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Introduction

1 Introduction

In Europe, cancer caused ~1.3 million deaths in 2014, whereas estimated prediction for 2019
suggested a further increase of 4.8 % in mortality [1]. Considering 3.7 million new cases each year,
cancer represents the second cause of death and morbidity in our country as well as on a global scale
[2].

Nowadays, cancer treatment in standard clinical practice mainly relies on chemotherapy,
radiotherapy and surgery. These conventional methods are often unsuccessful, and some types of
cancer are still associated with dismal prognosis, remission and resistance [3-5]. Solid efforts are
currently concentrated on broadening cancer treatment approaches. Targeted therapy, hormone
therapy, stem cell transplantation and precision medicine are presently being implemented in clinical
practice [6, 7]. Besides these novel treatments, immunotherapy approaches and recent advance in
biomaterial technologies showed high potential to enhance therapeutic efficacy [8-11]. The use of
nanocarriers has been extensively developed for different applications, such as theranostic agents,
imaging tools and drug delivery systems (DDS) for targeted therapy [12]. In the latter case,
advantages in using DDS in comparison to conventional chemotherapy are mainly related to
potentially improved tumor targeting, less off-target exposure, minimized risk of resistance and
overall enhanced therapy outcome [13]. Among all DDS, stimuli-responsive nanocarriers engineered
to trigger release of encapsulated drugs under specific conditions (e.g., pH change, light exposure,
heat, mechanical stress) have proven to further broaden the potential applications of DDS [14]. On
the other side, immuno-oncology focuses on artificial stimulation of the patient’s immune system
towards cancer cell recognition and killing and has shown remarkable effectivity in some types of
cancer [15, 16]. Interestingly, it has been demonstrated that tumors with high mutational burden (e.g.,
melanoma, lymphomas) are more susceptible to immuno-therapy approaches [17, 18]. Novel
treatments such as checkpoint inhibitors are currently being used as first-line treatment for such
tumors whereas chimeric antigen receptor T-cells (CAR T) are successfully used for some
hematologic malignancies with well-defined tumor antigens [19, 20]. Additionally, cancer vaccine
approaches have shown unique advantages in the generation of anticancer immunity, and hold great
promises also for non-immunogenic tumors [21, 22].

Although remarkable progress has been obtained in cancer therapy over the last decades, there
is still a need to improve conventional treatments for several cancer types. The use of nanomedicine
as a targeted delivery system for chemotherapeutics or novel immunoadjuvants should therefore be

further investigated in such context.
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2 Background

2.1 Conventional solid tumor therapy

Cancer rises from a genomic instability of few cells which lose control over replication and
thus are characterized by unlimited growth and if malign, also with potential dissemination/invasion
into other parts of the body [23]. Potentially, every tissue in the human body could undergo mutations
and raise malignant neoplasms. Hence, tumor features rise uniquely from the specific type of cell,
thereby underlying significant differences in cancer type, properties of infiltration and
aggressiveness. [24]. Cancer mortality is mainly due to dissemination of small tumor fragments
(metastases), which detach from primary tumors and invade surrounding and distant tissue via blood
and lymphatic circulation [25]. As anticipated above, conventional strategies for reliable tumor
treatment focus on surgery, radiotherapy and chemotherapy. In case of non-metastasized tumors, first-
line treatment is usually surgical resection. Tumor mass with part of healthy tissue in the nearby
surrounding is removed, whereas radiotherapy might be applied afterwards to minimize the risk of
recurrence and spreading [26, 27]. While surgery and radiation may promote local control of primary
tumors, a weak or negligible effect is expected in disseminated metastases. Furthermore, tumor
resection is not always feasible, especially in case of organ, vessel or nerve infiltration. Hence, to
reduce tumor mass and attack already present metastases, neoadjuvant systemic chemotherapy is
often preferred in these high-risk patients. The treatment regime is wisely chosen in relation to cancer
type, stage and patients characteristics. Shortcomings of systemic chemotherapy are usually caused
by systemic side effects driven by the lack of selectivity and a limited efficacy due to the development
of resistance.

Doxorubicin is currently one of the most often used chemotherapeutic drugs for different types
of cancer. This anthracycline agent was first isolated from Streptomyces peucites, a variety of bacteria
collected in soil samples near Castel del Monte (Italy), which were already well-known to produce a
red anthracycline metabolite, known as daunorubicin [28]. By modifying bacteria with N-nitroso-N-
methyl urethane, a derivation of S. peucites was found among surviving colonies. The modified
bacteria were found to produce a 14-hydroxyl derivate of daunorubicin, termed doxorubicin (DOX)
and traded as Adriamycin® [29]. Clinically, DOX is used as a first-line treatment for acute leukemia,
neuroblastoma, ovarian cancer, small cell lung cancer, lymphoma, breast cancer, bladder cancer and
sarcomas. Its main mechanism is based on cellular inhibition of macromolecular biosynthesis by
intercalating base pairs of DNA/RNA, whereas its selectivity is exclusively driven by the cell
proliferation rate [30]. As for all systemic chemotherapeutics, potential side effects are expected on

tissues with a rapid replication pattern, such as red blood cells, hair follicles, epithelium of
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gastrointestinal tract and bone marrow cells. Furthermore, cardiotoxicity due to acute oxidative stress
in cardiomyocytes is also often associated among cancer patients undergoing DOX chemotherapy
[31]. Hence, further solutions for improving target specific actions of chemotherapeutics and thereby
limiting off-target toxicity should be developed.
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2.2 Liposomes as drug delivery system

2.2.1 Liposomes

In recent years tangible improvements were achieved in pharmaceutical technologies and
biomaterials, broadening drug delivery strategies. Novel DDS focus on improving local targeted
delivery by reducing off-target toxicity of different active pharmaceutical ingredients (APIs). Among
these systems, self-forming lipid-based vesicles called liposomes are the most exploited and well
characterized. Liposomes were first observed in 1965 by Bangham et al., who described the
spontaneous assembling of phospholipids to vesicles when in contact with an aqueous solution [32].
Already in 1973, liposomes were investigated as potential DDS for antibiotics, such as penicillin [33].
Consequently, these nanocarriers rapidly became one of the most extensively studied systems used

for delivery of chemotherapeutics, genetic material and vaccine adjuvants [34].

lipophilic drugs
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Figure 1 Schematic structure of liposome and potential functionalization.
Liposomes are conventionally made of phospholipids and different strategies for liposomes functionalization are possible by acting on
the liposomal bilayer. The presence of positive or negative charged lipids, polyethylene glycol (PEG), antibodies, proteins or small
molecules crafted for targeting purposes will confer specific characteristics to these vesicles. The aqueous internal environment and
the hydrophobic bilayer section created by the phospholipid acyl chains can encapsulate hydrophilic and lipophilic drugs, respectively.
Biophysical and biochemical properties of liposomes are strictly related to their bilayer
composition, preparation method and potential functionalization. Fundamental properties as bilayer
rigidity, charge (C-potential), phase transition temperature (Tm), surface tension and vesicle size can
be finely tuned in accordance to the main goals of application. Additionally, liposomes are usually
formed by natural phospholipids, thus, they are biologically inert with high biocompatibility and
biodegradability [35]. As shown in Figure 1, the co-presence of both, an aqueous core and a
hydrophobic bilayer, in the liposome structure makes them ideal for encapsulating a wide range of
drugs with different physicochemical properties [36]. Different strategies for drug loading in

liposomes are currently available and they are strictly dependent on the type of molecule to be
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encapsulated. The active loading strategy was found to be highly efficient for amphipathic molecules
by exploiting membrane gradients driven by pH or ammonium salts [37, 38].

Early formulations were relatively simple but a high interaction with opsonins, usually
encountered after systemic administration, led to a relatively fast clearance via the mononuclear
phagocytic system (MPS) [39, 40]. In the late 70's, the addition of cholesterol was found to be
beneficial to improve circulation time by increasing the order of membrane packing at fluid state [41].
This effect was maximally exploited whenever cholesterol was mixed to sphingomyelin or
ganglioside (e.g., GM1) in the liposomes bilayer [42]. An essential modification was further achieved
with the addition of polymers such as PEG grafted onto the liposomes surface to improve circulation
[43]. By the addition of flexible PEG, the steric hindrance was increased and thereby a repulsion of
serum proteins was achieved. This resulted in particle shielding against macrophage uptake and, thus,
a significantly prolonged circulation time was achieved [44]. Furthermore, liposomes can be
functionalized with a targeting moiety (e.g., antibodies, sugars, proteins) present on theirs surface

and, hence, enhancing the specificity for cancer cells (Figure 1).

2.2.2 Conventional liposomes tumor targeting

Solid tumors have substantially different characteristics in comparison to healthy tissue, such
as a possibility of a necrotic core, high interstitial pressure due to absence of lymphatic drainage and
immature vessels leaving gaps (fenestrae) in the endothelium [45, 46]. The latter is a
microenvironmental factor usually associated with fast-developing tumors and thus pronounced
angiogenesis [47]. A fenestrated endothelium allows macromolecules and other materials distributed
via blood vessels to extravasate into the tumor interstitial space and to be retained in situ [48]. This
process is known as “enhanced permeability and retention” (EPR) effect and it is the fundament for
a broad class of formulations targeting solid tumors [49]. Nowadays, several liposomal formulations
approved for clinical practice rely on the EPR effect to passively accumulate in the tumor (passive
targeting strategy, Figure 2) [50]. The first liposomes encapsulating chemotherapy were designed to
improve poor biodistribution properties of DOX for systemic chemotherapy of cancer patients. This
formulation was initially approved for the treatment of AIDS-related Kaposi sarcoma and obtained
FDA-approval in 1995 (Doxil®), later extended also to treatment of multiple myeloma and refractory
ovarian cancer [51]. Consisting of long-circulating liposomes, Doxil® relies on an enhanced EPR
effect to passively accumulate in solid tumors [52, 53]. When tested in patients, DOX formulated via
Doxil® greatly enhanced half-life in comparison to non-liposomal DOX, with an improved
biodistribution profile, a higher DOX-tumor enrichment and less off-target toxicity [54-56].
However, the anti-tumor effectiveness of Doxil® in clinical practice seems to be connected to tumor

features, highlighting potential challenges for a broad application of this liposomal formulation. In



Background

fact, whilst in several clinical studies a higher accumulation of DOX was observed in tumors,
therapeutic response was somewhat comparable to non-liposomal DOX application. Hence, major
advantages in using Doxil® are mainly related to the improved toxicity profile [57, 58]. Similar
outcome was achieved during clinical trials for other FDA-approved conventional formulations, such

as liposomal vincristine (Margibo®) and liposomal irinotecan (CPT-11, Onivyde®) [59, 60].
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Figure 2 Different strategies for liposomal solid tumor targeting.

Passive liposomal tumor targeting via EPR effect with conventional sterically stabilized liposomes (e.g., Doxil®) and active liposomal
targeting with ligands-conjugated liposomes. Sterically stabilized liposomes circulate freely in the body and exploit the EPR effect for
tumor targeting (1). Gaps among endothelial cells ease the extravasation process and lead to a better accumulation in the tumor
interstitium (2). Ligand-conjugated liposomes use specific ligand-targeted interactions to improve particle accumulation. Targets might
be present either at vascular level (3) or on the surface of tumor cells (4). Potential limitations of stable liposomes in releasing
bioavailable drug are shown in the panels on the right.

Conventional liposome passive and active targeting
enhanced permeability and retention effect (EPR)

In an attempt to improve the overall therapeutic outcome for EPR-based delivery systems,
antibodies or other ligands can be attached to PEG chains or specific linkers which are connected to
the liposomal bilayer [61, 62]. The functionalization of liposomes is addressed to target distinct
structural differences observed in cancer cells, such as overexpressed membrane proteins. Chosen
targets should have a high-density distribution in the tumor microenvironment (TME), but limited or
no expression in other areas [63, 64]. Liposome’s active targeting approach mainly focuses on two
different strategies: i) vascular targeting and ii) tumor cell targeting. In case of vascular targeting,
liposomes interact with tumor endothelial cells (TECs) by exploiting overexpressed negatively
charged proteins, such as integrins, growth factors or adhesion molecules [65]. Liposome binding of
specific targets on TECs membrane will allow further uptake and internalization of the nanocarriers
and, thus, potential vascular damage [66, 67]. These specific targets can be recognized on cancer cell
surfaces promoting specific liposome-cell interactions whereas the second approach relies mainly on
particle extravasation via EPR and passive accumulation in tumor interstitium [68].

Overall, passive and active liposomal tumor targeting achieved controversial results with

different studies promoting either apparent efficacy or no improvements [69-71]. The complexity of



Background

tumor phenotypes might be the reason of this fluctuating efficacy [72]. In fact, high heterogeneity
among cancer patients is associated with a large variability of the EPR-effect placing substantial
challenges in its potential [73-75]. Not all tumors possess an ideal pathophysiology suitable for EPR-
based approach, and in the majority of the cases an efficient particle accumulation is hampered by
high interstitial pressure, dense cellular matrix and poor penetration of nanoparticles [74, 76]. By
screening several pre-clinical studies, Wilhelm et al. showed that only a minor percentage of total
injected dose (ID) reached the tumor site via EPR effect, averagely equal to 0.7 % [77]. Furthermore,
the lack of a release mechanism and a typically high stability of EPR-based nanocarriers are additional

reasons for the underlying limitations in the amount of bioavailable drug in the active site [78, 79].

2.2.3 Thermosensitive liposomes

Localized triggered drug delivery from stimuli-responsive nanocarriers holds great promises
in increasing the concentration of a bioavailable drug in specific regions. Specifically investigated
stimuli-responsive release mechanisms focus either on microenvironmental factors (e.g., pH change,
enzymatic degradation in TME) or external factors (e.g., light, ultrasound, temperature) [14, 80]. In
the latter scenario, the increase of temperature exclusively in the tumor area via external devices has
been widely recognized to affect TME in multiple ways [81]. By exploiting this local tumor
temperature increase, thermosensitive materials can undergo conformational changes and, thus,
release loaded drugs in a targeted fashion. In case of thermosensitive liposomes (TSL), the designing
of these particles should focus on the selection of appropriate lipids to ensure heat-triggered release
at the desired temperature [82]. Lipid membranes of vesicles engineered for this set up physically
change their state from solid-gel to liquid crystalline phase while approaching their melting phase
transition temperature (Tm). In liposome vesicles, phospholipids acyl chains are fully extended and
organized and form a well-packed bilayer, whereas the hydrophilic polar headgroups are exposed to
the internal and external aqueous environment (Figure 3). In the solid gel phase (T < Tm), membrane
permeability is lowest and a loaded drug is well retained in the liposomal aqueous core (Figure 3A).
By increasing the temperature, energy in the form of heat is absorbed by phospholipids acyl chains
which thereby undergo trans-gauche isomerization [83]. Such a thermotropic transition affects the

bilayer physical state, which will shift from a gel to a liquid crystalline phase.
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A B C

T<T, solid-gel phase T=T, packing defects (grain boundaries) T>T,_ liquid-crystalline phase

Figure 3 Schematic representation of temperature-dependent phase transition and factors affecting drug release.

When T < T, bilayer is in gel-phase with low permeability and thus negligible drug escape (A). At Tm, grain boundaries between lipid
rafts undergo phase transition inducing membrane defects and thereby increasing bilayer permeability at its highest, allowing rapid
release of encapsulated drugs (depending on lipid composition) (B). Mechanisms of drug escape are related to different factors: drug
diffusion driven by concentration gradient (), proteins/blood components intercalating with membrane bilayer (I1), specific lipid
components affecting bilayer packing (e.g., lysolipid and pore formation) (111). At T > Tm, all phospholipids underwent phase transition
and membrane bilayer is in liquid crystalline phase, characterized with disordered fluid state and high permeability, however not as
high as in the latter phase (C). Adapted and modified with permission form the reference [324].

By approaching Tm, a pre-transition might be visible in specific lipid bilayers strongly
depending on the type of headgroups, identified as ripple phase [84]. At this moment, a further
increase in temperature promotes grain boundaries formation among lipid bilayer rafts with some
undergoing phase transition and others still in pre-transition (T = Tm, Figure 3B) [85]. Hence,
membrane packing defects induced by mismatch of liquid and solid chains, further increase bilayer
permeability, thus, facilitating the escape of encapsulated drugs from the aqueous core [86]. At a
temperature higher than T, the structural framework of the lipid matrix will result in a disordered
fluid state due to increased mobility of phospholipids in such a conformation [87]. However, the lack
of grain boundaries leads to a more homogenous liquid crystalline state with lower permeability in
comparison to the previous phase (Figure 3C) [88]. The temperature-dependent transition is
dependent on the nature and homogeneity of the hydrocarbon chains and can be easily observed via
a variety of techniques such as differential scanning calorimetry (DSC) or x-ray diffraction.

Yatvin and coworkers reported a first TSL formulation exploiting a heat-triggered release
concept in 1978. In this study, neomycin and carboxyfluorescein (CF) release were investigated in
liposomes formed by mixture of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC) in combination with mild-hyperthermia (HT, 41-43
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°C) [89]. The in vitro heat-triggered release was successful between 42-45 °C using TSL formed by
DPPC (Tm=41 °C) and DSPC (Tm =55 °C) in the ratio of 3:1. Poor circulation time and suboptimal
release kinetics though strongly limited a potential in vivo application. The introduction of PEG into
the liposomal bilayer drastically improved circulation time by avoiding fast clearance by the
reticuloendothelial system (RES) (e.g., Doxil®). Later on, a PEGylated TSL formulation designed to
increase circulation time and heat-triggered release of its content in vivo was developed [90, 91]. This
traditional TSL was similar to the Yatvin formulation, but with PEG grafted onto the bilayer via the
inclusion of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(amino(polyethylene glycol)-2000
(DSPE-PEG2000) and cholesterol to increase membrane stability. Needham and Dewhirst further
improved release kinetic by decreasing overall liposomal Tr in order to increase burst release at tumor
sites, which holds the fundament for a new generation of TSL. This new PEGylated TSL is
characterized by a low membrane rigidity since DSPC and cholesterol were removed while a certain
amount of lysolipids were added to the formulation [92, 93]. The inclusion of lysolipids (e.g., 1-
stearoyl-sn-glycero-3-phosphocholine) in a DPPC bilayer results in a lower T and a faster formation
of grain boundaries. Additionally, lysolipids are hypothesized to circulate freely in the bilayer and to
form pores on the membrane surface around T, promoting a fast escape of encapsulated drugs
(Figure 3C, 11) [94]. This low-temperature sensitive liposome (LTSL) can fully release its content in
the HT range within few seconds, resulting in a considerable improvement of tumor DOX exposure
when compared to traditional TSL in vivo [95, 96]. Celsion Corporation currently owns the LTSL
formulation under the trade name ThermoDOX®, which is presently facing clinical trials for different
types of cancer [97-99]. However, a recently completed phase Il study of ThermoDOX® in
combination with radiofrequency ablation (RFA) did not show improvement in comparison to RFA
treatment alone, implicating further optimization is required for an enhanced therapeutic outcome
[100]. Limitations of lysolipid containing TSLs are related to an overall sub-optimal stability
observed at normothermia (37 °C, NT). Recent findings have shown that lysolipids can be extracted
during circulation time from LTSL particle, inducing bilayer instability with a subsequent potential
loss of encapsulated drug [101]. This translates into a constant rate of leakage in vivo, with a
significant shorter circulation time compared to more stable TSL formulations [101, 102].
Nowadays, other examples of TSLs are trying to find an optimal balance between ultra-fast
drug release and optimal stability at physiological conditions. For instance, PEG-based TSL without
lysolipid or cholesterol showed promising results when applied in co-administration with mild-HT
[103, 104]. Other examples concern the usage of detergents (e.g., Brij78) as alternatives of lysolipid
in so-called HaT (Heat-activated cytoToxic) TSL formulation [105]. More recently, novel TSL based
on the key lipid component 1,2-dipalmitoyl-sn-gylcero-3-phospho-di-glycerol (DPPG2, Tm=39.7 °C)

were investigated in terms of heat-triggered release and in vivo application. An ultra-fast drug release
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was observed from DPPGz-based TSL (PG2-TSL) formed by DPPC/DSPC/DPPG, 50:20:30
(mol:mol), whereas an improved stability was observed in vitro when compared to LTSL [106]. The
incorporation of a certain percentage of DPPG2 in a DPPC/DSPC bilayer was found to be effective
and to successfully prolong the circulation time of particles similarly to PEG polymers [107].
Furthermore, blood components (e.g., serum proteins) and their interaction with membrane bilayer
were found to play a crucial role in enabling heat-triggered release from PG>-TSL at HT condition
(Figure 3B, II) [108]. Gemcitabine (dFdC)-loaded PG2-TSL in combination with mild-HT were able
to successfully improve therapeutic outcome in tumor-bearing rats when compared to naked-dFdC or
NT control [109]. In a similar study, DOX-loaded PG,-TSLs were compared to Doxil®, LTSL and
non liposomal DOX unveiling improvements in the overall DOX tumor enrichment [110].
Remarkably, PG,-TSL-DOX showed excellent compatibility and positive therapeutic outcome in cats

with spontaneous locally advanced soft tissue sarcoma [111].

2.2.4 Hyperthermia and TSL as drug delivery strategy

Besides being the underlying trigger mechanism of thermosensitive liposomes, local mild HT
induces essential changes in TME. Several studies showed a significant enhancement in therapeutic
outcome whenever chemotherapy is administrated in combination with regional HT. Heat-induced
effects in the tumor area can be divided into two primary levels: microscopic and macroscopic. At
macroscopic level, an increase in temperature is usually associated with enhanced blood flow and
oxygenation, vasodilation and a more permeable endothelium [112, 113]. Hence, uptake of materials
such as small molecules, macromolecules and liposomes circulating in the bloodstream and their
extravasation in tumor interstitium is facilitated whenever HT is applied [114-116]. At microscopic
level, HT induces several changes in cell membrane and intracellular pathways, with an increase in
cell membrane permeability, inhibition of DNA repair mechanism, release of heat-shock proteins
(HSP), expression of surface molecules as major histocompatibility complex (MHC) class I, direct
activation of dendritic cells (DC) and T-cell population cross-talking [117, 118]. Due to the vast
spectrum of HT-induced effects in the tumor area, potential synergistic effects in combination with
chemotherapeutics are to be expected. In pre-clinical settings, DOX co-administrated in combination
with regional heat enhanced antitumor response [119]. Issels and Lindner brought significant
contributions to the field due to their study with neoadjuvant chemotherapy and local HT in sarcoma
patients [120]. Patients treated with chemotherapy in the form of etoposide, ifosfamide and DOX in
combination with HT showed improved response rate (28.8 vs. 12.7 %) in comparison with
chemotherapy alone. More recently, long term outcomes of chemotherapy plus HT treatment were

assessed in a follow-up study with a duration of more than 11 years showing the improved response
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is associated with higher survival, when compared to chemotherapy alone (52.6 % vs. 42.7 %,

respectively) [121].

healthy tissue tumor tissue
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External active targeting with TSL
intravascular drug release in combination with mild-HT

Figure 4 Schematic representation of tumor-targeting approach by thermosensitive liposomes in combmatlon with HT.

TSLs freely circulate in the bloodstream after intravenous administration, with potential leakage of encapsulated core in relation to
formulation stability (1). Vesicles reach tumor vessels, which are brought to mild-HT temperature via an external device (41-43 °C)
(2). Intravascular heat-triggered drug release (3) with a high concentration peak in tumor vessels. Drug extravasation and tumor tissue
penetration driven by concentration gradient (4). Focus on TSL stability at physiological condition and intravascular heat-triggered
release is shown in the panels on the right.

In the case of TSL chemotherapy, adjuvant HT triggers liposomal solid gel-liquid crystalline
phase transition, while above mentioned additional effects provide further benefit in terms of drug
biodistribution. Figure 4 shows an overview of tumor-targeting concept utilizing TSL in combination
with mild-HT. TSLs distributing in the body via the bloodstream will reach tumor vessels where HT
triggers targeted release leading to a high peak concentration of bioavailable drugs at vasculature
level (intravascular drug release). Released drugs extravasate towards the tumor interstitium driven
by concentration gradient and are immediately available to be taken up by cancer cells [122] (Figure
4). Transport of drugs via TSL and heat-triggered release upon HT significantly improved a
homogeneous distribution of the drug in the tumor volume and increased penetration depth from
vessels when compared to free drug [123]. Different methods are currently well established in clinical
practice to induce HT in patients, such as radiofrequency (RF) applicators and recirculation systems
[124-127]. Next-generation devices such as magnetic-resonance guided high intensity focused
ultrasound (MR-HIFU) are presently emerging to improve potential shortcomings such as limited
penetration depth as well as spatial accuracy [128].
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2.3 Dual tumor-targeting approach

2.3.1 Cationic TSL

Exploiting affinity of targets highly expressed in cancer cells or in tumor vasculature with
specific ligands is a valid strategy to increase potential targeting of functionalized materials. Tumor
endothelial cells (TECs) are shown to regulate important aspects of tumor progression such as
metastases, oxygen and nutrients supply, angiogenesis, vascularization, T-cell adhesion and
recruitment, co-inflammatory and immunosuppressive cytokine production [129-131]. Thus, tumor
vasculature targeting with functionalized material should be pursued as a potential strategy to
overcome biological barriers and improve anti-cancer therapy [132, 133]. As mentioned above,
liposomes can be functionalized with moieties to increase the specificity of liposomal binding to
tumor vasculature and interstitium. Anti-angiogenetic therapy mediated via antibody-connected
immuno-liposomes achieved promising results in vasculature targeting [134-136]. The same strategy
can be further broadened to TSL, promoting a new attractive concept termed dual targeting. In recent
years, TSLs were developed also for binding selectively epidermal growth factor receptors such as
EGFR, HER2, CD13 and folate receptors showing promising results in vitro and in vivo [137-140].
It is important to notice that particles engineered for vascular targeting do not rely on the EPR effect,
hence, do not need to extravasate for an efficient accumulation in the tumor, increasing their potential

impact in tumors where EPR is poorly observed [141].

a) active targeting b) binding ¢) uptake d) intracellula/extra- e) API intracellular
celluar drug release available

NT (37 °C) NT (37 °C) ~ NT (37°0) HT (41-43 °C) HT (41-43 °C)

Figure 5 Schematic representation of CTSL tumor-targeting approach in combination with focused HT.

Cationic TSLs circulate in the bloodstream and accumulate in tumor vasculature by means of electrostatic interaction with over-
expressed negatively charged membrane proteins (a, b). After binding, nanoparticles are usually internalized in tumor endothelial cells
(c). Regional HT focused on tumor area triggers drug-release from endothelium associated CTSL, inducing a high concentration of
drug at intracellular level (dual targeting approach) (d, e).
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Positively charged nanoparticles also showed to target inflammatory sites and angiogenic
vessels after systemic administration [142, 143]. The main underlying mechanism for cationic particle
accumulation in tumor vessels seems to be related to an atypical phenotype expressed by TECs and
cancer cells such as an aberrant number of negatively charged membrane proteins, creating an ideal
platform for cationic nanoparticle interactions [144, 145]. Several cationic liposome formulations
were tested in pre-clinical settings, showing promising results in inhibiting tumor vascular growth
[146-150]. In the current project, a novel concept of dual tumor targeting was investigated by
combining the targeting potential of cationic liposomes in combination with the heat-triggered release
capability of the TSL delivery platform. By using cationic thermosensitive liposomes (CTSL), the
heat-triggered release effect in conjunction with the active targeting approach driven by cationic
nanoparticles was investigated to potentially release a higher amount of payload directly to TECs
(Figure 5).

2.3.2 Potential disadvantages of sterically stabilized liposomes in targeting

approach

Polymers as PEG are responsible for increasing steric hindrance on particles and creating a
mechanical repulsion, with therefore less interaction with opsonins and other serum proteins
responsible for particle clearance via the MPS [151-153]. However, several shortcomings were
recently reported about PEG polymers, underlying potential limitations of its broad applications.
Firstly, PEG-coated nanoparticles or macromolecules have shown to produce anti-PEG antibodies
(Abs) after repetitive injections [154]. These Abs were found to belong mainly to the IgM class and,
once present, sharply reduced circulation properties of PEGylated materials by increasing
elimination, in a process termed accelerated blood clearance [155]. More critically, throughout the
last decades, an increasing trend of pre-existing PEG Abs was reported in healthy blood donors, from
a 0.2 % incidence rate in 1984 to 42 % in 2015 [156, 157]. Besides promoting specific IgM Abs, PEG
was also correlated to other immunological responses such as complement activation-related pseudo-
allergy, which may further broaden potential concern for clinical use of PEGylated-based therapeutics
[158]. Secondly, repulsion of serum proteins and lipoproteins is the underlying mechanism of
prolonged circulation of PEG-containing particles. However, this might create issues on the targeting
approach due to high steric hindrance of the polymer chains, reducing the chance for a successful
liposome-cell interaction. In fact, if on the one side PEG can successfully enhance circulation time,
on the other side it might hinder targeting efficiency, in case the formulation is designed for such an
aim [159, 160]. Recent findings reported incorporation of DSPE-PEGa2000 (Chemical structure in
Figure 6) in different kind of functionalized liposomes to decrease potential liposome-cell interactions

and, thus, hamper deliver efficiency of encapsulated compounds [161-163]. Thirdly, PEG-containing

13



Background

liposomes were observed to hinder endosomal escape after particle uptake, a key step in order to
release bioavailable drug. These interferences are caused by inhibition of endosomes membrane
fusion together with endocytosed particles due to PEG shielding [164, 165].

In conclusion, these effects are raising awareness for potential limitations of PEG in clinical
practice, generally addressed in different reviews as the “PEG dilemma” [166]. Hence, liposomal
targeting might benefit from the development of other type of TSLs, where the primary mechanism
for prolonged circulation relies on a different mean. Due to the absence of PEG grafted ontp
liposome’s surface, PG2-based TSLs (DPPG2 chemical structure shown in Figure 6) might provide a

new and exciting alternative for a dual targeting approach in combination with mild-HT.
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Figure 6 Chemical structure of DSPE-PEG2000 (a) and DPPG: (b).

The main difference between the two phospholipids is related to the headgroup size, which is significantly smaller in case of DPPG2
(148 vs. 2000 Da). Therefore, DPPGz2 is more capable of forming lamellar structure and can be incorporated up to 70 mol% in liposomes
bilayer, whereas DSPE-PEG is limited to a maximal amount of 10 mol% due to its critical micelle concentration (0.5-1.0 uM) [107,
167].
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2.4 Cancer immunotherapy

2.4.1 Fundamentals of cancer immunotherapy

Cancer immunotherapy has recently gained a central role in the treatment of different kinds
of malignancies [168]. Substantial contributions to this therapy approach were brought from a broad
range of compounds and recent studies, focusing on the generation of a robust and durable immune
response towards cancer cells. Several types of strategies are currently used in clinical practice, as i)
monoclonal antibodies, ii) non-specific immunotherapies, iii) oncolytic viruses, iv) T-cell therapy,
and v) cancer vaccines [169]. Non-specific immunotherapies consist of administration of cytokines
as interferons (IFN) or interleukins (IL) for the treatment of different diseases. Currently, IFN-y
(Actimmune®) and IL-2 (Aldesleukin®) are approved for the treatment of chronic granulomatous
disease and metastatic melanoma, respectively [170, 171]. However, severe immune-related adverse
effects (irAE) are observed during administration, especially in case of the acute regime of IL-2,
which is usually associated with capillarity leak syndrome, flu-like symptoms, tachycardia, and
extreme fatigue [172].

Pioneers Allison and Honjo significantly contributed to the field in parallel but independent
works, laying the foundation of modern cancer immunotherapy and awarding a Nobel prize in
medicine for their efforts [173]. Their research focused on the possibility to block checkpoint
signaling mediated by cytotoxic T-cell lymphocyte-associate protein 4 (CTLA-4) and programmed
cell death 1 (PD-1) on cancer cells with specific Abs resulting in improved T-cell-mediated immune-
response [174, 175]. Subsequently, several monoclonal Abs were designed as ipilimumab (Yervoy®),
pembrolizumab (Keytruda®) and nivolumab (Opdivo®), which are currently approved for different
cancer treatments [176-178]. A fascinating novel approach is based on in vitro functionalization of
patients T-cells with chimeric antigen receptors (CAR) able to recognize specific tumor-associated
antigens. Engineered CAR-T-cells are then administrated in the patients via infusion [179]. A first
CAR-T received FDA-approval in 2017 (Yescarta™) for non-Hodgkin lymphoma, quickly followed
by a second (Kymriah™) in the same year [180]. However, serval clinical trials are undergoing which
might increase the portfolio of available CAR-T therapies in the near future [181-183].

2.4.2 Cancer vaccine & immunoadjuvants

Besides various checkpoint inhibitors and CAR-T therapies already used in clinical practice,
cancer “vaccines” hold great promises. This new breakthrough immunotherapy strategies exploit
direct administration of potent immune-response modifiers (IRMs) in the TME, in an attempt to
modulate immune-tolerance towards an active immune-response [184]. It has been demonstrated that

cancer vaccines loaded with tumor-associated antigens (TAAS) are able to induce antigen-specific
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immunities against tumors, rather than non-specific immunological responses triggered by other
methods such as the checkpoint-blockade therapy [16]. However, although the administration of
tumor-specific peptides or proteins has been reported to induce an immunogenic response towards
TAA, the large heterogeneity of patients strongly hampered their clinical applications [185]. On the
other side, whole cancer vaccines made by tumor lysates showed limitations in terms of process
scalability and insufficient therapeutic response [186]. IRMs approach consists in activating DCs by
specific cytokines, with capability of the latter to be antigen-presenting cells, migrate in close-reach
tumor-draining lymph nodes and trigger maturation of cytotoxic T lymphocytes and memory T cells.
These drugs act mainly on the innate immunity by activating specific intracellular pathways such as
IRF3, STAT3, STING, NF«B, and NLRP3 inducing pro-inflammatory signals [187-190]. Due to their
main effect, these compounds are generally referred to as immunoadjuvants (IAVS). IRMs
specifically bind pathogen recognition receptors (PRRs), a large family of receptors which function
is to recognize pathogen-associated molecular patterns (PAMPS), a crucial step for the activation of
the innate immunity [191]. PAMPs represent a host’s first line of defense against infections by
association with bacteria and virus material, such as lipopolysaccharides (LPS), endotoxins and
nucleic acid variants. Additionally, damages-associated molecular patterns (DAMPS) as cytosolic
self-DNA released from apoptotic cells is also recognizable via these means, generating an immune
response against a potential insult [192]. PAMPs recognition by PRRs triggers above mentioned
intracellular pathways, with a fast and robust response mediated via cytokine production of IFNs and
different ILs [193].

Nowadays, different PRRs like retinoic acid-inducible gene receptors, cyclic guanosine
monophosphate-adenosine monophosphate synthase, and nucleotide-binding oligomerization
domain-containing protein 1 receptors are known and their functions are fully characterized [194].
Among these, toll-like receptors (TLRs) were shown to play a crucial role in enhancing the immune-
response towards bacteria, viruses or tumor cells. TLRs are a large family of proteins mainly
expressed by immune cells from innate immunity [195]. So far, 13 members of the TLRs superfamily
have been characterized, even though TLR-11, 12 and 13 were found only in rodents and not in
humans [196]. TLRs are type | transmembrane glycoproteins formed by an ectodomain with leucine-
rich repeats (LRR), a transmembrane domain and a cytoplasmatic region equipped with a
Toll/interleukin-1 receptor (TIR) domain [197]. Generally, localization of each TLRs, as well as
structures and functions, are highly conserved among mammalians with comparable effects observed
upon activation [198]. TLR-4 was the first TLR to be characterized in mammals and later used as a
main comparison to identify other TLRs by similarity in structure and function [199]. TLR-4 and
TLR-2 are present on cell membranes and recognize LPS and microbial lipopeptides, respectively.

TLR-1 and TLR-6 are conjugated with TLR-2 forming heterophilic dimers and helping to
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discriminate between diacyl or triacyl lipopeptides. TLR-7, TLR-8 and TLR-9 are present at
endosomal level and are essential for the detection of non-viral sSRNA (TLR-7,8) and CpG DNA
(TLR-9), whereas in the same location TLR-3 binds viral dsSRNA [200]. Upon PAMPs or DAMPs
binding at LRRs region, TRLs undergo conformational changes making cytoplasmatic domain TIR
available for adapter proteins such as MyD88, TRIF, TIRAP/Mal, TRAM [201]. The generation of
these signalosomes promote kinase signaling cascades with common downstream activation of
transcription factors like NF-xB, IRF and AP-1. The complex signaling cascade is strongly regulated
by tyrosine kinases, ubiquitination and glycosylation process which hamper or hinder activation of
the pathways mentioned above [202].

In cancer therapy, TRLs are usually described to have pleiotropic dynamic effects leading to
either tumorigenic or anti-tumor outcomes in relation to different contest, and thereby they have been
referred as a “double-edged sword” [203]. In fact, for some tumor types, TLR-4, TLR-2 and TLR-3
signaling were associated with chemoresistance, increased angiogenesis, and proliferation.
Overexpression of specific TLRs was also associated with clinicopathological features of tumors
[204, 205]. On the other side, several pre-clinical and clinical studies confirmed the apparent
effectiveness of TLR-4, TLR-7, TLR-8, and TLR-9 stimulation, with a strong anti-tumor effect
mainly mediated by DCs and yé T-cells activation [206, 207]. Cancer type, route of administration
(e.g., local vs. systemic therapy), kind of TLRs involved as well as potential cooperative stimulation
are essential factors to be evaluated to forecast the outcome of TLRs activation [208, 209].

2.4.3 Imidazoquinolines as TLR agonists

Currently, several agonists for TLR-7, TLR-8, and TLR-9 are now either approved for cancer
treatments or undergoing clinical investigations [210]. In the 1980s, synthetic novel
imidazoquinolines compounds were found to have high specificity for TLR7 and TLR-8 [211].
Imiquimod (R837, chemical structure in Figure 7), a TLR-7 agonist, was the first FDA-approved IAV
(Aldara®) for topical treatment of genital warts, superficial basal cell carcinoma (BCC) and actinic
keratosis [212]. In a phase Il study, topical application of Aldara® resulted in a significant
histological clearance rate of 82 % in patients affected by BCC [213]. Remarkably, R837s positive
response was also observed in other types of skin cancers such as breast cancer skin metastases and
cutaneous T-cell lymphoma (CTCL), whereas a liquid formulation (Vesimune™) is currently tested
in a phase Il study for non-invasive bladder cancer [214, 215]. The primary mechanism of R837
activity is related to the recruitment of tumor-infiltrating T-helper cells mediated by activation of
plasmacytoid DCs (pDCs) and macrophages via cytokine production (IFN-a, IL-6 and tumor necrosis
factor (TNF) a) [216].
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Resiquimod (R848), is an R837 analog with a 2-hydroxy-2-methylpropyl at N1 instead of 2-
methylpropyl and an extra ethoxy-methyl chain connected at C-2 (Figure 7). R848 shows some
advantages in comparison to R837, leading to a 40 % higher potency when compared to the latter
[217, 218]. Administration of TLR-7,8 agonists have been investigated in animal models and humans
using different dosages and administration routes. In all cases activation and proliferation of DCs,
monocytes ad macrophages were demonstrated, accompanied by the production of cytokines and
chemokines such as TNF-a, IL-1, IL-6, IFN-y and 1L-12 [217, 219]. Additionally, TLR-7,8 have been
described to activate B-cell memory activation, creating a platform for long-lasting immunological
protection, a valid help against tumor relapse [220, 221]. When applied topically, R848 induces
secretion of various interleukins, interferons, and TNFo by monocytes, macrophages, and peripheral
blood mononuclear cells present in the treated area. This treatment has led to significant therapeutic
effects in patients affected by various superficial cancers (squamous and basal cell carcinomas) [222,
223]. Remarkably, R848 was recently described to remodel tumor and host responses to promote
survival in pancreatic cancer in pre-clinical settings [224]. Furthermore, in a recent phase | study,
topical R848 was found to be effective in patients affected by CTCL [225]. However, systemic
administration therapies resulted in a lower efficiency and were more prone to fail, due to TLR
tolerance after multiple injections [226, 227]. Besides, a fast clearance is usually observed after
systemic administration, with transient and reversible side effects such as neutropenia and flu-like
symptoms [228, 229]. Nowadays, several novel TLR agonists are facing clinical trials for solid tumor
cancer therapy, either as single therapy or in combination with immune-check point blockade [230,
231]. In these clinical investigations, these compounds are generally intratumorally (i.t.)
administrated, with potential limitations related to inhomogeneous tumor biodistribution, deep-seated
tumors and patient compliance.

IAVs application might benefit from delivery with specific carriers to circumvent tolerance
induction, improve toxicity profile and possibly increase tumor targeting. Recent studies already
confirmed the usefulness to formulate TLR-7,8 in nanoparticles or liposomes. In a 2013 survey,
liposomal R848 was found to be effective against Leishmania donovani in a murine model,
confirming the effectiveness of TLR agonists systemic therapy against parasites [232]. More recently,
R848 formulated in nanoparticles (NPs) was used to target lymph nodes in mice in order to stimulate
dendritic cells and macrophages. The study was a proof of concept for R848 to help and improve an
antitumor immune response [233]. Remarkably, Chen and coworkers designed a novel approach by
combining nanoparticles containing TLR-7 in combination with photothermal therapy and immune
checkpoint inhibitors for the treatment of different types of cancers [234]. The combinational
treatment promoted an “in situ” cancer vaccine with the generation of a strong immune response not

only effective against primary tumors but also on artificial metastases and re-challenges. Similar
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therapeutic response was observed when NPs formed by B-cyclodextrins encapsulating R848 were

tested in a murine model of colorectal adenocarcinoma [235].

HaC
imiquimod resiquimod
(R837) (R848)

Figure 7 Chemical structure of imiquimod (R837) and resiquimod (R848).

Imidazoquinoline compounds with higher potency were found to contain a short alkyl chain at the C-2 position and a short hydroxyalkyl
chain at N-1 (192). R848 modification at N-1 and C-2 increased potency in PBMC when compared to R837 and considerably changed
physicochemical properties of the molecule. The addition of hydroxy groups provides an improved hydrophilicity in comparison to
R837 (the latter non-water soluble) and, thus, a higher compatibility with the liposomal delivery system.

2.4.4 Cold & hot tumors

Cancer immunotherapy is currently the first line of treatment for renal cell carcinoma,
melanoma, lung cancer and triple-negative breast cancer [236]. Clear advantage in using immune
therapeutics is the possibility to generate an immune response which acts not only against primary
tumors but also against metastases (abscopal effect) and recurrence (long-lasting immune memory)
[237, 238]. However, not all cancer types respond to immuno-therapy approaches, and in such cases,
more conventional methods should be considered. Recent findings reported a correlation between
tumor mutational burden (TMB) and immunotherapy effectiveness, unveiling a better outcome for
cancer with higher TMB [239]. Nowadays, the TMB as well as the number of infiltrating immune
cells (immunoscore, 1S) are important tools for patient screening and, thus, improve therapy response
[240]. The IS score is a standardized and validated system to define the amount of CD3* and CD8"
cells at the tumor center and margin. IS ranges from 10 (low density of immune cells in both locations)
to 114 (high density of immune cells in both areas) and defines other essential parameters such as
tumor stage and basal inflammation [241]. Tumors characterized by a low IS are defined as “cold”
tumors and low response is expected with checkpoint blockade, whereas a better response is usually
observed in case of inflamed “hot” tumors with high IS [242]. Hence, “cold” tumors are currently a
therapeutic challenge for immunotherapy approaches [243].

Mild-HT application modulates TME and induces activation of immune cells in the heated
areas by improving tumor cell recognition and killing. The effects are mainly driven by extra-cellular
release of HSP-70 or exosomes, overexpression of MHC-1 class on DC cells, modulation of T-cells
trafficking, potential cancer cell apoptosis depending on the magnitude of applied heat dose [117,
244]. Combinational treatment together with 1AVs is expected to further enhance immune response,

even though little information is currently available in literature. Also, improved IAVs tumor
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targeting via specific delivery systems as TSLs, which rely on heat for triggered release, would further
broaden the potential synergistic effect in combination with mild-HT to stimulate immune response.
Hence, a synergistic 3-factor system consisting of mild-HT, heat-triggered, local release and 1AVs
might define a possible strategy to improve tumor T-cell infiltration and basal inflammation,

overcoming current limitations in cold tumors immunotherapy.
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2.5 Objective of the thesis

The main focus of the thesis is the design, investigation, and characterization of novel heat-
triggered liposomal nanosystems based on DPPG: phospholipid, for local targeted release of
chemotherapeutics and IAVs. The thesis is formed by two main parts. In the first part, the optimal
drug delivery system is identified among screening of different TSL formulations and targeting
strategies (e.g., dual targeting vs. intravascular drug release). In the second part, the most promising
delivery strategy was selected to assess feasibility for IAV delivery, laying the foundation for
immuno-cancer therapy approach with TSL technology.

1. Here, the feasibility of heat-triggered release in combination with the active targeting approach
driven by cationic nanoparticles was investigated to potentially release a higher amount of
payload directly to tumor vasculature. A novel DPPG-based cationic TSL formulation (PGo-
CTSL) was designed and tested in comparison to PEG-based cationic TSLs to highlight possible
advantages in using DPPG: against PEG in terms of cell binding and DOX delivery efficiency.
To unveil whether dual targeting mediated via cationic TSL in combination with regional HT
improves overall DOX delivery efficiency in comparison to conventional TSL strategy,
previously reported DPPG»-/ and PEG-based anionic TSLs were also enrolled in the study. For
all (C)TSLs, stability at physiological temperature and DOX-release rate at HT was assessed in
vitro by fluorometry. Cancer cell targeting capability and effect of protein adsorption was
evaluated looking at liposome-cell interactions via fluorescence microscopy. DOX
pharmacokinetic (PK) profiles were assessed in vivo after intravenous injection (i.v.) in rats.
(C)TSL-DOX biodistribution (BD) was evaluated in tumor-bearing animals in combination with

regional HT to assess DOX enrichment in tumors and exposure to related organs.

2. Motivated by promising recent findings in cancer immunotherapy, the aim of this study was the
design of a novel DPPG2-based TSL for heat-triggered release of 1AVs. In clinical trials,
immunotherapies with novel and potent 1AVs is usually performed via intratumoral injection,
with potential limitations due to inhomogeneous API distribution and poor patient compliance.
Additionally, systemic administration of IAVs such as R848 showed different side effects and it
is usually associated with poor therapeutic efficacy. Hence, our goal was to define a strategy to
stably encapsulate R848 in DPPG2-TSL and control the release exclusively via mild HT. Active
and passive loading were tested for R848 loading into TSLs. Additionally, it has already been
proven that HT can modulate TME and immune cell activation. Thereby, synergistic effects
between R848 and HT in stimulating immune cells to target and kill cancer cells were

investigated. Different cancer cell lines were screened (BN175, SKOV-3) and their
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immunogenicity tested in vitro in presence of human peripheral blood mononuclear cells
(PBMCs) activated with R848 with or without mild HT. Finally, the recently developed DPPG-
TSL-R848 formulation was tested in vivo and PK profile compared to non-liposomal R848 to

assessed improvements in circulation property.



Materials & Methods

3 Materials & Methods

3.1 Chemicals and kits

DPPG> was provided by Thermosome GmbH (Planegg, Germany). DPPC and DSPC were
purchased from Corden Pharma Switzerland LLC (Liestal, Switzerland). DSPE-PEG:ooo,
phosphatidyl-ethanolamine-dioleoyl-sulforhodamine B (Rho-PE) and 1,2-dipalmitoyl-sn-glycero-3-
phospho-ethanolamine-N-(7-nitro-2-1,3 benzoxadiazol-4-yl (NBD-PE) were obtained from Avanti
Polar Lipids (Alabaster, Alabama, USA). Cationic lipids as 1,2-dimyristoyl-3-trimethylammonium-
propane (DMTAP), 1,2-dipalmitoyl-3-trimethylammonium-propane (DPTAP), 1,2-stearoyl-3-
trimethylammonium-propane (DSTAP) and 3B-[N-(N',N'-dimethylaminoethane)-carbamoyl]-
cholesterol (DC-Chol) were also acquired from Avanti Polar Lipids. DOX was acquired from Puren
Pharma GmbH & Co. KG (Munchen, Germany). R848 and R837 in powder form were purchased
from Enzo Life Sciences (Lorrach, Germany) and TCI chemical Deutschland (Eschborn, Germany).
Fetal calf serum (FCS) and Collagen G were provided by Biochrom AG (Berlin, Germany). Cell
tracker green CMFDA, Lysotracker Red 99, and Hoechst 33342 were purchased from Thermofisher
Scientific (Waltham, Massachusetts, USA). ELISA kit for SC5b-9 and certified human serum for
complement activation were acquired from TecoMedical (Sissach, Switzerland). ELISA kit for
human cytokine analysis (nTNF-a and hIL-6) were obtained from ThermoFisher, whereas ELISA for
rat cytokine analysis (rTNF-o and rIL-6) were acquired from Sigma Aldrich GmbH (Minchen,
Germany). Protein quantification kit DC™ protein assay was obtained from Bio-Rad (Hercules,
California, USA). Density gradient medium (Lymphoprep™) for isolation of mononuclear cells was
from Stemcell Technologies (Vancouver, Canada). Activated caspase 3 and secondary Alexa Fluor
™ 594 antibodies were acquired from Bio-Techne GmbH (Wiesbaden, Germany) and ThermoFisher,
respectively. TACS® 2 TdT in situ apoptosis detection kit was from Trevigen (Gaithersburg,
Maryland, USA). All other chemicals used were obtained either from Sigma Aldrich GmbH
(Minchen, Germany) or Carl Roth GmbH (Karlsruhe, Germany). All buffers and solutions used in
the study were prepared with deionized and purified water from the ultrapure water system (Milli Q

Advantage, Merck Millipore, Darmstadt, Germany).
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3.2 Liposome preparation

3.2.1 Lipid film hydration and extrusion

Liposomes were prepared by lipid film hydration and extrusion method [107]. Briefly, lipids
were weighted and dissolved in CHCIls/MeOH solution (9:1, v/v). Organic solvent was removed under
vacuum using a rotary evaporator (Laborota 4001, Heidolph Instruments GmbH, Schwabach,
Germany), allowing lipids to form a homogenous dry lipid film. The lipid film was hydrated with
appropriate buffer or solutions in relation to specific purposes (refer to section 3.3 for API loading)
for 10 min at 60 °C. Obtained multilamellar vesicles (MLVs) were extruded though polycarbonate
membranes (Whatman® Nucleopore Tracked-Etched Membrane, Sigma Aldrich GmbH, Miinchen)
using a high-pressure extruder (Lipex™ Thermobarrel Extruder, Northern Lipids Inc., Burnaby,
Canada) also set at 60 °C. High pressure extrusion of MLV resulted in small unilamellar vesicles
(SUV), which were stored at 2-8 °C until further steps (e.g., API active loading). All liposomes used
to assess vascular targeting (refer to section 4.1) were extruded 5 times through 200 nm and 5 times
through 100 nm polycarbonate filters. Additionally, exclusively for cationic TSL, pre-extrusion
through 600 nm and 400 nm was performed before downsizing liposomes through 200 and 100 nm
filters. Liposomes used for R848 loading (refer to 4.2) were extruded 10 times though 200 nm

membrane filters.

3.2.2 Incorporation of fluorescent-labeled lipid

For targeting investigation in vitro, fluorescently-labeled cationic and anionic liposomes were
used. Hence, a certain percentage of either Rho-PE (0.1 mol%) or NBD-PE (0.3 mol%) in chloroform
solution was spiked in the lipid mixture. Lipid film was hydrated with HEPES-buffered saline (HBS)
pH 7.4 using the same above reported condition for hydration (10-15 min at 60 °C). After extrusion,

liposomes were stored in the fridge at 2-8 °C until use.
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3.3 APIs loading and fluorophore incorporation in TSLs bilayer

3.3.1 Passive loading

R848 stock solution was formed by solubilizing the powder with acetate buffer 40 mM pH
5.2 with 5 % ethanol at a final concentration of 3.19 mM (1 mg/ml). Gentle mixing at 37 °C for 20-
30 min was required to induce full API solubilization. R848 solution was aliquoted in test tubes (1
ml each) and at - 20 °C until use. For passive loading, a lipid film was hydrated with 3.19 mM R848
solution in the medium mentioned above for 10-15 min at 60 °C. Unencapsulated R848 was separated
by size exclusion chromatography (PD-10 columns, GE Healthcare, Miinchen, Germany) against
HEPES-buffered saline (HBS) pH 7.4. General settings of passive loading experiments are shown in
Table 1.

Table 1. R848 passive loading method conditions.

Hydration R848 (mM) Lipid concentration = Condition hydration R848/lipid
volume (ml) (mM) (mol:mol)
2 3.19 32 10-15 min 60 °C 0.1

3.3.2 Active (remote) API loading

Remote loading of DOX and R848 in pre-formed liposomes was performed via gradient
method already published with minor modifications [37, 245]. Transmembrane proton (H") or
ammonium (NH4*) gradients were established by buffer exchange via PD-10 column equilibrated in

specific extra-liposomal buffer, as described in Table 2.

Table 2 DOX and R848 active loading conditions.

Intra-liposomal Extra-liposomal Loading Drug/lipid
API - . - .
medium medium condition (mol:mol)
240 mM (NH4)2S04 37°C/1h
DOX HBS pH 7.8 . 0.05
pH 5.4 (38 °C/1 h)
300 mM (NH4),S04 HBS pH 5.2/ 37°C/lh 0.1/02
pH 5.4 HBS pH 6.4 30°C/8 h o
300 mM (NH4),HPO,4 HBS pH 5.2/
R848 30°C/8h 0.1/0.2
pH 7.4 HBS pH 6.4
300 mM Citrate pH 4 HBS pH 6.4 37°C/1h 0.2

*These conditions were used exclusively for the active loading of DOX in cationic TSLs.
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In all loading experiments, lipid concentration was adjusted at a final lipid concentration of
3 mM, whereas DOX and R848 amount were adjusted accordingly to the desired drug/lipid ratio.
Encapsulation was performed for the desired time and temperatures as described in loading conditions
(Table 2) in a thermoshaker (Eppendorf GmbH, Hamburg, Germany). For fluorescent drugs, loading
in liposomes decreases overall fluorescence intensity due to self-quenching, in a fashion highly
dependent on concentration and physical properties of the fluorophore. The encapsulation was
monitored by assessing fluorescence intensity of samples over time (DOX: ExX/Em 470/555 nm;
R848: Ex/Em 260/270 nm) via fluorometer (Cary Eclipse, Varian Inc., Palo Alto, California, USA).
Batches were cooled at 2-8 °C for 10-15 min and liposomes concentrated via centrifugation (Avanti-
J26XP, Beckman Coulter, Krefeld, Germany) at 75,600 x g for 60 min at 10 °C. Supernatant was
discarded and liposomal pellet resuspended in specific buffer (DOX: HBS pH 7.4; R848: HBS pH
7.4 or cryoprotectant-containing buffer as described in section 4.2.2.7). For cationic non-PEG
containing liposomes, filter centrifugation via Amicon Filter 10K (Merck-Millipore, Darmstadt,
Germany) was preferred to remove unentrapped DOX and concentrate liposomes after DOX active
loading (4,000 x g for 20 min at 10 °C, repeated 3 to 5 times until desired concentration was obtained).
Finally, for all CTSLs, a gel chromatography was performed to remove potential remaining non-

liposomal DOX.
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3.4 Liposome characterization

3.4.1 Dynamic light scattering

Hydrodynamic diameter (Z-average), PDI and (-potential ((-POT) were measured by dynamic
light scattering (DLS) using Zeta Sizer Nano ZS (Malvern Instruments, Worcestershire, UK). Size
and PDI were measured after diluting (C)TSLs in saline (NaCl 0.9 %, 1:50 dilution v/v) at room
temperature (RT). {-POT of (C)TSLs was measured either in saline or 20 mM HEPES buffer without
saline (HEPES pH 7.4).

3.4.2 Lipid determination

Lipid quantification was assessed via phosphorus content adapted from a published method
[246]. A 1 g/L phosphate solution (phosphate standard, Merck, Darmstadt, Germany) was used to
create a calibration standards in the range of 0.2 to 0.9 mM for linear regression. Liposomes were
diluted in NaCl 0.9 % in specific concentration range accordingly to calibration range. Standards and
samples were transferred to glass test tubes (Duran®, Mainz, Germany) and oxidation of the organic
lipids was carried out by the addition of sulfuric acid and perchloric acid at 300 °C for 2 h, in order
to generate inorganic phosphate. The addition of ammonium heptamolybdate formed a complex
detectable at 660 nm via spectrophotometry (Beckmann DU 640, Beckman Coulter GmbH, Krefeld,
Germany).

Lipids were also analyzed qualitatively and quantitatively via high-performance liquid

chromatography (HPLC), the method used is reported in section 3.8.4.

3.4.3 Fatty acids and lyso-lipid determination

Lipid composition in TSL formulations and generation of lipid-degradation products during
storage were assessed via HPLC-CAD or thin-layer chromatography (TLC). In the latter case, a
previously described method was used [106]. Briefly, 1,500 nmol of lipids in the form of TSLs were
disrupted with 1 ml of NaCl 0.9 % and 2 ml of CHCI3/MeOH 1:1 (v/v). Mixture was vortexed and
phase separation achieved via centrifugation (3,100 x g, 10 min, RT). The underneath organic phase
was transferred to fresh tubes and fully dried under nitrogen stream at 40 °C. Residue was re-dissolved
in 100 pL CHCIs/MeOH 9/1 (v/v) and 1.2 pl of such solution spotted onto a TLC-plate (Silica 60,
Merck, Darmstadt, Germany). Plates were placed in TLC-chamber equilibrated with
CHCI3/MeOH/CH3COOH/H,0O 100:60:10:5 (molar ratio) allowing lipids/lyso-lipids separation
during the run. So-performed chromatography was able to separate lysolipids, phosphocholines (PC;
DPPC & DSPC), DPPG2 and DSPE-PEG2o00. A standard was always used to check chromatography
efficiency. At the end of the run, plates were dried and stained with molybdenum spray, as reported
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elsewhere [247]. Since molybdenum spray reacts with phosphate groups, only phospholipids can be
detected by this mean. Cationic lipids do not present a phosphate headgroups, hence an alternative
staining was used for cationic-based TSLs. In this case, plates were stained with a solution of 10 %
CuSOg4 (wt:wt) in 8 % H3PO4 [248]. After drying, heat was required to induce chemical reaction and
thus generate dark spots on the chromatogram in relation to lipids retentions. However, due to artifacts
generated during heating on the chromatogram area this method was exclusively used to qualitatively
detect cationic lipid presence and not to perform densitometric analysis.

Lipid degradation products as fatty acids were also quantified via HPLC-CAD method as
reported in 3.8.4.

3.4.4 Osmolality

To assess the osmolality of hydration solutions, buffers and final TSLs, a vapor pressure
osmometer (Vapro 5600, Wescor Inc., Logan, Utah, USA) was used. Standard solutions with different
osmolalities (100 mmol/kg, 290 mmol/kg and 1,000 mmol/kg) were used to calibrate the device prior
usage. After the calibration, 10 pl of sample was pipetted on a specific filter unit and osmolality

assessed.

3.4.5 Differential Scanning calorimetry

Differential scanning calorimetry (DSC) was performed with freshly prepared batches after
API loading to assess Tm of different TSL formulations. All tested liposomal samples were
concentrated via spin columns (Amicon filters 30K, Merck-Millipore, Darmstadt, Germany).
Concentrated liposome suspension (20 pl, lipid range 40-55 mM) was transferred into aluminium
pans and measured on a Mettler Toledo DSC 821e (Mettler Toledo, Giessen, Germany). All samples
were scanned with 1 °C/min heating rate from 20 to 60 °C.

3.4.6 Cryo-TEM

Cryo-transmission electron microscopy (Cryo-TEM) was performed (Mrs. Sabine Barnert,
Pharmaceutical Technology and Biopharmaceutics, Albert-Ludwigs-University Freiburg, Germany)
using a method reported elsewhere [249]. TSLs were diluted in HBS pH 7.4 to final lipid
concentration of 10 mM. About 3 pl of liposomes suspension was placed on 400 x 100 mesh
Quantifoil® S7/2 holey carbon film on copper grids. The paper was snap-frozen into liquid ethane
(Kryogen, 90K) and transferred into the TEM (120 keV). Images were taken with an amplified camera
at magnifications from 6,300x-12,500x.
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3.4.7 Short-term storage stability study

3.4.7.1 DOX loaded TSL at 2-8 °C

Cationic and anionic liposomes subjected of DOX loading were subsequently stored at 2-8 °C
and vesicle size & size distribution , DOX leakage and lipid degradation products assessed weekly in
a 30 days investigation. Size, PDI & (-POT were assessed as described in section 3.4.1. DOX leakage

was investigated via fluorescence spectroscopy and lipid hydrolysis via TLC method.

3.4.7.2 R848-loaded TSL at 2-8 °C and -20 °C

Similar to above reported investigation for DOX-loaded TSL, DPPG,-TSL-R848 storage
stability was also performed in a 30 days investigation. In this case, storage at fridge condition (2-
8 °C) or frozen condition (- 20 °C) where both assessed and compared. TSL physical properties were
monitored weekly via DSL analysis (section 3.4.1), R848 leakage and lipid degradation products

were both assessed via HPLC analysis (method reported in section 3.8.3).
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3.5 API determination and encapsulation efficiency
3.5.1 DOX

DOX quantification in TSLs was assessed via either fluorescence spectroscopy or HPLC. In
the case of fluorometry, calibration standards of DOX in H20 were used (calibration range: 0-1.13
uUM). DOX-loaded TSLs were diluted in HBS pH 7.4 to the calibration range, Doxil® liposomes were
also used in the assay to control method quality. All samples and standards were further diluted in
Triton X-100 10 % (1:11, v/v) and placed in a thermoshaker at 45 °C for 15 min in order to ensure
full liposome disruption. Thereafter, DOX fluorescence intensity was assessed in samples after
diluting them 1:151 (v/v) in HBS pH 7.4 (DOX Ex/Em 470/555 nm) (Cary Eclipse, Varian Inc.). For
DOX HPLC method, refer to section 3.8.1.

3.5.2 R848
R848 was detected via the HPLC method described in section 3.8.3.

3.5.3 Encapsulation efficiency

Final encapsulation efficiency (EE) is expressed as a percentage and it is calculated by using

the following formula:
EE (%) = (D/L)finai / (D/L)initiat * 100 Equation 1

where D/Lsinal is the drug/lipid molar ratio after the loading and separation process whereas D/Linitial
is the initial drug/lipid molar ratio at the beginning of the loading process.
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3.6 Temperature-dependent drug release

3.6.1 DOX-loaded TSLs

For temperature-dependent DOX release profiles, loaded TSLs were diluted in HBS pH 7.4
(1:4, viv) and further diluted in fetal calf serum (FCS) 1:10 (v/v). 20 ul of the liposome suspension
was placed in a pre-heated thermoshaker set at different temperatures ranging from 37 °C to 45 °C,
to reach target temperature in few seconds. Incubation was carried out either for 5 min (37-45 °C) or
for 1 h (37 °C and 42 °C) with mild-shaking (750 rpm). After incubation, release was stopped by
adding 1 ml of ice-cold HBS pH 7.4. DOX release was measured by fluorescence spectroscopy
(ExX/Em 470/555 nm). Fluorescence intensity for 100 % release (l.) was obtained after incubation of
a sample with 10 % Triton X-100 (1:2, v/v) for 15 min at 45 °C. Percentage of DOX released was

calculated as follows:
DOX (%) = (It°c - IrT)/(l - IrT) * 100 Equation 2

where It ¢ is the fluorescence intensity after incubation for the time at a specific temperature and Irt
is the fluorescence baseline when the sample is incubated at RT for 5 min.

3.6.2 R848-loaded TSLs

Heat-triggered release of R848 from DPPG2-based TSL was assessed by adapting a previously
published method used for dFdC [109]. Briefly, R848-loaded TSLs were diluted in either FCS or
HBS pH 7.4 1:12 (v/v) with a final volume of 120 pl. TSLs were incubated either for 5 min (37-
45°C) or 1 h (37 and 42 °C) in a thermoshaker under mild-shaking (750 rpm). To assess 100 %
content (), TSL were diluted 1:2 in either FCS or HBS pH 7.4 (according to what matrix was used
in the investigation), and 20 ul of so-diluted liposomes were mixed 1:2 (v/v) with 10 % Triton X-100
(45 °C, 15 min). The incubation was immediately stopped by placing the samples in an ice-water
mixture and by adding 200 pl of ice-cold HBS pH 5.2 buffer (280 pl for Triton samples). Samples
were stored in the fridge at 2-8°C until released-R848 fractions were separated from liposomal-R848
using centrifugal filter units (Amicon Filter 30K, Merck Millipore, Darmstadt, Germany). All filter
units were previously passivated with 5 % Triton X-100 overnight. The whole sample volume
(300 ul) was loaded into the filter unit and centrifuged at 14,000 x g for 10 min at 10 °C. The filtrates
were collected and stored at - 20 °C until HPLC measurement (section 3.8.3). Percentage of release

was calculated using Equation 2.
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3.7 Time-dependent drug release

3.7.1 DOX-loaded TSLs

Kinetics of release were assessed for DOX-loaded liposomes using an already published
method [106]. TSLs were diluted 1:4 (v/v) in HBS pH 7.4, 20 pl of the liposomes suspension was
then transferred in pre-heated and stirred FCS (1:151, v/v) at desired temperature in a range between
37 and 42 °C. Release kinetics were investigated by measuring change in fluorescence intensity over
60 min time span with 2 to 4 min assessment rate. To evaluate 100 %-release, TSLs were diluted in
Triton X-100 (1:2, v/v) and liposomes disruption conducted for 15 min at 45 °C in a thermoshaker.
The reaction was stopped by addition of HBS pH 7.3 (1:2, v/v). 20 pl of this solution was added in
parallel to each probe samples to assess maximum fluorescence intensity at the specific temperature
range. DOX release was assessed over time by using the above reported formula (Equation 2). Release
rate at 41 and 42 °C was fit through an exponential one-phase association and rate constant (K)

assessed for the first 300 s.

3.7.2 R848-loaded TSLs

Release kinetics of R848 from TSL was assessed using the same method as described above
for the temperature-dependent release profile (section 3.6). In this case, release kinetics were assessed
at 37 and 42 °C for specific time intervals (5, 10, 20, 30, 40 and 60 min), either in FCS or HBS. At
mentioned time points, samples were removed from the thermoshaker and immediately cooled on
water-ice mixture. All samples were run through passivated centrifugal filters (Amicon filters 30K)
to separate the released fraction of R848 from the liposomal one. Filtrates were collected and stored
at — 20 °C until HPLC measurement (refer to section 3.8.3). R848 release rate at 37 and 42 °C was fit
through an exponential one-phase association and rate constant (K) assessed for 60 min of R848

release.
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3.8 High-performance liquid chromatography (HPLC)

3.8.1 HPLC DOX determination in aqueous, plasma and cell lysate matrices
DOX HPLC analysis was carried out via a Waters HPLC system equipped with 510 HPLC
pumps, 717plus autosampler and a 470 fluorescence detector. DOX and internal standard (DAU)
were eluted using a Kinetex® C18 (250 x 4.6 mm, 5 um, 125 A) equipped with C18 pre-column
(Phenomenex Ltd., Torrance, California, USA), whit Ex/Em at 480 and 560 nm, respectively. HPLC
analysis was performed with a mobile phase A formed of 120 mM KH2PO4 pH 5.5 and acetonitrile
(ACN) 74:26 (v/v), and a mobile phase B consisting of 70 % ACN in H,O. DOX and DAU were
separated via isocratic elution with 100 % mobile phase A, whereas a gradient towards 100 % B was
rapidly applied around min 7 to flush the column. The flow rate was set at 0.4 ml/min whereas column
oven was raised up to 30 °C, total time run was 25 min. A representative chromatogram obtained

with above described condition is shown in Figure 8.
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Figure 8 Representative chromatogram obtained after injection of DOX and DAU in mobile phase.
DOX elution peak was assessed at ~ 2.4 min (relative retention time, RRT: 1.00) whereas internal standard DAU elutes ~ 4.3 min
(RRT: 1.79)..

For buffer, plasma and cell-culture samples an organic solvent extraction via ACN
precipitation was performed, respectively. Liposomes were diluted in HBS pH 7.4 1:50 and 1:100
(v/v), whereas samples from cell culture were pre-treated in order to ensure cell disruption and thus
ease DOX extraction (refer to section 3.10.5 for full protocol description). Calibration standards were
created with DOX in H20 ranging from 2.5 to 10 pg/ml. Samples and standards were placed in fresh
tubes (50 ul) and a DAU was added as internal standard (50 ul of a 10 pg/ml solution). Organic
solvent extraction was performed by adding 600 pl of ACN and mixing all samples vigorously in a
thermoshaker (1,000 rpm) for 10 min at RT. Thereafter, samples were centrifuged (20,000 x g, 10

min, RT), supernatant collected and dried under nitrogen stream at 40 °C. Residues were resolved
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with 1 ml of mobile phase (120 mM K>HPO4/ ACN 74/26, v/v) and injected in the HPLC system
(200 pl injection volume).

3.8.2 HPLC DOX determination in tissue

For DOX analysis in e.g., full blood, organs and tumors a solid-phase extraction (SPE) sample

preparation method was applied.

For DOX detection in rat full blood, DAU was added to 100 ul of sample and mixed with
MeOH (1:11, v/v). Full liposomes disruption was conducted for 10 min in a thermoshaker set at
1,000 rpm and RT. Samples were diluted in H20 and centrifuged (14,000 x g, 16 min, RT) Thereafter,
STRATA-X columns (Phenomenex Ltd., Torrance, California, USA) were mounted in a 24-position
vacuum manifold (Phenomenex Ltd., Torrance, California, USA) and conditioned with 2 ml of
MeOH and subsequent 2 ml of H,O (SPE setup shown in Figure 9). Supernatants collected after
centrifugation were added to the columns and interactions with SPE cartridge was allowed. Columns
were washed with separate water/MeOH solutions at increased MeOH concentrations (10, 20 and
30 %). Next, DOX was eluted with 2 % formic acid in MeOH. Vacuum was applied to completely
elute the entrapped DOX. Organic solvent was removed under nitrogen flushing at 40 °C and the dry
pellet was resuspended in mobile phase prior to HPLC analysis.

For tissue, samples were cut in small pieces (~ 100 mg) and placed in 2 ml Eppendorf tubes.
Internal standard (100 pl DAU, 5 pg/ml), 500 pl of H2O and 1,100 ml of MeOH were added. Tissue
was homogenized in a TissueLyser (30 Hz, 4 x 4 min) (Qiagen GmbH, Hilden, Germany), thereafter
200 pl of 33 % AgNO3 (wt/wt) was added to the mixture and samples immediately cooled on ice for
10 min. At the end of the incubation time, samples were centrifuged at 20,000 x g for 16 min at RT,
supernatant collected and used for SPE extraction as reported above. Depending on the matrix,
calibration standards were created by spiking DOX either in blood or liver tissue covering a range

between 2.5 to 33.3 pg/ml and 0.5 to 10 pg/ml, respectively.
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Figure 9 SPE manifold setup.
The manifold allows the position of 24 SPE columns, vacuum is generated via a pump connected to the glass chamber.

3.8.3 HPLC R848 in aqueous and plasma samples

R848 HPLC analysis was carried out on a Scientific Ultimate 3000 HPLC system equipped
with a diode-array detector (DAD) (ThermoFisher, Dionex™), a Kinetex® C18 column (250 x
4.6 mm, 5 um, 125 A) equipped with a C18 pre-column (Phenomenex Ltd., Torrance, California,
USA) and a detection wavelength of 242 nm. Elution of both R848 and R837 was performed using a
mobile phase A of 100 mM ammonium acetate buffer pH 4and ACN 85:15 (v/v), and a mobile phase
B consisting of 30 % ACN in H20. A gradient elution was established starting with A at 85 % and
decreasing gradually to 50 % in the initial 3 min after sample injection. Flow rate was adjusted at
0.5 ml/min whereas column oven was set at 35 °C, total run was 12 min. Typical chromatogram

obtained with above described condition is shown in Figure 10.
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Figure 10 Representative chromatogram obtained after injection of R848 and R837 in mobile phase.
R848 elution peak is ~ 4.5 min (relative retention time, RRT: 1.00) whereas internal standard R837 elutes ~ 5.7 min (RRT 1.27).

An extraction process based on ACN precipitation was developed, similar to the method used

for DOX extraction from aqueous matrices (refer to section 3.8.1). Briefly, 50 pl of probe was
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transferred in a fresh test tube and 10 ul of R837 (263 pg/ml) was added as internal standard. For
R848 quantification in liposomal suspension, a pre-dilution of TSL in HBS pH 7.4 (1:30 and
1:60, v/v) was performed. Extraction was carried out by the addition of 560 pl of ACN to the solution
and samples vigorously agitated in a thermoshaker at 1,000 rpm for 10 min at RT. Samples were
centrifuged (2,000 x g, 10 min, RT) and supernatant transferred in fresh test tubes. Drying step was
performed under nitrogen flow at 40 °C, residues were resuspended in 450 pl of mobile phase (acetate
buffer pH 4/ACN 85/15, v/v). Samples were injected in the HPLC system via automated sampler with
50 ul injection volume. According to the type of matrix, calibration samples were created by spiking

R848 in either HBS pH 5.2, FCS or rat plasma covering a range between 5 to 100 pg/ml.

3.8.4 Lipid & fatty acid quantification via HPLC-CAD

Lipids were also analyzed qualitatively and quantitatively via high-performance liquid
chromatography (HPLC, Scientific Dionex™ Ultimate, 3000) equipped with a charged aerosol
detector (CAD Corona Veo) (ThermoFisher, Waltham, Massachusetts, USA). Chromatographic
separation was carried out with an Xbridge® Phenyl column (150 mm x 2.1 mm, 3.5 pm, 130 A) and
a Xbridge® BEH Phenyl V-Gd as pre-column (Waters, Milford, Massachusetts). Lipids solubilized
in MeOH were used as standard, creating a quadratic calibration curve for DPPC, DSPC and DPPG;
ranging from 116 to 513 pM. Liposomes were diluted in water in accordance to the calibration range
and directly injected (5 ul injection volume). Phospholipids separation was achieved via a mobile
phase A formed by 100 mM ammonium acetate pH 6 and 100 % MeOH as mobile phase B. Isocratic
elution was performed with an initial 90 % of mobile phase A, whereas at 10 min after injection a
rapid gradient up to 100 % A was applied to flush the column after elution of the analytes. Flow rate
was adjusted at 0.4 ml/min whereas column oven was set at 35 °C, total run required 25 min. A
representative chromatogram of phospholipids separation obtained with above described condition is
shown in Figure 11.

HPLC-CAD was also used to assess lyso-lipid and fatty acid content potentially generated
after loading procedures and during prolonged storage. Calibration standards were created by spiking
different concentrations of palmitic and stearic acids in MeOH (96-1,000 uM range). Liposomal
samples were diluted in H20 1.20 (v/v) and injected in the HPLC with 5 pl injection volume. Same
mobile phases A and B above reported for phospholipids elution were also used in this method.
However, the gradient applied was slightly different, with an initial 65% A and a gradual increase to
100 % A in 22 min. Flow rate was set at 0.4 ml/min whereas column oven was 35 °C, total run

required 33 min.
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Figure 11 Representative chromatogram obtained after injection DPPG2, DSPC and DPPC.
Phospholipids in MeOH. Elution peaks of DPPG2, DPPC and DSPC were detected at ~ 3.7, ~ 6.2 and ~ 10 min retention time,
respectively.
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3.9 Protein corona

3.9.1 Protein corona liposomes

Protein adsorption of liposomes was assessed by adapting a method described in Palchetti et
al [250]. Briefly, 25 mM of (C)TSLs were incubated in pre-centrifuged FCS (75,600 x g, 10 °C, 1 h)
for 1 h at 37 °C in a thermoshaker with mild shaking (450 rpm). Liposomes with respective protein
corona (P-(C)TSL) were separated from serum pool via centrifugation for 1 h at 75,600 x g.
Supernatant was discarded and liposome pellet washed with HBS pH 7.4 three times. Finally, pellet
was resuspended in HBS pH 7.4 buffer and P-(C)TSLs physicochemical properties assessed (e.g.,
DLS, ¢-POT).

3.9.2 Protein quantification

Protein amount was assessed via DC™ protein quantification kit using manufacturer
instruction and bovine serum albumin (BSA) as standard. Protein corona liposomes were diluted 1:5
or 1:10 in NaCl 0.9 %, whereas full FCS tested as positive control was usually diluted 1:80 and 1:100
(v/v) to meet calibration range. Liposomes w/o protein corona and buffer systems were also tested to

assess potential background signals generated from the assay.

3.9.3 Gel electrophoresis

About ~ 20 nmol of protein corona TSLs obtained after purification via centrifugation was
subjected to gel electrophoresis and silver staining. In brief, a 10 % acrylamide sodium dodecyl
sulfate (SDS) gel was run and fixed for 20 min in 50:5:45 (v/v/v) MeOH/CH3COOH/H.0, followed
by sensitization in 200 mg/ml sodium thiosulfate for 1 min. Next, the gel was incubated for 20 min
in a 1 mg/ml AgNOs solution in 0.03 % formalin. Finally, the color was developed in 20 mg/mi
NaHCOzin 0.04 % paraformaldehyde (PFA) and the reaction was stopped by 5 % CH3COOH.
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3.10 In vitro cell work packages

3.10.1 Cell culture

Rat soft tissue sarcoma cell line (BN175) syngeneic to Brown Norway rats was provided by
Timo ten Hagen, Erasmus MC, Rotterdam. Human umbilical vein endothelial cells (HUVECs) were
generated from pooled donors and they were kindly provided by the Department of Pharmaceutical
Biology, Faculty of Chemistry and Pharmacy, Ludwig-Maximilians Universitat (LMU), Minchen
(originally acquired from PromoCell GmbH, Heidelberg, Germany). Human ovarian serous
cystadenocarcinoma (SKOV-3) were purchased from ATCC (Manassas, Virginia, USA). Peripheral
blood mononuclear cells (PBMCs) were separated in-house via Lymphoprep™ (Stemcell
Technologies, Vancouver, Canada) gradient from healthy donors (refer to section 3.10.9). Specific

culturing conditions for each cell line are shown in Table 3.

Table 3 Cell culturing conditions.

. . FCS heat Trypsin/EDTA .
Cell line Medium Supplement . . ) Coating
inactivated  (concentration)

RPMI 1640 medium, NaHCO3
buffered, with L-glutamine 10 % FCS

BN175 . ; No 0.05 % No

(Biochrom AG, Berlin, 1 % pen/strep

Germany)

) ) ) Yes /50
Easy Cellovation Medium Supplement mix -
. - . . Hg/m
HUVEC (Pelo Biotech, Martinsried, included in No 0.25 %
) ) Collagen G
Germany) medium kit .
in PBS

McCoy 5A medium, with
10 % FCS

SKOV-3 NaHCOzand No 0.05 % No
) . ) 1 % pen/strep
L-glutamine (Sigma Aldrich)

RPMI 1640 medium. NaHCO3

) Yes (30 min
buffered, with stable 10 % FCS )
PBMC ) ] at57 °Cin / No
glutamine (Biochrom AG, 1 % pen/strep
) water bath)
Berlin, Germany)

pen/strep = penicillin & streptomycin. FCS = fetal calf serum

All cell lines were cultured at 37 °C in a humidified atmosphere at 5 % CO». Adherent cells
were passaged when 80-90 % confluency was reached. Fast replicating cells as BN175 and HEK-293
were subcultured with a 1:10 ratio and usually passaged every third day, whereas HUVEC and

SKOV-3 were usually divided every 4 to 5 days with a 1:4 or 1:6 ratio. For hyperthermic experiments,
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cells were sealed in plastic wrap and placed on 41 °C (HT) water bath for 1 h. Water temperature was
constantly checked via temperature probe in the nearby of plate position. Corresponding
normothermic treatment (NT, 37 °C) was performed in the same condition by setting the water
temperature to 37 °C. During HT or NT treatments, cell culture medium was replaced with a HEPES-
based buffer system medium (RPMI 1640 HEPES-buffered), when possible. Depending on the type

of experiment, either full supplemented medium or non-FCS containing medium was used.

3.10.2 Fluorescence microscopy on fixed cells
3.10.2.1 Cationic TSL targeting

Cells were seeded in chamber slides (Nunc™ Lab-Tek™ 11, 1-well/slide, ThermoFisher) at a
final concentration of 5 x 10° cells/well and incubated for 24 h to adhere. Cells were incubated with
CMFDA 10 uM in serum-free media for 30 min, thereafter cells were washed and incubated with 1.1
mM Rho-labeled (C)TSLs (corresponding to the amount of lipids required to deliver roughly 50 uM
of DOX in liposomal form) in serum-free media. Liposomes were let to interact with cells for 1 h,
then unbound fractions were removed and cells washed three times with serum-free media. Hoechst
5 ug/ml was applied on cells prior to fixation with PFA 4 % for a total time of 10 min. Chambers
were removed and slides covered with mounting medium and coverslips. Slides were stored at 2-8
°C until fluorescence imaging performed using a Zeiss laser scanning confocal microscope (LSM
510, Zeiss, Germany). Rho-PE fluorescence was detected by 488 nm Argon laser and CMFDA was
monitored by a 543 nm Helium-Neon laser, whereas a Neon laser at 364 nm was used to evaluate
Hoechst fluorescence. Images (1,808 x 1,808 pixels, 63x/1.4 Oil DIC objective) were analyzed using
Zeiss LSM image software (Zeiss, Germany).

3.10.2.2 Immunofluorescence microscopy

Cells were seeded in chamber slides (Nunc™ Lab-Tek™ 11, 4-well/slide, ThermoFisher) at
final concentration of 1 x 10° cells/well and incubated for 24 h to adhere. Freshly purified PBMCs
were added to each well at final ratio of cancer cell/PBMC 1:10. R848 at final concentration of 10
MM was added to co-cultured cancer cells, whereas control groups received medium. Incubation was
performed at 37 °C in the incubator for 72 h. Subsequently, cells were washed with phosphate-
buffered saline (PBS) and fixed via PFA 4 %. TUNEL assay was performed via TACS® 2 TdT in situ
apoptosis detection kit, following manufacture”s instruction. Next, slides were washed carefully with
PBS, a 10 pug/ml solution of anti-caspase 3 antibody (rabbit antihuman) was added to each slides and
incubation carried out at 2-8 °C overnight. Slides were rinsed twice with PBS, Alexa Fluor ™ 594
secondary antibody (goat anti-rabbit) at 1 pg/ml was added to each slide for 30 min at RT. Slides

were washed three times with PBS and covered with mounting medium and coverslips. Fluorescence
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microscopy was performed using a Leica wide-field microscope provided with Optigrid technology.
Images (696 x 520 pixels, 60x/1.4 Oil objective) were performed using Leica LAS X image software
(Leica, Germany).

3.10.3 Live-settings fluorescence microscopy
3.10.3.1 Cationic TSL targeting

Live-cell fluorescence imaging on BN175 and HUVEC was performed using lysotracker and
NBD-labeled (C)TSLs. In a parallel experiment, DOX was also imaged in cell compartments after
incubation with unlabeled DOX-loaded (C)TSLs, after NT and HT treatments. In both experiments,
cells were seeded in a glass inserted chamber slide (u-Dish 35 mm, Ibidi, Germany) and let adhere
for 24 h. Cells were either incubated with NBD-labeled (C)TSL or DOX-loaded (C)TSLs (1.1 mM
final lipid concentration, serum-free media) for 1 h at 37 °C. In case of NBD-labeled liposomes,
Lysotracker red 99 was added after the first 30 min at a final concentration of 0.5 pM. At the end of
the incubation time, cells were washed three times with serum-free media and incubated with Hoechst
(5 png/ml; 5 min). Cells were washed again, placed in FCS-containing media and fluorescence
microscopy was performed (NT time point). Thereafter, chambers were placed in a water bath set at
41 °C and fluorescence imaged again after 1 h (HT time point). Live-cell microscopy was performed
using a Leica wide-field microscope provided with Optigrid technology. Images in live settings
(696 x 520 pixels, 60x/1.4 Qil objective) were acquired using Leica LAS X image software (Leica,

Germany).

3.10.3.2 Live cell imaging on immune and cancer cells

Live cell fluorescence imaging on PBMC and SKOV-3 cancer cell was performed using lyso-
tracker and NBD-labeled DPPG,-TSL (DPPC/DSPC/DPPG,, 50/20/30 mol:mol), with similar
settings as above reported (3.10.3.1). Briefly, SKOV-3 and PBMC were seeded at 1 x 10° and 5 x 10°
cells/well, respectively, in glass inserted chamber slide (u-Dish 35 mm, Ibidi, Germany). After 24 h
incubation, NBD-labeled DPPG,-TSL were added at final concentration of 0.5 mM (final lipid
concentration, serum free media) for 1 h at 37 °C. Lysotracker red 99 was added after the first 30 min
incubation at a final concentration of 0.5 uM. At the end of the incubation, cells were washed three
times with PBS and imaged immediately in live settings with Leica wide-field microscope (696 x 520
pixels, 60x/1.4 Oil objective).

In case of live imaging of cancer and immune cells in co-culture, SKOV-3 were seeded at 1 X
10° cells/well in glass inserted chamber slide (u-Dish 35 mm, Ibidi, Germany). The day after, PBMC
were added to the same chamber at final ratio of SKOV-3/PBMC 1:10. Cells were imaged in live

41



Materials & Methods

settings the next day via bright-field (Leica wide-field microscope, 696 x 520 pixels, 60x/1.4 Qil
objective).

3.10.4 Fluorescence-activated cell sorting (FACS)

Binding efficiency of (C)TSLs to cells was measured by FACS analysis and fluorescence
imaging using Rho-labeled liposomes. Cells were seeded at 3 x 10° cells/well in 6-well plates and
incubated for 24 h. (C)TSLs were added at final lipid concentration of 1.1 mM in serum-free media.
After 1 h incubation at 37 °C, cells were washed three times with serum-free media and manually
scraped in the presence of 500 ul PBS per well. FACSCalibur 111 (Beckton Dickinson, New Jersey,
USA) was used to sort cells using Iso-PE channel for 10,000 events. 25 mM NBD-labeled (C)TSL
liposomes were incubated in full rat blood (1:12 dilution, v/v) collected in Li-heparin microvette and
placed in thermoshaker at 37 °C for 1 h at mild shaking (450 rpm). Subsequently, 500 pl of blood
were diluted in 1 ml Red Blood Cell Lysing Buffer Hybri-Max™ (Sigma Aldrich) and erythrocytes
lysed using manufacturer instruction. Briefly, samples were incubated at RT in a thermoshaker for
10 min with mild-shaking (450 rpm) and centrifuged at 500 x g for 5 min at 10 min. Supernatant was
discarded and 1 ml fresh lysis buffer was added, repeating incubation time as previously described.
The resulting leukocytes were washed two times with PBS and resuspended in 500 pl PBS. FACS
analysis was carried out with FACSCalibur 111, monocyte, lymphocyte and granulocyte populations

were gated by forward and side scatters and sorted via isoFITC channel for 10,000 events.

3.10.5 Recovery of API after incubation

DOX delivery efficacy by using anionic and cationic TSLs was assessed by evaluating the
DOX amount in cells after liposome incubation. Briefly, cells were seeded in 6-well plate at 5 x 10°
cells/well. After 24 h, cells were incubated with 50 or 100 uM of free DOX or liposomal DOX.
Incubation was carried out for 1 h at 37 °C in serum-free media. After washing cells three times,
serum-containing media was added and NT and HT treatments applied for 1 h, as described above.
Then, medium was removed and cells trypsinized and pelleted down in 1.5 ml Eppendorf tubes at
2,000 x g for 10 min at RT. Cells were resuspended in lysis buffer (1 % Triton X-100, 0.1 % SDS,
150 mM NaCl, 20 mM TRIS, pH 7.4) and placed on ice for 30 min. Samples were sonicated for 1 min
in ice with a probe sonicator, centrifuged (2,000 x g, 10 min, RT) and stored at - 20 °C until DOX
HPLC analysis (refer to section 3.8.1).

3.10.6 In vitro toxicity of DOX-loaded (C)TSLs

Cells were seeded in 96-well plate at 5 x 10 cells/well in a total volume of 200 pl. Cells were
incubated with different concentrations of liposomal DOX ranging from 0.37 uM to 100 uM. After
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1 h incubation at 37 °C, cells were washed and fresh serum-containing media was added. Plates were
either placed inside the incubator at 37 °C (NT treatment) or in a water bath set at 41 °C (HT
treatment), for 1 h and then inside the incubator at 37 °C for 3 days. Toxicity of DOX-loaded (C)TSLs

incubation was assessed by performing Sulforhodamine B (SRB), as reported in section 3.10.8.1.

3.10.7 Hemocompatibility

Hemocompatibility was investigated in vitro assessing complement activation magnitude in
human serum incubated with (C)TSLs. Anionic and cationic liposomes were incubated for 15 min
with normal human serum (1:12, v/v) and complement activation assessed via SC5b-9 ELISA test.
Zymosan A (10 mg/ml in NaCl 0.9 %) and HEPES buffer pH 7.4 were used in the assay as positive

and negative control, respectively.

3.10.8 Cell-viability assay

3.10.8.1 Sulforhodamine B assay (SRB)

Cell viability was measured by SRB assay by assessing total protein amount [251]. Cells were
fixed with trichloroacetic acid 1 % and placed in the fridge at least for 1 h. Cell monolayer was washed
under gentle water flow and solution of SRB 5 % was added in each well. After 20 min, cells were
rinsed carefully with acetic acid solution 1 % to remove unbound dye. Plates were dried at either
60 °C for 3 h or 37 °C over night. 100 ul of 10 mM Tris solution (pH 10.5) was added to each well
and plates gently stirred on an orbital shaker for 10 min to solubilize the protein-bound dye.

Absorbance was quantified via a microplate reader at 450 nm.

3.10.8.2 WST-1 assay

WST-1 (F. Hoffman-La Roche, Basel, Switzerland) was added to a final 1:10 dilution (v/v)
per each well. Plates were placed back in the incubator to allow colorimetric reaction. Absorbance
was quantified after 3 h incubation time via a microplate reader at 450 nm.

3.10.9 PBMC purifications

Fresh blood from healthy donors was used to obtain PBMCs by using a method reported
elsewhere [252]. In brief, blood was diluted 1:2 (v/v) with PBS and placed carefully on an equal
volume of Lymphoprep™ in a 50 ml Falcon tube, paying attention to form two distinct phases.
Gradient centrifugation was performed at 800 x g for 20 min at RT. PBMCs at interphase between

plasma and the gradient were carefully collected and transferred in fresh Falcon tubes. Cells were
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washed twice with PBS 1:20 (v/v) and centrifugation at 450 x g for 10 min at RT. Finally, PBMCs

were seeded in either 24-well plates or 96-well plates for experimental procedures.

3.10.10 In vitro cytokines detection by enzyme-linked immunosorbent assay
(ELISA)

Freshly isolated PBMCs were seeded at final concentration of 1 x 10° cells per well in a 24-
well plate or at final concentration of 1 x 10° cells in 96-well plate. Induction of cytokines was carried
out via incubation with R848 (naked-R848 or liposomal-R848) at different concentration or with LPS
(1 pg/ml, positive control). Stimulation with 1AVs was conducted either for 1 h or 24 h, whereas
cytokines were always assessed in cell supernatant after 24 h. In case of 1 h incubation, cells were
washed via centrifugation at the end of the incubation time (450 x g, 10 min, RT) and placed back in
the same well with fresh medium. Hyperthermic or normothermic treatments were performed in
accordance as described in section 3.10. Supernatant samples were loaded onto ELISA wells and
assay was carried out following the manufacturer’s instructions. In parallel experiments, human
PBMCs were seeded in 96-well plate at 10 x 10° cells/well in a total volume of 200 pl. Cells were
incubated either with R848 or RPMI medium (negative controls). Cell proliferation was assessed via
WST-1 assay at different incubation time (24, 48, 72, 120 and 168 h) (refer to section 3.10.8.2).

3.10.11 1AV toxicity & immune-mediated cancer cell killing in vitro

Cancer cells (BN175 or SKOV-3) were seeded in 96-well plate at 5 x 103 cell/well density.
Cells were let rest for 24 h and R848 was then added at different concentrations ranging from 0.1 to
100 pM. Incubation was prolonged for 24 and 72 h, in both cases hyperthermic or normothermic
treatments were performed in accordance as described in section 3.10. At the end of incubation time,
cell viability was evaluated via SRB assay as reported in section 3.10.8, 3.10.8.1. To assess immune
cell killing of cancer cells, a co-culture method was developed. Briefly, SKOV-3 cells were seeded
at 5 x 10° cells/well in a 96-well plate. Cells were let adhere for 24 h, thereafter PBMCs (50 x 10°
cells/well) were added to create a 1:10 ratio cancer cells/PBMCs. On the same day, R848 was added
at different concentrations ranging from 0.1 t0100 UM, whereas negative controls were treated with
simple medium. Hyperthermia or normothermia was applied immediately after IAVs incubation for
1 h (refer to section 3.10). Plates were placed back in the incubator at 37 °C and cell viability assessed
via SRB assay after 72 h (refer to section 3.10.8.1).

3.11 In vivo work packages

Animal experiments were performed according to protocols approved by the responsible
authority (Regierung of Oberbayern, Az. ROB. 55.2-2532.Vet 02-17-208 and Az. ROB. 55.2-
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2532.Vet_02-18-61). Brown Norway rats were acquired from Charles River GmbH (Sulzfeld,
Germany) and housed with max 4 animals per cage with free access to autoclaved chow (Ssniff
Spezialdidten GmbH, Soest, Germany) and water. Day/night cycle was set at 12 h rate with RT
monitored at 21 °C. A sitting-in of at least 7 days was permitted after animal arrivals before starting
the experiments. For in vivo experiments, animals were placed under anaesthesia (5 % isoflurane for
induction and 2 % for maintenance) (Forene®, Abbott GmbH & Co. KG, Wiesbaden, Germany) and
1.5-2.0 I/min of Oz. Physiological body temperature was preserved via a heat-mattress set at 37.5 °C,
warm gloves and a blanket if required. Rats were medicated with metamizole (Vetaglin®, Intervet
Deutschland GmbH, Unterschleiheim, Germany) and meloxicam (Metacam®, Boehringer Ingelheim
Pharma GmbH & Co. KG, Ingelheim am Rhein, Germany) at 100 mg/kg s.c. and 0.05 mg/kg s.c.,
respectively. For BD studies, buprenorphine at a final dosage of 0.05 mg/kg was also administrated
before starting the experiment. Animal euthanasia was performed via intracardiac administration of
300 mg/kg pentobarbital (Release®, WDT GmbH, Garbsen, Germany).

3.11.1 Pharmacokinetic studies

Brown Norway rats were kept under appropriate conditions as reported above until
experimental procedures. Drugs in solution or formulated in TSLs were injected via a catheter
implanted in the tail vein, after injection catheter was flushed with 200 ul of physiological saline.
Blood or plasma samples were generated at 0, 2, 10, 30, 60 and 120 min via incision of the tail with
a scalpel and collected in Li-heparin microvette (Sarstedt, Nimbrecht, Germany). To assess DOX
circulation half-life, full blood was transferred in 1.5 ml Eppendorf tubes from the microvette system
and then frozen at - 20 °C until HPLC analysis (refer to section 3.8.2 ). For R848, blood was
immediately centrifuged (4,000 x g, 10 min, RT) and plasma collected and stored at - 20 °C until
HPLC analysis (refer to section 3.8.3). The blood or plasma concentration of DOX or R848,
respectively, were fitted using a mono-exponential function (Equation 3) or bi-phasic exponential
function (Equation 4):

c(t) = c(0) e K™ Equation 3

c(t) = ¢(0) * e ™ + ¢(0) * e~ Equation 4

where c(t) is drug concentration in the blood/plasma at time t (min) after i.v. administration and k is
the constant rate of elimination. The area under the curve (AUC) was calculated by integrating the

exponential fit from 0 to 120 min while half-life (t,) was assessed with the following formula:

to=1In (0.5)/k Equation 5
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3.11.2 Biodistribution

DOX organs/tumor distribution was assessed in tumor-bearing rats in combination with
regional mild-HT. BN175 cells were cultured as described and 1.5 x 10° total cells were inoculated
in the left and right hind flanks. Tumor growth was monitored each second day and volume assessed
using the ellipsoid volume formula (Equation 5):

V=a*b*c*(n/6) Equation 6

where a, b and ¢ are length, width and height, respectively. When tumors reached a 0.5 cm?® volume,
they were excised and cut in small pieces, creating tumor fragments. The latter were inserted
subcutaneously in both right and left hind legs in rats. Tumor growth was monitored each second day
and rats were enrolled in the study when tumor volume reaches a threshold size of 0.5 cm? (8-11 days
after implantation). One of the tumors received HT (41 °C, 1 h) via cold-light lamp (Photonic P12000,
Photonic Optics, Vienna, Austria), whereas the second tumor on the opposite side was kept at
physiologic temperature. HT-tumor temperature was measured invasively using an internal probe,
whereas body temperature was monitored via rectal probe. (C)TSL-DOX i.v. injection via tail vein
catheter was performed as soon as HT-tumor temperature of 41 °C was reached. Liposomes were let
circulate for 1 h while HT-tumor temperature was kept between 41 and 42 °C. At the end of HT
application, rats were medicated with 30 mg/kg pentobarbital intracardial to ensure deep state
anaesthesia while isoflurane was increase to 5 %. Whole-body perfusion was performed by opening
the thorax and exposing the heart. The right atrium was cut while saline was continuously flushed via
the left ventricle in the body (~ 60 ml). Organs and tumors were excised and stored at - 20 °C until

DOX assessment via HPLC analysis.
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3.12 Software and statistical analysis

The data are expressed as mean + standard deviation (SD) of at least three independent
experiments, unless otherwise specified. Red and green fluorescence intensity (Iso-PE and IsoFITC
channel, respectively) assessed via FACS was analyzed via FlowJo software (version 10.5.0). All
images obtained via fluorescence microscopy were analyzed via ImageJ free-software to calibrate
contrast, intensity and brightness. Analysis of peak intensity of TLC chromatograms was performed
via Gimp and ImageJ software. Pharmacokinetic curves and corresponding parameters were assessed
via Origin software (version 8.5). Statistical analysis was performed via GraphPad Prism software
(version 7.05). Figures were subjected to either two-tailed T-test or one-way ANOVA Bonferroni test

with significance indicated when p > 0.05.
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4 Results

4.1 Dual tumor targeting with cationic TSL

The objective of the study was to investigate if a dual targeting approach with cationic-based
liposomes is able to improve traditional TSL delivery. In order to do so, a novel DPPG-based cationic
TSL formulation for potential tumor targeting was designed and tested in the following study.
Additionally, the investigation aimed to unveil limitations of PEG in similar settings and to analyze
potentially synergistic effects of cationic active targeting and mild-HT for DOX-tumor enrichment.
Targeting capability and DOX delivery efficiency were assessed in cancer and endothelial cells both
for anionic and cationic TSLs. PK and BD were assessed in vivo in combination with mild-HT to

investigated potential advantages of dual targeting for tumor cancer therapy.

4.1.1 Formulation design

4.1.1.1 Incorporation of cationic lipids in DPPG2-based liposomes

DPPG: phospholipid is highly compatible in a DPPC/DSPC bilayer and can be included up to
70 mol% in liposomes [107]. According to DPPG.-content, liposomes' surface charge will increase
towards a more negative -POT driven by anionic phosphate charge present on phospholipid
headgroup. Hence, a DPPG3-based cationic formulation should contain a balanced amount of DPPG>
and specific cationic lipid, with a slight excess of the latter. Furthermore, cationic lipid physical
compatibility in the liposomal bilayer needs to be assessed accordingly. In this investigations,
different cationic lipids formed by a tri-methyl-ammonium-propane headgroup esterified with
different fatty acids were tested (Table 4). Additionally, potential improvement in bi-layer packing

driven by the inclusion of cholesterol was also assessed by addition of positively charged DC-Chol.

Table 4 Cationic lipid encapsulated in DPPG,-based TSL and respective T,

Acyl chain

Cationic lipid Chemical structure length (carbons)

Tm(°C)

DMTAP : /\CI cHy | 14 39.1°C*

DPTAP 1~ | 16 52.8 °C*

DSTAP "~ N

| % |18 62.9 °C”
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DC-Cholesterol

* Tm data obtained from Regelin et al [253]

All tested liposomes were composed of DPPC/DSPC/DPPG2/cationic lipid at 62.5/25/5/7.5
molar ratio (mol:mol). Cationic TSL were extruded at final 100 nm membrane filters and active
loading of DOX performed as reported in section 3.3.2. After separation of unloaded DOX fraction,

physicochemical properties of obtained cationic liposomes were assessed (Table 5).

Table 5 Characterization of cationic DPPG2-CTSL with different cationic lipids.
Values are expressed as mean value + SD for at least three independent batches.

Formulation Lipid composition I(_rLF())IIdn:?)BO (Zn-rarl]\;erage PDI C-POT (mV)
DMTAP DPPC/DSPC/DPPG,/DMTAP 60/25/5/10 111.7+2.6 0.18+001 65%1.3
DPTAP DPPC/DSPC/DPPG,/DPTAP 60/25/5/10 1275+41 021+005 9.8z%21
DSTAP DPPC/DSPC/DPPG,/DSTAP 60/25/5/10 > 200 >0.5 6.9+15
DC-Cholesterol ~ DPPC/DSPC/DPPG,/DC-Chol 60/25/5/10 128.7+45 0.09+0.03 -3.52+3.0

PDI = polydispersity index. -POT = in NaCl 0.9 %.

All liposomes showed comparable and positive {-POT when measured in NaCl 0.9 %, besides
DC-Chol-CTSL, where a negative surface charge was detected under the same condition. Size and
PDI were affected by the type of cationic lipid used in liposome production. DMTAP and DPTAP
cationic TSLs showed similar size and a PDI ~ 0.2, with a small second peak appearing during
intensity distribution analysis (< 10 % total intensity). Liposomes with DSTAP did not produce a
stable suspension, and intensity-based size distribution resulted in several peaks with PDI > 0.5 and
average size > 200 nm. When DC-Chol was used in liposome preparation, positive charge was not
detected and resulting -POT was slightly negative (Table 5). Surprisingly, DLS analysis on DC-
Chol-based CTSL showed a homogeneous size distribution with small PDI and no extra peak visible.
All produced cationic TSLs were assessed in terms of heat-triggered DOX release (Figure 12).
Among all formulations tested, cationic TSL with DPTAP showed the most promising temperature-
release profile, although not optimal yet. In fact, immediate leakage at 37 °C/5 min of around < 20 %
was observed, whereas peaks of ~ 80 % DOX were released at 43 °C/5 min (Figure 12). When
particles were stressed for 1 h at 37 °C, leakage increased up to ~ 25 %, while incubation at 42 °C/1
h promoted heat-triggered release of 70 % of overall content (Figure 12B). In case of DMTAP, similar
behavior was assessed with leakage of ~ 25 % immediately visible after 5 min of incubation at 37 °C,

whereas after 1 h at the same temperature increased up to ~ 30 % (Figure 12A, B). Nevertheless,
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DMTAP-based CTSL showed suboptimal DOX heat-triggered release at HT condition, with only 65
% of DOX released at 42 °C/1 h (Figure1l2B). When DSTAP was used in liposomes, an even more
modest heat triggered release was observed, potentially caused by aggregation as assessed during
DLS analysis (Figure 12A). Remarkably, the inclusion of DC-Chol did not provide TSL with
triggerable-DOX release function, since drastic leakage was observed at each temperature range with
minimal effect driven by HT. Although at suboptimal stage, heat-triggered DOX release from
DPTAP-based cationic TSL showed added benefit when compared to other CTSLs formed by
different building blocks. Hence, the DPTAP-based CTSL, from this moment on generally referred

to as PG>-CTSL, was used in the next investigation focused on potential optimization.
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Figure 12 Temperature-dependent DOX release profiles of PG2-CTSL with different cationic lipids.

Cationic TSLs were diluted in FCS and exposed to different temperatures. Released fraction of DOX was measured using fluorescence
spectroscopy. Percentage of DOX released after 5 min of exposure to different temperatures ranging from 37 °C to 45 °C (A), and
values after 1 h of treatment at 37 °C and 42 °C (B). Values are expressed as mean value + SD for three independent batches.

4.1.1.2 Formulation optimization

Lipid composition of PG>-CTSL was adjusted in order to improve DOX-retention at
physiological condition (e.g., 37 °C) while keeping the observed heat-triggered release patterns at
HT. Thereby, PG.-CTSL formulations were produced with different phospholipid molar ratio and
tested in a temperature-dependent release assay. Specific lipid composition and physicochemical
properties of tested cationic TSL are shown in Table 6.

Table 6 Characterization of cationic DPPG2-TSL with different lipid composition.
Values are expressed as mean value * SD for at least three independent batches.

Lipid ratio Z-average

Formulation Lipid composition (mol:mol) (nm) PDI ¢-POT (mV)
PG,-CTSL* DPPC/DSPC/DPPG,/DPTAP 60/25/5/10 1275+41 0.21+0.05 9.8+21
PG,-CTSL? DPPC/DSPC/DPPG,/DPTAP 62.5/25/5/75 137.3x5.1 0.29+0.03 54+23
PG,-CTSL3? DPPC/DSPC/DPPG,/DPTAP 67.5/20/5/7.5 131.5+21 0.26+0.05 49+35

PDI = polydispersity index. -POT = in NaCl 0.9 %.
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The decrease of cationic DPTAP, from an initial 10 mol% in PG,-CTSL?, to 7.5 mol% in PG,-
CTSL2improved formulation stability while preserving similar physical properties and a positive ¢-
POT (Table 6). PG2-CTSL! showed minimal DOX leakage of ~ 10 % after 5 min incubation at 37 °C,
and heat-triggered release with DOX peak of ~ 80 % at 43 °C/5 min (Figure 13A). DOX retention
assessed by stressing particles for 1 h at 37 °C improved from an initial ~ 70 % in case of PG,-CTSL!
to ~ 85 % for PG,-CTSL?, whereas comparable DOX release was observed at 42 °C/1 h (Figure 13B).
In an attempt to further increase reactivity at HT condition and speed DOX-heat triggered release,
DSPC content was lowered by 5 mol% in favour of DPPC (Table 6). Resulting PG,-CTSL? showed

improved DOX depletion after 42 °C/1 h. However, stability at lower temperatures was also affected
with leakage of ~ 20 % after 5 min at 37 °C (Figure 13B).

A B
1109 e 1 : 110 = PGCTSL!
= 1004 -0~ PG,-CTSL — 1001 3-CTSL
T 1o recrsi? £ 904 =2 PGCTSL? —
E 3N = 80 rar s
f 704 # PG,-CTSL? = 20 = PG,-CTSL
g 601 2 60
= 50+ 2 504
& O]
T 409 £ 404
j 30+ Z 30
S 209 = 201
2 101 104 I—'I'—l
(’ Ll Ll Ll Ll L Ll Ll Ll Ll L "
36 37 38 39 40 41 42 43 44 45 46 37°C/1h 42°C/1h

Temperature (°C)

Figure 13 Temperature-dependent DOX release profiles of optimized PG2-CTSL

PG2-TSLs were diluted in FCS and exposed to different temperatures. Released fraction of DOX was measured using fluorescence
spectroscopy. Percentage of DOX released after 5 min of exposure to different temperatures ranging from 37 °C to 45 °C (A), values
after 1 h of treatment at 37 °C and 42 °C (B). Dashed black lines in panel A indicates temperature where the highest DOX release
fractions were observed. Values are expressed as mean value + SD for three independent batches.

Overall, PG,-CTSL2 showed a good balance between serum stability at physiological
condition and heat-triggered release capability, making a good candidate for the next investigations.
In the next steps, the heat-triggered release profiles of optimized PG,-CTSL? (from this moment on
referred to simply as PG>-CTSL) to PEG-based cationic TSL were compared, the latter formulation
was already reported elsewhere [254]. Additionally, to thoroughly identify release mechanism from
anionic and cationic TSL, also previously reported anionic PG,-TSL and PEG-TSL were enrolled in
the study [103, 106].

4.1.1.3 Anionic and cationic liposome characterization

Next, a comparison between PG2-CTSI and PEG-based CTSL was performed. As reported
above (refer to section 4.1.1.2), liposome PG>-CTSLs were composed of
DPPC/DSPC/DPPG2/DPTAP 62.5/25/5/7.5 (mol:mol), whereas PEG-CTSLs were formed by
DPPC/DSPC/DSPE-PEG2000/DPTAP with 62.5/25/5/7.5 molar ratio. Bare CTSLs with neither
DPPG; nor PEG were characterized by DPPC/DSPC/DPTAP with 67.5/25/7.5 (mol:mol) ratio.
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Anionic DPPG2- and PEG-based TSLs were used as control and tested with different lipid
composition. PG,-TSL® and PG2-TSL*® were formed by DPPC/DSPC/DPPG; in molar ratio of
70/25/5 and 50/20/30, respectively. PEG-TSL™ and PEG-TSL® were characterized by the same
amount of DSPE-PEG2000 (5 mol%) and different amounts of DPPC, with a final composition of
70/25/5 and 80/15/5 of DPPC/DSPC/DSPE-PEG2n0, respectively. All tested formulations were
actively loaded with DOX as reported in section 3.3.2, the characterization in terms of

physicochemical properties is shown in Table 7.

Table 7 Characterization of anionic and cationic TSLs encapsulating DOX.
Results are shown as mean value + SD for at least three independent batches.

. Lipid composition Z-average C-POT (a) Z-POT(b) DOX/lipid

Liposomes (mol:mol) (nm) PDI (mV) (mV) (mol:mol)

DPPC/DSPC/DPPG; 0.056 +
K 30 - -

PG,-TSL (50/20/30) 121.7£5.42 0.06 £ 0.01 28.9+54 54.1+5.3 0.021

DPPC/DSPC/DPPG; 0.049 +
_TSL5 - -

PG>-TSL (75/25/5) 116.2+ 3.3 0.07 £ 0.05 88+24 30.1+1.1 0.031
DPPC/DSPC/DSPE- 0.048 +

PEG-TSL®  PEGao0 111.1+£09 0.05 £ 0.02 -47+35 -175+1.6 0.016 -
(80/15/5) '
DPPC/DSPC/DSPE- 0.049 +

PEG-TSL™®  PEGao00 107.6 £ 0.8 0.06+0.01 -6.29+3.0 -15.7+21 0'021 -
(70/25/5) '
DPPC/DSPC/DPTAP 0.048 +

CTSL (67.5/25/7.5) 1255+54 0.19 £ 0.06 11.3+3.6 39.5+45 0.015
DPPC/DSPC/DPTAP/ 0.046 +

PG2-CTSL DPPG2 137.3+£5.1 0.29 £ 0.03 54+23 129+ 17 0.006 -
(62.5/25/7.5/5) '
DPPC/DSPC/DPTAP/ 0.047 +

PEG-CTSL  DSPE-PEG2u00 110941 0.09 £ 0.07 -02+£08 58+1.7 0'007 -
(62.5/25/7.5/5) '

PDI = polydispersity index. {-POT (a) = in NaCl 0.9 %. {-POT (b) = 20 mM HEPES buffer pH 7.4

Both PG,-CTSL and PEG-CTSL contain a mixture of anionic (5 mol%, DPPG; or DPE-
PEG2000) and cationic (7.5 mol%, DPTAP) lipids in the bilayer membrane. {-POT analysis in
physiological saline showed a higher positive charge for PG,-CTSL (5.4 = 1.3 mV) than PEG-CTSL
(- 0.2 £ 0.8 mV) (Table 7). Analysis in non-saline containing medium (HEPES buffer) showed a
positive surface charge for PG,-CTSL 2-fold higher in comparison to PEG-CTSL (~ 13 mV vs. ~
6 mV). Anionic TSLs were formed exclusively by anionic or neutral lipids and a negative (-POT was
assessed in both media. For PGz-based anionic liposomes, surface charge decreased from - 8.8 £
2.4 mV in case of PG,-TSL%to - 28.9 + 5.4 mV for PG2-TSL®, in good accordance with different
percentage of negative-charged DPPG; included in membrane bilayer. On the other side, PEG-TSL"
and PEG-TSL® differed only in DPPC/DSPC amount, thus with no detectable differences in overall

surface charge. Anionic PG.-based and PEG-based TSL were comparable in vesicle size and showed
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a small and homogenous size-distribution (PDI < 0.15). In case of CTSL and PG,-CTSL size and PDI
after DOX loading were slightly higher in comparison to all other formulation tested (small second
peak was visible during intensity-based DLS analysis, with areas between 5-10 %). Steric
stabilization via PEG in cationic TSLs promoted a homogeneous dispersity with small PDI and size
comparable to anionic TSLs (size ~ 110 nm, PDI < 0.1) (Table 7). DOX active loading was
successfully completed via ammonium gradient in all tested (C)TSLs (> 95 % EE), without observed
differences among cationic and anionic TSLs. Osmolality of different (C)TSL-DOX formulations
and solutions used for DOX loading are shown in Table 8, with all (C)TSL showing similar osmotic
concentration. This results support that the difference in the release profile is not caused by osmotic
effects.

Table 8 Osmolalities of cationic and anionic TSL-DOX and solutions used for DOX loading.
Data are presented as mean values + SD for at least three independent batches.

Is_olﬁjotfgrrgey ?gyplggzltt:ggon mM) Osmolalities (mmol/kg)
Ammonium sulfate (NH,)2S04 (240 mM) 533+ 17
HBS pH 7.8 g%g'fns,v(so mM); NaCl 317+ 10
HBS pH 7.4 H‘;g'fns 1\550 mM); NaCl 14 o
PG,-TSL* / 303 £ 10
PG,-TSL® / 299 + 7
PEG-TSL® / 208 + 4
PEG-TSL™ / 300 +9
CTSL / 3032
PG,-CTSL / 30345
PEG-CTSL / 308 +9

4.1.1.4 Differential Scanning Calorimetry

Heat-triggered release profile of drugs from TSL is mostly affected by lipid composition and
corresponding Tm of liposomal bilayer. Hence, to investigate how the incorporation of cationic or
anionic lipids influences the phase transition and, thus, heat-triggered release profile, DSC
measurements were carried out for each tested TSL after DOX loading (Figure 14). According to
previous results [106, 108], the inclusion of DPPG> in a DPPC/DSPC bilayer with final molar ratio
of DPPC/DSPC/DPPG; (50/20/30, mol:mol) results in a Tm of ~ 42 °C (PG2-TSL®C, Table 9). With
decreasing DPPG2 amount to 5 mol% in favor of DPPC, T increased up to 44.5 °C, hence a sub-
optimal heat-triggered release efficiency can be expected when using mild-HT range (41-43 °C). The
same pattern was observed in PEG-based TSL when DSPC content increased from 15 mol% (PEG-
TSL8%) to 25 mol% (PEG-TSL), with a corresponding increase in Tm from ~ 43 °C to ~ 45 °C. All
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tested cationic TSLs had a similar lipid composition composed of DPPC, DSPC, and DPTAP,
whereas 5 mol% of anionic phospholipids were respectively present in PG2- and PEG-based cationic
TSL. The inclusion of DPTAP in lipid bilayer induced a broader phase transition when compared to
non-DPTAP containing liposomes (Figure 14A, B and C). Additionally, two merged peaks were
observed in the gel-liquid crystalline phase transition which was overall similar in all cationic TSL,

with T assessed at around ~ 46 °C.
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Figure 14 Curves of the heating phase from 20 °C to 60 °C of different anionic and cationic liposomes.
DSC curves were plotted based on heat flux versus time with a heating rate of 1 °C/min. For each liposomal formulation, three different
curves are shown corresponding to three independent batches.

Table 9 Overview of Tm for different liposomal formulations.
Values are expressed as mean value * SD for three independent batches.

Liposomes Type Tm (°C)

PG,-TSL® Anionic 421+04
PG2-TSLS® Anionic 445+0.2
PEG-TSL?® Anionic 43.0+0.1
PEG-TSL™ Anionic 452 +0.2
CTSL Cationic 46.5%0.2
PG2-CTSL Cationic 464+ 0.4
PEG-CTSL Cationic 46.3+0.2
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4.1.1.5 Comparison to cationic and anionic thermosensitive formulations

In case of bare CTSL and PG»-based cationic TSL, size and PDI were slightly higher in
comparison to all to the formulation tested (Table 7). A small extra peak during DLS analysis was
usually detected, potentially driven by the formation of bigger aggregates during batch manufacturing
(Figure 15). The small second peak was visible only during scatter intensity analysis, with areas
between 5-10 %. On the contrary, PEG-CTSL showed a homogenous size distribution with a single

peak with comparable shape as assessed for all anionic TSL (Figure 15).
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Figure 15 Representative size distribution (intensity) by DSL analysis for all formulation tested.
DOX-loaded liposomes were diluted 1:50 (v/v) in NaCl 0.9 % and size measurement carried out via Zeta Sizer Nano SZ. Black arrows
indicate the presence of extra peaks appearing in size measurement with intensity distribution.

4.1.2 Heat-triggered DOX release in vitro
4.1.2.1 Temperature-dependent DOX release profile

The previously reported PG>-CTSL was now compared to other cationic and anionic TSL in
terms of heat-triggered DOX release (Figure 16). Cationic TSLs tested in the following investigation
showed minimal DOX leakage after dilution in FCS and exposure to 37 °C for 5 min (max 10 %
DOX leakage, Figure 16A), whereas peaks of DOX-release fraction were observed at 43 °C/5 min.
Bare CTSL showed a sub-optimal profile with a slow and incomplete heat-triggered DOX release.
The inclusion of 5 mol% of either DPPG2 or DSPE-PEG2000 in CTSL improved DOX-release rate
with maximal release of ~ 80 % after 43 °C/5 min. PG,-CTSL and CTSL showed comparable DOX
retention after 37 °C/1 h (~ 15 % DOX leakage). Surprisingly, in case of PEG-CTSL, a significantly
lower DOX leakage was measured after stressing particle for 37 °C/1 h when compared to CTSL
(Figure 16B). DOX temperature profile for anionic PG>-TSL formulations was affected by the
amount of DPPG; included in the liposome bilayer. At 30 mol% of DPPG;,, PG-TSL* showed
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optimal drug retention at low temperatures (~ 5 %, 37 °C/5 min) and burst DOX release at HT with
peak fraction observed already at 41 °C/5 min (87.7 £ 9.7 %). In accordance to the DOX-release
profile shown in Figure 16C, after 42 °C/1 h particles were fully depleted, whereas 90 % of DOX was
retained inside liposomes after stressing particle for 37 °C/1 h (Figure 16D). When DPPG;, was
reduced to 5 mol%, temperature-dependent DOX-release is nullified and negligible DOX fractions
were detected even at HT, as expected from the increased Tm (Table 9). DOX-release profile from
PEG-TSLs was also affected by lipid composition and corresponding Tm. PEG-TSL containing 25
mol% of DSPC exhibited sub-optimal heat-triggered profile with ~ 30 % maximal DOX release at 43
°C/5 min, with no substantial changes observed after 42 °C/1 h (~ 30 % DOX release) (Figure 16E).
When DSPC content was lowered to 15 mol% in favour of DPPC, resulting PEG-TSL® exhibited the
highest released DOX-fraction at 42 °C/5 min (~ 50 % DOX), with a 1 °C shift from what was
observed for PEG-TSL. Additionally, PEG-TSL® stressed for 42 °C/1 h promoted 1.8-fold higher
DOX-release fraction when compared to PEG-TSL'?, while comparable and minimal leakage was
assessed after 1 h/37 °C (~ 5 %) (Figure 16F). Overall, PG,-TSL*® showed the most superior profile
of all tested formulation with a sharp change in DOX release kinetics within 1-2 °C.
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Figure 16 Temperature-dependent DOX release profiles of anionic and cationic TSL.

DOX-(C)TSLs were diluted in FCS and exposed to different temperatures. Figure 16A, C and E show the percentage of DOX released
after 5 min exposure to different temperatures ranging from 37 to 45 °C whereas Fig. 16B, D, and F indicate values after 1 h of treatment
at 37 °C and 42 °C. Values are expressed as mean value + SD for three independent batches. In Figure A, values were compared to
control (bare-CTSL) via one-way ANOVA followed by Bonferroni test, whereas in graphs D & F, data were analyzed via unpaired
two-tailed T-test. Asterisks indicate significant difference between groups. **** = p < 0.0001, ***=p <0.001, *=p < 0.01,*=p <
0.05.

4.1.2.2 Time-dependent DOX release profile

Next, time-dependent release from cationic and anionic TSL was investigated to evaluate
release kinetics in more detail. In these experiments, both PG- and PEG-based cationic TSL were
used, whereas only anionic formulations with more efficiency in DOX-release were tested (PG»-
TSL3® and PEG-TSL®). PG,-CTSL and PEG-CTSL had a comparable DOX-release kinetic at HT
condition (~ 70 % at 41 °C/5 min), overall slower when compared to anionic counterparts (Figure 17
& Table 10). The slower release kinetics of CTSLs in comparison to TSLs are in accordance with the

higher Trm assessed in cationic liposomal formulation. Within the 20 min kinetic investigation similar
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leakage at 37 °C was observed for both CTSL, with 10 to 15 % content loss (Figure 17B, D). PG»-
TSL* were fully depleted after a few minutes of incubation either at 41 °C or 42 °C, in good

accordance with fast-heat triggered release assessed in section 4.1.2 (Figure 17). PEG-TSL® showed
a slower DOX release rate at 41 °C when compared to PG,-TSL, although at 42 °C minimal
differences were observed (Figure 17 & Table 10). In both anionic TSLs, optimal drug retention at

37 °C was observed within the investigation range (Figure 17A, C).
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Figure 17 DOX release kinetics from (C)TSL.

Drug retention at 37 °C and kinetics release at mild hyperthermia were evaluated for 20 min in time-dependent release assays. An
exponential one-phase association curve was fitted through the 41 °C and 42 °C release sets. Data are shown as mean value + SD for
three independent batches.

Table 10 DOX release rate from (C)TSLs at 41 °C and 42 °C.
K constants and R? were calculated from the exponential fit shown in Figure 17, for the first 300 s.

Formulation K(s-h)41°C R? (41 °C) K(s-Y) 42 °C R? (42 °C)

PG,-TSL 43+0.7 0.9891 £ 0.0021 48+15 0.9904 + 0.0054
PG2-CTSL 2717 0.9365 + 0.0136 2920 0.9644 + 0.0355
PEG-TSL® 2917 0.9344 + 0.0782 49+17 0.0896 + 0.0424
PEG-CTSL 29+19 0.9675 £ 0.0199 3614 0.9479 £ 0.0057
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4.1.3 Targeting cancer and endothelial cells in vitro

4.1.3.1 Confocal fluorescence microscopy on fixed cells

Next, the (C)TSL-cell interactions in different conditions were assessed to test cell targeting
capability. Positive-charged PG2- & PEG-based TSL were compared to their anionic counterparts.
Targeting was assessed by using cancer cell line BN175 and HUVECs. In both, cancer and endothelial
cells, liposomes targeting on BN175 and HUVEC cells was drastically improved when either PG,-/
or PEG-based CTSLs were used. After 1 h of incubation with cationic TSLs, a large fraction of
liposomes was visibly detected intercalating with target cell membranes (Figure 18A, B, C and D,
second panels). Confocal Z-sectioning of BN175 confirmed PGz-based cationic liposomes strongly
associated with cell membranes and in minor part at cytoplasm level, whereas minor amounts of
anionic liposomes were detected exclusively in cell compartments (Figure 18E). A similar pattern
was observed for PEG-based TSL, although to somewhat reduced extent in terms of liposome
abundance. Cell fluorescence imaging was coupled to FACS in a parallel experiment to quantify
binding efficacy (refer to section 4.1.3.4).
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Figure 18 Fluorescence confocal microscopy on cancer and endothelial cells incubated with (C)TSLs

BN175 (A, C) and HUVEC (B, D) cells were exposed to Rho-labeled (C)TSLs (red color) for 1 h at 37 °C. Cell cytoplasms and nuclei
are stained with CMFDA (green color) and Hoechst (blue color), respectively. Stack analysis on BN175 was performed by using
scaling factor of 0.3 um (stack size of 10.3 um) and with 543 nm Argon laser. Pictures showed a representative section imaged at 5.4
pum for anionic and cationic PG2- and PEG-based TSL (E). Scale bar applied to images A-D is 20 um, scale bar applied to image E is
5 um. Picture showed a representative section imaged at 5.4 um for anionic and cationic PG2-based TSL (E).

4.1.3.2 Protein corona liposomes

Previous studies have shown how serum proteins can interact and are being absorbed on
particles surface immediately after administration, forming a protein corona [255]. The effect of
protein adsorption on the physicochemical properties of cationic and anionic liposomes after
incubation in FCS is shown in Figure 19. Protein adsorption significantly reduced positive {-POT of
PG2-CTSL whereas negligible differences were detected in other (C)TSLs tested (Figure 19A).
Additionally, protein corona seemed to destabilize selectively PG,-CTSL since an increase in size
and PDI was observed after protein corona formation. On the contrary, all other (C)TSLs tested
showed comparable physical properties to non-protein containing liposomes (Figure 19B). Protein
amount was evaluated via Bradford assay and protein/lipid ratio (mg/umol) assessed for tested
(C)TSLs (Figure 19C). Surprisingly, no significant differences were observed in relation to overall
protein amount in all tested liposomal formulations. Protein corona liposomes were used in an SDS-
page with silver staining, to highlight differences in protein-bound fractions. Surprisingly, no
significant differences in protein fractions were observed, although positively charged TSL showed

darker bands potentially driven by contamination of the cationic lipid (Figure 20).
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(-POT (A) and size/PDI (B) in relation to (C)TSLs before and after FCS protein adsorption. In figure 19B, bars refer to size (left y-
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Figure 20 Silver staining of an SDS gel.
Representative SDS-page of protein corona (C)TSLs. FCS without liposomes was used as a negative control (NC) to indicate that the
purification procedure totally removed non-liposome associated proteins.

4.1.3.3 Effect of protein corona TSL in targeting approach

To test how bound serum protein might affect targeting effectiveness of (C)TSL, binding was
assessed with recovered protein corona liposomes (P-(C)TSLs). Hence, cell fluorescence imaging
was repeated using the same conditions as reported above except for CTSLs which were replaced by

P-(C)TSLs. As shown in Figure 21, P-PG,-CTSL targeting was still present after protein adsorption
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and a larger fraction of liposomes were observed in both cell lines when compared to anionic P-PG»-
TSL® control (Figure 21A, B, second panels). However, differences in terms of overall binding rate
and liposome localization were observed with respect to previously obtained results with PG,-CTSL
(Figure 21E). In case of PEG-based TSL, minor differences were observed when cells were incubated
with cationic or anionic TSLs, suggesting protein adsorption greatly affected targeting capability
(Figure 21C, D).
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Figure 21 Fluorescence confocal microscopy on cancer and endothelial cells incubated with protein corona (C)TSLs.
BN175 (A, C) and HUVEC (B, D) cells were exposed to (P)-Rho-labeled (C)TSLs (red color) for 1 h at 37 °C. Cell cytoplasm and
nucleus are stained via CMFDA (green color) and Hoechst (blue color), respectively. Scale bar applied to all images is 20 pm.
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4.1.3.4 Fluorescence-activated cell sorting

Next, the binding of cationic and anionic TSL was quantified via FACS by using the same
condition as mentioned above (1 h, 37 °C). The resulting median fluorescence intensity (MFI) from
the binding investigation for all cell lines tested is displayed in Figure 22, with 1so-PE shifts shown
via histogram graphs (Figure 22A, B). PG>-CTSL significantly improved binding when compared to
PEG-CTSL (~ 380 vs. ~ 110 MFI, respectively). The latter, showed an increased binding in
comparison to PEG-TSL" (10-fold higher in case of BN175), but not as efficient as for PG>-CTSL
(12.6-fold when compared to PG,-TSL) (Figure 22C). Additionally, PG2-TSL® showed higher cell
interactions than PEG-TSL? (2-fold) in both cell lines. In a parallel experiment, protein corona TSL

were tested in the same settings. The reduction of CTSL binding was confirmed and was found overall
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constant for each cell line tested, both for PG, and PEG-CTSL of around 1.6-fold loss (Figure 22D).
Despite the drastic reduction in binding capability when protein corona is present, a 2-fold higher
MFI was retained for P-PG>-CTSL when compared to P-PEG-CTSLs (Figure 22D).
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Figure 22 Fluorescence-activated cell sorting of cancer and endothelial cells.
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The grey area in the FACS plots represents the background fluorescence, while the colored area is one representative distribution out
of three independent measurements (A, B). Background ISO-PE fluorescence (control) was subtracted to each sample and final MFI
plotted as mean value + SD for three independent measurements (C, D). Statistical analysis was conducted via one-way ANOVA
followed by Bonferroni test and asterisks indicate significant difference between groups. **** = p < 0.0001, * = p < 0.05.

4.1.3.5 Targeting on cancer and endothelial cells in live settings

In the next step, the internalization and intracellular fate of liposomes was evaluated as well

as DOX-release efficiency after targeting in live settings. After having assessed comparable binding
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efficiency of anionic TSL constructed with the different mol% of DPPG; (PG2-TSL® & PG,-TSL¥)
and different DPPC amounts (PEG-TSL’® & PEG-TSL®) (data not shown), only the anionic
formulations with more efficiency in DOX-release were used in the following experiment (e.g., PGo-
TSL3® and PEG-TSL®). Live-cell imaging on cancer and endothelial cells was performed after
interactions with NBD-labeled (C)TSL. Liposomes targeting was assessed after a first incubation of
1h 37 °C (NT) and a second of 1 h 41 °C (HT, water bath), the latter tested exclusively for cationic
TSLs since negligible membrane binding was observed for anionic particles.
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Figure 23 Live-cell fluorescence imaging on cancer and endothelial cells.

BN175 and HUVEC cells were seeded in chamber slides overnight and incubated with different formulation of NBD-labeled (C)TSLs
at 1.1 mM. Liposomes were let interact with cells for 1 h at 37 °C, after washing cells were imaged in live settings. NBD-liposome
were imaged using GFP filter (green color), lysosomes with DsRed filter (Lysotracker RED, red color) and nuclei with DAPI filter
(Hoechst, blue). Arrows indicate colocalization (yellow) of liposomes (green) and lysosomes (red). Images were taken after 1 h 37 °C
(A-D) and after 1 h further at 1 h HT (E-F, only CTSL). Bar scale applied to all images is 20 pum.

Buffer loaded NBD-labeled liposomes were used to evaluate binding, whereas lysotracker
was used to assess endocytosis. In good accordance with previous results obtained with fixed cells, a
larger fraction of liposomes was greatly found intercalated with cell membrane when a positive

charge was present (Figure 23A, B, C, and D). Furthermore, co-localization with lysosomes imaged
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via Lysotracker Red was present to a certain extent for both PG,-CTSL and PEG-CTSL (white

arrows). However, green punctuate patterns in non-acidic lysosomes were also moderately present in
both cell lines tested. On the other side, barely any liposomes were visible after incubation with PEG-
TSL8 (Figure 23C, D, first panel), whereas a noticeable fraction of PG,-TSL*® was well detected in
cell cytoplasm in both BN175 and HUVEC cell lines (Figure 23A, B, first panel). To assess kinetics
of CTSLs uptake and observe liposome localization after HT treatment, cells were placed in a water
bath for 1 h and imaged again thereafter. Differences on PG,-CTSL and PEG-CTSL were detected
especially on BN175 cells where PG2-CTSL were still present on cell membrane and co-localized
with lysosomes, whereas PEG-CSTL were mostly detected in a punctuate pattern in the cell
cytoplasm (Figure 23E, F).

4.1.3.6 Intracellular heat-triggered DOX-release

The improved targeting with CTSLs in comparison to TSLs was further investigated by using
(C)-TSL-DOX to assess whether it might translate in better DOX delivery in vitro. Hence, DOX
delivery efficiency was investigated via fluorescence microscopy using the same settings as described

above.
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Figure 24 DOX fluorescence imaging on cancer and endothelial cells.
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BN175 and HUVEC cells were seeded in chamber slide and treated with 50 uM liposomal DOX using the above described (C)TSLs.
Incubation was carried out for 1 h at 37 °C, at the end cells were washed and medium refreshed. Finally, slides were placed in water
bath set at 41 °C for HT exposure. Pictures were taken using a wide field microscope using DAPI filter for Hoechst (nuclei, blue) and
DsRed filter for DOX visualization (red). Arrows indicate co-localization of DOX and nuclei.
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Live fluorescence imaging of BN175 and HUVEC after incubation (1 h NT) with DOX-
loaded PG,-/ and PEG-based (C)TSLs did not show any detectable DOX in cytoplasm or nuclei
(Figure 24A, B, C and D). At this stage DOX is well entrapped and self-quenched inside liposomes,
confirming good stability of liposomal systems used in the investigation. After the initial incubation,
cell chambers were placed in a water bath for 1 h at 41 °C (HT) to trigger DOX intracellular release.
Upon HT application, released DOX from PG.-CTSL was well visible via fluorescence microscopy
and detectable inside cells in punctuate pattern (Figure 24A, B, second panel). Although the majority
of DOX was assessed inside cell cytoplasms, co-localization of DOX and nuclei was observed to a
certain extent and selectively when cells were incubated with PG,-TSL* (Figure 24A, B, white
arrows). Cells treated with anionic DOX-loaded PG-TSL®* also showed detectable DOX in cell
cytoplasms, in good accordance with the binding investigations reported above (Figure 24A, B, first
panel). In case of PEG-based TSL, higher intracellular DOX was observed after HT-triggered release
when incubation was carried out with positively charged liposomes. However, a negligible amount
of DOX was observed in case of anionic TSL (Figure 24C, D). By evaluating DOX fluorescence
intensity generated in the study PG2-CTSL was hypothesized to be a better system for DOX delivery
efficiency in comparison to PEG-CTSL.

These results were further confirmed when quantifying the total amount of DOX delivered to
cells by these means. The same experimental design was used as described above, however after HT
application cells were collected and lysed and total amount of DOX quantified via HPLC. Free-DOX
was also added to tested formulations to assess maximal efficiency of delivery. As it is shown in
Figure 25, total recovered DOX from treated cells with 50 uM in liposomal form was 1.7-folds higher
when DOX is applied via PG2-CTSL in comparison to PEG-TSL (~0.5 and ~0.2 DOX/protein ratio
wt/wt for NT treatment, respectively). As expected, no differences between NT and HT groups were
observed, confirming that for HT groups either in case of intracellularly or extracellularly released
DOX is immediately taken up by cells. For HUVECs, no difference was observed between free-DOX
and PG,-CTSL groups in terms of DOX recovery, whereas PG>-CTSL significantly improved DOX
delivery in comparison to PEG-CTSL (3.2-fold higher, ~1.4 vs. 0.2, respectively). To test possible
saturation of binding and thus limiting delivery efficiency above a certain threshold, the investigation
was repeated by using a double amount of DOX both as naked and liposomal form. For both BN175
and HUVEC, incubation with 100 uM DOX showed the same pattern observed previously, with PG»-
CTSL significantly increasing DOX delivery efficiency in comparison to PEG-CTSL (2.6-fold higher
for BN175 and 3-fold for HUVEC). Recovered DOX in cells treated with 100 uM was in all cases

proportionally 2-fold higher in comparison to samples treated with half the amount (Figure 25B, D).
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Figure 25 DOX recovery from tumor and endothelial cell lines after (C)TSL-DOX incubation.

BN175 (A, B) and HUVEC (C, D) cells were seeded in 6-well plates and treated with 50 uM liposomal DOX (A, C) or 100 pM
liposomal DOX (B, D) using the above described (C)TSLs. Incubation was carried out for 1 h at 37 °C. At the end of the incubation
time, cells were washed and medium refreshed. Plates were placed in a water bath set at 41 °C for 1 h. After HT exposure, cells were
washed, trypsinized and centrifuged. Cell pellets were collected and resuspended in lysis buffer (150 mM NaCl, 20 mM Tris, 1 %
Triton X-100, 0.1 % SDS pH 7.4). Solution was sonicated for 1 min in ice with a probe sonicator and DOX quantified via HPLC.
Protein content in cell lysate was assessed via protein assay and results showed as DOX/protein ratio (ug/mg). Data are presented as
mean value + SD for three independent batches. Data were analyzed via one-way ANOVA followed by Bonferroni test and asterisks
indicate significant difference between groups. **** = p < 0.0001, *** = p < 0.001. LOD = limit of detection.

4.1.3.7 Invitro cell toxicity investigation with (C)TSL-DOX

To assess whether the higher DOX delivery efficiency obtained via PG2-CTSL might also
translate into a potentially higher therapeutic effect, an in vitro cell toxicity study on a cancer cell line
and endothelial cells was performed. Cells were treated with different concentrations of DOX in
liposomal form either with cationic or anionic formulations and HT or NT applied after incubation
phase, respectively. The toxicity of different carriers was also evaluated by incubating cells with
empty liposomes in combination with HT application. As it is shown in Figure 26, after incubation
with liposomal DOX resulting cell viability curves were drastically affected by the type of
formulation used in the investigations. In all cases, the inhibitory concentration of DOX killing 50 %
of cells (IC50) was lower for positive charge TSL when compared to anionic counterparts (Table 11).
PEG-CTSL IC50 in BN175 cell line was 3.5-fold higher when compared to PG2-CTSL, confirming
a higher cell killing driven by PG>-CTSL-DOX (IC50 of ~ 5.8 and ~ 1.7 uM in HT condition,

respectively). Any significant toxicity was not observed on cells driven by empty carriers in
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hyperthermic conditions (Figure 26). No differences between HT and NT groups were detected

independently from the (C)TSL used in the investigations (Table 11).
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Figure 26 In vitro cell toxicity of (C)TSL-DOX on cancer and endothelial cells.

BN175 (A-D) and HUVEC (E-H) cells were treated with different concentration of DOX (log scale). Cell survival is expressed as a
percentage of untreated cells (control) in combination with either HT (41 °C/1 h, circles) or NT (37 °C/1 h, squares). Empty liposomes
were tested in combination with HT condition (dashed black line). Data are presented as mean value + SD for three independent
analysis. Values were fit by using a non-linear fit. HT and NT groups of each formulation were analyzed via one-way ANOVA followed
by Bonferroni test highlighting no significant difference.

Table 11 1C50 of BN175 and HUVEC treated with different liposomal DOX formulation.
IC50 (values in puM) for HT (41 °C, grey rows) and NT (37 °C, white rows) groups. Asterisk indicates statistical significance of PG2-
CTSL in comparison to PEG-CTSL by evaluating corresponding IC50 via two-tailed student T-test (p < 0.001).

IC50 DOX (UM) PG2-TSL® PG,-CTSL PEG-TSL® PEG-CTSL
BN175

IC50 HT 26.1+83 1.7+£0.2* 29.3+2.1 58+0.1
IC50 NT 19.3+9.4 1.8+0.1 30.2+5.9 42+22
HUVEC

IC50 HT 9.7+04 26+12 >50 8.5 6.2
IC50 NT 10.1+2.6 29+22 > 50 6.4+3.4

IC50 HT/NT = inhibitory concentration of DOX killing 50 % of cells at HT or NT

4.1.3.8 Hemocompatibility of anionic and cationic liposomes in vitro

Hemocompatibility of anionic and cationic TSL was assessed in vitro via ELISA test.
Complement activation via ELISA test for SC59-b showed the highest signals when human serum
was incubated with PG>-CTSL, 10-fold higher compared to control (HBS). PEG-CTSL also
significantly triggered complement activation but only 2-fold higher (Figure 27A). Anionic
formulation did not show any increased signals in comparison to negative control and thus no
complement activation can be assumed for these formulations (PG2-TSL*® and PEG-TSL®, Figure
27A). In terms of blood cell interactions, NBD-labeled PG,-CTSL showed the highest magnitude of
binding for granulocytes and lymphocytes when compared to all other CTSLs tested (Figure 27B).
After 1 h incubation at 37 °C, binding to granulocytes cells was 6-fold higher when compared to
anionic PG,-TSL®0. PEG-TSL showed the lowest interaction when compared to all other (C)TSLs
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tested. For lymphocytes and monocytes, PG,-CTSL showed smaller but still significant binding when

compared to control, whereas for other (C)TSLs tested negligible interactions were observed.
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Figure 27 Liposomes-mediated complement activation (A) and liposomes-blood cell interactions (B) in vitro.

DOX-loaded (C)TSLs were diluted in certified normal human serum for complement activation analysis (1:12, v/v). Incubation was
carried out at 37 °C for 30 min, Zymosan and HBS pH 7.4 were used as positive and negative controls, respectively. ELISA test for
SC5b-9 was carried out using the manufacturer’s instructions. To assess liposomes-blood cells interactions, fresh blood was collected
from healthy donors and erythrocytes lysed with lysing buffer. NBD-labeled CTSL interactions with blood cells components
(granulocytes, lymphocytes, monocytes) shown as MFI, control group is fluorescence background of cells incubated with HBS pH 7.4.
Values are expressed as mean value + SD for three independent measurements. Statistical analysis was performed via one-way ANOVA
Bonferroni test and asterisks indicate significant difference between groups. **** = p < 0.0001, * = p < 0.05.

4.1.4 Short-term storage stability study

4.1.4.1 Size & PDI

Cationic and anionic TSL were stored at 2-8 °C after active DOX loading. Changes in physical
property (e.g., size & PDI) were monitored weekly in a 30 days investigational period. All anionic
TSL showed remarkable stability with negligible changes in both size and PDI over time (Figure
28A\). Cationic PG2-CTSL showed acceptable stability in the first 2 to 3 weeks, whereas a sudden rise
in PDI (> 0.5) was assessed when stored more than 3 weeks (Figure 28A). However, no flocculation
driven by particle coalescence and precipitation was observed at this time point. PEG-based CTSL
showed improved stability over time in comparison to PG2-CTSL, and comparable to anionic TSL.
Nevertheless, after 4 weeks storage PEG-CTSL intensity distribution showed appearing of a small
second peak with corresponding slight increase in PDI (Figure 28A). All tested liposomes showed no

changes in surface charge over time, with comparable -POT to freshly formed vesicles (Figure 28B).

69



Results

A B
3001 = 0.8 10 =
= PG,-TSLY o
2504 = pEG-TSLY ’ ~ o
) 0] = PEGCTSL - 0.6 z
£ 0 PG,-CTSL 0.5 =
@ - T:l -10 =
2 1504 0.4 = E-
= v - g, = pG,-TSLY
E \d o -20 = xy= LS
2 100- ¥ 03 g =m pEG-TSLY
N - 0.2 O = PEG-CTSL
504 L 01 -30+4 = PG,-CTSL
0= = 0.0 40
1 week 2 weeks 3 weeks 4 weeks 1 week 2 weeks 3 weeks 4 weeks

Figure 28 DLS analysis on (C)TSLs during storage at 2-8 °C.

Samples were analyzed weekly by for a total time of 30 days. VValues are presented as mean values + SD of at least three independent
batches.

4.1.4.2 DOX leakage and carrier integrity

Besides assessing size & PDI via DLS analysis, DOX leakage was investigated in parallel
experiments at same time points. Additionally, lipids and degradation products were analyzed via
TLC. A modest trend in DOX leakage was observed in all TSL over 2-8 °C storage, except for PEG-
TSL8 (Figure 29A). Nevertheless, fractions of released DOX did not exceed ~ 7 % of total DOX
content, suggesting an acceptable DOX encapsulation stability over time, at least at investigated time
points. Lipid composition and generation of lyso-lipids were monitored over time via TLC method.
All TSL were run through TLC immediately after DOX loading and after 4 weeks storage 2-8 °C. No
lyso-lipids were detected after active loading of DOX, whereas after 4 weeks of storage minimal lipid
hydrolysis (1-2 % lysolipid content) was assessed in all formulation tested (Figure 29B). DPTAP is
not a phospholipid since it does not have a phosphate group, thereby it cannot be detected via
molybdenum spray. Hence, all TLC with cationic TSL samples were done in parallel and stained
either via molybdenum spray or copper reagents. Representative chromatograms of TCL either via

molybdenum spray or copper reagent staining are shown in Figure 30.
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Figure 29 (C)TSL DOX leakage (A) and lyso-lipid content (B) during storage at 2-8 °C.

To assess DOX leakage, freshly loaded (C)TSLs were diluted in HBS pH 7.4 at 1:149 dilution (v/v) and DOX fluorescence detected
via fluorometry at ExX/Em 475/555 nm. To assess total DOX content, TSL were destroyed by adding 10 % Triton X-100 (150:1, v/v)
and DOX measured as reported above (A). Lyso-lipids were assessed at day 0 and after 4 weeks of storage at 2-8 °C via TLC method
(B). Values are presented as mean values + SD of at least three independent batches.
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Figure 30 Representative chromatograms obtained via TLC method with anionic and qa'_cionic TSL.

Samples were analyzed immediately after DOX loading. Cationic TSL bearing non-phospholipid DPTAP were run in duplo on separate

plates and stained either with molybdenum spray or copper reagent.
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4.1.5 In vivo work package

4.1.5.1 Pharmacokinetic profile

In order to assess if positive charge affects particle circulation and monitor DOX clearance

from the bloodstream, PK investigation was carried out in Brown Norway rats. DOX as free drug and

in liposomal form was administrated i.v. in Brown Norway rats and PK assessed for 120 min.
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Figure 31 Pharmacokinetic profile of different (C)TSL-DOX formulation in Brown Norway rats.

DOX blood level after administration via PG2-TSL3® (A), PG2-CTSL (B), PEG-TSL® (C) and PEG-CTSL (D). In all figures,
administration of free-DOX is shown with a dashed red line whereas dotted red line at 15 pug/ml in y-axis highlight threshold of 50 %
injected dose. DOX blood concentration values from all TSLs tested were fit using mono-exponential decay formula (Equation 3),
besides of PG2-CTSL where a two-phase decay formula was used for the fitting (Equation 4). Data are presented as mean value + SD,
every groups consisted in three animals (n = 3).

After injection of anionic PG2-TSL* and PEG-TSL®, a mono-exponential DOX elimination
was observed (Figure 31A, C) with at, of 137.6 + 16.8 min and 305.4 £ 8.5 min, respectively (Table
12). Maximum blood concentration (Cmax) for PG,-TSL®® and for PEG-TSL® were similar and
comparable to theoretical Cmax, suggesting negligible DOX leakage upon TSL injection (Table 12).
In case of cationic TSLs, Cmax Was significantly lower when compared to the anionic counterpart,
especially in case of PG,- CTSL (11.4 £ 0.7 pg/ml, 2.7-fold lower in comparison to PG.-TSL). In the
latter case, a drop in circulation time was observed immediately upon liposomes injection, with a
rapid loss of 65.5 % of total injected dose (ID) (Table 12). DOX blood content after PG>-CTSL
administration unveiled a bi-phasic clearance with t, of 11.5 + 2.7 min and a slow elimination rate
after initial drop, assessing a final DOX blood content at 2 h of 2.7 £ 2.0 pg/ml (Figure 31B,Table
12). According to the fast particle clearance, PG2-CTSL AUC: 1 decreased of 70 % when compared
to PG2-TSL® (311 vs. 2,261 h*pg/ml, respectively). In case of PEG-CTSL, an initial drop in DOX
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blood content was observed but to a lesser extent than for PG2-CTSL (32.1 % loss ID). Furthermore,
a significant 2-fold loss in AUC, » was assessed when compared to the anionic counterpart (Table
12). Nevertheless, DOX clearance rate from PEG-CTSL suggested a slow elimination with
monophasic clerance and t, of 125.4 + 5.3 min (Figure 31D & Table 12).

Table 12 PK parameters of DOX in (C)TSLs formulation.

Linosomes Tvpe ta AUCzn theoretical ~ Camin Con Fit (R?)
P yp (min) (h*ug/ml)  Crax(ug/ml)  (ug/ml) (ug/ml)

free-DOX / / 18 33.1 41+£1.1 n.d. /

PG»TSL®  anionic  137.6+16.8 2,261 33.1 31.1+31 143432 09520

PEG-TSL®  anionic  3054+85 2,827 33.1 31.2+66  198+08 09714

PEG-CTSL  cationic  1254+53 1,585 33.1 224+69  92+09 09923

PG,CTSL  cationic 11527 311 33.1 114407  27+20 09871

to = half life. AUC=Area under the curve. C = DOX blood concentration.

4.1.5.2 Biodistribution

Targeting of anionic and cationic TSL-DOX formulations was assessed in BD experiments in

tumor-bearing rats in combination with lamp mediated HT.
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Figure 32 BN175 tumor growth kinetics and setup used for BD investigation.

Representative images of tumor growth kinetics (A) and according tumor volume assessed via caliper measurement (B). Red dotted
line on graph B indicates threshold of tumor volume required for the BD study whereas grey area shows usual timing for the tumor to
reach desired size (7-9 days). BD setup: heated-mattress pad (1), anesthesia mask (2), lamp mediated HT and tumor invasive
temperature probe (3), rectal probe (4), temperature data logger (5), timer (6).

Tumors fragments were installed in both hind legs. Tumor growth was assessed via caliper

measurement every other day (Figure 32A, B). Lamp-mediated HT was performed on one of the
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tumors (Tumor HT), whereas the tumor located on the opposite hind leg was kept at physiological
temperature (setup shown in Figure 32C). In all tested TSL groups, 1 h HT was successful in
increasing DOX enrichment in heated tumors, when compared to untreated tumors (Figure 33B). For
PG,-TSL®, a remarkable 14-fold higher DOX concentration was found in heated tumors, when
compared to NT tumors. For PEG-based TSL, no differences were observed in terms of DOX
enrichment factors between anionic and cationic particles, suggesting positive charge did not affect
the external targeting approach mediated by HT. As expected, the fast clearance of PG>-CTSL
observed in PK investigations is mainly due to RES particle removal, as suggested by higher DOX
values recovered in liver and spleen (Figure 33A). PG2-CTSL synergistic targeting in heated tumors
led to 3.7-fold higher DOX enrichment in comparison to non-heated tumors. However, no substantial
differences in DOX recovery were observed among NT tumors treated with different (C)TSLs,

suggesting tumor targeting mediated exclusively by cationic active targeting is negligible at reported

time points.
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Figure 33 Biodistribution of different (C)TSL-DOX formulation in tumor-bearing Brown Norway rats.

DOX recovered in organs (A) and heated and not-heated tumors (B) after i.v. administration of different (C)TSL-DOX formulations.
Data are presented as mean value + SD, every groups consisted in three animals (n = 3). Data were analyzed via unpaired two-tailed
T-test and asterisks indicate significant difference between groups. **** = p < 0.0001, *** = p < 0.001, ** = p < 0.005.
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4.2 Immuno-cancer therapy

The objective of the study was the design of a novel DPPG,-based TSL formulation for
targeted release of IAVs. The investigation aims to assess feasibility of a TLR-7,8 agonist (R848)
encapsulation in TSL and its heat-triggered release upon HT. Besides evaluation of different
formulations, the immune-cell activation driven by IAV stimulation and potentially synergistic effect
of HT in terms of cytokine production were investigated. Additionally, immunogenicity of R848 and
HT in immune-mediated cancer cell killing experiments were assessed. PK parameters after injection

of R848 in solution or formulated with DPPG,-TSL were assessed in vivo on Brown Norway rats.

4.2.1 R848 properties
4.2.1.1 R848 fluorescence

R848 was dissolved in acetate buffer pH 5.2 at final stock concentration of 1 mg/ml, as
described in section 3.3.1. R848 fluorescence spectrum unveiled an excitation peak maximum at
260 nm with an emission peak maximum at 360 nm. R848 fluorescence pattern was assessed at these
wavelengths by adjusting the gain (400-1000 V) to investigate linearity between fluorescence and

concentration, and potential self-quenching at high concentrations.
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Figure 34 R848 fluorometry analysis.

R848 fluorescence was assessed in a concentration range (0.1-1000 pg/ml) at different voltages (400-1000 V) (A). Red line in graph
(AB ;iglights R848 fluorescence pattern at 670 V. Focus on R848 fluorescence at 670 V in concentration range between 0.1-1.2 pg/ml

R848 fluorescence showed a concentration-dependency (Figure 34A). From a concentration
of 0.1 to 50 pg/ml, fluorescence increased accordingly (Figure 34A). At ~50 pg/ml of R848,
fluorescence emission decreased, potential due to a self-quenching effect. At the highest R848
concentration tested (1 mg/ml), partial R848 self-quenching was detected, independently of the
voltage used. R848 fluorescence linearity was assessed in a specific concentration range (0.1-1.2
pag/ml), using 670 V (Figure 34B). Due to the self-quenching effect of R848 on the fluorescence
intensity, R848 active loading was monitored through fluorescence spectroscopy over time (refer to
sections 4.2.2.4 & 4.2.2.5). Nevertheless, due to the incomplete self-quenching of R848, HPLC was

always performed to quantify content and loading efficiency.
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4.2.1.2 R848 recovery after filter centrifugation

Filter centrifugation via Amicon unit filters 30K is a valid option to separate small hydrophilic
molecules from liposomes [109, 256]. Recovery of non-liposomal R848 in the supernatant was
evaluated at 3 different concentration (e.g., 1, 5 and 10 pg/ml). Amicon filters without passivation
showed a signficant loss of R848 especially at the smallest tested concentation (1 pg/ml, 80 % loss)
(Figure 35A). This might be caused by R848 adsoprtion to filter membranes. Filter passivation with
5 % Triton X-100 strongly improved R848 recovery to ~100 % by avoiding material loss.
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Figure 35 R848 recovery after filter centrifugation (A) and R848 interaction to FCS (B).

In figure 35A, R848 solutions (1, 5 and 10 pg/ml) were filter centrifuged (14000xg, 10 min, 2-8 °C). Filters were either passivated
(5 % Triton X-100 overnight) or not passivated. R848 content was assessed in filtrates and compared to initial values assessed in
supernatant before centrifugation. In Figure 35B, R848 was spiked in full FCS at 5 pg/ml final concentration. Incubation was carried
out at 37-45 °C temperature range for 5 min and at 37 °C and 42 °C for 1 h. Samples were filter centrifuged (14000xg, 10 min, 2-8 °C)
using passivated filters. Recovered values are displayed per each incbuation condition. In boths graphs, values are shown as mean
values + SD for three independent measurements.

Next, potential binding of R848 to serum proteins was assessed under different conditions.
R848 might be bound to serum proteins [257] and hence not recovered via the above mentioned
method. Incubation of R848 in FCS was carried out in similar conditions used as in a temperature-
dependent release assay. The recovered R848 was reduced of ~ 20 % in all groups, potentially caused
by serum complex formation (Figure 35B). Since serum proteins are not usually filtered, complexed
R848 is lost and cannot be recovered. No differences were detected when serum incubation was

performed for 5 min or 1 h, independently from incubation temperature (Figure 35B).
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4.2.2 Formulation design
4.2.2.1 R848 passive loading in DPPG2-TSL

First, R848 encapsulation was tested via passive loading method. The used conditions are
described in Table 1, whereas particle characteristics after R848 passive loading are reported below
(Table 13).

Table 13 DPPG2-TSL formulation after R848 passive loading.
Results are shown as mean values + SD of three independent prepared batches.

Liposomes Z-average ¢-POT R848 R848/lipid

[0)
(mol:mol) (nm) PDI (mV) (mM) (mol:mol) EE (%)
DPPC/DSPC/DPPG;
(50/20/30) 1629+32 0.118+0.02 -259+6.4 0.03+0.06 0.013+0.001 153+18

PDI = polydispersity index. (-POT assessed in NaCl 0.9 %. EE = encapsulation efficacy.

Passive loading of R848 did not affect suspension stability, as size & PDI assessed via DLS
data proved a homogenous particles distribution. The negative surface charge detected via (-POT
analysis was found consistent with previously reported data when 30 mol% of DPPG; were present
in the lipid bilayer (refer to section 4.1.1.3). R848 was encapsulated into DPPG2-TSL with an EE of
15.3 + 1.8 %. Next, particles were subjected to a temperature-dependent release assay to assess R848
heat-triggered capability (Figure 36). Poor drug retention was observed after 5 min and 1 h at 37 °C,
with ~35 % (total content) and ~50 % loss of total R848 content, respectively. At 42 °C, drug release
was equal to ~70 % after 5 min and to 85-90 % after 1 h incubation (Figure 36). The high leakage at
37 °C can be explained by the presence of a relevant membrane fraction of R848, subjected to fast
removal upon dilution in FCS. This might also explain the higher EE assessed after passive loading,

driven by R848 encapsulation both in the aqueous core and in the lipid bilayer.
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Figure 36 Temperature-dependent R848 release profile of passively loaded DPPG2-TSL-R848.

Release assay was performed in FCS exclusively for 37 °C and 42 °C, both after 5 min and 1 h incubation. Values are given as
percentage of total R848 content assessed via incubation of particles with 10% Triton X-100 (1:2, v/v). Release measured after 5 min
at RT was used as control. Values are presented as mean values + SD of at least three independent batches.
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4.2.2.2 Investigation of R848 active (remote) loading

R848 active encapsulation in DPPG,-TSL (DPPC/DSPC/DPPG2, 50/20/30 mol:mol) was
investigated via a NH4" gradient, which is a conventional strategy established for remote loading of
weak bases [38]. A method for R848 active loading in non-thermosensitive liposomes was already
described in the literature [258]. However, the loading condition consisted in a 4 day incubation at
30 °C with PBS set at pH 5.2 in the extra-liposomal phase and ammonium sulfate (AS) at pH 5.4 as
gradient force. Potential degradation of liposomal carriers can be expected by the acidic conditions
[259], however the latter point was not assessed by the authors.

To assess whether such prolonged loading is indeed required, fractions of a single liposome
batch were loaded for different time points (2, 4, 8, 24, 48 and 72 h), while temperature was set at
30 °C. Active loading was performed with an initial R848/lipid of 0.1 (mol:mol) using AS as intra-
liposomal excipient and, HBS at pH 5.2 as extra-liposomal buffer, respectively. Actively loaded TSL-
R848 were characterized immediately after loading (Table 14). All liposomes recovered after loading
showed comparable size in the range of 156-170 nm and small PDI < 0.1. A dependency between
loading time and R848 encapsulation efficiency was observed. Samples loaded for 2 h showed an EE
of ~34%, which increased over time up to ~60 % and 80% when loading was protracted for 8 and
24 h, respectively. Loading for 72 h did not improve further R848 encapsulation. As expected,
exposure of liposomes at loading condition (30 °C and extra-liposomal phase pH 5.2) significantly
increased lipid degradation in a time-dependent fashion (Table 14). Temperature-dependent release
assays were performed in all loaded TSL, showing feasibility of DPPG,-TSL for R848 heat-triggered
release upon HT (Figure 37). R848-release profile was notably affected by lyso-lipids content and
R848/lipid ratio. Batches loaded for 2 and 4 h showed higher R848 leakage at 37-39 °C than TSL
loaded for 8 h (~20 % vs. ~5 %). Additionally, a maximum R848 release was detected at 43 °C for
TSL loaded for 2 and 4 h, whereas TSL loaded for 8 h showed more rapid release already at 42 °C.
The presence of an increasing amount of lipid degradation products shifted R848 release profile
towards lower temperatures (Figure 37). Besides, a trend for increasing leakage at NT temperatures

was also observed in batches loaded for more time than 8 h.

Table 14 DPPG2-TSL formulation after R848 active loading at different time.
A single experiment was performed per loading condition (n =1).

I AR v S i I
2 160 0.021 -27.5 0.7 0.02 23.7 n.d.
4 172 0.048 -26.5 1.2 0.048 48.4 0.9
8 168 0.038 -28.7 1.4 0.058 58.7 2.9
24 170 0.041 -25.1 1.6 0.078 78.2 7.2
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48 161 0.076 -28.4 1.9 0.0893 89.3 11.3

72 156 0.084 -26.5 1.9 0.0874 87.4 13.5

PDI = polydispersity index. (-POT assessed in NaCl 0.9 %. EE = encapsulation efficacy. Lyso-lipid assessed via TLC method. n.d.=
not detected.
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Figure 37 Preliminary temperature-dependent R848 release profile of actively loaded DPPG2-TSL-R848.

Efficiency of active loading was assessed at different time points (2, 4, 8, 24, 48, 72 h). Temperature dependent release profile was
performed with freshly loaded TSL. A single experiment was performed per loading condition (n =1).

Carrier integrity and absence of lipid-degradation products are crucial parameters to control
when designing novel liposomal formulations. In this preliminary investigation, prolonged exposure
to 30 °C during loading seemed to improve R848 encapsulation but also induced lipid hydrolysis.
The batch loaded for 8 h showed potential for further improvements, which were investigated in the

next section.

4.2.2.3 R848 active loading optimization — pH & excipients

Optimization of R848 loading into DPPG.-TSL was investigated by screening different
parameters as intra-liposomal excipients and extra-liposomal pH. First, R848 loading via the above
reported conditions was replicated, with AS as intra-liposomal excipient (300 mM, pH 5.4) and HBS
pH 5.2 in the extra-liposomal phase. Loading was performed for 8 h at 30 °C, with R848/lipid ratio
of 0.1 (mol:mol). By increasing the pH to 6.4, R848 protonation was reduced until reaching a 50 %
balance between protonated and deprotonated forms (pH 6.4 = pKa). Hence, active loading was also
tested with extra-liposomal buffer HBS at pH 6.4, to investigate potential improvements in R848 EE
and reduction in lyso-lipid generation (refer to table Table 17 for buffer composition and osmolality
measurements). Second, in parallel experiments, DPPG>-TSL were produced with different intra-
liposomal excipients (ammonium phosphate, AP, 300 mM pH 7.4). Also in this case, both extra-
liposomal pH conditions (5.2 and 6.4) were tested to unveil the best loading conditions.

Physicochemical properties of DPPG»-TSL after R848 loading are shown in Table 15.

Table 15 DPPG2-TSL formulation after R848 active loading at 30 °C/8 h.
Results are shown as mean values + SD of at least three independent batches.
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Intra- Extra-

RAGTSL vesice vesie  CRES® por CORER o) GITET Gy 0t
AS-pH 5.2 él“]'HS“_)jSO“ le-?gz 184+5 8:838 + 8:822 + 2_29'7 *  295+05 145+16
AS-pH 6.4 éﬁHg:)jSO4 ;‘?2 ,  l87x2  podE 0080E 802 yg.06 78212
AP-pH 5.2 éﬁ“;?j”Pm le—?fs.z 187+3 3:8‘3‘4 * 8;3;5 t AT 06x03  52:03
AP-pH 6.4 éﬁ'ﬁf)ijo“ ;52 , 175%5 8:8;2 * 8:827 * 2'72'3 * nd 89+23

AS =ammonium sulfate. AP =ammonium phosphate. PDI = polydispersity index. EE = encapsulation efficacy. Lyso-lipid (%) assessed
via TLC method. n.d.=not detected

R848 EE significantly increased from ~60 % to ~85 % when the extra-liposomal pH was
adjusted to the pKa of R848 (pH 6.4) (Table 15). Furthermore, a consistent decrease in lipid
hydrolysis was assessed when compared to TSL loaded at pH 5.2. This is not surprising considering
optimal pH for lipid storage should not be lower than 6.5 [259]. When loading was performed via
AP, EE of ~75 and ~88 % was assessed when HBS at pH 5.2 and 6.4 were used, respectively. In good
accordance with the higher intra-liposomal pH (pH 7.4), lipid hydrolysis was even further reduced
(Table 15). All loaded TSL-R848 were tested in terms of heat-triggered R848 release. R848
temperature-curves were overall similar for all loaded TSLs, with a fast and complete drug release at
42-43 °C after 5 min incubation (Figure 38A). Significant leakage at 37 °C was observed after 5 min
incubation in all TSL (15 to 25 %), except in TSL loaded with AS-pH 5.2, which showed negligible
loss of R848 at this condition. The latter formulation was also observed to have a faster R848 release
in comparison to other TSLs (~80 vs. ~50 % R848 release). Payload retention after stressing particles
for 1 h at 37 °C showed good stability in case of AS pH 5.2, whereas batches loaded at pH 6.4 via
AS gradient showed ~15 % leakage (Figure 38B). Formulations loaded with AP gradient showed
higher R848 loss after the same incubation, ~20 and ~24 % for pH 5.2 and 6.4, respectively. In all
TSLs tested, prolonged storage at 2-8 °C significantly increased lipid hydrolysis, with higher content
for TSL loaded at lower pH (Table 15).
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Figure 38 Temperature-dependent R848 release of DPPG2-TSL-R848 with different intra-liposomal excipients.
Temperature dependent release profile for 5 min incubation at 37-45 °C (A) and 1 h at 37 °C and 42 °C (B). Values are presented as
mean values + SD of at least three independent batches.

Due to the above-mentioned results regarding R848 retention at 37 °C, AS was assessed as an
optimal excipient for R848 active loading. Particles loaded with extra-liposomal pH 5.2 showed a
better performing TDR profile with minimal leakage at 37 °C and a rapid release at 41 °C. However,
shortcomings concerning lipid hydrolysis and suboptimal EE were detected. On the other side,
batches loaded at pH 6.4 showed almost a complete EE with minimal lipid hydrolysis, while TDR
profiles were still considered functional. For the above-mentioned reasons, both formulations were

kept in the investigations and used in the next study.

4.2.2.4 R848 active loading optimization — R848/lipid ratio

The significant leakage of R848 immediately after FCS dilution at NT (37-39 °C) temperature
might be related to R848 partially incorporated in the membrane bilayer. R848 interactions with lipid
bilayer were hypothesized to be a function of total R848 concentration and extra-liposomal pH. Hence
by increasing the concentration, a consequent reduction in percentage of membrane bound R848 can
be expected. Loading with higher R848/lipid ratio (mol:mol) was tested to highlight potential benefit
in terms of encapsulation stability and thus reducing percentage of R848 loss. R848 loading was
performed as described above, except for R848/lipid (mol:mol) ratio which was in this case doubled
(0.2). TSL showed similar values in terms of size distribution with no differences in PDI and (-POT
(data not shown). Loading efficiency did not change when 2-fold higher R848 was used in the
experiments, with comparable EE values among condition tested. In accordance to higher EE
observed for batch loaded at pH 6.4 in comparison to pH 5.2, the same was reported also in this case
(Figure 39). Final content formulated via TSL was significantly different, with 2-fold higher R848
content in liposomes loaded at 0.2 R848/lipid ratio, compared to 0.1 ratio (Figure 39).
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Figure 39 Encapsulation efficacy of R848 via passive and active loading.

Passive (detailed description in section 4.2.2.1) and active loading of R848 with different extra-liposomal pH (5.2 and 6.4) and
R848/lipid ratio (0.1 and 0.2, mol:mol). Bars refers to R848 encapsulation efficiency (left y-axis), whereas symbols refer to R848
content (right y-axis). Values are presented as mean values + SD of at least three independent batches.
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The R848 remote loading in DPPG,-TSL was monitored via fluorescence spectroscopy. An
investigation on R848 fluorescence property was already assessed in section 4.2.1, showing no
complete self-quenching at the highest concentration tested (1 mg/ml). When loading was performed
at pH 5.2 for 8 h at 30 °C, the fluorescence decreased in fuction of time but not further than 60 % of
initial fluorescence, assessed at 8 h (Figure 40). When extra-liposomal pH 6.4 was tested,
fluorescence decreased to 45% of the initial value at 3 h with no further improvements over time.
Nevertheless, when loading was performed with a R848/lipid 0.1 (mol:mol), resulting fluorescence
measured via the same mean decreased only to a final ~75 % of initial values, for both tested pH.
These findings confirm the needs to properly evaluate R848 loading by assessing the final content
via HPLC method.
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Figure 40 R848 fluorescence spectroscopy during remote loading.

Fluorescence spectroscopy was performed at time 0 and after 1, 2, 3, 4 and 8 h. Values are expressed as percentage of fluorescence
intensity found at time 0. Values are presented as mean values = SD of at least three independent batches.

R848 release profiles on batches loaded with twice the amount of R848 were performed and
temperature curves compared to previous obtained results (refer to section 4.2.2.3). Surprisingly,
similar pattern in TDR profiles were observed when comparing to TSL loaded at R848/ lipid 0.1
(mol:mol), both for pH 5.2 and 6.4 (Figure 41). In case of loading at pH 5.2, minimal R848 loss were
detected between 37-39 °, whereas a rapid burst-like R848 release was observed at 41 °C after 5 min
incubation (Figure 41A). As reported above, at pH 6.4 a significant larger R848 loss were observed
at 37 °C after 5 min incubation, with negligible further increase in leakage when incubation was
prolonged to 1 h. The same was observed when TSL were loaded with two times the amount of R848
using the same condition (Figure 41B, D).
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Figure 41 Temperature-dependent R848 release profile of DPPG2-TSL-R848 loaded with different R848/lipid.
Temperature dependent release profile for 5 min incubation at 37-45 °C (A, C) and after 1 h at 37 °C & 42 °C (B, D). Values are
presented as mean values + SD of at least three independent batches.

These results suggested that fraction of R848 lost during incubation in FCS is not affected by
the R848/lipid ratio in the range from 0.1 to 0.2 (mol:mol). Nevertheless, particles loaded with double
the amount of R848 provided a higher final content formulated via TSL, with potential further benefit

for TSL dosage in further in vivo studies.

4.2.2.5 R848 active loading optimization —Temperature & Time

In an attempt to ease loading procedures and to reduce lipid hydrolysis, a shorter time for
R848 encapsulation loading was investigated. In this case, active loading via NH4™ gradient was tested
at a higher temperature (37 °C) and time was reduced to 1 h. Additionally, the H* gradient remote
loading was also tested in parallel experiments. In the latter case, TSL were hydrated with citrate
solution (300 mM, pH 4), whereas the extra liposomal phase was adjusted to pH 6.4 via buffer
exchange (PD-10 columns, HBS pH 6.4). Due to the different nature of the gradient, a differences in
pH between intra- and extra-liposomal phase is required to drive API encapsulation [38]. Hence,
R848 active loading via citrate was only tested with extra-liposomal pH 6.4. R848 active loading was
performed at 37 °C for 1 h, both for AS- and citrate-based TSL, with initial R848/lipid of 0.2.
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Table 16 DPPG:-TSL formulation after R848 active loading at 37 °C/1 h.
Results are shown as mean values + SD of at least three independent batches.

Intra- Extra-

Ro4g-TSL vesicle vesiole  CRESS por AR (L EY Gt o6
AS-pH 5.2 éﬁ?)fm le-||3§.2 17ax16 g0t 0T8E 590Eg5406 0.13+0.05
AS-pH 6.4 ;()l;qué)jSQ ;52. , 176+23 8:8; * 8:(1)82 * ;71'1 * 06+02 0.03 +0.01
Citrate ;i_frjte ;_?2 ,  We1xse 0ooF DUSE BLE 55408 0.35+ 0.04

AS = ammonium sulfate. Lyso-lipid (%) assessed via TLC method. Fatty acid (%) assessed via HPLC-CAD.

DLS analysis showed homogeneous size distribution (170-180 nm) and small PDI (<0.1)
(Table 16). In case of AS-based TSL, a higher EE was observed for batches loaded at pH 6.4, when
compared to extra-liposomal pH 5.2 condition. R848 remote loading was also monitored via
fluorescence spectroscopy, assessing a fluorescence reduction of 45 and 55 % after 30 min of loading,
respectively in case of pH 6.4 and 5.2 (Figure 42). No further decrease was assessed in terms of
fluorescence reduction over time. When TSL were loaded with a R848/lipid ratio of 0.1, fluorescence
intensity at time O resulted half of the one observed in case of 0.2 R848/lipid. In this case, R848

fluorescence at the end of the incubation was reduced not more than 10 to 20% of initial values.
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Figure 42 R848 fluorescence spectroscopy during remote loading.
Fluorescence spectroscopy was performed every 10 min for 60 min. Values are expressed as percentage of fluorescence intensity found
at time 0. Values are presented as mean values £+ SD of at least three independent batches.

R848 temperature-curves of batches loaded via citrate and AS at pH 5.2 showed minimal
leakage at 37 °C for 5 min incubation (~10 %) whereas R848 burst release was observed at 41-42 °C,
with complete depletion after 5 min. Also in this case, batches loaded at extra-vesicle pH = pKa
(pH 6.4), showed a more significant membrane fraction with ~20 % R848 loss immediately upon
FCS dilution and incubation at 37 °C for 5 min (Figure 43A). In good accordance with these findings,
prolonging the incubation at 37 °C for 1 h did not show increased leakage for AS at pH 6.4 (~20 %),
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whereas batches loaded with AS at pH 5.2 and citrate demonstrated a loss of ~15 % (Figure 43B). In

all TSLs, full R848 depletion was assessed when particles were stressed for 1 h at 42 °C.
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Figure 43 Temperature-dependent R848 release profile of DPPG2-TSL-R848 loaded at 1 h 37 °C.
Temperature dependent release profile for 5 min incubation at 37-45 °C (A) and 1 h at 37 °C & 42 °C (B). Values are presented as

mean values + SD of at least three independent batches.

Citrate loaded TSL did not provide any improvements in terms of encapsulation efficiency or
temperature curves, showing a TDR profile comparable to TSL loaded via AS at pH 5.2. Furthermore,
the lower intra-liposomal pH induced a 2-fold higher lipid hydrolysis, when compared to AS TSLs
(Table 16). Batches loaded with AS at pH 5.2 and 6.4 showed equal results to previously obtained
TSLs with same excipients but loaded at 30 °C for 8 h. A direct comparison on temperature curves
from these batches is shown in Figure 44. In case of TSLs loaded at pH 5.2, shorter loading at higher
temperature affected R848 leakage at lower temperatures, with a loss of 10% (Figure 44A). Similarly
rapid R848 release was observed at 41 °C, with peaks of R848 fractions observed at 42-43 °C (90-
100 % release). Also for bathes loaded at pH 6.4, the higher incubation temperature during loading

promoted a slightly higher R848 loss at lower temperatures (~20 %), whereas a higher R848 release

was detected at 41 °C (65 %) in comparison to TSLs loaded at 30 °C for 8 h (45 %) (Figure 44B).

A B
110 PH 52 110 PH 64
& 1004 & 1001
< 901 < 90-
E 80+ E 801
o 70 o 704
S 604 S 601
& 50+ 2 50
< 404 = 404
& 30+ o & 30+ o
2 . -0~ 30°C-8h 2 304 O 30°C/8h
2 104 - 37°C-1h £ 10+ & 37°C/1h
H— T

36 37 38 39 40 41 42 43 44 45 46 47 48

Temperature (°C)

36 37 38 39 40 41 42 43 44 45 46 47 48

Temperature (°C)

Figure 44 Focus on temperature-dependent R848 release profile of DPPG2-TSL-R848 loaded with different condition.
Temperature dependent release profile for 5 min incubation at 37-45 °C for batches loaded with extra-liposomal pH 5.2 (A) and extra-
liposomal pH 6.4 (B). Values are presented as mean values + SD of at least three independent batches.
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Overall, both loading strategies (30 °C/8 h vs. 37 °C/1 h) promoted similar loading efficiency
with comparable final R848/lipid ratio (mol:mol). Lipid hydrolysis was also observed, but to a
somewhat lower extent than for TSL incubated at 30 °C for 8 h. However, TSLs loaded at higher
temperatures induced somewhat more leakage at lower temperatures than batches loaded at lower
temperatures over a longer time span. Hence, further investigation in vitro and in vivo were performed
with AS-based DPPG,-TSL-R848 loaded at 30 °C for 8 h.

4.2.2.6 Release kinetics and effect of serum components

To further investigate R848 loss at low temperatures, TSL-R848 loaded either at pH 5.2 and
6.4 (AS, 30 °C/8 h) were tested in a temperature-dependent release assay both in FCS and HBS media.
It was reported, that proteins are influential mediators of release of encapsulated compounds from
TSL [108]. Hence, temperature-dependent release profiles of R848-loaded TSL were investigated
both in FCS and HBS media, to assess potential differences in terms of R848 leakage and heat-
triggered release. In addition, the temperature-dependent release profiles were combined with a time-
dependent release assay. Batches were produced and release in FCS was measured to allow
comparison of results obtained in HBS. The temperature-dependent R848 release profiles in FCS
were comparable to the results shown in section 4.2.2.3 (Figure 45A). As expected, a significant
lower R848 release rate was observed in buffer, with a peak fraction of 20 % and 40 % for batches
loaded at pH 6.4 and 5.2 respectively (Figure 45C). Surprisingly, the 20 % loss of R848 usually
observed in TSL loaded at pH 6.4 was not detected, with a R848 leakage of max 10 % at T °C < Tp.
In time-dependent settings, 5 min incubation at 42 °C in FCS showed similar R848 release fractions
to what was previously observed in temperature-depending settings (80-90 %, Figure 45B), with no
further changes over time. In HBS, 5 min incubation showed minimal release of 10-30 % release,
respectively for batches loaded at pH 5.2 and 6.4. Prolonged incubation at this target temperatures
increase release over time, with batches loaded at pH 5.2 showing a faster release (Figure 45D). At
37 °C, both TSLs did not show significant leakage overtime, suggesting optimal liposomal stability

in buffer condition.
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Figure 45 Temperature- and time-dependent release profile of actively loaded DPPG2-TSL-R848.
All TSLs were loaded at 30 °C for 8 h, with R848/lipid ratio of 0.2. Temperature dependent release profile for 5 min incubation at 37-
45 °C in FCS (A) and HBS (C). Time-dependent release of 1 h at 37 °C & 42 °C in FCS (B) and HBS (D). An exponential one-phase
association curve was fitted through the 37 °C and 42 °C release sets. K constants calculated from the exponential fit at 42 °C for 1 h
are shown in graph B & D (expressed as s*). Data are shown as mean value + SD for three independent batches.
4.2.2.7 Stability in short-term storage study

DPPG,-TSL-R848 liposomal stability and carrier integrity were tested in a short-term stability
study. Since proceeding lipid hydrolysis was assessed within 30 days at 2-8 °C, liposome stability
was investigated under frozen condition (-20 °C). Storage at 2-8 °C served as negative control. The
study was conducted for 4 weeks. Cryoprotectants are usually added as excipients in liposome
formulation undergoing freezing or lyophilisation [260]. Therefore, a buffer consisting of sucrose
(300 mM) with HEPES adjusted to pH 7.4 (cryo-buffer) was used for frozen storage in the present
study (refer to Table 17 for exact composition and osmolality measurements). TSL stored at 2-8 °C
were tested in extra-liposomal buffer HBS pH 7.4 without sucrose to minimize risk of bacterial and
or fungal growth due to the sugar content since preparation is done under non-sterile condition. All
TSL were actively loaded with R848 (30 °C/8 h) using AS as excipient. After centrifugation, the
liposomal pellet was resuspended in cryo-buffer or conventional HBS pH 7.4. DLS analysis showed
good liposomal stability over the entire study period, with size between 160 and 175 nm and PDI <
0.1 for all samples (Figure 46A). Liposomes undergoing freezing-thawing (up to 2-cycles) showed
comparable size and PDI with freshly formed vesicles (Figure 46A, B). In parallel, TSL were run

through HPLC-CAD to assess fatty acid content. As is shown in Figure 46C, lipid integrity was
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significantly affected by the loading condition and lipid hydrolysis increased over time, with TSL
loaded at pH 6.4 showed ~4 % of fatty acids in lipid bilayer at 30 days of storage at 2-8 °C, whereas
2-fold higher content was assessed for TSL loaded at pH 5.2. In case of storage at -20 °C, the content
of lipid decomposition products did not increase over time, with comparable fatty acids content to
freshly formed vesicles, when assessed after 30 days storage being (Figure 46C). Leakage of R848
during freezing/thawing was assessed in 2 subsequent cycles. TSL containing cryoprotectant as
excipients showed a negligible increase in non-liposomal R848 after 1 cycle when compared to non-
frozen TSL, whereas a slight increase was observed after a second cycle (1.5-fold) (Figure 46D). TSL
in HBS buffer showed a significant reduction in R848 retention, with 2.5- and 3.5-fold higher amount

of non-liposomal R848 respectively after a first and a second cycle (Figure 46D).
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Figure 46 DPPG2-TSL-R848 short-term storage stability study at 2-8 °C and frozen condition.
DLS analysis on (C)TSLs during storage at 2-8 °C for 30 days and after freezing/thawing (A). Representative size distribution via
intensity profile of TSL before and after freezing/thawing w- and w/o cryoprotectants (B). Fatty acids content in lipid bilayer was
assessed via HPLC-CAD after R848 loading and after 30 days storage at 2-8 °C or at -20 °C (C). Effect of excipients as cryoprotectant
during freezing/thawing (D). In graphs A, C and D, data are shown as mean values + SD of at least three independent batches. Data

shown in graphs C and D were analyzed via one-way ANOVA followed by Bonferroni test and asterisks indicate significant difference
between groups. **** = p < 0.0001, ** = p < 0.01.

Besides DLS and lipid degradation analysis, TSLs were tested in terms of R848 heat-triggered
release. Temperature-dependent R848 release profiles of freshly formed vesicles were compared to
profiles assessed after 30 days of storage at 2-8 °C or at -20 °C and showed a clear effect of the
storage condition (Figure 47). When TSL loaded at pH 5.2 were stored for 30 days at 2-8 °C, the
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release profile shifted 1 °C towards lower temperatures, with 70 % R848 release assessed already at
40 °C/5 min (Figure 47A). Also for batches loaded at pH 6.4, differences in R848 temperature-curves
were observed, with a slight increase in R848 release fraction after 5 min at 41 °C (75% vs. 40%).
These results are in accordance with lyso-lipid and fatty acid content assessed during stability study.
On the other side, when particles were stored at -20 °C for 30 days, no significant differences were

detected when compared to freshly-formed vesicles (Figure 47B).
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Figure 47 Temperature-dependent release profile of DPPG2-TSL after storage.
Temperature dependent release profile for 5 min incubation at 37-45 °C for 2-8 °C stored TSL (A) and for -20 ° stored TSL (B). Values
are presented as mean values + SD of at least three independent batches.

4.2.2.8 Cryo-TEM, DSC analysis & osmolality

Several studies have already reported the possibility of observing crystal formation of the API
in the liposomal agueous environment after remote loading. For instance, DOX can be easily observed
forming circular crystal in contact with inner liposome leaflet [261]. In this investigation, R848-
loaded DPPG2-TSL were investigated via cryo-TEM analysis to assess the formation of crystals. As
shown in Figure 48A, freshly loaded TSL did not show any detectable differences to control TSLs.
The latter were subjected to the same loading procedure and recovery method but without R848.
There were no R848-sulfate crystals visible inside the TSL, independently from the loading
conditions used (Figure 48A). To evaluate a potential effect of freezing and thawing on the
morphology of the TSL, cryo-TEM was conducted again after a single cycle (Figure 48B). A higher
number of MLVs were visible in all groups, potentially induced by the freezing/thawing procedure.
However, the minimal formation of MLVs did not impact PDI and size distribution, as assessed
previously, whereas temperature-curves showed comparable R8748 release profile to freshly
prepared TSL that did not undergo freezing and thawing (refer to section 4.2.2.7).
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Figure 48 Cryo-TEM of DPPG2-TSL-R848.

TSLs were imaged after R848 active loading (30 °C/8 h) conducted at extra-liposomal pH 5.2 or 6.4 (A). Control TSL were subjected
to loading condition (30 °C/8 h) with extra-liposomal pH 5.2, without R848. DPPG2-TSL-R848 in cryo-buffer were subjected to one
cycle freezing and thawing and imaged (B).

Additionally, Tm in freshly formed DPPG2-TSL-R848 was assessed via DSC. Phase transition
temperature was affected by loading condition, with batches loaded at pH 5.2 showinga Tm =42.1 °C,
while for TSL loaded at pH 6.4 T was 42.7 °C (Figure 49). These data are in good accordance with
lyso-lipid generation assessed after loading. No differences were detected between loaded and
unloaded TSL in shape of the DSC curves and Tm peak (Figure 49A, B).
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Figure 49 Curves of the heating phase from 20 °C to 60 °C of DPPG2-TSL-R848.

TSLs were loaded for 37 °C/1 h or 30 °C/8 h, with extra-liposomal pH 5.2 (A) or 6.4 (B). DSC curves were plotted based on heat flux
versus time with a heating rate of 1 °C/min. TSLs subjected to similar loading procedure but without R848 were used as controls. For
each loading conditions, three different curves are shown corresponding to three independent batches. For controls, a representative
curve is shown. Tmis shown as mean value + SD of the three curves.
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Osmolalities of non-formulated R848, DPPG2-TSL and solutions used for active loading are

shown in Table 17. No differences were detected in DPPG,-TSL with different intra-liposomal

excipients, whereas extra-liposomal buffer significantly affected formulation osmolality.

Table 17 Osmolality of R848-TSL formulation and solutions used for R848 loading.
Data are shown as data + SD for at least three independent batches.

Liposomes/ composition .
solutions (concentration mM) Osmolalities (mmol/kg)
R848 (stock) Ammonium acetate (40 mM); 46+ 4

5 % EtOH (v/v)

Ammonium sulfate (NH4)2S04 (300 mM) 63329
Ammonium phosphate (NH4)2HPO4 (300 mM) 587 £ 10
Citrate citrate (300 mM) 612 +12
HBS pH 5.2 HEPES (20 mM); NaCl (150 mM) 317 + 10
HBS pH 6.4 HEPES (80 mM); NaCl (120 mM) 313+8
HBS pH 7.4 HEPES (20 mM); NaCl (150 mM) 309 + 12
Cryo-buffer Sucrose (300 mM); HEPES (40 mM); 508 £5
NaCl (60 mM)
R848-TSL (in HBS pH 7.4) / 312+9
R848-TSL (in Cryo-buffer) / 486 + 8
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4.2.3 In vitro immune-cell activation

4.2.3.1 Generation of PBMCs
All PBMC were generated via gradient separation (Figure 50A) from full blood, as described

in detail in section 3.10.9. Purified PBMCs were analyzed via microscopy and FACS, showing a cell

population mainly formed by lymphocytes and monocytes, with minor contamination of red blood
cells (Figure 50B, C).

A blood collection gradient centrifugation PBMCs

Monocytes

Figure 50 PBMC purification and qualitative analysis.

Fresh blood was collected from healthy donors and used immediately for gradient separation (A). Cells forming a white ring at
interphase between plasma and gradient were collected, washed twice with PBS and counted. PBMC were seeded at 1x108 cells/ml in
p-slide chamber slides and microscopy performed via bright field analysis in live settings (B). Bar scale applied to image B is 20 pm.

In parallel, PBMCs (1x10° cells/ml) in PBS were transferred in a FACS tube and analyzed via side and forward scattering.
Representative dot plot graph showing distribution of PBMCs and gating used to identify lymphocytes and monocytes (C).

4.2.3.2 Effects of HT and R848 in PBMC cytokine production

PBMCs were incubated with different concentration of R848 in combination with NT or HT
to assess potential synergistic effect in terms of PBMC activation and cytokine production. Cytokines
production was assessed via ELISA for human IL-6 and TNF-a in the cell culture supernatant.
Incubation with R848 significantly increased cytokine production in all tested concentration, when
compared to controls (Figure 51A, B). In all cases, R848 induced higher TNF-a production when
compared to IL-6 (~2-fold, similar in all tested concentrations). An increasing trend in cytokine
production was observed when PBMCs were incubated with increased amount of R848 (1, 5 and 10
MM). However, higher R848 concentration (e.g., 50 M) did not show further cytokine expression
and even resulted in less IL-& and TNF-a detection, when compared to 10 uM samples. In both cases,
HT application did not significantly increase cytokine production, both as single treatment (control
HT) or in combination with R848 or LPS (Figure 51A, B). Effects on immune cell viability were
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assessed via a prolonged stimulation of 168 h. Analysis were carried out via WST-1 assay in
independent plates incubated for 24, 48, 72, 120, and 168 h. Group incubated with R848 showed a
maximum of 2-fold higher cell viability at 72 h, when compared to control (Figure 51C). Surprisingly,
a prolonged exposure (e.g., > 72 h) to R848 promoted a decrease in PBMCs cell viability, with values

comparable to control at 120 h and even lower at 168 h (Figure 51C).
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Figure 51 In vitro PBMCs activation via R848 stimulation and HT.

Cell culture supernatant was analyzed after 24 h incubation with R848. For NT and HT treatments, cells were placed on a water bath
set at corresponding temperature (e.g., 37 °C & 41 °C). Next, plates were transferred back in the incubator for 23 h. ELISA was
performed in samples not older than 24 h from the end of incubation time (storage at 2- 8 °C). LPS was always used as positive control,
whereas RPMI medium was used as negative control. ELISA was used to assess production of IL-6 (A) and TNF-a (B). Cell viability
of R848 stimulated PBMC was assessed in a 168 h investigation windows via WST-1 assay (C). Control groups were incubated with
RPMI medium. Data are shown as mean values + SD of at least three independent experiments. Statistical analysis in graph C was
conducted via one-way ANOVA followed by Bonferroni test and asterisks show significant difference between groups. *** = p<0.001.

4.2.3.3 Invitro cytokine production via TSL-R848

PBMCs activation was tested in parallel experiments with naked-R848 and DPPG»-TSL-
R848. In both cases, 1 h HT or NT was applied, in order to heat-trigger R848 release from TSL for
the former, and cytokines were detected after 24 h exposure via ELISA. PBMCs stimulated via naked-
R848 showed similar results as previously observed, with 2-fold higher TNF-o production when
compared to IL-6 (Figure 52). Significant detection of cytokines was assessed in the supernatants of
PBMCs incubated with DPPG,-TSL-R848 at NT, whereas a 2-fold increase was observed when HT
was applied. Heat-triggered R848 release from DPPG,-TSL in HT groups showed comparable results
of naked-R848 in PBMC activation, with 1.5 fold higher TNF-a production in comparison to IL-6
(Figure 52B). Surprisingly, groups treated with DPPG»-TSL-R848 resulted in higher cytokines values
than for naked-R848, suggesting a higher potency when formulated in liposomal form. DPPG,-TSL
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without R848 (carrier) did not provide any immunogenicity to PBMCs, with cytokine levels

comparable to controls (Figure 52).
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Figure 52 Cytokine assessment in R848-stimulated PBMCs via naked-R848 and DPPG,-TSL-R848.

Cells were seeded at 1x106 cells/well in a 24-well plate. Cells were let rest 24 h, incubation was performed with LPS (1 pug/ml), naked-
R848 (10 uM), DPPG2-TSL-R848 (10 uM) and buffer loaded DPPG2-TSL (carrier), whereas control received only RPMI medium. In
all cases, plates were sealed and placed in a water bath set at 41 °C (HT). Next, cell suspension was centrifuged (10 min 450xg),
supernatant was discarded and cells resuspended in fresh medium. Cell suspension was then placed in the same well. For TSL incubated
cells, a DPPG2-TSL-R848 formulation loaded at pH 5.2 (30 °C/8 h) was used, with R848/lipid ratio of 0.12 (mol:mol). In case of empty
carrier, cells were incubated with the exact amount of lipid to have a 10 mM R848 incubation. Data are shown as mean values + SD of
at least three independent experiments. NT & HT groups treated with DPPG2-TSL-R848 were compared to groups treated only with
the carrier by one-way ANOVA and Bonferroni test and asterisk indicate significant difference between groups. * = p<0.05.

4.2.3.4 Co-culture method with human cancer cells and PBMCs

In vitro R848 cell toxicity study on cancer cells was performed using the BN175 sarcoma cell
and human ovarian cancer cell line (SKOV-3). In both cases, incubation with R848 did not affect cell
viability even at highest tested concentration (100 uM) (Figure 53A, B). HT treatment did not induce
any further toxicity, neither for BN175 nor SKOV-3. To test immune cell mediated cell killing,
SKOV-3 cells were co-cultured with PBMCs and an incubation with R848 was performed. In the
latter case, a reduction in cancer cell viability was assessed in accordance to an increasing
concentration of R848. Immuno-mediated cancer cell killing induced 40 % loss in cell viability when
compared to control at 1 M, with no further improvement at higher concentration (Figure 53C). Also
in this settings, no differences were detected between HT and NT groups. In parallel experiments,
R848 was administrated in liposomal form and HT and NT was applied as described above. R848
induced immune-mediated cell toxicity in a similar magnitude as naked-R848, with negligible
differences driven by NT or HT application (Figure 53D). IC50 for all groups was around ~0.16 pM,
with no significant differences observed between different treatments groups (Table 18). In case of
SKOV-3/PBMCs co-culture without R848, no toxicity was observed and resulted cell viability was
even higher than controls (SKOV-3 w/o PBMC), potentially due to the fraction of immune cell not
washed away during staining (Figure 53E). A representative pictured of co-culture settings with
labeled SKOV-3 and PBMC:s is shown in (Figure 53F).
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Figure 53 R848-induced toxicity to cancer cells in single culture or co-culture with immune cells.

Cancer cell lines BN175 (A) and SKOV-3 (B) were incubated with different concentrations of R848 (0.1 -100 uM). Plates were placed
at 41 °C or 37 °C for 1 h, respectively for HT and NT treatments. Then, plates were transferred in the incubator and cell viability
assessed after 71 h (A and B). Co-culture experiments were established at a SKOV-3/PBMC ratio of 1:10. Cells were exposed to
different concentrations of R848 in either naked-form (C) or in liposomal form (D). Control groups and effect of HT on cancer cells
with and without PBMCs (E). Representative picture of co-culture experiment with SKOV-3 and PBMCs (1:10) at day 1 (F). SKOV-
3 cancer cells were labeled via Lysotracker Red 99. Scale bar applied to image F is 20 uM. In graphs A-D, values were fit by using a
non-linear fit and data were analyzed via one-way ANOVA followed by Bonferroni test highlighting no significant differences between
HT and NT treatments (IC50 of graphs C & D are shown in Table 18). Data shown in graph E were compared to control (NT) via one-
way ANOVA followed by Bonferroni test and asterisks indicate significant difference between groups. * = p < 0.05. ** =p < 0.01.

Table 18 1C50 of immune-mediated cancer cell killing.
IC50 (values in uM) for HT (41 °C) and NT (37 °C) of cell-toxicity curves with co-culture settings showed in Figure 53 (C & D).

SKOV-3 + PBMCs

(1:10) naked-R848 + NT  naked-R848 + HT TSL-R848 + NT TSL-R848 + HT

R848 1C50 (uM) 0.15 + 0.06 0.17+£0.12 0.16 £ 0.18 0.14 £ 0.21
IC50 HT/NT = inhibitory concentration of R848 killing 50 % of cells at HT or NT in co-culture setting.
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4.2.3.5 Fluorescence microscopy

A significant interaction between cancer cells and DPPG.-based liposomes was demonstrated
by the uptake and particle localization in intracellular compartment (refer to section 4.1.3.5). Hence,
the assessment of DPPG»-TSL endocytosis during incubation time (1 h at 37 °C) should be evaluated
further with a cell line used in the investigation. As shown in Figure 54, co-localization of liposomes

and lyso-tracker was visible in case of SKOV-3 cancer cells and also for PBMC-derived monocytes.

R

lysotracker liposomes merge

SKOV-3
\ i

monocytes

Figure 54 Live cell imaging on PBMCs and SKOV-3 incubated with DPPG,-TSL.

PBMCs and SKOV-3 cells were seeded in chamber slides overnight and incubated with NBD-labeled DPPG2-TSLs at 0.5 mM.
Liposomes were let interact with cells for 1 h at 37 °C, after washing cells were imaged in live settings. Cells were imaged via bright
field, NBD-liposome with GFP filter (green color), lysosomes with DsRed filter (Lysotracker RED, red color). Bar scale applied to all
images is 20 pm.

Besides, investigation on the nature of immune-mediate cancer cell killing assessed in co-
culture experiments was carried out. In presence of activated PBMCs, cancer cell killing was already
reported to be mediated by cytotoxic T-cell (CTL), by induction of the caspase cascade in target
cancer cells [262, 263]. The activation of caspases induces cancer cell apoptosis, followed by DNA
fragmentation [264]. Immuno-fluorescence microscopy investigation on co-culture experiments
assessed higher caspase-3 detection in R848-TSL incubated cells, when compared to controls (Figure

55). TUNEL staining for DNA fragmentation did not detect any significant differences, at the
investigated time point (72 h).
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nuclei TUNEL Caspase 3

merge
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Figure 55 Immuno-fluorescence microscopy on fixed SKOV-3 cells in co-culture with PBMC (1:10).
SKOV-3 and PBMCs cells were seeded in chamber slides overnight and incubated with TSL-R848 (10 uM), whereas control groups
received medium. HT treatment was performed via water bath for 1 h. At the end, slides were transfere din the incubator and

fluorescence microscopy assesse after 71 h. DSRED filter was used to image Alexa Fluor 495 for Caspase-3, GFP filter for fluorescien
of TUNEL staining and Dapi for Hoechst (nuclei). Bar scale applied to all images is 20 um.
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4.2.4 Invivo DPPG,-TSL-R848
4.2.4.1 R848 pharmacokinetics

In order to assess whether encapsulation in DPPG»-TSL enhance circulation property of R848,
a PK study in Brown Norway rats was performed. DPPG,-TSL loaded either at extra-liposomal pH
5.2 and 6.4 were both tested in vivo, to assess potential differences in PK driven by loading condition
and R848/lipid ratio. Naked-R848 served as control.
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-©~ RB848-TSL pH 6.4
-8~ R848-TSL pH 5.2
—— naked-R848

L N
(=] =]
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Figure 56 Pharmacokinetic profile of naked-R848 and DPPG»-TSL-R848.
R848 plasma level after administration via DPPG2-TSL loaded at pH 5.2 or 6.4, and as free drug. R848 as naked molecule was
formulated in HBS pH 7.4 at 0.5 mg/ml concentration. Liposomal R848 was diluted at the same concentration by dilution in NaCl
0.9 %. Red arrow indicates 2 min plasma level after administration of naked-R848. R848 plasma concentration values from all TSLs

tested were fit using two-phase exponential decay formula (Equation 4). Data are presented as mean value + SD, every groups consisted
in three animals (n=3).

Formulation of R848 into DPPG,-TSL significantly improved circulation properties, with 35-
fold higher Cmax (2 min) when compared to naked-R848 (Figure 56, Table 19). Additionally, AUC2n
improved from 53.1 h*ug/ml in case of naked-R848 to ~1,600 h*ug/ml in case of DPPG,-TSL-R848
(30-fold higher) (Table 19). Negligible differences were observed when comparing TSL with
different loading conditions and R848/lipid ratio (mol:mol) (Figure 56, Table 19). In both cases, a
certain loss of R848 was assessed after liposome administration, equal to ~20% of ID. Nevertheless,
t. was 34.2 £ 7.4 and 39.1 + 4.25 min, respectively for TSL loaded at pH 5.2 and 6.4.

Table 19 PK parameters of R848 administrated as free drug and in liposomal form.

Formulation R848/lipid  tq AUC2n theoretical Coanmin Can Fit (R?)
(mol:mol) (min) (h*ug/ml)  Cmax(ug/ml) — (ug/ml) (ug/ml)

naked-R848  / / 53.1 62.1 1.36+0.1 0.2£0.1 /

5345';5" 0114001 342+74 1592 62.1 481+13 44+13  0.9989

R848-TSL

bH 6.4 0.14 £0.01 39.1+£425 1,627 62.1 479+13 41+£0.7 0.9845
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t« = half life. AUC=Area under the curve. C = R848 plasma concentration.

Besides, cytokine (TNF-a and IL-6) induction in rat plasma was also assessed before
administration of R848 formulations and at 120 min after i.v. administration. As shown in Figure 57,
R848 increased plasma levels of TNF-o when assessed at 120 min, with significantly higher results
administrated via DPPG,-TSL liposomes. IL-6 induction was also assessed in the same way but no

differences were detected when compared to controls (data not shown).

2x104= *

1.5x104=

1x104=

TNF- o (pg/ml)

5x103

n.d.

control naked-R848 TSL-R848

Figure 57 TNF-a in rat plasma after R848 administration.

Cytokines in rat plasma were assessed before R848 injection (control) and at 120 min after injection of naked-R848 and TSL-R848.
Data are presented as mean value £ SD, every groups consisted in three animals (n=3). Data were compared via unpaired two-tailed T-
test and asterisk indicates significant difference between groups. * = p < 0.05

4.2.4.2 Effect of plasma dilution on R848-encapsulation in vitro

PK investigation of DPPG,-TSL-R848 unveiled a bi-phasic clearance which may suggest
leakage of encapsulated R848 during TSL circulation. Additionally, a ~20 % of content loss was
detected immediately after particle i.v. administration. To investigate weather larger dilution may
affect payload stability, DPPG,-TSL-R848 was diluted in FCS at two different final concentration
and incubated at 37 °C to mimic physiological condition. TSL obtained from different loading
procedures (30 °C/8 h vs. 37 °C/1 h) or excipients (AS vs. citrate) were tested to unveil potential
differences due to loading conditions. In all groups diluted 1:12 (v/v), a significant R848 loss at RT
was observed, with differences in relation extra-liposomal pH of loading conditions (~5 % vs. ~20
%, respectively for pH 5.2 vs. pH 6.4) (Figure 58). Incubation at 37 °C/ 5 min increased R848 leakage
exclusively for batches loaded at pH 5.2, with 20% R848 loss, similar to initial loss found for TSL
loaded at pH 6.4 for RT. In the latter case, no differences were detected between RT and 37 °C/5 min
groups. Higher liposome dilution (1:30, v/v) showed similar R848 loss at RT, whereas incubation at
37 °C/5 min induced further leakage up 30-40 % of total content, depending to on loading conditions
and excipients used (Figure 58). These data suggest potential instability of encapsulated compound
as a function of dilution and temperature, explaining also the similar pattern observed for both
DPPG,-TSL-R848 loaded either at pH 5.2 or 6.4.
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Figure 58 R848 in vitro leakage after dilution in FCS for different DPPG2-TSL-R848.

DPPG2-TSL-R848 via ammonium gradient was loaded at 30 °C/8 h (A) and 37 °C/1 h (B), whereas TSL loaded via proton gradient
were loaded at 37 °C for 1 h (C). Percentages of R848 loss at RT and 37 °C/5 min were assessed calculating total content (100%, via
Triton X-100) and assuming no R848 leakage as control (baseline = 0). Red dotted line in each graph highlight 20% of R848 release
in the y-axis. Data are shown as mean value + SD for three independent experimetns.
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5 Discussion

5.1 Dual tumor targeting with cationic TSL

In the presented study, the potential of a novel cationic PGo-based thermosensitive
formulation in terms of targeted cell binding and DOX delivery efficiency was assessed. In order to
evaluate advantages of DPPG; over DSPE-PEGaooo in such context, PEG-based cationic TSL were
used for comparison. The objective of the study was to investigate if dual targeting approach with
cationic TSL is able to improve traditional TSL delivery. Different anionic and cationic TSL
functionalized with either DPPG, or PEG were characterized after DOX-loading and extensively
tested in vitro and in vivo. Superior formulations in terms of heat-triggered release function and in
vivo targeted delivery were selected and investigated further in the second part of the thesis (refer to
section 4.2).

5.1.1 Invitro characterization of cationic TSL

Liposome-cell interactions and fate of adsorbed liposomes (e.g., fusion, endocytosis) are
mediated by different factors among which liposome charge, bilayer density, lipid components and
cell morphology play an important role [160, 265]. Positively charged lipids consisting of
trimethylammonium-propane (TAP) usually rearrange themselves in hexagonal structures, due to the
small size of the head group in comparison to acyl chains [253]. The inclusion of PC lipids has been
suggested to significantly stabilize a bilayer formed by such cationic lipids, with optimal interplay
between TAP groups and zwitterionic PC observed at same molar fractions [266]. In our
investigation, the TAP head group with C16 acyl chain (DPTAP) was found to have the best
compatibility with a DPPC/DSPC/DPPG: bilayer, whereas the inclusion of DSTAP resulted in worst
outcome in terms of particle size and PDI (Table 5 & Figure 12). The latter point might be caused by
sub-optimal temperature used for liposome extrusion, suggesting DSTAP-containing liposomes
require higher temperature (> 60 °C) in order to form stable vesicles. The latter point was not
investigated in this study, since further increase in temperatures might result in phospholipids
hydrolysis during manufacturing [259]. Similar outcome was previously suggested in a separate study
where TAP-bearing lipids were screened in terms of transfection efficiency [253]. In this
investigation, the inclusion of DPTAP and overall lipid composition was finely tuned in order to
achieve an overall positive surface charge and efficient DOX heat triggered release (Figure 13). Both
PG»- and PEG-based CTSL contained the same amount of the cationic lipid DPTAP (7.5 mol %) and
an anionic lipid (either 5 mol% of DSPE-PEG or DPPG>) incorporated in the lipid bilayer, however
the observed (-POT was significantly different (Table 7). PG>-CTSL showed a clear and well
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detectable positive surface charge, whereas PEG-CTSL (-POT was found positive only in non-saline
containing buffer. Cationic TSL without DPPG2 or DSPE-PEG2000 displayed the highest {-POT in
both conditions tested, so it is reasonable that anionic lipids, such as DPPG2 and DSPE-PEG2ooo,
affect overall membrane charge by reducing it to a certain factor. However, the PEG-polymer covers
the nanoparticles surface and reduces the positive charge to a larger extent than DPPG,. The
noteworthy PEG-shielding effect of particle surface charge was already reported in negatively-
charged liposomes, confirming a significant reduction in liposomes electrophoretic mobility (5-fold
loss) when compared to non-PEG containing particles [267]. However, the charge density of the
liposomes has to be taken into account, as well as PEG molecular weight and conformation depending
of PEG density (e.g., brush or mushrooms) [268]. Nevertheless, sterically stabilization in positively-
charged particles significantly improved liposomal stability, whereas in PG- and bare-CTSL a small
extra peak in size distribution became visible (Figure 15). However, during a storage stability study,
a small extra peak was also visible in DOX-loaded PEG-CTSL. In accordance, a slight increase in
PDI was assessed, suggesting potential aggregation happening at around 4 weeks of 2-8 °C storage
(Figure 28).

Under the tested conditions, CTSL bearing cationic DPTAP tremendously increased binding
and uptake in all tested cell lines, when compared to their anionic counterparts (Figure 18). In good
accordance with {-POT measurements, PG,-CTSL showed a 3-fold higher binding capability when
compared to PEG-CTSL in both cancer cells and endothelial cells (Figure 22). The results match
recent findings where the encapsulation of PEG in cationic liposomes has been described to decrease
potential liposome-cell interactions and, thus, hamper delivery efficiency of encapsulated compounds
[161-163, 269]. In these findings, anionic PG2-based TSL unveiled a better cell-interaction and DOX
delivery efficiency when compared to anionic PEG-TSL (Figure 23). This stands in accordance with
the work of Miller et al, where the liposome-cell binding in HeLa cells significantly decreased 1.7-
fold when 4.8 % of PEG was included in phosphatidylcholine liposomes [265]. Following
nanoparticle injection into the blood stream, interaction with serum components takes place in
relation to lipid components, charge and PEGylation. The protein corona formation unveils the
biological identity of nanoparticles, which is expected to increase the complexity of the nanosystem
regarding interactions with biological structures. As already proven, serum proteins might decrease
targeting potential of antibody-connected liposomes [270]. Hence, an evaluation was necessary to
determine whether the targeting achieved with cationic TSL, in particular with PG2-CTSL, is retained
when P-(C)TSLs are used. With the method used in this study, a reduction of targeting potential of
around 60 % when using CTSL previously incubated with FCS, in comparison to non-protein CTSLSs,
was demonstrated (Figure 21). While the reduction was similar for PEG-CTSL and PG2-CTSL, an
overall 2-fold higher binding was retained for the latter when compared to PEG-CTSL (Figure 22).
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Protein corona significantly affected surface charge of PG.-CTSL, whereas no changes were detected
in {-POT in case of protein adsorption on PEG-CTSL (Figure 19). In case of anionic formulations,
protein adsorption also negatively affected liposome-cell interactions and no uptake was observed
when PG,-TSL® and PEG-TSL® where applied after incubation in FCS. The conservation of targeting
potential for cationic particles was also reported recently for cholesterol-rich liposomes [271]. In this
case, targeting of Onivyde® was compared to neutral and cationic liposomes after incubation in
human serum, with the latter outperforming the other tested formulation in terms of cell binding for
PANC-1 and INC-1 cancer cell lines. In another study, a similar result was observed when sterically
stabilized PEGylated non-thermosensitive liposomes were incubated in human plasma and targeting
in PC3 prostate cancer cell line was found reduced when compared to liposomes without proteins
[159].

The higher binding assessed in cell targeting investigations was further analyzed in terms of
potential higher DOX delivery efficiency with DOX-loaded nanoparticles. As already reported, a
certain amount of the DPPG: is required not only to prolong circulation time but also to provide an
ultra-fast drug release [106]. Indeed, in the investigation of temperature-dependent release profiles
barely any release from DOX-loaded PG,-TSL® was detected, whereas by increasing the DPPG;
amount to 30 mol% a rapid DOX release was observed (Figure 16). The insertion of cationic DPTAP
lipid in a DPPC/DSPC bilayer (CTSL) showed heat-triggered DOX release although with a
significantly slower rate when compared to PG,-TSL*® (Figure 17). The co-presence of DPTAP and
either DSPE-PEG2000 or DPPG2 in PEG-CTSL and PG-CTSL respectively showed an improved DOX
release profile when compare to bare CTSLs (Figure 16). Tm of DPTAP-bearing liposomes showed
peculiar thermotropic behaviours with a long tow-phase solid-gel liquid-crystalline phase (Figure 14),
which was already reported in simple DPTAP/DPPC liposomes in a separate study [272]. The
similarity of Tm assessed for PG.- and PEG-based CTSL was in accordance with comparable heat-
triggered DOX release profiles, showing in both cases the highest release fraction at 43 °C/5 min
(80% release). In a separate study, the DOX-loaded PEG-CTSL temperature-curve showed the
highest fraction at 42 °C/5 min, with complete depletion assessed after 10 min in a Kinetic study
[254]. These data seem to be in contrast with our findings, however the CTSL tested in that study
were characterized by a smaller size, thereby higher particle instability is to be expected due to
increased surface tension resulting in faster release. [273].

In this investigation, the stability at 37 °C/1 h was also assessed in cell culture medium via
fluorescence microscopy by imaging DOX after 1 h incubation at NT (1 h, 37 °C). At the end of the
incubation time, DOX was not detectable since it was self-quenched inside liposomes being adsorbed
either on cell surface or by endocytosis (Figure 24). By removal of unbound fractions and applying

HT for 1 h, DOX was detectable in a punctate pattern forming red nanobursts in cytoplasmic vesicles
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and to a certain extent also localized in nuclei. The distinct localization of DOX in intracellular
vesicles was potentially due to a temporary entrapment in lysosome compartments, where acidic pH
might induce DOX protonation, thus, slowing down further translocation into the nuclei. This is in
good accordance with previous findings where HT-mediated intracellular drug release was tested in
combination with PEG-CTSL in the human cancer cell line BLM [254]. Qualitative information via
microscopic imaging was further confirmed by quantifying DOX by HPLC in parallel experiments.
Among all formulations tested, the highest amount of recovered DOX was found in cells incubated
with PG2-CTSL, which is consistent with the previously described high binding rate observed during
the targeting experiments (Figure 25). It has been reported that HT significantly increases
chemotherapeutic efficacy in cancer cells in vitro or in pre-clinical settings [119, 274]. In the current
investigation, HT could be witnessed as potential trigger mechanism for intracellular DOX release,
but HT did neither affect DOX uptake nor cell toxicity (Figure 26). The latter point is likely due to
the nature of the assay and comparable findings were reported when a similar experimental setting
was used [109, 254]. The higher toxicity found for PG,-CTSL is expected to be related exclusively
to a higher amount of cell binding and, thus, to DOX delivery efficiency, since no cytotoxicity was

observed when administrating empty liposomes at the same concentration (Table 11).

5.1.2 Invivo pharmacokinetic & biodistribution of (C)TSLs

As reported, positively charged nanoparticles bear the risk of a fast clearance due to
opsonization and complement activation when administrated in vivo [275]. As demonstrated in this
study, cationic TSLs had significantly different PK profiles when compared to their anionic
counterparts (Figure 31). For instance, t, of cationic PG2-based TSL was drastically affected by the
exposed positive charge on the lipid bilayer, with a fast drop of DOX circulation right after i.v.
injection of around ~ 65 %. For PEG-CTSL, this effect was also observed but to a lesser extent, with
an initial drop of only ~ 30 % ID. In both cases, a consistent reduction in AUC>n was assessed, equal
to a 7- and 2-fold loss for PG2-CTSL and PEG-CTSL, respectively, when compared to their anionic
counterparts (Table 12). These findings suggest that 5 mol% DSPE-PEG2000 did not shield 100 % of
the overall surface charge, which is consistent with previous outcomes published by other groups
with negatively-charged sterically stabilized liposomes [267]. Similar results in terms of particle
clearance were found with cholesterol-rich cationic liposomes with or without PEG when injected in
mice, in comparison to non-cationic counterparts [147, 148]. Correlation between poor PK profile
and complement activation was confirmed via ELISA test. In this investigation, the lack of PEG in
positive charged bilayer increased complement activation drastically, as reported in previously
published studies (Figure 27) [276, 277]. Additionally, when assessing liposome-blood cell binding
a higher fraction of granulocytes interacting with PG2-CTSL and PEG-CTSL was observed. Similar
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findings in terms of complement activation and immune-cell binding were observed in a recent
investigation performed in our group (Lokerse et al, manuscript in preparation). Remarkably, in this
study PGz-based TSLs with 5 mol% of DPPG; showed significantly increased complement activation
for C3a, Bb and SC5b-9 when compared to TSL with a higher DPPG2 amount (10, 20 and 30 mol%).
Since the amount of DPPG2 in PG2-CTSL is indeed 5 mol%, it is reasonable to assume that other
factors besides positive charge are playing a crucial role in complement activation and, thus, particle
safety.

In accordance to the specific PK profiles acquired, differences in the BD of DOX within the
organs were assessed. In all tested formulations, whenever liposomal DOX was administrated in
combination with regional HT, a significantly higher amount of DOX was recovered in heated
tumors, in comparison to the non-heated ones (Figure 33). In case of PG2-TSL, the blood stability
encountered in the first hour after i.v. administration and the rapid DOX-release observed in vitro
greatly matched the highest DOX-tumor enrichment assessed in vivo (14-fold, HT vs. NT tumors).
For anionic PEG-TSL, a more modest improvement in tumor DOX-enrichment was observed, when
compared to NT tumors (4-fold). Surprisingly, although PEG-CTSL showed a significantly lower
AUC:2n, minimal differences in terms of tumor DOX-enrichment were detected when compared to the
anionic counterpart. This can be explained by the higher DOX release rate observed in vitro for PEG-
CTSL in comparison to PEG-TSL, which was hypothesized to compensate for the partial payload
loss after i.v. injection. In case of a positive-charge well detectable on the surface as in PG>-CTSLs,
higher clearance of particles affected the outcome of the BD, including a poor DOX-tumor
enrichment. These data are in good accordance with previous findings from other groups, where
cationic nanoparticles were faster cleared in vivo than neutral or anionic particles with consistent
differences in terms of tumor-drug enrichment found in tumors [148, 278]. Surprisingly, in these
studies, although PK and BD showed suboptimal outcomes, a therapeutic effect was still preserved
when tested in tumor-bearing mice, suggesting that a minimal binding of cationic nanoparticles may
inhibit tumor angiogenesis. In this investigation, a partitioning analysis of tumor vasculature was not
performed. Hence, no discrimination between the liposomal DOX-bound fraction and the released
DOX could be made, which might though be an interesting parameter to be evaluated in future studies.
Furthermore, BD assessment over a longer time span might be an additional point to consider.
Nevertheless, several studies dealing with cationic liposomes for vascular targeting suggested that
the main interactions with tumor vasculature are happening within the first 1 h after nanoparticles
injection, with no further improvement over time [142, 147]. In a study reported elsewhere, PEG-
based CTSL targeting was assessed after 24 h, with negligible improvements in terms of DOX

accumulation and therapeutic effect when compared to TSL [279].
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5.1.3 Outlook

These findings suggest that the HT-external targeting is the main mechanism for anionic and
cationic TSL to induce DOX accumulation in tumors, with negligible synergistic effects due to
targeting from positive charge, at least for the 1 h evaluation window as it was used in the study.
Overall, PG2-CTSL showed interesting and promising results in vitro, whereas the in vivo readout
was sub-optimal due to complement activation and poor circulation time. While grafting PEG on
cationic TSLs might improve safety and circulation properties, a decrease in liposome-cell targeting
and drug delivery efficiency was assessed. Potential improvement might be achieved by increasing
DOX dosage of in vivo application, with related higher liposomes administration and potential benefit
to AUC and tumor targeting. Alternatively, different routes of administration might result in drastic
benefit in exploiting advantages of PG,-CTSL. For instance, intratumoral injection of cationic
nanoparticles has been recently investigated in a different set-up and promising results were achieved
when compared to direct APIs intratumoral administration, especially for large and/or highly
hydrophilic molecules subjected to fast wash-out [280, 281]. It looks conceivable to further
investigate the full potential of PG>-CTSL in combination with regional HT in the latter condition
and thus avoiding limitations observed after systemic administration. Remarkably, anionic DPPG»-
TSL significantly outperformed PEG-based TSL in terms of solid tumor targeting, although the latter

showed a more stable and prolonged circulation time in vivo.
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5.2 Immuno-cancer therapy

The current study aims to investigate the feasibility of loading of IAV (R848) in TSL intended
for heat-triggered local drug delivery. Among all formulations tested in the previous section (4.1),
anionic DPPG,-TSL showed a superior temperature-profile with a sharp change in DOX release
kinetics within 1-2 °C and optimal stability in vitro. Accordingly, advantages in PK and BD were
observed when tested in vivo, whereas no synergistic effects were visible in a dual targeting approach
(section 4.1). Due to their unique properties, DPPG.-based TSL were chosen for this approach and
tested in the next section for R848 delivery. Different loading conditions were screened in terms of
encapsulation efficacy and heat-triggered release. In vitro activation of human PBMCs was assessed
with either naked-R848 or DPPG2-TSL-R848. Immune-mediated cancer cell killing was evaluated in
co-culture experiments via cell viability assay and immunofluorescence. In vivo PK studies were
performed to exhibit advantages of R848 formulated via DPPG,-TSL in comparison to non-liposomal
R848.

5.2.1 R848 thermosensitive liposomes

R848 is an imidazoquinoline which shows high affinity for TLR-7,8, with a 40-fold higher
potency than R837 [282]. While the latter is already approved for topical treatment of actinic
keratosis, BCC cancer and genital warts, R848 did not yet receive FDA-approval, despite the higher
potency assessed. Potential reasons were the higher toxicity and irAEs observed in patients treated
with R848, when administrated either topically or systemically. Nevertheless, different
physicochemical characteristics of R848, as a slightly improved water solubility (R848 logP = 1.5;
R837 logP = 2.6, at pH 7, 25 °C) and the presence of an amine group with a pKa of 6.4 would make
the compound a potential candidate for liposome encapsulation [283, 284].

In a first R848 encapsulation experiment via passive loading, a DPPG,-TSL lipid film was
hydrated with 1 mg/ml stock solution in ammonium acetate buffer at pH 5.2. This resulted in an EE
of ~15 % (Table 13), which is slightly higher as compared to other passively loaded drugs, such as
CF, dexamethasone phosphate and dFdC (5-10 %) [106, 256, 285]. Due to the logP of the molecule,
it is conceivable to expect fractions of R848 being entrapped in the lipid bilayer, causing a further
increase in EE when compared to more hydrophilic compounds. This was also confirmed by
analyzing R848 retention in FCS, unveiling amounts of drug leaking out when TSL were incubated
at 37 °C (5 min) with a slight increase at 42 °C due to heat-triggered release (Figure 36). These data
suggested a high affinity of R848 to the lipophilic bilayer phase, although at pH 5.2 R848 mostly
exists in its protonated form. Furthermore, the R848 absolute content formulated in DPPG2-TSL via

passive loading was suboptimal for a further in vivo application.
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Remote loading is one of the best approaches to achieve a high yield of API concentration per
liposome particle, which is a requirement to ensure effective liposomal chemotherapy. Different
amphipathic APIs (e.g., DOX, CPT-11), currently approved in the clinic also as liposomal
formulation, are loaded via active loading with a stable and almost complete encapsulation [245, 286].
A rational approach for drug remote loading must take into consideration several parameters, such us
type of medium (electrolytic, non-electrolytic), intra- and extra-liposomal pH, gradient ion (NHa4",
H™) and concentrations, temperature, time, drug/lipid ratio, and gradient magnitude [38]. When
developing a new liposomal formulation, each of those factors should be steered accordingly in order
to find optimal loading conditions. In case of TSL, the latter usually requires a balance between
stability (both of drug & carrier) and efficiency for heat-triggered release. Remote encapsulation of
R848 in cholesterol-rich liposomes was already reported in a recent published study [258]. In this
investigation, vesicles formed either via electrospray or lipid film/extrusion method were actively
loaded with R848 via an ammonium gradient. However, the reported method consisted of a 4-day
loading time at 30 °C, assessing a maximum of 44 % EE, independently from the liposome
preparation method. In this investigation, active loading of R848 in DPPG»-TSL was performed in
similar settings, and promoted an EE of ~60 %, assessed after 8 h of loading with an extra-liposomal
pH 5.2 (Table 15). In vitro, these TSL not only showed a stable encapsulation of R848, but also a
rapid release upon HT condition with complete depletion at 41-42 °C after 5 min (Figure 38).
Nevertheless, significant amounts of lipid-degradation products were assessed in freshly loaded
DPPG,-TSL-R848, with a further increase over storage at 2-8 °C. This stands in correlation with the
previous suggestion that the optimal pH for phospholipids storage should not be lower than pH 6.5
[259]. Lyso-lipid and fatty acid content assessed in DPPG2-TSL might derive in large amount from
DPPGg, as the hydrolysis of the latter phospholipid was observed to occur faster than for other PCs,
such as DPPC & DSPC [287]. By increasing extra-liposomal pH to 6.4 during active loading, R848
EE increased up to ~80 % (Table 15). Additionally, due to the higher pH a benefit in terms of lipid
degradation was witnessed. Intra- and extra-liposomal pH differences higher than a factor of 2 have
already been described to ease loading conditions [38]. Similar conditions were found beneficial also
for the active loading of other weak bases, such as DOX (refer to section 4.1.1.3) and CPT-11 [256].

Temperature-dependent release profiles of R848 from DPPG,-TSL were affected by loading
conditions, with batches loaded at pH 6.4 showing a higher leakage at lower temperatures than TSL
loaded at pH 5.2 (~15 % vs. ~5 %, respectively) (Figure 38). This was initially supposed to be caused
by a different protonation rate of R848 present in the extra-liposomal phase. At pH 6.4, 50 % of R848
is in the deprotonated form, giving a larger chance to interact with the lipid membrane than in case
of extra-liposomal pH 5.2. Lipophilic compounds interfere with the liposomal membrane, and their

fast diffusion in the extra-liposomal phase upon dilution in FCS or HBS was already extensively
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reported in a separate investigation [285]. Nevertheless, in the current study, both R848-loaded TSLs
(AS-pH 5.2 & AS-pH 6.4) showed heat-triggered release profiles with a sharp change in R848 release
kinetics within 1-2 °C. Recently, a different ammonium gradient with phosphate salts (AP) was
established for active loading of weak bases, showing comparable EE to AS gradient in case of DOX
[288]. The same gradient was tested for R848 active loading, showing a similar outcome in terms of
loading efficiency and improving lipid integrity (Table 15). However, sub-optimal R848 retention
was assessed at NT treatments with AP-based TSL, with higher R848 leakage when compared to AS-
based DPPG,-TSL (Figure 38). The latter point might be explained by poor solubility of R848
assessed at pH 7.4 (data not shown), with potential formation of intra-liposomal precipitates affecting
payload retention.

The energy factor during loading procedure is another parameter which was taken into
consideration while screening optimal conditions for active encapsulation. Several drugs are usually
actively loaded in TSL at temperatures between 36 °C to 37 °C, whereas higher temperature are used
for non-TSL vesicles [38], which are however not applicable for DPPG»-TSL due to a collapse of the
pH gradient [273, 289]. Loading in DPPG,-TSL for 1 h at 37 °C resulted in similar EE and lipid
degradation products, when compared to prolonged loading phase of 8 h at 30 °C (Table 16). Higher
temperatures used during loading procedures showed a higher R848 partitioning at membrane level
(Figure 43 & Figure 44). Proton gradient loading with citrate-based TSL was also tested in parallel
experiments, highlighting no advantages in terms of EE and R848 heat-triggered release profile
(Figure 43). Furthermore, the lower intra-liposomal pH corresponded to a higher lipid hydrolysis
when compared to AS-based TSL, with a potential destabilizing effect of the liposomal system (Table
16). Payload retention in DOX-loaded PEG-TSL with different intra-liposomal excipients was
investigated in a recently published study, showing higher particle instability in vitro for citrate-based
TSL when compared to AS-TSL [104]. Due to the above findings, loading conditions via NH4*
gradient at 30 °C for 8 h was used for further experiments, while both extra-liposomal pH 5.2 and 6.4
were kept in the investigation to highlight potential differences driven by the R848/lipid ratio and
amount of membrane fractions.

It is expected that the percentage of membrane fraction assessed during loading is related to
overall drug/lipid ratio. Therefore, TSL were loaded with an initial R848/lipid ratio of 0.1 and 0.2
(mol:mol), to investigate differences in the R848 membrane-fraction. Surprisingly, all the TSLs
showed similar retention at 37-39 °C (5 to 15 %, in relation to pH used for loading), with a rapid heat-
triggered R848 release at 41-42 °C (Figure 41). A similar EE was assessed for all loaded TSL,
independently from the used R848/lipid ratio. Nevertheless, in batches loaded with twice the amount
of R848, a consequent doubling of R848 liposomal content was observed (Figure 39). These findings

suggested that other mechanisms were responsible for R848 loss upon dilution in FCS, with negligible
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effect driven by drug/lipid ratios, when tested at 0.1 and 0.2 (mol:mol). In temperature-and time-
dependent release assays in HBS, the observed R848 leakage at NT was not detected, assuming a
crucial role of serum proteins in destabilizing liposome bilayer and promoting partial content loss
(Figure 45). Protein corona adsorption on liposomal bilayer has been described to affect biological
identity of particles, especially in case of positive charged ones (refer to section 4.1.3.2). Serum
proteins are also responsible for inducing structural defects in the liposome membrane, promoting
drug diffusion at T °C > T, condition [108]. These hypothetical mechanisms are associated to protein
penetration in membranes at liquid-disordered state, proteins-induced lipid immobilization, and
generation of vacancies in the membrane bilayer due to proteins dissociation [108]. Proteins and
cholesterol-rich MLVs were proven to extract lipophilic drugs encapsulated in the DPPG,-TSL
membrane bilayer at solid-gel state (T < Tm) [285]. A similar extraction is expected to happen for
the membrane-bound fraction of R848, with serum proteins acting as binding partners and promoting
R848 extraction. This is supported by the observation of R848 complexation in serum proteins when
recovered after filter centrifugation in presence of FCS (Figure 35B).

During a storage stability study at 2-8 °C for 4 weeks no differences in terms of size and PDI
of liposomal-R848 were observed (Figure 46A, B). Nevertheless, shortcomings of the
aforementioned loading procedure were represented by a consistent lipid hydrolysis assessed over
time (Figure 46C). Therefore, particles were stored at frozen conditions and thawed for assessment
of size, PDI, shape (e.g., cryoTEM) and content leakage. It has been reported in the literature that
freezing/thawing may affect drug retention and thus induce leakage from liposomes [290]. During
freezing, water crystals might harm lipid bilayer and thus promote leakage of encapsulated
compounds. Furthermore, SUV liposome disruption during freezing may cause subsequent
rearrangement in MLV structures, with potential effect on particle stability and heat-triggered release
function [291]. The absence of electrolytes in the extra-liposomal phase and the presence of a specific
concentration of disaccharides (e.g., sucrose, trehalose) have also been described to improve drug
retention [292]. These compounds, usually referred to as cryoprotectants, preserve vesicles
undergoing freezing due to vitrification effect [292, 293]. Therefore, in the current study, a cryo-
buffer consisting of 300 mM sucrose in HEPES pH 7.4 was tested in comparison to conventional
HBS in freezing/thawing of liposomes. A significantly higher leakage rate was assessed in
frozen/thawed TSL when not formulated in cryo-buffer (4-fold, Figure 46D). The presence of these
excipients significantly increased osmolality of TSL (Table 17) in comparison to TSL in simple HBS.
However, frozen/thawed particles formulated with sucrose showed similar temperature-curves when
compared to freshly formed vesicle in HBS buffer (Figure 47B), suggesting no destabilizing effect
driven by osmotic stress. The storage at frozen conditions (-20 °C) was successful in avoiding further

generation of lyso-lipids and fatty acids during a 30 days stability study, significantly improving
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liposome integrity when compared to TSL stored at 2-8 °C (Figure 46). In the latter case, a significant
lipid hydrolysis was assessed, with steady generation of lyso-lipids and fatty acids over time (Figure
46). The presence of lyso-lipids in a lipid bilayer has been extensively reported to decrease the
liposomal Tm, and thus shifting the release towards lower temperatures [294]. In accordance,
temperature-dependent release profiles of TSL stored at 2-8 °C for 30 days showed a higher instability
in R848 retention, with release profiles shifted of 1° C to lower temperatures, when compared to
freshly formed vesicles (Figure 47C). Overall, these data suggest the possibility to store DPPG2-TSL-
R848 liposomes at frozen condition without content loss during freezing/thawing and comparable
heat-triggered R848 release profiles, with related benefit when dealing with TSL manufacturing

process and stability during storage.

5.2.2 Invitro activation of immune-cell and killing of cancer cells

R848 has been described to induce a large variety of cytokines in different population of
immune cells, such as TNF-a, IL-2, IL-6, and IFN-y [282]. Immunogenicity of different IAVs can be
tested easily in vitro with PBMC-based assays, which grant easy-to-use dynamics and robust results
[295]. PBMCs were purified via gradient separation from full blood, resulting in a cell population
mainly formed by lymphocytes (70-90 %) and monocytes (10-30 %) (Figure 51) [296]. In this
investigation, monitoring of cytokines was performed via ELISA for TNF-a and IL-6, due to their
relevance in modulating TME and in activating DCs subsets, respectively [297, 298]. When tested in
vitro, R848 was able to activate PBMCs in a concentration dependent fashion (Figure 52A, B).
Cytokines were monitored in cell supernatant after 24 h of incubation, assessing higher values of
TNF-o when compared to 1L-6 (2-fold) when stimulated either with R848 or LPS (positive control).
Untreated PBMCs showed negligible amount for both cytokines (100-200 pg/ml), whereas
concentrations higher than 10 uM were ineffective in increasing cytokine expression (Figure 52A,
B). These findings were in accordance with previously reported studies investigating cytokine
expression from stimulated PBMCs [299-301]. However, a large variability in terms of absolute
cytokine content was observed when comparing data sets from different studies. This might be related
to common divergences in operative procedures, such as incubation time, detection method, IAVs
concentration tested, use of fresh or long-term frozen PBMCs. In HT condition (41 °C, water bath)
similar cytokines were assessed with negligible differences when compared to NT, also for un-treated
PBMCs (Figure 52A, B). The mechanism by which hyperthermia stimulates immune cells for
cytokine production is intricate. Pre-treatment of 2 h at 39.5 °C was found effective for THP-1 cells
(human monocytes) to significantly increase LPS-induced stimulation, carried out at 37 °C for 24 h
[302]. On the other side, PBMCs cultured at 40 °C for 4 and 24 h showed significantly lower TNF-a.

amount where compared to control groups incubated at 37 °C, in case of LPS stimulation [303]. In a
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separate in vitro study, incubation at 40 °C was tested for 90 min, showing an enhanced activation of
mitogen-activated PBMCs in terms of proliferation and IFN-y production [304]. In the same
investigation, same incubation carried out at 42 °C not only nullified improvement of PBMCs
activation witnessed at 40 °C, but resulted in the generation of an inhibitory effect. A proposed model
for the inhibitory effect observed at either higher temperature (> 41 °C) or for prolonged incubation
(> 4 h) is that long-term fever range may inhibit cytokine production by a negative feedback loop.
Besides inducing cytokine expression at specific conditions, hyperthermia has been described to
induce HSP expression and release, such as HSP-70 with synergistic effects in immune cell
maturation and activation [305]. The latter point was not assessed in this investigation, thus further
studies should be performed to detect a potential HSP-70 release when PBMCs are stimulated with
R848 in combination with HT. It has been already reported the possibility to induce proliferation on
PBMCs via different mitogens, such as LPS, phytohemagglutinin, or a combination of anti-CD3 &
IL-2 [262, 306, 307]. Different T cell phenotypes were assessed after stimulation, suggesting that the
type of stimulus strongly affects cell maturation and differentiation. In this investigation, a 2-fold
increase in PBMCs proliferation was observed after 72 h of R848 stimulation, when compared to
control (Figure 52C). In this case, PBMCs were incubated at the optimal working concentration
assessed in the previous experiment (10 uM), whereas HT was not applied as no further
improvements in PBMC activation were observed. Similar findings in terms of PBMCs cell viability
were observed in separate studies, with peaks of cell proliferation assessed similarly at 72 or 96 h
[308, 309]. However, effects on PBMCs viability after longer time span (> 72 h) are hardly described
in the literature. Here, incubation for 120 and 168 h did not improve PBMCs proliferation, with a
significant decrease in overall amount. This might be caused by potential toxicity of expressed
cytokines, especially caused by TNF-a, in combination with suboptimal culturing conditions driven
by cell proliferation (e.g., lack of nutrients, pH change). When R848 was tested via the DPPG2-TSL
delivery system, a similar pattern in PBMCs activation was observed, with 2-fold higher TNF-o when
compared to IL-6 (Figure 53). As no immunogenicity for empty DPPG,-TSL was assessed, the
potency in PBMCs activation was expected to be related exclusively to R848. Liposomal-HT showed
a higher magnitude of cytokine expression when compared to NT groups (2-fold), due to a full release
of R848 in this condition (Figure 53). The cytokine levels assessed in NT groups were potentially
caused by R848 leakage upon dilution in medium and also to potential liposome-cell interaction
happening during incubation time. The latter was tested in parallel fluorescence microscopy
experiments, indeed showing fractions of DPPG»-TSL localized in endosomal compartments after 1
h of incubation at 37 °C (Figure 54). TLR-7,8 are localized in endosomes of immune cells, hence an
even minimal fraction of R848-loaded liposomes being internalized can be expected to largely

contribute to cytokine expression. The latter point can also explain the higher absolute cytokine values
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assessed for PBMC treated with DPPG2-TSL plus HT, when compared to non-liposomal R848 in
similar condition (Figure 53).

R848 was not reported to have any toxicity on cancer cells in mono cell culture [310, 311]. In
accordance to these previously reported findings, no differences in cancer cell viability were assessed
towards rat sarcoma BN175 and human ovarian cancer SKOV-3 cells after incubation with R848
ranging from 0.1 to 100 uM (Figure 53A, B). Negligible differences were detected in case of 1 h of
incubation at 41 °C, when compared to NT groups. Co-culture of target cells (e.g., cancer cells) and
effector cells (e.g., PBMCs) has been reported as an easy and reliable method to evaluate immune-
mediated cancer cell killing [312, 313]. In SKOV-3/PBMC (1:10) co-culture settings, R848
successfully induced cancer cell killing with significant reduction of cell viability assessed after 72 h
incubation. Cancer cell-killing was related to R848 concentration, with IC50 of 0.15 uM (Figure 53C
& Table 18). The maximum cell killing effect was assessed with ~1 uM, and negligible improvements
were observed at higher R848 concentration (Figure 53C). Additionally, HT treatment (1 h at 41 °C)
did not affect cell viability, suggesting no synergistic effects. Similar findings were reported as in the
previous section assessing in vitro toxicity of DOX-loaded TSL (4.1.3.7), and in literature when
similar experimental procedures were investigated [109, 254]. Here, the same potency in PBMCs
activation and cancer cell killing was observed when R848 was formulated via DPPG2-TSL (Figure
53D). Under these circumstances, HT and NT groups showed also similar outcome in cell viability,
albeit significant differences in cytokine production were assessed previously. This is likely due to
the nature of the assay in which cytotoxicity is measured 72 h after nanoparticle incubation and heat
treatment. During the remaining 72 h also non-heat activated DPPG,-TSL will release their R848
contents intracellularly due to cellular nanoparticle processing or leakage, causing cellular PBMC
activation and cytotoxicity. Cancer cell killing is expected to be related to the presence of antigen
specific CTL CD8* activated during incubation with R848. The capacity of R848 to induce
maturation of DCs capable to prime antigen specific CD8" was already reported in recently published
studies, showing effectiveness of R848 to be used for the generation of a long-lasting immune
response in vitro and in vivo [224, 314]. Activated CTL promote target cancer cell killing via antigen
recognition to Fc receptor which triggers release of granzymes, perforins and the death ligand/death
receptor system [315]. The presence of these effectors mainly leads to the activation of caspase-
dependent apoptosis in target cancer cell [316]. Here, activated caspase-3 was evaluated in a
fluorescence microscopy investigation, showing large fractions of the cleaved proteins exclusively in
cancer cells/PBMC groups incubated with R848 (Figure 55). The analysis was assessed at a single
time point after 72 h incubation time, to match cell viability assay settings. At this time point, DNA
fragmentation investigated via TUNEL assay did not show significant differences between R848 and

control groups [317]. As the tumor-cell mediated cell killing via apoptosis induction and subsequent
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DNA fragmentation are time-dependent events, it is of interest to further evaluate immune-mediated
cell killing at different end points besides 72 h (e.g., 48 h and 96 h), or with kinetic modality via live
cell imaging.

5.2.3 Invivo application of R848-TSL

Despite the large use in pre-clinical and clinical investigations, poor information of R848
pharmacokinetic profile is currently available for systemic administration (e.g., i.v.). In this study, a
fast clearance of non-liposomal R848 was observed immediately after injection (loss of > 95 % ID at
2 min) (Table 19). After the rapid initial drop, the R848 plasma level was found overall constant in
the 2 h of investigation, suggesting a long t, potentially driven by serum protein complexes. A similar
pattern was assessed monitoring the PK profile of another TLR-7,8 agonist with analogue structures
[229]. DPPG»-TSL significantly enhanced the circulation property of R848, when compared to
naked-API (Figure 56). AUCn improved 30-fold when R848 was formulated in DPPG,-TSL, with
R848 plasma level reaching a t, of ~40 min. DPPG2-TSL-R848 was tested with two different
R848/lipid ratios, which were obtained from different loading conditions (extra-liposomal pH 5.2 and
6.4). In both cases, a similar pattern in R848 plasma levels was observed, unveiling a bi-phasic
clearance and an initial loss of 20 % of total ID (Figure 56 & Table 19). The circulation time of
encapsulated APl may depend on several factors, such as dosage, type of loading (passive, active) &
used excipients, drug/lipid ratio, type of encapsulated API, lipid components, and size of
nanoparticles [318, 319]. In case of passively loaded hydrophilic APIs in DPPG,-TSL, t, ranging
from ~22 to ~156 min were reported, depending on the API, formulation and dosage applied. For
instance, dFdC-loaded DPPG»-TSL via equilibrium method resulted in a t, of ~156 min when tested
in vivo in Brown Norway rats, with similar settings as performed here [109]. More recently, CF was
passively loaded in DPPG»-TSL promoted a t, of ~138 min (Lokerse et al, manuscript in preparation).
In a recently published pilot trial on spontaneous feline soft tissue sarcoma, DPPG,-TSL-DOX
administrated at low dosage (0.1 & 0.4 mg/kg) via infusion showed a t, of ~22 and ~39 min,
respectively. In case of lipophilic drugs included in the lipid bilayer, a bi-phasic clearance was
observed with a rapid extraction caused by protein complexation in vivo [285]. Additionally, osmotic
stress has been described as a destabilizer of vesicles and to potentially induce loss of encapsulated
compound [320]. DPPG2-TSL-R848 investigated in this study were indeed subjected to osmotic
stress due to the intra-liposomal concentration of AS, which was around 2-fold higher than
physiological range (Table 17). However, it was recently assessed that DPPG2-TSL liposomes are
less sensitive to osmotic stress when compared to other TSLs, such as LTSL and PEG-TSL [108].
The observed leakage in vivo was rather caused by either a suboptimal R848/lipid ratio or intrinsic

physicochemical properties of the API. During an in vitro encapsulation stability assessment, TSL
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were diluted in order to mimic potential dilution factors in vivo (e.g., 1:12 in FCS, v/v) and incubated
at 37 °C. This induced a loss of ~20 % of overall content, which stands in good accordance with the
initial 1D loss observed in vivo (Figure 58). In case of even higher dilution (1:30 dilution, v/v), a
further leakage of 30-40 % of R848 content was observed via incubation in similar condition, without
differences in relation to the loading condition and R848/lipid ratio (Figure 58). The latter finding
suggested that R848 is not stably encapsulated in the aqueous core of DPPG,-TSL, especially when
subjected to high dilution factors. Active loading with a lower drug/lipid ratio, higher gradient
magnitude or different intra-liposomal pH might provide benefit for this purpose. For instance, lower
intra-liposomal pH (pH < 4) in combination with lower R848/lipid ratio (e.g., < 0.1) might result in
a more stable API encapsulation due to a high degree of R848 protonation. However serious concerns
should be raised in relation to carrier integrity, as even further lipid hydrolysis might be expected,
with consequent loss of system stability. Using higher intra-liposomal pH (pH > 7) might not be
favorable since R848 is mainly present in deprotonated form and lowest solubility.

When monitoring cytokine plasma levels, detectable TNF-o was observed after R848 i.v.
administration in vivo. Additionally, higher values were assessed when R848 was administrated via
DPPG,-TSL, when compared to naked-R848 (1.6 fold) (Figure 57). This can be related to unspecific
activation of circulating immune cell interacting with small fraction of R848 continuous leaking out
from liposomes. In these investigations, cytokine plasma levels were assessed 2 h after injection. In
future studies, it is of high relevance to broadly investigate cytokine profiles by monitoring plasma
levels also at other time points (e.g., 6 and 24 h), to unveil even higher differences in cytokine
induction. This is supported by previously reported investigations showing highest expression peaks
after 3 and 24 h, in relation to the type of cytokine [227, 321]. Nevertheless, these findings suggest
that decreasing the clearance rate of 1AVs by formulating them in a delivery system might induce
higher cytokine plasma levels with potentially unexpected side effects. Hence, by further increasing
the circulation properties of DPPG,-TSL-R848, even higher cytokine plasma levels can be expected,
due to prolongation of R848 in circulation. This factor should be taken into consideration when
formulating IAVs in liposomal form, and a trade-off between circulation stability and potential irAEs
must be specifically addressed. Nevertheless, another point to consider is that HT application will
likely affect the PK profile of R848 when administrated via TSL, increasing its clearance due to heat-
triggered release in the heated area. Therefore, substantially different cytokine plasma levels might
be expected in the latter case.

5.2.4 Outlook
In the current study, a detailed characterization of R848 active loading in DPPG,-based TSL

is offered. While an attempt to load cholesterol-rich liposomes with this immunoadjuvant was already

115



Discussion

reported, there is no information in the literature describing the loading procedure in TSL, as well as
the potentiality of heat-triggered release. Henceforth, this investigation provides valuable information
for potential use of IAVs in combination with a TSL delivery strategy. DPPG,-TSL-R848 showed
promising results in vitro with good liposomal stability, high encapsulation efficacy, triggerable R848
release function and storage stability in frozen condition. When tested in vivo, liposomal-R848
significantly outperformed free-APIl administration, with higher potentially therapeutic response.
Nevertheless, a biphasic R848 clearance was assessed which might be caused by R848 leakage upon
dilution in the blood stream. This effect was also assessed in vitro by diluting particles in FCS at
different concentration, with an increasing trend in R848 loss upon further dilution. Protein adsorption
on liposomal particles was observed to not only increase the release rate at HT condition, but also to
promote leakage at NT by extracting R848 membrane-bound fractions. In

Figure 59, a schematic model is proposed to explain R848 leakage observed in vivo upon i.v.
injection. Since the membrane bound fraction might be in equilibrium with the R848 in the aqueous
core, the destabilizing effect driven by protein extraction is expected to create a driving force
responsible for R848 loss. This results in a continuous translocation of R848 from the aqueous core
to the membrane bilayer, and subsequent extraction during particle circulation hypothetically
mediated by proteins and dilution. This is expected to happen when the encapsulated drug has a high
affinity for lipophilic phases, as it was observed for R848. Additionally, electrostatic interactions
between the intra-liposomal positively charged R848 towards the negatively charged DPPG,-based

bilayer might further increase the chance of membrane adsorption driven by lipophilicity of the drug.

iv.
administration

DPPG,-TSL-R848
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Figure 59 Schematic representation of proposed mechanism for R848 leakage upon i.v. administration.

R848-loaded DPPG2-TSL with an aqueous core of R848-sulfate in equilibrium with R848 intercalated between liposomal bilayer (1).
After i.v. administration, protein adsorption forming a corona on particle surface (I1). Hypothetical combination of protein-induced
extraction and diffusion effects of R848 membrane-fraction (I111). Destabilizing effect on R848 in the aqueous core with translocation
of R848 at liposomal bilayer establishing a new membrane fraction (1V).

These findings clearly confirm the noticeable improvements achievable with the DPPG2-TSL
delivery technology for R848, even though for in vivo stability is highlighted space for potential
further optimization. Nevertheless, this unique behavior is mainly driven by the complexity of the
system and the peculiar physicochemical characteristics of the API might result in potential
advantages for a TSL targeted delivery strategy. In fact, the R848 fraction lost during in vivo
administration has shown to provide general activation of the immune system, whereas the heat-
targeted function will likely provide the targeted release in the tumor area and tumor-draining lymph
nodes. Hence, while an improved stability of TSL formulations might drive a better therapeutic
response for chemotherapeutics, for IAVs this might result in undesirable outcome due to irAEs
caused by the cytokine-storm-effect. As explained above, it is crucial to design a formulation
addressing a proper balance between stability and tolerability, to ensure an optimal therapeutic
response. Further studies with the current DPPG,-TSL-R848 on BD are planned in the near future,
unveiling whether an effective R848-tumor enrichment is achievable at the current stage, as well as

differences in cytokine-plasma levels driven by HT application.
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6 Summary & Conclusion

Several nanoparticle based delivery systems are approved for clinical practice or are currently
undergoing clinical trials to improve cancer therapy compared to conventional chemotherapy [322].
Although encapsulation of chemotherapeutics in stable liposome-based delivery systems greatly
diminished off-target toxicity, an improved therapeutic effect is still not observed [60, 323]. This was
suggested to be related to biological membranes which hamper nanoparticles passive tumor targeting,
complexity of tumor biology and lack of a release mechanism [57, 323]. Hence, stimuli-responsive
nanocarrier were developed to improve the biodistribution of drugs in the targeted area and thus
potentially increase the therapeutic effect [14]. Among these, thermosensitive liposomes (TSL) in
combination with mild-hyperthermia (41-43 °C, HT) were widely investigated with promising results

in pre-clinical and clinical settings [324, 325].

The objective of this thesis was the investigation of DPPG2-based thermosensitive liposomes
for the transport and heat-triggered release of chemotherapeutics and immunoadjuvants (IAVS). In a
first part, the heat-triggered release function of TSL was combined with the active tumor targeting
approach driven by positively charged nanoparticles. Resulting DPPG2-based cationic TSLs gained
dual-targeting function as they were able to actively target cancer cells and release their content upon
HT condition. The main aim was to identify if this dual targeting approach driven by cationic TSL
could promote liposome retention in tumor vasculature and thus improve drug release upon HT, when
compared to a conventional TSL delivery strategy. Polyethylene glycol (PEG) was reported to
decrease potential liposome-cell interactions and, thus, hamper deliver efficiency of encapsulated
compounds. Therefore, anionic and cationic TSLs functionalized either with DPPG, or PEG were
tested in the investigation to assess potential advantages in using DPPG2 phospholipids for solid
tumor targeting. DPPGz-based cationic TSL (PG2-CTSL) showed a superior (2.5-fold) binding
potential to endothelial and cancer cell lines when compared to PEG-CTSL, and furthermore a 1.8-
fold higher intracellular DOX delivery was assessed in a parallel experiment. Higher DOX
accumulation mediated by PG>-CTSL was found to be connected with higher cell-killing when
compared to all other TSL tested. Targeted PG>-CTSL demonstrated a superior uptake by and toxicity
to different tumor cell lines and endothelial cells compared to non-targeted TSL. Heat triggered
intracellular DOX release in acidic cell compartments was visualized as fluorescent DOX nanobursts
by live cell fluorescence microscopy. HT as trigger of endosomal escape is an intriguing concept
which is worth to be investigating in future studies. Pharmacokinetic (PK) profiles showed a rapid
loss of 65.5 % and 30 % ID for PG2-CTSL and PEG-CTSL, respectively, and an inferior AUC2n when

compared to their anionic counterparts. Regional HT was successful in increasing DOX accumulation
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in tumors for all TSLs tested, however no synergistic effects were observed by including cationic
lipids in the formulation. In conclusion, the lack of a PEG polymer on the cationic TSL surface
increased binding kinetics by promoting a better liposome-cell interaction in vitro. PG,-CTSL showed
interesting and promising results in vitro, whereas in vivo readout was sub-optimal due to complement
activation and poor circulation time. Different routes of administration (e.g., i.t.) might result in a
drastic benefit in exploiting advantages of targeted PG,-CTSL, especially for large and/or highly
hydrophilic molecules subjected to fast wash-out. Remarkably, anionic DPPG,-based TSL
significantly outperformed all other TSLs in terms of solid tumor targeting, showing a superior heat-
triggered release profile while demonstrating an optimal stability in vivo. Hence, this formulation was

then selected to further investigate feasibility of IAVs targeted delivery using the TSL technology.

Here, a potent toll-like receptor (TLR) 7,8 agonist, resiquimod (R848), was successfully
actively loaded in DPPG,-TSL and heat-triggered release was assessed in different conditions. An
extensive investigation on loading conditions and excipients unveiled optimal liposomes stability
when NH4* was used as gradient force, with high loading efficiency assessed at two different
R848/lipid ratio (mol:mol). This resulted in the possibility to formulate R848 in a concentration
higher than 1 mg/ml in a liposomal form, easing further dosage for in vivo application. Obtained
DPPG»-TSL-R848 showed acceptable serum stability at low temperatures (e.g., 37-39 °C), with a
rapid burst-like release at 41-42 °C and complete particle depletion within few minutes of application.
Shortcomings of active loading conditions were observed in relation to lipid hydrolysis and
generation of lyso-lipids and fatty acids over time. Formulation was successfully stored at -20 °C
when specific excipients (e.g., cryoprotectants) were added to the extra-liposomal buffer, with
negligible leakage assessed during freezing/thawing and no further lipid hydrolysis. Furthermore,
DPPG,-TSL-R848 stored at -20 °C showed comparable size & PDI to freshly formed vesicles, with
same efficiency in R848 heat-triggered release. When tested in vivo, DPPG,-TSL-R848 outperformed
non-liposomal R848 in PK studies, with 30- and 35-fold higher AUC and Cmax, respectively.
Nevertheless, a bi-phasic elimination was observed which might suggest minor leakage of drug.
Cytokine plasma level assessed after R848 injection showed detectable level of TNF-a with
significantly higher values when R848 is administrated via DPPG»-TSL. Overall, this data set offers
valuable information about the feasibility of R848 to be encapsulated and heat-triggered release from
TSL. Besides the aforementioned PK investigations, a BD study is planned in the near future to
investigate R848-tumor enrichment. Additionally, therapeutic investigations in tumor bearing rats
will also be investigated, either using liposomal-R848 as single treatment or in combination with
DPPG,-TSL-DOX. These studies will mainly focus on the generation of a strong and multifactorially
generated immune response, to possibly treat not only primary tumors but also metastases and

remission (refer to section 7).
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7 Future work

The current study unveiled high promise of TSL as a potential system for targeted delivery of
chemotherapeutics and immunoadjuvants (IAVs). These results provided support for a new grant
from the Bundesministeriums fur Bildung und Forschung, in cooperation with Thermosome GmbH
and Helmholtz Zentrum Munchen. In this future plan, different IAVs will be tested in combination
with the DPPG2-TSL technology platform, either for intravascular drug release or a dual targeting
approach. In the latter case, particles will be administrated intratumorally (i.t) to avoid limitations on
systemic administration and fully exploit advantages of targeting capability. Besides investigating
potentially clinical relevance of different formulations for IAVs delivery, a new concept for cancer
treatment will be investigated.

Current challenges in cancer therapy are raised by dissemination of metastases, high
heterogeneity of tumor types and potential resistance development to conventional chemotherapy
[326, 327]. In preclinical models, toll-like receptors (TLR) and stimulator of interferon genes
(STING) agonists delivered i.t. showed promising antitumor activity [184, 328]. Several novel IAVs
are currently undergoing clinical trials for solid tumor cancer therapy, either as single therapy or in
combination with immune-check point blockade [230, 329, 330]. Nevertheless, while immunotherapy
approaches showed results in some tumor types usually characterized by high tumor mutational
burden (TMB), poor outcome was observed in others, usually characterized by an immune-excluded
phenotype [331]. In the latter case, the lack of tumor-associated antigens, defective recruitment of
dendritic cells (DC) with absence of T-cell priming require more synergistic effects to induce local
inflammation and immune cell infiltration [332]. Some chemotherapeutics currently used in clinical
practice have been described to cause immunogenic cell death (ICG). ICG is one of the most potent
allies for a successful cancer immunotherapy, due to its capability to release a high number of tumor-
associated antigens (TAAS) [333]. Anthracyclines have shown to be potent ICG-inducer, promoting
caspase-dependent cell apoptosis [334, 335]. Recently, doxorubicin (DOX) treatment was found
effective in increasing therapeutic response of PD-L1 blockade in patients affected by triple negative
breast cancer, when compared to other chemotherapies, such as cis-platin and cyclophosphamide
[336]. These findings suggest that, despite the fact DOX has been widely used in clinical practice for
more than 40 years, combination with most recent approaches might rise to unique therapeutic
outcome.

In the proposed future study, a model for a successful activation of tumor milieu immunity
independently from tumor phenotypes (e.g., low TMB) is investigated. DOX-induced ICG is
combined to IAVs (e.g., resiqguimod, R848) in a treatment plan shown in Figure 60. DOX-induced

TAAs are combined with specific immune-stimulatory effects driven by the selected adjuvant. In

121



Future work

addition, HT immune-activation is exploited as an additional factor to increase local inflammation
and potentially enhance T-cell infiltration and anti-tumor-response. DOX and R848 will be
administrated via the DPPG»-TSL delivery technology, promoting a targeted delivery in the tumor
area upon HT application. The multi-functional treatment aims to ensure a proper activation of DCs
and T-cell priming in order to successfully enhance an immune response towards metastases
(abscopal effect) and tumor re-challenges (long-term memory effect). This immunotherapy approach
holds great promises and will potentially generate a high value system worth of clinical translation.
Besides clinically established methods as RF and microwave applicators, next-generation
systems as MR-HIFU are facing clinical trials, also in combination with ThermoDOX® for different
types of solid tumors [337]. MR-HIFU has shown unique advantages in combination with the
immunotherapy approach, due to possibility to create localized tissue-damages via acoustic cavitation
[338]. This particular technique is generally referred to as mechanical tissue fractionation or boiling
histotripsy, and it has been described to induce generation of a large number of TAAs exclusively in
the focused area [339]. In conclusion, it is worth to further exploit the unique features of this approach
in combination with clinically established methods (e.g., RF applicator) or next-generation MR-

HIFU, to ensure an additional contribution in modulating the immune system.
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Figure 60 Schematic concept of “in situ” cancer vaccine for immuno-cancer therapy.

The mechanism of anti-tumor immune responses induced by DPPG.-TSL-DOX and DPPG2-TSL-R848 in combination with HT
application. DPPG:-based liposomal DOX is administrated at day 1 to induce cytotoxic effect and generation of TAAs (I). Liposomal
R848 is administrated 2-4 days later after DOX-treatment (I1). Co-presence of R848, HT, TAAs factors act on DCs activation and
maturation (I11). In case of successful immune activation, cytotoxic T cells and memory T cells act against metastases (long-distant
tumor response) and tumor-re-challenge (long-lasting immune memory) (1V).
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