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Abstract

Ovarian cancer represents one of the most common forms of female gynecological cancer. The
existing treatment modalities include surgery and chemotherapy, which are unable to treat local
and long-distant micro-metastases. Near infrared photoimmunotherapy (NIR-PIT) is a newly
developed treatment strategy that can selectively kill the cancer cells and induce immunogenic
cell death and thereby stimulate anti-tumor immune responses. In this study, we developed five
NIR-PIT agents by conjugating scFv-SNAP tag fusion proteins with BG-modified IRdye700
to target ovarian cancer cells, which expressed cell surface antigens EGFR, Her2, FOLRI,
TROP2 and TF. The flow cytometry and microscopic studies confirmed the specificity of all
the investigated NIR-PIT agents binding to corresponding overexpressed cancer cells. We
demonstrated that all five NIR-PIT agents decreased the cell viability in a concentration
dependent manner with ICso values of ~42-283 nM. Moreover, all the examined NIR-PIT
agents induced cell death by ~80-92% among them the most representing cell death occurred
by irreversible necrosis or regulated necrosis. The NIR-PIT agents triggered major hallmarks
of immunogenic cell death, cell surface expression of calreticulin, HSP70, HSP90 and the
extracellular release of ATP and HMGBI1. Furthermore, co-culturing immature dendritic cells
with EGFR and TF targeting NIR-PIT agents mediated dying cancer cells enhanced dendritic
cell maturation, as indicated by increased expression of CD80, CD86, CD40 and HLADR.
Taken together, our results suggested that all five investigated NIR-PIT agents have great

potential to be applied for ovarian cancer treatment.
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Zusammenfassung

Das Ovarialkarzinom ist eine der haufigsten Formen von gynakologischen Krebserkrankungen
bei Frauen. Die bestehenden Behandlungsmethoden umfassen operative Verfahren und
Systemtherapien im Sinne von Chemotherapien, Antiangiogenese und PARP-Inhibition. Diese
sind jedoch vielfach nicht in der Lage, lokale und distante Mikrometastasen zu eliminieren.
Die  Nahinfrarot-Photoimmuntherapie ~ (NIR-PIT) ist eine  neu  entwickelte
Behandlungsstrategie, die selektiv Krebszellen abtéten und immunogenen Zelltod induzieren
kann, wodurch anti-tumorale Immunantworten stimuliert werden. In dieser Studie entwickelten
wir funf NIR-PIT-Reagentien, indem wir scFv-SNAP-Tag-Fusionsproteine mit BG-
modifiziertem IRdye700 konjugierten, um Ovarialkarzinomzellen zu targetieren, die die
Zelloberflachenantigene EGFR, Her2, FOLR1, TROP2 und TF exprimierten. Die
Durchflusszytometrie- und mikroskopischen Untersuchungen bestétigten die Spezifitét aller
untersuchten NIR-PIT-Agenten bei der Bindung an die entsprechenden/korrespondierenden
uberexprimierten Oberflachenantigene der Krebszellen. Wir konntenzeigen, dass alle funf
NIR-PIT-Reagenten die Zellviabilitat konzentrationsabhangig mit 1Cso-Werten von etwa 42-
283 nM verringerten. Zudem induzierten alle untersuchten NIR-PIT-Agenten eine Zelltodrate
von etwa 80-92%, wobei der GroRteil des Zellsterbens durch irreversible Nekrose oder
regulierte Nekrose erfolgte. Die NIR-PIT-Agenten losten wesentliche Merkmale der
immunwirsame Zellzerstérung aus, wie die Zelloberflachenexpression von Calreticulin,
HSP70, HSP90 und die extrazelluldre Freisetzung von ATP und HMGB1. AulRerdem forderte
die Co-Kultur unreifer dendritischer Zellen mit EGFR- und TF-targetierten NIR-PIT-Agenten,
die sterbende Krebszellen vermittelten, die Reifung dendritischer Zellen, was durch die erhéhte
Expression von CD80, CD86, CD40 und HLADR angezeigt wurde. Zusammenfassend deuten
unsere Ergebnisse darauf hin, dass alle funf untersuchten NIR-PIT-Reagenzien ein grof3es

Potenzial fiir die Anwendung bei der Behandlung des Ovarialkarzinoms haben.
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1 Introduction

Cancer is a complex disease involved in the development of abnormal cell growth. It is caused
by genetic, chemical, or environmental factors for instance gene mutations, radiation, chronic
inflammation, viral infection and hormonal imbalances (Barot et a/ 2023). Cancer is one of the
most prevalent diseases and the second leading cause of death worldwide (Bray et a/ 2021). In
2022, the most common diagnosed cancers are lung cancer (12.4%), female breast cancer
(11.6%), colorectal cancer (9.6 %), prostate cancer (7.3%) and stomach cancer (4.9%) (Bray et
al 2024). Besides these, gynecological cancers including cervical, ovarian and endometrial
cancer have a serious impact on women's health worldwide (Siegel et al 2019; Siegel et al
2023; Siegel et al 2024). Cancer treatment is challenging because of the complexity and
diversity of the disease, resistance to treatment and toxicity of the therapies (Barot e al 2023;
Phi et al 2018). Next-generation sequencing, artificial intelligence, machine learning, biopsy

and digital pathology are utilized in patient-specific cancer treatment (Barot et al 2023).
1.1 Ovarian cancer

Ovarian cancer (OvCa) is the most fatal female gynecological cancer (Stewart ef a/ 2019). In
USA, OvCa is the fifth leading cause of cancer-related deaths among women. In 2024,
approximately 12,740 women of OvCa are projected to die in USA and the estimated number
of new cases will be 19,680 (Siegel et al 2024). In 2022, the estimated new cases of OvCa were
324,398 worldwide among them 206,839 patients died (Bray et al 2024).

OvCa can develop from three kind of cells: epithelial cell, germ cell, and sex-cord-stromal cell.
Epithelial OvCa is the most common which is approximately 85-95% and the second most
common cause of death among all the gynecological cancers. There are four primary
histological subtypes of epithelial OvCa: serous, endometrioid, mucinous, and clear cell.
Serous tumors are categorized into two classifications: high-grade serous carcinomas (70-80%

of all subtypes of epithelial cancer) and low-grade serous carcinomas (Stewart et a/ 2019).

Many known risk factors may increase the development of OvCa including genetic factors,
age, obesity, hormone therapy, infertility treatment and others (Momenimovahed et a/ 2019).
Germline mutations in BRCA genes are the most known genetic risk factors which is also
associated with most subtypes of epithelial OvCa (Zhang et al 2011). Besides BRCA genes,
other germline mutations in DNA repair genes, such as PALB, BRIPI, MSH2, MLH1, PMS2,
RAD51C and RADS5 1D can increase the risk of developing OvCa (Norquist et al 2016; Walsh



et al 2011). Moreover, inherited mutations in other DNA repair genes, CHEK2, MRE1IA,
RADS50, ATM and TP53 might also cause OvCa (Matulonis et al 2016).

Currently available clinical approaches for screening OvCa include the clinical investigation
with the use of a transvaginal ultrasonography for physical assessment by clinicians and
measurements of protein biomarker cancer antigen 125 (CA125) in serum level or use in
combination. Although these screening modalities are unable to increase the survival rate, they
can help to detect early-stage cancers (Liberto et al 2022). After diagnosis of OvCa, the
physicians need to determine the staging that describes the abundance of cancer cells in the

body (Figure 1).

Stage I: Tumor confined to ovaries or fallopian tube(s)

IA: Tumor limited to 1 ovary (capsule intact) or fallopian tube; no tumor

on ovarian or fallopian tube surface; no malignant cells in

the ascites or peritoneal washings

IB: Tumor limited to both ovaries (capsules intact) or fallopian tubes; no tumor on ovarian
or fallopian tube surface; no malignant cells in the ascites or peritoneal washings

IC: Tumor limited to 1 or both ovaries or fallopian tube(s) with any of the following:

IC1: Surgical spill intraoperatively

IC2: Capsule ruptured before surgery or tumor on ovarian or fallopian tube surface

IC3: Malignant cells in the ascites or peritoneal washings

Stage II: Tumor involves 1 or both ovaries or fallopian tubes with pelvic
extension (below pelvic brim) or primary peritoneal cancer

ITA: Extension and/or implants on uterus and/or fallopian tubes and/or fallopian tubes
and/or ovaries
11B: Extension to other pelvic intra-peritoneal tissues

Stage II1: Tumor involves 1 or both ovaries or fallopian tubes, or
primary peritoneal cancer, with cytologically or histologically
confirmed spread to peritoneum outside the pelvis and/or
metastasis to retroperitoneallymph nodes

IIIA1: Positive retroperitoneal lymph nodes only

IIIA2: Microscopic extra-pelvic (above the pelvic brim) peritoneal
involvement with or without positive retroperitoneal lymph nodes
[1IB: Macroscopic peritoneal metastasis beyond the pelvis up to 2 cm

in greatest dimension, with or without metastasis to the retro-peritoneal lymph nodes
IIIC: Macroscopic peritoneal metastasis beyond the pelvis more than 2 cm in Stage I1IB
greatest dimension, with or without metastasis to the retro-peritoneal lymph nodes

Stage IV: Distant metastasis excluding peritoneal metastases

IVA: Pleural effusion with positive cytology
IVB: Parenchymal metastases and metastases to extra-abdominal organs

Figure 1: FIGO staging of OvCa (Javadi et al 2016; Meinhold-Heerlein et al 2015; Zeppernick et al 2014).



Moreover, staging helps to determine the best treatment strategy (Oliveira et al 2021). OvCa
treatment is difficult because almost 75% of cases are diagnosed in stage III or IV (Doubeni ef
al 2016; Sambasivan 2022). The clinical relevant FIGO (International Federation of
Gynecology and Obstetrics) stage is determined during the primary operation (“surgical
staging”). The FIGO stage is the basis for the stage-dependent further treatment (Meinhold-
Heerlein et al 2015; Zeppernick et al 2014). Rapid disease development (local to distance
metastasis), resistance to therapies and relapse after treatment are also responsible for the high

mortality rate of OvCa (Lheureux et a/ 2019).

1.1.1 Ovarian cancer treatment

Despite the advancement in treatment modalities such as extensive surgical cytoreduction and
newer adjuvant treatment, the overall survival rate remains lower than 40% for stage III and
20% for stage IV OvCa patients (Sambasivan 2022; Torre et al 2018). The treatment strategies
for OvCa depend on its pathological stages. Current therapeutic choices for OvCa treatment
are combining debulking surgery and drug treatment (Stewart e al/ 2019). In addition,
treatments with cytotoxic T cell infiltration in ovarian tumors and tumor-specific antibodies

increased the overall survival rate (Hwang et al 2012; Zhang et al 2003).
1.1.1.1 Surgery

Debulking surgery is the most commonly used treatment for OvCa patients by which maximal
reduction of tumor and precise intra-abdominal staging can be possible (Hishida ef a/ 2021).
For stage III-IV OvCa, primary debulking surgery followed by platinum-based chemotherapy
has become standard treatment (Armstrong et a/ 2022, Sambasivan 2022). The TRUST trial
evaluates the value of a neoadjuvant systemic treatment before debulking surgery (Mahner et
al 2017; Reuss et al 2019). The DESKTOP trial series have defined the AGO score which helps
to identify relapsed cases who benefit from surgery. Furthermore, they evaluated the value of
debulking surgery for relapsed cases showing an improved overall survival for platin-sensitive
cases with positive AGO score In contrast, patients with platin-resistant tumors e.g. with

relapse after less than one year, do not benefit from secondary surgery (Harter et a/ 2021).
1.1.1.3 Chemotherapy

Chemotherapy is widely used in OvCa treatment depending on the stage of the cancer.
Carboplatin in combination with paclitaxel represents the gold standard for primary systemic

treatment. Since about 15 years, the angiogenesis inhibitor bevacizumab has been added due



to its improvement of the progressive free survival in advanced stages of high-grade serous
cancers (Oza et al 2015; Pfisterer ef al 2006; Tewari et al 2019). Recently, the PARP inhibitors
such as olaparib and niraparib in combination with carboplatin and paclitaxel have improved
not only the progressive-free, but also the overall survival in patients with most subgroups of
ovarian cancer. In general, 80 % of ovarian cancers show sensitivity to platinum-based
chemotherapy (Yang et al 2022). Additional cytostatic drugs such as anthracyclines and others
can be used. In addition, various sequences and combinations utilizing bevacizumab and PARP
inhibitors are also utilized when a relapse occurs. Chemotherapeutic agents have short- and
long-term side effects and toxicity and loose their effectivity over time (Nurgiil et al 2018).
Therefore, there is an important need to develop new therapeutic strategies that are effective
even in highly pre-treated cancer cases and show little side-effects at the same time

(Konstantinopoulos and Matulonis 2023).
1.1.1.3 Molecular targeted therapy

Molecular targeted therapies are emerging as ground-breaking and promising cancer treatment
strategies that inhibit cancer growth and metastasis by interfering with specific molecules. Ideal
target identification is important to develop successful molecular targeted therapies in cancer.
The therapeutic agents can act as a cell surface antigen, can bind receptors or influence growth
factors and signal transduction pathways which regulate the cell cycle progression, metastasis
and cell death (Lee ef al 2018). Drugs used in molecular targeted therapy can interfere with the
regulation of the cell cycle, induce cancer cell death and inhibit the signals for the promotion
of cancer cell growth. Several molecular targeted therapeutic agents also trigger antitumor
immune response by inducing immunogenic cell death (ICD), recruiting CD8" T-cell and
inhibiting the progression immunosuppressive myeloid cells (Min and Lee 2022). Agents used
in molecular targeted therapy can be small molecules, therapeutic monoclonal antibodies
(mAD) or their fragments, small peptides or gene therapy approaches (Lee ef al 2018; Zhong
et al 2021). As already mentioned, potential targeted therapeutic agents include poly ADP-
ribose polymerase (PARP) inhibitors, angiogenesis inhibitors, inhibitors for DNA repair
mechanisms, tumor-intrinsic signaling pathway inhibitors and selective estrogen receptor
down-regulators, (Shigetomi et a/ 2012; Wang et al 2020). Other potential therapeutic targets
include folate receptor o (FOLR1), RAS/RAF/MER pathway, PI3K/AKT pathway and immune
checkpoints (Guan and Lu 2018). Drugs targeting angiogenesis such as anti-VEGF antibody
(Bevacizumab) have been used in OvCa treatment in combination with chemotherapy and as

maintenance treatment post chemotherapy (Figure 2) (Haunschild and Tewari 2020).



Moreover, some PARP inhibitors (Olaparib, Rucaparib, Niraparib) have been approved by US
Food and Drug Administration (FDA) for the treatment of advanced or recurrent OvCa (Wang

et al 2020).

. . Nintedanib
FGFR Nintedanib Pazopanib

Pazopanib
Nintedanib

Cediranib

A
B) b ®
Ang 1/2 .. VEGF % Y Aflibercept
. Bevacizumab _.,"
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Y
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Niraparib
Rucaparib

Figure 2: Key therapeutic targets of OvCa. PDGFR, platelet-derived growth factor receptor; TCR, T-cell receptor;
VEGEF, vascular endothelial growth factor; VEGFR, VEGF receptor; APC, antigen-presenting cell; FGFR,
fibroblast growth factor receptor; MHC, major histocompatibility complex; PARP, poly (adenosine diphosphate-
ribose) polymerase; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1 (Reprinted with
permission from Guan and Lu 2018, Copyright 2024 Discovery Medicine under an open access Creative Common

CC BY license).
1.1.1.4 Antibody drug conjugate

Antibody-drug conjugate (ADC) is a promising type of targeted treatment (Calo and O'Malley
2021). ADC comprises of mAb to target cancer cell specific antigens conjugated with a potent
cytotoxic agent using a linker which is stable and ensures the delivery of cytotoxic payload that
induce cell death (Karpel et a/ 2023). Cancer cells differentially express cancer-specific
antigens, which can be used to target ADCs while minimizing systemic toxicity compared to
classical chemotherapeutic agents. After administration of ADCs intravenously, the antibody
part of ADC recognizes and attaches to its target followed by internalization into the cell via
receptor-mediated endocytosis (Figure 3). The linker of ADCs can be either cleavable or non-
cleavable (Chau et a/ 2019). The free cytotoxic warheads are released into the cytoplasm by

hydrolysis, proteolysis or reductive cleavage of disulphide bonds, where they interfere with the
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cellular mechanisms, induce apoptosis, and ultimately cause cell death (Khongorzul et al

2020).
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Figure 3: Mechanism of action of ADC (Created with Biorender.com).

More than 15 ADCs are under preclinical investigation in OvCa. Some of the ADCs have
promising results in early-phase clinical trials (Manzano and Ocana 2020). Many cytotoxic
agents have been used as ADC payload and most promising ADCs utilize microtubule-targeting
and DNA-damaging agents (Marmé 2022). In human epidermal growth factor receptor 2
(Her2)-positive breast cancer, Trastuzumab-deruxtecan was approved targeting Her2 (Keam
2020). Mirvetuximab soravtansine is a FOLR1 targeting ADC that received FDA accelerated
approval for treating FOLR1 positive and platinum-resistance epithelial OvCa (Dilawari et al

2023, Heo 2023).
1.1.1.5 Photodynamic therapy

Photodynamic therapy (PDT) is a targeted treatment mostly depending on the generation of
cytotoxic singlet oxygen and other reactive oxygen species that can directly destroy tumor cells
via the activation of a photosensitizer (PS) by exposing to light at a corresponding wavelength

(Figure 4) (Gunaydin et al 2021; Liu et al 2021; Wang et al 2021).
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Figure 4: Schematic illustration of photodynamic reactions of PDT. PS absorbs energy from light that generate
reactive oxygen species by either type I or type II and kill tumor cells (Reprinted with permission from Sai et a/

2021, Copyright 2021 Springer Nature under a Creative Commons Attribution 4.0 International License).

mAb targeting CA125 antigen, which is expressed in 80% of non-mucinous OvCa, is
conjugated with a chlorin-based PS (chlorin e6 monoethylendiamine monoamide) that shows
selective phototoxicity to OvCa cells (Goff et al 1996). Moreover, FOLR1 targeted PDT was
developed by conjugating folic acid to pyropheophorbide a-polyethylene glycol for
intraperitoneal OvCa (Baydoun ef al 2023). Over 40 years, PDT has been used to treat cancer.
PDT is associated to induce antitumor immune response but not powerful enough to treat
metastatic tumor because immunosuppression of tumor microenvironment could limit the
antitumor immunity (Li ef a/ 2020; Shen et a/ 2020). To solve this problem, a combination of
PDT with immune checkpoint inhibitor and immuno-adjuvant is applied for synergistic
treatment of tumors (Shen et al 2020). Most of the PDTs are unable to destroy deep tumors
which can be overcome by using fiber optics inserted under interstitial photodynamic therapy
(Shafirstein et al 2017). Moreover, nano-targeted photodynamic immunotherapy can be able
of better tumor targeting and generating less side effects to the surrounding cells as compared
to conventional PDT (Liu ef a/ 2021). The PDT and ADC treatment have some side effects that
highlighting the need to develop new therapeutic modalities.



1.2 Near-infrared photoimmunotherapy

Near-infrared photoimmunotherapy (NIR-PIT) is a newly developed, fastest growing
photoimmunotherapeutic approach for cancer treatment that utilizes a mAb or their fragments
conjugated with a photo-activable phthalocyanine-derivative dye, IRDye700DX (IR700)
(Kobayashi and Choyke 2019; Kobayashi et a/ 2021; Mitsunaga et a/ 2011). Firstly, the
antibody IR700 conjugates is introduced into the patient to bind with the cancer cells. After
local exposure of NIR light to the tumor, rapid and selective cancer cell death occurs by
activating the antibody IR700 conjugates. This approach induces the ICD by releasing damage-
associated molecular patterns (DAMPs), tumor-associated antigens (TAAs) and triggering an
antitumor immune response (Maruoka et al 2021; Mohiuddin ef a/ 2023; Nakajima and Ogawa
2024). However, this antitumor immune response is not sufficient to treat the metastatic tumor
because of the rapid development of immune suppressive cells in the tumor microenvironment
(Li et al 2020; Shen et al 2020). Therefore, immune regulatory cells targeting NIR-PIT is used
in combination with cancer cells targeting NIR-PIT to induce robust antitumor immune
response. In addition, a combination of NIR-PIT with immune checkpoint inhibitors and
immunoadjuvants can be applied as a synergistic treatment against tumor cells (Shen et a/
2020). NIR-PIT demonstrates promising success both in preclinical and clinical applications
for treating different cancers for more than a decade (Paraboschi er al 2021). To enhance the
tumor immunogenicity, targeting capability, stability, and flexibility of NIR-PIT agents,
different cancer cells and regulatory cells targeting moieties are used in NIR-PIT (Peng et al

2022; Xu et al 2020; Zou et al 2021).

1.2.1 Antibody and antibody mimetic-based NIR-PIT

Tumor growth and their progression might be associated with an increased expression of
receptors involved in the regulation of certain signaling pathways. Therefore, targeting these
receptors using specific ligands such as antibodies, their fragments, and mimetics can enhance
tumor cell selectivity and the surrounding tissue remain unaffected (Even-Desrumeaux et al
2011). In NIR-PIT, mAb and antibody derivatives such as fragment antigen-binding (Fab),
single chain antibody fragment (scFv), diabody, minibody, nanobody, as well as antibody
mimetics, were used to conjugate IR700 for producing photo-immunoconjugates (Figure 5)
(von Felbert et al 2016; Fernandes ef al 2019; Mitsunaga et al 2011; Wollschlaeger et al 2018).
Most clinical and preclinical studies involve cetuximab and panitumumab conjugated with

IR700 for targeting the membrane receptor epidermal growth factor receptor (EGFR)



overexpressing cancer cells (Mussini et al 2022; Okada et al 2022). Furthermore, pertuzumab-
IR700 and trastuzumab-IR700 showed antitumor effects of Her2-expressing cancer cells
(Hirata et al 2021; Mitsunaga et al 2011; Nishimura et al 2020; Sato et al 2015a; Sato et al
2015b). Besides targeting the EGFR and Her2, several antibodies targeting different TAAs are
used to generate NIR-PIT reagents for example, anti-CD44 antibody (Maruoka et a/ 2020),
anti-prostate-specific membrane antigen (PMSA) antibody (Nagaya et a/ 2017), anti-CD47
antibody (Kiss et al 2019; Yang et al 2022), anti-epithelial cell adhesion molecule (EpCAM)
antibody (Isoda et al 2018), and anti-tumor-associated calcium signal transducer 2 (TROP2)
antibody (Nishimura ef al 2019).

Besides the full-length mAb, their fragments such as scFv and Fab, lacking the antibody Fc
region, are also used to develop NIR-PIT reagents. These fragments have efficient tumor
penetration, and faster tissue clearance because of their smaller molecular size. For example,
scFv against EGFR (Bauerschlag et al/ 2017; Mitsunaga et al 2011), EpCAM, and chondroitin
sulphate proteoglycan (CSPG4) (Amoury ef al 2016) are used to generate NIR-PIT agents for
treating skin, breast and OvCa. Furthermore, F(ab’)2-IR700 targeting CD25 demonstrated
selective elimination of tumor-infiltrating regulatory T cells (Tregs) only within the tumor
microenvironment, resulting in upregulation of the anti-tumor immune responses (Maruoka et

al 2021; Sato et al 2016).
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Figure 5: Schematic diagram depicting structure of an IgG molecule and a variety of engineered antibody formats
conjugated with IR700 which are used in NIR-PIT (Reprinted and adopted with permission from Fu ef al 2018,

Copyright 2018 Wiley under an open access Creative Commons Attribution 4.0 International License).

Moreover, affibody molecules are small (6.5 kDa) affinity proteins which are used to generate
NIR-PIT. It can bind protein targets with a high affinity and selectivity (Frejd and Kim 2017,
Stahl et al 2017). Affibody has the abilities of good tumor penetration, rapid clearance, and can
even pass the blood-brain barrier due to its small size (Tolmachev ef al 2007). Recently, Her2

affibody (Zner2:2395)-IR700 is developed that triggers ICD of the targeted cells, resulting in



maturation of dendritic cell (DC) and induction of anticancer immunity (Maczynska et al 2020;
Yamaguchi ef al 2021). In addition, EGFR affibody (Zrcrr:03115)-IR700 exhibits brain tumor
destruction by inducing ICD and altering an immunosuppressive tumor into an immune-
sensitive one (Burley ef al 2018; Maczynska et al 2022). In addition, a dimeric platelet-derived
growth factor receptor § (PDGFRp) aftibody (Zppcrrp)-IR700 showed PDGFRf overexpressed
pericytes cell death, resulting in damage of the tumor blood vessels, thereby inducing tumor
destruction (Shi et al 2017). Therefore, affibody molecule could be an attractive alternative to

mADb for designing the NIR-PIT.

Moreover, diabody and minibody targeting PSMA are used in NIR-PIT, for instance PSMA-
diabody-IR700 and PSMA-minibody-IR700 that showed significant inhibition of tumor
growth and enhance survival rate (Watanabe ef a/ 2015). In addition, nanobodies are also used
in NIR-PIT which are highly soluble and physically stable (Jov¢evska and Muyldermans 2020).
G protein-coupled receptor nanobody-IR700 demonstrated selective cell death of US28-
expressing glioblastoma cells (De Groof et a/ 2019).

1.2.2 Peptide and small ligand-based NIR-PIT

Besides antibodies and their fragments, short peptide targeting TAAs of the target cells can be
used in NIR-PIT by conjugating with IR700. For instance, a nanoconjugate is developed by
binding IR700 with arginine-glycine-aspartic acid (RGD) peptide linked with human serum
albumin. This RGD peptide nanoconjugate shows effective cancer-specific delivery and
massive cancer cell killing properties by targeting the integrins, which are highly expressed in
several cancers (Li et al 2017). Moreover, multiple cyclic RGD peptides can be used to obtain
better accumulation into the target sites and significant inhibition of the tumor growth (Dou et
al 2018). In addition, Low-molecular-weight (LMW) ligands are also used in NIR-PIT for
targeting cancer antigens due to their efficient tumor penetration and reduced immunogenicity
(Liu et al 2019; Sasikumar et al 2017). Recently, a study showed that IR700 conjugated LMW
ligand targeting PSMA induces cancer cell death (Nakajima et a/ 2021).

1.2.3 Therapeutic mechanism of NIR-PIT

The NIR-PIT enhances tumor specificity over PDT by engaging the selective target using
highly specific mAb. The mechanisms of NIR-PIT induced cell death remain unclear. The

current evidence of the mechanisms of NIR-PIT are discussed in the following section.
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1.2.3.1 Physicochemical reaction after NIR light exposure

Cancer targeting moiety of antibody IR700 conjugates binds specifically to the tumor after
intravenous injection the conjugates. After NIR light exposure, a photochemical ligand reaction
occurs that releases the hydrophilic side chains of IR700 which in turn makes the remaining
molecule hydrophobic. Unbound antibody IR700 can be easily removed by urinal excretion
system. Moreover, it is reported that the photochemical reaction changes antibody IR700
conjugates bound cell membrane to water insoluble aggregates which causes cells swelling and
subsequently releases the intracellular materials and leads to necrotic cell death (Kobayashi et
al 2021; Kobayashi and Choyke 2019; Kobayashi et al/ 2020; Monaco et al 2022; Sato et al
2018). Internalized NIR-PIT agents also have cytotoxic effects and can induce necrotic cell
death, which causes significant leakage of the lysosomal contents into the cytosol (Figure 6).
Nevertheless, cytotoxicity by NIR-PIT is weaker in lysosomes than in the plasma membranes

(Nakajima and Ogawa 2020).
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Figure 6: Physicochemical changes in antibody IR700 conjugates. An antibody IR700—antigen complex is formed
on the antigen on the cell membrane and internalised antibody IR700 is localized in lysosomes after endocytosis
(left). Upon NIR light exposure, axial ligands are released from the IR700 molecule (middle). The photochemical
reaction changes antibody IR700 conjugates to water insoluble aggregates which causes cells swelling, rupture of
cell membrane and breaking the lysosomal compartments that leads to necrotic cell death (right) (Reprinted and
modified with permission from Maruoka et a/ 2021 and Mohiuddin et a/ 2023, Copyright 2024 Elsevier and MDPI

under an open access Creative Common CC BY license).
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1.2.3.2 ICD and anti-tumor immune augmentation

NIR-PIT induces the consequent cell swelling and bursting that represents an uncontrolled and
rapid cell death. This rapid cell lysis leads to the release of cytoplasmic antigens and DAMPs
such as calreticulin, high-mobility group box 1 (HMGBI1), adenosine triphosphate (ATP), heat
shock protein (HSP) 70, and HSP90 in the extracellular space, which is a characteristic feature
of ICD (Garg et al 2010; Kobayashi and Choyke 2019; Mitsunaga et al 2011; Nagaya et al
2019a; Ogawa et al 2017). These DAMP markers are responsible for the maturation of DCs,
which prime the naive CD8" T cells which is then proliferated due to the rapid release of
multiple neoantigens and can attack the residual cancer cells (Figure 7). The induced immune
cells can enhance systemic anticancer immune response via their migration throughout the

body and by attacking distant metastatic sites (Maruoka et al 2021).
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Figure 7: Biological mechanism of NIR-PIT induced ICD. This ICD triggers the antitumor host immunity against
treated cancer cells (Reprinted and modified with permission from Mohiuddin ez a/ 2023, Copyright MDPI under

an open access Creative Common CC BY license).

However, successful NIR-PIT therapy can be hindered by expanding tumor induced Tregs cells
which induces immunosuppression via different molecular mechanisms (Wan 2010).
Therefore, host immunity can be enhanced by NIR-PIT targeting immune suppressor cells,
resulting in the selective depletion of inhibitory immune cells. Several studies reported that

NIR-PIT selectively diminishes the Tregs within the TME without removing the local effector
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T cells, resulting in rapid activation and migration of CD8" T and NK cells that can kill the
local and long-distance cancer cells (Figure 8) (Maruoka et al 2021).
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Figure 8: Enhancement of systemic antitumor host immunity induced through selective depletion of Tregs by NIR-
PIT (Reprinted and modified with permission from Mohiuddin et al 2023, Copyright MDPI under an open access

Creative Common CC BY license).

1.2.4 Super-enhanced permeability and retention (SUPR)

NIR-PIT selectively kills the tumor cells without affecting the surrounding normal cells by
targeting the overexpressed antigen on the target cells (Mitsunaga et al 2011). NIR-PIT can be
applied repeatedly to suppress residual cancer cells and recurrence cancer attacks (Mitsunaga
et al 2012). NIR-PIT has distinct features related to its effect on tumor vascularity. After NIR
light exposure, the NIR-PIT bound perivascular cells undergo necrosis, generating a space
between the vessels and the remaining tumor mass wall, increase in blood volume, and decrease
in blood velocity which enhances the vascular permeability of the nanosized drug in the treated
tumor bed (Figure 9). This nanodrugs can remain for several days in the tumor bed. This SUPR
of NIR-PIT enhances the delivery of nanodrugs into the tumor bed (Kobayashi and Choyke
2019; Kobayashi et al 2020). A combination of NIR-PIT and anticancer nanodrugs has more
efficient therapeutic effects compared to individual therapy (Nishimura et a/ 2020; Okada et al
2021).
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Figure 9: The mechanism of SUPR effects induced by NIR-PIT (Reprinted with permission from Kobayashi and
Choyke 2019, Copyright 2024 Royal Society of Chemistry under an open access Creative Commons Attribution

4.0 International License).
1.2.5 NIR light delivery method for NIR-PIT

To attain effective therapeutic activities, the delivery of NIR light to the target site is very
crucial. NIR light can enter approximately 2 cm into the tissue from the surface of the exposure
(Maruoka ef a/ 2021). NIR light can be administered to the tumor sites for instance in the mouth
and skin with a conventional extracorporeal apparatus that has a frontal diffuser (Henderson
and Morries 2015). A fiber optic diffuser under endoscopic guidance is developed to deliver
NIR light into the deeply located tumor, such as peritoneum and thorax tumor (Figure 10A)
(Nagaya et al 2018; Nagaya et al 2019b). To overcome the limitations of conventional external
irradiation devices and endoscope diffusers, a novel catheter mounted with light emitting
diodes is developed which has the ability to reach deep tissue and irradiation, non-kinking
properties and resistance to thermal burn (Hirata et al 2021). Recently, an endovascular-
therapy-based light illumination technology (ET-BLIT) was developed using a single lumen
catheter system containing a partial transparent catheter with a transparent distal end connected
to the thermocouple head and a lateral light irradiation specific optical light diffuser (Figure
10). ET-BLIT helps to provide deep light irradiation within the organs of the body such as liver
and kidneys without damaging the blood vessel or other side effects (Tsukamoto et al 2022).
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Figure 10: Different NIR light delivery devices. A. Cylindrical light diffuser through the endoscope with a NIR
laser system (Reprinted with permission from Nagaya et al 2018, Copyright 2018 Wiley under an open access
Creative Common CC BY license). B. ET-BLIT. A tapered fiber is used to connect the multimode fiber (MM
fiber) and rotary joint to prevent light leakage. A rotary joint is used to rotate the optical light diffuser (Reprinted
with permission from Tsukamoto et al 2022, Copyright 2022 Elsevier under an open Creative Commons

Attribution-Non-Commercial License).
1.2.6 Monitoring the therapeutic effects of NIR-PIT

Real-time observation of tumor accumulation, therapeutic effect, and suitable NIR light
irradiation in NIR-PIT are important for precise treatment (Maruoka et al 2021; Zhang et al
2022). Several imaging modalities are used to measure the efficacy of NIR-PIT directly after
treatment. Bioluminescence imaging can be used preclinically to monitor the effectiveness of
NIR-PIT (Nakajima et al 2014). During NIR-PIT, IR700 fluorescence imaging is used to
confirm the accumulation of NIR-PIT agents in tumor tissues and the fluorescence signal
disappears after NIR light irradiation at 690 nm (Kobayashi and Choyke 2019; Sato ef a/ 2018;
Zhang et al 2022). Another imaging modality is 18F-fluorodeoxyglucose positron emission
tomography imaging which provides early metabolic changes in the tumors. It can be used to

evaluate the immediate treatment success in NIR-PIT-treated tumors (Sano ef al 2013).

Besides fluorescence imaging, optical coherence tomography (OCT) can be used to reveal
dramatic hemodynamic changes in tumor vessels during NIR-PIT. OCT shows the difference
in treated tumors compared to the untreated tumors (Liang et al 2014). Moreover, a two-
channel fluorescence fibre imaging system and two-photon microscopy with and without a
microprism are used to monitor the therapeutic effects and the micro-distribution of the NIR-
PIT agent from the tumor surface to the deep tumor during and after treatment (Tang et al
2017). In addition, early therapeutic effects, tumoricidal effects and hemodynamic changes
induced by NIR-PIT can be monitored by '*C MRI, BOLD MRI and photoacoustic imaging
(Kishimoto et al 2018; Zhang et al 2022). Recently, a customized camera system
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(LIGHTVISION) is designed to monitor the effect of NIR-PIT in real-time at wavelengths of
830 nm, which is far from the intense laser excitation light at 690 nm. This camera system can

detect indocyanine green and the fluorescence arising from IR700 during NIR-PIT (Inagaki et
al 2021).

1.2.7 Targeting molecules for NIR-PIT for cancer treatment

Many NIR-PIT agents were developed for targeting different types of cancers in the last twelve
years. At the beginning, EGFR and Her2 targeted NIR-PIT agents are developed and then
expanded to target diverse cancer cell surface antigens (such as EpCAM, CD44, CD47,
TROP2, PMSA, CD133, CAFs, CEA, CD20, CD146, Cadherin-17, VEGFR-2, CD25, CD29,
CD206, PD-L1 and CTLA4) by using the mAb, antibody fragment, and nanobody (Mohiuddin
et al 2023). However, NIR-PIT can be applied to any cancer if the available tumor antigens are
overexpressed (Maruoka ef al 2021). In last few years, regulatory T cells and myeloid derived
suppressor cells targeting (CTLA4, CD25, Ly6G, VISTA, Grl) NIR-PIT agents are used to
deplete the intra tumoral immunosuppressive cells. Moreover, NIR-PIT agents are generated
targeting tumor-associated macrophages (targeting CD209), cancer associated fibroblast
(targeting FAP) and cancer neo-vasculature (targeting VEGFR2) (Figure 11) (Kato et a/
2021b).
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Figure 11: Target molecules of NIR-PIT developed for cancer therapy. NIR-PIT can target surface molecules
expressing cancer cells, regulatory T cells, cancer-associated fibroblasts, tumor-associated macrophages and
neovascularity. FAP, fibroblast activation protein; CEA, carcinoembryonic antigen; MSLN, mesothelin; CDH-17,
Cadherin-17; TROP2, tumor-associated calcium signal transducer 2; GPA33, glycoprotein A33 antigen; DLL3,
delta-like protein 3; PDPN, podoplanin; ICAM-1, intercellular adhesion molecule-1; JAM-A, junctional adhesion
molecule-A; CLA, cutaneous lymphocyte antigen; VEGFR-2, vascular endothelial growth factor receptor 2; PD-
L1, programmed death-ligand 1; CTLA4, cytotoxic T-lymphocyte-associated protein 4; VISTA, V-domain
immunoglobulin suppressor of T cell activation; GR-1, granulocyte receptor-1 antigen; Ly6G, lymphocyte antigen
6 complex locus G6D. (Reprinted and modified with permission from Kato et a/ 2021b, Copyright MDPI under

an open access Creative Common CC BY license).
1.3 Regulated cell death

Regulated cell death (RCD) is triggered by the formation of signal amplification complexes
which is controlled by a variety of biomacromolecules. It is a ubiquitous process in living
organisms which is also known as programmed cell death when it occurs in physiological
conditions. In the last few decades, different forms of RCD are reported including apoptosis,
ferroptosis, necroptosis, pyroptosis, autophagy-dependent cell death, entosis, NETosis,
lysosome-dependent cell death and alkaliptosis (Peng et a/ 2022; Tang et al 2019). This study

is mainly focused on apoptosis, ferroptosis and necroptosis.
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1.3.1 Apoptosis

Apoptosis is a form of regulated cell death (RCD) mediated by proteases of the caspase family
which are caspase 3 (CASP3), CASP6 and CASP7, and initiated by CASP8 and CASP9
(Galluzzi et al 2018; Kumar et al 2022; Vitale et al 2023). It is characterized by cell shrinkage,
increases of cytoplasmic density, disappears the mitochondrial membrane, membrane blebbing,
DNA condensation and fragmentation (Figure 12) (Elmore 2007; Saraste and Pulkki 2000).
Apoptosis can be occurred through the death receptor apoptotic pathway (extrinsic) or
mitochondrial apoptotic pathway (intrinsic) (Galluzzi et al 2018). Apoptosis can be inhibited

by altering expression and structure of the caspase-family of genes (Wong 2011).
1.3.2 Necroptosis

Necroptosis is a caspase-independent death program which is different from apoptosis and
pyroptosis. It is caused by phosphorylation and activation of the necroptotic kinase RIPK3
(receptor-interacting serine-threonine kinase 3) which also requires RIPK1 activity (Bedoui et
al 2020). RIPK3 phosphorylate the pseudo kinase MLKL (mixed lineage kinase domain like),
resulting in substantial conformational changes and translocation of MLKL to the plasma
membrane that induces membrane permeabilization, loss of membrane integrity and cytosolic
osmolarity and eventual necroptotic cell death (Figure 12) (Gong et al 2017; Khan et al 2014;
Newton 2015). Necroptosis is a characteristic feature of releasing intracellular contents,

resulting in induction of effective anti-tumor immune responses (Yatim et a/ 2015).
1.3.3 Ferroptosis

Ferroptosis is an iron-dependent type of RCD (Dixon et a/ 2012). Ferroptosis is initiated by
inhibiting the xc-cystine/glutamate antiporter or glutathione peroxidase 4 (GPX4), leading to
lethal levels lipid peroxidation (Stockwell et al 2017). GPx4 is known for its unique function
to convert lipid hydroperoxides (L-OOH) to non-toxic lipid alcohols (L-OH) in the cell
membrane. Inactivation of Gpx4 leads to overwhelming lipid peroxidation of polyunsaturated
fatty acids (PUFAs), leading to consecutive depletion of PUFAs from plasma membrane,
thereby increasing membrane permeability and altering integrity and eventual cell death
(Figure 12) (Stockwell et al 2017; Yang et al 2014). Damages resulting from lipid peroxidation
in mitochondria can cause shrinkage and reduction in mitochondrial cristae (Neitemeier et a/
2017). Lipophilic antioxidants and iron chelators can inhibit the ferroptosis (Stockwell et a/

2017).
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Figure 12. Morphological characteristics of apoptosis, necroptosis and ferroptosis. (Reprinted with permission
from Chen et al 2023, Copyright 2023 Springer Nature under a Creative Commons Attribution 4.0 International

License).
1.4 Potential biomarkers for OvCa treatment

The target selection for the development of NIR-PIT depends on the overexpression of certain
receptors on the cell surface of cancer cells. Several cell surface receptors are identified in
OvCa based on expression profile analysis, which leads to develop NIR-PIT (Hiss 2012;
Schrofelbauer et al 2023).

1.4.1 EGFR

EGFR is a transmembrane protein that contains a single a-helix transmembrane domain, an
extracellular domain, an intracellular domain and a C-terminal phosphorylation domain. The
extracellular domain can bind the ligand and the intracellular domain has the tyrosine kinase
properties. EGFR is a member of the tyrosine kinases ErbB family (Burgess et al 2003, Lee et
al 2006; Schlessinger 2002). EGFR plays a key role in epithelial malignancies, and its activity
enhances tumor growth, invasion, and metastasis (Normanno et a/ 2006). The EGFR remains
in auto-inhibited state at the plasma membrane (PM) under unstimulated condition. Upon
ligand binding to EGFR, autophosphorylation occurs and induces the receptor dimerization
(Ono and Kuwano 2006). Ligand-dependent EGFR activation triggers the multiple signaling
cascade which are essential for cell survival, proliferation and differentiation (Sigismund ef a/

2018).

EGFR is overexpressed in several cancers like head-and-neck, prostate (Di Lorenzo et al 2002),
ovarian (Wang et al 2016), breast (Maennling et al 2019), renal (Minner et al 2012), colon
(Pabla et al 2015), lung (Wang et al 2018), pancreas (Grapa et al 2019) and skin (Caiueto et
al 2017) cancers that makes EGFR is an attractive target for diagnosis and therapy of different
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cancers. Several anti EGFR mAbs are already approved, and some are ongoing clinical trials
for different cancer treatment (Cai et al 2020; Kasi ef al 2023). Cetuximab and panitumab are
FDA approved anti EGFR mAbs treatment of metastatic colorectal cancer and head and neck
cancer. These antibodies specifically bind to the extracellular domain III of EGFR and thus
inhibiting ligand binding and receptor activation (Cai et al 2020; Hynes and Lane 2005).
However, cetuximab and panitumumab conjugated with IR700 are used for most clinical and
preclinical studies in NIR-PIT (Mohiuddin et a/ 2023). In 2020, cetuximab-IR700 is
conditionally approved as the first NIR-PIT drug in Japan (Maruoka et a/ 2021). In addition,
several EGFR tyrosine kinase inhibitors such as gefitinib, afatinib and erlotinib are used to treat
lung and pancreatic cancer. These molecules inhibit the EGFR autophosphorylation by
specifically binding to the catalytic tyrosine kinase domain of EGFR (Zubair and
Bandyopadhyay 2023).

1.4.2 Her2

Her2 is a transmembrane glycoprotein that belongs to the ErbB family and having tyrosine
kinase activity. Her2 plays a pivotal role in cell proliferation and tumor cell metastasis. Her2
overexpression is detected in various cancer types, including OvCa (Luo et a/ 2018), breast
cancers (Ménard et al 2000), pancreatic carcinomas (Han et al 2021), endometrial carcinoma
(Rolitsky et al 1999), small cell lung cancer (Potti et a/ 2002). The FDA approved Her2
targeting ADC (fam-trastuzumab deruxtecan-nxki) for the treatment of Her2-low
metastatic breast cancer (Narayan et al 2023). The Her2-targeting NIR-PIT using
trastuzumab induced Her2-expressing small cell lung cancer cells death with high efficacy in

vitro and in vivo (Takahashi et a/ 2021).
1.4.3 FOLRI1

FOLRU1 is a glycosylphosphatidylinositol-anchored cell surface glycoprotein binds to folic acid
and its derivatives with high affinity (Luhrs et al 1989) and mediates cellular processes,
including cell division, proliferation, and tissue growth by signaling cascades and folate cycle
components (Cheung ef a/ 2016). FOLR1 is an attractive therapeutic target for different cancer
treatment as FOLR1 is overexpressed in tumors such as breast cancer (Norton et al 2020), lung
cancer (O'Shannessy et al 2012), cervical cancer (Yazaki et al 2022), Endometrioid-type
endometrial carcinoma (Senol et al 2015), brain cancer (McCord ef al/ 2021) and OvCa (Bax
et al 2023). FOLRI targeted PDT are developed to conjugate a folate moiety to the Si-

rhodamine derivative for the treatment of FR-overexpressing tumors (Aung et al 2022).
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1.4.4 TROP2

TROP2 is a transmembrane glycoprotein that has a pivotal role in tumor growth, apoptosis and
invasion (Goldenberg ef al 2018, Wen et al 2022). TROP2 is composed of a hydrophobic signal
peptide, a long extracellular domain, a short transmembrane domain and a cytoplasmic tail
(Lenart et al 2020). TROP2 was initially identified in trophoblast cell surface marker and
overexpressed in many solid cancers (Zeng et al 2016). The normal epithelial cells show

baseline expression of TROP2 (Trerotola et al 2013).

The overexpression of TROP2 correlates with a poor prognosis in various cancers including
gastric cancer (Zhao et al 2016), cervical cancer (Liu et al 2013), lung cancer (Inamura et a/
2017), oral squamous cell carcinoma (Zhang et al 2020), colorectal cancer (Ohmachi et al
2006), pancreatic cancer (Mas et al 2023), endometrioid endometrial carcinoma (Bignotti ef a/
2011), ovarian carcinoma (Dum et al 2022; Wu et al 2017; Xu et al 2016). TROP2 targeted
first ADC (Sacituzumab govitecan) was clinically approved by the FDA for refractory
metastatic triple negative breast cancer in April 2020 (Bardia et al 2019; Jin et al 2022; Syed
2020). NIR-PIT targeting TROP2 is effective for TROP2-expressing human pancreatic

carcinoma and cholangiocarcinoma cell lines in vitro and in vivo (Nishimura et al 2019).
1.4.5 Tissue factor (TF)

Tissue factor (TF) is a transmembrane glycoprotein. It is composed of three domains: an
extracellular domain, a transmembrane domain, and a cytoplasmic COOH-terminal domain
which is involved in signal transduction (Butenas 2012). TF expression is found to be
upregulated in many types of cancer cells (Ahmadi et al 2023). It is suggested that TF might
contribute to cancer progression and metastasis through several signaling pathways (Hisada et
al 2019).

TF is aberrantly increased on the surface of tumor cells and vascular endothelial cells in various
malignancies, such as pancreatic cancer (Gerotziafas et al 2012, Nitori et al 2005), OvCa
(Cocco et al 2011), triple-negative breast cancer (Ueno et al 2000), gastric cancer (Lo ef al
2012), cervical cancer (Zhao et al 2018), lung cancer (Goldin-Lang et al 2008). TF targeted
ADC (Tivdak) was granted accelerated FDA approval for the treatment of adult recurrent or
metastatic cervical cancer patients (Tong et al 2021). TF-cascade-targeted PDT is used in
different cancer treatment for instance breast cancer (Hu ef a/ 2010), lung cancer (Cheng et al

2011), malignant lymphoma (Li et al 2020).
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1.5 scFv

The scFv consists of variable regions of light (V) and heavy (Vu) chains, which are joined
together by a flexible peptide linker to produce a single polypeptide. To enhance stability and
binding affinity of scFv, protein engineering can be used by changing the amino acid sequence
(Ahmad et al 2012; Pirkalkhoran et al 2023). The E. coli-derived scFv have some limitations
because of their misfolding. The misfolded state binds antigen in a heterogeneous fashion
including non-specific binding that makes challenging of scFv functional characterization
(Vendel et al 2012). Transient expression in HEK293-6E combined with optimized expression
vectors and fed batch processes provides robust and versatile production of scFv antibodies

(Jager et al 2013).

The scFv can be used especially for drug delivery in cancer treatment as it retains the complete
antigen-binding capability (Chester ef a/ 2004). The scFv has better tumor penetration due to
its small size, reduced immunogenicity, lower retention times in nontarget tissue and more
rapid blood clearance in compared to the whole antibody molecule (Ahmad ef a/ 2012; Colcher
et al 1998; Yokota et al 1992). In 2021, scFv of brolicizumab received FDA approval for age
macular degeneration treatment (Nguyen ef al 2020). The scFv is extensively used to develop
several molecular targeted therapies including targeted photodynamic therapy, ADC or

photoimmunotherapy.
1.6 SNAP-tag technology for site-specific antibody-PS conjugation

Site-specific conjugation methods are applied to generate homogeneous NIR-PIT agents.
SNAP-tag is a simple and robust site-specific conjugation method. SNAP-tag is a recombinant
variant of the human DNA repair enzyme O6-alkylguanine-DNA alkyl transferase (AGT) that
reacts with benzylguanine (BG) derivatives via irreversible transfer of an alkyl group to a
cysteine residue (Gautier et al 2008; Keppler et a/ 2003). Several mutations are introduced to
improve the wild type AGT properties such as reducing its size and the DNA binding activity,
improving the folding by removing two non-essential cysteines residues (Gronemeyer et al

2006).

SNAP tag provides the flexible way of labelling proteins with various BG-modified molecules
in vitro and in vivo, thus overcoming the problems of nonspecific targeting and heterogeneity
(Chouman ef al 2017). It is used in cancer diagnosis and treatment by conjugating BG-modified

effector molecules for instance PSs, drugs, or fluorophores (Hussain et a/ 2011, Kampmeier et
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al 2010). By targeting TAAs, SNAP-tag antibody-labelling technology with different
fluorophores, tumors can be screened prior to therapy (Gong et al 2012; Keppler et al 2004).
In ADC, SNAP-tag-based antibody fusion protein is used to couple benzylguanine modified
auristatin F in an irreversible 1:1 stoichiometric reaction (Huysamen et al 2023; Mungra et al
2023; Zhang et al 2022). In NIR-PIT, SNAP-tag technology has promising potential to
conjugate BG modified IR700 to tumor cell-specific scFv and generates highly homogenous
NIR-PIT agents (Figure 13) (Amoury et al 2016; Bauerschlag et al 2017; Von Felbert et al
2016).

Benzyl guanine(BG)-1Rdye700
e
-0
ewrs O\ e )~

NH

= scFv-SNAP-IRdye700

scFv-SNAP tag fusion protein
N%/NH

Figure 13: SNAP tag technology to generate site specific conjugation of scFv with IR700. (Reprinted with

permission from Hussain er al 2019, Copyright 2019 Springer Nature under a Creative Commons Attribution 4.0

International License).
1.7 Aims and objectives

Surgery, chemotherapy or targeted therapy are used to treat primary OvCa and its metastases
with relatively large and clear-vascularized patterns. However, these existing treatment
modalities are failed to treat local and long-distant micro-metastases that usually cause tumor
relapse. Therefore, there is a high unmet medical need to develop treatment strategies that can
eliminate both primary OvCa and metastatic lesions effectively. NIR-PIT is an alternative
treatment strategy that uses IR700, which can be activated locally and on-demand using
nontoxic light to generate cytotoxic pathways which kill the targeted cancer cells. Furthermore,
NIR-PIT induces ICD pathways that eventually stimulate host immune system against dead
cancer cell antigens. In addition, dying cancer cells help to develop memory cells that
stimulates a tumor-specific immune response to recognize and systemically eliminate residual

tumor cells. The aims of this project are-

1. Development of NIR-PIT approach by conjugating IR700 to the scFv targeting EGFR,
Her2, FOLR1, TROP2 and TF using the SNAP tag technology.

23



. Invitro NIR-PIT agents validation by investigating their targeting specificity using flow
cytometry and fluorescence microscopy.

. Determining the cell death induced by NIR-PIT agents in dose dependent manner using
XTT cell viability assay. Quantifying the NIR-PIT agents toxicity by discriminating the
viable, necrotic and apoptotic cells using Annexin assay.

. Determining the type of NIR-PIT induced cell death by using different cell death
inhibitors that specifically block apoptosis, necroptosis and ferroptosis.

. Evaluating immunological responses triggered by NIR-PIT-killed tumor cells by
analyzing the ICD hallmark (calreticulin, HSP70, HSP90, ATP and HMGB1).

. Analyzing the expression of DC surface markers CD80, CD86, CD40 and HLADR
using flow cytometry to determine DC maturation induced by NIR-PIT-killed tumor

cells.
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2 Materials and Methods

All materials and methods used in this study are described in the following chapter.
2.1 Cell culture

OvCa cell lines SKOV3, OVCAR3, IGROV1, A2780, Hey and human embryonic kidney cell
line HEK293T were purchased from American Type Culture Collection. These cell lines were
cultured in RPMI 1640 complete culture medium. The scFv-SNAP containing HEK293T cells
were cultured in RPMI 1640 complete culture medium supplemented with 0.1% zeocin for
selection. All cells were cultured in an incubator at 37°C in a humidified atmosphere containing

5% CO; for no more than 30 passages.
2.2 Expression of scFv-SNAP fusion proteins

The scFv-SNAP containing HEK293T cells were cultured in RPMI 1640 complete medium
supplemented with 0.1% (v/v) zeocin to keep the transfected cells selection. Cells were grown
in triple-layer flasks containing 150 mL culture medium. Culture supernatant was collected and

used for protein enrichment.
2.2.1 scFv-SNAP tag fusion proteins enrichment

The culture supernatant was centrifuged at 5000 rpm for 10 min at 4°C and then filtered through
0.45 um Corning® Vacuum Filter to get cell-free culture supernatant. Akta FLPC system and
Ni-NTA super flow (Qiagen, Hilden, Germany) cartridge were used to purify the C-terminal
6X His-tagged fusion proteins from cell-free supernatants. Firstly, the culture supernatant was
adjusted by mixing with 4X Ni-NTA binding buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM
imidazole, pH 8) in a 1:4 ratio which was then run through Ni-NTA super flow cartridge at a
0.5-1 mL/min flow rate after equilibrating the cartridge with 10 column volumes of 1X Ni-
NTA binding buffer. Then, Ni-NTA washing buffer (50 mM NaH>PO4, 300 mM NaCl, 40 mM
imidazole, pH 8) was applied until the UV absorbance value reached the baseline to wash away
the non-specifically bound proteins. Finally, Ni-NTA elution buffer (50 mM NaH2PO4, 300
mM NacCl, 250 mM imidazole, pH 8) was applied to elute the SNAP tag fusion proteins. The
Ni-NTA Cartridge was washed by NaOH (0.5 M) to remove residual proteins from the resin.
To strip the nickel ions from the column, stripping buffer (20 mM NaH2PO4, 500 mM NacCl,
50 mM EDTA, pH 7.4) was applied to the column which was then recharged by NiCl; solution

for further purification. During purification, all the eluted fractions were collected. After that,
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the buffer of the protein in elution fraction was exchanged to PBS by using HiTrap desalting
column (Cytiva) using the manufacturer protocol. The column was washed with 5-column
volumes of PBS. The elution fraction was applied to column at 2 mL/min flow rate and
collected the elution fraction. The column was washed with 5-column volumes of water,
followed by 5-column volumes of ethanol. All the PBS buffer exchanged proteins were stored
at -20°C.

2.2.2 Detection of purified protein and concentration measurement

All the eluted fractions were collected which was then incubation with SNAP-Surface® Alexa
Fluor® 488 for 20 min in the dark at room temperature. All the samples were mixed with 5 x
Protein Loading Buffer and loaded in 10% SDS gel along with blue pre-stained protein standard
broad range (New England Biolabs) at 160 V for 60 min. After separation, labelled proteins
were visualized either with a UV transilluminator Gel Doc XR gel documentation system or
Odyssey DLx Imager to confirm the activity of SNAP tag by visualizing Alexa Fluor® 488
signals and the presence of proteins followed by Coomassie brilliant blue staining. The protein
concentration was determined by bovine serum albumin (BSA) standards (New England
Biolabs, 20 mg/mL). BSA was diluted with PBS to prepare four BSA concentrations (0.2, 0.1,
0.05, 0.025 pg/uL). Samples and each concentration of BSA standard solutions were run in
10% SDS gel. Using standard curve, protein concentration was determined by Image Lab

software.
2.2.3 Modification of IR700 with BG

IR700 and BG-PEG-NHS were dissolved to 1.0 nM and 10 nM in DMSO respectively,
followed by incubating at a 1:2 molar ratio at room temperature for 2 h. Conjugated IR700 and
BG-PEG-NHS (BG-IR700) was analyzed and purified by high-performance liquid
chromatography (HPLC) according to Hussain ef a/ 2019 (Hussain ef al 2019). The mass of
BG-IR700 was confirmed using a Bruker MicroTOF LC mass spectrometer with an
electrospray ion source. All HPLC and mass spectrometry analysis were done by the HPLC

facility, Institute of Organic Chemistry, Justus-Liebig-University Giessen.
2.2.4 Conjugation of SNAP tag fusion proteins with BG-modified molecules

SNAP-Surface® Alexa Fluor® 488, SNAP-Surface® Alexa Fluor® 647 or BG-IR700 were
conjugated to SNAP tag fusion proteins by incubating them at a 2:1 molar ratio at room

temperature in dark for 2 h. The residual dyes were removed by 40K MWCO Zeba™ Spin
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Desalting Columns according to manufacturer’s protocol. Protein labeling was visualized with
a UV transilluminator Gel Doc XR gel documentation system or Odyssey DLX Imager after

separation by SDS-PAGE and the concentration was determined as described in 2.2.5.
2.2.5 Protein separation by electrophoresis

Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a commonly used
method for protein separation and analysis. Protein samples were mixed with 5X Protein
Loading Buffer and run in 10% SDS gel along with protein standard at 160 V for 60 min. Gel
was visualized using ChemiDoc XRS+ System or Odyssey DLx Imager.

2.3 Expression level analysis of cell surface antigens in OvCa cells

Cell surface expression of EGFR, Her2, FOLRI1, Trop2 and TF was analyzed by flow
cytometry. OvCa cells (4 x 10°) were incubated with anti-EGFR (EGFR mAb, clone H11, 0.5
ng), anti FOLR1 (FOLRI1 mAb, clone 548908, 0.5 pg) and anti-Trop2 (Trop2 mAb, clone
MRS54, 1 pg), anti TF (CD142 mAb, clone HTF-1, 10 uL) (130-098-741) antibodies 200 pL of
PBS for 30 min on ice. For Her2 expression analysis, cells were fixed by 4% formaldehyde
solution for 10 min followed by permeabilization with 0.1% Triton X-100 in TBS at room
temperature for 5 min. Followed by adding blocking buffer (10% FBS and 1% BSA in PBS)
on ice for 30 min. The cells were incubated with anti-Her2 (ErbB2 mAb, 3B5) antibody for 30
min on ice. After washing twice with PBS, the cells were incubated with goat anti-mouse IgG
(H+L) Highly Cross-Adsorbed Secondary Antibody conjugated with Alexa Fluor™ Plus 647
(0.25 pg) for 30 min on ice. After washing twice, cells were resuspended in 200 pL of PBS and
analyzed by CytoFLEX S Flow Cytometers. Data was analyzed in FlowJo 10.7.1. from three
independent experiments. The delta mean fluorescence intensity (AMFI) was calculated from

the MFI of the cells expressing the marker of interest divided by the MFI of the unstained cells.
2.4 Determining the binding property of NIR-PIT agents

Flow cytometry and fluorescence microscopy were used to analyze the binding specificity of

NIR-PIT agents to OvCa cell lines.
2.4.1 Binding property determination by flow cytometry

The binding efficiency of the NIR-PIT agents was determined by flow cytometry. OvCa cell
lines (SKOV3, OVCAR3, IGROV1, A2780, OVCAR4 and Hey) were used to analyze the
binding efficiency of 647 conjugated scFv-Erbitux-SNAP, scFv-Hereceptin-SNAP, scFv-
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Farletuzumab-SNAP, scFv-Tisotuzumab-SNAP and scFv-Sacituzumab-SNAP. Cells (4 x 10°)
were washed with 1 mL PBS twice, followed by incubation with 1 pg of scFv-SNAP-647 with
PBS for 30 min on ice. Cells were washed with 1 mL PBS twice and resuspended in 200 pL of
PBS and analyzed by CytoFLEX S Flow Cytometers. Data was analyzed in FlowJo 10.7.1.
from three independent experiments. The AMFI was calculated from the MFI of the cells
expressing the marker of interest divided by the MFI of the unstained cells. In addition, IR700
conjugated scFv-Hereceptin-SNAP, scFv-Farletuzumab-SNAP, scFv-Tisotuzumab-SNAP and
scFv-Sacituzumab-SNAP were used to confirm the specific binding using same flow cytometry

setup and analyzed by CytoFLEX LX Flow Cytometers.
2.4.2 Binding property analysis by fluorescence microscopy

Fluorescence microscopy was used to confirm the binding of IR700 conjugated fusion proteins
to OvCa cell lines. Cells were seeded in black 96-well plate with a clear bottom to a density of
40,000 cells/well and incubated overnight at 37°C. Cells were washed with PBS twice, and
then incubated with 1 pg of each scFv-SNAP-IR700 on ice for 30 min. Then the cells were
washed with PBS twice, followed by incubating with Hoechst 33,342 fluorescent nuclear
counterstain (Thermo Fisher Scientific) (1:500 in PBS) for 10 min at room temperature. Cells
were washed with PBS three times and incubated in 50 pL of PBS. The bindings were

visualized with a DMi8 S Live-cell microscope using a 100X oil objective.
2.5 Photocytotoxicity of NIR-PIT agents

The photocytotoxicity of immunotherapeutic agents were evaluated using a Cell Proliferation
(XTT) Kit 1l. SKOV3, OVCARS3, IGROV1, A2780, OVCAR4 and Hey cells were seeded in
96-well plates at a density of 5000 cells/well in 50 pL of culture medium and incubated at 37°C
overnight. The cells were washed with serum-free medium twice, followed by incubation with
serially diluted (12.5, 25, 50, 100, 200, 400, 800, 1600 nM) IR700 conjugated antibodies (ScFv-
Erbitux-SNAP-IR700, scFv-Herceptin-SNAP-IR700, scFv-Farletuzumab-SNAP-IR700, scFv-
Tisotumab-SNAP-IR700 and scFv-Sacituzumab-SNAP-IR700 and unconjugated antibodies
(scFv-Erbitux-SNAP, scFv-Herceptin-SNAP, scFv-Farletuzumab-SNAP, scFv-Tisotumab-
SNAP and scFv-Sacituzumab-SNAP) at 37°C for 4 h in the dark. Cells incubated with media
or zeocin were set as negative or positive control, respectively. Cells were washed with serum-
free medium media three times. A red light-emitting diode (LED), which emits light at 670 to
710 nm wavelength (L690-66-60; Marubeni America Co., New York, NY) was used to
irradiate the cells with LED power density 20 pW/cm? at 400 mA CW (measured with an
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optical power meter, PM 100; Thorlabs, Newton, NJ). After NIR-light irradiation (2 J/cm?),
the cells were cultured in complete medium for 24 h at 37°C and 5% CO: in the dark. Cell
viability was determined by incubating the cells with a 50 pL XTT labeling mixture at 37°C
for 4 h. Reduction of XTT to formazan by viable tumor cells was monitored at a 450 nm
absorbance wavelength and 650 nm reference wavelength using an Infinite® MPlex microplate
reader (Figure 14). The data were analyzed in GraphPad software using dose response curve

from triplicate of two independent experiments.
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Figure 14: Schematic diagram of photocytotoxic experiments using XTT assay.
2.6 Induction of cell death by NIR-PIT agents

After the treatment with NIR-PIT agents, cell death induction was determined using SNAP-
Surface® Alexa Fluor® 647 conjugated Annexin-SNAP fusion protein and propidium iodide
(P1) according to Zhang et al 2022 (Zhang et al 2022). SKOV3, OVCAR3, IGROV1, A2780,
OVCAR4 and Hey cells were seeded in 24-well plates at a density of 50,000 cells/well in
triplicates and incubated at 37°C overnight. The cells were washed with serum-free medium
twice, followed by incubation with serially diluted IR700 conjugated antibodies (scFv-Erbitux-
SNAP-IR700, scFv-Herceptin-SNAP-IR700, scFv-Farletuzumab-SNAP-IR700, scFv-
Tisotumab-SNAP-IR700 and scFv-Sacituzumab-SNAP-IR700 in 1600 nM and unconjugated
antibodies (scFv-Erbitux-SNAP, scFv-Herceptin-SNAP, scFv-Farletuzumab-SNAP, scFv-
Tisotumab-SNAP and scFv-Sacituzumab-SNAP in 1600 nM at 37°C for 4 h in the dark. Cells
incubated with media or zeocin were set as negative or positive control, respectively. The cells
were washed with serum-free medium three times. After NIR-light irradiation (2 J/cm?), the
cells were cultured in complete medium for 24 h at 37°C and 5% CO2 in the dark. After 24 h,
floating cells were collected, and adherent cells were harvested by trypsinization. Cells were

29



washed with 1 mL of Annexin binding buffer at 500 g for 5 min for twice. Then the cells were
incubated with 0.5 pg of AnnexinV-SNAP-647 in 100 puL of Annexin binding buffer at room
temperature for 30 min. Cells were washed with 1 mL of Annexin binding buffer once and
resuspended in 100 pL of Annexin binding buffer, followed by incubation with 0.1 pg of
propidium iodide (Thermo Fisher Scientific) at room temperature for 10 min. The necrotic,
early apoptotic and late apoptotic cells were detected on Cytoflex S Flow Cytometer (Figure
15). The data were analyzed in FlowJo and GraphPad software from triplicate of two

independent experiments.
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Figure 15: Schematic diagram of Annexin assay experiments for determining cell death.
2.7 Determining the type of cell death induced by NIR-PIT agents

To determine the type of cell death induced by NIR-PIT reagents in OvCa cells, we used three
different cell death inhibitors that specifically block: apoptosis (zZVAD-fmk, 25 uM,
Invivogen), necroptosis (Necrostatin-1, 20 uM, AdipoGen life Sciences) and ferroptosis
(Ferrostatin-1, 1 uM, Cayman Chemical Company). In this experiment we used one cell line
for each NIR-PIT agent (OVCAR4 cells for scFv-Erbitux-SNAP-IR700, OVCAR3 for scFv-
Herceptin-SNAP-IR700, IGROV1 for scFv-Farletuzumab-SNAP-IR700, Hey for scFv-
Sacituzumab-SNAP-IR700, SKOV3 for scFv-Tisotumab-SNAP-IR700). Cells were incubated
with 1600 nM NIR-PIT agent for 4 h at 37°C in the dark. After three washing steps with PBS,
fresh phenol red-free culture medium containing respective cell death inhibitor was added to
the cells and incubated for 30 min at 37°C. The cells were treated with NIR-light as described
in section 2.2. XTT assay was performed to determine the cell scavenging ability by cell death
inhibitor (Figure 16). The percentage of cell death inhibition was calculated by subtracting the
percentage of cell viability of respective inhibitor with the percentage of cell viability of
without the inhibitor. The data were analyzed in GraphPad software from triplicate of two

independent experiments.
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Figure 16: Schematic diagram of cell death pathway determination experiments.
2.8 Evaluating immunological responses triggered by NIR-PIT-killed tumor cells

The following methods were used for determining the cell surface expression of ICD marker
(calreticulin, HSP70, HSP90) and extracellular release of ATP and HMGBL1.

2.8.1 HSP70, HSP90 and calreticulin assay by flow cytometry

Cell surface expression of HSP70 after the treatment with NIR-PIT agents, was determined
using flow cytometry. In this experiment, we used one positive cell lines for each NIR-PIT
agent (OVCAR4 cells with scFv-Erbitux-SNAP-IR700, OVCAR3 with scFv-Herceptin-
SNAP-IR700, IGROV1 with scFv-Farletuzumab-SNAP-IR700, Hey with scFv-Sacituzumab-
SNAP-IR700, SKOV3 with scFv-Tisotumab-SNAP-IR700) and A2780 cell line for all five
NIR-PIT agents as a control. SKOV3, OVCAR3, IGROV1, A2780, OVCAR4 and Hey cells
were seeded in 24-well plates at a density of 50,000 cells/well in triplicates and incubated at
37°C overnight. The cells were washed with serum-free medium twice, followed by incubation
with 1600 nM of IR700 conjugated antibodies (scFv-Erbitux-SNAP-IR700, scFv-Herceptin-
SNAP-IR700, scFv-Farletuzumab-SNAP-IR700, scFv-Tisotumab-SNAP-IR700 and scFv-
Sacituzumab-SNAP-IR700) and unconjugated antibodies (scFv-Erbitux-SNAP, scFv-
Herceptin-SNAP, scFv-Farletuzumab-SNAP, scFv-Tisotumab-SNAP and scFv-Sacituzumab-
SNAP) at 37°C for 4 h in the dark. Cells exposed to NIR-light irradiation without incubation
with NIR-PIT agents were used as control. The cells were washed with serum-free medium
three times. After NIR-light irradiation, the cells were cultured in complete medium for 24 h
at 37°C and 5% CO: in the dark. After 24 h, floating cells were collected, and adherent cells
were harvested by trypsinization. The cells were washed with 1 mL of PBS (600 g, 6 min)
twice and incubated with 2 pL HSP70 antibody (FITC-Conjugated) (Miltenyi Biotech #130-
105-548), 1 pg HSP90 antibody (APC conjugated, H9010, Invitrogen #MAS5-45102) and 0.5
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ug calreticulin antibody (488-conjugated, Clone 681233, R&D Systems #IC38981G-100UG)
for 30 min at 4°C. After washing twice, the cells were resuspended in 200 uL of PBS and
analyzed by CytoFLEX S Flow Cytometers (Figure 17). The number of the cells was expressed
in percentages from the living gated cells and HSP70 and calreticulin, -specific MFI was
calculated. The MFI are divided by 1000 and shown in bar graph and used for statistical
analysis. The data from triplicate of two independent experiments were analyzed in FlowJo

and GraphPad software.
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Figure 17: Schematic diagram of ICD hallmark (calreticulin, HSP70 and HSP90) determination experiments.

2.8.4 ATP assay

After the treatment, extracellular level of ATP was measured using ATP assay kit. In this
experiment, one positive cell line was used for each NIR-PIT agent (OVCARA4 cells with scFv-
Erbitux-SNAP-IR700, OVCAR3 with scFv-Herceptin-SNAP-IR700, IGROV1 with scFv-
Farletuzumab-SNAP-IR700, Hey with scFv-Sacituzumab-SNAP-IR700, SKOV3 with scFv-
Tisotumab-SNAP-IR700) and A28780 cell line for all five NIR-PIT agents as a control.
SKOV3, OVCAR3, IGROV1, A2780, OVCAR4 and Hey cells were seeded in 24-well plates
at a density of 50,000 cells/well in triplicates and incubated at 37°C overnight. The cells were
washed with serum-free medium twice, followed by incubation with 1600 nM of IR700
conjugated antibodies (scFv-Erbitux-SNAP-IR700, scFv-Herceptin-SNAP-IR700, scFv-
Farletuzumab-SNAP-IR700, scFv-Tisotumab-SNAP-IR700 and scFv-Sacituzumab-SNAP-
IR700) and unconjugated antibodies (scFv-Erbitux-SNAP, scFv-Herceptin-SNAP, scFv-
Farletuzumab-SNAP, scFv-Tisotumab-SNAP and scFv-Sacituzumab-SNAP) at 37°C for 4 h in
the dark. The cells exposed to NIR-light irradiation without incubation with NIR-PIT agents

were used as control. The cells were washed with serum-free medium media three times. After
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NIR-light irradiation, the cells were cultured in complete medium for 24 h at 37°C and 5% CO-
in the dark. After 24 h, the culture supernatants were collected and centrifuged. Extracellular
ATP concentrations in the culture supernatants were evaluated by a luciferin-based ATP Assay
kit (ENLITEN, Promega, Madison, WI, USA, LOT. 0000410249) according to the
manufacturer’s instructions (Figure 18). The amount of ATP level (pmol) was calculated by
preparing standard curve. The data from triplicate of two independent experiments were

analyzed in GraphPad software.
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Figure 18: Schematic diagram of ATP and HMGB1 determination experiments.

2.8.5 HMGBI1 assay

For analyzing extracellular release of HMGBI level after the treatment, the same experimental
set up was used as described in 2.8.4. After NIR-light irradiation, the cells were cultured in
complete medium for 24 h at 37°C and 5% CO: in the dark. After 24 h, the culture supernatants
were collected and centrifuged. The concentration of HMGBI1 in the supernatant was measured
using an HMGBI1 ELISA kit (IBL International, Hamburg, Germany Lot. EHMG153)
according to the manufacturer’s instructions. The amount of HMGBI level (ng/mL) was
calculated by preparing standard curve. The data from triplicate of two independent

experiments were analyzed in GraphPad software.

2.9 Determining DCs maturation induced by NIR-PIT-killed tumor cells

Peripheral blood mononuclear cells (PBMCs) were purchased from BPS Bioscience (#79059).
CD14" monocytes cells were isolated from PBMCs by positive selection using CD14
microbeads (Miltenyi Biotec #130-097-052) and MACS column (LS column, Miltenyi Biotec
#130-042-401) as described Ogawa et al 2017. The efficiency of CD14" monocytes cells
isolation was investigated by staining with CD14 antibody (APC conjugated, clone REA599,
Miltenyi Biotec #130-110-578). DCs were generated by culturing the CD14" monocytes cells
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in the presence of 50 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF)
(PeproTech #300-03) and 10 ng/ mL interleukin-4 (IL-4) (Miltenyi Biotec #130-093-915). The
generation of iDC cells were determined by staining them with DC marker (CD209 mAb, B515
conjugated, clone REA617, Miltenyi Biotec #130-132-023). SKOV3 cells were incubated with
scFv-Tisotumab-SNAP and scFv-Tisotumab-SNAP-IR700 with NIR-light exposure and co-
cultured for 48 h with immature DCs (day 5) at a DC/tumor cell ratio of 1:2. In addition,
OVCARA4 cells were incubated with scFv-Erbitux-SNAP and scFv-Erbitux-SNAP-IR700 with
NIR-light exposure and co-cultured for 24-48 h with immature DCs (day 5) at a DC/tumor cell
ratio of 1:2. DCs stimulated with 100 ng/mL of lipopolysaccharide (LPS) (Invitrogen #00-
4976-93) for 12 h were used as a positive control for DC maturation. After 48 h, all floating
cells were collected and washed with PBS twice. Cells were incubated with 1.0 pg of CD80
(APC conjugated, clone B7-1, Invitrogen #17-0809-42) antibody, 2 uL of CD86 (PE
conjugated, clone FM95, Miltenyi Biotec #130-094-877) antibody, 1.0 pg of CD40 (FITC
conjugated, clone MH40-3, Invitrogen #11-0402-82) antibody and 2 pL of HLADR (APC
conjugated, clone REA80S5, Miltenyi Biotec #130-111-943) antibody for 30 min on ice. After
washing twice, the cells were resuspended in 200 pL of PBS and analyzed by CytoFLEX S
Flow Cytometers (Figure 19). The number of the cells was expressed in percentages from the
living DC gated cells and CD80, CD86, CD40 and HLADR-specific MFI was calculated. The
MFTI are divided by 1000 and shown in the graph. The data were analyzed in GraphPad

software.
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Figure 19: Schematic diagram of determining DCs maturation experiments.

2.10 Cell lines

OvCa cell lines SKOV3 (HTB-77), OVCAR3 (HTB-161), IGROV1 (SCC-203), A2780
(ECACC-93112519) and human embryonic kidney cell line HEK293T (CRL-11268) were

purchased from American Type Culture Collection, European collection of Authenticated cell

cultures and Sigma-Aldrich. OVCAR4 and Hey cell lines were kindly provided by Dr. Karen
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Brautigam (Department of Gynecology and Obstetrics, University Hospital Schleswig-
Holstein, Campus Liibeck).
2.11 Medium

10% (v/v) fetal bovine serum (FBS) (Thermo Fisher Scientifc) and 1% (v/v) penicillin and
streptomycin (Thermo Fisher Scientifc) was added with RPMI-1640 (Biowest) medium to
prepare complete culture medium. Additional 0.1% (v/v) zeocin (InvivoGen) was added to
RPMI 1640 complete culture medium to keep selecting transfected cells during the scFv-SNAP

tag protein expression.

2.12 Designing the scFv genes

The Vu and Vi of Erbitux, Herceptin, Farletuzumab, Sacituzumab and Tisotumab amino acid
sequences were determined from their full length mAbs from Global Substance Registration
System. The constructs of scFv-Erbitux-SNAP, scFv-Herceptin-SNAP, scFv-Farletuzumab-
SNAP, scFv-Sacituzumab-SNAP and scFv-Tisotumab-SNAP have been generated in Hussain
Group (unpublished result).

2.13 Plasmids
Following table (Table 1) provides an overview of all used plasmids for conducted experiments

described in chapter 3.1.

Table 1: Plasmids used in section 3.1.

Plasmids Genotype References

pMS-scFv-425-SNAP ori ColE1, AmpR, Pcmv, 1gG leader, scFv_425, SNAP tag, IRES, Hussain et al
EGFP, f1 ori, and Bleo® 2019

pMS-scFv-Erbitux- ori ColE1, AmpR, Pcmy, 19G leader, scFv_Erbitux, SNAP tag, IRES, this study

SNAP EGFP, f1 ori, and Bleo®

pMS-scFv-Herceptin- ori ColE1, AmpR, Pcmv, 1gG leader, scFv_Herceptin, SNAP tag, this study

SNAP IRES, EGFP, f1 ori, and Bleo®

pMS-scFv- ori ColE1, AmpR, Pcmy, 1gG leader, scFv_Farletuzumab, SNAP tag, this study

Farletuzumab-SNAP IRES, EGFP, f1 ori, and Bleo®

pMS-scFv- ori ColE1, AmpR, Pcwmv, 1gG leader, scFv_Sacituzumab, SNAP tag, this study

Sacituzumab-SNAP IRES, EGFP, f1 ori, and Bleo®?

pMS-scFv-Tisotumab-  ori ColE1l, AmpR, Pcmy, 1gG leader, scFv_Tisotumab, SNAP tag, this study
SNAP IRES, EGFP, f1 ori, and Bleo®R
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2.14 Stains

Following table (Table 2) provides an overview of all used stains for conducted experiments

described in chapter 3.1.

Table 2: Strains used in section 3.1.

Strain Genotype Reference

E. coli DH5a - Hussain et al
2019

E. coli DH5a pMS-scFv-Erbitux-  E. coli DH5a pMS-scFv-Erbitux-SNAP, AmpR this study

SNAP

E. coli DH50 pMS-scFv- E. coli DH5a pMS-scFv-Herceptin-SNAP, AmpR this study

Herceptin-SNAP

E. coli DH5a pMS-scFv- E. coli DH50 pMS-scFv-Farletuzumab-SNAP, AmpR this study

Farletuzumab-SNAP

E. coli DH5a pMS-scFv- E. coli DH5a pMS-scFv-Sacituzumab-SNAP, AmpR this study

Sacituzumab-SNAP

E. coli DH5a pMS-scFv- E. coli DH5a pMS-scFv-Tisotumab-SNAP, AmpR this study

Tisotumab-SNAP

2.15 HEK293T cells containing SNAP tag fusion protein plasmid

Following table (Table 3) provides an overview of all used HEK293T cells containing SNAP

tag fusion protein plasmid for conducted experiments described in chapter 3.1.

Table 3: HEK293T cells containing SNAP tag fusion protein plasmid used in section 3.1.

Strain Genotype Reference

HEK293T - Hussain et al
2019

HEK293T-pMS-scFv-Erbitux- HEK?293T-pMS-scFv-Erbitux-SNAP, Bleo? this study

SNAP

HEK293T-pMS-scFv-Herceptin-  HEK293T-pMS-scFv-Herceptin-SNAP, BleoR this study

SNAP

HEK293T-pMS-scFv- HEK?293T-pMS-scFv-Farletuzumab-SNAP, BleoR this study

Farletuzumab-SNAP

HEK293T-pMS-scFv- HEK?293T-pMS-scFv-Sacituzumab-SNAP, BleoR this study

Sacituzumab-SNAP

HEK293T-pMS-scFv-Tisotumab- HEK293T-pMS-scFv-Tisotumab-SNAP, Bleo® this study

SNAP
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2.16 Buffers

Following table (Table 4) provides an overview of all buffers used for conducting all the

experiments.

Table 4: List of buffers

Buffer/Solution Components Concentration
NaHPO4 76.8 mM

10X PBS (pH 7.4) NaH,PO,-H,0 23.2mM
NaCl 1.54 M
Milli-Q water 40.8% (v/v)

10% SDS-PAGE (separation gel)

Acrylamide/Bisacrylamide
(30%, 37.5:1)

Tris-HCI (pH 8.8)

32.9% (viv)
373 mM

4% SDS-PAGE gel (stacking gel)

SbS 0.1% (Wiv)
TEMED 0.1% (VIv)
APS 0.032% (Wiv)
Milli-Q water 60.3% (V/V)

Acrylamide/Bisacrylamide
(30%, 37.5:1)

Tris-HCI (0.5 M, pH 6.8)
SDS

12.9% (viv)
125 mM
0.1% (wiv)
0.1% (viv)

TEMED 0.1% (Wiv)
APS 0.1% (wiv)
Tris 25 mM
SDS running buffer Glycine 0.192 mM
SDS 0.1% (wiv)
] o NaH,PO, 200 mM
4X Ni-NTA binding buffer
NaCl 1200 mM
(pH 8.0) )
Imidazole 40 mM
) o NaH;PO4 50 mM
1X Ni-NTA binding buffer
NaCl 300 mM
(pH 8.0) )
Imidazole 10 mM
) ) NaH2PO4 50 mM
Ni-NTA washing buffer
NaCl 300 MM
(pH 8.0) )
Imidazole 40 mM
) ) NaH2PO4 50 mM
Ni-NTA elution buffer
NaCl 300 MM
(pH 8.0) )
Imidazole 250 mM
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o NaH;PO4 20 mM
Stripping buffer
NaCl 500 mM
(pH 7.4)
EDTA 50 mM
Regeneration buffer NiCl, 100 mM
Bromophenol blue 0.02% (v/v)
5X Protein loading buffer Glycerol 30% (v/iv)
SDS 10% (viv)
Tris-HCI 250 mM
Brilliant blue R 250 1.21 mM
Coomassie brilliant blue gel staining solution Methanol 50% (v/v)
Acetic acid 10% (v/v)
o o ) Methanol 50% (viv)
Coomassie brilliant blue gel destaining solution o
Acetic acid 10% (v/v)
Tris 40 mM

TAE buffer

Glacial acetic acid
EDTA

5.71% (vIv)
1mM

LB medium (pH 7.0) LB-Medium (Luria/Miller) 259
Milli-Q water 1000 mL
LB medium supplemented with ampicillin LB medium -
Ampicillin 0.27 mM
LB-agar supplemented with ampicillin LB medium -
Agar agar 0.015% (w/v)
Ampicillin 0.27 mM
Annexin binding buffer HEPES 10 mM
(pH 8.0) NaCl 140 mM
CaCl 25mM
2.17 Antibodies

Following table (Table 5) provides an overview of all antibodies used for conducting

experiments described in chapter 3.

Table 5: List of antibodies

Name Supplier
Anti-Hsp70-FITC (#130-105-548) Miltenyi Biotec
Anti-Hsp90-APC (clone H9010, #MA5-45102) Invitrogen
Human Calreticulin antibody (Clone 681233, #1C38981G-

100UG) R&D Systems
CD80-APC (clone B7-1, #17-0809-42) Invitrogen
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HLADR-APC (clone REA805, #130-111-943) Miltenyi Biotec

CD14 (clone REA599, #130-110-578) Miltenyi Biotec
CD40-FITC (clone MH40-3, #11-0402-82) Invitrogen
CD209 (clone REA617, #130-132-023) Miltenyi Biotec
CD86-PE (clone FM95, #130-094-877) Miltenyi Biotec
EGFR mAb (clone 111.6, #MA5-13269) Invitrogen
Anti-Her2 (ErbB2 mAb, clone 3B5, # MA5-13675) Invitrogen
FOLR1 mAb (clone 548908, #MA5-23917) Invitrogen
Trop2 (EGP-1) mAb (clone MR54, #14-6024-82) Invitrogen
CD142 Antibody (clone HTF-1) (130-098-741) Miltenyi Biotec

Goat anti-Mouse 1gG (H+L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor™ Plus 647 (#A32728) Invitrogen

2.18 Columns

Following table (Table 6) provides an overview of all columns used for conducting experiment

described in chapter 3.

Table 6: List of columns

Name Application Supplier
™ Qo .
40K MWCO Zeba ™ Spin Desalting Size exclusion Thermo Fisher Scientific
Columns
™ 1 1
7K MWCO Zeba ™ Spin Desalting Size exclusion Thermo Fisher Scientific
Columns
HiTrap Desalting column Buffer exchange Cytiva
Ni-NTA superflow cartridge Protein purification Qiagen
MACS Column (LS column, #130- . . I
042-401) MACS separation Miltenyi Biotec
Eurospher 11 100-5 C18 column HPLC Knauer

2.19 Kits and other reagents

Following table (Table 7) provides an overview of all kits and other reagents used for

conducting the experiments described in chapter 3.

Table 7: List of kits and other reagents

Kit and other reagent name Supplier
Cell Proliferation Kit 11 (#11465015001) Roche
ATP assay kit (#FF200) ENLITEN, Promega
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HMGB1 ELISA kit (#S5T51011) IBL International

IL-4 (#130-093-915) Miltenyi Biotec
GM-CSF (#300-03) PEPROTECH
Z-VAD-FMK (#tlrl-vad) Invivogen
Necrostatin-1 (#AG-CR1-2900-M005) AdipoGen life Sciences
Ferrostatin-1 (#17729) Cayman Chemical Company
IRdye700DX NHS (#92970010) LI-COR Biosciences
BG-PEG-NH2 (#S9150S) New England Biolabs
PBMC (#79059-1) BPS hioscience

2.20 Equipment

Following table (Table 8) provides an overview of all equipment used for conducting the

experiments described in chapter 3.

Table 8: List of equipment

Name Manufacturer

Odyssey DLx Imager LI-COR Biosciences
CytoFLEX S Flow Cytometers Beckman Coulter
CytoFLEX Lx Flow Cytometers Beckman Coulter
AKTA start system GE Healthcare Bio-Sciences AB
Incubation shaker Multitron Standard Infors

Infinite® Mplex microplate reader Tecan

Balances Kern & Sohn

Centrifuge Megafuge™ 16 Thermo Fisher Scientific
Centrifuge 5427 R Eppendorf

ChemiDoc XRS+ System BIORAD

DMi8 S Live-cell microscope Leica Microsystems
ECLIPSE Ts2 inverted microscope Nikon

Eppendorf ThermoMixer® F2.0 Eppendorf
Fisherbrand™ Multi-Platform Shaker Fisher Scientific
NanoDrop™ One/OneC Thermo Fisher Scientific
PEQLAB PCR Thermal Cycler (PEQLAB PEQSTAR) PEQLAB Biotechnology
Schott CG 840 pH Meter Schott

Trans-Blot® Turbo™ Transfer System BIORAD

Vortex RS-VA 10 Phoenix Instrument
Water bath WB 7 Memmert
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Incubator IN75 Memmert

Incubator Model CB 170 BINDER

2.21 Software for data analysis

Following table (Table 9) provides an overview of all software used for conducting the

experiments described in chapter 3.

Table 9: List of software

Name Producer Application

FlowJo 10.7.1 Becton, Dickinson & Company ;rr?;?/iis and  Data
GraphPad Prism 9.0.0 GraphPad Software Data analysis

ImageJ National Institutes of Health Image analysis

Image Studio Lite Ver 5.2 LI-COR Biosciences Image analysis

Image Lab software Bio-Rad Image analysis
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3 Results

Since the discovery of NIR-PIT, extensive studies have been conducted to treat numerous
cancer entities by targeting several cell surface antigens. To my knowledge, no study of NIR-
PIT targeting FOLR1, TROP2 and TF has yet been reported for treating OvCa. This study
aimed to develop NIR-PIT approaches for OvCa treatment. In this study, five tumor associated
antigens (EGFR, Her2, FOLR1, TROP2 and TF) were chosen as they are expressed in different
levels on OvCa cell lines. The results given in this chapter comprise four sections: the first
section summarizes the generation and characterization of five scFv-SNAP based NIR-PIT
agents and their binding properties on OvCa cell lines. The second section details the in vitro
cytotoxicity and the type of cell death pathway of the generated NIR-PIT agents. The third
section demonstrates the evaluation of immunogenic cell death hallmark after the treatment.

Finally, the fourth section describes the measurements of DC maturation marker after NIR-PIT.
3.1 Expression, enrichment and functional analysis of scFv-SNAP-tag fusion proteins

The scFv-SNAP-tag fusion proteins were used to generate immunoconjugates. These fusion
proteins can transiently be expressed in HEK293T cells using the pMS expression system to
generate sufficient amount of targeted proteins with high purity (von Felbert et al 2016;
Hussain et al 2011; Zhang et al 2022). The variable gene sequences encoding for scFv antibody
fragments of anti-EGFR human-mouse chimeric mAb Erbitux (Bou-Assaly and Mukherji
2010), anti-Her2 humanized mAb Herceptin (Gemmete and Mukherji 2011), anti-FOLR1 mAb
Farletuzumab (Konner et a/ 2010), anti-TROP2 humanized mAb Sacituzumab (Syed 2020)
and anti-TF humanized mAb Tisotumab (Markham 2021) were obtained from publicly
available resources (patents, journals, and antibody databases) and were fused to SNAP by in-
silico expression plasmid design. The success of transforming the cells with the expression
vectors was confirmed by monitoring the GFP signal (Figure 20a). The scFv-SNAP tag fusion
proteins have been successfully produced in HEK293T cells with high yield (5-10 mg/L culture
supernatant). The functional activity of SNAP-tag was evaluated by incubation with SNAP-
Surface® Alexa Fluor® 488 followed by SDS gel separation. The fluorescence signal of 488
(Figure 20b) and Coomassie blue staining (Figure 20c) confirmed the SNAP-tag activity of
scFv-Erbitux-SNAP and corresponding protein size (51.7 kDa). In addition, SNAP-tag activity
of scFv-Herceptin-SNAP, scFv-Farletuzumab-SNAP, scFv-Sacituzumab-SNAP and scFv-

Tisotumab-SNAP were confirmed by in-gel fluorescence scanning and each fusion proteins
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were identified based on their molecular weights (51.2-51.7 kDa) (Figure S1). The final purity
of scFv-SNAP-fusion proteins was ~90%.
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Figure 20: Construction and expression of the SNAP-tag fusion proteins. (a) Schematic diagram of the scFv-
SNAP tag constructs. CMV: cytomegalovirus promoter; IgK leader: immunoglobulin kappa chain leader; His:
poly-histidine tag; Stop: TGA stop codon, IRES: internal ribosome entry site, EGFP: enhanced fluorescent protein.
(b) Enrichment of scFv-Erbitux-SNAP by nickel NTA using His-tagged and confirmed by SDS-PAGE by
Coomassie blue staining and (c) SNAP-Surface® Alexa Fluor® 488 signal. The signal was visualized with
ChemiDoc XRS™" System. Marker represent dual color protein standard broad range (10-250 kDa). The red box

indicates the corresponding protein bands.
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3.2 Labeling of SNAP-tag fusion proteins with BG-modified IR700

SNAP-tag provides robust site-specific conjugation of proteins to BG derivatives with a 1:1
stoichiometry and generates homogenous antibody drug molecules (Hussain et al 2011). To
site specifically conjugate IR700 to scFv-SNAP tag fusion protein, IR700 molecules were
modified with BG using BG-PEG-NH> linkers. The chemical coupling and purification of
IR700 with BG-linkers was confirmed by HPLC and mass spectrometry analysis (Figure S2).

The labeling efficiency of scFv-SNAP tag fusion proteins was further determined by coupling
them to BG-modified IR700 (BG-IR700). The BG-IR700 coupled efficiently to the fusion
proteins, which was confirmed by visualizing the IR700 signal at 700 nm using an Odyssey
DLx Imager (Figure 21). The conjugation was further confirmed by post-incubating them with
SNAP-Surface® Alexa Fluor® 488. As shown in Figure 21b, the specific coupling site was
blocked by BG-IR700 that inhibited the coupling with SNAP-Surface® Alexa Fluor® 488. This
result suggests that BG-IR700 has been conjugated site specifically, irreversibly to SNAP-tag

fusion proteins within 2 h at room temperature.

kDa

72

55
43

Coomassie blue Alexa Fluor® 488 IR700

Figure 21: SNAP tag protein labeling with BG-IR700. (a) Coomassie blue staining represents IR700 conjugated
scFv-Erbitux-SNAP, scFv-Herceptin-SNAP, scFv-Farletuzumab-SNAP, scFv-Sacituzumab-SNAP and scFv-
Tisotumab-SNAP followed by post-incubation with SNAP-Surface® Alexa Fluor® 488. (b) Corresponding Alexa
Fluor® 488 fluorescence and (c) IR700 signals are shown. Broad Range marker (11-250 kDa). The red box

indicates the corresponding protein bands.
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3.3 Expression levels of cell surface antigens in OvCa cells

The efficacy and applicability of NIR-PIT depend on the target antigens which overexpress on
the cancer cells. Therefore, the overexpression of target antigens is important to design the
NIR-PIT agent (Wei et al 2022). Here, the surface expressions of EGFR, Her2, FOLR1, TROP2

and TF in OvCa cells were analyzed by flow cytometry using commercial mAb.

The flow cytometric analysis showed strong binding signal of anti-EGFR-647 in SKOV3,
OVCAR3, IGROV1, OVCAR4 and Hey cell lines. The average AMFI were ~484, ~723, ~266,
~399 and ~132 in SKOV3, OVCAR3, IGROVI1, OVCAR4 and Hey cells, respectively,
representing higher expression of EGFR. In contrast, A2780 cells showed low fluorescence
signal and the AMFI was ~21, indicating A2780 cells express low level of EGFR (Figure 22).
Similarly, SKOV3 and OVCAR3 cells showed high fluorescence signals when stained with
anti-Her2-647. The AMFI were ~202 and ~448 in SKOV3 and OVCAR3 cells, respectively.
Whereas IGROV1, A2780, OVCAR4 and Hey cell lines exhibited low fluorescence signals
with the AMFI values of ~40, ~12, ~41 and ~20, respectively (Figure 22). As shown in Figure
23, the AMFI values of FOLR1 in OVCAR3 and IGROV1 cells were ~205 and ~1161, whereas
the other four cell lines showed low to moderate fluorescence signals. The AMFI values of
FOLR1 were ~57, ~18, ~5 and ~10 in SKOV3, A2780, OVCAR4 and Hey cells, respectively.
These revealed that OVCAR3 and IGROV1 cells expressed high level of FOLRI1. In addition,
OVCAR3 (AMFI~208), OVCAR4 (AMFI~251) and Hey (AMFI~476) cells expressed high
levels of TROP2 whereas SKOV3 (AMFI~50) cells expressed moderate level of TROP2. On
the other hand, IGROV1 and A2780 cells showed low level of TROP2 and their AMFI value
was ~12 for both cell lines (Figure 23). Moreover, the TF was highly expressed in SKOV3
cells and AMFI value was ~109. OVCAR3 (AMFI~52) and OVCAR4 (AMFI~55) cells
exhibited moderate level of TF. On the contrary, IGROV1, A2780 and Hey cells showed low
level of TF and their AMFI values were less than 14 (Figure 24) (Table 10).
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Figure 22: Expression patterns of EGFR and Her2 in OvCa cell lines. EGFR and Her2 expressions in OvCa cell
lines were determined by flow cytometry. Cells were treated with anti-EGFR (EGFR mAb, H11) (red), anti-Her2
(ErbB2 mAb, 3BS5) (green) antibodies, respectively, followed by incubation with the secondary antibody (Goat
anti-Mouse 1gG Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 647). The AMFI values are
shown in each histogram box (mean + SE) from three independent experiments. The AMFI was calculated from

the MFI of the cells expressing the marker of interest divided by the MFI of the unstained cells.
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Figure 23: Expression patterns of FOLR1 and TROP2 in OvCa cell lines. FOLR1 and TROP2 expressions in

OvCa cell lines were determined by flow cytometry. Cells were treated with anti FOLR1 (FOLR1 mAb, 548908)
(blue) and anti-TROP2 (TROP2 mAb, MR54) (brown) antibodies, respectively followed by incubation with the
secondary antibody (Goat anti-Mouse IgG Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 647).

The AMFI values are shown in each histogram box (mean = SE) from three independent experiments.
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Figure 24: Expression pattern of TF in OvCa cell lines. TF expression in OvCa cell lines was determined by flow
cytometry. The cells were treated with anti TF (CD142 mAb, HTF-1) (Magenta) antibodies, followed by
incubation with the secondary antibody (Goat anti-Mouse IgG Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ Plus 647). The AMFI values are shown in each histogram box (mean + SE) from three independent

experiments.

Table 10: Cell surface expression of EGFR, Her2, FOLR1, TROP2 and TF in ovarian cancer

cell lines.

Cell surface antigens SKOV3 OVCAR3 IGROV1 A2780 OVCAR4 Hey

EGFR high high moderate low high moderate
Her2 high high low low low low
FOLR1 moderate high high low low low
TROP2 moderate high low low high high

TF high moderate low low moderate low

3.4 Specific binding of NIR-PIT agents on OvCa cells

One of the major challenges of the antibody-based therapeutics is their specificity to the
targeted membrane proteins, which is essential for guiding on dosing, potency and efficacy
(Wang et al 2021). The binding of NIR-PIT agents to targeted cancer cells is a crucial step in
NIR-PIT. Antibodies or their fragments of NIR-PIT agents can specifically recognize and bind
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to targeted molecules on the surface of cells. This precision in binding enhances therapeutic
efficacy while minimizing off-target effects, making NIR-PIT a promising avenue for treating

a variety of cancers (Biteghe et al 2020; Mitsunaga et al 2011; Shim 2020; Wei et al 2022).

Initially, the binding specificity of scFv-SNAP tag fusion proteins to OvCa cells was examined
by labeling with SNAP-Surface® Alexa Fluor® 647 using flow cytometry. The flow cytometric
analysis results revealed that the AMFI was high in SKOV3 (~173), OVCAR3 (~240),
IGROV1 (~93) and OVCAR4 (~205) cells after incubation with 647 conjugated scFv-Erbitux-
SNAP (Figure 25). Conversely, the AMFI values were ~5 and ~34 for low EGFR expressed
A2780 and Hey cells, respectively. This confirms the specific binding properties of scFv-
Erbitux-SNAP. The 647 labeled scFv-Herceptin-SNAP displayed the highest binding to the
high Her2 expressed SKOV3 and OVCAR3 cells. In contrary, 647 fluorescence signal was low
in low Her2 expressed IGROV1, A2780, OVCAR4 and Hey cells. The scFv-Farletuzumab-
SNAP-647 incubated with IGROV1 cells showed high AMFI which was ~1499. In contrast,
low FOLR1 expressed SKOV3, A2780, OVCAR4 and Hey cells exhibited low AMFI,
representing the specific binding of scFv-Farletuzumab-SNAP. In addition, the specific binding
was observed for scFv-Sacituzumab-SNAP-647 on SKOV3, OVCAR3, OVCAR4 and Hey
cells. Moreover, high fluorescence signal was observed in SKOV3 (~70), OVCAR3 (~69) and
OVCAR4 (~81) cells after incubation with 647 conjugated scFv-Tisotumab-SNAP, confirming
their specific binding (Figure 25).
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Figure 25: Specific binding of 647 conjugated scFv-SNAP tag to OvCa cells. The flow cytometric histogram

represents the binding of scFv-SNAP-647 to OvCa cells. Filled gray curves represent untreated cells and red,

green, blue, brown and magenta curves represent cells incubated with 0.5 pg/mL of the scFv-Erbitux-SNAP-647,

scFv-Herceptin-SNAP-647, scFv-Farletuzumab-SNAP-647, scFv-Sacituzumab-SNAP-647 and scFv-Tisotumab-

SNAP-647, respectively. The AMFI values are shown in each histogram box (mean + SE) from three independent

experiments.

To analyze the binding specificities of five scFv-SNAP tag proteins, BG-IR700 was conjugated

with fusion protein and flow cytometry and fluorescence microscopy were carried out. The

specific binding of the scFv-SNAP-IR700 correlated with the receptor expression level as

measured by flow cytometry. The flow cytometry data revealed that scFv-Erbitux-SNAP-
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IR700 specifically bound to the EGFR high-expressing SKOV3, OVCAR3 and OVCAR4
cells, while only a minimal fluorescence signal was observed on the EGFR low-expressing
A2780 cells (Figure 26a). In fluorescence microscopy, intense membrane fluorescence was
visualized in EGFR high-expressing SKOV3, OVCAR3 and OVCAR4 cells whereas no
membrane-associated fluorescence was captured in EGFR low-expressing A2780 cells (Figure
26b) (Table 11). Similarly, the fluorescence signal was significantly higher in Her2-high
expressing SKOV3 and OVCAR3 cell lines in the presence of scFv-Herceptin-SNAP-IR700
(Figure 27a). The membrane fluorescence signal was also strong in SKOV3 and OVCAR3
cells, indicating the scFv-Herceptin-SNAP-IR700 binding specificity (Figure 27b). After
incubation of OvCa cells with scFv-Farletuzumab-SNAP-IR700, high-FOLR1 expressing
IGROV1 cells exhibited detectable fluorescence signals and moderate-FOLRI1 expressing
OVCAR3 cells showed moderate fluorescence signal, whereas no fluorescence signal was
detected in low-FOLRI expressing cell lines (Figure 28) (Table 11). In addition, the flow
cytometry and microscopic results showed enhanced binding of scFv-Sacituzumab-SNAP-
IR700 to SKOV3, OVCAR3, OVCAR4 and Hey cells compared to IGROV1 and A2780 cells
(Figure 29). Moreover, the scFv-Tisotumab-SNAP-IR700 showed enhanced binding to
SKOV3, OVCAR3 and OVCARA4 cells relative to IGROV1, A2780 and Hey cells (Figure 30)
(Table 11).
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Figure 26: The scFv-Erbitux-SNAP-IR700 specifically binds to EGFR-expressing cells. (a) Specific binding of
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scFv-Erbitux-SNAP-IR700 to OvCa cell lines was analyzed by flow cytometry. The flow cytometric histograms
represent the binding of scFv-Erbitux-SNAP-IR700 to OvCa cells. Filled gray curves represent untreated cells
and red curves represent cells incubated with 0.5 pg/mL of the scFv-Erbitux-SNAP-IR700. The AMFI values are
shown in each histogram box. (b) Specific binding was also analyzed using fluorescence microscopy.
Fluorescence images were obtained for the EGFR* SKOV3, OVCAR3, IGROV1, OVCAR4 and Hey cells. The
cells were incubated with scFv-Erbitux-SNAP-IR700 (red) and DAPI (blue).
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Figure 27: The scFv-Herceptin-SNAP-IR700 specifically binds to Her2-expressing cells. (a) Specific binding of
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scFv-Herceptin-SNAP-IR700 to OvCa cell lines was analyzed by flow cytometry. The flow cytometric histograms
represent the binding of scFv-Herceptin-SNAP-IR700 to OvCa cells. Filled gray curves represent untreated cells
and green curves represent cells incubated with 0.5 pg/mL of the scFv-Herceptin-SNAP-IR700. (b) Specific
binding was also analyzed using fluorescence microscopy. Fluorescence images were obtained from the Her2"

SKOV3 and OVCARS3 cells. The cells were incubated with scFv-Herceptin-SNAP-IR700 (red) and DAPI (blue).
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Figure 28: The scFv-Farletuzumab-SNAP-IR700 specifically binds to FOLR1-expressing cells. (a) Specific
binding of scFv-Farletuzumab-SNAP-IR700 to OvCa cell lines was analyzed by flow cytometry. The flow
cytometric histograms represent the binding of scFv-Farletuzumab-SNAP-IR700 to OvCa cells. Filled gray curves
represent untreated cells and blue curves represent cells incubated with 0.5 ug/mL of the scFv-Farletuzumab-
SNAP-IR700. (b) Specific binding was also analyzed using fluorescence microscopy. Fluorescence images were
obtained from the FOLR1" OVCAR3 and IGROV1 cells. The cells were incubated with scFv-Farletuzumab-
SNAP-IR700 (red) and DAPI (blue).
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Figure 29: The scFv-Sacituzumab-SNAP-IR700 specifically binds to TROP2-expressing cells. (a) Specific
binding of scFv-Sacituzumab-SNAP-IR700 to OvCa cell lines was analyzed by flow cytometry. The flow
cytometric histograms represent the binding of scFv-Sacituzumab-SNAP-IR700 to OvCa cells. Filled gray curves
represent untreated cells and brown curves represent cells incubated with 0.5 pg/mL of the scFv-Sacituzumab-
SNAP-IR700. (b) Specific binding was also analyzed using fluorescence microscopy. Fluorescence images were
obtained from the TROP2" SKOV3, OVCAR3, OVCAR4 and Hey cells. The cells were incubated with scFv-
Sacituzumab-SNAP-IR700 (red) and DAPI (blue).
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Figure 30: The scFv-Tisotumab-SNAP-IR700 specifically binds to TF-expressing cells. (a) Specific binding of
scFv-Tisotumab-SNAP-IR700 to OvCa cell lines were analyzed by flow cytometry. The flow cytometric
histograms represent the binding of scFv-Tisotumab-SNAP-IR700 to OvCa cells. Filled gray curves represent
untreated cells and purple curves represent cells incubated with 0.5 pg/mL of the scFv-Tisotumab-SNAP-IR700.
(b) Specific binding was also analyzed using fluorescence microscopy. Fluorescence images were obtained from
the TF* SKOV3, OVCAR3 and OVCAR4 cells. The cells were incubated with scFv-Tisotumab-SNAP-IR700
(red) and DAPI (blue).

Table 11: Binding efficiency of five NIR-PIT agents in ovarian cancer cell lines.

NIR-PIT agents SKOV3 OVCAR3 IGROV1 A2780 OVCAR4 Hey
scFv-Erbitux- high high moderate - high -
SNAP-IR700

scFv-Herceptin- high high - - - -
SNAP-IR700

scFv-Farletuzumab- - moderate high - - -
SNAP-IR700

scFv-Sacituzumab-  moderate high - - high high
SNAP-IR700

scFv-Tisotumab- moderate moderate - - moderate -
SNAP-IR700
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3.5 In vitro photocytotoxicity of NIR-PIT agents

After NIR light irradiation, IR700 of the NIR-PIT agents-bound targeted cancer cell undergoes
excitation, transitions to a triplet state, and leads to cleavage of the axial ligands. These water-
soluble axial ligands separation from phthalocyanine core of IR700 changes its properties from
hydrophilic to hydrophobic, such transition forms a water-insoluble aggregate on the targeted
cancer cells, resulting in targeted cell swelling, bleb formation, and rupture of the vesicles
representing cell death. The threshold for NIR light induced toxicity depends on the
concentration of NIR-PIT agents and the light dose (Nakajima et a/ 2018; Nakajima et a/ 2023;
Takakura et al 2021).

As all our investigated NIR-PIT agents showed specific binding properties, it was hypothesized
that they exhibited specific photocytotoxicity. Therefore, the photocytotoxic effect of scFv-
SNAP-IR700 mediated NIR-PIT was evaluated in six OvCa cell lines (SKOV3, OVCAR3,
IGROV1, A2780, OVCAR4 and Hey). Cultured cells were incubated with scFv-Erbitux-
SNAP-IR700, scFv-Herceptin-SNAP-IR700, scFv-Farletuzumab-SNAP-IR700, scFv-
Tisotumab-SNAP-IR700 and scFv-Sacituzumab-SNAP-IR700 and then exposed to 690-710
nm LED (2 J/cm?). The cytotoxicity mediated by NIR-PIT was determined using XTT-based
colorimetric cell proliferation assay. Nonirradiated cells and unlabeled scFv-SNAP fusion
proteins were used as controls. After 24 h of scFv-Erbitux-SNAP-IR700 treatment, high to
moderate EGFR expressed cell lines SKOV3, OVCAR3, IGROV1 and OVCAR4 cells showed
increased cell death in a concentration-dependent manner. The ICso values of SKOV3,
OVCAR3, IGROV1 and OVCAR4 cells were 1420 nM, 308 nM, 671 nM and 283 nM,
respectively (Table 12). The scFv-Erbitux-SNAP-IR700 showed negligible effects on both
A2780 and Hey cell lines. In contrast, nonirradiated and unconjugated scFv-Erbitux-SNAP
demonstrated no toxicity to all the investigated cell lines (Figure 31). Similarly, for Her2
targeting NIR-PIT, scFv-Herceptin-SNAP-IR700 showed significant cell death in high Her-2
overexpressed SKOV3 (ICso: 628 nM) and OVCAR3 cells (ICso: 42 nM). There were very little
effects on low expressed A2780, IGROV1, OVCAR4 and Hey cell lines (Figure 32) (Table
12). In addition, FOLR1-based NIR-PIT agent reduced the cell viability significantly in high
FOLRI1 expressing IGROV1 and moderate FOLR1 expressing OVCAR3 cells. The ICso values
were 1560 nM and 42 nM in OVCAR3 and IGROV1 cells, respectively (Figure 33) (Table 12).
Moreover, scFv-Sacituzumab-SNAP-IR700 treatment was associated with decreased cell
viability in high TROP2 expressing OVCAR3, OVCAR4 and Hey cells and moderate TROP2
expressing SKOV3 cells. The ICso values were 59.9 nM, 96.2 nM, 45.9 nM and 956.1 nM in
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OVCAR3, OVCAR4, Hey and SKOV3 cells, respectively (Figure 34) (Table 12). The scFv-
Tisotumab-SNAP-IR700 agents killed high TF expressing SKOV3 (ICso: 50.6 nM), OVCAR3
(ICso: 125.7 nM) and OVCAR4 (ICso: 161.7 nM) cells. Conversely, scFv-Tisotumab-SNAP-
IR700 exhibited negligible effect on low expressed A2780, IGROV1 and Hey cell lines (Figure
35) (Table 12).
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Figure 31: Evaluation of specific photocytotoxicity of scFv-Erbitux-SNAP-IR700 in OvCa cells. Cells were
treated with increasing concentrations (6.25, 12.5, 25, 50, 100, 200, 400, 800 and 1600 nM) of scFv-Erbitux-
SNAP-IR700 and scFv-Erbitux-SNAP with and without NIR light. Cell viability was determined by XTT Kit II
after 24 h treatment. Data are shown in dose response curve from triplicates of two independent experiments with

error bars (mean £+ SD).
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Figure 32: Evaluation of specific photocytotoxicity of scFv-Herceptin-SNAP-IR700 in OvCa cells. Cells were
treated with increasing concentrations (6.25, 12.5, 25, 50, 100, 200, 400, 800 and 1600 nM) of scFv-Herceptin-
SNAP-IR700 and scFv-Herceptin-SNAP with and without NIR light. Data are shown in dose response curve from

triplicates of two independent experiments with error bars (mean + SD).
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Figure 33: Evaluation of specific photocytotoxicity of scFv-Farletuzumab-SNAP-IR700 in OvCa cells. Cells
were treated with increasing concentrations (6.25, 12.5, 25, 50, 100, 200, 400, 800 and 1600 nM) of scFv-
Farletuzumab-SNAP-IR700 and scFv-Farletuzumab-SNAP with and without NIR light. Data are shown in dose

response curve from triplicates of two independent experiments with error bars (mean + SD).
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Figure 34: Evaluation of specific photocytotoxicity of scFv-Sacituzumab-SNAP-IR700 in OvCa cells. Cells were
treated with increasing concentrations (6.25, 12.5, 25, 50, 100, 200, 400, 800 and 1600 nM) of scFv-Sacituzumab-
SNAP-IR700 and scFv-Sacituzumab-SNAP with and without NIR light. Data are shown in dose response curve

from triplicates of two independent experiments with error bars (mean + SD).
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Figure 35: Evaluation of specific photocytotoxicity of scFv-Tisotumab-SNAP-IR700 in OvCa cells. Cells were
treated with increasing concentrations (6.25, 12.5, 25, 50, 100, 200, 400, 800 and 1600 nM) of scFv-Tisotumab-
SNAP-IR700 and scFv-Tisotumab-SNAP with and without NIR light. Data are shown in dose response curve

from triplicates of two independent experiments with error bars (mean £ SD).
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Table 12: 1Cso values (nM) of NIT-PIT agents in six OvCa cell lines.

NIR-PIT agents SKOV3 OVCAR3 IGROV1 A2780 OVCAR4 Hey

scFv-Erbitux-

SNAP-IR700

1420.9+£321.3 308.5£25.3  671.5£217.0 - 283.3£19.0*

scFv-Herceptin-

SNAP-IR700

628.5+134.6 42747 3% - -

scFv-
Farletuzumab- - 1560.0+£596.6  42.3 +4.7* -
SNAP-IR700

scFv-
Sacituzumab- 956.1+263 .4 59.9+7.1 - - 96.2+7.0 45.9+8.3*
SNAP-IR700

scFv-Tisotumab-

SNAP-IR700

50.6+5.2* 125.7+6.3 - - 161.7+£22.4

*, highest cytotoxicity
3.6 Receptor mediated cell death induced by NIR-PIT agents

The photocytotoxicity mediated by NIR-PIT was further validated by Annexin assay following
the protocol of Woitok et al (Woitok et al 2020). All six OvCa cell lines were treated with
IR700 conjugated and unconjugated five scFv-SNAP tag fusion proteins. After 24 h of light
irradiation, the percentage of cell death was measured. Negative and positive controls were set
up by treating cells with PBS and zeocin, respectively. The flow cytometric dot plots depicted
the living (Annexin V7/PI, Q4), early apoptotic (Annexin V*/PI", Q3), late
apoptotic/necroptotic (Annexin V*/PI*, Q2) and necrotic (Annexin V/PI*, Q1) cells.

The scFv-Erbitux-SNAP-IR700, scFv-Herceptin-SNAP-IR700, scFv-Sacituzumab-SNAP-
IR700 and scFv-Tisotumab-SNAP-IR700 treated SKOV3 cells showed increase of cell death
with ~75%, ~84%, ~80% and ~87%, respectively compared to untreated cells. In contrast,
scFv-Farletuzumab-SNAP-IR700 treatment showed no or minimal increase of cell death. The
unconjugated scFv-SNAP tag proteins showed no effect on this cell line. The percentage of
cell death was high in zeocin treated cells (Figure 36). Similarly, all five NIR-PIT agents
triggered significant level of cell death (~70-89%) in OVCARS3 cells in which scFv-Herceptin-
SNAP-IR700 showed ~89% cell death (Figure 37). The scFv-Farletuzumab-SNAP-IR700
treated IGROV1 cells showed the highest toxicity (~90%) while the rest of the NIR-PIT agents
(scFv-Erbitux-SNAP-IR700, scFv-Herceptin-SNAP-IR700, scFv-Tisotumab-SNAP-IR700
and scFv-Sacituzumab-SNAP-IR700) also showed cell death in IGROV1 cells (~32-67%)
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(Figure 38). In contrast, the low expressed A2780 cells showed no effect after treating with
scFv-Erbitux-SNAP-IR700 (~22%) and scFv-Farletuzumab-SNAP-IR700 (~16%) (Figure 39).
Moreover, an increase (~92%) in cell death was observed in OVCAR4 cells post-treatment
with scFv-Erbitux-SNAP-IR700. In addition, scFv-Sacituzumab-SNAP-IR700 and scFv-
Tisotumab-SNAP-IR700 treated OVCAR4 cells showed ~92% and ~85% cell death,
respectively (Figure 40). The cell death was increased approximately six-fold in Hey cells
treated with scFv-Sacituzumab-SNAP-IR700 compared to the untreated cells. However, Hey
cells treated with scFv-Erbitux-SNAP-IR700, scFv-Herceptin-SNAP-IR700, scFv-
Farletuzumab-SNAP-IR700 and scFv-Tisotumab-SNAP-IR700 exhibited ~27% to ~33% cell
death (Figure 41).
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Figure 38: NIR-PIT agents induced cell death in IGROV1 cells. Cell death was measured by Annexin assay after

24 h treatment. (a) Flow cytometric data are shown in Scatter plot. (b) The cell death percentage are plotted in bar

graph with mean + SD.
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Figure 40: NIR-PIT agents induced cell death in OVCARA4 cells. Cell death was measured by Annexin assay after

24 h treatment. (a) Flow cytometric data are shown in Scatter plot. (b) The cell death percentage are plotted in bar

graph with mean = SD.
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Figure 41: NIR-PIT agents induced cell death in Hey cells. Cell death was measured by Annexin assay after 24

h treatment. (a) Flow cytometric data are shown in Scatter plot. (b) The cell death percentage are plotted in bar

graph with mean = SD.
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3.7 Determining the type of cell death pathway triggered by NIR-PIT

The molecular mechanism of NIR-PIT mediated cell death is still unclear. Several studies
supported that the NIR-PIT rapidly induces necrotic cell death by rupturing the plasma
membrane and dispersal of cellular contents (Ito ef al 2016; Mitsunaga et al 2011; Nakajima et
al 2018; Ogawa et al 2017; Shirasu et al 2014). To understand the cytotoxic mechanism of
NIR-PIT, it is important to elucidate how cell death occur in NIR-PIT. Necroptotic cell death,
apoptotic cell death and ferroptotic cell death are three major processes of cell death. Therefore,
in this study, the cell death scavenging ability was investigated by using three different cell
death inhibitors including z-VAD-FMK (apoptosis inhibitor), Necrostatin-1 (necroptosis
inhibitor) and Ferrostatin-1 (ferroptosis inhibitor).

To determine the cell death pathway following NIR-PIT, XTT-based colorimetric cell
proliferation assay was performed after 24 h post treatment. Cells without the cell death
inhibitor were used as control. After treating OVCARA4 cells with scFv-Erbitux-SNAP-IR700,
z-VAD-FMK, Necrostatin-1 and Ferrostatin-1 scavenged ~15%, ~26% and ~27% cell death,
respectively (Figure 42a). In addition, ~26% cell death was scavenged after adding Ferrostatin-
1 and ~18% cell death was inhibited after adding Necrostatin-1 in scFv-Herceptin-SNAP-
IR700 treated OVCAR3 cells comparing to the control cells. Whereas there was 6% cell death
scavenged after adding z-VAD-FMK in scFv-Herceptin-SNAP-IR700 treated OVCAR3 cells
(Figure 42b). Moreover, Necrostatin-1 and Ferrostatin-1 scavenged 4% and 12%, respectively

in scFv-Tisotumab-SNAP-IR700 treated SKOV3 cells (Figure 42¢).
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Figure 42: Determining the type of cell death pathway induced after NIR-PIT using cell death inhibitors. Cell
death was measured by XTT assay after 24 h treatment. (a) OVCAR4, (b) OVCARS, (¢) IGROV1], (d) Hey and
(e) SKOV3 were incubated with three different cell death inhibitors (z-VAD-FMK, Necrostatin-1 and Ferrostatin-
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3.8 NIR-PIT triggered ICD

ICD has occurred by the exposure and release of several DAMPs that lead to the recruitment
and activation of anti-cancer immune cells and the release of pro-inflammatory cytokines.
Three DAMPs have been attributed a key role in the immunogenic potential of virtually all
ICD inducers: calreticulin, ATP, and HMGBI1 (Fucikova et al 2020; Keep et al 2014). Several
studies reported that NIR-PIT induces ICD of targeted cancer cells. The relocation of ICD
biomarkers such as calreticulin, HSP70, and HSP90 to the cell surface of the NIR-PIT-treated
cancer cells can occur. In addition, NIR-PIT led to the release of HMGB1 and ATP that can
activate adjacent immature DCs (Maczynska et al 2020; Ogawa et al 2017).
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3.8.1 Expressions of calreticulin, HSP70 and HSP 90 on the surface of dying cancer cells

Calreticulin, HSP70 and HSP90 are expressed on the plasma membrane of cells undergoing
ICD and facilitates the DC maturation. In this study, HSP70, HSP90 and calreticulin were
analyzed using flow cytometry after 24 h post irradiation. Irradiated cells without NIR-PIT
agents were used as controls. OVCARA4 cells treated with scFv-Erbitux-SNAP-IR700 showed
increased expressions of HSP70, HSP90 and calreticulin compared to the control and cells
treated with scFv-Erbitux-SNAP (Figure 43). Conversely, there was no significant expression
of HSP70, HSP90 and calreticulin in A2780 cells after the treatment (Figure 44). Similarly,
scFv-Herceptin-SNAP-IR700 treated OVCAR3 cells expressed the elevated level of HSP70,
HSP90 and calreticulin on the plasma membrane of dying cells compared to the controls
(Figure 45, 46). In addition, the expressions of HSP70, HSP90 and calreticulin were
upregulated in IGROV1 cells treated with scFv-Farletuzumab-SNAP-IR700 (Figure 47, 48).
Moreover, scFv-Sacituzumab-SNAP-IR700 treated Hey cells showed augmentation of HSP70,
HSP90 and calreticulin level HSP70 and HSP90 (Figure 49, 50). The SKOV3 cells treated
with scFv-Tisotumab-SNAP-IR700 exhibited enhanced cell surface expressions of HSP70,
HSP90 and calreticulin compared to the controls (Figure 51, 52).
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Figure 43: The scFv-Erbitux-SNAP-IR700 treatment triggers the release of ICD marker from OVCARA4. The
flow cytometric histograms represent the cell surface expressions of HSP70, HSP90 and calreticulin in scFv-
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Figure 44: ICD marker analysis in A2780 cells after scFv-Erbitux-SNAP-IR700 treatment. The flow cytometric
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Figure 45: The scFv-Herceptin-SNAP-IR700 treatment triggers the release of ICD marker from OVCAR3 cells.
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Figure 46: ICD marker analysis in A2780 cells after scFv-Herceptin-SNAP-IR700 treatment. The flow cytometric
histograms represent the cell surface expressions of HSP70, HSP90 and calreticulin in scFv-Herceptin-SNAP and
scFv-Herceptin-SNAP-IR700 treated A2780 cells. The MFI values of cell surface HSP70, HSP90 and calreticulin

are shown in bar graph with error bar (mean + SD).
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Figure 47: The scFv-Farletuzumab-SNAP-IR700 treatment triggers the release of ICD marker from IGROV1
cells. The flow cytometric histograms represent the cell surface expressions of HSP70, HSP90 and calreticulin in
scFv-Farletuzumab-SNAP and scFv-Farletuzumab-SNAP-IR700 treated IGROV1 cells. The MFI values of cell

surface HSP70, HSP90 and calreticulin are shown in bar graph with error bar (mean =+ SD).
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Figure 48: ICD marker analysis in A2780 cells after scFv-Farletuzumab-SNAP-IR700 treatment. The flow
cytometric histograms represent the cell surface expressions of HSP70, HSP90 and calreticulin in scFv-
Farletuzumab-SNAP and scFv-Farletuzumab-SNAP-IR700 treated A2780 cells. The MFI values of cell surface
HSP70, HSP90 and calreticulin are shown in bar graph with error bar (mean + SD).
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Figure 49: The scFv-Sacituzumab-SNAP-IR700 treatment triggers the release of ICD marker from Hey cells. The
flow cytometric histograms represent the cell surface expressions of HSP70, HSP90 and calreticulin in scFv-
Sacituzumab-SNAP and scFv-Sacituzumab-SNAP-IR700 treated Hey cells. The MFI values of cell surface
HSP70, HSP90 and calreticulin are shown in bar graph with error bar (mean =+ SD).
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Figure 50: ICD marker analysis in A2780 cells after scFv-Sacituzumab-SNAP-IR700 treatment. The flow
cytometric histograms represent the cell surface expressions of HSP70, HSP90 and calreticulin in scFv-
Sacituzumab-SNAP and scFv-Sacituzumab-SNAP-IR700 treated A2780 cells. The MFI values of cell surface
HSP70, HSP90 and calreticulin are shown in bar graph with error bar (mean + SD).
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Figure 51: The scFv-Tisotumab-SNAP-IR700 treatment triggers the release of ICD marker from SKOV3 cells.
The flow cytometric histograms represent the cell surface expressions of HSP70, HSP90 and calreticulin in scFv-
Tisotumab-SNAP and scFv-Tisotumab-SNAP-IR700 treated SKOV3 cells. The MFI values of cell surface HSP70,

HSP90 and calreticulin are shown in bar graph with error bar (mean = SD).
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Figure 52: ICD marker analysis in A2780 cells after scFv-Tisotumab-SNAP-IR700 treatment. The flow
cytometric histograms represent the cell surface expressions of calreticulin, HSP70, and HSP90 in scFv-
Tisotumab-SNAP and scFv-Tisotumab-SNAP-IR700 treated A2780 cells. The MFI values of cell surface HSP70,

HSP90 and calreticulin are shown in bar graph with error bar (mean + SD).
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3.8.2 Extracellular release of ATP and HMGB1 from dying cancer cells

During ICD, ATP-containing vesicles release ATP through the active exocytosis via pannexin
channels that act as a “find-me” signal for DC precursors. This extracellular ATP binds to the
purinergic receptor P2Y2 (P2RY2, a metabotropic receptor), promoting the recruitment of
myeloid cells, mediating the secretion of pro-inflammatory molecule, thus culminating the
activation of CD8" T cells (Elliott et al 2009; Fucikova et al 2020; Ghiringhelli et al 2009;
Martins et al 2014). ICD of cancer cells also releases HMGB1 through translocation of the
HMGBI from the nucleus to the cytoplasm which is then released into the extracellular space.
This HMGBI1 can bind to the multiple pattern recognition receptors (PRRs) expressed by
myeloid cells (Apetoh et al/ 2007; Fucikova ef al 2020; Yang et al 2015).

The extracellular level of ATP and HMGBI in the culture supernatants of treated OvCa cells
were evaluated using ATP luminescence assay and HMGB1 ELISA assay, respectively. The
extracellular level of ATP and HMGBI released into the medium from OVCAR4 and A2780
cells were measured after treating with scFv-Erbitux-SNAP and scFv-Erbitux-SNAP-IR700.
After 24 h of light exposure, the amount of ATP (~21 nmol) and HMGB1 (~23 ng/mL) were
higher in scFv-Erbitux-SNAP-IR700 treated OVCAR4 cells compared to the controls. In
contrast, there was no difference of ATP and HMGBI level in A2780 cells after both treatments
(Figure 53). Similarly, ~297 pmol extracellular ATP and ~18 ng/mL HMGB1 were released in
scFv-Herceptin-SNAP-IR700 treated OVCAR3 cells (Figure 54). In addition, IGROV1 cells
treated with scFv-Farletuzumab-SNAP-IR700 showed increases of ATP (~122 pmol) and
HMGBI (~47 ng/mL) amounts compared to the untreated cells (Figure 55). The extracellular
ATP (~74 pmol) and HMGBI (~14 ng/mL) levels in Hey cells were higher after scFv-
Sacituzumab-SNAP-IR700 treatment whereas the A2780 cells showed no effect after the
treatment (Figure 56). Finally, scFv-Tisotumab-SNAP-IR700 treated SKOV3 cells released
~910 pmol of ATP and ~21 ng/mL of HMGBI (Figure 57).
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Figure 57: NIR-PIT induces a rapid release of ATP and HMGBI1 from scFv-Tisotumab-SNAP-IR700 treated
SKOV3 and A2780 cells. Data are presented from SKOV3 and A2780 cells in box plot (ATP release) and violin
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3.9 Maturation of DCs triggered by NIR-PIT-killed tumor cells

DCs have special antigen-presenting function and play an essential role in both innate and
adaptive immune responses (Del Prete et a/ 2023). The maturation of DCs by uptaking
antigens, processing them, and presenting the antigenic peptides on surface of MHC molecules
is an essential process for initiating antigen-specific adaptive immunity (Cabeza-Cabrerizo et
al 2021). A series of DAMPs released by the anticancer treatments through ICD can initiate the
maturation of iDCs by upregulating costimulatory molecules including CD80, CD86, CD40
and HLADR (Lamberti et al 2020; Ogawa et al 2017).

The ability of the NIR-PIT approach to induce DC maturation in vifro was investigated by
analyzing the expressions of DC maturation markers CD80, CD86, CD40 and HLADR. To

conduct this experiment, CD14" monocytes were isolated from PBMC. Such isolation of
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CD14" cells was confirmed by flow cytometry analysis (Figure S3). Then these CD14"
monocytes undergo differentiate to iDCs in the presence of IL-4 and GM-CSF. The
differentiation of iDCs was further confirmed by flow cytometric analysis of iDCs marker
(CD209). To analyze the expressions of DC maturation markers CD80, CD86, CD40 and
HLADR, iDCs were co-cultured with scFv-Tisotumab-SNAP-IR700 irradiated SKOV3 cells
for 48 h. Flow cytometry analysis revealed that the expressions of CD80 and CD86 were
enhanced on the DCs co-cultured with scFv-Tisotumab-SNAP-IR700 treated SKOV3 cells
compared to the controls. In addition, the expressions of CD40 and HLADR were increased on
the surface of DCs stimulated by scFv-Tisotumab-SNAP-IR700 treated SKOV3 cells or LPS
(positive control) (Figure S4) compared to DCs co-cultured with scFv-Tisotumab-SNAP
treated SKOV3 cells (Figure 58). Similarly, the DCs maturation was examined after 48 h co-
culturing iDCs with scFv-Erbitux-SNAP-IR700 irradiated OVCARA4 cells to validate that the
investigated NIR-PIT agents can trigger DCs maturation. The scFv-Erbitux-SNAP-IR700
irradiated OVCARA4 cells slightly increased the expressions of CD80 and CD86 on the surface
of DCs whereas the expressions of CD40 and HLADR were upregulated in comparison to
scFv-Erbitux-SNAP-irradiated OVCAR4 cells (Figure 59).
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Figure 58: Co-culturing scFv-Tisotumab-SNAP-IR700 treated SKOV3 cells with iDCs promotes DCs
maturation. Immature DCs were cultured with scFv-Tisotumab-SNAP-IR700 treated SKOV3 cells or cultured
with scFv-Tisotumab-SNAP treated SKOV3 cells. After 48 h, the expressions of CD80, CD86, CD40 and HLADR
on DCs were analyzed by flow cytometry. The gray curves represent iDCs without co-culture, the blue curves
depict iDCs with scFv-Tisotumab-SNAP treated SKOV3 cells and the red curves indicate iDCs with scFv-
Tisotumab-SNAP-IR700 treated SKOV3 cells. The MFI values of CD80, CD86, HLADR, and CD40 expressions

on DCs are shown in bar graphs with error bar as mean = SD.
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SNAP-IR700 treated OVCAR4 cells with iDCs promotes DCs maturation.

Immature DCs were cultured with scFv-Erbitux-SNAP-IR700 treated OVCAR4 cells or cultured with scFv-

Erbitux-SNAP treated OVCAR4 cells.
were analyzed by flow cytometry. The

After 48 h, the expressions of CD80, CD86, CD40 and HLADR on DCs

gray curves represent iDCs without co-culture, the blue curves depict iDCs

with scFv-Erbitux-SNAP treated OVCAR4 cells and the red curves indicate iDCs with scFv-Erbitux-SNAP-
IR700 treated OVCAR4 cells. The MFI values of CD80, CD86, HLADR, and CD40 expressions on DCs are

shown in bar graphs with error bar as mean + SD.
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4 Discussion

To date, only few studies are available describing the application of NIR-PIT for ovarian cancer
treatment. Data presented in this study focused on developing NIT-PIT agents, using scFv-
SNAP tag proteins, conjugating with IR700 photosensitizer, targeting OvCa cells expressing
EGFR, Her2, FOLR1, TROP2 and TF antigens. This is the first report evaluating the potential
therapeutic effects of FOLR1, TROP2 and TF targeted NIT-PIT in case of ovarian cancer
treatment. The results generated in this study represent the development of NIR-PIT agents to
selectively kill the OvCa cells and induce ICD, which will generate anticancer immunity to

eliminate the residual OvCa cells.
4.1 The scFv-SNAP tag fusion proteins generated functional NIR-PIT agents

In particular, NIR-PIT agents are generated by conjugating mAb with IR700 through direct
conjugation methods by binding amino group to NHS ester of IR700 (Akai et al 2024;
Fukushima et al 2024; Inagaki et al 2023; Inagaki et al 2024; Mitsunaga ef al 2011; Taki et al
2021). Antibody derivatives such as Fab, scFv, diabody, minibody, and affibody molecules are
also used to generate NIR-PIT agents (Bauerschlag ef al 2017; Maczynska et al 2020; Sato et
al 2016; Sioud et al 2021). In this study, scFv was introduced instead of full-length antibody
to generate NIR-PIT agents. It was expected that scFv would retain the same binding specificity
as full-length antibody, which was previously reported (Amoury et al 2016; Bauerschlag et al
2017; von Felbert ef al 2016). Despite using direct conjugation, the SNAP tag technology can
generate 1:1 antibody ratio which is important to get robust pharmacokinetic, efficacy and
safety profile (Amoury et al 2016; Bauerschlag et al 2017; von Felbert et al 2016; Hussain et
al 2019).

In this study, five scFv-SNAP tag fusion proteins were successfully expressed in HEK293T
cells demonstrated rapid expression of proteins with relatively high yield. The expression
vector contains an EGFP gene and bleomycin resistance gene that allow monitoring and
selection of transfected cells. All scFv-SNAP tag fusion proteins retained self-labeling activity
with the SNAP-tag substrate. Rapid conjugation with different BG-derivatives such as SNAP-
Surface® Alexa Fluor® 647 or BG-IR700 was observed within 2 h. The site-specific
conjugation was confirmed by blocking SNAP-fusion proteins through post-incubating with
SNAP-Surface® Alexa Fluor® 488 (Figure 21). The SDS gel visualization showed that the
conjugation site was blocked by BG-IR700. SNAP-Surface® Alexa Fluor® 488 was unable to
bind with the scFv-SNAP-fusion proteins, ensuring the SNAP tag activity of the proteins. These
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results suggest that the SNAP-tag technology allows the production of homogeneous NIR-PIT

agents in a simple and rapid one-step conjugation reaction.
4.2 Expression of EGFR, Her2, FOLR1, TROP2 and TF on OvCa cells

After substantial literature survey, EGFR, Her2, FOLR1, TROP2 and TF were selected as
potential cancer antigen targets for OvCa. EGFR is overexpressed in OvCa cells and plays
crucial role in tumor growth, invasion, and metastasis. Inmunobiological staining of EGFR in
epithelial OvCa patients indicates that high expression of EGFR correlates with aggressive
clinical features (Brustmann 2008; Normanno et al 2006; Wang et al 2016). EGFR is
overexpressed in SKOV3, OVCAR3, IGROV1, OVCAR4 and Hey cells, whereas low
expression was observed in A2780 cells (Figure 22). In line with these results, several studies
reported that EGFR is expressed in SKOV3, Hey (Dickerson et al 2010), OVCAR4 (Parashar
et al 2020), OVCAR3 and IGROV1 cells whereas A2780 cells expressed low levels of EGFR
(Bauerschlag et al 2017).

Similarly, previous studies reported that Her2 is overexpressed in OvCa and plays an essential
role in cell proliferation and tumor cell metastasis (Cai et al/ 2015; Luo et a/ 2018). In this study,
Her2 overexpression was observed in SKOV3 and OVCAR3 cells. OVCAR3 cells expressed
2-fold Her2 higher than SKOV3 cells. Conversely, low level of expression was observed in
IGROV1, A2780, OVCAR4 and Hey cells in which A2780 and Hey cells showed 3.3-fold and
2-fold lower expression than IGROV1 and OVCARA4 cells (Figure 22). In line with these
results, Her2 is overexpressed in SKOV3 and OVCAR3 cells (Jiang ef al 2017; Maczyhska et
al 2020). Her2 targeting NIR-PIT (Trastuzumab-IR700) is widely used in different cancer types
(Mitsunaga et al 2011; Sato et al 2015b; Takahashi et a/ 2021; Yamashita et al 2023). In
addition, FOLRI 1s overexpressed in OvCa (Bax et a/ 2022). In this study, FOLR1 was highly
expressed in OVCAR3 and IGROV1 cells in which IGROV1 cells expressed 5.6-fold more
FOLR1 than OVCAR3 cells and moderate expression was observed in SKOV3 cells which
was 3-fold lower than OVCAR3 cells (Figure 23). There was no study targeting FOLR1 using
NIR-PIT although PDT targeting FOLR1 was developed by conjugating a folate moiety to PS
for the treatment of OvCa (Aung et a/ 2022; Baydoun et al 2023).

In addition, TROP2 overexpression correlates with poor prognosis in OvCa (Dum et a/ 2022;
Wu et al 2017; Xu et al 2016). High expression of TROP2 was observed in OVCAR3,
OVCAR4 and Hey cells. Hey cells expressed TROP2 1.9-fold and 2.3-fold more than
OVCAR4 and OVCARS3 cells respectively. SKOV3 cells expressed moderate level of TROP2
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which was 9.5-fold lower than Hey cells. Among six cell lines the highest expression was
observed in Hey cells whereas A2780 and IGROV 1 cells showed the lowest expression (Figure
23). Xu et al reported that the average relative expression of TROP2 mRNA is higher in
SKOV3 than in A2780 (Xu et al 2016). Another study reported that the expression of Trop2 is
higher in OVCARA4 cells as compared to SKOV3 cells which is in line with the results of this
study (Kamble et al 2020). Nishimura et a/ used anti-TROP2-IR700 as a NIR-PIT agent for
the first time targeting TROP2 for treating human pancreatic carcinoma and
cholangiocarcinoma (Nishimura et al 2019). Moreover, the expression of TF is increased on
the surface of tumor cells in OvCa (Cocco et al 2011). TF expression in SKOV3 cells was 2-
fold higher than in OVCAR3 and OVCAR4 cells (Figure 24). Chanakira et al reported that
modest TF antigen is expressed in SKOV3 and OVCAR3 cell lines which is consistent with
the findings of this study (Chanakira et al 2017).

4.3 Specific binding of NIR-PIT agents to OvCa cells

In NIR-PIT, specific binding of NIR-PIT agents to the targeted tumor site is a pivotal step in
achieving efficient therapeutic efficacy and limiting off-target effects (Mitsunaga et al 2011;
Wei et al 2022). In this study, SNAP surface Alexa flour 647 was conjugated to the scFv-SNAP
tag proteins. As the conjugation was efficient and site-specific, their specific binding to
overexpressed cells was expected. Flow cytometry results revealed strong and specific binding
of scFv-Erbitux-SNAP-647 to four moderates to high EGFR expressed cell lines including
SKOV3, OVCAR3, IGROV1 and OVCAR4 (Figure 25). This finding was consistent with the
expression pattern analysis using commercial antibody (Figure 22). However, Hey cells
showed lower binding in compared with commercial antibodies. Bauerschlag et al reported
that scFv-425-SNAP-647 specifically binds to EGFR™ SKOV3, OVCAR3 and IGROV1 cell
lines (Bauerschlag et al 2017). Similar to the expression of Her2 in OvCa cells (Figure 22),
strong and specific binding of scFv-Herceptin-SNAP-647 was observed in high Her2 expressed
cell lines (SKOV3 and OVCAR3 cells) and weak binding was observed in low expressed cell
lines (IGROV1, OVCAR4 and Hey cells) (Figure 25). In addition, scFv-Farletuzumab-SNAP-
647 showed specific binding to OVCAR3 and IGROV1. In line with the expression pattern
analysis, scFv-Sacituzumab-SNAP-647 exhibited specific binding in moderate to high TROP2
expressed cell lines including SKOV3, OVCAR3, OVCAR4 and Hey. Moreover, SKOV3,
OVCAR3 and OVCAR4 cells exhibited specific binding with scFv-Tisotumab-SNAP-647

which was similar to expression pattern analysis (Figure 24).
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Furthermore, BG-IR700 was conjugated to the scFv-SNAP tag proteins, allowing the
preparation of homogeneous scFv-Erbitux-SNAP-IR700, scFv-Herceptin-SNAP-IR700, scFv-
Farletuzumab-SNAP-IR700, scFv-Sacituzumab-SNAP-IR700 and scFv-Tisotumab-SNAP-
IR700. The binding specificity of five NIR-PIT agents was validated by flow cytometry and
fluorescence microscopy. The flow cytometry results confirmed that scFv-Erbitux-SNAP-
IR700 specifically binds to high EGFR expressed SKOV3, OVCAR3, IGROV1 and OVCAR4
(Figure 26 a). However, the low EGFR expressing cell lines showed no binding. The
fluorescence microscopy analysis revealed intense membrane fluorescence to the high EGFR
expressed cell lines which is in line to the flow cytometry results (Figure 26 b). Similar to these
findings, Bauerschlag et a/ 2017 reported that EGFR targeting scFv-425-SNAP-647 is
internalized in SKOV3, OVCAR3 and IGROV1 cells visualized by confocal microscopy
(Bauerschlag ef al 2017). Similarly, high Her2 expressed SKOV3 and OVCAR3 cells showed
strong and specific binding to scFv-Herceptin-SNAP-IR700. By confocal microscopy,
Maczynska et al showed highly specific cell binding and uptake of Her2 targeting Zngr2:2395-
IR700 in SKOV3 cells (Maczynska et al 2020). In addition, this is the very first study where
strong, specific and homogeneous membrane IR700 fluorescence signal was observed in highly
FOLR1 expressed IGROV1 cells when incubated with scFv-Farletuzumab-SNAP-IR700.
Moreover, flow cytometry and fluorescence microscopy analysis revealed that the fluorescence
shift of histogram and membrane fluorescence intensity were high in TROP2 expressed
SKOV3, OVCAR3, OVCAR4 and Hey cells when using scFv-Sacituzumab-SNAP-IR700. The
TF targeting scFv-Tisotumab-SNAP-IR700 showed specific membrane and internalized IR700
fluorescence signals in SKOV3, OVCAR3 and OVCARA4 cells. The reason could be scFv-
Tisotumab-SNAP-IR700 was rapidly internalized into lysosomes. However, several studies
demonstrated that internalization of NIR-PIT agents in cells is unnecessary for the cell-killing
of targeted tumors (Kato et al 2023; Sioud et al 2021). The membrane binding of NIR-PIT
agents is the most important factor for their biological efficacy (Mitsunaga et a/ 2011).
Although, another study reported that Trastusumab-IR700 is located only at the plasma
membrane immediately and internalize into lysosomes via the endocytic pathway after 6 h

(Nakajima and Ogawa 2020).

The above-mentioned results indicate strong and specific binding of all the investigated NIR-
PIT agents to target cancer cells, while no unspecific binding was observed for IR700
conjugated scFv-SNAP tag proteins. Using fluorescence microscopy, it was also validated that

the investigated NIR-PIT agents were able to bind the membrane or internalize to target cancer
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cells whereas no unspecific binding or internalization was detected in the low expressed cancer

cell lines.
4.4 Target-specific, dose-dependent NIR-PIT induced photocytotoxicity of OvCa cells

NIR-PIT can be used as a local light irradiation that could reduce the adverse effect on other
normal tissue. The therapeutic activity of NIR-PIT approach differs in the published reports
due to different light doses, NIT-PIT agents, cell lines, conjugation methods and incubation
time used. These resulted into a broad range (nanomolar to micromolar) of ICso (Amoury et al
2016; Bauerschlag et al 2017; von Felbert et al 2016; Nagaya et al 2015; Nakajima et al 2018;
Nakajima et al 2023; Takakura et al 2021; Yamashita et a/ 2023). As the NIR-PIT agents
possessed specific and comparable binding that was confirmed in this study, specific
photocytotoxicity was further evaluated. After light irradiation, the IR700 conjugated scFv-
Erbitux-SNAP showed specific cytotoxicity in a concentration-dependent manner in EGFR
expressing cell lines. The low expressed cell lines exhibited no effect in lower concentration,
but mild toxicity was observed at higher concentration (Figure 31). The toxicity varies (Table
12) in different cell lines, which is in line with binding analysis (Figure 26). High EGFR
expressed cell lines, SKOV3, OVCAR3, IGROV1 and OVCAR4 showed high toxicity. Several
studies reported that high light doses caused edema (Furumoto et al 2022; Kato et al 2021a;
Nakajima et al 2023). Therefore, a relatively low NIR light dose with higher concentration of
NIR-PIT agents (1600 nM) was used in terms of optimizing the therapeutic efficacy and side
effects. These results clearly indicate that the induction of cancer cell death occurs in a target-
specific way that can reduce the side effect to normal cells. Nagaya et al reported that over
90% of MDA-MB-468 cells died when exposed to 1 J/cm? of EGFR targeting NIR-PIT and
85% cells of MDA-MB-231 died after applying 32 J of NIR-light irradiation (Nagaya et al
2015). Studies also reported that EGFR targeting (scFv-425-SNAP-IR700) NIR-PIT induces
selective cell death of EGFR" cell lines in nM concentration at 25 J/cm? light dose (Amoury et
al 2016; Bauerschlag et al 2017; von Felbert et al 2016).

Similarly, Her2 targeting scFv-Herceptin-SNAP-IR700 showed selective photocytotoxicity to
high Her2" SKOV3 and OVCAR3 cells, which is in line with the fluorescence binding results
(Figure 27, Figure 32). Similar effects were also found in previous studies when Her?2 targeting
affibody based NIR-PIT was applied in SKOV3 spheroids. The cell death was increased by
~85-97% in a concentration-dependent manner of Zugr2:2395-IR700 within the SKOV3
spheroids after 96 h post irradiation (16 J/cm?) (Maczynska et al 2020). Although in this study,
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IGROV1, A2780, OVCAR4 and Hey cells showed slight toxicity at high nM concentration
because these cells also expressed low levels of Her2 (Figure 22 and Figure 25). Consistent
with this result, Her2 targeting Trastuzumab-IR700 demonstrates promising therapeutic
properties in vitro and in vivo against several types of cancers (Nagaya et al 2018; Siddiqui et
al 2019; Takahashi et al 2021; Yamashita et al 2023). However, the photocytotoxicity level was
different because these studies used approximately two to three molecules of IR700 for one

single antibody and a higher light dose.

Among all five investigated NIT-PIT agents, FOLR1 targeting NIR-PIT agents exhibited ICso
at the lowest concentration (42.3 nM) in IGROV1 cells, which was the highly FOLR1
expressed cell line. OVCAR3 cells showed less toxicity although they expressed moderate
levels of FOLR1. Similar to other NIR-PIT agents, negligible toxicity was detected at high
concentration of scFv-Farletuzumab-SNAP-IR700 in low FOLRI1 expressed SKOV3,
OVCAR4 and Hey cells (Figure 33). Aung et al recently revealed that FOLRI1 targeting NIR-
PDT induces cell death in FR overexpressed KB cells by using folate-Si-rhodamine-1 and 50
J/em? NIR-light irradiation (Aung et al 2022).

As most of the OvCa cells expressed high level of TROP2 and specific binding of scFv-
Sacituzumab-SNAP-IR700 to this antigen, their specific photocytotoxicity was expected. The
cells expressed high level of TROP2 (OVCAR3, OVCAR4 and Hey) showed very high toxicity
and their ICso was 45.9-96.2 nM. Nishimura et a/ demonstrated that anti-TROP2 mAb-IR700
conjugate shows target-specific cell killing in TROP2 overexpressed pancreatic carcinoma and

cholangiocarcinoma cell lines (Nishimura et a/ 2019).

In this study, high level of cytotoxicity was detected in TF overexpressed SKOV3, OVCAR3
and OVCAR4 cell lines after treating with scFv-Tisotumab-SNAP-IR700 (Figure 35).
Although the expression level of EGFR was higher than the expression level of TF in these cell
lines, the cytotoxicity of scFv-Tisotumab-SNAP-IR700 was higher in these cell lines
comparing to EGFR targeting NIR-PIT agent. Importantly, no alteration of cell death was
observed in the TF low expressing IGROV1, A2780 and Hey after treating them under the
same conditions. These results suggest that all the investigated NIR-PIT agents have specific
cytotoxicity in vitro. Moreover, IR700 is a hydrophilic photoreactive dye with no phototoxic
or cytotoxic properties of its own. The free unbound IR700 can easily excrete in the urine
(Mitsunaga et al 2011). NIR light is a nonionizing form of radiation and can penetrate a few

centimeters into the tissue without causing damage to DNA. In NIR-PIT, the antibody-IR700
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binds predominantly to specific targeted cancer cells and is only activated in areas exposed to
NIR light, thus targeted to the tumor without damaging adjacent normal cells. (Kobayashi and
Choyke 2019; Kobayashi et al 2020). To further validate these results and measure the

therapeutic efficacy, in vivo studies need to be performed.
4.5 Induction of NIR-PIT agents mediated cell death

In this study, the photocytotoxicity mediated by NIR-PIT was further confirmed by using
Annexin assay. The scFv-Tisotumab-SNAP-IR700 induced the highest cell death in SKOV3
cells, which was in line of XTT photocytotoxicity result. The flow cytometry results showed
64% of cell death by necroptosis with 25% of early apoptotic cell death. Similarly, scFv-
Erbitux-SNAP-IR700, scFv-Herceptin-SNAP-IR700 and scFv-Sacituzumab-SNAP-IR700
treatment induced 58-68% necroptotic cell death (Figure 36). High percentage of necroptotic
cell death was also observed in cells treated with panitumumab-IR700 and trastuzumab-IR700
(Nakajima and Ogawa 2020; Railkar et al 2017). In a recent study, such distinct features of
Annexin V*/PI" sub-population were also observed in panitumumab-IR700 treated A431 cells

(Yamashita et al 2023).

OVCAR3 is high grade serous OvCa cell line representative of HGSOC and has been
extensively used as an OvCa model (Bradbury et a/ 2020). Elevated expression of EGFR, Her2,
FOLR1, TROP2 and TF and their corresponding binding of NIR-PIT agents were detected in
OVCARS cells. As expected, all the tested NIR-PIT agents caused high level of cell death in
OVCAR3 cells which is in line with our XTT result. Besides 24-39% early apoptotic cell death,
most of the cell death (46-58%) occurred by necroptosis (Figure 37). Consistent with these
results, Her2 targeted affibody-IR700 treated SKOV3 cells shifted from viable to necrotic after
24 h irradiation and the percentage of necrotic cells (Annexin V*/PI") was ~47% when 1 pM

of the affibody-IR700 and 16 J/cm? light dose were applied (Maczynska et al 2020).

In addition, 90% of cell death was observed when IGROVI1 cells treated with scFv-
Farletuzumab-SNAP-IR700 in which 62% and 31% cell death occurred by necroptosis and
early apoptosis respectively (Figure 38). The second and third highest cell death occurred in
IGROV1 cells treated with scFv-Erbitux-SNAP-IR700 and scFv-Sacituzumab-SNAP-IR700
which is similar to the findings of XTT assay. However, slight toxicity was observed after
treating IGROV1 cells with scFv-Herceptin-SNAP-IR700 and scFv-Tisotumab-SNAP-IR700,
although IGROV1 cells expressed low level of Her2 and TF. As 1600 nM of NIR-PIT agents

were used for Annexin assay, this high concentration of NIR-PIT agents might cause cell death
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in IGROV1 cells, which was also observed in XTT assay. In contrast, negligible cell death (16-
26%) was observed in the low expressed A2780 cell lines in which 6-9% cell death occurred

by necroptosis (Figure 39).

Consistent with the bindings and XTT assay, scFv-Erbitux-SNAP-IR700 and scFv-
Sacituzumab-SNAP-IR700 were able to induce ~92% cell death in OVCARA4. In addition, a
slight decrease in cell death (~85%) was observed in scFv-Tisotumab-SNAP-IR700 treated
OVCAR4 (Figure 41). Previous study reported that the population of viable cells was 17.5%
and 4% after treating the cells with EGFR targeting affibody-IR700, where most of the
subpopulation was necrosis (Annexin V'/PI") (Maczyfiska et al 2022). In this study, scFv-
Sacituzumab-SNAP-IR700 treatment caused the highest number of cell death in Hey cells in
which ~69% subpopulation was Annexin V'/PI" (Figure 40). Previous study reported that
79.9% cells were PI" after 24 h post irradiation with EGFR targeting affibody-IR700,
demonstrating that cell death occurred by necrosis (Burley et al/ 2018). Besides TROP2
targeting NIR-PIT agents, the number of cell death was lower when treated with other four
NIR-PIT agents. These results suggested that all the investigated NIR-PIT agents caused

targeted cell death in which most representing cells in the necroptosis stage.
4.6 NIR-PIT mediated cell death occurred by irreversible and regulated necrosis

NIT-PIT causes rapid specific cell death through photochemical changes of antibody IR700
bound cell, thereby damaging the membrane of targeted cell. The pathway of cell death is not
yet clear although many studies demonstrated that necrotic cell death occurred after NIR-PIT
(Maczynska et al 2022; Nakajima ef al 2018; Nakajima and Ogawa 2020; Ogawa ef al 2017).
Previous studies demonstrated that necrosis could take place in well-regulated and genetically
guided way. Regulated necrosis has different forms including necroptosis, ferroptosis,
pyroptosis, and autophagic cell death (Galluzzi ef al 2018). The exact pathway that induces cell
death post-NIR light irradiation of scFv-SNAP-IR700 needs to be investigated. Therefore, we
evaluated the cell death type by pre-treating the cells with apoptosis, necroptosis and
ferroptosis inhibitors to understand the molecular mechanisms of scFv-SNAP-IR700 based

NIR-PIT.

After treating OVCAR4 cells with scFv-Erbitux-SNAP-IR700, cell death inhibition was
similar for necroptosis (26%) and ferroptosis inhibitors (27%). However, apoptotic inhibitor
scavenged only 15% cell death (Figure 42). In this study, mixed types of cell death were
detected in response to EGFR targeting scFv-SNAP based NIR-PIT. This indicated that most
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of the cell death (53%) occurred in regulated necrosis (necroptosis, ferroptosis) and other major
cell death might be due to the irreversible necrosis (Mitsunaga et al 2012; Sato et al 2015b)
that could not be scavenged by the analyzed inhibitors. Previous studies demonstrated that
NIR-PIT lead to irreversible cell death by immediate swelling, budding and rupture of the
lysosome (Mitsunaga et al 2012; Sato et al 2015b). Similarly in this study, Her2 targeting scFv-
SNAP based NIR-PIT induced cell death was suppressed by 26% when OVCAR3 cells were
pretreated with ferroptosis inhibitor. In contrast, 18% and 6% cell death were inhibited
respectively when necroptosis and apoptosis inhibitors were applied (Figure 42). These results
also suggested that 46% cell death might occur in regulated necrosis pathway and the rest of

the cell death could occur by irreversible necrosis.

However, contrasting results were observed in FOLR1 targeting NIR-PIT. Only 5% cell death
was scavenged when IGROV 1 cells were pretreated with necroptosis and ferroptosis inhibitors.
Most of the cell death could not be scavenged as scFv- Farletuzumab-SNAP-IR700 was highly
cytotoxic to IGROV1 cells as described in section 3.5 (Figure 33). Another reason could be
IGROV1 cells expressed very high levels of FOLR1 after light irradiation, rapid irreversible
cell damage might occur that could not be inhibited by the inhibitors. Similar to FOLRI1
targeting scFv-SNAP based NIR-PIT, apoptosis, necroptosis and ferroptosis inhibitors
scavenged 5% cell death after Hey cells were treated with scFv-Sacituzumab-SNAP-IR700
(Figure 42). Hey cells expressed very high level of TROP2 and their photocytotoxicity was
also high, which led to their irreversible cell death. A previous study reported that the ROS
scavenger suppressed intracellular ROS production and eventually resulted in an inhibition of
PIT-induced cell death. The cell death inhibition is slightly reduced when high concentrations
of NIR-PIT agents were applied at 16 J/cm? light dose (Maczynska et al 2022). The scFv-SNAP
based NIR-PIT agents could also localize in the lysosome and induce lysosomal membrane
damage and leakage of the lysosomal contents into the cytosol. Similar findings were also
reported when mAb-IR700 were applied (Nakajima and Ogawa 2020). Membrane bound or
internalized scFv-SNAP based NIR-PIT agents might induce massive damage to membrane or
lysosomes, leading to irreversible necrosis that could not be scavenged by the cell death

inhibitors.

Moreover, after treating SKOV3 cells with TF targeting scFv-SNAP based NIR-PIT, 4% and
14% cell death were inhibited by necroptosis and ferroptosis inhibitors, respectively. In
contrary, only 2% cell death was scavenged by apoptosis inhibitor. These results suggested that

the most of the cell death occurred by either irreversible necrosis or regulated necrosis. The
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above-mentioned results indicate that multiple coexistent cell death mechanisms occurr in
scFv-SNAP based NIR-PIT, which is in line with previous studies where affibody based NIR-
PIT was applied (Maczynska et al 2020). These results also suggested that scFv-SNAP based
NIR-PIT induced necrosis either in regulated necrosis (necroptosis or ferroptosis) or in
irreversible necrosis. However, only apoptosis, necroptosis and ferroptosis inhibitors were
studied in this experiment, while pyroptosis or entosis inhibitors might also have impact on cell
death. The type of cell and target have influence on the subcellular localization of NIR-PIT
agents. Different targeting molecules such as full-length antibodies or their fragments are
internalized at different speeds (Glatt et al/ 2016; Mickler et al 2012; Opalinski et al 2018;
Rafidi et a/ 2022). This might be the reason why universal results have not been obtained

concerning the involvement of cell death scavenging by cell death inhibitors in NIR-PIT.

4.7 NIR-PIT triggered ICD by the release of DAMPs

In this study, we analyzed the major features of ICD after NIR-PIT treatment including cell
surface exposure of CRT, HSP70, HSP90 and extracellular release of ATP and HMGBI.

Cancer cells undergoing ICD are expose calreticulin on the plasma membrane, serves as an
“eat-me” signal (Kasikova et al 2019; Kielbik et al 2021). These surface-exposed calreticulin
binds to CD91 of DCs (Gardai et a/ 2003). Besides initiating adaptive T-cell-mediated
immunity, calreticulin can improve the innate immunity by frans-presenting IL-15 to natural
killer cells (Truxova et al 2020). Therefore, the cell surface expression of calreticulin was
analyzed after irradiated the cells with NIR-PIT agents. OVCAR4 cells treated with scFv-
Erbitux-SNAP-IR700 showed 3.2-fold enhanced expression of calreticulin in comparison to
the control. Similarly, the expression of calreticulin was enhanced up to 1.4-fold, 2.5-fold, 2.9-
fold and 2.0-fold in OVCAR3, IGROV1, Hey and SKOV3 cells, respectively, after treating
with Her2, FOLR1, TROP-2 and TF targeting NIT-PIT, respectively compared to the control.
Previous studies demonstrated that enhanced surface expression of calreticulin was observed
in cancer cells treated with Her2 and EGFR targeting affibody-IR700 (Burley et al 2018;
Maczynska et al 2020; Maczynska et al 2022).

Other endoplasmic reticulum (ER) chaperones such as HSP70 and HSP90 can express on the
plasma membrane of cells undergoing ICD and show immunostimulatory function (Joly et a/
2010; Spisek and Dhodapkar 2007). They bind with several receptors like CD91, LOX1, and
CD40 on APCs surface, induce the activation/maturation of DCs, thus activate the CD8" T-

cells by cross-presenting tumor cells antigens to MHC class I molecule (Doody et al 2004;
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Spisek and Dhodapkar 2007). Therefore, the cell surface expressions of HSP70 and HSP90
were analyzed after NIR-PIT. OVCAR4 cells treated with scFv-Erbitux-SNAP-IR700
expressed 2.0-fold and 5.4-fold higher HSP70 and HSP90, respectively in comparison to the
controls. The expressions of HSP70 and HSP90 increased 8.5-fold and 68.1-fold after treating
OVCAR3 cells with Her2 targeting NIR-PIT. Similarly, 3.3-fold (HSP70) and 46.8-fold
(HSP90) enhanced expressions were observed in scFv-Farletuzumab-SNAP-IR700 treated
IGROVI1 cells. In addition, augmented expressions of HSP70 (3.2-fold) and HSP90 (24.8-fold)
were monitored in scFv-Sacituzumab-SNAP-IR700 irradiated Hey cells. Moreover, HSP70
and HSP90 expressions were 4.0-fold and 119-fold higher in SKOV3 cells treated with scFv-
Tisotumab-SNAP-IR700. These results indicated that all the investigated NIR-PIT treated cells
augmented the expressions of cell surface HSP70 and HSP90. Particularly, all five NIR-PIT
treated A2780 showed little to no change of HSP70 and HSP90 expressions in comparison to
the control. The expression of HSP90 was higher than the HSP70 expression on all the NIR-
PIT induced dying cells. This was in line with previously published studies demonstrating that

the MFI of HSP70 and HSP90 is increased after NIR-PIT (Ogawa et a/ 2017; Sioud et al 2021).

During ICD of cancer cells, HMGBI is released by translocating nucleus to the cytoplasm
through permeabilizing nuclear lamina and the plasma membrane (Yang et al 2015). Moreover,
ATP is released in an autophagy-dependent manner through ATP-containing vesicles
(Anderson et al 2019; Martins et al 2014). These extracellular ATP and HMGB1 from ICD
further bind to P2Y2 receptor and multiple PRRs of myeloid cells respectively and eventually
activate the CD8" T cells (Apetoh et al 2007; Elliott et al 2009; Fucikova et al 2020). The
extracellular levels of ATP and HMGBI in the culture supernatants of treated OvCa cells were
evaluated in this study. The released ATP level was 21.5 nmol when OVCAR4 cells treated
with EGFR targeting NIR-PIT. In contrast, IGROV1 treated with scFv-Farletuzumab-SNAP-
IR700 and Hey treated with scFv-Sacituzumab-SNAP-IR700 released low levels of ATP, which
were 127.8 pmol and 74.2 pmol ATP, respectively. The morphological differences of different
cell lines lead to the release of lower ATP levels. In addition, unconjugated scFv-SNAP
treatment was unable to change the ATP levels in all the investigated cell lines with all five
tested NIR-PIT agents compared to the control. Moreover, the extracellular HMGBI1 level was
474 ng/mL in scFv-Farletuzumab-SNAP-IR700 treated IGROV1 cells. The scFv-
Sacituzumab-SNAP-IR700 treated Hey cells released 13.8 ng/mL HMGBI, which was the
lowest among all five treatments. Notably, there was no difference in HMGBI level in the low

expressed cell lines A2780. ATP and HMGBI can be released passively by membrane rupture
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if the cell death occurs by necrosis/necroptosis (Murao et a/ 2021). Some studies demonstrated
that HMGB1 and ATP are released by ferroptotic cells (Efimova et al 2020; Wen et al 2019)
and apoptotic cells (Elliott et al 2009; Jiang 2007; Murao et al 2021). Consistent with other
reports, high levels of extracellular ATP and HMGBI1 release were observed in this study after
treatment (Maczynska et al 2020; Maczynska et al 2022; Ogawa et al 2017). A recent work
reported that the serum concentration of HMGBI increased after NIR-PIT in head and neck
squamous cell carcinoma patients (Ishihara et al 2023). This study provided the proof of
principle that scFv-SNAP-tag based NIR-PIT agents can induce immunogenic cell death.

Further in vivo studies need to be conducted for analyzing their antitumor immunity.
4.8 Co-culturing iDCs with NIR-PIT agents treated cells led to DCs maturation

To generate immune response, a complex developmental program called DC maturation needs
to occur by modifying the morphology and functions of DCs. Such modification includes
enhanced expressions of co-stimulatory molecules, including CD80, CD86, CD40 and
HLADR (Reis e Sousa 2006). As the investigated NIR-PIT agents induced ICD by exposing
DMAPs, it was expected that these DMAPs would activate and mature DC and prime antitumor
immunity (Maczynska et al 2020; Ogawa et al 2017). Therefore, PBMC was differentiated into
iDCs and subsequently co-cultured with scFv-Tisotumab-SNAP-IR700 treated SKOV3 cells.
Enhanced expressions of DC maturation markers including CD80, CD86, CD40 and HLADR,
were observed in co-cultured DCs with scFv-Tisotumab-SNAP-IR700 treated SKOV3 cells.
The expression of CD80 was 2.4-fold higher in DCs co-cultured with scFv-Tisotumab-SNAP-
IR700 treated SKOV3 cells than the scFv-Tisotumab-SNAP treated SKOV3 cells. Similarly,
scFv-Tisotumab-SNAP-IR700 treated SKOV3 cells enhanced the expressions of CD86 3.6-
fold higher and HLADR 7.7-fold higher than the controls. This was in line with previously
published studies demonstrating that Her2 targeting affibody increased the expressions of
CD86 and HLADR (Maczynska et al 2020). In addition, the difference of CD40 expression
was 10.4-fold higher on DCs. Notably, no changes of these markers were found when DCs
were co-cultured with SKOV3 cells treated with unconjugated scFv-Tisotumab-SNAP. Ogawa
et al demonstrated that the Her2 targeting NIR-PIT increases the expressions of CD80, CD86,
HLADR and CD40 (Ogawa et al 2017). Markedly, this is the first study describing the potential
therapeutic effects of TF targeting NIR-PIT to treat ovarian cancer and generate antitumor

immune response by activating DC.
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Moreover, the DC maturation was also examined after co-culturing DCs with OVCAR4 treated
with EGFR targeting NIR-PIT agent (scFv-Erbitux-SNAP-IR700) to validate the activation of
DCs by scFv-SNAP based NIR-PIT agents. The expressions of CD80, CD86, CD40 and
HLADR were augmented in co-cultured DCs with scFv-Erbitux-SNAP-IR700 treated
OVCARA4 cells. Moreover, 12.1-fold higher MFI of CD40 was observed than the control. The
DCs maturation markers were highly expressed when co-cultured with scFv-Tisotumab-SNAP
treated SKOV3 cells than scFv-Erbitux-SNAP treated OVCARA4 cells. These results suggest
that the investigated NIR-PIT can lead to DCs maturation and generate antitumor immune
response in OvCa patients. Taken together, these in vitro studies of DCs maturation suggest
that the NIR-PIT agents can rapidly lead to induce ICD of targeted cancer cells and effectively

activate DCs.

Although the results in this study present only in vitro findings, they provide the basis for future
studies aimed to evaluate the efficacy of these agents in preclinical in vivo models. This work
also provides an insight for using SNAP-tag technology to generate NIR-PIT, which can
facilitate OvCa patients pre-screening, real-time treatment monitoring, as well as evaluating

therapeutic efficacy.
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Figure S1: Enrichment of scFv-Herceptin-SNAP, scFv-Farletuzumab-SNAP, scFv-Sacituzumab-SNAP and scFv-
Tisotumab-SNAP by nickel NTA using His-tagged and confirmed by SDS-PAGE by Coomassie blue staining (left
panel) and SNAP-Surface® Alexa Fluor® 488 signal (right panel). The signal was visualized with ChemiDoc
XRS* System. Protein standard broad range (11-250 kDa) was used as marker. The red box indicates the

corresponding protein bands.
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Figure S2: Purification of BG-IR700. (a) HPLC analysis of BG-IR700. The arrow indicates the peak of purified
BG-IR700. (b) Mass spectra of BG-IR700.
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Figure S3: Isolation of CD14" monocytes cells from PBMC using by positive selection using CD14 microbeads
and MACS LS column. The efficiency of CD14" monocytes cells isolation was investigated by staining with
CD14 antibody using flow cytometry. The gated dot plot represents the percentage of CD14" cells before the
MACS separation (left dot plot), positive (middle dot plot) and negative (middle dot plot) selected cells after
MACS separation.
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Figure S4: LPS treated iDCs promotes DCs maturation. Immature DCs were cultured with LPS. After 12h, the
expressions of CD80, CD86, CD40 and HLADR on DCs were analyzed by flow cytometry. Immature DCs without
co-culture are shown as a control. The expressions of CD80, CD86, HLADR, and CD40 on DCs are presented as
flow cytometric histograms. The grey lines represent iDCs without LPS, the purple lines depict iDCs with LPS.
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Abbreviation

mAb
FDA
scFv
BG-IR700
AMFI
ADC
CD
PSMA
NIR-PIT
IR700
ICD
DAMPs
HSP70
HSP90
ATP
HMGBI1
PBMC
DC

iDC
EpCAM
DAR
TF
TROP2
FOLR1
Her2
PD-1
PD-L1
Fab

ICso

BG
EGFR
EpCAM

Monoclonal antibody

Food and Drug Administration
Single-chain variable fragment

BG modified IR700

A mean fluorescence intensity
Antibody drug conjugate

cluster of differentiation
Prostate-specific membrane antigen
Near-infrared photoimmunotherapy
IRDye700DX

Immunogenic cell death

damage associated molecular patterns
Heat shock protein 70

Heat shock protein 90

Adenosine triphosphate
high-mobility group box 1
Peripheral blood mononuclear cell
Dendritic cell

Immature dendritic cell

Epithelial cell adhesion molecule
Drug-to-antibody ratio

Tissue factor

Trophoblast cell-surface antigen 2
Folate receptor alpha

Human epidermal growth factor receptor 2
Programmed death receptor-1
Programmed death-ligand 1
Fragment antigen-binding region
Half maximal inhibitory concentration
Benzylguanine

Epidermal growth factor receptor

Epithelial cell adhesion molecule
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SDS-PAGE
BSA
HPLC

PI

IgK leader
CMV

GS

LPS

Sodium dodecyl-sulfate polyacrylamide gel electrophoresis
Bovine serum albumin

High-performance liquid chromatography

propidium iodide

Murine immunoglobulin kappa chain leader
Cytomegalovirus enhancer and promoter

Glycine-serine

Lipopolysaccharide
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