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Zusammenfassung

Natürliche Killerzellen (NK Zellen) können direkte Zelllyse mittels des Mechanismus der
antikörperabhängigen zellvermittelten Zytotoxizität (engl. ADCC) betreiben, indem sie
mit ihren Fcg-Rezeptoren (FcgR) an IgG1 monoklonale Antikörper (mAk) binden, die
gegen exprimierte Antigene auf der Oberfläche der Tumorzellen gerichtet sind. Polymor-
phismen des FcgRIIIa, der sich hauptsächlich auf NK Zellen findet, beeinflussen die Bin-
dungsaffinität für IgG1 mAk und damit das ADCC Potenzial. Unter diesen stellt der
FcgRIIIa-158 V/F Einzelnukleotid-Polymorphismus den wissenschaftlich am besten unter-
suchten dar. Um die Rolle von ADCC und FcgRIIIa-158 Phänotyp für IgG1 mAk-basierte
Therapien zu klären, wurde ein experimentelles Setup entwickelt, das aus (1) einem Fc-
gRIIIa Durchflusszytometrie-Assay und (2) einem Modell zur in vitro Quantifizierung der
ADCC-Aktivität und Aktivierung von Immunzellpopulationen besteht.

Der FcgRIIIa Assay basiert vorrangig auf einem anti-FcgRIIIa Klon (MEM-154), der
ausschließlich das FcgRIIIa-158 V Allel erkennt, unter gleichzeitiger Verwendung eines
zweiten Klons (LNK16), der beide FcgRIIIa-158 Allele bindet. Aus diesen Messdaten wurde
mit Hilfe eines Trainings-Set (n = 39) ein Vorhersagemodell berechnet und anschließend
mit einer Genauigkeit von > 90% für ein Test-Set (n = 52) validiert. Dabei gelang die
klinisch relevanteste Unterscheidung des FF Phänotyps mit niedriger Bindungsaffinität
von den VF und VV Phänotypen mit hoher Bindungsaffinität zweifelsfrei in allen Fällen.
Fehlklassifikationen traten ausnahmslos zwischen den Phänotypen VF und VV auf. Die
Vorteile des entwickelten FcgRIIIa Assay gegenüber alternativen Methoden bestehen aus
einer breiten Anwendbarkeit, kurzer Umlaufzeit und geringen Kosten.

Eine zuverlässige Detektion von in vitro ADCC-Aktivität und Aktivierung von NK Zel-
len konnte durch ein Kokultur-Modell von mononukleären Zellen des peripheren Blutes
(engl. PBMCs) mit kolorektalen Krebszelllinien unter Zugabe eines anti-EGFR (Cetu-
ximab) und anti-PDL1 (Avelumab) IgG1 mAk erreicht werden. Experimentelle Werte
wurden mittels der Messung von Laktatdehydrogenase-Freisetzung und einem Durchfluss-
zytometrie-Assay quantifiziert. Im Einklang mit der Literatur wurde eine Korrelation
zwischen der Stärke der ADCC-Aktivität und der Expression (EGFR, PDL1, MICA/B,
CD137L) bzw. des Fehlens (HLA-A/B/C) von Oberflächenmarkern auf den Krebszellen
gefunden.

Im Rahmen der multizentrischen Phase II FIRE6 Studie wurden die entwickelten Me-
thoden an PBMCs von 55 Patienten mit RAS und BRAF Wildtyp metastatischem kolo-
rektalen Karzinom unter Chemotherapie und Kombinationstherapie von Cetuximab und
Avelumab getestet. Obwohl der FcgRIIIa-158 Phänotyp und die Aktivierung von NK Zel-
len mit der gemessenen in vitro ADCC-Aktivität korrelierten, wurde keine prognostische
Relevanz dieser Parameter in Hinblick auf die klinischen Ergebnisgrößen des Therapiean-
sprechens und progressionsfreien Überlebens festgestellt.



Abstract

In the context of cancer therapy, natural killer cells (NK cells) may mediate direct tumour
lysis upon binding of their Fcg receptors (FcgR) to IgG1 monoclonal antibodies (mAb)
targeted at tumour-expressed surface antigens in a process termed antibody-dependent
cellular cytotoxicity (ADCC). Polymorphisms in the FcgRIIIa predominantly expressed by
NK cells influence the binding affinity of IgG1 mAbs and in turn their ADCC potential,
with the FcgRIIIa-158 V/F single-nucleotide polymorphism being the most extensively
studied. In order to elucidate the role of ADCC and FcgRIIIa-158 phenotype in the context
of IgG1 mAb therapy, we successfully established a novel setup comprising (1) a flow
cytometric FcgRIIIa panel to swiftly determine an individual’s FcgRIIIa-158 phenotype
and (2) an experimental model to quantify ADCC activity and immune cell activation in
vitro.

The FcgRIIIa panel employs an anti-FcgRIIIa clone that only recognises the FcgRIIIa-
158 V allele (MEM-154) in combination with a clone that detects both FcgRIIIa-158 alleles
(LNK16). Using the results from melting curve analysis as ground truth, a supervised
machine-learning based prediction model computed on the flow cytometry measurements
of a training set (n = 39) could be validated with a prediction accuracy > 90% on a
test set (n = 52). Importantly, the clinically most relevant distinction between the low-
affinity FF phenotype and the high-affinity VF/VV phenotypes was flawless, with the few
misclassifications exclusively occurring between the VF and VV phenotypes. Advantages
of the FcgRIIIa panel over alternative techniques include its wide applicability, quick
turnaround time and low cost.

The experimental model based on a 24h co-culture of peripheral blood mononuclear cells
(PBMCs) with a range of colorectal cancer cell lines treated with two IgG1 mAbs, namely
anti-EGFR cetuximab and/or anti-PDL1 avelumab, could be shown to reliably detect both
in vitro ADCC activity and NK cell activation. Experimental readouts were generated
using a lactate dehydrogenase release assay together with a flow cytometry panel. In line
with the literature, the strength of ADCC activity correlated with the expression (EGFR,
PDL1, MICA/B, CD137L) or absence (HLA-A/B/C) of surface markers on tumour cells.

These methods were applied to PBMCs derived from 55 patients with RAS and BRAF
wild-type metastatic colorectal cancer receiving chemotherapy with cetuximab and avelumab
combination therapy within the context of the single-arm multi-centre phase-II FIRE6 clin-
ical trial. While FcgRIIIa-158 phenotype and NK cell activation strongly correlated with
in vitro ADCC activity, no benefit could be observed for either of these parameters with
respect to clinical outcome measures such as response to treatment or progression-free
survival.



1 Background

1.1 Targeted cancer therapy with monoclonal antibodies

Currently, two out of three Europeans will be diagnosed with cancer at some point of

their lives. Despite a continuous improvement of therapy options and a consequential

decline in lethality, yet about 48% of these patients are estimated to die of cancer-related

causes, making cancer the second-leading cause of death worldwide behind cardiovascular

disease, which it has already overtaken in high-income countries[1]. Throughout much of

its history, the arsenal of cancer therapy has been based around two inherent vulnerabilities

of cancer, namely (1) locally restricted tumour growth in its initial stages, exploited by

surgery and radiation therapy, and (2) rapid cell division at a rate drastically faster than

that of normal cells, exploited by chemotherapy. However, pushing the boundaries of these

approaches in an attempt to cure more patients with ever more radical surgery or more

radical chemotherapy quickly hit biological ceilings and fell short of improving patient

outcome. It was not until the 1980s, when a better understanding of carcinogenesis after

decades of research led to the emerging discovery that cancer may be seen as a distorted

version of normal self, driven by the accumulation of mutations in DNA of initially normal

human cells. The discovery of this paradigm-shifting third and new Achilles’ heel was the

starting point for the era of modern targeted cancer therapy, of which the development of

monoclonal-antibody based treatments is a shining example.

1.1.1 Definition and overview

In the early 1900s, German immunologist Paul Ehrlich was the first to propose the idea

of a magic bullet (Zauberkugel in German), a substance to kill specific disease-causing

agents without harming the body itself as a bystander - similar to a bullet fired from

9



1 Background

a well-aimed gun to hit a specific target [2]. He went on to discover antibodies as the

envisioned magic bullet and their enormous potential, in the form of specifically engin-

eered monoclonal antibodies (mAb) binding to the very same epitope (the part of an

antigen that is recognised by the antibody), to target and eliminate abnormal cancer

cells and thereby induce an immune response against the tumour was swiftly realised.

Heavy 
chains

Light 
chains

Fc 
fragment

Fab 
fragment

Ag-binding
sites

Hinge
region

Figure 1.1: Basic antibody structure comprising the
antigen-binding Fab fragment and the
constant Fc fragment.

The particular structure of mAbs provides

them with various properties chiefly re-

sponsible for their anti-tumour activity

(Fig. 1.1). Antibodies are large Y-shaped

proteins arranged in three globular regions

that consist of two heavy chains and two

light chains joined and held together by di-

sulfide bonds [3]. The antigen-binding spe-

cificity of each antibody is defined by the

variable regions of these heavy and light

chains which together form the fragment

antigen binding (Fab), binding of which to

the recognised epitope on the target cell results in blocking (antagonistic antibodies) or

stimulation (agonistic antibodies) of downstream signal transduction pathways. Unlike

the virtually unlimited repertoire of highly variable Fab fragments, the fragment crystal-

lisable (Fc) is comprised of a restricted number of constant regions of the heavy chains that

allow the classification of antibodies into five distinct groups of immunoglobulin isotypes

(IgA, IgD, IgE, IgG, IgM)[4]. Of these groups, IgGs are a major component of humoral

immunity, making up approximately 75% of serum antibodies in humans, and may be

further divided into four subgroups (γ1-4) based on subtle differences in the Fc fragment

of their heavy chains. Their widespread abundance in serum has made them a primary

research target and, not surprisingly, all clinically approved monoclonal antibodies to date

are of the IgG isotype [5].
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1.1 Targeted cancer therapy with monoclonal antibodies

1.1.2 Role of ADCC and FcgRIIIa polymorphisms

Among the vast repertoire of protective IgG-mediated mechanisms, interactions of the

Fc portion of IgGs with Fcg receptors (FcgR) predominantly expressed on the surface

of innate immune cells are crucial for triggering the activation or inhibition of the lat-

ter as well as for the antibody-mediated crosslinking of the bound target antigen. As

Structure

Name

Function

Expression

IgG binding
affinity

FcgRI

None

1>>2=3=4 1=3>>2>4 1>3>>4>2 1>>3=2>4 1=3>>2=4 1>3>>4>2

FcgRIIA

Lymphoid

Myeloid

Granulocyte

Mono, DC, MP

Neu, Eos

None

Mono, DC, MP

Neu

NK

None

None

NK

Mono, DC, MP

None

None

None

Neu, Eos, MC

B cell, PC

Mono, DC, MP

Neu, MC, Bas

FcgRIIC FcgRIIIA FcgRIIIB FcgRIIB

Activating Inhibitory

ITAM GPI
anchor

ITIM

Cell membrane

(a) Overview of FcgR types

PFN

IFNγ

NK cell Cancer cell

antigen

GzmB

TNFα

FcgRIIIa mAb

(b) ADCC mechanism

Figure 1.2: Role of IgG isotype and FcgR types in NK-cell mediated ADCC. (a) Cell-type specific expres-
sion and IgG binding affinity of the different FcgR [6–8]. IgG1 antibodies have the highest
binding affinity to the FcgRIIIa expressed on the surface of NK cells. (b) ADCC is triggered
via engagement of FcgRIIIa on NK cells with mAbs bound to their target antigen on the
surface of tumour cells, inducing cell lysis via the release of perforin and granzyme B.
Abbreviations: DC = dendritic cell; MP = macrophage; Mono = monocyte; Neu = neutro-
phil; Eos = eosinophil; Bas = basophil; PC = plasma cell; MC = mast cell.
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1 Background

shown in Fig. 1.2(a), the binding affinity to the different types of FcgR varies with IgG

subgroup and, thus, the choice of a specific isotype strongly influences the effector func-

tions induced by a monoclonal antibody. With regards to antibody-based targeted cancer

therapy, antibody-dependent cellular cytotoxicity (ADCC) is considered an important ex-

ample of such immune-cell mediated effector functions (Fig. 1.2(b)). The typical ADCC

involves activation of natural killer cells (NK cells) through the recognition and binding

of their FcgRIIIa (also called CD16) to the reciprocal Fc fragment of an IgG antibody

bound to the surface of the target cell. Once activated, NK cells release a battery of

cytotoxic molecules, such as perforin and granzyme B, which eventually cause the target

cell to be destroyed. Of all four subgroups, IgG1 mAbs exhibit the highest binding affinity

for the FcgRIIIa receptor and, in turn, have been shown to induce the strongest NK-cell

mediated anti-tumour activity both in vitro and in vivo [9, 10]. Yet, the binding affinity is

also influenced by polymorphisms in the FcgRIIIa-encoding gene. The most well-studied

of these in the context of NK cells is the FcgRIIIa-V158F polymorphism that has a single

nucleotide missense mutation (thymine to guanine), resulting in a change from a valine

(V) to a phenylalanine (F) residue at amino acid position 158. Since the substitution

occurs in the ligand-binding domain of the receptor, it is not surprising that it entails

functional differences, with the V isoform of FcgRIIIa having a stronger binding affinity

to IgG1 than the F isoform [11]. In turn, individuals homozygous for the high-affinity V

allele are reported to mount a significantly stronger NK-cell mediated ADCC than FF ho-

mozygotes [12–14] and, hence, the FcgRIIIa-158 polymorphism has been implicated with

disease progression and responsiveness to treatments based on mAbs in the literature. For

example, Weng et al. found a higher response rate and longer progression-free survival

for VV homozygous patients with follicular lymphoma treated with the IgG1 mAb ritux-

imab as first-line therapy [15]. Similarly, Musolino et al. observed that the VV phenotype

was correlated with a better response rate and progression-free survival in patients with

HER2+ metastatic breast cancer treated with the IgG1 mAb trastuzumab [16]. Taken

together, these observations underline how the combination of both patient-specific char-

acteristics (FcgRIIIa polymorphism) and antibody-specific properties (IgG isotype) may

have important clinical implications on the treatment of cancer patients.
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1.1 Targeted cancer therapy with monoclonal antibodies

EGF

EG
F

P P

EGF

Downstream
signalling

TKI

Inhibition via
TKIs

Inhibition via
anti-EGFR mAbs
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Cell m
embrane

Cetuximab
Panitumumab
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Examples
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Neratinib
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Examples

Figure 1.3: EGFR signalling triggers cell proliferation, survival and angiogenesis. Two main strategies are
exploited clinically to inhibit downstream EGFR signalling, namely (1) blocking its tyrosine
kinase activity by TKIs or (2) preventing the interaction with EGF and subsequent receptor
dimerisation by EGFR-specific blocking mAbs. Figure adapted from Schiele et al. [22].

1.1.3 Targeting EGFR

Among the different families of growth factors and respective growth factor receptors

involved in the autonomous growth of cancer cells, the epidermal growth factor receptor

(EGFR) plays a pivotal role in the pathogenesis and progression of several carcinoma types

[17, 18]. The 170 kDa transmembrane EGFR protein is one of four distinct members of the

ErbB receptor family, all of which consist of (1) an extracellular ligand-binding domain,

(2) a single hydrophobic transmembrane α helix and (3) a cytoplasmic tyrosine-kinase-

containing domain [19]. Upon binding of the cognate ligand to the extracellular domain

of EGFR, receptor dimerisation leads to activation of the intracellular tyrosine kinase

domain. Subsequently autophosphorylated specific tyrosine residues within its cytoplasmic

tail serve as docking sites for the recruitment of intracellular proteins that sit at the top

of cellular signalling pathways in control of cell proliferation, differentiation, migration,

apoptosis and angiogenesis [20, 21].

Natively expressed on healthy cells of the human epithelium, the EGFR forms a coordin-

ating hub in charge of proper development of epithelial structures of the gastrointestinal

tract, lung, central nervous system and skin by directing cell growth, differentiation and

repair [23–28]. However, the flipside of its importance in these fundamental processes

of normal human development becomes evident when these signalling pathways are con-

stitutively activated due to two types of pathological alterations, namely kinase-activating

mutations in EGFR or membrane overexpression of the EGFR, both of which may in

13



1 Background

PFN

IFNγ

NK cellCancer cell 

GzmB

TNFα

NK cell activation

Tumour cell changes

Tumour lysis
ADCC
CD107a

Activation
IFNγ
CD137
CD69
NKG2D
PD1
...

IFNγ

PDL1 PDL1

MP

Monocyte

MDSC

Maturation & differentiation of
myeloid cells

Maturation of dendritic cells &
T cell stimulation

DC

T

Co-stimulation
CD80
CD83
CD86

Ag presentation
HLA-DR
TAP-1
Immune checkpoints
CD137L
PDL1

Positive
Teff
Cytokines
Ag-specific T cells

Negative
Tregs
PD1
TIM3

Co-stimulation
Ag presentation
Activation
PDL1
M2 MP
MDSCs

Cetuximab

1

2 3

4
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turn give rise to a wide variety of tumours of epithelial origin (e.g. lung, colon, head and

neck, mammary gland or pancreas). Equipped with a comparative survival advantage

given by this boost, EGFR-positive cancers become largely refractory to standard cyto-

toxic chemotherapy and, thus, targeting the EGFR in order to block these downstream

signalling pathways presents an appealing treatment strategy [29–31].

To exploit the vulnerability of EGFR addiction, the two commonly employed approaches

are centered around either (1) inactivating the kinase activity of the intracellular domain

with specific tyrosine kinase inhibitors (TKI) or (2) preventing receptor dimerisation by

anti-EGFR mAbs targeted at the ligand-binding site of the extracellular domain (Fig. 1.3).

Several TKIs and mAbs have already shown clinical benefits and are currently approved for

select EGFR-dependent tumour entities, primarily for small cell lung cancer (NSCLC),
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1.1 Targeted cancer therapy with monoclonal antibodies

breast cancer, head and neck squamous cell carcinoma (HNSCC) and colorectal cancer

(CRC). This notwithstanding, the majority of patients experience either primary (in-

trinsic) resistance or acquired resistance following an initial response to EGFR-targeted

therapy due to specific mutations of the EGFR (or downstream molecules) or the activation

of alternative escape signalling pathways [37, 38]. The diverse mechanisms of resistance

make the identification of those patients who will eventually benefit from EGFR target-

ing rather complex and it is often necessary to limit the use of anti-EGFR therapy to

responsive subcohorts of patients with known mutations (more commonly, the absence

thereof), develop new drugs against specific mutations or administer combination treat-

ments to overcome resistance. In this regard, there is a general consensus that blocking

of EGFR alone is likely not sufficient for longterm tumour control and should ideally be

combined with a concurrent induction of a durable immune response against the tumour.

A promising leverage point to link EGFR blockade and immune activation is the described

interaction of anti-EGFR mAbs with FcgR on immune cells (Section 1.1.2) and, among the

therapeutic armamentarium currently at hand, IgG1 mAbs are predestined for this pur-

pose, having the highest binding affinity to FcgR. In clinical studies of CRC and HNSCC

patients receiving anti-EGFR therapy, the IgG1 mAb cetuximab showed a clinical benefit

over the IgG2 mAb panitumumab as well as the treatment with TKIs, underpinning the

hypothesis of additional immune effector functions mediated by cetuximab (Fig. 1.4) [39,

40].

1.1.4 Targeting immune checkpoints

Immune evasion is one of the hallmarks of cancer and presents a considerable hindrance to

designing effective therapeutic anticancer strategies. Hence, suitable measures to counter-

act tumour escape from immune destruction are of great interest in cancer research and

in this context immune checkpoint molecules have played a central role in recent years,

with the Nobel Prize in Physiology or Medicine being awarded to their discoverers in 2018

[48]. In normal human physiology, these immune checkpoints are in charge of regulating

the immune response in order to maintain self-tolerance and limit its extent and duration,

thereby preventing excessive tissue damage and reducing the likelihood of autoimmune

disease [49–51]. However, the very same mechanisms are prone to being hijacked and
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misused by cancer cells to escape immune surveillance and suppress an immune-mediated

anti-tumour response. Interruption of tumour signalling via immune checkpoint path-

ways is an appealing strategy and the development of the first two checkpoint-inhibiting

mAbs ipilimumab and nivolumab that target the two major immune checkpoints cyto-

toxic t-lmyphocyte-associated protein 4 (CTLA4) and programmed cell death 1 (PD1),

respectively, has been a breakthrough in cancer therapy [52–54]. Albeit initially used

for the treatment of metastatic melanoma, checkpoint inhibitors do not target a specific

tumour-associated antigen (unlike e.g. anti-EGFR therapy) but rather act on immune cell

populations to unleash their anti-tumour effector functions, leading to them being utilised

for the treatment of a constantly growing spectrum of tumour entities. CTLA4 is a mem-

ber of the CD28:B27 protein family that is constitutively expressed on regulatory T cells

(Tregs), whereas on conventional T cells it is only upregulated after stimulation of the T

cell receptor. Due to its greater affinity and avidity, CTLA4 outcompetes the homologous

T-cell co-stimulatory protein CD28 for binding to CD80 and CD86 on antigen-presenting

cells (APC) and transmits an inhibitory signal to T cells, acting as an "off" switch. Ipilim-

umab blocks this interaction and lifts the inhibition of T-cell activation, resulting in the

resumption of proliferation, tumour infiltration and cytotoxic activity [42–44]. PD1 is a

membrane-bound protein on the surface of many immune cells, particularly on T cells, B

cells, NK cells, monocytes and dendritic cells (DC) [45], and binds its two ligands PDL1

and PDL2, both of which are predominantly (but not exclusively) expressed on the surface
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1.2 Metastatic colorectal cancer

of various tumour cells. Interaction of PD1 with PDL1 appears to be more relevant than

that with PDL2, inducing self-tolerance and leading to the exhaustion of antigen-specific

T cells while simultaneously reducing apoptosis of suppressive Tregs [46, 47]. In line with

this, a high proportion of PD1-positive tumour-infiltrating lymphocytes is associated with

poor prognosis [55], whereas increased anti-tumour immune activity is observed when

blocking the PD1/PDL1 axis [56]. Currently, there are six immune-checkpoint inhibit-

ing mAbs of the PD1/PDL1 axis approved for clinical use, three of which are directed

against PD1 (nivolumab, pembrolizumab, cemiplimab) and the other three against PDL1

(atezolizumab, durvalumab, avelumab). Among other criteria, the combination of anti-

body isotype and targeted antigen must be considered when developing new antibodies

for checkpoint inhibition. In order to prevent the unwanted elimination of PD1-expressing

immune cells via the interaction of bound anti-PD1 mAbs with the FcgR on NK cells

or monocytes, all anti-PD1 mAbs utilised so far are of isotype IgG4 which has negligible

affinity for FcgR (Fig. 1.2(a) in Section 1.1.2). In contrast to PD1, PDL1 is primarily

expressed on tumour cells and their FcgR-dependent elimination may be even desirable

to augment the pure blocking of the PD1/PDL1 axis. While the IgG1 portion of both

atezolizumab and durvalumab is nonetheless modified to prevent any FcgR-dependent in-

teractions, avelumab stands out as the only currently approved anti-PDL1 mAb with a

functioning IgG1-type Fc fragment. Thus, a higher anti-tumour activity of avelumab com-

pared with the other mAbs could be shown in FcgR-humanised mice [57] and its ability of

inducing ADCC was proven beyond reasonable doubt, both in vitro and in vivo [58–60]. It

is worth noting that, albeit PDL1 is also expressed to some extent on peripheral immune

cells, avelumab administration could be confirmed to be safe as PDL1 expression density

on these cells is too low to trigger measurable ADCC activity [61, 62].

1.2 Metastatic colorectal cancer

1.2.1 Guideline-based treatment recommendations

With approximately 60,000 newly diagnosed cases per year, the colorectal carcinoma

(CRC) is the second highest cause of cancer occurrence in Germany, only surpassed by pro-

state carcinoma in men and breast carcinoma in women, respectively (Fig. 1.6) [63]. While
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a colonoscopy-based statutory screening programme for the early detection of colorectal

cancer is ubiquitously available in Germany and high 5-year survival rates of 70-90% are

achieved for localised tumours with or without local lymph-node involvement (stage I-III),

the 5-year survival drastically drops to 16% for the approximately 20% of patients with

distant metastases (stage IV) at diagnosis [63].

Such poor prognosis with a median overall survival of only 15-22 months underlines

the pressing need for novel therapeutic approaches in the metastatic setting [64]. Cur-

rent clinical guidelines for first-line therapy of metastatic CRC (mCRC) patients with

good general performance status (ECOG score of 0-2) advocate the routine use of sev-

eral combination chemotherapy regimens, namely FOLFOX (folinic acid, 5-fluorouracil,

oxaliplatin), FOLFIRI (folinic acid, 5-fluorouracil, irinotecan), CAPOX (capecitabin, ox-

aliplatin) or FOLFOXIRI (folinic acid, 5-fluorouracil, oxaliplatin, irinotecan) [64–67]. This

chemotherapy backbone may be further augmented through the addition of targeted mo-

lecular therapies against (1) the vascular endothelial growth factor (VEGF) or (2) EGFR.

The anti-VEGF monoclonal antibody bevacizumab is approved as add-on to chemotherapy

for all patients with metastatic colorectal cancer regardless of the presence of specific con-

current mutations, tumour mutational burden (TMB) or microsatellite instability (MSI)

status and significantly increases median progression-free survival. Although not consist-

ent in all studies, bevacizumab was generally found to also prolong overall survival, namely

by 4 to 8 months with first-line therapy and by 2.1 months with second-line therapy [68–

72].

Unlike for bevacizumab, the anti-EGFR monoclonal antibodies cetuximab and panitu-

mumab are only used in mCRC patient cohorts with RAS and BRAF wild-type status,

where they prolong both PFS and OS compared with chemotherapy alone [73]. Since the

RAS and BRAF proteins are located downstream of the EGFR receptor, mutations in

either of them result in a permanent activation of the cellular signal transduction pathway

that is not amenable to inhibition by EGFR blockade and consequently lead to treatment

resistance [74–78]. Regarding comparative effectiveness of EGFR inhibition versus VEGF

inhibition in RAS/BRAF wild-type patients, a clinical benefit for cetuximab over bevaci-

zumab with respect to overall survival, objective response rate and early tumour shrinkage

was observed in retrospective meta analyses of head-to-head multi-cohort studies [79–81],
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except for the subset of right-sided tumours where cetuximab showed poorer outcomes

[82]. Since the inhibition of a single signal transduction pathway is unlikely to provide

optimal results, the combination of several targeted agents presents an appealing strategy.

Surprisingly however, combining cetuximab with bevacizumab plus chemotherapy led to

lower efficacy than single-agent treatment with either monoclonal antibody [83]. This

negative finding notwithstanding, there is a clear need for further research to identify and

test potential partner drugs to be used in combination with cetuximab and chemother-

apy. Encouraged by the success of immune checkpoint blockade therapies for a variety of

tumour entities in recent years, these drugs are of particular interest for such combination

approaches.
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1 Background

1.2.2 Rationale for addition of Avelumab to FOLFIRI plus Cetuximab

As outlined in Section 1.1.4, immune checkpoint inhibitors (ICIs) are a new and exciting

treatment option and are utilised in a growing number of tumour entities, yet the im-

provements in clinical outcomes are limited in some tumour entities, including HNSCC

and mCRC. In several clinical trials, anti-PD1 monotherapy with nivolumab or pem-

brolizumab for patients affected by mCRC did not improve clinical outcome compared

with guideline-based standard chemotherapy plus cetuximab [84, 85]. For combination

therapy with nivolumab and ipilimumab, a high response rate (55%) and encouraging

progression-free survival at 12 months (71%) was observed, but limited to a cohort of

patients with DNA mismatch repair-deficient/microsatellite instability-high mCRC, res-

ulting in high immunogenicity [86]. Overall, the results obtained for pure ICI therapies

in mCRC may be described as largely unsatisfactory to date and many experts advocate

combining ICIs and the existing standard-of-care chemotherapy plus cetuximab for the

treatment of mCRC [33].

There are several important mechanisms by which cetuximab may turn an immunolo-

gically cold into a hot tumour, thereby making it more amenable to anti-tumour immune

activity of co-administered ICIs than in the setting of ICI monotherapy (Fig. 1.7). In

the process of cetuximab-mediated ADCC, NK cells are activated and release IFNγ and

other cytokines (e.g. IL2, IL12, IL15) to facilitate maturation of dendritic cells as well

as crosstalk with other immune cells (macrophages, neutrophils) which in turn secrete

chemoattractant molecules. This crosstalk is crucial for triggering EGFR-specific recruit-

ment of cytotoxic T cells from the peripheral blood to the intratumoral space where they

can carry out their lytic activity against tumour cells and contribute to the generation of

new tumour antigens [87, 88]. The presentation of these tumour antigens by mature dend-

ritic cells activates pre-existing and primes newly recruited cytotoxic T cells for further

tumour lysis, ideally stimulating a long-term immune response [34, 89–94].

However, the desired stimulation of immunogenic tumour cell death via cetuximab comes

at the cost of concurrently triggered immunosuppressive feedback mechanisms that tend

to counteract cytotoxic tumour cell lysis [95–101]. Treatment with cetuximab plus chemo-

therapy was shown to significantly increase the frequency of Tregs, crucial players in the
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suppression of anti-tumour activity, within lymphocyte populations in both the peripheral

blood and tumour microenvironment [95]. In addition, cetuximab monotherapy increased

the expression of the immunosuppressive markers TGFβ, CTLA4 and PDL1 on Tregs

[92] and, fittingly, this subpopulation was particularly enriched in patients who failed to

respond to cetuximab treatment [95]. Thus, ICI treatment in combination with cetuximab

appears to be a logical therapeutic approach as it may not only inhibit the suppressive

CTLA4+/PDL1+ Treg population but may also reduce the infiltration of Tregs into the

tumour microenvironment by preventing the peripheral induction of this population [102].

Along with Tregs, myeloid-derived suppressor cells (MDSCs) are another cell population

that dampens anti-tumour immune activity. Their numbers were elevated in HNSCC pa-

tients treated with cetuximab, particularly so in nonresponders, and their expression of

TGFβ is known to aid in tumour immune escape [35, 103]. Additionally, MDSCs inhibit

cytotoxic T cells via PDL1 upregulation and secretion of cytokines that bind to T-cell

chemokine receptors such as CXCR3 or CXCR4 [104, 105]. Hence, successful blocking of

the PD1/PDL1 axis with ICI therapy carries the promise to relieve MDSC-mediated sup-

pression of cytotoxic T cells. Finally, cetuximab-mediated IFNγ secretion by activated

NK cells upregulates PDL1 expression on tumour cells via the JAK2/STAT1 pathway,
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Clinical
trial

Identifier MSI
status

Line Chemo-
therapy

mAb 1° EP

FIRE6 NCT05217069 MSS/MSI 1st line FOLFIRI cetuximab and
avelumab

PFS

AVETUX NCT03174405 MSS/MSI 1st line FOLFOX cetuximab and
avelumab

PFS

CAVE NCT04561336 MSS/MSI 2nd line – cetuximab and
avelumab

OS

AVETUXIRI NCT03608046 MSS 2nd line Irinotecan cetuximab and
avelumab

ORR

SAMCO NCT03186326 MSI 2nd line FOLFOX,
FOLFIRI

cetuximab or
avelumab

PFS

Table 1.1: Overview of currently ongoing clinical trials of mCRC patients treated with cetuximab and/or
avelumab.
Abbreviations: EP = end point; MSI = microsatellite instability; MSS = microsatellite stable.

another immune-evading mechanism that may be counteracted through the concurrent

use of ICIs [36, 93].

Taken together, there is a strong scientific rationale to complement the use of cetuximab

with an ICI monoclonal antibody because (1) the wanted immunostimulatory effect of

cetuximab (e.g. recruitment and priming of cytotoxic T cells) could be exploited to achieve

the full potential of checkpoint blockade and (2) the unwanted immunosuppressive effects

of cetuximab (Tregs, MDSCs, increased expression of checkpoint molecules on immune

and tumour cells) may be alleviated by checkpoint blockade. In selecting a specific ICI

agent to partner with cetuximab for such combination treatment, the PDL1 inhibiting

IgG1 monoclonal antibody avelumab represents a particularly appealing choice since the

concurrent use of two ADCC-inducing monoclonal antibodies may have the added bene-

fit of cooperatively activating NK cells. Importantly, the combination of avelumab and

cetuximab has been found to be safe for patients [60, 106] and raises the possibility of true

synergy via fully activating the components of the innate and adaptive immune systems,

widely engaging multiple types of immune cell populations. Several prospective clinical

trials are currently evaluating the combination of cetuximab and avelumab plus chemo-

therapy in cohorts of mCRC patients (Table 1.1), with the FIRE6 study [107] being the

focus of this scientific work. While the details of the study will be presented in Section 3.1

below, it is worth mentioning, from an immunological point of view, that cetuximab and

avelumab are co-administered as first-line treatments, meaning they are given when the

immune system is most likely to mount an effective anti-tumour response [108].
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As described in detail in Chapter 1, therapeutic mAbs are increasingly being used for

the clinical treatment of cancer patients. While remarkable results - even including long-

lasting complete remissions - are achieved in some, the benefit for the majority of patients

is rather limited. Furthermore, predictive biomarkers for routine patient stratification are

still largely unknown. Focusing on IgG1 mAbs in the context of mCRC, this work consists

of three closely connected parts aiming to shed light on these aspects (Fig.2.1).

Establishing a FACS-based method of determining the FcgRIIIa-158 polymorphism In

the first part of this work, we strive to develop and thoroughly validate a flow cytometric

experimental method capable of reliably identifying a patient’s FcgRIIIa-158 polymorph-

ism. As outlined in Section 1.1.2, the scientific community is still deeply divided with

regards to the influence of a patient’s FcgRIIIa-158 polymorphism on both treatment re-

sponse and clinical outcome measures under IgG1 mAb therapy. Thus, a scientifically

rigorous elucidation of its role is crucial. With the current gold standard for determining

the FcgRIIIa-158 polymorphism being rather costly and laborious PCR-based approaches,

there is a yet unmet need for a quick, cost-effective and ubiquitously available technique

to swiftly infer a patient’s FcgRIIIa-158 polymorphism. Flow cytometric (FACS) meas-

urements are routinely performed even in small hospitals around the world and, hence,

the successful establishing of a FACS-based method could fill this niche and pave the

way for widespread routine assessment of the FcgRIIIa-158 polymorphism from limited

patient material (< 100 µl of blood) with short turn-around time (ca. 30 minutes) and

at a fraction of the costs of PCR-based techniques. Having such a technique at hand is

pivotal in order to (1) resolve the conflict emerged from contradictory findings reported

in the literature and (2) provide a perfectly suited tool for determining the FcgRIIIa-158

polymorphism that could be integrated into routine clinical practice with ease if it turns
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out to be of relevance for clinical decision-making or prognostic stratification.

Establishing an in vitro assay to detect ADCC The second part of this work is centered

around establishing an in vitro experimental setup comprising (1) a lactate dehydrogenase

(LDH) release assay to determine tumour cell death via ADCC and (2) a flow-cytometry

based panel to study the phenotypes and activation of the involved immune cells. As

described in Section 1.1.2, the class of IgG1 mAbs carries the promise to directly induce

tumour cell death via ADCC, in addition to mere receptor inhibition (e.g. by targeting

EGFR) or checkpoint blockade (e.g. by targeting PD1 or PDL1). However, to date, it

is still unclear how important a role such NK-cell mediated ADCC plays in the clinical

treatment of oncologic patients with IgG1 mAbs - it could range from having a negligible

effect to being a major determinant of clinical response and outcome. With the basis of

the experimental setup being the co-culturing of a suitable CRC cell line with patient-
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Figure 2.1: Overview of research objectives. The project is comprised of three closely connected parts,
namely the establishing of a FACS-based prediction of FcgRIIIa-158 polymorphism (top left),
the development of an in vitro ADCC model for colorectal cancer (top right) as well as the
application of these two experimental methods to cohorts of healthy volunteers and colorectal
cancer patients (bottom).
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derived PBMCs, tweaking of culturing conditions and further experimental parameters

should culminate in an optimised in vitro screening platform to assess a patient’s ADCC

capability.

Application of established methods to a clinical study cohort Successful completion

of the first and second part forms the foundation of this project. Building upon this,

validation of the established methods on a clinical study cohort constitutes its final litmus

test. To this end, the experimental setup will be applied to patient-derived PBMCs

obtained from peripheral blood sampling at various treatment time points of a cohort of

55 mCRC patients receiving cetuximab and avelumab combination therapy in addition

to standard chemotherapy. Within this context, the major focus of the project is to

determine whether any of a patient’s FcgRIIIa-158 polymorhpism, in vitro ADCC activity

or specific NK-cell phenotypes correlates with clinical response and/or outcome. These

results promise to advance our current understanding by revealing new clues about patient-

specific factors governing the interplay of IgG1 mAbs with the patient’s immune system.

In summary, the overall aim of this study is to develop a robust experimental setup

which could provide a fast, reliable and easily deployable screening test with prognostic

value regarding the response to cetuximab and avelumab combination therapy, potentially

useful for patient stratification prior to or during the initial phase of therapy.
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3 Materials and Methods

3.1 Selection of study participants and their characteristics

Patients The patients examined in this scientific work were recruited within the frame-

work of the non-randomised, single-arm, multi-centre, phase-II FIRE6 study (Fig. 3.1)

which was approved by the Ethics Committee of Charité Universitätsmedizin Berlin and

registered on the EU Clinical Trials Register as EudraCT 2018-002010-12 [109]. Informed

consent from all study participants was obtained regarding the prospective blood sampling

and review of clinical data. A total of 55 patients with previously untreated RAS/BRAF

wild-type mCRC were enrolled between the first quarter of 2019 and the third quarter of

2021 across 16 participating recruitment sites in Germany. As shown in Fig. 3.1, the pa-

tients received induction therapy of FOLFIRI and the anti-EGFR antibody cetuximab for

mCRC 
RAS/BRAF 
wild-type 

status 

FOLFIRI 

Cetuximab 

Avelumab 

Switch after 
4 cycles 

Switch after 
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Induction  
therapy 
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Figure 3.1: Design of FIRE6 study. 55 mCRC patients with RAS/BRAF wild-type status were treated
with FOLFIRI and cetuximab for 4 cycles before avelumab was added to this regimen for
another 4 cycles. After that, single-agent avelumab treatment was continued for 16 further
months or until tumour progression. Peripheral blood samples were acquired at 4 critical
timepoints during induction therapy.
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3.2 Handling of cell lines and human primary materials

the first 4 cycles, each with a duration of two weeks. Patients without tumour progression

after cycle 4 received the anti-PDL1 antibody avelumab in addition to the combination

of FOLFIRI and cetuximab for another 4 cycles. In the absence of tumour progression,

patients were subsequently switched to single-agent maintenance therapy with avelumab

only. The treatment ended after 16 months of said maintenance therapy or earlier if tu-

mour progression or inacceptable toxicity occurred. Progression-free survival (PFS) was

the primary endpoint of this study, with tumour progression being assessed according to

irRECIST v1.1 [110]. Secondary endpoints were PFS rate after 12 months, objective re-

sponse rate (ORR) and overall survival (OS). Peripheral blood samples from each patient

were collected at four critical time points during the induction therapy (defined, based on

the nearest treatment cycle, as C1, C2, C5 and C6) and processed according to Section 3.2:

• C1: at baseline before treatment initiation

• C2: after the first cycle of FOLFIRI plus cetuximab

• C5: before the addition of avelumab to the treatment regimen

• C6: after the first cycle of combination therapy of FOLFIRI, cetuximab and avelumab

Healthy volunteers To serve as a control group for the patient cohort at baseline (C1),

one-off peripheral blood samples from 10 age-matched healthy controls were obtained.

In addition, peripheral blood samples from a total of 29 further but not age-matched

healthy volunteers were collected to establish a flow-cytometry based prediction of the

FcgRIIIa-158 polymorphism. The recruitment of these healthy volunteers was approved

by the Ethics Committee of Charité Universitätsmedizin Berlin under application number

EA4/219/20 and written informed consent from all study participants was obtained before

blood sampling. Symptoms of acute infection at the time of blood withdrawal were ruled

out for all volunteers by anamnesis and the blood samples were processed according to

Section 3.2.

3.2 Handling of cell lines and human primary materials

Tumour cell lines As a first step, all colorectal cancer (CRC) cell lines (Table 3.1) were

tested for mycoplasma contamination (MycoAlertT M Mycoplasma Detection Kit, Lonza,
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Cell line Disease a/s Medium Additives (% in v/v) RRID [111]

CACO2 colorectal adenocarcinoma a DMEM 10% FBS, 1% P/S,
1% GlutaMax CVCL_0025

DLD1 Dukes’ type C,
colorectal adenocarcinoma a RPMI-1640 10% FBS, 1% P/S,

1% GlutaMax CVCL_0248

HT29 colorectal adenocarcinoma a DMEM 10% FBS, 1% P/S,
1% GlutaMax CVCL_0320

HCT116 colorectal adenocarcinoma a DMEM 10% FBS, 1% P/S,
1% GlutaMax CVCL_0291

LS174T Dukes’ type B,
colorectal adenocarcinoma a DMEM 10% FBS, 1% P/S,

1% GlutaMax CVCL_1384

RKO carcinoma, papilloma a DMEM 10% FBS, 1% P/S,
1% GlutaMax CVCL_0504

SnuC5 cecum adenocarcinoma a RPMI-1640 10% FBS, 1% P/S,
1% GlutaMax CVCL_5112

SW48 Dukes’ type C,
colorectal adenocarcinoma a Leibovitz’s L-15 10% FBS, 1% P/S,

1% GlutaMax CVCL_1724

SW403 Dukes’ type C,
colorectal adenocarcinoma a Leibovitz’s L-15 10% FBS, 1% P/S,

1% GlutaMax CVCL_0545

SW480 Dukes’ type B,
colorectal adenocarcinoma a Leibovitz’s L-15 10% FBS, 1% P/S,

1% GlutaMax CVCL_0546

SW620 Dukes’ type C,
colorectal adenocarcinoma a Leibovitz’s L-15 10% FBS, 1% P/S,

1% GlutaMax CVCL_0547

SW837 colorectal adenocarcinoma a Leibovitz’s L-15 10% FBS, 1% P/S,
1% GlutaMax CVCL_1729

SW1417 Dukes’ type C,
colorectal adenocarcinoma a Leibovitz’s L-15 10% FBS, 1% P/S,

1% GlutaMax CVCL_1717

Table 3.1: Overview of the characteristics of the 13 colorectal cancer cell lines which were screened in
this work to assess their suitability for in-vitro ADCC experiments. Further cell line details of
interest may be retrieved via the respective RRIDs.
Abbreviations: a = adherent; RRID = Research Resource Identifier; P/S = Penicillin-
Streptomycin; FBS = fetal bovine serum; DMEM = Dulbecco’s Modified Eagle’s Medium.

#LT07-318) before being cultured in flat-sided culture flasks with a growth area of 25 or

150 cm2 (Corning, #CLS430372-500EA and #CLS430824-50EA) and placed in an incub-

ator at 37◦C, 5% CO2 and 95% relative humidity. As all cell lines were growing in an

adherent manner, cells were detached from the flask surface every 3-4 days at a confluence

of 70-90% using phenol-red free TrypLET M (Life Technologies, #12604-013) and culturing

was continued after splitting the cells in a ratio ranging from 1:2 to 1:10. The Luna-FL

Automated Cell Counter (Logos Biosystems) was used for cell counting, following staining

with the AO/PI Cell Viability Kit (Logos Biosystems, #F23001). As a safeguard measure

to prevent the accumulation of genetic changes due to long-term cell culturing, cell cul-

tures were discarded after a maximum of 30 passages and new cultures were established

from samples preserved in a cryogenic storage tank at −180◦C. As indicated in Table 3.1,

CRC cell lines were generally kept in culture using either of DMEM (Gibco, #21885-025),

RPMI-1640 (Gibco, #310870-025) or Leibovitz’s L-15 medium (Sigma, #L5520), supple-
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3.3 Therapeutic antibodies

mented with 10% fetal bovine serum (FBS; Sigma, #F7524), 1% Penicillin-Streptomycin

(P/S; Sigma, #P4333) and 1% GlutaMaxT M (Gibco, #35050061). All co-culturing experi-

ments with human PBMCs were performed in phenol-red free DMEM (Gibco, #11880028)

with only 1% FBS (Sigma, #F7524), unless specified otherwise in the respective section.

Primary materials Peripheral blood mononuclear cells (PBMCs) were isolated from hep-

arinised whole blood by density centrifugation (Biocell, #L6115) according to our labor-

atory’s standard protocol (20 ml of whole blood mixed with 20 ml of PBS and layered

on top of 10 ml BioColl solution mixed with; centrifugation for 20 min at 2800 g). After

an additional washing step (10 min at 500 g), the isolated PBMCs were resuspended in

freezing medium (15% RPMI 1640 medium (Gibco, #12055), 75% FBS (Sigma, #F7524),

10% DMSO (Sigma Aldrich, #D2650)), aliquoted at 2.5 ∗ 106 cells per cryovial and, after

rate-controlled cooling at −1◦C/min in a CoolCellT M (Corning, #15542771) to −80◦C,

transferred to a cryostorage tank at −180◦C. At the time of sample freezing, PBMC

viability ranged from 30 to 95%. For thawing of cryoconserved PBMCs, the vials were

placed in a heat bath at 37◦C for 2 minutes and the cell suspension washed twice in 10 ml

of RPMI 1640 with 20% of FBS pre-warmed at 37◦C. Subsequently, the recovered PB-

MCs were again resuspended in 10 ml of RPMI 1640 with 20% of FBS and placed in an

incubator at 37◦C, 5% CO2 and 95% relative humidity for 30 minutes before conducting

the respective experiments.

3.3 Therapeutic antibodies

The two therapeutic antibodies used in this research project were supplied via the phar-

macy of Charité Universitätsmedizin Berlin: The anti-EGFR antibody cetuximab is dis-

tributed under the commercial name Erbitux (Merck KGaA, #PZN-0493528), whereas

the anti-PDL1 antibody avelumab is sold as Bavencio (Merck KGaA, #NDC-44084-3535-

1). In the experiments to screen the various CRC cell lines for their suitability as in vitro

ADCC model, both antibodies were used at a concentration of 1000 ng/ml to make sure

to saturate all available EGFR and PDL1 receptors on every cell line. Once SnuC5 was

chosen as preferred cell line, the concentration of both antibodies was titrated in the range

from 0.8 to 1000 ng/ml with regards to ADCC lysis according to the protocol stated in
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Figure 3.2: Titration of the antibody concentration with regards to ADCC lysis for the SnuC5 cell line.
As is evident, ADCC lysis reaches a plateau for 100 ng/ml for both cetuximab and avelumab.
Hence, this concentration was used for all further experiments with the SnuC5 cell line.

Section 3.7. As illustrated in Fig. 3.2, ADCC lysis reached a plateau for a concentration

of 100 ng/ml for both cetuximab and avelumab. Hence, this concentration was used in all

further experiments employing the SnuC5 cell line.

3.4 Flow cytometry (FACS)

Throughout this work, the flow cytometric measurement of all experimental samples (de-

scribed in detail in Sections 3.5 to 3.7 below) were exclusively acquired using a CytoFLEX

LX cytometer (Beckman Coulter). Instrument performance was monitored daily with

CytoFLEX daily QC fluorospheres (Beckman Coulter, #B53230). A defined volume of

150 µl per sample was measured at a constant acquisition rate of 150 µl/min, keeping

the abort rate < 1% over the course of the measurement. Flow cytometry data was ana-

lysed using CytExpert Software Version 2.4 (Beckman Coulter) and FlowJo Version 10.8.1

(Becton Dickinson).

3.5 Cell line characterisation

The 13 CRC cell lines listed in Table 3.1 in Section 3.2 were screened for the expression

of an array of 9 surface markers that were hypothesised to be implicated in the NK-cell

mediated ADCC of tumour cells (Table 3.2). Most importantly, EGFR and PDL1 expres-
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3.5 Cell line characterisation

Antibody Fluorochrome Clone Dilution Catalog No. Company
EpCam AF700 9C4 1:400 324243 Biolegend
EGFR PE AY13 1:100 352903 Biolegend
PDL1 PE MIH3 1:100 374512 Biolegend
HLA-A,B,C PE W6/32 1:50 311406 Biolegend
HLA-E PE 3D12 1:100 342603 Biolegend
MICA/B PE 6D4 1:100 320906 Biolegend
CD137L PE 5F4 1:100 311504 Biolegend
CD40 PE 5C3 1:100 334308 Biolegend
OX40L PE 11C3.1 1:100 326307 Biolegend

Table 3.2: Overview of the antibodies used to screen for the surface expression of markers on CRC cell
lines potentially implicated in ADCC.

sion was determined as they present the primary targets for the therapeutic antibodies

cetuximab and avelumab, respectively. In addition, expression of the epithelial cell ad-

hesion molecule (EpCam) was assessed in order to confirm that its ubiquitous presence

on epithelium of the gastrointestinal tract, as suggested by the literature, could serve as

a reliable marker for a FACS-based discrimination of tumour cells from immune cells in

co-culture experiments. High levels of the supreme "self-markers" HLA-A/B/C are known

to inhibit NK-cell mediated lysis [112, 113], whereas HLA-E and MICA/B may exhibit

diverse effects through binding to the checkpoint receptors NKG2A and NKG2D on NK

cells, respectively [112, 114, 115]. In a similar fashion, CD40, OX40L and CD137L ex-

pression on tumour cells have been shown to be to associated with tumour elimination by

binding to their respective ligands CD40L, OX40 and CD137 expressed on the surface of

NK cells and other immune cells [116–121].

In single-stain experiments for each combination of surface marker and cell line, approx-

imately 50,000 tumour cells were stained for 15 minutes at room temperature in the dark

with 50 µl of the antibody dilution and subsequently washed twice in 200 µl of phosphate

buffered saline (PBS; Gibco, #14190-094) containing 0.5% bovine serum albumin (BSA;

MACS, #130091376) for 5 minutes at 300 g. Comparison with appropriate isotype con-

trol stains allowed to calculate the proportion of cells expressing each respective surface

marker. In addition, the median fluorescence intensity (MFI) of the cells was determined

for each stained marker in order to serve as a surrogate for surface expression density.
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Figure 3.3: Schematic representation of the workflow of determining the FcgRIIIa-158 polymorphism of
study participants from PBMCs via a PCR-based (top) and FACS-based approach (bottom).

3.6 Analysis of FcgRIIIa-158 polymorphisms

To determine the FcgRIIIa-158 polymorphism for each study participant as well as a cohort

of healthy volunteers, two different approaches were employed in parallel as outlined in

Fig. 3.3. It is worth noting that the tissue source for FcgRIIIa phenotyping is crucial.

Since the phenotype of the NK cells is determined by the germline genotype present in

normal tissue, PBMCs were employed in this work rather than cells from the tumour

microenvironment that are more prone to carrying somatic mutations.

3.6.1 PCR-based approach

Currently, PCR amplification and subsequent melting curve analysis are the standard

procedure widely employed to infer the presence and identity of single nucleotide poly-

morphisms (SNP), such as the G559T SNP underlying the three different FcgRIIIa-158

phenotypes. In a first step, a sufficient amount of DNA was purified from approximately

105 participant-derived PBMCs using the QIAamp UCP DNA Micro Kit (Qiagen, #56204)

on a QIAcube (Qiagen, #QIAG990395). All further steps were carried out externally as a

contract service by the Glycotope GmbH (Berlin, Germany) [122], namely melting curve

analysis using the High Resolution Melting Kit (Roche Life Science, #50-720-3243) on a

Light-Cycler 480 instrument (Roche Life Science).
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3.6 Analysis of FcgRIIIa-158 polymorphisms

Antibody FluorochromeClone Dilution Catalog No. Company

Cell lineage
CD3 BV421 UCHT1 1:50 300434 Biolegend
CD14 BV785 M5E2 1:50 301840 Biolegend
CD56 BUV395 NCAM16.2 1:200 563554 BD Biosciences

FcgRIIIA-binding antibodies
CD16 FITC MEM154 1:50 sc-51525 FITC Santa Cruz
CD16 AF647 LNK16 1:50 MCA1193A647T BioRadAntibodies

Table 3.3: Overview of the flow cytometric antibodies used to infer the FcgRIIIa-158 phenotypes. Two dif-
ferent FcgRIIIa-binding CD16 clones were used, namely MEM154 and LNK16. Clone MEM154
only binds FcgRIIIa receptors with a valine (V) but not a phenylalanine (F) residue at amino
acid position 158, whereas LNK16 binds in the presence of either residue.

3.6.2 FACS-based approach

Complementing the PCR-based method, a self-developed flow cytometry panel was used

to distinguish the different FcgRIIIa-158 phenotypes (Table 3.3). For each patient, 105

PBMCs were stained in 50 µl of PBS with five fluorescent antibodies against four charac-

teristic cell surface proteins (CD3, CD14, CD56, CD16) for 15 minutes and resuspended

in 150 µl of PBS after being washed twice for 5 minutes at 300 g. As shown in Table 3.3,

antibodies were titrated in dilutions from 1:50 down to 1:200 in order to find the best

compromise between maximising the signal-to-noise ratio (S/N ratio) and keeping the

experiments cost-efficient.

Two distinct CD16 clones were selected to be used simultaneously in this panel due to

their differences in terms of binding to the FcgRIIIa receptor [12, 123, 124]. Clone MEM154

is reported in the literature to bind the FcgRIIIa receptor at an epitope in close proximity

to amino acid residue 158 and, thus, its binding is heavily influenced by the FcgRIIIa-

158 polymorphism. In the presence of a valine (V) residue at this position, MEM154

binds very strongly, whereas its binding is almost completely abolished in the presence

of a phenylalanine (F) residue. In contrast, the binding epitope of clone LNK16 lies far

away from amino acid position 158 and binds in the presence of either amino acid. Yet,

LNK16 shows a somewhat higher binding affinity for an F residue rather than a V residue.

Hence, we hypothesised that binding might differ to a certain extent between individuals

with a heterozygote VF or a homozygote VV phenotype. Integrating the information

obtained through the staining behaviour of these two CD16 antibodies forms the basis for

the attempt of a FACS-based prediction of an individual’s FcgRIIIa-158 phenotype.
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3.7 Antibody-dependent cellular cytotoxicity

To assess the effect of ADCC activity, 24h co-cultures of tumour cells and PBMCs were

carried out in 96-well flat bottom plates as showcased in Fig. 3.4. Unless stated otherwise

in the respective sections, PBMCs and tumour cells were always seeded in an effector-to-

target ratio (ETT ratio) of 10:1, namely 300,000 PBMCs were added to 30,000 tumour

cells. Phenol-red free DMEM (Gibco, #11880028) with only 1% fetal bovine serum (FBS;

Sigma, F7524-500ML) was chosen as culture medium to allow the fluorometric detection

of LDH release cytotoxicity assays. The therapeutic antibodies were added at a final

concentration of 100 ng/ml (as determined in Section 3.3) and 1% Triton-X-100 was added

to the wells set aside as positive controls. The antibody binding the NK-cell activation

marker CD107a was added immediately at the start of the co-culturing, whereas the

protein-transport inhibitor GolgiStop (BD BioSciences, #554724) was added in 1:2500

dilution 4h before the end of incubation in order to prevent internalisation of CD107a
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Figure 3.4: Schematic representation of the experimental workflow. CRC cancer cells are co-cultured with
patient-derived PBMCs in an effector-to-target ratio of 10:1 with or without the addition of
the therapeutic antibodies (left). After 24 hours, an LDH release cell cytotoxicity assay (top
right) and a flow cytometric panel (bottom right) are performed in parallel to yield a double
readout to assess ADCC activity.
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3.7 Antibody-dependent cellular cytotoxicity

from the cell surface. All wells were brought to a total volume of 220 µl and the plate

sealed with an adhesive foil (Thermo Scientific, #10130853) to limit evaporation losses.

After brief centrifugation for 2 minutes at 200 g to facilitate tumour cell adhesion to the

plate bottom, the plate was kept in an incubator at 37◦C, 5% CO2 and 95% relative

humidity for a co-culturing time of 24h. As a general rule, experiments were performed

in triplicates whenever possible; for some patients, the scarcity of recovered PBMCs did

only allow duplicates or in rare cases only single samples.

3.7.1 Lactate dehydrogenase release cytotoxicity assay

With the help of a cytotoxicity detection kit (Roche, #11644793001), the release of LDH

from tumour cells into the medium was measured as a surrogate marker for cytotoxicity.

LDH-catalysed oxidation of lactate to pyruvate yields a concomitant reduction of nicot-

inamide adenine dinucleotide, resulting in a broad absorption maximum at about 500

nm. According to the manufacturer’s instructions, reagents and medium supernatants

were mixed (75 µl culture medium supernatant mixed 1:1 with 75 µl LDH reaction mix;

25 minutes of incubation in the dark) before the absorbance was quantified in terms of

optical density units using a microplate spectrophotometer system (Tecan). The spe-

cific PBMC-induced tumour lysis due to administration of the therapeutic antibodies was

calculated as percent cytotoxicity according to the formula:

Specific Lysis [%] = (PTA − PT )/(Tmax − Tmin) ∗ 100, where

• PTA: LDH value of co-culture of PBMCs and tumour cells with therapeutic antibody

• PT: LDH value of co-culture of PBMCs and tumour cells alone

• Tmax: LDH value of tumour cells with 1% Triton-X-100 (positive control)

• Tmin: LDH value of tumour cells alone (negative control).

3.7.2 FACS assay

After removal of medium supernatant for the LDH assay, the remaining volume was trans-

ferred to a 96-well round bottom plate. Since all of the 13 screened CRC cell lines grow

in an adherent manner, 50 µl of TrypLE (Life Technologies, #12604-013) were added to
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each well of the original 96-well flat bottom plate and incubated for 15 minutes. Then,

the detached tumour cells were also transferred to the corresponding wells of the 96-well

round bottom plate and the plate centrifuged for 5 minutes at 300 g to discard any su-

pernatant. The left-over cell pellets (consisting of both PBMCs and tumour cells) were

stained in 50 µl of Annexin V Binding Buffer (Biolegend, #422201) with a panel of 15

fluorochrome-conjugated antibodies (Table 3.4). The staining was performed in darkness

at room temperature for 15 minutes. Subsequently, samples were washed once in 200 µl

PBS for 5 minutes at 300 g, then resuspended in 150 µl Annexin V Binding Buffer and

immediately measured on the CytoFLEX LX cytometer.

Table 3.4 summarises the employed antibodies and their final dilutions that were chosen

with regards to achieving a suitable S/N ratio. As illustrated by the gating scheme in

Fig. 3.5, the core of the FACS panel is formed by the 4 major cell lineage markers CD3

(T cells), CD14 (Monocytes), CD56 (NK cells) and EpCam (tumour cells). These cell

populations are then examined in a more detailed fashion according to the gating scheme

presented in Fig. 3.6. Most notably, tumour cells are assessed for cell death (DAPI and

Antibody Fluorochrome Clone Dilution Catalog
No.

Company

Cell lineage
CD3 BV421 UCHT1 1:50 300434 Biolegend
CD14 BV785 M5E2 1:50 301840 Biolegend
CD56 BUV395 NCAM16.2 1:200 563554 BD Biosciences
EpCAM AF700 9C4 1:400 324243 Biolegend

NK-cell checkpoint & activation markers
CD16 APC-Fire750 3G8 1:100 302060 Biolegend
CD107a AF488 H4A3 1:100 328610 Biolegend
CD137 APC 4B4-1 1:200 309809 Biolegend
CD62L BV605 DREG-56 1:200 304834 Biolegend
NKG2A PE-Cy5 S19004C 1:200 375112 Biolegend
NKG2D BV510 1D11 1:50 320815 Biolegend
PD1 BV650 EH12.1 1:100 3564104 Biolegend

Tumour-cell & monocyte markers
PD-L1 PE MIH3 1:200 374512 Biolegend
CD40 PE-Cy7 5C3 1:200 334322 Biolegend

Cell-death markers
DAPI – – 0.4µM D9542-5MG Sigma-Aldrich
Annexin V PeDazzle – 1:50 640956 Biolegend

Table 3.4: Overview of the flow cytometric antibodies of the FACS ADCC panel. The panel primarily
consists of cell-lineage markers as well as NK-cell activation and checkpoint markers. Further-
more, additional markers are used to characterise tumour cells and cell death.
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3.8 Data analysis, management and statistics

Annexin V stains) and the expression of PDL1 and CD40, whereas NK cells are screened

for FcgRIIIa receptor engagement and subsequent activation (CD16, CD107a, CD137). In

addition, the expression of checkpoint molecules (PD1, NKG2A, NKG2D) and phenotypic

markers (CD62L) is quantified on NK cells and T cells. In contrast, monocytes are gated

for CD40, PDL1, CD62L and PD1 expression.

3.8 Data analysis, management and statistics

The aim of this explorative experimental work was the description of previously unknown

effects. Hence, the performed statistical analyses (e.g. p-values) are not to be considered

of confirmatory character, but rather to be seen as descriptive. Unless stated otherwise

in the respective section, all results presented in this work are means (µ) and standard
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Figure 3.5: Gating scheme of the FACS ADCC panel for tumour cells and the major immune cell pop-
ulations. The different subsets are distiguished as follows: tumour cells (pTC, EpCam+),
monocytes (pMono, EpCam-, CD14+), T cells (Lympho, CD14-, CD3+), NK cells (Lympho,
CD3-, CD14-, CD56+).
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Downstream gating hierarchy
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Figure 3.6: Downstream gating scheme for tumour cells and immune cell subsets. Following the gating
of Fig. 3.5, tumour cells are examined for cell death (DAPI and Annexin V stains) and the
expression of PDL1 and CD40. NK cells are assessed for FcgRIIIa receptor engagement and
subsequent activation (CD16, CD107a, CD137). In addition, the expression of checkpoint
molecules (PD1, NKG2A, NKG2D) and phenotypic markers (CD62L) was quantified on NK
cells and T cells. Monocytes are gated for CD40, PDL1, CD62L and PD1.
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3.8 Data analysis, management and statistics

error of mean (SEM) derived from technical and/or biological replicates. Comparisons

between two dependent or independent groups were made using a two-tailed Welch’s t-test

(parametric; normally-distributed variables) or the Brunner-Munzel test (non-parametric;

non-normally distributed variables). Comparisons between three or more groups were

made by one-way ANOVA tests (parametric; normally-distributed variables) or Kruskal-

Wallis tests (non-parametric; non-normally distributed variables). The linear mixed-effects

model in Section 4.3.3 was fitted employing a restricted maximum likelihood approach

(REML) and the Kenward-Roger approximation to compute p-values. As criterion for

statistical significance, a p-value < 0.05 was considered throughout this work, whereas ns

was used to denote statistically non-significant differences. Due to the descriptive nature

of this work, it is worth noting that adjustment for multiple testing was not generally

performed, unless explicitly stated. In some sections, 95% confidence intervals around

the mean are stated to better interpret observed differences rather than considering mere

p-values alone. Data analysis was performed using R (v.4.0.0) [125] with RStudio [126]

including the packages brunnermunzel [127], caret [128], ComplexHeatmap [129], cowplot

[130], dplyr [131], EnhancedVolcano [132], faraway [133], ggord [134], ggplot2 [135], klaR

[136], lme4 [137], lmerTest [138], magick [139], magrittr [140], party [141], tibble [142], tidyr

[143], tidyverse [144], Rtsne [145] and RVAideMemoire [146]. All visualisations including

illustrations of scientific content were created with BioRender [147].
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4 Results

4.1 FACS-based prediction of FcgRIIIa-158 phenotypes

In the first part of this work, a FACS-based antibody panel was developed and tested with

regards to its ability to infer FcgRIIIa-158 phenotypes from collected PBMC samples as

an easily accessible, fast and cost-effective method to replace PCR sequencing.

4.1.1 PCR sequencing forms ground truth for FcgRIIIa-158 phenotypes

As described in Section 3.6.1, PCR sequencing was performed on the cohorts of healthy vo-

lunteers and FIRE6 study participants. The unequivocal assignment of the FcgRIIIa-158

phenotypes was feasible for all 39 healthy volunteers as well as all 52 of the 55 patients, for

whom sufficient primary material for DNA isolation (i.e. approximately 105 PBMCs) was

available in our biobank storage facility. Within the scope of this work, the results determ-

ined via PCR sequencing forms the ground truth against which the FACS-based phenotype

predictions are to be compared. The frequencies of the PCR-determined phenotypes are

displayed in Fig. 4.1 for both patients and healthy volunteers, showing a close match in

the distribution of phenotypes. This is an important confirmatory check that allows us to

deem the group of healthy volunteers as sufficiently representative of the enrolled patient

cohort in order to be used to train a prediction model in Section 4.1.3, which may then be

validated using the patient cohort as a test set. An additional indicator that the employed

PCR sequencing approach is reliable and does not suffer from methodological flaws (e.g.

some PCR methods are prone to overcalling VF heterozygotes and undercalling FF ho-

mozygotes [148]) is that our data does not show any deviation from the Hardy-Weinberg

equilibrium. From the determined FcgRIIIa-158 phenotypes, the allele frequencies for V

and F, here denoted as v and f, can be derived, which in turn allows to calculate the ex-
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4.1 FACS-based prediction of FcgRIIIa-158 phenotypes
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Figure 4.1: Frequency of FcgRIIIa-158 phenotypes determined via PCR sequencing for (a) FIRE6 patients
and (b) healthy volunteers. The distribution of the three different phenotypes are similar
between both cohorts and in good agreement with the Hardy-Weinberg equilibrium and the
literature [149–151].

pected numbers for each FcgRIIIa-158 phenotype by applying the principles of Mendelian

inheritance according to the formula v2 + 2vf + f2 = 1 (Hardy-Weinberg equilibrium)

[149]. No significant difference between expected and measured phenotypes is found for

patients (χ2/f = 0.99, p = 0.32) and healthy volunteers (χ2/f = 1.75, p = 0.19), re-

spectively, confirming that the Hardy-Weinberg equilibrium holds true. Furthermore, it is

worth noting that the observed frequencies are in good agreement with the prevalence of

the three FcgRIIIa-158 phenotypes in the Caucasian population reported in the literature,

ranging from 38-50% (FF), 39-47% (VF) and 11-14% (VV) [150, 151].

4.1.2 MFIs of CD16 clones alone not sufficient to assign FcgRIIIa-158

phenotypes

In Fig. 4.2, the gating scheme for determining the MFIs of the two distinct CD16 clones,

LNK16 and MEM154, on the population of NK cells is shown. Starting from a lymph-

ocyte gate on the SSC-A/FSC-A plot, NK cells were subsequently gated as CD3-CD14-

CD56+ cells. Within the NK-cell population, it was taken advantage of the fact that

CD56bright NK cells are known to be CD16- and, thus, used as a reference to set the gate

for CD16+CD56dim NK cells. For each of the three FcgRIIIa-158 phenotypes, Fig. 4.2
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Figure 4.2: Gating scheme of the FcgRIIIa-158 FACS panel and representative examples for each phen-
otype. For gated NK cells, the MFI for the LNK16 clone is highest for FF individuals and
decreases for VF and, even more so, VV individuals (orange arrow). As expected, FF indi-
viduals show negligible binding of the MEM154 clone, while the MFI for the MEM154 clone
is evidently increased for VF individuals and reaches a maximum for VV individuals (green
arrow).
Abbreviations: NKdim = CD56dim NK cells; NKbr = CD56bright NK cells; L+/- =
LNK16+/-; M+/- = MEM154+/-.
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Figure 4.3: Scatterplot of MFIMEM154 and MFILNK16 on NK cells. Dots represent single individuals
and FcgRIIIa-158 phenotypes are colour-coded. Clustering of the three phenotypes towards
different areas of the scatterplot is visible. However, separation between the phenotypes is
not sufficient to allow unambiguous assignment of individuals to either group.

displays a representative example of LNK16 and MEM154 binding to CD16 on NK cells,

rendering evident two general trends. Firstly, individuals with the FF phenotype exhibit

a strikingly higher MFI for the LNK16 clone than do VF and, even more so, VV individu-

als. In agreement with the literature, this finding confirms that LNK16 doubtlessly reacts

with both isoforms of FcgRIIIa-158, but that its binding affinity is nonetheless higher in

the presence of the F residue. Secondly, comparing CD56bright to CD56dim NK cells in

Fig. 4.2, no binding of the MEM154 clone to NK cells of FF individuals is apparent. In

contrast, MEM154 binds to both the VF and VV phenotypes, with the latter showing

the highest MFI overall. Yet, this general trend notwithstanding, considerable overlap of

MEM154 MFIs between VV homozygotes and VF heterozygotes is observed and prevents

the unambiguous assignment of phenotypes solely based on the MEM154 MFI.

To further investigate whether combining the MFI information from the LNK16 and

MEM154 clones may be sufficient for an unequivocal distinction of phenotypes, a scatter-

plot comparing these two MFIs for the combined cohort of healthy volunteers and patients

was computed (Fig. 4.3). In general, individuals of each phenotype tend to cluster together

towards distinct regions of the plot: FF homozygotes are spread out along the bottom of

the plot (MFIMEM154 low; MFILNK16 variable), whereas VF heterozygotes are located in

the middle-left region (MFIMEM154 medium; MFILNK16 medium) and VV homozygotes
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accumulate towards the top left part (MFIMEM154 high; MFILNK16 low). While some

extent of clustering may be appreciated, it is immediately evident that there is a lack of

sufficient separation between the three phenotypes in order to allow the placement of class

boundaries without misclassification of many individuals. Hence, it can be concluded that

this rather simplistic approach is not adequate and a more elaborate analysis is warranted

if FcgRIIIa-158 phenotypes are meant to be assigned on the basis of the acquired FACS

data.

4.1.3 LDA model allows FACS-based prediction of FcgRIIIa-158 phenotypes

As described in Section 4.1.2, reliable assignment of the FcgRIIIa-158 phenotypes could

not be achieved by a mere comparison of the MFIs for the binding of the LNK16 and

MEM154 clones alone. Taking advantage of the fact that the acquired flow cytometry

data contains a myriad of information which goes far beyond the sheer MFIs for these two

clones, a total of 30 features were extracted and/or constructed from the measurements in

a more sophisticated approach (outlined in Fig. 4.4). Among others, these features com-

prised simple parameters such as the frequencies and MFIs (both LNK16 and MEM154)

of the different NK-cell subsets (CD56bright; CD56dimCD16+, CD56dimCD16-) as well as

combination features such as the MFI or frequency ratios between LNK16 and MEM154

on these subsets. In a next step, the relevance of the individual features had to be de-
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Figure 4.4: Schematic representation of the data analysis workflow to predict the FcgRIIIa-158 phen-
otypes from FACS data. A total of 30 parameters were extracted from the acquired flow
cytometry data. After pre-processing steps involving feature selection and multicollinearity
reduction, the two remaining parameters were used to train a prediction model applying
Linear Discriminant Analysis (LDA) on the training set of healthy volunteers. Subsequently,
FcgRIIIa-158 phenotypes of the patient cohort could be predicted with the LDA-derived
model.
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termined. As is common in a data-science workflow, a conditional random forest model

was applied in order to select the five most important features. The tree-based strategy

underlying the random forest model naturally orders features based on how much they

improve the purity of the node, bringing the better performing features as closely as pos-

sible to the root of the tree. Therefore, to build a decision tree, we need to compute the

most predictive features, from which the importance of the features is in turn derived. A

high degree of multicollinearity was inherent in our method of feature construction that

included the generation of new variables as a combination of others and its presence might

adversely affect the performance of the prediction model. To address issues of multicollin-

earity between the five selected features, the variance inflation factor (VIF) was estimated

for each feature. The VIF gives an estimate of how much the variance of a feature is in-

flated due to multicollinearity with the remaining variables of the model. Values for VIF

range from 1 upwards, with higher values indicating a higher degree of multicollinearity.

Exactly how large a VIF has to be before it becomes problematic is a subject of debate.

Taking a conservative approach, an upper threshold of VIF< 5 was applied in this work,

in accordance with the literature [152–154]. After these rigourous pre-processing steps,

the selection was narrowed down to the following two features:

• rMF INKdimML
: MFI ratio of MEM154 to LNK16 on CD56dimCD16+ NK cells

• rFNKdimML
: frequency ratio of CD56dimCD16+ NK cells (as percentage of all NK

cells) between MEM154 and LNK16

Next, these parameters were fed into a model built on linear discriminant analysis

(LDA). Among the virtually limitless number of machine-learning algorithms out there,

we do not claim that LDA necessarily represents the optimum solution for our scenario.

However, as a proof of concept, the application of LDA is appealing because it is (1)

a supervised learning algorithm that aims to (2) minimise within-class differences while

(3) maximising between-class differences, thus favouring class separation. It is worth

mentioning that LDA generally requires the input data to be normally distributed within

classes and the variances to be equal between classes. While the former assumption could

be confirmed to be true, the variances between the classes differed significantly (p-value

> 0.05). Nonetheless, it is known that the algorithm is rather robust to violations of the
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Figure 4.5: Linear Discriminant Analysis (LDA) model computed on a training set of 39 healthy vo-
lunteers. The model is based on two previously selected features, rMFINKdimML and
rFNKdimML , and shows excellent separation between the three phenotype classes. Most
importantly, the samples of each phenotype cluster together and not a single sample is mis-
classified.

equal-variance assumption and this violation could likely be tolerated. Fig. 4.5 shows a

visualisation of the resulting LDA model computed from the training set of the 39 healthy

volunteers. The samples of each phenotype cluster together nicely, showing excellent

separation between the three classes. Most importantly, compared to the scatterplot of

the MFIMEM154 and the MFILNK16 in Fig. 4.3 in Section 4.1.2 above, not a single sample is

mistakenly assigned to the wrong class. Instead, class boundaries that perfectly distinguish

the phenotypes could be drawn around the clusters, as exemplified by the three shaded

colour-coded ellipses overlaid onto the figure.

4.1.3.1 Correct phenotype predictions for >90% of validation set

While the LDA model generated in Section 4.1.3 does hold considerable promise, it must be

applied to an appropriate test set for validation in order to confirm its reliability. Hence, it

was employed to predict the FcgRIIIa-158 phenotypes of the 52 individuals of the FIRE6

patient cohort (Fig. 4.6(a)). Across all phenotypes, an overall prediction accuracy of
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4.1 FACS-based prediction of FcgRIIIa-158 phenotypes

91% was achieved. Examining these results more in detail, it is worth noting that the

model classified 100% of FF individuals correctly. In contrast to such perfect results for

FF homozygotes, only 91% of all VV homozygotes and 82% of VF heterozygotes were

classified correctly. Misclassification of individuals occurred exclusively between VF and

VV individuals, with a small but substantial number of samples being assigned to an

incorrect phenotype. This finding underlines what could already be suspected from the

properties of the two chosen CD16 clones MEM154 and LNK16 reported in the literature:

Due to the presence of at least one V allele, VF and VV individuals appear more similar

and are harder to distinguish from each other than FF individuals who do not bind the

MEM154 clone at all.

4.1.3.2 Prediction accuracy does not decrease due to peripheral NK cell activation

Due to the very nature of the clinical study employing the IgG1 mAbs cetuximab and

avelumab, which are able to engage with the FcgRIIIa receptor on NK cells and elicit

ADCC, activation of peripherally patrolling NK cells may be expected to result in substan-

tial CD16 downregulation over the course of therapy. Such downregulation of CD16 upon

binding the therapeutic IgG1 mAbs could potentially impair the labelling of a patient’s

NK cells with the LNK16 and MEM154 flow-cytometric antibodies and, thus, adversely
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Figure 4.6: FACS-based FcgRIIIa-158 prediction accuracy for patient cohort. (a) All FF homozygotes
are classified correctly, whereas some extent of misclassification is present for VF and VV
individuals. (b) Prediction accuracy is comparable over all therapy timepoints, implying that
potential CD16 downregulation on peripherally activated NK cell during therapy does not
seem to affect prediction accuracy.
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affect the FACS-based prediction of FcgRIIIa-158 phenotypes. Much to our reassurance

however, the analysis presented in Fig. 4.6(b) confirms that prediction accuracy is compar-

able over the four examined therapy timepoints, fluctuating only mildly from 88 to 94%.

Importantly, prediction accuracy at timepoint C1 before the first administration of any

IgG1 mAb is not notably higher than for later timepoints. Hence, the blood sample for

the FACS-based FcgRIIIa-158 prediction must not strictly be acquired before the start of

therapy and, if pre-emptive sample collection is rendered impossible or impractical, doing

so later on is still worthwhile.

4.1.3.3 Training set of 9 samples is sufficient to train LDA model

All of the analysis presented so far heavily relies on flow-cytometric measurements of the

MFIs for the LNK16 and MEM154 clones on NK cells. For this reason, it is imperative

to mention that measurements of the MFIs are always dependent on the specific flow-

cytometry device used as well as its calibration and acquisition settings. This implies

that measurements of a training set must be obtained to compute a new prediction model

(whether it be LDA or any other algorithm) for each individual machine and its respective

settings. While samples of 39 healthy volunteers were used for the model presented in

Section 4.1.3, it is of interest to determine the minimum sample size of the training set

sufficient to match the prediction accuracy of the model derived by using the full training

set. To answer this question, the sample size was gradually reduced from 39 down to only

3 samples in a step-wise fashion.

For each sample size N, picking N samples from the pool of all available samples and

subsequent training as well as validation of the LDA prediction model was repeated 100

times in order to minimise uncertainties introduced by "unfavourable picking". Regard-

ing the picking of samples, two different strategies were explored. In the first approach,

samples were chosen with FcgRIIIa phenotype proportions FF:VF:VV of 4:4:2, i.e. ap-

proximating the reported prevalence of the phenotypes in the Caucasian population. This

strategy carries the advantage that volunteers to be included in a new training set could

be recruited at random, obviating the need to screen for phenotypes first. In the second

approach, equal FcgRIIIa phenotype proportions FF:VF:VV of 1:1:1 were used instead.

While for this approach candidates would have to be screened for their phenotype first, it

48



4.2 Establishing an in vitro ADCC model

60

70

80

90

100

3 6 9 12 15
Number of training samples

P
re

di
ct

io
n 

ac
cu

ra
cy

 (
%

)

FcgR phenotype proportions (FF:VF:VV) 4:4:2 1:1:1

Figure 4.7: Performance of LDA prediction model computed from gradually smaller size of training set.
In a step-wise fashion, the sample size is reduced down to only 3 samples. For each sample
size, an LDA model is trained and validated on the test set (repetitions n = 100) using two
different approaches for FcgRIIIa phenotype proportions: approach 4:4:2 (blue) simulates the
approximate prevalence of each phenotype in the Caucasian population, whereas approach
1:1:1 (green) assumes equal proportions of each phenotype in the training set. Both ap-
proaches perform similarly well with a prediction accuracy > 90% for sample sizes > 9. For
sample sizes smaller than that, prediction accuracy starts to deteriorate for either approach.

is conceivable that an overall smaller sample size could be sufficient to match the predic-

tion accuracy of the first approach. The results displayed in Fig. 4.7 emphasise that for

both approaches the prediction accuracy is almost constant and well above 90% for sample

sizes > 9. For sample sizes smaller than that, prediction accuracy starts to deteriorate and

plummets sharply towards 70% and 60% below 6 samples for the 4:4:2 and 1:1:1 approach,

respectively. For such small sample sizes, the 4:4:2 approach performs somewhat better

than the 1:1:1 approach. These observations indicate that a size of 9 training samples may

be sufficient to compute a well-performing prediction model, independent of the chosen

approach.

4.2 Establishing an in vitro ADCC model

To establish a feasible and robust in vitro ADCC model, a total of 13 CRC cell lines

were screened to assess their suitability to be used as target cell line in a 24h co-culturing
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experiment of tumour cells and patient-derived PBMCs under treatment with IgG1 mAbs.

In a first step, the optimum number of tumour cells to be seeded and a feasible ETT ratio

were determined. Building upon this, ADCC inducibility was compared for all cell lines

and correlated with the expression of a selection of surface markers on the tumour cells.

Subsequently, the FACS panel was assessed with regards to its ability to capture ADCC

readouts and NK cell activation.

4.2.1 Seeding of 30,000 tumour cells ideal for LDH release assay

Determining the number of tumour cells necessary to obtain a reliable readout from the

LDH release assay is crucial. On the one hand, the signal-to-noise (SN) ratio between
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Figure 4.8: Titration of tumour cell number for LDH release assay. Tumour cells of 13 different CRC cell
lines were incubated for 24h in culture medium (background control) or culture medium with
1% Triton-X-100 (positive control). Data points shown are the mean of biological triplicates.
For most cell lines, the S/N ratio reaches its maximum at around 3∗104 tumour cells (vertical
dashed line).
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complete lysis of all tumour cells and the background LDH level produced by unchallenged

tumour cells generally increases as a function of cell number and should ideally be as high

as possible. On the other hand, increasing the number of tumour cells goes hand in

hand with increasing the number of PBMCs needed to maintain a constant ETT. Given

that the number of PBMCs recovered from the primary patient material is a limiting

factor of this project, there is a strong incentive to keep the number of tumour cells low.

In order to find a sound compromise between the two conflicting aspects, tumour cell

number was titrated in the range from 5 ∗ 102 to 6 ∗ 104 cells for each cell line. Triplicates

of the respective number of tumour cells were incubated for 24h in culture medium only

(background control) or culture medium with cytotoxic 1% Triton-X-100 (positive control)

and subsequently an LDH release assay was performed according to the protocol stated

in Section 3.7.1. The results of the titrations are shown in Fig. 4.8. Displayed are the

mean optical densities measured for the triplicates of positive and background controls as

well as the corresponding normalised S/N ratio (defined as the ratio of positive control to

background control). While the optical densities are monotonously increasing as a function

of cell number, the S/N ratio reaches a maximum near or at approximately 3∗104 tumour

cells for most cell lines (indicated by a vertical dashed line in the figure). Based on this

finding, it was decided to use 3 ∗ 104 tumour cells for all further experiments.

4.2.2 Effector-to-target ratio of 10:1 reliably induces ADCC

Naturally, the number of PBMCs recovered from the primary patient material is a limiting

factor of this project. Having settled for the seeding of 3∗104 tumour cells in Section 4.2.1,

the next step was to determine the number of PBMCs necessary to induce ADCC in the

co-culturing experiments. As per the protocol stated in Section 3.7.1, PBMCs of a healthy

volunteer and tumour cells were co-cultured for 24h with a cetuximab concentration of

1000 ng/ml, varying the ETT ratio from 5:1 to 10:1 (corresponding to 1.5∗105 and 3∗105

PBMCs, respectively). Cetuximab-mediated ADCC was computed from an LDH release

assay according to the formula described in Section 3.7.1 and results are shown in Fig. 4.9.

Three cell lines are highlighted in Fig. 4.9(a) in an exemplary manner: Cell line RKO

(red shading) appears to be resistant to ADCC, presenting a negligible level of lysis that

remains constant regardless of the ETT ratio. Unlike RKO, SnuC5 (light-green shading)
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Figure 4.9: Cetuximab-mediated ADCC for CRC cell lines. ADCC of PBMCs of healthy donor against
each cell line under 1000 ng/ml cetuximab administration was determined in 24h LDH release
assays. Each data point represents mean of technical triplicates. (a) ADCC for varying ETT
ratios from 5:1 to 10:1. RKO shows low level of ADCC that remains constant regardless of
ETT ratio, whereas SnuC5 is more susceptible to ADCC and exhibits a linear relationship
with ETT ratio. SW48 is the cell line most susceptible to ADCC overall. (b) Cell lines ranked
in descending order according to ADCC at 10:1 ETT ratio. Classification based on ADCC
> 20% (green scale) and ADCC < 20% (red scale).

shows considerable ADCC in the range from 18% to 30%, increasing in a highly linear

fashion with increasing ETT ratio. At the top of the group, SW48 (dark-green shading) is

the cell line most susceptible to ADCC, reaching a level of 64% at an ETT ratio of 10:1.

However, the relationship between ADCC and ETT ratio is less linear than for SnuC5.

It was decided to employ an ETT ratio of 10:1 for all future experiments and Fig. 4.9(b)

ranks the cell lines according to the amount of ADCC induced at such an ETT ratio,

with colour coding classifying cell lines as highly susceptible or moderately susceptible

to ADCC (green scale = ADCC > 20%; red scale = ADCC < 20%). Among the three

best performing cell lines, SnuC5 was chosen to be used for the in vitro model despite

not having the highest level of ADCC overall. This decision was based on the fact that

(1) there was the highest confidence for lysis to be readily quantifiable for donors with

both high and low ADCC-inducing potential and (2) handling of this cell line was better

manageable than for the other two cell lines which showed a strong tendency to clump

after detachment from the flask bottom, being prone to higher uncertainty with regards

to the cell counting step before seeding.
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Figure 4.10: Heatmap of surface marker expression and ADCC inducibility for 13 CRC cell lines.
Cell lines (rows) are ordered by decreasing cetuximab-mediated ADCC, surface markers
(columns) by decreasing correlation coefficient R. Values for surface markers are trans-
formed to z-scores. Strong positive correlation with ADCC exists for expression of EGFR,
MICA/B, CD137L and PDL1 on tumour cells, whereas HLA-A/B/C is the only marker
showing a strong negative correlation.
Abbreviations: MFI = median fluorescent intensity; F = frequency of positive cells; R =
Pearson’s correlation coefficient.

4.2.3 Surface marker expression correlates with ADCC inducibility of cell lines

The observation of notable differences in ADCC between the different CRC cell lines raises

the question whether these differences may be explained by the differential expression of

surface markers on the tumour cells that inhibit or facilitate NK cell activation. Hence,

all cell lines were screened for the expression of a selection of 8 surface markers (EGFR,

PDL1, HLA-A/B/C, HLA-E, MICA/B, CD40, OX40L and CD137L) via flow cytometry

(Fig. 4.10). Marker expression and expression density were assessed as the percentage of

cells positive for a marker and the MFI of the positive cell population for that marker,

respectively. In the heatmap, cell lines are ordered row-wise with respect to decreasing

ADCC and the markers are arranged column-wise in the order of descending Pearson’s

correlation coefficient R. The MFI of EGFR, MICA/B and PDL1 as well as the frequency

of MICA/B+ and CD137L+ positive tumour cells show strong positive correlation with

ADCC activity (R ≥ 0.6; Fig. 4.11 (a)-(d)).

In contrast, the frequency of HLA-A/B/C+ cells is the only parameter that exhibits
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R = 0.87, p = 0.00013
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Figure 4.11: Relationship of tumour-expressed surface markers and ADCC activity. (a)-(e) Correlation
of respective surface markers with cetuximab-mediated ADCC. Only markers that exhibit
a strong positive correlation (EGFR, MICA/B, CD137L, PDL1) or strong negative cor-
relation (HLA-A/B/C) with cetuximab-mediated ADCC are shown. (f) PDL1 expression
is positively correlated with EGFR expression on tumour cells. This finding may explain
why PDL1 expression correlates with cetuximab-mediated ADCC (PDL1 was not targeted
directly in this experiment).
Abbreviations: MFI = median fluorescent intensity; F = frequency of positive cells; R =
Pearson’s correlation coefficient.
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4.2 Establishing an in vitro ADCC model

a strong negative correlation with ADCC activity (R ≤ −0.6; Fig. 4.11(e)). It is worth

noting that in the ADCC experiment only EGFR was targeted by cetuximab adminis-

tration, whereas the anti-PDL1 antibody avelumab was not used. Yet, PDL1 expression

correlated with ADCC, albeit less strongly than EGFR expression. This correlation may

be merely due to the fact that PDL1 expression is also associated with EGFR expression

according to the literature [155–157], which we could confirm for the cell lines screened in

this work (Fig. 4.11(f)).

4.2.4 Effect of cetuximab and avelumab combination treatment on ADCC

Since a key objective of the FIRE6 study is to investigate whether the concurrent treatment

of mCRC patients with a cetuximab + avelumab combination therapy confers a clinical be-

nefit, it is of interest to compare the amount of in vitro ADCC mediated by cetuximab and

avelumab alone as well as the combination of both. To do so, ADCC mediated by PBMCs

of a healthy volunteer against the cell line SnuC5 for a 10:1 ETT ratio was determined in a

24h LDH release assay under the three conditions of administrating 100 ng/ml cetuximab,

100 ng/ml avelumab or the combination of 100 ng/ml cetuximab and 100 ng/ml avelumab

(Fig. 4.12). As can be readily seen, single-agent avelumab treatment is considerably less

potent at inducing ADCC than single-agent cetuximab treatment, with the ADCC level for

cetuximab being approximately 2-fold that of avelumab (37% versus 17%, respectively).

In the case of combination treatment, ADCC increases from 37% for cetuximab alone

to 42% for cetuximab+avelumab treatment. The most straight-forward explanation for

this rather small, albeit recognisable, additive effect is that the majority of SnuC5 tumour

cells which express enough PDL1 in order to be lysed by avelumab-mediated ADCC is also

successfully targeted by cetuximab due to the concurrent expression of EGFR (as already

established in Fig. 4.11(f)). Whether this effect seen here for a single healthy volunteer is

of relevant consequence for the FIRE6 patient cohort will be investigated in Section 4.3.
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Figure 4.12: Small additive effect on ADCC of cetuximab and avelumab combination treatment. ADCC
of PBMCs of a healthy volunteer against the cell line SnuC5 for a 10:1 ETT ratio was
determined in a 24h LDH release assay for 100 ng/ml cetuximab alone, 100 ng/ml avelumab
alone or the combination of 100 ng/ml cetuximab + 100 ng/ml avelumab. ADCC induced
by avelumab alone is about half of that induced by cetuximab alone. Combination treatment
with both antibodies results in highest level of ADCC overall. Data shown are mean ADCC
± SEM of biological triplicates.
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4.2 Establishing an in vitro ADCC model

4.2.5 FACS-based ADCC readouts show good agreement with LDH release

assay and reliably capture NK-cell activation

As the final step in establishing the in vitro ADCC model, a robust FACS antibody panel

had to be developed and tested with regards to its ability to provide more in-depth inform-

ation on the mechanisms involved in ADCC, such as the activation of immune cell subsets

and changes in the expression of tumour surface markers. First and foremost, it was of in-

terest whether the FACS ADCC panel is capable of detecting tumour cell death as reliably

as the LDH release assay. Having a second readout to quantify ADCC activity to confirm

the LDH results would not only increase the confidence in the experimental method, but

also provide a reassuring level of redundancy in case of sporadic failure of either approach

for a given patient. In this regard, the relative decrease in live tumour cells (defined as

DAPI-AnnexinV- tumour cells) between control samples and those treated with the thera-

peutic antibodies may be considered such a suitable readout of the FACS ADCC panel.

Fig. 4.13 compares the FACS-quantified tumour cell death (termed ∆ Tumour cellsF ACS)

with the ADCC lysis determined by LDH release assay (termed ADCC Lysis−LDH) for

both healthy volunteers and patients. A strong positive linear relationship between the

two parameters with a correlation coefficient of R = 0.72 is evidence of excellent agree-

R = 0.72 , p < 2.2e−16 R = 0.91 , p = 3.9e−08 R = 0.63 , p < 2.2e−16
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Figure 4.13: FACS-quantified tumour cell death strongly correlates with ADCC lysis determined via
LDH release assay. Data show the positive linear relationship between the relative decrease
in live tumour cells (FACS) and ADCC lysis (LDH) of SnuC5 tumour cells after 24h of
co-culture with PBMCS from healthy volunteers (middle panel) and patients (right panel)
following treatment with cetuximab and/or avelumab.
Statistics: R = Pearson’s correlation coefficient
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Figure 4.14: In vitro evidence of NK cell engagement and activation after incubation with cetuximab
and/or avelumab. Flow cytometric analysis of CD16 (left), CD137 (middle) and CD107a
(right) on NK cells of healthy volunteers and patients that were co-cultured with SnuC5
tumour cells. The data reveal significant CD16 downregulation as well as concurrent CD137
and CD107a upregulation in the presence of IgG1 monoclonal antibodies. These effects
are the strongest for cetuximab+avelumab combination treatment. Statistics: one-way
ANOVA; pairwise t-test with post-hoc Bonferroni adjustment

ment between the FACS-based and LDH-based approaches (p < 2.2 ∗ 10−16). It is worth

mentioning that the correlation is even stronger for the healthy volunteers (R = 0.91;

p < 3.9 ∗ 10−8) than the patients (R = 0.63; p < 2.2 ∗ 10−16). This observation may be

largely explained by the overall better sample quality for the healthy volunteers than for

the patients. All healthy volunteers were recruited close to a single site where the samples

could be processed immediately following their retrieval, whereas patient samples had to

be shipped across Germany before being processed, incurring delivery delays ranging from

1 to 3 days.

Both approaches confirming that ADCC does take place in our in vitro model sparked

the curiosity whether the FACS ADCC panel could gather further insights on the inter-

action between tumour and immune cells. As NK cells are known to be the key players

in this interaction, a closer look at their fate was warranted (Fig. 4.14). Comparing

CD16 expression on NK cells between control samples and those exposed to cetuximab or

cetuximab+avelumab treatment shows a highly significant downregulation of CD16 from

the cell surface with treatment (p < 10−9), being strongest in case of combination treat-

ment. This downregulation may be interpreted as a clear sign of binding of the therapeutic

IgG1 mAbs to the FcgRIIIa receptors on NK cells, which in turn become internalised. Fur-

ther substantiating this claim is the concurrent observation of significant upregulation of

CD137 (marker for NK cell activation) and CD107a (marker for NK cell degranulation)

on these cells with treatment (p < 10−9).
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Figure 4.15: NK cell activation correlates with ADCC for cetuximab treatment (top) and
cetuximab+avelumab treatment (bottom), respectively. The correlation shows that higher
mAb-mediated ADCC goes along with more pronounced downregulation of CD16 on NK
cells, which in turn become increasingly activated (CD137+) and degranulate (CD107a+).
Abbreviations: R = Pearson’s correlation coefficient.

As displayed in Fig. 4.15, the downregulation of CD16 and the concurrent upregu-

lation of CD137 and CD107a exhibit a linear relationship with increasing ADCC for

both cetuximab and cetuximab+avelumab treatment. Generally speaking, the higher

the ADCC, the more pronounced is the respective down- or upregulation of these markers

of NK cell engagement and activation. Taken together, these findings provide evidence

beyond reasonable doubt that IgG1 mAb binding induces NK cell mediated ADCC in our

in vitro model and that the developed FACS ADCC panel is able to reliably capture this

process.
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4.3 Results of FIRE6 study

4.3.1 FcgRIIIa-158 phenotype correlates with ADCC, but does not confer

clinical benefits

From the literature, it is known that the binding affinity of NK cells to IgG1 mAbs dif-

fers based on FcgRIIIa-158 phenotype, with receptors comprised of proteins with a valine

residue at position 158 binding more strongly [12, 158, 159]. As shown in Fig. 4.16,

this stronger binding translates to significantly higher baseline ADCC lysis for VF and

VV individuals compared to FF individuals of our patient cohort (p < 0.022, ANOVA).

Interestingly, no noticeable difference is apparent between VF heterozygotes and VV ho-

mozygotes, implying that the presence of a single V allele is already sufficient for a donor’s

NK cells to obtain their full ADCC potential.

Having confirmed the relevance of the FcgRIIIa-158 polymorphism for NK-cell induced

ADCC, another intriguing question is whether it also correlates with clinical outcome

measures (Fig. 4.17). Within the context of the FIRE6 study, tumour response to treat-
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Figure 4.16: FcgRIIIa-158 phenotype correlates with in vitro ADCC at baseline. Cetuximab-mediated
ADCC at timepoint C1 is significantly lower for FF individuals than for VF or VV indi-
viduals. Among the latter two groups, no difference in ADCC is discernible.
Statistics: one-way ANOVA; post-hoc unpaired t-test with Bonferroni adjustment.
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Figure 4.17: FcgRIIIa-158 phenotype does not correlate with clinical outcome of FIRE6 patients. (a)
No significant differences in DCR and ORR between FF, VF and VV individuals. (b)
Progression-free survival is similar for the three phenotypes. Statistics: (a) Fisher’s exact
test; (b) log-rank test.
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ment was evaluated centrally as best overall response (BOR) according to irRECIST v.1.1

criteria. For the patient cohort, it was that both disease control rate (DCR; defined as

rate of patients with complete response, partial response or stable disease) and objective

response rate (ORR; defined as rate of patients with complete or partial response) did not

show any significant differences based on FcgRIIIa-158 phenotype (Fig. 4.17(a); Fisher’s

exact test; p = 0.68 and p = 0.64, respectively). Taking the analysis yet a step further, it

was also confirmed via Kaplan-Meier survival analysis that the groups of the three differ-

ent phenotypes did not differ in terms of PFS, the primary endpoint of the clinical study

(Fig. 4.17(b); log-rank test; p = 0.095). As a word of caution, it is worth mentioning

that 10 patients had not yet progressed at the time of analysis and their PFS had to be

censored at the most recent follow-up visit.

4.3.2 ADCC and NK cell activation at baseline do not correlate with clinical

outcome

A key hypothesis of this work was that IgG1-antibody mediated ADCC might play an

important role in the treatment of mCRC patients with such antibodies. Exploiting the

in vitro ADCC model established in Section 4.2, ADCC of PBMCs collected at baseline

(timepoint C1) against the CRC cell line SnuC5 was determined and analysed for the three

groups of healthy volunteers, responding and non-responding patients (Fig. 4.18). While

a trend towards higher ADCC for healthy volunteers compared to patients is visible, no

significant differences are observed between the patient groups. In agreement with this,

NK cell engagement and activation as measured by changes in CD16, CD137 and CD107a

expression were also of comparable magnitude between responding and non-responding

patients.

As a next step, it was assessed whether in vitro ADCC at baseline may nonetheless be

associated with the duration of progression-free survival. To this end, receiver operating

characteristic (ROC) analysis was employed to identify the ADCC cut-off that best separ-

ates responding from non-responding patients (data not shown). This ADCC cut-off was

found to be at 20% lysis and was used to classify each patient to either of the low or high

ADCC category. We performed survival estimations by using the Kaplan-Meier analysis
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Figure 4.18: Baseline cetuximab-mediated ADCC and NK cell activation do not differ between respond-
ing and non-responding patients. A non-significant trend towards higher levels of ADCC
for healthy volunteers compared to patients is visible.
Statistics: one-way ANOVA; post-hoc unpaired t-test with Bonferroni adjustment.

to assess whether the distinction into patients with low and high ADCC would be pro-

gnostic of prolonged PFS of patients treated with the FIRE6 therapy regimen (Fig. 4.19).

However, we did not observe any statistically significant differences between patients with

low and high ADCC (p = 0.58, log-rank test).
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Figure 4.19: Progression-free survival does not differ for patients with low ADCC (≤ 20%) and high
ADCC (> 20%). ADCC cut-off was determined by ROC analysis as the value that best
separates responding from non-responding patients.
Statistics: log-rank test
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4.3.3 ADCC and NK cell activation decrease during therapy for all patients

In the previous Section 4.3.2, we have determined that our in vitro ADCC model did not

reveal any differences in baseline ADCC lysis and NK cell activation between responders

and nonresponders within our FIRE6 study cohort. This means that we cannot infer

based on these parameters whether a patient is likely (or not) to respond to therapy

before starting the treatment. However, having at our disposal PBMCs withdrawn from

each patient at various timepoints during therapy gives us the opportunity to investigate if

and when these parameters change over the course of therapy. Of particular interest in this

context are changes in these parameters that differ between responders and nonresponders,

potentially preceding radiologic evidence of response to treatment.

In order to appropriately analyse this longitudinal data, we implemented a linear mixed-

effects model. Such models are increasingly being used in settings where repeated meas-

urements are made on the same statistical unit (e.g. a single person), as is the case in

all longitudinal studies, and they are typically preferred over more traditional approaches,

such as repeated measures ANOVA, because of their advantage in handling missing val-
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Figure 4.20: Schematic visualisation of developed mixed-effects model for longitudinal data analysis.
The aim of the model is to determine the influence of two fixed effects, namely a patient’s
response status (blue) and timepoint (purple) on the measured parameters of interest. Since
patients were recruited by a range of sites (green) and measurements were repeated at four
timepoints for each patient (black), correlations for these two variables had to be taken into
account as random effects.
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ues. Fig. 4.20 illustrates the underlying basis of the mixed-effects model for our study

cohort. Patients were recruited across a range of different recruitment sites (green) and

each patient (black) was sampled up to four times, meaning that correlations between

measurements of the same patient as well as between patients of the same recruitment

site do exist and must be taken into account as random effects in our model. Since we are

interested in observing differences depending on response status (blue), timepoint (purple)

and their interaction, these two variables were modelled as fixed effects. Following from

these considerations, the implementation of the full model in R is of the form:
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Figure 4.21: Longitudinal evolution of ADCC and NK cell activation during therapy. Both responders
(green) and nonresponders (blue) show an overall similar trend of gradually decreasing
ADCC and NK cell activation during treatment.
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Cetuximab Cetuximab+Avelumab

ADCC ∆CD16 ∆CD137 ∆CD107 ADCC ∆CD16 ∆CD137 ∆CD107

response 0.91 0.97 0.99 0.99 0.93 0.99 0.96 0.96
timepoint <10−4 <10−4 <10−4 <10−4 <10−4 <10−4 <10−4 <10−4

response:timepoint 0.99 0.99 0.72 0.88 0.83 0.84 0.83 0.83

Table 4.1: Results of linear mixed-effects model. Shown are p-values derived using the Kenward-Roger
approximation for the fixed effects response, timepoint and their interaction. ADCC and
all NK-cell activation parameters display a statistically significant decrease with timepoint
(< 10−4). In contrast, no differences were found for response status and the interaction of
response and timepoint.

p ∼ response + timepoint + response : timepoint + (1|patient) + (1|site),

where p is a placeholder for our four parameters of interest, namely ADCC, ∆CD16,

∆CD137 and ∆CD107a. Performing a likelihood ratio test for this full model against the

two reduced models neglecting either the recruitment site or the patient (i.e. without the

term (1|site) or (1|patient), respectively) revealed that the influence of the recruitment site

was not significant (p > 0.05) and, thus, should be dropped from the model. In contrast,

the influence of the individual patient was found to be a significant random effect (p <

0.05) and must be kept, yielding the final model of the form:

p ∼ response + timepoint + response : timepoint + (1|patient) (4.1)

This model was fit in R with the lme4 package, employing a restricted maximum like-

lihood approach (REML). The longitudinal measurement data of all four parameters of

interest are shown as the difference between cetuximab and untreated control samples in

Fig. 4.21 (data for cetuximab+avelumab combination treatment showed the same trend

and is omitted here). For the sake of better visualisation, data are grouped and colour-

coded according to response status. In the figure, a gradual trend towards decreasing

ADCC and less NK cell activation during therapy becomes evident for both responders

(green) and nonresponders (blue). Evaluating the statistical significance of fixed effects

in linear mixed-effects modelling is a heavily debated issue in the scientific literature.

The model output produced by the lme4 package provides t-values but does not include

p-values as the authors argue that for linear mixed models it is not at all clear what

the appropriate denominator degrees of freedom to use are (e.g. number of observations,

number of subjects, number of grouping factors). However, several approaches have been
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developed to address this issue and are reviewed elsewhere [160]. Luke et al. have shown

through extensive analysis of simulated data that when linear mixed models are fitted

using REML and p-values are derived using the Kenward-Roger approximation, realistic

type 1 error rates were obtained even for small sample sizes. Applying the Kenward-Roger

approximation to our data (Table 4.1) confirms that the visually discernible decrease in

ADCC and NK cell activation during treatment is indeed statistically significant for both

experimental conditions (cetuximab and cetuximab+avelumab, respectively). In stark

contrast, no significant differences in any parameter were found based on response status

alone as well as the interaction of response status and timepoint (modelled by the term

response:timepoint in Eq. 4.1), meaning responders and nonresponders essentially exhibit

the same longitudinal trend.

4.3.4 Exploratory analysis at baseline

Apart from investigating the impact of the FcgRIIIa-158 polymorphism, ADCC and NK

cell activation on clinical outcome of the study patients, the developed FACS ADCC panel

was designed to produce some "bycatch", i.e. to offer the great advantage of capturing a

vast amount of additional information about the interaction of the immune cell popula-

tions and tumour cells (as exemplified by the gating scheme in Fig. 3.6 in Section 3.7.2).

Hence, it is conceivable that sifting through these data diligently, we might stumble upon

a priori unanticipated findings, potentially forming the starting point for generating new

hypotheses to be scrutinised and tested in future experiments. As is common for explor-

atory analyses, it is worth mentioning that this section involves multiple comparisons of a

large amount of measured variables. In the field of statistics, rather than a clear consensus,

there is an ongoing debate on how and when to adjust for multiple testing [161–164]. In

line with Bender et al. [161], we are of the opinion that multiple comparison adjustments

are not strictly necessary in an exploratory setting as such corrections inherently increase

the likelihood of missing genuine differences (type II errors). Instead, we would like to

remind the reader to interpret our findings cautiously and we emphasise that further re-

search with larger sample sizes is without doubt required in order to confirm or refute the

findings of this section. Beginning the exploratory screening with Fig. 4.22(a), all donors

(patients and healthy volunteers) were clustered in a heatmap according to the subset
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Figure 4.22: Exploratory analysis at baseline. (a) Heatmap clustering of patients and healthy volunteers
according to the parameters that differ the most between the groups (i.e. p < 0.1). (b)
tSNE dimensionality reduction shows a moderate amount of clustering of healthy donors,
responders and nonresponders. (c) Volcanoplot of the difference in the mean z-scores
between responders and nonresponders (∆zmean) with respective p values. Parameters
with | ∆zmean |> 1 and p < 0.05 are highlighted in red and labelled.
Statistics: (a) Clustering algorithm: ward.D; (c) Brunner-Munzel test
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of FACS-derived parameters which differed the most between the groups (i.e. threshold

of p < 0.1). Within this heatmap, two major clusters can be appreciated: responding

patients tend to cluster together towards the top of the heatmap, whereas non-responding

patients and healthy volunteers are intermingled at the bottom of the heatmap. Similarly,

employing tSNE analysis for dimensionality reduction onto two dimensions, a moderate

level of clustering can be recognised in Fig. 4.22(b) where healthy volunteers (top left),

responders (centre right) and nonresponders (bottom right) tend to end up in different

regions of the plot. To single out the small group of parameters that are chiefly responsible

for the differences between responders and nonresponders, a volcanoplot of the difference

between the mean z-scores of both groups (∆zmean) and their respective p values was

computed for all parameters (Fig. 4.22(c)). As is evident at first glance, the vast majority

of parameters does not show significant differences between responders and nonresponders

(coloured in grey). Only a handful of parameters differ significantly in their mean z-scores

(blue) and, for even fewer parameters, this difference additionally fulfils the condition of

| ∆zmean |> 1 (red).

In the next step, the parameters that differed significantly were divided according to

cell type (Fig. 4.23) and separate boxplots were generated for responders and nonrespon-

ders. The displayed variables are labelled with a subscript that corresponds to either

the treatment condition they were measured for ( 0 = control sample; C = cetuximab

sample; A = cetuximab+avelumab sample) or the difference in that variable between two

treatment conditions (∆C0 = difference between cetuximab and control sample; ∆A0 =

difference between cetuximab+avelumab and control sample; ∆AC = difference between

cetuximab+avelumab and cetuximab sample). For CD3 cells of nonresponders, a higher

change towards more PD1 expression as well as more NKG2D+ and CD137+ cells was

observed when avelumab was added (∆A0 and ∆AC, respectively) with respect to re-

sponders. Moving on to monocytes, a higher percentage of CD40+ monocytes in the con-

trol samples for responders strikes the eye and a more pronounced change towards more

CD62L- monocytes occurred under avelumab administration for responders. Further-

more, responders had more NKG2A+CD137- NK cells in the control sample and a bigger

increase in NKbright and CD107a-CD137+ NK cells when avelumab was added than non-

responders. Tumour cells displayed a stronger increase in PDL1 and CD40 expression for
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nonresponders when cetuximab was given and the proportion of dead DAPI+AnnexinV+

tumour cells increased more strongly for nonresponders when cetuximab and avelumab

were combined. On their own, it is difficult, if not impossible, to tell whether these find-

ings are the result of pure chance alone due to a type I error and, hence, it is worth

reiterating that they must be discussed (and will be in Chapter 5) in the context of the

existing scientific literature and, where applicable, new hypotheses may be generated and

subsequently tested in future experiments.

1.1e−04

3.3e−03

7.4e−03

3.8e−04

1.8e−03

0.04

3.1e−04

8.7e−04

0.03

0.01

0.02

0.03

NK TC

CD3 Mono

−2 0 2 −2 0 2

−2 0 2 −2 0 2

CD40+ Mono0

CD62L− Mono∆A0

MFICD62L Mono∆A0

DA++ TC∆A0

MFICD40 TC∆C0

MFIPDL1 TC∆C0

CD137+ CD3∆A0

CD107a− CD137+ NK∆A0

NKG2A+ CD137− NK0

z−score (baseline C1)

Responders Nonresponders

NKG2D+ CD3∆AC

MFIPD1 CD3∆AC

NKbr∆AC

Figure 4.23: Boxplots of the parameters that differ significantly at baseline between responders and
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5.1 FACS-based prediction of FcgRIIIa-158 phenotype

The binding affinity of IgG1 mAbs to FcgRIIIa is altered by polymorphisms in the FcgRIIIa-

encoding genes and, thus, the presence of various FcgRIIIa phenotypes accounts for dif-

ferences in immune defense mechanisms. In the literature, the FcgRIIIa-158 V/F poly-

morphism chiefly investigated in the context of this project has been associated with

the susceptibility to a range of different diseases, namely various autoimmune disorders

(rheumatoid arthritis, systemic lupus erythematous, immune thrombocytopenic purpura)

[13, 165–170] and infectious diseases (infectious adult periodontitis, parasitic infections)

[171, 172]. Beyond modulating susceptibility to disease, the FcgRIIIa-158 polymorph-

ism has also been implicated with responsiveness to immunological therapies, such as

treatments based on monoclonal antibodies (rituximab, trastuzumab, cetuximab, inflix-

imab) [15, 16, 173–175], cancer vaccinations [176] and oncolytic adenovirus therapy [177]

as well as disease progression. With this in mind, it becomes clear that the knowledge

of a patient’s particular FcgRIIIa-158 phenotype is highly desirable not only in the con-

text of clinical trials but also for informed decision-making in routine clinical practice.

In Section 4.1, we have successfully demonstrated that our self-developed FACS panel

based on the two CD16 clones LNK16 and MEM154 is capable of determining the cor-

rect FcgRIIIa-158 phenotype with an accuracy of 91%. Compared with PCR-sequencing

based techniques, our FACS-based approach has the advantage of being considerably less

cost-intensive and having a short turn-around time (ca. 30 minutes). In addition, it could

be widely employed with relative ease as the equipment and expertise to perform flow

cytometric measurements is more readily available even in smaller hospitals, as opposed

to PCR-sequencing based techniques. In an approach similar to us, Böttcher et al. have
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previously developed a FACS-based assay to infer the FcgRIIIa-158 phenotype [124]. A

key difference in their experimental setup is that they use clone MEM154 in combination

with clone 3G8 (analogous to LNK16, 3G8 binds all isoforms). Since MEM154 and 3G8

recognise epitopes of the FcgRIIIa receptor in close proximity to each other [123], they

compete for binding and cannot be used simultaneously. As a workaround, they processed

two separate samples per patient, each featuring only one of the clones. A single-sample

approach such as ours is appealing not only because it saves resources and is less laborious

but also because it avoids the problem of random fluctuations between samples uninten-

tionally introduced by the experimenter. While Böttcher et al. were able to define MFI

thresholds to unambiguously classify 37 healthy volunteers according to their FcgRIIIa-

158 phenotype (similar to our training set), they did not proceed to test these thresholds,

once defined, on a cohort of individuals with unknown phenotype. Without such valida-

tion, the performance of their experimental assay cannot be compared to our approach;

however, given the great variances of the MFIs within the groups that were observed both

by them and us, it is unlikely that their simplistic model based solely on MFI thresholds

would not lead to the misclassification of some individuals. Linked to this statement, it is

worth discussing that all samples misclassified by our own prediction model belonged to

the VF or VV group. In the literature [158, 178–181] as well as in our own data (Fig. 4.16

in Section 4.3.1), we have seen that the potential to induce ADCC differed significantly

between FF individuals and the combined group of VF and VV individuals. The latter

two groups showed similar reactivity, suggesting that the presence of one V allele is suf-

ficient to unleash the full ADCC potential. Reasoning on the basis of this finding, we

would not expect the incorrect predictions for <10% of samples by our prediction model

to interfere with clinical decision-making. However, should perfect accuracy in the distinc-

tion between the VF and VV phenotype gain importance in the future due to advancing

scientific knowledge, we would like to emphasise that our prediction model may be further

improved. While the LDA model employed in this work certainly confirmed its usefulness,

its implementation is merely meant as a proof-of-concept. Delving more deeply into the

universe of machine learning, a better performing algorithm may likely be identified for

our use case. A weakness of the FACS-based approach is that the measurement of MFIs

is dependent on the specific calibration of the flow cytometer, which makes it necessary
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to retrain the prediction model in case of changes to these settings or when running the

FACS panel on a new machine. Reassuringly, we were able to show that the number of

samples sufficient for model retraining is in the order of magnitude of about 9 samples - a

number that appears feasible in practice. We would like to conclude the discussion of this

part with the remark that successfully applying the FACS-based FcgRIIIa-158 prediction

to the cohort of FIRE6 study patients may already be considered a first testimony of its

general usefulness.

5.2 In vitro ADCC model

In the field of therapies employing monoclonal antibodies, in vitro ADCC co-culture assays

are routinely performed to direct research and development of new therapeutic antibodies

as well as used as an experimental tool to predict the clinical prognosis of patients treated

with these antibodies. An effective in vitro ADCC assay requires at least three mandatory

components: (1) biologically relevant target cells expressing the antigen of interest on

their surface, (2) a monoclonal antibody highly specific for the antigen of interest and (3)

suitable effector cells that are capable of inducing lysis of the antibody-tagged target cells.

The in vitro ADCC assay developed in this work is based on PBMCs as effector cells, two

IgG1 mAbs directed against EGFR (cetuximab) and PDL1 (avelumab) as well as a CRC

cell line as target cells. To determine an appropriate choice for the latter, we screened

a selection of 13 different CRC cell lines in Section 4.2, assessing their susceptibility to

cetuximab-mediated ADCC. Having observed a highly variable ADCC response, the CRC

cell lines were subsequently characterised with regards to their expression of relevant

surface markers. Ranked in decreasing order, expression of EGFR, MICA/B, CD137L

and PDL1 showed strong positive correlation with a cell line’s sensitivity to ADCC. In

addition, HLA-A/B/C expression was found to be associated with relative resistance to

ADCC. As will be discussed here, these findings are in excellent agreement with the

literature and underpin the reliability of the developed in vitro ADCC assay.

The EGFR receptor is the principal target of the anti-EGFR antibody cetuximab and,

thus, it is of little surprise that higher EGFR expression was found to unanimously cor-

relate with better cetuximab-mediated ADCC inducibility for a range of tumour types,
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including colorectal cancer [182–184]. In addition, it could be shown that escalation tech-

niques to upregulate surface EGFR expression on CRC cell lines greatly enhanced ADCC

sensitivity [185] and that this effect is independent of KRAS/BRAF/ PIK3CA mutational

status [184]. Further confirmation of this is the fact that the ADCC results obtained for

the specific cell lines screened in this work are in line with results for the same cell lines

in the literature. These cell lines may be grouped as EGFR/ADCC high (SW48, SnuC5,

LS174T) [186, 187], EGFR/ADCC intermediate (HCT116, HT29, SW480, DLD1) [182,

184, 188] and EGFR/ADCC low (RKO, SW620, SW403) [184].

Similarly to EGFR targeted by cetuximab, expression of PDL1 on tumour cells is widely

known to correlate with avelumab-mediated ADCC [189–191]. Interestingly, we could con-

firm with our in vitro ADCC assays that PDL1 expression was additionally associated with

cetuximab-mediated ADCC. PDL1 expression on tumour cells is regulated by a series of

factors that are linked to therapies with EGFR-targeting antibodies. In several studies,

activating mutations as well as upregulation of EGFR were observed to increase PDL1

expression on tumour cells, which in turn could be reduced via EGFR blockade with tyr-

osine kinase inhibitors [155, 192–194]. From a mechanistic point of view, activation of the

EGFR signalling cascade increases the activity of β-1,3-N-acetylglucosaminyl transferase

(B3GNT3) resulting in the glycosylation of PDL1 and blocking its removal from the cell

membrane [195, 196]. Supporting these observations, our analysis also determined that

CRC cell lines with high EGFR expression in this work exhibited increased co-expression

of PDL1. While one may argue that such co-expression of EGFR and PDL1 forms an

appealing rationale for cetuximab and avelumab combination therapy, it is just as con-

ceivable that this will have only a limited effect. If EGFR expression on tumour cells

alone is already sufficient for NK cells to mount a strong ADCC response, the additional

targeting of PDL1 largely expressed on the same share of tumour cells may not translate

to significantly improved tumour lysis. When ignoring the potential concurrent effect of

avelumab through PD1/PDL1 checkpoint blockade and focussing solely on ADCC, we

indeed observed that the level of ADCC against the highly EGFR and PDL1 expressing

CRC cell line SnuC5 increased only slightly for cetuximab and avelumab combination

treatment compared with cetuximab alone.

The MHC class I chain-related protein A and B (MICA/B) are polymorphic proteins
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that are not constitutively expressed by healthy normal cells. Their expression is typically

induced upon danger stimuli such as stress, cell damage or malignant transformation of

cells and has been reported for most tumour types [112, 114, 115]. Hence, MICA/B are

thought to act as "kill me" signals that are bound by the natural-killer group 2, member

D receptor (NKG2D) on NK cells and cytotoxic lymphocytes. NKG2D is an activating

checkpoint and, upon binding to MICA/B, marks the target cell for NK-cell mediated

destruction, resulting in a higher level of ADCC as was observed with our in vitro ADCC

assay.

CD137L is a member of the tumour necrosis factor (TNF) receptor superfamily present

on antigen-presenting cells such as mature dendritic cells and macrophages [197, 198].

Under physiologic conditions, binding of CD137L by the inducible costimulatory CD137

receptor mainly expressed on activated T cells and NK cells enhances immune responses,

leading to upregulation of NKG2D, increased production and secretion of cytokines (e.g.

INF-γ) and cytotoxic molecules (e.g. perforin, granzyme B) by NK cells [116–121]. These

changes result in strengthening the cytotoxic capacity of NK cells against ADCC-sensitive

tumours. CD137L expression is virtually absent on healthy normal tissue but commonly

present on tumour cells, where it is correlated with the occurrence of distant metastases.

Mechanistically, CD137/CD137L reverse signalling in tumour cells is thought to trig-

ger events favouring the epithelial-to-mesenchymal transition (EMT) necessary to un-

leash a tumour’s potential for metastatisation and invasive growth [199]. Thus, while

CD137/CD137L signalling may be beneficial for tumour progression on the one hand, it

in turn renders the tumour more vulnerable to NK-cell mediated ADCC on the other hand,

as seen in this work. Currently, there are several ongoing clinical trials exploring the effect

of agonistic anti-CD137 antibodies, namely urelumab and utomilumab, in combination

with already approved tumour-targeted mAbs in diverse oncological and haematological

malignancies. For example, urelumab is used together with cetuximab for head and neck

cancer patients (NCT02110082), whereas the combination of utomilumab and cetuximab

is under trial for colorectal cancer (NCT03290937).

The three major types of human MHC class I transmembrane proteins HLA-A/B/C are

among the most important "self markers" for cells of healthy normal tissue. As such, they

play a pivotal role not only in solid-organ transplantation but also tumour progression. The
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suppressed expression of HLA-A/B/C on metastatic cancer cells leads to tumour immune

evasion due to the failure of antigen presentation of tumour-specific cell surface epitopes

to host cytotoxic T cells [200]. This process helps malignant cells to evade host immune

responses and promote cell dissemination and invasive growth [201]. Despite seemingly

being an advantageous adaptation at first glance (from the tumour’s point of view), the

downregulation of HLA-A/B/C surface expression to reduce T cell recognition comes at a

cost, in this case at the expense of attracting attention from NK cells. The family of killer

immunoglobulin-like receptors (KIR) expressed on NK cells recognise HLA molecules as

their ligands [202]. In their developmental stages, NK cells undergo a "licensing" phase that

induces their tolerance to HLA-A/B/C constitutively expressed on the surface of healthy

self cells [112, 113]. When encountering HLA-deficient cells, such as tumour cells, these

licensed NK cells are more capable of killing these target cells ("missing-self" hypothesis)

[203–205]. With this in mind, it becomes clear why HLA-A/B/C surface expression is

negatively correlated with NK-cell mediated ADCC in our assay.

Moving on to the FACS panel that complements the LDH release assay in our in vitro

ADCC model, we were able to show a strong positive correlation of tumour cell death -

as determined by quantifying the change in DAPI-AnnexinV- viable tumour cells between

mAb-treated and control samples - with the results from the LDH release assay. There

are many different approaches of in vitro ADCC assays in wide use in laboratories around

the world, the majority of which are based on either of LDH release [206], 51 Cr release

[207], Europium release [208] or, more recently, flow cytometric measurements of DAPI

[209], PI [210] or CFSE uptake [211, 212] as well as staining for calcein AM [213] or

AnnexinV [214]. Yet, our approach of combining an LDH release assay with a FACS-

based assay into a parallelised workflow is rather unique and, in our opinion, offers a series

of advantages. LDH release assays are well established, low-priced and not very time-

consuming. A potential downside is that they only provide a single readout, i.e. LDH

release as a surrogate for cell death, and that the overall LDH signal must be corrected

for the contribution by the effector cells, which may negatively impact on reproducibility.

In contrast, FACS-based approaches are more time-consuming and expensive, but allow

the concurrent measurement of additional readouts of interest. As demonstrated in this

work, our FACS panel further captures NK cell engagement and activation (CD16, CD137,
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CD107a) as well as checkpoint markers (PD1, NKG2A, NKG2D) and phenotypic markers

(CD62L, CD40) as part of the same experiment. Due to its extensive nature, we consider

our FACS panel a great asset for our own projects and certainly able to contend with

similar panels from other groups [60, 215–217]. One could make a case for dispensing with

the LDH release assay when having the FACS panel at hand, the former, however, was

useful to validate the reliability of the newly developed FACS panel in this work and, even

for future use case, provides a feasible fall-back readout should anything go awry with the

FACS panel.

5.3 FIRE6 study

5.3.1 FcgRIIIa-158 polymorphism

In Section 4.3.1, we have determined for our patient cohort that PBMCs from donors

with at least one FcgRIIIa-158 V allele were able to induce significantly higher in vitro

IgG1-mediated ADCC than those from FF homozygous donors. This is in line with the lit-

erature as the known stronger IgG1 mAb binding affinity of NK cells with a valine residue

at position 158 was expected to result in higher ADCC - a finding that has consistently

been reported for virtually all clinically used IgG1 mAbs, namely anti-EGFR cetuximab

[218, 219], anti-PDL1 avelumab [220], anti-CD20 rituximab [178, 221], anti-HER2 trastu-

zumab [16] as well as anti-TNFα adalimumab [181] and infliximab [222]. In line with other

reports [181, 220, 221], it is worth noting that we observed no noticeable difference in in

vitro ADCC between VF heterozygotes and VV homozygotes, implying that the presence

of a single V allele is already sufficient for a donor’s NK cells to obtain their full ADCC

potential. From an epidemiological point of view, this is worth highlighting as the pre-

valence of VV homozygotes is relatively low in the general Caucasian population (<20%),

whereas VF and VV individuals combined account for more than half of all people [150,

151].

Despite the well-established increased ADCC lysis for donors with the high-affinity VF

and VV phenotypes, subsequent analysis did not confirm an association of the FcgRIIIa-

158 polymorphism with clinical outcome measures. Within the FIRE6 cohort, both re-

sponse to treatment and PFS did not differ significantly between the three FcgRIIIa-158
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phenotypes. This result adds yet another blur of colour to the inconsistent picture painted

by the large body of scientific evidence with regards to the predictive and prognostic value

of the FcgRIIIa-158 polymorphism for IgG1-based therapies. Limiting our discussion

here to the use of cetuximab in metastatic colorectal cancer (for a broader critical re-

view see Mellor et al. [148]), there are five retrospective studies that observed prolonged

progression-free survival for the VV phenotype [218, 223–226], which is in stark contrast to

four other retrospective studies that found the low-affinity FF phenotype was most bene-

ficial [227–230]. Since all good things come in threes, the confusion is completed by three

further studies that, in line with our own findings, showed no significant association of the

FcgRIIIa-158 polymorphism with clinical cetuximab efficacy [231–233]. Among others, the

differences between these studies include the line of therapy (from first line to salvage),

the clinical setting (adjuvant, neoadjuvant or metastatic), the chemotherapeutic drugs

administered in combination with cetuximab as well as the specific parameters assessed

to quantify clinical outcome. Further complicating the matter, most of the studies were

of retrospective, non-randomised nature and, thus, cannot adequately determine the rela-

tionship between the FcgRIIIa-158 polymorphism and clinical outcome under cetuximab

therapy. Contributing to the conflicting data is likely the low statistical power of most

studies, including ours, due to small sample sizes in the order of less than 100 patients.

Importantly, the best-powered of the studies presented here did not find any association of

the FcgRIIIa-158 polymorphism with the therapeutic effect of cetuximab [232]. For some

of the studies, Mellor et al. identified a deviation of the phenotype distribution from the

Hardy-Weinberg equilibrium [148]. While a deviation may naturally occur and may be of

no concern when diverse ethnic groups with differing allelic frequencies are mixed in large

multi-centre studies, such a deviation may alternatively indicate methodological flaws (e.g.

type of tissue used, PCR sequencing method) in the determination of the FcgRIIIa-158

polymorphism. For our patient cohort however, the Hardy-Weinberg equilibrium holds

true, raising no doubt in the results of the PCR sequencing.

Overall, the inconsistent findings reviewed here suggest that the FcgRIIIa-158 poly-

morphism is not currently a useful predictive biomarker of response to cetuximab. While

it corresponds with in vitro ADCC activity and may influence the anti-tumour activity of

IgG1-based therapies, it may be of lower importance compared with non-ADCC mechan-
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isms of action such as the direct effect of the mAb (e.g. EGFR blockade for cetuximab,

PD1-PDL1 checkpoint inhibition for avelumab) or complement-dependent cytotoxicity.

5.4 ADCC activity and NK cell activation

With our in vitro model, we were able to show that patient-derived PBMCS are generally

capable of mounting an ADCC response against CRC cell lines and that NK cells play

a pivotal role in this process as quantified through their widespread engagement (CD16

downregulation), activation (CD137 upregulation) and degranulation (CD107a upregu-

lation), all of which showed strong positive correlation with ADCC. These findings are

in excellent agreement with the literature [60, 218, 233, 234]. In comparison with age-

matched healthy donors, we observed a clear, albeit non-significant, trend towards lower

ADCC at baseline (timepoint C1) for all patients regardless of their later response to the

treatment or failure thereof. Kawaguchi et al. reported the same observation when evalu-

ating the in vitro ADCC by PBMCs of 7 healthy volunteers and 7 patients suffering from

oesophageal squamous cell carcinoma [183]. Since not only tumour-infiltrating but also

peripherally circulating immune cells are known to be dysfunctional in a cancer-induced

immunosuppressive environment [235], it may be speculated that this gives rise to a partial

impairment of their ADCC capabilities compared with those of healthy volunteers.

Analysing in vitro ADCC activity with respect to clinical outcome, in our patient cohort

we did not observe any statistically significant differences (1) in ADCC levels between

responders and nonresponders or (2) in progression-free survival between individuals with

high or low ADCC levels (i.e. ADCC < or > 20%, respectively). In contrast to our

own findings, several authors reported a correlation of in vitro ADCC and diverse clinical

outcome measures for cancer patient cohorts treated with cetuximab and/or avelumab

therapy [218, 233, 234]. Trotta et al. studied a small cohort of 28 KRAS wild-type mCRC

patients receiving standard chemotherapy and cetuximab therapy [218]. Patients who

experienced a partial or complete response with cetuximab showed higher in vitro ADCC

than those patients who did not. However, it is worth noting that despite the correlation

with cetuximab responsiveness, no difference in progression-free survival was found. In a

cohort of 41 KRAS wild-type mCRC patients treated with cetuximab and chemotherapy
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as second or third line, Lo Nigro et al. detected a significantly improved overall survival

of patients with above-median in vitro ADCC compared with the remaining patients

[233]. Similarly, Bertino et al. reported a trend, albeit non-significant, towards increased

ADCC in 19 KRAS wild-type mCRC patients responding to cetuximab and lenalidomide

combination therapy compared with those who failed to respond [234]. A key difference

of the aforementioned studies with respect to ours is their use of enriched NK cells that

were isolated from patient PBMCs when evaluating ADCC. In our reasoning, we decided

to use PBMCs instead of isolated NK cells due to practical limitations, i.e. the fact that

for most patients an insufficient number of NK cells would have likely been recovered from

the scarce amount of cryostored PBMCs due to the isolation procedure itself incurring

additional cell losses. In addition, we sought after more appropriately reflecting the in

vivo situation of the peripheral blood by employing PBMCs rather than enriched NK

cells in our experimental model. For example, the population of CD16+ non-classical

monocytes present in the PBMC samples (experimentally confirmed for our cohort; data

not shown) are capable of competing with NK cells for binding of the IgG1 antibodies and,

thus, may influence ADCC results [236]. Similarly, the interplay of NK cells with other

immune cell subsets, most importantly T cells, may also be expected to have an impact

on ADCC. While we attempted to approximate the in vivo situation in the peripheral

blood as best as possible with our experimental model, some important shortcomings of

our own model as well as those reported by other groups must be discussed. Among

others, the patient-specific characteristics of each tumour are ignored by in vitro models

simply testing ADCC against a standard CRC cell line (SnuC5 in our case). EGFR

and PDL1 expression vary heavily between tumours from different patients and it has

been shown both in this work and in the literature that surface expression of the target

antigens has a strong impact on ADCC. Underlining this importance for clinical outcome,

Lattanzio et al. reported that in vitro ADCC alone did not correlate with response to

cetuximab in 28 patients with head and neck squamous cell carcinoma, but predicted

response when combined with a score of tumour EGFR expression [237]. Furthermore,

individual tumours may differ in their ability to wall themselves off from surrounding

tissue and resist immune cell infiltration. Effective tumour lysis by NK cells can only

occur if the latter are able to invade the tumour and find themselves in close proximity to
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the antibody-coated tumour cells, yet promoting the infiltration of adequate numbers of

functionally active NK cells into the tumour milieu remains an obstacle in solid tumours

[219]. Not surprisingly, Marechal et al. thus showed that NK cell infiltration of the

tumour correlated with increased PFS in 5 mCRC patients receiving cetuximab [238].

Hence, analysing NK cell levels and their functional properties in peripheral blood cannot

reveal the whole picture of the activity of tumour-infiltrating NK cells (and other immune

cell populations) in patients. Further substantiating this claim, a reduced number of NK

cells in the periphery may correspond to an increased number and activity of NK cells

in the tumour [239]. Apart from such experimental weaknesses inherent in every in vitro

model to a variable extent, it is important to keep in mind that although ADCC may have

an impact on the anti-tumour activity and, thus, clinical outcome of patients receiving

IgG1-isotype mAbs, there may be an overall predominance of non-ADCC mechanisms of

action such as direct cytotoxicity by Fab-mediated binding of the monoclonal antibodies

to the target antigen, or complement-dependent cytotoxicity.

Our longitudinal analysis over four timepoints spanning the range from before therapy

initiation to chemotherapy and cetuximab therapy to combination treatment of chemo-

therapy, cetuximab and avelumab therapy detected a gradual decline in ADCC activity

and NK cell activation for all patients. Potentially explaining these results, we observed

a continuous drop of peripheral NK cell levels for all patients during therapy (data not

shown), which might reflect the abovementioned increased recruitment of NK cells to tu-

mour tissues during therapy [239]. In addition to a peripheral reduction of NK cells,

our longitudinal screening also found an increase of CD16+ non-classical monocytes un-

der therapy (data not shown) and, as explained above, their scavenging of therapeutic

antibodies from NK cells may contribute to a decrease of in vitro ADCC. In line with

our findings, Lo Nigro et al. reported for a cohort of mCRC patients that the capa-

city to perform ADCC decreased during therapy compared to baseline levels [233]. They

chiefly attribute the lower therapy-induced ADCC to the known immunosuppressive ef-

fect of chemotherapy that is reviewed in detail elsewhere [240] and may also play a role

in our cohort. However, there also is at least one report of 16 patients with non-small cell

lung cancer treated with cetuximab and avelumab second-line combination therapy, with

longterm responders (PFS > 8 months) experiencing a significant increase in ADCC and
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nonresponders (PFS < 5 months) showing a trend towards reduced ADCC during therapy

[60].

5.5 Exploratory analysis

The exploratory analysis conducted in this work may be compared to searching for a needle

in a haystack. As elaborated before, we intentionally did not adjust for multiple testing

when screening the measured parameters for significant differences between responders and

nonresponders. Due to the non-negligible risk of parameters resulting significant by pure

chance alone, the reported findings must be placed in the context of the scientific literature

and it must be carefully assessed whether a research hypothesis can be generated that is in

line with the findings. Within the scope of this work, we would like to limit the discussion

to the potential role of CD40+ monocytes since we cannot make a convincing case for any

of the other parameters on the basis of what is known so far. Regarding CD40+ mono-

cytes, we observed that a higher level of circulating CD40+ monocytes in peripheral blood

at baseline correlated with a response to treatment in our patient cohort. It is well-known

that CD40, a member of the TNF-receptor superfamily, is widely expressed on the surface

of antigen-presenting cells including macrophages, dendritic cells and monocytes [241].

Interaction with its ligand CD40L, predominantly expressed on activated T cells, leads to

the upregulation of MHC molecules and the release of inflammation-promoting molecules,

all of which in turn promotes further T cell activation [242, 243]. The expression of CD40

on both peripherally circulating and intratumoral monocytes was shown to decrease as the

tumour progresses and to be paralleled by a reduced co-stimulation of T cells [92, 244].

Furthermore, dense infiltration of colorectal cancer tissues by CD40+ tumour-associated

macrophages (TAM) was confirmed to be an independent favourable prognostic marker,

which indicates an important role of CD40 in the tumour immunity of colorectal cancer

[245]. In several mouse models, the administration of agonistic anti-CD40 monoclonal an-

tibodies was observed to be effective in reprogramming of TAMs towards M1 polarisation,

thereby restoring lost tumour immune surveillance and anti-tumour activity [246–248].

Administration of an agonistic anti-CD40 antibody, in combination with an inhibitor of

colony stimulating factor 1 (CSF1R), transformed immunologically "cold" into "hot" tu-
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mours by enhancing activity of infiltrating T cells and simultaneously diminishing the

number of immunosuppressive cells in a preclinical model [249]. While most of this evid-

ence in the literature stems from the investigation of monocytes and macrophages in the

intratumoral milieu, it is at least conceivable that the correlation of peripherally circulat-

ing CD40+ monocyte levels with the response to cetuximab and avelumab treatment may

be intertwined with CD40 expression on intratumoral monocytes and macrophages.
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In recent years, the use of therapeutic monoclonal antibodies against tumour-associated

antigens and immune-checkpoint molecules has become a mainstay of cancer immuno-

therapy, nowadays complementing and in some instances even replacing the widespread

use of chemotherapy, radiation therapy and surgical interventions. Focussing on a cohort

of 55 patients with previously untreated RAS/BRAF wild-type metastatic colorectal car-

cinoma receiving chemotherapy and the IgG1 mAbs cetuximab (anti-EGFR) and avelumab

(anti-PDL1), we successfully developed experimental methods to study the role of the

FcgRIIIa-158 polymorphism as well as NK-cell mediated in vitro ADCC with respect to

clinical benefit for patients. Having confronted our own findings with those reported in

the literature, it is safe to say that - in light of at least partially contradictory results -

a final decision on this matter may not yet be taken and future work towards addressing

and resolving these discrepancies are warranted.

The analysis presented in this work should not be considered final and will benefit

from more detailed data becoming available when the data lock-up period is reached after

the conclusion of the clinical trial. For the time being, patients had to be treated as

"black boxes", with the only information accessible being a patient’s response status and

progression-free survival. We expect that better knowledge of the patient characterist-

ics such as epidemiological data and, even more importantly, histological data including

tumour type, EGFR/PDL1 expression and tumour immune infiltration will aid interpret-

ation of the results obtained in this work.

A further point worthy of brief mention are the different cytotoxic agents being admin-

istered as chemotherapeutic backbone across the various clinical trials employing mAbs.

In this context, we tend to ignore agent-specific differences and simply speak of chemo-

therapy being used in combination with mAb targeted therapy. Yet, the precise choice of
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Figure 6.1: Scheme of proposed in vitro ADCC model employing tumour tissue slices to be used in
future work. To address tumour heterogeneity between patients, tissue slices could be cut
from viable tumour biopsy samples obtained from cancer patients and replace the use of a
CRC cell line as target cells. In doing so, the effect of pre-existing immune cell infiltrates
could be studied as well as the migration into the tissue slice of autologous PBMCs provided
in a Boyden chamber.

cytotoxic agents may impact on the success of concurrent mAb therapy, a field that to date

appears to be understudied by the scientific community, albeit it is gaining further import-

ance in the era of immunotherapy as immune cell populations are severely influenced by

chemotherapeutics. With this in mind, in vitro models to investigate the influence of the

most commonly clinically applied cytotoxic agents on aspects such as tumour composition,

immune cell infiltration and activity are certainly warranted.

As discussed in Chapter 5, the current in vitro ADCC model should be further improved

in future work to better reflect the in vivo situation. Rather than testing ADCC of patient-

derived PBMCs against a CRC cell line, it is desirable to work with tumour biopsies,

tumour-derived organoids or developing a tumour-on-a-chip model. As a step in this

direction, we propose an improved in vitro model in Fig. 6.1. Generating tissue slices

from viable biopsy samples of individual patients, these slices could be incubated and

stimulated with and without the addition of autologous PBMCs in Boyden chambers,

allowing to better dissect (1) the role and feasibility of immune cell migration into a

patient’s tumour and (2) the presence or absence of pre-existing immune cell infiltrates

in the biopsy samples. To the best of our knowledge, such a model has not yet been

extensively studied in the context of CRC and IgG1 mAbs and may potentially help

towards reconciling the conflicting reports in the literature.
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