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Abstract

Cancer remains a critical global health challenge, affecting nearly 20 million individuals and causing
approximately 10 million deaths annually!. Conventional treatments, including surgical intervention,
radiation therapy, and chemotherapy, are often inadequate for many patients. Emerging therapeutic
resistance and intrinsic tumor heterogeneity contribute to these limitations?. Recent technological
advances have enabled the combination of photodynamic therapy (PDT) and immunotherapy, leveraging
immunoconjugates that combine photosensitizing and targeting capabilities®*. Traditionally, the surface
density ol tumor-specific receptors and immune checkpoints, such as programmed death-ligand 1
(PD-L1), is considered a key determinant of therapeutic success in these treatments®.

This thesis presents a novel photoactive supramolecular system designed to selectively target PD-L1 and
investigate its role in predicting the efficacy of photoimmunotherapy. Atezolizumab, an FDA-approved
checkpoint inhibitor, was conjugated with either the photosensitizer eosin 5-isothiocyanate (EITC)
for targeted photoimmunotherapy of PD-L1, or the fluorescent probe Alexa Fluor 647 for imaging.
First, we quantified membrane-bound PD-L1 in two human non-small cell lung cancer (NSCLC) cell
lines expressing PD-L1 to a different level using direct stochastic optical reconstruction microscopy
(dSTORM)®. This high-resolution imaging technique allowed us not only to estimate receptor density
precisely but also to assess atezolizumab's binding afhinity to its target. We conducted a comprehensive
photophysical characterization of the EITC-atezolizumab photoimmunoconjugate using steady-state
and time-resolved spectroscopic techniques. Next, we demonstrated the effectiveness of the conjugate
for photoimmunotherapy, showing that it can induce significant cytotoxicity producing reactive oxygen
species upon light exposure. However, our findings revealed no significant correlation between the
density of PD-L1 receptors on the cell surface and the efficacy of PDT treatment. Notably, cells with both
high and low PD-L1 expression showed similar responses to the treatment, suggesting that receptor
density alone may not predict therapeutic success. These results challenge the conventional assumption
that high PD-L1 expression is required for effective PD-L1-targeted therapies, suggesting broader
clinical applicability of this approach to tumors with heterogeneous or low PD-LI levels?. Additionally,
we explored photochemical internalization (PCI) as a strategy to enhance drug delivery through light
activation®. Although PCI significantly enhanced the internalization of macromolecules like gelonin, it

did not enhance PDT efficacy when combined with PD-L1 blockade. Gonfocal microscopy was employed



to investigate the intracellular trafficking of the conjugate, revealing that PD-L1 may undergo recycling
alter internalization. However, recycling may limit the sustained efficacy of atezolizumab in NSCLC, as
the re-expression of functional PD-L1 on the cell surface potentially diminishes long-term therapeutic
effects?. Future experiments will be necessary to elucidate this aspect. These findings broaden the
potential clinical applications of PD-Ll-targeted photoimmunotherapy, suggesting adaptability even in

tumors with low or heterogeneous PD-L1 expression.
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Chapter 1

Introduction

In 2022, the International Agency for Research on Cancer estimated 20 million new cancer cases
and nearly 10 million cancer-related deaths worldwide, confirming cancer as the most aggressive form
of noncommunicable diseases!. Cancer remains one of the most pressing global health challenges,
with enormous social, economic, and political implications. Aging populations, lifestyle changes, and
environmental factors increase the global cancer burden, heavily straining healthcare systems and
economies worldwide.

Lung cancer is one of the most prevalent and deadliest cancers, accounting for over 2 million new
cases and nearly 1.8 million deaths globally each year!. The high mortality rate is often explained
by the late-stage diagnosis, the aggressive nature of lung tumors, and the frequent development of
resistance to standard therapies which significantly limit long-term survival outcomes?. Lung cancer
is divided into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC), with NSCLC
comprising about 85% of cases.'?. SCLC is generally more aggressive and strongly associated with
a history of smoking, while NSCLC includes several subtypes, with adenocarcinoma being the most
common. Several key factors contribute to the poor prognosis of lung cancer, especially the development
of resistance to therapies and the late detection of the disease, with approximately 70% of patients
diagnosed at locally advanced (stage III) or metastatic (stage IV) stages?.

Therapies for lung cancer are selected based on the type and molecular characteristics of the tumor.
Traditional treatment options include surgery, radiation therapy, and chemotherapy, which are often
used in combination depending on the stage of the disease. Surgery remains the cornerstone of treat-
ment for early-stage NSCLC, while chemotherapy, typically with platinum-based agents, and radiation
therapy are more commonly used for advanced or metastatic cases'’. However, despite the progress
in these conventional therapies, the prognosis remains poor, with a 5-year survival rate for localized
lung cancer of approximately 60%, that drops dramatically to around 6% for metastatic cases, where
cancer has spread beyond the lungs!. Recent advances in targeted therapies and immunotherapies

provide new hope for patients with advanced NSCLC. One of the most notable breakthroughs has



been the development of immune checkpoint inhibitors (ICls), such as pembrolizumab, nivolumab, and
atezolizumab, which aim to improve the body’s immune response against tumors. These therapies
target inhibitory receptors such as PD-L1 and CTLA-4, which cancer cells exploit to evade immune
surveillance. By blocking these immune checkpoints, ICIs restore T-cell function, allowing the immune
system to attack and destroy cancer cells. ICIs have demonstrated improved survival in patients with
NSCLC, especially in those with high PD-L1 expression (approximately 25-30% of NSCLC), and have
become a mainstay in the treatment of advanced tumors?. However, resistance to ICls, both primary
and acquired, remains a major challenge, with only 20-30% of patients responding effectively to these
treatments. These limitations highlight the need for new strategies and more accurate biomarkers to
predict ICls efficacy and improve patient outcomes'2.

Among the most promising approaches is photodynamic therapy (PDT), a light-based treatment modal-
ity that has garnered increasing attention for its precision and versatility in oncology. PDT uses
photosensitizers (PSs) that, when activated by a specific wavelength of light, generate reactive oxygen
species (ROS) to target cell death. The origins of light-based therapies date back to ancient times,
with sunlight being applied to treat skin conditions like vitiligo'®. However, the photodynamic effect
was scientifically demonstrated only in the early 1900s by Oscar Raab, who showed that acridine
red dyes could kill microorganisms, but only in the presence of light'%. Later, his mentor Hermann
von Tappeiner expanded on this work and coined the term “photodynamic action” after successfully
treating six patients with basal cell carcinoma using eosin and white light. This term specifically
refers to light-activated processes that lead to cell death in the presence of oxygen!17. Modern PDT
advanced with the development of lasers and effective light-sensitive agents in the 1960s and 1970s,
setting the stage for its current applications in oncology. A key milestone was the development of the
hematoporphyrin derivative (HpD) by Lipson and Schwartz, which led to the approval of Photofrin®
as the first FDA-approved PS for cancer treatment in the 1990s'8. Since then, PDT continues to
evolve, with second- and third-generation PSs developed to improve selectivity, reduce side effects, and
enhance efficacy across a range of cancers and other diseases.

Given the limitations of current NSCLG therapies, this thesis aims to explore innovative strategies
that combine PDT with immunotherapy to enhance treatment efficacy. Chapter 2 and Chapter 3 lay
the theoretical groundwork, outlining the photophysical principles underlying the light-based therapies
investigated in this work, namely, photodynamic therapy and photochemical internalization. These
chapters provide the essential background needed to understand how these approaches leverage
light activation for therapeutic purposes. A key objective of this research is the development of a
novel photoactive construct designed to selectively bind to PD-L1 and induce light-mediated cytotoxic
effects. Leveraging the specificity of the monoclonal antibody atezolizumab, which targets PD-LI, this
construct is conjugated with a PS to achieve localized cytotoxicity in response to light exposure. By

combining immune checkpoint blockade with PDT, this dual strategy aims not only to directly kill
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tumor cells but also to modulate the tumor microenvironment, enhancing the immune system’s ability
to combat cancer. In Chapter 4, the components of the photoimmunoconjugate, atezolizumab as the
targeting system and EITC as the active payload, are described in detail, along with an overview of
the target, PD-L1. The synthesis and characterization of this photoimmunoconjugate, including its
binding affinity and photophysical properties, are thoroughly examined in Section 5.3 and Section 5.4.
An additional hypothesis explored in this thesis is the potential correlation between PD-L1 density on
cancer cells and the outcome of photodynamic treatment. As a critical immune checkpoint protein,
PD-L1 plays a central role in tumor immune evasion and is a key target for photoimmunotherpay.
Given the heterogeneous nature of PD-L1 expression across different tumors, an advanced imaging
approach, detailed in Section 5.5, was employed to quantify PD-L1 density in various NSCLC cell
lines. This analysis served as the foundation for subsequent studies to assess whether higher PD-L1
expression correlates with increased binding and accumulation of the photoimmunoconjugate, thereby
amplilying the photodynamic effect. Section 6.3 investigates whether PD-L1 expression levels could be
used as a predictive marker for therapy response, potentially offering a more personalized treatment
strategy. In addition, in light of the challenges posed by the hypoxic tumor microenvironment and
limited uptake ol PSs, this thesis explores the integration of photochemical internalization (PCI) with
photoimmunotherapy. PCI represents a promising approach for enhancing intracellular delivery of
therapeutic agents, ensuring that even when cancer cells exhibit resistance mechanisms, such as poor
drug uptake or sequestration in endocytic vesicles, the therapeutic payload can still reach critical
intracellular targets. This strategy is thoroughly evaluated in Section 6.6, with particular attention to
its impact on improving the overall efficacy of the treatment, especially in NSCLC cells that express
low levels of PD-L1 or are otherwise less responsive to standard therapies. A final focus of this thesis is
the investigation of PD-LI’s intracellular trafficking, as its localization and distribution within the cell
may influence the effectiveness ol photoimmunotherapy. Section 6.7 explores this by investigating the
accumulation of PD-L1 in intracellular organelles, such as endosomes and lysosomes, after binding with
the atezolizumab-based immunoconjugate. This analysis helped to clarily how PD-L1 internalization
and its subsequent subcellular localization impact the therapeutic outcomes of photoimmunotherapy.
Through these investigations, this thesis aims to contribute to a more comprehensive understanding
of NSCLC treatment by combining the precision of immune-targeted therapies with the cytotoxic
potential of light-activated compounds. Moreover, by addressing the limitations of current therapeutic
strategies, this work aspires to improve treatment outcomes for patients with limited therapeutic

options, particularly those affected by NSCLC.

In addition to the work presented here, during the PhD I actively contributed to other research
projects, including a recently published study on aptamer-protein interactions using fluorescence

correlation spectroscopy (FGS) (Analytical Chemistry 2024 96(1), 137-144). This project demonstrated
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FCS as a highly sensitive method for quantifying aptamers binding affinities and kinetics at the

single-molecule level, offering a more precise alternative to conventional bulk techniques.
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Chapter 2

Photodynamic Therapy

Photodynamic therapy (PDT) is a minimally invasive treatment used in a wide range of clinical
applications for both malignant and nonmalignant conditions!®. Its therapeutic effect depends on
the interaction of three essential components: a photosensitizer (PS), visible or near-infrared light,
and molecular oxygen. Individually, these components are harmless, but when combined, they trigger
photosensitized reactions that generate cytotoxic reactive oxygen species (ROS), with singlet oxygen
being the most biologically significant. In cancer therapy, PDT can kill tumor cells through three main
mechanisms: direct ROS-mediated damage to cancer cells, disruption of the tumor vasculature, and
activation of the immune system?’. The efficacy depends on factors like the PS type, subcellular
localization, dose, and light fluence. The time between the administration of the PS to the patient and
light activation, known as the drug-to-light interval, is another critical factor for optimizing treatment
outcomes. This interval can range from minutes to days, depending on the PS’s pharmacokinetics 2.
One key advantage of PDT is its high specificity for target cells, achieved by the selective accumulation
of the PS in targeted tissues and the localized application of light to the treatment area. This two-tiered
targeting minimizes collateral damage to healthy tissues, making PDT effective for treating accessible
or localized tumors, such as those in the skin, head, neck, and lungs!®. Despite these advantages,
PDT faces significant limitations with metastatic or disseminated cancers. One major obstacle is
the inability to effectively treat metastatic tumors that are deeply embedded or spread across the
body. Since PDT requires direct light activation of the PS, tumors that are inaccessible to light, such
as metastases in bone, brain, or deeply located organs, remain challenging to treat. In addition to
light penetration issues, the uneven distribution of PSs within tumors is another limiting factor in
treating metastasis. Tumor regions that are distant from blood vessels often receive inadequate PS
concentrations due to poor vascularization, making them less responsive to PDT. Similarly, areas of the
tumor with low oxygen levels, known as hypoxic zones, are problematic as molecular oxygen is necessary
for generating ROS. Hypoxia is particularly common in rapidly growing tumors, where the demand

for oxygen exceeds supply. These factors, along with the need for localized light exposure, limit PDT’s
Y8 pply ) g g p )
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ability to achieve complete tumor eradication, particularly in widespread or more aggressive metastatic
tumors. Gombining PDT with other therapies, like immune modulators, may address its limitations,
potentially improving outcomes for patients with metastatic cancers. The choice of the light source
also plays a critical role in ensuring effective treatment. Light penetration into tissues depends on its
wavelength and tissue optical properties like scattering, absorption, and reflection. Red to near-infrared
light (600-1200 nm) penetrates tissues more deeply than shorter wavelengths because of reduced
absorption by tissue chromophores like hemoglobin and melanin, and lower scattering. However, the
ideal therapeutic window for PDT is restricted between 650 and 800 nm. Shorter wavelengths are
absorbed more strongly, limiting their penetration to superficial tissues, while longer wavelengths
do not provide sufficient energy (above 95 kd/mol) to activate the PS and generate singlet oxygen.
Clinically, lasers and light-emitting diodes (LEDs) are commonly used as light sources. Depending
on tumor location, light can be delivered externally or through optical fibers inserted directly into
the tumor. For deeper-seated tumors, light in the 600-900 nm range is preferred, as it provides
the best balance between tissue absorption and scattering, allowing for the treatment of internal
cancers without invasive surgery. Recent advances in PS design and delivery strategies have extended
PDT’s therapeutic potential. Second- and third-generation PSs, with improved tissue penetration and
reduced side effects, combined with targeted delivery systems like immunoconjugates, offer more
precise treatment options?!. These innovations are enabling PDT to address previously untreatable
conditions and further solidifying its role in modern therapeutic approaches.

Beyond oncology, PDT has been successfully applied for inactivating microorganisms and viruses, in a
procedure known as photodynamic inactivation. The photosensitized reactions that generate ROS can
effectively destroy pathogenic bacteria??, viruses??, and fungi?*, making photodynamic inactivation a
promising alternative to traditional antimicrobial and antiviral treatments, particularly in the face of
rising antibiotic resistance. Some interesting non-clinical applications include disinfection of surfaces
and packaging, decontamination of fresh produce and water, wastewater treatment, sterilization of
equipment, and several other uses in fields such as agriculture, food salety, environmental conservation,

. . . . . 95
air purification, and cultural heritage preservation?.

2.1 Photophysics of Organic Compounds in Solution

Molecular orbital theory provides a theoretical framework for understanding the electronic structure
of molecules, which is strictly dependent on the relative energies and occupancy of molecular orbitals.
Optical transitions occur when electrons move between molecular orbitals, either through absorption
(from lower- to higher-energy orbitals) or emission (from higher- to lower-energy orbitals) of light.
Absorption is an instantaneous event that occurs on a femtosecond timescale. According to the Franck-

Condon principle, only electrons can rearrange during this time lapse while the nuclear configuration
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remains unchanged. Typically, the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) are involved, with the HOMO-LUMO energy gap corresponding to the minimum
energy an electron must absorb to cross the Sy — S,; energy barrier and be promoted to an excited
state through a “vertical transition”.

Optical transitions are governed by selection rules, which dictate the probability of a transition based
on symmetry considerations and conservation principles. For a transition to be allowed: (i) the symmetry
of the initial and final states must be preserved; (ii) there must be a non-zero change in angular
momentum (engular momentum conservation); (iii) the initial and final states must have different parities;
and (iv) the total spin angular momentum of the system must remain constant (spin conservation). Hence,
transitions that preserve both spatial symmetry and spin configuration are more likely to occur?6.
In addition to these selection rules, the Pauli’s exclusion principle and Hund’s rules provide further
constraints on electronic transitions within molecules. Pauli’s principle asserts that no two electrons
in an atom can occupy the same quantum state simultaneously, while Hund’s rules state that, for a
given electronic configuration, the electronic state with maximum spin multiplicity (i.e., the maximum
number of unpaired electrons) will have the lowest energy. Nonetheless, in real systems a number of
factors lead to violations of selection rules, allowing otherwise forbidden transitions to take place.
Gommonly, a Jablonski diagram is used to illustrate photophysical processes that occur after a molecule

has been photoexcited (Figure 2.1). This energy diagram, named after the Polish physicist Aleksander
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Figure 2.1: Jablonski diagram for a molecule in solution. Radiative ({luorescence, phosphorescence) and non-radiative (VR, IC, ISC)
transitions are shown as straight or curved arrows, respectively. Singlet (S) or triplet (T) spin multiplicity of each electronic state is

specified. Adapted from Edinburgh Instruments Ltd 2,

Jablonski, displays the energy levels (S,,, T;,) and their associated vibrational states as horizontal lines,
with arrows indicating radiative (straight) or non-radiative (curved) transitions allowed between them.
In most cases, organic compounds are singlet in their ground state, with an even number of paired
electrons and a spin multiplicity of 1. A well-known exception is molecular oxygen, which has a spin
multiplicity of 3 in its ground state. The peculiar photophysics of this molecule will be discussed in

detail in Section 2.2.
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For a generic molecule, when a photon is absorbed upon excitation, an electron is promoted to an
excited state with higher energy and the same spin multiplicity. The energy gap between the initial and
final electronic states (e.g., between Sg and S or between Sy and So) must correspond to the energy of

the photon, given by the Planck-Einstein relation:

FE = = — 2.1
hv 3 (2.1)

where F is the energy of the photon, 4 is the PlancK's constant (6.63x1073% Js), v and A are the
frequency and wavelength of the electromagnetic radiation, respectively, and ¢ is the speed of light in
vacuum (2.98 x108 m/s). According to Kasha’s rule, the molecule must relax to Sq before returning to its
ground state whether a S,~1 state has been initially populated?®. In solution, excess energy is quickly
dissipated right after absorption through internal conversion (IC), where the molecule transitions
between iso-energetic states of the same multiplicity, followed by vibrational relaxation (VR) where the
molecule loses energy as heat within the same electronic state by relaxing to its lowest vibrational level.
From Sq, the ground state can be recovered directly through the emission of a photon (fluorescence) or
indirectly by populating a triplet state via intersystem crossing (ISC). The lifetime of the first excited

singlet state, Tg, and the corresponding decay rate, kg, are defined as:

1 1
1 9.9
T ks T kpt ko4 kD, 2.2)

where ky;, kfc, and k;gsc are the kinetic rates for fluorescence, internal conversion and intersystem
crossing, respectively. In solution, VR is so rapid (k ~ 101°-10'2 s=1) that it outcompetes all other
relaxation pathways and determines the loss of some excitation energy in the form of kinetic energy.
This results in a red-shift in the fluorescence emission spectrum, known as the Stokes shift. The rate
of IC depends on the energy difference between orbitals. Specifically, the process is faster the lower is
the energy gap, which means IC can rapidly proceed (k ~ 109-10! s71) between singlet excited states
with n > 1, as they are closely energy spaced. In contrast, the transition S; — Sy is slower due to
the large energy gap, allowing IG to compete with fluorescence and ISC relaxation pathways. However,
transitions between states of different multiplicity are forbidden in quantum mechanics due to spin
inversion, since this violate the conservation of the total angular momentum. By reason of that, ISC is
weakly allowed aside from specific molecules, like PSs, that have overlapping vibrational levels of Sq
and T1. In this case, the electron spin motion is coupled to its orbital motion, determining simultaneous
changes in both spin and orbital angular momentum, in order to preserve the total angular momentum
of the molecule. This process, described by El-Sayed’s rule, is known as spin-orbit coupling and notably
increases the probability of singlet — triplet transitions2?. Similarly, the transition Tg — S, which
requires an additional spin flip, is slow and can occur via non-radiative ISC (k7. = 1072-10% s71) or

by emitting light as phosphorescence (kpp, = 1072102 s71). As a result, the triplet state is generally

long-lived, with lifetimes ranging from microseconds to hours, compared to the first excited singlet
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state, whose lifetime is typically on the order of nanoseconds. The lifetime 77 and the decay rate ky of
the triplet state are defined as follow:

1 1
K = —————
"7 ke kpn + KL

18C

(2.3)

It is important to note that in solution the lifetimes of singlet and triplet states, as well as the quantum
yields of radiative processes, are considerably affected by the local environment, particularly by solvent
polarity and solute-solvent interactions. In fluid solvents at room temperature, general solvent effects
can be overlooked only during absorption, as solvent relaxation occurs on a slower timescale (10-100
ps)30. Moreover, quenchers such as oxygen, amines, and halogens can further reduce fluorescence
intensity and triplet state lifetime.

For clarity, the typical timescales of photophysical process are summarized in Table 2.1.

Characteristic timescales

Absorption 107155

Vibrational relaxation 10712-10-10 ¢
Internal conversion 1071 -107%s
Fluorescence 10710 -1077 s

10710 1078 s for ST — T
1074 -10% s for Ty — Sp

Intersystem crossing

Phosphorescence 107°6-1s

Table 2.1: Charactheristic timescales of the principal photophysical processes. The timescale of a process deeply influences its
probability to occur, with spin-forbidden transitions being slower and therefore less probable. Optical selection rules favor allowed

transitions over slower spin-forbidden processes.

2.2 Photophysics of Oxygen in Solution

Molecular oxygen plays a key role in several photobiological processes, and its unique electronic
configuration lends it distinctive properties regarding its magnetic, spectroscopic and chemical behaviour.
Unlike most natural compounds, molecular oxygen in its ground state, Oo(X? >og) or 30, exists as a
spin triplet, with two unpaired electrons occupying anti-bonding 73 and 7, orbitals, in accordance with
Hund’s law. The two lowest-energy excited states, Og(alAg) and Os(b! Z;‘), have singlet multiplicity
and lie approximately 95 kd/mol and 158 kdJ/mol above the triplet ground state, respectively. The
electronic configurations of these three states differ only in how two electrons are distributed between
the degenerate m-antibonding orbitals (Figure 2.2), resulting in a different behaviour of the molecule

when reacting with other species.
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Figure 2.2: Electronic configuration of molecular oxygen.

As mentioned, oxygen in the ground state has an open-shell configuration, which gives rise to its

o) is remarkably stable, owing

paramagnetic nature. However, despite being a diradical triplet, Oo(X? 3>
to a large resonance stabilization energy of about 100 kcal/mol. This stabilization significantly increases
the energy barrier for reactions, thereby preventing Oo(X? >4 ) from hydrogen atom abstraction and
autoxidation reactions®!. In contrast, the first excited state Og(alAg), commonly referred to as singlet
oxygen or 10y, is a highly-reactive metastable species that is doubly degenerate on the basis of orbital
symmetry. Since the Oz(alAj) — 0o(X3 >4 ) transition is spin forbidden, singlet oxygen is relatively
long-lived, with a characteristic lifetime that is solvent-dependent, ranging from 3-4 us in aqueous
solution up to 64-65 minutes in the gas-phase®*33, Then, this molecule is stable enough to react with
a variety of cellular components (discussed in more detail in later Section 2.2.3 on singlet oxygen
interactions with biological systems). Despite its higher energy, Oa(b! Z;‘) is short-lived, existing
only on the picosecond timescale in solution-phase systems®?. In fact, the non-radiative O(b Z;)
— Og(alAg) relaxation prevails over the phosphorescence emission at 765 nm (associated to the
05 (bt Z;‘) — 09(X3 Z;) transition), as the angular momentum is conserved. As of now, Oa(b! Z;‘) is

not known to react with other molecules in solution.

2.21 Production and Detection of Singlet Oxygen in Solution

The highly reactive and short-lived nature of singlet oxygen, henceforth referred to as 105, makes its
direct detection challenging. The most ubiquitous test for revealing the presence of 10y in solution is
the direct observation of its phosphorescence emission at 1270 nm in time-resolved photon counting
experiments. Despite being very week, this signal has been detected in various biological systems,
including single cells and tissues®*3°. Alternatively, chemical probes can be used to indirectly detect
10,. Singlet oxygen sensor green (SOSG), a highly sensitive fluorescent probe, interacts with 105 to
produce a detectable fluorescence signal®®. While highly sensitive, SOSG may suffer interference from
other ROS. Electron paramagnetic resonance spectroscopy, combined with spin-trap reagents, offers
a more specific detection method by forming stable radicals upon reaction with 'Os, although this
technique requires more complex instrumentation®’.

10y can be generated through a variety of mechanisms, including chemical reactions and gaseous

discharge®®41, However, the most efficient and widely used method for 10y production is photo-

18



sensitization, a bimolecular energy transfer process between a photoexcited PS and ground-state

molecular oxygen (305). As already discussed, when irradiated with light at a wavelength matching its
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Figure 2.3: Modified Jablonski diagram for O2 photosensitization.

absorption band, the PS is promoted from its ground state to an excited singlet state (S,,). Following
rapid VR to S1, it may undergo ISC to its triplet state (T) with a different spin multiplicity. The
probability of populating the triplet state is described by the quantum yield of triplet state formation,
®p, representing the fraction of absorbed photons that lead to triplet state formation. The reaction
between the PS in T} and 20, is spin-allowed and can proceed through two distinet photosensitized
reactions of Type I and Type II, both resulting in the generation of reactive species.

In a Type I reaction, the PS in its triplet state is engaged in electron transfer processes. Initially, the PS
is oxidized by a substrate (commonly a biomolecule), resulting in the formation of the PS radical cation
(PS*). Molecular oxygen can subsequently undergo electron transfer with this PS radical, forming the
superoxide anion radical (05 ). This reactive species can either act as an oxidizing agent, subsequently
being converted into hydrogen peroxide (Ho03) via the enzymatic activity of superoxide dismutase,
or it can act as a reducing agent, reverting to 30242, Hy0o, in turn, may be reduced to generate the
highly reactive hydroxyl radical (HO"), which is responsible for significant oxidative damage to biological
structures. The products generated through Type 1 photosensitized reactions are collectively termed
reactive oxygen species (ROS). Alternatively, whether the energy absorbed by the PS exceeds 158
kd/mol, a Type Il reaction can take place. This involves direct energy transfer from the PS in triplet
state to 202, and leads to the formation of singlet oxygen, primarily in its Oa(a’A) state. This process,
also known as Dexter enerqgy transfer, is spin-allowed and requires collision between the excited PS and
ground-state oxygen, for the simultaneous exchanging of two electrons without a net charge transfer.
Even though the other singlet oxygen state, Og(blzg'), is also populated, it rapidly relaxes to Oa(a'Ay)
with near-perfect efficiency®®. Thus, 105 is considered the final product of the Type II process.
Considering that Os-induced quenching of the PS’s triplet state competes kinetically with the mono-

molecular radiative and non-radiative deactivation processes (i.c., phosphorescence and ISC), the
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equation 2.3 expressing the lifetime of the triplet state becomes:

1 1
S ©.4)
T 7k pn + kg + k02

Here, ky is the quenching rate constant, whose value is diffusion-limited and typically on the order of
10°-1010 M—1s1,

Another critical parameter to quantitatively measure the efficiency of the process is the quantum
yield of singlet oxygen generation, ® A, defined as the ratio of the number of singlet oxygen molecules
generated to the number of photons absorbed by the PS. It depends on the quantum yield of triplet

state formation, ®7, and can be calculated as**:

Dp = DrSaS, 2.5)

where Sp = % represents the fraction of molecules in the triplet state quenched by oxygen that leads
q

to 10y generation, and Sq = quqg;iﬂlw reflects the efficiency of Os-induced quenching considering
all possible de-excitation pathways of the triplet state. In most air-equilibrated solutions and in the

absence of other quenchers, the kinetic is governed by bimolecular quenching®®. Under these conditions:
kpn + ktge < kqlO2] (2.6)

This implies that S, = 1, allowing the simplification of the quantum yield of singlet oxygen as follows *:
dp = DpSa (2.7

Once 105 is generated, its decay follows a typical exponential pattern with a characteristic lifetime 7.
Both energy transfer (Type II) and electron transfer (Type I) reactions are possible during PDT. It is
generally accepted that most PSs can generate both 105 and ROS, but the rate of 10y production (Type
II) is typically much higher than that of radical formation (Type I), often by two orders of magnitude
(k ~ 1-3x10% mol~! s~ for Type Il vs. k < 1x107 mol™! s™! for Type D). Therefore, energy transfer
processes (Type II) generally dominate in PDT, with 'Oy being the primary reactive species driving

therapeutic outcomes®.

2.2.2 Lifetime and Diffusion of Singlet Oxygen

A comprehensive understanding of 10y diffusion and its interaction within cells has profound implica-
tions for the design and optimization of effective PDT and other photosensitization-based treatments.
The diffusion of 105 in cellular environments is a complex phenomenon, heavily influenced by the
crowded and heterogeneous nature of the intracellular milieu. Factors such as the viscosity of the
cytoplasm, the presence of organelles and membranes, as well as local concentrations of quenchers

and antioxidants, all impact the mobility and lifetime of this reactive species.
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Once generated in solution, 'Oy can diffuse over a certain distance d, determined by its lifetime 7a,

and diffusion coefficient [ This relationship is governed by the equation:
d =+V6tD (2.8)

Since Ta represents the time required for 'Oy concentration to decrease by a factor of 1/e, it is
reasonable to assume that the concentration of 'Oy decays to zero at t = 57 %5,

Early attempts to measure 74 in biological systems relied on monitoring its characteristic near-infrared
luminescence at around 1270 nm, which is proportional to its lifetime3?. These early studies estimated
10y lifetime to be approximately 10-300 ns*7*8 limiting its diffusion distance to ~10-20 nm when
using the diffusion coefficient for oxygen in water (D = 1.4x107° ¢m?s™1). Considering that 105 in
pure water has a lifetime of ~3.5 ps2, the authors hypothesized that endogenous quenchers, such as
proteins, dramatically reduce its lifetime in intracellular environments. More recent studies, however,
have reported a longer lifetime of ~3 us within cells for 'O, with an intracellular diffusion coefficient
of D = 2-4x1075 ¢cm2s™1, lower than in water?*4649. Based on these data, the diffusion distance of
105 extends up to ~200 nm. However, it is still quite short compared to the typical size of eukaryotic
cells, which ranges from 10 to 100 micrometers in diameter. Consequently, the effects of 'O are highly
localized within cells, and its cytotoxic action depends critically on the spatial positioning of the PS
during PDT. This underscores the importance of targeted delivery strategies in PDT to ensure effective

treatment outcomes by directing the PS to tumor sites or specific intracellular regions.

2.2.3 Singlet Oxygen Reactions with Biological Molecules

104 is widely recognized as the primary cytotoxic agent generated during PDT. Originating from the
excitation of ground-state oxygen to a higher-energy singlet state, it initiates a cascade of oxidative
reactions with biological molecules, which are pivotal in mediating the therapeutic effects of PDT.
Understanding these interactions is essential not only for optimizing PDT but also for elucidating the

broader mechanisms of oxidative stress, cellular signaling, and disease pathogenesis.

Reactions with Biological Molecules

10y preferentially reacts with electron-rich biomolecules such as lipids, nucleic acids, and proteins.
In cell membranes, 10y induces lipid peroxidation, particularly targeting unsaturated lipids. This
process leads to the formation of lipid hydroperoxides and other reactive lipid species, compromising
membrane integrity and triggering cell death pathways®”. Among nucleobases, guanine is the most
reactive toward 'Oy due to its low ionization potential®!. Oxidation of guanine results in various forms
of DNA damage, including mutations and strand breaks, which compromise genetic integrity and can
lead to mutagenesis, carcinogenesis, and ultimately cell death. Proteins are also highly susceptible to

10y-induced oxidative damage, particularly at residues containing sulfur (e.g., methionine, cysteine)
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and those with unsaturated structures (e.g., tryptophan, tyrosine, histidine). These amino acids are
efficient scavengers of 'Oy through chemical quenching (k > 107 M~'s™ )% with the exception of
tryptophan for which also physical quenching is not negligible®2. Interestingly, recent studies indicated
that the reactivity ol amino acids is influenced not only by their location within the protein and their
accessibility, but also by the protein’s local environment®®*, Oxidative modifications can alter proteins’
structure and function, potentially leading to cellular dysfunction or death.

Cells selectively remove 'Oy by either physical or chemical quenching, mitigating its cytotoxic effects
and ensure cellular survival#*. Physical quenching involves the non-reactive collisional deactivation of
104 excited state through interactions with surrounding molecules, transferring energy to the quenching
molecule without forming new chemical bonds or consuming oxygen. In contrast, chemical quenching
results in the irreversible deactivation of 'O, forming stable chemical products. Clearly, efficient
scavenging of 10y by biomolecules results in a shortening of its lifetime and sphere of action. Therefore,

PDT protocols must be optimized so that 105 remains sufficiently reactive to induce cytotoxic effects

in targeted cells, despite being subject to quenching mechanisms.

Effects on Tumors

As previously discussed, the production of ROS species through photosensitization can result in
significant cellular damage and death, as these species react with various biological targets, including
lipids, proteins, and DNA. The efficiency of ROS-induced cytotoxicity in a biological system, however, is
primarily determined by the limited diffusion range of 'O, which restricts its sphere of activity to less
than 200 nm. Consequently, the precise localization of the PS within or near target cells is a critical
determinant of the therapeutic effectiveness. The oxidative damage triggered by 10 in PDT leads to a
multifaceted response in cancer cells, primarily through direct cytotoxicity, vascular shutdown, and
immune modulation (Figure 2.4). It has become evident that the induction of all three mechanisms is
essential for achieving long-term tumor regression's.

PDT induces various forms of cell death, including necrosis, apoptosis, autophagy, and other non-
conventional pathways® 9. Experimental evidence suggests that the initial site of photodamage is
crucial in determining the specific modality of cell death triggered by light. For instance, necrosis
is often associated with high concentrations of the PS or high light doses, leading to a rapid and
uncontrolled cell death characterized by loss of membrane integrity and cell lysis. This can cause
inflammation due to the release of intracellular contents into the tumor microenvironment (TME).
Apoptosis, in contrast, is a controlled, multi-step form of programmed death encoded in every cell.
It can be triggered by the activation of cell surface death receptors or the release of cytochrome ¢
following mitochondrial photodamage®”. This process is often the preferred outcome in PDT because it
minimizes widespread inflammation and avoid rapid oxygen depletion, which is a common concern

associated with necrosis?”. To promote apoptosis, lower light fluence rates are generally preferred,
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as they are less likely to induce necrotic cell death, thereby ensuring a more controlled therapeutic
outcome'®. Beyond necrosis and apoptosis, PDT can also induce autophagy, a process in which cells
degrade their own components to survive under stress. Depending on the context, autophagy can lead
to either cell survival or cell death®®. Additionally, PDT has been shown to impair the endoplasmic
reticulum, potentially triggering paraptosis®, and can disrupt the cytoskeleton, leading to anoikis
in response to loss of cellular adhesion%?. The balance between these outcomes is influenced by the
extent of photodamage and the cell’s capacity to detoxify reactive intermediates produced by the PS or

to repair the resulting damage.

Necrosis Apoptosis
-e

e
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Thrombus

Figure 2.4: Different effects of PDT on tumor cells, combining direct cell death, immune activation, and vascular disruption. Targeted
light activation of a PS within tumor cells generates ROS and 102, causing direct cytotoxic effects such as necrosis and apoptosis.
This cell damage triggers an inflammatory response that recruits and activates immune cells, including T-cells, B-cells, lymphocytes,
macrophages, and dendritic cells, to infiltrate the tumor site, potentially enhancing the anti-tumor immune response and improving
long-term therapeutic outcomes. Additionally, damages of blood vessels feeding the tumor may limit nutrient supply and contribute to

further tumor regression. Created in Biorender.com.

In addition to directly inducing cell death, PDT can disrupt the blood vessels supplying the tumor,
depriving cancer cells of oxygen and nutrients. This vascular shutdown results in tumor necrosis and
creates a hostile environment that may impair tumor growth, potentially increasing susceptibility to
subsequent treatments and achieving long-term tumor control %!, Reducing the drug-to-light period
can be a sound strategy to enhance this effect.?’. However, the consumption of oxygen to generate
ROS can exacerbate hypoxic conditions within the TME, potentially limiting the overall effectiveness of
the treatment. Interestingly, PDT-induced cell death can also stimulate the immune system. When
tumor cells die, they release damage-associated molecular patterns, which can enhance the recruitment
and activation of immune cells, such as dendritic cells, macrophages, and T-cells, within the TME®S,
This immune response is particularly significant in immunogenic cell death, where pro-inflammatory

cytokines and tumor antigens are released, promoting a robust anti-tumor immune response.
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2.3 Photosensitizers

Since their discovery nearly a century ago, significant effort has been dedicated to the development of
increasingly efficient PSs for both preclinical and clinical applications. The National Gancer Institute
(2024) defines a PS as “a drug used in photodynamic therapy that becomes active and kills the cancer cells

762 Photochemical and photophysical alteration of

when absorbed by cancer cells and exposed to light
biological structures are achieved through photosensitization in the presence of oxygen (see Section
2.2.3); hence, high quantum yields of triplet state formation and singlet oxygen generation are in
general desirable properties for a PS. For maximal therapeutic efficacy, an ideal PS should possess
other relevant features26364. A high absorption coefficient in the therapeutic window (650-800 nm)
is particularly important, as light penetrates tissues more deeply at these wavelengths but yet retains
enough energy to generate 10y. Conversely, minimal absorption in the 400-600 nm range is preferred
to avoid photosensitization of superficial tissues such as skin. The PS should also exhibit low dark
toxicity to prevent off-target effects before light activation and demonstrate minimal photobleaching to
sustain efficacy during the treatment. Likewise, selective accumulation in malignant tissues and rapid
clearance from normal tissues are highly desirable to minimize long-term side effects. Photostability is
particularly important not only to minimize the dose of PS required to obtain the desired photodynamic
effect, but also to prevent the formation of secondary oxidative products with unknown behaviour?!,
Additionally, for high reproducibility, the PS should be chemically pure and water-soluble for intravenous
administration. The primary limitation of most PSs is their poor hydrophilicity, which is particularly
problematic in clinical practice, as it leads to aggregation in the bloodstream??. This necessitates the
use of carriers, as liposomes, nanoparticles, or hydrogels, to enhance PSs solubility and stability in

aqueous solution, and facilitate their deliver to tumor tissues!?.

2.3.1 C(lassification

PSs are generally classified into three generations, reflecting their temporal and functional develop-
ment 2154, First-generation PSs, such as Photofrin® and hematoporphyrin derivatives, were introduced
in the mid-1990s and were the earliest to receive the FDA approval for cancer treatment. However,
they had significant limitations, including prolonged skin photosensitivity (lasting up to two months
post-treatment), poor water solubility, low purity, and susceptibility to photobleaching. These draw-
backs led to the development of second-generation PSs, primarily synthetic derivatives of chlorins
(Foscan®), bacteriochlorins, phthalocyanines, verteporfin (Visudyne®), hypericin, xanthenes (rose ben-
gal), phenothiazines (methylene blue), and protoporhyrin IX precursor (Hexvix®, Metvix®, Levulan®)*,
Despite improved photophysical properties and tissue penetration, their limited tumor selectivity
motivated the creation of third-generation PSs, which aim for increased specificity through conjugation

of well-known PSs with targeting-moietis (e.g., proteins, antibodies, carbohydrates, and liposomes) or
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their encapsulation into carriers (e.g., nanoparticles or quantum dots)?!.

Although these advancements have broadened PDT’s applications, it is essential to note that not all
newer-generation PSs outperform their predecessors in every clinical setting. Therefore, many experts
prefer to classify PSs based on their chemical structure rather than generation, broadly dividing
them into porphyrin-based and nonporphyrin-based categories%*-%7. Porphyrin-derived PSs include
compounds with a tetrapyrrole macrocycle structure, often incorporating a central metal atom. First-
generation PSs and most second-generation ones fall into this category. Porfimer sodium (Photofrin®)
and chlorin e6 are prime examples, with the latter attracting interest for its superior properties in
cancer therapy 8. Conversely, nonporphyrin-based PSs encompass synthetic dyes and natural PSs
lacking the tetrapyrrole ring structure but capable of generating ROS upon light exposure. These
compounds can have different chemical structures and properties, and overcome some limitations
of porphyrins, particularly in terms of tissue selectivity and activation wavelengths. The strongest
absorption band of porphyrins is found in the ultraviolet to blue region (around 400—450 nm), known
as the Soret band. However, light penetration at these wavelengths is limited to 1-2 mm due to high
absorption by tissue chromophores and scattering. The weaker absorption Q-bands in the visible
region (usually > 600 nm) are the ones typically used in PDT treatments, as red-light penetration is
deeper, but even in this case, it is limited to 5—10 mm at most. In contrast, nonporphyrin-based PSs
are designed to absorb light in the near-infrared region, corresponding to the tissue optical window,
which allows for deeper penetration, reaching several centimeters (about 10-15 mm or more), making
them more suitable for treating deeper-seated tissues.

Recent developments in metal-organic frameworks (MOFs)5? and metal-based PSs™, such as Iridium(IIT)
complexes and ruthenium-based compounds, are leading the charge toward fourth-generation PSs.
These compounds show great promise for their enhanced photophysical properties, high singlet oxygen
yields, and improved tissue specificity. The most exciting advancements involve the functionalization
of PSs to improve tumor selectivity and enhance their photophysical properties. PSs have being
engineered to respond to specific biological or physical stimuli, such as pH, temperature, or enzyme
presence, allowing localized activation within the TME', Chemical modifications also enhance solubility
and stability, while incorporation of PSs into water-soluble host molecules, such as nanoparticles or
cyclodextrins, facilitates their bioavailability, prevents aggregation, and allows for controlled release.
Notably, these innovations facilitate the development of theranostic agents that serve both as PSs
for inducing cell death through the generation of ROS upon light activation and as imaging tools for
real-time monitoring of tumor response and treatment efficacy. Boron dipyrromethene (BODIPY) dyes
and organic fluorophores, for instance, are valued for their strong fluorescence and photostability,
making them ideal candidates for theranostic application?!.

Although many potent PSs have been developed to date, relatively few have demonstrated consistent

clinical efficacy and gained regulatory approval %4
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2.3.2 Subcellular Localization

The therapeutic efficacy of PDT heavily depends on the subcellular localization of PSs, as 'O, has a
limited diffusion range of less than 200 nm during its lifetime. Therefore, proximity to vital cellular
structures is critical for maximizing the cytotoxic effects of PDT18. PSs that localize in mitochondria or
the endoplasmic reticulum are more likely to induce apoptosis, a controlled form of cell death that
minimizes inflammation and tissue damage. In contrast, PSs that accumulate in lysosomes or plasma
membranes may induce necrosis or necroptosis, potentially triggering immune responses that could
complement cancer immunotherapy approaches. Importantly, clinically approved PSs avoid nuclear
localization, thereby reducing the risk of DNA damage that might result in carcinogenesis or the
emergence of resistant cell populations!”. Given the short-lived nature and restricted diffusion of ROS,
PSs must accumulate in organelles where cellular repair mechanisms are less effective for optimal
photodynamic efficacy. Mitochondria and lysosomes, for example, are sites where ROS-mediated damage
is often irreversible, leading to cell death with minimal chances for repair. Conversely, PSs that localize
in the cytosol or away from vital organelles may allow cells to activate antioxidant responses or DNA
repair pathways, potentially reducing PDT effectiveness?.

The physicochemical properties of PSs, including their charge, size, and hydrophobicity, significantly
influence their intracellular trafficking and biodistribution in specific organelles™. Targeting strategies
can be both passive or active. In solid tumors, the abnormal and leaky vasculature, coupled with
impaired lymphatic drainage, allows larger molecules and nanoparticles to accumulate more readily
within the tumor tissue than in normal tissues, a phenomenon called enhanced permeability and
retention (EPR) effect. This increased permeability is particularly beneficial for delivering PSs deeper
in the TME. The net charge of a PS determines its interaction with cellular membranes. Positively
charged PSs readily cross the negatively charged cellular membranes and tend to accumulate in
mitochondrial membranes, while hydrophobic PSs are more likely to localize in lipid-rich environments
such as the plasma membrane or lysosomes. Amphiphilic PSs (particularly important in photochemical
internalization, see Chapter 3) are internalized via endocytosis which favours their localisation to the
endosomes. The molecular size influences the diffusion, such that larger PS molecules often diffuse
more slowly within cells, resulting in preferential localization near their site of entry. However, there
is still much uncertainty about how the structural properties and dimensions of PSs influence their
localization within cells. Another critical property is lipophilicity, which seems to contribute to the
preferential uptake of PSs by tumors and affect their subcellular distribution™. Hydrophilic PSs often
bind albumin and exploit the EPR effect to accumulate in the interstitial space of the tumor2’. More
hydrophobic PSs, instead, preferentially bind to low-density lipoproteins, often abnormally expressed by
cancer cells'®. Recent advancements in third-generation PSs leverage conjugation to specific targeting

moieties to actively direct PSs to specific organelles, enhancing selective distribution within cancer
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cells. Suitable carriers include antibodies, peptides, nucleic acids and other high affinity ligands that
bind to specific organelle-associated receptors'.

The TME plays a crucial role in PS localization and efficacy. The hypoxic conditions common in tumors
(oxygen concentration less than 1 uM), along with acidic pH and abnormal vasculature, can hinder
the effectiveness of Type II PDT mechanisms, which rely on oxygen for ROS generation. In these
environments, PSs must be carefully selected to ensure optimal uptake and localization in hypoxic
zones, where ROS generation may be impaired. PSs that preferentially accumulate in malignant cells

but avoid normal tissues help improve therapeutic selectivity, reduce off-target phototoxicity and

increase overall treatment efficacy.

2.4 Photoimmunotherapy for Cancer Treatment

PDT has emerged as a powerful and minimally invasive treatment option for various cancers and
non-malignant conditions. Despite its advantages, such as high selectivity, minimal systemic toxicity,
and the ability to be repeated without cumulative side effects', PDT has certain limitations. These
include restricted tissue penetration of light, hypoxic conditions in tumors that reduce ROS generation,
and the risk of incomplete eradication of tumor cells, which can lead to recurrence!®. Traditional cancer
treatments, such as chemotherapy and radiotherapy, are effective at targeting rapidly dividing cancer
cells but often cause significant side effects due to their lack of selectivity for neoplastic cells over
healthy tissue. While potent, these therapies have broad cytotoxic effects that limit the dosage that
can be safely administered, often resulting in suboptimal tumor eradication. Tumor recurrence and the
development of drug resistance are also frequent challenges, as some cancer cells can survive or adapt
to withstand the therapy over time. Consequently, various combinations with other therapies have been
explored, including PDT with surgery '2, chemotherapy ™, radiotherapy ™, immunotherapy*™, and other

novel modalities76-78

, each offering distinct advantages based on the biological mechanisms they target.
Both in vitro and in vivo studies have shown that combining PDT with other therapeutic modalities
achieves synergy, resulting in a more potent effect of the treatment compared to administering each
therapy individually.

PDT in combination with immunotherapy, commonly referred to as photoimmunotherapy (PIT), is of
particular relevance to this thesis. Under normal conditions, the immune system operates through two
primary mechanisms, the innate and adaptive immune responses, to defend the host from pathogens
such as bacteria, viruses, toxins and also cancer cells™. However, tumors have evolved sophisticated
strategies to evade immune detection and destruction, a phenomenon known as “immune escape” or
“immune evasion”. Accumulating evidence shows that tumors exploit physiological immune pathways
as mechanisms to escape immune surveillance and ultimately grow uncontrolled 8.

PIT was first introduced in cancer treatment in the early 1980s, with initial preclinical studies
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demonstrating the potential of targeting cancer cells by coupling PSs to monoclonal antibodies®. Its
clinical relevance quickly emerged due to its ability to precisely target and kill cancer cells with
minimal damage to surrounding healthy tissues. Beyond its direct cytotoxic effects, PIT can also
modulate the TME, enhancing the immune system’s ability to recognize and destroy cancer cells. The
induction of immunogenic cell death by PIT releases tumor-associated antigens, potentially activating
an adaptive immune response and fostering long-term immune surveillance, thereby reducing the
risk of recurrence™. Monoclonal antibodies are the most widely used targeting agents in PIT due
to their high specificity for tumor-associated antigens?. Researchers engineered these antibodies to
recognize and bind to specific proteins overexpressed on cancer cells surfaces and, when conjugated
to a PS, allow specific targeting followed by light-activated localized destruction. Several approved
antibodies have been widely exploited to create effective photoimmunoconjugates targeting relevant
membrane receptors, including EGFR (cetuximab, panitumumab), HER2 (trastuzumab, pertuzumab),
PSMA (J591), CD20 (rituximab), and MUC1 (HuHMFG1D*8!. These antibodies are typically conjugated
to IRDye 700DX (IR700) or chlorin €6, although the use of different PSs has also been reported. One of
the most successful applications of PIT is the cetuximab-IR700 conjugate, which has demonstrated high
efficacy in preclinical models, particularly in head and neck cancers where EGFR is overexpressed. This
conjugate is currently in clinical trials where has shown promising results in targeting EGFR-positive
tumors®283, HER2-targeted PIT has also been developed using trastuzumab-IR700 conjugates for
HER2-positive breast cancers®?.

PIT is also highly synergistic with immune checkpoint inhibitors (ICls), which block inhibitory pathways
that tumors use to suppress the immune system. ICls are a new class of immune-modulating monoclonal
antibodies designed to prevent cancer cells from binding critical checkpoint receptors on T-cells,
such as cytotoxic T-lymphocyte antigen 4 (CTLA-4), programmed death receptor 1 (PD-1), and its
ligand, programmed death-ligand 1 (PD-L1). Ipilimimab (targeting CTLA-4) was the first FDA-approved
ICI for the treatment of advanced melanoma®. Currently, three anti-PD-1 antibodies (nivolumab,
pembrolizumab, cemiplimab) and three anti-PD-L1 antibodies (atezolizumab, durvalumab, avelumab)
have passed the clinical trial phase and are currently used in the clinical practice®%. These antibodies
can be linked to active payloads (e.g., chemotherapeutic drugs, PSs, radionuclides, toxins) to enhance anti-
tumor efficacy by simultaneously blocking immune suppression and delivering direct cytotoxic effects
to cancer cells®”. For instance, EGFR- and HER2-targeted PIT combined with ICIs has demonstrated
improved tumor control in preclinical studies, even in tumors that initially exhibited resistance to

immunotherapy 8889,
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Chapter 3

Photochemical Internalization

Photochemical internalization (PCI) is an advanced drug-delivery technology derived from photodynamic
therapy (PDT) principles at the Norwegian Radium Hospital®. PCI facilitates the targeted release of
therapeutic macromolecules from endolysosomal vesicles directly into the cytosol of cells using a sub-
lethal dose of PDT. This method overcomes a significant challenge in drug delivery: many therapeutic
agents, such as proteins, nucleic acids, and some chemotherapeutics, are too large or hydrophilic
to penetrate the plasma membrane effectively and are typically taken up by cells via endocytosis.
However, after internalization, these molecules are often trapped in endosomes and eventually degraded
in lysosomes, limiting their therapeutic efficacy. PCI uses light-activated photosensitizers (PSs) to
accumulate in endosomal membranes and selectively disrupt them, allowing the release of entrapped
molecules into the cytosol where they can reach their intracellular targets. Unlike conventional PDT,
which directly kills cells through the production of reactive oxygen species (ROS), PCI focuses on
releasing therapeutic agents into the cytosol without causing widespread cell death. Accordingly,
in PCI the cytotoxic activity primarily arises from the therapeutic agent itself rather than from
photochemical reactions. Nevertheless, PCI efficacy depends on PS characteristics, such as localization
within intracellular compartments and specific photophysical properties. Among all types of available
PSs, amphiphilic compounds are ideal for PCI due to their preferential localization in lipid-rich
endosomal and lysosomal membranes enclosing the therapeutics. Additionally, they partially intercalate
into the plasma membrane, positioning them for effective photoactivation.

One of the main advantages of PCl is its ability to achieve selective endosomal escape through controlled
photoactivation of PSs. Therapeutic release only oceurs in the areas exposed to light, typically confined
to the treatment region, which minimizes systemic side effects and reduces off-target damage to
surrounding healthy tissues. To date, PCI has prove to enhance the cytotoxic activity of numerous
macromolecules in over 80 cancer cell lines and various animal models?’. Notable examples include
immunotoxins, chemotherapeutics, nucleic acids for gene delivery, synthetic proteins and peptides for

cancer vaccination, and oligo- and polynucleotides .
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PCI can also be applied to smaller molecules (i.e., with molecular weight < 900 Daltons), provided that
they accumulate within endocytic vesicles, expanding its utility beyond macromolecular therapeutics.
This flexibility opens new possibilities for PCI to enhance the efficacy of a wide range of therapeutic

agents, from large biomolecules to small-molecule drugs.

3.1 Mechanism of Action: Principles of PCI

Many therapeutics struggle to penetrate cell membranes on their own due to their size, charge, or
molecular nature. Cells typically internalize these agents via endocytosis, forming vesicles, called
endosomes, that transport substances within the cell??. Without a mechanism to escape, these
therapeutic agents remain trapped inside endosomes, which eventually fuse with lysosomes where
their contents are degraded by lysosomal enzymes. For these therapies to be elfective, they must
either penetrate the plasma membrane or escape from endolysosomes into the cytosol to interact
with their intended molecular targets. PCI technology provides a controlled release of therapeutics
trapped in endocytic vesicles of neoplastic cells by using amphiphilic PSs and confined intracellular
PDT. The conventional “light-after" PCI approach involves the co-administration of the therapeutic
agent and the PS, prior to light exposure. After a sufficient incubation period (long enough for both
the PS and therapeutic drug to localize within the endocytic vesicles, but not so long that degradation
of the drug begins), visible light of a specific wavelength matching the PS absorption band is applied.
Upon light activation, the PS generates ROS, including 'Os, which having a short lifetime and limited
diffusion range, selectively disrupts the lipid bilayers of endosomes and lysosomes. This allows the
therapeutic molecules trapped inside to escape into the cytosol, where they can exert their therapeutic
effects (Figure 3.1). Alternatively, the therapeutic molecule can be administered during a chase period
in PS-free medium to promote detachment of the PSs from the plasma membrane, thereby minimizing
accumulation in that area and reducing potential off-target effects. In addition to the conventional
“light-alter” approach, an alternative strategy known as “light-before" PCI has shown promise in specific
scenarios. In this protocol, the application of light precedes the administration of therapeutics by 6-8
hours. Interestingly, this approach has demonstrated greater effectiveness in some in vitro studies
compared to the conventional “light-after” procedure®’, with its applicability also confirmed in vivo
by Berg et al.?. Although the exact subcellular mechanism is still unclear, it was proposed that
photochemically-damaged and undamaged endocytic vesicles may fuse creating new vesicles with
permeabilized membranes that facilitate the escape of subsequently internalized therapeutic agents”?.
This strategy may be advantageous when precise timing of drug release is critical to avoid premature
degradation of the therapeutics and optimize therapeutic outcomes.

Regardless of the specific PCI strategy adopted, these processes are tightly controlled. Since PSs are

only activated by light, PCI provides a highly localized and regulated release of therapeutic agents,
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ensuring that drug delivery is confined to specific regions within the body. The short-range action of
10y further minimizes off-target effects and reduces damage to surrounding healthy tissues.

Overall, PCI presents a powerful method for enhancing cytosolic concentrations of macromolecular
therapeutics, allowing these agents to bypass the degradative pathways ol endocytosis and lysosomal
degradation. This precise and localized control makes PCI a promising tool for developing more effective

treatments in oncology, gene therapy, and other challenging therapeutic applications.
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Figure 3.1: Mechanism of action of PCI. Therapeutic macromolecules (e.g., toxins, immunotoxins, or drugs) and PSs are internalized
by the cell through endocytosis. The PSs accumulate on the membranes of newly formed endosomes containing the therapeutic
macromolecules. Typically, endocytic vesicles fuse with lysosomes, where the cargo is degraded by lysosomal enzymes. Upon light
exposure before lysosomal degradation occurs, the PSs generate 102 and ROS, disrupting the endosomal membranes and allowing
the therapeutic macromolecules to escape into the cytosol, thereby avoiding lysosomal degradation and enhancing their therapeutic

efficacy. Created in Biorender.com.

3.2 Uptake of Photosensitizers via Endocytosis

Endocytosis is a fundamental cellular process through which cells internalize extracellular material by
engulfing it in membrane-bound vesicles. This process intimately regulates many cellular functions,
including nutrient uptake, regulation of signaling pathways, immune response, and the removal of
cellular debris?2. In PCI, endocytosis is particularly important as it serves as the primary pathway
for the internalization of both PSs and therapeutic agents. Highly hydrophilic PSs cannot easily cross
the hydrophobic plasma membrane and are commonly taken up through pinocytosis, a non-specific
and inefficient form of endocytosis where the cell membrane invaginates, trapping extracellular fluid
and solutes from the surrounding medium. Once internalized, PSs are located within the endosomal
matrix, where they generate ROS upon photo-activation, potentially damaging the therapeutic cargo
rather than selectively disrupting the endosomal membrane®!. However, conjugating PSs to targeting
moieties such as antibodies allows them to be internalized via receptor-mediated endocytosis, offering

a more selective and efficient uptake mechanism. Amphiphilic PSs are preferred in PCI due to their
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effective interaction with lipid bilayers of cell membranes. Their hydrophobic regions (such as non-polar
hydrocarbon chains or aromatic rings) anchor within the inner part of lipid membranes, while their
hydrophilic portions (composed of polar functional groups) interact with the aqueous extracellular
environment and membrane components, stabilizing the PSs. This dual nature facilitates the internal-
ization of PSs through adsorptive endocytosis. Nearby the cell, the hydrophobic domains of the PSs
interact with the outer leaflet of the plasma membrane, promoting invagination and vesicle formation.
The hydrophilic portions, instead, face the extracellular space and prevent the complete penetration of
the PS through the membrane. Consequently, once endosomes are formed, PSs are typically localized
in the inner leaflet of these vesicles™. This localization is crucial to ensure !0y generation within the
endosomal membrane, selectively disrupting it with minimal damage to surrounding cellular structures
or therapeutic agents that can eventually translocate to the cytosol.

The most commonly used PSs in PCI are three porphyrin-based molecules: AlPcSs, (aluminum phthalo-
cyanine disulfonate), TPPSy, (disulfonated tetraphenyl porphine), and TPCSs,, (disulfonated tetraphenyl
chlorin). All three compounds have two closely located sulfonate groups in their structure, which
confer the necessary hydrophilic properties to create amphiphilic molecules capable of localizing within
endocytic vesicles. The phthalocyanine AlPcSs, is water-soluble and exhibits strong absorption in
the red to near-infrared region of the spectrum, which enables deeper tissue penetration. For these
reasons, it has been traditionally chosen for in vivo studies. However, its clinical application is limited
by batch-to-batch variability due to the existence of multiple isomers??. TPPSo,, on the other hand,
absorbs in the blue-violet region, making it less effective for treating deeper-seated tumors. To overcome
this limitation, TPCS,, was developed for clinical use by the di-imide reduction of TPPSy,°. This
PS is commercially known as fimaporfin, and its clinical formulation is marketed under the name
Amphinex® (PCI Biotech AS, Oslo, Norway). In this formulation, fimaporfin is solubilized in a mixture of
Tween 80, mannitol, and Tris bulfer at a pH of 8.5. TPCSy, has been tested in a variety of both in vitro
and in vivo studies to determine its pharmacokinetics, distribution, and overall effectiveness in treating
malignancies when combined to light exposure?. Notably, fimaporfin has undergone evaluation in Phase
I/I1 clinical trials. Sultan et al. conducted the first Phase I trial to assess the safety and tolerability of
TPCSo,-mediated PCI of bleomycin, reporting significant antitumor activity in patients with superficial
skin and head and neck tumors of various primary histologies”®. Following this, a multi-center Phase 11
study was launched to examine both superficial tumors (similar to those in the Phase I trial) and deeper
head and neck cancers requiring interstitial illumination through the insertion of multiple optical fibers
into the tumor. However, the study was terminated before completion in June 2015 due to commercial
and clinical challenges. Recently, the safety of TPCSy,-mediated PCI of gemcitabine was comfirmed in
a Phase I/Il dose escalation study involving patients with advanced inoperable cholangiocarcinomas?’.
Additionally, a concurrent Phase I dose escalation trial demonstrated that combining PCI with Hiltonol

for intradermal vaccination is safe when fimaporfin doses remain below 17.5 ug?8.
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3.3 Application of PCI in Cancer Therapy

PCI has shown considerable promise in cancer therapy, particularly in enhancing the delivery of
chemotherapeutic agents and immunotoxins that are typically limited by poor intracellular penetration
or degradation within endolysosomal compartments. Many chemotherapeutic agents, for instance,
exhibit limited efficacy because they become trapped in endosomes and are subsequently degraded
in lysosomes after internalization. PCI has successfully enhanced the therapeutic potential of four
different chemotherapeutic agents (bleomycin, doxorubicin, mitoxantrone, camptothecin)??. Similarly,
gemcitabine, a nucleotide analogue commonly used in several cancers, also faces such limitations. Recent
studies demonstrated that PCl-mediated delivery of gemcitabine significantly improved its cytotoxicity in
patients with unresectable perihilar cholangiocarcinoma, overcoming its typical entrapment in endocytic
vesicles?’. These cases demonstrate how PCI can transform the efficacy of chemotherapeutics that
might otherwise have restricted intracellular delivery. In addition to chemotherapeutic drugs, PCI has
also been used to enhance the delivery of smaller molecules, including highly potent targeted toxins
(free or conjugated immunotoxins)?’. While these molecules effectively induce apoptosis or inhibit
protein synthesis in cancer cells, their therapeutic potential is often hindered by poor cytosolic delivery
and endolysosomal entrapment. PCI can overcome these barriers, enhancing the cytosolic release of
these toxins and substantially increasing their potency and selectivity for cancer cells. For instance,
numerous studies have demonstrated the success of PCI to facilitate the release of type I ribosome-
inactivating proteins (RIPs), such as gelonin and saporin, significantly enhancing their cytotoxicity in

9-101 4nd in vivo models'¥2. These toxins consist only of a single enzymatic A-chain,

both in vitro studies
responsible for their toxic activity, but they lack an additional B-chain for cell targeting, as type Il RIPs.
As a consequence, type I RIPs are taken up primarily through pinocytosis and typically directed to
lysosomes for degradation, resulting in a limited cytotoxicity in intact cells. By facilitating endosomal
escape, PCI allows these toxins to bypass lysosomal degradation, greatly improving their therapeutic
efficacy. Furthermore, PCI has shown great promise in enhancing the efficacy of various immunotoxins,
including MOC31-gelonin in EpCAM-positive cancer cells'’?, EGF-saporin and centuximab-saporin in
EGFR-positive cancer cells!"*1% and VEGF121/rGel in VEGFRI expressing cancer cell lines!%,

PCI’s potential also extends to the field of immunotherapy, including its combination with cancer vaccines
and checkpoint inhibitors. Preclinical studies suggest that PCI can improve antigen presentation,
thereby boosting the efficacy of cancer vaccines”®. By improving the intracellular delivery of vaccine
components, PCl has the potential to amplify immune responses, making it a valuable tool in combination
cancer therapies”!. Despite these advances, there are still challenges to be addressed before PCI full
potential can be realized. Further research is needed to optimize the choice of PSs and therapeutic
agents, improve the light delivery systems, and fully understand the long-term safety of PCl-based

therapies. Nonetheless, PCI presents a powerful, localized method for enhancing the eytosolic delivery of
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therapeutic agents, making it a promising technology for advancing cancer treatment and overcoming

barriers in intracellular drug delivery.
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Chapter 4

Aim of the Work: Design of a

Supramolecular Complex for Targeted

PIT in Cancer Treatment

In the rapidly evolving field of nanomedicine, immunoconjugates represent a groundbreaking fusion of
targeted therapy and advanced nanotechnology. These innovative constructs harness the specificity
of antibodies to deliver therapeutic agents directly to disease sites, thereby minimizing off-target
effects and enhancing treatment efficacy®”. The combination of immunoconjugates with photodynamic
therapy (PDT), a novel technique termed photoimmunotherapy (PIT), is particularly promising, offering
a more precise and effective approach to cancer treatment®. PD-L1, a major molecular target in
immunotherapy, is overexpressed in several cancers and plays a critical role in tumor immune evasion
and drug resistance by binding PD-1, primarily expressed on T-cells3"37. By inhibiting the PD-1/PD-L1
axis, immunotherapies, such as monoclonal antibodies, allow the immune system to coordinate an
effective and sustained response against tumors.

To advance targeted cancer therapy, we developed a supramolecular complex that combines photo-
sensitizing and targeting capabilities. We employed atezolizumab, an immune checkpoint inhibitor
(ICI) against PD-L1, as both the carrier and targeting system, and eosin, a well-known photosensitizer
(PS), as the active compound. To form a stable protein-based nanostructure, late abbreviated as
EITC-atezolizumab, the PS was covalently linked to the antibody (Figure 4.1). Atezolizumab enhances
immune recognition of tumor cells and improves targeting precision through its specific binding to
PD-Lil-expressing cancer cells. This design aims to increase therapeutic efficacy while minimizing
damage to healthy tissues. Additionally, atezolizumab’s ability to inhibit tumor cell immune evasion
through the blockade of the PD-1/PD-L1 interaction may improve treatment effectiveness. Recent

studies have demonstrated that photoactive conjugates containing eosin are effective against bac-

22,107,108 109

teria and cancer cells'”” through photoactivation, making eosin an excellent candidate for
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Tumor cell
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(A) The EITC-atezolizumab Complex for PDT B) The AF647-atezolizumab Complex for

Imaging

Figure 4.1: Schematic representation of supramolecular complexes utilized for PDT and imaging. A) Sketch representing EITC-
atezolizumab binding PD-L1 receptors. Atezolizumab acts as targenting system and is covalently linked to the PS EITC. Upon light
activation, BITC reacts with molecular oxygen to generate 102 and ROS. B) Sketch representing a similar complex modified for

imaging with the brighter fluorophore AF647 replacing EITC. dSTORM and confocal images were acquired to prove the selectivity of

the conjugate for PD-L1 and track its subcellular distribution. Adapted from Alampi et. al 10

photoinducing cancer cell death. The project aims to evaluate the therapeutic effectiveness of this novel
photoimmunoconjugate and to explore correlations between treatment outcomes and PD-L1 density on
NSCLC cells. Given that PD-L1 expression levels can vary significantly among cancer cells, establishing
whether tumors with higher PD-L1 expression are more susceptible to this targeted approach is of
utmost importance for personalizing cancer therapy based on PD-L1 expression profiles and potentially
improving patient survival rates. In this scenario, the method used to compare receptor density across
different cell lines is crucial for investigating how PD-L1 levels affect treatment outcomes.

In this study, we tested the selectivity of the EITC-atezolizumab complex for PD-L1 and assessed
PD-L1 levels across three different cell models using flow cytometry and dSTORM super-resolution
microscopy. Both techniques rely on fluorescent probes to detect membrane receptors. However, while
eosin is a potent 10y generator, its limited brightness restricts its use for effective imaging and
monitoring, preventing the EITC-atezolizumab complex from being suitable for these applications. To
stain PD-L1 receptors, we employed a standard protocol using commercially available antibodies in
flow cytometry experiments; for dSTORM imaging, instead, we conjugated the Alexa Fluor 647 dye to
atezolizumab (Figure 4.1B). Alexa Fluor 647, hereafter referred to as AF647, offers superior fluorescence
and brightness compared to eosin, allowing for more accurate visualization of the immunoconjugates’
distribution and localization on PD-Ll-expressing cells, and thereby improving the overall reliability of

our experimental approach.
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41 PD-1/PD-L1 Immune Checkpoint

Immune checkpoints play a crucial role in regulating the immune response, and their manipulation has
become a cornerstone of modern cancer therapy. Among these, the programmed death receptor 1 (PD-1)
and its ligand, programmed death ligand 1 (PD-L1), have emerged as crucial targets, fundamentally
transforming cancer treatment.

The PD-1/PD-L1 axis functions as a vital immune checkpoint, modulating the immune system’s ability
to attack cancer cells. Under normal conditions, this pathway is crucial for maintaining sel~tolerance
and preventing autoimmune reactions by suppressing T-cell activity®’. However, many tumors exploit
this mechanism to evade immune surveillance by over-expressing PD-L1, which inhibits anti-tumor

immune responses and promotes tumor growth.
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Figure 4.2: lllustration of the PD-1/PD-L1 interaction and the mechanism of action of checkpoint inhibitors. PD-L1, expressed on
tumor cells, binds to the PD-1 receptor on T-cells, leading to immune suppression and allowing cancer cells to evade immune detection.
Checkpoint inhibitors block this binding, reactivating T-cells and restoring their ability to attack and destroy cancer cells, thereby

enhancing the immune response against tumors. Created in Biorender.com.

PD-1, also known as CD279, is a type | transmembrane glycoprotein predominantly found on activated
T-cells, but it is also present on B-cells, natural killer cells, dendritic cells, and certain myeloid cells.
It functions as an inhibitory receptor within the CD28 family, crucial for downregulating immune
responses and maintaining self-tolerance. When PD-1 engages with its ligands, PD-L1 (CD274; B7-H1)
and PD-L2 (CD273; B7-DC) to form a 1:1 complex, it transmits inhibitory signals that reduce T-cell
proliferation, cytokine production, and cytotoxic activity . This regulatory function is essential for
preventing autoimmune damage and controlling inflammatory responses.

PD-L1 is a transmembrane protein widely expressed on various cell types, including tumor cells,
antigen-presenting cells, and non-hematopoietic cells. PD-L1 is not just a passive receptor that binds

to PD-1 on T-cells to suppress immune responses. It can also send signals back into the tumor cell, a
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process known as reverse signaling. Studies have suggested that this signaling can promote tumor cell
survival, resistance to apoptosis, and even increased proliferation, even without binding to PD-1112-116,
In contrast, PD-L2, while structurally similar, is more selectively expressed, primarily on dendritic
cells and macrophages®®, but its interaction with PD-1 has been less extensively explored compared to
the well-studied PD-1/PD-L1 pathway.

The PD-1/PD-L1 interaction triggers a cascade of intracellular events, leading to the phosphorylation of
PD-1’s intracellular domains and the recruitment of the phosphatase SHP-2. SHP-2 then dephosphory-
lates key molecules involved in T-cell receptor signaling, reducing T-cell activity8”. Consequently, T-cells
produce fewer cytokines, proliferate less, and exhibit diminished cytotoxicity. While this mechanism is
essential for immune homeostasis, tumors often hijack it by upregulating PD-L1, thus escaping immune
surveillance. To counteract this evasion, ICIs have been developed to block the PD-1/PD-L1 interaction.
These monoclonal antibodies specifically target PD-1 or PD-L1, preventing their binding and effectively
removing the inhibitory signals that suppress T-cell activity. As a result, T-cells are reactivated to
target and destroy cancer cells, leading to significant tumor regression and, in some cases, long-term
remission (Figure 4.2).

As mentioned, PD-L1 is expressed in a variety of human cancers, including lung carcinomas8%, but its
levels can vary significantly depending on the cell type and are influenced by multiple factors which
can cither lead to its upregulation or downregulation. For instance, interferon-gamma (IFN—y) is a
key upregulator of PD-L1, enhancing its levels by activating specific signaling pathways8". Conversely,
interleukin-6 (IL-6) can downregulate PD-L1 through the activation of transeription factors often linked
to tumor progression and immune evasion!'”. Additionally, high oxidative stress levels and therapies

18 However, the

targeting PD-1 or PD-L1 can also influence PD-L1 expression, often reducing its levels
regulation of PD-L1 expression in tumors is complex, and the correlation between PD-L1 expression
levels and treatment outcomes is still not fully understood, highlighting the need for further research

to clarify how these factors influence therapeutic efficacy and patient responses to immunotherapy.

4.2 Targeting System: Atezolizumab

Atezolizumab (Tecentriq, Genentech, Inc.) is the first PD-L1 inhibitor approved by the FDA in 2016 for
treating patients with metastatic urothelial carcinoma or non-small cell lung cancer™. Atezolizumab
is a fully human IgGl antibody directed to PD-L1 with a modified Fe fragment. The Fe region on an
antibody tipically binds Fey receptors on various immune cells, whose engagement is particularly
important to elicit antibody effector functions, like antibody-dependent cellular cytotoxicity (ADCC)
and complement-dependent cytotoxicity (CDC) against PD-L1-positive cancer cells. However, ICls are
not tumor-specific and stimulated ADCC/CDC can destroy healthy cells, causing tissue damage and

unwanted side effects. To prevent this, atezolizumab has an N297A mutation in its Fc domain which
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leads to antibody aglycosylation and eliminates effector functions!2?.

Tmmunoglobulins G (IgGs) consist of two heavy () chains and two light (L) chains. Each heavy chain
has three constant domains (Cy1, Cx2 and Cy3) and one variable domain (V). Light chains instead
have only two domains, one constant (Cz) and one variable (V7). When fully folded, each IgG antibody
can be cleaved into three functionally distinct fragments: one crystallizable fragment (Fc), formed by
the paired Cyg2 and Cy3 domains, and two identical fragment antigen binding (Fab) regions, each
consisting of a full light chain and the Vg and Cgyl domains of the heavy chain. The Fab regions are

responsible for antigen recognition and binding. A short and flexible sequence of amino acids, called

the hinge region, links each Fab region to the I'c region by disulfide bonds.

Fab @

~

atezolizumab

Fc

(A) Atezolizumab Binding PD-L1 (B) Superimposition of PD-1/PD-LI and PD-

L1 /atezolizumab Complexes

Figure 4.3: Interaction of atezolizumab with PD-L1. A) Sketch representing atezolizumab binding PD-L1. Heavy and light chains are
represented in blue and green, respectively. Costant (C) and variable (V) domains are specified. B) Superimposition of PD-1/PD-L1

complex and PD-Ll/atezolizumab complex from Zhang et. al'?!, PD-1 and atezolizumab compete for the same surface area on PD-L1.

Zhang et. al. recently solved the crystal structure of atezolizumab, and showed that both its heavy
and light chains interact with PD-L1, thereby participating in binding?!. They also superimposed
the structure of PD-Ll/atezolizumab complex with the structure of PD-1/PD-L1 complex (PDB: 4ZQK),
demonstrating that atezolizumab competes with PD-1 for the same surface area of PD-L1 (Figure 4.3B).
Hence, they can’t bind the same receptor simultaneously and atezolizumab effectively blocks PD-1/PD-L1
pathway. Notably, in contrast to what happens with the monoclonal antibodies pembrolizumab and
nivolumab that bind PD-1, the structure of PD-L1 does not change significantly after the binding with
anti-PD-LI antibodies™.

The amino acids sequence of atezolizumab was used to estimate the extinction coefficient of the protein

at 280 nm, as previously described %%

€(280nm) (M ~tem™) = (#Trp)(5,500) + (#Tyr)(1,490) + (#cistyne)(125) 4.1)
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From the previous equation, we obtained a value of 232,400 M~ em™!, that was used to calculate the
concentration of the antibody in all the experiments of this work.

To date, atezolizumab has been used for PIT only in one study, where it was combined with the PS
chlorin e6 to treat HCT-116 colon cancer cells. The results showed that, in a mouse model, tumor
mass decreased by over 50% when the treatment was applied under light exposure, compared to dark
conditions 8. Additionally, atezolizumab was used in photochemical internalization experiments to
target cells expressing PD-L1. This approach combined atezolizumab with the PS fimaporfin/TPCSy,
to enable light-triggered release of drugs from endo/lysosomal compartments, thereby enhancing the

selective elimination of PD-Ll-positive cells through light activation!?L.

4.3 Photosensitizer: Eosin 5-Isothiocyanate

Eosin, also known as tetrabromofluorescein, is a synthetic acid derivative
of brominated fluorescein. It is widely recognized for its utility as a his-
tological stain, commonly used in combination with other dyes such as
hematoxylin and methylene blue. Eosin has received FDA approval for use

in pharmaceuticals and cosmetics due to its safety and effectiveness!?’.

As an organic sodium salt, it is soluble in both aqueous and polar organic
Figure 44: Chemical structure of solvents, whereas its photophysical properties are significantly influenced
cosin H-isothiocyanate. by the solvent’s polarity'28. In non-aqueous solutions, reduced quenching
effects and non-radiative losses, along with better stabilization of the triplet
state, often lead to increased quantum yields of fluorescence, triplet state formation and singlet oxygen
generation. Among organic solvents, DMSO is particularly effective for diluting cosin. However, its
potential toxicity and disruptive effects on cellular systems make it unsuitable for certain biological
applications; thus, PBS is generally preferred in these contexts. The main photophysical properties of
eosin in aqueous solution are reported in table 4.1.
In this work, eosin 5-isothiocyanate (EITC) was used. EITC is an amine-reactive derivative of eosin,

where the isocyanate group ((N=C=0) has been substituted with an isothiocyanate group (-N=C=S). This

structural modification introduces a sulfur atom in place of the oxygen atom, enhancing its reactivity

7 (ns) b O D
1.21123 0.2124 0.71125 0.61126
Eosin 0.24123 (.8124
(.64126

Table 4.1: Photophysical properties of the molecule cosin dissolved in PBS buffer.
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towards amine, thiol and hydroxyl groups in biological molecules. The chemical formula for EITC is
C21H7BryNOs5S, and its structure is reported in Figure 4.4. EITC exhibits improved photostability and
distinctive photophysical characteristics compared to the original fluorescein. This improvement is
attributed to the presence of four bromine atoms on the eosin core, which increase spin-orbit coupling
and thereby enhance the likelihood of intersystem crossing. This results in efficient formation of the
triplet state, crucial for its role as a PS, but also in a reduced fluorescence brightness.

The molecular weight of EITC is 704.96 and its molar extinction coefficient is 95,000 M~! em ! at
525 nm. Its unique properties make EITC a versatile and effective PS, with possible applications in

PDT, cell imaging, and molecular labeling.
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Chapter 5

Materials and Methods

5.1 Materials

(D274 (PD-L1, B7-H1) Antibody (Catalog #13-5983-82), Mouse IgG1 Cross-Adsorbed Secondary Antibody
(Catalog #A-21240), CellMask™ Plasma Membrane Stain, LysoTracker® Probe and Alexa Fluor 647
NHS ester were purchased from Invitrogen by Thermo Fisher Scientific (Waltham, Massachusetts, USA).
IgG from normal human serum and eosin 5-isothiocyanate (EITC) were from Sigma-Aldrich (Saint
Louis, MO, USA). The therapeutic antibody atezolizumab was obtained from the Inpatient Pharmacy of
University Hospital of Parma and the Hospital Pharmacy at Oslo University Hospital, Rikshospitalet
(Oslo, Norway). PD-10 desalting columns were from Cytiva (Marlborough, MA, USA). Phycoerythrin (PE)
isotype control mouse IgGlx (clone MOPC-21, Catalog #554680) and PE anti-human PD-L1 (clone
MIH1, Catalog #557924) were purchased from BD Biosciences (San Jose, CA, USA). The photosensitizer
TPCSs,,, (imaporfin) and the toxin gelonin were provided by PCI Biotech AS (Oslo, Norway).

5.2 Cell Lines

The human non-small cell lung cancer (NSCLC) cell lines H322 (ATCC CRL-5806), H1975 (ATCC
CRL-5908), and A549 (ATCC CCL-185), and the human breast cancer cell line MDA-MB-231 (ATCC
HTB-26) were originally obtained from the American Type Culture Collection (ATCC, Manassas, VA,
USA). The human dermal fibroblast (HuDe) cell line was obtained from the Istituto Zooprofilattico
Sperimentale (Brescia, Italy). MDA-MB-231, H322, H1975 and A549 cells were cultured in Roswell
Park Memorial Institute medium (RPMI 1640) supplemented with 2 mM Glutamine. Only for PCI
experiments, A549 cells were cultured in Ham’s F-12K (Kaighn’s) Medium. HuDe fibroblasts were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 2 mM Glutamine.

All cultured media were supplemented with 10% Fetal Bovine Serum (FBS), and 100 U/ml Penicillin-100
pg/ml Streptomycin. All cell models were maintained at 37°C in a water-saturated atmosphere of 5%

GOy in air.
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5.3 Purification of Atezolizumab and Labeling with EITC or Alexa
Fluor 647

Atezolizumab was endowed with phosensitizing or fluorescent properties through conjugation with
eosin H-isothiocyanate (EITC) or an N-hydroxysuccinidimidyl ester (NHS) derivative of Alexa Fluor 647
(AF647), respectively. For both dyes, the reaction happens with the primary amines of the protein to
form stable dye-antibody complexes, referred to as EITC-atezolizumab or AF647-atezolizumab.

Prior to labeling, atezolizumab was purified from excipients in the pharmacological solution and placed
in PBS buffer at pH = 7 by means of a gravity column for desalting (Sephadex G25, PD-10 column).
The dyes were dissolved in DMSO buffer to obtain a concentrated stock solution of a few millimolar
(mM), and an excess of dye was added to the antibody solution to initiate the reaction. In the final
volume, the molar ratio of antibody to dye was 1:6. For the EITC-atezolizumab conjugation, the reaction
mixture was incubated overnight at room temperature. For the AF647-atezolizumab conjugation,
sodium bicarbonate was added to a final concentration of 0.1 M (10% of the total volume) and the
mixture was stirred for 2 hours at room temperature. After incubation, samples were filtered using
a PD-10 column equilibrated with PBS buffer at pH = 7 to separate dye-protein conjugates from
unbound fluorescent dyes. Finally, the concentration of the complex and its degree of labeling (DOL)
were determined spectroscopically as:

[Agg0 — (Aaye X CFago)| x dilution factor

€ab

[Protein(M)] = (5.1)

Agye x dilution factor

DOL = (5.2)

€dye X [protein(M)]

where € is the extinction coefficient at Mgz in M™1 em™!, and CFagg is the correction factor for the
dye’s contribution to the absorbance at 280 nm.

The DOL is expressed as moles dye per mole protein, and indicates the average number of dye molecules
coupled to each antibody molecule. In our preparations, we obtained a DOL = 2.5 for both dyes. The
values of € and CFagg for EITC and AF647 are reported in table 5.1.

Dye Amae (DmM) eM ! em™Y) CF250
EITC 525 95,000 0.28
Al'647 650 239,000 0.03

Table 5.1: Properties of EITC and Alexa Fluor 647 used to label atezolizumab.
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54 Fluorescence Spectroscopy: Steady-State and Time-Resolved

Techniques

54.1 Steady-State Measurements and Fluorescence Decays

Absorption spectra were collected using the Jasco V-650 (Jasco Europe) double-beam spectrophotometer.
Steady-state fluorescence measurements were conducted using an 'S5 Spectrofluorometer (Edinburgh
Instruments Ltd., Livingston, UK). For all samples, fluorescence excitation, fluorescence emission, and
anisotropy spectra were recorded.

A comparative method was used to estimate the fluorescence quantum yield, ® i, of EITC-atezolizumab

from the emission spectra, using eosin in PBS as reference molecule:

(5.3)

FEITCatez) ] < 1— 1O_A€osin )

(I)F,EITCfatez = (PF,eosin : < 1— 1O*AEITC—atez

Feosin
where F' is the integrated fluorescence intensity, and A is the absorbance at the excitation wavelength.
The experiments were conducted at a temperature of 20°C.

Fluorescence lifetime decays were recorded with an FLS920 time-correlated single photon counting
(TGSPC) system (Edinburgh Instruments Ltd., Livingston, UK) with pulsed LED excitation at 500
nm for EITC or 600 nm for AF647, and a repetition rate of 5 MHz. Data were analyzed using the
analysis software FLS980 by operating the re-convolution between the exponential decay model and
the experimental instrument response function (IRF), obtained by measuring the scattered light from
a suspension of polystyrene beads. To ensure the accuracy of the fits, the reduced chi-squared value
was minimized. Additionally, the fit quality was further verified by visually examining the weighted
residuals and their autocorrelation.

The mean fluorescence lifetime, 7p,cqn, for a biexponential decay was calculated as a weighted average

of the two lifetimes, 71 and 7o, with corresponding amplitudes A1 and As, using the following formula:

A1 + Ao
mean — 0.4
7 A+ A (54

54.2 Triplet Quantum Yield and Triplet State Decays

To gain a comprehensive understanding ol the photophysical properties of our samples, the triplet
quantum yield, ®7, and triplet state decays were measured. These evaluations are crucial for deter-
mining the efficiency of intersystem crossing and the lifetime of the triplet state, which are strictly
interconnected with the quantum yield of 'Oy production (see below).

To monitor the formation and decay of the triplet state of our samples, we exploited the laser flash
photolysis (LFP) technique. This time-resolved method allows to track the time evolution of excited
states via transient absorption measurements. The experimental set-up was previously described in

detail'??. The sample was photoexcited with the second harmonic (532 nm) of a pulsed Nd:Yag laser
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(Surelite 1-10, Continuum, San Jose, CA, USA). The continuous wave (cw) output of a Xe arc lamp,
coupled to a monochromator, served as probe for the detection. To minimize light scattering from the
excitation beam, the probe beam was oriented at a 90° to the pump beam. The transmitted light was
then collimated and focused through the slits of a second monochromator coupled to a photomultiplier,
with the signal subsequently loaded onto a digital oscilloscope. The baseline measurement was obtained
by blocking the pump beam, thereby illuminating the sample only with the probe beam.
In transient absorption measurements, the excitation of the sample with a nanosecond pulsed laser
(pump) results in the formation of short-living transient species, which can cause the sample’s absorp-
tion to either increase or decrease relative to the ground state. The absorption variation AA at a
specific detection wavelength is defined as:
Io(t < to

AA(t) = log<(I(t))) (5.5)
where [y and [ are the intensities (corrected for the signal of the baseline) of the probe light that
passes through the sample, measured before and alter laser excitation, respectively.
In this work, the kinetics of EITC-atezolizumab and free EITC were followed at 526 nm and 524 nm,
respectively. EITC was used as reference for determining the quantum yield of triplet state formation

for EITC-atezolizumab:

AA ates 1 — 10— 4ss2,BITC
EITC—at )( 0 ) 5.6)

C1.B170—atez = P1.EITC < Aprre 1 — 10~ A52,517Cate

where AA values were retrieved from the experimentally measured transient absorbance changes.

5.4.3 Singlet Oxygen Quantum Yield

The efficiency of EITC-atezolizumab in generating 104 is crucial for its application in PDT. The singlet
oxygen quantum yield, ® A, of the complex was estimated using a comparative method with a reference
compound of known quantum yield. 'Oy detection in solution was achieved using the commercially
available fluorescent sensor named Singlet Oxygen Sensor Green (SOSG) (Invitrogen, Waltham, MA,
USA), following the manufacturer’s instructions. A 5 mM stock solution of SOSG in methanol was
prepared immediately before measurements.

The SOSG molecule consists of a fluorescein derivative moiety (F#7) and an anthracene-derived trapping
moiety (An) covalently linked together. In the absence of oxygen, a photo-induced electron transfer
(PET) occurs between the trapping moiety (electron donor) and the fluorophore (electron acceptor),
resulting in fluorescence quenching of the fluorophore in its singlet excited state. Gonversely, when the
anthracene moiety reacts with 109, it forms an endoperoxide (EP) anthracene moiety with a HOMO
energy lower than that of the fluorophore. This change prevents the trapping moiety from quenching
the fluorophore, allowing it to decay through fluorescence.®®. The SOSG molecule and the formation of

SOSG-EP are reported in Figure 5.1. Since the concentration of 10y produced upon illumination is
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Figure 5.1: Chemical structure of SOSG molecule and intramolecular PET which results in fluorescence quenching. Upon interaction
with 102, SOSG-EP is formed and the fluorescence pathway is repristinated. Adapted with permission from Kim et. al?¢. Copyright
2024 American Chemical Society.

directly proportional to the fluorescence emission intensity of SOSG, singlet oxygen quantum yield of
EITC-atezolizumab can be retrieved by comparing the integrated fluorescence intensities of SOSG in
the sample and reference solutions, corrected for the emission of SOSG alone.

In this work, rose bengal and eosin were used as reference compounds. Solutions containing SOSG +
immunoconjugate, SOSG + rose bengal, SOSG + eosin or only SOSG were prepared in order to have
a final concentration of SOSG of 1.5 uM. The solutions were illuminated for 160 seconds using a
continuous wave Nd:YAG laser (Laser Quantum, Manchester, UK) with an internally frequency-doubled
output at 532 nm (1 W), attenuated to 30 mW. Emission spectra of SOSG in each solution were recorded
every 20 seconds between 495-700 nm (A, = 488 nm). The fluorescence intensity of SOSG at 528 nm
against the illumination time were plot and a linear fit was performed to determine the slope of the fit
for the sample (EITC-atezolizumab) and the reference compounds (rose bengal and eosin). Finally, the

quantum yield of singlet oxygen formation was determined using the follow equation:

SlopeElTC—atez) (1 - 10AEITOatez) 6
sloperef 1— 10—Amf .

q)A = q)A,ref . <

where A is the absorbance at 532 nm.

5.5 dSTORM Super-Resolution Microscopy

5.5.1 Principles and Microscope Setup

Direct stochastic optical reconstruction microscopy (dSTORM) is a single-molecule-based localization
technique that allows sub-diffraction-limit resolution of labeled structures by means of reversibly
photoswitchable fluorophores and fluorescent probes. The photoswitching mechanism, named blinking,

is reported in Figure 5.2. The fluorophore in the triplet state (°F) can decay back to the ground state
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or be reduced to a non-fluorescent (dark or “off ”) state, I, in the presence of electron donors, such
as thiols. Some fluorophores might be further reduced by thiols to a non-fluorescent leuco form (IFH).
Both the radical F- state and the leuco FH state can recover the fluorescent state (often referred to as
the “on” state) spontaneously or by oxidation??, Principle of dSTORM is based on the ability of some
fluorophores to undergo several off-on-off cycles: upon irradiation, the majority of fluorophores goes to
a dark state and only a small fraction of them resides in an activated fluorescent state and are optically
resolvable from the rest, meaning that they can be localized with high precision since their images

are not overlapping. Then, activated fluorophores return to the ground state from which they can be
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Figure 5.2: Photoswitching mechanism of fluorophores in dSTORM. The triplet state of the fluorophore, 3E can be reduced by thiols
(e.g., B-mercaptoethylamine (MEA) or GSH) to a non-fluorescent state, either the radical state F- or the leuco state FH. The oxygen

naturally present in aqueous solutions oxidises the dark states, which are switched back to the fluorescent state.

excited again or undergo photobleaching. This process is repeated several times in order to collect an
image stack of thousands of images, in each of which a different subset of fluorophores is stochastically
activated and detected. The super-resolved image is eventually reconstructed from the point-spread
function of each molecule localized. An appropriate solution buffer containing both an oxygen scavenger
and a thiol-containing reducing agent is required to favor the blinking mechanism #1132,

In this work, we used a dSTORM bulffer composed of 5% w/v glucose, 100 mM cysteamine, 0.5 mg/ml
glucose oxidase, and catalase 40 mg/ml in PBS buffer (pH = 7.4). Image quality was enhanced working in
total internal reflection fluorescence (TIRF) mode and about 20 nm resolution was achieved, overcoming
the optical diffraction limit imposed by Abbe’s law. Super-resolved images were acquired using the
Oxford Nanoimaging (ONI) Nanoimager-S Mark III microscope equipped with a 100x/1.4 oil immersion
objective from Olympus and four excitation lasers (405/488/561/640 nm). The fluorescence emission
was collected by the objective and split into two channels (576-620 nm and 665-705 nm) by a 640LP
dichroic beam-splitter. Finally, the signal was recorded using a CMOS camera (Hamamatsu Orcallash

4.0) to obtain 428 x 684 images with a pixel size of 117 nm.

47



5.5.2 Sample Preparation and Imaging

Viable cells (15x103 cells per well) were seeded in 8-well Chamber Slides (Thermo Scientific, Waltham,
MA, USA, Nunc Lab-Tek II Chamber Slide) and allowed to grow for 48 hours in the incubator. Cells
were chemically fixed by adding 100 pl of 2% PFA in PBS for 15 minutes at room temperature, and
next gently rinsed three times with PBS. After the washing steps, a blocking solution composed of PBS
+ 2% BSA was added to each well, and incubated for 20 minutes at room temperature, in order to
reduce the amount of unspecific binding. Cells were finally rinsed twice with PBS and left in PBS buffer.
To label PD-L1 receptors, an anti-PD-L1 primary monoclonal antibody was added at the concentration
of 5 pig/ml in PBS + 1% BSA and incubated for 1 hour at room temperature. Cells were rinsed three
times with PBS and then incubated with an AF647-conjugated secondary antibody (5 pg/ml) diluted in
PBS + 1% BSA + 0.05% Tween 20 at room temperature for 1 hour protected from light. Finally, cells
were gently washed three times with PBS to remove any unbound antibody, and placed in dSTORM
imaging buffer. Cells incubated with the secondary antibody only were used as controls.

During dSTORM acquisition, the sample was continuously illuminated at 640 nm (nominal power:
~327 mW) with an integration time of 15 ms for 20,000 frames. For each cell model, a minimum of 11
cells were sampled, and at least 5 cells were included for each control experiment. To identify signals
from individual receptors (see Section 5.5.3), calibration images were collected under the same imaging
condition, but with a reduced concentration of primary antibody (0.125 pg/ml) to allow only a subset of
well-separated PD-L1 proteins on the cell surface to be lluorescently tagged.

In those experiments whether the ability of atezolizumab to selectively target PD-L1 was investigated,
cells were stained with 1 uM AF647-atezolizumab in FBS-free medium at 37°C for 1 hour in the
dark, and then fixed as described above. dSTORM buffer was added right before imaging. In control

experiments, cells were incubated with an AF'647-labelled IgG to evaluate nonspecific staining.

5.5.3 dSTORM Images Analysis

All acquired image stacks were reconstructed and processed using NimOS software (v1.19.4) from ONI.
The software identifies the positions of each blinking dye in every frame by fitting the point-spread
function of the emission with a 2D Gaussian, and determining the center of the emission. The x-y
coordinates, referred to as localizations, are saved in a .csv file. The final super-resolved image is
reconstructed by plotting the position of each fluorophore. The intensity threshold of single-molecule
detection was set to a minimum of 300 photons to filter out false spots caused by noise. Intensity
values of 500 and 800 were also tested, but increasing the threshold did not enhance image quality;
instead, real localizations could be missed by the software. The first 1500 frames were discarded do to
artifacts from the non-blinking behaviour of fluorophores during the initial milliseconds of illumination.

Data analysis was performed using a custom MatLab script, which quantifies localization density in
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selected regions of interest (ROls) from each dSTORM image using the localization list and corresponding
bright field image. ROIs were manually selected on bright field images by drawing polygonal areas that
matched the cell shape. In order to quantify PD-L1 membrane receptors, the localization density within
each cell has to be divided by the number of localizations per single PD-L1. This is necessary due to
the fact that a single fluorophore might blink multiple times within the acquisition time, and polyclonal
secondary antibodies may bind multiple fluorophores to a single receptor. Calibrated dSTORM images,
obtained with a low concentration of primary antibody, were used to determine the mean number of
localizations per single PD-L1. At this purpose, clusters of localizations were identify by means of a
previously developed mean-shift clustering algorithm %133, which outputs, given a specified bandwidth
of 30 nm, a set of cluster centers indicating the position of each receptor. Clusters were filtered to
exclude those containing less than 5 localizations or with an unrealistic size (> 100 nm) for a receptor.
The remaining clusters were binned based on their number of localizations, resulting in a distribution
that was not symmetrical. The average number of localizations per receptor was finally obtained by

fitting the distribution with a mono-exponential function and extracting the mean value from the fitted

curve.

5.6 Confocal Microscopy

5.61 Sample Preparation and Imaging

Confocal images of fixed NSCLC cells were acquired to monitor PD-L1 internalization and determine the
distribution of atezolizumab at cellular level. A sequential addition protocol without washing steps was
employed to label PD-L1 receptors, the plasma membrane and acid organelles with AF647-atezolizumab
(1 uM), CellMask® Green Plasma Membrane (I1x) or LysoTracker blue (75 nM), respectively. The order of
dye addition was adjusted based on the required incubation time for the AF647-atezolizumab complex,
which was varied to test six different conditions, that is 5 minutes, 30 minutes, 1 hour, 2 hours, 6 hours
and 24 hours of incubation. The incubation time for LysoTracker was 1 hour, whereas CellMask was
incubated for 10 minutes. All incubations were performed in culture medium at 37°C and the samples
were kept in the dark. After the final incubation period for each condition, cells were extensively rinsed
with PBS and fixed as described in Section 5.5.2.

The samples were immediately imaged by means of a Zeiss G Plan-Apochromat 63x/1.4 NA oil DICII on
a confocal/two-photon laser-scanning microscope (LSM 980 NLO Airyscan 2, Carl Zeiss Microlmaging
GmbH, Jena, Germany). The microscope is equipped with five diode lasers (405/445/488/514/639
nm), and a DPSS laser (561 nm). To minimize cross-talk between channels, sequential scanning was
employed. LysoTracker was excited at 405 nm and an emission filter of [410-464 nm| was set. For
CellMask, an excitation wavelength of 488 nm and an emission filter of [490-642 nm]| were used.

AF647-atezolizumab was excited at 639 nm with emission collected through a [642-695 nm] filter. The
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pinhole size was set to 1 airy unit for all channels. Three independent experiments were conducted for
each condition, with a minimum of 25 cells imaged per condition in each experiment.

To provide additional and complementary insights into the vesicular trafficking of PD-L1, particularly
the involvement of late endosomes, immunofluorescence analysis was performed using cells stained with
a CD63 (MX-49.129.5) mouse monoclonal antibody. Following PD-L1 staining with AF647-atezolizumab,
the cells were fixed with 2% PFA for 15 minutes, permeabilized with 0.5% Triton X-100 in PBS + 3%
BSA for 1 hour, and finally incubated with CD63 (1:400) overnight at 4°C. Detection of late endosomes in
the cytoplasm was performed using a Goat anti-Mouse IgG (H+L) secondary antibody (1:500) conjugated
to Alexa Fluor 488 (AIF'488) in PBS containing 3% BSA for 1 hour at room temperature. Images were
acquired using a Plan Apo VC 100x Oil DIC N2 Objective mounted on a Nikon AXR line-scanning
confocal microscope provided with the Nikon spatial array confocal (NSPARC) detector. AF488-labelled
secondary antibody and AF647-atezolizumab were excited at 488 nm and 640 nm, respectively. Two
separate experiments were performed for each condition, with at least 20 cells imaged per condition

in each experiment.

5.6.2 Confocal Images Analysis

Confocal images analysis and colocalization measurements between PD-L1 and lysosomes were con-
ducted using the ZEN 3.8 software (Carl Zeiss Microlmaging GmbH, Jena, Germany). To filter out
low-intensity background fluorescence, a threshold of 5000 intensity units was applied. The degree of
colocalization between the AF647 signal (representing atezolizumab bound to PD-L1) and the Lyso-
Tracker signal (marking lysosomes) was quantified over time using the Pearson’s correlation coefficient
and the Mander’s overlap coelficient, two widely used methods in fluorescence microscopy to assess
spatial relationships between signals!34,

The Pearson’s correlation coefficient quantifies the linear correlation between the intensity distributions

of two fluorescent signals. It compares how the intensities of the two channels vary across the entire

image. For a two-color image, the Pearson’s coefficient is calculated as:

S°,(Chl; — Chlayer) * (Ch2; — Ch2qver)

R, =
Vi (Chl; — Chlgyer)? * (Ch2; — Ch2qper)?

(5.8)

where Chl; and Ch2; are the intensity values of pixel i in the first and second channel, respectively,
while Chl,yer and Ch2,ye, are the average intensities of channels 1 and 2 across the entire image. The

Pearson’s coefficient values are in the range [|-1, 1], where:

* 41 indicates a perfect positive correlation, meaning that as the intensity of one signal increases,

the other also increases proportionally;

* _1 indicates a perfect negative correlation, where an increase in one signal corresponds to a

decrease in the other;



* () suggests no linear relationship, meaning the two signals are distributed randomly relative to

each other.

The Pearson’s correlation coefficient is particularly valuable for assessing the global relationship
between two signals. In this study, it was used to reveal how the distribution of the AF647-atezolizumab
complex correlates with that of lysosomes marked by LysoTracker. A high Pearson’s coefficient would
suggest that the internalized antibody is spatially related to lysosomes.

The Mander’s overlap coefficient, instead, provides a more direct assessment of spatial colocalization by
quantifying the degree of overlap between the two signals. Unlike the Pearson’s coefficient, the Mander’s
coelficient does not rely on intensity relationships but instead measures how much of one signal is

co-located with the other within the sample. The Mander’s coefficient is split into two components:

_ Zz Ch]—i,coloc o Zz ChQi,coloc
Zi Chli,total Zz Ch2i,total

M, measures the fraction of signal 1 (i.e., AFF647-atezolizumab) that overlaps with signal 2 (i.e.,

M, and My (5.9)

LysoTracker), giving insight into how much of the antibody signal is localized within lysosomes. M
measures the fraction of the LysoTracker signal that overlaps with the AF647-atezolizumab signal,
showing how much of the lysosomal population is associated with the antibody. Both M; and M, range
from 0 (no overlap) to 1 (perfect overlap). The Mander’s overlap coefficient is particularly useful for
biological studies, as it gives a more detailed understanding of spatial relationships within a cell.

In this study, the Mander’s coefficient indicates the extent to which the AF647-atezolizumab complex is
co-localized with lysosomes, helping to assess whether and when the antibody is trafficked to lysosomes

after internalization.

5.7 Cell Viability and Cell Death Assays

571 MTT and MTS Assays

The MTT assay is an established and almost ubiquitous method to assess cell viability and proliferation.
It relies on the enzymatic reduction of 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide
(MTT), a yellow water-soluble tetrazolium dye, to MTT-formazan, a violet-blue water-insoluble molecule
that requires dissolution with DMSO. Thus, the MTT assay evaluates enzymatic activity mediated by
mitochondrial succinate dehydrogenase in living cells.

Similarly, MTS [3-(4,5-dimethylthiazol-2-y])-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]
is a tetrazolium salt. However, unlike MTT, the formazan products generated by MTS reduction are
water-soluble, eliminating the need for DMSO dissolution. Both assays measure metabolic activity and
provide comparable information on cell viability.

Viability was evaluated using the MTT assay 24 hours post-light exposure in all PDT experiments, or

with the MTS assay 48 hours after irradiation in PCI experiments, unless otherwise specified.
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In brief, for the MTT assay, cells were incubated for up to 1 hour in FBS-free culture medium sup-
plemented with MTT 1 mg/ml. The produced formazan crystals were then solubilized by DMSO and
the absorbance was measured at 565 nm by means of a microplate plate reader (Infinite 200 PRO,
TECAN, Miinnedorf, Switzerland). When the MTS assay was performed, cells were incubated with 0.33
mg/ml MTS in cultured media for 2-3 hours. Absorbance was measured at 490 nm using a plate reader
(PowerWave XS2 microplate spectrophotometer) with the Gend software program (Biotek Instruments

Inc., Winooski, VT, USA).

5.7.2 The ATP Assay

The ATP assay relies on the measurement of adenosine triphosphate (ATP) levels using a firefly
luciferin-luciferase system. It is well established that the dramatic reduction of ATP is associated to
cell death, therefore ATP concentration is an appropriate parameter for measuring living cell number.

135136 4nd can provide

Besides, the ATP assay is much more sensitive and reliable than the MTT assay
useful information about cell functionality.

In this work, ATP levels were measured using the CellTiter-Glo 2.0 Assay (Promega Biosciences San
Luis Obispo, CA, USA) according to the manufacturer’s instructions. Cells were seeded at a density of
5x103 cells per well in a poly-L-lysine-coated white 96-well plate (Nunc) and after 48 hours they were
treated with the photoactivatable compound. The ATP concentration was evaluated 3 hours and 24
hours after PDT treatment. Brielly, 50 ul of reagent was added to each well containing 50 ul of PBS.

The solution was mixed for 5 minutes on an orbital shaker to induce cell lysis and then was left to

incubate for 8 minutes protected from light. The luminescent signals were recorded with a microplate

plate reader (Infinite F200, TECAN).

5.7.3 Hoechst 33342/Propidium Iodide (PI) Double Staining

The quantification of cell death using double staining with Hoechst 33342 and propidium iodide (PI) is
a common method to assess cell viability based on membrane integrity and nuclear morphology.

Hoechst 33342 is a blue-fluorescent nuclear stain that binds to the minor groove of DNA with a
preference for adenine-thymine (A-T) rich regions. This dye is cell-permeable and can stain the
nuclei of both live and dead cells. Upon binding to DNA, Hoechst 33342 emits blue fluorescence,
allowing visualization of nuclear morphology and revealing the gradients ol nuclear damage. PI is a
red-fluorescent DNA-binding dye that intercalates between the bases of DNA and is only taken up
by cells with compromised membranes. Its fluorescence increases 20-30 fold upon binding, marking
dead cells with red fluorescence. By combining these two dyes it’s possible to distinguish between: live
cells, which show blue-fluorescent nuclei, indicating intact membranes and no uptake of PI; necrotic or
late apoptotic cells, whose nuclei exhibit both blue (Hoechst 33342) and red (PI) fluorescence, with red

typically dominating due to the loss of membrane integrity; and early apoptotic cells, which display blue
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fluorescence with Hoechst 33342, showing chromatin condensation and fragmented nuclei, without PI
staining, as their membranes remain intact in the early stages ol apoptosis.
In our experiments, cells were double stained with Hoechst 33342 (5 pg/ml) and PI (2 ug/ml) for 5

minutes in the dark, then analyzed using a Nikon Eclipse E400 microscope, as described previously 37,

5.8 Oxidative Stress Detection

Reactive oxygen species (ROS) production and elimination are part of a well-balanced physiological
process called redox signaling. This process helps cells maintain steady-state levels of free radicals, which
are crucial for various metabolic pathways. However, when cells experience extreme or prolonged stress,
it can result in excessive ROS generation, potentially causing irreversible damage to biomolecules such
as DNA, proteins, and lipids, ultimately leading to cell death*2%!. Photoactive compounds are known to
be stress inducers, making the assessment of ROS levels a valuable strategy to evaluate the impact of
PDT on cancer cell metabolism. Among all radical species, hydrogen peroxide (Hy05) is the most stable
and with the longest hall-life in solution. Additionally, it can freely diffuse through cells membrane
allowing its detection both directly in cell culture plate and in the culture medium'8,

To measure the ROS generated following PDT treatment, the ROS-Glo HyO5 assay (Promega Biosciences
San Luis Obispo, CA) was employed. After irradiation, the culture medium was replaced with a solution
containing a 125 puM dilution of HyO9 substrate dilution buffer in complete colture medium. The plates
were then incubated for 3 hours at 37°C. Following incubation, 50 ul of the medium containing the
Hs05 substrate was transferred from each well to a separate white plate. The ROS-Glo detection
solution was added to each well to achieve a final volume of 100 pl. Luminescence signals indicating

H505 levels in the samples, were recorded using a microplate reader (Infinite F200, TECAN).

5.9 Photodynamic Therapy of NSCLC Cells

Cells were seeded in poly-L-lysine-coated 96-well microplates (Thermo Fisher Scientific, Waltham,
MA, USA) at a density of 5x103 cells per well. After two-days, the cells were treated with increasing
concentrations of EITC-atezolizumab (0.5 1M, 1M, 5 uM and 10 M), and incubated for either 2 hours
or 20 hours at 37°C protected from light. Control groups were treated with atezolizumab or eosin
alone (at the highest concentration), or with EITC-atezolizumab under dark conditions (Figure 5.3A).
All incubations were performed in phenol red-free and FBS-free medium, completed with 2% BSA to
favor cell adhesion. Following treatment, cells were exposed to light for 60 minutes, corresponding to
a light fluence of 51.8 J/cm? (unless explicitly mentioned otherwise), and then kept in a humidified
environment with 5% GOq at 37°C, protected from light until further analysis. For the irradiation of
cell cultures, the blue (458/25 nm) and green (523/40 nm) light of an RGB LED light source (Studio Par
64 CAN RGBWA+UV 12, Cameo, Anspach, Germany) was used. The irradiance at the surface of the
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96-well plate was homogeneous and corresponded to 14.4 mW/em?, unless otherwise specified.
To validate the protocol and ensure the optimization and reliability of the experimental setup and
conditions, we initially used the well-known PS hypericin. Our group has previously demonstrated its

effectiveness in PDT treatments in other cancer cell models in vitro.%?.
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Figure 5.3: Schema of the 96-well illuminated plates used for PDT (left) and PCI (right) experiments. Both plates were illuminated
with the blue and green output of a RGB LED lamp for 60 minutes. A) Cells were incubated with increasing concentrations of
EITC-atezolizumab for 2 hours or 20 hours and then illuminated. B) Cells were seeded on the same plate and treated in parallel. In

PCI wells, EITC-atezolizumab was co-incubated with gelonin. PDT wells received EITC-atezolizumab only.

510 Photochemical Internalization of Gelonin

To build on our PDT experiments, we explored combining PDT with photochemical internalization (PCI)
of the recombinant toxin gelonin to determine if this approach would yield improved results. These
experiments were conducted at the Norwegian Radium Hospital (Department of Radiation Biology,
Institute for Cancer Research, Oslo University Hospital).

Cells were seeded in 96-well plates (Nunc) at a density of 5x103 cells per well and left for overnight
attachment. Two parallel experiments were performed, varying the light dose (illumination duration)
or the concentration of EITC-atezolizumab. In the first case, cells were co-incubated with a fixed
concentration of the complex (1 uM) and of the toxin (100 nM) for 20 hours, before being washed
with complete medium and illuminated. Otherwise, cells were co-incubated with EITC-atezolizumab at
increasing concentrations and gelonin (100 nM) for 20 hours, and then washed twice with complete
medium to remove unbound antibodies before illumination. Subsequently, cells were irradiated for 60
minutes with a RGB LED light source (Studio par 64 CAN RGBWA+UV 12, Cameo, Anspach, Germany)
emitting broadband blue and green light at 18.1 mW/cm?. Cell viability was evaluated after 48 hours
with the MTS assay, and the effects of PDT and PCI were compared. The schema of the irradiated
plate is shown in Figure 5.3B. An identical plate was prepared to assess dark toxicity.

We also evaluated whether PD-L1 blockade affects the outcome of the treatment. For this purpose, we

used atezolizumab in combination with the PS fimaporfin/TPCSs, to mimic a previously established
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Figure 5.4: Scheme of 96-well plates used in PCI experiments. A) In the irradiated plate: PDT relers to atezolizumab + TPCS24; PCI
IT refers to atezolizumab + TPCSa4 + gelonin; IT refers to gelonin alone. The plate was exposed to light for 0, 0.5, 1, 1.5, 2, 2.5 and 3

minutes, corresponding to a light fluence of 0, 0.26, 0.51, 0.77, 1, 1.3, and 1.5 J/em?. B) In the dark plate: PS IT refers to TPCS24 +

gelonin.

PCI protocol 'L, Cells were seeded as described above, and then co-incubated with atezolizumab (1 M,
5 uM or 10 M) and TPCSs, for 20 hours. The PS was diluted to a final concentration of 0.2 ug/ml
(in H1975) or 0.5 pug/ml (in A549) from a stock solution of 0.35 mg/ml in 50 mM Tris buffer pH = 8.5,
2.8% mannitol, and Tween 80. The following day, cells were washed twice with complete medium, and
chased in PS-free medium for 4 hours to remove membrane-bound TPCSsy,. Gelonin (100 nM) was
added during the chase period, and then replaced with fresh medium before illumination. Cells were
exposed for 0, 0.5, 1, 1.5, 2, 2.5 and 3 minutes to the blue light output of the LumiSource lamp (PCI
Biotech AS, Oslo, Norway). The lamp emits in the range 400-500 nm, with a maximum at A\p,q; =
435 nm, and an homogenous irradiance of ~ 8.5 mW/em? across the all area. Cytotoxicity was finally
measured by the MTS assay 48 hours after light exposure. Scheme of the illuminated and dark plate

are shown in Figure 5.4.
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Chapter 6

Results and Discussion

6.1 The EITC-atezolizumab Complex for PDT and PCI

6.1.1 General Photophysical Properties of EITC-atezolizumab

Photophysics of the EITC-atezolizumab complex was investigated using time-resolved and steady-state
optical spectroscopies. In this work, the photosensitizer (PS) EITC was dissolved in DMSO to obtain a
high concentrated PS stock (> mM). DMSO is a convenient solvent for this type of applications because
it can be easily mixed with PBS and concentrations up to 10% (v/v) are well tolerated for a protein,
without denaturation taking place. The conjugation between EITC and atezolizumab was performed in
PBS bulffer at pH = 7 to prevent the aggregation of the antibody at higher pH, which might be explained
by its aglycosylated state!??. As previously reported, the position of the absorption band of eosin and
its derivatives is influenced by the polarity of the solvent'?®, a phenomenon called solvatochromism.
For example, a red shift of the maximum peak occurs when changing the buffer from PBS to DMSO?22.
Considering the absorbance spectra reported in Figure 6.1A, EITC exhibits a strong absorbance in
the green region of the visible spectrum, with a primary absorbance peak around 522 nm in PBS
buffer. When bound to atezolizumab, the peak slightly shifts to 525 nm. A smaller absorbance band
falls in the UV range, corresponding to the main absorbance band of the antibody. The contribution of

EITC at 280 nm must therefore be taken into account when calculating the molar concentration of

atezolizumab, modilying the Lambert-Beer law as follow:
Agte(280nm) = A(280nm) — [Agrrc(524nm) x 0.28] (6.1

where CF = 0.28 is the correction factor of eosin at 280 nm.

The degree of labeling (DOL) of atezolizumab, defined as the average number of EITC molecules
conjugated to each antibody, can be determined as the ratio [EITCl/[atezolizumab] (equation 5.2). Using
95,000 M~tem~! and 232,400 M~tem™! as molar absorption coefficients for EITC and atezolizumab,
respectively, in our preparation the DOL was approximately 2.5.

Conjugation to the antibody does not dramatically alter EITC’s fluorescent properties, as also observed
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Figure 6.1: Absorption, excitation and emission spectra of EITC and EITC-atezolizumab. A) Absorption spectra of EITC (green),
atezolizumab (red) and the EITC-atezolizumab complex (blue) in PBS buffer at pH = 7. The spectra are normalized at 522 nm (EITC)
or at 280 nm (atezolizumab alone or bound to EITC). B) Normalized fluorescence excitation (blue, Aey, = 550 nm) and emission (green,

Aez = 520 nm) spectra of EITC-atezolizumab (solid lines) and EITC (dashed lines) in PBS buffer at pH = 7.

with streptavidin at low DOL?2. After binding, the emission spectrum of EITC shows minimal changes,
while its excitation spectrum still closely resembles its absorption spectrum ( 6.1B). Despite the stability
in the spectral behavior, the fluorescence quantum yield, ®, is affected by the conjugation. It is
well established that the ® ¢ of a sample can be estimated by comparison with a molecule of known
quantum yield®". Using eosin in PBS as a reference (@5 = 0.24'23) and applying equation 5.3, the
estimated quantum yield of EITC-atezolizumab was determined to be ®z = (.11. In comparison, the
quantum yield of free EITC in PBS is 0.18%2, indicating a slight reduction in fluorescence efficiency
upon conjugation. One possible explanation is that EITC may act as a quencher, where interactions
between EITC molecules lead to a decrease in fluorescence emission. However, due to the low DOL,
this event is unlikely. Similarly, aggregation of EITC in solution was excluded. We concluded that
fluorescence quenching results from interactions between EITC molecules and amino acid residues
within the antibody to which the PS is bound.

Finally, the formation of a stable conjugate between EITC and atezolizumab was proved by steady-state
fluorescence anisotropy and fluorescence lifetime measurements. Fluorescence excitation anisotropy
provides information on the rotational diffusion of a system during the interval between the absorption
of polarized light and subsequent fluorescence emission. Free diffusing fluorophores in solution quickly
rotate, reorienting their transition dipole several time within their fluorescence lifetime. When they
are linked to a macromolecule, the rate of the rotational diffusion decreases due to the bigger size of
the system. Therefore, the emitted fluorescence will be polarized (i.e., the anisotropy will be non-zero)
only when the fluorophore holds a preferential orientation, such as when it is bound to a protein

which reduces its rotational freedom. As shown in Figure 6.2A, the fluorescence anisotropy of EITC
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Figure 6.2: Anisotropy spectra and fluorescence decays of EITC (green) and EITC-atezolizumab (blue) in PBS buffer. A) Fluorescence
excitation anisotropy spectra collected at 550 nm. The samples were excited between 505 and 545 nm with 1 nm excitation bandwidth.
B) Fluorescence lifetime decays acquired using a TCSPC system at an excitation wavelength of 500 nm and an emission wavelength of

550 nm. IRF" (black) and the exponential fit of the decay of EITC-atezolizumab (red) are also shown.

in PBS is negligible, while the anisotropy of the conjugate varies from 0.25 to (.31 between 500 and
550 nm, where the PS has its maximum absorption. This result provides a clear indication of the
successful binding between EITC and atezolizumab. An additional evidence of the formation of the
EITC-atezolizumab complex is given by fluorescence decay time curves. For both free EITC and EITC
bound to atezolizumab in PBS buffer, the lifetime decays were measured by exciting the sample with
a pulsed LED emitting at 500 nm, and collecting the fluorescence signals at 550 nm. Fluorescence
lifetimes were then extrapolated by performing the re-convolution between a proper exponential fitting
function and the instrument response function (IRF). Representative lifetime decays are reported in
Figure 6.2B. Fluorescence decay of EITC is well-described by a mono-exponential function, with a
lifetime of 7 = 1.16 + 0.01 ns, consistent with our previous observation?? and with the lifetime of free
eosin in solution, equal to 1.21 ns'??. Conversely, the fluorescence emission of the EITC-atezolizumab
complex is best fitted by a bi-exponential function and occurs with a mean lifetime of 7,0, = 1.31 &
0.03 ns, slightly longer than the one associated to the PS alone (Table 6.1). These results represent a

conclusive proof of the binding between EITC and atezolizumab to form a stable complex.

7 (ns) Op

1.21123 0.24123
Eosin N

1.231 + 0.00322

116 £ 0.01 0.18 + 0.0222
EITC e

1117 £ 0.00322
EITC-atezolizumab 1.31 4+ 0.03 0.11 £ 0.01

Table 6.1: Fluorescence lifetimes of eosin, EITC, and EITC-atezolizumab in PBS buffer.
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6.1.2 Triplet State Formation and Singlet Oxygen Production

To effectively carry out its photosensitizing activity, EITC must preserve its ability to undergo intersys-
tem crossing and generate 'Oy efficiently, even when bound to atezolizumab. Therefore, the quantum
yields of triplet state formation, ®7, and singlet oxygen generation, ® A, for the EITC-atezolizumab
complex were measured.

Using a homemade LFP setup'?”, the samples in PBS were photoexcited at 532 nm to induce the
formation of a transient triplet state, whose evolution was monitored by probing the conjugate and

free EITC at 522 nm and 526 nm, respectively.
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Figure 6.3: Transient absorption curves for EITC (green) and the EITC-atezolizumab complex (blue) at 522 nm and 526 nm, respectively.

Excitation was performed at 532 nm.

The transient absorption spectra, shown in Figure 6.3, exhibit a decrease in absorbance in the ground
state region immediately following excitation, indicative of ground state depletion. Concurrently, an
increase in absorbance is observed in the triplet state region, reflecting its formation. The changes
in absorbance (AA) are more pronounced for free EITC than for the complex, suggesting that the
binding to the antibody reduces the efficiency of triplet state formation while simultaneously increasing
the triplet state lifetime. As the triplet state decays over time, the absorbance associated with the

ground state gradually recovers. This recovery phase allows for the determination of the triplet state’s

71 (us) Ay To (us) Ay
Eosin 2.0 & 0.122

2.2 4+ 0.1
EITC 5

2.1+ 0.122
EITC-atezolizumab 416 £ 0.02  63% 15.5 £ 0.1 37%

Table 6.2: Lifetime of the triplet state of eosin, EITC, and EITC-atezolizumab in PBS buffer (pH = 7).
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lifetime by fitting the recovery portion of each signal with an appropriate exponential model. In our
measurements, the kinetic of EITC in PBS is well-described by a monoexponential decay with a lifetime
of 2.2 + 0.1 s, consistent with our previous results?2. In contrast, the kinetic of the EITC-atezolizumab
complex is better described by a bi-exponential decay (Table 6.2). This longer lifetime suggests that the
protein exerts a shielding effect, protecting the PS from interaction with oxygen diffusing in solution.
Using the data retrieved from the transient absorption curves and applying equation 5.6, we estimated
the triplet quantum yield of the EITC-atezolizumab complex to be 0.20 & 0.05, a value lower than
the quantum yield of free EITC in PBS, which is 0.49%2. This result is consistent not only with the
observed decrease in triplet state formation efficiency, but also with the possibility that the PS binds
to a region of the protein rich in aromatic amino acids, which are known to readily quench the triplet
state. A similar quenching effect was observed in our previous studies with EITC bound to streptavidin
(@7 = 0.1), although this did not significantly impair the PS’s ability to generate 'Oy and kill bacteria

cells22,
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Figure 6.4: Fluorescence emission spectra of SOSG in solution, in the presence of EITC-atezolizumab (A), rose bengal (B), eosin (C), or
alone (D) at increasing illumination times (blue to red: 0, 20, 40, 60, 80, 100, 120, 140, and 160 seconds). The 102 produced upon
irradiation increases the fluorescence intensity of SOSG, which serves as an indicator of 102 levels in the solution. The increase in

fluorescence intensity is directly proportional to the amount of 102 generated over time.
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The estimation of 10y quantum yield, ® A, for the EITC-atezolizumab complex was obtained using the
fluorescent probe SOSG by comparison with eosin and rose bengal. Firstly, SOSG fluorescent probe
was used to calculate the ® o of eosin in PBS, using rose bengal as reference (which has a known ®a
of 0.76126) obtaining a value of 0.65. Then, the fluorescence emission spectra of SOSG in the presence
of EITC-atezolizumab, eosin, or rose bengal were collected before and after irradiating the samples
at 532 nm. For EITC-atezolizumab, eosin, and rose bengal the fluorescence intensity increases with
longer illumination times, reflecting the amount of 10y generated upon the irradiation of the PS, while

a minimal increment is observed for SOSG alone (Figure 6.4). Finally, the emission intensities of rose
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Figure 6.5: Variation of fluorescence emission of SOSG in the presence of rose bengal (red), eosin (green), EITC-atezolizumab (blue), or

alone (black) as a function of illumination time.

bengal, eosin, and the EITC-atezolizumab complex were plotted against illumination time and data
were fitted to a linear model to determine the slope of the curve for each sample (Figure 6.5). According
to equation 5.7, we obtained a quantum yield of 0.11 & 0.02 for the EITC-atezolizumab complex in PBS
buffer. Although this value is lower compared to that of free eosin, which has a ® A value greater than
0.5 it remains sufficiently high for further evaluation of the immunoconjugate in PDT applications.
Interestingly, the @A for the complex is also lower than its triplet quantum yield. This observation
might indicate that while the protein partially shields the PS from oxygen, it does not entirely prevent
10, formation'*!. Additionally, the quenching of 105 by amino acids in the antibody likely contributes

to further decrease the quantum yield.

6.2 The AF647-atezolizumab Complex for Imaging

Alexa Fluor 647 (AF647) is a far-red fluorescent dye widely used in biological research and microscopy
due to its desirable photophysical properties. In this study, we conjugated the AF647 dye, in the form
of its amine-reactive N-hydroxysuccinimidyl ester, directly to atezolizumab, in order to mimic the

supramolecular EITCG-atezolizumab complex used in PDT experiments. The dye exhibits a well-defined
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absorption spectrum, with a single prominent peak at around 650 nm. The binding of AF647 to
atezolizumab does not drastically alter its absorption maximum, even though a slightly blue-shift
occurs due to the interactions with the protein (Figure 6.6A). AF647 has a molecular weight of 1250, a
molar extinction coefficient of 270,000 M~! em~! at 650 nm, and a correction factor of 0.03 at 280
nm. These parameters were used to calculate the concentration of atezolizumab from the absorption

spectrum and its degree of labeling. As for EITC, we obtained an average DOL of 2.5.
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Figure 6.6: Absorption, excitation, and emission spectra of AF647 and AF647-atezolizumab. A) Absorption spectra of AF647 (red)
and AF'647-atezolizumab (orange) in PBS buffer. Spectra are normalized at 652 nm (AF647) or at 280 nm (AF647-atezolizumab). B)
Normalized fluorescence excitation (Aeym,, = 670 nm) and emission spectra (Aez = 600 nm) of AF647-atezolizumab (solid lines) and

AF'647 (dashed lines) in PBS buffer.

Even though we proved EITC effectiveness as a PS for developing highly specific immunoconjugates, its
relative week fluorescence limits its utility for microscopy. In contrast, AF647 offers significantly higher
brightness (®r = 0.33 in PBS), and exhibits minimal photobleaching due to its high photostability.
Additionally, AF647 supports multicolor imaging due to its compatibility with various other fluorophores
and can be effectively excited using standard lasers in the red to far-red spectrum (around 652 nm).

The excitation and emission spectra of AF647 (both free and conjugated to atezolizumab) are reported

in Figure 6.6B.

6.3 Counting of PD-L1 Receptors

Targeted PDT relies on the interaction between a photoactive compound and specific receptors or
molecules on the target cells. The effectiveness of the treatment can depend on several factors, including
how many receptors are available for the compound to bind to. Estimating receptor density, however,
can be challenging, due to the complexity of the receptor system and the inherent biological variability
among cells and tissues. Receptors are not static; they can undergo internalization, recycling, or

downregulation, thus their density on the membrane can change over time*2. Moreover, receptor
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density can differ significantly across various cell types and tissues. Another challenge is the small
size of the receptors, typically on the order of nanometers, which makes their accurate measurement
difficult with many conventional imaging techniques due to their limited spatial resolution. At present,
various biological assays are used to estimate receptor density in vitro. However, they often rely on
indirect methods, such as detecting receptors in cell lysates or supernatants with antibodies rather
than directly measuring receptors on intact cells (e.g., western blotting and ELISA), they might lack of
sensitivity and specificity, and they are quite sensitive to the sample preparation. Among these methods,
flow cytometry is considered one of the most reliable techniques for evaluating receptor expression on
both live and fixed cells. This technique allows for the rapid quantification of cell surface receptors by
passing cells through a laser beam and detecting fluorescence from labeled antibodies specific to the
receptors of interest. The main drawback of flow cytometry is that it provides relative, rather than
absolute, receptor density values, requiring repeated measurements for accurate comparisons between
different cell lines. To overcome this limitation, here we propose a quantitative approach based on
direct stochastic optical reconstruction microscopy (dSTORM) to detect and quantify PD-L1 membrane
receptors with single-molecule resolution. This method should provide more reliable insights into PD-L1
receptors organization and distribution compared to flow cytometry results.

H322 and A549 are both human primary NSCLC adenocarcinoma cell lines, chosen for expressing
PD-L1 at different levels. H322 cells are known for their high PD-L1 expression, whereas A549 cells
exhibit such low levels of PD-L1 that they are frequently classified as negative for this protein!®.
To further validate our results, we also included in the study human dermal fibroblasts (HuDe) cells
derived from human skin tissue. HuDe cells typically have low or negligible PD-L1 expression compared
to cancer cells, but a recent study has suggested that PD-L1 can be found also in non-hematopoietic
normal cells™3. Both flow ecytometry and dSTORM analysis were conducted on the three selected cell
types, and results were compared to provide a more comprehensive understanding of PD-L1 expression

on the cell surface.

6.3.1 Staining of PD-L1 Receptors

PD-L1 receptors were visualized with dSTORM. After fixation, cells were incubated with a primary
monoclonal antibody specific to PD-L1 and subsequently with an AF647-labelled secondary antibody.
To preserve membrane integrity and ensure specific staining of surface receptors, permeabilization
was avoided. Then, cells were imaged in TIRF mode to display only the receptor exposed on the surface
of the cell basal membrane. This modality involves directing a laser beam at the glass-sample interface
at an angle greater than the critical angle, so that the beam is totally reflected and penetrates only a
few hundred nanometers into the sample. This localized illumination allows for the selective excitation
of fluorophores close to the surface, dramatically increasing the signal-to-noise ratio.

The visual inspection of the dSTORM images in Figure 6.7 suggests a substantial difference in PD-L1
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(A) H322 Cells (B) A549 Cells (C) HuDe Cells

Figure 6.7: dSTORM images of H322 (A), A549 (B) and HuDe (C) cells incubated with an anti-PD-L1 antibody and an AF647-labelled

secondarya antibody. Images were collected in TIRF mode. Scale bar: 10 gzm. Bottom images are zoom of the corresponding top images

to highlight the organization of PD-L1 receptors at the nanoscale. Scale bar: 0.3 pm. Modified from Alampi et. al no,

expression levels among the three cell types. H322 cells exhibit the highest PD-L1 expression with a
relatively uniform distribution of the receptors across the membrane. In contrast, A549 and HuDe
cells show lower PD-L1 levels, although the fluorescence signals remain detectable. To confirm that the
fluorescence signal originates from the membrane, we focused the laser in a central section of the cell
and we acquired super-resolved images in HILO mode, which allows deeper sample penetration. As
expected, no fluorescence signals from the nucleus or cytoplasm were observed (Figure 6.8). Additionally,
to ensure the specificity of the anti-PD-L1 antibody, we conducted a control experiment with only the
secondary antibody. This control helped to identify any non-specific binding of the polyclonal antibody
to the sample or glass, which could otherwise increase background signal and lead to misinterpretation
of the data. The negligible signal from the secondary antibody alone confirms that the observed
fluorescence is due to the specific interaction between the primary antibody and PD-L1 receptors.

A closer look at dSTORM images in Iigure 6.7 reveals the presence of localization clusters of approxi-
mately 100-200 nm in size. This suggests that PD-L1 receptors may organize into nanoclusters on the
membrane surface, although a detailed investigation into their nanoscale distribution is beyond the

144,145

scope of this study. However, this observation is in agreement with previous studies , and open
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interesting possibilities for future research.

(A) H322 Cells B) A549 Cells

Figure 6.8: Images of PD-L1 receptors on the membrane of H322 (A) and A549 (B) cells collected with dSTORM microscopy using
HILO illumination. Scale bar: 10 gm.

6.3.2 Results of Flow Cytometry Analysis

Flow cytometry experiments were carried out at the Department of Medicine and Surgery (University
of Parma) with the CytoFLEX Flow Cytometer (Beckman Coulter Life Sciences, Indianapolis, IN, USA).
We followed a standard protocol in which phycoerythrin (PE) isotype was used as negative control to
assess the level of non-specific binding and background fluorescence. After harvesting, 5x10° cells
were incubated with either an anti-PD-L1 antibody conjugated to PE or PE isotype in PBS + 0.5% BSA
for 30 minutes on ice in the dark. Following incubation, cells were washed with cold PBS + 0.5% BSA
and resuspended in the same buffer for the analysis. Data were analyzed using the Beckman Coulter’s
Kaluza software (v2.2) and presented as the fold increase in median fluorescence intensity (MFI)
relative to the corresponding isotype control (Figure 6.9A). Based on these results, PD-L1 expression in
H322 cells is ~ 12-fold higher than in A549 cells (14 = 5 vs 1.2 £ 0.2) and ~ 13-fold higher than in
HuDe cells (14 + 5 vs 1.1 & 0.1). Student’s t-test was conducted to determine whether the minimal
observed differences in MFI between A549 and HuDe cells were statistically significant. However, no
differences emerged between the two models (p > 0.05).

Although our flow cytometry data confirmed that PD-L1 expression is low in A549 and HuDe cells, we
have raised concerns about the adequacy of the negative isotype control used in these experiments.
Despite being commonly used to assess non-specific binding of antibodies and to set thresholds for
positive staining, isotype controls may not fully represent the binding characteristics of the primary
antibody. This is because they do not possess the specific antigen-binding sites of the primary antibody,

potentially failing to account for interactions that occur in the absence of specific antigen recognition,
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which can result in an inaccurate assessment of background fluorescence®. For this reason, we
developed a quantitative approach based on the single-molecule detection of PD-L1 receptors with

dSTORM to validate the flow cytometry results.

6.3.3 Results of dSTORM Analysis

The analytical workflow for dSTORM imaging analysis is illustrated in Figure 6.10.

Image Acquisition & s N ROl Selection & Calibration & Receptor Density
. Localization Detection . . . :
Reconstruction Density Calculation Cluster Analysis Calculation
® ® ® ® ®
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super-resolved localizations as x-y each region using and unrealistic localizations per
images coordinates a MATLAB script clusters receptor

Figure 6.10: Workflow for PD-L1 quantification in dSTORM imaging.

Briefly, PD-L1 receptors were labeled using the indirect immunostaining approach described in Section
5.5.2, employing a primary anti-PD-L1 antibody followed by a secondary antibody conjugated to AF647.
Multiple fields of view were imaged to obtain a comprehensive overview of the entire sample, and
ensure robust statistical analysis. We calculated the localization density for the selected ROIs (each
corresponding to a single cell) with a custom MatLab script. However, this density does not directly
reflect the number of receptors present, as each primary antibody used in the immunostaining

process can bind multiple secondary antibodies, which in turn are conjugated to multiple fluorophores.
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Additionally, a single fluorophore might blink several times during acquisition, producing multiple
localizations. To convert dSTORM localization density into receptor density, we employed a calibration
method on images acquired using low-concentration primary antibody staining on H322 cells. Then,
a mean-shift algorithm was applied to the calibration images to identily clusters of receptors. This
way, we were able to identify individual labeled receptors, and quantify the number of localizations per
PD-L1 by fitting the histogram of the cluster distribution (Figure 6.11). We obtained an average of 14.3
localizations per cluster. Dividing the localization density to this number we estimated the number
of receptors per area. The histogram in Figure 6.9B shows PD-L1 density (# receptors/um?) of H322,
Ab549, and HuDe cells compared to the corresponding negative control with the secondary antibody

only. Consistent with flow cytometry results, H322 cells exhibit the highest PD-L1 expression levels
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Figure 6.11: Histogram of the cluster distribution representing the number of localizations per single PD-L1 receptor on H322 cells.

Receptors were stained with low concentration of primary antibody. The histogram was fitted with a mono-exponential decay function

to extrapolate the mean. From Alampi et. all,

among the three models, followed by A549 cells and, lastly, HuDe cells. Specifically, H322 cells have
an average PD-L1 receptor density of 8.5 & 2.5 PD-L1/um? |, A549 cells show an average density of
3.3 £ 0.6 PD-L1/um?, and HuDe cells display the lowest average density of 2.0 &= 0.8 PD-L1/;m?.
Large error bars rellect the inherent variability between cells in the biological sample, where some
cells may express higher/lower levels of PD-L1 compared to the others, despite originating from the
same culture. These values are in excellent agreement with those reported independently by two other
research groups, one that has estimated PD-L1 expression levels on HCC827 NSCLC cells'*® and the
other which measured CD19 expression on myeloma cells™*7, both using similar approaches. On the
contrary, they are substantially lower compared to the reported values for other receptors such as
EGFR%"8, However, it has to be considered that often receptor levels are induced or manipulated
in cell lines used for research and may not reflect the levels of membrane receptors endogenously
expressed on the cells. Moreover, other factors including variations in receptor-dye stoichiometry,

non-specific background noise, potentially incomplete labeling of receptors on the basal membrane, and

67



inherent analytical imperfections can contribute to increase uncertainty. Nevertheless, they serve as a
valuable quantitative parameter for evaluating the effectiveness of delivery systems and developing

personalized therapies.

6.3.4 Final Considerations

For effective PIT clinical outcomes, it is essential to determine the density of target receptors on cell
membranes. Flow cytometry, together with immunohistochemistry, is widely used to detect and measure
fluorescently labeled antibodies specific to target receptors, in order to compare receptor expression
levels between various cell types. However, these techniques have limitations in providing absolute
quantitative results, and comparisons across different cell lines or experiments can be challenging
due to variations in experimental conditions and instrument settings. In this context, dISTORM super-
resolution microscopy can offer significant advantages including the possibility to precisely localize
and quantify receptors on the membrane surface$ and visualize their distribution at the nanoscale!*?,
In this work, dSTORM’s high single-molecule sensitivity allowed for the detection of PD-L1 expressed
at a very low level on both A549 and HuDe cells. In flow cytometry data analysis, the difference in
PD-L1 expression between A549 and HuDe cells was not statistically significant, likely because the
PD-L1 levels were too low to be detected reliably, leading to both cell types being classified as negative.
Qualitative observation of dSTORM images already suggested the presence of PD-L1 receptors on A549
cells at very low levels, justifying further investigations. This observation was eventually confirmed
through quantitative analysis, demonstrating that A549 cells, unlike HuDe cells, do express PD-L1 and
can be used in PDT experiments to assess treatment efficacy even with minimal receptor expression.
In conclusion, we proposed a versatile and efficient method to count membrane receptors on intact
cells. Although this approach likely underestimates the actual receptor density due to incomplete
labeling of receptors or incomplete detection of fluorophores, it provides absolute quantification of
PD-L1 membrane receptors, making it straightforward to compare receptor levels across different cell
lines. Furthermore, the method is adaptable to different receptors and fluorophores, as long as they
are compatible with dSTORM imaging. Discrepancies between flow cytometry and dSTORM results can
be attributed to intrinsic technical differences in data acquisition, sample preparation and sensitivity,

as well as potential partial immunolabeling of PD-L1 receptors on the basal membrane8.

6.4 Binding of Atezolizumab to PD-L1 Receptors

To deliver its therapeutic action, atezolizumab must bind to PD-L1 receptors and carry the PS sufficiently
close to the basal membrane to cause effective damage upon excitation. However, conjugation with
a fluorophore can impact atezolizumab’s binding capability by altering the protein’s conformation or

steric properties, potentially affecting its affinity or specificity for the target. Therefore, it was crucial
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to evaluate whether atezolizumab retains its ability to bind PD-L1 after conjugation with EITC. Due
to the weak fluorescence of EITC when bound to the antibody (& = 0.11), we used the brighter
fluorophore AF647 as a substitute for the PS. We assumed that the results for the AF647-atezolizumab
complex could be extended to the EITC-atezolizumab complex, as both dyes likely interact with the
same residues on the antibody. Additionally, we ensured that both conjugates had the same DOL to
maintain similar steric hindrance, despite AF647 having a slightly higher molecular weight compared

to EITC.

(A) dSTORM Image with AF647- (B) Control Image with AF647-IgG;

atezolizumab

Figure 6.12: Representative dSTORM image of PD-L1 receptors on the membrane of H322 stained with atezolizumab directly

conjugated to AF647 (A). Control images were collected incubating the cells with an AF647-labelled IgG (B). Scale bar: 10 pm. From

Alampi et. al19,

For this study, we selected H322 cells as the model system because they exhibit the highest PD-L1
expression among the cell lines tested, ensuring the optimal conditions for evaluating atezolizumab's
binding to PD-L1. PD-L1 receptors were stained with AF647-atezolizumab and the fluorescence signal
from the basal membrane was collected using a TIRF configuration. A representative dSTORM image
of H322 cells is shown in Figure 6.12A. To confirm the specificity of the PD-L1/atezolizumab binding,
control experiments were performed using an AF647-labelled IgG to evaluate non-specific binding.
Since any significant fluorescence was observed (Figure 6.12B), we concluded that atezolizumab-based

complexes specifically target PD-LI.

6.5 Photodynamic Therapy of NSCLC Cells

PDT was performed using the EITC-atezolizumab immunoconjugate on three distinct cell lines express-
ing PD-L1 at different levels to demonstrate the photodynamic activity of the complex and evaluate

the likely correlation between the therapeutic outcome and PD-L1 density on the cell membrane. For
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this purpose, H1975, H322 and A549 cell lines were selected. The experiments were conducted in
collaboration with the Department of Medicine and Surgery (University of Parma) and the Department
ol Radiation Biology of the Institute for Cancer Research in Oslo (Norwegian Radium Hospital, Oslo
University Hospital). In both laboratories, the same experimental protocol was used (with the only
variation being the duration of the incubation period of the complex) in order to establish the PS
dose-dependent effects on cell viability due to PDT. Another critical factor in determining the treatment
response is the amount of ROS generated immediately after the photoactivation of the PS. ROS are
essential for normal cellular functions and signaling; however, their excessive accumulation can cause
h42

severe oxidative damage and disrupt cellular homeostasis, leading to cell death®“. Therefore, in addition

to cell viability, we measured the production of ROS in irradiated cells.

6.5.1 Validation of the Protocol: Hypericin-Mediated PDT

To validate the efficacy of our procedure and establish the optimal culture conditions for PDT, we
conducted experiments using hypericin on H322 lung carcinoma cells.

Hypericin is a naturally-occurring drug that exhibits preferential binding to cell membranes due to its
affinity for lipid-rich regions. When dissolved in polar organic solvents, hypericin becomes photoactive,
with high quantum yields of fluorescence (D5 = 0.35) and singlet oxygen generation (®a = 0.33)150,
These properties make hypericin an excellent candidate as photosensitizing agent for PDT, where
105 is a key mediator of oxidative stress and subsequent cell death. Additionally, its photodynamic

B and

activity has been confirmed in a variety of biological systems, including cancer cells'®?, bacteria
viruses ", demonstrating its broad-spectrum utility in therapeutic contexts.

In this study, hypericin was pre-dissolved in DMSO to prepare a millimolar stock solution, which was
subsequently diluted in RPMI 1640 medium to achieve a final concentration of 0.3 pM. Following
incubation with the hypericin solution for 30 minutes, the cells were extensively washed with PBS to
remove any unbound PS, ensuring that subsequent photoactivation would target only membrane-bound
hypericin. Fluorescence microscopy images were collected after incubation to confirm the accumulation
of hypericin on the plasma membrane (Figure 6.13A). Photoactivation was achieved by exposing the
cells to blue light (9.2 mW/em?) from a LED lamp for 15 minutes, corresponding to a total light fluence
of 8.3 J/em?. Three hours post-irradiation, oxidative stress was assessed by measuring HyO3 levels in
the culture medium using a luminescent assay. As shown in Figure 6.14A, ROS levels are significantly
elevated in hypericin-treated cells compared to controls exposed to light only. The increased ROS
production correlates with a dramatic reduction in cell viability (< 5%) in the treated group 24
hours after PDT, as measured with the MTT assay (Figure 6.14B). This rapid loss of cell viability
suggests that the combination of hypericin and blue light effectively induces rapid cell death, most
likely through necrosis rather than apoptosis. The swift onset of cytotoxicity and visual inspection of

cell morphology through phase-contrast microscopy, acquired before and after PDT, provided further
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Figure 6.13: H322 cells treated with hypericin. A) Uptake of hypericin by fluorescence imaging after 30 minutes of incubation. The PS
accumulates mainly on the membrane. B) Effects of PDT on cell morphology 24h post-treatment by contrast phase imaging. Cells were

incubated with 0.3 M hypericin (bottom) or exposed to light only (top).

evidence of necrotic cell death (6.13B). Given that hypericin is predominantly membrane-bound during
the 30 minutes-incubation period'?, its cytotoxic effects are likely restricted to the plasma membrane.
This is consistent with the observed rapid cell lysis, as damage to the plasma membrane compromises
cellular integrity, leading to necrosis.

The high doses of both hypericin and light fluence used in these experiments were deliberately chosen to
replicate previously published conditions, thereby ensuring the reliability of our procedure by employing
a well-established system with known efficacy?. While we recognize that such high doses of both
the PS and light are not necessary to achieve a cytotoxic effect (having previously demonstrated the
effectiveness of hypericin at 100 nM in the aforementioned study), we aimed to explore these specific

conditions for the current investigation.

6.5.2 PDT with EITC-atezolizumab

The applicability of the EITC-atezolizumab immunoconjugate for PDT was finally tested on NSCLC
cells. H322 and A549 cells were incubated with increasing doses of EITC-atezolizumab for 2 hours
and then exposed to light. Literature indicates that atezolizumab can induce internalization of PD-L1
within 2 hours of incubation®”. However, only ~ 40% of PD-L1 is internalized at this point, with
most of the antibody remaining on the cell membrane, meaning that the PDT effect is still primarily
associated with membrane-bound atezolizumab. Preliminary tests used nanomolar concentrations
of the complex (from 0.01 M to 1 M) consistent with standard PDT protocols for free PSs'3?, but

they were found non-toxic, even with light doses up to 25.9 J/em? (data not shown). Consequently,
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Figure 6.14: Hypericin-mediated PDT. Cells were treated with 0.3 M of hypericin and illuminated with blue light (fluence: 8.3 J/cm?).
A) ROS-mediated oxidative stress 3 hours after irradiation evaluated with the ROS-Glo H2O2 assay. ROS levels in treated cells
increase about 14 times compared to control cells exposed to blue light only. Bars are the mean = SD of two independent experiments

performed in duplicate. B) Cell viability 24 hours after irradiation evaluated with the MTT assay. Treated cells were exposed to light

(pink bars) or kept in the dark (red bars) to assess hypericin’s citotoxicity. From Alampi et. al 10,

micromolar concentrations of EITC-atezolizumab were tested. Gells were treated with 1 uM, 5 uM,
or 10 uM of the complex or with a large excess ol atezolizumab (10 M) for 2 hours and irradiated
with blue and green light at 14.4 mW/em? for 1 hour. Early effects of the treatment were observed in
both ROS production and cell viability. EITC-atezolizumab increases HoO4 levels in a dose-dependent
manner in both cell lines, with higher oxidative stress observed in H322 cells compared to A549
cells, where at least 5 uM EITC-atezolizumab is required to trigger significant ROS production (Figure
6.15). Here, “significant ROS production” refers to a statistically significant increase in ROS levels
compared to illuminated control cells, used as a baseline. Indeed, each cell line responds differently
to oxidative stress, with the critical factor being the balance between ROS generation and removal,
rather than the absolute amount of ROS present. Additionally, we observed that RPMI 1640 medium
can generate hydrogen peroxide abiotically, which contributes to the overall HyO5 levels in the solution.
Due to these factors, the average luminescence measured from the plates is not a reliable metric for
comparing different cell lines. Instead, the fold increase in ROS generation relative to the corresponding
illuminated control with cells offers a more accurate and meaningful parameter. According to this, data
are presented as the fold increase in ROS levels over the illuminated cells. Given these results, we can
conclude that the EITC-atezolizumab complex triggers ROS production more efficiently in H322 cells
compared to A549 cells.

To further investigate cell response to ROS-mediated stress, ATP levels were measured. It is important

to note that the ATP assay measures the amount of ATP produced by live cells. A reduction in ATP

72



IS
»
o

L] *ok ok
0 —~ Hokok 2
3 9 23
25 I 3 L20
72} 53 »n S
o (&) * k% (o] 8 * ko
x - X 515 T
£ £ 3
=S92 —
QO © o © T
0 c * o £ 1.0 T
S e © T
o E I o E
o 21 o=
== = 505
z g T2
2 2
0 T T T é 0.0 T
Q & & »® Q & & ® & & o
\60‘ \60‘ Qé‘ Q& N3 ‘)Q \QQ \bé \Sb‘ &é\ 0& N3 ‘)Q \QQ
SR > 4 > > R4
€ LS «© &
000 N oo“ ® EITC-atezolizumab oo(‘ N 00(‘ & EITC-atezolizumab
(A) H322 Cells B) A549 Cells

Figure 6.15: PDT-induced oxidative stress in H322 (blue) and A549 (green) cells when treated with the EITC-atezolizumab complex.
ROS levels were measured 3h after irradiation with the ROS-Glo H2O2 assay. Data are expressed as the fold increase in ROS levels
relative to illuminated control cells, and are the means 4= SD of three independent experiments performed in triplicate. *: p < 0.05;

***: p < 0.001 vs illuminated control. Adapted from Alampi et. alll?,

levels indicates decreased metabolic activity, which may suggest that the cells are either in a quiescent
state (from which they can recover) or undergoing cell death. In this study, visual inspection of cell
morphology confirmed cell death (see below Figure 6.17), making the ATP a reliable indicator of cell
viability. In H322 cells, 1 uM EITC-atezolizumab does not trigger cell death despite increased HyOq
levels. Higher concentrations, instead, significantly affect cell viability by generating ROS (Figure6.16A).
Three hours after light exposure, viability is reduced by ~ 40% and ~ 75% when 5 uM and 10 pM
concentrations of the complex are used, respectively. Ab49 cells, instead, show even higher sensitivity
than H322 cells to the treatment (Figure 6.16B): 5 uM EITC-atezolizumab reduces viability by ~ 65%,
despite lower ROS levels. At 10 uM, effects were comparable in the two lines.

The efficacy of EITC-atezolizumab in killing cells was confirmed by the ATP and MTT assays performed
24 hours after the treatment, with consistent results (Iigure 6.16C-D). The MTT assay was used to
verily that neither light exposure alone nor atezolizumab alone reduces viability, and cells treated
with EITC-atezolizumab but kept in the dark remained viable. Thus, the photodynamic action of
EITC-atezolizumab is solely responsible for cell death. The ATP results show that cell viability at 24
hours is comparable to that observed at 3 hours. This finding is particularly interesting as it reveals
the rapid onset of cell death in both cell lines when treated with high concentrations of the conjugate
and exposed to a high light dose. This suggests that an uncontrolled form of cell death, such as necrosis,
may be involved rather than a more regulated process like apoptosis. While detailed exploration of
the specific death pathways activated by the treatment is beyond the scope of this work, we were
able to make some observations based on the qualitative changes in cell morphology post-treatment
(Figure 6.17). In both H322 and A549 cells, oxidative stress caused structural alterations leading to

either irreversible damage and cell death or a stressed state that alters but does not completely impair
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Figure 6.16: Effects of PDT with EITC-atezolizumab on cell viability in H322 (blue) and A549 (green) cells. A,B) Cell viability 3 hours
(white bars) and 24 hours (dashed bars) after irradiation evaluated with the ATP assay. Data are the means & SEM of three (H322) or
two (A549) independent experiments with four replicates. G,D) Cell viability 24 hours after irradiation evaluated with the MTT assay.
Histograms are representative of at least three independent experiments with five replicates carried out in parallel under light and
darkness conditions (light blue/light green bars and dark blue/dark green bars, respectively). Cell viability is calculated as a percentage

of control and is expressed as the mean £ SD. Adapted from Alampi et. al 0.

cell function. The severity and reversibility of these morphological changes depend on the duration
and intensity of the oxidative stress, and on the defense mechanisms against ROS which are cell
type-dependent. At the highest concentrations (5 M and 10 M), morphological changes in H322 cells
indicate cell death, with cells either displaying necrosis-like morphology or rounding up, suggesting
detachment from the wells. These changes are evident at 3 hours and still present at 24 hours. At
1 1M, most of the cells survive to PDT treatment, and only a few of them show rounding, indicating
potential recovery within 24 hours. Similar observations can be made in Ab49 cells.

Finally, fluorescence microscopy was used for a quantitative analysis of cell death. One limitation of
the ATP and MTT assays is their inability to differentiate between a potential inhibitory effect on cell
proliferation and cell death. Therefore, to validate cell viability results, H322 cells were stained with

Hoechst 33342 and PI to selectively distinguish between viable and dead cells. The results presented in
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Figure 6.17: Contrast phase images of H322 (top) and A549 (bottom) cells before and alter PDT treatment with EITC-atezolizumab.
Cells were incubated with 1 M, 5 uM or 10 uM of the conjugate for 2 hours and then irradiated for 1 hour (fluence: 14.4 mW/em?2).
Pre- and post-PDT indicate cells treated with the immunoconjugate before and after light exposure, respectively. Untreated cells were

used as control.

Figure 6.18A are in good agreement with viability assays, with a percentage of cell death of ~ 51% 24
hours alter the PDT treatment with EITC-atezolizumab at 10 M. Again, all control conditions exhibit
similar moderate cell death, indicating that neither atezolizumab alone, the light exposure alone, nor
the complex kept in the dark have a toxic effect. Additionally, visual inspection of fluorescence images
supports the idea of necrotic death, as no nuclei show signs of early apoptosis or significant chromatin
condensation (Figure 6.18B). However, the possibility of ferroptosis as an alternative mechanism could
not be excluded. Ferroptosis is a regulated form of cell death characterized by iron-dependent lipid
peroxidation. Recent research has identified a type of regulated necrosis resembling ferroptosis in
cells exposed to ROS-induced lipid peroxidation following PDT with hypericin!®®. Moreover, other
studies have been exploring the role of ferroptosis in photodynamic treatments, particularly with
third-generation PSs conjugated to monoclonal antibodies®®. Further investigations are then required

to elucidate the main death pathway triggered by the treatment.
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respectively. Adapted from Alampi et. al 9.

6.5.3 Effects of EITC-atezolizumab Internalization on Cell Viability

The diffusion of 105 is limited by its short lifetime, meaning that the photodynamic effect is highly
dependent on the spatial proximity of the PS to critical cellular targets. As a result, the cellular
localization of immunoconjugates is decisive in determining the outcome of PDT treatment. PSs
conjugated to internalizing monoclonal antibodies often produce higher photocytotoxic effects than
those conjugated to noninternalizing monoclonal antibodies?, as intracellular localization often places
the PS in closer proximity to organelles and other vital structures that are more vulnerable to oxidative
damage than the plasma membrane, leading to apoptotic or autophagic cell death pathways. In contrast,
noninternalizing monoclonal antibodies tend to remain bound to the cell membrane, where ROS
generation may primarily damage the membrane, often resulting in necrosis rather than the more
controlled apoptotic pathways. In the context of anti-PD-L1 antibodies, it is well-documented that they
can induce PD-LI internalization upon binding to the receptor®’. This internalization could potentially
enhance PDT effectiveness by concentrating the PS inside the cell, particularly in organelles such
as lysosomes or mitochondria, where ROS generation may have more pronounced cytotoxic effects.
Therefore, the EITC-atezolizumab conjugate was allowed to be internalized to investigate whether this
leads to an improved therapeutic effect compared to membrane-bound interactions alone.

This set of experiments was performed at the Institute for Cancer Research at the Oslo University
Hospital. To ensure consistency with previous PDT experiments, HI975 and A549 cell lines were
selected as high and low PD-L1 expressers, respectively, based on preliminary flow cytometry results.

Flow cytometry was performed on live cells to evaluate the binding of AI'647-atezolizumab to PD-L1
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Figure 6.19: PD-L1 surface expression levels measured by flow cytometry. PD-LI receptors were stained with atezolizumab directly
conjugated to AF647 dye. Unstained cells were used as control. For each cell line, the relative PD-L1 expression levels are the fold
increase in MFI relative to unstained cells. Data represent the mean &= SD of three independent experiments. **: p < 0.01; *: p <

0.05 vs unstained cells.

and to assess PD-L1 expression levels across cell lines, with MDA-MB-231 cells serving as a positive
control for PD-LI expression!'?!. Cells were harvested at approximately 80% confluence, washed with
PBS, and incubated with 1 uM AF647-atezolizumab in a 0.5% BSA solution for 20 minutes on ice
to prevent receptor internalization. Following incubation, cells were washed twice with 0.5% BSA to
remove unbound antibodies and resuspended in PBS at a density of 1x10° cells/mL for analysis. Flow
cytometric measurements were conducted using an LSRII flow cytometer (Becton Dickinson, Franklin
Lakes, Nd, USA) equipped with a 640 nm laser for AF647 excitation. At least 10,000 events were
recorded per sample. Acquired data were analyzed using Flowdo software version 10.7.1 (Treestar, OR,
USA). PD-L1 expression levels are reported as the MFI of AF647-atezolizumab binding, normalized
to unstained control samples (Figure 6.19). All experiments were conducted in triplicate to ensure
reproducibility.

PDT treatment was performed following overnight incubation of the EITC-atezolizumab complex at
varying concentrations (0.5 uM, 1 uM, 5 uM, or 10 uM), as described in Section 5.9. Cell viability was
assessed using the MTS assay the day after the treatment.

The extended incubation period favors the effective uptake of the complex, resulting in a positive
treatment effect. H1975 cells show the most notable response, with less than 25% cell viability observed
at 5 uM and 10 uM concentrations. Remarkably, even at a submicromolar concentration of 0.5 uM, a
significant reduction in viability (by approximately 40%) is observed. A similar effect is seen in A549
cells, though to a lesser extent, confirming that the treatment remains effective even at lower PD-L1
expression levels. However, A549 cells do not show increased mortality with the extended incubation
compared to the previous results from a 2 hours incubation (Figure 6.20). Nevertheless, the effects

observed with the two incubation times (2 hours vs. 20 hours) are consistent within the error bars, and

11



the discrepancies can be attributed to factors such as intrinsic cell variability or differences between

the MTT and MTS assays used to evaluate viability.
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Figure 6.20: Cell viability for H1975 (orange) and A549 (green) cells measured with the MTS assay at 24 hours. Cells were incubated
overnight with increasing concentrations of EITC-atezolizumab and then irradiated for 1 hour with blue and green light (fluence: 65.2
Jlem?). Cell viability relative to control cells is expressed as mean + SEM. Histograms are representative of three (H1975) or two
(A549) independent, experiments with five replicates performed in parallel under light and darkness conditions (light orange/light

green bars and dark orange/dark green bars, respectively).

6.54 Final Considerations

Our study showed that the EITC-atezolizumab immunoconjugate effectively induces cell death in
NSCLC cells expressing PD-L1 at different levels. While nanomolar or picomolar concentrations are
usually sufficient for free PSs, micromolar concentrations were necessary in this case to achieve
significant PDT effects, as lower concentrations proved ineffective. These higher doses are often
required in more resistant or less targeted cell populations, when the PS needs to generate more ROS
for effective killing cells. Notably, high concentrations of atezolizumab have also been used in previous
studies %11, However, it is unclear why lower concentrations are ineffective, especially considering
that the antibody’s dissociation constant is in the nanomolar range (0.62 nM for the monomeric form
and 0.19 nM for the dimeric form of PD-L1)87). While the reduced quantum yield of 'Oy generation of
the complex (approximately one-fifth that of free EITC) partially explains the need for higher doses, it
is likely that the interaction with the receptor further diminishes the ® A, impairing the efficiency of
ROS generation. Nevertheless, when high concentrations and light doses are used, EITC-atezolizumab
exhibited significant phototoxic activity even in A549 cells, which have low PD-L1 levels. This indicates
that intrinsic cell characteristics, such as their ability to respond to ROS-induced stress, may be
crucial in determining the response to PDT, and that the efficacy of the treatment may not necessarily
correlate with PD-L1 expression levels. Consequently, this complex could be therapeutically effective

even in tumor with low amounts of PD-L17. Similar findings have been reported with other targets,
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where treatment effectiveness does not directly correlate with receptor expression. For example, HER2
expression levels do not consistently predict treatment outcomes in cholangiocarcinoma and breast

154,155

cancer , and different PDT responses have been observed in two B-cell lymphoma cell lines

expressing similar levels of CD2016, Furthermore, although EGFR expression has been associated

157,158 159,160

with increased PIT efficacy in glioblastoma , results are inconsistent across other cancers
To conclude, the EITC-atezolizumab complex demonstrated effective cell death induction in H1975,
H322, and A549 cells, regardless of PD-L1 expression levels. This suggests its potential as a promising
PDT approach, even for tumors with low amount of PD-L1. However, understanding the specific
mechanisms of cell death and the role of cellular characteristics is crucial for optimizing treatment
strategies. While this study offers valuable insights, it is limited to in vitro conditions, and further

. . . . . IS
validations through in vivo studies are needed”.

6.6 Photochemical Internalization of Gelonin in NSCLC Cells

Following the assessment of the EITC-atezolizumab complex’s effectiveness in inducing cell death
through PDT, we explored the potential of PCI in enhancing the eytotoxicity of the immunoconjugate.
While PDT primarily functions by generating ROS to induce cell death directly at the target site,
PCI employs light to facilitate the release in the cytosol of therapeutic agents, such as toxins or
immunotoxins, that are otherwise sequestered within endosomes and susceptible to degradation after
cellular uptake.

PCI experiments were carried out at the Norwegian Radium Hospital on H1975 and A549 cells. In
these experiments, the EITC-atezolizumab complex was combined with the recombinant toxin gelonin,
a type I RIP with confirmed cytotoxic effects on cancer cells?”. The goal was to determine the impact
of this combined treatment on cell viability, assessing whether the PCI technology could enhance
the therapeutic efficacy of the conjugate by promoting the intracellular release of gelonin, thereby
potentiating the cell-killing effects of the EITC-mediated PDT. Additionally, we investigated whether the
binding of atezolizumab to PD-LI receptors on the surface of cancer cells might influence the cellular
response to PDT. By binding to PD-L1, atezolizumab may alter the tumor environment and potentially

affect the way cells respond to the combined PDT and PCI treatment.

6.61 PCI of Gelonin

Gelonin is a potent ribosome-inactivating protein (RIP) derived from the seeds of the Gelonium
multiflorum plant. It functions by irreversibly inactivating ribosomes, thereby halting protein synthesis
and leading to cell death. Due to its strong cytotoxic properties, gelonin has attracted significant
interest in cancer research, particularly as a component of targeted therapies. While gelonin itself

exhibits low toxicity in intact cells, its effects are greatly enhanced when used in combination with
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antibodies in PCI protocols??10%193 PCI can be used to photo-induce the re-localization of gelonin from
endosomal and lysosomal compartments to the cytosol and the nucleus”? This allows gelonin to reach
the cytoplasm in its active form and effectively damage ribosomal RNA.

Preliminary PCI experiments were performed in collaboration with Magdaléna Kozlikova from Charles
University (Prague, Czech Republic) to assess the effects of PCI of gelonin on cell viability. To trigger
the release of gelonin from the endosomes into the cytosol, we used the amphiphilic PS TPCSy,
(fimaporfin)?. Fimaporfin is a porphyrin-based PS with two sulfonate groups on adjacent phenyl rings,
which mainly absorbs blue (A4 = 420 nm) and red (A4 = 652 nm) light. The PS was allowed to
internalize overnight, before replacing the medium with fresh complete medium containing gelonin.

Following a 4-hour incubation, the cells were extensively washed with fresh medium before being

exposed to blue light for up to 3 minutes. The light-dose dependent cytotoxic response of cells to PCI
(TPCSsy, + gelonin + light) compared to PDT (TPCS,, + light) is shown in Figure 6.21.
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Figure 6.21: Light-induced cytotoxicity in H1975 (A) and A549 (B) after PCI of gelonin compared to PDT (TPCSg, + light). Relative cell
viabilities are measured 48 hours post-light exposure with the MTS assay, and presented as a percentage of control cells. Data are the

mean £ SEM of three independent experiments performed in triplicates.

In both H1975 and A549 cell lines, enhanced cytotoxicity is observed after PCIL, with the effect correlating
to the light fluence, as measured by the MTS assay. Two days post-illumination, H1975 cell viability
decreased by ~50% alter just 50 seconds of exposure to light and dropped to less than 10% after 90
seconds in cells treated with gelonin. A549 cells also exhibit sensitivity to PDT, with viability reduced
to approximately ~50% in 118 seconds, and a survival of ~ 23% after 3 minutes of light exposure.
Interestingly, A549 cells display greater resistance to both PCI and PDT treatments. While PDT alone
results in minimal cytotoxicity (< 20%), combining PDT with gelonin reduces cell viability by ~50%
alter 100 seconds, and by ~80% alter 180 seconds of irradiation. These experiments well-shown the

synergistic cytotoxic effect between the PS TPCS,, and the toxin gelonin, and were included in this

80



work as a positive control for the PCI protocol.

6.6.2 PCI of Gelonin in Combination with Unconjugated Atezolizumab

In our PDT experiments, we demonstrated that atezolizumab alone is non-toxic, even at micromolar
concentrations (see section 6.5). To evaluate whether atezolizumab could enhance the efficacy of PCI
when internalized, H1975 and A549 cells were co-incubated with the PS TPCS,, and atezolizumab at
three different concentrations (1 uM, 5 uM, or 10 uM) for 20 hours. Following incubation, the cells
were washed, treated with gelonin, and then illuminated according to a standard PCI protocol. Cell
viability was assessed two days later, comparing the outcomes of PDT with atezolizumab to those
achieved through PCIL. The results for both cell lines lead to similar conclusions. As shown in Figure
6.22, no synergistic cytotoxic effect is observed by combining PD-L1 blockade with PCI under the
tested conditions. After 3 minutes of illumination, PDT (TPCSs, + 10 uM atezolizumab + light) induces
a ~ 59% and a ~ 48% reduction in cell viability in H1975 and A549 cells, respectively. Viability
further drops to ~ 25% in H1975 and to ~ 30% in A549 cells with PCI, independent of atezolizumab
concentration. We deduced that the greater cytotoxicity of PCIL, as compared to PDT with fimaporfin,
is primarily due to the toxic action of gelonin released in the cytosol upon illumination. Increasing
atezolizumab concentration does not significantly alter the response to PCI treatment, except for
a modest effect observed at the highest light dose with 10 uM atezolizumab. However, given the
substantial variability, particularly in A549 cells, this slight increase in efficacy does not constitute a
significant advantage in favor of PCI over PDT. Thus, we concluded that blocking PD-L1 receptors with
atezolizumab does not meaninglully enhance PCI cytotoxicity compared to PDT alone.

Additionally, when considering the results obtained for PCI of gelonin from the previous section (Figure
6.21), we hypothesized that the interaction of atezolizumab with PD-L1 might trigger a cellular response
that actually reduces, rather than enhances, the efficacy of PDT (and consequently of PCI). In the
presence of the antibody, cell viability in HI975 cells is 3-fold higher after 1 minute of light exposure and
8-fold higher after 2 minutes, compared to the protocol without atezolizumab. Although the discrepancy
between the two protocols (with and without the antibody) is less pronounced in A549 cells, PCI is
still 1.4-fold less effective after 2 minutes of illumination when the antibody is present. This effect of
PD-L1 blockade on PCI efficacy has not been described in the current literature, and it is possible that
PD-L1 antibody blocking may reduce the rate of endocytosis, leading to lower uptake of the toxin and a
consequent reduction in cytotoxic effect. However, additional studies will be required to confirm this

effect and potentially investigate the underlying mechanisms.

6.6.3 PCI of Gelonin in Combination with EITC-atezolizumab

Another set of experiments was planned to evaluate the response of HI975 and A549 cells to PCI of

gelonin combined to treatment with EITC-atezolizumab. Cells were either incubated for 20 hours with
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Figure 6.22: Blocking of PD-L1 with atezolizumab does not enhanced gelonin’s cytotoxicity. Light-dependent PCI of gelonin in H1975
(A) and A549 (B) using increasing concentrations of atezolizumab in combination with TPCS2,. Cells were co-incubated with fimaporfin
and atezolizumab for 20 hours, subsequently washed and incubated with gelonin for 4 hours prior to light exposure. TPCS2, was
diluted in culture medium to a final concentration of 0.2 pg/ml (H1975) or 0.5 pg/ml (A549). Cytotoxicity was evaluated with the
MTS assay 48 hours post-irradiantion, and presented as a percentage of control cells. Data are the mean & SEM of at least two

independent experiments performed in triplicates.

EITC-atezolizumab for PDT only, or co-incubated with gelonin (100 nM) for the PCI experiments, then
washed and illuminated with blue and green light. The impact of the PCI treatment was evaluated
both increasing the light-exposure time while maintaining a constant EITC-atezolizumab concentration
(I M), and increasing EITCG-atezolizumab concentration up to 5 uM while keeping the light dose fixed
(60 minutes of light exposure correspond to ~ 65.2 J/cm?).

Unfortunately, in HI975 cells increasing either the light dose or the concentration of the complex
failed to significantly enhance cytotoxicity. Specifically, using 1 uM EITC-atezolizumab, cell viability is
reduced by ~ 20% regardless of the light dose and the presence of gelonin (Figure 6.23A). This finding
is in line with previous results from PDT experiments, suggesting that the observed cytotoxic effect
is largely due to the PS’s inherent toxicity rather than the PCl-mediated delivery of gelonin. Higher
EITC-atezolizumab concentrations result in a comparable reduction in viability, within the error bars,
with both PDT and PCI leading to ~ 40% cell death, when the light dose is fixed at 60 minutes of
illumination (Figure 6.23B).

The effect on the Ab49 cell line is similar to that observed in H1975 cells. Combining EITC-atezolizumab
with gelonin does not result in any increased cytotoxicity when compared to PDT alone (Figure 6.23B).
The consistent lack of enhanced cell death across both cell lines suggests a common limitation in the
experimental setup or mechanism. One explanation could be that the cellular response to PDT is
already maximal, such that additional cytotoxicity from gelonin (even if internalized via PCI) would

have minimal impact. Another possibility is that the two selected cell lines may be less responsive to
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Figure 6.23: EITC-atezolizumab cytotoxicity is not enhanced by PCI of gelonin. A) Light-dependent PCI of gelonin in H1975 cells
compared to PDT (I uM EITC-atezolizumab + light). B) Concentration-dependent PCI of gelonin in H1975 (left) and A549 (right) using
a fixed light dose (60min & 65.2 J/cm?). Cells were co-incubated with EITC-atezolizumab and gelonin overnight before light exposure.
For all experiments, cell viability was evaluated 48 hours post-irradiation using the MTS assay. Representative experiments out of at

least two independent experiments performed in triplicates. Data are the mean &= SEM.

PCl-mediated gelonin delivery under the tested conditions, possibly due to differences in endosomal

escape efficiency or the internalization dynamics of the EITC-atezolizumab complex.

6.6.4 Final Considerations

The cytotoxicity of unconjugated atezolizumab, administered to cells either as monotherapy or in
combination with PDT, was evaluated in a recent study'’!. The authors demonstrated that the drug is
not effective in enhancing the PDT efficacy of the PS fimaporfin at concentrations up to 10 uM and
light doses of 1.1 J/em?. They concluded that PD-L1 blockade does not affect cell viability. However, in
this work, the PS and the antibody were administered to the cells separately and internalized via two
distinet mechanisms (i.e., fluid-phase endocytosis and receptor-mediated endocytosis, respectively). This
could result in their accumulation in different endocytic vesicles, leading to ineffective PCI treatment. To
overcome this potential limitation, we tested the EITC-atezolizumab complex, which has demonstrated
significant efficacy as a protein-based PDT agent (see Section 6.5), in combination with PCI of gelonin.
In this approach, the PS is covalently linked to atezolizumab, ensuring its internalization alongside the
antibody through receptor-mediated endocytosis. Preliminary experiments were conducted to assess
the eytotoxic response of the selected NSCLC cell lines to PCI of gelonin alone or in combination with
unconjugated atezolizumab. While some variability in the results was observed, particularly in A549
cells, the data suggest that PD-L1 blockade does not synergize with PCI to increase therapeutic efficacy
under the tested conditions. Interestingly, our results also imply that PD-L1 inhibition might reduce
PCI effectiveness, potentially by reducing the endocytosis rate. Further experiments using alternative
cell lines or treatment conditions will be necessary to better elucidate the interaction between immune

checkpoint blockade and PCIL. Additionally, the absence of enhanced efficacy when combining PCI
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with EITC-atezolizumab highlights the need for further investigations into the mechanisms of PD-L1

internalization and trafficking, which may limit PCI’s therapeutic potential in these contexts.

6.7 PD-L1 Endocytosis and Intracellular Trafficking in NSCLC Cells

The endosomal trafficking of PD-L1 remains an under-researched area, yet it plays a crucial role in
regulating PD-L1 availability on the cell surface. After being synthesized in the endoplasmic reticulum
and processed in the Golgi apparatus, PD-L1 is transported to the plasma membrane, where it mediates
immune suppression. Once at the membrane, PD-L1 can be internalized via endocytosis and sorted in
early endosomes, which direct PD-L1 either back to the plasma membrane for recycling or towards late
endosomes and lysosomes for degradation!®!. Recycling is facilitated by proteins like CMTM6, which
prevent PD-L1 from being degraded and allow it to return to the membrane %2, Alternatively, PD-L1 can
be marked for degradation via ubiquitination, leading to its transport to multivesicular bodies (MVBs)
and ultimately lysosomes, where it is broken down. Post-translational modifications like palmitoylation
and interactions with regulatory proteins control the balance between recycling and degradation,
determining the levels of PD-L1 available on the cell surface to inhibit immune responses!®t163, In
this context, tracking the colocalization of PD-L1 with intracellular organelles provides crucial insights
into whether PD-L1 is predominantly routed towards recycling pathways or targeted for degradation.
Understanding these dynamics is particularly important for interpreting our PDT/PCI results, as
differences in PD-L1 tralficking between the H1975 and A549 cell lines may lead to varying treatment
efficacy or even suggest potential mechanisms of resistance.

To investigate the intracellular dynamics of PD-L1, live H1975 and A549 cells were stained with
AF647-atezolizumab for varying time points (10 minutes, 30 minutes, 1 hour, 2 hours, 6 hours, and
24 hours) before fixation. Importantly, anti-PD-L1 therapeutic antibodies do not seem to alter PD-L1
trafficking'®!, making atezolizumab an ideal choice for selectively staining PD-L1 while allowing the
study of its natural endocytic and trafficking pathways alter binding a protein. Detecting PD-L1 within
organelles associated with the lysosomal degradation pathway can indicate that atezolizumab not only
blocks PD-L1 on the plasma membrane but also facilitates its removal from the cell. By promoting the
degradation of PD-L1, atezolizumab may help prevent the reeycling of PD-L1 back to the membrane
surface, where elevated levels can contribute to immune evasion and diminish the effectiveness of

immune responses against tumors?.

6.71 Lysosomal Involvement in PD-L1 Trafficking

As briefly mentioned, a key aspect of this study involves tracking the intracellular distribution of PD-L1
indirectly through its binding to fluorescently tagged atezolizumab. The colocalization between the

atezolizumab and lysosomal signals was assessed using quantitative metrics, specifically Pearson’s
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correlation coefficient and Mander’s overlap coefficient. The Pearson’s coefficient measures the linear
correlation between the two signals across the entire cell population, while Mander’s coefficient
quantifies the degree of overlap between the two signals in specific regions of interest. Using both
metrics provides a refined (even though not comprehensive) understanding of PD-L1 trafficking dynamics
and allows to evaluate the extent of its localization within lysosomal compartments. These coefficients
were calculated for four out of the six conditions tested, specifically for cells incubated with AF'647-
atezolizumab for 10 minutes, 2 hours, 6 hours, and 24 hours, along with CellMask for membrane

staining and LysoTracker blue to mark lysosomes.

B) 30 minutes Q) 1 hour

D) 2 hours (E) 6 hours F) 24 hours

Figure 6.24: Confocal images of HI975 cells showing PD-LI trafficking at various time points after incubation with AF647-atezolizumab
(red) for 10 minutes (A), 30 minutes (B), 1 hour (C), 2 hours (D), 6 hours (E), and 24 hours (F). Cells were co-stained with Cell Mask (green)
for membrane visualization and LysoTracker (blue) to mark lysosomes. Early time points (A-C) show PD-LI primarily localized to the
cell membrane (yellow signal indicates colocalization between AF647-atezolizumab and the CellMask), with increasing internalization
into the cytoplasm by 2-6 hours (D-E). At 6 hours, likely formation of MVBs and notable colocalization with lysosomes is observed
(pink clusters), while by 24 hours (F), PD-L1 appears predominantly intracellular, with reduced lysosomal colocalization, suggesting

potential recycling. Scale bar: 10 pm.

Representative confocal images of the HI975 and A549 cell lines are presented in Figure 6.24 and
Figure 6.25, respectively. At the early time points, PD-L1 predominantly localizes to the cell membrane,
where it is readily accessible for antibody binding in both cell lines (images A and B). Starting at
around 1 hour of incubation, distinct localization patterns of PD-L1 emerge. In H1975 cells, PD-

L1 progressively moves away from the plasma membrane to the cytosol, where it accumulates in
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Figure 6.25: Confocal images of A549 cells showing PD-L1 trafficking at various time points after incubation with AF647-atezolizumab
(red) for 10 minutes (A), 30 minutes (B), 1 hour (C), 2 hours (D), 6 hours (E), and 24 hours (F). Cells were co-stained with Cell Mask
(green) for membrane visualization and LysoTracker (blue) to mark lysosomes. Over time, PD-L1 internalization and its colocalization
with lysosomes steadily increase, without the formation of clusters, indicating a clear pathway towards lysosomal degradation and

without apparent recycling of PD-L1. Scale bar: 10 pm.

LysoTracker-positive intracellular compartments forming clusters (pink clusters in Figures 6.24 C-E).
These clustered structures, primarly found in the perinuclear region, suggest the formation of MVBs,
typically indicative of the fusion of early endosomes with late endosomes or lysosomes. This is consistent
with the expectation that PD-L1 is routed towards lysosomal degradation after binding atezolizumab,
subsequently reducing its availability on the cell surface. Quantitative analysis confirms a strong,
increasing colocalization between PD-L1 and lysosomes over time, reaching a maximum at 6 hours
(Figure 6.26A). However, by 24 hours, both the imaging data (I'igure 6.24F") and quantitative metrics
show a decrease in colocalization and the disappearance of the clusters, suggesting that PD-L1 may be
recycled back to the plasma membrane. If confirmed, this could represent a cell-specific mechanism in
which PD-L1 is not only targeted for degradation but also recycled, depending on cellular context or
environmental cues. This finding is consistent with existing literature indicating that PD-L1 trafficking
is modulated by cellular signaling pathways and interactions with other receptors 164,

In contrast, A549 cells exhibit distinctly different trafficking dynamics. No aggregate formation was
observed in this cell line, but PD-L1 is found in punctate structures that likely correspond to lysosomal

vesicles (pink dots in Figure 6.25 C-F). Accordingly, the degree of colocalization between PD-L1 and
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lysosomes steadily increases from 10 minutes to 24 hours (Figure 6.26A), suggesting a more definitive

lysosomal degradation pathway for PD-L1 in this cell line.
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Figure 6.26: Quantification of PD-LI colocalization with lysosomes in H1975 (red) and A549 (blue) cells using Pearson’s correlation
coefficient (A) and Mander’s overlap coefficient (B) at different time points (10 min, 2h, 6h, and 24h) after incubation with AF647-
atezolizumab. Pearson’s coefficient reflects the overall correlation between PD-L1 and lysosomal markers, while Mander’s coefficient
measures the extent of PD-L1 overlap with lysosomes. In H1975 cells, colocalization increases up to 6 hours and decreases at 24
hours, suggesting potential PD-LI recycling. In contrast, A549 cells show a continuous increase in colocalization, indicating steady

lysosomal degradation. The results are mean 4= SD of three individual experiments.

The differences between the two cell lines suggest that PD-L1 trafficking and recycling may be influenced
by intrinsic cellular characteristics, potentially leading to variability in therapeutic outcomes when
treated with atezolizumab. Furthermore, the steady increase in Mander’s coefficient in A549 cells
contrasts with the trend observed in H1975 cells, where the coefficient initially rises to a maximum
and then decreases (Figure 6.26B). This difference highlights the distinct cellular mechanisms at play
and reinforces the notion that PD-L1 trafficking can vary significantly across NSCLC subtypes, with

potential implications for the efficacy of PD-Ll-targeted therapies.

6.7.2 CD63-Mediated Vesicular Sorting of PD-L1

The previous findings highlight the importance of further investigating the mechanisms that regulate
PD-L1 recycling and degradation across different cell lines. Since intracellular trafficking is a complex
process involving various pathways and compartments, understanding the ones responsible for PD-L1
sorting and degradation is crucial. To clarify the nature of these compartments, NSCLC cells were
double-stained with AF647-atezolizumab and CD63, a well-established marker for late endosomes,
MVBs, and lysosomes. The CD63 receptor plays a key role in vesicle trafficking and fusion events and is
integral to the formation and maturation of MVBs, which can either fuse with lysosomes for degradation

or be rerouted to the plasma membrane for exosome release!®!. Assessing CD63 colocalization with
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PD-L1, we aimed to confirm our previous results obtained with LysoTracker (see previous Section 6.7.1)
and determine whether PD-L1 is primarily trafficked towards lysosomal degradation or il it may also

follow an endocytic recycling pathway.

(A) 10 minutes B) 2 hours

(C) 6 hours D) 24 hours

Figure 6.27: Confocal images of H1975 cells showing PD-L1 colocalization with CD63-positive organelles. Cells were incubated with
AF647-atezolizumab (red) for 10 minutes (A), 2 hours (B), 6 hours (C), and 24 hours (D), fixed, permeabilized, and co-labeled with CD63
(green) for MVBs and late endosomes. Scale bar: 10 pm. White boxes are zooms of corresponding images to visualize yellow puncta

representing the colocalization between PD-L1 and CD63 (white arrows). Zoom scale bar: 2 pym

To investigate these dynamics, HI975 and A549 cells were incubated with AF647-atezolizumab at
critical time points (10 minutes, 2 hours, 6 hours, and 24 hours) to track the fate of PD-L1 following
internalization.

In H1975 cells, PD-L1 exhibits a well-defined trafficking pattern following internalization, moving from
early endosomes to late endosomes and lysosomes, as shown in Figure 6.27. Membrane-bound PD-L1
does not colocalize with CD63 and is likely sequestered in early endocytic vesicles, still proximal to
the membrane, prior to being directed to deeper intracellular compartments. By 2 hours, a significant

fraction of PD-L1 has been internalized, although the signal at the plasma membrane remains detectable.
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Colocalization with CD63-positive organelles becomes evident in the perinuclear region, indicating
that a subset of PD-L1 has reached late endosomes or lysosomal compartments and may be sorted for
degradation at this stage (yellow puncta in Figure 6.27B). A strong colocalization is still present at 6
hours, with clusters predominantly localized in the perinuclear region and concentrated on one side of
the nucleus. As already observed, by 24 hours, the distribution of PD-L1 appears more widespread
throughout the cell, with some clusters remaining in the perinuclear region and other apparently
moving towards the membrane. This redistribution might indicate that while PD-L1 is still undergoing
degradation in lysosomal compartments, some internalized PD-L1 may be redirected toward recycling

compartments at this later stage.

(A) 10 minutes B) 2 hours

(C) 6 hours D) 24 hours

Figure 6.28: Confocal images of A549 cells showing PD-L1 colocalization with CD63-positive organelles. Cells were incubated with
AF647-atezolizumab (red) for 10 minutes (A), 2 hours (B), 6 hours (C), and 24 hours (D), fixed, permeabilized, and co-labeled with CD63
(green) for MVBs and late endosomes. Scale bar: 10 pm. White boxes are zooms of corresponding images to visualize yellow puncta

representing the colocalization between PD-L1 and CD63 (white arrows). Zoom scale bar: 2 um

In contrast to H1975, where the redistribution of PD-L1 suggests a shift toward recycling compartments

at later stages, Ab49 cells exhibit a distinctive pattern of PD-L1 trafficking characterized by a pronounced
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one-sided clustering of CD63-positive organelles, typically located on one side of the nucleus (Figure
6.28). This striking asymmetry suggests a highly organized intracellular sorting mechanism for PD-L1
that differs from the other cell line. Surprisingly, small yellow puncta are detectable even at the very
early stages ol endocytic dynamics, and a similar pattern persists at 2 hours mark. This observation
indicates that PD-L1 might be rapidly transported into or in proximity to CD63-stained lysosomes
or MVBs, occurring at a rate faster than typically expected. This accelerated transport raises the
possibility of an equally rapid exocytosis rate, which could help maintain surface levels of PD-L1. As
observed in H1975 cells, the strongest colocalization between PD-L1 and CD63-positive vesicles is
observed at 6 hours in the perinuclear region, potentially reflecting further progression of PD-L1 into
MVBs or lysosomal compartments. By 24 hours, although the overall colocalization decreases, yellow
clusters remain localized predominantly on one side of the nucleus (Figures 6.28 C-D). This sustained
colocalization over time supports the notion of continuous sorting of PD-L1 toward lysosomes and
possibly MVBs, even at the later stages of the endocytic pathway.

The specificity of the observed colocalization between PD-L1 and CD63 in both cell lines was validated
through a control experiment, where cells were co-stained with AF647-atezolizumab and the AF488-
labeled secondary antibody (without the CD63 primary antibody). In this control, only a weak nonspecific

signal from the secondary antibody was detected (Figure 6.29), confirming the reliability of our results.

(A) HI1975 Cells B) A549 Cells

Figure 6.29: Control confocal images for colocalization specificity in H1975 (A) and A549 (B) cells. Cells were co-stained with AF647-
atezolizumab (red) and an AF'488-labeled secondary antibody (green), without the CD63 primary antibody. Only a weak nonspecific
signal from the secondary antibody was detected, confirming the specificity of the observed colocalization in previous experiments.

Scale bar: 10 pm.

6.7.3 Final Considerations

The intracellular trafficking of PD-LI refers to the processes that regulate its movement, distribution,
and degradation within cells alter it is synthesized or internalized. Recent studies have elucidated

the dynamic modulation of PD-LI levels on the cell surface, which directly influences immune evasion
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strategies. For instance, palmitoylation of PD-L1 has been shown to enhance its stability and promote
its recycling back to the cell membrane, potentially contributing to immune evasion!%®. Another study
identified the CMTM6 protein as a key regulator of PD-L1 surface expression, with its upregulation
promoting PD-L1 recycling only 10-15 minutes alter internalization. This pathway contributes to sustain
PD-L1 availability on the cell surface!®2. Interestingly, membrane-bound PD-LI has been observed to
undergo continue internalization through ligand binding-independent processes as well”. In light of
that, understanding PD-L1’s trafficking is crucial because its localization, both on the cell surface and
within intracellular compartments, directly impacts its role in immune evasion and its susceptibility to
therapies, including photoimmunotherapy 164

The findings presented in this study provide valuable insights into the intricate dynamics of PD-L1
trafficking in NSCLC cells, revealing unexpected differences in intracellular sorting and degradation
mechanisms between the H1975 and A549 cell lines. H1975 cells demonstrate a dual mechanism where
PD-L1 can be both recycled and degraded. The formation of clusters that disappear at later stages
of endocytosis (likely representing MVBs that are positive for CD63) aligns with exosome formation.
However, MVBs can fuse with either lysosomes or the plasma membrane, and co-staining all these
structures with specific markers will be essential to confirm exosomal secretion. In contrast, A549 cells
show a pattern of sustained and increasing colocalization of PD-L1 with LysoTracker and CD63-positive
organclles over time, suggesting a more definitive pathway towards lysosomal degradation with no
evidence of recycling. This is further supported by the absence of clusters and the confined localization
of CD63-positive organelles in the perinuclear region.

This divergence in trafficking behavior between the two cell lines underscores the role of intrinsic
cellular characteristics in modulating the efficacy of PD-Ll-targeted therapies, such as atezolizumab 6!,
The implications of these findings have particular relevance in the context of cancer immunotherapy,
where PD-L1 expression levels on tumor cells are critical for therapeutic response®. Studies have shown
that increased PD-L1 recycling correlates with poor response to immune checkpoint inhibitors, as it
sustains elevated PD-LI levels on the tumor surface, promoting immune evasion. A recent study has
emphasized the role of exosomal PD-L1 secreted by diffuse large B-cell lymphoma cells, demonstrating
that this exosomal PD-L1 can interact with PD-1 receptors on T-cells, further contributing to T-cell

165 Conversely, manipulating PD-L1 trafficking

inactivation alongside PD-L1 on the tumor cell surface
to favor degradation of PD-L1 can lead to a decrease in immune suppression, thereby facilitating a
more effective anti-tumor immune response %4, Moreover, differences in PD-L1 trafficking dynamics
may rellect broader cellular signaling pathways that govern PD-LI regulation, as previous research has
shown that the TME and cytokine signaling can influence PD-L1 expression and degradation.

It is important to note, however, that these experiments are still ongoing and therefore cannot yet serve

as conclusive proof of our hypothesis. Repeating these experiments to obtain a robust statistical base

will be essential, especially to enable more quantitative analyses of the extent of colocalization between
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CD63 and PD-L1. Despite these limitations, the current results provide a strong initial indication of
CD63 colocalization with PD-L1, allowing us to present representative images as preliminary data.
Future studies should aim to elucidate the molecular pathways underpinning these trafficking dynamics,
potentially identifying novel therapeutic targets to enhance the efficacy of PD-L1 blockade. Additionally,
exploring the impact of other regulatory proteins and post-translational modifications on PD-L1
trafficking will be essential for developing strategies that can effectively modulate PD-L1 levels and

improve patient outcomes in NSCLC 164,
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Chapter 7

Conclusions

In this thesis, we explored the potential of a novel light-sensitive supramolecular complex designed
to target PD-L1 for photoimmunotherapy in NSCLC. By conjugating the PS eosin-5-isothiocyanate
(EITC) to atezolizumab, an FDA-approved immune checkpoint inhibitor, we aimed to develop a thera-
peutic platform that combines localized, light-induced eytotoxicity with immune modulation via PD-L1
inhibition. Our findings demonstrated the impact of PD-L1 expression levels on therapeutic efficacy
and highlighted PCI’s role in enhancing PDT outcomes. The following conclusions summarize the most

significant results and their implications:

1. The EITC-atezolizumab Conjugate is a Promising Candidate for Photoimmunotherapy

Our results demonstrated that the EITC-atezolizumab conjugate effectively combines photosensitization
with PD-L1 targeting, supporting its use in integrated PDT and immune checkpoint therapy. The conju-
gate efficiently generates 'O, with a quantum yield of 0.11, and selectively targets PD-Ll-expressing
cells. In vitro experiments on NSCLC cells confirmed a dose-dependent reduction in cell viability
due to ROS generation upon light exposure. Additionally, by conjugating the PS to atezolizumab, the
cytotoxic effects are confined to PD-Ll-expressing cells, minimizing off-target damage and improving
therapeutic specificity. This targeted approach underscores the importance of receptor-mediated drug
delivery in oncology, where balancing efficacy and safety is paramount. Another key advantage of this
immunoconjugate lies in its versatility. While this study focused on PD-L1 targeting in NSCLC, the
platform can be adapted for use in various cancers where PD-L1 is overexpressed, such as melanoma,
colorectal, and breast cancers. Beyond PD-L1 targeting, this conjugation methodology is also adaptable
to other monoclonal antibodies, PSs, and even theranostic agents, broadening potential applications to

different immune targets and cancer types.

2. PD-L1 Density Alone Does Not Predict PDT Efficacy

In this study, we developed a quantitative approach to measure PD-L1 receptor density at the nanoscale
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level using dSTORM. This high-resolution imaging technique allowed us to quantify PD-L1 receptors
per square micrometer on the cell surface, a significant improvement over traditional methods like
flow cytometry that provide only qualitative or bulk population-level data. By correlating these precise
measurements with therapeutic outcomes, we were able to demonstrate that receptor density alone is
an unreliable predictor of PDT efficacy, underscoring the need for multifactorial biomarkers. Cells with
high PD-L1 expression did show slightly greater susceptibility to treatment, but the increase in cytotox-
icity was marginal compared to cells with lower PD-L1 expression, suggesting that factors beyond PD-L1
density play a larger role in determining the overall treatment efficacy. This is an important observation
because it broadens the potential application of EITC-atezolizumab to many cancers, particularly those
with heterogeneous or low PD-L1 expression that are often excluded from PD-Ll-targeted therapies.
Additionally, this finding underscores the potential advantage of combining PDT with immune check-
point inhibition to provide a two-pronged attack that can potentially overcome the limitations faced by
immune checkpoint inhibitors in cases where PD-L1 expression is not high enough to ensure strong im-

mune response activation but where direct cytotoxic effects can still induce meaningful tumor cell death.

3. Photochemical Internalization Enhances PDT Efficacy but Does Not Synergize with
PD-L1 Blockade

Photochemical internalization (PCI) was evaluated as a strategy to enhance therapeutic delivery by
promoting endosomal escape. While PCI improved the internalization of molecules such as gelonin, it
did not show significant synergy when combined with the EITC-Atezolizumab conjugate. This lack of
synergy may be due to PD-LI recycling, which allows the receptor to return to the cell surface alter

initial internalization, potentially limiting the sustained impact of PD-L1-targeted therapies.

4. PD-L1 Recycling May Be a Key Factor in Therapeutic Outcomes

Our study on PD-L1 trafficking provided valuable insights into the recycling and degradation pathways
following atezolizumab binding. We observed that PD-L1 is directed to lysosomal compartments for
partial degradation, but a fraction of the receptor is recycled back to the cell surface in some subtypes
of NSCLC cells. This recycling could diminish the overall efficacy of PD-L1-targeted therapies, as tumor
cells may retain functional PD-L1 even after treatment. Understanding PD-L1 trafficking dynamics is
critical for optimizing therapies that target this immune checkpoint. Future strategies could focus on

inhibiting PD-L1 recycling or enhancing its degradation to improve long-term therapeutic outcomes.

Despite the promising results, several limitations remain. Future research should focus on opti-
mizing dosing and light exposure, potentially by exploring more potent PSs or more efficient light
delivery systems. Furthermore, translating these findings to animal models will be a critical step

to investigate the conjugate’s performance in vivo, where pharmacokinetics, biodistribution, safety
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profiles, and the clinical potential of this approach can be assessed. Additionally, more research on
PD-L1 trafficking mechanisms will be essential for developing strategies to block receptor recycling
and improve long-term therapeutic outcomes.

In conclusion, this thesis has demonstrated the feasibility of using a PS conjugated to an immune
checkpoint inhibitor for targeted cancer therapy. Combining PDT with immune modulation offers a
powerful, multi-pronged approach to cancer treatment. The adaptability of the conjugation platform to
various antibodies and PSs paves the way for the development of personalized therapies tailored to
individual tumors. The theranostic potential of this approach, enabling both therapeutic and diagnostic
capabilities, further enhances its clinical value, offering more precise and effective cancer management.
Overall, this work contributes to the ongoing evolution of personalized oncology through targeted,

light-activated therapies.
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