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|. Abstract

The tumour ionic microenvironment is important for tumour cell growth and metastasis but
its role on cancer cell/immune cell interactions is poorly explored. Competition for
tryptophan (Trp) catabolism is a metabolic immune checkpoint centred around the activity
of the enzyme indoleamine 2’, 3’ — dioxygenase 1 (IDO1). IDO1 works by converting
extracellular Trp to the immunosuppressive metabolite kynurenine. This study hypothesises
that Trp catabolism and kynurenine levels could be regulated by interfering with the tumour
ionic microenvironment. The first part of this study explores the link between Na* dynamics,
cardiac glycosides, and Trp metabolism, while the second part of the project explores a range

of natural products to identify novel regulators of the kynurenine response.

This study identified two Na*/ K* ATPase (NKA) inhibitors, ouabain and digoxin, which
downregulated IDO1 activity and expression, also reducing the levels of its transcriptional
regulator, phosphorylated signal transducer activator of transcription 1 (pSTAT1). In parallel,
proportional elevations in intracellular Na* were observed. Similar results were generated
also using the Na* ionophore monensin. These results show an inverse correlation between
intracellular Na* levels and IDO1 function. Next, a 630-natural compound screen identified
24 potential IDO1 inhibitors, with the most interesting being artemether and Euphorbia
factor L9 (EFL9). Both compounds decreased kynurenine levels independently of IDO1
expression, without affecting intracellular Na*. Furthermore, EFL9 downregulated the same
key Trp metabolites as ouabain and a clinically tested IDO1 inhibitor, Linrodostat, while

artemether exhibited a different metabolic profile.

This study proposes a novel association between intracellular Na* /NKA integrity and immune
checkpoint activity, as a potential mechanism regulating tumour immune evasion, as well as
defining a series of chemically diverse compounds with IDO1 inhibitory activity and

characterizing their impact on Trp metabolism.
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1.1.

1. Chapter 1: Introduction

Breast Cancer

1.1.1. Incidence and prevalence.
Breast cancer it is the most incident type of cancer and the second cause of cancer fatalities
in females in the United States, accounting for 31 % of the newly diagnosed female
malignancies in 2023 (Siegel et al., 2023). Worldwide, the number of patients diagnosed with
breast cancer exceeds 2 million every year, accounting for about 11.7 % of all cancer
diagnoses. Breast cancer is estimated as the 5™ cause of global cancer fatalities and the
leading cause of cancer death in females world-wide (Sung et al., 2021, tukasiewicz et al.,
2021). The age-adjusted breast cancer incidence, as well as the 5-year survival rate seem to
be deeply correlated with the human development index (HDI). In this sense, countries with
an elevated HDI seem to have an up to 22 fold increase in age-standardised breast cancer
incidence, compared to countries with lower HDI (Sharma, 2021). However, developed
countries seem to have better overall 5- year survival, ranging from over 80 % to about 60 %
in developed and developing countries, respectively (Sankaranarayanan et al., 2010). This
highlights the significant impact of technology, better care systems as well as access to novel
therapies, on cancer progression, also revealing the great importance of continuous research

in this field.

The majority of breast cancer diagnoses are associated with pre- and post-menopausal
women, and about 70-80 % of the cases to date occur in patients over the age of 50
(tukasiewicz et al., 2021). This is primarily due to the large hormonal changes occurring in
women as they age, so that the risk of breast cancer incidence increases linearly with age,
from approx. 1.5 % around the age of 40, up to 4 % for females over 70 (Benz, 2008). In

males, breast cancer is less incident with approximately 1 % incidence, and it usually occurs
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in the late 60s. Alongside age, family history, alcohol intake, smoking and obesity are also
important risk factors for breast cancer, whilst pregnancy and physical activity seem to be

reducing this risk (Lukasiewicz et al., 2021).

1.1.2. Classification based on pathology.
Breast cancer is a collection of diseases with multiple molecular and clinical features. To
allow diagnosis, study and treatment of various breast tumours, a clear classification of the
different cancer subtypes is required. Currently, there are three existing systems used for
identifying different subtypes of this disease. The oldest and most widely known is the
histological classification which divides breast tumours into in situ (local, which can be
lobular or ductal) and invasive (with high metastatic potential such as infiltrating ductal — 70-
80 % incidence, mucinous and lobular ductal carcinomas , as well as others) (Malhotra et al.,
2010). Breast carcinoma is histologically classified into ductal/lobular carcinoma in situ
(DCIS/LCIS) and invasive ductal/lobular carcinoma (IDC/ILC). DCIS is usually not lethal, and it
is characterised by local ductal lesions within the breast lobules. It is usually a precursor of
invasive carcinoma. LCIS is a multifocal localised carcinoma, which affects both breasts in 30
to 40 % of the cases. Unlike DCIS, LCIS has a more uniform, easy to recognise histological
signature and is associated with high expression of E-cadherin, B-catenin, and keratin. LCIS
presents a lower risk of development into invasive carcinoma compared to DCIS. IDC is an
invasive and heterogeneous type of breast carcinoma, with 75 % of the cases not being
histologically classifiable in any of the known subtypes. Some of the IDC histological subtypes
include tubular, invasive cribriform, mucinous, medullary, invasive papillary, invasive
micropapillary, apocrine, neuroendocrine, metaplastic, lipid-rich, secretory, oncolytic,
adenoid cystic and acinic cell carcinoma. ILCs are less prevalent than IDCs, only affecting up

to 15 % of the patients and are particularly frequent in post-menopausal women. The main
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ILC subtypes include: classic, pleomorphic lobular, histiocytoid, signet ring and tubulolobular

carcinoma (Makki, 2015).

The clinical progression of breast cancer is often monitored in order to select the best
treatment options. To accurately assess disease progression a system of staging and grading
is currently being used clinically. Staging assesses the size and degree of cancer spreading,
while grading addresses the abnormal appearance of cancer cells (Koh and Kim, 2019,

Taherian-Fard et al., 2015).

The TNM staging system is often used to monitor metastasis. In this system stage T means
an isolated tumour, stage N means lymph node spreading and this can vary from NO to N3,
while stage M denominates metastasis (Koh and Kim, 2019, Amin et al., 2017). The stages of
breast cancer can also be classified numerically into 5 stages (0 to 4). Stage 0 is usually
localised carcinoma. Early breast cancer is classified as stages 1 and 2. Stage 1 can be
subdivided into stage 1A, which refers to a tumour that is smaller than 2 cm and is restricted
to the breast, and stage 1B, which refers a tumour that is not found in the breast but has
formed a small number of micro metastases to axillary lymph nodes. Stage 2 can also be
classified as stage 2A and 2B. Stage 2A refers either to a breast localised tumour of 2 -5 cm,
or a tumour that cannot be found in the breast or is smaller than 2 cm but has spread to 1 or
3 axillary lymph nodes or to the bone. Stage 2B refers either to a localised tumour that is
larger than 5 cm, or to a tumour that is between 2 and 5 cm long and has spread to 1 or 3
lymph nodes from the axillar region. Stage 3 is classified into 3A, 3B and 3C. Stage 3A refers
to a cancer that is either localised to the breast and exceeds 5 cm in length while spreading
to up to 3 lymph nodes or near the bone, or to a cancer that is smaller than 5 cm or cannot
be detected in the breast but has spread to 4-9 axillary lymph nodes. Stage 3B refers to a
cancer that has spread to surrounding tissues, such as skin and muscle, as well as spreading

to 1-9 axillary lymph nodes. Stage 3C can refer either to a cancer that has spread to lymph
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nodes below the breastbone, or below and above the collar bone and to minimum 4 axillary
lymph nodes. Finally, stage 4 is called metastatic breast cancer and refers to a cancer that
has spread to other organs such as bone, liver, and lung (Koh and Kim, 2019, Taherian-Fard

et al., 2015).

The grading system is based on microscopical examination and comparison of cancer cells
with normal cells, and it is used to predict the growth rate of the cancer. Grade 1 (low grade)
refers to a cancer where the cells look similar to the normal cells, growth rate is low, and the
likelihood of spreading is minimal. Grade 2 is also called moderate or intermediate-grade
cancer, and the growth rate is higher than in the case of Grade 1 cancers. Finally, High grade
cancer, or Grade 3 and 4, is characterised by highly abnormal cells, when compared to
healthy tissue, that might divide faster than Grade 1 and 2 cancers (Taherian-Fard et al.,

2015).

1.1.3. Classification based on genetics.
A second and more elaborate system, developed as a necessity to understand the molecular
signature of tumours and to predict responsiveness to different therapeutic approaches and
recurrence risk, is the molecular classification based on gene profiling. This method was used
to identify 6 types of breast cancer: luminal A and B — characterised by their common
expression of keratins 8/18, basal like — enriched in keratins 5/6 and 17, normal breast like,
human epidermal growth factor receptor 2 (HER2) enriched and claudin low carcinomas
(Perou et al., 2000). The profile of each subtype was established by assessing the expression
of 4 key markers: the oestrogen receptor (ER), the progesterone receptor (PR), the HER2
receptor, as well as the oncogene p53. As such luminal A and B cancers are both HER2"*" with
A (ER"e" Ki67'°") showing better prognosis than B (ER™", Ki67"€") (Feeley et al., 2014). Basal
and HER2 enriched carcinomas are both ER and Ki67"e" and their prognosis is very poor

(Cheang et al., 2009, Soliman and Yussif, 2016, Nishimura et al., 2010). Overall, luminal types
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of cancer are most incident, occurring in 70 to 80 % of the patients; however, younger
patients tend to experience more invasive, therapy-resistant subtypes, like triple negative
breast cancer (TNBC), while older females usually develop less aggressive subtypes, such as
luminal A (McGuire et al., 2015). TNBC cancers, such as basal-like breast carcinoma, are the
most aggressive tumours and they are characterised by high proliferation rates, as supported
by elevated expression of the Ki67 marker; in TNBC, Ki67 expression was shown to predict

disease severity (Badowska-Kozakiewicz and Budzik, 2016, Keam et al., 2011).

This classification allowed the development of specific therapies, targeted at each specific
subtype. The currently in-use therapies for luminal A and B cancers are mostly hormone
therapies. Luminal cancers are ER*, meaning that they grow in response to oestrogen
production. Therefore, agents that block the effect of oestrogen, such as tamoxifen, which
competes with oestrogen for ER binding, have been developed. In time, non-steroidal
aromatase inhibitors, such as Letrozole, which prevent oestrogen synthesis, were developed
and shown to be more effective, with less intense side effects. At the moment long-term
hormone therapy is usually prescribed for luminal cancers, especially given their lack of
responsiveness to chemotherapy (McGuire et al., 2015). HER2* tumours are usually less
responsive to traditional treatments such as chemotherapy, and their prognosis has been
massively improved by the development of targeted therapies, such as trastuzumab
(monoclonal anti-HER2 antibody) (Slamon et al., 2001). TNBCs are, however, the most
aggressive and are best treated by bilateral prophylactic mastectomy. They are often
associated with mutations in the BReast CAncer genes 1 and 2 (BRCA 1 and 2) (Greenup et
al., 2013). Mutations in BRCA1 and 2 are associated with 40-90% and 50-90% risk of breast
cancer development, respectively (Thompson et al., 2002, Hoskins et al., 2008). A series of
other mutations have also been associated with severely increased risk of cancer
development, such as mutations in the TP53 gene, which is the precursor for the oncogene

p53, mutations in the catherin-1 (CDH1) and Phosphatase and Tensin Homolog (PTEN) genes
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are also associated with approx. 60-80 and 50-90 % risk of breast cancer development

(Bgrresen-Dale, 2003, Heitzer et al., 2013, Fusco et al., 2020) .

1.1.4. Classification based on cellular origin.
Finally, the third profiling system is based on the origin of the cancer, and it is considered a
functional classification. There are 2 existing hypotheses: the first one discusses the idea of
breast cancer developing from various mammary stem cell progenitors at various stages in
their differentiation process, while the second hypothesis claims that there is only a limited
pool of stem cells from which the tumour arises and the surrounding cells have little
malignant capacity (Visvader, 2009, Stingl and Caldas, 2007, Al-Hajj et al., 2003). It is thus
apparent that the origin, molecular signature, and behaviour of mammary tumours are quite
diverse, thus augmenting the need for a better understanding of the underlying processes

that lead to these malignancies.

1.1.5. Treatment - targeted therapies.
Currently available treatments for breast cancer range from traditional chemotherapy and
hormone therapy treatments to targeted therapies and surgery. Targeted therapies are
probably the most diverse collection of treatments, and they are specifically designed to
account for the limitations of other approaches, such as hormone therapies. Within the
targeted therapies umbrella term, autophagy promoters & proliferation inhibitors, such as
inhibitors of mechanistic target of rapamycin (mTOR) and of phosphatidylinositol-3 kinase
(P13K) could be included. Alpelisib was the first PI3K inhibitor FDA approved in 2019 for
Hormone receptor (HR)*HER2™ breast cancers carrying the PI3KCA mutation (Wilhoit et al.,
2020). Several clinical trials looked at the efficiency of mTOR inhibitors in treating breast
cancer patients. BOLERO-2 is one of the successful clinical trials for mTOR inhibition. It is a
phase Il clinical trial that led to the FDA approval of Everolimus (mTOR inhibitor) in

combination with Exemestane (aromatase inhibitor) for the treatment of post-menopausal
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women with HR*HER™ advanced breast tumours that did not respond to other treatments
(Piccart et al., 2014). BOLEO-3 looked at the ability of Everolimus to overcome Trastuzumab
resistance in HER2* cancers and showed a significant improvement on progression-free
survival in patients with HR" tumours (André et al., 2014). BOLERO-1 was a phase lll clinical
trial that looked at the impact of Everolimus in combination with Trastuzumab and Paclitaxel
in HR'HER2* breast cancers. Although BOLERO-1 did not show a significant benefit of mTOR
inhibition, it reported a promising effect on progression free survival, with Everolimus
prolonging this by 7.2 months (Hurvitz et al., 2015). A less successful trial was the phase I
HORIOZN trial, which tested the effect of Temsirolimus (mTOR inhibitor) and Letrozole
(aromatase inhibitor, (Bhatnagar, 2007)) on HR*HER2 breast cancer, which was stopped due

to lack of improvement of progression free survival upon treatment (Wolff et al., 2013).

Tyrosine kinase inhibitors and anti-HER2 monoclonal antibodies are often used for the
treatment of HER2" breast cancer patients. Afatinib, an EGFR tyrosine kinase inhibitor,
received global approval for HER2* positive cancer treatment in 2013 (Dungo and Keating,
2013), other inhibitors such as Lapatinib, Pyrotinib, Tucatinib and Neratinib were also
developed, and studies showed that they benefit HER2* cancer as monotherapies, as well as
in combination with other treatments (Ma et al., 2019, Moulder et al., 2017, Kaufman et al.,
2009). Trastuzumab is an anti-HER2 monoclonal antibody, FDA-approved as the first targeted
therapy for HER2" breast cancers in 1998 and further developed into antibody-drug
conjugates: Ado-Trastuzumab Emtansine and Fam-Trastuzumab Deruxtecan (Jeyakumar and
Younis, 2012, Schlam and Swain, 2021). Pertuzumab, another monoclonal antibody targeting
HER2, was approved in combination with trastuzumab and docetaxel for HER2* tumours in
2012 (Blumenthal et al., 2013). Finally, Margetuximab is another recently FDA approved
(2020) monoclonal antibody to be used as a combinatorial treatment for metastatic HER2*

tumours (Royce et al., 2022))
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For HER2" and BRCA1/2 mutation carrying tumours Poly (Adenosine Diphosphate (ADP)-
Ribose) Polymerase 2 (PARP2) inhibitors, such as Olaparib, are often used. In addition, cyclin-
dependent kinase (CDK) 4/6 inhibitors and antibody-drug conjugates are another alternative
in HER2™ cancers, with potentially better outcome in patients that do not carry the BRCA1/2

mutation (Schwartzberg and Kiedrowski, 2021, Collins et al., 2021).

For the TNBC subtype cancer vaccines have been developed and tested up to the clinical
trials stage, however, none has been approved for TNBC treatment, despite their good safety
profiles, because of lack of clinical benefits (Hosseini et al., 2023). Liver kinase B1
(LBK1)/Adenosine Monophosphate (AMP)-activated protein kinase (AMPK) activators have

also been used in the treatment of hormone-resistant carcinomas (Lau et al., 2022).

Probably the most popular and extensively explored type of therapy is immunotherapy, in
particular the use of immune checkpoint inhibitors, such as anti-Programmed Death 1 (PD-
1)/Programmed Death Ligand 1 (PD-L1) therapies (e.g., Pembrolizumab, Nivolumab), used
either on their own or in combinations with other drugs. The efficacy of the anti-PD-1/PD-L1
inhibitors in TBNCs varies, with different impact on overall survival, progression free survival
and pathological complete response. Atezolizumab (anti-PD-L1) was FDA approved following
the IMpassion130 trial (Schmid et al., 2018), due to increased progression free survival,
however, the results failed to be validated in a subsequent trial, IMpassion131 (Miles et al.,
2021), leading to the withdrawal of Atezolizumab approval for TNBC. Another trial, KEYNOTE-
355, showed that Pembrolizumab has superior effects to Nivolumab in terms of progression-
free survival (Cortes et al., 2020), while the GeparNuevo trial identified Durvalumab as a
neoadjuvant therapy effective at increasing overall survival (Loibl et al.,, 2022). In fact,
Durvalumab is potentially the optimal anti-PD-L1 therapy to be used as a maintenance
therapy, according to the SAFIR0O2-BREAST trial (Bachelot et al., 2021, ElImakaty et al., 2023).

However, immune checkpoint therapies are not limited to PD-1/PD-L1 targeted therapies, a
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range of other immune checkpoint targets have been investigated over the years, including
cytotoxic T-lymphocyte associated protein 4 (CTLA-4), indoleamine 2, 3-dioxygenase 1
(IDO1), lymphocyte activation gene 3 (LAG3), T cell immunoglobulin and mucin domain-
containing protein 3 (TIM3) and others, which will be discussed in more detail in section 1.3

(Wang et al., 2022d).

In the UK, immune-checkpoint therapies are clinically used in TNBC patients. Pembrolizumab
is the only approved therapy, and it is recommended for stage 2 and 3 breast cancer patients,
as well as early-stage TNBC patients. It is administered intravenously as a neoadjuvant
therapy pre-surgery, then it is maintained as an adjuvant treatment post-surgery. It can also
be used to treat locally recurrent and non-surgery removable breast cancer in combination
with paclitaxel or paclitaxel derivatives (Korde et al.,, 2022). On its own, however,
Pembrolizumab did not improve optimal survival compared to chemotherapy in metastatic
TNBC patients (Winer et al.,, 2021); furthermore, in other breast cancer subtypes
Pembrolizumab showed best results when combined with paclitaxel and doxorubicin-
cyclophosphamide, especially in HER2™ breast cancer. When administered in combination
with chemotherapy, in Grade 3 luminal subtypes, Pembrolizumab decreased the pCR, that is
the non-invasive residual tumour following neoadjuvant treatment, highlighting a potential
benefit for luminal cancers (Cardoso et al.,, 2019). In metastatic HER2* breast cancer,
Pembrolizumab in combination with trastuzumab also showed promising results with a
response rate of 15 % in patients with Trastuzumab-resistant PD-L1-positive tumours (Loi et

al., 2019, Debien et al., 2023).

Despite marginally positive responses in other breast cancer subtypes, the TNBC subtype
remains the most responsive to immune checkpoint therapies. The main reasons why

immune checkpoint therapies work best in TNBC is primarily due to higher tumour immune
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infiltration, increased PD-L1 expression, and increased mutation burden given by the high

genetic instability occurring in rapidly dividing cells (Abdou et al., 2022).

However, despite the considerable progress that targeted, and immunotherapies have
achieved over the years in the treatment of breast cancer, the elevated incidence and
complexity of breast cancer subtypes, as well as the constantly changing tumour
microenvironment, call for a better understanding of breast tumour biology. Thus, the
success and limitations of targeted treatment approaches only highlight the value of and

growing necessity for extensive research in cancer biology.

1.2. The tumour microenvironment

The tumour microenvironment is dynamic and complex, rapidly dividing cells require
increased vascularization for nutrient and oxygen supply. This high division rate leads to rapid
oxygen consumption, thus rendering the tissue hypoxic (Vaupel et al., 2002). The lack of
oxygen then triggers a range of metabolic adaptations (discussed in section 1.4). Increased
vascularization also leads to increased colloidal pressure in the tumour, causing ionic
imbalances, such as a slightly depolarized membrane potential, often associated with cancer
cells (discussed in section 1.5). Furthermore, the increased vascularization allows immune
infiltration; immune cells in turn attack the tumour exposing intracellular mediators to the
extracellular environment, which further triggers activation of more immune cells, thus
maintains a pro-inflammatory state in the tumour microenvironment. This pro-inflammatory
state can lead to upregulation of immune checkpoint proteins that the tumour then uses to
neutralize the immune response. This causes a shift in the type of infiltrating immune cells
towards a regulatory phenotype, thus protecting the tumour (Li et al., 2021b, Leslie et al.,

2019).
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In breast cancer specifically, each subtype has its own unique signature microenvironment.
Literature has shown that the luminal B subtype (ER™") is rich in CD8* T cells, with high
tumour cell expression of PD-L1. The HER2" subtype was also shown to have high PD-L1
expression, as well as elevated levels of the Ki-67 proliferation marker. HER2* cancers are
also associated with infiltration of tumour-protective macrophages. BRCA1 mutated TBNCs
have also been shown to have elevated PD-1/PD-L1 expression, which is correlated with
survival outcome (Nolan et al., 2017). Alongside expression of specific biomarkers like PD-
1/PD-L1, TNBC tumours exhibit elevations in matrix remodelling, invasion and pro-
angiogenetic markers (Kashyap et al., 2023). Studies have shown that, in TNBC, tumour
infiltrating lymphocyte numbers directly correlate with tumour immunogenicity, and are in
fact anti-correlated with the Ki-67 proliferation marker. Thus, tumour infiltrating
lymphocytes are strongly indicative of survival probability for the TNBC subtype (Mao et al.,

2016, Adams et al., 2014).

Tumour infiltrating lymphocytes include mostly T and B cells (CD20* effector B cells and
plasma cells, responsible for producing large amounts of antibodies). The T cells can be
further classified into effector T cells and CD4* regulatory T cells (Tregs). Effector T cells can
be CD4* Th cells (responsible for cytokine mediated immune attack) and CD8* (which target
intracellular antigens/oncogenic neoantigens via secretion of granzyme and perforins). Tregs
function by producing immunosuppressive signals that protect the tumour (Fan and He,
2022). In TNBC, an elevation in the CD8* and Treg pools of tumour infiltrating lymphocytes
has been reported as a key outcome prediction marker (Liu et al., 2011, Liu et al., 2012b,
Zahran et al., 2021, Oshi et al., 2020). Additionally, CD8* T cells seem to be more active in the
TNBC subtype and their high level of PD-1 expression has been correlated with poor outcome

(Song et al., 20173, Sun et al., 2014).
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Alongside, lymphocyte infiltration, the immunogenicity of breast tumours is also regulated
by tumour associated macrophages. These can be M1 macrophages that enhance the
immune attack against the tumour, or M2 tumour protective macrophages. In TNBC, the
tumour stimulates differentiation of M2 macrophages, which have been shown to enhance
expression of the PD-1 marker on infiltrating lymphocytes (Pu and Ji, 2022, Hao et al., 2023).
Other immune cells, as well as cancer associated fibroblasts also contribute to the general
immunosuppressive environment in malignant tissue, preventing tumour clearance,

remodelling the extracellular matrix and enhancing metastatic behaviour (Li et al., 2021b).

Thus, tumour microenvironment plays a crucial role in dictating the survival outcome. The
next three sections will focus on three major aspects of the tumour microenvironment:
immunology and immune checkpoints (section 1.3), metabolism (section 1.4) and ionic

dynamics (section 1.5).

1.3. Immune checkpoint proteins

1.3.1. Background

Immune checkpoint proteins are molecules that regulate the activity of the immune system,
preventing it from being over-active. Immune checkpoints have co-evolved with immune co-
stimulatory molecules and share some structural patterns, such as tyrosine-based signalling
motifs, which in co-stimulatory proteins play activator function (ITAMs), and in immune
checkpoints these are inhibitory (ITIMs); these can also be immunoreceptor tyrosine-based
switch motifs (ITSM) (Qi et al., 2020, Xu et al., 2018b). Immune checkpoints can be either
membrane expressed or present in the cytoplasm, and some can also be secreted into the

extracellular environment.
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1.3.2. PD-1/PD-L1

One of the most well-known immune checkpoint pairs is the PD-1/PD-L1/2 set of membrane
proteins, which are expressed on effector CD8* T and tumour cells, respectively. PD-L1 can
also be expressed on a variety of non-malignant cells, including antigen presenting cells, and
its main function is to interact with the PD-1 molecule on T cells, triggering
immunosuppressive signalling events. As both PD-1 and PD-L1 are surface expressed
molecules, they are assembled within the endoplasmic reticulum (ER). Both receptors are
heavily N-glycosylated, as a means of increasing protein stability, as well as enhancing their
immunosuppressive activity. The interaction between PD-1 and PD-L1 leads to
phosphorylation of ITIM and TISM on the PD-1 cytoplasmic domain inducing activation of the
Src Homology region 2 (SH2)-containing protein tyrosine Phosphatase 2 (SHP2), which is
partially responsible for the inhibition of the T cell receptor (TCR)-induced CD8* T cell
activation, through inhibition of the Lymphocyte-specific protein tyrosine Kinase (LCK) and
Zeta-chain-Associated Protein kinase 70 (ZAP70) (Bardhan et al., 2016, Simon and Labarriere,
2017). This process ultimately leads to downregulation of key transcription factors such as
Nuclear Factor kB (NF-kB), Nuclear Factor of Activated T cells (NFAT) and activating protein
1 (AP-1), preventing expression of genes involved in immune activation (Figure 1.1A) (Wu et
al., 2019). PD-1/PD-L1 blockade with monoclonal antibodies has been widely explored in the
context of cancer, with several therapies also being used on their own or in combination with

other drugs or chemotherapy in patients.

1.3.3. Anti-PD-1/PD-L1 therapies

The most widely known monoclonal antibodies targeting this immune checkpoint include
the anti-PD-1 Nivolumab (Opdivo, Bristol-Myers Squibb) and Pembrolizumab (Keytruda,
Merck & Co/MSD), as well as the anti-soluble PD-L1 Atezolizumab (Genentech/Rothe),

Durvalumab (AstraZeneca) and Avelumab (EMD Serono/Merck&Pfizer) (Wu et al., 2019).
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Both Nivolumab and Pembrolizumab are humanized IgG4 monoclonal antibodies, and work
by directly interacting with the PD-1 receptor, thus preventing its binding to PD-L1.
Nivolumab has received approval from the FDA for the treatment of eight types of cancer,
including metastatic melanoma, lung, renal and colorectal cancer (Weber et al., 2015,
Brahmer et al., 2015, Motzer et al., 2015, Overman et al., 2017). Pembrolizumab has also
been approved for a variety of cancer types, including skin, blood, and lung cancer (Robert
etal., 2014, Hui et al., 2016, Reck et al., 2016, Chen et al., 2017a). Atezolizumab, Durvalumab
and Avelumab are all IgG1 monoclonal antibodies that bind to the tumour-expressed or
tumour-secreted PD-L1 molecule, preventing its interaction with the T cell-expressed PD-1
and thus avoiding T cells exhaustion (Wu et al., 2019). Interestingly, de-glycosylation of PD-
L1 was shown to improve the efficacy of monoclonal antibody PD-L1 targeted therapies (Lee
et al., 2019). The most common adverse effects of PD-1/PD-L1 inhibitors relate to their pro-
inflammatory activity. Such immune-associated adverse effects associated with this type of
therapies include type 1 diabetes, renal and cardiac dysfunctions, skin inflammation, as well
as damage at the gastrointestinal level (lwai et al., 2017). However, these are classified as
moderate and acceptable, especially when compared with other more severe checkpoint

therapies (Constantinidou et al., 2019, Zappasodi et al., 2018, Wu et al., 2019).

Most literature around anti-PD-1/PD-L1 therapies in breast cancer is focused on the TNBC
subtype, as this has been reported as the most responsive to immunotherapy (Kwa and
Adams, 2018). Literature has reported that anti-PD-1/PD-L1 mono- and combinatorial
therapies have a 22 % response rate in metastatic TNBCs, with better results than
chemotherapy in terms of progression free survival and objective response rate (Khan et al.,
2023). However, while some inhibitors have a consistently good response rate against TNBC
(Pembrolizumab), contradictory results across studies for other PD-L1 inhibitors
(Atezolizumab) show the limitations of such targeted therapies, which have a much more

reduced pool of responsive patients than less targeted approaches such as chemotherapy
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(Adams et al., 2019b, Adams et al., 2019a, Schmid et al., 2020, Emens et al., 2019, Miles et

al., 2021).

1.3.4. CTLA-4

Another well studied immune check point is the CTLA-4 molecule. CTLA-4 is expressed by
effector CD8* T cells and usually resides in the cytosol. The activated effector T cells start
expressing membrane and secreting soluble CTLA-4. Translocation from the cytosol to the
membrane is mediated by the T cell receptor interacting molecule (TRIM) (Valk et al., 2006).
Additionally, in Tregs, GTPase ADP ribosylation factor-1 and Phospholipase D are required
for CTLA-4 secretion (Mead et al., 2005). Once on the surface, CTLA-4 exerts its inhibitory
function by interacting with CD80/86 on antigen presenting cells, and thus preventing the
costimulatory interaction between CD80/86 and with CD28 (expressed on T cells) (van der
Merwe et al., 1997, Qureshi et al., 2011). Interestingly, in a subtype of mouse dendritic cells
(DCs), CTLA-4 promotes expression of another immune checkpoint protein, indoleamine 2,
3-dioxygenase, further suppressing the activity of effector T cells through tryptophan
depletion (Mellor et al., 2004). While the PD-1/PD-L1 interaction is important for the tumour-
immune interaction, CTLA-4 is more important in the initial immune priming step, that occurs
between DCs and naive T cells in lymphoid organs (Buchbinder and Desai, 2016). CTLA-4
expression on CD8* T cells during this type of interaction impairs T cells activation, either by
preventing the CD28-CD80/86 interaction, or by inhibiting the CD28/TCR-induced ZAP70 and
PI3K signalling, and thus impairing its ability to recognizing and kill the tumour cells (Figure

1.1B) (Rudd et al., 2009).

1.3.5. Anti-CTLA-4 therapies

Ipilimumab is a human IgG1 monoclonal antibody that targets the CTLA-4 molecule and was
the first immune checkpoint-targeted therapy to be approved for the treatment of cancer

(Hodi et al., 2003). Initially approved for the treatment of melanoma, Ipilimumab has been
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used for a range of other cancers since then, including in combination with nivolumab (e.g.,
renal-cell carcinoma, metastatic non-small lung cancer) (Vellanki et al., 2021, Motzer et al.,

2018, Fellner, 2012, Jain and Clark, 2015, Lipson and Drake, 2011).

In breast cancer anti-CTLA4 therapies have also been explored. Pre-clinical mouse studies
also highlight the potential of anti-CTLA-4 therapies against breast cancer, showing that
combinatorial treatment of HER2/New antibody with Triciribine (Akt inhibitor) and CTLA-4
blockade, synergistically inhibited progression of Trastuzumab resistant HER2" breast
tumours (Wang et al., 2012a). An ongoing clinical trial for breast cancer brain metastasis
highlighted the value of using Tremelimumab (anti-CTLA-4 therapy) in combination with
Tarstuzumab and radio therapy for HER2* cancers (Page et al., 2022). Other ongoing clinical
trials investigating CTLA-4 blockade in breast cancer include, the NIMBUS trial looking at a
combination of Nivolumab and Ipilimumab in hyper mutated HER2" breast cancer, or the
NCT03546686 trial studying Nivolumab and Ipilimumab in combination with cryoablation in
HR'HER2" breast cancer patients. A third clinical trial, NCT03409198, currently in phase llb is
looking at the combined effect of chemotherapeutic agents such as Doxorubicin and
Cyclophosphamide with the Ipilimumab/Nivolumab combination in breast cancer (Kooshkaki
et al., 2020). Thus, this ongoing research highlights the strong therapeutic potential of CTLA-
4 blockade in breast cancer, especially in combination with PD-L1 blockade, however, the
lack of FDA approval for any CTLA-4-targeted therapies in breast cancer also shows that there
is still need for further optimization and understanding of how to target this immune

checkpoint in breast cancer patients.

1.3.6. IDO1

Indoleamine 2,3-dioxygenase 1, or IDO1, is an immune checkpoint protein highly expressed
in breast cancer cells and other solid tumours in response to pro-inflammatory stimulation

(e.g., IFNy and Tumour Necrosis Factor (TNF)). IDO1 inhibits T cell-mediated tumour killing
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by metabolizing the tryptophan within the tumour microenvironment and thus inducing T
cell starvation, as well as by producing an immunosuppressive metabolite, called kynurenine,
which triggers differentiation of tumour-protective Tregs (Figure 1.1C) (Feng et al., 2020,
Takikawa et al., 1988, Robinson et al., 2005). This immune checkpoint will be discussed in

more detail in section 1.4.3.
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Figure 1.1 Summary of the most widely studied immune checkpoints and their mechanisms of action.
A. PD-1/PDL1 — cytotoxic T cells recognize tumours via the TCR interaction with the HLA | molecule
presenting cancer-specific antigens this interaction is further strengthened by the CD8 co-stimulatory
molecule expressed by T cells and it triggers a series of signalling events including activation of kinases
downstream of the TCR, such as ZAP70 and LCK, through PI3K/Akt and ERK activation, these lead to
expression of different pro-inflammatory transcription factors such as NF-kB, NFAT and AP-1; when
the PD-1/PD-L1 interaction occurs as well, this recruits a set of protein tyrosine phosphatases, such as
SHP1/2 which inhibit the LCK/ZAP70 signalling, thus preventing T cell activation (Wu et al., 2019). B.
CTLA-4 — before cytotoxic T cells can recognise tumour antigens, they need to be primed by DCs in
lymphoid organs; this interaction requires both HLA-TCR binding and stimulation via CD28 (on T cells)
and CD80/86 on DCs; if CTLA-4 is expressed, this will prevent CD28 signalling, by competing for
CD80/86 interaction; additionally CTLA-4 directly inhibits CD28-induced signalling inhibiting ZAP70
activation (Rudd et al., 2009). C. IDO1 — cancer cells express IDO1 in response to pro-inflammatory
stimulation, such as IFN-y; IDO1 metabolises tryptophan from the tumour microenvironment leading
to effector T cell starvation and subsequent inhibition; Tryptophan catabolism produces the metabolite
kynurenine, which is secrete in the tumour microenvironment and taken up by surrounding T cells;
kynurenine then binds the AhR and travels to the nucleus where it triggers differentiation of regulatory
T cells (Robinson et al., 2005). AhR — aryl hydrocarbon receptor; Akt — Ak strain transforming; AP-1 —
adaptor protein 1; CD8/3/28/80/86 — cluster differentiate 8/3/28/80/86; CTLA4 — cytotoxic T-
lymphocyte-associated antigen; ERK - extracellular signal-regulated kinase; DC — dendritic cells; HLA |
— human leukocyte antigen I; IDO1 — indoleamine 2,3 dioxygenase; IFN-y — interferon gamma; ITIM -
immunoreceptor tyrosine-based inhibitory Motif ; ITSM - immunoreceptor tyrosine-based switch motif;
Lck - lymphocyte-specific protein tyrosine kinase; NFAT - nuclear factor of activated T-cells; NF-kB -
nuclear factor kappa B; PI3K - phosphoinositide 3-kinase; SLC7A5 — L-type amino acid transporter (

tryptophan transporter); TCR — T cell receptor, ZAP70 - zeta-associated protein 70.
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1.3.7. Other immune checkpoints

There are various other immune checkpoints that have been studied in the literature. Some
of these are Lymphocyte Activation Gene 3 (LAG3), T cell immunoglobulin mucin 3 (TIM3), T-
cell immunoglobulin and ITIM domain (TIGIT) and B And T Lymphocyte Associated (BTLA).
LAG3 is primarily expressed on T cells, and it is a competitive inhibitor of the interaction
between CD4 and Human Leukocyte Antigen Il (HLA II), thus preventing T cell activation,
while also triggering CD4-independent inhibitory signals (Maruhashi et al., 2018, Xu et al.,
2014). In CD8* T cells, LAG3-mediated inhibition is triggered by its interaction with lectin
ligands (Xu et al., 2014, Kouo et al., 2015). Despite its name, TIM3 is not only expressed on T
cells, but also on a variety of other immune cells and can regulate both adaptive and innate
responses. T cell activation induces expression and glycosylation of TIM3, which are
dependent on carcinoembryonic antigen cell adhesion molecule 1 (CEACAM1) co-expression.
The two molecules form a heterodimer and mediate T cell exhaustion (Huang et al., 2015).
On CD8* DCs, TIM3 was shown to mediate phagocytosis, by recognizing apoptotic particles
via its fragment crystallizable (FC) loop, and inhibition of TIM3 completely abrogated this
process, reducing antigen presentation and thus immune recognition (Nakayama et al.,
2009). TIGIT is expressed on T and NK cells and triggers inhibitory signals by preventing co-
stimulation through CD226. TIGIT competes with CD226 for CD155 and CD112 on DCs, and
this interaction leads to T/NK cell and DC inhibition (Yu et al., 2009, Stanietsky et al., 2009,
Johnston et al., 2014) . Finally, BTLA is activated upon binding a subset of receptors within
the Tumour Necrosis Factor Receptor (TNFR) family, called Herpes Virus Entry Mediator
(HVEM) receptors, and it signals via ITIMs and ITSMs, activating the Src Homology 2 domain-
containing protein tyrosine Phosphatase 1 (SHP1) protein and thus inhibiting TCR/CD28
activator signals in T cells, or germinal centre B cell proliferation (Sedy et al., 2005, Marsters

et al., 1997, Gavrieli et al., 2003, Xu et al., 2020, Mintz et al., 2019).
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Thus, considering the crucial role of immune checkpoints in regulating cancer immune
evasion, immune checkpoint blockade therapies are becoming very attractive for modern
scientists and clinicians. Immune checkpoint inhibitors are highly specific and effective,
showing much longer lasting results compared to non-targeted approaches, particularly
given the memory of the adaptive immune system, which serves as a barrier against

malignancy and metastasis.

1.4. Tumour metabolism

1.4.1. Background

Alongside the ionic tumour microenvironment, another aspect of crucial importance in
understanding cancer biology is the tumour metabolism. Probably the most well-known
metabolic change associated with cancer is the Warburg effect, discovered initially by the
increased lactate production of cancer cells (~ 2 % of their fresh weight), compared to healthy
cells (0.034 % of their fresh weight) (Cori and Cori, 1925). It is now known that this happens
due to preferential use of glycolysis by cancer cells, as main energy source, even when
oxygen is present, a mechanism also known as aerobic glycolysis (Vander Heiden et al., 2009).
This preferential use of glycolysis could be explained by the hypoxic environment often
associated with the centre of solid tumours. Interestingly, however, recent studies show an
even more specific link between the two, suggesting that the pyruvate produced by
glycolysis, might prevent degradation of the hypoxia-induced factor 1 a (HIF-1a), activating
its DNA-binding ability and thus mediating expression of HIF-1a-controlled genes (Lu et al.,
2002). Glucose metabolism is also the preferred source of energy for activated tumour-
infiltrating T cells (Warburg et al., 1958). Given this change of metabolite preference in
tumours, infiltrating immune cells need to also reprogramme their metabolite preferences
in order to survive, e.g., infiltrating cytotoxic T cells often shift to fatty-acid metabolism to

be able to function under glucose starvation (Zhang et al., 2017b). On the other hand, Tregs
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also undergo similar adaptations, upregulating the expression of the CD36 lipid transporter,
in order to continue suppressing the immune system and protecting the tumour (Field et al.,
2020, Wang et al., 2020a). Furthermore, tumours can impact on the immune environment
also by secreting suppressive metabolites, such as lactate, which was shown to prevent T cell
chemotactic migration and decrease cytotoxic activity by altering the expression of glycolytic

enzymes (Haas et al., 2015, Brand et al., 2016).

In fact, a series of metabolites or trace elements have been shown to impact on various
immune cells, leading to metabolic reprogramming, with the ultimate purpose of promoting
tumour survival. Cholesterol was shown to induce CD8* T cell exhaustion, which means that
T cells become dysfunctional due to overexposure to inflammatory stimuli (Wherry, 2011,
Yang et al.,, 2016b). On the other hand, fatty acids seem to downregulate cytokine
production by NK cells (Michelet et al., 2018, Yang et al., 2016b). Prostaglandins, in particular
prostaglandin E2 (PGE2), seem to promote differentiation of tumour-protective
macrophages (M2), via cAMP-response element binding protein (CREB)-mediated inhibition
of pro-inflammatory cytokine production, as well as inducing Treg differentiation and
inhibiting NK survival (Luan et al., 2015, Sharma et al., 2005). Methylglyoxal, as well as nitric
oxide were also shown to decrease CD8* T cell proliferation, while high levels of K* in the
extracellular environment were reported to also inhibit effector and central memory T cell
function, for both CD8* and CD4"* cells (Eil et al., 2016, Bronte et al., 2005, Baumann et al.,
2020, Ong et al., 2019). Lastly, tryptophan was shown to promote T cell proliferation, whilst
its metabolite, kynurenine, has the opposite effect, inhibiting both effector T and NK cells

(Frumento et al., 2002, Munn et al., 2005).

1.4.2. Tryptophan metabolism as an immune checkpoint
Tryptophan (Trp) metabolism is particularly important in cancer, given its impact on energy

production (de novo NAD* synthesis), protein synthesis and immune evasion, via kynurenine
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production. Trp is an essential amino acid, taken from dietary sources. In the body 95 % of
Trp is metabolised via the kynurenine pathway and 90 % of this goes into the tryptophan
dehydrogenase (TDO, mainly in the liver) mediated Trp catabolism. About 1-2% is channelled
towards the serotonin pathway, and the remainder is used for the indole pathway and

protein synthesis (Bender, 1983, Badawy, 2002, Platten et al., 2019, Li et al., 2022).

The serotonin and kynurenine pathways have been considered complementary: activation
of the kynurenine pathway was thought to have inhibitory function on the serotonin
metabolism (Oxenkrug, 2013). However, the over-activation of the kynurenine pathway in
conditions associated with low serotonin levels, such as depression, is now believed to
contribute to this disease directly via kynurenine pathway metabolites with neuroactive

properties (Jenkins et al., 2016, Savitz, 2017).

Through the kynurenine pathway, Trp is degraded into metabolites with immunosuppressive
potential (e.g., kynurenine and kynurenic acid), neuroactive metabolites (e.g., kynurenic
acid, glutamate receptor antagonist; quinolinic acid, excitotoxic for N-methyl-D-aspartate
(NMDA) receptors; xanthurenic acid, binds G-protein coupled receptors (GPCR) and
modulates cationic transport (Taleb et al., 2012)) and energy carriers (e.g., NAD*) (Platten et
al., 2019). For this reason, the kynurenine metabolic pathway is essential for a range of
physiological processes and diseases. The kynurenine to Trp ratio was shown to directly
corelate with aging. Although the exact mechanism underlying this observation is not
completely understood, literature shows that TDO-depletion can expand the lifespan of
Caenorhabditis elegans, by preventing protein aggregation otherwise associated with
diseases like Alzheimer’s and Parkinson’s (van der Goot et al., 2012). Other studies point
towards mTOR-mediated autophagic response triggered as a result of dysregulation in
nutrient availability (Soultoukis and Partridge, 2016, Platten et al., 2019). Additionally,

another hypothesis proposes the production of NAD* as a potential link between kynurenine
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and decreased aging, potentially by enhancing mitochondrial function (Zhang et al., 2016,

Fang et al., 2017, Castro-Portuguez and Sutphin, 2020).

The kynurenine pathway is also essential in regulating neurodegenerative diseases.
Quinolinic acid was shown to accumulate in Alzheimer’s neurological plaques and contribute
to disease progression by increasing excitation of NMDA receptors (Guillemin et al., 2003).
Furthermore, kynurenic acid was shown to accumulate within the central nervous system in

conditions such as Schizophrenia (Plitman et al., 2017).

Lastly, the kynurenine pathway is notorious for its immunoregulatory function, particularly
through the activity of the first enzyme of the pathway, IDO1. This enzyme modulates the
rate-limiting step of Trp metabolism and converts it to N-formylkynurenine, rapidly
metabolized to kynurenine by the formamidase enzyme. Kynurenine as well as other
downstream metabolites (kynurenic acid) have immunosuppressive function (Platten et al.,
2019). The impact of such metabolites on the immune system has made IDO1 an important
therapeutic target in solid cancers (Soliman et al., 2016, Soliman et al., 2014, Berrong et al.,
2018). The enzyme uses up the Trp within the tumour microenvironment leading to T cell
starvation and subsequent impaired differentiation, as well as producing the
immunosuppressive metabolite N-formylkynurenine which promotes T cell differentiation to
a tumour-protective regulatory phenotype (Blair et al., 2019, Terness et al., 2002). T cell Trp-
starvation leads to activation of the General Control Nonderepressible 2 (GCN2) kinase
through accumulation of uncharged Trp transfer-RNA (t-RNA). GCN2 then halts translation
by phosphorylation and subsequent inactivation of the eukaryotic initiation factor 2a (elF2a)
kinase. Additionally, Trp depletion induces T cell anergy (inactivation), by repressing mTOR
and inducing autophagy (Munn et al., 2005, Ravishankar et al., 2015b, Metz et al., 2012). The
immunosuppressive changes triggered by kynurenine on T cells, require its uptake via the

Trp/kynurenine transporter solute carrier family 7 member 5 (SLC7A5); once inside the cell,
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kynurenine binds the aryl hydrocarbon receptor (AhR), inducing its nuclear translocation;
there the AhR regulates expression of various genes, including upregulation of IDO1 and
SLC7A5, to allow continuous supply of kynurenine, as well as Transforming Growth Factor
(TGF-B), a known promoter of Treg differentiation (Sinclair et al., 2018, Opitz et al., 2011,
Nuti et al., 2014, Kim et al., 2009, Tomblin et al., 2016). Furthermore, kynurenine-induced
AhR activation was also shown to upregulate T cell PD-1 expression (Amobi-McCloud et al.,
2021). Interestingly, Trp uptake seems to be regulated also by the known oncogene MYC. In
colon cancer MYC was shown to enhance expression of SLC5A7, solute carrier family 1
member 5 (SLC1A5), another Trp transporter, as well as upregulating the levels of the
enzyme aryl formamidase, involved in the kynurenine pathway (Venkateswaran et al., 2019).
In TNBCs, MYC expression was also reported and associated with high glycolytic activity and
hypoxia, suggesting that it might regulate a variety of metabolic changes in solid cancers

(Gordan et al., 2007, Koboldt et al., 2012, Shim et al., 1997, Koppenol et al., 2011).

The kynurenine pathway, as part of Trp metabolism, thus regulates a multitude of cellular
processes and it is, therefore. of particular interest in cancer research. Figure 1.2 summarizes

the main steps involved in this pathway.
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Figure 1.2 The kynurenine pathway. Trp is imported into the cell through the SLC7A5 transporter; once
inside the cell Trp can have three potential fates: it can be converted to serotonin, it can be used for
protein synthesis (translation), or it can enter the kynurenine pathway. Depending on the cell type the
first and rate-limiting step of the pathway can be mediate by TDO or IDO1 (and less often by IDO2),
converting Trp to N-formyl-L-kynurenine. A series of enzymatic steps then convert this to the final
product: acetyl CoA, as well as producing NAD* (Badawy, 2017). ACMS — 2-amino 3-carboxymuconic
acid 6-semialdehyde, ACMSD - 2-amino 3-carboxymuconic acid 6-semialdehyde decarboxylase, AMS —
2-aminomuconic 6-semialehide, AMSD - 2-aminomuconic 6-semialehide dehydrogenase, HAA — 3-
hydroxyanthranilic acid, HAAO - 3-hydroxyanthranilic acid 3, 4 -dioxygenase, KAT - kynurenine

aminotransferase, KMO — kynurenine monooxygenase.
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1.4.3. IDO1 as a metabolic and immune regulatory hub.

IDO1 is an intracellular monomeric enzyme of approximately 45 kDa, containing a central
haeme group, which mediates the deoxygenise activity. The active IDO1 conformation, is
thus complexed with an Fe?* ion. This is one of the two oleophilic IDO1 domains, the second
being the substrate binding site. The main IDO1 substrate is the L-stereoisomer of Trp. IDO1
uses oxygen to break the 2, 3- double bond within the indole ring of the Trp molecule,
converting it to N-formylkynurenine (Weng et al., 2018, Hornyak et al., 2018). The activity of
IDO1 can be regulated post-translationally through phosphorylation of two tyrosine
residues, Y115 and Y253, identified in mouse dendritic cells expressing IDO1; through these
phospho-tyrosine residues, IDO1 attracts suppressor of cytokine signalling 3 (SOCS3), which
targets it for proteasomal degradation (Pallotta et al., 2010). Nitration of Y15, Y345, and
Y353, was also associated with inhibition of IDO1 activity (Fujigaki et al., 2006). Nitric oxide
can also directly inhibit IDO1 activity by oxidising the Fe? to Fe3* within its haeme ring
(Thomas et al., 2007). Although IDO1 is not normally a constitutively expressed protein, it
has been shown to be constantly expressed in specific subtypes of cells. CD123 and CCR6
positive human DCs can express constant levels of IDO1 regardless of stimulation, however,
IDO1 is not enzymatically active in these cells, and its activation requires interaction between
the DC expressed CD80/86 molecules and the T cell expressed CTLA-4/CD28 markers during
antigen presentation (Munn et al., 2004, Munn et al., 2002). This comes to support the idea

that tight IDO1 regulation is required for maintaining homeostasis.

IDO1 protein levels can also be transcriptionally regulated. IDO1 expression is usually
induced by pro-inflammatory stimulation such as type | IFN (o/B) (often associated with viral
infections), lipopolysaccharide (LPS) (associated with bacterial infections) and IFNy
stimulation (mostly associated with IDO1 induction in infections and cancer) (Hoshi et al.,

2012, Wang et al., 2010b, Yang et al., 2021). The molecular mechanisms connecting IFNy
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stimulation and IDO1 expression have been investigated over the years. The pathway
involves binding of the IFNy molecule to the Interferon y Receptor (IFNGR) on tumour cells,
which recruits Janus Kinase (JAK1) dimers. These phosphorylate the IFNGR and trans-
phosphorylate each other, also recruiting signal transducer and activator of transcription 1
(STAT1) molecules; JAKs phosphorylate STATs (pSTAT), and this leads to pSTAT dimerization.
These dimers, in turn, function as transcription regulators for the IDO1 promoter (Moretti et
al., 2017). IFNy stimulation was also shown to activate the IFN regulatory factor 1 (IRF1),
which also functions as a regulator of IDO1 expression (Silva et al., 2002, Chon et al., 1996).
Studies have shown that combining IFNy stimulation with TNF treatment enhances the
binding of STAT1 to the IFNy-responsive enhancer domain within the IDO1 promoter gamma
activation sequence (GAS), as well as enhancing the interaction between the IRF1 and the
IFN-stimulated response elements (ISREs). Both signals contribute to upregulated IDO1
expression either directly, or by increasing the expression of the IFNGR, and thus increasing
cellular sensitivity to IFNy stimulation (Robinson et al., 2003). Other regulators of IDO1
expression have also been identified, such as the oncogenic KIT proteins or the tumour

suppressor Binl (Balachandran et al., 2011, Muller et al., 2005).

Interestingly, IDO1 expression seems to be regulated also by hormone signalling. In
pregnancy oestrogen levels can upregulate placental IDO1 levels by triggering TGF signalling
(Wang et al., 2020b). Studies indicate that pregnancy-associated increases in oestrogen
levels were shown to induce IDO1 expression in DCs, reducing the relapse rate in women
suffering from multiple sclerosis (Zhu et al., 2007). In uterine carcinoma, IDO1 levels also
correlated positively with oestrogen levels, however, in breast cancer these were inversely
correlated (Feng et al., 2020). ER* breast cancers are associated with hypermethylation of
the IDO1 promoter and subsequent reduced expression of this immune checkpoint (Dewi et

al., 2017). These results highlight the clear role that oestrogen plays in regulating IDO1
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expression, and further support the idea that TNBC is the most suitable breast cancer

subtype to explore the modulation of IDO1.

Tumours that have high expression of IDO1 are associated with a higher immune infiltration
and mutation burden in breast and gynaecological cancers, as well as expressing high levels
of other immune check points like PD-L1 and LAG3 (Feng et al., 2020). IDO1 was also shown
to be a good prognostic marker in prostate cancer patients, where its expression seems to

be strongly induced by IFNy stimulation (Banzola et al., 2018).

Alongside IDO1, IDO2 and tryptophan-2,3-dioxygenase (TDO) are also catabolic enzymes
which regulate the rate limiting step of Trp metabolism, as part of the kynurenine pathway,
with IDO1 being more catalytically active and preferentially expressed in breast cancer cells
(Platten et al., 2012, Ye et al., 2019, Munn and Mellor, 2007, Carvajal-Hausdorf et al., 2017,
Wei et al., 2018, Novikov et al., 2016). However, there is evidence to suggest that IDO2 is
also expressed in TNBC cell lines such as MDA-MB-231 cells. Recent data also suggests that
when expressed on B cells, IDO2 might have pro-inflammatory activity, however, the same
study claims that IDO2 can enhance the tolerogenic activity of IDO1, thus contributing to
tumour immune evasion (Mo et al., 2023). These data suggest that a comprehensive study
of the IDO1/ IDO2 responses in the tumour microenvironment is required in order to allow
development of more refined IDO-targeted therapies. Given the association of 1DO2
expression with poor prognosis and increased immune infiltration, it might be crucial to
analyse the balance between IDO1 and IDO2 expression in various tumours and assess the
implications of different IDO1/ IDO2 ratios for response to immunotherapy. Understanding
the relationship between IDO1 and IDO2 might help enhance the efficacy of IDO1 targeted
therapies, which up to date have had limited clinical success (Fujiwara et al., 2022, Mo et al.,
2023). For the scope of this project, however, IDO1 will remain the focus of the research

presented here.
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Trp metabolism is very important and tightly regulated within cells, with Trp being the
precursor for both serotonin and the kynurenine pathway, ultimately producing ATP and
biologically active metabolites like NAD*/NADH, or Trp/kynurenine metabolites (Badawy,
2017). Trp is an essential amino acid, which means that it cannot be synthesized in the body.
Shortage of Trp can trigger starvation signalling, ultimately leading to cellular autophagy
(Fougeray et al., 2012). Interestingly, the Trp-t-RNA synthetase (WRS) was found to be
regulated by IFNy signalling, so that in cells where more IDO1/2 are expressed, WRS levels
also increase, competing with the IDO enzymes for Trp (Frolova et al., 1993). TDO, unlike
IDO1, is a constitutively expressed protein, and it is associated with certain types of cells,
most commonly found in the liver, but also present in other organs, such as the brain (Haber
et al., 1993, Badawy, 2017). TDO is responsible for maintaining basal Trp levels in the blood

(Kanai et al., 2009, Lanz et al., 2017, Gostner et al., 2020).

Apart from its metabolic contribution to the energetic needs of the cell, the extra-hepatic
kynurenine pathway plays a central role in immune regulation. For this reason IDO1 has been
classified as an immune checkpoint protein, being extensively studied in the context of
cancer, inflammation/infection, as well as in pregnancy associated foetal tolerance (Schmidt
and Schultze, 2014, Li et al., 2021d, Shayda et al., 2009, SedImayr et al., 2014, Zong et al.,

2016).

The immunosuppressive effect of IDO1 is mediated by multiple mechanisms. High IDO1
expression by tumour cells, leads to Trp depletion in the tumour microenvironment. This
then activates the GCN2 kinase through accumulation of uncharged Trp t-RNA. GCN2 then
halts translation by phosphorylation and subsequent inactivation of the eukaryotic
translation elF2a kinase. Additionally, Trp depletion induces T cell anergy by repressing
mMTOR and inducing autophagy (Munn et al., 2005, Ravishankar et al., 2015b, Metz et al.,

2012, Yang et al., 2021). Interestingly, IDO1-induced Trp starvation seems to also impact on
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less well characterized T cell subsets such as y&T cells. In TNBC patients, IDO1 activity was
associated with exhaustion of the yoT cells, however, inhibition of IDO1 enhanced their
cytotoxicity and perforin production (Li et al., 2021d). Recent studies have also shown that
IDO1-induced Trp depletion can lead to ribosomal stalling during translation at the Trp sites
(also known as W-bumps), which leads to frame-shift mutations, giving rise to neoantigens.
This in turn, helps the tumour evade the immune system, allowing cancer progression.
Therefore, a balance between too little and too much IDO1 expression needs to be achieved

to prevent cancer immune evasion (Bartok et al., 2021).

Kynurenine also has immunosuppressive effects. By binding to the AhR on T cells, it induces
their differentiation to the FOXP3* Treg phenotype (Mezrich et al., 2010). Other Trp
catabolites produced by DCs: kynurenine, 3-hydroxykynurenine, and 3-hydroxyanthranilic
acid were also shown to inhibit activated T cells, as well as killing NKs and B lymphocytes
(Terness et al., 2002, Bauer et al., 2005). In mouse T cells, quinolinic and 3-hydroxyanthranilic
acids induced caspases 8/cytochrome C mediated apoptosis (Fallarino et al., 2002). Figure

1.3 summarizes the main immune evasion mechanisms employed by IDO1.

Additionally, IDO1 was shown also to be an interesting therapeutic target, as a tumour cell
biomarker recognized by effector T cell. Thus, IDO1-primed T cells were reported to be much
more effective against clearance of both tumour cells and viral infections, highlighting the

essential role of IDO1 in regulating immune evasion (Sgrensen et al., 2011).

IDO1 inhibition has also been extensively studied in the context of cancer, and a series of
synthetic inhibitors are currently in clinical trials. Indoximod was the first IDO1 inhibitor to
enter clinical trials and it is currently tested for relapse brain tumours in combination with
chemotherapy and radiotherapy (Qiu et al., 2021). Another example would be Epacadostat
which is currently in phase /1l clinical trials or solid cancers, in combination with the anti-PD-
1 therapy, Pembrolizumab. BMS-986205/ Linrodostat is also being investigated for advanced
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bladder cancer in combination with another anti-PD-1 therapeutic, Nivolumab (Luke et al.,
2019). Whereas PF-06840003 is currently being tested in a phase | study for patients with
recurrent malignant glioma (Reardon et al., 2020). Furthermore, the Proteolysis Targeting
Chimeras (PROTAC) technology has identified a potential compound, IDO1 PROTAC degrader
2¢, which seems to be effectively targeting IDO1 for degradation and thus enhancing tumour
killing (Hu et al., 2020). However, so far, no IDO1 inhibitors have been FDA approved of

clinical use in breast cancer.

All these together highlight the potential of IDO1 as a target for immunomodulatory

therapies in cancer patients, as well as in infection or inflammation models.
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Figure 1.3 IDO1 mode of action. Cancer cells express IDO1 in response to pro-inflammatory stimulation
(IFN-y) this leads to rapid Trp metabolization to N-formylkynurenine, and thus the Trp uptake by cancer
cells via SLC7A5 increases, depleting it from the extracellular environment. Effector T cells are thus
starved of Trp. This in turn triggers accumulation of empty tRNAs and subsequent activation of the
GCN_2 kinase, which phosphorylates elF2a, preventing it from initiating translation. In parallel, empty
t-RNA also stall translation of Trp codons. Low Trp levels also inhibit mTOR activation reducing cell
growth and proliferation, while initiating autophagy (top diagram) (Munn et al., 2005, Ravishankar et
al., 2015b, Metz et al., 2012, Yang et al., 2021). Alternatively, kynurenine is also taken up by T cells,
binding to the aryl hydrocarbon receptor (AhR), inducing its nuclear translocation, which leads to
transcriptional changes which promote differentiation of the T reg phenotype (bottom diagram)
(Mezrich et al., 2010). AhR — aryl hydrocarbon receptor, elF2a — eukaryotic translation initiation factor
2a, HLA | — human leucocyte antigen |, GCN2 — general control nonderepressible 2, IDO1 — indoleamine
2, 3-dioxygenase, IFNy — interferon y, SLC7A5 - Solute carrier family 7 member 5, T eff — effector T cell,

T reg —regulatory T cell.
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1.5.

The tumour ionic microenvironment

1.5.1. Background

One aspect which is insufficiently explored by cancer research is the tumour ionic
microenvironment. This is particularly important since variations in the levels and dynamics
of multiple ions such as Na*, K*, Ca** and even H* have been often associated with solid
tumours (Pardo and Stiihmer, 2014, Monteith et al., 2017, Webb et al., 2011, Ouwerkerk et
al., 2007, Capatina et al., 2022). In breast cancer, elevated intra-tumoral Na* levels have been
recorded in human patients, suggesting that Na* might have a protective effect against
tumour clearance (Ouwerkerk et al., 2007, lanniello et al., 2021). TNBC tumours are primarily
associated with such elevations, which have been shown to originate in the intracellular
environment. Furthermore, treatment with docetaxel, a drug reported to decrease intra-
tumoral Na* levels, was shown to reduce cancer growth, tumour volume and expression of
the proliferation marker Ki-67 (James et al., 2022). Regulation of Na* dynamics occurs

through a variety of active and passive transporters, summarised in Table 1.1.

Variations in the concentration of intracellular Na* ([Na*]i), as seen in solid tumours, have
severe physiological consequences. The physiological [Na*] i is ~10-15 mM, while the
extracellular Na* concentration ([Na*] ) is estimated around 145 mM (Leslie et al., 2019). An
increase in [Na*];, in non-excitable cells, can be associated with depolarisation of the plasma
membrane potential, which is otherwise stably kept at ~ -50 to -95 mV. This is common to
cells from solid cancers, which tend to have a resting membrane potential of ~ -5 to -40 mV,
and it has been suggested in the literature that this might be partially responsible for their
increased proliferation capacity (Yang and Brackenbury, 2013, Lan et al., 2014). A depolarised
membrane potential has also been associated with cytoskeletal changes and tumorigenesis
(Nin et al., 2009, Chernet and Levin, 2014, Szaszi et al., 2005, Lobikin et al., 2012).

Furthermore, membrane depolarisation has been associated with amplified K-Ras-
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dependent MAPK activation (Zhou et al., 2015). Changes in Na* dynamics are also likely to
impact on the intracellular and extracellular pH, given the antiport of Na* and protons,
through the Na*/H* exchanger (NHE1), as well as the activity of Na*/ HCO3" cotransporter
(NBCn1) which co-transports Na* and alkaline bicarbonate ions (Boedtkjer et al., 2013,
Hulikova et al.,, 2013). In turn, the altered pH observed in solid tumours, where the
extracellular environment is slightly acidic, while the intracellular compartment is more
alkaline, might impact on intra-tumoral Na* levels (Gerweck and Seetharaman, 1996).
Changes in intracellular Na* might also impact on metabolism. Cancer cells are known to
preferentially utilise glycolysis, even under aerobic conditions, a process called the Warburg
effect (Warburg, 1956). Extracellular Na* might play a role in controlling that shift, by
promoting expression of glycolytic enzymes, whilst intracellular Na* might dysregulated
metabolic pathways by Na*/Ca?* exchanger (NCLX) dependent transfer of Ca?* from the
mitochondria to the cytosol, leading to enhanced Na*/ K* ATPase (NKA) activity, and
consequently enhanced ATP usage, which could justify the need to aerobic glycolysis (Amara
et al., 2016, Palty et al., 2010, Leslie et al., 2019, Meyer et al., 2022, Nguyen et al., 2022).
Several studies have also associated increases in intracellular Na* with proliferation and
migration (import via ENaC), as well as invasiveness (import via voltage gated Na* channels,
VGSCs) (Bondarava et al., 2009, Sparks et al., 1983, Del Ménaco et al., 2009, Roger et al.,
2007). Na* is also a key regulator of inflammation, as shown by a study which correlated
intracellular Na* accumulation with different types of lesions occurring in patients diagnosed
with multiple sclerosis (Biller et al., 2016). Elevated extracellular Na* in tumours has been
previously associated with chronic inflammation. This can enhance cancer progression by
stimulating proliferation via different cytokines, as well as increasing the chances of
malignant mutations through reactive oxygen species (ROS) - induced DNA damage
(Coussens and Werb, 2002, Dmitrieva and Burg, 2015, Shapiro and Dinarello, 1995).

Conversely, elevated Na* levels in the blood have been associated with impaired metastasis

50



due to anoikis, which is a form of cell death associated with loss of adhesion molecules (Xu

et al., 2018c).

The role of intracellular Na* in cancer is less well established. Increases in [Na*];have been
associated with subsequent increases in intracellular Ca?* levels, which in turn seem to
activate a series of signalling events including activation of the calmodulin kinase (CaMK). In
cardiac myocytes, these events were shown to regulate expression of differentiation genes
NFAT and myocyte-specific enhancer factor (MEF), via activation of salt inducible kinase 1
(SIK1) (Popov et al., 2012). This is particularly interesting given that SIK1 is a known tumour
suppressor, of particular interest for breast cancer (Xin et al., 2021). The same SIK1 protein
was shown to regulate NKA activity, by inducing phosphorylation of the serinel8 within the
o subunit, which upregulates Na* transport. SIK1 activation also enhances expression of the
B subunit of the pump, especially in kidney cells (Taub et al., 2015, Taub et al., 2010).
Additionally, actin cytoskeletal changes in myeloid leukaemia cells were shown to increase
Na* import, suggesting that an elevation in intracellular Na* might play a role in migration
(Negulyaev et al., 1996, Cantiello, 1995). Therefore, Na*dynamics seems to be a crucial factor
modulating cancer survival and metastasis, coordinating ionic, metabolic, signalling, and

structural changes within the cell.
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Channel/Transporter Abbreviation Type of | Location Direction of
Name transporter Na*
transport
Na*/K* ATPase NKA Active Cellular/organelle Cellular
Antiport  system | membranes
with K* Export
Two-pore Channels/ TPC/TRPML Passive Lysosomal membrane | Lysosomal
Transient Receptor
Potential Mucolipin 1 Export
Voltage Gated Na* VGSC (Nay) Passive Cellular membrane
Channels
Epithelial Na* Channel ENaC Passive Cellular membrane
Acid-sensing ion ASIC Passive Cellular membrane
channels Cotransport
system with
glutamate
N-methyl D-aspartate NMDA Active Cellular membrane
Cotransport
system with Ca2+
and antiport with
K+
ATP-gated P2X receptor | P2X Active Cellular membrane
cation channel family
Na* leak channel, non- NALCN Passive (ligand | Cellular membrane
selective dependent)
Sodium-glucose SGLT Passive Cellular membrane
transport proteins Cotransport  with
glucose
Na*/H* exchanger NHE1 Passive Cellular/organelle
Antiport with H+ membranes
The Na+-K+-ClI- NKCC Passive Cellular membrane
cotransporter Cotransport  with Cellular
Cl- and K+
Na*/CaZ* exchanger NCX Passive Cellular/organelle Import
Antiport with Ca2+ | membrane
NCLX
(mitochondrial)
Na*-HCO3- NCBn1l Passive Cellular membrane
co-transporter Cotransport  with
HCO3-
Amino Acid SLC - transporters | Passive Cellular membrane
transporter/Solute Cotransport  with
Carrier amino acids

Table 1.1 Summary for the main Na* transporters (Wang et al., 2012b, Vangeel and Voets, 20189,

Leslie et al., 2019, Suzuki et al., 2006).
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1.5.2. The Na*/K* ATPase

The main regulator of intracellular Na* homeostasis is the Na*/K* ATPase (NKA). This is a
transmembrane molecule, that actively exports 3 Na*, in exchange for 2 K*, against their
chemical gradients, using ATP (Post et al., 1969). By doing so, the NKA maintains a low

intracellular Na* concentrations ~10-15 mM (lanniello et al., 2021).

The NKA consists of 3 subunits, with a being the largest (~110 kDa) and primarily involved in
the transport of ions across the plasmalemma. The other two subunits (B and y) are smaller
and less well characterised. The B subunit is approx. 33 kDa and it is highly glycosylated; it is
believed to regulate folding and transport of the a subunit to the membrane, potentially
stabilising its ion transport function (Sweadner, 1989, Lingrel and Kuntzweiler, 1994). FXYD
or the y subunit is the smallest of the three, with only 7 kDa and 58 amino acids; its function
is less clear than for the other two and it is believed to regulate ionic transport through the

a subunit (Mercer et al., 1993).

Multiple isoforms of the a subunit are expressed in different tissues, with al or the ATP1A1
being the most widespread. The first three subunits: al, a2 and a3 have about 90 % similarity
in structure across multiple species, while a4 is less conserved, with only about 80 %
similarity (Clausen et al., 2017). ATP1A1 is also the target for cardiotonic steroids, a class of
drugs extensively studied for their inhibitory effect on the activity of the NKA (Spigset et al.,
2001, Khajah et al., 2018, Askari, 2019). The a isoforms were discovered given their different
kinetic properties, in response to treatment with ouabain (a member of the cardiotonic
steroid family). In the late 1970s, researchers recorded a biphasic ouabain-binding response
in mouse brains, while other organs only gave monophasic inhibitor responses (Marks and
Seeds, 1978). This turned out to be because rodent brains express the al subunit of the

pump, alongside a2/3, with the former having much lower ouabain affinity compared to the
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latter (Edwards et al., 2013). This is, however, different in humans, where the al subunit has
~1000-fold higher affinity for ouabain than the rodent al (Crambert et al., 2004, Lingrel et
al., 1997, Lopina et al., 2020a). In terms of tissue distributions, the al subunit is almost
ubiquitously expressed, while a2 is primarily found in the heart, muscles and brain, a3
primarily localises to the nervous system and a4 seems to be limited to sperm cells (Clausen

et al., 2017). Figure 1.4 presents the crystal structure of the main NKA subunits.

Apart from the ion transport function, the NKA is also involved in signalling events. Studies
have shown that ouabain-induced partial NKA inhibition activates the Src kinase (regulating
adhesion, motility, proliferation) and enhances NKA association with the epidermal growth
factor receptor (EGFR), as well as inducing mitogen-activated protein kinase (MAPK)
activation, responsible for myocardial hypertrophy (Haas et al., 2000, Xie and Askari, 2002).
Additionally, it has been shown that ouabain also induces protein kinase C (PKC) activation,
and impairing this step was demonstrated to prevent the previously reported ouabain-
triggered activation of the extracellular signal-regulated kinase 1/2 (ERK1/2), suggesting that
PKC is a key signalling element in this pathway (Mohammadi et al., 2001). Although these
experiments were carried out in rat cardiac myocytes, rather than human cells, they suggest
that the NKA might be a hub of signalling networks, alongside its electrochemical-regulation
function, and thus ouabain-induced NKA inhibition might trigger a series of parallel, yet not
necessarily connected cellular changes. Ouabain was also shown activate the PI3K/Ak strain
transforming (Akt) proliferative pathway, independently of the Src kinase (Wu et al., 2013b).
The NKA also directly interacts with various other proteins; an example is the transient
receptor potential cation channel subfamily C member 6 (TPC6), which was found to co-
immuno-precipitate with the NKA, suggesting that the integrity of the pump might directly
alter overall cationic transport, triggering a range of signalling events that are independent

of its direct connections (Goel et al., 2005).
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o subunit

y subunit

Extracellular

B subunit

Figure 1.4 Crystal structure of the Na*/K* pump. The a-, 8- and y-subunits were represented in blue,
brown, and read. S (switch) marks the C-terminus helix. lons complexed with the a-subunit were
represented in pink (Rb*), grey (Mg?*) and orange (MgF4*). The a-subunit transmembrane helices are

labelled 1 t0 10 from the N- to the C-terminus. Source: Morth et al. (2007).
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Ouabain-induced NKA inhibition was also shown to trigger transcriptional changes by
activating the CREB protein, which further modulates gene expression in a Ca%/CaMK
dependent manner (Desfrere et al., 2009). This is particularly interesting given the indirect
effect of ouabain-induced NKA inhibition on intracellular Ca?*. NKA blockade leads to a build-
up of intracellular Na*, this in tun activates the reverse function of the NCX, leading to
intracellular accumulation of Ca?* (Blaustein and Lederer, 1999). Ca%, in turn, is a well-known
regulator of gene expression, inducing what is known as immediate early genes (IEGs), such
as Jun and Fos; the short spike of Ca%" increase has also been associated with the IFNy
signalling and associated genes. Furthermore, Ca?* seems to be able to initiate transcription
by phosphorylating proteins that bind to the cAMP response element (CRE) and serum
response element (SRE), as well as initiating transcription elongation (van Haasteren et al.,
1999). These observations broaden even more the spectrum of effects that ouabain-induced

NKA inhibition might have on cells.

Another interesting implication of the ouabain-induced NKA inhibition comes from its
metabolic impact. The NKA is an active Na* transporter, which means that it requires ATP to
fulfil its function; in astrocytes NKA uses 20 % of the total ATP produced per cell. Inhibition
of NKA with ouabain, was shown to reduce ATP-usage and shift the preferred metabolic
pathway from glycolysis or oxidative phosphorylation (OXPHQOS), to the (phospho-)creatine
pathway (Silver and Ereciniska, 1997). Furthermore, in lung and breast cancer cell lines,
ouabain-induced NKA inhibition seems to inhibit OXPHOS, as well as later glycolytic
behaviour, also depleting ATP production. The same study shows that ouabain induced
AMPK and Src signalling, potentially leading to autophagic cancer cell death (Shen et al.,
2020a, Wang et al., 2012c). Whether these effects are modulated through the ATP1A1 or

not, it is yet to be investigated.
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Interestingly, NKA activity can be modulated by a variety of other factors. Studies have
shown that releases of reactive oxygen species by squamous cancer cells can in fact increase
NKA expression and function, suggesting that cancer cells might need a disrupted ionic
balance to survive and proliferate (Toledo et al., 2021). Ouabain was also shown to
upregulate ATP1A1 expression in rat astrocytes (Hosoi et al., 1997). A series of other agents/
factors were reported to increase ATP1A1 expression, such as aldosterone, corticosterone,
dexamethasone (synthetic glucocorticoid), growth factors, glucose, elevated intracellular
Na* or Ca®* concentrations, as well as decreased K* levels, or drugs that increase intracellular
Na* levels such as veratridine. Some of the ATP1A1 transcriptional inhibitors are tetrodotoxin
(TTX) (inhibitor of Na*import) and nitric oxide as reviewed by (Li and Langhans, 2015). The
ATP1A1 gene incorporates a series of regulatory elements, including the sterol response
element (mineralo- and glucocorticoid response element), a few CCAAT box-binding
transcription factor (CTF)/nuclear factor 1 (NF-1) binding sites, as well as binding elements
for activator proteins 1 to 3 (AP-1 to 3). The ATP1A1 promoter also incorporates a TATA box,
specific for housekeeping genes (Kolla et al., 1999, Shull et al., 1990). While hormone/steroid
regulation of ATP1A1 expression is easily explained through interaction with the mineralo-
/glucocorticoid response element, the mechanism that links ionic imbalances with ATP1A1
expression is not fully understood. Low K' seems to enhance ATP1Al expression by
increasing expression of CREB-1, as well as some additional specificity proteins (Sp-1 to 3),
inducing their binding to the GC box, instead of the CRE/activating transcription factor (ATF)
element in rat cells (Wang et al., 2007b). Additionally, low K*-mediated ATP1A1 expression,
is also dependent on protein kinase A (PKA) and ERK1/2 activation. This suggest that low K*
triggers a similar response to ouabain, which was also reported to activate the ERK1/2
pathway and to upregulate ATP1A1 levels, further supporting that hypothesis that the
ouabain-induced signalling changes occur due to ATP1A1 inhibition and not due to off-target

effects (Wang et al., 2007a, Mohammadi et al., 2001, Li and Langhans, 2015).
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This range of transcriptional regulators highlights the complexity of factors that might
contribute to modifying the molecular mechanisms within cells, but also suggests that the

NKA, in particular the ATP1A1, serves as a key component of regulating cellular homeostasis.

1.5.3. Pharmacological Inhibitors of Na* transport

A class of compounds known to have an inhibitory effect on the NKA via the ATP1A1 is
represented by cardiac glycosides such as ouabain, digoxin, digitoxin, oleandrin or bufalin
(Khajah et al., 2016, Spigset et al., 2001, Karlish et al., 1979, Askari, 2019, Ni et al., 2002).
Cardiac glycosides are naturally derived compounds, produced by different plants or animals.
They are organic molecules consisting of a central sterol structure which consists of 17
carbon atoms forming 4 6-carbon rings, bound to a glycone structure and a lactone ring
(Prassas and Diamandis, 2008, Schonfeld et al., 1985). Variations in the sugar moiety
structure or the lactone ring are mostly responsible for different kinetics and toxicities of the
class members, with digoxin and digitoxin being the best characterised compounds in this
sense (Brown et al., 1986, Kanji and MacLean, 2012). Digoxin is in fact FDA approved for the
treatment of arrhythmia, and also approved for veterinary use (Atkins et al., 2009, Currie et
al., 2011). Of all the compounds digoxin has a relatively long half-life in humans approx. 48
h, while digitoxin as a half-life of up to 6 days, and ouabain only 21 h (Smith, 1985, Selden

and Smith, 1972).

Although the specificity of cardiac glycosides has been long considered a dogma of the NKA
physiology, there are studies which are currently questioning this hypothesis by identifying
additional targets for these compounds, such as the steroid receptor co-activators 1 and 3
(SRC1/3) (Wang et al., 2014). Yet, cardiac glycosides have been extensively used as tools in

investigating the activity of the NKA, and therefore its contribution to tumorigenesis.

In cancer, treatment with cardiac glycosides was shown to inhibit proliferation and

metastasis, reducing inflammation as well as improving patient survival (Zhang et al., 2008,
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Kepp et al., 2012, Gould et al., 2018, Khajah et al., 2018). Their effect on intracellular Na*
accumulation is bound to trigger changes in gene expression, primarily by altering the overall
intracellular ionic homeostasis. Elevations in Na* often lead to an increase in Ca®* achieved
via the NCX, which in turn alter Ca®* signalling (Blaustein and Lederer, 1999). This can impact
on gene expression (e.g., SIK1 kinase), as well as altering signalling pathways, such as the
cellular response to IFNy, which is a Ca**-dependent response (Koide et al., 1988, Popov et
al., 2012). Furthermore, increases in intracellular Na* can often lead to the acidification of
the cytosolic environment mediated by the NHE. Consequently, this might lead to
cytoskeletal changes, altered protein folding, as well as metabolic changes (Hulikova et al.,
2013). Cardiac glycosides, and ouabain in particular (as one of the most intensively studied
representative of the class), are also able to trigger cellular changes via NKA-mediated
signalling, activating the Src kinase, as well as enhancing NKA association with the EGFR, thus
leading to MAPK activation and subsequent transcriptional changes (Haas et al., 2000, Xie
and Askari, 2002). Ouabain also induces ERK1/2 activation in a PKC-dependent manner
(Mohammadi et al., 2001). Ouabain has also been shown to be produced endogenously in
humans and rodents, at different levels, in different individuals (Manunta et al., 2009, Delva
et al., 1989). This leads to individual differences in ouabain sensitivity. Endogenous ouabain
also inhibits the NKA ionic function and triggers Src-mediated ERK1/2 and MAPK activator
signalling events. Interestingly, an antihypertensive compound, PST 2238, also known as
Rostafuroxin, was shown to function as a competitive inhibitor of endogenous ouabain
(Ferrari, 2010). Rostafuroxin binds the NKA, destabilising the ion transport, but has no effect
on the signalling function of the pump, and it could thus serve as a potential tool, to separate
the impact of ionic disbalances and that of NKA-mediated signalling on cellular physiology
(Ferrandi et al., 2004). Rostafuroxin was also shown to downregulate the pump activity in

cells that present adducin-a hypertension-associated mutations ((mut)Y316F(WT) — in rat).
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This is interesting given that such mutations are usually associated with increased expression

and activity of the NKA (Torielli et al., 2008, Ferrandi et al., 2004, Ferrari, 2010)

Exogenous ouabain was reported to have cell type dependent effects. In most human cells
ouabain is highly cytotoxic, inducing cell death. In rat cardiac myocytes, however, ouabain
enhances survival by activating early response genes. This happens due to Na*-dependent,
yet Ca®* independent, activation and dimerization of c-Jun and c-Fos, into the activator
protein 1 (AP-1), which functions as transcriptional regulator of survival genes (Taurin et al.,
2002). This occurs due to the fact that rat cardiac myocytes express ouabain insensitive NKA
(NKAI) (Peng et al., 1996). Interestingly, some papers report upregulation of c-Jun/c-Fos also
in human cells, which express ouabain sensitive NKAs (Fedorov et al., 2021, Klimanova et al.,
2017). The activation of the AP-1 pathway by ouabain in specific cell types is particularly
interesting given that fact that AP-1 has been reported to interfere with IFNy-induced,
STAT1-mediated gene expression, by recruiting the CREB-binding protein (CBP)/P300
complex to the AP-1 promoter, and preventing its association with phosphorylated STAT1
(pSTAT1) dimers (Ramana et al.,, 2000, Horvai et al., 1997, Peng et al., 1996). Cardiac
glycosides were also shown to impact on cellular metabolism, activating the AMPK,
decreasing oxygen consumption, as well as inhibiting OXPHOS and glycolysis in breast and
lung cancer cells (Shen et al., 2020a). All these diverse and intertwined effects of cardiac
glycosides suggest that apart from regulating Na* transport, these drugs are able to induce
Na* independent changes within the cell, making them particularly difficult to study and

understand.

Intracellular Na* levels can also be altered pharmacologically by either increasing Na* import,
e.g., via VGSC openers, or by inhibiting Na* uptake with VGSC blockers. Na*import can also
be regulated by inhibiting other types of channels, like ENaC —a known promoter of tumour

cell proliferation and apoptosis inhibitor (Sparks et al., 1983, Vila-Carriles et al., 2006,
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Bondarava et al., 2009), Na* co-transporters (e.g., SGLTs), or Na* anti-porters (e.g., NHE, NXC

etc.) (Wright et al., 1997, Blaustein and Lederer, 1999, Bobulescu et al., 2005).

Tetrodotoxin (TTX) is a VGSC blocker, which was initially discovered in pufferfish, mostly
located within ovaries and liver. It is considered a lethal marine substance with no known
antidote to date. TTX has been reported to decrease proliferation of ER* and ER™ breast
cancer cells, partially by preventing ERK1/2 phosphorylation (Mohammed et al., 2016).
Furthermore, it was shown to reduce metastasis, while promoting survival in rats diagnosed
with lung cancer (Yildirim et al., 2012). Alongside modulating cancer invasiveness by altering
Na* dynamics, TTX has also been investigated in clinical trials for its ability to inhibit neuronal
firing and thus stop transmission and detection of nociceptive signals in moderate and severe

cancer patients, therefore, alleviating pain (Hagen et al., 2017, Gonzalez-Cano et al., 2021).

Another VGSC-targeted drug is veratridine (VTD). Unlike TTX, VTD enhances the Na*
transport function of VGSCs, by locking them in an open conformation. VTD is a C-nor-D
homo-steroidal alkaloid that belongs to the Veratum genus found in Liliaceae plants. VTD
was shown to induce reversible Na, channel opening, and its activity seems to be inhibited
by divalent ions, but also by TTX. It has been suggested that VTD interacts with the action-
potential-regulated Na, activation site (Catterall, 1975). Further studies showed that VTD
binds within the Na, vestibule and locks it in a persistent open conformation, reducing its
single-channel conductance to ~ 25 % (Wang and Wang, 2003). More recent studies propose
that VTD might be binding at alternative sites, interacting with Na, channels allosterically,
with the proposed site being the cytoplasmic mouth of the channel pore (Gulsevin et al.,

2022).

Apart from preventing Na, inactivation and thus prolonging persistent Na* currents, VTD was
shown to also increase the intracellular Na* concentration, when applied acutely, with a
subsequent rise in intracellular Ca%, followed by specific cellular responses, such as

61



neurotransmitter production by neurons (Gulsevin et al., 2022). In pancreatic cells, VTD was
shown to promote insulin production in a Ca?* dependent manner. This phenomenon was
also shown to occur in Ca?* free media, and it was suggested that a raise in intracellular Na*
might be mediating this effect, potentially by triggering release of Ca?* from cellular stores
(Lowe et al., 1976). In the context of cancer, some studies show that VTD might have anti-
tumour properties, by inhibiting oncogenic proteins such as motalin-2 in colon cancer
(Abdullah et al., 2015, Freeling et al., 2022). However, most studies show the complete
opposite, suggesting that constant activation of VGSCs with VTD can increase colon cancer
invasiveness by leading to constant activation of the MAPK pathway, as well as upregulating
transcription of invasive genes via PI3K/ERK activation; this effect seemed to be reversed by
TTX (House et al., 2015). In TNBC, as well, VTD was shown to promote invasiveness by
inducing proteolytic activation of cysteine cathepsins B and S, via VGSC activity (Gillet et al.,
2009b). Additionally, C-terminal domain-induced Na,1.5 activation was also shown to

induced epithelial to mesenchymal transition of breast cancer cells (Gradek et al., 2019).

Another class of drugs that can be used to alter intracellular Na* levels is represented by
ionophores. These are substances that are able to disrupt the ionic gradient across the
membrane by transporting ions in and out of the cell (David and Rajasekaran, 2015). They
can be synthetic or naturally produced (Kevin li et al., 2009, De Riccardis et al., 2013).
Mechanistically these drugs can be classified as either channel or mobile ionophores (David
and Rajasekaran, 2015). Mobile carriers can insert themselves into the lipid bilayer and form
electrostatic interactions with ions, carrying them through the membrane and then releasing
them on the other side. The two most widely studied such ionophores are monensin and
salinomycin (Mollenhauer et al., 1990, Naujokat and Steinhart, 2012, Wang et al., 2018).
They have been shown to have anti-tumour activity, preventing proliferation and drug
resistance, as well as inhibiting oncogenesis in cancer stem cells and causing metabolic

dysregulation (Naujokat and Steinhart, 2012, Huczynski, 2012). Monensin has been widely
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studied for its ability to increase the intracellular Na* concentration. Monensin is a proton
and cation electroneutral transporter, which means that negatively charged monensin
radicals form a neutral molecule by complexing with either protons or positively charged
metal ions, such as Na* (Inabayashi et al., 1995, Filipek et al., 1994, Hoogerheide and Popov,
1978, Pinkerton and Steinrauf, 1970). However, some studies reported that monensin might
also form electrogenic complexes with Na*, by complexing initially with a proton to form
monensin acid, and then binding one Na* ion to form a molecule with an overall charge of
+1 (Nakazato and Hatano, 1991, Huczynski et al., 2012a). Monensin is not specific for Na* in
any way, and it can in fact carry a variety of mono-cations cross the membrane such as Li*,
K*, Rb*and Ag* (Filipek et al., 1994, Huczynski et al., 2008, Pinkerton and Steinrauf, 1970).
The ion-monensin complex is stabilised by intramolecular H-bond interactions between the
carboxylate group of the molecule and two hydroxyl groups, often referred to in the

literature as “head-to-tail” alignment (Turner, 1995).

Monensin was shown to impact on the overall ionic balance of the cells, by inducing a short
action potential, decreasing Ca?* current and activating the NCX, as well as activating the
NKA, by elevating the intracellular Na* concentration (Tsuchida et al., 2021). Interestingly, in
renal cells, the rate of monensin-induced increase in intracellular Na* was dependent on the
concentration of extracellular Ca?*. Furthermore, monensin-induced increases in cytosolic
Na* in kidney cells were reported to interfere with dopamine-induced regulation of the NKA,
suggesting that monensin can indirectly impact on NKA integrity (Efendiev et al., 2002). In
breast cancer monensin was shown to inhibit expression of matrix metalloproteases 7 and
9, required for invasion, increase apoptosis of tumour cells and downregulate upstream
binding protein 1 associated protein 2A (UB2A) protein, which is a receptor that mediates

growth of pluripotent cells, preventing proliferation (Gu et al., 2020).
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1.6.

However, despite it being widely used in the literature for modulating intracellular Na* levels,
the limitation of using monensin for mechanistic studies comes from its effects on cellular
trafficking. Monensin is not only disrupting the plasmalemma, but also the Golgi membrane
interfering with post-translational modifications, such as protein glycosylation, as well as
trafficking; furthermore monensin is also able to trigger phenotypical and behavioural
cellular changes via pH variations triggered by the transfer of H" across the membrane
(Tsuchida et al., 2021, Gao et al., 2022, Efendiev et al., 2002, Mollenhauer et al., 1990,

Huczyniski et al., 2012a).

Changes in the dynamics of ions across the membrane and within the cell, particularly Na*,
can thus have severe consequences on physiological functions, with potential impact on
cancer progression. Therefore, a better understanding of how ions impact on signalling

events within the cell, could be a step forward in understanding and treating malignancies.

Linking everything together

Several studies report a possible connection between ionic transport and cancer immune
evasion, as well as tumour metabolism (Djamgoz et al., 2019, Pardo and Stihmer, 2014). Na*
channels have been linked to metastasis in several cancer types, and thus inhibitors of these
channels were often shown to have beneficial effect on tumour progression (Djamgoz et al.,
2019). Phenytoin, a VGSC inhibitor, was reported to inhibit metastasis in breast, lung, and
prostate cancer (Yang et al., 2012, Nelson et al., 2015a, Abdul and Hoosein, 2001, Fraser et
al., 2003, Onganer and Djamgoz, 2005). Other well documented VGSC inhibitors such as
carbamazepine and ranolazine have been found to have similar effects particularly against
breast cancer (Teichmann et al., 2014, Driffort et al., 2014). Interestingly, these drugs have

also been shown to impact on the activity of the immune system, having mostly inhibitory
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activity, which suggests that they might have applications also in the treatment of

hypersensitivity or autoimmunity (Sorrell and Forbes, 1975).

The hub protein that is likely to connect ionic transport with metabolic regulation and cell
signalling is however, the NKA. Specific inhibition of the NKA with drugs belonging to the
cardiac glycoside class (e.g., digoxin, ouabain), was shown to impact not only on glycolysis
and the Krebs cycle in tumour cells, but also on immune infiltration and cancer survival in
mice (Sanderson et al., 2020, Shen et al.,, 2020a). Cardiac glycoside-dependent NKA
inhibition might also be able to induce apoptosis and autophagy in glioma and hepatocellular
carcinoma cancer cells, as well as in lung cancer cells, thus impairing cancer cell growth
(Felippe Gongalves-de-Albuquerque et al., 2017, Wang et al., 2012c). Interestingly, the NKA
was also reported to regulate immune cell signalling. Increased NKA expression and elevated
ion transport function were associated with interleukin-2 (IL-2) induced proliferation of T
lymphocytes (Karitskaya et al., 2010, Redondo et al., 1986). In macrophages, the pump seems
to have an immunosuppressive function, as its inhibition by cardiac glycosides induces
activation of the proinflammatory master transcription factor, NF-kB. This response,
however, is dependent on the simultaneous signalling from NKA, the Toll-like receptor 4
(TLR4) and the low-density lipoprotein (LDL) scavenged receptor CD36, suggesting a possible
interaction amongst the three (Chen et al., 2017b). The immune implications of intracellular
Na* variations are particularly interesting, given the predominant immunosuppressive
microenvironment in breast tumours. Thus, in breast cancer, the NKA activity has been
shown to promote resistance and metastasis, while inhibition of Na* import through VGSC
blockage seems to prevent the metastatic phenotype (Khajah et al., 2018, Khajah et al.,

2016).

Thus, literature supports a link between Na* dynamics via the NKA, metabolism and the

immune response in cancer. A key regulator of tumour metabolism and immune evasion is
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the kynurenine pathway. Studies have linked upregulation of kynurenine pathway enzymes
(kynurenine monooxygenase and kynurinase) with the HER2* and TNBC breast cancer
subtypes. These argue that upregulation of kynurenine pathway enzymes contributes to an
immunosuppressive tumour microenvironment through metabolites like anthranilic acid and
3-hydroxyanthranylic acid (Heng et al., 2020). Other studies have shown that kynurenine 3-
monooxygenase (another kynurenine pathway enzyme) induces expression of pluripotent
genes, as well as upregulating the B-catenin pathway to promote progression of TNBC
(Huang et al., 2020). Furthermore, IDO1-centered literature has also shown the importance
of the kynurenine pathway in metabolic and immune regulation of breast cancer progression
(e.g., IDO1 pharmacological inhibition in combination with chemotherapy was shown to
decrease tumour size by 30 % in mouse HER2* breast cancer models (Muller et al., 2005);
while IDO1-mediated Treg differentiation was associated with metastatic behaviour in breast
tumours (Mansfield et al., 2009)). Overall, literature points toward an essential role of the

kynurenine pathway and IDO1 regulation in breast cancer progression (Girithar et al., 2023)

The link between Na* dynamics, NKA activity, metabolic reprogramming, and cancer immune
evasion, as well as the key role that the IDO1-centric kynurenine pathway plays in metabolic
and immune regulation, suggest that these aspects of the tumour microenvironment might
be intertwined. This work explores the connections between the ionic microenvironment,
tumour metabolism and immune gene expression, by focusing on the IDO1-centric Trp

metabolism.
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1.7.

Hypothesis and aims.

Given the elevated intracellular Na* levels associated with human breast tumours, as well as
the complex physiological implications associated with functional integrity of the main
intracellular Na* exporter, the NKA, this study aimed to investigate whether dysregulations
in Na* physiology might impact on the ability of TNBC cells to evade the attack of the immune
system, by interfering with the activity and expression of the immune checkpoint protein
IDO1. The study was preceded by a 31-ion transport-targeted drug screen, carried out by Dr
Mia Shandell, which identified the cardiac glycoside and NKA inhibitor, ouabain, as a potent

IDO1 inhibitor.

Based on these preliminary data, the hypothesis for the first part of this study (Chapters 3
and 4) was formulated. It was hypothesized that fluctuations in intracellular Na* levels impact

on the activity and/or expression of IDO1.

In the first part of the study, the aims were to understand how ouabain exerts its effects on
IDO1 and the kynurenine response, unravel a potential mechanism, as well as investigate the
effect of Na* on kynurenine production and IDO1 expression using a different, NKA-

independent, mechanism of increasing intracellular Na* levels.

The hypothesis of the second part of this study (Chapters 5 and 6) was built on the results of
the first part. It was hypothesized that, given the impact of cardiac glycosides (natural
compounds) on the kynurenine response, other natural compounds might be able to

interfere with IDO1-mediated immune evasion by disturbing Trp metabolism.

In this sense, the present study aimed to adapt the IDO1 activity assays for low-to-mid
throughput purposes and use it to screen a library of 630 natural compounds for potential
inhibitors of the kynurenine response, with lower toxicity that ouabain; it also aimed to

investigate the mechanism of action and the impact on the Trp metabolism of potential hits,
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as well as compare their metabolic effects to those of ouabain and a clinically tested selective

IDO1 inhibitor (Linrodostat).

By completing this study, the ultimate goal was to better understand not only the connection
between ionic dynamics and Trp metabolism, but also to unravel potential natural compound

candidates to be investigated for breast cancer therapy.
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2. Chapter 2: Materials and Methods

2.1. Cell culture

All materials were summarised in Appendix Table 8. 1.

2.1.1. Culture conditions (MDA-MB-231, A549 and HMEC cells)

Human triple-negative metastatic breast cancer MDA-MB-231 cells were provided by our
collaborator, Mustafa Djamgoz, while the lung cancer cell line A549 was kindly gifted by the
Tyson Sharp group. MDA-MB-231 cells are a TNBC cell line isolated from pleural effusion
from a breast cancer patient in the 1970s; A549 cells originate from a type Il pneumocyte
lung tumour and were isolated around the same time (Cailleau et al., 1974, Swain et al.,
2010). Thus, experiments were carried out in parallel in these cell lines due to their similar
origin, similar culture conditions as well as due to both of these being reported in the
literature as excellent study models for metastatic cancer (Liu et al., 2019a, Shindo-Okada et
al., 2002); furthermore, lung is one of the primary sites for breast cancer metastasis
alongside bone, brain and liver, thus justifying a comparison between MDA-MB-231 and
A549 physiology (Jin et al., 2018, Patanaphan et al., 1988). Human primary mammary
epithelial (HMEC CC-2551) cells from 2 donors were purchased from Lonza. All experiments
with MDA-MB-231, A549 and HMEC cells were cultured at 37 °C, 5 % CO,. MDA-MB-231 and
A549 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (21969035, Gibco)
supplemented with 10 % heat-inactivated Foetal Bovine Serum (FBS) (10439024, Gibco), 1 %
L-glutamine (25030081, Gibco), and 1 % penicillin/streptomycin (15070063, Gibco). MDA-
MB-231 and A549 cells were used for experiments for no longer than 10 passages from
thawing (stock passage 16), the identity of the MDA-MB-231 cells was last checked on 13"
February 2017 via short tandem repeat DNA profiling. The A549 cell line was acquired from
the Barts Cancer Institute in 2017 and their identity has not been verified since then. HMECs
were cultured using Mammary Epithelial Cell Growth Medium Bullet Kit (MEGM) (CC-3150,
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Lonza), passaging was caried out using the Reagent Pack Subculture Reagents for primary
cell subculturing (CC-5034, Lonza). HMEC cells were used for experiments on passages 3 to

7.

2.1.2. Seeding densities for MDA-MB-231, A549 and HMEC cells.

Knock down and pharmacology experiments were carried out using MDA-MB-231 or A549
cells, in 12-well plates at a density of 2.5 x 10°/well. For pSTAT1 time-point experiments cells
were seeded in T75 flasks to be about 80 % confluent on the day of the experiment. Only
MDA-MB-231 cells were used for all experiments measuring intracellular Na* levels, seeded
at 0.5 x 108 (unless otherwise specified in the figure legend) in a total volume of 100 pL/well
in flat-bottom 96-well tissue culture-treated (GREINER 96 F-BOTTOM) plates. For the natural
compounds screen described in Chapter 5, MDA-MB-231 cells were seeded at 0.7 x 10%/well
in flat-bottom 96-well tissue culture-treated plates. For the primary cell data in Chapter 5
(Figure 5.9), cells were seeded at 0.5 x 10°/well in 100 uL media in clear 96-well flat-bottom
plates. For the metabolomics experiments described in Chapter 6, cells were seeded at 4 x

10°in 10 cm tissue culture-treated dishes.

2.2. Pharmacology
For the data in Chapters 3 and 4, a number of small molecules that alter Na* transport or
target downstream signalling elements responsive to ionic imbalances were studied. Table
2.1 summarizes the main compounds and concentrations used in Chaters 3 and 4, as well as
one clinically studied IDO1 inhibitor, used in Chapters 5 and 6 (Linrodostat). Drug
concentrations were selected based on previously determined or literature reported I/ECso

values, as well as literature reported effective concentrations for the specified cell lines.

Generally, cells were pre-treated with drugs (Table 2.1) for 18 - 24 h. For some experiments,
siRNA or plasmid DNA transfection was carried out prior to drug treatment. Next, cells were
washed once with PBS and treated with media containing drug and cytokine stimulation for
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another 24 h. In the case of monensin experiments looking at IDO1 activity, the drug was
added for 8 h prior to the cytokine stimulation and then removed, or for 8 h prior to cytokine
stimulation and further kept in culture with the stimulation for another 24 h, or the drug was
only added for the last 8 h of the cytokine stimulation. For monensin SBFI experiments the
drug was applied acutely (immediately before data collection) or for 2, 4 or 8 h, without
cytokine stimulation. For veratridine SBFI experiments the rug was applied for 1 min or 24 h,
without cytokine stimulation. Exact details of the treatment protocols were specified in
figure legends. For MDA-MB-231 and A549 cells the IFNy (1 U/mL)/TNF (6.25 ng/mL) cytokine
stimulation was used. For HMEC cells, cytokines were supplemented to the culture medium

to give a final well concentration of IFN-y (100 U/mL)/TNF (6.25 ng/mL).

For the screen results in Chapter 5, details of the compounds used were summarised in the
Appendix Table 8. 2. All compounds were used at 10 pM in 0.1 % DMSO, with the exception

of ouabain which was used at 200 nM in 0.1 % DMSO.
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Drug Concentration 1/ ECsof Cell line used
Literature in this study
recommended

concentration

Ouabain 50 nM 100 nM 200 nM 88.9nM*  MDA-MB-231
Digoxin 75 nM 150 nM 300 nM 164.1 nM*  MDA-MB-231
Ouabain 10 nM 25 nM 50 nM 16.9 nM* A549
Digoxin 25 nM 50 nM 100 nM 39.9 nM* A549
Veratridine 25 uM 10-50 uM  MDA-MB-231
Monensin 50 1 10 50 100 500 10uM  MDA-MB-231

nM uM uM puM - UM M

HG-9-91-01 500 nM 1uM 0.92uM  MDA-MB-231

(Determined

in vitro)
Linrodostat 1nM 10 nM 100 nM 1.1 nM MDA-MB-231
(Determined
(Chapters 5 )
in HEK293
and 6)
cells)

Table 2.1. Key drugs and corresponding concentrations — Summary. Concentrations marked with a *
were determined experimentally as shown in Figure 3.1, all other concentrations were taken from
literature reports (Gillet et al., 2009a, James et al., 2022, Clark et al., 2012, Siu et al., 2017, Tang et al.,

2021).
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2.3. Natural compound screen (MDA-MB-231 cells)

2.3.1. Set-up

A 630-natural compound screen was carried out using MDA-MB-231 cells. Drug plates were
prepared in advance, all at once, by aliquoting 1 uL per well of 10 mM drug solution in 100
% DMSO in 700 uL 96-well v-bottom plates (LABPRO services, SKU: DP11VR-9-GC100-CS). For
ouabain controls 4 uL of 50 uM ouabain 1 % DMSO topped up with 0.96 uL 100 % DMSO
were added to corresponding wells. While for the DMSO controls 1 uL DMSO per well was
added. The plates were then stored at -80 °C until the day of the screen. On the day of the
screen, compounds were topped up with complete DMEM and added to the cells to give a
final well volume of 250 uL, with a final well concentration for natural compounds of 10 uM
in 0.1 % (v/v) DMSO. The well concentration for ouabain was 200 nM, in 0.1 % (v/v) DMSO,
chosen based on previous experiments (Shandell et al., 2022) (plate layout presented in
Figure 5.4B). Drug pre-treatment was carried out for 18 h, cytokine stimulation was then
added straight into the culture media for another 24 h to give a final well concentration of
IFNy (1 U/mL)/TNF (6.25 ng/mL). Supernatants were then collected for the kynurenine assay

and remaining cells were used to measure viability.

2.3.2. Analysis: Compounds of Interest (COIs) and Hits Selection

Two selection criteria based on the effect of compounds on kynurenine were used for the
screen. The standard deviation (SD) method was applied by firstly calculating the SD for the
vehicle control. Next the following formula was applied to calculate variation in the

kynurenine levels:

_ Sample Kyn—Mean Vehicle Kyn

X
Vehicle SD

A second method looking at fold change in kynurenine compared to the vehicle control was

also applied, using the following formula:
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_ Sample Kyn
“Mean Vehicle Kyn’

In addition to the kynurenine-based selection criteria, the following formula was used to

calculated viability fold change:

_ Sample Viability (570 nm—600 nm)
" Mean Vehicle Unstimulated Viability (570 nm—600 nm)’

For the first round of screening compounds that gave a fold change in kynurenine levels (Y)
< 0.5 or 21.4 OR a change in kynurenine equivalent to (X) 2 3 or <-3 SDs away from the
vehicle control, while maintaining viability fold change (Z) = 0.7, were considered COls. Both
replicate plates were included in the fold change and viability analyses. For the SD analysis a
quality control was applied, so that only plates where the controls were separated by least 3
SDs were included in this analysis; replicate plates that did not pass this quality control were

only used to verify patterns for potential COI exclusion.

For the validation round, the same type of analysis was applied as for COls, with the
exception of the fact that hits had to give a fold change in kynurenine levels (Y) < 0.5 or 21.4
AND a change in kynurenine equivalent to (X) = 3 or <-3 SDs away from the vehicle control

while maintaining viability fold change (Z) > 0.7.

The intra assay coefficient of variation (CV) was calculated for all the controls and all the
treatment conditions included in the initial screen. For each sample, CV was calculated using

the following formula, also documented by Schultheiss and Stanton (2009):

SD of technical replicates

100.

CVsampIe =

*
Mean of technical replicates*No of technical replicates

Each control from the two replicate plates corresponding to one set of 63 drugs was

treated as one sample. The average of all CVsamples gave the CV of the entire screen.
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2.4, Metabolomics experiments (MDA-MB-231 cells)

2.4.1. Set-up
For metabolomics experiments, cells were treated with 200 nM ouabain 0.1 % DMSO, or 100
nm Linrodostat (Generon, M6248) in 0.1% DMSO or 10 uM of the corresponding natural
comound (artemether and Euphorbia factor L9, ChemFaces, CFN99184 and CFN92887,
respectively) in 0.1 % DMSO for 18 h; a DMSO-only control was also set up. Cytokines were
supplemented directly into the culture media for another 24 h, to a final concentration of
IFNy (1 U/mL)/TNF (6.25 ng/mL). Kynurenine assays were performed on the supernatants.
Supernatant and cell lysates were collected using the freeze-thaw protocol described in

Rushing et al. (2022).

2 uL of sample were injected onto a Thermo Vanquish Flex Liquid Chromatography (LC)
system fitted with a Waters High Strength Silica T3 column (100 x 2.1 mm). Mobile phases
were A: water + 0.1% formic acid (v/c) and B: methanol + 0.1% formic acid (v/v). Samples
were eluted over a 10 min gradient as follows: 0-16 min 2-100 % B; 16-20 min isocratic 100
% B; 20-20.1 min to 2 % B; 20.1-30 min re-equilibrate at 2 % B. The column was held at 50
°C and flow rate was 0.4 mL/min. The eluate was sent to a Thermo Orbitrap Fusion
instrument between 0.6 and 28 min, fitted with a Heated Electrospray lonization source
operating in positive ion mode (sheath gas 50 units, auxiliary gas 10 units, sweep gas 1 unit,
spray voltage 3500V, vaporizer 325°C, ion transfer tube 275°C). The mass spectra (MS) 1 and
MS2 data were completed at an orbitrap resolution of 60,000 full width at half maximum
(FWHM), with a 0.4 s cycle time. MS1 data was collected between 70 - 1050 m/z. Easy
internal calibration was used to achieve mass accuracy < 1 parts per million (ppm). MS2 data
was collected alternating between Higher Collisional Dissociation mode with stepped
collision energies (35, 40, 45 %) and Collision-Induced Dissociation Mass Spectrometry mode

with a fixed collision energy of 40 %. Dynamic exclusion was set for n = 1 over 4s. Once
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collected, all files were converted to centroided. mzML and mgf formats using ProteoWIzard

msconvert.

2.4.2. Analysis
For metabolomics analysis data were processed through bespoke XCMS scripts, provided by
the Metabolomics department at the University of York, looking for exact MS1 matches to
the Trp pathway metabolites, with annotations verified and additional annotations added

using high-resolution MS2 data processed through Sirius.

The raw data files were converted to centroided. mzML and mgf formats using ProteoWIzard
msconvert. The. mzML format files were used as inputs for feature detection using bespoke
scripts written in R with functions from the XCMS (Smith et al., 2006, Tautenhahn et al., 2008,
Kuhl et al., 2012). Features were detected with the centWaveWithPredictedlsotopeROls
method, with the following function parameters: ppm = 10, signal to noise threshold
(snthresh) = 3, range of peak elution times (s) (peakwidth) = ¢ (2, 10), peak definition:
number of data points exceeding a set intensity threshold (prefilter) = ¢ (3, 1000), integration
method for peak quantification (integrate) = 2 (real data), accepted closeness of two signals
in m/z dimension (mzdiff) = -0.1. Duplicate features and features outside the time between
0.7 and 28 min were removed using custom scripts. Features were subsequently grouped
using a modified scms group () function. Adducts and isotopes were detected using CAMERA.
Feature MS1 values were matched to a custom database comprising predicted [M+H]+ or
[M+H]+ ions of the Trp pathway as defined by pathway ID SMP0000063 in the HMDB
(Wishart et al., 2007). The best representative MS2 spectra (defined as nearest to the MS1
precursor feature apex) were extracted with custom scripts from the .mgf files and converted
to .ms2 format using custom scripts for input into Sirius. Feature tables were initially filtered
to: 1) only retain features found at least once in any sample with an area value greater than

the mean + 3 x the SD value of blank samples; then 2) retain any features with a HMDB
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database hit; then 3) retain features that are probably monoisotopes (as calculated by
CAMERA). Sirius matching was then performed on available initially filtered features, using
Sirius 5.8.2 (Duhrkop et al., 2019, Dihrkop et al., 2021) all default databases and instruments
were set to Orbitrap with 5 ppm tolerance. Sirius outputs were merged with feature tables.
These were manually further edited to remove redundant and near-baseline features and

reconcile HMDB and Sirius annotated features.

2.5. siRNA transfections
All transfections were performed in 12-well tissue culture-treated plates, using the 12
ul/reaction mix of TransIT-siQUEST Transfection Reagent in 87 puL OptiMEM; 99 pL of the
TransIT-siQuest-OptiMEM mix were then added to 981 pL of siRNA-OptiMEM solution (final
siRNA concentration: 25 nM); 160 pL of the TransIT-siQuest-OptiMEM-siRNA reaction mix
were added to 640 pL OptiMEM to each well. Untransfected wells were kept in 800 L Opti-
MEM. Appendix Table 8.1 summarizes the details about the transfection reagents and siRNAs
used. Transfections were allowed to proceed for 5 h then cells were washed once with PBS
and transfection media was replaced with either culture media (supplemented DMEM)

alone, or culture media containing drug (section 2.2)

2.6. DNA plasmid transformations
A pCMV6-Entry-Myc-ATP1A1 (NM_000701, PS100001) (Origene, RC201009) plasmid and a
pcDNA3.1 +/C-(K) DYK—ATP1A1-FLAG (NM_000701.8) were used for ATP1A1 overexpression
experiments. A pCMV3-C-Flag-NCV (SinoBiological, CV012) empty vector was used as a
negative control form both plasmids for optimised transfections. A pcDNA3.1 plasmid was

kindly supplied by the Hitchcock group at the University of York.
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For each plasmid, 30 pL competent E. coli (DH5a) were transformed with 50 ng DNA, and
kept on ice for 30 min, cells were then heat-shocked for 45 s at 42 °C and transferred on ice
for 2 min. 700 pL of warm LB broth (antibiotic-free, prepared as per manufacturer protocol,
Thermo Fisher, L3022) were added to the cells, followed by 1 h incubation at 37 °C. Cells
were then seeded on kanamycin (50 pg/mL) LB agar (Lennox LB Agar, Thermos Fisher

22700025) plates and incubated over night at 37 °C.

2.7. DNA plasmid prep

MiniPrep

A single bacterial colony was collected using a sterile tip and transferred to 5 mL of LB broth
with kanamycin (50 pg/mL). The culture was kept shaking at 37 °C over night. Plasmid
isolation was carried out using the QlAprep Spin Miniprep Kit, following the supplier protocol
(QlAgen, 27104).

Midiprep

A single bacterial colony was collected using a sterile tip and transferred to 5 mL of LB broth
with kanamycin (50 pg/mL). The culture was kept shaking at 37 °C for 8 h. 200 pL of this pre-
culture were transferred into 50 mL of LB broth (50 pg/mL kanamycin) and incubated shaking
at 37 °C over night. Plasmid isolation was carried out following the HiSpeed Plasmid Midi Kit,

according to the supplier protocol (QlAgen, 12643).

2.8. DNA transfections
JetPrime
pCMV6-MYC-ATP1A1 transfections were carried out using JetPRIME transfection reagent
(Polyplus, 114-01). 1 ug DNA and transfection buffer were first mixed, then transfection
reagent was added to keep a 2/1 v/w ratio with DNA. The total reaction volume per sample

was 75 pL. Following a 10-min room temperature (RT) incubation, the reaction mix was
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added to the cells growing in complete growth media. The transfection was allowed to
proceed for a minimum of 4 h. Cells were then washed with PBS and left over night in
complete growth media. On the next day, either ouabain or media was added for 24 h. For
pCMV6-MYC-ATP1A1 transfection, 24 h post ouabain treatment, cytokine stimulation was

added for another 24 h. Samples were then collected for western blots, or kynurenine assays.

Lipofectamine™ 3000 Transfection Reagent

pcDNA3.1-ATP1A1-FLAG transfection were carried out using Lipofectamine 3000
transfection reagent (L3000001, Thermo Fisher). 2.5 ug DNA per sample was mixed with
P3000 in 1/2 w/v (ug/uL) ratio; the mix was diluted in 125 uL OptiMEM reagent. Separately,
10 pL Lipofectamine was diluted in 125 pyL OptiMEM. Next the DNA and Lipofectamine
solutions were mixed into 1/1 v/v ratios and incubated for 15 min RT. Next 250 puL of the
DNA-Lipofectamine transfection mix were added dropwise to cells in complete media (2 mL).
The transfection was allowed to proceed for a minimum of 4 h. Cells were then washed with
PBS and left overnight in complete growth media. On the next day, either ouabain or media
was added for 24 h. Next, cytokine stimulation was added for another 24 h. Samples were

then collected for western blots, or kynurenine assays.

2.9. The kynurenine assay.

2.9.1. Set-up
All kynurenine assays were carried out on culture supernatants in 96-well tissue culture
plates. For each kynurenine assay a set of 8 standards, ranging from 0 to 100 uM, was
prepared. 150 pL supernatants/standards were transferred to a U-bottom 96-well plate.
These were treated with 10 uL 30 % 6.1 N Trichloroacetic acid for 30 min at 50 °C. 100 L of
each sample/standard were then transferred to a new 96-well flat-bottom plate and topped

up with 100 uL 1.2 % Ehrlich’s reagent in glacial acetic acid. Following a 10 min RT incubation,
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absorbance at 492 nm was measured using either a CLARIOstar (BGM Labtech) or VersaMax

(Molecular devices) plate reader(Grant et al., 2000, Takikawa et al., 1988) (Figure 2.1).
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Figure 2.1 The kynurenine assay. N-formylkynurenine from the supernatants is converted to L-
kynurenine using trichloro acetic acid (50°C, 30 min), then Ehrlich’s reagent is used to allow detection
of an absorbance signal at 492 nm®. Absorbance was detected using either a CLARIOstar (BGM

Labtech) or a VersaMax (Molecular devices) plate reader.
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2.9.2. Analysis

A set of calibration wells were used to generate a standard curve (simple-linear regression
analysis) which was then used to calculate kynurenine concentrations. Concentrations were
plotted in GraphPad Prism v9.0.0 as means and SD. Figure 2.2 shows a representative
calibration curve for they kynurenine assay and the associated equation used to convert

absorbance values into concentrations (LM).

0.8 = Foy
¥= slope X Yintercept

g
o™ 0.6
[=2]
=
(-]
= 044
(4]
g
2 0.2
<

0.0 1 1 1 1 1

0 20 40 60 80 100

Kynurenine (uM)

Figure 2.2 Representative kynurenine assay calibration curve and associated equation. Y—corresponds

to the absorbance values, x — corresponds to the concentration.
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2.10. Viability
Viability was mainly assessed through automatic cell counting. Cells were lifted with 0.05 %
Trypsin-EDTA (25300054, Gibco) and stained with trypan blue (T10282, ThemoFisher
Scientific), counting was done automatically using a Countess Il FL Automated Counter

(C10283, Thermo Fisher Scientific).

A plate-based measurement was used to assess viability for experiments where counting
individual cells was considered detrimental, either due to large number of samples, or in
order to reduce the stress to which cells were exposed (e.g., the natural compound screen,
for primary HMECs experiment). The method of choice for assessing cell viability was
specified in each figure/figure legend. For plate-based measurements, the Deep Blue
Viability dye was added to the cell cultures at a 1:10 ratio with the supernatant volume. Cells
were incubated at 37°C, 5 % CO; for 4 h and viability was then measured by reading optical
density (OD) at 570 and 600 nm, using either a CLARIOstar (BGM Labtech) or VersaMax
(Molecular Devices) plate reader. The absorbance value recorded at 600 nm was then
subtracted from the 570 nm absorbance value, to give a measure of cell viability. The given
numbers were then normalized (fold change calculations) to the corresponding control (the
most viable condition, according to the experimental design) to give a ratio corresponding

to sample viability.

2.11. Measurement of cytosolic sodium concentration using Sodium-
binding Benzofuran Isophthalate Acetoxymethyl Ester (SBFI-AM)

2.11.1. Set-up
A 10x stock of 144 mM Na* physiological saline solution (PSS) and a 10x K* saline solution
were prepared, no D-glucose was added. These were kept at 4 "C for further use. The 10x
stocks were diluted in double-distilled water to 1x and the corresponding amount of D-

glucose was added (1x Na* PSS composition: NaCl 144 mM, KCI 5.4 mM, MgCl, 1 mM, HEPES
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5 mM, CaCl; 2.5 mM, D-glucose 5.6 mM; 1xK* PSS composition: KCl 149.4 mM, MgCl, 1 mM,
HEPES 5 mM, CaCl; 2.5 mM, D-glucose 5.6 mM). The pH was adjusted to 7.2 and the solutions
were then filtered. These were kept at 4 °C for no longer than 7 days before use. To make
up the calibration solutions, Na* and K* saline solutions were mixed in the corresponding

ratio to dilute the 1x Na* PSS from 144 mM Na*to 0O, 25, 50, 75 and 100 mM Na*.

MDA-MB-231 cells were seeded as described in section 2.1 and treated with the
corresponding drugs (Table 2.1). For experiments that included cytokine stimulation, IFNy (1
U/mL) and TNF (6.25 ng/mL) were also added at the same time with the drugs. Calibration
wells were set-up and kept in fully supplemented growth media. 22 h post treatment all
samples were washed once with drug/drug-cytokine solutions made up in DMEM (no
supplements). Samples were then left for 2 h in 10 uM SBFI-AM and 0.1 % Pluronic acid
drug/drug-cytokine solutions made up in DMEM (no supplementation). Calibration wells and
samples that did not receive drug treatment were also treated with an SBFI-AM - Pluronic
acid DMEM solution. Blank wells were kept in un-supplemented DMEM. After 2 h of SBFI
incubation samples were washed twice with drug/drug-cytokine solutions made up in 144
mM Na* PSS and left in 200 pL/well of these solutions. Calibration wells were washed with
PSS solutions of different Na* concentrations: 0, 25, 50, 75 and 100 mM and were left in 200
uL of these solutions supplemented with 20 uM Gramicidin. A CLARIOstar (BGM Labtech)
plate reader was used to quantify intracellular Na* by exciting samples at 340 and 380 nm

and recording fluorescence at 510 nm, every 5 min for 20-30 min.

For 12-well plate siRNA transfections, cells were transferred to a 96-well plate on day 2 post

transfection via trypsinisation and SBFI staining was carried out 24 h post transfer.

2.11.2. Analysis

Fluorescence data in response to excitation at 340 and 380 nm were collected for all samples.

340 and 380 fluorescence values were blank corrected by subtracting the average value of

84



the blank wells (no SBFI) at each excitation wavelength from the value of each sample at the
same excitation wavelength. Then 340/380 ratios were then calculated for each sample.
Based on the 340/380 values for the calibration wells, the timepoint at which the intracellular
Na* concentration stabilised was identified for each experiment. The rest of the analysis was
carried out with the data corresponding to the identified timepoint. Signal to noise ratios

(SNR) were also calculated for each excitation wavelength using the formula:

blank corrected fluorescence at wavelength 1
average blank fluorescence at wavelength 1

SNR wavelength 1 = x 100.

All samples/calibration wells that had a signal to noise ratio at 380 nm < 20 were excluded.
A calibration curve was then plotted using a Pade (1,1) Approximant analysis in GraphPad
Prism v9.0.0 and was used to convert fluorescence ratios into Na* mM concentrations. Figure
2.3 shows a representative example of timepoint selection (A) and calibration curve

representation (B).
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Figure 2.3 Representative SBFI analysis. A. 340/380 fluorescence ratios for calibration wells at multiple timepoints;
B. Pade (1,1) approximant calibration curve for the selected timepoint (T=19 min in A). The equation
associated with the curve in B was used to convert fluorescence ratios to concentration values. The
equation corresponding to the curve in B is Y= (A0 + A1*X)/ (1 + B1*X), where A0, A1 and B1 were
calculated automatically by Graph Pad Prism, y —corresponds to the fluorescence ratio, x — corresponds

to the concentration.
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2.12. Protein extraction
Cells were harvested using radioimmunoprecipitation assay (RIPA: 5 mM EDTA, 150 mM
NaCl, 10 nM Tris-HCI pH 7.2, 0.1% SDS, 0.1% Triton X-100, 1% sodium deoxycholate) lysis
buffer supplemented with protease inhibitory complexes P8340, P5726, and P0044 (1 in 100
dilution). Samples were centrifuged for 10 min at 4 °C 10 000xg. To determine the protein
concentration of each sample, 2 uL sample supernatant were diluted in 10 uL PBS; 5 pL of
the dilution were added to a 96-well plate, topped up with 95 uL Bicinchoninic Acid Assay
(BCA) Reagent A/Reagent B mixture (49/1 v/v ratio) and incubated at 37 °C for 30 min.
Absorbance values were recorded at 562 nm. A set of bovine serum albumin (BSA) standards,
serially diluted 1 in 2, with concentrations ranging from 1 or 0.031 mg/mL were used to
convert the absorbance values to concentrations, by plotting a simple linear regression
curve. These were then used to calculate the required volume of sample equivalent to 10 pg

of protein, to be used for western blot assays.

2.13. Western Bolt
Samples for western blot were collected using RIPA lysis buffer supplemented with protease
inhibitory complexes P8340, P5726, and P0044 (1 in 100 dilution). Most experiments were
carried out without boiling the samples, unless otherwise specified in figure legends; for
SRC3 KD westerns (section 8.2.2. ) the samples were boiled for 5 min at 90 °C. For the western
blot electrophoresis, 10-20 pg of protein per sample were loaded on a 10 % SDS-PAGE gel
and run for 1 h and 30 min at 120 Volts on a Bio-Rad PowerPac HC. The resolving (Acrylamide
9.9 %, Tris Buffer 4.5 % pH 8.8, SDS 0.1 %, ammonium persulfate 0.1 % and TEMED 0.04 %)
and staking (Acrylamide 4.18 %, Tris Buffer 1.28 % pH 6.8, SDS 0.083%, ammonium persulfate
0.083 %, TEMED 0.083 %) gels were made in house. Running buffer (UltraPure Tris 3 g/L, SDS

1 g/L, Glycine 14.4 g/L, pH 8.3) was also made up in house.
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Semi-dry transfer was carried out for 1.5 h at 25 V (Chapter 3) using a Trans-Blot SD Cell
machine (BioRad), and for 10 min at 25 V using a Trans-Blot Turbo fast-transfer machine
(BioRad) (Chapters 4, 5 and 6) on polyvinylidene difluoride (PVDF) membranes. Membranes
were blocked with 2 % (w/v) BSA for 30-60 min. Primary antibody incubations were carried
out overnight at 4 °C, apart from GAPDH which was incubated for 1 h at RT. A list of all the
primary antibodies used can be found in Appendix Table 8.1. Secondary antibody incubations
were carried out for 30-60 min at RT. Imaging was carried out using ECL™ Blotting Reagents
(GE Healthcare, GERPN2109) and X-ray 100ST Amersham Hyperfilm ECL (Life Science
products Cytiva, 15497394) on a Medical Film Processor SRX-101A (Konica Minolta).

Between each step 3x 5-minute Tris-buffer saline -Tween (TBS-T) washes were performed.

2.14. Real-Time Quantitative Reverse Transcription PCR (qRT-PCR)

2.14.1. Set-up

Samples were collected using QlAzol lysis reagent and RNA was isolated by chloroform
extraction and purified using the QlAgen RWT and PE RNA extraction buffers; RNA was then
eluted in 30 pL nuclease-free water, according to recommendations from the manufacturer
(QlAzol Lysis protocol and QlAgen RNeasy protocol). For cDNA synthesis two PCR master
mixes (MM) were prepared. MM1 consisted of random hex primers (50 ng/mL),
deoxynucleotide triphosphates (dNTP) and nuclease-free water in a 1:1:9 ratio. 11 pL of
MM1 were added to each sample containing 1.5 pL RNA. These were transferred to a
MicroAmp Fast Optical 96 well plate PCR Thermal Cycler (Applied Biosystem) and kept for 1
min at 4 °C, followed by denaturation for 5 min at 65 °C and cooling for 1 min at 4 °C. Once
denaturation was complete, the samples were topped up to 20 pL with MM2, consisting of
5x FS Buffer, 0.1 M Dithiothreitol (DTT), RNase OUT 40 U/uL and Super Script Il RT 200 U/uL
in an 8:4:2:1 ratio. Annealing and polymerization were achieved by sequentially keeping

samples for 10 min at 25 °C, followed by 50 min at 50 °C; the polymerase enzyme was then
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denatured by increasing the temperature to 85 °C for another 5 min, once the reaction was

complete, the samples were stored at 4 °C.

gRT-PCR was performed using Fast SYBR Green (Applied Biosystems, 4385610). All targets
were amplified using forward and reverse primers (Sigma Aldrich), except for ATP1A1 and
IDO1 which were amplified using QIAgen QuantiTect primers (sequences were included in
Appendix Table 8. 1). Forward and reverse primers were mixed as follows: 0.6 puL of each
type of primer were added to 7.8 plL water and 10 pL SYBR Green. QuantiTect primers were
mixed as follows: 2 pL primers were added to 7 pL water and 10 pL SYBR Green for each
reaction. The working primer concentration was 10 uM. 1.5 puL cDNA was added to the 19 plL
of primer mix. gRT-PCR was run on a StepOne FASTPlus gPCR machine, by warming up the
samples to 95 °C for 20 s, then completing 40 cycles of samples held at 95 °C for 3 s and cooled
to 60 °C for 30 s, according to the manufacturer instructions (Applied Biosystems StepOne™

and StepOnePlus™ Real-Time PCR Systems User Bulletin).

2.14.2.  Analysis

The threshold for qPCR was set at 0.1. Data were then analysed by calculating the 2" value
in Microsoft Excel, with GAPDH or B-actin normalisation, as specified in figure legends (Livak
and Schmittgen, 2001). Fold change was calculated by normalising to the average value for
the given gene, across all conditions, or by normalising to the value for the given gene in the
positive control, as specified in figure legends. These values were then plotted in GraphPad

Prism v9.0.0.

2.15. IDO1 enzyme activity assay

2.15.1. Set-up

An assay buffer was prepared by making up a 50 mM solution of 2-

Morpholinoethanesulphonic acid (MES) in water. The assay buffer solution was split in two
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tubes for the experiment described in this study (Figure 6.1) and the solution in each tube
was adjusted to pH 6.5 using either NaOH or KOH, to verify if the presence of Na* in the assay

buffer directly interferes with IDO1 activity.

A 96-well tissue culture plate was loaded with the corresponding compounds/DMSO to give
the final concentrations described in Table 2.2, for a final assay volume of 100 uL. Then, the

recombinant human IDO1 enzyme was diluted in assay buffer to ~16 ng/uM.

Next, a substrate mixture was prepared by making up two intermediate solutions. Firstly, an
80 mM ascorbic acid solution was made up in 0.405 M Tris (pH 8). Secondly, L- Trp, catalase
and Methylene Blue were diluted in assay buffer to 800 uM, 9000 units/mL and 40 pM,

respectively.

The two intermediate solutions were combined in a 1:1 ratio, immediately before addition
to the enzyme, to give a final substrate mixture solution consisting of 40 mM ascorbic acid,
400 uM Trp, 4500 units/mL catalase and 20 uM Methylene Blue. Then, the enzyme was
added to the compound plate (50uL enzyme mix, equivalent to 0.8 ug enzyme/well), and 50
puL of substrate mixture was added immediately to the enzyme. The plate was then
transferred into a CLARIOstar (BGM Labtech) plate reader and absorbance at 321 nm was

recorded every 30 seconds for 30-40 min.
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COMPOUND FINAL COMPOUND CONCENTRATION/WELL

DMSO 0.1%
LINRODOSTAT 10 pL
100 nM
ARTEMETHER 10 uL
EUPHORBIA FACTOR L9 10 uL

Table 2.2 Final concentrations of compounds for the IDO1 activity assay.

2.15.2. Analysis

The raw data at each timepoint was blank corrected (blank subtraction) then plotted for each
condition. The linear restriction of the enzyme activity Vs time curve for all conditions was
selected (timepoints 0 to 1000 s). A simple linear regression curve was then fitted for each
condition and the slope of each curve was then in GraphPad Prism v9.0.0 This analysis was
completed for each individual replicate. The slopes were then plotted as bar graphs (mean
and SD) and statistical analysis was carried out to evaluate any significant changes across

conditions.

2.16. Statistical analysis
For all data (except for the in silico and metabolomics analysis) statistical analysis was carried
out in Graph Pad Prism v9.0.0. All experiments were carried out with an n=1, 2, 3 or 4
biological repeats; therefore, the sample size was too small to perform normality analysis
confidently, and normal distribution was assumed for all data. All data were thus plotted as
means and SD, and statistical analysis was performed using an ordinary one-way ANOVA, or
for more complex data sets with more than one variable, treatment conditions were

compared using a two-way ANOVA. The following multiple comparisons tests were used:
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Tukey’s (coupled with a one-way or two-way ANOVA when all conditions were compared to
each other), Bonferroni’s (coupled with a one-way or two-way ANOVA when specific pairs of
conditions were compared). A two -way ANOVA was also paired with a with a two-stage linear
step-up procedure of Benjamini, Krieger and Yekutieli, to account for multiple comparisons (false
discovery rate), for experiments that combined a large number of variable conditions (transfection

combined with drug titration). For comparisons of two groups an unpaired, two-tailed t-test

was used.

For the in silico analysis (Figure 4.7) TCGA and METABRIC data sets were merged using RStudio
1.4.1717. A list of STAT1-regulated genes and SIK1-cooexpressed or targeted genes was

compiled from the Harmonizome tool (CHEA Transcription Factor Targets; NCBI Entrez Gene

Database, 6772; GeneRIF Biological Term Annotations; PhosphoSitePlus Substrates of

Kinases), (Brown et al., 2015, Mitchell et al., 2003, Hornbeck et al., 2004, Hornbeck et al.,
2015, Lachmann et al., 2010). Bivariate Pearson correlations were calculated in R Studio
using the rcorr() function; heatmaps were plotted using the corrplot package. Kaplan Meier

(KM) survival plots were generated using the ggsurvplot() function.

For statistical analysis of the metabolomics data (Chapter 6), the Metaboanalyst software
was used. Metaboanalyst applied a data integrity check to each set of data uploaded,
excluding metabolite entries that exhibited constant or no value for all the treatment
conditions included in the data set. All data sets were median normalized and logio
transformed. Principal component analysis was used to verify correct clustering of the data
based on treatment conditions. Statistical analysis was carried out using an unpaired t-test
and fold change analysis. The data was plotted as a volcano plot and metabolites of interest
were selected based on the following thresholds: p value (false discovery rate corrected,

FDR) < 0.1 and fold change value > 1.5.
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3. Chapter 3: Results. Connecting Na*/K* transport to
tryptophan catabolism: a novel pathway in breast

cancer cell immune escape.

3.1. Introduction

3.1.1. Background

The elevated intracellular Na* levels within the central hypoxic core of breast tumours have
led researchers to question whether ionic dynamics, and in particular Na* accumulation,
might play an active role in tumour cell survival, metastasis, and immune evasion (Ouwerkerk
et al., 2007). One important mechanism through which cancer cells preserve their integrity
is via immune checkpoints. These are proteins involved in cancer-immune interaction, which
function as suppressors of the immune response against tumours, via different mechanisms
(Pisibon et al., 2021). This chapter focuses on the immune checkpoint protein IDO1,
described in more detail in sections 1.3.6 and 1.4.3. IDO1 is a metabolic enzyme expressed
by cancer cells in response to IFNy stimulation, which converts the amino acid tryptophan
(Trp) from the tumour microenvironment to N-formylkynurenine. In this way, IDO1 triggers
effector T cell Trp starvation and it induces differentiation of the naive T cells into an

immunosuppressive phenotype, called regulatory T cells (Tregs) (Hornyak et al., 2018).
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3.1.2. Hypothesis and aims.

Multiple studies have linked Na* dynamics and cancer immune evasion, as described in more
detail in sections 1.5 and 1.6 (Djamgoz et al., 2019, Leslie et al., 2019). This chapter
investigates the link between the main Na* exporter, the NKA and IDO1 activity. It was
hypothesized that the integrity of Na* dynamics is required for physiological IDO1 activity
and expression, and dysregulations in intracellular Na* levels, primarily by interfering with

NKA activity, might impair the IDO1 response.

To test this hypothesis, this chapter aims to present the NKA as an important target for
regulating IDO1 activity, as well as validate the role of IDO1 in kynurenine production in
MDA-MB-231 cells. This chapter then explores the impact of pharmacological inhibition of
the NKA alone or in combination with knockdown (KD) of the al NKA subunit (ATP1A1) on
the activity and expression of IDO1 and its upstream regulators. Finally, this chapter explores
the effect of ATP1A1 overexpression on IDO1 activity and studies the relationship between

intracellular Na* levels and kynurenine production in MDA-MB-231 cells.
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3.2. Results

3.2.1. Identification of ion transport-modulating compounds that affect kynurenine
production in breast cancer cells.

The kynurenine assay was first described by Takikawa et al. (1988), as an in vitro method of

qguantifying IDO1 activity, from cellular extracts, which involved high performance liquid

chromatography (HPLC)-based kynurenine quantification. The method was refined by

Littlejohn et al. (2000), to include a chemical modification triggered by the reaction of N-

formylkynurenine with the Ehrlich reagent, leading to conversion to kynurenine.

The later optimised assay set-up was used for a preliminary screen, analysing the effect of
31 ion transport-targeted compounds on IDO1 activity. Figure 3.1A highlights the results of
the drug screen in MDA-MB-231 cells, with the main IDO1 inhibitors identified being
diclofenac and ouabain. The stronger inhibitor, the cardiac glycoside ouabain, was taken
forward for further testing alongside another member of the class, digoxin. Figure 3.1B and
C, show the concentration-dependent effect of ouabain and digoxin on IDO1 activity in MDA-
MB-231 breast cancer and A549 lung cancer cells. Figure 3.1D summarizes the ICsovalue for

ouabain and digoxin in each of the 2 cell lines tested.

In summary, a 31-ion transporter-targeted compound screen allowed the identification of
the cardiac glycoside ouabain as a strong IDO1 inhibitor in MDA-MB-231 breast cancer cells.
This result was validated by a titration of the compound in both MDA-MB-231s and A549s.
Furthermore, a second member of the cardiac glycoside class, digoxin, showed similar
behaviour to ouabain in both cell lines. The ICso values corresponding to each drug, for each
of the 2 cell lines, were experimentally determined and provide the basis for the future

experiments listed below.
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Figure 3.1 Effect of 31-ion transport targeted compounds on IDO1 activity (Preliminary data). A. Drug
screen results — effect on IDO1 kynurenine production (n=3 biological replicates). B. Titration of
ouabain and digoxin in MDA-MB-231s and their effect on IDO1 activation (n=3 biological replicates).
C. Titration of ouabain and digoxin in A549s and their effect on IDO1 activation (n=3 biological
replicates). D. Summary of the ICso for ouabain and digoxin in MDA-MB-231 and A5489 cells. For Figure
A, cells were pre-treated with 10 uM of the corresponding drug for 18 h, then stimulation with 1 U
IFNy/6.25ng/mL TNF was applied for another 24 h, as described in more detail in section 2.2. For B and
C, cells were treated with a range of ouabain/digoxin concentrations prior to cytokine stimulation,
following the timepoints explained in A. The kynurenine assay was carried out as detailed in section
2.9. The ICso for each drug in each of the cell lines were determined from the graphs shown in Figures
B and C, using a Nonlinear fit log(inhibitor) vs. response, variable slope (four parameters). Schematics
were designed in Biorender.com, data were plotted as mean and SD in GraphPad Prism v9.0.0.
Statistical analysis was carried out using a one-way ANOVA, coupled with a Tukey’s multiple
comparison test, **** p< 0.0001. Data presented in this figure were generated and analysed by Dr

Mia Shandell and were included in this thesis for setting the context of the project.
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3.2.2. IDO1 is necessary for kynurenine production.

IDO1 is the enzyme that catalyses the rate-limiting step in the catabolism of Trp to N-
formylkynurenine, in MDA-MB-231 breast cancer cells (Novikov et al., 2016). Preliminary
data showed that treatment of MDA-MB-231 cells with the NKA cardiac glycoside inhibitor,
ouabain, downregulated IDO1 expression and kynurenine production. To verify whether the
kynurenine reduction observed by treatment with ouabain is due to IDO1 activity, siRNA KD

of IDO1 was carried out, followed by ouabain treatment.

The efficacy of the IDO1 KD was assessed via western blot. Figure 3.2A shows a
representative image of the IDO1 band intensities, whilst Figure 3.2B includes densitometry
data from n=3 biological replicates showing a statistically significant reduction in IDO1
expression in the KD DMSO-treated cells, compared to the non-targeting control (NTC)
DMSO of 46.18 %. Further reduction of IDO1 expression occurred at high ouabain

concentrations.

The kynurenine production in the presence of DMSO also dropped by more than 50 % in the
IDO1 KD cells compared to the NTC. Addition of ouabain had little to no further impact on
the kynurenine response in the IDO1 KD cells, while significantly reducing the kynurenine
levels in the NTC and Untransfected controls at high concentrations (200 nM) (Figure 3.2C).
Viability data showed no difference in cell survival across the three conditions (IDO1 KD, NTC,

Untransfected).

It was thus shown that IDO1 KD reduces the kynurenine response, independently of viability,

and addition of ouabain does not impact on kynurenine in the absence of IDO1.

98



A.

Untransfected NTC siRNA IDO1 siRNA
kDa o 59 100 200 0 50 100 200 0 50 100 200 [Ouabain](nM)

2.0+
e NTC siRNA
s e |DO1SsiRNA
E 1.5+
@ ? x* ¥k * kK
&3
W E ®e
£2 1.0
g2
<
oo ° o®
© 0.5
= }
.
0.0 T T L) L) r§1
DMSO 50 nM Quabain  100nM Ouabain 200 nM Ouabain
c' 80
—_— -e- untransfected
S 60 - NTCsiRNA
';," -o- |DO1 siRNA
c
‘c 40
[
| =
2
§~ 20
*%k
0 1 I I 1
0 50 100 150 200
[Ouabain] (nM)
D. 100

=]
(=]
1

S
= *
g 60 Ps
L] -8 untransfected
)
o 40+ -8 NTC siRNA
o
- -8 |IDO1 siRNA
|
20+
0 1 1 I 1
0 50 100 150 200

[Ouabain] (nM)

99



Figure 3.2 IDO1 knockdown abolishes kynurenine production in MDA-MB-231 cells. A. IDO1 KD
representative western blot showing IDO1 expression. B. IDO1 protein levels, western blot
densitometry data (n=3 biological replicates). C. Kynurenine production in response to ouabain in
Untransfected, NTC and IDO1 KD cells in response to ouabain (n=3 biological replicates). D. Percentage
viability of Untransfected, NTC and IDO1 KD cells in response to ouabain (n=2 biological replicates).
Cells were pre-treated with ouabain for 42 h and IFNy (1 U)/ TNF(6.25ng/ mL) stimulation was added
for another 24 h. Data in B and C were plotted as mean and SD in GraphPad Prism v9.0.0. Data in D
were plotted as individual values with a connecting line marking the average due to the low n number.
A parametric ordinary one-way ANOVA, coupled with a Bonferroni's multiple comparisons test was
used to assess differences in IDO1 protein levels, pairwise for each ouabain concentration (B), and a
two-way ANOVA coupled with a Bonferroni's multiple comparisons test was used to assess the changes
in kynurenine in response to ouabain treatment, data were compared to the corresponding DMSO
condition (Untransfected DMSO, NTC DMSO, ATP1A1 DMSO), *p < 0.05, **p < 0.01, ***p < 0.001.
GAPDH — glyceraldehyde 3-phosphate dehydrogenase, IDO1 — indoleamine 2,3-dioxygenase, NTC- non

targeting control, siRNA - silencing RNA.
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3.2.3. IDO1 overexpression is sufficient to induce kynurenine production.

Having confirmed that IDO1 is necessary for kynurenine production, the next step was to
evaluate whether it is also sufficient to sustain the kynurenine response. To do that, IDO1
was overexpressed in MDA-MB-231 cells and the effect on kynurenine, in the presence or

absence of ouabain, or cytokine stimulation, was assessed.

The individual effect of ouabain and cytokine stimulation on exogenous IDO1 was next
assessed. Figure3.3A shows a representative western blot, indicating no impact of either
ouabain or IFNy/TNF stimulation, on exogenous IDO1 expression. Densitometry data
revealed a similar trend for n=3 biological replicates. A significant increase in IDO1 levels was
seen in all IDO1 transfected samples, compared with the empty vector controls, while
addition of ouabain, or cytokine stimulation had no impact on the exogenous IDO1 protein
levels (Figure 3.3B). The kynurenine response increased by 3-fold upon IDO1 transfection,
although this was not statistically significant (Figure 3.3C pCMV3-C-FLAG DSO Vs pCMV3-C-

FLAG-IDO1 DMSO). Addition of cytokines did not increase the kynurenine response.

This section thus shows that exogenous IDO1 expression is insensitive to ouabain, and it is

sufficient for the upregulation of the kynurenine response.
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Figure 3.3 Impact of IDO1 overexpression on kynurenine production in MDA-MB-231 cells. A. IDO1
overexpression +/- ouabain or +/- cytokine stimulation — representative western blot for n=3 biological
replicates (JetPRIME transfection); B. IDO1 overexpression, +/- ouabain or +/- cytokine stimulation,
protein expression densitometry data, fold change from average IDO1 expression across all conditions
(JetPRIME transfection) (n=3 biological replicates); C. Impact of IDO1 overexpression +/- ouabain or
+/- cytokine stimulation on kynurenine levels (JetPRIME transfection) (n=3 biological replicates). Cells
were treated with 10 nM ouabain in 0.05% DMSO, 0.05% DMSO or IFNy (1 U)/ TNF(6.25ng/ mL) for 24
h. Data were represented as men and SD in GraphPad Prism v9.0.0. A parametric ordinary one-way
ANOVA, coupled with a Bonferroni’s multiple comparison test was used to compare the IDO1 protein
levels (B), and a two-way ANOVA coupled with a Bonferroni's multiple comparisons test was used to
assess significant differences in kynurenine levels (C), *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. DMSO - dimethyl sulfoxide, GAPDH — glyceraldehyde 3-phosphate dehydrogenase, IDO1 —

indoleamine 2,3-dioxygenase, IFNy — interferon gamma, TNF — tumour necrosis factor.
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3.2.4. Cardiac glycosides +/- ATP1A1 KD decrease kynurenine production in MDA-
MB-231 breast cancer cells.

Having confirmed that kynurenine levels are a direct representation of IDO1 activity, the next

step was to validate the preliminary drug screen results, as well as test whether the observed

effect on IDO1 is drug dependent, or whether it is a result of NKA inhibition.

The kynurenine assay was used to assess the impact of two NKA inhibitors ouabain, and the
related cardiac glycoside digoxin, as well as that of knocking down the target of these

inhibitors, the ATP1A1, on IDO1 activity in MDA-MB-231 cells.

Both cardiac glycosides achieved concentration-dependent reduction in kynurenine
production (Figure 3.4A, C). The drop in kynurenine was only statistically significant upon
ouabain treatment (Figure 3.4A). However, the digoxin data confirmed the same trend Figure
3.4C). The ATP1A1 KD did not affect IDO1 activity on its own, but in combination with ouabain
or digoxin it caused a sharper decrease in kynurenine compared to drug-treated
Untransfected and NTC samples, even at low cardiac glycoside concentrations (Figure 3.4A:
50 nM ouabairi'100 % drop, C: 75 nM digoxin'75 % drop). This kynurenine reduction was
much greater than the drop in viability in the same samples (Figure 3.4B: 50 nM ouabain 15

% decrease, D: 75 nM digoxin'5 % decrease).

In conclusion, both drugs caused concentration-dependent inhibition of IDO1, and their
effects were augmented in ATP1A1 KD cell, with moderate impact on viability in MDA-MB-

231 cells.
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Figure 3.4 Cardiac glycosides +/- ATP1A1 KD decrease kynurenine production in MDA-MB-231 cells.
Kynurenine production (n=3 biological replicates) (A) and viability variation (n=2 biological replicates)
(B) in MDA-MB-231 cells in response to ouabain; kynurenine production (n=3 biological replicates) (C)
and viability variation (n=2 biological replicates) (D) in MDA-MB-231 cells in response to digoxin. Cells
were pre-treated with ouabain/ digoxin for 42 h and IFNy (1 U)/ TNF(6.25ng/ mL) stimulation was
added for another 24 h. Data were plotted as mean and SD. Statistical analysis was performed on
kynurenine data only, using a two-way ANOVA, coupled with a two-stage linear step-up procedure of
Benjamini, Krieger and Yekutieli, comparing for each transfection condition the effect of different drug
concentrations Vs DMSO, * p<0.05, ** p<0.01. Data in figures B and C represent an n=2 biological
replicates and were plotted as individual values, with a line connecting the average values for each
drug concentration, within each transfection condition; no statistical analysis was performed for these
data given the low n number. ATP1A1 — knock down samples of the Na*/K* pump al subunit, NTC —
non-targeting control, UT - Untransfected, KD — knock down. Replicate experiments were carried out

in parallel by Alina Capatina and Mia Shandell.
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3.2.5. Cardiac glycosides +/- ATP1A1 KD decrease kynurenine production in A549
lung cancer cells.

Titration of ouabain and digoxin, in the presence or absence of the ATP1A1 KD was then

carried out in A549 lung cancer cells, to verify the robustness of the IDO1 response across

different cell/cancer types.

Figure 3.5A and C show a similar response to ouabain and digoxin, as observed in MDA-MB-
231s. Both drugs caused a concentration-dependent drop in kynurenine, which was
accentuated in ATP1A1l KD samples and ouabain only showed a significant decrease in
kynurenine (Figure 3.5A), while digoxin confirmed the pattern (Figure 3.5C). The
augmentative effect of the ATP1A1 KD was particularly important at lower drug
concentrations, giving an ~100 % reduction in kynurenine in cells treated with either 25 nM
ouabain or 50 nM digoxin. Viability was mildly affected by either of the drugs. Ouabain and
digoxin caused about ~20 % and 40-50 % drop in viability, respectively, at the highest

concentrations (200 nM ouabain and 100 nM digoxin) in ATP1A1 KD cells (Figure 3.5B, C).

In conclusion, both drugs caused concentration-dependent inhibition of IDO1, and their

effects were augmented in ATP1A1 KD cells, with moderate impact on viability in A549 cells.
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Figure 3.5 Cardiac glycosides +/- ATP1A1 KD decrease kynurenine production in A549 cells. Kynurenine
production (n=3 biological replicates) (A) and viability variation (n=2 biological replicates) (B) in A549
cells in response to ouabain; kynurenine production (n=3 biological replicates) (C) and viability
variation (n=2 biological replicates) (D) in A549 cells in response to digoxin. Cells were pre-treated
with ouabain/ digoxin for 42 h and IFNy (1 U)/ TNF(6.25ng/ mL) stimulation was added for another 24
h. Data were plotted as mean and range. Statistical analysis was performed on kynurenine data only,
using a two-way ANOVA coupled with a two-stage linear step-up procedure of Benjamini, Krieger and
Yekutieli, comparing for each transfection condition the effect of different drug concentrations Vs
DMSO, * p<0.05, ** p<0.01, *** p< 0.001. Data in figures B and C represent an n=2 biological replicates
and were plotted as individual values, with a line showing the average values for each drug
concentration, within each transfection condition. ATP1A1 — knock down samples of the Na*/K* pump
al subunit, NTC — non-targeting control, UT - Untransfected, KD — knock down. Replicate experiments

were carried out in parallel by Alina Capatina and Mia Shandell.
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3.2.6. Cardiac glycosides +/- ATP1A1 KD inhibit STAT1 signalling in MDA-MB-231
and A549 cells.

Having validated the effect of the cardiac glycosides in combination with the ATP1A1 KD on
IDO1, the next step was to investigate the mechanism behind this response. In cancer IDO1
is not constitutively expressed and it requires IFNy stimulation and STAT1 phosphorylation
in order to be produced. For that reason, the effects of cardiac glycosides and of the ATP1A1
KD on the protein levels of phosphorylated STAT1 (pSTAT1) and IDO1 were investigated next
(Moretti et al., 2017, Robinson et al., 2003). PD-L1, another immune checkpoint regulated
by IFNy stimulation was also investigated, to verify the specificity of this mechanism to IDO1

function (Garcia-Diaz et al., 2017).

Firstly, the efficiency of the ATP1A1 KD in both MDA-MB-231s and A549 was verified (Figure
3.6A, B, C, D). The ATP1A1 KD was confirmed in both cell lines, also showing a concentration-
dependent increase in ATP1A1 levels in response to ouabain/digoxin (Figure 3.6A, B, C, D).
IDO1 expression was reduced in response to both drugs in a concentration dependent
manner, in both cell lines. A more apparent reduction even at lower drug concentrations was
observed in combination with the ATP1A1 KD. Total STAT1 and its activated form, pSTAT1
showed reduced expression with increasing drug concentration, which was augmented in
the ATP1A1 KD samples, in both cell lines and with both drugs. PD-L1 showed decreased
expression in a drug concentration-dependent manner in A549 cells, with a stronger effect
observed in the ATP1A1 samples treated with ouabain and digoxin (Figure 3.6B, D). In MDA-

MB-231 cells, PD-L1 expression was irregular, with no apparent pattern (Figure 3.6A, C).

To better understand the effect of these drugs on pSTAT1 and IDO1, a time course
experiment was set up. Cells were pre-treated with ouabain and stimulated with IFNy/TNF
for 30 min, 2 h, 8 h and 24 h. The expression levels of total STAT1, pSTAT1 and IDO1 were

evaluated at each timepoint. Similar levels of pSTAT1 and total STAT1 in the presence and
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absence of ouabain at early timepoints were recorded. However, at 24 h a visible decrease
in pSTAT1 was observed upon ouabain treatment, compared to the DMSO control, as
highlighted through the red arrow heads in Figure 3.6E. Additionally, IDO1 expression was
only visible at 24 h, with lower IDO1 levels in ouabain treated cells (Figure 3.6E).
Densitometry showed a small, but not statistically significant decrease in pSTAT1 levels at 24
h (Figure 3.6F). Total STAT1 seemed to decrease at 24 h in response to ouabain according to
Figure3.6E, however, densitometry analysis showed no difference between the ouabain and
DMSO conditions at that timepoint (Figure 3.6G). Figure 3.6H summarises the ratio of pSTAT1
to TSTAT1 in all conditions, showing no significant change between the DMSO and ouabain
treatments at any of the timepoints; however, a small drop in the ratio is visible upon 8 and

24 h ouabain treatment.

In conclusion, IDO1, total and pSTAT1 had similar expression patterns, with protein levels
decreasing in response to ouabain/digoxin, but with a much stronger decrease upon
combining the ATP1A1 KD with either of the drugs. The ATP1A1l KD was confirmed by
western blot, also showing a drug concentration-dependent increase in ATP1A1 expression.
In addition, experimental data show that the effect of ouabain and digoxin on pSTAT1, might

occur in the late activation phase (24 h), however this remains to be statistically confirmed.
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Figure 3.6 Protein expression in response to siRNA knock down of ATP1A1 +/- ouabain/digoxin. A.
Protein expression in MDA-MB-231 cells treated with ouabain (n=1 representative western blot); B.
Protein expression in A549 cells treated with ouabain (n=1 representative western blot); C. Protein
expression in MDA-MB-231 cells treated with digoxin (n=1 representative western blot); D. Protein
expression in A549 cells treated with digoxin (n=1 representative western blot); E. Variation in total
STAT1, pSTAT1 and IDO1 protein expression +/- ouabain at 30 min, 2 h, 8 h and 24 h post cytokine
stimulation (representative western blot for n=3 biological replicates); F. pSTAT1 expression +/-
ouabain at 30 min, 2 h, 8 h and 24 h post cytokine stimulation — densitometry (n=3 biological
replicates); G. Total STAT1 expression +/- ouabain at 30 min, 2 h, 8 h and 24 h post cytokine stimulation
— densitometry (n=3 biological replicates) H. pSTAT1/ TSTAT1 expression ratios +/- ouabain at 30 min,
2 h, 8 h and 24 h post cytokine stimulation — densitometry (n=3 biological replicates) For A, B, C and D
cells were pre-treated with ouabain/ digoxin for 42 h and IFNy (1 U)/ TNF(6.25ng/ mL) stimulation was
added for another 24 h. For E, F and G cells were under ouabain treatment for 42 h, for the last 24, 2,
8 h or 30 min of this treatment IFNy (1 U)/ TNF(6.25ng/ mL) stimulation was also added. Data were
represented as mean and SD. A parametric ordinary one-Way ANOVA, coupled with a Bonferroni’s
multiple comparison test, was used to assess significant differences between DMSO and ouabain
treatments for each time point. ATP1A1 — a1 subunit of the Na*/K* pump, GAPDH - glyceraldehyde 3-
phosphate dehydrogenase, IDO1 — indoleamine 2,3-dioxygenase 1, IFNy — interferon gamma, NTC —
non-targeting control, (p)STAT1 — (phosphorylated) signal transduction activator of transcription, PD-
L1 — programmed death ligand -1, TNF — tumour necrosis factor, UT — Untransfected. Western blots

were prepared and imaged in parallel by Alina Capatina and Mia Shandell.

111



3.2.7. Cardiac glycosides +/- AT1A1 KD impact on IDO1 mRNA in MDA-MB-231 and
A549 cells.

Having confirmed the impact of NKA integrity on IDO1 protein levels, it was next necessary

to verify whether these changes are triggered by transcriptional changes.

QPCR analysis revealed a similar pattern in IDO1 mRNA levels, compared to the kynurenine
response, particularly in MDA-MB-231 cells in response to ouabain (Figure 3.7A). The trend
was less well conserved in A549 cells treated with ouabain or digoxin and in MDA MB 231
cells treated with digoxin. However, ATP1A1 KD significantly enhanced the effect of the drugs
on IDO1 mRNA levels in both cell lines (Figure 3.7B, D, C) and ouabain showed a consistently
decreasing trend in IDO1 expression in both cell lines (Figure 3.7A, B), while digoxin was more

potent in A549s (Figure 3.7D).

In conclusion, the cardiac glycoside effect on IDO1 in the presence of the ATP1A1 KD, but

also on their own might be partially mediated through IDO1 transcriptional regulation.
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Figure 3.7 Effect of cardiac glycosides and the ATP1A1 KD on IDO1 mRNA expression in MDA-MB-231
and A549 cancer cells. A. IDO1 mRNA levels in MDA-MB-231 cells treated with ouabain +/- ATP1A1 KD,
samples were normalized to GAPDH, fold change from average expression value across all the samples
was calculated using 227 values (n=3 biological replicates); B. IDO1 mRNA levels in A549 cells treated
with ouabain +/- ATP1A1 KD, samples were normalized to GAPDH, fold change from average
expression value across all the samples was calculated using 227 values (n=3 biological replicates);
C. IDO1 mRNA levels in MDA-MB-231 cells treated with digoxin +/- ATP1A1 KD, samples were
normalized to GAPDH, fold change from average expression value across all the samples was
calculated using 24" values (n=3 biological replicates); D. IDO1 mRNA levels in A549 cells treated
with digoxin +/- ATP1A1 KD, samples were normalized to GAPDH, fold change from average expression
value across all the samples was calculated using 2 values (n=3 biological replicates). Cells were
pre-treated with ouabain/ digoxin for 42 h and IFNy (1 U)/ TNF(6.25ng/ mL) stimulation was added for
another 24 h. The qPCR protocol was described in section 2.14. Data were plotted as mean and SD;
statistical analysis was completed using a two-way ANOVA coupled with a Two-stage linear step-up
procedure of Benjamini, Krieger and Yekutieli, comparing for each transfection condition the effect of
different drug concentrations Vs DMSO, *p<0.05, **p<0.01, ***p<0.001. ATP1A1 — the Na*/K* pump
al subunit, IDO1 — indoleamine 2,3-dioxygenase 1, NTC — non-targeting control, UT - Untransfected.
Cell seeding/treatment, sample collection and cDNA synthesis were carried out together by Alina

Capatina and Mia Shandell.
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3.2.8. ATP1A1 overexpression in MDA-MB-231 cells.

Literature reports the ATP1A1 subunit of the NKA as the primary target of ouabain (Lingrel
et al., 1997, Lopina et al., 2020b, Robinson et al., 2003). In order to understand whether the
effect of the cardiac glycosides on IDO1 is mediated by the ATP1A1, the next aim was to test
whether ATP1A1 overexpression could rescue the previously observed inhibitory effect of

ouabain on IDO1.

MDA-MB-231 cells were transfected using a pCMV6-MYC-ATP1A1 plasmid as described in
section 2.8. However, as seen in Figure 3.8A and B the transfection did not achieve an
increase in ATP1A1 protein levels (non-denatured samples) and did not influence kynurenine

production, regardless of IFNy/TNF stimulation or ouabain treatment.

Transfection with a second plasmid, pcDNA3.1-ATP1A1-FLAG, also did not achieve an
upregulation in ATP1A1 protein levels (+/- denaturation). A small increase in pcDNA3.1-
ATP1A1-FLAG transfected samples compared to the empty vector control, was visible with
denatured samples, however, this did not appear to exceed the ATP1Al levels in
Untransfected samples (Figure 3.8C). These observations were confirmed by densitometry
data for both non-denatured and denatured samples (Figure 3.8D, E). Despite undetectable
changes in ATP1A1 protein levels, weak FLAG expression as well as a small upregulation in
ATP1A1 mRNA were detected in pcDNA3.1-ATP1A1-FLAG transfected samples (Figure 3.8C,
F). Nonetheless, the pcDNA3.1-ATP1A1-FLAG transfection did not impact on IDO1 protein

levels or on the kynurenine response (Figure 3.8G, H)

Viability data showed similar cell numbers in empty vector controls and pcDNA3.1-ATP1A1-
FLAG transfected samples, and percentage viability confirmed over 80 % viability in all

samples, regardless of transfection status (Figure 3.8l, J).
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In summary, FLAG expression as well as increased ATP1A1 mRNA levels showed low
efficiency of the ATP1A1l transfection in MDA-MB-231 cells. The ATP1A1l transfection
efficiency was insufficient to elicit a detectable increase in ATP1A1 protein levels and had no
effect on IDO1 protein levels or activity, as well as having little impact on viability compared

to the empty vector control transfections.
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Figure 3.8. ATP1A1 overexpression in MDA-MB-231 cells. A. ATP1A1 and IDO1 protein levels upon
transfection with pCMV6-ATP1A1-MYC +/- IFNy/TNF stimulation, +/- 100 nM ouabain (representative
western blot for n=3 biological replicates); B. The kynurenine response upon transfection with pCMV6-
ATP1A1-MYC+/- IFNy/TNF stimulation, +/- ouabain (n=3 technical replicates); C. ATP1A1, FLAG and
IDO1 protein levels upon transfection with pcDNA3.1-ATP1A1-FLAG +/- IFNy/TNFa stimulation, +/-
ouabain (representative western blot for n=3 biological replicates); D. ATP1A1 densitometry data upon
transfection with pcDNA3.1-ATP1A1-FLAG +/- IFNy/TNF stimulation, +/- ouabain (non-denatured
samples) (n=3 biological replicates); E. ATP1A1 densitometry data upon transfection with pcDNA3.1-
ATP1A1-FLAG +/- IFNy/TNF stimulation, +/- ouabain (denatured samples) (n=3 biological replicates);
F. ATP1A1 mRNA fold change upon transfection with pcDNA3.1-ATP1A1-FLAG +/- IFNy/TNF
stimulation, +/- ouabain, samples were normalized to GAPDH, fold change from average expression
value across all the samples was calculated using 22" values (n=3 biological replicates); G. IDO1
densitometry upon transfection with pcDNA3.1-ATP1A1-FLAG +/- IFNy/TNF stimulation, +/- ouabain
(non-denatured samples) (n=3 biological replicates);H. The kynurenine response upon transfection
with pcDNA3.1-ATP1A1-FLAG +/- IFNy/TNF stimulation, +/- ouabain (n=3 biological replicates); I.
Viability (cell counts) upon transfection with pcDNA3.1-ATP1A1-FLAG +/- IFNy/TNF stimulation, +/-
ouabain (n=3 biological replicates); J. Viability percentages upon transfection with pcDNA3.1-ATP1A1-
FLAG +/- IFNy/TNF stimulation, +/- ouabain (n=3 biological replicates). Note: * marks samples that
have been denatured for western blot and densitometry analysis, absence of * means that samples
have not been denatured. For A and B JetPrime transfections were performed; 24 h after transfection
cells were treated with 100 nM ouabain 0.05 % DMSO +/- IFNy (1 U/mL)/TNF (6.25 ng/mL) and 100
nM ouabain 0.05 % DMSO for another 24 h. The kynurenine assay, western blot and qPCR protocols
were described in sections 2.9, 2.13 and 2.14. For C-l Lipofectamine 3000 transfections were
performed, as described in section 2.8. Data were plotted as mean and SD; statistical comparison was
completed on D-I, using a two-way ANOVA coupled with a Two-stage linear step-up procedure of
Benjamini, Krieger and Yekutieli. No statistics was carried out for figure B, given the fact that all

replicate points correspond to one biological repeat, * p< 0.05, ** p<0.01.
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3.2.9. Cardiac glycosides +/- ATP1A1 KD increase intracellular Na* levels.

The data presented above showed a consistent decrease in IDO1 expression and kynurenine
production in response to cardiac glycoside treatment combined or not with the NKA KD
(Figure 3.1 and 3.2). To verify whether this mechanism correlates with changes in the
intracellular Na* concentration, the effect of the ATP1A1 KD on the intracellular Na*

concentration was measured using the SBFI-AM technique.

Figure 3.9A shows a significant increase in Na* levels in the ATP1A1 KD MDA-MB-231 cells

compared to the NTC. Figure 3.9B shows a western blot confirmation of the ATP1A1 KD.

The effect of the two cardiac glycosides: ouabain and digoxin in the presence of cytokine
stimulation (needed to induce IDO1 expression) on intracellular Na* was also assessed. Figure
3.9C shows a significant increase in intracellular Na* levels upon treatment with either
ouabain or digoxin. However, digoxin showed lower potency than ouabain in terms of

altering Na* dynamics.

Figure 3.9D shows that the increase in intracellular Na* in response to ouabain is
concentration dependent. Furthermore, Figure 3.9E shows an inverse relationship between
the kynurenine and the intracellular Na* responses, as confirmed by the Pearson correlation

coefficient of -0.98, p=0,0188 (Figure 3.9E).

In conclusion, the data indicate that both knockdown of the ATP1A1 subunit and treatment
of MDA-MB-231 cells with cardiac glycosides cause an increase in intracellular Na*, which has
an inverse relationship with the kynurenine response. Further experiments would need to
be carried out to establish whether the kynurenine and Na* responses are co-dependent on

NKA.

In this chapter it was thus shown that the kynurenine response is IDO1-dependent, and the

experimental data indicated that inhibition of the NKA with cardiac glycosides alone, or in
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combination with ATP1A1 KD, decreases the kynurenine response by downregulating IDO1
expression and destabilizing late STAT1 activation. Furthermore, it was confirmed here that
cardiac glycosides and the ATP1A1 KD can increase intracellular Na* levels, with the former
having considerably stronger impact than the ATP1A1 KD. Finally, a potential link between
Na* dynamics and inhibition of the kynurenine response has been revealed, by showing that

the two events have complementary directionality.
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Figure 3.9 Effect of the ATP1A1 KD or cardiac glycoside treatment on intracellular Na* in MDA-MB-231
cells. A. Effect of the ATP1A1 KD on the intracellular Na* concentration (n=3 biological replicates); B.
Representative western blot showing the ATP1A1 KD; C. Na® response to ouabain or digoxin treatment
(n=3 biological replicates); D. Intracellular Na* response to ouabain titration (n=2 biological replicates);
E. Comparison between kynurenine and Na* levels upon ouabain treatment; F. Pearson Correlation
between intracellular Na* and kynurenine production (p=0,0188, r=-0,9812). For A transfections were
performed as described in section 2.8 and cells were seeded for SBFI 48 h post transfection. For C and
D drug treatment was carried out for 24 h, and the IFNy (1 U/ mL)/ TNF (6.25 ng/ mL) stimulation was
added at the same time with the drug treatment. Data in A and C was represented as means and SD,
a one-way ANOVA coupled with a Bonferroni’s post-test were used to assess changes amongst
conditions, * p< 0.05, ** p<0.01, *** p<0.001. For D data were plotted as individual values with bars
marking the mean, no error bars were added given the small sample size. Data were plotted as
individua values with a line marking the average for each condition, to account for the low n number
of the [Na']; data (n=2). ATP1A1 — a1 subunit of the Na*/K* ATPase, IFNy — interferon gamma, TNF —

Tumour necrosis factor.
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3.3. Discussion

3.3.1. Summary of the main findings

This chapter presented a set of data that identified the ATP1A1l inhibitor, ouabain as a
potential IDO1 regulator (Figure 3.1) and explored multiple approaches on understanding
the mechanism behind this phenomenon. Firstly, this chapter validated the fact that the
kynurenine response is an accurate quantification of IDO1 activity (Figure 3.2 and 3.3). The
reduction in kynurenine was then shown to not be restricted to ouabain inhibition; instead,
it occurs also in the presence of digoxin, a second cardiac glycoside. These results were
reproduced in both breast and lung cancer cell lines (MDA-MB-231s and A549s) and indicate
that the mechanism through which kynurenine is reduced might be ATP1A1-dependent,
rather than drug dependent (Figure 3.4 and 3.5). To better understand the role of ATP1A1 in
IDO1 regulation, protein expression in response to pharmacological ATP1A1 inhibition and
ATP1A1 KD were assessed. Figure 3.6 shows that ouabain and digoxin decrease IDO1 protein
levels in a concentration-dependent manner and ATP1A1 KD enhances this effect.
Furthermore, the upstream regulator of IDO1 expression, pSTAT1 follows a similar
expression pattern with IDO1, indicating that ATP1A1 integrity might be required for IFNy
signalling. These results were reproduced in both MDA-MB-231s and A549s. A second IFNy-
regulated immune checkpoint, PD-L1 was also investigated. PD-L1 protein levels seem to
follow the trend of IDO1 expression in A549 cells, but notin MDA-MB-231s. This is interesting
and suggests that although ATP1A1l integrity might interfere with IFNy-induced pSTAT1
signalling, its effect might be specific to IDO1, rather than other IFNy-regulated genes, in
MDA-MB-231s. This chapter also investigated whether the effect of ouabain on pSTAT1
occurs during early pSTAT1 activation or whether ouabain might interfere with pSTAT1
stability. The data in Figure 3.6E show that the reduction in pSTAT1 levels is observed at 24

h IFNy stimulation, and might thus occur through de-stabilization of pSTAT1, or through
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impaired late-stage activation. Furthermore, Figure 3.7 reveals that the IDO1 protein levels
might decrease due to transcriptional inhibition and the drop in protein levels is paralleled
by a concentration dependent decreasing trend in IDO1 mRNA, particularly in MDA-MB-231s
in response to ouabain, that seems to also follow the kynurenine response. All these data
indicate that ATP1A1 expression and functional integrity might regulate IDO1 expression and

activity.

To better understand the role of the ATP1A1 in this mechanism, two experimental directions
were pursued. Firstly, it was aimed to verify whether changes in ATP1A1 expression alone
could impact on kynurenine production and IDO1 expression. Secondly, it was investigated
whether impaired ATP1A1 ion transport activity could correlate with the effects seen on

IDO1.

To test the effect of ATP1A1 expression on IDO1, overexpression of the ATP1A1 protein was
attempted, followed by a kynurenine assay to verify whether the effect of ouabain on IDO1
could be rescued. Figure 3.8 shows, however, that ATP1A1 overexpression could not be
achieved in MDA-MB-231s, despite multiple transfection reagents being tested, as well as 2
different DNA vectors. This might indicate that ATP1A1 expression might be tightly regulated
in MDA-MB-231s. The potential causes for the limited success of the ATP1A1 overexpression

experiments were discussed in more detail in section 3.3.5.

Next, to verify if the ion transport activity of the ATP1A1 was related to IDO1 activity,
intracellular Na* levels upon ATP1A1 inhibition with ouabain and digoxin were measured.
Both drugs induced an increase in intracellular Na* levels. ATP1A1 KD also increased
intracellular Na*, however, the magnitude of the AT1A1 KD effect was much lower than that
of ouabain (Figure 3.9). Interestingly, the decrease in kynurenine was shown to correlate
with the increase in intracellular Na* levels, suggesting that, ionic dynamics might play a role

in IDO1 regulation.
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The following sections discuss in more detail all the observations described above.

3.3.2. IDO1 is necessary and sufficient for kynurenine production.

Literature reports three main enzymes involved in kynurenine production: IDO1, IDO2 and
TDO (Platten et al., 2012, Ye et al., 2019, Munn and Mellor, 2007, Carvajal-Hausdorf et al.,
2017, Wei et al., 2018). IDO1 is particularly important in triple negative breast cancer, where
it is upregulated, while in oestrogen receptor positive (ER*) patients, IDO1 downregulation
has been reported. Interestingly, the ER-mediated IDO1 downregulation seems to be
independent of the main transcriptional pathway otherwise regulating IDO1 levels, the
JAK/STAT pathway; instead ER* expression seems to be associated with hypermethylation
and thus inactivation of the IDO1 promoter, which appears to be specific to breast tumours
(Dewi et al., 2017, Noonepalle et al., 2017). IDO1 is abundantly expressed in MDA-MB-231
triple negative breast cancer cells, and it is the main kynurenine-producing enzyme in these
cells (Novikov et al., 2016). This is consistent with the finding that IDO1 expression was

necessary and sufficient for kynurenine production (Figure 3.2 and 3.3).

This study reports over 50 % efficacy of the IDO1 KD, which was sufficient to reduce
kynurenine levels below 20 uM, in the absence of ouabain (Figure 3.2). Furthermore, the
IDO1 KD cells had similar viability counts to the Untransfected and NTC controls, suggesting
that the drop in kynurenine was a consequence of the IDO1 KD and not a side effect of
transfection toxicity. This, therefore, confirms that IDO1 is necessary for the production of
kynurenine in MDA-MB-231 cells, which is in agreement with literature reports (Dewi et al.,

2017, Heng et al., 2020).

Next, IDO1 overexpression was performed in MDA-MB-231 cells. A commercially available
pCMV3-C-FLAG vector, carrying the IDO1 gene was used. Figure 3.3A shows an over 2-fold

upregulation in IDO1 protein levels in transfected cells, corresponding to an almost 4-fold
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increase in kynurenine levels (IDO1 DMSO, Vs empty vector DMSO). This is consistent with
literature data, which show co-dependence between IDO1 expression and the kynurenine
response (Dewi et al., 2017, Heng et al., 2020). Interestingly, ouabain did not impact on
exogenous IDO1 expression (Figure 3.3A, B), suggesting that its mechanism of action does
not involve direct interaction with IDO1, but rather targets the upstream regulators of
endogenous IDO1 expression. Having already shown that IDO1 is the only kynurenine
producer in the cell (Figure 3.2), and that its exogenous expression is not affected by ouabain
(Figure 3.3), it is likely that small reductions in kynurenine, in IDO1-overexpressig cells could
occur due to ouabain toxicity (Winnicka et al., 2007). To verify this assumption, however,

viability studies would need to be carried out.

3.3.3. The Na*/K* ATPase integrity is required for IDO1 function.

The role of ions and ion transporters in the context of cancer-immune interaction is an area
of growing interest, given the reported ionic disbalances associated with the tumour
microenvironment (Nagy et al., 1981, Gradek et al., 2019). This study is investigating the
mechanisms underlying an observed correspondence between inhibition/reduced
expression of the ATP1A1 and the decreased activity and expression of the immune

checkpoint protein IDO1.

Experimental data showed lower levels of kynurenine in response to treatment with ouabain
and digoxin, and a stronger inhibitory effect was observed upon drug treatment in cells that
had been knocked down for ATP1A1, in a viability independent manner (Figure 3.4 and Figure
3.5). This effect on activity was also reflected in IDO1 mRNA and protein data (Figure 3.6 and
3.7). Total STAT1 and its active phosphorylated form, followed a similar expression pattern
to IDO1. Furthermore, time course experiments showed that the cytokine induced IDO1
expression only occurs 24 h after cytokine stimulation. Interestingly, PD-L1, another immune

checkpoint protein, was also upregulated after 24 h of stimulation and despite it showing no
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sensitivity to ouabain in MDA-MB-231 cells, its expression seemed to be slightly inhibited by
the ATP1A1 KD. These observations suggest that there might be key role that ATP1A1 plays

in the IFNy/JAK/STAT1 induced signalling (Figure 3.6). Yet, the exact mechanism is not clear.

IDO1 is an immune-suppressive checkpoint protein employed by cancer cells to deplete the
cytotoxic T cell pool within the tumour, thus facilitating cancer survival and metastasis. Pro-
inflammatory cytokine stimulation, like IFNy/TNF, is known to induce IDO1 expression as a
negative feedback mechanism (Mailankot and Nagaraj, 2010, Banzola et al., 2018). The IFNy
receptor is a dimeric molecule which becomes activated upon ligand binding, recruiting JAKs
which phosphorylate the receptor and trans-phosphorylate each other, further recruiting a
second set of signalling molecules called STATSs, of which STAT1 has been mostly associated
with IDO1 expression (Robinson et al., 2003). Upon their phosphorylation by JAKs, STATs are
recruited to the nucleus where they regulate the expression of specific genes, including IDO1.
STATs are also activators of suppressor of cytokine signalling proteins (SOCS), which are
inhibitors of the JAK/STAT pathway (Federici et al., 2002) (Appendix Figure 8. 1). It is thus
possible that the observed impact of NKA inhibition/reduction on IDO1 might occur via
interfering directly with STAT1 activation, or via upregulation of SOCS1/3, known inhibitors
of pSTAT1 signalling; however, this hypothesis could not be validated experimentally.
Appendix Figure 8. 1 shows the impact of ouabain treatment and/or ATP1A KD at different
timepoints post cytokine stimulation on SOCS3 protein expression. No change was observed
in the experimental setup with any of the conditions. This is, however, not an exhaustive
experimental approach, as other members of the class (e.g., SOCS1) or other JAK/STAT
regulators such as Protein Inhibitors of Activated STATs (PIAS) and Protein Tyrosine
Phosphatases (PTPs) might be mediating the effect of ouabain and ATP1A1 KD on pSTAT1
and IDO1 (Dai et al., 2006, Song and Shuai, 1998, Qin et al., 2012). For the scope of this

project, however, this work was not pursued further, drawing the ultimate conclusion that
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ouabain exerts a pSTAT1-mediated IDO1 inhibition. In the next chapter the focus was shifted

towards the question of whether and how Na*mediates this response.

Furthermore, literature shows that ouabain and ATP1A1 KD can induce activation of a series
of master kinases such as Src and Akt, as well as inducing association of the pump with EGFR
(Wu et al., 2013b, Yu et al., 2019). Both Src and EGFR have been reported to promote STAT3,
and STAT1 activation (Garcia et al., 2001, Chang et al., 2004). However, this is in contradiction
with the experimental observations herein which show a decrease in STAT1, suggesting that
the mechanism leading to ouabain-induced IDO1 inhibition might not involve Src and EGFR-
dependent signalling. Other studies reported that IFNy stimulation reduces NKA activity
(measured as phosphate production) in a STAT1 dependent manner (Sugi et al., 2001, Vieira-
Coelho et al., 2000). It is thus possible that the reduction in pSTAT1 observed in the presence
of ouabain +/- ATP1A1 KD is triggered as a cellular mechanism to rescue NKA activity and
allow survival. This is plausible especially since a compensatory mechanism is also seen at

protein level, where ATP1A1 expression increases with ouabain (Magro et al., 2004).

Another important aspect that needs to be considered is the steroid structure on the ouabain
molecule and the well-established anti-inflammatory action of steroids (Aizman et al., 2001).
It is thus possible that the effect of ouabain on IDO1 might be NKA-independent and in fact
it might occur through a different target. Several literature reports suggested that cardiac
glycosides (e.g., bufalin) might have additional targets within the cell, apart from the NKA.
Such a target was reported to be SRC3, as well as several other nuclear receptors (Wang et
al., 2014, Zhang et al., 2018b). To test the involvement of SRC3 in the ouabain-IDO1 pathway,
SRC3 was knocked down in MDA-MB-231 cells (as confirmed by western blot) and treated
with a series of ouabain concentrations (Appendix Figure 8. 2). The kynurenine response in
the SRC3 KD upon ouabain treatment was similar to that of the Untransfected cells,

suggesting that SRC3 does not impact on IDO1 activity. A variation in the baseline kynurenine
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levels between the SRC3, Untransfected and mock transfected cells was observed, which
could be explained by a difference in viability across the conditions. Data, therefore, suggest

that the ouabain-IDO1 pathway is not related to SRC3 signalling.

The work presented in this chapter shows a synergistic relationship between cardiac
glycosides and the ATP1A1 KD, on IDO1 activity and expression. This can potentially be
explained when looking at the effect of the ATP1A1 KD Vs ouabain and digoxin on [Na‘].
While ouabain increases [Na*]; up to 100 mM, the ATP1A1 KD only increases the levels to 20
mM. This leads to the speculation that the small change in Na* caused by the ATP1A1 KD is
not enough to trigger a physiological response resulting in IDO1 inhibition. This supposition
also explained why combining ouabain and the ATP1A1 KD has an enhanced effect on IDO1,
potentially explained by an enhanced effect on Na* (this could not be tested experimentally
due to technical limitations). Furthermore, such speculations open the question of an
intracellular Na* threshold required to have an impact on IDO1, which Figure 3.9.E is briefly
addressing, suggesting that a detectable IDO1 inhibition might occur between 20 and 60 mM
[Na*]i. Further experiments would, however, be required to identify the exact [Na'];
equivalent to a drop in kynurenine. It is important to specify that the data presented here do
not show causality between changes in [Na*]i and IDO1 inhibition; instead, a potential
correlative link is observed, and remains to be further studied. Figure 3.10 summarizes the

main findings linking the NKA and IDO1.
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Figure 3.10 Overview of the signalling mechanism showing the IDO1 - Na*/K* pump interdependence.
A combination of ATP1A1 KD and ouabain treatment triggers a reduction in IDO1 expression and
activity, probably by interfering with the JAK/STAT pathway (the exact mechanism is yet to be
discovered). IDO1 — indoleamine 2,3-dioxygenase 1, STAT1 — signal transduction activator of

transcription, JAK — Janus Kinase, IFNGR — interferon-y receptor, Treg — regulatory T cells.
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3.3.4. Ouabain might impact on late STAT1 activation, or pSTAT1 stability.

Having confirmed that ouabain regulates endogenous IDO1 expression, the next step was to
assess the effect of ouabain on the main transcription factor that regulates IDO1 expression
- STAT1 in its active phosphorylated form (pSTAT1). To achieve this, a time course of STAT1
expression and phosphorylation in response to cytokine stimulation was set up, evaluating

the time taken for ouabain to have an impact on STAT1 expression and phosphorylation.

The data showed upregulation of STAT1 levels at later timepoints post cytokine stimulation,
while the pSTAT1 levels were highest at 30 min, decreasing at later timepoints (Figure 3.6 E,
F, G). Both patterns have been previously described in the literature (Cheon and Stark, 2009,

Lehtonen et al., 1997, Robinson et al., 2003).

In terms of ouabain activity, at 24 h, a small decrease in band intensity for pSTAT1 (red arrow
heads, Figure 3.6E) was observed in ouabain treated samples, compared to the DMSO
control, which was visually supported by densitometry data (Figure 3.6E, F), but further
repeats would be needed in order to increase the statistical power of the data. Total STAT1
also seems to be decreasing at 24 h in response to ouabain, according to Figure 3.6E, but the
densitometry data do not support this observation (Figure 3.6G). Thus, it is hypothesized that
the mechanism of action of ouabain might be through inhibition of late STAT1
phosphorylation events, especially since the decrease in pSTAT1 at 24 h correlates with IDO1
downregulation in response to ouabain, but further experiments would have to be carried
out before any conclusion can be drawn. It is also possible that the ouabain effect on pSTAT1
and IDO1, is just a consequence of the protein synthesis inhibitory effect of cardiac

glycosides, previously reported in the literature (Perne et al., 2009).
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3.3.5. ATP1A1 overexpression in MDA-MB-231 cells.

To further assess the relationship between the ATP1A1 and IDO1, overexpression of ATP1A1
in the presence of ouabain was attempted, aiming to assess whether this could rescue the
ouabain effect on IDOL1. If such a hypothesis were true, it would mean that the ouabain effect

on IDO1 is dependent on the function of the ATP1A1.

In the experiments presented here, ATP1A1 overexpression could not be accomplished in
MDA-MB-231 cells with either of the two expression vectors tested. Using two different
transfection reagents also did not achieve ATP1A1 protein overexpression (Figure 3.8A, C).
Despite the lack of change in protein levels, a 10-20-fold increase in ATP1A1 mRNA levels
was observed upon transfection (Figure 3.8F). This did not translate, however, in any changes
in IDO1 expression or the kynurenine response (Figure 3.8B, G). Previous studies have shown
that ATP1A1 overexpression was strongly correlated with apoptosis and decreased
proliferation of cancer cells (Zhang et al., 2017a). To verify if that was the reason why ATP1A1
could not be expressed in MDA-MB-231 cells, viability was assessed both as cell counts and
as percentage viability (Figure 3.8H, I). Although a drop in live cell numbers was observed in
all transfected cells compared to Untransfected, the samples receiving the ATP1A1 plasmid
had similar viability counts with the empty vector control samples, indicating that the lack of

ATP1A1 overexpression is probably not a consequence of cell death.

ATP1A1 overexpression was previously reported in the literature using viral vectors in A549
lung cancer cells, as well as in vivo in cardiac cells of transgenic mice (Correll et al., 2014,
Factor et al., 1998). However, no records of ATP1A1 overexpression in MDA-MB-231 cells
could be found. It is possible that ATP1A1 expression might be tightly regulated at
translational level, which would explain the increase in ATP1A1 mRNA, otherwise not seen
at protein level. Given the tight connection between ATP1A1 and metabolism, the NKA being

a key ATP consumer, it is likely that the metabolic capacity of the cell might be a limiting
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factor in ATP1A1 expression (Post et al., 1969). Interestingly, studies have reported that
increased expression of exogenous ATP1Al is sometimes associated with decreased
expression of endogenous ATP1A1, so that overall protein levels of the ATP1A1l remain
unchanged; the downregulation in endogenous ATP1A1 levels is believed to be due to a
translational repression mechanism (Clifford and Kaplan, 2009). This could explain the
disconnection between mRNA and protein levels upon trying to overexpress the ATP1Al in

MDA-MB-231 cells (Figure 3.8C-F).

On the other hand, the lack of efficiency of the ATP1A1 overexpression could indicate either
that the transfection reagent, or the transfection conditions are not compatible with the
plasmid used for ATP1A1 overexpression (Kim and Eberwine, 2010), or it could mean that
overexpression of the ATP1A1 gene in MDA-MB-231 cells is not compatible with survival.
Although exogenous ATP1A1 overexpression has been reported in the literature in certain
cell lines, it is often associated with apoptosis and high toxicity (Zhang et al., 2017a). Further
optimization experiments would need to be carried out in order to confirm whether ATP1A1
overexpression is possible in MDA-MB-231 cells. However, for the scope of this project these

experiments were not pursued further.

3.3.6. Cardiac glycosides +/- ATP1A1 KD increase intracellular Na* levels.

Given that ATP1A1 overexpression was unsuccessful, and thus it could not be tested whether
the ouabain effects on IDO1 are indeed mediated by the ATP1A1, the next step was to verify

if these effects are mediated by Na* dynamics.

Changes in intracellular Na* were measured using the SBFI-AM technique. SBFI, or sodium
benzofuran isophthalate, is a ratiometric dye that binds to intracellular Na* ions. The SBFI
molecule is conjugated with an acetoxymethyl (AM) ester group which is membrane

permeable and allows cellular uptake of the dye. A second reagent, Pluronic acid, acts as a
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carrier and helps dispersing the dye within the cell. Once inside, the SBFI molecule binds to
intracellular Na* and the AM group is cleaved to prevent leakage out of the cell. The
excitation of the SBFI molecule happens at two wavelengths: 340 (measures Na*-bound) and
380 (Na*-free), while detection is recommended within the 450 — 550 window (Minta and
Tsien, 1989, Negulescu and Machen, 1990). For the experiments described here emission
was recorded at 500 — 520 nm, based on the quality control experiment presented in
Appendix Figure 8. 3 which showed good separation of the 340 and 380 signals at these

wavelengths.

Experimental data showed that treatment with either of the two NKA cardiac glycoside
inhibitors, ouabain and digoxin, caused a significant elevation in the intracellular Na*
concentration. IFNy/TNF stimulation, however, had no impact on Na* accumulation on its
own (Figure 3.9C). The knockdown of the ATP1A1 subunit of the pump seemed to have an
upregulating effect on intracellular Na*, however, not as strong as the impact observed with
cardiac glycoside treatment (Figure 3.9A, B, C). Interestingly, the pattern of intracellular Na*
changes was complementary to that of kynurenine in the same cells (kynurenine goes down

while intracellular Na* goes up) (Figure 3.9A, B).

The role of Na* in cancer has been often discussed given the characteristic hypernatremia of
the tumour microenvironment and the depolarized membranes of cancer cells, which point
towards a functional role of ionic imbalances in metastasis and growth (Nagy et al., 1981,
Leslie et al., 2019). Studies have also associated expression of cancer biomarkers, such as
the human EGFR2, with elevated Na* import, as well as suggesting a role of these ions in
cytoskeletal rearrangements, growth and motility (Gorbatenko et al., 2014, Bondarava et al.,
2009, Popov et al., 2012, Nelson et al., 2015b). It is thus expected that changes in intracellular
Na*levels could result in changes in gene expression or protein interactions, which could be

responsible for the reduced activity of IDO1, upon NKA dysregulation. Another hypothesis is
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that Na* level fluctuations could have a metabolic impact on the cells, which could impact on
IDO1, given its function in Trp catabolism. Increases inintracellular Na* are bound to increase
the intracellular concentration of Ca? ions through the reverse function of the NCX, leading
to internal stores Ca®* release (Blaustein and Lederer, 1999). Ca?* is a key regulator of
mitochondrial metabolism, as well as paying a role in signalling events (Gunter et al., 1998).
The IFNy pathway, is also associated with an acute and sharp Ca?* spike, which is required
for downstream signalling events (Popov et al., 2012, Koide et al., 1988). It is thus possible
that impaired Ca?*-dependent IFNy signalling might play a role in ouabain-induced IDO1
downregulation. However, this would require in-depth electrophysiological and signalling
analyses. Another possibility is that the NKA inhibition might lead to decreased ATP usage,
and thus cause a metabolic switch within the cell. Seahorse experiment would be able to
shed some light on that possible mechanism. However, for the scope of this project, the
focus was kept on investigating the direct role of Na* ions in IDO1 inhibition. Chapter 4
describes the approach taken to study the impact of Na* dynamics and subsequent findings

in more detail.

3.3.7. Further research on the NKA-Na* IDO1 axis

Studying the co-dependency relationship between NKA/ Na* and IDO1 signalling is
particularly difficult due to the large effect that NKA activity has on cellular physiology, from
regulating ion transport and pH to metabolism and cell cycle control (Silva et al., 2021). One
interesting approach would be to assess the impact of high Na* on IDO1 activity in vitro, in a
purified enzyme assay. In cells, a Rb* uptake assay coupled with Inductively Coupled Plasma
Mass Spectrometry (ICPMS) could allow close monitoring of NKA activity under different
conditions (e.g., with pharmacological inhibitors, IDO1/ ATP1A1 siRNA knockdown or low K*
media)(Wilschefski and Baxter, 2019, Clemente et al., 2023, Clausen and Kjeldsen, 1987,

Amemiya et al., 1999). By measuring NKA activity and IDO1 kynurenine production, the two
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enzymatic activities could be correlated, thus answering the question as to whether it is the
expression or the activity of the pump that regulates IDO1. Furthermore, a combined
proteomics/ phosphor-proteomics study could shed light on the pathways that are
upregulated simultaneously upon NKA inhibition and IDO1 activation, thus providing a
starting point for investigating the signalling events that might link NKA and IDO1. Another
interesting approach to further build on the currently known steps of this pathway could be
to assess the impact of NKA inhibition/ knockdown on the efficacy of IDO1-targeted immune
checkpoints in vitro and in vivo. Such an experiment would provide information on the
mechanism of action of the NKA in regulating IDO1. A synergistic effect of NKA inhibition
combined with a tryptophan mimetic IDO1 inhibitor would suggest that NKA regulation does
not target the enzymatic function of IDO1. Such a result would have clinical value, opening
up potential combinatorial treatment regime options (Duarte and Vale, 2022). However, in

the absence of further experimental evidence, such hypotheses remain speculative.

Overall, the link between the NKA and IDO1 is complex and difficult to dissect. Further work
is required to understand and characterise this pathway. However, the data presented in this
thesis justifies the need to further explore this topic, highlighting a clear functional link

between the two.
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3.4. Conclusion

This chapter showed that regulation of IDO1 activity and expression can be achieved using
NKA-inhibitors belonging to the cardiac glycoside class (ouabain and digoxin). It showed that
combining cardiac glycosides with ATP1A1 KD can enhance IDO1 inhibition, as well as causing
a stronger drop in IDO1 expression and pSTAT1 protein levels. Finally, the drop in kynurenine
was shown to be paralleled by a proportional increase in intracellular Na*. It can therefore
be speculated that there might be a correlation between intracellular Na* levels and IDO1

activity/expression and this will be further explored in Chapter 4.
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4. Chapter 4: Results. Na* dynamics and the Na*/K*
ATPase regulation of the IDO1 immune checkpoint in

breast cancer cells

4.1. Introduction

4.1.1. Background

Chapter 3 identified a correlative link between increases in intracellular Na* induced through
cardiac glycoside mediated NKA inhibition (Shandell et al., 2022). The wide range of effects
of cardiac glycosides on cell function included NKA-PI3K/Akt or NKA-EGFR-Src mediated
signalling, steroid-receptor interaction and transcriptional regulation of downstream
effector genes, as well as metabolic dysregulations (e.g., through AMPK interactions)(Wu et
al., 2013a, Tian et al., 2006, Haas et al., 2002, Shen et al., 2020b, Wu et al., 2015).
Furthermore, the NKA is not only a Na* exporter, but also an active K* importer, which means
that inhibiting it would alter the ionic equilibrium of more than one electrolyte (Post et al.,
1969). Additionally, the NKA ATP consumption is a significant driver of metabolic activity,
therefore, inhibition of NKA function would mean a decrease demand for glycolytic ATP,
potentially leading to a switch in the preferred metabolic pathways in the cell; in turn, cellular
processes that consume ATP, such as proliferation, decrease the activity of the pump and
can thus lead to an altered ratio of intracellular and extracellular Na* levels (Mercer and
Dunham, 1981, Leslie et al.,, 2019, Madelin and Regatte, 2013). All these observations
indicate that simply looking at cardiac glycoside induced NKA inhibition might be an
approach with low discriminative power among different potential mediators of the

observed IDO1 response.
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To try and study in isolation the effect of Na* on IDO1 activity and expression, a different
system needed to be designed. One limitation associated with the study of the effect of
intracellular ions on cellular function comes from the need to maintain constant
physiological osmolarity. That means that the overall electrolyte concentration inside and
outside the cell needs to be maintained within physiological parameters. For that to be
possible, export of a specific ion is often compensated by the import of another, thus making
it particularly difficult to study the effect of one ion in isolation (Finan and Guilak, 2010).
Furthermore, the transport of Na* ions across the membrane is often associated with proton
transport, thus leading to changes in intracellular pH (Harvey and Ehrenfeld, 1988). Such
changes can have a wide range of effects on cellular function, including inhibition of
enzymatic activity, which would have significant impact on this study, given the fact that

IDO1 is a Trp catabolic enzyme (Robinson, 2015).

Taking all these into consideration, a method of assessing the effect of intracellular Na* levels
on IDO1 activity would be the use of an NKA-independent pharmacological agent. One
possibility to increase intracellular Na* levels, would be by applying a VGSC opener, such as
veratridine (VTD). VTD treatment would lock Na* channels in open conformation allowing
Na* to pass into the cytosol according to its concentration gradient (Wang and Wang, 2003,
Ulbricht, 1998). Another possibility to increase intracellular Na* levels would be by using an
ionophore. lonophores are chemical compounds that mediate the transport of ions across
the membrane and are conventionally grouped in 2 categories: channel or pore forming
ionophores and mobile or carrier ionophores (Roy and Talukdar, 2021). Channel ionophores
are molecules that can insert themselves within the phospholipid bilayer and create a
passage for ions carrying a certain charge. An example of a channel forming ionophore is
gramicidin, which was used in Chapter 3 for Na® imaging assays to accommodate the
intracellular and extracellular Na* concentrations. The limitation with channel forming

ionophores comes from their rapid effect on ionic concentration, and long term treatment
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with channel forming ionophores can often result in cell death due to the continuous flux of
ions inside the cell, thus disrupting the membrane (Wang et al., 2019b, David and
Rajasekaran, 2015). Carrier ionophores are molecules that insert themselves into the
phospholipid membrane as well, and travel from the extracellular to the cytosolic edge. They
can form a complex with water molecules as well as with ions and thus transfer them across
the membrane. An example of a carrier ionophore is the drug monensin. This is a cation
transporter and can complex both mono and divalent ions, forming either an electroneutral
complex or an electrogenic complex (Antonenko et al., 2015). Various studies have shown
that acute monensin treatment can be used to increase intracellular Na* levels, however,
longer treatments with monensin are not common for ionic dynamics experiments (Tsuchida
et al., 2021, Erecinska et al., 1991, Huczynski et al., 2012a, Pinkerton and Steinrauf, 1970).
For this study, longer drug treatments are required to be able to monitor changes at
transcriptional level and to quantify overall protein levels of IDO1. Therefore, the effects of
acute and longer term monensin treatments on intracellular Na* levels and IDO1 activity and
expression are described here. This thus represents an alternative, ouabain and NKA-
independent, method of increasing intracellular Na* and should be a good correlative

indicator of the effect of intracellular Na* on IDO1 activity.

However, this study system is also not ideal, given the well documented effect of monensin
as a Golgi inhibitor, thus interfering with post-translational protein modifications, such as
glycosylation (Machamer and Cresswell, 1984, Sbodio et al., 2018). Even though IDO1 is not
a significantly post-translationally modified protein, and has no sugar moieties attached, the
impact of monensin on protein production could have indirect effects on IDO1 activity, either
by affecting the IDO1 transcriptional/translational machinery or by interfering with Trp
transport (Fujigaki et al., 2006, Fujigaki et al., 2012). Therefore, the monensin derived data,
just as in the case of ouabain, can only be a correlative indication of the link between Na*

and IDO1 activity and not a clear conclusion of their interdependence.
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To further build on the Na* - IDO1 co-dependency hypothesis, inhibition of a Na* activated
kinase, involved in Ca?*-dependent signalling, a known component of the IFNy response, SIK1
could be tested (Popov et al., 2012). SIK1 is a documented tumour suppressor molecule in
breast cancer and also a regulator of NKA integrity, mediating the transcription of the B1

subunit of the NKA, ATP1B1 (Taub, 2018, Taub et al., 2015, Taub et al., 2010, Xin et al., 2021).
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4.1.2. Hypothesis and aims.

This chapter was built on the hypothesis that elevations in intracellular Na*, independent of
ouabain or NKA inhibition, can inhibit IDO1 activity, and this effect might be mediated

through SIK1 activation.

To assess this hypothesis, this chapter firstly investigates the acute and long-term effect of
two ionic modulators, the VGSC opener VTD and the ionophore monensin, on intracellular
Na* levels. The effect of monensin on kynurenine, as well as IDO1 and pSTAT1 expression is
then tested. Furthermore, this chapter will then ask the question of SIK1 involvement in the
Na*-IDO1 pathway, by verifying whether pharmacological inhibition of SIK1 can enhance the
kynurenine response to IFNy/TNF, as well as investigating whether SIK1 inhibition could

rescue the inhibitory effect of ouabain on IDO1 function and/or expression.
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4.2. Results

4.2.1. Increasing intracellular Na* in an NKA-independent manner in MDA-

MB-231 cells.

Chapter 3 showed that inhibition of the NKA through cardiac glycoside treatment could
elevate intracellular Na* as well as inhibit IDO1 expression and activity. To separate the effect
of intracellular Na* from the NKA or possible off-target effects of cardiac glycoside, the VGSC
opener VTD and the ionophore monensin were investigated (Gillet et al., 2009a, Brackenbury

and Djamgoz, 2006, Gradek et al., 2019).

VTD, a voltage gated Na* channel opener, was previously reported to impact on Na* currents
in MDA-MB-231 cells at concentrations ranging between 10 and 50 nM (Gillet et al., 20093,
Gradek et al., 2019). Monensin was also widely documented in the literature for acutely
increasing the intracellular Na* concentration (Brackenbury and Djamgoz, 2006, Russo-
Abrahdo et al., 2018, Cheng et al., 2019, Xin, 2005). This section investigated the ability of

VTD and monensin to increase intracellular Na* at different timepoints.

A time course experiment was set up to assess the effect of VID added 1 min and 24 h prior
to the first SBFI reading. Figure 4.1A shows no difference in the Na* concentrations at either
timepoint between the VTD treatment and DMSO, 10 min after the first SBFI read (actual
timepoints: 11 min, and 24 h and 10 min post VID treatment). Instead, the 2.5% DMSO
concentration significantly increased intracellular Na* at 24 h compared to the 1 min

timepoint, which was recapitulated by the 25 uM VTD 2.5% DMSO condition at 24 h.

Given the lack of response recorded with VTD, monensin was tested next. Acute monensin
treatment showed a significant increase in intracellular Na* levels at the 100 puM
concentration. A small, yet not significant, elevation was also observed with the 10 uM
concentration (Figure 4.1.B). The trend persisted at all timepoints, as illustrated by
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fluorescence ratios (Figure 4.1C). A lower concentration of monensin, 1 uM, was also
evaluated at longer timepoints: 2 h, 4 h and 8 h, and a significant increase in intracellular Na*
was observed at the 8 h timepoint (Figure 4.1D). To verify whether better consistency could
be achieved by higher monensin concentrations, the effects of 1, 10 and 50 uM drug
concentration, upon 2 and 8 h treatments were tested. A clear trend of drug concentration-
dependent intracellular Na* increase could be observed at both timepoints with a significant
increase observed at the 10 and 50 uM concentrations after an 8 h treatment, as shown in

Figure 4.1E.

In conclusion, monensin, but not VTD, induced acute increases in intracellular Na*, as well as
elevating intracellular Na* levels in a concentration dependent manner upon 8 h treatments

in MDA-MB-231 cells.
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Figure 4.1 Increasing intracellular Na* in an NKA-independent manner in MDA-MB-231 cells. A. Effect
of VTD on intracellular Na* after 11 min and 24 h treatment (n=3 biological replicates); B. Acute effect
of monensin on intracellular Na* levels (10 min treatment) (n=3 biological replicates); C. Acute effect
of monensin on intracellular Na* levels, time course over 45 min (one representative graph for n=3
biological replicates); D. Effect of 1 uM monensin after 2, 4, and 8 h treatment (n=4 biological
replicates); E. Concentration-dependent effect of monensin on intracellular Na* levels after 2 and 8 h
treatment (n=4 biological replicates). SBFI staining was achieved as described in section 2.11. The
specified VTD (A) or monensin (B, C) concentrations were added to cells immediately prior to the first
SBFI reading. Na* concentrations at 10 min post veratridine or monensin treatment were plotted in A
and B, respectively. 340/380 fluorescence ratios were plotted for the monensin time course treatment
(C). For D cells were treated with 1 uM monensin for 2, 4 and 8 h prior to SBFI reading. For E, cells were
pre-treated with IFNy/TNF for 24h and the specified monensin concentration was added for 2 or 8 h
prior to SBFI reading; data were normalized to the highest replicate of the 0.05 % ethanol control of
the 2 h treatment. All data were plotted as mean and SD. Statistical analysis was conducted in
GraphPad Prism v9.0.0 using a one-way ANOVA coupled with Tukey's multiple comparisons test (A), a

Bonferroni’s multiple comparisons test (B, D, E), *p< 0.05.
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4.2.2. Monensin decreases IDO1 activity and expression in response to

IFNY/TNF stimulation in MDA-MB-231 cells.

Having observed a trend of increase in Na* levels in response to monensin, the effect of

monensin on the IDO1 pathway and the kynurenine response was evaluated next.

A monensin-concentration-dependent decreasing trend in kynurenine (Figure 4.2A), without
impacting on cell growth and viability (Figure 4.2B, C), was observed upon 8 h drug
treatment. Additionally, 50 M monensin significantly decreased IDO1 protein levels (Figure
4.2D, E). PD-L1 levels although not significantly changing according to densitometry (Figure
4.2F), exhibited a shift to lower molecular weight in response to monensin, as seen in Figure
4.2D; this is representative for n=3 biological replicates. The upstream regulator of IDO1 and
PD-L1, pSTAT1 did not change in response to monensin and total STAT1 levels also remained

constant in response to monensin (Figure 4.2G, H, ).

In summary, monensin seemed to decrease the kynurenine response in a concentration-
dependent manner, and higher monensin concentration also downregulated IDO1 protein
levels, without impacting on viability and cell growth. Additionally, a shift in PD-L1 molecular

weight, but not expression, in response to monensin was observed.
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Figure 4.2 Effect of monensin on the kynurenine response and IDO1 pathway in MDA-MB-231 cells. A.
Concentration-dependent effect of monensin (1, 10 and 50 uM) on the kynurenine response (n=4
biological replicates); B. As in A but for cell growth (n=3 biological replicates); C. As in A but for viability
(n=3 biological replicates); D. As in A but for protein expression (representative western blot); E. As in
A but for IDO1 protein expression, fold change from GAPDH-normalized average IDO1 expression over
all conditions (n=3); F. As in E but for PD-L1 (n=3 biological replicates); G. As in E but for pSTAT1 (n=3);
H. As in E but for TSTAT1 (n=3 biological replicates); I. As in E but for pSTAT1/ STAT1 expression ratio
(n=3 biological replicates). Cells were stimulated with IFNy (1 U/ mL)/ TNF (6.25 ng/ mL) for 24 h, and
for the last 8 h of the cytokine stimulation, monensin was added to the cultures. Data were plotted as
mean and SD in GraphPad Prism v9.0.0. Comparisons were made using an ordinary one-way ANOVA

with a Bonferroni’s multiple comparisons test (A, E, F, G, H) or a Tukey’s post-test (B, C), *p< 0.05.
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4.2.3. Monensin treatment prior to IFNy/TNF decreases the kynurenine

response, but not IDO1 expression, in MDA-MB-231 cells.

To better understand the mechanism of action of monensin, its effect on the initial activation

events triggered the IFNy/TNF stimulation was measured.

Pre-treatment with monensin for 8 h prior to IFNy/TNF stimulation showed a decreasing
trend in kynurenine with drug concentration. Keeping monensin in culture throughout the
IFNY/TNF stimulation (32 h condition) had a significant inhibitory effect on the kynurenine
response, especially at the higher concentrations (10 and 50 uM) (Figure 4.3A). Monensin
had little or no effect on viability in both the 8 and 32 h conditions (Figure 4.3B). Interestingly,
when monensin was added prior to the IFNy/TNF stimulation, regardless of it being kept in
culture with the cytokines, no significant effect on IDO1 protein levels was observed (Figure
4.3C, D). PD-L1 was also not affected at protein level, with either of the two treatment
regimes, but monensin induced a drop in the PD-L1 molecular weight, potentially associated
with insufficient glycosylation (Figure 4.3C, E) (Li et al., 2016). Pre-treatment with monensin
had no effect on pSTAT1 levels (Figure 4.3C, F). A decreasing trend in TSTAT1 expression was
observed in response to increasing monensin concentration, particularly in the 32 h
conditions. This was, however, not confirmed statistically (Figure 4.3C, G). Figure 4.3H shows
the ratio of pSTAT1 to TSTAT1, under the given conditions. No significant changes in the ratio
are observed; however, 32 h treatment with 50 uM monensin, leads to a potential increase
in pSTAT1 relative to TSTAT1. IDO1 mRNA levels were also measured, and a significant

increase in IDO1 mRNA was observed with both treatment conditions (Figure 4.3l).

In conclusion, a decoupling between the effects of monensin on kynurenine and those on
IDO1 protein and mRNA levels was observed. A different expression pattern was also seen

for IDO1, pSTAT1 and TSTAT1, with the first two being unaltered by monensin, while TSTAT1
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might be mildly downregulated. In contrast, the PD-L1 immune checkpoint seemed to be

affected through altered post-translational modifications by monensin.
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Figure 4.3 Effect of monensin pre-treatment on the IDO1 response to IFNy/TNF in MDA-MB-231 cells.
A. The kynurenine response (n=4 biological replicates); B. Viability (n=3 biological replicates); C.
Representative western blot; D. IDO1 densitometry data, fold change from GAPDH-normalized average
IDO1 expression over all conditions (n=3 biological replicates); E. As in C for PD-L1 (n=3 biological
repeats); F. As in C for pSTAT1 (n=3 biological repeats); G. As in C for TSTAT1 (n=3 biological repeats);
H. As in C for pSTAT1/ TSTAT1 expression ratio (n=3 biological repeats); I. IDO1 mRNA expression,
samples were normalized to GAPDH, fold change from average expression value across all the samples
was calculated using 22" values (n=3 biological replicates). For this experiment, monensin was kept
in culture for either 8 h prior to the IFNy/TNF treatment, and removed after cytokine stimulation (24
h), or it was added for 8 h prior cytokine stimulation and for another 24 h with IFNy/TNF treatment.
Data were plotted as mean and SD in GraphPad Prism v9.0.0. Comparisons were made using an

ordinary one-way ANOVA with a Bonferroni’s multiple comparisons test (A, B, D, E, F, G, H, 1), *p< 0.05.
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4.2.4. HG-9-91-01 upregulates IDO1 and kynurenine levels when combined
with IFNy/TNF in MDA-MB-231 cells.

Given the consistent downregulatory effect of Na* elevating drugs on IDO1, the mechanism
responsible for this effect was investigated in more detail by looking at the SIK1, which has
been shown to be activated in response to Na* elevations (Sjostrom et al., 2007, Taub et al.,
2015). HG-9-91-01 has been documented in the literature to be a highly specific SIK1 inhibitor

with an 1Csp of 0.92 uM (Clark et al., 2012) .

Firstly, several pilot experiments were completed to investigate the effect of HG-9-91-01 on
kynurenine production and IDO1 expression. HG-9-91-01 slightly upregulated kynurenine
levels when combined with IFNy/TNF but had no effect when added on its own (Figure 4.4A).
Higher drug concentrations also severely reduced cell counts and viability (Figure 4.4B, C).
Additionally, HG-9-91-01 upregulated IDO1 protein levels in the presence of IFNy/TNF in a
concentration-dependent manner (Figure 4.4D, E). The increase in kynurenine was
reproducible while combining HG-9-91-01 with two different IFNy concentrations, and it was
proportional to the initial IFNy concentration (Figure 4.4F). HG-9-91-01 decreased cell
numbers and viability at higher concentrations mostly (Figure 4.4G, H), while increasing IDO1
levels in comparison to the IFNy/TNF-only treatment, in a concentration-dependent manner.

The increase in IDO1 was proportional to the starting IFNy concentration (Figure 4.41, J).

In summary, HG-9-91-01 had no effect on IDO1 activity and expression on its own. However,
it was able to enhance both the kynurenine response and IDO1 protein levels when
combined with IFNy/TNF. These results were used as guidance for identifying a suitable
experimental set-up (0.5 and 1 pM HG-9-91-01 + 1 U IFNy/TNF stimulation) to assess the

effect of monensin on IDO1 activity and expression.
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Figure 4.4 Effect of the SIK1 inhibitor, HG-9-91-01, on IDO1 function and expression in MDA-MB-231
cells. A. Effect of HG-9-91-01 +/- 1 U/mL IFN-y/TNF on the kynurenine response (n=1); B. As in A but for
cell growth (n=1 biological replicate); C. As in A but for viability (n=1); D. As in A but for IDO1 expression
—western blot (n=1); E. As in A but for IDO1 expression - densitometry data, GAPDH-normalized (n=1);
F. Effect of HG-9-91-01 in combination with 0.5 or 1 U/mL IFN-y/TNF on the kynurenine response (n=1);
G. As in F but for cell growth (n=1); H. As in F but for viability (n=1); I. As in F but for IDO1 expression —
western blot (n=1); J. As in F but for IDO1 expression - densitometry data, GAPDH-normalized (n=1).
Cells were pre-treated with HG-9-91-01 for 18 h then IFNy (1 U/ mL)/ TNF (6.24 ng/ mL) stimulation
was added for another 24 h. Data were represented as individua values, with A, B, CF, G and H also
marking the average of these points. All data for this figure were an n=1 biological repeat, therefore,

no statistical analysis was conducted.
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4.2.5. HG-9-91-01 does not impact on kynurenine or IDO1 protein levels in

ouabain-treated MDA-MB-231 cells.

Given the observed upregulation of kynurenine upon combining IFN-y treatment with HG-9-
91-01, it was considered of interest to test whether ouabain would still have an inhibitory
effect on the IDO1 response in the presence of the SIK1 inhibitor, or whether SIK1 inhibition

using HG-9-91-01 would rescue the IDO1 activity.

Firstly, the effects of ouabain alone versus ouabain combined with different HG-9-91-01
concentrations were compared, to see if SIK1 inhibition could counteract the effect of
ouabain on IDO1 activity. Ouabain caused a significant drop in kynurenine, which was not
rescued by the combination of ouabain and HG-9-91-01 at either concentration (Figure 4.5A).
While cell numbers significantly decreased in the samples receiving ouabain or ouabain and
1 uM HG-9-91-01 (below Figure 4.5B), viability percentages stayed the same across all
conditions (Figure 4.5C). Figure 4.5D shows a western blot representative for 3 biological
replicates. A small upregulation in IDO1 seemed to occur with both HG-9-91-01
concentrations, in comparison to ouabain treatment, however, this was not validated
statistically (Figure 4.5D, E). No significant difference in the protein levels of the PD-L1
immune checkpoint or the upstream regulators of IDO1 and PD-L1 and pSTAT1 could be seen
(Figure 4.5F, G). Total STAT1, although not significantly changing upon addition of either HG-
9-91-01 concentration to ouabain, was significantly decreased by ouabain compared to
DMSO and this difference was no longer recapitulated in samples treated with both ouabain
and HG-9-91-01 (Figure 4.5H). When plotting the ratio of pSTAT1 and TSTAT1 protein levels,

no changes were observed upon any of the treatments (Figure 4.51).

In conclusion, HG-9-91-01 treatment did not rescue the effect of ouabain on the kynurenine
response. The SIK1-inhibitor moderately upregulated IDO1 and TSTAT1 protein expression in

comparison with ouabain treatment, however, the amplitude of this effect was not enough
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to be confirmed statistically with the given number of replicates (n=4). SIK1 inhibition also
did not alter the effect of ouabain on the expression of other immune IFNy-regulated

proteins such as PD-L1 and (p)STAT1.
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Figure 4.5 Effect of HG-9-91-01 and ouabain on the IDO1 response and expression in MDA-MB-231
cells. A. Effect of ouabain and HG-9-91-01 compared to ouabain alone on the kynurenine response (n=4
biological replicates); B. Same as A but for cell growth (n=3 biological replicates); C. Same as A but for
viability (n=3 biological replicates); D. Same as A but for protein expression —example western blot for
n=4 biological replicates; the western blot boxes for each protein were color-coded with their
corresponding GAPDH control in red and black; E. Same as A but for IDO1 protein expression, fold
change from GAPDH-normalized average IDO1 expression over all conditions (n=4 biological
replicates); F. Same as E but for PD-L1 (n=4 biological replicates); G. Same as E but for pSTAT1 (n=4);
H. Same as E but for TSTAT1 (n=4 biological replicates); I. Same as E but for pSTAT1/TSTAT1 expression
ratio (n=4 biological replicates). Cells were pre-treated with HG-9-91-01 and/ or ouabain for 18 h then
IFNy (1 U/ mL)/ (6.25 ng/ mL) TNF stimulation was added for another 24 h. Data were plotted as mean
and SD. Statistical analysis was carried out using an ordinary one-way ANOVA paired with a Tukey’s

multiple comparison post-test, * p<0.05, ** p<0.01, ***p<0.001.
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4.2.6. HG-9-91-01 does not impact on IDO1 mRNA levels, in ouabain-treated

MDA-MB-231 cells.

Next, the effect of HG-9-91-01 in combination with ouabain on IDO1 mRNA expression was
tested. gPCR was used to assess the impact of ouabain versus ouabain and HG-9-91-01 on
gene expression. In agreement with densitometry data (Figure 4.5E), ouabain caused a
significant drop in IDO1 levels, which was not rescued by co-treatment with ouabain and 0.5
MM HG-9-91-01. Treatment with 1uM HG-9-91-01 increased IDO1 expression enough to
abolish the statistically significant difference from the DMSO control, however, the
magnitude of this effect was not enough to be picked up statistically when comparing it to
the ouabain only condition (Figure 4.6A). The addition of ouabain also significantly increased
PD-L1 levels in ouabain-treated samples, and HG-9-91-01 did not caused further changes
(Figure 4.6B). mRNA expression of other immune markers such as the HLA-A, B and C
complexes was also tested. No difference was observed between ouabain only and ouabain
and HG-9-91-01-treated samples in HLA-B and C, while HLA-A was significantly upregulated
by ouabain, without further significant changes upon treatment with HG-9-91-01 (Figure
4.6C-E). Additionally, to validate the efficacy of HG-9-91-01 as a SIK1 inhibitor, its effect on
expression of the ATP1B1, previously reported to be transcriptionally regulated by SIK1, was
assessed (Taub, 2018). However, in the experiments presented here, HG-9-91-01 had no

effect on ATP1B1 expression (Figure 4.6F).

In summary, HG-9-91-01 did not significantly alter the ouabain effect on expression of IDO1
and other immune genes such as PD-L1, HLA-A, B and C. However, ouabain was able to
upregulate PD-L1 and HLA-A mRNA levels, while reducing IDO1 expression in MDA-MB-231
cells. Additionally, it was not possible to validate the efficacy of the HG-9-91-01 as a SIK1

inhibitor since the drug did not affect expression of the canonical target, ATP1B1.
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Figure 4.6 Effect of HG-9-91-01 and ouabain on the IDO1, PD-L1 and HLA A/B/C gene expression in
MDA-MB-231 cells. A. Effect of ouabain on IDO1 mRNA levels in the presence of HG-9-91-01, samples
were normalized to GAPDH, fold change from average expression value across all the samples was
calculated using 24 values (n=3 biological replicates). B. Same as A but for PD-L1 mRNA expression
(n=3 biological replicates); C. Same as A but for HLA-A mRNA expression (n=3 biological replicates); D.
Same as A but for HLA-B mRNA expression (n=3 biological replicates); E. Same as A but for HLA-C mRNA
expression (n=3 biological replicates); F. ATP1B1 expression in response to 24 h treatment with 1 uM
HG-9-91-01, fold change from GAPDH-normalized normalized average ATP1B1 expression over all
conditions (n=3 biological replicates). Cells were pre-treated with HG-9-91-01 and/ or ouabain for 18
h then IFNy (1 U/ mL)/ TNF (6.25 ng/ mL) stimulation was added for another 24 h. Data were plotted
as mean and SD. Statistical analysis was conducted using a one-way ANOVA coupled with a Tuckey's

multiple comparisons test (A-E), or a two-tailed unpaired t-test (F, p= 0,6359), *** p< 0.001.
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4.2.7. SIK1 enhances overall survival in breast cancer patients, without

correlating on a transcriptional level with STAT1-regulated genes.

SIK1 is a tumour suppressor molecule particularly important in breast cancer (Sun et al.,
2020). To investigate any clinical connections between SIK1 expression and STAT1-regulated
genes, in particular IDO1, an in silico study was conducted using the METABRIC and TCGA
data sets. The merged datasets covered multiple breast cancer subtypes; the number of
patients associated with each subtype are as follows: 20 Breast, 1582 Breast Invasive Ductal
Carcinoma, 148 Breast Invasive Lobular Carcinoma, 24 Breast Invasive Mixed Mucinous
Carcinoma, 208 Breast Invasive Mixed Ductal and Lobular Carcinoma, 15 Invasive Breast
Carcinoma, 1 Metaplastic Breast Cancer. This study chose to analyse all breast cancer
subtypes together, in an attempt to assess the impact of SIK1 and STAT1-controled genes, in
particular IDO1, in breast cancer progression regardless of subtype. The reason why all
subtypes were pulled together was due to literature reports that show no significant
differences in SIK1 expression across various breast cancer types (Xin et al., 2021). This study
looked at SIK1 and SIK1 co-expressed/targeted proteins, and their correlation with STAT1-

controlled proteins in breast cancer. The impact of SIK1 on survival was also assessed.

Figure 4.7A shows mRNA z-score correlations across all patients within the two data sets,
indicating no relationship between SIK1 and STAT1-controlled genes. Interestingly, however,
patients with higher SIK1 levels had a better survival probability (Figure 4.7 B). The data sets
were then split based on IDO1 mRNA z-scores into top and bottom quartiles (corresponding
to high and low IDO1 expression respectively). Correlation and survival analyses were
conducted again within the top quartile (Figure 4.7C, D) and bottom quartile (Figure 4.7E, F)
populations; however, no strong SIK1 correlations were found in either of these populations,
and SIK1 expression also did not significantly associate with survival (Figure 4.7D, F). A Cox

Proportional Hazards Regression was run in GraphPad Prism comparing the impact of SIK1
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high and SIK1 low expression, as well as that of breast cancer subtype on survival. However,
SIK1 expression had no impact on survival (p=0.0573) in the selected groups; similarly the

breast cancer subtype did not impact on overall survival (Figure 4.7G).

Overall, SIK1 expression was not correlated with any of the selected STAT1-controlled genes,
regardless of the IDO1 expression status of the patients. However, SIK1 expression
associated positively with enhanced overall survival in breast cancer patients, which is

consistent with literature reports (Sun et al., 2020).
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Figure 4.7 SIK1 and STAT1-controlled genes in breast cancer patients. A. Correlation analysis for all
patients in the METABRIC and TCGA data set (n=1998); B. Survival analysis for all patients in the
METABRIC and TCGA data set (n=1998); C. Correlation analysis for patients in the top quartile based
on IDO1 expression METABRIC and TCGA data set (n=501); D. Survival analysis for patients in the top
quartile based on IDO1 expression METABRIC and TCGA data set (n=501); E. Correlation analysis for
patients in the bottom quartile based on IDO1 expression METABRIC and TCGA data set (n=499); F.
Survival analysis for patients in the bottom quartile based on IDO1 expression METABRIC and TCGA
data set (n=499). G. Results of the COX Proportional Hazards Regression analysis, including breast
cancer subtypes for all patients in the METABRIC and TCGA data set (n=1998). For A-E data were

analysed using R studio, while figure G was generated using Graph Pad Prism 10.1.2.
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4.3. Discussion

This chapter focused on optimizing experimental conditions for achieving an increase in
intracellular Na* levels, in an NKA and cardiac glycoside-independent manner, via the
ionophore monensin. Experimental data showed that treatment with monensin for 8 h after
cytokine stimulation inhibits the kynurenine response in a concentration-dependent
manner, as well as reducing IDO1 expression. This confirmed the trend observed with cardiac
glycoside-induced intracellular Na* elevations in Chapter 3. Figure 4.2 and Figure 4.3 show
that the effect of monensin on the kynurenine response occurs regardless of whether it is
added before or after IFNy-induced IDO1 expression, suggesting that Na" might play a role in
both pre and post-transcriptional regulation of IDO1. To better understand the signalling
pathway between Na* and IDO1, this chapter also investigated the role of a downstream Na*
effector, SIK1, known to be activated by increased cellular Na* and Ca?* levels (Taub et al.,
2015, Taub, 2019). An increase in kynurenine was observed upon combining SIK1 inhibition
and IFNy/TNF stimulation. However, the combination of ouabain with a SIK1 inhibitor, HG-9-
91-01, gave no significant increase in kynurenine levels compared to ouabain alone,
suggesting that SIK1 might not mediate the effect of increased intracellular Na* levels on
IDO1 activity. This conclusion could not be fully validated, since data did not confirm that
HG-9-91-01 has an inhibitory effect on SIK1, given that no changes in the SIK1-regulated gene

ATP1B1 could be picked up by gPCR.

4.3.1. Monensin affects intracellular Na*, kynurenine and IDO1 expression in

different ways.

Monensin has been extensively reported in the literature to acutely increase intracellular Na*
(Russo-Abrahdo et al., 2018, Cheng et al., 2019, Efendiev et al., 2002). Based on previously
reported concentrations of monensin used in a variety of cell types, an initial acute titration

was set up (Russo-Abrahdo et al., 2018, Cheng et al., 2019, Efendiev et al., 2002). This

168



chapter confirmed that acute application of monensin (100 uM) on MDA-MB-231 cells can
cause a significant increase in intracellular Na*(Figure 4.1B). Interestingly, higher monensin
concentrations, such as 500 uM did not cause a similar elevation in intracellular Na* (Figure
4.1B, C). A possible explanation for that could come from the mode of action of the
ionophore. Monensin is a carrier ionophore that forms complexes with monovalent cations
such as Na*, but also H*, transporting them across the membrane (Huczynski et al., 2012b).
By doing so, monensin is likely to disturb both intra and extracellular pH. This could
potentially impact on the efficacy of the Na* binding dye, SBFI-AM, used in these
experiments, as suggested by previous literature reports (Diarra et al., 2001). This highlights
the limitations of the SBFI-AM method of quantifying intracellular Na* and suggests the need
for an alternative detection mechanism (e.g., CoroNa™ Green or Asante NaTRIUM Green-2)
(lamshanova et al., 2016). Additionally, high monensin concentrations, such as 500 uM could
also be cytotoxic, leading to disrupted cellular homeostasis which could be responsible for

the drop in the intracellular Na* signal.

Longer monensin treatments (8 h) significantly increased intracellular Na*, at 10 and 50 uM
(Figure 4.1E). Therefore, given the consistent, concentration-dependent increase in
intracellular Na* with 8 h monensin treatment, it is justified to conclude that the data
presented in this chapter confirms the documented role of monensin as a tool to raise the

intracellular Na* concentration.

Additionally, the effect of monensin, added for 8 h on MDA-MB-231 cells post cytokine
stimulation with IFNy/TNF, on the kynurenine response and IDO1 expression was tested
next. The same monensin concentrations shown to increase intracellular Na* (Figure 4.1),
seemed to cause a decreasing trend in IDO1 activity, in a concentration dependent manner,
while also dropping IDO1 protein levels at the higher 50 UM concentration (Figure 4.2A, D,

E). Cell survival was not affected by any monensin concentration (Figure 4.2B, C). IDO1
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transcriptional regulators, total and pSTAT1, did not seem to be affected by monensin (Figure
4.2G, H), also supporting the hypothesis of kynurenine changes being triggered by
modulation of IDO1 enzymatic activity, either directly through Na* changes, via an unknown
mechanism, or through pH changes (Littlejohn et al., 2000, Arisaka et al., 1988). Interestingly,
PD-L1, while not significantly affected by monensin in terms of expression, seemed to
undergo a mild transition towards a lower molecular weight, potentially less glycosylated,
isoform, suggesting that intracellular Na* changes might affect more than one immune
checkpoint protein (Figure 4.2F) (Li et al., 2016). These changes are, however, expected and
further confirm the efficacy of monensin, which was documented in the literature to impact
on a series of cellular processes including disruption of the Golgi apparatus, which is often
associated with defects in post-translational processing, including glycosylation (Machamer
and Cresswell, 1984, Sbodio et al., 2018). Although de-glycosylation effects of monensin on
PD-L1 specifically have not been reported before, monensin has been known to impair N and
O glycosylation of proteins, particularly the HLA molecules (Machamer and Cresswell, 1984).
Therefore, this reduction in PD-L1 molecular weight (likely due to impaired glycosylation)
confirms the literature-reported effect of monensin and serves as a good positive control to

confirm drug activity.

Overall, monensin, just like the cardiac glycosides in Chapter 3, increased intracellular Na*
levels and dropped IDO1 expression at higher drug concentrations; it also moderately
decreased kynurenine production showing a concentration-dependent trend. However,

unlike ouabain, monensin did not impact on pSTAT1 levels.

The observations presented above suggest that although there is some overlap in terms of
the starting (changes in intracellular Na*) and ending point (IDO1 activity and/or expression)
of the changes triggered by monensin and ouabain, the drugs might be operating through

completely different mechanisms.
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To better understand the mechanism of action of monensin, its effect on the kynurenine
response was investigated, in response to two treatment conditions: (1) 8 monensin pre-
treatment, followed by removal of drug and 24 h stimulation with IFNy/TNF; (2) 8 monensin
pre-treatment, followed by 24 h of co-treatment with monensin and IFNy/TNF stimulation.
Pre-treatment of MDA-MB-231 cells with monensin prior to IFNy/TNF stimulation seemed to
reduce kynurenine in a concentration dependent manner, but monensin only caused a
significant drop when kept in culture during the IFNy/TNF stimulation (Figure 4.3A). IDO1
protein levels were, however, not significantly affected with either treatment condition
(Figure 4.3C, D). This is particularly unexpected, especially since co-treatment of monensin
with IFNy/TNF, when monensin was added after the cytokine stimulation, did drop IDO1
protein levels (Figure 4.2). This is an observation that is difficult to explain, however, it is
possible that adding monensin at the same time with the IFNy/TNF stimulation, might
provide a shock on the transcriptional and post-transcriptional machinery of the cell, while
priming the cells with monensin before the cytokine stimulation might interfere with this
initial  shock.  Alternatively, monensin  pre-treatment might affect other
transcriptional/translational pathways which in turn could enhance the IFNy/TNF-mediated
IDO1 expression. However, further proteomics/171hosphor-proteomics and/or RNAseq
experiments would need to be conducted to analyse the exact pathways upregulated within
cells upon monensin treatment, before or concomitantly with cytokine stimulation. This kind
of in-depth mechanistic analysis of monensin is, however, beyond the scope of this project

and was not pursued further.

The clear uncoupling between the IDO1 protein levels and IDO1 activity further suggests that
monensin might not be enforcing its effects on IDO1 via transcriptional regulation only. A
way to explain this could be that the effect on kynurenine might occur due to defects in IDO1
trafficking, or integrity, given the well-established function of monensin as a disruptor of the

Golgi membrane, resulting in defects in protein trafficking, secretion and post-translational
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modification (Mollenhauer et al., 1990). Another possible explanation could be that
monensin might be able to impact on IDO1 function only, rather than its expression. This
could occur as a result of potential intracellular pH changes, often associated with ionic
imbalances such as the increase in intracellular Na* measured with monensin. Monensin is a
cation transporter and could thus import both Na® and H* ions inside the cell, as well as
export H" in exchange for Na*, thus altering the intracellular pH. Furthermore, accumulation
of intracellular Na* could lead to subsequent activation of the Na*/H* exchanger and thus
further alter cytosolic pH (Smallridge et al., 1992, Tapper and Sundler, 1990, Boss et al., 1984,
Vanneste et al., 2019). Changes in intracellular pH could interfere with protein folding, as
well as the enzymatic function of IDO1, or upstream regulatory proteins and could thus
explain the effect seen on kynurenine. However, further experiments would be needed to

fully elucidate the mechanism of action of monensin.

Another interesting observation is also the fact that IDO1 and pSTAT1 seem to be responding
to monensin in a different way than TSTAT1 (Figure 4.3C, D, F, G), which is not consistent
with the effect of ouabain-induced Na*increases (Shandell et al., 2022). This further supports
the idea that the pathways and effectors triggered by the two drugs are completely different,
despite the similar endpoint. It might also suggest that the Na*-induced downregulation of
the IDO1 activity is not dependent on STAT1 expression, and the decrease seen in ouabain-

treated samples is just a parallel, independent effect (Chapter 3).

Altogether, the data presented in sections 4.2.1 to 4.2.3 indicate a complex mechanism that
might be regulated at multiple levels, affecting multiple immune checkpoints, IDO1 and PD-

L1 included.

Given the pleiotropic effects of pharmacological approaches to study fluctuations in
intracellular Na*, a variety of different approaches could be used alternatively or
complementarily to try and pinpoint a potential mechanism linking ionic dynamics and IDO1
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integrity. One such complementary approach could be directly measuring the activity of the
NKA in response to pharmacological treatment and/or cytokine stimulation. Multiple studies
have been published showing that uptake of radioactive/no-radioactive rubidium (Rb*) could
be used to quantify NKA activity (Gill et al., 2004, Clemente et al., 2023). That is because the
NKA has been shown to have similar affinity and binding site of Rb* and K* (Hakimjavadi et
al., 2018). By tracking the activity of the NKA, it would thus be possible to verify whether
IDO1 inhibition via ouabain and monensin is directly correlated with a change in NKA activity.
Furthermore, changes in intracellular Na* independent of the NKA or pharmacological
inhibitors would be a clear indicator of the link between IDO1 activity and Na* dynamics. One
solution to that would be the use of a chemo genetic ligand gated ion channel. In principle,
these are channels engineered to be activated by a low dose of an agonist drug, selected as
a safe and clinically approved molecule. In the absence of the agonist, the channel remains
inactive. The use of a Na* -specific chemo genetic ligand gated channel, could allow us to
study the effect of intracellular accumulation of Na* independently of NKA inhibition, and
with more clarity than using a general cation transporter like monensin (Magnus et al., 2011,

Magnus et al., 2019).

4.3.2. HG-9-91-01 upregulates IDO1 and kynurenine levels when combined

with IFNy/TNF.

Although pH changes could potentially explain the inhibitory role of Na* on IDO1 activity, the
decrease in IDO1 expression seen with ouabain (Chapter 3) and monensin (Figure 4.2D, E)
would be probably more difficult to justify. One possible hypothesis would be that elevations
in intracellular Na* might lead to increases in intracellular Ca% levels either through store
mediated Ca? release, or via extracellular Ca?* import through the NCX. The increase in
intracellular Ca?*is known to activate the Ca?*/CaMK pathway which has as downstream

effectors canonical kinases, including SIK1, otherwise well-documented in the literature as a
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tumour suppressor in breast cancer (Popov et al., 2012, Taub, 2019, Villalobo and Berchtold,
2020). SIK1 is an AMPK which has as downstream phosphorylation substrates, proteins that
incorporate the LX(R/K/H) (S/T) XSXXXL, which includes class IIA histone deacetylases
(HDACs) (HDAC4, 5, 7, and 9) and CREB-regulated transcription coactivator (CRTC) proteins.
Phosphorylated CRTCs cannot translocate to the nucleus, which impacts on gene expression

(Taub et al., 2010, Taub et al., 2015).

SIK1 can also function as a negative feedback mediator in response to increases in
intracellular Na*. SIK1 phosphorylates protein phosphatase methylesterase-1 (PME-1), which
then dissociates from the PME-1/ Protein phosphatase 2A (PP2A)/NKA complex, leading to
PP2A dephosphorylation and amplified NKA activity (Sjostrom et al., 2007). Conversely, SIK
kinases can downregulate NKA expression by increasing CYP11A and StAR mRNA levels,

inducing hormone dependent NKA downregulation (Okamoto et al., 2004, Lee et al., 2017).

This study tested whether SIK1 might mediate the effect of ouabain and monensin on IDO1
expression and function. The data in this chapter show that treatment with the SIK1 inhibitor,
HG-9-91-01, moderately upregulated the kynurenine response when combined with IFNy/TN
stimulation, as well as increasing IDO1 protein levels (Figure 4.4A, D, E, F, |, J). These
preliminary observations are consistent with the hypothesis that Na*® increases might
mediate their inhibitory effect on IDO1 through SIK1 activation, given that inhibition of SIK1
seems to upregulate the IDO1 response. However, these observations are undermined by
the lack of expected effect of HG-9-91-01 on the established controls, which will be discussed

in more detail in the next section.
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4.3.3. HG-9-91-01 did not significantly increase kynurenine or IDO1 levels, in

ouabain-treated MDA-MB-231 cells.

Having observed that inhibition of SIK1 upregulates the IDO1 response to interferon, it was
speculated that co-treatment with HG-9-91-01 and IFNy/TNF might provide resistance to the
inhibitory effect of ouabain. This hypothesis is particularly interesting, given the link between
SIK1 and Ca? signalling. It is well documented in the literature that IFNy stimulation triggers
an acute spike in intracellular Ca?* which seems to be required for the downstream signalling
events (Aas et al., 1998, Nair et al., 2002, Koide et al., 1988). Therefore, this set of
experiments could justify a further interest to test whether upon addition of IFNy combined
with either monensin or ouabain, the initial Ca?* spike might be altered, thus, negatively

impacting on the kynurenine pathway.

To further evaluate the role of SIK1 in ouabain-induced IDO1 inhibition, the effect of HG-9-
91-01 on the kynurenine response and IDO1 expression was evaluated. Figure 4.5A shows
that ouabain downregulated the kynurenine response regardless of SIK1 inhibition, this was,
however, partially due to a decrease in cell numbers (Figure 4.5A, B). No significant change
was observed in the kynurenine response upon combining HG-9-91-01 and ouabain,
compared to ouabain alone, with no significant difference in viability across these conditions
(Figure 4.5A, C). The impact on kynurenine was consistent with the HG-9-91-01 effect on
IDO1 protein levels (Figure 4.5D, E). IDO1 mRNA levels were also not significantly affected by
HG-9-91-01 treatment (Figure 4.6A). These results again suggest that SIK1 might not impact

on the kynurenine pathway and IDO1 expression.

Interestingly, PD-L1 protein levels did not significantly change in response to ouabain or HG-
9-91-01, while PD-L1 mRNA levels increased approximately 5-fold upon ouabain treatment

(Figure 4.5D, F, and 4.6B), supporting a potential role of Na* in PD-L1 regulation. Upstream
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IDO1 regulators, total and pSTAT1 were not significantly changed by HG-9-91-01 combined

with ouabain, compared to ouabain alone (Figure 4.5G, H).

To try and verify whether the cellular immunological effects of SIK1 inhibition and increases
in Na* levels are specific to IDO1, expression levels for a variety of immune-related genes
including HLA-A, B and C were measured. However, no major alterations in the expression of
these markers were observed with in ouabain and HG-9-91-01 samples compared to ouabain
alone (Figure 4.6C, D, E). Furthermore, to verify if these results are an accurate
representation of SIK1 inhibition in MDA-MB-231 breast cancer cells, the effect of HG-9-91-
01 on the expression of the ATP1B1, a well-established target of SIK1, shown to be
upregulated upon SIK1 inhibition, was tested (Taub, 2018, Taub, 2019, Taub et al., 2015).
However, no change in ATP1B1 mRNA levels upon HG-9-91-01 treatment was observed
(Figure 4.6F). This suggests that the HG-9-91-01 treatment, as described in this chapter, was
not efficient at inhibiting SIK1 in MDA-MB-231 cells. Therefore, it is not possible to say
whether SIK1 participates in the Na*- IDO1 pathway and further experiments would need to
be conducted to verify this hypothesis. It is important to mention that one significant
limitation of this study was that SIK1 expression in MDA-MB-231 cells, although reported in
the literature, was not experimentally validated and could be part of the reason why the
expected impact of HG-9-91-01 on ATP1B1 mRNA could not be confirmed (Gradek et al.,

2019).

A way to clarify whether SIK1 is involved or not in Na*-dependent inhibition of IDO1 could be
to look at the effect of monensin and/or ouabain on IDO1 activity in SIK1 KD cells.
Furthermore, another possibility would be to directly measure the involvement of Ca?* in the
Na*-IDO1 pathway, by evaluating the impact of ouabain/ monensin on the initial Ca** spike
required for IFNy signalling (Aas et al.,, 1998, Nair et al.,, 2002, Koide et al., 1988).

Furthermore, the study of HG-9-91-01 could be pursued further, by trying to look at its effect
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on SIK1 activity, by designing an in vitro enzyme activity assay. An in vitro enzyme activity
assay would provide a clear answer as to whether HG-9-91-01 does inhibit SIK1. By answering
the question of HG-9-91-01 efficacy, it would be possible to further verify if SIK1 plays a
significant role in ouabain-induced IDO1 inhibition. These experiments were, however, too

far from the scope of this project and were not further pursued.

4.3.4. SIK1 enhances overall survival in breast cancer, without correlating on

a transcriptional level with STAT1-regulated genes.

To investigate the clinical relevance of SIK1 in breast cancer, two large data sets were pulled
together: METABIC and TCGA, and correlations in mRNA gene expression were calculated for
different population samples. Survival analysis was also conducted. SIK1 did not seem to be
correlated on mRNA level with any of the selected genes. This suggests that any potential
interaction between SIK1 and the selected genes should be expression independent, and
thus rely on SIK1 activity (Figure 4.7). Additionally, the lack of mRNA correlation might also
reflect tumour heterogeneity. Consistency was observed between the survival analysis
presented in this chapter and literature data, where even higher magnitude differences in
relapse-free survival have been reported (Xin et al., 2021). This analysis indicated that higher
SIK1 expression is likely to provide an overall survival advantage in breast cancer, which
confirms the well-established tumour suppressor function of SIK1 (Popov et al., 2012).
Another interesting aspect is that IDO1 expression in patients does not seem to affect the
SIK1 pro-survival effect, potentially suggesting that SIK1 might achieve its function through
a different mechanism, and a potential effect on IDO1 might only be a collateral consequence

of this pathway.
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4.4. Conclusion

This chapter validated the Chapter 3 observation that IDO1 activity and expression correlate
with changes in intracellular Na* levels, by modulating ionic dynamics, independently of
ouabain and the NKA, via the ionophore monensin. The potential implication of SIK1 in the
intracellular Na*-IDO1 pathway could not be addressed. Although a deeper mechanistic
understanding of the ouabain/ monensin — induced IDO1 inhibition could not be achieved, it
is justified to conclude that the data presented in this chapter, as well as in Chapter 3,

support a link between elevated intracellular Na* and a decrease in the kynurenine response.
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5. Chapter 5: Screening for novel IDO1 inhibitors using a

natural compound library.

5.1. Introduction

5.1.1. Background

Cancer immunotherapy research has made a considerable contribution to patient survival
over the past years. Since the 2018 Nobel Prize for negative regulation of immune
checkpoints, a large body of literature and clinical research has focused on studying small
molecules and monoclonal antibodies that target those immune regulatory proteins, either
alone or in combination with other therapies (Baglini et al., 2022). Monoclonal antibodies
are by far the majority of current immunotherapies. This is because these do not target
enzymatic activities. Rather they target protein-protein interactions, which involve large
interfaces that cannot be blocked by small molecules (Zahavi and Weiner, 2020). The most
therapeutically exploited immune checkpoint pathway in cancer is the PD-1/PD-L1
interaction, yet other immune regulators such as CTLA-4, LAG3, and TIM3 have also been
extensively investigated (Wang et al., 2022c, Sharmni Vishnu et al., 2022, Rittmeyer et al.,
2017, De Silva et al., 2021, Datar et al., 2019). IDO1 is another important immunotherapeutic
target in cancer, which is regulated in a similar way to PD-L1 expression, by IFNy
proinflammatory stimulation (Jung et al., 2022). Its cytosolic localization makes it a difficult
target for monoclonal antibodies. Instead, a series of synthetic small molecules including the
Trp derivatives Indoximod, Epacadostat, Linrodostat mesylate, Navoximod and PF-0684003,
as well as peptide vaccines, have been designed for IDO1-targeted therapies (Tang et al.,
2021, Prendergast et al., 2018). The large body of research around DO1 and the kynurenine
pathway, as well as the modest success of IDO1 therapeutics, highlight its key role in cancer

progression, supporting the need for novel approaches for targeting this checkpoint. This
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could be achieved by altering physiological processes which directly or indirectly regulate

IDO1 and/or Trp/kynurenine metabolism.

In an attempt to pursue one such approach, the link between the IDO1-centric Trp
metabolism and ionic dynamics was investigated in breast cancer. Chapter 3 described a 31-
ion transport targeted compound screen, which identified the Strophanthus gratus and
Acokanthera schimperi-derivative, ouabain, as an IDO1 inhibitor. Further experiments
showed that another related digitalis plant-derivative, digoxin, had a similar effect on IDO1

(Shandell et al., 2022, Botelho et al., 2019, Domingo et al., 2016).

To harness the potential anti-cancer activity of other natural compounds, a library consisting
of 630 molecules, mostly of plant origin, was curated by the Centre for Novel Agricultural
Products (CNAP) within the University of York. Figure 5.1 summarises the main classes of
compounds included. The library was strongly biased towards terpenes with immune-
modulatory activity. The selection of the library was completed by the CNAP collaborators
and the bias towards terpenes was supported by their interest in terpene compound
structure and chemistry, the wide use of the compound plant of origin for medicinal

purposes, and the widely researched bioactivities of these compounds.
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Figure 5.1 Summary of the main classes of compounds within the 630 natural compound library and
their sources (MedChem library — commercially available, Internal library 1 — seaweed derivatives,
Internal library 2, 3 — compounds of interest for the CNAP collaborators). FCSP — Fucose-containing

sulphated polysaccharides.
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5.1.2. Terpenes

Terpenes are the most diverse class of natural compounds. In plants, terpenes are
responsible for fragrance, taste and colour. Some terpenes, such as squalene and sterols can
also be produced by animals. Structurally, terpenes can be classified based on the number
of isoprene units into hemi- (1 unit), mono- (2 units), sesqui- (3 units), di- (4 units), sester- (5
units), triterpenes (6 units) and tetraterpenes (8 units) (Evidente et al., 2015). Terpenes that
contain oxygen atoms within their molecule in the form of an alcohol, aldehyde, or ketone

group, are defined as terpenoids (Brahmkshatriya and Brahmkshatriya, 2013).

Terpenes have been widely studied for medicinal purposes and have been shown to have
anti-inflammatory and wound healing activity, as well as being beneficial for cardiovascular
diseases (Loreto et al., 1998, Chadwick et al., 2013, Vasas and Hohmann, 2014, Zheljazkov et
al., 2015, James and Dubery, 2009). In macrophages some terpenes have been shown to
decrease expression of the master signalling kinases MAPK, c-Jun N-terminal kinase (cJNK)
and p38, known for regulating a range of cellular functions, including survival and cytokine
production, as well as playing a role in tumorigenesis (Wagner and Nebreda, 2009). Terpenes
can also regulate inflammatory responses through inhibition of NF-kB nuclear translocation
by preventing kB phosphorylation (Chi et al., 2013, Kim et al., 2015). Furthermore, some
terpenes, like borneol, were shown to upregulate expression of nuclear factor erythroid 2—
related factor 2 (Nrf2), which is a transcription factor regulating protection against ROS, and
therefore reduces oxidative stress (Hur et al., 2013). Terpenes and terpenoids have been
found to be particularly good at suppressing neuroinflammation, by preventing microglial
production of proinflammatory cytokines such as interleukin 1B (IL-1B) and TNF (Ong et al.,
2015, Quintans et al., 2019). Additionally, a range of inflammatory diseases were also shown
to benefit from terpene treatment, such as airway inflammation (limonene), autoimmunity

in the case of arthritis (B-caryophyllene), or atopic dermatitis (Hirota et al., 2012, Ames-Sibin
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et al., 2018, Kang et al., 2019) Terpenes can also cause cell cycle arrest in hepatocarcinoma

cells, thus functioning as tumour clearance promoter agents (Xu et al., 2018a).

Interestingly, some terpenes also have ion transport modulating activity. Borneol, 2-
methylisoborneol, fenchyl alcohol and camphor are able to modulate Ca?* transport via the
TRPAL1 channel (Takaishi et al., 2014). Monoterpenes are highly lipophilic molecules, which
means that they can easily cross the plasma membrane and have been reported to interfere
with ion transport in and out of the cell (Oz et al., 2015). Thymol and menthol were shown
to inhibit VGSCs and canonical TRP channels in neurons and muscle cells, thus providing local
anaesthetic events (Haeseler et al., 2002, Zheng, 2013). Menthol was shown to also inhibit
Na,1.8/9 and TTX-resistant VGSCs in a cumulative manner, thus exerting analgesic effects
(Gaudioso et al., 2012). Carvacrol and linalool were shown to inhibit neuronal excitability and
action potential firing in rat neurons, while eugenol was reported to inhibit both TTX-
sensitive and TTX-resistant VGSCs (Leal-Cardoso et al., 2010, Joca et al., 2012, Gongalves et
al., 2010, Cho et al., 2008). Despite their wide range of biological activities, terpenes are
hardly ever administered on their own, and instead they function as adjuvants in
combination with other molecules that increase their cellular penetration and stability,

particularly because of their increased volatility (El-Hammadi et al., 2021, Aqil et al., 2007).

5.1.3. Polysaccharides

A second class of compounds that can be found in the screening library consists of
polysaccharides and pigments derived from marine algae. Literature suggests that marine
algae polysaccharides might have antioxidant and anticancer activities (Khan et al., 2019,
Chen et al., 2018). A series of in vivo and in vitro studies identified pro-apoptotic, anti-
proliferative activity of marine algae polysaccharides particularly fucan, fucoidan, laminaran,
porphyrin and sulphated galactan (Yao et al., 2022). Additionally, several marine algae-

derived polysaccharides have also been shown to enhance immunity (Liu et al., 2020b). In
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mouse macrophages, the GLP-2 polysaccharide from Gracilaria lemaneiformis was shown to
induce proliferation as well as promoting production of proinflammatory factors such as
nitric oxide (NO), ROS, TNF or interleukin-6 (IL-6) (Ren et al., 2017). Structurally, marine algae
polysaccharides can be classified depending on their plant origin, such that the most
common chemical compounds derived from green algae are cellulose, mannan, ulvan and
sulphated rhamnan; for red algae agar and carrageenan are very abundant; while for brown
algae, laminaran and fucoidan are most encountered (Righini et al., 2019, Yao et al., 2022).
The pigment fucoxanthin is a highly unsaturated carotenoid produced by brown algae and
has also been shown to impact on the immune system, performing anti-inflammatory
activities (Bigagli et al., 2021, Pajot et al., 2022). Interestingly, fucoxanthin has also been
widely studied in the context of cancer progression, showing the ability to inhibit trans-
endothelial migration of breast cancer cells, as well as being documented as an apoptosis
inducer and cell cycle blocker in several other types of cancer (Kumar et al., 2013, Wang et

al., 2022a).

5.1.4. Alkaloids

Alkaloids represent a large class of naturally occurring secondary metabolites which are
characterized by the presence of one or more nitrogen atoms, as well as a heterocyclic ring
common for some classes of alkaloids. Alkaloids can also incorporate sulphur, phosphorus,
bromide and chloride alongside the carbon-hydrogen backbone. They represent ~20 % of
natural secondary metabolites and are usually low molecular weight compounds. Alkaloids
have also been extensively studied for therapeutic purposes. Vinflunine has been
investigated on its own and as a combinatorial treatment with the anti-HER2 trastuzumab
monoclonal antibody for the treatment of HER2* breast cancer (Yardley et al., 2010). Other
alkaloids have also been shown to have anti-cancer activity. Based on the chemical structure
multiple mechanisms of action were identified. Indole alkaloids, like vinblastine, inhibit

proliferation by interfering with tubulin polymerization, or promote apoptotic or necrotic
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cell death, as well as inducing autophagy (Adiseshaiah et al., 2013). Isoquinoline alkaloids
also induce Autophagy Related 5 (ATG5)-mediated autophagy in hepatocarcinoma cell lines,
and some, e.g. berberine, were shown to interfere with the activity of cyclooxygenase 2
(COX-2), preventing colon cancer survival (Fukuda et al., 1999, Wang et al., 2010a, Mondal
et al., 2019). Pyrrole and pyrrolizidine alkaloids are also known to exert anti-cancer activity
by promoting cell cycle arrest, apoptosis, necrosis and autophagy (Cheng et al., 2017, Sun et
al., 2017, Philipp et al., 2015). Phenanthroindolizidine alkaloids and indoquinoline alkaloids
are known for cell cycle arrest and apoptotic cell death induction (Dassonneville et al., 2000,
Ahmed et al.,, 2011, Min et al.,, 2010, Wu et al., 2009). B-carboline-benzoquinolizidine
alkaloids are mainly known to interfere with topoisomerase activity and therefore impair
proliferation by interfering with DNA replication, additionally some members of this class
were shown to inhibit the proinflammatory JAK1/2 / STAT5 pathway in lung cancer cell lines
(Jung et al., 2019, Nafisi et al., 2010). Miscellaneous alkaloids have a range of mechanisms of
action, including apoptosis promotion, topoisomerase inhibition as well as inhibition of
proliferation, metastatic inhibition by interference with matrix metalloproteinases (Canals et

al., 2005, Manu and Kuttan, 2009, Ito et al., 2006, Li et al., 2014, Mondal et al., 2019).

5.1.5. Phenylpropanoids

Phenylpropanoids are often secondary metabolites of the amino acid phenylalanine or
tyrosine in plants, bacteria or fungi. Structurally, phenylpropanoids consist of a propane
group attached to a 6- carbon aromatic ring (Seigler, 1998). Several types of
phenylpropanoids have been reported to have therapeutic properties. Prenylated
phenylpropanoids have been shown to have cancer preventive function, reducing
proliferation and activation in the lymphoma Raji cell line (Itoigawa et al., 2004). A series of
other phenylpropanoids such as Apigenin, Curcumin, Resveratrol and Quercetin have been
shown to have antioxidant activity, while others such as caffeic acid phenethyl ester have

been reported to reduce inflammation by inhibiting the transcription factor NF-kB, as well as
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have anti-cancer activity (Grunberger et al., 1988, Natarajan et al., 1996, Kim et al., 2011).
However, the impact of these compounds on Trp metabolism has not previously been

explored.
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5.1.6. Hypothesis and Aims

Given the impact of cardiac glycosides on the kynurenine response reported in Chapter 3, it
was hypothesized that other natural compounds might affect kynurenine production in
cancer cells possibly through direct effects on IDO1/2 and/or TDO enzymes, impairing Trp
metabolism in breast cancer, and these could form the basis of immune checkpoint
therapeutics. The aim of this chapter is to describe the design and optimization of a medium
to high throughput screening assay, based on the set-up of the previously described
kynurenine assay, for evaluating the impact of 630 natural compounds on kynurenine

production.
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5.2. Results

521 Kynurenine assay optimization.

The kynurenine assay was previously described in the literature as a method to assess IDO1/2
and/or TDO activity based on supernatant concentration of the Trp metabolite, kynurenine
(Shandell et al., 2022, Peng et al., 2016, Takikawa et al., 1988). In this section the optimisation
steps performed to explore and reduce assay variation and thus allow its usage for medium

to high throughput applications are described.

Typically, the assay is run in a 96-well plate format. Edge-well effects are a common issue
with such assays (Mansoury et al., 2021). The type of the plate is also an important factor.
To measure background and variability across the plate, several different parameters were

sequentially tested.

Figure 5.2A summarizes the main testing conditions. Samples were prepared in either clear
or black-walled flat-bottom 96-well plates. Samples from each plate were analysed using 2
different data acquisition instruments: a BMG Labtech CLARIOstar plate reader and a
VersaMax microplate reader (Molecular Devices). For each plate reader absorbance values
at 492 nm and at 650 nm were recorded. For analysis, values corresponding to absorbance
at 492 nm only and values corresponding to the 492 nm absorbance minus the background

650 nm absorbance were plotted and compared.

The accuracy of kynurenine detection at different locations across the plate was tested.
Kynurenine standards were plated in the first column and the last two columns of the plate.
The standards in column 1 were set up with the highest concentration at the top (A1 —100
uM) and the lowest at the bottom (G1 — 0 uM), while in columns 11 and 12 the top
kynurenine concentration was at the bottom (G11 and G12 — 100 uM) and the lowest

concentration at the top (A11 and 12 — 0 uM). The same set-up was prepared for clear and
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black-well 96-well plates, and recordings were taken at 492 nm alone and at 492 nm with
background subtraction of the 650 nm absorbance reading. Results showed no change in
absorbance reading regardless of plate type, well location, background subtraction or plate

reader instrument (Figure 5.2B).
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Figure 5.2 Kynurenine assay optimization. A. Schematic of parameters tested for assay optimization;
B. Testing plate effect using kynurenine standards (no cells), red dots correspond to data in column 1,
S1-24: standards 1 to 24 (n=1 biological replicate). The kynurenine assay, described in more detail in
section 2.9, was then performed on culture supernatants. Readings from clear and dark 96-well plates,
using the CLARIOstar and the Versamax microplate reader at 492 nm and at 650 nm were taken and

data were labelled accordingly.
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5.2.2 Mock drug screen: the kynurenine assay.

Next, the consistency of the kynurenine assay was tested in a mock-screen experiment. Cells
were seeded using the same layout as planned for the screen at 70 000 cells/well. Nine
controls were set up: three vehicles unstimulated (0.1 % DMSO only), three vehicles (0.1 %
DMSO stimulated with IFNy/TNF) and three ouabain treated samples (200 nM ouabain 0.1
% DMSO, stimulated with IFNy/TNF) (Shandell et al., 2022). All other samples were only
stimulated with IFNy/TNF. Figure 5.3A shows the plate set-up for the mock screen
experiment. For these experiments, cells were seeded in all wells, and all were stimulated

with IFNy/TNF.

As described in Figure 5.2A, the absorbance signal for the samples was measured using 2
different types of plate (clear and black), two different plate readers (CLARIOstar and
Versamax). Absorbance readings were taken at 492 nm as well as at 492 and 650 nm, for
background subtraction. Figure 5.3B shows the results of the mock screen experiment,
comparing the different conditions. Acceptable levels of variance in kynurenine levels were
observed between the two plate types or the two plate readers, with and without the 650
nm background subtraction, which means that in all IFNy/TNF-stimulated samples the
kynurenine levels were between 40 and 60 uM, unstimulated samples had almost no
kynurenine (highlighted b square boxes), while ouabain dropped kynurenine levels below 20
UM (highlighted by round boxes), regardless of plate type, plate reader or background
subtraction. While limited variation across different plates/ plate readers or analysis
modalities was observed, row variability was recorded with all different measurement
conditions (row B gave consistently higher kynurenine levels). This was attributed to
pipetting issues and to prevent that in the future, a mechanical multichannel pipette was

used for the completion of the screen.
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In conclusion, the assay results were shown to be consistent regardless of plate type, plate
reader, or background subtraction. Therefore, for the following experiments, the initial
published assay conditions: clear plate, Vresamax microplate reader and 492 nm absorbance

only, were used for data acquisition (Shandell et al., 2022).
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Figure 5.3 Mock drug screen: the kynurenine assay. A. Plate set-up for the mock screen (representative
for the layout of all plates in the actual screen); B. Mock screen results. Cells were pre-treated with
ouabain for 18 h and IFNy (1 U/ mL)/ TNF (6.25 ng/ mL) stimulation was added for another 24 h. The
kynurenine assay, described in more detail in section 2.9, was then performed on culture supernatants.
Readings from clear and dark 96-well plates, using the CLARIOstar and the Versamax microplate
reader at 492 nm and at 650 nm were taken and data were labelled accordingly. Square boxes
represent DMSO unstimulated samples, while circles highlight samples treated with 200 nM ouabain.
Colours A-H represent the plate rows. Legend: vehicle unstimulated (0.1 %DMSO only), vehicle (0.1 %

DMSO stimulated with IFNy/TNF), Ouabain (200 nM ouabain 0.1 % DMSO, stimulated with IFNy/TNF).
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5.2.3 Natural compound screen set-up and raw data example.

Having identified the optimal conditions for the kynurenine assay, the next step was to
design a protocol that could accommodate screening the effect of 630 natural compounds
on kynurenine production and cellular toxicity, in order to identify modulators of the

kynurenine response that do not impact on viability.

Figure 5.4A highlights the workflow of the screen. For each plate of compounds, the duration
of the screen was 4 days, including an 18 h drug pre-treatment, followed by another 24 h of
drug treatment in the presence of IFNy/TNF stimulation. Next supernatants were collected
for the kynurenine assay, described in the section 2.9, while the remainder cells were treated
with Deep Blue viability die for 4 h and absorbance at 570 and 600 nm was used to assess

survival (section 2.10).

The 630 compounds were split in 10 plates, each with a similar set-up, as in Figure 5.4B.
Details on all the drugs included in the screen were specified in Appendix Table 8. 2. All plates
had 3 unstimulated controls (blue), 3 positive controls consisting of cells treated with
IFNy/TNF (bright yellow) and 3 negative controls of cells treated with IFNy/TNF and 200 nM
ouabain (light yellow). Drug plates were all prepared at the same time, as detailed in section
2.3. On the day, the drugs were added to the cells to a final well concentration of 10 uM, in
a final well volume of 250 pL. From each drug plate, enough drug solution was prepared for
two replicate experimental plates. 18 h later the IFNy/TNF was added directly to the cells
treated with drugs to give a final well concentration of 1 U/mL and 6.25 ng/mL, respectively.
Supernatants were then collected for the kynurenine assay (2 plates for each set of drugs)
and the remaining cells were used for viability assay. Figure 5.4C shows representative plots

for the kynurenine and Deep Blue viability raw data.
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Figure 5.4 Natural compound screen set-up. A. Drug screen workflow: the kynurenine assay and deep
blue viability; B. Drug plate and kynurenine plate maps for each set of compounds; C. Representative
raw data for the first set of compounds. Cells were seeded and treated as described in sections 2.1and
2.3. Cells were pre-treated with drugs for 18 h and IFNy (1 U/ mL)/ TNF (6.25 ng/ mL) stimulation was
added for another 24 h. The kynurenine assay, described in more detail in section 2.9, was then
performed on culture supernatants. The Deep Blue viability assay was carried out as described in
section 2.10. Readings from clear 96-well plates, using the Versamax Pro plate reader at 492 nm were
taken and data were labelled accordingly. Legend: vehicle (unstimulated) — 0.1 % DMSO; vehicle - 0.1
% DMSO IFNy/TNF; 200 nM ouabain — 200 nM ouabain 0.1 % DMSO IFNy/TNF, numbers 1 to 63
correspond to the first 63 compounds from the 630-compound library, their full names and details are

found in Appendix Table 8.2.
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5.24 Natural compound screen — Results.

The first round of screening identified a series of compounds of interest (COls), these were
compounds that decreased or increased kynurenine below or above the selected thresholds,
without impacting on viability; the kynurenine response and viability thresholds were
specified in 2.3.2. (and briefly explained below). Given the fact that the drug screen was only
run in duplicate, due to the large number of compounds for a manual procedure, no
statistical analysis could be performed. Therefore, thresholds for identifying compounds

with potential effects on kynurenine production were defined.

Inhibitory COls were defined as compounds that could decrease kynurenine by at least 50 %
compared to the vehicle control, or compounds that gave a decrease in kynurenine at least
3 SD away from the kynurenine levels in the vehicle control. The 3 SD threshold was selected
based on the statistical principle which states that 99.7 % of the observations within a
normally distributed population should lie within 3 SD from the control (Lee et al., 2015). A
third selection threshold was applied for viability, so that compounds of interest had to give
a viability value of at least 70 % of the vehicle unstimulated control value, to clearly separate
active compounds from compounds with high toxicity. In Figure 5.5A, inhibitory COls

correspond to the points highlighted in red in the lower left quadrant (44 inhibitory COls).

Six enhancer COls were also identified, and these were characterized by either an increase
in kynurenine fold change above 1.4 or a kynurenine concentration 3 SD away from that of
the vehicle control, while maintaining viability over the 0.7 threshold. In Figure 5.5A,

enhancer COls correspond to the points highlighted in red in the top right quadrant.

In Figure 5.5B fold change was plotted against viability and all COls highlighted in red
exceeded the 0.7 viability threshold. Amongst the compounds of interest defined according
to section 2.3.2., an arbitrarily selected set of 9 borderline compounds (e.g., gave a 0.51

decrease in kynurenine, or had a viability of 0.69) was also selected for further validation.
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These borderline COIs were included in the red point pool from Figure 5.5A, B. Raw data for

the first round of screening were included in the Appendix Table 8. 2. Figure 5.5C summarizes

all the COls identified in the first round of screening.

In conclusion, the screen identified 50 inhibitory and enhancer COls and 9 borderline COls

selected for further validation. In total, 59 compounds were selected for further testing.
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Figure 5.5 Natural compound screen — Results. A. First screening round: Kynurenine results — Fold
Change in kynurenine levels normalized to the vehicle stimulated positive control Vs number of SDs
away from the vehicle control (explained in section 2.3.2. ) (mean values for fold change and SD
variation were plotted for n=2 technical replicates, for drugs where one replicate was excluded from
the SD analysis due to missing quality control threshold (see section 2.3.2. ), only one SD value was
used); B. First screening round: Kynurenine results — Fold Change in kynurenine levels normalized to
the vehicle stimulated positive control Vs Viability — fold change normalized to the vehicle control
(explained in section 2.3.2. ) (mean values for kynurenine fold change and viability were plotted for
n=2 technical replicates); C. Annotation of selected compounds of interest (COIs), numbers represent
order in the 630-compound screen. Cells were seeded and treated as described in sections 2.1and 2.3.
Cells were pre-treated with drugs for 18 h and IFNy (1 U/ mL)/ TNF (6.25 ng/ mL) stimulation was
added for another 24 h. The kynurenine assay, described in more detail in section 2.9, was then
performed on culture supernatants. The Deep Blue viability assay was carried out as described in
section 2.10. For A and B: red dots represent compounds selected for further validation (COls), black

dots indicate compounds that did not fulfil the COI criteria.
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5.2.5 Natural compound screen validation — Results.

To verify the results of the first round of screening, a second validation experiment was then
carried out on the 59 COls identified in the first round of screening (44 inhibitors, 6 enhancers
and 9 borderlines, Figure 5.5). The validation was used to identify hits. A hit was defined as
a compound that increased or decreased kynurenine levels at least 3 SD away from the
vehicle control AND gave a fold change in kynurenine either < 0.5 or >1.4 from the vehicle

control, while maintain viability at least 0.7 of the vehicle unstimulated control.

Figure 5.6A summarizes the kynurenine results of the validation screen, showing kynurenine
fold change versus SD. Compounds classified as hits are highlighted in green. The validation
screen identified 24 inhibitory hits (lower left quadrant) and 1 enhancer hit (top right
quadrant). All hits had a viability score above the 0.7 threshold, as shown in Figure 5.6B,
where fold change was plotted against viability. Figure 5.6 C shows the list of hits of the
validation screen, ordered by their impact on kynurenine fold change. Raw data for the

validation round were included in the Appendix Table 8.3.

In conclusion, out of the 59 COls included in the validation round, 24 inhibitory compounds

and 1 enhancer compound were identified as hits.
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Figure 5.6 Natural compound screen validation — Results. A. Validation round: Kynurenine results —
Fold Change in kynurenine levels normalized to the vehicle stimulated positive control Vs number of
SDs away from the vehicle control (explained in section 2.3.2. ) (mean values for fold change and SD
variation were plotted for n=2 technical replicates, for drugs where one replicate was excluded from
the SD analysis due to missing quality control threshold (see section 2.3.2. ), only one SD value was
used); B. Validation Round: Kynurenine results — Fold Change in kynurenine levels normalized to the
vehicle stimulated positive control Vs Viability — fold change normalized to the vehicle control
(explained in section 2.3.2. ) (mean values for kynurenine fold change and viability were plotted for
n=2 technical replicates); C. Annotation of validated compounds (hits). Cells were seeded and treated
as described in sections 2.1and 2.3. Cells were pre-treated with drugs for 18 h and IFNy (1 U/ mL)/ TNF
(6.25 ng/ mL) stimulation was added for another 24 h. The kynurenine assay, described in more detail
in section 2.9, was then performed on culture supernatants. The Deep Blue viability assay was carried
out as described in section 2.10. For A and B green dots indicate validated compounds (hits), black dots

indicate compounds that did not fulfil the validation criteria.
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5.2.6 Natural compound hits — known biological activity.

A non-exhaustive literature search was carried out on the main hits. Five pathways/biological
processes were consistently reported as being impacted on by several compounds from the
hit list: two inflammatory pathways (NF-kB activation and JAK/STAT signalling) and three
pathways/processes regulating survival, metabolism, and general cellular physiology
(AKT/PI3K, MAPK/JNK/ERK/p38 and Cell Cycle). In addition to those five pathways, the
impact of the hits on ion transport was also researched, given the results from Chapters 3

and 4 which point towards a link between Na* transport and IDO1 regulation.

A summary of these pathways and the number of hits affecting them is presented in Figure
5.7. Out of the 24 hits identified, 17 compounds have been documented in the literature to
impact on the master immune regulatory transcription factor NF-kB activity, assembly, or
expression (Babaei et al., 2021, Xu et al., 2021, Whan Han et al., 2001, Ooppachai et al., 2019,
Bailly, 2021, Chae et al., 2008, Saadane et al., 2007, Kampan et al., 2015, Hidalgo et al., 2005,
Chun and Kim, 2013, Chiadak et al., 2016, Luo et al., 2020). 10 of the top hits have also been
shown to negatively impact on the JAK/STAT pathway (Babaei et al., 2021, Xu et al., 2021,
Liu et al., 2019b, Li et al., 2021c, Lou et al., 2019, Kampan et al., 2015, Li et al., 2021a). Other
pathways reported to be affected by some of the hits included ERK/INK/p38/MAPK,
PI3K/Akt, ROS production, cell cycle regulation, and ion transport. Appendix Table 8. 4

summarizes the main pathways known to be affected by each one of the hits in detail.

In conclusion, of the 25 hits over 50 % had been shown in the literature to be involved in the

regulation of proinflammatory pathways such as NF-kB and JAK/STAT signalling.
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Figure 5.7 Natural compound screen hits — known biological activity. Representation of the main

pathways affected by the hits, and number of compounds reported to affect each pathway.
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5.2.7 Effect of hit compounds on IDO1 and PD-L1 mRNA levels.

Having identified 25 hits, the next step was to select a small subset of compounds for
mechanistic studies. Having confirmed from the validation round of the screen that all hits
impact kynurenine production without impacting on viability, the next step was to verify if
this occurs, as in the case of ouabain (Chapter 3), through regulation of IDO1 expression, or
whether it is an expression independent effect. Furthermore, this chapter aimed to reveal
whether the hits are specifically targeting IDO1 expression/activity, or whether they impact
on other IFNy-regulated immune checkpoints, such as PD-L1. To answer these questions, a
gPCR was performed on the samples treated with the hit compounds from the validation
run, looking at IDO1 and PD-L1 expression. Furthermore, given the common regulatory
mechanisms for IDO1 and PD-L1 (via IFNy) signalling, this work aimed to verify whether the
hits might target preferential expression of different PD-L1 isoforms rather than overall PD-
L1 mRNA. For that, specific changes in soluble (s) and membrane PD-L1 were assessed. PD-
L1 is an immune checkpoint expressed on the surface of tumour cells, however, soluble
versions of this checkpoint can be generated either through proteolytic cleavage or via
alternative splicing. The exact mechanism regulating alternative splicing is not fully
understood yet, however, sPD-L1 levels have been reported as a biomarker of tumour
immunogenicity/ responsiveness to anti-PD-1 immunotherapy, as well as being associated
with metastasis (Bailly et al., 2021, Larrinaga et al., 2021, Oh et al., 2021). Thus, identifying a
compound that can switch the splicing preference from one isoform to the other could
contribute to a better understanding of the mechanism that regulates PD-L1 and sPD-I1

splicing, also having positive implications on cancer immunotherapy.

Figure 5.8 summarizes the impact of the hits identified by the drug screen on IDO1,
membrane PD-L1 and sPD-L1 expression. Based on their impact on these three parameters
four groups of compounds were distinguished (Figure 5.8A): Group1 (red), compounds that

decreased both the kynurenine response IDO1 expression; Group 2 (blue), compounds that
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decreased kynurenine but did not alter IDO1 mRNA levels by 50 % or more; Group 3 (green),
compounds that decreased kynurenine but increased IDO1 expression, Group 4 (orange),
compounds that affected membrane and sPD-L1 expression in different ways. Figure 5.8B
presents the effects of the hits on IDO1 mRNA levels, highlighting in colours compounds

representative for the first 3 groups.

Figure 5.8 C compares the impact of each one of the hits on membrane PD-L1 Vs sPD-L1
expression and identifies members of the 4™ group (compounds that do not change

membrane PD-L1 levels but decrease sPD-L1 expression.

In conclusion, 4 groups of compounds (summarized in Figure 5.8A) with potential for further
mechanistic studies were identified, based on their effects on kynurenine, IDO1 and
(membrane and soluble) PD-L1 expression. The following sections will focus on two
representative compounds from Group 2. These have been chosen due to similarities
between their biological activity and their chemical structures and the rationale for selecting
each one of these compounds will be explained in the corresponding sections. One
representative compound from Group 4 was also investigated in more detail in section 8.3.1.
Groupl compounds were not studied any further due to their presumed similar mechanism
of action to ouabain/digoxin (studied in Chapter 3), while Group 3 compounds were also not

further studied due to time constraints.
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Figure 5.8 Effect of hits on IDO1, membrane and sPD-L1 mRNA levels. A. Summary of groups of
compounds based on impact on IDO1, membrane and sPD-L1 gene expression B. Impact of compounds
identified as hits on IDO1 mRNA levels, samples were normalized to B-actin, fold change from the
vehicle IFNy/TNF-treated control was calculated using 24" values (n=1 biological replicate); C. Impact
of compounds identified as hits on sPD-L1 Vs membrane PD-L1 mRNA levels, samples were normalized
to B-actin, fold change from the vehicle IFNy/TNF-treated control was calculated using 2" values
(n=1 biological replicate), dotted lines were used to mark 0 % or 50 % decrease (0.5) or 50 % increase
(1.5) for any of the genes. Legend: red — compounds corresponding to Group 1; blue- compounds
corresponding to Group 2; green - compounds corresponding to Group 3; orange - compounds
corresponding to Group 4. Compounds were represented in Figures B and C with their assigned
screening number for better visualisation of the data. The name of the compounds corresponding to

the assigned numbers are summarised in Appendix Table 8.2.
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5.2.8 Artemisinin-derivatives decrease kynurenine production

without impacting on pSTAT1/IDO1 expression pathway.

Based on the functional classification of hits in Figure 5.8, Group 2 was the group with the
highest number of compounds. Furthermore, Group 2 compounds seemed to behave in a
different manner than the control drug, ouabain, discussed in Chater 3, which was classified
as a Group 1 compound. For these reasons, a better understanding of the mechanism of
action of the compounds in Group 2 could either help us identify potential direct IDO1
inhibitors, or highlight another IDO1/kynurenine regulatory pathway, in addition to the Na*-

correlated IDO1 regulation highlighted in Chapters 3 and 4.

The first representative compound from Group 2 was selected based on its chemical
structure, which correlated with biological activity on the kynurenine response. Figure 5.9A,
highlights the chemical structures of all artemisinin-derivatives included in the screen (Lu et
al.,, 2019, Fu et al., 2021). All compounds that carried the oxygen endoperoxide bridge
highlighted with the red box came up as either COls or hits (Appendix Table 8.2 and Appendix
Table 8. 3). The only member of the class that did not have any activity on kynurenine
production, was deoxy artemisinin, which was also the only compound not carrying an
oxygen bridge within its molecule. For this reason, the member of the class with the
strongest impact on kynurenine (artemether, compound no 619, Appendix Table 8. 3, hit)
was selected for further studies, alongside deoxy artemisinin (compound no 621, Appendix
Table 8. 2), which was used as a negative control. Figure 5.9B, shows that artemether but
not deoxy artemisinin decreases kynurenine levels in a concentration dependent manner in
MDA-MB-231 cells. Furthermore, this effect was independent of viability as shown in Figure
5.9C. Confirming the results from the qPCR in Figure 5.8A, artemether had no impact on IDO1
MRNA levels at any of the tested concentrations (Figure 5.9D). The effect of artemether on

IDO1 protein levels, as well as on STAT1 expression and activation (pSTAT1), were also tested
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via western blot, however the compound did not change the levels of IDO1, STAT1 or pSTAT1
(Figure 5.9E). Densitometry also confirmed the fact that artemether does not impact on IDO1
protein expression or on the ratio between pSTAT1 and TSTAT1 protein levels (Figure 5.9F,

G).

In conclusion, artemether decreased kynurenine levels in a concentration dependent
manner, via an endoperoxide bridge-dependent mechanism, without impacting on IDO1

MRNA and protein expression, or STAT1 expression and activation.
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Figure 5.9 Artemisinin-derivatives suppress kynurenine production in MDA-MB-231 cells without
affecting IDO1 expression. A. Chemical structures of artemisinin-derivatives included in the screen; B.
Effect of artemether and deoxy artemisinin titration on the kynurenine levels in MDA-MB-231 cells
(n=3 biological replicates); C. As in B but for viability (n=3 biological replicates); D. As in B but for IDO1
mMRNA levels, samples were normalized to B-actin, fold change from average expression value across
all the samples was calculated using 2*" values (n=3 biological replicates); E. Western blot showing
the effect of artemether and deoxy artemisinin on (p)STAT1, IDO1 and PD-L1, bands corresponding to
the same blot were marked with red margins or no margins (representative for n=3 biological
replicates); F. Densitometry fold change for IDO1 protein levels (n=3 biological replicates); G.
Densitometry for the pSTAT1/ TSTAT1 expression ratio (n=3 biological replicates). Cells were pre-
treated with drugs for 18 h and IFNy (1 U/ mL)/ TNF (6.25 ng/ mL) stimulation was added for another
24 h. All data were plotted as mean and SD and statistical comparisons were carried out on B, C, D, F
and G using a one-way ANOVA coupled with a Bonferroni’s multiple comparison test (all conditions

were compared to the DMSO IFNy/TNF). Legend: COl — compound of interest; US — unstimulated.
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5.2.9 Euphorbia factor L9 decreases kynurenine production without

impacting on pSTAT1/IDO1 expression pathway.

A second set of compounds from Group 2 that was selected for further studies: Euphorbia
factor L9 (EFL9) and L2 (EFL2). Eleven members of the Euphorbia factor family and 2 more
structurally related molecules (Lathyrol and 7-Beta-Hydroxy Lathyrol) were included in the
screen (Figure 5.10A) (Wang et al., 2020c) (PubChem database, PubChem compound CID:
168011854, 101306826, 10627939, 10577938, 74962706, 74962707, 131876111,
102004672, 162639176, 162639174, 162639177, 6443057, 24868376). The only compounds
of this class that exerted some activity on the kynurenine response were EFL9 (hit)
(compound 600, Appendix Table 8. 3) and EFL2 (COI) (compound 596, Appendix Table 8. 3),
which distinguish themselves structurally, by carrying a benzoyl group on C7 (both) and in
the case of EFL9 also a nicotinate modification. These C7 modifications, highlighted in red in
Figure 5.10A, were therefore hypothesized to play a role in the inhibition of the kynurenine
response. For this reason, EFL9, EFL2 were taken forward for detailed studies. The only
member of the class the same backbone and side chains as EFL9 and 2, without the C7
modification, EFL3 (compound no 592, Appendix Table 8. 2), was selected as a negative
control. Figure 5.10B shows that EFL9 and 2 decrease kynurenine in a concentration-
dependent manner, with ELF9 being more potent, while EFL3 had no impact on kynurenine
levels. The effect of EFL9 and 2 was not caused by cellular toxicity, as confirmed by the
viability measurements in Figure 5.10C, which show no changes in response to any of the
drug treatments. Figure 5.10D also supports the gPCR data from Figure 5.8A, suggesting no
apparent changes in IDO1 mRNA levels in response to any of the concentrations, for both
EFL9 and EFL2 treatments. At protein level, Euphorbia factors did not impact on IDO1 or
STAT1 expression and they also do not change the levels of activated pSTAT1 (Figure 5.10E).
Densitometry analysis also confirmed the fact that EFL9 and 2 exert their actions on
kynurenine independently of IDO1 protein expression (Figure 5.10F).
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In conclusion, data suggest that EFL9 and 2 decrease kynurenine levels in a concentration
dependent manner, likely via a C7-benzoylation-dependent mechanism, without impacting

on IDO1 mRNA and protein expression, or STAT1 expression and activation.
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Figure 5.10 Euphorbia factors L2 and L9 suppress kynurenine production from MDA-MB-231 cells,
without affecting IDO1 expression. A. Chemical structures of Euphorbia Factors included in the screen;
B. Effect of Euphorbia factors L9, 2 and 3 titration on the kynurenine response in MDA-MB-231 cells
(n=3 biological replicates); C. As in B but for viability (n=3 biological replicates); D. As in B but for IDO1
mMRNA levels, samples were normalized to B-actin, fold change from average expression value across
all the samples was calculated using 2*" values (n=3 biological replicates, except for the DMSO US
which was n=2); E. Western blot showing the effect of Euphorbia factors L9, 2 and 3 on (p)STAT1, IDO1
and PD-L1, bands corresponding to the same blot were marked with red margins or no margins
(representative for n=3 biological replicates); F. Densitometry fold change for IDO1 protein levels (n=3
biological replicates); G. Densitometry pSTAT1/ TSTAT1 expression ratio (n=2 biological replicates).
Cells were pre-treated with drugs for 18 h and IFNy (1 U/ mL)/ TNF (6.25 ng/ mL) stimulation was
added for another 24 h. All data were plotted as mean and SD and statistical comparisons were carried
out on B, C and F using a one-way ANOVA coupled with a Bonferroni’s multiple comparison test (all
conditions were compared to the DMSO IFNy/TNF). Legend: COl — compound of interest; EFL9, 2, 3 - 2,

3 — Euphorbia Factors 9, 2, 3; US — unstimulated.
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5.2.10 Ouabain, artemether, EFL9 and EFL2 have a similar impact on
kynurenine production in primary human mammary epithelial cells

(HMECs).

Having shown that artemether and EFL9 and EFL2 decrease kynurenine levels without
impacting on IDO1 expression in MDA-MB-231 cells, the next step was to test whether these
effects are restricted to cancer cells, or whether they can be reproduced in primary non-
transformed breast tissue cells. To do that, the effects of ouabain, artemether (and its
control deoxy artemisinin), EFL9 and 2 (and their control EFL3) on kynurenine and IDO1

expression were measured in HMEC cells from 2 donors.

Figure 5.11A shows that ouabain, artemether, EFL9 and EFL2 significantly decreased
kynurenine levels, without impacting viability in both donors (Figure 5.11B). Furthermore,
only ouabain decreased IDO1 protein levels in both donor 1 (Figure 5.11C) and 2 (Figure

5.11D).

Thus, it was concluded that the effect of ouabain, artemether, EFL9 and EFL2 on kynurenine

are not specific to cancer cells.
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Figure 5.11 Effect of ouabain, artemether, and Euphorbia factors L2 and L9 on kynurenine production
and IDO1 expression in primary HMECs. A. Effect of ouabain, artemisinin-derivatives and EFL9, 2 and
3 on the kynurenine response in HMECs (n=4 replicates for each donor); B. As in A for viability (n=4
replicates for each donor); C. As in A for IDO1 protein levels in donor 1, one representative western blot
as included (n=3 replicates); D. As in A for IDO1 protein levels in donor 2, one representative western
blot as included (n=3 replicates). Cells were pre-treated with drugs for 18 h and IFNy/ TNF stimulation
was added for another 24 h. All data were plotted as mean and SD, statistical comparisons were carried
out using a one-way ANOVA coupled with a Bonferroni’s multiple comparison test (all conditions were
compared to the DMSO IFNy/TNF). Legend: EFL9, 2, 3 — Euphorbia Factor 9, 2, 3; GAPDH —

glyceraldehyde-3-phosphate dehydrogenase.
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5.3. Discussion

5.3.1 Drug screen results: COIs and Hits.

This chapter highlighted the steps required for designing a medium/high throughput natural
compound screen, using the previously documented kynurenine assay (Shandell et al., 2022).
It presented the optimization (Figure 5.2 and 5.3), the set-up (Figure 5.4) and results (Figure
5.5 and 5.6) of the screen. The impact of 630 natural compounds on the kynurenine response
and viability was tested in the MDA-MB-231 cell line, which allowed identification of 59 COls
selected for further validation (Figure 5.5). Based on the results of the validation screen, 24

inhibitory and 1 enhancer hit were identified (Figure 5.6).

Depending on the assay type and compound library, high throughput screens (HTSs) have
different sensitivities for identifying hits. A typical HTS hit rate has been reported to be
ranging from 0.5 to 2 % of the total tested compounds (Goodwin et al., 2020). However,
studies have also reported rates of 0.3 % in a C. elegans motility screen, or 2-3 % in an
antagonist assay looking at intracellular Ca?* accumulation, as a readout for GPCR activation
(Hughes et al., 2011, Taki et al., 2021). In the compound screen presented in this chapter,
the hit rate was 3.97 % (including the enhancer hit). This is above the average literature
reported rates for high throughput screening and could be explained by the fact that the
screen was only a medium throughput, focused drug screen. This means that the screening
library was biased towards compounds with immunological activity. Thus, a higher hit rate
than the literature average was expected, given the fact that the target (IDO1) and readout

(kynurenine) are well-established immune mediators (Krupa and Kowalska, 2021).
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5.3.2 Limitations of the kynurenine assay for medium/high

throughput screening.

Various methods for measuring IDO1 activity have been described in the literature. Assays
based on fluorescence measurements of N-formylkynurenine have been optimized over time
to improve their signal to noise ratio, and have been used in the past for high throughput
applications (Matin et al., 2006, Tomek et al., 2015, Seegers et al., 2014). With a similar set-
up as the kynurenine assay used in this chapter, absorbance-based measurements of N-
formylkynurenine from cellular/tissue lysates were also documented in the literature
(Takikawa et al., 1988). Other more complex methods based on high-performance liquid
chromatography (HPLC) have been shown to be the most selective and accurate and can be
employed to measure a range of metabolites (e.g., both kynurenine and Trp) (Xiao et al.,
2008, Ma et al., 2009). Radioactivity based assays that measure incorporation of **C into the
N-formylkynurenine molecule in culture supernatants are also documented as more

sensitive that absorbance based kynurenine quantifications (Ozaki et al., 1987).

However, the experimental set-up used for this screen was based on the colorimetric
guantification of secreted N-formylkynurenine, by reading absorbance at 492 nm, and it
mostly resembles the assay published by Peng et al. (2016) and further described in our
publication, Shandell et al. (2022). Unlike the HPLC and radioactivity assays, absorbance
measurements are less discriminative and provide more variability in terms of metabolite
guantification. In the particular set-up of the screen presented in this chapter, the main assay
limitations were low resolution at low kynurenine concentrations, as well as low detection
capacity for enhancers. The limited resolving power for the low kynurenine concentrations
was not an issue for the purpose of the screen, since the aim of the assay was that of
identifying compounds that cause a change in kynurenine, rather than accurately classifying

compounds based on their strength. Therefore, when looking at compounds that decreased
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kynurenine below 10 uM it is not possible to accurately order them based on strength, but
it is possible to confidently state that they are inhibitors of IDO1 activity. The second
limitation, regarding the detection of enhancers, comes from the strong effect of the
IFNy/TNF stimulation on the cells, inducing kynurenine values up to 80 uM (Figure 5.3C),
close to the top detection limit of the assay which is 100 uM. In this sense, for identification
of enhancers a different experimental set-up, separate from that required for identification
of inhibitors, should be designed, where lower IFNy/TNF concentrations could be used, in
order to allow a bigger window between the IFNy/TNF-induced kynurenine levels and the
top of the standard curve. However, IDO1 enhancers would be more of a point of interest
for autoimmunity research, where the immunoinhibitory activity of this enzyme is required
to keep the immune system in check (Lemos et al., 2020, Williams, 2013). In cancer, IDO1
inhibition, equivalent to increased immunogenicity against tumours, is usually the desired
outcome (Li et al.,, 2021d). For these reasons, the assay was considered discriminative
enough to identify a series of compounds with potential effect on IDO1 activity, which would

have to be further confirmed and mechanistically studied through follow-up experiments.

Another limitation of the kynurenine assay in the context of the drug screen was the
variability across replicates of the control conditions. The average intra-assay coefficient of
variation (CV) across all controls was 5.42, whereas the CV across all the samples (drugs and
controls) was 6.36. These values meet the literature guidelines which suggest that an ideal
intra-assay CV should have a value below 10 (Schultheiss and Stanton, 2009). However,
variation became more apparent and problematic when applying the 3 SD selection rule for
COls and hits. According to Lee et al. (2015) 99.7% of the members of a normally distributed
population lie within 3 SDs of variation from the control, therefore, anything outside that is
likely to not be part of the population. For this reason, when carrying out the SD exclusion
analysis, the condition that the negative, unstimulated vehicle control should give a
kynurenine readout 3SD away from that of the stimulated vehicle control was set as a quality
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control. The replicate plates where this condition was not fulfilled were only used to match
trends in the effect of compounds on kynurenine, rather than identify COls or hits. For the
kynurenine and viability fold change analyses, due to the lower discriminative power of these
analysis methods, both replicates were included. For the first round of screening, the results
from the SD and fold change analysis were combined, with the intention of testing a larger
number of COls. For the validation round, however, only compounds that passed both
analysis methods were considered as hits, thus applying a more restrictive threshold. To
overcome the variability issue, a few measures could be reinforced in the future, including
anincrease in the number of replicates for each control per compound plate; another source
of variation could be human error (e.g., while pipetting), therefore, a fully automated set-up
would be likely to decrease variability when screening a library of 630 compounds.
Furthermore, literature reports that cell-based assay variation can be decreased by keeping
cells at RT for 1 h after seeding, rather than directly transferring those to the 37 °C incubator

(Lundholt et al., 2003).

Thus, the experimental set-up used for this drug screen would require significant
optimization for future higher throughput applications. However, in the context of the screen
presented in this chapter, the technical limitations were overcome through appropriate
threshold selection of COls and hits. This allowed successful identification and validation of
25 hits, of which two sets of compounds (artemisinin-derivatives and Euphorbia factors)
were studied in more detail (Figure 5.9, Figure 5.10, Figure 5.11), confirming their inhibitory

activity on the kynurenine response.

533 The biological relevance of hit compounds.

The natural compound library was strongly biased towards molecules that have been shown
in the past to have an impact on the immune system. This is further confirmed by the

literature reports on the main hits identified by the screen, where 17 compounds were
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shown to have an impact on the master immune regulatory transcription factor NF-kB
activity, assembly, or expression, with most of the compounds inhibiting its activity (Babaei
et al,, 2021, Xu et al., 2021, Whan Han et al., 2001, Ooppachai et al., 2019, Bailly, 2021, Chae
et al., 2008, Saadane et al., 2007, Kampan et al., 2015, Hidalgo et al., 2005, Chun and Kim,
2013, Chiadak et al., 2016, Luo et al., 2020). The fact that 10 of the top hits have also been
shown to negatively impact on the JAK/STAT pathway provides further theoretical support
for the findings of the screen (Babaei et al., 2021, Xu et al., 2021, Liu et al., 2019b, Li et al.,
2021c, Lou et al., 2019, Kampan et al., 2015, Li et al., 2021a). Given that IDO1 is an enzyme
expressed in cancer in response to JAK/STAT activation, inhibition of this pathway could
explain why its activity, measured as kynurenine production, is therefore reduced (Iwasaki
et al., 2021). The subsequent qPCR data further support this hypothesis for some of the
compounds, as it is the case for the top hit of the screen, alantolactone. Figure 5.8B shows a
decrease in IDO1 mRNA in response to alantolactone (332) treatment. Other interesting
pathways affected by some of these drugs include the MAPK signalling, known to regulate
survival and apoptosis, as well as the Akt/PI3K signalling cascade mostly known for
autophagy regulation. Both of these were the second most frequently targeted pathways by
the compounds identified as hits, with 14 compounds being reported to have regulatory
function on one or multiple components of each one of these pathways. 10 compounds were
also shown to affect cell cycle progression and 11 compounds are known to have an impact

on ionic dynamics, as summarized in Figure 5.9 and further elaborated in Appendix Table 8.4.

Thus, literature confirmed that the identified hits are known to have immunological activity,
as well as highlighting their biological significance by revealing a range of crucial cellular

pathways targeted by a large proportion of hits.
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534 Artemisinin-derivatives and Euphorbia factors.

To better understand the biology of the hits, their impact on IDO1, membrane and soluble
PD-L1 (isoforms of PD-L1, IFNy-regulated immune checkpoint) expression was assessed. This
facilitated identification of compounds that behave in a similar manner as ouabain,
decreasing kynurenine by interfering with IDO1 expression (Shandell et al., 2022);
compounds that seemed to exert their effect on kynurenine in a different manner than
cardiac glycosides, as well as compounds that might interfere with the expression of PD-L1.
The hits were further classified into 4 groups based on their impact on the kynurenine
response and mRNA levels of IDO1, membrane and soluble PD-L1, as summarized in Figure
5.8. This chapter then focused on investigating in more detail the mechanism of action for
compounds from Group 2, compounds that decrease the kynurenine response without
impacting on IDO1 mRNA levels. In addition to Group 2 compounds, Group 4 was also briefly
investigated, however, the observed impact of these compounds on membrane and soluble
PD-L1 expression could not be validated, which is why this work was not pursued further

(section 8.3.1. ).

Compounds from Group 1 were shown to inhibit both IDO1 expression and kynurenine
production, thus resembling the effect of cardiac glycosides (Chapter 3) (Shandell et al.,
2022). Therefore, this class of compounds was not investigated further. However, there is
value in studying the mechanism of action for each one of the compounds in Group 1. That
is firstly because concomitant reduction in IDO1 expression and kynurenine levels, does not
imply a single mechanism of action. It is possible that the reduction in kynurenine observed
in cell supernatants might not be just a consequence of decreased IDO1 levels; instead, it
could signal impaired kynurenine secretion or enhance kynurenine metabolism. Additionally,
investigating this class of compounds might have exploratory value, as it could help identify
other JAK/STAT-independent regulators of IFNy-induced IDO1 expression, especially since

literature reports a range of upstream IDO1 regulators such as Ras/ PKC, Kit or NF-kB
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signalling (Liu et al., 2018a). Compounds from Group 3 upregulated IDO1 mRNA levels while
downregulating kynurenine. This is potentially one of the most interesting and complex
classes of compounds, which was not studied further due to time constraints. However,
these compounds pose multiple research questions. One question could be whether the
increase in IDO1 mRNA levels is mimicked also at protein level. If so, it would be interesting
to verify if these compounds interfere with Trp metabolism, enhancing kynurenine
degradation, or interfering with its secretion. Furthermore, it could be tested whether
decreased levels of secreted kynurenine could signal back in a positive feed-back loop and
enhance IDO1 expression. This would be contradictory with current literature which reports
that elevated kynurenine levels enhance IDO1 expression by activating the AhR (Kaiser et al.,
2020). Thus, there is value in exploring each one of the compound classes identified by the

natural compound screen.

Due to limited time and resources, only two compound classes of interest belonging to Group
2 were investigated in detail: artemisinin-derivatives (artemether) and Euphorbia factors
(EFL9, 2). The representative compounds for each class were chosen based on their chemical
structures, which seemed to reflect their biological activity on the kynurenine response.
Figure 5.9 shows that only members of the artemisinin-derivatives class that carry an
endoperoxide bridge had inhibitory effect on kynurenine levels, with artemether being the
most potent member of the group. Artemether was also considered of interest due to its
historical usage for the treatment of malaria, which is also attributed to the endoperoxide
bridge within its molecule, thus identifying and characterizing an inhibitory effect on the
kynurenine pathway, in the context of breast cancer, could be a first step in repurposing this
compound forimmunotherapy use (O'Neill et al., 2010). Similarly, Figure 5.10 illustrates how
only members of the Euphorbia factor/lathyrene class that carry a benzoyl modification
(EFL9 and 2) on C7 are able to reduce kynurenine levels. Of the Euphorbia factor class, EFL1
and 2 have been studied in the literature, both have been linked to metabolic disruptions,
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including amino acid metabolism, EFL1 was also linked to interference with JAK/STAT
signalling, while EFL2 was associated with ion transport dysregulation and membrane
receptor signalling disruptions (Zou et al., 2022). However, the most potent kynurenine
inhibitor from the Euphorbia factor class, EFL9, has not been analysed in depth in the
literature, thus the work presented in this chapter adds considerable value as a first step
towards understanding to role of this molecule in metabolic and immune regulatory

pathways in breast cancer.

A titration of artemether (Figure 5.9), EFL9 and 2 (Figure 5.10) showed that all these
compounds decrease kynurenine, independently of viability, without impacting on IDO1
MRNA or protein levels, and without interfering with STAT1 activation (pSTAT1 levels) in
breast cancer cell lines. This result indicates a different mechanism of action than for
ouabain, which was shown to inhibit the kynurenine response by interfering with pSTAT1-
regulated IDO1 expression (Chapter 3). Furthermore, artemether, EFL9 and 2, as well as
ouabain were shown to impact IFNy/TNF-induced IDO1 activity and expression in a similar
way in non-transformed human primary mammary epithelial cells, suggesting that their
mechanism of action is not cancer specific (Figure 5.11). The lack of cancer specificity opens
a range of hypotheses, the compounds could be interfering with IFNy/TNF signalling, as it
was shown for ouabain in Chapter 3 (Shandell et al., 2022), they could directly interact with
IDO1, or they could impact on Trp metabolism, upstream or downstream kynurenine
production, impairing Trp uptake (upstream), enhancing kynurenine degradation, or

preventing kynurenine export (downstream).

Thus, this chapter identifies three novel inhibitors of the kynurenine response in MDA-MB-
231 cells: artemether, EFL9 and EFL2. Comparison of the mechanisms of action of these two
compounds to that of ouabain shows that their impact on kynurenine is independent of IDO1

expression. Further studies looking at the impact of these compounds on purified IDO1
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activity and Trp metabolism would be required to better understand the mechanisms of

action of these compounds.
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5.4. Conclusions

In conclusion, this chapter summarizes the steps in optimizing the kynurenine assay for
medium/high throughput applications. It presents the effects of 630 natural compounds on
IDO1 activity and identifies 24 inhibitory and 1 enhancer hit. This chapter also classifies the
hits into 4 groups based on their impact on the kynurenine response, IDO1 and PD-L1 isoform
expression, focusing on two classes of compounds artemisinin-derivatives (artemether) and
Euphorbia factors (EFL9 and 2). Artemether, EFL9 and EFL2 are shown here to inhibit
kynurenine production independently of IDO1 and further studies are needed to understand

their full mechanism of action.
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6. Chapter 6: Mechanistic studies of novel natural

inhibitors of the kynurenine response.

6.1. Introduction

6.1.1. Background

IDO1 has been extensively studied as a therapeutic target, however, its clinical success has
been limited, with only one IDO1 inhibitor, Indoximod, approved for cancer use, in stage llb
and IV melanoma patients (Tang et al., 2021). There are multiple possible explanations for
this outcome, from the localization of this immune checkpoint to its intricate cellular

function.

A substantial difference between other immune checkpoints like PD-1/ PD-L1/ CTLA-4 and
IDO1 is its enzymatic activity. A large body of literature has highlighted the challenges
associated with enzyme inhibitors, as cancer therapies, by looking at kinase inhibitors. The
main limitation of such approaches is the fact that cancer cells tend to develop resistance by
constantly mutating the targeted enzyme (Bhullar et al., 2018, Wilson et al., 2012). Thus,
targeting IDO1 activity could result be particularly challenging due to potential resistance

development.

Another limitation of IDO1 inhibition therapy comes from the structural resemblance
between IDO1 and the liver TDO enzyme. Therefore, high dug-target specificity is required
to avoid off-target liver damage. Additionally, IDO1 and 2 are alternatively or concomitantly
expressed depending on tissue (Fukunaga et al., 2012). Inaccurate determination of IDO1
expression, specifically, or differential expression of IDO1 and 2 at different metastatic sites
in each patient might be one of the reasons why IDO1 inhibition has not been as successful

as other immune checkpoint therapies in cancer patients (Bilir and Sarisozen, 2017).
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Additionally, potential compensatory mechanisms can be triggered by IDO1 inhibition,

stimulating the tumour cell to switch from IDO1 to IDO2/TDO expression (Tang et al., 2021).

Alongside IDO1 localization and structure, another limitation comes from the complex
cellular role of this protein. Apart from its immune checkpoint function, as Trp-depleting and
kynurenine-producing enzyme, IDO1 is also indirectly involved in the synthesis of a range of
metabolites with impact on cellular homeostasis. The kynurenine pathway produces a range
of immunosuppressive metabolites such as kynurenine, kynurenic acid and 3-
hydroxyanthanilic acid, as well as metabolites with neurological activities including quinolinic

and kynurenic acid (Stone and Williams, 2023, Heylen et al., 2023).

IDOL1 is also a signalling hub, being regulated by a range of upstream mediators, including
the IFNy-induced JAK/ STAT signalling pathway, but also the Ras/ PKC or NF-kB pathways. In
cancer constitutive IDO1 expression is achieved via COX-2 and PGE2 induced activation of
PKC and PI3K signalling. Downstream of IDO1, there are 3 main cellular effectors regulated
by its activity. Firstly, Trp depletion leads to accumulation of uncharged Trp-tRNA which
activates the GCN2 kinase and prevents translation initiation; GCN2 activation by IDO1 was
also shown to promote neovascularization (Dey et al., 2021, Ravishankar et al., 2015a).
Furthermore, Trp depletion can interfere with translation efficiency, contribute to ribosomal
frameshifting and thus synthesis of neoantigens. These contribute to cancer cell immune
evasion, impairing tumour recognition and attack from the immune system (Bartok et al.,
2021). Secondly, IDO1 activity has also been linked to mTORC1 suppression in CD8* T cells,
which triggers autophagy and cellular anergy, meaning that the T cells can no longer attack
and clear the tumour; this chain of biological evens was shown to be targetable by Indoximod
(Metz et al., 2012). Thirdly, kynurenine binds the AhR promoting IDO1 expression and thus
sustaining the immunosuppressive tumour immune environment (Opitz et al.,, 2011,

Grohmann and Puccetti, 2015).
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Therefore, the enzymatic activity of IDO1, its structural similarity to IDO2 and TDO, as well
as its intertwined signalling, metabolic and immunological roles make it a complex target,

and its pharmacological inhibition thus raises implications that are difficult to predict.

The majority of clinically tested IDO1 inhibitors can be classified as Trp mimetics (Indoximod,
Epacadostat, Navoximod, Norharmane), molecules that interact with the active stie of IDO1
(PF-0684003) or molecules that interfere with the haeme binding pocket (Linrodostat)
(Gunther et al., 2019, Wen et al., 2019, Balog et al., 2021, Cherney et al., 2021). One of the
problems encountered by treatment with small molecules resembling Trp structure is cross-
reactivity. Indoximod, Epacadostat, Navoximod and Norharmane were thus reported to bind
and activate the AhR, which is known to function as a promoter of IDO1 expression,
mediating cancer progression (Moyer et al., 2017). Additionally, in plasmacytoid DCs,
Epacadostat was shown to inhibit the enzymatic activity of IDO1, while stimulating its
signalling function which mediates differentiation of tolerogenic, tumour promoting DCs
(Panfili et al., 2023). Sometimes, however, the similarity in structure between IDO1 inhibitors
and Trp can be beneficial, as is the case for Indoximod which was shown to activate mTOR,

otherwise inhibited by Trp depletion and thus reverse T cell anergy (Fox et al., 2018).

The limited clinical efficacy of IDO1 inhibitors highlights the need for further research on the
subject. Given that immune regulation is not directly achieved by IDO1, but rather through
metabolites like Trp and kynurenine, a better understanding of the Trp metabolic pathway
could contribute to the development of better IDO1-centred immunotherapies. There are
various ways of increasing the levels of Trp in the tumour microenvironment, from IDO1
inhibition to inhibition of Trp import viathe SLC7AS5 transporter (Scalise et al., 2018, El Ansari
et al., 2018). Targeting SLC7A5 might have double beneficial role, as it has been reported as
the main kynurenine importer (Sinclair et al., 2018). Another targetable transporter is also

SLC7A11, which was also shown to import kynurenine from the extracellular environment
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(Fiore et al., 2022). Kynurenine levels can also be regulated by multiple mechanisms,
alongside Trp depletion and IDO1 inhibition. Increased kynurenine degradation can be
achieved by enhanced activity of downstream kynurenine amino transferase and kynurenine
monooxygenase enzymes, promoting its conversion to kynurenic acid or 3-
hydroxykynurenine (Neavin et al., 2018). Furthermore, kynurenine secretion could also be
one aspect of interest for further research, especially given the fact that no kynurenine
exporter has been identified yet. Studies have also liked kynurenine with iron availability
showing that kynurenine import protects against iron-induced cell death (ferroptosis), as
well as iron accumulation being associated with increased IDO1 activity and subsequent

kynurenine production (Fiore et al., 2022, Donley et al., 2021).

These observations suggest that the kynurenine pathway as well as IDO1 are tightly
intertwined with a range of elements from the cytosolic and tumour microenvironments.
Thus, this chapter presents a broader exploration of IDO1 inhibition by studying natural
compounds with activities on the kynurenine levels and trying to pin down a mechanism of
action for each one of the compounds studied. This work aims to reveal novel biological
regulators of the kynurenine response and expand the IDO1-centered immunotherapeutic
approaches from direct IDO1 inhibition to modulation of cellular homeostasis with the

ultimate result of Trp replenishment and kynurenine depletion.
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6.1.2. Hypothesis and aims.

Building on the limited success of synthetic, targeted IDO1 inhibitors, this chapter is exploring
the efficacy of natural compounds with a broad spectrum of biological activities on Trp
metabolism. It was hypothesized that by interfering with Trp metabolism, stable and
consistent elevation in Trp levels in the tumour microenvironment, as well as decreased
secreted kynurenine levels could be achieved. These metabolic changes should be equivalent
to increased CD8" T cell activation and decreased immunosuppressive signalling in the breast

tumour microenvironment.

This chapter thus aims to study two novel natural inhibitors of the kynurenine response,
artemether and EFL9, previously identified via a natural compound screen (Chapter 5). This
work aims to characterize their mechanism of action by investigating their role on direct IDO1
activity, modulation of intracellular Na* levels and Trp metabolism. The mechanisms of
action of artemether and EFL9 are compared to those of ouabain, and the clinically tested
IDO1 inhibitor, Linrodostat, highlighting a unique metabolic profile associated with each

compound.
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6.2. Results

6.2.1. Impact of artemether and EFL9 on purified IDO1 enzyme activity.

Having shown that artemether and EFL9 affect the kynurenine response independently of
IDO1 expression, the next step was to explore whether they directly interfere with IDO1
activity. An absorbance-based enzyme activity assay was thus used to assess IDO1-
dependent oxidation of L-Trp to N-formylkynurenine; for this assay purified human
recombinant IDO1 protein was used. The methodology for this assay has been previously
tested in the literature (Donley et al., 2021, Jonescheit et al., 2020, Bracho-Sanchez et al.,
2019). To be able to interpret the assay results, a small molecule IDO1 inhibitor, Linrodostat,

was used as a positive control (Cherney et al., 2021, Tang et al., 2021).

Firstly, Linrodostat was shown to decreased kynurenine levels in culture supernatants when
applied to MDA-MB-231 cells, in a concentration-dependent manner (Figure 6.1A) and
independently of viability (Figure 6.1B). To test whether an in vitro IDO1 activity assay could
be confidently used to assess IDO1 inhibition, the highest Linrodostat concentration tested
on cells (100 nM) and a second higher concentration, 10 uM, were used as positive controls
in the in vitro assay. The reason for this choice of concentrations was based on the
assumption that in cells the ratio of IDO1 to drug is much lower than in a purified enzyme
activity assay set-up. Furthermore, Linrodostat was used as a positive control, therefore, a
higher concentration would result in stronger inhibition, providing a better assay detection
window. Alongside Linrodostat, artemether and EFL9 (10 uM for both) were also included in
the in vitro assay, as well as a DMSO control only. For each drug and DMSO condition, a no
enzyme control was also included; this allowed assessment of the background signal
generated by each compound (elevated background is often an indication that the
compounds are not compatible with the given assay set-up) (Simeonov and Davis, 2004). The

drug and DMSO testing samples and controls were prepared in assay buffer containing

238



NaOH. Due to previous findings that showed elevated Na* might be correlated with IDO1
inhibition (Chapters 3 and 4), an enzyme DMSO condition and DMSO no enzyme control,

both prepared with assay buffer containing KOH, were also set up.

In Figure 6.1C, the red curve represents the IDO1 DMSO (in NaOH) control. The 10 uM
Linrodostat condition (dark blue) gave a marginally steeper curve, representative for more
rapid Trp oxidation, than the IDO1 DMSO control (red). However, the background for this
condition was also elevated (dark grey dots). The 100 nM Linrodostat condition gave lower
background (purple dots) and a slower reaction rate (light blue) to the IDO1 DMSO control
(red). Thus, Linrodostat did not seem to inhibit IDO1 activity in this set-up. Artemether (dark

red) and EFL9 (orange) seemed to slightly speed up IDO1 activity in this set up.

Figure 6.1D, clarifies all these trends, showing that Linrodostat did not significantly inhibit
the rate (slope) of the IDO1-mediated Trp to N-formylkynurenine conversion at any of the
concentrations. Artemether and EFL9 also had no impact on the reaction rate. Interestingly,
using KOH instead of NaOH in the reaction buffer, seemed to have an inhibitory effect on the
IDO1 reaction. However, given the fact that the negative controls of this experiment (the two
Linrodostat conditions) did not work according to prediction, the results of this assay could

not be used to draw a clear conclusion.

In summary, a commercially available IDO1 inhibitor, Linrodostat, was selected as a positive
control for the IDO1 enzyme activity assay, and its activity was validated in MDA-MB-231
cells. However, Linrodostat did not show IDO1 inhibition in a purified enzyme activity set-up,
potentially due to high background at the given absorbance wavelength. For this reason, the
results of this activity assay were considered inconclusive. An alternative assay would need
to be to be developed to test whether artemether and EFL9 could have direct inhibitory

activity on IDO1.
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Figure 6.1 Testing the effect of artemether and EFL9 on purified IDO1 activity Vs a commercially
available IDO1 inhibitor, Linrodostat. A. Effect of the commercially available, IDO1 inhibitor,
Linrodostat, on kynurenine production in MDA-MB-231s (n=3 biological replicates); B. as in A for
viability (n=3 biological replicates); C. Effect of Linrodostat, artemether, EFL9 and NaOH Vs KOH on
IDO1 activity in vitro (n=3 biological repeats). D. Quantification of the IDO1 reaction rate/slope upon
treatment with DMSO, Linrodostat, artemether, EFL9 in NaOH and KOH (n=3 biological replicate). For
A, cells were prepared as described in sections 2.1, 2.2 and a kynurenine assay was carried out on
culture supernatants by reading absorbance at 492 nm, as described in section 2.9. For B, viability was
measured using a Countess Il FL Automated Counter (Thermo Fisher Scientific) (section 2.10). For C,
the activity assay was set up as described in section 2.15, absorbance was recorded at 321 nm. For D,
the slope of the curve for each one of the conditions in C were calculated using linear regression
equation in GraphPad Prism v9.0.0, for each one of the 3 biological repeats; these were then plotted
as a bar graph presenting mean an SD. Statistical analysis was carried out on A, B and D using a one-
way ANOVA coupled with a Bonferroni’s post-test (all conditions were compared to the DMSO control),

for specific comparisons, *p<0.05, **p<0.01; ****p<0.0001.
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6.2.2. Impact of artemether and EFL9 on intracellular Na*.

Having shown in Chapters 3 and 4 that a decrease in kynurenine correlates with an increase
in intracellular Na* levels, assessment of the impact of artemether and EFL9 impact on ionic
homeostasis was considered as the next step in the mechanistic characterization of these
compounds. To test that MDA-MB-231 cells were with the highest concentration of
artemether and EFL9 seen to reduce kynurenine (10 uM); the same treatment regime as
when measuring the kynurenine response was applied (18 h compound pre-treatment,

followed by 24 h co-treatment of drug and IFNY/TNF stimulation) (section 2.2).

Figure 6.2 shows that neither artemether, nor EFL9 impacted on the concentration of
intracellular Na*. Ouabain was used as a positive control, elevating intracellular Na* levels to
a concentration of 95 mM, and thus confirming that the assay can confidently quantify

change in the intracellular Na* concentration.
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Figure 6.2 Testing the effect of artemether and EFL9 on intracellular Na* levels in MDA-MB-231 cells.
One representative of 3 biological repeats was included (n=5 technical replicates, except for the
ouabain condition where n=4 technical replicates: one replicate was excluded based on the quality
control rule explained in section 2.11). The cells were pre-treated with drugs for 18 h, followed by 24 h
co-treatment with drugs and IFNy (1 U/ mL)/ TNF (6.25 ng/ mL) stimulation; SBFI staining, and analysis
were carried out as described in sections 2.11; data was plotted as mean and SD. Statistical analysis
was carried out using a one-way ANOVA coupled with a Bonferroni’s post-test (all conditions were

compared to the DMSO control), for specific comparisons, ****p<0.0001.
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6.2.3. Effects of ouabain, artemether and EFL9 treatment on tryptophan

metabolism in MDA-MB-231 cells.

Having shown that artemether and EFL9 affect kynurenine by a different mechanism
compared to ouabain (IDO1 expression- and sodium-independent) and having been unable
to investigate the impact of those drugs on purified IDO1 activity, due to technical
limitations, a deeper mechanistic understanding was sought by assessing their impact
(ouabain, artemether and EFL9 Vs DMSO) on Trp metabolism. This experiment aimed to test
whether the decrease in kynurenine recorded in the previous experiments was a result of
IDO1 inhibition, or whether it is caused by a decrease in Trp uptake, or an increase in
kynurenine consumption. For this, a targeted metabolomics analysis was carried out on cell
lysates and supernatants, from samples treated with the three compounds, to see how

metabolites change upstream and downstream of kynurenine.

Lysates from 4x108 cells/ sample were collected using the freeze-thaw protocol described by
Rushing et al. (2022). Samples were run on a Thermo Vanquish Flex LC system. The eluate
was sent to a Thermo Orbitrap Fusion instrument and MS1 and data dependent MS2 data
were completed at an orbitrap resolution of 60,000 FWHM, as described in section 2.4.1.
Bespoke XCMS scripts were use for raw data analysis, looking for exact MS1 matches to the
Trp pathway metabolites, with annotations verified and additional annotations added using
high-resolution MS2 data processed through Sirius as described in section 2.4.2. 135
metabolites were detected, with 47 of those being confidently annotated. Statistical analysis
was carried out using the Metaboanalyst online portal; this applied a data integrity check to
each set of data uploaded excluding metabolite entries that exhibited constant or no value
for all the treatment conditions included in the data set. All data sets were median
normalized and logiotransformed, with no further filtering applied (also explained in section

2.16).
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Figure 6.3 shows the results of this analysis. Principal component analysis (PCA) was carried
out on all the detected metabolites (135 metabolites) and showed a clear separation of the
4 treatment conditions, with some similarity observed between the artemether and DMSO
conditions (Figure 6.3A). The data set was then reduced to the metabolites that could be
confidently annotated (47 metabolites), and PCA showed weaker separation of the 4
treatment groups, likely due to reducing the number of included metabolites. Furthermore,
the EFL9 condition seemed to be the most heterogenous one, as well as the most distinct
from the DMSO group, while artemether-treated samples showed the highest similarity to

the DMSO condition (Figure 6.3B).

In summary, differentiation amongst different treatment groups, based on their metabolic
impact on intracellular Trp metabolites, was achieved. The separation was more apparent
when looking at all detected metabolites than in the data set restricted to known
annotations, suggesting that there is overlap in the Trp metabolism specific effects of each

one of the treatments.

245



PC2(217%)

Scores Plot

¥ @
©
By
5 ) : 0
PC1(321%)
PC1 PC2 PC3 PC4
32.1% 21.7% 12.1% 9.9%

Q
o
o

Cells_ouabain
Cells_Artemether
Cells_EFL9

PC5 PC1

6.2% 34.7%

PCZ(195%)

Scores Plot

| o
. o
) o
,..‘ o
]
i—‘ o

o

PC1(34.7%)
PC2 PC3 PC4 PC5
19.5% 16.2% 8.6% 6%

Figure 6.3 Impact of ouabain, artemether and EFL9 on Trp metabolites in MDA-MB-231 cell extracts.
A. PCA analysis of the entire metabolite output data set (135 metabolites), n=4 biological replicates;
B. PCA analysis of the annotated metabolite data set (47 metabolites), n=4 biological replicates. For
this experiment cells were pre-treated with drugs for 18 h and IFNy (1 U/ mL)/ TNF (6.25 ng/ mL)
stimulation was added for another 24 h. Data were processed and annotated as described in section

2.4 and 2.16. Analysis was carried out using the Metaboanalyst software. Data were median

normalized and logio transformed, with no further filtering applied.
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6.2.4. Changes in intracellular tryptophan metabolites in response to

ouabain, artemether and EFL9 treatment in MDA-MB-231 cells.

The annotated metabolite data set from Figure 6.3 was used for further statistical analysis.
The data set was split in 3 files containing paired conditions (File 1: DMSO and ouabain, File
2: DMSO and artemether, File 3: DMSO and EFL9). The files were uploaded in the
Metaboanalyst software; this applied a data integrity check to each set of data uploaded
excluding metabolite entries that exhibited constant or no value for all the treatment
conditions included in the data set. Thus, 2 metabolite entries were excluded from Files 1
and 2. The total number of metabolites included in each file were: 45 (File 1 and 2) and 47
(File 3). Volcano plots were plotted for each file to show changes in metabolites in each
respective drug treatment sample Vs the DMSO control. Volcano plots show the FDR

corrected p value on the X axis and Fold Change on Y value, as explained in section 2.16.

Figure 6.4A shows the volcano plots representative for each the ouabain Vs DMSO
comparison, as wells as summarizing the annotations corresponding to each changing
metabolite. Similarly, Figure 6.4B shows the metabolic profile of artemether induced
changes with corresponding annotations, while Figure 6.4C presents the changes in

intracellular Trp metabolites induced by EFL9.

All drugs increase the Trp levels in the cell, while decreasing the levels of formyl-5-
hydroxykynurenamine and 5-hydroxy-L-Trp. Ouabain and EFL9 decreased the levels of N-
formylkynurenine. Both artemether and EFL9 decrease the levels of kynurenic acid, however
only artemether decreased haeme levels inside the cells. EFL9 also decreased the levels of

5'-methylthioadenosine and L-alanine (Figure 6.4C).

In conclusion, all drugs affected a series of core metabolites in the same way: increasing L-
Trp and decreasing formyl-5-hydroxykynurenamine and 5-hydroxy-L-Trp. However, there

were also differences in the metabolic profile of each drug, with artemether being the only
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one that decreased haeme levels in cellular extracts, EFL9 affected purine and amino acid
metabolism in the cell (decreased 5'-methylthioadenosine and L-alanine). Only ouabain and

EFL9 decreased the levels of N-formylkynurenine.
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Figure 6.4 Changes in intracellular Trp metabolites in response to ouabain, artemether and EFL9
treatment in MDA-MB-231 cells. A. Volcano plots of logio(Fold change) Vs logio(p) and looking at
changes in metabolites in response to ouabain, and summary of annotated changing metabolites, n=4
biological replicates (47 metabolites of which 2 were automatically excluded by the Metaboanalyst
software during the Data Integrity test due to the presence of missing values or features with constant
values across all samples); B. As in A for artemether; C. As in A for EFL9. For this experiment cells were
pre-treated with drugs for 18 h and IFNy/ TNF stimulation was added for another 24 h. Data were
processed and annotated as described in sections 2.4 and 2.16. Analysis was carried out using the
Metaboanalyst software. Data were median normalized and logio transformed, with no further
filtering applied. For volcano plots, the Fold change threshold was set at 1.5, while the p value
threshold was set at 0.1 False Discovery Rate (FDR), p value was calculated using a parametric,

unpaired t-test.

250



6.2.5. Effects of ouabain, artemether and EFL9 treatment on secreted

tryptophan metabolites from MDA-MB-231 cells.

To address whether the tested compounds impact on the export of kynurenine or uptake of
Trp, evaluation of the changes in metabolites from MDA-MB-231 cell supernatant was also
performed. Supernatants were collected and kept at -80 °C until the metabolomics analysis.
The data was generated and analysed as described in section 6.2.3, but also in the analysis

sections 2.4 and 2.16.

PCA was carried out on all the detected metabolites (135 metabolites, with 19 integrity check
exclusions, see section 2.16). Figure 6.5A shows good separation of the DMSO condition from
the treatment samples. Just as in the case of cell lysates (Figure 6.3), in supernatant samples,
the EFL9 condition was the most distinct from the DMSO control, and the artemether group
was the most similar to the DMSO control. Additionally, the ouabain and EFL9 conditions
appeared as the most heterogenous, while the artemether condition seemed to be more
homogenous, largely overlapping with the ouabain-treated group. The data set was then
reduced to the metabolites that could be confidently annotated (47 metabolites with 3
integrity check exclusions, see section 2.16) and a second PCA was used to confirm the
separation across the 4 treatment groups. This showed considerable overlap across all 3 drug
treatment conditions, with EFL9 and ouabain overlapping the most. The DMSO group, was

however, distinctly defined, clearly separating from all 3 drug treatment groups (Figure 6.5B).

In summary, differentiation amongst different treatment groups based on their metabolic
impact on secreted Trp metabolites was achieved. There was considerable overlap amongst
treatment conditions when looking at all detected metabolites, the DMSO control was
however distinctly separated when looking at the annotated restriction of the data set. Large
overlap especially between the EFL9 and ouabain conditions, but also between these and

the artemether group, was observed especially in the annotated data set.
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Figure 6.5 Effect of ouabain, artemether and EFL9 on secreted Trp metabolites from MDA-MB-231
cells. A. PCA analysis of the entire metabolite output data set (135 metabolites, of which 19 were
automatically excluded by the Metaboanalyst software during the Data Integrity test due to the
presence of missing values or features with constant values across all samples), n=4 biological
replicates; B. PCA analysis of the annotated metabolite data set (47 metabolites, of which 3 were
automatically excluded by the Metaboanalyst software during the Data Integrity test due to the
presence of missing values or features with constant values across all samples), n=4 biological
replicates. For this experiment cells were pre-treated with drugs for 18 h and IFNy (1 U/ mL)/ TNF (6.25
ng/ mL) stimulation was added for another 24 h. Data were processed and annotated as described in
sections 2.4 and 2.16. Analysis was carried out using the Metaboanalyst software. Data were median

normalized and logio transformed, with no further filtering applied.
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6.2.6. Changes in secreted tryptophan metabolites in response to ouabain,

artemether and EFL9 treatment in MDA-MB-231 cells.

The annotated metabolite data set from Figure 6.5 was selected for further statistical
analysis, using the Metaboanalyst online portal. The data set was split in 3 files containing
paired conditions (File 1: DMSO and ouabain, File 2: DMSO and artemether, File 3: DMSO
and EFL9). The total number of metabolites included in each file were: 41 (File 1), 42 (File 2)

and 43 (File 3). Volcano plots were generated as described in 2.16.

Figure 6.6A shows the metabolites changing upon treatment with ouabain, as well
summarizing their corresponding annotations. Figure 6.6B and C present the impact on
secreted Trp metabolites upon treatment with artemether and EFL9, respectively. All drugs
increased Trp levels in culture supernatants, while decreasing levels of formyl-5-
hydroxykynurenamine, N-formylkynurenine and 5-hydroxy-L- Trp. The profile of artemether
had no specific metabolite changes compared to ouabain and EFL9. Ouabain and EFL9
increased the levels of phosphatidylcholine metabolites: 1-18:0-lysoPC and 1-16:0-lysoPC, in
the media, while artemether did not. EFL9 also increased levels of a third
phosphatidylcholine metabolite, LysoPC. EFL9 caused the highest number of changes in
metabolites, suppressing levels of key Trp metabolites such as Kynurenic acid, haeme, 5'-
methylthioadenosine, 4,6-dihydroxyquinoline, 4-hydroxyquinoline, and 5-
hydroxyindoleaccetaldehyde. EFL9 also decreased levels of antioxidants (didodecyl
thiobispropanoate), fatty amides (oleylacetamide), vitamins/energy carrying metabolites

(pyridoxine, niacinamide) or amino acids (L-alanine) in culture supernatants (Figure 6.6C).

In summary, all compounds upregulated Trp in the media, downregulating metabolites
downstream the IDO1 reaction, such as formyl-5-hydroxykynurenamine and N-

formylkynurenine. Artemether and ouabain decreased levels of the same Trp metabolites,
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while EFL9 decreased levels of a wider range of key kynurenine pathway metabolites. Both

ouabain and EFL9 also increased the levels of phosphatidylcholine derivatives.
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Figure 6.6 Impact of ouabain, artemether and EFL9 on secreted Trp metabolism in MDA-MB-231 MDA-
MB-231s. A. Volcano pot of logio (Fold change) Vs logio(p) looking at changes in metabolites in
response to ouabain, and summary of annotated metabolites, n=4 biological replicates (47 metabolites
of which 6, were automatically excluded by the Metaboanalyst software during the Data Integrity test
due to the presence of missing values or features with constant values across all samples); B. As in A
for artemether (47 metabolites with 5 Data Integrity test exclusions); C. As in A for EFL9 (47 metabolites
with 4 Data Integrity test exclusions). For this experiment cells were pre-treated with drugs for 18 h
and IFNy (1 U/ mL)/ TNF (6.25 ng/ mL) stimulation was added for another 24 h. Data were processed
and annotated as described in sections 2.4 and 2.16. Analysis was carried out using the Metaboanalyst
software. Data were median normalized and logio transformed, with no further filtering applied. For
volcano plots, the Fold change threshold was set at 1.5, while the p value threshold was set at 0.1 False

Discovery Rate (FDR), p value was calculated using a parametric, unpaired t-test.
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6.2.7. Effect of a selective IDO1 inhibitor (Linrodostat) on tryptophan

metabolism in MDA-MB-231 cells.

To better explore whether the metabolic profiles of ouabain, artemether, and EFL9 displayed
similarities with that of a direct IDO1 inhibitor, the metabolic changes induced by Linrodostat
in MDA-MB-231 cells were assessed. This analysis was only performed in cell extracts.
Sample preparation and analysis were summarized in section 6.2.3 and discussed in more
detail in the methods section 2.4. 155 metabolites were detected, with 28 of those being
confidently annotated. Statistical analysis was carried out using the Metaboanalyst online

portal as explained in section 2.16.

A clear separation between control and Linrodostat-treated cells was observed using a PCA
carried out in the entire metabolite data set (155 detected metabolites, with 2 integrity
check exclusions, see section 2.16) (Figure 6.7A) and on the restricted annotated metabolite
data set (28 metabolites) (Figure 6.7B). Pannel C in Figure 6.7 shows the main metabolites
being upregulated and downregulated in response to Linrodostat treatment. This analysis
was carried out on the annotated dataset. Figure 6.7D summarizes the annotations
corresponding to the metabolites that are changing in Linrodostat-treated cells Vs the DMSO

control.

All metabolites downregulated by Linrodostat were also downregulated by ouabain and EFL9
in Figure 6.4, with ouabain and Linrodostat having overlapping profiles in terms of
downregulated metabolites. Apart from L- Trp, Linrodostat also upregulated a unique range
of key Trp metabolites, these include formylanthranilic acid and indole derivatives such as
5-hydroxyindoleacetaldehyde/indole acetic acid and indoleacetaldehyde. In addition,
Linrodostat also upregulated other metabolite such as vitamin B6 (pyridoxine),
purine/energy carrying metabolites (adenosine monophosphate, isonicotineamide) and

amino acid levels (L-valine) (Figure 6.7D).
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In conclusion, Linrodostat downregulated metabolites like formyl-5-hydroxykynurenamine,
5-hydroxy Trp and N'-formylkynurenine, some of which were also downregulated by
ouabain, artemether and EFL9. However, Linrodostat also upregulated a range of kynurenine
pathway metabolites, amino acids, and purine metabolites, thus contributing to a distinct

metabolic profile of Linrodostat.
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Figure 6.7 Impact of Linrodostat on Trp metabolism in MDA-MB-231 cells. PCA analysis of the entire
metabolite output data set (155 metabolites, of which 2 were automatically excluded by the
Metaboanalyst software during the Data Integrity test due to the presence of missing values or
features with constant values across all samples), n=4 (2 biological replicates, with 2 technical
replicates each); B. PCA analysis of the annotated metabolite data set (28 metabolites), n=4 (2
biological replicates, with 2 technical replicates each); C. Volcano pot of logio(Fold change) Vs logo(p)
looking at changes in metabolites in response Linrodostat, analysis was carried out using the
annotated metabolite data set (28 metabolites), n=4 biological replicates (2 biological replicates, with
2 technical replicates each); D. Summary of annotated metabolites affected by Linrodostat treatment.
Data was processed and annotated as described in sections 2.4 and 2.16. Analysis was carried out
using the Metaboanalyst software. For this experiment cells were pre-treated with Linrodostat for 18
h and IFNy/ TNF stimulation was added for another 24 h. Data was median normalized and logio
transformed, with no further filtering applied. For volcano plots, the Fold change threshold was set at
1.5, while the p value threshold was set at 0.1 False Discovery Rate (FDR), p value was calculated using

a parametric, unpaired t-test.
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6.2.8. Summary of the intracellular tryptophan metabolites affected by

ouabain, artemether, EFL9 and Linrodostat in MDA-MB-231 cells.

To better understand the specific segment of Trp metabolism targeted by each of the
compounds, the next step was to map the identified changing metabolites onto the Trp
metabolic pathway for each compound. Figure 6.8 summarizes the changes in intracellular
metabolites occurring due to ouabain (A), artemether (B), EFL9 (C) and Linrodostat (D)

treatment.

Ouabain downregulates the levels of the immediate IDO1 reaction product, N-
formylkynurenine, as expected based on the data from Chapters 3. However, none of the
metabolites downstream N-formylkynurenine are affected by this decrease. Ouabain also
impacts on the serotonin/indole pathway, reducing metabolites such as formyl-5-
hydroxykynurenamine, which is a serotonin-derived IDO-enzyme reaction product, but also
upstream metabolites such as 5-hydroxy-L-Trp, which is a direct metabolite of L-Trp

produced by Trp hydroxylases 1 and 2 (TPH1/2) (Figure 6.8A).

Artemether decreased the levels of metabolites downstream the TPH1/2 initial reaction and
also decreased kynurenic acid and haeme levels. The direct metabolite of the IDO1-mediated

conversion of Trp to kynurenine, N-formylkynurenine, was not affected (Figure 6.8B).

EFL9, like ouabain, decreased the levels of the immediate reaction product of the IDO1
reaction, N-formylkynurenine, and the downstream metabolites kynurenic acid and L-
alanine (a byproduct from the synthesis of 3-hydroxyanthranilic acid). EFL9 also affected the
serotonin pathway, decreasing levels of the TPH1/2 direct reaction product, 5-hydroxy-L-
Trp, as well as decreasing IDO-mediated conversion of serotonin to formyl-5-
hydroxykynurenamine (Figure 6.8C). Linrodostat had the most distinct metabolic profile. It
decreased levels of the direct byproduct of the IDO1-mediated Trp dehydrogenation, N-

formylkynurenine, as well as decreasing levels of the IDO-mediated serotonin
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dehydrogenation resulting in formyl-5-hydroxykynurenamine. Linrodostat also decreased
the levels of 5-hydroxy-L-Trp and kynurenic acid, while upregulating metabolites like 5-

hydroxyindoleacetaldehyde and 5-hydroxyindoleacetic acid (Figure 6.8D).

In summary, key changing metabolites in MDA-MB-231 cellular extracts upon treatment with
ouabain, artemether and EFL9, were mapped onto the Trp metabolic pathway, allowing
comparison of the metabolic profiles of the three drugs with that of a known direct IDO1
inhibitor, Linrodostat. Interestingly, ouabain and Linrodostat showed similar profiles in

terms of downregulated metabolites, mirrored most closely by EFL9.
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Figure 6.8 Pathway mapping of intracellular metabolites changing in MDA-MB-231 extracts in
response to ouabain, artemether, EFL9 and Linrodostat treatment. A. Change in intracellular
metabolites upon ouabain treatment in MDA-MB-231s (based on results in Figure 6.4); B. As in A for
artemether; C. As in A for EFL9; D. Change in intracellular metabolites upon Linrodostat treatment in
MDA-MB-231s (based on results in Figure 6.7). Diagrams were made in Bio Render, and pathway
sequence was created based on Neavin et al. (2018), Stavrum et al. (2013), Song et al. (2017b).

Metabolites marked with * were not detected/annotated in the metabolomics file used for analysis.
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6.2.9. Summary of the secreted tryptophan metabolites affected by ouabain,

artemether, EFL9 and Linrodostat in MDA-MB-231 cells.

Figure 6.9 maps the changes in secreted Trp metabolites, triggered by treatment with
ouabain, artemether and EFL9, onto the Trp metabolic pathway. Figure 6.9A and B shows
that ouabain and artemether affect the same metabolites and in the same direction in MDA-
MB-231 cell culture supernatants. Both drugs decreased the level of N-formylkynurenine,
while decreasing also metabolites from the serotonin pathway including 5-hydroxy-L-Trp and
formyl-5-hydroxykynurenamine. In addition to the same changes as those induced by
ouabain and artemether, EFL9 also decreases the levels of 5-hydroxyindoleacetaldehyde,
2,4-dihydroxyquinoline, kynurenic acid, haeme, niacinamide and L-alanine (Figure 6.9C). As
a quality control, a kynurenine assay was performed (as describe in section 2.9) on the
culture supernatants that were used for metabolomics analysis. Figure 6.9D shows that, as
expected, N-formylkynurenine levels measured by the kynurenine assay presented in
Chapters 3-5 (converted to kynurenine for the assay readout) decreased in the culture

supernatants in response to all drug treatments.

In summary the metabolomics data for culture supernatants agreed with the kynurenine
assay results, showing a decrease in N-formylkynurenine levels (converted to kynurenine for
the kynurenine assay readout). The data show overlapping metabolic signatures for all three
drugs in terms of the main kynurenine and serotonin pathway metabolites. However,
individual profiles can also be distinguished for all compounds when assessing changes in

secreted metabolites.
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Figure 6.9 Pathway mapping of metabolites changing in MDA-MB-231 culture supernatants in
response to ouabain, artemether and EFL9 treatment. A. Change in secreted metabolites upon ouabain
treatment in MDA-MB-231s (based on results in Figure 6.6); B. As in A for artemether; C. As in A for
EFL9; D. Quantification of N-formylkynurenine (converted to kynurenine for assay readout) in culture
supernatants using the assay described in section 2.9 (n=4 biological replicates). Diagrams were made
in Bio Render, and pathway sequence was created based on Neavin et al. (2018), Stavrum et al. (2013),
Song et al. (2017b). Metabolites marked with * were not detected/annotated in the metabolomics file
used for analysis. For D, data were plotted in GraphPad Prism v9.0.0 as mean and SD; statistical
analysis was carried out using a one-way ANOVA coupled with a Bonferroni’s post-test for specific

comparisons, **** p<0.0001.
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6.3. Discussion

6.3.1. Summary of the main findings.

This chapter aimed to investigate in more detail the mechanism of action of the identified
hits, artemether and EFL9, as well as compare their impact on cellular physiology (ionic
dynamics, IDO1 enzymatic activity and Trp metabolism) with that of ouabain and the
clinically tested IDO1 inhibitor, Linrodostat. To achieve this, the impact of artemether and
EFL9 on IDO1 activity in a purified assay set-up was tested. However, the assay did not
generate conclusive results, suggesting that further optimization would be needed. Next, this
chapter showed that unlike ouabain, artemether and EFL9 do not impact on intracellular Na*
levels. Consequently, a deeper understanding of the mechanism of action of these
compounds was needed. Therefore, the impact of artemether and EFL9 on intracellular and
secreted Trp metabolites was measured, and a metabolic signature associated with each one
of the compounds was identified. The metabolic impact of ouabain and Linrodostat (in cells
only) was also profiled and compared with that of artemether and EFL9, with the ultimate
aim of generating a series of hypotheses, that remain to be tested, on how artemether, EFL9

and ouabain might be impacting the physiology of breast cancer cells.

6.3.2. Investigating potential mechanisms of action for artemether and

EFLS.

6.3.2.1. Artemether and EFL9 Inhibition of IDO1 enzyme activity.

Having shown in Chapter 5 that artemether and EFL9 decrease kynurenine independently of
IDO1 expression, the next question to be answered was whether these drugs might be
interfering with the enzymatic activity of IDO1. Thus, the impact of artemether and EFL9 on
purified IDO1 activity was compared to that of a commercially available, selective IDO1

inhibitor, Linrodostat (Cherney et al., 2021, Tang et al., 2021). Linrodostat works by
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occupying the haeme binding site on the IDO1 molecule thus preventing IDO1 activation
(Balog et al., 2021). Experimental data confirmed the inhibitory activity of Linrodostat in a
cellular set-up (Figure 6.1A, B). However, when looking at the effect of Linrodostat on
purified human IDO1 enzyme, no change in activity was detected with drug concentrations
that were ~100-fold or ~10 000-fold above the Linrodostat ICso value (1.1 nM in HEK293
cells)(Siu et al., 2017). Lower Linrodostat concentrations were also tested with a similar result

(that data was not included here).

One explanation for this could be the elevated background signal of Linrodostat in the
activity assay which could potentially mask a real inhibitory effect. A better approach to look
at pharmacologically induced changes in enzyme activity, according to literature, would be
developing a fluorescence-based assay, which could limit the signal to noise ratio (Simeonov
and Davis, 2004). In high throughput screening set-ups, absorbance assays are not ideal, that
is because the sample volume is directly correlated with the pathlength of the light, meaning
that for low assay volumes the pathlength is also reduced, leading to a minimization of the
signal window (Urban et al., 2008, Simeonov and Davis, 2004). When utilizing fluorescence-
based assays these limitations can be reduced using various adaptations. One possibility is
the utilization of a high fluorophore concentration, this will increase the signal strength and
thus the signal to noise ratio, thus limiting the impact of compound interference (Urban et
al., 2008). Additionally, using a fluorescence-based assay to collect data in a kinetic mode,
rather than end plate mode, also helps separate the signal from the noise, as with time the
fluorescence signal should increase, while the background should stay the same (Jadhav et
al., 2010). Finally, the use of radiometric dies, or fluorophores that allow two readings at
different wavelengths can also help subtract the background signal from the actual
fluorescence readout (Simeonov et al., 2008). However, for this project, the time constraints

were decisive towards not pursuing this approach any further.
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Another factor contributing to the limited success of the purified IDO1 activity assay could
be the choice of positive control, the clinically tested IDO1 inhibitor, Linrodostat. Linrodostat
is a haeme displacing molecule, it locks IDO1 in an inactive enzyme form, and prevents its
assembly to the holoenzyme (Balog et al., 2021, Cherney et al., 2021). In the enzyme activity
assay, the purified IDO1 protein is already in holoenzyme form, which could suggest that
Linrodostat might no longer be able to inhibit its activity. This would also explain why
Linrodostat has only been studied in cellular assays, rather than in purified enzyme assays
(Siu et al., 2017, Balog et al., 2021, Cherney et al., 2021). However, these explanations are
speculative and would need to be confirmed experimentally. A future improvement for this
assay set-up could be the use of a Trp mimetic compound such as Epacadostat as an
alternative to Linrodostat (Glinther et al., 2019). Given that the positive control (Linrodostat)
did not trigger a change in IDO1 activity, in the assay set-up presented in Figure 6.1, the
experiment was considered inconclusive and thus further studies would be needed to clarify

whether artemether and EFL9 have any activity against the enzymatic function of IDO1.

6.3.2.2. Artemether and EFL9 and intracellular Na* levels

Another mechanistic aspect that needed to be tested was whether the drop in kynurenine
induced by artemether and EFL9, is coupled with an increase in intracellular Na*, as observed
with ouabain and monensin in Chapters 3 and 4. Additionally, artemether has been linked
with NCX-dependent dysregulated Ca?* cellular import, associated with prolonged Na*
currents and increased Na* import (Moreira Souza et al., 2020). Furthermore, some
Euphorbia factors have been associated with ion channel regulation (Zou et al., 2022). Thus,
literature evidence justified the intention of this study to verify the direct implication of
artemether and EFL9 in intracellular Na* accumulation. However, Figure 6.2 shows that
neither artemether, nor EFL9 increase intracellular Na* levels. This suggests that artemether
and EFL9 might have highly distinct impacts on cellular physiology than ouabain and

monensin. Furthermore, it could also be speculated that changes in intracellular Na® might
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rather be associated with changes in IDO1 expression (as observed with ouabain) than just
with changes in the kynurenine response. However, all these suppositions would need to be

verified experimentally.

6.3.2.3. Artemether and EFL9 and tryptophan metabolism.

Having compared ouabain, artemether, EFL9 and Linrodostat in terms of their impact on
secreted kynurenine and/or IDO1 expression (Chapter 5) and intracellular Na* levels in MDA-
MB-231 (Chapter 6, Figure 6.2), the next step towards building a better understanding of
their mechanisms of action in the context of kynurenine production, was to look at how
these compounds impact on Trp metabolism. Thus, a metabolomics experiment was carried
out on MDA-MB-231 cellular extract and media samples. The effects of artemether and EFL9
were compared directly to those of ouabain in cells (Figure 6.4) and media samples (Figure

6.6); a Linrodostat metabolomics analysis was run separately on cellular extracts only (

Figure 6.7). The changes in key metabolites (specific to the kynurenine or serotonin
pathways) were then mapped onto the Trp metabolic pathway (Figure 6.8, cells and 6.9,

media).

6.3.3. The effect of artemether on tryptophan metabolism.

Artemether was selected as an interesting compound, based on its chemistry and historical
use for malaria treatment. The exact target of artemisinin and its mechanism of action are
not fully elucidated, one of the popular current hypotheses is that the endoperoxide
structure of the drug interacts with Fe (ll) released by the parasite-induced degradation of
haemoglobin, which creates a toxic activated oxygen within the artemisinin molecule, that
might target different pathways, including hemozyn-dependent haeme detoxification, Ca%
transport across the endoplasmic reticulum membrane via inhibition of the Plasmodium
falciparum PfATP6 pump, or might disrupt the mitochondrial membrane potential (Krishna

et al.,, 2008). Interestingly, artemisinin-related compounds were shown to also have
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antiproliferative and pro-apoptotic activity on cancer cells, as well as inhibiting angiogenesis.
The exact mechanism of action is unknow. However, increased iron-depended reactive
oxygen species, DNA damage and disrupted mitochondrial membrane are potential factors
contributing to these effects (Efferth et al., 2004, O'Neill et al., 2010). In patients, malaria
induction with Plasmodium vivax was associated with increased kynurenine production and
Trp deletion, that could not be abolished by treatment with artemether-lumefantrine. The
endoperoxide-haeme interaction proposed as mechanism of action against malaria, could be
also how artemether interferes with IDO1. IDO1 is a metalloenzyme carrying a haeme group
that enables the oxidation reaction of Trp to N-formylkynurenine. Therefore, artemether
could be inhibiting this reaction by blocking the haeme group in the active enzyme, or by

hijacking haeme from the cytosol and preventing the activation of IDO1.

To explore this hypothesis, the impact of artemether on Trp metabolism was investigated in
cellular lysates and in media (Figure 6.8B and Figure 6.9B). In cells, artemether
downregulated one metabolite belonging to the kynurenine pathway, and 2 metabolites
belonging to the serotonin pathway. Artemether was also the only compound that decreased
haeme levels in cell lysates (Figure 6.8B). This is particularly interesting given the structure
of the IDO1 enzyme, which is a haeme-containing dioxygenase and is believed to exert its
mechanism of action by subtracting a proton from the substrate using an iron-bound
dioxygen (Sugimoto et al., 2006). Given that all the artemisinin derivatives that had an effect
on kynurenine production are endoperoxide containing molecules, which are thought to
bind haeme-iron, as well as given the fact that artemether seems to decrease the levels of
haeme within treated cells, it is safe to hypothesize that artemether might be inhibiting IDO1
activity through direct interference with the enzyme integrity by binding the haeme group.
Interestingly, Figure 6.9B shows that artemether did not impact on haeme levels in the
supernatants. Furthermore, in culture media, artemether decreases the levels of N-
formylkynurenine, even though the intracellular amount of N-formylkynurenine does not
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change (Figure 6.9B Vs Figure 6.8B). Thes two observations could be supporting a haeme-
dependent inhibition mechanism, thus artemether decreases IDO1 activity in a haeme-
dependent manner, therefore less N-formylkynurenine is produced, and to maintain cellular
physiology, the cell exports less N-formylkynurenine, thus maintaining its intracellular
concentration within optimal levels. This hypothesis would need to be validated and tested
in more detail, by docking experiments and crystallography studies which could confirm the
exact target of artemether in this mechanism. Further validation could be achieved by
detecting N-formylkynurenine levels in cell lysate and supernatants and verifying how
different concentrations of Artemether impact on intracellular and extracellular levels of this

metabolite.

Furthermore, artemether also decreased the levels of kynurenic acid in cellular lysates.
Kynurenic acid is an essential metabolite both for regulating inflammatory activity and for its
neuroprotective function. It is produced by Kynurenine amino-transferases (KATs), from L-
kynurenine and 2-oxoacid (Baran et al., 1997). Alternatively, it can be synthesized in the
presence of ROS from the Trp metabolite, indole-3-pyruvic acid, via pyrrole ring cleavage

and spontaneous cyclization (Hardeland, 2008, Blanco Ayala et al., 2015).

Kynurenic acid exerts a variety of actions on the nervous and immune systems. It has been
shown to activate M-type K* channels as well as bind the G-protein receptor 35 (GPR35),
inhibiting N-type Ca%" channels in neurons, as well as reducing Ca?*-cAMP accumulation
inside the cells (Guo et al., 2008, Ruddick et al., 2006, Berlinguer-Palmini et al., 2013, Lo et
al., 2021). There have been also reports showing that kynurenic acid inhibits the PI3K/Akt
and MAPK pathways. High levels of kynurenic acid have been associated with decreased ERK
1/2 and p38 activation, while increasing B-catenin (Walczak et al., 2014). Furthermore, due
to its inhibitory effect on Ca?" import, kynurenic acid might also contribute to decreased

inflammation by decreasing NF-kB activation and it could prevent T cell activation and
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function through decreased cAMP levels (Raker et al., 2016, Yang et al., 2015a). NF-kB
inhibition has also been linked to elevated B-catenin (Silva-Garcia et al., 2014). Additionally,
literature has reported inhibition of the IL-23/IL-17 pathway in response to kynurenic acid.
These observations are particularly interesting, as they would indicate that artemether might
in fact promote inflammation, enhance activation of NF-kB and the IL-23/IL-17 pathway, as
well as potentially enhancing pathways like PI3K/Akt and MAPK, by downregulating the
levels of the immunosuppressive metabolite, kynurenic acid (Salimi Elizei et al., 2017).
Kynurenic acid has also been linked with interference with the AhR, this induces dimerization
of AhR with AhR nuclear translocator, functioning and an expression regulatory system on
genes that control immune response (e.g. increase in IL6 production), but also Trp
metabolism (lack of AhR increases levels of kynurenic acid) (DiNatale et al., 2010, Garcia-Lara

et al., 2015).

Because artemether only decreases intracellular kynurenic acid, while secreted levels stay
the same, this suggests that GPR35 or AhR-mediated kynurenic acid effects are less likely to
be affected by artemether. However, a decrease in intracellular kynurenic acid could affect
NF-kB activation through the B-catenin pathway, as well as interfere with PI3K/Akt or MAPK
activation (Thaker et al., 2013, Ma et al., 2023, Walczak et al., 2020). Although these effects
of artemether need to be validated experimentally, these data support a potential link
between artemether and these inflammatory, proliferation and survival pathways. Links
between artemisinin derivatives and the PI3K/ Akt or MAPK pathways have been reported in
the literature before, as supported by Appendix Table 8. 4; however, limited connections
have been made with Trp metabolism and kynurenine mediated immune evasion (Bai et al.,

2020, Yang et al., 2023).

Alongside kynurenine pathway metabolites, artemether also decreased levels of metabolites

from the serotonin pathway. It isimportant to state that 95 % of the dietary Trpis channelled
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towards the kynurenine pathway, whereas the remainder goes to the serotonin pathway,
protein synthesis, indole synthesis pathway and others (Haq et al., 2021). This could
therefore suggest that small changes in metabolites belonging to the serotonin pathway
might be easier to detect than in the case of kynurenine pathway metabolites. 5-Hydroxy-L-
Trp and fomyl-5-hydroxyknynurenamine were consistently reduced by artemether in both
cell lysates and in media, while 5-hydroxyindoleacetic acid was only decreased in media
samples. 5-Hydroxy-L-Trp is produced by TPH1/2. It is then rapidly converted to 5-
hydroxytryptamine or serotonin, this can be secreted and impact on the immune system by
interfering with the 5-hydroxytryptamine receptor on immune cells. The majority of these
receptors belong to the G protein-coupled receptor family and thus their activation triggers
increases in intracellular Ca?* which leads to activation of PI3K/Akt and MAPK pathways
(Hannon and Hoyer, 2008, Shajib and Khan, 2015, Wan et al., 2020). In this study, however,
serotonin could not be detected, instead formyl-5-hydroxykynurenamine levels were
decreased. This is particularly interesting because the conversion of hydroxy Trp to formyl-
5-hydroxykynurenamine is mediated by IDO enzymes (Fujiwara et al., 1979). This could
support the fact that artemether targets IDO1 activity. However, the decrease in hydroxy Trp
might also indicate that artemether targets TPH enzymes. These are non-haeme enzymes,
that containiron (Fe Il) bound to two histidine and a glutamate residue (Goodwill et al., 1997,
Roberts and Fitzpatrick, 2013). This is interesting, as artemether could interfere with this Fe
(I1) enzymatic core, via the endoperoxide bridge, according to literature (O'Neill et al., 2010).

However, this hypothesis would have to be confirmed experimentally.

In conclusion, artemether was shown to decreases cellular haeme, as well as decreasing the
activity of iron/haeme containing enzymes, by decreasing cellular and secreted levels of 5-
hydroxy Trp, formy-5-hydroxykynurenamine, as well as secreted N-formylkynurenine.
Artemether also decreases levels of cellular kynurenic acid which could potentially decrease
the immunosuppressive signals produced by the tumour, thus enhancing clearance.
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6.3.4. The effect of EFL9 on tryptophan metabolism.

The second class of compounds that were investigated in detail includes Euphorbia factors.
Just as in the case of artemisinin derivatives, all compounds that showed activity had a
common chemical feature: the addition of a large aromatic residue on the C7 of the core
structure (Chapter 5). This chemical specificity suggests a potential direct interaction with
IDO1, or other enzymes downstream the kynurenine pathway. Euphorbia factors have not
been studied in great detail. The exact function of the C7 modification in terms of physical
enzyme interactions can only be speculated upon, in the absence of experimental data. The
benzoyl modification could add planar hydrophobic interactions (both EFL9 and 2) and then
the nicotinate group could modify the electronic character of this site group (EFL9 only)

(O'Neill et al., 2010).

Some studies have linked the L2 factor with decreased NF-kB-mediated lung inflammation,
or decreased hepatocarcinoma progression in mice, associated with STAT3 and Akt inhibition
(Fan et al., 2019, Zhang et al., 2018a). Euphorbia-derived phytochemicals have also been
shown to act as drug resistance modulators, alleviate HIV-1 and bacterial infections or
disrupt the mitochondrial respiratory chain (Hezareh, 2005, Geng et al., 2015, Hohmann et
al., 2003, Betancur-Galvis et al., 2003). Diterpene ingenol mebutate is a Euphorbia derivative
used for the treatment of actinic keratosis, thus working as a prophylactic treatment for skin
cancer (Seca and Pinto, 2018). Euphorbia factors have also been associated with intestinal
toxicity and transcriptomic studies have shown that factor L2 is likely to achieve that by
interfering with membrane receptor signalling, ion transport as well as channel-mediated
and passive membrane transport activities; factor L1, on the other hand, seems to be
associated with mitochondrial respiration, arachidonic acid metabolism, cAMP and Wnt
signalling, as well as protein digestion and absorption and IL17 signalling in colon cancer cells.
Protein-protein interaction studies revealed that L1 might also be involved in cell cycle

regulation JAK/STAT signalling and K*/CI" transport. Both L1 and L2 were found to interfere
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with amino acid metabolism, xenobiotic metabolism, carbohydrate and nucleotide
metabolism and the metabolism of cofactors and vitamins. Only L2 seemed to affect energy

metabolism (Zou et al., 2022).

This study investigated the role of EFL9, the stronger Euphorbia factor inhibitor of the
kynurenine response, on Trp metabolism. EFL9 was shown to downregulate both N-
formylkynurenine, the direct product of IDO1 activity, and kynurenic acid in cells. A larger
number of serotonin pathway metabolites were affected by EFL9, including formyl-5-
hydroxykynurenamine, the reaction product of IDO-mediated serotonin degradation
decreased in cellular lysates. Similarly, the TPH 1/2 metabolite 5-hydroxy-L- Trp, a serotonin
precursor, was also downregulated in cells. While 5-hydroxyindoleaacetaldehyde,
downstream metabolite of serotonin, was also downregulated by FEL9 in media samples.
Studies have suggested in the past that increased IDO1 activity is associated with decreased
serotonin, justifying the low mood often associated with inflammation (Widner et al., 2002).
However, a clear inverse relationship between the kynurenine and serotonin pathway
activation has not been confirmed, a more modern view on the subject suggests
interconnection between the pathways with some kynurenine metabolites contributing to
mood regulation (Arnone et al., 2018). Upon IDO1 inhibition, it would thus be expected to
see an upregulation in serotonin pathway metabolites. However, EFL9 seems to
downregulate the activity of both kynurenine pathway IDO1, and serotonin degrading IDO-

enzymes, thus reducing levels of fromyl-5-hydroxykynurenamine.

The impact of EFL9 on secreted metabolites mimics the observations made on cell lysates.
However, a wider range of metabolites were affected by EFL9 in the media. One of the most
interesting observations was the upregulation in secreted phosphatidyl choline derivatives
(observed both in cells, Figure 6.8D and in media samples, Figure 6.9D). EFL9 increased levels

of LysPC (lysophosphatidyl choline), 1-18:0-lysoPC and 1-16:0-lysoPC. Lysophosphatidyl

277



choline is a signalling phospholipid produced by caspase 3-induced Ca?" independent
activation of phospholipase A2 (iPLA2), and functions by recruiting phagocytes (Fogarty and
Bergmann, 2015). The elevation in extracellular LysPC suggests that EFL9 treatment might
thus promote immune mediated tumour-clearance. This observation is further supported by
the decrease in secreted kynurenic acid, otherwise known for its immunosuppressive
properties, as well as from the decrease in N-formylkynurenine (Raker et al., 2016, Walczak
et al., 2014, Wirthgen et al., 2017). On the other hand, phosphatidylcholine synthesis, via
fatty acid metabolism, is often upregulated in cancer cells, and has been linked to cellular
proliferation and cell cycle regulation (Ridgway, 2013). Thus, further experimental proof
would be required to establish and validate the anti-cancer and anti-inflammatory effects of
EFL9 via phosphatidyl choline/lysophosphatidyl choline upregulation. Another observation
worth mentioning is that phosphatidyl choline is abundantly present in the cell membrane,
therefore elevation of this metabolite in the culture media could also indicate cell death and

membrane degradation (van der Veen et al., 2017).

An interesting metabolite downregulated by EFL9 in the media didodecyl thiobispropanoate
(PubChem compound CID: 31250) which has antioxidant properties. Two additional
antioxidant metabolites, Linalool 3,6-oxide riverside (also anti-inflammatory), and cis-11-
Eicosenamide were also downregulated by EFL9 in media samples (Seol et al., 2016, Peana
et al., 2002, Downer, 2020, Liu et al., 2012a, Maczka et al., 2022, Johra et al., 2023). Thus, it
can be speculated that their downregulation by EFL9 might increase levels of ROS and thus
contribute to tumour clearance. One of the main regulators of oxidative stress within the cell
is the glutathione pathway. Glutathione is essential in regulating a range of biological
processes including proliferation, immune function, apoptosis and xenobiotic detoxification,
however, it is also a key redox regulator, preventing oxidative damage during active
metabolic processes especially within the mitochondria. Glutathione levels can be
replenished by multiple pathways, alongside the pyroglutamic-dependent glutathione
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synthesis, this can occur also via transsulfuration. Transsulfuration is a pathway that uses
cystathionine, derived from methionine, as a glutathione precursor. The conversion of
methionine to cystathionine involves a series of metabolites such as S-adenosylmethionine,
one intermediary metabolite in the synthesis of S-adenosylmethionine is
methylthioadenosine (He et al., 2006, Lu, 2013). Figure 6.8D and Figure 6.9D show that EFL9
also decreases levels of 5-methylthioadenosine both inside the cell and in media samples.
Thus, EFL9 seems to be downregulating a range of metabolites with antioxidant activity,
potentially impacting on the glutathione activity, thus increasing tumour oxidative stress,

and potentially facilitating tumour clearance.

Furthermore, EFL9 negatively impacted on levels of branched chain amino acids such as 4,6-
dihydroxyquinoline, which are known to regulated protein synthesis and glucose metabolism
(Xie et al., 2012, Lim et al., 2020). 4-Hydroxyquinoline, another metabolite inhibited by EFL9
is a potent antibacterial. 4-Hydroxyquinoline derivatives have been shown to exhibit toxicity
by interfering with the NADH-ubiquinone reductase enzyme and thus impairing cellular
respiration (Chung et al., 1989, Sauter et al., 1993). EFL9 also decreased the levels of the
amino acid L-alanine, which has been reported as a byproduct of the anthranilic acid
synthesis (Phillips, 2014). Since anthranilic acid could not be confidently detected, with the
analysis method used in this study, the detection of alanine could be used as an indirect
measurement of anthranilic acid production, indicating decreased activity of the kynurenine
pathway. Additionally, levels of a range of vitamins such as pyridoxine or vitamin B6 and
niacinamide or vitamin B3 were also decreased by EFL9. The former has been linked with Trp
metabolism, in such that deficiency of vitamin B6 seems to enhance activation of the
kynurenine pathway (Crepaldi et al., 1975, Deac et al., 2015). Thus, an increase in this
metabolite validates the inhibitory function of EFL9 on the kynurenine response.

Furthermore, a decrease in niacinamide, which is a precursor of NAD*, the ultimate reaction
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product of the kynurenine pathway, further supports the inhibitory effect of EFL9 on this

branch of Trp metabolism (Li et al., 2006).

In conclusion, EFL9 seems to be affecting the kynurenine and the serotonin pathway in the
same direction, suppressing overall Trp metabolism, and the mechanism of action is yet to
be determined. EFL9 seems to increase levels of phagocyte recruiting metabolites in culture
supernatants and decrease levels of immunosuppressive molecules such as kynurenic acid.
Additionally, EFL9 might mediate tumour clearance by downregulating the production of
metabolites with antioxidant properties and there is evidence to suggest interference with

the glutathione metabolism.

6.3.5. The effect of ouabain on tryptophan metabolism.

In terms of core Trp pathway metabolites, ouabain exhibited a similar profile with
artemether and EFL9. N-formylkynurenine levels decreased both intracellularly and, in the
media, which was consistent with the previous observations from Chapter 3, where ouabain
was shown to downregulate IDO1 levels and thus inhibits the conversion of L-Trp to N-
formylkynurenine. Furthermore, the IDO-mediated conversion of serotonin to formyl-5-
hydroxykynurenamine was also inhibited, which is consistent with our published mechanism
of action for ouabain (Shandell et al., 2022). The decrease in 5-hydroxy-L-Trp suggests that
ouabain might also interfere with TPH 1/2, or upstream regulators of their expression. Given
that TPH1/2, just like IDO1, are iron containing enzymes, it could be speculated that ouabain
might employ a mechanism of action that involves depletion of cellular iron reserves.
Ouabain is involved in regulating the dynamic of Na* across the plasma membrane and
studies have reported that a disruption in Na* transport can also interfere with intracellular
iron levels, thus disrupting IDO1-mediated kynurenine production, otherwise upregulated by
intracellular iron. Anincrease in iron is generally associated with increased Na* export via the

NKA and increased IDO1 activity (Wise and Archdeacon, 1969, Donley et al., 2021, Shandell
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et al., 2022, Omar et al., 2017, Sousa et al., 2015). It is thus possible to hypothesize that
TPH1/2 might be regulated in the same way by ouabain, via a Na* dependent iron depletion
mechanism. This hypothesis would need to be tested experimentally. However, ouabain did

not impact on intracellular or secreted haeme levels (Figure 6.8D and Figure 6.9D).

When looking at downregulated metabolites, ouabain had a similar effect in cell lysates and
in media, however more metabolites were upregulated by this compound in media samples.
Thus, in media, ouabain, just like EFL9, upregulated two phosphatidyl choline derivatives,
suggesting either increased cell death and membrane degradation, or production of pro-
inflammatory mediators that could contribute to tumour clearance (Fogarty and Bergmann,
2015), observations further supported by the decrease in the immunosuppressive

metabolite, N-formylkynurenine (Figure 6.9D).

In conclusion, ouabain has a slightly distinct profile from artemether and EFL9, although core
Trp metabolites were affected in the same way, as with artemether and EFL9. Ouabain also

seemed to stimulate pro-inflammatory signalling.

6.3.6. Comparing the metabolic profiles of artemether, EFL9 and

ouabain to that of Linrodostat.

To better understand how these compounds affect Trp metabolism, a comparison between
their cellular metabolic profile and that of the clinically used IDO1 inhibitor, Linrodostat, was
carried out. Linrodostat was shown to downregulate in cells some of the same key Trp
metabolites as ouabain, artemether (in media) and EFL9, 5-hydroxy-L-Trp, N-
formylkynurenine and formyl-5hydroxykynurenamine. Interestingly, these three
metabolites are generated by two classes of enzymes IDO and TPH. Both of these are iron
containing enzymes. While it is known that Linrodostat is a selective IDO1 inhibitor, that
binds to the haeme-binding pocket of the enzyme, this data might suggest that Linrodostat

might also interfere with TPH enzymes (Balog et al., 2021, Cherney et al., 2021). Alternatively,
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that fact that 5-hydroxy-L-Trp was consistently downregulated by all 4 drugs tested here,
might indicate some sort of functional link between IDO1/the kynurenine and TPH 1/2

activity.

In terms of upregulated metabolites, Linrodostat exhibits a unique signature, upregulating
levels of 5-hydroxyindoleacetaldehyde and indoleacetaldehyde. This is interesting since
studies have indicated that an increase in the ratio of downstream serotonin metabolites
(e.g., 5-hydroxyindoleacetic acid) to serotonin seems to be an indicator of oxidative stress
(Lee et al., 2021). It is, therefore, possible that Linrodostat might interfere with the redox
balance in the cell. Alternatively, it is possible that the increase in 5-
hydroxyindoleacetaldehyde observed with Linrodostat might be a compensatory mechanism
given the inhibition of the IDO enzymes converting serotonin to formyl-5-
hydroxykynurenamide. Thus, in order to prevent a build-up of serotonin, the indole synthesis

might be upregulated.

Linrodostat also upregulated a range of metabolites that were either not affected or affected
in a different direction by the other drugs tested in this study. An increase in vitamin B6 or
pyridoxine was reported, this is interesting, as, although a clear link between vitamin B6 and
Trp metabolism has not definitively been formulated, studies indicate that vitamin B6 might
be able to downregulate an abnormally active kynurenine pathway activity in aged
individuals, while other studies show a positive correlation between serum Trp and

pyridoxine-derivative levels in young adults (Crepaldi et al., 1975, Deac et al., 2015).

Linrodostat also upregulated intracellular formyl anthranilic acid, downstream of the N-
formylkynurenine metabolite, which is otherwise downregulated by Linrodostat. N-formyl
anthranilic acid can act as an intermediary metabolite for indole metabolism, thus its
upregulation might suggest that Linrodostat enhances other branches of Trp metabolism,

while potentially inhibiting the kynurenine pathway (Patel et al., 2023, Dai et al., 2022,
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Tsubokura et al.,, 1961). Finally, Linrodostat upregulated levels of isonicotineamide and
adenosine monophosphate, suggesting that there is increased need for energy carriers and

thus indicating increased metabolic activity.

In summary, Linrodostat downregulate similar core Trp metabolites as ouabain and EFL9 in
cells, while artemether, ouabain and EFL9 downregulate similar metabolites in media.
Interestingly, the inhibitory effects of Linrodostat were restricted to IDO1 and TPH 1/2
reaction products, suggesting higher specificity. Linrodostat had opposing effects to those of
EFL9 on vitamin B6, nicotinamide-derivatives, hydroxy indole acetaldehyde, thus suggesting

that EFL9 does not fit the profile of a selective IDO1 inhibitor.
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6.4. Conclusions

In conclusion, this chapter summarised the steps taken in trying to understand the impact of
the two hits described in Chapter 5 (artemether and EFL9) on the physiology of triple
negative breast cancer cells. The impact of the two kynurenine inhibitory hits on IDO1
enzymatic activity, intracellular Na* accumulation and Trp metabolism was investigated. The
metabolic impacts of the hits were then compared to those of the previously described IDO1
regulator, ouabain (Chapter 3) and of a clinically used, selective IDO1 inhibitor, Linrodostat.
Overall, distinct metabolic profiles were identified for all 4 drugs. These data allow
speculative hypotheses about the mechanism of action of each drug, in such that artemether
might inhibit the kynurenine response by interfering with intracellular haeme availability,
EFL9 might exert its function by suppressing a range of anti-inflammatory and antioxidant
metabolites, while ouabain and Linrodostat might interfere with the redox but also ionic
balance within the cells. However, future work would be needed to verify these hypotheses

and confidently characterize the activity of artemether and EFL9.
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7.1.

7. Chapter 7: Discussion

Rationale of the project.

Tumour biology is complex and dynamic therefore, researchers are constantly striving to
design novel therapeutic approaches. Historically, the most successful therapies have been
the ones that are non-specific, have antiproliferative action and exert high toxicity levels,
such as chemotherapy (Debela et al., 2021). However, these alone do not always have the
potency to improve patient survival, and quite often they present severe side effects (e.g.,
dysregulation of the gastrointestinal tract, immunosuppression, neurotoxicity etc.) that
significantly decrease patient quality of life (Nurgali et al., 2018). These limitations were
partially addressed by the development of targeted therapies, such as tyrosine kinase
inhibitors, anti-HER2 monoclonal antibodies or immune checkpoint therapies (Dungo and
Keating, 2013, Jeyakumar and Younis, 2012, Vanneman and Dranoff, 2012). However,
targeted therapies require the patient tumour to express the target molecule, this
considerably reduces the pool of responsive patients. Tumours are dynamic systems, which
means that resistance mutations can often occur, thus potentially changing a patient from a
responder to a non-responder (Alvarado et al., 2014, Engelman et al., 2007, Toy et al., 2013,
Vasan et al., 2019). Despite these limitations, targeted therapies in general and, for the scope
of this work, immunotherapies, have significantly enhanced our ability to treat cancer and

improve patient survival.

This study focuses on one specific immunotherapeutic target, the immune checkpoint
protein and Trp catabolic enzyme, IDO1 in TNBC. There are several reasons why this study
model and this particular target have been selected for this research. Firstly, TNBC is the only
subtype of breast cancer that has been shown to respond to immunotherapy, however, the
success of immune checkpoint inhibitors has been limited in comparison with other cancer
types (Kwa and Adams, 2018). This highlights the need for improvement and optimization of
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current immunotherapies, as well as the importance of designing novel targeted approaches
to enhance immune-mediated tumour clearance in TNBC models. Secondly, IDO1 is an
immune checkpoint that has been extensively studied, and a number of inhibitors have been
investigated in clinical studies, one of which, Indoximod, has also been FDA approved for the
treatment of stage Ilb and stage IV melanoma(Tang et al., 2021). However, when compared
to anti-PD-1/ PD-L1 therapies, IDO1 inhibitors have had limited clinical success and none of
them has been approved for breast cancer treatment (Tang et al., 2021, Fujiwara et al., 2022,
Jia et al., 2018). Several hypotheses have been formulated around this result. One possibility
is that some IDO1 inhibitors, such as the Trp competitor, Epacadostat (INCB024360) might
have dual activity, on the one hand inhibiting IDO1 and Trp metabolism, and on the other
binding to the AhR receptor and enhancing kynurenine production, as well as
immunosuppression (Moyer et al., 2017). Other studies have suggested that the limited
clinical success of IDO1 inhibitors might come from the study design. As not all tumours
express IDO1, choosing the patient pool is a crucial factor for the outcome of the treatment
(Fujiwara et al., 2022, Théate et al., 2015, Eynde et al., 2020). Additionally, IDO1 inhibitors
have often been tested in combination with anti-PD-1/ PD-L1 therapies, and recent studies
have shown that kynurenine can act as a signalling molecule that triggers PD-1 expression on
T cells, in an AhR-dependent manner. Therefore, it is possible that the combined
administration of IDO1 and PD-1/ PD-L1 inhibitors might not have the desired effect due to
the fact that both have the same ultimate target, and no additional pathways are affected

by these inhibitors (Liu et al., 2018a, Amobi-McCloud et al., 2021, Eynde et al., 2020).

Thus, IDO1 and Trp metabolism as therapeutic targets in cancer are an excellent example of
targets with promising biological potential but limited clinical success (Fujiwara et al., 2022).
This highlights the need to better understand the IDO1-centric Trp metabolism in order to
develop novel approaches for targeting this pathway. The potential of this particularimmune
checkpoint also comes from its dual function as an immune regulator and metabolic enzyme
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(as well as having possible signalling activity) (Pallotta et al., 2022, Zhai et al., 2015). The
connection between IDO1 activity and Trp metabolism expands the therapeutic spectrum
to amino acid availability, transport, and metabolism, as well as other potential cellular
mechanisms that are Trp/ amino acid dependent (e.g., translation) (Newman et al., 2021,
Kenski et al., 2023, Zhai et al., 2015, Bartok et al., 2021). Thus, given the wide implications of
Trp biology for cancer and TNBC in particular, the kynurenine pathway was selected as a core
target of this study. Additionally, given the limited success of direct IDO1 inhibition, this study
decided to explore interactions between multiple aspects of the tumour microenvironment
and Trp metabolism, in an attempt to unravel novel targetable mechanisms regulating the

kynurenine pathway.

7.2. Summary of the main findings.

This study showed that alterations in the ionic microenvironment can be linked to Trp
metabolism, with intracellular Na* levels being negatively correlated with IDO1 expression
and activity in TNBC and lung cancer cells (Chapters 3 and 4)(Shandell et al., 2022). This work
reports an impact of the NKA inhibitors, ouabain and digoxin on both the kynurenine
pathway, decreasing kynurenine levels, and IFNy-induced JAK/ STAT signalling, decreasing
levels of pSTAT1 at 24 h post stimulation as well as decreasing IDO1 expression (Chapter
5)(Shandell et al., 2022). Combined KD of the a1 NKA subunit (ATP1A1) and ouabain/ digoxin
treatment had an enhanced inhibitory effect on kynurenine, IDO1 and pSTAT1 (Figure 3.4,
3.5, 3.6), confirming thus that the NKA is essential in this mechanism. Several routes to try
and establish which role of the NKA (expression, signalling activity, Na* transport) is involved
in IDO1 regulation were explored. In Chapter 3, section 3.2.8. describes the efforts of
overexpressing the ATP1A1 in MDA-MB-231 cells, with the ultimate purpose of verifying
whether increased ATP1A1 expression can rescue the effect of ouabain treatment on IDO1

and the kynurenine response. However, given the tight regulation of the ATP1A1 expression
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in the cell, due to its essential role for survival, overexpression was not successful, and the
hypothesis could not be verified (Clifford and Kaplan, 2009, Nakamura et al., 2021). Although
other studies have reported successful ATP1A1 overexpression, primarily using viral vectors,
time constrains and limited resources, as well as the need to progress further with the
storyline of the project did not allow further follow up work on this route (Correll et al., 2014,
Factor et al., 1998). Chapter 4 (sections 4.2.4. to 4.2.7. ) explores one potential signalling
mechanism, by looking at the SIK1 kinase, activated in response to intracellular Na*
elevations (Sjostréom et al., 2007, Taub et al.,, 2015). Experimental work indicated no
significant contribution of SIK1 to the ouabain-mediated IDO1 inhibition, however, no clear
conclusion could be drawn from the data, given the fact that inhibition of SIK1 with the HG-
9-91-01, commercially available SIK1-selective small molecule, could not be validated
experimentally. Western blot assessment of changes the levels of SIK1 immediate
phosphorylation targets such as cAMP response element-binding protein (CREB), in MDA-
MB-231 cells upon HG-9-91-01 treatment, would enable a clear conclusion from the
experimental work presented in Chapter 4. This was, however, not pursued due to time
constraints. Finally, the role of intracellular Na* in regulating the kynurenine response was
also investigated in more detail. In Chapter 4, sections 4.2.1. to 4.2.3. show that the
ionophore monensin was able to upregulate intracellular Na*, while decreasing the
kynurenine response. Thus, having shown an inverse correlation between intracellular Na*
levels and kynurenine, in response to NKA inhibition with ouabain/ digoxin, but also in an
NKA-independent manner with monensin, it was concluded that intracellular Na* and the
kynurenine pathway might be indeed interconnected, and there would be great value in
pursuing this further, by looking at other non-pharmacological methods of altering
intracellular Na* levels (discussed in more detail in section 7.3.1). Given the fact that this
project aimed to focus on the role of IDO1/ kynurenine and immune evasion in breast cancer,

further investigating ionic dynamics was considered beyond the scope of this work. Instead,
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the study focused on identifying further connections between the tumour

microenvironment and the kynurenine pathway.

Having identified a potential correlation between two distinct aspects of the tumour
microenvironment (ionic dynamics and the immune/ metabolic checkpoint IDO1), the next
step was to expand the scope of this project towards exploration of different compounds
with inhibitory activity of the kynurenine pathway, trying to identify novel potential
mechanisms of action. A 630 natural compound screen identified 24 compounds with
inhibitory activity on the kynurenine response and 1 compound able to upregulate
kynurenine production. Of the 24 kynurenine inhibitors, 4 groups of compounds were
defined based on their impact on immune checkpoint activity (IDO1) and expression (IDO1,
membrane and sPD-L1). Next, two compounds that decrease the kynurenine response
without impacting on IDO1 expression, artemether and EFL9, were selected for further
investigation. Data indicated that both compounds decrease the kynurenine response in a
concentration-dependent manner, without impacting on pSTAT1 or IDO1 levels (Chapter 5).
The impact of these two compounds was then compared with that of ouabain, and a clinically
tested IDO1 inhibitor, Linrodostat, on Trp metabolism, to understand the broader spectrum
of activity for these compounds (Chapter 6). Ouabain, EFL9 and Linrodostat affected key Trp
metabolites in the same way: drop N-formylkynurenine, 5-hydroxy-L-Trp and formyl-5-
hydorxykynurenamine in cells (Linrodostat was only tested in cells) and media. This suggests
that the IDO1 and the TPH 1/ 2 mediated reactions might be interconnected. This hypothesis
is supported by studies which have shown that 5-hydroxy-L-Trp might have
immunosuppressive activity, just like N-formylkynurenine (Yang et al.,, 2015c), while
kynurenine and 3-hydroxykynurenine were shown to potentiate the effects of 5-hydroxy-L-
Trp on muscular excitation in mouse models (Handley and Miskin, 1977). To validate this
hypothesis experimentally, a series of experiments such as sequential knockdown of IDO1

followed by assessment TPH1/ 2 activity/ expression; assessment of correlation between
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intracellular iron levels and IDO1, TPH1/ 2 activity (Goodwill et al., 1997, Roberts and
Fitzpatrick, 2013); or assessment of a potential synergistic effect on the kynurenine response

of concomitant inhibition of IDO1 and TPH1/ 2, could be carried out.

Overall, different metabolic profiles were identified for each one of the 4 compounds tested
(ouabain, artemether, EFL9 and Linrodostat). Metabolomics data showed that artemether is
the only compound that maintains constant N-formylkynurenine levels in the cell, while
dropping the levels of this metabolite in the media. It is also the only compound that
interferes with intracellular haeme levels. Thus, artemether might have dual action by
causing haeme-dependent IDO1 inhibition, consistent with the currently accepted
mechanism of action for this compound (Krishna et al., 2008), and by preventing the
transport of kynurenine in the cytosol. Although kynurenine import is known to be mediated
by transporters such as SLC7AS5, there is no known specific kynurenine exporter (Sinclair et
al., 2018). Therefore, understanding the mechanism of action of artemether and identifying
its potential target could greatly contribute to understanding Trp and kynurenine pathway

biology.

In the case of EFL9, experimental data reported a much broader metabolic effect than for
artemether and ouabain, primarily altering the redox balance. EFL9 had the most dissimilar
metabolic profile from that of Linrodostat, downregulating metabolites otherwise
upregulated by Linrodostat (e.g., 5-hydroxyindoleacetaldehyde). Ouabain had an identical
metabolic profile with Linrodostat in terms of downregulated metabolites, however, the

Linrodostat-treated cells had a much higher range of upregulated metabolites.

One interesting observation is the limited effect of ouabain on Trp metabolites. By blocking
the NKA, which is an active ionic transporter, ouabain is lowering the energetic demands of
the cell, which should, in theory, lead to altered metabolic processes (Soltoff and Hedden,

2008). Na* import is often coupled with uptake of glucose and glutamine, therefore the
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dysregulated ionic balance caused by ouabain could impact on their cellular bioavailability;
the deficiency in glutamine and glucose substrates combined with decreased ATP-usage due
to NKA inhibition, could impact on glycolysis , the pentose phosphate pathway, as well as
glutaminolysis, which can have severe implications for the ability of the cell to maintain the
redox balance, as well as interfering with anabolic pathways and proliferation (Leslie et al.,
2019). Furthermore, by altering the Na* concentration within the cell, ouabain also leads to
a release of Ca** from intracellular stores, as well as extracellular import through the NCX
(Blaustein and Hamlyn, 2020). An increase in intracellular Ca*" levels has been associated
with increased activity of dehydrogenases enzyme from the tri-carboxylic acid cycle, leading
to increased mitochondrial metabolism and thus higher NADH levels (Diaz-Vegas et al., 2019,
Rossi et al., 2019). However, despite the expected broad metabolic effect, in the
metabolomics experiments described in this study, ouabain seems to be the most specific of
the 4 drugs tested, only affecting core Trp metabolites in cell extracts and phosphatidyl
choline-derivatives levels in culture media. Phosphatidyl choline accumulation is often a
marker of inflammations, oxidative stress of damage (Fogarty and Bergmann, 2015, van der
Veen et al., 2017, Ridgway, 2013). Its increase in culture supernatants in response to ouabain
is more likely due to signal cell death and membrane degradation given the toxicity of the
cardiac glycoside (Tsuji et al., 2023). However, phosphatidyl choline is also known to have an
impact on ion channel activity. In fact, lysophosphatidyl choline (16:0), which was
upregulated by ouabain the media, has been shown to activate acid-sensing ion channel 3
(ASIC3) (Hung et al., 2020). By doing so, lysophosphatidyl choline (16:0) is likely to promote
intracellular buildup of Na* thus enhancing the ionic disbalance. Oher Lysophosphatidyl
choline derivatives have been shown to activate transient receptor potential (TRP), ligand
gated Ca? channels (Rimola et al., 2020). This could enhance cytosolic Ca** accumulation and
thus impact on a range of Ca* dependent pathways including IFNy-induced JAK/ STAT

signalling (Tsuji et al., 2023).

2901



Interestingly, however, EFL9 also increased the levels of lysophosphatidyl choline derivatives
in culture supernatants and in cellular extracts. EFL9 does not impact on intracellular Na*-
levels, which suggests that in the case of this compound lysophosphatidyl choline might be
a marker of cell death, or oxidative/ inflammatory disbalances, rather than an ionic

modulator (Tsuji et al., 2023).

Finally, metabolic analysis of the selective IDO1 inhibitor, Linrodostat, revealed upregulation
of a range of metabolites some of which are downstream reaction products from kynurenine
metabolism. This observation could have multiple implications (Balog et al., 2021, Cherney
et al., 2021). Firstly, it might suggest that even though Linrodostat was designed for
interacting with IDO1, it might in fact have a range of off-target effects, which could be
partially accountable for its limited clinical success. Secondly, it might suggest that IDO1
inhibition could trigger compensatory mechanisms from the downstream pathway
increasing production of anthranilic acid and its derivatives. However, in the absence of

further experimental data, these speculations cannot be verified.

In summary, although it was not possible to formulate an exact mechanism of action for each
one of the compounds studied here, 3 different classes of natural modulators of the
kynurenine response and Trp metabolism were studied and characterised in this study.
Modulation of kynurenine levels was achieved by interfering with the ionic
microenvironment and subsequently with pSTAT1-dependent IDO1 expression and activity
(ouabain); by potentially interfering with the intracellular haeme levels and thus altering
kynurenine production by the IDO1 holoenzyme (artemether); by interfering with Trp
metabolism at different sites, as well as with the cellular redox balance (EFL9). With further
studies, there is potential for these compounds to be either developed into future targeted

therapies or to be used to better understand the role of Trp biology in TNBC.
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7.3.

Future plans

The work presented in this study generated a series of hypotheses for future study, including:
(1) modulation of Na* dynamics might represent a novel therapeutic approach in TNBC, by
interfering with IDO1 activation, (2) repurposing artemisinin derivatives for immunotherapy
by targeting Trp metabolism might be of value for targeting TNBC and (3) Euphorbia factors
could contribute to TNBC clearance by increasing oxidative stress, and enhancing production
of immunosuppressive Trp metabolites. Although this study generated experimental
evidence to support each one of these hypotheses, time and resources were not sufficient
to complete any of these three studies. Future work would need to be carried out to reach a

clear response on each one of these questions.

7.3.1. Modulators of Na* dynamics might be the future of TNBC

immunotherapy by interfering with IDO1 activation.

Chapters 3 and 4 show that pharmacological treatments that alter intracellular Na* are likely
to interfere with IDO1 activity and expression (Shandell et al., 2022). An inverse correlation
between intracellular Na* and kynurenine levels was reported and further validated using
two different classes of compounds: cardiac glycosides (ouabain and digoxin) and ionophores

(monensin).

The data presented in this study, however, only points out a correlation and do not identify
a causative relationship between ionic dynamics and IDO1 activity. Establishing such a
relationship would be quite challenging, as pharmacological treatments often have a range
of off-target effects that make it difficult to pinpoint a mechanism. Alterations in intracellular
Na* are not singular events, as ionic dynamics are often compensatory. This means that an
increase in intracellular Na*, will trigger a decrease in something else (e.g., K*), as well as

increasing Ca%* import which then leads to signalling alterations (Yu et al., 2010, Barry et al.,
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1981). It is therefore very difficult to isolate the effect of altered intracellular Na* on cellular

physiology.

One essential question that needs to be answered is what happens to Ca?* signalling in
response to ouabain/ monensin treatment in IFNy/ TNF stimulated TNBC cells (the model for
this study). Changes in intracellular Ca?* are usually rapid acute events, tightly regulated by
the plasma membrane and sarcoplasmic reticulum Ca?* ATPases, as well as the NCX, and
would therefore need to be measured by patch clamping methods (Bagur and Hajndczky,
2017). The next question would then be, how is signalling inside the cell being altered in
response to ouabain. Literature already supports a role for ouabain in triggering a series of
signalling events which include NKA-mediated activation of the Src kinase; stimulation NKA
association with the EGFR, leading to MAPK activation and subsequent transcriptional
changes; PKC-dependent ERK1/ 2 activation, as well as activation of the PI3K1A/ Akt pathway
(Haas et al., 2000, Xie and Askari, 2002, Mohammadi et al., 2001, Wu et al., 2013a). However,
the complete signalling pathway that could connect elevations in intracellular Na* with IDO1
has not yet been identified. To try and address this issue, a targeted approach, looking at
ouabain/ monensin-triggered changes in molecules associated with IFNy/ TNF signalling
could be taken, alternatively, investigation of all the signalling networks within the cell could
be pursued. A combined proteomics and phosphor-proteomics study looking at the changes
triggered by ouabain/ monensin, could help trace a potential signalling route, which could
be further investigated and validated by western blot and pull-down assays. While this type
of analysis would be very demanding in terms of time and resources, it would only be able
to reveal a potential signalling pathway associated with ouabain/ monensin treatment.
Additionally, this type of analysis assumes a mechanism based on phosphorylation cascade.
RNAseq could be used to also assess changes in gene expression, while a Seahorse
experiment could be completed to look at changes in metabolic preferences within the cell
(Plitzko and Loesgen, 2018). The limitation with such costly and time-demanding analysis
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methods is that strong preliminary evidence is required to justify such extensive exploratory
work. The fact that no clear direction (phosphorylation cascade, expression changes or
metabolic dysregulation) can be inferred from the current data, suggests that more
preliminary work is needed before such experiments could be carried out. A good start for
the preliminary work would be optimising the ATP1A1 overexpression in MDA-MB-231,
potentially by using viral-vector based transfection or electroporation (Fus-Kujawa et al.,
2021). Additionally, validation of SIK1 inhibition with HG-9-91-01 in MDA-MB-231s could be
a further step in completing the experimental story presented in this study; Validation could
be achieved by measuring levels of a direct SIK1 phosphorylation substrate such as CREB/
CREB-regulated transcription co-activator (CRTC), protein phosphatase methylesterase-1
(PME-1) or class lla histone deacetylases, in response to HG-9-91-01 treatment, via western
blot or flow cytometry (Sun et al., 2020). A clear answer to these two questions: (1) is ATP1A1
overexpression able to rescue IDO1 inhibition by ouabain? and (2) is SIK1 modulating the
impact of ouabain on IDO1? could greatly contribute to the current understanding of the
observations presented in this work and would thus help dictate the next experimental steps.
Other approaches would be to look at ouabain/ monensin-induced changes in activation of
known signalling hubs such as MAPK, Akt/PI3K in MDA-MB-231s, via western blot; this would
be of value especially due to previous literature reports that have shown an impact of
ouabain/ monensin in various cell types on MAPK or Akt/ PI3K signalling (Siman et al., 2015,
Lopachev et al., 2016, Serter Kocoglu et al., 2023). It would be possible also to evaluate ROS
production as an indication of metabolic changes, using 5-(and -6)-carboxy-2',7'-
dichlorodihydrofluorescein diacetate (DCFDA) fluorescent labelling, as an indication of
metabolic changes (Kateriji et al., 2019). Furthermore, an indication of glycolytic rate could
be derived from quantification of secreted L-lactate either by ELISA, or using absorbance
based lactate-quantification assays described in the literature (Schmiedeknecht et al., 2022).

PH measurement using phenol red absorbance at 430 and 560 nm could also be a rapid and
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effective indicative of the metabolic changes triggered by each one of the compounds

(ouabain/ monensin) (Schmiedeknecht et al., 2022, Ivashkiv, 2020).

Building on the signalling metabolic future work plans, the next step would be to integrate
changes in intracellular Na* in the study. To answer the question of Na* dependency, the
impact of low K* culture media on IDO1 activity and expression, as well as on the potential
signalling network identified to be associated with ouabain/ monensin treatment, could be
assessed (Weiss et al., 2017, Kleimaier et al., 2020). Although this type of experiment seems
relatively straight forward, a bespoke low K* media would need to be designed and the long-
term effects on cell survival and growth would also need to be tested prior to the actual
experiment. An alternative would be using a Na* -specific chemo genetic ligand gated
channel. This could allow us to study the effect of intracellular accumulation of Na*
independently of NKA inhibition, without the challenge of off-target effects often
encountered in pharmacology experiments (Magnus et al., 2011, Magnus et al., 2019). The
limitations of this approach are, however, coming from cellular mechanisms used to regulate
the ionic balance. A Na* -specific chemo genetic ligand gated channel would allow constant
Na* influx, however, this could be compensated by increased NKA activity. Other approaches
of regulating NKA activity could also be used. Phospholemman (PLM) is an ion transport
regulatory protein belonging to the FXYD family. In cardiac myocytes PLM enhances the
activity of the NKA, inhibiting Na*/ Ca?* exchanger, and upon cardiac glycoside treatment
PLM alleviates the stress triggered by intracellular Na* accumulation by counteracting the
NKA inhibition. It is thus possible to knock down the PLM and this should result in
downregulated NKA activity and intracellular Na* accumulation. However, given the role of
PLM in regulating Ca®* transport, it is likely that the impact of PLM knock down will have a
range of effects on intracellular signalling and metabolism (Cheung et al., 2010, Dejos et al.,
2020, Berridge et al., 2003). Additionally, because the NKA is an active transporter, increased
activity would increase the energetic needs of the cell and thus impact on metabolic function
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(Sanderson et al., 2020). Therefore, such changes could be misleading when looking at the
activity of a metabolic enzyme like IDO1. However, these limitations are speculative and
could be confirmed or denied only experimentally. Finally, an alternative to separating the
Na* function and the signalling function of the NKA would be to express the rodent ATP1A1
in human cells and compare the impact of ouabain on the kynurenine response in
transfected and wild type cells. The rodent ATP1A1 is 1000 less sensitive to ouabain than the
human one, and thus could function unimpaired upon treatment (Lopina et al., 2020a). This
could provide valuable information on the mechanism of action of ouabain, and the role

played by the NKA and Na* accumulation.

In summary, there is a large amount of follow-up work that could be completed to better
understand the relationship between intracellular Na* and Trp metabolism, however, the
data presented in this work (Chapters 3 and 4), brings strong evidence to support and justify

further research on this topic.

7.3.2. Repurposing artemisinin-derivatives and exploring Euphorbia
Factors for immunotherapy by targeting tryptophan metabolism might

be a future therapeutic approach for TNBC.

Chater 5 identifies endoperoxide-bearing members of the artemisinin derivative class, and
Euphorbia factors with C7 benzoyl modifications as potential inhibitors of the kynurenine
response. The chapter focuses on artemether and EFL9 as representatives from each class
and show that both of those reduce kynurenine in a concentration dependent manner
without impacting on IDO1 expression and without altering intracellular Na*. In titration
experiments, artemether and EFL9 seemed to have identical behaviour, indicating a common
mechanism of action. One experiment which could rapidly clarify this hypothesis, would be
assessing the kynurenine response upon combined artemether and EFL9 treatment. A

synergistic effect would be indicative of different, yet interconnected modes of action, while
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an additive effect would indicate a similar mechanism/ target for both drugs. This experiment
was not completed due to time constraints, but it would be a priority upon continuing this

work.

Having shown that artemether and EFL9 exert their effects independently of IDO1
expression, the next step was to investigate their impact on purified IDO1 activity. However,
the assay set-up and control IDO1 inhibitor of choice (Linrodostat) proved to be unsuitable
for this type of experiment, and due to time constraints, it was not possible to optimize this
set-up. To answer the question of direct IDO1 interaction for both artemether and EFL9, a
purified enzyme activity assay would need to be carried out successfully. Literature suggests
that a fluorescence-based assay might be a better alternative to an absorbance assay, due
to minimized background interference (Simeonov and Davis, 2004). Additionally, an IDO1
inhibitor more likely to function in a purified enzyme set-up, such as a Trp-competitor (e.g.,
Epacadostat), might be a better control than Linrodostat, otherwise known to interfere with

IDO1 holoenzyme assembly (Balog et al., 2021, Cherney et al., 2021).

A way to understand exactly the targets of artemether and EFL9 in MDA-MB-231s would be
by using click chemistry (Pang et al., 2022, Fu et al., 2014). Literature reports the design of
Activity-Based Protein Profiling Probes (ABPPs), that incorporate the artemisinin
pharmacophore (endoperoxide bridge) and are compatible with click chemistry; artemisinin-
based click chemistry constructs have also been shown to have therapeutic activity (e.g.,
working as antiviral agents) (Ismail et al., 2016, Capci et al., 2020). The ABPP click chemistry
technology uses probes that carry the active site of the compound of interest, thus allowing
interaction with the target when added onto cells. Next, a biotin azide or biotin
dibenzocyclooctyne is added to the ABPP-target complex via copper free click chemistry. This
allows affinity purification and identification of target proteins using liquid chromatography

and mass spectrometry (LC-MS/ MS) (Ismail et al., 2016). This approach would firstly help us
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understand and validate the interaction between artemether and haeme/ IDO1, and
secondly allow us to potentially identify a specific cellular kynurenine exporter. A similar
approach where the ABPP is bound to an EFL9-like structure could be used to pinpoint the
target of the compound. The limitation of this approach is that EFL9 has not been as widely
studied as artemether and information about its active site would have to be determined
experimentally. However, even in the absence of such pharmaco-chemical characterization,
the click chemistry approach could be used to test whether the C7 benzoylation is indeed
responsible for the impact of this compound on the kynurenine response. Additionally,
validation of the antioxidant properties of this compound could be achieved by measuring

ROS production in TNBC cell cultures upon drug treatment, using DCFDA fluorescent staining.

Once a mechanism of action is validated for both compounds, co-culture studies of cancer
and immune cells (CD8* T cells) would be the first step to validate the biological efficacy of
those compounds in a complex set-up. The effect of these compounds would then need to
be tested on mouse cell lines, to allow in vivo transition to syngeneic mouse models (with an

intact immune system).

In conclusion, a range of biochemical, mechanistic, and, later on, safety and efficacy studies
would need to be carried out on those compounds to fully characterize their mechanism of

action and assess their viability as immunotherapeutic candidates.

7.4. Assessing aims and objectives.

The main goal of the work presented here was to contribute to a better understanding of the
role of Trp metabolism in TNBC, and its interaction with other aspects of the tumour
microenvironment such as ionic dynamics and immunology. This study focused on the rate-
limiting step of Trp conversion to kynurenine (an immunosuppressive metabolite), by

looking at the activity and expression of the IDO1 catalytic enzyme. Three different classes
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of IDO1/ kynurenine response inhibitors were identified and characterized: ionic modulators
(ouabain/ monensin), artemisinin-derivatives and Euphorbia factors. This work established a
correlative link between the kynurenine response and intracellular Na*levels, highlighting a
potential mechanism of action for ouabain-induced IDO1 inhibition. The metabolic effects of
ouabain, artemether and EFL9 in TNBC cells were studied and compared to that of the
selective IDO1 inhibitor, Linrodostat, identifying unique metabolic profiles for each one of
the compounds. Table 7.1 summarizes the main goals of this project and the progress that
has been done trying to address each one of those. Thus, a set of experimental studies that
enhanced our understanding of TNBC biology were successfully completed, showing
complex interactions between the ionic, immune, and metabolic aspects of the tumour
microenvironment, all converging towards Trp metabolism. However, the progress towards
understanding Trp biology in TNBC presented in this study, only highlights the wide range of
implications associated with pharmacological targeting of this pathway, and a large amount
of validation work and future mechanistic studies would need to be completed before the

full story of how these compounds impact on Trp metabolism in TNBC could be formulated.
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General study aims

Status

Investigate the connection between ionic
dynamics and Trp metabolism.

Unravel potential natural compound
candidates to be investigated for breast
cancer therapy.

Complete:
Chapters 3, 4, 5 and 6.

Na* and IDO1 study aims

Status

Understand how ouabain exerts its effects on
IDO1 and the kynurenine response
(mechanism)

Complete:

(Chater 3)

Inhibition of pSTAT1-mediated IDO1
expression.

Validate the (NKA-independent) effect of Na*
on kynurenine production and IDO1

Complete (with limitations):
(Chapter 4)

Validation of correlative relationship
between intracellular Na* and IDO1
activity, using monensin.

Natural Compounds and IDO1 study aims

Status

Adapt the kynurenine assays for low to mid
throughput purposes and use it to screen a
library of 630 natural compounds for
potential inhibitors of the kynurenine
response, with lower toxicity that ouabain.

Complete:

(Chapter 5)

Identification 24 natural compounds
with IDO1 inhibitory activity.

Investigate the mechanism of action of
selected hits.

Complete (with limitations):

(Chapter 5)

Confirmation that both artemether and
EFL9Y inhibit the kynurenine response
indepently of IDO1 expression.

Assess the impact of selected hits on Trp
metabolism and compare that to the effect of
ouabain.

Complete (with limitations):

(Chapter 6)

Metabolomics study helps us speculate
on mechanisms of action:

artemether: prevents IDO1 holoenzyme
assembly by depleting intracellular
haeme.

EFL9: impacts on multiple metabolic
processes in the cell, interfering with the
redox balance and promoting a general
immunosuppressive cellular activity.

Table 7.1 Summary of project aims and objectives, and current progress.
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8. Appendix

8.1. Chapter 2 Appendix

Appendix Table 8. 1 Summary of the main reagents used in this study.

PRODUCT SUPPLIER CATALOG NO

DULBECCO’S MODIFIED EAGLES Thermo Fisher Scientific 21969-035

MEDIUM (DMEM)
(Invitrogen)

MAMMARY EPITHELIAL CELL Lonza CC-3150
GROWTH MEDIUM BULLET KIT

(MEGM)

REAGENT PACK SUBCULTURE Lonza CC-5034
REAGENTS FOR PRIMARY CELL

SUBCULTURING

EMBRYONIC STEM-CELL FBS, Thermo Fisher Scientific (Gibco) 10439024

QUALIFIED, USDA-APPROVED

REGIONS

PENICILLIN-STREPTOMYCIN (5,000 Thermo Fisher Scientific (Gibco) 15070063
U/ML)

L-GLUTAMINE (200 MM) Thermo Fisher Scientific (Gibco) A2916801
PHOSPHATE SALINE BUFFER (PBS), Thermo Fisher Scientific (Gibco) 10010023
1X,PH7.4
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TRYPSIN-EDTA

TRYPAN BLUE

DEEP BLUE VIABILITY

OPTIMEM (MINIMAL ESSENTIAL

MEDIUM)

TRANSIT-SIQUEST

SIRNA HUMAN ATP1A1

SIRNA NTC

SIRNA HUMAN NCOA3

SIRNA IDO1

JETPRIME

Thermo Fisher Scientific (Gibco)

Thermo Fisher Scientific

(Invitrogen)

BiolLegend

Thermo Fisher Scientific (Gibco)

Mirus

ON-TARGETplus SMARTpool,
GE Dharmacon/Horizon

Discovery

ON-TARGETplus SMARTpool,
GE Dharmacon/Horizon

Discovery

ON-TARGETplus SMARTpool,
GE Dharmacon/Horizon

Discovery

ON-TARGETplus SMARTpool,
GE Dharmacon/Horizon

Discovery

Polyplus

303

25300054

T10282

424702

11058021

MIR 2110

L-006111-00-

0005

D-001810-10-

05

L-003759-00-

0005

L-010337-01-

0005

101000027



INVITROGEN™ LIPOFECTAMINE™

3000 TRANSFECTION REAGENT

LB BROTH (LENNOX)

LB AGAR, MILLER (USE 40G /1L

DISTILLED WATER)

SODIUM POTASSIUM ATPASE
(ATP1A1) (NM_000701) HUMAN

TAGGED ORF CLONE

PCMV6-ENTRY MAMMALIAN
EXPRESSION VECTOR (EMPTY

VECTOR)

NM_000701.8 HOMO SAPIENS
ATPASE NA+/K+ TRANSPORTING
SUBUNIT ALPHA 1 (ATP1A1),

TRANSCRIPT VARIANT 1, MRNA.

PCDNA3.1-C-(K)DYK

MAMMALIAN PCDNA3.1+/C-(K)-DYK

(LENGTH 5444)

IDO CDNA ORF CLONE, HUMAN, C-

DYKDDDDK (FLAG®) TAG

Thermo Fisher Scientific/Fisher

Scientific

(Invitrogen)

Sigma-Aldrich

Formedium

ORIGENE

ORIGENE

GenScript

GenScript

SinoBiological
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L3000001

L3022-250G

LMMO0204

RC201009

PS100001

NM_000701.8

N/A

HG11650-CF



PCMV3-C-FLAG VECTOR OVERVIEW

(EMPTY VECTOR)

QIAPREP SPIN MINIPREP KIT

HISPEED PLASMID MIDI KIT

RECOMBINANT HUMAN IFNT

RECOMBINANT MOUSE IFN-T

HUMAN RECOMBINANT TNF

MOUSE RECOMBINANT TNF

OUABAIN OCTAHYDRATE, >=95%

(HPLC), POWDER

DIGOXIN CRYSTALLINE

VEATRIDINE

MONENSIN SODIUM SALT, 90-95.5%

1G UN3462

HG-9-91-01

DIMETHYL SULFOXIDE (DMSO)

EHRLICH’S REAGENT (P-

DIMETHYLAMINOBENZALDEHYDE)

SinoBiological

QlAgen

QlAgen

Peprotech

BiolLegend

BioTechne

Sigma-Aldirch

Sigma-Aldrich

BioTechne (Tocris)

Alfa Aesar

APE Bio

PanReac AppliChem Lifescience

(VWR)

Sigma-Aldrich

305

Cvo12

27104

12643

300-02

575304

210-TA

03125-250mg

D6003-100MG

2918

161669-03

B1052

A3672

D2004



TRICHLOROACETIC ACID SOLUTION,

MP BIOMEDICALS

PROTEASE INHIBITOR COCKTAIL,

PHOSPHATASE INHIBITOR COCKTAIL

PHOSPHATASE INHIBITOR COCKTAIL

ECL™ BLOTTING REAGENTS

100ST AMERSHAM HYPERFILM ECL

18X24CM, 100SHEETS

QIAZOL LYSIS REAGENT (200 ML)

RNEASY MINI KIT

SUPERSCRIPT ® [l FIRST-STRAND
SYNTHESIS SYSTEM FOR RT-PCR
(CONTAINS RANDOM HEXAMERS 50

NG/ML)

DNTP MIX, PCR GRADE (200 pL) 10

MM

Thermo Fisher/Fisher Scientific

Sigma-Aldrich

GE Healthcare, Sigma-Aldrich

Thermo Fisher/Fisher Scientific

(Life Science products Cytiva

28-9068-37PR16)

QIAGEN LTD

QIAGEN LTD

Invitrogen

Qiagen

306

11462691

P8340-1ML,

P5726-1ML,

P0044

GERPN2109

15497394

79306

74104

18080-051

201900



NUCLEASE-FREE WATER (1 L)

SUPERSCRIPT Il REVERSE
TRANSCRIPTASE (SS Il RT 200 U/ML,

5X FS BUFFER, 0.1 M DTT)

RNASE OUT 40 U/ML

BUFFER PE (CONCENTRATE, 100 ML)

BUFFER RWT (80 ML)

HUMAN GAPDH PRIMERS FOR -

GGAGTCAACGGATTTGGTCGTA

HUMAN GAPDH PRIMERS REV -

GGCAACAATATCCACTTTACCAGAGT

HUMAN IDO1 PRIMERS FOR -

GGCTTTGCTCTGCCAAATCC

HUMAN IDO1 PRIMERS REV -

TTCTCAACTCTTTCTCGAAGCTG

HUMAN IDO1 PRIMERS (BOTH

FORWARD AND REVERSE)

HUMAN PD-L1 PRIMERS FOR —

CATCTTATTATGCCTTGGTGTAGCA

HUMAN PD-L1 PRIMERS REV -

Qiagen

Invitrogen

Invitrogen

QlAgen

QlAgen

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Qiagen Quanti-Tect

Sigma-Aldrich

Sigma-Aldrich

129115

18064014

10777019

19065

1067933

SY200305727-

037

SY200305727-

038

SY180324975-

083

SY180324975-

084

QT00000504

N/A

N/A



GGATTACGTCTCCTCCAAATGTG

SOLUBLE PD-L1 (FORWARD) -

TACAGCTGAATTGGTCATCCCA

SOLUBLE PD-L1 (REVERSE) -

AGGCAGACATCATGCTAGGTG

HUMAN ATP1A1 PRIMERS (BOTH

FORWARD AND REVERSE)

ATP1B1 (FORWARD) -

CCCAAATGTCCTTCCCGTTCAG

ATP1B1 (REVERSE) -

GCAGGAGTTTGCCATAGTACGG

ATP1B1 (FORWARD) -

CCCACATATCAGCGAGT

ATP1B1 (REVERESE) -

ATCCCTCTGGGCTGAATCTT

POWERTRACK™ SYBR GREEN

MASTER MIX

NULEASE-FREE WATER

HYPURE MOLECULAR BIOLOGY

GRADE WATER

Sigma-Aldrich

Sigma-Aldrich

Qiagen QuantiTect

ORIGENE

ORIGENE

Primer3Plus

Primer3Plus

Sigma-Aldrich

Omega Bio-TEK

HyClone (Cytiva)

308

N/A

N/A

23223589

23223586

232213588

232213587

A46109

S173258

SH3053803



SBFI-AM

PLURONIC F-127 20% IN DMSO

GRAMICIDIN

HUMAN PD-L1 ANTIBODIES

(WESTERN BLOT)

FINAL CONCENTRATION 1:1000

HUMAN/MOUSE STAT1 ANTIBODY

(WESTERN BLOT)

FINAL CONCENTRATION 1:1000

HUMAN/MOUSE PSTAT1 TYR-701

ANTIBODY (WESTERN BLOT)

FINAL CONCENTRATION 1:1000

HUMAN IDO1 ANTIBODY (WESTERN

BLOT)

FINAL CONCENTRATION 1:1000

HUMAN ATP1A1 ANTIBODY

(WESTERN BLOT)

FINAL CONCENTRATION 1:1000 ~

1uG/ ML

SantaCruz Biotechnology

309

Biotium

Sigma-Aldrich

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling

Abcam

sc-215841A

59004

G5002, 1405-

97-6

E1L3N

9172

D4A7

D5J4E

ab7671 464.6



HUMAN GAPDH ANTIBODY

(WESTERN BLOT)

FINAL CONCENTRATION 1:500/

1:1000 ~ 4/2pG/ ML

POLYCLONAL ANTI-RABBIT

IMMUNOGLOBULINE HRP

FINAL CONCENTRATION: 1:5000

POLYCLONAL ANTI-MOUSE

IMMUNOGLOBULINE HRP

FINAL CONCENTRATION: 1:5000

ULTRAPURE PROTOGEL 30 % (W/V)

ACRYLAMIDE

1.5 M TRIS BUFFER (PH 8.8)

1.0 M TRIS BUFFER (PH 6.8)

SODIUM DODECYL SULFATE (SDS),

ACS REAGENT, 299.0%

SKIMED MILK POWDER (500G)

BOVINE SERUM ALBUMINE (BSA)

(100G)

AMMONIUM PERSULFATE (APS)

Abcam

Dako

Dako

National Diagnostics

Severn Biotech LTD

Severn Biotech LTD

Sigma-Aldrich

Millipore

Sigma-Aldrich (Life Science)

Sigma-Aldrich
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6C5

P0448-2

P0447

EC-890

20-7900-10

20-7901-10

436143-25G

70166

A4378

A3678



ULTRAPURE N, N, N', N'-
TETRAMETHYLETHYLENEDIAMINE

(TEMED)

TURBO TRANSFER BUFFER (5X)

ULTRAPURE TRIS

RECOMBINANT HUMAN IDO

PROTEIN, CF

ASCORBIC ACID

MORPHOLINOETHANESULPHONIC

ACID (MES)

METHYLENE BLUE

CATALASE (FROM BOVINE LIVER)

L-TYPTOPHAN, 99 %

LINRODOSTAT

Thermo Fisher

(Invitrogen)

BioRad

Thermo-Fisher (Invitrogen)

BioTechne

Sigma-Aldrich

Sigma - Chemical Company

Fluorochem

Sigma-Aldrich

Thermo Scientific

Generon

311

15524-010

10026938

15504-20

6030-A0

A-4544

M-8250

FA68442

1003322800

A1023014

M6248



8.2. Chapter 3 Appendix

8.2.1. Effect of ouabain and ATP1A1 KD on SOCS3 upon 30 min, 4 and
24 h post cytokine stimulation.

Figure 3.6 shows that cardiac glycoside +/- ATP1A1 KD-mediated IDO1 inhibition is mediated
by a drop in pSTAT1 levels, potentially occurring at later timepoints post cytokine stimulation
(24 h). JAK/STAT signalling is tightly regulated by a series of molecules, including suppressor
of cytokine signalling proteins (SOCS), (Federici et al., 2002). For this reason, the effect of
ouabain and ATP1A1 KD on one member of the SOCS family, SOCS3, at 30 min, 4 and 24 h
post cytokine stimulation was investigated. SOCS3 is one of the most studied molecules of
the class and is known to regulate JAK1, JAK2, TYK2 and STAT3 (Babon et al., 2012, Jenkins
et al., 2005, Carow and Rottenberg, 2014). JAK1/2 are known downstream mediators of IFNY

receptor signalling and STAT1 activation (Kim et al., 2018, Majoros et al., 2017).

Experimental data show that IDO1 expression occurs 4 h post cytokine stimulation (Appendix
Figure 8. 1B). While SOCS3 is constitutively expressed, being detected as early as 30 min post
cytokine stimulation (Appendix Figure 8. 1A), with no change in at 4 h and 24 h, regardless

of transfection status and drug treatment (Appendix Figure 8. 1B, C).
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A. 30 min B. P

unstimuiated THF-IFN-y

DMS0 __Dms0 100 nM ouabain
KDa  \TC ATP1A1 NTC ATP1A1 NTC ATP1A1

unstimulated TNF-aIFh-y
OMS0 100 nM ouabain
kD3 WTC ATPIA1 NTC ATPIA1 NTC ATP1A1

35 — 1001

25— S0CS3

25— GAPOH

Appendix Figure 8. 1 Effect of ouabain and ATP1A1 KD on SOCS3 upon 30 min, 4 and 24 h post cytokine
stimulation. A. Effect of ouabain and ATP1A1 KD on SOCS3 30 post cytokine stimulation (n=1
representative western blot); B. As in A 4 h post cytokine stimulation (n=1 representative western blot);
C. As in A post cytokine stimulation (n=1 representative western blot); Note: western blots in A and B
came from the same experiment (set up at the same time), western blot in C came from a separate
experiment. ATP1A1 —the al subunit f the Na*/K* ATPase (knock down samples), NTC — non-targeting

control samples.
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8.2.2. Alternative ouabain targets — SRC3
Literature records have shown that cardiac glycoside activity is not only restricted to the NKA
but can sometimes target additional pathways within the cell. An example of such an
alternative target is the steroid receptor coactivator 3 (SRC3) (Wang et al., 2014). To verify if
the effects observed on IDO1 expression and activity were a consequence of NKA inhibition
or an off-target effect due to ouabain binding SRC3, kynurenine production in response to a
range of ouabain concentrations in SRC3 KD (Appendix Figure 8. 2A (red)), mock transfected
(blue) and Untransfected (black) MDA MB 231 cells was measured. The experiment showed
a similar trend of kynurenine reduction regardless of the presence or absence of SRC3. The
efficacy of the SRC3 KD was confirmed by western blot (Appendix Figure 8. 2B). Furthermore,
the expression of total and phosphorylated STAT1 proteins, as upstream regulators of IDO1
expression, was tested in response to ouabain in SRC3 KD, mock transfected and
Untransfected samples. The same pattern of expression was observed in all sets of samples

(Appendix Figure 8. 2B, panels 2 and 3).

In conclusion the effect of ouabain on kynurenine production, as well as on STAT1 expression

and phosphorylation was not altered in any way by the knocking down SRC3.
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A Kynurenine Response - Ouabain
Titration MDA MB 231 Cells
Impact of SRC3 KD

- GAPDH émin - 23.09.2020

il

Ll S

Appendix Figure 8. 2 The role of SRC3 in ouabain-mediated kynurenine production. A. Concentration-

804
g 60+
£
T 404 - uT
5 - NTC
> -+ SRC3
< 20+
0 T T T 1
0 50 100 150 200
[Quabain] (nM)
B.
SRC3 SACS SRCS SRCS NTC NTC NTC NTE  UT  UT UT  UT
DMS0 50nM 100nM 200nk DME0 SOnkd 10000 200nM  DMED SOnkd 100nkA 200nM
kDa ou 0w Ou ou ou Ou ou Ou Ou
180 ——
m —_—
Total STAT1 4 min - 17.10.2020
= — R

dependent kynurenine reduction in MDA MB 231 cells in the presence or absence of SRC3. B. Western
blot confirmation of SRC3 knock down and IDO1 pathway protein expression profiles. Two GAPDH
controls were included because the data came from 2 western blots: the SRC3 KD data is coupled
with GAPDH 23.09.2020, while pSTAt1 and total STAT1 are coupled with GAPDH 16.10.2020. SRC3 —
steroid hormone receptor 3, NTC — non-targeting control, Ou — ouabain, STAT1 — signal transducer

activator of transcription 1, GAPDH — glyceraldehyde 3-phosphate dehydrogenase.

315



8.2.3. SBFI quality control
Given the limitations encountered when studying the mechanistic role of the ATP1A1
expression in IDO1 inhibition (Figure 3.8), it was decided to evaluate the effect altered
ATP1A1 activity on IDO1. To do that the correlative relationship between the
ouabain/digoxin/ ATP1A1-induced IDO1 inhibition and the increase in intracellular Na*

levels was investigated.

To measure intracellular Na* levels the ratiometric dye SBFI-AM was used. A quality control
experiment for SBFI-AM imaging was set up to investigate the behaviour of the dye at
different emission wavelengths and to establish a protocol that allows accurate detection of
the fluorescent signal upon excitation at both 340 and 380 nm. Appendix Figure 8. 3
summarizes the main findings. The recommended detection range for both 340 and 380 nm
excitation is between 450 and 550 nm (Minta and Tsien, 1989) — highlighted in red; the blue
box shows the noise region where the detection filter overlaps with the excitation

wavelength .

Appendix Figure 8. 3A and B compare the emission spectra of unstained (blanks) MDA MB
231 cells (Appendix Figure 8. 3A;, B1) Vs SBFl-treated samples (Appendix Figure 8. 3A;, By),
revealing a visible increase in fluorescence intensity upon SBFI treatment with both
excitation wavelengths, as well as a larger separation between the 340 and 380 signals in the
SBFI-treated samples compared to the blanks. Appendix Figure 8. 3A and B show that
regardless of the number of cells seeded per well the separation between the 340 and 380
nm signal occurs. However, the lower number of cells (30k) seems to give a stronger signal

compared to the samples with a higher cell density (120k).

Appendix Figure 8. 3C compares the fluorescence signal in cells that have 0 mM intracellular
Na* to that of cells that have an intracellular Na* concentration of 50 mM. The higher
intracellular Na* concentration gives a much smaller separation between the 340 and 380
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nm signals, thus giving a 340/380 ratio that is closer to 1. The samples with low intracellular
Na*had a much larger separation of the signals at the two wave lengths thus giving a 340/380

ratio smaller than the samples with 50 mM intracellular Na*.

Appendix Figure 8. 3D compares the blank corrected signals at 340 and 380 nm with 120 k
cell/well (Appendix Figure 8. 3D;), 30 k cells/well (D) or 30 k cells/well 0 mM Na*Vs 50 mM
Na* (Appendix Figure 8. 3Ds). The bell-shaped curves in all three figures show that the
strongest signal happens within the 500-550 nm window of interest. A stronger fluorescence
intensity as well as a bigger separation is seen with 30 k cells/well (Appendix Figure 8. 3D,)
compared to 120k cells/well (Appendix Figure 8. 3D;). Furthermore, Appendix Figure 8. 3Ds;
provides information about expected emission pattens of the dye at each excitation
wavelength (340 and 380 nm), showing that the larger separation between the 340 and 380
signals with the higher Na* concentration is generated due to an increase in fluorescence

intensity upon exciting at 340nm, while the signal at 380 nm excitation stays constant.

Appendix Figure 8. 3E shows the separation of the 340/380 fluorescence ratios for blank
corrected values in all 4 samples. The highest signal is observed in the 50 mM Na* samples,
followed by an overlap between the 120 k and 30 k cells/well (both with a similar intracellular

Na* concentration ~12 mM) and lastly the cells with 0 mM Na*.

In conclusion, the quality control experiment showed a clean fluorescence signal, specific for
SBFI-treated samples and proportional to the intracellular Na* concentration within the 500
— 550 nm emission window, which was used for SBFI detection in all the experiments
presented in this thesis. In terms of cell density, no difference was observed in the 340/380
ratios. However, a lower cell density was shown to give a stronger fluorescence signal.
Therefore, for the majority of SBFI experiments cells were seeded at ~ 50k/well, unless

otherwise stated in the figure legends.
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Appendix Figure 8. 3 SBFI-AM Staining in MDA MB 231 Cells — Quality Control. A. Emission spectra for
340 and 380 nm excitation for blanks with 120k cells/well (1), for SBFI-AM-treated samples with 120k
cells/well (2); B. Emission spectra for 340 and 380 nm excitation for blanks with 30k cells/well (1), for
SBFI-AM-treated samples with 30k cells/well (2); C. Emission spectra for 340 and 380 nm excitation for
30k cells/well with 0 mM intracellular Na* (1), for SBFI-AM-treated samples with 30k cells/well with 50
mM intracellular Na* (2); D. Emission spectra for blank corrected 340 and 380 nm signals with 120k
cells/well (1), 30k cells/well (2), 30k cells/well with 0 mM intracellular Na* Vs 50 mM intracellular Na*
(3); E. Comparison of blank corrected fluorescence 340/380 ratios for each sample within the region of
interest. Cells were seeded at 0.3 x 10° (30k) or 1.2 x 10° (120k)/well in a 96-flat bottom plate and left
to attach for 24 h. The SBFI staining was performed as described in the Methods section 2.11.
Fluorescence was read sequentially at 340 and 380. Readings were taken at 3 timepoints. The figure

above shows representative data corresponding to the second timepoint.
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8.3.

Appendix Table 8. 2 Summary of all compounds included in the drug screen and kynurenine fold

Chapter 5 Appendix

change, Kynurenine SD variation and Viability fold change results.

COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
MCE LIBRARY-DETAILED Plate1  Plate Plate 1 Plate 2 Plate Plate
INFORMATION-HY-LD- - ! e
000003245-1-MAR 30,
2022
Demethylzeyla  0,3095 0,278 - - 0,85 0,71
steral 23 472 12,8373 2,05965 6914 5964
Tenuigenin 1,0938 0,810 1,02275 - 103 093
08 988 1 0,45987 15 5398
20(S)- 1,1656 0,771  2,29237 - 1,03 0,9
Ginsenoside 51 904 3 0,57729 4704 9034
Rg3
Pedunculoside 1,2075 0,801 3,03298 - 1,01 0,91
59 217 6 0,48923 8687 4576
Ginsenoside 1,1776 1,084 2,50397 0,36202 1,01 0,94
F1 24 574 7 8 7085 661
Ruscogenin 1,4590 1,182 7,47666 0,65556 1,03 0,98
09 283 4 4 7907 5051
Sesamoside 1,0099 0,845 - - 0,97 0,97
91 186 0,45847 0,35714 8644 0635
Gentiopicrosid 0,9680 0,840 - - 0,97 0,98
e 83 3 1,19909 0,37181 544 6652
5,15-Diacetyl- 1,0399 0,840 0,07053 - 1,03 1,02
3- 26 3 5 0,37181 7907 3492

benzoyllathyrol
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING

10 | Dehydrocostus  0,4532 0,341 -10,298 - 0,98 0,87
Lactone 09 983 1,86885 9856 6135

11 | Phillyrin 0,9800 0,752 - -0,636 0,99 0,96
57 362 0,98748 4661 1025

12 | Harpagoside 1,0339 0,786 - - 0,99 0,97
39 s6 0,03527 0,63326 6263 8644

13 | Mogroside V 1,0997 0,835 1,12855 - 1,00 0,97
95 415 3 0,38649 4271 3839

14 | Ginsenoside Rf 0,8722 0,625 - - 0,96 0,95
92 34 2,89192 1,01759 9034 9423

15 | Scopolin 1,3332 1,109 5,25482 0,43541 1,01 1,01
84 001 5 2 228 7085

16 | Pseudolaric 0,5370 0,361 - - 0,90 0,75
Acid A 25 525 8,81682 1,81014 977 7608

17 | Ginsenoside 0,9561 0,747 - - 1,01 0,98
Rh1 09 477 1,41069 0,65067 7085 1847

18 | Ziyuglycoside | 0,9381 0,669 -1,7281 -0,8855 0,99 0,89
48 309 4661 8558

19 | Asiatic acid 0,9620 0,737 - - 1,02 0,99
96 706 1,30489 0,68003 0288 4661

20 | Rosavin 1,0219 0,742 - - 1,00 0,99
65 591 0,24687 0,66535 5873 9466

21 | Pseudoginsen 1,0159 0,713 - - 0,97 0,99
oside RT5 78 278 0,35267  0,75341 544 7864

22 | Linderane 1,0099 0,874 - - 0,96 1,00
91 499 0,45847 0,26907 2627 7475

23 | Loganic acid 1,1177 0,894 1,44595 - 0,98 1,01
55 041 9 0,21037 8254 0678
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING

24 | Morroniside 1,3692 1,065 5,88963 0,30332 1,01 1,01
05 032 6 1 5483 3881

25 | Isoescin IB 0,8902 0,713 - - 1,13 1,02
53 278 2,57451 0,75341 0806 6695

26 | Lathyrol 0,8663 0,713 - - 124 1,00
05 278 2,99772 0,75341 1324 7475

27 | Rosmarinic 1,0339 0,781 - - 1,20 1,00
acid 39 675 0,03527 0,54793 6086 9076

28 | Rebaudioside 0,8064 0,767 - - 1,11 0,99
A 36 o018 4,05574 0,59196 6391 1458

29 | Costunolide 0,5190 0,429 - - 1,06 0,98
65 921 9,13423 1,60467 9941 6652

30 | Rebaudioside 1,1716 0,723  2,39817 - 121 091
C 38 049 5 0,72406 2493 9381

31 | Deapioplatyco 0,7345 0,552 - - 0,95 0,90
din D 93 058 5,32536 1,23774 1415 8169

32 | Gracillin 0,2137 0,190 - - 0,13 0,02
33 533 14,5301 2,32383 4544 0822

33 | Triptophenolid 0,9321 0,698 -1,8339 - 0,95 0,96
e 61 622 0,79744 4618 4229

34 | Jujuboside B 1,1057 0,78 1,23435 - 1,00 1,03
82 56 5 0,53326 267 7907

35 | Specnuezheni  1,0518 0,757 0,28213 - 098 1,02
de 99 248 8 0,62132 5051 189

36 | Columbin 1,0219 0,742 - - 0,99 0,98
65 591 0,24687 0,66535 7864 5051

37 | Shanzhiside 1,1117 0,884 1,34015 - 1,00 1,00
methyl ester 68 27 7 0,23972 4271 9076
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SCREENING

38 | (-)-a-Pinene 1,3153 1,113 4,93741 0,45008 1,02 0,98
23 887 9 9 9899 0246
39 | (R)-(+)- 1,4769 1,397 7,79406 1,30134 1,04 1,09
Citronellal 7 244 9 4 9119 8772
40 | Pectolinarin 1,0518 0,762 0,28213 - 1,01 0,65
99 133 8 0,60664 3881 1895
41 | 10- 0,9740 0,723 - - 1,01 0,98
Deacetylbaccat 7 049 1,09329 0,72406 0678 6652

in 1l
42 | Cephalomanni 0,3095 0,224 - - 0,78 0,68
ne 23 732 12,8373 2,22109 8041 7133
43 | Atractylenolide  0,9980 0,708 - - 1,00 0,96
I 17 393 0,67008 0,76809 267 2627
44 | Saikosaponin 0,7465 0,459 - -1,5166 0,95 0,89
D 67 234 5,11376 3017 055
45 | Andrographolid 0,6388 0,429 - - 0,99 0,96
e 03 921 7,01819 1,60467 3059 7432
46 | Ginsenoside 1,1536 1,001 2,08077 0,11252 1,02 1,02
Rb1 77 521 2 0288 0288
47 | (+)-Camphor 1,1596 0,801 2,18657 - 098 1,01
64 217 1 0,48923 9856 228
48 | Hederacoside 1,3751 1,118 5,99543 0,46476 1,02 1,06
C 92 772 8 6 9899 3534
49 | 18a- 1,0459 0,840 0,17633 - 098 1,13
Glycyrrhetinic 13 3 6 0,37181 0246 401

acid
50 | Bilobalide 0,7525 0,796 - -0,5039 0,99 1,02
54 331 5,00795 9466 0288
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51 | Brusatol 0,1179 0,117 - - 0,45 0,40
42 251 16,2229 2,54398 6487 8436
52 | Ursolic acid 1,0399 0,742 0,07053 - 0,98 0,96
26 591 5 0,66535 3449 2627
53 | Limonin 1,0698 0,649 0,59954 - 098 097
6 767 4 094421 6652 7042
54 | Ginsenoside 0,9381 0,625 -1,7281 - 0,99 0,95
Rg1 48 34 1,01759 3059 7822
55 | Patchouli 1,0818 0991 0,81114 0,08316 0,98 1,00
alcohol 34 75 7 9 5051 267
56 | Pulchinenoside 11,1596 0,898 2,18657 - 0,99 0,99
C 64 926 1 0,19569 9466 4661
57 | Arglabin 0,7944 0,850 - - 098 1,03
62 071 4,26734 0,34246 0246 7907
58 | Hinokitiol 0,4412 0,405 - - 097 097
35 494 10,5096 1,67805 544 3839
59 | (-)-Cedrene 0,9620 0,771 - - 1,04 0,95
96 904 1,30489 0,57729 5916 7822
60 | Triptonide 0,2316 0,205 - -2,2798 0,68 0,58
93 19 14,2127 5531 7827
61 | Dipsacoside B 1,0878 0,635 0,91694 - 1,00 0,94
21 111 9 0,98824 5873 661
62 | Atractylenolide  1,0938 1,035 1,02275 0,21526 1,01 1,03
I 08 719 1 3881 9509
63 | (S)-(-)- 1,2674 1,006 4,09100 0,12719 1,00 1,07
Citronellal 28 406 5 9 1068 1543
64 | Oridonin 0,768 0,69 -1,6877 - 092 0,9
708 1566 0,81655 8819 4514
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65 | Saikosaponin 1,260 1,00 1,70276 0,06379 0,97 0,88
Cc 209 9686 5 3 2222 3681

66 | (-)-Menthol 1,181 0,79 1,16029 - 084 095
569 5301 1 052948 5486 3125

67 | Forskolin 1,548 1,18 3,69183 0,56137 0,84 0,72
556 9493 6 6 0278 9167

68 | Dihydroartemis 0,585 0,85 - - 089 0,95
inin 214 7542 2,95347 0,35724 2361 3125

69 | (S)-(-)-Perillyl 1,011 1,36 - 1,05895 0,97 0,99
alcohol 182 93 0,01507 9 0486 8264

70 | (R)-Citronellol 0,749 0,89 - - 1,02 1,02
048 9036 1,82332 0,24241 9514 7778

71 | Betulinic acid 0,984 0,91 - - 096 1,02
968 2867 0,19589 0,20414 1806 4306

72 | cis- 0,893 0,73 - - 095 0,98
Isolimonenol 221 306 0,82878 0,70172 8333 6111

73 | B-Elemene 0,880 0,71 - -0,74 0,88 0,98
115 9228 0,91919 8889 9583

74 | Ammonium 0,945 0,65 - - 092 097
glycyrrhizinate 648 6988 0,46713 0,91224 8819 5694

75 | Eleutheroside 0,834 0,73 - - 092 097
E 241 306 1,23563 0,70172 3611 0486

76 | Ginsenoside 0,775 0,71 - - 094 095
Rc 261 2313 1,64249 0,75913 6181 3125

77 | Saikosaponin 0,676 0,98 - 0,00637 096 1,06
B1 961 8939 2,32058 9 7014 0764

78 | a-Thujone 0,801 1,09 - 029344 1,00 1,08
475 2674 1,46167 6 5208 6806

79 | Carvacrol 0,880 0,82 - - 1,03 1,08
115 9879 0,91919 0,43379 2986 3333
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80 | Transcrocetin 0,781 0,69 - - 0,99 1,04
meglumine salt 814 1566 1,59728 0,81655 3056 6875
81 | Cynaropicrin 0,106 0,02 - - 080 0,57
82 7663 6,25352 2,65378 3819 6389
82 | B-Phellandrene 0,958 0,70 - - 09 1,01
755 5397 0,37672 0,77827 3542 7361
83 | Dehydroabietic 0,873 0,55 -0,9644 -1,1993 1,01 1,00
acid 561 3253 3889 1736
84 | Mogroside IV- 0,880 0,69 - - 098 1,00
A 115 8481 0,91919 0,79741 4375 1736
85 | Soyasapogeno 0,762 0,72  -1,7329 - 1,01 1,03
IB 154 6144 0,72086 0417 6458
86 | Panaxadiol 0,781 0,65 - - 1,02 1,04
814 6988 1,59728 0,91224 9514 8611
87 | Pseudolaric 0,716 0,73 - - 1,02 1,01
Acid C2 281 9975 2,04935 0,68258 4306 0417
88 | Asiaticoside B 0,755 0,80 - - 099 1,02
601 2216 1,77811 0,51034 8264 4306
89 | Bacopaside Il 0,349 0,26 - - 063 054
293 2795 4,58089 2,00309 7153 6875
90 | Mogroside II-A 0,749 0,63 - - 099 1,09
048 6241 1,82332 0,96965 8264 5486
91 | Deoxyelephant 0,074 0,15 - - 0,73 0,79
opin 053 906 6,47955 2,29016 9583 6875
92 | Platycodin D2 0,270 0,33 - - 0,75 0,76
653 1952 5,12336 1,81171 1736 0417
93 | 3-Epiursolic 0,591 0,70 - - 099 1,05
Acid 767 5397 2,90826 0,77827 1319 5556
94 | a-Terpineol 0,899 0,89 - - 0,98 1,06
775 212 0,78357 0,26155 0903 4236
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95 | Amarogentin 0,860 0,87 - - 0,98 1,03
455 1373 1,05481 0,31896 0903 2986
96 | Bacoside A3 0,749 0,59 - - 092 0,96
048 4747 1,82332 1,08448 0139 875
97 | Ursolic acid 0,808 0,73 - - 1,00 1,20
acetate 028 306 1,41646 0,70172 8681 8333
98 | (E)-B- 0,912 0,53 - - 09 0,98
Farnesene 881 2506 0,69316 1,25672 7014 7847
99 | Xanthatin 0,100 0,15 - - 0,78 0,53
266 906 6,29872 2,29016 6458 2986
100 | llexsaponin A 0,873 0,89 -0,9644 - 1,02 1,00
561 212 0,26155 7778 5208
101 | Calenduloside 0,899 1,02 - 0,10206 1,03 1,10
E 775 3517 0,78357 8 2986 9375
102 | Momordin Ic 0,827 1,10 - 033172 1,05 1,08
688 6505 1,28084 2 3819 6806
103 | Astragaloside 0,834 0,80 - -0,4912 0,97 1,07
i 241 9132 1,23563 9167 6389
104 | Cyclogalegenin 0,899 0,80 - -0,4912 0,96 1,02
775 9132 0,78357 875 9514
105 | Harpagide 0,794 0,69 - - 1,03 1,01
921 8481 1,50687 0,79741 4722 2153
106 | Diosbulbin B 0,873 0,68 -0,9644 - 094 061
561 465 0,83568 6181 2847
107 | Alismoxide 0,834 0,59 - - 1,02 0,99
241 4747 1,23563 1,08448 0833 4792
108 | Isoescin IA 0,860 0,69 - - 1,00 0,99
455 8481 1,05481 0,79741 5208 6528
109 | Dehydroandro 0,794 0,71 - - 0,96 1,00
grapholide 921 2313 1,50687 0,75913 1806 6944
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110 | Rubusoside 0,834 0,92 - - 1,056 1,08

241 6698 1,23563 0,16586 3819 1597

111 | Stevioside 0,860 1,05 - 019775 1,06 1,04

455 8096 1,05481 7 25 1667

112 | Linderalactone 0,827 0,80 - - 0,99 0,99

688 2216 1,28084 0,51034 8264 8264

113 | Barlerin 0,958 0,80 - -04912 1,02 0,99

755 9132 0,37672 4306 6528

114 | Madecassosid 0,886 0,74 - - 1,05 1
e 668 6891 0,87399 0,66344 9028

115 | Astragaloside 0,925 0,82 - - 1,03 1,06

v 988 9879 0,60275 0,43379 8194 9444

116 | Isoalantolacton 0,309 0,20 - - 1,00 0,89

e 973 0554 4,85213 2,17533 8681 2361

117 | Sweroside 0,952 0,71 - - 1,03 0,95

202 2313 0,42192 0,75913 9931 1389

118 | Aucubin 0,840 0,89 - - 1,02 1
795 9036 1,19043 0,24241 7778

119 | Loganin 0,893 1,15 - 046568 1,02 1,07

221 4915 0,82878 7 0833 8125

120 | Astragaloside| 0,945 1,18 - 054223 1,11 1,06

648 2578 0,46713 8 1111 0764

121 | Orientin 0,847 0,98 - 0,00637 097 0,87

348 8939 1,14522 9 0486 3264

122 | Linalool 0,801 0,80 - -04912 0,96 0,89

475 9132 1,46167 875 2361

123 | Eupalinolide B 0,264 0,25 - - 0,93 0,85

1 5879 5,16857 2,02223 9236 9375

124 | Crocin Il 0,998 0,81 - - 1,05 0,92

075 6048 0,10548 0,47207 0347 3611
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125 | Cucurbitacin E 0,165 0,21 - - 0,51 0,52
8 4385 5,84666 2,13706 9097 0833
126 | Alisol B 23- 1,096 1,43 0,57261 1,25033 1,07 1,02
acetate 375 8457 1 7 8125 9514
127 | Artemether 0,414 0,51 - - 086 096
419 4534 4,96309 4,81495 6856 7293
128 | Esculentoside 0,959 1,02 0,08862 - 086 0,98
A 329 3776 7 0,23778 0675 2745
129 | Pseudoginsen 1,174 1,30 2,08272 2,25886 0,87 0,89
oside F11 426 1545 7 6 1491 0033
130 | Valepotriate 0,292 0,34 - - 020 0,16
531 9195 6,09308 6,30105 5511 5336
131 | Pseudolaric 1,267 1,19 2,94683 1,30776 0,86 0,99
Acid C 634 5728 7 4 0675 3562
132 | Ginkgolide B 1,203 1,15 2,34860 0,95110 0,81 0,98
105 6047 7 1 8954 12
133 | Oxypaeoniflori 0,973 0,85 0,22156 - 1,10 1,00
n 669 8438 7 1,72387 3271 5923
134 | Retinyl acetate 0,694 0,81 - - 09 094
044 2143 2,37076 2,13998 4932 257
135 | Maslinic acid 0,794 0,95 - - 093 0,98
422 7641 1,44018 0,83221 948 429
136 | Curdione 0,973 1,06 0,22156 0,05944 0,93 0,91
669 6844 7 4 6389 4757
137 | Asiaticoside 0,973 0,72 0,22156 - 0,76 0,9
669 6167 7 291275 0237 2395
138 | Pachymic acid 0,937 0,80 - - 0,79 0,93
82 5529 0,11078 2,19942 1141 3299
139 | Alisol B 1,031 1,03 0,75332 - 0,77 0,95
028 039 7 0,17833 1053 9567
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140 | Notoginsenosi 1,031 0,97 0,75332 - 0,86 0,95
de R1 028 7481 7 0,65388 222 4932
141 | Liriope muscari 1,152 1,25 1,88331 1,84275 0,97 1,08
baily saponins 916 525 7 9 6565 6273

C
142 | Nomilin 0,880 1,00 - - 1,04 1,01
461 3936 0,64254 0,41611 7644 5194
143 | alpha- 0,930 0,89 - - 094 0,96
Boswellic acid 65 1505 0,17725 1,42665 5661 1113
144 | Neoandrograp 0,901 0,88 - -1,4861 0,92 0,97
holide 97 4892 0,44313 8663 6565
145 | Panaxatriol 0,794 0,89 - - 0,90 0,94
422 8119 1,44018 1,36721 8576 4115
146 | Ginsenoside 0,973 0,70 0,22156 - 087 09
Rh2 669 6326 7 3,09108 3036 257
147 | 8-O- 0,959 0,85 0,08862 - 085 094
Acetylharpagid 329 1824 7 1,78331 2949 7206

e
148 | Ginsenoside 0,837 0,87 - - 081 096
Rh3 441 8278 1,04136 1,54554 5864 7293
149 | Ginsenoside 0,980 1,10 0,28803 0,53499 0,86 0,99
Ro 839 9752 7 4 3765 2016
150 | Ginsenoside 0,930 1,01 - - 094 1,07
Rg2 65 7163 0,17725 0,29722 257 7002
151 | Picroside | 0,887 0,95 - - 09 0,96
631 7641 0,57607 0,83221 7293 1113
152 | Ginkgolide J 0,858 0,89 - - 095 097
951 1505 0,84195 1,42665 1841 1929
153 | Rebaudioside 0,988 0,99 0,35450 - 090 0,95
D 009 7322 7 0,47555 394 8022
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154 | Cucurbitacin B 0,120 0,25 - - 0,43 0,35
454 6605 7,68836 7,13326 8836 2305
155 | Madecassic 0,772 0,90 - - 080 099
acid 913 4733 1,63959 1,30776 0412 8197
156 | Tenuifolin 0,937 1,01 - - 091 1,00
82 7163 0,11078 0,29722 7847 5923
157 | Astragaloside 0,901 0,92 - - 099 0,9
I 97 4573 0,44313 1,12943 0471 4932
158 | Ziyuglycoside 0,651 0,64 - - 0,92 0,94
I 025 0191 2,76958 3,68552 4028 4115
159 | Ginkgolide C 1,009 0,88 0,55391 -1,4861 0,97 0,96
519 4892 7 5019 5748
160 | Escin IB 0,808 0,79 - - 089 0,93
762 2302 1,30724 2,31831 9305 0209
161 | Ecliptasaponin 0,988 0,77 0,35450 - 089 0,88
A 009 2462 7 249664 6214 2307
162 | Genipin 1-B-D- 0,887 0,54 - - 083 085
gentiobioside 631 7601 0,57607 4,51773 9042 913
163 | Ganodericacid 0,909 0,80 - - 083 09
A 14 5529 0,37666 2,19942 7497 1025
164 | Nootkatone 0,880 0,98 - - 0,93 0,93
461 4095 0,64254 0,59444 4844 1754
165 | Wilforgine 0,980 1,08 0,28803 0,35666 0,91 1,11
839 9912 7 3 7847 5632
166 | Araloside VII 0,916 0,73 - -2,85633 092 0,95
31 278 0,31019 2483 9567
167 | Scabertopin 0,120 0,24 - - 088 085
454 3378 7,68836 7,25215 8488 7584
168 | Tracheloside 0,901 0,74 - - 087 0,88
97 6008 0,44313 2,73442 9217 6943
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169 | Lupenone 1,009 0,78 0,55391 - 098 097
519 5689 7 237775 429 3474
170 | Rebaudioside 0,830 0,65 - - 094 093
M 272 3418 1,10783 3,56663 7206 0209
171 | Ingenol 0,815 0,69 - - 088 0,89
932 3099 1,24077 3,20997 0762 3124
172 | Ganodericacid 0,944 0,79 - - 089 094
D 99 2302 0,04431 2,31831 0033 1025
173 | Ginsenoside 0,794 0,95 - - 0,88 0,92
Rg5 422 7641 1,44018 0,83221 3853 8663
174 | Isosteviol 0,959 1,03 0,08862 - 09 1,07
329 7003 7 0,11889 6477 5457
175 | Atractyloside 0,959 0,93 0,08862 - 067 0,92
(potassium 329 1187 7 1,06999 2161 2483

salt)
176 | Pulsatilla 0,091 0,19 - -7,7277 0,14 0,14
saponin D 774 047 7,95424 8339 2158
177 | (20R)- 0,909 0,86 - - 096 095
Ginsenoside 14 5051 0,37666 1,66443 4203 8022

Rh1
178 | Betulonic acid 0,837 0,73 - -2,85633 0,81 0,85
441 278 1,04136 2774 913
179 | Bisabolangelon 0,794 0,62 - - 09 0,9
e 422 6964 1,44018 3,80441 5485 8576
180 | Euscaphic acid 0,909 0,69 - - 0,91 0,94
14 9713 0,37666 3,15052 9392 7206
181 | Euphorbia 1,117 1,10 1,55096 0,47555 0,87 0,94
Factor L1 067 3139 7 1 7672 1025
182 | Euphorbia 0,392 0,60 -5,1625 - 087 0,81
Factor L2 909 7123 3,98274 7672 5864
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183 | Farnesol 0,801 1,07 - 023777 095 1,03

592 6685 1,37371 5 0296 8372

184 | 2,2'- 0,988 0,85 0,35450 - 088 0,93

Anhydrouridine 009 8438 7 1,72387 0762 1754

185 | (1R)-a-Pinene 0,701 0,87 - - 087 0,98

214 8278 2,30429 1,54554 4582 8926

186 | Citral 0,916 0,81 - - 09 0,93

31 2143 0,31019 2,13998 8576 4844

187 | Mogroside A1 0,772 1,07 - 017833 0,83 0,92

913 0071 1,63959 1 2861 8663

188 | Glycochenode 0,858 1,05 - 0 089 1,01

oxycholic acid 951 023 0,84195 7759 3649
(sodium salt)

189 | Isoastragalosid 0,995 1,46 0,42097 3,68551 0,86 0,98

elVv 179 027 7 7 531 2745

190 | Cauloside D 1,093 1,36 1,30930 9,33333 1,05 0,93

784 0151 7 3 5606 8924

191 | Mogroside IV 0,950 1,28 0,56736 5,66666 1,07 0,91

199 1364 7 7 5661 7046

192 | Ginkgolide K 0,781 1,19 - 166666 1,10 0,89

275 5414 0,30551 7 1185 1522

193 | Mogroside |[E1 0,730 1,23 - 333333 1,001 0,79

597 1227 0,56737 3 5497 6718

194 | Steviolbioside 0,739 1,36 - 933333 1,04 0,76

043 0151 0,52372 3 1021 7548

195 | Rosamultin 0,907 1,28 0,34914 566666 1,05 0,94

968 1364 9 7 5606 6217

196 | Acanthopanax 0,891 1,12 0,26186 - 1,09 1,09

oside B 075 379 1 1,66667 3892 5716
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197 | Ergolide 0,156 0,33 - - 1,04 094

255 5919 3,53513 38,3333 2844 (0747

198 | Incensole 0,815 1,06 - - 1,1 1,10

Acetate 059 649 0,13093 4,33333 7593 3008

199 | Citronellol 0,502 1,10 - - 1,11 0,99

55 2302 1,74574 2,66667 0301 9088

200 | Carboxyatracty 0,519 1,13 - - 1,08 0,98

loside 442 0952 1,65846 1,33333 113 0857
(dipotassium)

201 | Geraniol 0,544 0,98 - - 1,05 0,96

781 0541 1,52753 8,33333 9253 6272

202 | Cafestol 0,468 1,03 - -6 1,07 0,98

765 0678 1,92032 7484 268

203 | Mogroside IlI-E 0,781 1,20 - 233333 1,06 1,08

275 9739 0,30551 3 6545 4777

204 | Gymnemic 1,507 1,34 3,44784 8,66666 1,10 1,08

acid | 649 5826 3 7 8478 4777

205 | Zingibroside 0,958 1,16 061101 0,33333 1,29 1,08

R1 645 6764 3 9909 2954

206 | Arnicolide D 0,105 0,19 - - 084 0,72

578 9833 3,79699 44,6667 0474 7438

207 | (-)-Limonene 0,789 1,08 - - 1,12 1,07

721 0815 0,26186 3,66667 124 2015

208 | Carveol 0,536 1,06 - - 1,12 1,00

334 649 1,57117 4,33333 3063 8204

209 | Cimigenol 0,561 0,99 - - 1,07 0,97

673 4865 1,44024 7,66667 2015 9034

210 | Ganoderenic 0,595 1,03 - - 1,08 0,98

acid A 458 784 1,26566 5,66667 113 4503
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211 | Polyporenic 0,663 1,03 - - 1,02 0,98
acid C 028 784 091652 5,66667 0966 6326
212 | y-Terpinene 0,375 1,12 -2,4004 - 1,09 1,04
856 379 1,66667 2069 1021
213 | Verbenone 1,338 1,15 2,57497 9,04E- 1,12 1,12
725 9602 1 15 6709 8532
214 | Britannin 0,215 0,32 - -39 1,04 0,98
378 1594  3,22962 1021 0857
215 | Terpinen-4-ol 0,865 1,10 0,13093 - 112 1,11
737 2302 1 2,66667 3063 7593
216 | Abietic acid 0,646 0,95 -1,0038 - 110 1,06
135 9053 9,33333 1185 6545
217 | Perillyl alcohol 0,815 0,99 - - 1,03 1,03
059 4865 0,13093 7,66667 9198 3728
218 | 26- 0,755 1,06 - - 097 0,98
Deoxyactein 936 649 0,43644 4,33333 5387 6326
219 | Saikosaponin 0,772 1,07 - -4 1,14 1,10
B4 828 3652 0,34915 3118 6655
220 | Mogroside IIA1 0,975 1,15  0,69829 9,04E- 1,32 1,10
537 9602 7 15 5433 8478
221 | Paederoside 0,857 1,01 0,08728 - 1,11 115
29 6353 7 6,66667 7593 588
222 | 8-Epidiosbulbin 0,983 1,13 0,74194 - 1,13 1,13
E acetate 984 0952 1 1,33333 0356 4002
223 | (-)-Fenchone 0,865 1,04 0,13093 - 112 1,11
737 5003 1 5,33333 6709 577
224 | Guaiazulene 0,764 1,06 - - 1,08 1,10
382 649 0,39279 4,33333 66 4831
225 | Beta-Eudesmol 0,806 1,00 - - 1,07 1,08
613 2028 0,17457 7,33333 2015 2954

335



COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
226 | B-Elemonic 1,161 1,15 1,65845 9,04E- 1,05 1,00
acid 354 9602 6 15 0137 2735
227 | Levomenol 1,203 1,12 1,87667 - 1,05 0,29
585 379 4 1,66667 9253 3528
228 | Hederacolchisi 0,291 0,50 - - 0,22 0,21
de A1 394 0656 2,83683 30,6667 9717 1486
229 | Polygalacin D 0,342 0,42 - - 085 0,78
072 1869 2,57497 34,3333 6882 5779
230 | Formosanin C 0,071 0,17 - - 0 -
793 8345 3,97157 45,6667 0,01
094
231 | Phytol 1,000 1,12 0,82922 - 115 1,11
876 379 8 1,66667 588 3947
232 | Erythrodiol 0,739 0,94 - -10 1,10 1,05
043 4728 0,52372 3008 9253
233 | Agnuside 0,747 0,98 - - 1,11 1,05
49 0541 0,48008 8,33333 2124 7429
234 | Fenchyl 0,595 1,03 - - 1,06 1,00
alcohol 458 784 1,26566 5,66667 2899 4558
235 | Mogroside lle 0,730 1,13 - -1 1,04 0,92
597 8115 0,56737 649 0693
236 | Pseudolaric 0,451 0,78 -2,0076 - 092 087
Acid B 872 7154 17,3333 2516 3291
237 | Carabrone 0,409 0,82 - - 1,07 0,91
641 2966 2,22582 15,6667 7484 5223
238 | Notoginsenosi 0,967 1,14  0,65465 - 1,31 1,10
de Fa 091 5277 4 0,66667 4494 4831
239 | Paederosidic 1,017 1,11 0,91651 2 113 1,15
acid 768 6627 5 5825 2233

336



COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING

240 | Ganodericacid 0,857 1,08 0,08728 - 1,13 1,05

G 29 7977 7 3,33333 9471 7429

241 | 20(R)- 0,806 1,10 - - 1,11 1,04

Ginsenoside 613 9465 0,17457 2,33333 577 2844
Rh2

242 | (-)-a-Terpineol 0,671 1,00 - -7 1,11 1,02

474 919 0,87287 2124 6436

243 | Ponicidin 0,299 0,50 - - 1,04 0,75

841 7818 2,79319 30,3333 8314 1139

244 | Picfeltarraenin 0,612 0,93 - - 1,06 0,97

IB 35 0403 1,17838 10,6667 6545 1741

245 | Steviol 0,696 1,23 - 333333 1,10 1,08

812 1227 0,74194 3 6655 66

246 | Uvaol 0,764 1,19 - 166666 1,13 0,92

382 5414 0,39279 7 4002 9809

247 | Platycodin D 0,308 0,40 - - 0,76 0,45

287 0381 2,74955 35,3333 0255 7612

248 | Kinsenoside 0,772 1,25 - 433333 1,09 0,84

828 2714 0,34915 3 9362 2297

249 | Handelin 0,494 0,92 - 11 1,03 0,62

103 3241 1,78939 7375 3519

250 | Gypsogenin-3- 0,570 1,23 - 333333 1,17 0,70

O-glucuronide 119 1227  1,39659 3 5934 1914

251 | Artemisic acid 0,494 0,69 - - 1,03 0,61

103 4042 1,78939 21,6667 9198 6226

252 | Catalpol 0,291 1,11 - -2 1,09 0,69

394 6627 2,83683 7539 4622

253 | Micheliolide 0,669 0,51 - - 085 0,94

209 3229 2,71142 1,44105 9451 8304

337



COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING

254 | Podocarpic 0,939 0,76 - - 0,89 0,99
acid 096 4908 0,93205 0,54842 6607 5153
255 | Cucurbitacin 1,016 0,63 - - 092 0,95
Ib 206 6601 0,42366 1,00348 8918 7997
256 | Tubeimoside | 0,520 0,49 - - 068 0,80
496 3489 3,69189 1,51106 9822 7754
257 | Ingenol-5,20- 1,071 0,99 - 025670 0,90 0,92
acetonide 285 1913 0,06052 5 1454 4071
258 | Clinodiside A 1,175 0,89 0,62943 - 089 0,93
935 3215 7 0,09335 8223 8611
259 | 7beta- 0,928 0,73 - - 1,00 0,99
Hydroxylathyro 08 0364 1,00468 0,67093 3231 5153

I
260 | Asperuloside 0,933 0,71 - - 096 0,95
588 5559 0,96836 0,72344 1228 7997
261 | Hastatoside 0,884 0,71 - - 09 0,99
017 0624 1,29519 0,74094 9305 3538
262 | (20R)- 0,889 0,69 - - 095 094
Protopanaxadi 525 582 1,25887 0,79345 7997 8304

ol
263 | Ingenol-5,20- 0,839 0,63 -1,5857 - 09 094
acetonide-3-O- 954 6601 1,00348 4459 6688

angelate

264 | Gibberellic acid 0,878 0,72 -1,3315 - 0,95 0,94
509 0494 0,70594 9612 1842
265 | Tubeimoside Il 0,212 0,20 - - 038 0,39
054 7265 5,72545 2,52621 2876 0953
266 | Macranthoidin 1,065 1,08 - 0,58925 0,90 0,89
A 777 5676 0,09684 4 9532 3376

338



COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING

267 | Buddlejasaponi 1,286 1,38 1,35571 1,65691 1,02 1,11

n Vb 093 6705 3 1002 6317

268 | Polygalasaponi 0,850 0,75 - - 1,01 0,97

nV 97 5039 1,51307 0,58342 1309 2536

269 | Glaucocalyxin 0,129 0,08 - - 0,88 0,77

A 435 8828 6,27016 2,94627 6914 706

270 | Pristimerin 0,079 0,08 - - - -

864 3893 6,59698 2,96377 0,03 0,04

231 2

271 | Macranthoidin 0,917 0,65 - - 098 099

B 064 6341 1,07731 0,93347 8691 0307

272 | Raddeanin A 0,123 0,10 - - 0,04 0
928 8568 6,30647 2,87626 685

273 | Ganodericacid 0,900 0,64 - - 097 092

B 541 6471 1,18625 0,96848 2536 7302

274 | Swertiamarin 1,010 0,81 - - 0,96 0,95

698 4257 0,45997 0,37339 1228 1535

275 | Benzoylpaeonif 0,972 0,81 - - 098 0,93

lorin 143 4257 0,71417 0,37339 0614 2149

276 | Araloside A 1,302 1,32 1,46465 1,42938 1,07 1,02

617 2551 1 1082 5848

277 | Chikusetsusap 0,889 0,68 - - 097 0,99

onin Iva 525 595 1,25887 0,82846 8998 3538

278 | Parishin 0,884 0,70 - - 1,02 0,94

017 0755 1,29519 0,77595 2617 6688

279 | Furanodienone 0,850 0,66 - - 0,99 0,90

97 621 1,51307 0,89847 5153 3069

280 | Mogrol 1,010 0,79 - -0,4259 0,97 0,90

698 9453 0,45997 5767 3069

339



COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING

281 | 11-Keto-beta- 1,027 0,85 - - 095 094

boswellic acid 222 3736 0,35103 0,23337 7997 0226

282 | 14-Deoxy- 0,988 0,85 - - 089 0,82

11,12- 667 3736 0,60523 0,23337 0145 391
didehydroandr

ographolide

283 | Picfeltarraenin 0,977 0,82 - - 098 099

IA 651 4127 0,67785 0,33838 2229 5153

284 | Nerolidol 0,939 0,65 - - 1,03 0,97

096 6341 0,93205 0,93347 8772 7383

285 | Ginsenoside 0,873 0,73 - - 100 1,01

Rg6 001 5299 1,36781 0,65343 9693 7771

286 | B- 0,977 0,71 - - 099 0,98

Caryophyllene 651 0624 0,67785 0,74094 6769 7076

287 | Camphor 0,983 0,68 - - 098 0,96

159 1015 0,64154 0,84596 8691 6074

288 | Isoastragalosid 0,966 0,88 - - 0,98 0,97

el 635 3346 0,75048 0,12835 7076 8998

289 | Alisol C 23- 0,972 1,00 - 030921 096 0,98

acetate 143 6718 0,71417 3 9305 0614

290 | AKBA 1,104 1,01 0,15735 0,34421 1,05 1,00

333 6588 9 8 0081 6462

291 | Notoginsenosi 1,324 1,14 1,60990 0,81678 1,01 1,05

de R2 648 983 5 8 6155 9774

292 | Pleuromutilin 0,928 0,79 - -0,4434 096 1,05

08 4518 1,00468 9305 0081

293 | Pseudoginsen 1,087 0,88 0,04841 - 0,97 0,97

oside RT1 809 8281 8 0,11085 7383 4152

294 | Shionone 0,856 0,69 - - 1,02 1,01

477 582 1,47676 0,79345 2617 7771

340



COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING

295 | Bevirimat 0,884 0,67 - - 1,02 1,01

017 1145 1,29519 0,88096 2617 2924

296 | Kaurenoicacid 0,966 0,78 - -0,4609 1,00 1,01

635 9583 0,75048 1616 1309

297 | Phorbol 0,900 0,90 - - 094 097

541 3085 1,18625 0,05834 9919 4152

298 | Isoastragalosid 0,988 0,94 - 0,09918 0,99 0,98

ell 667 7499 0,60523 1 8384 2229

299 | Quillaic acid 1,126 1,10 0,30261 0,64176 1,02 1,00

364 0481 4 2 2617 1616

300 | Tussilagone 1,021 1,02 - 036172 0,98 1,03

714 1523 0,38735 1 2229 0695

301 | 20- 0,537 0,68 - - 1,07 1,06

Deoxyingenol 02 595 3,568295 0,82846 2698 3005

302 | Ginsenoside 0,889 0,73 - - 093 098

Rk3 525 0364 1,25887 0,67093 538 546

303 | Esculentoside 0,895 0,75 - - 0,95 1,01

H 033 5039 1,22256 0,58342 315 454

304 | Verbenalin 0,922 0,74 - - 091 0,99

572 5169 1,04099 0,61843 5994 0307

305 | Ambroxide 0,983 0,79 - -0,4259 0,92 1,00

159 9453 0,64154 7302 1616

306 | Euphorbiastero 0,983 1,01 - 032671 0,93 1,02

id 159 1653 0,64154 5 8611 2617

307 | Acevaltrate 0,179 0,16 - - 0,44 0,50

007 2851 5,94333 2,68373 1034 727

308 | Methyl 1,076 1,21 - 1,06182 0,89 1,01

deacetylasperu 793 8918 0,02421 5 6607 6155
losidate

341



COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING

309 | Oleanonic acid 1,137 1,13 0,37524 0,76428 0,93 0,97
38 5025 1 1 538 8998
310 | Ginsenoside 1,010 0,81 - - 095 098
C-K 698 4257 0,45997 0,37339 7997 0614
311 | Cucurbitacin D 0,267 0,38 - - 0,53 0,56
133 4922 536232 1,89612 4733 5428
312 | 3- 0,889 0,76 - - 1,04 0,97
Dehydrotramet 525 9843 1,25887 0,53091 0388 7383

enolic acid
313 | Polygalaxantho 0,988 1,04 - 043173 096 1,03
ne I 667 1262 0,60523 1 769 5541
314 | Cedrol 1,049 1,07 - 0555424 0,93 1,01
254 5807 0,20578 9 3764 9386
315 | Cimiracemosid 1,010 1,31 - 141187 0,96 1,08
eD 698 7616 0,45997 7 2843 4006
316 | Maoecrystal A 0,863 0,86 - -0,3277 0,93 0,93
655 8096 0,70769 2976 1367
317 | Ursonic acid 0,815 0,65 -0,969 - 092 092
203 0467 0,84817 6542 0107
318 | Cucurbitacin 0,827 0,72 - - 0,96 0,91
lla 316 9055 0,90367 0,66022 5147 3673
319 | Phytolaccageni 0,942 0,80 - - 09 0,88
n 39 7643 0,28308 0,47227 8713 9544
320 | (20R)- 0,912 0,75 - - 094 091
Ginsenoside 107 3236 0,44639 0,60239 1019 0456

Rg3

321 | Hederagenin 1,075 1,05 0,43550 0,12047 0,92 1,20
632 5498 4 8 3324 3217
322 | Glycyrrhizic 0,881 0,80 -0,6097 - 099 1,10
acid 825 1598 0,48673 4102 0268

342



COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
323 | Mogroside II- 0,845 0,65 - - 1,03 0,99
A2 486 6512 0,80568 0,83371 2708 0885
324 | Ingenol 0,815 0,56 -0,969 - 1,02 0,99
Mebutate 203 5834 1,05057 9491 2493
325 | alpha-Bisabolol 0,899 0,68 - - 098 0,99
994 0693 0,51172 0,77588 9276 571
326 | Plantamajoside 0,845 0,51 - - 1,00 0,98
486 1427 0,80568 1,18069 6971 2842
327 | Tripterin 0,106 0,13 - -2,0915 0,04 0,02
594 0577 4,79054 1823 7346
328 | Guggulsterone 0,354 0,29 - - 094 0,93
91 3798 3,45137 1,70115 1019 4584
329 | Gynostemma 1,105 0,93 0,59881 - 0,93 0,97
Extract 915 4593 7 0,16867 4584 4799
330 | Artemisinin 0,645 0,68 - - 094 1.1
622 0693 1,88355 0,77588 7453 1528
331 | Saikosaponin 0,766 0,71  -1,2303 - 1,04 1,05
B2 751 0919 0,70359 2359 2011
332 | Alantolactone 0,094 0,07 - - 092 0,89
481 0125 4,85586 2,23607 4933 2761
333 | Ginsenoside 0,863 0,59 - - 1,01 0,99
Rb3 655 606 0,70769 0,97828 8231 7319
334 | Ginsenoside 0,906 0,72 - - 1,01 096
F2 051 9055 0,47905 0,66022 5013 8365
335 | Myricitrin 0,809 0,57 - - 097 1,00
147 7924 1,00166 1,02165 319 2145
336 | Albiflorin 0,930 0,88 -0,3484 - 094 0,98
277 6231 0,28433 1019 445
337 | Lasalocid 0,367 0,37 - -1,5132 0,83 0,89
(sodium) 023 2386 3,38604 6461 2761

343



COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING

338 | (-)-Myrtenal 0,881 1,00 -0,6097 - 094 1,02
825 1091 0,00964 9062 7882

339 | Ginkgolide A 1,136 1,25 0,76213 0,59757 0,93 1,11
197 4991 1 1 941 7962

340 | Geniposidic 0,760 0,66 - - 1,02 1,00
acid 695 8603 1,26296 0,80479 7882 6971

341 | Betulinaldehyd 0,784 0,60 - - 099 1,01
e 921 8151 1,13231 0,94937 8928 1796

342 | Ginsenoside 0,899 0,65 - - 0,98 1,01
Rd 994 6512 051172 0,83371 7668 8231

343 | Lasalocid 0,524 0,49 - - 086 0,88
492 3291 2,53681 1,22406 5416 9544

344 | Geniposide 0,954 0,92 - - 092 0,96
503 2503 0,21775 0,19758 4933 8365

345 | Santonin 1,033 1,00 0,20686 - 097 096
237 1091 4 0,00964 4799 8365

346 | Curcumol 0,906 0,75 - - 0,97 1,02
051 9281 0,47905 0,58793 319 1448

347 | Echinocystic 0,833 0,74 - - 1,00 1,03
acid 373 1146 0,87101 0,63131 6622 5925

348 | Punicalagin 0,106 0,09 - - 1,00 1,00
594 4306 4,79054 2,17824 0536 2145

349 | 7-epi-Taxol 0,318 0,28 - - 081 0,76
571 1708 3,64734 1,73007 3941 8901

350 | Oleuropein 0,839 0,62 - -0,906 0,92 1,03
429 6286 0,83834 4933 1099

351 | Hederacoside 0,966 0,73 - - 0,87 0,96
D 616 51 0,15243 0,64576 5067 9973

352 | Cryptotanshino 0,379 0,38 - - 0,85 0,91
ne 136 4477 3,32071 1,48429 0938 8499

344



COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
353 | Bakuchiol 0,748 0,72 - - 092 097
582 301 1,32829 0,67468 3324 6408
354 | Paeoniflorin 1,148 1,53 0,82745 1,26261 0,91 1,14
31 3071 7 689 8525
355 | Orcinol 0,887 0,75 - - 1,03 1,06
glucoside 881 3236 0,57704 0,60239 1099 9705
356 | Atractylenolide 0,869 0,65 - - 1,00 1,02
I 712 6512 0,67503 0,83371 8579 1448
357 | Saikosaponin 0,893 0,75 - - 1,02 1,00
A 938 3236 0,54438 0,60239 1448 8579
358 | Genipin 0,797 0,72 - - 098 1,02
034 301 1,06698 0,67468 445 1448
359 | Paclitaxel 0,300 0,30 - - 085 0,85
402 5889 3,74533 1,67224 7373 5764
360 | Kansuinine A 0,730 0,68 - - 091 095
412 6739 1,42627 0,76142 3673 3887
361 | Parthenolide 0,264 0,35 - - 09 0,95
063 4251 3,94131 1,55658 8847 7105
362 | Euphol 1,009 1,00 0,07621 0,00481 0,94 1,01
011 7136 3 9 1019 3405
363 | Corosolic acid 1,093 1,27 0,53349 0,65540 0,95 1,18
802 9171 2 1 8713 2306
364 | Pulchinenoside 0,918 0,83 - - 1,00 1,08
A 164 7869 0,41373 0,39999 8579 0965
365 | Oleanolic Acid 0,827 0,72 - - 1,00 0,95
316 9055 0,90367 0,66022 8579 8713
366 | Toosendanin 0,227 0,18 - - 0,89 0,81
724 4984 4,13728 1,96138 7587 8767
367 | Asperosaponin 0,809 0,68 - - 0,98 0,98
VI 147 6739 1,00166 0,76142 9276 6059

345



COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
368 | Atractyloside A 0,893 0,81 - - 09 1,00
938 3688 0,54438 0,45782 5147 6971
369 | Emodin-8- 0,972 0,77 - - 098 0,98
glucoside 672 1372 0,11976 0,55902 7668 1233
370 | Triptolide 0,136 0,16 - - 061 0,66
877 6848 4,62723 2,00476 6086 4343
371 | alpha-Hederin 0,778 0,97 - - 088 0,97
864 0865 1,16497 0,08193 4718 9625
372 | Escin 1,063 1,20 0,37017 0,48191 0,83 0,98
519 6629 8 2 4853 7668
373 | Ganodericacid 0,942 0,77 - - 098 1,06
N 39 1372 0,28308 0,55902 9276 4879
374 | Alisol F 0,881 0,81 -0,6097 - 09 1,01
825 3688 0,45782 8365 3405
375 | Ginsenoside 0,809 0,75 - - 09 1,03
Rk1 147 9281 1,00166 0,58793 0804 9142
376 | Gypenoside LI 0,797 0,65 - - 0,87 0,99
034 0467 1,06698 0,84817 6676 571
377 | Squalene 0,906 0,86 - -0,3277 0,81 1,00
051 8096 0,47905 8767 8579
378 | 18pB- 0,966 1,21 - 051082 0,90 1,14
Glycyrrhetinic 616 8719 0,15243 7 4021 37
acid
379 | Mogroside IlI 1,089 0,90 0,02220 - 086 084
391 4512 6 0,04922 961 4675
380 | 3-O-Acetyl-11- 1,046 0,92 - 0,07383 0,86 0,86
hydroxy-beta- 289 8735 0,24426 3 4935 1818
boswellic acid
381 | Rotundic acid 0,943 0,91 - 6,75E- 0,88 0,88
923 4201 0,87713 16 5195 0519

346



COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
382 | Siamenoside | 1,057 1,14 - 1,18132 1,38 0,90
065 6748 0,17765 7013 2338
383 | Dehydroandro 1,132 1,25 0,28867 1,74737 0,81 0,97
grapholide 492 8177 5 974 7143
succinate
384 | Inulicin 1,057 1,26 - 1,77198 0,84 0,98
065 3022 0,17765 1 4675 026
385 | B-D- 1,008 0,85 - - 093 09
glucopyranosyl 575 6064 0,47742 0,29533 039 2208
-[o-L-
rhamnopyrano
syl-(1—3)-BD-
glucuronopyra
nosyl-(1—3)]-
3B-
hydroxyolean-
12-ene28-oate
386 | Picroside Il 1,030 0,80 - - 09 0,89
126 7617 0,34419 0,54144 0649 6104
387 | Ingenol- 0,992 0,79 - - 125 0,92
3,4,5,20- 412 3083 0,57735 0,61527 4545 7273
diacetonide
388 | 1,4-Cineole 0,938 0,78 - - 088 092
535 8238 0,91044 0,63988 8312 5714
389 | Gypenoside 0,922 0,70 - - 0,83 1,21
XLVI 372 1033 1,01036 1,08288 8442 8701
390 | Brevilin A 0,119 0,14 - - 0,77 0,72
607 3889 597335 3,91312 4545 4675
391 | Monotropein 0,938 0,75 - - 0,83 0,89
535 4325 0,91044 0,81216 3766 9221

347



COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
392 | Rehmanniosid 0,992 0,88 - - 084 1,25
eD 412 9977 0,57735 0,12305 4675 1429
393 | 11-oxo- 1,294 1,36 1,28793 2,31341 1,02 1,18
mogroside V 123 9606 5 9 0779 7532
394 | Ginsenoside 0,976 0,78 - - 0,93 0,99
Rb2 249 3393 0,67728 0,66449 974 5844
395 | Notoginsenosi 0,960 0,77 -0,7772 -0,6891 0,90 0,96
de Fe 086 8549 0779 1558
396 | Dipotassium 0,954 0,66 - - 0,94 0,90
glycyrrhizinate 698 2275 0,81051 1,27976 5974 2338
397 | Sinigrin 1,137 0,93 0,32198 0,09844 0,94 0,92
88 358 4 3 2857 2597
398 | Notoginsenosi 0,970 0,74 - - 0,88 0,91
de Ft1 862 948 0,71058 0,83677 0519 7922
399 | Wilforlide A 0,927 0,73 - - 084 091
76 9791 0,97705 0,88599 3117 013
400 | Betulin 0,916 0,73 - -0,9106 0,81 0,86
985 4946 1,04367 3506 961
401 | Lupeol 0,981 0,86 - - 083 0,88
637 0909 0,64397 0,27072 2208 987
402 | Kalii 1,267 1,26 1,12139 1,79659 0,98 1,16
Dehydrograph 184 7867 2 1 6494 5714
olidi Succinas
403 | Tanshinone | 0,739 0,54 - - 0,90 0,94
191 6001 2,14286 1,87042 0779 1299
IN-HOUSE LIBRARY 1-
SEAWEED_COMPOUNDS_
30.05.2022_CNAP-M2
404 | A - Fucoidan - 0,987 0,73 - - 0,96 0,94
Laminarina 025 9791 0,61066 0,88599 9351 4416
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING

japonica_non-
filtered

405 | FCSP - 1,003 0,75 - - 092 093
Cladosiphon 188 4325 0,51073 0,81216 7273 3506
Okamuranus

406 | Fucogalactan - 0,960 0,74 -0,7772 - 0,87 0,91
from Undaria 086 948 0,83677 4286 4805
pinnatifida

407 | Fucoidan-Fucus 1,024 0,77 -0,3775 -0,6891 0,86 0,91
serratus 738 8549 4935 7922

408 | Fucoidan - 0,976 0,86 - - 093 093
Alaria 249 0909 0,67728 0,27072 3506 8182

409 | Laminaran - 0,997 0,82 - -0,443 0,93 0,95
from Laminaria 8 6996 0,54404 6623 5325
cloustoni

410 | Fucoidan - 1,008 0,75 - - 091 096
Durvillea 575 917 0,47742 0,78755 4805 1558

411 | Fucoidan - 1,003 0,75 - - 092 096
Ecklonia 188 4325 0,51073 0,81216 4156 3117

412 | Laminaran - 1,003 0,73 - - 081 093
from Thallus 188 0101 0,51073 0,93521 6623 8182
laminariae

413 | Laminaran - 1,013 0,70 - - 0,80 0,87
from Eisenia 963 5878 0,44412 1,05827 4156 4286
bicyclis

414 | Fucoidan - Fucus 0,91 0,72 - - 0,80 0,85
vesiculosus 597 0412 1,07698 0,98443 4156 8701

(crude)
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING

415 | Fucoidan-Fucus 1,024 0,74 -0,3775 - 083 0,86
vesiculosus 738 4635 0,86138 8442 6494
(pure)

416 | Fucoidan, 1,008 0,79 - - 0,75 0,87
macrocystis 575 7927 0,47742 0,59066 1169 2727
pyrifera

417 | Laminaran - 1,283 1,23 1,22131 1,62431 1,70 1,15
from Laminaria 348 3953 8 6 026 013
digitata

418 | Fucoidan - 0,981 0,73 - -09106 095 094
Lessonia 637 4946 0,64397 0649 9091
nigrescens

419 | Fucoidan - 0,987 0,74 - - 083 0,92
Ascophyllum 025 948 0,61066 0,83677 6883 4156
nodosum

420 | Fucoidan - 0,938 0,76 - - 091 0,93
Undaria 535 4014 0,91044 0,76294 013 974
pinnatifida

421 | Fucoidan - 0,965 0,77 - - 088 093
Macrocystis 474 3704 0,74389 0,71371 6753 039
pyrifera

422 | Fucoidan - 0,933 0,59 - -1,5997 0,89 0,90
Ascophyllum 148 9293 0,94375 2987 0779
nodosum,
analytical grade

423 | Fucoidan - 0,970 0,63 - - 085 0,88
Laminaria 862 3207 0,71058 1,42743 8701 987
digitata
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING

424 | Fucoidan 1,019 0,70 - - 089 091
polysaccharide 351 1033 0,41081 1,08288 7662 4805
from Durvillea
antarctica

425 | Fucoidan 1,008 0,63 - - 088 1,27
polysaccharide 575 3207 0,47742 1,42743 8312 7922
from Chorda
filum

426 | Fucoidan 1,245 0,81 0,98815 - 094 1,04
polysaccharide 634 7306 7 049222 7532 5714
from
Ascophyllum
nodosum

427 | Fucoidan 1,003 0,86 - - 09 0,96
polysaccharide 188 5754 0,51073 0,24611 6234 1558
from Fucus
vesiculosus

428 | Galactofucan 1,003 0,80 - - 09 095
polysaccharide 188 7617 0,51073 0,54144 7792 8442
from Undaria
pinnatifida

429 | 2 - Fucoidan - 0,965 0,79 - - 097 0,95
Pelagic 474 3083 0,74389 0,61527 4026 6883
Sargassum

430 | 3 - Fucoidan - 0,976 0,80 - - 0,95 0,95
Pelagic 249 7617 0,67728 0,54144 6883 3766
Sargassum
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
431 | 15 - Fucoidan - 1,024 0,78 -0,3775 - 146 094
Pelagic 738 3393 0,66449 1818 4416
Sargassum
432 | 10 - Fucoidan - 0,965 0,87 - -0,2215 0,88 0,94
Pelagic 474 0598 0,74389 3636 5974
Sargassum
433 | 8- Fucoidan - 1,013 0,73 - - 089 093
Pelagic 963 9791 0,44412 0,88599 2987 1948
Sargassum
434 | 5 - Fucoidan - 1,003 0,75 - - 089 093
Pelagic 188 4325 0,51073 0,81216 1429 8182
Sargassum
435 | 18- Fucoidan - 1,353 0,72 1,65433 - 094 1,03
Pelagic 387 5256 1 095982 2857 6364
Sargassum
436 | Fucoxanthin 1,046 0,82 - - 089 1,00
289 2151 0,24426 0,46761 7662 5195
437 | Fucoxanthin 1,030 0,73 - - 091 1,23
126 0101 0,34419 0,93521 6364 1169
438 | Fucoxanthin 1,062 0,80 - - 09 1,65
452 7617 0,14434 0,54144 8571 5065
IN-HOUSE LIBRARY 2
439 | Demecolcine 0,415 0,55 - -1,8212 0,75 0,93
(colcemid) 93 5691 4,14138 5844 8182
440 | Cuscohygrine 0,981 0,94 - 0,14766 0,87 1,07
637 3269 0,64397 5 7403 6883
441 | 3-5- 0,965 1,00 - 044299 1,01 1,07
pyridinedicarbox 474 1406 0,74389 5 1429 3766

ylic acid
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
442 | Nicotinic acid 1,035 0,85 - - 0,94 0,88
919 3113 0,07392 0,49561 7638 617
443 | Methyl 1,035 0,71 - - 1,00 094
nicotinate 919 2841 0,07392 1,22251 0569 7638
444 | Trigonelline 1,016 0,79 - - 0,91
hydrochloride 212 5729 0,16896 0,79298 3489
445 | 6- 1,042 0,90 - - 097 092
hydroxynicotinic 488 4122 0,04224 0,23129 6665 5441
acid
446 | (-)-nicotine 1,121 096 0,33793 0,09912 1,03 0,92
315 7882 3 4718 2026
447 | 3-acetylindol 1,009 1,20 - 132163 1,06 0,85
643 3795 0,20065 7 033 0313
448 | 6- 0,884 0,75 - - 1,01 096
hydroxypyridine 833 7473 0,80258 0,99123 7644 3005
-3-carboxylic
acid
449 | Nicotinic acid 0,116 0,61 - - 052 1,03
riboside 27 0824 4,50925 1,75117 7604 9841
450 | Homobharrigtoni 0,096 0,06 - - 0,44 0,36
ne 563 2485 4,60429 4,59269 2231 881
451 | Homoharrington 0,181 0,06 - - 0,38
ine 959 8861 4,19244 4,55965 247
452 | Colchicine 0,201 0,26 -4,0974 - 0,73 0,87
666 6518 3,63538 4206 0803
453 | Atropine sulfate 0,825 0,76 - - 0,98 1,00
713 3849 1,08771 0,95819 5202 7399
454 | Scopolamine 0,858 0,76 - - 0,96 1,00
hydrobromide 558 3849 0,92931 0,95819 4713 0569
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
455 | Tropine 0,760 1,04 - 049561 0,84 1,02
024 4394 1,40452 4 8606 7888
456 | Pseudotropine 0,851 1,42 - 2,44502 1,05 1,05
989 058 0,96099 9 35 0085
457 | Scopine 0,819 0,77 - - 1,00 1,00
144 6601 1,11939 0,89211 0569 0569
458 | Tropinone 0,766 0,66 - -1,4538 0,99 1,04
593 8208 1,37284 3739 1548
459 | Hyoscyamine 0,786 0,70 -1,2778 -1,2886 1,00 1,04
hydrobromide 3 0089 9106 3256
460 | Galantamine 0,838 0,74 - - 1,04
hydrobromide 851 4721 1,02435 1,05731 1548
461 | Lycorine 0,234 0,13 - - 054 0,62
chloride 51 2622 3,93899 4,22924 2971 1514
462 | Dihydrolycorine 0,707 0,73 - - 093 0,99
473 8345 1,65797 1,09035 2271 0324
463 | Galanthaminone 0,779 0,78 - - 092 097
731 9353 1,30948 0,82602 8856 6665
464 | DaphnicyclidinD 0,700 0,96 - 0,06608 0,89 1,00
904 1506 1,68965 2 4707 2277
465 | CFN96776 0,595 0,85 - - 1,00 1,00
801 9489 2,19654 0,46257 3984 3984
466 | CFN98270 0,661 0,59 - - 1,02 1,05
49 1696 1,87973 1,85029 2766 1793
467 | Virosine B 0,799 0,76 - - 1,02 1,07
438 3849 1,21443 0,95819 1059 399
468 | Securinine 0,280 0,14 - - 0,88
493 5374 3,71723 4,16316 9585
469 | Securitinine 0,792 0,67 - - 095 1,00
869 4584 1,24612 1,42076 7883 7399
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING

470 | CFN99608 0,819 0,74 - - 092 0,98
144 4721 1,11939 1,05731 3734 3495

471 | CFN98003 0,766 1,08 - 069386 1,01 1,04
593 2651 1,37284 5936 8378

472 | CFN98629 0,865 0,82 - - 1,02 1,02
127 7609 0,89763 0,62778 2766 7888

473 | CFN97008 0,241 0,21 - - 092 0,99
079 551  3,90731 3,79971 8856 5447

474 | CFN97421 0,838 0,71 - - 1,02 1,05
851 9217 1,02435 1,18947 4474 1793

475 | CFN97436 1,029 0,77 -0,1056 - 1,05
35 0225 0,92515 35

476 | CFN97447 0,858 0,74 - - 089 1,01
558 4721 0,92931 1,05731 2999 2521

477 | CFN97448 0,917 0,80 - - 0,97 1,01
678 2105 0,64418 0,75994 325 5936

478 | CFN97484 0,937 0,75 - - 1,00 0,96
385 1097 0,54914 1,02427 5692 642

479 | CFN96450 0,943 1,18 - 1,22251 0,91 1,01
954 4667 0,51745 4 8611 5936

480 | CFN96778 1,065 1,39 0,02112 2,31286 1,03 1,03
625 5076 1 5 1303 4718

481 | CFN96679 0,812 0,80 - - 1,00 0,99
575 2105 1,15107 0,75994 5692 5447

482 | Daphniphylline 0,806 0,69 - - 0,99 1,03
006 3713 1,18275 1,32164 5447 3011

483 | Yuzurimine 0,806 0,70 - - 1,02 1,06
006 6465 1,18275 1,25556 1059 2038
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING

484 | Flueggea 0,536 0,36 - - 1,01
suffructicosa 681 8535 2,48167 3,00672 0814
leaf

485 | Flueggea 0,208 0,13 - 41962 090 0,92
suffructicosa 235 8998 4,06572 3244 0319
leaf

486 | Daphniphyllum 0,720 0,72 - - 0,93 1,00
A mature leaf 61 5593 1,59461 1,15643 7393 5692
2020

487 | Daphniphyllum 0,851 0,76 - - 1,01 095
C mature leaf 989 3849 0,96099 0,95819 7644 7883
2020

488 | Daphniphyllum 0,727 0,82 - - 086 0,96
D mature leaf 179 7609 1,56292 0,62778 2265 8127
2020

489 | Daphniphyllum 0,983 1,16 - 112339 1,01 0,98
A mature leaf 367 5539 0,32737 2 0814 8617
2019

490 | Daphniphyllum 0,858 0,84 - - 092 097
B mature leaf 568 6737 092931 0,52865 7149 8372
2019

491 | Daphniphyllum 0,668 0,56 - - 098 0,99
D stems 2020 059 6192 1,84805 1,98246 691 2032

492 | Daphniphyllum 0,819 0,73 - - 1,00 1,03
EF ground leaves 144 8345 1,11939 1,09035 5692 6426

493 | Daphniphyllum 0,924 0,66 -0,6125 - 1,03
G mature leaves 247 1832 1,48684 8133
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
494 | Daphniphyllum 0,812 0,73 - - 094 1,01
H mature leaves 575 1969 1,15107 1,12339 9345 2521
495 | Daphniphyllum 0,812 0,75 - - 09 0,99
C berries 2019 575 1097 1,15107 1,02427 959 2032
496 | Humile berries 0,832 0,73 - - 09 09
2019 282 1969 1,05603 1,12339 6175 1053
497 | Puerarin 0,950 0,90 - - 092 096
523 4122 0,48577 0,23129 5441 3005
498 | Naringin 1,127 1,47 0,36961 1,18947 1,03 1,01
884 8291 1 3 3011 2521
499 | 5.7- 0,851 0,88 - - 092 092
dihydroxychrom 989 4994 0,96099 0,33041 2026 3734
one
500 | Kaempferol 0,687 0,65 - - 1,02 0,91
766 5456 1,75301 1,51988 4474 3489
501 | Rutin 0,714 0,79 - - 0,86
042 5729 1,62629 0,79298 7388
502 | Naringenin 0,779 0,76 - - 0,93 0,91
731 3849 1,30948 0,95819 0563 1781
503 | Quercetin 0,668 0,48 - - 100 0,84
059 9679 1,84805 2,37895 2277 0068
504 | Sarathrin (4',5,7- 1,035 0,68 - - 091 082
Trihydroxy- 919 096 0,07392 1,38772 8611 2994
3,6,8-
trimethoxylfavo
ne)
505 | Apigenin 0,824 0,78 - - 099 0,92
347 792 1,39847 1,23752 6902 2557

357



COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
506 | Kaempferol 3- 0,989 0,92 - - 1,19 0,99
rutinoside 707 0851 037796 0,21657 7972 3523
507 | O-coumaric acid 0,995 0,98 - 0,29391 1,04 0,90
831 7317 0,34017 2 4213 735
508 | 4- 0,891 1,05 - 080439 1,00 0,92
methoxythioanis 716 3783 0,98271 1 5351 4247
ole
509 | Ethyl cinnamate 1,057 1,21 0,03779 2,05738 1,04 0,92
076 6926 6 4 7592 7626
510 | 4- 0,487 0,75 - - 0,78 084
deoxypodophyll 504 7708 3,47727 1,46956 4005 3143
otoxin
511 | Formononetin 0,879 0,86 -1,0583 - 09 1,01
467 647 0,63423 4799 042
512 | Trans-cinnamic 0,897 0,86 - - 1,01 1,03
acid 841 647 0,94491 0,63423 042 7454
513 | Acetosyringone 0,946 0,82 - - 1,02 1,07
836 4174 0,64254 0,95908 5627 1248
514 | Quercetin 0,940 0,85 - - 099 1,06
711 4386 0,68034 0,72705 1833 2799
515 | Hypericin 0,058 0,14 - - 0,14 0,02
794 7433 6,12302 6,15668 8691 8724
516 | Yatein 0,867 0,81 - - 099 099
218 8132 1,13389 1,00549 6902 5213
517 | Asperuloside 0,989 1,05 - 0,80439 0,99 1,02
707 3783 0,37796 1 3523 0558
518 | Deacetylasperul 1,044 1,10 -0,0378 1,17564 0,99 1,02
osidic acid 827 2121 8 3523 7316
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
519 | Teucrein 0,781 0,90 - - 087 090
476 2724 1,66304 0,35579 0177 735
520 | dolichodial 0,910 0,88 - - 1,02 0,98
089 4597 0,86932 0,49501 5627 0006
521 | Baldrinal 0,830 0,73 - - 1,001 1,00
472 9581 1,36067 1,60878 042 1971
522 | CFN90622 0,095 0,09 - - 032 0,19
541 3052 5,89625 6,57435 1036 938
523 | Daphylloside 0,922 0,85 - - 095 1,04
338 4386 0,79373 0,72705 4661 2523
524 | CFN90205 0,064 0,11 = = 0,01 =
919 7221 6,08523 6,38872 0138 0,05
069
525 | Digoxin 0,062 0,15 - - 058 049
67 3475 6,16082 6,11028 9693 6761
526 | Digitoxin 0,983 0,95 - 0,01546 0,98 1,01
582 1063 0,41576 9 3385 042
527 | Lanatoside C 0,138 0,15 - - 059 0,62
412 9518 5,63167 6,06387 1383 1797
528 | Digitonin 0,603 0,63 - - 0,70 0,67
868 0819 2,75914 2,44411 9659 9245
529 | Docetaxel 0,793 0,72 - -1,748 0,96 0,87
725 1454 1,58745 9868 5246
530 | Paclitaxel 0,328 0,33 - - 0,80 0,78
269 4745 4,45998 4,71806 428 9074
531 | aterpineol 0,934 0,81 - - 0,93 1,02
(mixed) 587 8132 0,71813 1,00549 1005 2247
532 | Geraniol 0,934 0,85 - - 0,99 0,97
587 4386 0,71813 0,72705 3523 3247
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
533 | (-+)-lavandillol 1,020 0,96 - 015469 0,99 1,01
acetate 329 919 0,18898 1 5213 5489
534 | Linalool 1,008 0,88 - - 099 1,02
08 4597 0,26458 0,49501 5213 5627
535 | (+)-a-pinene 0,995 0,94 - - 0,99 0,99
831 5021 0,34017 0,03094 3523 0144
536 | (r)-(+)-limonene 0,934 0,87 - - 0,96 1,00
587 8555 0,71813 0,54142 3109 873
537 | Geranyl acetate 0,910 0,85 - - 0,95 1,05
089 4386 0,86932 0,72705 973 0972
538 | (-)-a-terpineol 0,952 0,87 - - 094 1,01
96 2513 0,60474 0,58782 7902 042
539 | 1,8-cineole 0,965 0,86 - - 0,93 1,02
209 0428 0,52915 0,68064 1005 5627
540 | (s)-(-)-limonene 0,910 0,76 - - 0,90 0,98
089 9793 0,86932 1,37675 735 0006
541 | L(-)-carvone 1,008 0,93 - - 0,91 1,01
08 8978 0,26458 0,07735 5798 3799
542 | (-)-carveol 1,032 1,00 - 043313 0,92 1,04
(mixed) 578 5444 0,11339 4 4247 5903
543 | Citronellal 1,191 1,25 0,86931 2,33582 1,06 1,07
813 318 8 7 111 2937
544 | Citronellol 0,922 0,85 - - 1,01 0,98
338 4386 0,79373 0,72705 5489 5075
545 | D(+)-carvone 0,879 0,84 -1,0583 - 098 1,01
467 8343 0,77345 1695 8868
546 | Myrcene 0,940 0,79 - - 0,97 1,05
711 3962 0,68034 1,19112 6626 4351
547 | (-)-linalool 0,891 0,80 - - 088 1,04
716 0005 0,98271 1,14471 0315 0834
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY

THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA

SCREENING

548 | Terpineol 0,946 0,82 - - 0,90 1,03

836 4174 0,64254 0,95908 735 0696

549 | (1R,2S,5R)-(-)- 0,854 0,75 - - 091 09
menthol 97 7708 1,20949 1,46956 0729 973
IN-HOUSE LIBRARY 3

550 | Magnoflorine 0,977 0,89 - -0,4022 0,93 1,00

458 6682 0,45356 1005 1971

551 | Cycleanine 0,181 0,21 -5,3671 - 011 0,11

283 3899 5,64621 6587 9966

552 | Tetrandrine 1,130 1,09 0,49135 1,12924 1,04 1,05

569 6079 4 1 0834 2661

553 | Magnocurarine 0,995 0,87 - - 1,03 1,01

831 8555 0,34017 0,54142 0696 042

554 | Oblongine 1,081 0,98 0,18898 0,24750 0,94 0,99
573 1275 2 5 2833 5213
555 | Coclaurine 1,087 0,99 0,22677 0,38672 0,95 1,01
698 9402 9 6 635 8868
556 | Dicentrine 0,438 0,42 - - 0,79 0,86

509 538 3,77964 4,02195 9211 0039

557 | Dehydrodicentri 0,891 0,72 - -1,748 0,93 0,96
ne 716 1454 0,98271 1005 1419

558 | Berberine 0,885 0,72 -1,0205 -1,7016 0,88 0,88
592 7497 2005 3695

559 | Reserpine 1,063 0,96 0,07559 0,15469 0,93 0,97
2 919 3 1 4385 3247

560 | Laudanosine 0,493 0,54 - - 09 1,05

629 6227 3,43948 3,09381 0144 0972
561 | Nuciferine 1,155 1,04 0,64254 0,71157 1,08 1,01

066 1698 7 3075 042
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
562 | Corytuberine 0,965 0,81 - -1,0519 0,81 0,84
209 2089 0,52915 1039 6522
563 | Curine 0,407 0,37 = - 068 0,62
887 0999 3,96863 4,43962 0935 6866
564 | Ingenol 0,965 0,90 - - 087 0,98
209 8767 0,52915 0,30938 0177 1695
565 | 20- 0,818 0,76 - - 087 089
Deoxyingenol 223 9793 1,43626 1,37675 0177 2143
566 | Ingenol-3- 0,928 0,89 - -0,4022 090 094
hexanoate 463 6682 0,75593 904 1143
567 | 3-O- 0,750 0,87 - - 09 0,96
(2'E,4'EDecadien 854 2513 1,85203 0,58782 9868 6488
oyl)ingenol
568 | 3-O- 1,016 1,02 - 097609 1,06 0,93
(2'E,4'ZDecadien 531 8439 0,23083 2 5471 8117
oyl) ingenol
569 | Ingenol 3- 0,866 1,09 - 186344 1,03 0,87
Angelate 949 0096 1,74168 9 6771 8924
570 | Ingenol- 1,141 1,07 1,02822 1,68597 1,05 1,02
3,4:5,20- 182 7765 3 7 4709 4215
diacetonide
571 | Ingenol-5,20- 1,184 1,04 1,46889 1,15356 0,98 0,97
acetonide 81 0771 1 3 6547 9372
572 | Ingenol-5,20- 1,166 1,02 1,28003 0,97609 1,00 0,96
acetonide-3-0- 112 8439 3 2 6278 6816
angelate
573 | Jatrophanes 1-7 1,078 0,97 0,39869 0,26620 0,98 1,01
856 9114 9 7 4753 3453
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING

574 | 20-Deoxyingenol 0,854 0,86 - - 1,07 1,00
3-angelate 484 1965 1,86759 1,41977 8027 8072

575 | Dodecanoic acid 0,798 0,76 - - 1,10 0,96
ingenol ester 391 3314 2,43416 2,83954 6726 861

576 | 20-O- 0,835 0,91 - - 116 1,03
Acetylingenol-3- 786 1291 2,05645 0,70989 0538 139
angelate

577 | Ingenol 3,20- 0,642 0,64 - - 1,09 1,00
dibenzoate 577 4,00797 4,61425 2377 6278

578 | Phorbol 12,13- 0,723 0,75 - - 102 0,98
didecanoate 20- 6 7148 3,18959 2,92828 0628 6547
homovanillate

579 | 12-O- 0,873 0,84 - - 109 1,03
tetradecanoyl 182 3468 1,67873 1,68598 2377 139
phorbol-13-
acetate

580 | Phorbol 13- 0,692 0,57 - - 107 0,98
myristate 437 8343 3,50435 5,50161 6233 4753

581 | Phorbol 12, 13- 0,935 0,85 - - 09 1,10
Dihexanoate 507 58 1,04921 1,50851 7309 4933

582 | Phorbol 12- 0,860 1,15 - 2,75080 1,05 1,11
Myristate 13- 717 1753 1,80464 5 8296 2108
Acetate

583 | Phorbol 13- 0,630 0,49 - - 1,09 1,02
acetate 112 2023 4,13388 6,74391 2377 0628

584 | Phorbol 12,13- 0,804 0,75 - - 1,13 1,03
Dibutyrate 624 7148 2,37121  2,92828 722 4978
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
585 | Phorbol 0,935 0,83 - - 1,1 1,03
507 7303 1,04921 1,77471 5695 139
586 | Prostratin 0,754 0,72 - - 106 1,56
763 0154 2,87483 3,46069 009 5919
587 | Phorbol 0,873 0,72 - - 1,04 0,68
12,13,20- 182 632 1,67873 3,37195 9327 6996
triacetate
588 | Lathyrol 0,935 0,88 - - 1,03 1,03
507 0462 1,04921 1,15356 8565 4978
589 | 7-beta- 0,966 0,85 - - 1,01 1,04
Hydroxylathyrol 67 58 0,73445 1,50851 8834 7534
590 | Deoxy 0,954 0,94 - - 1,02 1,12
euphorbia factor 205 8285 0,86035 0,17747 2422 6457
L1
591 | Euphorbiafactor 0,991 1,14 - 2,66207 1,11 1,11
L1 6 5588 0,48264 5695 5695
592 | Euphorbiafactor 0,418 0,35 - - 1,07 1,05
L2 205 0212 6,27426 8,78483 8027 6502
593 | Euphorbiafactor 1,028 0,89 - - 1,14 1,07
L22 996 896 0,10492 0,88736 0807 4439
594 | Euphorbiafactor 0,966 0,85 - - 1,10 1,07
124 67 58 0,73445 1,50851 6726 6233
595 | Euphorbia factor 0,960 0,86 -0,7974 - 1,05 1,06
L25 438 1965 1,41977 4709 009
596 | Euphorbia factor 0,966 0,81 - - 1,06 1,03
L3 67 264 0,73445 2,12966 5471 8565
597 | Euphorbia factor 0,923 0,97 - 017747 1,08 1,08
L7a 042 2948 1,17511 1 3408 8789
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
598 | Euphorbiafactor 0,910 0,96 - 0 1,08 1,04
L7b 577 0617 1,30102 6996 3946
599 | Euphorbiafactor 0,947 0,83 -0,9233 - 1,14 1,04
L8 972 1137 1,86345 9776 3946
600 | Euphorbiafactor 0,206 0,24 - - 1,13 1,00
L9 298 5395 8,41465 10,2933 722 2691
601 | jolkinol C 0,929 0,80 - - 1,09 1,04
275 6474 1,11216 2,21839 7758 0359
602 | jolkinol E 0,817 0,82 -2,2453 - 1,04 0,72
089 4971 1,95218 3946 4664
603 | jolkinol C/epi- 0,923 0,91 - - 1,02 1,01
jolkinol 042 7457 1,17511 0,62115 9596 8834
C/jolkinol E mix
(58:31:11)
604 | jolkinol F 0,954 0,92 - - 1,01 1,04
205 9788 0,86035 0,44368 704 0359
605 | Jatrophane 2 0,891 0,96 - 0 1,03 1,11
879 0617 1,48987 139 9283
606 | Jatrophane 3 0,692 0,94 - - 1,00 1,07
437 8285 3,50435 0,17747 0897 9821
607 | Jatrophane 4 0,748 0,75 - - 1,11 1,09
531 7148 2,93778 2,92828 5695 2377
608 | Jatrophane 5 0,904 0,90 - - 1,13 1,09
345 5125 1,36397 0,79862 5426 7758
609 | Pepluanin A 0,848 0,76 - - 1,1 1,09
252 3314 1,93054 2,83954 9283 5964
610 | Jatrophane 1-3 0,754 0,70 - -3,7269 1,10 1,10
mix (74:13:12) 763 1657 2,87483 852 6726
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
611 | Jatrophanes 1+4 0,873 0,79 - - 1,08 0,76
and Pepluanian 182 4143 1,67873 2,39586 3408 4126
A mix (62:38)
612 | 6-hydroxy-5- 0,885 0,85 - - 1,09 1,09
ketocasbene 647 58 1,55283 1,50851 2377 0583
613 | 6,9-dihydroxy-5- 0,879 0,81 - - 1,06 1,06
ketocasbene 414 8805 1,61578 2,04092 009 009
614 | 9-hydroxy-5- 0,885 0,90 - - 1,06 1,12
ketocasbene 647 5125 1,65283 0,79862 1883 287
615 | 5- 0,947 1,11  -0,9233 2,21839 1,16 1,14
ketocasbene/9- 972 4759 1 0538 9776
ketocasbene
616 | Casbene 0,910 0,83 - - 1,08 1,14
577 1137 1,30102 1,86345 1614 0807
617 | Arteannuin X 0,898 0,88 - - 112 1,11
112 0462 1,42692 1,15356 287 7489
618 | Artemisinin 0,555 0,44 - - 1,1 1,06
321 2698 4,88931 7,45379 9283 1883
619 | Artemether 0,287 0,26 - - 1,07 1,09
321 3892 7,59626 10,0271 8027 7758
620 | Artesunate 0,449 0,39 -59595 - 100 0,81
368 3372 8,16368 4484 435
621 | Deoxyartemisini 0,854 0,84 - - 1,49 1,06
n 484 9634 1,86759 1,59724 5964 9058
622 | Dihydroartemisi 0,692 0,61 - 49692 1,03 1,02
nin 437 5337 3,50435 8565 9596
623 | Artemisinic acid 0,866 0,91 - - 1,00 1,15
949 1291 1,74168 0,70989 4484 8744
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COMPOUND NR - FOR COMPOUND KYN FOLD KYNURENINE SD VIABILITY
THE FIRST ROUND OF NAME CHANGE DATA VARIATION DATA
SCREENING
624 | Dihydroartemisi 0,972 1,02 - 088735 1,10 1,10
nic acid 903 2274 0,67149 7 852 4933
625 | Amorpha-4,11- 1,097 0,82 0,58755 - 1,04 0,96
diene 5564 4971 6 1,95218 9327 5022
626 | Jatrophanes 0,997 0,75 - - 1,00 0,94
1+4,7 and 833 0983 0,41968 3,01701 0897 5291
Pepluanian A
mix (62:11:17)
627 | Peplusol 0,854 0,65 - - 098 0,90
(Triterpene 484 2331 1,86759 4,43678 296 7623
purified from E.
peplus)
628 | (R)-Glaucine 1,022 0,84 - - 095 092
(Alkaloid 763 9634 0,16787 1,59724 426 1973
purified
from Papaver
californicum)
629 | (S)-Glaucine 0,941 0,86 - - 097 09
(Alkaloid 74 8131 0,98626 1,33103 5785 7848
purified
from Papaver
somniferum)
630 | (S)-Glaucine 0,804 0,89 - - 1,02 1,11
(commercial 624 896 2,37121 0,88736 0628 2108
standard)
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Appendix Table 8. 3 Summary of COls included in the screen validation round and their impact on kynurenine

fold change, kynurenine SD variation and viability fold change.

VALIDATION KYN FOLD CHANG KYNURENINE SD VIABILITY
ROUND DATA VARIATION DATA
COMPUND NR | Plate 1 Plate 2 Plate 1 Plate 2 Plate 1 Plate 2
COMPOUNDS
OF INTEREST

1 0,347816 0,475333  -5,9976 -2,10209 0,771398  0,68299
10 0,413442 0,526601 -5,39025 -1,89829 0,991549 0,729794
16 0,552896 0,541249 -4,09962 -1,84006 0,786999 0,604984
29 0,725163 0,607166 -2,50533 -1,57802 0,887541 0,759263
31 1,250169 1,090555 2,353488 0,343555 0,918743 0,904875
44 0,864618 0,753647  -1,2147 -0,99573 1,012351 0,939545
45 0,421645 0,438712 -5,31433 -2,24766 1,083424 1,052221
58 0,51188 0,497305 -4,47922 -2,01475 1,067822 1,019285
91 0,241174  0,25561 -6,98454 -2,97554 0,807801 0,691658
92 0,462661 0,402092 -4,93473 -2,39324 0,786999 0,734995
116 0,323206 0,292231 -6,22535 -2,82996 0,868472 0,943012
123 0,421645 0,350823 -5,31433 -2,59704 0,823402 0,949946
127 0,503677 0,41674 -4,55514 -2,33501 0,821668 1,066089
167 0,356019 0,350823 -5,92168 -2,59704 0,977681 0,875406
182 0,74157 0,665758 -2,35349  -1,3451 1,073023 1,045287
197 0,290393 0,248286 -6,52903 -3,00465 0,967281 0,814735
206 0,249377 0,211666 -6,90863 -3,15022 0,676056 0,525244
214 0,347816 0,270258  -5,9976 -2,91731 0,908342 0,854605
229 0,51188 0,38012 -4,47922 -2,48058 0,691658 0,726327
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269

332

337

343

348

349

359

361

390

452

468

473

485

530

556

560

577

580

583

592

600

618

619

620

622

15

24

38

39

0,372426
0,208361
0,339613
0,610319
0,28219
0,48727
0,446254
0,388832
0,28219
0,429848
0,421645
0,438051
0,470864
0,413442
0,298597
0,364222
0,561099
0,602115
0,610319
0,963056
0,364222
0,651335
0,3068
0,520083
0,757976
1,086104
1,028682
1,012276
1,045088

1,061495

0,226314
0,233638
0,372795
0,548573
0,211666
0,350823

0,41674

0,38012

0,25561
0,328851

0,41674
0,343499
0,292231
0,365471
0,292231
0,387444
0,511953
0,519277
0,504629
0,746323

0,21899
0,599842
0,336175
0,475333
0,636462
0,870833
0,804916
0,856184
0,768296

0,966046

-5,76984
-7,28822
-6,07352
-3,56819
-6,60495
-4,70698
-5,08657
-5,618
-6,60495
-5,23841
-5,31433
-5,16249
-4,85881
-5,39025
-6,45311
-5,84576
-4,0237
-3,64411
-3,56819
-0,30368
-5,84576
-3,1886
-6,37719
-4,4033
-2,20165
0,835109
0,303676
0,151838
0,455514

0,607352

369

-3,09199
-3,06288

-2,5097
-1,81094
-3,15022
-2,59704
-2,33501
-2,48058
-2,97554
-2,68439
-2,33501
-2,62616
-2,82996
-2,53881
-2,82996
-2,45147
-1,95652

-1,9274
-1,98563
-1,02484
-3,12111
-1,60714
-2,65527
-2,10209
-1,46156
-0,52989
-0,79192
-0,58812

-0,9375

-0,1514

0,715926

0,92221
0,910076
0,849404

0,96208
1,367714
0,858072
0,913543

0,71766

0,75753
0,792199
0,906609
0,658722
0,819935
0,844204
1,133694
0,998483
0,986349
0,960347
0,982882
0,936078
1,071289

1,08169
0,986349
0,991549
0,906609
0,930878
0,920477

0,96208

1,007151

0,884074
0,884074
0,868472

0,91701
1,033153
0,702059
0,759263
0,974215
0,806067

0,72286
0,958613
1,015818
0,975948
0,738462
0,793933
1,069556
1,029686
0,979415
0,946479
1,024485
1,050488
1,031419
1,047021
1,027952

1,00195
1,0331563
1,045287
1,055688
0,923944

0,934345



204
42
67

243

256

301

328

366

578

586

1,053292
0,446254
1,422436
1,012276
0,700554
1,012276
0,725163
0,610319
0,995869

0,92204

0,826888
0,321527
1,434786
1,031962
0,504629
0,922101

0,61449
0,424064
0,870833

0,892805

0,531433
-5,08657
3,947786
0,151838
-2,73308
0,151838
-2,50533
-3,56819
1,97E-15

-0,68327

370

-0,70458

-2,7135
1,711952
0,110636
-1,98563
-0,32609
-1,54891
-2,30589
-0,52989

-0,44255

1,078223
0,568581
0,785265
0,799133
0,520043
0,752329
0,833803
0,610184
0,653521

0,705525

0,896208
0,500975
0,901408
1,102492
0,691658

1,00195
1,097291
0,891008
0,934345

0,998483



Appendix Table 8. 4 List of Drug Screen Hits and their Documented Biological Activities

DRUG DRUG NAME NOTES NF-KB JAK/ AKT/ MAPK/IN CELL ION REFERENCES
NO STAT  PI3K K/ERK/P3 ~ CYCLE  TRANSPORT
8

332 Alantolactone MDA-MB-231: yes yes yes yes yes yes (Babaei et
ER stress al., 2021, Liu
--Bcl-2, cyclin B1, CDC2, etal., 2022)
pSTAT3, cyclin D1, NF-
kB;
++p-c-Jun ;

Other cells:

—-AKT, Nrf2;

++p38, ROS;

In myocardial
infarction:

--ROS, apoptosis, Ca?*
overload, L-type Ca?*
current.

348 Punicalagin --NF-kB, yes yes yes yes no yes (Venusova et
ERK/JNK/p38/MAPK, al., 2021, Xu
PI3K/AKT/mTOR, etal, 2021,
JAK/STAT; Kulkarni et
++ glutamate uptake in al., 2007,
colon cancer cell lines; Biolley et al.,
It binds metal ions such 2019)
as iron and copper.

390 Brevilin --cyclin D, CDC2, p- no yes yes no yes no (Liu et al.,
PI13K/p-AKT/p-mTOR, 2019b)
pSTAT3
++PARP, cleaved
Caspase 9, Bax.

197 Ergolide --PGE2, iNOS, COX-2, yes no no no no no (Whan Han
NF-kB(activity). etal.,, 2001)

371



600

556

269

Euphorbia factor

L9

Dicentrine

Glycocalyxin A

Generally lathyranes: --
Pglycoprotein-ATPase,
NF-kB;

Cytotoxic activity
against tumour and
nontumor epithelial cell
lines;

Other properties of
general Euphorbia
derivatives:
Antioxidant,
antibacterial,
antiangiogenetic,
wound healing,
analgesic activity
(inhibiting TRPV1
channels)

Na* /K* channel blocker;
--a-adrenoreceptors;
TRPA1 (Ca?*) channel;
Anti-inflammatory
action:

++ Caspase 8, 9,3, PARP;
--clAP2, cFLIP, Bcl-XL,
TAK1/p38/INK/AKT/NF-

kB/AP-1.

Impacts PI3K/AKT;
++ATF4/CHOP/CHAC1,
BAX, --Bcl-2, ROS,
cleaved Caspase 9, 3;
++ purine metabolism;
--pSTAT3/IL-6,

mitochondrial

yes

yes

no

372

no

no

yes

no

yes

yes

no

yes

yes

no

no

no

yes

yes

no

(Huang et al.,
2021b, Liu et
al., 20203,
Benjamaa et
al., 2022,
Basuetal.,
2019, Yang

etal., 2015b)

(Young et al.,
1994,
Montrucchio
etal., 2013,
Clapham,
2015,
Yodkeeree et
al., 2018,
Ooppachai et
al., 2019)
(zhu et al.,
2018, Wang
et al., 2022b,
Xiao et al.,
2013, Zhang
et al., 20223,

Lietal,



116

214

619

Isoalantolactone

Britannin

Artemether

membrane potential,

amino acid metabolism.

In prostate cancer: ++ER
stress, ROS, JNK;

In MDA-MB-231:
--p38/MAPK/NF-kB.

-- cyclin D1, CDK4, NF-
kB/ROS, Keap1-Nrf2, c-
Myc/HIF1a -> --PD-
1/PD-L1

-- nucleic acid synthesis
(antimalarial drug),
chemotaxis, cytokine
production in
macrophages and
neutrophils;

++ glutamine, glutamic
acid, aspartic acid,
ornithine, glycine,
histidine, phenylalanine
and threonine;

-- cancer cell
proliferation,
angiogenesis;

++ apoptosis and ROS.
Artemisinin derivatives:
++ apoptosis by
inhibiting JAK/ STAT
signalling

-- TNF induced
signalling, including NF-
kB activation and
expression of
downstream genes (c-

IAP1, Bcl-2, FLIP, COX-2,

yes

yes

yes

373

no

no

may

be

yes

no

yes

yes

no

yes

no

yes

yes

no

no

yes

2021c, Liu et

al., 2018b)

(Huang et al.,
2021a, Wang

etal., 2016)

(Hamzeloo-
Moghadam
etal., 2019,
Bailly, 2021)
(White et al.,
1999, Morad
etal., 2022,
Schellenberg
and Coatney,
1961,
Krishna et
al., 2008,
Beekman et
al., 1998,
Rong et al.,
2022, Bose
et al., 2020,
Wang et al.,
2017, Bai et
al., 2020,
Moreira
Souza et al.,

2020)



167

337

560

452

Scabertopin

Lasalocid

(sodium)

Laudanosine

Colchicine

cyclinD1, MMP-9, VEGF,
TNF, iNOS, and MCP1);
++PI13K/ Akt and AMPK
in mouse liver and
skeletal muscle,
promoting anti-diabetic
effects;

++ NCX-dependent
lengthening of action
potential and interferes
with Ca?* currents in
mouse cardiac
myocytes.

antitumor, no no no no no

proapoptotic activity.

++ROS, cytotoxic no no mayb no no
apoptosis, autophagy; e

affects cellular

trafficking and Golgi

integrity;

Cationic ionophore

antibiotic.

interacts with GABAand  no no no no no
opioid receptors

--microtubule assembly, yes no no no no
inflammasome

activation (interferes

with P2X7/P2X2 induced

NLRP3 activation & pore

formation);

interferes with

RhoA/Rho effector

kinase (ROCK) and NF-

374

no

yes

no

yes

(Xu et al.,
2006,
Geetha et
al., 2012)
(Mahtal et

al., 2020)

(Katz et al.,
1994)
(Dalbeth et
al., 2014,
Leung et al.,
2015, Sun et
al., 2019,
Blaghen et
al., 1999,
Brazaluk et

al., 1996,



361

123

530

Parthenolide

Eupalinolide B

Paclitaxel

kB via tubulin
disruption;

++ trans-membrane
transport of divalent
ions;

-- glycine receptor

(glycine/amino acid

transport).

--NF-kB, HIF-1a, Th17 yes no no no no
cells (in EAE);

--(p-)STAT3, AKT, no yes yes yes yes

mitochondrial
membrane potential
++G2/M arrest,
apoptosis, Caspase3
activity, ROS;
Regulates
AKT/p38/MAPK
TLR4-ligand yes yes yes yes yes
++MyD88/NF-
kB/JNK/p38, JAK/STAT,
Bad/Bax/Bcl-2s
mediated apoptosis,
Raf-1/p53/p21
mediated apoptosis,
ROS;

--microtubule
depolymerization ->
G2/M arrest, IDO1 in
breast cancer,

glutamine uptake;

375

no

no

yes

Mufoz-
Montesino

et al., 2020)

(Saadane et
al., 2007,
Dawood et
al., 2019,
Zhang et al.,
2022b)

(Lou et al.,
2019, Yang
et al., 2016a,
Zhao et al.,

2022)

(Akin et al.,
2021,
Kampan et
al., 2015, Wu
et al., 2007,
Lvetal.,
2017,
Salvadori et

al., 2015)



473

349

468

352

CFN97008

7-epi-Taxol

Securine

Cryptotanshinon

Induces amino acid
transport-mediated

apoptosis in breast

cancer.
No info no

active metabolite of see 530

paclitaxel

--GABA receptor A, no no no yes yes

++DNA damage cell
cycle arrest and cell
death, IRAK/JNK/AP-1
mediated cancer cell
death (NF-kB
INDEPENDENT)
--P13K/Akt/mTOR; yes yes yes yes no
affects JAK2/STAT3, NF-
KB, AMPK pathways;
Anti-inflammatory
mechanisms: interferes
with
TLR4-MyD88/PI13K/Nrf2
and TLR4-MyD88/NF-
KB/MAPK pathway;
organ fibrosis:
interferes with NF-kB,
and Nrf-2/HO-1
pathways;
neuroprotective effects:
-- PI3K/AKT-eNOS

pathway.

376

no

no

(Guptaetal.,
2011,
Beutler et
al., 1985,
Gupta et al.,

2015)

(Luo et al.,
2020, Li et

al., 2021a)



45

359

92

67

Andrographolide

Paclitaxel

Platycodin D2

Forskolin

--NF-kB, COX-2,TNFa,

IL-1B, IL6 production

--MAPK/p38/INK/ERK,
PI3K/AKT/NF-kB or
mTOR, PGE2, NO,
proinflammatory
cytokines.

++CAMP levels &
signalling, cleaved
Caspases 3, 9, c-JNK-
mediated apoptosis,
ERK1/2 JNK1/2
phosphorylation
(transient ++survival,
constant ++death),
Na*&Cl- transport in
epithelium;
--B-catenin, cyclin D1,
cMyc, NF-kB, TLR4,
MCP1, NKA activity (in
combination with other

drugs)

yes

see 530

yes

yes

377

no

no

no

no

yes

no

no

yes

yes

no

no

yes

no

no

yes

(Jayakumar

etal., 2013)

(Li etal.,
2015, Chun
and Kim,
2013, Jang et
al., 2013)
(Wang et al.,
20193,
Barovsky et
al., 1984,
Chiadak et
al., 2016,
Park et al.,
2012,
Bajnath et
al., 1991,
Bajnath et
al., 1993,
Cuthbert and
Spayne,
1982, Ono et
al., 1995,
Fisone et al.,

1998)



Abbreviation list: AMPK - AMP-activated protein kinase, AP-1 - adaptor protein 1, ATF4 - activating
transcription factor 4, Bax- BCL2-Associated X Protein, Bcl-2 - B-cell leukaemia/lymphoma 2 protein,
Bcl-XL - B-cell lymphoma-extra-large, cAMP — cyclic adenosine monophosphate, CDC2 - cell division
control 2, CDK4 - Cyclin-dependent kinase 4, (c)FLIP - Cellular FLICE (FADD-like IL-1B-converting
enzyme)-inhibitory protein, CHAC1 - catalyses the cleavage of glutathione into 5-oxo-L-proline and a
Cys-Gly dipeptide, CHOP - C/EBP Homologous Protein, clAP2 - cellular inhibitor of apoptosis 2, c-Myc
- cellular Myc oncogene, COX-2 — cyclooxygenase 2, EAE - Experimental Autoimmune
Encephalomyelitis, ER — endoplasmic reticulum, ERK - extracellular signal-regulated kinase, eNOS -
Endothelial nitric oxide synthase, GABA receptor - y-Aminobutyric acid type A, HIFla — hypoxia
inducible factor 1 a, HO- 1 - haeme oxygenase-1, IAP-1 — inhibitor of apoptosis 1, IDO1 —indoleamine
2,3-dioxygenase, IL- 1B/6 — interleukin 1B/6, iNOS- inducible nitric oxide synthase, IRAK - Interleukin
1 Receptor Associated Kinase 1, JAK — Janus Kinase, JNK - c-Jun N-terminal kinase, MAPK- mitogen
activated protein kinase, MCP1 - Monocyte chemoattractant protein-1, MMP9 - matrix
metalloprotease 9, MyD88 - Myeloid Differentiation Primary-Response Gene 88, NCX — Na*/Ca%*
exchanger, NF-kB- nuclear factor kB, NKA — Na*/K* ATPase, NLRP3 - NLR family pyrin domain
containing 3, NO - nitric oxide, Nrf2 - nuclear factor erythroid 2-related factor 2, p-c-Jun —
phosphorylated c-Jun proto- oncogene, (p)-Akt — (phosphorylated) Ak strain transforming, PARP -
poly-ADP ribose polymerase, PD-1/PD-L1 — programmed death 1/programmed death ligand 1, PGE2
— prostaglandin E2, PI3K - phosphatidylinositol-3 kinase, (p)-mTOR —(phosphorylated) mechanistic
target of rapamycin, (p)STAT(3) — (phosphorylated) signal transducer and activator of transcription
(3), P2X7/P2X2 - P2X purinoceptor 7/2, p21 - Cyclin-dependent kinase inhibitor 1, p38 - p38 mitogen-
activated protein kinases, p53 — oncogenic protein, Rafl - Rapidly Accelerated Fibrosarcoma 1, RhoA
- RAS homologue gene family member A, ROCK - Rho-associated protein kinases, ROS — reactive
oxygen species, TAK1 - TGF-B-activated kinase 1, Th17 — T helper 17, TLR4 — toll-like receptor 4, TRPA1
- Transient receptor potential ankyrin 1 TRPV1 - transient receptor potential vanilloid 1, VEGF —

vascular endothelial growth factor.
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8.3.1. Group 4 — Validation studies

Having classified the hits into 4 groups based on their impact on IDO1 expression, the next
step was to select representative compounds and identify a potential mechanism of action.
Group 4 only consisted of 2 compounds. Compound 352, Cryptotanshinone, was selected
for further studies, as it was the compound with the lowest impact on membrane PD-L1,

while still causing a ~50 % decrease in sPD-L1 levels.

This study aimed to validate the impact of Cryptotanshinone, by testing the effect on soluble
and membrane PD-L1 mRNA expression in the presence and absence of the IFNy/TNF
stimulation. Appendix Figure 8.4 shows, however, that the chosen compound,

Cryptotanshinone (352), did not impact on either soluble (A) or membrane PD-L1 (B).

Thus, this short set of experiments did not validate the previous observations (Figure 5.8)
regarding the impact of Cryptotanshinone on membrane and soluble PD-L1. For this reason,

this group of compounds was not further investigated.
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Appendix Figure 8.4 Impact of Cryptotanshinone (352) on soluble (A) and membrane PD-L1(B) mRNA expression.
Samples were prepared as detailed in section 2.2 and qRT-PCR was carried out as described in section 2.14, data
was normalized to B8-actin, and fold change from the average expression levels across all samples was calculated
using 2(5¢7) values. Statistical analysis was carried out using a one-way ANOVA coupled with a Bonferroni’s post-
test to compare DMSO Vs 325 +/- IFNy/TNF stimulation. All experiments were carried out with n=3 biological

replicates.
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9. Abbreviation List
1-80:0-lysoPC/ 1-16:0-lysoPC - lysophosphatidyl choline derivatives
ABPP - activity-based protein profiling probes
ACMS — 2-amino 3-carboxymuconic acid 6-semialdehyde
ACMSD - 2-amino 3-carboxymuconic acid 6-semialdehyde decarboxylase
ADP — adenosine diphosphate
AhR — aryl hydrocarbon receptor
Akt - Ak strain transforming
AMP — adenosine monophosphate
AMPK — AMP-activated protein kinase
AMS — 2-aminomuconic 6-semialehide
AMSD - 2-aminomuconic 6-semialehide dehydrogenase
AP-1 -adaptor protein 1
AP1-3 — activator proteins 1 to 3
ASIC - acid-sensing ion channels
ATF - activating transcription factor
ATGS - autophagy related 5
ATP — adenosine triphosphate
ATP1ALl - al subunit of the NKA

ATP1B1 - B1 subunit of the NKA
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BCA - bicinchoninic acid assay

BRCA 1/ 2 - BReast CAncer genes 1 and 2

BSA — bovine serum albumin

BTLA - B and T lymphocyte associated

CaMK - calmodulin kinase

cAMP — cyclic adenosine monophosphate

CBP - CREB-binding protein

CD4/8/3/28/80/86/ 226/155/112 — cluster differentiate 4/8/3/28/80/86226/155/112

CDH1 - catherin-1

CDK 4/6 - cyclin-dependent kinase 4/6

cDNA — complementary DNA

CEACAM1 - carcinoembryonic antigen cell adhesion molecule 1

cJNK - c-Jun N-terminal kinase

CNAP - Centre for novel agricultural products

COIl — compound of interest

COX-2 - cyclooxygenase 2

CRE — cAMP response element

CREB - cAMP-response element binding protein

CRTC - CREB-regulated transcription coactivator 1

CT — cycle threshold
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CTF - CCAAT box-binding transcription factor

CTLA-4 - cytotoxic T-lymphocyte associated protein 4

CV — coefficient of variation

DC — dendritic cells

DCIS/LCIS - ductal/lobular carcinoma in situ

DMSO -dimethylsulfoxide

EFL2/3/9 — Euphorbia factor L 2/3/9

EGFR - epidermal growth factor receptor

elF2a - eukaryotic initiation factor 2a

ENaC - epithelial Na* channel

ER - oestrogen receptor

ERK1/2 - extracellular signal-regulated kinase 1/2

FC - fragment crystallizable

FCSP - fucose-containing sulphated polysaccharides

FDA — Food and drug administration

FDR —false discovery rate

FOXP3 - forkhead box P3

FWHM - full width at half maximum

GAPDH - glyceraldehyde dehydrogenase

GAS - gamma activation sequence
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GCN2 - general control nonderepressible 2

GLP2 polysaccharide - Ganoderma lucidum polysaccharide

GPR35 - G-protein receptor 35

GTPase - guanosine triphosphate hydrolase

HAA — 3-hydroxyanthranilic acid

HAAO - 3-hydroxyanthranilic acid 3, 4 -dioxygenase

HDAC — histone deacetylase

HER2 - human epidermal growth factor receptor 2

HIF-1a - hypoxia-induced factor 1 a

HLA I/ Il — human leucocyte antigen I/ Il

HLA-A, B, C—human leukocyte antigen A, B, C

HMDB — human metabolite database

HPLC - high performance liquid chromatography

HR — hormone receptor

HMEC - human primary mammary epithelial cell

HVEM - herpes virus entry mediator

IC/ EC50 - half-maximal inhibitory/ effective concentration

IDC/ILC - invasive ductal/lobular carcinoma

IDO1 - indoleamine 2, 3-dioxygenase 1

IEGs — immediate early genes
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IFNGR - Interferon y Receptor

IFNy/a/B — interferon gamma/ alpha/ beta

IL-1B/17/2/23/6 - interleukin 1B/ 17/2/23/6

iPLA2 - caspase 3-induced Ca%* independent activation of phospholipase A2

IRF1 - IFN regulatory factor 1

ISREs - IFN-stimulated response elements

ITAM - immunoreceptor tyrosine-based activation motif

ITIM - immunoreceptor tyrosine-based inhibition motif

ITSM - immunoreceptor tyrosine-based switch motif

JAK1 - Janus kinase 1

KAT - kynurenine aminotransferase,

KD — knockdown

KMO - kynurenine monooxygenase.

LAG3 - lymphocyte activation gene 3

LBK1 - liver kinase B1

LC — liquid chromatography

LCK - lymphocyte-specific protein tyrosine kinase

LDL- low density lipoprotein

LPS — lipopolysaccharide

LysPC - lysophosphatidyl choline
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MAPK - mitogen-activated protein kinase

MEF - myocyte-specific enhancer factor

METABRIC - Molecular Taxonomy of Breast Cancer International Consortium

MM - master mix

MS - mass spectrum

mMTOR - mechanistic target of rapamycin

NAD - nicotinamide adenine dinucleotide

NALCN - Na* leak channel, non-selective

NBCn1 - Na*/ HCO3  cotransporter

NCLX - Na*/Ca?* exchanger

NF-1 - nuclear factor 1

NFAT - nuclear factor of activated t cells

NF-kB - nuclear factor kB

NHE1 - Na*/H* exchanger

NK — natura killer cells

NKA - Na*/ K* ATPase

NKAi - ouabain insensitive NKA

NKCC - the Na*-K*-CI" cotransporter

NMDA - N-methyl-D-aspartate receptor

NO — nitric oxide
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Nrf2 - nuclear factor erythroid 2—related factor 2

NTC — non-targeting control

OXPHOS - oxidative phosphorylation

P2X - ATP-gated P2X receptor cation channel family

PARP2 — poly ADP-ribose polymerase 2

PCA - principal component analysis

PD-1 - programmed death 1

PD-L1 - programmed death ligand 1

PGE2 - prostaglandin E2

PI3K - phosphatidylinositol-3 kinase

PIAS - protein inhibitors of activated STATs

PKA/C - protein kinase A/C

PLM — phospholemman

PME-1 - protein phosphatase methylesterase-1

PP2A - protein phosphatase 2A

PR - progesterone receptor

PROTAC - proteolysis targeting chimeras

PSS — physiological saline solution

PTEN - phosphatase and tensin homolog

PTP - protein tyrosine phosphatases
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RNAseq - RNA sequencing

ROS - reactive oxygen species

RT - room temperature

SBFI - AM - sodium-binding benzofuran isophthalate acetoxymethyl ester

SD - standard deviation

SGLT - sodium-glucose transport proteins

SHP1 - Src homology 2 domain-containing protein tyrosine phosphatase 1

SHP2 - Src homology region 2 (SH2)-containing protein tyrosine phosphatase 2

SIK1 - salt inducible kinase 1

SLC - amino acid transporter/solute carrier

SLC1AGS - solute carrier family 1 member 5

SLC7A5 — L-type amino acid transporter

SNR - signal to noise ratio

SOCS3 - suppressor of cytokine signalling 3

Sp-1 to 3 -specificity proteins 1 to 3

sPD-L1 - soluble PD-L1

SRE - serum response element

SRK 1/ 3 - steroid receptor co-activators 1 and 3

STAT 1/ 3/ 5 - signal transducer and activator of transcription 1/3/ 5

T eff — effector T cell
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TCGA - The Cancer Genome Atlas Program

TCR —T cell receptor

TDO - Trp dehydrogenase

TGF-B — transforming growth factor B

Th cells — T helper cells

TIGIT - T-cell immunoglobulin and ITIM domain

TIM3 - T cell immunoglobulin and mucin domain-containing protein 3

TLR - Toll-like receptor

TNBC - triple negative breast cancer

TNF - tumour necrosis factor

TNFR — TNF receptor

TP53 - tumour protein p53

TPC/TRPML - two-pore channels/ transient receptor potential mucolipin 1

TPC6 - transient receptor potential cation channel subfamily C member 6

TPH1/ 2 - Trp hydroxylases 1 and 2

Treg —regulatory T cells

TRIM - T cell receptor interacting molecule

t-RNA - transfer-RNA

TRP - transient receptor potential

Trp — tryptophan
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TTX -tetrodotoxin

UB2A - upstream binding protein 1 associated protein 2A

VGSC (Nay) - voltage gated Na* channel

VTD - veratridine

Whnt - wingless-related integration site

WRS - Trp-t-RNA synthetase

ZAP70 - zeta-chain-associated protein kinase 70
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