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ABSTRACT

The field of cancer immunotherapy has been transformed over the last decade, with a
significant emphasis on T cell-based therapies due to their ability to attack cancer cells
specifically. However, despite substantial progress in the development of T cell-based
cancer immunotherapies, a large proportion of patients do not respond favorably,
particularly in ‘cold’ tumors, which are typically categorized by a lack of tumor antigens,
and defective antigen-presenting cell (APC) and T cell priming, activation, or infiltration.
Methods for characterizing and modulating tumor microenvironments (TME) could help
develop future immunotherapies. The current thesis investigates two avenues of
research: developing new methods for detecting tumor antigens and developing novel
therapeutics to make tumors ‘hot’ and boost anticancer immunity.

The first project focuses on discovering class | major histocompatibility complex
(MHC-I)-bound tumor antigens that govern the specificity and activation of CD8+ T cells.
Traditional methods using mass spectrometry (LC-MS/MS) based MHC-peptide
identification suffer from inflated search spaces, leading to limited efficiency and poor
statistical power in peptide mapping and identification. The current thesis addresses
these shortcomings by employing a targeted database search strategy and developing
an accompanying tool, SpectMHC, which is based on previously predicted MHC-I
peptides. This unique technique improved the identification rates and statistical power of
MHC-I peptides in human and mouse models in an MS-based peptide discovery
platform.

The later projects focus on utilizing immunogenic cell death (ICD) of cancer, a
regulatory form of cell death characterized by enhanced antigenicity and adjuvanticity, to
modulate the TME and initiate specific anticancer immune responses mediated by APCs
and T cells. We created novel photodynamic therapies that target cancer cells directly
via cytotoxic and indirectly via inflammatory responses, induction of the hallmarks of
ICD, and activation of dendritic cells resulting in protective anticancer immunity. This
research resulted in the development of promising immunogenic photodynamic
therapies for the treatment of melanoma, which have the potential to be translated from
bench to bedside. Overall, the current thesis presents novel strategies for understanding

and inducing T cell-mediated anticancer immune responses.
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CHAPTER 1: INTRODUCTION

1.1. CANCER & IMMUNE SYSTEM
The idea that the immune system can control cancers and can be harnessed to attack
cancers dates back to the nineteenth century."? Drs. Wilhelm Busch and Friedrich
Fehleisen were the first to report the epidemiological association between spontaneous
tumor regression in cancer patients following the development of erysipelas, a skin
infection caused by Streptococcus pyogenes.V) Decades later, in 1891, American
surgeon Dr. William Coley noticed that sarcoma patients with erysipelas had a better
clinical outcome than those without erysipelas. To verify this connection, Coley treated
his cancer patients with mixtures of live and heat-inactivated S. pyogenes and Serratia
marcescens, which were termed as ‘Coley’s toxins.” He demonstrated that these toxins
had potent immunostimulatory properties and caused tumor regression in sarcoma,
lymphoma, and testicular carcinomas."? However, due to issues with reproducibility and
a lack of scientific rigor, the findings were disregarded at that time.("?) These discoveries
were confirmed more than 50 years later, in 1959, when Lloyd J Old showed the
antitumor effects of Bacillus Calmette-Guerin (BCG) in a mouse model,® which was
followed by the demonstration of clinical efficacy of BCG against bladder cancer in
1976.“ These observations shifted the focus of therapeutics from tumor-centric towards
tumor and immune system-centric. They formed the basis of the current cancer
immunotherapies designed to harness the immune system against cancer.

During this period, several other observations were made about the connection
between the immune system and cancer. Most notably, in 1909, Dr. Paul Ehrlich
hypothesized that the immune system spontaneously inhibited the formation of tumors in

the body; however, this was not tested due to lack of understanding of the immune



system and unavailability of appropriate study models at that time."? In the mid-20t"
century, Drs. Lewis Thomas and MacFarlane Burnet coined the term “immunological
surveillance” and suggested that lymphocytes eliminate tumors by detecting the tumor-
specific neo-antigens.®® Immunosurveillance is the ability of the immune system to
continually scan the body for threats and evoke an immune response when a threat is
detected. These hypotheses were supported by robust experimental data from
Schreiber, Dunn, Old, and colleagues at the end of the twentieth century'%, eventually

solidifying the concepts of cancer immunosurveillance and cancer immunoediting.

1.1.1. Cancer immunoediting

Cancers are characterized by several hallmarks associated with genetic, cellular, and
metabolic alterations, along with their ability to evade immunosurveillance."") These
alterations result in mutated cellular proteins, abnormally expressed normal proteins, or
genes encoding viral proteins, all of which contribute to the generation of tumor antigens.
Tumor antigens assist the immune system in differentiating malignant cells from normal
cells, playing a significant part in cancer immunosurveillance. Tumor antigens are
explained in more detail in section 1.3.4. Investigations from the Schreiber group in 2001
demonstrated that lymphocytes protect against carcinogen-induced tumors and that this
process also leads to the immunoselection of tumor cells that are better capable of
surviving in an immunocompetent host.®1%12) This suggested that the immune system
not only controlled tumor quantity but also tumor quality (immunogenicity) and that
immunity had both tumor inhibitory and tumor-promoting effects on developing tumors.
Such interactions between cancer cells and immune cells are known as “cancer
immunoediting,” and the process is comprised of three phases: Elimination, Equilibrium,

and Escape.®10.12)



The elimination phase of cancer immunoediting consists of active
immunosurveillance of malignancies followed by their eradication.®1%'2) If the immune
system fails to eliminate the tumor, the surviving tumor cells enter an equilibrium phase.
Here, surviving tumor cells that are less immunogenic than the ones that were cleared
maintain a dormant or latent phase, wherein the selective pressure from the immune
system results in the development of cells resistant to immune surveillance and attack.®-
10.12) Finally, in the escape phase, tumor cells that have successfully adapted to the
immunological pressures and have acquired immune resistance or evasion mechanisms
that mediate progression into clinically manifested disease.®%'2 Tumor elimination is
an essential phase of cancer immunoediting that involves several critical molecules and
cells. Many immunotherapeutics designed to destroy cancer boost this aspect of cancer-

immune interactions.

1.1.2. Cancer immunity cycle

To achieve complete tumor elimination by the immune system, a series of steps mainly
involving dendritic cells (DCs) and T lymphocytes at different anatomical sites are
necessary. These steps are collectively termed the “cancer immunity cycle” by Chen &
Mellman [Figure 1.1].("® The process is initiated by the release of tumor antigens
generated through oncogenesis; this is considered step 1.('® These tumor antigens are
captured through phagocytosis by immature dendritic cells that are recruited to the tumor
site. The captured antigens are processed, and the antigenic peptides are presented on
dendritic cells via major histocompatibility complex (MHC) class | and MHC class Il
molecules (step 2).('® The activated and matured dendritic cells migrate to lymph nodes
and present these tumor antigens to T cells, thereby priming and activating antigen-
specific effector T cells (step 3).('® The activated effector T cells migrate and infiltrate

the tumor stroma (steps 4 & 5). Here, they recognize and bind to cancer cells through
3



the interactions between T cell receptor (TCR) and the antigen bound to MHC-I on
cancer cells, eventually killing the target cells (step 6)."® T cell-mediated killing of
cancer cells results in the release of more cancer antigens (step 1) and reactivation of
this cancer immunity cycle, thereby enhancing the response to eliminate remaining
cancer cells [Figure 1.1].('® The activation (step 3) and infiltration (step 5) of T cells in
the cancer immunity cycle are often considered rate-limiting steps.

While dendritic cells and T cells are the main players of this cancer immunity
cycle, virtually every subset of immune cells has been implicated in the context of
anticancer immune responses.*2% The current thesis will focus primarily on the DC-
CD8+ T cell axis; however, the significance of other immune cells in treatment-induced
anticancer immunity has been detailed in section 1.6.3.4. Additionally, as mentioned
above, clinically manifested tumors overcome the elimination phase and are in the
immune escape phase. Therefore, an intact cancer immunity cycle is often absent in
human cancers. These discoveries led to the development of several cancer
immunotherapies to target cancer immune evasion and restore cancer immunity, which

are discussed in section 1.4.
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Figure 1.1. Cancer immunity cycle.

The cancer immunity cycle can be divided into several parts, beginning with the 1.
Release of antigens from the cancer cell, 2. Antigen processing and presentation by
mature DCs, 3. T cell priming and activation by DCs in the lymph node, 4. T cell
trafficking and 5. Infiltration into the tumor site, 6. Recognition and killing of target cancer
cells release more antigens and self propagate the cycle. DC: Dendritic cell. Figure

made using Biorender.



1.2. T CELLS IN CANCER IMMUNITY

CD8+ T lymphocytes are effector cells that can specifically target and kill the cancer
cells, hence playing an essential role in the cancer immunity cycle. Due to their specific
tumor-killing properties, CD8+ T cells have become the central focus of cancer
immunotherapies in recent decades.?" Apart from CD8+ T cells, T lymphocytes
constitute CD4+ T cells- T helper (Th) cells and regulatory T cells (Tregs), MAIT cells,
NKT cells, yd-T cells, with multiple subsets amongst each cell type.?22% This section will
focus on the significance of CD8+ cytotoxic T lymphocytes (CTLs), which are the key

effector cells in the cancer immunity cycle.

1.2.1. Prognostic significance

T cell infiltration at the tumor site, step 5 in the cancer immunity cycle, has been
associated with favorable prognosis and response in several tumors.* One of the
earliest studies dating back to 1989 has shown that higher densities of tumor-infiltrating
lymphocytes (TILs) in stage | cutaneous melanoma was a predictor of better overall
survival in these patients.?® Many subsequent studies have strongly supported these
conclusions in melanoma.?® In epithelial ovarian cancer patients with a complete clinical
response, the five-year overall survival of individuals with TILs was 73.9%.%?% In contrast,
it was only 11.9% in those whose tumors contained no T cells.®® Furthermore, the
presence of TILs was independently associated with delayed recurrence or delayed
mortality in all ovarian cancer patients.® In breast cancer patients, higher TIL
concentration predicted responsiveness to neoadjuvant treatment and was also
associated with a survival advantage in HER2-positive and triple-negative breast
cancers.?” Furthermore, microsatellite-unstable colorectal carcinomas (CRCs) with high
immunogenicity and frequent lymphocyte infiltration are associated with the best

prognosis and have a low chance of metastatic spread.?®2% Similarly, TIL infiltration has
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been correlated with positive prognostic outcomes in several cancers such as bladder
cancer, prostate cancer, pancreatic cancer, and lung cancer.®%-3%

Recently, the cancer genome atlas (TCGA) has performed an extensive genomic
and histological analysis of the immune landscape of over 10,000 tumor samples from
30 solid tumor types, which revealed similar conclusions.®® Cancers with interferon-
gamma dominant and inflammatory subsets with high TIL density scores correlated with
best overall survival.®® On the other hand, cancer subsets characterized by lymphocyte
depleted signature and low TIL densities are associated with the worst prognosis. %
Tumors with higher immunogenicity (mutational burden & neoantigen load) displayed
higher content of CD8 T cells as compared to tumors with a lower mutational burden.®
Along with lymphocyte expression signature, many unique T cell receptor clonotypes
were also strongly correlated with improved overall survival.®

It has also been shown that TILs can recognize tumor-specific antigens, and the
presence of functional T cells is associated with a better prognosis. For instance,
functional analyses of specific CTL clones isolated from TlLs of a lung carcinoma patient
with prolonged survival indicated that these cells could recognize a tumor-specific
antigen and initiate cytotoxic activity against the autologous tumor cell line.®”) Further
characterization of these clones revealed a CD3+ CD8+ CD4- CD28- phenotype. These
clones identified in vitro were also selectively expanded in vivo and were present in
higher concentrations at the tumor site than peripheral blood.®” Adoptive transfer of
these T cells into immunocompromised mice transplanted with autologous tumor cells
generated anticancer immune responses against the tumor.®” In a study of T cells
purified from lymph nodes of advanced-stage head and neck cancer patients, patients
whose T cells responded poorly to CD3 activation exhibited a higher incidence of
recurring malignancy.® Similar research in melanoma identified tumor antigen-specific
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TILs with cytotoxic capacities against autologous tumors. The adoptive transfer of such
antigen-specific TILs into cancer patients is positively correlated with tumor
regression.3°-4%

The spatial organization of T cells in the tumor microenvironment is also
associated with the prognosis of patients.“® In over a decade-long global collaborative
effort, the density and compartmentalization of CD3+ T cells, CD8+ T cells, CD45R+
memory cells, and T cell cytotoxic molecules (granzyme B) were analyzed in more than
4,000 colorectal cancer patients.?>46-48) They studied the distribution in the tumor core
(TC) that is the center of the tumor and at the invasive margin (IM). These analyses
revealed a strong correlation between the density of immune cell populations in the TC
and IM tumor locations and the patients' clinical outcomes regarding disease-free
survival and overall survival.(?®46-48) Furthermore, combining the TC and IM cell densities
substantially increased the variation in the clinical outcome between groups of patients
with a high immune cell density in both tumor regions against patients with a low
immune density in both areas.?46-48) Subsequent evaluation of individuals with clinically
localized CRCs revealed that only 4.8 percent of those with a significant CD8+ T cell
infiltration relapsed five years after diagnosis, whereas 75 percent of those with a low
CD8+ immune infiltrate relapsed, and 72.5 percent died.?®4¢-48) These findings resulted
in the development of the “Immunoscore” to assess the infiltration of CD3+ and CD8+ T
cells in the TC and IM regions, which is now part of clinical diagnostics for the
classification of cancers.?#6-8 Immunoscore is considered a better prognostic predictor
than the assessment of microsatellite instability or the traditional tumor, node, metastasis
classification system.?°46-48) Positive prognostic value of immunoscore has since been

validated in more than 16 other cancer types including hepatocellular carcinoma, head



and neck cancer, ovarian cancer, melanoma and breast cancers.“® Overall, T cells play

an important role in determining the clinical outcome of cancers.

1.2.2. Activation of effector T cells in the cancer immunity cycle

T cells generated in the thymus leave the thymus and enter the circulation as naive T
cells or antigen-inexperienced T cells.?® When these naive T cells encounter an APC
expressing an antigen to which they can bind with high affinity, they start an activation
program and produce effector functions.?? The activation of T cells requires three major
signals [Figure 1.2]: signal 1 is provided by T cell receptor (TCR) engagement with
MHC-antigen complex, signal 2 involves interactions with co-stimulatory molecules, and

signal 3 is provided by cytokines.(#2°0-53)
1.2.2.1. Signal 1: TCR-MHC activation

CD8+ T lymphocytes bind to MHC-I molecules on the surface of antigen-presenting cells
and target cancer cells, which are loaded with antigenic peptide fragments formed by
proteasomal degradation of cytoplasmic proteins, as explained in section 1.3. Upon
efficient binding of the TCR and CD8 with the specific MHC-antigen complex, the T cell
activation signal transduction begins through the intracellular domain of the TCR-CD3
complex.??%0-53) However, to achieve effector mechanisms of T cells, the TCR-MHC

activation signal must be followed by a crucial co-stimulatory signal.
1.2.2.2. Signal 2: CD28 co-stimulatory signal

T cell co-stimulation signals are provided by APCs (DCs, macrophages and B cells);
however, dendritic cells are the best activators of T cells.(?250.5") Co-stimulation of T cells
is mediated through interactions of CD28 receptors on CD8+ T cells with CD80 and
CD86 on APCs.(?250-53) CD80 and CD86 are upregulated on mature DCs and usually

absent on cancer cells; therefore, cancer cells cannot provide the signal 2 to activate T
9



cells.?259-53) This co-stimulatory signal is essential for T cell activation, and the presence
of only signal 1 and absence of signal 2 leads to T cell anergy (unresponsive state of T
cells) and apoptosis.?>50-53) The CD28 mediated signal activation increases T cell
proliferation and survival and enhances the TCR response to antigen, reducing the
stimulation threshold.?250-%3) T cells activated by signal 1 and signal 2 release cytokines,
which act as signal 3 and play an essential role in determining the outcome of T cell

effector activity.(?252-54
1.2.2.3. Signal 3: Cytokines

Cytokines secreted by activated APCs and T cells bind to specific cytokine receptors on
T cells and enhance the proliferation as well as the survival of T cells. IL-2 is one of the
major cytokines involved in this function.(?252-54 Activation of signal transduction through
signals 1 and 2 induces transcription of genes IL-2 and the corresponding receptor IL-
2R.(2252-54) Additionally, they also enhance the stability of IL-2 MRNA and result in the
production of IL-2 by the activated T cells.??%2-54) These secreted IL-2 binds to the IL-2R

on T cells and increases proliferation and survival.(??:52-54
1.2.2.4. Effector T cell-mediated target cell killing

After infiltrating the tumor site, fully primed and activated T cells can recognize specific
cancer cells by binding to the MHC-I-peptide on the cancer cell and forming an
immunological synapse. This interaction initiates a cascade of events by T cells, such as
the release of perforins that cause pore formation on the target-cell membrane allowing
for diffusion of granules containing cytotoxic molecules (granzymes and granulysin) to
kill the cancer cells.®%%%) Furthermore, Fas ligand (FasL) expressed on CD8+ T
lymphocytes can interact with Fas receptors on target cells, activating death pathways

and releasing cytochrome c in the cancer cells.®%®) Finally, activated CD8+ T
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lymphocytes can kill cancer cells indirectly by releasing cytokines such as tumor
necrosis factor-alpha (TNFa) and interferon-gamma (IFNy), which attach to respective
receptors on tumor cells and can stimulate apoptotic pathways.5-%") Interferon-gamma
released by activated CD8+ T cells also increases the expression of MHC-| on cancer
cells, thereby making them more susceptible to CD8 T cell-mediated killing.®5-57
Activated T cells have the potential to target and destroy cancer cells in this manner and

so play an important role in the cancer immunity cycle.

Cytokines

Signal 3.

¢ O/N Cytokines
-5('\

0/CD86_CD28 Signal 2.
co-stimulation

Signal 1. Antigen
specific interaction

Dendritic cell CD8+ T cell

Figure 1.2. Signals required for T cell activation.

T cell activation requires three signals. 1. Antigen presentation in the context of MHC-I,
recognized by antigen-specific TCR. 2. Co-stimulation upon binding of CD28 on T cells
with CD80 or CD81 on DCs. 3. Cytokine signals from DCs. TCR: T cell receptor, MHC:

Major histocompatibility complex, DC: Dendritic cell. Figure made using Biorender.
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1.3. ANTIGEN PROCESSING AND PRESENTATION IN CANCER IMMUNITY
The earliest phases in the cancer immunity cycle that entail the processing and
presentation of tumor antigens form the basis for T cell activation signal 1 and dictate the
specificity of resultant T cell responses. Tumor antigens are peptides derived from
abnormally expressed cellular proteins resulting from tumorigenesis.%8%° The generation
of these peptides from native proteins is referred to as antigen processing, and their
display on the cell surface is referred to as antigen presentation.®35% Antigenic peptides
(also referred to as ligands) are typically processed and presented through either MHC
class | or MHC class Il pathways, associated with different sources of antigenic
peptides.©?

MHC class | and Il molecules are membrane-bound glycoproteins with structural
and functional similarities [Figure 1.3].6Y These membrane-bound glycoproteins act as
highly specialized antigen-presenting molecules, with binding grooves that form stable
complexes with peptide ligands, allowing them to be displayed on the cell surface for
TCR interaction.® MHC class | complexes are found on the surface of all nucleated
cells, but MHC class Il complexes are predominantly found on the surface of antigen-
presenting cells.®® MHC class | molecules bind peptides typically 8—11 amino acids (aa)
long and derived from endogenous proteins. On the other hand, MHC class Il molecules
bind peptides that are several amino acids longer (9-25 aa) and derived from
exogenous, transmembrane, and cytosolic proteins.®® Peptides presented by the MHC-
complexes activate CD8+ T cells, whereas peptides presented by the MHC-Il complexes
activate CD4+ T cells.® However, some exogenous peptides can be presented by MHC
class | molecules via cross-presentation in dendritic cells.®® The current thesis focuses
on MHC class | peptides, and so, this section will discuss the MHC-I mediated antigen
processing and presentation pathway.

12
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Figure 1.3. Overview of MHC class | and MHC class Il antigen presentation to T cells

MHC class | molecules can be found in all nucleated cells, whereas MHC class |l
molecules can only be found in antigen-presenting cells. Endogenous peptides are
presented to TCRs on CD8+ T cells by MHC class | molecules, whereas exogenous
peptides are presented to TCRs on CD4+ T cells by MHC class || molecules. MHC:

Major histocompatibility complex, TCR: T cell receptor.

1.3.1. MHC-I complex structure and polymorphism

MHC class | molecules are made up of a heavy chain (a chain) and 32-microglobulin
[Figure 1.4].4223 The a chain consists of three external domains (a1, a2, and a3), a
transmembrane domain, and a cytoplasmic domain. The 2-microglobulin is non-
covalently bound to the a chain at a3 and does not contain any transmembrane
domain.?22%) The a3 domain is highly conserved among MHC-I molecules and contains

sequence motifs to strongly interact with CD8 on T cells.?22® The proper folding and
13



expression of all these molecules are essential for the stability of the MHC complex.(?22®
The antigen-binding groove is formed within the a chain between a1 and a2. The peptide
is bound within this antigen-binding groove, which is pinched off at the termini and hence
preferentially binds peptides of 8—10 amino acids in length.?>23 Pockets within an MHC
molecule's antigen-binding groove dictate the position of the peptide within the groove
and its peptide-binding preferences, which are shaped by MHC polymorphisms.(22:23.61)

MHC molecules are polygenic and polymorphic; that is, they contain different
genes as well as variants of each gene, with more than 6000 variants differing by up to
20 amino acids being identified so far.®%¢") Variants of MHC molecules are called MHC
alleles and a particular combination of MHC alleles is known as a haplotype.©®¢") The
MHC polymorphism also implies that the amino acids that line the pockets of the MHC
peptide-binding groove are distinct; consequently, the peptide residues binding these
pockets are also different.®6" These properties of MHC broaden the range of peptides
presented to T cells in each individual and a population as a whole, even when derived
from the same protein.(©%6")

The variation in MHC alleles is accompanied by a diverse repertoire of TCRs
(10"°—10?" potential TCRs per individual), accommodating the wide variety of MHC
antigens while maintaining specificity.®2-%4) This means that every T cell clone will have a
unique TCR capable of binding to a limited range of target MHC-peptide complexes.®?-
54 This is also known as MHC-TCR restriction, wherein the specific MHC molecule and
its allele determine the interaction with a TCR.®2%) Accordingly, a T cell that recognizes
a particular peptide on one MHC molecule may not recognize the same peptide on a
different MHC. The highly polymorphic nature of the MHC complex has functional

consequences and determines the specificity of T cell activation.©®2-64
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MHC is referred to as human leukocyte antigen (HLA) in humans. The HLA class

I heavy chains are encoded by three genes on chromosome 6: HLA-A, HLA-B, and HLA-

C, resulting in 6 different HLA class | molecules per individual.®®¢) The mouse

counterparts of these MHC genes include H2-K, H2-D, and H2-L. Several differences

between the three HLA loci have been reported.®¢) HLA-A and HLA-B are usually

expressed at higher levels than HLC-C.®%6" HLA-A and HLA-C bind more efficiently to

the peptide loading complex than HLA-B.%6") HLA-B is loaded with peptides and

transported to the cell surface faster than HLA-A and HLA-C.6%6 Additionally, all HLA-B

complexes are shown to be almost always loaded with peptides, whereas only a portion

of HLA-A and HLA-C are loaded. (%"
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Figure 1.4. MHC class | molecule structure

MHC class | molecules are composed of two polypeptide chains, one membrane-

spanning a chain (heavy chain), and one 8 chain (light chain or f2-microglobulin), linked

noncovalently through the interaction of f2 and the a3 domains. The a1 and a2 domains
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fold together to create a peptide binding cleft. HLA: Human leukocyte antigen, MHC:

Major histocompatibility complex. Figure made using Biorender.

1.3.2. MHC-I mediated antigen processing and presentation pathway
The processing and presentation of MHC-I peptides is a multi-step process that begins
in the cytoplasm [Figure 1.5]. In general, 26S proteasomal degradation generates
protein fragments from ubiquitinated, aberrant, or misfolded proteins.(5606566) The
constitutively expressed 26S proteasome has a barrel-like structure with two outer alpha
rings and two inner beta rings.®%6%6566) Upon exposure to inflammatory cytokines, the
beta subunits of the proteasome are replaced by its variants, resulting in the formation of
an immunoproteasome complex with distinct structure and cleavage site specificity, that
contributes to the generation of unique MHC-I peptides.®960.6566) The MHC-I peptides
generated by the immunoproteasome are also referred to as the immunopeptidome or
MHC ligandome. The immunoproteasome cleaves proteins into peptides ranging in
length from 2 to 26 amino acids, with C-terminus anchor residues unique to the MHC-I
binding groove and extended N-terminus residues, and releases them into the
cytosol.(960.6566) These peptides are transported into the endoplasmic reticulum (ER) via
a transmembrane pore formed by the transporter associated with antigen processing
(TAP) heterodimer consisting of TAP1 and TAP2.(5%606566) TAP primarily translocates
peptides with 9-16 aa residues most efficiently; however, peptides with up to 30 aa
residues may also be translocated with less efficiency.(5°:60.65.66)

Upon entering the ER, peptides are loaded onto nascent MHC-I molecules by a
multi-subunit complex called the peptide loading complex (PLC).(5°606566) TAP is one of
the core components of the PLC and serves as a docking site for Tapasin, which aids in

the recruitment of MHC-I complexes to the PLC.(5°€06586) Tapasin is linked to the
16



proteins ERp57, calreticulin, and calnexin, which regulate the folding and oxidation of
newly generated MHC-I molecules.®%606566) ERAP1 and ERAP2 further process
peptides that enter the ER to the appropriate length by cutting the N-terminal ends
before being loaded into the groove of the MHC-I molecule.(5°€06586) Here, an additional
chaperone TAP binding protein-related protein (TAPBPR) assists with the quality control
of loaded peptides and stabilizes the structure of MHC-I and peptide complex.(59:60.65.66)
Upon achieving a stable MHC-I-peptide complex with high affinity, TABPR is released,
and the MHC-Il-peptide complex is transported to the cell surface via the Golgi
apparatus.(°°606566) These MHC-I-peptides are then presented to T lymphocytes,

initiating signal 1 of the T cell activation cascade in T cells with specific TCRs.
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Figure 1.5. MHC-I antigen processing and presentation pathway

Immunoproteasome in the cytosol processes endogenous proteins into peptides, which
are then transported into the ER by TAP for further processing. In the ER, these
processed peptides are subsequently loaded onto MHC | molecules and transported to
the cell surface, where they are presented to CD8 T cells. MHC: Major histocompatibility
complex, ER: Endoplasmic reticulum, TAP: Transporter associated with Antigen

Processing. Figure made using Biorender.
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1.3.3. Cross presentation by dendritic cells

In the setting of cancer immunity, where dendritic cells might acquire antigens from
external sources such as dying cancer cells, it is inefficient for these antigens to be
processed and presented to only CD4+ T cells by MHC-II complexes without activating
cytotoxic CD8+ T cells via MHC-I complexes. As an exception in these circumstances,
DCs have evolved an efficient antigen processing and presentation system capable of
presenting exogenous peptides via MHC-I molecules. This process is referred to as
cross-presentation. ¢7:68)

Exogenous antigens taken up by dendritic cells via phagocytosis,
macropinocytosis, or receptor-mediated endocytosis are shown to be efficiently cross-
presented.® Two mechanisms of cross-presentation have been implicated in DCs,
which could form different types of MHC-I peptides."¢® One mechanism involves the
phagosome to cytosol pathway, wherein phagocytosed exogenous antigens are
transported into the cytosol via phagosomes. "8 Upon translocation into the cytosol,
the antigens can be processed and presented by the traditional MHC-I pathway involving
proteasome, TAP, and PLC, as previously described.®”5® Here, antigens can also be
processed within the cytosol using the proteasome as in the traditional pathway and re-
transported into the phagosomes, where the peptides are loaded onto MHC-I complexes
via TAP and PLC.678) Alternatively, antigens can be processed through a vacuolar
pathway, in which proteins are catabolized into peptides within the endocytic
compartments and loaded on MHC-I molecules in these vesicles. 758 This pathway
occurs independent of proteasome, TAP, and without the antigens encountering
cytosol.®” While both processes are reported, the proteasome-dependent cytosol
pathway seems to occur predominantly within DCs.®7:6®) Certainly, efficient antigen
presentation to induce cancer immunity would require DCs presenting identical peptides
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as observed on the target tumor cells to activate T cells. This would necessitate the use
of phagosome-to-cytosol pathway, which would generate similar peptides in both DCs as

well as cancer cells.

1.3.4. Tumor antigens

Tumor antigens are peptide molecules present in tumor cells that can help immune cells
distinguish between self and non-self and provide the specificity for T cell responses. For
an antigen to elicit effective cytotoxic T cell responses, it must be a) immunogenic, that
is, it can generate an immune response, b) tumor-specific, that is, different from normal
antigens so T cells can discriminate between tumor cells and normal cells, and c)
expressed in sufficient quantities on tumor cells.® Malignant cells display antigens that
can induce an immune response against the host. These antigens can be divided into
three main categories: 1. Tumor specific antigens or neoantigens, 2. Tumor-associated
antigens, and 3. Viral antigens.("”

Cancers can display increased antigenicity due to accelerated mutation rates
frequently associated with tumorigenesis and evolution.(" Such mutations can affect the
protein sequences and confirmation, like non-synonymous point mutations or frameshift
mutations.®®7% These antigens generated from mutated proteins are known as
‘neoantigens’ or ‘tumor-specific antigens (TSA)" and typically have poor structural
homology with self-antigens, allowing them to prime T cell responses.”""® Some self-
antigens expressed by cancer cells can also initiate T cell responses and are termed as
‘tumor-associated antigens (TAA)’ due to their presence in normal cells and lack of
specificity to the tumor cell.'-"3 TAAs are most commonly obtained from cell-specific or
tissue differentiation antigens such as CD19, CD20, premelanosome protein (PMEL),
Melan-A; tissue restricted proteins such as cancer/ testis antigens as well as proteins

expressed in abnormally high levels in cancer cells compared to healthy cells such as
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ERBB2 (also known as HER2) and Wilm’s tumor protein (WT1).7477 TAAs typically
generate weaker anticancer immunity than TSAs as they are covered by central or
peripheral tolerance mechanisms. Yet, due to leaky tolerance and in the presence of
strong adjuvants, they continue to play an important role in cancers with low mutation
burdens.7578-81)

Finally, viral antigens are derived from viruses known to cause cancers, such as
human papillomavirus, Epstein-Barr virus, and Merkel cell polyomavirus.®2-8% These
antigens are often highly immunogenic due to their foreign origin; however, they may not
be tumor-specific and may not be produced at later stages of tumor development.(€6.75)
Recent studies have identified additional sources of peptides, including those arising
from dysregulated RNA editing,®® a posttranscriptional mechanism that causes
sequence variations in proteins. Additionally, proteasome-generated spliced peptides®’-
%) in which peptide fragments from different or same protein can be spliced and ligated
into unique non-contiguous sequences; and cryptic peptides derived from the translation
of non-coding genome or non-canonical translation of protein-coding genes are also
reported.®® Cryptic peptides provide a new promise for therapeutic utility as they
constitute a considerably larger genetic pool than conventional canonical peptides. The
presence of tumor antigens varies greatly between cancer types and hosts due to MHC

restriction.

1.3.5. Detecting MHC-I tumor antigens

Detecting MHC-I peptides (or ligands) has been of great interest due to their unique role
in the cancer immunity cycle by providing and determining the specificity for T cell
responses. As a result, significant developments have been made in identifying these

peptides. Chapter 3 of this thesis discusses one such method to improve the efficiency
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of MHC-I ligand identification. This section will provide a brief background of the most

employed techniques.
1.3.5.1. Mass spectrometry-based immunopeptidomics

The development of mass spectrometry (MS) technologies for isolating and identifying
peptides has greatly aided in the discovery of MHC peptides, collectively referred to as
the immunopeptidome or MHC ligandome. The development of a method in 1987 for
isolating MHC-I ligands from surface-attached proteins using mild acid elution was a
significant step forward in these discoveries.®" Since then, the technology has
progressed, and immunoaffinity purification is now the most used method for isolating
immunopeptidomes [Figure 1.6].2%

Briefly, a lysate of cells or homogenized tissue is incubated with MHC-specific
antibodies.®>-%) Typically, pan-HLA antibodies are used for human samples, but allele-
specific antibodies are also available. The MHC-complexes are purified by immunoaffinity
purification and eluted from this mixture while non-specifically bound substances are
removed.®>%) The eluted peptides are then separated using liquid chromatography and
directly injected into a mass spectrometer.®?-%°) The mass spectrometer measures the
mass of the peptide fragments and outputs spectra, which can be matched against a
reference database containing mouse or human protein sequences [Figure 1.6].2-%)

Currently, MS is the only unbiased approach for examining the quality and
quantity of repertoire of MHC peptides naturally presented in cells.%2-°% The entire MS-
based discovery workflow enriches the peptide pool to MHC or HLA-specific peptides,
offering a reliable assessment of the immunopeptidome, with up to 95% of recovered
peptides exhibiting typical length distribution and binding motifs of MHC peptides. )

Although tumor-associated antigens®’-1%) are the most commonly discovered peptide
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pool utilizing this method, some studies have demonstrated efficacy in identifying
neoantigens(1%5:1%) as well. Another appealing aspect of utilizing MS for peptide
identification is that it is currently the only approach capable of identifying peptides with
post-translational modifications such as phosphorylation('9-1%) or glycosylation.('"%11"

Despite the numerous advantages, this approach has several computational,
technical, and analytical restrictions. The sample material required to perform this
technique is very high, ranging from 5x107 to 1x10° cells per sample, preventing it from
being applied to minimally available clinical samples.®?-*® While the quality of the
peptide output may be high, the quantity of peptides identified is often low, even with
large sample size. This method does not discover lowly abundant peptides.®®2-°) These
drawbacks are attributed to various technical factors, such as peptide loss during
different stages of sample processing or computational restrictions.®>=% One such
limitation associated with MS-based immunopeptidome research has been addressed in
Chapter 3 of this thesis. Nonetheless, MS-based immunopeptidomics has remained the
finest quantitative technique available and has sparked great interest in biotechnology
and pharmaceutical companies for the development of personalized cancer

therapeutics.('?
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Figure 1.6. Mass spectrometry-based MHC peptide identification.

Top, MHC complexes are extracted from cell lysates by immunoprecipitation using

MHC-specific antibodies. Bottom, Peptides are eluted from the isolated MHC complexes
and analyzed using LC-MS/MS. Resultant MS spectra are mapped against a database
to identify and generate the list of peptides. MHC: Major histocompatibility complex, LC-

MS/MS: Liquid chromatography-tandem mass spectrometry, MS: Mass spectrometry.

Figure made using Biorender.

1.3.5.2. Genomics and in silico predictions

The advent of next-generation sequencing (NGS) technologies and machine learning

resulted in the rapid development of high throughput identification of

MHC-I

ligands.("'31"% Whole exome sequencing, whole-genome sequencing, and RNA
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sequencing are commonly employed to generate sequence information on coding
regions of DNA, coding and non-coding regions of DNA, or the RNA transcriptome,
respectively. Whole exome sequencing is most commonly used to assess the mutations
and the resultant neoantigens."'® While RNA sequencing can offer mutation
information, it is mostly used to acquire transcriptomic signatures of genes, indicating
that they are turned on and can be a more effective strategy than DNA sequencing
alone."® This method also allows identification of differentially expressed genes,
thereby aiding the discovery of tumor-associated antigens. Finally, whole-genome
sequencing provides a unique opportunity to characterize the noncoding regions
consequently identifying cryptic peptides."'®) Upon collecting sequence information of
mutated or abnormally expressed genes, they are translated into protein sequences
which are then utilized to predict potential MHC-I ligands.""

Bioinformatics and in silico models of MHC-| peptides have advanced
dramatically during the last decade, evolving into neural network-based prediction
algorithms.(118-122) Qver the years, experimental identification and analysis of peptides
have provided critical information on peptide sequence, preferences of amino acid
composition, stability, or half-life of complexes, all of which are utilized for training and
constructing neural network models.(''8-122) Prediction algorithms are either based on the
structural information of peptide-MHC-I complexes, which has suffered greatly due to
inaccurate predictions, or on sequence-based information, which is the most employed
method and has produced efficient and accurate models for various MHC alleles.(118-22)
Sequence-based models can predict the sequences of prospective MHC ligands and
their affinity for the MHC molecule.("'®-'22 Numerous peptide prediction algorithms have

been created, but the most common ones include NetMHC and SYFPEITH].(123.124)
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NetMHC(23124) js used in Chapter 3 of this thesis and utilizes protein sequence and
MHC allele information as inputs to generate a list of potential MHC ligands.

While this method of integrating genome sequencing with prediction algorithms
may provide a more extensive mapping of peptides than the traditional mass
spectrometry, there are two key issues. 1) This approach relies on prediction algorithms
that contain inherent biases due to the different datasets used to train the neural network
model. As a result, caution must be exercised when using this approach to discover
unique peptides with distinct characteristics from the previously reported ones, such as
cryptic peptides. 2) The presence of DNA or RNA sequence in cells is not representative
of the presence of protein or relevant peptides and hence necessitates quantitative
assessment in later stages.

Regardless of the technique utilized, both approaches only identify peptides that
are bound to MHC complexes or have the capacity to bind the MHC molecules. The
binding of a peptide to the MHC complex does not imply that it is immunogenic;
therefore, experimental procedures must be used to validate relevant targets. Identifying
these immunogenic antigens is essential to understand the molecular signature that
defines the T cell specificity and to develop cancer immunotherapies such as cancer
vaccines, discussed in section 1.4.3. Overall, both antigen processing and presentation
pathways as well as expression of MHC-peptide complexes play essential roles in
cancer immunity and are associated with better immune responses and prognosis in

multiple cancers.(125-130)

1.4. ENHANCING ANTICANCER IMMUNE RESPONSES
As the previous sections emphasized, recognition of cancer cells by the immune system
is essential to mount productive anticancer immune responses and eliminate tumors.

Despite evidence of immune infiltration at the tumor site in some tumors, the TILs and
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the cancer immunity cycle are often dysfunctional, and the immune system fails to
destroy the tumor. This is because clinically manifested tumors have evolved a variety of
strategies to escape recognition by the immune system and disrupt the cancer immunity
cycle, including 1) evasion of recognition by T cells by reduced immunogenicity and loss
of MHC-I antigen processing and presentation due to downregulated MHC-I molecules
or defective antigen processing pathways, 2) preventing T cell infiltration & function at
the tumor site by forming abnormal blood vessels and fostering an immunosuppressive
microenvironment, 3) defective immune sensing pathways thereby evading T cell-
mediated cancer cell killing, and 4) selective loss of targeted antigens.('3'-3% As a result,
one of the primary goals of cancer immunotherapies is to reverse these immune evasion
mechanisms and restart the cancer immunity cycle. This section will briefly overview

some of the major cancer immunotherapies developed to achieve these goals.

1.4.1. Immune checkpoint inhibitors
Immune checkpoint molecules are co-inhibitory signaling molecules expressed on
activated T cells that help regulate T cell hyperactivation, immune tolerance, and avoid
autoimmunity.(®**) However, cancer cells exploit these signaling mechanisms to cause T
cell dysfunction and promote tumor survival. The monoclonal antibodies (mAb) which
block the interactions of immune checkpoint molecules are called immune checkpoint
inhibitors (ICls). Programmed cell death 1 (PD-1) and Cytotoxic T lymphocyte antigen 4
(CTLA-4) are well studied in cancer immunity and are widely used targets for ICls. Drs.
James P. Allison and Tasuku Honjo were awarded the 2018 Nobel Prize in Physiology
or Medicine for their respective research leading to these breakthroughs.(3®

The discovery of CD28-mediated T cell co-stimulation prompted the investigation
for new immune regulators, which resulted in the discovery of CTLA4, a receptoron T

cells with structural and biochemical similarities to CD28.('36-138) Unlike CD28, which is
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highly expressed on conventional T cells, CTLA4 is expressed at a low basal level but
significantly increases following antigen stimulation.("3® CTLA4 binds to the same
ligands as CD28 (CD80 and CD86) but with a 20-fold higher affinity, outcompeting
CD28, and inhibiting T cell activation.(™014") CTLA4 activation in T cells also increases T
cell mobility and decreases contact time with APCs, inhibiting the development of stable
immunological conjugates between T cells and APCs.("*2 CTLA-4 signals are effective
during the priming phase of T cells and primarily occur in lymphatic tissues.@" 3%

PD-1 was initially discovered on T cells as a molecule involved in programmed
cell death,™? but later research revealed that it, like CTLA4, has coinhibitory
functions.(1%414% PD-1 is expressed on T cells upon antigen stimulation and binds to its
ligands PD-L1 and PD-L2, expressed on APCs or cancer cells.(1%6-14%) These interactions
of PD-1 with its ligands are referred to as the PD-1 axis. In contrast to CTLA-4, the PD-1
axis is active during the T cell effector phase, occurs mainly in peripheral tissues, and
leads to T cell exhaustion.(® Tumor cells increase the expression of PD-1 ligands to
escape immune surveillance.!'5%'%") While both PD-1 and CTLA-4 have similar regulatory
and inhibitory actions, they occur at different biological locations and times during the
cancer immunity cycle and complement one another.

Preclinical findings('%? revealing that inhibiting CTLA-4 with antibodies might
promote effective antitumor immune responses and lead to tumor regression inspired a
new era of cancer therapeutics by using antibodies to release immune cell brakes to
enhance anticancer immune responses.('5® Following clinical studies and efficacy
assessments, ipilimumab, a CTLA-4 mAb, was approved by the U.S. Food and Drug
Administration (FDA) as the first ICI for treating non-resectable stage Ill/IV melanoma
due to its potential to boost T-cell activation and elicit long-lasting responses.(54-156)
Similarly, blocking PD-1 or PD-L1 has been shown to enhance the cytotoxic ability of T
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cells and induce tumor regression and has achieved remarkable clinical outcomes.(1°0:157)
Consequently, the mAbs blocking the PD-1 axis (pembrolizumab and nivolumab) have
been approved for various cancers such as melanoma, non-small cell lung carcinoma,
head and neck squamous cell carcinoma, Hodgkin lymphoma, colorectal cancer, and
urothelial carcinoma, amongst others.('*8-16") OQverall, PD-1 blockade has demonstrated a
better and wider clinical utility than CTLA-4 blockade. In a clinical trial comparing
pembrolizumab to ipilimumab, the former outperformed the latter in progression-free
survival and overall survival while causing less high-grade toxicity in patients with
advanced melanoma.!"®2-%9) Moreover, combination ICI therapies targeting both CTLA-4
and PD-1 axis have demonstrated better clinical outcomes than either treatment alone,

although associated with high toxicity.(155.165.166)

1.4.2. Adoptive T cell transfer therapy
Adoptive cell transfer (ACT) therapy uses autologous or allogenic T cells, which are
expanded ex vivo and reinfused into patients to target cancers. The initial
demonstrations of the utility of this therapy involved TILs expanded ex vivo with IL-2 and
reinfused along with large amounts of IL-2.('%") Later, this approach was combined with
lymphodepletion prior to TIL transfer in melanoma, resulting in complete tumor
regression in 20 out of 93 patients with 19 patients in complete remission three years
after treatment.('®® While the initial successes drove the clinical utility of ACTs, due to
the difficulty in obtaining effector antitumor T cells from the tumors, especially as many
cancers lack TILs and the laborious isolation and expansion methods, alternative
approaches, including genetically modified T cells were developed.('%%

Chimeric antigen receptor (CAR) T cell therapy utilizes T cells obtained from
peripheral blood that are genetically modified to express immunoglobulin chains with

intracellular signaling domains and antigen-binding domains to recognize specific
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antigens or molecules expressed on the surface of cancer cells.!"”® The advantage of
using CAR T cells is that they bypass the MHC restriction of conventional T cells,
therefore overcoming cancer evasion of T cell recognition by lack of MHC molecules or
defects in antigen processing and presentation pathways.('’% Several developments in
this field have resulted in multiple generations of CAR T cells with great clinical utility.('"®
Most notably, CAR T cells developed to target CD19, which is expressed by B
cells, have demonstrated tremendous success in B cell malignancies, with objective and
complete response rates of 82% and 54%, respectively, in patients with refractory large
B cell lymphoma.""" Similarly, CAR T cell therapy led to tumor remission in all treated B
cell lymphoblastic leukemia (ALL) patients, with long-term complete remission in 83% of
patients with a median follow-up of 29 months.('7217%) As a result of these successes,
CAR T cells were approved to treat diffuse large B cell ymphoma and B cell ALL. Most
recently, it was shown that CD19-directed CAR T cell therapy in patients with chronic
lymphocytic leukemia led to decade-long remissions and persistent CAR T cells
identified ten years post-treatment.'” While CAR T cells have shown enormous
potential in leukemias and lymphomas, they have had limited success in solid tumors
due to poor infiltration."”>177) Furthermore, this therapy generates a range of side
effects, the most serious of which being cytokine release syndrome and
neurotoxicity.'’% Various efforts have been made to prevent or mitigate these toxicities,
including modification of CAR T cells and combination of CAR T cells with other

therapies.(178.179)

1.4.3. Cancer vaccines
Vaccines traditionally used for infectious diseases have become attractive therapeutic
approaches for cancer due to their ability to induce antigen-specific immune responses.

Two types of cancer vaccines are employed clinically, prophylactic or preventive cancer
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vaccines and therapeutic cancer vaccines.!'® Preventive vaccines include vaccines
against cancer-causing viruses such as hepatitis B (HBV) in liver malignancies and
human papillomavirus (HPV) in cervical and HPV positive oral cancers.('®” These
vaccines have been clinicaly successful in preventing the infection by oncogenic viruses
and reducing the incidence of their associated cancers.('®-8) Therapeutic vaccines are
vaccines administered upon cancer incidence to expose the immune system to cancer
antigens, initiate the cancer immunity cycle, and eliminate cancer cells.('®)

Historically, therapeutic vaccines were created by combining autologous cancer
cells from patients with viruses such as Newcastle disease virus (NDV) or adjuvants to
stimulate cancer-specific immune responses in metastatic T lymphoma and metastatic
melanoma.('®.18") These resulted in the activation of anticancer immune responses,
prolonged survival in mice, and reduced metastatic tumor burden.('8:187) Such early
studies prompted the clinical investigations of autologous vaccines for various cancers,
leading to FDA approval of Sipuleucel-T for prostate cancer.('®® Despite some
successes, the clinical translation has been challenging, mainly due to limitations with
obtaining tumor specimens, poor immunogenicity, and long and inconsistent production
processes.2"189.190) Similarly, allogeneic vaccinations, which utilize established human
cancer cell lines were developed.(®® While these vaccines could provide a limitless
supply for tumor antigens and produce reliable outcomes, they have been ineffective
mainly due to the extensive intratumoral heterogeneity, misrepresentation of tumor
antigens compared to autologous tumors, and non-effective allo-HLA-specific immune
responses.('8191) These challenges inspired the development of newer approaches for
generating personalized cancer vaccines.

As mentioned in section 1.3.5., the recent evolution of mass spectrometry and
next-generation sequencing technologies shifted our ability to detect tumor mutations,
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aberrantly expressed genes, and the corresponding TAAs or TSAs. This allowed the
exploration of personalized peptide-based vaccinations, wherein multiple mutated
peptides with high affinity to HLA molecules are administered along with
adjuvants.('9219%) A phase | clinical trial in patients with metastatic melanoma showed
that the vaccination with multi-peptide based vaccine targeting up to 20 neoantigens
resulted in induction of polyfunctional CD4+ and CD8+ T cells, which could identify the
autologous tumor and differentiate between the mutated and wildtype antigens."*® Four
out of six patients were disease-free at 25 months post-vaccination, and the remaining
two patients showed complete regression upon additional treatment with ICI.("** Long
term evaluation of these patients showed persistence of neoantigen-specific T cell
responses exhibiting memory phenotype and epitope spreading, with all six individuals
surviving four years following vaccination.(') Phase | clinical trials in glioblastoma
patients with TSA peptide vaccines or a combination of TAA and TSA peptides resulted
in increased TlLs and induction of CD4+ and CD8+ T cell responses, with enriched
CD8+ memory phenotypes.!'9:19) Similar study with personalized RNA vaccine showed
induction of T cell infiltration and antigen-specific T cells, which could kill autologous
melanoma tumor cells.('*® While the clinical investigations of such personalized cancer
vaccines are still in the beginning stages, these findings provide a promising future for

their therapeutic applications.

1.4.4. Oncolytic viruses

The historical development of cancer immunotherapies began with observations of
therapeutic prognosis associated with acute infections of cancers, as outlined in section
1.1. Those early findings led to the development of oncolytic viruses (OVs), which can
selectively infect and replicate in malignant cells while leaving normal cells

unharmed." QVs destroy cancer cells through direct oncolysis, vascular collapse, and
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inducing antitumor immune responses.('%209) QVs have been shown, in preclinical
models, to reverse cancer immune evasion strategies and induce the cancer immunity
cycle by inducing antigen processing and presentation, expression of MHC molecules on
cancer cells, release of tumor antigens by direct cell killing, and creating an inflammatory
response which increases immune cell infiltration at the tumor site.?°'-2%4 Due to these
multimodal strategies, OVs have emerged as an effective therapeutic option against
multiple cancers.?%)

Various viruses, including adenovirus, herpes simplex virus (HSV), measles
virus, reovirus, and Newcastle disease viruses, have been utilized as OVs, either in their
naturally occurring form or by genetically engineering them to selectively target tumor
cells and enhance immune responses by expressing tumor-specific molecules or
immunomodulating factors.?%52%) Several promising preclinical studies led to clinical
investigations that resulted in the FDA approval of the first OV, Talimogene
laherparepvec (T-VEC), an attenuated HSV-1 expressing granulocyte-macrophage
colony-stimulating factor (GM-CSF) for the treatment of unresectable recurrent
melanoma.%”) In patients bearing stage Il and IV unresectable metastatic melanoma,
treatment with T-VEC resulted in a durable response rate of 16.3% and an objective
response rate of 31.5% compared to 2.1% and 6.4%, respectively, in patients treated
with GM-CSF alone.%) A recent retrospective study based on data from 10 melanoma
centers in 3 countries showed an overall response rate of 63.7%, with 43.2% of treated
individuals showing a complete response.?*® Despite promising preclinical findings,
many OVs fail to demonstrate robust antitumor activities in clinical investigations due to
limitations in viral delivery and penetration of the tumor site, off-target infections,

resistance in the TME, and antiviral immune responses that clear the virus.?1%21")
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1.5. IMMUNOGENIC CELL DEATH OF CANCER
Beyond the cancer immunotherapies outlined in section 1.4., inducing immunogenic cell
death (ICD) of cancer has recently been identified as one way to overturn tumor immune
evasion and generate effective cancer immunity. Cell death is a physiological process
that occurs regularly and is essential to maintain whole-body homeostatic function.©%212)
This process of steady-state turnover of healthy tissues includes the death of 50-70
billion cells daily, is tolerogenic, and results in non-inflammatory clearance of dead cells
by phagocytic cells [Figure 1.7].6%2'2) While this physiological cell death is an
immunologically silent event, in the context of pathologies such as cancer and infections,
other mechanism of cell death can trigger immunostimulatory events leading to
activation of the adaptive arm of the immune system. In this context, a successful cell
death-induced immune response can not only clear the cancer cells or the pathogen but
also generate long-term immunity against them. This form of immunostimulatory cell
death is termed ‘immunogenic cell death’.®%2'2 |CD is a regulated form of cell death that
occurs with certain cancer therapies or infections and is characterized by a precise
series of molecular events involving changes in cell surface molecules and the release
of soluble mediators, which interact with and activate immune cells [Figure 1.7].%212)
Originally realized in the context of certain chemotherapeutics, the discovery of
ICD has transformed our understanding of cancer therapeutics.®%2'2 Chemotherapies
are historically thought to be highly cytotoxic and immunosuppressive therapies;
however, the discovery of ICD in the past decade led to a reassessment of the impact of
these chemotherapies. Studies have shown that certain chemotherapeutics, not all, have
the potential to induce ICD and associated antitumor immune responses.®2'2) Similarly,

several other therapies and pathological events have been characterized for their ICD
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inducing capabilities, leading to the identification of different forms of ICD, each
characterized by a unique set of hallmarks.®212)

Broadly, immunogenicity in the context of ICD depends on the combination of
antigenicity and adjuvanticity of the dying cancer cells, which influence host immune
cells to induce antigen-specific immune responses.®212) This section will discuss
antigenicity and adjuvanticity, focusing on established hallmarks of ICD, in vivo

validation of ICD, ICD-mediated anticancer immune responses, and clinical relevance of
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Figure 1.7. Tolerogenic vs. immunogenic cell death.

Left, Tolerogenic cell death causes membrane blebbing, apoptotic bodies, and anti-
inflammatory signals that result in anti-inflammatory clearance of dead cells by
phagocytic cells without activating the immune response. Right, Immunogenic cell death,
on the other hand, causes the production of DAMPs and tumor antigens, which produce

an inflammatory milieu and drive immune cell infiltration and activation, culminating in
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the development of long-lasting immunity. DC: Dendritic cell, DAMPs: Damage

associated molecular patterns. Figure made using Biorender.

1.5.1. Antigenicity
Antigenicity is conferred by the expression and presentation of MHC or HLA antigens,
which are not covered by central tolerance and can elicit T cell response. These
antigens can be derived from internal proteins formed from carcinogenesis or external
sources such as viral proteins involved in carcinogenesis, which are deemed foreign and
hence capable of inducing antigen-specific immune responses.?'? The different types of
tumor antigens and their sources are explained in section 1.3.4.

Cancer antigens from dying cells associated with enhanced adjuvanticity (section
1.4.2) are phagocytosed by DCs, processed, and cross-presented to T cells to activate
antigen-specific immune responses. While most ICD inducers are expected to have little
effect on antigenicity, studies have demonstrated the ability of some to boost
antigenicity. These include treatments that can induce mutations, modulate the
proteosome processing machinery, reactivate endogenous retroviruses, and/or induce
expression of TSAs or TAAs, such as radiation therapies, DNA damage response
inhibitors, oncolytic viruses, HDAC inhibitors, photodynamic therapies (PDT), and
epigenetic regulators.?'*22) For example, treating patients with ICD-inducing 5-
Aminolevulinic acid (ALA)-PDT increased the reactivity towards basal cell carcinoma-
associated tumor antigen and increased systemic immune responses compared to the
cohort with surgical removal.??6-228) Similarly, we recently showed that oncolytic reovirus
could induce the processing and presentation of immunogenic TAAs in mouse ovarian
cancer and sarcoma models, thereby modulating the antigenicity.??422® On the contrary,

a recent study from the Kroemer group showed that treatment with autophagy and
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polyploidization resulted in the induction of ICD adjuvanticity but had no effect on cancer
cell antigenicity.??® Regardless of whether ICD inducers contribute to modifying existing
antigenicity, antigens released from dying cells in the presence of significant
adjuvanticity contribute to the generation of anticancer immunity and immunological
memory.??% Furthermore, ICD can induce MHC expression and antigen processing and

presentation pathways in cancer cells.?%0-23%)

1.5.2. Adjuvanticity (Damage associated molecular patterns)

Stressed and dying cells initiate a cascade of intracellular responses that mediate I1CD,
relaying danger signals in an attempt to maintain the systemic homeostasis.?*®
Investigation of these events following the cell death induced by cancer treatments
identified several molecular and metabolic signals, whose critical role in immunogenicity
of ICD has been established by mechanistic studies.®2'2 These danger signals from
dying cells are collectively termed damage-associated molecular patterns (DAMPs) and
contribute to the adjuvanticity of ICD. DAMPs are endogenous molecules with
predominantly non-immunological functions under normal conditions that acquire
immunomodulatory properties when exposed or secreted by dying cells.(236-240)

DAMPs elicited by ICD are spatiotemporally regulated [Figure 1.8] and are
detected by various pattern-recognition receptors (PRR) of innate and adaptive immune
cells, creating a proinflammatory state and driving therapeutically relevant anticancer
immunity. 9212241 \While DAMPs are present in most cells, their spatiotemporal
exposure/ release kinetics and intensity of exposure or release are regulated by the
intracellular stress responses caused by ICD inducers, which determines the outcome of
anticancer immunity.®%2'2 Many DAMPs associated with ICD have been discovered
over the years, with considerable variation depending on ICD inducers and cell types.?'?

Of these, the most significant DAMPs, also known as hallmarks of ICD, include 1. ER
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stress and exposure of ER chaperones such as Calreticulin (CALR), 2. Release of
Adenosine triphosphate (ATP), 3. Release of High mobility group box 1 (HMGB1), and 4.

Viral mimicry associated type | IFN signaling.®®
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Figure 1.8. Spatiotemporal DAMPs secretion upon ICD.

ICD involves the spatiotemporal regulation of the decision and processing phases,
eventually leading to the effector phase of immune system activation. The figure depicts
the order of hallmark DAMPs induced during the process. ICD: Immunogenic cell death,
DAMPs: Damage associated molecular patterns, ER: Endoplasmic reticulum, CALR:
Calreticulin, ATP: Adenosine triphosphate, HMGB1: High mobility group box 1. Figure

made using Biorender.

1.5.2.1. ER chaperones: calreticulin and heat shock proteins

Calreticulin is an endoplasmic reticulum chaperone protein involved in various cellular

homeostatic processes. In a normal state, it functions as a calcium ion (Ca?*) buffer and
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supports Ca?*-dependent processes, as well as facilitating proper protein folding and
preventing premature export of misfolded proteins from the ER to the Golgi
apparatus.®* In response to ICD mediated ER stress and unfolded protein response
(UPR), CALR is transported from ER to the cell surface membranes of dying cells,
where it acts as an ‘eat-me’ signal for APCs.(2#224%) |n some cases, such as
photodynamic therapy and chemotherapeutics, therapy-induced ER stress-CALR
exposure and dependent on the formation of reactive oxygen species (ROS).(244-247)

Surface translocation of CALR usually occurs before the exposure of
phosphatidylserine on the outer leaflet of the plasma membrane and is temporally
essential for cell death to be perceived as immunogenic.?4424% While phosphatidylserine
also acts as an eat-me signal, in the absence of CALR, it mediates tolerogenic clearance
of apoptotic cells.?43249 CALR on the cell surface binds to LDL-receptor-related protein 1
(LRP1, also known as CD91), an ER chaperone-sensing PRR expressed by APCs such
as DCs.4 The CALR-LRP1 interaction causes the engulfment of dying cancer cells
and associated antigens by DCs, resulting in the initiation of antigen-specific cancer
immunity cycle.?'? Hence, CALR exposure is considered a pre-apoptotic event and the
first step in the ICD initiation process.

Calreticulin exposure is one of the key features of ICD, and its involvement in
many types of ICD has been demonstrated, as preventing CALR surface exposure
abrogates ICD.?'? Similarly, despite identical cell death and molecular processes,
cisplatin fails to induce UPR and CALR translocation, whereas oxaliplatin does. %% As a
result, cisplatin-treated cells fail to produce anticancer immune responses, but
oxaliplatin-treated cells do so effectively.? In this context, combining cisplatin with a
UPR inducer such as thapsigargin or tunicamycin effectively restores CALR
translocation and immunogenicity of cisplatin-elicited cell death, supporting its role in
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ICD.®?5) Furthermore, recombinant CALR surface adsorption restored the prophylactic
power of CALR-depleted cells and induced ICD in vivo, showing the importance of its
activity at the cell surface.(?43252)

CALR has also been linked to several immunological and immunostimulatory
roles aside from its involvement as a pro-phagocytic molecule in ICD. CALR plays a
critical role in the antigen presentation pathway by stabilizing the MHC-I peptide loading
complex.?®) CALR maintains steady-state levels of TAPBP and MHC-I heavy chains
while retrieving sub-optimally formed MHC class | from post-ER compartments. (254259
High levels of CALR have been associated with T cell anticancer immunity and
enhanced NK cell effector capabilities against AML, which rely on CD11c+ CD14"sh
myeloid cells expressing maturation markers.?%®) CALR expression on AML cells
activated the host type | IFN pathway required for the CALR-mediated survival and
anticancer immunity. (256:257)

Other ER chaperones, such as heat shock proteins HSP70 and HSP90, are also
reported in ICD. HSP70 and HSP90 are engaged in cytoprotective tasks intracellularly,
but upon ICD induced ER stress, they translocate to the cell surface, where they interact
with LRP1 and act as eat-me signals for DCs.?'? One of the earliest studies linking
HSPs and ICD emerged from the observation that induction of HSPs in response to cell
death was associated with increased tumor immunogenicity of dying cells and tumor
clearance in vivo.?®® Later studies have identified exposure of HSPs in different forms of
ICD such as hypericin-based PDT, chemotherapy, and radiation therapy.5°-2%3) Blocking
HSP70 and HSP90 hindered DC activation and lowered the anticancer effectiveness of
treatment-induced ICD in different animal models.?%9:260.263) HSPs have a variety of
immunomodulatory roles, including APC activation, maturation, and phagocytosis, as
well as the activation and induction of NK and CD8+ T cell responses. %270 While
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HSP70/90 exposure has been identified in some cases of ICD, its necessity in the
process has not been well characterized and is hence considered a ‘bystander’ and not

a major hallmark.
1.5.2.2. Adenosine triphosphate

Adenosine triphosphate is a key molecule involved in the bioenergetic metabolism of all
cellular compartments in the body and is often referred to as the energy currency of the
cell.?” While ATP serves many physiological functions inside a cell, ATP secreted
extracellularly functions as a potent signal transducer.?*'-2"") Extracellular ATP
availability and function are balanced by degradation by cells via Ecto-ATPases.?4':27"
ATP release from dying cancer cells has been identified as one of the major hallmarks in
the context of a variety of ICD inducers.(80:212.272.273)

ATP secretion can occur via various mechanisms.?’4 An autophagy-dependent
pathway has been shown to be the main player in most instances of ICD.?7%:276)
Pharmacological or genetic interventions aimed at lowering or activating autophagy in
cancer cells have been associated with decreased or enhanced ATP secretion.(?75:277-279)
In a few treatments, such as hypericin-based PDT, an autophagy in-dependent ATP
secretion mechanism has been reported.?

In the extracellular milieu, ATP mediates two main functions: 1. It acts as a “find
me” signal, facilitating the recruitment of myeloid cells and DC precursors to the sites of
ICD via the purinergic receptor P2Y2 (P2RY2).(281282) 2|t induces proinflammatory
effects by activating the NLRP3-dependent CASP1 inflammasome in DCs, resulting in
IL-1B and IL-18 secretion upon binding to the purinergic receptor P2X 7 (P2RX7).(283)
ATP released by dying cancer cells recruits DC precursors to the site of ICD, that mature

upon ATP-driven inflammasome activation, then recruit and prime adaptive immune cells
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such as CD8+ T cells and IL-17 producing y&-T cells, which are required for optimal
anticancer immune responses.?'2284) Therefore, ATP release upon ICD facilitates the
link between the innate and adaptive arms of the immune system and associated
responses. These effects of ATP are essential for effective activation of tumor-specific
immune responses in ICD as demonstrated by studies in P2ry27-28") p2rx7--285)
CASP128) and Nirp3728) mice, which could not mount adaptive immune responses.
Furthermore, early recruitment of myeloid precursors into the TME is prevented in the
absence of ATP secretion, presence of purinergic receptor inhibitors, or ATP degrading
molecules such as CD39.(286.287) Extracellular ATP has also been demonstrated to
deplete immunosuppressive P2RX7+ M2-like TAMs in the TME by inducing pyroptosis

and promoting T cell-mediated antitumor immunity. ()
1.5.2.3. High mobility group box 1

High mobility group box 1 is a nonhistone chromatin-binding protein ubiquitously found in
the nucleus of all cells. Under steady-state, it is involved in a variety of nuclear
processes such as gene transcription, DNA repair, and the stabilization of nucleoprotein
complexes.?'228) Upon ICD, HMGB1 is secreted into the extracellular space, similar to
ATP, where it functions as a pro-inflammatory molecule.?® Release of HMGB1 requires
permeabilization of both nuclear and plasma membranes, resulting in the transport of
HMGB1 from the nucleus to the cytoplasm and eventually into the extracellular
environment.?'?) As a result, this is classified as a post-mortem event that occurs during
the later stages of ICD.

The immunomodulatory potential of extracellular HMGB1 seems to be largely
dependent on its redox state, with the reduced form facilitating potent pro-inflammatory

activities.®2%2 HMGB1 can bind to multiple PRRs expressed on myeloid cells such as
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TLR4, TLR2, and advanced glycosylation end-product-specific receptors (AGER, also
called RAGE).'22%Y |n the context of ICD, knockout studies have revealed that only
HMGB1-TLR4 signaling via the MYD88 immune signal transduction adaptor is required
for cell death to be perceived as immunogenic.?%

HMGB1 mediated TLR4 stimulation of DCs is essential for DC activation and
maturation by enhancing phagocytic, antigen processing, and presentation pathways
resulting in anticancer immune responses.®?'? In cancer cells with low or RNAi-depleted
HMGB1, TLR4 agonist administration rescued the ICD-mediated anticancer immune
response.?® This also suggests that TLR4 stimulation without the ligand (HMGB1) may
be sufficient to activate DCs. HMGB1 also synergizes with ATP to induce IL-13 release
by DCs, and antibody blockade of HMGB1 in this context inhibited IL-1 production by
DCs.(?®) In addition to these functions, HMGB1 can interact with CXCL12 and recruit
immune cells to sites of inflammation.@® Overall, HMGB1-TLR4 axis-mediated DC

activation is critical for ICD-elicited immunogenicity.
1.5.2.4. Type |l interferon signaling

Interferons (IFNs), a family of cytokines, have long been utilized to treat a variety of
cancers even before their mechanism of action was discovered.?%2%7) Activation of type
I IFN mediated signaling pathways by microbial ligands has been extensively
studied.%-300) |n the last decade, studies have confirmed the role of type | IFNs (IFNa/
IFNB) in the context of cancer therapy mediated ICD, where endogenous or exogenous
nucleic acids from dying cancer cells induce IFN signaling in a viral mimicking
pattern,(241:301-303)

ICD-mediated IFN signaling is initiated by activation of endosomal TLR3 via

RNA®%33%4) or cyclin GMP-AMP synthase (cGAS) / signal transducer stimulator of IFN
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response cGAMP interactor 1 (STING or STING1) via cellular DNA.G%-3%") |FNs bind to
IFNa or IFN receptors (IFNAR/ IFNBR) on cancer cells and trigger autocrine and
paracrine signals leading to the production of a cascade of interferon-stimulated genes
(ISGs) such as CXCL10 and IFIT1.%%) Dying cancer cells showed reduced
immunogenicity in vivo when TIr3, Ifnar1, Ifnar2 genes were absent or when IFNAR1-
neutralizing antibody was present.®%) |n this model, the addition of exogenous type |
IFNs or recombinant CXCL10 restored the immunogenicity of ICD, confirming the
importance of the signaling cascade.®%) Furthermore, nucleic acids derived from dying
cancer cells can mediate immunostimulatory effects in DCs by activating type | IFN
production.%3%) Exogenous addition of type | IFN rescued the DC cross-presentation in
cGAS/ STING deficient DCs, indicating the relevance of cGAS/ STING signaling for ICD-
mediated immune responses.®%® Additionally, degradation of nucleic acids has been
shown to diminish immunogenicity of ICD mediated by DCs and T cells.G"031"

Acute and robust type | IFN responses mediate potent immunostimulatory effects
by interacting with homodimeric or heterodimeric receptors on diverse immune
cells.(296:298,312313) Following the engulfment of dying cancer cells, IFNs boost DC
activation and survival, as well as antigen cross-presentation, leading to CD8 T cell
cross-priming.®9.2122%.314) |ENs also enhance the cytotoxic functions of CD8 T cells and
NK cells.®15318) Moreover, type | IFNs stimulate the secretion of pro-inflammatory
mediators by macrophages and inhibit immunosuppressive Tregs.®'7:318) CXCL10,
produced via IFN signaling, acts as a chemoattractant for T cells and neutrophils alone
or in conjunction with CXCL1 and CCL2 and has been linked to neutrophil-mediated
cancer immunity with some inducers of ICD.(03:319)

While the above-reported hallmarks have been identified in various scenarios
and forms of ICD, not one of them or a combination of them is sufficient to induce ICD.
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Ultimately, these hallmarks work in cohesion with the antigenicity of ICD to induce
anticancer immunity. This concept is explained in the next section, 1.4.3.

In conclusion, antigenicity and spatiotemporally regulated adjuvanticity (DAMPs)
of ICD-induced dying cancer cells interact with and initiate a cascade of innate and
adaptive immune responses: 1. ‘find me signal’ ATP initiates DC recruitment and
activation at the site of ICD via interactions with P2RX7 and P2RY2, 2. ‘eat me signals’
CALR/ HSP70/ HSP90 trigger cancer cell phagocytosis and antigen uptake by DCs via
interactions with LRP1, 3. HMGB1, ATP, and type | IFNs promote DC maturation and
cross-presentation via interactions with TLR4 and IFNAR, respectively, and 4. facilitate
recruitment and activation of T cells via CXCL10 and other cytokines. Together, these
events result in the initiation of the cancer immunity cycle and long-lasting antigen-

specific immune responses [Figure 1.9].
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Figure 1.9. Immunogenic cell death and cancer immunity cycle.

Cancer cells emit various DAMPs in response to ICD inducers, which interact with

immune cells and promote distinct stages of the cancer immunity cycle. The primary

events connected with ICD are illustrated in black boxes, whereas the events in the

cancer immunity cycle are depicted in white boxes, demonstrating their coordination.

ICD: Immunogenic cell death, DAMPs: Damage associated molecular patterns, CALR:

Calreticulin, ATP: Adenosine triphosphate, HMGB1: High mobility group box 1, IFNs:

Interferons, DC: Dendritic cell. Figure made using Biorender.
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1.5.3. Gold standard approach to validate ICD

Both antigenicity and adjuvanticity, as previously stated, are critical components of ICD-
mediated anticancer immune responses, and several hallmarks have been identified in
the context of ICD. Assessing these in vitro hallmarks will provide crucial information at
the molecular level, allowing researchers to perform large-scale therapeutic screens,
uncover prognostic or predictive markers, devise multimodal regimens, and improve
therapy success. However, none of the discovered DAMPs, alone or in combination, can
predict the immunogenicity of cell death in vivo, implying that there are unknown ICD-
related DAMPs and molecular events that need to be investigated. For example, cardiac
glycoside digoxin generated signature DAMPs in mouse MCA205 fibrosarcoma cells in
vitro but had a poor impact against tumor growth suppression in vivo.®?% In the same
model, combining digoxin with a non-ICD producing chemotherapeutic enhanced
treatment efficacy relative to either treatment alone, demonstrating that factors other
than DAMPs influence in vivo efficacy.®?® Thus, biochemical analysis of different
hallmarks is insufficient to identify whether a treatment promotes ICD. Furthermore,
because ICD ultimately results in anticancer immunity that also includes antigenicity, in
vivo vaccination experiments in immunocompetent models are used to determine the
immunogenicity of cell death.

Briefly, cancer cells treated with a cancer agent are injected into
immunocompetent syngeneic mice.®2) These vaccinated mice are then challenged with
living cancer cells of the same kind.®2") If the treatment agent of choice is an ICD
inducer, the dying cells would be immunogenic, and vaccination with these cells would
activate immune responses against the cancer antigens.®?" As a result, the immune
system can recognize, fight, and eliminate tumor cells when challenged, resulting in
tumor-free mice.®2") On the other hand, if the therapeutic agent of choice is not an ICD
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inducer; the vaccination with dying cells will fail to generate an efficient immune
response, and animals will develop tumors when challenged.®?" The absence of tumor
growth and the percentage of tumor-free mice in these experiments provide a reliable
estimate of immunogenicity. 2"

Recent studies (including ours in Chapter 5) have confirmed the importance of
performing in vivo vaccination experiments to identify bonafide ICD. Mouse G69 bladder
cancer cells treated with gemcitabine released all hallmark DAMPs but failed to induce
protection in vivo.®?? In this study, the authors detected an inhibitory DAMP that, when
blocked, rescued gemcitabine's in vivo ICD properties. Therefore, as we discover more
immunostimulatory or inhibitory DAMPs involved in different immunological pathways, it
is essential to perform vaccination experiments to validate ICD. This is especially
important when testing novel therapies, the distinctive ICD hallmarks of which may be
unknown. However, this technique has a limitation; it cannot be used to verify ICD in
human cancer models, which will continue to rely on in vitro hallmark identifications until

better humanized mouse models are developed.

1.5.4. Clinical relevance of ICD

Consistent with effects in preclinical models, a vast amount of clinical literature suggests
the importance of various DAMPs in determining the disease outcome. Treatment with
ICD-inducing oxaliplatin improved the overall as well as progression-free survival in
colorectal cancer patients with normal TLR4 but not in patients with loss-of-function
TLR4 (NCT00126256).23232%) There was no difference in patients who did not get
chemotherapy, irrespective of their TLR4 status. Loss-of-function polymorphisms in
TLR4 have also been associated with unfavorable disease outcomes in breast cancer,
melanoma, and head and neck squamous cell carcinoma patients.(241:293.324-326) Gimjlarly,

the absence of HMGB1 staining in anthracycline-treated breast cancer tumors was
48



correlated with poor overall and progression-free survival in these patients,®2"
highlighting the importance of the HMGB1-TLR4 axis in cancer prognosis. Low levels of
calreticulin have been associated with advanced disease stages in urothelial carcinoma
patients.®?® In contrast, higher expression was associated with improved disease
outcomes in multiple cancers such as colorectal cancer, glioblastoma, neuroblastoma,
ovarian cancer, osteosarcoma, AML, and non-small cell lung carcinoma.(252:328-335)
Furthermore, high CALR levels were correlated with several parameters of anticancer
immunity such as intratumoral infiltration by DCs, memory T cells, antigen-specific T
cells, NK cells, and CD4+ Th1 cells, in different cancer models. (256.329.332,333,335,336)
Likewise, loss of function polymorphisms in P2RX7, the receptor of ATP, have been
associated with poor clinical outcomes in a variety of malignancies.(?71285.337-340)
Bortezomib, a proteasome inhibitor, has recently been demonstrated to induce ICD in
human and animal models of multiple myeloma (MM). Moreover, bortezomib enhanced
transcriptional expression of the "ICD signature," which consists of 90 immune-related
genes, has been linked to a better clinical outcome in MM patients.®41342) |t is worth
noting that 57 of the 90 genes were classified as interferon-stimulated, showing that
bortezomib activated ICD via type-I IFN response in MM cells.®4'342) These findings
point to the importance of DAMPs and related pathways in determining the clinical
outcome of cancer patients.

Although there is abundant evidence for the function of ICD and related
immunological responses in preclinical models and correlative evidence of the role of
DAMPs in determining clinical prognosis in some malignancies, the mechanistic
contribution of ICD processes in a clinical setting remains unclear. The relationship
between ICD induction and treatment efficacy in clinical settings has been difficult to
establish for various reasons. For instance, DAMP identification using expression levels
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in the tissues does not necessarily correlate with secretion, as demonstrated in
preclinical models of ICD in a spatiotemporal manner.?4'343) Similarly, lack of
understanding of clinically applicable systemic biomarkers; ICD’s reliance on various
host factors such as intact signaling pathways, the absence of immune evasion
mechanisms, TME, and the functional status of immune cells; the relevance of different
DAMPs in different therapies; and restrictions on the availability of tumor samples for
follow up studies - all contribute to the difficulties in understanding ICD clinically.41:343)
Nevertheless, there is a growing interest in filling these knowledge gaps. Hundreds of
clinical trials are now focused on studying the induction of ICD by cancer therapies such
as chemotherapies and radiation therapies, either alone or in combination with other
immunotherapeutic strategies.32:34334) Importantly, many clinical reports have indicated
that ICD-induction by immunogenic chemotherapies sensitizes tumors to combination
therapy with checkpoint inhibitors,®*% supporting the clinical significance of ICD and

paving the way to optimize and design better combination therapies with ICD inducers.

1.6. PHOTODYNAMIC THERAPY OF CANCER

Given the evolution of cancer therapeutic strategies from tumor-centric to immune-
focused, the ideal therapy is one that can destroy the malignant cells while also
generating protective antitumor responses. Photodynamic therapy provides a desirable
option due to its ability to destroy cancers by implementing dual functionalities.®46) PDT
is a minimally invasive clinically approved therapeutic modality, which utilizes a light
activatable chemical compound known as photosensitizer (PS), light, and molecular
oxygen.347-349) The photochemical reaction between these three usually harmless
components results in the generation of molecules such as reactive oxygen species, that
can kill the cancer cells [Figure 1.10]. While the precise mechanism of activation and

action varies, the general principle of PDT is that illumination of the PS leads to
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absorption of a photon that promotes the PS to its excited singlet state, which is
energetically unstable. The PS returns to its ground state from this unstable and usually
short-lived state by converting energy into heat or fluorescence.®4-349 Alternatively, PS
from a singlet state can transition to a longer-lived, more stable triplet state. While
returning to the ground state, PS transfers its energy to create chemically reactive
species, such as superoxide anion radicals, which is considered a type | reaction, or
singlet oxygen, considered a type Il reaction.®4-349) The products of type | and type I
reactions, singlet oxygen and superoxide anions, initiate a cascade of biochemical
events that lead to oxidative damage and death of cells, contributing to PDT’s
therapeutic potential.®47-349) |n general, type Il reactions are most commonly observed.
References to therapeutic usage of light and PDT were made thousands of years
ago in ancient Egyptian, Chinese and Indian literature.®4:3%0 The idea of using PDT for
treatment considered the modern era of PDT began over a century ago, with the
discovery of cell death triggered by a combination of chemicals and light that varied
depending on the amount of exposure to light. The first PS used in humans was
haematoporphyrin, a mixture of porphyrins derived from haemoglobin.®473%0) The
purified haematoporphyrin derivative, Photofrin (also known as Porfimer sodium),
accumulated in tumors and reduced tumor growth in preclinical and clinical studies.
These findings resulted in the first clinical approval of PDT for the treatment of bladder
cancer, in Canada, in 1993, followed by approval from the food and drug administration

(FDA) in 1995.(349:351)

51



Figure 1.10. Photodynamic therapy reaction.

Photodynamic reaction involves the interaction of photosensitizer with a light of a
specific wavelength in the presence of molecular oxygen and results in the formation of

reactive oxygen species (ROS). Figure made using Biorender.

1.6.1. Photosensitizers

Photosensitizers are mainly classified into three generations based on their evolution.
Photofrin is considered a first-generation PS that has been most widely studied. Despite
this and the clinical approval, it failed to become a mainline treatment due to concerns

such as the requirement of high doses of PS to achieve therapeutic efficacy, prolonged
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skin phototoxicity, poor tissue selectivity, and compromised bladder function.(346:352-354)
Furthermore, the compound only absorbs shorter wavelength visible light, resulting in
limited tissue penetration and the inability to target deeper tumors. These limitations
prompted the development of second-generation PSs intended to overcome the
shortcomings of the first generation. These included purer porphyrins such as
porphyrins, chlorins, pheophorbides, phthalocyanines, and so on.346:352-357) The goal was
to improve PS purity, tumor selectivity, minimize the overall drug dosage and side
effects, and absorb longer wavelengths. The challenges in simultaneously achieving
better tumor selectivity, limiting off-site tissue damage, and optimal photophysical and
photochemical properties resulted in the third generation of PSs. Third generation PSs
are modified versions of second-generation PSs, that can target tumors either actively
(PSs attached to molecules such ligands or antibodies that preferentially bind to tumor
surface receptors) or passively (modified delivery systems - PSs loaded into
nanoparticles or liposomes that can penetrate the leaky vasculature) to improve
selectivity to malignant tissue.(346:358-360) The goal behind these is to control the

localization of PSs while retaining their photophysical properties.
1.6.1.1. Ideal photosensitizer

The evolution of PSs has been aimed at developing an ideal PS with desired
characteristics®46:352.353.381) gych as 1. Effective singlet oxygen production, 2. Preferential
tumor accumulation and rapid systemic clearance, 3. No dark toxicity, 4. A broad range
of activation wavelength, 5. Chemically stable structure, 6. Ease of solubility in clinically
applicable injectable formulations, and 7. Easy and reproducible synthesis process. To
date, no PS has been created with all desired characteristics, and even if one does, it

would not be applicable against a wide range of cancers and tumor phenotypes. While
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most photosensitizer development has been centered around organic molecules or
porphyrins, there is an emerging interest in utilizing transition metal complexes for PSs

due to their superior properties. %239
1.6.1.2. Transition metal complexes

The success of metal complexes such as cisplatin and its derivatives in cancer treatment
led the path for the exploration of other transition metal (TM) complexes.®%? Due to their
appealing photophysical-photochemical properties, several TM complexes such as
ruthenium (II) complexes, osmium (I1), iridium(lll) complexes, and polymetallic
complexes have been proposed as prospective PSs. TM PSs can absorb light efficiently
in both the visible range as well as near-infrared (NIR) ranges, giving them a wide
activation range and thus applicability.(346:361:363.364) pon excitation, TM PSs can
efficiently (close to 100%) yield triplet excited states, providing more time for interaction
with molecular oxygen, leading to high yields of singlet oxygen generation.®46:36") T\
complexes also offer a large number of excited-state electronic configurations, allowing
them to be exploited as dual-action agents in both oxygen-dependent as well as oxygen-
independent cytotoxic reactions.®46:365366) |n contrast to many organic PSs, TM
complexes have high photostability, allowing for prolonged recycling of the PS and, as a
result, reduction in overall PS dosage needed to achieve the desired
cytotoxicity.®53%61.367) Many TM PSs have been reported to have high photoindices (Pl =
light toxicity/ dark toxicity), demonstrating minimal toxicity without light illumination.¢"
Furthermore, TM complexes are relatively easy to synthesize, allowing for the ability to
fine-tune their properties as required.(46:353361.368) Among the several TM PSs reported,
ruthenium (Ru) Il complexes have been most extensively studied in PDT. Notably, a Ru

(I-PS based PDT (TLD1433), developed by our collaborator, Dr. Sherri McFarland, is
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currently undergoing phase llb clinical trials for use in non-muscle-invasive bladder
cancer, indicating a promising future for TM complexes in PDT.%®) Chapters 4 and 5 of
this thesis discuss the development and immunological characterization of novel Ru (ll)

TM complexes for PDT of melanoma.

1.6.2. Light source
The efficacy of PDT reaction also depends on the properties of the light source used to
activate the PS. In a clinical setting, this necessitates the light’s ability to penetrate skin
and tissue and activate the PS at the tumor site [Figure 1.11].(346:352-354) The wavelength
of light also dictates tissue penetration, with shorter wavelengths targeting surface-level
tissues and longer wavelengths targeting deeper tissues. Most of the first- and second-
generation PSs are designed to be activated by shorter wavelengths, restricting their
usage.(®46:352-3%4) | ight penetration into tissues is a complex process that is often
hampered by tissue heterogeneity, which influences light absorption and scatter. For
instance, the efficacy of shorter visible wavelengths can be limited due to absorption by
endogenous chromophores such as haemoglobin.®46:3%2-3%%) On the other hand, water
can absorb longer wavelengths, and wavelengths beyond 850nm fail to activate PSs to
triplet state to generate singlet oxygen efficiently. Noting these limitations, the
“phototherapeutic window” or optimal wavelengths for tissue penetration and PS
activation are considered to be between 600nm and 850nm.(346:352-3%4) |t was recently
recommended that the optimal wavelength should change based on the location of the
tumor, as using longer wavelengths for superficial cancers is unnecessary and
undesired.®40)

Various light sources such as lamps, LEDs, lasers, incandescent bulbs have
been utilized in PDT, with varying applications and degrees of efficiency. Lasers are

widely used and desired for clinical application of PDT, as they are powerful and can be
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coupled with optical fibers and diffusing tips to illuminate deeper tumors
interstitially.(346:352-354) |n addition to wavelength and light source, PDT efficacy is also
determined by the application and dosage of light, such as light fluence (total energy of
exposed light across irradiated area, J/cm2), light fluence rate (energy per second
across irradiated area, W/cm2), light exposure time, and light delivery method (single or
fractionated). It has been shown that high fluence rates can deplete oxygen levels in the
TME rapidly, limiting the reach of PDT.(346:352-3%4) | ower fluence rates, on the other hand,
have been demonstrated to be more effective and to promote tumor cell-specific
apoptosis.®5235% Some studies showed the effectiveness of combining high and low PDT
doses to achieve a superior outcome.®”® However, the optimal dose regimens are case-
dependent, reliant on the tumor characteristics, and therefore important to investigate.
Finally, the optimum PS and PDT regimen is dependent on a number of
parameters, including tumor characteristics and clinical requirements. Furthermore, most
PS development has been centered on a PS-centric model, focused only on PS
properties. Recently, a tumor-centric-PS development paradigm based on clinical criteria
for PS and PDT regimen development was proposed, which is implemented in Chapters

4 and 5.6
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Figure 1.11. Tissue penetration by lights of different wavelengths.

The depth of tissue penetration increases as the wavelength increases, with blue light
targeting the skin's surface and red or near-infrared wavelengths reaching deeper into

the dermis and subcutaneous layers. Figure made using Biorender.

1.6.3. PDT mediated anticancer responses
PDT-mediated tumor destruction can occur through three main mechanisms. First, the
localization and activation of the PS in tumor tissues result in ROS production and direct

cell death of malignant cells at the site of PDT. Alternatively, PS can localize in the tumor
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vasculature and destroy the endothelial cells, limiting the delivery of nutrients and
oxygen to the tumor cells. Finally, PDT can indirectly eliminate the tumors by stimulating

inflammatory responses and activating the immune system against tumor cells.
1.6.3.1. Cytotoxicity

Much of the cytotoxicity caused by PDT is mediated by the production of reactive oxygen
species and their interactions with various biomolecules. In general, the phototoxic
effects of PDT are not tumor-selective, and the PSs are taken up by both normal and
malignant cells. The major cytotoxic ROS formed from the photodynamic reaction of PS
and oxygen, singlet oxygen ('02), has a short life of less than 0.05 s in cells and can
diffuse less than 0.02 ym from the site of production.®52372373) Therefore, the targets of
PDT reaction are highly dependent on the site of PS activation.

PDT-mediated cell death is a complex cellular process dependent on the PDT
regimen and PS characteristics, which determine the localization of PS into organelles
such as mitochondria, Golgi apparatus, endoplasmic reticulum, lysosomes, or plasma
membrane.®7437% While PDT promotes cell death through various pathways, apoptosis,
necrosis, and autophagy are the main mechanisms.®”® PS localization in mitochondria,
has been shown to promote apoptosis in the targeted cell by photodamage to Bcl2,
resulting in mitochondrial membrane permeabilization and release of pro-apoptotic
molecules such as cytochrome c.®76-38) Alternatively, PS localization to the plasma
membrane has been associated with loss of membrane integrity and induction of
necrotic cell death.®®") The PS localization to different organelles can be controlled by
the PS incubation protocols. For instance, incubating Photofrin for longer vs. shorter
periods (24 vs. 1 hour) shifted its localization from cytoplasm to plasma membrane,

altering the cell death pathway from apoptotic to necrotic.®®?) This phenomenon has
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been confirmed with other PSs.(381.383-389) |t is also shown that high-dose PDT, either
through high PS concentration or high light dose, can result in necrosis due to extensive
damage to the cell.®8-389) |n addition, PDT also induces cell death via autophagy in the
event of impaired apoptosis.®%39) | ow dosages of PDT have been shown to induce
protective autophagy, whereas higher doses result in autophagic cell death.®%) PS
localization also influences autophagy; PS localization to mitochondria and ER is shown
to induce prosurvival autophagy, whereas lysosomal targeted PS inhibits autophagy.®%*-
394) Recent studies have indicated that PDT-mediated cell death can also occur through
necroptosis, ferroptosis, and pyroptosis pathways.#%-397)

Similar to the subcellular localization, the site of PS localization and ROS
generation within the tumor microenvironment determines the cells that are being
damaged. Within the tumor, the PS can localize to the tumor parenchyma consisting of
malignant cells or the stroma consisting of structural proteins, connective tissue cells,
and inflammatory cells. Since the interactions between tumor cells and stromal cells are
essential for tumor cell growth, motility and invasiveness, tumor stroma is also an
important target for cancer therapies.®%3% PDT has been shown to affect the tumor
stromal cells in addition to the tumor cells, which is believed to play a major role in the
efficacy of PDT.“%) PDT can destroy stromal fibroblasts, alter the tumor extracellular
matrix (ECM), thereby inhibiting tumor progression while improving therapeutic
outcome.01-40%) PDT also induces damage to structural proteins such as integrins
disrupting the tumor-stromal signaling.“%) Furthermore, upon localization to tumor ECM,
PDT-generated ROS can alter ECM composition by inducing hyaluronic acid
degradation, cross-linking in the collagen matrix, inactivating the matrix-residing growth
factors, and inhibiting cancer cell migration.“%-49") PDT-mediated damage to tumor
vasculature is explained in 1.5.3.2.
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PDT-mediated ROS also causes oxidative stress and damage to different
biomolecules, initiating various adaptive stress responses to repair the damage and
maintain cellular homeostasis. The activated survival pathways include integrated stress
response, which is mediated by elF2a phosphorylation and results in unfolded protein
response and ER stress as well as antioxidant stress response, which results in nuclear
factor erythroid 2-related factor (Nrf2) mediated clearance of oxidized
biomolecules.®"338% While these stress mechanisms target homeostasis and recovery,
prolonged oxidative stress resulting from PDT leads to inevitable cell death via multiple
cell death pathways, as described above.®"338) PDT-mediated oxidative stress also

results in immunogenic cell death, explained in section 1.6.3.3.
1.6.3.2. Vascular damage

In addition to the direct destruction of tumor cells, PDT can effectively target tumor blood
vessels. PSs localized and activated in the tumor vasculature cause vascular collapse
and inhibit the formation of new blood vessels, thereby restricting nutrient and oxygen
supply and reducing tumor proliferation. Vascular-targeted PDT regimens include shorter
intervals between PS administration and light activation (also referred to as drug-light-
interval, DLI), allowing the PS to localize in the tumor vasculature and are shown to be
effective therapeutic regimens with various PSs.®724%) |ntravascular PDT damages
endothelial cells resulting in thrombosis and release of clotting factors which can activate
platelets.“%-41") These activated platelets can induce vasoconstriction, further reducing
the blood flow to the tumor and resulting in tissue hypoxia, nutrient deprivation, and
tumor destruction.®72412) The therapeutic effect of PSs such as HPD is largely due to the

disrupted blood flow.“1%

60



A decrease in tumor oxygen levels or an increase in tumor hypoxia has been
demonstrated to be a critical factor in vascular-targeted PDT with various PSs such as
redaporfin, padeliporfin, and verteporfin.'3-41®) Measurement of tissue oxygen levels
during and after conventional cellular PDT (180 min DLI) vs. vascular-targeted short DLI
PDT (5-30 min DLI) with verteporfin resulted in a significant reduction of pO2 in both
regimens.“'® However, the reduction was transient, and oxygen levels recovered quickly
upon cellular PDT compared to vascular PDT, wherein the hypoxic environment was
maintained for an extended period.*'® Furthermore, no apparent vascular damage was
observed with 180 min DLI. Tissue reoxygenation promoted tumor growth and lowered
the therapeutic outcome of PDT, which was overcome by destroying the vasculature.“'®
Therefore, prolonged and robust hypoxia has been associated with better therapeutic
outcomes in PDT.“1®)

Interestingly, the treatment efficacy was also impacted by altering the tissue
selectivity of verteporfin to tumor microvasculature vs. normal blood vessels utilizing 30
min vs. 5 min DLL.“'® While tissue selectivity of verteporfin improved with 30 min DLI,
maximum PDT efficacy was achieved with 5 min DLI, which eliminated the tumor
vasculature as well as a margin of normal tissue. This is consistent with the observation
that tumor cures with PDT are improved by establishing circulation-free zones around
the tumor, thereby inhibiting the re-supply of nutrients to residual tumor cells that
survived the PDT.®"? Current PDT protocols utilizing verteporfin favor a DLI of 15 min,
which leads to complete blocking of blood flow in the neovasculature.®72419)

As a result, vascular targeted PDTs have received a lot of attention, with many
groups focusing on this approach to increase the therapeutic efficacy of PDT.
Furthermore, combining cellular PDT with vascular PDT has been shown to further
improve the efficacy by targeting both tumor vasculature as well as the tumor
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parenchyma.“%8416) Anti-angiogenic therapeutics have a significant role in the clinical
treatment of cancers; therefore, this property of PDT is regarded as an important factor

in determining its efficacy.“??
1.6.3.3. Immunogenic cell death

The role of danger signaling and local inflammatory reactions in PDT has been explored
since the 1990s, long before ICD was conceptualized.“? Early studies noted the
induction of heat shock proteins upon PDT-mediated oxidative stress in multiple in vitro
and in vivo models and implicated in PDT-induced cell death.#?'-42% Co-culture of PDT-
treated cancer cells expressing HSPs with immature dendritic cells resulted in efficient
engulfment of dying cancer cells by DCs as well as functional maturation of DCs.#26:427)
Given these initial observations and the importance of ROS and oxidative stress in PDT-
mediated anticancer responses, the relevance of ICD in PDT has been ponderedsince
the idea of ICD was first proposed.“?®)

Not surprisingly, ICD has been implicated in various PSs, with a recent surge of
investigations in this field. Many PSs from first, second, and third generations have been
demonstrated to induce ICD to varying degrees in different models; however, the precise
mechanism of induction varies.“?®) For example, ICD-mediated activation of CALR is
followed by co-translocation of ER protein 57 following Rose Bengal Acetate therapy,
while this occurs independently of ERp57 during hypericin-based PDT.(244.261.430)
Additionally, hypericin-based PDT induction of CALR is demonstrated to occur
independently of elF2a phosphorylation, which is considered a pre-requisite for
chemotherapy-induced ICD.(244261431) Unlike chemotherapy, ATP secretion by hypericin-

based PDT mediated ICD is independent of autophagy. 75280
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The effects of PS localization and PDT dosage on ICD induction have also been
evaluated. Recent studies have demonstrated that PSs localizing to ER resulted in
significant upregulation of ICD DAMPs and induced efficient immune responses against
mouse colorectal, melanoma, and glioma tumor models.(?6:3%) Considering the
significant role of ER stress in ICD, PSs localizing to the ER can be expected to induce
efficient ICD. On the other hand, the immunogenicity of PSs that localize to lysosomes in
a mouse fibrosarcoma model has been associated with DAMP emission, DC maturation,
and reduced tumor growth.“3? Furthermore, redaporfin, which localizes to both ER and
Golgi apparatus, has been demonstrated to induce efficient ICD in mouse lung cancer
cells.“3® The inhibition of Golgi function pharmacologically greatly lowered the outcome
of redaporfin-based PDT, demonstrating its significance in the process.“*) Given the
discrepancies between different PSs, the role of PS localization on ICD remains unclear.
Nonetheless, efforts to design ER-targeted PDTs continue. 2434435 |n gddition to
localization, PDT-dosage dependency in ICD has been evaluated. PDT-mediated ICD,
similar to cytotoxicity, may also be dose dependent, with lower doses providing more
pronounced benefits from ICD than higher doses, as demonstrated in mouse squamous
cell carcinoma and melanoma models.“36:437)

ICD plays a significant role in PDT-mediated anticancer responses, and PDT-
induced ICD vaccines' potential has been explored. However, ICD upon PDT is also a
developing area with many unknowns, and requires more studies to understand fully.
Chapters 5 and 6 in this thesis focus on exploring the role of ICD in transition metal

complexes.
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1.6.3.4. Anticancer immune responses

Photodynamic therapy was initially thought to be a local cytotoxic treatment that only
affected cancer cells and vasculature. However, studies in the last two decades have
demonstrated that PDT can induce local and systemic inflammatory responses, resulting
in the activation of both innate and adaptive arms of anticancer immune responses.

Innate immune responses & inflammation

PDT generated cell death of resident cancer and stromal cells has been shown to induce
proinflammatory cytokines such as IL-6, IL-13, and TNFa, mediated by the activation of
transcription factors including NFkB and AP1.43%-444) |-6 has been identified as an
important proinflammatory cytokine in PDT-mediated antitumor immune responses. 4%
Porfimer sodium and related photosensitizers have been shown to increase the
expression of IL-6 in both mouse tumors and serum. #41:444:446:447) \/ggcular-targeted PDT
with redaporfin led to a significant increase in IL-6 levels in the peripheral blood.“®) |L-6
is also thought to be involved in complement production and neutrophil migration;
however, pre-existing IL-6 induction through surgery has been shown to have no or
negative effect on PDT-mediated immunity.445:449:450)

Similarly, increased IL-1p is linked to the expression of endothelial adhesion
molecules, neutrophil recruitment, and the number of circulating neutrophils.®%4%2) TNFa
production by PDT-treated macrophages has been linked to direct cytolytic and anti-
vascular actions.“*® Urinary cytokines IL-1B and TNFa were detected in bladder cancer
patients who had PDT with the highest light fluences.“%® Furthermore, after Photofrin-
based PDT, factors such as granulocyte colony-stimulating factor (G-CSF), IL-10,
histamine, and leukotrienes were released.“345) Together, these inflammatory
mediators play an important role in activating and recruiting various immune cells to the

PDT-treated region.
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Neutrophils:

Massive local and systemic neutrophilia has been observed during PDT with several
PSs and is one of the significant manifestations of PDT-mediated acute
inflammation.#39:454-459) Photodamage to tumor vascular endothelial cells causes
structural changes and upregulates the expression of adhesion molecules such as E-
selectin and ICAM1, which are required for neutrophil adhesion, and chemokine MIP2,
which mediates neutrophil migration to the tumor site. #39.444.454.458.460) High neutrophil
infiltration at the tumor site has been observed within 5 minutes post-PDT and lasted for
24 hours.457:460-462) An increase in peripheral neutrophils is shown to be dependent on
the complement system, which is also increased upon PDT.#46:462-465 Administration of
blocking antibodies that inhibit C3a and C5a, which promote vascular permeability, fully
eliminated PDT-induced neutrophilia.#57:460.462:464) |n gddition to neutrophil infiltration at
the irradiated tumor site, PDT treatment also results in neutrophil migration and
accumulation in the tumor-draining lymph nodes via secretion of IL-18 and IL-17 by the T
helper 17 (Th17) cells.#%4:4%6)

Several investigations have demonstrated that neutrophilia is important for the
success of PDT treatment. Strong and early activation of neutrophils at the irradiated
tumor site has been associated with better tumor cures following Photofrin-based
PDT.“59466) | jkewise, blocking local or systemic neutrophilia in mice through CXCR2
knock out, selective immunodepletion, or anti-neutrophil sera resulted in significantly
decreased PDT efficacy and antitumor CD8+ T cell infiltration at the tumor site in various
PS and PDT regimens. (#54-456:458,459,467,468) Clinjcally, peripheral neutrophils were
significantly increased in esophageal squamous cell carcinoma patients treated with
Photofrin-PDT.“®) Thus, PDT-induced local and systemic neutrophilia contributes to the

prolonged efficacy of PDT and activation of adaptive immune responses.
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Macrophages:

Tumor-associated macrophages (TAMs) are another important player in PDT-mediated
antitumor immunity. The tumor microenvironment is typically composed of M2
macrophages, which have an immunosuppressive phenotype and promote tumor
metastasis and angiogenesis.“’%4"" |t was shown in multiple models that PSs
accumulate at higher levels in these phagocytic M2 macrophages, which were
eliminated upon light irradiation.#43472-478) Additionally, this elimination of M2
macrophages followed the infiltration and activation of immunostimulatory M1
macrophages into the TME. 461472473479 pDT-induced release of HSP70 from tumor cells
was shown to activate macrophages through interactions with TLR2/ TLR4 and release
proinflammatory cytokines such as IL-6, IL-12, nitric oxide (NO), and TNFa at the tumor
site.?® Furthermore, PDT treatment increased the expression of complement receptor
C3aR on monocytes in vivo. Co-culture of treatment-naive macrophages with PDT
treated cancer cells ex vivo resulted in elevated expression of C3aR on macrophages,
which can enable them to phagocytose tumor cells opsonized with C3 after PDT.#46.462-
469 Increase in macrophage infiltration at the irradiated site was also observed in clinical
samples from basal cell carcinoma patients treated with ALA-PDT.“8) Therefore,
photodynamic therapy can shift the M1/M2 balance in the TME from immunosuppressive
towards an immunostimulatory environment.

Natural killer cells:

Natural killer (NK) cells are innate effector cells capable of destroying cancer cells.
Unlike cytotoxic T lymphocytes, NK cells are not antigen-specific and function by
identifying the missing self-receptor, the MHC class | molecule, on the surface of
cells.#®1-483) MHC | molecules on normal cells interact with inhibitory receptors on NK

cells, thereby preventing NK cells from attacking them. As cancer cells tend to
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downregulate MHC | molecules to escape T cell-mediated cytotoxicity, these cells are
detected and destroyed by NK cells.#®'-483) Additionally, NK cells can also interact with
cancer cells through their activation receptors and corresponding ligands, leading to their
activation. The outcome of NK cell effector activity appears to be determined by the
balance of inhibitory and activation receptor engagement. “#81-483)

PDT with 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH) resulted in
upregulation of non-classical MHC class | molecules, NKG2DL in human colon
carcinoma cells in vitro and mouse colon carcinoma cells in vivo, respectively.“®) These
molecules function as ligands for the NKG2D activation receptor on NK cells and are
involved in NK cell-mediated immunity. As a result, HPPH-PDT treated cancer cells were
more sensitive to NK cell-mediated cytotoxicity ex vivo.“® No difference was noticed in
classical MHC class | or antigen presentation pathway associated molecules upon
HPPH-PDT. Similarly, hematoporphyrin-PDT enhanced the expression of NKG2D
ligands such as MICA/B and ULBP family proteins in human gastric and lung cancer
cells, increasing their sensitivity to NK cell-mediated cytotoxicity.“®) Furthermore,
blocking NKG2D using monoclonal antibodies prevented NK cells from destroying
cancer cells.“8)

Several studies have reported that NK cell activity is important for overall PDT
efficacy. In a mouse breast cancer model, depleting NK cells reduced overall PDT
efficacy and associated CD8 T cell immunity in local and metastatic tumors following
Photofrin or benzophenothiazine-PDT.“8-48) Additionally, PDT in combination with NK-
based adoptive immunotherapy resulted in improved tumor control in multiple tumor
models.“® Clinical photodynamic therapy of patients with head and neck cancer
enhanced the frequencies of NK cells in the peripheral blood.“#% Overall, these studies
highlight the potential role of NK cell-mediated immunity in PDT.
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Adaptive immune responses

One of the earliest observations indicating the significance of adaptive immunity upon
PDT was made in 1994, when a group demonstrated that immunocompetent mice cured
of fibrosarcoma by PDT could resist a rechallenge of tumor cells, unlike
immunosuppressed mice or mice cured through surgery.“®" The efficacy of PDT on
EMT6 breast tumors in scid mice was enhanced upon adoptive transfer of splenocytes
from PDT-cured immunocompetent mice.“®) This impact was not observed when
splenocytes from X-ray cured immunocompetent animals were transferred to scid mice.
Furthermore, transfer of T cells from naive immunocompetent mice to tumor-bearing
immunocompromised mice prior to PDT increased PDT efficacy in scid mice, suggesting
a specific role of T cells in PDT-mediated antitumor immunity.“%? PDT cure rates were
also higher in immunocompetent mice than immunocompromised animals in different
models of PDT.“86:492-495) Qver the years, numerous investigations have confirmed the
role of T cells and adaptive immune responses in PDT-mediated antitumor immunity.
Targeted depletion or deletion investigations identified subsets of T cells
implicated in PDT-induced adaptive immune responses. Transfer of splenocytes
depleted of CD8+ or CD4+ T cells from PDT-generated EMT6 breast tumor primed mice
into scid mice before PDT revealed that CD8+ T cells are the primary immune effectors.
In this model, CD4+ T helper cells serve a supportive role in conferring the curative
outcome to PDT.“8) Antibody-mediated depletion of CD8+ T cells in immunocompetent
mice prior to PDT reduced the efficacy of PDT, confirming the importance of CTLs for
PDT outcome.®” T cells obtained from PDT-cured tumor-free mice were able to
specifically lyse antigen-positive cancer cells, demonstrating the generation of CD8+ T

cell responses.“%
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The function of CD4+ T helper cells in PDT remains unclear. Kabingu et al.
showed that antibody-based depletion of CD4+ T cells before PDT did not affect the
PDT outcome on distant tumors in an EMT6 metastatic lung tumor model.“®) In a local
EMTG6 tumor model, anti-CD4 antibody inhibited tumor growth in both treated as well as
untreated mice, leaving the precise role of CD4+ cells in PDT mediated immunity
ambiguous.“® In contrast, in a different model of PDT, administration of CD4 or CD25
or a combination of both antibodies to immunocompetent EMT6 tumor-bearing mice
immediately after PDT lowered the cure rates.“®® Similarly, in a CT26 colon cancer
model, adoptive transfer of CD4+ T cells from vascular PDT-cured animals to naive
recipients resulted in protection from subsequent challenges with viable cells of the
same kind.#%¥) Restimulation of these CD4+ cells revealed induction of IFNy, confirming
their Th1 phenotype. Moreover, an increase of Th17 cells and the corresponding
cytokine IL-17A was observed in tumor-draining lymph nodes of colon cancer tumor-
bearing mice following PDT treatment.“** Together, these findings suggest a vital role
for cytotoxic T cells and a varied role for T helper cells, which is likely dependent on the
PS, PDT regimen, and tumor models.

Unlike T lymphocytes, the role of humoral immune responses involving B
lymphocytes following PDT has not been well characterized. To date, only one
preclinical study has demonstrated the link between humoral responses and PDT.“%%
Novel tumor antigen-specific antibodies were detected in the sera of PDT treated mice
but not in the untreated control group in a vascular PDT treated CT26 model.“%®) IgG
binding assays demonstrated stronger binding to PDT-treated tumors compared to
untreated tumors.“%) Furthermore, serum transfer from PDT-treated mice to naive mice

protected the latter group from a subsequent challenge with intravenously injected CT26
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cells, thereby preventing lung metastasis. Together, these data indicate the activation of
humoral immunity following vascular PDT.

Various models have reported the generation of systemic immunity and
immunological memory upon PDT.(370.486:493-495) Cantj et al.“®" showed that
immunocompetent MS-2 fibrosarcoma tumor-bearing mice cured by PDT resisted
rechallenge with cancer cells of the same kind. However, when these mice were
challenged with leukemia cancer cells L1210 or P388, they succumbed to the disease,
indicating the specificity of PDT-generated immunological memory against MS-2
fibrosarcoma.“®" Similarly, scid mice engrafted with splenocytes sensitized by PDT to
Meth-A sarcomas had no therapeutic benefit when challenged with EMT6 breast cancer
cells.“® |n an experimental model of lung metastasis, where mice were injected with
EMT6 cells both subcutaneously and intravenously, local PDT treatment of primary
tumor resulted in ablation of the local tumor as well as a significant reduction of lung
metastasis compared to untreated mice.“®) In mice bearing EMT6 tumors on
contralateral flanks, local PDT treatment of one tumor resulted in increased CD8+ T cell
infiltration in the distant tumor, confirming the generation of systemic responses.“®
Likewise, in a CT26 tumor model, local administration of vascular PDT protected the
mice from subsequent challenge with intravenously injected CT26 cells by inducing a
systemic memory immune response.“%34%) PDT treatment of tumors on only one
contralateral flank of a CT26 two tumor model (mice with same tumors on both flanks)
resulted in significant regression of tumor growth in a distant untreated tumor in all mice
and a complete, permanent regression noticed in 7 out of 9 mice.“* In this study, PDT
cured mice also resisted a rechallenge in an antigen-specific manner, wherein mice

inoculated with antigen-negative CT26 cells developed tumors.
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Few clinical studies have reported the generation of adaptive immune responses.
In basal cell carcinoma (BCC) patients treated with ALA-PDT, increased CD4+ and
CD8+ T lymphocyte infiltration was detected at the irradiated tumor site and lasted for at
least 72 hours.“®) In vulva intraepithelial neoplasia (VIN) patients treated with ALA-PDT,
enhanced CD8+ T cell infiltration was observed in PDT responders but not in
nonresponders, who also displayed loss of HLA class 1.4%) Peripheral blood leukocytes
isolated from PDT-treated BCC patients showed increased antigen recognition and
cytolytic activity against tumor cells.??®) Moreover, spontaneous remission of distant
tumors outside of the local ALA-PDT or Fotolon-PDT treated area has been reported in
multiple cases of BCC and angiosarcoma.??64%) Biopsies of these untreated tumors
revealed infiltration of CD8+ T cells.??®) Also, Tregs isolated from patients with
esophageal squamous cell carcinoma before and after Photofrin-PDT showed a reduced
suppressive capacity after PDT.“#6%)

Overall, PDT-mediated multimodal anticancer responses consist of direct
cytotoxicity, vascular damage, and the development of anticancer immune responses
involving various innate and adaptive immune mediators. Accordingly, the outcome of
PDT is determined by multiple factors, and the contribution of each may depend on the

treatment regimen and tumor model.

1.7. MELANOMA

1.7.1. Biological origin
Melanoma is a highly aggressive form of skin cancer that arises from the malignant
transformation of melanocytes. Melanocytes are melanin-forming cells derived from the

neural crest cells of neuroectodermal origin that migrate and dwell throughout the body
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and are responsible for pigmentation and photoprotection.“%-50) Melanoma can occur
anywhere on the body, independent of anatomical location or kind of tissue or organ,
due to the vast distribution of melanocytes. Melanocytes reside in the basal layer of the
skin epidermis and hair follicles and are regulated by epidermal keratinocytes.#%8-501
When exposed to ultraviolet radiation (UVR), keratinocytes secrete factors that promote
melanocyte proliferation, differentiation, and survival, resulting in the production of
melanin and subsequent protection from the damaging effects of UVR.“#%-50") Upon
extensive and irreversible damage, melanocytes escape the regulation by keratinocytes,
resulting in disrupted growth regulation and intracellular signaling, and develop into
naevi (common moles), which can later advance to melanoma.“%®-°0" Cutaneous
melanoma is the most common form of melanoma, followed by relatively rare cases of
non-cutaneous melanomas such as acral, mucosal, conjunctival, and uveal

melanomas.®%? This section will focus on cutaneous melanoma.

1.7.2. Mutational and genetic landscape

Melanomas have high somatic mutation loads of more than 10 mutations per megabase,
which is attributed to the mutagenic effects of UVR as well as indirect effects from the
formation of ROS.(503-%%) These include UVR hallmark mutations such as the Gto T
transition induced by ultraviolet A radiation (9%) and the C to T transition generated by
ultraviolet B radiation (46%).5%3-5%%) The rate of mutations in melanomas varies
significantly between persons and kinds of melanoma. For example, melanomas of the
head, neck, and upper extremities have a high mutation burden. In contrast, melanomas
of the lower extremities have an intermediate burden, and melanomas of the acral,
uveal, and mucosal areas have the lowest mutation burden.®”) BRAF mutations are the
most common and represent 50% of melanomas, followed by NRAS and NF1, which are

identified in around 25% and 15% of melanomas, respectively.%45%®) Other common
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mutations include those in telomerase reverse transcriptase (TERT) promoter, and
tumor suppressors cyclin-dependent kinase inhibitor 2A (CDKN2A), phosphatase and
tensin homolog (PTEN), and tumor protein 53 (p53 or TP53).(504.508-511)

BRAF V600E mutation accounts for 74 to 86 percent of all BRAF mutations and
is linked to skin with moderate sun exposure rather than chronic sun exposure.(®07:512.513)
BRAF V600K mutations are present in people over the age of 65 and account for 10 to
30 percent of all BRAF mutations.®'® BRAF V600E mutations are primarily associated
with the formation of benign naevi, and their progression into intermediate and malignant
melanoma lesions involves BRAF V600K or other mutations such as those in NRAS and
TERT promoter.02-504.514) Fyrther mutations, including the ones related to CDKN2A, are
exclusively linked to invasive melanomas, and advanced metastatic melanomas harbor
additional mutations in genes associated with tumor suppressor proteins PTEN and
p53_(502,514)

Malignant transformation of melanoma is caused by a series of genetic events
that result in constitutive activation of oncogenic signaling pathways. Mitogen-activated
protein kinase (MAPK) pathway, protein kinase B (AKT) pathway, cell-cycle regulation
process, and pigmentation-related pathway are some of the key processes involved in
this transition.®'® Disrupted MAPK signaling is most commonly identified in melanomas.
Mutations in BRAF, NRAS, and NF1 cause constitutive activation of RAS, MEK, Raf,
and ERK, leading to hyperactivation of MAPK signaling pathway and rapid tumor cell
proliferation.®'%-52% Targeted BRAF/ MEK inhibitors are clinically approved for the
treatment of melanoma.®®? Another essential characteristic of melanoma development
is uncontrolled cell cycle regulation, which is initiated by mutations in CDKN2A, Cyclin
D1, and CDK4 genes that impair the function of downstream tumor suppressors, RB1
and p53.624-527) Combination of AKT3 activation and deletion or loss of PTEN function
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results in dysregulated activation of AKT pathway and subsequent tumor cell survival
and development.28529) Finally, mutations in various pigmentation process-related
genes impair the UV-protective capabilities of melanocytes and have been implicated in
sporadic melanoma cases, which are caused by UVR and account for nearly 90% of all

melanomas. (¢15.530)

1.7.3. Epidemiology and diagnosis

Melanoma occupies around 1.7% of global primary malignant cancers and accounts for
about 55,000 cancer deaths annually.®®? Melanoma incidence varies greatly worldwide,
with New Zealand and Australia having the highest occurrences, followed by North
America, with incidence rates of 35.8, 34.9, and 13.8 per 100,000 individuals,
respectively.%? UVR exposure, family or personal history of cutaneous melanoma,
indoor tanning, phenotypic traits such as pale skin, hair, eye colors, a predisposition to
freckle, and immunosuppression are the strongest proven risk factors for melanoma.®%
Current accepted characteristics that prompt clinical screening or surveillance include
the presence of melanocytic naevi, dysplastic naevi, and family history of melanoma.(%)
Gene mutations alone account for only a small proportion of melanoma cases, and
genetic testing, while commercially available, is not recommended for initial screening
due to lack of evidence of clinical benefit.(502:531)

The current guidelines for diagnosis and assessment of the clinical stage of
melanoma are based on histopathology classification and rely on three major factors:
tumor thickness with or without ulceration (T stage), regional metastasis in the lymph
nodes (N stage), and distant metastasis (M stage).®%>5%2) Broadly, tumors are classified
into stage 1 if T >1-2 mm thickness with no ulceration, no lymph node, and no distant
metastasis.(%25%2) Stage 2 classified tumors have up to 4mm thickness with or without

ulceration, no N and M; or no tumor thickness, but the presence of micro or macro
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metastasis in one lymph node without M.(%92:532) Stage 3 tumors include those with up to
4mm thickness with lymph node metastasis but no distant metastasis.®%2532) All tumors
with any T and N, with distant metastasis to skin or lung or non-central nervous system
(CNS) or CNS sites, are classified as stage 4.(5025%2)

While melanoma is often easier to detect and diagnose in its early stages than
other cancers, it is also more prone to metastasize to other parts of the body, with 5% to
15% of individuals with thin stage 1A melanoma (1mm thickness) developing
metastasis.(%33%34 The 5-year survival rate for localized (stage | and Il) melanoma is 98
percent; however, when cancer has metastasized to regional or distant sites, this lowers
to 63 to 66% or 10 to 15%, respectively.534-5%) The 5-year survival rate for advanced
metastatic melanoma varies depending on the location of metastasis, with lung
metastasis having a prognosis of 15 to 17 percent and visceral metastasis having a
prognosis of less than 10 percent, with a median survival of less than 1 year.(3%
Melanoma incidence has been rising significantly globally, with the estimated likelihood
of a Caucasian developing melanoma increasing from 1 in 1500 individuals in 1935 to 1

in 50 in 2011.634)

1.7.4. Clinical management

Surgery remains the primary treatment modality for primary cutaneous melanoma, with
or without radiation.®32537.538) For early stages, 0 to IIA, wide excision of primary tumors
with variable safety margins is performed depending on tumor thickness.(502:532.537.538) |
case of isolated lymph node metastasis, lymph node dissection is performed along with
surgical removal of the primary tumor.®32:537:538) Thjs could be combined with radiation
therapy in high-risk cases with multiple lymph node metastases or distant brain

metastases.(%32.537.538)
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In high-risk resectable tumors with stages, II-B, II-C, Ill, and IV, a combination of
surgery and adjuvant therapies with targeted therapies BRAF/MEK inhibitors or
immunotherapies including IL-2, IFNa, ICls, and TVEC are used.®32:537:53) For |ocal
recurrent tumors (stage Il), surgery in combination with IL-2 or IFNa is
recommended.®3:5%) Surgery combined with systemic therapy with BRAF/MEK
inhibitors or ICls is recommended for stage Il and IV tumors.(537-539 Stage Ill BRAF wild-
type (WT) tumors are treated with IClI monotherapy nivolumab or pembrolizumab. In
contrast, in the case of stage |ll BRAF mutant tumors, either ICls or BRAF/MEK
combination targeted therapy with dabrafenib and trametinib are recommended.®37-539)
TVEC may be recommended as an alternative if there are accessible and injectable
lesions, but ICls are more commonly used.®%) For stage IV unresectable BRAF WT
melanomas, either monotherapy nivolumab or pembrolizumab or combination with
ipilimumab and nivolumab are recommended.3"-5%) |n case of stage IV BRAF MUT
tumors, monotherapy or combination ICls or combination BRAF/MEK inhibitors
(dabrafenib/trametinib, encorafenib/binimetinib, or vemurafenib/cobimetinib) are
recommended.®3-5%9) Since the introduction of targeted therapies and ICls, the use of
chemotherapies has been discouraged.53"-5%) The treatment guidelines vary in different
countries, depending on the approval and availability of therapeutic options. The above
mentioned are in North America, according to the American society of clinical oncology
and Canadian cancer society.

While recent improvements in immunotherapies using ICls have greatly
enhanced the possibility for stage IV melanoma management, the treatment only
benefits a small subset of patients. For example, about 60% of patients acquire primary
resistance to ICls, while 20 to 30% of early responders develop secondary
resistance.®’? Nonetheless, the clinical success of ICIs has offered prospective therapy
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alternatives for stage IV melanomas, for whom there were previously no viable

options. 537

1.7.5. Mouse models of melanoma

Mouse models of cancers, despite the variation from human diseases, have become an
essential part of cancer research. The work in this thesis utilizes two models of
melanoma that have some similarities to the human disease, a syngeneic B16F10 tumor
model and a genetically engineered BRaf?, Pten'™®, Tyr::CreER™ (B6.Cg-Tg(Tyr-
cre/ERT2)13Bos Braftm'Mmem ptentmitiwu/Bog J) tumor model.

B16F10 tumor model is the most used mouse melanoma model and is the
primary model used in this thesis. B16F0 is a cell line harvested and established in the
1950s from melanin-producing melanoma cells from the posterior of ears of C57BL/6
mice.®40541) From this, B16F 10 was established by inoculating B16F0 into mice and
selecting for a line with the capacity to form lung colonies in vivo upon 10 cycles of in
vivo inoculation and in vitro culture.®4%5*") Currently, B16F 10 cells are commonly injected
into C57BL/6 mice, either subcutaneously to generate a localized tumor with minimal
metastatic potential or intravenously to establish a distant metastasis in the lungs.4?) In
this thesis, the B16F10 cell line is utilized for in vitro work and the localized tumor model
for in vivo work. Genetically, B16F 10 cells encode CDKN2A mutations commonly
implicated in human melanomas, but not the BRAF or PTEN mutations.®*" These cells
express TAAs associated with tyrosinase and gp100 proteins but fail to display them due
to lack of MHC-I, similar to human melanomas.4%-542) They also express checkpoint
molecule PD-L1 and have been utilized for preclinical testing of ICls.®4") These features
make them poorly immunogenic in terms of activation of T cell responses. Overall,
B16F10 is an aggressive model of melanoma that forms tumors within 5 to 10 days of

inoculation with overall survival of 3-4 weeks.(®49-%42) This model is also associated with
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the formation of ulcerations, a characteristic of human melanomas, as early as 10 to 14
days post-inoculation.54°-%42) Dye to the rapid escalation of disease, it only provides a
short window to test therapeutics.

A secondary in vivo tumor model used in this thesis is a genetically engineered
mouse model that encodes the most frequently found BRAF V600E and PTEN
mutations, expressed upon induction of Cre recombinase by topical application of 4-
hydroxytamoxifen (4-HT).(43%44 This model generates tumors within 3-4 weeks of 4-HT
application and is highly metastatic and aggressive, with metastasis identified in many
distant sites, which is also noticed without 4-HT application in about 70% of mice due to
leaky expression of mutated BRAF and PTEN.®43**4) Spread of melanoma to regional
draining lymph nodes is observed in 100% mice and to lungs in some instances.®**) This
model also provides a close resemblance to human disease. In general, these tumors
remain resistant to treatment with mice in which drug treatment is ceased subsequently
develop malignant melanoma.®43-%4% Treatment of melanoma bearing mice with MEK1/2
inhibitor PD325901 or mTorc1 inhibitor rapamycin resulted in inhibition of tumor growth

but showed little or no effect on tumor regression. (%43:54%)
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1.8. THESIS OVERVIEW

| focus on two aspects of the cancer immunity cycle in this thesis. First, the goal of
Chapter 3 is to provide a novel approach for overcoming the limitations of conventional
mass spectrometry-based MHC-I peptide detection. Then, in Chapters 4 and 5, we
create novel transition metal complexes for PDT of melanoma that can produce clinically
desired direct cytotoxicity as well as indirect anticancer immune responses.

Chapter 3: MHC-I Ligand Discovery Using Targeted Database Searches of Mass
Spectrometry Data: Implications for T-Cell Inmunotherapies.

Recent developments in mass spectrometry have allowed for the accurate identification
of MHC peptides, providing a better understanding of T cell-mediated immune
responses. The standard experimental workflow for MHC-I peptide identification involves
immunoprecipitation of MHC-bound peptides with anti-MHC-I antibodies, followed by
peptide elution, purification, and LC-MS/MS analysis, involving MS spectral searches
against reference proteome. The LC-MS/MS search techniques for MHC-I peptide
discovery have been developed and optimized from well-established proteomics
approaches, which account for enzyme cleavage sites. However, MHC-I peptide
generation does not follow the same rules and lacks enzyme-specific residues. This lack
of enzyme specificity means the MS/MS spectra are compared against the entire human
or mouse proteome for every possible 8-11 aa peptide match. For example, the potential
number of matches for a 9 aa MHC-I peptide from mouse GAPDH protein, which is 333
aa long, is a total of 325 peptides. This creates large search spaces to be explored for
spectral matching, which decreases statistical power in assigning false-positive peptides
and ultimately reduces the number of peptide identifications in an experiment.

| hypothesized that employing a tailored database produced by predicted and potential

MHC-I peptides would significantly limit the search space and enhance peptide
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identifications from LC-MS/MS data. | developed an algorithm named ‘SpectMHC’ for

generating targeted databases for LC-MS/MS searches and demonstrated the superior
performance of this approach in detecting MHC-I peptides in mice and human models
compared to traditional searches.

Chapter 4: Near-infrared absorbing Ru (lI) complexes act as immunoprotective
photodynamic therapy (PDT) agents against aggressive melanoma. (and)

Chapter 5: Photodynamic therapy of melanoma with new, structurally similar, NIR-
absorbing ruthenium (ll) complexes promotes tumor growth control via distinct
hallmarks of immunogenic cell death.

Despite recent advances in targeted therapies and immunotherapies, there is no cure for
high-risk invasive melanomas. Furthermore, due to primary and secondary resistance to
these therapies, the survival benefit is only observed in a small proportion of patients.
Therefore, new approaches that act both locally and systemically, without developing
resistance are highly desired. While PDT is not currently utilized as a treatment option
for melanoma, it could be a great strategy because it 1. can induce direct tumor
cytotoxicity, stimulate antitumor immunity and generate long term protection, 2. can be
used as an adjuvant in combination with surgery or radiation, without compromising the
other therapies, 3. has no off-site or systemic toxicity due to the specific activation of
compounds at the local tumor site, and so, 4. can improve quality of life in palliative care.
However, traditional organic PSs currently approved for clinical usage do not offer the
full potential of PDT due to limitations such as lower activation wavelengths that allow
them to treat only surface-level tumors, poor chemical stabilities, heavy reliance on
oxygen and other limitations outlined in section 1.5.2. Furthermore, existing PSs are less
effective for treating pigmented melanomas because light penetration and PS functions
are limited by the cryoprotective qualities of melanocytes and melanin.
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| hypothesized that transition metal complexes with superior photophysical and

photochemical properties might be leveraged to overcome existing limitations and

develop a platform for designing immunotherapeutic PDTs for melanoma treatment.

To accomplish this, we developed several novel Ruthenium (II) based PSs in
collaboration with photochemist Dr. Sherri McFarland at the University of Texas
Arlington. | investigated these novel compounds in mouse models of aggressive
melanoma for their 1. direct cytotoxicity, 2. inflammatory and immunogenic cell death
causing capabilities, and 3. therapeutic potential by employing in vitro, ex vivo, and in
vivo experimental techniques. The work reported in these two chapters is the first to

characterize the immunostimulatory potential of transition metal complexes.
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CHAPTER 2: MATERIALS AND METHODS

2.1. CELL LINES & CELL CULTURE

EL4 cells were originally purchased from ATCC and were maintained in Dulbecco’s
modified Eagle medium (DMEM, Invitrogen catalog no 11965), containing 10% FBS
(Invitrogen catalog no 12484) and 5% antibiotic/antimycotic penicillin, streptomycin, and
Amphotericin B (Invitrogen catalog no 12484). Cells were grown in T75 flasks to a
density of 2 x 10° cells/mL before subculturing or harvesting for experiments. B16F10
cells (ATCC CRL-6475) were cultured at 37°C, 5% CO, in DMEM medium (Invitrogen
catalog no 11965) supplemented with 10% fetal bovine serum (Invitrogen catalog no
12484), 1% sodium pyruvate (Invitrogen catalog no 11360), 1% non-essential amino
acids (Invitrogen catalog no 11140) and 1% antibiotic-antimycotic penicillin,
streptomycin, and Amphotericin B (Invitrogen catalog no 15240). Cells were grown in 10-
or 15-mm cell culture dishes (Corning) and subcultured on alternative days. Cell culture
supernatants were tested for mycoplasma monthly using Mycoalert detection kit as per

manufacturer’s instructions (Lonza catalog no LT07-118).

2.2. MOUSE MHC-I AND HUMAN HLA PEPTIDE DATABASE

Mouse and human FASTA (a txt format file that begins with a single-line description
followed by lines of sequence data) databases were downloaded from UniProtKB
(mouse, December 2015; human, February 2015), containing all mouse or human
proteins, including isoforms and variants. Then, using an offline version of NetMHC
(version 4.0)('?4), allotype-specific mouse or human binding affinities were predicted for
all 8-, 9-, 10-, and 11-mer peptides for 2 mouse allotypes (H-2 Db and H-2 Kb) and 14
human allotypes (A*01, A*02, A*03, A*11, A*24, A*29, A*32, B*07, B*08, B*27, B*35,

B*39, B*44, and B*51). All peptides with NetMHC-predicted binding affinities < 2% rank
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(binding threshold recommended by NetMHC algorithm) for each allotype were then
compiled into a new FASTA database. All database manipulations were performed using

Python and R scripts.

2.3. ANTIBODY-BASED MHC-I PULL DOWN

An aliquot of 8 x 108 EL4 cells was pelleted and used for MHC-I peptide
immunoprecipitation as previously described.®*% In brief, cells were lysed in PBS
containing 0.4% CHAPS and mini-complete protease inhibitor tablets (Roche,
Indianapolis, IN). Antibodies were produced in-house from hybridoma clones B22.249
(H-2 Db-specific) and Y3 (H-2 Kb-specific). MHC-I proteins were precipitated from the
cell lysate using 2 mg of each antibody coupled to 80 mg of CNBr-activated Sepharose
4B resin (Uppsala, Sweden). Incubations were performed overnight at 4°C in 10 mL
glass tubes. Bound MHC-I proteins and peptides were washed with 40 mL of PBS, then
30 mL of Milli-Q water, and then peptides eluted eight times with 200 uL of 0.2%
trifluoroacetic acid (TFA). Eluates were filtered through 3 kDa molecular weight cutoff
filters (Millipore, Cork, Ireland); then, the filtrate was lyophilized and desalted using

Stage-tips.®4"

2.4. MASS SPECTROMETRY - LIGANDOME

Lyophilized peptides were solubilized in 12 pL of 1% formic acid and analyzed by LC—
MS/MS. For each antibody eluate, an aliquot of 1 pL of peptides was injected onto a 75
um x 30 cm column (New Objective, Woburn, MA) self-packed with 4 um, 90 A, Proteo
C18 material (Phenomenex, Torrance, CA). Online chromatography was performed
using a Dionex Ultimate 3000 UHPLC (Thermo-Scientific, San Jose, CA) at a flow rate of
300 nL/min. Peptides were separated and eluted into the mass spectrometer using a
gradient of 3 to 35% acetonitrile (0.1% formic acid) over 65 minutes, followed by 5

minutes at 95% acetonitrile (0.1% formic acid). MS was performed using an Orbitrap
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Velos Pro (Thermo-Scientific, San Jose, CA), which was operated in a data-dependent
mode. Survey scans (MS1) were performed using the Orbitrap over a scan range of
350-650 m/z and resolution setting of 60 000. A lock mass of 445.12003 m/z was used
to achieve internal mass calibration as previously described.®*® On the basis of MS1
scans, MS2 scans were performed using the ion trap, selecting the top 10 most intense
precursor (MS1) ions for fragmentation by collision-induced dissociation (CID) at 35%
collision energy with a precursor isolation window of 2 m/z. MS2 scans were only
collected on peptides with charge states of 2+ or 3+ with a minimum MS1 intensity of 50
counts. Advanced gain control (AGC) settings were 5 x 10° for Orbitrap scans and 2 x

10° for ion trap scans.

2.5. DATABASE SEARCHING AND COMPARISONS

Mouse and human database searches were performed using either Sequest or Mascot
implemented with Proteome Discoverer 1.4 (Thermo Scientific catalog no OPTON-
30810). The parent ion (MS1) tolerance was 5 ppm, and fragment ion tolerance was 0.5
Da. Spectra for each immunoprecipitation (IP) were searched against either the parent
database (Parent-DB) or the MHC-targeted database (MHC-DB or HLA-DB). Spectra
were searched against Parent-DB using no enzyme specificity but searched against
MHC-DB or HLA-DB using no cleavage restriction. Peptide false discovery rate (FDR)
was controlled using Percolator.®49) All peptides with “medium” (5% FDR) or “high” (1%
FDR) confidence were reported in the final data sets. Peptide and Peptide Spectral
Match (PSM) analyses comparing results for the different antibody eluates and database
searches were performed using R. Mouse MS (.raw) files have been deposited to

Chorus, https://chorusproject.org, ID#1098.
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2.6. PDT LIGHT DEVICES

For all in vitro experiments, briefly, confluent plate of B16F10 cells were trypsinized,
seeded into plates and incubated for 3 hours at 37°C before adding the photosensitizer
at respective concentrations. The plates were covered in aluminum foil to protect from
light and were incubated at 37°C, 5% CO. for 16 hours upon which PDT treatment
plates were exposed to a 630 nm light (Prizmatix LED, UHP-T-LED-630) or 733 nm laser
(2 W, CivilLaser; (9—10 mW~2) coupled to a 600 um optical fiber with a 2 mm flat-cut

diffuser (Medlight, FD1) to achieve the required light dosage.

2.7. ALAMAR BLUE CELL VIABILITY ASSAY

B16F 10 cells were seeded in 96 well plates at a density of 4000 cells per well in 75 pl
DMEM complete media and were mixed twice (up, down, left, right tilting) in the
biosafety cabinet before placing inside the incubator for 1-3 hours. During the
incubation, PDT compound dilutions were prepared in sterile 0.8 ml 96-deep well plates
(Greiner BioOne, 780261) using PBS as solvent. Dilutions were prepared in serial
across 9 concentrations ranging from 300-1x10~3 uM. Covered deep-well plates were
incubated for 0.5—1 h before final dispensing 25 ul per well into B16F10 seeded plates.
All sample and control wells total 100 ul per well at this point. The biosafety cabinet’s
lights were kept off while dispensing compounds. Following dark (sham) or light
treatments (630 nm or 733 nm, 16-hour drug-to-light interval, DLI), plates are further
incubated for 48 hours before final viability measurements. At this point, 10 ul per well of
0.3 mM sterile filtered resazurin (commercially known as alamar blue) in 0.2 M
phosphate buffer (pH = 7.4) is dispensed across all well plates. Resazurin-treated plates
were incubated for 3 hours before reading fluorometrically on a Molecular Devices
SpectraMax M2 or M3 (30 s shake, bottom-read, Aexc 530 nm, long-pass 570 nm, Aem

620 nm).
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2.8. FLOW CYTOMETRY QUANTIFICATION OF CELL DEATH

Cell death was assessed by Annexin V (Biolegend catalog no 640905) and 7AAD
(eBioscience catalog no 00-6993) staining. A total of 5 x 10° B16F10 cells were plated
per well in 12-well plates and treated with EC50 (dose effective in producing 50% of the
maximal response identified using alamar blue assay) of PDT compound and 25 J/cm?
of 630 nm light. Untreated, PS only, or light treatment only controls were included for
every compound. Briefly, cells were collected, washed in PBS, pelleted, and
resuspended in an incubation buffer (10mM HEPES/NaOH (pH 7.4), 140mm NaCl, and
5mM CacCl2) at 0.5-1x10° cells/ml. Annexin V (5ul) followed by 7AAD (5ul) was added to
the cell suspension, and samples were incubated in the dark for 15 minutes at room
temperature. Samples were subsequently analyzed on a BD FACSCanto Il flow

cytometer using BD FACSDiva and FCS 6 software.

2.9. CALRETICULIN SURFACE LOCALIZATION

A total of 5x10° B16F 10 cells were plated in 12-well plates and treated with EC50 of
LL364 and 25 J/cm? of 630 nm light. For Calreticulin staining, cells were collected by
trypsinization 4 hours post-treatment, washed twice in cold PBS, incubated for 45
minutes with the rabbit anti-Calreticulin primary antibody (Abcam catalog no ab2907),
diluted in cold blocking buffer (1% fetal bovine serum in PBS), followed by washing and
incubation with the Alexa Fluor 647-conjugated secondary antibody (Invitrogen catalog
no A-21246) in a blocking buffer (for 30 minutes). Cells were washed twice with PBS and
fixed in 2% paraformaldehyde in PBS for 10 minutes. Each sample was then analyzed

on BD FACSCanto Il to identify cell surface Calreticulin.

2.10. CELLULAR REACTIVE OXYGEN SPECIES ANALYSIS
A total of 5x10° B16F10 cells were plated in 12-well plates and treated with EC50 of

LL364 and 25 J/cm? of 630 nm light. For measuring reactive oxygen species, cells were
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collected by trypsinization 4 hours post-treatment, washed twice in cold PBS, incubated
with CM-H2DCFDA (Molecular Probes catalog no. C6827, 1 umol/L) for total ROS or
MitoSOX to measure mitochondrial ROS (Molecular Probes catalog no. M36008) for 30

minutes at 37°C in PBS before analysis on the BD FACSCanto Il.

2.11. HMGB1 ELISA

A total of 5x10° B16F10 cells were plated in 12-well plates and treated with EC50 LL364
and 25J/cm? of 630 nm light. Supernatant samples were collected 24 hours post-
treatment and immediately assessed for HMGB1 levels by enzyme-linked
immunosorbent assay according to the manufacturer’s instructions (IBL International,

ST51011) on SpectraMax M2 (Molecular Devices).

2.12. DETECTION OF ATP SECRETION

A total of 5x10° B16F10 cells were plated in 12-well plates and treated with EC50 LL364
and 25J/cm? of 630 nm light. Supernatant samples were collected 12 hours post-
treatment, and ATP concentrations were measured by means of an ATP Determination
Kit (Invitrogen catalog no A22066), according to the manufacturer’s protocol on

SpectraMax M2.

2.13. REAL-TIME QPCR

RNA extractions were conducted using standard TRIzol methodology as per
manufacturer’s guidelines (Invitrogen catalog nos 15596026 & 12183025). Extracted
RNA was quantified via A260/A280 absorption reading obtained using spectra drop
microvolume microplate RNA quantification setting on Spectramax M2 (Molecular
Devices), diluted to a total of 2 pg, and synthesized into cDNA using SuperScript I
Reverse Transcriptase (Invitrogen catalog no 18064014). The Bio-Rad CFX96 PCR

machine was used for qPCR, using ssoadvanced universal sybr green supermix (Bio-
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Rad catalog no 1725274) according to the manufacturer’s instructions for amplification
and quantification. Gene-specific primers for murine HSP90, HSPA1B, CXCL10, TNFaq,
IL6, IFNB, IFIT1, TLR3, H2D, TAP1, 32M, GAPDH were custom synthesized and
purchased from Invitrogen. All primers were validated using serially diluted cDNA and
confirmed to have an efficiency of >95%. RT-qPCR reaction was performed using cycle
setting 95°C-30 sec, (95°C-10 sec, 60°C-30 sec) x 39 cycles, 65°C-05 sec, 95°C-05 sec.
The data from the gPCR were collected and analyzed using Livak and Schmittgen’s
2722CT method. The fold change was calculated by first normalizing the cycle threshold of
the indicated gene against GAPDH, followed by a comparison against the control

untreated sample.

2.14. MICE

In vivo experimental procedures were approved by the Dalhousie University Animal
Ethics Committee in accordance with the regulations/guidelines from the Canadian
Council on Animal Care (CCAC). Female and male C57BL/6 mice were purchased from
Charles River Laboratory (Strain Code #027). Transgenic BRaf®”, Pten'™®, Tyr::CreER™

mice were purchased from The Jackson Laboratory (Strain Code #013590).

2.15. BONE MARROW-DERIVED DENDRITIC CELL CULTURE

Bone marrow cells were harvested from the femurs and tibias of euthanized 6-8-week-
old C57BL/6 mice and flushed using a 26G needle attached to a syringe containing
complete RPMI 1640 media. Harvested single-cell suspensions were strained through
40-70 um cell strainers and treated with red blood cell -lysing ammonium-chloride-
potassium buffer (150mM NH4CI, 10mM KHCO3, 0.1mM Na2EDTA) for 5 minutes.
Lysing buffer was neutralized with RPMI 1640 complete media, cells were pelleted and
resuspended in fresh complete RPMI 1640 media containing 20ng/mL GMCSF for 7-10

days. Media was supplemented with fresh GMCSF-containing RPMI media on day 3
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post culture and resuspended in fresh media on days 6 and 9. Suspension cells were

used for the indicated experiments.

2.16. DENDRITIC CELL PHAGOCYTOSIS AND FUNCTIONAL
CHARACTERIZATION EXPERIMENTS

5-(and 6)-Carboxyfluorescein diacetate succinimidyl ester (CFSE, Biolegend, 423801)
labelled B16F10 cells were treated with determined EC50 of PDT compounds and 25 J
cm-2 of 630 nm irradiation for phagocytosis experiments. Cells were collected 4 hours
post-PDT and co-cultured with harvested bone marrow derived dendritic cells (BMDCs)
at 1:1 or 1:5 ratio for 2 hours at 37°C. After co-culture, cells were washed and incubated
with anti-mouse CD16/ CD32 (BioXCell, BE0O307) for 30 minutes, followed by labeling
with CD11¢c-APC/Cy7 (Biolegend, 117323) for 30 minutes. Cells were acquired on BD
FACS Canto Il or BD FACS Celesta. For functional characterization, harvested BMDCs
were cultured in PDT-treated B16F10 conditioned media (50% of total volume and 50%
base DC media as described above) for 24 hours at 37°C. LPS treated sample (50
ng/mL LPS, 24 hrs) was used as a positive control. Cells were collected in TRIzol
(Thermo, 15596026) post-activation with appropriate conditioned medium treatment for

gRT-PCR analysis.

2.17.IN VIVO VACCINATION EXPERIMENT

A total of 5x10° B16F10 cells per well in a 6-well plate were treated with the determined
EC50 of PDT compounds and 50 J cm™ of 630 nm irradiation. For the vaccination, 4-
and 12-hour post-treatment cells were combined, and 5x10° cells in 100 ul PBS were
injected subcutaneously into the left flank of male and female C57BL/6 mice. One week
after vaccination, mice were challenged with 1x10° untreated B16F10 cells in 100
PBS into the right flank. Tumor sizes were measured using a digital vernier caliper, and
volumes were calculated using the formula pi x (length x width x height)/3.(5%)
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2.18. IN VIVO PDT EXPERIMENT

C57BL/6 female mice were subcutaneously inoculated in the right flank with 1x10°
B16F10 cells in 100 uyl PBS. Spontaneous tumors formed on transgenic BRaf, Pten'™®,
Tyr::CreER™ mice were utilized. Upon palpable tumor formation, tumors were injected
with ML18HO1 PS at a dose of 20 mg/kg (maximum tolerated dose, MTD determined at
50 mg/kg) in 100 pl PBS. A drug light interval of 4 hours was implemented, and tumors
were illuminated with a 733 nm laser to deliver a dose of fluence=150 J cm™ at
irradiance=172.4 mW cm, for roughly 15 minutes per mouse. Mice were covered with a

blanket with only the tumor site exposed during this procedure.

2.19. DATA ANALYSIS & STATISTICS

Flow cytometry data were analyzed using FCS Express 6 software. Mean fluorescence
intensity values were reported after subtracting the background fluorescence of
respective treatments. gRT-PCR analysis was done using Bio-Rad CFX Manager
software. All statistical analyses were performed in GraphPad Prism 7. Hazard ratios
were calculated with the Mantel-Haenszel method using GraphPad Prism 7. The hazard
ratios represent the hazard rate of the unvaccinated group over the vaccinated group.
One-way ANOVA coupled with Bonferroni post-test or Student’s t-test was performed,
and significance is listed as follows: *=p <0.05, **=p<0.01, ***=p<0.001,

****=p <0.0001. All experiments represent data from a minimum of n=3 experiments.

Data is represented as mean +/- standard deviation.

2.20. CODE AVAILABILITY

We have made SpectMHC available on GitHub: https://github.com/Prathyusha-
konda/SpectMHC. This semicommand-line-based tool is customized to be used with
preinstalled stand-alone NetMHC packages in Darwin (Mac) and Linux platforms. The

tool takes an input protein FASTA database and outputs predicted MHC-binding
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peptides using NetMHC 4.0, NetMHC 3.4, or NetMHCpan. The instructions to utilize the

code are available in the readme file found in the above GitHub folder.
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Table 2.1. List of gqRT-PCR primers

Gene name | Forward primer Reverse primer

CXCL10 GTTGAGATCATTGCCACGATGAAA | CTGCTGTCCATCCATCGCA
IFNB GTCCGAGCAGAGATCTTCAGG GAGTCCGCCTCTGATGCTTA
HSP90 CTCCAATTCATCGGACGCTCT AAGTCGGCCTTGGTCATTCC
HSPA1B CAGGACCCACCATCGAGGA ACAGTAATCGGTGCCCAAGC
TLR3 TCCTGCTGGAAAACTGGATGG AGCCTGAAAGTGAAACTCGCT
B2M ATGCTATCCAGAAAACCCCTCA TTTCAATGTGAGGCGGGTGG
IL6 TCTCTGCAAGAGACTTCCATCC TTGTGAAGTAGGGAAGGCCG
IFIT1 ACCATGGGAGAGAATGCTGATG TTGTGCATCCCCAATGGGTT
TNFa TGTTGCCTCCTCTTTTGCTT TGGTCACCAAATCAGCGTTA
TAP1 CCACGAGTGTCTCGGGAAT ATGAGACAAGGTTGCCGCT
H2D GAGTGAGCCTGAGGAACCTG AGCCAGACATCTGCTGGAGT
GAPDH TGGCAAAGTGGAGATTGTTG AAGATGGTGATGGGCTTCCC
CD40 TGTCATCTGTGAAAAGGTGGTC ACTGGAGCAGCGGTGTTATG
CD80 GCAGGATACACCACTCCTCAA AAAGACGAATCAGCAGCACAA
CD83 CGCAGCTCTCCTATGCAGTG GTGTTTTGGATCGTCAGGGAATA
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Gene name

Forward primer

Reverse primer

CD86 TGTTTCCGTGGAGACGCAAG TTGAGCCTTTGTAAATGGGCA
CTLA4 AGAACCATGCCCGGATTCTG CATCTTGCTCAAAGAAACAGCAG
IcosL TAAAGTGTCCCTGTTTTGTGTCC ATTGCACCGACTTCAGTCTCT
IL128 TGGTTTGCCATCGTTTTGCTG ACAGGTGAGGTTCACTGTTTCT
Arg1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
PD-L1 CCTCGCCTGCAGATAGTTCC AGCCGTGATAGTAAACGCCC
Tim3 TCAGGTCTTACCCTCAACTGTG GGCATTCTTACCAACCTCAAACA
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CHAPTER 3: MHC-I LIGAND DISCOVERY USING TARGETED
DATABASE SEARCHES OF MASS SPECTROMETRY DATA:
IMPLICATIONS FOR T-CELL IMMUNOTHERAPIES
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3.1. ABSTRACT

Class | major histocompatibility complex bound peptide ligands dictate the activation and
specificity of CD8+ T cells and thus are important for devising T-cell immunotherapies. In
recent times, advances in mass spectrometry have enabled the precise identification of
these MHC-I peptides, wherein MS spectra are compared against a reference proteome.
Unfortunately, matching these spectra to reference proteome databases is hindered by
inflated search spaces attributed to a lack of enzyme restriction in the searches, limiting
the efficiency with which MHC ligands are discovered. Here we offer a solution to this
problem whereby we developed a targeted database search approach and
accompanying tool SpectMHC, that is based on a priori-predicted MHC-I peptides. We
first validated the approach using MS data from two different allotype-specific
immunoprecipitates for the C57BL/6 mouse background. We then developed allotype-
specific HLA databases to search previously published MS data sets of human
peripheral blood mononuclear cells (PBMCs). This targeted search strategy improved
peptide identifications for both mouse and human ligandomes by greater than 2-fold and
is superior to traditional “no enzyme” searches of reference proteomes. Our targeted
database search promises to uncover otherwise missed novel T-cell epitopes of

therapeutic potential.
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3.2. INTRODUCTION

Antigen-specific activation of CD8+ T-cells is initiated when a specific T-cell receptor
recognizes its cognate peptide epitopes presented through class | major
histocompatibility complexes (MHC-I) on antigen-presenting cells. These MHC-bound
peptides, collectively known as the MHC-I ligandome, are usually 8—11 amino acids long
and are derived from intracellular-cleaved “self’ or foreign proteins.® MHC-I molecules,
termed Human Leukocyte Antigens (HLA) in humans, are highly polymorphic,
particularly in the human population, and the peptides bound are highly dependent on an
individual’s HLA allotype. Surveying the MHC-I ligandome in both a context- and
allotype-specific manner is of the utmost importance in understanding how the adaptive
immune response is regulated in pathogen infection and cancer. Furthermore, precise
MHC-I peptide identification from mass spectrometry (MS) data is especially important in
designing therapeutic targets that could be used to formulate personalized CD8+ T-cell-
based therapies such as vaccines against infectious diseases.*" Additionally, for
vaccine-based cancer immunotherapies, MS-enabled identification of tumor-associated
MHC-I ligands or those containing neo-antigens is crucial.('35%2)

Identifying MHC-I ligands by MS remains difficult due to low peptide abundance,
but advancements in MS sensitivity are revolutionizing the process. Currently, the main
experimental approach is to perform immuno-precipitation (IP) of MHC-I proteins,
followed by peptide elution, purification, and analysis by LC-MS/MS.®%® For mouse
models, well-characterized MHC-I allotype-specific antibodies can be employed in the IP
because allelic diversity in mice is low. In contrast, human allelic diversity is high but
pan-HLA-specific antibodies such as the W6/32 antibody are well established.®%%
Spectra from the antibody eluates are then scored against a protein database using
search algorithms such as Mascot and filtered to a certain false discovery rate (FDR).
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Following the database searches, it is common for a large portion of the collected
spectra to not be assigned a peptide identification. Recently, this has been partially
attributed to unforeseen proteasomally spliced peptides nonexistent in the database
searches.® In the past, other types of nonstandard MHC-I| peptides have also been
reported that may explain missing spectral assignments in database searches such as
noncanonical reading frames®®) and nonclassical peptide cleavage.®%) However,
another common problem that complicates spectral assignments in all MHC ligandome
analyses to date is the inability to narrow the number of potential spectral matches by
specifying a proteolytic enzyme cleavage specificity, as would be implemented when
searching shotgun proteomics data. As a result, vast search spaces are explored during
database searches of MHC-I| IP MS data because the composition of peptide
assignments tested is not representative of the sample. As such, statistical power is low
when estimating FDRs for MS/MS spectra. It has been proposed for proteomics studies
that search space sizes could be reduced by limiting them to only those peptides likely to
be present in the sample.®%7:5%®) This strategy would improve FDR estimations and
increase the number of peptides identified from shotgun MS data. We therefore
questioned whether the search spaces for MHC-I IP MS database searches could be
limited solely to predicted MHC-I ligands for the allotypes of the sample to improve
identification rates.

Various MHC-I peptide prediction tools are available to implement the MHC-
peptide database search approach.®%%-562) Most predictors are trained on existing MHC-I
binding assay data and output lists of potential MHC-I peptides from protein
sequences.®% One such tool, NetMHC,®%? uses neural networks trained on large data
sets of MHC-I peptide binding affinity values and predicts probable MHC-I ligands for
queried proteins. Executing NetMHC in mouse models is practical because few allotypes
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exist among mouse MHC-I proteins. Although polymorphism of human alleles is high,
performing HLA predictions is now becoming feasible as peptide-binding data sets are
being collected on more allotypes. (¢4

Here we developed a targeted database search strategy using NetMHC
predictions to compile peptide databases to search MHC-I IP MS data. The approach
leads to greatly improved numbers of MHC class | peptide identifications from both
murine and human IPs. To implement the targeted searches, we made an
accompanying Python-based tool, SpectMHC, available to the immunology community.
On the basis of a reference proteome, SpectMHC compiles targeted MHC-I peptide
FASTA databases to be used for searching MHC-I IP MS data and is available on
GitHub: https://github.com/Prathyusha-konda/SpectMHC. It is worth noting that our
approach not only is applicable to current and future MHC ligand discovery efforts but
also can be used retrospectively; when we applied it to already published MHC

ligandome data sets, MHC ligands were detected that otherwise went unreported.
3.3. RESULTS

3.3.1. Generation of targeted MHC-I databases.

Improving MHC peptide ligand identification and measurement by MS is important
because MHC-I peptides are not produced from easily predictable enzymatic cleavage
sites. This leads to all peptides within a specific precursor ion tolerance being tested,
resulting in large search spaces that most likely result in inflated FDR statistics and low
specificity. It has been proposed that the assignment of spectra from shotgun MS
experiments can be improved by tailoring the search database to those peptides likely to
be in the sample.®7:%%% Even in the proteomics field, recent attempts have been made to

narrow search spaces to improve protein identifications from peptide digests by, for
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example, using databases formed from spectral libraries of previously identified
peptides®%® or from RNASeq data collected from the samples.®% In these cases, the
targeted searches resulted in databases that more accurately reflected the samples
analyzed and increased the number of identified peptides. We thus anticipated that this
targeted strategy could be employed to reduce the complexity of databases used for
MHC-I IP MS searches. Searches against a targeted MHC-| peptide database could
then be implemented in which the MHC prediction tool replaces enzymatic cleavage
specificity. Such a strategy allows the use of a no cleavage search, whereby spectra are
only tested against full database entries and not to non-MHC peptides residing in the
sequences therein. This is exemplified by the predicted MHC peptide, FQALNAEKL from
the mouse protein kinase ATR [Figure 3.1.A], where instead of the many matches to the
full protein when using a no enzyme search, a no cleavage search of the targeted
database results in fewer potential matches to unlikely spectral assignments.

We began with a simple mouse model for which the MHC-I peptides could be
easily predicted due to their low MHC-I allelic polymorphism. The commonly used
C57BL/6 laboratory mouse strain carries the well-characterized H-2 Db and H-2 Kb
mouse MHC-I allotypes, for which hybridomas producing allele-specific antibodies exist.
To generate a targeted MHC-I database, we used a “parent” reference database
containing 56 479 mouse UniProtKB protein sequences (Parent-DB). Although many
other tools are available such as SYFPEITHI®%2) and IEDB,®¢") we have employed
NetMHC for peptide predictions because it has high allotype coverage. Furthermore, in
situations where the HLA alleles in question are not covered by NetMHC 4.0, the pan-
allotype-specific NetMHCpan 3.0 predictor performs very well.(?®) Using NetMHC
(offline, version 4.0), we predicted the H-2 Db and H-2 Kb binding affinities for all
possible 8-, 9-, 10-, and 11-mer peptides for each protein in the parent database [Figure
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3.1.B]. Rather than a specific nM affinity cutoff, a % rank cutoff in NetMHC has recently
been shown to be more versatile across different allotypes, whereby the top 2% ranking
predicted MHC peptides show high specificity.('?® Therefore, all 8- to 11-mer peptides
were filtered to <2% NetMHC rank. This vastly smaller list of peptides was compiled into
a targeted, MHC-I peptide database (MHC-DB) [Figure 3.1.B]. The MHC-DB is
composed of 1458 851 entries of which H-2 Db peptides were 38% 8- to 9-mers
whereas H-2 Kb peptides were 67% 8- to 9-mers [as illustrated in Figure 3.1.C]. The
MHC-DB contained only 1% of the 8- to 11-mers in the Parent-DB [Figure 3.1.B]; thus
the potential peptide identifications in the search space decreased by ~2 orders of
magnitude. It is clear that MHC-I searches against this database would successfully limit
the search space to a small fraction of the mouse proteome. Using the database for
searching MS data also replaces the need for an enzymatic cleavage specificity because
it is inherently built into the database prediction step. The targeted database allows for a
novel, simplified search strategy for MHC-| database searches to increase ligand
identification. Because it would be of interest to others, we offer a supporting tool

(SpectMHC) to make searchable targeted MHC-I FASTA databases.
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Figure 3.1. Predicting MHC-I peptides for the full mouse proteome.

(A) Targeted MHC-I search (MHC-DB), performed with no cleavage specificity, limits
potential spectral matches and decreases the search space compared with a reference
proteome (Parent-DB) search. (B) Beginning with a reference database of mouse
proteins, a targeted MHC-I- database (MHC-DB) solely containing predicted sequences
was formed (NetMHC < 2% rank) using SpectMHC. The MHC-DB contained peptides
from the H-2 Db and H-2 Kb mouse alleles. Shown are the numbers of 8- to 11-mer
peptide sequences in the parent database and the total NetMHC-predicted peptides (H-2
Db and H-2 Kb). (C) Distribution of the total NetMHC-predicted (2% rank) mouse MHC-
| peptides (by 8- to 11-mers) for the H-2 Db and H-2 Kb allotypes used to create the

MHC-DB.
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3.3.2. Targeted MHC-I peptide database searches increase identification
rates for MHC-I ligands.

With the mouse MHC-I peptide FASTA database in hand, we then empirically tested the
targeted MHC-| database search strategy. As a model, we used the EL4 mouse cell line
(C57BL/6 background) and performed allotype-specific MHC-IP experiments using
established protocols.%4®) Specificity was enabled using antibodies specific to the H-2 Db
(B22.249 hybridoma®”) or H-2 Kb (Y3 hybridoma®®®) mouse allotypes [Figure 3.2.A].
Following antibody-based MHC molecule elution and peptide separation, peptide mass
spectra were generated using shotgun LC-MS/MS. An issue with limiting the search
space only to MHC-I peptides is that non-MHC peptides may be falsely matched to
MHC-I peptides because non-MHC matches are not present. To test this, we
intentionally did not separate NetMHC-predicted H-2 Db and H-2 Kb predictions. This
strategy allowed us to assess whether non-MHC peptides would be matched to the
MHC-DB because correct peptide matches from each IP should reflect the specificity of
the antibody used. Alternatively, if peptide matches to the MHC-DB search were
incorrect, then new peptide assignments should be equally distributed among H-2 Db
and H-2 Kb peptides independent of the antibody.

To estimate false discovery rates for peptide identification, commercial software
implementations of tools such as Percolator®®® are common and use reversed or
shuffled versions of the peptides as decoy databases. Using the MHC-I peptide-targeted
approach, a decoy database of reversed peptides can be formed either before or after
NetMHC prediction. Reversing proteins before predicting requires an additional round of
NetMHC prediction and requires specifying target and decoy databases during the
search, which in most commercial database search tools is not yet implementable.

Before implementing our searches with commercial software (Proteome Discoverer) we
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manually assessed the target decoy strategy, comparing Sequest search PSMs where
the decoy was formed by (1) reversing proteins in the Parent-DB then predicting by
NetMHC (Reverse then Predict) or (2) reversing the NetMHC-predicted peptides (Predict
then Reverse). We observed the overall distribution (by Sequest XCorr) of target and
decoy hits (PSMs) to be similar by both strategies for both the B22.249 and Y3 IPs
[Supplementary Figure 3.1.A]. Furthermore, in our 2-antibody model both approaches
accurately returned target PSMs of the correct antibody (H-2 Db to B22.249 and H-2 Kb
to Y3), whereas decoy PSMs were equally represented by the correct or incorrect allele-
matching PSMs [Supplementary Figure 3.1.B]. Manual estimation of the FDR as
previously described®’® showed only minor differences in the total number of unique
peptides from each target decoy strategy, and antibody allotype was conserved at 5%
[Supplementary Figure 3.1.C] and 1% FDR [Supplementary Figure 3.1.D]. As such,
the approach could be implemented using a single forward NetMHC-predicted database,
which allowed implementing Percolator in Proteome Discoverer whereby reversed MHC
peptides served as the decoy database.

To assess the EL4 MHC-I IP for the study, we first performed database searches
against Parent DB using both Sequest and Mascot with no enzyme as the search
specificity, with both 5% and 1% Percolator®®® FDR thresholds. Using
Sequest/Percolator at 1% FDR, a total of 1537 unique peptides were identified between
the B22.249 and Y3 antibody IPs. Using Mascot/Percolator at 1% FDR, a total of 995
unique peptides were identified between the B22.249 and Y3 antibody IPs. Of these,
only 8.9% (150) and 12.6% (126) of the Sequest and Mascot searches, respectively,
were not considered MHC-I peptides using a 2% NetMHC rank cutoff [Figure 3.2.B].
Furthermore, the IPs were allotype-specific, in that MHC-I peptides identified from the
Sequest Parent-DB search were 97% (845/868) H-2 Db-specific and 90% (668/742) H-2
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Kb-specific (as revealed by a 2% NetMHC rank cutoff) for the B22.249 and Y3 IPs,
respectively (1% FDR) [Figure 3.2.B]. MHC-I peptides identified from the Mascot
Parent-DB search were 98% (471/482) H-2 Db-specific and 88% (370/422) H-2 Kb-
specific for B22.249 and Y3 IPs, respectively (1% FDR) [Figure 3.2.B]. At 5% Percolator
FDR, a total of 2238 and 1942 peptides were identified by Sequest and Mascot
searches, respectively, of which 250 (11%) and 252 (13%) were not considered MHC-I
peptides by NetMHC (2% rank cutoff), respectively [Supplementary Figure 3.2.A].
Interestingly, even at this much less stringent FDR (5%), antibody specificity was
similarly maintained as it was at 1% FDR. MHC-I peptides identified from the Sequest
Parent-DB search were 97% (1062/1092) H-2 Db-specific and 89% (894/1008) H-2 Kb-
specific (as revealed by a 2% NetMHC rank cutoff) for B22.249 and Y3 IPs, respectively
[Supplementary Figure 3.2.B]. MHC-I peptides identified from the Mascot Parent-DB
search were 98% (911/934) H-2 Db-specific and 88% (747/850) H-2 Kb-specific (as
revealed by a 2% NetMHC rank cutoff) for B22.249 and Y3 IPs, respectively
[Supplementary Figure 3.2.B]. Next, to test the targeted search approach, we
performed Sequest and Mascot searches to match the MHC-IP spectra using no
cleavage search specificity against the MHC-DB. These searches resulted in drastic
improvements in unique MHC-I peptide identifications compared with the Parent-DB,
specifically for the Mascot results: 3.9 and 3.6 fold for the B22.249 and Y3 IPs,
respectively, and 3.7 fold across the total unique H-2 Db and H-2 Kb peptides identified
[1% FDR in Figure 3.2.C, 5% FDR in Supplementary Figure 3.2.B]. Importantly, we
find that Mascot searches with no cleavage also resulted in higher numbers of unique
peptides compared with Sequest searches with no cleavage [Figure 3.2.C,
Supplementary Figure 3.2.B]. Matching non-MHC peptides to the MHC-DB was not
evident based on maintenance of allotype-specificity, whereby 96 and 91% of the
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peptides identified from the Sequest MHC-DB searches matched the appropriate
antibody for the B22.249 (H-2 Db-specific) and Y3 (H-2 Kb-specific) IPs, respectively
[Figure 3.2.C]. For the Mascot searches, 90 and 84% of the peptides identified matched
the appropriate antibody for the B22.249 and Y3 IPs, respectively [Figure 3.2.C]. As
such, these peptides are assumed to be correct, and using the targeted search
approach was successful. Accordingly, maintenance of allotype-specificity was also
observed at 5% FDR for both Sequest and Mascot [Supplementary Figure 3.2.B]. We
also created MHC-DBs using 1, 5, and 10% rank as NetMHC cutoffs, and a few
additional peptides were identified with increased % rank cutoffs [Supplementary
Figure 3.3.A,B]. Further support of these MHC-I peptide assignments is evident from
the distribution of binding affinities; 85 and 84% of Mascot MHC-DB search peptides
were considered strong binders (NetMHC < 0.5% rank) for the B22.249 H-2 Db and Y3
H-2 Kb peptides, respectively [Supplementary Figure 3.4.A]. These data are
particularly supportive because the % rank for MHC-DB peptides (<2%) of all lengths
was distributed relatively evenly [Supplementary Figure 3.4.B]. Taken together, these
data show the potential for targeted database searches (particularly Mascot) in solving

the “no enzyme” problem for MHC-| peptide identifications.
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Figure 3.2. Targeted MHC-| peptide database search increases MHC ligandome
identifications.

(A) Schematic for an allotype-specific, two-antibody experiment to assess the MHC-DB

search. H-2 Db and H-2 Kb-specific antibodies (B22.249 and Y3, respectively) were
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used to immuno-precipitate MHC-| proteins from mouse EL4 cells (carrying the H-2 Db
and H-2 Kb allotypes), followed by elution of peptides, separation from MHC-I proteins
by a cutoff filter, and analysis by LC—MS/MS. Spectra were assigned using Sequest and
Mascot and false discovery rates (FDRs) determined using Percolator with either the
Parent-DB or MHC-DB. (B) Parent-DB search results for mouse EL4 cells at 1% FDR,
showing purity and allotype specificity of the B22.249 and Y3 antibodies. Shown
separately for each allele-specific IP (and the total of both) are the number of unique
peptides considered H-2 Db binders (NetMHC < 2% rank for H-2 Db), H-2 Kb binders
(NetMHC < 2% rank for H-2 Kb), or nonbinders (NetMHC > 2% rank, gray). (C)
Comparison of the MHC-I peptides (NetMHC < 2% rank) identified using the targeted
MHC-DB search approach with both Sequest and Mascot compared to the no enzyme

Parent-DB search (1% FDR).

3.3.3. Increased MHC-I ligand identifications are due to enhanced statistical

power.

In previous studies where the search space was reduced, increased numbers of
identified peptides were mostly attributed to better statistical power when performing
FDR estimation.®®) Poor statistical power and sensitivity is especially a concern for
searching MS data from MHC-I IPs using no enzyme restriction. In such searches, the
likelihood of getting a high-scoring incorrect match to a peptide not likely present in the
sample is higher than with enzyme-restricted databases. As a result, false-positive
estimates appear higher and fewer matches meet a required cutoff. In our mouse data,
we examined our Mascot search results, which showed the greatest boost in
performance, and we observed that when peptides identified in both the Parent-DB and

MHC-DB search types are compared, 99.3 and 94.1% of Percolator q values (FDR
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estimates) are lower for the MHC-DB search than the Parent-DB search for the B22.249
and Y3 IPs, respectively [Figure 3.3.A]. Percolator posterior error probabilities (PEPSs),
similar metrics to q values, showed similar decreases [Supplementary Figure 3.5.A].
Furthermore, across all identified peptides, Percolator q values and PEP were also
distributed lower in the MHC-DB search [Figure 3.3.B, Supplementary Figure 3.5.B].
Performing the MHC-DB search thus improves statistical power for MHC IP searches,
which, taken together with the aforementioned maintenance of allotype specificity,
suggests that the approach is sensitive but also accurate. Furthermore, by performing
the MHC-DB search, we were able to assign MS/MS spectra with lower Mascot ions
scores [1% FDR in Figure 3.3.C, 5% FDR in Supplementary Figure 3.6], which often
occur when measuring peptides of low abundance such as MHC-I peptides.
Interestingly, the approach also rescued the identification of many high Mascot-scoring
spectra because they were identified only in the MHC-DB search [exemplified in Figure
3.4]. As such, a mechanistic explanation for the improved peptide identification rates is
the higher sensitivity occurring from decreasing the search space size to more

accurately represent the sample.
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Figure 3.3. Effect of a targeted MHC database on search statistics.

(A) Percolator q values for each peptide identified in both search types are plotted in

numerical order according to their Parent-DB q values. Percentages are the peptides for

which the g value of the MHC-DB search was less than the Parent-DB search. (B)

Distribution of the Percolator q values (shown up to 5% FDR) for each MHC-IP search

result, comparing Parent-DB and MHC-DB search types. (C) Distribution and mean



values of Mascot ions scores among identified peptides (1% FDR) for the Parent-DB and

MHC-DB search types for the B22.249 and Y3 IPs.
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Figure 3.4. Examples of spectra assigned by only the MHC-DB search.

Shown are several MS/MS spectra with high Mascot ions scores from the (A) B22.249

and (B) Y3 IPs that were not assigned to a peptide in the Parent-DB searches but

assigned to peptides in the MHC-DB searches. Such peptides were mostly allotype-

specific (B22.249 peptides were <2% NetMHC rank for the H-2 Db allele; Y3 peptides

were £2% NetMHC rank for the H-2 Kb allele).
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3.3.4. HLA-specific database searches improve statistical power and
peptide identifications in human HLA-IP searches.

Having established the MHC-DB search approach in a mouse model, we next assessed
the use of the targeted approach in human-derived samples. To test this approach, we
retrieved eight MS/MS raw data files from recently published HLA ligandome data
collected from peripheral blood mononuclear cells (PBMCs) of healthy donors.®""%72) We
thus compiled targeted HLA databases for searching human HLA ligandome data based
on the HLA-A and HLA-B allotypes of the patients. As in the mouse experiments, we
began with a human reference proteome (Parent-DB) and used NetMHC to predict
allotype-specific HLA peptides (NetMHC < 2% rank), forming a targeted HLA database
for each patient allotype (HLA-DB). Using a 2% rank cutoff, the representation of
predicted 8- to 11-mer peptides was similar to that of the mouse databases
[Supplementary Figure 3.7.A]. The Parent-DB search showed that most identified
peptides were HLA binders (as revealed by a NetMHC rank <2%) [Supplementary
Figure 3.7.B]. Depending on the patient sample, Mascot searching against the HLA-DB
resulted in 1.2- to 2.3-fold increases in HLA peptides compared with the Parent-DB (at
1% FDR) [Figure 3.5.A, Supplementary Data 3.2]. As in the mouse experiments,
peptide identification increases could also be attributed to better statistical power
estimation because Percolator q values were again lower for the HLA-DB search than
for the Parent-DB search for all PBMC samples [Figure 3.5.B]. Using the HLA-DB
searches also enabled the identification of peptides with lower Mascot ions scores on
average [Figure 3.5.C]. The success of the targeted approach to increase HLA peptide
identification in human samples is important because they may bear a host of important

immunotherapeutic antigens.
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Figure 3.5. Targeted HLA database searches increase peptide identifications in human
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Publically available human class | HLA ligandome raw data were retrieved and

reanalyzed using searches based on allotype-specific targeted HLA databases. For each
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PBMC, HLA peptides were predicted from a human reference proteome database
(Parent-DB) using NetMHC (<2% rank) based on the patient allotype as stated in the
publication. 72 A patient-specific targeted HLA database search was performed and
compared to the reference database (Parent-DB) using Mascot and Percolator. (A)
Peptide identification increases (1% FDR) for each PBMC data set comparing the
targeted HLA database (HLA-DB) to the reference (Parent-DB) search. (B) For each
PBMC ligandome search, Percolator g values (up to 5% FDR) are shown for peptides
(all allotypes) identified using both the Parent-DB and HLA-DB search. Peptides are
plotted in numerical order according to their q value in the Parent-DB search. Each
PBMC number matches to that in the previously reported data set (Orbitrap data only).
(672) (C) Distribution and mean values of Mascot ions scores among identified peptides
(1% FDR) for the Parent-DB and HLA-DB search types for human PBMC ligandome

data sets.

3.3.5. MHC-I peptides assigned with the targeted databases are not

contaminant peptides.

Arguably, a potential pitfall of performing the MHC-targeted database search is that
spectra identified as non-MHC-binding peptides (most likely contaminant peptides) could
be falsely assigned as MHC-I peptides. The occurrence of these contaminant
assignments can be discerned by performing a standard no enzyme search against the
reference database. Examination of the PSM overlap between the Parent-DB and MHC-
DB searches shows that few PSMs are solely identified by the Parent-DB
[Supplementary Figure 3.8]. In this regard, we found that only 12/118 of B22.249 and
8/180 of those Y3 peptide spectrum matches (PSMs) considered nonbinders in the

Parent-DB searches were reassigned as binders by the MHC-DB search (at 1% FDR)
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[Figure 3.6.A]. In the human data, of the nonbinder PSMs from the Parent-DB search,
again few were reassigned to HLA-binding peptides in the HLA-DB search [Figure
3.6.B]. These PSMs can be flagged for removal during routine practice of the targeted
approach, and overall, the strategy still leads to a net increase in confident MHC-I or
HLA peptide assignments. It is not known how much of this net increase comes at the
cost of true MHC/HLA peptides not predicted by NetMHC, but true binders should be
further interrogated by validation methods, iteratively improving the prediction tools.
Such may be the case for HLA-C allotypes, which were not available from the PBMC
data and are more poorly studied. Taken together with the maintenance of allotype
specificity in the mouse experiment, these data also support the notion that non-MHC-|
binders will not match the MHC-DB. We therefore propose that the targeted approach is
a superior option for identifying MHC-I ligands from MS data as a result of its enhanced
statistical power and will reveal otherwise unidentified ligands. The targeted approach
could also bolster patient-specific immunotherapies because it is conceivable that
targeted databases could be based on patient sequence data, improving the likelihood of

detecting, for example, neoantigen peptides in cancer.®"®
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Figure 3.6. Most contaminant peptides are not assigned to MHC peptides.

(A) Fraction of PSMs identified as nonbinders (NetMHC > 2% rank) in the Parent-DB
search that are reassigned as a binder by the MHC-DB search (1% FDR). (B) Fraction of
PSMs from each human PBMC ligandome identified as nonbinders (NetMHC > 2% rank)
in the Parent-DB search that are reassigned as a binder by the HLA-DB search (1%

FDR).

3.4. DISCUSSION

MHC ligandomes hold information on therapeutic targets essential for understanding
antigen-specific, T-cell-mediated immunity. Exciting recent developments in antitumor
immunotherapy involving T-cell-based therapeutics, including PD-1 and CTLA4 immune
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checkpoint inhibitors, have led to a renewed importance for MHC-I ligand
identification,”® with their potential for use as peptide vaccines. Database search
strategies for identifying MHC ligand mass spectra from LC-MS/MS experiments were
initially intended to be employed by matching spectra to predictable protein fragments
cleaved by proteolytic enzymes.®® This leads to a lack of enzymatic cleavage
specificity in the search and is one of the many potential reasons why the success rate
in assigning peptide identifications to ligand mass spectra data is low. Here, by
compiling databases limited to predicted MHC-I peptides, we have greatly reduced the
spectral search space. This approach essentially replaces the proteolytic peptides with
predicted MHC-I ligands so that search strategies can be implemented as originally
intended. As mentioned, unassigned spectra in MHC-I ligand studies could result from IP
of nonclassical ligands that our approach does not consider such as those proteasomally
spliced,® which have recently been introduced as being widespread. Furthermore, it is
not known to what extent proteasomal splicing, peptide bulging, or post-translational
modifications play in the ability of peptides to be predicted by NetMHC. It is worth noting
that many newly discovered proteasomally spliced peptides were not considered binders
by NetMHC®® but might be better predicted as more is known about them. Although
novel peptide motifs missed as part of our predictive approach can be recovered by
performing a complementary nontargeted search, caution should be taken in combining
iterative searches unless a global FDR is properly considered.®”® Future approaches
should address how to combine such searches. Overall, however, the targeted approach
is effective for most scenarios, and as pan-allotype prediction tools are improving over
time,®7® targeted database searches will only improve. Furthermore, advances in MS
speed and sensitivity, alongside better MHC-I IP methodologies, will result in the
acquisition of even greater numbers of quality spectra. Finally, this novel targeted
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database search approach could be extended to other non-MHC-based investigations,
such as using motif-targeted databases composed of known kinase phosphorylation
motifs, thus improving phospho-peptide identification rates. We ultimately suggest that
the targeted database search for MHC-I peptide identification is an essential step

forward in the ever-expanding field of MHC ligand analysis.
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3.7. SUPPLEMENTARY FIGURES
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Supplementary Figure 3.1. Decoy database comparisons.
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(A) Distribution of all target and decoy PSMs for MHC IPs from mouse EL4 cells (by
Sequest XCorr) where MHC-DB decoy databases formed by either reversing all mouse
proteins in Parent-DB then predicting by NetMHC (Decoy Then Predict) or by reversing
the NetMHC-predicted peptides (Predict Then Decoy). (B) Distribution of H-2 Db and H-
2 Kb —specific decoy and target PSMs for each allotype-specific IP, comparing the
“Decoy Then Predict” and “Predict Then Decoy” strategies. (C) Total unique peptides for
each allotype-specific IP, comparing the “Decoy Then Predict” and “Predict Then Decoy”

strategies at 5% FDR. (D) Same as C, at 1% FDR.
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Supplementary Figure 3.2. Search results at 5% FDR.

(A) Parent-DB search results (Sequest and Mascot) for mouse EL4 cells at 5% FDR,

showing purity and allotype specificity of the B22.249 and Y3 antibodies. Shown
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separately for each allele-specific IP (and the total of both) are the number of unique
peptides considered H-2 Db (NetMHC < 2% rank for H-2 Db), H-2 Kb (NetMHC < 2%
rank for H-2 Kb) binders, or nonbinders (NetMHC > 2% rank, grey). (B) Allotype-specific
increases in MHC-I peptides (NetMHC < 2% rank) achieved with the Sequest and

Mascot MHC-DB searches (5% FDR).
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Supplementary Figure 3.3. Search results by NetMHC % rank cutoff.

(A) Total unique H-2 Db and H-2 Kb peptides for each allotype specific IP identified by

varying the % rank cutoff (1%, 2%, 5% and 10%) used to create the mouse MHC-DB.
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Peptides were identified using Mascot searches at 1% Percolator FDR (B) Same as (A),

but using Mascot searches at 5% Percolator FDR.
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Supplementary Figure 3.4. Predicted and Identified NetMHC % ranks.

(A) Shown are the distributions, across peptide lengths, of the NetMHC % rank values
for all predicted H-2 Db and H-2 Kb peptides in the MHC-DB. (B) Distribution of NetMHC
% ranks for the unique H-2 Db and H-2 Kb peptides for each allotype-specific IP based

on Mascot searches at 1% Percolator FDR.
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Supplementary Figure 3.5. Percolator PEP statistics.
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and MHC-DB search types are plotted in numerical order according to their g-value in
the Parent-DB search. Percentages are the peptides for which the PEP of the MHC-DB
search was less than that of the Parent-DB search. (B) As in A, the distribution and

mean values of the PEP for each MHC-I IP search result, comparing Parent-DB and
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Supplementary Figure 3.6. Mascot ions score distributions.

Distribution and mean values of Mascot ions scores among identified peptides (5% FDR)

for the Parent-DB and MHC-DB search types for the B22.249 and Y3 IPs.
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Supplementary Figure 3.7. Predicted and Identified HLA peptides.

128



(A) NetMHC-predicted peptides for eight PBMC HLA IP datasets based on the patient
allotype. Shown for each PBMC is the total number of predicted peptides (< 2% rank) by
peptide length. (B) Identified peptides (Mascot, 1% FDR) from published PBMC
ligandome datasets using a reference human proteome database (Parent-DB) showing
the purity and peptide distribution among alleles for each patient allotype. Based on
NetMHC, peptides were considered binders to the patient allotypes (< 2% rank for a

specific allele) or non-binders (> 2% rank).
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Supplementary Figure 3.8. Database overlap.

Overlap of PSMs identified in the Parent-DB and MHC-DB for each mouse IP using

searches by Mascot at (A) 1% FDR and (B) 5% FDR.
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3.8. SUMMARY OF CHAPTER 3

We developed a new workflow for MHC-I ligandome-associated MS spectral searches
and a computational solution to one of the main non-enzymatic search problems
encountered with LC-MS/MS-based MHC-I ligandome. Implementing a targeted search
strategy through our SpectMHC pipeline not only overcomes the constraints of non-
enzymatic searches but also improves MHC-I ligand identification in mouse and human
samples by more than two-fold. Furthermore, compared to the parent reference
database technique, the targeted database search strategy reduced false discovery
rates and effectively discovered MHC-I ligands with low ion mass scores. By overcoming
such fundamental limitations with MS, our targeted search strategy has the potential to
find previously unidentified MHC-I ligands, including therapeutically important T cell
epitopes involved in the cancer immunity cycle. The following chapters seek to enhance
the entire cancer immunity cycle by stimulating immunogenic cell death for therapeutic
development. We develop and investigate the efficacy of novel, clinically desired near-
infrared activated photodynamic therapies with unique chemical properties that attack
melanoma in two ways: directly by cytotoxicity and indirectly by activating anticancer

immune responses, yielding excellent therapeutic responses.
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CHAPTER 4: NEAR-INFRARED ABSORBING RU(Il) COMPLEXES
ACT AS IMMUNOPROTECTIVE PHOTODYNAMIC THERAPY
(PDT) AGENTS AGAINST AGGRESSIVE MELANOMA

This work is published in:

Lifshits LM*, Roque IIl JA*, Konda P*, Monro S, Cole HD, von Dohlen D, Kim S, Deep
G, Thummel RP, Cameron CG, Gujar S, McFarland SA. Near-infrared absorbing Ru (I1)
complexes act as immunoprotective photodynamic therapy (PDT) agents against
aggressive melanoma. Chemical science. 2020;11(43):11740-62.
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4.1. ABSTRACT

Mounting evidence over the past 20 years suggests that photodynamic therapy (PDT),
an anticancer modality known mostly as a local treatment, has the capacity to invoke a
systemic antitumor immune response, leading to protection against tumor recurrence.
For aggressive cancers such as melanoma, where chemotherapy and radiotherapy are
ineffective, immunomodulating PDT as an adjuvant to surgery is of interest. Towards the
development of specialized photosensitizers (PS) for treating pigmented melanomas,
nine new near-infrared (NIR) absorbing PSs based on a Ru(ll) tris-heteroleptic scaffold
[RU(NNN)(NN)(L)ICIn, were explored. Compounds 2, 6, and 9 exhibited high potency
toward melanoma cells, with visible EC50 values as low as 0.292-0.602 yM and
phototherapeutic indices (Pls) as high as 156—-360. Single-micromolar phototoxicity was
obtained with NIR-light (733 nm) with Pls up to 71. The common feature of these lead
NIR PSs was an accessible low-energy triplet intraligand (3IL) excited state for high
singlet oxygen (102) quantum yields (69-93%), which was only possible when the
photosensitizing 3IL states were lower in energy than the lowest triplet metal-to-ligand
charge transfer (3MLCT) excited states that typically govern Ru(ll) polypyridyl
photophysics. PDT treatment with compound 2 elicited a pro-inflammatory response
alongside immunogenic cell death in mouse B16F10 melanoma cells and proved safe
for in vivo administration (maximum tolerated dose=50 mg kg—1). Male and female mice
vaccinated with B16F10 cells that were PDT-treated with compound 2 and challenged
with live B16F10 cells exhibited 80 and 50% protection from tumor growth, respectively,

leading to significantly improved survival and excellent hazard ratios of <0.2.
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4.2. INTRODUCTION

Photodynamic therapy (PDT) is an approved anticancer modality where light is used to
activate an otherwise nontoxic photosensitizer (PS) to generate cytotoxic reactive
oxygen species (ROS) through energy (Type Il) or electron (Type 1) transfer. Type Il
formation of '0; is thought to be the major contributor to the antitumor photodynamic
effect, arising from three synergistic mechanisms: direct cytotoxicity toward tumor cells,
damage to tumor vasculature, and induction of an inflammatory response that can
stimulate systemic antitumor immunity. (346-349.352371.577-583) PDT is delivered in two stages:
local or systemic administration of a PS, followed by light delivery to the site of the
primary tumor. The light can be delivered virtually anywhere in the body with today’s
flexible fiber optic devices, and interstitial PDT (i-PDT) techniques can even be used to
physically implant the fibers directly inside tumors.®® The overall PDT response is
determined by the PDT regimen, which includes the PS dose as well as the light
treatment (wavelength, fluence, and irradiance),®’%4% and can be tuned to enhance

local or systemic effects.®?

The most recent preclinical and clinical studies have shown that, apart from its
direct tumor-destroying capacity, PDT can perform immunomodulatory functions.
Specifically, PDT stimulates both innate and adaptive immune responses, destroying
distant untreated tumor cells (at either primary or metastatic sites) and leading to the
development of antitumor immunity that can prevent cancer recurrence. #°5:585:440.467,586-
%94 Such therapy-induced antitumor immunological benefits form the foundation of
modern-day cancer immunotherapies. Thus, local PDT has much unrealized promise,

and has the potential to be an important adjuvant in multimodal cancer therapy.
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Porfimir sodium (Photofrin), a mixture of oligomeric tetrapyrrolic macrocycles that
is activated with 630-nm light, was the first approved PS for cancer therapy and remains
the gold standard in many PDT applications.(348:595.350.5%.597) Most second- and third-
generation PSs are also based on tetrapyrrole macrocycles (porphyrins, chlorins,
bacteriochlorins, and phthalocyanines),(583356.598,599,357.35) ht gre single compounds
aimed at increasing water solubility, reducing prolonged photosensitivity, and/or
improving other properties. Related systems have also been prepared that involve
coordination of a central metal ion (e.g., Sn", Lu", Al", Pd") to the tetrapyrrole
framework to enhance their photophysical and biological properties.®%:600-603) Only a
handful of these next-generation PSs have been approved for clinical use or have

advanced to clinical trials.(346)

In a marked departure from these tetrapyrrole macrocycles and their metallated
counterparts, we and others have focused on coordination complexes of Ru(ll) as light-
responsive prodrugs.©°08%4-616) Ry(ll) has long been at the forefront for many light-based
applications due to the rich photophysical and photochemical characteristics of many of
its complexes. (583:346.617-619,364,620-627.361) A ealth of photophysical studies on a variety of
Ru(ll) polypyridyl complexes over more than several decades has made it possible to

tune the excited state dynamics of these systems using rational design principles. (346:628-
834) In many systems, the photophysical properties are set by the lowest-energy metal-to-

ligand charge transfer (MLCT) excited state. However, judicious choice of ligand
combinations around Ru(ll) can also lead to accessible excited states that involve
predominantly the metal (metal-centered, MC) or one of its ligands (intraligand, IL), each
of which has its own characteristic excited state reactivity that can be tailored according

to the desired response.
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The success of this approach has been demonstrated by our own TLD1433,
which is the first Ru(ll) PS to advance to human clinical trials.®*®) TLD1433 completed a
Phase 1b study for treating non-muscle invasive bladder cancer (NMIBC) with PDT in
2018 and proceeded to a Phase 2 study that is currently underway (ClinicalTrials.gov
identifiers NCT03053635, NCT03945162). TLD1433 is a Ru(ll) polypyridyl complex that
incorporates a polarizable 1r-expansive ligand having a triplet intraligand charge transfer
(CILCT) state energy that is lower than that of the 3SMLCT state. This results in a
prolonged excited state lifetime due to the significant organic *mrmr* character of the 3ILCT
state that slows competitive intersystem crossing (ISC) back to the ground state.
Prolonged triplet state lifetimes are generally longer than 10 us®®) in the absence of
excited state quenchers such as oxygen and tend to promote extremely high 'O

quantum yields.(©35-641)

While many Ru(ll) complexes sensitize 'O, most efficiently with activation in the
400-500 nm wavelength range, we have observed that Ru(ll) complexes with -
expansive ligands and lowest-energy ®IL or 3ILCT states can produce 'O, (and
photocytotoxic effects) with 630 nm light despite molar extinction coefficients that are
vanishingly small in the red spectral region.®46:639642) |n order to increase the efficiency of
this process by increasing molar extinction coefficients and extending the absorption
window into the near-infrared (NIR), we have combined 1T-expanded tridentate ligands
with Ru(ll) to produce lower-energy MLCT states. These NNN ligands are referred to as
chromophoric ligands herein and their m-expansion orthogonal to the direction of the M-
N bond is the key feature for extending the absorption window into the NIR. The PDT-
active ligand that installs the low-energy 3IL state for efficient 'O, sensitization is also -
expansive, but extending conjugation along the M-N bond has little effect on the MLCT

energy. The challenge in creating NIR-absorbing PSs with high 'O, quantum yields lies
137



in lowering the energy of the '"MLCT state without lowering the energy of the SMLCT
state below that of the 3IL state. For this we chose the benzo[ildipyrido[3,2-a:2',3'"-

c]phenazine (dppn) ligand due to its exceptionally low-energy 3IL state, estimated at 1.33

g\/.(636,643)

Our primary reason for extending the absorption window for Ru(ll) complexes
that use PDT-active ®IL (or ’ILCT) states was to develop Ru(ll)-based NIR PSs for
melanoma PDT. Melanoma cells contain melanin, a pigment that is well-adapted for
detoxifying ROS®4464% and that can absorb and attenuate visible light,®4®) including the
red wavelengths often used for PDT. Although PDT has produced some encouraging
results both in vitro and in vivo®45847) and in a few isolated clinical cases for
melanoma,644.645648) pigmented melanomas have proven more resistant to PDT®49 than
their amelanotic counterparts.(©44.645650) To improve PDT effectiveness against some of
the most aggressive melanomas, we set out to design Ru(ll) NIR PSs with high 'O,
quantum yields that could also generate an antitumor immunological response. The
longer-term vision is that these NIR PSs may provide immunotherapeutic benefit in

optimized PDT regimens delivered alongside surgery.

This study systematically explores combinations of ligands types and Ru(ll) with
the goal being to achieve NIR PDT effects with a chemically well-defined PS that is
stable in the absence of light and has a high 'O, quantum yield. The core metal-
containing scaffold [Figure 4.1] was inspired by a family of Ru(ll) complexes designed
as catalysts for water oxidation,®®") where the tridentate 2,2'-(4-(tert-butyl)pyridine-2,6-
diyl)bis(1,8-naphthyridine) (tpbn) ligand was coordinated to Ru(ll) to form robust
catalysts with NIR absorption out to approximately 800 nm. We envisioned that this

scaffold could be combined with TT-expansive PDT-active ligands such as dppn to build
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PSs for PDT applications that might benefit from the use of NIR light. Herein, we report
the results from our structure-activity (SAR) study and identify a novel Ru(ll)-based PS
platform for achieving PDT with longer wavelengths of light. We also demonstrate that
this PDT effect has the potential to create antitumor immunotherapeutic effects in vitro

and in vivo.

4.3. RESULTS

4.3.1. Chemical synthesis and characterization of compounds

Synthesis and characterization of compounds

The inspiration for the NIR Ru(ll) scaffold used in our design was the tpbn-bearing Ru(ll)
complex [Ru(tpbn)(4-pic)2(H20)](PFe). [Figure 4.1] that was reported by Thummel and
coworkers in 2005.©" Although designed as a water oxidation catalyst for applications
in artificial photosynthesis, [Ru(tpbn)(4-pic)2(H20)](PFs)2 exhibited several key properties
that were attractive for PDT. The catalyst was redox active, relatively robust, and
absorbed light panchromatically from the UV into the NIR, extending to 800 nm. In
addition, substituents on the axial pyridine ligands had a profound influence on the low-
energy '"MLCT transitions. The switch from electron withdrawing to electron donating
groups at the para positions red-shifted the longest wavelength absorption maxima by
almost 100 nm. In the present study, we adapted this structure to incorporate a bidentate
ligand in the place of the aqua and one of the pyridyl ligands in order to install a 17-

expansive ligand with a low-energy 3IL state for effective 'O, sensitization.

The target complexes [1-9, Figure 4.2] of the type [Ru(NNN)(NN)(L)]Cl, were
selected for examining SARs with regard to NIR absorption, 'O, quantum yields, and in
vitro PDT effects. Given that the Ru(ll) family was designed to have low-energy MLCT

states for NIR absorption and that 'O, generation is most efficient when the °IL state is
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below the 3MLCT, the dppn ligand was used as the PDT ligand due to its low-energy 3IL
state lying near 1.33 eV.(640:642652) \WWe hypothesized that there would be a minimum
SMLCT-3IL energy gap required for effective 3IL population that would limit how far into
the NIR the absorption could be shifted while still maintaining high 'O, quantum yields

and good photocytotoxicity.

To demonstrate that the energy of the °IL state must be below that of the SMLCT
state for activity, the reference compounds 7 and 8, with 1,10-phenanthroline (phen) in
place of dppn, were included since the ®IL state of phen is much higher than the SMLCT
state but the coordination geometry between phen and dppn remains similar. To probe
the SMLCT-3IL energy gap limit by changing the MLCT energy, the chromophoric NNN
and the axial (monodentate L) ligands were varied in complexes containing dppn. The
NNN ligand tpbbn was used to lower the MLCT states due to its more expanded -
system with distal benzo groups fused to each napthyridine of tpbn. Cl as the axial
ligand was also used to lower the MLCT energy. The expectation was that the NIR
absorption would red-shift in the following order as a consequence of lowering the MLCT
energies: Cl combined with tpbbn (3) > Cl combined with tpbn (1), 4-pic combined with

tpbbn (4) > 4-pic combined with tpbn (2).

Simple variation to the central pyridine ring of the chromophoric ligand and the
axial pyridyl ligands of compound 2 were also explored to determine whether these
positions could be used to fine-tune existing properties. Compound 6 contained 2,6-
di(1,8-naphthyridin-2-yl)pyridine (dnp) as the chromophoric ligand, which lacked the {-Bu
group of the tpbn ligand in 2, and 9 contained 4-methoxypyridine (4-mp) in place of 4-pic
in 2. The corresponding chloro complexes (5 and 1, respectively), were also examined

given that 1, 3, 5 and 7 were synthesized as precursors to the pyridyl complexes.
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Whereas the pyridyl complexes have an overall charge of +2, the Ru(ll) complexes with
chloro in the axial position have an overall charge of +1. Complexes 1, 3, 5 and 7 and

were thus expected to be less water soluble and potentially labile.

Complexes of the formula [Ru(NNN)(NN)(CD]CI 1, 3, 5, 7 were synthesized
following a 2-step procedure, similar to what was reported by Thummel and
coworkers.®") RuCl;*3H,0 was refluxed with the NNN chromophoric ligand (tpbn, tpbbn,
or dnp) to give the corresponding [Ru(NNN)](Cl)s species in situ, which was then
combined (without isolation or purification) with the bidentate NN ligand (dppn or phen)
in the presence of TEA to give the [Ru(NNN)(NN)(CI]CI complexes 1, 3, 5, 7 which were
purified on neutral alumina to afford the desired products in 30—-48% yield. Complexes 1
and 5 were also prepared using microwave irradiation to shorten total reaction time and
gave similar yields. Although not tested, it is anticipated that 3 and 7 could also be

prepared in much shorter reaction times with microwave irradiation.

The [Ru(NNN)(NN)(4-pic)]Cl. complexes 2, 4, 6, 8 were synthesized from the
corresponding [Ru(NNN)(NN)(CI)]CI complexes 1, 3, 5, 7 following a two-step
procedure. First, [Ru(NNN)(NN)(CIH]CI was refluxed with AgNOs to facilitate removal of
the axial chloride ligand following a modified literature procedure.®® An excess of 4-pic
was then added and the reaction mixture was refluxed to give [Ru(NNN)(NN)(4-pic)]Cl..
Complexes 2, 4, 6, 8 were purified on neutral alumina, affording final products in 66—
81% yield. Complexes 2, 6 and 8 were also prepared using microwave irradiation to
shorten reaction times significantly. In this case, AQNO3 was not required. It is
anticipated that 4 could also be prepared in this manner. Complex 9 was synthesized
from complex 1 in a similar approach as for 2, except 4-mp was used in place of 4-pic

and was likewise successfully prepared using microwave irradiation.

141



Complexes 1-9 were characterized by high resolution ESI* mass spectrometry
[Appendix Figures S29-S37], 1D 'H NMR and 2D 'H-'H COSY NMR spectra [Appendix
Figures S1-S28], and HPLC [Appendix Figures S38-S46]. The molecular ion peaks
matching the calculated [M-CI]" peaks were observed for [Ru(NNN)(NN)(CDH]CI
complexes 1, 3, 5, 7. Likewise, molecular ion peaks matching the calculated [M-2CIJ**
peaks were observed for [Ru(NNN)(NN)(4-pic)]Cl. complexes 2, 4, 6, 8 and for
[Ru(tpbn)(dppn)(4-mp)]Cl. complex 9, confirming the correct molecular masses of the
complexes. Observed molecular ions exhibited isotopic patterns characteristic of
mononuclear Ru(ll)-containing complexes, with separation of 1 m/z between the peaks

for M* ions and 0.5 m/z between the peaks for M?* ions.

To confirm structures, the 1D "H NMR and 2D 'H-'H COSY NMR spectra of
complexes 1-9 [Appendix Figures S1-S28] were closely analyzed and all hydrogens
assigned. Assignments were made based on connectivity observed by 2D 'H-'"H COSY
NMR, coupling constants observed in 1D "H NMR spectra, and precedent assignments
of similar systems reported in the literature s.6%46%) The process of assigning the signals
in each "H NMR spectrum for complexes 1-9 is described in detail in the Supporting

Information.
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Structure codes and abbreviations STRUCTURE-ACTIVITY Inspiration:
for library members: RELATIONSHIP (SAR) water splitting catalyst
LIBRARY DESIGN Thummel and coworkers

T (PFe)2

1 [Ru(tpbn)(dppn)(CH]ICI
2 [Ru(tpbn)(dppn)(4-pic)]Cl,
3 [Ru(tpbbn)(dppn)(CI)ICI
4 [Ru(tpbbn)(dppn)(4-pic)]Cl,
5 [Ru(dnp)(dppn)(ChICI
6 [Ru(dnp)(dppn)(4-pic)]Cl,
7 [Ru(tpbn)(phen)(CI)]CI

(

(

(

)
8 [Ru(tpbn)(phen)(4-pic)]Cl,
9 [Ru(tpbn)(dppn)(4-mp)]Cl,

N

R?=Me (4-pic) !
R?=0Me (4-mp) |

R'=t-Bu (tpbn)
R'=H (dnp)

Coligand L

Figure 4.1. Library design for Ru(ll) complexes investigated in this study.
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Figure 4.2. Molecular structures of Ru(ll) complexes 1-9.

Photophysical Characterization

Absorption properties

The compounds within the series were panchromatic absorbers from the UV into the
NIR, with the NIR cut-off determined by the ligand combinations in a predictable manner.
Generally, the electronic transitions in these complexes could be grouped into three or
four wavelength regions [Figure 4.3]. Below 400 nm, ligand-localized "nrmr* transitions
involving the polypyridyl groups of the NNN, NN, and N ligands gave rise to intense,

sharp bands with large molar extinction coefficients (10*-10° M~" cm™1).(628.632,656,657)
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Spectra for compounds containing the dppn ligand included additional ligand-localized
'rr* bands (e=10* M~ cm™) with characteristic fine structure between 370-430 nm
contributed by transitions typical of azaaromatics.®*® Much broader and less intense
bands (ex10°-10* M~" cm™) due to '"MLCT transitions involving Ru(dTr) orbitals and
ligand t* orbitals of the polypyridyl groups appeared between 400—650 nm. (628:632,658-660)
The longer wavelength '"MLCT bands (e10® M~' cm™) that occurred beyond 650 and
into the NIR were assigned to Ru(dr)—-1* transitions involving increased -

delocalization onto the distal polypyridyl groups of the NNN chromophoric ligands. ¢61-664)

The longest wavelength absorption maxima in the NIR was dictated by the ligand
combinations around Ru(ll) and ranged from 715 to 903 nm. Generally, chloro as the
monodentate ligand and tpbbn as the NNN chromophoric ligand produced the largest
bathochromic shifts of the NIR "MLCT transitions, while pyridyl as the monodentate
ligand and tpbn as the NNN chromophoric ligand resulted in the smallest shifts. The
largest red-shifts result from an increase in the energies of the Ru(d1r) orbitals (due to
the weak-field chloro monodentate ligand) and a concomitant decrease in the energies
of the ligand-based 1* orbitals (with more extended 1-conjugation in the tpbbn
chromophoric ligand) as exemplified by 3 having the longest NIR absorption maximum in

the series at 903 nm and 2 having the shortest at 715 nm.

Combining the chloro ligand with the smaller chromophoric tpbn ligand (1, 7) or
4-pic with the larger chromophoric tpbbn ligand (4) resulted in NIR maxima (805-820
and 785 nm, respectively) that were intermediate between these two extremes. Minor
changes to the substituents on the central pyridyl ring of the smaller chromophoric
ligand, e.g., dnp, (1 vs. 5, 2 vs. 6) or on the monodentate pyridyl ligand (2 vs. 9)

produced only minor shifts in these bands. Likewise, the bidendate NN ligand in this
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series (dppn or phen) had little influence on these maxima (1 vs. 7, 2 vs. 8) despite dppn
being much more 1T-extended compared to phen, supporting the notion that the 1
orbitals involved in the NIR MLCT transitions of complexes containing dppn involve only

the proximal portion of this ligand.

Together, the absorption studies highlight that the ([Ru(NNN)(NN)(L)]CI, scaffold
selected for this investigation represents a reliable system for tunable NIR absorption,
where local maxima can be shifted over 200 nm in the NIR, from 700 to 900 nm. Course
tuning (50—-100 nm) was achieved by controlling (i) whether L was a weaker- or stronger-
field ligand, and (ii) the degree of T-expansion for the NNN chromophoric ligand. Fine-
tuning (<20 nm) was demonstrated through substituent modifications to the tpbn and 4-
pic ligands of 2 [Figure 4.4]. The pyridyl complexes combined with the smaller
chromophoric tpbn ligand (2, 4, 6, 8, and 9) exhibited better solubility and did not
undergo ligand dissociation during the course of the absorption measurements (as was
observed for the chloro complexes). Therefore, these complexes were preferred for
additional spectroscopic and biological studies. Their higher-energy NIR MLCT
transitions could also be advantageous for maximizing 'O sensitization. Nevertheless,
the chloro and tpbbn complexes (1, 3, 5, and 7) were included in some of the

subsequent studies to better understand the activities of the favored compounds.
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Figure 4.3. Steady-state UV-vis absorption spectra of compounds 1—4 and 8 (20 uM in
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Figure 4.4. Steady-state UV-vis absorption spectra of selected compounds.

Steady-state UV-vis absorption spectra of compounds 2, 6, and 9 (20 uM in MeCN).

Compound 2 is ML18HO1.
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Transient absorption spectroscopy

The excited states of the pyridyl complexes (2, 4, 6, 8-9) were interrogated by transient
absorption (TA) spectroscopy using a 355 nm excitation pulse [Figure 4.5]. The TA
profiles are differential spectra derived from positive signals (arising from excited state
absorption) that are superimposed on negative signals (arising from the ground state
bleach). They offer an opportunity to extract information on lowest-energy excited state
configurations and lifetimes. Compounds combining the tpbn chromophoric (NNN) ligand
with dppn produced the characteristic spectral signature of the dppn-based ®IL excited
state with a maximum near 550 nm,®3® while compounds 4 and 8 did not. The excited
state decays for 4 and 8 were dominated by signals with lifetimes on the order of tens of
nanoseconds (attributed to SMLCT relaxation), while 2, 6, and 9 decayed biexponentially
with a short component that was similar to that observed for 4 and 8 (assigned as
SMLCT relaxation) but also a longer component that reflected contributions from the
dppn-based 3IL state.

While the longer lifetimes were on the order of hundreds of nanoseconds and
shorter than the microsecond ®IL lifetimes in Ru(ll) diimine complexes such as
[Ru(bpy)2(dppn)]?*, the intense and broad transient with a maximum near 550 nm in the
TA spectra displayed the characteristic signature of the dppn-based 3IL excited state.(®®
These shorter lifetimes for the 3IL state in 2, 6, and 9 were attributed to substantial
mixing with the much lower-energy *MLCT states in these systems. The absence of this
signature in 8, which lacked the dppn ligand and thus a low-energy °IL state, provided
further support of this assignment. The lack of the 3IL signature in the TA spectrum of 4,
which does incorporate the dppn ligand, was attributed to a much lower-energy SMLCT
state afforded by the more 1-extended tpbbn chromophoric ligand. This lower energy
was reflected in an 3MLCT lifetime for 4 that was twice as short as the corresponding
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SMLCT decay for the other pyridyl-based complexes. Together, the TA data suggests
that the Ru(ll) complexes containing the tpbn chromophoric ligand and dppn lead to
effective population of 3IL states within this family. It was anticipated that these longer-

lived 3IL states would be better poised to sensitize 'O..

AO.D. (AU.)

AO.D. (AU)

350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 4.5. Transient absorption (TA) spectra collected for selected compounds.

Using Aex=355 nm (t=0, 20 ns integration), 20 uM in degassed MeCN. Compound 2 is

ML18HO1.

Singlet oxygen quantum yields

The 'Oz quantum yields (®,) for the complexes were calculated relative to
[Ru(bpy)s](PFs)2 by direct measurement of 'O, phosphorescence in acetonitrile with
excitation at 630 nm and 753 nm (Table 4.). These excitation wavelengths were chosen
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based on those used clinically for Photofrin (630 nm) and TOOKAD Soluble (753 nm)
[Table 4.1]. Values for ®, were also determined using the maxima from excitation scans
collected at Ae=1270 nm (if different from the two clinical wavelengths). Despite the
chloro ligand being somewhat labile in MeCN, the 'O, quantum yields are included for
these complexes (only initial scans with fresh solutions were used in order to limit error
due to sample degradation during the measurement). All of the chloro complexes (1, 3,
5, and 7) were poor 'O, generators, with ®, values less than 10%, with the exception of
5, where the value for ®, was 28% using the excitation maximum at 464 nm but <10% at

the clinical wavelengths.

Complexes containing the tpbn, or related dnp, chromophoric ligand combined
with dppn and a pyridyl-based monodentate ligand (2, 6, 9) gave the largest 'O,
quantum yields. Compound 2, derived from 4-pic, was the most efficient producer of 'O,
(P1=93% With Aex max=630 Nnm and 86% with Aex=753 nm). The [Ru(NNN)(dppn)(N)]**
scaffold tolerated changes to either the 4-position of the central pyridine (6) or
monodentate pyridine-based ligand (9) with only a slight loss of efficiency for 'O,
production, with the exception 6 exhibiting a wavelength dependence and suffering a

loss in efficiency at 753 nm (®»,=0.34) compared to 630 nm (P»=0.77).

By contrast, the pyridyl-based complexes derived from the r-expanded tpbbn
ligand (4) or lacking the dppn ligand (8) were poor 'O, generators, with values of ®, near
10% or less using the longer (clinical) wavelengths and only slightly higher when excited
at their excitation maxima (14 and 17%, respectively). These were also the two pyridyl
complexes that lacked the dppn-based ®IL transient in their TA spectra and exhibited

only the shorter *MLCT lifetime.
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Complexes 2, 6, and 9 were the complexes that had the largest 'O, quantum

yields, displayed the characteristic ®IL signature, and had the longest excited state

lifetimes. These observations suggest that the presence of the longer-lived excited state

lifetime exhibited by 2, 6, and 9 is correlated with larger quantum yields for 'O,

sensitization. Thus, we assign efficient 'O production to the accessible °IL state

identified in TA spectra for the Ru(ll) complexes containing tpbn, dppn, and a pyridyl-

based monodentate ligand. We anticipated that such complexes based on this scaffold,

with accessible and longer-lived 3IL states, would be most active for PDT.

Table 4.1. Spectroscopic data and singlet oxygen quantum yields (®.) for ruthenium

complexes 1-9.

Compoun Aabs/ nm (log (e / M Tralns (AT_Tn/
¢A (Aexl nm)
d cm™)) nm)
234 (4.76), 318 (4.94),
1 365 (4.31), 409 (4.18), n.d. 0.04° (630), 0.02 (753)
560 (3.87), 805 (3.18)
240 (4.79), 318 (4.95),
2 371 (4.37), 406 (4.12), | 59 ns, 564 ns (380)
0.93° (630), 0.86 (753)
(ML18HO1) | 493 (3.88), 540 (3.75), | 59 ns, 563 ns (540)
636 (3.22), 715° (2.98)
230 (4.91), 278 (4.92),
319 (4.85), 354 (4.58), 0.05° (464),
3 n.d.

402 (4.48), 610 (3.80),

903° (3.31)

0.01 (630), 0.03 (753)
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Compoun Aabs/ nm (log (e / M Tial/ ns (AT1_Tn/
¢A (Aexl nm)
d cm™)) nm)
229 (4.93), 279 (4.95), 36 ns (380)
322 (4.93), 350 (4.60), 30 ns (410) 0.14° (455),
4
386 (4.48), 406 (4.53), 33 ns (440) 0.09 (630), 0.03 (753)
540 (3.83), 7857 (3.18) 29 ns (540)
233 (4.47), 250 (4.43),
318 (4.66), 366 (4.04), 0.28% (464),
5 n.d.
405 (3.91), 436 (3.63), 0.09 (630), 0.07 (753)
8132 (2.85)
237 (4.80), 255 (4.66), | 120 ns, 334—367 ns
0.77 (630),
318 (4.95), 371 (4.41), (380)
6 0.82° (640),
408 (4.13), 493 (3.89), | 81 ns, 340-411 ns
0.34 (753)
725% (3.02) (540)
224 (4.65), 266 (4.53),
319 (4.37), 364 (4.18), 0.06° (455),
7 n.d.
406 (3.71), 553 (3.67), 0.04 (630), 0.05 (753)
8212 (3.12)
264 (4.74), 318 (4.63),
350 (4.44), 370 (4.39), 62 ns (400) 0.17° (455),
8
416 (3.83), 501 (3.82), 62 ns (560) 0.10 (630), 0.10 (753)

7257 (3.08)
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Compoun Aabs/ nm (log (e / M Tial/ ns (AT1_Tn/
¢A (Aexl nm)
d cm™)) nm)

67—-79 ns, 358-384

237 (4.91), 318 (5.09), 0.69 (630),
ns (390)
9 370 (4.48), 406 (4.25), 0.75° (632),
357-361 ns (530)
498 (4.00), 7252 (3.12) 0.69 (753)

Longest wavelength absorption maximum, "maximum singlet oxygen quantum yield

Photobiological studies

Cellular assays

The dark and light cytotoxicities for 1-9 were measured in three melanoma lines growing
as 2D adherent monolayers. The cell lines were chosen to represent different sexes
(male human SKMEL28 vs. female human A375) and species (murine B16F10 vs.
human SKMEL28 and A375) since our in vivo work would use a murine line. They also
differ in their pigmentation (melanotic B16F10), aggressiveness, and melanosome
stages.(®55%) Briefly, cells growing in log phase were seeded, dosed with compound (1
nM-300 uM), and then incubated for 48 h before cell viability was determined using the
resazurin assay for cytotoxicity. To determine photocytotoxicity, an analogous set of
plates were prepared but were irradiated 16—19 h after compound addition. Dose-
response curves were prepared from both dark and light conditions and analyzed to
provide dark and light ECso values, the effective concentration to reduce relative viability
by 50%. Phototherapeutic indices (PIs), or the light-induced amplification of cytotoxicity,

were calculated as the ratios of the dark ECso values to the light ECso values.
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Specialized treatment protocols (hypoxia, light dosimetry, immunology, etc.) are

described as they are discussed.

Across the family, compounds with +1 charge (i.e., those containing the anionic
chloro monodentate ligand) aggregated in aqueous solutions of high ionic strength. The
chloro compounds were labile at room temperature in some coordinating solvents, did
not display the desirable °IL signature in the TA spectra, and had low 'O, quantum
yields. By contrast, compounds with +2 charge (i.e., those containing the neutral
pyridine-based monodentate ligand) were readily water-soluble and stable in
coordinating solvents under ambient conditions. Family members with substituted
pyridines (4-pic, 4-mp) combined with dppn as the bidentate ligand exhibited the desired
3IL TA signature and had the highest 'O, quantum yields. Therefore, we focused on the
substituted pyridine-based compounds (2, 6, 9) as the most suitable members for
photobiological studies, but compared to their chloro counterparts and other reference

compounds when appropriate.

Dark cytotoxicity

The dark cytotoxicities for the nine compounds in all three cell lines are illustrated in the
activity plots shown in Figure 4.6 (black filled circles) and tabulated in Table S4-S6.
The dark ECso values ranged from 15 to 256 yM in the SKMEL28 cell line, with
compound 1 being the most cytotoxic and 7 being the least (both chloro compounds).
The range for the pyridine-based counterparts was smaller, from approximately 50 to
130 uM where 4 was the most cytotoxic and 8 the least. The dark cytotoxicity in both
chloro and pyridine compounds roughly paralleled lipophilicity for soluble compounds

[Appendix Figure S48].
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Using compound 2 as a reference point because it had the highest 'O, quantum
yield ($»=0.93) and potential as a phototherapeutic lead, we were interested in
comparing dark cytotoxicity in terms of SARs for 2 and its close relatives. Replacing 4-
pic in 2 with the anionic chloro ligand as in 1 reduced the charge on the Ru(ll) compound
from +2 to +1 and increased the dark toxicity by seven-fold. Expanding the chromophoric
ligand in 2 by fusing two additional benzene rings as in 4 doubled the dark cytotoxicity.
Removal of the t-Bu group of the central pyridine ring of the chromophoric ligand in 2 as
in 6, replacing dppn with phen as in 8, or changing 4-pic to 4-mp as in 9 had only a
modest effect. Replacing dppn for phen in 8 decreased dark toxicity whereas the other
two modifications in 6 and 9 slightly increased toxicity. A closer look at lipophilicities
within this comparison group (Fig. S48, Table S1), reveals a significant correlation
between dark cytotoxicity and lipophilicity in SKMEL28. Correlation in either A375 or
B16F 10, however, was not significant. The general trends are the same for A375 and
B16F 10 but with subtle distinctions. Changing the pyridine ligand as in 9 relative to 2
brings their dark toxicities within error of each other in the additional lines. Instead of
doubling the toxicity, the expanded chromophore in compound 4 only slightly increased
toxicity from 2 (51.1 vs. 62.6 yM) in A375. Additionally, compounds with dppn are more
cytotoxic in A375 than either SKMEL28 or B16F10 while those with phen (7, 8) are much

less cytotoxic.

Generally, compounds with the lowest dark cytotoxicity (largest ECso values) are
most desirable as phototherapeutic compounds. Excluding the chloro compounds, which
had other undesirable properties, the pyridine-based compounds 2, 6, 8, and 9 were the
least dark toxic toward all three melanoma cell lines (dark ECso values = 46.3 uM) with
their magnitude and order of toxicity not deviating significantly between the lines. Of

these, 2, 6, and 9 had the largest 'O, quantum yields (and displayed the characteristic
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3IL TA signature for dppn) and thus might be expected to exhibit the widest

phototherapeutic margins.

Photocytotoxicity

The photocytotoxicities of the compounds in the series were assessed using 100 J cm™
doses of broadband visible (400-700 nm, 19 mW cm™2), green (523 nm, 18.5 mW cm™),
red (633 nm, 20 mW cm™2) and NIR (733 nm, 9 mW cm™) light. The spectral output of
the applied light sources are shown in Appendix Figure S49. Comparisons of the

photocytotoxicity values are shown in Figure 4.6.

With light activation, the cytotoxicities exerted by the compounds increased by as
much as 360-fold. The extent of light amplification depended on the wavelength(s) used
and the particular compound, with shorter wavelengths (e.g., visible irradiation
containing significant contributions from the bluer wavelengths) generally producing
greater light-related cytotoxicity. Light of any wavelength had very little effect on the
cytotoxicity of compound 8, which contained phen as the bidentate ligand instead of
dppn, and confirmed that both the high 'O, quantum yield and long 3IL state lifetime

imparted by the dppn ligand were crucial for generating phototoxic effects.

Compounds 2, 6, and 9, having the highest '0, quantum yields and the
characteristic 3IL state signature in their TA spectra, were the most phototoxic
compounds in the series across all light treatments and all cell lines. Light ECso values
toward the SKMEL28 cell line ranged from 0.292 uyM to 0.602 pM with broadband visible
light, from 0.407 pM to 0.720 yM with 523-nm green light, from 0.798 pM to 1.52 pM with
633-nm red light, and from 1.29 pM to 1.56 yM with 733-nm NIR light. The order of
potency toward SKMEL28 generally was 2>6>9, but with a few discrepancies in the

trend depending on wavelength. The A375 and B16F10 melanoma cell lines proved to
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be slightly more resistant, but compounds 2, 6, and 9 were still the most photocytotoxic.
In both B16F10 and A375 the order of potency reversed with 9>6>2 being the general
trend. Interestingly, the wavelength-dependence for photocytotoxicity appeared to be
different across the three cell lines and also between compounds. For example,
compound 2 in A375 and B16F10 exhibited almost no difference in its ECsq values

between the visible and 733 nm NIR treatments. For comparison, the difference between

the visible and NIR ECsp values for 2 in SKMEL28 was 5-fold.
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Parameters in A375 (a, d), B16F10 (b, e), and SKMEL28 (c, f) melanoma cell lines with
compounds 1-9. Treatments include dark (0 J cm™; black circles) and 100 J cm™ doses
of 733 nm (purple cross), 633 nm (red triangle), 523 nm (green inverted triangle), and
visible (peak maxima ~450 nm; open blue square). Plots a—c show Log (ECso £ SEM)
and d—f show PI, where Pl is the ratio of dark to light ECsp values. All linear-scale values

are listed in the SI. Compound 2 is ML18HO01.

Phototherapeutic Indices (Pls)

The structural variations that led to lower dark cytotoxicities also resulted in the best
photocytotoxicity profiles with all wavelengths in all three cell lines. Therefore, the Pls,
which are the true measure of light-induced cytotoxicity, were the largest for these three
compounds as well. Across all cell lines, the order of PI potency for 2, 6, and 9 varied
based on wavelength. Their Pl values in SKMEL28 ranged from 156 to 360 with visible
light, 131 to 248 with 523 nm light, 62 to 132 with 633 nm light, and 60 to 71 with 733 nm
light treatments. The general order of compound potency by Pl for 2, 6, and 9 largely
followed their light ECso values. In the more resistant lines, Pls were attenuated by 50%
or more. For example, in the most resistant line A375, values ranged from 52 to 75 with
visible light and 29 to 35 with 733 nm light, with both 523 and 633 nm falling between
these two ranges. The attenuated activity in A375 and B16F10 could be due to a
combination of their greater endogenous defenses against ROS, differences in
melanosome stages and overall pigmentation, and/or greater aggressiveness compared

to SKMEL28.(665.6¢6)

Although the PI values were somewhat attenuated at 733 nm compared to the

other light treatments, the fact that 2, 6, and 9 had sizeable Pls with NIR light means that
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we can now push the activation of Ru(ll) systems beyond the red/far-red wavelengths
(630—670 nm) that had been the limit for single-photon PDT with Ru(ll) polypyridyl
complexes. Our orthogonal strategy for accessing the NIR window with polypyridyl
complexes has been to combine Os(ll) with m-expanded ligands and was described by
us for [Os(biq)2(NN)]Cl, in 2017. We used a high fluence at 808 nm (600 J cm™) to
achieve Pl values between 6 and 12 in human U87 glioblastoma and HT1376 bladder
cancer cell lines.®®") While these compounds were NIR active, certain characteristics
limited their utility and suited them as model systems for later generations. More
recently, we have reported an Os(ll) complex ([Os(phen)2(IP-4T)]Clz, where IP-4T is
imidazo[4,5-f][1,10]phenanthroline appended with quaterthiophene) with a
submicromolar light ECso value and Pl of 77 at 733 nm.%® Our choice of 733 nm for the
present Ru(ll) series is still within the PDT window and produces greater activity than
that reported for the [Os(biq)2(NN)]Clz examples (71 vs. 12) with 800 nm activation
[Figure 4.8] and is of similar activity to our recently reported ([Os(phen)2(IP-4T)]Cl.. To
our knowledge, the present series gives the largest NIR Pls (60-71) for Ru-based
photosensitizers without the use of special measures such as two photon absorption©¢"

or upconverting nanoparticles. ¢

The PI values of the nine compounds investigated were significantly correlated to
their 'O, quantum yields, demonstrating the potential role of ROS as the mediator for cell
death. Figure 4.7 shows the correlation of 'O, quantum yield and Pl in the SKMEL28
cell line using 630 nm, the clinically approved wavelength used for Photofrin. Two
clusters were apparent: (i) compounds with the lowest 'O, quantum yields that had the
smallest PI values, and (ii) compounds with the highest 'O, quantum yields that also had

the largest PI values.
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To confirm the critical role of oxygen in the observed photoactivity, we screened
the family under low oxygen tension using SKMEL28 cells (where the compounds
exhibited the largest Pl values under normoxia). [Ru(bpy)2(dppn)]Clz was included as an
internal control for oxygen-dependence because it has a comparably high 'O, quantum
yield (®, = 0.75 in MeCN), similar to compounds 2, 6, and 9, but is not photoactive in 1%
hypoxia (O).(636:638.640670)  Regardless of the light treatment, the compounds lost almost
all of their photocytotoxicity toward SKMEL28 cells (Pls < 3) at 1% oxygen (Table S7).
Although not tested, a similar loss of activity would be expected in the more resistant cell
lines. This absolute dependence on molecular oxygen suggests that these compounds

exert their photocytotoxic effects through ROS-based mechanisms.

While the pyridyl complexes such as 2, 6, and 9 were completely stable to ligand
dissociation at 37 °C for extended periods of time in the absence of a light trigger, 100 J
cm2doses of broadband visible (400700 nm, 19 mW cm™2), green (523 nm, 18.5 mW
cm™2), red (633 nm, 20 mW cm™2) and NIR (733 nm, 9 mW cm™2) light resulted in
changes to the UV-Vis and HPLC spectra of the complexes that were consistent with
dissociation of the monodentate pyridyl ligand to form the aquated product and free
ligand as well as oxidation®*? of the dppn ligand. The quantum yields for these
competing photochemical pathways were not determined, but the amount of
photoproduct formed was related qualitatively to photon energy where visible light
resulted in the most photoproduct and NIR the least. The photosubstitution pathway
(where light causes one of the three ligands to dissociate from the Ru complex), which
might be expected to lead to oxygen independent photocytotoxicity, did not yield any
photocytotoxic effects in hypoxia. Likewise, the Pls were highly correlated to 'O,
quantum yields. These observations point toward a very minor role, if any, for the

photosubstitution pathway.
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Figure 4.7. Correlation plot of Pl and ®, for SKMEL28 cells using 633 nm excitation or

illumination, respectively.

Compound 2 is ML18HO1.
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Figure 4.8. Panchromatic PDT example of compound 2 in SKMEL28 cells at high

irradiance from 455-810 nm using the ML8500 platform.

Values shown are in duplicate and are the mean + standard deviation (SD). Treatments
include dark (black circle, 0 J cm™2), 455 nm (blue square, 25 J cm™2, 100 mW cm™2), 525
nm (green inverse triangle, 100 J cm™2, 300 mW c¢m™2), 630 nm (red triangle, 200 J cm™,

300 mW cm™2), 753 nm (grey X, 200 J cm~2, 300 mW cm™2), 810 nm (grey diamond, 400
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J cm™, 400 mW cm™2). Light-only controls are available in Figure S50. Compound 2 is

ML18HO1.

Validation

Given the variability that can result in cellular assays across laboratories using different
assay methods, cells of different passage number, and culture conditions, we assayed
the top three compounds in two different cell lines (B16F10 and SKMELZ28) across two
additional laboratories (Dalhousie University and Acadia University) by two different
researchers (Konda and Monro) using slightly different assay conditions (noted in
experimental). The dark cytotoxicities were greater at both Dalhousie and Acadia
Universities, likely due to a longer (1-day) total incubation period. Compounds 2 and 6
were similar in their dark ECso values while 9 had 2- to 3-fold greater toxicity in
SKMEL28 and B16F10, respectively. While the Pls were smaller when 2, 6, and 9 were
tested elsewhere, they were still active. Visible Pls were comparable for all three
compounds in SKMEL28 cells. Discrepancies arose for 630 nm treatments regarding
compound 9 with a two-fold smaller Pl at Dalhousie University in B16F10 and two-fold
greater PI values for compounds 6 and 9 at Acadia University in SKMEL28. In light of
these efforts, compounds 2, 6, and 9 remained strong candidates for further

photobiological study.

Photocytotoxicity at higher light doses

The light sources used in the standard dose-response assay described previously are
limited in the irradiances that can be delivered to an entire microplate. In order to control
the irradiance more precisely and to explore higher fluences and irradiances, we

performed photocytotoxicity experiments using the Modulight illumination system
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(ML8500, Modulight Inc.) which has the unique feature of well-by-well illumination using
different light conditions. In Figure 4.8 compound 2 is highlighted for its panchromatic
activity in SKMEL28 from 455 to 810 nm. Higher fluences were required with longer
wavelengths (namely, 753 and 810 nm), and 976 nm was ineffective regardless of the
fluence (data not shown). The high fluences and irradiances used in these light
treatments did not cause any loss in cell viability in the absence of compound [Appendix
Figure S50]. All light treatments with 2 reduced cell viability by 260% down to 2.5 pM
except for 810 nm, where lower activity correlated with photon energy as described
earlier [Figure 4.6]. The most potent effects were obtained with 455 to 630 nm
(ECs50=0.5 to 1 uM), followed by 753 nm (ECs0=2.02 uyM), and lastly 810 nm with roughly
10 to 20% viability reduction compared to dark controls between 2.5 and 10 uM.
Compounds 6 and 9 followed similar trends. Compound 2 maintained its potency at the
higher irradiances, where PDT effects can be reduced due to PDT-induced oxygen

depletion in more advanced tissue or 3D models.©"'-673)

Photocytotoxicity at lower light doses

The effects of lower fluence and irradiance were examined with the light sources used in
Figure 4.6 (visible, 523 nm, 633 nm, and 733 nm). For all three compounds and light
treatments [Appendix Figure S51-54], photocytotoxicity could be maintained at lower
fluence or irradiance. Fluences 1/20 to 1/2 of that used for the data shown in Figure 4.6
(5to 50 J cm™ vs. 100 J cm™2) yielded single micromolar activity [Figure 4.9]. Notably,
the Modulight’'s 20 nm longer 753 nm treatment [Figure 4.8] provided comparable cell
kill, between 1-5 pyM, as the 733-nm condition in Figure 4.9. For added perspective,
treatment times were the same or up to ten times longer in Figure 4.9 compared to the

high fluence and high irradiance applied in the 753 nm treatment in Figure 4.8. The
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question arose whether the compound activity would improve at low irradiance as

reported in some PDT examples. (72674

The contrast in activities between the three leads 2, 6, and 9 became clearer at
10 J cm™2 with varying irradiance between 2—10 mW cm™ [Appendix Figure S53-S54].
At this low fluence, a stronger wavelength dependence was observed with increasing
potency in the order of 733 nm <633 nm < 523 nm < vis. In general, increased
irradiance resulted in increased activity for these leads in SKMEL28. We only tested
their irradiance dependence across a small range, however, and further study is required
to probe how far this dependence extends, whether it increases asymptotically or
plateaus below the maximum tested values of 100-400 mW cm™. This is only a limited
example of the compound behavior, since other models (e.g., tissue, ex vivo) would

require their own dosimetry optimizations.
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Figure 4.9. Fluence dependence (+SD) of compound 2 against SKMEL28 cells.

SKMEL28 cells with compound 2 and 733 nm treatment at 10 mW cm™2 with fluences

ranging from 0-50 J cm™2. Compound 2 is ML18H01.
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Maximum tolerated dose (MTD)

Compound 2 was chosen for additional longer-term studies. In preparation, its safety
profile in mice was determined according to the metric of maximum tolerated dose
(MTD) in a dose-escalation study using intraperitoneal injection (IP). Observable toxicity
was only apparent at the higher doses 75-100 mg kg™'. The MTD was determined to be
50 mg kg™" and acceptable for in vivo immunological experiments. Moving forward,

compound 2 will be referred to as ML18HO1.

4.3.2. ML18HO01-PDT leads to cytotoxicity of B16F10 mouse melanoma cell

line in vitro.

It is becoming more evident in the realm of cancer research that there is an urgent need
to develop therapies that do not simply kill cancer cells but also induce an immunological
response against the tumor to confer long term protection and prevent relapse. Given
the importance of the immunological response in melanoma, ML18H01 (compound 2)
was selected for further investigation of its immunological potential as a PDT agent. The
B16F 10 mouse melanoma cell line was used for in vitro characterization since this is the
cell line that would be used for subsequent in vivo immunological studies in a syngeneic
mouse model. In this cell line, the ECso and Pleso values for ML18HO01 activated by
clinically approved 630 nm light were approximately 1.40 uM and 37, respectively, using
a fluence of 100 J cm™ and irradiance of 22.8 mW cm™. Cell death analysis (with
Annexin-V/7AAD staining by flow cytometry), using this ECso value but with a fluence of
25 or 50 J cm™ (22.8 mW cm), revealed the existence of pre-apoptotic (Annexin-V +ve/
7AAD -ve)® and post-apoptotic (Annexin-V +ve/ 7AAD +ve)®75 populations alongside
some smaller fraction of live B16F10 cells [Figure 4.10 A-B] where ML18HO01 in the

absence of light treatment showed no dark cytotoxicity. Therefore, 1.40 uM was
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determined to be a suitable concentration to use for the subsequent immunological

experiments, which require some fraction of live and pre-apoptotic cells for analysis.
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Figure 4.10. ML18H01-PDT induces cell death in B16F10 melanoma cell line.

(a—b) In vitro cell death analysis using Annexin V — 7AAD flow cytometry assay. Contour

plots are depicted in (a) where the lower left quadrant represents live cells, lower right

represents pre-apoptotic cells, upper left represents necrotic cells, and upper right

represents apoptotic or dead cells. Top panel of ¢ is non-treated (NT) and bottom panel
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is PS-treated (PS). Corresponding data to (a) is represented as box plots in (b).

Compound 2 is ML18HO01. Experiment n=3.

4.3.3. ML18HO01-PDT initiates pro-inflammatory immune response.

Cancers harbor a suppressive milieu in which the antitumor actions of the immune
response are dampened via various immune evasion strategies. Thus, therapies which
overturn such cancer-associated immunosuppression can induce clinically desired
antitumor immunity. In this context, the effect of ML18H01-PDT on the expression of
various immunological markers known to be involved in inflammatory processes in
B16F10 melanoma cells was examined. As revealed by quantitative real-time
polymerase chain reaction (QRT-PCR) analysis, ML18HO01-PDT upregulated the gene
expression of several type | interferon pathway molecules IFN, IFIT1, and TLRS3;
[Figure 4.11.A],(303676877) proinflammatory cytokines [IL6, TNFa, and CXCL10; Figure
4.11.B],3%3676677) and molecules involved in antigen presentation [TAP1, B2M, and H2D;
Figure 4.11.C]¢77:578) in the B16F10 melanoma cell line. While some of these markers
were also upregulated with only light treatment in the absence of the compound, the
level was significantly lower compared to treatment with compound ML18H01-PDT.
These results indicate that ML18HO01-PDT promotes a strong pro-inflammatory immune
response in the B16F10 melanoma cell line, which is a prerequisite to the initiation of

innate and adaptive antitumor immunity.
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Figure 4.11. ML18H01-PDT stimulates multiple immunological pathways in vitro.

gRT-PCR analysis of B16F10 cells untreated, treated only with ML18HO01, only light or
treated with both ML18HO01 and light (2-PDT), for genes associated with (a) type 1

interferon pathway (IFNB, IFIT1, TLR3); (b) proinflammatory cytokines (IL6, TNFa,
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CXCL10); (c) antigen presentation — MHC-I molecule (TAP1, 2M, H2D). Fold changes
represented relative to untreated samples and normalized to control gene, GAPDH.

Compound 2 is ML18HO01. Anova statistical test was performed. Experiment n=3.

4.3.4. ML18HO01-PDT induces immunogenic cell death in B16F10 melanoma

cells in vitro.

The process of therapy-driven generation of antitumor immunity is often preceded by
‘immunogenic’ death of cancer cells. Considering the pro-inflammatory effects of
ML18HO01-PDT, we then explored whether the photocytotoxicity by ML18H01-PDT
involved any immunological mechanisms with a focus on the process of immunogenic
cell death (ICD) through a multifaceted analysis of diverse immunological parameters.
First, ROS induction as well as endoplasmic reticulum (ER) stress-induced ER
chaperone expression®7%-684 was examined following ML18H01-PDT. Flow cytometry
analysis captured the induction of ROS molecules at both the cellular and mitochondrial
level [Figure 4.12.A], and gRT-PCR analysis revealed an increase in the gene
expression of ER chaperones HSP90 and HSPA1B [Figure 4.12.B]. As such, inhibiting
ROS during ML18H01-PDT using ROS inhibitor, N-acetyl-L-cysteine (NAC), reduced cell
death in B16F10 cells [Supp Figure 4.1.A], indicating the role of ROS in PDT mediated
cell death. Together, these data showed that ML18HO01-PDT induced ROS and cell

stress, key hallmarks of ICD in cancer cells.

Other important ICD hallmarks were also assessed, including damage-
associated molecular patterns (DAMPs) such as the translocation of ER chaperone
calreticulin (CALR) to the plasma membrane, secretion of adenosine triphosphate (ATP),

and release of high mobility group box 1 protein (HMGB1) extracellularly.®”” The effect
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of ML18HO01-PDT on CALR, HMGB1 and ATP®"") in B16F10 cells was tested at various
time points, with those time points producing optimal expression of ICD marker
highlighted in Figure 4.12. Flow cytometry analysis of B16F10 cells 4 h post- ML18H01-
PDT showed a significant increase in surface calreticulin expression compared to
nontreated (NT) cells or cells treated with PS or light only [Figure 4.12.C] alongside
extracellular release of ATP 12 h post-treatment [Figure 4.12.D]. A significant increase
in extracellular HMGB1 was also detected in the supernatant collected from the cells 24
h post ML18HO01-PDT [Figure 4.12.E]. These results suggest that ML18H01-PDT-
treated B16F10 cells trigger DAMPs associated with ICD. Furthermore, addition of ROS
inhibitor, NAC, inhibits the upregulation of CALR by ML18H01-PDT, confirming the role
of ROS in ML18H01-PDT mediated CALR induction [Supp Figure 4.1.B]. Together,
these analyses demonstrate that compound ML18H01-PDT-induced photocytotoxicity in

B16F10 melanoma cells is accompanied by ICD.
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Figure 4.12. ML18H01-PDT induces immunogenic cell death in B16F10 melanoma

model in vitro.

(a) Mean fluorescence intensity of ROS analysis with flow cytometry 4 h post ML18H01-

PDT for cellular ROS (CM-H2DCFDA) and mitochondrial ROS (MitoSOX). (b) gRT-PCR

analysis of ER chaperones HSP90 and HSPA1B 12 h post- ML18HO01-PDT in B16F10

cells in vitro. (c) Analysis of surface expression of ER chaperone Calreticulin using flow
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cytometry 4 h post- ML18HO01-PDT in B16F10 cells in vitro. Representative histograms
associated with the bar graph (c, bottom). (d) Extracellular ATP analysis 12-h post-
ML18HO01-PDT in B16F10 cells in vitro. (e) Analysis of HMGB1 release from B16F10
cells in vitro 24 h post- ML18H01-PDT. Treatment conditions represent no treatment, PS
only, light only, PS and light (ML18H01-PDT). ®=sample beyond upper limit of
detection, >60 ng mL-1. Compound 2 is ML18H01. Anova statistical test was performed

for a-d. Student’s t test with respective control was performed for e. Experiment n>=3.

4.3.5. ML18HO01-PDT treated B16F10 cells activate dendritic cells and lead
to DC-mediated phagocytosis of dying cells.

ICD-mediated anticancer immune responses are initiated by the recognition and
phagocytosis of dying cancer cells by antigen-presenting cells such as dendritic cells via
the interactions with phagocytic CALR signals. Given the induction of CALR upon
ML18HO01-PDT, we investigated the functional consequence of this event and the ability
of DCs to phagocytose ML18HO01-PDT treated cancer cells. Co-culture of GM-CSF
differentiated mouse bone marrow-derived dendritic cells (BMDCs) with live versus
ML18HO01-PDT treated B16F10 cells resulted in phagocytosis of exclusively the PDT-
treated cells [Figure 4.13.A]. Furthermore, the rate of phagocytosis also increased from
40% to 80% by increasing BMDCs: cancer cell ratio from 1:1 to 1:10 [Figure 4.13.A].
This data indicates the capacity of PDT-treated dying cancer cells to induce
phagocytosis by BMDCs.

Immunogenic cell death, in addition to phagocytosis, stimulates functional
activation of DCs in vivo. To investigate this and the effect of ICD-mediated secreted
DAMPs ex vivo, we cultured BMDCs in ML18H01-PDT treated B16F10 culture

supernatant and assessed them for immunogenic and tolerogenic markers using qRT-
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PCR. We noticed an increase in mRNA expression levels of immunogenic or activation
markers CD80,85686) CD83,(%87) and CD40,®8) with no change in CD86,% IL12}3,(689.6%)
or IcosL®%" [Figure 4.13.B]. Furthermore, analysis of tolerogenic markers revealed no
significant induction of any of the investigated markers - PDL1,©92:69) T|\M3, 6%
CTLA4,6956%) gand Arg®®” [Figure 4.13.B]. This data suggests that conditioned media
from ML18HO01-PDT treated ICD undergoing B16F10 cells can specifically induce DC
functional markers. Overall, these findings reveal the potential of ML18H01-PDT treated

dying cancer cells to trigger DC phagocytosis and activation.
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Figure 4.13. Phagocytosis and functional state of BMDCs co-cultured with ML18HO01-

PDT treated B16F10 cells.

(a) Ex vivo DC phagocytosis assay. Contour plots depicting uptake of CFSE labelled
untreated (left) or treated (middle, right) B16F10 cells by CD11c+ DCs. CD11c+ CFSE+
population in the upper right quadrant indicates the percentage of phagocytosed cells. A
co-culture ratio of 1:1 (middle) and 1:10 (right) of BMDC: cancer cells are represented.
(b) Expression analysis of genes associated with immunogenic (CD40, CD80, CD83,
CD86, IcosL, IL12b) and regulatory (PDL1, TIM3, CTLA4, ARG1) markers in DCs. Bar
graphs represent fold changes relative to untreated samples and normalized to the
control gene, GAPDH. LPS (40ng/ml, 24hrs) treated sample was used as a positive

control. Student’s t test was performed for statistical analysis. Experiment n=3.

4.3.6. Effects of vaccination with ML18HO01-PDT treated B16F10 cells on

melanoma progression in vivo.

The therapeutic relevance of ML18H01-PDT induced ICD in vitro was examined in vivo
with an immuno-competent, syngeneic B16F10 tumor model. The gold standard
approach to evaluate the therapeutic and anticancer potential ICD consists of
vaccination with the in vitro-treated, ICD-undergoing, cancer cells that is followed by a
challenge with the live cancer cells of the same antigenic origin.®””) B16F10 cells were
treated with ML18HO01-PDT and ICD-undergoing cells collected at 4 h and 16 h post-
ML18HO01-PDT were combined for the vaccination. Either PBS- or ML18H01-PDT-
treated B16F 10 cells were injected subcutaneously (SC) into the left flank of C57BL/6
female and male mice. The mice were then challenged 7 days later with untreated
B16F 10 cells by injection into the right flank. These mice were assessed for tumor

growth and survival [Figure 4.14.A].
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Female and male C57BL/6 mice that received the vaccination showed either no
tumor growth or reduced tumor growth as compared to unvaccinated mice [Figure
4.14.B-D]. This analysis showed either delayed or no tumor growth with 80% protection
from tumor growth in female mice and 55% protection in male mice. Survival studies
revealed a significant improvement of tumor-free survival in vaccinated female and male
mice as compared to unvaccinated mice [Figure 4.14.C-D]. Hazard ratios, which
estimate treatment risk, were strongly favorable with values of 0.1 for females and 0.2
for males, denoting low risk for mice treated with the ML18H01-PDT vaccine. Given that
the vaccination and challenge injections were done on bilateral flanks, this data indicates
an abscopal effect and generation of systemic immunity. Together, these data confirm
the induction of ICD with ML18HO01-PDT in the B16F10 syngeneic mouse melanoma
model and also highlight differences in the PDT-induced antitumor response based on

the sex of the mice.

It is becoming increasingly apparent that biological sex determines the
progression and therapeutic outcomes in several cancers.®%®) In the context of
melanoma, men have a higher incidence as well as mutation burden compared to
women(©%709) |t has also been noted that men and women show varied responses and
outcomes to cancer therapies like checkpoint blockade therapy.("'-7%® |n congruence,
we observed that the percentage of melanoma tumor-free mice following vaccination

was greater in female mice and that tumor survival rates were also higher for this cohort.

While tumor growth itself was comparable in unvaccinated female and male
mice, differences in tumor development and survival in the vaccinated groups suggest
that there may be variations in immune responses elicited by female and male mice

toward B16F10 melanoma. Sex-dependent biases in immune responses to both self-
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antigens and foreign antigens have previously been documented in both animal models
as well as in humans, with an overall higher innate and adaptive immune responses in
women as compared to men.©%709710) |n the context of C57BL/6 mice, female mice
display superior tumor- specific CD8* T cell responses against B16F10 melanoma in
response to checkpoint inhibitor therapy compared to male mice."%? Similar sex-biased
differences have also been reported in pro-inflammatory and anti-inflammatory cytokines
associated with various stages of B16F10 melanoma development in female and male
C57BL/6 mice.”" We believe that similar variations in tumor-specific immune responses
are responsible for the sex-based differences observed in our study, but further
characterization is required to outline the underlying differences in sex-biased immune

parameters for ML18H01-PDT.
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Figure 4.14. ML18H01-PDT induced immunogenic cell death confers protection against

rechallenge in vivo in B16F10 mouse melanoma model.

(a) Schematic representation of the in vivo mouse experiment. C57BL/6NCrl mice were

injected with PBS or compound ML18H01-PDT treated B16F10 cells (vaccination) and

challenged with untreated B16F10 cells 7 days post-vaccination on the opposite flank

and monitored for tumor growth and survival. (b) Tumor growth curves for unvaccinated

and vaccinated female and male mice. Each line represents one mouse. (c—d) Tumor

free survival curves of unvaccinated and vaccinated C57BL/6NCrl female (c) and male

mice (d). Mantel cox statistical analysis was performed on survival curves.
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4.3.7. Assessment of the therapeutic effect of ML18H01-PDT on tumor

growth in melanoma models.

Given the superior ICD-inducing and immunomodulating properties of ML18H01-PDT on
B16F10 melanoma cells, we investigated its therapeutic efficacy in mouse melanoma
models. Female C57BL/6 mice were inoculated with B16F10 melanoma cells and
divided into control (PBS only) or PDT-treatment groups. Animals in the PDT-treatment
group received a single dose PDT with ML18H01 PS (20 mg/kg per mouse, MTD=50
mg/kg) with a 4 hr drug-light interval (DLI) between PS injection and light administration
[Figure 4.15.A]. In contrast, animals in the control group received PBS injections and no
light. A total of 150 J/cm? of light fluence from a NIR 733nm laser was administered at an
irradiance of 172.4 mW/cm?, for a total time of 15 min per mouse. Animals were
monitored for tumor growth, signs of inflammation, and necrosis at the site of treatment.
Treatment of B16F10 tumor-bearing C57BL/6 mice with NIR activated ML18H01-PDT
resulted in a significant reduction in tumor growth in treated mice compared to the
untreated group [Figure 4.15.B]. In addition, tumor volume analyses on ten days post-
ML18HO01-PDT revealed substantial differences between treated and untreated mice,
with extremely low or no tumor volumes recorded in the treated group [Figure 4.15.C].
We confirmed the therapeutic efficacy of ML18H01-PDT in another mouse model-
transgenic BRaf®, Pten'™®, Tyr::CreER™ melanoma model. For this, we used mice
bearing two spontaneous tumors, one of which was treated with PDT as described
above, and the other tumor was left untreated. Similar to the syngeneic model,
ML18HO01-PDT resulted in the reduction of tumor volumes in the transgenic model
[Supp figure 4.2]. Furthermore, necrotic damage at the tumor site, commonly noticed in
human melanomas as well as upon PDT treatments, was cured in some ML18H01-PDT

treated mice, as demonstrated in Figure 4.15.D. Together, these findings suggest that,
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in addition to the superior ICD inducing properties, ML18H01-PDT has therapeutic

efficacy against melanoma.
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Figure 4.15. ML18H01-PDT reduced tumor growth and tumor volumes in the B16F10

tumor model.

(a) Schematic representation of evaluation of PDT therapeutic efficacy in B16F10 tumor-

bearing mice. (b) Tumor growth curves for ML18HO1-PDT treated and untreated tumor-
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bearing mice. (¢c) Comparison of tumor volumes 10 days post-PDT. (d) Depiction of

clearance of necrotic damage and cured tumor in a representative mouse.

4.4. DISCUSSION

This multi-dimensional study defines the SARs for achieving the requisite photophysical
properties to elicit PDT effects with NIR-absorbing Ru(ll)-based PSs. All of the
investigated compounds exhibited NIR absorption beyond 700 nm, which was tunable
over 200 nm. Combining the tpbbn chromophoric ligand with the chloro axial ligand (3)
led to the longest NIR absorption (Amax=900 nm) that extended past 1000 nm. The
smaller chromophoric tpbn ligand combined with the axial chloro ligand (1, 5, 7) or the
combination of the larger tpbbn ligand and the pyridyl monodentate ligand (4) blue-
shifted the NIR maximum to 790-800 nm, and the smaller tpbn ligand combined with the
pyridyl axial ligand (2, 6, 9) resulted in Amax near 720 nm. The identity of the bidentate
ligand (phen versus dppn) had little impact on the NIR absorption profiles of otherwise

identical complexes.

The absorption studies underscored that the pyridyl complexes combined with
the smaller chromophoric tpbn ligand (2, 6, 9) had higher stabilities and better aqueous
solubilities. Structural modifications to the axial monodentate pyridyl ligand or the central
pyridyl group of the tpbn chromophoric ligand were well tolerated and did not
substantially impact the energies or relative molar extinction coefficients of the major
electronic transitions observed for this sub-family. Therefore, Ry and R represent
convenient handles for fine-tuning the chemical, biological, and photophysical properties

of this new structure class while maintaining NIR absorption.

Compared to the rest of the compounds, 2, 6, and 9 had the largest 'O, quantum

yields by a wide margin. A detailed photophysical investigation revealed that these were
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the only compounds with accessible 3IL states. Given that the NIR absorption is set by
the energies of the MLCT states and that 'O, is generated most effectively from 3IL
states, there exists a fundamental limit with regard to how much the MLCT state
energies can be lowered without compromising the PDT effect. In other words, the
SMLCT state cannot be lower in energy than the 3IL state, which explains why the 'O,
quantum vyields for 2, 6, and 9 were largest and also suggests that in the present system,
the SMLCT-IL energy gap, estimated at 0.22 eV, is sufficient for 3IL population. This
assertion was also corroborated in the in vitro cellular studies where 2, 6, and 9 gave the
largest Pl values, regardless of the wavelengths of light used in the investigated
melanoma cell lines. Importantly, wavelengths longer than 700 nm yielded

photocytotoxic effects with single-digit micromolar ECs values.

These compounds lost activity in hypoxia, pointing toward PDT (e.g., ROS) as
the source of photocytotoxicity. Given the immunostimulatory potential of PDT and the
importance of the immune response for melanoma outcomes, compound 2 (ML18HO01)
was selected for further investigation in this context. Treatment of B16F10 melanoma
cells with ML18H01-PDT stimulated immunological responses and resulted in a
significant upregulation of several immune-associated genes from the type 1 interferon
pathway, proinflammatory cytokines, and the antigen-presentation pathway. ML18HO01-
PDT also induced both mitochondrial and cellular ROS alongside a significant
upregulation of ER chaperones HSP90 and HSPA1B gene expression, translocation of
calreticulin to the plasma membrane, and secretion of ATP and HMGB1 into the
extracellular media. ML18H01-PDT induced cell death and CALR exposure are in part
regulated by ROS induction. Moreover, co-culture of dendritic cells with ML18H01-PDT

treated dying cancer cells enhanced DC phagocytosis and promoted DC activation
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markers. These results confirmed that compound ML18HO01-PDT induces bonafide ICD

markers in B16F10 cells, facilitates their uptake and activation of DCs.

The immunogenicity of ML18H01-PDT was also confirmed in a syngeneic mouse
model in vivo. Vaccination with ML18H01-PDT treated B16F 10 cells conferred protection
against tumor growth upon challenge with live B16F10 cells, statistically improving
tumor-free survival in female and male vaccinated mice as compared to the
unvaccinated group. These results also indicate the generation of systemic immunity as
revealed from the abscopal effect. The percentage of melanoma tumor-free mice
following vaccination as well as overall survival rates were greater for females,
underscoring that tumor-specific immune responses may be responsible for the sex-
based differences that have been observed clinically with regard to melanoma incidence,
mutation burden, and response to therapy. Additional studies to delineate the
therapeutic potential of NIR activated ML18HO01-PDT demonstrated significantly reduced
tumor volumes and tumor growth upon PDT in syngeneic and transgenic mouse

melanoma models.

Overall, this study shows that ML18H01-PDT (with clinically approved red light
and NIR light) destroys melanoma cells directly as well as indirectly by ICD-mediated
generation of anti-tumor immune responses, resulting in clinically desired outcomes

against aggressive mouse melanomas.
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4.7. SUPPLEMENTARY FIGURES
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Supplementary Figure 4.1. Effect of ROS inhibition on ML18H01-PDT induced cell

death and calreticulin.

Culture of ML18H01-PDT treated B16F10 cells with and without ROS inhibitor N-acetyl-
I-cysteine (NAC). (a) Alamar blue cell viability analysis of untreated or ML18H01-PDT
treated B16F10 cells with and without ROS inhibition. (b) Flow cytometry-based analysis
of surface calreticulin expression in untreated or ML18H01-PDT treated B16F10 cells

with and without ROS inhibition.
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Supplementary Figure 4.2. ML18H01-PDT on transgenic Braf®*Pten'®Tyr::CreER™

mouse model.

PDT-treated tumors are highlighted with red arrows.
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4.8. SUMMARY OF CHAPTER 4

This chapter reported the development of nine ruthenium coordination complexes with
different ligand combinations to identify an optimal to achieve desired photophysical and
PDT efficacies. The compounds produced varying energetics and absorption kinetics.
ML18HO01 (also referred to as compound 2) was selected for in vitro and in vivo studies
based on its high quantum vyield, efficient near-infrared wavelength absorption, and
photocytotoxic effects. In vitro studies revealed the potent cytotoxic effects of ML18H01-
PDT on B16F10 mouse melanoma cells, mediated by the generation of reactive oxygen
species, implicated in both cytotoxicity and immunogenic cell death. Additionally, we
observed significantly upregulated expression of genes encoding components of type 1
interferon pathway, proinflammatory cytokines, and antigen-presentation machinery
upon ML18H01-PDT. Moreover, ML18H01-PDT promoted immunogenic cell death in
B16F10 cells, as evidenced by the upregulation of HSP90, HSPA1B, surface
translocation of CALR, ATP secretion, and HMGB1 release. Furthermore, ML18H01-
PDT enabled DCs to phagocytose dying B16F10 cells and induced functional markers in
DCs, indicating activation. Vaccination with ML18H01-PDT induced dying cancer cells
resulted in protection against tumor challenge with live B16F10 cells in a sex-biased
manner, confirming ICD and demonstrating efficient cancer immunity development.
Finally, the therapeutic potential of ML18HO1-PDT was evaluated in two mouse
melanoma models: a syngeneic B16F10 model and a transgenic model, both of which
demonstrated reduced tumor growth upon treatment. Overall, we demonstrate the
clinical utility of our lead compound for the treatment of melanoma. The following chapter
investigates two additional Ru-PDTs with similar chemical structures and cytotoxic

potential but different immunostimulatory mechanisms.
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CHAPTER 5: PHOTODYNAMIC THERAPY OF MELANOMA WITH
NEW, STRUCTURALLY SIMILAR, NIR-ABSORBING RUTHENIUM
(I) COMPLEXES PROMOTES TUMOR GROWTH CONTROL VIA
DISTINCT HALLMARKS OF IMMUNOGENIC CELL DEATH

This work is published in:

Konda P*, Roque IIl JA*, Lifshits LM*, Alcos A, Azzam E, Shi G, Cameron CG,
McFarland SA, Gujar S. Photodynamic therapy of melanoma with new, structurally
similar, NIR-absorbing ruthenium (II) complexes promotes tumor growth control via
distinct hallmarks of immunogenic cell death. American Journal of Cancer Research.
2022;12(1):210.
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5.1. ABSTRACT

Cancer therapies that generate T cell-based anti-cancer immune responses are critical
for clinical success and are favored over traditional therapies. One way to elicit T cell
immune responses and generate long-lasting anti-cancer immunity is through induction
of immunogenic cell death (ICD), a form of regulated cell death that promotes
antigenicity and adjuvanticity within dying cells. Therefore, research in the last decade
has focused on developing cancer therapies which stimulate ICD. Herein, we report
novel photodynamic therapy (PDT) compounds with immunomodulatory and ICD
inducing properties. PDT is a clinically approved, minimally invasive anti-cancer
treatment option and has been extensively investigated for its tumor-destroying
properties, lower side effects, and immune activation capabilities. In this study, we
explore two structurally related ruthenium compounds, ML19B01 and ML19B02, that can
be activated with near infrared light to elicit superior cytotoxic properties. In addition to
their direct cell killing abilities, we investigated the effect of our PSs on immunological
pathways upon activation. PDT treatment with ML19B01 and ML19B02 induced
differential expression of reactive oxygen species, proinflammatory response-mediating
genes, and heat shock proteins. Dying melanoma cells induced by ML19B01-PDT and
ML19B02-PDT contained ICD hallmarks such as calreticulin, ATP, and HMGB1, initiated
activation of antigen presenting cells, and were efficiently phagocytosed by bone
marrow-derived dendritic cells. Most importantly, despite the distinct profiles of ICD
hallmark inducing capacities, vaccination with both PDT-induced dying cancer cells
established anti-tumor immunity that protected mice against subsequent challenge with

melanoma cells.
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5.2. INTRODUCTION

Cancer immunotherapies hold tremendous promise in clinics due to their ability to
harness the patient’'s own immune system to attack tumor cells."'? Several
immunotherapies have been developed by targeting different phases of the cancer-
immunity cycle, such as immune checkpoint inhibitors, adoptive T cell transfer therapies,
and cancer vaccines.'#21713714) T cell-based immunotherapies have become a central
focus for generating durable anti-cancer immune responses, due to their capacity for
recognizing and eradicating malignant cells through cancer-specific antigen-directed
cytotoxicity." Furthermore, T cell infiltration in the tumor microenvironment (TME) has
been correlated with control of tumor progression and is deemed a critical factor in the
efficacy of immunotherapies.?"7'5-"1") Professional antigen presenting cells (APCs) such
as dendritic cells (DCs) play a crucial role in the initiation of these T cell-based immune
responses by presenting tumor antigens to T cells thereby activating them.('®
Consequently, therapeutic interventions that promote the DC-T cell-based anti-cancer
immunity are highly desired.

In this context, immunogenic cell death (ICD) has garnered attention in recent
times, as this form of regulated cell death can activate DCs, induce anti-tumor T cell
responses, and generate beneficial long-lasting immunity.(?'2241.719 |CD encompasses
diverse ‘hallmarks’ that ultimately involve two major aspects of anti-tumor T cell
response: antigenicity and adjuvanticity. Dying cells undergoing ICD provide access to
cancer antigens, which contributes to the antigenicity aspect of ICD.®%272 |n addition,
danger-associated molecular patterns (DAMPs) are emitted spatiotemporally and
function as adjuvants in ICD mediated anti-tumor immunity. These DAMPs promote the
recruitment and activation of APCs such as DCs by binding to specific pattern
recognition receptors (PRRs) on their surface.('872072) Activated DCs engulf dying
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cancer cells, process cancer antigens, and participate in cross-presentation of antigenic
peptides to CD8+ T cells, hence activating them and initiating the anti-tumor immune
response."'8722-725 Numerous preclinical and clinical studies suggest the prognostic and
predictive value for DAMPs and associated processes in cancer treatment prognosis.("2%)
Together, ICD facilitates overturning the TME by recruiting immune cells to the tumor
site and converting “cold” tumors to “hot”. Therefore, the development of next generation
anti-cancer modalities with ICD-inducing properties can improve the clinical outcomes
for cancers. Recent efforts have focused on evaluating previously approved
chemotherapeutics and developing new agents and therapies with ICD-inducing
capabilities.("?"

Photodynamic therapy (PDT) is a clinically approved anti-cancer modality that
can be used alone or as an adjuvant delivered alongside surgery or other therapies.“?"
PDT employs a light-responsive prodrug, known as a photosensitizer (PS), to sensitize
cytotoxic reactive oxygen species (ROS) that directly destroy tumors and tumor
vasculature.#12728-731) The PDT reaction is confined to regions where the PS, light, and
oxygen overlap in space and time, thus providing tumor selectivity and fewer side effects
compared to conventional therapies. Besides its cytotoxic properties, studies have
shown that PDT-induced oxidative stress effectively initiates an inflammatory response
and causes the infiltration of immune cells at the treatment site.®8>730732) The acute
inflammatory response from PDT is also implicated in the development of adaptive anti-
tumor immune responses.33-73% Recently, PDT has been investigated for its ability to
produce ICD and anti-tumor immune responses,(?%1428.736) and approaches to improve
ICD-inducing capabilities of PDT are being developed.(?4643% Here, we report the
discovery of new ICD-inducing, near infrared (NIR) absorbing ruthenium-based PSs as
PDT agents for targeting aggressive melanoma.(37:738)
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ML19B01 and ML19B02 are tris heteroleptic Ru(ll) complexes containing a
chromophoric ligand to shift the absorption into the NIR and a PDT ligand for sensitizing
singlet oxygen. Activation of the PS in the NIR window is advantageous for deeper
tissue penetration and thus treating a wider tumor margin and may be especially
important for highly pigmented melanomas where melanin can effectively compete for
light absorption of the shorter wavelengths. PDT generally employs red light and
designing new PSs that can be activated with longer wavelength NIR light while
maintaining potent photocytotoxic effects has been a major challenge to the field of PS
design for PDT. Herein, we not only overcome this hurdle but also demonstrate that both
PSs have similar cytotoxic potential but differ in their ICD hallmark-promoting capacities.
Additionally, both PDT treatments induce the release of DAMPs in vitro and treated cells
are efficiently phagocytosed by bone marrow-derived dendritic cells (BMDCs). Using
dying cancer cells as tumor vaccination modalities, we demonstrate that the PSs delay
tumor growth and improve tumor-free survival in the highly aggressive B16F10 mouse

melanoma model.
5.3. RESULTS

5.3.1. Synthesis and characterization of ruthenium compounds.

Ruthenium compound ML18H01 was reported previously (chapter 4).73" Compounds
ML19B01 and ML19B02 were synthesized in 63% and 47% yields, respectively,
following a synthetic protocol that we recently described for the synthesis of analogous
Ru(ll) complexes." Briefly, intermediate [Ru(tpbn)(dppn)(CI)]CI7*") was treated with an
excess of monodentate pyridine ligand (4-phenylpyridine or 4-dimethylaminopyridine)
and subjected to microwave irradiation while heating at 140—-150°C. Compounds

ML19B01 and ML19B02 were purified using flash column chromatography on alumina
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and size-exclusion chromatography on Sephadex® LH-20. After purification, the
molecular structures of isolated compounds were confirmed with 1D and 2D 'H NMR
and high-resolution mass spectrometry, and their purities were confirmed by HPLC
analysis.

NMR assignments: The assignments of the '"H NMR signals of Ru(ll) complexes

ML19B01 and ML19B02 were made based on correlations observed by '"H-'"H COSY
NMR, based on the values of observed J-values, and based on our previously reported
assignments of related complexes. Hydrogens from the tpbn ligand (3, 3’, 4', 5', 6", 7,
and 4-tBu) and hydrogens from the dppn ligand (a, b, ¢, d, e, f, g, h, i, j, k, ) were
assigned as we previously described for analogous Ru(ll) complexes ("*"). Hydrogens
from the monodentate pyridine ligands (4-phenylpyridine and 4-dimethylaminopyridine)
were assigned similarly as we previously described for the hydrogens of 4-picoline
ligand.™") In the monodentate pyridine ligands, the signal for hydrogen 2" was the most
downfield shifted due to its ortho-position relative to the nitrogen. In ML19B01, the next
most downfield signal appeared as a doublet of doublets and was assigned to hydrogen
6" due to the best fit for this multiplicity. Hydrogen 3" is expected to be a clear doublet
with a J-value matching the J-value of a doublet corresponding to 2”, hydrogen 7" is
expected to be a doublet of doublets with two close J-values, and hydrogen 8" is
expected to be a triplet of doublets with a small J,-value, but these three signals (3", 77,
and 8") fully overlapped so fine splitting was obscured. In ML19B02, hydrogen 3" was
assigned based on its "H-"H correlation to 2".

The electronic absorption spectra of the compounds are shown in Figure 1, and
the local absorption maxima and extinction coefficients at those peak maxima are
tabulated in Table 2. The shorter wavelength, sharper peaks (<425 nm) can be ascribed
to i 'IL transitions on the ligands and vary in intensity. The dominant peak at
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approximately 318 nm is diagnostic of the tpbn ligand. Weaker absorptions in the longer
wavelength region occur near 540, 635, and 720 nm, corresponding to 'MLCT
transitions. The longest wavelength absorption is assigned as the spin-allowed singlet
Ru(dT)—tpbn(r*) transition, in accordance with our earlier findings,”®") and is unusually
long for a Ru(ll) polypyridyl-type complex.(3® The three MLCT peaks observed for
ML19B02, having the dimethylaminopyridine monodentate ligand, are bathochromically
shifted by around 0.07, 0.10, and 0.05 eV, respectively, compared to the other two
complexes. This is consistent with a higher Ru(dr) energy due to the increased electron
density on the metal by this electron-donating monodentate ligand. The result is a red
shift of the longest wavelength "MLCT absorption bands. We have observed this shift in
NIR absorption energy previously for analogous chloro complexes. The data indicate
that the two new photosensitizers, like ML18H01, are panchromatic light absorbers from
the ultraviolet to the visible region as well as the NIR [Figure 5.1]. The
[Ru(tpbn)(dppn)(L)]CI. construct is a robust scaffold for generating NIR absorption well
past 700 nm and extending all the way out to 800 nm. Further, the scaffold not only
tolerates changes to the monodentate ligand L without compromising its NIR absorption
but can be fine-tuned by minor substituent changes to this ligand in order to improve its

NIR absorption characteristics.
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Table 5.1. Absorption peak maxima (nm) and corresponding molar extinction

coefficients (log ¢€)

COMPOUND | Aass/nm (log1o(e/M~" cm™))

ML18HO1 240 (4.79), 318 (4.95), 371 (4.37), 408 (4.14), 494 (3.89), 540 (3.75),

634 (3.22), 716 (2.99)

ML19B01 240 (4.93) 318 (5.08), 371 (4.56), 408 (4.34), 492 (4.01), 542 (3.88), 639

(3.33), 710 (3.07)

ML19B02 240 (4.98), 319 (5.19), 408 (4.37), 502 (4.01), 558 (3.93), 671 (3.41),

736 (3.20)
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Figure 5.1. Structures and spectral profiles of the compounds investigated in this study.

A. Molecular structures of the two NIR-absorbing and PDT-active ruthenium compounds
of this study and the parent complex ML18HO01. B. Hydrogen labeling for the purpose of
assigning the one and two-dimensional NMR spectra. C. UV-Vis-NIR absorption spectra

of the NIR-absorbing and PDT-active ruthenium compounds.
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5.3.2. ML19B01-PDT and ML19B02-PDT induce cell death in melanoma

cells.

Next, to understand the anti-cancer potential of ML19B01 and ML19B02 PSs, we first
analyzed their capacity to induce cell death in B16F10 mouse melanoma cells upon
activation with 630 nm red light or 730 nm NIR light. The shorter wavelength was
selected because it is the wavelength used for clinically approved Photofrin-PDT, and
730 nm was used as the NIR wavelength because it is the longest wavelength that
produced a PDT effect for our previously reported ML18H01.737) Briefly, B16F 10 cells
were treated with increasing concentrations of the PS, incubated in the dark for 16 h,
and then irradiated for a total fluence of 100 J cm at an irradiance of 22.8 mW cm™
[Figure 5.2.A]. An analogous set of controls were included that were treated in the same
manner; except they did not receive a light treatment but instead were incubated in the
dark throughout the experiment. The alamar blue cell viability assay revealed that
ML19B01 and ML19B02 did not induce cell death in concentrations of up to 50 uM in
dark conditions. Irradiation of PS-treated cells with 630 nm red light resulted in cell death
[Figure 5.2.B] wherein ML19B01 and ML19B02-PDT had ECs values of 1.14 uM and
2.19 pM, respectively. ML19B01 and ML19B02 showed a similar ECs, profile (1.59 uM
and 2.51 uM, respectively) with 730 nm NIR light, confirming activation and cell death at
both wavelengths. Further analysis was performed with 630 nm as the clinically
approved wavelength for PDT with Photofrin. Cell death analysis with Annexin V/ 7AAD
flow cytometry using cells treated with ML19B01 and ML19B02 at their respective ECso
values and irradiated with a fluence of 25 J cm™ revealed similar cell death
characteristics for both the PSs, as represented by percentages of pre-apoptotic and

apoptotic cell populations [Figure 5.2.D]. The data confirmed that little cell death
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occurred in the absence of the light treatment. Therefore, the 630nm ECso values were

used for subsequent immunological analysis for both the PSs.
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Figure 5.2. Cell death analysis in B16F10 cells treated with ML19B01-PDT or

ML19B02-PDT.
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A. Schematic representation of alamar blue cell viability assay. B. Cell viability graphs
indicating respective EC50 values for different conditions. Treatments include both PSs
or PBS with and without light treatment (630 nm and 730 nm). C. Schematic
representation of the experimental strategy for cell death analysis via flow cytometry. D.
Bar plots indicating the percentages of cell death in different phases. Percentages of
pre-apoptotic (7AAD- Annexin V+), post-apoptotic (7AAD+ Annexin V+), early necrotic

(7AAD+ Annexin V-) and live (7TAAD- Annexin V-) cell populations are plotted.

5.3.3. ML19B01-PDT and ML19B02-PDT produce distinct

immunomodulatory responses.

Recent studies have revealed the potential for PDT-induced oxidative stress to result in
an inflammatory response.®® We previously designed one such Ru(ll) PS, ML18HO01,
which efficiently induced multiple proinflammatory pathways that can overturn the
immunosuppressive TME in cancers.®” To this end, we examined the
immunomodulatory effects of ML19B01- and ML19B02-PDT in B16F10 melanoma cells.
Treatment of B16F10 cells with ML19B01 and ML19B02 at their respective ECs values,
followed by irradiation (630 nm, 25 J cm™2, 22.8 mW cm™) resulted in differential
modulation of immunological pathways. ML19B01-PDT resulted in superior induction of
heat shock proteins (HSPs), HSP70, and HSP90 whereas ML19B02 did not result in a
significant induction [Figure 5.3.B]. While both PSs resulted in induction of
proinflammatory cytokines CXCL10,® |L6,8%44") TNFa,®) and the type 1 interferon (T1
IFN) pathway®3'4) associated gene IFIT1, the magnitude of expression was higher upon
ML19B02-PDT as compared to ML19B01-PDT [Figures 5.3.C, D]. Neither PS altered
the expression of other genes related to the T1 IFN pathway, (IFNB, TLR3) or those

associated with the MHC-I molecule(32740) (H2D, B2M, TAP1) [Supplementary Figure
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5.1.]. Additionally, ML19B01 and ML19B02 under the dark condition did not affect the
expression of any of the genes tested [Figure 5.3.B, C, D]. Together these results
demonstrate the differential immunomodulatory capacities of ML19B01 and ML19B02-
PDT.

PDT-induced cell death is usually characterized by an oxidative stress response
and generation of ROS, both of which are implicated in ICD.®%2'2 Moreover, HSPs
function as molecular chaperones in response to ICD induced oxidative stress.(212428.741)
Therefore, we studied the generation of ROS with ML19B01- and ML19B02-PDT using
B16F10 cells. Treatment with both ML19B01-PDT and ML19B02-PDT resulted in an
increase in cellular ROS expression, quantified by flow cytometry staining with DCFDA,
however, a higher increase was observed with ML19B01-PDT [Figure 5.3.E]. Flow
cytometry staining with Mitosox revealed an increase in mitochondrial ROS with only
ML19B01-PDT and not in ML19B02-PDT [Figure 5.3.E]. These observations
demonstrate the differential regulation of ROS upon treatment with ML19B01 and

ML19B02-PDT.
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Figure 5.3. ML19B01 and ML19B02-PDT induce differential modulation of

immunological pathways.

A. Schematic representation of the experimental strategy for immune marker analysis
and ROS analysis upon PDT treatment. B-D. qRT-PCR analysis of PDT treated B16F10
cells for genes associated with B) heat shock proteins, HSP90 and HSP70. C)
Proinflammatory cytokines, CXCL10, IL6, TNFa. D) Type 1 interferon pathway
associated gene IFIT1. Fold changes are relative to untreated samples and normalized
to the control gene, GAPDH. E. Mean fluorescence intensities for ROS, analyzed by flow
cytometry for cellular ROS (DCFDA) and mitochondrial ROS (MitoSOX). PS: compound.

hv: light treatment. Anova statistical analysis was performed. Experiment n=3.

5.3.4. Cell death by ML19B01-PDT and ML19B02-PDT is associated with the

emission of DAMPs.

ICD has been recognized as one of the promising ways to reverse cancer cell immune
evasion and the immunosuppressive TME.?*") Considering the potential
immunomodulatory capacity of ML19B01- and ML19B02-PDT [Figure 5.3] and the roles
of HSPs as well as ROS in ICD, we then explored whether the cell death associated with
ML19B01- and ML19B02-PDT resulted in the emission of DAMPs. Here, we
investigated the major ICD hallmarks,® calreticulin (CALR) surface translocation, @+
ATP secretion,?4 and HMGB1 release,®® (which play an important role in anti-tumor
immunity due to interactions with the innate immune system) in B16F10 cells treated
with ML19B01- and ML19B02-PDT [Figure 5.4.A]. Surface CALR in ICD stimulates the
uptake of dead-cell-associated antigens by DCs, ATP facilitates the recruitment of APCs
and their activation, and HMGB1 promotes the activation of DCs and antigen

presentation by DCs to T cells.®%2'2) Flow cytometry analysis of B16F10 cells revealed a
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significant increase in surface CALR expression upon ML19B01-PDT [Figure 5.4.B].
While ML19B02-PDT resulted in a statistically significant increase in CALR expression,
it is much lower compared to ML19B01-PDT. Additionally, ML19B01- and ML19B02-
PDT treatment increased the extracellular secretion of ATP [Figure 5.4.C] as well as
HMGB1 [Figure 5.4.D] in the culture supernatants of B16F10 cells. Together, these data
revealed the distinct ICD hallmark-inducing capacity of ML19B01- and ML19B02-PDT in

mouse melanoma cells in vitro.
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A. Schematic representation of the experimental strategy for analysis of surface CALR
expression, ATP secretion, and HMGB1 release upon PDT treatment of B16F10 cells.
B. Flow cytometry analysis of surface expression of CALR in B16F10 cells in vitro. C.
Extracellular ATP analysis in B16F10 cells in vitro. D. Analysis of HMGB1 release in
supernatant samples of PDT treated B16F10 cells. PS: compound. hv: light treatment.
Anova statistical analysis was performed. Experiment n=3 for ATP and HMGB1 and n=5

for CALR.

5.3.5. ML19B01- and ML19B02-PDT treated cancer cells are phagocytosed

by and induce functional markers in BMDCs.

DCs, professional antigen presenting cells, play an important role in antigen presentation
and priming of CD8+ T cells.(""® As such, successful activation and maturation of DCs
have been identified as essential for initiation of the anti-tumor immune responses during
ICD." Here, we used GM-CSF differentiated DCs from mouse bone marrow’#? to
assess in vitro phagocytosis of B16F10 cells treated with ML19B01- and ML19B02-PDT
[Figure 5.5.A]. Co-culture of live vs. PDT-treated cells resulted in phagocytosis of only
PDT-treated cells [Figure 5.5.B]. ML19B01-PDT treated cells were phagocytosed better
than ML19B02-PDT treated B16F10 cells. The rate of phagocytosis also increased with
an increase of BMDCs: cancer cell ratio from 1:1 to 1:5. This data shows that dying
cancer cells upon PDT-treatment are being phagocytosed by DCs.

Next, we evaluated the immunomodulatory effects of DAMPs released upon
PDT-treatment on BMDC maturation, by treating the BMDCs with culture supernatant
from ML19B01- or ML19B02-PDT treated B16F 10 cells [Figure 5.5.C]. Analysis of
MRNA expression of immunogenic or activation markers of DCs revealed an increase in

expression of CD40,©3® CD80,(68586) CD83,©87) and 1L12p68%6%) ypon culture with PDT-
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treated supernatants. Both ML19B01- and ML19B02-PDT-treated conditioned media
increased the expression of these markers but by different magnitudes [Figure 5.5.D]. In
addition to the immunogenic markers, we assessed the expression of several regulatory
markers in BMDCs treated with conditioned media from PDT-treated B16F10 cells.
Here, we identified an increase in expression of inhibitory PDL16%26%) g well as
CTLA46956%) jn BMDCs cultured in ML19B01- and ML19B02-PDT treated B16F10
supernatants. There was no effect on additional immunogenic marker CD86,%® and
regulatory markers TIM3©% and Arg1©°7). This data shows that conditioned media from
PDT-treated B16F10 cells promotes the expression of immunogenic as well as
regulatory markers on DCs.

Collectively, these results indicate that along with the secretion of immunogenic
DAMPs, the ML19B01- and ML19B02-PDT-compromised cells are efficiently engulfed
by BMDCs, and ML19B01- and ML19B02-PDT increases the expression of DC

functional markers.
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Figure 5.5. ML19B01 and ML19B02-PDT treated cells are engulfed by BMDCs and

induce BMDC functional markers.
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A. A schematic representation of the workflow for BMDC phagocytosis experiment. B.
Contour plots depicting uptake of CFSE labelled B16F10 cells by CD11c+ cells. CD11c+
CFSE+ population in the upper right quadrant indicates the percentage of phagocytosed
cells. Representative contour plots represent 1:5 ratio of BMDC: cancer cells.
Corresponding bar plot on the right-side depicting percentage CD11c+ CFSE+ cells with
1:1 and 1:5 ratio of BMDC: cancer cells. C. A schematic representation of the
experimental strategy for immune marker analysis in DCs upon incubation with PDT-
treated conditioned media. D. gqRT-PCR analysis of immunogenic markers CD40, CD80,
CD83, CD86, IcosL, IL12b and regulatory markers PDL1, TIM3, CTLA4, ARG1. Fold
changes are relative to untreated samples and normalized to the control gene, GAPDH.
LPS treated sample was used as a positive control. Experiment n=3. Student’s t test was

performed respective to the control, NT.

5.3.6. Vaccination with ML19B01-PDT and ML19B02-PDT-treated cancer

cells results in delay of tumor growth and enhanced survival.

To evaluate the therapeutic potential of ICD induced by our PSs, we performed the gold
standard ICD confirmation experiment.®%32") First, mouse B16F10 melanoma cells were
treated in vitro at concentrations corresponding to the ECso values of ML19B01- or
ML19B02-PDT, and dying cells were collected 4 and 12 h post-treatment and injected
into the left flank of C57BL/6 mice for vaccination [Figure 5.6.A]. These mice were then
challenged with untreated B16F10 cells on the right flank 7 days post-vaccination and
assessed for tumor growth and tumor-free survival. Mice vaccinated with ML19B01- and
ML19B02-PDT treated dying cancer cells displayed improved tumor-free survival and
delay in tumor growth compared to unvaccinated control mice [Figure 5.6.B]. Despite

the differential ICD-inducing capacities, the in vivo anti-tumor effects imparted by
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ML19B01- and ML19B02-PDT were comparable and statistically indistinguishable. This
data shows that vaccination with B16F10 cells treated with ML19B01- and ML19B02-
PDT produced similar protection against tumor challenge.

The influence of sex differences on cancer incidence, mortality, and treatment
outcomes has become increasingly evident in the past decade."3744 To understand the
impact of sex on the outcome of ICD-induced anti-tumor protection against melanoma,
we performed the vaccination experiment in both female and male mice. Comparison
between male and female C57BL/6 mice showed equivalent tumor-free survival.
However, vaccinated female mice demonstrated statistically superior tumor growth
control as compared to vaccinated male mice [Figure 5.6.B, C]. Together, these results
indicate the induction of beneficial anti-tumor protection in C57BL/6 mice upon
vaccination with ML19B01 and ML19B02-PDT treated B16F10 cells in a sex-biased

manner.
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Figure 5.6. Immunization with ML19B01 and ML19B02-PDT treated cancer cells

prolongs tumor-free survival and delays tumor growth in the B16F10 mouse melanoma

model.
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A. Schematic representation of the workflow for the in vivo vaccination experiment. Male
and female C57BL/6 mice were first imnmunized with PDT-treated cells on the left flank,
challenged 7 days later with untreated live cells on the right flank, and monitored for
tumor growth and survival. B. Tumor-free survival graphs in male and female mice
vaccinated with ML19B01 or ML19B02-PDT treated B16F10 cells. Hazard ratio (HR)
values are indicated within the graphs. C. Tumor growth comparison for unvaccinated
vs. vaccinated male and female mice, individual groups as well as combined mean
tumor growth graphs. Each group represents data from 15 mice, except for the
unvaccinated male group, which has 13 mice. Statistical analysis was performed using

Mantel-cox test for survival curves and paired t-test for tumor growth graphs.

5.4. DISCUSSION

In our quest to develop effective immunostimulatory PDT as adjuvant therapy for the
most aggressive melanomas, we recently reported Ru-based coordination complexes
designed to absorb and be activated with NIR light to achieve potent cytotoxicity in
melanoma cells.*"73® |n our previous study, we used coordination chemistry as a
powerful tool to rapidly generate a library of Ru-based PSs with ideal properties for
melanoma PDT. Importantly, we established structure-activity relationships to develop
the relevant photophysical models for optimizing NIR PDT effects toward melanoma
cells and identified several lead Ru(ll) PSs. We further explored the immunomodulating
properties of PDT with lead ML18HO01. The structural scaffold of ML18H01 allows for
variation of a monodentate pyridyl-based ligand without compromising the attractive
features of NIR absorption and PDT potency. Modifications at this position provide a
convenient handle for fine-tuning biological activity, and our current study with ML19B01

and ML19B02 as next-generation NIR Ru PSs illustrates that the favorable bulk PDT
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properties are retained while the in vitro immunological signatures can be varied. In the
longer term, optimization of these signatures through structural variation may prove
useful for directing anti-tumor responses in vivo, with the goal being to maximize
immunoprotective effects in melanoma treatment.

Recent studies, both preclinical and clinical, have demonstrated the ability of
PDT to initiate innate and adaptive immune responses against tumors. In this context,
ICD of cancer cells is considered a promising way to activate the anti-tumor T cell and
DC-based immune responses and achieve ultimate tumor cell clearance. We evaluated
the immunological consequences in the context of ML19B01- and ML19B02-PDT-
associated cytotoxicity in the B16F10 melanoma model. By analyzing qRT-PCR based
gene expression, we found that the two PSs differentially modulate proinflammatory
markers and heat shock proteins, both of which play a key role in PDT-associated anti-
tumor immunity. While ML19B01-PDT led to a significant increase in HSP90 and
HSP70, ML19B02-PDT produced a higher increase in proinflammatory cytokines IL6,
TNFa, and CXCL10 compared to ML19B01-PDT. Light treatment alone or PS in the
dark condition did not affect the expression of these genes, confirming that the increase
only occurred when the PS was activated by light. Interestingly, analysis of ROS
revealed that ML19B01-PDT induces higher cellular as well as mitochondrial ROS as
compared to ML19B02-PDT. HSPs and ROS are both involved in PDT-mediated
oxidative stress, and are also implicated in ICD; here, HSPs act as eat me signals, 4%
and ROS is involved in the unfolded protein response-mediated exposure of
endoplasmic reticulon chaperone CALR to the cell surface.(?'2280)

Several hallmarks or signatures of ICD have been discovered in the context of
different therapies.®>2*") For PDT, where ICD is not completely characterized, CALR
surface expression, ATP secretion, and HMGB1 release are suggested as core
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hallmarks.?'? CALR exposure in dying cells is a crucial “eat me” signal during ICD and
facilitates the recognition of dying cancer cells by phagocytic cells such as DCs.?'?
Along similar lines with HSP and ROS expression, surface translocation of CALR was
higher upon ML19B01-PDT treatment than ML19B02-PDT in B16F10 melanoma cells.
After CALR exposure, late-stage dying cells secrete ATP and HMGB1 molecules
extracellularly, both of which can interact with PRRs on DCs and activate them in vivo.
Studies on ATP secretion and HMGB1 release showed a similar increase of both
hallmarks with ML19B01- as well as ML19B02-PDT. Together, these findings reveal the
immunomodulatory and ICD hallmark-inducing potential for ML19B01- as well as
ML19B02-PDT.

Since DAMPs interact with DCs, which play a crucial role in stimulating anti-
tumor immune responses, we sought to identify the capacity of PDT-treated dying
cancer cells to be phagocytosed. Phagocytosis of cancer cells is a key event which
leads to the processing of antigens and eventually, the presentation of antigen by DCs to
T cells, therefore impacting the anti-cancer immunity. Both ML19B01 and ML19B02-
PDT treated B16F10 cells were engulfed by BMDCs in a dose-dependent manner, with
ML19B01-PDT treated cells resulting in higher phagocytosis. Because CALR plays an
important role in DC phagocytosis, 746748 this data agrees with our observation wherein
ML19B01-PDT induced higher surface CALR than ML19B02-PDT. Despite the
differences in levels of phagocytosis, culture media from both ML19B01- and ML19B02-
PDT treated cells was able to upregulate the expression of immunogenic markers in
BMDC:s. It is possible that while the ER chaperones HSPs and CALR were differentially
regulated by ML19B01- and ML19B02-PDT, leading to a difference in phagocytosis,
other DAMPs which were comparable between both groups were able to compensate for
the difference in BMDC stimulation. Both ML19B01- and ML19B02-PDT increased the
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expression of CD40, CD80, and CD83 genes, all associated with activation of BMDCs,
but to different extents. Interestingly, we also noted the upregulation of inhibitory genes
upon treatment with conditioned media from both compounds. Conditioned media from
ML19B01 and ML19B02-PDT treated B16F10 cells increased the expression of PDL1

and CTLA4 genes, both identified as regulatory markers of DC maturation.

While in vitro release of DAMPs provides an indication of ICD, ultimately, their
ability to trigger anti-tumor immune responses in vivo is the end goal. To validate the
ICD in vivo and furthermore, to understand whether the differences in levels of some
ICD hallmarks in vitro translates to the response in vivo, we performed the gold standard
vaccination experiments in immunocompetent C57BL/6 mice.®2" Of note, to understand
the possible sex-biased immune responses in the ICD mediated response, we
performed this experiment with both male and female C57BL/6 mice. Vaccination of
mice with dying B16F 10 cancer cells from ML19B01- or ML19B02-PDT treatment
resulted in a delay in tumor growth and overall improvement in tumor-free survival as
compared to unvaccinated mice, upon challenge with live B16F10 cells. Additionally,
both ML19B01-PDT, as well as ML19B02-PDT treated cells provided comparable
protection from tumor growth.

Although both male and female mice showed improved tumor-free survival upon
vaccination with PDT-treated cells, the control of tumor growth was greater and
statistically significant in female mice compared to male mice, indicating a better anti-
tumor immune response in female mice. This agrees with our previous findings with
ML18HO01-PDT, where we found sex-biased differences in the vaccination efficacy of
Ru(ll) PDT-treated cells in female and male mice. Moreover, preclinical and clinical data
in melanoma provides evidence for sex-biased differences in immune responses, tumor
development as well as response to therapies, particularly immunotherapies.(74474-752)
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However, neither group was fully protected against tumor growth, and mice vaccinated
with either ML19B01- or ML19B02-treated cancer cells eventually formed tumors.

There could be two explanations behind this observation. While we noticed
efficient induction of immunostimulatory DAMPs, studies have associated the hindrance
of ICD with inhibitory DAMPs (iDAMPs), which could play a role in the context of our
treatment.(6.753 A recent study identified prostaglandin E2 as an inhibitory molecule
released in response to gemcitabine treatment and blocking this iDAMP reversed the
outcome of gemcitabine-induced ICD.®?2754) Some ICD associated DAMPs are shown to
have dual roles, both immunogenic as well as immune-inhibitory or suppressive,
depending on their mutations, epigenetic modifications, dose, mode, time of release, and
interactions in the TME.#49.783.75-757) Additionally, our findings from the in vitro BMDC
experiments identified upregulation of inhibitory genes PDL1 and CTLA4 in BMDCs
exposed to conditioned media from PDT-treated cells, suggesting that PDT with
ML19B01 and ML19B02 triggers the release of these important regulatory molecules. A
similar increase of these checkpoint molecules in vivo upon vaccination can result in
inefficient stimulation of DC activation, maturation, and T cell activation.(¢9275¢-761) By
exploiting these observations, we hope to design combination therapies with checkpoint
inhibitors or by blocking iDAMPs to improve the efficacy of these treatments.(762)
However, considering the highly aggressive and poorly immunogenic nature of B16F10
melanoma, the extent of protection observed from our study was notable. Moreover, our
study confirms yet again, the importance of performing in vivo vaccination to validate the
concept of ICD. Overall, we report two novel ruthenium compounds with cytotoxic as

well as immunomodulatory capacities for PDT of metastatic melanoma.
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5.7. SUPPLEMENTARY FIGURES
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Supplementary Figure 5.1. Analysis of Type | interferon and MHC-I molecule
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associated genes upon ML19B01- and ML19B02-PDT.

Analysis of ML19B01- and ML19B02-PDT treated B16F10 cells using qRT-PCR for
genes associated with interferon beta (IFNB), toll like receptor 3 (TLR3), MHC-I molecule
genes (H2D, 2M, TAP1). PS: compound, hv: light treatment. Anova statistical analysis

was performed. Experiment n=3.
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5.8. SUMMARY OF CHAPTER 5

We developed two new ruthenium compounds, ML19B01 and ML19B02, by modifying
the ligands in the core structure of ML18HO01, reported in Chapter 4. The modifications
retained the PDT features of the compounds but varied in their immunostimulatory
properties. Following NIR activation, both compounds demonstrated similar activation
characteristics and potent cytotoxicity against B16F10 cells with single-digit EC50s.
ML19B01 was effective at inducing heat shock proteins and reactive oxygen species in
vitro. While both compounds increased proinflammatory cytokines, ML19B02-PDT
resulted in a more significant increase in associated genes. ICD evaluations revealed
that ML19B01-PDT greatly increased surface calreticulin induction than ML19B02-PDT,
but both had a similar effect on ATP and HMGB1 secretion. Overall, in vitro analyses
revealed varied capacities of both PSs, with ML19B01-PDT preferentially upregulating
the ROS-ER chaperone axis of ICD. Phagocytosis assays with DCs revealed
substantially higher phagocytosis of ML19B01-PDT killed B16F10 cells than ML19B02-
PDT destroyed cells. Interestingly, conditioned media from ML19B01 and ML19B02-
PDT treated B16F10 resulted in the upregulation of activation and inhibitory markers in
DCs. Vaccination with ML19B01 and ML19B02-PDT treated cells improved tumor-free
survival and reduced tumor growth upon challenge with live B16F10 cells. Intriguingly,
neither PSs generated complete protection against tumor growth, which could be related
to the inhibitory markers identified in DCs and other as-yet-unidentified
immunosuppressive mechanisms [see section 6.2.2]. Overall, we report two structurally
related Ru compounds with similar cytotoxicity profiles but distinct immunostimulatory
actions, with potential therapeutic benefits in combination with other therapies [see

section 6.2.3].
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CHAPTER 6: DISCUSSION

6.1. SUMMARY & SIGNIFICANCE OF CENTRAL FINDINGS

Since establishing the concepts of cancer immunoediting and the cancer immunity cycle,
there has been a surge in research to better understand these processes and harness
them to improve the therapeutic landscape. MHC-I bound peptides play an essential role
in the CD8 T cell-driven cancer immunity cycle by providing specificity for anticancer
immune responses. As a result, identifying these peptides is critical for understanding
and regulating T cell responses against cancer. While recent developments in mass
spectrometry have provided a new avenue for MHC-| peptide discovery, they also
present unique challenges.

Traditionally, MS/MS spectra for eluted MHC-I peptides are compared to a
reference proteome database that lacks enzymatic digestion specificity. This results in
inflated search spaces and hampered ability to perform false discovery rate correction,
reducing the number of identified peptides. We address this issue in this report by
establishing a targeted database search technique and an associated tool, SpectMHC,
which is based on previously predicted MHC-I peptides. When compared to a standard
"no-enzyme" search of reference proteomes, our tailored search method enhanced
peptide identifications by more than two-fold for both mouse and human MHC-I ligands.
These peptides' false discovery rate assessments revealed that increased MHC-I ligand
identifications are associated with improved statistical power.

Furthermore, MS detection of peptides with low ion scores is challenging with
lowly abundant peptides like MHC-I ligands. By performing targeted searches, we were
able to assign MS/MS spectra with lower ion scores, increasing the sensitivity of MHC-I

ligand detection. As a result, this strategy has the potential to uncover otherwise missed
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MHC-I ligands, including those harboring novel T cell epitopes with therapeutic potential
[Figure 6.1.1].

Such technical and computational advances are especially important in the ever-
changing field of MHC-ligand discovery, as sensitive and accurate identifications will
improve our understanding of T cell epitopes and allow us to design better therapeutics,
such as cancer vaccines. This approach offers a wide range of applications for
identifying TAAs and TSAs and can also be used in other fields such as infectious
diseases and autoimmune diseases. There is a strong interest in this work among
researchers interested in studying the MHC-I peptide landscape (cited 41 times) and
hence adopting the approach for use in various biological models. Furthermore, the
publication associated with this work was selected as an Editor's Choice Article by the
American Chemical Society in 2017, and | was invited to write two book chapters on
using the tool and approach. Overall, this study has piqued the interest of the mass
spectrometry and immunology communities and has provided a non-laborious, budget-
free solution for overcoming existing limitations and improving MHC-I ligand

identifications from valuable preclinical and clinical samples.
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Figure 6.1.1. Overview of SpectMHC-based MHC-| ligand discovery.

Immunoprecipitation is used to isolate MHC-I bound peptides from cell lysates, which
are then identified using LC-MS/MS techniques. The resulting MS spectra are compared
to a targeted database developed using the SpectMHC technique. This MHC-I-specific
database was created using a reference proteome as input and utilizing neural network
methods to identify potential MHC-I ligands. The comparison of MS/MS spectra to the
targeted database results in enhanced peptide identifications, lower false discovery
rates, and a faster overall search rate.

The above figure was previously published in:

Konda P, Murphy JP, Gujar S. Improving MHC-I ligand identification by incorporating
targeted searches of mass spectrometry data. In Bioinformatics for cancer

immunotherapy 2020 (pp. 161-171). Humana, New York, NY.
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The subsequent chapters of the thesis focus on the development of novel
immunogenic photodynamic therapies to enhance the cancer immunity cycle. We used
ruthenium coordination complexes designed to achieve the desired chemical and
photophysical properties (section 1.6.1.1) and to shift the photosensitizer's light
absorption window into the near-infrared region. In mouse melanoma models, NIR
activation of these complexes resulted in potent cytotoxicity, immunogenic cell death,
and immunostimulatory events. NIR-activated Ru complexes efficiently generated
cellular and mitochondrial ROS, which have been implicated in PDT-induced cytotoxicity
and are known mediators of hypericin PDT-induced ICD. Ru-PDT significantly increased
the expression of genes encoding components of the type 1 interferon pathway,
proinflammatory cytokines, heat shock proteins, and antigen-presentation machinery, all
of which are involved in different stages of cancer immunity. Ru-PDT also induced
spatiotemporal immunogenic cell death in mouse melanoma cells via calreticulin
translocation mediated by ROS, ATP secretion, and HMGB1 release. These Ru PDT-
treated dying melanoma cancer cells enabled DCs to uptake dead and dying cancer
cells and induced DC activation markers.

Furthermore, in vivo vaccination and treatment effectiveness tests confirmed the
clinical utility of these Ru complexes. Vaccination with Ru-PDT-treated B16F10 cells
offered protection by causing either reduced or delayed tumor growth when challenged
with untreated B16F10 cells and led to improved tumor-free survival in vaccinated mice
compared to the unvaccinated group. Since the vaccination and challenge were
performed on the mice's opposite flanks, the tumor-inhibiting effects of Ru PDT-based
vaccines also suggested the generation of systemic anticancer immunity, which caused
the abscopal effect. Interestingly, female mice had more remarkable tumor-free survival
and protection from tumor development after vaccination than male mice, suggesting
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sex-biased differences. Finally, NIR-activated Ru-PDT of melanoma tumor-bearing mice
resulted in tumor growth reduction and control in syngeneic and transgenic aggressive
melanoma models. In summary, our findings reveal that Ru PDT causes a two-pronged
attack on melanoma cells, eliciting direct cytotoxicity as well as immunogenic cell death
and protective antitumor immunity [Figure 6.1.2].

These findings demonstrate for the first time that transition metal complexes
have immunostimulatory and immunogenic cell death-inducing properties, as well as
clinical relevance for melanoma treatment. This is especially significant since metal
complexes for therapeutic PDT are an emerging concept in the field. Our findings help
promote the development of such therapies, which are far superior to traditional PSs.
Moreover, PDT has traditionally been regarded as a local therapy used to treat
superficial lesions. Our findings support the use of PDT for generating systemic
antitumor responses, as evidenced by the abscopal effect in ICD vaccination
experiments. We provided the in vivo characterization of the top three Ru-compounds
evaluated for cytotoxic and immunostimulatory properties out of 11 compounds tested.
Despite having identical structure and cytotoxic properties, each of these three
compounds demonstrated a distinct immunostimulatory and ICD profile, both in vitro and
in vivo. This indicates the intricate molecular mechanisms that underlie each compound
that are undetermined by their chemical properties, emphasizing the need for detailed
immunological characterizations. A similar finding was reported in 2009 between
chemotherapies cisplatin and oxaliplatin, which have identical cytotoxicity but induce
different DAMPs.?%0 To date, most ICD investigations have been conducted in either
male or female mouse models. Our data is the first to show that ICD-vaccination

provides sex-biased protection, which has therapeutic implications. These findings are in
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congruence with previous observations that male and female melanoma patients have
distinct susceptibilities to immunotherapies, resulting in biased clinical outcomes.

Many novel methodologies have been utilized in the project's development.
1) We used novel transition metal complexes, which are gaining popularity in the field of
PDT. Because of their superior activation characteristics even in highly pigmented and
hypoxic tumor regions, which most current PDT compounds are not capable of targeting,
these are far superior to their traditional counterparts currently utilized in clinics/or
clinical trials.®®*®) This property is important because melanoma cancers are highly
pigmented, and most cancers are hypoxic, making them difficult to target.
2) These Ru compounds can be activated by a wide variety of light wavelengths, from
blue light to near-infrared light, enabling them to target both surface and deeper
cancers.(346.737.738.763) This type of activation property, particularly in the NIR region, is
uncommon in PDT vyet critical for targeting invasive cancers.
3) We employed tumor-focused optimization of compounds as well as therapeutic
regimens. Most PSs and PDT regimens are developed with no specific cancer in mind,
with the goal of broad applicability. While this is theoretically appealing, in practice, each
malignancy has different clinical factors and provides unique challenges. Therefore, this
project focused on melanoma as a target cancer, and all in vitro and in vivo regimens
are optimized accordingly.
4) Unlike conventional evaluation practices that rely exclusively on PDT's tumor or
vascular ablation properties, we adopted an integrated strategy that included assessing
immunomodulatory capabilities in addition to cell killing. This required a step-by-step
evaluation of PSs. PSs with high in vitro cytotoxicity were chosen for further testing of
their immunostimulatory characteristics. The immunostimulant PSs were then tested for
in vitro ICD inducing properties before being prioritized for ex vivo DC phagocytosis and

224



maturation studies, as well as in vivo ICD vaccination experiments. Furthermore, we
investigated sex as a variable in our in vivo ICD assessment, which has only recently
gained prominence in cancer therapies. Finally, compounds with the best in vivo ICD
characteristics were shortlisted for in vivo therapeutic evaluation in two distinct mouse
melanoma models.

There is a great deal of interest in this strategy to prioritize PDT treatment
because of the recognition of the role of ICD and immunological responses in PDT-
mediated anticancer responses, and there has been a recent surge in such
investigations [Figure 6.1.3]. Overall, this work generated many significant findings and
approaches, and it has been well recognized by the research community, with 22

citations in the 14 months since the publication of Chapter 4.
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Figure 6.1.2. Proposed model for anticancer properties of Ru-based PDT

The Ru PS absorbs photons from a light source, initially forming the short-lived excited
singlet state that undergoes a change in electron spin to produce the long-lived and
lower-energy triplet state. The triplet state PS produces reactive oxygen species (ROS),
leading to melanoma cell death. Ru PS-based PDT also induces molecules associated
with inflammatory pathways and damage-associated molecular patterns (DAMPs)
characteristic of immunogenic cell death. /n vivo vaccination of mice with Ru PDT-
treated melanoma cells develops antigen-specific antitumor immunity protective against
melanoma growth and confirms the induction of ICD and anticancer immunity. IL6:
Interleukin 6; IFN[: Interferon Beta; IFIT1: Interferon Induced Protein With
Tetratricopeptide Repeats 1; TLR3: Toll-Like Receptor 3; HSP90: Heat Shock Protein
90; HSPA1B: Heat Shock Protein Family A (Hsp70) Member 1B; CXCL10: C-X-C Motif
Chemokine Ligand 10; TNFa: Tumor Necrosis Factor-Alpha; H2D: H-2 class |

histocompatibility antigen, D chain; B2M: Beta-2-Microglobulin; TAP1: Transporter

226



associated with Antigen Processing 1; CALR: Calreticulin; ATP: Adenosine triphosphate;
HMGB1: High Mobility Group Box 1.

The above figure was previously published in:

Konda P, Lifshits LM, Roque Il JA, Cole HD, Cameron CG, McFarland SA, Gujar S.
Discovery of immunogenic cell death-inducing ruthenium-based photosensitizers for

anticancer photodynamic therapy. Oncoimmunology. 2021 Jan 1;10(1):1863626.
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Figure 6.1.3. Publication distribution of PDT and ICD studies.

The graph depicts the recent spike (3 years) in publications investigating ICD in relation
to PDT, indicating the recognition of its role in PDT-mediated anticancer treatments.
Plotted data was collected from PubMed on February 1, 2022, using the search term

‘PDT+Cancer+ICD[Title/Abstract]” and excluding review articles.
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6.2. FUTURE DIRECTIONS

“The biggest impediment to scientific discovery is a limited budget.” — Prathyusha Konda
Our one-of-a-kind, novel, and unexplored transition metal complex platform for PDT of
melanoma offers infinitesimal opportunities for scientific investigations. Based on current
knowledge in the field and the findings from the reported work, | propose the following
future directions, which | believe will improve our fundamental understanding of PDT

(particularly Ru PDT) as well as their therapeutic efficacy for clinical translation.

6.2.1. Integrated genomics, mass spectrometry, and immunological
approaches to assess PDT-induced antigenicity and antigen-specific

responses in melanoma
The studies presented in Chapters 4 and 5 show that Ru-PDT can elicit immunogenic
cell death, DC phagocytosis and maturation, and protective antitumor immunity.
Because CD8 T cells are the primary effectors in ICD,?'? activated/ matured DCs could
activate these CD8 T cell responses, which have yet to be characterized in our system.
Investigating CD8 T cells, particularly antigen-specific T cells would help us better
understand the immunological responses elicited by Ru-PDT. To examine such antigen-
specific responses, it is crucial to know the specific antigens induced by PDT that may
be contributing to cancer immunity. Furthermore, while our investigation revealed that
PDT-induced ICD produces adjuvanticity, the effect of the resulting ICD on antigenicity is
unknown. To investigate such PDT-induced antigenicity, | suggest an integrated
genomics and mass spectrometry strategy that effectively merges my work from chapter
3 with chapters 4 and 5.

The workflow [Figure 6.2.1] would involve the collection of PDT-treated tumors
from male and female melanoma-bearing mice, along with their untreated counterparts.

Utilizing a syngeneic B16F10 model will allow the transplantation of WT tumor cells into
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GFP mice, or GFP inserted B16F10 cells into WT C57BL/6 mice, aiding the sorting of
the cancer cell population from the TME. These samples can be processed for genomics
as well as immunopeptidomics using mass spectrometry as described in Chapter 3.
Utilizing whole-exome and RNA sequencing data from these samples as the reference in
the SpectMHC approach to generate targeted MHC databases would enable the global
assessment of TAAs and TSAs."®" Combining this with whole-genome sequencing
rather than whole-exome sequencing would also account for non-canonical and cryptic
peptides, which have been discovered in melanoma tumors.("%766) Distinguishing the
peptides that are elevated in PDT-treated tumors compared to untreated tumors would
provide insights on PDT-induced antigenicity and help us comprehend PDT's potential to
modify the antigenic landscape of cancer cells.

Functional validation using ex vivo experiments is required to dissect specific T
cell responses against these antigens. T cell activation and proliferation studies that
include co-culture of splenocytes obtained from PDT-treated mice with the synthesized
antigens followed by evaluation of proliferation and production of cytokines such as IFNy
and TNFa would aid in identifying functionally relevant peptides. Peptides that elicit T
cell activation might subsequently be employed to create antigen-specific tetramers or
pentamers capable of detecting antigen-specific T cells. Combining such tetramers with
additional activation and inhibitory markers for flow cytometry techniques would reveal
the phenotypes of these antigen-specific cells at the tumor site as well as lymphoid
organs. Indeed, our lab and others have previously reported the significance of therapy-
induced antigenicity and antigen-specific inmune responses in cancer.(224:225.767-770)

Overall, this research would help us better understand the influence of PDT on

antigenicity and provide new insights into Ru-PDT-mediated antigen-specific immune
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responses. The functionally verified tumor antigens can also be used to guide the
development of peptide-based vaccines [Figure 6.2.1].77"

Note: In the long term, it would be interesting to compare the relevance of peptides
discovered by mass spectrometry to those not found by mass spectrometry but are
detected via transcriptomics. Given the inherent limitations of mass spectrometry
techniques [refer section 1.3.5.1.] for identifying lowly abundant TSAs and cryptic
peptides, this investigation could help us determine whether or not this methodology has

diagnostic value.
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Figure 6.2.1. Integrated omics approaches to dissect PDT-induced antigen-specific CD8

T cells.

Tumors from untreated and PDT-treated melanoma-bearing mice will be collected and
processed using the immunomics pipeline indicated above. Exome/RNA-sequencing on
tumors will be performed to identify and prioritize mutations present at the DNA and
transcript levels. RNA-seq data will be analyzed to determine dysregulated genes after
PDT treatment. Selected mutations (altered protein sequences) and normal protein
sequences will be used to construct MHC-specific targeted databases using SpectMHC
pipeline. Tumor samples from untreated and PDT-treated mice will be processed
through LC-MS/MS-based MHC ligand discovery per our previously published
technique. The LC-MS/MS spectra will be compared to the targeted databases created

in the previous step — Tumor specific antigen MHC database (TSA-MHCdb) and Tumor-
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associated antigen MHC database (TAA-MHCdb). Immunogenicity of identified MHC-I
peptides will be tested using T cell activation and proliferation assays. Peptides with high
immunogenicity can be utilized to synthesize MHC-I tetramers, which can identify
antigen-specific T cells and investigate their functional competence. Furthermore,
peptides with high immunological activity can be evaluated as peptide-based tumor

vaccines, either alone or in combination with other immunotherapies.

6.2.2. Global profiling of PDT-induced TME using single-cell technologies
Cancer cells, blood vessels, extracellular matrix, immune cells, and signaling molecules
interact and regulate each other in the tumor microenvironment, influencing sensitivity or
resistance to therapy. As a result, | believe that a comprehensive knowledge of TME
modulation upon PDT can help us better understand the mechanisms of action of the
therapies and design better combination therapies.”? While a few targeted studies
found some immune populations pertinent for a couple of organic PSs (mainly Photofrin
and ALA-PDT, section 1.6.3.4), a global unbiased investigation is yet to be conducted on
any PS. Furthermore, because of the unique nature of PSs and different mechanisms of
action, discoveries from other PSs may not be relevant to Ru-PSs. Recent advances in
single-cell isolation, indexing, and sequencing technologies have fundamentally altered
our ability to conduct high dimension analysis."”® Therefore, to characterize the TME
after Ru-PDT, | propose utilizing single-cell sequencing technologies, specifically single-
cell RNA sequencing (scRNA-seq), due to the broad applicability and generation of
significantly higher data dimensions than traditional flow cytometry technologies.
However, this data would still need to be validated using traditional approaches such as

flow cytometry or histological analyses.
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The workflow [Figure 6.2.2] for this study would include collecting tumors from
PDT-treated and untreated melanoma tumor-bearing mice, dissociating the tumors into
individual cells, and then sequencing and analyzing using scRNA-seq platforms. For the
purpose of this section, it is ideal to use the cells without any further manipulations such
as sorting or selecting for specific subsets. As such, this can be applied for both B16F10
and transgenic tumor models. This investigation can address a variety of questions from
the perspectives of both cancer and the surrounding immune components.

1) The first and most important application is the characterization of immune cells and
their phenotypes. While the current thesis focuses on the CD8 T cell and DC axis,
anticancer immune responses encompass nearly every type of immune cell, with a
positive or negative association to therapeutic outcomes. Single-cell transcriptomics can
provide a global landscape of various immune cells as well as their subsets and
functional phenotypes.”7477® This will not only help us understand the various players
involved in Ru-PDT-mediated anticancer immune responses but also identify
immunosuppressive elements, which are important for understanding responsive vs.
resistant mechanisms against the treatment. This information can further guide
combination therapies with other cancer immunotherapies. Moreover, combining scRNA-
seq with TCR sequencing would allow us to track specific clones of T cells relevant to
treatment-induced cancer immunity.(""4

2) Molecular & immunogenic signatures in cancer. This part would require combining
with other single-cell technologies such as single-cell proteomics. While our research
and others have observed ICD induction, the complete range of PDT-induced ICD
characteristics, as well as the mechanisms underlying such induction, remain unknown.
As previously stated, each treatment appears to have a distinct ICD signature; thus, a
comprehensive analysis could provide insights into such questions. Furthermore, we will
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be able to discover cancer biomarkers, which will allow us to better predict the outcome
of PDT and develop new combination targeted therapies. In the long run, researching
the basic mechanisms of actions can help us comprehend the differences in outcomes
between different PSs.

3) The heterogeneity of cancer cells before and after therapy. Tumor heterogeneity
remains a clinical challenge due to its contribution to therapy resistance and poor
prognosis."677") Therefore, scRNA-seq based investigations will assist us to understand
the evolution of melanoma, the emergence of resistant clones, and their transcriptional
states and aid in the development of prospective combinations.("’®

4) Exploration of stromal components of the TME. Tumor stroma has been linked to
promoting tumor growth, metastasis, and therapeutic resistance; hence, assessing the
stromal landscape can assist us in inhibiting such processes.("7%-782)

Understanding the diversity of TME and the associated phenotypes will help us
understand how cancer cells, immune cells, and other components co-evolve during
therapy and will guide future therapeutic combinations [Figure 6.2.2]. Moreover, such
approaches could discover unique populations of cell types in the TME at both
preclinical and clinical levels. While single-cell technologies are currently expensive, |
believe that the clinical utility will soon become a viable option with the exponential

advances in processing and analysis pipelines as seen in the previous decade.
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Figure 6.2.2. Elucidation of PDT-induced tumor microenvironment using single-cell

technologies.

Tumors from untreated and PDT-treated melanoma-bearing mice will be collected and
processed through a single-cell RNA-sequencing pipeline. As shown above, the
resulting data can be analyzed to better understand various facets of the TME involving
immune cells, heterogeneous tumor cells, and stromal components. In addition, the
findings of this study can be used to guide the development of effective PDT-based

combination treatments.

6.2.3. Combination Immunotherapies with PDT

The ultimate goal of this project is to develop immunogenic photodynamic therapies with
high clinical potential in order to progress from preclinical to clinical investigations. As
such, our focus is to improve the antitumor efficacy of our novel Ru-PDTs and optimize

therapeutic regimens that yield excellent outcomes for melanoma patients. The
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development of combination therapies in recent years has dramatically changed the
landscape of clinical oncology. Combination therapies seek to improve and broaden the
therapeutic outcome by combining synergistic treatments that target different aspects of
cancer, thereby potentiating each other.

While checkpoint inhibitors have unquestionably improved therapeutic outcomes
for malignant melanomas, their efficacy as monotherapy is limited.®*”) PDT could be an
excellent option for combination therapy with ICIs due to its ability to induce
immunogenic cell death and recruit and activate immune cells, especially T cells, to the
tumor site. Furthermore, our analyses of DCs treated with culture supernatants from
ML19B01 and ML19B02 PDT-treated melanoma cells revealed an increase in the
expression of checkpoints PDL1 and CTLA4 (Chapter 5). Since the ICD vaccinations
with cells treated with ML19B01 and ML19B02 PSs did not offer complete protection, it
is possible that Ru-PDT efficacy is limited due to the induction of these checkpoint
molecules in the TME, which may suppress T cell responses and lead to T cell
exhaustion. Consequently, combining PDT with checkpoint inhibitors may provide a
synergistic therapeutic approach in which PDT induces anticancer responses that lead
to immune cell infiltration and ICls reverse T cell inhibition and restore the antitumor
potential of the PDT-induced T cell response. Overall, such a combination could also
improve the cures of melanoma in preclinical and clinical models.

The workflow to demonstrate the efficacy of such combination therapy would
start with a flow cytometry-based screening of the TME for key checkpoint molecules
after PDT treatment. Following the identification of a specific target, such as PDL, PD1,
LAG3, or CTLA4, a treatment regimen containing PDT and the appropriate ICI can be
evaluated on melanoma tumor-bearing mice. Recent studies showed that combining
PDT based on nanoparticles loaded with second-generation PSs and ICls targeting
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CTLA4 or PDL1 improved treatment outcomes in colorectal cancer models.("83784) Thus,
a similar strategy using our Ru-PSs could improve melanoma therapeutic efficacy.
Furthermore, global evaluations like the one recommended in section 6.2.2. will guide
other relevant combination therapies that could be investigated. Employing such
synergistic and guided combinations could enhance the therapeutic outcome from PDT

and provide a segue into clinical translation of our novel therapies for melanoma.
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APPENDIX B: SUPPLEMENTAL CHEMISTRY METHODS AND
FIGURES FOR CHAPTER 4

1. GENERAL METHODS

1.1. Instrumentation and Methods

Microwave reactions were performed in a CEM Discover microwave reactor.
Purifications: neutral aluminum oxide, activated, Brockmann Grade | (58A, -60 Mesh
Powder, S.A. 150 m?g™") was used as a stationary phase for gravity column
chromatography. Flash column chromatography was carried out on CombiFlash® EZ
Prep from Teledyne ISCO (model: EZ Prep UV) using SILICYCLE SiliaSep™ Neutral
Alumina cartridges. Sephadex® LH-20 was used for size-exclusion chromatography. The
NMR spectra were recorded on JEOL ECA 500 NMR spectrometer, operating at 500
MHz for 'H experiments (University of North Carolina at Greensboro) and on Agilent 700
MHz spectrometer (The Joint School of Nanoscience and Nanoengineering at
Greensboro) operating at 700 MHz for 'H experiments. The chemical shifts are reported
in parts per million (ppm) and were referenced to the residual solvent peaks. ESI mass
spectra were obtained using a Thermo Fisher Scientific LTQ Orbitrap XL at the Triad
Mass Spectrometry Laboratory at University of North Carolina at Greensboro. HPLC
analysis was carried out with 100 pM solutions in methanol using a Hypersil GOLD C18
reversed-phase column with an A-B gradient (98% - 5% A; A = 0.1% formic acid in
H20, B = 0.1% formic acid in MeCN). Reported retention times are correct to within £0.1
min.

1.2. Lipophilicity

Lipophilicity measurements were performed as done previously®” but with 10 mM
phosphate buffer at neutral pH (=7.4) in lieu of water. The log (Dow) Was calculated as
the log-transformed ratio of compound concentration in either phosphate buffer or 1-
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octanol, with each solvent saturated with the other. Compounds with observed
precipitate generally only had positive absorbance readings in 1-octanol and were
assigned an estimated log (Do) = —3 for majority lipophilicity. Any compound with
observed precipitate was not used for correlation examples nor for in-text comparisons
of their relative lipophilicities.

1.3. Spectroscopy

Spectroscopic and photophysical measurements of the complexes were carried out as
dilute (5—-20 uM) solutions of their chloride salts in spectroscopy-grade acetonitrile that
had been distilled over CaH,. UV-vis extinction coefficients € were determined at spectral
peaks from the slope of absorbance vs. concentration at five dilutions (20 uM serially
diluted four times by 25%). Emission (®em) and singlet oxygen (®Pa) quantum yields were
determined by integrating the corresponding emission peak and applying the following

equation:
B I\ (A (1?
e=2(;)(5) (,—) D

where | is the integrated emission, A is the UV-vis absorbance at the excitation

wavelength, and n is the index of refraction of the solvent (n?/n2 = 1 in all cases here).

The subscript s denotes values under identical conditions from the reference compound,
Ru(bpy)s(PFs)2, for which ®,=0.56®9) and ®.n=0.012(%%) in aerated acetonitrile. Oxygen
was removed from the solution by sparging with Ar in a septum-capped cuvette for
emission experiments, or by five freeze-pump-thaw cycles in a custom Schlenk-style
cuvette for transient absorption measurements.

UV-vis spectra were measured on a Jasco V-730 spectrometer. Steady-state

emission spectra were recorded with a PTI Quantamaster emission system with a
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K170B PMT for measuring UV/visible spectra and a Hamamatsu R5509-42 NIR PMT for
the near infrared (<1400 nm). The emission and excitation spectra were corrected for
nonlinear lamp and detector response.

Transient absorption (TA) lifetimes and spectra were determined with an Edinburgh
Instruments LP-980 spectrometer equipped with a PMT-LP detector and a Continuum
Minilite Nd:YAG excitation source set to 355 nm (7-9 mJ per pulse). This instrument was
also used to measure emission lifetimes. An instrument response function was applied
to correct short (<10 ns) signals.

1.4. Cell Culture

In general, cells were cultured using standard aseptic technique and no antibiotics.
1.4.1. A375

Female human melanoma cell line A-375 [A375] (ATCC CRL-1619) was subcultured in
75 cm? flasks (VWR, 10062-860) at split ratios of 1:4 to 1:8 (seeded approximately
200,00-400,000 cells mL™"). A375 cells were split or fed every 2—3 days and used within
5-10 passages from receipt for reported assay results. Split steps included a rinse with
1x Dulbecco’s Phosphate-Buffered Saline without Ca?* or Mg?* (DPBS; diluted and
sterifiltered Corning 20-031-CV) and enzymatic dissociation using 0.25% w/v Trysin-
EDTA. Culture media consisted of Dulbecco’s Modified Eagle’s Medium (DMEM;
Hyclone SH30243.FS), which contained 4500 mg L' glucose, 4 mM L-glutamine, 110
mg L' sodium pyruvate, and was supplemented with 10% v/v FB essence (VWR,
Avantor Seradigm,  10803-034). Cells were cultured at 10% USP-grade CO2, = 90%
relative humidity, and 37°C in an air-jacketed incubator (VWR, 10810-902).

1.4.2. SKMEL28.

Male human melanoma cell line SK-MEL-28 [SKMEL28] (ATCC HTB-72) was

subcultured as previously described at 5% USP-grade CO2, = 90% relative humidity, and
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37°C in a water-jacketed incubator (ThermoFisher, Thermo Scientific 4110).67% Split
ratios were commonly performed between 1:2—1:5 (150,000-400,000 cells mL™"). Cells
were used within 5—10 passages from receipt at UTA and 10-15 passages at Acadia
University.

1.5. Cellular Assays

There are two main categories of cellular assays, a) general dose-response screens on
384-well plate across multiple cell lines and b) specialized screens on 12- or 96-well
plates. Cellular assays generally follow our previous works in 96-well plate format.(®46.:670)
Regardless of well density, plates are only stacked 2-plates high in an incubator to
facilitate temperature equilibrium. Our standard screen approach adapted to 384-well
plates is described below, which had a total incubation time 1 day shorter than in 96-well
plates due to observed edge effects. We describe light devices for photobiological
evaluation following this procedure.

1.5.1. Ru(ll) compound solutions

Stock solutions of metal compounds were prepared at 5 mM in 10% v/v DMSO:water
(type 1, =2 18.2 MQ-cm). Stock solutions were stored in glass vials with PTFE-lined caps,
protected from light with aluminum foil, and stored at —20°C when not in use. Cellular
assays involved < 0.6 % v/v DMSO at the highest compound concentration (300 uM).
1.5.2. Cytotoxicity and photocytotoxicity

A miniaturized format for drug screening by hand. An electronic multichannel pipettor is
strongly recommended for successful set-up by hand. Volumes of our standard assay in
96-well plates approximately decrease to 40%. Into 384-well plates (Greiner Bio-One,
781182), a DPBS perimeter of 100 uL well™* was installed into the outmost two wells
(144 well count). After this, 10 uL well™" of DPBS was dispensed into all control wells (12

count). For sample and control wells (240 well count), 10 uL well™" of complete media
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was added. An additional 20 pyL well”" media was dispensed into negative cell controls.
At this point, sample wells have 10 pL well™* complete media, positive controls 20 pL
well™" media and DPBS, and negative controls 40 pyL well™" of mainly media. It is optional
to pre-equilibrate plates in a humidified incubator (37°C, 5% CO2, = 90% relative
humidity - RH) to aid transfer of initial aliquots.

After media is dispensed, plates are equilibrated in the incubator for a minimum 15
mins before addition of cellular slurry. If seeding multiple cell lines, 2—4 different cell lines
are a suggested limit for a single researcher. Plates were seeded 20 pL well™" across
five plates at a time (i.e., per cell line) for sample and positive control wells. Cells were
seeded at the following densities: A375 (5500 cells well™"), B16F10 (4000 cells well™"),
and SKMEL28 (4000 cells well™").They were mixed twice (up, down, left, right tilting) in
the biosafety cabinet and before placing inside the incubator and incubated 1-3 h.

During the incubation, compound dilutions were prepared in sterile 0.8 mL 96-deep
well plates (Greiner Bio-One, 780261) using DPBS as solvent. Dilutions were prepared
in serial across 9 concentrations ranging from 1200-4x1073 uM. Covered deep-well
plates were incubated for 0.5—1 h before final dispensing (dr = 4) at 10 pyL well™". All
sample and control wells total 40 uL well™" at this point. Replicates are generally
dispensed row-wise and spaced every 4 (triplicates) or 6 (duplicates) rows. The
biosafety cabinet’s lights were kept off while dispensing compound dilutions. Repeats
across experiments change plate maps for compound and replicate locations. For a
standard 12-channel pipettor, compounds are dispensed every other column. Therefore,
it is important to plan liquid dispensing and an appropriate plate map ahead of time.

Following dark (sham) or light treatments (16—20 h drug-to-light interval, DLI), plates
are further incubated overnight before final viability measurements. One day is removed
from the post-PDT period of our standard 96-well plate assay to mitigate edge effects on
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a 384-well plate. At this point, 10 uL well™" of 0.3 mM sterifiltered resazurin in 0.2 M
phosphate buffer (pH = 7.4) is dispensed across all well plates. Generally, 4—6 plates are
handled at a time in the biosafety cabinet. Resazurin dyed plates were incubated further
for 4 h before reading fluorometrically on a Molecular Devices M2e (30 s shake, bottom-
read, Aexc 530 nm, long-pass 570 nm, Aem 620 NmM). Whereas unnecessary for a 96-well
plate, it was found that assay S/N drastically improved if the reader’s plate adaptor was
removed prior to the read (shorter distance from well to detector).

1.5.3. Hypoxia cytotoxicity and photocytotoxicity.

Following our recent example, we probed activity of our lead compounds in hypoxia (1%
O,) for their oxygen dependence (PDT photosensitizer) relative to a compound highly
oxygen-dependent for its activity [Ru(bpy)2(dppn)]Cl2.67% This probe was conducted in
parallel across normoxia (~18.5% O-) and hypoxia for leads 2, 6, and 9 in 96-well plates
and SKMEL28 cells. The results are shown in Appendix Table S.

1.5.4. Light Devices and Protocols

For photobiological evaluation, we used various visible and NIR light sources that we list
by location. Standard screens treat at a fluence of 100 J cm™. Our location at Acadia
University applied a broadband visible light 190 W BenQ S 510 overhead projector
(400-700 nm, 40 mW cm™2) and red light (625 nm, 35-40 mW~2; LED array by
Photodynamic Inc., Halifax, NS). Our location at Dalhousie University applied a cool
white LED panel (SOLLA-CREE, 70 W, 25-30 mW2), a 633 nm UHP-LED (Prizmatix),
and 733 nm laser (2 W, CivilLaser; (9—10 mW~2) coupled to a 600 ym optical fiber with a
2 mm flat-cut diffuser (Medlight, FD1). Our location at UTA applied the same SOLLA-
CREE cool white LED panel (18-22 mW2), 523 and 633 nm UHP-LEDs (Prizmatix; 20

mW2), and the same 733 nm laser (8—10 mW2).
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For specialized irradiation protocols at UTA we restricted our in vitro model to the
single cell line SKMEL28. Dosimetry work for both irradiance and fluence dependences,
was conducted using clear 96-well plates and randomized plate maps limited to a 36-
well quadrant of sample wells. We further explored the scope of our lead compounds
with the Modulight ML8500 platform (37°C, 5% CO,). With the ML8500, we applied
lasers centered at 445 nm (25 J cm™, 100 mW2), 525 nm (100 J cm™2, 300 mW2), 630
nm (200 J cm™2, 300 mW2), 753 nm (200—400 J cm=2, 300 mW2), 810 nm (400-600 J
cm™2, 400 mW2), and 976 nm (600 J cm™2, 400 mW2). Different fluences were applied
with the ML8500 in an attempt to match wavelength performance at clinically relevant
irradiances (e.g., short illumination periods). These conditions were confirmed to exert
no light-based toxicity in the absence of compounds 1-9 in our model cell line SKMEL28
[Appendix Figure S50]. Since the ML8500 is limited to a single well per treatment, it
necessitates black well plates (96-well, Greiner Bio-One, 655090) to mitigate cross-talk
between wells and randomized plate maps for studies > 1 h illumination to mitigate edge
effects.

1.6. Maximum tolerated dose in mice

An 8-week old litter of female C57BL/6J mice, averaging 20 g per mouse, were treated
by intraperitoneal injection of 2 in accordance with protocol A20-006 (approved by WFU
Animal Care and Use Committee). Mice were incrementally dosed from 25-100 mg kg-1
with 200 pL injections and 10% DMSO in 0.9% saline as the vehicle. Solutions of 2 were
immediately prepared with sonication prior to injection. Female mice were dosed by slow
intraperitoneal injection (IP, the lower right abdominal quadrant) only after visible
confirmation of complete compound dissolution. Animals were continuously monitored
for 2 h, frequently over the next 6, and periodically for up to 2 weeks before being

sacrificed. Mice were accordingly euthanized if (a) a combination of moderate severity
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signs appeared, (b) a single severe sign appeared, or (c) the study period was complete,
2 weeks post-injection. The maximum tolerated dose (MTD) was defined as the dose
that produces moderate signs of clinical toxicity in the final tested animal.

1.7. Data analysis and statistics

Data from 384-well plates was initially compiled and processed with custom R"®") scripts
using the plater,"®® dplyr,(® readxl,*® openxlsx, " and tidyr("®? packages. All results
from the endpoint-based resazurin assay are background subtracted with negative
controls (media and DPBS) and normalized relative to positive cell controls. Any
negative values are assumed to be a mismatch of background (i.e., fluorescence
quenching) and assigned as zero values. Likewise, at high compound concentration,
background fluorescence and/or quenching is often observed for this class of
compounds. Zero values are assigned for these cases when indicated by several
consecutive concentrations for a given treatment (dark or light). Additional verification is
conducted via light microscopy before finalizing data corrections. Further discussion of
assay limits for these compound types is provided in a recent review.®4¢)

Resazurin data over a wide concentration range was fit to both a three-parameter
log-logistic and logistic models using GraphPad Prism 8.4.0 according to Equation
S1Equation S2 (four-parameter shown) where bottom is constrained to equal zero and X

is equal to concentration.

_ Bottom + (Top — Bottom)
- (1+ (10Log(ECSQ—X)?Hillslope) Equation S1

_ Bottom + (Top — Bottom)
- (1 + (ECso/X)M1P9) Equation S2

Experiments are typically done in triplicate with at least one repeat staggered by

several days. Replicates are always plotted + standard deviation (SD) on a plot.
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Reported ECs values are = SEM for a given experiment; these denote the effective
concentration to reduce relative cell viability by 50% of the fitted curve (ECso) + standard
error of the mean (SEM). Steep hill slopes with ambiguous confidence intervals are
unable to determine the SEM and labelled as not determined (n.d.). Phototherapeutic
indices (PI) are reported as the ratio of dark to light ECso values and used as a measure
of light-induced potency. Summary activity plots used for quickly comparing compound
potency (Log ECso, PI, and Log PI) include SEM from log-logistic fits where applicable
(Log ECsp). Correlation analyses for PI, lipophilicity, and ®, were conducted using
Pearson’s correlation coefficients and two-tailed t-tests for discerning significance at a =

0.05.

2. SYNTHESES OF RU(ll) COMPLEXES 1-9

2.1. Materials

All solvents were purchased from commercial sources and used without further
purification. Most of the solvents were purchased from Fisher Scientific or VWR and
ethanol (200 proof) was purchased from Decon Laboratories. 1,10-Phenanthroline was
purchased from Oakwood Chemical and ruthenium(lll) trichloride trinydrate was
purchased from Ark Pharm and Acros Organics. 4-Picoline was purchased from Alfa
Aesar. Silver nitrate was purchased from Sigma-Aldrich. Triethylamine was purchased
from Fisher Scientific. Deuterated solvents for NMR experiments were purchased from
Cambridge Isotope Laboratories.

2.2. Synthetic Procedures

Complexes 1-9 were synthesized using conventional heating, and synthesis of several
complexes of the series was adapted for microwave reactor, which significantly
shortened reaction time while provided very similar reaction yield. Purification of the

complexes 1-9 was performed with gravity column chromatography at first and then was
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later replaced with flash column chromatography during synthesis optimization. The
fastest way to afford the complexes 1-9 includes using microwave-assisted heating for
synthesis and flash column chromatography for purification, but if those instrumentations
are unavailable, conventional heating and gravity column chromatography could be used

to afford complexes 1-9 in similar yields but would require longer time.

TEA

RuClj *3 H,0

EtOH
H,0

reflux, 3 h

Scheme S1. Synthesis scheme for complex 1 [Ru(tpbn)(dppn)(CH]CI (conventional
heating method).
Complex 1: [Ru(tpbn)(dppn)(CHICI

Conventional heating method: A three-neck round-bottom flask, equipped with a nitrogen

purge and a condenser, was charged with tpbn (0.100 g, 0.26 mmol) and EtOH (50 mL).
Then, an aqueous solution of RuClz*3H2.0 was added (0.070 g, 0.27 mmol in 12 mL
H20). The reaction mixture was well-stirred and refluxed for 3 h. Then, dppn (0.094 g,
0.28 mmol) and triethylamine (TEA) (1 mL) were added and the reaction mixture was
refluxed for 24 h. The reaction mixture was concentrated under reduced pressure. The
residue was treated with a few mL of H,O and the precipitate was isolated by filtration.
The precipitate was washed with H,O and Et,O and dry-loaded on a column for

purification. Column chromatography was performed on neutral alumina, using gradient
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elution: 1) CH.Cl, 2) 50% CHClI, : 50% acetone 3) acetone 4) 97% acetone : 3% MeOH.
The product fraction (deep-purple band) elutes the last with 97% acetone : 3% MeOH.
The product fraction was concentrated under reduced pressure and the residue was
treated with a few mL of Et20. The precipitate was isolated by filtration, washed with
Et.O and dried. [Ru(tpbn)(dppn)(CH]CI 1 was obtained as a dark-purple powder (0.095 g,
39% vyield).

Microwave-assisted method: A microwave vial was filled with argon, and EtOH (2.00 mL)

and H»O (0.48 mL) were added. The solvent mixture was degassed with argon for 10
minutes, and then tpbn (0.030 g, 0.076 mmol) and RuClz*3H.0 (0.021 g, 0.080 mmol)
were added to the reaction vial. The vial was capped, and the reaction mixture was
exposed to microwave irradiation at 140°C for 15 min. After that, dppn (0.028 g, 0.084
mmol) and TEA (20 drops) were added to the reaction mixture. The reaction mixture was
exposed to microwave irradiation at 140°C for another 15 min then concentrated under
reduced pressure. The residue was treated with a few mL of H,O and the precipitate was
isolated by filtration. The precipitate was washed with H.O and Et,O and dry-loaded on a
column for purification. Column chromatography was performed on neutral alumina,
using gradient elution: 1) CH2Cl, 2) 50% CH2Cl, : 50% acetone 3) acetone 4) 97%
acetone : 3% MeOH. Product fraction (deep- purple band) elutes the last with 97%
acetone : 3% MeOH. Product fraction was concentrated under reduced pressure and the
residue was treated with a few mL of Et,O. The precipitate was isolated by filtration,
washed with Et2O and dried. [Ru(tpbn)(dppn)(CI)]CI 1 was obtained as a dark-purple
powder (0.021 g, 30% vyield).

Rr=0.61 (alumina; 8% H-O in acetonitrile).

"H NMR (MeOD-ds, 500 MHz): & 10.73 (d, dd, J; = 5.5 Hz, J. = 1.5 Hz, 1H), 10.02 (f, dd,
J1=8.0 Hz, J> = 1.5 Hz, 1H), 9.16 (g, s, 1H), 9.16 (c, dd, J; = 8.0 Hz, J> = 1.5 Hz, 1H),
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9.11 (3, s, 2H), 9.00 (I, s, 1H), 8.94 (3", d, J = 8.5 Hz, 2H), 8.54 (4', d, J = 8.5 Hz, 2H),
8.43 (e, dd, J; = 8.0 Hz, J> = 5.5 Hz, 1H), 8.30 (h, k, m, 2H), 8.27 (5', dd, J; = 8.0 Hz, J>
= 2.0 Hz, 2H), 7.99 (7', dd, Js = 4.5 Hz, J, = 2.0 Hz, 2H), 7.89 (a, dd, J; = 5.5 Hz, J.= 1.5
Hz, 1H), 7.71 (i, j, m, 2H), 7.32 (6", dd, J; = 8.0 Hz, J> = 4.5 Hz, 2H), 7.30 (b, dd, J; = 8.0
Hz, J> = 5.5 Hz, 1H), 1.80 (4-tBu, s, 9H).

HRMS (ESI*) m/z: [M-CIJ* Calcd for C47HasCINeRu 860.1585; Found 860.1573.

HPLC retention time: 26.98 min.

1) AgNO3
MeOH : H,O
reflux, 3 h
| (Chy | (%))
2) 4-picoline
reflux, 12 h
N\ /N
1 2

Scheme S2. Synthesis scheme for complex 2 [Ru(tpbn)(dppn)(4-pic)]Cl> (conventional

heating method).

Complex 2: [Ru(tpbn)(dppn)(4-pic)]ICl.

Conventional heating method: A round-bottom flask, equipped with a condenser, was

charged with [Ru(tpbn)(dppn)(CN]CI 1 (0.100 g, 0.11 mmol) and MeOH (8 mL). Then,
aqueous solution of AGNO3 (0.190 g, 1.10 mmol in 2 mL H20) was added dropwise. The
reaction mixture was well-stirred and refluxed for 3 h. Then, 4-picoline (1.5 mL, 15.21
mmol) was added and the reaction mixture was refluxed for 12 h then concentrated

under reduced pressure. The residue was treated with a few mL of H,O and the
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precipitate was isolated by filtration. The precipitate was washed with H-O and Et,O and
dry-loaded on a column for purification. Column chromatography was performed on
neutral alumina, using gradient elution: 1) CH2Cl»> 2) 50% CHCl> : 50% acetone 3)
acetone 4) 95% acetone : 5% MeOH. The product fraction (maroon band) eluted last
with 95% acetone : 5% MeOH. The product fraction was concentrated under reduced
pressure and the residue was treated with a few mL of Et2O. The precipitate was
isolated by filtration, washed with Et>O and dried. [Ru(tpbn)(dppn)(4-pic)]Cl» 2 was
obtained as a maroon powder (0.088 g, 81% yield).

Microwave-assisted method: The reaction was performed in 2 batches, then combined

for workup and purification. Batch 1: A microwave vial was charged with
[Ru(tpbn)(dppn)(CH]CI1 (0.017 g, 0.02 mmol), 4-picoline (0.2 mL, 2.02 mmol) and
MeOH (1.5 mL). The vial was capped, and the reaction mixture was exposed to
microwave irradiation at 150°C for 15 min. After that, H2O (0.4 mL) was added and the
reaction mixture was exposed to microwave irradiation at 160°C for another 15 min.
Batch 2: repeated procedure for batch 1. The reaction mixtures from batch 1 and batch 2
were combined and concentrated under reduced pressure. The residue was dried under
high vacuum and purified with flash chromatography on alumina (eluent: gradient elution
from 100% acetonitrile to 92% acetonitrile : 8% H20). The product fraction (maroon
band, elutes with 92% acetonitrile : 8% H>O) was concentrated under reduced pressure
and further purified using size-exclusion chromatography on Sephadex LH-20 (eluent:
MeOH). The main band (maroon) was collected and concentrated under reduced
pressure. The residue was treated with a few mL of Et,O, sonicated, and isolated by
filtration. The precipitate was thoroughly washed with Et,O and dried. [Ru(tpbn)(dppn)(4-
pic)]Cl; 2 was obtained as a maroon powder (0.027 g, 77% yield).

Rr = 0.56 (alumina; 8% H-O in acetonitrile).
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"H NMR (MeOD-ds, 500 MHz): 5 10.08 (f, dd, J; = 8.5 Hz, J2 = 1.5 Hz, 1H), 9.47 (d, dd,
Ji1 = 5.5 Hz, J, = 1.5 Hz, 1H), 9.32 (c, dd, Js = 8.0 Hz, J2 = 1.0 Hz, 1H), 9.20 (g, s, 1H),
9.17 (3, s, 2H), 9.05 (3", d, J = 8.5 Hz, 2H), 9.02 (I, s, 1H), 8.73 (4', d, J = 8.5 Hz, 2H),
8.43 (e, dd, J; = 8.5 Hz, J. = 5.5 Hz, 1H), 8.37 (5', dd, Js = 8.0 Hz, J» = 2.0 Hz, 2H), 8.36
(h/k, d, J = 8.0 Hz, 1H), 8.29 (h/k, d, J = 8.0 Hz, 1H), 8.13 (7', dd, J; = 4.0 Hz, J, = 2.0
Hz, 2H), 7.80 (a, dd, Js = 5.5 Hz, J> = 1.0 Hz, 1H), 7.72 (i, j, m, 2H), 7.65 (2", d, J= 7.0
Hz, 2H), 7.45 (b, dd, J; = 8.0 Hz, J, = 5.5 Hz, 1H), 7.43 (6, dd, Js = 8.0 Hz, J> = 4.5 Hz,
2H), 7.00 (3", d, J = 6.0 Hz, 2H), 2.25 (4"-Me, s, 3H), 1.77 (4-tBu, s, 9H).

HRMS (ESI*) m/z: [M-2CIJ?* Calcd for CssHaoN1oRu 459.1235; Found 459.1229.

HPLC retention time: 23.44 min.

TEA

RuClj *3H,0 reflux, 24 h

EtOH
H,0

reflux, 3 h

Scheme S3. Synthesis scheme for complex 3 [Ru(tpbbn)(dppn)(CI)]CI (conventional

heating method).

Complex 3: [Ru(tpbbn)(dppn)(CH]ICI

Conventional heating method: A three-neck round-bottom flask, equipped with nitrogen

purge and a condenser, was charged with tpbbn (0.200 g, 0.41 mmol) and EtOH (100
mL). Then, aqueous solution of RuCl3*3H,0O was added (0.112 g, 0.43 mmol in 24 mL

H20). Reaction mixture was well-stirred and refluxed for 3 h. Then, dppn (0.150 g, 0.45
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mmol) and TEA (2 mL) were added and the reaction mixture was refluxed for 24 h then
concentrated under reduced pressure. The residue was treated with a few mL of H,O
and the precipitate was isolated by filtration. The precipitate was washed with H,O and
Et,O and dry-loaded on a column for purification. Column chromatography was
performed on neutral alumina, using gradient elution: 1) CH2Cl, 2) 50% CH2Cl, : 50%
acetone 3) acetone 4) 97% acetone : 3% MeOH. The product fraction (emerald-green
band) eluted last with 97% acetone : 3% MeOH. The product fraction was concentrated
under reduced pressure and the residue was treated with a few mL of Et,O. The
precipitate was isolated by filtration, washed with Et,O and dried.
[Ru(tpbbn)(dppn)(CH]CI 3 was obtained as a dark-green powder (0.130 g, 30% vyield).
Although not tested, it is highly likely that synthesis of 3 could also be performed using

microwave-assisted heating and much shorter reaction times than conventional heating.

Rt = 0.57 (alumina; 8% H-O in acetonitrile).

"H NMR (DMSO-ds, 700 MHz): & 10.82 (d, dd, J; = 4.9 Hz, J>= 0.7 Hz, 1H), 10.32 (f, dd,
J1=8.4Hz, J>=0.7 Hz, 1H), 9.38 (g, s, 1H), 9.34 (3, s, 2H), 9.22 (2', d, J = 9.1 Hz, 2H),
9.17 (9', s, 2H), 9.05 (1, s, 1H), 8.99 (c, dd, J; = 7.7 Hz, J.= 0.7 Hz, 1H), 8.88 (1°,d, J =
9.1 Hz, 2H), 8.79 (e, dd, J1 = 8.4 Hz, J, = 4.9 Hz, 1H), 8.44 (h/k, d, J = 9.1 Hz, 1H), 8.35
(h/k, d, J = 7.7 Hz, 1H), 8.06 (5', d, J = 8.4 Hz, 2H), 7.96 (a, dd, J; = 6.3 Hz, J. = 1.4 Hz,
1H), 7.77 (i/j, dd, J; = 8.4 Hz, J, = 7.0 Hz, 1H), 7.73 (i/j, dd, J; = 7.7 Hz, J. = 7.0 Hz, 1H),
7.69 (7', dd, J; = 8.4 Hz, J, = 7.0 Hz, 2H), 7.50 (6', dd, J; = 8.4 Hz, J, = 7.0 Hz, 2H), 7.39
(b, dd, J;=7.7 Hz, J>= 6.3 Hz, 1H), 6.75 (8, d, J = 8.4 Hz, 2H), 1.80 (4-tBu, s, 9H).
HRMS (ESI*) m/z: [M-CI]* Calcd for CssH37CINgRu 960.1898; Found 960.1896.

HPLC retention time: 30.23 min.
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|/ N__- 1) AgNO;4
/

Ru | MeOH : H,O
N \ Ny reflux, 3 h
=N N= cyHy —

<\ i 2 />

(Ch),
2) 4-picoline
reflux, 12 h

N\ /N

3

Scheme S4. Synthesis scheme for complex 4 [Ru(tpbbn)(dppn)(4-pic)]Cl. (conventional

heating method).

Complex 4: [Ru(tpbbn)(dppn)(4-pic)]Clz

Conventional heating method: A round-bottom flask, equipped with a condenser, was

charged with [Ru(tpbbn)(dppn)(CI)]CI 3 (0.070 g, 0.07 mmol) and MeOH (8 mL). Then,
aqueous solution of AGNO3 (0.120 g, 0.70 mmol in 2 mL H20) was added dropwise. The
reaction mixture was well-stirred and refluxed for 3 h. Then, 4-picoline (1.5 mL, 15.21
mmol) was added and reaction mixture was refluxed for 12 h then concentrated under
reduced pressure. The residue was treated with a few mL of H2O and the precipitate was
isolated by filtration. The precipitate was washed with H,O and Et,O and dry-loaded on a
column for purification. Column chromatography was performed on neutral alumina,
using gradient elution: 1) CH2Cl. 2) 50% CH2Cl. : 50% acetone 3) acetone 4) 95%
acetone : 5% MeOH. The product fraction (deep-purple band) eluted last with 95%
acetone : 5% MeOH. The product fraction was concentrated under reduced pressure
and the residue was treated with a few mL of Et,O. The precipitate was isolated by
filtration, washed with Et,O and dried. [Ru(tpbbn)(dppn)(4-pic)]Cl» 4 was obtained as a

dark-purple powder (0.050 g, 66% yield).
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Although not tested, it is highly likely that synthesis of 4 could also be performed using

microwave-assisted heating and much shorter reaction times than conventional heating.

Rt = 0.49 (alumina; 8% H-O in acetonitrile).

"H NMR (MeOD-d3, 700 MHz): 8 10.46 (f, d, J = 8.4 Hz, 1H), 9.74 (d, d, J = 4.9 Hz, 1H),
9.28 (3, s, 2H), 9.21 (¢, d, J=7.7 Hz, 1H), 9.18 (g, s, 1H), 9.13 (9, s, 2H), 9.05 (2', d, J
= 8.4 Hz, 2H), 8.93 (1',d, J=9.1 Hz, 2H), 8.91 (I, s, 1H), 8.83 (e, dd, J1 = 8.4 Hz, J, =
5.6 Hz, 1H), 8.30 (h/k, d, J = 8.4 Hz, 1H), 8.22 (h/k, d, J=7.7 Hz, 1H), 8.02 (5', d, J =
7.7 Hz, 2H), 7.88 (a, d, J= 5.6 Hz, 1H), 7.79 (2", d, J = 7.0 Hz, 2H), 7.74 (7', dd, J; = 8.4
Hz, J> = 7.0 Hz, 2H), 7.67 (i, j, m, 2H), 7.53 (6', dd, J; = 7.7 Hz, J> = 7.0 Hz, 2H), 7.43 (b,
dd, J1=7.7 Hz, J>=5.6 Hz, 1H), 7.01 (8, d, J = 8.4 Hz, 2H), 6.97 (3", d, J = 6.3 Hz, 2H),
2.22 (4"-Me, s, 3H), 1.81 (4-tBu, s, 9H).

HRMS (ESI*) m/z: [M-2CI]?>* Calcd for Ce1H44N1oRuU 509.1391; Found 509.1389.

HPLC retention time: 25.23 min.

TEA

RuClj3 *3H,0 reflux, 24 h

EtOH
H,O

reflux, 3 h

Scheme S5. Synthesis scheme for complex 5 [Ru(dnp)(dppn)(CI)]Cl (conventional

heating method).
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Complex 5: [Ru(dnp)(dppn)(CH]CI

Conventional heating method: A three-neck round-bottom flask, equipped with nitrogen

purge and a condenser, was charged with dnp (0.100 g, 0.30 mmol) and EtOH (50 mL).
Then, aqueous solution of RuCl;*3H>0O was added (0.082 g, 0.32 mmol in 12 mL H20).
The reaction mixture was well-stirred and refluxed for 3 h. Then, dppn (0.111 g, 0.33
mmol) and TEA (1 mL) were added and reaction mixture was refluxed for 24 h. The
reaction mixture was concentrated under reduced pressure. The residue was treated
with a few mL of H,O and the precipitate was isolated by filtration. The precipitate was
washed with H,O and Et,O and dry-loaded on a column for purification. Column
chromatography was performed on neutral alumina, using gradient elution: 1) CH.Cl, 2)
50% CH2Cl> : 50% acetone 3) acetone 4) 97% acetone : 3% MeOH 4) 95% acetone :
5% MeOH. The product fraction (plum-purple band) eluted last with 95% acetone : 5%
MeOH. The product fraction was concentrated under reduced pressure and the residue
was treated with a few mL of Et,O. The precipitate was isolated by filtration, washed with
Et,O and dried. [Ru(dnp)(dppn)(CH]CI 5 was obtained as a dark-purple powder (0.080 g,
30% vyield).

Microwave-assisted method: Reaction was performed in 2 batches, then combined for

workup and purification. Batch 1: A microwave vial was filled with argon and EtOH (2.00
mL) and H20 (0.48 mL) were added. The solvent mixture was degassed with argon for
10 minutes, and then dnp (0.028 g, 0.084 mmol) and RuCl3*3H-O (0.023 g, 0.087 mmol)
were added to the reaction vial. The vial was capped, and the reaction mixture was
exposed to microwave irradiation at 100°C for 10 min and then at 120°C for 10 min. After
that, dppn (0.030 g, 0.091 mmol) and TEA (20 drops) were added to the reaction
mixture. The reaction mixture was exposed to microwave irradiation at 120°C for another
30 min. Batch 2: repeated procedure for batch 1. The reaction mixtures from batch 1 and
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batch 2 were combined and concentrated under reduced pressure. The residue was
treated with a few mL of H20 and the precipitate was isolated by filtration. The
precipitate was washed with H.O and Et,O and dry-loaded on a gravity column for
purification. Column chromatography was performed on neutral alumina, using gradient
elution: 1) CH2Cl2 2) 50% CHCl : 50% acetone 3) acetone 4) 98% acetone : 2% MeOH
5) 96.5% acetone : 3.5% MeOH. The product fraction (plum-purple band) eluted last with
96.5% acetone : 3.5% MeOH. The product fraction was concentrated under reduced
pressure and the residue was treated with a few mL of Et2O. The precipitate was
isolated by filtration, washed with Et.O and dried. [Ru(dnp)(dppn)(C]CI 5 was obtained
as a dark-purple powder (0.037 g, 26% yield).

R¢= 0.57 (alumina; 8% H-O in acetonitrile).

"H NMR (MeOD-ds, 700 MHz): & 10.74 (d, dd, J: = 4.9 Hz, J. = 1.4 Hz, 1H), 10.03 (f, dd,
J1=8.4Hz, J>=1.4 Hz, 1H), 9.15 (¢, dd, J; = 7.7 Hz, J> = 0.7 Hz, 1H), 9.14 (g, s, 1H),
9.09 (3,d, J=8.4Hz, 2H), 8.99 (I, s, 1H), 8.81 (3',d, J = 9.1 Hz, 2H), 8.54 (4',d, J= 8.4
Hz, 2H), 8.45 (e, dd, J; = 8.4 Hz, J> = 4.9 Hz, 1H), 8.38 (4, t, J = 8.4 Hz, 1H), 8.29 (h k,
m, 2H), 8.27 (5', dd, J; = 7.7 Hz, J. = 1.4 Hz, 2H), 8.01 (7', dd, J; = 4.9 Hz, J> = 1.4 Hz,
2H), 7.87 (a, dd, J; = 5.6 Hz, J, = 0.7 Hz, 1H), 7.69 (i, j, m, 2H), 7.33 (6, dd, J; = 7.7 Hz,
J2=4.9 Hz, 2H), 7.27 (b, dd, J; = 7.7 Hz, J> = 5.6 Hz, 1H).

HRMS (ESI*) m/z: [M-CI]* Calcd for C43H25CINgRu 804.0959; Found 804.0955.

HPLC retention time: 26.09 min.
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1) AgNO;3
MeOH : H,O
reflux, 3 h
(Ch)
2) 4-picoline
reflux, 12 h

Scheme S6. Synthesis scheme for complex 6 [Ru(dnp)(dppn)(4-pic)]Cl. (conventional

heating method).

Complex 6: [Ru(dnp)(dppn)(4-pic)]Clz

Conventional heating method: A round-bottom flask, equipped with condenser, was

charged with [Ru(dnp)(dppn)(CN]CI 5 (0.040 g, 0.05 mmol) and MeOH (6 mL). Then, an
aqueous solution of AgNO3 (0.081 g, 0.48 mmol in 1.5 mL H20) was added dropwise.
The reaction mixture was well-stirred and refluxed for 3 h. Then, 4-picoline (1.5 mL,
15.21 mmol) was added and the reaction mixture was refluxed for 12 h, then
concentrated under reduced pressure. The residue was treated with a few mL of H.O
and the precipitate was isolated by filtration. The precipitate was washed with H>O and
Et,O and dry-loaded on a column for purification. Column chromatography was
performed on neutral alumina, using gradient elution: 1) CH2Cl, 2) 50% CH2Cl. : 50%
acetone 3) acetone 4) 95% acetone : 5% MeOH. The product fraction (red band) eluted
last with 95% acetone : 5% MeOH. The product fraction was concentrated under
reduced pressure and the residue was treated with a few mL of Et2O. The precipitate
was isolated by filtration, washed with EtO and dried. [Ru(dnp)(dppn)(4-pic)]Cl. 6 was
obtained as a maroon powder (0.035 g, 78% vyield).
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Microwave-assisted method: A microwave vial was charged with [Ru(dnp)(dppn)(CDH]CI 5

(0.037 g, 0.04 mmol), 4-picoline (0.4 mL, 4.12 mmol) and MeOH (2.8 mL). The vial was
capped, and the reaction mixture was exposed to microwave irradiation at 150°C for 12
min. After that, H.O (0.8 mL) was added and the reaction mixture was exposed to
microwave irradiation at 160°C for another 15 min. The reaction mixture was
concentrated under reduced pressure and dried under high vacuum. The precipitate was
purified with flash chromatography on alumina (eluent: gradient elution from 100%
acetonitrile to 92% acetonitrile : 8% H-20). The product fraction (maroon band, elutes
with 92% acetonitrile : 8% H>O) was concentrated under reduced pressure and further
purified using size-exclusion chromatography on Sephadex LH-20 (eluent: MeOH). The
main band (maroon) was collected and concentrated under reduced pressure. The
residue was treated with a few mL of Et,O, sonicated, and isolated by filtration. The
precipitate was thoroughly washed with Et.O and dried. [Ru(dnp)(dppn)(4-pic)]Cl. 6 was
obtained as a purple powder (0.021 g, 51% vyield).

R = 0.43 (alumina; 8% H20 in acetonitrile).

"H NMR (MeOD-d3, 500 MHz): & 10.10 (f, dd, J; = 8.0 Hz, J> = 1.0 Hz, 1H), 9.50 (d, dd,
J1=5.5Hz, J>=1.5Hz, 1H), 9.32 (c, dd, J; = 8.0 Hz, J> = 1.0 Hz, 1H), 9.19 (g, s, 1H),
9.18 (3,d, J=8.5Hz, 2H), 9.02 (I, s, 1H), 8.91 (3',d, J = 8.5 Hz, 2H), 8.73 (4',d, J= 8.5
Hz, 2H), 8.51 (4, t, J = 8.5 Hz, 1H), 8.44 (e, dd, J; = 8.5 Hz, J, = 5.5 Hz, 1H), 8.38 (5',
dd, Js = 8.5 Hz, J> = 2.0 Hz, 2H), 8.36 (h/k, d, J = 8.0 Hz, 1H), 8.29 (h/k, d, J = 8.0 Hz,
1H), 8.15 (7', dd, J; = 4.5 Hz, J> = 2.0 Hz, 2H), 7.81 (a, dd, J; = 5.5 Hz, J> = 1.0 Hz, 1H),
7.72 (i, j, m, 2H), 7.65 (2", d, J = 6.5 Hz, 2H), 7.44 (b, dd, J; = 8.0 Hz, J> = 5.5 Hz, 1H),
7.44 (6',dd, J; = 8.0 Hz, J> = 4.0 Hz, 2H), 7.00 (3", d, J = 6.0 Hz, 2H), 2.25 (4"-Me, s,
3H).

HRMS (ESI*) m/z: [M-2CI]?>* Calcd for CsgH32N1oRu 431.0922; Found 431.0913.
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HPLC retention time: 22.91 min.

4 A
=N N=
TEA
RuCl3 «3H,0 reflux, 24 h
—_— —_—
EtOH
H,O

reflux, 3 h

Scheme S7. Synthesis scheme for complex 7 [Ru(tpbn)(phen)(CI)]CI (conventional
heating method).
Complex 7: [Ru(tpbn)(phen)(ChH]CI

Conventional heating method: A three-neck round-bottom flask, equipped with nitrogen

purge and a condenser, was charged with tpbn (0.100 g, 0.26 mmol) and EtOH (50 mL).
Then, an aqueous solution of RuCl;*3H,0 was added (0.070 g, 0.27 mmol in 12 mL
H20). The reaction mixture was well-stirred and refluxed for 3 h. Then, 1,10-
phenanthroline (0.051 g, 0.28 mmol) and TEA (1 mL) were added and the reaction
mixture was refluxed for 24 h, then concentrated under reduced pressure. The residue
was treated with a few mL of H>O and the precipitate was isolated by filtration. The
precipitate was washed with H,O and Et,O and dry-loaded on a column for purification.
Column chromatography was performed on neutral alumina, using gradient elution: 1)
CHxCl2 2) 50% CHCI2 : 50% acetone 3) acetone 4) 97% acetone : 3% MeOH. Product
fraction (deep-purple band) eluted last with 97% acetone : 3% MeOH. The product
fraction was concentrated under reduced pressure and the residue was treated with a
few mL of Et2O. The precipitate was isolated by filtration, washed with Et,O and dried.

[Ru(tpbn)(phen)(CH]CI 7 was obtained as a dark-purple powder (0.095 g, 48% yield).
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Although it was not tested, it is highly likely that synthesis of 7 could also be performed

using microwave-assisted heating using much shorter reaction times than conventional

heating.

Rt = 0.57 (alumina; 8% H-O in acetonitrile).

"H NMR (MeOD-ds, 500 MHz): & 10.62 (d, dd, J: = 5.5 Hz, J>= 1.5 Hz, 1H), 9.08 (3, s,
2H), 8.90 (3', d, J = 8.5 Hz, 2H), 8.89 (f, dd, J; = 8.0 Hz, J>= 1.5 Hz, 1H), 8.49 (4', d, J =
8.5 Hz, 2H), 8.33 (g, d, J = 9.0 Hz, 1H), 8.29 (e, dd, J; = 8.0 Hz, J, = 5.5 Hz, 1H), 8.23
(5%, dd, Js = 8.0 Hz, J> = 2.0 Hz, 2H), 8.07 (c, dd, J; = 8.0 Hz, J> = 1.0 Hz, 1H), 7.90 (h,
d, J=9.0Hz, 1H), 7.75 (7', dd, Js = 4.5 Hz, J> = 2.0 Hz, 2H), 7.73 (a, dd, J; = 5.5 Hz, J»
= 1.0 Hz, 1H), 7.31 (6, dd, J; = 8.0 Hz, J> = 4.0 Hz, 2H), 7.15 (b, dd, J; = 8.0 Hz, J> =
5.5 Hz, 1H), 1.78 (4-tBu, s, 9H).

HRMS (ESI*) m/z: [M-CI]* Calcd for Ca7H29CIN7Ru 708.1211; Found 708.1201.

HPLC retention time: 22.74 min.

1) AgNO3
MeOH : H,O
reflux, 3 h
1 ©
2) 4-picoline
reflux, 12 h

Scheme S8. Synthesis scheme for complex 8 [Ru(tpbn)(phen)(4-pic)]Cl2 (conventional
heating method).
Complex 8: [Ru(tpbn)(phen)(4-pic)ICl2

Conventional heating method: A round-bottom flask, equipped with a condenser, was

charged with [Ru(tpbn)(phen)(CI)]CI 7 (0.080 g, 0.11 mmol) and MeOH (7 mL). Then, an

aqueous solution of AGNO3 (0.190 g, 1.10 mmol in 2 mL H»0) was added dropwise. The
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reaction mixture was well-stirred and refluxed for 3 h. Then, 4-picoline (1.5 mL, 15.21
mmol) was added and the reaction mixture was refluxed for 12 h, then concentrated
under reduced pressure. The residue was treated with a few mL of H>,O and the
precipitate was isolated by filtration. The precipitate was washed with H-O and Et,O and
dry-loaded on a column for purification. Column chromatography was performed on
neutral alumina, using gradient elution: 1) CH2Cl»> 2) 50% CHCl> : 50% acetone 3)
acetone 4) 95% acetone : 5% MeOH. The product fraction (deep-purple band) eluted
last with 95% acetone : 5% MeOH. The product fraction was concentrated under
reduced pressure and the residue was treated with a few mL of Et,O. The precipitate
was isolated by filtration, washed with Et,O and dried. [Ru(tpbn)(phen)(4-pic)]Cl. 8 was
obtained as a dark-purple powder (0.070 g, 79% yield).

Microwave-assisted method: A microwave vial was charged with [Ru(tpbn)(phen)(C)H]CI

7 (0.044 g, 0.06 mmol), 4-picoline (0.4 mL, 4.12 mmol) and MeOH (2.8 mL). The vial
was capped, and the reaction mixture was exposed to microwave irradiation at 150°C for
12 min. After that, H>O (0.8 mL) was added and the reaction mixture was exposed to
microwave irradiation at 150°C for 12 min and then at 155°C for another 12 min. The
reaction mixture was concentrated under reduced pressure and dried under high
vacuum. The precipitate was purified with flash chromatography on alumina (eluent:
gradient elution from 100% acetonitrile to 92% acetonitrile : 8% H20). The product
fraction (deep-purple band, elutes with 92% acetonitrile : 8% H»0) was concentrated
under reduced pressure and further purified using size-exclusion chromatography on
Sephadex LH-20 (eluent: MeOH). The main band (purple) was collected and
concentrated under reduced pressure. The residue was treated with a few mL of Et,0,
sonicated, and isolated by filtration. The precipitate was thoroughly washed with Et,O
and dried. [Ru(tpbn)(phen)(4-pic)]Cl. 8 was obtained as a dark-purple powder (0.034 g,
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69% yield).

R = 0.45 (alumina; 8% H20 in acetonitrile).

"H NMR (MeOD-ds, 500 MHz): & 9.44 (d, dd, J; = 5.5 Hz, J>= 1.5 Hz, 1H), 9.14 (3, s,
2H), 9.01 (3', d, J = 8.5 Hz, 2H), 8.94 (f, dd, J; = 8.5 Hz, J>= 1.5 Hz, 1H), 8.68 (4',d, J =
8.5 Hz, 2H), 8.35 (5, dd, J; = 8.5 Hz, J> = 2.0 Hz, 2H), 8.32 (g, d, J = 9.0 Hz, 1H), 8.29
(e,dd, J; =8.5Hz, J>=5.5Hz, 1H), 8.19 (c, dd, J; = 8.5 Hz, J. = 1.5 Hz, 1H), 7.92 (h, d,
J=9.0 Hz, 1H), 7.92 (7', dd, J; = 4.5 Hz, J> = 2.0 Hz, 2H), 7.67 (a, dd, J; = 5.5 Hz, J> =
1.0 Hz, 1H), 7.66 (2", d, J = 6.5 Hz, 2H), 7.42 (6, dd, J; = 8.0 Hz, J> = 4.5 Hz, 2H), 7.29
(b, dd, J1 = 8.0 Hz, J>= 5.5 Hz, 1H), 6.97 (3", d, J = 6.5 Hz, 2H), 2.23 (4"-Me, s, 3H),
1.76 (4-tBu, s, 9H).

HRMS (ESI*) m/z: [M-2CI]?* Calcd for CssH3sNsRu 383.1047; Found 383.1041.

HPLC retention time: 18.39 min.

1) AgNO,
MeOH : H,O
reflux, 3 h
| (Cl) —_—
2) 4-methoxypyridine
reflux, 12 h

Scheme S9. Synthesis scheme for complex 9 [Ru(tpbn)(dppn)(4-mp)]Cl. (conventional
heating method).
Complex 9: [Ru(tpbn)(dppn)(4-mp)]Cl.

Conventional heating method: A round-bottom flask, equipped with condenser, was
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charged with [Ru(tpbn)(dppn)(CI]CI 1 (0.050 g, 0.06 mmol) and MeOH (4 mL). Then, an
aqueous solution of AGQNO3 (0.095 g, 0.56 mmol in 1 mL H>O) was added dropwise. The
reaction mixture was well-stirred and refluxed for 3 h. Then, 4-methoxypyridine (0.5 mL,
4.9 mmol) was added and reaction mixture was refluxed for 12 h, then concentrated
under reduced pressure. The residue was treated with a few mL of H.O and the
precipitate was isolated by filtration. The precipitate was washed with H.O and Et,O and
dry-loaded on a column for purification. Column chromatography was performed on
neutral alumina, using gradient elution: 1) CH2Cl, 2) 50% CHCl> : 50% acetone 3)
acetone 4) 95% acetone : 5% MeOH. The product fraction (maroon band) eluted last
with 95% acetone : 5% MeOH. The product fraction was concentrated under reduced
pressure and the residue was treated with a few mL of Et;O. The precipitate was
isolated by filtration, washed with Et.O and dried. [Ru(tpbn)(dppn)(4-mp)]Cl> 9 was
obtained as a maroon powder (0.016 g, 29% yield).

Microwave-assisted method: The reaction was performed in 2 batches, then combined

for workup and purification. Batch 1: A microwave vial was charged with
[Ru(tpbn)(dppn)(CH]CI1 (0.020 g, 0.02 mmol), 4-methoxypyridine (0.25 mL, 2.47 mmol)
and MeOH (2.0 mL). The vial was capped, and the reaction mixture was exposed to
microwave irradiation at 150°C for 12 min. After that, H>O (0.4 mL) was added and the
reaction mixture was exposed to microwave irradiation at 160°C for 12 min. Batch 2:
repeated the procedure for batch 1. The reaction mixtures from batches 1 and 2 were
combined, concentrated under reduced pressure and dried under high vacuum. The
residue was treated with a few mL of Et;0, sonicated, and isolated by filtration. The
precipitate was thoroughly washed with Et,O and dried. The precipitate was purified with
flash chromatography on alumina (eluent: gradient elution from 100% acetonitrile to 92%
acetonitrile : 8% H20). The product fraction (maroon band, elutes with 92% acetonitrile :
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8% H20) was concentrated under reduced pressure and further purified using size-
exclusion chromatography on Sephadex LH-20 (eluent: MeOH). The main band
(maroon) was collected and concentrated under reduced pressure. The residue was
treated with a few mL of Et;0, sonicated, and isolated by filtration. The precipitate was
thoroughly washed with Et,O and dried. [Ru(tpbn)(dppn)(4-mp)]Cl. 9 was obtained as a
maroon powder (0.029 g, 66% yield).

R = 0.54 (alumina; 8% H20 in acetonitrile).

"H NMR (MeOD-d3, 500 MHz): & 10.08 (f, dd, J; = 8.0 Hz, J> = 1.0 Hz, 1H), 9.49 (d, dd,
J1=5.0 Hz, J>= 1.0 Hz, 1H), 9.28 (c, dd, J; = 8.5 Hz, J> = 2.0 Hz, 1H), 9.18 (3, s, 2H),
9.17 (g, s, 1H), 9.06 (3, d, J = 8.5 Hz, 2H), 9.01 (I, s, 1H), 8.73 (4', d, J = 8.5 Hz, 2H),
8.44 (e, dd, J; = 8.0 Hz, J>= 5.5 Hz, 1H), 8.37 (5', dd, J; = 8.0 Hz, J>= 2.0 Hz, 2H), 8.32
(h/k, d, J=7.5Hz, 1H), 8.28 (h/k, d, J = 8.0 Hz, 1H), 8.14 (7', dd, J; = 4.0 Hz, J>= 1.5
Hz, 2H), 7.79 (a, dd, J; = 6.0 Hz, J>= 1.5 Hz, 1H), 7.71 (i, j, m, 2H), 7.56 (2", d, J=7.5
Hz, 2H), 7.43 (6', b, m, 3H), 6.73 (3", d, J = 7.0 Hz, 2H), 3.75 (4"-OMe, s, 3H), 1.78 (4-
tBu, s, 9H).

HRMS (ESI*) m/z: [M-2CI]}?>* Calcd for Cs3HsoN1oORu 467.1209; Found 467.1199.

HPLC retention time: 23.58 min.
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3. NMR SPECTRA OF RU(Il) COMPLEXES 1-9
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4. DESCRIPTION OF 1H NMR ASSIGNMENTS OF RU(Il) COMPLEXES 1-9

In addition to the reasoning described below, literature sources®%4%% were used to help
with the assignments.

When two nonequivalent hydrogens are forming a single overlapping signal, they were
denoted with a comma in between, for example: 7.43 (6’, b, m, 3H). When two
nonequivalent, but very similar hydrogens, could be assigned to either of two signals, the
two possible assignments were listed with a slash in between, for example: 8.36 (h/k, d,
J=8.0 Hz, 1H), 8.29 (h/k, d, J = 8.0 Hz, 1H). When two nonequivalent hydrogens in
very similar electronic environments could be assigned to either of two signals but we
have an assumption for which assignment is which, they were listed in parentheses, for

example: see signals (g) and () at Figure S2.
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Chart S1. Molecular Structures of Ru(ll) Complexes 1-9 with labeling used for hydrogen

assignments

4-tBu

4-tBu

(Cl)2
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Appendix Figure S$S28. 'H NMR spectra of Ru(ll) complexes 1, 2, 7, and 8 in MeOD-ds,

aromatic region
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5. GENERAL TRENDS

Several general trends could be derived from the assignments of '"H NMR signals from
complexes 1-9. All 'H signals from the chromophoric ligands (tpbn, tpbbn, dnp)
integrated as 2 hydrogens each, which indicates that the chromophoric ligands were
symmetrical relative to the other parts of the complex. The observed chemical shifts of
the hydrogens were strongly influenced by the presence of both bonding and
nonbonding electronegative nitrogens present in the ligand. The magnitude of the
nitrogen’s deshielding effect was based on its relative positioning to each hydrogen. For
complexes with naphthyridine-based chromophoric ligands tpbn and dnp (complexes 1,
2, 5-9), the relative chemical shifts for hydrogens followed the same pattern in each
complex: 3 >3">4'">4>5">7" > 6"in MeOD-d3; hydrogen in position 4 was only
present in complexes 5 and 6, while for all other complexes this position was occupied
by a t-Bu group. The most downfield hydrogen of all chromophoric ligand hydrogens
was 3 (chemical shift ranging 9.08-9.18 ppm), which is positioned on the central pyridine
ring of the ligand and appeared as a characteristic singlet (s) in complexes 1, 2, and 9,
or as a doublet (d) that coupled with 4 in complexes 5 and 6. Hydrogens 3’ and 4’ were
the next most downfield and occurred as doublets (d) that only coupled with each other.
Based on the assumption that proton 3 (9.08-9.18 ppm) and 3" have similar
environments and would be closer in chemical shift than 3 and 4', hydrogen 3' was
assigned as the more downfield d of the two (8.81-9.06 ppm) and 4’ as the more upfield
d of the two (8.49-8.73 ppm). When hydrogen 4 was present, it appeared as a
characteristic triplet () at chemical shifts 8.38-8.51 ppm, upfield from 3, 3" and 4’ and
downfield from 5, 6°, and 7'. The rest of the hydrogens from the chromophoric ligand (5°,
6’, 7') appeared as doublets of doublets (dd) that coupled with each other. Hydrogen 6’
appeared as the most upfield dd in this spin system (7.31-7.44 ppm) and the most
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upfield of the ligands. It was clearly distinguished from dd 5" and 7' as the one with the
largest second J-value. Hydrogen 5° was assigned as the most downfield dd of the 5°-6'-
7' spin system (8.23-8.37 ppm), and 7' was assigned as a dd (7.75-8.15 ppm) in

between 5’ and 6', based on the observed J-values and the assumption that Jss: > J7%-.

For complexes with the benzonaphthyridine-based chromophoric ligand tpbbn
(complexes 3 and 4), the relative chemical shifts for hydrogens of the tpbbn followed
similar patterns: 3 >2'>9">1">5">7'> 6' > 8' for 3 in DMSO-ds (relatively poor
solubility in methanol) and 3 >9">2'>1"'>5">7'> 6" > 8’ for 4 in MeOD-ds. As for the
complexes with naphthyridine-based chromophoric ligands, the most downfield
hydrogen was 3 (9.28-9.34 ppm), which is positioned on the central pyridine ring of the
ligand. The most upfield hydrogens were 6’ (7.50-7.53 ppm) and 8’ (6.75-7.01 ppm),

which are located on the distal phenyl ring of tpbbn (Figures S7-S12).

The monodentate ligand (L) that occupies the axial position in complexes 1-9 (CI-, 4-
pic, or 4-mp) made all hydrogens from the NN ligand (dppn, phen) magnetically
inequivalent, with one side of the bidentate ligand (NN) facing the same side as L and
another pointing away from L. In all complexes (1-9) it was observed that hydrogens on
the NN ligand that were facing the same side as L were typically positioned more
downfield (deshielded by L) than similarly-positioned hydrogens on the side that was

pointing away from L.

For all dppn-containing complexes (1-6, 9), all 'H signals from the NN ligand dppn (a,
b,c,d, e f g, h,i ij k, I) were magnetically inequivalent due to the presence of L, with
one side of dppn facing the same side as L (d, e, f, g, h, i) and the other pointing away
from L (a, b, ¢, I, k, j). For all dppn-containing complexes (1-6, 9), the relative chemical

shifts for hydrogens on dppn followed very similar patterns: d, f>c¢,g,|>e>h, k>a>
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i, j > b. Hydrogens d—f, which are spatially the closest to L, were affected the most by
deshielding due to L. At closest proximity, the observed deshielding effect caused by L
was strongest with CI~ (which is to be expected due to its electronegativity) and was
attenuated, but still apparent, for 4-pic and 4-mp. Due to its close proximity to L, the
chemical shift of hydrogen d was most strongly affected by the presence of L, ranging
from 9.47-10.82 ppm across the 1-6, 9 series. Hydrogen d was deshielded relative to a
by almost 3 ppm when L was CI7, and by ~1.7-1.9 ppm when L was 4-pic or 4-mp.
Hydrogens e and f are still relatively close to L and were deshielded by L as well, but
less significantly than d; due their increased distance from L, the strength of the
deshielding effect was approximately equal for CI-, 4-pic, or 4-mp. Hydrogen e was
deshielded relative to b by ~1.1-1.4 ppm when L is CI7, and by ~1.0-1.4 ppm when L is
4-pic or 4-mp. Hydrogen f was deshielded relative to ¢ by ~0.9-1.3 ppm when L is CI7,
and by a similar ~0.8—-1.2 ppm when L is 4-pic or 4-mp. As a result, in the complexes
with CI” in the axial position (1, 3, 5), hydrogen d appeared the most downfield (10.73—
10.82) followed by hydrogen f (10.02-10.32). In the complexes with 4-pic (2, 4, 6) or 4-
mp (9) in the axial position, hydrogen f appeared the most downfield (10.08—-10.46),

followed by hydrogen d (9.47-9.74).

Hydrogen f appeared more downfield than e due to it being in the para- position
relative to the nitrogen coordinated to Ru and due to the spatial proximity of the non-
coordinated nitrogen on dppn. Hydrogen b’s signal appeared very similar to that of
proton e in terms of multiplicity and J-values (both are dd with J; = ~8 Hz and J, = ~5
Hz), but b (7.27-7.45 ppm) was much more upfield than e (8.43—8.83 ppm) due to the
absence of deshielding effect from L. The assignments for hydrogens a and ¢ were
derived from their coupling to b, observed by 'H-'H COSY NMR. Hydrogens b and e,

which are in the meta-position relative to the Ru-coordinated nitrogen, were the most
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upfield among a-b-c and d-e-f, with ¢ and d being the most downfield signals in their
respective spin systems. In the absence of L’s influence, proton a (7.79-7.96 ppm),
which is in the ortho-position, was shielded by Ru®® and appeared more upfield than c
(8.99-9.32 ppm), which is in the para-position relative to the Ru-coordinated nitrogen
and was consequently not shielded by Ru. While d was shielded by Ru as much as a,
spatial proximity to L affected its chemical shift so that it appeared more downfield than f
when L is CI". However, once L is 4-pic or 4-mp, the chemical shift of d shifted less
downfield than those by CI~. With the shielding effect of Ru on proton d still in place,
proton f (para-position) appeared more downfield than proton d (ortho-position) just like
proton c (para-position) appeared more downfield than proton a (ortho-position). Another
factor influencing the chemical shift of f and ¢ was spatial proximity to the non-
coordinated nitrogen from dppn, which strongly exacerbated the deshielding effect.
Hydrogens g and | appeared as singlets that integrated as 1 proton each. Because it is
assumed that hydrogens on the side of dppn that are facing L (d—i) would be deshielded,
g was assigned as being slightly more downfield (9.14-9.38 ppm) than | (8.91-9.05
ppm). Hydrogens on different sides of dppn that are more distant from L became more
and more similar by chemical shifts, with h and k signals observed to be very close to

each other around ~8.3 ppm and i & j overlapping to form one multiplet at ~7.7 ppm.

In the phen-containing complexes (7, 8), all H signals from the phen ligand (a—g)
were magnetically inequivalent, as observed for the 'H signals from the dppn ligand in
the dppn-containing complexes (1-6, 9). The chemical shifts for hydrogens of the phen
ligand followed the same pattern in both complexes 7 (L = Cl) and 8 (L = 4-pic): d >f>g
>e >c>h>a>b. Hydrogen d appeared the most downfield in complexes 7 (L = CI")
and 8 (L = 4-pic). Chemical shifts of hydrogen d in complex 7 (10.62 ppm) vs. in complex

8 (9.44 ppm) were significantly different due to a stronger deshielding of d in 7 by CI
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than d in 8 by 4-pic — similar to what was observed for dppn-containing complexes 1-6,
9. While hydrogen d appeared the most downfield in dppn-containing complexes with CI
(1, 3, 5), hydrogen f is the one that appeared the most downfield in dppn-containing
complexes with 4-pic or 4-mp (2, 4, 6, 9). Hydrogen f appeared at ~8.9 ppm in
complexes 7 and 8 (phen, L = CI7), which was significantly more upfield from 10.02—
10.46 ppm where it appeared in dppn-containing complexes 1, 3, 5 (L = CI") and 2, 4, 6,
9 (L = 4-pic or 4-mp). This difference outlines the effect of spatial proximity of the non-
coordinated nitrogen from dppn on hydrogen f, as the proximity to this nitrogen
significantly deshielded f. Since phen does not have a non-coordinated nitrogen
analogous to that of dppn, the chemical shift for f was moved upfield in phen-containing
complexes 7 and 8 when compared to that of f in dppn-containing complexes 1-6, 9.
The same effect was responsible for proton ¢ appearing more upfield in complexes 7
and 8 (~8.1 ppm) than in complexes 1-6, 9 (8.99-9.32 ppm). Protons h and g in
complexes 7 and 8 formed a two-spin system, which was identified by correlations
observed with '"H-'H COSY NMR, with g assigned as the more downfield of the two
(~8.3 ppm) and h assigned as the more upfield of the two (~7.9 ppm) based on the

assumption that protons from the side of phen facing L appear more downfield.

In the complexes with 4-pic or 4-mp (2, 4, 6, 8, 9), aromatic 'H signals 2" and 3" from
4-pic or 4-mp were present. Both 2” and 3" integrated as 2 hydrogens each (due to the
symmetry of the complex) and were picked out as a d that only coupled with each other.
2" was assigned as the more downfield d of the two (7.56—7.79 ppm) and 3" as the
more upfield d of the two (6.73—7.00 ppm) based on the assumption that the one in
ortho-position to nitrogen (2") would appear more downfield. Overall, the spin system of
2"-3" resembles the spin system 3'-4', as each appeared as a pair of doublets.

However, it is characteristic of 4-pic protons such as 2" and especially 3" to appear
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upfield relative to other polypyridyl protons, such as that of tpbn, tppbn, dnp and dppn,

which makes 2”-3" and 3'-4 spin systems easy to distinguish.

The t-Bu group from tpbn and tpbbn (~1.8 ppm), the methyl group from 4-pic (~2.2
ppm) and the methoxy group from 4-mp (3.75 ppm) all gave rise to characteristic
singlets (s) that are clearly observed in the aliphatic region of the spectra and are easily

assigned (see Figures S1-S27).

A 2D '"H-"H ROESY experiment was carried out for the related 4-pic- and tpbn-
containing Ru(ll) complex, which revealed characteristic through-space couplings for the
following hydrogens: 3 with 3" ; 4’ with 5’ ; 3 with 4-tBu ; 3" with 4”-Me ; and equivalent
position of d with 2", and confirmed our assumptions for the assignments of 3' vs. 4’, 5’

vs. 7’, and 2" vs. 3".(7%9)
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Complex 1

4-tBu

"H NMR (MeOD-ds, 500 MHz): & 10.73 (d, dd, Js = 5.5 Hz, J> = 1.5 Hz, 1H), 10.02 (f, dd,
J1 = 8.0 Hz, J> = 1.5 Hz, 1H), 9.16 (g, s, 1H), 9.16 (c, dd, Js = 8.0 Hz, J2 = 1.5 Hz, 1H),
9.11 (3, s, 2H), 9.00 (1, s, 1H), 8.94 (3", d, J = 8.5 Hz, 2H), 8.54 (4", d, J = 8.5 Hz, 2H),
8.43 (e, dd, J; = 8.0 Hz, J> = 5.5 Hz, 1H), 8.30 (h, k, m, 2H), 8.27 (5', dd, Js = 8.0 Hz, J>
= 2.0 Hz, 2H), 7.99 (7", dd, J: = 4.5 Hz, J> = 2.0 Hz, 2H), 7.89 (a, dd, J; = 5.5 Hz, J,= 1.5
Hz, 1H), 7.71 (i, j, m, 2H), 7.32 (6", dd, J; = 8.0 Hz, J> = 4.5 Hz, 2H), 7.30 (b, dd, J; = 8.0

Hz, Jz = 5.5 Hz, 1H), 1.80 (4-tBu, s, 9H).

Hydrogens from tpbn: All hydrogen signals from the chromophoric ligand tpbn (3, 3', 4°,
5', 6" and 7') integrate as 2 hydrogens each, since tpbn is positioned symmetrically
relative to the other parts of the complex. As the only singlet (s) among tpbn hydrogens,

3 was assigned as a s at 9.11 ppm. Both 3’ and 4 were picked out as doublets (d) that
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only couple with each other (coupling observed at '"H-'H COSY NMR). 3’ was assigned
as the more downfield d of the two (8.94 ppm) and 4’ as a more upfield d of the two
(8.54 ppm), based on the assumption that hydrogen 3 (9.11 ppm) and 3’ (8.94 ppm)
have similar environments and would be closer by chemical shifts than 3 and 4'. Among
the spin system 5'-6'-7' (correlations with each other observed with 'H-'H COSY NMR),
all three are dd but 6’ is distinguished as a dd with largest second J-value among the
three (7.32 ppm, dd, J: = 8.0 Hz, J> = 4.5 Hz). 5" is assigned as a more downfield dd at
8.27 ppm (Js6 = 8.0 Hz, Js7-= 2.0 Hz), and 7' is assigned as a more upfield dd at 7.99
ppm (J7e = 4.5 Hz, J75 = 2.0 Hz), based on the observed J-values and the assumption
that Jse > J76. The singlet at 1.80 ppm integrates as 9 hydrogens and is assigned to the
4-tBu group.

Hydrogens from dppn: The negatively-charged chloride ligand is occupying the axial
position and makes all 'H from PDT ligand dppn (a, b, ¢, d, e, f, g, h, i, j, k, I)
magnetically inequivalent, with one side of dppn facing the same side as chloride (d, e,
f, g, h, i) and the other pointing away from the chloride (a, b, ¢, |, k, j). Hydrogens d—f,
which are spatially closest to the chloride, are affected by it the most, causing chemical
shifts that are significantly more downfield than they would be in the absence of
chloride. Hydrogen d was assigned as the most downfield hydrogen at 10.73 ppm,
because of its proximity to the chloride. Based on this assignment, Jge is 5.5 Hz.
Hydrogens e and f were derived from their coupling to d, observed with '"H-'H COSY
NMR. Both e and f appear as doublets of doublets (dd), with hydrogen e being assigned
to the dd exhibiting a larger second J-value than f (e, dd, Jer= 8.0 Hz, Jes = 5.5 Hz; f, dd,
Jer = 8.0 Hz, Jry = 1.5 Hz). With this assignment, Jes = 5.5 Hz which matches the
observed Jqe from the hydrogen d assignment. Hydrogen f (10.02 ppm) appears more
downfield than e (8.43 ppm), due to being in the para- position relative to the nitrogen
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that is coordinated to Ru and due to the spatial proximity to the non-coordinated nitrogen
on dppn. Hydrogen b was assigned as the signal that appears very similar to that of
hydrogen e in terms of multiplicity and J-values (both are dd with J; = 8.0 Hz and J> =
5.5 Hz), but b (7.30 ppm) is much more upfield than e (8.43 ppm) due to the absence of
chloride near b. Hydrogens a and ¢ were derived from their coupling to b, observed by
"H-"H COSY NMR. Both a and ¢ appear as dd, and assignments were made based on
the observed J-values and the assumption that Ja.» < Jes. Hence, a was assigned as a dd
at 7.89 ppm (dd, Jap = 5.5 Hz, Jo.c = 1.5 Hz) and c as a dd at 9.16 ppm (Jep = 8.0 Hz, Jca
= 1.5 Hz). After hydrogens a, b, ¢, d, e, and f were assigned, the following trends were
observed: hydrogens b and e, which are in the meta-position relative to Ru-coordinated
nitrogen, are the most upfield among a-b-c and d-e-f, with ¢ and d being the most
downfield signals in their respective spin systems. In the absence of chloride influence,
hydrogen a, which is in the ortho-position, is shielded by Ru (see ref. 1) and appears
more upfield than ¢, which is in the para-position relative to the coordinating nitrogen
and is not shielded by Ru. While d is shielded by Ru as much as a, spatial proximity to
chloride affects its chemical shift so that it appears more downfield than f. Hydrogens g
and | were assigned as singlets that integrate as 1 hydrogen each, with the assumption
that g appear slightly more downfield (9.16 ppm) than | (9.00 ppm), based on the
assumption that hydrogens from the side of dppn that is facing chloride appear more
downfield. Hydrogens on different sides of dppn that are further away from chloride
become more similar by chemical shifts, with h and k observed very close to each other

at 8.30 ppm and i & j overlapping to form one multiplet at 7.71 ppm.
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Complex 2

'H NMR (MeOD-ds, 500 MHz): & 10.08 (f, dd, J; = 8.5 Hz, J2 = 1.5 Hz, 1H), 9.47 (d, dd,
Ji1=5.5Hz, J; = 1.5 Hz, 1H), 9.32 (¢, dd, J: = 8.0 Hz, J> = 1.0 Hz, 1H), 9.20 (g, s, 1H),
9.17 (3, s, 2H), 9.05 (3", d, J = 8.5 Hz, 2H), 9.02 (I, s, 1H), 8.73 (4", d, J = 8.5 Hz, 2H),
8.43 (e, dd, J; = 8.5 Hz, J. = 5.5 Hz, 1H), 8.37 (5', dd, Js = 8.0 Hz, J» = 2.0 Hz, 2H), 8.36
(h/k, d, J = 8.0 Hz, 1H), 8.29 (h/k, d, J = 8.0 Hz, 1H), 8.13 (7", dd, J; = 4.0 Hz, J> = 2.0
Hz, 2H), 7.80 (a, dd, Js = 5.5 Hz, J> = 1.0 Hz, 1H), 7.72 (i, j, m, 2H), 7.65 (2", d, J= 7.0
Hz, 2H), 7.45 (b, dd, J; = 8.0 Hz, J> = 5.5 Hz, 1H), 7.43 (6", dd, J; = 8.0 Hz, J> = 4.5 Hz,

2H), 7.00 (3", d, J = 6.0 Hz, 2H), 2.25 (4"-Me, s, 3H), 1.77 (4-tBu, s, 9H).

In complex 2, all hydrogens follow the same trends as described in the 'H assignments
of complex 1, except for the hydrogens d and f. In complex 1, d is the most downfield
hydrogen, while f is the most downfield hydrogen in complex 2. Once the chloride
ligand in the axial position is substituted with 4-picoline (4-pic), the chemical shift of
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hydrogen d is shifted less downfield, and with the shielding effect of Ru on hydrogen d
still in place, hydrogen f (para-position) appears more downfield than hydrogen d (ortho-
position) just like hydrogen ¢ (para-position) appears more downfield than hydrogen a
(ortho-position). When chemical shifts of hydrogen f in complex 1 and hydrogen f in
complex 2 are compared, they are found to be very similar (10.02 ppm in 1 and 10.08
ppm in 2), meanwhile the chemical shifts of hydrogen d are significantly different (10.73
ppm in 1 and 9.47 ppm in 2). This confirms the assumption that the chemical shift of
hydrogen d, which is spatially closest to the axial ligand, is significantly affected by the
type of the axial ligand, while hydrogen f, which is further away from the axial ligand, is
not very affected by the presence of the axial ligand.

In complex 2, in addition to hydrogens from tpbn and 'H from dppn, hydrogens from
4-pic are present: 2", 3", and 4”-Me. Both 2" and 3" integrate as 2 hydrogens each and
were picked out as d that only couple with each other (coupling observed at "H-'H
COSY NMR). 2" was assigned as the more downfield d of the two (7.65 ppm) and 3" as
the more upfield d of the two (7.00 ppm), based on the assumption that the hydrogen in
the ortho-position relative to nitrogen (2") appears more downfield. Overall, spin system
of 2"-3" resembles spin system 3'-4', as each appear as a pair of doublets. However, it
is characteristic of 4-pic hydrogens such as 2" and especially 3" to appear upfield
relative to other pyridyl hydrogens, such as that of tpbn and dppn, which makes the 2"-
3" and 3'-4' spin systems easy to distinguish. The singlet at 2.25 ppm integrates as 3

hydrogens and is assigned to the 4”-Me group.
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Complex 3

4-tBu

"H NMR (DMSO-ds, 700 MHz): & 10.82 (d, dd, Js = 4.9 Hz, J» = 0.7 Hz, 1H), 10.32 (f, dd,
Ji1 =84 Hz, J,= 0.7 Hz, 1H), 9.38 (g, s, 1H), 9.34 (3, s, 2H), 9.22 (2", d, J = 9.1 Hz, 2H),
9.17 (9", s, 2H), 9.05 (1, s, 1H), 8.99 (c, dd, J; = 7.7 Hz, J> = 0.7 Hz, 1H), 8.88 (1, d, J =

9.1 Hz, 2H), 8.79 (e, dd, J; = 8.4 Hz, J. = 4.9 Hz, 1H), 8.44 (h/k, d, J = 9.1 Hz, 1H), 8.35
(h/k, d, J = 7.7 Hz, 1H), 8.06 (5", d, J = 8.4 Hz, 2H), 7.96 (a, dd, Js = 6.3 Hz, J> = 1.4 Hz,
1H), 7.77 (i/j, dd, J: = 8.4 Hz, J> = 7.0 Hz, 1H), 7.73 (i/j, dd, J: = 7.7 Hz, J> = 7.0 Hz, 1H),
7.69 (7', dd, J; = 8.4 Hz, J, = 7.0 Hz, 2H), 7.50 (6', dd, Js = 8.4 Hz, J> = 7.0 Hz, 2H), 7.39

(b, dd, J; = 7.7 Hz, J. = 6.3 Hz, 1H), 6.75 (8", d, J = 8.4 Hz, 2H), 1.80 (4-tBu, s, 9H).

In complex 3, all hydrogens from dppn follow the same trends as described in the
hydrogen assignments of complex 1. Chromophoric ligand tpbbn has hydrogens that
are similar to that of the ligand tpbn, with a few additional aromatic hydrogens.
Hydrogens from tpbbn that are similar to the hydrogens from tpbn were assigned in a

similar manner as described for complex 1 (3 as a singlet at 9.34 ppm, 2" and 1" as a
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pair of doublets, with 2" more downfield of the two at 9.22 ppm, and 1’ more upfield of
the two at 8.88 ppm). 9’ is assigned to the singlet that integrates as 2 hydrogens (9.17
ppm) and that is not assigned as 3. Spin system 5°-6'-7'-8' is identified by correlations
observed through '"H-"H COSY NMR. 5’ and 8' are both doublets with identical J-values
of 8.4 Hz; 5" was assigned as the more downfield doublet of the two (8.06 ppm),©3*) with
8' appearing at 6.75 ppm. Hydrogens 6’ and 7' are both doublets of doublets, and the
assignments were made based on the correlations to 5’ and 8' observed with "H-"H
COSY NMR. 6" was assigned as the hydrogen at 7.50 ppm (dd, Js¢ = 8.4 Hz, J76:=7.0
Hz), and 7' was assigned as the hydrogen at 7.69 ppm (dd, Js7- = 8.4 Hz, Jg7 = 7.0 Hz).

The singlet at 1.80 ppm integrates as 9 hydrogens and is assigned to the 4-tBu group.

Complex 4

H NMR (MeOD-ds, 700 MHz): & 10.46 (f, d, J = 8.4 Hz, 1H), 9.74 (d, d, J = 4.9 Hz, 1H),
9.28 (3, s, 2H), 9.21 (¢, d, J = 7.7 Hz, 1H), 9.18 (g, s, 1H), 9.13 (9", s, 2H), 9.05 (2', d, J

= 8.4 Hz, 2H), 8.93 (1, d, J = 9.1 Hz, 2H), 8.91 (I, s, 1H), 8.83 (e, dd, J; = 8.4 Hz, J> =
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5.6 Hz, 1H), 8.30 (h/k, d, J = 8.4 Hz, 1H), 8.22 (h/k, d, J = 7.7 Hz, 1H), 8.02 (5", d, J =

7.7 Hz, 2H), 7.88 (a, d, J = 5.6 Hz, 1H), 7.79 (2", d, J = 7.0 Hz, 2H), 7.74 (7", dd, J, = 8.4
Hz, J2= 7.0 Hz, 2H), 7.67 (i, j, m, 2H), 7.53 (6", dd, J; = 7.7 Hz, J> = 7.0 Hz, 2H), 7.43 (b,
dd, J; = 7.7 Hz, J2 = 5.6 Hz, 1H), 7.01 (8", d, J = 8.4 Hz, 2H), 6.97 (3", d, J = 6.3 Hz, 2H),

2.22 (4"-Me, s, 3H), 1.81 (4-tBu, s, 9H).

Hydrogens in complex 4 were assigned based off of the 'H assignments for complex 3,
except for the hydrogens d and f. Like in complex 2, in complex 4 hydrogen f (para-
position) appears more downfield than hydrogen d (ortho-position). In complex 4, in
addition to hydrogens from tpbbn and dppn, hydrogens from 4-pic are present: 2", 3”,
and 4"”-Me. Similar to complex 2, 2" was assigned as a doublet at 7.79 ppm and 3" as a
doublet at 6.97 ppm. The singlet at 2.22 ppm integrates as 3 hydrogens and is assigned

to the 4”-Me group.

Complex 5
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"H NMR (MeOD-ds, 700 MHz): & 10.74 (d, dd, Js = 4.9 Hz, J, = 1.4 Hz, 1H), 10.03 (f, dd,
Ji = 8.4 Hz, J; = 1.4 Hz, 1H), 9.15 (¢, dd, J; = 7.7 Hz, J> = 0.7 Hz, 1H), 9.14 (g, s, 1H),
9.09 (3, d, J = 8.4 Hz, 2H), 8.99 (I, s, 1H), 8.81 (3', d, J = 9.1 Hz, 2H), 8.54 (4', d, J = 8.4
Hz, 2H), 8.45 (e, dd, J; = 8.4 Hz, J, = 4.9 Hz, 1H), 8.38 (4, t, J = 8.4 Hz, 1H), 8.29 (h k,
m, 2H), 8.27 (5", dd, J: = 7.7 Hz, J> = 1.4 Hz, 2H), 8.01 (7', dd, J; = 4.9 Hz, J> = 1.4 Hz,
2H), 7.87 (a, dd, Js = 5.6 Hz, J, = 0.7 Hz, 1H), 7.69 (i, j, m, 2H), 7.33 (6", dd, J; = 7.7 Hz,

J2=4.9 Hz, 2H), 7.27 (b, dd, J; = 7.7 Hz, J>= 5.6 Hz, 1H).

Hydrogens in complex 5 were assigned based off of the 'H assignments for complex 1.
Since the 4-tBu group is absent in complex 5, hydrogen 3 that was a singlet in complex
1 appears as the doublet at 9.09 ppm (J = 8.4 Hz), and hydrogen 4 appears as the triplet

at 8.38 ppm (J = 8.4 Hz).
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Complex 6

'H NMR (MeOD-ds, 500 MHz): & 10.10 (f, dd, Js = 8.0 Hz, J, = 1.0 Hz, 1H), 9.50 (d, dd,
Ji1=5.5Hz, J; = 1.5 Hz, 1H), 9.32 (¢, dd, J; = 8.0 Hz, J> = 1.0 Hz, 1H), 9.19 (g, s, 1H),
9.18 (3, d, J = 8.5 Hz, 2H), 9.02 (I, s, 1H), 8.91 (3', d, J = 8.5 Hz, 2H), 8.73 (4, d, J= 8.5
Hz, 2H), 8.51 (4, 1, J = 8.5 Hz, 1H), 8.44 (e, dd, J; = 8.5 Hz, J> = 5.5 Hz, 1H), 8.38 (5,
dd, Js = 8.5 Hz, J> = 2.0 Hz, 2H), 8.36 (h/k, d, J = 8.0 Hz, 1H), 8.29 (h/k, d, J = 8.0 Hz,
1H), 8.15 (7*, dd, J; = 4.5 Hz, J» = 2.0 Hz, 2H), 7.81 (a, dd, J; = 5.5 Hz, J> = 1.0 Hz, 1H),
7.72 (i, j, m, 2H), 7.65 (2", d, J = 6.5 Hz, 2H), 7.44 (b, dd, J; = 8.0 Hz, J, = 5.5 Hz, 1H),
7.44 (6, dd, J; = 8.0 Hz, J> = 4.0 Hz, 2H), 7.00 (3", d, J = 6.0 Hz, 2H), 2.25 (4"-Me, s,

3H).

Hydrogens in complex 6 were assigned based off the 'H assignments of complex 5,
except for the hydrogens d and f. Like in complex 2, in complex 6 hydrogen f (para-
position) appears more downfield than hydrogen d (ortho-position). In complex 6, in
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addition to '"H from dnp and dppn, 'H from 4-pic are present: 2", 3", and 4"-Me. Similar
to complex 2, 2" was assigned as a doublet at 7.65 ppm and 3" as a doublet at 7.00

ppm. The singlet at 2.25 ppm integrates as 3 hydrogens and is assigned to the 4”-Me

group.

Complex 7

4-tBu

"H NMR (MeOD-ds, 500 MHz): & 10.62 (d, dd, J = 5.5 Hz, J> = 1.5 Hz, 1H), 9.08 (3, s,
2H), 8.90 (3", d, J = 8.5 Hz, 2H), 8.89 (f, dd, Js = 8.0 Hz, J, = 1.5 Hz, 1H), 8.49 (4, d, J =
8.5 Hz, 2H), 8.33 (g, d, J = 9.0 Hz, 1H), 8.29 (e, dd, J; = 8.0 Hz, J> = 5.5 Hz, 1H), 8.23
(5", dd, J; = 8.0 Hz, J> = 2.0 Hz, 2H), 8.07 (c, dd, Js = 8.0 Hz, J> = 1.0 Hz, 1H), 7.90 (h,
d, J=9.0 Hz, 1H), 7.75 (7', dd, J; = 4.5 Hz, J, = 2.0 Hz, 2H), 7.73 (a, dd, J: = 5.5 Hz, J,
= 1.0 Hz, 1H), 7.31 (6", dd, Js = 8.0 Hz, J> = 4.0 Hz, 2H), 7.15 (b, dd, J; = 8.0 Hz, J> =

5.5 Hz, 1H), 1.78 (4-tBu, s, 9H).

In complex 7, hydrogens from tpbn were assigned based off the 'H assignments of
complex 1. Since dppn is replaced with phen in complex 7, there are less magnetically

396



inequivalent hydrogens than in complex 1 (only a-g in complex 7, while there are a-l in
complex 1). Hydrogens d-e-f and a-b-c were assigned following the same strategy as
was used for the assignment of hydrogens d-e-f and a-b-c in complex 1. When chemical
shifts of hydrogen f in complex 1 and hydrogen f in complex 7 are compared, they are
found to be quite different (10.02 ppm in 1 and 8.89 ppm in 7). This outlines the effect of
the spatial proximity of the non-coordinated nitrogen from dppn on hydrogen f, as the
proximity to this nitrogen moves chemical shift of f downfield. Since phen does not have
a non-coordinated nitrogen analogous to that of dppn, the chemical shift of f is moved
upfield in complex 7 when compared to chemical shift of f in complex 1. The same effect
is responsible for hydrogen ¢ being more upfield in complex 7 than in complex 1 (9.16
ppm in 1 and 8.07 ppm in 7). Hydrogens h and g form a two-spin system, which is
identified by correlations observed with '"H-'H COSY NMR, with g assigned as the more
downfield of the two (8.33 ppm) and h assigned as the more upfield of the two (7.90
ppm) based on the assumption that hydrogens on the side of phen that is facing

chloride appear more downfield.

Complex 8
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"H NMR (MeOD-ds, 500 MHz): & 9.44 (d, dd, J: = 5.5 Hz, J> = 1.5 Hz, 1H), 9.14 (3, s,
2H), 9.01 (3", d, J = 8.5 Hz, 2H), 8.94 (f, dd, J;: = 8.5 Hz, J> = 1.5 Hz, 1H), 8.68 (4', d, J =
8.5 Hz, 2H), 8.35 (5", dd, J; = 8.5 Hz, J> = 2.0 Hz, 2H), 8.32 (g, d, J = 9.0 Hz, 1H), 8.29
(e, dd, J: = 8.5 Hz, J, = 5.5 Hz, 1H), 8.19 (c, dd, J; = 8.5 Hz, J2 = 1.5 Hz, 1H), 7.92 (h, d,
J=9.0 Hz, 1H), 7.92 (7", dd, Js = 4.5 Hz, J. = 2.0 Hz, 2H), 7.67 (a, dd, J: = 5.5 Hz, J> =
1.0 Hz, 1H), 7.66 (2", d, J = 6.5 Hz, 2H), 7.42 (6", dd, J; = 8.0 Hz, J> = 4.5 Hz, 2H), 7.29
(b, dd, J; = 8.0 Hz, J> = 5.5 Hz, 1H), 6.97 (3", d, J = 6.5 Hz, 2H), 2.23 (4"-Me, s, 3H),

1.76 (4-tBu, s, 9H).

The hydrogens of complex 8 were assigned following based on the 'H assignments of
complex 7. Unlike what was observed in other complexes containing the 4-pic axial
ligand (complexes 2, 4, and 6), hydrogen d is still assigned as the most downfield, not
hydrogen f. This assignment is based on the observed J-values of coupling with
hydrogen e and the assumption that Jr. > Jse. Hydrogen d is assigned as the doublet of
doublets at 9.44 ppm (Jee = 5.5 Hz, Jor = 1.5 Hz), and hydrogen f is assigned as the
doublet of doublets at 8.94 ppm (Jre = 8.5 Hz, Jrs = 1.5 Hz). When chemical shifts of
hydrogen d in complex 7 and hydrogen d in complex 8 are compared, they are found to
be significantly different (10.62 ppm in 7 and 9.44 ppm in 8), just like in complex 1 vs.
complex 2. However, even with the upfield shift of hydrogen d caused by the absence of
chloride, hydrogen d still stays the most downfield hydrogen in complex 8 because
hydrogen f from phen (~9 ppm) is noticeably more upfield than hydrogen f from dppn
(~10 ppm). In complex 8, in addition to 'H from tpbn and phen, 'H from 4-pic are
present: 2", 3", and 4”-Me. Similar to complex 2, 2” was assigned as a doublet at 7.66
ppm and 3" as a doublet at 6.97 ppm. The singlet at 2.23 ppm integrates as 3
hydrogens and is assigned to the 4”-Me group.
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Complex 9

4-tBu 4\ )
0]

"H NMR (MeOD-ds, 500 MHz): & 10.08 (f, dd, J; = 8.0 Hz, J, = 1.0 Hz, 1H), 9.49 (d, dd,
J1 = 5.0 Hz, J, = 1.0 Hz, 1H), 9.28 (c, dd, J; = 8.5 Hz, Jo = 2.0 Hz, 1H), 9.18 (3, s, 2H),
9.17 (g, s, TH), 9.06 (3', d, J = 8.5 Hz, 2H), 9.01 (I, s, 1H), 8.73 (4", d, J = 8.5 Hz, 2H),
8.44 (e, dd, J; = 8.0 Hz, J,= 5.5 Hz, 1H), 8.37 (5', dd, J; = 8.0 Hz, J>= 2.0 Hz, 2H), 8.32
(h/k, d, J = 7.5 Hz, 1H), 8.28 (h/k, d, J = 8.0 Hz, 1H), 8.14 (7', dd, J; = 4.0 Hz, J,= 1.5
Hz, 2H), 7.79 (a, dd, Js = 6.0 Hz, J>= 1.5 Hz, 1H), 7.71 (i, j, m, 2H), 7.56 (2", d, J= 7.5
Hz, 2H), 7.43 (6, b, m, 3H), 6.73 (3", d, J = 7.0 Hz, 2H), 3.75 (4"-OMe, s, 3H), 1.78 (4-

tBu, s, 9H).

Hydrogens in complex 9 were assigned based off the 'H assignments of complex 2, and
overall follow the same trend as in complex 2. As expected, the methyl group signal from
the axial ligand 4-mp in complex 9 (4”"-OMe at 3.75 ppm) is moved significantly

downfield relative to the methyl group signal from the axial ligand 4-pic in complex 2 (4"-

Me at 2.25 ppm).
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6. ESI" MASS SPECTRA OF RU(Il) COMPLEXES 1-9

LL1-114A recr #377-381 RT: 544-550 AV:5 NL: 8.75E5
T: FTMS + p ESI Full ms [100.00-2000.00]
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Appendix Figure $29. (a) High resolution ESI* mass spectrum for complex 1. (b) Zoom

of 860.1573 peak showing isotopic distribution.
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(a)

(b)

LL1-50C1 #374-388 RT: 5.39-554 AV: 15 NL: 2.71E6
T: FTMS + p ESI Full ms [100.00-2000.00]
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Appendix Figure S30. (a) High resolution ESI" mass spectrum for complex 2. (b) Zoom

of 459.1229 peak showing isotopic distribution.
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LL-344 #551-557 RT: 6.39-6.44 AV: 7 NL: 1.07E8
(a) T: FTMS + p ESI Full ms [300.00-2000.00]
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Appendix Figure S31. (a) High resolution ESI" mass spectrum for complex 3. (b) Zoom

of 960.1896 peak showing isotopic distribution
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LL-365A #376-384 RT: 4.83-4.90 AV:9 NL: 1.15E8
a T: FTMS + p ESIFull ms [300.00-2000.00]
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Appendix Figure $32. (a) High resolution ESI* mass spectrum for complex 4. (b) Zoom

of 509.1389 peak showing isotopic distribution.
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LL-387 #377-402 RT: 4.76-4.96 AV:26 NL: 6.91E7 +1
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Appendix Figure S33. (a) High resolution ESI" mass spectrum for complex 5. (b) Zoom

of 804.0955 peak showing isotopic distribution.
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Appendix Figure S34. (a) High resolution ESI" mass spectrum for complex 6. (b) Zoom

of 431.0913 peak showing isotopic distribution.
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LL-368 #307-317 RT: 3.94-4.02 AV: 11 NL: 1.35E8
(a) T: FTMS + p ESI Full ms [300.00-2000.00]
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Appendix Figure $35. (a) High resolution ESI* mass spectrum for complex 7. (b) Zoom

of 708.1201 peak showing isotopic distribution.

406



(a)

(b)

LL1-106AX #220-223 RT: 3.17-3.21 AV: 4 NL: 6.27E5
T: FTMS + p ESI Full ms [100.00-2000.00]
100 383.1041

158.9607

Z_\ML\HM i

calculated m/z: 383.1047

811.2067

700

T T T T
400 500 600

LL1-106AX #220-223 RT: 3.17-3.21 AV:4 NL: 6.27E5
T: FTMS + p ESI Full ms [100.00-2000.00]

100
95

90
851

80

o
1

380.1055

>

3806072
l 381.1037

o

i
thr

800

900

1000

382.¢

382.1044

381.6047

LI e
1100 1200
miz

383.1041

383.6053

1300 1400 1500

LAMRLEL  L e
1600

T
1700 1800

1900 2000

calculated m/z: 383.1047

384.1044

384.6056

385.1074

o

378.0 3785 379.0 3795 380.0 380.5 381.0

3815 382.0 3825

T
383.5

T i
383.0
miz

384.0

LA e e e B
384.5 385.0 385.5 386.0 386.5 387.0 387.5

Appendix Figure S36. (a) High resolution ESI" mass spectrum for complex 8. (b) Zoom

of 383.1041 peak showing isotopic distribution.
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LL1-98AX #291-294 RT: 4.20-4.24 AV:4 NL: 529E5
T: FTMS + p ESI Full ms [100.00-2000.00]
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Appendix Figure S37. (a) High resolution ESI" mass spectrum for complex 9. (b) Zoom

of 467.1199 peak showing isotopic distribution.

408



7. HPLC CHROMATOGRAMS OF RU(Il) COMPLEXES 1-9
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Appendix Figure S38. HPLC chromatogram of complex 1 collected at the following

wavelengths: 285, 440, 490, 400 nm (98.3% purity by peak area).
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Appendix Figure $39. HPLC chromatogram of complex 2 collected at the following

wavelengths: 400, 285, 440, 490 nm (97.2% purity by peak area).
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Appendix Figure S40. HPLC chromatogram of complex 3 collected at the following

wavelengths: 285, 440, 490, 400 nm (94.2% purity by peak area).
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Appendix Figure S41. HPLC chromatogram of complex 4 collected at the following

wavelengths: 285, 440, 490, 400 nm (94.8% purity by peak area).
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Appendix Figure S42. HPLC chromatogram of complex 5 collected at the following

wavelengths: 285, 440, 490, 400 nm (88.3% purity by peak area).
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Appendix Figure S43. HPLC chromatogram of complex 6 collected at the following

wavelengths: 285, 440, 490, 400 nm (100% purity by peak area).
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Appendix Figure S44. HPLC chromatogram of complex 7 collected at the following

wavelengths: 285, 440, 490, 400 nm (100% purity by peak area).
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Appendix Figure S45. HPLC chromatogram of complex 8 collected at the following
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wavelengths: 285, 440, 490, 400 nm (98.5% purity by peak area).
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Appendix Figure S46. HPLC chromatogram of complex 9 collected at the following

wavelengths: 400, 285, 440, 490 nm (96.1% purity by peak area).
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8. PHOTOBIOLOGY

Appendix Figure S47. Freshly prepared serial dilutions of compounds 1-9 in 1x DPBS.

Appendix Table S1. Correlation parameters for Log (Dow) versus Log (Dark ECso)

Cell line A375 B16F10 SKMEL28
Pearson r coefficient -0.6649 -0.8665 -0.9041
95% CI -0.9751 to 0.5259 -0.9911 to 0.06677 -0.9937 to -0.1078
R2 0.4421 0.7509 0.8174
p-value (a=0.05)2 0.2208 0.0573 0.0351

Only soluble compounds included. n=5 since compounds 1,3,5,7 precipitated to some extent
during experimentation. 2two-tailed p-test, p<0.05 = statistically significant
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Appendix Figure $48. Log-Log scatter plot of distribution coefficient (+ SD) versus Dark
ECso (x SEM) in (a) A375, (b) B16F10, and (c) SKMEL28 cell lines. Open symbols
designate ambiguous Log (Dow) values where precipitation occurred in either the

aqueous or organic partitions. Tabulated Log (Dow) are included in Table S2.
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Appendix Figure S49. Normalized emission from the light sources used in the
photobiological studies: (a) lasers, (b) monochromatic LEDs, and (c) broadband visible

projector lamp or broadband visible CREE LEDs.
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Appendix Table S2. Log distribution coefficient (LogDow) of 1-9 in 1-octanol and PBS

(pH=7.4). @value not determined due to precipitation.

cmpd Log(Dow = SD)
1 3a
2 -0.131 £ 0.009
3 3a
4 0.813 £ 0.016
5 1.215 + 0.055
6 -0.730 + 0.007
7 3a
8 -1.298 + 0.021
9 -0.32+0.017
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Appendix Table S$3. Comparison of (photo)cytotoxicities in different cell lines across the

three laboratories performed by three different researchers.

ECso + SEMT (uM) PI2
PS# | Cell Line Location Dark?® 633 nm* Visible*5 633 nm* | Visible*®
2 B16F10 UTA 88.2+5.5 1.89+£0.03 1.74 £ 014 47 51
2 B16F10 Dal 523+1.5 1.44 £ 0.04 - 36 -
2 SKMEL28 UTA 105+ 6 0.798 £ 0.097 | 0.292 + 0.016 132 360
2 SKMEL28 AU 709+1.9 0.63+£0.013 | 0.329 £ 0.008 113 216
6 B16F10 UTA 77.0+43 1.97 £0.09 | 0.940 £ 0.090 39 82
6 B16F10 Dal 63.2+1.0 212 +0.08 - 30 -
6 SKMEL28 UTA 91959 1.37+£0.10 0.359 + 0.026 67 256
(] SKMEL28 AU 796+25 | 0.521+0.012 | 0.333£0.033 153 239
9 B16F10 UTA 92.8+6.0 212+ 0.10 0.87+0.12 44 107
9 B16F10 Dal 29.2+1.6 1.22 £ 0.01 - 24 -
9 SKMEL28 UTA 94075 1.52+0.04 0.602 + n.d. 62 156
9 SKMEL28 AU 56.7+1.5 | 0.396+0.017 | 0.286 + 0.017 143 198

'Effective concentration to reduce cell viability to 50% (ECso) and standard error of the mean
(SEM), 2phototherapeutic index (Pl) provides the ratio of dark (sham) to light treatment, 3dark
treatment or absence of light during treatment, 4light treatment uses 20-30 mW c¢cm=2 and 100 J
cm™2, 5cool white visible (400-700 nm), én.d. = not determined due to a steep hill slope, “-
treatment not performed.

422



Appendix Table $4. Comparison of (photo)cytotoxicities of 1-9 under four different

conditions in female melanoma A375 cells at UTA.

ECso + SEM (M) PI
mPd | parkt | 733nm¢ | 633nme | 523nmS | VisibleSs | 733 nm* | 633nm¢ | 523nms | VISP
e e e e e | | 2 | e |
e e e |« | e | =
e e e | | 2 | e | =
e e e e e [ | | v |
5 6%‘1) + 26;.% + 2%.:3 + 1%..% + 4(.)52: s s 5 i’

o | %27 | o | oos | o | oor | 2 | 3 | e |
7 | 202:9 | 214:6 | 152+3 | 170+4 | 116+4 1 2 2 3
8 | 170+7 | 191+7 | 1877 | 1987 | 179+ 15 1 1 1 1
AR RRERE R EREREEE

'Effective concentration to reduce cell viability to 50% (ECso) and standard error of the mean

(SEM), 2phototherapeutic index (Pl) provides the ratio of dark (sham) to light treatment, 3dark
treatment or absence of light during treatment, 4light treatment uses 9 mW cm=2 and 100 J cm™2,
Slight treatment uses 20 mW cm= and 100 J cm™2, 6cool white visible (400-700 nm), ’n.d. = not

determined due to a steep hill slope.

423




Appendix Table §5. Comparison of (photo)cytotoxicities of 1-9 under four different

conditions in murine melanoma B16F10 cells at UTA

cmpd Dark? 4ECS0 > SEMS(HM) 5 T Thlab6 3 7 i 5 hlab6
ark 733 nm 633 nm 523 nm Visible> 733 nm 633 nm 523 nm Visible>
IR A R
R R R
1R R E
4 526(3) + 152(()) + 1%; t 1%77 t 6(.)?1751 4 4 4 9
R R R
| ] e | e | e |
7 231+9 217+8 166 £ 5 168 + 4 1215 1 1 1 2
8 144 + 4 171+ 12 176 £ 8 182+ 9 113112 1 1 1 1
o | A A e e | e | e [

Effective concentration to reduce cell viability to 50% (ECso0) and standard error of the mean

(SEM), 2phototherapeutic index (Pl) provides the ratio of dark (sham) to light treatment, 3dark
treatment or absence of light during treatment, 4light treatment uses 9 mW cm=2 and 100 J cm™2,
Slight treatment uses 20 mW cm=2 and 100 J cm~2, 6cool white visible (400-700 nm), ’n.d. = not

determined due to a steep hill slope.
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Appendix Table $6. Comparison of (photo)cytotoxicities of 1-9 under four different

conditions in male melanoma SKMEL28 cells at UTA

omod ECso + SEM (uM) PI
P Dark3 733 nm* | 633nm® | 523 nm5 | Visible5¢ | 733 nm* | 633 nm* | 523 nm5 | Visible®8

154 + 1.83 143 ¢ 1.02 0.702 £

1.1 0.07 0.11 0.23 n.d.” 8 " 15 22
1.56 0.798 0.424 + 0.292 +

1056 0.04 0097 0073 0016 67 132 248 360
36.2 + 495+ 16.2 13.7 114 +

3.0 n.d.” 1.2 0.5 n.d.” 1 2 3 32
49.7 12.6 £ 7.61+ 595+ 3.29 +

n.d.” 2.5 0.06 0.22 0.16 4 / 8 15
50.0 + 16.0 £ 149+ 6.09 + 1.27

3.3 1.1 0.9 0.28 0.21 3 3 8 39
919+ 1.29 ¢ 1.37 ¢ 0.407 0.359 £

5.9 0.18 0.10 0.084 0.026 7 67 226 256
67.3

256 + 8 167 £ 6 1277 122+ 6 17 2 2 2 4
96.8 + 615+ 41.7 £
131+3 112+ 5 43 13 nd.7 1 1 2 3

94.0 + 1.56 1.52 £ 0.720 £ 0.602 £

7.5 0.18 0.04 n.d.” n.d.” 60 62 131 156

'Effective concentration to reduce cell viability to 50% (ECso) and standard error of
the mean (SEM), 2phototherapeutic index (PI) provides the ratio of dark (sham) to light
treatment, 3dark treatment or absence of light during treatment, “light treatment uses 9
mW cm™2 and 100 J cm™2, ®light treatment uses 20 mW cm™ and 100 J cm™2, 8cool white
visible (400-700 nm), "n.d. = not determined due to a steep hill slope.
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Appendix Table S7. Comparison of leads 1, 6, and 9 for (photo)cytotoxicity in normoxia

vs. hypoxia in 96-well plates

ECso £ SEMT (uM) PP
cmpd | Cell Line OX},'/?e” Dark? 633 nm* Visible*5 633 nm* | Visible*s
2 | SKMEL28 | 185 | 633x14 | O>%0F 0.543 + 0.009 122 116
6 | SKkMEL28 | 185 [ 69.4z06 | O80* 0.595 + 0.005 115 117
9 | SKMEL28 | 185 1033 0ot 0.591 + 0.006 157 174
R | SKMEL28 | 185 13545 AN 0.083 + 0.001 221 1631
2 | SKMEL28 1 420411 | 214+23 37619 2 1
6 | SKMEL28 1 67.9+08 | 67.1+22 78.2+0.9 1 1
9 | SKMEL28 1 90.9+20 | 33458 71.0+35 3 1
R | SKMEL28 1 136 + 3 133+6 117 £ 2 1 1

'Effective concentration to reduce cell viability to 50% (ECso) and standard error of the mean
(SEM), 2phototherapeutic index (Pl) provides the ratio of dark (sham) to light treatment, 3dark
treatment or absence of light during treatment, 4light treatment uses 20—30 mW cm=2 and 100 J
cm™2,5cool white broadband visible source (400-700 nm), éreference R1 = oxygen sensitive PDT
agent [Ru(bpy)2(dppn)]Cla.
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Appendix Table S8. Correlation parameters for Log (®a) versus Log (PI)

Cell line A375 B16F10 SKMEL28
Pearson r coefficient 0.9540 0.9860 0.9773
95% ClI 0.7910 to 0.9905 0.9327 to 0.9972 0.8923 to 0.9954
R2 0.9101 0.9723 0.9551
_ <0.0001
p-value (a=0.05)" <0.0001 <0.0001

atwo-tailed p-test, p<0.05 = statistically significant
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Appendix Figure S50. Light controls on ML8500 with SKMEL28 cells at tested

treatments with higher fluence and wavelength included for 753, 810, and 976 nm.

428



Relative cell viability (%)
1Hnna

°

00 I 2
75 =5
== 10
50 15
20
25 30
40
50

Concentration (M) Concentration (M) Concentration (uM)

0o I f Eluence (Jcm?)

7! =5
= 10

5 = 15
- 20

2 - 30
- 40
- 50

N NS o & NS NS < & NS NS o &

Relative cell viability (%)
s ¥ 8 3 B8
[N R RN ]
85883392

g
Relative cell viability (%)
s % 8 3 8

3

8

b

Relative cell viability (%)
s % 8 3 8
[RRRRRIRIN |
8588532
g
Relative cell viability (%)
s % 8 3 B
rnnngnna
8888aa3 "2
g
Relative cell viability (%)
°

Concentration (M) Concentration (uM) Concentration (uM)

00 Fluence (1 cm?) oot Fluence (Jem?)
w0 (Dark) E

75 5 ¥ 75 5
= 10 = 10

50 =15 50 =15
- 20 = 20

2. - 30 E 2. - 30
-4 -0
- 50 o -5

K3 K & & K K & & K3 K) & &

523 nm

Relative cell viability (%)

o

Relative cell viability (%)
¥ g8 3 B8
[NE N R |
8888a32
g
Relative cell viability (%)
°

Concentration (M) Concentration (uM) Concentration (M)

00, » E 2 001 Fluence (J cm™?
0 (Dark) E 0 (Dark)
7 5 3 75 5
10 E 10
5 15 15
20
2! 30 E 2
40
50 0.

K3 K o & K K o & K K o K

0 (Dark)

a

10
15
20
30
40

8

.
Relative cell viability (%)
3

rnnnnna

Relative cell viability (%)
¥ 8 3 B8

[RER R RRIN]

a o

Relative cell viability (%)

o ¥ 8 8

rnnnnnna
85883

o

Concentration (uM) Concentration (uM) Concentration (M)

Appendix Figure S51. Fluence dependence (£ SD) of compounds (left) 2, (middle) 6,
and (right) 9 against SKMEL28 cells with row-wise 733 nm, 633 nm, 523 nm, and cool

white vis treatments at 10 mW cm™ and fluences ranging from 0-50 J cm™.
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Appendix Figure S52. Alternate plotting for the fluence dependence (+ SD) of
compounds (left) 2, (middle) 6, and (right) 9 against SKMEL28 cells with row-wise 733
nm, 633 nm, 523 nm, and cool white vis treatments at 10 mW cm™2 and fluences ranging

from 0-50 J cm™2.
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Appendix Figure S$533. Irradiance dependence (+ SD) of compounds (left) 2, (middle)

[ N R |

0 (Dark)

6, and (right) 9 against SKMEL28 cells with row-wise 733 nm, 633 nm, 523 nm, and cool

white vis treatments at 10 J cm™ (0 J cm™2, Dark) and irradiances ranging from 2—10

mW cm™.
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Appendix Figure S54. Alternate plotting for the irradiance dependence (£ SD) of

'
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compounds (left) 2, (middle) 6, and (right) 9 against SKMEL28 cells with row-wise 733

nm, 633 nm, 523 nm, and cool white vis treatments at 10 J cm™2 (0 J cm~2, Dark) and

irradiances ranging from 2-10 mW cm™,
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