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ABSTRACT

Abstract

Cancer remains a major global health challenge, with metastatic cancer accounting for a
significant proportion of cancer-related deaths. Identifying appropriate treatment approaches
is often complex and varies by cancer type. Predicting metastasis and response to treatment
is critical to optimising patient care. Biomarkers, which detect changes indicative of disease,
play an important role in diagnosis and treatment prediction of cancer. They are already an
integral part of cancer care, supporting early detection and the development of personalised
therapies. Advancing biomarker research is critical to improving the efficiency of cancer
treatment and patient outcomes. The aim of this thesis is to address the critical need for
improved methods of cancer treatment decision making by exploring the potential of
biomarkers, focusing on two novel candidates, Nectin cell adhesion molecule 1 (Nectin-1) and
the plasma membrane citrate carrier (pmCiC).

Malignant melanoma is an aggressive form of skin cancer with a high metastatic rate. Oncolytic
virotherapy is a promising approach for the treatment of advanced melanoma, with talimogene
laherparepvec (T-VEC) being the first oncolytic virus approved by the United States (US) Food
and Drug Administration (FDA). T-VEC selectively targets tumour cells and stimulates an
immune response. Although effective, treatment with T-VEC requires multiple injections and
can cause local and systemic side effects that can be debilitating. In addition, a proportion of
patients do not benefit from treatment. This study identified Nectin-1 as a predictive marker of
melanoma response to oncolytic virotherapy and demonstrated a significant correlation
between Nectin-1 expression and tumour regression in both melanoma cell lines and patient
samples. High levels of Nectin-1 were associated with effective T-VEC-induced melanoma cell
killing, suggesting its potential as a biomarker to optimise virotherapy efficacy in various

tumours.

In the second part of the present study, we investigated whether pmCiC expression is
associated with increased disease aggressiveness of cancer and can serve as a prognostic
marker. Citrate, a key metabolite in the citric acid cycle, is crucial for lipid synthesis, epigenetic
regulation, and adenosine triphosphate (ATP) production. Cancer cells of various origins use
pmCiC to take up extracellular citrate to support their metabolism, including fatty acid
synthesis, mitochondrial activity, protein synthesis, and histone acetylation. Extracellular
citrate is also linked to a metastatic phenotype in cancer cells. Our investigation of pmCiC
expression showed that it increases with tumour stage and is highly expressed at metastatic
sites as well as in the tumour microenvironment. This highlights the potential role of
extracellular citrate in metastasis and tumour progression. We found a strong correlation
between pmCiC expression in both cancer cells and the surrounding stroma with tumour stage.
Consequently, pmCiC expression may serve as a prognostic marker, although further research
is needed for validation. Our findings also introduce citrate as a critical metabolite in tumour

Xl



ABSTRACT

progression, with citrate synthesis and release by cancer associated fibroblasts being integral
to tumour-stroma interactions and metastasis. Blocking citrate uptake by cancer cells reduced
cancer spread and stromal transformation, providing a novel therapeutic avenue. Our study
sheds light on the complex role of citrate in cancer metabolism and microenvironment
interactions. Extracellular citrate emerges as a key player in tumour progression, with potential

implications for metastasis and therapeutic interventions.

Further research into Nectin-1 and citrate metabolism may improve oncolytic virotherapy and

provide new strategies for cancer treatment and metastasis prevention.
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GENERAL INTRODUCTION

1 General introduction
1.1 Research question and aims of the study

1.1.1 Description of the problem and clinical relevance

Cancer remains one of the leading causes of death worldwide, with metastatic tumours
accounting for a significant proportion of cancer-related mortality (Hanly et al., 2022;
Neophytou et al., 2021). One of the greatest challenges in cancer treatment is the early and
accurate prediction of disease progression and treatment response. Biomarkers play a crucial
role in this regard. Biomarkers are biological indicators that provide insights into the presence
or progression of a disease and can help tailor personalized therapies (Biomarkers Definitions
Working Group, 2001).

This dissertation investigates two promising biomarkers: Nectin cell adhesion molecule 1
(Nectin-1) and the plasma membrane citrate carrier (pmCiC). Nectin-1 may serve as a
predictive biomarker for the response of malignant melanoma to oncolytic virotherapy with
talimogene laherparepvec (T-VEC), while pmCiC could act as a prognostic biomarker for the
aggressiveness of various tumours. Identifying and validating these biomarkers could

significantly advance personalized cancer treatment.

1.1.2 Research gap and objectives

Despite significant advancements in cancer research, predicting therapeutic outcomes and
determining tumour aggressiveness remain challenging. Existing biomarkers do not always
provide the necessary precision and reliability. This dissertation aims to fill this research gap
by investigating the roles of Nectin-1 and pmCiC as potential predictive and prognostic

biomarkers.

Currently, there is no established predictive biomarker for the response to oncolytic virotherapy
in malignant melanoma, nor is there a clear prognostic marker that reliably predicts tumour

aggressiveness and metastatic potential. Nectin-1 and pmCiC could potentially fill these gaps.
Objectives of the study:

1. To evaluate Nectin-1 as a predictive biomarker for the efficacy of T-VEC therapy in
malignant melanoma.

2. Toinvestigate pmCiC as a prognostic marker for the aggressiveness of various tumour
types.

3. To understand how pmCiC expression influences merkel cell carcinoma (MCC)

proliferation and to assess the therapeutic effects of targeting citrate metabolism.
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4. To explore the impact of extracellular citrate on cancer cell metabolism and the
induction of invasive phenotypes, and to assess the therapeutic potential of inhibiting
citrate uptake.

1.2 Biomarkers in tumours

Cancer is a leading cause of death worldwide, causing nearly 10 million deaths in 2020, 20 %
of them in Europe (Hanly et al., 2022). Despite humerous therapeutic advances in cancer
treatment, metastatic cancer still accounts for more than 90% of cancer deaths, making it one
of the deadliest diseases (Neophytou et al., 2021). Prevention of metastasis and rapid disease
progression is therefore the most important goal of cancer treatment. Unfortunately,
determining the most suitable treatment plan is often challenging due to the uncertain nature
of the disease and its progression. Of course, this primarily depends on the type of cancer that
the patient has been diagnosed with. As a result, questions arise regarding whether an
aggressive systemic approach is necessary to prevent and treat metastasis or if a less invasive
approach would be sufficient.

Cancer treatments are stressful and debilitating, and patients often suffer greatly from
aggressive therapies. For clinical practice and decision making, it would be beneficial to be
able to predict whether the cancer has the potential to metastasise and to decide whether
aggressive treatment is needed or not. It would also be helpful to know whether a particular
cancer therapy is promising or whether a different therapeutic approach should be chosen.
Many scientists have discovered new targets for early cancer detection. Small changes at the
molecular level can play a critical role in how cancer develops and responds to treatment.
Biomarkers have become a useful tool in clinical practice to identify and quantify these changes
or abnormalities, thereby aiding in diagnosis, prognosis and prediction of response to

treatment.

A biomarker can be defined as a “biological observation that substitutes for and ideally predicts
a clinically relevant endpoint or intermediate outcome that is more difficult to observe.”
(Aronson & Ferner, 2017). “Difficult to observe” means that there may be difficulties with
intermediate outcomes or endpoints because they are, for example, difficult to access or
distant in time (Aronson & Ferner, 2017). A clinical endpoint is used to reflect or characterise
how a patient or a subject in a study or clinical trial feels, functions or survives. Clinical
endpoints are precise measurements or analyses noticed during a study or clinical trial. They
demonstrate whether a clinical treatment provides benefits to patients (Biomarkers Definitions
Working Group, 2001).

Biomarkers are a widely used tool in research and clinical practice. They have many
applications, such as detecting diseases early, diagnosing and characterizing them, and

monitoring their progress. They can be used as prognostic indicators and for the development
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of individualized therapies. Moreover, specific cell types, e.g. tumour cells, can be identified by
biomarkers. Additionally, biomarkers can aid in the prediction and management of negative
drug reactions. Biomarkers can also be used in pharmacodynamics and dose-response
studies.

The advantage of biomarkers is that they are easy and inexpensive to measure in comparison
with clinical endpoints. They can be measured multiple times and analysed over a shorter
period. Furthermore, implementing biomarkers circumvents ethical challenges related to
assessing clinical endpoints.

Biomarkers are already being used in a variety of ways in the clinical practice of patients with
cancer. Some examples include kirsten rat sarcoma viral oncogene homolog (KRAS)
mutations as a prognostic biomarker in pancreatic cancer (Li, Tao et al.,, 2016), serum
microRNA-21 (miR-21) as a diagnostic biomarker in breast cancer (Li, Shichao et al., 2016),
the three biomarkers programmed cell death-ligand 1 (PD-L1); microsatellite instability (MSI);
tumour mutational burden (TMB) predicting the response to immune checkpoint blockade and
select patients for immune checkpoint inhibitor (ICI) therapy (Vaddepally et al., 2020), the
serum markers lactate dehydrogenase (LDH) and the calcium-binding, acidic cytoplasmic
protein S100B (also known as S-100B or S-100B) in the prognosis and monitoring of
melanoma (Eton et al., 1998; Weide et al., 2012; Balch et al., 2009; Gaynor et al., 1980; Gaynor
et al., 1981; Nakajima et al., 1982), DNA point mutations in melanoma (e.g. mutations in the
mitogen-activated protein kinase (MAPK) pathway, most commonly found in viral-rapidly
accelerated fibrosarcoma oncogene homolog B1 (BRAF) and neuroblastoma rat sarcoma virus
oncogene homolog (NRAS), which are also important biomarkers in melanoma that predict
response to targeted therapy or are correlated with shorter survival (Burotto et al., 2014; Pracht
et al., 2015; Chapman et al., 2011).

Advancing biomarker research is essential for improving early detection, treatment selection,
patient outcomes, and the overall efficiency of cancer care. This will ultimately lead to better

prognoses and quality of life for patients (Duffy, 2013).

In the following section, the two potential new biomarkers, Nectin-1 and pmCiC, will be

introduced and their biological background explained.

21



GENERAL INTRODUCTION

1.3 Nectin cell adhesion molecule 1 (Nectin-1) and the plasma
membrane citrate carrier (pmCiC) — two potential biomarkers and

their applications

1.3.1 Nectin-1 as a predictive biomarker for the therapeutic response to

oncolytic herpesviruses in malignant melanoma

1.3.1.1 Malignant melanoma

Malignant melanoma, commonly referred to as melanoma, is a type of skin cancer that arises
from melanocytes, the cells responsible for producing melanin pigment and originating from
the neural crest. Melanocytes are situated in the basal layer of the skin's epidermis and dermis.
Together with neighbouring cells such as keratinocytes, they protect deoxyribonucleic acid
(DNA) from damage caused by ultraviolet (UV) light. After undergoing malignant
transformation, melanocytes express several signalling molecules and factors that promote
migration and metastasis. Melanoma is an aggressive form of cancer that often spreads to the
lungs, brain, liver, and soft tissues. The tumour displays microsatellite, satellite, nodal, or
distant metastases patterns and has a high probability of local recurrence. In addition to its
high metastatic potential, melanoma is characterised by a high degree of immunogenicity
(Passarelli et al., 2017; Lugowska et al., 2018; Byrne & Fisher, 2017). The progression of
melanoma is linked to the failure of the immune system to activate and the tumour’s ability to
evade it, known as 'immune escape'. The immune system can no longer distinguish between

self and non-self-antigens, which is its primary function.

Skin cancer, including non-melanoma skin cancer and melanoma, is one of the maost frequently
diagnosed cancers globally (Arnold et al., 2022). For 2020, over 1.5 million new cases and
more than 120,000 associated deaths were estimated (Sung et al., 2021). Melanomas account
for only 324,635 (21%) of all skin cancer cases, yet they are responsible for 57,043 (nearly 50
%) of the associated deaths (Sung et al., 2021). This underlines the severity of this cancer. If
the rates from 2020 remain unchanged, it is estimated that the incidence of melanoma will
increase to 510,000 new cases (a roughly 50 % increase) and 96,000 deaths (a 68 % increase)
by 2040 (Arnold et al., 2022; Sung et al., 2021). Although new therapies, such as immune
checkpoint inhibitors and targeted treatments, are having an impact on reducing mortality rates
for metastatic melanoma in a few countries (e.g. the US), it remains a challenging cancer to
treat and a significant global health issue, especially in fair-skinned populations of European
ancestry (Sung et al., 2021; Erdmann et al., 2013; Arnold et al., 2022; Arnold, M. et al., 2014,
Berk-Krauss et al., 2020; Mason et al., 2019).

Melanoma is a complex disease. It results from an interaction between genetic susceptibility
and environmental exposures. The most important environmental risk factor for the
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development of melanoma is exposure to UV radiation due to its genotoxic effect. There is a
positive association between intermittent intense sun exposure and melanoma (Gandini et al.,
2005). Artificial UV exposure, such as that from sunbeds, may contribute to the development
of melanoma as the amount of UVA present in a typical tanning bed session is significantly
higher than the exposure during ordinary outdoor activities or sunbathing (The International
Agency for Research on Cancer Working Group on artificial ultraviolet (UV) light and skin
cancer, 2007).

The key host risk factors for melanoma include skin type, the number of melanocytic nevi,
family history, and genetic susceptibility. Melanocytic nevi are benign accumulations of
melanocytes. They may be congenital or acquired. About 25% of melanomas occur in
association with a pre-existing nevus (Bevona et al., 2003). Furthermore, there is a positive
correlation between the total number of nevi and the risk of melanoma (Holly et al., 1987). A
family history of melanoma is a significant risk factor for the disease. The familial clustering of
a disease is often an indicator of possible heritable causes. Cyclin-dependent kinase inhibitor
2A (CDKNZ2A or p16) is the most frequently implicated gene in familial melanoma, accounting
for predisposition in approximately 20-40 % of melanoma families (Goldstein et al., 2007).
Mutations in cyclin-dependent kinase 4 (CDK4), were less frequent. Other known high
penetrance melanoma genes are BRCA1l-associated protein-1 (BAP1), protection of telomeres
1 (POT1), adrenaocortical dysplasia protein homolog (ACD), telomeric repeat binding factor 2
interacting protein 1 (TERF2IP), and telomerase reverse transcriptase (TERT). Certain
physical characteristics, including red hair, fair skin, numerous freckles, light eyes, sun
sensitivity, and an inability to tan, increase the risk of developing melanoma by about 50%
(Titus-Ernstoff et al., 2005).

The prognosis of melanoma depends highly on the clinical stage, which refers to the extent of
tumour burden (Markovic et al., 2007). In Germany, approximately 70 % of all melanomas are
detected at an early stage (American Joint Committee on Cancer (AJCC) I). The current
relative 5-year survival rate for melanoma of the skin is 95 % for women and 93 % for men
(Robert Koch Institute (ed.) and the Association of Population-based Cancer Registries in
Germany (ed.), 2022). At AJCC 1V, the relative 5-year survival rate is significantly lower with
32% for females and 19% for males (Robert Koch Institute (ed.) and the Association of
Population-based Cancer Registries in Germany (ed.), 2022). The patient's clinical stage is

also a crucial factor in determining the appropriate therapy.

Defeating melanoma is a major challenge due to its highly aggressive nature and resistance
to cytotoxic agents (Soengas & Lowe, 2003). According to German and international
guidelines, immunotherapy with checkpoint inhibitors and targeted therapy with BRAF and
mitogen-activated protein kinase kinase (MEK) inhibitors are the standard of care for

metastatic disease. The use of immunotherapeutic agents has significantly improved the
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survival of patients with unresectable metastatic melanoma (Bedikian et al., 2006; Middleton
etal., 2000; Korn et al., 2008; Wolchok et al., 2021). It all started with the approval of interferon-
a2b (IFN-a2b) therapy and the cytokine interleukin-2 (IL-2) as the first immunotherapy agents.
Subsequently, the cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) immune checkpoint
inhibitor ipilimumab was approved, followed by the anti-programmed cell death protein 1 (PD-
1) monoclonal antibodies pembrolizumab and nivolumab. Later, various combinations or
monotherapy of the above agents were approved as systemic therapy for advanced disease
or as adjuvant therapy for resectable disease. In 2022, a new agent, the anti-lymphocyte-
activation gene 3 (anti-LAG-3) antibody relatlimab, was also approved, but only for use in
combination with nivolumab. Since 2015, oncolytic virus therapy with T-VEC, has also been

approved for unresectable melanoma.

1.3.1.2 Oncolytic viruses and their mode of action

Oncolytic viruses (OVs) are native or modified and therefore often attenuated live viruses. They
are an innovative tool for the detection, infection and destruction of cancer cells with negligible
effects on normal human cells and are being used as a new class of drugs in cancer therapy
(Guo et al., 2008; Russell & Peng, 2007).

OVs frequently exhibit superior replication capabilities in cancerous cells relative to their
healthy counterparts. They have a selective advantage due to abnormalities in stress
response, cell signalling, and homeostasis (Hanahan & Weinberg, 2011). In addition, antiviral
mechanisms are frequently impaired in cancer cells. For example, protein kinase R (PKR),
which contributes to the elimination of intracellular viral infections, may be absent. Healthy cells
have different signalling pathways to recognize and defend against viral particles (Figure 1A).
The virus-infected cells mostly activate antiviral signalling pathways to stop or restrain viral
infection. The antiviral machinery can be activated by viral components that activate Toll-like
receptors (TLRs), through the detection of viral nucleic acids by retinoic acid-inducible gene 1
(RIG-1) or by the local release of interferons (IFNs). Components activating TLRs are called
pathogen-associated molecular patterns (PAMPs). PAMPs are repeated sequences like
components of viral capsids, DNA, ribonucleic acid (RNA), and viral protein products. PAMPs
are also common in pathogenic bacteria and are not limited to viruses. TLRs are located on
the cell surface or intracellular and are able to recognize PAMPs. TLR signalling leads to
activation of antiviral responses and induction of the systemic innate immune system. Identified
downstream proteins involved in OV combating are for example TNF-associated factor 3
(TRAF3), IFN-related factor 3 (IRF3) and 7 (IRF7), and RIG-1. These proteins activate the
janus kinase-signal transducer and activator of transcription (JAK-STAT) pathway, which plays
the essential role in regulating the antiviral machinery in infected cells. The antiviral machinery
enhances local IFN release. Through the IFN overflow PKR is activated. PKR senses double-

stranded RNA and other viral elements, self-activates and blocks translational machinery,
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induces apoptosis and viral clearance (Taniuchi et al., 2016). In cancer cells, IFN signalling
and PKR activity may be disrupted, impeding viral clearance (Figure 1B) (Clemens, 2004).
Several viruses have the ability to replicate particularly well in tumour cells due to their ability
to manipulate aberrant signalling factors in cancer cells and delay host cell apoptosis. After
viral replication, most oncolytic viruses trigger cell death. Tumour cells are thereby also directly

eliminated. In addition, the tumour cell death sets the base for the initiation of systemic immune

responses.
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Figure 1: Oncolytic viruses can exploit the pathways of cancer immune defence. (A) Upon viral

infection, most normal cells activate an antiviral pathway to contain the virus. This response is triggered
by viral pathogen-associated molecular patterns (PAMPS) that bind to toll-like receptors (TLRS) or by
the detection of viral nucleic acids by retinoic acid-inducible gene 1 (RIG-1). Once detected, a signalling
cascade involving type | interferons (IFNs), Janus kinase (JAK), signal transducer and activator of
transcription (STAT), and interferon regulatory factor 9 (IRF9) is initiated. This cascade activates a
transcriptional programme that limits viral spread and targets infected cells for apoptosis or necrosis.
Local IFN production, triggered by the innate immune response to viral infection, enhances antiviral
activity via the IFN receptor (IFNR). Toll-like receptors (TLRs) activate signalling through the proteins
myeloid differentiation primary response protein MYD88, TIR-domain-containing adapter-inducing IFNf3
(TRIF), IRF7, IRF3 and nuclear factor-kB (NF-kB), leading to the production of pro-inflammatory
cytokines and type | IFNs. These IFNs activate the JAK-STAT pathway, which upregulates cell cycle
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regulators like protein kinase R (PKR) and IRF7. This response limits viral spread by binding to viral
particles, activating type | IFN transcriptional pathways, inducing apoptosis in infected cells, and
producing cytokines that alert the immune system to the viral infection. (B) In cancer cells, this process
is disrupted. Key components of the innate signalling pathway, such as RIG-1, IRF7, and IRF3, are often
downregulated, reducing the detection of viral particles by TLRs and RIG-1. This makes cancer cells
more susceptible to viral replication. Additionally, cancer cells may downregulate parts of the type | IFN
signalling pathway, weakening the pro-apoptotic and cell cycle regulatory effects of IFNs. Adapted by
permission from Springer Nature Customer Service Centre GmbH: Nature Research, Nature Reviews
Drug Discovery, Oncolytic viruses: a new class of immunotherapy drugs, (Bommareddy et al., 2017).
Created with BioRender.com.

The exact mechanisms by which tumour rejection is mediated are not fully understood. OVs
are believed to have a dual effect in destroying cancer. Firstly, they replicate specifically in
cancer cells and destroy them directly by cell lysis, and secondly, OVs activate an anti-tumour
immune response which provides the indirect killing effect (Figure 2) (Kaufman et al., 2015;
Jhawar et al., 2017).

Cell lysis is the result of natural viral replication after infection and is part of the viral life cycle.
After lysis of the host cells, virus particles are released and surrounding cells can be infected
and destroyed. Thus, the virus reproduces and spreads by itself. In addition, certain OVs are
capable of producing cytotoxic proteins during their replication cycle, which also lead to tumour
cell death. Virus replication continues until either the immune response is initiated which
reduces viral replication, or until there is a deficit of susceptible host cells (Mullen & Tanabe,
2002). The killing effect depends on the virus type and dose, selective tropism, but also on the
cancer cell and its susceptibility to the different types of cell death (apoptosis, necrosis,
pyroptosis and autophagy). Moreover, availability of targetable receptors, viral replication and
cell antiviral response elements are essential for the anti-tumour effect (Alvarez-Breckenridge
et al., 2009; Uchida et al., 2013).

The second important effect mechanism of OVs is the enhancement of hostimmune responses
(systemic innate and tumour-specific adaptive). These immune responses not only attack the
virus itself, but ideally also target tumour cells (Workenhe et al., 2015). Even non-infected cells
can be affected by the immune response when systemic immunity is fully triggered. In this way,
even a distant tumour that has not been exposed to the virus can be attacked and regressed.
This is a major advantage of oncolytic virotherapy (Andtbacka et al., 2019). Subsequent to
oncolytic cell death, tumour cells release tumour-associated antigens (TAAS) that promote an
adaptive immune response, thereby mediating tumour regression at distant tumour sites.
Furthermore, tumour cells release, surface expose, or secrete viral PAMPs, cellular danger-
associated molecular patterns (DAMPs) and cytokines (Bartlett et al., 2013; Inoue & Tani,
2014; Conrad et al., 2013; Zamarin & Postow, 2015). DAMPs are for example ATP (Martins et
al., 2009; Garg, Krysko & Verfaillie et al., 2012), high mobility group box 1 (HMGB1) protein
(Bell et al., 2006; Fucikova et al., 2011; Scaffidi et al., 2002), surface-exposed endoplasmic
reticulum (ER) chaperone calreticulin (ecto-CRT) (Obeid et al., 2007; Garg, Krysko & Verfaillie
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et al., 2012), heat-shock proteins (HSP90 and HSP70) (Fucikova et al., 2011; Garg, Krysko,
Vandenabeele & Agostinis, 2012; Spisek et al., 2007; Srivastava et al., 1994) and uric acid
(Shi et al., 2003). Cytokines are for example, type | IFNs, tumour necrosis factor-a (TNFa),
IFNy, and IL-12 (Pol et al., 2020). PAMPs, DAMPs, and cytokines stimulate antigen-presenting
cells (APCs), such as dendritic cells, to mature. APCs activate antigen-specific CD4+ and

CD8+ T cell responses. CD8+ T cells migrate to the tumour cells and mediate anti-tumour

immunity following antigen recognition.

IFNs and DAMPs can also directly activate natural killer (NK) cells. NK cells are part of the
innate immune response and Kill cells with reduced major histocompatibility complex (MHC)
class | expression. Cancer cells frequently show a downregulated MHCI expression. However,
it is important to note that NK cells may also eliminate virally infected cells, which can be

counterproductive for OV therapy (Alvarez-Breckenridge et al., 2012).
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Mechanisms of tumour cell destruction by oncolytic viruses
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Figure 2: Mechanisms of tumour cell destruction by oncolytic viruses. The therapeutic efficacy of

oncolytic viruses is based on a combination of direct destruction of cancer cells and indirect stimulation
of anti-tumour immune responses. Oncolytic viruses are designed or naturally inclined to selectively
infect and replicate within cancer cells. This selectivity is often due to the unique characteristics of the
cancer cell environment, such as specific surface receptors, altered cellular pathways and impaired
antiviral responses that are less effective compared to normal cells. Once inside the cancer cell, the
oncolytic virus replicates and produces numerous viral progeny. This replication process overwhelms
the cell, causing it to rupture (lyse). The lysed cell releases new viral particles that can then infect
neighbouring cancer cells, continuing the cycle of infection and destruction. The second mechanism is
the activation of anti-tumour immune responses. When cancer cells are infected by an oncolytic virus,
they mount an antiviral response involving endoplasmic reticulum (ER) stress and genotoxic stress. This
triggers an increase in reactive oxygen species (ROS) and the production of antiviral cytokines. The
ROS and cytokines are released by the infected cancer cells and activate immune cells, including
antigen-presenting cells (APCs), CD8+ T cells and natural killer (NK) cells. The oncolytic virus then
induces oncolysis, resulting in the release of viral progeny, pathogen-associated molecular patterns
(PAMPs), danger-associated molecular patterns (DAMPSs) and tumour-associated antigens (TAAS). The
viral progeny continue to spread the infection. PAMPs (viral particles) and DAMPs (host cell proteins)
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activate the immune system by engaging receptors such as Toll-like receptors (TLRs). In this
immunostimulatory environment, TAAs are taken up by antigen-presenting cells. Together, these
processes lead to the activation of immune responses against virally infected cancer cells and the
generation of new immune responses against TAAs on uninfected cancer cells. Created with
BioRender.com.

Many virus types have already been proposed or tested as possible OVs and entered into
clinical trials, such as herpesviruses, poxviruses, picornaviruses (e.g., coxsackie, polio, and
Seneca Valley virus), adenoviruses, paramyxoviruses (e.g., measles virus), parvoviruses,
reoviruses, Newcastle reovirus, Newcastle disease virus, rhabdovirus (e.g., vesicular
stomatitis virus), and others (reviewed in (Kohlhapp & Kaufman, 2016)). To date, only one
replication-competent oncolytic virus, a modified herpes virus type 1 (HSV-1), termed T-VEC
(IMLYGIC®, Amgen), has been approved by the FDA for the treatment of advanced melanoma
(Andtbacka et al., 2019). This makes T-VEC the first therapeutic agent in oncolytic
immunotherapy (Andtbacka et al., 2019).

1.3.1.3 Talimogene laherparepvec (T-VEC)

1.3.1.3.1 Biology

HSV-1 is a prevalent human pathogen, infecting approximately 80% of the human population
(David M. Knipe & Peter M. Howley, 2020). It is an enveloped, double-stranded DNA virus that
belongs to the subfamily Alphaherpesvirinae. Its genome is large, at 152 kb, and the virion size
ranges from 150 to 300 nm in diameter (David M. Knipe & Peter M. Howley, 2020). The
genome contains approximately 30 kb of genes that are not essential for viral infection. HSV-
1 replicates in the nucleus without causing insertional mutagenesis. Due to these

characteristics, the virus is attractive for oncolytic virus development.

T-VEC is a genetically modified and thereby attenuated herpes simplex virus type 1 (HSV-1)
derived from the JS1 strain and the first oncolytic virus in its class (Liu et al., 2003b). The JS1
strain was isolated from a cold sore and is a minor human pathogen that causes fever blisters.
It was found to be superior to standard laboratory strains and other clinical isolates of HSV-1
in killing tumour cells. It was therefore selected for further genetic modification (Liu et al.,

2003b). The original strain was modified in several ways to allow virus replication in tumour

tissue, tumour cell lysis, and promotion of host anti-tumour immunity (Figure 3).
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Retention of thymidine kinase | Maintenance of sensitivity to aciclovir and ganciclovir.
gene

Figure 3: The engineering of JS1 backbone of herpes simplex virus type 1 (HSV-1) to generate
talimogene laherparepvec (T-VEC). (A) Schematic of T-VEC genetic modifications. Both viral ICP34.5
genes have been deleted and exchanged with hGM-CSF genes under the control of a CMV promoter.
Additionally, ICP47 was deleted and US11 thereby placed under the control of the immediate-early
ICP47 promoter. (B) Characteristics of T-VEC and their implications. Abbreviations: CMV,
cytomegalovirus; hGM-CSF, human granulocyte-macrophage colony-stimulating factor; ICP, infected
cell protein; IRL, long inverted repeat region; pA, polyadenylation tail; TRc, long terminal repeat; TRs,
short terminal repeat; UL, unique long region; Us, unique short region; US11, unique short sequence 11.
Adapted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature,
American Journal of Clinical Dermatology, Talimogene Laherparepvec (T-VEC) and Other Oncolytic
Viruses for the Treatment of Melanoma, (Bommareddy et al., 2017).

After HSV-1 infection, host cells defend themselves through a number of mechanisms. These
include the activation of the PKR, which terminates protein translation and blocks further viral
replication. PKR is activated by double-stranded RNA in virus-infected cells and mediates
among others phosphorylation of the a-subunit of eukaryotic translation initiation factor 2
(elF2a), which inhibits cellular and viral protein synthesis and can lead to cell death. To
interrupt this cascade the unmodified HSV1 expresses two copies of neurovirulence factor
infected cell protein (ICP) 34.5. The ICP34.5 protein is required to combat the host's anti-viral
response and promote viral replication. This is achieved by ICP34.5 recruiting and activating
protein phosphatase 1 (PP1) which dephosphorylates elF2a, enabling sustained protein
synthesis and allowing for viral replication despite PKR activation (He, Gross & Roizman, 1997,
Chou et al., 1995). In tumour cells the PKR-elF pathway is usually disabled. Cell growth and
viral replication are therefore usually unhindered. In T-VEC both ICP34.5 copies were deleted.
This leads to a selective viral replication in cancer cells, an abortive infection of PKR-active

healthy cells, and additionally impedes replication in neuronal cells (Cassady et al., 1998b).
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Another gene expressed by HSV-1 is ICP47, whose function is to block antigen processing in
HSV-infected cells and thus escape the cellular immune system. In T-VEC ICP47 was deleted
which results in the retrieval of the activity of transporter associated with antigen processing
(Fruh et al., 1995; Goldsmith et al., 1998). This promotes loading of HSV-1 and tumour
peptides onto MHC |, which supports recognition and oncolysis of infected tumour tissue by
CD8+ T cells.

Deletion of the immediate early (IE) gene ICP47 also upregulated the coding unique short
sequence 11 (US11) by placing it under the control of the ICP47 promoter. Accordingly, US11
is regulated in T-VEC as an IE gene and no longer as a late (L) gene as originally in HSV-1
(He & Chou et al., 1997). It was shown, that this modification and the early in infection cycle
expression of US11, a RNA-binding protein, in HSV-1 34.5 mutants results in improved tumour
cell killing properties (Mohr & Gluzman, 1996; Taneja et al., 2001). US11 protein also inhibits
PKR activation in 34.5 mutants (Cassady et al., 1998a; Mulvey et al., 1999).

In addition to the deletion of ICP47, another modification of T-VEC to further support
immunogenicity is the insertion of two copies of the coding sequence for human granulocyte-
macrophage colony-stimulating factor (hGM-CSF) in place of the two deleted ICP34.5 genes.
Expression of hGM-CSF can promote systemic anti-tumour immune responses through the
recruitment of antigen-presenting cells, which induce an effector T-cell response (Kaufman et
al., 2010a).
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1.3.1.3.2 Mode of action
T-VEC has a dual mode of action (Figure 4). Firstly, it directly infects and kills tumour cells,
known as the oncolytic effect. Secondly, it induces local and systemic immune responses,

known as the immunotherapy effect (Bommareddy et al., 2017).

T-VEC proposed mechanism of action

Injection of T-VEC
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Figure 4: Proposed mechanism of T-VEC oncolysis and immunological response. Abbreviations:

T-VEC, talimogene laherparepvec; TDA, tumour-derived antigen; GM-CSF, granulocyte-macrophage
colony-stimulating factor; DC, dendritic cell. Created with BioRender.com.

Lysis of the infected tumour cells is induced by replication of T-VEC (Kohlhapp & Kaufman,
2016). This, in turn, leads to the release of soluble tumour-associated antigens, danger signals,
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and necrotic tumour cell fragments. These components help to start local immune responses.
In addition, the expression of GM-CSF from T-VEC promotes the maturation and migration of
dendritic cells. Once activated they move to the regional lymph node where they present
antigens to CD4+ T helper cells and CD8+ T effector cells. This triggers a systemic T cell
response. Tumour-specific T cells can then travel to distant metastases and initiate immune-
mediated killing of the cancer cells. Furthermore, the viral particles released by oncolysis may
infect nearby tumour cells, thereby boosting T-VEC's anti-tumour activity. In distant metastases
the response rate is lower than in injected lesions. This could be due to local suppression
factors in distant metastases or to the insufficient spread of the tumour-specific T-cell reaction.
(Bommareddy et al., 2017). Additional research is required to comprehend the precise
mechanisms through which T-VEC destroys cancerous cells and stimulates anti-tumour

immunity.

1.3.1.3.3 Treatment for metastatic melanoma

The localisation of primary melanoma lesions on the skin and the tendency of melanoma to
form regional skin metastases offer the possibility of intra-lesional therapy with minimal surgical
risk. T-VEC is an oncolytic virus that is administered by direct injection and is an example of
intra-lesional therapy. It is administered through injection into cutaneous, subcutaneous, or
nodal melanoma metastases. T-VEC was approved by the FDA on 27th October 2015 for the
treatment of unresectable stage 111B/IVM1a melanoma.

In the Oncovex (GM-CSF) Pivotal Trial in Melanoma (OPTiM) trial, a randomized phase Il
study, intra-tumoural T-VEC was compared to GM-CSF injection in 436 patients with
unresectable stage IlIB to IVM1C melanomas. The study found that 19.3% (n=57) of patients
treated with T-VEC had a durable response lasting = 6 months, compared to 1.4% (n=2) in the
GM-CSF cohort (Andtbacka et al., 2019). Furthermore, T-VEC treatment resulted in a higher
overall response rate (31.5%) compared to GM-CSF treatment (6.4%). Fifty (16.9%) patients
and 1 (0.7%) patient in the T-VEC and GM-CSF arms, respectively, achieved complete
responses. The median overall survival in the T-VEC arm was 23.3 months (95% CI, 19.5—
29.6), compared to 18.9 months with GM-CSF (95% CI, 16.0-23.7). It should be noted that T-
VEC was more effective in patients without visceral metastasis (stage 11IB-IVM1a), with a
durable response rate of 28.8% and an overall response rate of 46.0%. Adverse events, such
as fatigue, chills, pyrexia, nausea, and influenza-like iliness, were reported. The toxicity profile
was deemed acceptable according to the guidelines. Checkpoint inhibitors significantly
enhance the effect of T-VEC, making it an attractive partner in combined cancer

immunotherapies (Ribas et al., 2017; Bommareddy et al., 2018).

1.3.1.3.4 Potential predictive biomarkers

The identification of biomarkers that predict successful T-VEC therapy or a response to T-VEC

would be a major milestone in the fight against melanoma. Despite the mild side effects, OV
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therapy can be stressful for patients and time is of the essence in the fight against cancer.
Biomarkers of OV response are therefore urgently needed, but have not yet been well studied.
Recent research has shown that mutations in the IFNy-JAK-STAT signalling pathway can
increase sensitivity to treatment with oncolytic viruses (Nguyen et al., 2021). It was previously
found that mutations in the IFNy-JAK-STAT signalling pathway cause resistance to immune
checkpoint inhibitors in melanoma (Gao et al., 2016; Shin et al., 2017; Zaretsky et al., 2016).
Therefore, Nguyen et al. generated cell lines from a melanoma patient who was planned to
receive immune checkpoint inhibitors. One cell line was obtained prior to anti-PD-1 therapy,
while the other was generated after treatment and relapse. Both cell lines were treated with
HSV-1. The cell line from the progressive lesion showed a complete loss of JAK2 and was
seven times more sensitive to a modified HSV-1 (HSV1-dICPO) than the line from the baseline
biopsy. Moreover, knockdown of JAK1/2, as well as pharmacological inhibition resulted in
increased OV sensitivity. In addition, in vivo B16-F10 mouse melanoma studies confirmed the
in vitro findings. In conclusion, it is suggested that OV therapy should be considered in
melanomas with mutations in the IFNy-JAK-STAT signalling pathway and in melanomas that
are resistant to immune checkpoint inhibitors. The data suggest that the expression of JAK1

and JAK2 may serve as a biomarker for OV activity.

Furthermore, two proteins, stimulator of interferon genes (STING), and the cyclic GMP-AMP
synthase (cGAS), have been proposed as biomarkers for T-VEC response (Bommareddy et
al., 2019; Xia et al., 2016). The cGAS-STING pathway is essential in regulating the innate
immune system (Sun et al., 2013). The cGAS-STING pathway is crucial for defending against
infections caused by viruses, such as HSV-1, microbial pathogens, and other infections. It can
be activated by various stimuli, including double-stranded DNA (dsDNA), cyclic dinucleotides
(CDNs), ER stress, mitochondrial stress, and energy imbalance in metabolic and immune cells.
cGAS mediates STING signalling by synthesizing cyclic guanosine monophosphate-
adenosine monophosphate (cGAMP) upon interaction with dsDNA (Decout et al., 2021).
STING is activated when cGAMP, which acts as a second messenger, binds to STING dimers
located at the ER and changes its conformation. STING traffics to an ER-Golgi intermediate
compartment (ERGIC) and then to the Golgi apparatus. Here, it recruits and activates TANK-
binding kinase 1 (TBK1), which in turn phosphorylates STING. This phosphorylation enables
STING to recruit and phosphorylate interferon regulatory factor 3 (IRF3). The phosphorylated
IRF3 dimerises and enters the cell nucleus. Together with NF-kB, which is also activated
through STING, and other transcription factors, gene expression of type | IFNs, 1SGs, and

several other inflammatory mediators, pro-apoptotic genes, and chemokines is induced.

Furthermore, STING was shown substantial for IFNB-dependent T-cell-responses against
tumours (Woo et al., 2014; Woo et al., 2015; Fuertes et al., 2011). Studies showed that in
tumour-infiltrating dendritic cells STING is activated (mediated by cGAS) by tumour derived
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cytosolic DNA. This leads to production of cytokines (IFNB) and cytotoxic T lymphocyte
production against tumour-associated antigens (Woo et al., 2014; Xia et al., 2016). All things
considered; STING-dependent cytokine production has an important role in suppressing

cancer development.

Bommareddy et al. discovered that STING expression in melanoma cell lines was inversely
related to their sensitivity to T-VEC (Bommareddy et al., 2019). They showed that the STING
knockout cell lines were more susceptible to T-VEC-induced cell death. However, no
correlation was found between T-VEC oncolysis and cGAS expression. In addition, melanoma
cells that express low levels of STING and are resistant to PD-1 blockade in vivo were found
to be sensitive to T-VEC treatment. Xia et al. demonstrated that suppression of STING
signalling may facilitate immune evasion following DNA damage in melanoma cells (Xia et al.,
2016). Loss of STING function resulted in the inability of melanoma cells to produce type | IFN
and other cytokines when exposed to cytosolic DNA, rendering these cells highly susceptible
to HSV-1. Taken together, these data suggest that STING may serve as predictive biomarker

of OV activity.

Expression of viral entry receptors on tumour and stromal cells within the tumour
microenvironment could be another potential biomarker. Increased expression of these
receptors may indicate greater susceptibility to viral infection. HSV-1 entry into cells involves
the interaction of viral glycoproteins with cell surface receptors (Heldwein & Krummenacher,
2008; Connolly et al., 2011). The first step in the entry process may be the attachment of virions
to cell surface glycosaminoglycans, principally heparan sulfate proteoglycans, but this is not
essential (Nicola, 2016; Shukla & Spear, 2001). However, it may facilitate interaction with
cellular receptors and the fusion with a host cell membrane. HSV-1 can enter target cells either
by fusion of the viral envelope with the plasma membrane, allowing viral capsids to enter the
cytoplasm, or by receptor-mediated endocytosis, in which enveloped virions are internalised
into endosomes (Campadelli-Fiume et al., 2012). Depending on the cell type, HSV-1

preferentially uses one of these entry mechanisms or both simultaneously.

HSV-1 consists of a central core with viral DNA, a surrounding envelope composed of
glycoproteins and host cell membrane fragments, and a capsid. Viral surface glycoproteins
(gB, gC, and gD) bind to host cell entry receptors to mediate virus entry into cells. Fusion with
cell membranes is initiated by binding of the viral envelope glycoprotein D (gD) to a receptor
(Eisenberg et al., 2012). Most OVs have a natural tropism for certain cell surface proteins.
HSV-1 utilises the HVEM, specific Nectins (Nectin-1 and Nectin-2), and 3-O-sulfated heparan
sulfate (3-OS-HS) to enter cells (Montgomery et al., 1996; Geraghty et al., 1998;
Krummenacher et al., 2004; Shukla et al., 1999; O'Donnell et al., 2010). The Nectin family is a
member of the immunoglobulin G (IgG) superfamily of calcium-independent adhesion

molecules. They were found in a broad number of tissues, including epithelial tissues and the
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chemical synapse of neuronal tissue (Knebel-Mdrsdorf, 2016). They are involved in the
formation and organisation of adherens and tight junctions (Fukuhara et al., 2002; Samanta &
Almo, 2015). HVEM is a member of the TNF receptor superfamily (TNFRSF) and the first
identified gD receptor (Montgomery et al., 1996; Croft, 2003). It is expressed in T lymphocytes,
B cells, natural killer cells and dendritic cells, where it regulates immune cell activation or
inactivation, and in other cell types like neurons, epithelial cells and fibroblasts (Edwards &
Longnecker, 2017; Steinberg et al., 2011). Heparan sulfates are present on the cell surface
and in the extracellular matrix of most cell types (Lindahl et al., 1998; Annaval et al., 2020).
They interact with many ligands to immobilise them, protect them against proteolytic
degradation and also have specific regulatory functions. Heparan sulfates play a fundamental

role in most biological functions.

It was shown that highly invasive and migratory cancer cells overexpress Nectin-1 which
enhances oncolytic herpes virus sensitivity (Yu et al., 2005). It was also shown that Nectin-1
is the major receptor in the epidermis and dermal fibroblasts, while HVEM plays a more
subordinate role (Petermann & Thier et al., 2015; Petermann & Rahn et al., 2015). Moreover,
a restricted HVEM expression can be replaced by Nectin-1. Nectin-1 is a marker of thyroid
cancer, squamous cell carcinoma, and patient-derived paediatric high-grade brain tumour
xenografts sensitivity to herpes oncolytic therapy (Huang et al., 2007; Yu et al., 2007; Friedman
et al., 2018).

1.3.2 The pmCiC as a prognostic cancer marker

Despite significant advances in cancer research and improved treatment options, metastatic
cancer remains the deadliest form of the disease. One of the problems is that cancer cells
develop resistance to drugs, which can lead to disease recurrence and metastasis. Tumour
cells have high energy requirements compared to normal cells because they need to grow,
proliferate and metastasise. These processes demand substantial quantities of biomaterial,
which are produced by various anabolic metabolic pathways that generate the necessary
energetic and biosynthetic precursors, as well as signalling molecules. As a result, metabolism
is often upregulated and deregulated in cancer cells, providing a suitable approach for
treatment options. For example, specific inhibitors targeting fatty acid synthase (FASN)
(Zaytseva et al.,, 2018) and isocitrate dehydrogenase (IDH) (Sharma, 2018) have been
explored in clinical trials. However, these treatments have often been associated with severe
toxic side effects (Tian et al., 2022; Abou-Alfa et al., 2020).

In this thesis, | will focus on citrate, a key metabolite used by cancer cells for fatty acid synthesis
(Wang et al.,, 2016), and the pmCiC (Mycielska et al., 2018). The pmCiC is a plasma

membrane-specific variant of the mitochondrial citrate transporter (mCiC), which was found to
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provide cancer cells with extracellular citrate (Mycielska et al., 2018) and is expressed in
cancer cells of different origin in vitro and in vivo (Parkinson et al., 2021).

1.3.2.1 Citrate metabolism in non-cancerous cells

1.3.2.1.1 Citric acid cycle

Citrate is an important metabolite generated mainly in the mitochondria, with no exchange with
the extracellular space in most benign cells. The only benign cells known to release or take up
citrate are prostate and astrocytes, and liver and kidney cells. While prostate epithelial cells
utilize pmCiC for citrate release, all other cell types express citrate transporters from a different

gene family, known as solute carrier 13 (SLC13).

Citrate is produced as an intermediate in the Krebs cycle (Figure 5), also known as the citric
acid cycle or tricarboxylic acid (TCA) cycle (Akram, 2014). The TCA cycle is the major
metabolic pathway for the body’s energy supply. Carbohydrates, lipids and amino acids are
oxidatively catabolized in this cycle. The first substrate and starting point of the TCA cycle is
acetyl coenzyme A (acetyl-CoA). Acetyl-CoA can be derived via the glycolytic pathway from
glucose, which enters the mitochondria as pyruvic acid and is then oxidatively decarboxylated,
from fatty acids that have undergone B-oxidation, from the catabolism of some amino acids
(e.g. leucine, tyrosine, isoleucine, lysine, phenylalanine and tryptophan) and from ketone
bodies (Akram, 2014). The reaction of oxaloacetate (OAA) and acetyl-CoA to form citrate is
catalysed by mitochondrial citrate synthase (CS) (Akram, 2014). The enzyme aconitase 2
(ACO2) catalyses the isomerization of citrate to isocitrate via cis-aconitate. Isocitrate
dehydrogenase 3 converts isocitrate to alpha-ketoglutarate (aKG) in a decarboxylation
reaction, producing reduced nicotinamide adenine dinucleotide (NADH) cofactor. aKG is then
converted to succinyl-CoA in a second oxidative decarboxylation step by the 2-oxoglutarate
dehydrogenase complex (OGDC) and NADH is generated. Succinyl-CoA is then converted to
succinate by succinyl-CoA synthetase (SCS) and guanosine diphosphate (GDP) is
phosphorylated to guanosine triphosphate (GTP). Succinate is converted to fumaric acid by
succinate dehydrogenase (SDH). Flavin adenine dinucleotide (FAD) is also converted to
reduced flavin adenine dinucleotide (FADH). The next step is the formation of malate,
catalysed by fumarate hydratase (FUM). Finally, malate is dehydrogenated by malate
dehydrogenase (MDH) to the substrate of the first step of the TCA cycle, OAA, with recovery
of NADH. OAA reacts with acetyl-CoA to form citrate. This completes the cycle.
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Figure 5: Overview of the Krebs cycle. Abbreviations: LDH, Lactate dehydrogenase; PDC,

Pyruvate dehydrogenase complex; CS, Citrate synthase; ACON, Aconitase; IDH, Isocitrate
dehydrogenase; OGDC, 2-Oxoglutarate dehydrogenase complex; SCS, Succinyl-CoA synthetase;
SDH, Succinate dehydrogenase; FUM, Fumarate hydratase; MDH, Malate dehydrogenase; NADH,
Nicotinamide adenine dinucleotide (reduced form); NAD*, Nicotinamide adenine dinucleotide (oxidized
form); CO,, Carbon dioxide; FAD, Flavin adenine dinucleotide (oxidized form); FADH2, flavin adenine
dinucleotide (reduced form). Created with BioRender.com.

As mentioned above, the main function of the TCA cycle is to produce energy. In addition to
the ATP or GTP produced directly in the cycle, further energy is generated by feeding reducing
equivalents into the electron transfer chain. Complex V, also known as ATP synthase, plays

the leading role (Nelson et al., 2021).

In summary, citrate plays an important role in cellular homeostasis by regulating energy

synthesis. In high doses, citrate can also directly inhibit the mitochondrial enzyme SDH and
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thus directly regulate ATP production (Hillar et al., 1975). Also OAA, derived from citrate, can
directly inhibit SDH (Fink et al., 2018).

1.3.2.1.2 Citrate dependent processes
There are three main processes, in which citrate plays an important role, or which are
completely dependent on citrate. These are protein acetylation, fatty acid synthesis (FAS) and

biosynthesis.

Acetyl-CoA maintains FAS. It provides lipids for storage or membrane formation. Acetyl-CoA
serves as substrate for acetylation reactions, in particular it plays a role in the acetylation of
histones and ER proteins. Histones are proteins that help package and organise DNA in the
nucleus, and acetylation is a key mechanism in regulating gene expression. Acetylation of ER
proteins can affect their folding, stability and interactions with other proteins. This has

implications for overall protein function and cellular homeostasis.

OAA has many functions in cellular metabolism. It undergoes several transformations with
significant effects on energy production, nucleotide synthesis, and redox balance. Aspartate
aminotransferase (AST) catalyses the conversion of OAA into aspartate. Aspartate is used as
a precursor for the synthesis of nucleotides and polyamines. Moreover, OAA can be
transformed into phosphoenolpyruvate (PEP) by phosphoenolpyruvate carboxykinase (PCK1).
This is the first rate-limiting step in the process of gluconeogenesis. MDH1 metabolizes OAA
to malate. Malate can either be exchanged for citrate and transported back into the
mitochondria through mCiC or transported back into the mitochondria through the malate-
aspartate shuttle (MAS), allowing the transfer of NADH and H+ ions. This process contributes
to ATP production in the mitochondria (Nelson et al., 2021). MDH1 also plays a role in the
regeneration of NAD+ from NADH, which is essential for the maintenance of glycolysis,
particularly at the level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Alternatively, malic enzyme (ME) can convert malate to pyruvate. This reaction generates
reduced nicotinamide adenine dinucleotide phosphate (NADPH), which is critical for several
cellular processes, including redox balance and FAS (J. Berg, J. Tymoczko, G. Gatto, L. Stryer,
2019).

1.3.2.1.3 Citrate is aregulator of catabolism and anabolism

Citrate plays several roles in cellular metabolism, notably as an intermediate in the Krebs cycle.
Citrate can also regulate cellular metabolism by controlling glycolytic activity. Elevated citrate
levels inhibit glycolytic ATP production by deactivating phosphofructokinase-1 (PFK1) (SALAS
et al.,, 1965) and phosphofructokinase-2 (PFK2) (Nissler et al., 1995), key enzymes in
glycolysis (Nelson et al., 2021), and also by direct or indirect (via OAA) inhibition of the
mitochondrial enzyme SDH and indirect inhibition of ATP synthase (Hillar et al., 1975; Fink et

al., 2018; Fu et al., 2015). It is noteworthy that citrate coordinates metabolic pathways,
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inhibiting gluconeogenesis when glycolysis is active and vice versa. It also suppresses FAS
when fatty acid B-oxidation (FAO) is activated and vice versa. In addition, citrate increases the
activity of fructose-1,6-biphosphatase (FBPase), a gluconeogenic enzyme (Icard et al., 2018).
It activates acetyl-CoA carboxylase (ACC), the primary regulator of FAS, while its downstream
product, fatty acid malonyl-CoA, inhibits FAO by reducing the activity of the carnitine
cylcarnitine carrier (CAC) (J. Berg, J. Tymoczko, G. Gatto, L. Stryer, 2019; McGarry et al.,
1978). CAC is involved in the transfer of fatty acid (FA)-derived acyl-CoA into mitochondria
and, like the mCiC transporter, a member of the solute carrier family 25 (SLC25), also called
the mitochondrial carrier family (lacobazzi et al., 2013; McGarry et al., 1978). In addition, citrate
senses cellular nutrient status through acetyl-CoA-mediated protein acetylation of histones,

metabolic enzymes and transcription factors (Lee et al., 2013).

Therefore, citrate is considered to be the central metabolite in cancer cells and plays an
important role in cancer metabolism and its regulation. As discussed above, citrate can either
activate or inhibit certain metabolic pathways, making control of intracellular citrate levels
critical for cancer cells. During the metastatic process, cancer cells are often deprived of certain
substrates as they migrate through different organs, and the possibility of using extracellular
citrate as a metabolite and control factor should be considered as playing an important role in

maintaining metabolic homeostasis.

1.3.2.2 Citrate metabolism in cancerous cells

1.3.2.2.1 Extracellular citrate is essential to fuel the metabolism of

cancer cells
As previously stated, tumour cells require an increased energy supply for the processes of
growth, proliferation, and metastasis. Therefore, metabolic activity is increased in cancer cells
to meet their need for energy and precursors for macromolecular biosynthesis. It is a well-
known fact that cancer cells undergo a metabolic switch from oxidative phosphorylation to
glycolysis, a phenomenon known as the '‘Warburg effect' (Warburg, 1925; Pascale et al., 2020).
Unlike most normal cells, cancer cells produce significant amounts of fatty acids to rebuild their
plasma membranes and obtain energy through B-oxidation (Zha et al., 2005). Healthy cells,
with the exception of hepatocytes, take up fatty acids from the extracellular space rather than
synthesising them. Increased fatty acid synthesis by cancer cells is considered as one of the

hallmarks of cancer.

Citrate is the primary substrate for fatty acid synthesis and therefore plays a central role in
cancer metabolism. To take part in fatty acid synthesis, citrate is transported from the
mitochondria into the cytoplasm through mCiC (mitochondrial citrate carrier) where it is
metabolized through ATP-citrate lyase into acetyl-CoA and oxaloacetate. Citrate also plays a

crucial role in amino acid synthesis, which is essential for proliferating cells.
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Cancer cells can produce excess citrate by utilising the Warburg effect. In this way they
synthesise ATP through glycolysis, using mitochondria for citrate synthesis. Use of Warburg
effect is also effective in increasing cancer cells resistance to hypoxic conditions to which they
are exposed due to rapid growth and metastasis (Ilcard et al., 2021; Zhang et al., 2021,
Damaghi et al., 2021). Another advantage of using Warburg effect is excess production and
release of lactate which acidifies the tumour environment and promotes faster growth (Gallo
et al., 2015).

1.3.2.2.2 The tumour microenvironment and its impact on tumour

development
The term "tumour microenvironment" (TME) is used to describe the surrounding cellular and
non-cellular components within and around a tumour mass. The TME consists of proliferating
tumour cells and the tumour stroma, which comprises fibroblasts, immune cells, endothelial
cells, and other supportive cells. In addition, the TME includes blood vessels, infiltrating
inflammatory cells, and a variety of associated tissue cells. The TME is also composed of a
network of signalling molecules (cytokines, chemokines, growth factors, and enzymes). These
elements are surrounded by collagen and elastin fibres, which make up the extracellular matrix
(ECM) (Wang et al., 2017). The TME evolves as the tumour progresses as a result of its
interaction with the host. It is formed, and largely influenced by the tumour itself, which controls
molecular and cellular processes in the surrounding tissues (Whiteside, 2008). The TME plays
a pivotal role in facilitating immune evasion and cancer progression. The interaction between
cancer cells and the diverse cell population within the TME influences tumour resistance,

progression and metastasis (Kurose et al., 2001).

CAFs represent one of the most abundant stromal components in solid tumours and, as such,
constitute a significant component of the TME. They can be distinguished from other cells by
expressing several stromal markers, including integrin g1 (CD29), FAP, and a-smooth muscle
actin (a-SMA) (Puré & Blomberg, 2018; Costa et al., 2018). After their activation, CAFs secrete
signalling molecules that promote the survival of cancer cells and facilitate the recruitment and
transformation of additional cell types within the TME (Heneberg, 2016; Résanen & Vaheri,
2010). Moreover, CAFs facilitate ECM remodelling by releasing collagen and fibronectin,
producing matrix metalloproteinases (MMPs) and increasing vascular endothelial growth factor
(VEGF) levels (Eck et al., 2009; Murphy & Nagase, 2008; Gonzalez-Avila et al., 2019; Shiga
et al., 2015). This results in a reorganisation of the matrix that enables neoplastic cells to
migrate in a specific direction in the company of CAFs (Erdogan et al., 2017; Gaggioli et al.,
2007).

There is substantial evidence suggesting that human cancer cells can stimulate adjacent
stromal cells to generate proteins and metabolites that support tumour growth, advancement,

and resistance to drugs (Nazemi & Rainero, 2020). Among the documented metabolites are
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nucleotides, lactate, and amino acids like serine and glutamine (Nazemi & Rainero, 2020).
However, the involvement of citrate in the communication between tumour cells and the tumour

microenvironment remains unexplored in this context.

Citrate is normally produced in the mitochondria of both cancerous and healthy cells through
the TCA cycle. However, cancer cells require additional citrate for the synthesis of cytosolic
fatty acids, probably through the reverse Krebs cycle or through glutamine reductive
carboxylation (Parkinson et al., 2021; Metallo et al., 2011; Wang et al., 2020). Cancer cells
may also be able to obtain citrate from various extracellular reservoirs, such as the
bloodstream, senescent cells and tumour-surrounding tissue like cancer-associated cells
(CACs), which include stromal cells such as CAFs. Blood concentration of citrate is about 200
MM (Mycielska et al., 2015). However, the blood supply to growing tumours is frequently limited
and metastatic growth requires the formation of new blood vessels. Senescent fibroblasts,
which are known to be part of the cancer environment, have previously been shown to release
high levels of citrate due to changes in their metabolism (James et al., 2015; Mycielska et al.,

2022). This could be also an additional source of citrate for cancer cells.

Previous research has demonstrated that cancer cells of different origin take up citrate from
the extracellular space at concentrations present in the bloodstream (at physiological
concentrations) through a plasma membrane-specific variant of the mitochondrial citrate
transporter (mCiC) (Mycielska et al., 2018). Experiments have also shown that cancer cells
take up more citrate than normal cells. The uptake of extracellular citrate was increased
especially under hypoxic and low glucose conditions. Furthermore, the study revealed that
cancer cell metabolism gains advantages from extracellular citrate uptake, resulting in
diminished mitochondrial activity and subsequently reducing synthesis of ROS. Consequently,
this diminishes the necessity for extracellular glucose supply in cancer cells and makes cancer
cells more resistant to starvation, tumour progression and cancer proliferation (Mycielska et
al., 2018; Petillo et al., 2020).

It can be therefore concluded that extracellular citrate might play a significant role in the
process of metastasis by regulating cancer metabolism and supporting necessary

transformation of surrounding stroma.

1.3.2.2.3 The plasma membrane citrate carrier and citrate uptake
Citrate transport is maintained by the mCiC and the pmCiC. Both are variants of the SLC25A1
gene (Mazurek et al., 2010). The sequence of pmCiC is identical to that of mCiC, with only the

first exon differing in the first 38 amino acids of the N-terminal domain (Mazurek et al., 2010).
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A mCiC 311 aa
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pmCiC 318 aa
B

mCiC -MPAPAPIALAAAAPASGHARLTEPG-—---—- A
pmCiC MFPAALARRIPERPESGTGEGPERORPGGS LEK X

mCiC FPTEYVKTQLOLDERSHPPRYRGIGDCVRQTVRSHGVLGLYRGLSSLLYG
pmCiC FPTEYVKTQLQLDERSHPPRYRGIGDCVRQTVRSHGVLGLYRGLSSLLYG
mCiC SIPKAAVRFGMFEFLSNHMRDAQGRLDSTRGLLCGLGAGVAEA CPM
pmCiC SIPKAAVRFGMFEFLSNHMRDAQGRLDSTRGLLCGLGAGVAEAV “PM
mCiC ETIKVKFIHDQTSPNPKYRGFFHGVREIVREQGLKGTYQGLTATVLKQGS

pmCiC ETIKVKFIHDQTSPNPKYRGFFHGVREIVREQGLKGTYQGLTATVLKQGS

mCiC NQAIRFFVMTSLRNWYRGDNPNKPMNPLITGVFGAIAGRAASVFGNTPLDV
pmCiC NQAIRFFVMTSLRNWYRGDNPNKPMNPLITGVFGAIAGAASVEGNTPLDV

mCiC IKTRMOGLEAHKYRNTWDCGLQILKKEGLKAFYKGTVPRLGRVCLDVAIV
pmCiC IKTRMQGLEAHKYRNTWDCGLQILKKEGLKAFYKGTVPRLGRVCLDVAIV

mCiC
pmCiC

Figure 6: Human citrate transport protein isoforms. Schematic representation of the splicing
patterns of mitochondrial (mCiC) and plasma membrane (pmCiC) citrate-transporting proteins. Exons
are represented by squares and translation initiation sites by arrows. (B) Alignment of the protein
sequences of the isoforms. The 13 amino acid (aa) sequence in the mitochondrial isoform is shown in
bold. Positively charged residues in the amino-terminal parts of the proteins are shaded. Abbreviations:
mCiC, mitochondrial citrate carrier; pmCiC, plasma membrane isoform of mCiC. Creative Common
Attribution License (Mazurek et al., 2010).

The plasma membrane citrate transporter was cloned from prostate secretory epithelial cells
(PNT2-C2 cells) that release citrate into prostatic fluid (Mazurek et al., 2010). Citrate
concentrations in prostatic fluid can reach 180 mM and are crucial for the viability and mobility
of spermatozoa, therefore primary role of prostatic citrate is to act as an energy source for
sperm (Medrano et al., 2006). Changes in citrate levels in the prostatic fluid may contribute to
reduced fertility (Mycielska et al., 2022). Importantly, citrate levels are significantly decreased
in metastatic prostate cancer. Although, the pmCiC is the primary transporter in the prostate
gland that releases citrate (Mazurek et al., 2010), another citrate transporter has also been
shown to be present in benign prostatic cells - the progressive ankylosis protein homolog
(ANKH) also known as SLC62AL1. It has been recently discovered that this transporter exports
citrate, as well as malate, succinate, and phosphate (Szeri et al., 2020). In addition, citrate
uptake in some healthy specialised cells is mediated by transporters that are members of the
SLC13 gene family (Akhtar et al., 2023). In hepatocytes and neurons, the Na+/citrate
cotransporter (NaCT), encoded by the SLC13A5 gene, is used (Yodoya et al., 2006; Higuchi
et al., 2020). In kidney cells, the sodium dicarboxylate transporter NaDC-3 (encoded by the

SLC13A3 gene) can filter citrate from the blood or from the urine through NaDC-1 (encoded
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by the SLC13A2 gene) (Tobin et al., 2022; Pajor, 2006). This shows that our understanding of
plasma membrane transporters and their involvement in transporting Krebs cycle metabolites

remains incomplete.

The pmCiC has been mainly associated with cancer cells. Until now, its expression was shown
in a variety of human tumours such as adenocarcinomas (prostate, breast, pancreas, lung,
colon, hepatocellular carcinoma (HCC) etc.), brain tumours such as glioblastoma, and skin
cancer such as melanoma and MCC (Mycielska et al., 2018; Drexler et al., 2021; Parkinson et
al., 2021). Cancer cells express pmCiC both in primary tumours and at metastatic sites. An
increase in the expression of pmCiC was observed at the front of the invasion and at the sites
of metastasis of tumours of different origins. The transporter is overexpressed in human cancer
cells in comparison to their non-malignant counterparts in vivo. Furthermore, histopathological
studies indicate that there is a correlation between the intensity of pmCiC expression and
tumour stage (Mycielska et al., 2018). This would suggest that pmCiC expression correlates

with cancer progression.

The pmCiC is located at the plasma membrane and the mCiC is located at the mitochondrial
inner membrane (Mazurek et al., 2010). Citrate is exported from the mitochondria into the
cytosol, in healthy and malignant cells, via mCiC in exchange for malate or another citrate, or
it is taken up from the extracellular space via pmCiC (Mycielska et al., 2018; Haferkamp et al.,
2020). In the cytosol citrate is converted to acetyl-CoA and OAA by ATP-citrate lyase (ACLY)
(Abou-Alfa et al., 2020). In cancer cells, citrate import by pmCiC is Na*-dependent, whereas
in normal prostate epithelial cells, citrate secretion by pmCiC is K*-dependent (Mycielska et
al., 2018; Mazurek et al., 2010; Mycielska et al., 2005). Depending on the cells in which it is
expressed, pmCiC appears to change its direction of transport. It is hypothesised that this
bidirectional citrate transport may be due to post-translational modifications of the transporter
protein, the formation of multimers and/or an altered insertion into the plasma membrane in
cancer cells compared to normal cells, but this needs to be clarified in further studies
(Mycielska et al., 2018). In normal cells, pmCiC is typically absent or expressed at minimal
levels in the plasma membrane. Indeed, expression of pmCiC is upregulated in a large number
of cancer tissues, whereby citrate transport into the cell is clearly directed: pmCiC imports

citrate from the outside into the cytoplasm, following a citrate/Na gradient.

The uptake of extracellular citrate through pmCiC can be hindered by gluconate (Mycielska et
al., 2018; Mycielska et al., 2019). This inhibition can lead to reduced tumour growth and
alterations in the metabolic characteristics of tumour tissue (Mycielska et al., 2018). This was
shown by pancreatic carcinoma xenograft growth in vivo. The subcutaneous human pancreatic
(L3.6pl) tumour volume in immunodeficient mice decreased with the application of Na+
gluconate. In addition, this study highlighted the importance of extracellular citrate uptake in

lipid biosynthesis and metabolism through metabolite profiling of tumour tissue from the mouse
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model, where inhibition of citrate uptake by gluconate showed significant effects (Mycielska et
al., 2018). In addition, several recent studies suggest an association between metastatic
disease and a reduction in citrate levels in the blood, tissues and urine of cancer patients
(Mycielska et al., 2019). This may be due to an increased demand for citrate by cancer cells
(Mycielska et al., 2019). Therefore, there is some evidence that gluconate may be useful in the
treatment of cancer. Gluconate is a derivative of glucose and exists as a salt of gluconic acid.
It is known to chelate divalent metals. Gluconate is considered by the FDA to be a harmless
substance (Food and Drug Administration, 1977). In medicine, gluconate is often used as a
biologically neutral carrier of Zn?*, Ca%, Cu?', Fe?* and K* to treat corresponding ion
deficiencies. In addition, gluconate is often combined with other drugs (e.g. chlorhexidine and
sodium antimony). Gluconates are not regarded as physiologically active and have not been

studied for their own therapeutic benefits.
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2 Publications

The following section presents the individual works that have already been published,

accompanied by a brief description of their respective contents.
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2.1 Nectin-1 expression correlates with the susceptibility of malignant

melanoma to oncolytic herpes simplex virus
Summary:

This chapter explores the correlation between Nectin-1 expression and the susceptibility of
malignant melanoma to oncolytic HSV therapy, specifically using T-VEC. The research
includes both in vitro and in vivo studies, demonstrating that higher Nectin-1 levels are
associated with increased effectiveness of T-VEC-induced melanoma cell death. The chapter
discusses the methodology, including cell line analysis, knockout experiments, and patient
sample studies, to validate Nectin-1 as a predictive biomarker for T-VEC therapy.

Objective addressed:

Evaluation of Nectin-1 as a predictive biomarker for the efficacy of T-VEC therapy in malignant

melanoma.
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2.1.1 Abstract
Simple summary:

Talimogene laherparepvec (T-VEC), a first-in-class oncolytic herpes simplex virus, improves
the outcome of patients suffering from unresectable melanoma, in particular in combination
with checkpoint inhibitors. However, a certain percentage of patients does not profit from this
treatment, which raises the question of potential biomarkers to predict success or failure of
oncolytic herpes viruses. For these purposes, we studied the oncolytic activity of T-VEC in a
panel of 20 melanoma cell lines and evaluated the clinical response of 35 melanoma
metastases to intralesional T-VEC application. Through these studies, we characterized
Nectin-1 as a suitable biomarker predicting 86% and 78% of melanoma regression in vitro and
in vivo, respectively. In contrast, other molecules involved in the entry (HVEM) and signal
transduction (cGAS, STING) of herpes simplex viruses were not predictive. Altogether, our
data support the role of Nectin-1 in pretreatment biopsies to guide clinical decision-making in

malignant melanoma and supposedly other tumor entities.
Abstract:

Talimogene laherparepvec (T-VEC), an oncolytic herpes simplex virus, is approved for
intralesional injection of unresectable stage 11IB/IVM1a melanoma. However, it is still unclear
which parameter(s) predict treatment response or failure. Our study aimed at characterizing
surface receptors Nectin-1 and the herpes virus entry mediator (HVEM) in addition to
intracellular molecules cyclic GMP-AMP synthase (cGAS) and stimulator of interferon genes
(STING) as potential bio-markers for oncolytic virus treatment. In 20 melanoma cell lines,
oncolytic activity of T-VEC was correlated with the expression of Nectin-1 but not HVEM, as
evaluated via flow cytometry and immunohistochemistry. Knockout using CRISPR/Cas9
technology confirmed the superior role of Nectin-1 over HVEM for entry and oncolytic activity
of T-VEC. Neither cGAS nor STING as evaluated by Western Blot and immunohistochemistry
correlated with T-VEC induced oncolysis. The role of these biomarkers was retrospectively
analyzed for the response of 35 cutaneous melanoma metastases of 21 patients to
intralesional T-VEC injection, with 21 (60.0%) of these lesions responding with complete (n =
16) or partial regression (n = 5). Nectin-1 expression in pretreatment biopsies significantly
predicted treatment outcome, while the expression of HVEM, cGAS, and STING was not
prognostic. Altogether, Nectin-1 served as biomarker for T-VEC-induced melanoma regression

in vitro and in vivo.

Keywords: malignant melanoma, oncolytic, herpes simplex virus, T-VEC, nectin-1
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2.1.2 Introduction

Talimogene laherparepvec (T-VEC) is a genetically modified and thereby attenuated herpes
simplex virus type 1 (HSV-1) derived from the JS1 strain (Liu et al., 2003a). Deletion of
neurovirulence factor infected cell protein (ICP) 34.5 provides tumor selectivity and impedes
replication in neuronal cells (Cassady et al., 1998b), while deletion of ICP47 restores the
activity of transporter associated with antigen processing (Goldsmith et al., 1998; Friih et al.,
1995). The latter promotes loading of HSV-1 and tumor peptides onto MHC |, which supports
recognition and oncolysis of infected tumor tissue by CD8+ T cells. In addition, insertion of the
coding sequence for human granulocyte macrophage colony-stimulating factor (GM-CSF) can
promote systemic antitumor immune responses through the recruitment of antigen-presenting
cells, which induce an effector T-cell response (Kaufman et al., 2010b). T-VEC is approved for
the treatment of unresectable stage IlIB/IVM1a melanoma via injection into cutaneous,

subcutaneous, or nodal melanoma metastases.

In a randomized phase Il trial of intratumoral T-VEC versus GM-CSF injection in unresectable
stage 1lI/IV melanoma (OPTIM trial), 19.3% (n = 57) of patients treated with T-VEC had a
durable response lasting =2 6 months compared to 1.4% (n = 2) in the GM-CSF cohort
(Andtbacka et al., 2019). In this trial, an overall response was observed in 31.5%, including
16.9% complete responses of patients receiving T-VEC, and in only 6.4% in the GM-CSF
treatment group including one patient achieving a complete response. Importantly, the efficacy
of T-VEC was higher in patients without visceral metastasis (stage 111B—IVM1a) with a durable
response rate (DRR) of 28.8% and an overall response rate (ORR) of 46.0%. The effect of T-
VEC was significantly enhanced in the presence of checkpoint inhibitors (Ribas et al., 2017),
making it an attractive partner in combination cancer immunotherapies (Bommareddy et al.,
2018)

Despite the indisputable success of oncolytic herpes viruses in the treatment of malignant
melanoma, a certain fraction of patients does not profit from T-VEC administration. Therefore,
biomarkers that predict success or failure and guide clinical decision-making in this treatment
are urgently needed, in particular in patients with advanced stages of this disease. Several
predictive markers have been proposed in in vitro and in vivo models, amongst them the cyclic
GMP-AMP synthase (cGAS) with the stimulator of interferon genes (STING) as a recognition
pattern of cytosolic HSV DNA in malignant melanoma (Xia et al., 2016). In brain tumor
xenografts, the expression of HSV-1 entry receptor Nectin-1 (HVEC, CD111) was associated
with tumor regression (Friedman et al., 2018). So far, these markers have not been evaluated
systematically for the treatment of malignant melanoma using the oncolytic herpes virus T-
VEC.

Our study aimed at characterizing cGAS and STING in addition to Nectin-1 and herpes virus

entry mediator (HVEM, CD270), also known as tumor necrosis factor receptor superfamily
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member 14, as potential biomarkers for oncolytic HSV-1 treatment. For these purposes, the
expression of these markers was correlated with the oncolytic effect of T-VEC in a large
collection of 20 melanoma cell lines. Moreover, biomarker expression was correlated with the
response of 35 cutaneous melanoma metastases of 21 patients to intralesional treatment with
T-VEC. Altogether, Nectin-1 expression correlated with T-VEC induced tumor cell regression
in vitro and in vivo, while respective expression of HVEM, STING, and cGAS did not predict

response.
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2.1.3 Materials and Methods
Cell culture

LOX IMVI, M14, MDA-MB-435, SK-MEL-28, and UACC-257 are part of the NCI60 cancer cell
line established by the National Cancer Institute (Bethesda, MD, USA) for drug testing
(reviewed in (Shoemaker, 2006)) and were purchased from NCI-Frederick Cancer Center
DCTD Tumor/Cell Repository. Melanoma cell lines A375, M26, M19, and FM-88 were
contributed by the Department of Dermatology, University Hospital Wirzburg, Germany, as
reported previously (Houben et al., 2011). Six melanoma cell lines (MEL-JUSO, IGR-1, IGR-
37, IGR-39, SK-MEL-3, SK-MEL-30) were purchased from the German Collection of
Microorganisms and Cell Cultures (DSMZ), Braunschweig, Germany, while AXBI, LIWE-7,
ARST-1, ICNI-5li, and UMBY-1 were contributed by the Department of Dermatology, University
Hospital Erlangen, Germany, as reported previously (Thomann et al., 2015). All cells were
propagated in DMEM supplemented with 10% heat-inactivated (56 °C, 60 min) fetal calf serum,
90 U/mL streptomycin, 0.3 mg/mL glutamine, and 200 U/mL penicillin (all Pan Biotech,
Aidenbach, Germany). All cell lines were tested regularly for mycoplasma using PCR.

Generation of viral stocks

Vero cells were infected at 90% confluency with the replication-competent HSV-1 strain T-VEC
(Imlygic®, Amgen, Munich, Germany) and harvested at the peak of virus replication. After three
freeze—thaw cycles, supernatants were filtered through 0.45 um pores and stored at —80 °C.
The 50% tissue culture infective dose (TCID50) was determined according to the method of
Reed and Muench (REED & MUENCH, 1938).

Infection, cell viability, and toxicity experiments

Melanoma cell lines were plated in 96-well plates with 10,000 cells/well and infected the
following day with T-VEC using a multiplicity of infection (MOI) of 1. The MOI was based on
titration experiments on SK-MEL-30, IGR-1, and IGR-39 cells, which showed an increased
killing of cells with MOI of 1 compared to MOI of 0.1, while MOI of 10 did not further enhance

the effect.

The viability of infected cells was compared to mock-infected cells two days post infection (p.i.)
using 3-[4,5-dimethylthiazol-2yl]-2,5-diphenyl-tetrazolium bromide (MTT), which was dissolved
at 5 mg/mL in DPBS (Biomol, Hamburg). The yellow dye (10 pL) was added to each well and
incubated until insoluble violet crystals had formed, which were solubilized overnight using 100
uL of detergent (10% SDS, 10 mM HCI). Absorbance was measured at 595 nm.

The same conditions were applied for the lactate dehydrogenase (LDH) assay except for using
DMEM without phenol red, which was supplemented with 5% fetal calf serum. Cell death and

cell lysis was colorimetrically quantified two days p.i. using the Cytotoxicity Detection Kit
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(Roche, Basel, Switzerland). In short, equal parts of cell free supernatants and reaction
mixture, included in the kit, were incubated at room temperature for 20—25 min. Absorbance
was measured at 490 nm with a reference wavelength at 630 nm. Toxicity in infected cell
cultures was normalized to LDH release of uninfected cells, lysed at the time of infection using
a final concentration of 1% Triton X-100 to determine the maximum amount of LDH release.

Caspase-3/7 activity of infected cells was compared to cells treated with a final concentration
of 1 uM Staurosporine (Biozol, Eching, Germany) 24 h p.i. using the Caspase-Glo 3/7 Assay
(Promega, Fitchburg, WI, USA). The assay was performed according to the manufacturer’s
recommendations. Luminescence of the cleaved caspase 3/7 substrate was measured after

60 min of incubation at room temperature.
FACS analysis

Melanoma cells were plated into 6-well plates and incubated overnight. After washing with
DPBS, cells were dissociated using Gibco Cell Dissociation Buffer (Thermo Fisher Scientific,
Schwerte, Germany), resuspended in FACS buffer (DBPS, 1% fetal calf serum, 1 mM EDTA),
and incubated with the FcR blocking reagent (Miltenyi Biotec, Bergisch-Gladbach, Germany)
at 4 °C for 10 min. Thereafter, cells were stained using anti-CD111-APC (Nectin-1, clone
R1.302; Miltenyi Biotech; dilution 1:11) or isotype (clone 1S5-21F5; Miltenyi Biotech; dilution
1:50), and anti-CD270-PE (HVEM, clone 122; Biolegend; dilution 1:33) or isotype (clone
MOPC21; Acris/OriGene, Herford, Germany; dilution 1:33) at 4 °C for 20 min. After fixation
with 4% paraformaldehyde, cells were analyzed using FACS Canto Il with FACSDiva software
for automatic compensation and measurement of samples (BD Biosciences) and FCS Express
3 software (De Novo Software, Los Angeles, CA, USA). Each cell line was analyzed in at least

three independent experiments.
Western blot

Total cellular proteins were extracted on ice using RIPA lysis buffer containing protease
inhibitors. Proteins (30 pg/lane) were resolved on Any KD Mini-PROTEAN TGX Precast
Polyacrylamide Protein Gels and transferred to nitrocellulose membranes (both Biorad,
Feldkirchen, Germany). Western blots were probed with rabbit monoclonal antibodies against
CGAS (D1D3G) and STING (D2P2F) (both Cell Signaling, Frankfurt, Germany; dilution 1:1000)
or with murine monoclonal antibody against housekeeping B-actin (C4; Santa Cruz,
Heidelberg, Germany; dilution 1:1000). The same nitrocellulose membrane was probed with
anti-STING, anti-cGAS, and anti-B-actin. For these purposes, it was cut horizontally just below
the pre-stained protein ladder band at 55 kDa. The upper part was probed with anti-cGAS and
the lower part with anti-STING. After developing, anti-STING was removed using mild stripping
buffer (199.8 mM glycin, 3.5 mM SDS, 1% Tween20, pH 2.2) and probed again using anti-3-

actin.
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Detection was performed using peroxidase AffiniPure donkey anti-rabbit or anti-mouse 1gG (H
+ L) (both Jackson ImmunoResearch, Cambridgeshire, UK; dilution 1:10,000). WesternBright
ECL HRP Substrate (Advansta, San Jose, CA, USA) was used as a chemiluminescent
substrate to detect the protein targets. Imaging was performed using the ChemiDoc System
(Bio-Rad, Hercules, CA, USA).

Biopsies

Between May 2016 and December 2018, a total of 21 patients suffering from malignant
melanoma were treated with intralesional T-VEC injection. For diagnostic purposes, 35
biopsies were taken from these patients prior to injection of T-VEC (one, two, three, and four
in 14, 2, 3, and 2 patients, respectively). Biopsies were retrospectively analyzed for the
expression of Nectin-1, HVEM, cGAS, and STING, as approved by the ethical commission of
the Faculty for Medicine, University of Regensburg (Refs. no. 14-101-000 and 21-2300-101).

The demographic and clinical characteristics of patients at baseline are detailed in Table 1.

Table 1: Patient demographics and clinical characteristics at baseline.
Characteristics Patients (n=21)
Sex, n (%)
Female 11 (53)
Male 10 (48)
Median age, years (range) 72 (56-91)
ECOG performance status, n (%)
0 19 (86)
1 3(14)
Disease substage, n (%)
1B 2 (10)
e 19 (90)
LDH, n (%)
< ULN 21 (100)
> ULN 0
Prior anticancer therapy, n (%)
Interferon 4 (19)
No prior therapy 17 (81)

Immunohistochemistry (IHC)

Melanoma cell lines were embedded in paraffin as described before (Koh, 2013). Patient

biopsies were fixed in formalin and embedded in paraffin according to standard procedures.

Paraffin specimens were sectioned in 2-um-thick slices and IHC was performed using the
ZytoChem-Plus HRP Kit (Mouse or Rabbit) (Zytomed/Biozol) according to the manufacturer’s
recommendations. Sections were dewaxed using xylol (Merck, Darmstadt, Germany) and
rehydrated using ethanol. Epitope retrieval was achieved using HIER Citrate Buffer pH6
(Zytomed) heated to 90 °C.

The following primary antibodies were used: Rabbit monoclonal antibody against STING

(D2P2F, Cell Signaling; dilution for patient samples 1:50, dilution for cell lines 1:200), murine
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monoclonal antibody against Nectin-1 (R1.302.12, Santa Cruz, Heidelberg, Germany; dilution
for patient samples 1:50), rabbit polyclonal antibody against Nectin-1 (AB_2736197,
Invitrogen/Thermo Fisher; dilution for cell lines 1:100), murine monoclonal antibody against
HVEM (CW10, Santa Cruz; dilution 1:500 for patient samples and cell lines), rabbit polyclonal
antibody against cGAS (NBP1-86761, Novus Biologicals/Bio-Techne, Wiesbaden
Nordenstadt, Germany; dilution for patient samples 1:200), and rabbit monoclonal antibody
against cGAS (D1D3G) (Cell Signaling; dilution for cell lines 1:200).

Samples were stained using AEC+ High-Sensitivity Substrate Chromogen Ready-to-Use
(Dako/Agilent Technologies, Hamburg, Germany), counterstained using hematoxylin (Carl

Roth, Karlsruhe, Germany), and mounted using Aquatex (Merck).

Digital images were generated using the digital microscope and scanner PreciPoint M8 with
virtual slide viewing and image processing software ViewPoint Light version 1.0.0.9628
(Precipoint GmbH, Freising, Germany). Optimal staining conditions for immunohistochemistry
were evaluated using organ slices provided by the Institute of Pathology, University of
Regensburg (Figure S 1). The selection of organs was based on the expression data of the
human proteome atlas (Uhlén et al., 2015). The immunohistochemistry was interpreted by six
independent individuals and classified into 11 categories based on the respective percentage
of stained cells (0%, 1-10%, ..., 91-100%).

CRISPR/Cas9 knockout

Nectin-1 and HVEM genes were knocked out using Addgene’s lentiviral CRISPR/Cas9
transduction system (Cambridge, MA). Sequences of single guide (sg) RNAs for knockout
(KO) of control (5-GCCAGTTGCTCTGGGGGAACA-3'), Nectin-1 (CD111-1a: 5™
GCAATTGGATAGAGGGTACCC-3"; CD111-2a: 5-GGGAAACTCGGTTAAAAGGTG-3'), and
HVEM (CD270-3a: 5-GAAGGAGGACGAGTACCCAGT-3}; CD270-4a: 5'-
GAGGCCACTTCTGCATCGTCC-3') were taken from the GECKO library, cloned into the
LentiCRISPRV2 puro vector (#52961) and expressed in 293T cells cotransfected with plasmids
psPAX2 (#12259) and pMD2.G (#12260), as described previously (Boscheinen et al., 2019).

The efficiency of the CRISPR process was assessed using the T7 endonuclease | mismatch
detection assay (Mashal et al., 1995; Vouillot et al., 2015). DNA was extracted from 2.5 x 105
IGR-37, IGR-37 control, IGR-37 Nectin-1-KO, IGR-37 HVEM-KO, and IGR-37 Nectinl/HVEM-
KO cell lines using the EZ1 Virus Mini Kit v2.0 in combination with EZ1 Advanced XL system
(both Qiagen, Hilden, Germany). Precipitated DNA was amplified using the Expand High
Fidelity PCR-System (Roche) with primers Nectin-1-F (5-TAGGGGCAGGGGCTTATCTC-3)
and Nectin-1-R (5'-AAGCGGTCCATGTGGTAGTT-3") or HVEM-F (5
GCAAGGTTGTTCCATGAGCC-3') and HVEM-R (5-AGACACCAGCTAAGGGGACT-3') (all

Metabion, Planegg/Steinkirchen, Germany). The cycling conditions were as follows: 95 °C for
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5 min, followed by 45 cycles of 95 °C for 30 s, 57 °C for 30 s, and 72 °C for 5 min, and a final
5-min incubation at 72 °C. The PCR products were purified using NucleoFast 96 PCR Plate,
96-well ultrafiltration plates for PCR clean up (Macherey-Nagel, Duren, Germany). 200 ng of
the purified PCR products in NEBuffer 2 were heated to 95 °C for 10 min, cooled down to room
temperature, and then cleaved with T7 endonuclease | (New England Biolabs) at 37 °C for 15
min. The reaction was stopped by adding EDTA solution (Sigma-Aldrich, St. Louis, MO, USA).
The nuclease-treated samples were analyzed on a 1% agarose gel, stained with GelRed
Nucleic Acid Gel Stain (Biozol), and photographed under ultraviolet illumination.

HSV-1 DNA gPCR

DNA was extracted from infected cell lines using the EZ1 Virus Mini Kit v2.0 in combination
with EZ1 Advanced XL system (Qiagen) according to the manufacturer’'s recommendations.
HSV-1 DNA was quantified using primers HSV1gG1-F (5-TCCTSGTTCCTMACKGCCTCCC-
3" and HSV1gG1-R (5'-GCAGICAYACGTAACGCACGCT-3') with TagMan-HSV1gG1-Probe
(VIC-CGTCTGGACCAACCGCCACACAGGT-TAMRA). Values were normalized to
housekeeping pyruvate dehydrogenase (PDH) DNA, using TagMan-PDH-Probe (FAM-
CATCTCCTTTTGCTTGGCAAATCTGATCC-TAMRA) with primers PDH-F (5-
TCGATCGGGACTGCTTTCC-3') and PDH-R (5'-CCCACAACCTAGCACCAAAAGA-3") (all
Metabion).

Statistics

Statistics were performed using GraphPad Prism v. 8.4.2. Details are described in the figure

legends. Two-sided p values < 0.05 were considered significant.
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2.1.4 Results

2.14.1 Melanoma cell lines differ in their susceptibility to herpes virus-
induced oncolysis

In the first step, we investigated the susceptibility of melanoma cells to viral oncolysis. After
plating a panel of 20 melanoma cell lines into 96-well plates, 10,000 cells/well were infected
with the oncolytic HSV-1 strain T-VEC (MOI 1). At two days p.i., cell viability was measured in
comparison to uninfected cells using MTT assay measuring metabolically active cells. The
oncolytic effect varied considerably between the melanoma cell lines, ranging from 27.89%
(IGR-1) to 88.64% (M26) (Figure 7A). Altogether, melanoma cell lines showed a broad range
of susceptibility to T-VEC-induced oncolysis in vitro. To validate our MTT viability data, we
performed a cell toxicity assay based on LDH release. Both assays showed a significant
correlation (p = 0.015) using Spearman correlation coefficient analysis (Figure S 2A). To
address the question of whether apoptosis is involved in the process of T-VEC-induced cell
death, we determined caspase 3/7 activity upon infection with the oncolytic virus. We
measured different degrees of caspase 3/7 activity in the 20 cell lines; however, we did not
observe a correlation with MTT-based cell viability (Figure S 2B). Based on the MTT viability
data, melanoma cell lines were divided equally into responders and non-responders, resulting

in cell lines with viability upon T-VEC treatment <60% and >60%, respectively (Figure 7B).
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Figure 7: Correlation of the oncolytic activity of herpes simplex virus 1 strain T-VEC with the
expression of respective entry receptors on a panel of melanoma cell lines. (A) A total of 20 melanoma
cell lines were plated in 96-well plates. Cell viability was measured two days after infection with T-VEC
(MOI 1) using MTT assay. Data are expressed as vi-ability of uninfected cells (mock) and show mean
and standard error of three separate experiments. (B) Classification of melanoma cell lines as
responders and non-responders reflecting viability levels upon T-VEC infection below and above 60%,
respectively. Box plots show median and interquartile ranges in addition to minimum and maximum
values. (C-D) Expression of Nectin-1 (HVEC, CD111) and herpes virus entry mediator (HVEM, CD270)
using flow cytometry with respect to isotype controls on (C) a representative cell line (MEL-JUSO) and
(D) all melanoma cell lines. Results represent mean and standard error of three independent
experiments. (E) Spearman correlation coefficient, (F) box plot, and (G) ROC curve analyses of all
responder and non-responder cell lines with respect to Nectin-1 (upper part) and HVEM expression
(lower part) and corresponding susceptibility to T-VEC induced cell death. P values for box plots were
calculated using the Mann-Whitney test; ROC curves analyzed the area under the curve (AUC).

2.1.4.2 Oncolytic activity of T-VEC correlates with Nectin-1 expression
in vitro
Recently, Nectin-1 was reported to predict the response of brain tumor xenografts to oncolytic
HSV-1 infection (Friedman et al., 2018). To identify potential biomarkers for the oncolytic effect
induced by T-VEC, we analyzed the expression of Nectin-1 and HVEM with respect to isotype
controls on our melanoma cell lines using flow cytometry (Figure 7C). Melanoma cells
expressed both receptors to different degrees (Figure 7D). Notably, cell lines with a distinct
expression of Nectin-1 (IGR-37, IGR-39, SK-MEL-3) were amongst those with the most
pronounced reduction in viability upon T-VEC infection. Spearman correlation coefficient
analysis showed that the oncolytic effect induced by T-VEC significantly correlated with the
expression of Nectin-1 (p = 0.0018), but not HVEM (p = 0.6958, n.s.) (Figure 7E). Box plot
analysis revealed significantly higher Nectin-1 expression in responder compared to non-
responder cell lines (p = 0.0052) (Figure 7F). Receiver operating characteristic (ROC) curves
showed a significant predictive value of Nectin-1 expression on T-VEC’s oncolytic activity (p =
0.0065) (Figure 7G). In contrast, the two groups did not differ in HYEM expression levels (p =
0.8928, n.s.) (Figure 7F) and ROC analysis failed to detect a predictive value for HVEM
expression (p = 0.8798, n.s.) (Figure 7G). In conclusion, high Nectin-1 expression was
associated with a more pronounced susceptibility to T-VEC mediated oncolysis in malignant

melanoma cell lines.
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2.1.4.3 Nectin-1 knockout mediates resistance to viral oncolysis

To corroborate the superior effect of Nectin-1 compared to HVEM for the entry of oncolytic
HSV-1, both molecules were knocked out from IGR-37 cells by transducing them with lentiviral
particles expressing respective sgRNAs. In puromycin-selected bulk cultures, Nectin-1 was
knocked out in Nectin-1-KO and Nectin-1-/HVEM-double KO cells, while HVEM was still
present in one-third of HYEM-KO and Nectin-1-/HVEM-double KO cells, as evident from flow
cytometry (Figure 8A). To also confirm the efficacy of CRISPR knockout at the genomic level,
we performed a T7 endonuclease | (T7El) assay. This analysis corroborated the single
knockouts of Nectin-1 and HVEM, while the double knockout still harbored traces of the original

sequences (Figure S 3).

[x-fold isotype]
DNA copies
[HSV/PDH]

Nectin-1 expression
[x-fold isotype]
HVEM expression

2 days p.i. 3days p.i.

Cell viability
[% of mock]
Cell viability
[% of mock]
Cell viability
[% of mock]

Figure 8: Effect of Nectin-1/HVEM knockout on the entry and oncolytic activity of T-VEC in a
melanoma cell line. (A) Expression of Nectin-1 and HVEM after respective knockout(s) (KO) in IGR-37
cells using CRISPR/Cas9 technology. The experiment included cells transduced in parallel with an
unrelated sgRNA (control) and untreated IGR-37 cells (wildtype). Flow cytometry data were evaluated
with respect to isotype controls and represent mean and standard error of three independent
experiments. (B) Amount of HSV-1 DNA in the different cell lines measured 12h after infection with T-
VEC (MOI 1) using realtime quantitative PCR. Results were normalized for housekeeping pyruvate
dehydrogenase (PDH) DNA and show mean and standard error of five independent experiments. (C)
Viability of different cell lines 1, 2, and 3 days post infection (p.i.) with T-VEC. MTT values were
normalized for respective values of uninfected cells. Data represent mean and standard error of four
independent experiments. Statistics were calculated with respect to control cells using repeated
measures one-way ANOVA with Dunnett's correction for multiple comparisons. *p<0.05, **p<0.01,
***pn<0.001. Similar data were obtained for the second set of Nectin-1 and HVEM sgRNAs.

The uptake of virions, measured as intracellular HSV-1 DNA at 12 h p.i. using real-time qPCR,
was significantly reduced in Nectin-1-KO and Nectin-1-/HVEM-double-KO cells (p < 0.05)

(Figure 8B), and slightly, although not significantly, increased in HVEM-KO cells. Upon T-VEC
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infection, cell viability gradually decreased in HVEM-KO cells, while it was preserved in Nectin-
1-KO cells early after infection and Nectin-1-/HVEM-double-KO cells were almost insensitive
(Figure 8C). Altogether, entry and oncolytic activity of T-VEC crucially depended on the
presence of Nectin-1 on the cell surface, which was more evident with the additional knockout
of HVEM.

2.1.44  cGAS/STING play a subordinate role for the oncolytic activity of
T-VEC

The cGAS-STING pathway reportedly plays an important role in the innate immune defense
against herpes viruses via recognition of cytosolic DNA (Ablasser et al., 2013; Sun et al., 2013).
The loss of STING function in malignant melanoma predisposed it to oncolytic HSV-1 death
(Xia et al., 2016). To evaluate the role of STING and cGAS in our panel of melanoma cell lines,
we studied the expression of both molecules using Western blot analysis with respect to the
housekeeping protein 3-actin (Figure 9A). In three separate experiments, a broad spectrum of
STING and cGAS expression was observed in these cell lines (Figure 9B). In contrast to
Nectin-1, neither STING nor cGAS were correlated with the oncolytic activity of T-VEC (Figure
9C). Responder and non-responder cell lines neither differed in the expression of STING nor
cGAS (Figure 9D), and ROC curve analyses did not reveal a predictive value for these
molecules in our panel of cell lines (Figure 9E).
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Figure 9: Correlation of the oncolytic activity of T-VEC with the expression of stimulator of

interferon genes (STING) and cyclic GMP-AMP synthase (cGAS) in a panel of melanoma cell lines. (A)
Western Blot analysis of STING and cGAS with respect to housekeeping protein 3-actin using lysates
of 20 melanoma cell lines. (B) Densitometric quantification of STING and cGAS, normalized for 3-actin
and shown as the mean and standard error of three independent Western blot experiments. (C)
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Spearman correlation coefficient, (D) box plot, and (E) ROC curve analyses of all responder and non-
responder cell lines with respect to STING (upper part) and cGAS expression (lower part) and
corresponding susceptibility to T-VEC induced cell death. p values for box plots were calculated using
the Mann-Whitney test; ROC curves analyzed the area under the curve (AUC).

2.1.45  Expression of biomarkers is consistent between different

methodological approaches

The results so far showed a predictive value of Nectin-1 expression, as evaluated by flow
cytometry, for melanoma cell death upon T-VEC inoculation. In the clinical setting, however,
immunohistochemistry rather than flow cytometry is the method of choice to analyze tumor
biopsies. To this end, we established Nectin-1, HVEM, STING, and cGAS immunostaining for
our panel of 20 melanoma cell lines after embedding them into paraffin. After categorizing the
immunohistochemistry staining (Figure S 4A), the inter-individual variability of scoring was
assessed (Figure S 4B). Spearman correlation coefficient analysis revealed a significant
correlation of Nectin-1 (p = 0.0063) and HVEM expression (p = 0.0117) in
immunohistochemistry and flow cytometry (Figure 10A). STING and cGAS expression in
immunohistochemistry and Western blot were also significantly correlated (p < 0.0001 and p =
0.0066, respectively) (Figure 10B). Nectin-1 expression in immunohistochemistry was
significantly correlated with the oncolytic activity of T-VEC (p = 0.0302), whereas HVEM,
STING, and cGAS failed to show this correlation (Figure 10C). Altogether, data were consistent

between flow cytometry, Western blot, and immunohistochemistry.
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Figure 10: Correlation of biomarkers evaluated by flow cytometry, Western blot, and
immunohistochemistry with the oncolytic activity of T-VEC in melanoma cell lines. Spearman correlation
coefficient analysis for (A) Nectin-1 and HVEM expression, measured by flow cytometry (FACS) and
immunohistochemistry (IHC), (B) STING and cGAS expression, evaluated by Western blot (WB) and
immunohistochemistry, and (C) expression of all four biomarkers in immunohistochemistry with the
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oncolytic activity of T-VEC in 20 melanoma cell lines. Data shows mean of three independent
experiments for each biomarker and MTT assay.

2.1.4.6  60% of melanoma lesions in patients respond to intratumoral T-
VEC injection

In order to validate our in vitro findings, we performed a retrospective clinical trial, enrolling 21
patients with biopsies from 35 injectable cutaneous, subcutaneous, or nodal melanoma
metastases into our study. Overall, 90% and 10% of the patients had stage 1lIB and stage IIIC
disease, respectively. A minority of patients (21%) had received prior interferon as adjuvant
therapy. Complete baseline characteristics are listed in Table 1. T-VEC was administered
intralesionally beginning with a dose of up to 4 mL of 108 plaque-forming units/mL followed 3
weeks later with repeated injections of up to 4 mL of 108 plaque-forming units/mL every 2
weeks. Injected volume per lesion ranged from 0.1 mL for lesions <0.5 cm to 4.0 mL for lesions
>5 cm in longest diameter. Median time to response of lesions responding to injection was 8.6
weeks (range, 5-15 weeks). The clinical response was noted as increase or decrease of the
tumor size, calculated as (length x width x thickness)/2 when the optimal anti-tumor effect had
been obtained. Before virus inoculation at cycle 1, a diagnostic biopsy was taken from the
lesion to be injected. Clinical evaluation and measurement of the lesions were performed at
every visit using caliper and ruler, calculating the tumor volume and its change from baseline.
The overall response rate (-100% to —30%) was 60.0% (21 of 35 lesions). Complete response
(-100%; CR) was achieved in 16 lesions (45.71%) and a partial response (PR), defined as a
decrease in size compared to the baseline by at least 30%, in five lesions (14.29%) (Figure
11A). Responder and non-responder lesions differed significantly (p < 0.0001) (Figure 11B).
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Oncolytic effect of T-VEC upon injection into 35 malignant melanoma lesions. (A)

Waterfall plot showing the response rate of each individual lesion as increase or decrease of the tumor
volume, calculated as (length x width x thickness)/2 when the maximum anti-tumor effect had been
achieved. (B) Based on this criterion, 14 and 21 lesions were respectively categorized as non-
responders (+129.89% to -29%) and responders (—-30% to —100%). (C) Representative example of
Nectin-1, HVEM, STING, and cGAS immunostaining in a melanoma lesion responding (upper panel) or
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not responding (lower panel) to intratumoral T-VEC injection. Images provide an overview and details
at higher magnification (inserts); corresponding size bars are included. (D) Spearman correlation
coefficient analysis of Nectin-1, HVEM, STING, and cGAS immunostaining with the oncolytic activity of
T-VEC inoculated into the respective lesion. (E) Box plots (with median, interquartile ranges, minimum,
and maximum values) and (F) ROC curve analysis of responder and non-responder lesions with respect
to Nectin-1, HVEM, STING, and cGAS immunostaining. p values for box plots were calculated using the
Mann—-Whitney test; p values for ROC curves analyzed the area under the curve.

2.1.4.7  Oncolytic activity of T-VEC correlates with Nectin-1 expression
in vivo
To investigate the possible association between the expression of Nectin-1, HVEM, cGAS, and
STING with the response to T-VEC injection in vivo, we analyzed tumor biopsies before
treatment with immunohistochemical methods for the expression of these markers. As with the
cell lines, six individuals interpreted the immunostaining independently and categorized the
respective percentage of stained cells. Figure 11C shows a representative example of Nectin-
1, HVEM, STING, and cGAS immunostaining in a responder and a non-responder melanoma
lesion. The range of immunostaining for the four biomarkers and the inter-individual variability

of scoring is detailed in Figure S 5.

In line with the in vitro data, the Spearman correlation coefficient analysis showed a significant
correlation of Nectin-1 expression in immunohistochemistry (p = 0.0018) with the response to
oncolytic T-VEC treatment in vivo, which was not observed for HVEM, STING, or cGAS (Figure
11D). Correspondingly, expression levels for Nectin-1 were significantly different in responding
(CR and PR) versus non-responding tumors (SD and PD) using box plot (Figure 11E) and
ROC curve analysis (Figure 11F). Taken together, Nectin-1 expression levels in pretreatment
biopsies of cutaneous melanoma metastases significantly predicted the response to T-VEC

mediated oncolysis, which paralleled the results obtained with melanoma cell lines.
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2.1.5 Discussion

The in vitro data of our study are based on MTT metabolic activity and LDH release of
malignant melanoma cell lines 48 h post T-VEC inoculation. The uniform conditions used in
our experiments, which allow for a cumulative analysis of cell death over the entire infection
period, may not meet the optimal requirements for all 20 melanoma cell lines due to their
heterogeneity. In particular, A375 cells have been reported to show a varying response
dynamics depending on the time and cell density as well as MOI used for infection (Thomas
et al., 2019). Despite these limitations, both the in vitro and in vivo data of our study
demonstrated an important predictive role of Nectin-1, a member of the immunoglobulin
superfamily, for T-VEC-induced oncolysis of malignant melanoma. Both in cell lines and in
melanoma metastases, the degree of Nectin-1 expression significantly correlated with tumor
cell regression. Nectin-1 is a known HSV-1 entry receptor (Geraghty et al., 1998), and its
relevance for the entry of wildtype HSV-1 into neuronal cells has been shown (Kopp et al.,
2009; Karaba et al., 2011). Accordingly, we were able to show that respective knockout cell
lines, after inoculation of T-VEC, harbored significantly lower HSV-1 DNA concentrations
compared to control cell lines. Our data indicate that Nectin-1 is a key molecule for the entry
of oncolytic HSV-1 into malignant melanoma, thus confirming the results obtained in
glioblastoma and other malignant tumors using cell lines and a xenograft tumor model
(Friedman et al., 2018; Huang et al., 2007; Yu et al., 2007). Along this line, Nectin-1 could be
important for the success of oncolytic herpes viruses in other tumor entities (Schuster et al.,

2019), which should be evaluated in further studies.

Another well-characterized HSV-1 entry receptor is HVEM (Montgomery et al., 1996), a
member of the tumor necrosis factor family, which, similar to Nectin-1, binds to HSV-1
glycoprotein D (Krummenacher et al., 1998). Direct comparison of Nectin-1 and HVEM
indicated that the latter was less effective in promoting HSV-1 entry (Krummenacher et al.,
2004), which could explain why HVEM was not predictive of T-VEC induced melanoma cell
death in our in vitro and in vivo studies. Notably, single HVEM-knockout cells showed an
increased amount of intracellular HSV-1 DNA (not significant) and were more sensitive to cell
death upon T-VEC inoculation compared to wildtype control. In the absence of HVEM, Nectin-
1 seemed to compensate and mediate HSV-1 entry into melanoma cells. This observation is
in line with a study that revealed Nectin-1 as the primary receptor for HSV-1 cell entry, whereas
HVEM had only a subordinate role (Kopp et al., 2009; Karaba et al., 2011; Petermann & Rahn
et al., 2015). In addition, knockout of HVEM could also affect downstream signaling events. In
this respect, interaction of glycoprotein D with HVEM was reported to induce TRAF- and RelA-
mediated upregulation of pro-survival genes (Sciortino et al., 2008; Cheung et al., 2009), which
might be diminished in HYEM-KO cells upon T-VEC infection. Knockout of both Nectin-1 and
HVEM efficiently prevented the entry of T-VEC into IGR-37 cells, as indicated by low HSV-1
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copy numbers. Hence, double knockout cells were highly resistant to T-VEC-mediated cell
death. In this situation, the lack of prosurvival signaling from HVEM may be less relevant, as
cell death is not induced in the absence of viral entry. Notably, the reduced viability in the
melanoma cell panel upon T-VEC infection did not correlate with the activation of caspase 3/7.
These data suggest that T-VEC-induced oncolysis is partially, but not completely, mediated by
apoptosis, as has been shown for wildtype HSV-1 infection (Yu & He, 2016). Slight differences
in susceptibility of IGR-37 cells to viral oncolysis (Figure 7A and Figure 8C) are attributed to a
prolonged cultivation period during the CRISPR process.

The effects of cGAS and STING for viral oncolysis have been analyzed in different studies (Xia
et al., 2016; Bommareddy et al., 2019; Queiroz et al., 2019). The pattern recognition receptor
cGAS detects cytosolic DNA during viral infection and catalyzes in turn the formation of cyclic-
GMP-AMP (cGAMP). Binding of cGAMP to STING results in downstream phosphorylation of
transcription factors such as NF-kB and IRF3, which induce the transcription of type |
interferons and proinflammatory cytokines as part of an anti-viral defense mechanism (Ma &
Damania, 2016). Activation and integrity of the cGAS-STING pathway can therefore affect the
efficacy of oncolytic tumor therapy. Indeed, a correlation between STING but not cGAS
expression levels and viral oncolysis in melanoma and ovarian cancer cell lines has been
reported (Xia et al., 2016; Queiroz et al., 2019). In both studies, a wide range of cGAS/STING

expression levels in melanoma cell lines was observed.

Xia et al. demonstrated that oncolytic viral therapy induced pronounced killing in five melanoma
cell lines with no or very low STING expression (Xia et al., 2016). Loss of STING was
associated with markedly reduced induction of type | interferons as well as increased viral
replication. The effect, however, was not limited to STING-negative melanoma, but also
occurred in three STING-expressing cell lines (A375, SKMEL2, RPMI7951). Bommareddy et
al. showed that CRISPR-mediated STING depletion in the LOX IMVI melanoma cell line
resulted in increased killing by the oncolytic virus (Bommareddy et al., 2019).

In our melanoma cell panel, eleven and seven cell lines expressed STING and cGAS,
respectively, but only two cell lines were equipped with both molecules (IGR-39, LOX IMVI).
This distribution may have contributed to the low impact of STING and cGAS onto the response
of our cell lines to T-VEC treatment, because the presence of STING and cGAS is at least the
basis for a functioning signaling pathway. In addition, our melanoma panel lacked cell lines
harboring different STING levels in combination with high Nectin-1 expression, which would
have supported an efficient infection. Thus, Nectin-1 may have played a superior role in this
setting and may have masked the more delicate role of STING and cGAS. However, the
analysis of different subgroups (Nectin-high and Nectin-low expressing cell lines), did not
reveal correlation, most likely due to the low number of cell lines in each group. Taken together,

our data indicate that STING affects the oncolytic activity in a subset of melanoma cell lines;
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however, additional mechanisms independent of STING may have an impact on T-VEC
mediated oncolysis. A further aim of our study was to correlate in vitro data with in vivo findings.
For these purposes, we analyzed 35 biopsies of melanoma metastasis before injection with T-
VEC. The expression of Nectin-1, HVEM, STING, and cGAS was determined utilizing
immunohistochemistry and revealed a significant correlation of Nectin-1 expression with
response to therapy. In contrast to the in vitro data, a correlation was also found for cGAS,
which was, however, not statistically significant. This may be because environmental factors,
e.g., UV exposure and reactive oxygen species (ROS), can potentiate immunorecognition of
DNA and thereby trigger the cGAS-STING pathway in vivo (Gehrke et al., 2013). Moreover,
protein expression profiles of immortalized melanoma cell lines may not represent the in vivo
situation accurately. In fact, melanoma cell lines showed a higher percentage of Nectin-1 and
HVEM expression, while cGAS and STING were more prominently expressed in melanoma
metastasis (Figure S 6). This abundant expression of both molecules in the biopsies may have
contributed to the fact that the STING-cGAS pathway was not a limiting factor in this context.
The prediction of the clinical response may profit from combining expression profiles of several
biomarkers. For these purposes, a larger panel of cell lines and biopsies from patients treated

with T-VEC would be helpful, which will be the focus of future studies.

Biomarkers such as PD-L1 are important tools to guide personalized cancer therapies. Our
data demonstrate that baseline expression of Nectin-1 in melanoma metastasis correlates with
the response to intralesional T-VEC therapy and can therefore be used as a biomarker. To
increase clinical utility, testing of this biomarker should be able to be integrated into routine
laboratory workflow. Since IHC is a widely used method for diagnostic purposes and is well
established for biomarker assessment, we compared Nectin-1 expression in melanoma cell
lines using FACS and IHC. FACS analysis showed superior correlation between Nectin-1
expression and oncolysis compared to IHC. One likely explanation is that FACS measures
surface Nectin-1 expression, which is relevant for viral entry, while IHC also stains intracellular
protein. However, our IHC staining and scoring protocol was stable and allowed reliable
identification of low versus high Nectin-1 expressing tumor biopsies. Importantly, the inter-
individual scoring variability between analysts was higher in tissue sections with low Nectin-1
expression. The reproducibility of IHC scoring is known to be more difficult in tumors with faint
staining (Brunnstrom et al., 2017). Overall, our data revealed heterogeneity of Nectin-1
expression in melanoma cell lines as well as in melanoma metastases. Therefore, a robust
and reliable protocol for staining and scoring is needed to determine expression levels guiding
clinical decision-making. This is especially important since many factors influence IHC results
including tissue collection procedures, fixation, section thickness, staining processes, and

image analysis.
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Altogether, our study revealed Nectin-1 as suitable biomarker for the treatment of melanoma
metastases using intratumoral T-VEC application. In seven patients in whom two or more
pretreatment biopsies were available, a consistent clinical response occurred across all
metastases within an individual patient (Figure S 7), although a notable variation in Nectin-1
expression was observed in one patient (Pat. 17). These data suggest that a single biopsy
may be representative for most of the other metastases. In addition, post-treatment biopsies
quantifying the intratumoral immune infiltrate may be helpful to predict systemic treatment
response via induction of adaptive immunity. What level of Nectin-1 expression is actually
required for tumor regression remains an open question. In our study, 35.84% of Nectin-1
positive cells reflected the threshold with the highest likelihood ratio, correctly predicting
treatment response and failure in 78.3% and 75.0% of cases, respectively. Further prospective
studies are needed to determine the clinical threshold of Nectin-1 expression and additional
parameters, which will allow the development of optimized personalized therapies for oncolytic

herpes viruses in melanoma and other solid malignancies.
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2.1.6 Supplementary materials

Supplementary Figure S 1

Negative control
(w/o primary antibody)

Kidney |

Colon

Colon carcinoma

Tonsil

Figure S 1: Optimization of immunohistochemistry staining protocols for Nectin-1, HVEM, STING,
and cGAS. Organ slices containing positive control tissues (kidney, colon, colon carcinoma and tonsil)
were stained with the respective antibodies and probed with peroxidase-conjugated anti-rabbit or anti-
mouse IgG. Negative controls were stained with secondary antibodies only. Images with corresponding
size bars show an overview of immunohistochemistry staining and details at higher magnification
(insert).
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Supplementary Figure S 2
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Correlation analysis of cell viability with toxicity and Caspase 3/7 activity in a panel of
20 melanoma cell lines after T-VEC infection (MOI 1). Cell viability as measured by MTT viability assay
was correlated with (A) toxicity as evaluated by the release of lactate dehydrogenase (LDH) in infected
cells and (B) caspase 3/7 activity, as described in the Materials and Methods section. Spearman
correlation coefficient analysis was performed comparing the mean of two separate experiments for
LDH and caspase 3/7 activity assays with the mean of three separate experiments using MTT viability
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Supplementary Figure S 3
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Figure S 3: Evaluation of CRISPR/Cas9 efficiency in different knockout cell lines using T7
endonuclease | (T7EI) assay. Genomic DNA was prepared from the indicated cell lines to amplify the
regions flanking the CRISPR sites for either (A) Nectin-1 or (B) HVEM and tested for CRISPR/Cas9-
induced mutations by T7EI digestion where indicated. T7EIl cleavage products were analyzed by
agarose gel electrophoresis. Amplicons are marked by an asterisk, T7E1 cleavage products by

arrowheads.
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Supplementary Figure S 4
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Figure S 4: Evaluation of Nectin-1, HVEM, STING, and cGAS immunohistochemistry in melanoma
cell lines. (A) Paraffin-embedded melanoma cell lines were stained with respective antibodies and
peroxidase-conjugated anti-rabbit or anti-mouse 1gG, as outlined in the Methods section. Images with
corresponding size bars show an overview and details at higher magnification (inserts). Six individuals
classified the percentage of stained cells into 11 categories (0%, 1-10%, ..., 91-100%); the mean value
is given. (B) Variability of scoring showing mean and standard deviation plus minimum and maximum
for each lesion, ranked with ascending positivity for each marker.
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Supplementary Figure S 5
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Figure S 5: Evaluation of Nectin-1, HVEM, STING, and cGAS immunohistochemistry in biopsies
from melanoma lesions. (A) Range of positivity for the four biomarkers in pretreatment biopsies stained
with respective antibodies and peroxidase-conjugated anti-rabbit or anti-mouse 1gG, as outlined in the
Methods section. Images with corresponding size bars present an overview and details at higher
magnification (inserts). (B) Evaluation of the immunostaining by six independent individuals, who
categorized the percentage of stained cells for each marker (0%, 1-10%, ..., 91-100%). Data show mean
and standard deviation plus minimum and maximum for each lesion, ranked with ascending positivity
for each marker.
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Supplementary Figure S 6
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Comparison of Nectin-1, HVEM, STING, and cGAS expression levels in melanoma cell

lines and melanoma metastasis. Range of positivity (%) for the four biomarkers after staining of paraffin-
embedded melanoma cell lines and pretreatment biopsies using immunohistochemistry (IHC) as
outlined in the Methods section. Box plots show median and interquartile ranges in addition to minimum

and maximum values; statistics was calculated using the Mann-Whitney test.
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Supplementary Figure S 7
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Clinical response to T-VEC injection and expression levels of biomarkers in patients

with two or more biopsies before treatment. The symbols represent metastases of the individual patients,
showing the degree of tumor regression upon T-VEC injection and the percentage (%) of cells
expressing Nectin-1, HVEM, STING, and cGAS. Horizontal bars represent median values.
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2.2 Expression of the plasma membrane citrate carrier (pmCiC) in

human cancerous tissues — correlation with tumor aggressiveness
Summary:

The focus of this chapter is the expression of the pmCiC in various human cancer tissues and
its correlation with tumor aggressiveness. The study investigates pmCiC levels across different
cancer types, emphasizing its potential role as a prognostic marker. Results indicate that
higher pmCiC expression correlates with increased tumor aggressiveness and metastatic
potential, suggesting that pmCiC could be a valuable marker for predicting cancer progression.

Objective addressed:

Investigation of pmCiC as a prognostic marker for the aggressiveness of various tumor types.
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2.2.1 Abstract

We have recently shown that cancer cells of various origins take up extracellular citrate through
the plasma membrane citrate carrier (pmCiC), a specific plasma membrane citrate transporter.
Extracellular citrate is required to support cancer cell metabolism, in particular fatty acid
synthesis, mitochondrial activity, protein synthesis and histone acetylation. In addition, cancer
cells tend to acquire a metastatic phenotype in the presence of extracellular citrate. Our recent
study also showed that cancer-associated stromal cells synthesise and release citrate and that
this process is controlled by cancer cells. In the present study, we evaluated the expression of
pmCiC, fibroblast activation protein-a (FAP) and the angiogenesis marker cluster of
differentiation 31 (CD31) in human cancer tissues of different origins. In the cohort studied, we
found no correlation between disease stage and the expression of FAP or CD31. However, we
have identified a clear correlation between pmCiC expression in cancer cells and cancer-
associated stroma with tumour stage. It can be concluded that pmCiC is increased in cancer
cells and in cancer-supporting cells in the tumour microenvironment at the later stages of
cancer development, particularly at the metastatic sites. Therefore, pmCiC expression has the
potential to serve as a prognostic marker, although further studies are needed.

Keywords: biomarker, cancer, citrate, tumour microenvironment, plasma membrane

citrate carrier (pomCiC)
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2.2.2 Introduction

Cancer cells require increased metabolism to meet the demands of rapid proliferation and
metastatic activity (Warburg, 1925; Pascale et al., 2020). In order to do this, these cells need
to employ specific metabolic pathways and supply them with appropriate metabolites (Romero-
Garcia et al.,, 2011). One of the key substrates is citrate, which is considered the central
metabolite in cancer cells (Icard et al., 2021). Citrate is a Krebs cycle intermediate and the
primary substrate for fatty acid synthesis, a hallmark of cancer (Rbhrig & Schulze, 2016).
Citrate is normally synthesized intracellularly in the mitochondrial cycle in both, cancer and
normal cells. However, cancer cells require excess citrate for cytosolic fatty acid synthesis,
likely from the reverse Krebs cycle (Parkinson et al., 2021; Metallo et al., 2011). Cancer cells
can also take up citrate from the extracellular space via the plasma membrane citrate
transporter pmCiC [UniProt: DO9HTEY9, GenBank accession number: HM037273.1, NCBI
Reference Sequences: NP_001243463.1 (protein), NM_001256534.2 (nucleotide)], which
belongs to the SLC25 family (Mycielska et al.,, 2018). The pmCiC is a variant of the
mitochondrial citrate carrier (mCiC) with a different start codon (Mazurek et al., 2010). The two
transporters have individual first exons, but the rest of the sequence is identical (Mazurek et
al., 2010). It already has been shown that pmCiC is expressed in human cancer tissues and
that the transporter is increasingly present at the invasion front as well as at metastatic sites
(Mycielska et al., 2018; Drexler et al., 2021). Cancer cells can take up extracellular citrate from
the blood, but elevated levels are also found in some organs such as the liver, bone or brain
(Parkinson et al., 2021). Unfortunately, not much is known about citrate levels in specific
human organs other than the prostate and brain, and even less is known about citrate levels
in cancerous tissues (Parkinson et al., 2021). Our previous study showed that cancer cells
deprived of extracellular citrate increased the expression of pmCiC in cancer-associated
fibroblasts and this caused an increase in citrate export from these cells (Drexler et al., 2021).
Recently, it has become clear that stromal support is crucial to promote cancer progression
and sustain the process of metastasis (Xu et al., 2022; Lee et al., 2023). In particular, the
tumour microenvironment has been shown to provide cancer cells with the necessary
metabolites through the formation of new blood vessels as well as metabolic substrates
released by cancer-associated cells (Eisenberg et al., 2020; Chen et al., 2021). The cancer-
associated stroma has also been shown to release growth factors and modulate the immune
response (Nishida, 2021; Chen et al., 2023). Tumour-associated macrophages play an
important role in the cancer microenvironment. They are known to support tumour progression
by establishing infrastructure and increasing the release of inflammatory factors (Zhou et al.,
2019; Maller et al., 2021). Citrate uptake by cancer cells has been shown to support their
metabolism (Mycielska et al., 2018). In particular, uptake of extracellular citrate decreased
mitochondrial activity, reactive oxygen species synthesis and significantly reduced glucose

uptake in human prostate cancer cells (Mycielska et al., 2018). Further studies showed that
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extracellular citrate enhanced the metastatic properties of cancer cells in vitro and in vivo
(Drexler et al., 2022). Consistently, administration of gluconate, a specific blocker of pmCiC,
reduced subcutaneous pancreatic tumour growth and metastatic spread in mice, as well as
tumour growth and angiogenesis of Merkel cell carcinoma in the chorioallantoic membrane
(CAM) assay (Drexler et al., 2021; Drexler et al., 2022). Daily administration of gluconate also
reduced stromal transformation and increased tumour immune infiltration in mice (Drexler et
al., 2022).

In the present study, we investigated whether pmCiC expression is associated with increased
disease aggressiveness of cancer and can serve as a prognostic marker together with pmCiC

expression in the stroma and blood vessels.
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2.2.3 Materials and Methods
Biopsies

The study included ninety-two patients with human gastrointestinal (20), lung (39), prostate
(14) and urothelial (19) cancers. For each primary tumour (stage IV), the associated
metastasis, if present, was also examined. This results in a maximum total number of 29
metastases. The tissues were retrospectively analyzed by immunohistochemistry. In some
cases, it was not possible to perform and evaluate all the stainings for each biopsy because
there was not enough material available. Accordingly, the number of stained sections varies
depending on the antibody and the evaluation. One patient biopsy was excluded from the study
because of missing information about the entity. The ethical commission of the Faculty for

Medicine, University of Regensburg (14-101-0263), approved the study.
Immunohistochemistry (IHC)

Patient biopsies were fixed with buffered formalin and embedded in paraffin according to
standard procedures (Canene-Adams, 2013). Samples were cut into 2 um thick slices. Slices
were deparaffinized with xylene (Merck, Darmstadt, Germany) and rehydrated with ethanol (2
x 100% ethanol, 2 x 95% ethanol, 2 x 70% ethanol. Each step 5 min).

Immunohistochemical staining was performed with the primary antibodies anti-pmCiC
(Mazurek et al., 2010; GenScript USA Inc., N-Terminal peptide of protein, Antigen Sequence
CYDEVVKLLNKVWKTD, Host species: Rabbit, concentration 9.259 mg/mL, dilution for IHC
1:2200), anti-FAP (Abcam, ab240989, Anti-Fibroblast activation protein, alpha antibody
[SP325] - BSA and Azide free, clone SP325, host species: rabbit, monoclonal; concentration
1.023 mg/mL, dilution for IHC 1:100, lot number GR3392926-3) and anti-CD31 [Zytomed
Systems, MSK091-05 (0.5 mL concentrate), Mouse anti-CD31 (PECAM-1), clone JC70, host
species: mouse, monoclonal, concentration 15.3 pg/mL, dilution for IHC 1:300, lot number
A0479]. All primary antibodies used were from the same batch. The secondary antibodies used

were included in the kits used for IHC (see below).

For pmCiC and FAP staining, the kit ZytoChem Plus HRP-Kit Rabbit (Zytomed/Biozol, Eching,
Germany) was used, performing the protocol according to the manufacturer’s instructions.
Epitope retrieval was performed with HIER Citrate Buffer pH6 (Zytomed) for anti-pmCiC and
with HIER TRIS-EDTA Buffer pH 8.0 (Zytomed) for anti-FAP. Both buffers were heated to 90°C
before the sections were steamed for 20 min. Sections were stained using AEC+ High-
Sensitivity Substrate Chromogen Ready-to-Use (Dako/Agilent Technologies, Hamburg,

Germany) and counterstained using hematoxylin (Carl Roth, Karlsruhe, Germany).

For CD31 staining, the kit ZytoChem Plus (AP) Polymer Kit (Zytomed/Biozol) was used,
performing the protocol according to the manufacturer’s instructions. After the retrieval step

sections were rinsed in cold water and PBS buffer. Then primary antibody was applied for 45
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min at room temperature (RT). After a washing step, blocking buffer was applied for 30 min at
RT. Then another washing step was done before antibody detection was induced applying the
AP Polymer for 30 min at RT. Finally, sections were stained with the chromogen substrate
alkaline phosphatase for 30 min at RT and counterstained with hematoxylin (Carl Roth).

Evaluation of immunohistochemical staining

All sections were scanned using a slide scanner (Pannoramic Scan from 3DHISTECHTM).
Scanning was performed with a x 20 objective (Micrometer/pixel X: 0.242535; Micrometer/pixel
Y:0.242647). The scans were analyzed on the computer using the free software “CaseViewer”
from 3DHistech (https://www.3dhistech.com/solutions/caseviewer/). Complete sections were

analysed. All samples were scored blindly.

For the CD31 analysis, the areas of highest vascular density (hot spots) were identified on the
entire sections by an experienced pathologist and up to five of these hot spots per section were
then analysed/quantified. Snapshots were taken at virtual x20 magnification (corresponding to
the x20 magnification on the microscope) for evaluation. Positive vessels were counted
manually according to the international consensus for the evaluation of angiogenesis
(Vermeulen et al., 2002). For each CD31 staining, five different sections were evaluated on
the microscope at x20 magnification using the hot spot method. The mean value was then
calculated (from the up to five hot spots), providing the CD31 value for further analyses.
Staining of pmCiC in blood vessels was analyzed by defining no pmCiC staining in vessels as

0 and detectable staining in vessels as 1.

A semi-quantitative assessment method called “histochemical score” (H-score) was used to
evaluate the pmCiC and FAP stainings. We quantified the intensity and the extent of staining
within tissue samples. Staining intensity was graded on a scale of 0—3, where 0 indicates no
staining, 1 indicates weak staining, 2 indicates moderate staining, and 3 indicates strong
staining. The extent of staining was evaluated by determining the percentage of positively
stained cells within the sample, represented as a percentage ranging from 0% to 100% (in
increments of 10). Intensity of staining and percentage were multiplied to generate the score
of 300. A score 300 equal to 300 represents the highest possible score. An experienced

pathologist carried out the IHC evaluation.
Statistics

Statistical analyses were performed using GraphPad Prism v. 8.4.2 (GraphPad Software Inc.,
San Diego, CA, United States). The p values for comparing groups were calculated using the
Mann-Whitney test. Box plots show median and interquartile ranges in addition to minimum
and maximum values. The line in the middle of the box represents the median. Correlations
were evaluated using the Spearman’s rank correlation coefficient analysis. Two-tailed p-values

<0.05 were considered statistically significant. A simple linear regression line has been
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included in the figures showing correlations to provide an additional visual aid to help
understand the data. No statistical conclusions can be drawn from these linear regression
lines.

90



EXPRESSION OF THE PLASMA MEMBRANE CITRATE CARRIER (PMCIC) IN HUMAN CANCEROUS TISSUES —
CORRELATION WITH TUMOR AGGRESSIVENESS

2.2.4 Results

2.2.4.1 Expression of pmCiC, CD31, and FAP in primary tumors versus

metastasis and their correlation with different tumor stages

We have recently found that pmCiC expression may play a role in the process of metastasis
(Drexler et al., 2021), and therefore we wanted to investigate whether the level of pmCiC
expression in cancer cells correlates with the tumour stage in human tissues. Indeed, pmCiC
expression in tumour cells increased steadily with tumour stage (Figure 12A). With 45% of
stage | samples, 40% of stage Il samples, 84.6% of stage Il samples, and 63.6% of stage IV
samples showed pmCiC expression levels above zero. On the other hand, there was no
difference in the expression of pmCiC between stage IV of primary tumours and metastatic
tissues (Figure 12B). In fact, the distribution of pmCiC expression levels was very similar in
both groups. Consistently, there was a clear correlation between the expression of pmCiC in
stage IV primary tumours and the expression of pmCiC at the corresponding metastatic sites
(Figure 12C). However, the number of tissues expressing pmCiC in cancer cells was higher in
metastasis than in primary tissues at stage IV (63.6% and 72.4%, respectively).
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Figure 12: Expression of pmCiC in patient biopsies analysed by immunohistochemistry. (A)

B

C

Spearman’s rank correlation coefficient analysis of pmCiC expression in cancer cells and stage. N =75
(stage I: 20, stage II: 20, stage III: 13, stage I1V: 22). (B) Box plot analysis of pmCiC expression in primary
tumours of stage IV compared with metastasis. N = 51 (22 stage IV tumours, 29 metastasis). (C)
Spearman’s rank correlation coefficient analysis of pmCiC in primary tumours stage IV and the
corresponding metastases. (D) Spearman’s rank correlation coefficient analysis of pmCiC expression
in the stroma surrounding cancer cells and stage. N = 73 (stage I: 20, stage II: 19, stage IlI: 13, stage
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IV: 21). (E) Box plot analysis of pmCiC expression in the stroma of primary tumours of stage IV
compared with metastasis. N = 50 (21 stage IV tumours, 29 metastasis). (F) Spearman’s rank correlation
coefficient analysis of pmCiC in the stroma of primary tumours stage IV and the corresponding
metastases. Box plots show median and interquartile ranges in addition to minimum and maximum
values. The line in the middle of the box represents the median. p values for box plots were calculated
using the Mann-Whitney test. pmCiC expression is presented as Score 300.

Our recent study showed that citrate can be provided to cancer cells by the cancer-associated
stroma and released from benign cells via pmCiC (Mycielska et al., 2018; Drexler et al., 2021).
Furthermore, extracellular citrate has been shown to induce an invasive or colonising
phenotype in cancer cells, so this metabolite exchange may be particularly important in
supporting metastatic activity and the process of colonisation of distant organs. Correlating
pmCiC expression in the stroma of the primary tumours with the tumour stage, showed an
even stronger association than in the cancer cells themselves. The pmCiC expression in the
stroma increased steadily with tumour stage (Figure 12D). This is consistent with stroma
transformation and citrate supply being a critical element in the development of metastatic
tumours. The results of the study indicate that 15% of stage | samples, 21.1% of stage |l
samples, 23.1% of stage Ill samples, and 47.6% of stage IV samples showed pmCiC
expression levels above zero. Similar to pmCiC in cancer cells, there was no statistically
significant difference between pmCiC expression in the stroma of cancer cells in primary stage
IV tumour sites and in metastases (Figure 12E). We did not observe a correlation between
pmCiC expressed in the stroma of stage IV tissues and metastasis (Figure 12F), however this
could be due to the small number of tissues available for analysis. Moreover, there was a small
decline in the number of metastatic tissues expressing pmCiC compared to the number of

tissues expressing pmCiC in the stroma at stage 1V, 47.6% and 31%, respectively.

For successful disease progression and metastasis, cancer cells require support from the
surrounding tissue, usually through the formation of new blood vessels and activation of the
stroma. We used CD31, a marker of endothelial cells, and FAP, expressed by activated
fibroblasts, to study angiogenesis and stroma formation in human cancer tissues. Interestingly,
markers of angiogenesis and stromal activation showed no correlation with tumour stage when
analysing the expression of CD31 (Figure 13A) or FAP (Figure 13D). In fact, the expression of
CD31 and FAP in human cancer tissues showed a fairly even distribution across the different
tumour stages, suggesting that their expression is important for tumour development, but does
not necessarily need to increase at later stages of tumour progression. There was also no
difference between CD31 expression levels in primary stage IV cancer tissues compared to
metastases (Figure 13B). Thus, there was no correlation between CD31 expression in the
primary tumour and the corresponding metastases Figure 13C). However, noticeably, FAP
expression was clearly reduced when comparing metastatic tissues with stage IV primary
tumour sites (Figure 13E). No correlation of FAP expression was observed between metastatic
tissues and corresponding stage IV primary tumours (Figure 13F).
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Figure 13: Expression of CD31 and FAP in the stroma surrounding tumour tissue of patient

biopsies analysed by immunohistochemistry. (A) Spearman’s rank correlation coefficient analysis of
CD31 expression and stage. N = 70 (stage I: 20, stage II: 20, stage IlI: 14, stage IV: 16). (B) Box plot
analysis of CD31 expression in the stroma of primary tumours of stage IV compared with metastasis. N
= 37 (16 stage IV tumours, 21 metastasis). (C) Spearman’s rank correlation coefficient analysis of CD31
in the stroma of primary tumours stage IV and the corresponding metastases. (D) Spearman’s rank
correlation coefficient analysis of FAP expression and stage. N = 41 (stage I: 7, stage Il: 12, stage Il
11, stage IV: 11). (E) Box plot analysis of FAP expression in the stroma of primary tumours of stage 1V
compared with metastasis. N = 22 (11 stage IV tumours, 11 metastasis). (F) Spearman’s rank correlation
coefficient analysis of FAP in the stroma of primary tumours stage IV and the corresponding metastases.
p values for box plots were calculated using the Mann-Whitney test. Box plots show median and
interquartile ranges in addition to minimum and maximum values. The line in the middle of the box
represents the median. Expression of CD31 is presented as number of positive vessels (mean value).
FAP expression is presented as Score 300.

2.24.2 Correlation of the pmCiC expression in the stroma versus
cancer cells

Our recent study showed that cancer cells control the release of citrate from their local
environment and that the level of citrate release depends on the metabolic needs of the cancer
(Drexler et al., 2021). That is why we studied whether the expression of pmCiC in cancer cells
correlates with pmCiC in the stroma. Indeed, we observed a correlation between these two
markers in primary tumours between pmCiC in cancer cells and pmCiC in the stroma (Figure
14A). These data could confirm that the degree of transformation of the cancer-associated
stroma depends on the specific metabolic needs of the cancer cells. In this case, the increased
expression of pmCiC in cancer cells suggests a higher demand for extracellular citrate by

cancer cells. This correlates with increased pmCiC expression in the surrounding stroma,
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which is consistent with increased release of this metabolite. This correlation was not observed
when the level of expression of either FAP (Figure 14B) or CD31 (Figure 14C) in the stroma

was examined in relation to pmCiC in tumour cells.
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Figure 14: Spearman’s rank correlation coefficient analysis of pmCiC expression in cancer cells of

primary tumours or in the surrounding tumour stroma, and FAP and CD31 in the surrounding tumour
stroma analysed by immunohistochemistry. Correlation of pmCiC expression in cancer cells in tumour
tissue and (A) pmCiC expression in the surrounding tumour stroma (N = 73), and (B) FAP expression
(N = 40), and (C) CD31 expression (N = 68). Correlation of pmCiC expression in the primary tumour
stroma and (D) FAP expression (N = 39), and (E) CD31 expression (N = 67). Expression of pmCiC and
FAP is presented as Score 300. Expression of CD31 is presented as number of positive vessels (mean
value).

To determine whether the increased activity of the cancer-associated stroma, as indicated by
increased citrate release, correlates with FAP and CD31, known markers of stromal formation,
we correlated the expression of FAP versus pmCiC in the stroma (Figure 14D) and CD31
versus pmCiC expression in the stroma (Figure 14E). No correlation was observed with any of
the markers tested, suggesting that the expression of pmCiC in the stroma is independent of

the classical markers of stromal activation and angiogenesis.
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2.2.4.3 Expression of pmCiC in blood vessels

We have previously observed a certain level of pmCiC expression in some of the blood vessels
present in human cancer tissue (Drexler et al., 2021; Parkinson et al., 2021). The analysis
performed here showed that the presence of pmCiC-stained vessels is increased at later
stages of cancer development. There was no statistical significance between pmCiC
expression of blood vessels in primary stage IV tumour sites and metastasis (Figure 15A). A
steep increase in the occurrence of vessels with pmCiC was observed in stage IV of cancer
(Figure 15B).
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Figure 15: Analysis of pmCiC expression in blood vessels. (A) Analysis of pmCiC expression in

vessels of stage IV tumours compared with metastasis. N = 44 (18 stage IV tumours, 26 metastasis).
The p value was calculated using the Mann-Whitney test. The graph shows the mean with standard
deviation. (B) Percentage of biopsies with pmCiC staining in blood vessels subdivided by tumour stage.

2.2.4.4 lllustration of the data

Figure 16 and Figure 17 summarise the analysis presented above. We chose to compare
staining with different markers on consecutive sections of the same tissue. Figure 16 shows
two different poorly differentiated urothelial tumours with prominent pmCiC staining in the
cancer cells, but also in some vessels and the surrounding stroma. In contrast, Figure 17

shows liver metastases from ductal breast cancer (A1-A3) and prostate cancer (B1-B3).
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Figure 16: Immunostaining of two urothelial carcinomas. (A1-A3) (scale bar 100 um) shows a
primary muscle-infiltrating urothelial transitional cell carcinoma with positivity for pmCiC in cancer cells
(A1) and endothelial cells (A1; —). Serial sections show numerous vessels stained for CD31 (A2) as
well as strong stromal reaction with FAP (A3). (B1-B3) (scale bar 100 pm) displays another poorly
differentiated urothelial cancer with prominent expression of pmCiC in cancer cells (B1) but also in some
vessels (B1; —). Serial section was stained with CD31 ((B2); scale bar 150 um) to highlight the tumour-
associated vasculature. In (B3) there is a strong stromal reaction stained by FAP staining. All samples
were counterstained with hematoxylin.
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Figure 17: Histological staining of a liver metastasis of a ductal breast cancer and a liver metastasis
of a prostate cancer. [(A1-A3); scale bar 100 pm] Liver metastasis of a ductal breast cancer [(Al); HE]
shows little nest of atypical infiltrating cancer cells with a desmoplastic stroma expressing pmCiC in
tumour cells (A2) as well as some associated small vessels (inset; —; magnification 3 - fold). In (A3)
serial section of the metastasis shows tumour associated vessels stained for CD31 (inset; —;
magnification 3 - fold). [(B1-B3); scale bar 100 pm] Liver metastasis of a prostate cancer [(B1); HE]
displaying a pseudoglandular atypical cancer with a desmoplastic stroma expressing pmCiC in tumour
cells (B2) and few tumour-associated vessels (inset; —; magnification 3 - fold). In (B3) a serial section
of the specimen was stained with CD31 to highlight the tumour associated vessels (inset; —;
magnification 3 - fold). Images provide an overview and details at higher magnification (inserts;
magnification 3 - fold); corresponding size bars are included. Tissues shown in (A2, A3, B2, B3) were
counterstained with hematoxylin.

It can be deduced that pmCiC expression is similarly high in poorly differentiated and
metastatic cells. Importantly, higher expression of pmCiC in cancer cells correlates with
increased levels of stromal cells also expressing pmCiC, particularly in Figure 16(B1). This
could be due to increased metastatic activity of the cancer cells or a lack of sufficient citrate at
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this site. Interestingly, although the stroma shown in Figure 17 is highly desmoplastic, the level
of pmCiC expression in these cells is lower compared to primary urothelial tumours. This may
be because citrate is abundant in the liver [reviewed in Parkinson et al. (2021)] and cancer
cells have less need for this substrate. Figure 16 and Figure 17 show striking differences in
the number and size of blood vessels stained with pmCiC and CD31, suggesting that pmCiC
is an earlier marker of angiogenesis than CD31.
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2.2.5 Discussion

For the purpose of the present study, we have combined human cancer tissues of different
origins and evaluated the expression of pmCiC in cancer and stromal cells to check whether
extracellular citrate can be considered as a necessary factor indicating the aggressiveness of
the disease. We also put forward our hypothesis that the expression levels of pmCiC in cancer
cells versus stroma would correlate with the amount of citrate uptake versus release,
respectively. To assess other parameters of the tumour microenvironment, we also used the
markers CD31 (Sharma et al., 2013; Bosmiuiller et al., 2018) and FAP (Ma et al., 2017; Coto-
Llerena et al., 2020), which should reflect angiogenesis and fibroblast activation in the tissues
studied. It should be noted that the limited number of tissues and the analysis performed
without distinguishing for the tumour type might have affected some of the parameters by

increasing the variability of the data.

Our study shows for the first time that pmCiC expression in cancer cells in human tissues
correlates with tumour stage and is significantly increased at advanced stages of tumour
development and metastatic sites, irrespective of tumour origin. This observation supports our
recent data suggesting a role for extracellular citrate uptake in the acquisition of a more
invasive (epithelial-mesenchymal transition (EMT)) or colonising (mesenchymal-epithelial
transition (MET)) character of cancer cells, depending on the duration of citrate presence in
the media (Drexler et al., 2021). Therefore, the expression of pmCiC in cancer cells could
indicate an increased metastatic potential. In line with this hypothesis, pmCiC expression was
less frequent in early stages of tumour development where its expression could indicate an

increased likelihood of metastasis formation.

Extracellular citrate is normally present at stable concentrations in the blood and this is one of
the sources of citrate for cancer cells, particularly those close to blood vessels. However, this
source may not be sufficient as the tumour grows. We have shown that the tumour
microenvironment is an additional source of citrate and that the amount of citrate released by
cancer-associated fibroblasts depends on the availability of extracellular citrate to cancer cells.
Therefore, citrate plays an important role in the communication between cancer cells and the
surrounding stroma. Increased or decreased intracellular levels of citrate can be detrimental
to cancer cells (Icard et al., 2019; Haferkamp et al., 2020); therefore, this controlled enrichment
of the cancer microenvironment with citrate may represent a very interesting and not yet fully
understood regulatory mechanism specific to cancer development (Jordan et al., 2022). Not
surprisingly, our data from human cancer tissues show a correlation between pmCiC
expression in cancer cells and pmCiC expression in the tumour environment, which may
indicate a balance between citrate uptake and release and active stromal support of the
disease progression. However, due to different levels of extracellular citrate and proximity to
blood vessels, the expression of pmCiC in the stroma of primary tumours may also vary from
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organ to organ. For these reasons, it is likely that the simultaneous assessment of pmCiC
expression in cancer cells and their microenvironment as well as in blood vessels could be a
good prognostic marker for disease progression, rather than each of these elements
separately. This aspect requires further and more detailed studies.

Some recent studies have shown the involvement of another sodium-dependent citrate
transporter, NaCT (encoded by SLC13A5), in the metabolism of liver cancer cells (Li et al.,
2017; Kumar et al., 2021). Specifically, citrate uptake in liver cancer cells reduced reductive
carboxylation by providing citrate to ATP citrate lyase (ACLY) (Kumar et al., 2021). However,
in liver cancer cells, this effect of extracellular citrate on cancer metabolism was particularly
pronounced under conditions of reduced extracellular glucose and glutamine. On the other
hand, our published study suggests that even under non-starving conditions, extracellular
citrate uptake via pmCiC has a significant impact on fatty acid synthesis (Mycielska et al., 2018;
Drexler et al., 2021). SLC13A5 also has a very restricted expression pattern. RNA expression
data show expression only in liver cancer (Human Protein Atlas, Accessed December 11,
2023). Our very preliminary staining of human liver tissue may suggest that pmCiC may also
be expressed in non-differentiated liver cancer cells (data not shown). Therefore, it remains

crucial to investigate in the future which citrate transporters (or both) support metastasis.

There are also several groups suggesting that increasing extracellular citrate levels results in
increased citrate uptake by cancer cells, leading to their death (LU et al., 2011; Icard et al.,
2023). In any case, it is suggested that extracellular citrate and plasma membrane citrate
transporters play a significant role either in supporting cancer progression (at physiological

levels) or with the potential to destroy cancer (when applied at very high levels).

We also found no correlation between CD31 or FAP expression and tumour stage. There is
no agreement regarding the use of CD31 in the field of cancer prognosis. Some studies
concluding CD31 to be a prognostic marker (Sandlund et al., 2007; Schmidt et al., 2017;
Schluter et al., 2018), but others failing to confirm this correlation (RASK et al., 2019). Finally,
some other studies have found an inverse correlation between CD31 expression and patient
survival (VIRMAN et al., 2015; Emmert et al., 2016). In addition, the lack of correlation between
CD31 and tumour stage in the present study may be due to the fact that we analysed tumours
of different origin together in one group. As different organs have different blood vessel

densities, this could affect the overall assessment.

Although we did not find a correlation between CD31 and FAP expression and disease stage,
there were increased levels of pmCiC present in the blood vessels of later stage cancers.
CDa31 is an endothelial cell marker (Bdsmiiller et al., 2018) and stains all blood vessels at any
stage from early to full vascularization. In contrast, we found that pmCiC is only expressed in
a small fraction of tiny blood vessels, most likely in the early formation stage, but not in well

differentiated vessels. This would be consistent with increased citrate uptake by pmCiC at the
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earlier stage of vessel development. Citrate, as the primary substrate for fatty acid synthesis,
could contribute to the formation and modification of the plasma membrane necessary for
angiogenesis. Blocking fatty acid synthesis has already been shown to affect angiogenesis. In
a murine stroke model, the use of cerulenin increased endothelial cell leakage, decreased
transcellular electrical resistance and contributed to the breakdown of the blood-brain barrier
(BBB) after stroke (Janssen et al., 2021). Knockdown of fatty acid synthase inhibited vessel
sprouting by reducing cell proliferation (Bruning et al., 2018). Strikingly, most of the pmCiC-
expressing blood vessels were found at stage IV of tumour development. It is possible that
these vessels are involved in/facilitate the dissemination of metastatic cells, e.g., due to
controlled fatty acid content or other special characteristics. Therefore, the expression of
pmCiC in endothelial cells may be a specific feature of early cancer angiogenesis and a

different factor to CD31, but this issue remains to be investigated.

The lack of correlation between CD31 and FAP expression in the stroma and cancer stage
could be due to several reasons. Firstly, a limited number of tissues examined could certainly
play a role in obtaining significant results. In addition, tumours of different origin have different
requirements for stromal support (Parkinson et al., 2021). In this case, the combination of all
tumour types in one group could further influence the results obtained. In this context, however,
it is even more striking that the expression of pmCiC and its correlation with the stage of the
tumour were independent of the origin of the tumour and could therefore represent a novel and

widely applicable marker of tumour aggressiveness.

We have hypothesised that elevated citrate levels in organs such as the brain, bone or liver
facilitate organ colonisation and are therefore the most common sites of secondary tumour
growth (Parkinson et al., 2021). In this respect, the variability in the expression of pmCiC in
cancer and peritumour tissues, as shown in the present study, could also be caused by
different levels of extracellular citrate in the organs from which the tissues were obtained. It is
interesting to note that the number of metastatic tissues stained with pmCiC in the stroma is
lower than in the primary tumours at stage IV. This observation would be consistent with the
fact that the most common organs in which distant metastasis occur, such as the liver, brain,
bone or the lung, are rich in citrate (Parkinson et al., 2021). Citrate levels need to be tightly
controlled by cancer cells, as its increase was shown to be detrimental to cancer. Since
colonising cancer cells in an extracellular citrate-rich environment are less likely to demand
additional citrate from the surrounding stroma, it is expected that pmCiC expression will be
lower. However, the number of metastatic tissues expressing pmCiC in cancer cells compared
to the primary tumours at stage IV increases suggesting an important role of extracellular

citrate in organ colonisation.
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2.2.6 Conclusion

In conclusion, the expression level of pmCiC in cancer cells from human cancer tissues seem
to increase with tumour stage and is particularly elevated at metastatic sites. Importantly, we
also found elevated levels of pmCiC in the tumour microenvironment, which may indicate the
importance of extracellular citrate in the progression of metastatic disease. However, the exact
role of citrate in metastatic progression remains to be elucidated and will be addressed in our
next studies. On the other hand, we did not observe significant correlations of other stromal
markers, CD31 and FAP, with tumour stage. It is possible that the expression of pmCiC in
cancer cells and the supporting stroma may be an early event in the process of metastasis
and organ colonization. It is worth noticing that we performed our study on human cancerous
tissues of different origins. To our knowledge this is one of the first studies showing a common
factor/feature correlating with tumour aggressiveness. Therefore, it should be further
investigated in the context of a prognostic marker.
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2.3 The role of citrate homeostasis in merkel cell carcinoma
pathogenesis
Summary:

This chapter examines the role of citrate homeostasis in the pathogenesis of MCC. The
research identifies the expression of pmCiC in MCC cells and tissues, showing that
extracellular citrate promotes MCC proliferation. Additionally, it discusses the inhibitory effects
of gluconate on MCC growth both in vitro and in vivo, suggesting a therapeutic potential for
targeting citrate metabolism in MCC treatment.

Objective addressed:

To understand how pmCiC expression influences MCC proliferation and to assess the
therapeutic effects of targeting citrate metabolism.
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2.3.1 Abstract
Simple summary

Merkel cell carcinoma (MCC) is a rare but highly aggressive skin cancer. Despite important
progress, overall understanding of the events that drive MCC carcinogenesis remains
incomplete. We discovered that the plasma membrane citrate transporter (pmCiC) is
upregulated in Merkel cell carcinoma cell lines. Cancer cells import extracellular citrate via
pmCiC to support their metabolism, which is critical to support proliferation and metastatic
spread. In this study, we show that inhibition of pmCiC can decrease the growth rate of Merkel
cell carcinoma cell lines. Targeting pmCiC and thereby the tumor metabolism should be

considered further as a potential anti-cancer therapy.
Abstract

Merkel cell carcinoma (MCC) is a rare but highly aggressive tumor of the skin with a poor
prognosis. The factors driving this cancer must be better understood in order to discover novel
targets for more effective therapies. In the search for targets, we followed our interest in citrate
as a central and critical metabolite linked to fatty acid synthesis in cancer development. A key
to citrate uptake in cancer cells is the high expression of the plasma membrane citrate
transporter (pmCiC), which is upregulated in the different adenocarcinoma types tested so far.
In this study, we show that the pmCiC is also highly expressed in Merkel cell carcinoma cell
lines by western blot and human tissues by immunohistochemistry staining. In the presence of
extracellular citrate, MCC cells show an increased proliferation rate in vitro; a specific pmCiC
inhibitor (Na*-gluconate) blocks this citrate-induced proliferation. Furthermore, the 3D in vivo
Chick Chorioallantoic Membrane (CAM) model showed that the application of Na*-gluconate
also decreases Merkel cell carcinoma growth. Based on our results, we conclude that pmCiC
and extracellular citrate uptake should be considered further as a potential novel target for the

treatment of Merkel cell carcinoma.

Keywords: cancer, merkel cell carcinoma, citrate, pmCiC, gluconate
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2.3.2 Introduction

Merkel cell carcinoma (MCC) is an aggressive tumor of the skin with a rising incidence (Lin et
al., 2014) that predominately affects elderly Caucasians (median age at diagnosis is 75—-80).
Primary tumors have a predilection for sun exposed areas of the skin (Pulitzer, 2017; Becker
et al., 2017). In addition to UV-radiation, immune deficiencies are important risk factors for the
development of MCCs (Becker et al., 2017); the risk to develop MCC is five-fold greater after
organ transplantation and 11-fold greater for patients with AIDS compared to the general
population (Lin et al., 2014). Chronic arsenic exposure has also been implicated in the
pathogenesis of MCC (Mauzo et al., 2016). Although malignant melanoma is 50-fold more
frequent than MCC, the prognosis for patients with MCC is worse (Becker et al., 2017). The
five-year survival rate for patients with a localized skin disease is 50-76%, 39% for patients
with regional node disease, and 18% for patients with distant metastatic disease (Pulitzer,
2017). Clinical diagnosis of MCC is often difficult in the differential diagnosis since both basal
cell carcinoma or squamous cell carcinoma are more common. MCC can also be mistaken for
metastasis of neuroendocrine tumors, melanoma, or lymphoma (Pulitzer, 2017). Microscopic
diagnosis can also be challenging. The typical presentations are uniform cells with round or
oval nuclei that show expression of cytokeratin 20 (95%) and neuroendocrine markers, such
as synaptophysin, chromogranin A, neuron-specific enolase, or CD56. Expression of p63 is
found in 60% of MCC patients (Pulitzer, 2017; Jankowski et al., 2014; Fukuhara et al., 2016).

After the diagnosis of MCC, a complete excision (1-2cm margin) and adjuvant radiation is
normally performed. Sentinel lymph node mapping and biopsy are recommended together with
stage imaging (ultrasonography, computer tomography (CT), or positron emission tomography
(PET)) (Mauzo et al., 2016). Around 55% of patients with a distant metastatic MCC respond
positively to first line treatment with chemotherapy consisting typically of platinum-based +
etoposide. However, because the responses are not durable, tumors often recur by 4-15
months with a median progression-free survival of only 94 days and median overall survival of
9.5 months (Becker et al., 2017; Cassler et al., 2016). Although recent studies have shown
some evidence of benefits in the long-term response for patients treated with the PD-L1
specific antibody avelumab (Gaiser et al., 2018), more effective novel therapeutic targets are

needed.

Membrane transport proteins are involved in the movement of ions and small molecules across
biological membranes. Many different membrane transporters have been shown to facilitate
cancer development, progression, and drug resistance (Nazemi & Rainero, 2020). A recent
study of Mycielska et al. showed that extracellular citrate is supplied to cancer cells through a
plasma membrane-specific variant of the mitochondrial citrate transporter pmCiC, which is a
member of the SLC25 mitochondrial transporter family (Mycielska et al., 2018). This
transporter enables cancer cells to use extracellular citrate for metabolism and supports cell
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proliferation. Citrate is a central metabolite for fatty acid synthesis, which is necessary for tumor
growing. A lack of citrate also leads to morphological changes in cancer cells; thus, citrate
seems to have a high impact on cancer growth (Drexler et al., 2021). Gluconate has been
discovered as a specific and irreversible inhibitor for pmCiC (Mycielska et al., 2018; Mycielska
et al., 2015; Mycielska et al., 2019), which opens the possibility for therapeutic intervention.

In this study, we have conducted experiments to explore the hypothesis that pmCiC is
important for MCC tumors by first measuring expression in MCC cell lines and human tumor
biopsies. We then tested the effects of extracellular citrate on MCC proliferation in vitro and
applied gluconate-based pmCiC inhibition to these in vitro and in vivo systems to show whether

the tumor promoting effects of citrate can be inhibited.
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2.3.3 Materials and Methods

Immunohistochemistry

Paraffin-embedded sections were dewaxed using xylol (Merck, Darmstadt, Germany) and then
rehydrated by washing twice with absolute ethanol, twice with 96% ethanol, and twice with
70% ethanol. After blocking endogenous peroxidases using 3% H,O: for 10 min, samples were
washed once with bi-distilled water, heated in HIER Citrate Buffer pH6 (Zytomed/Biozol,
Eching, Germany) at 90 °C for 20 min, and cooled for 20 min. Samples were blocked using the
blocking solution of the ZytoChem Plus HRP-kit Rabbit/Mouse (Zytomed) for 10 min.

Sections were labeled at 4 °C overnight using a rabbit monoclonal antibody against pmCiC
(D2P2F, Cell Signaling; dilution for patient samples and for cell lines 1:200) and a rabbit
monoclonal antibody against Ki67 (Abcam, Cambridge, UK; dilution for cell lines 1:1000). After
washing with DPBS, sections were incubated with biotinylated secondary anti-rabbit (HRP0O60-
RB) antibodies for 30 min, washed in DPBS, and incubated with streptavidin HRP conjugate
for 20 min (all from ZytoChem Plus HRP Kit, Zytomed). After washing with DPBS, slides were
stained using AEC+ High Sensitivity Substrate Chromogen Ready-to-Use (Dako/Agilent
Technologies, Hamburg, Germany), counterstained using hematoxylin (Carl Roth, Karlsruhe,
Germany), and mounted using Aquatex (Merck). Tissues were collected from patients of the
department of dermatology at the university hospital of Regensburg and correlated with clinical
outcome. Ethics permission No. 22-2834-104.

Cell culture

Cell lines from primary Merkel cell carcinoma (PeTa), as well as from metastatic disease
(WaGa, MS-1, and MKL-1), were grown in RPMI-1640 medium with 1% penicillin/streptomycin,
1% L-glutamine, and 10% fetal bovine serum. Although cell lines were not further
authenticated, they were grown at low passage numbers from original sources and were kept
typically in culture for only 2 months. Cells were tested and confirmed to be mycoplasma free.
The following chemicals were used: citric acid and Na*- gluconate (Sigma, St. Louis, MO,
USA), and dialyzed serum (PAN Biotech GmbH, Aidenbach, Germany). The following
antibodies were used: pmCiC specific antibodies (12; custom-made by GenScript Inc.,
Piscataway, NJ, USA) and Ki67 (Abcam, Cambridge, UK). Experimental media consisted of
glucose free RPMI-1640 (Lonza, Basel, Switzerland), 10% dialyzed serum, 2 mM glutamine,
0.25 g/L glucose, £200 pM citrate, and £100 uM Na*-gluconate, unless otherwise stated. The
incubation time varied between 24 h, 48 h, 72 h, and 5 weeks, as specified. Western blots
were analyzed by measurement of the pixel density using ImageJ software (Laboratory for
Optical and Computational Instrumentation (LOCI), University of Wisconsin, Madison, WI,
USA). The CyQUANT Direct Cell Proliferation Assay (Thermo Fisher Scientific, Waltham, MA,

USA) was used to measure cell proliferation. Cells were counted with LUNA-FL™ Automated
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Fluorescence Cell Counter (Logos Biosystems, Anyang-si, Korea). Western blots were
analyzed by measurement of the pixel density using ImageJ software.

Chick chorioallantoic membrane model

The Chick Chorioallantoic Membrane (CAM) model was performed as described before
(Drexler et al., 2021; Pion et al., 2021; Kohl et al., 2021). Two days after implantation of 2 x
10° Merkel cell carcinoma cells (WaGa and MKL-1), daily treatment with either Na*-gluconate
(500 mg/kg/d) or NaCl 0.9% was performed (n = 20). Pictures were taken and tumors were
removed after 5 days. The size of tumors was measured and the surrounding vessels were

counted for all tumors.
Statistics

Statistics were performed using GraphPad by Dotmatics. A t-test was performed and

significance was assumed for p < 0.05.
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2.3.4 Results

2.3.4.1  Expression of pmCiC in merkel cell carcinoma cells and merkel
cell carcinomatissues
We first tested whether characterized MCC cell lines express pmCiC in vitro. All four MCC cell

lines (WaGa, PeTa, MKL-1, MS-1) showed high expression of pmCiC by Western blotting
(Figure 18A).
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Figure 18: (A) Expression of pmCiC in 4 different cell lines (negative control: melanoma cells
known for having no pmCiC). (B) PmCiC expression in Merkel cell carcinoma. Expression was ranked
as negative (upper left panel), weak (upper right panel), intermediate (lower left panel), and high (lower
right panel)

Next, we utilized immunohistochemical staining to detect pmCiC expression in formalin-fixed
and paraffin-embedded primary MCC tissue sections. These results showed that 26 of the 28
samples stained positive for pmCiC (93%), where 2 samples showed no pmCiC expression
(=), 9 showed weak/partial expression (+/-), 9 showed high expression (+), and 8 had very
high expression (++) (Figure 18B). In total, 13 of the 28 patients had known metastatic disease,
while 5 showed no metastases; clinical follow-up data were missing from the remaining 10
patients.
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2.3.4.2 Proliferation of MCCs is increased in the presence of

extracellular citrate

To investigate the effect of citrate on MCC cells, we used a dialyzed serum that does not
contain citrate in experimental cultures of MS-1 cells. For this experiment, one group of cultures
was supplemented with 200 uM citrate and the proliferation rate in both groups was measured
after 24, 48, and 72 h using the CyQUANT Cell Proliferation Assay. There was a significant
difference at 48 and 72 h between cells treated with 200 UM Na+-citrate versus cultures without
added citrate, (48 h: p = 0.00036; 72 h: p = 0.00007; Figure 19A). pH values were measured
in these cultures, but no difference was observed in the presence or absence of added citrate
(data not shown); therefore, the effect could not be attributed to the pH changes. Similar results
were obtained for WaGa cells (data not shown). Another MCC cell line (PeTa) was exposed
to similar conditions for 24 and 48 h, with and without added citrate, and cells were directly
counted using the LUNA cell counter; direct cell counting was possible with this cell line, since
they do not tend to form cell aggregates in culture, unlike the MS-1 cells. A significant
difference in number of cells was found after 48 h of incubation with citrate, compared to the
cells without citrate (Figure 19B), 12 technical and 3 biological replicates were performed; t-
test with citrate 48 h: control p = 0.0017; gluconate p = 0.0008; citrate + gluconate p = 0.0007).
After adding 100 uM Na*-gluconate to inhibit pmCiC-mediated citrate transport into cells, the
proliferative effects of citrate were abrogated. Notably, Na*-gluconate treatment alone had no
effect on PeTa MCC cell proliferation (Figure 19B). We also investigated whether a lack of
citrate or treatment with Na*-gluconate might disguise cell proliferation effects via triggering
apoptosis. Western blots for caspase 3, 7, 9, and PARP, as well as cleaved caspase 3, 7, 9,
and cleaved PARP apoptosis markers did not reveal any evidence that the citrate or Na*-

gluconate effects are related to apoptosis induction (data not shown).
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Figure 19: (A) Merkel cell carcinoma cells (MS-1) cultured with or without 200 uM citrate measured

after 24 h, 48 h, and 72 h showing a significantly higher proliferation rate when treated with citrate
(Method: CyQuant direct cell proliferation assay; t-test 48 h: p = 0.00036; 72 h: p = 0.00007). (B) Merkel
cell carcinoma cells (PeTa) showed a higher number of cells after a treatment with 200 uM citrate. After
adding 100 uM sodium gluconate, this effect was gone (Method: LUNA-FL™ Automated Fluorescence
Cell Counter; t-test with citrate 48 h: control p = 0.0017; gluconate p = 0.0008; citrate + gluconate p =
0.0007; ** means p < 0.01; *** means p < 0.001).

2.3.4.3  Gluconate inhibits growth of merkel cell carcinomas in vivo

Bhat et al. showed that the Chick Chorioallantoic Membrane (CAM) model works well for in
vivo testing of MCC tumor cell development (Bhat et al., 2018). In our experiments, the MCC
cell lines WaGa and MKL-1 were established for use in this assay, with growing tumors
showing high pmCiC expression by Western blotting (Figure 18A). Results from the CAM
assay with MCCs WaGa showed significantly (p = 0.01) decreased tumor growth when treated
with Na*-gluconate externally for 5 days compared to tumors treated with NaCl (Figure 20B).
Na*-gluconate (concentration 500 mg/kg/d) or NaCl was applied every 24 h, as previously
described (n = 20) (Drexler et al., 2021). Consistent with this observation, Ki67 expression was
lower in tumors treated with Na*-gluconate (Figure 20C) and macroscopic findings showed
smaller tumors with gluconate treatment. Immunohistochemistry staining of WaGa tumors
showed high expression of the pmCiC, as expected. PmCiC expression was not decreased
after gluconate treatment, suggesting that Na*-gluconate inhibits citrate transport but does not
decrease its expression in these tumors. Together, these experiments show that blocking the

pmCiC transport of citrate with Na*-gluconate in vivo results in a reduction in the growth of
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MCC tumors. By observing tumor-surrounding vessels, a lower number of vessels could be
seen in tumors treated with sodium gluconate compared to the control group (Figure 20D).
This effect was observed for MKL-1 (12 vs. 5.25 surrounding vessels, p = 0.03), as well as for
WaGa (10 vs. 3.2 surrounding vessels, p = 0.02). These results suggest not only a direct effect

of gluconate on proliferation, but also on angiogenesis.
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Figure 20: (A) Tumors in CAM-Assay after 5 days of treatment with sodium chloride (control) or

sodium gluconate (gluconate; n = 20). (B) Diagrams after measurement of the tumor size showing a
statistically significant result for WaGa (t-test MKL-1 p = 0.52; WaGa p = 0.01). (C) Ki67 and pmCiC
expression in both groups. Ki67 is downregulated after a 5day treatment with sodium gluconate. (D)
Significant differences in the number of tumor-surrounding vessels for WaGa and MKL-1 (t-test MKL-1
p = 0.03; WaGa p = 0.02; * means p < 0.05; ** means p < 0.01).
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2.3.5 Discussion

In our present study, we primarily provide evidence that citrate and pmCiC expression may
play a role in the biology of human MCC. PmCIiC is expressed in 93% of MCC tissue samples
and in 4 out of 4 tested cell lines. In vitro, we could detect an effect of extracellular citrate on
the proliferation rate of PeTa and MS-1 cell lines. This effect could be blocked in PeTa cells by
adding Na*-gluconate as a specific pmCiC inhibitor. Growth inhibition was most probably due
to cell cycle inhibition, rather than induction of apoptosis. We validated these findings using
the 3D in vivo CAM model, where Na*-gluconate lowered MCC proliferation and showed
antiangiogenic effects on tumor-surrounding vessels. Therefore, our study supports further

research to therapeutically target the pmCiC in human MCC.

PmCiC expression in MCC human tissue was present in most of the specimens studied. Due
to the incomplete clinical patient history available, it is difficult to make a firm conclusion about
the potential correlation of staining intensity with disease outcome. However, our data strongly
suggests that pmCiC is expressed in most patients with metastatic disease, which is consistent
with our hypothesis that extracellular citrate uptake plays an important role in supporting
metastatic behavior in vivo (Mycielska et al., 2018). From a diagnostic perspective, since the
pmCiC was essentially expressed in all aggressive tumor types studied until now, it will not
necessarily be useful as a specific marker to facilitate MCC diagnosis; however, its potential

to be used as a prognostic marker is worth exploring.

Citrate is the primary substrate in fatty acid synthesis, which is a metabolic hallmark of cancer
(Roéhrig & Schulze, 2016). By extension, citrate has also logically been considered a central
metabolite in cancer cells (Icard et al., 2021). Until recently, it was generally agreed that cancer
cells synthesize citrate intracellularly mainly in the process of reverse carboxylation from
glutamine (Metallo et al., 2011), and use different metabolic pathways, including the serine
pathway (Possemato et al., 2011) and lactate metabolism (Faubert et al., 2017), to secure
sufficient amounts of the Krebs cycle intermediates. In this way, cancer cells are able to meet
their needs for increased citrate synthesis under changing extracellular conditions, which
allows for metabolic flexibility (Haferkamp et al., 2020). A recent study showed that besides
intracellular synthesis of citrate, citrate is taken up extracellularly by epithelial-derived cancer
cells, such as prostate, gastric, pancreatic, or liver (Kumar et al., 2021). Our present study
shows that this is also the case for MCC cells. Since the pmCiC is expressed on many different
types of cancer, we speculate that pmCiC-mediated uptake of extracellular citrate is a general
mechanism of neoplastic cells to meet their metabolic need (Drexler et al., 2021). In vitro
extracellular citrate supported tumor proliferation, but determining the exact mechanism
requires further studies. Although in-depth analysis of human tumor pmCiC expression with
correlation to metastasis and survival rates was not possible due to insufficient case numbers
and an incomplete set of patient data, we plan to undertake these studies in the future.
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Blocking of citrate uptake by cancer cells using Na*-gluconate as a specific pmCiC blocker
(Mycielska et al., 2019) reduced subcutaneous tumor growth of human pancreatic L3.6pl
cancer cells and changed the tumor’s metabolic characteristics (Faubert et al., 2017). The
clearly smaller tumor (3D in vivo CAM-model) mass after Na*-gluconate treatment correlates
with the lower MCC tumor cell proliferation rate when deprived of citrate (Schliter et al., 1993).
Gluconate-treated tumors also showed evidence of reduced angiogenesis, which is critical for
tumor growth and metastasis (Kohl et al., 2022; Folkman, 1971). Mechanistic studies should
be performed to determine if citrate or gluconate has a direct impact on the release of pro-
angiogenic factors, such as IL-6, G-CSF, or PGF (Lee et al., 2023).

2.3.6 Conclusion

In conclusion, extracellular citrate uptake via the pmCiC is a potential novel therapeutic target
in MCC tumours that highly expresses this critical citrate transporter, especially for cancers
that tend to be more aggressive or metastatic. The exact mechanisms that play a role in this
effect will require further investigation.
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2.4 Cancer-associated cells release citrate to support tumor metastatic
progression

Summary:

The final chapter investigates how CAFs release citrate to support tumor metastasis. The study
highlights the impact of extracellular citrate on cancer cell metabolism and the induction of
invasive phenotypes. It also explores the inhibition of pmCiC with gluconate, demonstrating
reduced metastatic spread and stromal transformation in vivo. This chapter underscores the
critical role of citrate in tumor-stroma interactions and suggests new therapeutic strategies
targeting citrate metabolism.

Objective addressed:

To explore the impact of extracellular citrate on cancer cell metabolism and the induction of
invasive phenotypes, and to assess the therapeutic potential of inhibiting citrate uptake.
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2.4.1 Abstract

Citrate is important for lipid synthesis and epigenetic regulation in addition to ATP production.
We have previously reported that cancer cells import extracellular citrate via the pmCiC
transporter to support their metabolism. Here, we show for the first time that citrate is supplied
to cancer by cancer-associated stroma (CAS) and also that citrate synthesis and release is
one of the latter’'s major metabolic tasks. Citrate release from CAS is controlled by cancer cells
through cross-cellular communication. The availability of citrate from CAS regulated the
cytokine profile, metabolism and features of cellular invasion. Moreover, citrate released by
CAS is involved in inducing cancer progression especially enhancing invasiveness and organ
colonisation. In line with the in vitro observations, we show that depriving cancer cells of citrate
using gluconate, a specific inhibitor of pmCiC, significantly reduced the growth and metastatic
spread of human pancreatic cancer cells in vivo and muted stromal activation and
angiogenesis. We conclude that citrate is supplied to tumour cells by CAS and citrate uptake
plays a significant role in cancer metastatic progression.
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2.4.2 Introduction

Citrate is a central metabolite used by cancer cells for fatty acid synthesis (Wang et al., 2016).
One path of citrate synthesis is via the reverse Krebs cycle (Metallo et al., 2011). We have
recently discovered that cancer cells can also import extracellular citrate by using a plasma
membrane citrate transporter (pmCiC; (Mycielska et al., 2018). This transporter has been
cloned from the citrate releasing prostate secretory epithelial cells (Mazurek et al., 2010) and
determined to change citrate transport direction, depending on the cell type in which it is
expressed (Mazurek et al., 2010; Mycielska et al., 2018). Moreover, extracellular citrate can
directly promote cancer proliferation (Petillo et al., 2020) and alter metabolism in vitro
(Mycielska et al., 2018). In addition, pmCiC was found to be overexpressed in human cancer
cells compared with their benign counterparts in vivo, where it was found to correlate with
tumour grade, and was particularly increased at the invasion front and metastatic sites of
tumours of different origin (Mycielska et al., 2018). Daily application of a specific pmCiC
inhibitor, gluconate, slowed xenograft growth in vivo by incompletely understood mechanisms
(Mycielska et al., 2018; Mycielska et al., 2019).

There is now extensive evidence that human cancer cells can induce neighbouring stromal
cells to produce proteins and metabolites that aid tumour development, progression, and drug
resistance (Nazemi & Rainero, 2020). The metabolites documented include nucleotides,
lactate, and amino acids such as serine and glutamine (Nazemi & Rainero, 2020), but the role
of citrate in crosstalk between tumour cells and the tumour microenvironment has hitherto not
been investigated in this regard. One route of citrate supplied to cancer could be through blood.
Citrate blood concentration is around 200 uM (Mycielska et al., 2015). However, blood supply
to growing tumours is often restricted and metastatic growth requires new blood vessel
formation. Another source of extracellular citrate could be tumour-surrounding tissue known to
have elevated citrate levels, for example, benign prostate epithelium (Eidelman et al., 2017) or

astrocytes in the brain (reviewed by (Mycielska et al., 2015)).

Cancer-associated fibroblasts (CAFs) have already been shown to support cancer metabolism
by releasing several growth factors, enzymes, and metabolites (Sakamoto et al., 2019). The
main objective of this study was to determine whether CAFs/cancer-associated stromal cells
are the source of extracellular citrate to cancer cells and the effects of extracellular citrate on

cancer metastatic progression.

We report evidence that CAFs are a substantial source of citrate for cancer cells and that CAFs
release citrate via the pmCiC. Importantly, the metabolic activity of CAFs depends strongly on
the availability of citrate to cancer cells suggesting that citrate synthesis and release is one of
the main metabolic tasks of CAFs. We also show that extracellular citrate plays a role in the
induction of an invasive phenotype and subsequent organ colonisation by cancer cells.

Consistent with this observation, daily treatment of mice with gluconate (a specific inhibitor of
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pmCiC in cancer cells) significantly reduced cancer spread, stromal transformation,
angiogenesis, and increased immune infiltration. Citrate is, therefore, a critical element of the
cross-talk between cancer cells and cancer-associated surrounding tissue and the presence
of extracellular citrate is crucial for metastatic progression.
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2.4.3 Materials and Methods

Cell culture

Cell lines PC-3M, PNT2-C2, and L3.6pl were grown as described previously (Mycielska et al.,
2018). Adult human dermal primary fibroblasts were derived from the skin biopsies of healthy
donors as described by (Milenkovic et al., 2018). Naive human hepatic stellate cell line hHSC
(iX Cells Biotechnologies) and two permanently activated human hepatic stellate cell lines LX2
and HSChTERT (Meyer et al., 2017) were cultured as depicted before (Schmidt et al., 2018).
The following chemicals were used: citric acid and Na+-gluconate (Sigma-Aldrich), and
dialyzed serum (PAN Biotech GmbH). The following antibodies were used: pmCiC antibodies
((Mazurek et al., 2010); custom-made by GenScript Inc.), SLC25A5, vimentin, Slug, Snail,
EGFR, E-cadherin, N-cadherin (Cell Signalling), SLC6A14, Glutl, Ki67, pan cytokeratin
(Abcam), TGFB-RIl, PDGFRa (Santa Cruz Biotechnology), and TUNEL (R&D Systems).
Experimental media consisted of glucose-free Roswell Park Memorial Institute 1640 medium
(RPMI-1640) (Lonza), 5% dialyzed serum, 2 mM glutamine, 0.5 g/l glucose, and +200 yM
citrate, unless otherwise stated. The incubation time varied between 48 h, 2 wk, and over 2
mo, as specified. Western blots were analysed by measurement of the pixel density using
ImageJ software (Laboratory for Optical and Computational Instrumentation [LOCI], University
of Wisconsin-Madison).

For conditioning, the cells were plated at 1 x 10® (PC-3M) or 2 x 106 (L3.6pl) per T75 flask in
regular growth media for 24 h (PC-3M) or 48 h (L3.6pl). After that, they were incubated in RPMI
or DMEM, respectively, with 0.5% FBS and 2 mM glutamine for 48 h (Figure S 8). Media were
then collected, filtered, and supplemented with 2 g/l (PC-3M) or 4 g/l (L3.6pl) glucose and 2
mM glutamine to avoid starvation. Fibroblasts were grown in conditioned media for 72 h and
collected for further analysis. To study the extracellular citrate effect on fibroblast activation,
PC-3M cells were preincubated in RPMI media with 5% dialyzed serum, 2 mM glutamine, 0.5
g/l glucose, and with or without 200 uM citrate. After 48 h, media were changed to conditioning
media and the procedures were carried out as described above. Hepatic stellate cells were
exposed to regular medium (10% FBS), low serum medium (1% FBS), and conditioned
medium from PC-3M and L3.6pl for 48 h (LX2, HSChTERT) or 72 h (hHSC); afterwards cells

were harvested and pmCIC expression was measured by Western blot.
Seahorse assay

3 x 10* primary dermal fibroblasts cells were grown in XFp eight well miniplates (Agilent
Technologies) at 37°C, humidified air, and 5% CO2/95% air. Cartridges were prepared
according to the manufacture’s recommendations. The XFp Cell Mito Stress Test Kit (Agilent
Technologies) contained the mitochondrial stress compounds oligomycin (1 pM), FCCP (2

MM), and rotenone/antimycin A (1 uM). Oxygen consumption rate and extracellular acidification
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rate (ECAR) were measured by means of an XFp Seahorse Flux Analyzer (Agilent
Technologies) and were normalised by cell number. Directly after measurement, the cells were
fixed and stained with Hoechst 33342. The cell number per well were counted using ImageJ

software.
Cytokine detection and citrate measurements

To measure the release of cytokines, Human Cytokine Antibody Array from RayBiotech was
used. Conditioned media were collected from cancer cells as summarised in Figure S 10.
Cytokine values from the unconditioned media used for conditioning were subtracted from the
values obtained in the media from cancer cells. Consequently, cytokine levels in the media
from cancer cells were subtracted from the values obtained in the media from fibroblasts. The
kit was used according to the manufacturer’s instructions and analysed using supplied positive
and negative controls for all the assays. We used the same control media for all conditions
tested, and all the membranes were prepared at the same time. The values between different
cell types were not compared, but the trend in cytokines released is presented on separate

graphs for all conditions tested.

Citrate in the media from fibroblasts was measured using Citrate assay kit (Sigma-Aldrich)

according to the manufacturer instructions.
Inhibition of citrate binding to pmCiC analysed by fluorescence quenching

pmCiC was expressed in Sf9 cells using the Baculo-Virus System. Membranes were prepared
by sequential centrifugation and solubilized with 2% vol/vol dodecylmaltoside. pmCiC was
purified via His-Tag Ni-NTA chromatography and brought to a final concentration of 0.1 mg/ml
for fluorescence quenching titration experiments using a JASCO Cary Eclipse spectrometer.
The excitation wavelength was set to 285 nm, and emission was measured in between 200
and 500 nm. Trp quenching was detected at different concentrations of citrate in the absence
and presence of gluconate. Relative changes in the fluorescence amplitude at 375 nm was
plotted against citrate or gluconate concentration and fitted with Hill equation. The double
reciprocal plot of fluorescence change against citrate concentration was fitted with a non-linear
model. Kd values were determined from rectangular hyperbolic binding models and plotted
against respective gluconate concentrations. Amplitude, that is, the maximal change of
fluorescence during citrate titration was plotted against respective gluconate concentrations.
A previously constructed homology model of pmCiC with citrate and gluconate docked to it
(Mycielska et al., 2018) was investigated by for putative trp quenching radii by sulfur using the
program UCSF Chimera (Mycielska et al., 2018).

Non-targeted metabolomics

Non-targeted metabolomics analysis of the cell media was conducted at the Genome Analysis
Center, Research Unit Molecular Endocrinology and Metabolism, Helmholtz Zentrum
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Munchen. The samples were stored at —80°C before analysis. On the day of extraction, the
samples were thawed on ice and were randomized before 100 pl of each sample was pipetted
into a well in a 2-ml 96-well plate. In addition to samples from this study, a pool of samples of
the study was aliquoted into aliquots of 100 ul. The aliquots were distributed in six wells of the
96-well plate and were extracted as the samples of the study. Besides those samples, 100 pl
of human reference plasma sample (Seralab) was also extracted as the samples of the study.
These samples served as technical replicates throughout the data set to assess process
variability. In addition, 100 pl of water was extracted as samples of the study and placed in six

wells of each 96-well plate to serve as process blanks.

Protein was precipitated and the metabolites in the samples were extracted with 475 pl
methanol, containing four recovery standard compounds to monitor the extraction efficiency.
After centrifugation, the supernatant was split into four aliquots of 100 pl each onto two 96-well
microplates. The first two aliquots were used for LC—MS/MS analysis in positive and negative
electrospray ionization mode. Two further aliquots on the second plate were kept as a reserve.
The samples were dried on a TurboVap 96 (Zymark, Sotax). Before LC—MS/MS in positive ion
mode, the samples were reconstituted with 50 pl of 0.1% formic acid and those analysed in
negative ion mode with 50 ul of 6.5 mM ammonium bicarbonate, pH 8.0. Reconstitution
solvents for both ionization modes contained further internal standards that allowed monitoring
of instrument performance and also served as retention reference markers. To minimize
human error, liquid handling was performed on a Hamilton Microlab STAR robot (Hamilton
Bonaduz AG).

LC-MS/MS analysis was performed on a linear ion trap LTQ XL mass spectrometer (Thermo
Fisher Scientific GmbH) coupled with a Waters Acquity UPLC system (Waters GmbH). Two
separate columns (2.1 x 100 mm Waters BEH C18 1.7 um particle) were used for acidic
(solvent A: 0.1% formic acid in water, solvent B: 0.1% formic acid in methanol) and for basic
(A: 6.5 mM ammonium bicarbonate, pH 8.0, B: 6.5 mM ammonium bicarbonate in 95%
methanol) mobile phase conditions, optimized for positive and negative electrospray ionization,
respectively. After injection of the sample extracts, the columns were developed in a gradient
of 99.5% A to 98% B in 11 min run time at 350 pl/min flow rate. The eluent flow was directly
connected to the ESI source of the LTQ XL mass spectrometer. Full-scan mass spectra (80—
1,000 m/z) and data-dependent MS/MS scans with dynamic exclusion were recorded in turns.
Metabolites were annotated by curation of the LC-MS/MS data against proprietary
Metabolon’s chemical database library (Metabolon, Inc.) based on retention index, precursor
mass, and MS/MS spectra. In this study, 109 metabolites, 63 compounds of known identity
(named biochemical), and 46 compounds of unknown structural identity (unnamed

biochemical) were identified. The unknown chemicals are indicated by a letter X followed by a
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number as the compound identifier. The metabolites were assigned to cellular pathways based
on PubChem, KEGG, and the Human Metabolome Database.

Cell collection, homogenization, and targeted metabolomics

The medium was aspirated, the PC-3M cells were quickly washed twice with 2 ml warm PBS,
and their metabolism was subsequently quenched by the addition of pre-cooled (dry ice) 300
pl extraction solvent, a 80/20 (vol/vol) methanol/water mixture. Cells were scraped off the
culture vessel using rubber tipped cell scrapers (Sarstedt) and together with the solvent
collected in pre-cooled micro tubes (0.5 ml; Sarstedt). The culture well was rinsed with another
100 ul extraction solvent, and the liquid was also transferred to the tube. The samples were

stored at —80°C until further use.

For homogenization, 80-mg glass beads (0.5 mm, VK-05; PeqlLab) were added to the cell
samples, which were homogenized using the Precellys24 homogenizer at 0-3°C for two times

over 25 s at 3,720g with a 5-s pause interval.

To normalize the obtained metabolomics data from cell homogenates for differences in cell
number, the DNA content was determined using a fluorescence-based assay for DNA
quantification. The assay was performed as previously described (Muschet et al., 2016).
Briefly, the fluorochrome Hoechst 33342 (10 mg/ml in water; Life Technologies, Thermo Fisher
Scientific) was diluted in PBS to the final concentration of 20 pg/ml. 80 ul of this dilution was
applied to each well of a black 96-well plate (F96, Nunc; Thermo Fisher Scientific). After brief
vortexing of the cell homogenates, 20 pl of the sample was added to the Hoechst 33342 dilution
to gain 100 pl of total volume per well and mixed by pipetting. Each sample was applied to the
plate in four replicates. 20 ul extraction solvent was used for blank measurements. The plate
was incubated at room temperature in the dark for 30 min and the fluorescence was read using
a GloMax Multi Detection System (Promega) equipped with an UV filter (AEx 365 nm, AEm
410-460 nm; Promega). Subsequently, the samples were centrifuged at 4°C and 11,0009 for

5 min, and 10 pl of the supernatant was used for the metabolite quantification.

The targeted metabolomics approach was based on liquid chromatography-electrospray
ionization-tandem mass spectrometry (LC-ESI-MS/MS) and flow injection-electrospray
ionization-tandem mass spectrometry (FIA-ESI-MS/MS) measurements by AbsolutelDQ p180
Kit (BIOCRATES Life Sciences AG). The assay allows simultaneous quantification of 188
metabolites out of 10 ul plasma and includes free carnitine, 39 acylcarnitines (Cx:y), 21 amino
acids (19 proteinogenic + citrulline + ornithine), 21 biogenic amines, hexoses (sum of hexoses—
about 90-95% glucose), 90 glycerophospholipids (14 lysophosphatidylcholines [lysoPC] and
76 phosphatidylcholines [PC]), and 15 sphingolipids (SMx:y). The abbreviations Cx:y are used
to describe the total number of carbons and double bonds of all chains, respectively (for more

details see (Romisch-Margl et al., 2012). For the LC-part, compound identification and
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quantification were based on scheduled multiple reaction monitoring measurements (SMRM).
The method of AbsolutelDQ p180 Kit has been proven to be in conformance with the EMEA-
Guideline “Guideline on bioanalytical method validation (21 July, 2011),” which implies proof
of reproducibility within a given error range. Sample preparation and LC-MS/MS
measurements were performed as described in the manufacturer in manual UM-P180.
Analytical specifications for limit of detection (LOD) and evaluated quantification ranges,
further LOD for semiquantitative measurements, identities of quantitative and semiquantitative
metabolites, specificity, potential interferences, linearity, precision and accuracy,
reproducibility, and stability were described in Biocrates manual AS-P180. The LODs were set
to three times the values of the zero samples (extraction solvent). The LLOQ and ULOQ were

determined experimentally by Biocrates.

The assay procedures of the AbsolutelDQ p180 Kit as well as the metabolite nomenclature

have been described in detail previously (Rémisch-Margl et al., 2012; Zukunft et al., 2013).

Sample handling was performed by a Hamilton Microlab STAR robot (Hamilton Bonaduz AG)
and an Ultravap nitrogen evaporator (Porvair Sciences), beside standard laboratory
equipment. Mass spectrometric analyses were carried out on an APl 4000 triple quadrupole
system (Sciex Deutschland GmbH) equipped with a 1200 Series HPLC (Agilent Technologies
Deutschland GmbH) and a HTC PAL auto sampler (CTC Analytics) controlled by the software
Analyst 1.6. Data evaluation for quantification of metabolite concentrations and quality
assessment was performed with the software MultiQuant 3.0.1 (Sciex) and the MetIDQ
software package, which is an integral part of the AbsolutelDQ Kit. Metabolite concentrations

were calculated using internal standards and reported in micrometres.

In addition to the investigated samples, five aliquots of a pooled reference plasma
(Ref_Plasma-Hum_PK3) were analysed on each kit plate. The results of these reference
plasma aliquots can be used for calculation of potential batch effects and data normalization

(of different studies).
Mitochondrial toxicity test

Mitochondrial ToxGlo Assay by Promega was used. Cells were preincubated with either control
medium or medium containing 200 uM citrate for 48 h. The assay was performed according to
the manufacturer’s instructions. As recommended, galactose was used instead of glucose.
Highest citrate concentrations were set to be at 10 mM, highest gluconate concentrations were
set to be at 600 pM.

Immunohistochemistry

Human tissue (use granted by the Ethics Commission of the University of Regensburg, number
14-101-0263) was stained with pmCiC specific antibody, as described before (Mazurek et al.,
2010). Expression of the pmCiC in cancer cells and cancer-associated stroma was assessed
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by scanning up to 20 high-power fields from one slide (Zeiss Microscope Axiovision). The total
number of positive stained tumour cells was counted and depicted in percentage of all tumour

cells. The same method was applied for the assessment of stromal cells.

To calculate the relative number of the immune cells in liver metastasis, we have used ImageJ
software. Two border and two middle areas of 250 um by 250 ym were evaluated for each
metastasis (four per experimental group). For each area the number of nuclei and immune
cells were calculated. The results were expressed as a ratio of the number of immune cells to

the total number of nuclei per area.
Scanning electron microscopic imaging

PC-3M cells and fibroblasts were plated on plastic coverslips (Sarstedt) and left to grow in
normal media for 24 h. The media were then changed into experimental media as described
before. The cells were fixed with 2.5% glutaraldehyde for 4 min and washed with Sérensen
buffer (Morphisto). Immediately before HYSEM imaging, the coverslips were washed in aqua
millipore and then exposed to ascending series of ethanol (Merck) before critical point drying
(Balzers CPD 030). The coverslips were mounted onto aluminium stubs using self-adhesive
carbon discs (Baltic Praeperation). Coverslips were platinum sputter—coated (Bal-tec SCD
005; Pt-target: Baltic Praeperation) and introduced into the specimen chamber of the FEI
Quanta 400 FEG electron microscope under high vacuum conditions. The angulation of the
specimen to the beam was 90°. Images were taken using the Everhart-Thornley detector
detector at a working distance of 10 mm and an accelerating voltage of 4 kV at 2,000x original
magnification. Cells with round body and a distinct pseudopodium extended in one direction
were considered as ameboidal, cells with no contact with other cells or cells with no more than
20% contact with others cells were considered as single.

Lipidomics

Lipids were quantified by direct flow injection electrospray ionization tandem mass
spectrometry (ESI-MS/MS) in positive ion mode using the analytical setup and strategy
described previously (Liebisch et al., 2004; Liebisch et al., 2006). A fragment ion of m/z 184
was used for phosphatidylcholine (PC), sphingomyelin (SM) (Liebisch et al., 2004) and
lysophosphatidylcholine (LPC) (Liebisch et al., 2002). The following neutral losses were
applied:  phosphatidylethanolamine  (PE) 141, phosphatidylserine  (PS) 185,
phosphatidylglycerol (PG) 189, and phosphatidylinositol (P1) 277 (Matyash et al., 2008). PE-
based plasmalogens (PE P) were analysed according to the principles described by Zemski-
Berry and Murphy (Zemski Berry & Murphy, 2004). Sphingosine based ceramides (Cer) and
hexosylceramides (HexCer) were analysed using a fragment ion of m/z 264 (Liebisch et al.,
1999). Free cholesterol and cholesteryl ester were quantified using a fragment ion of m/z 369

after selective derivatization of free cholesterol (Liebisch et al., 2006). Lipid species were
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annotated according to the recently published proposal for shorthand notation of lipid
structures that are derived from mass spectrometry (Liebisch et al., 2013).
Glycerophospholipid species annotation was based on the assumption of even numbered
carbon chains only. SM species annotation is based on the assumption that a sphingoid base
with two hydroxyl groups is present.

Statistical analysis for non-targeted metabolomics

Statistical analysis was performed using R (version 3.6.1) (R Core Team, 2018). Assay-
specific quality control was used to correct for not available (NA) values, by minimum value
imputation [min/sqrt(2)] with a random permutation. The randomizing factor was located in the
range of 0.75 times to 1.25 times min/sqrt(2).

Metabolites which had to be excluded because of having more than 40% NA (entries for which
the measurement did not yield any information as to the peak area) over all samples were 3,4-
hydroxyphenyl-lactate,  4-acetamidobutanoate, creatinine, y-glutamylisoleucine, y-
glutamylleucine, glutathione (oxidized) GSSG, hippurate, N-acetylmethionine, N1-
methylguanosine, pro-hydroxy-pro, and pseudouridine as well as the unknown metabolites X-
15382, X-15484, X-16266, X-17105, X-17121, and X-18225.

Statistics testing was carried out using Mann—-Whitney U test with Bonferroni correction for
multiple testing. Normal data distribution could not be detected by Shapiro—-Wilk test.
Significance was set at the P < 0.05 level, additionally a partial least squares-discriminant
analysis (PLS-DA) was performed in R.

Statistical analysis for targeted metabolomics

NA (entries for which the measurement did not yield any information as to the concentration)
imputation was performed for metabolites with less than 40% missing values. Metabolites with
more than 40% missing values were discarded. These excluded metabolites (or metabolite

ratios) were found to be as follows:

ADMA, a-AAA, c4-OH-Pro, Carnosine, DOPA, Dopamine, Nitro-Tyr, SDMA, Serotonin, PC ae
C42:4, SM (OH) C14:1, SM C26:0, ADMA/Arg, SDMA/Arg, and Serotonin/Trp.

Also, metabolites of the reference samples were checked for coefficients of variation of more
than 25% in their respective reference samples. The following metabolites were detected to

be in violation of this criterium and subsequently removed:

C5-DC (C6-OH), Histamine, PEA, Spermine, lysoPC a C26:0, lysoPC a C26:1, lysoPC a
C28:0, lysoPC a C28:1, PC aa C24:0, PC aa C26:0, and PC ae C30:1.

Statistics testing was carried out using t test with Benjamini—-Hochberg correction for multiple
testing. Significance was set at the P < 0.05 level. Log-normal data distribution was detected
by Shapiro-Wilks normality test. In addition, a PLS-DA was performed in R.
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In vivo experiments

Mouse experiments were conducted according to the regulations of the State of Bavaria
(permission granted by Regierung von Unterfranken, 55.2-2532.1-34/14 for subcutaneous
(Mycielska et al., 2018) and AZ 55.2-2532-2-805 intrasplenic model, respectively). In the
intrasplenic injection model, L3.6pl cells (1 x 10°cells per animal) were injected into the lower
spleen pole of athymic nude mice (13 animals per group; age: 6—8 wk, Crl:NU(NCr)-Foxnlnu,
Charles River). To avoid side effects of intrasplenic “primary tumours,” the spleen was removed
15 min after tumour cell injection. Treatment started on day 1 after tumour cell injection and
comprised daily intraperitoneal injection of sodium gluconate (500 mg/kg/d); the control group
was injected with NaCl only. After 24 d the mice were euthanized. Upon necropsy, livers were
dissected and processed for further analyses. Hepatic tumour load was evaluated by a
macroscopic score (0 = no tumour load; 1 = small singular tumours; 2 = large singular tumours;
3 = confluent tumours in less than half of liver; 4 = confluent tumours in more than half of liver;

5 =tumours in all liver segments).

The 3D in vivo tumour model (CAM, chorioallantoic membrane) was carried out as described
in previous publications (Feder et al., 2020; Pion et al., 2021; Troebs et al., 2020). Fertilized
chicken eggs were incubated in a ProCon egg incubator (Grumbach) at 37.8°C and 63%
humidity under hourly rotation for a 4-d period until a window of ~1 x 1 cm was cut into the
eggshell and sealed again with tape. After 4-d incubation, 2 x 108 human pancreas cancer
cells (L3.6pl) suspended in 30 pl Matrigel (Corning) were grafted onto the CAM. After 2 d of
tumour growth, tumour was daily treated with gluconate or NaCl (control) for 5 d before tumour
excision. Tumour weight was determined and tumour volume was measured using Keyence

VHX-7000 microscope (Keyence Germany, Neu-Isenburg (Troebs et al., 2020)).
Statistical analysis

Statistical analysis was performed using unpaired two-sided t test unless otherwise stated.
Details of statistical analysis for non- and targeted metabolomics are included in the

Supplemental Information.
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2.4.4 Results

2.4.4.1 Availability of citrate to cancer cells determines metabolic
activity of CAFs

Human fibroblasts grown in control media versus media conditioned by prostate cancer cell
line PC-3M (CAFs) exhibited distinctly different metabolic characteristics (Figure S 8, Figure S
9, and Figure 23A). One of the metabolites which was released at a high level by CAFs was
citrate. CAFs also released significant amounts of panthotenate, biotin, and proline. All these
metabolites are involved in the support of fatty acid synthesis (panthotenate), their metabolism
(biotin), or protein synthesis (proline). As observed earlier (Romero et al., 2015), we also found
that CAFs released increased amounts of several amino acids. Analysis of conditioned media
from cancer cells and unconditioned media showed that neither of them contained citrate
(Figure S 8 and Figure S 10A). Therefore, it can be deduced that citrate present in the media
from transformed fibroblasts is exclusively due to the synthesis and release from CAFs.
Furthermore, the levels of pyruvate which can be used by cells for intracellular citrate synthesis
remained the same in the conditioned media from cancer cells and fibroblasts, suggesting that

pyruvate does not play a significant role in CAF’s support of cancer metabolism.

Release of citrate indicated that this metabolite might play an important role in the crosstalk
between cancer cells and CAFs. Therefore, we decided to study the differences in the way
stroma is transformed in response to cancer cells preincubated without or with extracellular
citrate (CM PC-3M-cit and CM PC-3M+cit, respectively; Figure S 10B and C). Cancer cells
were preincubated with, or without citrate for 48 h, and the medium was removed and replaced
with the citrate-free media used for conditioning for another 48 h. To determine the effects of
extracellular citrate only, under all experimental conditions for cancer cells and fibroblasts and
at each step of the experimental procedure, glucose and glutamine were supplied in excess to
allow for unlimited intracellular citrate synthesis (Figure S 10). Using the Seahorse instrument,
we determined that CAFs transformed with the CM PC-3M-cit media showed a significant
increase in their O, consumption and glycolytic activity as compared with CAFs transformed
with the CM PC-3M+cit media (Figure 21A). Increased O, consumption was insensitive to
mitochondrial blockers, suggesting non-mitochondrial use of the oxygen. Correspondingly,
there was also a significant decrease in mitochondrial ATP synthesis. CAFs transformed by
CM PC-3M-cit expressed high level of glycolysis, whereas CAFs transformed with the CM PC-
3M+cit media used predominantly OXPHOS to synthesise ATP. Media from fibroblasts grown
in either CM PC-3M-cit or CM PC-3M+cit were then examined for citrate content. We found
that the level of citrate in media from fibroblasts stimulated with CM PC-3M-cit were
significantly higher (~300 pM, Figure 21B) than the concentration of citrate produced by
fibroblasts stimulated with CM PC-3M+cit (~200 uM). These data stay in line with the metabolic
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changes (Figure 21A) where fibroblasts releasing more citrate showed higher metabolic

activity and a shift towards glycolysis.
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Figure 21: Cancer-associated fibroblasts release citrate through pmCiC. (A) Seahorse analysis of

the metabolic characteristics and the energy map of fibroblasts grown in media used for conditioning,
CM PC-3M-cit or CM PC-3M+cit (n = 4). The graphs show differences between normal fibroblasts
(white), fibroblasts transformed with CM PC-3M-cit (grey), and CM PC-3M+cit (black). (B) The graph
depicts citrate levels in the media from fibroblasts stimulated with CM PC-3M-cit (white) and CM PC-
3M+cit (black). (C) pmCiC expression in fibroblasts and different hepatic stellate cell lines grown in
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regular medium, low serum medium or transformed with conditioned media from PC-3M cells or L3.6pl
cells. (D) The graphs show selected cytokines (n = 5) released from PC-3M cancer cells preincubated
without or with extracellular citrate for 48 h (CM PC-3M-cit CM PC-3M+cit, respectively; upper panel)
and human primary skin fibroblasts transformed by CM PC-3M-cit CM PC-3M+cit (CM F-PC-cit and
CM F-PC+cit, respectively; lower panel).

It is important to note that no citrate was present in either of the conditioned media used to
transform fibroblasts (Figure S 10); therefore, the obtained results are exclusively due to the

presence/absence of extracellular citrate in the preincubation media of cancer cells.

Altogether, these data indicate that one of the crucial metabolites released by CAFs in support
of cancer cells is citrate. The amount of citrate released and in consequence CAFs metabolic

activity is determined by the availability of citrate to cancer cells.

Transformation of fibroblasts with conditioned media from the PC-3M or L3.6pl (human
prostate or pancreatic cancer cells, respectively) resulted in the expression of pmCiC (Figure
21C; able to transport citrate to the extracellular space as shown already in the case of benign
prostate epithelial cells; (Mazurek et al., 2010)). Similarly, hepatic stellate cells, known to
support metastases to liver (Milette et al., 2017), incubated with conditioned media from human
prostate cancer PC-3M or human pancreatic L3.6pl cells showed a significant expression of
the pmCiC (Figure 21C). PmCIiC expression was very low/negligible in fibroblasts and all
hepatic stellate cell lines measured under control conditions (where no conditioned media from
cancer cells were present; Figure 21C). It is important to note that although LX2 and HSCh™RT
are permanently activated human hepatic stellate cell lines, they only express pmCiC after
incubation with conditioned media from cancer cells. Therefore, it can be concluded that citrate

synthesis and release from CAFs takes place only when it is induced by cancer cells.

To investigate the functional consequences of these metabolic alterations, we next determined
the differential expression of cytokines under the above conditions. Cancer cells grown in the
presence of extracellular citrate largely released cytokines known to stimulate tumour
metastatic activity like MCP1 (Li et al., 2013), IL-8 (Yuan et al., 2005), and RANTES (
(Azenshtein et al., 2002); Figure 21D and Figure S 11). On the other hand, cancer cells
deprived of citrate released cytokines largely associated with stromal transformation (Figure
21D and Figure S 11A-H). These included MCP2,3, IL-5, TGFfs, and GROs (although GROs
are not statistically different between the groups). These cytokines were either absent in the
media from cancer cells preincubated with citrate or expressed at a low level. GRO and MCP2
and 3 are known to transform stroma (Yang et al., 2006; Argyle & Kitamura, 2018; Sun et al.,
2018), whereas IL-5 has been shown to modulate tumour environment (Zaynagetdinov et al.,
2015). TGFBs act on the tumour microenvironment by stimulating the transformation of
fibroblasts into myofibroblasts (Papageorgis & Stylianopoulos, 2015). Release of these
cytokines suggests that cancer cells deprived of citrate concentrate their efforts on
transforming the surrounding stroma to get metabolic support.
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In response to CM PC-3M-+cit, fibroblasts released several cytokines (Figure 21D and Figure
S 11) known to support cancer cell’'s metastatic behaviour such as IL13 (known to support
cancer cell survival and metastasis; (Suzuki et al., 2015)), MCP2,3 (Zhang et al., 2020), and
RANTES (Singh et al., 2018). CM PC-3M-cit also stimulated release of different cytokines
from fibroblasts but they tended (although not statistically different) to be at a lower level
(Figure 21D and Figure S 11).

Next, we investigated whether citrate induced any changes in PC-3M metabolism that might
account for the above phenotypes. PC-3M cells incubated with extracellular citrate showed
changes at the metabolite levels. We have focused on the differences between the —citrate
versus +citrate groups. In the presence of extracellular citrate, cancer cells decreased
intracellular levels of metabolites associated with intracellular citrate synthesis (reviewed by
(Haferkamp et al., 2020). In particular, there was a comparatively low level of intracellular
glutamate, glutamine, but also glycine and serine (Figure 22A). Consistently, cancer cells
grown in the media not supplemented with extracellular citrate showed an increased release
of citrate-synthesis related metabolites such as lactate, serine, or acetylcarnitine (Figure S 8).
Compared with cancer cells preincubated without citrate, extracellular citrate supply decreased
overall intracellular levels of metabolites shown best by total amounts of different metabolic
groups and ratios (Figure S 12 and Figure S 13). This observation is consistent with a catabolic
switch of cancer cells preincubated with citrate for 48 h associated with increased invasive
activity (epithelial-mesenchymal transition [EMT]; (Cha et al., 2015; Luo et al., 2017; Wu et al.,
2019)).
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Figure 22: 48 h of preincubation with extracellular citrate induces intracellular metabolite changes.

(A) Heat map of the intracellular content of amino acids of PC-3M cells grown for 48 h under control
conditions or in the media supplemented with 200 yM citrate. Each row represents a separate repeat.
(B) Mitotoxicity assay of different types of cells (PC-3M, PNT2-C2, human skin fibroblasts and fibroblasts
transformed with conditioned media from PC-3M cells preincubated under control conditions, with
extracellular citrate, with gluconate and citrate or with gluconate alone; Fig S7, n = 3) showed that when
applied alone at high concentration, gluconate has a cytotoxic effect on cancer cells. (C) Trp quenching
at different concentrations of citrate and gluconate. Inset: Kd values determined from the Trp quenching
(red) and fluorescence change amplitudes (blue) in titrations of citrate in the presence of different
concentrations of gluconate. Right panel: Possible inhibition of citrate binding by gluconate binding to a
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second hinding site predicted by a homology model (Mycielska et al., 2018). Spheres indicate Trp
quenching radii by sulfur.
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Figure 23: Citrate in the extracellular space induces metabolic changes and contributes to the

metastatic status of cancer cells. (A) PC-3M cells were preincubated with or without extracellular citrate
for either 48 h (left panel) or 2 wk (right panel). Western blots show typical expression of metabolic
transporters and EMT/mesenchymal-epithelial transition related proteins (n = 3). The numbers under
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the Western blots show average normalised values obtained using densitometric analysis; stars depict
statistical significance. (B) The graphs (left) represent the number of single/ameboid shaped cells in
cancer cells preincubated with or without extracellular citrate for 48 h. The graphs on the right hand side
show the differences in the number of cells with invadopodia between PC-3M cells grown for 2 wk with
or without extracellular citrate. For each condition at least 20 different areas from three repeats were
analysed. Pictures were taken with the scanning electron microscope. (C) Measurement of
phosphatidylcholine  (PC), phopspahtidylinositol (PI), phosphatdylethanolamine (PE), and
sphingomyelin (SM) in cells under experimental conditions with or without extracellular citrate for 48 h
(n = 4). (D) Western blot analysis of the expression of metabolic transporters and EMT/mesenchymal—
epithelial transition-related proteins of PC-3M cells grown for 48 h in the media from fibroblasts
transformed with the conditioned media from PC-3M cells preincubated for 48 h with or without
extracellular citrate (CM F-PC—-cit and CM F-PC+cit, respectively; right panel; n = 3). The numbers under
the Western blots show average normalised values obtained using densitometric analysis; stars depict
statistical significance.

We have also compared the intracellular metabolite levels of PC-3M cells preincubated without
or with extracellular 200 uM citrate, with citrate and 150 uM gluconate and 150 uM gluconate
alone (Figure S 14). A detailed statistical analysis confirmed differences between the groups
and indicated significant metabolites (derived from the “variables of importance in projection”
[VIP], Figure S 14A and B). Significant metabolites included citrate-synthesis related
substrates such as glutamine, glutamate, serine as well as total amino acid levels consistent

with the catabolic switch.

To check whether pmCiC expressed in cancer cells and in non-cancerous cells differ in the
inhibitor profile, we have performed mitotoxicity assay. The mitotoxicity assay indicated that
gluconate at the highest concentrations and in the absence of extracellular citrate is a
mitochondrial toxin for PC-3M cancer cells (Figure 22B and Figure S 15A). This mitotoxic effect
was not observed when gluconate was present in the media of benign cells (PNT2-C2; Figure
S 15B, fibroblasts; Figure S 15C, and different groups of CAFs; Figure S 15D-G). The
differences in the inhibitor profile between exporting and releasing citrate pmCiC would
suggest some alteration in the structure or insertion of the transporter between the two forms
of the pmCiC.

We have already established (Mycielska et al., 2018) that cancer cells grown in the presence
of extracellular citrate (200 uM) change their metabolism, whereas gluconate is a specific
pmCiC blocker. Figure 22C shows that gluconate significantly alters citrate binding to pmCiC.
It appears that gluconate binding to pmCiC does not result in a conformational change in
pmCiC detectable by Trp fluorescence quenching (Figure S 16A, green curve and blue curve).
Citrate on the other hand results in Trp quenching, exhibiting a Kd of 16 mM in the absence of
gluconate. Elevated Kd compared with the Km values were reported also for other detergent
solubilized transporters (Khafizov et al., 2012). The Kd for citrate increases fourfold in the
presence of 100 mM gluconate (Figure 22C). The slope of the citrate/gluconate titration
suggests a further, likely allosteric, binding event (Figure S 16B). Docking of citrate and
gluconate to the pmCiC model locates gluconate on top of the central citrate binding site

(Figure 22C). At this position, gluconate binding would indeed not result in any Trp quenching,
136



CANCER-ASSOCIATED CELLS RELEASE CITRATE TO SUPPORT TUMOR METASTATIC PROGRESSION

for example, W215 is too far from a sulfur-containing residue such as methionine.
Consequently, gluconate might increase the activation threshold while not blocking the citrate

binding site during transport in a competitive manner.

24.42 The presence of extracellular citrate affects cancer cell
metabolism and induces invasive phenotypes of cancer cells

We next tested how citrate affects markers known to correlate with EMT, which would be
consistent with increased tumour invasiveness (Harner-Foreman et al., 2017) and
mesenchymal-epithelial transition (MET) associated with metastatic colonisation (Chao et al.,
2010). A 48-h preincubation of cancer cells in extracellular citrate resulted in a decreased
Glutl, suggesting reduced glucose uptake. Together with the increased expression of the
ATP/ADP carrier, this change is consistent with a switch towards OXPHOS (Figure 23A top
left panel) reported to be associated with EMT (Ippolito et al., 2016). 2 wk incubation of cancer
cells with extracellular citrate compared with control conditions suggests a metabolic switch
towards anaerobic glycolysis consistent with proliferation/colonizing step ((Faubert et al.,
2020); as shown by increased Glutl expression; Figure 23A top right panel).

Consistent with the acquisition of an invasive character as already shown by the metabolomic
data and cytokine release, cancer cells preincubated with citrate for 48 h showed an increased
expression of Snail and vimentin (Figure 23A left, bottom, panel; (Heldin et al., 2012)). The
fact that only some increased EMT features were observed is not surprising as PC-3M was
derived from a prostate carcinoma metastasis and likely is already invasive. A longer, 2-wk
incubation of cancer cells with extracellular citrate resulted in the opposite effect and a
decrease of some EMT markers, suggesting changes consistent with MET and the
colonisation stage (Figure 23A, right, bottom panel). Scanning electron micrographs revealed
that also cell morphology was citrate dependent (Figure S 17). A 48 h preincubation of cancer
cells with citrate resulted in more polarized, highly invasive, spindle-shaped cells with higher
number of single and amoeboid cells known to correlate with the EMT phase (Figure 23B and
Figure S 17A; (Friedl & Wolf, 2003); (Morley et al., 2014)).

In line with the colonisation step as indicated by the markers (Figure 23A) PC-3M cells
preincubated with citrate for 2 wk released mainly cytokines known to support stromal
transformation like GROs, IL-8, and IL-3 (Figure S 11F). Cytokines released by PC-3M cells
kept under control conditions for 2 wk showed a similar pattern as already seen after 48-h
preincubation (compare Figure S 11A with Figure S 11E). This result is consistent with the lack
of disease progression/cancer cell reprogramming as already determined by cell morphology
and Western blot analysis of cells under control conditions (Figure 23A). Consequently, a
similar pattern of cytokine release in CM F-PC-cit after 2 wk and 48 h was also observed
(compare Figure S 11C with Figure S 11G). On the other hand, fibroblasts stimulated with CM
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PC-3M+cit for 2 wk only released cytokines supporting angiogenesis such as IL-6 and IL-3
(Dentelli et al., 2011; Nagasaki et al., 2014; Masjedi et al., 2018) and metastasis
formation/proliferation (MCP1, (Loberg et al., 2006)) correlating with the colonisation process
(Figure S 11D and H).

MET occurring under long term incubation of cancer cells with extracellular citrate would also
agree with the decreased (but not significantly) expression of the ATP/ADP carrier and
increased Glutl level suggesting an increase in glycolysis (Figure 23A). Increased glycolysis
and lactate release could enhance proliferation of the colonizing cells (La Cruz-Lé6pez et al.,
2019). 2-wk preincubation with extracellular citrate resulted in highly spread/flattened cells with
long invadopodia, contacting the ECM and other cells consistent with the colonisation step
(Figure 23B and Figure S 17B; (Williams et al., 2019)). Importantly, under controlled conditions,
cellular morphology remained unchanged at all times. The morphology of cancer cells grown
with citrate as depicted with scanning electron microscopy seems also to indicate increased
fluidity of their plasma membrane. Consistently, the level of total phosphatidylcholine,
phosphatidylinositol, sphingomyelin, and phosphatidylethanolamine (although the last not
significant) was increased in cancer cells grown with citrate ((Dawaliby et al., 2016); Figure
23C).

We have already shown that citrate appears only in the media from CAFs and is not present
at any significant level in the conditioned media from cancer cells. However, conditioned media
from cancer cells contained significant amounts of cytokines, known to support aggressive
cancer behaviour. To test whether cancer cell-derived cytokines and potentially other
substrates are sufficient to induce changes in cancer cells, we preincubated PC-3M cells with
CM PC-3M+cit or CM PC-3M-cit. We did not observe any significant and consistent changes
between the two groups of cancer cells (Figure S 18A). However, incubation of PC-3M cells
with CM F-PC+cit or CM F-PC-cit resulted in more pronounced differences in cancer cells
(Figure 23D). These results indicate that citrate released by CAFs together with other elements

might play a crucial role in supporting cancer progression.

The data above show that stromal transformation depends on the metabolic status of cancer
cells. CAFs compensate for the lack of metabolites and cytokines in cancer cells to support
their invasive and metastatic behaviour. From these data, we proposed that citrate availability

is an important requirement for tumour progression and this was investigated further below.
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2.4.4.3 Inhibition of pmCiC with gluconate in vivo decreases metastatic
spread and stromal transformation

To test the role of extracellular citrate uptake in metastasis, we injected the lower spleen pole
of athymic nude mice with human pancreatic cancer L3.6pl cells. To avoid side effects of
intrasplenic “primary tumours,” the spleen was removed 15 min after tumour cell injection.
Gluconate blockade (daily in vivo injection) of citrate uptake by metastasising human
pancreatic cancer cells significantly reduced metastasis rate (Figure 24A). Reduced metastatic
spread was accompanied by decreased stromal transformation (aSMA) as shown in Figure
24B. Additional controls showed that gluconate or citrate alone does not induce any changes
in the aSMA expression in fibroblasts grown under standard conditions (Figure S 18B).
Staining with the anti-fibroblast—activating protein (FAP) antibody showed a pronounced
transformation of some stromal cells consistent with hepatic stellate cells in the control group
(Figure 24C; (Wang et al., 2005; Kaps & Schuppan, 2020)). This was not observed in the case
of gluconate treated mice. Moreover, the size of metastases in the gluconate-treated group
was on average smaller with increased immune infiltration (Figure 24D). Although FAP is not
a typical immune cell marker, its expression has been previously reported in subpopulations
of CD45+/CD45- cells (Jiang et al., 2016).
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Figure 24: Blocking of citrate uptake by cancer cells decreases metastasis rate in vivo. Human

pancreatic cancer L3.6pl cells were injected into the lower spleen pole of immunodeficient mice. 15 min
after tumour cell injection, the spleen was removed. Animals were daily intraperitoneally injected with
sodium gluconate (500 mg/kg/d), respectively, NaCl. After 24 d, mice were euthanized, and livers and
laparotomy wounds were assessed. (A) Liver metastases were evaluated by a macroscopic score (0 =
no tumour load; 1 = small singular tumours; 2 = large singular tumours; 3 = confluent tumours in less
than half of liver; 4 = confluent tumours in more than half of the liver; 5 = tumours in all liver segments).
Hepatic tumour load was significantly decreased (P = 0.046; n = 13 mice per group, one-tailed unpaired
t test) in the treatment group (500 mg/kg/d sodium gluconate) compared with control group (NacCl). (B)
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Pictures showing differences in the aSMA staining pattern in metastasis in mouse livers treated with
gluconate versus control. (C) Liver metastasis were stained with the anti-fibroblast activating protein
(FAP) antibody. Red arrows show stained area in the stroma consistent with cancer-associated cells,
whereas blue arrows depict immune cells expressing FAP. Enlarged pictures from the control group (on
the right) show cells stained with anti-FAP antibody (in red) in the stroma (indicated with red arrows)
and immune cells (blue arrows). (D) Graphs showing average number of immune cells per total number
of cells in the studied area. For these measurements two border and two central areas were calculated
per metastasis. For each experimental group, four different metastases were evaluated.

Treatment of mice injected subcutaneously with human pancreatic L3.6pl cells reduced tumour
growth and more importantly changed the metabolic characteristics of cancer tissues
(Mycielska et al., 2018). Changes in the tumour tissues were already visible from the beginning
of the experiment (Figure 25A, details in (Mycielska et al., 2018)). Experimental tumours in
mice treated with gluconate were smaller, rounder, and paler compared to their untreated
counterparts. This observation is consistent with decreased angiogenesis (as shown by CD31
staining Figure 25B) accompanied by a significant reduction of stromal transformation (a-SMA,;
Figure 25B). There was also an increase in apoptosis which was most pronounced at the
bottom of the gluconate-treated tissues as determined by TUNEL staining (Figure 25C). In
mice treated with gluconate, there was an overall decrease in the expression of PDGFR[ and
vimentin (Figure 25D) particularly at the tumour—stroma interface. Decreased levels of
PDGFRpB and vimentin in non-cancerous tissue are also consistent with decreased stroma
transformation (Figure 25C).
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Figure 25: Gluconate treatment in vivo increases apoptosis, decreases angiogenesis, stromal

transformation, proliferation and expression of PDGRB and vimentin in cancerous tissues. Human
pancreatic cancer cells L3.6pl were injected subcutaneously in nude mice. Control mice were injected
with saline and treated group with Na+-gluconate (as described before, (Mycielska et al., 2018)). (A)
Pictures of mice showing qualitative differences between the cancerous growths in treated versus
untreated animals. The photos cannot be used to compare tumour size. (B) Angiogenesis (CD31) and
stromal transformation (aSMA) were also significantly decreased in the case of treated animals. (C)
Staining of the sections of tumours (TUNEL) show increased apoptosis in the treated group. Moreover,
apoptotic regions were mainly observed at the lower parts of the tissues. (D) Cancer cells proliferation
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in the tissues was decreased (Ki67), as well as PDGFRf and vimentin expression. (E) The CAM assay
was performed using L3.6pl cells. The cells were left to grow for 2 d then NaCl was used in the control
group and Na+-gluconate in gluconate group for 5 d. (1) Tumour explants after daily treatment with NaCl
(upper) or Na+-gluconate (lower). (2) Examples of tumour volume measurements with the 3D digital
microscope (Keyence VHX-7000 microscope). (3) Graphs showing changes in the tumour weight and
tumour volume of NaCl versus gluconate treated groups.

We have also performed a CAM assay (chorioallantoic membrane) used as a 3D in vivo tumour
model. Treatment of L3.6pl cells with Na*-gluconate significantly reduced tumour growth and
volume (Figure 25E) as compared with the control conditions where equivalent volume of NaCl

was used.

To conclude, depriving cancer cells of citrate by applying gluconate in vivo reduced the cancer
growth and metastasis rate, angiogenesis, and stromal transformation. Hence, blocking citrate

uptake in vivo might result in reduced capability of tumour to progress.

2444 pmCiC expression in cancer-associated cells in human
cancerous tissues

We next tested whether our in vitro data indicating that CAFs release citrate to support cancer
metabolism can be extended to the in vivo environment, by immunostaining analysis of human
tissue (Figure 26A-F). Analysis of human pancreatic (Figure 26A and C) and gastric cancer
glands (Figure 26B and D) as well as lymph node metastasis (Figure 26E) and lung metastasis
(Figure 26F) of gastric cancer confirmed that pmCiC is expressed not only in cancer cells of
different organs (Mycielska et al., 2018) but also in some subsets of fibroblasts in the
surrounding tumour environment. Moreover, we have also found pmCiC expressed in some of
the tumour micro-vessels. This would be consistent with extracellular citrate playing a role in
angiogenesis by supporting vessel formation. To complete these studies, we have assessed
pmCiC expression in cancer cells and cancer-associated stromal cells of human breast, gastric
and pancreatic tissues (Figure 26G). The highest expression of pmCiC in stromal cells was
observed in gastric and pancreatic cancers known to intensively produce desmoplastic stroma
as compared with other cancer types (Hosein et al., 2020; Oya et al., 2020). Therefore,
targeting pmCiC might have an effect not only on cancer cells but also on the tumour’s

“infrastructure” (supporting cells).
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pancreas 14 12 (86 %) 2 (14 %) 13 (93 %) 1(7 %)
cancer
Figure 26: pmCiC is expressed in the stroma of human cancerous tissues. (A, B)

immunohistochemical staining of pmCIC showed strong expression in human pancreatic (A) and gastric
cancer glands (B) (DAB—150 pym). (C, D) In close contact to infiltrating cancer glands, there is also a
prominent expression in micro-vessels (v) but also in spindle cells (—) of the tumour microenvironment
(TME) in both cancer types (C, D) (DAB, — 50 um). The latter cell type of the TME could be identified
by vimentin as tumour associated fibroblasts (data not shown). (E) Consecutive examination of lymph
node metastasis (E) (DAB—50 um) demonstrate a positive tumour gland but also expression in micro-
vessels (v) and fibroblasts. (F) The same was true for a metastatic gastric cancer shown in figure (F)
(DAB, — 50 um). (G) A table showing the number/percentage of human tumour tissues expressing
pmCiC in cancer cells and in cancer-associated stroma cells.
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2.45 Discussion

We have previously shown that cancer cells of different origin take up extracellular citrate
through the recently cloned pmCiC (Mycielska et al., 2018). In the present study, we have
explored the source of citrate used by cancer cells and, importantly, its potential role in tumour

progression.

We have determined that CAFs, together with other cells from the cancer environment such
as hepatic stellate cells, express pmCiC with the function of citrate release (summarised in
Figure S 19A and B). Increased citrate synthesis by cancer-associated stroma (CAS) is
consistent with a recent report showing increased glutamine uptake by cancer-associated cells

rather than by cancer cells themselves in vivo (Marin-Valencia et al., 2012).

Our data show that the metabolic activity of CAFs depends on extracellular citrate availability
to cancer cells; therefore, it is regulated in the cancer environment. We propose that a lack of
extracellular citrate stimulates cancer cells to transform their surroundings to get the necessary
substrate. In support of this, we show that cancer cells deprived of extracellular citrate for 48
h release IL-6, which stimulates angiogenesis and GROs involved in stromal
transformation/senescence (Nagasaki et al., 2014; Masjedi et al., 2018). Indeed, senescent
fibroblasts which are known to be part of the cancer environment (Yang et al., 2006; Mellone
et al., 2016), have previously been shown to release high levels of citrate (James et al., 2015).
Therefore, cancer cells deprived of citrate may be selected to release factors to stimulate their
surroundings to compensate for citrate deficiency. The organ colonisation step, as seen after
2 wk of incubation with extracellular citrate, was accompanied by a release of IL-3, an
angiogenesis-stimulating cytokine, complemented by GROs responsible for the stromal
transformation. Cancer cells grown long term without citrate released similar cytokines at 48 h
and 2 wk, corroborating the hypothesis that citrate is necessary for metastatic reprogramming.
Previous studies have shown that other metabolites such as lactate can also play a role in the
communication between cancer cells and CAFs (Whitaker-Menezes et al., 2011), but there is
no evidence that lactate alone can modify tumour behaviour. Conversely, lactate can also be

used for citrate synthesis (reviewed by (Mycielska et al., 2015) and (Haferkamp et al., 2020)).

Persistent and long-term presence of citrate in the media of cancer cells was shown to induce
MET associated with growth and colonisation (Brabletz, 2012). This would be consistent with
extracellular citrate playing an additional signalling role, where the constant presence of citrate
might complete the process of stromal transformation creating a niche ready for the metastatic
growth. Previous studies have shown that increased citrate levels precede leptomeningeal
carcinomatosis from lung cancer (An et al., 2015), suggesting that cancer cells might transform

distant stroma and induce local citrate increase before metastatic processes begins.
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The shorter incubation time of cancer cells with extracellular citrate was shown to induce an
invasive phenotype with some features consistent with EMT. A similar effect on the protein
level was obtained when the cells were incubated with the media from fibroblasts transformed
by cancer cells deprived of citrate, therefore induced to supplement this metabolite. This
supplementation of citrate by CAS and the induction of an activated fibroblast phenotype could
have several implications regarding potential cancer therapies. It is possible that the need for
de novo stromal transformation (e.g., after chemotherapy) could induce metastatic processes
(EMT and MET) through the local changes of metabolite and cytokine levels and therefore
modify the metastatic behaviour of the remaining cancer cells.

Incubation of cancer cells with extracellular citrate decreased an overall level of the metabolites
tested. In particular, there was a decrease of intracellular levels of substrates known to be
involved in intracellular citrate synthesis, including serine and glycine (Possemato et al., 2011),
glutamine and glutamate (Metallo et al., 2011). This would suggest that cancer cells without
extracellular citrate supply are forced to use several additional pathways to account for the
missing metabolite. Availability of extracellular citrate decreases the levels of several
metabolites which can be considered as by-products of increased citrate synthesis (Haferkamp
et al., 2020). This metabolic change and more balanced use of metabolic pathways are likely

to contribute to the acquisition of a more aggressive phenotype.

Although gluconate had some mitotoxic effects on cancer cells when applied alone, it has to
be noted that this effect was observed in the presence of the highest concentrations of
gluconate only, much higher than those applied in our in vivo and in vitro experiments. It can
be therefore deduced that the effects of gluconate observed in the experiments are due to its
specific action on pmCiC and not through some less specific mitochondrial blocking. Moreover,
gluconate, till now, has been considered as a physiologically neutral substance and used in
medicine as a heavy ion carrier (reviewed by (Mycielska et al., 2019)). It is also used in
electrophysiology and transport studies as a CI” replacement because it is plasma membrane

impermeable (Carini et al., 1997; Bonzanni et al., 2020).

Importantly, we have confirmed that depriving cancer cells of extracellular citrate supply in vivo
results in decreased metastatic spread, stromal transformation and angiogenesis.
Furthermore, we have observed increased immune cell infiltration of the mouse tumour
xenografts treated with gluconate. FAP expressing immune cells have been seen previously
(Arnold, James N. et al., 2014; Cremasco et al., 2018) and considered to comprise CD45*
cells, which is consistent with the increased proinflammatory cytokine release by cancer cells
deprived of extracellular citrate. Increased release of proinflammatory cytokines has been also
associated with citrate uptake by monocytes (Ashbrook et al., 2015), whereas activated
macrophages have been determined to accumulate citrate (Jha et al., 2015). This could

suggest that preventing cancer cells from taking up extracellular citrate and consequently
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increasing local citrate concentration might have a stimulating effect on anti-cancer immune
response. Although we found these results particularly interesting, it has to be acknowledged
that for this study, immunocompromised mice have been used, and therefore, a more detailed
study of immune activity upon gluconate application was not possible.

To conclude, our results demonstrate that citrate is an important metabolite supportive of
tumour progression which is synthesized and released by CAS. Moreover, citrate synthesis
and release from cancer-associated stroma appears to be one of their major metabolic tasks
and is induced and controlled by cancer cells through cross-cellular interactions. We have
identified the transporter responsible for citrate release and confirmed its expression in cancer-
associated cells in human tissues. Blocking of citrate uptake by cancer cells using gluconate,
a specific inhibitor of citrate uptake, reduced cancer spread and decreased stromal

transformation and angiogenesis in vivo.

Our novel finding of citrate release by cancer-associated stroma is crucial in understanding the
mechanism of tumour environmental support and interactions between cancer cells and the
environment. It sheds new light on the mechanism of how stroma stimulates metastatic spread,
facilitates organ colonisation and angiogenesis, as well as increases cancer cells’ resistance
to anti-cancer therapies. Inhibiting citrate release from CAS and/or uptake by cancer cells could
offer novel, specific, and readily implemented options for cancer treatment and metastasis

prevention.
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Cancer-associated fibroblasts release citrate. Metabolomic analysis of supernatants
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cancer cells or bottle (blank) media (n = 6 per group; Figure S 10A). Reference media show basal level
of metabolites in the bottle media (Ref media blank) and conditioned media from PC-3M cells (Ref.

collected from primary cultures of human skin fibroblasts after 72 h incubation in conditioned media from
media PC-3M; n = 2 per group).

Figure S 8:



CANCER-ASSOCIATED CELLS RELEASE CITRATE TO SUPPORT TUMOR METASTATIC PROGRESSION

PLS-DA of HELM-12-14ML+ CDT (150327)_cell_number_corrected Samples

:’:? L‘. ‘ .'1 Groups
g 0 ° \ -+~ Flbroblasts media incubated In blank media
5 \ \ ~&- Fibroblasts media incubated In PC-3M cond_Media

\ \

\ |
-10 -5 C') é \b l'5
P1(47.4%)

R} = 1; Ry = 0,956; Q° = 0.991; RMSEE = 0.0126; pg: = 0.0025; po: = 0.0025

Figure S 9: Statistical analysis of metabolites released by control fibroblasts and cancer-associated

fibroblasts. Mann—Whitney U tests showed a total of 27 significantly different metabolites with P < 0.05
after Bonferroni correction. The PLS-DA yielded highly significant clustering of the respective groups of
fibroblasts grown in media which was conditioned with cancer cells or non-conditioned medium. R2X
was calculated to be 0.441, 0.877, 0.919, 0.940, and 0.953. R2Y was calculated to be 0.905, 0.994,
0.999, 0.999, and 1.000. The values given here are listed from first to fifth predictive component for R2X
and R2Y, respectively. Q2Y was calculated to be 0.828, 0.979, 0.991, 0.992, and 0.993 (again from first
to fifth predictive component), whereas the RMSEE is estimated to be 0.0129. The results were seven
times cross-validated and permutation tests were run (i = 2,000). The permutation tests resulted in pR2Y
and pQ2Y of 0.0025. As for the VIPs (variables of importance in projection), above the selection
threshold (VipScore > 1): 37 metabolites fit this criterion.
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Figure S 10:  Experimental procedure scheme. Diagram showing the way in which conditioned media
were obtained. (A, B, C) Cancer cells were grown in either (A) normal growth media and then left for
conditioning, or before conditioning, the PC-3M cells were incubated in dialyzed serum (B) without or
(C) with extracellular citrate for 48 h. The following treatment was the same for all the conditions. Cancer
cells were conditioned for 48 h. The collected media were filtered and supplemented with 2 mM
glutamine and 2 g/l glucose at every step of the procedure to allow for unlimited intracellular citrate
synthesis. Fibroblasts were incubated in similarly prepared media for 72 h.
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Cancer cells release different set of cytokines depending on the extracellular citrate
availability. (A, B, C, D, E, F, G, H) The graphs show selected cytokines released from cancer cells
grown for 48 h (A, B) or 2 wk (E, D) under the following conditions (A) and preincubated without (CM
PC-3M-cit) or (B) with extracellular citrate (CM PC-3M+cit) and fibroblasts (C, D and G, H) transformed
by the differentially treated cancer cells (C, G) CM F-PC-cit and (D) CM F-PC+cit (F, H) over 48 h or 2
wk, respectively. (A, B, D, E) The values of cytokines released by fibroblasts were obtained by
subtracting the values of cytokines measured in conditioned media from cancer cells (A, B and E, D)
from the values measured in the media from fibroblasts.
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Figure S 13:  Extracellular citrate uptake induces changes of the levels of intracellular metabolites.
Heat map of ratios and total amounts of different metabolic groups (Figure S 12) of PC-3M cancer cells
grown for 48 h under control conditions or in the media supplemented with 200 uM citrate. Each row
represents a separate repeat (n = 6).
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Figure S 14:  Statistical analysis of the intracellular metabolite levels. (A) PLS-DA analysis of pC-3M

cancer cells incubated for 48 h under different experimental conditions (control, 200 mM citrate, 200 mM
citrate + 150 and 150 mM gluconate). R2Y (cumulative) was calculated to be 0.857. The values given
here are not listed from first to fifth predictive component for R2X and R2Y as they never reached near
1.0. Q2Y was calculated to be 0.199, whereas the RMSEE is estimated to be 0.189. This low Q2Y value
indicates small differences between the groups. These results were seven times cross-validated and
permutation tests were run (i = 2,000). The permutation tests resulted in pR2Y and pQ2Y of 0.012 and
0.004, respectively. (B) For the VIPs (variables of importance in projection) above the selection threshold
(VipScore > 1): 80 metabolites fit this criterion.
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Figure S 15:  Study of mitotoxic effects of citrate and gluconate on cancer cells and cancer-associated
fibroblasts. (A, B, C) Mitotoxicity assay of different types of cells (cancer (A) versus benign PNT-2C2

cells and untreated fibroblasts (B and C, respectively)) in the presence of ascending concentrations of
gluconate, gluconate in the presence of 200 mM citrate and citrate. (D, E, F, G) Fibroblasts transformed
with the conditioned media from control (D), preincubated with citrate (E), gluconate (F) and citrate and
gluconate (G) cancer cells. The results show mitotoxic activity of the studied compounds by measuring
ATP synthesis and cytotoxicity. CCCP stands for carbonyl cyanide m-chlorophenyl hydrazine used as

control toxicity test.
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Figure S 16:  Trp quenching at different concentrations of citrate. (A) Titration with citrate and
gluconate in presence of 70 mM citrate (blue) is shown as raw data and deconvoluted spectra. (B)
Changes in relative fluorescence and similar changes depicted in a Benesi—Hildebrand (double
reciprocal) plot of citrate data are shown. Similar to the Lineweaver—Burk linearization method, only data
that satisfy a 1:1 binding model with a constant Kd result in a linear dependency—the data clearly
deviate from this model.
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Figure S 17:  Extracellular citrate induces changes in cancer cells morphology. (A) Changes in cancer
cell morphology influenced by extracellular citrate (A) 48 h of preincubation with extracellular citrate
resulted in spindle shape cells with a clear lamelipodium with many relatively short filopodia. There were
many single (white arrows) and ameboid shaped (red arrows) cells under conditions with extracellular
citrate. (B) On the other hand, long-term preincubation of cancer cells with citrate was consistent with
the colonizing phase in which cells are rounder with long invadopodia reaching either ECM (white
arrowheads) or each other (black arrowheads). Cells in control conditions (-citrate) showed unchanged
morphology regardless of the incubation time. Their plasma membrane seemed to have decreased
fluidity with a very small number of filopodia.
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Figure S 18:  Conditioned media from cancer cells do not induce significant changes in cancer
markers. (A) Western blot analysis of the expression of metabolic transporters and EMT/mesenchymal—
epithelial transition—related in fibroblasts grown under standard conditions with added 200 mM citrate or
150 mM gluconate for proteins of PC-3M cells grown for 48 h in conditioned media from PC-3M cells
preincubated with or without extracellular citrate (CM PC-3M-cit and CM PC-3M+cit; n = 3). (B) Western
blot analysis of the aSMA expression 48 h.
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Cancer cell status and activity depends on the presence of extracellular citrate supplied

by cancer-associated cells. (A) In the presence of extracellular citrate cancer cells acquire first an
activated EMT-like phenotype, whereas long-term presence of citrate results in the colonizing
mesenchymal—epithelial transition—like phenotype. (B) Cancer cells deprived of extracellular citrate
release high levels of stroma transforming cytokines and force CASs to release citrate and other
necessary elements. Citrate and cytokines supplied by cancer-associated fibroblasts support the
acquisition of a metastatic phenotype by cancer cells. Without extracellular citrate the status of cancer
cells remains unchanged. The PC-3M cells have red nuclei and the stippling that indicate EMT, whereas
the irregular shape and cross lines indicate mesenchymal-epithelial transition and metastatic

colonisation.
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3 General discussion

3.1 Biomarkers: Key tools in the fight against cancer

Cancer remains a major global health challenge, responsible for millions of deaths annually,
with metastatic cancer being particularly lethal (Deyell et al., 2021). The primary goal of cancer
treatment is to prevent metastasis and slow down disease progression, but determining the
most appropriate treatment approach is often complex. Biomarkers, which are biological
indicators reflecting disease status and treatment response, provide valuable insight into
clinical decision-making. They facilitate early detection, diagnosis, prognosis, and personalized
therapy development, contributing to improved patient outcomes and quality of life. Several
biomarkers are already being used in cancer care to aid prognosis, diagnosis, and treatment
selection in various types of cancer. Advancing biomarker research is critical to improving early
detection, treatment efficacy, and patient survival rates. The introduction and understanding of

potential new biomarkers hold great promise for further improving cancer care.

The objective of this thesis was to identify potential new biomarkers. We aimed to identify a
biomarker for melanoma patients that predicts the response to oncolytic virus therapy. In
addition, we investigated whether pmCiC, a specific plasma membrane citrate transporter, can

serve as a prognostic marker for cancer aggressiveness.

3.2 Nectin-1 as a predictor of positive response to T-VEC treatment in

vitro and in vivo

3.2.1 Addressing the need for predictive markers in oncolytic

virotherapy

Oncolytic virotherapy represents an innovative approach to the treatment of advanced
melanoma. Currently, T-VEC is the only OV approved by the FDA for the treatment of cancer,
particularly advanced melanoma (Andtbacka et al., 2015). T-VEC is an attenuated form of the
HSV-1. HSV-1 has been genetically modified to contain mutations in the ICP 34.5 and 47 and
expresses GM-CSF. The mutations in the ICP 34.5 and 47 lead to the selective replication of
the virus in tumour cells and enhance the antigen presentation of HSV-infected cells.
Additionally, GM-CSF has been shown to augment the anti-tumour immune response and

induce a systemic immune response.

The treatment process using T-VEC can be intense and stressful for patients. Multiple
injections are often necessary directly into melanoma lesions, which can cause discomfort and
result in local reactions such as pain, swelling, or redness at the injection site. In addition,
managing the side effects of T-VEC therapy, such as fever, flu-like symptoms, fatigue, and

nausea, as well as potential complications, can increase the overall stress of undergoing
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treatment. Although rare, T-VEC may cause more serious side effects, such as immune
reactions (including inflammation in various organs of the body such as the liver or lungs), risk
of herpes virus infections, and allergic reactions. It is therefore important to carefully consider
whether treatment with T-VEC is the optimal and promising course of action.

The objective of this study was to identify predictive markers for melanoma tumour cell
response to oncolytic virotherapy. This will aid in the decision-making process for treating
patients with this intensive and stressful procedure and optimise treatment results. Nectin-1 is
a cell surface adhesion molecule, found on a variety of normal and malignant cells and is
involved in the organization of adherens and tight junctions. Nectin-1 has also been shown to
promote HSV-1 entry (Krummenacher et al., 2004).

Our study has identified Nectin-1 as a promising biomarker for the treatment of melanoma
metastases by intratumoural application of T-VEC. The evaluation included a panel of 20
melanoma cell lines and knockout cells. In vitro data were based on MTT metabolic activity
and LDH release assays, Western blot, flow cytometry and immunochemistry. In addition, 35
cutaneous melanoma metastases from 21 patients treated with T-VEC were retrospectively
analysed for Nectin-1 expression and tumour regression. In both cell lines and melanoma
metastases, there was a significant correlation between the level of Nectin-1 expression and
tumour cell regression. Oncolytic viral therapy with T-VEC induced pronounced melanoma
killing when Nectin-1 expression was high. With our study, we have confirmed the results
obtained in thyroid cancers, squamous cell carcinoma, and glioblastoma (Huang et al., 2007,
Yu et al., 2007; Friedman et al., 2018). Consequently, our results suggest that Nectin-1 may
represent a crucial factor contributing to the efficacy of oncolytic herpes viruses in various

tumour types, warranting further investigation in subsequent studies.

3.2.2 Variability in susceptibility to T-VEC-induced oncolysis

Our in vitro assays revealed a wide range of susceptibility to T-VEC-induced oncolysis among
melanoma cell lines. This reflects what can be seen in trials and studies of real-world T-VEC
use (Sun et al., 2020; Kleemann et al., 2021; Andtbacka et al., 2019; Ressler et al., 2021). In
a trial (OPTIM trial) of T-VEC versus GM-CSF in unresectable stage Ill/IV melanoma, 31.5%
of patients had an overall response, including 16.9% who had a complete response
(Andtbacka et al., 2019). In the GM-CSF group, only 6.4% had an overall response, including
one patient who had a complete response. The in vivo efficacy and clinical response rates of
oncolytic T-VEC therapy are dependent upon a number of factors, including the stage of the
disease, the location of the melanoma lesions, and the individual characteristics of the patient.
Not all patients respond to treatment the same way and a proportion of patients do not
experience favourable outcomes following T-VEC administration. It is important to select an

appropriate patient population that is more likely to respond.
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3.2.3 Therole of Nectin-1 in susceptibility to T-VEC-induced oncolysis

The melanoma cell lines showed a greater susceptibility to T-VEC-mediated oncolysis when
Nectin-1 expression was high. In addition, we found that T-VEC entry and oncolytic activity
were dependent on the presence of Nectin-1 on the cell surface of the melanoma cell lines.
This dependency was more pronounced with the additional knockout of HYEM. HSV-1 enters
host cells via receptor-mediated fusion of the viral envelope with a host cell membrane. This
requires the binding of the viral envelope glycoprotein gD to one of its receptors, a process
which is essential for entry to occur. Nectin-1 and HVEM are two known entry receptors
(Krummenacher et al., 2004). Nectin-1 is expressed in human epithelial and neuronal cells,
and it has been demonstrated to be the receptor for HSV-1, which enables infection of epithelial
cells on mucosal surfaces and spread to cells of the nervous system (Geraghty et al., 1998;
Kopp et al., 2009; Karaba et al., 2011). In line with this understanding, our research reveals
that knockout cell lines lacking Nectin-1 exhibited notably reduced concentrations of HSV-1
DNA following T-VEC infection compared to control cell lines. These findings highlight the
pivotal role of Nectin-1 in the entry of oncolytic HSV-1 into malignant melanoma.

3.2.4 Therole of HVEM in susceptibility to T-VEC-induced oncolysis

In contrast to Nectin-1, HVEM was not found to be a predictor of T-VEC-induced melanoma
cell death in our in vitro and in vivo studies. HVEM is a member of the TNF receptor family and
was shown to mediate the entry of several wild-type HSV strains into the normally
nonpermissive Chinese hamster ovary (CHO) cells and human cells (Montgomery et al., 1996).
This also functions through binding of the viral envelope glycoprotein gD to HVEM
(Krummenacher et al., 1998). When the receptors Nectin-1 and HVEM are directly compared,
Nectin-1 is superior in promoting viral entry compared to HVEM (Krummenacher et al., 2004,
Petermann & Rahn et al., 2015; Kopp et al., 2009). This elucidates the findings of our studies.
After knocking out HVEM, a significant amount of HSV-1 DNA remained in the cells. However,
when Nectin-1 was knocked out, the number of HSV-1 DNA copies was significantly reduced.
Nectin-1 appeared to compensate for and mediate the entry of HSV-1 into the melanoma cells.

Interestingly, HVEM-knockout cells were more sensitive to T-VEC-induced cell death
compared to the wildtype control. HVEM-expressing cells are normally protected from
premature apoptotic death caused by HSV-1 or by the binding of its gD to HVEM (Sciortino et
al., 2008). HSV-1 gD activates HVEM and thereby promotes NF-kB activation and cell survival
(Cheung et al., 2009). We speculate that this signalling is blocked in HVEM-knockout cells
upon T-VEC infection and increased their susceptibility to cell death triggered by T-VEC.

Double knockout of Nectin-1 and HVEM blocked T-VEC entry into IGR-37 cells, as evidenced

by reduced HSV-1 copy numbers. Consequently, cells were greatly resistant to T-VEC-
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triggered cell death. Under these circumstances, the absence of pro-survival signals from
HVEM might be less significant, since cell death does not occur without viral entry.

3.25 The role of STING and cGAS in susceptibility to T-VEC-induced

oncolysis

In contrast to Nectin-1, there was no correlation observed between the oncolytic efficacy of T-
VEC and either STING or cGAS. The cGAS-STING pathway serves as a key element in
regulating innate immunity, responding to diverse stimuli such as double-stranded DNA (Ma &
Damania, 2016). Its activation is pivotal in defending against viral infections like HSV-1. Upon
interaction with dsDNA, cGAS catalyses the synthesis of cGAMP, initiating STING signalling.
Activated STING undergoes conformational changes upon cGAMP binding. This results in the
phosphorylation of transcription factors such as IRF3 and NF-kB, which in turn leads to the
expression of type | interferons, interferon-stimulated genes (ISGs), and various inflammatory
mediators, pro-apoptotic genes, and chemokines as part of the body's innate immune
response against viruses (Ma & Damania, 2016). The functionality and activity of the cGAS-

STING pathway can influence the efficacy of oncolytic tumour therapy.

Bommareddy et al. found that STING expression levels in melanoma cell lines correlated
inversely with their sensitivity to T-VEC, with STING knockout cells showing increased
susceptibility to T-VEC-induced cell death (Bommareddy et al., 2019). However, there was no
observed correlation between T-VEC oncolysis and cGAS expression. Interestingly,
melanoma cells exhibiting low STING expression, which were resistant to PD-1 blockade in
vivo, were sensitive to T-VEC treatment. Additionally, Xia et al. demonstrated that suppression
of STING signalling could facilitate immune evasion following DNA damage in melanoma cells,
leading to increased susceptibility to HSV-1 (Xia et al., 2016). Taken together, the results
indicate that STING expression levels may serve as a predictive biomarker for oncolytic virus
activity, which is contrary to the findings of this study. However, several factors must be

considered.

Firstly, in our melanoma cell panel, only two cell lines (IGR-39 and LOXIMVI) expressed both,
STING and cGAS. The distribution of STING and cGAS could have played a role in minimizing
the impact of T-VEC treatment on our cell lines' response. This is because the presence of
STING and cGAS in a cell line is fundamental to the functionality of the signalling pathway.
Secondly, our melanoma panel did not include cell lines with varying levels of STING in
addition to high Nectin-1 expression, which would have allowed effective infection.
Consequently, Nectin-1 may have exerted a dominant influence in this context, potentially
masking the more subtle role of STING and cGAS. We also tried to analyse different subgroups
(Nectin-1-high and Nectin-1-low expressing cell lines), but most likely due to the small number

of cell lines in each group, we could not see any correlation. Our data collectively indicate that
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STING affects the oncolytic activity in a subset of melanoma cell lines. However, additional
mechanisms, independent of STING, may also influence T-VEC-mediated oncolysis.

3.2.6 Consistent findings in flow cytometry, Western blot, and

immunohistochemistry analyses

In the clinical setting, immunohistochemistry is the method of choice for the analysis of tumour
biopsies, rather than flow cytometry or Western blot. Immunohistochemistry is a well-
established method for diagnostic purposes and is widely used for the assessment of
biomarkers. Therefore, the melanoma cell panel was embedded into paraffin and we
established Nectin-1, HVEM, STING, and cGAS staining. The immunohistochemical analysis
revealed a significant correlation between Nectin-1 expression and the oncolytic activity of T-
VEC. In contrast, HVEM, STING, and cGAS did not demonstrate this correlation. All in all, the
data showed consistency between flow cytometry, Western blot, and immunohistochemistry.
The results of the FACS analysis demonstrated a superior correlation between Nectin-1
expression and oncolysis compared to those obtained by IHC. A possible explanation for this
discrepancy is that FACS measures surface Nectin-1 expression, which is relevant for viral

entry, while IHC also stains the intracellular protein.

3.2.7 T-VEC injection in melanoma metastases: Nectin-1 expression as

a predictor of treatment response

A further objective of this study was to correlate in vitro data with in vivo findings. To this end,
we analysed 35 biopsies of melanoma metastasis before injection with T-VEC. We
demonstrated that intratumoural T-VEC injection induces a response in 60% of melanoma
lesions in patients. In addition, the expression levels of Nectin-1 in pre-treatment biopsies of
cutaneous melanoma metastases were a significant predictor of the response to T-VEC-

mediated oncolysis.

In contrast to the in vitro findings, a correlation was observed between cGAS expression and
the response to T-VEC-mediated oncolysis in vivo, although this was not statistically
significant. This lack of significance may be attributed to environmental factors such as UV
exposure and ROS, which can boost DNA immunorecognition, activating the cGAS-STING
pathway in vivo (Gehrke et al., 2013). In addition, protein expression profiles in immortalized
melanoma cell lines may not accurately reflect the complex in vivo environment. Melanoma
cell lines showed higher Nectin-1 and HVEM expression, while cGAS and STING were more
pronounced in melanoma metastases. The abundant presence of these molecules in biopsies
may explain why the STING-cGAS pathway did not appear to be a limiting factor in this context.
Furthermore, protein expression profiles in immortalized melanoma cell lines may not

accurately reflect the complex in vivo environment. Melanoma cell lines exhibited higher
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Nectin-1 and HVEM expression, while cGAS and STING were more pronounced in melanoma
metastases. The abundant presence of these molecules in biopsies may explain why the
STING-cGAS pathway did not appear to be a limiting factor in this context.

Taken together Nectin-1 expression levels correlated significantly with tumour cell regression
in both cell lines and melanoma metastases. Our results indicate that the baseline expression
of Nectin-1 in melanoma metastases is associated with the response to intralesional T-VEC
therapy, suggesting its potential as a biomarker. Incorporation of testing for this biomarker into
routine laboratory procedures may improve its clinical utility. Improving clinical response
prediction may require integrating expression profiles of multiple biomarkers. This could
involve utilizing a wider range of cell lines and biopsies from T-VEC-treated patients, which

warrants further investigation.

3.3 Expression of pmCiC as a prognostic marker for cancer

aggressiveness

3.3.1 Significance of citrate in cancer metastasis: prognostic insights

and therapeutic implications

Despite the significant advances that have been made in cancer research and treatment
methods, metastatic cancer still represents the most lethal form of the disease (Neophytou et
al., 2021). One of the biggest challenges that remains is the development of drugs against
resistant cancer cells, which can lead to disease recurrence and the spread of metastases.
Cancer is characterized by traits such as unlimited replicative potential, evasion of cell death
mechanisms, resistance to growth inhibition signals, stimulation of blood vessel formation
(angiogenesis), and promotion of invasion and metastasis (Hanahan & Weinberg, 2011).
Cancer cells undergoing proliferation need to produce enough energy for cellular replication
while also fulfilling the anabolic demands for biosynthetic macromolecules necessary to
construct new cells and to migrate and invade distant organs for metastasis. In order to fulfil
these requirements, cancer cells must undergo metabolic alterations which is also a key

characteristic of cancer (Hanahan & Weinberg, 2011).

The significance of citrate in tumour biology is underscored by its role as a primary substrate
in fatty acid synthesis, a metabolic hallmark of cancer (Wang et al., 2020). It has been shown
that cancer cells require constant levels of intracellular citrate to support their metabolism,
which can be produced intracellularly or delivered to the cancer cells from the extracellular
space (Mycielska et al., 2018). The extracellular uptake of citrate takes place via the pmCiC
(Mycielska et al., 2018). This transporter is a variant of the mCiC and belongs to the SLC25

gene family (Mazurek et al., 2010). Histopathological studies have demonstrated that pmCiC
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is expressed in tumour cells of various human cancers, and that the transporter is increasingly

present at the invasion front as well as at metastatic sites (Mycielska et al., 2018).

The question arises how the citrate is made available to the tumour from the extracellular
space. There are several potential routes by which citrate could be delivered to cancer cells.
These include the bloodstream, and the supply of citrate from the tumour microenvironment
(TME). Recent research underscores the critical role of stromal support in driving cancer
progression and facilitating metastasis (Xu et al., 2022; Lee et al., 2023). The TME, through
mechanisms such as angiogenesis and metabolic substrate release by cancer-associated
cells, provides essential metabolites to cancer cells (Eisenberg et al., 2020; Chen et al., 2021).
Additionally, cancer-associated stroma releases growth factors and modulates immune
responses (Chen et al., 2023; Nishida, 2021). Tumour-associated macrophages, in particular,
contribute significantly to the cancer microenvironment by promoting tumour progression and
inflammation (Maller et al., 2021; Zhou et al., 2019). However, the role of citrate in mediating

communication between tumour cells and the TME remains uninvestigated in this regard.

The overall aim of the present thesis was to investigate whether cancer-associated stromal
cells act as a supplier of extracellular citrate to cancer cells and whether citrate uptake plays a
role in cancer metastasis. We also evaluated whether pmCiC expression in cancer and stromal
cells is associated with increased cancer aggressiveness and can serve as a prognostic

marker.

Our study identified pmCiC as a promising prognostic cancer marker for predicting the
progression of metastatic disease. We retrospectively analysed 92 patients with human
gastrointestinal (20), lung (39), prostate (14) and urothelial (19) cancers of different tumour
stages for pmCiC expression. For each primary tumour (stage 1V), the associated metastasis,
if present, was also examined. This resulted in a maximum of 29 metastases. Tissues were
analysed by immunohistochemistry. We have identified a clear correlation between pmCiC

expression in cancer cells and cancer-associated stroma with tumour stage.

In addition, we showed that citrate is supplied to tumour cells by CAS and citrate uptake plays
a significant role in cancer metastatic progression (enhancing invasiveness and organ
colonisation). Citrate release from CAS is controlled by cancer cells through cross-cellular

communication.

In the presence of extracellular citrate there was a general decrease in the levels of metabolites
tested in cancer cells. Specifically, intracellular levels of substrates involved in intracellular
citrate synthesis, such as serine, glycine, glutamine, and glutamate, were reduced. This
suggests that cancer cells lacking extracellular citrate must utilize alternative pathways to
compensate. Consistently, the presence of extracellular citrate lowered the levels of several

metabolites considered by-products of increased citrate synthesis (Haferkamp et al., 2020).
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This metabolic shift likely leads to a more balanced use of metabolic pathways, potentially
contributing to a more aggressive cancer phenotype.

Our study suggests that extracellular citrate uptake by cancer cells influences tumour
metabolism and microenvironment interactions, potentially contributing to tumour
aggressiveness and metastasis formation. From a therapeutic standpoint, targeting citrate
metabolism presents promising avenues for cancer treatment. Our findings suggest that
blocking citrate uptake or release could inhibit tumour growth, angiogenesis, and metastasis
formation. Further research is warranted to elucidate the mechanistic details of citrate-
mediated tumour-stroma interactions and translate these findings into effective therapeutic
strategies for cancer treatment and metastasis prevention. Our study sheds further light on the
complex role of citrate and pmCiC in cancer metabolism, microenvironment interactions and

tumour progression.

3.3.2 The metabolic activity of CAFs is regulated by cancer cells

We found that CAFs and other cells of the TME express pmCiC and synthesise increased
amounts of citrate. Our findings reveal that the metabolic activity of CAFs depends on the
availability of extracellular citrate to cancer cells. We propose that in the absence of
extracellular citrate, cancer cells induce changes in their environment to obtain the necessary
substrate. This statement was supported by the fact that cancer cells deprived of extracellular
citrate for 48 hours release IL-6, which stimulates angiogenesis and growth-regulated
oncogenes (GROs) involved in stromal transformation and senescence (Nagasaki et al., 2014;
Masjedi et al., 2018). Senescent fibroblasts, known components of the cancer environment,
have been shown to release high levels of citrate (James et al., 2015). Thus, cancer cells
deprived of citrate induce the release of factors that stimulate their environment to compensate

for the citrate deficiency.

3.3.3 Effects of extracellular citrate on tumour progression

We have observed that extracellular citrate played a significant role in EMT-MET transition.
During the colonization phase observed after 2 weeks of incubation with extracellular citrate,
the release of IL-3, an angiogenesis-stimulating cytokine, and GROs was noted. Cancer cells
cultured long-term without citrate released similar cytokines at 48 hours and 2 weeks,
indicating the critical role of citrate in metastatic reprogramming. These findings underscore
the complex metabolic interplay within the TME and highlight the importance of extracellular

citrate in modulating tumour behaviour and metastatic potential.

Continued presence of citrate induces mesenchymal-to-epithelial transition (MET), thereby
promoting growth and colonization (Brabletz, 2012). This suggests citrate's signalling role in

completing stromal transformation, preparing a niche for metastatic growth. Previous studies
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have shown that elevated citrate levels prior to leptomeningeal carcinomatosis in lung cancer
suggest that cancer cells may transform distant stroma and induce local citrate elevation prior
to metastasis (An et al., 2015).

We also found that shorter exposure to extracellular citrate induces an invasive phenotype akin
to epithelial-mesenchymal transition (EMT). This effect was reproduced when cancer cells
were exposed to media from fibroblasts transformed by citrate-deprived cancer cells, therefore
induced to supplement this metabolite. The process of supplementing citrate by CAS could
impact cancer treatment strategies. It raises the possibility that inducing stromal
transformation, which may occur as a response to therapies like chemotherapy, could
inadvertently promote metastasis. This transformation process, which involves changes in
metabolite and cytokine levels in the local environment, may trigger metastatic behaviours
such as EMT and MET. The remaining cancer cells may exhibit altered metastatic behaviour,

potentially leading to disease progression and treatment resistance.

3.3.4 Impact of citrate deprivation on tumour behaviour

Gluconate, a derivative of glucose, is a salt of gluconic acid. It is typically considered
physiologically neutral and is used in medicine as a heavy ion carrier (Mycielska et al., 2019).
It also finds utility in electrophysiology and transport research as a substitute for chloride ions
due to its inability to cross the plasma membrane (Carini et al., 1997; Bonzanni et al., 2020).
Furthermore, gluconate competitively and irreversibly blocks pmCiC (Mycielska et al., 2019).

In our study, we showed that blocking citrate uptake from cancer cells with gluconate
significantly reduced the growth and metastasis of human pancreatic cancer cells in vivo, while
also attenuating stromal activation and angiogenesis. Therefore, preventing citrate uptake in
vivo could potentially hinder tumour progression. Furthermore, we observed an increase in
immune cell infiltration of the gluconate-treated mouse tumour xenografts. This suggests that
blocking the uptake of extracellular citrate from cancer cells, which consequently leads to
higher citrate levels in the surrounding area, could potentially enhance the anti-cancer immune
response. While these findings are intriguing, it is important to note that this study was
conducted using immunocompromised mice, which precluded a thorough investigation into the
immune response triggered by gluconate application. Therefore, further research is needed to

fully understand the impact of gluconate on immune activity in cancer.

For the staining of the immune cells we used FAP, which is not a typical immune cell marker.
However, FAP-expressing immune cells have previously been identified and are thought to be
CD45+ cells (Arnold, James N. et al.,, 2014; Cremasco et al., 2018). This observation is
consistent with the increased release of pro-inflammatory cytokines by cancer cells when
deprived of extracellular citrate. Furthermore, an increased release of pro-inflammatory

cytokines has been linked to citrate uptake by monocytes, while activated macrophages have
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been observed to accumulate citrate (Ashbrook et al., 2015; Jha et al., 2015). This may
suggest that preventing cancer cells from taking up extracellular citrate, and thus increasing
the local concentration of citrate, may have a stimulating effect on the immune response

against cancer.

We also found that gluconate had mitotoxic effects on cancer cells, but only at very high
concentrations, much higher than those used in our experiments. Therefore, the observed
effects of gluconate in our experiments were likely due to its specific action on pmCiC rather
than non-specific mitochondrial blocking.

3.3.5 Correlation between pmCiC expression and tumour stage

Our study shows that pmCiC expression in cancer cells correlates with tumour stage and
significantly increases at advanced stages and metastatic sites, regardless of tumour origin.
This supports our hypothesis that extracellular citrate uptake influences cancer cell
invasiveness (EMT) or colonisation (MET), with elevated citrate levels in organs such as the
brain, bone or liver promoting secondary tumour growth and facilitating organ colonisation
(Parkinson et al., 2021; Drexler et al., 2021). However, variable pmCiC expression in cancer
and peritumour tissues may also reflect differing extracellular citrate levels in the organs from

which the tissues were obtained.

Nevertheless, pmCiC expression was less frequent in the early stages of tumour development.
This means that in the initial phases of cancer growth, fewer cancer cells show pmCiC
expression. However, as the tumour progresses, pmCiC expression increases. This increase
suggests that the presence of pmCiC might be linked to a higher chance of the cancer
spreading to other parts of the body (metastasis). The expression of pmCiC in cancer cells
could indicate an increased metastatic potential. The correlation between pmCiC expression
and metastasis is even stronger when considering the expression of pmCiC in both the cancer
cells and the surrounding stromal cells together with the tumour stage. This combined
assessment provides a clearer indication of the cancer's potential to metastasise compared to

looking at pmCiC expression in cancer cells alone.

Interestingly, the number of metastases with pmCiC staining in the stroma is lower than in
primary stage IV tumours. The most common organs in which distant metastasis occur, such
as the liver, brain, bone or the lung, are rich in citrate (Parkinson et al., 2021). In this case, the
cancer cells need to monitor the citrate level closely, as an elevated citrate level can be
harmful. Therefore, colonising cancer cells reduce their demand for additional citrate from the
stroma in an extracellular citrate-rich environment. However, the number of metastatic tissues
expressing pmCiC in cancer cells increases compared to primary tumours at stage IV. This
suggests that extracellular citrate plays a crucial role in the colonization of organs by cancer

cells.
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The expression of pmCiC in the supportive tissue around the primary tumours (the stroma)
can vary depending on the organ. This variation is influenced by two main factors: the levels
of extracellular citrate in different organs and how close the tumour is to blood vessels.
Different organs have varying amounts of citrate in their environment, and this affects how
much pmCiC is expressed in the stroma of tumours located in those organs. Additionally, the
proximity to blood vessels can influence the availability of citrate, further affecting pmCiC
expression. Assessing pmCiC in cancer cells, their microenvironment, and blood vessels
together may provide a better prognostic marker for disease progression than evaluating each
element separately. However, this aspect needs more extensive and detailed research.

Our data show a correlation between pmCiC expression in cancer cells and the tumour
environment, indicating a balance between citrate uptake and release. Citrate may play a
crucial role in communication between cancer cells and the stroma, with the amount of citrate
released by cancer-associated fibroblasts depending on extracellular citrate availability
(Drexler et al., 2021). Controlled citrate enrichment in the cancer microenvironment may be a
unique regulatory mechanism in cancer development because increased or decreased
intracellular levels of citrate can be detrimental to cancer cells, as already stated above
(Haferkamp et al., 2020; Icard et al., 2019; Jordan et al., 2022).

3.3.6 Lack of correlation between CD31 or FAP expression and tumour

stage

We found no correlation between CD31 or FAP expression and tumour stage. The use of CD31
as a prognostic marker in cancer is contentious, with some studies supporting its prognostic
value (Schmidt et al., 2017; Sandlund et al., 2007; Schliter et al., 2018), while others do not
(RASK et al., 2019). Additionally, some research even suggests an inverse correlation
between CD31 expression and patient survival (Emmert et al., 2016; VIRMAN et al., 2015).
The absence of correlation in our study may be attributed to the analysis of tumours from
different origins as a single group. Variations in blood vessel density across different organs

could impact the overall assessment.

The levels of FAP were significantly lower in the stromal areas of secondary tumour growth
compared to primary tumours. Unlike primary tumours, which are often removed through
surgery, metastases are usually not removed because they indicate that the cancer has spread
extensively and is often incurable. The tissues from metastases from our study might have
been obtained at an early stage of their development. At this early stage, the stroma and the

cancer-supporting infrastructure might not yet be fully developed.

We also did not find a correlation between CD31 and FAP expression in the stroma and cancer
stage. This could be due to a number of factors. Firstly, the number of tissue samples was too

small to obtain reliable data. Secondly, analysing tumours of different origins may have
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influenced the results (Parkinson et al., 2021). The biological characteristics and stromal
interaction requirements of tumours from different organs are different. In addition, each organ
has a unique microenvironment that affects how tumours grow and interact with surrounding
tissues. These differences can affect the expression of markers such as CD31 and FAP. By
grouping tumours from different organs into a single category, it is difficult to draw clear
conclusions about the relationship between CD31 and FAP expression and cancer stage.

More strikingly, the consistent correlation of pmCiC with tumour stage, independent of tumour
origin, suggests that it may be a novel, broadly applicable and stable marker of tumour

aggressiveness.

3.3.7 Increased pmCiC expression in blood vessels of advanced cancer

stages

In our study, there was an increase in pmCiC levels in the blood vessels of patients with later-
stage cancer. However, pmCiC was observed primarily in a small subset of small blood
vessels, indicating its presence during the early stages of vessel formation rather than in fully
developed vessels. In contrast, CD31 is an endothelial cell marker and stains all blood vessels
at any stage from early to full vascularization (Bésmiuiller et al., 2018). This observation implies
that pmCiC might have a role in facilitating citrate uptake specifically during the initial stages

of blood vessel formation, potentially contributing to angiogenesis in early cancer progression.

Citrate, which is a crucial component in fatty acid synthesis, could play a role in shaping and
adapting the plasma membrane necessary for angiogenesis, the process of forming new blood
vessels. Inhibiting fatty acid synthesis can affect angiogenesis, such as in a murine stroke
model where cerulenin caused endothelial cell leakage and disrupted the blood-brain barrier
(Janssen et al., 2021).

We found that most blood vessels expressing pmCiC were found in stage IV tumours,
suggesting a potential association between pmCiC-expressing blood vessels and the spread
of metastatic cells. This implies that pmCiC expression in endothelial cells might be specific to
early cancer angiogenesis and could influence metastasis through mechanisms involving
controlled fatty acid levels or other unique characteristics. However, further research is needed

to fully understand this relationship.
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4 Summary and Conclusions

Cancer is a major global health challenge, responsible for millions of deaths each year,
particularly from metastatic forms (Deyell et al., 2021). The main goal of treatment is to prevent
metastasis and slow disease progression, although choosing the right approach is often
challenging. Biomarkers, which are biological indicators of disease status and treatment
response, are essential for early detection, diagnosis, prognosis and personalised treatment
to improve patient outcomes. Advancing biomarker research is critical for improved detection,
treatment success and survival rates. This thesis aimed to discover new potential biomarkers,
specifically to predict the response of melanoma patients to oncolytic virus therapy and to
assess pmCiC as a marker of cancer aggressiveness.

Oncaolytic virotherapy is an innovative treatment for advanced melanoma, with T-VEC being
the only FDA-approved OV for this purpose (Andtbacka et al., 2015). T-VEC is a modified
HSV-1 virus engineered to selectively replicate in tumour cells and enhance immune response
by expressing GM-CSF. Treatment involves multiple injections into melanoma lesions, which
can cause local reactions and systemic side effects, such as fever, fatigue, and nausea.
Serious complications, though rare, include immune reactions and herpes virus infections.
Despite the proven efficacy of oncolytic herpes viruses like T-VEC in treating malignant
melanoma, some patients don't benefit from it. This underscores the need for biomarkers that
can predict treatment success or failure, especially in advanced cases. Previous research has
suggested potential markers like cGAS and STING for recognizing HSV DNA and Nectin-1 as
an HSV-1 entry receptor associated with tumour regression. However, these markers haven't

been systematically evaluated for T-VEC treatment in melanoma.

This study aimed to identify predictive markers for melanoma response to oncolytic virotherapy
to optimize treatment decisions. Nectin-1, a cell surface molecule facilitating HSV-1 entry, was
identified as a promising biomarker. Analysis of 20 melanoma cell lines and 35 cutaneous
melanoma metastases from 21 patients treated with T-VEC showed a significant correlation
between Nectin-1 expression and tumour regression. High Nectin-1 levels were associated
with effective melanoma cell killing by T-VEC. These findings suggest that Nectin-1 could be
a key factor in the efficacy of oncolytic herpes viruses across various tumour types, meriting

further research.

In the second part of the present study, we investigated whether pmCiC expression is
associated with increased disease aggressiveness of cancer and can serve as a prognostic
marker. Our study sheds light on the complex role of citrate in cancer metabolism and
microenvironment interactions. Extracellular citrate emerges as a key player in tumour
progression, with potential implications for metastasis and therapeutic interventions. The
expression of pmCiC in human cancer tissues appears to increase with tumour stage, and is
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particularly elevated at metastatic sites. Additionally, elevated pmCiC levels were also found
in the tumour microenvironment. However, the exact role of citrate in metastatic progression
requires further investigation in future studies. Conversely, there were no significant
correlations observed between the stromal markers CD31 and FAP, and tumour stage. It is
plausible that pmCiC expression in cancer cells and surrounding stroma may be an early event
in metastasis and organ colonization. Notably, our study included human cancerous tissues
from various origins, representing one of the initial investigations revealing a common factor
associated with tumour aggressiveness. Therefore, its potential as a prognostic marker
warrants further investigation. In addition, we fond CAS as a novel source of extracellular
citrate for cancer. We identified the transporter responsible for citrate release and confirmed
its expression in human tissues. Blocking citrate uptake by cancer cells using gluconate
reduced cancer spread and stromal transformation in vivo. Our discovery of citrate release by
CAS sheds new light on tumour-stroma interactions, metastasis promotion, and resistance to
therapy. Inhibiting citrate release and uptake may offer promising strategies for cancer

treatment and metastasis prevention.

In summary, Nectin-1 and pmCiC have the potential to serve as predictive and prognostic
biomarkers, with the capacity to assist in the prediction of therapeutic outcomes and the

determination of tumour aggressiveness.
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