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Abstract
Fontana F., 2019. Biohybrid Cloaked Nanovaccines for
Immunotherapy

Dissertationes Scholae Doctoralis Ad Sanitatem Investigandam Universitatis Helsinkiensis, 47/2019, pp.78
ISBN 987-951-51-5286-2 (Paperback), ISBN 978-951-51-5287-9 (PDF, http://ethesis.helsinki.fi), ISSN 2342-3161

Immunotherapy is revolutionizing cancer treatment achieving durable and
long-term responses in patients. However, only subsets of patients treated
experience a positive outcome, due to immunotherapeutic resistance.
Combinations of immunotherapeutics can overcome the drug resistance; the
administration of a cancer vaccine or an oncolytic virus followed by immune
checkpoint inhibitors is under investigation. Thereby, there is an unmet need
for powerful, yet safe vaccines. Nanoparticles, in particular porous silicon
nanoparticles, present ideal characteristics to formulate nanovaccines, thanks
to their size-specific targeting to the lymphoid organs, to their intrinsic
adjuvant effect, and to the possibility to simultaneously load adjuvants and
antigens. Moreover, biohybrid cell membrane technology has been proposed
as an innovative antigenic source. Thus, the aims of the current thesis were to
develop a biohybrid multistage nanovaccine formulation and to evaluate its
anticancer efficacy in murine tumor models. Firstly, the parameters affecting
the formulation of the biohybrid nanosystems were assessed, along with the
elucidation of the influence of the cell membrane coating on the colloidal
stability in physiological conditions and on the biocompatibility in different
cell types. Secondly, the effect of the cell membrane-wrapping on the cellular
uptake was evaluated in the presence of inhibitors of selective uptake
pathways, to assess the differences between naked and coated nanoparticles.
Then, a multistage nanovaccine was engineered by glass capillary
microfluidics, followed by the cloaking with the cell membrane. The
immunological profile of the nanovaccine was investigated in vitro, assessing
the expression of co-stimulatory signals and the secretion of proinflammatory
cytokines. The efficacy of the biohybrid nanovaccine as a monotherapy and in
combination with an immune checkpoint inhibitor was then evaluated in
melanoma murine models. Finally, the adjuvant core was changed from
synthetic nanoparticles to oncolytic adenoviruses to investigate the
translatability of the technique, the influence of the cell membrane-coating on
the viral infectivity, and the preventive and therapeutic efficacy of the vaccine
in different tumor models. Overall, porous silicon and adenovirus-based
biohybrid nanovaccines were developed, providing new insights on the
structure and efficacy of these systems as therapeutic cancer nanovaccines.
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1 Introduction
Immunotherapy has surged to the honors as a novel concept in cancer

therapy with long-term results in subsets of patients treated with monoclonal
antibodies or with adoptive cell therapy 1,2. However, primary and acquired
resistance undermines the efficacy of these treatments 3. Cancer vaccines and
oncolytic viruses prime antigen-specific immune responses against tumor
associated antigens with potential advantageous combinations with other
immunotherapeutics 4-6.

Nanoparticles (NP) represent ideal candidates for vaccine formulation
as a result of their properties (e.g., size, shape, and surface characteristics) and
of the possibility to simultaneously load and deliver antigens and adjuvants 7,8.
Moreover, nanosystems can present intrinsic adjuvant properties brought
along by the material, the responsiveness to intracellular stimuli, and the
resemblance to viral and bacterial structures 9-12. Porous silicon (PSi)
represents an innovative material for the development of drug delivery
systems, enabling the delivery of poorly soluble drugs 13-18. Moreover, this
material is characterized by a surface-dependent interaction with the cells of
the immune system, from immunoneutral to immunostimulatory 11.

Despite the abovementioned advantages, NPs suffer from problems in
colloidal stability in physiological-relevant media, formation of a protein
corona, and unwanted interactions with cells of the reticuloendothelial system
(RES) 19-21. Recently, biohybrid cloakings have been investigated to improve
the colloidal stability, prolong the circulation time in the bloodstream, and
reduce the interactions with the RES 22-24. Furthermore, biohybrid moieties
derived from cancer cell membranes constitute an innovative source for the
delivery and presentation of antigens 25,26.

This  thesis  work  began  with  a  study  on  the  formulability  of  PSi  NPs
characterized by different surface properties and surface charges with cell
membrane-derived moieties. The biohybrid nanosystems were then evaluated
in terms of improved colloidal stability in human plasma and
cytocompatibility in multiple cells. Then, the contribution of the cell
membrane wrapping to the cellular uptake of hydrophilic, negatively charged
NPs was assessed in the presence of uptake inhibitors, in order to determine
the mechanisms employed by naked and coated NPs to enter the cells. Taking
into consideration the immunostimulatory properties of PSi NPs, a multistage
cancer nanovaccine was prepared by glass capillary microfluidic
nanoprecipitation of an acetalated dextran polymeric layer encapsulating PSi,
followed by the coating with a cancer cell membrane. The immunological
profile of this system was determined in vitro, analysing the expression of co-
stimulatory signals and the secretion of cytokines. The therapeutic efficacy of
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the nanovaccine was then evaluated in murine melanoma models as a
monotherapy and in combination with immune checkpoint inhibitors. Finally,
the composition of the adjuvant core was changed into an oncolytic
adenovirus and the novel nanoplatform, named ExtraCRAd, was assessed for
viral infectivity, the pathway followed by ExtraCRAd or naked virus in cellular
uptake, and preventive and therapeutic efficacy as a monotherapy in vivo in
different lung adenocarcinoma and melanoma models.
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2 Literature overview
2.1 Immunotherapy and Its Actors

The immune system was considered, for a long time, just the body’s
army against foreign pathogens, preventing diseases caused by bacteria,
viruses, and parasites 27-29. However, in recent years, the role of the immune
system has shifted to include other categories of pathologies. Chronic
inflammation and activation of the immune cells of the central nervous system
(microglia, astrocytes, and in part, oligodendrocytes) have been associated
with development of Alzheimer’s disease and other forms of dementia,
Parkinson’s disease, lateral amyotrophic sclerosis and other
neurodegenerative diseases 30-33. Moreover, immune cells and their soluble
mediators play a role in hypertension and cardiovascular diseases, where they
are involved in the tissue repairing and remodeling phases 34-36. A correlation
has been established between alterations in the relationship between
microbiota and immune system and inflammation-caused metabolic chronic
diseases (e.g., obesity and insulin resistance) 37,38. Sometimes, the immune
system itself can cause pathologies, by losing control over the small
autoreactive population of cells normally present in the body, overreacting
against the body itself, and leading to autoimmune diseases 39. Finally, a
complex relationship has been proved between tumors and the immune
system 40.

Immunotherapy is the exploitation of the patient’s immune system to
treat a disease. Active immunotherapy includes treatments aimed to prime an
immune response against antigens (e.g., vaccination and tolerogenic
vaccination), while passive immunotherapy is performed by administration of
antibodies or adoptively transferred T cells 15,41. An immunomodulation can
be achieved also by the administration of cytokines or immunosuppressant
drugs 42. These therapeutic options interface with different actors playing a
role in the immune system. The traditional role of the immune system is
mediated by two arms, the innate and adaptive systems 29. The innate immune
system includes cells presenting germline-encoded receptors not subject to
rearranging: antigen presenting cells, eosinophils, mast cells, neutrophils, and
natural killer (NK) cells, as depicted in Figure 1 43.
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Figure 1. Schematic of the cells and immune mediators belonging to
the innate or adaptive immune response. Adapted and reproduced with
permission from 44; copyright © Elsevier B.V. 2017.

These cells use pattern recognition receptors (PRR) to identify pathogen
associated molecular patterns, highly conserved features in bacteria and
viruses 45,46. The same receptors are also sensitive to danger associated signals
(damage-associated molecular pattern, DAMPs) released from necrotic cells
(e.g., heat-shock proteins, uric acid, and high-mobility group box 1 protein) 47.
The PRR receptors identified so far are Toll-like receptors (TLR), C-type lectin
receptors, nucleotide-binding oligomerization domain (NOD)-like receptors,
inflammasome, retinoic acid inducible gene-I, and absent in melanoma 2
(AIM2)-like receptors 45,46. These receptors are positioned on the extracellular
membrane, in the endosomal compartments, and in the cytoplasm 48-51. The
receptor mediates the activation of innate cells either into effector cells that
eliminate the pathogen, or in the case of antigen presenting cells (APCs), they
mature and prime cells of the adaptive arm 43. The adaptive immune response
is constituted by lymphocytes, T and B cells, whose receptors recognize the
antigens presented by the APCs 52. The traditionally proposed mechanism of
APCs-mediated activation of naïve T cells focuses on 3 signals: (1) antigen
presentation on the major histocompatibility complex (MHC; class I for
cytosolic or cross presented antigens, class II for endosomal and extracellular
ones); (2) presentation of co-stimulatory signals (e.g., cluster of
differentiation CD80); and (3) secretion of proinflammatory cytokines 53.
Naïve T cell can differentiate into CD4 helper T cells, CD8 cytotoxic
lymphocytes, and regulatory T cells based on the position of the antigen and
the state of activation of the APCs 54-57. However, recently the type of PRR
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activation has been shown to influence the downstream differentiation of the
lymphocytes 57. B cells can be activated by the presence of B cell receptor
(BCR)-specific antigens, co-stimulation provided by T-helper cells (CD40),
together with a specific cytokine environment, leading to the production of
specific antibodies isotypes. However, these cells can also be activated T cell-
independently, by a combination of signals provided by TLRs and antigens on
BCRs, leading to the production of immunoglobulin M 52.

These players represent the target for cancer immunotherapy and
nanotechnology in particular, as discussed in the next section.

Cancer immunotherapy is based on the theory that the interaction
between the tumor and immune cells is a three stage immunoediting process,
as shown in Figure 2.

Figure 2. Cancer immunoediting as a three stage process: a cancer
tissue presents danger signals and tumor antigens, which are recognized by a
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variety of immune cells in the elimination phase. This phase can evolve into a
dynamic equilibrium, which is eventually broken, with changes in the tumor
microenvironment promoting the tumor growth. Reproduced with
permission from 58; copyright © 2011, American Association for the
Advancement of Science.

The first phase, elimination, involves cells of the immune system
scavenging the body for mutated cells and killing them. In the second stage,
cancer cells that fortuitously escaped from the first stage start growing and
organizing into a tumor; however, this growth is controlled in a dynamic
equilibrium by the immune system. Finally in the third phase, tumor escape,
due to the array of mutations acquired and the selective clonal antigen
downregulation caused by the immune system, the tumor growth is
uncontrolled 59. Thereby, several therapeutic options aim to restore the
balance between immune cells and tumor (second phase), or in the best cases
to result in eradication of all the cancer cells (first phase).

Monoclonal antibodies interfering with the mechanisms of regulation of
the immune system (immune checkpoint inhibitors, ICI) currently represent
the gold standard in the treatment of hot tumors (cancer tissues characterized
by a high infiltration of immune cells) 2,60. However, the therapeutic efficacy
of ICI is limited in patients with cold tumors 3. Cancer nanovaccines and
oncolytic viral vaccines constitute promising platforms for the priming of a
cancer-specific immune response, to be supported by the following
administration of ICIs, in cold tumors 61-65.

2.2 Nanotechnology for Cancer Immunotherapy

Nanotechnology has played a role in biomedical applications since the
first investigations on liposomes and polymeric nanosystems 66,67.  NPs  owe
their popularity to the advantages they bring when compared to conventional
drug formulations 68,69. In particular, nanosized systems can modify the
dissolution rate of poorly water-soluble compounds, increasing their efficacy
and allowing a reduction in the dose, or rekindle the research into potent small
drug molecules discarded into the discovery process because of their
suboptimal physicochemical properties for their formulation 70,71. Moreover,
the delivery of a therapeutic compound with NPs modifies the
pharmacokinetics of the drug, resulting in different sites of accumulation,
lower or less dangerous side effects (e.g., the delivery of doxorubicin —DOX—
into liposomal platforms reduces dose-dependent cardiotoxicity, but induces
palmar-plantar erythrodysesthesia) 72-74. Nanosized drug delivery systems
constitute versatile platforms for the simultaneous delivery of multiple drugs
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(also with different physicochemical properties), of drugs and RNAs (with
different targets and kinetics for the release), and of drugs and imaging
moieties (theranostic particles allowing the simultaneous treatment and
diagnosis)75-80. In spite of all the abovementioned advantages, targeted NPs
struggle to reach the tissue of interest: e.g., a meta-analysis of the data
reported in literature revealed that, on an average, only 0.7% of the injected
dose of particles reaches the tumor in animal models 81. Moreover, upon
administration, the foreign platforms become cloaked by tissue-specific
proteins, leading to the formation of a protein corona 19,82. The modification
of the particles’ surface is patient-specific and the formation of a protein
corona may have undesired effects on the performance of the NP (e.g., loss of
efficacy of targeting moieties, undesired flagging by the complement,
unspecific uptake by immune cells, immunotoxicity). These factors lead to
differences in the pharmacokinetics and interfere with the particles uptake by
the target cells 20,83-86. Thereby, the engineering of NPs needs further
development, in concert with deeper research into the interactions between
such NPs and the human body 87.

Nevertheless, NPs serve as exquisite tools in immunotherapy, both for
immunostimulation and immunosuppression 7,88,89. Different parameters
influence the interactions between the immune system and NPs, as
summarized in Figure 3 and in Table I.
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Figure 3. NPs parameters influencing the interaction with the immune
system. A careful development of the NPs precisely tailors the effect of the
biomaterial on the immune cells. Reproduced with permission from 90,
copyright © 2019, Elsevier B.V.

The size of a nanoplatform influences its distribution and draining to the
lymph nodes, together with the type of immune response induced, whether it
is an antibody or a cell-mediated one 91-93. The shape exerts an effect mainly
due to the effect on the cellular uptake; particles presenting different aspect-
ratio (AR), from spherical to filaments, are characterized by different uptake
efficiencies 94-96. The surface charge of a NP is responsible for enhanced
interaction with the cell membrane, leading to increased uptake 97. In addition,
a surface presenting different charges will interact with different proteins,
ultimately presenting a different protein corona 98,99. Moreover, other
properties of the NPs impacting the interaction with immune cells are the
surface chemistry (mainly the hydrophobicity of the system) and the elastic
module of the particle. An increase in the hydrophobicity of the surface
increases the immunogenicity of the particle due to the danger signal
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delivered to the dendritic cells (DCs), together with the delivery of
complement fragments that adsorb non-specifically to the particles’ surface
11,86,100-102. As for the elasticity/rigidity, rigid particles are internalized faster by
APCs, resulting in increased activation of the cell 103-105. Finally, the loading of
adjuvants in the particles increases the immunogenicity of the formulation,
while the position of the antigen on the particles influences both the
immunogenicity and type of immune response 106.

Table I. Parameters influencing the immunogenicity of NPs.
Parameter NPs Effect In Vitro In Vivo Ref

Size Polypropylen

sulfide spheres

Size-

dependent

translocation

to lymph

nodes

- Interstitial injection of

fluorescent NPs. 20 nm

NPs faster lymphatic

drainage; 20 and 40 nm

NPs longer residence

time in lymph node

107

Lecithin/glyce

ryl

monostearate

oil-in-water

emulsions

Size

dependent

adjuvant effect

- Subcutaneous injection

of smaller NPs (230 nm)

induced higher antibody

titer and cellular

activation

108

Carboxylated

polystyrene

spheres

Size

dependent

immune

activation

- 40 nm particles induced

higher titer of

antibodies, together with

higher priming of CD4

and CD8 T cells

91

Silica NPs Size

dependent

enhanced

cross

presentation

70 and 100

nm particles

enhanced the

antigen cross

presentation

- 109

Shape Polystyrene

particles

modified to

obtain

different AR

Shape

dependent

uptake by

APCs

Elongated

particles

adhere more

than spheres,

but they are

less uptaken

- 94

Mesoporous

silica rods

with different

AR

Shape

dependent

biodistributio

n

- Spherical particles are

retained in the liver,

while long rods are

sequestrated in the

spleen

110,111
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Table I. Cont.
Parameters NPs Effect In vitro In Vivo Ref

Shape

Polystyrene
particles
modified to
obtain
different AR

Shape dependent
activation of APCs

APCs are
activated by
spherical
particles more
than by
elongated ones

- 112

Spherical or
rod-like
particles

Shape dependent
type of immune
activation

-

Spherical
particles
induced
Th1-
mediated
response,
while rod
particles
promoted
Th2-
mediated
activation

95

Surface Charge

Hyaluronic
acid-modified
chitosan NPs

Charge dependent
composition of the
protein corona

Hyaluronic
acid-modified
NPs bind anti-
inflammatory
proteins and do
not bind
clusterin

- 113

Gold NPs with
different
surface
modifications
and charges

Charge dependent
biodistribution of the
NPs

-

Neutral
charged
particles
interact
the most
with
immune
cells
(Kupffer
cells in
liver, white
and
marginal
pulp in
spleen)

114

Hydrophobicity

Gold NPs with
different
hydrophobicity

Hydrophobicity
dependent
immunostimulation

Higher
hydrophobicity
leads to higher
cytokine  and
immune
stimulation

- 115

PSi NPs with
different
surface
chemistry

Surface chemistry
dependent
immmunostimulation

Increased
presentation of
co-stimulatory
signals and T
cell
proliferation

- 11
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Table I. cont.
Parameters NPs Effect In Vitro In Vivo Ref

Elasticity/Rigidity

PEG-based
nano
hydrogels

Flexibility
dependent
biodistribution

Softer particles
have reduced
uptake by
macrophages

Softer
particles have
prolonged
blood
circulation

116

Rigid
liposomes

Flexibility
dependent
activation of
APCs

-

Intramuscular
injection
resulted in
increased
activation of
APCs and
increased
priming of
naïve T cells

117

Position of the
Antigen

PLGA NPs

Antigen position
on activation of
the immune
system

-

Enhanced
production of
antibodies
and memory
cells for the
formulation
with antigen
encapsulated
and adsorbed

90

APCs, antigen presenting cells; AR, aspect:ratio; DCs, dendritic cells;
NPs, nanoparticles; PEG, polyethylene glycol; PLGA, poly(lactic-co-glycolic
acid); PSi, porous silicon.

The new wave of interest in research about cancer immunotherapy
culminated in the choice of immunotherapy as the breakthrough of the year
in 2013 by Science, resulting into a shift from the development of NPs for the
delivery of chemotherapeutics to nanosystems for immunotherapy 1. Cancer
immunotherapy focuses on three main approaches to modify the immune
balance in the tumor microenvironment (TME) and to restore the functional
tumor-specific T cells: (1) adoptive T cells therapy, with cells primed ex vivo;
(2) modification of the TME, with the use of ICI; and (3) cancer vaccination
for the priming of novel tumor antigen-specific T cells 118.

Materials engineering plays a role in all the three different therapeutic
approaches, as shown in Figure 4. Biomaterials scaffolds can influence the
immune environment in vivo, by slowing down the release of modulators from
the matrix or microparticles (MPs) embedded in the scaffold; engineered
particles are used in the ex vivo manipulation of immune cells, and
nanomaterials serve also as drug delivery systems or vaccines targeted to the
lymphoid organs or to the tumor microenvironment 119-121.



Literature overview

12

Figure 4. Different areas of research for biomaterials in cancer
immunotherapy: as delivery systems to the lymphatic organs or the tumor
microenvironment, for ex vivo engineering of the immune cells (adaptive
therapy), or as scaffolds for the in vivo recruitment, activation, and priming
of cells. Reproduced with permission from 119; copyright © 2017 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

Different types of materials have been explored for the creation of
immunomodulatory niches for the activation and priming of immune cells in
vivo 122,123. In particular, polymers and inorganic mesoporous silica have been
loaded with chemoattractants (e.g., granulocyte-macrophage colony
stimulating factor, GM-CSF), adjuvants and antigens to attract and prime
APCs against the tumor 124-126. Alternatively, the priming of APCs can be
mediated by DNA and siRNA loaded into MPs incorporated into the synthetic
niche 127,128.

Micro/nanoparticles can also function as artificial APCs. For example,
in adoptive T cell therapy, cancer specific T cells are isolated from the patient
before being purified and expanded ex vivo 129. The NPs are decorated with
antigen-specific MHC together with immunostimulatory signals (e.g., CD28),
or with CD3 and loaded with interleukin (IL)-2, to bind with T cells and
stimulate them 130,131. In this application, the shape of the system is
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fundamental. For example, non-spherical particles are more effective in the
proliferation of the lymphocytes 132.

The two main areas of investigation for the role of NPs in cancer
immunotherapy concern the delivery of therapeutics to the tumor
microenvironment and their use as cancer vaccines 118. Traditional nanosized
delivery systems for chemotherapeutics have been repurposed to interfere
with the TME, by acting on the vasculature and the remodeling of the immune
cells 133,134. The TME contains immunsuppressive cells like M2 macrophages
and myeloid-derived suppressor cells (MDSC); such cells can be repolarized
to proinflammatory, anti-tumoral ones or directly depleted, to allow for the
action of anti-tumoral T cells 135. The administration of TLR agonists by NPs
repolarizes the macrophages to M1 136, while different nanoformulations have
been investigated for the delivery of bisphosphonates, RNAi, cytokines and
growth factors to facilitate the repolarization or killing of the M2 population
137-140. Finally, the co-administration of traditional chemotherapeutics induces
immunogenic cell death, with the release of DAMPs and tumor antigens. The
simultaneous loading of chemotherapeutics and immunostimulating
molecules into a single particle allows the exploitation of the antigens released
by the dying cells as vaccines 134,141,142.

Nanovaccines have been developed according to two different
approaches (Figure 5): (1) NPs can serve as a delivery system for antigens
and adjuvants, targeted to the lymph node and to specific types of APCs, and
(2) the biomaterials constituting the NPs can act as adjuvants, delivering the
antigens to APCs 143. Polymeric MPs and NPs have been prepared for the
loading and delivery of model cancer antigens (usually melanoma-associated
model antigens like chicken ovalbumin, OVA, or tyrosinase related protein 2,
TRP-2) and a variety of TLR-agonists and other adjuvants 144,145. The
treatment with these formulations induced antigen-specific immune response,
with  the  priming  of  CD8  T  cells 146-149. Other nanoplatforms like micelles,
liposomes, gold NPs, protein NPs, can efficiently deliver antigens and
adjuvants, and promote an immune response 150-157.
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Figure 5. Strategies for the development of cancer vaccines. a)
nanovaccines for the co-delivery of antigens and adjuvants; b) immunogenic
nanoplatforms for the delivery of antigens; c) immunogenic nanoplatforms
inducing immunogenic cell death of cancer cells; and d) NPs delivery
adjuvants and chemotherapeutic agents to induce immunogenic cell death.
Reproduced with permission from143; copyright © 2018 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Furthermore, nanovaccines may have intrinsic adjuvant properties due
to the biomaterial itself, which induces activation of PRRs (e.g., by polymers
activating TLRs or stimulator of interferon genes, STING) 158-163. The
immunostimulative properties of the NPs have been associated with different
mechanisms, as detailed in Table I. In the case of polymeric NPs, increasing
the molecular weight of polymers increases their immunogenicity 10, while
higher degradation rates are correlated with the activation of APCs 9.
Nanovaccines assembled from or containing pH-responsive polymers enable
the endosomal escape of the loaded antigens, while the rupture of the
endosome delivers an activation signal to the APCs 158,164,165. Alternatively, cues
from nature (specifically viral structures) are recognized by APCs as pathogen-
associated molecular patterns (PAMPs), leading to immunostimulation, and
have been exploited as cancer vaccines.166 Nanovaccine platforms have also
been evaluated in combination with ICI to achieve a “prime and boost” effect
163,167,168. However, NPs developed according to the traditional perspective as
carriers for antigens and adjuvants may result in the induction of an
unbalanced immune response in the clonal selection of cells not presenting
the antigen, resulting in an inefficient antigen presentation 3,15,143. Thereby,
alternative sources of antigens and core adjuvant nanoplatforms are currently
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being developed and are discussed in the following sections, starting from the
development of biohybrid coatings as an innovative source of antigens for the
investigation of novel materials like PSi and for the re-evaluation of oncolytic
viruses as natural vaccine adjuvants.

2.3 Biohybrid Nanosystems–Cell Membrane

Some of the most critical limitations of the abovementioned
nanosystems are limited circulation time and interactions with the cells of the
immune system. To solve these challenges and taking inspiration from nature,
two different approaches have been proposed so far: (1) the bottom-up one
focuses on the functionalization of nanomaterials with biological stealth
molecules (e.g., surface functionalization with CD47 markers that transmit a
“do-not-eat-me” signal to macrophages and other cells of the RES 169,170, hitch-
hiking particles onto cells 171-174); and (2) a top-down approach aiming to
decorate the surface of micro/nano-carriers with moieties derived from the
cell membrane, resulting in the development of biohybrid systems carrying all
the advantages of biological camouflage 21. Alternatively, NPs can be directly
bound to the surface of cells (e.g., by red blood cells, RBCs) to increase their
circulation time in the bloodstream 171,175.

To date, several different sources of membranes have been explored to
coat different types of micro/nano-platforms with different type of
applications, from drug delivery to artificial intracellular bioreactors, as
shown in Figure 6 and listed in Table II 21,176.
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Figure 6. Summary of the different cells used as sources of cell
membranes and examples of the cores coated so far. Modified and
reproduced with permission from 21; copyright © 2018 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

The membrane of RBCs is regarded as an optimal biocamouflage source
due to the prolonged circulation of such cells, with limited interactions and
uptake by the RES 177-180. The prolonged circulation time leads to enhanced
accumulation into tumor or inflamed tissues by passive accumulation due to
enhanced permeability and retention effect 181-186. Moreover, RBCs can be
collected in high amounts from the patient or acquired from blood donors,
with good possibility for a blood type standardized formulation for scale-up
21,171. The attractive feature of prolonged circulation is particularly sought after
in the case of drug delivery systems 21. Moreover, the coating with membrane
moieties is useful also to improve the biocompatibility and circulation time of
imaging and photothermal probes. A further use of RBC membrane-coated
nanoplatform is for immune modulation, both for cancer immunotherapy and
as a vaccine against viral pathogens 187-189. Concerning these applications,
RBCs membranes need a further modification with the introduction of
targeting moieties or antigens by lipid insertion, to allow for a targeting to the
tissue of interest or for the priming of an antigen-specific immune response
190. Finally, RBC-nanosponges have been developed to detect new viral
antigens and remove hemolytic animal and bacterial toxins, small toxic
molecules (e.g., pesticides) or to adsorb excessive chemotherapeutic drugs,
and as a decoy target for anti-RBC antibodies in autoimmune hemolytic
anemia 191-195.

Platelets have recently gained prominence as membrane sources due to
their wide availability, and their natural targeting to the sites of inflammation
(in wounds, cancer, and vasculature) 196,197. The applications of these platforms
range from drug and growth factor delivery for the treatment of infections,
cancer, restenosis, and wound healing, to photothermal cancer therapy and
detoxification of autoantibodies 21,198,199.

The development of platforms coated with the cell membrane of
immune cells exploits the intrinsic targeting of such cells to the sites of
inflammation (e.g., cancer and autoimmune diseases like rheumatoid arthritis)
200-202. Leuko-like vectors represent the first examples of biohybrid PSi
platforms coated with macrophage cell membrane for targeting of inflamed
endothelium 203. Other core particles (mainly polymeric, mesoporous silica,
liposomes, iron oxide, gold nanoshells and upconversion particles) were
evaluated for drug delivery of chemotherapeutics, for photothermal therapy,
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for detoxification from bacterial toxins in sepsis, and for antibody-based
detection of circulating cancer cells 204-209.

The rationale behind the investigation of platforms cloaked with a cell
membrane derived from stem cells is the striking resemblance between stem
cells and cancer cells, in particular for the ability of stems cells to target the
tumors 210,211. Stem cells are also employed towards organ regeneration 212.

Finally, a clever approach to induce immunity against bacterial infection
is to coat the NPs with membrane fragments derived from the outer
membrane of bacteria 213.

Table II. Examples of biohybrid platforms presented according to the source
of cell membrane.

Type of
Membrane

Type of Core Particle Application Drug /
Imaging Agent

Ref

RBC

Gold NPs and nanocages
Iron oxide NPs
Upconversion NPs
Bismuth NPs
Melanin NPs
Perfluorocarbon-loaded
HSA NPs/PLGA NPs

Prolonged
circulation,
photothermal
therapy,
photoacoustic
therapy,
photodynamic
therapy, ROS
generation, MRI
contrast agents

/
23,181,182,184,214-

219

PLGA NPs
Prolonged
circulation

Targeting
peptides inserted
in cell
membrane
DOX

22,190,220

PLA NPs
PLGA NPs

Delivery of
chemotherapeutic
and prolonged
circulation

DOX 24,183

PLGA NPs

Targeted delivery of
chemotherapeutic,
prolonged
circulation

PTX 221

PLGA NPs
PEG nanohydrogels
Gold nanowire motors

Nanosponge for
toxins,
autoantibodies,
small molecules
purification

/
191,192,194,222-

226

PLGA NPs

Bacterial antigens
inserted in the
membrane
vaccination

/ 188,226

PLGA NPs
Tumor antigens
cancer vaccine

/ 189

Iron oxide-loaded PLGA
NPs

Detection of viral
pathogens

/ 195,227
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Table II. Cont.
Type of
Membrane

Type of Core Particle Application
Drug /
Imaging
Agent

Ref

RBC

Chitosan magnetically
guided NPs

Prolonged circulation
DOX/PTX/Iron
Oxide

228

PCL core coated with
thermosensitive polymer
and cell membrane
functionalized with dye

Prolonged circulation, on-
demand release

PTX 229

Silica core coated with a
layer of titanium oxide

Prolonged circulation, on
demand release

DTX 230

Poly(L- -
glutamylcarbocistein) NPs
Chitosan-based nanogels

Prolonged circulation, pH-
dependent release

PTX
PTX/IL-2

231,23

2

Gelatin NPs
nanogels

Prolonged circulation,
detoxification

Vancomycin
233,23

4

Intrabody NPs
Prolonged circulation,
intracellular delivery

Intrabodies
(anti-human
telomerase
reverse
transcriptase)

235

Ace-DEX NPs
Glucose-sensitive delivery
of insulin, prolonged
circulation

Insulin, glucose
oxidase,
catalase

236

Cholesterol-
reinforced
RBC

Remote loading, prolonged
circulation, pH-dependent
release

DOX 237

Platelets

PLGA NPs

Binding to inflamed
tissues, binding to infected
tissues

DOX/vancomyc
in

238

Decoys for autoantibodies / 239

Nanogels Enhanced tumor targeting DOX/TRAIL 238

Silica NPs
Targeting to circulating
tumor cells

TRAIL 240

Polymeric NPs
Sequential targeting to
bone and myeloma

Bortezomib,
tPA

241

WBC PSi MPs

Avoiding immune
clearance, prolonged
circulation, transport
through inflamed
endothelium, enhanced
accumulation in tumor

DOX 203

Iron oxide magnetic
nanoclusters

Binding to circulating
cancer cell, enrichment of
circulating cancer cells

/ 208

Monocytes/
Macrophage
s/Neutrophi
les

PLGA NPs, mesoporous
silica NPs, liposomes

Enhanced stability in
serum, increased uptake in
tumor cells, prolonged
circulation, augmented
accumulation in tumor,
targeting and treatment of
metastases

DOX,
emtansine,
carfilzomib

204,20

5,242,

243
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Table II. Cont.
Type of
Membrane

Type of Core Particle Application
Drug /
Imaging
Agent

Ref

Macrophages Gold NPs, upconversion
NPs

Prolonged circulation,
enhanced uptake,
increased photothermal
activity

/ 206,244

PLGA NPs
Detoxification from
endotoxins

/ 207

Neutrophils PLGA NPs
Targeting to the inflamed
joints, reduction of the
inflammation

/ 245

Bacteria-
activated
Macrophages

Gold/silver nanocages

Prolonged circulation,
retention at the site of
infection, irradiation-
dependent antibacteric
effect

/ 246

T Cells PLGA NPs

Avoiding immune
clearance, improved
efficacy together with low
dose irradiation

PTX 247

Stem Cells

Gelatin nanogels
Enhanced in vitro efficacy,
higher accumulation in the
tumor

DOX 248

PLGA MPs and NPs

Stem-cell mimicking,
preservation of cardiac
functions, similar effect to
cardiac stem cells,
retention in site of
ischemia

Cardiac stem
cells medium
(with GF),
VEGF

212,249

Iron oxide NPs,
upconversion NPs

Enhanced stability in
physiological fluids,
magnetic hyperthermia
applications,
photodynamic therapy

/ 250,251

Endothelial
Cells

Various NPs

Cell-mediated
encapsulation in the
membrane, MRI, magnetic
hyperthermia

/ 252

 Cells Electrospun nanofibers
Proliferation of  cells
cultured over the scaffold,
maturation of the cells

/ 253

Hybrid
Membranes

RBC+Platelets, PLGA NPs
Prolonged circulation,
detoxification, targeting to
atherosclerotic plaque

/ 254

Platelets+WBC, magnetic
beads

Isolation and enrichment
of circulating tumor cells

/ 255

Leutosomes
(WBC+cancer cell),
liposomal NPs

Prolonged circulation,
enhancement of dose
delivered to tumor

PTX 256

Mesenchymal stem
cell+RBC, PLGA NPs

Cell proliferation in vitro,
targeting to liver,
attenuation of acute liver
toxicity

/ 257
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Table II. Cont.

Type of
Membrane

Type of Core
Particle

Application Drug/Imaging
agent

Ref

Bacterial
Outer Vesicles

Gold NPs

Enhanced
stability in
physiological
buffer, increased
priming of APCs

/ 213

Ace-DEX, acetal-functionalized dextran; APCs, antigen presenting cells; DOX,
doxorubicin; DTX, docetaxel; GF, growth factor; HAS, human serum albumin;
IL-2, interleukin 2; MPs, microparticles; MRI, magnetic resonance imaging;
NPs, nanoparticles; PEG, polyethylene glycol; PLGA, poly(lactic-co-glycolic
acid); PTX, paclitaxel; RBC, red blood cell; tPA, tissue plasminogen activator;
TRAIL, TNF-related apoptosis-inducing ligand; VEGF, vascular endothelial
GF; WBC, white blood cell.

2.3.1 Cancer Cell Membrane Coated Platforms

In the treatment of cancer, and particularly in the case of metastatic
stage, it is of paramount importance to be able to deliver the therapeutic agent
at the site of action. Coating nanosized drug delivery systems or theranostics
with membranes derived from cancer cells increases the targeting efficiency
of the system due to a homotypic effect demonstrated in several experiments
with different source cells 26,258-262. Thereby, the coating with cancer cell
membrane conjugates leads to enhanced stability of the nanosystems in
biological environment and to targeting and preferred uptake in the target
tissue 263-267. Moreover, the membranes of cancer cells are rich in tumor
antigens or neoantigens, allowing for more effective cancer vaccines 26,167,268,269.
Such vaccines will prime the immune system towards a wider range of
antigens compared to traditional NPs carrying only a limited amount of
known antigens 25,270. This will prevent the mechanisms of immune evasion
adapted by the cancer cells by downregulating the antigen presentation on the
MHC 271,272.

In the first proof of concept, Fang et al. demonstrated the maturation of
APCs after incubation with polymeric NPs loaded with an adjuvant and coated
with a cell membrane derived from cancer cells 26. The APCs activated by this
nanoplatform primed T cells, with the secretion of interferon (IFN)-  and in
vitro T cell-mediated killing assay 26. The following in vivo evaluation was
performed on murine melanoma models swapping the core particle from
PLGA to CpG adjuvant NPs 25. The prophylactic vaccination with the NPs
induced a multi-antigen immune response, which effectively prevented the
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tumor growth when the animals were rechallenged 25. Moreover, biohybrid
nanovaccines represent the ideal priming phase in prime and boost immune
therapeutic schemes, with the subsequent administration of ICI to support
and potentiate the immune response elicited by the vaccine 273-276. Kroll et al.
evaluated the therapeutic efficacy of this combination therapy in a poorly
immunogenic melanoma model, increasing the number of animals with
prolonged survival when compared to the monotherapy with ICI 25.

In conclusion, the use of cell membranes derived from cancer cells
represents an innovative and attractive technique to deliver multiple antigens,
while improving the total stability of the system.

2.4 Porous Silicon (PSi)

During the last decades, innovative materials have been explored as
potential NPs for drug delivery, including PSi. This material was initially
reported by the Uhlirs 277, but the first to theorize possible biomedical
applications of the porous substrate, given its biocompatibility and
biodegradability, was Professor Leigh Canham in 1995 278.  Usually,  PSi  is
produced by anodization of a silicon wafer in an ethanolic fluoridic acid
solution, followed by micronization, milling, or high-pressure
homogenization to MPs or NPs 279-283. Alternatively, microfabrication
techniques can produce PSi MPs with discoidal shape or microneedles 284-286,
or bottom-up processes can lead to the production of microcrystalline PSi NPs
with homogenous size distribution between 3 and 20 nm 287. PSi was firstly
investigated due to its photoluminescent properties, which render it a suitable
platform for biosensors and for theranostics 288,289.

Additionally, this material is very versatile for the type of chemistry that
can be introduced on the surface 13. The surface of “as-anodized” particles
(hydrides) is not stable to oxidative processes from the atmospheric O2;
moreover, this reactivity may interfere and degrade payloads and is
fundamental in the formation of reactive oxygen species (ROS), decreasing the
biocompatibility of the material 290-292. Different surface modifications have
been proposed to stabilize the surface, and one of the most commonly
employed is the thermal oxidation of the particles, which occurs from
temperatures higher than 400°C and is complete (full removal of hydrides) for
temperatures higher than 600°C with the introduction of O2 atoms  on  the
surface and in the Si backbone 293,294. Salonen et al. developed the thermal
carbonization and hydrocarbonization processes, allowing the transformation
of the hydride groups into hydrocarbon and carbons 295-298. After regeneration
of the surface with hydrofluoric acid, silanolic groups form on the external



Literature overview

22

layer for further functionalization with acidic and basic moieties, and then
with coating, imaging, and targeting moieties 299.

Other advantages of PSi NPs for drug delivery applications include
tunable pore size with large pore volume, and high surface area 13, enabling
also a control over the degradation speed to orthosilicic acid in biological
conditions 300-303. Amongst the factors controlling the degradation rate,
surface functionalization has a prominent role and a common surface
functionalization to enhance the circulation time, PEGylation has shown a
dramatic increase in the degradation time of PSi particles with the extension
of the PEG chain 304. Moreover, the degradation of PSi particles is dependent
on the concentration of ROS, where the particles in tissues presenting higher
ROS levels (e.g., tumors) exhibited faster degradation compared to particles
in healthy tissues 305.

The high pore volume and surface area allow a high loading degree for
drugs, biologics or second-stage nanovectors 284,306,307. However, one of the
downsides of PSi concerns the control over the release of the payload, where
the conformation of the large pores cannot prevent the leakage of the drug,
inducing premature release 13. This problem spurred the search for possible
solutions from surface modifications to different physical entrapment
techniques 13. Payloads can be entrapped within the pores after loading by
sealing of the pores. The sealing happens after the oxidation process or by
formation of a silicate shell by reaction between the degradation product of
PSi and reagents in solution 308-310. Moreover, polymers can be chemically
conjugated on the surface of the particles, effectively preventing the
premature release of the drug 311. Amongst the physical entrapment methods,
PSi NPs were encapsulated into polymeric or lipidic matrix by conventional
emulsion 312-314, by microfluidics 315-318, by aerosol flow reactor 319,  and  by
biopolymers and thermosensitive polymers adsorbed onto the PSi particles’
surface 320-322.

PSi particles have been developed and evaluated for the diagnosis,
treatment, and theranostics in different pathologies. For example, PSi
composites were investigated as drug delivery systems in cancer, in
cardiovascular diseases, and in the treatment of metabolic disorders (mainly
diabetes) 13,323,324.

PSi vectors have also been extensively investigated in cancer therapy.
For example, NPs have been modified with targeting ligands and encapsulated
into pH-sensitive matrices to produce a punctual drug delivery at the site of
interest 316,325-334. As for bigger particles, discoidal MPs constitute the first
stage in a multistadius vector, and are designed to marginate in the blood
vessels, allowing a more intimate contact with the endothelial cells for an
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easier delivery of the second stage into the cancer tissue 306,335-339. Recently,
PSi was investigated as a platform for the delivery of small molecules to treat
the injury in myocardial infarction 333,340,341. PSi MPs and NPs serve as optimal
carriers for oral delivery of small molecules 307, to improve their dissolution
rate and bioavailability, and of insulin and other therapeutic peptides like
GLP-1 342-344. PSi NPs were also investigated for the delivery of growth factors
analogues to the brain 345.  Finally,  PSi  NPs  have  also  applications  for  the
treatment of acute liver failure 346.

2.4.1 Immunological Profile of PSi

Like other engineered biomaterials, PSi interacts with the immune
system. In particular, the silicon nanostructured surfaces increase the total
level of cytokines secreted by the peripheral blood mononuclear cells (PBMC),
without significant differences when compared to standard polystyrene 347.
However, when PSi is processed into MPs and NPs, it exhibits surface
dependent activation of APCs. The highest levels of immunostimulation are
achieved by particles with hydrophobic surfaces (thermally hydrocarbonized
PSi, THCPSi) or by fast-degrading hydrophilic particles (Figure 7) 11.
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Figure 7. PSi surface-mediated activation of APCs. a) Percentage of
immature monocyte derived dendritic cells (imDC) expressing CD80 after
incubation with the particles; b) percentage of imDC expressing CD86; c)
percentage of imDC expressing CD83; and d) percentage of imDC
presenting human leucocyte antigen DR isotype (HLA-DR). Reproduced
with permission from 11; copyright © 2014 Elsevier B.V.

The high immunogenicity of THCPSi can be explained by the adsorption
of protein fragments and by the activation of DAMP, while for the hydrophilic
particles, the rapid degradation leads to the production of (ortho)silicic acid,
an immunostimulant molecule, and to the precipitation of silica crystals with
the activation of DAMPs 11,348. In the case of PSi MPs, the immunostimulatory
effect is mainly mediated by the activation of IFN-type I genes in a MyD88
and STING independent way. This leads to an increase in the production of
IFN-  and regulated upon activation, normal T cell expressed, and secreted
(RANTES) 349. Moreover, PSi MP-mediated delivery of antigens to APCs
enhances the cross presentation, probably due to an early localization in the
early endosomes, followed by a translocation to the endoplasmic reticulum 349.
PSi MPs surfaces are suitable for further modification with other adjuvants.
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For example, lipopolysaccharide (LPS) and monophosphoryl lipid A (MPL)
were successfully adsorbed on the particles’ surface, and promoted
inflammasome-mediated activation of the APCs, enhancing the secretion of
IL-1 , IL-6 and TNF- 350. The mature APCs activate CD8 T cells with
increased secretion of IFN- . Finally, the treatment with adjuvant-adsorbed
MPs enhanced the efficacy of a combinatory therapy with liposomal
doxorubicin 351.

PSi has also been applied in particle-mediated antibody dependent cell
cytotoxicity (ADCC) and in immunostimulant antibodies 13. The binding of
CD40 monoclonal antibody increased the activation of B cells when compared
to the antibody in solution 352. PSi particles can also be loaded with
chemotherapeutic drugs and targeted via monoclonal antibody to CD326,
promoting ADCC and immunostimulation with the secretion of IL-12 by T
cells 353.

Thereby, given its immunologically attractive properties, PSi constitutes
an attractive choice as the core material in a cancer nanovaccines.

2.5 Oncolytic Viruses (Adenovirus)

The interest toward the use of pathogenic viruses as a treatment for
tumors was sparked already in the 1950’s, by observations of spontaneous
regression of established tumors concomitantly with or after a viral infection
354. These treatments, despite the initial reduction in the tumor, did not
present long term efficacy and were associated with possible severe side effects,
due to the inoculation of pathogenic viruses (e.g., West Nile virus), thus they
were dismissed in favour of the more promising chemotherapy 354. The return
of viruses for therapeutic use started with their molecular biology
modification into transfection vectors for gene therapy 355. Moreover, the
elucidation of the pathways of interferon mediated signalling pointed to the
lack or diminished activity of viral defences in tumoral cells, making oncolytic
viruses (OVs) an ideal agent for cancer therapy 356,357. The first OV, Imlygic (T-
Vec), was approved in 2015 by the Food and Drug Administration and the
European Medicinal Agency for the treatment of melanoma 358,359.

The mechanisms of action of oncolytic viruses are multiple and diverse
6. The traditionally proposed action is based on selective lysis in cells defective
for interferon and apoptosis pathways 360. Lately, a second mode of action for
OVs has been investigated, as shown in Figure 8. OVs in their cell lytic action
serve also as cancer vaccines, inducing the release of tumor associated
antigens and neoantigens together with DAMPs, while acting themselves as
adjuvants 361. The viral nucleic acid present in an infected cancer cell
phagocytized by APCs activates TLR, inducing the maturation of the APCs 362.
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Moreover, studies on viral vectors for gene transfer revealed an immunogenic
role of the capsid with the activation of proinflammatory pathways in different
cell types 355. The immunological action of OVs in the tumor
microenvironment transforms immunologically cold tumors into hot tumors,
with a synergistic effect when combined with immune checkpoint inhibitors
363,364. OVs can also modify and disrupt tumor vasculature by targeting to the
vascular endothelial growth factor (VEGF) 365-367.

Figure 8. Comparison between the mode of action of a) traditional
cancer immunotherapy and b) oncolytic viral therapy in the tumor
microenvironment; c) OVs act also as vaccines, priming distal lymph
nodes and turning the tumor microenvironment less immunosuppressive.
Reproduced with permission from 368; copyright © 2014 Macmillan
Publishers Limited.

The OVs designed so far have been engineered for intratumoral local
administration to maximize the lytic effect. However, given the variability
among solid tumors, the not always easy access to lesions, and the presence of
metastases, intravenous (i.v.) administration of the viruses is currently being
investigated 369,370. One major obstacle is represented by neutralizing the
antibodies and pre-existing immunity to the specific OVs, which cause the
inactivation of the majority of the virus administered i.v.6. Possible solutions
include the use of different serotypes, the coating and cloaking of the virus
with PEG and other polymers, or a vaccination scheme with the priming phase
with OVs and the boost phase mediated by a completely different virus 360,371-

375. The modifications sought in the development of OVs aim to achieve
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enhanced targeting to cancer cells, attenuating the pathogenicity, increase the
antitumor immunity, control and limit the effect of the antiviral immune
response, and improve the bioavailability 360. Moreover, the approval of an OV
in the clinic requires also the establishment of procedures to obtain clinical-
scale and -grade production of the viral vector, suitable purification complying
with the requirements set by regulatory authorities and an online quality
control system 376.
Adenovirus is an attractive candidate for oncolytic viral therapy, because it is
easily produced with high titer into immortalized cell lines with protocols for
the purification, either by centrifugation with cesium chloride gradients or by
chromatographic methods, which are widely available 376. Moreover, its
genome is easy to modify with deletions of early genes, which usually prevent
viral spreading, and the insertion of transgenes with the engineering of
conditionally replicating adenoviruses (CRAd) 360. In particular, two widely
described modifications involve a 24 base pairs deletion in the gene coding for
EA1, allowing the viral replication only in cells defective in the Rb mechanism
(i.e., cancer cells) and the insertion of genes coding for immunostimulatory
factors (e.g., GM-CSF) 354. Human adenoviruses are present in roughly 50
different serotypes, all characterized by linear double stranded DNA, enclosed
within a non-enveloped icosahedric capsid, as shown in Figure 9 377.

Figure 9. Structure of a human adenovirus, showing the fibers,
hexons and pentons. The average size of the core is 90 nm. Reproduced
with permission from 378; copyright © 2010, American Association for the
Advancement of Science.
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There are three types of proteins forming the capsid: (1) hexons, with a
structural role; (2) pentons, for the secondary binding to v 3,5 integrins for
internalization; and (3) fibers for the interaction and recognition with
coxsackie and adenovirus receptor (CAR) 377,379,380. The therapeutic efficacy of
this virus is partially mined by the diffuse pre-existing immunity and by the
need of the CAR receptor on the target cells to promote viral internalization.
In an effort to address these issues, less common or hybrid, chimeric,
serotypes have been developed, together with engineering of the fibers to
modify biodistribution, reactions with the neutralizing antibodies, and
interactions with and internalization into the tumor cells 379,380.

One first generation oncolytic adenovirus is currently approved in China,
in combinatorial treatments with chemotherapeutics in the treatment of head
and neck cancer 381. Other viruses, encoding for the expression of
immunostimulatory cytokines are in clinical trials 354,382. Moreover, CRAd
modified to increase the CpG adjuvant sequences was coated with antigenic
peptides with the formulation of a complete cancer vaccine, PeptiCRAd 383.
The vaccine is easily assembled by simply mixing the oncolytic adenovirus
with peptides modified to increase their positive charge, where by electrostatic
interaction the antigens adsorb on the surface of the capsid, tilting the balance
between the relative viral and anti-tumoral immune response. Recently, a
similar modification was developed also for an enveloped virus like vaccinia,
resulting in a complete vaccine platform delivering tumor-specific antigens 63.

Thereby, adenoviruses can be considered as biological NPs, exhibiting a
complexity still not achievable with synthetic NPs, which provide
immunostimulatory cues to APCs, serving de facto as adjuvant cores for
cancer nanovaccines.

2.6 Glass Capillary Microfluidics and Nanoprecipitation

Microfluidics is the technique involving fluids at the micro/nano-scale
for analytical and synthetic purposes 384-386. However, one of the major
applications of microfluidics resides in the preparation of MPs and NPs 387-390.
This technique presents several advantages when compared to the bulk
preparation methods. For example, given the size of the channels, small
volumes of reagents are needed, which is important in the case of expensive
reagents/drugs, and at the same time, obtaining libraries of particles with
different properties 391,392. Moreover, the high degree of control over the
process parameters leads to the production of homogenous micro/nano-
systems, characterized by high drug loading degree 393. The most important
feature of microfluidics is the possibility to achieve a laminar flow in the
channel, defined by the following parameters, such as the Reynold number (a
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dimensional number indicating the ratio between inertial to viscous forces in
the channel), capillary number (ratio between the viscous forces and the
surface tensions between the liquids), and the flow ratio (indicating the ratio
between the flow rate of the different phases) 391,394. Other advantages of
microfluidics are the short diffusion distance between the molecules in the
fluids, enhancing the mixing efficiency and reducing the mixing time, as well
as the possibility to continuously produce the particles 395. Furthermore, the
yield of production can be as high as 700 g of particles per day, with an easy
scaling-up mediated by the connection in series or parallel of multiple chips
396. Microfluidics platforms are designed and produced by a variety of
materials (e.g., polydimethylsiloxane, glass capillaries, and polycarbonate) 391.

Glass capillary microfluidics provides the possibility to use organic
solvents without compromising the integrity of the chip, and they are quite
robust platforms, durable, with a wide range of channel geometries, as shown
in Figure 10 391,393,396,397.

Figure 10. Configurations achievable in microfluidics platforms for
the preparation of micro- and nano-drug delivery systems. a, b, d ,e, and f
are the geometries available in glass capillary microfluidics. Reprinted with
permission from 396; copyright © 2017, The Royal Society of Chemistry.

MPs are usually obtained through droplet-based microfluidics,
employing geometries shown in Figure 10 (a, d, e, and f). The emulsion
droplets generated present homogenous dimension, high encapsulation
efficiency, and the possibility to co-encapsulate different drugs 391. MPs
produced by single and double emulsion have been investigated in the delivery
of chemotherapeutics for colon cancer and oral delivery of model drugs, and
proteins 315,317,329,398-403.

NPs can be successfully produced by nanoprecipitation from two
miscible solvents in a 3D-hydrodynamic focused geometry 396. The fast mixing
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time inside the fluidics channel is smaller than the nucleation time for the
polymer, thereby both the nucleation and nuclei growth occur in the same
conditions, resulting in NPs with homogenous size 393,404. NPs with different
applications, ranging from delivery of chemotherapeutics in cancer to
receptor-mediated oral delivery of insulin and analogues have been
engineered by microfluidics nanoprecipitation in glass capillaries 316,318,342.
Lately, ultra-high loading degree particles are being investigated to increase
the drug delivery efficiency 405.



Aims of the study

31

3 Aims of the study
The main goal of this thesis was to develop nanovaccines made of a

biohybrid nanosystem containing inorganic nanoparticles or OVs cloaked into
cancer cell membranes for cancer immunotherapy applications.

More specifically, the aims of the present work were:

 To evaluate the influence of PSi nanoparticles’ surface chemistry on
the membrane extrusion process, on the stability in biologically
relevant media, and on the cytocompatibility in different cells.

 To investigate the effect of the cell membrane source and coating, on
the uptake of hydrophilic, negatively-charged particles in different cell
lines.

 To develop a multistage biohybrid system as a nanovaccine for cancer
immunotherapy and evaluating the immunological profile of the
system in vitro.

 To assess the in vivo therapeutic efficacy of the nanoplatform in two
murine melanoma models and assay the potential of a combination
therapy with immune check-point inhibitors.

 To explore the translatability of the cancer cell membranes coating to
OVs both in vitro and in murine tumor models, checking the masking
effect of the cell membrane towards neutralizing antibodies, as well as
the efficiency and immunostimulation of the biohybrid nanovaccine as
preventive and therapeutic treatment.
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4 Experimental
The methods employed in the experiments of the studies described in

this thesis are presented in this section. The details of the methods herein
described can be found in the original publications (I-V). The PSi
nanomaterials employed in some of the works here presented (publications I,
II, III, and IV) were fabricated by the collaborators at the Laboratory of
Industrial Physics, Department of Physics and Astronomy, University of
Turku, Finland. The in vivo work presented in publication IV and the work
presented in publication V have been performed in collaboration with the
ImmunoViroTherapy Lab, Drug Research Program, Division of
Pharmaceutical Biosciences, University of Helsinki, Finland.

4.1 Materials (I-V)

The detailed description of the materials employed in this thesis can be
found from the materials and methods sections of original publications I-V.

4.2 Methods

4.2.1 Cell Membrane Extraction and Membrane Extrusion Technique

The following protocol applies to all the cell lines employed as a source
of cell membrane (I-V). The concentration of a cell suspension was
determined and the cells were then washed 3 times with cold phosphate buffer
saline (PBS; 1X). The pellet of the cells was resuspended in lysing buffer (20
mM of TrisHCl pH 7.5, 10 mM of KCl, 2 mM of MgCl2, all from Sigma Aldrich,
USA; 1 mini tablet of proteases inhibitors/10 mL, Thermo Fisher, USA; Milli-
Q water), and the separation of the cell membranes was performed by
ultracentrifugation, as previously described26. The lysing buffer was then
discarded and replaced with the medium chosen for the extrusion process (see
details in the materials and methods section of the original publications I-V).

The final systems were produced through a membrane extrusion,
adopting an extruder (Avanti Polar Lipids, USA) and polycarbonate
membranes (pore sizes reported in publications I-V, Whatman, UK). The
samples and cell membrane vesicles were suspended into the buffer of choice
and passed through the extruder 21 times, before being collected into a new
Eppendorf for the following studies.
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4.2.2 Nanoparticles Production

4.2.2.1 PSi Nanoparticles
The PSi forming the core of the systems described in this thesis has been

prepared as follows: silicon wafers (p+ -type, 100 and resistivity of 0.01-0.02
 cm) were anodized into aqueous hydrofluoric acid (38%):EtOH (1:1)

solution by applying electrical current (50 mA/cm2)301. The porous layer was
detached by the wafer substrate through a rapid increase in the current to the
region used for electropolishing322. Generally, free-standing films were first
modified, then reduced to nanoparticles by wet milling and the particles were
separated into different size fractions by centrifugation318. The particles were
then washed and stored in 99.5% of EtOH.

In the works presented herein, we employed particles with different
surface modifications for further studies. The list of the type of modification,
abbreviation, chemicals used in the modification, procedure and resulting size
and surface charge of the batches employed is presented in Table III,
alongside with references describing the preparation methods in detail.13

Table III. Surface modification of the PSi NPs employed in publications I-IV.

Surface
Modification

Abb
r Chemical Procedure

Size
[nm
]

Surface
Charge
[mV]

Ref

Thermally
Carbonized

TCP
Si

Acetylene

Performed on THCPSi films.
Additional 10 min of acetylene
flow (1 L/min), followed by
annealing for 10 min, under N2

flow, at 820°C. The films were
then cooled back to RT under
N2 flow.

159,
8

-26,5 406

3-
aminopropylt
riethoxysilane
TCPSi

APT
S-
TCP
Si

3-
aminopropyl
triethoxysila
ne-toluene
solution
(10%)

Performed on TCPSi films.
Immersion in HF, followed by
immersion in APTS-toluene
solution. The medium
employed in the wet milling is
5% APTS-toluene solution

187.
0

+35.1
299,31

8

Undecylenic
acid-modified
thermally
hydrocarboni
zed

UnT
HCP
Si

Acetylene,
followed by
undecylenic
acid

Exposure of the films to a flow
of N2 (1L/min) for the O2 and
moisture removal. Thermal
hydrocarbonization in a flow
1:1 of N2:acetylene for 15 min
at 500°C, followed by cooling
to room temperature under N2

flow. Undecylenic
modification: dipping films
into acid solution for 16 h at
120°C.

140.
5

-21.9
407,40

8

Thermally
Oxidized

TOP
Si

-
Thermal oxidation at 300°C
for 2 h with ambient air

179.
5

-23.7 409

HF, hydrofluoric acid; N2, nitrogen; O2, oxygen; RT, room temperature.
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4.2.2.2 Synthesis of Acetalated Dextran (AcDEX) (III-IV)
The detailed protocol for the synthesis of AcDEX polymer has been

reported in the literature 318. Briefly, dextran (1 g, MW 9 000-11 000 kDa,
Sigma Aldrich, USA) was put into a two-neck round bottom flask, previously
dried, and purged with N2. About 10 mL of dimethyl sulfoxide (DMSO, Sigma
Aldrich, USA) were employed to dissolve dextran. Then, 15.6 mg of
pyridinium-ptoluenesulfate (Sigma Aldrich, USA) and 3.4 mL of 2-
methoxypropene (Sigma Aldrich, USA) were added to the flask. The reaction
was performed for 1 h, before being quenched with trimethylamine (1 mL,
Sigma Aldrich, USA). The obtained polymer was precipitated in water (200
mL)  and  washed  twice  with  0.01%  v/v  trimethylamine  solution  (pH  8.0),
yielding acetalated dextran.

4.2.2.3 Glass Capillary Microfluidics and Nanoprecipitation (III-IV)
Co-flow microfluidics configuration was employed in the

nanoprecipitation fabrication of the NPs presented in the original publications
III and IV. The microchip in publication III was assembled, as previously
described, using borosilicate glass capillaries mounted on a glass slide316. The
inner capillary (580 μm and 1000 μm, internal and external diameter, World
Precision Instruments, USA) was tapered to ca. 20 μm in a pipette puller (P-
97, Sutter Instruments Co, USA) before being carefully sanded to a diameter
of approximately 80 μm. This capillary was inserted and coaxially aligned
within a bigger capillary (internal diameter 1000 μm). The capillaries and the
connections were sealed, where needed, with transparent epoxy resin (5 min
Epoxy, Devcon). The microchip was connected with polyethylene tubes
attached to syringes controlled by automatic injection pumps (PHD 2000,
Harvard Apparatus, USA). The microchip employed in the original
publication IV was modified from the literature and the two capillaries were
assembled within the structure for an easier setup of the system410.

The NPs were prepared by nanoprecipitation in glass capillary
microfluidics device. In detail, a solution of the polymers (10 mg/mL) in 95%
of EtOH was prepared and used to resuspend 1 mg of TOPSi NPs. A layer of
AcDEX was deposited on the surface of TOPSi particles, encapsulating them.
The parameters chosen for the encapsulation were inner solution (particles
and polymer), at a flow rate of 2 mL/h and the outer solution (polyvinyl
alcohol, 1% w/v, Sigma Aldrich, USA), at a flow rate of 40 mL/h. The
preparation procedure of the final system is described in detail in the
experimental section of the original publications III and IV.



Experimental

35

4.2.3 ExtraCRAd (V)

The OVs constituting the core of ExtraCRAd were prepared in the
facilities of the IVT Lab, according to standard protocols described
elsewhere383,411,412. Briefly, the viruses employed in publication V were:
Ad5 24, developed by creating a 24 base-pair deletion ( 24) in the E1A gene
to allow for the replication only in cancer cells with mutated Rb/p16 pathway;
Ad5 24-CpG is an OVs (24 bp deletion) equipped with a CpG-enriched
genome in the E3 gene; Adeno5-luc is an adenovirus carrying a luciferase
transgene.

The viruses were selected by colony formation and propagated in A549
cells or HEK 293 cells before being purified using cesium chloride gradients.
The viral particle concentration was determined by analyzing the optical
density at 260 nm, while the standard infectivity assay (ICC) on A549 were
performed to determine the infectious titer.

All the viruses produced were aliquoted and kept at -80°C in A195 buffer
(10  mM  of  Trizma  Base,  75  mM  of  NaCl,  5%  (w/v)  Sucrose,  0.02%  w/v  of
Tween 80, 1 mM of MgCl2, 100 μM of EDTA, 0.5 % of EtOH 99.5%, and 10
mM of L-hystidine) until further use.

4.2.4 Physicochemical Characterization (I-V)

All the biohybrid systems presented in this thesis have been extensively
characterized.

4.2.4.1 Dynamic and Electrophoretic Light Scattering (DLS and ELS)

DLS and ELS were employed to determine the hydrodynamic diameter
(Z-average), the polydispersity index, and the surface charge of the developed
nanosystems (I-V), using a Zetasizer Nano ZS instrument (Malvern Ltd, UK).
The measurements were performed either in Milli-Q water, 5.4% of glucose,
0.9% of NaCl physiological solution or PBS (1X). Further details on the
dispersing media can be found from the original publications.

4.2.4.2 Stability Studies in Physiologically Relevant Media

The behavior of the nanosystems in biological conditions in the case of
i.v. administration was tested by assessing the stability of the systems in fresh
frozen plasma (FFP; provided by Finnish Red Cross), for up to 2 h. FFP was
filtered with a 0.2 m filter (0.2 m sterile Acrodisc® Syringe Filters with
Supor® Membrane, Pall Corporation, USA) before use. About 300 L of each
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sample were pipetted in 1.5 mL of physiological relevant media and stirred at
200 rpm and 37 °C. Aliquots were taken at different times during the
incubation period and analyzed by DLS and ELS.

4.2.4.3 Transmission Electron Microscopy (TEM, I-IV) and Cryo-TEM (V)

The morphology of the nanosystems (I-IV) was investigated by TEM.
About 5 μL of sample were deposited on carbon-coated copper grids, followed
by overnight drying. The particles were imaged with a Jeol JEM 1400 (Jeol
Ltd, Japan) microscope. ExtraCRAd samples from publication V were imaged
by  cryo-TEM  on  a  JEOL  JEM-3200FSC  microscope.  Briefly,  about  3 L of
fresh samples were applied to carbon-coated copper grids that were
immediately dropped into liquid nitrogen to snap freeze the samples.

4.2.4.4 Scanning Electron Microscopy (SEM, I) with Energy Dispersive X
Rays and High Resolution Scanning Electron Microscope (HR-SEM,
III)

The surface and elemental composition of the biohybrid nanosystems
presented in publication I were analyzed by EDX (Oxford INCA 350, Oxford
Instruments, UK) connected with an SEM (Hitachi S-4800, Hitachi, Japan)
at 30.0 KeV. The samples were applied to carbon-coated copper grids.

In publication III, the surface of the nanosystems was imaged with HR-
SEM. Briefly, 10 L of the samples (1 mg/mL) were deposited on fragments of
wafers of silicon and dried overnight in open air. The samples were then
imaged with a Zeiss Ultra-55 scanning electron microscope (Zeiss, Germany).

4.2.4.5 Light Microscopy (II, III)

An inverted confocal microscope (Leica, TCS SP5 II HCS-A, Leica,
Germany) was employed to image cells seeded in Lab-TekTM 8 chambers slides
to evaluate the intracellular uptake of fluorescently labelled NPs in publication
II. A fluorescent microscope (Leica DM6000, Leica, Germany) was adopted
to image the nanosystems developed in publication III to confirm the
successful conjugation of Trp-2 antigen (FITC-conjugated) onto
TOPSi@SpAcDEX particles and further support the presence of the cell
membrane on the surface of TOPSi@AcDEX@CCM. TOPSi particles were
loaded with tetramethylrhodamine (TRITC, Sigma Aldrich, USA), while the
cell membrane was stained with Cell Mask® Deep Red (Thermo Fisher, USA),
and the nuclei were stained with DAPI.
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4.2.5 In Vitro Evaluation of Biohybrid Systems

4.2.5.1 Continuous Cell Lines and Isolation of Peripheral Blood Monocytes

The following cell lines were utilized in the studies herein presented:
human lung carcinoma (A549, American Type Culture Collection (ATCC)®

CCL-185TM), murine skin melanoma cells (B16F10, ATCC® CRL 6475™),
murine skin melanoma cells transfected with ovalbumin (B16.OVA, kindly
provided by Prof Richard Vile, Mayo Clinic, Rochester, USA), human B cells
with dendritic cell morphology (BDCM, ATCC® CRL2740™), human
endothelial somatic hybrids (EA.hy926, ATCC® CRL 2922™), primary human
derma fibroblasts (kindly provided by Dr. Jackson, Mitochondrial Medicine
group, University of Helsinki, Finland), human embryonic kidney cells (HEK
293, ATCC® CRL-1573™), human liver carcinoma (HepG2, ATCC® HB-
8065™), murine dendritic cells (JAWS II, ATCC® CRL-11904™), human
macrophages (KG-1, ATCC® CCL-246™), human breast adenocarcinoma cells
(MCF-7, ATCC® HTB-22™), epithelial metastatic breast cancer cells (MDA-
MB-231, ATCC® HTB-26™), human metastatic prostate cancer cells (PC-3,
ATCC® CRL-1435™), human ovarian carcinoma cells (SK-OV-3, ATCC® HTB-
77™).  BDCM  and  KG-1  cells  were  kindly  provided  by  the  Institute  for
Molecular Medicine Finland. All the other cells, when not otherwise specified,
were bought from ATCC® (USA).

A549 and SK-OV-3 cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM), low glucose, supplemented with 10% heat inactivated fetal
bovine serum (FBS), 1% of penicillin streptomycin (PEST), 1% of L-glutamine,
1% of non-essential amino acids. HEK 293, MCF-7 and PC-3 cells were
cultured in  10% of  FBS in  DMEM high glucose.  EA-hy926,  fibroblasts,  and
HepG2 were cultured in 10% of FBS in DMEM high glucose supplemented
with 1% of sodium pyruvate. B16F10 and BDCM cells were cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium supplemented with 10% of FBS,
1% of PEST, 1% of L-glutamine, and 1% of NEAA. B16.OVA were cultured in
10% of FBS in RPMI, with the supplement of 10% of geneticin (G418, Thermo
Fisher, USA) to select the OVA positive cells. KG-1 macrophages were cultured
in Iscove’s Modified Dulbecco’s Medium (IMDM), supplemented with 10% of
FBS, 1% of PEST, 1% of L-glutamine, and 1% of NEAA. Finally, JAWS II cells
were cultured in 20% of FBS in -Minimum Essential Medium (MEM)
supplemented with 5 ng/mL of murine GM-CSF.

PBMCs  (III) were isolated from human blood of anonymous blood
donors, received by the Finnish Red Cross. PBMCs were obtained from the
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whole blood after lysing the erythrocytes with ammonium-chloride-potassium
lysing buffer for 5 min, followed by centrifugation and washing with cold PBS.
The cells were then cultured in 10% of FBS in RPMI for further use.

All the cells were maintained in an incubator (16 BB gas, Heraeus
Instruments GmbH, Germany) at 37°C, 5% CO2 and 95% relative humidity.

4.2.5.2 Cytocompatibility (I-IV)

The biocompatibility of the nanosystems presented in publications I-IV
was assessed in several cell lines, both human and murine, by quantifying the
adenosine triphosphate (ATP) activity to minimize the interference given by
PSi to the assay.301 Adherent cells (A549, EA.hy926, fibroblasts, HEK-293,
HepG2, MCF-7, MDA-MB-231, and PC-3) were seeded at a concentration of
10 000 cells per well in 96-well plates and left attaching overnight before
removing the medium and applying the relevant samples. After incubation,
the samples were removed and the wells were washed with (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) Hank’s balanced salt solution
(HEPES-HBSS, pH 7.4). Finally, a 1:1 HEPES-HBSS: Cell Titer Glo (Promega,
USA) solution was added to each well, the plate was shaken for 2 min and
incubated for 15 min before reading the luminescence on a Varioskan Lux
(Thermo Fisher, USA) instrument. As for non-adherent cells (BDCM, KG-1,
JAWS II, and PBMC), cells were seeded at a concentration of 10 000 cells/well
in  50  μL,  followed  by  the  addition  of  50  μL  of  the  appropriate  samples,  at
double concentration. After incubation, 100 μL of Cell Titer Glo® were added
to each well, the plate shaken for 2 min, incubated for 15 min and the
luminescence read with Varioskan Lux.

4.2.5.3 Immunological Analyses (I, III, and IV)

The immunological profile of the developed nanosystems was evaluated
by quantifying the expression of CD80 and CD86 by antigen presenting cells
stimulated with the systems. BDCM, JAWS II, KG-1, and PBMC were seeded
at a concentration of 280 000 cells per well in 12-well plates. Then, the
samples, at double the concentration were added to the corresponding wells
in the 12-well plate wells and the cells incubated for 48 and 72 h. The samples
were removed by centrifugation and the cells were incubated with monoclonal
antibodies against CD80 and 86 (mouse anti-human CD80-phycoerythrin
(PE), mouse anti-human CD86 allophycocyanin, hamster anti-mouse CD80-
allophycocyanin, all from BD (BD Biosciences, USA); rat anti-mouse CD86
peridinin chlorophyll protein (PerCP)-Cy 5.5, Biolegends, USA) in the dark at
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4 °C. The samples were then washed twice with PBS (1X) and analyzed with
the LSR II or Accurí (BD biosciences, USA) flow cytometer (FCM). As for
JAWS II cells, the adherent population was detached from the wells with cold
PBS-EDTA buffer solution.

The secretion of cytokines was evaluated by enzyme-linked
immunosorbent assay (ELISA) assays, as specified in publication III.

4.2.5.4 Uptake Studies (II, V)

The uptake pathway of biohybrid nanosystems was evaluated by
utilizing selective uptake inhibitors. In particular, the assessment conditions
are reported in the materials and methods of the original publication II. The
cells were preincubated either on ice or with the inhibitor of the uptake for 30
min before adding the samples in order to inhibit the specific pathway of cell
uptake. The cell uptake kinetic of naked or membrane-coated fluorescently-
labelled PSi NPs was evaluated over 1 and 3 h time points by FCM and confocal
microscopy.

As for FCM, the cells were seeded in 12-well plates, pretreated with the
inhibitors of the uptake, incubated with the particles, and detached by the
wells by cold PBS-EDTA buffer solution. The cells were then analyzed by FCM,
evaluating the fraction of particles adsorbed and internalized by fluorescence
quenching with trypan blue (0.005%).

Confocal microscopy was utilized for the qualitative imaging of the
particles uptake. The cells were seeded in 8-well chambers (LabTekTM) and
preconditioned with the inhibitors of the cell uptake. Then, the samples were
added to the wells and the cells were incubated for 1 or 3 h before staining and
fixation.

The cell uptake kinetics of ExtraCRAd was compared to a naked virus
over 1, 2, and 3 h by analyzing the luminescence of A549 cells infected with
virus carrying luciferase gene. After the incubation period, the wells were
washed and the cells were incubated in 5% DMEM for 24 h to allow the
expression of the luciferase. Then, the cells were lysed and the luminescence
was read in Varioskan.

4.2.5.5 Infectivity Assay (V)

The infectivity was assessed by MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) using
the CellTiter® 96 Aqueus One Solution Cell Proliferation Assay (Promega,
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USA) on A549 and SK-OV-3 cells, at different viral concentrations. The
infectivity was evaluated after 3 days of incubation.

4.2.5.6 Neutralizing Antibody Assay (V)

This assay was employed to investigate the ability of ExtraCRAd to
shield the virus from neutralizing antibodies. Firstly, ExtraCRAd was assessed
against antibodies derived from the serum of immunized mice, then to rule
out the interference of other proteins, against monoclonal anti-adeno5
antibody. The serum of the immunized mice was incubated at 56 °C for 90 min
to eliminate the complement, and stored at 20°C until further use. Briefly,
A549 cells were seeded at a density of 10 000 cells per well in 50 μL of DMEM
without FBS and left attaching overnight. Then, the serum was diluted from
1:1 to 1:16384 on 1:4n scale with DMEM without FBS. The luc virus was diluted
in 0% DMEM up to  a  concentration of  3.03×109 viral particles per mL and
added to the serum dilutions or to the monoclonal antibody (4×106 viral
particles,vp, for each sample). The samples were then incubated at room
temperature for 30 min on a shaker. Finally, 50 μL of each sample were
pipetted over the cells into each well. The cells were incubated for 1 h at 37 °C
before  adding  150  μL  of  10%  of  DMEM  to  each  well  and  continuing  the
incubation overnight. Next, lysis of the cells and the addition of the substrate
for luciferase (Promega,USA) were performed, and analyses of the
luminescence was conducted with a Varioskan Lux instrument.

4.2.6 In Vivo Assessment of Biohybrid Cancer Vaccines (IV-V)

The nanosystems developed in this thesis were assessed in vivo, in
murine lung adenocarcinoma and melanoma models, as preventive or
therapeutic cancer vaccines.

4.2.6.1 B16.F10, B16.OVA, CMT64.OVA, and LL/2 models

The murine strain chosen for the experiments was C57BL/6J, obtained from
Scanbur (Denmark) at 4–6 weeks of age. The development of subcutaneous
tumor models was achieved by injecting either 1× 105 of B16F10, 2.5× 105 of
B16.OVA, 7× 106 CMT64.OVA,  or  1.5×  105 LL/2  tumor  cells  (when  80%
confluent in T175 flasks) on the right flank of each mouse. Details about the
treatment schedule are given in the figure legends in the original publications
IV and V. During the experiments, the tumor volume was recorded every two
days  by  using  a  digital  caliper.  Maximum  (L)  and  minimum  (l) tumor
diameters were recorded and tumor volumes were calculated according to the
formula: (L×l 2)/2.
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4.2.6.2 Ex-Vivo Immunological Analysis

Tumors and lymphoid organs were collected from the animals after
sacrifice. The tissues were smashed into single cell suspensions through
strains (70 μm mesh). The cells were preserved at 80°C until use. The
samples were pretreated with Fc-blocker for 30 min, before staining for the
immunological profile (T cells, CD8, CD4 and CD3) and dendritic cells (CD11b,
CD11c, CD86, and CD80). All the anti-mouse antibodies employed were from
BD Biosciences (BD). Gallios (Beckman Coulter) or Accuri’ (BD Biosciences,
USA) FCM was used to acquire data and FlowJo (Threestar) software was used
for data analysis.

4.2.7 Ethical Permit (IV-V)

All the experimental protocols presented in publications IV and V were
approved by the Laboratory Animal Center of the University of Helsinki and
by the National Animal Experiment Board of Finland, according to the Act
(497/2013) and the Decree (564/2013) on Animal experimentation approved
by the Finnish Ministry of Agriculture and Forestry and the EU Directive
(2010/63/EU), following the EU’s Guidelines for Accommodation and Care of
Animals.

4.2.8 Statistic Analysis

The results are presented as mean ± standard deviation (SD) or
standard error of the mean (SEM). Graphpad Prism versions 5.0 or 7.0
(Graphpad Software, San Diego, California, USA) were used to analyze the
data. The statistical analyses employed to analyse the data can be found in the
materials and methods sections of the works.
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5 Results and Discussion
Biohybrid NPs represent a recent development in the field of

nanotechnology and their potential is currently assessed in different
applications. In this thesis, cell membrane-wrapped nanosystems were
evaluated in terms of formulability, enhancement of colloidal stability in
physiological fluids, effect on the biocompatibility and on the immunological
profile of multistage nanovaccines. Finally, the innovative antigenic sources
represented by the cell membrane with either a synthetic or a viral adjuvant
cores were evaluated as preventive or therapeutic cancer vaccines in different
tumor models.

5.1 Effect of PSi Surface Chemistry in the Biohybrid System
(I)

The first step in the creation of a successful NP is the material
development 70. To ensure the translatability of a nanosystem to the clinics, it
is of paramount importance to develop NPs presenting homogenous size
distribution with a reproducible manufacturing process 393. In the case of
biohybrid nanovaccines, given the personalized nature of the treatment, the
production process needs to be evaluated and optimized for different types of
core particles and membrane types. Moreover, one characteristic sought for in
the development of NPs is their stability in biological fluids – this is of extreme
importance in i.v. injections. Thereby, the focus of this study was to evaluate
the formulation parameters for the preparation of reproducible biohybrid
nanoplatforms starting from PSi presenting different surface characteristics
and to evaluate the stability of those platforms in biological fluids.

5.1.1 Formulation of the Biohybrid NPs

In this preliminary study, three different PSi NPs, namely APTS-TCPSi,
UnTHCPSi and TCPSi, were coated with a model cell membrane derived from
a human macrophage cell line, KG-1. The PSi particles presented were
different in the surface charge (APTS-TCPSi being positively charged, while
the other two particles are negatively charged 413)  and  in  the
hydrophilicity/hydrophobicity of the surface (UnTHCPSi are hydrophobic
particles, while the other two particles are hydrophilic 11,414). The formulative
parameters assessed were the buffer used for the extrusion (Milli-Q water or
Sucrose, 0.3 M) and the influence of the tip sonication associated to the
membrane extrusion process. The results of the formulative screenings are
presented in Table IV.
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Table IV. Influence of the extrusion buffer and use of tip sonication on the
formulation  of  PSi  characterized  by  different  surface  charge  and  surface
hydrophobicity. The nanosystems obtained with different parameters are ranked
by desired values of size and zeta potential, where ++ represents the best
formulation  and  -  -  the  worst.  Reprinted  with  permission  from  publication I;
copyright © 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

PSi NPs Buffers Tip
Sonication

Size [nm] PDI -potential
[mV]

Rank

APTS-
TCPSi

Sucrose,
0.3 M

Before Aggregated +8.8±1.3 – –

Before and
After

304±100 0.30±0.040 –6.3±1.1 ++

Milli-Q
water

Before 334±20 0.30±0.049 +31.2±0.5 +

Before and
After

Aggregated –5.7±7.1 –

UnTHCPSi Sucrose,
0.3 M

Before 575±200 0.50±0.07 –21.2±0.3 –

Before and
After

303±200 0.150±0.007 –23.7±0.2 ++

Milli-Q
water

Before 649±300 0.24±0.20 –15.1±7.1 +

Before and
after

Aggregated –8.7±0.9 – –

TCPSi Milli-Q
water

No
Sonication

410±180 0.5±0.1 –20.6±6.5 –

After Aggregated –19.8±4.9 – –

Before 246±100 0.180±0.030 –22.1±5.2 ++

Sucrose,
0.3 M

Before 289±100 0.30±0.07 –23.0±5.9 +

The extrusion of positively charged particles, as previously reported for
polymeric NPs 415, resulted in aggregates in both the extrusion buffers due to
the electrostatic interactions between the positive charges on the surface of
the particle and the negatively charged cell membranes. The use of a double
tip sonication (before and after extrusion) partially reduced the size of the
aggregates, which presented still inhomogeneous size (as highlighted by the
high polydispersity index, PDI). As for the negatively charged PSi NPs, the
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effect of the different hydrophobicity of the surface reflected into the need for
two different extrusion buffers (Milli-Q water for TCPSi and 0.3 M of sucrose
for UnTHCPSi) and for extensive tip sonication in the case of the hydrophobic
particles to achieve a stable, homogenous formulation. The successful
encapsulation of TCPSi and UnTHCPSi was confirmed also by TEM, while it
was possible to observe the aggregates formed by APTS-TCPSi partially coated
with the cell membrane (Figure 11).

Figure 11. TEM  images  of a) APTS-TCPSi, b) UnTHCPSi, and c)
TCPSi NPs extruded with cancer cell membrane derived from KG-1
macrophages. Reprinted with permission from publication I; copyright ©
2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Overall, biohybrid platforms constituted of negatively charged PSi NPs
presenting different surface properties were developed by adjusting the
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formulative parameters (extrusion buffer and tip sonication). However, a limit
of this technique resides in the problematic formulation of positively charged
NPs.

5.1.2 Stability in Biological Fluids

The engineering of biohybrid NPs coated with cell membrane moieties
brings along an innovative concept in the quest for stabilization of NPs in
biological fluids. Traditionally, NPs have been modified with PEG to improve
their circulation time, by decreasing the aggregation, opsonization, and
interaction with immune cells 416. However, anti-PEG antibodies have been
detected both in animal models and in humans with adverse effects on the
efficacy of repeated administrations of PEGylated NPs 417. The coating with
cell membranes provides stabilization and masking from the immune cells
(mainly by the presence of CD47, “do not eat me”, signal on the membrane) 21.
In this study, the stability of hydrophobic UnTHCPSi and hydrophilic TCPSi
NPs, as such or after coating with cell membrane, was evaluated to last in
human fresh frozen plasma up to 2 h (Figure 12).

Figure 12. Stability over time of a) UnTHCPSi and UnTHCPSi@KG-
1  or  b) TCPSi and TCPSi@KG-1 measured by size variation in DLS. The
results are presented as mean±s.d. (n=3) and were analyzed by two-way
ANOVA, followed by Bonferroni’s post-test. The levels of statistical
significance were set at *p<0.05, **p<0.01, and ***p<0.001. Reprinted
with permission from publication I; copyright © 2018, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

The coating with the cell membrane partially improved the stability of
the hydrophobic NPs (Figure 12a), maintaining the size of the NPs around
500 nm, while the uncoated particles aggregated to 1 μm. In the case of the
hydrophilic TCPSi NPs (Figure 12b), they displayed a less pronounced
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stabilizing effect of the coating with cell membrane, possibly due to their
slightly higher hydrophilicity.

In conclusion, the functionalization with cell membrane moieties
improved the stability of hydrophobic particles in physiological fluids (human
plasma).

5.2 Cytocompatibility of Biohybrid Nanoplatforms (I)

Modifications of PSi NPs’ surface influence their interactions with the
cells and the mechanisms of their cytotoxicity 413. Thereby, in this set of
experiments, the effect of the surface modification with cell membrane
cytocompatibility was evaluated in a panel of primary and immortalized cell
lines representative of different human organs, by measuring the intracellular
ATP content of the cells after exposure with the NPs (Figure 13).

The cytotoxicity of the NPs was cell-type and particle-surface dependent,
as previously demonstrated 301,407. In particular, a dose-dependent toxicity for
all the NPs was present in HEK-293 and HepG2 cells, while EA.hy926 cells
were sensitive to the hydrophilic TCPSi particles, both coated and uncoated.
As for the primary human dermal fibroblasts, all the nanoplatforms were
cytocompatible in the lower range of concentrations, with both the coated
systems presenting lower compatibility at the highest concentration assessed.
In KG-1 macrophages, hydrophilic TCPSi particles, both coated and uncoated,
did not exert a toxic effect, while UnTHCPSi and UnTHCPSi@KG-1 were toxic
at the highest concentration assessed (500 μg/mL).

An excessive proliferation was noticed, mainly in EA.hy926 cells and
partially in KG-1 and HepG2 cells. This might be the result of a locally different
concentration of cells or particles amongst the wells, as indicated also by the
standard deviation amongst the different replicates. However, an
overproliferation of cells when incubated with cell membrane-coated particles
has been recorded also in immune cells (Publication III, Figure 3).
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Figure 13. Percentage of viable a) KG-1, b) human dermal
fibroblasts, c) endothelial (EA.hy926), d) renal (HEK-293), and e) hepatic
(HepG2) cells after 24 h incubation with the particles. UnTHCPSi,
UnTHCPSi@KG-1, TCPSi, and TCPSi@KG-1 were assessed at different
concentrations (0.5-500 μg/mL). Complete medium and Triton X-100 1%
represented the negative and positive controls, respectively. The data are
presented as mean±s.d. ( 3) and were analyzed by two-way ANOVA,
followed by Bonferroni’s post-test, to establish comparisons and
correlation between naked and membrane-coated particles presenting the
same surface chemistry (TCPSi vs TCPSi@KG-1, UnTHCPSi vs
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UnTHCPSi@KG-1). The levels of significance were set at probabilities
**p<0.01 and ***p<0.001.

5.3 Influence of the Cell Membrane on the Uptake of PSi
NPs (II)

In this set of experiments the effect of the cell membrane coating was
evaluated on the cellular uptake in the presence of uptake inhibitors in
different cells lines to elucidate the mechanisms of action and any cell-
dependent mechanisms 418. In particular, fluorescently-labelled TOPSi NPs
were coated with cell membranes derived from A549, MDA-MB-231, MCF-7,
and PC3MM2 cell lines. The uptake was evaluated by assessing autologous
samples over each cell line quantitatively by FCM and qualitatively by confocal
microscopy.

The variations in the association and uptake of coated and naked NPs in
the presence of different uptake inhibitors are presented in Figure 14.
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Figure 14. Mechanism of cellular uptake of biohybrid NPs: Cells
(A549, A; MCF-7, M; MDA-MB-231, 231; PC3MM2, P) were incubated with
different selective inhibitors of specific uptake mechanisms (i.e., ice,
chlorpromazine, sucrose, indomethacin, nocodazol, genistein, and 3-
methyl- -cyclodextrin) and with fluorescently modified coated and
uncoated particles for 1 and 3 h. The samples were run into FCM to
determine the fraction of particles associated before quenching the
fluorescence with trypan blue and a second running in FCM. The results
are presented as the normalized percentage of positive events recorded in
each sample divided by the percentage of a control incubated only with the
inhibitors of the uptake to allow for a comparison between different cells
and different inhibitors. The data are reported as the mean of 3 samples.
TC, TOPSi@cell membrane; T, TOPSi; A, Associated; U, Uptaken.
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The effect of the coating with the cell membrane on the uptake of
hydrophilic, negatively charged NPs was mostly connected with an increased
association with the cell membranes (TC 3A and 1A). The augmented
interaction increased the fraction of particles uptaken by the cells. As for the
mechanisms, the results suggest that the uptake of both coated and uncoated
NPs was mediated by clathrin-dependent (chlorpromazine and sucrose) and
caveolin-dependent (genistein) mechanisms, and by interactions with integer
and functional cell membranes (3-methyl- -cyclodextrin). Furthermore, the
biohybrid NPs seemed to be less dependent on micropinocytosis (nocodazol)
compared to the TOPSi NPs alone.

In conclusion, this set of experiments suggested cell-specific differences
in the uptake of biohybrid NPs, according mainly to clathrin and caveolin-
dependent mechanisms 419.

5.4 Development and In Vitro Assessment of Biohybrid
Cancer Nanovaccine (III)

Cancer cell membrane-coated NPs have been proposed as innovative
sources of antigens in cancer vaccines, allowing the activation of the immune
system and the priming of a cancer-specific immune response 26. In this study,
the intrinsic immunostimulative properties of TOPSi NPs and of a pH-
responsive polymer (AcDEX) were combined with cancer cell membrane as
the antigenic source 11,420. The multistage nanovaccine platform was
engineered by glass capillary microfluidics, followed by membrane extrusion
to coat the cell membrane layer 318,404. The details concerning the development
of the formulation and its cytocompatibility can be found in publication III.

The immunological profile of the formulation was evaluated in
immortalized human macrophages and B cells with dendritic cell morphology
and in PBMCs. The activation profile of the cells was investigated by FCM,
analyzing the co-stimulatory markers CD80 and 86 (Figure 15a-f). The
nanovaccine core enhanced the presentation of both the activation markers in
all the cell types. The coating with the cell membrane increased the presence
of CD86 in PBMCs, while it decreased the same marker in KG-1. As for CD80,
no statistical difference was found between the naked and membrane-coated
NPs.
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Figure 15. Evaluation of the immunological profile of biohybrid NPs:
Percentage of CD86+ a) KG-1, c) BDCM, e) PBMC and percentage of CD80+

b) KG-1, d) BDCM, e) PBMC cells; g) percentage of IFN-  secreted by PBMC
incubated with the particles at 100 g/mL; h) IL-4 secreted by PBMC
incubated with the particles at 100 μg/mL. The results are presented as
mean±s.d. ( 3). The data were analyzed by one-way ANOVA, followed by
Bonferroni’s post-test. a)-f) and h) all the samples were compared to the
control (cells incubated in medium), g) all the samples were compared to
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TOPSi@AcDEX@CCM. The levels of significance were set at *p<0.05,
**p<0.01, and ***p<0.001. Adapted and reproduced with permission from
publication III; copyright © 2016 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim

Given the importance of pro-inflammatory cytokines in the successful
priming of naïve T cells to CD8+ cells 53, the cytokine profile produced by the
stimulation of PBMCs with the nanovaccine was assessed by ELISA assay. As
shown in Figure 15g and 15h and in publication III,  the  biohybrid  NPs
promoted the secretion of IFN- , while no secretion of IL-2 or IL-4 were
detected. This type of cytokine profile correlates with a Th-1, cell-mediated,
immune response, with the priming of CD8+ T cells and later of antigen-
specific cytotoxic T cells 11,422. Moreover, as reported in publication III, PBMCs
stimulated with the nanovaccine showed enhanced efficacy in an in vitro
killing assay against cancer cells of the same cell line as the one used for the
membranes.

In conclusion, the in vitro assessment of the immunological profile of
the nanovaccine highlighted the priming of an immunostimulatory, cell-
mediated, immune response suited for a therapeutic cancer vaccine.

5.5 In Vivo Therapeutic Efficacy of Biohybrid Nanovaccine
in Melanoma (IV)

In this work, the nanovaccine platform developed in publication III was
assessed in two melanoma models with different immunogenic profiles (one
highly immunogenic, B16.OVA, the other B16F10, low) in two therapeutic
setups, as a monotherapy and combination therapy with ICI. The therapeutic
efficacy of the monotherapy in B16.OVA model can be found in publication IV.

5.5.1 Efficacy as Monotherapy in Low Immunogenic Melanoma

In this set of experiments, the therapeutic efficacy of the biohybrid NPs
was evaluated on the control over the tumor growth and on the changes in the
immunological profile of the tumor microenvironment after two injections. As
shown in Figure 16a, the nanovaccine controls tumor growth in 44% of the
animals, in combination (Figure 16b and 16c) with an increase in the
percentage of mature, activated DCs in the tumor, and (Figure 16d and 16e)
with an augmented percentage of antigen-experienced CD8+ cells  in
comparison with the single components of the vaccine. The high aggressivity
of the tumor results in an immunosuppressive environment 422: monotherapy
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with a nanovaccine formulation can only partially control the tumor growth
163,189.

Figure 16. Biohybrid multistage NPs efficacy in B16.F10 models and
immunological profile in the tumor microenvironment: a) Single tumor
growth curves for each group. A B16.F10 melanoma model was established
in female C57BL6/J mice. The mice were treated twice, at day 6 and 13 post
tumor establishment. The groups included mock (5.4% isotonic glucose
solution), AcDEX (the adjuvant core NPs), CCM (extruded cell
membranes), and NanoCCM (cell membrane-coated TOPSi@AcDEX NPs).
The value set for the discrimination of responders to the treatment was an
absolute tumor volume lower than 300 mm3. b) Percentage of CD11c+ DCs
in the TME. c) Activation profile of DCs in the TME assessed by staining for
CD80 and 86 co-stimulatory signals. d) Percentage of CD8+ T cells in the
TME. e) Percentage of antigen-experienced tumor infiltrating lymphocytes.
The data are presented as mean±SEM. The data were analyzed with
unpaired Student’s t-test or one-way ANOVA. The levels of significance
were set at *p<0.05 and **p<0.01. Reproduced with permission from
publication IV; copyright © 2019 American Chemical Society.

5.5.2 Correlation Between Immunological Profile of the TME and
Efficacy of the Biohybrid NPs

The application of immunotherapy to the treatment of cancers misses a
link correlating how changes in the immunological profile of the TME reflect
the efficacy of a therapy 423. In this analysis, the FCM data of the TME were
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correlated with the efficacy of the treatment (divided into responders and non-
responders), as shown in Figure 17.

Figure 17. The immunological data shown in Figure 16 were
correlated with the efficacy of the treatment. Mice from all the treatment
groups were divided into responders (red) and non-responders (black
points) and the immunological profile of the TME was analyzed for changes
in a) cytotoxic T cells, b) antigen-experienced cytotoxic T cells, c) activated
and mature DCs, and d) DCs. The data were analyzed by unpaired Student’s
t-test and the levels of significance were set at *p<0.05 and **p<0.01. e)
The correlation between immunological changes in the TME and efficacy
was tested with Pearson’s correlation test (p-value is reported in each
graph). One phase exponential non-linear models were used for the data
fitting and to retrieve the R2 of each data set. Reproduced with permission
from publication IV; copyright © 2019 American Chemical Society.

A correlation was established between the small size of the tumors and
the increased presence of total and antigen-experienced T cells in the TME
(Figure 17a and 17b) and of total and activated DCs (Figure 17c and 17d).
Moreover, a fitting was obtained for an exponential model, suggesting the
interplay of multiple co-factors in the efficacy of cancer immunotherapy.

5.5.3 Therapeutic Efficacy of a Combination Therapy with ICI

Therapy with ICI has revolutionized the treatment of cancer, achieving
long term survival in subsets of patients 60. However, primary and acquired
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immune resistance hinders the global efficacy of these therapeutics 3.
Combination therapies including a priming phase mediated by cancer
vaccines, followed by a boost with ICI are currently evaluated in the clinic 4,424.

In these experiments the efficacy of a combination therapy composed of
a biohybrid nanovaccine and ICI (anti-cytotoxic T lymphocyte antigen, CTLA-
4) was evaluated in a highly immunogenic melanoma model, as shown in
Figure 18.

Figure 18. a) Single tumor growth curves for each group. A B16.OVA
melanoma model was established in female C57BL6/J mice. The mice were
treated three times, at day 6, 13, and 15 post tumor establishment. The
groups included mock (5.4% of isotonic glucose solution), aCTLA-4
(intraperitoneal injection of 100 μg of anti-CTLA-4 antibody), and
NanoCCM+aCTLA4 (cell membrane-coated TOPSi@AcDEX NPs
subcutaneously + aCTLA-4 antibody intraperitoneally). The value set for
the discrimination of responders to the treatment was an absolute tumor
volume  lower  than  400  mm3. b) Percentage of CD8+ tumor infiltrating
lymphocytes (TILs) in the TME. c) Percentage of myeloid (CD11b+) cells in
the  TME.  d)  Percentage  of  DCs  (CD11b+ and CD11c+)  in  the  TME.  e)
Percentage of activated and mature DCs, presenting CD86+ (grey), CD80+

(black), or CD86+CD80+ (red) double positive. The data are presented as
mean±SEM. The data were analyzed with unpaired Student’s t-test. The
levels of significance were set at *p<0.05 and **p<0.01. Reproduced with
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permission from publication IV; copyright © 2019 American Chemical
Society.

The combination therapy of biohybrid nanovaccine and ICI improved
the efficacy of the ICI monotherapy, as demonstrated also for oncolytic viruses
64. As presented in Figure 18a, the combination therapy controlled the tumor
growth in 87.5% of the animals, including two complete remissions, compared
to the 37.5% by the ICI monotherapy. The choice to increase the cut-off value
between responders and not responders is motivated by the differences in
immunogenicity and tumor growth rate between the two tumor models.
Furthermore, the combination treatment modified the immunological profile
of the TME, with a significant increase in the percentage of CD8+ TILs and of
DCs (Figure 18bd). The monotherapy with ICI promoted the activation of
DCs comparably to the combo treatment (Figure 18e); however, these
activated cells were not able to prime CD8+ cells.

In conclusion, the biohybrid multistage nanovaccine controlled the
growth of poorly immunogenic melanoma, modifying the immunological
profile of the TME, and increasing the infiltration of both DCs and TILs.
Moreover, combination with ICI significantly improved the efficacy of the ICI
monotherapy.

5.6 ExtraCRAd–Engineering a Biohybrid Oncolytic
Adenovirus (V)

A further step in the development and translatability of biohybrid cancer
nanovaccines concerns the modification of the core for a more adjuvant,
natural NP, oncolytic adenovirus. ExtraCRAd was engineered by a direct
application of the membrane extrusion technique, as shown in Figure 1 in
publication V. The viral NPs were then evaluated in vitro and in vivo for
differences in the oncolytic effect, shielding from neutralizing antibodies, and
for efficacy in two murine melanoma models.

5.6.1 Engineering of Viral NPs

The new system was developed after screening of the optimal extrusion
buffer (Figure 2d, publication V), identifying both Milli-Q water and PBS (1X)
as suitable buffers. The size of the viral NPs increased after extrusion by ca. 10
nm, suggesting the successful coating with the cell membrane. To confirm the
coating, naked adenovirus, cell membrane vesicles and ExtraCRAd were
imaged in Cryo-TEM (Figure 2a, publication V).
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5.6.2 ExtraCRAd Infectivity and Mode of Action

The encapsulation of an adenovirus within the cell membrane changes
the interactions between the cancer cells and the virus. As presented in
Figure 3a and 3b in publication V, ExtraCRAd displayed enhanced
infectivity towards both high and low CAR-expressing cell lines: the
incubation with ExtraCRAd resulted in enhanced oncolytic effect in A549 cells
(90% reduction in cell viability at 10 and 100 multiplicity of infection —MOI—
compared to 10% and 60% reduction achieved when the cells were incubated
with 10 and 100 MOI of naked virus, respectively). In SKOV-3 cells, incubation
with the viral NPs resulted in a 25% reduction in the cell viability, when
compared to the naked virus. Since oncolytic adenoviruses rely on the CAR
receptor to infect the cells, the difference between ExtraCRAd and naked virus
in SKOV-3 cells suggest the presence of alternative uptake mechanisms for
ExtraCRAd 381. This was confirmed by the in vivo efficacy in human lung
xenografts in nude mice (Figure 3c publication V) and by the differences in
the uptake kinetics (Figure 3d publication V), which highlighted a faster
intracellular uptake for ExtraCRAd when compared to the naked virus. The
following experiments with inhibitors of the uptake (ice, sucrose, and
chlorpromazine) suggested the presence of a clathrin-mediated,
chlorpromazine inhibited, mechanism of uptake of ExtraCRAd (Figure S6a-
c in publication V). Furthermore, the encapsulation of the virus within the cell
membrane shields the viral capsid from the neutralizing antibodies,
enhancing the fraction of virus available for infection and priming of the
immune response (Figure 3e and 3f, publication V).

5.6.3 ExtraCRAd Therapeutic Cancer Vaccine in Lung
Adenocarcinoma and Melanoma

In these sets of experiments, the efficacy of ExtraCRAd as a therapeutic
cancer vaccine was evaluated in the treatment of lung adenocarcinoma and
melanoma. In the highly immunogenic B16.OVA model, four intratumoral
injections of ExtraCRAd controlled the tumor growth in all the animals
(Figure 4a, publication V). However, in the less immunogenic and more
aggressive model B16.F10, the therapeutic vaccination with ExtraCRAd
controlled the growth only in 62.5% of the animals treated (Figure 4b,
publication V).  As  for  the  efficacy  in  a  model  of  solid  tumor,  lung
adenocarcinoma LL/2, the therapeutic vaccination of established tumors with
ExtraCRAd wrapped in homologous, tumor-matched, membrane controlled
the tumor growth in all the animals treated (Figures 4c and S7 publication
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V). These results are correlated with changes in the immunological profile of
the TME and the spleen. The vaccination with the viral NPs significantly
enhanced the percentage of antigen-specific APCs and of antigen-specific,
experienced T cells in the tumor (Figures 5 and S8, publication V). Moreover,
these changes were not limited to the TME. The intratumoral injections of
ExtraCRAd induced the priming of a systemic, antigen-specific immune
response against the tumor. Figures S9 and S10 in publication V present the
variations in the immunological profile of the spleens, while Figure S11
shows the immunological landscape in the tumor draining lymph nodes. The
animals vaccinated with the viral NPs showed enhanced percentage of DCs,
including the cross-presenting activated ones. This translated into an increase
in the percentage of CD8+ T cells and, particularly, in antigen specific CD8+ T
cells in a poorly immunogenic tumor model. These results correlate with the
ones obtained by adsorbing tumor-specific peptides on the capsid of
adenovirus 383, suggesting the potential of adenovirus as an adjuvant in cancer
vaccines and the efficacy of cancer cell membrane moieties as antigenic
sources.

5.6.4 ExtraCRAd Preventive Cancer Vaccine in Lung
Adenocarcinoma and Melanoma

ExtraCRAd’s potential in priming an adaptive and memory immune
response after a preventive vaccination scheme was evaluated in an
immunogenic lung adenocarcinoma model, CMT64.OVA and in B16.F10
melanoma model. As presented in Figure 6, publication V, the vaccination
with tumor-matched ExtraCRAd could control the tumor growth, prolonging
the overall survival in both tumor models (more than 50% of animals alive
after 40 days in CMT64.OVA cohort and after 28 days in B16.F10 cohort).
Furthermore, the efficacy of a treatment with tumor-missmatched
membranes was lower in both the tumor models. These results suggest the
presence of functional antigens on the cell membrane and the efficacy of the
viral NP in inducing an immune response in absence of any oncolytic effect 425.

In conclusion, the membrane extrusion technique was successfully
translated and applied to the field of OVs, creating a viral NP, and modifying
its mechanism(s) of entry into cells. Moreover, the coating of the virus with
elements derived from the cell membrane of cancer cells allowed for the
formulation of a powerful cancer vaccine. The treatment of established tumors
in monotherapy completely controlled the tumor growth in a highly
immunogenic melanoma model and with the majority of the animals in the
poorly immunogenic melanoma model. Moreover, this treatment controlled
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the tumor growth also in a model of solid lung adenocarcinoma. The changes
to the immunological profile of the TME were statistically significant and were
mirrored by a systemic cancer-specific immune response. Finally, a pre-
immunization with tumor-matched ExtraCRAd could control the tumor
growth, prolonging the overall survival in animal challenged with aggressive
melanoma or lung adenocarcinoma.
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6 Conclusions
Nanoparticles (NPs) have shown great promise in the treatment of

cancer and as synthetic nanovaccines. However, these systems face issues
concerning stability in physiological media, protein corona composition, and
accumulation in the target tissue. The development of biohybrid NPs can help
solve some of these challenges by employing materials shaped by evolution.
Thereby, in this thesis, the potential of biohybrid coatings of NPs was
evaluated with the aim of developing therapeutic cancer vaccines, especially
adapting the immunological properties of PSi NPs and OVs.

Firstly, the effect of surface charge and surface hydrophobicity was
evaluated in the engineering of biohybrid PSi NPs in terms of size,
homogeneity and surface charge. A positive surface charge prevented the
successful encapsulation of APTS-TCPSi within the cell membrane, while NPs
presenting hydrophobic surfaces required extensive tipsonication before and
after extrusion. Membrane-coated hydrophobic PSi NPs exhibited enhanced
stability in physiological fluids (human plasma) when compared to the naked
particles, while the higher stability of hydrophilic particles cancelled out the
contribution of the cell membrane coating. The coating with cell membrane
enhanced the biocompatibility of PSi NPs in different cells; however, surface-
dependent cytotoxicity was detected in a cell-dependent fashion.

Differences in the cellular uptake between naked and biohybrid NPs
were evaluated in different cell lines, in the presence of uptake inhibitors, to
elucidate the mechanisms of entry of the biohybrid nanosystems. The uptake
was found to be cell-specific and mainly dependent on caveolin and chlatrin
mechanisms.

A multistage biohybrid nanovaccine was developed by glass capillary
microfluidics by exploiting the immunostimulatory properties of TOPSi NPs
and the innovative antigenic source provided from the cancer cell membrane.
The nanovaccine induced the activation and maturation of human APCs in
vitro, as evaluated by the expression of co-stimulatory factors in FCM and
cytokine secretion by ELISA.

These observations led to the in vivo evaluation of the therapeutic
efficacy of the multistage NPs as cancer vaccines for melanoma. Two
subcutaneous vaccinations with the formulation controlled the tumor growth
in 44.5% of the animals, inducing significant changes in the immunological
profiles of the TME. Furthermore, changes in the immunological features of
the TME were correlated with the therapy efficacy. Next, the multistage
nanovaccine improved the monotherapy efficacy with ICI, increasing the
number of animals responding to the treatment, while inducing the priming
of a cancer-specific immune response.
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Finally, the biohybrid coating technique was translated to OVs,
obtaining viral NPs, as confirmed by imaging. The viral encapsulation altered
the uptake mechanisms of the virus, enabling enhanced infectivity also in
virus-resistant cell lines in vitro and in vivo. Moreover, the cell membrane
layer effectively shielded the virus from neutralizing antibodies. Based on
these results, further experiments demonstrated the efficacy of the viral
nanovaccine in melanoma and lung adenocarcinoma. In a highly
immunogenic melanoma model (B16.OVA) and in a solid lung
adenocarcinoma model (LL/2) the intratumoral administration of ExtraCRAd
controlled the tumor growth in all the animals, while in B16.F10 the tumors
were controlled in 66% of the animals. The vaccination with ExtraCRAd
elicited a local and systemic tumor-specific cell-mediated immune response,
as determined by the analysis of the immune contexture in the TME and in
the spleen. Moreover, the pre-immunization with ExtraCRAd wrapped in
tumor-matched membranes controlled the tumor growth and prolonged the
overall survival of tumor challenged mice.

Overall, biohybrid nanosystems and nanovaccines were developed in
this thesis by engineering PSi NPs, multistage vectors, or adenoviruses with
cell membranes derived from tumor cells for improved stability and
biocompatibility, as well as to provide an innovative antigenic source in cancer
vaccines. The publications focused on PSi NPs and oncolytic adenoviruses,
thereby not representing an exhaustive study of the formulation parameters
for biohybrid nanovaccines. The in vivo studies were focused on a highly
immunogenic tumor type (melanoma) and only partially on a solid tumor
model (lung adenocarcinoma). Further studies would extend the
generalizability and translatability of the techniques and formulations, and
would assess preventive and therapeutic efficacy of the two nanovaccine
platforms in poorly immunogenic cancer types (e.g., triple negative breast
cancer cells). A continuation of this work would also analyze the exact
composition of the isolated cell membranes, in order to evaluate which
proteins, glycoproteins, and glycans are still present after the process. Further
studies are also required to evaluate the influence of heterologous cell
membranes on the cellular uptake, together with studies evaluating
differences in the composition of the protein corona between the coated and
uncoated particles.
The exploitation of biological elements (cell membranes and viruses) as
nanosized systems takes advantage of evolution to address some of the current
issues related to NPs in cancer therapy. These systems can provide additional
features that have not been completely recreated on a lab bench, allowing also
for an increased understanding of the properties needed to improve synthetic
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particles. In the meantime, biohybrid nanovaccines can already have an effect
in the clinical treatment of cancer.
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