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3 English Abstract

Head and neck squamous cell carcinoma (HNSCC) is the 6th most common cancer type worldwide. The majority
of patients is diagnosed in the advanced stages (~¥60%), wherein the disease is extremely challenging to treat,
and patients often face relapse or metastasis (R/M HNSCC). Despite first-line immunotherapy, with or without
chemotherapy (e.g., cisplatin (CIS)), prognosis remains poor (6-15 months). Moreover, it displays limited benefit
due to low response rates and severe side effects in already weakened patients. Hence, there is a major need for
new therapeutic strategies to improve treatment efficacy and tackle shortcomings, while supporting the
patient’s quality of life.

The immune system has an intrinsic defensive mechanism against malignancies, called “the cancer-immunity
cycle”, a series of immune-activating events to elicit a prompt anti-tumoral response. In cancer patients, the
cycle is interrupted and will subsequently fail in tumor elimination. However, this immune imbalance seems to
be reversable, making cycle restoration an interesting target for therapeutic intervention (e.g., immunotherapy).
In that regard, immunogenic cell death (ICD) induction is currently intensively investigated. This strategy
stimulates the front-end part of the cancer-immunity cycle, via the release of damage-associated molecular
patterns (DAMPs), through which further cycle effects may accumulate. Several standard of care therapies,
including chemotherapy (e.g., low-dose CIS) have been reported to induce ICD. Other emerging treatments, like
non-thermal plasma (NTP), have been evaluated over the last years for these immunogenic properties.

NTP is an ionized gas, generated at room temperature and atmospheric pressure, that consists of reactive oxygen
and nitrogen species (RONS). Both in vitro and in vivo studies have demonstrated its anti-tumor capacity, with
the NTP-produced short-lived RONS as the main drivers of ICD induction. So far, no clinical side effects have been
reported. So, NTP shows immune-engaging and anti-cancer potential, tolerable in already weakened patients.
As both innovative NTP and HNSCC standard of care CIS demonstrated ICD induction in monotherapy, we
hypothesized that a combined NTP-CIS application may amplify the immune-stimulatory treatment effects,
including increased tumor immunogenicity. Therefore, the goal of this study was to elucidate the
immunogenicity of a novel NTP-CIS combination strategy, by evaluation of DAMP release and immune cell
functionality in advanced 3D tumor models for HNSCC, in the interest of improved clinical response and
efficacy of current standard of care therapies.

To circumvent 2D limitations, we implemented three-dimensional (3D) culturing techniques to better represent
the tumor microenvironment (TME) and intercellular interactions. A 3D spheroid tumor model was established
for 3 HNSCC cell lines, Cal27, SCC22B, and SCC61, to evaluate ICD. Several ICD hallmarks were quantified: the
membrane markers calreticulin (CRT), and heat shock proteins 70 and 90 (HSP70/90) were assessed by
immunofluorescent imaging, whereas adenosine triphosphate (ATP) and high mobility group box 1 (HMGB1) in
the supernatant were examined via a bioluminescent assay and an ELISA, respectively. Thereafter, the effects of
increased immunogenicity on immune cells following NTP-CIS combination were functionally tested by co-culture
experiments with monocyte-derived dendritic cells (DCs). DC phagocytosis, and maturation and activation were
evaluated using flow cytometry. Finally, the highly-advanced patient-derived organoid (PDO) model was
implemented to characterize NTP-CIS treatment effects on organoid survival, to validate our previous findings in
HNSCC spheroids.

Our data showed a significant upregulation of cell-surface CRT, an important ‘eat-me signal’ for immune cells,
along with the chaperones HSP70 and HSP90. In addition, NTP therapy improved the release of both the early
ICD marker ATP, as the late-stage factor HMGB1. Evaluating immune cell function, DC co-culture experiments
demonstrated increased HNSCC tumor cells phagocytosis after NTP-CIS combined application, suggesting better
immune recognition. These results highlight the potential of NTP to enhance treatment efficacy and tumor
immunogenicity, especially in the combinatorial setting with standard of care agents. Lastly, preliminary organoid
survival data confirmed a higher tumor killing after the application of both NTP and CIS.

In summary, the goal of this project was to gain a deeper understanding of the HNSCC immunogenicity after NTP-
CIS combination therapy. Hence, we demonstrated that this promising application supported the front-end part
of the cancer-immunity cycle via ICD-induced DAMP release. By increasing immunogenicity, the back-end of the
cycle may be promoted, and subsequently result in a systemic and long-lasting immune response.

Hence, our results will potentially accelerate clinical translation and are a pivotal step towards a rationally-
designed combination strategy with NTP to improve current first-line HNSCC therapies.
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4 Nederlandstalig Abstract

Hoofd-hals plaveiselcelcarcinoom (HNSCC) is het 6° meest voorkomende kankertype wereldwijd. De meeste
patiénten worden gediagnosticeerd in vergevorderd stadia (~¥60%), waarbij de ziekte extreem moeilijk te
behandelen is en patiénten vaak te maken krijgen met recidief of metastase (R/M HNSCC). Ondanks eerstelijns
immuuntherapie, met of zonder chemotherapie (bv. cisplatine (CIS)), blijft de prognose slecht (6-15 maanden).
Tevens zijn de voordelen beperkt door de lage respons en ernstige bijwerkingen bij reeds verzwakte patiénten.
Daarom is er grote behoefte aan nieuwe therapeutische strategieén om de behandelingsdoeltreffendheid te
verbeteren en de gebreken aan te pakken, en tegelijkertijd de levenskwaliteit van de patiénten te ondersteunen.
Het immuunsysteem heeft een intrinsiek verdedigingsmechanisme tegen maligniteiten, genaamd "de kanker-
immuniteitscyclus", een reeks immuun-activerende stappen om snelle antitumorale respons uit te lokken. Bij
kankerpatiénten is deze cyclus ontregelt waardoor tumoreliminatie mislukt. Deze immuun-disbalans lijkt echter
omkeerbaar te zijn, met cyclusherstel als boeiend doelwit voor therapeutische interventie (bv. immuuntherapie).
In dat opzicht wordt immunogene celdood (ICD) inductie intensief onderzocht. Deze strategie stimuleert het
eerste deel van de kanker-immuniteitscyclus via vrijgave van “schade-geassocieerde moleculaire patronen”
(DAMPs), waardoor verdere cycluseffecten accumuleren. Verschillende standaardtherapieén, waaronder
chemotherapie (bv. CIS in lage dosis), toonden al ICD inductie aan. Andere opkomende behandelingen, zoals
niet-thermisch plasma (NTP), zijn de afgelopen jaren geévalueerd op deze immunogene eigenschappen.

NTP is een geioniseerd gas, gegenereerd bij kamertemperatuur en atmosferische druk, dat reactieve zuurstof-
en stikstofspecies (RONS) bevat. Zowel in vitro als in vivo studies hebben anti-tumor capaciteit aangetoond, tot
op heden zonder klinische bijwerkingen, met de NTP-geproduceerde kortlevende RONS cruciaal in ICD inductie.
NTP toont dus een immuun-stimulerend en kanker-bestrijdend potentieel, verdraagbaar bij verzwakte patiénten.
Aangezien zowel innovatieve NTP als HNSCC standardbehandeling CIS ICD inductie aantoonden in monotherapie,
stelden wij de hypothese dat de combinatie van NTP-CIS de immuunstimulerende behandelingseffecten kan
versterken, inclusief verhoogde tumor immunogeniciteit. Daarom was het doel van deze studie het ophelderen
van de immunogeniciteit van een nieuwe NTP-CIS combinatiestrategie, door evaluatie van DAMP afgifte en
immuuncel functionaliteit in geavanceerde 3D tumormodellen voor HNSCC, in het belang van verbeterde
klinische respons en werkzaamheid van de huidige standaardtherapieén.

Om de 2D-beperkingen te omzeilen, implementeerden we driedimensionale (3D) kweektechnieken om de
tumormicro-omgeving (TME) en intercellulaire interacties beter weer te geven. Een 3D-sferoid tumormodel werd
gemaakt van 3 HNSCC cellijnen, Cal27, SCC22B en SCC61, voor ICD evaluatie. Verschillende ICD kenmerken
werden gekwantificeerd: de membraan-markers calreticuline (CRT) en hitteschok eiwitten 70 en 90 (HSP70/90)
werden beoordeeld met immunofluorescentie, terwijl adenosinetrifosfaat (ATP) en high mobility group box 1
(HMGB1) in het supernatant onderzocht werden met respectievelijk een bioluminescentietest en ELISA. Daarna
werden de effecten van verhoogde immunogeniciteit op immuuncellen na NTP-CIS combinatie functioneel getest
door co-cultuurexperimenten met monocyt-afgeleide dendritische cellen (DCs). DC fagocytose, maturatie en
activatie werden geévalueerd met flowcytometrie. Tot slot werd het zeer geavanceerde patiént-afgeleide
organoide (PDO) model geimplementeerd om de effecten van NTP-CIS behandeling op organoiden overleving te
karakteriseren, om onze eerdere sferoiden bevindingen te valideren.

Onze resultaten toonden een significante opregulatie in celoppervlakte CRT, een 'eet-me-signaal' naar
immuuncellen, samen met de hitteschok-eiwitten HSP70 en HSP90. Bovendien verbeterde NTP-therapie de
afgifte van zowel de vroege ICD-marker ATP als de late factor HMGB1. Ter evaluatie van de immuuncel functie
toonden DC co-cultuurexperimenten een verhoogde HNSCC tumorcel fagocytose na NTP-CIS combinatie,
duidend op een betere immuunherkenning. Deze resultaten benadrukken het potentieel van NTP om de
behandelingswerkzaamheid en de tumor immunogeniciteit te verbeteren, vooral in combinatorische setting met
standaard middelen. Tot slot bevestigden de organoiden overlevingsdata een hogere tumordoding na NTP-CIS.
Samengevat doelde dit project op meer inzicht in HNSCC immunogeniciteit na NTP-CIS combinatietherapie. Zo
toonden we aan dat deze veelbelovende toepassing het voorste deel van de kanker-immuuncyclus ondersteunde
via ICD-geinduceerde DAMP-vrijgave. Door verhoging in immunogeniciteit kan de achterkant van de cyclus
worden bevorderd en vervolgens resulteren in een systemische en langdurige immuunrespons. Vandaar zullen
onze resultaten mogelijks de klinische vertaling versnellen en een cruciale stap zijn richting een rationeel
ontworpen combinatiestrategie met NTP om de huidige eerstelijns HNSCC-therapieén te verbeteren.

University of Antwerp . ..
l} | Feculy f Pharnaceuicl,omedica Master thesis | Mauranne Bauwens | vii
and Veterinary Sciences



5 Introduction

5.1 Head and Neck Squamous Cell Carcinoma

5.1.1 Introduction to the Disease

Accounting for nearly 1 in 6 deaths, cancer remains one of
the leading public health problems worldwidel!. Despite
considerable improvements in diagnostic approaches,
conventional treatments (e.g., chemotherapy), and new

therapeutic modalities that have emerged (e.g., Oral Nasopharynx
immunotherapy, targeted therapy), additional research is cavity

needed to unravel the heterogenous malignant landscape - Oropharynx Pharynx
and circumvent therapeutic limitations> 3!, gﬂh\g’fy‘\_ —_——

Head and neck cancer is a hard-to-treat cancer type, Laryroal Hypopharynx
responsible for an average incidence of more than \

900,000 cases and 400,000 deaths annually!* > By 2025, \

it is estimated that approximately 1,400,000 new patients Trachea %\ Esophagus

will be diagnosed with this cancer worldwide and this

number is expected to rise even more over the next  Figure 1. The anatomical sites of head and neck
decadel® 7). squamous cell carcinoma (HNSCC) development.
More than 90% of these malignities are head and neck  HNSCC arises from the mucosal epithelium from
squamous cell carcinomas (HNSCCs), making it the 6% different ana?tomical subsites including structures of
most common cancer type worldwide!*®. HNSCC is a very ;:Z E;?O:ahv;:z’nf;z;y;)l;fcsi?lgr aryn, oropharynx,
heterogeneous disease that arises in different anatomical

regions of the upper aerodigestive tract, including oral cavity, larynx, and pharynx (Figure 1)%%. The lining of
this tract by the mucosal epithelium with squamous cells has a protective function for the underlying structures.
However neoplasia commonly develops here*!l, and interruption of this barrier may provoke cancer invasion
and metastasis!*?. Symptoms of HNSCC are associated with tumor localization: (1) oral cavity tumors are linked
to pain when swallowing and chewing®, and chronic ulcerations and swelling*¥, (2) laryngeal tumors are
typically recognized by hoarseness, as well as dysphagia, otalgia, and a sore throat*®, and (3) pharyngeal tumors,
often as a branch of oropharyngeal squamous cell carcinoma (OPSCC), cover similar symptoms*®!. Clinical
manifestation will eventually interfere with fundamental functions** *!,

The etiology of HNSCC is multi-factorial and diverse among patients, with tobacco smoking and alcohol
consumption as the main risk factors. These are primarily linked to malignant development in the oral cavity and
pharyngeal subsites due to direct exposure!*”). As the access to these products is correlated to socio-economic
conditions, tumoral burden may vary across countries/regions!®.. Additionally, HNSCC is most commonly seen in
men with an increasing incidence by age, since these lifestyle factors are more predominantly used by males!*®.
Another risk factor is prior viral infection with the human papillomavirus (HPV). HNSCC by this orally transmitted
virus will mostly arise in the oropharynx, especially due to high-risk HPV type 16, and to a lesser extent, type 181
19211 The majority of HPV-positive patients are burdened in underdeveloped countries??, however, rising
incidence has been reported in developed countries and at younger ages'??l. Interestingly, an HPV-positive status
is a positive prognostic factor, since paired immune infiltration is associated with improved survival. By contrast,
their HPV-negative counterparts represent worse clinical outcomel?* °!. Due to their hard-to-treat nature, this
thesis will focus on HPV-negative HNSCC. Besides the major risk factors, other overshadowed contributors are
high-fat and processed food?®, poor oral hygiene!?”), female hormones[?®, physical inactivity®®, and genetics?°.
Despite primary prevention by reducing tobacco and/or alcohol abuse and HPV vaccination, HNSCC still
manifests in a growing number of people!3Y,
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5.1.2 Drawbacks of Current Standard Treatment Strategies

Both subtype and disease stage are considered as a guide in treatment approach®?. The earlier the diagnosis,
the better the prognosis and outcome of the disease arel®3!. Conventional therapeutic strategies for early stage
patients (stage | and Il) include primary surgery or radiotherapy, in a curative setting. Localized early stages are
30-40% of all HNSCC cases and typically have a favorable 5-year overall survival of 90%, with hardly any treatment
difficulty®¥. Unfortunately, most patients (almost 2 out of 3) are diagnosed in the advanced disease stages (stage
Il and 1V), exhibiting an extremely complex pathology with significant therapy- and patient-related unmet
needs!3> 36,

These stages encompass major treatment challenges and often require a multimodal approach, including
combined surgery, chemotherapy, and/or radiotherapy (EXTREME regimen)®®® 371, Moreover, patients suffer from
postoperative complications, high radiation, and systematic side effects®® 3¥, and are often accompanied by
development of treatment resistancel*?. These shortcomings result in tumor recurrence and/or distant
metastasis in approximately 50% of all patients, known as the recurrent or metastatic (R/M) HNSCC
population!® %1, In this R/M setting, patients face a dismal prognosis (6-15 months median survival), with a
median 5-year survival rate of 30% 3*3°!, which demonstrates the inadequacy of current treatment options.
Platinum-based chemotherapies, i.e., cisplatin (CIS) or carboplatin, are implemented as standard of care for
multiple cancer types, including for R/M HNSCC*?, This systemic therapy interferes with DNA repair mechanisms
by crosslinking to DNA-purine bases, causing cell cycle arrest, and resulting in cancer cell death®?. Besides
chemotherapy, immunotherapy has been exploited in R/M HNSCC, predominantly the immune checkpoint
inhibitors (ICl) pembrolizumab or nivolumab!**. The phase Il KEYNOTE-048 study showed significantly improved
overall survival and longer duration of response versus the EXTREME regimen by combining pembrolizumab and
platinum-based chemotherapy, thus supporting the switch to a new first-line treatment strategy in R/M HNSCC
setting** *°!. Despite approval for first-line therapy in the R/M HNSCC setting, treatment is inseparable from
considerable limitations: platinum-based chemotherapies cause severe side effects due to a lack of selectivity
(e.g., nephrotoxicity, neurotoxicity, and myelosuppression)®“® 7], while immune-related adverse events are seen
for ICI (e.g., skin toxicities, hepatoxicity, and pneumonitis), which are considerable risks and challenges for
already weakened patients®®.

As a third drawback, a very limited patient window is reported (~*20%)“*!. Low response rates to ICl are assumed
to be correlated with downregulation of tumor-expressed programmed cell death ligand 1 (PD-L1), resulting in
immunosurveillance escape and even immunotherapy impairment®. As a response to this phenomenon,
patient stratification is performed in an attempt to treat patients who are believed to benefit from
immunotherapy. This is determined by the patient-specific combined positive score (CPS) for PD-L1, meaning the
amount of PD-L1 positive cancer cells relative to the total number of viable tumor cells. According to this score,
treatment eligibility is determined: (1) single-agent ICI for patients with CPS > 20% and (2) ICI with platinum-
based chemotherapy for patients with CPS > 1 and < 20%. Although high CPS (CPS > 20%) has been positively
associated with improved overall survival, few patients benefit due to the consideration of balance between
therapy need and concomitant tolerance!®®. Therefore, research relevance must shift towards the establishment
of an increasing number of responders. Taken this together, there is still a major need to overcome limitations
of current standard of care modalities, along with improving prognosis and quality of life in R/M HNSCC patients.
Hence, development of new treatment options and rationally-desighed combination strategies are of utmost

importance.

5.2 The Cancer-Immunity Cycle and Immunogenic Cell Death

5.2.1 The Cancer-Immunity Cycle as Therapeutic Target

The human immune system is primarily functioning as the host’s protective barrier against a wide range of
exogenous invadersP. Although cancer arises endogenously, malignant transformations are generally
considered as “non-self” and eliminated by the immune system®?.. In this way, the human immune system has
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a built-in anti-cancer mechanism, called ‘the cancer-immunity cycle’, representing a series of sequential steps
that needs to be passed and amplified to elicit a proper anti-tumoral response. This intrinsicimmune surveillance
is initiated by the release of antigens (Ag) from dying cancer cells. Cancer Ags must be phagocytosed by antigen-
presenting cells (APCs), mainly dendritic cells (DCs). These immune cells (cluster of differentiation (CD14+)) are
still naive before contact with the foreign material, so called immature DCs (iDCs). After Ag engulfment and
processing, DCs will undergo a maturational reprogramming process to mature DCs (mDCs). Herein, surface-
expressed major histocompatibility complex (MHC) molecules are upregulated, enabling Ag surface-
presentation. In addition, several co-stimulatory molecules (e.g., CD80, CD83, and CD86) with a designated role
in orchestrating T cell-mediated immune responses are expressed: elevated levels of CD80/CD86 provide co-
stimulation in T cell activation, whereas CD83 expression is especially important in DC activation. Subsequently,
specific interactions between the Ag-loaded MHC molecule and the T cell receptor (TCR), and CD80/86 and CD28,
on DCs and T cells respectively, will ensure the transmission of Ag-related information. Due to this interplay, the
adaptive immunity will be triggered via priming and activation of the T cells in the lymph nodes. Following this
specific activation, effector T cells will traffic to the tumor site and infiltrate. After recognition of the cancer Ags
on the tumor, cancer cells will be killed specifically and release novel tumor Ags, triggering an ongoing and

durable cyclical process (Figure 2A)53-56],
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Figure 2. The proposed mechanism during immunogenic cell death (ICD) linked with the cancer-immunity cycle. A) The
sequential steps of the cancer-immunity cycle to eliminate tumoral material. B) Established damage-associated
molecular pattern (DAMP) release by ICD inducers triggers the intrinsic immune system to mount an anti-tumor immune
response. In this way, the front-end of the cancer-immunity cycle will be boosted (indicated with the green arrows) and
further amplification of the back-end will enhance tumor eradication. Figure was created using Biorender.

Nevertheless, the biological capabilities cells acquire throughout malignant development, referred to as the
hallmarks of cancer (e.g., metabolic reprogramming and cell death avoidance), include the ability of cancer
cells to evade the immune system, which undermine this cancer-immunity cycle, eventually leading to immune
surveillance failure and malignant progression®”>%. At the front-end of the cycle, Ag are deemed to be “self”
material and thus escape APCs, which interrupts the following cancer-eliminating steps!®®.

In addition, the tumoral site holds immunosuppressive features such as (1) cell-surface proteins on cancer cells
(e.g., downregulation of the MHC)!®Y, (2) secreted cytokines (e.g., transforming growth factor beta (TGF-B))®?
and (3) reprogrammed metabolic pathways (e.g., hypoxia)®3. Due to the creation of this hostile space,
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impairment in T cell priming and further effector T cell activation is also weakening the back-end of the cancer-
immunity cyclel®* 6],

Hence, cycle restoration appears to be a promising therapeutic strategy to reinitiate the patient’s intrinsic
immune system and elicit a systemic and durable anti-tumoral response!®*.. Therefore, (re)training the natural
defenses by immune-stimulating modalities encompasses a valuable treatment strategy. 2 examples of this
immunization strategy in oncology are the DC-based vaccinations, loaded with cancer Ags to mount an attack
directed against the tumor®®, and T cell vaccination, wherein primed T cells encourage a tumor-targeted effector
response and long-lasting memory®”. Increasing tumor immunogenicity via therapy-induced immunogenic cell
death (ICD), stimulating the front-end part, is another research strategy of great interest!®®.

5.2.2 Immunogenic Cell Death Induction as Promotor of the Cancer-Immunity Cycle

ICD is a form of regulated cell death wherein “danger signals”, called damage-associated molecular patterns
(DAMPs), are spatiotemporally emitted to the tumor surroundings by dying tumor cells’®® . These
immunostimulatory DAMPs are recognized by the pattern recognition receptors (PRR) present on iDCs and
activate their translation into their mature phenotype, mDCs!"?. Seen as a stimulatory aid, DAMPs will enhance
Ag phagocytosis by DCs, and thereby processed and presented Ags will further trigger the effector cells of the
adaptive immunity (CD8+ T cells and CD4+ T-helper cells). In parallel, the innate immunity (natural killer (NK)
cells) will be engaged. This patient-intrinsic immune reaction will elicit a specific anti-tumor response (Figure
2B)I5L 71,

Regarding the cancer-immunity cycle, ICD of tumor cells can initiate different steps, including enhanced Ag
release, uptake and phagocytosis. This strong stimulation of the front-end part of the cycle elevates tumor
immunogenicity and attracts more effector immune cells, resulting in cancer-immunity cycle amplification and
tumor eradication!”?l. Multiple DAMPs have been identified, during this thesis focused on membrane-presented
calreticulin (CRT) and heat shock protein (HSP) 70 and 90; and supernatant-released adenosine triphosphate
(ATP) and high mobility group box 1 (HMGB1). CRT will translocate from the endoplasmic reticulum (ER) to the
surface of the plasma membrane of dying cells”3!, This occurs at an early stage of ICD, even before membrane
disruption!”. Exposure of CRT will function as an “eat-me” signal to enhance phagocytosis by DCs”*!. Molecular
chaperones HSP70 and HSP90 are intrinsically important in cellular homeostasis by assisting in protein folding
and remodeling!’®. Regarding dying cells, they are also presented on the cell-surface, which contributes to higher
DC maturation””). In addition to these surface-expressed ICD markers, supernatant-released factors are often
parallelly examined. The metabolite ATP, a key player in healthy cellular processes, is liberated into the
extracellular space by dying cells. Stated as a “find-me” signal, it enables the recruitment of DCs and it mediates
pro-inflammatory effectsl’® 7. Lastly, the nucleus-resident HMGB1 is also released into the cytoplasm,
established by permeabilization of the nuclear lamina and plasma membrane®?. This marker will be exposed in
a later stage of cell death and will eventually interact with the Toll-like receptor 4 (TLR4) as “find-me” signal to
engage the DCs!® 81,

Several anti-cancer therapies, predominantly chemotherapy and radiotherapy, have been reported to have
the ability to induce ICD, thereby enhancing tumor immunogenicity!®® 2!, Immunogenic changes after
monotherapy or combined application of platinum-based chemotherapy and radiotherapy have been
demonstrated by increased levels of CRT, HSP70, and HMGB12 84, Interestingly, chemotherapeutics like HNSCC
first-line CIS have been appointed to induce ICD, majorly when administered in a specific concentration range,
lower than given in the past®. Although the underlying mechanism of action of ICD induction is still under
extensive investigation, it is assumed to be correlated with treatment-mediated ER stress and reactive oxygen
species (ROS) production!” 74, making it an interesting therapeutic target. It has been stated that ICD expression
implies clinical relevance by enhancement of immunogenicity’?l. Wang et al. reported the correlation between
overexpressed ICD markers and improved overall survival in HNSCC, indicating the possible use of ICD markers
as prognostic signatures(®®!. Furthermore, ongoing clinical trials are evaluating the benefits of ICD prediction for
different tumor types, including lung, breast, and ovarian cancer®®. For these appealing properties, several
emerging ICD inducers are being investigated in-depth for its potential as cancer therapy. One such novel
modalities is non-thermal plasma (NTP), plasma generated at room temperature and atmospheric pressurel®”- 881,
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5.3 Non-Thermal Plasma

5.3.1 The Anti-Cancer Activity of Non-Thermal Plasma

NTP is an emerging anti-cancer strategy currently being
investigated”!. Plasma, a state of matter, is formed by gas
ionization. In contrast to high temperature ‘thermal plasma’,
NTP for medical applications is generated at room
- 96-Well temperature and atmospheric pressure. It consists of a
DBD Probe complex mixture of reactive oxygen and nitrogen species
, Plasma (RONS), charged particles, and ultraviolet light®&%9, 2
g 96-Well Plate " "“?’v‘; " "|/Residual Media  different approaches to create NTP are widely used in plasma
Spheroid medicine: the plasma jet device and the dielectric barrier
discharge (DBD) plasma device (employed during this
Figure 3. The experimental set-up of the thesis)®. For the plasma jet, plasma is generated in the
dielectric barrier discharge (DBD) plasma device. device and delivered to the biological target by a carrier gas®"
The DBD plasma device is used for non-thermal 921 |5 contrast, DBD plasma is directly generated between the
plasma (NTP) generation. The DBD electrode is high voltage copper electrode and the target cells or tissue
hold by the Z-stand holder at 1 mm above the ) ) ]
biological target. Picture taken from our (Figure 3)3. Treatment conditions (e.g., treatment time,
experimental set-up. application distance), and device characteristics (e.g., pulse
duration, electric field intensity) are adjustable!®3,
NTP has been shown to be effective for inducing anti-cancer activity, both in vitro and in vivo. In vitro, the effect
of NTP on multiple cancer cell lines have been investigated, including HNSCC®® ®4 31, |n addition, in vivo studies
of NTP, using different mouse models, have demonstrated recruitment of immune cells, reduction in tumor
burden, and improved animal survival'® % 971 Even more, the first clinical trial using NTP has been established
by Metelmann et al. for locally advanced OPSCC patients. They reported both improved quality of life and partial
tumor remission in some patients!®®,
The molecular working mechanism of NTP is extensively investigated, with a special focus on ER stress and the
intracellular redox balancel® 1%, This redox state is essential to maintain, since low/moderate levels are
fulfilling a crucial role in cellular metabolism and physiological processes, resulting in maintained homeostasis'°"
1921 Unlike balanced generation and elimination in healthy circumstances, excessive ROS production, inducing ER
stress, will deteriorate the cellular cytoskeleton, proteins, and genetic material leading to cell cycle arrest or cell
death!%® 104 As malignant transformation is characterized by metabolic reprogramming, elevated rates will
result in higher basal levels of ROS in cancer cells'®!. Therefore, it is stated that malignant cells may be more
susceptible to oxidative stress, by exceeding the harmful ROS threshold, resulting in a selective treatment
window!%,
A further subdivision of the RONS can be made in short-lived (lifetime < 1sec: *OH, eNO, O/03) and persistent
(lifetime > 1sec: ONOO™, H,0,, NO,~, NOs~) speciesl®’). Intriguingly, having extensive experience in this topic, our
lab was the first to report the specific short-lived RONS as the major contributor to ICD induction, confirming
NTP as an emerging ICD inducer and thereby underlining its potential as an immune-stimulating anti-cancer
therapy!®” 88, Based on these appealing characteristics, NTP could be a valuable addition to current treatment
strategies!”!. NTP in combination with chemotherapy*°®, radiotherapy®’], and targeted therapy!*®” is reported
to have inhibitory effects on cancer cell proliferation and invasiveness in different cancer types, including
HSNCCI7, In that light, the focus of this thesis is to explore the effect of NTP in combination with first-line
chemotherapy for R/M HNSCCP?!
Since current R/M HNSCC first-line ICl treatment with or without chemotherapy has considerable shortcomings
(i.e., severe side effects!*® 4”1 and select response rates!*®!), NTP holds great potential to circumvent these
limitations by its capacity to induce ICD. Moreover, no major side effects have been reported yet regarding
clinical application of NTP, which is a very appealing property for already weakened patients and potentially a
critical advantage over other therapies!’* 1%, Taken together, due to reported benefits and attractive properties
of combination strategies, we aim to elucidate the possible amplified effect of conventional CIS chemotherapy
with emerging NTP treatment in HNSCC.
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5.4 3D Tumor Models to Better Mirror the Tumor Microenvironment

5.4.1 The Limitations of 2D Cell Cultures

In vitro cell cultures are valuable research models in diverse fields, including cancer research, to assess
characteristics related to cell biology, tissue morphology, and disease mechanisms. They have been irreplaceable
in the development of new treatment modalities and in studying treatment resistancel*%® 119,

In two-dimensional (2D) cell culturing, cells adhere on a flat plastic surface, growing into a uniform monolayer,
thereby equally accessing the nutrient-containing medium. By sub-culturing, confluence is delayed allowing
maintained cell growth®Y, 2D cultures are routinely used since they are simple, fast, low-cost, highly
reproducible, and compliant to high-throughput screening!**?. Although this culturing method is widely applied
in cancer research to understand fundamental malignant characteristics, consensus is emerging that flat
monolayers lack the ability to reflect essential components of the complex tumoral context — the tumor
microenvironment (TME)[10% 110,113,114 Other |imitations are cell polarization, loss of heterogeneity, and altered
cellular homeostasis and functioning (e.g., migration and signaling processes)*'% 115! These shortcomings impair
in vivo translation and clinical implementation, as evidenced by the low development rate of successful
treatment strategies(**¢.

5.4.2 The Appearance of the Complex Tumoral Setting

Besides cancerous cells, the tumoral context consists of a multidimensional extracellular matrix (ECM) and
diverse cell populations, altogether considered as the TME**3] seen as structural and functional elements with
a pleiotropic character to support malignant development*'”!,

In addition to the physical support, the ECM plays a major role in modulating cellular behavior*!®!. The
composition is found to influence cell characteristics contributing to cancer cell proliferation, dissemination and,
tumor-promoting cell signaling**®.. Another major determinant is the concentration gradient, seen as non-
uniform multidimensional zones, going from a necrotic core of cell death to viable and proliferating tumor cells
in the outside layers. This way, there is a gradient of restricted diffusion of oxygen and nutrients, with a built-up
of CO, and metabolic waste products in the center (e.g., lactate). As seen in an in vivo or clinical setting, drug
distribution to the tumoral center is physically restricted, causing an inhomogeneous treatment delivery
throughout the tumor!*2% 121, Duye to the absence of the multidimensional structure in a flat, monolayer culture,
this aspect is not implemented in 2D cultures. Therefore, it has been stated that a higher inhibitory concentration
50% (ICso) dose is needed in three-dimensional (3D) models to obtain the same results as 2D cultures,
encompassing a better reflection and relevance regarding further human translation!*? 1221, Alongside the ECM,
the tumoral setting is populated by diverse cell types such as cancer-associated fibroblasts (CAFs),
neuroendocrine cells, immune cells, and adipocytes!*'”). These tumor-supporting cells are linked with malignant
progression, low drug effectiveness and poor clinical outcomel*?3 124,

Hence, implementation of these cell-cell, and cell-ECM interactions are thus of utmost importance to mirror
tumor mass architecture and functioning®¥, and underline the lack of 2D cultures to be representative.
Therefore, a next generation of models that implement these features to mimic the tumoral site is needed in
oncological research, to advance novel treatment development and clinical translation.

5.4.3 The Current and Future Successes of 3D Cell Cultures

The last decade, research has been shifted to more advanced culturing perspectives to better display the complex
malignant environment, namely 3D cell cultures*®*.. 3D models are able to respond to several 2D model
shortcomings, including ECM scaffolding, a diffusion (nutritional) gradient, and multidimensional intercellular
interactions [120:126],

An established method, implemented in this thesis, is the 3D spheroid tumor model. These are multi-aggregates
of tumor cells that obtained their spheroidal shape via matrix support and non-adherent seeding*?”!. Since they
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include aforementioned 3D model enhancements, they have showed to be a more representative tool in
oncological research and drug assessment*?8l, Regarding HNSCC spheroids, they have demonstrated to better
mimic clinical drug responses due to nonhomogeneous distribution of drug concentrations, and often partial
treatment response throughout the spheroid*?!. Also, applied in this thesis, they have showed to be feasible for
studying programmed cell death!3%, including ICD induction and immunogenicity!*3 321, By these studies,
conceptual evidence will eventually result in a better clinical translation!*3?!,

However, as they are derived from cell lines, tumor spheroids exhibit restricted heterogeneity due to the
progression of only one cellular subtype!*'%l., To respond to this, co-cultures with other cell types (e.g., immune
cells, fibroblasts, endothelial cells) are suggested. Last decade, considerable research into co-culturing immune
cells with various cancer types, including colorectal cancer®?, breast cancer!**¥, and even HNSCC!**%!, revealed
tumor-immune interactions and therapeutic potential, thus highlighting the importance of the immune system
crosstalk. In that regard, during this thesis, co-culturing with monocyte-derived DCs, isolated from peripheral
blood mononuclear cells (PBMCs) of donor buffy coats, will be evaluated to assess activation of the immune
system and improvement in spheroid tumor killing.

Besides the spheroid model, more complex and advanced 3D approaches exist, including the patient-derived
organoid model (PDO). This 3D tumor model originates directly from patient tissue, thereby optimally
recapitulating the patient’s tumor characteristics and heterogeneity in varying cell types. Besides copying the
phenotypic landscape, the mutation and expression profile of the patient’s tumor are adopted. Since it is
considered as a ‘patient-in-the-lab’, organoids hold great promise for drug screening and personalized medicine
applications!*3®l, Recently, it has become apparent that they are feasible to predict the in vivo drug response of
the patient, confirming great potential to be implemented in the treatment decision-making process*37!.

Taken together, 3D models can better mimic both physiological and pharmacologic tumor characteristics and are
thereby better in mirroring the in vivo and clinical situation. During this thesis, the 3D spheroid tumor model will
be used for ICD assessment experiments and the PDO model will provide the validation of results.
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6 Aims and Objectives

Current HNSCC first-line treatment (chemotherapy and immunotherapy) is limited by several drawbacks,
including severe side effects and low response rates. The novel, emerging therapy NTP has already showed
preclinical anti-cancer efficacy and feasibility in the clinic, without reports of major side effects. In addition, NTP
holds great potential as an ICD inducer, mainly via the delivery of short-lived RONS (¢OH, ¢NO, 0/03), which
trigger several cellular stress mechanisms. Contrary to previous literature, HNSCC first-line chemotherapy CIS is
now also reported to induce features of ICD, specifically in low-dose regimens, which can be further amplified
with other ER stressors. Taken together, we hypothesized that NTP could be a well-tolerated ER stressor with
first-line CIS treatment in HNSCC to increase tumor immunogenicity and treatment response, while limiting
adverse effects. By boosting the front-end of the cancer-immunity cycle, the back-end part can indirectly be
amplified to subsequently improve systemic and long-term anti-cancer immunity in HNSCC patients.

Therefore, the aim of this study is to evaluate the immunogenicity of HNSCC tumor cell death after NTP-CIS
combination therapy, through the assessment of ICD induction via DAMP release and immunological
functionality via DC co-culture experiments. Besides this, we aimed to preliminary validate our NTP-CIS
combination therapy. All experiments will be performed using a DBD plasma device. To obtain this goal, 3
objectives have been stated:

1) Characterization and quantification of DAMPs following combination treatment of NTP-CIS. 3D spheroids,
made from 3 different HNSCC cell lines, will be exposed to different treatment regimens of CIS concentrations
and/or NTP intensities, predefined in our lab. To assess ICD induction, a panel of various DAMPs will be evaluated
at fixed timepoints. Membrane-expressed markers, including CRT, HSP70, and HSP90, will be examined with
immunofluorescent staining and microscopy. Supernatant-released markers, including ATP and HMGB1, will be
evaluated using the ENLITEN® ATP assay and the HMGB1 express ELISA, respectively.

2) Evaluation of DC activation/maturation, and phagocytosis of cancerous cells in co-culture experiments.
CD14+ monocytes, isolated from donor-derived buffy coats, will be differentiated to iDCs, which will be
subsequently added to NTP-CIS pre-treated HNSCC spheroids. The co-culture will be maintained for 48h, in order
for iDCs to recognize and engulf the tumor cells, leading to immune activation. The maturation process towards
a mDC phenotype and phagocytosis events will be examined with flow cytometry analysis.

3) Validation of immune activation after double treatment (NTP-CIS) in HNSCC organoids. Patient-derived
organoids of HNSCC will be treated with previously optimized CIS concentrations and/or predetermined NTP
intensities. Brightfield and fluorescent live-cell imaging with a cell death marker will be performed via continuous
4h scans to evaluate tumor kinetics and organoid cell death.
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7 Materials and Methods

7.1 Cell Cultures

A panel of 3 different human HNSCC cell lines was used, namely Cal27, SCC22B and SCC61. Cells were cultured
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with L-glutamine (1%), penicillin/streptomycin
(1%), and Fetal Bovine Serum (FBS) (10%). The cell lines were maintained as monolayers in cell culture flasks and
incubated in a humidified incubator with controlled 37°C and 5% CO, conditions. When confluency of 80 to 90%
was reached, cells were sub-cultured to retain their exponential growth curve (i.e., log phase) and to restore
essential nutrition. Sub-culturing was done by a washing step using PBS, whereafter the cells were detached with
trypsin (Life Technologies™). For experimental cell counts, the average live cell nhumber and viability were
retrieved from the TC20 automated cell counter (1450102, Bio-Rad®) using trypan blue (Life Technologies™) in
a 1:1 ratio. The cell lines were confirmed to be free of mycoplasma infection by regular testing.

7.2 3D Spheroid Tumor Model

A 3D spheroid tumor model was used by the implementation of a protocol previously optimized in our lab. To
promote spheroid formation, by preventing surface attachment, HNSCC cell lines were seeded in coated, round-
bottomed 96-well ultra-low attachment (ULA) plates (7007, Corning®). The optimal cell seeding concentration
was cell line specific: 4x10* cells/mL for both Cal27 and SCC22B, and 5x10* cells/mL for SCC61 (100 pL/well). The
cell suspension was supplemented with 2% Matrigel DB Phenol Red Free (354230, Corning®) to provide additional
support for spheroid condensation. After centrifugation (1200 rpm, 10 min, 4°C), the plate was left undisturbed
for 3 days of incubation to obtain a spheroid size of 350-450 um (Figure 4).

7.3 NTP-CIS Double Treatment Strategy

7.3.1 NTP with DBD Device

A microsecond-pulsed dielectric barrier discharge device (mspDBD) was used for NTP application throughout all
experiments (Figure 4). The operational characteristics of the device have been previously determined in our
lab38l: the function generator manages the adjustable parameters of frequency (Hz), treatment seconds (sec)
and pulses (cycles), powered by the power supply. The quartz-coated electrode connected to the power supply
is placed in a Z-stand holder. A calibrated distance of 1 mm was maintained between the electrode and the
biological target. For treatment, spheroids were picked up from the curved 96-well plate, transferred to a flat
24-well plate, and treated with NTP at a frequency of 1000 Hz for 10 sec (10,000 cycles). After treatment, tumors
were transferred back to the ULA plate, immediately covered with 200 pL fresh medium, and incubated under
controlled conditions until further experimental read-outs. For PDO validation, organoids could be directly
treated in the flat, coated 96-well plate.
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Figure 4. Experimental set-up on evaluating ICD-related markers expressed by HNSCC tumor spheroids. After spheroid
seeding, originating from HNSCC cell lines, tumors were treated at day 4 and |) membrane markers (CRT, HSP70, and
HSP90) were evaluated by immunofluorescent staining and microscopy, whereas Il) supernatant markers (ATP and
HMGB1) were determined by the ENLITEN® ATP assay and HMGB1 ELISA, respectively, with read-out on the Spark® Cyto.

7.3.2 Cisplatin Treatment

Cisplatin (S1166, Selleckchem®) administration was performed by the automated D300e Digital Dispenser
(399177, Tecan®) (Figure 4). The stock concentration of CIS (5mM) was diluted in aqueous medium with Tween-
20(30%) in a 1:1 ratio. The required volumes were added to the application cassette, allowing an automated and
controlled delivery to the experimental plate. CIS concentrations have been previously determined in our lab via
a 7-point titration. Herein, 2 concentrations were selected: (i) a low CIS concentration (ClISiow) showing almost no
cell death after 24h, and 25% of cell death 48h after treatment; and (ii) a high CIS concentration (ClShigh) exhibiting
cell death percentages of 25% at 24h, and 50% at 48h after treatment. These percentages were chosen based on
biological relevance and to preserve a treatment window to observe combinatorial effects. Since these values
are cell line specific, the CIS working concentrations have been listed as follows: (1) Cal27: CISiow 1.71 puM and
ClShigh 5.85 LM, (2) SCC22B: ClSjow 0.925 pM and ClSpign 3.16 pM, and (3) SCC61: ClSiow 5.85 tM and ClSpigh 20 M.

Accordingly, in the assessment of ICD induction during this thesis, 6 different treatment regimens were included
across all experiments (Table 1). Treatment conditions included an untreated control (UT), a low CIS
concentration (ClSiw), a high CIS concentration (ClIShign), plasma monotherapy (NTP), and both combinations of
NTP with respective CIS concentration (NTP-ClISiow and NTP-ClShigh). At the end of the treatment, each plate
yielded 5 spheroids per condition per timepoint.

Table 1. The treatment plate map used throughout all experiments according to 6 conditions. This scheme of a 96-well plate
was used across all experiments, resulting in 5 spheroids per condition per timepoint. Cell line specific CIS concentrations
were previously determined at our lab. NTP treatment was performed at 1000 Hz with a fixed treatment time of 10 sec.
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7.4 Agarose Embedding and Preparation of Microscopic Slides

For evaluation of the expression of membrane-associated ICD markers
after NTP-CIS combination therapy, spheroids were fixated 24h hours after
treatment in 4% paraformaldehyde (PFA) (100 pL). After incubation (1h,
RT), spheroids were transferred to agarose molds for further processing. In
short, 2 mL of hot (50-70°C) agarose solution (4% w/v in deionized water)
was dispensed in pre-warmed (37-50°C) stainless steel histology molds,
followed by making a grid print with the mold-maker (in-house made).
When the agarose was fully solidified (2 min at RT, 1 min at -18°C), the
mold-maker was gently removed to prevent the gel from breaking.
Previously fixated spheroids were transferred to the agarose grid,  Figure 5. Pre-treated spheroids
whereafter 0.5 mL low-melting point agarose (2% w/v) was slowly added  were transferred individually into
to seal the spheroids in the gel (Figure 5). Agarose pads were placed in ~ the separated agarose pores of
plastic histology cases, immersed in PFA, and tissue processed; whereafter the mold (indicated by arrow).
pads were sectionned for microscopy purposes (Figure 4).

7.5 Immunofluorescence and Imaging

Microscopy slides were baked (2h, 60°C); and washed with xylene (2x, 3 min), decreasing concentrations of
isopropanol (100-50%, 1x, 3 min), and H,O (2x, 5 min) for deparaffinization. From this step, samples were not
allowed to dry anymore to avoid non-specific antibody binding. Automated antigen retrieval was performed
(DAKO, 97°C, pH6), and slides were washed (2x, 5 min) in tris-buffered saline (TBS) with 0.025% Triton X-100. The
immunofluorescent staining antibodies to assess ICD membrane markers, listed in table 2, have been previously
titrated by our lab. To prepare staining procedures, the spheroid-containing areas on the slides were delineated
using a hydrophobic IHC (PAP) pen. To avoid aspecific binding, blocking was performed with serum (10%),
matched with the host species of the secondary antibody. Lastly, the primary antibody was applied, diluted in
blocking buffer (1%), and incubated overnight (16h, 4°C).

Table 2. Antibodies for staining of CRT, HSP70 and HSP90 for immunofluorescent imaging. After antigen retrieval, the target
will be captured by the primary antibody. The fluorophore-conjugated secondary antibody will bind to the primary antibody
and eventually emit fluorescence.

Staining Primary antibody Secondary antibody

CRT Rabbit monoclonal (ERP3924) to Calreticulin Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488)
(ab92516) (ab150077)
1/500 1/1000

HSP70 Rabbit Recombinant Anti-Hsp70 antibody Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488)
(ab181606) (ab150077)
1/50 1/1000

HSP90 Anti-Hsp90 antibody (AC88) (ab13492) Donkey Anti-Mouse IgG (H+L) (AlexaFluor
1/200 594)

1/500

The next day, samples were washed with TBS 0.025% Triton (2x, 5 min). The fluorophore-conjugated secondary
antibody, diluted in 1% blocking buffer, was added to the slides, and incubated (1h, RT). To avoid photobleaching,
following steps were conducted in a dark environment. After final washing, slides were mounted with antifade
mounting medium with DAPI nuclear counterstain (ab104139, Abcam), followed by gentle covering with a
coverslip. Samples were stored in a cold (4°C), dark environment upon imaging.
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Image capturing was performed with the Olympus BX51 fluorescence microscope (WSBX51-0169, Olympus Life
Sciences) (Figure 4). Fluorescent images were taken (20x magnification), and exposure time was determined per
fluorophore, aiming minimal background signal. Applied settings were maintained throughout the entire
experiment. The ImagelJ software was used to evaluate fluorescence intensities (Figure 6), whereafter the data
was analyzed and processed in GraphPad Prism9.

Figure 6. Manual data analysis in Image) to retrieve the mean fluorescence intensity of treated spheroids. The
fluorophore-specific immunofluorescent signals on the microscopy images (20X) were gathered via a manual analysis,
identically for each spheroid, using the ImageJ software. Applied to this figure, blue and green fluorescence represent
DAPI and HSP70, respectively. A) merged channels and subtraction of the background signal (indicated by the yellow
square), and B) the outline of the spheroidal shape to delineate the area forimmunofluorescence intensity determination.

7.6 ATP Secretion

To evaluate secreted ICD factors after NTP-CIS combination therapy, ATP and HMGB1 were evaluated in the
supernatant. First, ATP release from the treated spheroids was quantified with the ENLITEN® ATP assay system
bioluminescence detection kit for ATP Measurement (FF2000, Promega) (Figure 4). Following the manufacturer’s
instructions, the assay was performed on freshly collected supernatant. In brief, the reconstituted reagent was
prepared freshly by gently merging the reconstitution buffer and ENLITEN® rLuciferin/Luciferase Reagent,
followed by one hour of incubation before analysis initiation (1h, RT). Spheroid medium (supplemented with
heat inactivated FBS) was collected and pooled by condition at 2 different timepoints, 4h and 24h after
treatment.

In parallel, an ATP standard curve was prepared out of a 5-points serial dilution, ranging from the ATP stock
concentration (10”7 M) until fully diluted standard (10! M). Each condition/standard was transferred to a white,
opaque 96-well plate (6005689, PerkinElmer) and mixed with reconstituted ATP reagent in a 1:1 ratio. After short
incubation (5 min, RT, dark), the bioluminescent signal was measured with the Spark® Cyto (Tecan). A blank
(medium) control was subtracted from all signals, and the amount moles of ATP was retrieved by the standard
curve equation.

7.7 HMGB1 Release

The amount of HMGB1 release of NTP-CIS treated spheroids was quantified in frozen supernatant with the
HMGB1 express enzyme linked immune sorbent assay (ELISA) kit (30164033, Tecan) (Figure 4). Experimental
steps were performed according to the manufacturer’s prescription. In brief, the supernatant of NTP-CIS treated
spheroids was collected and pooled per condition at 2 timepoints, 48h and 72h after treatment, and frozen down
for later usage and batch-processing (-80°C). A negative (0 ng/mL) and positive (80 ng/mL, pig HMGB1) control
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were included. At analysis initiation, 100 L of a 7-points prediluted standard, controls, and samples were added
in a microtiter plate, coated with antibodies against HMGB1. After incubation (2h, 37°C), the plate was washed
with 400 pL wash buffer (5x). Hereafter, 100 puL enzyme conjugate was pipetted into each well and further
incubated (1h, +25°C). After repeating the washing step (5x), 100 uL of premixed color solution was added. The
reaction was punctually interrupted by addition of 100 pL stop solution (20 min, RT, dark). Finally, the optical
density was measured at wavelength 450 nm using the Spark® Cyto and the HMGB1 levels were retrieved by the
standard curve equation. All signals were corrected to the manufacturer’s proposed reference wavelength (600-
650 nm).

7.8 Co-Culture of HNSCC Spheroids with Monocyte-Derived Dendritic Cells

7.8.1 Generation of Monocyte-Derived IDCs and Green-Fluorescent Spheroids (Day 1-4)

Human PBMCs were retrieved of healthy donor’s buffy coats,
provided by the Red Cross (Flanders). Purification of these cells was
established using Ficoll density-gradient centrifugation (Ficoll-
paque plus, 17-1440-03, VWR)[*3. Hereafter, monocytes were
isolated from the PBMC fraction by CD14+ positive selection,
based on magnetic cell sorting (200-070-118, Miltenyi Biotec)
(Figure 8). After the PBMC sample had run the LS column (130-042-
401, Miltenyi Biotec), the bead-bound CD14+ monocytes were
retrieved by firm flushing!**®!. Monocyte purity (95%) and viability
were verified by flow cytometric measurement (CytoFLEX, Beckman

Figure 7. The obtained PBMC fraction after
Ficoll density-gradient centrifugation of
the buffy coat. After centrifugation of a
healthy donor’s buffy coat, the obtained
PBMC fraction became visible as a
separated, white ring (indicated by arrow).
Next, monocytes were isolated by a
positive selection using CD14+ magnetic
beads.

Coulter). To further generate iDCs, CD14+ monocytes were plated
out at day 0 at a density between 1,00x10° and 1,25x10° cells/mL in
Roswell Park Memorial Institute (RPMI) 1640 Medium (21875034,
Life Technologies™), supplemented with 2.5% human AB serum
(hAB, Sanbio), 800 IU/mL granulocyte macrophage colony
stimulating factor (GM-CSF) (130-095-372, Miltenyi Biotec), and 20
ng/mL interleukin (IL)-4 (130-093-917, Miltenyi Biotec). iDC were
retrieved after 5 days of undisturbed incubation (37°C, 5% CO,).

In order to visualise phagocytosis at day 7, tumor cells underwent intracellular PKH67 staining prior to spheroid
seeding. Harvested HNSCC cells were green-fluorescently labelled in unsupplemented medium by addition of 1
uL PKH67 reagent per 1x10° cells, diluted in 500 plL Diluent C. After several washing steps (3x), the stained tumor
cells, immersed in medium with supplements, were plated out following the standard 3D spheroid tumor model
protocol as described above.
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Figure 8. A schematic representation of the 7-day experimental set-up of the co-culture between treated spheroids
and donor-derived DCs. The upper part shows the generation and treatment of green-fluorescent HNSCC spheroids, and
the lower part demonstrates the buffy coat PBMC isolation and subsequent CD14+ monocyte retrieval. After iDC
differentiation, the co-culture was initiated and incubated. Following 48 hours of co-culture, DCs were harvested and
analyzed by flow cytometry.

7.8.2 DC Co-Culture and Flow Cytometric Analysis of Maturation and Phagocytosis (Day 5-7)

HNSCC spheroids were treated 24h prior to the start of the co-culture (Day 4) according to the treatment scheme
above (Table 1).

On day 5, iDCs were harvested and cell count was determined, whereafter the cells were labelled with
CellTracker™ Violet BMQC dye (C10094, Invitrogen™). In this way, DC (violet+) phagocytosis of tumor cells
(PKH67+) was represented as double positives during flow cytometric analysis. Harvested iDCs were resuspended
in 1 mL of 2 uM voilet tracker per 1x108 iDCs and incubated for 30 min in a warmed environment (37°C). Staining
was terminated with resuspension and incubation in full DC medium (30 min, 37°C). iDC suspensions at a
concentration of 3x10° cells/mL were prepared and added to the pre-treated spheroids at an 1:1 effector-target
(E:T) ratio. Unstimulated iDCs without co-culture were included as negative control. Fully matured DCs (mDC),
retrieved from iDCs stimulated with a maturation cocktail of TNF-a (8 pL/mL) and PGE 2 (4 pL/mL) counted as
positive control.

After 2 days of co-culture (37°C, 5% CO), spheroids were firmly flushed with PBS-EDTA in order to detach all
adherent DCs. After spheroid discard, DCs were harvested via medium collection and pooled per condition. After
washing with PBS-EDTA and centrifugation (1500 rpm, 5 min, 4°C), DC pellets were resuspended in FACS buffer.
In parallel, cell count of the controls was adjusted to the same concentration as the experimental conditions.
After centrifugation (1500 rpm, 5 min, 4°C), each pellet was resuspended in 50 pL antibody mix and incubated
(30 min, 4°C). The master mix consisted of antibodies against different activation and maturation markers
present on mDCs, including anti-CD80-PerCPCv5.5 (400150, Biolegend), anti- CD83-APC (551073, BD
Biosciences), and anti-CD86-PE-Cv7 (Y) (557872, BD Biosciences); along with Invitrogen™ LIVE/DEAD Fixable Near
IR (876) Cell stain (L34981, Thermo Fisher Scientific). Finally, flow cytometry analysis was performed at the
Novocyte Quanteon (Agilent) to assess DC phagocytosis and maturation.

7.8.3 Gating Strategy

In order to assess phagocytosis, and activation and maturation markers, DCs were stained with a violet,
fluorescent dye as described above, for the purpose of visualizing interactions with the pre-treated spheroids
that were stained green.
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Flow cytometry data was analyzed with the FlowJo™ v10.9 software, and gating strategy was applied to all
samples (Figure 9). Briefly, Singlets were retrieved from the Population gating in forward scatter (FSC) and side
scatter (SSC) channels; whereafter the viable cell population was selected, and debris was gated out on
LIVE/DEAD (Near IR) signal. In this Live Population, cells positive for the violet tracker (violet+, AmCyan)
constituted the DC population. DC phagocytosis was captured by the green-positive (green+, FITC) tumor cells
within the DC population (double positivity: violet+, green+). Additionally, expression of the activation and
maturation markers anti-CD80-PerCPCv5.5, anti-CD83-APC, and anti-CD86-PE-Cv7(Y) were characterized in the
violet+ DC population.
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Figure 9. The flow cytometric gating strategy in the assessment of DC phagocytosis, and activation and maturation.
After flow cytometry analysis, data processing was performed in FlowJo™. A) Contour plots of flow cytometric analysis
showing the consecutive population selections, resulting in the violet+ DC population in the lower right quadrant. Both
B) DC phagocytosis (green+ tumor cells within the violet+ DC population), and C) DC activation and maturation were
characterized.

7.9 Establishment of Organoid Culture from Fresh Tumor Sample

The patient’s HNSCC tumor biopsy, collected during surgery, was stored in full organoid medium supplemented
with primocin (Ant-pm-05, InVivoGen) upon processing (max. 1 day, 4°C). For tissue digestion, the sample was
placed on a petri dish, refrigerated by a cooling block, and cut in small fragments using a scalpel (Figure 10). The
tissue was further digested in 1:1 solution of trypsin (0.25%) and culture medium (max. 60 min, 37°C). The
suspension was strained over a 100 um Easy Strainer Filter (54200, Greiner) to remove undigested fragments,
supplemented with Ad-DF*** organoid medium (12634, Life Technologies™) (1000 rpm, 5 min, 4°C), and spun
down. Red blood cells were subsequently removed with RBC lysis buffer (5 min, RT). After washing in organoid
medium, the pellet was resuspended in ice-cold Cultrex growth factor BME Type 2 (3533-010-02, Trevigen).
Droplets of 20 pL were plated out on the bottom of a pre-heated 6-well plate, whereafter the plate was inverted
to solidify the BME gel in droplet-shaped structures (30 min, 37°C). Finally, the solidified domes were overlayed
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with fully supplemented medium containing 12 growth factors (Supplementary Material). To promote organoid
formation, 1 uL/mL of the RHO kinase inhibitor y27632 (10005583, Cayman Chemicals) is added once after each
splitting, and incubated.

Figure 10. Tissue processing of a patient’s HNSCC tumor biopsy. A) The HNSCC tumor sample, excised during surgery,
B) the small tumor fragments obtained after cutting in a cooled petri dish using a scalpel, and C) the solidified domes
overlayed with supplemented medium.

7.10 Organoid Sub-Culturing and Experimental Preparation

After successful organoid outgrowth, the cultures were split once in 2 weeks, starting minimally 10 days after
initial tissue processing. After a thorough washing step with PBS, 1 mL of TrypLE (12604-021, Life Technologies™)
was added while disrupting the domes, and incubated (10 min, 37°C). Hereafter, 3 following options arise,
depending on the subsequent purpose: (i) To subculture the organoids into the next passage, enabling enough
space in the domes to maintain their growth, organoids were harvested out of the domes and partially
dissociated. Thereby the size of the biggest organoids is reduced. Hereafter, domes were plated out as described
above and subsequently incubated until next split. (ii) For organoid expansion, tumor incubation was proceeded
in the bioreactor CelVivo ClinoStar® (Isogen Lifescience). Therefore, a ClinoReactor® was prepared by hydrating
the humidification system (blue water beads in the outer circle of the bioreactor), and coating of the inner
reaction chamber with bovine serum albumin (BSA) to avoid tissue adhesion. Hereafter, a suspension of partially
dissociated organoids was injected in the reactor, topped with fully supplemented organoid medium until a total
volume of 10 mL, and incubated in the ClinoStar® (Figure 11A). (iii) When organoids are split for experimental
preparation, they must be fully dissociated to single cell level in order to perform a cell count. Domes were
thereupon plated out in 150,000 cells/dome to ensure uniform growth and organoid size, and incubated (4 days,
37°C). If a successful growth was accomplished, 4-days old organoids were used for experimental purposes
(Figure 11B).
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Figure 11. Organoid expansion and experimental plating out. A) The injected organoid sample in the ClinoReactor®,
surrounded by water-filled beads for hydration, for optimal organoid expansion, B) 4-day old organoids at 150,000
cells/dome for experimental purposes.

7.11 Harvesting and Experimental Handling of Organoids

For experimental read-outs, organoids were plated out in in-house prepared, pre-coated 96-well plates. A
cooled, flat-bottomed 96-well plate was covered with 30 pL/well Cultrex, centrifuged (1500 rpm, 5 min, 4°C), and
subsequently incubated (30 min, 37°C) for gel solidification. Meanwhile, 4-days old organoid domes were
carefully washed with PBS and gently disrupted with cold organoid harvesting solution (shaking on ice, 15 min),
dissolving Cultrex domes while preventing organoid dissociation. The organoids were collected in a 0.1% BSA/PBS
pre-coated 15 mL tube and spun down (1000 rpm, 5 min, 4°C); whereafter the pellet was dissolved in 1000 pL
full medium.

Organoid count was retrieved from the Spark® Cyto: 45 uL PBS was pipetted into a flat-bottomed 384-well
counting plate (3764, Corning®) to which 5 pL organoid suspension was added. Measurement was conducted in
triplicate to determine the mean organoid count ([mean 3 wells] *200 = #organoids/mL). Seeding the organoids,
a density of 1,500 organoids/well in 100 pL was recommended. Organoid suspension was added to the previously
coated, solidified plate and gently spun down (1000 rpm, 2 min). Overnight incubation was performed to enable
organoid attachment to the coating layer.

Organoids were treated as described above with a 7-point titration of CIS and/or different NTP features. Live-cell
imaging was performed in the Spark® Cyto by continuous scanning every 4h for 3 days to measure tumor kinetics.
In addition, organoid cell death was examined using IncuCyte® Cytotox Green Reagent (4633, Essen BioScience).

7.12 Statistical Analysis

Membrane marker experiments were repeated thrice, with 5 spheroids per repeat, for all cell lines (n=10-15).
Analysis of secreted factors was performed 3 times per timepoint. Supernatant of spheroids within the same
condition was pooled together and measured in duplo for ATP and in triplo for HMGB1 (n = 3 per timepoint). DC
co-culture experiments were minimally performed 4 times with 4 independent donors (n = 4-5). Relative
expression was determined for the surface-presented DAMPs, while released factors and phagocytosis were
represented in fold changes. For the flow cytometric analysis of DC maturation and activation markers, the
difference in mean fluorescence intensity (AMFI) between treated samples and the untreated control sample
was calculated (AMFI = MFlyeated — MFluntreated). Statistical analysis was conducted in JMP® Pro 16.0.0 Statistical
Software using linear mixed models with a Tukey’s post-hoc test to correct for multiple comparisons. Data in the
figures were presented as mean * standard error mean (SEM). Significance was accepted when p < 0.05. No
statistical analysis was conducted on preliminary organoid data. Graphical representations were created in
GraphPad Prism9.
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8 Results

8.1 Surface-Presented DAMPs Increased After NTP-CIS Combination Therapy

To investigate whether the combined application of NTP and CIS was able to increase immunogenic marker
expression on the cell-surface of cancer cells, 3 membrane-associated ICD markers were assessed 24h after
therapy application. Spheroids of 3 different HNSCC cell lines (Cal27, SCC22B, and SCC61) were treated with NTP
and CIS, both as a monotherapy, and as a combination; whereafter CRT, HSP70, and HSP90 levels were evaluated
with immunofluorescence imaging. Mean fluorescence intensities, normalized to UT controls, were assessed
after image analysis.

For the SCC22B cell line, no significant effects on CRT were observed after NTP or ClSiow/migh monotherapy.
However, CRT levels increased by 2- and 3-fold when CIS chemotherapies were combined with NTP (210.6 + 32.3
and 213.2 + 26.9, low and high dose, respectively), compared to the UT condition (p < 0.0001) and both CISow
(74.62 + 8.2; p < 0.0001) and ClShigh (83.3 + 8.9; p < 0.0001) monotherapy controls (Figure 12B). CRT expression
in the Cal27 cell line significantly increased compared to UT after NTP (160.9 + 10.3; p=0.0437) and after
combined application with ClSpigh (163.6 + 25.4; p = 0.0473) (Figure 12A). Although significant changes were not
measured in Cal27 or SCC61 CRT expression after NTP-CIS combination therapy, relative to NTP or their CIS
monotherapies, a trend in increased CRT levels was reported (Figure 12A, C).

NTP exerted a promoting effect on HSP70 expression among all cell lines (Figure 12D-F). For Cal27, HSP70 was
significantly upregulated for all treated conditions with NTP (alone or in combination), compared to UT.
Moreover, both combination strategies (NTP-CISiow/high) showed significantly higher levels of HSP70 compared to
their CIS monotherapy (121.0 + 8.4; p = 0.0008 and 98.9 + 7.4; p = 0.0007, low and high CIS, respectively) (Figure
12D). Similar results were measured for HSP70 expression in the SCC22B and SCC61 cell lines (Figure 12E-F).
More moderate treatment effects were measured for HSP90 expression, where only the SCC22B cell line
demonstrated significant increase in HSP90 expression following NTP monotherapy (123.5 + 5.0; p = 0.0226)
(Figure 12H). Moreover, NTP-ClSnigh combination treatment demonstrated an increase in HSP90 expression for
both Cal27 (127.3 + 17.8) and SCC22B (125.5 * 6.6), compared to their corresponding CIShigh monotherapy (95.4
+8.2; p=0.0457 and 97.3 + 9.0; p = 0.045, respectively) (Figure 12G, H).

In summary, our data revealed a clear effect of NTP application on surface-presented DAMP expression in
different HNSCC cell lines, which is indicative of increased immunogenicity. Moreover, it is apparent that the
addition of NTP to several CIS regimens in a combinatorial setting can further elevate membrane-associated
DAMP signaling, thereby suggesting the promotion of ICD induction. In the next experiments, we aimed to further
explore the immunogenic capacity of the combination strategies by evaluating the cell-secreted and released
DAMPs.
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Figure 12. NTP-CIS treatment demonstrated increased levels of ICD-related membrane markers among a panel of 3
HNSCC cell lines. 24h after treatment, spheroid slides were immunofluorescent stained and mean fluorescence intensities
were retrieved. A-C) CRT, D-F) HSP70, and G-1) HSP90 expression were obtained for Cal27, SCC22B, and SCC61 tumor
spheroids. Overall, an increase in membrane-related DAMP expression after combination therapy was seen among all cell
lines. Statistical significance was determined using linear mixed models with a Tukey’s post-hoc test, correcting for
multiple comparisons. Data were expressed as mean + SEM with n = 10-15 per cell line. Significant differences in the
combinatorial setting were shown, compared to UT and corresponding monotherapies. * p < 0.05, *** p < 0.001, and
**%* 0 <0.0001.
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8.2 ATP Secretion Increased After NTP Monotherapy

In addition to membrane-related markers, we evaluated whether CIS chemotherapy in combination with NTP
could amplify the secretion or release of immunogenic markers. In that regard, HNSCC spheroids of Cal27,
SCC22B, and SCC61 were treated with NTP and/or CIS chemotherapy and their liberated ATP and HMGB1 levels
were subsequently evaluated in the supernatant. The levels of these molecules in the supernatant were
expressed in fold changes, relative to the UT condition.

The release of ATP in the extracellular space is known to occur rather early after ICD induction!”®l. Therefore, we
assessed the spheroid-secreted ATP for 3 HNSCC cell lines at 4h and 24h after treatment, using a bioluminescent
assay. Neither of the CIS treatment concentrations increased ATP secretion at the observed timepoints (Figure
13), while NTP alone was only effective for the SCC61 cell line at 4h post treatment. In this case, NTP
monotherapy significantly increased ATP secretion (4.0 = 0.9) compared to the UT condition (p = 0.0018) and
both the CISiow (0.9 £ 0.0; p = 0.0013) and CIShigh monotherapies (1.3 £ 0.2; p = 0.0038) (Figure 13C).

For the SCC22B cell line, a strong elevation was reported for the NTP-CIS;ow treatment (3.3 + 0.6) compared to
the UT condition (p = 0.0039) at 4h post treatment. Furthermore, this combination strategy elicited a 2-fold
increase in ATP compared to NTP monotherapy (1.5 + 0.1; p = 0.0228), and even a 3.5-fold increase compared to
CISi,w monotherapy (0.9 + 0.1; p = 0.0029) (Figure 13B). These effects were diminished at 24h post treatment,
wherein only NTP monotherapy showed an increasing trend, relative to UT (2.4 + 0.9; p = 0.3696) (Figure 13E).
Overall, NTP triggered variable ATP release in all cell lines at 4h (Figure 13A-C), but any effect returned to baseline
at 24h (Figure 13D-F). Thus, ATP secretion in response to NTP appeared to be early and cell line specific. To
further explore the DAMPs present in the supernatant following therapeutic ICD induction, we hereafter
observed the effects of the NTP-CIS combination therapy on the release of nucleus-resident HMGB1.
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Figure 13. ATP secretion demonstrated moderate levels, except following NTP monotherapy. ATP secretion of 3 HNSCC
cell lines was measured A-C) 4h and D-F) 24h after treatment. Although moderate levels were demonstrated among all
cell lines, NTP monotherapy showed an ATP-releasing effect. Significant differences were determined using linear mixed
models with a Tukey’s post-hoc test, correcting for multiple comparisons. Secretion levels were expressed in fold changes
and expressed as mean + SEM of 3 repeated experiments per cell line. Significant differences in combination therapies
were shown compared to UT and corresponding monotherapies. * p < 0.05, *** p < 0.001, and **** p < 0.0001.

8.3 HMGBI1 Release Increased Following Combined NTP-CIS Therapy

As a late-stage marker of ICD induction!”®!, HMGB1 secretion was assessed in all 3 HNSCC cell lines at 48h and
72h after treatment (Figure 14). NTP monotherapy exerted a positive influence on HMGB1 release in SCC61 cells,
72h after treatment (1.5 + 0.2; p < 0.0001) (Figure 14F), whereas HMGB1 release from other cell lines remained
moderate, when compared to that of the UT (Figure 14A-E). For both the SCC22B and SCC61 cell line, NTP
combined with CISjow (1.2 £ 0.2 and 1.4 + 0.1, SCC22B and SCC61, respectively) or ClShigh (1.4 £ 0.0 and 1.5 £ 0.1)
resulted 48h after treatment in significantly higher levels of HMGB1 in the supernatant compared to UT (p <
0.0001). In addition, HMGB1 levels showed a significant increase in the NTP-CISjow/high cOmbinations compared to
corresponding CIS and NTP monotherapies, 2 days post treatment (Figure 14B, C). These significant effects were
maintained up to 72h in the SCC22B cell line, for both the low (1.3 + 0.1 vs 1.0 + 0.1; NTP-CISiow VS ClSjow; p <
0.0001) and high (1.3 £ 0.0 vs 1.0  0.1; NTP-ClShigh Vs CIS high; p = 0.0006) combinatorial regimens (Figure 14E),
while an increasing trend was still reported for SCC61 cells (Figure 14F).

HMGB1 levels in Cal27 remained rather moderate 48h after treatment (Figure 14A), with after 72h an
upregulation of liberated HMGB1 in the 2 NTP-CIS combinations compared to NTP monotherapy (Figure 14D).
Overall, our data demonstrated a persistent profile of HMIGB1 release, retained up to 72h after treatment for
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different HNSCC cell lines. Interestingly, combined NTP-CIS application boosted the release of HMGB1 compared
to the monotherapies, highlighting the potential to evoke another hallmark of ICD induction.

Taken together, there is mounting evidence that NTP in combination with CIS at low and high concentrations
could enhance DAMPs emission (surface-bound and released), which could improve subsequent anti-tumor
immunity. Therefore, in the following experiments, we aimed to investigate immunological functionality of the
emitted DAMPs following combination treatment, by conducting co-culture experiments with immune cells.

Cal27 SCC22B SCC61
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Figure 14. HMGBL1 release was upregulated after NTP-CIS combination therapy. HMGB1 release in the supernatant was
quantified at A-C) 48h, and D-F) 72h after therapy application. Generally, a trend towards upregulation of HMGB1 was
found for all combination strategies among all cell lines, persistent over the 2 timepoints measured. Significance was
defined by linear mixed models with a Tukey’s post-hoc test, correcting for multiple comparisons. Data were represented
in fold changes and expressed as mean + SEM of 3 repeated experiments per cell line. Significant differences following
NTP-CIS were shown compared to UT and corresponding monotherapies. * p < 0.05, *** p < 0.001, and **** p < 0.0001.

8.4 NTP-CIS Combination Therapy Improved DC Phagocytosis and Expression
of Activation and Maturation Markers

A critical step in the initiation of an effective anti-tumoral response is the engagement of the selective
engulfment and processing of tumor cells by APCs (e.g., DCs)3l. In that regard, the 3 HNSCC spheroids were pre-
treated as before and co-cultured with iDCs, derived from healthy donors’ blood, to examine their phagocytotic
capacity and state of maturation. The detailed gating strategy is provided above (Figure 9).
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The PKH67+ spheroids were incubated with DCs for 48h and were imaged with the Spark® Cyto in brightfield
(Figure 15A-D) and green fluorescence (Figure 15E-H) channels. By merging the channels, treatment-related
effects on DC phagocytosis could be visualized by the overlap of green-fluorescent tumor cells in the DCs (Figure
151-P). Comparing the areas of interest (zoomed-in), co-cultures of UT or ClShigh treated spheroids showed limited
green tumor cell — DC overlap, indicating minimal phagocytosis (Figure 15M, N). Interestingly, NTP monotherapy
demonstrated more of these overlapping events, while the highest amount was visualized following the NTP-
ClIShigh combination (indicated by arrows) (Figure 150, P). These pictures visually substantiate the enhanced DC
uptake of tumor cells after NTP-including treatment applications.

ClShign NTP-ClShigh

Brightfield

PKHE67+

Merged Brightfield-PKH67+

400pum

Figure 15. Phagocytotic capacity of tumor cells visually increased after NTP-CISyign treatment during DC co-culture.
PKH67+ HNSCC spheroids were incubated for 48h with healthy donor-derived DCs. Hereafter, images were taken on the
Spark® Cyto of spheroids, challenged with different treatment regimens (UT, ClShigh, NTP, and NTP-ClShign). A-D) Brightfield,
E-H) PKH67+, I-L) merged brightfield-PKH67+, and M-P) zoomed, merged brightfield-PKH67+. The squares indicated the
zoomed-in area, while the arrows showed a phagocytosed tumor cell.
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To further investigate the DCs’ functionality, we aimed to quantify the phagocytotic potential by capturing the
engulfment of PKH67+ tumor cells by VioletTracker+ DCs during flow cytometry analysis (double positivity:
violet+, green+). Fold changes of DC phagocytosis were calculated to the UT condition.

Both ClShigh and NTP were able to enhance the levels of tumor cell uptake as monotherapy in all 3 HNSCC cell
lines (Figure 16A-C), with phagocytosis increasing with approximately a 1,5-fold for NTP and 2-fold for ClShign,
relative to the UT condition. Interestingly, once NTP and CIS were applied in combination, engulfment peaked
after NTP-CIShigh administration, demonstrated by a 2- to 3-fold upregulation compared the UT level (2.4 + 0.2; p
< 0.0001 for Cal27, 2.1 + 0.4; p = 0.0086 for SCC22B, and 2.7 + 0.6; p = 0.0017 for SCC61). Additionally, a
comparable trend was seen when NTP was combined with lower concentrations of the chemotherapeutic. Thus,
in general, an increasing trend of phagocytosis was seen among all 3 HNSCC cell lines following combined
application of NTP and ClSiow/high-

Besides their role in phagocytosis and thereupon antigen presentation, mDCs play an important role in
forwarding danger-associated information to the adaptive immunity (e.g., T cells) via the presence of co-
stimulatory signals on the cell-surface, which subsequently enhances the specific anti-tumoral responsel®.
Hence, the expression pattern of several phenotypic DC markers will alter during the activation and maturation
process. In the regard of better understanding the effects of the novel NTP-CIS combination strategy on DC
functionality, we assessed the expression levels of the co-stimulatory markers (i.e., CD80, CD83, and CD86) in 3
different HNSCC spheroids upon co-culture. Expression levels were described as AMFI, with MFlyntreated
subtracted from MFlireated.

Although significant differences were not observed in maturation marker expression, an increasing trend after
NTP-including treatments was visualized (Figure 16D-L). NTP monotherapy tended to elevate CD80 expression in
Cal27 and SCC22B cells, while an increase in marker expression was seen when NTP was added to both low and
high CIS regimens, in all cell lines (e.g., 206.5 + 102.8 vs 495.5 + 220.1 for Cal27, ClShigh vs NTP-ClShigh, respectively)
(Figure 16D-F). Although no treatment-related effects on CD83 were reported in the SSC61, expression of this
marker was stimulated in all NTP-including treatments for the other 2 cell lines (Figure 16 G-I). Illustrative, CD83
levels in the Cal27 cell line were multiplied with 5.6- and 3-fold after both NTP-CISiow and NTP-ClShigh
combinations, respectively (3651.0 + 1741.0 and 2721.5 + 1074.0), in comparison to their CIS monotherapy
counterpart (652.5 + 1298.0 for CISiw and 882.8 + 1019.0 for ClShign) (Figure 16G). Similar results were observed
regarding SCC22B (Figure 16H). Moreover, NTP as monotherapy seemed to have a positive effect on the
expression of the CD86 maturation marker on DCs for 2 out of the 3 tested cell lines (Figure 16J, K), which was
further highlighted when NTP was added to both the low and high chemotherapeutic regimes.

Taken together, the increased levels of phagocytosis after NTP-CIS combination strategy are demonstrative for
enhanced tumor cell recognition and engulfment. In addition, our data suggested that NTP exerted a promoting
effect on the activation and maturation process of DCs.

These findings are important steps in supporting our rationale and underline the potential of NTP-CIS
combination therapy to stimulate multiple aspect of the cancer-immunity cycle; this to eventually engage the
adaptive immunity and provoke lasting anti-tumoral effects.
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Cal27 SCC22B SCC61
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Figure 16. More effective DC phagocytosis and expression of activation and maturation markers after NTP-CIS
combined application. Pre-treated spheroids of 3 different HNSCC cell lines were co-cultured with DCs. A-C) Fold changes
of phagocytosis, relative to UT, were obtained after flowcytometric analysis, measuring the double positives (green+,
purple+). Among the 3 cell lines, a trend toward significance for the combination therapies was distinguished. D-L)
Although no significant differences were seen in the expression patterns of CD80, CD83, and CD86, NTP exserted
generally stimulating effects. Significance was defined by linear mixed models with a Tukey’s post-hoc test, correcting
for multiple comparisons. Data were represented in fold changes and expressed as mean + SEM of 4-5 repeated
experiments per cell line. Significant differences in the combinatorial setting were, shown compared to UT and
corresponding monotherapies. * p < 0.05, *** p < 0.001, and **** p < 0.0001.
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8.5 Patient-Specific Therapy Response Validated in HNSCC Organoids

Previous results discussed the effects of the NTP-CIS combination strategy on ICD induction via DAMP release
and DC immune activation, evaluated in HNSCC 3D spheroids. To bridge the gap between in vitro experiments
and application in an in vivo or clinical setting, we initiated the validation of our treatment effects in HNSCC
PDOs. This ‘patient-in-the-lab’ model enables treatment evaluation in a tumoral environment uniquely
resembling the phenotypic and genotypic characteristics of the original tumor**®!. Our lab has extensive
experience in PDO research and was able to establish an organoid biobank of 7 HNSCC patients, which holds
great promise to screen and optimize NTP and CIS application against a variety of HNSCC-specific tumoral
signatures, with the ultimate goal of introducing patient-matched therapies and treatment recommendations in
the clinic.

As pilot outline for further combinatorial research, we aimed to screen various NTP frequencies and CIS
concentrations as monotherapy, in here specifically for the HPV-negative patient HNSCC_007_T (Figure 17). After
treatment application, the organoids on the coated 96-well plate were imaged with the Spark® Cyto, taking
consecutive scans every 4h, up to 72h post treatment. Organoid survival was determined by subtracting the
Incucyte® Cytotox green ‘cell death’ organoid area from the brightfield ‘live’ organoid area, for each timepoint
respectively. Intra-well normalization was performed for all signals to account for organoid abundance and size
at the treatment starting point. Staurosporin was used as positive control for cell death (100%).

Evaluating the preliminary results on organoid survival following NTP monotherapy exposure, no major
therapeutic impact was observed among the different NTP frequencies tested (Figure 17A). However, at later
timepoints (48h post treatment), organoid growth seemed to be stalled when higher intensities were applied
(500 Hz and 1000 Hz). In parallel, the initial findings from the CIS monotherapy titration demonstrated a dose-
dependent decline in organoid survival, which was maintained over the 72h of treatment evaluation (Figure 17B).
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Figure 17. Organoid survival decreased with increasing CIS concentrations and the highest NTP frequencies in
monotherapy. Organoid survival was evaluated after both NTP and CIS treatment in a monotherapeutic setting. A) NTP
exposure showed similar levels among NTP intensities with more pronounced treatment effects for the stronger regimens
starting at 2 days post treatment, whereas B) CIS monotherapy demonstrated a decrease in organoid survival,
corresponding to the applied CIS concentrations. No statistics were conducted on this preliminary data.

When the patient-specific response to the monotherapeutic regimes is determined, several NTP-CIS options will
be considered to explore the combinatorial potential of the 2 agents. Demonstrative for this, the HPV-positive
patient HNSCC_001_T was previously screened in our lab for selected NTP-CIS combinations after analyzing
monotherapeutic responses (Figure 18). These results showed a greater decline in organoid survival after both
combination therapies, related to their monotherapeutic counterparts.
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Figure 18. Organoid survival reduced after administration of the NTP-CIS combination therapy. Combined treatment
application of NTP-CIS showed a decline in organoid survival in comparison to their respective NTP and CIS
monotherapies. No statistics were conducted on this preliminary data.
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9 Discussion

Despite considerable progress in therapeutic approaches, HNSCC remains a hard-to-treat cancer type. Many
patients relapse or develop distant metastasis (R/M HNSCC), facing a devastating prognosis. Additionally, current
treatment methods present low response rates and are inseparable from severe side effects. Hence, there is still
an unmet need to find new treatment modalities to help patients diagnosed with (R/M) HNSCC.

Recently, a lot of research goes to anti-cancer strategies with immune-stimulating properties and the ability to
provoke a durable anti-cancer response, including ICD-inducing agents (e.g., chemotherapy and radiotherapy).
This therapeutic approach intervenes at the front-end part of the cancer-immunity cycle, boosting the initial
immunological steps via DAMP and tumor Ag release, to initiate the amplification of a specific anti-cancer
response.

The past decade, NTP emerged as an attractive new modality for cancer therapy, with special interest in its
immunogenic capacities. Our lab has built-up a broad expertise in NTP application for cancer therapy, and we
recently reported that ICD induction by NTP is mainly elicited by the generated short-lived reactive species®”. In
parallel, the immunogenic capacities of currently-established therapies are reconsidered. In that light, the
general consensus that chemotherapeutic agents are non-immunogenic is revised: conflicting data have been
reported regarding the ability of CIS to induce ICD by ER stressing® **!, which was expected to prohibit CRT
translocation to the cell membrane. However, ICD induction by chemotherapy seems to be dose-dependent,
since CIS has been reported to exert more immunogenic properties when administered in lower, sublethal
concentrations, by stimulating more ER stress, than the classical high doses**2.

As both HNSCC standard of care chemotherapy (CIS) and NTP demonstrated ICD induction via ER stress in
monotherapy, the combination of CIS and NTP may overload the cellular stress mechanisms, resulting in a higher
DAMP release and immunogenicity. To explore this, our study aimed to unravel the immunogenicity of the novel
NTP-CIS combination treatment strategy by evaluation of DAMP release and functional DC immunity in advanced
3D tumor models for HNSCC, in the interest of an improved clinical strategy to increase therapy efficacy of
current HNSCC standard of care treatments.

Thorough research has identified various ICD markers that can be induced by therapeutic intervention!’®.
Interestingly, it is reported that the nature of the ICD inducer is decisive for which DAMPS will be released: both
chemotherapeutic and physical intervention have been previously reported to induce overlapping ICD hallmarks,
including ATP, CRT and HMGB1; while other DAMPs (e.g., HSPs) and inflammatory cytokines (e.g. ,type |
interferon (IFN) are also frequently present in the process of dying tumor cells”®. In that regard, we selected a
panel of 5 key ICD markers to be evaluated: membrane-associated CRT, HSP70, and HSP90; and supernatant-
released ATP and HMGBL1. Given that the ICD-triggered presence of these hallmarks has been earlier reported in
CIS as well as in NTP monotherapy, it seemed intriguing to investigate if the 2 modalities together were able to
provide an amplified ICD profile.

To enable a rationally-designed combination, both NTP intensities and CIS concentrations were previously
screened in monotherapy, at our lab. NTP characteristics were assessed testing different frequencies (Hz) for
variable durations in time (sec). It was found that treatment properties of 1000 Hz for 10 sec (10,000 cycles) were
able to kill 25% of exposed tumor cells up to 48h after treatment. Besides this, optimal CIS chemotherapy
concentrations were selected through a 7-point titration, ranging from untreated controls until 80 uM (0-100%
killing capacity). Hereafter, 2 working concentrations were chosen, specific for each cell line: (i) a low
concentration (CISi,w) that resulted in minimal cell death after 24h and increased to 25% of cell death 48h post
treatment; and (ii) a high concentration (CIShign) that induced cell death percentages of 25% and 50%, at 24h and
48h, respectively; while taking into account the CIS serum levels present in the patient, in the context of clinical
relevance!**!!, From this, 2 NTP-CIS combinations per cell line (NTP-CISi,w and NTP-ClShign) were used throughout
the entire course of this thesis. Of note, it is essential to encounter the right timepoints for analytic
measurements: NTP application is known to affect cancer cells shortly after exposure, whereas CIS effects peak
more slowly (2 days post treatment in vitro); to capture combined treatment effects, an adequate read-out
window between 4h up tot 72h was defined.

To profoundly investigate the immunogenic landscape in HNSCC after combined application of NTP and CIS, we
first assessed treatment-related effects on the 5 included ICD markers. Our results demonstrated higher CRT
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expression among all HNSCC cell lines after combined NTP-CIS treatment strategy (Figure 12A-C), although
differences appeared to be cell line specific. Remarkably, a 3-fold increase was reported compared to CIS
monotherapy, suggesting NTP’s promoting capacity as a mean to overload cancer cells with ER stress and multiply
DAMP release. The chaperone proteins HSP70 and HSP90 are also closely linked to ER stress, upregulated to
assist in the removal of misfolded proteins’®.. Recently, Tsutsumi et al. reported increased levels of HSP90 upon
CIS monotherapy in an in vitro model of OPSCC**3, Our results confirmed the same HSP90 presence, with a
moderate increase after combination with NTP (12G-H). The same research group described that HSP70
expression was not altered in the same CIS monotherapeutic setting. Interestingly, our strategically-designed
combination revealed a 2-fold increase in HSP70 levels, compared to CIS alone (Figure 12D-F), which confirms
the ability of NTP to boost to ICD induction of CIS chemotherapy.

Overall, our results on membrane-associated ICD markers showed an increased DAMP expression upon
combinatorial treatment of NTP and CIS. These findings suggest that boosting ER stress with additional NTP
application can consecutively lead to more danger signals that enable better recognition of malignant cells by
the immune system.

Hereinafter, we aimed to assess the ICD-associated release of DAMPs in the supernatant, one such is ATP
secretion. The increased extracellular amount of ATP upon ICD induction is known to act as a key initiator of a
profound immunogenic responses!’®l. Since killed cancer cells will burst by therapeutic intervention, intracellular
non-immunogenic ATP will be released in the process. Emphasizing timely measurement prior to cell rupture,
we set 2 early detection timepoints (4h and 24h post treatment). Previously conducted cell viability assays
confirmed our chosen timepoints with minimal decreases in intracellular ATP at 24h post treatment. Our results
suggested particularly NTP sensitization in 2 out of 3 cell lines, SCC22B and SCC61, but increasing amounts after
combination therapy were not observed (Figure 13). The peak in extracellular ATP secretion, especially observed
post NTP exposure, can be devoted to differences in the required time for treatment modalities to perform
effects; the early ICD-inducing impact of NTP is thus demonstrated, whereas it takes longer for CIS to halt cellular
processes and create DAMP release. Confirming this, Golden et al. did show in vitro an amplified increase to
monotherapy in ATP secretion 24h after a combination of platinum-based chemotherapy and radiotherapy!®?.
Next, we evaluated the translocation of nucleus-resident HMGB1 to the supernatants upon NTP-CIS treatment.
Chavez-Dominguez et al. demonstrated that CIS monotherapy was able to induce release of HMGB1], in in vitro
lung adenocarcinoma cell lines**4. In response, our findings revealed a consistent upward trend in release of
HMGBLI levels into the cytoplasm after CIS concentrations, especially when combined with NTP, underlining the
role of RONS as a key player in boosting HMGB1 levels™**!. This increased liberation of “find-me” signals may
suggest an acceleration in the engagement of immune cells, e.g., DCs, promoting tumor cell clearance.

Taken together, NTP exposure in monotherapy affected ATP secretion profoundly, demonstrative for its early
cellular impact. Besides this, HMGB1 was especially released after combined application of NTP-CIS. Boosting the
induction of both surface-exposed and released DAMPs may facilitate better recognition of malignant cells by
surrounding immune cells. Therefore, to investigate the functional effects of our NTP-CIS combination, it is
important to take into account the TME, especially the immune component.

Applied in this thesis, we used a 3D spheroid tumor model to include various crucial TME factors, including the
ECM and multidimensional shape, promoting a gradient in nutritional factors and treatment exposure. Although
this model enables a better in vivo-like representation and is thus more translatable to clinic, the model lacks
cellular heterogeneity, including the absence of immune cells. Nonetheless, during this thesis, we improved this
shortcoming by implementation of the immune component via DC co-culture experiments.

We supplemented DCs, isolated from donor-derived buffy-coats, HNSCC spheroids pre-treated with our NTP-CIS
combination, to determine the therapeutic effects on tumor cell engulfment, processing, and maturation. After
visual assessment of enhanced tumor cell uptake following NTP-CIS combination strategy (Figure 15), we
quantitatively confirmed this with a flowcytometric analysis (Figure 16). Collectively, DC co-culture results
demonstrated elevated phagocytotic capacity after NTP-CIS combination. Besides this, our results proposed an
NTP-boosting impact on the activation and maturation stages of DCs. It is important to note that the DC
populations are donor-dependent. Due to this variability, we were not able to identify significant differences in
maturation and activation markers; although, the comparison of mean values showed the enhancing role of NTP.
Altogether, the robust significance in DC phagocytosis across all cell lines and the general upregulated trend in
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expressed maturation markers imply, besides increased DAMP release, also a functional improvement of tumor
cell recognition and increased immune activation after NTP-CIS therapy.

One step further, our study validated the NTP-CIS combination therapy in a HNSCC organoid model, recently
introduced in our lab. This ‘patient-in the-lab’ model represents the real tumoral environment, maintaining both
genotypic (e.g., mutational landscape) and phenotypic (e.g., cellular framework) characteristics of the patient’s
tumor. Hence, it is seen as a valuable and highly-advanced model to study biological processes, and to predict an
individual patient's therapy response!**®l. Our lab has recently specialized itself in organoid research: with (1)
development of a diverse organoid biobank, (2) an upscaled treatment method enabling proper NTP application
and drug screening, and (3) an in-house developed analysis platform, OrBITS. Hence, we provided a strong tool
for clinically relevant validation of (combinatorial) therapeutics and high-throughput screens for various
treatment modalities in the future. Underlying this relevance, Millen et al. demonstrated very recently, and for
the first time, a correlation in radiotherapy response between the HNSCC organoid model and the patient-
resident tumor**® holding potential to guide treatment-related decisions and extension of personalized
medicine. In regard of this predicting value, we added this appealing tool to our NTP-CIS validation pipeline.

By carrying out this thesis, we have paved the way to apply NTP-CIS treatment for the first time in a combinatorial
design in an in vivo setting. Overall, our in vitro results demonstrated the attractive opportunity to combine
emerging NTP with the first-line HNSCC treatment CIS to amplify immunogenic properties. Therefore, mouse
experiments are planned to validate both safety and clinical efficacy of the NTP-CIS combination therapy in vivo.
A suitable fully immunocompetent murine model, widely used in HNSCC, is the syngeneic C3H/HeN model™*”!.
The SCC7 mouse-derived cell line will be injected orthotopically, in which tumor growth will be located in the
original tumor site. In this respect, this model provides the best link with the TME, and displays similar HNSCC
features compared to the human disease, like invasion in connective or muscular tissues and bone erosion*47],
By this, a better insight of therapy efficacy and immunogenicity will be obtained in a complete biological system
with key information on TME modulations. Since ICl is clinically often implemented in combination strategies**?,
it is highly relevant for further research to test a triple combination therapy of these checkpoint inhibitors with
our studied NTP-CIS combination. This will further delineate the value of NTP as treatment addition to the current
stand-of-care for R/M HNSCC.

Our findings opened several paths for further research in therapeutic triggering of the natural immune system
to strengthen its capacity to eradicate malignant cells. With our innovative combination of NTP and CIS, we
focused on targeting ER-mediated cellular stress mechanisms and the intracellular redox balance, with ICD
induction as a mean to stimulate tumor immunogenicity. In parallel, other therapeutic strategies to retrieve
immune stimulation are studied: breakthrough-approaches such as anti-cancer DC vaccines or chimeric antigen
receptor therapy (CAR-T) are designed for specific targeting of tumor Ags, increasing the therapeutic efficacy and
specificity, to reduce adverse effects. Nevertheless, they are time-consuming and still require high-cost
development!**®. Furthermore, TME is a strong immunosuppressive environment, including tumor hypoxia and
acidification, counteracting many aspects of these immunotherapeutic agents. In that regard, tumor metabolism
is a key target for cancer therapy which is currently underexplored. As NTP is reported to overload intracellular
RONS mechanisms, thereby deregulating the redox metabolism of cancer cells, novel combinatorial approaches
of NTP with metabolic agents may hold potential to target malignant metabolic rewiring as a novel immuno-
metabolic strategy to improve cancer therapy.

Looking over the work done, it can be said that we were able to provide valuable insights in HSNSCC
immunogenicity after NTP-CIS combination therapy. First data on ICD markers generally showed NTP
sensitization among all HNSCC cell lines, and greater DAMP release after combined application of NTP and CIS.
Hereafter, evaluation of immune functionality demonstrated overall higher DC phagocytotic capacity and
upregulation of maturation markers, boosting antigen presentation and subsequent recognition by the adaptive
immunity. In this way, heightened tumor immunogenicity has the potential to trigger a durable anti-tumoral
response. This all together will accelerate clinical translation of the obtained results and is a pivotal step towards
a rationally designed combination strategy with NTP to improve current first line HNSCC therapies.
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10 Supplementary Material

10.1 Organoid Medium

Ad-DF+++ medium consists of 500 mL Advanced DMEM (F12 12634, Life Technologies™) with 5 mL pen/strep
(15140, Life Technologies™), 5 mL 1M Hepes (15630056, Life Technologies™), and 5 mL Glutamax (35050, Life
Technologies™). The additionally 12 supplements are listed below (Table 3)

Table 3. The 12 supplements added for fully supplemented organoid medium.

Catnr Supplier Solvent Weight MM Stock Dilution Working 10 mL
concentration concentration
Ad-DF+++ 8mL
RSPO 4% 1mL
Noggin 4% 1mL
B27 17504- | Gibco 10ml 50x 1x 200 pL
supplement 044
(-20°C, protect
from light)
N- A9165- = Sigma H20 5g 163.19 500 mM = 400x 1.25 mM 25 L
acetylcysteine 5g 81.6 mg/ml
(NAC)
Nicotinamide N0636- = Sigma H20 100g 122.12 M 100x 10 mM 100 pL
100G
A83-01 2939 Tocris DMSO 5mg 421.52 500 uM 1000x 500 nM 10 pL
Sigma 5mg
FGF-2* 100- Peprotech 50 ug 50 pg/mL 5ng/mL 1puL
18B
FGF-10 100-26 = Peprotech 0.1% 50 ug 100 pg/mL 10 ng/mL 1L
BSA/PBS
EGF AF- Peprotech 0.1% 1mg 500ug/ml 50 ng/ml 1puL
100-15 BSA/utra
pure H.0
Prostagladin 2296 Tocris DMSO 10mg 352.47 | 10mM 1uM 1puL
E2 Bioscience
CHIR 99021* SML10 Sigma DMSO 5mg 465.34 1200 uM 3uM 25 L
46
Forskolin* 1099 Bio-Techne DMSO MW 10mM 1uM 1puL
(R&D depen
systems) dson
batch
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