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I.  Short Summary

Vaccination is still the most promising way to combat infectious diseases. Despite tremendous
progresses in delivery systems with the first approved mRNA vaccines, the application by
intramuscular injection is suboptimal. Representing a natural biological barrier, the skin is equipped
with a plethora of immune cells that can be targeted even by minimally invasive techniques. The
main aim of this work was to evaluate the potential of transiently disrupting the skin barrier by laser
microporation to enable the penetration of mRNA-loaded nanocarriers for skin vaccination.

Lipid-polymer hybrid nanoparticles (LPNs) that profit from high transfection rates of lipids and the
stability of polymers were selected to complex mRNA. The impact of replacing the cationic lipid
DOTMA by the phospholipid DOPE in the lipid layer was investigated concerning hydrodynamic
parameters, stability, uptake, mRNA binding and protection and most important transfection
efficacy. LPN(70/30) made of 70 mol% DOPE and 30 mol% DOTMA showed most stable transfection
rates independent of medium additives and was further modified by pegylation.

Findings were complemented by the optimization of the P.L.E.A.S.E.® microporation parameters in
mouse models and a newly developed ex vivo human skin model. Despite lower exposure compared
to injection, laser-mediated application of 2.5 mol% PEG in LPN(70/30) showed most promising
results with live transfected cells in tissue and stimulated immune cells in the supernatant.



Il. Kurze Zusammenfassung

Impfen bleibt der effektivste Weg, Infektionskrankheiten zu bekampfen. Trotz des Durchbruchs mit
den ersten zugelassenen mMRNA-Impfstoffen ist deren intramuskuldre Injektion suboptimal. Als
natirliche Barriere beherbergt die Haut viele Immunzellen, die sogar mittels minimal-invasiven
Techniken erreicht werden kdnnen. Diese Arbeit zielt darauf ab, das Potenzial einer
voribergehenden Stérung der Hautbarriere mittels P.L.E.A.S.E.®-Laser-Mikroporation fiir die Impfung
mit mRNA-beladenen Nanotragern zu bewerten.

Fir die Komplexierung von mRNA wurden Lipid-Polymer-Hybrid-Nanopartikel (LPNs) gewahlt, die von
den hohen Transfektionsraten der Lipide und der Stabilitdt der Polymere profitieren. Der Effekt des
Austauschs des kationischen Lipids DOTMA durch das Phospholipid DOPE in der Lipidschicht wurde
hinsichtlich hydrodynamischer Parameter, Stabilitdat, Aufnahme, mRNA-Bindung und -Schutz sowie
der relevantesten Transfektionseffizienz untersucht. LPN(70/30) aus 70 mol% DOPE und 30 mol%
DOTMA zeigte unabhangig von Mediumzusatzen die stabilsten Transfektionsraten und wurde durch
Pegylierung weiter modifiziert.

Ergdanzt wurden die Erkenntnisse durch die Optimierung der Laserparameter in der Maus und in
einem neu entwickelten Ex-vivo-Modell aus menschlicher Haut. Trotz geringerer Exposition im
Vergleich zur Injektion zeigte die laserbasierte Applikation von 2,5 mol% PEG in LPN(70/30) die
besten Ergebnisse mit lebenden transfizierten Zellen im Gewebe und stimulierten Immunzellen im
Uberstand.
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1 General Introduction

1 General Introduction

1.1 Vaccination as Promising Strategy to Combat Infectious Diseases

1.1.1 Threat of Infectious Diseases

It is a rather philosophic question if the human body consists mainly of the 40 trillion (4*10%3)
eukaryotic cells or the naturally occurring 39 trillion microbiota that colonize all parts of the human
body [1, 2]. In any case, these numbers emphasize the importance to control and to simultaneously
tolerate the direct environment which is realized by the immune system.

If the defense mechanisms are impaired maybe due to stress or an injury of outer barriers, there is
the chance for a pathogen to invade the body and cause an infection. When the exposure to a very
potent pathogen is high enough, they can even overcome intact biological barriers and cause
symptoms of illness. Another common cause of this switch to pathogenicity is the evolution of the
pathogen itself acquiring survival benefits such as higher infectability or a resistance to established
active compounds. Depending on the resulting advantage this new property has, the immune system
needs more time to adapt and to control it while the modified pathogen can freely amplify and
spread causing even more work for the immune system and thus probably more symptoms for the
patient. Such an evolutionary process was impressively shown by the appearance of the Covid-19
virus that led to a fast developing pandemic influencing everyone’s life worldwide [3]. Again, the
fittest humans with the most potent immune systems suffered the least and survived an infection
starting the cycle of evolution again.

As human beings and especially as scientists, we have more tools in hand than our body to fight this
combat. Among them are easy to apply procedures like disinfection or wearing masks to reduce the
burden of pathogens that the body is exposed to, but also sophisticated measures to help the
immune system by either weaking the pathogen or enhancing the power of the immune response.
On the side of the pathogens, there are many strategies one could think of depending on the
pathogen type such as blocking surface proteins to reduce infectivity, specifically inhibiting
production of components for growth and amplification or increasing sensitivity to other drugs by
reducing resistance mechanism. In most cases, small molecules represent the active compound.

To support the immune system in the second approach, mostly macromolecules are needed with
high demands for application and delivery methods. Specific labeling of the infectious particles for
instance with an antibody could enable an easier detection and elimination by the immune cells or
simply block their cellular internalization. A more general and thus more potent method is the
exposure to surrogates of the pathogen prior to the actual infection as preventive measure. The body
has the chance to react to this less harmful variant and prepare for an infection with the real
pathogen. This training is the basic principle behind vaccination.

In general, there are different vaccine types available but they all follow the same principles. The
more the surrogate deviates from the original pathogen concerning route of invasion and size, the
lower the immune reaction reducing side effects and increasing the safety. On the other hand, a very
small surrogate like a protein requires a delivery system and an adjuvant to enhance the immune
response to reach a protective level. Details on how to balance vaccine safety and sufficient
protection in the different vaccine types and application methods will be discussed in the following
chapters.

A trained immune system can react faster and more effectively to an invaded pathogen. Vaccines are
mostly applied to healthy volunteers with an immune system in the best possible condition leading
to the best possible reaction. When necessary in the case of an infection with the specific pathogen
the immune system was trained for, the immune cells will need less time until the pathogen is under
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control. The pathogen load will be reduced, the patient is less contagious and the transmission to
other individuals is less likely. With high vaccination percentages, herd immunity can be achieved
that also protects individuals that cannot be vaccinated [4, 5]. If the individuum notices the infection
at all, the symptoms will be drastically reduced maybe even making the difference between death
and recovery. This is of special relevance in elderly or people with immune disorders.

Despite the direct costs for the vaccines, immunization in the long-term saves money otherwise
spent for health care [6, 7]. At the individual level, the benefits of vaccination such as the mentioned
reduction of symptoms strongly depends on the likelihood of an infection. If the person will never be
exposed to the pathogen, the vaccine will not show an effect. For the same reason, it is important to
vaccinate as early as possible to have the highest chance of protection. This administration in healthy
young children raised the amount of safety data needed for the approval of new vaccines which
increases for example the size of study cohorts and makes the development expensive.

Vaccination is still the most potent and fastest way to prevent the outbreak of a disease with a
positive influence on everyone’s lives. With a consequent vaccination campaign, it was even possible
to reach a worldwide eradication of smallpox [8]. Even though that was not and will not be reached
for Covid-19, vaccination mostly replaced acute measures like social distancing and enable the restart
of all regular activities of daily life. With upcoming antibiotic resistances, it will gain even more
relevance in the future.

1.1.2 Our Defense Mechanisms: The Immune System and How to Train it

The immune system basically maintains the integrity of the body. It recognizes and eliminates
pathogens or mutated cells but also tolerates for example the microbiome. As diverse cell types in all
organs participate, their function and activity need to be balanced and continuously controlled. If the
complex regulation mechanisms fail, patients suffer from chronic infections, cancer or autoimmune
diseases. There is lots of research being conducted to understand every detail and new aspects are
continuously being discovered that could be potentially exploited for the treatment of such a
disease. In the sake of relevance, only a short overview will follow highlighting the parts most
important for vaccination and this work.

When for example a bacterium enters the body, there is a first line of defense represented by the
local innate immune system. Mainly phagocytotic cells like macrophages or dendritic cells (DCs)
nonspecifically take them up and digest them. The intracellular presence of foreign antigens activates
the cell, initiates its maturation resulting in the presentation of pathogenic epitopes on their surface
via the major histocompatibility complex (MHC). Cytokines are secreted to attract more immune
cells [9]. Next to this cellular component of the innate system, there are the soluble factors of the
complement system. They can bind to surface structures of the invader and thus enable for example
a faster uptake by macrophages.

The mentioned macrophages are derived from monocytes and have a high mobility to scan as much
tissue as possible. They belong to the same group of professional antigen presenting cells (APCs) like
dendritic cells that reside at all biological barriers and are in that function of particular relevance for
the vaccination via the skin. DCs can bind 30—-200 times more antigen than macrophages and are
therefore the most efficient inducers of immune responses against extracellular proteins [10, 11].
When DCs are activated after the antigen contact, they migrate to lymphatic organs where they
stimulate cells of the adaptive immune system eliciting humoral and cellular immune responses [12—
14]. This is how they connect innate and adaptive immune responses. [15]

This second line of defense, the adaptive immune system, is based on B- and T cells. In contrast to
the APCs, which can react to any pathogen, the activation of B- and T cells is dependent on specific
stimulation. Every B- or T cells has a surface receptor specific for only one epitope, a small piece of
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the antigen. The high amount of B- and T cells results in a large variety of recognizable antigens.
When antigen parts are presented on the cell surface via MHC | or Il, only immune cells with a
receptor that fits to the epitope can bind. These cells are stimulated and selectively expanded. This
process is a crucial mechanism of the adaptive immune system and called clonal expansion [16].
Activated antigen specific T cells coordinate the consecutive adaptive immune response, again by
direct cell-to-cell contact and excreted stimulatory molecules.

This adaptive immune reaction can be further divided in two parts — the humoral and cellular
response. Extracellular pathogens like bacteria will be presented mainly via MHCII on APCs and
therefore preferentially stimulate T cells with a CD4* co-receptor. The expansion of CD4* T cells will
stimulate specific B cells that mature into large plasma cells. Upon antigen contact, these cells will
release specific antibodies that can neutralize toxins or label the pathogen for phagocytosis by
binding the extracellular antigens. Titers of these high affinity antibodies will still be elevated in the
blood for some time after the infection.

In contrast, intracellular pathogens like viruses probably infect somatic cells that do not have the
MHCII receptor like the APCs but the MHC class I. All nucleated cells of the body have this MHC class |
receptor and thus the chance to present material of foreign origin on its surface. T cells with the CD8*
co-receptor will be stimulated by this presentation which will at the end lead to the expansion of
antigen specific cytotoxic T cells (CTLs). These cells will recognize infected cells by antigen
presentation via MHCI receptor and specifically kill them to stop the amplification of viral

particles [17]. This cell-based reaction is most effective when complemented by co-stimulation of a
CD4*-mediated response that is elicited by viral components in the extracellular space after the lysis
of infected cells.

The expansion of antigen-specific T cells not only leads to different effector cells but also to the
creation of memory cells. Their initial number depends on the intensity, location and duration of the
stimulating signal. These memory cells are still in place long after the pathogen is eliminated. In case
of a new infection with a pathogen with similar epitopes, these memory cells can be reactivated. The
immune reaction starts with several of these effector memory cells instead of only a few specific

T cells in the lymphatic organ. The time until enough specific T cells are available for a sufficient
immune reaction is much shorter. After every new antigen contact, more memory cells are
generated, and the immune reaction is accelerated. The immune system can be considered as
trained.

There are many processes happening in parallel and several options how the immune system can
react. As mentioned before, the reaction of the components is carefully orchestrated also in their
order and time of appearance. The innate factors react first until the adaptive reaction reinforces the
defense. For example, 5 h after application of a DNA-based vaccine by a gene gun in a mouse,
antibodies titers raised, while T cell response started after 1 d [18].

Using this knowledge for vaccination, a balanced humoral and cellular response is advantageous
after the first dose for a long-term protection. As for the targeted pathogen, it depends on the type
of vaccine which one is the most stimulated. Every booster vaccine is then supposed to increase the
number of memory cells and circulating antibodies.

All mentioned aspects apply especially to active vaccination where the immune system of the
patients reacts to the administered vaccines. In case of an emergency, it is also possible to transfer
serum with specific antibodies to the infected patient. This process is called passive immunization
and has only a transient effect. In a life-threatening situation, this measure can bridge the time until
the immune system generates its own antibodies. Immune sera can be collected from animals or
other human beings that have been successfully exposed to the pathogen. Aiming for a more
sustainable effect of the immunization, the focus of this work is on active vaccines. The next chapter
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will be about application techniques of these active vaccines followed by explanations of the types of
vaccines.

1.2 Application Techniques of Vaccines

1.2.1 State of the Art: Intramuscular Injection

Active vaccination requires the direct contact of the immune system with the administered antigens.
In case of a natural infection, the pathogen would most likely invade via the skin or the mucosae of

the nose, mouth or gut. Even though following these paths to overcome the biological barriers of the
human body would be reasonable, to date almost all approved vaccines are injected into the muscle.

This intramuscular injection is the established method with broadest experience, also in animal
models. Needle type and orientation, as well as injection speed and type of fluid have an influence
[19]. In adults, the deltoid muscle of the upper arm is used as site of injection while small children are
usually injected into the thighs. Worldwide, health care personal is trained well, and patients know
what to except also when it comes to most common adverse effects. Among them are pain and heat
at injection site [20]. For patients suffering from needle phobia, this procedure is very problematic
and results in a lower numbers of fulfilled vaccination protocols [21].

The muscle does not present a natural entry port of the body and the number of tissue resident
immune cells is low [22, 23]. After the injection of high doses of naked mRNA or DNA, it is therefore
the muscle cells that take up and express the nucleic acids [19, 24]. The applied doses are higher —to
reach the immune cells and to form a depot that compensates for the low immune cell density. This
depot slowly releases the antigen and thereby stimulates the immune system over an extended
period resulting in a protective immune response.

There are very few exceptions from this application method. The vaccines against cholera and rota
viruses are swallowed which also represents the natural way of infection [25, 26]. Additionally, the
former smallpox vaccine was applied to the skin of the upper arm by a scarification technique which
enabled the eradication of the pathogen in 1980 [27]. Many patients still have visible scars on the
site of application. Motivating patient to take such a new vaccine that is applied to the skin will
probably be difficult but there are good reasons for it. This is the topic of the next chapter 1.2.2.

1.2.2 The Skin as Target Tissue for Vaccination

The skin is next to the gut and the lung one of the body’s largest organ with a size of approximately

2 m? for adults [28]. It represents the main barrier of the human body and is therefore equipped with
many immune cells that can directly react to environmental threats and prevent persistent infections
and neoplasms [29-31]. The immune cells and all other components of the different skin layers are
adapted to their function. The outermost layer is the stratum corneum that is made of dead cells and
lipids. This mixture already impedes the penetration of most molecules or particles. Underneath,
there is the viable skin tissue with the thin epidermis, the basal membrane separating both parts and
the dermis with appendices and blood vessels. Lacking direct connection to the circulation, the
nutrient supply for the epidermis happens only by diffusion. The subcutaneous fat is the slipping
plane and buffering zone to the muscles but usually not counted as part of the skin.

The immune cells of the skin are distributed in the tissue according to their probability of antigen
contact. In total, about 7% of the entire cells are immune cells [32]. The epidermis is exposed to
many environmental influences and has therefore a generally high turnover of cells [33]. Langerhans
cells (LCs) that are a subset of dendritic cells and as such professional antigen presenting cells. They
reside in the epidermis and make up 3-5% of the entire population which is a high percentage
compared to the maximum percentage of 1.6% for DCs in spleen cell suspensions [34-37]. LCs play a

4



1 General Introduction

key role in mediating immune responses in the skin [38]. After acquisition of the antigens in the
tissue, the LCs migrate to the draining lymph node where they activate antigen-specific T cells via
antigen presentation via MHCII [10, 39, 40]. The keratinocytes (KCs), the skin cells, can influence the
immune reaction as well, for example by attracting neutrophiles or monocytes as part of early
inflammation [41].

In the dermis, there are resident dermal dendritic cells, too, but the ratio to skin cells is lower.
Exceptions are for example hair follicles that reach down to the dermis. As a potential entry port,
there are immune privileged parts in the deeper parts of the follicles as well [42].

Using the skin with its natural distribution of immune cells for vaccination purposes has many
advantages. In general, the skin is large and has many possible application sites. One could treat
either an area that is usually not visible or instead select one that is easily accessible.

When more immune cells are hit directly, the required dose to elicit a protective immune response
will be lower or alternatively the immune response will be stronger, if the same amount of antigenic
material is applied. This second effect was for example shown for naked DNA, that elicited 4fold
higher antibody titers after intradermal than intramuscular injection [22]. With the same amount of
antigen, more patients can be vaccinated which might be an advantage especially when a situation
like a pandemic leads to a high demand of vaccines.

To reach the skin — independent of epidermis or dermis — less invasive methods could be used
compared to the muscle. A more superficial application technique may cause less destroyed cells
with benefits for the patients such as reduced pain. In this context, targeting the immune cells of the
epidermis will be the most promising strategy as presentation via both MHC receptors by dendritic
cells is the most efficient way to induce a protective immune responses against proteins [10, 12, 17].
In the following, the skin application methods clustered according to their invasiveness will be
described.

It should be clarified that all mentioned application routes target the skin to exhibit a local effect that
will later lead to an immune response and systemic protection. This aim differs from transcutaneous
and subcutaneous applications where applied formulations should reach the circulation to show a
systemic effect. For transcutaneous application protocols, the formulation has to cross the skin by
itself while it is injected into the subcutaneous fat underneath the skin in the second method [43].
Nanoparticles are too large for the route across the skin and even for proteins it was shown that a
factor of 1000 in the applied transcutaneous amount is not enough to compensate for the lost
material of antigen when antibody titers are compared to intradermal injection [44, 45].

1.2.3 Invasive Skin Application Techniques

To overcome the stratum corneum as main skin barrier, it is possible to use a syringe with a needle.
In contrast to intramuscular injection where a 90° angle is favorable, a thinner needle is injected in a
10-15° angle to the skin to reach the dermis. The aim is a superficial application of the dose which
creates a visible bleb. This technique needs practice, and the volume is very limited. The epidermis
itself is too thin to reproducibly hit it with a needle.

Targeting the skin by such an injection, was successfully applied for experimental vaccines and
outperformed the muscle. For instance, the antibodies found after intradermal injection of high
doses of naked DNA or protein had a higher affinity and higher titers when compared to
intramuscular application and the onset of a cytotoxic T cell (CTL) response was faster [35, 46].

Next to this injection method, there are methods available that target the epidermis, for example
skin scarification techniques were skin is abrased in a controlled way. This stimulates an immune
reaction that is higher than after intramuscular, subcutaneous or even intradermal injection [47] but
leads to the creation of a scar as the defect is usually too large. Such an application will lead to
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compliance problems as other options are available. Compared to scarification, tape stripping is less
invasive and could be counted even as minimally invasive because only the most superficial layers
are removed with a sticky tape while the viable skin is not influenced. This reduces the barrier
function transiently and enables the particle penetration [48, 49].

In experimental setups in animal models, there are more application techniques described mostly
based on technical devices. Immunologic benefits were shown for electroporation, tattooing
machines and gene guns [17, 18, 50]. After DNA tattooing, the T cell responses were up to 100times
better than after intramuscular injection [51]. An epidermal application of DNA-loaded gold beads
with a gene gun, required the lowest dose for a sufficient immune response when compared to
intravenous, intramuscular and mucosal administration [52]. Elicited immune response were even
higher than after dermal delivery [53]. Gene gun-based application of mRNA resulted in a humoral
immune response as well [54].

1.2.4 Non-invasive Application: Transfollicular Route

In contrast to these invasive skin application techniques, there are the non-invasive methods which
would be the optimum as skin remains intact increasing safety, no devices are required and patients
could even apply it by themselves enhancing compliance and decreasing costs [43]. As small antigens
and nanoparticles cannot overcome the stratum corneum, the most promising option is the route via
the hair follicle. Despite many improvements, to date no vaccine candidate made it to the clinic. One
problem for the application in humans, is for example the low hair follicle density at possible
administration sites such as the upper arm and the smaller size of vellus hair follicles there [55]. At
the baseline, the main limitation seems to be the amount of delivered antigen [56, 57]. An adjuvant
is needed in any case [58].

1.2.5 Minimally Invasive Strategies

A compromise between invasive and non-invasive methods could be a minimally invasive strategy.
The most advanced option is the application of microneedles. When applied to the skin, these
needles reach down to the dermis up to 2000 um but not far enough to stimulate nociceptors [59].
The application is therefore painless [60]. There are different experimental technologies available,
among them are adapters for regular syringes that can be combined with any liquid vaccine [61, 62].
Microneedles can be prepared of dissolvable material releasing the antigen or they can be covered
with the vaccine [59]. Microneedles represent a one-step application procedure and could also be
applied by the patients at home. Such a minimally invasive procedure outperformed the application
of a DNA-based smallpox vaccine by skin scarification and underlines the benefits for the patient
[63].

An alternative are laser-mediated application procedures. Lasers are widely used to treat all kinds of
skin defects and are available in many different types. Based on the available experience in the
vaccination context, it makes sense to divide them into non-ablative and ablative. For both kinds, it
was shown, that the controlled destruction of cells stimulates the immune system like an injury. With
non-ablative lasers the barrier remains intact which does not solve the problem of antigen
application. There is a published protocol of a stimulation with the non-ablative laser followed by an
intradermal injection of the vaccine, but this protocol does not fulfil the aim of minimally invasive
application [58].

For this work, the P.L.E.A.S.E® system by Pantec biosolutions was selected instead. The abbreviation
stands for precise laser epidermal system [64]. It is an ablative laser which means that cells are
destroyed by the immediate evaporation of the water which disrupts the barrier of the skin. The
tissue defect is only small with a pore diameter around 150 um that can fast be re-epithelized. For
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the application of vaccines, the main advantage is the user friendliness and easy adaptation onto the
customer’s demands. The number and the depth of pores can be easily changed. It is possible to
target only the epidermis or to cross this layer reaching down to the dermis. This method can be
counted as minimally invasive, too, as barrier disruption is only transient, the application is painless
or even not noticeable for the patient and tissue completely recovers from the treatment [65]. In any
case, the vaccination protocol would have two steps — first microporation and second the application
of the vaccine.

When applied with commercially available protein vaccines, antibody titers were comparable to
intramuscular injection [64]. The application of peptide-loaded patches together with an adjuvant
successfully elicited a CTL response [66]. These studies confirmed the suitability of the laser for
cutaneous delivery and to elicit an immune response. It was furthermore shown that the laser
microporation is already enough to stimulate the immune system and that an additional adjuvant is
not needed [67, 68]. Such an adjuvant-free vaccination potentially reduces the risk for side effects
and holds great promise for the application also with other antigen than proteins. It has been already
published that the P.L.E.A.S.E.® microporation enables the intradermal delivery not only of
macromolecules but also of nanocarriers of 500 nm [69, 70]. Though, to date, there is no study
available that combines this laser treatment with a nanoparticle-based vaccine opening the door for
this work. As the application route is only the vehicle and will never work without the vaccine itself,
the next chapter will focus on available vaccine types.
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1.3 Vaccination Technologies and Their Limitations

1.3.1 Traditional Vaccines/Pathogen-based Vaccines

Having described the mechanisms behind active vaccination and the application techniques, this
section is about strategies how the immune reaction is elicited. In general, the highest immune
response is stimulated when the body is exposed to the pathogen itself. This of course, would lead to
all unwanted effects and symptoms that shall be avoided with the vaccination. The development of a
new vaccine is therefore always a search for the best compromise between immunogenicity and
patient safety.

The closest surrogate for natural pathogens is achieved by destroying their ability to proliferate for
example by formaldehyde or heating the sample [71]. All surface structures are maintained, and the
immune system can react as normal. The risk of this approach is in an insufficient killing and the
reacquisition of the pathogenicity resulting in a regular infection with all consequences.

For viral particles the attenuation to another species is a common method to create an injectable
vaccine. Viruses are able to adapt to their host very fast. When cultivated in hen eggs for several
generations, only the viral particles with the optimal mutations in their components survive due to
the evolutionary pressure. Transferring these modified viruses to humans again, the suboptimal
adaptation to the host probably leads to prolonged replication times giving the immune system
enough time to react. This method is suitable especially for fast adapting viruses to control the
production time in the other hosts. After administration of the live but attenuated virus particles,
they can of course re-adapt to human cells and cause unwanted strong responses. This is also the
reason why such attenuated vaccines are not approved for immunocompromised patients [72]. This
limitation also applies for engineered viral particles as delivery system for proteins or nucleic acids.
Such viral vectors have the additional problem that immune stimulation by the carrier lead to a fast
elimination [46].

1.3.2 Protein and Subunit Vaccines

The next vaccine type in the row with increasing distance to the original pathogen are the protein
and subunit vaccines. As described in 1.1.2, the immune system reacts only to small sections of the
pathogen, so called epitopes. Every pathogen has many of these epitopes the immune cells could
possibly recognize. During the development, the epitopes on proteins and other structures first need
to be identified and selected. It should be considered how likely a mutation of this epitope is because
it will jeopardize the success of the vaccine when pathogens can evade the immune response. Good
candidates are for example surface structures that the virus needs for the contact with the host cell
because these are essential for its survival and therefore rather conserved than often mutated [73].
This increases the chance that the vaccine is also effective against new variants that may have
modified properties for instance for protein translation but still with the same surface structure. A
general drawback of this approach is the time and cost consuming, complex production, isolation and
purification of the proteins from large bioreactors [74].

An advantage of subunit vaccines is that the thorough selection of the antigenic regions reduces the
risk to unwanted adverse effects to a minimum but on the same time, the small size of particles also
reduced the immunogenicity. The elicited immune response will not be sufficient to reach a
protection of the patient. One option is to combine different epitopes which also reduces the risk of
immune escape after mutation. The more common way is the addition of adjuvants, which can be
combined with the first approach. Long-known adjuvants like alum (aluminum salts) that increases
the size by precipitation and adsorption [75], agonist of the toll-like receptors like polyinosinic-
polycytidylic acid, a double stranded RNA analog (p(l:C)), or oil-in-water emulsions generate a danger
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signal stimulating an immune reaction [76]. These adjuvants are approved only for intramuscular
vaccination where they compensate for the low immune cell density in the muscle. An application to
the skin would cause severe and persistent inflammation with skin lesions, erythema, local
reactogenicity and ulceration [58]. Nevertheless, the addition of any kind of adjuvant has a certain
risk of adverse side effect.

There are also approved vaccines where the antigen is covalently linked or adsorbed to immunogenic
subunits of other species which increases the size and immunogenicity [77]. New approaches that
use extracellular vesicles mimicking pathogens with all their surface structures are currently
investigated on a preclinical level [78].

In theory, all these kinds of antigens independent of their modification could be delivered with
nanocarriers as well which increases the size, the immunogenicity and potentially the amount of
delivered antigen. As mentioned before, viral particles were engineered to carry the antigen but also
a variety of non-viral vectors are in focus of research and have been recently approved for the SARS
Cov2 vaccine. The different nanoparticle technologies will be discussed later (see chapter 1.4).
Compared to the other vaccine types described before, there is no pathogen applied and is therefore
considered as safer without any potential to regain virulence. Thus, vaccines of this type are
approved for elderly and immunocompromised patients, too. For these patient populations, there is
not anymore the risk to cause severe symptoms but instead the chance of insufficient protection due
to a suboptimal immune response.

1.3.3 Nucleic Acid-based Vaccines

The next generation of vaccines are based on nucleic acids encoding for the antigen instead of
delivering the protein itself. This eliminates the main drawback of the protein-based vaccines — the
production and purification of the antigen. When delivering nucleic acids, the host cell takes over this
job and produces the antigen by itself resulting in the presentation towards the immune system.

As for proteins, the epitopes need to be investigated and selected but with less restrictions. Nucleic
acids delivery for instance enables the selection of large transmembrane proteins, post-
translationally processed proteins and adds the flexibility that the protein product could be secreted
or remain intracellular which is not possible with delivering the protein [79].

Having chosen the sequence of nucleobases encoding for the antigen epitope, the amplification is
possible in vitro from the scratch using automated protocols generating huge amounts of a good
purity in a short time [46]. Having large amounts of the material available already early in the
development, accelerates the acquisition of needed data for the application of approval and thus the
entire process. These progresses in standard production procedures further led to commercially
available nucleic acids encoding for fluorescent proteins or model antigens. The high price per
microgram still limits the broad access, but nevertheless more researchers can work with nucleic
acids to test their hypothesis and thus improve general knowledge.

Another important advantage lies in the interchangeability of encoded information. When results
indicate that the epitope is suboptimal and should be exchanged, a change of the sequence of
nucleobases only minimally affects the properties of the molecule. All established production steps
can be continuously used. Most findings of process optimization assessments can be for instance
transferred independent of the application of the nucleic acid molecule. In that sense, the developer
of the first mMRNA-based vaccine profited a lot from earlier research on cancer vaccines, especially
when it came to the carrier system [80]. This transferability even applies for results with different
types of nucleic acids such as siRNA, DNA or mRNA but differences in length, stability and charge
density must be considered. It should be tested in every case if findings are also valid in the selected
setup, especially concerning the transfection potential [81].
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Nucleic acids have an inherent immunostimulatory effect that is especially interesting for
vaccination. As viruses use nucleic acids to encode for their genetic material as well, the intracellular
presence of foreign nucleic acids is an indicator for an infection and stimulates innate pattern
recognition receptor like toll like receptors [82]. The activated cascade leads to presentation of the
nucleic acids via MHCI to finally elicit the eradication of the cell and thus the virus. For vaccination
purposes, it is important that the transfected cell is not attacked before the antigen can be produced
for a certain time. It was therefore necessary to reduce the immune stimulating potential of the
applied nucleic acids. A modification of single nucleobases by replacing uridine by pseudouridine [83]
or methylating uracil reduces the interaction with intracellular sensors and thus the immunogenicity
[84]. Another approach is the engineering of the base sequence while maintaining the translatable
information [85]. These modifications also improve the stability of the nucleic acids which is a
welcomed side effect. A balance between stimulation and escape of cellular sensing mechanisms
needs to be found.

This additional effect of immune stimulation by nucleic acids was for example proofed for DNA
vaccines. The direct comparison of DNA with the corresponding protein, showed similar IgG titers but
a 100fold higher interaction strength (avidity) with DNA after intramuscular and even 1000fold
improvement after intradermal injection of both candidates. Estimating the amount of produced
protein after DNA administration to be in the nanogram range, the amount of protein that was
needed for similar responses was hundreds fold higher [46]. It's worth to mention that there is also
the next development step under investigation with self-amplifying mRNA that has the potential to
further decrease the required dose [32].

The delivery of nucleic acid-based vaccines mimics the infection with an intracellular pathogen like a
virus. The elicited immune response is therefore concentrated mainly on cellular effector cells like
CTL that destroy the transfected or later the infected cells [19]. The humoral response is weaker than
for protein-based vaccines, where the balance is more on the side of antibody-based defense
mechanisms [86]. For the protection of the individuum against infection or severe symptoms, a
broad antigen expression is needed to trigger both parts [87].

The described advantages apply for all kinds of nucleic acids. For vaccination purposes, information
has to be added to the cells which excludes for example siRNA from the list of candidates. In theory,
vaccination with both, DNA and mRNA are thinkable and great successes have been realized but to
date there are only mRNA-based vaccines approved for human use and there are clear reasons for it.
All eucaryotic cells use DNA as genetic material to transfer the information for all peptides and
proteins to the next generation. The integrity of the nucleic acid molecule is crucial for the survival of
the organism. Several mechanisms to protect the DNA from potentially harmful influences or
modifications have been implemented by evolutionary processes such as the enclosure in the
nucleus. Furthermore, the translation of the encoded information works only in one direction and
even happens in two different cellular compartments. DNA is transcribed into mRNA that is then
translocated to the cytoplasm and there translated into peptides.

When delivering DNA to a cell, the nucleic acids have to reach the nucleus. The delivered plasmid
needs to enclose all needed sequences for the successful transcription and later — after the
translocation of the corresponding mRNA to the cytosol — also for the translation. These aspects
render the design of plasmids more complex and enlarge their size. In contrast, the construction of a
deliverable mRNA molecule is more straight forward. On the other side, the extra step of
transcription is a possibility of amplification. Out of one delivered plasmid, several mRNAs can be
generated resulting probably in more antigen molecules at the end. Favoring mRNA, one could also
argue that the smaller size of the corresponding mRNA enables a delivery of more than one molecule
on the same carrier which might compensate to the lack of this amplification step. But this rather a
property of the carrier that will be discussed in the following.
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Another considerable aspect of the inherent biological functions of the nucleic acids is their half-life.
DNA is more durable and meant to persist many generations of cells. For skin vaccination, there are
reports about device-based techniques that work with naked DNA, too, but require high doses. Even
though protein production was only observed 1 and 7 d post application, foreign DNA was still
detectable in the muscle after 6 months [88].

On the other side, mRNA is only transiently needed to produce a protein for example in reaction to a
changed nutrient supply. After 5 h, mRNAs will be degraded which would also apply for the delivered
antigen mRNA unless modification increase stability [89, 90]. The protein antigen will endure the
mRNA for some time finally leading to a resolution of the antigen signal. This transient nature of
mRNA delivered signal is rather beneficial as it increases the safety of the vaccine.

In contrast, with foreign DNA in the nucleus there is the chance that parts are integrated into the
host DNA. This process of insertional mutagenesis cannot be reversed intentionally and the
modifications will be even transferred to the next generation [91]. The consequences strongly
depend on the site of insertion with unpredictable effects. Among them is the risk of malignancy.
This represents the main safety concern of DNA application to human and is probably the reason for
the lack of an approved DNA vaccine despite the uncountable reports of successful stimulation of
immune responses in preclinical animal models in the last three decades [92].

These tremendous benefits of using nucleic acids can only elicit an effect when inside the cell. There
are many reports available that proof that naked mRNA only elicits an immune response when
delivered with a vehicle [93-95]. The delivery is essential but remains a challenge due to the nucleic
acid properties such as large size, hydrophilicity and high negative charge. This is the topic of the next
chapter.
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1.4 Nanoparticles as Delivery System for mRNA

Depending on the cargo and the selected application route, the delivery system must fulfil different
demands. At the baseline, it must carry the cargo in its intact form in sufficient amounts to the site of
action. While the amount is often the limiting factor for encapsulated proteins, the main challenge
for nucleic acids is their protection.

As part of cellular resource saving and regulation mechanisms, there are nucleases in every cell to
digest nucleic acids that are not anymore needed. Especially in the endo- and lysosomes, nucleases
protect cells from foreign genetic material that could potentially harm the host. For this reason,
nucleases are also excreted to the extracellular space. Being a non-specific defense method,
nucleases are found for example on the skin surface, too. This ubiquitous presence of nuclease
everywhere in the human body limits the application of naked nucleic acids. In the blood, the half-life
of naked DNA is for example less than 5 min, nothing of the injected dose is left after one hour [88].
mMRNA is even more sensitive as added molecules cannot be amplified anymore after 15 s in plasma
[96].

Independent of the human body, nucleases are also detectable abundant in our environment, for
instance on the surface of lab benches, vials or in liquids. Nuclease-free material is therefore a
prerequisite for any handling procedure of nucleic acids in the lab.

Next to their omnipresent nature, these enzymes are fast and effective in deleting the information
that is encoded in the sequence. When the nucleic acid molecule is cut at only one position, the
message is lost. This accounts also for vaccines as the intact antigen first needs to be produced by the
cells. For proteins instead, a partly degraded antigen could still elicit an immune reaction if not all
epitopes are destroyed.

This crucial demand for protection can be realized by many different strategies. Most of these
delivery technologies have in common that complexation to the carrier generates a steric barrier for
the enzymes and that delivery systems are in the nanometer range (1-1000 nm) [97]. Taking the first
hurdle to protect the nucleic acids by complexation, the next step is the application route. Very large
particles may be immunogenic themselves and above 200 nm, they cause embolization when
injected intravenously for instance [98]. A small size is also beneficial to profit from the EPR
(enhanced permeation and retention) effect. Through the endothelial gaps and pores in liver, tumors
or infected tissues nanoparticles leave the circulation and selectively accumulate representing a
passive targeting mechanism [99, 100]. Reducing the size of the particles also increases the surface
that is available for complexation.

When the nanocarrier then gets in contact with the cell, it needs to be uptaken. This will probably
happen by endocytosis [101]. A direct transfer through the membrane is unlikely. The escape from
the endosome prior to digestion finally releases the nucleic acid to the cytosol. This process of
disruption after swelling of the endosomes can be initiated by the buffering capacity of nanoparticles
that activates proton pumps which raises osmotic pressure [102—104]. An alternative hypothetic
mechanism is the electrostatic interaction of cationic particles with the anionic endosomal
membrane with destabilizes the latter [102].

The key parameter that is influenced by all these described properties, and additionally by the
characteristics of the nucleic acid and cellular process that are independent of the other factors is the
transfection efficacy. It summarizes all these components and is therefore suitable to compare
different systems as the establishment of structure activity relations remains difficult [105]. In an
experimental setup, the amount of produced protein can be quantified. The onset and interval of
protein production may be complementing parameters. For vaccination, it is furthermore important
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if the delivered antigen elicits an immune reaction. That feature strongly depends on the application
route and has therefore already been discussed in chapter 1.1.2.

All these criteria apply for all kinds of nucleic acids. For DNA, there would be an additional step for
the delivery to the nucleus. As mentioned earlier, engineered viruses like particles are generally an
option for nucleic acid delivery but their high immunogenicity bears the risk of side effects, and their
production is challenging. Non-viral vectors can be in contrast prepared by chemical synthesis that
enables larger scales. They theoretically have a lower toxicity and a higher delivery capacity also for
larger nucleic acids which is beneficial for the application [106, 107]. In the following, it will be
illustrated what kind of nanocarriers fulfill these specifications. As the aim of this work is the delivery
of mRNA by non-viral vectors, only those carrier systems will be described in more detail now.

First delivery systems were based on lipids that form liposomes with lipid bilayers. It is possible to
encapsulate the nucleic acid in the core or after preparation of the lipid nanoparticle on the outside.
Results proofed that both ways protect the nucleic acids from degradation enzymes [108, 109]. The
systemic application is limited by opsonization of serum proteins and toxicity associated with
complement activation [110]. In the context of mRNA vaccination, the first publication by Martinon
et al. in 1993 showed that it was possible to trigger a CTL response after subcutaneous and
intravenous application [93]. These results were later complemented by successfully eliciting both,
cellular and humoral responses with mRNA-loaded liposomes [111].

As an alternative to the rather soft liposomes, a variety of polymers was investigated for mRNA
delivery. As with lipids, there is the option to complex the nucleic acid in the core or on the outside.
Polymers should be biodegradable or at least well eliminated from the body. Their origin can be
either synthetic or based on naturally occurring polymers that are modified to meet the
requirements. The interaction can be reversible or covalent. There are long known polymers such as
the cationic PEI (polyethyleneimine) or newly synthesized polymers with tunable properties [112—
114]. Mixing mRNA with the natural occurring cationic peptide protamine already protected the
nucleic acid from degradation [115]. Such complexes of protamine and mRNA have even made their
way into clinical trials where their safety, tolerability and immunogenicity was shown for cancer
vaccination [116].

Another biodegradable polymer that is well characterized, also for nucleic acid delivery, is PLGA
(poly(lactid-co-glycolid)) [117]. There are also reports about combinations of several polymers [118].
The large advantage of polymers is their high stability also in complexes. Only recently, a new mRNA
vaccine made of poly(B-amino ester) (PBAE) was reported to elicit an immune response after
application via the harsh conditions of the gastrointestinal tract [119]. This supports the high
potential of polymeric nanoparticles and may be the next candidate for a clinical study.

The breakthrough with the first approved mRNA-based vaccine came with solid lipid nanoparticles
(SLNs) [120]. They are composed of lipids filling up the particle core as well instead of forming only
bilayers [80]. The lipid content and thus the potential binding sites for electrostatically binding the
nucleic acid is dramatically increased. Not only encapsulation efficacy is high but also the drug
loading that correlates with the amount of nanocarrier that needs to be applied to reach the full
dose.

Such solid lipid nanoparticles are produced with microfluidic devices under acidic conditions. The pH
around 3 protonates the ionizable lipid that is responsible for the complexation and endosomal
escape of the nucleic acid [81]. After preparation of the particles, the buffer is exchanged to reach
physiologic pH-values where the ionizable lipid is neutral reducing its toxicity [121]. Next to the
ionizable lipid, there are helper lipids to support both, endosomal escape and encapsulation, and
structural lipids, mostly cholesterol that improves particle stability and membrane fusion [122, 123].
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In most cases, a pegylated lipid is added to increase storage stability by reducing aggregation and
immune cell opsonization [124, 125].

They can be loaded with different kinds of nucleic acids and engineered to target selected organs
[126]. Without a targeting modification, more than 80% of mRNA is deposited in the liver after
intravenous administration of an often-used SLN composed of C12-200, DOPE (1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine), cholesterol and DMG-PEG2000 (1,2-Dimyristoyl-sn-glycero-3-
methoxypolyethylene glycol). The nucleic acid is locally detectable for up to 72 h, while produced
protein is found for up to a week [91].

Based on this general structure, many modifications have been realized for every component to
adapt the carrier for different purposes. Especially for the ionizable lipid, a large library of new
candidates has been synthesized and patented with continuously less structure relationship to the
originally used cationic lipids [127—-129]. Such synthetic materials have a certain toxic potential and
can accumulate mainly in the liver or spleen which was addressed for example by even more
modifications [130, 131]. Cholesterol analogues were shown to improve endosomal escape but this
modification was not widely implemented [132].

Helper lipids are mostly phospholipids like DOPC (1,2-Dioleoyl-sn-glycero-3-phosphocholine),

DSPC (1,2-Distearoyl-sn-glycero-3phosphocholine) or phosphatidylserine (PS) [122, 133]. Among
them, DOPE has many well investigated benefits. It for example enhances the membrane fluidity
resulting in a better protein adsorption such as apolipoprotein E in the blood. Binding this protein,
leads to an enhanced liver delivery [122].

Widely used pegylation is always a compromise between benefits for particulate stability and the
reduction of efficacy. Optimal concentrations are usually in the range of 0.5-5 mol% for nanoparticles
in general [134]. For DMG-PEG2000 as part of solid lipid nanoparticles, the best results were
generated with 1.5 mol% for siRNA [135] and mRNA delivery [136]. The attachment of long PEG
chains onto the nanoparticle surface adds 3-5 nm of a hydrophilic barrier to the surface [100, 137].
As mentioned before, this reduces the interaction between nanocarriers before administration
sterically and therefore increases the stability of the formulation. After application in vivo, the
additional hydrophilic layer inhibits adsorption of plasma proteins [138]. The lack of opsonization
reduces uptake into the liver and recognition by the immune system which both extend circulation
time [127, 139].

Simultaneously, the interaction with cell membranes is influenced, too, which can jeopardize uptake
or endosomal escape [100, 140]. Possible solutions are the reduction of the PEG content, chain
shortage or releasing the PEG chain directly before uptake by the target cell when it is not needed
anymore resulting in transfection-competent nanocarriers [99]. The longer the PEG chain, the less
amount is needed to inhibit the complement activation [141]. PEG chains with a molecular weight
above 2000 for instance reduce the interaction with the cells [142]. Depending on the chain length of
the lipid anchor, the PEG chain desorbs from the nanoparticle as it is the case for DMG-PEG2000
(C14) or remain associated in circulation (C18 or C20) [143]. An anchor with a chain lengths below
C10 diffuses too fast to elicit the wanted effect [99].

Despite these benefits of the solid lipid nanoparticles that allowed the approval for emergency use
against Covid-19, there are also limitations. Especially a repeated administration of such solid lipid
nanoparticles can elicit a so called cytokine release syndrome by the massive production of
interleukin 6 in the spleen [144].

For all these nanoparticles based on this new, versatile group of carriers, the storage stability is a
main issue. The first approved mRNA-based vaccines must be stored at -80°C which is a huge
challenge for the supply chain and health care system.

The combination of the good transfection properties of lipids with the high stability of polymers has
the potential to solve this problem of storage stability. It has been already shown that they
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successfully delivery mRNA in vitro and in vivo. Hybrid nanoparticles made of PBAE and phospholipids
successfully transfected about 30% of cells in vitro and even resulted in significant proteins level in
mice after intranasal application [145]. Synergistic effects were reported by transfection rates of a
combined hybrid nanoparticle that outperformed single component particles either made of
protamine or DOTAP [146]. Yasar et al. proofed that this effect is associated with the hybrid
combination of lipids and polymer as polymer-polymer-nanoparticles transfected less cells in vitro
[147].

This lipid-polymer hybrid nanoparticle (LPN) is made of the biodegradable and well characterized
PLGA and the cationic lipid DOTMA (1,2-di-O-octadecenyl-3-trimethylammonium propane) resulting
in a positive surface charge that was used for the complexation of mMRNA [117]. In general, these
surface charges are related with toxic effects that often limit dosing and therapeutic effects [148].
For DOTMA in particular, necrosis was among the reported cytotoxic effects [149]. Another problem
is the mentioned opsonization of cationic surfaces in vivo that leads to an immune stimulation and
probably further adverse effects.

One strategy to cope with these limitations would be the reduction of cationic surface charge by
reducing the cationic lipid content. Despite being responsible for nucleic acid interaction, the
ionizable lipid in SLNs makes up maximum 50 mol% mainly next to helper lipids and cholesterol
[150]. It needs to be investigated if such a composition might also work for lipid-polymer hybrid
nanoparticles. A promising candidate for the partial replacement of DOTMA in the LPN is the
phospholipid DOPE with many reported advantages. As mentioned before, it is known to enhance
membrane fluidity [122]. DOPE promotes the transition to the hexagonal phase that is crucial for the
endosomal escape and the release of the nucleic acid [151-153]. These properties end up in an
improvement of mRNA transfection efficacy [81]. Furthermore, the combination of DOTMA and
DOPE has been successfully investigated for nucleic acid delivery already and even commercialized as
Lipofectin®. This transfection reagent is composed of a 1:1 mixture of the two lipids and has been
used for over 30 years for DNA delivery [154] and mRNA transfection in vitro and in vivo [93, 155,
156]. The addition of DOPE to the hybrid lipid-polymer hybrid nanoparticle is therefore a feasible
strategy of optimization.
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1.5 Aim of This Thesis

The aim of this thesis was to develop a skin vaccination platform based on a minimally invasive
application technique and mRNA-loaded nanocarriers. Due to the versatile properties of nucleic
acids, an exchange of the sequence would enable vaccination against many different pathogens.
Targeting immune cells in the upper layers of the skin with the laser-based administration, enhances
the immunogenicity of the vaccine with the potential of dose reduction and simultaneously increases
the compliance of the patients as application side effects like pain can be reduced.

mRNA-based vaccines have proven their potential to elicit a protective immune response in human
beings. The first two vaccines of this new kind were approved and due to the Covid-19 pandemic
they have been already applied to millions of individuals generating large data sets that will help in
the development of similar vaccines. Despite this great success that paved the way in many
directions, there are still drawbacks such as the storage stability of the solid lipid nanoparticles and
the suboptimal application route via the muscle. The aim of this thesis was to address both of these
topics that existed also before outbreak of the pandemic.

The first part of this work was the optimization of an existing carrier system for mRNA delivery that
combined the good transfection properties of the cationic lipid DOTMA with the high stability of a
polymer, namely PLGA. The focus was mainly on an improvement of the performance under stress
conditions, in particular the protection against RNases, and a reduction of toxicity. The influence of
the newly added phospholipid DOPE onto the particle characteristics was thoroughly investigated. In
a next step, the effect of pegylation was assessed regarding a potential improvement of colloidal
stability and tissue penetration properties.

This nanotechnological part was complemented by the evaluation of the best candidates for skin
application to profit from high immune cell density and thus the potential to elicit protective
responses with lower delivered doses. A minimally invasive administration technique using an
ablative laser was selected to apply the mRNA-loaded nanocarriers in a two-step protocol. Created
micropores by the selected P.L.E.A.S.E.® system are supposed to transiently disrupt the skin barrier
attracting and stimulating immune cells and at the same time enabling particle penetration and
antigen production in the skin tissue. This immunostimulatory potential of generated micropores
with selected depth targeting the divers skin layers was tested in a mouse model. The microporation
parameters were then adapted to human skin where particle penetration properties were compared
between different application routes. An ex vivo human skin model was established to quantify the
effect of the optimized nanocarriers for mRNA delivery over a course of one week. The focus was on
the transfection rates and the ability to stimulate immune cells to migrate out of the skin tissue. The
benefits of the laser-mediated application were tested against intradermal injection.
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2 Materials and Methods

2.1 Nanoparticle Preparation and mRNA Loading Procedure

2.1.1 Lipid-polymer Hybrid Nanoparticles

In this work, the lipid-polymer hybrid nanoparticles consist of a PLGA core (Resomer RG 503H, 50:50,
Evonik Industries Ag, Germany) and a layer with different ratios of the lipids DOTMA and/or DOPE
(both Avanti polar lipids, USA). The used ratios varied from DOTMA-only (labeled as LPN(0/100)) to
DOPE-only LPNs (LPN(100/0). The nomenclature of the nanoparticles refers to the molar percentages
of DOPE (first number) and DOTMA (second number) as shown in Figure 1.
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Figure 1: (A): Anticipated structure of nanocarriers. Nomenclature refers to the molar percentages of the DOPE (first number
in brackets) and DOTMA (second number) amount in the lipid layer. (B): structure of DOPE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine), (C): structure of DOTMA (1,2-di-O-octadecenyl-3-trimethylammonium propane). Graph has been
published in Kliesch et al. [157]

For the preparation of all nanoparticles, the same modified double-emulsion evaporation method
was used based on the published protocol by Yasar et al. [147]. In brief, a stock solution of DOPE

(25 mg/ml) was prepared using chloroform (Sigma-Aldrich, Germany). DOTMA was purchased as
chloroform solution in the same concentration. Aliquots of lipids were mixed by vortexing while
keeping the overall number of nitrogen atoms constant to ensure comparable numbers of potential
binding partners for mMRNA complexation. This lipid mixture was then combined with a PLGA solution
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(30 mg/ml in chloroform) and diluted with chloroform to a total volume of 500 pl. After thorough
mixing by vortexing, 250 pl ultra-purified water (Milli-Q°, Merck Millipore, Germany) (MQ) were
added followed by ultrasound sonication for 30 s at an amplitude of 30% to create a water-in-oil-
emulsion. Immediately 1 ml of polyvinyl alcohol (PVA) in MQ (2% w/v, Mowiol 4-88, Sigma-Aldrich,
Germany) was added and again homogenized by ultrasonication. After pouring this emulsion into 5
ml PVA-solution, the water-in-oil-in-water double-emulsion was stirred for 3 h to evaporate the
organic phase. LPNs were stored in the fridge until usage.

2.1.2 Pegylated LPNs

For the pegylation of the LPNs, a third lipid was added during the first mixing step of the protocol.
The selected DMG-PEG2000 (CAS 160743-62-4, MedChemExpress, USA) replaced 0.5-5 mol% of
DOPE by the new lipid. In this case, the concentration of the stock solution was 10 mg/ml in
chloroform.

2.1.3 Fluorescence Labeled LPNs

Depending on the assay, | used two different ways of fluorescent labeling of the LPNs. First,
fluoresceinamine (Sigma-Aldrich, Germany) was covalently coupled to PLGA as published in the
protocol of Weiss et al. [158]. This modified PLGA replaced the non-labeled PLGA during the particle
preparation procedure resulting in fluorescein isothiocyanate-labeled LPNs (FITC-labeled LPNs).

To generate a fluorescent label in the far-red spectrum, we selected DiD (1,1-dioctadecyl-3,3,3,3-
tetramethylindodicarbocyanine, 10 mg/mL in ethanol, D7757, life technologies, Invitrogen, USA) and
added 9 ul of the dye solution to the unlabeled PLGA before mixing with the lipids. This resulted in a
non-covalent incorporation into the LPNs. Unbound dye was removed by dialysis through a 100 kDa
membrane for 24 h under light protection.

2.1.4 mRNA Loading and Release

For the electrostatic loading of mRNA onto the surface of the LPNs, appropriate amounts of nucleic
acid were carefully pipetted into the nanoparticles’ suspensions and incubated for one hour at room
temperature (RT). Unless stated otherwise, mRNA encoding for the fluorescent reporter protein
mCherry (CleanCap™ mCherry mRNA (5moU), 7203; TriLink BioTechnologies LLC, USA) with a stock
concentration of 1 ug/uL was used.

Yasar et al. showed that for DOTMA-only LPNs (LPN(0/100)) the optimal weight ratio is 1:20 which
corresponds to a N:P ratio of 2.81 [117]. This N:P ratio was applied to all LPNs and used for all
displayed experiments.

To later release the mRNA again from the nanoparticles by competitively occupying nucleic acids
binding sites, two kinds of heparin were selected. Low molecular weight heparin (H3393-25KU,
119.1 mg solid) and high molecular weight heparin (H3393-100KU, 534.4 mg solid; both Grade I-A,
Sigma-Aldrich, Germany) were dissolved in MQ in different concentrations. For the RNase exposure
experiment, | finally added 375 pg of dissolved heparin (30 mg/mL in MQ) per microgram mRNA for
30 min at RT.
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2.2 Nanoparticle Characterization Without Cells

2.2.1 Dynamic Light Scattering

Dynamic Light Scattering (DLS; Zetasizer Nano, Malvern Instruments, UK) was used to characterize
the nanoparticles’ physicochemical properties such as hydrodynamic size, polydispersity index (PDI)
and surface zeta potential. For that purpose, LPN stock solutions were warmed to room temperature,
diluted 10 - fold with MQ and measured three times resulting in a mean value with standard
deviation.

2.2.2 Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NanoSight LM10, Malvern Instruments, UK) enables the detection of
fluorescent DiD-labeled LPNs against the background signal of the medium and thus the investigation
of nanoparticle stability in more complex media. An incubation under gentle shaking at 37 °Cin MQ
was compared with the incubation in RPMI medium supplemented with 10% FCS, HEPES buffer, non-
essential amino acids and B-mercaptoethanol representing the regular cultivation medium for the
selected dendritic cell line DC2.4 (for details see 2.3.1). Nanoparticle concentrations and the time
points were chosen to match the later established standard transfection protocols (see 2.3.6). After
0 h, 4 h and 24 h ongoing reactions were stopped by taking aliquots and diluting them 5-fold in MQ.
For each sample three videos of 30 s were recorded in the fluorescence channel. These video tracks
were analyzed with the NanoSight 3.3 software.

2.2.3 Cryo-TEM imaging

A 3 ul droplet of the LPN sample was placed on a holey carbon supporting TEM (transmission
electron microscopy) grid (Plano, Germany, type S147-4), blotted for 2 s and plunge-freezed in
undercooled liquid ethane with a Gatan CP3 plunge freezer (United States) operating at -165 °C.
After transferring the vitreous sample under liquid nitrogen to a Gatan model 914 cryo-TEM sample
holder, the samples were investigated by TEM (JEOL, Akishima, Tokio, Japan, model JEM-2100 LaB6)
bright field imaging at 200 kV accelerating voltage under low-dose conditions and imaged using a
Gatan Orius SC1000 CCD camera and an exposure time of 4 s.

2.2.4 Lyophilization

For the stability study, aliquots of 1 ml plain LPN suspension were diluted with 4 ml trehalose
solution in MQ (10 mg; final concentration 0.2%; D-(+)-trehalose dihydrate, CAS 6138-23-4, T0167,
Sigma-Aldrich) and frozen at -80 °C. In parallel, samples without trehalose were prepared the same
way. Vessels were then covered with perforated parafilm and transferred to the precooled freeze
drier. The automated drying program was run overnight. Lyo cakes were reconstituted with MQ.

For experiments with excised human skin, LPNs were first loaded with mRNA. After freezing at -80 °C,
samples were freeze dried over night with the standard program and parafilm. Samples were
reconstituted with PBS on the day of the experiment.

2.2.5 RiboGreen’ Assay and Binding Efficacy

To enable the quantification of bound fraction of mRNA, | used the Quant-iT™ RiboGreen” RNA
quantification kit (Molecular Probes, Inc., USA) following the manufacturer’s protocol. mRNA-loaded
LPN samples were diluted 1:100 with Tris-EDTA (TE)-buffer to a volume of 100 pul and mixed with
100 pl RiboGreen® dye (1:200 in TE-buffer) in a black 96-well plate for 5 min. The plate reader
(Infinite 200 Pro, Tecan Austria GmbH, Austria) measured the fluorescence signal with an excitation
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wavelength of 480 nm and an emission of 520 nm. The binding efficacy of LPN samples was
calculated relative to the fluorescence of the naked mRNA sample on the same plate.

2.2.6 Gel Electrophoresis

A gel retardation assay was used to confirm the successful loading of the mRNA onto the LPNs. The
0.7% w/v agarose gels (molecular biology grade, Serva, Germany) contained 35 pg ethidium bromide
each (stock 10 mg/mL in water, Sigma-Aldrich, Germany) and a 1X Tris-Borate-EDTA (TBE) buffer.
Samples were mixed with orange loading dye (Thermo Fisher Scientific, USA) and loaded into the gel
(400 ng mRNA per pocket). After running the electrophoresis at 60 V for 30 min, the nucleic acids
were visualized with a Fusion FX7 UV illuminator (Peqglab, Germany).

For the setup of gel electrophoresis after RNase exposure, see 2.2.8.

2.2.7 Artificial Interstitial Fluid (AIF)

To mimic the surrounding that LPNs face when applied to the skin after microporation, an artificial
wound fluid (AIF) based on the composition of interstitial fluid as prepared [159]. PBS was diluted
1:15 in MQ. A carbonate buffer was added followed by potassium, sodium, magnesium and calcium
accordingly resulting in an AlF-buffer with a measured pH of 7.02. Together with the intern Tobias
Neu, we compared the reaction of LPNs in this buffer with the effect of the buffer including albumin
(20.6 g/l). To do so, LPNs stock dispersions were diluted in the corresponding fluid and then mRNA
was added. After 1 h incubation time, the binding efficacy was measured with the RiboGreen® dye
and gel electrophoresis.

2.2.8 RNase Exposure and mRNA Protection

Based on the RiboGreen® assay described in section 2.2.5, | designed a kinetic experiment to measure
the degree of protection of the loaded mRNA by the LPNs against RNase A representing a crucial
property of nanocarriers. The readout was always based on the measured fluorescence values of the
RiboGreen® dye. All samples and reagents were dispersed in TE-buffer.

| started with the adjustment of the RNase A (DNase and Protease free, ENO531, Life Technologies
Inc., USA) amount. In the first setup, different amounts of naked mRNA in TE-buffer were prepared
and mixed with the RiboGreen® dye (1:200 in TE-buffer) in a 96 well-plate. | then added the same
amount of RNase A by simple pipetting. Realizing that the enzymatic degradation happens within
seconds, | changed to the automatic dispensing function of the plate reader. This enabled me to
avoid delays during the initialization process of the kinetic experiment and to measure in short
intervals of 1 minute for 30 minutes starting immediately after dispensation. As before, the amount
of RNase A dispensed per well was the same, but mRNA concentrations were varied resulting in
different effective concentrations for the enzyme.

Next, the aim was to confirm that the amount of the specific RiboLock RNase Inhibitor

(10 U/ng RNase protein, EO0381, ThermoFischer Scientific, Lithuania) is enough to stop the
degradation. Before adding any components, | measured the fluorescence of the naked mRNA in all
prepared wells as quality control to ensure comparable values. | then added RibolLock to one group
followed by RNase A. The fluorescence was measured every minute for 30 minutes.

To release as much mRNA as possible from the LPNs, | tested different concentrations of low

(119.1 mg, H3393-25 KU) and high molecular weight heparin (534.4 mg, H3393-100KU, Grade I-A,
low-molecular weight, Sigma-Aldrich, Germany). Starting with loaded LPN samples diluted 1:100 with
TE-buffer, | this time mixed them with higher concentrations of RiboGreen® dye (1:100 in TE-buffer)
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in a 96-well plate. Again, components were diluted in TE-buffer and changes of fluorescence
measured every minute for 30 minutes.

After optimizing all steps of the experimental set up, | finally tested selected LPNs and measured the
three parts after each other in one experiment (every minute for 30 minutes each). Starting again
with loaded LPNs (1:100 in TE-buffer) 1:1 mixed with RiboGreen® (1:100 in TE-buffer), RNase A was
automatically dispensed to the samples leading to a final nuclease concentration of 0.0013 Kunitz
(K)/ug mRNA. | added the RibolLock inhibitor and — after 30 minutes of measuring — added high
molecular heparin to release the remnant mRNA from the nanoparticles.

After the experiment, all measured values were corrected with the one of the corresponding blank
undergoing the same treatment. For LPNs, | used plain, unloaded nanoparticles with the same
composition and TE-buffer in case of the naked mRNA. For every step, corresponding amounts of TE-
buffer were added to keep a constant volume of all samples. With this procedure | tried to reduce
the influence of unspecific dye binding as much as possible. In the last step, we compared the
adjusted values of the group treated with RNase A with the results of the samples treated with TE-
buffer instead (manually added before RNase). RiboLock and heparin were added to all samples
independent of the first treatment.

For confirm and enable better interpretation of results, | used the same concentrations of additives
with larger aliquots of loaded LPNs parallel to the plate reader assay but without RiboGreen® because
the dye was added to the agarose gel (1:2000 in agarose (0.7% w/v)). | ran the gel at 60 V for 60 min
and visualized the nucleic acids with the fluorescence lamp (Fusion FX7, Peqglab, Germany). For
LPN(70/30), | had one sample that underwent only a part of the protocol separately.
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2.3 In vitro Characterization

2.3.1 Cell Cultivation

Unless stated otherwise, the murine bone marrow derived dendritic cell line DC2.4 (SSC142, Merck
Millipore, Germany) was used for cell-based experiments. Dendritic cells are the main target for our
vaccination strategy as they play a key role in the initiation of the immune response by presenting an
antigen and activating other immune cells. Cells were cultured at standard growth conditions
(humidified incubator at 37 °C with 5% CO,). Following the supplier’s recommendation, RPMI
medium (Roswell Park Memorial Institute; 1640 1X, Ref 21875, Gibco/Life Technologies, UK) was
supplemented with 10% FCS (fetal calf serum, Ref 10270106, Gibco, UK), HEPES buffer (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; 0.01M, Ref 15630, Gibco, UK), non-essential amino
acids (1X, REF 11146, Gibco, UK) and B-mercaptoethanol (0.0054X, Ref ES-007-E, Millipore, UK).

2.3.2 MTT with A549 Cells

In a first cytotoxicity test, | used a colorimetric assay based on the reduction of 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) to its purple formazan by
metabolically active cells. These crystals inside the cells can be quantified by absorbance
measurements and are proportional to the number of viable cells in the sample [160].

For this cell metabolism-based assays, | used the lung derived cancer cell line A549 cultivated in RPMI
medium including 10% FCS in a humidified incubator at 37 °C with 5% CO,. 10,000 cells in 200 pl
growth medium were seeded for three days in a 96-well plate. In parallel, | prepared dilution rows of
LPNs (0/100 — 50/50) in HBSS buffer (Hank’s Balanced Salt Solution) as these LPNs contain more of
the cationic lipid DOTMA and are thus expected to be the most toxic ones. Dilutions covered a range
from 7 pug/ml up to the stock concentration of 1700 pg/ml.

On the day of experiment, cells were washed twice with prewarmed HBSS and samples were then
added. | used plain HBSS as live control and a Triton-X-solution (1% in HBSS) as dead control. After

4 h of slow shaking in the incubator (37 °C with 5% CO,, humidified) the supernatant was removed
from the cell layer. Cells were washed once with HBSS. After diluting the MTT reagent (Thiazolyl Blue
Tetrazolium Bromide, Sigma-Aldrich; stock: 5 mg/ml in PBS) in HBSS, an aliquot of 100 pul was added
per well for 4 h while slowly shaking at 37 °C. After another washing step with HBSS, dimethyl
sulfoxide (DMSO) was added for 10 minutes to lyse the cells and to dissolve formazan crystals. |
measured the absorbance at 550 nm at endpoint of this colorimetric assay and calculated the
viability relative to the live (100%) and dead control (0%).

2.3.3 Live-Dead-Staining

| used several different setups to distinguish live and dead DC2.4 cells after particle exposure. The
general setup was the same, though. 50,000 DC2.4 were seeded for 2 days in 500 pl growth medium
in a 24-well plate. After washing twice with HBSS, | incubated the cells for 4 or 24 h with
nanoparticles, washed again, detached cells, incubated with the staining solution and finalized
sample preparation for flow cytometry by washing the cell suspensions again. As a last step, samples
were diluted in FACS-buffer (2% FCS in HBSS) and immediately analyzed with the flow cytometer (BD
LSR Fortessa Cell Analyzer, Biosciences, Germany). At least 10,000 events per sample were acquired.

Applying a dual staining set up, | used fluorescein diacetate (FDA) (1:1000 in PBS, stock 5 mg/ml in
acetone, CAS 596-09-8) to stain live cells. The diacetate can pass cell membranes and is cleaved
inside metabolically active cells. The free acid is trapped intracellularly emitting a green fluorescent
signal. For staining the dead cells, | used either DAPI (1:1000 in PBS, stock 1 mg/ml in water, 4',6-
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diamidino-2-phenylindole, CAS 28718-90-3) as polar dye or 7-aminoactinomycin D (7-AAD, part of
the Promokine Live/Dead cell staining kit I, PK-CA577-K315) as very large molecule. Both dyes can
only pass cell membranes if the barrier is interrupted due to ongoing cell death processes. All dyes
were mixed in PBS and incubation time of the single cell suspensions was 20 min unless stated
otherwise. As live control, | used the plain medium — HBSS or growth medium -, and as dead control
5% ethanol in HBSS.

After data acquisition, | used the FlowJo Software (FlowJo 10.8.1, FlowJo, USA) to gate for the cell
populations. Graphing the dead cell signal on the x-axis and the live cell signal on the y-axis, | found
four populations. The debris that were excluded, live cells and cells with a dead cell signal. These last
cells were either dead with only the dead stain signal or double positive for the live and dead cell
staining. | counted the double positive cells as dead because the harmed membrane structure
indicates the beginning of cell death processes in these metabolically active cells. Results are
expressed as percentage of viable cells normalized to all cells without debris.

2.3.4 Uptake

The uptake was quantified using LPNs that contained the FITC-linked PLGA and thus a green
fluorescent signal. The results are expressed as percentage of cells, that is associated with this FITC-
signal and simultaneously lacking a DAPI signal for cell membrane damage. Details of the
experimental setup are described in 2.3.6 because data sets were collected in the same experiment
as the cytotoxicity and the transfection efficacy.

2.3.5 Transfection

mRNA encoding for the fluorescent protein mCherry was chosen to assess how many cells produce
how much of protein. The resulting red signal of successfully transfected cells was quantified parallel
to the uptake and cytotoxicity assessment in the same experiment as described in 2.3.6.

2.3.6 Combined Live-Dead-Staining, Uptake and Transfection Efficacy

As preparation for the combined experimental setup, 50,000 DC2.4 cells were seeded in 500 pl
growth medium per well in a 24 well plate. After two days incubation at 37 °C and 5% CO,, cells were
washed twice with prewarmed HBSS under the laminar flow bench and added fresh medium. | used
either plain RPMI (no phenol red, 1640, Ref 11835, Gibco, UK) or the regular cultivation medium with
all supplements. After loading FITC-labeled LPNs with mCherry-mRNA, | added the nanoparticles to
the wells under non-sterile conditions reaching a nucleic acid concentration of 2 ug/ml per well.

5% ethanol in HBSS was used as dead, supplemented growth medium as live control. Cells were
incubated for 24 h while slowly shaking the plate in the incubator. For the evaluation of influence of
FCS addition (Figure 22), | prepared HBSS or Opti-MEM® including 1-10% FCS. | incubated the cells
only for 4 h with the LPNs dispersed in different media, washed with HBSS and added fresh medium
for 24 h.

The next day, nanoparticles were removed. Cells were washed twice with prewarmed HBSS and
detached from the wells with trypsin-EDTA for 5 min. After stopping the reaction with FACS-buffer
(2% FCS in HBSS), | transferred the cell suspensions to round-bottom FACS tubes. To collect the cells,
samples were centrifuged for 5 min at 300 g at 4 °C and washed with PBS. In the next step, | stained
the dead cells by adding the DAPI (1:1000 in PBS, stock 1 mg/mL) staining solution for 20 min at room
temperature and light protection. Immediately after this incubation time, 20,000 cells were
measured in the flow cytometer.

Data analysis was separately performed with the FlowJo Software and percentages for potential
cytotoxic effects, uptake and transfection efficacy calculated. The gating strategy is shown in the
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supplementary Figure S 3. For the first parameter, | excluded cell debris and DAPI-positive, dead cells
from the entire measured cell population leading to the live cell population. The uptake as second
parameter is expressed as live cells that show a green signal indicating successful uptake of the FITC-
labeled LPNs. The third parameter, the transfection efficacy, was calculated in two ways. On the one
hand, | calculated how many cells in the entire cell population express the mCherry protein. On the
other hand, | measured the percentage of transfected cells within the live cell population.

| used two different commercial transfection reagents as positive controls for the setup. On the one
side, JetMESSENGER® (REF 150-01, Polyplus, France) as polymeric compound and Lipofectin®
(18292011, Invitrogen, USA) as liposomal mixture composed of a 1:1 ratio of DOTMA and DOPE. |
prepared JetMESSENGER according to the manufacturer’s recommendation. In brief, 100 pl of the
reaction buffer was mixed with each microgram mRNA, vortexed shortly and incubated for 45 min to
prepare this control in parallel to the LPNs. 15 min before use, the JetMESSENGER® reagent (2 ul for
each microgram mRNA) was added and shortly vortexed as well.

For Lipofectin®, | diluted 6.19 pl of the reagent with 50 ul HBSS per microgram mRNA. This calculated
amount of Lipofectin® had the same number of bindings site as the LPNs resulting in the same N:P
ratio of 2.81. In parallel, mRNA was diluted in another 50 ul HBSS. After 45 min, both solutions were
combined, gently vortexed and incubated for 15 min.

2.3.7 Live Cell Imaging with Lionheart: Transfection Kinetics

50,000 DC2.4 were again seeded in 500 ul growth medium for 48 h but this time | used an imaging
24 well plate. During the incubation time of the mRNA complexation, | adjusted the autofocus
settings with the cells and selected three areas per well where the automated microscope (Lionheart
FX Live Cell Imager, BioTek, USA) would take the images. | washed the cells twice with prewarmed
HBSS and stained the nuclei with the Hoechst dye (20 min, 1:1000 in HBSS) under light protection to
enable a faster and better autofocus. After another two washing steps with prewarmed HBSS, |
added non-supplemented medium and the nanoparticles for 5, 15, 30 or 60 minutes. Then, LPNs
were removed again by washing twice with HBSS and fresh, non-supplemented medium was added
for 24 h. As comparison, there was one well per group where | did not wash away the LPNs but
incubated for the full 24 h with the nanoparticles. We selected a 45 min imaging interval during this
incubation time in the automated microscope and measured the number of fluorescent cells and
fluorescence intensities in the Hoechst and the mCherry channel parallel to the bright field. For this
first experiment, | tested only LPN(70/30) as favorite LPN from previous uptake studies and as
comparison LPNs (0/100), (10/90) and (50/50) to cover the entire range of formulations. LPN(100/0)
was excluded as we cannot expect transfection without mRNA attachment to the surface. There was
only one well per condition for this preliminary study with the FITC-labeled LPNs.

The next day after the last images were taken, | washed again twice with HBSS, detached the cells (5
min with trypsin-EDTA) and prepared them for flow cytometry as described in 2.3.6. As cells were
already stained with the Hoechst dye, | skipped the DAPI staining step during the sample preparation.
Thus, | could not distinguish live and dead cells during the analysis and adjusted the gating strategy
accordingly.

After selecting the 24 h incubation time for further studies, | repeated the experiment again with
incubation in non-supplemented medium. This time | determined 7 spots per well and a 30 min
imaging interval. Staining and washing step were the same.

Images were analyzed with the Gen5 software (BioTek, USA). | applied a preprocessing step to all
images. For the bright field and the DAPI channel with the cell nuclei we selected a radius of 30 um.
Images in the mCherry channel were not processed. For deduction of numbers of transfected cells, |
used 2000 as threshold in the mCherry channel and an object size of 10-300 um.
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2.4 Primary Bone Marrow Derived Dendritic Cells

2.4.1 Isolation and Peptide Presentation

All experiments with primary, mouse derived cells and mice were conducted in cooperation with
Simon Delandre from the Department of Vaccinology and Applied Microbiology at the Helmholtz
Centre for Infection Research (HZI) in Braunschweig. To collect the bone marrow cells, we flushed the
femur and tibial bones of 6—-8-week-old C57BL/6 mice (Envigo, Germany) with culture medium (RPMI
1640 supplemented with 10% fetal calf serum, 100 U/mL penicillin, 50 pg/mL streptomycin, 100
pg/mL gentamycin; Gibco, USA). Next, we lysed the erythrocytes in ACK lysing buffer (Ammonium-
Chloride-Potassium, Sigma-Aldrich, Germany) and seeded the remaining cells at 1.10° cells/mL in
culture medium supplemented with 5 ng/mL murine GM-CSF (BD Pharmingen, USA). 7 days later the
bone marrow derived dendritic cells (BMDCs) were ready for experimental use.

We used the cells in different setups. For all experiments, we loaded the LPNs with mRNA encoding
for the model antigen ovalbumin (OVA) (CleanCap™ OVA (5 moU); TriLink BioTechnologies LLC, USA)
in the same N:P ratio as for mCherry mRNA. This enabled us to quantify not only the transfection
efficacy but later steps in the immune activation cascade such as the presentation of peptide
fragments on the cell surface and the consecutive activation of specific T cells.

In a first scenario, we transfected the isolated cells with OVA-mRNA-loaded LPNs for 3 h in Opti-
MEM®. After washing, we added fresh medium for 48 h and analyzed transfection rates by
qguantifying the SIINFEKL peptide presented on the MHC-Il receptor on the surface of the cells with a
specific antibody and flow cytometry. An added live-dead-staining kit enabled assessment of
cytotoxicity. The second setup was the activation of OVA-specific T cells described in the following
chapter.

2.4.2 Antigen-specific T Cell Activation

This study was based on OVA-T cell-receptor transgenic mice OT-I (C57BL/6-Tg(TcraTcrb)1100Mjb/J)
bred at the animal facilities at the HZI under specific pathogen-free conditions. Thus, we again used
OVA-mRNA to load the LPNs matching the specificity of the CD8* T cells isolated from spleen and
lymph nodes of the transgenic mice.

We added the loaded LPNs to the BMDCs in Opti-MEM® (REF 31985) for 3 h. After this first step,
tested different procedures that are described in the corresponding Figure caption. In short, we
tested a lower dose of 0.5 ug mRNA. The CD8* T cells were labeled with 10 uM carboxy fluorescein
succinimidyl ester (CFSE; Molecular Probes, USA) and added to the potentially transfected BMDCs for
4 days without a post-incubation time in between. Lacking reliable readouts, we increased the dose
to 1 ug mRNA. After further cultivation for 20 h in culture medium (RPMI 1640 supplemented with
10% fetal calf serum, 100 U/mL penicillin, 50 pug/mL strep-tomycin, 100 ug/mL gentamycin; Gibco,
USA), a co-cultivation time of 6 days followed. In both setups, all cells were then collected and
analyzed by flow cytometry. We determined the loss of CFSE signal in CD8" T cells in response to
OVA-peptide presentation by BMDCs.
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2.5 In vivo studies with Mice

2.5.1 Evaluation of Skin Cell Behavior Following the P.L.E.A.S.E.® Microporation
2.5.1.1 Handling of P.L.E.A.S.E.® System

We selected the P.L.E.A.S.E.® system by Pantec Biosolutions (Rugell, Liechtenstein) for our skin-based
studies. The erbium:yttrium-aluminum-garnet (Er:YAG) laser has a wavelength of 2940 nm which is
ideal to evaporate the water and thus the tissue. The user has many options to adapt the depth of
the created pores to the application by changing several parameters during the laser setup. The only
constant is the pore diameter which is 150 um according to the manufacturer. The laser beam
parameters, repetition rate in Hertz (Hz) and pulse length in us, determine the laser power and thus
the energy per area (fluence, J/cm?). This fluence is responsible for the depth of one pulse that varies
between 11 and 71 um. You can select the number of pulses per pore resulting in a theoretical
maximum depth of 3500 pum as depth per pulse is multiplied with number of pulses.

As last parameter, you can choose the size of the treated square with a maximum side length of

14 mm limited by the used adapter. We purchased two adapters that have direct contact with the
skin piece and fully cover the area of treatment. The larger one had a side length of 14 mm, the
smaller one for the mouse ear 8 mm. Pore densities and thus the number of pores can be varied
between 1 and 15%.

2.5.1.2 Application of P.L.E.A.S.E.® on Mouse Ear

All animal-based studies were conducted together with Simon Delandre, our collaboration partner at
the HZI under the animal permission 16/2118-A. We selected 21 female wildtype B6 mice and
distributed them equally in groups with three animals each. Mice were anesthetized with an
intraperitoneal injection of ketamine and xylazine (0.1 ml/g bodyweight). We treated one ear at a
time per mouse. As preparation, we fixed this one ear with a tape on a plastic support with the dorsal
sit up. Using the smaller P.L.E.A.S.E.® adapter, we then treated an area of 8 x 8 mm on the back side
of the ear. Laser settings were 75 ps pulse length with a repetition rate of 200 Hz resulting in a
fluence of 5.9 J/cm? and thus a calculated pore depth of 24 um per pulse. Pore density was 8%. A
part of the animals was treated with so called shallow pores with only one pulse per pore targeting
the epidermis. The second half of mice was treated with deep pores after two pulses per pore and
48 um theoretical pore depth.

In the first study the focus was on the effect of the P.L.E.A.S.E.® laser treatment. Therefore, we
applied only 10 pul of PBS buffer directly after laser treatment and massaged the ear with an
inoculation loop. In the second study, we applied OVA-mRNA-loaded LPN(70/30) instead. These
nanoparticles were loaded, freeze-dried, transported at RT to the HZI and reconstituted in PBS to
increase the concentration. We applied 7.84 ug mRNA per animal in twice 10 pl nanoparticle
suspension. The ear was then removed from the cartridge and covered with a transparent tape to
avoid the immediate removal of the liquid during the self-cleaning procedure of the mice.

This described procedure was then repeated with the second ear of the animal to double the size of
the treated area and thus enable later the application of more LPNs per animal. We treated groups of
mice 24, 6 and 3 hours prior to the sampling. The control group was not treated at all.

2.5.1.3 Overview Sampling Strategy

All samples were collected at the same time point. An overview of the sampling process is described
in Figure 2. All samples were analyzed together with Simon Delandre in Braunschweig.
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Figure 2: Overview of sampling methods and material for evaluation of P.L.E.A.S.E.® effect on skin cells. Three animals per
group were microporated with shallow (24 um) or deep (48 um) pores. 10 ul PBS buffer was applied with inoculation loop.
Mice were treated 24, 6 and 3 hours prior to sampling.

2.5.1.4 Cytokine Analysis in Blood and Ear Tissue

The sampling started with the collection of the blood from the retrobulbar plexus of mice after
anesthesia with isoflurane. Serum was immediately separated from red blood cells by centrifugation
and stored for 24 h at -20 °C. Then we transferred them to the -80 °C freezer until analysis with the
LEGENDplex™ mouse cytokine kit (ELISA, panel 2, 13-plex, cat. 740134, BioLegend, USA) following
the manufacturer’s protocol.

After blood collection, mice were sacrificed, and ears cut off at their base with scissors. We selected
two ears of two different animals for the cytokine analysis of the tissue. The dorsal part of the ear
was separated from the inner part with the cartilage using two forceps. After freezing in liquid
nitrogen, ear parts were stored at -20 °C for 24 The next day, cells were lysed with 1 ml NP-40 lysis
buffer (150 mM NaCl, 50 mM Tris-HCI pH8, 1% NP-40; protease) in M-tubes for homogenization (for
GentleMACS®, Miltenyi Biotec, Germany). Protease was added directly before the ear to protect the
cytokines from tissue enzymes. After 1:20 min of mechanic digestion in the GentleMACS® and 10 min
centrifugation, supernatants containing the cytokines were collected and stored at -80 °C until
analysis together with the blood cytokines and the cytokine kit. Results were normalized to the
protein amount of one ear.

2.5.1.5 Tissue Digestion for Cellular Analysis with Flow Cytometry

For the cellular analysis with the FACS, we took one ear per animal and separated again the back part
from the cartilage and the ventral part of the ear with forceps. To enable the separation of dermis
and epidermis, dorsal ear parts were incubated dermis side down in trypsin GNK solution

(0.1% glucose, 0.9% NaCl, 0.04% KCl, 0.29% trypsin in PBS, pH 7.6 with 1 M NaHCOs) at 37 °C for

45 min following the recommendation of Kashem und Kaplan [161]. Skin layers were separated
carefully with a forceps and incubated simultaneously in different conditions to generate the single
cell suspensions. The epidermis was incubated in DNase (0.1 mg/ml) in digestion medium (RPMI with
10% FCS, Pen/Step, 1% HEPES) for 30 min at 37 °C and vortexed every 10 min. The dermis needs a
harsher chemical digestion. Next to the DNase, we therefore added collagenase XI (2.5 mg/ml) and
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hyaluronidase (0.25 mg/ml) to the digestion medium for 45 min at 37 °C. All three samples of one
treatment group were then filtered with the same 30 um cell strainer and pooled in one Eppendorf
tube resulting in one dermis and one epidermis tube per treatment group. After two washing steps
with skin buffer (PBS supplemented with 2% FCS and 2 mM EDTA), 1gG binding sites were blocked
with aCD16/aCD32 at 4 °C for 10 min to prevent unspecific binding of staining antibodies. After
centrifugation, the antibody panel and live-dead-staining in skin buffer was added to the cells for
30 min at 4 °C. After washing with plain skin buffer, samples were resuspended in the fresh skin
buffer and analyzed with a BD symphony flow cytometer.

The FACS panel consisted of primary labeled antibodies against CD45 (labeled with BUV496) staining
all hematopoietic immune cells. These cells were further sorted with CD3 (with BUV395) and NK1.1
(with Alexa700) for T cells, Ly6C (with BV785) and Ly6G (with PE-Cy7) for neutrophiles and
monocytes. Antigen presenting dendritic cells were labeled with an MHC-II antibody linked to BV421
and further specified with CD11b (with BV605) and CD24 (with APC-fire 750). CD40 (with A647) and
CD86 (with BV650) were used to quantify the activation status of these dendritic cells. A y6TCR-
antibody with PE stain labeled cells of the epidermis.

2.5.1.6 Spatial Analysis with Fluorescence Microscopy

After these sampling steps, there was one ear per group left that was reserved for the analysis with a
confocal laser scanning microscope (CLSM). The first step was the depilation of the ears. Even though
hair density is much reduced compared to the back of the mice, the mouse hair has an intense
fluorescence and thus jeopardizes the microscopic evaluation. One drop of depilation creme was put
on a paper tissue and the ear added for 1 min. Hairs were wiped away with the tissue followed by
two washing steps with PBS. As before, the dorsal part was separate with forceps. The epidermis of
this dorsal part was sticked to a crystal-clear tape to keep is spread out during sample preparation
and microscopy. Following the same procedure as the cell suspension for the FACS, the basal
membrane was digested for 45 min dermis side down in the trypsin containing GNK solution at 37 °C.
After washing with PBS, dermis was carefully separated with forceps from the epidermis that
remained on the tape. Both skin layers were fixed for 20 min at RT in 4% PFA and twice washed with
PBS. One week incubation in a glycine solution containing bovine serum albumin (BSA) (1.5 g glycine
and 3 g BSA in 100 ml PBS) at 4 °C reduced the background fluorescence.

The glycine was removed with one washing step of PBS followed by the staining procedure in staining
buffer (PBS with 1% BSA and 0.25% saponin). For every antibody, the sheets were put in drop of
antibody staining solution in a saturated humid chamber avoiding air bubbles. After incubation,
samples are washed three times with PBS and the next antibody followed. We incubated the skin
sheets overnight at 4 °C with an antibody against Ly6G and labeled this primary antibody for 1 h at RT
with a secondary antibody linked to AF488. An antibody against MHC-II for 2 h at RT was marked
with BV421 (1 h at RT). At the end, the sheets were placed on a glass slide with the tape facing
downwards. Samples were encircled with a Pap-Pen, mounted with ProLong® Gold Antifade with
DAPI and stored at 4 °C until microscopy.

2.5.2 Application of Loaded LPNs After P.L.E.A.S.E.® Microporation
2.5.2.1 Adoptive Transfer

The protocol for the adoptive transfer and the consecutive analysis was published by Lirussi et al.
[162]. We will therefore describe the procedure only in brief. Transgenic mice with T cells specific for
the model antigen ovalbumin were bred at the animal facility at the HZI. CD4* T cells were harvested
from lymph nodes and spleens of OT-Il mice, while CD8* T cells came from OT-I mice and were
separately isolated. Cells from lymph nodes were collected using only a 100 um cell strainer. For
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lymphocytes of the spleen, erythrocytes were lysed in RBC lysis buffer first, then washed and also
quantified. All cells from one type of animals were pooled. Next, T cells were isolated using an
antibody-based kit by Invitrogen and a magnet to remove all unwanted, antibody-linked magnetic
bead labeled cells. We isolated 260*10°CD4* and 160*10° CD8" T cells with a viability of 90%.

After combining OT-I and OT-Il cells, we added the covalent label CFSE (carboxyfluorescein
succinimidyl ester) for 5 min to follow the proliferation after stimulation [163]. With every mitotic
cycle, the fluorescence signal per cell is reduced allowing an indirect quantification of the
proliferation and thus the activation of the immune cells. 5*10° labeled T cells were then transferred
per mouse via intravenous injection into the tail vein. A quality control using a CD3 antibody as T cell
marker for flow cytometry showed that 85% of injected cells belong either to the CD4* or the CD8*
subpopulation.

2.5.2.2 Application of Samples

On the day after the transfer of the ovalbumin specific T cells, mice were treated with the same
procedure as described in 2.5.1.1. This time we only used the deep settings with 2 pulses per pore
and 48 um theoretical depth.

LPN(10/90) and LPN(70/30) were transported to the HZI in suspension on ice and loaded with mRNA
encoding for ovalbumin on the day of experiment. We applied 3.13 ug mRNA in total per mouse on
both ears. We added a group with plain LPN(10/90) without mRNA to check if the nanocarrier itself
has any toxic effects. For the ovalbumin control, 5 ug in 50 pl were injected subcutaneously together
with cyclic di-AMP (CDA, cyclic di-adenosine monophosphate).

We had three animals per treatment group and only female mice in this study.

2.5.2.3 Isolation and Analysis of Single Cells

All mice were sampled 7 days after the transfer of T cells. The isolation of the ovalbumin specific

T cells followed the same procedures as used before the transfer. This time samples were only
pooled within the same treatment group and the same origin. Cells from lymph nodes and spleen
were not mixed but analyses by flow cytometry after antibody staining to distinguish OT-I and OT-II
cells.
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2.6 Ex vivo Skin Model

2.6.1 Preparation of Human Abdominal Skin

The ethics committee of the Arztekammer des Saarlandes approved the usage of human abdominal
skin for LPN testing with the written consent of the patients. | picked up the skin directly after
dissection from the patient during the plastic surgery. After short transport to the institute in a
cooling box, the skin surface was cleaned with water and paper tissues. Next, the skin piece was fixed
with epidermis side down on a cooling pack putting some tension on the tissue. | carefully removed
the subcutaneous fat with a scalpel and changed the position of the clips stepwise to maintain the
tension of the skin tissue. This ready-to-use skin was either directly treated and cultivated in medium
or stored in foil at -20 °C. Frozen and stored skin was only used for the adjustment of pore density as
cell viability was no criteria in that study.

2.6.2 Assessment of Optimal Pore Density

Stored human abdominal skin was defrosted and spread with clips at the edges. | used the large
P.L.E.A.S.E.® adapter with a treatment array of 10x10 mm. Laser settings were 75 ps, 200 Hz per
pulse theoretically creating a pore of 24 um depth. After three pulses per pore the calculated total
fluence was 17.8 J/cm? resulting in pores of 72 um theoretical depth. | tested several different pore
densities covering the entire range between 1 and 15% that is possible with the software. The pore
density indirectly determines the number of pores because the size of pores and the treated array is
constant. In a second step, | increased the contrast against the skin by applying 20 ul trypan blue dye
(0.25% in PBS) per array to the freshly created pores and took a photo.

2.6.3 Transfer of Laser Parameters to Human Skin by Cryo-sectioning and
Microscopy

| prepared fresh human skin as described in 2.6.1 and treated it with different laser settings to
determine when pores reach the dermis. The fluence per pulse was the same as in mouse studies
(5.9 J/cm?, 75 ps pulse length, repetition rate of 200 Hz) resulting in a calculated pore depth of 24 pm
per pulse. | varied the number of pulses from 2 to 21 and had four biopsies per treatment group —
two that were directly embedded and frozen and the other ones that was first cultivated for 24 h at
37 °C. For cultivation, skin pieces were freely floating in RPMI medium supplemented with 10% FCS
and penicillin/streptomycin. Having two biopsies of every kind, | treated one of them with highly
fluorescent polystyrol nanoparticles of a similar size as the LPNs. | applied 20 ul of undiluted
FluoSpheres® (amine-modified microspheres, 200 nm, red fluorescence 580/605, 2% solid,
Invitrogen, KatNo F8763, USA) immediately after laser microporation and massaged the tissue with
the pipet tip.

At the selected time points, skin biopsies were cut in halves, embedded in Tissue-Tek® (O.C.T.
Compound, Sakura, 4583) and frozen at -20 °C. Samples were cut in 10 um slices at -20 °C using a
cryotome with the blade moving from dermis towards epidermis to avoid a nanoparticle smear into
the skin tissue. Skin cuts were stained with DAPI (0.5 mg/ml in PBS) for 20 min at RT, washed and
mounted. Microscopy slides were stored in the fridge until analysis with the CLSM (Leica TCS SP 8,
Germany).

2.6.4 Sample Preparation and Application Routes

LPNs were loaded with mCherry mRNA and lyophilized to increase the concentration and the
viscosity by resuspending in less volume of PBS. | used different application routes and investigated
the fate of LPNs (see next chapter 2.6.5). During the application, the skin was put under tension with
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surgical clips.

The least invasive application method was pipetting the droplet of LPNs onto the fresh skin and
massaging it for one minute with the pipet tip.

The second option was the P.L.E.A.S.E.® laser where we selected a fluence of 5.9 J/cm? per pulse
(75 us pulse length, repetition rate of 200 Hz) and eight pulses per pore to theoretically generate
190 um deep pores. Treatment area was 8 x 8 mm. Immediately after microporation, LPNs were
applied with pipet and massaged for one minute.

As comparison and most invasive method, | used intradermal injection with an insulin syringe (1 mlin
10 ml scaling steps, 26Gx0.5” (0.45x13 mm), Romed Holland, REF 3TS-1ML). Human abdominal skin
was folded with a forceps to enable injection (about 2 mm deep) in a 10-15° angle. 20 pl were
injected per biopsy (11 mm diameter). After 10 s and the formation of a visible bulb on the skin
surface, the needle was removed again.

After optimization with the positive control, | applied a dose of 8 g mRNA per skin biopsy in 20 pl
(0.4 pg mRNA/ul). Next to the nanoparticles, | used PBS as negative and polyethyleneimine (PEIl) as
positive control. To have a fair comparison with the loaded LPNs, | complexed the mRNA in a weight
ratio of 1:20 with PEI (branched, CAS 9002-98-6, Mw 25,000, water-free, Cat 408727, Sigma-Aldrich)
in PBS. The final mMRNA concentration was the same as in the reconstituted LPNs.

2.6.5 LPN Penetration Study

| prepared LPNs with a non-covalent DiD label as described in 2.1.3, loaded them with mRNA and
resuspended them in PBS after lyophilization. Fresh skin was treated with these LPNs using all three
described routes (2.6.4). Samples were either directly embedded in Tissue-Tek® or first cultivated
freely floating in antibiotics containing medium for 24 h at 37 °C. Embedded skin biopsies were
stored at -20 °C until they were cut in 10 um slices with the cryotome. The blade always moved from
dermis to epidermis to avoid any artefacts by smearing the LPNs into the tissue. Cuts were mounted
and stored until evaluation with confocal microscope.

2.6.6 Cultivation of skin samples and supernatant collection

Skin biopsies were cultivated in RPMI medium supplemented with 10% FCS. Directly before usage,
10% penicillin/streptomycin (15140122, Gibco, UK) were added. 11 mm skin biopsies were added to
2 ml medium in 24 well plate. Skin pieces floated freely on this medium without any support and
cultivated at 37°C in the humidified incubator. After 24 h of cultivation, medium was collected with a
pipet while flushing the bottom of the wells and replaced with fresh medium. Supernatants were
always collected from the same wells with the samples with the longest incubation time, usually the
7 days samples.

2.6.7 MTT with Tissue Pieces

At selected time point, skin biopsies were taken out of the medium and cut in halves with a scalpel
and forceps. One half was used for MTT, the other for digestion followed by FACS analysis.

The procedure was adapted and optimized following the published protocols [164—167]. The MTT
piece was minced in four approximately equal pieces and added to 500 ul PBS in a black 24 well
plate. After the last sample, 500 pl MTT reagent in PBS were dispensed to all wells reaching a final
concentration of 1 mg/ml. Incubation time was 3 h at 37°C under light protection. The reagent was
then removed. Biopsies and the wells were washed twice with PBS. The formed purple formazan
crystals were extracted with 1 ml isopropanol overnight at 37°C under slow shaking. A sticky cover
foil prevented from evaporation. Three samples per well were then transferred to a 96 well plate and
measured at 570 nm with the plate reader. Viability was calculated relative to the absorbance of the
untreated sample on day 0. Isopropanol blanks were always subtracted.
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2.6.8 Digestion with Skin Biopsies with Miltenyi Dissociation Kit

| used the Miltenyi Dissociation Kit and followed the manufacturers recommendations. Half of the

11 mm skin biopsies were cut in four pieces with scissors and forceps and added to 435 pl digestion
buffer (Whole Skin Dissociation Kit, human, 130-101-540, Miltenyi, Germany) in C-tubes (for
GentleMACS®, Miltenyi, Germany). Enzyme A, D and P were added to a final volume of 500 pl.
Sample tubes were then incubated overnight in a 37°C waterbath under strong shaking. The next
day, the reaction was stopped with 500 pul RPMI + 10% FCS and samples put on ice. Tubes were
inverted and samples flushed to the lids. Skin pieces were then mechanically digested for 35 seconds
with the preset skin program of the Gentle-MACS. After collecting the sample at the bottom of the
tube again by centrifugation (5 min at 4°C, 300 g), | filtered the sample through a 100 um strainer
into FACS tubes. C-tubes and filters were flushed with another 4 ml medium and combined with the
first sample resulting in 5 ml single cells suspension per half skin biopsy.

After this filtration, | found pieces of epidermis in the cell strainer. These pieces were collected with a
needle, spread out on a glass slide and directly covered with mounting medium. | used the brightfield
and fluorescence channels of the Lionheart microscope to investigate the skin pieces.

2.6.9 FACS Analysis

Single cell suspensions after digestion and supernatant samples underwent the same FACS
preparation procedure. All steps were performed on ice. Cells were collected by centrifugation

(300 g, 4°C, 10 min for digested biopsies, 5 min for supernatants) and medium removed. Live-Dead-
staining mix was added for 20 min per tube (200 pl, 1:400 FDA/DAPI in FACS-buffer (2,5% FCS in
PBS)). After washing with 1 ml FACS buffer with 5 min centrifugation each, samples were fixed in PFA
(3% in PBS, 300 ul for digested biopsies, 150 pl for supernatants) and directly analyzed with the flow
cytometer. 100.000 events were acquired for each biopsy. For the supernatants, the entire sample
was analyzed.

2.7 Statistical Analysis

GraphPad Prism 9 was used to calculate a two-way ANOVA followed by a Tukey’s multiple
comparison test. We considered a p value below 0.05 as significant (* p < 0.05; ** p< 0.01; *** p <
0.001; ****p < 0.0001). N represents the number of biological replicates in independent experiments
and n the number of technical replicates for all the experiment.
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3 Optimization of Nanocarriers

3.1 Influence of Adding DOPE to the Lipid Layer of Lipid-polymer Hybrid
Nanoparticles

3.1.1 Preparation and Characterization

| used the same preparation procedure to prepare a panel of nanocarriers. To do so, | replaced
different molar amounts of the cationic lipid DOTMA with the phospholipid DOPE in the lipid layer
while added volumes and the amount of PLGA were constant. The LPNs are labeled accordingly. The
first number in brackets refers to the molar percentage of the DOTMA content in the lipid layer, the
second number to the DOPE amount. As introduced in section 2.1.1, Figure 1 shows a schematic
drawing of the compositions and an anticipated nanocarrier structure.

Lipid-polymer hybrid nanoparticles had a size between 195-260 nm as shown in Figure 3. The batch-
based particle preparation method resulted in a narrow size distribution with a PDI below 0.2 and a
high reproducibility represented by the low standard deviations and the high degree of overlay for
measurements of single batches (Figure 4). The zeta potential increased with the amount of DOPE
and reached a maximum of 38 mV for LPN(70/30) before it dropped to negative values around

- 12 mV for DOPE-only LPN. Cryo-TEM imaging of representative samples confirmed the round shape
of the nanocarriers (Figure 5). Table S 1 shows a summary of measured values for fluorescently
labeled LPNs that had similar parameters like unlabeled ones.

33



3 Optimization of Nanocarriers

size [nm]
N
o
o
1
~

B
0.3
i n
n
= T
8 0.2+ &
& 0.2 ] ¢ + I
i ]
SRS R
0.1= ¢ 3174 b
1 1l 4+
0.0~ =TT T T T T T T T 1
C 60=

|—|40- —
T - -3 8 "]
s ' -~ @ 1 - J_
= 20+ . J
8 ]
F=R "a By
2 |
-
o Omflecccccccccccccccccccccnne E .........................
[«
£ R
N -20= | ™ i

A
o

1 1 1 1 1» 1 1 °1°°T1.1
o/ 10/ 20/ 30/ 40/ 50/ 60/ 70/ 80/ 90/ 100/ DOPE
100 90 80 70 60 50 40 30 20 10 0 DOTMA

LPN

plain LPN B  mRNA loaded LPN

Figure 3: Overview of physicochemical parameters of plain and mRNA-loaded lipid-polymer nanoparticles (LPNs). (A): Size
in nm, (B): Polydispersity index (PDI), (C): Zeta potential in mV. Data is displayed as mean and standard deviation between
batches (3-5 batches for plain, 1-2 batches for loaded LPNs). Measured sizes and PDI are comparable for plain LPNs. The
zeta potential of plain LPNs rises with the amount of DOPE in the lipid layer. For LPNs with at least 50 mol% of DOPE, the
complexation of mRNA onto the surface leads to an inversion of zeta potential. Graphs have been published in Kliesch et al.
[157]
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Figure 4: Overlay of size distributions for five batches of plain LPN(70/30). Each line represents a single measurement out of
three measurements for one particle batch. High degree of overlap of curves confirms high reproducibility of the used batch-
based preparation procedure. Graph has been modified from supplementary material of Kliesch et al. [157]

23

Figure 5: Cryo-TEM images of plain lipid—polymer hybrid nanoparticles. (A): DOTMA-PLGA-LPN (LPN(0/100)), (B):
LPN(50/50), (C):DOPE-PLGA-LPN (LPN(100/0)). LPNs showed a spherical shape. Graph has been in Kliesch et al. [157]

3.1.2 Stability

To investigate the colloidal stability of the nanoparticles, | stored aliquots of each LPN either at room
temperature or in the fridge and measured size, PDI and zeta potential several times over the course
of 21 weeks. Figures 6A-C show the results for LPN(70/30) as a representative example for the
influence of storage onto colloidal parameters. The size was stable over time independent of the
storage temperature (Figure 6A). Only at the last time point, the size was with 265 nm for the sample
stored at room temperature larger than the fridge sample (220 nm) but with a large standard
deviation. For this single batch the size on the production date was around 400 nm which differs
from the five batch mean that is around 220 nm (Figure 3) and can therefore be ignored. After three
month (12 weeks) the PDl increased for the aliquot stored at room temperature (Figure 6B) and went
in hand with a loss of the positive surface potential (Figure 6C). These are indicators that LPN(70/30)
loses its colloidal stability after 12 weeks of storage at RT. In the fridge, the zeta potential is reduced,
too, but remained positive.

Figures 6D-F show the differences of the endpoints after 5 months (21 weeks) for all nanocarriers.
Sizes remained below 250 nm for all LPNs stored in the fridge and thereby fulfilled the stability
criteria. While storage at room temperature seemed to reduce the particle size for LPNs with lower
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DOPE content (0/100 — 50/50), sizes were increased for LPN(70/30) and LPN (100/0) to values of
265 nm and 285 nm, respectively (Figure 6D).

PDIs below 0.3 indicate a narrow size distribution. The smaller the values the better [97]. After

21 weeks of storage, all measured PDIs were under 0.3 but LPN(70/30) stored at RT (Figure 6E). For
LPN(100/0) the PDI at RT was 0.15 higher than the values of the fridge aliquot. This might be a hint
that nanoparticles with higher DOPE content are less stable.
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Figure 6: Stability assessment of plain LPNs over the course of 21 weeks. (A): Size of plain LPN(70/30) over time. (B): PDI of
LPN(70/30). (C): Zeta potential of LPN(70/30). (D): Change of size of all LPNs at the endpoint of the observation period after
21 weeks. (E): PDI change for all LPNs. (F): Zeta potential measurement of all LPNs. LPN(70/30) shows signs of reduced
colloidal stability when stored at RT longer than 12 weeks resulting in loss in surface charge and an increase in PDI. Size and
PDI remain comparable for most LPNs with hints that higher DOPE content (e.g., LPN(70/30)) leads to instabilities after this
extended period of time. Zeta potential is reduced with storage, especially if stored at room temperature.

Zeta potential measurements revealed the largest differences (Figure 6F). In general, the measured
zeta potentials were the highest for the freshly prepared LPNs, storage in the fridge reduced it,
storage at room temperature resulted in lowest values. LPNs (10/90 — 50/50) kept a positive surface
charge of at least 10 mV after exposure to RT and at least 18 mV after fridge storage. LPN(0/100)
behaved differently with a reduction of surface charge after fridge storage to 5 mV and slightly
increasing charge at RT from 23 to 25 mV. We observed the largest difference for LPN(70/30) where
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zeta potential was reduced from 30.6 mV to -3.75 mV after storage at RT. For the electrostatic

interaction with the cargo mRNA, this observation will be difficult. Thus, a storage in the fridge
should be preferred.
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Figure 7: Lyophilization of plain LPNs. Comparison of LPNs before freeze drying with results after reconstitution in MQ to
original volume. (A): Size measurements in nm. (B): PDI. (C): Zeta potential results. The procedure increased the PDI and
reduced zeta potential. The cryoprotectant trehalose did not show an effect.
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In a next step, | tested if the nanocarrier structure is robust enough to survive the removal of water
by freeze drying. This technique enables storage of nanoparticles not as liquid suspensions but as
solid cake or powder. After storage, this lyo-cake has to be reconstituted again in liquid for the
experiment. In theory, you can use any buffer or media and even reduce the added volume to
increase the particles’ concentration. As this process of water removal and reconstitution puts stress
onto the LPNs, | investigated its effect with plain LPNs by comparing untreated ones with the
lyophilized and reconstituted ones. Additionally, | added trehalose as cryoprotectant to a third group
of samples.

After the reconstitution to the original volume with MQ, sizes were only minimally affected by the
process (Figure 7A). PDI increased slightly independent of trehalose presence (Figure 7B). Zeta
potential decreased through the treatment to still positive values but again, trehalose did not show
an effect (Figure 7C). We can therefore conclude that lyophilization is possible with all tested LPNs
and can be used for increasing the concentration. In our case, it is not needed to enhance storage
stability as LPNs are stable also in suspension for several weeks. LPN(70/30) showed signs of
instability when stored above 12 weeks.

3.1.3 Cell Tolerability

| used the MTT-assay that is based on the cell metabolism to quantify the cytotoxic effects of plain
LPNs with higher DOTMA content (LPN(0/100 — 50/50)). | selected these nanoparticles as cationic
lipids such as DOTMA are known to harm cells [149]. | started with the stock concentration of
1700 pg/ml and went down to 7 ug/ml.

We observed clear concentration dependent effects with a cell viability of less than 20% for the
highest concentration. We might overestimate the toxicity of these stock concentrations as they
contain water as dispersant and no buffer like the other samples. For all tested LPNs, at least 50% of
cells survived the lowest and second lowest concentrations but standard deviations were high. For
LPNs (10/90 — 40/60) the three lowest doses (7-63 pg/ml) were tolerated well indicated by cell
viabilities around 60%, above 75% for LPN(20/80) and LPN(30/70). This concentration range is
important as we used similar amounts of LPNs for later transfection studies. The standard deviations
are too large to draw conclusions, but we could not find hints for problematic cytotoxicity.
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Figure 8: Cytotoxicity assessment of plain LPNs using A549 cells and MTT metabolism as colorimetric quantification method.
4 h incubation with plain LPNs in HBSS, h incubation of cells with MTT salt, followed by cell lysis. HBSS was used as live, 1%
triton-X in HBSS as dead control. Data display mean of two independent experiments (N=2 with n=1). We observed a
concentration dependent effect and good tolerability for transfection relevant concentration range (21-63 ug/ml).
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3 Optimization of Nanocarriers

In the next step, | changed the setup and used the dendritic cell line DC2.4 grown in a 24-well plate
instead of A549 cells in the 96-well plate format. The readout was not colorimetric and plate reader-
based but fluorescence and flow cytometry. | tested only the 40 ug/ml concentration relevant for the
transfection but this time also for LPN(70/30) and LPN(100/0) to cover the entire range of lipid
compositions.

As shown in Figure 9, all LPNs were very well tolerated for the 4 h incubation time with percentages
of live cells above 80%. Furthermore, there were no significant differences to the HBSS control and
thus no harmful effects of the nanoparticles detected. | also tested half and double the number of
LPNs with the DC2.4 but measured the same good tolerability (Figure S 1).
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Figure 9: Cell viability assay. DC2.4 cells were incubated for 4 h with plain LPNs in HBSS. 7-AAD was used to stain dead, FDA
for live cells in flow cytometry. Double positive cells were counted as dead. HBSS was used as live control, 5% ethanol in
HBSS as dead control. N=3 with n=2 each. Cell viability was above 80% for all LPNs and comparable to the live control
without any hints for toxic effects.

For our application on the skin, we will not wash away the nanoparticles. It is therefore important to
prepare nanocarriers that are very well tolerated also after longer exposure times. Having the
promising results after 4 h incubation time, we prolonged the incubation time to 24 h. This
procedure revealed differences between the LPNs and a distinct trend. The more DOTMA the LPN
contained, the less cells survived. This confirmed our hypothesis that the addition of DOPE reduces
the cytotoxicity of the nanoparticle. We also observed a general problem of our setup. The live
control with HBSS killed almost 50% of DC2.4. The buffer itself is already too harsh probably due to
lack of nutrition. The cells might be more sensitive to the LPNs and the toxicity might be
overestimated. To cope with this effect, we exchanged the buffer with growth medium.

39



3 Optimization of Nanocarriers

100 =

80=
]
3 60=
3 viability of
g untreated control
°_\° 40=

20=

Live Dead 0/ 10/ 20/ 30/ 40/ 50/ 70/ 100/ DOPE
100 90 80 70 60 50 30 0 DOTMA

LPN

e ive cells B dead cells

Figure 10: Cell viability assay. DC2.4 cells were incubated for 24 h with plain LPNs in HBSS. 7-AAD and FDA was used to
distinguish live and dead cells in flow cytometry. Double positive cells were counted as dead. HBSS was used as live control,
5% ethanol in HBSS as dead control. N=2 with n=2 each. Cell viability was increased with the DOPE content in the lipid layer.
The overall tolerability was reduced, also for the live control with only 50% viable cells.

After 24 h incubation of DC2.4 cells dispersed in RPMI medium without any supplements, the viability
of the live control improved to 88%. Again, the LPNs did not harm the cells with viability values
comparable to the control (Figure 11). The addition of supplements like 10% FCS, HEPES-buffer
(0.01M), non-essential amino acids (1X) and beta-mercaptoethanol (0.0054X) did not enhance the
viability of the live control further. For LPN containing samples, there seems to be little improvement
but still values are in the same range. Testing different conditions, we can conclude that all plain
LPNs are well tolerated by DC2.4 that survive the particle treatment as well as in the plain medium

controls.
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Figure 11: Cell viability after 24 h incubation of DC2.4 with plain LPNs dispersed in medium. We compared non-
supplemented RPMI medium with one that included 10% FCS, HEPES-buffer, non-essential amino acids (1X) and 6-
mercaptoethanol (0.0054X). FDA and DAPI was used to distinguish live and dead cells in flow cytometry. Double positive
cells were counted as dead. The corresponding medium was used as live control, 5% ethanol in HBSS as dead control. N=1
with n=2. All LPNs were well tolerated with values in the same range as the medium control. Supplementation of the
medium only minimally improved the cell viability.
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3.2 Evaluation of mRNA-loaded LPNs

3.2.1 Hydrodynamic Parameters

On the day of experiment, LPNs were warmed to RT and loaded LPNs with mRNA encoding for
mCherry. To have the best possible comparability between the different LPNs, | used a constant N:P
ratio of 2.81 for all of them. | added appropriate amounts of mRNA to the nanoparticles and mixed
by carefully pipetting. Incubation time at RT was one hour.

Figure 3 on page 34 shows the results of the DLS measurements of the loaded LPNs next to the plain
nanocarriers. mRNA loading led to slightly higher PDIs and comparable sizes. We saw some hints for
instabilities as the PDI of LPN(20/80) and LPN(30/70) was higher and the mean size increased to

240 nm and 310 nm, respectively. LPN(70/30) had a larger size as well (280 nm) but maintained the
low PDI of 0.14 pointing towards homogenous and stable nanocarriers. The loading of the negatively
charged nucleic acids onto the surface of the positive LPNs led to the expected reduction of
measured zeta potentials (Figure 3C). We measured reduced, but still positive values for LPNs (0/100
—40/60), neutral values of -5 mV for LPN(50/50) and negative ones for LPNs with more DOPE
content. The difference between plain and loaded LPNs got larger the more DOPE the LPN contained.
For LPNs (60/40 — 80/20) the zeta potential reversed to negative values resulting in differences of

52 mV each. The zeta potential of the DOPE-only LPN (LPN(100/0)) remained in the negative range.

3.2.2 Binding and Release of mRNA

In the next step, | visualized the mRNA with the RiboGreen® assay following the manufacturer’s
protocol. By binding the accessible fraction of mRNA, the included dye exhibits a green fluorescence
signal that is detectable with a plate reader. The measured fluorescence intensities are displayed in
Figure 12 together with the values for the binding efficacy which was calculated relative to the naked
mMRNA.

As expected, we measured the highest fluorescence values for the naked mRNA samples as all
nucleic acid molecules are accessible for the dye. DOPE-only LPNs showed a similarly high signal due
to a large fraction of free mRNA resulting in a low binding efficacy (BE). All other LPNs followed a
clear trend. The more DOTMA the LPNs contained, the smaller the accessible fraction of mRNA, the
smaller the measured signal, the higher the binding efficacy. The addition of 30 mol% DOTMA to
DOPE-only LPN doubled the BE from 21% (LPN(100/0)) to 42% (LPN(70/30)) and then another time
from 42% to 85% (LPN(40/60)). LPNs with more than 80 mol% of DOTMA (LPNs (0/100 — 20/80)) had
a BE of more than 98%.

To further confirm the association of mRNA with the LPNs, | performed a gel electrophoresis and
found a similar trend. For LPNs with the highest DOTMA content (LPNs (0/100 — 20/80)), there was
no signal visible — neither in the gel nor in the pockets. Adding more DOPE, a signal in the pocket
appeared that increased with the DOPE amount. Continuing the row of increasing DOPE
concentrations, we saw a signal in the gel for LPN(70/30) at the same height as the naked mRNA. This
signal got stronger for LPN(100/0) while the pocket signal almost disappeared for this DOPE-only
LPN. This observation goes in line with the results of the RiboGreen® assay and confirms that the
mRNA does not bind to a large extend to the LPN(100/0).

| released the mRNA from the nanoparticles by adding heparin as competitor for the nucleic acid.
This is possible because the polyvalent anionic polymer has a twofold higher charge density [168].
After a 30 min treatment, we saw a signal in the gel pockets for all but the LPN(100/0) and another
band at the height of the naked mRNA. This confirms that the mRNA was present in the first gel, too,
but not accessible for the ethidium bromide for intercalation.
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Figure 12: Assessment of mRNA binding efficacy. (A): Quantification of binding efficacy of mRNA by measuring fluorescence
of RiboGreen® dye after successfully binding accessible fraction of mRNA. Binding efficacy is calculated relative to the

fluorescence of naked mRNA. (B): Gel electrophores
treatment to release the complexed mRNA. Graphs

is of loaded LPNs. (C): Gel electrophoresis of loaded LPNS after heparin
have been published in Kliesch et al. [157]

3.2.3 Stability of Interaction Against Medium Additives

Gel electrophoresis confirmed the successful loading of mRNA onto the surface of the nanocarriers

(see previous chapter 3.2.2). In this part, |

tested how stable this interaction is when exposed to

additives like salts or proteins. Such supplements occur naturally everywhere in the body and are

therefore needed for the cultivation of cel

Is in vitro. In our case, we aim for an application of LPNs

onto the skin after microporation with the P.L.E.A.S.E.® laser. The created pores represent little
wounds that lead to the secretion of wound fluids. Mimicking this fluid, | prepared an artificial wound

fluid (AIF) based on the interstitial fluid.

| diluted the plain LPNs with the different fluids and added the mRNA afterwards. | then measured
the binding efficacy with gel electrophoresis and RiboGreen®. | used nuclease-free water and PBS as
control and compared it to AIF with and without the addition of albumin.
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Figure 13: Effect of salts and proteins onto size of loaded LPNs. LPNs were diluted in buffers or NFW prior to adding the
mMRNA for complexation. Artificial interstitial fluid (AIF) with and without albumin was used to mimic surrounding in
micropores of the skin. (A): Results of size measurements by DLS. (B): Macroscopic differences of LPN(0/100) after dilution.
LPN(0/100) lost colloidal stability as soon as albumin was present and aggregated. Other LPNs remained below 300 nm.

As soon as albumin was part of the sample, LPN(0/100) lost its colloidal stability indicated by a 10-
fold increase in size leading to values above 2500 nm (Figure 13). These aggregated LPNs are visible
with the bare eye and not suitable for the application in vivo. After gel electrophoresis, we saw two
new bands for the albumin containing sample of LPN(0/100) (Figure 14C). One at the height of free
mMRNA, the other one in the middle between that band and the pocket. In the case of LPN(100/0), the
size was not influenced but in the gel the intensity of the band of free mRNA was reduced in the
presence of albumin and a new band above appeared (Figure 14D). LPN(10/90) and LPN(70/30)
showed an effect of albumin, too, but sizes remained below 275 nm. LPN(10/90) again had a tight
interaction of LPN and mRNA resulting in low signals in gel and RiboGreen® assay (Figure S 2). Only
with albumin, we observed a faint band at the height of free mRNA (Figure S 2B). For LPN(70/30) the
amount of free mRNA increased with any fluid that diluted the LPNs prior to mRNA addition but
remained on a comparable level with similar intensities on the gel (Figure 14A). For nuclease free
water and albumin-containing fluid we saw a brighter signal in the pocket. For the latter, we also saw
an increased fraction of free mRNA. The RiboGreen® had the highest signals for the NFW sample and
an AlF including albumin confirming the observations of the gel (Figure 14B).
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As described, albumin showed the highest impact. Added salts and the changes of pH had only minor
influence on the binding efficacy when compared to the dilution in nuclease-free water.
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Figure 14: Effect of salts and albumin on binding efficacy of LPNs. (A): Gel electrophoresis of LPN(70/30). (B): Measured
fluorescence intensities of RiboGreen® dye mixed with LPN(70/30). (C): Gel electrophoresis of LPN(0/100). (D): Gel
electrophoresis of LPN(100/0). Nanoparticles were diluted in buffers or NFW prior to adding the mRNA for complexation.
Addition of albumin led to an additional band between naked mRNA and the pocket. It increased the fraction of free mRNA
for LPN(70/30) and (0/100) but reduced it for LPN(100/0). AIFb: artificial interstitial fluid — buffer only; AlFa: artificial
interstitial fluid including albumin.

| then tested if nanoparticle size changes if loaded LPNs are incubated in normal growth medium
(Figure 15). The medium components did not harm the colloidal stability of the selected LPNs when
compared to the incubation in MQ. We thus continued with the first cell-based experiment, the
evaluation of cell tolerability.
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Figure 15: Colloidal stability of LPN(10/90)(A) and LPN(70/30)(B) in demineralized water and supplemented medium
(supplemented with 10% FCS, HEPES-buffer (0.01M), non-essential amino acids (1X) and 8-mercaptoethanol (0.0054X)). DiD-
labeled LPNs were loaded with mRNA and incubated for 4 and 24 h and analyzed by Nanoparticles Tracking. The analysis
revealed no signs of instability for none of the LPNs. Graph has been modified from supplementary material of Kliesch et al.
[157]
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3.2.4 Cell Tolerability

Having proofed that mRNA can be successfully loaded onto the surface of the LPNs, | tested the
influence of this modification onto the cell tolerability. We expected an even better cell viability as
the nucleic acids reduced the positive and thus potentially toxic surface charge of the LPNs. The
experimental setup was this time based only on a DAPI staining of the dead and dying cells. | did not
use a live cell dye because we decided to test FITC-labeled LPNs and to measure their uptake in
parallel to the cytotoxicity and the transfection efficacy. Preparation procedure and hydrodynamic
parameters were comparable despite the fluorescence labeling (see material and methods section
2.1.3 and Table S 1). The gating strategy is depicted in Figure S 3. The mRNA concentration was

2 ug/ml for all LPNs.

| again compared the cell viability of DC2.4 after 24 h incubation in non-supplemented medium with
incubation in regular growth medium with fetal calf serum, HEPES buffer, B-mercaptoethanol
(0.0054X) and non-essential amino acids (1X). Figure 16 displays the results showing the same trend
as for plain LPNs. In non-supplemented medium, the LPNs containing more DOTMA have a certain
cytotoxic potential but the lower viability after LPN(0/100) and LPN(10/90) treatment were not
statistically significant. The less DOTMA the LPNs contain, the better they are tolerated by the DC2.4
cell line. Adding the mentioned supplements to the medium, all LPNs showed a survival rate
comparable to the one of the untreated control.
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Figure 16. Cell viability of DC2.4 after 24 h incubation of mRNA-loaded LPNs dispersed in non-supplemented and fully
supplemented cell growth medium. Investigation of a reduced cell membrane integrity as indicator for cell damage by DAPI
staining and flow cytometry analysis. Medium without nanoparticles was used as live, ethanol (5% in HBSS (v/v)) as dead
control. LPNs were covalently labeled with FITC and mRNA concentration was 2 ug/ml. Uptake and transfection efficacy
were measured in parallel. Only LPNs with high DOTMA amount in the non-supplemented medium showed signs of cell
damage. All other LPNs were tolerated comparably well as the live controls. Graph has been modified from Kliesch et al.
[157]
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4 Testing Nanoparticle Performance Under Stress Conditions

4.1 Uptake

In the previous section, | described the influence of the lipid composition on the nanoparticles’
characteristics and on the survival of cells. In the following part, | will concentrate on the
performance of the LPNs, in particular on the ability to cause protein production by successful mRNA
delivery. For that purpose, the loaded nanocarriers have to cross the cell membrane. | quantified this
uptake of LPNs into DC2.4 cells by using FITC-labeled LPNs in the same experiment as the previously
shown cytotoxicity study. This combined readout made it possible to compare the uptake only into
the live cell population as these viable cells have the highest chance to produce the protein encoded
on the mRNA.
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Figure 17: Cellular uptake of LPNs into DC2.4. Graph shows the percentages of live cells that have a green fluorescence
signal after 24 h incubation with FITC-labeled, mRNA-loaded LPNs. DAPI staining for dead cell exclusion. N=3 with total n= 7-
9. Data collected in same experiment as cytotoxicity and transfection rates and amounts. A high DOPE content in
combination with DOTMA is beneficial for the uptake with highest values for LPN(80/20) and LPN(90/10) for non-
supplemented and supplemented medium, respectively. DOPE-only LPN (LPN(100/0)) showed a reduced uptake independent
of the dispersion medium. The medium conditions revealed significant differences only for the edges of the row - high
DOTMA (LPNs (0/100 — 20/80)) and high DOPE LPNs (LPNs (90/10 — 100/0)). Graph has been modlified from Kliesch et al.
[157]

Figure 17 shows how the uptake improved parallel to the DOPE amount with maximum values of
99% (LPN(80/20) in non-supplemented medium) positive cells until a decline in general uptake for
DOPE-only LPN. In the lower nutrition condition with non-supplemented medium, the uptake was
higher for LPNs with high DOPE content (LPNs (90/10) and (100/0)). For LPNs with maximum

20 mol% DOPE (LPNs (0/100) — (20/80)), we saw the opposite phenomenon with better uptake in
supplemented medium. Between these two extremes, almost all live dendritic cells were associated
with the LPNs without a difference for the two conditions with values above 85% for LPNs (30/70 —
50/50) and 94% for LPNs (60/40 — 80/20), respectively. Analyzing the measured fluorescence
intensities (MFI), | could indirectly investigate the amount of nanocarriers the cells were associated
with (Figure 18). Standard deviations were high, but the overall trend fits to the one of the
percentages of fluorescent cells. Nevertheless, in the MFI measurement, the row ended earlier with
the maximum already at LPN(70/30) while the percentages of cells were still high for LPN(80/20).
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Combining these two readouts, LPN(70/30) might be a good candidate for further evaluation as the
uptake reached almost 100% independent of the dispersion medium and the particle amount is the
highest compared to other LPNs.
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Figure 18. Amount of LPN uptake indirectly measured by fluorescence intensities of live cells after 24 h incubation with FITC-
labeled, mRNA-loaded LPNs. The highest fluorescence values and thus the largest amounts of LPNs associated with the
DC2.4 cells were found for the same LPNs (LPNs (30/70 — 80/20)) that led to the highest uptake rates. Graph has been
modified from supplementary material of Kliesch et al. [157]
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4.2 Transfection Efficacy

4.2.1 Kinetic Evaluation of Optimal Incubation Time

From previous experiments we know that the LPNs are well tolerated and associated with the cells to
a high extend after 24 h incubation. After this successful uptake, the mRNA needs to reach the
cytosol where it will be translated into the protein. In our case, we used mRNA encoding for the
fluorescent protein mCherry to enable an easy readout by flow cytometry or fluorescence
microscopy.

In a first setup, | investigated how much incubation time is needed to detect protein production. |
incubated the DC2.4 cells for 5, 15, 30 or 60 min, removed them afterwards by washing and added
new cell medium for further 24 h to give the cells enough time for protein synthesis. As comparison, |
incubated one well per group 24 h with the LPNs dispersed in non-supplemented medium without a
washing step in between (Figure 19). | followed the upcoming red fluorescence signal with an
automated fluorescence microscope imaging every 45 min and additionally measured the
fluorescence values by flow cytometry at the end of the experiment.

For DOTMA-only LPN (LPN(0/100)) we found a clear correlation between incubation time and
measured fluorescence intensity (Figure 19A). Already with a 15 min incubation time, we found a
faint but constant signal showing up after 3 h. With 30 min incubation, the red fluorescent signal
appeared within one hour reaching the plateau after 3 h. These measured values were more than
threefold as high as for the shorter incubation time. Doubling the incubation time again to 60 min,
doubled the fluorescence intensities. For continuous incubation with LPN(0/100) we found a
different profile than before with a steep rise within 6 h, a plateau until 12 h followed by a decline.
The maximum value was about twofold as high as the plateau of the 60 min curve. For LPN(10/90),
the fluorescence intensity increased after 30 min incubation (Figure 19B). Longer incubation reduced
the time until we saw the first signal. 60 min and 24 h incubation resulted in similar curves. For
LPN(50/50) we saw fluorescence values similar to the 30 min of LPN(0/100) already after 15 min
(Figure 19C). It was yet not possible to compare this line further with the other curves of LPN(50/50)
because a lack of focal plane during imaging did not allow any reliable readout. Same occurred to the
wells of LPN(70/30) (Figure 19D). As we found transfected cells in the flow cytometer, the problem
was only at the imaging part and not caused by a bad performance of the LPNs.
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Figure 19: Evaluation of transfection efficacy as a function of incubation time. DC2.4 cells were incubated with FITC-labeled,
mCherry-mRNA-loaded LPNs in non-supplemented medium for displayed time intervals. After washing and adding new
medium, cells were imaged every 45 min for 24 h with an automated microscope. One well per condition with three imaging
spots per well. Hoechst staining for better autofocus. Imaging-based quantification of mCherry related fluorescence
intensities after incubation with (A): LPN(0/100). (B): LPN(10/90). (C): LPN(50/50). (D): LPN(70/30). LPN(0/100) showed a
clear correlation of incubation time and measured fluorescence intensity while results for LPN(10/90) were similar for three
longest incubation times. For LPNs (50/50) and (70/30) the measurement was jeopardized by suboptimal autofocus and thus
not conclusive. (E): Results of flow cytometric analysis after last all images were taken with automated microscope. All LPNs
showed a correlation of incubation time and measured fluorescence intensity but on different levels. Longest incubation
time for 60 min and 24 h resulted in highest transfection rates.

In the flow cytometric analysis, we found the same trend that the longer the incubation time, the
higher is the percentage of transfected cells (Figure 19E). For LPN(10/90) and LPN(70/30) this trend
continued for all time steps with the exception of 20 min for LPN(70/30). For LPN(0/100) and
LPN(50/50) we found similar percentages for 60 min and 24 h incubation time. This fits to the results
of the microscope curves for LPN(0/100). LPNs with lower DOPE amount transfected more cells than
the other nanocarriers. LPN(50/50) showed the lowest effect. As the percentage of successfully
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transfected cells were the highest after 24 h and the LPNs are tolerated well enough, we decided to
fix this incubation time for further experiments.

| optimized the autofocusing parameters and repeated the experiment with the automated
microscope. DC2.4 cells were incubated for 24 h again with FITC-labeled LPNs in non-supplemented
medium. Figure 20 shows the number of transfected cells in A and the mean fluorescence intensities
in B. As comparison, | added jetMESSENGER®, a commercial polymer-based transfection reagent, and
Lipofectin®, a liposomal transfection reagent composed of DOTMA and DOPE (1:1). These
commercial controls successfully transfected DCs with the fastest apparel of the first positive cells.
The Lipofectin® sample had a little slower onset than the JM sample and generally a lower MFI. For
LPN(0/100) the MFI curve was comparable to the one of the previous experiment with maximum
values around 20,000 after 10 h and a decline after 15 h. In contrast, the maximum cell count was
already reached after 5 h. This might be an indicator that there are few cells that produce the protein
very efficiently.

We observed a similar curve combination for LPN(10/90) with overall smaller cell numbers and
intensities compared to DOTMA-only LPN. The level of cell counts of LPN(50/50) was comparable to
the commercial controls with an onset like Lipofectin®. The MFI differed with a flat increase reaching
its plateau after 18 h on a lower level than the controls. LPN(70/30) had the slowest increase of
transfected cells. Still the MFI reached its plateau already after 2 h and remained its level. The LPNs
seem to have different kinetic transfection profiles that might be beneficial for different applications.
Anyways, this single experiment gives only hints of the transfection profiles but confirms the
selection of 24 h as good time point to analyze cell counts with the flow cytometer.
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Figure 20: Imaging-based, kinetic evaluation of transfection efficacy. FITC-labeled, mCherry-mRNA-loaded LPNs were added
to non-supplemented medium for 24 h. DC2.4 cells were imaged every 30 min with an automated microscope. One well per
condition with seven imaging spots each. Hoechst staining improved autofocusing. (A): Count of transfected, fluorescent
cells. (B): Mean fluorescence intensity of transfected cells. LPN(0/100) and LPN(10/90) show similar profiles with a delayed
maximum of MFI compared to the cell count curves. LPN(50/50) had cell counts comparable to controls but lower MFI
plateau. LPN(70/30) had slowest onset of transfected cells but still with a constant MFI over 24 h.
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4.2.2 Assessment of Dose Dependency

In the next step, | investigated if the protein expression is already saturated and if it could be reached
with a lower dose after 24 h incubation. | compared doses of 1 ug mRNA per well as previously used
with half the amount. | also added the LPNs (20/80 — 40/60) to see if there is a linear decline parallel
to the DOPE content. DOPE-only LPNs were investigated as well to proof the theory of no
transfection for these LPNs. This hypothesis was confirmed as Figure 21 shows. The transfection
rates of DOTMA-only LPN (LPN(0/100)) and the transfection controls were not affected by the dose
and could be realized with less mRNA as comparably high percentages indicate. For all other LPNs
but LPN(100/0), the experiment revealed a clear influence of the mRNA amount. The overall
transfection efficacy did not show a linear trend with one maximum and one minimum. The effect
decreased from LPN(0/100) to a minimum at LPN(30/70) and increased again with a maximum at
LPN(50/50) and decreased again to no transfection for DOPE-only LPN. These results do not fit to the
previous findings where we had only one well per condition. But this time the data set is based on up
to five wells out of two experiments and is thus more trustable. Nevertheless, we would need more
repetition for solid conclusion. We anyways gained hints that the transfection efficacy profits from a
higher mRNA dose.
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Figure 21: Comparison of transfection efficacy for different LPN amounts. DC2.4 cells were incubated for 24 h with FITC-
labeled, mCherry-mRNA-loaded LPNs dispersed in non-supplemented medium. For dose reduction half the number of loaded
LPNs was added to the medium. DAPI staining for dead cell exclusion. N=2 with total n= 1-5. Commercial transfection
reagents: JM: JetMESSENGER®, LF: Lipofectin®. Controls and LPN(0/100) showed comparable transfection rates for both
doses while other LPNs profited from higher mRNA dose resulting in higher percentages of protein producing cells.

4.2.3 Influence of Medium Supplements on Transfection Efficacy

Having set the incubation time to 24 h and the mRNA dose to 1 ug per well, | investigated how robust
the transfection is. Standard transfection protocols often use buffers or medium with a reduced
serum amount for nanocarrier incubation because additives have the potential to reduce the
transfection efficacy [139]. These protocols recommend a washing step after incubation followed by
a post-incubation time in medium to give the cells the time to produce the protein. In the following
experiment, | followed this recommendation and incubated the DC2.4 for 4 h with LPNs in different
media, washed away the nanoparticles and let the cells grow for further 24 h. We selected
LPN(70/30) as favorite candidate in the uptake study and as comparison LPN(10/90) with good
transfection results in the preliminary experiments. As shown in chapter 3.2.3, LPN(0/100) is not
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colloidally stable in protein containing media and will be therefore excluded from closer analyses. |
compared HBSS with Opti-MEM®, a common medium for transfection studies, and investigated the
effect of FCS addition.

For LPN(10/90), we found a drastic reduction in transfection efficacy as soon as 1% FCS was added
(94% to 14% transfected live cells) while numbers were high for samples incubated without FCS
(Figure 22). In contrast, the percentage of protein producing cells was still high for LPN(70/30) when
FCS was added and generally higher than in the previous experiments. 10% FCS in HBSS reduced the
result for LPN(70/30) from 92% in plain buffer to 73%, respectively. In combination with medium, the
transfection efficacy was reduced to 34%. The more FCS the medium contained, the higher was the
challenge for the nanocarriers. This influence was higher if the loaded LPNs were incubated in
supplemented medium than in buffer (HBSS) or special transfection medium (Opti-MEM®).
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Figure 22: Quantification of the influence of FCS addition onto transfection efficacy of LPNs. DC2.4 cells were incubated for
4 h with FITC-labeled, mCherry-mRNA-loaded LPNs, washed and then grown for another 24 h with regular growth medium
(RPMI supplemented with 10% FCS, HEPES, non-essential amino acids (1X), B-mercaptoethanol (0.0054X)). Nanoparticles
were dispersed in different media to test the influence of FCS addition. N=1 with n=2. LPN(10/90) showed a distinct
reduction of transfection efficacy as soon as FCS was added while transfection rates were more stable for LPN(70/30).

After completing the described optimization steps for the transfection conditions, | finally
investigated the transfection efficacy of all prepared LPNs. | compared plain RPMI medium with
regular growth medium for DC2.4 cells that is supplemented with B-mercaptoethanol (0.0054X), non-
essential amino acids (1X), HEPES-buffer (0.01M) and 10% serum. | incubated the FITC-labeled LPNs
for 24 h in these media and added DAPI for the dead cell exclusion during the preparation for flow
cytometry. Figure 23 shows the transfection results that were acquired in the same experiment as
data sets in Figures 16 (cytotoxicity) and 17 (uptake). Our gating strategy is shown in Figure S 3. |
displayed the data as overlay of live transfected cells (green bars) and mCherry-positive cells in the
entire, acquired cell population (pink bars).
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Testing all LPNs for the first time, we found several trends connected with the DOPE content. In non-
supplemented medium, we saw a difference between total transfected cells and live transfected cells
with a maximum value of 20% for LPN(0/100). This difference was drastically reduced when cells
were incubated with LPNs with at least 60 mol% DOPE but on the same time the transfection rates
was much lower. The percentage of live transfected cells in non-supplemented medium increased
from 59% for LPN(0/100) to a maximum of 72% for LPN(50/50).
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Figure 23: Evaluation of transfection efficacy depending on the supplementation of the medium. DC2.4 cells were
transfected with FITC-labeled, mCherry-mRNA-loaded LPNs for 24 h dispersed in plain RPMI or supplemented medium (RPMI
supplemented with 10% FCS, HEPES, non-essential amino acids (1X), 8-mercaptoethanol (0.0054X)). DAPI was added to
enable exclusion of dead cells. Green bars represent live transfected cells as overlay to red bars that show all transfected
cells in the entire, acquired cell population. N=3 with total n= 7-9. (* p < 0.05; ***#*p < 0.0001). Data collected in same
experiment as cytotoxicity, uptake and protein amounts (MFI). Commercial transfection reagents: JM: JetMESSENGER®, LF:
Lipofectin®. Beginning with a DOPE content of 60 mol%, the differences between medium conditions are insignificant
represented by the grey box. LPN(70/30) shows highest transfection efficacy independent of the medium. Graph has been
modified from Kliesch et al. [157]

In supplemented medium, the differences between efficacy values in live and the entire cell
population were much smaller or not present at all. Transfection rates profited again from the DOPE
content even though the values were at a lower level. For LPN(0/100), measured percentages of
transfected cells in the entire population dropped from 79% in the lower nutrition condition to 25%.
The more DOPE the LPNs contained, the better the transfection efficacy climaxing in 67% of live
transfected cells after incubation with LPN(70/30). LPNs with at least 80 mol% DOPE (LPNs (80/20) —
(100/0)) had a reduced or no transfection. LPN(70/30) performed significantly better than all other
LPNs but LPN(50/50) in the full medium condition. The measured live cell transfection for these two
LPNs was as good as the one of the commercial controls while all other LPNs transfected less cells.
For jetMESSENGER® and Lipofectin® we observed similar numbers in both conditions but with more
dead cells compared to the LPN results. For LPNs with more than 50 mol% of DOPE (LPNs (60/40) —
(100/0)) the performance did not depend on the medium anymore and was stable for both
conditions. We can conclude that the LPN(70/30) showed the best performance with highest and on
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the other side also most stable transfection rates. The evaluation of the fluorescence intensities
revealed the same trends for produced protein amounts and is displayed in Figure 24.

As indicated before, the lack of colloidal stability might be the reason for the limited efficacy of
LPN(0/100) in complex medium but for the other LPNs we did not find an explanation for the
performance differences yet. One option is the presence of nucleases in the added serum that
degrades the mRNA cargo. The results of the systematic evaluation are described in the following
part.
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Figure 24: Mean fluorescence intensities of transfected cells in dependence of the used medium. DC2.4 cells were
transfected with FITC-labeled, mCherry-mRNA-loaded LPNs for 24 h dispersed in plain RPMI or supplemented medium (RPMI
supplemented with 10% FCS, HEPES-BUFFER (0.01M), non-essential amino acids (1X), B-mercaptoethanol (0.0054X)). DAPI
was added to enable exclusion of dead cells. Green bars represent live transfected cells as overlay to red bars that show all
transfected cells in the entire, acquired cell population. N=3 with total n= 7-9. Data collected in same experiment as
cytotoxicity, uptake and transfection rates. Commercial transfection reagents: JM: JetMESSENGER®, LF: Lipofectin®. MFI
results confirm LPN(70/30) as optimal nanocarrier generating high and comparable amounts of mCherry protein in both
media conditions. All other LPNs showed considerably reduced protein production in supplemented medium. Graph has been
modified from supplementary material of Kliesch et al. [157]
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4.3 RNase Stability

4.3.1 Optimization of Experimental Setup

The addition of serum reduced the transfection rates of our LPNs as shown in the previous chapter.
In the following part, | investigated if the included nucleases might be the reason for our
observations.

Our aim was to establish an experimental setup where we could follow the mRNA degradation over
time. | added again the RiboGreen® dye that exhibits a fluorescent signal after binding mRNA to the
samples in a 96-well plate. After dispensing RNase A, | measured the fluorescence over time with the
plate reader. To later be able to evaluate the amount of protected mRNA and thus release it from the
nanoparticles, | needed to stop the enzymatic process. | optimized all components of the planned
protocol stepwise as described below.
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First, | tested how much RNase A | could add to naked mRNA to be able to still follow the
degradation. Our first try confirmed that the enzymatic process happened within seconds

(Figure 25A). We also observed that already the first measured fluorescence value was reduced
depending on the RNase concentration. To safe as much time as possible and to avoid any handling
delays, | used the automatic dispensing function of the plate reader and varied the mRNA amount in
the plate. The second study showed that RNase concentration should be below 0.031 K/pug mRNA
because this enzyme amount degraded more than 50% in 5 min (Figure 25B). We decided to set the
RNase A concentration to 0.0013 K/pug mRNA.
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Figure 25: Evaluation of RNase A amount needed to degrade mCherry-mRNA within 30 min. Visualization of mRNA by
adding RiboGreen® dye exhibiting fluorescence after binding nucleic acid. Constant amount of RNase was added to different
amounts of mRNA in a 96 well-plate. TE-buffer blank is subtracted from measured values. One well per sample. (A): Addition
of RNase A by pipetting with hand. (B): Dispensation of RNase A by automated dispensing function of plate reader with
immediate initiation of measurement intervals (every min for 30 min). RNase A concentration needs to be below

0.0031 K/ug mRNA to be able to follow the degradation over time. Higher concentration led to a faster loss of mRNA signal.
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The second step of our kinetic experiment is to stop the enzymatic digestion. For that purpose, |
added the specific inhibitor RiboLock and tested if 10 U/ng RNase protein is enough to protect the
naked mRNA. Comparing a naked mRNA sample with one exposed to RNase added after RiboLock
showed no differences while mRNA was degraded without the inhibitor (Figure 26). The mRNA was
still present and not degraded. The added amount of inhibitor is therefore enough to stop the
reaction timely.
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Figure 26: Confirmation of RiboLock amount to sufficiently stop degradation of mMRNA by RNase A. Concentration of RNase A
0.0013 K/ug mRNA and the specific inhibitor RiboLock 10U/ng RNase protein. mCherry mRNA was visualized by adding
RiboGreen® dye. One well per sample. After quality control measurement, RNase A was added and fluorescence measured
every minute for 30 minutes. RiboLock was added to mRNA prior to RNase A and successfully protected mRNA from
degradation.

After successfully stopping the digestion with the specific inhibitor, | wanted to detach the mRNA
from the nanocarriers to see if it was still intact. | used heparin as negatively charged polymer to
compete with the nucleic acid for the positively charged nitrogen-atoms on the LPN surface thereby
releasing the mRNA. | tested low and high molecular heparin in different concentrations (119.1 mg
and 534.4 mg solid, respectively).

57



4 Testing Nanoparticle Performance Under Stress Conditions

With none of the treatments, it was possible to release the entire amount of mRNA indicated by the
plateau (Figure 27). The reached fluorescence values were comparable for all treatments. Therefore,
we decided to use a medium concentration of 50 mg/ml of high molecular weight heparin that
corresponds to 3200 pg heparin/ug mRNA.
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Figure 27: Titration of heparin amount to release the bound mRNA from LPN(10/90). RiboGreen® dye to visualize mCherry-
MRNA. For the control group, TE-buffer was added to mRNA-loaded LPNs instead of heparin. One well per sample. (A): Effect
of low MW (25KU). (B). High MW heparin (100 KU). All heparin concentrations and types show similar effect and reach a
plateau.

4.3.2 Kinetic Study of RNase Degradation

Putting the three described steps together, | challenged the mRNA-loaded LPNs with RNase A and
followed the change in fluorescence signal on the plate reader. After stopping the digestion and
releasing the mRNA from the nanocarriers, | compared RNase treated with samples that underwent
the same protocol but were treated with only buffer in the first step.

DOTMA-only LPNs (LPN(0/100)) showed similar values for both samples indicating well protection
capabilities for this lipid (Figure 28). On the other side, the differences of DOPE-only LPN
(LPN(100/0)) were even larger than the ones for naked mRNA. From previous experiments we know
that the majority of mRNA is not bound at all to this nanoparticle and can therefore be easily
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degraded by the enzymes. The other tested LPNs revealed comparable degrees of protection as
indicated by similar differences of endpoints even though we saw some RNase effects in the first part

of the kinetic experiment for LPN(70/30).
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Figure 28: RNase degradation based on fluorescent RiboGreen® dye. mRNA-loaded LPNs were exposed to RNase A and after
stopping the reaction to heparin to detach the nucleic acid from the LPN. Measured fluorescence intensities are displayed on
the y-axis in arbitrary unit for each LPN separately to facilitate comparison. There is no connection between the height and
the measured values. Colors represent the LPN. Solid lines the untreated and dotted lines the RNase treated sample. DOTMA
content is beneficial for mRNA protection. Graph has been modified from Kliesch et al. [157]
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In parallel, samples were treated with the same concentrations and protocol but without RiboGreen®
and afterwards transferred to a gel containing the dye. For LPN(0/100) and LPN(10/90) we found
bright bands with a smear ending at the height of the band of naked mRNA (Figure 29A). In the
second gel, this band was more precise for LPN(10/90) and therefore confirmed that the released
mRNA is still intact (Figure 29B). LPN(50/50) had a smear in the first gel, too, but darker than the first
described LPNs (Figure 29A). For LPN(70/30), there was a faint signal and none for LPN(100/0)
supporting the finding of lacking protection by this latter nanoparticle. All the free mRNA that was
present in the LPN(100/0) sample before is degraded (compared to Figure 12B).

Looking at the in-process controls of LPN(70/30), we observed a distinct band of free mRNA for the
untreated sample (Figure 29B). As soon as heparin is added, this band gets smeared with a weakened
intensity. RiboLock does not further change the appearance. We did not find a band on the same
height in the gel after RNase treatment whereas there was a faint signal in the first gel. The signal in
the gel pocket was reduced as well. In contrast to the results from the plate reader, there seems to
be a lack of protection by the LPN(70/30) at least for the fraction that is visible without treatment in
the gel.

The comparison with all tested LPNs showed a trend that the more DOTMA the LPN contained, the
stronger is the signal of intact mCherry mRNA in the gel after RNase exposure. These LPNs with
higher DOTMA and less DOPE content seem to protect the mRNA from RNase A.
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Figure 29: Gel electrophoresis to assess degree of protection of mRNA against RNase A. mRNA-loaded LPNs were exposed to
RNase A, followed by the specific inhibitor RiboLock to stop the reaction. To visualize the remnant mRNA in the gel, nucleic
acid was released from the LPNs by heparin. Fluorescence dye RiboGreen® in the gel enable visualization. (A): Samples after
undergoing all steps of the protocol in a row. (B): Process controls of LPN(70/30) that underwent only a part to the protocol.
RNase addition led to disappearance of mRNA band for LPN(70/30). We found a clear correlation between DOTMA content
and brightness of band after release.

Gel electrophoresis did not explain why transfection rates are lower in serum containing media for
LPNs with higher DOTMA content. Thus, | performed again a transfection study and tested if the
established RNase exposure before incubation or serum addition during incubation has the higher
impact. As Figure 30 shows, the influence of RNase was much lower than the one of FCS and reduced
the transfection rate in this single experiment only a bit. FCS resulted again in a very drastic
reduction of transfection efficacy. Putting all our findings together, we decided to test the LPNs in a
more complex setting to include also unknown factors in our evaluation.
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Figure 30: Transfection efficacy under the exposure of RNase A preincubation or FCS addition during incubation. mRNA-

loaded LPNs were preincubated with RNase A (0.0013 K/ug mRNA) for 30 minutes at 37 °C and then added to the DC2.4 cells
in HBSS. For the other samples, LPNs were directly added to the cells cultivated in HBSS or HBSS including 10% FCS. After 4 h
incubation, all LPNs were removed, cells washed and fresh medium added for 24 h. Flow cytometry and DAPI allowed dead

cell exclusion. N=1 with n=2. Effect of FCS addition is much higher than the influence of RNase preincubation.
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4.4 Performance in Primary Immune Cells

We increased the challenge for the LPNs by exchanging the dendritic cell line with primary bone-
marrow derived DCs. All following experiments were conducted in collaboration with Simon
Delandre at the HZI. As primary murine cells can be more sensitive to treatments [106], we first
investigated the toxicity of mRNA-loaded LPNs after 3 h incubation in Opti-MEM® and 48 h post-
incubation time in full medium. As expected, the viability of the cells was reduced indicated by a
percentage of live cells in the medium control of only 30% (Figure 31). LPN(0/100) and LPN(70/30)
were as well tolerated as this medium control. The other tested LPNs showed more toxic effects
leading to a viability that was only half as high (around 15% for LPNs(10/90), (40/60) and (50/50)).
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Figure 31: Toxicity assessment of OVA-mRNA-loaded LPNs incubated with primary bone-marrow derived DCs for 3 h in Opti-
MEM®. mRNA amount was 1 ug/well. After washing, cells were incubated for further 48 h in regular growth medium and
analyzed by flow cytometry. IM: JetMESSENGER®, commercial transfection reagent. N=1 with n=3. Data kindly provided by
Simon Delandre, HZI. Overall viability was low with maximum value around 30% for live control, LPN(0/100) and LPN(70/30).
Other LPNs halved the viability further.
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Next, we evaluated the performance in these cells and decided to measure not only the transfection
rate but the percentage of cells that present parts of the produced protein on their surface. LPNs
were loaded with mRNA encoding for the model antigen ovalbumin in the same N:P ratio used for
mCherry loading. The successful mRNA delivery and consecutive protein production causes presence
of the ovalbumin in the cytosol which leads to its presentation as the eight amino acids (1X) long
peptide SIINFEKL on the MHC-I complex that can be quantified with an antibody [17]. After 3 h with
the LPNs and another 48 h without, we found SIINFEKL positive cells for all LPNs, but the level was
very low compared to the one of the positive control, the ovalbumin protein itself. Only LPN(0/100)
and LPN(20/80) showed better values of around 6% positive cells (Figure 32).
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Figure 32: Antibody-based quantification of SIINFEKL presentation on MHC-II receptors of BMDCs. Primary cells were
incubated 3 h with OVA-mRNA-loaded LPNs in Opti-MEM® and after washing further 48 h in complete medium. OVA-protein
was used as positive control. mRNA amount was 1 ug/well. MIC: medium control without mRNA. N=1 with n=3. Data kindly
provided by Simon Delandre, HZI. LPN(0/100) and LPN(20/80) showed increased levels of peptide presentation but on a very
low level compared to the positive control.

From these values we cannot judge if the number of positive cells is enough to elicit an immune
response. To assess how many immune cells are activated, we co-cultivated the transfected BMDCs
with ovalbumin-specific, naive T cells for 4 days. With activation, these T cells start to proliferate
resulting in a measurable reduction of the included staining with every mitotic cycle. LPN(70/30) led
to about three times more proliferation of CD8* T cells than the medium control (Figure 33A). Most
CD4* T cells were stimulated after treatment with LPN(30/70). We cannot draw any solid conclusions
from this experiment as standard deviation of most stimulative samples were high and the positive
control with the protein did not work and unexpectedly did not cause a great CD4* T cells
proliferation. Additionally, LPN(100/0) did stimulate CD8* T cells which should not be possible with
the results from the cell line experiments.
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Figure 33: T cell proliferation index after incubation with transfected BMDCs. Proliferation of OVA-specific CD8* T cells (A)
and CD4* T cells (B). Dose of mRNA-loaded LPNs was 0.5 ug of OVA-mRNA for 3 h in Opti-MEM®. Directly after washing
OVA-specific T cells were added for 4 days in complete medium. LF: Lipofectin®. N=1 with n=3. Data kindly provided by
Simon Delandre, HZI. OVA-protein was used as positive control but lacked in CD4* T cells proliferation. LPN(70/30) and
LPN(100/0) led to at least twofold higher proliferation of CD8* T cells, while LPN(30/70) stimulated most CD4* T cells.

Therefore, we repeated the experiment and doubled the applied dose to 1 pg mRNA per well for 3 h.
We added a post-incubation time of 20 h for the BMDCs alone and extended the co-cultivation time
with T cells from 4 to 6 days. We tested LPN(70/30) against jetMESSENGER® and LPN(10/90) and
found that LPN(70/30) and the commercial transfection reagent caused more proliferation than the
medium control (Figure 34). LPN(70/30) as our favorite nanocarrier from the previous studies with
the DC cell line led to almost three times more proliferating cells compared to LPN(10/90) and
confirmed its status.
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Figure 34: OVA-specific CD8* T cells proliferation. Primary BMDCs were transfected with LPNs that were loaded with mRNA
encoding for the model antigen ovalbumin. By successfully expressing the protein, these cells activated co-cultured OVA-
specific T cells and caused their proliferation. N=1 with n=3. Data kindly provided by Simon Delandre, HZI. LPN(70/30) led to
more proliferation than LPN(10/90) indicating again the benefit of this higher DOPE content. Graph has been modified from
Kliesch et al. [157]
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5 Minimally Invasive Application of LPNs to the Skin

5.1 Evaluation of P.L.E.A.S.E.® Laser Device

5.1.1 Pilot Study in Excised Human Skin

After optimizing the nanocarriers and thoroughly testing them in different conditions, | concentrated
on the method of application for our potential vaccine candidate in this third part of the thesis.
Aiming for a minimally invasive application technique, we chose the P.L.E.A.S.E.® system by Pantec
Biosolutions that allows the creation of micropores of a distinct depth to target a certain skin layer.
In general, we planned a two-step application protocol. First, the micropores are created. In the
second step the mRNA-loaded LPNs are applied. You can see a schematic drawing in Figure 35.

-

Dendritic cells

B

Figure 35: Schematic of the two-step application method of the P.L.E.A.S.E.® laser. (A): Skin with intact barrier before the
application. (B): The creation of micropores of distinct depth with the P.L.E.A.S.E.® device attracts dendritic cells. (C): Then
the application of mRNA-loaded LPNs.
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We started the experimental series with the P.L.E.A.S.E.® system with human abdominal skin and
tested the different pore densities. First, | created the pores and then applied trypan blue (0.25% in
PBS) to enhance the contrast against the skin and to visualize the pores. We found that medium
densities between 7.5% and 10% are a good compromise as many pores are created but there is still
room left between the pores (Figure 36). We believe that this aspect is important to initiate an
immune reaction later and might save time for future applications as number of pores directly
correlates with the time the machine needs to treat the skin. Furthermore, 8% was shown to work
for targeting dendritic cells via microporation at the mouse ear [67].

% 2. 5% % 7 5% 0% 12 5% 15%
292 pores
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Figure 36: Visualization of pore density of P.L.E.A.S.E.® treatment. An area of 10x10 mm of human abdominal skin was
treated with different density settings generating pores in a different number but with the same calculated depth of 72 um.
P.L.E.A.S.E.® settings: fluence 17.8 J/m? (pulse length 75 s, repetition rate 200 Hz, 3 pulses per pore; resulted in calculated
pore depth of 72 um). Pore number was counted manually after staining.

5.1.2 Invivo Studies with Mouse Model

In the next step, our aim was to investigate if the application with the P.L.E.A.S.E.® system has an
immune stimulatory effect itself. To be able to compare the reactions of the immune system, we
decided to do an animal study with mice. As the laser needs direct contact with the skin, the fur of
mice might negatively influence the outcome of the experiment. There are protocols of how to treat
the back of mice for transfollicular vaccination approaches where the largest area possible is needed.
A disadvantage of this application site is that mice need to be shaved and depilated the day before
treatment [169]. Hair follicle density was not a problem in our pilot study as the skin came from
human abdomen where hair density is generally very low (6-11 follicles/cm? versus 658 on mouse
back [170-172]). We wanted to avoid any additional factors or treatments like shaving for our mouse
study and therefore decided to treat not the back but the ear of mice where the hair density is
reduced about 3-fold compared to the back [173]. The area is smaller with a maximum array size of
8 x 8 mm but still large enough for laser microporation without depilation. The mouse ear requires
only minimal preparation before treatment like fixation on the tape and a detailed characterization
of its immune system is available [174]. Figure 37 shows the single steps of the procedure on the
mouse ear including the application of a 10 pl buffer drop and the consecutive massage with an
inoculation loop.
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Figure 37: Stepwise application procedure of P.L.E.A.S.E.® device at the ear of mice. (A): The ear of anesthetized mice was
sticked to a tape with dorsal side up. (B): Microporation with P.L.E.A.S.E.® laser (pulse length 75 us, repetition rate 200 Hz, 1
or 2 pulses per pore with calculated pore depth of 24 and 48 um; pore density 8%, treated area 8 x 8 mm). (C): Application of
10 ul of PBS and massage with inoculation loop (not shown). (D): Mouse ear was detached from tape and covered with
transparent bandage. The treatment of second ear followed. Pictures kindly provided by Simon Delandre, HZI.

In our study, we compared the immune reaction of two different P.L.E.A.S.E.® settings and applied
only PBS buffer without any LPNs or mRNA. The shallow pores had a calculated depth of 24 um
representing the successful parameters for the delivery of vaccibodies [67] and targeted only the
epidermal skin layer. For the second group, we created micropores of 48 um theoretically reaching
through the epidermis down to the dermis. After selected time points, we analyzed the mouse ears
with confocal microscopy and digested the skin tissue looking for recruited cells and cytokines.

Confocal microscopy confirmed that the shallow pores do not reach the dermis but end in the
epidermal layer as indicated by the lack of pores in the according images (Figure 38 F-H). Without
microporation (A, E), there are only a few MHC-II positive cells present in the epidermis while the
dermis has many resident immune cells displayed in green. Looking onto the epidermal surface of
the ear, we saw hair in white and the first recruited MHC-II positive cells after 3 h. Their number
increased with time, climaxing in bright signals after 24 h surrounding a hole in the center of the
image for both pore depths (D, K). In the dermis, there is no change in fluorescence signal for shallow
pores confirming again that this skin layer has not been reached by these laser settings (F-H). 24 h
after deep pore creation, we saw in the dermis a concentration of MHC-II-positive cells building a
circle. Even though cells were present in that layer before microporation as well, they did not
assemble in this pattern indicating that the laser treatment did attract these cells (N).

67



5 Minimally Invasive Application of LPNs to the Skin

epidermis

untreated control
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Figure 38: Recruitment of MHC-II positive cells after P.L.E.A.S.E.® microporation and PBS application. A-D and I-K show
images of epidermal skin layer. E-H and L-N show images of dermis. BV421-mediated antibody staining against MHC-I/
displayed in green. Autofluorescence of mouse hair is shown in white. (A, E): untreated control group. (B-D): Epidermis 3 (B),
6 (C) and 24 h (D) after microporation with one pulse per pore and theoretical pore depth of 24 um (pulse length 75 us,
repetition rate 200 Hz, pore density 8%, treatment area 8 x 8 mm). (F-H): Dermis of the same ear 3 (F), 6 (G) and 24 h (H)
after microporation. While fluorescent signal increased in epidermis with time, the differences were low in dermis compared
to the untreated control. We found no hints of a pore in the dermis and concluded that pores hit only the epidermal skin
layer of the mouse ear. (I-K): Epidermis 3 (1), 6 (J) and 24 h (K) after microporation with two pulses per pore and theoretical
pore depth of 48 um (pulse length 75 us, repetition rate 200 Hz, pore density 8%, treatment area 8 x 8 mm). (L-N): Dermis of
the same ear 3 (L), 6 (M) and 24 h (N) after microporation. These deeper pores reached down to the dermis. MHC-II positive
cells were recruited by the microporation and assembled around the shape of the pore after 24 h. All microscopic cuts of
samples K and N are shown in Figure S 7. Data kindly provided by Simon Delandre, HZI.

Flow cytometry analysis revealed some trends but few significant differences. The same is true for
the analyses of the cytokines in blood and skin tissue. We therefore decided to concentrate only on
the results of cellular analysis. Focusing first on the epidermis, we found invading monocytes and
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neutrophils for both P.L.E.A.S.E.® settings after 24 h while percentage of Langerhans cells within the
CD45* positive cell population decreased (Figure 39). For the neutrophils we even found a significant
difference with more cells after deep pores. The second significant improvement was observed in the
activation index for monocytes (Figure 40). 3 h after deep pore creation, we found about five times
more activated cells compared to shallow pores and the untreated control. After 24 h both groups
performed similar well. The activation of Langerhans cells in the epidermis increased over time for
both P.L.E.A.S.E.® settings.
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Figure 39: Recruitment of skin cells after P.L.E.A.S.E.® microporation and the application of 10 ul PBS buffer. (A, B):
Langerhans cells in epidermis (A) and dermis (B); (C, D): Monocytes in epidermis (C) and dermis (D), (E, F): Neutrophils in
epidermis (E) and dermis (F). Treatment at the dorsal part of the mouse ear (pulse length 75 us, repetition rate 200 Hz, 1 or
2 pulses per pore with calculated pore depth of 24 (‘shallow’) and 48 um (‘deep’); pore density 8%, treated area 8 x 8 mm).
Data kindly provided by Simon Delandre, HZI. Microporation leads to a reduction of percentage of Langerhans cells in the
epidermis, while number of monocytes was increased in both skin layers after 24 h. Significant improvement for the deeper
pores (*) were detected after 24 h for monocytes in the dermis. Neutrophils invaded the epidermis after 24 h with significant
benefits for the deeper pores and stayed on a high level in the dermis.
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Looking at the dermis, we found increased numbers of monocytes up to 40 and 50% of the CD45*
cells for shallow and deep pores respectively (significant difference) with 3 to 4 times higher
activation markers. The neutrophil number increased already after 3 h and stayed high for the 6 h
time point and showed a little decrease after 24 h (Figure 39F).
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Figure 40: Activation of skin cells after laser microporation. (A, B): Langerhans cells in epidermis (A) and dermis (B); (C, D):
Monocytes in epidermis (C) and dermis (D). Treatment at the dorsal part of the mouse ear (pulse length 75 us, repetition
rate 200 Hz, 1 or 2 pulses per pore with calculated pore depth of 24 (‘shallow’) and 48 um (‘deep’); pore density 8%, treated
area 8 x 8 mm). Data kindly provided by Simon Delandre, HZI. Change of activation especially for the Langerhans cells was
observed in the epidermis beginning already after 3 h.

Taking the results from this first mouse study together, we saw several indicators that hitting the
dermis with the deeper micropores is advantageous for the immune answer. Furthermore, the
processes of invasion and activation happened especially at the latest time point after 24 h. Testing
only this time point, we evaluated in the next step if we observe similar benefits of the laser
treatment when application is combined with the LPN(70/30). We compared both pore types
(shallow/deep) in combination with the OVA-mRNA-loaded LPNs or buffer with an untreated control
group and collected the samples after 24 h.
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In both tested skin layers, the application of the P.L.E.A.S.E.® system attracted monocytes and
neutrophils while number of Langerhans cells was again reduced (Figure 41). For the deep pores in
combination with LPNs, the cell movements were comparable to the buffer control with a slight
increase in neutrophil numbers in epidermis and monocyte numbers in dermis. The combination of
LPNs with shallow pores, showed a reduced immune activation in the epidermis as indicated by a
number of Langerhans cells that remained about double as high compared to the deep pores. While
less monocytes and neutrophiles invaded the epidermis, their number rather increased in the dermis
even though the shallow pores did not reach this skin layer.
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Figure 41: Recruitment of skin cells after P.L.E.A.S.E.® microporation and the application of OVA-mRNA-loaded LPN(70/30).
(A, B): Langerhans cells in epidermis (A) and dermis (B); (C, D): Monocytes in epidermis (C) and dermis (D); (E, F): Neutrophils
in epidermis (E) and dermis (F). Treatment at the dorsal part of the mouse ear (pulse length 75 us, repetition rate 200 Hz, 1
or 2 pulses per pore with calculated pore depth of 24 (‘shallow’) and 48 um (‘deep’); pore density 8%, treated area

8 x 8 mm). Dose per animal 7.84 ug mRNA. Data kindly provided by Simon Delandre, HZI. Shallow pores combined with
LPN(70/30) led to a reduced immune stimulation compared to deep pores and PBS controls as indicated by more remaining
Langerhans cells and less invading monocytes and neutrophiles in the epidermis.

71



5 Minimally Invasive Application of LPNs to the Skin

Looking at the cell activation in the epidermis, the markers for LPNs were about double as high as for
the buffer control (Figure 42). In the dermis, we saw the same trend for Langerhans cells but the
opposite for monocytes. There were no differences between deep and shallow pores in any
population.
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Figure 42: Activation of skin cells after laser microporation and the application of OVA-mRNA-loaded LPN(70/30) or PBS.

(A, B): Langerhans cells in epidermis (A) and dermis (B); (C, D): Monocytes in epidermis (C) and dermis (D). Treatment at the
dorsal part of the mouse ear (pulse length 75 us, repetition rate 200 Hz, 1 or 2 pulses per pore with calculated pore depth of
24 (‘shallow’) and 48 um (‘deep’); pore density 8%, treated area 8 x 8 mm). Dose per animal 7.84 ug mRNA. Data kindly
provided by Simon Delandre, HZI. LPN treatment doubled the activation of all selected cell populations with the exception of
monocytes in the dermis.

As the experiment was not continued beyond the 24 h time point, we do not know if the LPN elicit a
sufficient immune reaction or if our observations and the stimulations are still under the needed
threshold of the immune system. We therefore decided to use an adoptive transfer model for our
next in vivo study. For that model, transgenic mice with CD4* or CD8* T cells specific for the model
antigen ovalbumin were bred. These T cells were transferred to a third group of mice with a regular
immune system resulting in OVA-sensitized mice that react within a week instead of four weeks with
several stimulations with regular, non-sensitized mice. Another advantage of this mouse model is
that we have a good control group showing the optimal response. In our case, this was the protein
ovalbumin together with the adjuvant cyclic-di-AMP (c-di-AMP, CDA) via subcutaneous injection. The
application route for the other treatment groups was P.L.E.A.S.E.® microporation using only the deep
settings from the previous experiments.
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One day after the treatment, the pores were visible as red dots on the ear skin. After sampling on
day 7, the OVA-protein control met our expectations with more than 90% specific CD4- and

CD8* T cells in spleen and lymph nodes (Figure 43). The P.L.E.A.S.E.® did as well show adjuvant effects
especially for CD4* T cells when applied in combination with the OVA-protein. In lymph nodes, we
found more than 85% CD4" and around 60% CD8" OT cells, in spleen 50% and 25%, respectively. This
observation confirms our general strategy with the P.L.E.A.S.E.® application replacing needles and
shows the proof of concept for this minimally invasive application route. LPN(70/30) did not
stimulate the OT cells above the levels of the negative and buffer controls. As the protein control
with the P.L.E.A.S.E.® system worked well, the problem seems to be on the side of the LPNs. We
therefore took a step back and modified the LPNs adding a pegylated lipid.
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Figure 43: Effect of P.L.E.A.S.E.® microporation in combination with LPN(70/30) in adoptive transfer mouse model. Graphs
show frequencies of ova-specific T cells (OT cells) in lymph node (A) and spleen (B). Treatment of dorsal parts of the mouse
ear (pulse length 75 us, repetition rate 200 Hz, 2 pulses per pore with calculated pore depth of 48 um (‘deep’); pore density
8%, treated area 8 x 8 mm). Dose per animal 3.13 ug mRNA encoding for ovalbumin. Control group with 5 ug ova-protein.
Transfer of ova-specific CD4* and CD8* T cells, vaccination the next day and sampling at day 7. Data kindly provided by
Simon Delandre, HZI. The combination with P.L.E.A.S.E.® showed an adjuvant effect onto the proliferation of ovalbumin
specific T cell almost as high as the adjuvant c-di-AMP (CDA) and subcutaneous injection in the lymph node. This effect was
less pronounced in the spleen. LPNs did not elicit a stimulation above the untreated control.
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5.2 Pegylation of LPN

5.2.1 Preparation and Characterization

After testing the P.L.E.A.S.E.® laser in combination with the LPNs in vivo, we decided to change the
composition of the LPNs as results did not fulfil our expectations. | again modified our standard
preparation protocol and added the pegylated lipid DMG-PEG2000 at the beginning to the lipid
mixture. The previous experiments showed that the DOTMA is more important for the interaction
with the mRNA. Furthermore, | wanted to have a good comparability with the non-pegylated LPNs
and thus decided to keep the molar amount of DOTMA constant. As a results, | replaced different
molar fractions of DOPE with the pegylated lipid.
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Figure 44: Hydrodynamic parameters of plain, pegylated LPNs. (A): Bars represent size in [nm], dots the mean PDI of LPNs
based on LPN(10/90). (B): Zeta potential in [mV] of LPN(10/90) family. (C): Bars represent size in [nm], dots the mean PDI of
LPNs based on LPN(70/30). (D): Zeta potential in [mV] of LPN(70/30) family. Each data point represents the mean and the
standard deviation of 1-5 batches. The addition of DMG-PEG2000 resulted in comparable particles properties. Only

1.5 mol% PEG in LPN(70/30) showed a deviation from the other LPNs in terms of size and PDI.

We selected again LPN(70/30) as our favorite nanocarrier and for comparison LPN(10/90) and
modified both by the addition of 0.5-5 mol% DMG-PEG. The hydrodynamic parameters were
constant for all particles with sizes between 200-235 nm and PDI below 0.18 except for

1.5 mol% PEG in LPN(70/30) (Figure 44A, C). The zeta potentials were comparable to the non-
pegylated LPNs (Figure 44B, D) and remained stable for the tested time frame of 4 weeks with only
marginal losses of surface charge and little increase in size (Figure S 4). The complexation of mRNA by
the PEG-LPNs worked as successful as without the pegylation resulting in the same band pattern in
the gel electrophoresis (Figure S 5). | then investigated the stability of the LPN(70/30) in
supplemented medium for 24 h and observed the same behavior as before without any hints for
instabilities for all tested LPNs (Figure 45). The sizes of non-pegylated LPNs rather decreased than
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increased. Measured sizes were generally much larger than in the Zetasizer, especially for LPNs with
5 mol% PEG. As described in chapter 3, we then continued with cell culture-based experiments using
the cell line DC2.4.
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Figure 45: Assessment of influence of medium components onto size of pegylated LPN(70/30) using nanoparticle tracking
analysis. DiD-labeled LPNs were loaded with mRNA and incubated for 24 h in demineralized water or medium supplemented
with 10% FCS, HEPES-buffer (0.01M), non-essential amino acids (1X) and 8-mercaptoethanol (0.0054X). Graph displays size
in [nm] at the beginning of the experiment and after 24 h of incubation at 37 °C. Measured sizes in water and medium were
comparable independent of the pegylation. The size of the sample with 5 mol% PEG increased from 473 to 535 nm in water
representing the only significant difference (p< 0.05).
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5.2.2 Cell Viability

In a first experiment, | incubated DC2.4 cells separately for 4 and 24 h with all mRNA-loaded LPNs in
plain RPMI medium analyzed the viability by flow cytometry. After 4 h, we saw a trend that the more
DMG-PEG the LPNs contained, the less cells survived resulting in about 40% of live cells for 5 mol% of
PEG for both LPNs while non-pegylated LPNs had a survival rate of 90%. Extending the incubation
time to 24 h, this trend almost disappeared with viabilities above 80% for all tested nanoparticles but

the 5 mol% PEG in LPN(10/90).
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Figure 46: Viability of DC2.4 after incubation with mRNA-loaded, pegylated LPNs for 4 and 24 h in non-supplemented RPM|
medium. FDA and DAPI were added to distinguish live and dead cells. Medium without nanoparticles was used as live,
ethanol (5% in HBSS (v/v)) as dead control. JM: JetMESSENGER®, commercial transfection reagent. N=1 with n=2. The more
PEG the LPNs contained, the less cells survived after 4 h. After extended incubation time cells mostly recovered even though
nanocarriers were not removed.

Next, | tested LPNs in the two medium conditions that | previously used with 24 h incubation time
(Figure S 6). Again, all LPNs were well tolerated with values above 90% of viable cells, only 5 mol%
PEG in LPN(70/30) in plain medium had a lower value of 70%. To solidify these observations of this
preliminary experiment by measuring more wells in three independent experiments, | repeated the
experiments with selected LPNs covering the entire range of pegylation. As Figure 47 shows, the
percentages of live cells were comparable to the medium control. The viability in supplemented
medium was always significantly better than in plain medium. We confirmed that the highest
amount of PEG reduces the viability but on a well acceptable level (minimum 78% viable cells in plain

medium).
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Figure 47: Viability of DC2.4 cells after 24 h incubation with mCherry-mRNA-loaded, pegylated LPN(70/30). Nanocarriers
were either dispersed in non-supplemented RPMI medium or full growth medium with 10% FCS, HEPES-buffer (0.01M), non-
essential amino acids (1X) and 8-mercaptoethanol (0.0054X). Medium without nanoparticles was used as live, ethanol (5%
in HBSS (v/v)) as dead control. Live cells were gated using FDA and DAPI staining. N=3-4 with total n= 9—12. LPNs were as
well tolerated as the medium control with the exception of 5 mol% PEG-LPN(70/30) that slightly reduced the cell viability.

5.2.3 Uptake

The uptake of pegylated and non-pegylated LPN(70/30) was the same for all tested nanocarriers and
conditions (Figure 48). We observed a trend this time that the uptake is better in non-supplemented
medium but without a significant difference. In the previous study where | tested all LPNs, the uptake
was above 90% for LPN(70/30) in both conditions (Figure 17).
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Figure 48: Uptake of LPN(70/30) into DC2.4 depending on the degree of pegylation. Cells were incubated with mRNA-loaded,
FITC-labeled LPNs for 24 ihhh h in plain or supplemented RPMI (with 10% FCS, HEPES-buffer (0.01M), non-essential amino
acids (1X) and 8-mercaptoethanol (0.0054X)). N=3 with total n=9. The uptake was comparable for all conditions and LPNs,
with a trend towards reduced uptake in supplemented medium.
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5.2.4 Transfection

Parallel to the viability data of chapter 5.2.2, | acquired the percentages of live cells that express the
fluorescent mCherry protein. For LPN(10/90), the experiment revealed a clear correlation between
the degree of pegylation and the transfection rate (Figure 49). The more PEG the LPN(10/90)
contained, the lower the transfection rate with minimal values for 5 mol% PEG (7 and 5% transfected
cells after 4 and 24 h, respectively). For all other nanoparticles, the percentages increased with the
incubation time. Pegylation of LPN(70/30) did not affect transfection rate of the nanocarriers as
much. After 4 h, | measured values around 70% positive cells, after 24 h above 90% independent of
the PEG content of LPN(70/30). The only exception was again the 5 mol% PEG in LPN with reduced
values of 40% and 68% indicating that this PEG amount hinders transfection.
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Figure 49: Transfection efficacy of mRNA-loaded, pegylated LPNs after incubation of DC2.4 for 4 and 24 h in non-
supplemented RPMI medium. JM: JetMESSENGER®, commercial transfection reagent. N=1 with n=2. The more PEG the LPNs
contained, the less cells expressed the mCherry protein. Extension of the incubation time to 24 h improved that percentage.
Nanoparticles deducted from LPN(70/30) generally showed higher transfection rates than the ones from LPN(10/90).
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Figure 50: Transfection of DC2.4 cells after 24 h incubation with mCherry-mRNA-loaded LPNs in two medium conditions.
Nanocarriers were either dispersed in non-supplemented RPMI medium or full growth medium with 10% FCS, HEPES-buffer
(0.01M), non-essential amino acids (1X) and 8-mercaptoethanol (0.0054X). DAPI was added to enable exclusion of dead
cells. Green bars represent live transfected cells as overlay to red bars that show all transfected cells in the entire, acquired
cell population. N=3 with total n=9. Supplementation of the medium reduced the transfection efficacy for all LPNs.
Pegylated nanoparticles performed as well as the non-pegylated one.

These results confirmed again that the composition of the LPN(10/90) is not optimal and finally led to
its exclusion from further studies. More repetitions with the selected LPN(70/30) candidates in the
two media conditions for 24 h went in the same direction as before even though 5 mol% PEG LPN
performed better than in the pivotal study (Figure 50). For all three tested LPNs, we found a reduced
transfection rate in the supplemented medium. We can conclude that the addition of the pegylated
lipid did not jeopardize the good transfection efficacy of the LPN(70/30) but on the same time there
was no improvement detectable. If pegylation has an effect on the penetration properties into the
skin tissue, cannot be tested in cell culture. | therefore started to work with excised human skin.
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5.3 Development of Ex vivo Human Skin Model

5.3.1 Transfer of Laser Parameters from Mouse Model

In this part of the thesis, | concentrated on the development of a skin model to investigate the effect
of the LPNs in combination with the laser application in the skin. From the mouse study with our
collaboration partner at the HZI (described in chapter 5.1.2), we know that the immune reaction is
stronger if created pores hit both, epidermis and dermis. For the mentioned animal study, we
selected the dorsal part of the mouse ear as application site because the low hair density allows a
treatment without depilation. For our skin model, | planned to work with human abdominal skin
where hair density is very low, too, but skin is much thicker compared to the mouse ear. According to
literature, the stratum corneum of human abdominal skin is 13-19 um, the epidermis 26—60 um and
the whole skin is around 3 mm thick [170, 171, 173]. For mouse skin, there are only a few but very
different numbers available. Khiao In et al. measured 6 um stratum corneum and 13 um epidermis
with a total thickness of 840 um for the skin at the back of mice [170], while Ibrahim et al. claimed
only 280 um skin thickness at the back and 90 um at the ear [173]. Having these contrary numbers
underlines the importance of laser parameter optimization. Therefore, the first step was to
investigate which laser settings are needed to reach the dermis in the human skin.

We decided to keep the general laser setup as in the mouse study and simply vary the number of
pulses per pore between 2 and 21 pulses. The treated skin pieces were cut directly after treatment or
24 h later, stained with DAPI and imaged with a confocal microscope. To get an estimation of where
the LPNs might end up, | applied beads with a very strong fluorescence after laser microporation in a
second group of samples. All images are shown in Figure 51.

The skin samples in the first row (Figure 51 A-D) were treated with two pulses which are exactly the
settings of the mouse study. As expected, the pores did not reach the dermis but were even hard to
detect because they interrupted only the outermost layer, the stratum corneum (A, B). The creation
of pores of double the size (4 pulses) led to pores in the epidermis (E-H). After eight pulses (I-K), | hit
the dermis for the first time as indicated by a full interruption of the epidermis (1). 24 h later, the
epidermis already regenerated and covered the pore leaving a little cavity (J). If nanoparticles were
applied, the pores were still open the next day but with already prolonged edges of the epidermal
layer (K). For the deepest pores with 21 pulses (L-O), we found black areas at the edges and the
bottom of the pores as indicator for burned cells (L). This might be the reason why these pores were
still open after 24 h, too (M).

For pores created with 2 and 4 pulses it was very difficult to see where the nanoparticles ended up
(Figure 51 C,D and G,H). We hypothesized that the pores were too shallow to hold them back and
therefore the NP are wiped away during sample preparation steps like cutting and staining. After 21
pulses we found NP at the bottom of the pore (N) and thus in contact with dermal cells but the bad
quality of the sample after 24 h made an interpretation difficult (O). For 8 pulses we found some NP
in the cavity below the newly build epidermal edges expected to have a good chance for uptake by
the cells (K). Still, the majority of NP remained at the surface. These observations indicate that
deeper pores increase the duration of nanoparticles in the skin and thus the contact time with the
cells.

As the aim of this experiment was to transfer parameters from mouse to human skin, the 8 pulse-
setup fulfilled the criterium to hit the dermis and the epidermis. Thus, we selected this setup for the
next experiments.
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Figure 51: Confocal images of human abdominal skin after microporation with different laser settings. One biopsy per group
was cultivated freely floating in medium with antibiotics for 24 h. All samples were frozen, cut, stained with DAPI and
imaged using confocal fluorescence microscopy. FluoSpheres® were applied to get an estimation of the fate of nanocarriers
when applied directly after microporation. Large circle outside of the skin piece in image A is an air bubble. 2 and 4 pulses
led to superficial pores that were hard to identify under the microscope and reached only the epidermis (A-D for 2 pulses, E-
H for 4 pulses; arrows indicate location of epidermis interruption). 8 pulses deep pores reached the dermis (I, arrow indicate
interruption of epidermis) and were closed within 24 h (J, arrow indicate formation of new epidermal layer). 21 pulses led to
deep pores but also burned the edges of the epidermis (L, arrow indicates burned tissue) extending the time until pore

closure beyond 24 h (M).
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5.3.2 Penetration of LPNs Into Tissue

Having selected 8 pulses per pore as laser settings, | tested in the next step how the LPNs behaved
after application. | wanted to investigate if the pegylation is beneficial for the penetration and how
the exposure of skin cells changes with the application route. For each selected LPN, | compared the
application of the same amount of nanocarriers either onto the intact skin with massage, intradermal
injection or after laser microporation. LPN(70/30) with and without PEG were labeled with DiD and
loaded with mRNA resulting in a negative surface potential (for overview of hydrodynamic
parameters, Table S 2).

Intradermal injection of 20 ul PBS or LPN suspension created a bulb on the surface of the skin
biopsies recognizable with the bare eye (Figure 52). Next to this macroscopic observation, the
exposure after injection differed a lot from the other two application routes. As example, Figure 53
A-C show the skin cut images directly after applying 5 mol% PEG in LPN(70/30). In the first image (A),
there are hardly any LPNs visible in the skin piece but a few outside of the tissue. It is unlikely that
any nanoparticle passed the barrier of the stratum corneum and if they did, the number is very
limited and below the detection limit. In contrast, the skin cuts after intradermal injection showed a
very bright area of fluorescence crossing the entire height of dermis (B). This dot was also visible with
the bare eye as blue shining dot in the center of skin piece during cryo-cutting (not shown). We
observed some signals in the epidermis, too, but this might be an artefact as the concentration of
nanoparticles was that high that especially the cutting process could lead to a smear of
nanoparticles. In comparison to that high exposure in the dermis but lower density in the epidermis,
we found the opposite phenomenon in laser microporated skin (C). There was a high concentration
of nanoparticles around the pores, but only a few deeper down in the dermis. Comparing these three
images, the exposure is by far the highest after injection, much lower but still well detectable for
laser microporation and around zero on intact skin.

\

Figure 52: Photos of skin biopsies after intradermal injection of PBS. Skin surface forms a visible bulb (indicated by the
arrow).

This order was constant for all tested LPNs and time points. While we did not find clear nanoparticle
signals after 24 h for LPN(70/30) on intact skin (D), there were spots of fluorescence for both
pegylated LPNs, especially at the bottom of skin folds (G, J). For laser microporated skin, we observed
faint signals in the dermis for all nanoparticles (F, I, L) but as mentioned before, it is difficult to judge
if this is not an artefact of skin processing. | cut the skin from dermis to epidermis so at least this
processing step could not cause the red signals in the dermis. The concentration of LPNs remained
high after injection (E, H, K). For LPN(70/30), we observed also high amounts in the epidermis (E).
This might be connected with a smaller injection angle compared to the others rather than particle
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movement because the nanoparticles did not spread as much in the other directions. Image M shows
the entire skin cut as example to get an impression of the exposure in relation to the tissue. The
morphology of the skin was not changed by the treatment and is at least from our microscopic
images comparable to the ones of the untreated and PBS control (Figure S 8).

It was not possible to quantify our observations as we expect a high inter sample variability but still
had only one skin biopsy per treatment. Anyways, the experiment helped us to get an impression of
the exposure of skin cells in the different application route. The invasive method of intradermal
injection is the most promising candidate to see an effect of the LPNs even though we aim for a
comparable result for laser-based application.

intact intradermal injection P.L.E.A.S.E.® microporation

Oh
5 mol% PEG in LPN(70/30)
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Figure 53: LPN exposure of human abdominal skin after three different application routes: on intact skin, by intradermal
injection or after microporation with P.L.E.A.S.E.® laser (pulse length 75 us, repetition rate 200 Hz, 8 pulses per pore, 8 x

8 mm treatment area). | applied 20 ul of DiD-labeled, mRNA-loaded LPNs per sample. Directly after treatment (A-C )or after
24 h cultivation, samples were embedded, frozen, cut at -20 °C and imaged using a confocal microscope. Exposure of tissue
was highest after intradermal injection (E, H, K) especially in the dermis. After laser microporation (F, I, L), we found more
LPNs in the epidermis and overall less than after injection. The exposure after application on intact skin did not lead to
detectable nanoparticles in the tissue (D, G, J). This is valid independent of the LPN composition.

5.3.3 Exvivo Cultivation of Human Skin

| started establishing the human skin model from the scratch but profited from the experience in our
lab with previous nanoparticle penetration and skin barrier studies with frozen skin. In our case, we
aimed for the biosynthesis of the protein encoded on the delivered mRNA. | therefore needed viable
skin tissue and a successful cultivation strategy to give the nanocarriers and the cells enough time to
show an effect. Collaborating with a plastic surgeon in a hospital close by enabled us to get the skin
as fresh as possible directly after dissecting from the patient with a short transportation time. After
removal of the subcutaneous fat, the skin was ready for treatments and cultivation.

Every step of the model needed several optimization steps until | could test the LPN(70/30) with and
without pegylation. We decided to use the same 8x8 mm applicator for the P.L.E.A.S.E.® handpiece
that we used for our mouse study on the ear. This square sized plastic piece fitted onto round 11 mm
punch biopsies of the human skin. Handling and treating the skin as fast as possible with a non-
interrupted cooling chain needed simply practice. For application and cultivation protocols, | had to
test several options. Literature research and preliminary tests confirmed that high doses of
antibiotics are needed to prevent bacterial growth during cultivation.

In a first set up, | cultivated skin biopsies freely floating in medium for up to 9 days and assessed the
viability of the tissue using an adapted MTT protocol. For each time point, | compared one sample of
untreated skin with one where | injected PBS intradermally. We observed a drop in viability after 3
days of cultivation (Figure 54). For untreated skin, this reduced viability of around 50% after 3 days
was comparable until the end of the experiment after 9 days. PBS injection led to a reduction of
viability for all time points ending in a value of 18% after 9 days. Exceptions were the values of day 3
and 7 where PBS injection showed higher viabilities than the untreated samples.
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Figure 54: Viability of skin biopsies over the course of 9 days quantified by MTT. Data expressed relative to the absorbance
of the untreated sample on day 0. Data acquired in one experiment with one biopsy per treatment. Half a skin piece used for
MTT, split up in three wells; the other half was digested for FACS analysis. Viability dropped after 3 days of cultivation and
stabilized on a lower level for untreated control. Intradermal injection of PBS reduced viability of skin.
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| digested the second half of the skin biopsies and analyzed the viability by flow cytometry. |
measured 48,000 viable cells out of 100,000 counted events for the untreated sample on day 0 and
expressed the results relative to this sample (Figure 55). After 9 days, the viability of the untreated
samples was again about 50% reduced compared to day O but in this readout the values were higher
for day 3 and 5 and dropped on day 7. This might be an indicator that the MTT measures rather the
viability at the edges of the tissue and underestimates the viability inside the tissue. We might still
profit from MTT as complementation of the FACS analysis, though. For day 1 to 5, PBS injection
reduced the viability about 20%, but at day 0 and 9 it increased it to the same extend. There seems
to be no adverse effects of the injection of PBS. In this pivotal study, we saw that the skin viability is
stable for several days with our cultivation protocol even after injection of PBS.
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Figure 55: Viability of skin biopsies over the course of 9 days quantified by flow cytometry. Data expressed relative to the
viability of the untreated sample on day 0. Data acquired in one experiment with one biopsy per treatment (exception PBS
after 7 days with n=3). Half a skin piece was enzymatically and mechanically digested; the other half was used for MTT. The
single cell suspension was stained with DAPI and FDA to distinguish between live and dead cells.
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5.3.4 Evaluation of Transfection Reagents as Positive Control

For the application of the model as test system for mRNA-loaded nanocarriers, we need to know if
the measured viability is high enough to see successful transfection. In the next step, | therefore
tested commercial transfection controls after intradermal injection to see the highest possible effect.
As in our cell culture experiments, we selected again jetMESSENGER®. Additionally, | used PEl in
three different doses to check how the skin pieces react to this potentially toxic substance [175] and
for what mRNA dose | see a protein production.

We found a correlation of PEI dose and reduced viability for all time points compared to PBS
(Figure 56). Especially the highest dose with 12 ug mRNA showed toxic effects in MTT (Figure 56A)
and even more pronounced in the FACS analysis (B) where viability directly after treatment at day 0
was reduced to less than a third (118% for PBS to 36%). In MTT analysis, there was a difference
between the 4 and 8 pg doses, too, but this was not confirmed in FACS analysis where both
treatments were tolerated about half as good as PBS (except 7 d). JetMESSENGER® was comparably
well tolerated as PBS in FACS analysis.
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Figure 56: Tissue viability over the course of 9 days after intradermal injection of transfection controls. (A): evaluation by
MTT, (B): Flow cytometry analysis. Half a skin piece was analyzed with MTT, the other half was enzymatically and
mechanically digested for flow cytometry. The single cell suspension was stained with DAPI and FDA to distinguish between
live and dead cells. Data acquired in one experiment with one biopsy per treatment (exception PBS after 7 days with n=3).
Data expressed relative to the viability of the untreated sample on day 0. JM: JetMESSENGER®, commercial transfection
reagent. Dose dependent toxicity was observed for PEl, while JM was almost as well tolerated as PBS after intradermal

injection.
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Looking now for the first time on the percentage of cells that express the mCherry protein encoded
on the delivered mRNA, we measured increasing numbers for PEIl after 3 days of cultivation

(Figure 57). A dose of 8 ug mRNA complexed with PEI transfected about 20% of events after 3 days
while the higher dose resulted only in 15% positive cells. This might relate to the higher toxicity of
this treatment and thus no intact cells during FACS analysis. After 7 days, both doses performed
similar with transfection rates of 20% and a viability below 25%. PEI with 4 ug mRNA had slower
slope of transfection ending in a maximum transfection efficacy of 10% after 9 days. JetMESSENGER®
did not show any mCherry expressing cells. From this first study, we decided to choose a dose of

8 ug mRNA PEl intradermally injected as positive control and to cultivate the skin biopsies for 7 days
as longer incubation did not improve the results further.
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Figure 57: Assessment of transfection efficacy of control samples expressed as percentage of mCherry expressing events in
all acquired events. Data acquired in one experiment with one biopsy per treatment (exception PBS after 7 days with n=3).
Skin biopsies were enzymatically and mechanically digested and analyzed with flow cytometry. JM: JetMESSENGER®,
commercial transfection reagent. After 3 days, the number of mCherry positive cells increased for samples treated with 8 or
12 ug mRNA complexed with PEI. These numbers remained high until day 7 and dropped afterwards. 4 ug mRNA with PEI
had a later maximum at day 9. JM did not lead to fluorescent cells.
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5.4 Results Ex vivo Skin Model

5.4.1 Viability

The previous chapter showed how | set up the skin model. In the following part, | will describe the
results using skin of five different donors coping with inter individual variations. Furthermore, we
finally compared the intradermal injection that was tested so far to the application after P.L.E.A.S.E.®
laser microporation.
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Figure 58: Absolute viability of skin biopsies after treatment with process controls either by intradermal injection (solid bars)
or after P.L.E.A.S.E.® microporation (bars with pattern) (pulse length 75 us, repetition rate 200 Hz, 8 pulses per pore, 8 x

8 mm treatment area). PBS was used as negative, PEl with mRNA as positive control (8 ug mRNA per biopsy). PEI without
MRNA was added to assess toxic effects of polymer itself. 100,000 events counted in flow cytometer. DAPI and FDA addition
enabled gating for live cells. Data acquired in five independent experiments with up to eight biopsies per treatment group in
total (PEI without mRNA had only 1 data point per time point). The application of PEI (with/without mRNA) after
P.L.E.A.S.E.® microporation drastically reduces the toxicity compared to intradermal application.

Figure 58 displays the number of viable cells in the control groups, measured in flow cytometry. The
untreated control (not shown) lost around 33% of viability over 7 days (45000 viable cells to 35000),
so did the PBS control (minus 35% and 33% respectively). Analyzed by MTT, the tissue did not lose
any viability after PBS treatment (Figure S 9) during the experiment. | applied PEI either as blank
polymer or complexed with mRNA and observed comparable toxic effects when injected
intradermally. On day 0, both were as well tolerated as PBS because samples were digested directly
after treatment. Thus, we can conclude that we did not see any acute toxic effects of the treatments.
After 24 h, PEl with mRNA was better tolerated (31000 viable cells vs. 20000) than the blank polymer
but after 4 days there was no difference anymore. If formulations were applied after P.L.E.A.S.E.®
treatment, more cells survived compared to the intradermal injection. We observed this trend for all
time points but the start of the experiment. The longer the skin was cultivated, the larger the benefit
of the combination with the P.L.E.A.S.E.® (+38% day 0 to +66% day 7 for PEI-mRNA). But the highest
difference was observed for the blank PEI polymer where the combination with the P.L.E.A.S.E.®
resulted in a triplication of live cells after 24 h. This might relate to the general exposure of the cells
to the polymer as shown in chapter 5.3.1. As less cells get in contact with the polymer after
P.L.E.A.S.E.® treatment, we see fewer toxic effects.

The corresponding bar charts of FACS and MTT analyses for the LPN treatments are shown in Figures
S 10 and S 11. In this main text, | wanted to emphasize the comparability of the LPNs and PBS in
terms of toxicity and therefore displayed the FACS results as follows (Figure 59). The green lines are
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the number of live cells in the PBS samples with their standard deviation marked in grey. All samples
are within this are and therefore as well tolerated as the PBS control. Only injection of PEIl with and
without mRNA caused more cells to die as described before (brown lines). We observed a trend that
P.L.E.A.S.E.® sample have rather higher viability values than the injection samples.
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Figure 59: Overview of skin viability after application of mRNA-loaded LPNs either by intradermal injection (solid line) or
after P.L.E.A.S.E.® microporation (dotted line) (pulse length 75 us, repetition rate 200 Hz, 8 pulses per pore, 8 x 8 mm
treatment area). PBS was used as negative control, PEI with mRNA as positive control. PEI without mRNA was added to
assess toxic effects of polymer itself. Dosing: 8 ug mRNA per biopsy. DAPI and FDA addition enabled gating for live cells.
100,000 events counted in flow cytometer. Data acquired in five independent experiments with up to eight biopsies per
treatment group in total (PEI without mRNA had only 1 data point per time point). Grey area displays standard deviations of
PBS controls. All measured values of the LPNs are within this area emphasizing the good tolerability of the LPNs. Intradermal
injection of PEI (with and without mRNA) harms the tissue as indicated by brown lines outside the grey area.

5.4.2 Nanoparticle Testing

| tested LPN(70/30) with and without pegylated lipid on the human abdominal skin of five different
donors. As controls, | always used PBS and PEI. | applied all samples with intradermal injection and
after using the P.L.E.A.S.E.® laser to create pores of 189 um depth targeting the dermal skin layer. |
collected the medium surrounding the skin biopsies every day and looked for evading cells in
addition to digestion of the skin biopsies themselves. Our gating strategy for both sample groups in
the flow cytometer is displayed in Figure 60.
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Figure 60: Gating strategy for digested skin samples after data acquisition by flow cytometry. DAPI and FDA were added to
assess live cell populations. The used mRNA encoded for the fluorescent protein mCherry enabling gating for successfully
transfected cells. FSC: forward scatter, SSC: sideward scatter. Graph shows results for incubation of skin for 7 days after
intradermal injection of mMRNA complexed with PEI as example.
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The number of live cells in the supernatant decreased with the incubation time (Figure 61). Within
the first 48 h of cultivation most cells left the tissue and ended up in the medium. The highest
number was found for the blank PEI polymer 24 h after intradermal injection but PBS and the
untreated control had comparable numbers at day 2. 2,5 mol% PEG in LPN(70/30) led to the
migration of a similar number of live cells on day 2 but declined again after that. This observation
applies also to the number of all — live and dead — cells in the supernatant (Figure S 12). After 5 days
almost no live cells were detectable in the medium.
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Figure 61: Overview of number of live cells in the supernatant of cultivated skin biopsies over the course of one week. After
daily collecting medium from the same biopsy, medium was replaced. Samples were analyzed by flow cytometry. DAPI and
FDA were added to gate for live cells. Solid lines represent skin biopsies after intradermal injection, dotted line after
P.L.E.A.S.E.® microporation (pulse length 75 us, repetition rate 200 Hz, 8 pulses per pore, 8 x 8 mm treatment area). Most
cell evaded the tissue within the first 48 h of cultivation.

Looking at the number of live transfected cells in the supernatant, we observed generally a very low
number below 100 cells per sample (Figure 62). Highest numbers were again measured for samples
without mRNA, namely PBS and blank PEI polymer but this time also for PEI with mRNA 48 h after
intradermal injection. On day 2, we found about 50 live transfected cells for the 2.5 mol% PEG in
LPN(70/30) sample, too. If we focus only on the P.L.E.A.S.E.® samples, the 2.5 mol% PEG sample led
to the evasion of about double the number of cells compared to PBS after 2 days (54 vs 29). This
might be an indication for successful transfection by the LPN but already the next day (3 days) the
order of sample and control was reversed. On that day (day 3), LPN(70/30) showed little more live
transfected cells after intradermal injection compared to the injected PBS control (39 vs 36,
respectively). For the later time points, PBS and plain PEI showed highest values.

92



5 Minimally Invasive Application of LPNs to the Skin

100 = — intradermal injection

==« PLEASE 8 pulses

80—

60=

40~

number of transfected live cells
2

20

days of tissue incubation
—— untreated —— PEl, 8 ug mRNA LPN(70/30), 8 ug mRNA
— PBS =—— PEI, no mRNA 2.5 mol% PEG in LPN(70/30), 8 ug mRNA

— 5 mol% PEG in LPN(70/30), 8 pg mRNA

Figure 62: Overview of live transfected cells in the supernatant of cultivated skin biopsies over the course of one week. After
daily collecting medium from the same biopsy, medium was replaced. Samples were analyzed by flow cytometry. DAPI and
FDA were added to gate for live cells. Solid lines represent skin biopsies after intradermal injection, dotted line after
P.L.E.A.S.E.® microporation (pulse length 75 us, repetition rate 200 Hz, 8 pulses per pore, 8 x 8 mm treatment area). Samples
without mRNA (PBS and blank PEI polymer) had the highest number of live cells with a fluorescent signal. Values were
generally on a low level.

Next to the medium, | also collected the biopsies and analyzed the cells after digestion. Figure 63
shows the results for the single days of analysis as all transfected cells (orange bars) and the
transfected live cells (green). Dotted lines represent the highest values measured for the PBS control
and is the threshold to cross.

We observed an increasing percentage of cells with mCherry signal for PEl beginning at day 1 with
24% (Figure 63A) and ending on day 7 with 53% (D) but as the color indicates and the diagrams at the
right show, all these cells were dead. In a separate experiment, | measured the fluorescence of cells
after exposure to PEI without mRNA. As displayed in Figure 64, we measured similar values for PEI
samples with and without mRNA in the mCherry channel. We will discuss possible reasons later but
for now, we can conclude that the PEIl results are not dependable in the context of transfection and
that we should concentrate on the live cell population only. The entire setup needs further
evaluation but still we can get hints which LPN composition might be the optimal.
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5 Minimally Invasive Application of LPNs to the Skin

Figure 63: Overview of transfection efficacy after application of mRNA-loaded LPNs either by intradermal injection (solid
bars) or after P.L.E.A.S.E.® microporation (bars with square pattern). Laser parameters: pulse length 75 us, repetition rate
200 Hz, 8 pulses per pore, 8 x 8 mm treatment area. PBS was used as negative control, PEl with mRNA as positive control.
Dosing: 8 ug mRNA per biopsy. DAPI and FDA addition enabled gating for live cells. 100,000 events counted in flow
cytometer. Green bars represent transfected cells in live cell population, while orange bars show percentage of fluorescent
cells in total acquired population. Data acquired in five independent experiments with up to eight biopsies per treatment
group in total. Untreated and PBS samples had a high background signal rendering LPN results insufficient. There was only
one significant difference when 2.5 mol% PEG combined with P.L.E.A.S.E.® treatment transfected cells after 4 days of
incubation.

Focusing on the fluorescence signals in the live cell population, we measured percentages around
20% at day 0 for both 2.5% PEG LPN(70/30) samples and 5% PEG LPN(70/30) injected (Figure 63E).
One day later (day 1, F), the values were around 10% but standard deviations for the PBS negative
control was very high. At the end of the studies on day 7 (H), all values were around 5% and
comparable to the negative controls. Only after 4 days (G), we saw some differences for the LPN
treated samples that deviated from PBS. 2.5% PEG LPN(70/30) in combination with the P.L.E.A.S.E.®
system, transfected 12% of live cells while PBS had values below 4% for both application routes,
which is a significant difference. After intradermal injection, we found 7% of live transfected cells
after treatment with this LPN but this was not significant. This observation after a reasonable time
after application might be a hint that these nanocarriers indeed transfected skin cells and that the
P.L.E.A.S.E.®-mediated application increases the potential effects. We will discuss this topic in the
next part in more detail.
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Figure 64: Assessment of percentage of fluorescent cells in the mCherry channel after 4 (A) and 7 days of incubation (B). PBS
application by intradermal injection or after P.L.E.A.S.E.® treatment was compared to the application of PEl, either
complexed with mCherry-encoding mRNA or as blank polymer. Dosing: 8 ug mRNA per biopsy. DAPI and FDA addition
enabled gating for live cells. 100,000 events counted in flow cytometer. Green bars represent transfected cells in live cell
population, while orange bars show percentage of fluorescent cells in total acquired population. Data acquired in five
independent experiments with up to eight biopsies per treatment group in total (only one data point for blank polymer per
time point). Samples without mRNA have comparably high signals in mCherry channel as PEI complexed with mRNA. This is
clear hint that we did not measure transfection but unspecific reactions to PEl application.
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6.1 Lipid-polymer Hybrid Nanoparticles as Delivery System for mRNA

Relevance of messenger RNA as Therapeutic Entity

The history of mRNA as therapeutic began with its discovery in the early 1960ies [176]. Since then,
scientists believed in the therapeutic potential of messenger RNA but the molecular properties made
its realization difficult and raised the need for a delivery vehicle.

Successful transfection in vitro was first realized with liposomes in 1978 [177, 178]. The first report
about protective CTL response in vivo after subcutaneous application of liposomal mRNA was
published already in 1993 [93], followed by the observation of antibody titers after intramuscular
injection in mice [179]. The sensitivity and the ubiquitous degradation enzymes, namely RNases,
made the transition to application in humans difficult. Understanding the structure and function of
all parts of the mRNA in more detail enabled specific modifications and therefore the production of
more stable nucleic acid molecules [180-183]. Commercialization of the manufacturing process
increased the availability of mRNA for more researchers being a catalyst for detailed knowledge and
all kinds of delivery systems. The breakthrough came with Covid-19 pandemic when worldwide
efforts and expenses were concentrated on the development of a mRNA-based vaccine being ideally
suited for such a pandemic threat with its high production speed and scale [184]. Researchers
profited especially from earlier findings about the combination of modified mRNA with lipid
nanoparticles for individualized cancer therapy [185]. This development led to the rapid approval of
the first mMRNA-based therapeutic in December 2020, namely the first vaccine against SARSCov2 less
than a year after the viral sequence was published [186]. Starting a new era in medicine, these
vaccines opened the door for any thinkable application of mRNA. The approved vaccines deliver the
mMRNA complexed with a lipid mixture as solid lipid nanoparticles but other application routes than
intramuscular injection may require other delivery systems [80].

Hydrodynamic Parameters and Shape of plain DOTMA-DOPE-PLGA LPNs

For the application to the skin, we aimed for a lipid-polymer hybrid nanoparticle (LPN) combining the
good transfection properties of lipids with the high stability of the polymeric core. Such LPNs were
shown to elicit significant protein levels in mice after intranasal application [145]. Yasar et al. proofed
that it was possible to produce lipid-polymer hybrid nanoparticles made of DOTMA and the well-
established polymer PLGA [147]. We decided to add the zwitterionic phospholipid DOPE to reduce
the potential toxic effects, to profit from its ability to increase endosomal escape and to enable a
more robust transfection efficacy [187]. | modified the published protocol to prepare a panel of LPNs
with increasing amounts of DOPE in the lipid layer.

Cryo-TEM imaging confirmed the round shape and the presence of PLGA reacting specifically to the
electron beam (Figure 5) [188]. The absence of liposomal structures allowed the conclusion that
lipids and polymer were successfully associated even though it was not possible to visualize the core-
shell structure itself nor the arrangement of the lipids. The sizes of 195-260 nm where within the
range optimal for in vivo DNA delivery [189] and typical for polymeric nanoparticles (100—300 nm)
[97]. The measured zeta potentials were positive indicating a clear difference to nanoparticles only
made of PLGA as theses typically have a negative surface charge of about — 30 mV [57]. We therefore
assume that the PLGA core interacts with the hydrophobic tails of the lipids with the consequence
that the charged lipid head groups point to the surface of the nanoparticle and can interact with the
mRNA.
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We observed higher surface charges for LPNs with increasing DOPE content with a maximum of

38 mV for LPN(70/30) (Figure 3). We would expect a decline of surface charge transferring the
observations made for the addition of neutral phospholipid to cationic DOTAP liposomes [107]. In
contrast, the observed increase of zeta potential might be caused by the structural arrangement of
the lipids. A tight packaging of the lipids might fully cover the phosphate and thus hinder its
contribution to the surface charge. A second option would be a complete change of the lipid
arrangement with increasing DOPE amounts. For our application none of the options would be a
problem as the zeta potential measurements were very reproducible over several batches and the
loading of mMRNA worked well, too.

Beginning with 80 mol% (LPN(80/20)), higher percentages of DOPE reduced the surface charge
ending in negative values for DOPE-only LPNs (LPN(100/0)). The phospholipid DOPE is zwitterionic
with a negatively charged phosphate and a positively charged primary amine for pH values below 8
resulting in a neutral lipid [190]. Using only fluids and buffers with a maximum pH of 7.4, the neutral
DOPE most probably leads to neutral LPNs measured as negative. Mura et al. made a similar
observation when measuring a zeta potential of -5 mV for PVA-coated PLGA nanoparticles that are
supposed to be neutral [191].

Storage Stability of plain LPNs

In our stability study with plain LPNs over the course of 21 weeks, we saw a reduction of surface
charge with time, especially when LPNs were stored at RT (Figure 6). The observed loses of surface
charge happened mainly for storage at room temperature while fridge temperatures showed less
effect. For LPN(70/30), the reduction of surface charge started already after 16 weeks of storage at
RT. Lacking repulsion forces between nanoparticles, this LPN aliquot lost its colloidal stability
indicated by an increased PDI.

The general reduction of cationic surface charge needs to be considered as it is needed for the
complexation of the mRNA. We concluded that LPNs should be as fresh as possible for experimental
use and stored not longer than 12 weeks in the fridge as LPN(70/30) started to lose stability after this
time point. We assume that the combination with the polymeric core is responsible for that result as
liposomes or solid lipid nanoparticles show shorter shelf lives or need reduced storage temperatures
[80, 192, 193].

There seems to be some potential for extended storage in the fridge that | did not investigate.
Nevertheless, the studied proofed the stability and consistent quality of the nanocarriers during the
12-week interval most relevant for conducting experiments like transfection studies. For such
experiments in a laboratory set up, the stored LPNs can be loaded with the mRNA directly before the
experiment in a RNase free working area. In a later phase of preclinical development, an extended
storage stability study of loaded LPNs should be performed instead. This is particularly important to
warrantee the intactness and thus the therapeutic effect of the mRNA molecule. If stored separately
from LPNs, naked mRNA is not protected from degradation by ubiquitous nucleases raising the need
for RNase-reduction procedures and trained health care professionals. Additionally, pure mRNA is
stored at -20 or even -80 °C requiring the corresponding freezer infrastructure.
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Stability of mRNA-loaded LPNs

The stability study with plain LPNs allowed a storage in the fridge up to 12 weeks. On the day of
experiment, LPNs were loaded with mRNA and directly used. It is at this point not necessary to
investigate the long-term storage stability of loaded LPNs. Nevertheless, colloidal stability should be
at least maintained during the course of the experiment and therefore stability assessment should
focus on these time intervals.

The complexation of mMRNA onto the surface of the LPNs changes the surface properties of the
nanocarriers with potentially strong effects for the particle stability. For LPNs (0/100 — 40/60) the
surface charge is reduced but still positive, for LPN(50/50) around zero and starting with LPN(60/40) |
measured negative values below -14 mV (Figure 3). In general, measured values between -10 mV and
+10 mV are generally considered as neutral [194]. The closer the zeta potential gets towards zero,
the lower are the repulsion forces and potentially also the storage stability. This might be a problem
for LPN(50/50) where the nucleic acids completely neutralized the lipid charges, but we did not
observe hints for instabilities during any of our experiments with this LPN.

To get a good impression of the stability of loaded LPNs without performing an extended stability
study, we decided to systematically test selected challenging conditions that the nanoparticles might
face during experiments. Common medium components like salts and especially polyanionic serum
proteins are known to be a challenge for nanoparticles [139]. The longest incubation time of the cells
with loaded LPNs and therefore also the stability test interval was 24 h.

In our experiment, LPN(0/100) immediately aggregated in protein containing media with sizes above
2500 nm (Figure 13B) probably due to binding of the negatively charged albumin to the DOTMA-only
LPN [195]. In the mRNA-loaded state, this LPN has the highest positive zeta potential and is therefore
most prone to bind the protein. For cell culture use, the larger agglomerates might even be beneficial
as they microprecipitate to the cell layer increasing the local concentration and thus the chance of
uptake. As DCs are antigen presenting cells, they can even take up such large components leading to
good transfection results. In other setups than cell culture with professional antigen presenting cells,
this instability might be a problem and should be avoided. For the other LPNs, we did not observe
such an agglomeration tendency.

Next to the agglomeration, we observed a reduced mRNA loading capacity for this LPN(0/100) as
indicated by the apparel of a band for free mRNA (Figure 14C). Due to the increased size after
albumin addition the LPNs lose surface area resulting in a lower number of mRNA binding sites and
furthermore the albumin might cover the surface changing the charge and thus the prerequisite for
loading [196-198]. Additionally, a new band between the band of free mRNA and the pocket
appeared in the gel electrophoresis of LPNs (0/100) and (100/0). As this mRNA did not migrate as far
as the free mRNA, it might be associated with proteins. In contrast to the albumin addition, the
tested salts and buffers did not change the degree of complexation with mRNA. The reason for that
might again be the pH as all used fluids have a pH below 7.4 maintaining the charge of DOPE.
Increasing the challenge further, | incubated mRNA-loaded LPNs (10/90) and (70/30) in cell culture
medium supplemented with buffers and most importantly 10% fetal calf serum for 24 h and directly
measured the effect using nanoparticle tracking analysis (Figure 15). We found hints for a slightly
increased size in medium for LPN(70/30), but measured values were comparable with samples in
MQ. The serum proteins might have attached to the surface in a similar process as members of the
complement system in the blood do when in contact with cationic DNA-lipid-complexes [199]. This
trend would explain an increased size but on the other hand, Crook et al. observed a decrease in size
of DNA-loaded liposome when exposed to 50% serum. Furthermore, they found no difference of
type and amount of bound serum proteins between two liposomal formulations (DOTAP with and
without cholesterol) [139]. Due to the polymeric core of the LPNs, such a reduction is not likely but
these observations might explain the little effect onto the measured sizes. At this point, we can
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conclude that all LPNs with at least 10 mol% DOPE are sufficiently stable in biological relevant media.
It will be later discussed how the opsonization of proteins influences the interaction with the cells.

mRNA Complexation and N:P Ratio

Having discussed the stability topic, there is now room for mRNA complexation aspects. As
mentioned before, zeta potential measurements showed the expected reduction of surface charge
after mRNA binding. Beginning with LPN(50/50), the loaded LPNs had a neutral or negative surface
charge. The difference between plain and mRNA-loaded LPNs increased parallel to the DOPE content
with a maximum of 52 mV for LPNs (60/40 — 80/20) before it decreased rapidly. Gel electrophoresis
and RiboGreen®-based quantification showed that the fraction of accessible mRNA increased in the
same way (Figure 12). But for most LPNs, especially for those with a low DOPE content, both dyes did
not lead to a detectable signal neither in the pocket nor in the gel until heparin was added to
compete with the nucleic acid for binding sites. Adding heparin successfully released the mRNA from
the LPNs which was confirmed by new signals after gel electrophoresis. We hypothesized that the
interaction of mMRNA and nucleic acid is so tight leaving no room for the dyes to intercalate and thus
no detectable signal. This goes in line with the established observation that DNA is not accessible to
ethidium bromide as soon as it is complexed with lipids resulting in a loss of signal on the gel [139,
200].

The visible signals in the gel pocket might be caused by a fraction of mRNA that is attached to the
surface of LPNs tightly enough to prevent its movement into the gel but simultaneously loosely
enough to make room for the interaction with dyes. DNA complexed with DOTAP in liposomes had
similar signals in the pockets [200]. The fact, that the intensity of this kind of signal increased a lot
after heparin addition underlines the relevance of this possible explanation as the mRNA is partly
detached from the LPNs by heparin. These hypotheses explain the outcome of the visualization
process but not the fact that more DOPE leads to more accessible and finally free mRNA.

One reason for more free mRNA with reduced DOTMA content might be a different strength of
interaction of the lipids with the mRNA backbone. To have the best possible comparison between
nanocarriers, we decided to use the N:P ratio for mRNA loading instead of the weight ratio. For the
calculation, | counted all positively charged amine groups as potential binding partners for the
phosphates in the mRNA backbone and kept this molar amount constant while varying molar
fractions of DOTMA and DOPE. As a result, the number of quaternary ammonium groups of DOTMA
was reduced while the primary amines of the phospholipid DOPE were increased. From our
experiments it seems that these two kinds of binding partners are not equally strong in the
interaction with the mRNA. Methylation of the head group led to a loss of transfection favoring
properties [153, 201]. We can thus assume that DOPE interacts directly with the nucleic acid but
seemingly weaker maybe because of the proximity of its own phosphate to the amine. If DOTMA is
the better complexing lipid and its number is reduced, good binding sites get saturated. mRNA
molecules will not find several binding sites anymore but instead only a few resulting in a looser
attachment and more room for the intercalating dyes. This explanation would also fit to the signals in
the gel electrophoresis where we found bands in the pockets for LPNs with higher DOPE content.
DNA complexed with DOTAP in liposomes showed a similar trend that the addition of the cationic
lipid reduces the ethidium bromide signals in the gel pockets [200]. The cloud of nucleic acid chains
with their negative charge around the high-DOPE nanocarriers and some free mRNA molecules in the
suspension will also reduce the measured surface charges and therefore explain the inversions of
zeta potentials to negative values.

Using the N:P ratio for mRNA complexation has recently become the most common way in the field.
Alternatives are the ratio of weight or charge. For in vivo gene therapy, a charge ratio of 5:1 is
typically used [202]. In many cases, DOPE is part of the formulation of mRNA but often it is
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considered only as helper or structural lipid and not counted for mRNA complexation [81, 122, 153,
203]. If we adapt our N:P ratio of 2.81 to this strategy and count only the DOTMA molecules, the
ratio is around 2 for LPN(30/70) and reversed beginning with LPN(70/30) with more mRNA-
phosphates than amines (N:P of 0.84). In other words, if N:P ratio is below 1, we need less
nanocarriers to complex the same amount of mRNA. Kranz et al. tested similar N:P ratios with
DOTMA/DOPE liposomes while counting only DOTMA for mRNA complexation and confirmed an
inversion of zeta potential to negative values for N:P ratios below 1 resulting in the best transfection
rates. In their study, ratios between 2.5 and 0.9 resulted in instable liposome-mRNA complexes
which is in contrast to our stable LPNs [203]. Malone et al. found that a N:P ratio around 0.6 (weight
ratio 2.5:1) works best for transfection of RNA with Lipofectin® (1:1 DOTMA/DOPE) if only DOTMA is
counted (1.15 for DOTMA+DOPE) [156]. Being able to use N:P ratios below 1 is very helpful for a
potential application as a smaller number of nanoparticles needs to be applied for a sufficient dose.
Next to reducing toxicity concerns, less material is needed that might be limited especially during
situations like a pandemic. With applying smaller volumes, transport and material costs could be
reduced and patients will benefit from smaller edema and less pain at injection site. Even if we lose
some of the nucleic acid during loading of LPN(70/30), we know from RNase protection and
transfection studies that this LPN is the best performing one of our panel and the most promising
candidate. The looser way of complexation seems to be enough as naked mRNA does not elicit
protein production and cannot be accounted for the effect of this LPN. Crook et al. observed free
DNA on the gel as well for their optimized transfection formulation [139].

For LPN(90/10) the N:P ratio would be 0.28 and zero for LPN(100/0) but with increased amounts of
free mRNA in the gel and minor performance in transfection studies. These N:P ratios seem to be
beyond the optimum resulting in larger fractions of free mRNA that cannot contribute anymore to
the performance.

The loaded LPN(50/50) had a zeta potential around zero indicating that with this corrected N:P ratio
of 1.4 all the mRNA can be bound without left free mRNA. Showing also very stable transfection
results, this or a similar LPN could be another candidate for further evaluation. A calculated N:P ratio
of 1 needs an LPN with 64.4 mol% DOPE and 35.6 mol% DOTMA and would be called LPN(64/36). We
would expect a slightly negative zeta potential and good transfection results.

Cell Tolerability and Cytotoxicity

Looking now in more detail onto cell-based experiments, we found that all LPNs were well tolerated.
There were some signs for toxicity of plain LPNs after starving the cells in HBSS for 24 h but the
medium control showed a reduced viability as well. In the more relevant setups with cell culture
medium either with or without cell supplements like FCS, both, plain and mRNA-loaded LPNs were
tolerated well by the dendritic cell line DC2.4. As complexation with DNA is known to reduce the
toxicity of cationic lipids [204, 205], we hypothesized that loaded LPNs will be better tolerated but
the results did not confirm this expectation. In contrast, we even observed slightly reduced viabilities
in non-supplemented medium for loaded LPNs with their not as positive or even negative surface
charge but not for the plain LPNs. In general, we aimed for an improvement of cell viability by adding
DOPE as the phospholipid is known to reduce cytotoxic effects of cationic lipids like DOTMA [154].
We saw an effect of this modification for loaded LPNs after 24 h in non-supplemented RPMI medium
but 20 mol% DOPE was already enough to see a difference (Figure 16). In the supplemented medium,
there was no difference anymore probably because cells were cultivated under optimized nutrition
and thus less sensitive to treatments [206, 207]. This good tolerability is important for the later
application to the skin as nanocarriers will not be removed but remain in the tissue.
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Cellular Uptake

For the uptake study we instead saw a clear benefit of the DOPE addition resulting in the highest
uptake for LPNs with at least 60 mol% of DOPE independent of the medium (Figure 17). There was a
linear trend in non-supplemented medium that the more DOPE, the more uptake climaxing around
100% positive cells for LPNs (60/40) — (90/10) until it dropped for DOPE-only LPN (LPN(100/0)). In
supplemented medium, the uptake was increased for LPNs (0/100) — (20/80) compared to the non-
supplemented medium which might be due to an adsorption of proteins to the surface of these
positively charged LPNs mediating and thus improving the uptake. The uptake of the other LPNs did
not improve after the addition of supplements because it was already around 100% before, leaving
no room for further improvement. One would expect that positively charged nanoparticles bind
better and in an higher extend to the rather negatively charged cellular membrane facilitating their
uptake [208, 209]. In contrast, Song et al. claimed that any charge either positive or negative is
needed for the electrostatic interaction with carbohydrates and proteins on the cell surface [100].
After binding, cellular entry mostly happens via different endocytic pathways [210]. Stimulating
factor of the serum like insulin might also increase the rate of endocytosis to increase nutrient
delivery [211]. Furthermore, with the detection of fluorescently labeled PLGA in the flow cytometer,
we can only measure how many cells are associated with LPNs but we cannot distinguish if the
nanoparticle is outside or inside the cells. There are anyways several reports that show that uptake
and transfection do not directly correlate [107, 212]. The focus should therefore be on the protein
production as a consequence of uptake and endosomal escape.

Parameter Optimization for Transfection Studies in DC2.4 Cell Line

Tolerability and successful uptake are important features for nanocarriers, but they are only
checkpoints on the way to successfully transfecting nanoparticles. We started the evaluation of this
pivotal property with an automated microscope and got an impression of the transfection kinetics of
our LPNs. In a first setup | varied the incubation time of DC2.4 with the LPNs and found a clear time
dependency with the highest transfection rates after the longest incubation time of 24 h. While
measured time profiles were conclusive for LPN(0/100) and to some extend for LPN(10/90), the
other tested LPNs (LPN(50/50) and LPN(70/30)) did not lead to signals in the microscope but in the
flow cytometric analysis. As we found signals in the FACS, the lack of data points in the microscope is
most probably caused by the measurement technique. The used Lionheart microscope is equipped
with an autofocus module to find the plane where the cells are. After autofocusing, brightfield and
fluorescence values are measured, and the plate moves to the next preset position where the
machine again starts with focusing. If the autofocusing process fails for example due to low contrasts
of the cells, no data points can be generated in the measurement channels. Furthermore, the optical
evaluation relies only on a few positions within a well. We selected these regions of interest carefully
to have comparable cell numbers and densities, but the general cell count is limited and DC2.4 cells
are rather mobile and move in and out of the imaging window. The data base for the presented
kinetic curves is therefore not constant. For flow cytometry, all cells are detached from the wells and
an aliquot of several thousand cells is measured resulting in a much broader sample for analysis.

Nevertheless, | optimized the measurement parameters and repeated the experiment with the
microscope and an incubation time of 24 h. This helped us to get an impression of the kinetic profiles
of the transfection. For LPN(0/100), we found a broad peak of fluorescence intensity in the channel
of the mCherry protein that was encoded on the delivered mRNA while the number of protein-
producing cells declined after a sharper peak. There seemed to be some cells that very effectively
produce the protein and thus enhance the fluorescence signal. On the other hand, the rest of cells
successfully transfected at the beginning reduced or stopped the protein production.
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LPN(50/50) showed a very stable transfection. We found as many protein producing cells as for the
controls but a rather low fluorescence intensity pointing to low protein amounts per cell. Both curves
showed a steady and parallel increase without a decline at the end of the experiment. In comparison
to LPN(0/100), the cell counts were much higher, and the protein amounts remained high after 24 h.
This might be a hint that LPN(50/50) leads to a very homogenous transfection and a longer lasting
expression of the protein. There might even be some potential for more protein production if
incubation time was extended. When Kariko et al. evaluated the kinetic profile of DOTMA/DOPE-
mRNA-lipoplexes in vitro with a cell line, they found an signal onset after 15 min, the maximum after
8 h and a decline to 4 and 1% of maximum after 24 and 48 h, respectively [205]. It is therefore likely
that the selected observation time covers the interval with the highest effect.

LPN(70/30) had a slow but constant increase of number of positive cells. Protein production
appeared very early after a few hours and stayed on the same, rather low level for the entire
measuring time. This MFI profile of LPN(70/30) was the most constant but lowest of the samples. We
hypothesized that few super producing cells are responsible for this observation. Depending on the
application, either profile might be beneficial.

As | performed the FACS analysis only at the end of the experiment, we might underestimate the
performance of LPN(0/100) while overestimating the transfection rates of LPN(50/50). Another
aspect of the selected 24 h setup is the chance to generate unrealistic uptake rates. When applied to
the skin or other tissues where physiologic cleaning processes are in place, the cells will not have
such a long time and so many chances to take up the nanocarriers. From this perspective, the
traditional two-step transfection protocols with an incubation time with nanoparticles followed by a
particle free period may be more realistic. During this extended second episode the cells have
enough time to produce the protein. Such procedures were especially needed for DNA transfection
experiments where time until protein production is longer and cells thus need new nutrition.
Without the need of delivery and transcription in the nucleus, mRNA translation to the encoded
protein is generally faster, so the selected 24 h were enough to see an effect.

Next to evaluating the best time point for the FACS analysis, | also tested typical medium
supplements with selected LPNs in a preliminary experiment. We found that the transfection efficacy
of LPN(10/90) is drastically reduced to less than 15% as soon as FCS (independent of the amount) is
part of the medium while the effect is lower for LPN(70/30) (Figure 22). This effect beginning with 1%
serum addition was shown before for DNA [134]. As mentioned before, the uptake of LPN(10/90) is
improved with supplementation, and we hypothesized that an adsorption of proteins to the surface
might be responsible. If protein adsorption changes the uptake mechanism, it may also influence the
intracellular fate of the nanocarriers leading to the fast removal of the LPNs from the cells. This
process might happen as digestion or exocytosis as most common options [102]. Additionally, the
adsorbed proteins might represent a barrier for the interaction with the endosomal membrane and
could therefore hinder endosomal escape of the mRNA. Another reason for the reduced transfection
efficacy would be the degradation of the cargo by the nucleases in the serum but our later discussed
RNase exposure experiment did not give us hints in that direction. We therefore think that the
adsorption of proteins is responsible for the behavior of LPN(10/90).

In contrast to these observations, the uptake of LPN(70/30) was not changed by the medium
supplements, but the RNase exposure showed little enzymatic digestion of mRNA. This degraded
fraction is probably the same that is only loosely attached to the nanocarrier and visible in the gel
pocket. If there is enough space for the intercalating dyes, the enzymes may also fit and digest the
nucleic acids. Nevertheless, the remaining mRNA onto the particle is enough to successfully transfect
the cell also in the presence of serum.
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LPN mediated RNase Protection

Looking now in more detail onto the RNase exposure experiment, we saw little effect of the enzyme
for LPNs (0/100), (10/90) and (50/50). While mRNA signal of LPN(70/30) was reduced during RNase
incubation, the final difference between treated and untreated samples were comparable to the
other LPNs indicating a similar degree of protection. As hypothesized before, the LPNs with higher
DOTMA content have a tighter packaging of the nucleic acid resulting in a lack of dye binding but also
protection against enzymes. LPN(100/0) did not protect the mRNA resulting in a difference at the end
that was larger than the one of the naked mRNA. This goes in line with the findings of Koshizaka et al.
who observed that liposomes containing only phospholipids like DOPE did not protect DNA from
nucleases whereas liposomes with a cationic lipid did sufficiently [213].

For the interpretation of these observations, we need to discuss the relevance of the challenge.
There is only little known in literature about the total, physiological amounts of RNases as
guantification is difficult and large differences are reported depending on the tissue or compartment
[214-217]. There is for example RNase T2 in lysosomes to cleave RNA at acidic pH [218]. In most
articles were mRNA-loaded nanocarriers were systematically exposed to nucleases researchers
tested different concentrations and evaluated results with gel electrophoresis. Our tested
concentration is for example in the same range as Zhang et al. [219]. We wanted to investigate not
only the endpoints but to follow the degradation in a kinetic setup. Our focus was on the comparison
of the LPNs to find the best possible protection of the mRNA cargo. | started the setup with the
naked mRNA control and adjusted the RNase amount accordingly to still be able to follow its
degradation. The ubiquitous presence of nucleases made handling in the lab difficult. From the
calibration curves | had a theoretical fluorescence of sample before the addition of RNase but | could
hardly reach this value. The unwanted digestion happened within seconds. Furthermore, we know
from the gel electrophoresis that heparin addition does not detach all the mRNA from the
nanocarriers. Using the RiboGreen® dye for visualization, we only get one mixed signal for free and
the loosely attached mRNA. If heparin leads to a looser complexation of mMRNA, we cannot see a
difference in the kinetic signal which seems to be true for LPN(50/50) and LPN(70/30). For high
DOTMA-LPNs (LPNs (0/100) and (10/90)) the heparin showed a distinct effect with RiboGreen® when
invisible mRNA suddenly had a signal (Figure 28). Interpreting the electrophoresis bands after RNase
treatment, we can still say that there is intact mRNA after heparin addition that was protected by the
LPN. A transfection study with preincubation of the samples with RNase confirmed that the
remaining mRNA led to protein production. We do not know if the invisible rest is still intact on the
LPN or degraded and out of the gel.

We were therefore not able to compare absolute numbers between experiments but only the
difference values between treated and untreated samples. Additionally, the selection of the low
RNase amount due to the high sensitivity of the naked mRNA may have two contrary consequences.
On the one hand, it is unclear if the nanocarriers would protect the cargo also against higher
nuclease amounts and might therefore underestimate the protection. On the other hand, if we
directly transferred these results to in vivo and if the physiologic amounts were higher, this reduced
challenge might lead to an overestimation of the protection.

From our first transfection experiments in FCS containing medium we know that this protein mixture
is a high challenge for the LPNs. We decided to compare this challenge to the preincubation with the
selected RNase concentration and found that the FCS has the higher effect (Figure 30). Due to the
high background signal of the serum on the gel, it was not possible to investigate the effect of FCS
directly [219]. But with the transfection results, we can assume that our kinetic study rather led to an
overestimation of protection but as discussed before, the other FCS and medium components might
also have an effect. Our other preliminary experiment indicated that enzymes are not the only hurdle
for the nanoparticles because the transfection rates in HBSS + 10% FCS were much higher than the
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one in supplemented medium (RPMI + 10% FCS and others). The complexity of FCS in combination
with medium cannot be modeled with a single parameter. Nevertheless, our RNase exposure study
confirmed that a nanocarrier is generally needed to protect the mRNA as naked nucleic acid is
degraded fast even with this limited setup. /n vivo, there will also be several aspects that might
challenge the nanocarrier. The higher the challenge in vitro, the better and more dependable is the
selection of best performing nanoparticle. We therefore decided to judge the effect of LPNs only
with and without the FCS in medium.

Parallel Investigation of Tolerability, Uptake and Transfection Efficacy in DC2.4 cells

For the final experiment | combined a live-dead staining with uptake evaluation and the transfection
efficacy (Figure 23). This setup enabled us to present the fraction of live transfected cells and protein
producing cells in the entire measured population. This second value gives an estimation how the
cells react to the nanocarriers and if the treatment has a cytotoxic potential.

We observed differences of live and total cell population only in the non-supplemented medium
going in line with the hypothesis that in this way cultivated cells are more sensitive. The transfection
rate of this dead cell population is higher for almost all particles. So nanocarriers must have also hit
these cells which might lead to their death.

For the selection of the best candidate, we concentrate on the population of transfected live cells. In
non-supplemented medium, we measured increasing transfection rates in the live cell population
from around 60% for LPN(0/100) up to 72% for LPN(50/50) followed by a decline. This benefit of the
increasing DOPE content was much more pronoun in supplemented medium when values increased
from 25% (LPN(0/100) to 67% for LPN(70/30). As mentioned before, serum is known to reduce the
transfection efficacy of nanoparticles but it was also recently shown that the effect depends on the
components of the carrier [220]. There are several aspects to be considered. The first LPN in the row
(LPN(0/100)) has the most positive surface charge in the loaded state and it is thus most likely that
serum proteins adsorb to the surface. The addition of serum causes a loss of colloidal stability leading
to aggregation. These larger particles might be rather degraded when taken up by the cells without
delivering the mRNA to the cytosol. In contrast, LPN(10/90) is stable in the serum containing medium
but still transfects only 24% instead of 57% of live cells as without the supplements. As surface
charge of all LPNs until LPN(50/50) is positive after mRNA complexation, the adsorption of serum
proteins might change surface properties directing them towards lysosomal degradation after
endocytosis. This redirection was for example observed by Wang et al. for positively charged
polystyrene particles [111].

Another explanation of the reduced transfection efficacies is the lack of intact mRNA in the cytosol.
On the one side, the nuclease activity of the serum might degrade released mRNA. In direct
comparison of transfection efficacy in serum containing medium with RNase preincubation the
nuclease activity seems to play a minor role as transfection was more reduced with serum. As
mentioned before, the presence of serum proteins adsorbing and thereby changing the nanocarriers
surface properties has probably the stronger influence. Nevertheless, the fraction of mRNA that is
only loosely attached to the nanocarriers might be degraded. On the other hand, releasing the mRNA
from the nanocarrier might not only be a challenge in experimental setups. For DSPC (1,2-Distearoyl-
sn-glycero-3phosphocholine), as phospholipid with quaternary amine, it was postulated that the
stronger complexation of mMRNA compared to DOPE might hinder the release from the nanocarrier
once inside the cells [81].

Measuring comparably high uptake rates for all LPNs, the differences seem to be inside the cells.
After endocytosis, the loaded LPNs need to escape the endosome and deliver the mRNA to the
cytosol where the protein can be produced. If this process is disturbed or not fast enough, the
nanocarriers are degraded or exocytosed without the chance to generate a protein signal. For this
escape, the cationic lipid and its buffering capacity is important to activate proton pumps. As the
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proton sponge theory claims, the presence of lipids leads to chloride influx, raises osmotic pressure
resulting in swelling of the endosome and thus enables the endosomal escape [102—-104]. | did not
quantify the ability of endosomal escape of the LPNs but DOPE is known to enhance this process
[187]. The phospholipid has a conical shape and therefore promotes transition to the less stable
hexagonal phase which is crucial for nucleic acid release, reduces the membrane stability and at the
end facilitates endosomal escape [99, 152, 212]. Kauffman et al. found that the addition of DOPE is
the strongest predictor of in vivo mRNA delivery to the liver. The molar amount of ionizable lipid was
with 35 mol% close to our optimal 30 mol% DOTMA but their highest used percentage of DOPE was
only 28% (and up to 50 mol% cholesterol) [81]. In the commercially available transfection reagent
Lipofectin®, DOTMA and DOPE are used in equal proportions [151]. From our data, we would expect
that the maximum transfection is reached for even higher DOPE amounts around 70 mol% which is in
concordance with the findings of Pinnaduwage et al. and Zhang et al. who found 20 mol% cationic
lipid in DOPE to be optimal for in vitro transfection of DNA [221, 222]. In our study, these benefits of
a higher DOPE content led to high and stable transfection rates without any risks for cell toxicity due
to the cationic lipid. For LPNs with at least 50 mol% of DOPE there was no difference anymore
between non-supplemented and serum containing medium. LPN(70/30) showed the highest
transfection of live cells and was therefore selected for further evaluation.

LPN Evaluation in Primary Cells with Focus on Immune Cell Activation

For the application for vaccination purposes also dying transfected cells might enhance the elicited
immune response because the produced protein or the delivered mRNA can be taken up by attracted
immune cells, a process called cross-priming [46]. These professional antigen presenting cells like DCs
can then process the antigens by themselves, present it to other cells and start the cascade after this
little detour [10, 17]. Recognizing mRNA as foreign to the body, leads to the presentation via MHC-I
and activation of CD8* T cells which was also shown in vitro [23, 223]. If immune cells take up the
produced protein and detect it as antigen, the pathway goes via MHC-II towards stimulation of

CD4* T cells. Common vaccines often lack the CD8*-response and thus the cellular effector and
memory cells resulting in an insufficient protection against the antigen after some time. In contrast,
nucleic acid-based vaccines are known to induce weaker antibody titers compared to proteins but
instead a stronger cellular immunity in mice [86]. With applying mRNA as cargo, almost every cell in
the body can produce the protein and present the mRNA via MHC-I to immune cells. For our planned
intradermal application, we target the immune cells of the skin. If these cells are transfected first,
they can start both pathways and the immune reaction is supposed to start earlier and more efficient
[46]. For the vaccination application both MHC-pathways are reasonable, and we can at this time
point not decide which one is more important

In a first experiment, we quantified the presentation of the SIINFEKL peptide via MHC-II by primary
dendritic cells and found high percentage of positive cell for the ovalbumin protein control while
LPNs showed percentages less than 10% (Figure 32). As we did not find many SIINFEKL presenting
cells the chance to stimulate CD4* T cells in the next step is low. In the following stimulation
experiment we instead observed stimulation only of CD8" T cells via MHC-I presentation. There was
maybe a mistake in the setup, for example the threshold of proliferation might not have been
reached or the selection of antigen-specific CD4* T cells did not work as good as for the CD8* T cells
because the protein control did not stimulate CD4* T cells as expected [57]. Probably, our time point
of analysis with 48 h was simply too early. We can assume that the metabolism of primary cells is
reduced under such artificial cultivation conditions and the process from nanocarrier uptake to the
translated protein followed by its presentation may take much longer. It is known that primary cells
are harder to transfect than cell lines [106, 122] and that the maximal effect is lower [224].

For the control, we applied the protein avoiding all these steps. It makes sense, that this protein
control did not stimulate CD8" T cells as proteins are processed via MHC-II stimulating CD4* T cells. In
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the final experiment with the optimized setup, LPN(70/30) stimulated almost as many T cells as the
commercial reagent jetMESSENGER®(Figure 34). It needs to be investigated if both values are enough
to activate the immune cascade and provoke its reaction. Even though there was no antigen protein
production detectable via a CD4* T cell stimulation, the mRNA was successfully delivered as indicated
by CD8" T cell stimulation.
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6.2 Ex vivo Human Skin Model to Test mRNA delivery

Pegylation of LPNs

After the best candidate LPN(70/30) failed in stimulation of primary CD4* T cells and in the adoptive
transfer model, | modified the composition by adding a pegylated lipid while maintaining the DOTMA
amount. The sizes were comparable to non-pegylated LPNs. The zeta potential was not influenced by
the PEG addition which is in line with the findings of Smith et al. [194]. As discussed before, this
DOTMA part is probably more relevant for the complexation of mRNA which is again confirmed by
the good binding efficacies of the pegylated LPNs. Replacing the well tolerated phospholipid DOPE,
the pegylation resulted in some acute toxic effects with viabilities below 40% after 4 h. After 24 h the
cells could recover from the treatment and produce the protein successfully (Figure 46).

We found a clear correlation between the amount of PEG and a reduction of transfection rates which
is in line with findings of Harvie et al. for DNA delivery [137]. For LPN(10/90) that | added as
comparison for LPN(70/30), the percentage of protein producing cells went from 80% down to less
than 10% for 5 mol% PEG in non-supplemented medium (Figure 49). We hypothesize that the uptake
is jeopardized but did not quantify that number for LPNs deducted from LPN(10/90). In contrast, the
transfection rates of modified LPN(70/30) are stable except of the highest PEG (5 mol%) with a rate
of 70% instead of 90% positive cells. The quantification of the uptake for this LPN did not show an
effect of the pegylation for these LPNs. For DNA delivery by liposomes it was shown that PEG has
minimal influence on uptake but can severely hinder endosomal escape and thus the gene transfer
[100, 137]. Mui et al. showed that for siRNA delivery by solid-lipid nanoparticles a DMG-PEG amount
of 1.5 mol% is the threshold and the best compromise between beneficial effects on biodistribution
and pharmacokinetics and minimal harm of siRNA effect [143]. In theory, 2—3 mol% of pegylated lipid
are needed to fully cover both sides of a lipid bilayer [225]. Assuming that the long PEG-chains
arrange only in the outer lipid layer of the solid lipid-nanoparticles [128], the mentioned 1.5 mol%
can fully cover the surface and elicit the maximum effect. Below this number there will be too much
space between PEG-chains and above this threshold, the molecules will extend away from the
membrane. This is also the reason why the approved SARS Cov2 vaccines contain 1,5 mol% of DMG-
PEG [80]. With the polymeric core of the LPNs the surface to size ratio is different compared to this
lipid-only nanoparticles. It is therefore reasonable that the necessary PEG amount is higher.

Even though we did not see a benefit of the pegylation with our dendritic cell line in vitro, we
observed a reduction of transfection efficacy with high PEG amounts. As pegylation might still
influence the tissue penetration, we continued with a more complex test system discussed in the
next chapter.

Rational behind Development of an Ex vivo Skin Model

The discussed experiments showed that we cannot explain and quantify all observations by
systematic tests in vitro with our dendritic cell line DC2.4. Especially when it comes to the questions
of immune reaction, tissue penetration and the benefit of the application in combination with the
P.L.E.A.S.E.® microporation, we need the skin as target tissue.

One option was to perform in vivo studies with established vaccination mouse models. With the help
of our collaboration partners, we could successfully show that the P.L.E.A.S.E.® microporation has an
immunostimulatory effect in vivo. We will discuss this in more detail in the next chapter 6.3. In
general, the mouse is just a surrogate and a handy model to understand the ongoing processes in
preclinical studies but results are not always transferable [226, 227]. Bahl et al. for example showed
that needed inhibitory antibody titers differ a lot between mouse and humans after mRNA-mediated
influenza vaccination (100—-1000 vs < 100, respectively) [184, 228]. Overall, our aim is to develop a
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new cutaneous vaccine for human beings and working with human tissue is thus the most relevant
option. Especially for the penetration into tissue we expect differences, as human skin is a lot thicker
than mouse skin [170]. There are reports that the general architecture of the skin and innate sensing
mechanisms might be different as well [228, 229]. On the other side, there are reports that the
antigen expression kinetics in human skin explants correlate well with the profile in a mouse model
when the same DNA vaccine is intradermally applied by a tattooing technique [50, 230]. Thus,
provided that cultivated tissue behaved similar to the in vivo situation, excised human skin is the
better option to investigate the performance of the nanocarriers. Avoiding excessive animal studies,
we can still later confirm the results in the mouse model. We therefore decided to concentrate on
the transfection efficacy of the LPNs first and to optimize this prerequisite in human skin before
focusing on the immune response in vivo.

| tested MRNA-loaded LPN(70/30) in the original form and after adding 2.5 and 5 mol% PEG to the
lipid layer. We found some indicators for successfully transfected cells especially after 4 days of
incubation with the 2.5 mol% PEG in LPN(70/30) sample, but several circumstances such as the high
background signals of the PBS sample made the interpretation difficult. We will now discuss the
drawbacks and possible improvements of the ex vivo skin model and then end this chapter with a
detailed evaluation of the LPN results.

Viability of Ex vivo Cultivated Human Skin

| started with the development of the excised human skin model for vaccination purposes from the
scratch in our lab but profited from published reports [76, 228]. The first step was to receive skin
pieces as fast as possible after dissecting from the patient and to maintain its viability. Stored and
thawed skin was not an option because the viability is dramatically reduced within 24 h which is
probably not enough time for successful transfection [231]. High doses of antibiotics in the medium
were necessary to avoid bacterial growth during cultivation. This enabled us to refrain from extensive
cleaning procedures of the skin surface to remove the natural microbiome. Such measurements
might destroy the barrier properties and thus artificially enhance particle penetration. There were no
signs of bacterial growth or change of indicator color observed when medium was daily exchanged.

Messager et al. recommend to use at least two methods to quantify the skin viability [232]. They
used microscopy, quantified the amount of used oxygen and MTT for example. The MTT assay is an
established method and recommend by the OECD to test for example ingredients of cosmetics or
other chemicals for acute toxic reactions [167]. For this purpose, artificial skin surrogates made of
keratinocytes can even be used. The MTT assay with whole skin was for instance used as quality
control for wound repair [231].

In our case, the incubation of the entire skin piece with MTT led to the formation of the visible
formazan crystals only at the edges of the biopsies. When culturing the biopsies, these cells on the
edges are exposed to the new environmental conditions instead of neighboring skin cells but
simultaneously get most nutrients from the medium. On the other side, one would expect that
especially the cells in the center of the biopsy are exposed to the applied LPNs, but it is probably
exactly these cells that will not get in contact with the MTT reagent. If the formulations harm these
cells in the center, there is a good chance that we will not measure a decline in optical density and
thus underestimate the toxicity. | tried to cope with this problem by cutting the biopsies in eight
smaller pieces with scissors to expose also the cells in the center, but this process cannot be
standardized as much and will probably lead to different sizes of contact areas facing the MTT
reagent.

Another difference to the setup in cell culture, is the fact that cells are not lysed but formed crystals
are extracted with isopropanol. This process happens overnight bearing the risk of evaporation of
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diluent and thus changing the concentration which has a direct influence on the measured optical
density. Despite these limitations, the MTT is a rather fast and easy to apply method to get a first
impression of the skin quality and its change during cultivation. We observed for example that
viability of untreated skin is reduced after 5 days to 50% compared to original value and that PElI
exhibits a dose dependent cytotoxicity (Figure 54).

The second method was a live-dead staining of the single cell suspension after digestion of the
biopsies (Figure 55). The plan was to quantify the protein expression on the single cell level and the
combination with the viability staining was a feasible step to report the transfection rate in the live
cell population as well. | tested different published digestion protocols but found the highest number
of live cells with the commercial skin dissociation kit that is based on enzymatic and additionally
mechanic digestion overnight. This long incubation time and harsh conditions might lead to
additional cell death but was needed to separate the cells and assess viability in the center of the
skin piece. Nevertheless, this procedure led to a high proportion of debris in the sample interfering
with gating process in the FACS. Unable to sufficiently separate the population of cells from other
signals, | enlarged the gate and thereby the number of relevant events. Expressing the viability
relative to this population led to percentages of viable cells around 50% which is much lower than
reported 98% [228]. For a fair comparison, the gating process and the size of populations need to be
considered. The gating strategy in the mentioned paper included for example only 59% of total
events in the first step. 85% of these cells were single cells. They express their viability as percentage
of this selected population making up only 50% of the entire measured events. At the end, 98% of
these 50% are viable which correlates to 49% of all measured events. This calculation shows that our
viability values at the beginning are comparable to the published data even though it seemed to be
much lower from the first look.

In the first published human ex vivo skin model, tissue viability was 50% after 60 h and cultivation
was stopped after 72 h [50]. After 10 days of culture, Blakney et al. report 45% viable cells in total
events (reported as 90% of single cells) and 35% after 21 days [228]. We had only 26% live cells after
9 days in the pivotal study and decided to culture only up to 7 days with 28% viability. Viabilities of
untreated skin and after PBS injection were similar in this pivotal study. Cumulating data points of all
our skin experiments, we had a final viability of PBS injection samples of 49% at the beginning, 46%
after 24 h, 34% and 32% after 4 and 7 days, respectively.

We can conclude that the viability of our tissue was comparable to the published reports at the
beginning but cultivation for the extended 3 weeks period was not possible. One reason might be in
the medium and the nutrient supply. They used 10 ml instead of 1 and replaced it only every third
day. Sizes of biopsies were similar. On the other hand, there are protocols available that recommend
a medium exchange every or every second day [76]. We would expect that the more frequent
exchange and the supply of nutrition is beneficial but handling the biopsies so often might also
disturb ongoing processes and cell homeostasis.

To show the effect of cultivation over time and to have an easier comparison with the MTT results,
we expressed the viability relative to the value of the untreated control at the beginning of the
experiment (day 0). For most time points, the measured values in the FACS were comparable to the
MTT results with a tendency to higher viability percentages for the controls in the FACS. After 7 days
of incubation of untreated skin, differences were the highest when FACS showed about 60% viable
cells while MTT had only 30%. This fits to the mentioned theory that the MTT assay is mainly
influenced by the cells at the edges that are more exposed to the environment.

The PEIl that | used as transfection control, showed dose dependent toxic effects in both assays. For
the highest dose of 12 pg mRNA, the viability was reduced to 36% at the first time point already. This
PEI-mediated cell death is probably caused by acute reactions of the cells instead of the mRNA cargo
and the transfected protein. The skin tissue did not recover from the exposure but continuously
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showed reduced viability number after PEl application. In contrast, the LPNs were as well tolerated
as PBS confirming the good results from cell line experiments.

Selection of best time point to measure transfection efficacy

After the cultivation setup, the next step was to select and optimize the readouts. The quantification
of transfected cells is most commonly performed on day 3 [32, 175]. With our good viability after

4 days, there is a chance that skin cells produce the encoded protein. This signal might also be
detectable already after 24 h with the FACS because at least for DNA tattooing, first luciferase signal
appeared after 2 h, had a maximum after 20 and diminished after 72 h in ex vivo skin and mice [50,
230]. Probst et al. detected the encoded antigen for several days after intradermal injection of mRNA
and claimed that the uptake mechanism differs from that of tattooed DNA [234]. In any case, the
presence of endonucleases of the skin is a problem for such naked nucleic acids and compensated
with high doses [235] that | avoided by complexation on the LPNs which might even increase
transfection rates.

The selection of the best time points for the readout remains difficult as this effect is also dependent
on the used nanocarrier, nucleic acid and application route. Profiting from our experience with the
LPNs in vitro, we decided to use the fluorescent protein mCherry again and to digest the skin tissue
keeping the option to later add an antibody panel to specify the cell populations in more detail.
Despite reports about successful detection of GFP transgene in human skin explants [32, 175], we
found high autofluorescence signals in the green spectrum and decided against this option. If the
focus is only on the quantification of protein expression, using luciferase-encoding mRNA would be
more straight forward. One could measure the signal of the same biopsy every day to find the best
time point for the more detailed analyses.

In our case, | digested the skin sample for analysis and thus needed a new biopsy for every condition
and every day. This is time, cost and material consuming and has the risk of additional variations due
to unequal skin conditions. If only one skin piece is needed per condition with the luciferase readout,
the saved material can be used to have triplicates of every group and consolidate the findings. Next
to this easier readout, luciferase and the measured luminescence intensity has the advantage to have
a smaller background signal without any interference with autofluorescence and enables spatial
resolution. It is therefore commonly used in mouse studies, especially for systemic administration
protocols when site of transfection is not predictable.

Benefits and Limitations of the Skin Digestion Protocol

Digesting the tissue had some advantages, too. As mentioned before, it can be combined with a live-
dead staining to quantify the viability and by adding a panel of antibodies, cell populations can be
specified. Next to this detailed differentiation, it is also possible to separate skin layers prior to
digestion to specify findings. The border between epidermis and dermis, the basal membrane, is
most sensitive to enzymatic digestion. We used this property in our mouse study to show the
immune response in more detail. This would also be possible with the human abdominal skin.
Indeed, the applied digestion procedure with the kit resulted in some kind of unwanted separation of
the skin layers. For most biopsies, we found three or more (out of four in theory) larger pieces of
epidermis in the cell strainer after filtration of the single cell suspension. | transferred these
epidermis pieces with a needle to a glass slide, spread it out and fixed it immediately with mounting
medium. The areas seemed larger than the original 11 mm diameter of biopsies, maybe because of
swelling of the tissue or simply the lack of little skin folds that were now spread out. For P.L.E.A.S.E.®
treated samples, pores were visible as empty squares without cells with the bare eye. Microscopic
analysis did not allow any conclusions as imaging parameters in the fluorescence channel did also
exhibit signals in the PBS controls. In this case, | did not use the confocal microscope to have a larger
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imaging window and an overlay with the bright field image but analyses clearly indicate that
autofluorescence is a problem for the mCherry readout.

For epidermis samples, an endogenous fluorescence in the red spectrum between 610-680 nm next
to the strong blue fluorescence was published [236] which interferes with the mCherry emission
wavelength at 610 nm. Depending on the excitation source, others reported the maximum
autofluorescence around 480 nm with a long decline above 600 nm [237, 238]. A decrease in
autofluorescence with cultivation time was reported [239] which fits to our findings of reduced
background signal for the PBS controls at day 4 and 7. It is also known, that the microbiome, diseases
like diabetes and lifestyle factors such as diet or flavonoid intake can increase the skin’s
autofluorescence and thus increase the variations between donors [236]. At the end, this might be
the reason for the high standard deviations of the PBS control after pooling the data sets.

Similar problems with a lack of signal in FACS and microscopy after intradermal injection was
published for DNA encoding for the green fluorescent protein [240], as well. On reason for their
observation might be the quenching of signal under acidic condition in the endosomes [50, 241]. For
the mouse ear, there are reports that a protein signal is detectable already 1 d after intradermal
injection of naked DNA when using fluorescently labeled antibodies for microscopy [35]. Expecting
the mRNA to show an even faster effect, the mCherry signal intensity might also be the problem. An
antibody-based analysis would solve both problems, the probably low signal intensity and the
interference with autofluorescence and maybe enable the detection of produced protein.

As a consequence of the observation of epidermis pieces, the kit digested mainly the dermis and
FACS data represent dominantly these cells. Due to the higher layer thickness, the epidermal cells
would anyway have only a minor influence on results when analyzed together with the entire tissue.
Though, analyzing the epidermis separately has a better chance to see an effect of the P.L.E.A.S.E.®
because the microporation will cross this entire layer and will therefore affect a higher proportion of
cell in the population.

In the dermis, this situation is completely the opposite. Aiming for a minimally invasive application,
we want to apply the P.L.E.A.S.E.® laser as superficial as possible. Compared to the total thickness of
the skin, the P.L.E.A.S.E.® microporation hits only the upper parts of the tissue. In the dermis, the
number of affected cells is probably very limited which might be a problem for the transfection
evaluation as not even all of these cells with LPN contact will be transfected. van den Berg et al.
showed that about 2% of epidermal cells express the encoded antigen after DNA tattooing and that
the vast majority of these cells that are keratinocytes and less than 1% Langerhans cells [50]. Blakney
et al. reported a maximum transfection rate of 2% for the entire skin tissue [32]. If this is the
maximum effect to expect, it is very difficult to detect differences because our background signal was
already higher than that, probably due to regular autofluorescence as discussed above. Expecting
only small differences of treated and untreated samples, these high variations jeopardized any
conclusions. One possible strategy to cope with this problem would be a separate analysis of
epidermis or the selection of another smaller population where expected transfection rates and
signal-to-noise ratios are supposed to be higher. Additionally, an alternative readout signal like
luminescence with a smaller background might finally show the effect of the LPNs. More biopsies per
treatment group might further reduce the standard deviations.
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Cell Counts in Collected Medium Supernatants after Skin Cultivation

Following the same principle to reduce the population size, | collected the medium of the biopsies
and analyzed the number and characteristics of the cells. In theory, the activated immune cells of the
skin migrate to the draining lymph node to stimulate antigen-specific T cells. After application of
mRNA-containing formulations and successful transfection, stimulated immune cells would end up in
the medium. We would expect that their number increases especially at the beginning as they
initiate the adapted immune response and that their number correlates with the intensity of signal of
transient antigen expression. It can be considered as sign of immune activation and works well as
supported by the following reports.

Machado et al. for instance specified the cells collected 48 h after epidermis targeting PLEASE
microporation and intradermal injection in explant human skin. In their case, 50% of migratory cells
with an MHC-Il receptor were dermal DCs and only 1-2% LCs [242]. With similar results, Tajpara et al.
evaluated the effect of tape stripping in ex vivo cultured skin and observed migrating DCs after 48 h.
For another study, they incubated untreated, separated epidermal sheets in medium and collected
Langerhans cells with a purity of 92-95% in the supernatant after 24 h [76]. After intradermal
injection of DNA into the mouse ear, 80% of non-adherent cells in the supernatant after 3 days were
MHCII-positive and able to stimulate CD4* T cells in vitro [35, 243]. Larsen et al. counted the cells
they found in the supernatant of rat ears. In the first 24 h, they found up to 10,000 cells per ear, a
number that none of our samples reached. The suspension cells, mainly LCs, had a 25-50 times on
day 1 and 75-100 times on day 3 higher activity than spleen extracts [243].

In our case, the number of live cells in the medium decreased with time ending in less than 500 cells
per biopsy after 5 days (Figure 61). Most cells migrated within the first 48 h which is in concordance
with the mentioned reports. The most potent epidermal APCs were found in the second interval (1-3
days) which fits to our results at day 2 with most live transfected cells after mRNA exposure. Overall,
this confirmed our expectations that the acute reaction of immune cells happens fast, but the used
setup showed some limitations.

Surprisingly, highest numbers were detected for the naked PEI polymer without mRNA and PBS.
Observed hints for the cytotoxicity of PEl in our viability assays might explain this stimulation. The
intradermal exposure to the strongly charged polymer might hit a threshold for danger signals
leading to the migration of cells. If PEl is applied after microporation, skin is not as much exposed,
and this threshold is not reached. In contrast, PEI with mRNA that showed toxic effects in viability
assay, too, did not lead to enhanced migration of cells.

We can only speculate why number of migrating cells after PBS application was that high. One reason
might be the general application techniques of injection and microporation but untreated skin
samples had comparable numbers after 48 h. In that case, the reason might be the general handling
of the skin after surgery as hypothesized by Machado et al. [242].

If all other samples show less cells, there might be an issue with the collection of cells as well.
Activated, migrating immune cells change their shape and become more adherent [244] which is in
contrast to the cited references that report 80% of non-adherent cells in the supernatant to express
the MHC-II receptor [35, 243]. Before collecting the supernatant, the medium itself was used to flush
the wells. Maybe this procedure was not enough to detach cells from the bottom of the wells. We
might have missed most of these relevant cells but collected the non-specifically moving ones
instead. An easy way would be to check the wells under the microscope for left-over cells after
supernatant collection which was not done. Alternatively, one could transfer the biopsy to a new
plate with fresh medium to get an empty plate containing the supernatants instead of simply
replacing the medium. In general, larger biopsies or pooling of samples might help to increase the
number for more reliable analysis.
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mCherry Positive Cells in the Supernatants

Taking a closer look onto live transfected cells in the supernatants, we found again highest values for
PEl without mRNA and PBS controls (Figure 62). Only after 2 days, there was a peak of live
transfected cells for PEI complexed mRNA after injection that was little higher than the one without
mRNA and the PBS control. We will later discuss how dependable such PEIl signals are.

For LPN(70/30) without PEG, we measured little more live transfected cells in the medium after

3 days as for the PBS control (39 vs 36, respectively). Besides that, 2.5 mol% PEG in LPN(70/30)
combined with P.L.E.A.S.E.® resulted in about 50 live transfected cells in the medium. That was little
less than the injected PBS control but about double as high as PBS combined with P.L.E.A.S.E.® (54 vs
29). Intradermal injection of this LPN did not cause any migration. This might be a hint for successful
stimulation of immune cells by this LPN.

24 h after naked DNA on gold nanoparticles was applied with a gene gun to the epidermis, there
were 50-100 transfected DCs found in draining lymph nodes while total number of DCs was above
20,000 [245]. Our low number of live transfected cells in the supernatant seems to be at least in the
range of this report.

mCherry Positive Cells in the Single Cell Suspensions of the Skin Biopsies

If live transfected cells ended up in the medium between 24 and 48 h after treatment (sampling of
supernatant after 2 days), there should be a signal of live transfected cells in the digested biopsies
after 24 h. The highest transfection rates were found at the first analysis time point (0 d) though
(Figure 63). Percentages were almost double as high as the PBS controls (10 vs 19% of live cells) but
insignificant due to the high standard deviations of the PBS controls. These 0 days-samples were
never in contact with the medium because digestion process was started directly after application of
formulations. The biopsies were only cut in 8 pieces and 4 of them were incubated overnight in the
enzyme mixture. The skin cells apparently took up the formulation and produced the protein also in
this submerged state until they were fixed in PFA directly before FACS analysis on the next day.
After 1 and 4 days of cultivation, we found a stable number of 10% transfected live cells after

2.5 mol% PEG in LPN(70/30) and P.L.E.A.S.E.® application. The graphs of these time points still
appeared very different, because of the high background signal of the PBS samples at days 1. At

4 days, the 10% live transfected cells of the 2.5 mol% LPN(70/30) was double as good as the PBS
control representing the only significant difference in this study. This statistical test can only give
hints as number of samples per group was not equal. For the 2.5 mol% PEG in LPN(70/30), there
were only one data point for 0 and 1 day each, and 2 for 4 and 7 days while PBS controls had 5 or 6
values per time point. Especially at day 0, other groups with several samples had high standard
deviations. This lack of replicate for 2.5 mol% PEG in LPN(70/30) may therefore lead to an
overestimation of transfection potential. After 7 days, the number of live transfected cells decreased
to 5%. For the first time in this study, the number of transfected cells in the entire population
(including cells with membrane damage) was higher than in the live cell population.

For the other LPNs, there was not such a clear sign for successful transfection. For LPN(70/30), the
only positive signal was the high standard deviation of P.L.E.A.S.E.® combined sample at day 0
generated by one data point above 20%. All other readouts were on the level or below the PBS
control. For 5 mol% PEG in LPN(70/30), the injection led to about 19% live transfected cells at the
first time point but due to the variation of PBS control it was not significant. The next day, this
transfection rate was still on the level of PBS and on day 4 little above PBS (5.9 vs 4.4) but variations
did not allow conclusions. In contrast to the 2.5 mol% PEG in LPN(70/30), these results were
generated after intradermal injection whereas the P.L.E.A.S.E.®-assisted application led to values that
were only half as high.

114



6 Discussion

Focusing only on the numbers of the 2.5 mol% PEG sample, the stable percentage of live transfected
cells might be caused by transfected keratinocytes. With 83%, they make up by far the highest cell
population in the skin whereas immune cells comprise only about 7% (0.8% DCs and 3.8% LCs) [32]. It
was published that these keratinocytes are mainly transfected without the chance to migrate. At
least for DNA vaccines it was reported that such transfected keratinocytes are responsible for
inducing the T cell response [50, 246-248]. They can produce the protein and present it via the MHCI
receptor towards immune cells, a process called cross-priming, or antigen presenting cells could
uptake the produced protein after death of transfected keratinocytes [247, 249]. From our
observations, we could hypothesize that 2.5 mol% PEG in LPN(70/30) successfully transfected
keratinocytes and maybe directly primed some immune cells within the first hours after application.
The protein production stimulated immune cells either by cross-presentation via keratinocytes or by
direct transfection. These activated cells were found mainly in the supernatant after 2 days. The
keratinocytes that stayed in the skin continued production of the protein until tissue viability
decreased. The shift towards more dying transfected cells after 7 days at the expense of live
transfected cells might be an indicator for this process. This transient protein production would
probably end shortly after.

This hypothesis is underline by reports in literature. After epidermal application of DNA by skin
scarification, the nucleic acid was mainly taken up by the keratinocytes that expressed the antigen
for up to 12 weeks after three vaccinations [22, 247]. This expression of antigen may serve as
reservoir for immune cells as their stimulation is critical for the response [23, 250]. After a single
application, Akbari et al. found first transfected cells after 3 and a maximum after 10 days in the
entire skin which is in line with findings after gene gun bombardment [18, 247]. In contrast after one
month, the signal was only present in the dermis. Activated immune cells had left the tissue to the
lymph node where they expressed the antigen as well for 2 weeks. They attributed the transient
expression of the dendritic cells to their half live of less than a week [247, 251]. Using mRNA will
probably shorten the time of expression but the circumstances might be similar in our case. The
general principle, that a small number of activated DCs was enough to generate a protective immune
response can be certainly applied to any skin vaccination [247]. Maybe even the live transfected cells
in the supernatant are enough.

Exposure of the Skin Tissue after Different Application Routes

As mentioned before, these observations apply only to 2.5 mol% PEG in LPN(70/30) combined with
P.L.E.A.S.E.® microporation. After intradermal injection, we did not find transfected cells in the
supernatant. In the digested biopsies, numbers after injection of 2.5 mol% PEG in LPN(70/30) were
comparable to the P.L.E.A.S.E.® sample but injected PBS controls had an even higher standard
deviation. The results of the other LPNs were even closer to the PBS controls. After 4 days, when we
saw significant differences in the P.L.E.A.S.E.® sample with 2.5 mol% PEG, the percentage of injected
sample was much lower (7% vs. 12% with P.L.E.A.S.E.®; both PBS controls at 4%). These observations
emphasize the superiority of epidermal application that was shown before in several of the
mentioned studies (see 1.2.2). Details of the P.L.E.A.S.E.® administration will be discussed in the next
chapter 6.3. In any case, it underlines the importance of comparing only to the controls with the
same application method.

This lack of transfection signal after injection in digested skin biopsies contrasts with the exposure of
the skin tissue (Figure 53). For laser-assisted application, the signal of DiD-labeled nanoparticles led
to high fluorescence in the epidermal layer and less in the upper dermal layer. This trend was the
opposite for the intradermal injection with only little signal in the epidermis but an intense signal in
the dermis on a generally much higher lever. This low epidermal exposure after intradermal injection
is in concordance with published findings for the double-stranded RNA analog p(l:C) [76].
Furthermore, Machado et al. already published that general skin exposure is 50times less after
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P.L.E.A.S.E.® administration when using 4 pulses per pore instead of 8 as we did [242].

We did not observe changes within 24 h of cultivation for any formulation. The nanoparticles seemed
to stay at their macroscopic position. As discussed before, the purpose of the pegylation was to
improve tissue penetration and reduce adsorption of proteins. We did not get the impression of an
improved distribution and penetration of the tissue but did neither quantify the observations nor the
cellular uptake into skin cells. When nanocarriers were applied on intact skin, the stratum corneum
prevented their penetrations. Even for the much smaller p(l:C), the skin is a unbreachable biological
barrier [76].

The intradermal injection exposes many more cells to the formulation but this did not lead to a
stimulation of an immune response in our setup. This might be because of methodological limitations
in the cultivation or the readout leading to overseeing the signal but is might be as well due to toxic
effects. The high exposure after intradermal injection might generate such a high danger signal that
the innate immune system is stimulated and clears the tissue from LPNs instead of eliciting adaptive
responses. The nanoparticles might be digested without the chance to deliver the mRNA.

Limitations of PEI as Positive Control for the Experimental Setup

Such an acute reaction might be caused by the application of PEIl as well were we observed a dose
dependent cytotoxic effect in the human abdominal skin model (Figure 56). In contrast to the

2.5 mol% PEG in LPN(70/30) signal at day 4, the mCherry positive population did not metabolize the
live cell dye FDA. One could speculate that such cells are successfully transfected after the PEI
application and produce so much protein that it reaches harmful cytosolic levels which then stops
the metabolism of FDA and a lack of live cell signal. A second possible explanation is related to the
well-known toxicity of the polymer. On the one side the presence of the polymer strongly activates
the complement system which fits to the high number of migrating cells in the supernatant [175,
199]. On the other side, dying cells undergoing apoptosis would change their characteristic profile in
forward and sideward scatter in the FACS. Additionally, these cell death processes might change the
autofluorescence pattern of the cells leading to high signals in the far-red spectrum overlapping with
mCherry fluorescence. Thus, the high signal in the mCherry channel might be false positive.

| thus performed a control experiment with PEI but without any nucleic acid and observed similarly
high percentages of “transfected” cells (Figure 64). We can conclude that the PElI-mediated signals in
the mCherry channel are rather artefacts than truly positive cells.

In literature, there is one report about successful transfection of cells after intradermal injection of
PEI complexing self-amplifying RNA into human skin explants [175]. Best results with 8% GFP
expressing cells were generated with a weight ratio of 20:1 of polymer to nucleic acid which
corresponds to our preparation procedure. They do not report about viability status or observed
toxic effects in their skin model. Maybe the problem with worse results with our PEl is associated
with the lower quality of the raw material as they used a special transfection grade and observed no
acute toxic effects. Another difference is the higher molecular weight of 40,000 instead of our 25,000
but for linear PEI it was shown that this does not affect good transfection properties at least in vitro
[113]. It needs to be tested if reported findings about PEI quality and transfection efficacy apply also
to mRNA.

The purpose of adding PEI was to have a well working positive control for our skin model. With the
findings of the naked PEI polymer, our model lacks such a process control. This is also the case for
published skin models that report, if any, only the effect of naked mRNA [32]. Our results clearly
support the importance of standard negative controls for background fluorescence like untreated
skin or PBS undergoing same application procedures. Furthermore, a comparison with unloaded
versions of the LPNs would be reasonable.

Coming back to the implementation of a better positive control, the application of the control with
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the P.L.E.A.S.E.® system would be the best reference but to our knowledge this is the first time, that
the laser system was used to apply mRNA-loaded nanocarriers. Alternatively, the intradermal
injection of an optimized carrier from a published report might be an option as well. The solid lipid
nanoparticles of Blakney et al. seem to be the appropriate candidate because they showed its ability
to transfect cells in human skin explants by delivering mRNA [233]. | could also test if the approved
Covid-19 vaccines that are usually intramuscularly injected, elicit a signal in skin. The applicability of
approved vaccines with the P.L.E.A.S.E.® instead of intramuscular injection was shown before at least
for protein antigens [64].

Evaluation of the Applied mRNA Dose per Skin Biopsy

A last point to consider, is the applied dose in our ex vivo human skin model. A regular human dose
for the BioNTech Covid-19 vaccine is 30 pug mRNA [252]. In our human abdominal skin model, |
injected 8 ug mMRNA per biopsy. This is even 3 ug more than Blakney et al. for successful intradermal
injection [233] but much less than the approved vaccine. This difference is reasonable as the skin
itself is much more immunogenic than the muscle. We have discussed that important benefit of
targeting the skin in more detail in the introduction (see 1.2.2).

Short Summary of General Evaluation of Ex Vivo Human Skin Model

Summarizing the described experiences with the human abdominal skin model, we saw several signs
that 2.5 mol% PEG in LPN(70/30) after P.L.E.A.S.E.® microporation successfully transfected
keratinocytes and stimulated immune cells to migrate out of the tissue. This degree of pegylation is
expectedly the optimum as discussed in chapter 6.1 even though it was not possible before to show
the benefits of this modification in vitro. The problem seemed to be mostly on the side of the
presented ex vivo skin model that had some drawbacks jeopardizing any other solid conclusions.
Most promising ways to improve it are changing the readout to luminescence, reducing population
size, analyzing the epidermis separately, using antibodies for microscopic analysis and the addition of
a better positive control to ensure skin quality and viability. It would also be possible to quantify
transfection potential of the LPNs in primary cells again. Instead of bone-marrow derived DCs, one
could use epidermal Langerhans cells that migrate into the medium after separation from dermis
[76]. After such optimizations, the performance of the LPNs should be reevaluated to check if the
faint signal is due to the bad performance of the tissue model or the carrier. In the next chapter, | will
concentrate on the immunologic effects of the laser-assisted application with the P.L.E.A.S.E.®
system.
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6.3 The P.L.E.A.S.E.® Laser as Minimally Invasive Application Strategy for
Nanoparticles

Rational for the selection of the P.L.E.A.S.E.® system

| will now address the benefits and the general potential that the combination of mRNA-loaded LPNs
with the P.L.E.A.S.E.® system has and discuss how far we got on the way to a minimally invasive
application of mRNA-based vaccines.

The original idea of a non-invasive application to the skin without harming its barrier function, is a
fascinating approach but has not been realized yet due to some limitations. The main purpose of the
skin is to form a barrier and to protect the body from its environment with its many resident immune
cells that scan the tissue and maintain the integrity. As a potential entry port for pathogens, the hair
follicle is an immune privileged organ within the skin and thus suitable for the non-invasive
application of a vaccine. Larger and more solid structures like the one of polymeric nanocarriers were
beneficial to deliver more antigen and to reach the deeper areas by a gear pump mechanism of the
hair [57, 253]. With protein as antigen, it was not possible to delivery enough material to elicit a
protective immune response. An adjuvant is needed in any case for this transfollicular vaccination
strategy [169].

Exchanging the protein antigen to its mRNA has the potential for signal amplification and intracellular
presence of foreign nucleic acid molecules will enhance the elicited CD8* T cell response. With these
mechanisms, the limited intrafollicular delivery of nanocarriers might be enough for a sufficient
immune response. This approach was tested in our lab with our collaboration partner at the HZI but
T cell proliferation was only found after subcutaneous injection. The transfollicular route, even with
adjuvantation, did not lead to specific T cell stimulation. Believing in the versatility of mRNA, we
decided to change to a more invasive but still minimally invasive application method creating a
higher available volume for the nanocarriers compared to the hair follicle. With the P.L.E.A.S.E.®
system, we can create micropores of a distinct depth and number and clinical studies proved that
this microporation is painless for human beings and pores are re-epithelized quickly [65]. In a second
step, we can then apply our mRNA-loaded nanocarriers as liquid or creme.

The Mouse Ear as Application Site for In Vivo Studies

Next to the higher accessible volume of the micropores, the application process with the laser is
more straight forward compared to the non-invasive route. For the transfollicular vaccination
procedure, it is important to have as many hair follicles as possible and treat a large area to
compensate for the low delivery of a single follicle. Furthermore, mice need to be shaved the day
before to gain access to the skin which might already stimulate the immune system and influence the
results. It is of course possible to treat this shaved skin with the P.L.E.A.S.E.® laser, too, as shown by
published results but a high hair density is not essential anymore [242].

By changing to the ear as application site where mouse fur is less dense [173], we could even
disclaim from the hair removal and diminish any influence from these preparation procedures. Mice
could be treated directly on the first day of experiment. Another advantage of the application at the
ear is the variety of available analysis techniques. The skin is rather thin, has a low hair density and
can be easily harvested after cutting off the ear. The skin can then be pulled off the cartilage.
Protocols for this simple preparation procedure are long known [243]. There are many ways
published on how to separate and digest skin layers, to image the entire ear skin and the immune
system is well characterized.

In our case, the only drawback was the limited area. Even after choosing a smaller adapter for the
laser, it was not always possible to position the device in a way that the entire adapter area was in
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contact with skin. In some cases, the effective area with micropores was therefore even smaller and
some pores were lost.

Evaluation of Pore Density

To get an estimation of the relevance of this problem, we can compare micropore number and hair
follicle density. There was a linear relationship between pore density in the laser set up and number
of created pores. In our pivotal study, | counted 16 pores for 1% density and 292 for the maximum
15% density (Figure 36). Transferring it to the settings for the mouse ear (8%), we create
approximately 100 micropores per ear with a total area of pores of 1.8 mm?2.

For a rough estimation of the area the hair follicles cover, we have to draw several assumptions to
deal with the lack of published data. Bronaugh et al. reported a number of 658 hair follicles per cm?
at the back of mice [170] and Ibrahim et al. published that hair follicle density is reduced at the ear
about three fold compared to the back [173]. If we then combine the expected 219 hair follicles with
published diameter of human hair follicles orifices at the human arm (75—80 um), the follicles at the
mouse ear cover in total an area of 0.97 mm? [55]. This area corresponds to a pore density around
3% and about 35 pores in an 8x8 mm square (55 in a 10x10 mm?).

The available area for nanoparticle application to the hair follicle is even smaller as there is still a hair
in the center of these orifices. There is no data available on the size of orifices in mice. An advantage
of the hair follicle might be the resident immune cells in the follicle while the P.L.E.A.S.E.®
microporation first needs to attract cells to the pores. Nevertheless, we expect that the area of
micropores that is about double as high as the natural hair follicles (1.8 vs 0.97 mm?, respectively)
will more than compensate for the immune cells of the hair.

The number of pores after microporation will be about half of the hair density (100 vs 219,
respectively), but every pore is much larger and has no hair in the center. The massage of
formulation into the pore will be easier and the chance that enough cells get in contact with the
nanoparticles raises.

For a potential treatment of human beings, the switch from mice to humans greatly influences this
comparison with even more benefits for the laser-mediated application. The laser and the vaccine
would probably be applied on the arm due to its good accessibility. There, reported hair follicle
densities range from 17 to 32 follicles per cm? [55, 254] with an total available area of 0.08—

0.14 mm?. The 100 micropores with the selected P.L.E.A.S.E.® settings would be 3-5 times more and
the covered area would be at least 12 times higher than the hair follicles.

A higher hair density in human beings that is comparable to the one at the mouse ear is found only at
the lateral fore head (300 hair follicles in human versus >650 in mice [55, 170]). But it is unrealistic
that clinicians would be approved to apply the laser and the formulations there.

Using the P.L.E.A.S.E.® device instead of the transfollicular route increases the deliverable amounts
and thus the chance to elicit a protective immune response. Furthermore, it allows the change of
application site independent of hair density and emphasizes the benefits for the patients.

To summarize, we can claim that a suboptimal positioning of the laser on the ear and the consecutive
loss of some pores is probably not a problem. The total area will still be far above the one of the
natural hair follicles. Additionally, we do not destroy the hair follicles. They are still accessible for the
formulation and might to a low percentage also contribute to the response.
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Evaluation of Pore Depth to Optimize Immune Cell Reaction

Besides the pore density, the P.L.E.A.S.E.® system allows the determination of depth of micropores.
We wanted to investigate if superficial pores in the epidermis are enough or if the immune reaction
is improved when pores hit the dermis as well. Literature research on skin layer thickness in mice
resulted in only two publications reporting concrete numbers. Ibrahim et al. measured 90 um at the
ear and 280 pum at the back for the whole skin, while Bronaugh et al. published 840 um for the back
[170, 173]. As these number differ a lot, we decided to rely more on the experience other scientists
had with the P.L.E.A.S.E.® system on the mouse ear. Terhorst et al. administered protein-based
vaccibodies successfully after P.L.E.A.S.E.®-mediated microporation at the mouse ear and measured
potent antitumoral responses [67]. We used their parameters and compared it to a deeper set-up
with 4 instead of only 2 pulses per pore.

We observed that the number of Langerhans cells in the epidermis decreased within 24 h after
application of the P.L.E.A.S.E.® while activation markers increased. First changes were detectable
already after 3 h (Figures Figure 39 and Figure 40). This fast reaction supports the hypothesis that the
laser microporation generates a danger signal and activates the immune system. The Langerhans
cells were stimulated and started their way through the dermis towards the draining lymph node.
This is further supported by the shown upregulation of CD86 as a known response to danger signals.
It is needed for the co-stimulation of T cells and thus a sign of dendritic cell maturation [244].

Such an unspecific immune stimulation after tissue manipulation is in concordance with available
literature. For instance, tape stripping causes a comparable boost of CD86 activation markers on
Langerhans cells [76]. The general activation of skin by sensitizing with FITC caused an increase of DC
number in lymph nodes already after 6 h, with a maximum after 48 h [39]. A reduction of Langerhans
cells in the epidermis after 24 h and the subsequent movement path was shown after
transplantation of mouse ear skin to the back. In parallel, they proofed that the skin injury alone
sufficiently stimulates the LCs in a similar way [243]. Machado et al. suggested such a wound healing
like process happens after P.L.E.A.S.E.® treatment as indicated by cytokine and invading cells profiles
[242]. We can conclude that the generation of a danger signal by the created microwounds with the
P.L.E.A.S.E.® laser seems to be responsible for the immunostimulatory effect of the microporation.

Following the migration of Langerhans cells, we would expect an increase of LCs in the dermis, but
we saw a decrease instead. This might be problem in the calculation of percentages as invading
monocytes and neutrophils increased the overall cell count of immune cells in the dermis. Thus, a
constant or increased number of Langerhans cells would appear as a smaller percentage of this total
immune cell population.

Monocytes and neutrophils are recruited from the blood stream and take the opposite way than the
Langerhans cells. They first appear in the dermis with elevated activation marker levels and later,
after 24 h in the epidermis which is supported by the presented data and in line with literature [40,
255]. The neutrophils as part of the acute reaction appeared already after 3 h in the dermis, while
monocyte levels were mainly elevated after 24 h. This order fits well to the known function of the
neutrophils. They react first, take up material like nanocarriers or cell debris, release their cytokines
and thereby attract more immune cells like monocytes [256]. On the other side, there is the risk that
uptake into neutrophiles might result only in the destruction of cargo and carrier instead of
transgene expression as their main function is phagocytosis and not the presentation of antigens on
their surface [257, 258].

The spatial analysis with the CLSM confirmed that the MHCII positive cells like monocytes are
attracted by the microporation (Figure 38). In the dermis, they assembled in a round shape around
the hole while in epidermis we observed only an increase in general number and signal intensity after
24 h. We can speculate that immune cells would form a circle also in epidermis when having more
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time. This is in line with the published findings, that skin disruption mobilizes skin resident dendritic
cells [47, 259-261] and expression levels of MHCII are increased [243]. Wang et al. observed a
maximum accumulation of MHCII positive cells 24 h after treatment of the skin with a different, non-
ablative laser. The analyzed cytokine levels showed a similar profile like in our case with an onset
after 6 h, the maximum after 24 h and resolution after 48 h [58]. Thus, our 24 h time point seemed
suitable to show the maximum differences between laser settings.

Enhancement of Immune Stimulation after LPN Application

This microscopic analysis proofed that the shallow pores, created with only 2 pulses per pore, end in
the epidermis while deeper pores (4 pulses/pore) hit the dermis as well. This second type of
micropores enhanced the effect onto immune cell migration and activation markers for LPNs and PBS
controls.

Concentrating on the migration of immune cells first, mRNA-loaded LPN(70/30) stimulated as many
cells as the PBS control when applied after deep microporation (Figure 41). After shallow pores,
results of LPNs indicated a lower stimulation than after PBS. There were more Langerhans cells left
and less invading neutrophils and monocytes than in the PBS control but still more than in the
untreated control.

Comparing the effect of the two laser treatments in combination with the LPNs, especially in the
epidermis, there were highly significant differences with benefits for deeper pores. In the dermis,
differences were lower but still significant for monocytes.

It was surprising to see that the shallow pores ending in the epidermal skin layer also influenced cells
in the dermis and elicited an effect almost as high as the deeper pores. This effect is probably due to
the laser treatment itself as presence of LPNs did not further enhance the response above PBS
control in most cases. In any case, this general stimulatory effect of the P.L.E.A.S.E.® differed clearly
from the untreated control.

Despite comparable effects of LPNs and PBS onto cell movements when applied with deeper pores,
the activation markers were about double as high when exposed to the nanocarriers compared to
PBS (Figure 42). As discussed before, the P.L.E.A.S.E.® treatment leads to a general preconditioning of
the skin via the secretion of inflammatory chemokines by skin resident cells that promote maturation
and migration of antigen presenting cells [58, 242]. This proinflammatory milieu probably helps when
skin cells are exposed to LPNs by generating an additional signal. The threshold for an adaptive
immune reaction may be easier reached as such a potent reaction is only elicited if the signal
intensity is strong enough and endures long enough. This additional second signal after LPN
application is missing in the PBS control.

This higher stimulation of immune cells after LPN contact could be a sign for synergistic effects but it
does not allow any conclusion about the translation status of the antigen encoded on the delivered
mRNA. The presence of foreign mRNA in the cytosol could already stimulate defense mechanisms via
pattern-recognition receptors. We chose a modified mRNA to reduce that immune stimulatory effect
and to enable stable transfection, but its presence could still change the activation status of the cell.
Both microporation settings resulted in similar levels of activation markers. This supports the theory
that the microporation facilitates immune activation independent of pore depth and therefore may
enhance the effect of skin vaccinations.

Summarizing the described observations, the shallow pores would be enough to increase the
activation status of cells but deeper stimulated more cells to migrate. Destroying more cells with the
deeper pores, potentially increased the intensity of the danger signal and the threshold towards a
protective immune response is probably more easily reached with potential benefits for the success
of the applied nanocarrier vaccine. An additional argument for the deeper pores is the added safety
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effect. The thickness of skin layers is not always predictable and the basal plane it not straight but
folded. Creating pores that are several micrometers deeper than the estimated border, reduces the
risk of accidentally hitting only the epidermis. In any case, there were several signs that the laser
treatment indeed has an influence on the immune system with the chance for synergistic effects
when pores reach down to the dermis and are combined with mRNA-loaded LPNs.

T Cell Stimulation in Adoptive Transfer Mouse Model

To answer the question if the delivered mRNA is also transcribed, we tested the LPNs in combination
with the deeper pores in an adoptive transfer animal model. LPNs failed to stimulate antigen-specific
T cells, both in the lymph nodes and in the spleen.

This might be a problem of the nanocarrier itself but also due to the low dose. In this experiment, we
applied only 3.13 pg of mRNA per animal while it was 7.84 pg in the previous study with the laser
optimization. Additionally, the LPNs were dispersed in 20 pl per ear instead of 10 ul which exceeded
the liquid capacity of the ear. The effective dose might even be lower and thus simply lay beneath
the stimulation threshold.

On the other side, the P.L.E.A.S.E.® laser worked well (Figure 43). When combined with protein
instead of MRNA, we found CD4* T cells levels in the lymph node that are comparable (>85% of

CD4* T cells) to the measured levels after subcutaneous injection of protein and adjuvant. The CD8* T
cell levels were about 30% lower. The P.L.E.A.S.E.® laser enabled a stimulation of CD4* and

CD8* T cells in the spleen about half and a third as high as injection, respectively.

This preference for CD4* T cells met the expectations as extracellular proteins are mainly recognized
by immune cells and presented via MHCII that preferentially elicits a CD4* T cell response. For the
subcutaneous control, the adjuvant CDA as nucleic acid derivate was added that is known to support
in the CD8" direction resulting in a balance immune reaction [262].

The trend with a CD4*-based stimulation after protein application was shown before in combination
with the P.L.E.A.S.E.® device on mouse ears. Terhorst et al. reported percentages of 44% for CD8" and
86% for CD4" proliferating T cells in the draining lymph nodes. Their reduced activation of

CD8* T cells might be caused by the application of a lower dose (3,3 ug OVA-protein instead of 5 pgin
our case) or the selection of only 2 pulses per pore [67] as our experiments showed that the creation
of deeper pores enhances the immune response.

Furthermore, the readout time point could simply be too early for the quantification of proliferating
T cells in the spleen. At least for skin scarification with naked DNA, it was shown that CD4* T cell
levels in the spleen are elevated after 15 days while proliferation in lymph node changes already
after 3 days in a similar mouse model [247].

These result support our general approach and show that the minimally invasive vaccination is
possible with the P.L.E.A.S.E.® system. A needle was not needed to overcome the skin barrier. The
effect is comparable to the invasive subcutaneous injection in combination with a strong adjuvant
representing the gold standard in this animal model. Differences in immune response would be even
higher when protein without adjuvant is applied by subcutaneous injection even though we did not
test that.

122



6 Discussion

Transfer of laser parameters from Mouse to Human Skin

These findings about optimized laser parameters needed to be transferred from the in vivo studies in
mice to the human skin model. Because of the differences in layer thickness between mouse and
human skin, the P.L.E.A.S.E.® parameters needed to be translated.

Expectedly, the exact same parameters of the mouse ear with 2 pulse per pore created pores that
were too superficial and hardly detectable in the human skin (Figure 51). Applied nanoparticle would
probably not stay in the pore but rather be wiped away during sample preparation. The deepest
pores after 21 pulses caused burn marks at the upper edges of the pores which hindered re-
epithelization. This prolonged disruption of skin barrier may later cause problems like bacterial
infections or unwanted inflammation and pain.

Using 8 pulses per pore fulfilled our criteria to hit both skin layers without signs of burned tissues.
Furthermore, these pores were re-epithelized after 24 h. We could even proof that applied
nanocarriers — in this case fluorescent polystyrene nanoparticles — are enclosed under the newly built
epidermis building a kind of depot and thus giving the cells more time for uptake. The concentration
of the used FluoSpheres® was four times higher than the LPNs. The expected number of mRNA-
loaded LPNs that end up in this cavity will be correspondingly smaller. We hypothesized that the
higher viscosity of the LPN formulation after lyophilization helps to increase the time the LPNs stay in
the pores until the APC like dendritic cells and macrophages appear but this needs to be proofed. The
majority of nanoparticles anyways remained on the surface. Nevertheless, this set of laser
parameters was used for the human skin model.

Versatility of Invasive Methods as Comparison for Laser Microporation

The P.L.E.A.S.E.® laser worked in combination with proteins, but it was not clear if the lack of effect
after mRNA application was a problem of the LPNs alone or of the combination with the laser. The ex
vivo human skin model was implemented to investigate both options. Aiming for significant
transfection levels in the skin first, the immune response could then be evaluated again in the mouse
model. The general development process of the skin model has been discussed in 6.2 already. Here,
the focus is on studying the potential benefits of the combined application with the P.L.E.A.S.E.® laser
which raised the need for a second application method. The depot forming subcutaneous injection
technique of the adoptive transfer mouse model could not be applied to the skin model as
subcutaneous fat is removed prior to sample administration.

Due to the low hair follicle density in human abdominal skin and the low chance for successful
transfection, the transfollicular route was not an option. In vivo, one could use intramuscular
injection to compare the overall immune reaction and the needed mRNA amounts.

For the skin model, intra-epidermal application by tattooing or gene guns would be possible in
theory, but this can be hardly realized and would add additional factors to the system. Having
excluded all these options, only a direct injection into the skin remained. Intradermal injection needs
some practice to guarantee the flat injection angle and applied volumes are limited especially with
the 11 mm biopsies. As mouse studies showed that the P.L.E.A.S.E.® has the stronger effect when
both epidermis and dermis are targeted, this injection technique seemed to be the fairest
comparison and was therefore selected.

Reaction of the Skin Tissue after Different Application Routes of Nanocarriers

Having all parameters adapted to the human abdominal skin, we compared this invasive intradermal
injection, the laser-assisted application and the administration onto intact skin. First, | evaluated how
many cells get in contact with the nanoparticles depending on the application route. When
massaging the formulation into intact skin, the stratum corneum represented the predicted barrier
to the LPNs. There were no nanoparticles detected in the viable skin layers. The P.L.E.A.S.E.®
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treatment led to exposure of mainly epidermal cells with a few signals in the dermis. In contrast,
after the injection we found almost all LPNs in the dermis and none in the epidermis. General
exposure was much higher. In the previous chapter, we have already discussed the consequences of
this exposure for the toxicity results but here | want to focus rather on the effects for immune
reaction.

As mentioned before, the epidermis has a higher number of immune cells relative to the
keratinocytes and bears the potential to compensate for the smaller number of cells that get in
contact with the formulation. Ideally, specifically hitting mainly the immune cells of this epidermal
layer is already enough to elicit an immune response while the rest of the skin is protected from any
harmful influences. There are many published evidences that targeting the epidermis enhances the
immune reaction. Seneschal et al. showed for example that the T cell response after skin scarification
is stronger than injection into muscle, subcutaneous fat or even the dermis [27, 47]. The intradermal
injection of naked DNA did not cause a luciferase signal above the background while tattooing raised
it 10—20fold after 18 h [50]. Machado et al. confirmed this trend for the P.L.E.A.S.E.® system already.
They found a 10fold weaker humoral and cellular response after intradermal injection of birch pollen
compared to the laser, even though the exposure of tissue was about 50times higher when using the
needle [242].

2.5 mol% PEG in LPN(70/30) with P.L.E.A.S.E.® as Most Promising Vaccine Candidate

In line with these references, there were clear signs for transfected cells in the ex vivo human skin
model only after the combination of the 2.5 mol% PEG in LPN(70/30) with the P.L.E.A.S.E.® system,
but not after intradermal injection (Figure 63). In the supernatant, we found transfected cells for this
sample as well which might be a sing for a reasonable immune reaction (Figure 62).

At the first time points, we found same numbers of transfected cells in the digested skin pieces after
both application routes but after 4 days, when results became significant for the P.L.E.A.S.E.® sample,
the number of live transfected cells was halved for injection samples. At the same time, the number
of dying transfected cells increased allowing the conclusion that transfected cells died after the
higher exposure following injection. As hypothesized before, the majority of transfected cells are
probably keratinocytes that stay in place. The transfected immune cells leave the tissue toward the
supernatant with a maximum after 48 h. We only measured for 24 h in the mouse and therefore
might have missed the maximum effects but maybe a suboptimal cultivation in the skin model
delayed the reaction as well. We can nevertheless assume that we observed the corresponding
reaction in both models.

After the intradermal injection, there was no signal in the supernatant. The general exposure of the
tissue was higher but probably hit only keratinocytes of the dermis. Without the attraction and non-
specific activation of immune cells by the P.L.E.A.S.E.® microporation transfected keratinocytes are
not able to elicit an immune reaction. This aspect is even more relevant in vivo as recruited blood
cells invade the dermis first where they get in contact with the transfected cells for the first time. If
the signal by keratinocytes is strong enough, they might then also stimulate a delayed immune
response. Epidermal cells will probably not be involved as much. It needs to be tested in vivo, if and
when this procedure really elicits an immune response and how strong it is compared to the
P.L.E.A.S.E.® application. After 7 days of ex vivo cultivation, the translation of the proteins stopped in
the skin model.

In summary, the results indicate a synergistic effect of the P.L.E.A.S.E.® microporation and the
application of mMRNA-loaded nanocarriers that outperformed intradermal injection. Findings should
be solidified after optimization of the readouts in the ex vivo human skin model and followed by a
comparison of elicited immune responses in a mouse model.
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7 Conclusion and Outlook

Targeting the immune cells of the skin for vaccination purposes has the potential to improve the
immunogenicity of applied vaccines with the chance to reduce needed doses and render adjuvants
unnecessary. Safeguarding the integrity of the human body, the skin is an immune privileged tissue
which is advantageous for vaccination but on the other side the high biological barrier to prevent
pathogens and large molecules from penetration makes the application of vaccines difficult. As
deliverable amounts of antigen are very low, it is a great opportunity for nucleic acids vaccines to
show their benefits such as the feature of signal amplification by intracellular protein translation and
the innate stimulation of immune receptors due to their presence in the cytosol. The aim of this work
was to develop a vaccination platform combining mRNA-loaded nanocarriers for the first time with a
minimally invasive application technique, namely the P.L.E.A.S.E.® laser, to transiently disrupt the
outermost barrier and enable the contact of nanoparticles and immune cells of the skin.

Based on a published lipid-polymer hybrid nanoparticle (LPN), the influence of the lipid composition
was investigated and tested with a model mimicking the challenging physiologic conditions of the
skin. Studies revealed lack of colloidal stability and almost complete loss of transfection efficacy in
the presence of medium supplements like serum for the original LPN, made of the cationic lipid
DOTMA surrounding a polymeric PLGA core. Replacing the potentially toxic DOTMA stepwise with
the zwitterionic phospholipid DOPE rendered the LPNs resistant to media components and generated
good transfection rates in the dendritic cell line DC2.4 under this challenging conditions. For the best
performing candidate composed of 70 mol% DOPE and 30 mol% DOTMA in the lipid layer
(LPN(70/30)), performance in both medium conditions (with and without supplements) were
comparable without a significant difference.

In parallel, the effect of medium components was specified by separately studying the influence of
buffer, protein and RNase onto colloidal stability, mRNA binding and protection. While colloidal
stability was the limiting factor for DOTMA-only LPN, it was the mRNA complexation for DOPE-only
LPNs. RNase exposure experiment revealed that a lose attachment onto the nanoparticles’ surface
leading to a signal in gel electrophoresis is enough to protect the mRNA from degradation. This
phenomenon was for instance found for LPN(70/30). The polymeric core showed its benefits for
storage stability and robustness to lyophilization.

Raising the challenge further, this optimized LPN(70/30) was tested in primary bone-marrow derived
dendritic cells and benefits of a higher DOPE content was again confirmed. mRNA delivery by this
LPNs not only transfected these primary cells but even stimulated antigen-specific CD8* T cells
indicating successful stimulation of presentation via MHC-I.

Despite these promising results, this LPN failed to elicit an immune response in an adoptive transfer
mouse model and was therefore modified again by adding a pegylated lipid. Results in cell culture
were comparable to the non-pegylated LPN(70/30) and underlined the need for more complex test
systems for the nanocarrier optimization.

Facing the low correlation of in vitro and in vivo performance, an ex vivo human skin model was
developed to test the nanocarriers already in human tissue and to enable an evaluation of the
combined application with the minimally invasive P.L.E.A.S.E.® laser. Different cultivation and
digestion protocols to generate a single-cell suspension were tested and further readouts like the
collection of medium supernatants were implemented. The analyses of both cell populations focused
on the viability and transfection status of cells. For supernatants, the total number of cells was
considered, as well. Antigen contact in the skin leads to stimulation and activation of immune cells
that then migrate to the draining lymph node to elicit a T cell-mediated, adaptive immune response.
In case of the established human skin model, these cells end up in the supernatant.
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Next to the skin, the settings of the P.L.E.A.S.E.® laser were optimized to elicit the highest immune
stimulatory effect. This was only possible in an animal study, as recruited leucocytes from the blood
stream like monocytes and neutrophils represent one of the most important effects of the laser
microporation. Micropores hitting only the epidermis were compared to deeper pores reaching
down to the dermis. This second setup was more effective in stimulating Langerhans cells to evade,
in attracting monocytes and neutrophils and in activating these immune cells. This effect was
visualized by an antibody staining against MHC-II showing that the antigen presenting cells assemble
in a round shape around the pore. Targeting the upper dermis with the deeper settings in an
adoptive transfer mouse model, proofed the immune stimulatory potential of the laser
microporation when combined with the protein instead of mMRNA. Microporation stimulated CD4*
and CD8" T cells almost as high as after subcutaneous injection with the strong adjuvant cyclic-di-
AMP.

Having all optimized components in hand, the mRNA-loaded LPN(70/30) with and without pegylation
was finally tested in the ex vivo human skin model. The laser-mediated application was always
compared to invasive method of intradermal injection. Skin exposure after microporation was
concentrated to the upper skin layers, especially the epidermis, while intradermal injection led to a
generally much higher number of LPNs in the dermis and almost nothing in the epidermis. After
application onto intact skin, no signal was detectable in the tissue.

In contrast to the high exposure of skin cells after intradermal injection, the most promising results
were found after P.L.E.A.S.E.® microporation in combination with 2.5 mol% PEG in LPN(70/30). After
4 d of cultivation, live transfected cells differed significantly from the PBS control. The measured
rates of transfected live cells were elevated the days before as well, but larger background signal and
standard deviations rendered these findings insignificant. Nevertheless, detected live transfected
cells in the supernatant, especially after 48 h, indicated the presence of antigen in the tissue. It can
be hypothesized that the stable protein production rates in the skin biopsies are caused by
transfected keratinocytes that stimulate immune cells by cross-presentation and cross-priming to
migrate out of the tissue.

The presented studies emphasized the potential of laser-assisted, minimally invasive application of
mRNA-loaded nanocarriers to the skin. Several indications for successful transfection and immune
stimulation after administration of 2.5 mol% PEG in LPN(70/30) combined with dermis targeting
micropores were found such as live transfected cells in the tissue and in the supernatant.
Methodological limitations in the established ex vivo human skin model did not allow solid
conclusions and leave room for optimization as has been already discussed. Though, using such a
model adds many benefits to the nanoparticle development that cannot be shown in cell culture like
the presented advantage of pegylation. Optimizing the skin model and reevaluation the performance
of the mRNA-loaded LPNs will underline the potential of this developed nanocarrier. Results should
then be confirmed in a mouse model with a dose of at least 8 ug mMRNA per animal where the
immune stimulatory effect of the P.L.E.A.S.E.® system can be fully unfolded. The next step would
then be the challenge with the real pathogen to investigate the degree of protection. In that sense,
the presented study paved the way for minimally invasive, mRNA-based skin vaccination by
delivering the suitable test systems and a promising nanocarrier candidate.
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V. Supplementary Figures

Table S 1: Hydrodynamic parameters of LPNs with and without fluorescent labels. Table has been modified from

supplementary material of Kliesch et al. [157]

LPN Marker Size [nm] PDI Zeta potential [mV] Batches tested

LPN(0/100) - 194.43+11.02 0.09+0.02 21.67+1.11 5
FITC 200.30+£9.78 0.10£0.03 24.79+3.73 3
- 200.49 £ 8.49 0.10£0.02 22.49+3.38 5

LPN(10/90) DiD 198.60 + 0.96 0.12+0.03 29.7+2.50 1
FITC 197.09+9.50 0.09+0.02 25.87+3.85 4
- 208.73 £ 8. .09+0.02 26.33+2.17

LPN(20/80) 08.73+8.86 0.09%0.0 6.33 5
FITC 225.06 £20.31 0.13+0.07 28.73+2.34 3
- 215.69 £ 16. 10+£0.02 29.71+4.14

LPN(30/70) 5.69+16.30 0.10+0.0 9 5
FITC 209.87+£+13.13 0.10+0.02 28.66*4.21 3
- 219.84 £ 17. 11 +0. .28 +2.07

LPN(40/60) 9.8 59 0 0.03 30.28%2.0 5
FITC 237.69 £3.72 0.13+0.06 32.41+4.67 3
- 229.15 £ 20.51 12 0. 2.90 £ 2.

LPN(50/50) 9.15+20.51 O 0.03 32.90 68 5
FITC 243.22+9.74 0.13+0.02 34.74+1.39 3
- 219.77+11.35 0.14+0.02 38.26%1.72 5

LPN(70/30) DiD 218.85+10.08 0.12+0.04 28.56%8.13 4
FITC 243.93+13.00 0.13+0.03 34.00%2.20 5

+ + - +

LPN(100/0) 205.86+12.64 0.12+0.02 11.75+0.69 5

FITC 237.56 +26.28 0.14+0.07 -9.77+5.13 3

Table S 2: Hydrodynamic parameters of DiD labeled LPN(70/30).

LPN PEG [mol%] dye mMRNA Size [nm] PDI Zeta potential [mV] Batch
size
- DiD + 239.80+3.06 0.18+0.01 -18.7+0.50 1
LPN(70/30) 2.5 DiD + 260.67+1.66 0.21+0.01 -14.53+0.65 1
5 DiD + 294.53+3.77 0.26+0.02 -16.43+0.49 1
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Figure S 1: Viability assessment of plain LPNs in DC2.4 cell line with different concentrations. Incubation time with LPNs
dispersed in HBSS was 4 h. Dead cells were excluded by DAPI staining and flow cytometry analysis. All LPNs were well
tolerated independent of the concentration as indicated by cell viabilities above 75%. Graph has been modified from
supplementary material of Kliesch et al. [157]
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Figure S 2: Effect of salts and albumin on binding efficacy of LPN(10/90). (A): Gel electrophoresis. (B): Measured fluorescence
intensities of RiboGreen® dye mixed with LPN(10/90). Nanoparticles were diluted in buffers or NFW prior to adding the
mRNA for complexation. The strong interaction of LPN(10/90) with mRNA was independent of the buffer. Only the addition
of albumin led to a faint band of naked mRNA. AIFb: artificial interstitial fluid — buffer only; AlFa: artificial interstitial fluid
including albumin.
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Figure S 3: Gating strategy for combined assay with quantification of cytotoxicity, uptake and transfection efficacy in
parallel by flow cytometry. DAPI staining was used for dead cell exclusion. FITC-labeled LPNs for the uptake assessment and
MRNA encoding for the fluorescent protein mCherry for the quantification of transfection efficacy. Graph has been modified
from supplementary material of Kliesch et al. [157]
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Figure S 4: Stability assessment of plain, pegylated LPNs over the course of 4 weeks. (A): Size (B): PDI (C): Zeta potential of
LPN(10/90) and LPN(70/30). Pegylation did not affect stability of any of the tested parameters. Slight increase in size and
reduction of surface potential were observed independent of pegylation.
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Figure S 5. Gel electrophoresis of pegylated LPNs. Pegylation did not show an influence on mRNA complexation properties.

100 =
i . ' oooooooooooo ' .o egmeseceshescessammeersesvetosvccvcevvvo|oompoccloogs el .. e cvcrrglaccvsccces
: T ETE TN IRV
40 ¥ / Y / / 4 / / / / / ’ /
’ / / / / / / ’ / / / / /
1R ¥ / / / / / / ’ / / / / /
= J / / y 4 y/ / / / / / / / /
/
o / / / / / 4 / / / / / /
o so0-10 ¥ / ’ / / ’ / / / / / / /
> 4 / Y / / 4 4 / / / / Y, /
= 410 ¥ 4 Y / / 4 4 / / / / Y, /
X / / / / / / 4 / / / / / /
iR E / / / ’ / / / / / / / /
/ / / / y/ / / / / / / / /
1R P / / / Y / / ’ / ’ / / 4
/ / / / ’ / / ’ ’ / / ’ /
b : / / : / : : / / / / / /
oL Y / / ’ / / / / / / / / /
live dead O 0.5 1 1.5 25 5 0 0.5 1 1.5 25 5
L [] L []
mol7 in mol7 in
1% PEG in LPN(10/90) 1% PEG in LPN(70/30)

EEE non-supplemented medium EEE supplemented medium

Figure S 6: Viability of DC2.4 cells after 24 h incubation with mCherry-mRNA-loaded, pegylated LPNs. Nanocarriers were
either dispersed in non-supplemented RPMI medium or full growth medium with 10% FCS, HEPES-buffer (0.01M), non-
essential amino acids (1X) and 8-mercaptoethanol (0.0054X). Medium without nanoparticles was used as live, ethanol (5%
in HBSS (v/v)) as dead control. Live cells were gated using FDA and DAPI staining. N=1 with total n= 2. All but 5 mol% PEG-
LPNs in non-supplemented medium were well tolerated with viability values above 80%.
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Figure S 7: Microscopic cuts of microporated skin supplementing images of Figure 38 K and N. Laser settings: two pulses per
pore and theoretical pore depth of 48 um (pulse length 75 us, repetition rate 200 Hz, pore density 8%, treatment area

8x8 mm). MHC-Il staining using secondary antibody with BV421-linker displayed in green. Autofluorescence of mouse hair is
shown in white. (A): Epidermis of mouse ear 24 h after creation of deep pores. (B): Dermis the same ear (24 h after deep
pore microporation). Recruitment of MHC-II positive cells happens especially in the dermis where these cells assemble
around the pore.
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Figure S 8: Control samples for LPN penetration study into human abdominal skin. Untreated skin (A, B) and after three
different application routes of PBS: on intact skin (C, F), by intradermal injection (D, G) or after microporation with
P.L.E.A.S.E.® laser (E, H). Laser parameters: pulse length 75 us, repetition rate 200 Hz, 8 pulses per pore, 8 x 8 mm treatment
area. Directly after treatment or after 24 h cultivation, samples were embedded, frozen, cut at -20 °C and imaged using a
confocal microscope. There was no fluorescence signal detected in the biopsies for the selected microscopy settings.
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Figure S 9: MTT-mediated viability of skin biopsies after treatment with process controls either by intradermal injection
(solid bars) or after P.L.E.A.S.E.® microporation (bars with pattern). Laser parameters: pulse length 75 us, repetition rate 200
Hz, 8 pulses per pore, 8 x 8 mm treatment area. PBS was used as negative, PEl with mRNA as positive control (8 ug mRNA
per biopsy). PEl without mRNA was added to assess toxic effects of polymer itself. Data acquired in five independent
experiments with up to eight biopsies per treatment group in total (PEI without mRNA had only 1 data point per time point).
Tissue viability was stable over the course of one week as demonstrated by comparable results for PBS samples. PE|
complexed with mRNA seems less toxic compared to the blank polymer.
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Figure S 10: MTT mediated viability of skin biopsies after application of mRNA-loaded LPNs either by intradermal injection
(solid bars) or after P.L.E.A.S.E.® microporation (bars with pattern). Laser parameters: pulse length 75 us, repetition rate 200
Hz, 8 pulses per pore, 8 x 8 mm treatment area. PBS was used as negative control; 8 ug mRNA per biopsy. Data acquired in
five independent experiments with up to 6 biopsies per treatment group in total. LPNs were as well or even better tolerated
than PBS.

XXVII



V Supplementary Figures

80000 =

|

< 60000 [

(S)

E : |

%5 40000= :: ; ';' " [ : ( .

2 1 BNE B BbE :: Bk

5 20000 ) H a : i ; B H

< i [ r b b ; .
: . i | i ; d 1
I: :. 1) I: :I :| :I

0w v L ': o a ] E "
od 1d ad 7d
days of incubation
BN untreated N PBS, no mRNA

X3 PBS, no mRNA, PLEASE

LPN(70/30), injected LPN(70/30), PLEASE

2.5 mol% PEG in LPN(70/30), injected X3 2.5 mol% PEG in LPN(70/30), PLEASE

||
EEE 5 mol% PEG in LPN(70/30), injected EE3 5 mol% PEG in LPN(70/30), PLEASE

Figure S 11: Absolute viability of skin biopsies after application of mRNA-loaded LPNs either by intradermal injection (solid
bars) or after P.L.E.A.S.E.® microporation (bars with pattern) (pulse length 75 us, repetition rate 200 Hz, 8 pulses per pore, 8
x 8 mm treatment area). PBS was used as negative control; 8 ug mRNA per biopsy. DAPI and FDA addition enabled gating
for live cells. 100,000 events counted in flow cytometer. Data acquired in five independent experiments with up to eight
biopsies per treatment group in total. LPNs were as well tolerated as PBS and showed viability values comparable to the
untreated control. Same data set as Figure 59 but presented differently.
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Figure S 12: Overview of number of all cells in the supernatant of cultivated skin biopsies over the course of one week. After
daily collecting medium from the same biopsy, medium was replaced. Samples were analyzed by flow cytometry. DAPI and
FDA were added to gate for live cells. Solid lines represent skin biopsies after intradermal injection, dotted line after
P.L.E.A.S.E.® microporation (pulse length 75 us, repetition rate 200 Hz, 8 pulses per pore, 8 x 8 mm treatment area). Most
cells evaded the tissue within the first 48 h of cultivation. Samples without mRNA (untreated, PBS and blank PEI polymer)
were among highest numbers, especially after 1 day. Only 2,5 mol% PEG in LPN(70/30) showed highest number after 2 days.
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7.1 Articles Published in Peer Reviewed Journals

Lena Kliesch, Simon Delandre, Aljoscha Gabelmann, Marcus Koch, Kai Schulze, Carlos A Guzman,
Brigitta Loretz, Claus-Michael Lehr (2022) Lipid-Polymer Hybrid Nanoparticles for mRNA Delivery to
Dendritic Cells: Impact of Lipid Composition on Performance in Different Media. Pharmaceutics 14(12).
doi:10.3390/pharmaceutics14122675

7.2 Oral Presentations

“Lipid coated polymeric nanoparticles for mRNA delivery to cutaneous Dendritic Cells: Influence of
Lipid composition”, Galenus Workshop 2019, Frankfurt/Main, Germany

Flash Presentation for the Poster “Effect of lipid composition on the mRNA delivery properties of
polymer-lipid hybrid nanoparticles for Skin Vaccination”, Annual meeting of Controlled Release
Society (CRS) German chapter 2020, Munich, Germany

Flash Talk for the Poster “Improving the in vitro - in vivo correlation to better predict the delivery of
mRNA in vivo by selected in vitro assays”, Annual meeting of CRS German chapter 2021, Virtual
Meeting, Aachen, Germany

“mRNA-based Skin Vaccination by Intradermal Application of Lipid coated Polymeric
Nanoparticles”, World Meeting on Pharmaceutics, Biopharmaceutics and Pharmaceutical Technology
(PBP) 2021, Virtual Meeting, Vienna, Austria

“Systematic evaluation of challenging factors to improve in vitro — in vivo correlation for mRNA
delivery”, Annual meeting of the international Controlled Release Society (CRS) 2021, Hybrid-
Meeting, Montreal, Canada

Winner of video contest of CRS focus Group: Transdermal and Mucosal Delivery (TMD) with video
presentation “How can we improve in vitro — in vivo correlation for mRNA delivery by
nanoparticles?” in context of the annual meeting of the international Controlled Release Society
(CRS) 2021, Montreal, Canada
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“Nanocarriers for Minimally Invasive Intradermal Vaccination”, HIPS Symposium, 2019,
Saarbriicken, Germany

“Lipid-polymer hybrid nanoparticles for mRNA delivery in Dendritic cells: Impact of lipid
composition”, German Pharmaceutical society (DPhG) Annual Meeting 2019, Heidelberg, Germany

“Lipid coated polymeric nanoparticles for mRNA delivery to Dendritic Cells: Influence of lipid
composition on Transfection and Cytotoxicity”, PhD Student Symposium (Doktorandentag) of
Saarland University 2019, Saarbriicken, Germany

“Effect of lipid composition on the mRNA delivery properties of polymer-lipid hybrid nanoparticles
for Skin Vaccination”, Controlled Release Society (CRS) German chapter meeting 2020, Munich,
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“Systematic evaluation of challenging factors for mRNA delivery by lipid-polymer hybrid
nanoparticles”, International Conference on Biological Barriers 2021, Virtual Meeting, Saarbricken,
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