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ABSTRACT

GONCALVES, Amanda Patricia, D.Sc., Universidade Federal de Vicosa, October, 2023.
Production, characterization and evaluation of the chemotherapeutic and immunogenic
potential of protein-based virus-like particles in tumoral and immune cell lines. Adviser:

Anésia Aparecida Santos.

In this thesis, nanotechnology was used to develop three inedited platforms with clinical
applications. Results are presented in three chapters written in article format. In the first chapter,
in vitro assays are used to characterize a new doxorubicin (DOX) carrier virus-like platform
and to evaluate the cell effects of murine melanoma cells treated with free DOX or carried
DOX. It is showed that carried DOX promotes higher cell death rates and enter cells in a
different manner whether compared with free DOX. In the second chapter, the Spy Catcher/Spy
Tag technology was used to conjugate different peptides to rod-shaped virus-like particles
(VLPs). It is shown that two different types of antigen-presenting cells (APCs) can take up
decorated VLPs and this promotes the activation of immune response by increasing CD80 and
CD86 expression. In the third chapter, Spy Catcher/Spy Tag technology was also used to
conjugate anti-EGFR nanobodies to the surface of DOX-loaded VLPs. It is shown that particles
displaying anti-EGFR nanobodies promote a more accentuated decrease on cell viability of
human colorectal cancer cells whether compared with non-decorated particles. In conclusion,
this work present the full production and characterization of three distinct nanoplatforms and a
solid in vitro evaluation of a range of cell mechanisms such as endocytosis, apoptosis and
autophagy. The achieved results suggest that the constructions presented here have features that
put them as nanoplatforms with potential clinical applications such as vaccine platforms and

drug delivery systems.

Keywords: Nanotechnology. Drug-delivery systems. Vaccine platforms. Protein-based

particles. Nucleic acid-based particles. Particle decoration. Doxorubicin. Cancer.



RESUMO

GONCALVES, Amanda Patricia, D.Sc., Universidade Federal de Vigosa, outubro de 2023.
Producao, caracterizacao e avaliacao do potencial quimioterapéutico e imunogénico de
particulas proteicas virus-like em linhagens de células tumorais imunes. Orientadora:

Anésia Aparecida Santos.

Nesta tese, a nanotecnologia foi utilizada para desenvolver trés plataformas inéditas com
aplicagdes clinicas. Os resultados sdo apresentados em trés capitulos escritos em formato de
artigo. No primeiro capitulo, ensaios in vitro sdo usados para caracterizar uma nova plataforma
virus-like carreadora de doxorrubicina (DOX) e para avaliar os efeitos celulares em células de
melanoma murino tratadas com DOX livre ou com DOX carreada. E demonstrado que a DOX
carreada promove maiores taxas de morte celular bem como entra nas células de maneira
diferente se comparada a DOX livre. No segundo capitulo, a tecnologia Spy Catcher/Spy Tag
foi usada para conjugar diferentes peptideos a particulas virus-like (VLPs) cilindricas. E
demonstrado que dois tipos diferentes de células apresentadoras de antigenos (APCs)
conseguem interiorizar VLPs decoradas e isso promove a ativagdo da resposta imune através
do aumento da expressao de CD80 e CD86. No terceiro capitulo, a tecnologia Spy Catcher/Spy
Tag também foi usada para conjugar nanocorpos anti-EGFR a superficie de VLPs carreadoras
de DOX. E demonstrado que particulas apresentando nanocorpos anti-EGFR promovem uma
diminuicdo mais acentuada na viabilidade celular de células de cancer colorretal humano
quando comparadas com particulas ndo decoradas. Concluindo, este trabalho apresenta a
completa producao e caracterizacdo de trés nanoplataformas distintas e uma criteriosa avaliagdo
in vitro de uma série de mecanismos celulares como endocitose, apoptose e autofagia. Os
resultados alcancados sugerem que as construgdes aqui apresentadas possuem caracteristicas
que as colocam como nanoplataformas com aplicagdes clinicas em potencial, como plataformas

de vacinas e sistemas de entrega de medicamentos.

Palavras chave: Nanotecnologia. Sistemas de entrega de medicamentos. Plataformas vacinais.
Particulas proteicas. Particulas de 4cidos nucleicos. Decoragdo de particulas. Doxorrubicina.

Cancer.
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1. INTRODUCTION

The use of nanotechnology as a tool in the medical field is a global reality since the last
century. In 1995, the U.S. Food and Drug Administration (FDA) authorized for the first time the
commercial use of liposomes as carrier platforms for the chemotherapy drug doxorubicin (DOX)
(Ventola, 2017). Since then, nanomedicine is considered an expanding market, with a number of 100
nanomedicines approved for commercialization and more than 650 formulations in clinical testing
phases. Among them, it is possible to highlight constructions of different natures such as liposomes,
polymers, viral vectors, protein-based and nucleic acids-based particles, among others (Shan et al.,

2022).

Nucleic acid nanoparticles, also called NAMPs, has recently attracted the attention of
researchers. Although their desirable characteristics such as programmability, 3D structure and
biocompatibility, had already been known for some time, the demand for new technologies brought
by COVID-19 pandemic led to an expansion in the study of NAMPs (Afonin ef al., 2022). In fact,
mRNA-based vaccines such as the Moderna and Pfixer/BioNTech area great example of

formulations that were widely used during the COVID-19 pandemic (Jain ef al., 2021).

Other remarkable class of nanoparticles is the protein-based ones, that can be obtained using
simple methods, such as coacervation and emulsification of particles from a high-protein source,
such as albumin solution; or by using modern methods, such as computational predictions and

designing of new molecules (Hong et al., 2020; Galloway et al., 2021).

Despite their synthetic nature, the designing of many de novo proteins are inspired by living
organisms. Artificial capsid proteins, for example, are based on enveloped virus structures —
organisms that are able to produce self-assembly structures that protects their own genetic material.

This class of proteins is largely used to develop virus-like particles (VLPs) (Heddle et al., 2017).

The use of artificial capsid proteins in nanoparticles production allows the construction of
self-assembly platforms whose essential parameters, such as size, shape and surface composition,
can be highly controlled. As an example, these platforms can be engineered to display specific
epitopes in their surface, what can be used for medical purposes such as vaccines and drug-delivery
systems (Heddle et al., 2017). In fact, around 72% of the nanoformulations under observation of

FDA were developed to treat immunological disorders, infections or neoplasms (Shan et al., 2022).

Hence, this thesis aims the creation of inedited self-assembly nanoplatforms that use



double-strand nucleic acids as scaffold and artificial capsid proteins as nanocage as well as the in
vitro evaluation of the physiological effects caused by these construction in tumoral and immune

cell lines. Results are presented in three chapters.

In the first chapter is presented the creation and characterization of a new self-assembly
DOX-carrier nanoparticle that uses DNA molecules as scaffold and is revested by the artificial capsid
protein C4S10K12. Moreover, it was evaluated the cell viability, cell uptake, apoptosis and autophagy
mechanisms triggered in murine melanoma cells treated with free DOX or with DOX carried on this
new platform. CsS10K12 was kindly donate by Prof Renko de Vries’ group, from the Wageningen
University and Research — Netherlands. The experiments were performed at the Federal University
of Vigosa, under supervision of Professor Anésia Santos. Data is presented in the original format of
the paper “Virus-Like Particle-Encapsulated Doxorubicin Enters and Kills Murine Tumor Cells
Differently from Free Doxorubicin”, published in the journal Macromolecular Bioscience in April,

2023.

In the second chapter is presented the cloning, synthesis and purification of other inedited
virus-like protein. Nevertheless, in addition to its self-assembly feature, this protein also allows the
fusion of different epitopes in its surface via the Spy Catcher/Spy Tag system. The cloning, synthesis
and purification of two peptides used in the decoration of the new developed protein is also
presented. These proteins were used to revest DNA-based and double stranded RNA-based
molecules. Finally, the cell uptake and immunogenicity of these particles were evaluated in two
linages of antigen-presenting cells (APCs). These data were obtained during a PhD Sandwich period
performed at the Wageningen University and Research, under the supervision of Professors Renko

de Vries and Edwin Tijhaar. Data is presented in article format, to be submitted.

In the third chapter is presented the synthesis and purification of a new three-domain protein
that bears a Spy Tag domain, a GFP domain and a domain called 7D12 — a nanobody that binds to
the membrane protein EGFR (Epidermal Growth Factor Receptor), which is highly expressed in
colorectal cancer cells. The new protein was coupled with the virus-like protein developed in Chapter
2 to produce DOX-carrying anti-EGFR decorated particles. The cytotoxic effect of the new
construction upon colorectal cancer cells was evaluated as well as the comparation between nude
particles and decorated particles effects on cell viability. The experiments described on Chapter 3
were performed at the Federal University of Vigosa, under the supervision of Professor Anésia

Santos. Data is presented in article format, to be submitted.
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Virus-Like Particle-Encapsulated Doxorubicin Enters and
Kills Murine Tumor Cells Differently from Free Doxorubicin

Amanda P. Gongalves,* José Esio B. Ramos, Karoline H. Madureira, Marcelo L. Martins,

Anésia A. Santos, and Renko de Vries

The use of nanoparticles as chemotherapeutic carriers has been suggested as
a way to overcome a range of side effects associated with classical cancer
treatment such as poor selectivity and tumor resurgence. Obtaining precise
control of the size and shape of therapeutic nanoparticles is crucial to
optimize the targeting of tumor sites. In this work, it is shown that a
previously developed system of polypeptide encapsulating individual DNA
molecules, that forms rod-shaped nanoparticles of precisely controlled aspect
ratio, can be loaded with the DNA-intercalating chemotherapeutic drug
doxorubicin (DOX). It is characterized the size and shape of the DOX
loaded-Virus-Like DNA Particles (DOX-VLDP) and shown that in this system
the DOX payload does not leak out. Through in vitro cell studies, it is shown
that DOX-VLDP is internalized by melanoma tumor cells (B16F10 cells) in a
delayed and endocytosis-dependent way culminating in increased cytotoxicity
and selectivity to tumor cells in comparison with free DOX. In addition, it is

research.?l The administration of low
molecular weight chemotherapeutics di-
rectly into the bloodstream is nonselective
and this leads to many side effects and nar-
row windows of therapeutic efficiency, in-
creasing the risk of tumor resurgence.34
One strategy that has shown promise in im-
proving the therapeutic index of classical
chemotherapeutics is the use of nanoparti-
cles as drug delivery systems (DDS). [25-7]
In the cancer context, DDS leads to some
degree of targeting where the chemothera-
peutics are preferentially delivered to cancer
cells, either through active targeting mecha-
nisms such as receptor binding, or through
passive targeting due to the enhanced per-
meability and retention (EPR) effect.[>¢7]

found that DOX-VLDP trigger apoptosis and autophagy pathways in treated
cells. Taken together, the data on the DOX-VLDP nanoparticles shows that

they kill cancer cells differently from free DOX.

1. Introduction

The delivery of chemotherapeutic drugs to cancer cells in ways
that minimize side-effects, has been the subject of intense
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Many researchers have explored the ef-
fects of nanoparticle size, shape, and sur-
face chemistry on passive targeting medi-
ated by EPR in solid tumors,?8! and while
it is clear that nanoparticle geometry, size,
and surface chemistry play an important
role, there are no detailed rules yet for how
to optimize the passive targeting of nanoparticles to cancer cells.
Although there are some lipid formulations, including liposomes
and micelles, approved by FDA as passive delivery agents for
chemotherapeutic agents,®! it has been shown convincingly that

shape is a crucial parameter in determining passive targeting
mechanisms.[58% For example, it was shown that the circula- tion
time of rod-shaped micelles increases dramatically with mi- celle
length, with important implications for passive targeting via
EPR.Y

In general, there are not so many well-defined high-aspect ra-
tio nanoparticles that have been explored as delivery vehicles.
However, our group has previously designed a sequence for a
polypeptide that mimics certain viral capsid proteins that encap-
sulate nucleic acids (DNA or RNA) in rod-shaped Virus-Like Par-
ticles (VLPs).['% For the case of double-stranded DNA (dsDNA)
each VLP contains exactly one DNA molecule, with a length
of =1/3 of the contour length of the DNA template, allowing
the precise variation of the VLP length via the length of the DNA
template.['% This protein is abbreviated as C-S-B, whereC is a
domain rich in glycine, proline, and other hydrophilic
amino acids, S = (GAGAGAGS)1o is a silk-like sequence that self-
assembles into stiff ribbons via strong hydrogen-bond interac-
tions and B = Ki2 nonspecifically binds to nucleic acids via strong

electrostatic interactions.[10-11]

©2023 Wiley-VCH GmbH
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Considering that many chemotherapeutics such as DOX are
DNA intercalators,['%13 that DNA can be used as a chelating poly-
mer for the delivery of chemotherapeutics,! *1% and the unique
ability of C-S-B protein in forming rod-shaped nanoparticles of
precisely controlled aspect ratio,[!” we here aimed to evaluate
whether C-S-B DOX-loading DNA particles could be used as a
passive targeting model of rod-shaped nanoparticles for cancer
therapeutics. To achieve this, we here characterized DOX-VLDP
and used in vitro cell studies to test their uptake and subsequent
processing by B16F10 tumor cells.

2. Experimental Section

2.1. Materials

Template DNA used to assemble the VLPs were 2.5 Kbp DNA
fragments (ThermoFisher, Vilnius, VNO, Lithuania). DOX Hy-
drochloride was from Sigma-Aldrich, St. Louis, MO, US. The C-
S-B protein was produced and purified as described previously.['%!

2.2, DOX-VLDP Assembly

To assemble DOX-VLDP, 0.8 pL of DNA fragments [500 ng pL~!]
was mixed with 0.3 pL of DOX [7.3 mM] and 19 pL of Tris-HCl
[10 mM] pH 7.4 buffer. The mixture was incubated in the dark at
room temperature for 1 h to allow for DOX intercalation. Next,
5 uL of C-S-B protein [150 mg mL~] was added to the DNA-DOX
mixture. This mixture was incubated at room temperature for 24 h
to allow for complete coating of the DOX-loaded DNA by the C-
S-B coating proteins. DOX-VLDP prepared in this way have a
protein-to-DNA ratio (rpr/np) = 0.5, which represents 1 protein to
each 2 base pairs (bp) of DNA; and a final concentration of DOX
of 100 uM, which represents an excess of DOX molecules in rela-
tion to DNA bp. In this way, we guarantee the DOX-saturation of
DNA template. After DOX-VLDP assembly, any remaining free
DOX was removed by diafiltration using Microcon 10 K Cen-
trifuge Filters (Merck Millipore, Cork, Ireland).

2.3. Atomic Force Microscopy Imaging of VLPs

The size and shape control of empty VLPs and DOX-loaded VLPs
were determined using atomic force microscopy (AFM) imaging
of dried samples of VLPs adsorbed on ultra-flat silicon wafers.
DOX-VLDP were prepared with a final concentration of DNA bp
of 15 UM, a rpor/pp 0f 0.5, and DOX to DNA bp ratios (rgoxnp) 0f 0,
0.5, and 1. A volume of 20 pL of assembled VLPs was deposited on
ultra-flat, plasma-cleaned silicon wafer substrates and incubated
for 3 min to let the VLPs to adsorb. Next, coated substrates were
gently rinsed with water and dried under a gentle stream of ni-
trogen gas. AFM imaging of samples was performed in air, using
a Bruker-US Atomic Force Microscope in the ScanAsist mode.

2.4. Cell Culture

The B16F10 cells were donated by Dra. Mirian T. Paes Lopes (De-
partment of Pharmacology, Federal University of Minas Gerais,

Macromol. Biosci. 2023, 2200530

2200530 (2 of 9)
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UFMG, Minas Gerais, Brazil). The melan-a cell line (murine non-
tumor melanocytes cells) was donated by Dr. Roger Chammas
(Laboratory of Experimental Oncology, University of Sdo Paulo,
USP, Sao Paulo). B16F10 cells were cultured in DMEM medium
(Sigma-Aldrich), melan-a cells were cultured in RPMI - 1640
medium, both at 37 °C, in a 5% CO: atmosphere. Both me-
dia were supplemented with 10% of fetal bovine serum (Gibco),
1% of penicillin (Sigma-Aldrich), 1% of streptomycin (Sigma-
Aldrich), 0025% of amphotericin B (Sigma-Aldrich) and had
their pH adjusted to 7.4.

2.5. FITC-Labeling of VLPs

Fluorescent labeling of VLPs was performed by mixing them with
FITC (Sigma-Aldrich) solution. The isothiocyanate group of the
fluorescent FITC reacts with the primary amines groups of the C-
S-B protein. Final concentration of FITC in solution was 400 ng
mL~1. This mixture was incubated for 10 min in a dark tube and,
after this time, free FITC molecules were removed by diafiltration
using Microcon 10K Centrifuge Filters.

2.6. Characterization of DOX-VLDP Cell Uptake Using
Fluorescence Microscopy

For visualizing DOX-VLDP, =5 x 10* cells were seeded in a35
mm glass plate (IBIDI) and then incubated with FITC-labeled
DOX-VLDP [1 uM of DOX] for 1 h. After this, cells were im-
aged using an inverted LSM510 META laser scanning micro-
scope (Zeiss) with an argon laser and a helium-neon laser with
40x objective at 490 nm (ex) and 525 nm (em). The pinhole was
set to give a 1 to 1.5 pm optical slice. Post-acquisition image pro-
cessing was done using Adobe Photoshop (Adobe Systems).

2.7. Fluorescence Microscopy Imaging of DOX Intracellular
Release

Intracellular release of DOX from the VLPs was visualized using
Fluorescence Microscopy (FM) of DOX fluorescence. Cells were
seeded as described in Section 2.6 and treated with either DOX or
with DOX-VLDP [1 uM] for, respectively, 3 and 12 h. After treat-
ment, cells were observed using an inverted LSM510 META laser
scanning microscope (Zeiss) with an argon laser and a helium-
neon laser with 40x objective at wavelengths of 480 nm (ex) and
592 nm (em). The pinhole was set to give a 1 to 1.5 pm optical
slice. Post-acquisition image processing was done using Adobe
Photoshop.

2.8. Inhibition of Endocytic Pathways

For chemical inhibition of endocytic pathways, seeded cells (as-
described in Section 2.6) were pretreated for by 1 h with a
medium supplemented with Sucrose [0.4 M], Genistein [100 ug
mL~!] or Nystatin [50 ug mL~!]. These chemicals are in- hibitors
of, respectively, clathrin-dependent endocytosis, clathrin-
independent endocytosis, and caveolin-dependent endocytosis.
After the inhibitor treatment, cells were incubated with DOX

©2023 Wiley-VCH GmbH



or DOX-VLDP [1 uM] for 24, 96, and 168 h. Cells were visu-
alized in a Biostation IMq Fluorescence Microscope (Nikon) at
wavelengths of 545 nm (ex) and 620 nm (em). Intracellular flu-
orescence intensity was analyzed on Image] software by de-
limitation of individual cells and measurement of their Mean
Grey Value. Approximately 30 individual cells were analyzed per
condition.

2.9. Cytotoxicity Assay

Evaluation of cytotoxicity of DOX or DOX-VLDP for B16F10 cells
was assayed using the MTT assay.[ 718! It was prepared one sam-
ple of DOX [100 uM] and one sample of DOX-VLDP [100 uM], as-
described in Section 2.2, for each independent experiment. The
treatment concentrations tested on cells (2.5 uM, 1.25 pM.0.625
uM and 0.313 uM) were obtained by serial dilution. In each well
of a 96-well plate, 1 x 10* cells were suspended in 100 pL of
medium. Cells were incubated at the conditions de- scribed in
Section 2.4. After 24 h of incubation, the mediumof each well
was replaced by 100 pL of medium + DOX, or medium + DOX-
VLDP at the treatment concentrations. A con- trol group of cells
was treated with medium only. In all cases, the time of
incubation was 60 h. After incubation, the treatmentsolutions
were replaced by 100 pL of 3-(4,5-Dimethylthiazol-2- yl)-2,5-
Diphenyltetrazolium Bromide (MTT) [0.5 mg mL~!] and cells
were incubated for another 4 h. Next, the supernatantwas
removed, the formazan crystals formed during MTT reac- tion
were dissolved in 100 pL of dimethyl sulfoxide (DMSO) and the
absorbance was measured at 570 nm using a Spec- traMax plate
reader. MTT and DMSO were purchased fromSigma-Aldrich.

2.10. Detection of Apoptosis and Autophagy

To elucidate mechanisms of cell death and survival, Flow Cytom-
etry (FC) and FM were performed for appropriately stained cells.
For FC, cells were seeded at a density of 1 x 10 cells per well in
a 6-well plate and treated with DOX or DOX-VLDP [1 uM]for
24 h. Next, cells were stained with Annexin V (Immuno- Tools)
and Propidium lodide (Sigma-Aldrich) and then analyzed using a
BD FACSVerse Flow Cytometer. For FM, 1 x 10* cells were
seeded in a 35 mm glass plate (IBIDI) and treated with DOX or
DOX-VLDP [1 uM] for 24 h. After treatment, cells were stained
with 100 puM of the autophagic vacuole-staining ligand
monodansylcadaverine (MDC - Sigma-Aldrich) for 1 h and vi-
sualized in a Biostation IMq Fluorescence Microscope (Nikon)
at wavelengths of 350 nm (ex) and 460 nm (em). Intracellular
fluorescence intensity was analyzed on Image] software by de-
limitation of individual cells and measurement of their Mean
Grey Value. Approximately 30 individual cells were analyzed per
condition.

2.11. Data and Statistical Analysis of the Biological Experiments

Graphs and statistical analysis were performed using Graphpad
Prism and R. Statistical tests are mentioned in the figures’ cap-
tions, with p < 0.05 considered statistically significant for all anal-
ysis.
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3. Results
3.1. Characterization of DOX-VLDP

Previously it was found™ that a 2:1 molar ratio of protein to DNA
[bp], after an incubation of 24 h, leads to a good coating of 2.5 Kbp
DNA with C-S-B protein. The same DNA length and protein- to-
DNA ratio are also used here for the VLPs that we addition- ally
load with DOX. First, we compare the morphology of emptyVLPs
with those prepared with DNA intercalated with DOX, at 1 DOX
per bp. Representative Atomic Force Microscopy (AFM) images
of empty and DOX-loaded VLPs are shown in Figure 1ab.
Representative histograms of the contour length of the VLPs for
both cases is given in Figure 1c,d. We find that DOX-VLDP has
a rod-like shape, just like empty VLPs. Loading the VLPs with
DOX notably increases the VLPs contour length (compare Fig-
ure 1a,b). As shown in Figure 1c,d, the peak of the contour length
distribution shifts from =260 nm for empty VLPs (as reported
previously™) to 400 nm for DOX-VLDP. The increase in length of
the VLPs is not unexpected, given that DOX intercalation is
known to increase the contour length of DNA?2% and since the
contour length of the VLPs is proportional to the contour length
of the DNA template.['%]

Since itis known that DOX fluorescence is strongly quenched
when it is intercalated in DNA,[?1?2] the saturation binding of
DOX to DNA was calculated by fluorescence spectroscopy (Sup-
porting Information, Figure SI-1a). We saw no significant fluo-
rescence signal in ryq. b, lower than 0.25 - 0.3, what suggests
that DNA molecule gets DOX-saturated when there is 1 DOX
molecule for every 2.5-3 bp (Supporting Information, Figure SI-
1b). Hence, the ryeyp, = 1 used to load the VLPs represents a
significant excess of DOX, that guarantees the saturation of the
DNA template. We also observed a partial recovering of ~15% on
DOX fluorescence after addition of C-S-B protein to the system,
what suggests that part of DOX is unbounded from DNA tem-
plate during the self-assembly process (Supporting Information,
Figure SI-1a).

After VLP assembly, they are diafiltrated to remove excess un-
bound DOX. Considering the excess of DOX used to saturate
DNA template as well as the DOX released from DNA molecules
after encapsulation, we assume therefore that the actual concen-
tration of DOX that we deliver through the VLPs, is *70% lower
than the concentration delivered with the DOX control.

3.2, In Vitro VLP Uptake and DOX Release by B16F10 Cells

For detecting VLPs inside cells using FM, the protein coating of
the VLP is covalently labeled with FITC. DOX is fluorescent when
not bound to DNA,??l hence with FM we can directly monitor
the release of DOX in cells. FM results of VLP uptake and DOX
release for B16F10 cells are shown in Figure 2.

First, as shown in Figure 2b, FITC-labeled VLPs can be de-
tected inside the B16F10 cells already after 1 hour of treatment,
hence DOX-VLDP clearly successfully enter the cells. FITC-
labeled VLPs were extensively washed (see materials and meth-
ods) hence fluorescence outside the cells is likely due to VLPs not
internalized during the 1 h of incubation.

Next, we track release of DOX in the B16F10 cells, through
the natural fluorescence of the DOX molecules. As shown in

©2023 Wiley-VCH GmbH
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Figure 1. Characterization of DOX-VLDP using AFM imaging of dried complexes (rgox/bp = 0in 1@ and rgox/pp = 1in 1b; rprot/bp = 0.5 in both cases).
a) representative AFM image of empty VLPs; Right inset is a higher magnification of a single empty VLP. b) representative AFM image of DOX-VLDP;
Right inset is a higher magnification of a single DOX-VLDP. c) Contour length histogram of empty VLPs obtained from AFM images. d) Contour length
histogram of DOX-VLDP obtained from AFM images. For obtaining histograms, <70 particles were analyzed per condition.

Figure 2c,e, DOX can already be detected after 3 h (Figure 2c)
and the signal persists until atleast 12 h (Figure 2e). In contrast,
for DOX-VLDP, there is no DOX signal at 3 h (Figure 2d), but it
can be observed at 12 h (Figure 2f). In addition, after 24 h of treat-
ment, we could still observe an overlapping of FITC and DOX flu-
orescence (Supporting Information, Figure SI-2), indicating that
at this time part of DOX cargo and VLPs is colocalized and DOX-
VLDP has not yet released their entire content into cells. This
demonstrates that the VLPs properly release the DOX eventually,
but this happens with a certain delay.
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3.3. Characterization of Endocytic Uptake Pathway of DOX-VLDP

The delayed release of DOX for the case of DOX-VLDP sug- gests
that the VLPs enter the cells through an active process, such as
endocytosis. To establish whether this is the case, we
investigated whether blockers of endocytic pathways influence the
eventual release of DOX from the DOX-VLDP. Three dif- ferent
blockers of endocytosis were added to cells prior to ex- posing
B16F10 cells to either DOX or DOX-VLDP: Sucrose, a blocker of
clathrin-dependent endocytosis; Genistein, a blocker

©2023 Wiley-VCH GmbH



Figure 2. In vitro VLPs uptake and DOX release by melanoma cells. a) and
b) B16F10 cells exposed for 1 h to FITC-labeled DOX-VLDP. a) bright field
microscopy b) overlay of bright field microscopy with FM. Excitation at
490 nm, emission at 525 nm; 40x magnification. c)-f) FM of B16F10 cells
exposed to DOX and DOX-VLDP, for respectively 3 and 12 h. Excitation
at 480 nm, emission at 592 nm; 40x magnification. c) DOX, 3 h. d) DOX-
VLDP, 3 h. e) DOX, 12 h. f) DOX- VLDP, 12 h.

of clathrin-independent endocytosis; and nystatin, a blocker of
caveolin-dependent endocytosis.[?* Results of the blocking exper-
iments are shown in Figure 3. We found that for incubation times
of 24 h and 96 h there was a small effect of the various blockers
(Supporting Information, Figures SI-3, and SI-4), but that the ef-
fect of the blockers was very clear for the longest incubation time
of 168 h. For this longest incubation time, all blockers signifi-
cantly reduced DOX release from the DOX-VLDP, but less so
for the case of free DOX. This suggests that in the case of free
DOX, the molecules enter cells by free diffusion through cellu-
lar membranes, as described by Speelmans and colleagues.[?4%]
However, the DOX-VLDP require various endocytosis pathways
to enter B16F10 tumor cells efficiently and to release their DOX
payload.

3.4. Cytotoxicity and Cell Type Selectivity

Next, we analyzed cytotoxicity and cell type selectivity of DOX-
VLDP as compared to free DOX. An MTT assay was employed

Macromol. Biosci. 2023, 2200530

2200530 (5 of 9)

16

to determine the cell viability. First the relevant controls were es-
tablished: neither free DNA, nor free C-S-B protein, nor empty
C-S-B/DNA VLPs reduce cell viability (Supporting Information,
Figure SI-5). On the other hand, as shown in Figure 4, both DOX
and DOX-VLDP reduce cell viability in a dose-dependent manner.
Based on the concentration of DOX during loading of the VLPs,
the reduction in cell viability is somewhat larger for DOX-VLDP,
than for free DOX. It should be taken into account however, that
the actual loading of the VLPs is significantly lower in view of the
maximal number of DOX molecules that can be bound per DNA
bp in the VLPs (r,.x), which is =0.3, and the partial unbounding
of DOX from template after protein encapsulation (r,,), which
is ~0.15 (Supporting Information, Figure SI-1). Hence, we con-
clude that DOX-VLDP are significantly more toxic than free DOX
for the B16F10 cells. We also evaluated toxicity of DOX and DOX-
VLDP for nontumor melan-a cells and found only small differ-
ence between the dose dependence for these two cell lines (Sup-
porting Information, Table SI-1).

3.5. Influence of DOX-VLDP on Apoptosis and Autophagy

Although we found small differences in cytotoxicity between
B16F10 cells and non-tumor melan-a cells, this process may be
triggered by different molecular mechanisms for both cases. For
cancer cells, normally not only apoptosis but also autophagy is a
tumor suppressor pathway, with the latter facilitating the degra-
dation of oncogenic molecules.*®! However, under some condi-
tions it has been found that autophagy can facilitate the survival
of tumor cells and contribute to drug resistance.[?”] Thus, we
investigated the extent to which free DOX and DOX-VLDP ac-
tivate apoptosis and autophagy pathways. We used annexin V-
staining to quantify apoptosis by FC, and MDC-staining to detect
autophagic vacuoles by FM. Results are shown in Figure 5.

As can be seen in Figure 5a,b, DOX-VLDP clearly trigger the
apoptotic cell death pathway in B16F10 cells. Surprisingly how-
ever, as shown in Figure 5c--f, we also find that DOX-VLDP, but
not free DOX, induce a significant increase of autophagic vac-
uoles for the B16F10 cells. This is not the case for the non-tumor
melan-a cells, pointing to a clearly different molecular response
of the non-tumor melan-a cells to DOX-VLDP, as compared to
B16F10 tumor cells. Furthermore, B16F10 cells show a different
molecular response to DOX-VLDP as compared to free DOX.

4, Discussion

An important reason for exploring nanoparticle delivery of DOX
is the need to reduce side effects such as cardiopathy and
mucositis.?82% To achieve this, it is crucial to understand how en-
capsulated DOX induces different effects in cells than free DOX,
and also how the effect of encapsulated DOX is different for dif-
ferent cell types. Whereas DOX enters cells by passive diffusion,
freely crossing the lipid cell membranes!?42%I we find that DOX
loaded into VLPs, enters cells via endocytosis, as expected when
encapsulated in a nanoparticle of significant size.[3%-321 We also
find there is a significant delay between DOX-VLDP uptake and
the appearance of intracellular DOX fluorescence indicating the
release of the DOX, possibly due to the time it takes lysosomes

© 2023 Wiley-VCH GmbH
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Figure 3. Effect of various blockers of endocytic pathways on DOX release. FM (excitation at 545 nm, emission at 620 nm; 20x magnification) of DOX
release inside B16F10 cells as influenced by various blockers of endocytic pathways. Cells have been incubated for 168 h with either DOX or DOX-VLDP.
Bars in lower row are the values of the average DOX Fluorescence. For obtaining data, =30 individual cells were analyzed per condition, from three
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Figure 4. Cell viability was evaluated using MTT assay after 60 h of treat-
ment of B16F10 cells with either DOX or DOX-VLDP. For the VLPs, the
DOX concentration given is based on the concentration of DOX used dur-
ing incubation with the template DNA, which likely is an overestimating,
since rmax = 0.3 and ry,, = 0.15. Error bars are the standard deviation of
four independent experiments. Asterisks represent a significant difference
between treatments (p < 0.05; Chi-squared test for mixed model).

to degrade DOX-VLDP. Our results therefore indicate a signifi-
cant impact of nanoparticle encapsulation on the processing of
the DOX by the cells, as also found by others.[33-3¢]

Improving the selectivity of chemotherapy agents is one of the
main goals in clinical and nanotechnology research applied to
cancer.l?738 Although we did not find a differential effect on cyto-
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toxicity for the non-tumor melan-a cells and the B16F10 cells for
DOX-VLDP, we showed that the cytotoxicity has different molec-
ular characteristics for the two cell lines: whereas for the melan-a
cells, it is mainly apoptosis that is induced, for the B16F10 cells it
appears that additionally, the autophagy pathway gets activated by
DOX-VLDP. In this case however, autophagy cannot be consid-
ered the main cell death mechanism, since DOX is widely known
as an apoptotic promoter,*?! but an accessory mechanism in in-
ducing cell death.

In fact, apoptosis and autophagy are not entirely uncoupled:
several intermediate protein regulators are shared between these
pathways.?>4% [t is thought that in tumor cells, autophagy plays
a dual role that some researchers call “the autophagy paradox”: in
one hand, the recycling of the intracellular content supplies ma-
terial to cells produce essential molecules, but on the other hand,
digestion of intracellular contents can be interpreted as a signal
to trigger apoptosis and other cell death pathways.[?7411 Qur re- sult
that DOX-VLDP appear to cell-selectively trigger autophagyfor
the B16F10 cells but not for the melan-a cells, may possiblybe
exploited in further work on achieving cell-type selective cyto-
toxicity of our construction.

5. Conclusion

In conclusion, here we show that our model of VLPs encap-
sulating DOX-loaded dsDNA forms controlled-size rod-shaped

©2023 Wiley-VCH GmbH
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Figure 5. Influence of DOX-VLDP on apoptosis and autophagy. a) and b): flow cytometry with annexin V staining for the detection of apoptosis. a) control
group (untreated B16F10 cells). b) treated group (B16F10 cells incubated for 24 h with DOX-VLDP). c - f) FM of B16F10 and melan-a cells pretreated
with the fluorescent autophagy-marker MDC [100 uM] and subsequently treated with DOX or DOX-VLDP for 24 h. Excitation at 350 nm, emission at
460 nm; 80x magnification. c) representative micrographs for B16F10 cells. From left to right: untreated, treated with DOX, and treated with DOX-VLDP.
d) representative micrographs for melan-a cells. From left to right: untreated, treated with DOX, and treated with DOX-VLDP. e) Bars representing the
mean intracellular fluorescence intensity on B16F10 cells. f) Bars representing the mean intracellular fluorescence intensity on melan-a cells. For e) and
f): For obtaining data, =30 individual cells were analyzed per condition, from three independent experiments. Error bars are the standard deviation;
asterisks represent a significant difference between treatments (p-value < 0.05; One-way ANOVA, Dunnett’s test).

Macromol. Biosci. 2023, 2200530 2200530 (7 of 9) ©2023 Wiley-VCH GmbH



particles that do not let DOX cargo go until the VLPs are inter-
nalized by B16F10 cells in a delayed and endocytosis-dependent
way. Furthermore, we find that the same concentration used to
assembly DOX-VLDP is more toxic for B16F10 cells than free
DOX and this cytotoxicity can be overestimated whether we
consider that =70% of DOX used for preparing VLPs may not be
used during self-assembling due to r,,, and ry,;, values.

In addition, we show that DOX- VLDP promotes cell death
mediated by apoptosis, but autophagy pathway is also triggered.
This happens in different ways in tumor or nontumor cells, sug-
gesting a variation in the way different types of cells process
DOX-VLDP and a possible route to increase the therapeutic in-
dex of DOX. We believe that these findings warrant further inves-
tigations of DOX-VLDP as a passive-targeting chemotherapeutic
nanocarrier.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Supplementary Methods
1. Fluorescence Spectroscopy

Fluorometric experiments were performed on a Agilent Technologies - Cary Eclipse
Fluorescence Spectrophotometer. A sample of DOX solution at fixed concentration [2uM] was
titrated with successive aliquots of DNA solution [200uM]. The excitation wavelength was set
at 490 nm and the fluorescence emission spectra was collected in the range of 510 nm to 690

nm.
2. Fluorescence Microscopy imaging of cargo release from FITC-labeled VLPs

Intracellular release of DOX from the FITC-labeled VLPs was visualized using Fluorescence

Microscopy (FM). Around 5 x 10* cells were seeded in a 35 mm glass plate (IBIDI®) and then

22



incubated with FITC-labeled DOX-VLDP [2.5 uM] for 24 hours. After treatment, cells were
visualized in a Biostation IMq Fluorescence Microscope (Nikon®) at wavelengths of 490 nm
(ex) and 520 nm (em), for FITC-labeled VLPs visualization; and of 555 nm (ex) and 590 nm

(em), for DOX visualization.

3. Selectivity Index Estimation

DOX-VLDP cell selectivity was estimated by a Selectivity Index (SI) equation:

nlC50

tIC50

Where, nIC50 is the concentration of compound that kills 50% of normal cells population and

tIC50 the concentration of compound that kills 50% of tumor cells.
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1. Supplementary Images
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Figure SI-1. Fluorescence Spectroscopy of DOX bound to DNA molecules. a) Fluorescence

Emission Spectra of DOX solution titrated with successive aliquots of DNA (excitation at 490

nm). The vertical arrow points in the direction of decreasing ratio (rdoxwp); The dashed line

shows the fluorescence spectrum of DOX/DNA complexes after addition of C-S-B protein at

a ratio Iprovbp = 0.5. b) Fraction of bound DOX estimated from fluorescence titration assay as a

function of the ratio 1/rqoxmp, that is, the ratio of the number of DNA bp to the number of DOX

molecules in solution. This curve in the figure is a guide to the eye.
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Bright Merged DOX FITC
(labeled VLPs)

Figure SI-2: DOX-VLDP cargo release. Fluorescence microscopy showing colocalization of
DOX cargo and FITC-labeled VLPs in BI16F10 cells after: a) Oh of treatment. b) 24h of
treatment. For obtaining FITC images: Excitation at 490 nm and emission at 520 nm; for DOX

images: Excitation at 555nm and emission at 590 nm. 20x magnification.
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Figure SI-3. Effect of various blockers of endocytic pathways on DOX release. Fluorescence
microscopy (excitation at 545 nm, emission at 620 nm; 20x magnification) of DOX release
inside B16F10 melanoma cells as influenced by various blockers of endocytic pathways. Cells
have been incubated for 24h with either DOX or DOX-VLDP. Bars in lower row are the values
of the average DOX Fluorescence. For obtaining data, approximately 30 individual cells were
analyzed per condition, from three independent experiments. Error bars are the standard
deviation; asterisks represent a significant difference between treatments (p-value < 0.05;

Student T-test). a) 0.4M Sucrose. b) 100 pg/mL Genistein. ¢) 50 pg/mL Nystatin.
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Figure SI-4. Effect of various blockers of endocytic pathways on DOX release. Fluorescence
microscopy (excitation at 545 nm, emission at 620 nm; 20x magnification) of DOX release
inside B16F10 melanoma cells as influenced by various blockers of endocytic pathways. Cells
have been incubated for 96h with either DOX or DOX-VLDP. Bars in lower row are the values
of the average DOX Fluorescence. For obtaining data, approximately 30 individual cells were
analyzed per condition, from three independent experiments. Error bars are the standard
deviation; asterisks represent a significant difference between treatments (p-value < 0.05;

Student T-test). a) 0.4M Sucrose. b) 100 pg/mL Genistein. ¢) 50 pg/mL Nystatin.
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Figure SI-5. Cell viability evaluated using MTT assay after 60 hours of treatment of
B16F10 cells. a) with C-S-B protein only. b) with non-coated and C-S-B-coated DNA
molecules. Barsrepresent the standard deviation of five repetitions. Different letters
represent statistical differences between treatments (p < 0.05; One-way ANOVA,

Dunnett's test).

Table SI-1. Half Maximal Inhibitory Concentration values (ICso) and Selectivity Index
(ST) ofDOX and DOX-VLDP.

Cell line ICso DOX (uM) SIDOX 1C50 DOX-VLDP SI DOX-VLDP
(uM)
melan-a 0.929+0.35 - 1.055+0.42 -

B16F10 1.588 £ 0.39 0.59 0.971+0.17 1.09
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3. CHAPTER 2

PEPTIDE DISPLAYING ON SELF-ASSEMBLING NANOPARTICLES SURFACE
PROMOTES CELL UPTAKE AND IMMUNE RESPONSES ON ANTIGEN-
PRESENTING CELLS
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Abstract

Decorating virus-like particles (VLPs) with specific antigens has been largely used in the
development of novel vaccine platforms. However, traditional methods of antigen conjugation
to nanoparticles surface can offer a range of drawback such as platform unfolding and low
binding of antigens. A current alternative to these methods is the Spy Catcher/Spy Tag system
which is based in the ability of the peptides Spy Catcher and Spy Tag make strong and
irreversible isopeptide bonds between them even when bigger structures are attached. Based
on this, we developed a decorated VLPs incorporating the Spy Catcher/Spy Tag system to an
unprecedent artificial capsid protein called NucleoX11. Our data shows that NucleoX11 is
stable in both decorated and undecorated versions, forming self-assembly rod-shaped particles
when incubated with double-stranded nucleic acids. Also, these decorated VLPs can be took
up by antigen-presenting cells (APC) and enhance the expression of CD80 and CD86

molecules.

Keywords: Artificial Capsid Proteins, Decorated VLPs, Spy Catcher/Spy Tag, Vaccine

Platforms.
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Figure 1 — Graphical Abstract.

1. Introduction

Nanotechnology has been commercially applied to medicinal purposes since 1989
being since then an important field on science and industry, receiving billion dollars of
investment that increases year after year (Murphy et al., 1994; Zhang, 2019; Halwani, 2022).
Among a variety of available nanoplatforms, the virus-like particles (VLPs) emerge as great
candidates to clinical applications, especially in the immunology field, since this construction
mimics natural organisms that can enter immune cells as well as triggers important

physiological responses (Roldao et al., 2010).

Although VLPs can be directly obtained from natural organisms it is also possible to
make this kind of construction in an artificial way, using nature as an inspiration to develop de
novo capsid proteins (Heddle et al., 2017; Inaba and Matsuura, 2019). In this sense, a range of
important features of VLPs produced for clinical application, such as size, shape, self-

assembling control and biocompatibility can be finaly controlled (Heddle ef al., 2017).
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The ability of entering mammalian cells is another important feature that should be
present in clinical VLPs. It is known that natural viruses can successfully enter and infect cells,
mainly due to the specific bind of proteins displayed in their surface to receptor proteins located

on cell host membrane (Maginnis, 2018).

In this sense, when designing a VLP it is necessary to think in elements that must be
present in the construction that enhances its uptake by cells and tissues of interest. Displaying
specific epitopes on VLPs surface can be a great strategy to achieve this goal (Al-Barwani et
al., 2014; Zepeda-Cervantes et al., 2020). This can be done by either chemical or genetic
fusion, however both methods can present some drawbacks, as VLPs modifications, misfolding

and unbinding of displayed epitopes (Brune et al., 2016).

A current alternative to these traditional methods is the developing of artificial capsids
proteins containing a Spy Catcher peptide domain (Veggiani et al., 2014). Spy Catcher is 138
amino acids peptide that forms a fast, strong and irreversible covalent bond with a smaller
peptide containing 13 amino acids called Spy Tag (Zakeri et al., 2012). The Spy Catcher and
Spy Tag peptides are well tolerated in both N-terminus and C-terminus of proteins without
changing their conformation, making possible the design of a variety of scaffold proteins as

well ligand peptides (Veggiani ef al., 2014).

In fact, the expression of capsid proteins genetically fused with Spy Catcher has been
used to produce a range of VLPs that can be decorated, displaying antigens in their surface.
Considering the Spy Catcher/Spy Tag system stability as well as the variety of different
antigens that can be displayed in a single Spy Catcher scaffold, these decorated VLPs have
been strongly explored as potential vaccine platforms (Brune et al., 2016; Thrane ef al., 2016;

Wang et al., 2019; Heinimiki ef al., 2022).

In this work, we developed and characterized decorated VLPs using the Spy
Catcher/Spy Tag system. VLPs were developed by incorporating the Spy Catcher peptide in
our de novo designed TALE-like protein NucleoX11, an artificial capsid protein that can forms
rod-shape nanoparticles by self-assembling when incubated with double-stranded nucleic acids
(de Haas et al. - Manuscript in preparation). We also developed the fluorescent attaching
peptides SpyTag sfGFP and SpyTag sfGFP_OVA, making constructions that could be
tracked in biological systems or carry immunogenic epitopes. With these materials, we aimed

to investigate whether these constructions could be used with immunological purposes by
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evaluating their cell uptake and stimulation of key immune markers on antigen-presenting cells

(APC).

2. Material and Methods
2.1. Construction of expression vectors

SpyCatcher003 NucleoX11 construction was obtained by Golden Gate cloning. The
sequence of interest was inserted in the plasmid PET24+ by using the BSal-HFv2 digestion
enzyme and the T4 ligation enzyme. After this, cloned plasmids were inserted on DHS5a
Competent Escherichia coli by bacterial cell transformation. Cloning efficiency was checked
by DNA sequencing. Thus, cloned plasmids were inserted on expression cells (T7 Express

Competent E. coli).

SpyTag003 sfGFP construction was obtained by inserting the commercial plasmid
SpyTag003 sfGFP on DHS5a E. coli by bacterial cell transformation. No cloning was needed.
Plasmid quality was checked by DNA sequencing and then inserted on T7 E. coli expression

cells.

SpyTag003 sfGFP_OVA construction was obtained by Restriction Enzyme cloning.
The sequence of interest was inserted in the plasmid PET24+ by using the BamHI + Xhol
digestion enzymes and the T4 ligation enzyme. After this, cloned plasmids were inserted on
DH5a E. coli by bacterial cell transformation. Cloning efficiency was checked by DNA

sequencing. Thus, cloned plasmids were inserted on T7 E. coli expression cells.

2.2. Protein purification

SpyCatcher003 NucleoX11 recombinant protein was obtained by IMAC protein
purification using nickel columns in a HPLC. Purity was checked by denaturing SDS page and
contaminants were removed by dialysis in a 20kDa MWCO membrane. Final product was

stored at —20°C diluted in PBS pH 7.4 + 10% glycerol.

SpyTag003 sfGFP and SpyTag003 sftGFP OVA recombinant protein was also
obtained by IMAC protein purification, but using nickel charged resin in gravity columns.

Purity was checked by denaturing SDS page and contaminants were removed by Size
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Exclusion Chromatography in a Superdex® 200 10/300 GL column. Final product was stored
at —20°C diluted in PBS pH 7.4 + 10% glycerol.

2.3. SpyCatcher_SpyTag protein coupling

Proteins containing the Spy Catcher and Spy Tag peptides were incubated together for
1.5 hours at 25°C in different Spy Tag/Spy Catcher (TC) ratios. Coupling efficiency was
checked by denaturing SDS page.

2.4. Protein-Covering calculation

Here, we considered the amount of protein (in pM) necessary to cover 100% of a

nucleic acid molecule as the protein cover (PC) ratio = 1.

Considering that one single NucleoX11 molecule cover approximately 11bp of double-
stranded nucleic acids, the amount of protein (in pM) necessary to give PC ratio = 1 was

calculated based on the following equation:

PC ratio 1 (uM) = Nucleic acid concentration (uM) * [1/11 * nucleic acid fragments size (bp)]

2.5. Self-assembly of Decorated Nanoparticles

Coupled SpyCatcher SpyTag products in different TC ratios were incubated with
dsDNA 250 bp fragments (Thermo Fisher®) at the concentration of 15 ng/uL for at least 1h at
room temperature in a protein covering (PC) ratio = 3. DNA-protein complexes binding was
checked by Electrophoretic Mobility Shift Assay (EMSA) in 1% agarose gel (45 min/100v)
using 1X TAE buffer.

2.6. Atomic Force Microscopy (AFM)

AFM samples were prepared by adding 10 uL. of DNA-protein complexes ([DNA] = 1
ng/uL; PC ratio = 1; TC ratio = 0 or 0.5) onto a clean silicon wafer. After 1 min, the wafer was
washed with 1 mL of MQ water to remove salts and unbonded complexes. Liquid excess was

carefully soaked with paper tissues and wafer was dried under slow N> stream. DNA-protein
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complexes were visualized in a Bruker-US AFM machine in the Scan Asyst imaging mode.
Image processing was performed with NanoScope Analysis software; First-order flattening

was used for all images.

2.7. Cell culture

RAW cell line was established from murine macrophages and DC 2.4 cells from murine
dendritic cells, all provided by the Department of Cell Biology and Immunology, Wageningen
University and Research, The Netherlands.

Cells were cultured 75 cm? plastic flasks containing RPMI 1640 GlutaMAX™ medium
supplemented with 10% Fetal Bovine Serum, 100 ug/mL antibiotics (Streptomicin and
Penicillin) and 2 mM L-Glutamin at controlled temperature (37°C) and atmosphere (5% CO»,
95% relative humidity).

2.8. Sample preparation of DNA-Protein particles for cell experiments

Nanoparticles were prepared by incubating coupled SpyCatcher SpyTag products with
dsDNA 250 bp fragments or a mix of fragments of dsRNA poly I:C (InvivoGen®) at a
concentration of 15 ng/uL in a TC ratio = 1.5 and PC ratio = 1. Soluble SpyTag control was
prepared by incubating SpyTag protein only. Incubation was performed overnight at 4°C.
Inactivation of possible endotoxins on samples was ensured by adding polymyxin B to the

samples at a final concentration of 50 pg/mL.

2.9. Cell uptake evaluation

Evaluation of particles cell uptake in RAW cells and DC 2.4 cells was performed by
Fluorescence-Activated Cell Sorting (FACS). Around 3x10°/well of cells were seed in a 24-
well plate and let to recovering for 2 hours at 37 °C and 5% CO» atmosphere. After this, plate
medium was replaced by medium + nanoparticles in the desired concentrations and then, cells
were incubated for 24 hours at 37 °C and 5% CO: atmosphere. In the next day, cells were
prepared to FACS performing. Each well of the 24-well plate was washed with 800 puL of cold
PBS 1x pH 7.4 and then cells were detached from plate surface, resuspended in 300 pL of cold
FACS buffer ([BSA] = 1% in PBS 1x pH 7.4) and transferred to a 96-well NUNC plate. FACS
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measurement was performed in a CytoFLEX LX Flow Cytometer. Median Fluorescence

Intensity (MFI) of GFP-positive cells was extracted in the FITC channel.

2.10. CD80 and CD86 expression evaluation

Evaluation of internalized particles-mediated expression of the ligands CD80 and CD86
in RAW cells was also performed by FACS. Cells were prepared as described in the previous
section, but the FACS buffer was supplemented with two monoclonal antibodies (mAb):
BV421 anti-mouse CD80 and PE anti-rat CD86 [mADb dilution = 1:75]. MFI of CD80-positive

cells was extracted in the PB channel and CD86-positive cells was extracted in the PE channel.

2.11. Statistical Analyses

Statistical analyses were performed using the software GraphPad Prism. Cell Uptake
and Expression of CD80 and CD86 experiments were expressed as the average and standard
deviation of MFI of GFP-positive cells or PB/PE-positive cells. Groups were compared with
One-way ANOVA and Tukey’s test posttest. Each test was considered statistically significant
when the P value < 0.05.

3. Results and Discussion
3.1. Characterization of a novel DNA-Based Nanoparticle

The NucleoX11 is a de novo designed tale-like protein that binds to phosphate groups
of nucleic acids, forming rod-shaped nanoparticles by self-assembling (de Haas et al. -

Manuscript in preparation).

The insertion of the peptide SpyCatcher003 on N-terminus of NucleoX11 generated the
SpyCatcher003 NucleoX11 construction, whose molecular weight estimation is 54.3 KDa

(See Supplementary Data)!.

! Supplementary data will not be presented in this thesis since they display nucleotide and amino acid sequences
that will be part of another publication that must be submitted before this one, whose first authorship will be given
to the co-author Rob de Haas.
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SpyCatcher003 NucleoX11 was successfully obtained by IMAC protein purification,

achieving a product of approximately 50 KDa, what is consistent with our in-silico predictions

(Fig. 2).
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Figure 2 — SDS Page performed with SpyCatcher003 NucleoX11 protein purification product. A strong band
with not much more than 50 KDa can be visualized (white arrow). 1) E. coli extract after IPTG induction; 2)
Protein lysate; 3) E. coli supernatant; 4) IMAC column flow-through; 5) IMAC column elution; 6) Protein Marker.

It is important to note that the successfully insertion of the SpyCatcher003 peptide on
NucleoX11 sequence did not impact the functionality of the protein. Data from EMSA essays
shows that 250 bp DNA fragments had their mobility reduced when incubated with the
SpyCatcher003 NucleoX11 protein, what suggest the formation of DNA-Protein particles (Fig
3A). In fact, these particles could be visualized by AFM and, as expected, they display a rod
shape with approximately 80 nm of length, what is consistent with the 250 bp DNA fragments
size (Fig 3B). Thus, we developed a stable and versatile nanoplatform that can display on its

surface a variety of epitopes as long as these are conjugated to a SpyTag003 peptide.
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Figure 3 — Stability Assays with undecorated nanoparticles. A) EMSA performed with particles of 250 bp dsDNA
+ SpyCatcher NucleoX11 protein in different PC Ratios: 1) DNA Ruler; 2) PC ratio = 0 (DNA only); 3) PC ratio
= 0.25; 4) PC ratio = 0.5; 5) PC ratio = 1; 6) PC ratio = 1.5; 7) PC ratio = 3. B) Visualization of particles at PC
Ratio =3 by AFM.

3.2. Characterization of SpyTag decorating variants

Two SpyTag003 variants were also developed: one conjugated with the sfGFP protein
and another conjugated with the sfGFP protein and specific aminoacidic fragments from

Ovalbumin protein, here called OVA (See Supplementary Data).

Both SpyTag003 sfGFP and SpyTag003 sfGFP_OVA were successfully obtained by
IMAC protein purification, achieving products consistent with the in-silico predictions, with

30.4 KDa and 41.4 KDa, respectively (Fig. 4).

30 KDa
d = 25 KDa

2 - i i 25 KD=
Figure 4 — SDS Page. A) Performed with SpyTag003 sfGFP protein purification product. A strong band with
around 30 KDa can be visualized (white arrow). B) Performed with SpyTag003 sfGFP_OV A protein purification
product. A strong band with around 40 KDa can be visualized (white arrow). In both figures, numbers represent:
1) E. coli extract after IPTG induction; 2) Protein lysate; 3) E. coli supernatant; 4) IMAC column flow-through;
5) IMAC column elution; 6) Protein Marker.
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To have different Spy Tag products allowed the achieving of two distinct nanoparticles,

each one displaying different compounds but having the same scaffold.

The sfGFP decorating was chosen due its tracking purpose, especially on cell models,
once the fluorescent particles can be visualized and/or detected by fluorescence microscopy,

flow cytometry and plenty of methodology.

On the other side, the sfGFP_OVA decorating was chosen due the intrinsic
immunogenicity of OVA fragment, what contains two small aminoacidic sequences that can
trigger both bind to MHC-1 and MHC-2 complexes, triggering peptide presentation processes
(Johnsen and Elsayed, 1990; Dersh et al., 2019). The maintaining of the sfGFP was chosen to
keep the tracking feature. Therefore, sSfGFP_OVA decorating could be tracked in cell models
and also indicate whether the particles produced with the SpyCather003 NucleoX11 protein

could be used for antigen presentation purposes, as vaccine platforms for example.

3.3. Assembly of Decorated Nanoparticles

Coupling of SpyCatcher003 NucleoX11 and SpyTag003 protein variants was effective
in all TC Ratios tested (Fig. 5). It is possible to see that whereas the Spy Tag concentration
increases, a stronger band appears around 100 KDa, suggesting that that the two proteins are
bounded in a covalent way and, besides this effect does not depend of Spy Tag concentration,

this concentration is determinant to generate proteins more or less coupled.

A B

R b oo e *,.‘ &
Figure 5 — Coupling Assay. SDS Page. A new product with a higher molecular weight is formed when we mix 1
and 2 in different ratios (black arrow) A) SDS Page performed with SpyCatcher003 NucleoX11 conjugated with
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SpyTag003 sfGFP in different TC Ratios: 1) SpyCatcher control; 2) SpyTag control; 3) TC ratio = 0.5; 4) TC
ratio = 0.75; 5) TC ratio = 1; 6) TC ratio = 1.25; 7) TC ratio = 1.5; 8) TC ratio = 2; 9) TC ratio = 2.5; 10) TC ratio
= 3; 11) Protein marker. B) SDS Page performed with SpyCatcher003 NucleoX11 conjugated with
SpyTag003 sfGFP_OVA in different TC Ratios: 1) SpyCatcher control; 2) SpyTag control; 3) TC ratio = 0.5; 4)
TC ratio = 1; 5) TC ratio = 1.5; 6) TC ratio = 2; 7) Protein marker.

Figure 5A shows that from the 1.5 TC ratio the bands around 30 KDa, representing the
SpyTag003_sfGFP proteins, became stronger again. This suggests that the saturating TC ratio
is 1.5 and after this no more coupling is allowed. On this way, for SpyCatcher003 NucleoX11
and SpyTag003 stfGFP OVA proteins the coupling effect was tested with a maximum TC ratio
of 2 (Fig. 5B).

The coupled proteins were incubated with dsDNA to promote the self-assembling of
particles. The SpyCather/SpyTag coupling did not impaired the formation of DNA-protein
particles, that produced rod-shaped particles just like before the SpyTag attaching (Fig 6). On
this way, we demonstrated that the particles produced with the SpyCatcher003 NucleoX11
does not lose their functionality, stability and shape when they are decorated with SpyTag003

variants.

A B

600.0 pm

-800.0 pm

120.0 nm 120.0 nm
Figure 6 — Stability Assays with decorated nanoparticles. AFM images of particles decorated with: A)
SpyTag003_sfGFP. B) SpyTag003 sfGFP_OVA. In both images, PC ratio = 1 and TC ratio = 0.5.

3.4. Cell Uptake in Immune Cells

Once we demonstrated that the nanoparticles did not lose their features when coated
with SpyCatcher003 NucleoX11 and decorated with the SpyTag variants we moved forward

to see whether this construction could enter immune cells.
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It is well described that size, shape and composition of nanoparticles are important
features that determine cell uptake efficiency in eukaryotic cells (Zhang et al., 2015; Means et
al., 2022]. In immune cells specifically, geometry and size are quite important to determine the
success in not only cell uptake but also immune activation, once these cells have to deal with

a range of pathogens, including the ones that can remodel their own shape (Baranov et al.,

2021).

Due to this, beside the decorated DNA nanoparticles we also tested the cell uptake of
decorated poly I:C RNA particles. Poly I:C is a synthetic analog of dsRNA that carries
pathogen-associated molecular patterns (PAMPs) in its sequence (Alexopolou et al., 2001).
For this study, it was used a commercial mix of low molecular weight dsSRNA fragments from
InvivoGen® whose average size is 200 bp to 1000 bp, making possible the production of

particles with multiple sizes.

It was detected green fluorescence signal inside RAW cells after 24 hours of incubation
of these cells with soluble SpyTag003 sfGFP or Nanoparticles decorated with
SpyTag003 sfGFP, what indicates that these constructions can internalize macrophages (Fig.
7A).

The results showed on figure 7A indicate that cell uptake occurs not only in a dose-
dependent manner but also a in size-dependent manner, since green intracellular fluorescence
increases when SpyTag003 sfGFP is attached to particles. This behavior is in accordance with
the literature consensus that cell internalization of many small molecules is enhanced when
they are carried in nanoplatforms (Wong ef al., 2013; Mosquera ef al., 2018; Irvine and Dane,
2020). In fact, calculation models predicts that proteins with 30KDa, like the
SpyTag003_sfGFP, have approximately 4 nm of diameter (Erickson, 2009) whereas our DNA
particles have around 80 nm of length and RNA particles have an average of 600 nm length.

The effect of decorating particles with the SpyTag003 sfGFP_OVA on cell uptake was
also tested. Intracellular fluorescence was measured on DC 2.4 cells, a cloned dendritic cell
line that can recognize and present peptides from ovalbumin protein in both MHC-I and MHC-
IT complexes (Shen ef al., 1997). This type of cells displayed the same pattern of intracellular
green fluorescence enhancement that RAW macrophages (Fig 7B), what indicates that cell
uptake of these nanoparticles can occur in distinct immune cell types and this process is not

impaired when different decoration is attached.
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Figure 7 — Cell Uptake in APC: A) Macrophages. B) Dendritic Cells. Bars represent the average of GFP-MFI
extracted from RAW or DC 2.4 cells by flow cytometry after 24 hours of treatment with SpyTag003 sfGFP or
SpyTag003_sfGFP_OVA in their soluble form or attached to DNA particles or RNA particles. Control group did
not receive any treatment. Error bars represent the standard deviation of three independent experiments. Different
letters above the bars represent statistical difference between groups (p-value < 0.05. ANOVA two-way.
Bonferroni’s test).

3.5. Enhanced expression of CD80 and CD86 on macrophages membranes

The SpyCatcher003 NucleoX11 particles can enter different types of immune cells
even when different molecules are attached to them. It reinforces the idea that these stable and
cell-suitable particles are a versatile construction that can display different antigens in its
surface, what makes it a potential vaccine platform. Due to this we investigated whether these

particles could trigger immune responses on macrophages.

Thus, we checked the expression of the membrane proteins CD80 and CD86 on RAW
macrophages. These proteins are immunogenic markers that have an important role in immune
cells activation in response to antigens, acting as co-stimulatory molecules of the antigen
presentation process on APC (Peach et al., 1995). The upregulation of CD80 and CD86 on

APC is an essential process on lymphocytes activation and consequent initiation of immune
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response cascade, since peptide presentation via MHC without sufficient co-stimulation can

induces an anergic state in T cells (Alegre et al., 2001; Wosen et al., 2018).

It was observed an increase in intracellular signal from anti-CD80 and anti-CD86
antibodies when cells were treated with soluble SpyTag003 sfGFP or nanoparticles decorated
with SpyTag003 sfGFP for 24 hours (Fig. 8).

CD 80

120000+

100000

80000+

60000+

Median Fluorescence Intensity

40000

Control 10 ng/mL 50 pg/mL
_ Dngimt _Svpg/mt Ovalbumin

Soluble SpyTag003_sfGFP
DNA particles + SpyTag003_sfGFP
RNA particles + SpyTag003_sfGFP

CD 86
120000+

NA0N

100000+

80000 2 a @ a

60000

Median Fluorescence Intensity

40000

Control 10 pg/mL 50 pg/mL

Figure 8 — Expression of CD80 and CD86 in Macrophages. Bars represent the average of PB-MFI (CD80) and
PE-MFI (CD86) extracted from RAW cells by flow cytometry after 24 hours of treatment with SpyTag003_sfGFP
in its soluble form or attached to DNA particles or RNA particles. Ovalbumin solution was used as a positive
control of CD80 and CD86 stimulation. Control group did not receive any treatment. Error bars represent the
standard deviation of three independent experiments. Different letters above the bars represent statistical
difference between groups (p-value < 0.05. ANOVA two-way. Bonferroni’s test).

Similar to cell-uptake, macrophage stimulation upon nanoparticles treatment seems to
occur in a dose and composition dependent manner, since SpyTag sfGFP triggers better
immune response when attached to nanoparticles surface and in higher concentrations.
However, beside DNA and RNA particles could equally enter macrophage cells when
displaying 50 pg/mL of SpyTag sfGFP in their surfaces (Fig. 7A), only RNA particles, at the

same concentration, could significantly trigger CD80 and CD86 expression on RAW cells
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surface (Fig. 8). This exclusive response upon RNA particles treatment is probably related to
their own composition, once the poly I:C dsRNA here used as particle scaffold can be
recognized as PAMPs by immune cells (Fortier et al., 2004). Thus, we can affirm that
SpyCatcher NucleoX11 coating of these particles not only allows the attaching of different
antigens via SpyCacther/SpyTag system but also preserves the intrinsic immunogenicity of

their nanoparticles scaffold.

Interestingly, ovalbumin solution, a model protein commonly used to sensitize immune
responses in mice (Han et al., 2014; Zhang et al., 2017), did not induce expression of CD80
and CD86 molecules at the tested concentrations (Fig. 8). Ovalbumin immunogenic effect only
could be observed at 10-fold higher concentrations (data not showed), what indicates that these

nanoparticles could trigger immune responses on macrophages more efficiently.

4. Conclusions

Our results show that the SpyCatcher003 peptide can be inserted on N-terminus of
NucleoX11 protein without changing its natural functionality and stability, allowing the
production of versatile nucleic acid-based nanoparticles that can display a range of peptides
containing an SpyTag003 domain. The displaying of fluorescent peptides on
SpyCatcher0003 NucleoX11 particles showed that the construction can successfully enter
macrophages and dendritic cells and that presentation of these smaller peptides on
nanoparticles surface enhances both cell uptake and CD80 and CD86 simulation processes on
APC. Besides that, the SpyCatcher003 NucleoX11 coating on nanoparticles preserved
intrinsic immunogenicity of nanoparticles scaffold, especially the Poly I:C dsRNA. These data
showed that our construction is stable, cell suitable and could be used as an adjuvant platform
that can virtually display a range of peptides in its surface, suggesting that

SpyCatcher003 NucleoX11 nanoparticles can be a potential vaccine platform.
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4. CHAPTER 3

CHEMOTHERAPEUTIC-DELIVERING PARTICLES DECORATED WITH ANTI-
EGFR NANOBODY REDUCE CELL VIABILITY OF G12V KRAS-POSITIVE
COLORECTAL CANCER CELLS
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Abstract

The overexpression of the epidermal growth factor receptor (EGFR) protein on cells surface is
a pattern regularly observed in colorectal cancer (CRC), what makes EGFR an important target
in CRC treatment. Considering this, we aimed to construct a new drug-delivering platform that
exhibits EGFR-ligands in its surface and to evaluate its cytotoxic effects upon EGFR-positive
and G12V KRAS mutation-bearing CRC cells (SW480). We successfully purified a protein that
contains a domain called 7D12, a previously developed anti-EGFR nanobody. The 7D12-
bearing protein was conjugated to doxorubicin-carrying particles using the Spy Catcher/Spy
Tag technology. It was observed that cell viability of SW480 was reduced in a stronger manner
when treated with particles that exhibits 7D12 in their surface, whether compared to cells
treated with non-decorated particles. This effect, however, was directly related to the size of
particles. The observed reduction on cell viability of CRC cells bearing a mutation related to
bad responsiveness to anti-EGFR treatments suggests that our construction can overcome
resistance and using anti-EGFR nanobodies as targeting motifs can be a great strategy on drug-

delivering of chemotherapeutics in CRC context

Key-words: EGFR targeting; Colorectal cancer; Drug-delivering; Nanobody; Doxorubicin

particles.
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1. Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide and the fourth
most incident neoplasm in Brazil (Morgan et al., 2023; Brazil, 2022). Although global CRC
incidence rates had decreased in the last decade, its incidence in transitioning countries and

among people younger than 50 years had significantly increased (Morgan et al., 2023).

A commonly observed pattern in CRC is the overexpression of the epidermal growth
factor receptor (EGFR). Due to this, EGFR has been pointed as a promising target in CRC
treatment (Mendelsohn & Baselga, 2000; Shigeta ef al., 2013).

EGFR is a transmembrane tyrosine kinase receptor whose activation is mediated by the
binding of specific ligands such as epidermal growth factor (EGF) and transforming growth
factor alpha (TGF-a) (Sabbah et al., 2020). The EGFR-ligand binding promotes EGFR-
dimerization in cell membrane and initiation of phosphorylation-depending cell pathways
involved in cell proliferation, migration and apoptosis (Heldin, 1995; Sabbah et al., 2020). Due
to this, EGFR inhibitors are promising agents for targeted therapy in CRC (Xie et al, 2020).

In fact, EGFR-blocking monoclonal antibodies (mAb) such as cetuximab and
panitumumab are approved agents that can be used as main therapy or as an adjuvant in CRC
treatment (Rocha-Lima et al., 2007; Xie et al., 2020). Unfortunately, these agents present
limited efficacy. Around 25% of CRC patients treated with cetuximab are not responders and
this rate can lead to 50%. This poor response to treatment is usually related to the presence of
mutations in EGFR itself or in important oncogenes such as KRAF and BRAF (De Roock et
al., 2010; Lamtha et al., 2022). Thus, the search for effective EGFR-targeting molecules that

overcomes resistance in mutated CRC cells is still necessary.

One promising alternative is the clinical use of a distinct class of antibodies known as
nanobodies. Nanobodies, also called VHHs, are naturally found in Camelidae, formed by a
single heavy-chain variable domain. Due to this, they present a very reduced size and molecular
weight (Roovers et al., 2007). Despite their reduced size and complexity, VHHs antigen-
binding is as effective as regular antibodies. Furthermore, they can exhibit better stability and

solubility in physiological conditions (Bao ef al., 2021; Muyldermans, 2021).

The importance that EGFR plays in solid tumors makes the developing of anti-EGFR
VHHs a hot topic. In 2005, the use of anti-EGFR in the treatment of xenograft solid tumors

was reported for the first time (Roovers ef al., 2007). Currently, a range of these products are
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being developed as target-therapy alternatives, but all of them are still in a first experimental

phase (Sharifi et al., 2021).

Our search for studies using anti-EGFR VHHs applied exclusively to CRC treatment
has returned interesting studies (see Figure 1 and Table 1). The number of these studies

however is not high, suggesting that this is still an open field that needs to be explored.

Considering that, in this study we aimed to produce nanoparticles that exhibits anti-
EGFR VHHs in their surface as well as to evaluate their use as adjuvants in the treatment of
EGFR-positive CRC cells (SW480) with doxorubicin (DOX). To achieve this, we used the Spy
Catcher/Spy Tag technology (Zakeri et al., 2012) to conjugate the anti-EGFR VHH 7D12
(Gainkam et al., 2008) to the previously developed virus-like self-assembling protein
Spy NucleoX11 (see chapter 2), producing the Spy 7D12 particles. The effect of Spy 7D12
carrying DOX upon SW480 cells was evaluated by in vitro cell assays.
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Figure 1: Search strategy used to find records relating the use of anti-EGFR VHHs applied to CRC
treatment. The search was conducted in Pubmed, Web of Science and Scopus databases by typing the following
term in the query box: “((colorectal cancer OR rectal cancer OR colon cancer OR bowel cancer) AND (EGF
receptor OR anti-EGFR) AND (nanobody OR nanobodies))”. Research articles published after August 1%, 2023
are not included.



Table 1: Anti-EGFR VHHs applied to CRC treatment.

52

REFERENCE CONSTRUCTION THERAPY CRC CELL IN VIVO OBSERVED EFFECT
NAME NATURE LINES STUDIES
de Bruin et al., 2018. 7D12-5GS-6H4. Combined therapy: SW480, Yes. Increase on Vy9Va2-T
bi-specific VHH HT-29 and cells activation, cytotoxic
(anti-EGFR 7D12+  primary CRC granules release and CRC
anti-Vo62 6H4) and cells. cell lysis.
Vy9Vo2-T cells.
Lamtha et al., 2022 R9VH36. Main therapy: anti- SW480 No. Decrease on CRC cell
EGFR VHH only. viability; Changes in
proteomic profile.
Narbona et al., 2023 VueEGFRaS Combined therapy: SW1222 Yes. Decrease on CRC cell
and BsITXaSDI. anti-EGFR 7D12 and viability; Improve on

immunotoxin (o~
sarcin) OR anti-
EGFR 7D12, anti-
GPA33 and a-sarcin.

mice survival rate.
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2. Material and Methods
2.1. Plasmid construction

The expression vector of SpyNucleoX11protein were previously obtained, as described in

Chapter 2 (section 2.1, page 33).

The expression vector of SpyTag sfGFP 7DI12 protein was purchased from Twist
Bioscience. The DNA sequence encoding the protein of interest was inserted into the pET-29b+
vector, between the restriction sites Ndel and Xhol. The DNA sequence that encodes the
SpyTag sfGFP 7D12 protein was designed in the software Snap Gene 5.0.8. Encoding sequences
of SpyTag003 peptide, sftGFP protein and 7D12 anti-EGFR VHH are public and can be consulted
in Keeble et al., 2019, Pédelacq et al., 2006 and Gainkam et al., 2008, respectively.

2.2. Protein expression

SpyNucleoX11 protein was obtained by IMAC protein purification, as described in Chapter
2 (section 2.2, page 33).

SpyTag sfGFP_7D12 protein was also obtained by IMAC protein purification, using a
gravity column loaded with nickel-charged resin. Salt and contaminants were removed by dialysis
using PBS pH 7.4 and a 10 kDa MWCO centrifugal concentrator. Final product was stored at —20°C
diluted in PBS pH 7.4 + 10% glycerol.

2.3. SpyNucleoX11 and SpyTag_sfGFP_7D12 protein coupling

The two proteins were incubate together for 24 hours at room temperature in
SpyNucleoX11/SpyTag_stfGFP_7D12 molar ratios of 1:1, 1:3 and 1:5. These ratios were obtained
by mixing 3 pL of SpyNucleoX11 [29 puM] with 13.5 pL, 40.5 pL or 67.5 pL of
SpyTag_ sfGFP_7D12 [6.45 uM], respectively. Coupling efficiency was checked by denaturing
SDS page.
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2.4. Self-assembly of DOX-loaded nanoparticles

DOX-loaded nanoparticles were assembled by mixing 4 pL of dsDNA fragments [100 ng/
uL] and 34 pL of DOX [440 nM]. The mixture was incubated in a dark tube at room temperature
for 1 h to allow DOX intercalation. Small particles were assembled using 600 bp DNA fragments
and large particles were assembled using 3000 bp DNA fragments. DNA fragments and DOX
Hydrochloride were purchased from Thermo Fisher® and Sigma Aldrich®, respectively.

To generate non-decorated particles, 3 pL of SpyNucleoX11 [29 uM] were added to DNA-
DOX complexes. Then, this mixture was incubated in the dark for 24 hours at room temperature.
To generate particles decorated with anti-EGFR VHHs, 16.5 pL of coupled
SpyNucleoX11/SpyTag sfGFP 7D12 product, in a 1:1 molar ratio, were added to DNA-DOX

complexes. Then, this mixture was incubated as described above.

2.5. Cell culture

CRC cell line SW480 was kindly donated by Professor Gustavo Bressan (Molecular Biology
Laboratory, Federal University of Vicosa, Minas Gerais, Brazil). Cells were cultured in 25 ¢cm?
plastic flasks containing RPMI-1640 medium supplemented with 10% of fetal bovine serum, 0.2%
of D-glucose, 0.1% of antibiotics (penicillin and streptomycin), 0.03% of L-glutamine and 0.025%
of antimycotic (amphotericin B). Cell were incubated at controlled temperature (37°C) and

atmosphere (5% of CO»).

2.6. Cell proliferation assay

SW480 cells were seeded in 96-wells plates (1x10* cells/well) and allowed to attach for 24
hours at the conditions described above. The next day, fresh medium was replaced with media +
EGF (100 pL/well) in different concentrations of EGF (50 nM, 25 nM, 12.5 nM, 6.3 nM, 3.1 nM,
1.6 nM, 0.8 nM, 0.4 nM and 0.2 nM), obtained by serial dilution. After 48 or 72 hours, cell viability
of SW480 under different conditions was assessed by MTT assay (Mosmann, 1983). Media + EGF
was replaced with media supplemented with 10% of MTT [0.5 mg/mL] (50 pL/well) and cells were
incubated at 37°C for 3 hours. Next, supernatant was removed and the formazan crystals formed
during MTT reaction were dissolved with DMSO (50 puL/well). Then, absorbance was measured at

570 nm using a microplate reader (SpectraMax®).
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2.7. Cytotoxicity assay

96-wells plates of SW480 cells were prepared as described above. The next day, fresh
medium was replaced with media + DOX (100 puL/well) in different concentrations of DOX (10
uM, 5 uM and 2.5 uM), with media + SpyTag sfGFP 7D12 (60 nM, 30 nM and 15 nM) or with
media + non-loaded particles (60 nM, 30 nM and 15 nM of SpyTag sfGFP_7D12). After 72 hours,
cell viability of SW480 cells was also assessed by MTT assay, as described above.

2.8. Half-Maximum Inhibitory Concentration (ICso) Calculation

ICso values of the different treatments were determined by non-linear regression of the
logarithmic dose of treatment versus normalized response (% of cell viability). Data was analyzed

in the software GraphPad Prism 5.0.

2.9. Statistical Analysis

Graphs and statistical analysis were also performed in GraphPad Prism 5.0. Experimental
data were extracted from three or four independent experiments. Statistical tests are mentioned in

figures’ caption and p-values < 0.05 were considered statistically significant.

3. Results
3.1. Generation of the peptide SpyTag sfGFP_7D12

Since we wanted to use the anti-EGFR VHHs to decorate the surface of nanoparticles coated
with the Spy NucleoX11 protein, a virus-like protein that contains a SpyCatcher domain in its N-
terminus (see chapter 2), we generated a new construction conjugating the Spy Tag 003 peptide
with the protein sfGFP and the anti-EGFR VHH 7D12, which we called SpyTag stGFP_7D12 .
The Spy Tag domain is located in the N-terminus and the three different portions are linked by small
flexible Gly-Ser linkers (Figure 2). The sfGFP domain was included to generate a fluorescent

construction that can be tracked in cellular assays.
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GS Linker GS Linker His Tag
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e

Figure 2: Schematic diagram representing domain distribution of SpyTag sfGFP_7D12 protein. SpyTag, stGFP
and 7D12 domains are linked by a 6-amino acids Gly-Ser linker. SpyTag domain is positioned at N-terminus and a
nickel-affinity His-Tag at C-terminus.

The SpyTag sfGFP_7D12 sequence has 399 amino acids and an estimated molecular weight
0f'43.95 KDa (Supplementary Information, Table 1). After IMAC protein purification, we obtained
a product of approximately 40 KDa with Spy Catcher-binding activity, confirmed by SDS Page
coupling assay (Figure 3), what suggests that the SpyTag sfGFP_7D12 protein was successfully

obtained.

1+2 1+2 1+2
Mw 1 2 (1: 1 ratio) (1: 3 ratio) (1: 5 ratio)

Figure 3: SDS Page and Coupling Assay. SDS-Page of a 10% polyacrylamide gel performed after IMAC purification
of SpyTag_sfGFP_7D12. MW represents the standard molecular weight marker; 1 and 2 represent SpyNucleoX11 and
SpyTag_sfGFP_7D12, respectively. A new product with a higher molecular weight is formed when we mix 1 and 2 in
different ratios (see black arrow), indicating the proper coupling of SpyNucleoX11 and SpyTag_ sfGFP_7D12.
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3.2. SW480 cell response to EGF

Since SW480 cells is an EGFR-positive cell line (Shigeta et al., 2013; Digre and Lindskog,
2023) and EGF/EGFR binding is related to an increase in cell proliferation (Yarden and Sliwkowski,
2001), we measured cell proliferation of SW480 cells treated with different concentrations of EGF
by MTT assay. As expected, SW480 cells treated with EGF for 72 hours presented increased cell
proliferation rates (Figure 4). The pattern observed, however, suggests that EGF effect upon SW480
cells is not dependent of concentration doses, but of time of treatment, since cell treated with EGF

for 48 hours did not showed increased cell proliferation rates.
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Figure 4: Cell proliferation rate of SW480 cell treated with EGF. Cells were treated for 48 and 72 hours with
different concentrations of EGF. Results are expressed as the mean = SEM of four independent experiments.

3.3. SW480 cell viability

Cell viability of SW480 cells treated with encapsulated DOX (Spy DOX) or encapsulated
DOX conjugated with anti-EGFR nanobody (Spy DOX 7D12) was also evaluated by MTT assay.
Two different sizes of Spy DOX or Spy DOX 7DI12 particles were offered to cells to determine
whether particles size can interfere on treatment efficacy. After 72h of treatment, SW480 showed
significant decrease in cell viability in a dose-dependent manner (Figure 5), but this does not occur
when cells are treated with non-loaded particles or with SpyTag stGFP 7D12 (Figure 6), what
suggests that the delivery platform is cytotoxic only when loaded with DOX.
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Figure 5: SW480 cell viability after treatment with free DOX or DOX-loaded particles. Cells were treated for 72
hours with non-encapsulated DOX (A) and large particles (B) or small particles (C) of Spy DOX or Spy DOX 7D12.
Results are expressed as the mean + SEM of three independent experiments. Asterisks represent a p-value < 0.05,
calculated with a one-way ANOVA and Tukey’s post-hoc test.
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Figure 6: SW480 cell viability after treatment with non-loaded particles. Cells were treated for 72 hours with non-
loaded decorated particles and 7D12 VHH only. Results are expressed as the mean + SEM of three independent
experiments.

Spy DOX 7D12 treatment using large particles offered a two-fold decrease in cell viability
of SW480 cells when compared to Spy DOX treatment (Figure Sb). When we used small particles,
however, no significant differences between the two treatments were observed (Figure 5c).
Nevertheless, Spy DOX_ 7D12 treatment offered superior cytotoxicity to SW480 cells, with an ICso
value of 0.82 uM, the smallest among the observed treatments (Table 2). In fact, delivering DOX
in particles reduced ICso values in all the tested conditions, even when particles did not display

7D12 peptides in their surfaces.

Table 2: IC50 values of DOX delivered to SW480 cells in its free form and in large or small particles of Spy DOX and
Spy_DOX 7D12.

FREE DOX SPY DOX SPY DOX_7D12
NO PARTICLES 4.59 +1.38 uM - -
(R?=0.72)
LARGE - 4.04 +0.46 pM 0.82+0.58 uM
PARTICLES (R?=0.91) (R?=0.87)
SMALL PARTICLES - 1.95+0.72 uM 2.35+0.63 uM

(R?=0.83) (R?=0.81)
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4. Discussion

The use of DNA-based virus-like particles (VLPs) as efficient delivery platforms of DOX
is not unprecedented. Here, however, we propose the improvement of this delivery model by

decorating the surface of DOX-loaded VLPs with the anti-EGFR VHH 7D12.

Some studies have already show that 7D12 is an efficient tumor cell inhibitor, acting itself
as an antagonist or as part of major structures that target EGFR-positive cancer cells (Roovers et
al., 2011; Heukers et al., 2013). Other types of anti-EGFR VHHs were also used to decorate the
surface of liposomes and albumin nanoparticles. Such modifications promoted a better
biodistribution and tumor penetration of these constructions (Kijanka ef al., 2015). Nevertheless,

we have not found studies using VLPs decorated with 7D12 or other anti-EGFR VHHs.

As shown in Figure 5b, cell viability of SW480 is highly reduced when large DOX-loaded
VLPs are decorated with 7D12. This behavior is not completely unexpected, since SW480 is an
EGFR-positive cell. However, SW480 also exhibits the mutation G12V on gene KRAS (Berg et al.,
2017), which is associated with bad responses to anti-EGFR therapies (Alves et al., 2015; Lamtha
et al., 2022). In fact, anti-EGFR mAbD treatments such as cetuximab is only recommended to treat
patients that bear KRAS wild-type EGFR-positive tumor cells (U. S. Food and Drug Administration,
2021). In accordance to this, we showed that empty particles and SpyTag sfGFP_7D12 did not
reduce SW480 cell viability (Figure 6).

In this sense, our results suggests that although 7D12 itself is not able to reduce CRC cell
viability, but the delivery of DOX in anti-EGFR decorated particles improves the cytotoxicity of
the chemotherapy. This is probably related to a better internalization of the decorated particles in
EGFR-positive cells, a behavior already observed by Oliveira ef al., 2010 and Wang et al., 2017.
Cell uptake experiments such as flow cytometry and fluorescence microscopy are needed to confirm
this hypothesis. Moreover, ICso value of free DOX was higher than all forms of encapsulated DOX

(Table 2), demonstrating that delivering DOX in particles can somehow improve its efficacy.

It is also important to highlight that SW480 treated with DOX-loaded particles exhibited
different responses, depending on the size of the particles used. Treatment with large anti-EGFR
decorated particles triggered higher cell death rates than treatment with small particles (Figure 5).
This suggests that decorating DOX particles with 7D12 can be a great strategy to improve
cytotoxicity, but the size of the delivery platform is determinant to achieve the best treatment

efficiency.
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In fact, size is a determinant factor in the successful cell uptake of particles (Leclerc et al.,
2012; Li et al., 2022). Whereas particles larger than 500 nm enter cells by phagocytosis and
micropinocytosis, particles around 100 nm enter cells by receptor-mediated mechanisms, such as

clathrin and caveolae mediated endocytosis (Kettler ez al., 2014).

The large particles used in this work were built using 3000 bp DNA molecules as scaffold,
what gives them a size of approximately 1 um, considering that the standard length of a single base
pair is 0.34 nm (Alberts et al., 2014; Bettotti et al., 2018). Although particles of this size did not fit
in the nanoscale, Trewyin and colleagues report that functionalized rod-shaped particles with sizes
varying between 400 nm and 1 um can properly enter fibroblasts and tumor cells, with a better

uptake rate in the tumoral type (Trewyin et al., 2008).

In our case, better internalization of large particles can be related not only to the cell type
model or to a distinct cell entrance mechanism, but also to an overstimulation of EGFR pathway in
SW480 cells, since large particles can be able to cluster more anti-EGFR VHHs in their surface
than smaller ones. This can be further investigated by endocytosis-blocking assays and by tracking

the intracellular GFP signal derived from these decorated particles.

In conclusion, the new designed protein SpyTag sfGFP_7D12 was used to decorate the
surface of DOX-loaded VLPs. We showed that decorating particles with anti-EGFR VHHs
enhanced the cytotoxicity of DOX-particles upon SW480 cells and this effect is directly dependent
of particles size. These results suggest that our construction can overcome resistance in cancer
treatment, since the EGFR-positive CRC cells used here bear the G12V KRAS mutation, which is
strongly related to non-responsiveness to EGFR-targeting treatments. In addition, the results
suggest that size of delivering platform must be carefully chosen to achieve better cytotoxicity
effects. Investigations related to intracellular DOX release, cell uptake mechanisms and EGFR
pathway activation are suggested to fully understand how CRC cells respond to our proposed model

of DOX-loaded particles decorated with anti-EGFR VHHs.
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SUPPLEMENTARY INFORMATION

Chemotherapeutic-delivering particles decorated with anti-EGFR nanobody reduce cell

viability of G12V KRAS-positive colorectal cancer cells

Amanda P. Gongalves', Rob de Haas?, Leandro Licursi', Maria Braga®, Marcela Hauck?, Patricia

Valente!, Franciele Filardi!, Renko de Vries® & Anésia Santos'

Table S1: Full amino acids sequence of SpyTag sfGFP_7D12 protein. Estimated molecular weight = 43952 Da;
Total number of amino acids = 399.

MGRGVPHIVMVDAYKRYKSGGGSGRKGEELFTGVVPILVELDGDVNGHKFSVRGEGE
GDATNGKLTLKFICTTGKLPVPWPTLVTTLTY GVQCFARYPDHMKQHDFFKSAMPEGY
VQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYI
TADKQKNGIKANFKIRHNVEDGSVQLADHYQOQNTPIGDGPVLLPDNHYLSTQSVLSKD
PNEKRDHMVLLEFVTAAGITHGMDELYKSGGGSGQVKLEESGGGSVQTGGSLRLTCA
ASGRTSRSYGMGWFRQAPGKEREFVSGISWRGDSTGYADSVKGRFTISRDNAKNTVDL
QMNSLKPEDTAIYYCAAAAGSAWYGTLYEYDYWGQGTQVTVSSGSHHHHHH

Color codes: Red: SpyTag003 domain; Green: sfGFP domain; Blue: 7D12 nanobody domain;
Orange: HisTag.
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5. CONCLUSION

In conclusion, in this work three biocompatible self-assembly nanoparticles were developed.

In the first chapter, it was observed that DOX-carrying VLPs were interiorized by murine
melanoma cells by endocytosis, promoting higher cytotoxicity than pure DOX. This enhanced
efficiency on tumor cells treatment is probably related to the autophagy and apoptosis mechanisms
triggered by the VLPs, what suggests that DOX-carrying can bring advantages upon conventional
treatment with DOX.

In the second chapter, it was observed the complete characterization of decorated VLPs.
These constructions could effectively enter two distinct APC cell lines even when different are
displayed in their surface. Besides, these platforms promoted an increase in the expression of
costimulatory molecules on APCs, suggesting that they can proper present antigens to APCs, what
makes them a potential vaccine platform.

In the third chapter, VLPs decorated with the anti-EGFR 7D12 nanobody were developed
and this new construction was used to carry DOX. It was observed that the decoration of DOX-
loaded particles enhances their cytotoxic effect on colorectal cancer cells that have a mutation
related to low responsiveness to chemotherapy, suggesting that this new platform can overcome
resistance.

All constructions presented in this thesis exhibit features that put them as possible tools in
clinical applications, which is in line with nanotechnology sector tendency, which is invest mostly

in the search of new vaccine platforms and alternative technologies applied to cancer treatment.
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