs
targeting to CD44 can be achieved, but the role of non-specific interaction of Bp with
the MDA cells in the current targeting system must be determined.
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10. Appendix |

Before MPyV VLPs were used for chemical modification by the alkyne functionality
containing linker, TEM micrographs using negative staining were acquired. According
to the micrographs, the fractions were evaluated. If the integrity of the VLPs was
preserved, the fractions were selected for the chemical modification. The micrographs

acquired by TEM are summarized in figure S.i.
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Figure S.i TEM micrographs using negative staining acquired after VLP isolations. In this figure micrographs
of fractions from multiple VLP isolation experiments (four VLP isolations — indicated as Isolation 1,2,3,4) selected
for further experiments (alkyne linker attachment, click reaction and subsequent NP-cell interaction experiments)
are summarized. Red scalebar indicates 200 nm.



11. Appendix I

After obtaining the data from the NP-cell interaction studies by flow cytometry, the data

were gated according to the summary shown in figure S.ii.
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Figure S.ii The gating strategy used to process data from all FC experiments is shown. Population and
singlet gating were set in the negative control samples without DAPI, also live cell range was set. Live
and dead cells were gated in the negative control with DAPI. The cells with positive fluorescent signal
were gated using negative control with DAPI too. Data were processed in the Kaluza software 2.1.



