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Summary

Despite accounting for only a small proportion of all skin cancers, malignant melanoma
displays a serious health risk with increasing incidence and high mortality rate. Fortunately,
advances in the treatment of malignant melanoma now prolong survival and enhance response
and treatment efficacy. Established biomarkers help evaluate disease progression and
facilitate choosing appropriate and individual treatment options. However, the need for easily
accessible and reliable biomarkers is rising to predict patient-specific clinical outcome.
Eosinophil infiltration into the tumor and high peripheral eosinophil counts prior and during
treatment have been associated with better response in patients for various cancer entities,
including melanoma. An analysis of a heterogeneous study cohort reported high serum ECP
levels in non-responders. Hence, eosinophil frequency and serum ECP as a soluble
eosinophil-secreted mediator were suggested as prognostic biomarkers in melanoma. We
examined whether melanoma patients treated with first-line targeted therapy could also benefit
from the effects of eosinophils. In total, 243 blood and serum samples from patients with
advanced melanoma were prospectively and retrospectively collected before and after drug
initiation. To link eosinophil function to improved clinical outcome, soluble serum markers and
peripheral blood counts were used for correlative studies using a homogeneous study cohort.
In addition, functional and phenotypical characterizations provided insights into the expression
profile and activity of freshly isolated eosinophils, including comparisons between patients and
healthy donors.

Our data showed a significant correlation between high pre-treatment blood eosinophil counts
and improved response to targeted therapy and by trend to combinatorial immunotherapy in
patients with metastatic melanoma. In accordance with previous studies our results links
eosinophil blood counts to better response in melanoma patients. High pre-treatment ECP
serum concentration correlated with response to immunotherapy but not to targeted therapy.
Eosinophils from healthy donors and patients showed functional and phenotypical similarities.
Functional assays revealed a strong cytotoxic potential of blood eosinophils towards
melanoma cells in vitro, inducing apoptosis and necrosis. In addition, in vitro cytotoxicity was
an active process of peripheral eosinophils and melanoma cells with bidirectional features and
required close cell-cell interaction. The extent of cytotoxicity was dose-dependent and showed
susceptibility to changes in physical factors like adherence. Importantly, we provide evidence
of an additive tumoricidal function of eosinophils and combinatorial targeted therapy in vitro. In
summary, we give valuable insights into the complex and treatment-dependent role of
eosinophils in melanoma. As a result, our data support the suggestion of eosinophils and their
secreted mediators as potential prognostic biomarkers. It will take additional studies to

examine the molecular mechanisms that underlie our findings.



Zusammenfassung

Obwohl das Maligne Melanom nur einen geringen Anteil aller Hautkrebsarten ausmacht, stellt
es ein ernstzunehmendes Gesundheitsrisiko mit steigender Inzidenz und hoher
Sterblichkeitsrate dar. Durch Fortschritte in der Behandlung des malignen Melanoms konnten
die Uberlebenszeit verlangert und das Ansprechen und die Wirksamkeit der Behandlung
verbessert werden. Etablierte Biomarker helfen bei der Bewertung des Krankheitsverlaufs und
erleichtern die Wahl geeigneter und individueller Behandlungsoptionen. Der Bedarf an leicht
zuganglichen und zuverlassigen Biomarkern zur Vorhersage patientenspezifischer klinischer
Ergebnisse nimmt zu. Die Infiltration von Eosinophilen in den Tumor und hohe periphere
Eosinophilenzahl vor und wéahrend der Behandlung wurden mit einem besseren Ansprechen
bei Patienten mit verschiedenen Tumorarten, einschlie3lich des Melanoms, in Verbindung
gebracht. Eine Analyse einer heterogenen Patientenkohorte berichtete Uber hohe ECP-
Serumspiegel bei Patienten, die nicht auf eine Melanombehandlung ansprechen. Daher
wurden periphere Eosinophile im Blut und ECP im Serum, als l8slicher, von Eosinophilen
sekretierter Mediator, als prognostische Biomarker fir das Melanom vorgeschlagen. Wir
untersuchten, ob sich die positive Wirkung der peripheren Eosinophilen beim Melanom auf
Patienten Ubertragen lasst, die mit einer zielgerichteten Erstlinientherapie behandelt werden.
Insgesamt wurden 243 Blut- und Serumproben von Patienten mit fortgeschrittenem Melanom
prospektiv und retrospektiv vor und nach Einleitung einer medikamentésen Behandlung
gesammelt. Um die Eosinophilenfunktion mit einem verbesserten klinischen Ergebnis in
Verbindung zu bringen, wurden Isliche Serummarker und periphere Blutbilder fur korrelative
Studien in einer homogenen Studienkohorte analysiert. Dartiber hinaus lieferten funktionelle
und phéanotypische Charakterisierungen Einblicke in das Expressionsprofil und die Aktivitat
von frisch isolierten Eosinophilen. Vergleiche von Patienten und gesunden Spendern wurden
ebenfalls durchgefihrt.

Unsere Daten zeigten, dass eine hohe préatherapeutische Eosinophilenzahl im Blut zu einer
signifikanten Verbesserung des Ansprechens auf eine zielgerichtete Therapie und tendenziell
zu einer Verbesserung des Ansprechens auf eine kombinatorische Immuntherapie bei
Patienten mit metastasiertem Melanom beitragt. In Ubereinstimmung mit bereits publizierten
Studien bringen unsere Ergebnisse eine erhdhte Eosinophilenzahl im Blut mit einem besseren
Ansprechen bei Melanompatienten in Verbindung. Eine hohe préatherapeutische ECP-
Serumkonzentration korrelierte mit dem Ansprechen auf eine Immuntherapie, nicht aber auf
eine zielgerichtete Therapie. Eosinophile von gesunden Spendern und Patienten wiesen
zudem funktionelle und phanotypische Ahnlichkeiten auf. AuRerdem zeigten funktionelle Tests
ein starkes zytotoxisches Potenzial von Eosinophilen gegeniiber Melanomzellen in vitro.

Periphere Eosinophile l16sten Apoptose und Nekrose in den Melanomzellen aus. Dariiber
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hinaus war die Zytotoxizitat in vitro ein aktiver Prozess zwischen peripheren Eosinophilen und
Melanomzellen mit bidirektionalem Einfluss und erforderte eine enge Zell-Zell-Interaktion. Das
Ausmald der Zytotoxizitat war dosisabhangig und zeigte eine Anfalligkeit fur Veranderungen
der physikalischen Faktoren wie der Adhédrenz. Wir konnten Beweise fir eine additive
tumorizide Funktion von Eosinophilen und einer kombinatorischen zielgerichteten Therapie in
vitro liefern. Zusammenfassend lasst sich sagen, dass diese Arbeit wertvolle Einblicke in die
komplexe und behandlungsabhéngige Rolle der Eosinophilen beim Melanom bietet. Unsere
Daten unterstitzen den Vorschlag, Eosinophile und die von ihnen sekretierten Mediatoren als
potenzielle prognostische Biomarker zu verwenden. Weitere Studien sind erforderlich, um die

molekularen Mechanismen unserer Beobachtungen zu entschlisseln.



1 Introduction

The skin is the human’s largest organ with its daily business to provide an intact barrier towards
the outside world to function as the first line defense mechanism. Its importance to human life
cannot be exaggerated. On a physical level, it is preventing infections and protects from
external hazards, like allergens and toxic chemicals [1]. On the other hand, it maintains
homeostasis and simply spoken, keeps the body from evaporating [2]. Despite its durability
and strength towards a variety of biochemical and mechanical stress, the skins apparent
impenetrability is illusional.

The human skin is susceptible to terrestrial ultraviolet (UV) radiation. Both UVA (400-315 nm)
and UVB (315-280 nm) are linked to skin malignancies [3-5]. Despite the higher penetrance of
UVA into skin, UVB rays are assigned to be more mutagenic and cause most skin cancers [5-
7]. This is explained by the higher energy of UVB and consequently, its higher absorbance by
DNA, ultimately resulting in genotoxic DNA damage [5, 8-9]. DNA damage manifests for
instance in dimerization of adjacent nucleotides, more specific, in the generation of
cyclobutene pyrimidine dimers (CPD) or in the formation of 6-4 photoproducts (6-4PP) [5, 10-
12]. Modification and mutation of DNA and other cellular molecules by UVA can result in
elevated generation of reactive oxygen species (ROS) and ultimately in inflamed skin [13-15].
In fact, besides environmental, ethnical and genetic variables as causative factors, the
development of most cutaneous malignant melanoma is attributed to excessive UV exposure
[16-19].

1.1 The origin of malignant melanoma — melanocytes and their mutations

The skins architecture is divided into three main layers, the adipocyte-containing subcutaneous
layer, the collagen-rich dermis, mainly composed of fibroblasts, and the outmost epidermal
layer [20]. The epidermis is primarily constituted by keratinocytes. Its main function is to provide
a first-line protection to various external stressors. The basal layer, the deepest layer of the
epidermis is connected to the dermis via the basal lamina. In this section, melanin pigment
synthesizing melanocytes, Merkel cells and cells from the immune system can be encountered
(Figure 1) [20].

Melanocytes originate from the highly migratory neural crest stem cells (NCSCs) [21]. While
canonical WNT, NOTCH and BMP signaling are attributed to the initial lineage specification
from multipotent NCSCs to bipotent glial-melanocyte stem cells, microphthalmia-associated
transcription factor MITF, c-kit, tyrosinase related protein TRP1 and other factors are
responsible for the later fate specification of melanocytes till their final reside in the epidermis
[22-23].
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Figure 1. Schematic representation of the human skin and abnormal growth in the early and late stage of
melanoma. Figure adapted from the Aim at Melanoma Foundation [24].

With a few exceptions, occurrence of melanoma is mainly attributed to somatic mutations in
epidermal melanocytes but a small margin of around 5-12% of melanoma is linked to inherited
germline mutations [25-27]. As discovered in 2002, approximately half of all malignant
melanomas carry an activating oncogenic driver point mutation in the BRAF gene on
chromosome 7 [28]. This gene encodes the serine-threonine BRAF kinase, participating in the
mitogen-activated protein kinase (MAPK) signaling pathway, which is characterized by its
pivotal function in modulating proliferation, cell growth, differentiation as well as senescence
and apoptosis (Figure 2) [29-30]. The MAPK signaling pathway is frequently found
hyperactivated in various tumors due to activating mutations in RAS or BRAF genes [31-34].
BRAF belongs to the rapidly accelerated fibrosarcoma (RAF) family, which share conserved
structures, and is one out of three known mammalian isoforms (ARAF, BRAF, CRAF) [35-36].
Through cell external engagement of integrins or receptor tyrosine kinases (RTKs) by stimuli
like growth factors or cytokines, a cell intrinsic signaling cascade is initiated. Signal
transduction activates membrane anchored small GTP-binding protein RAS that in turn recruits
inactive BRAF and enables phosphorylation of the activating sites within the BRAF kinase
domain. Activation of the BRAF kinase is accompanied by the formation of homo- or
heterodimers [37]. Further fractions of the MAPK signaling pathway core unit, MEK1, MEK2
and ERK, are subsequently phosphorylated and activated. Activated ERK dimer translocates
to the nucleus where it regulates phosphorylation of various transcription factors, ultimately
affecting the expression of a wide range of genes with numerous cell-affecting outcomes [38].
In melanoma, around 90% of the occurring somatic mutations in the BRAF gene are dominated
by the mutation in codon 600. The most frequent aberration in this codon is BRAFV600E,
caused by a substitution of the amino acid valine (V) to glutamate (E) in the activating segment

of the kinase as a consequence of a nucleotide transversion from T to A (T1799A) [28, 39-40].
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Figure 2. The MAPK signaling pathway and its core units. Binding of growth factors or cytokines to the receptor
tyrosine kinase (RTK) or interaction of surface integrins with the extracellular matrix (ECM) triggers phosphorylation
and activation of cell-internal downstream mediators like the membrane-bound RAS. RAS activation stimulates RAF
phosphorylation and dimerization. Subsequently, MEK and ERK are activated. The latter regulates activation of
transcriptions factors (TFs), which on the other hand decide for the cells fate. Depending on the initial signal,
proliferation, differentiation but also other delicate processes like senescence and apoptosis are initiated. Mutations
in the RAS gene (e.g., commonly in NRAS) or in RAF disrupt and dysregulate this highly intricate signaling cascade
in favor of the outgrowth of a tumor. Figure adapted from Becchetti et al. [41].

Interestingly, mutated BRAFV600E is able to activate MEK and ERK RAS-independently as
an active monomer [42-43]. Hence, mutation in this region causes elevated activity of the
kinase and, due to its debated phospho-mimetic property, respectively in the constitutive
sequential stimulation of the downstream MEK and ERK kinases [28, 44]. In case of
melanoma, the ultimate result of the hyperactive MAPK pathway entails uncontrolled growth
of the affected melanocyte and melanogenesis. Less common BRAF-mutation variants include
the valine to lysine substitution V600K, attributed to around 5-12% of melanoma, the valine to
aspartic acid V600D and the valine to arginine V600R-mutation representing only a small
subgroup of < 5% of melanomas [45-47]. High prevalence of the BRAF-mutation is not
restricted to melanoma as it is frequently exhibited in other cancers like colorectal cancer (12%)
and ovarian cancer with varying frequency, implicating its potential to promote a variety of
oncogenic malignancies [48-52]. The amount of pre-existing and acquired dysplastic nevi
raises the risk to develop melanoma [53-54]. Noteworthy, the mutation in the BRAF oncogene
alone is insufficient to cause melanogenesis as found frequently in benign melanocytic lesions
without apparent malignant transformation [55-58]. Cooperative acquisition of secondary
genetic mutations for instance in tumor suppressors like p53, CDKN2A or cyclin D1, other
protein kinases and mutations that impact the DNA damage repair mechanism like the
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nucleotide excision repair (NER), are required favoring tumor development and correlate with
progression and metastases formation [58-68]. This process is accompanied by increasing
heterogeneity of the tumor cells, which underlines the need of surgical removal in the early
stages of development as polyclonality might weaken the impact of therapeutic agents and
intrinsic anti-tumor immunosurveillance. Invasiveness of melanoma is attributed to the
inactivation of CDKN2A, with increasing copy-number alterations, while in the early
progressive stages PTEN and TP53 mutations are frequently found [58, 69-71]. Predisposition
to CDKN2A mutations is frequently found in inherited melanomas and increases the risk of
pancreatic cancer development [26].

Melanoma harbors a diverse genetic landscape and its somatic mutation frequency is higher
compared to some other solid cancers conducted in several studies [32, 72-75]. Interestingly,
chromosomal aberration patterns significantly differ according to localization, for instance
comparing neck and trunk, the pathohistological character and the sun-signature of the tumor
and have been highly debated in defining the adequate therapeutic approach accordingly.
Studies have put divergent oncogenic chromosomal aberration and mutation burden of
melanoma types, their region of appearance and their UV signature into context with distinct
developmental trajectories [76-80]. In fact, cutaneous melanoma in Caucasians can be
categorized in chronically sun damaged (CSD), typically diagnosed in older patients >55 years
due to higher level of cumulative UV exposure, and non-chronically sun damaged (non-CSD)
melanoma [81]. Data propose that melanocytes may be displaying different susceptibility to
transformation depending on the body’s age, and therefore the number of accumulated UV-
doses during life, and the location of melanocytes [81]. Intriguingly, BRAFV600E mutations in
melanocytes do not necessarily coincide with exposure to light and commonly initiate non-CSD
on skin sporadically exposed to UV and in naevi (< 50 years of age), while mutations in the
oncogenic c-terminal cyclin D1 (CCNDZ1) are recurrent in areas with frequent UV-exposure [28,
57, 77, 82-83]. With the absence of additional genetic aberrations (e.g., TERT or CDKN2) and
as a result of functional immunosurveillance, these naevi typically remain benign, low-/non-
proliferative and stable lesions. Although the majority of superficial spreading melanoma arise
de novo, around 20% of melanoma are associated with pre-existing naevi [54, 84-89]. CSD
melanomas commonly arise through mutations in the proto-oncogene NRAS, the second most
common alteration found in cutaneous melanoma with a frequency of around 20%, or BRAF-
nonV600E [90-91]. Other melanoma-associated mutations include e.g., a mutation in KIT. KIT
mutations are rare and are more likely (in around 15 - 40% of the cases) encountered in non-
UV-associated mucosal and acral melanomas [92-93]. Chromosomal aberrations are
accounting for most of mucosal and acral melanomas [91]. The majority (< 80%) of uveal
melanomas carry a GNAQ or GNA11l mutation that rarely coincides with a mutation in BRAF

or NRAS gene [94-96]. Other subtypes of melanoma harbor mutations in the KRAS gene,
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accounting for 20%, NF-1 mutation, accounting for around 15% and triple-wild-type melanoma,

presented in around 10% of melanoma [97].

1.2 Clinical classification, diagnostic and treatment options

Malignant melanoma remains a serious threat to public health and its incidence worldwide has
been rising continuously in the past decades [98-99]. The rising incidence might be explained
by earlier diagnosis by general skin examinations in Germany and people’s increasing
awareness for the severity of this skin disease.

Wallace Clark and Dr. Richard Reed first classified malignant melanoma according to its
histopathological features [59, 100]. Most clinical diagnosed form of melanoma is observed
cutaneous. Although remaining controversial due to overlapping histological patterns,
cutaneous melanoma is subdivided into different variants according to their spreading
characteristics and their appearance. Around 70% of melanoma are attributed to superficial
spreading melanoma, with initial radial growth and horizontal expansion in the basal
membrane. In later stages, there is a high likelihood of vertical invasion accompanied by
migration into the dermal layer with high metastatic potential [101-102]. A smaller portion of
cutaneous melanoma is defined as nodular and lentigo maligna melanoma [100, 103].
Commonly found in darker skinned people, acral lentiginous melanoma make up only a small
margin [104]. More rare forms of melanoma arise in UV-protected mucosal areas of the body
and intraocularly [105].

Guidelines have remarkably improved precision in melanoma diagnosis and standardized
clinical assessment. In 2017, the American Joint Committee on Cancer (AJCC) published the
8" edition of the melanoma staging panel, facilitating worldwide consistency in evaluating
melanoma and providing recommendation of evidence-based patient-individual treatment
approaches accordingly [106-107]. The AJCC guideline classifies melanoma by three
categories [108]. The T(umor)-category records thickness (measured in mm) and ulceration
status of the tumor. The N(ode)-category indicates spreading into adjacent lymph nodes while
M(etastases)-category classifies tumors extending into distant lymph nodes and/or organs.
The categorization helps defining the clinical and pathological staging group of the tumor
providing information for establishing patient specific clinical care strategies and prognosis. In
the early stage, primary local excision is conducted. The analysis of the lesion, in particular the
vertical tumor thickness, dictates whether excision was sufficient or in case of extending a
thickness limit and evidence of cancerous cells or ulceration, further examination e.g. the
performance of a sentinel lymph node biopsy (SLNB) is required [108]. SLNB evaluates
spreading of the primary tumor into adjacent lymph nodes and determines whether medication-
based approaches are indispensable [108]. Due to increased tumor thickness, microscopic

visualization of potential ulceration and increased metastatic risk in stage Il, SLNB and a
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potential treatment are discussed with the patients according to the biopsy analysis. Aside from
the TNM classification and tissue markers (e.g., Melan-A, HMB-45) determined in histological
samples, biomarkers like S100 and lactate dehydrogenase (LDH) are evaluated and the
mutation burden of the tumor is detected [109]. The protein S100 in patients with malignant
melanoma can be detected in immune histological samples and in the peripheral blood, where
it is used as an independent biomarker to identify metastatic melanoma and evaluating its
progression [108, 110-111]. Despite not being specific for melanoma, LDH is another useful
prognostic marker in late-stage melanoma when found elevated in patients’ serum [112-113].
Increased level of LDH is associated with poor prognosis and has been introduced into the
current AJCC staging scheme [108, 114-116]. Identification of the underlying mutations
attributing to distinct types of melanomas and the AJCC recommended staging panel have
provided crucial knowledge in understanding the disease development and has led to the
development of appropriate therapies [117-119].

Historically, treatment with the alkylating chemotherapeutic agent dacarbazine (DTIC)
approved 1975 by the Food and Drug Administration (FDA), high-dose immune-stimulator IL-
2 (FDA-approved in 1998) and IFN a-2b represented the gold standard in treating melanoma
[120]. Unfortunately, single-agent DTIC did not show beneficial impact in clinical response like
overall survival (OS) [121-123]. Nowadays, chemotherapy is utilized as the last line palliative
treatment option [123]. To evaluate the optimal choice of adjuvant therapy or for late-stage
unresectable melanoma, the determination of the mutation status for BRAF, NRAS and c-Kit
is recommended. Prior and during therapy, MRI, providing higher accuracy regarding cerebral
metastasis, or PET/CT imaging techniques help visualizing distant metastasis and provide
important tools for surveilling tumor progression and response to therapy [124-125]. NRAS
mutation is detected in around 20% of melanoma. Determination of the c-Kit mutation is
recommended for patients suffering from acral and mucosal melanoma [126]. This information
can help determining whether immunotherapy or targeted therapy should be discussed with
the patients.

2011 marked a turning point in the history of therapeutic strategies against metastatic
melanoma. Two main treatment options were developed targeting melanoma on different
levels, immunotherapy and targeted therapy. Immunotherapy utilizes immune intrinsic
checkpoints that prevent indiscriminate cell attack and regulate T cell function [127]. The
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and programmed death 1 (PD-1)
present two major immune checkpoint regulators. T cell-mediated adaptive immune response
requires the activation of T cells upon binding of their T cell receptor (TCR) of an antigen
presented by the MHC molecule on the surface of an antigen-presenting cell (APC). Co-
stimulants like the CD28:B7-interplay help orchestrate the functional outcome of the TCR-

engagement [128]. CTLA-4 is a protein receptor expressed by T cells that binds B7 presented
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on antigen presenting cells (APCs) and competes with CD28, as CTLA-4 it binds B7 with a
higher affinity [128]. Engagement of CTLA-4 with B7 downregulates T cell activation and
proliferation and inhibits autoimmunity to sustain self-tolerance correspondingly [127]. In 2011
ipilimumab (Yervoy®, Bristol-Myers Squibb) was approved by the FDA as the first human
CTLA-4 monoclonal antibody (Figure 3) [129].
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Figure 3. Immunotherapy and its targets. Activation of T cells is mediated by MHC-antigen recognition by TCR.
T cells express CTLA4 and PD-1. Tumor cells regulate T cells via PD-L1. APCs, e.g., dendritic cells express B7.
Binding of B7 (CD80/86) to CTLA4 or respectively PD-L1 to PD-1, regulates T cell activity and function. Ipilimumab
inhibits CTLA4 on T cells, while nivolumab and pembrolizumab both inhibit PD-1 on T cells. Immunotherapy restores
T cell activation. Modified from Ramos-Casals et al. [130].

Ipilimumab highjacks T cell regulation and initiates T cell activity and function especially in the
lymph nodes, inducing enhanced tumor cell surveillance and optimizing anti-tumor activity
[131]. Comparing patients receiving DTIC with patients additionally receiving Ipilimumab
revealed significant increase in clinical response when treating with the CTLA-4 antibody [132-
135]. Long-term survival analysis for Ipilimumab-monotherapy treated patients revealed a
median overall survival (OS) of 9.5 months, while following the initiation of therapy, survival
plateaued at around 3 years [136]. The 3-year survival rate when treating with ipilimumab-
monotherapy has shown to be 25% [137]. Significant improvement in progression-free survival
was achieved with the development of nivolumab and pembrolizumab, PD-1 inhibitors,
optimally applied in combination with ipilimumab [127, 138]. The combination of nivolumab and
ipilimumab led to a median progression-free survival (PFS) of 11.5 months and a median OS
>5 years [139]. Like CTLA-4, PD-1regulates T cell function by binding to its ligand programmed
death ligand 1 (PD-L1). Unlike CTLA-4, PD-1/PD-L1 regulates the interaction axis between
tumor cells and T cells. PD-L1 is expressed by tumor cells, promotes immune suppression and
inhibits T cell cytotoxicity [140]. Although controversial, PD-L1 immunohistochemistry may
assist to predict response to therapy as in some studies, PD-L1 expression was associated
with PFS and OS in melanoma patients [141-146]. The inhibitor restores T cell immune function
and merged with Ipilimumab prolongs overall survival in patients with metastatic melanoma.

Nivolumab-monotherapy has shown to be superior to ipilimumab-monotherapy revealing a 5-
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year OS rate of 44% and was outplayed by nivolumab-plus-ipilimumab treatment with a 5-year
OS of 52% despite severe adverse effects (Figure 3) [138, 147].

Around 50% of melanomas harbor a BRAF-mutation [65]. BRAF-positive mutation status
decides whether using selective BRAF-inhibitors is a reasonable treatment option [146, 148].
The BRAF-mutation is accompanied by a constitutive activation of the MAPK-signaling
pathway, ultimately ensuring autonomous proliferation and survival of melanoma cells.
Additionally, hyperactivation of the MAPK-signaling participates in the production of
immunosuppressive mediators affecting tumor surveillance [149]. Thus, regulating MAPK-
signaling in BRAF-mutated melanoma represents a powerful tool preventing tumor
progression. So far three clinical BRAF-inhibitors have been approved by the FDA,
vemurafenib (2011), dabrafenib (2013) and encorafenib (2018 in combination with the MEK-
inhibitor binimetinib) for melanoma treatment, which selectively target BRAFV600-monomers

(Figure 4) [150].
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Figure 4. Targeted therapy and its targets. Mutation in the BRAF-kinase causes hyperactivation of the MAP-
kinase pathway, inevitably affecting tumor cell survival and growth. By selective blockade of the mutated-BRAF-
kinase using BRAF-inhibitors (e.g., vemurafenib, dabrafenib or encorafenib) or by unspecifically inhibiting
downstream MEK utilizing MEK-inhibitors (e.g., trametinib, cobimetinib or binimetinib), proliferation and survival can
be regulated and tumor growth prevented. Figure adapted from Becchetti et al. [41].

In 2011, vemurafenib (Zelboraf®, Genentech) received US FDA approval as the first selective
BRAF-inhibitor for the treatment of unresectable or metastatic melanoma [151]. Vemurafenib
is a small-molecule inhibitor that selectively blocks the mutated BRAFV600E-kinase and
favorably influences the response rate by 48% and progression-free survival in patients when
comparing to conventional chemotherapy with a response rate of only 5% [151-152]. Induction
of tumor regression is not observed for wild-type BRAF cells [153-155]. Dabrafenib is indicated

for patients harboring the BRAFV600E- or V600K-mutation and has been proven to prolong
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PFS as well as showing superior effects on OS in a subset of patients when comparing to
conventional chemotherapy [156-158]. Several studies have shown response rate reaching
around 50% [146, 148, 159-160]. The PFS was significantly increased by 4.2 months (from 2.7
months to 6.9 months) compared to DTIC (HR = 0.37; 95%-KI: 0.24-0.58; p<0.0001) [158].
Encorafenib has shown superior pharmacological properties compared to vemurafenib and
dabrafenib and improved clinical efficacy comparing with vemurafenib-monotherapy [161-163].
Schilling et al. reported a reduction of lymphocytes by around 24% when treating melanoma
patients with vemurafenib but not with dabrafenib [164]. Interestingly, studies point at an
enhancement of T cell function, while the release of immunosuppressive cytokines by
melanoma cells was reduced when using BRAF-inhibitors [165-167]. However, several studies
reported a paradoxical activation of the MAPK signaling using BRAF-inhibitors in wild-type
BRAF cells through induction of RAF-dimerization [168]. Substantial clinical improvements
have been achieved combining inhibition of BRAF and the inhibition for the downstream
mediator, MEK (trametinib, binimetinib or cobimetinib) for patients with BRAFV600-mutated
metastatic melanoma [148, 159-160]. The combination of vemurafenib and cobimetinib led to
an increase of PFS by 3.7 months (from 6.2 months for vemurafenib plus placebo compared
to 9.9 months for the combination treatment) [159]. Studies reported combinatorial therapy
help combat acquisition of resistance by temporarily suppressing the tumor’s ability to escape
using alternative signaling and survival pathways, thus extending treatment efficacy [169].
Comparing dabrafenib-trametinib combinatory treatment with dabrafenib-monotherapy a raise
in response rate by 16%, the median PFS by around 2.2 months (11 months versus 8.8
months) and the median OS by 6.4 months (25.1 months versus 18.7 months) [148, 160].
Comparison of dabrafenib-trametinib with vemurafenib-monotherapy has been proven
superior on both response rate (23% higher) as well as on median PFS (increase by 3.7%)
and OS, raising the long-term perspective and effectiveness (p<0.0214) favoring the
combination treatment [148, 159]. An indirect comparison of the three combination therapies
disclosed highest median overall survival of 33.6 months for the combination encorafenib-
binimetinib, followed by 25.6 months for dabrafenib-trametinib and 22.3 months for
vemurafenib-cobimetinib [170].

In general, for patients with BRAF-mutated metastatic melanoma, either immunotherapy or
targeted therapy is recommended [171]. Mutation burden and pre-existing primary resistances
may help evaluating the options. Despite immense improvements in the assessment and
treatment of metastatic melanoma, numerous drawbacks need to be faced in order increase

the number of long-term survivors.
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1.3 Epidemiology

In disregard of age and sex, melanoma belongs to the top 20 (rank 19 out of 20) most common
cancers [172]. Since the 1970s the global incidence of cutaneous melanoma has been rising
in Caucasians, especially in those with high sun exposure [173-174]. The highest incidence
rates are found in Australia, despite the record of stabilization in the incidence, and New
Zealand (33.6 and 33.3 cases per 100,000 person-years respectively), followed by Europe
with the highest incidence being recorded in Western Europe with 18.8 cases per 100,000
person-years and northern America with 14.7 cases per 100,000 person-years. Incidence rates
in South America, Africa or Asia were below five cases per 100,000 person-years. The
mortality rate varies depending on the country and its primary health care, with targeted early
detection in patients with increased risk being beneficial for prognosis and outcome [173, 175].
Highest mortality rates worldwide were displayed in Australia and New Zealand (3.4 deaths
per 100,000 person-years) as well as in Europe (= 1.5 deaths per 100,000 person-years) and
northern America (1.4 deaths per 100,000 person-years) [172]. Increased risk factors for
developing melanoma include multiple benign naevi (= 100), multiple atypical naevi and familial
predisposition [176].

Compared to Caucasians, darker-skinned people can produce and store more melanin and
make themselves less susceptible to the DNA damaging light. According to the American
Cancer Society and according studies, the incidence of melanoma in non-whites is much lower
and stable [177-179]. Nonetheless, melanoma development effects the whole population
disregarding skin color variants but UV-shielding is superior in more pigmented skin [180].
Interestingly, most red-haired and light skin people carry a variant of the melanocortin-1-
receptor (MC1R), a transmembrane receptor that regulates tyrosinase levels in melanocytes
via CAMP, which in darker-skinned people induces eumelanin synthesis. Low levels of cAMP
and tyrosinase due to the dysfunctional MC1R variant signaling result in pheomelanin pigment
synthesis, which compared to eumelanin harbors inefficient photoprotective capacity and even
induces ROS production, which all together increases the risk for developing melanoma [181-
184].

1.4 Resistance mechanisms of melanoma against applied clinical therapeutics

Despite tremendous refinements in prolonging survival of patients with unresectable late-stage
melanoma, the 5-year OS does not reach beyond 52% for immunotherapy (study for combined
nivolumab-ipilimumab treatment) or 34% for dual targeted therapy (combination of dabrafenib
and trametinib) with initial low level LDH and small number of metastases in distant organs

associated with an advantageous clinical outcome [147, 185-187]. The response onset and
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rate forimmune checkpoint inhibitors is slow and low, however their long-term beneficial effect
regarding clinical response is substantial [188-190]. Comparatively, targeted therapy tends to
evoke a fast and robust response [171]. Unfortunately, due to acquisition of resistances within
a few months, evading blockage of the MAPK signaling, the long-term response quickly
reaches its limits [191-192].

Intrinsic and extrinsic resistances, which annul the benefit of therapy, pose a tremendous
multifactorial challenge. The EORTC 18071 and KEYNOTE-001 trial have highlighted the limits
of immune checkpoint inhibitors, as disease relapse or death was documented in around 55%
and around 25% during follow-up (median 21 months) respectively [193-196]. Researchers
have debated and investigated the different options that restrain therapies. Some patients
show lack of response since onset of therapy caused by primary resistance, others with initial
response relapse after a period due to acquisition of resistance [197]. For PD-1 inhibitors to
work, tumor cell recognition by T cell must be fully functional. Intrinsic and extrinsic factors
orchestrate adaption of resistance mechanisms in tumor cells. Intrinsic adaptions may directly
alter signaling pathways essential for tumor cell survival like the MAPK, PI3K or WNT signaling
or influence the antigen processing machinery. CD8" T cells secrete IFNy cytokine in order to
downregulate proliferation and induce apoptosis in tumor cells through activation of the JAK-
STAT pathway [198]. In 2017, Sucker et al. reported the emergence of IFNy resistance by
acquiring an inactivating mutation in JAK1 or JAK2 in melanoma lesions accompanied by low
HLA-DR and PD-L1 expression [199-200]. Furthermore, alterations in proteins like the
transporter associated with antigen processing (TAP), which regulates peptide trapping in the
endoplasmic reticulum (ER) for selective major histocompatibility complex (MHC) loading, or
other modulators (e.g. beta-2-microglobulin (B2M)), ultimately suppressing recognition by the
adaptive immune system have been reported [201-203]. Downregulation of MHC class |
expression was described as well and was associated with de-differentiation in melanoma as
a major driver resulting in a lack of tumor immunogenicity [204-205]. Aside from changes in
the antigen presentation machinery, modification of the antigen repertoire generating a new
neoantigen landscape represents a major advantage for tumor cells evading anti-tumor
efficacy of immune checkpoint inhibitors [206-207]. Data also revealed the importance of
various immune cells and their interaction in the tumor microenvironment [208-210].
Extrinsically, immune suppressive properties were attributed to regulatory T cells (Treg) by
secreting cytokines like IL-10 [211-212]. Also, myeloid-derived suppressor cells (MDSCs) have
been implicated in suppression of anti-tumor functionality of the adaptive immune system and
correlate with reduced effectiveness of immunotherapy in melanoma patients [213-214].
Tumor cells secrete chemokines that attract Tregs and MDSCs and may enhance tumor

escape [215].
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Emergence of resistance during the course of therapy also pose an enormous problem for
targeted therapy. A study from 2014 including 45 examined patients exhibited a frequency of
31% for early resistance in the first 12 weeks of treatment with a BRAF-inhibitor [216].
Detection of primary resistance in these patients may help choosing the proper therapeutic
approach as alternative treatment with immune checkpoint inhibitors is recommended.
Numerous multifactorial mechanisms and heterogeneity between patients have been identified
eventually causing reactivation of the MAPK signaling pathway or activation of alternative
pathways like the PI3K-AKT signaling pathway. A multi-center meta-analysis report defined
the frequencies of BRAF splice variants (16%) and amplifications (13%) in melanoma, which
have already been identified in previous studies, as potential resistance instrument [217-220].
Mutations in the BRAF downstream kinases MEK1 and MEK2 (around 7%) were described as
well [221]. Bypassing MAPK-blockage by BRAF-inhibitors can be carried out in tumor cells by
increased activity or adaption of receptor tyrosine kinases (RTKs) or through an activating
mutation in the NRAS gene. Under healthy physiological conditions, cCAMP activates BRAF
and regulates PKA, which represses CRAF activity [222]. Mutation-induced increase in NRAS
expression in combination with a dysregulation of cAMP signaling initiates switching from
BRAF- to CRAF-mediated signaling resulting in a rewiring and reactivation of the MAPK
signaling pathway accompanying the maintenance of proliferation in these tumor cells [222-
226]. Further genes that were reported altered in resistant cells include PTEN accompanied
by suppression of the pro-apoptotic marker BIM [216, 227-230], NF1 [231] and CDKN2A [227,
232] or MITF [216, 233-234]. It is highly debated, at which time point resistant cells evolve
during treatment or whether resistant cells already preexist as a subset of the heterogeneous

tumor lesion [235].

1.5 The need of biomarkers in management of patients with malignant melanoma

Considering the survival of patients with advanced melanoma, improving diagnostics and
identifying prognostic biomarkers is key to assess and choose the optimal treatment option for
each patient with malignant melanoma. Aside the aforementioned markers like LDH, Melan-A
expression, S100, HMB-45, which recognizes the gp100 antigen, and the evaluation of the
BRAF-status, there is rising evidence that hint towards prognostic importance of cell-based
biomarkers [236]. This view reaches beyond the detection of circulating tumor cells (CTCs)
that reflect tumor burden and which have been correlated with worse outcome in cancers [237-
238]. Due to limiting proportions of cells in the peripheral blood, CTC detection remains
challenging especially in the early stages [239]. In fact, several studies demonstrate the utility

of peripheral leukocytes as predictive biomarkers in melanoma [240-242].
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151 Thetwo-faced role of the immune system in malignant melanoma

As a highly immunogenic cancer, malignant melanoma has a fragile relationship to its
microenvironment harboring various classes of cells from the immune system. The immune
system is capable of restraining tumor growth and spreading e.g., by targeting melanoma-
associated antigens displayed on MHC class-I molecules [243]. Anti-tumor immunity was
attributed to different T cell subsets, NK cells and granulocytes [244-247]. Importantly, the
tumor microenvironment exceeds the restricted view of a simple relationship between adapted
immune system and tumor but represents a multi-cellular mechanism with bidirectional
outcome for both tumor and other involved cells. Numerous tumors have been reported to
make use of and benefit from attracted granulocytes. In fact, pro- and anti-tumoral functions
have been attributed to both eosinophilic and neutrophilic granulocytes [247-250].
Granulocytes develop in the bone marrow, where CD34*CD117* pluripotent hematopoietic
stem cells give rise to common myeloid progenitors (CMPs) [247]. These lineage-committed
progenitors differentiate and mature into a variety of leukocytes during homeostasis like
granulocytes, including neutrophils, eosinophils and basophils, and monocytes upon activation
of distinct sets of transcription factors and exposure to a unique cytokine-cocktail [251-255].
The commitment to an either neutrophil or eosinophil lineage is not fully understood yet.
However, classical priming factors of neutrophils are G-CSF and GM-CSF, while IL-3, IL-4, IL-
5, CCL11, and GM-CSF favor the development of eosinophils [256-258]. IL-5 is a critical
mediator of eosinophil development and has a wide impact on eosinophil biology, as it also
promotes eosinophil activation and survival [248, 250]. Mature and terminally differentiated
granulocytes are then released to and travel through the peripheral blood where they reach
the sites of tissue infection or inflammation via a stimulation- and recruitment-cocktail to exert
their effector function [257]. Eosinophils are tissue-dwelling cells with their primary homing into
the gastrointestinal tract where they are implicated in immune regulation, but they can also be
encountered in the mammary gland, and thymus [249, 258-259]. Under healthy conditions, the
number of produced eosinophils is low, with eosinophils making up to 6% of circulating
leukocytes [260]. This number is strongly altered during inflammation and may quickly rise
during allergic responses [261]. Neutrophils are responsible for up to 70% of peripheral blood
leukocytes, thus accounting for a majority of peripheral leukocytes in the blood [262].
Neutrophils are easily distinguishable from eosinophils, as they exhibit multilobed nuclei while
eosinophils contain characteristic bilobed nuclei [250]. Characteristic for granulocytes are their
cytoplasmic granules. Neutrophils harbor three main granules, primary (azurophilic granules:
including e.g., myeloperoxidase (MPO) and neutrophil elastase (ELANE)), secondary (specific
granules: including e.g., lactotransferrin (LTF)) and tertiary (gelatinase granules: including e.g.,

arginase 1 (ARG1) and matrix metallopeptidase 9 (MMP-9)) granules [263]. Eosinophils on the
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other hand are equipped with primary and secondary granules. The latter serve as a repository
of the potent basic proteins like major basic protein 1 (MBP1), mainly found in the crystalloid
core, matrix-located eosinophil peroxidase (EPX), a ribonucleases from the RNase A
superfamily eosinophil cationic protein (ECP) and for eosinophil derived neurotoxin (EDN)
[250, 263-264]. Among them, high amounts of pro-inflammatory proteins, various enzymes,
growth factors and enzymes are stored in granules. Upon activation, eosinophil content is
released during piecemeal or cytolytic degranulation, where they carry out their toxic potential
against both healthy but also cancerous tissues [250, 261, 265-266)].

Eosinophils express a range of receptors, which enables reactivity to growth factors, adhesion
markers, induction of granulation and importantly, to cell-cell interactions (demonstrated in
Figure 5) [250].
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Figure 5. The receptor repertoire of peripheral eosinophils. Eosinophils possess characteristics that facilitate
interaction with their environment. Activation and survival are majorly regulated by recognition of IL-5 via IL-5R and
engagement of the CCR3 by the ligands CCL11 (eotaxin 1), CCL24 (eotaxin 2) and CCL26 (eotaxin 3). Adhesion
is mediated by the expression of adhesion receptors like LFA-1 and CR3. The latter is recognized by the
extracellular matrix (ECM). Additionally, adhesion is partially regulated by engagement of the ST2 receptor and the
IL-18R by their respective ligands. Pattern-recognition receptors (PRRs), including various Toll-like receptors,
receptor for advanced glycation end-products (RAGE) and TNFR enable capture of pathogens and reactivity to
inflammation. Scheme adapted from Grisaru-Tal et al. [267].

The unique receptors of eosinophils are the interleukin-5 receptor (IL-5R), CC-chemokine
receptor 3 (CCR3) and sialic acid-binding immunoglobulin-like lektin 8 (Siglec-8). As IL-5, the
engagement of the CCR3 receptor by CC-chemokine ligand 11 (CCL11; eotaxin), CCL24
(eotaxin 2) or CCL26 (eotaxin 3) promotes chemotaxis, activation and survival of eosinophils,
both in an IL-5-dependent and -independent manner. Additional eosinophilia regulating factors
include the alarmin IL-33, an IL-1 cytokine family member produced by epithelial and
endothelial cells, recognized by the ST2 receptor, or the IL-25 cytokine produced by T helper
2 (Th2) cells, which contributes to the regulation of IL-5 production by e.g., Th2 cells [248, 250,
261]. Ubiquitously expressed high-mobility group protein B (HMGB1), an eosinophil migration-

and degranulation-promoting factor involved in inflammatory responses is recognized by
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eosinophils via the receptor for advanced glycation end-products (RAGE) or through
engagement with Toll-like receptors (TLR2 and TLR4) [268-269]. Extravasation of eosinophils
from the peripheral blood into tissue is mainly attributed to attraction mediated by
chemoattractants and involves integrins heterodimers, e.g. the lymphocyte function-
associated antigen 1 (LFA-1; CD11a-CD18) and the complement receptor 3 (CR3; CD11b-
CD18) enabling diapedesis [270-271]. Adhesion of eosinophils to cancer cells was stimulated
by upregulation of LFA-1 expression through IL-18 and facilitated anti-tumoral function by
eosinophils. IL-18 is recognized by the IL-18 receptor (IL-18R) [272-273].

1.5.2 Eosinophils —a novel biomarker in melanoma?

Eosinophil degranulation is a major function by which these cells cause intruders to undergo
apoptosis, subsequently removing pathogens or even tumor cells [274]. Canonically,
detrimental roles have been attributed to eosinophils and their potent granular mediatory. With
rising interest for the pleiotropic multi-functional effector cells, the role of eosinophils in immune
regulation and inflammation has become increasingly recognized over the years. In fact,
eosinophils are involved in diseases like asthma, allergy, cancer and even obesity [275-280].
Already in 1893, tumor-associated tissue eosinophils (TATE) have been identified and
investigated later on in gastric carcinoma utilizing electron microscopy [281-284]. Numerous
studies have highlighted the beneficial prognostic value of eosinophils in most cancers.
However, it is evident that high eosinophil counts and the degree of TATE can also be non-
beneficial in other cases [261, 285-286]. Eosinophilia’s prognostic value is therefore subject
controversy. This might be reflected by the plasticity and heterogeneity of different cancers.
The latter influencing eosinophil function in the tumor-microenvironment and their interaction
with the adjacent immune cells. Eosinophils have been linked to tumor invasion in Hodgkin’s
lymphoma and cervical carcinoma, showing a negative association with outcome and
prognosis [261, 285-286]. Eosinophil infiltration into solid tumors like colon carcinoma [287-
288], bladder carcinoma, oral squamous cell carcinoma and prostate cancer [248, 289-290]
have been linked to a good prognosis. As for melanoma response to treatment was correlated
with the presence of tumor-infiltrating immune cells and by trend survival was prolonged in
patients with eosinophilia to any given time of the disease [267, 291-294]. Additionally, baseline
relative eosinophil counts not only positively correlated with the overall survival of patients
receiving ipilimumab (anti-CTLA-4) but high blood eosinophil counts also showed enhanced
response of melanoma patients exposed to nivolumab (anti-PD-1) or combinatory treatment
(anti-CTLA-4 and anti-PD-1/anti-PD-L1), thus significantly prolonging survival during treatment
[294-297]. Interestingly, in rare cases exposure to anti-PD-1/anti-PD-L1 caused a massive

increase of peripheral eosinophil counts in patients, which were proven not to be driven by
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allergy or a parasitic infection [295]. In spite of the fact that eosinophils appear to be beneficial
in melanoma, studies also suggest an association with immune-related adverse events (irAEs)
during immune checkpoint inhibitor treatment [298]. Eosinophilia was also observed upon
administration of IL-4, GM-CSF and CTLA-4 inhibitor [242, 299-302]. Moreover, eosinophil
activation was reported upon IL-2 therapy, thus rejecting the hypothesis of tissue eosinophilia
being an epiphenomenon arising only from impetuous secretion of IL-5 by T cells or cancer
cells [261, 301-305]. Clinical observations regarding TATE have been supported by in vitro
studies showing direct eosinophil-mediated cytotoxicity towards a variety of cancers, including
melanoma and colon cancer but not again Hodgkin lymphoma [267, 272-273, 306-307]. For
instance, an in vitro study on prostate cancer revealed a tumor growth-inhibiting function of
eosinophils by secretion of IL-10 and changes in E-cadherin expression, potentially influencing
metastatic seeding [308]. Tumoricidal effects are assigned to immunoregulatory cytokines, like
IFN-y and TNF. These factors are produced, stored and rapidly secreted by eosinophils upon
activation [306, 309-312]. Eosinophil-derived TNF-a and granzyme A production and release
of EDN and ECP, which were responsible for tumor cell apoptosis and necrosis, were shown
inducible both in a colon carcinoma cell line (Colo-205) and in a melanoma mouse model
(Figure 6) [270, 306].

°,e IL-5 e.g. ECP, granzymes / Necrotic
-3 ﬁ ‘
IL-4 ILsRa /Y
IL-5 J\/ [
IL-25
cbh4*
T cell * Eosin|

ccs o "
CXCL9 .'.. /1

cxeo) 2

m \/ ‘ v’ cytotoxicity

¥ metastatic spreading

Figure 6. Indirect and direct eosinophil-mediated anti-tumoral functions. Production and release of cytokines
like IL-5 and IL-25 by CD4"* T cells and the autocrine-secretion of IL-5 by eosinophils mediates eosinophil activation
and survival. Cell-cell contact between eosinophils and tumor cells is regulated by IL-33 and IL-18, causing an
increase in expression of the adhesion receptor LFA-1 on eosinophils and an increase in ICAM-1 expression on
tumor cells. The adhesion process triggers the release of cytotoxic soluble mediators such as ECP and granzymes,
causing tumor cells to undergo apoptosis. Aside from the direct eosinophil-tumor cell cytotoxicity, eosinophils induce
infiltration of CD8* T cells into the tumor-microenvironment, which themselves release tumoricidal factors facilitating
the removal of tumor cells. Overview adapted from Grisaru-Tal et al. [267].
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Recently, serum ECP was proposed as a potential biomarker for melanoma patients. Kriickel
et al. reported that even though ECP is cytotoxic and tumoricidal, high serum levels were
independent of LDH values and correlated with a worse outcome in patients with metastatic
melanoma [313]. Idiopathic hypereosinophilic syndrome (IHES) is one of the more common
eosinophilic diseases. Patients with eosinophilia exhibited a higher plasma ECP level than the
control group, suggesting that plasma ECP could assist in the clinical diagnosis of the disease
[314-316]. As additional evidence, several studies suggest the combined measurement of ECP
and eosinophil count ratio is an excellent marker for asthmatics [314, 317-318]. Diverse studies
shed light on the interaction of eosinophils and T cells. Infiltration of CD8* T cells into the
mouse tumor model was improved through production of CCL5, CXCL9 and CXCL10 by
eosinophils, demonstrating the collaboration between the adapted and innate immune system
in tumor rejection (Figure 6) [275]. This view was supported by a study conducted by Lucarini
et al. describing a significant tumor growth delay mediated by IL-33 injection in a subcutaneous
melanoma of a mouse model. IL-33 injection was accompanied by recruitment and
accumulation of eosinophils and CD8* T cells into the tumor subsequently preventing
pulmonary metastasis formation [307]. Eosinophil-mediated cytotoxicity against colon
carcinoma also involved IL-18 and the upregulation of adhesion markers like LFA-1 and
ICAM-1, implying the need of close contact between eosinophils and their target [272-273].
Angiogenesis is crucial for metastasis and tumor growth as it provides an extension route of
tumor cells into the circulation [319]. Attenuated secretion of angiogenic factors like vascular
endothelial growth factor (VEGF) by eosinophils have been linked to normalization of tumor
vessels and induced eosinophil infiltration by CCL11-mediated stimulation impeded
angiogenesis and caused necrosis in a fibrosarcoma mouse model (Figure 6) [275, 320].
Despite extensive research on eosinophils in the tumor microenvironment, it was just recently
that researchers discovered eosinophil-mediated cytotoxicity against a human colon

carcinoma cell line via CD11a/CD18-dependent mechanisms [272, 306].
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1.5.3 Aim of this study

All these aforementioned studies highlight that eosinophils are underestimated innate immune
cells that play potent anti-tumoral roles in the vast majority of cancers. A rapid increase in
personalized therapies necessitates the development of prediction models that facilitate
balancing clinical and patient well-being, especially for high-risk patients [321]. Currently, the
guestion remains to how to optimize the use of knowledge about how eosinophils function and
their ability to fight tumors in standard clinical practice.

In this thesis, we pursued two specific aims.
I.  To evaluate the prognostic importance of peripheral blood eosinophil counts and their
soluble mediators, like ECP, in patients with advanced melanoma.
IIl.  To unravel the relationship between blood-derived eosinophils and melanoma cells
utilizing phenotypical and functional analysis and to describe eosinophil-mediated

cytotoxicity in vitro.
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2 Materials and methods

2.1 Materials

2.1.1 Patient cohort and healthy donors

All consecutive patients with newly diagnosed metastatic or unresectable cutaneous
melanoma presenting at the Department of Dermatology, University Hospital Wirzburg, were
enrolled in this study (Table 1) [274]. Enrollment was not restricted to certain lines of therapy.
Patients undergoing adjuvant therapy were not included. Patients with metastatic melanoma
and no evidence of disease at the time of blood being drawn were identified in the database
and enrolled during follow-up visits. In addition, all consecutive patients with newly diagnosed
stage | or Il melanoma were enrolled after surgical treatment. None of the early-stage patients
received therapy. Patients were enrolled between 07/2015 and 12/2021. The study had been
approved by the ethics committee of the University of Wirzburg (50/17-mk). Additionally, we
received 21 retrospective serum samples from advanced melanoma patients receiving
targeted therapy as a first-line therapy from the Department of Dermatology, University
Hospital Erlangen, and nine serum samples from the multi-centric blood bank of the
Department of Dermatology, University Hospital TUbingen that were derived from patients
recruited at the Department of Dermatology, University Hospital Dresden. All patients enrolled
provided written informed consent. Serum samples were collected prior to and during
treatment. For samples from patients receiving dual targeted therapy, the median of days
between the first sample (pre-treatment) and second (on-treatment) sample was 98 days
(range 58-178 days). On-treatment serum samples were obtained close to the first response
assessment. For samples from patients receiving immunotherapy, the median time span was
175 days (range 52—-269 days). To obtain ECP reference values, three healthy volunteers were
included. White blood cell count and serum lactate dehydrogenase (LDH) were assessed 0—
63 days prior to collection of the pre-treatment ECP samples and 0—63 days prior to collection
of the on-treatment serum ECP samples. The closest peripheral blood draw was considered
when multiple values were available. Responders were defined by RECIST 1.1. as CR
(complete remission) or PR (partial remission) and non-responders as PD (progressive
disease) or SD (stable disease) to the respective treatment. Demographic and clinical data
were collected from all patients listed in Table 1. For phenotypical analysis of eosinophils and
assessment of cytotoxicity, a second cohort of 49 samples from patients diagnosed with stage
IV melanoma before the implementation of therapy, six patients with no evidence of disease
(NED) in stage | and Il and a total of 12 healthy donors (HD) serving as controls were included.

Clinical parameters were not collected for the second cohort (Table 2) [274].
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Table 1. Patients included for evaluation of serum ECP, peripheral blood counts and association of REC with
response to MAPKI in patients with advanced malignant melanoma receiving dual targeted therapy (total n = 94).
Patients receiving immunotherapy served as control cohort (total n = 149).

Variables Patients
Age median (range) 70 years (27-93)
%
Individual Patients 243 100
Sex male 115 47.3
female 98 40.3
unknown * 30 12.4
Stage ] 17 7
v 226 93
M-Category Mla 24 9.9
M1b 59 24.3
Milc 85 35
M1d 58 23.9
First-Line Therapy yes 205 84.4
no 38 15.6
ITnhC?L:ziﬁ’)ynaﬂe’ ey anti-PD-1 86 35.4
anit-PD-1 + anti-CTLA-4 63 25.9
BRAFi + MEKi 2 94 38.7
LDH >1x ULN 3 86 35.4
<IX ULN 3 153 63
missing 4 1.6

1 For patient serum samples from Tiibingen/Erlangen, this information was not provided.
2 All patients receiving dual MAPKi (BRAFi + MEKi) showed a BRAFV600-mutation.
3 Upper limit of normal (ULN).

Table 2. Patients and healthy donors included in phenotyping eosinophils and for cytotoxicity evaluation 1.

Variables Donor
%
Individual Donors 67 100
Patient Stage /1l 6 9.0
v 2 49 73.1
Healthy Donor 12 17.9

1 For functional and phenotypic analyses, additional blood samples were collected from donors. Clinical
parameters were not collected for this cohort.
2 Treatment-naive stage IV patient samples.

2.1.2 Cell lines and cell culture

All melanoma cell lines, aside from MaMell114, carried the BRAFV600E mutation and grew
adherently in culture flasks. The primary human cutaneous melanoma cell line MaMel63a was
mainly used to assess the in vitro function of eosinophils, including the cytotoxicity evaluation
of eosinophils from melanoma patients compared to healthy donors, phenotypic analysis and
analysis of the relationship between melanoma cells and eosinophils. Further BRAF-mutated
cell lines (MaMel06, MaMel80a and MaMel51) served as controls to evaluate the extent of
cytotoxicity in different cell lines. All MaMel cell lines were derived from patient biopsies as
described previously [322]. Evaluation of specificity and sensitivity of the effects observed by
eosinophils was conducted using non-melanoma-derived and non-BRAF-mutated cell lines

including the non-small-cell lung cancer cell line H460 and the suspension Merkel cell
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carcinoma cell line WaGa, kindly provided by D. Schrama and R. Houben (University Hospital

Wiirzburg). All cell lines and solutions for cell culture are listed in Table 3 and 4.

Table 3. List of melanoma and non-melanoma cell lines.

Name Disease Site of Derivation BRAF NRAS TERT Gender
MaMel63a melanoma cutaneous/ V600E wit mut f
subcutaneous
MaMel51 melanoma lymph node V600E - mut m
MaMel06 melanoma lymph node V600E - mut m
MaMel80a melanoma lymph node V600E - mut f
MaMell14 melanoma brain wt - mut m
WaGa merkel cell carcinoma ascites - - - m
H460 non-small-cell lung pleural effusion, - - - m
cancer lung

Abbreviations: mut = mutated, wt = wild type, f = female, m = male.

Table 4. List of solutions for cell culture.

Product

Supplier

DPBS

FBS superior
Penicillin-Streptomycin
RPMI-1640 Medium
with L-glutamine

with sodiumbicarbonate
Trypan Blue Solution
10x Trypsin/EDTA

2.1.3 Consumables

Table 5. List of consumables.

Sigma-Aldrich # D8537-500ML
Biochrom #S 0615

Sigma-Aldrich # P4333-100ML
Sigma-Aldrich # R8758-500ML

Sigma-Aldrich # 93595-250ML
Sigma-Aldrich # E7889-100ML

Product Supplier

Centrifuge Tubes Greiner CELLSTAR®
MS Columns Miltenyi Biotec
Neubauer counting chamber 0,100 mm depth Assistent

Reagent Tubes Sarstedt

Serological Pipettes Greiner CELLSTAR®

SuperFrost® Plus microscope slides 25 x 75 x 1.0mm

Spin-X® Centrifuge Tube Filter

Test Tubes (flow cytometry tubes, polypropylene)
Test Tubes (flow cytometry tubes, polystyrene)

Tissue Culture Flasks (t-flask)

R. Langenbrinck GmbH
Corning Costar®
Beckman Coulter
Hartenstein

Greiner CELLSTAR®

24-Well Plates Greiner CELLSTAR®
2.1.4 Chemicals
Table 6. List of chemicals and their final concentration (f.c.).
Product Solved in Concentration CAS Supplier
Brefeldin A DMSO f.c.: 5 ug/mL Biolegend
# 420601
BSA f.c.: 0.1-0.5% 6381-92-6 Sigma Life Science

# A7906-100G



Cisplatin DMSO stock: 3.33 MM 15663-27-1 Ratiopharm
f.c.. 20 uM Supplied by the UKW
pharmacy
Cobimetinib DMSO stock: 1 mM 934660-93-2 Cayman Chemical
(GDC-0973) f.c.: 100 nM # 19563
DMSO stock: 299.7% 67-68-5 Sigma-Aldrich
# D2650-100ML
Ethanol absolute stock: 99.9% 64-17-5 Chemsolute®
# 2246.1000
Phorbol-12- DMSO stock: 5 mg/mL 16561-29-8 Sigma-Aldrich
myristate-13- f.c.. 50 nM # 79346
acetate (PMA)
Propidium iodide 1% FCSin 0.1 mg/mL Sigma-Aldrich
()] DPBS # P-4170
RNAseA 0.1 mg/mL ThermoFisher Scientific
# ENO531
Vemurafenib DMSO stock: 10 mM 918504-65-1 Cayman Chemical
(PLX4032) f.c.: 100 nM - # 10618
10 uM
2.1.5 Buffers and solutions
Table 7. Materials for crystal violet staining.
Product Composition Amount F.c. Supplier
Crystal violet staining  0.5% crystal violet 25 mL 0.25% Roth
solution solution in ddH20 #T123.1
Methanol 10 mL 20% VWR Chemicals
# 20847.295P
ddH20 15 mL 30%

Table 8. List of buffers and solutions for granulocyte separation and purity staining.

Product Application Supplier
10x Annexin V Binding Buffer diluted 1:10 in ddH20 BD Pharmingen™
# 51-66121E

autoMACS™ Running Buffer
MACS Separation Buffer
autoMACS™ Pro Washing
Solution

Miltenyi Biotec
# 130-091-221
Miltenyi Biotec
# 130-092-987

Biocoll Separating Solution Biochrom
density: 1.077 g/mL, isotonic # L6115
Flow Cytometry Staining Buffer 0.1% BSA in DPBS
10x Red Blood Cell Lysis Buffer diluted 1:10 in ddH20 Biolegend
# 420302
2.1.6 Instruments
Table 9. List of instruments.
Product Supplier
Analytical lab scale BP121S Sartorius
AutoMACS® Pro Separator Miltenyi Biotec
Block Heater SBH130DC Stuart

ThermoFisher Scientific
ThermoFisher Scientific

Centrifuge Heraeus™ Pico™ 17
Centrifuge Megafuge™ 16R
CytoFLEX LX Beckman Coulter
Cytospin 2 Shandon

FACS Canto™ BD

Incubator Heracell™ VIOS 160i ThermoFisher Scientific



IKA-Combimag REO magnetic stirrer
Microscope DM IL

Microscope DM750

Micro scale scout

M1 Minishaker

Nikon TI-E microscope

Rotating platform RM5-30 V

Tecan Reader (Infinite M Nano)
Tissue Culture Hood Safe 2020

2.1.7 Kits

Table 10. List of kits.

IKA

Leica

Leica

OHAUS

IKA

Nikon

Engineering buro CAT
Tecan

ThermoFisher Scientific

Product F.c. or volume Supplier
CellTrace CFSE Cell Proliferation Kit 2 uM ThermoFisher Scientific
# C34554
ECP ELISA - Cusabio
# CSB-E11729h
Eosinophil Isolation Kit human - Miltenyi Biotec # 130-092-010
Multicolor CompBeads 1 drop = 60 pl BD Biosciences # 644204

2.1.8 Antibodies

Table 11. List of human antibodies and dyes including their final concentration (f.c.).

Product Clone F.c. or volume Supplier
7-AAD 1:1000 in 1x Annexin V Life technologies # A1310
binding buffer
Annexin V-APC 1:33in 1x Annexin V BD Bioscience # 550475
binding buffer
CD3-PE 4 ul Beckman Coulter # AQ7747
CD3-PE HIT3a 4 ul Biolegend # 300307
CD14-PerCP-Cy5.5 HCD14 2ul Biolegend # 325622
CD16-FITC 3G8 1 pl (phenotyping) Biolegend # 302006
2 pl (purity control)
CD16-Pacific Blue™ 3G8 1l Biolegend # 302032
CD19-PE 4l Beckman Coulter # A07769
CD19-PE HIB19 4l Biolegend # 302208
CD29-APC-Cy7 TS2/16 2ul Biolegend # 303014
CD31-PerCp-Cy5.5 WM59 2 pl Biolegend # 303131
CD45-PE-Cy7 HI30 4 ul Biolegend # 304015
CD49d-PE-Cy7 9F10 2ul Biolegend # 304313
CD56-PE CMSSB 4 ul eBioscience # 12-0567-42
CD66b-APC G10F5 2 ul eBioscience # 17-0666-42
CD193-APC-Cy7 (CCR3) 5E8 1 pl (phenotyping) Biolegend # 310712
4 pl (purity control)
CD193-PE 5E8 1l Biolegend # 310706
(CCR3)
CD274-PE-Cy7 29E.2A3 2ul Biolegend # 329718
(B7-H1, PD-L1)
Ki-67 APC Ki-67 4 pl Biolegend # 350514
HLA-A, -B, -C-PE W6/32 2 ul Biolegend # 311405
HLA-DR-APC-Cy7 L243 2ul Biolegend # 307618
Mouse 1gG1 k-FITC MOPC-21 2l Biolegend # 400108
Isotype control
Mouse 1gG1 k-PE MOPC-21 4l Biolegend # 400112
Isotype control
Mouse 1gG1 k-PE-Cy7 P3.6.2.8.1 4 ul eBioscience # 25-4714-42
Isotype control
Mouse 1gG1 k-PerCP- MOPC-21 2 ul Biolegend # 400150

Cy5.5
Isotype control

26



Mouse IgG1 k-APC P3.6.2.8.1 2 ul eBioscience # 17-4714-41

Isotype control

Mouse IgG1 k-APC MOPC-21 2 pl Biolegend # 400122

Isotype control

Mouse 1gG1 k-APC-Cy7 4l BD Pharmingen # 557873

Isotype control

Siglec-8-PerCP-Cy5.5 7C9 2 pl Biolegend # 347107
Table 12. Blocking antibodies and DNAsel for dissolving EETSs.

Product Clone F.c. or volume Supplier

CD11la (LEAF) HI111 2 pg/mL Biolegend # 301213

Host: mouse

CD11b (LEAF) ICRF44 2 pg/mL Biolegend # 301311

Host: mouse

CD18 (LEAF) TS1/18 2 pg/mL Biolegend # 302111

Host: mouse

CD49d (LEAF) 9F10 2 pg/mL Biolegend # 304309

CD54 (LEAF) = ICAM-1 HCD54 2 pg/mL Biolegend # 322704

Host: mouse

QlAamp DNA Mini 1:50 in digestion buffer Qiagen # 51306

including DNasel

Mouse IgG1, k Isotype P3.6.2.8.1 2 pug/mL eBioscience™ # 16-4714-82
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2.2 Methods

221 ELISA

To determine ECP levels in serum of late-stage melanoma patients and healthy volunteers,
freshly drawn blood was centrifuged (800 g, 10 minutes, room temperature (RT); serum was
aliquoted and stored at -80 °C until use. After thawing, samples were centrifuged for 15 minutes
at 1,000 g and ECP concentration was measured by ELISA. According to the manufacturer,
the detection range lays between 1.56 ng/mL and 100 ng/mL. Normal ECP values in serum
from healthy donors range (95%) from 2.3 ng/mL to 15.9 ng/ml [313, 323]. Duplicates of each
sample were assessed. ECP serum levels were correlated with patient’s response to targeted
therapy or to immunotherapy and with laboratory values like relative eosinophil counts (REC)
and absolute eosinophil counts (AEC). Responders were defined as CR and PR at time of
assessment and non-responders as PD and SD according to RECIST 1.1. Absorbance was
measured at 450 nm and a reference absorbance was measured at 540 nm using the Tecan

Reader (Infinite M Nano).

2.2.2 Multiplex-Analysis

Customized human panels were used for LegendPlex™ multi-analyte analysis including
eosinophil-related soluble mediators such as RANTES, sRAGE, Eotaxin, GM-CSF and APRIL.
Serum from melanoma patients before and during administration of targeted therapy as first-
line therapy was centrifuged before processing. Serum analysis was carried out as described
in the protocol provided by the manufacturer. Pre- and on-treatment concentrations of
appropriate analytes were correlated with clinical response. Responders were defined as CR
and PR at time of assessment and non-responders as PD and SD according to RECIST 1.1.
Analyte intensity was measured using the CytoFLEX LX from Beckman Coulter. Raw data was
analyzed using the QOGNIT software platform (version 2022-02-10) provided by Biolegend.

2.2.3 Cell culture

Cells were grown in RPMI-1640 medium supplemented with 10% fetal bovine serum (FCS)
and 1% penicillin/streptomycin, referred to as complete medium (CM). For harvesting adherent
melanoma cells, 1x Trypsin/EDTA in DPBS was used to detach cells from culture flasks.
Trypan blue staining helped to determine cell amount. Cells were routinely tested for

mycoplasma infection and found to be negative. All cells were grown at 37 °C with 5% CO..

28



2.2.4 CFSE-staining of tumor cells

CFSE-stainings of tumor cells was conducted to distinguish cell population in co-cultures.
CFSE was warmed up to RT, covered and protected from light at all times. 2 x 108 cells were
used for following staining procedure. After detaching cells from culture flask, cells were
washed twice with DPBS with alternating centrifugation steps at 300 g for five minutes. Cells
were resuspended in 800 pL DPBS and 200 pL of 10 uM CFSE, with a final CFSE
concentration of 2 uM. After thorough mixing, cells were incubated for 10 minutes at 37 °C.
The reaction was stopped by adding 10 mL CM for 10 minutes at RT in the dark. Cells were
washed twice with CM with alternating washing steps and centrifugation at 300 g for five

minutes. In a final step, cells were resuspended in 10 mL CM and counted.

2.25 Flow cytometry

Flow cytometric analysis was carried out measuring 5,000 events in the gate of interest for co-
cultures and 10,000 events for phenotypical analysis and purity control of eosinophils and
neutrophils. Multicolor CompBeads were stained with appropriate control anti-mouse IgG1 k
antibodies listed in Table 11 for appropriate compensation of multicolor assays. For accurate
analysis, fluorochrome signal was measured at the same setting used for the corresponding
experiment. Samples were measured using the Canto™ FACS device from BD or the
CytoFLEX LX from Beckman Coulter. Samples from the same experiment were measured on
the same device. Flow cytometry data were analyzed and visualized using FlowJo V10 (BD

Biosciences).

2.2.6 Isolation and purification of granulocytes from whole blood

Granulocytes obtained from healthy volunteers and patients were isolated from peripheral
blood samples collected in sterile vacutainers heparin tubes. Polymorphonuclear leukocytes
(PMNs) were separated from heparinized blood by density-gradient centrifugation. Blood
samples diluted 1:1 with DPBS was layered on Biocoll and centrifuged at 360 g for 20 minutes
without the centrifuge brake at room temperature. The PBMC and Biocoll layer was carefully
removed without disturbing the erythrocyte-PMN layer. To remove erythrocytes, the
PMN/erythrocyte suspension was incubated with a hypotonic 1x RBC lysis buffer for 10
minutes by constant rocking. Cells subsequently were washed at 300 g for 10 minutes at RT.
PMNs were resuspended once more in 1x RBC lysis buffer and centrifuged at 300 g for five
minutes at RT. Eosinophils and neutrophils were purified using an automatic magnetic

labelling-based system with a multi-antibody eosinophil isolation kit from Miltenyi Biotec. PMN
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yield was determined via trypan blue staining; cells were centrifuged at 300 g for 10 minutes
and resuspended in 40 pl DPBS per 107 cells. Purification was carried out by negative selection
of eosinophils. The positive selected fraction contained neutrophils and a small fraction of
basophils. The purity of isolated eosinophils and neutrophils and their phenotypic
characterization was evaluated flow cytometrically using the Canto™ FACS device from BD.

2.2.7 Extracellular staining for flow cytometry to determine purity and phenotype

Dry eosinophil pellets were stained using the following antibodies to ascertain purity after
isolation and purification: anti-CD16-FITC, anti-CD66b-APC, anti-CD14-PerCP-Cy5.5, anti-
CD193-APC-Cy7, anti-CD45-PE-Cy7, anti-CD56-PE, anti-CD3-PE and anti-CD19-PE.
Eosinophils were defined as CD45*/CD16/CD66b*/CD193*. A high purity of >90% was
routinely obtained. For phenotypic surface characterization, 5 x 10° eosinophil dry pellets were
stained with following lineage antibodies to define the population: anti-CD16-FITC or -PB, anti-
CD66b-APC and anti-CD193-PE or -APC-Cy7. These antibodies were combined with two or
three antibodies for the following target epitopes: HLA-DR, HLA-A/B/C, PD-L1, Siglec-8,
TNFR2, CD49d, CD69, CD66b, CD31 and CD29. The surface expression of granulocytes
derived from melanoma patients was compared to those obtained from patients without tumor
burden and healthy donors.

To evaluate the effect of the metastatic cell line MaMel63a on the phenotypic pattern of
eosinophils prior and after 24 and 48 hours in in vitro co-culture with a target to effector cell
ratio 1:7.5, co-cultured cells were centrifuged at 1036 g for 5 minutes, washed once with DPBS
and stained as described. MaMel63a cells were labelled with CFSE prior co-culture to
distinguish between the two cell subtypes in co-cultures. Antibodies were incubated for 30
minutes at RT in the dark. Subsequently, cells were washed with 1 mL staining buffer and
centrifuged at 1036 g for 5 minutes. The supernatant was discarded, and cells were
resuspended in staining buffer. Measurements were performed using the Canto™ FACS

device from BD. Antibodies are listed in Table 11.

2.2.8 Adherent and non-adherent culture assays

In order to identify a suitable concentration of vemurafenib and cobimetinib to treat BRAF-
mutated melanoma cells, a gradient of different concentrations was tested. MaMel63a cells
were treated with 10 pM, 5 pM, 1 pM, 500 nM or 100 nM vemurafenib or with 1 pM, 500 nM,
100 nM, 50 nM or 10 nM cobimetinib. As control, DMSO was used. Cells were cultured non-
adherently for 24 and 48 hours with or without treatment. As 1 pM vemurafenib and 100 nM

cobimetinib was determined to be optimal, MaMe51 and MaMel63a cells were treated with
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combination of both vemurafenib and cobimetinib and viability was determined serially (3-50
hours).

For cytotoxic assays, freshly isolated eosinophils were co-cultured with 2 x 10* CFSE-labelled
tumor cells in a target to eosinophil (T:E) ratio of 1:1, 1:5, 1:7.5 and 1:10. Cells were cultured
in 1 mL CM with or without addition of 1 uM vemurafenib and/or 100 nM cobimetinib or 20 pM
cisplatin. Co-cultures were carried out under non-adherent culture conditions in polypropylene
tubes or under adherent conditions in 24-well plates for 24 or 48 hours as indicated. After the
incubation, 7-AAD and Annexin V-APC staining determined time the viability of tumor cells and
granulocytes.

2.29 7-AAD/Annexin-V viability staining

Cell viability was determined by 7-AAD and Annexin-V staining. To do so, 300 pyL 1x Annexin-
V binding buffer was prepared per condition. 100 yL of the 1x Annexin-V binding buffer was
used to dilute 7-AAD 1:1000 and Annexin-V 1:33. Cells were centrifuged at 1036 g for 5
minutes after indicated culture duration, washed with 1 mL DPBS and centrifuged at 1036 g
for 5 minutes. The supernatant was discarded. Cell pellet was resuspended with the prepared
100 pL buffer containing 7-AAD and Annexin-V. After an incubation time of 15 minutes at RT
in the dark, 200 pL 1x Annexin-V binding buffer was added to each condition. Viable cells were
defined as being 7-AAD- / Annexin V-double negative. Early apoptotic cells were defined as
Annexin-V-positive, necrotic cells as 7-AAD-positive and late apoptotic cells as 7-AAD- and
Annexin-V-double positive. Measurements were performed using the Canto™ flow cytometry

system from BD.

2.2.10 Proliferation and cell cycle assays

Ki-67 is a protein that is highly expressed in proliferating cells but downregulated in cells in the
Gy resting phase of the cell cycle [324-325]. Although Ki-67 has been used as a biomarker in
various type of cancers [326-329], its relevance as a prognostic marker in cutaneous
melanoma remains controversial as it does not capture the exact number of cells proceeding
into mitosis [325, 330-331]. Propidium iodide (P1) on the other hand intercalates into the DNA,
enabling the study on cell cycle status.

To reveal the effect of granulocytes on melanoma cell proliferation and cell cycle under non-
adherent and adherent conditions, melanoma cells were stained with a Ki-67-specific antibody
or PI after 24 hour or 48-hour co-culture under stated treatment conditions. Cells were washed
with DPBS and centrifuged at 350 g for five minutes. For Ki-67 staining cell pellet was slowly

resuspended in 2 mL cold 70% ethanol while vortexing to prevent clogging during fixation.
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Cells were fixed for 1 hour at -20°C, followed by two washing steps with 1 mL 1% FCS in
DPBS. The cell pellet was resuspended in 100 pL 1% FCS in DPBS and 4 pL conjugated Ki-
67-APC antibody and stained for 30 minutes at room temperature in the dark. To remove
unbound antibody, cells were washed twice with 1% FCS in DPBS and resuspended in 200
pL DPBS.

For PI staining, pelleted cells were washed and resuspended in 250 pL 1% FCS in DPBS and
2 mL cold 100% ethanol was added to the cells while vortexing. Fixation was carried out for at
least 1 hour at 4 °C. Fixed cells were centrifuged at 350 g for five minutes and resuspended in
1 mL DPBS containing 1% FCS, 0.1 mg/mL Pl and 0.1 mg/mL RNAseA. Staining was carried
out for 1 hour at 37 °C in the dark. After Ki-67 or Pl staining, cells were subsequently measured

at the flow cytometer to determine proliferation or cell cycle using the Canto™ FACS device.

2.2.11 Colony formation assay

To visualize the impact of granulocytes on the ability of melanoma cells forming colonies and
spreading on a given surface, and to determine melanoma cell viability, co-cultures were
stained for crystal violet. Co-cultures of melanoma cells and eosinophils were carried out as
described in 2.2.8. After co-culture incubation time, melanoma cells were counted and seeded
on a 6-well plate for additional 48 hours. Cells were then stained with crystal violet to visualize
cell density. Cells were washed once with DPBS and 0.25% crystal violet solution (containing
20% methanol) was added for one hour at room temperature under the fume hood. Wells were
washed three times with deionized H,O and plates dried overnight. Representative images
were taken. For quantification, equal amount of methanol was added to each well (maximum
of 1 mL). After 20 minutes of incubation, triplicates were transferred to a 96-well plate.
Absorbance of crystal violet dye was measured at 570 nm using a Tecan Reader (Infinite M
Nano).

2.2.12 Experiments with conditioned medium

Non-adherent co-cultures were performed as described for 48 hours using a ratio of 1:7.5
tumor to eosinophils. After the incubation time, the supernatant, referred to as conditioned
medium, was collected by centrifuging the prepared co-cultures at 300 g for 5 minutes. The
conditioned medium was transferred into a fresh 1.5 mL Eppendorf tube. To avoid any
contamination with residual cells, another centrifugation step at 300 g for 5 minutes was added
and the supernatant transferred into a final 1.5 mL Eppendorf tube. The samples were stored

at -20°C or used immediately for further analysis. For the latter, freshly prepared melanoma
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cells or eosinophils were cultured with the prepared conditioned medium for 48 hours. The cell

viability was measured as described.

2.2.13 Transwell-experiments

For Transwell-experiments, CFSE-stained tumor cells were cultured separately or together
with freshly isolated eosinophils in Spin-X columns equipped with a 0.22 pm porous
membrane. Tumor cells were kept in the bottom of the column. Eosinophils were seeded on
top of the membrane or together with tumor cells. The column was filled with 1 mL and the
Transwell inlay with 700 pL CM with or without 1 pM vemurafenib and 0.1 uM cobimetinib. To
remove residual air bubbles the column with the insert was centrifuged for 1 minute at 200 g.

Culture was incubated for 24 hours and viability of cells was determined as described.

2.2.14 Interaction blockade and dissolving EETs in co-cultures

For blocking experiments, CFSE-stained melanoma cells or freshly isolated eosinophils were
pre-incubated with blocking antibodies for target structures like ICAM-1 (CD54), CDl11a,
CD11b, CD18, CD49 or with the respective control antibody, anit-lgG1. Dry cell pellets were
incubated with blocking antibodies at 2 pug/mL concentration for 30 minutes at 37 °C and 5%
CO,. To dissolve the DNA scaffold formed during EETs by eosinophils, dry pellets of
eosinophils were treated with DNasel for 30 minutes at 37 °C and 5% CO; or DNasel was
added to non-adherent co-cultures to dissolve EET structure in co-culture. DNasel was pre-
diluted 1:50 in 75 pL digestion buffer. After treatment, cells were co-cultured in non-adherent
polypropylene tubes in 1 mL CM for 24 or 48 hours. Blocking antibodies, control antibodies
and DNAsel are listed in Table 12.

2.2.15 Lysis of eosinophils and inactivation of contents

To expose intracellular granule content of granulocytes, dry pellets of eosinophils were frozen
in liquid nitrogen for 1 minute (approach was adapted to the technique published by Mattes et
al. [332]). Frozen samples were thawed at 37 °C for 5 minutes. Neutralization of eosinophils
content after lysis was carried out by denaturation at 95 °C for 1 hour using a block heater
(Stuart). Lysed or heat-inactivated eosinophils were resuspended in CM and co-cultured with

CFSE-stained melanoma cells for indicated duration.
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2.2.16 Cytospins and HE stainings

Non-adherent 24 hours and 48 hours co-cultures of melanoma cells and eosinophils were
carried out as described. After incubation, a maximum of 75,000 cells in 500 uL CM per
condition was transferred into the cytospin adapter (Cytospin 2, Shandon) equipped with a
glass slide (SuperFrost® Plus miscroscope slides, R. Langenbrinck GmbH) onto which the cells
were applied during centrifugation at 19 g for six minutes with low acceleration. Cells were
dried for 15 minutes at room temperature and slides were stored at 4 °C (short-term storage)
or -20 °C (long-term storage) until further use. For visualization, the cells were stained with
hematoxylin and eosin (HE) according to the Autostainer XL protocol provided by the
dermatohistopathology department of the University Hospital Wirzburg shown in Table 13.
Imaging was carried out using the Nikon TI-E microscope or the DM 750 microscope from

Leica.

Table 13. HE staining procedure using the Autostainer XL provided by the dermatohistopathology department.

Solution Duration

warming 10 minutes
100% alcohol 2 minutes
100% alcohol 2 minutes
70% alcohol 1 minutes
washing solution 2 minutes
hematoxylin 5 minutes
HCl-alcohol 2 seconds
washing solution 3 minutes
Scott’s medium 3 minutes
washing solution 3 minutes
eosin 2 minutes
95% alcohol 30 seconds
100% alcohol 2 minutes
100% alcohol 2 minutes
100% alcohol 2 minutes

2.2.17 PMA stimulation experiments

In order to activate eosinophils in co-cultures with melanoma cells, eosinophils or CFSE-
stained melanoma cells were pre-incubated with phorbol-12-myristat-13-acetate (PMA). PMA
specifically activates protein kinase C (PKC) and correspondingly activates nuclear factor-
kappa B (NF-kB) in a dose-dependent manner [333]. Cells were incubated with 50 pL CM
containing 50 nM PMA for 2.5 hours at 37 °C. Cells were washed once with CM and co-cultured
in 1 mL for non-adherent cultures. For adherent cultures, cells were seeded on a 24-well plate.
Once they adhered, cells were treated with 50 nM PMA for 2.5 hours. Subsequently, cells were
washed with CM and (co-)cultured for indicated time. Images from adherent cultures were
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taken after indicated time points using the Nikon TI-E microscope or the DM 750 microscope
from Leica.

Brefeldin A incubation on the other hand, while not disturbing protein synthesis, supposed to
disrupt protein secretion by interfering with the Golgi apparatus [334]. Eosinophils or CFSE-
stained melanoma cell cultures and co-cultures were treated with 5 mg/mL Brefeldin A in CM
for 24 hours. Viability was measured as described above.

2.2.18 Statistical analysis

Analysis of in vitro experiments, including assessment of melanoma cell and eosinophil viability
in co-cultures, phenotypic characterization of eosinophils, proliferation and cell cycle analysis
of melanoma cells, was performed using ANOVA with Bonferroni correction for three or more
unmatched groups. Unpaired t-tests were applied for two group comparisons. Statistical
analysis of soluble factors and experimental data from melanoma patients prior and during
drug administration were analyzed using paired and unpaired t-tests or Mann-Whitney U test
was used when normal distribution did not apply. Relative eosinophil counts (REC) of
responders and non-responders were compared applying the Mann-Whitney U test. P values
< 0.05 were considered significant. Prism (Graph-Pad, version 7) and/or SPSS (IBM, version

28.0) were used for visualizing data.
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3 Results

3.1 Correlation of peripheral eosinophil counts, eosinophil-associated soluble
mediators and eosinophil functionality with patient response to treatment

3.1.1 Patient cohort and healthy donors

In total, data of 243 melanoma patients were used for correlative studies of peripheral
eosinophil counts and eosinophil-secreted markers in response to treatment with targeted
therapy or immunotherapy. The median age was 70 years, 115 patients were male (47.3%).
Seventeen patients had unresectable stage Ill disease. The remaining 226 patients were
assigned to the categories Mla (9.9%), M1b (24.3%), M1c (35%) and M1d (23.9%) according
to the AJCC classification 2017 [335]. Time from pre-treatment blood collection to therapy
commencement was 0-63 days. Sixty-seven percent of the patients included in the ECP
analysis experienced an objective response (CR and PR). A BRAF-mutation was detected in
all patients receiving dual MAPKI. A detailed list of patient’s characteristics is presented in
Table 1.

3.1.2 High relative eosinophil counts but not pre-treatment ECP concentration is
associated with response to targeted therapy

The applicability of peripheral eosinophil counts and serum eosinophilic cationic protein (ECP)
as prognostic markers in patients with advanced melanoma was evaluated in a cohort of 52
melanoma patients treated with first-line targeted therapy. Established biomarkers and
peripheral blood counts were used for comparative analysis between responders and non-
responders (Figure 7, 8). Pre-treatment and on-treatment LDH serum values were significantly
higher in non-responders than in responders (p = 0.005, p = 0.010) (Figure 7A, B). As for
granulocyte counts, responders were characterized by significant higher pre-treatment
absolute and relative eosinophil counts (AEC p = 0.0008, REC p = 0.05) as well as higher on-
treatment counts (AEC p = 0.01, REC p = 0.008) compared to non-responders (Figure 7A, B).
In contrast, no significant difference in pre-treatment absolute and relative neutrophil counts
was observed comparing responders and non-responders (ANC p = 0.47, RNC p = 0.51).
However, on-treatment absolute neutrophil counts tended to be lower in responders compared
to the reciprocal group (p = 0.19) (Figure 7B). Comparing pre- and on-treatment samples,
responders showed a trend towards a decrease of absolute leukocyte counts (ALC p = 0.05)

and a significant decrease of absolute and relative neutrophil counts (Figure 7C, D). No
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significant change in absolute or relative eosinophil counts in responders and non-responders

could be observed comparing pre- and on-treatment counts.
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Figure 7. Low LDH and high blood eosinophil counts correlate with therapy response. (A+B) Association of
established prognostic markers such as LDH, AEC, REC, ANC and RNC with response to targeted therapy.
Comparing depicted clinical blood parameters of responders to non-responders (A) prior treatment and (B) during
drug administration. Responders show significant higher AEC values prior administration compared to non-
responders. Box plots show levels of clinical markers (median and the 25th and 75th percentiles; whiskers represent
minimal and maximal outliers), as well as individual data points. (C, D) Analysis of leukocyte counts in melanoma
patients upon targeted therapy. Samples from 16 responders and six non-responders prior (pre) and during (on)
treatment. Results are shown as (C) absolute leukocyte count (ALC) and (D) absolute and relative eosinophil (AEC,
REC) and neutrophil count (ANC, RNC). Responders are characterized as CR and PR, non-responders as PD. ns
p > 0.05, * p < 0.05, **p < 0.01.
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Interestingly, in a second independent patient cohort, a high pre-treatment relative eosinophil
count disclosed a significant association with response to targeted therapy (p = 0.013) (Figure
8A). As a potential mediator of cytotoxicity by eosinophils, ECP, RANTES, sRAGE, Eotaxin,
GM-CSF and APRIL concentration were measured in sera of patients before and during
treatment with dual targeted therapy (MAPKIi). High pre-treatment ECP levels correlated by
trend with non-response to dual targeted therapy (p = 0.12) (Figure 8B, left). On-treatment
serum ECP showed no such association (p = 0.59) (Figure 8B, right). Absolute and relative
eosinophil counts did not correlate with serum ECP concentration as shown by linear

regression (Figure 8C, D).
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Figure 8. Relative eosinophil counts but not serum ECP concentration is associated with response to
targeted therapy. (A) Association of pre-treatment REC with response to dual targeted therapy treatment in an
independent patient cohort. In total 50 patients (CR or PR n = 39; SD or PD n = 11) with metastatic melanoma were
included in the MAPKIi cohort. High REC significantly correlated with better response to MAPKi. Mann-Whitney-U
test was used to compare REC in responders and non-responders. (B) Comparison of serum ECP concentration
(ng/mL) of responders and non-responders (left) prior (TT pre) and (right) during (TT on) targeted therapy. There is
a trend towards higher pre-therapeutic values of ECP in melanoma patients with disease progression compared to
responders. (C)+(D) Correlation of serum ECP concentration with (C) absolute eosinophils counts (AEC) and (D)
relative eosinophil counts (REC) of responders and non-responders to targeted therapy. R square and p-values are
displayed from the linear regression analysis.

Pre-treatment proliferation-inducing ligand (APRIL) and on-treatment eotaxin-1 concentrations
tended to be higher in non-responders (p = 0.09 and 0.19, respectively) (Figure 9C, E).
Unfortunately, no such trend was observed for any of the other markers (Rantes, sRage and

GM-CSF) in sera of patients receiving targeted therapy (Figure 9A, B and D).
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Figure 9. Assessment of eosinophil-related soluble factors in melanoma patient serum prior (pre) and
during (on) targeted therapy. Responders are characterized as PR, non-responders as PD. Analysis of (A) Rantes
(=CCL5), (B) sRAGE, (C) Eotaxin, (D) GM-CSF and (E) APRIL before and during drug administration.

To validate the data collected from samples obtained from patients with advanced melanoma
treated with targeted therapy, we evaluated peripheral blood counts and serum ECP
concentrations in samples from patients receiving immunotherapy. In a cohort of 123 patients,
relative eosinophil counts were by trend correlated with response to combination treatment
with ipilimumab and nivolumab (p = 0.16) but not with response to PD-1 inhibitor nivolumab
alone (p = 0.92) (Figure 10A). Unlike for targeted therapy, we observed a strong correlation
between high pre-treatment serum ECP concentration and response to immunotherapy (p =
0.016) (Figure 10B). On-treatment serum ECP concentration did show only a trend towards a
correlation with response in this cohort (p = 0.077) (Figure 10B). Pre-treatment comparison of
absolute and relative eosinophil counts and ECP concentration revealed a strong correlation
(p =0.005 and p = 0.009, respectively) (Figure 10C). Such correlation could not be reproduced

when comparing on-treatment values (Figure 10D). Thus, high pre-treatment ECP
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concentrations and by trend high relative eosinophil counts are associated with response to

immunotherapy.
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Figure 10. Association of relative eosinophil counts (REC) and serum ECP with response to
immunotherapy. (A) Association of pre-treatment REC with response to immunotherapy (ICl) in an independent
patient cohort. In total 59 patients (CR or PR n = 32; SD or PD n = 27) with metastatic melanoma were included in
the PD-1 cohort and 64 patients (CR or PR n = 32; SD or PD n = 32) in the combinatorial immunotherapy cohort.
REC does not correlate with response to PD-1 treatment and only by trend with ipilimumab and nivolumab as dual
therapy. Mann-Whitney-U test was performed to compare REC in responders and non-responders. (B) Comparison
of serum ECP concentration (ng/mL) of responders and non-responders (left) prior (ICI pre) and (right) during (ICI
on) immunotherapy. Responders to ICI show significant higher pre-treatment serum ECP concentration (p = 0.01)
compared to non-responders. This is also numerically (p = 0.07) seen during drug administration. (C)+(D)
Correlation of serum ECP concentration with absolute eosinophils counts (AEC) and relative eosinophil counts
(REC) of responders and non-responders (C) prior and (D) during immunotherapy. R square and p-values are
displayed from the linear regression analysis.
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3.1.3 Isolation and purification of eosinophils and neutrophils from whole blood

For phenotypical characterization of eosinophils and to investigate the influence of eosinophils
on melanoma cell viability, polymorphonuclear cells (PMNs) were harvested from blood
received from healthy volunteers, melanoma patients with no evidence of disease or late-stage
melanoma patients using gradient centrifugation with subsequent MACS-separation to purify
eosinophils and neutrophils. Purity was controlled after isolation and measured by flow

cytometry.
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Figure 11. Purity assessment of granulocytes by flow cytometry. Representative gating strategy for (A)
eosinophils defined as CD45*CD16°CD66b* and (B) neutrophils defined as CD45*CD16*CD66b*. Granulocytes
were harvested from whole blood by density centrifugation, erythrocyte lysis and isolation via MACS-separation.
Dry pellets of eosinophils and neutrophils were stained with CD16-FITC, CD66b-APC, CD45-PE-Cy7, CD14-
PerCP-Cy5.5, CD56-PE, CD3-PE, CD19-PE, CD193-APC-Cy7 anti-human antibodies and purity was determined
flow cytometrically. First singlets were gated (not shown), CD45* cells selected and CD16*- and CD66b* cells
defined to display purity. Purity control was conducted for every single experiment.

To verify purity of isolated granulocytes, singlets and CD45* cell were gated and granulocytes
determined when gating for the granulocytic marker CD66b. CD16 was used to distinguish
neutrophils from eosinophils. Representative gating strategy and purity control of freshly
isolated eosinophils and neutrophils are shown in Figure 11. Eosinophils were defined as
CD45*/CD16/CD66b* and neutrophils as CD45*/CD16*/CD66b*. A high purity of >90% was

routinely obtained in most samples.
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3.1.4 Eosinophil-mediated cytotoxicity is donor-dependent while healthy donor- and

patient-derived eosinophils show comparable phenotype

To mechanistically link high eosinophil counts with prolonged survival of patients, we examined
cytotoxicity of eosinophils derived from stage IV melanoma patients against a melanoma cell
line model, MaMel63a. Cytotoxicity was measured ex vivo before and during targeted therapy
(TT) at week 6, 12, 24 and 48 (Figure 12A). Eosinophils derived from healthy donors and
patients receiving immunotherapy (ICl) served as control. To display eosinophil-mediated
cytotoxicity, MaMel63a cell viability after 24 hours of culture with and without eosinophils was
inversely plotted. A cytotoxicity of one means melanoma cell viability was not affected by
eosinophils, while a cytotoxicity of two describes a reduction in melanoma cell viability by half
compared to melanoma cells not exposed to eosinophils. Healthy donor- and patient-derived
eosinophils exert a wide range of donor-dependent cytotoxicity (range 0.96 — 2.35). For healthy
donors, cytotoxic values between 1.04 and 2.2 were detected, in patients pre- and on-
treatment with targeted therapy the values laid between 1.02 and 2.32 and for eosinophils
derived from patients pre- and on-treatment with immunotherapy between 0.96 and 2.35.
Similar ranges were observed when addressing healthy donor-cytotoxicity in MaMel51,
MaMel80a and MaMel114 (data not shown).

To identify potential similarities or differences in eosinophil phenotypes comparing patient-
derived eosinophils with those from healthy donors, we analyzed twelve previously described
surface markers on eosinophils from pre-treatment stage IV melanoma patients, healthy
donors and stage | and Il melanoma patients with no current evidence of disease (Table 12B,
C). The investigated molecules included activation (CD69, CD66b) and differentiation markers
(Siglec-8), class | and Il MHC proteins (HLA-A,-B,-C, HLA-DR), adhesion molecules (CD49d,
CD29, CD31) and immunoregulatory receptors (TNFR2, CCR3, PD-L1) [247, 336-337]. A
representative gating strategy for eosinophils and their target molecule is shown in Figure 12B.
Phenotypically, eosinophils from melanoma patients were comparable to those obtained from
healthy donors and stage I/ll melanoma patients. No significant difference in the median
fluorescence intensity (MFI) for the targeted epitopes on eosinophils (defined as CD16-
/CD66b+/CCR3+ cells) was detected (Figure 12C, D).
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Figure 12. Function and phenotype of peripheral blood eosinophils of melanoma patients. (A) Sequential
assessment of cytotoxicity by eosinophils towards melanoma cells. Eosinophils from melanoma patients were
isolated prior treatment and during therapy with targeted therapy (TT) or immune checkpoint inhibitors (ICI) at weeks
6, 12, 24 and 48. Non-adherent co-culture of MaMel63a cells and eosinophils serially obtained from healthy donors
(HD) or stage IV melanoma patients subsequently receiving therapy in a 1:7.5 ratio for 24 hours. In order to display
eosinophil-induced MaMel63a cell death, viability of MaMel63a cells relative to controls (MaMel63a cells cultured
alone) was plotted inversely. A high number refers to a high cytotoxic eosinophilic activity. Cytotoxicity x-fold of
control is shown. Each symbol represents a healthy donor or patient, respectively. N = 3 healthy donor, n =6 TT
patient and n = 39 ICI patient samples obtained prior to melanoma treatment. (B-D) Phenotypic characterization of
peripheral blood eosinophils of stage 1V and stage I/ll melanoma patients compared to healthy donors (HD). (B)
Dot plots and histogram identifying freshly purified CD66b+ CD16- CCR3+ eosinophils. MFI determination for the
expression of (C) CD49d, CD69, CD31, CD29, CD66b, CD16 and CCR3 (CD193) and (D) HLA-DR, PD-L1, Siglec-
8, HLA-A, -B, -C and TNFR2 within freshly purified eosinophils. Each dot represents an individual donor. Mean MFI
+ standard deviation (SD) is shown. Analysis included a total of 13 patients with advanced melanoma, six patients
with early-stage melanoma and 12 healthy donors. Analysis included a total of 18 patients with advanced melanoma
and 11 healthy donors.
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3.2 Interaction of eosinophils and melanoma cells

Our data show a strong correlation between blood eosinophil counts with response to
melanoma treatment. In the next section, we aimed to explain the relationship of eosinophils

with melanoma cells in the context of MAP-kinase inhibition using in vitro tools.

3.2.1 MAP-kinase inhibition in melanoma cell lines

To determine the optimal concentration by which BRAF-inhibitor (BRAFi) or MEK-inhibitor
(MEKi) affect cell viability of the BRAFV600E-mutated melanoma cell line MaMel63a, cells
were treated with different concentrations of vemurafenib or cobimetinib cultured non-
adherently in polypropylene tubes for 24 hours and 48 hours. The effect of the respective

treatment on melanoma cell viability was determined using flow cytometry.

A B
) 24 hours ) 48 hours Exposure to 1 yM vem + 0.1 uM cob
- - _ 1.2+ -+ MaMel51 Mamel63a
g g 100+ ns ns E 104 &
§ § 804 . O TR I § ' s
% % TT = TTT7. %5 0.87 \ T =
] T 604 - D sl W
2 g go'ﬁ '-_—I""‘ T
= 404 J l -
2 ES z04 —
g 2 Zo02
= 5 > o0

3h 6h 10h 22h 26h 30h 34h 42h 50h

Figure 13. Titration of vemurafenib and cobimetinib for 24 hours and 48 hours. Viability of MaMel63a cells
after (A) 24 or (B) 48 hours treatment with DMSO, vemurafenib or cobimetinib with indicated concentrations.
Untreated melanoma cells served as control. Viable cells were defined as Annexin-V-/7-AAD . Mean percentage of
MaMel63a cell viability x-fold changes of control + standard deviation (SD) is shown for three independent
experiments. (C) Exposing MaMel51 and MaMel63a cells to a combination of 1 uM vemurafenib and 100 nM
cobimetinib for depicted time. Cultures were carried out under non-adherent culture conditions. Viability x-fold of
control is shown for one to two independent experiments. ns p > 0.05, * p < 0.05, ** p < 0.01.

Vemurafenib and cobimetinib single treatment significantly reduced MaMel63a cell viability
after 24 hours. The strongest effects on cell viability relative to the control were seen when
treating with 10 uM (20.48% reduction), 5 uM (25.14% reduction) or 1 uM (20.34% reduction)
vemurafenib and 1 uM (31.75% reduction), 500 nM (34.92% reduction) or 100 nM (33.68%
reduction) cobimetinib for 24 hours (Figure 13A). Increasing the exposure time to BRAFi and
MEKI to 48 hours led to sufficient decrease of MaMel63a viability even when applying 500 nM
vemurafenib (32.38% reduction) and 50 nM cobimetinib (37.55% reduction) (Figure 13B).
Exposure to BRAFi or MEKIi for 48 hours resulted in stronger decrease in MaMel63a viability
compared to 24 hours. To avoid drug over-exposure a concentration of 1 uM vemurafenib and
0.1 pM cobimetinib was defined as sufficient and was used for further experiments as

monotherapy and/or in combination. Applying 1 uM vemurafenib and 0.1 uM cobimetinib as
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combination treatment for non-adherent cultures of MaMel51 and MaMel63a cells, we

observed a continuous decrease of cell viability during time for both cell lines (Figure 13C).

3.2.2 The extent of eosinophil-mediated cytotoxicity varies among melanoma and

non-melanoma cell lines

Studies report anti-tumoral activity of eosinophils against various cancers [249, 273]. To
evaluate whether melanoma cells are susceptible to the tumoricidal function of eosinophils and
to examine optimal tumor cell killing by eosinophils, different tumor to effector cell (T:E) ratios
were used in co-cultures with MaMel63a cells. Eosinophils were able to decrease the viability
of MaMel63a cells in a ratio dependent manner (Figure 14A). Although a ratio of 1:5 (41.16%
reduction of viability) was sufficient to significantly reduce MaMel63a cell viability, a ratio of
1:7.5 (49.72% reduction of viability) was declared optimal for functional tests and was used in
further analyses. Using a 1:10 ratio did not significantly enhance cytotoxicity. A representative

gating for cell viability staining with 7-AAD and Annexin-V-APC is shown in Figure 14B.
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Figure 14. Eosinophil-mediated cytotoxicity is ratio dependent and not restricted to certain cancer types.
Non-adherent (co-)cultures of melanoma cell lines (T) with or without eosinophils (E) for 24 hours. (A) Eosinophils
show a significant target to eosinophil ratio-dependent cytotoxic effect towards MaMel63a cells. A ratio of 1:5
melanoma cells to eosinophils is sufficient to significantly decrease MaMel63a cell viability. Mean percentage of
MaMel63a cell viability is shown for three independent experiments. (B) Representative viability gating strategy for
7-AAD / Annexin-V staining of 24 hours co-cultures of MaMel63a cells with eosinophils. Viable cells are displayed
in red boxes. (C) Cytotoxicity assessed in the lung carcinoma cell line, H460 and in the merkel-cell carcinoma cell
line, WaGa. Non-adherent (co-)cultures of H460 or WaGa cells with or without eosinophils in a ratio of 1:1 and 1:7.5
cancer cell to effector cell ratio for 24 hours. Eosinophils significantly decrease H460 and WaGa cell viability. A 1:1
ratio is sufficient to significantly impair WaGa cell viability. (D) Non-adherent cultures of H460 or WaGa cells with
or without combinatory treatment with 1 uM vemurafenib and 100 nM cobimetinib or with 20 uM cisplatin for 24
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hours. Both cell lines are unaffected by targeted therapy but cisplatin notably reduces cell viability. Mean percentage
of the tumor viability + standard deviation (SD) is shown for four to eight independent experiments. ns p > 0.05, * p
<0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

As for non-melanoma cell lines, H460 cells underwent apoptosis upon exposure to eosinophils
at a ratio of 1:7.5 (Figure 14C). Interestingly, already a 1:1 target to eosinophil ratio was
sufficient to significantly reduce the viability of the Merkel cell carcinoma cell line WaGa (Figure
14C). To analyze the sensitivity of non-melanoma derived cell lines to different drugs, H460
cells and WaGas were exposed to combinatory vemurafenib and cobimetinib treatment or to
cisplatin for 24 hours. Both H460 and WaGa are susceptible to cisplatin treatment but not to
vemurafenib and cobimetinib after 24 hours (Figure 14D).

We assumed that depending on the eosinophil donor and the used melanoma cell line,
eosinophil-mediate cytotoxicity might vary. We therefore assessed the variation of cytotoxicity
of the same eosinophils’ donor to four additional BRAF-mutated melanoma cell lines
(MaMel80a, MaMel51, MaMel06 and MaMelll4) (Figure 15A-D). MaMel06 showed the
strongest susceptibility to eosinophil exposure, shown by a significant decrease in viability
(mean drop of viability: 42.4%) after 24 hours. MaMel63a (mean drop of viability: 23.7%) and
MaMel80a cells (mean drop of viability: 21.0%) showed similar reduction in viability when
compared to viability of controls (melanoma cells alone). The MaMel51 and MaMel114 cell
lines seemed to be least affected by eosinophils (mean drop of viability: 12.9%, and mean drop
of viability: 17.1%, respectively) (Figure 15A). Upon eosinophil exposure at a 1:7.5 ratio,
MaMel63a and MaMel06 cells showed a significant increase in cells entering early apoptosis
and necrosis (Figure 15B, D). Necrosis was also induced in MaMel51 cells and by trend in
MaMel80a cells (Figure 15D). None of the examined cell lines showed significant changes in
the percentage of cells in late apoptosis (Figure 15C). Examining the viability of melanoma cell
lines exposed to eosinophils, we observed a considerable variation in the extent of tumor cell

apoptosis and necrosis.
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Figure 15. Eosinophil-mediated cytotoxicity induces apoptosis and varies in different melanoma cell lines.
Non-adherent (co-)cultures of melanoma cell lines (T) with or without eosinophils (E) for 24 hours. Cytotoxicity
assessed in different melanoma cell lines, MaMel63a, MaMel80a, MaMel51, MaMel06 and MaMell14. Mean
percentage of (A) melanoma cell viability, (B) of cells in early apoptosis, (C) of cells in late apoptosis, and (D)
necrotic cells + standard deviation (SD) is shown for six to eight independent experiments. ns p > 0.05, * p < 0.05,
**p <0.01, **** p < 0.0001.
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3.2.3 The additive role of therapeutics in eosinophil-melanoma interaction

Combinatory-targeted therapy has been proven superior to monotherapy in clinics regarding
tumor growth suppression [148, 159-160]. Additionally, granulocyte subpopulations have been
shown to exert different effects on various types of cancers accompanied with distinct clinical
outcomes for patients. Tumoricidal properties are attributed to eosinophils, while neutrophils
show both anti-tumoral and pro-tumoral effects [249, 258, 272-274]. We evaluated the effects
of eosinophils on melanoma cell viability when additionally exposing non-adherent co-cultures
to vemurafenib and cobimetinib treatment for 24 hours and 48 hours. Interestingly, the
presence of vemurafenib and cobimetinib significantly enhanced the eosinophil-mediated
cytotoxicity towards MaMel63a cells when co-cultured in a 1:7.5 ratio for 24 hours (Figure 16A).
Cytotoxicity and additional killing effect by BRAF/MEK inhibitor exposure was enhanced when
co-culturing for 48 hours (Figure 16B). The strongest additive tumor suppression was observed
in vemurafenib-supplemented medium for both 24 hours and 48 hours co-cultures with a mean
additive decrease of viability to control of 19.8% and 25.9% respectively. In contrast,
cobimetinib and the combination of vemurafenib and cobimetinib after 24 hours significantly
induced a mean additive decrease of MaMel63a cell viability of 16.1% and 15.8% respectively
(Figure 16A). As for 48 hours culture, only a trend towards additional decrease of melanoma
cell viability could be observed when exposing to eosinophils and cobimetinib or a combination

of both vemurafenib and cobimetinib.
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Figure 16. Additive suppressing effect of eosinophils and targeted therapy on MaMel63a cell viability. (Co-
)culture of MaMel63a cells with or without freshly purified eosinophils at 1:7.5 ratio (T:E) for (A) 24 and (B) 48 hours.
Cultures were kept in 1 mL CM with or without 1 pM vemurafenib and/or 100 nM cobimetinib. Mean percentage of
melanoma cell viability + SD are shown from three to six independent experiments. Significances compared to
respective control without eosinophils are shown. ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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3.2.4 Influence of melanoma cells on granulocyte viability

In the previous section, we describe the interference of eosinophils with melanoma cells. We
further analyzed how melanoma cells affect granulocyte viability, staining for 7-AAD and
Annexin-V after 24 hours or 48 hours non-adherent co-cultures.

Eosinophil viability immediately after autoMACS separation and prior (co-)culture was
constantly high with a mean viability of 92.3% (Figure 17A, 0Oh). The viability significantly
decreased to a mean viability of 57.8% after 24 hours and 21.2% after 48 hours cultures
(Figure 17A). Co-cultures with melanoma cells resulted in a profound increase of viability up
to a mean viability of 76.0% after 48 hours compared to eosinophils alone. The increase in
eosinophil viability after 48 hours co-culture with MaMel63a cells could not be sustained when
adding vemurafenib and cobimetinib to the culture medium. In comparison, neutrophil viability
after 24 hours cultures only reached a mean viability of 22.6%. Melanoma cells could not
prevent neutrophil apoptosis in culture (Figure 17B). Melanoma cells prolonged survival of
eosinophils but not neutrophils in co-culture compared to granulocytes alone (Figure 17A, B).
These results emphasize the bi-directional relationship between melanoma cells and

granulocytes.
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Figure 17. Eosinophil viability increases upon co-culture with melanoma cells, while neutrophils viability is
independent of the presence of melanoma cells. (A) Non-adherent (co-)culture of eosinophils and MaMel63a
cells in complete medium with or without addition of 1um vemurafenib and 100 nM cobimetinib for 24 and 48 hours.
Eosinophil viability was high prior culture and significantly decreased after 24 hours and 48 hours. Eosinophil
viability after 48 hours can be rescued when co-culturing with MaMel63a cells. (B) Non-adherent (co-)culture of
neutrophils and MaMel63a cells in complete medium with or without 1 pM vemurafenib and 100 nM cobimetinib or
20 pM cisplatin for 24 hours. Mean percentage of the granulocyte viability + standard deviation (SD) is shown for
one to nine independent experiments. ns p > 0.05, * p < 0.05, ** p < 0.001, **** p < 0.0001.
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3.3 Unraveling the bi-directional relationship between eosinophils and melanoma

cells

3.3.1 Eosinophil-mediated cytotoxicity depends on culture condition and is an active

process

In order to investigate the interaction of melanoma cells and eosinophils under different culture
conditions, co-cultures were carried out under non-adherent culture conditions in
polypropylene tubes and under adherent culture condition in 24-well plates allowing adherence
to the bottom of the vessel. Adherent MaMel63a cells showed no impairment in viability when
exposed to eosinophils (Figure 18A). Switching into non-adherent culture conditions
overcomes this effect; eosinophils were able to execute their tumoricidal function towards
MaMel63a cells (Figure 18A). Intriguingly, despite the lack of effectiveness of eosinophils
towards MaMel63a cell viability under adherent conditions, recording eosinophil viability,
MaMel63a cells were able to improve eosinophil survival independent of culture conditions
(Figure 18B). In order to verify that the observed eosinophil-mediated cytotoxic effect is an
active process, MaMel63a cells were co-cultured with fresh, lysed or heat-inactivated lysed
eosinophils, preventing active interaction. Compared to viable eosinophils, lysed eosinophils
showed enhanced cytotoxicity towards melanoma cells (Figure 18C). Neutralization of lysed
eosinophils contents through heat-inactivation led to inhibition of cytotoxicity towards
melanoma cells. Cell cycle and proliferation assays in melanoma cells were performed as an
additional functional read-out of non-adherent co-cultures with eosinophils. Pl intercalates into
the DNA and allows the evaluation of DNA content in distinct cell cycles. PI stainings of 48
hours co-culture with eosinophils showed no change in cell cycle of MaMel63a cells (Figure
18D). Ki-67-specific staining of MaMel63a cell-eosinophil co-culture showed similar
proliferation compared to MaMel63a cells cultured alone (Figure 18E). Thus, cytotoxicity is hot
inducing cell cycle arrest nor does it affect proliferation of MaMel63a cells in non-adherent
cultures. Results obtained by cell cycle and proliferation assays could be confirmed by
performing colony formation assays. Non-adherent co-cultures of eosinophils and MaMel63a
cells for 48 hours and subsequent seeding of MaMel63a cells on a 24-well plate for additional

48 hours showed no impact in melanoma cell density (Figure 18F).
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Figure 18. Unraveling the interaction of melanoma cells and blood-derived eosinophils. (A) MaMel63a cells
were co-cultured with eosinophils for 48 hours. Separate measurement of viability of adherent (24-well plate) and
non-adherent (polypropylene tube) melanoma cells. Cytotoxicity depends on culture condition. Melanoma cell killing
by eosinophils is only observed under unattached conditions. (B) Displaying the viability of eosinophils for the
experimental setup shown in (A). Eosinophil survival in culture was prolonged when co-cultured with melanoma
cells. (C) Tumoricidal function of eosinophils towards melanoma cells is an active process. Preventing signal
transduction in co-cultures by lysis (1-minute liquid nitrogen treatment of eosinophils and subsequent freeze-thaw)
and neutralization (heat-inactivation for 1 hour at 95 °C after lysis) of eosinophil content prior culture. Non-adherent
co-cultures of MaMel63a cells with or without viable, lysed or neutralized eosinophils for 48 hours. Significant
enhancement of cytotoxicity towards MaMel63a cells was observed when cultured with lysed eosinophils. Heat-
inactivation of eosinophil content abrogates cytotoxicity towards MaMel63a cells. (A-C) Mean percentage of
melanoma cell viability = SD is displayed from two to four independent experiments. (D+E) Examining cell cycle
and proliferation in MaMel63a cells exposed to eosinophils. Pl staining and Ki-67-specific staining of MaMel63a
cells in co-cultures with eosinophils after 48 hours. Eosinophils do not affect MaMel63a cell cycle nor proliferation.
Mean percentage of MaMel63a cells (D) in GO/G1 and G2/M phase and (E) positive for Ki-67 is displayed from
three independent experiments. (F) Assessment of melanoma cell survival using colony formation assay in co-
cultures. MaMel63a cells were non-adherently co-cultured with eosinophils for 48 hours. MaMel63a cells were
counted and seeded on 6-well plates for additional 48 hours. Co-culture was subsequently stained with crystal violet
to visualize cell density (right). The cell density was quantified measuring the absorbance of the crystal violet dye
(left). Eosinophils do not affect cell density of MaMel63a. Quantitative crystal violet stainings are shown for three
independent experiments. All presented co-cultures were performed using a 1:7.5 melanoma cell (T) to eosinophils
(E) ratio. ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.0005, **** p < 0.0001.
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3.3.2 The eosinophil-melanoma relationship relies on cell-cell contact

To unravel the role of physical proximity in the interaction of melanoma cells and eosinophils,
co-cultures with conditioned medium and Transwell experiments were carried out. For
conditioned medium experiments co-cultures of MaMel63a cells with or without eosinophils as
described before were prepared and the supernatant, referred to as conditioned medium (here:
CM), was collected in which freshly prepared melanoma cells were cultured for 48 hours.
Experiments with conditioned medium containing potential soluble factors from previous co-
cultures did not show any effect on MaMel63a cell viability (Figure 19A). However, the
beneficial effect of melanoma cells on cultured eosinophils was retained using conditioned
medium from previous melanoma cell cultures (Figure 19B). These observations were
confirmed by Transwell experiments, separately culturing eosinophils and melanoma cells in
Spin-X® tubes carrying a semipermeable membrane, which enables potential communication
via soluble mediators like secreted cytokines, while direct cell-cell interaction was disabled.
The viability of MaMel63a cells was not affected by separately cultured eosinophils in normal
medium or medium containing vemurafenib and cobimetinib (Figure 19C). Thus, eosinophil-

mediated cytotoxicity requires cell-cell contact between eosinophils and their target cells.
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Figure 19. Physical proximity is crucial for the functionality of eosinophils in co-cultures. 48 hours-cultures
of (A) freshly prepared MaMel63a and (B) eosinophils with conditioned medium (here: CM) from previous
MaMel63a co-cultures with eosinophils were carried out for 48 hours. Fresh medium with or without addition of 1
UM vemurafenib and 100 nM cobimetinib was used as a control. Mean percentage of melanoma cell viability + SD
are displayed from two to four independent experiments. (C) Physical proximity is crucial for the functionality of
eosinophils in co-cultures. Separate co-cultures of MaMel63a cells with eosinophils in Spin-X® columns containing
a semipermeable membrane (pore size 0.22 ym) for 24 hours. Culture with or without 1 yM vemurafenib and 100
nM cobimetinib. The cytotoxic effect could not be maintained when cells were cultured separately.
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In order to visualize the close melanoma cell-eosinophil interaction in vitro, co-cultures were
transferred onto a glass slide after 24 hours or 48 hours and stained for HE. Treatment of
MaMel63a cells with vemurafenib and cobimetinib decreased the number of cells available on
the glass slide (Figure 20A, B). Interestingly, we observed the formation of melanoma cell-
eosinophils aggregates in co-cultures both in medium and medium containing vemurafenib
and cobimetinib after 24 hours and 48 hours (Figure 20A, B). Eosinophils alone do not
accumulate after 24 hours culture but when treated with vemurafenib and cobimetinib or when
increasing the culture time to 48 hours (Figure 20C). This observation highlights the close

proximity between eosinophils and melanoma cells in vitro.
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Figure 20. Eosinophils and melanoma cells form aggregates in co-cultures. Cytospin staining with HE for (A)
24 hours and (B) 48 hours non-adherent (co-)culture of MaMel63a (T) and eosinophils (E) in a 1:7.5 ratio in medium
(CM) or medium containing 1 uM vemurafenib and 100 nM cobimetinib (VC). (C) Eosinophils alone only form
aggregates when cultured in vemurafenib and cobimetinib containing medium after 24 and 48 hours and after 48
hours culture in medium. Black boxes in original image indicate the image section which was used for the
maghnification (3.2X) shown on the right side of the original image. White arrow points at melanoma cell. Red arrow
points at intact eosinophil. Black arrow points at dead eosinophil. Scale bar 100 pm.
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3.3.3 Stimulation of eosinophils prior co-cultures with melanoma cells

To examine the effect of pre-activation of granulocytes and their change in functionality upon
stimulation in co-culture, eosinophils or melanoma cells were incubated with the stimulant PMA
for 2.5 hours prior co-culture (Figure 21). Subsequently, eosinophil-MaMel63a cell co-cultures
were carried out for 48 hours in medium. MaMel63a cell viability was not affected by pre-
stimulation with PMA before non-adherent and adherent culture (Figure 21A, B). PMA pre-
stimulation of eosinophils resulted in significant enhancement of cytotoxicity towards
MaMel63a cells relative to untreated cells and only by trend when compared to melanoma cell-
eosinophil non-adherent co-culture (p = 0.08) (Figure 21A). As cytotoxicity of eosinophils was
intensified upon PMA stimulation, co-cultures with MaMel63a cells were carried out examining

the impact of the stimulant on cytotoxicity under adherent conditions.
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Figure 21. Stimulation of granulocytes in co-cultures. PMA stimulation (50 nM) of eosinophils or melanoma
cells for 2.5 hours prior co-culture and subsequent co-culture in medium for 24 hours. (A) Viability of MaMel63a
cells after 24 hours non-adherent co-culture with eosinophils. PMA does not affect MaMel63a viability. There is a
trend towards enhanced eosinophil-mediated cytotoxicity against MaMel63a cells when pre-stimulating melanoma
cells or eosinophils with PMA. Mean percentage of MaMel63a cell viability +SD shown from four to seven
independent experiments. (B) Viability of MaMel63a cells after 48 hours adherent co-culture with eosinophils. PMA
stimulation enables eosinophils to exert their tumoricidal function under adherent culture conditions. Mean
percentage of MaMel63a cell viability +SD shown from two to five independent experiment. (C) Eosinophil viability
from the same non-adherent culture set up as shown in (A). (D) Eosinophil viability from the same non-adherent
culture set up as shown in (B). PMA reduces eosinophil viability both in non-adherent and adherent culture setup.
The beneficial effect of MaMel63a cells on eosinophil viability was reduced when stimulating eosinophils with PMA
prior to co-culture. Mean percentage of eosinophil viability +SD shown from two to four independent experiments.
ns p > 0.05, * p<0.05, * p <0.01, ** p < 0.0005, *** p < 0.0001.
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For adherent cultures, when comparing to untreated melanoma cells, eosinophil-mediated
cytotoxicity towards MaMel63a cells was enabled when pre-stimulating eosinophils (Figure
21B). Compared to melanoma cell-eosinophil co-culture, pre-stimulation of eosinophils with
PMA did not show such an effect. Eosinophil viability significantly decreased during non-
adherent and adherent culture (Figure 21C, D). Eosinophil viability decreased by trend when
stimulated with PMA prior and after 48 hours non-adherent culture (Figure 21C). MaMel63a
cells significantly improved eosinophil survival after 48 hours non-adherent and adherent co-
culture (Figure 21C, D). The superior survival of eosinophils co-cultured with MaMel63a cells
was significantly dampened when pre-stimulating melanoma cells or eosinophils with PMA
(Figure 21C, D).

Next, we analyzed the impact of PMA on melanoma cell morphology. For this purpose,
MaMel63a cells were treated with or without PMA for 2.5 hours. Subsequently, cells were either
washed (+PMA +wash) or PMA (+PMA) was left in culture for 48 hours. Morphology of
MaMel63a cells was examined by imaging cells before, after 2.5 hours culture and after 48
hours adherent culture using a conventional inverse microscope. The cell density increased

during culture time (Figure 22).

Figure 22. Visualization of the morphological consequence of PMA on MaMel63a cells. Pre-stimulation of
MaMel63a cells with 50 nM PMA for 2.5 hours prior culture. After incubation, PMA was either left in medium or
washed out once, replaced with fresh medium. Images taken before PMA stimulation, after 2.5 hours and after 48
hours culture in medium with or without PMA using the microscope Leica DMil. Representative figure from four
independent experiments shown. Scale bar 200 pm. Zoom images are 2.4x of original image.
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Interestingly, PMA stimulation induced morphological changes of melanoma cells after 48
hours, including an elongated cell shape, and increased (no quantification available) the
amount of visible pseudopodia formation indicated by the red arrows in Figure 22.
Additionally, morphology of the PMA pre-stimulated adherent eosinophil-MaMel63a cell co-
culture in 24-well plate was examined after 48 hours. MaMel63a cells alone (T) displayed an
even cell distribution cultured adherently for 48 hours in medium (Figure 23). Pre-stimulation
with PMA (T+PMA) led to a trend towards increased cell-detachment relative to the untreated
control. As shown previously (Figure 22), MaMel63a cells adapt a more elongated cell shape
when exposed to PMA and develop filopodial structures (indicated by red arrows). Adherent
co-culture of MaMel63a cells with eosinophils (T:E 1:7.5) revealed an even distribution of
MaMel63a cells on the surface surrounded by eosinophils. Interestingly, stimulation of
eosinophils prior co-culture with MaMel63a cells (T:E +PMA) drastically decreased the amount
of MaMel63a cell spread / density. MaMel63a cells displayed an elongated cell shape similar
to those observed in the T +PMA-condition (indicated by red arrows). Eosinophils accumulated
around the melanoma cells. PMA stimulation of MaMel63a cells prior to co-culture with
eosinophils (T +PMA:E) also reduced MaMel63a distribution. The strongest cell reduction upon
PMA exposure was observed when pre-stimulating MaMel63a and eosinophils (T +PMAE
+PMA) prior co-culture. Interestingly, eosinophils alone (E) showed even and single cell
distribution in the 24-well plates. PMA stimulation of eosinophils resulted in the accumulation
and the formation of cell clumps in both cultures with and without melanoma cells (Figure 23;
E +PMA, T:E +PMA and T +PMA.E +PMA).

Figure 23. Visualization of the morphological consequence of PMA in eosinophil-MaMel63a co-culture. Pre-
stimulation of MaMel63a cells or eosinophils with 50 nM PMA for 2.5 hours prior culture. After incubation, PMA was
washed out and replaced with fresh medium. Images taken after 48 hours culture in medium with or without PMA
using the microscope Leica DMil. T = MaMel63a, E = eosinophils. Red arrows highlight prolonged morphological
shape of MaMel63a cells after PMA stimulation. Red circle point at eosinophil aggregates formed after PMA
stimulation. Scale bar 200 pm.
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3.3.4 Inhibition of intracellular transport using Brefeldin A

Under in vivo inflammatory conditions, granulocytes are recruited to the site of action and
release their toxic granules. Previous data have shown cytotoxicity of eosinophils towards
melanoma cells, which led to a significant decrease of melanoma cell viability after co-culture.
We hypothesize that granules exposed by eosinophils may at least be partially responsible for
the drop of melanoma cell viability as they contain eosinophil proteases and ROS [338]. To
block the transport of eosinophil granules to the Golgi apparatus, MaMel63a cells and
eosinophils were non-adherently co-cultured in medium containing 5 pg/mL Brefeldin A for 24
hours. After incubation, 7-AAD and Annexin-V FACS staining determined the viability of both
cell types. Brefeldin A decreased MaMel63a cell viability by 6.5% after 24 hours but cytotoxicity
was not affected by treatment (Figure 24A). Interestingly, eosinophil viability decreased from
50.5% to 14.9% when treated with Brefeldin A for 24 hours (Figure 24B). Melanoma cells were
unable to prevent eosinophil apoptosis in co-cultures with Brefeldin A. Despite the drop of
eosinophil viability after treatment, Brefeldin A did not prevent or enhance the toxic functionality

of eosinophils in this setup as shown in the unaffected viability of MaMel63a cells.
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Figure 24. Prevention of protein transport through the Golgi apparatus by Brefeldin A. Co-culture of CFSE-
stained MaMel63a cells and eosinophils under non-adherent culture conditions for 24 hours in medium with or
without 5 pg/mL Brefeldin A. Viability of (A) MaMel63a cells and (B) eosinophils is shown staining for 7-AAD and
Annexin V. (A) Brefeldin A treatment shows no impact in melanoma cell viability. Eosinophil-mediated toxicity could
not be prevented nor increased by Brefeldin A. (B) Treatment with Brefeldin A drastically decreases eosinophil
viability after 24 hours. Mean percentage + SD of cell viability from one to two independent experiments is shown.

3.3.5 Melanoma cells affect expression of markers for migration and activation of

eosinophils in co-culture

As melanoma cells affect eosinophil survival in vitro and vice versa, we wondered whether the
bi-directional relationship is accompanied by regulation of eosinophil-specific markers by co-
cultures with MaMel63a cells. We phenotypically characterized healthy donor-derived
eosinophils before and after co-culture. Expression of the early activation marker, CD69, HLA-
DR, PD-L1 and TNFR2 on eosinophils increased during culture for 48 hours, relative to the

MFI of controls (here: E 0 h) (Figure 25). The increase of expression of the above-mentioned
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antigens was prevented when co-culturing eosinophils with MaMel63a cells for 48 hours.
Unlike neutrophils, eosinophils express low levels of CD16. Interestingly, during culture for 48
hours, CD16 expression significantly increased. Amplified expression of CD16 was
significantly inhibited in co-cultures with MaMel63a cells. In contrast, activation and migration
marker CD66b and CCR3 expression decreased during culture after 48 hours relative to the
control (here: E 0 h) (Figure 25). Downregulation of CD66b expression on eosinophils after 48
hours of culture was significantly prevented upon co-culture with MaMel63a cells. As for HLA-
A, B, C and CD31, we observed decreasing expression during 24 hours and 48 hours of
culture, which were not affected by co-culture with MaMel63a cells.
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Figure 25. In vitro phenotypic characterization of eosinophils in co-culture with melanoma cells. Phenotypic
characterization of peripheral blood eosinophils from healthy donors in (co-)culture with or without MaMel63a cells.
Phenotypic epitopes were analyzed at time points 0 hours, 24 hours and 48 hours using flow cytometry. The MFI
of the target epitopes on eosinophils were plotted and the expression levels at time point 0 hours were compared
to expression after 24 hours and 48 hours (co-)culture. MaMel63a cells appear to be regulating surface marker
expression of eosinophils after 48-hour co-culture. The MFI + standard deviation (SD) is shown from three to five
independent experiments. ns p > 0.05, * p <0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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3.3.6 Identifying the driving force for the eosinophil-mediated cytotoxicity in co-

cultures with melanoma cells

Studies propose the existence of an immunological synapse, upon which granulocytes secrete
soluble factors to their close environment after contacting surrounding cells, exposing them to
toxic or favoring mediators [270]. Performing blocking experiments, we explored several target
molecules, such as CD11a, CD11b, CD18, CD54 (ICAM-1) and CD49d, which have been
described as potential candidates for eosinophil-melanoma cell interaction. MaMel63a cells or
freshly isolated eosinophils were pre-incubated with the indicated blocking antibodies prior co-
culture. None of the tested target molecules appeared to be involved in eosinophil cytotoxicity
since blocking antibodies against these receptors showed no effect (Figure 26A). To explore
extracellular eosinophil traps (EETs) as a mechanism used by eosinophil to exert their
tumoricidal function in the interaction with MaMel63a cells, DNasel was added to the co-culture
to destroy the DNA network formed during EETosis. DNasel treatment in in vitro co-culture
assays did not affect cytotoxicity by eosinophils. No relationship between EET DNA scaffold

formation and cytotoxicity was found (Figure 26B).
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Figure 26. Blocking of potential target molecules and dissolving potential EET-DNA structures in co-
cultures. (A) Pre-treatment of MaMel63a or eosinophils with anti-lgG1, anti-CD11a, anti-CD11b, anti-CD18, anti-
CD54 (ICAM-1) or anti-CD49d. Subsequent co-culture at a ratio 1:7.5 for 48 hours in CM. None of the investigated
target molecules are driving cytotoxicity by eosinophils. (B) Dissolving DNA-containing EETs in co-culture. Non-
adherent co-culture of MaMel63a cells and eosinophils for 24 hours in medium or medium containing DNasel. Mean
percentage viability of MaMel63a cells + SD is shown from three to six independent experiments. ns p > 0.05.
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4 Discussion

Despite tremendous achievements in the treatment of advanced melanoma with improved
clinical outcomes and increasing knowledge on its biology, there is still an urgent need of
prognostic and predictive biomarkers. As easily accessible, blood eosinophils might be a
potential biomarker in advanced melanoma. However, their reliability is yet to be clarified.

In this study, we investigated the relevance of blood eosinophils and their soluble mediators in
late-stage melanoma patients receiving first-line targeted therapy or immunotherapy. To clarify
the link between blood eosinophils, eosinophil-mediated cytotoxicity, tumor rejection and
clinical response to melanoma treatment, we functionally and phenotypically characterized
blood eosinophils. In vitro experiments helped unravelling the close communication between

blood eosinophils and melanoma cells and supported our patient-derived data.

Numerous studies have demonstrated the pleiotropic role of eosinophilic granulocytes in
various diseases. Among others, eosinophils could be assigned both pro- and anti-tumoral
properties. Therefore, it is not surprising that patients' prognoses can be improved or worse
depending on the presence of eosinophils in blood and tumor tissue [248, 261, 285-290]. While
Hopkin's lymphoma [339-340], cervical or larynx cancer patients [341-342] with tumor-
associated tissue eosinophilia (TATE) are at a higher risk of poor outcomes, 5-year survival
rate, OS and disease-free survival was improved in patients with colon carcinoma when
eosinophil infiltration into the tumor and blood eosinophil counts was high [288, 343]. A positive
correlation between the clinical outcome and high eosinophil counts in the peripheral blood
could also be demonstrated in patients with breast cancer, renal cell cancer and melanoma
[294, 344-345]. Elevated baseline LDH concentration in serum of advanced melanoma
patients is a robust prognostic and predictive marker, and has been correlated with a worse
clinical outcome, independent of the therapeutic choice [346-347]. By converting pyruvate into
lactate, it causes local acidosis and suppresses immune effector cells like CD8+ T cells and
natural killer cells, which might explain its correlation with increased disease progression, poor
response and patient survival [347]. Thus, any new biomarker must be compared to LDH.
Analyzing peripheral blood eosinophil counts and other prognostic markers in a homogeneous
patient cohort, we found that low levels of LDH, high AEC and high REC were associated with
response to targeted therapy before and after treatment, which corresponds to previous
observations [294, 296]. Importantly, in an independent cohort, we were able to demonstrate
that high pre-treatment REC are highly associated with a favorable treatment response.
However, it should not be underestimated that despite eosinophils being linked to enhanced
survival in melanoma patients, their counts are associated with immune-related adverse

events (irAEs) that occur during immunotherapy [298]. In fact, tissue damage has been
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attributed to eosinophilia as shown in asthma, atopic dermatitis and other skin-related
diseases. Eosinophilia can be triggered either by intrinsic, e.g., by mutations in hematopoietic
stem cells, or by extrinsic factors, e.g., due to release of cytokines like IL-5 or GM-CSF by
tumor cells or immune cells and therapeutic agents [348]. There is an increasing demand for
models predicting risk-benefit ratios compared to single clinical endpoints as the clinical
landscape begins to shift toward personalized therapies [321]. However, we did not collect any
data on treatment-related adverse events. AEC of melanoma patients has been reported to
change drastically during immunotherapy [300, 349]. Analyzing peripheral blood counts of
patients receiving immunotherapy, we showed that REC did not correlate with response to PD-
1 monotherapy but by trend with combinatory treatment with ipilimumab and nivolumab. As a
result of our research, REC prior to targeted therapy now has a place in the list of biomarkers
for predicting outcomes before treatment is initiated, a finding that is more relevant to clinical

practice than on-treatment changes.

As a counterpart to eosinophils, studies describe a confusing relationship of neutrophils and
cancer [257]. Solid tumors, including melanoma and gastric carcinoma, are highly infiltrated by
neutrophils, making up to 80% of the infiltrate [350]. On the one hand, neutrophils induce tumor
cell killing by production and release of toxic reactive oxygen species (ROS) and apoptosis
through FAS expression, referred to as an anti-tumorigenic N1-phenotype, also characterized
by high levels of TNF-a [350-351]. However, most clinical reports rather link high peripheral
neutrophil counts and abundance of neutrophils within a tumor with tumor progression and
poor clinical prognosis [352]. In melanoma, overall survival was worse in patients with high
neutrophil-to-lymphocyte ratio (NLR) [353-354]. Referred to as a pro-tumorigenic N2-
phenotype accompanied by immunosuppression, promoting tumor growth by neutrophils is
partially driven by the production of proteinases like neutrophil elastase and MMP9 [350, 355-
356]. Entry of tumor cells into the vasculature is mediated by the production of proangiogenic
factors like the vascular epithelial growth factor (VEGF) by neutrophils, facilitating metastasis
[357]. A decrease in ANC and RNC during treatment was associated with a positive response

to targeted therapy, supporting these observations.

Upon exposure to chemoattractant like eotaxin-1 (CCL11), eosinophils migrate into inflamed
tissue [267, 358]. A study by Gebhardt et al. showed decreasing serum concentrations of
eotaxin-1 in melanoma patients that show non-response to immunotherapy [300]. Serum
eotaxin-1 levels before drug administration in our cohort were similar between responders and
non-responders, while eotaxin-1 during treatment was by trend higher in non-responders. As
we associated non-response to targeted therapy with lower blood eosinophil counts, we

assume that higher on-treatment eotaxin-1 in sera of non-responders might be compensatory
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mechanism to overcome the lack of eosinophils in this patient group. Our cohort lacked in
statistical power, as we the cohort size for eotaxin-1 was too small (in total n = 22). The
involvement of APRIL in proliferation and tumor survival has been shown in various cancers
[359]. Data have pointed at granulocytes but also cancerous cells as a source of APRIL [360].
APRIL expression was associated with tumor aggression and worse clinical outcome in both
solid and non-solid tumors [360]. In accordance with these observations, we showed by trend
higher APRIL concentrations in sera from patients without response to targeted therapy. No
association with response was observed for other markers like RANTES, sRAGE or GM-CSF
in our study. Eosinophils either degranulate while maintaining their integrity through activation,
e.g., by alarmins, or initiate cytolysis. In both cases, eosinophils release their cytotoxic
granules, which induce oxidative stress through ROS production mediated by EPX, triggering
apoptosis and necrosis in the target cell, or they generate pores in the membrane of the target,
thus promoting an influx of further cytotoxic mediators [361]. The latter is induced by ECP and
EDN [248, 267, 303]. Further, we investigated the relevance of ECP as a prognostic serum
marker in patients receiving targeted therapy as first-line treatment. Among other toxic
granules secreted by eosinophils, ECP exerts cytotoxicity on cancer cells in vitro [362]. Its
potential as a prognostic marker for malignancies such as melanoma has been proposed by
Krickel et al. [313]. Serum ECP levels coincided with enhanced risk for disease progression.
Interestingly, serum ECP of a heterogeneous study cohort inversely correlated with overall
survival, contrary to expectations [313]. We could show a trend towards lower serum ECP
concentrations in patients responding to targeted therapy. ECP levels did not correlate with
AEC or REC. However, pre-treatment serum ECP levels were significantly higher in
responders receiving either monotherapy with PD-1 inhibitor or combination therapy with
CLTA4-inhibitor compared to non-responders. Thus, indicating higher easinophil activity in this
patient subgroup. Additionally, pre-treatment but not on-treatment ECP negatively correlated
with AEC and REC. As peripheral blood eosinophil counts is higher in patients with melanoma
responding to immunotherapy, we assume that the inverse correlation to ECP indicates
eosinophil degranulation rather than cytolysis [294, 363]. In contrast, cytolysis, followed by
rupture of the cell membrane releasing cellular content into the surrounding, might decrease
the amount of eosinophils observable in the peripheral blood. Considering all available data,
including our study, based on its predictive ability, serum ECP may be used as a biomarker to

select first-line therapy.

While anti-tumor cytotoxicity is not yet well understood, it is evident that eosinophils both in
blood and tissue affect tumor progression in some malignancies [248]. A study conducted in
mice showed increased tumor incidence with partial or complete eosinophil deficiency. In vitro

experiments displayed direct eosinophil-mediated cytotoxicity towards fibrosarcoma cells used
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in their study [364]. The beneficial effect of blood eosinophils on a patient's outcome may be
explained by direct eosinophil cytotoxicity towards melanoma cells. We demonstrated that
different melanoma and non-melanoma cell lines were efficiently induced to succumb to
apoptosis and necrosis by freshly isolated blood-derived eosinophils. In addition, we found that
the cytotoxicity was dose dependent; melanoma cells showed higher levels of apoptosis when
more eosinophils are added to the co-culture. However, no association was found between
cytotoxicity and clinical outcome [274]. Eosinophils are susceptible to cytokines and
chemoattractants released by innate and adaptive immune cells [248]. A study by Carretero et
al. disclosed the pivotal role of eosinophils in coordinating the cytotoxic function of CD8+ T
cells towards tumor cells and their infiltration into the tumor [275]. The important crosstalk
between eosinophils and T cells was not taken in account in this project. Our in vitro
experiments indicate the independence of eosinophil-mediated cytotoxicity of CD8+ T cell
presence as shown by the induction of apoptosis and necrosis by eosinophils in co-cultured
tumor cells. This fact might open clinical therapeutic approaches targeting eosinophil function
and availability combined with enhanced T cell activity. However, treatment-related toxicity
(irAE) and eosinophil-mediated tissue damage should not be underestimated as previously

discussed.

Eosinophils are reported to exert their cytotoxic function against colon carcinoma utilizing the
CD11a/CD18 (LFA-1) axis [272]. The beneficial inhibition of tumor growth in vitro in Colo-205
and in the colons of mice was abolished by neutralizing CD18 [306, 365]. While we investigated
several suggested receptors, including LFA-1, which might mediate the close interaction
between eosinophils and melanoma cells, none of the tested blocking antibodies prevented
cytotoxicity towards melanoma cells [274].

Another mechanism through which granulocytes may exert their function is by forming
eosinophil extracellular traps (EETS) or neutrophil extracellular traps (NETS) [366-369]. These
extracellular traps consist of a DNA scaffold decorated with antimicrobial peptides and
proteases and are expelled from eosinophils or neutrophils upon activation. In 2018,
Albrengues et al. elucidated the link between continuous inflammation and the recruitment of
neutrophils to the inflammatory site and subsequent appearance of NET formation in a mouse
model [370]. Their study described the ability of NET-associated neutrophil elastase (NE) and
matrix metalloproteinase 9 (MMP9) to awaken dormant cancer cells and essentially induce
tumor progression. Resolving the DNA scaffold of EETs by DNAsel treatment in co-cultures
with melanoma cells did not prevent eosinophil-mediated cytotoxicity. However, by simply
dissolving the DNA scaffold, the release of proteases and other cytotoxic mediators is not

inhibited. In fact, eosinophil extracellular traps are decorated with cytotoxic ECP and other
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eosinophil-secreted granules like MBP [348]. Thus, DNAsel treatment might not be sufficient

to prevent EETs and eosinophil-mediated cytotoxicity in co-cultures.

Exploring the interaction of eosinophils and melanoma cells, we could show that eosinophil-
induced apoptosis in melanoma depends on the close cell—cell proximity and could be induced
neither by separate co-culture nor by eosinophil conditioned medium. The observation is in
line with the cytotoxicity of blood eosinophils against a colon carcinoma cell line, showing the
necessity of direct contact between eosinophils and their targets to induce apoptosis [306].
The dependence of effector-target cell function on cellular adhesion was also manifested in a
study conducted using Schistosoma mansoni, a parasitic larvae, as a bait for eosinophil
cytotoxicity [371]. The initial co-culture of melanoma cells was performed in a nhon-adherent
environment in order to define the melanoma cell interaction. This imitates the interaction of
circulating tumor cells (CTCs) with peripheral blood eosinophils. Bloodstream CTCs are
frequently found in melanoma tumors, which exhibit high metastatic potential [372-374]. It is
noteworthy that activated eosinophils robustly reduced pulmonary metastasis and improved
tumor rejection by improving T cell infiltration in melanoma mouse models [275, 279, 307, 332].
The beneficial effect of high circulating eosinophil counts in melanoma patients could be
explained by the CTCs being exposed to eosinophils and activating the bloodstream eosinophil
killing mechanism [274]. This observation is supported by our in vitro experiments showing that
eosinophils, in combination with targeted therapy, significantly and additively reduce
melanoma cell viability under non-adherent conditions. Thus, patients with advanced
melanoma may benefit from the cooperative cytotoxic action of eosinophils and targeted
therapy. We hypothesize that as a result of being exposed to targeted therapy, melanoma cells
release stress signals, which might enhance the effectiveness of eosinophils for causing
melanoma cells to undergo apoptosis. This could explain the additive cytotoxic effect of
eosinophils and targeted therapy in vitro [375-376]. Interestingly, targeted therapy induced
aggregation of eosinophils alone after 24 h. It is possible that targeted therapy induces
degranulation and/or adhesion in eosinophils and might lead to the expression of an “eat-me”
signal on melanoma cells [274]. However, while eosinophils in tissue are easily detected by
H&E staining in colorectal cancer, eosinophils are rarely found in melanoma metastasis as
confirmed after consultation with the in-house histology of der dermatology clinics UKW
Wirzburg [247].

The effects of eosinophils on cancer are variable, depending on the location and circumstances

[249]. By switching from non-adherent cultures to adherent conditions, rather mimicking solid

tumor environments, eosinophils were unable to induce apoptosis in melanoma cells [274].
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Melanoma cells' adherence properties may be affected by different surface structures, which

may alter survival signals to resist eosinophil-mediated cytotoxicity [377].

According to a study conducted in the lab of L. Erpenbeck apoptosis through formation of
neutrophil extracellular traps (NETosis) by neutrophils activated with LPS depends on
adhesion and substrate elasticity [378]. Further studies demonstrated the ability of physical
factors, like tissue stiffness [379-380], to modulate macrophages [381-382], antigen-presenting
dendritic cells [383] and mesenchymal stem cells (MSCs) phenotype [384-385] and influence
cell functionality, migration and chemotaxis of neutrophils [386-389]. It is possible that also
eosinophil-mediated cytotoxicity is subject to such physical influence, thus changing
functionality under adherent conditions. Experiments with differently coated glass slides for co-
cultures might further unravel the dependence of certain physical conditions in co-cultures.
Such coating could include varies degrees of Poly-L-lysine (PLL) or Poly-L-lysine-grafted-
polyethylene glycol (PLL-g-PEG). While PLL-coating promotes adhesion, PEG-coating
prevents adhesion of cells or proteins to the surface [378]. However, we did not perform further

experiments since we focused on eosinophil function and phenotype.

We hypothesized that phenotype and cytotoxic potential of blood-derived eosinophils differ
between healthy donors and melanoma patients. Eosinophils derived from allergic donors
display higher cytotoxic potential, which might be explained by enhanced activity or increased
expression of adhesion receptors [272, 390]. Screening for various eosinophil markers, we can
show that pre-treatment blood eosinophils of late-stage melanoma patients and controls show
comparable expression patterns. Activation markers like CD69 and CD66b and adhesion
molecules like CD29 and CD31 are similarly expressed in the compared cohorts [274]. Without
ruling out potential differences in other markers that were not assessed in this study, we
assume that phenotypical changes and differences in eosinophils might happen during
treatment and/or during direct contact with melanoma cells. The latter is supported by the
downregulation of CD69 and upregulation of CD66b after in vitro co-cultures [274]. Moreover,
we found that eosinophils are significantly more viable when co-cultured with melanoma cells,
suggesting a bidirectional interaction. CD66b was described to promote cellular adhesion of
eosinophils and expression can be upregulated in vitro by IL-5 [391]. IL-5 or chemoattractants
such as GM-CSF are also able to induce expression of CD69, CD16 and HLA-DR in vitro [392-
394]. We have observed that eosinophils and melanoma cells can form aggregates, which
might be modulated by the upregulation of CD66b. By modulating eosinophil activation,
melanoma cells seem to prevent metastasis inhibition, while allowing and regulating eosinophil

adhesion and improving their survival in vitro [274].
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Under in vivo inflammatory conditions, granulocytes are recruited to the site of action and
release their toxic content upon activation. Activation of eosinophils through various mediators
like IL-5, GM-CSF but also phorbol-12-myristate-13-acetate (PMA) or the lipopolysaccharide
(LPS) is known to alter eosinophil functionality. As for neutrophils, PMA and LPS induce
NETosis and ROS generation. Three-fold increase of leukotriene C4 release and thus
enhanced cytotoxicity was reported by eosinophils stimulated with calcium ionophore [260].
Stimulation of eosinophils with PMA showed only a trend towards increased cytotoxicity
towards melanoma cells for both non-adherent and adherent culture conditions compared to
untreated co-cultures. The superior survival of eosinophils co-cultured with MaMel63a cells
was significantly dampened when pre-stimulating eosinophils with PMA. This observation
might be explained by the decrease of eosinophils viability upon PMA stimulation and their
subsequent degranulation with exposure of cytotoxic granule contents [395]. Filopodia
modulate cell adhesion and migration and contain accumulated beta-1 integrin [396-397].
Fascin, an actin-bundling cytoskeletal protein is localized in these filopodial structures, and is
found upregulated in metastatic breast cancer correlating with poor clinical outcome [398].
Stimulation of melanoma cells with PMA resulted in formation of filopodia. We speculated an
enhancement of adhesion of melanoma cells to the flask surface and potentially even to
eosinophils under adherent conditions upon PMA stimulation, which might explain the trend

towards increased cytotoxicity.

Aggregation of eosinophils and tumor cells has been subject of a study based on ultrastructural
observations published by Caruso et al., hinting at an intimate cross-talk between these two
cell subtypes [282]. Additionally, eosinophilia has been shown attracted by necrotic cells and
was observed in the capsule region of solid tumors [376, 399]. Attraction of eosinophils in
necrotic areas might be caused by local hypoxia. By releasing cytotoxic granules, cytokines
and chemotactic factors, eosinophils could potentially induce recruitment of more eosinophils
resulting in local eosinophil accumulation [376]. As a result of IL-33 stimulation, eosinophils
and cancer cells formed stable aggregates in a melanoma mouse model [270]. Another study
using a melanoma mouse model reported that eosinophil accumulation in solid tumor was
partially limited to the necrotic and capsule regions [376]. There are several reported
mechanisms describing degranulation, one of which involves cytolysis [400-401]. Enhanced
eosinophil viability in co-culture with melanoma cells might be caused by immune synapse-like
mechanism [274]. Andreone et al. proposed such a mechanism was involved in the interaction
of eosinophils and tumor cells [270]. Aggregation of these two cell subtypes potentially
stimulates the production of GM-CSF by melanoma cells. GM-CSF is produced by a variety of
cells including epithelial cells and numerous types of cancer, and is able to prolong the survival

of eosinophils in a co-culture [260, 402-405]. This positive effect on eosinophil viability was
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also seen in other studies in co-cultures with glioblastoma multiforme or conjunctival fibroblasts
[406-407]. In vitro, we demonstrated that intact eosinophils mediate induced apoptosis in
melanoma cells. The exposure to released eosinophil content by lysis induced enhanced
melanoma cell destruction, which could be prevented by heat-inactivation [274]. This
observation is in accordance with a study showing the toxicity of eosinophil content towards
B16 melanoma cells [332]. Taken together, our data show that melanoma cells exert a
regulatory function towards eosinophils and their interaction is an active process [274].

5 Conclusion

Taken together, we demonstrated that patients with advanced melanoma with high eosinophil
counts prior to targeted therapy initiation are highly responsive to targeted therapy. However,
their ECP serum concentrations and functional differences in peripheral eosinophils were not
related to their response. In contrast, relative eosinophil counts and high ECP serum
concentrations prior immunotherapy initiation were associated with response to
immunotherapy. Our results are consistent with previous studies linking eosinophil blood
counts to better survival in melanoma patients. In vitro functional assays demonstrated close
and active interaction between peripheral eosinophils and melanoma cells. The interaction with
melanoma cells seemed bidirectional and depended on various factors like the eosinophil
donor, providence of adherence and the type of melanoma. Melanoma cells are significantly
apoptotic and necrotic when treated with eosinophils, which can be augmented with BRAF-
plus-MEK inhibitors. Although the mechanism of this additive effect remains a mystery, our
data suggest eosinophils are a potential prognostic biomarker worth further study. In addition,
we provide insight into how eosinophils and their secreted molecules control melanoma in a

multifaceted, treatment-dependent manner.
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l. Abbreviations

7-AAD
AE
AJCC
APC
BRAF
BRAFi
BOR
BSA
cAMP
CCND1
CCL5
cDNA
CTLA-4
CPD
CDK2
CDKN2A
CD
CO;
CSD
CXCL
DMSO
DNA
DPBS
ECP
ECT
EDN
EDTA
EPO
ER
ERK
FDA
FCS
GNA1l1l
GNAQ
HLA
IFN-y
IL
IHES
KIT
LDH
LEAF
MBP
MCI1R
MDSC
MHC
MITF
MAPK
MEK

7-aminoactinomycin

adverse events

American Joint Committee on Cancer
antigen-presenting cell

B-Raf proto-oncogene, serine/threonine kinase
B-Raf proto-oncogene, serine/threonine kinase inhibitor
best overall response

bovine serum albumin

cyclic adenosine monophosphate

cyclin D1

CC-chemokine ligand 5; also called RANTES
complementary DNA

cytotoxic T-lymphocyte-associated protein 4
cyclobutene pyrimidine dimers
cyclin-dependent kinase 2

cyclin-dependent kinase inhibitor 2A

cluster of differentiation

carbon dioxide

chronically sun damaged

chemokinie (C-X-C motif) ligand

dimethyl sulfoxide

desoxcyribonucleic acid

dulbecco’s phosphate buffered saline
eosinophil cationic protein
electrochemotherapy

eosinophil-derived neurotoxin
ethylenediamine tetraacetic acid

eosinophil peroxidase

endoplasmic reticulum

extracellular regulated MAP kinase

Food and Drug Administration

fetal calf serum

G protein subunit alpha 11

G protein subunit alpha q

human leukocyte antigen

interferon-y

interleukin

idiopathic hypereosinophilic syndrome

KIT proto-oncogene receptor tyrosine kinase
lactate dehydrogenase

low endotoxin, acid-free

major basic protein

melanocortin-1 receptor

myeloid-derived suppressor cells

major histocompatibility complex
micrphthalamia-associated transcription factor
mitogen-activated protein kinase
mitogen-activated protein kinase kinase
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NaCl
NCSC
NER
NRAS

OR
(ON)
PD-1/PD-L1
PFS
PKA
PMA
PTEN
RNA
RPMI
ROS
RT
SLNB
TAP
TCR
TERT
TNF
TP53
T-VEC
6-4PP
uv
VCAM-1

natrium chloride
neural crest stem cells
nucleotide excision repair

neuroblastoma ras viral oncogene homolog, proto-oncogene,

GTPase

overall response

overall survival

programmed cell death-1/-ligand 1
progression-free survival

protein kinase
Phorbol-12-myristate-13-acetate
phosphatase and tensin homolog
ribonucleic acid

Roswell Park Memorial Institute Medium
reactive oxygen species

room temperature

sentinel lymph node biopsy
transporter associated with antigen processing
T cell receptor

telomerase reverse transcriptase
tumor necrosis factor

tumor protein p53

Talimogene Laherparepvec

6-4 photoproduct

ultraviolet

vascular cell adhesion molecule 1
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