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Abstract

ABSTRACT

Natural killer (NK) cells represent crucial players of the innate immune system and fulfil their
main function in first line of defense by recognizing and eliminating tumor degenerated and
virus infected cells. To analyze and influence NK cell behavior it is necessary to be able to
specifically activate NK cells. In this work, known NK cell-specific stimulants were used in
whole blood cultures (TruCulture) to investigate the specificity of the NK cell-activating stimuli
in the high complexity of this culture system and to determine whether and to what extent
co-activation of further immune cells of the peripheral blood occurs. For this purpose, it was
necessary to generate appropriate test systems. Thus, two bead-based multiplex Luminex
immunoassays, IMAP 1 and IMAP 2, were developed for the detection of nine (IL-4, -6, -8, -10,
GM-CSF, IFN-y, MCP-1, MIP-1B, TNF-a) and six (IL-1B, -1Ra, -12p70, -13, VEGF, M-CSF) analytes
respectively. Additionally, highly sensitive single-molecule arrays (Simoa) were established for
IL-4 and IL-12p70 as single-plex assays and for IL-6 and TNF-a as 2-plex assays as these four
analytes required higher sensitivities than those provided by the Luminex technology. During
assay development, parameters such as the basic buffer system and detector antibody
concentration were optimized for optimal performance and sensitivity, with cross-reactivity
between multiplexed analytes evaluated and reduced. Developed assays were then validated
to confirm their potential as an analytical method for the TruCulture system and to confirm
their reproducibility and validity. Method suitability was confirmed for the majority of
analytes. Only for VEGF the pre-defined acceptance criteria for precision were not met, while
for IL-4, IL-12p70, GM-CSF, VEGF and M-CSF, as part of the IMAPs, parallelism could not be
demonstrated. A method comparison (Luminex vs. Simoa) using Passing-Bablok regression
and Blant-Altman plots was performed for IL-6 and TNF-a assays to be able to use data from
both assays for analysis. This showed comparability for both technologies.

The developed and validated assays were then used to assess NK cell activation in whole blood
cultures, supplemented by flow cytometric analyses. Synergistic effects of the stimulant
combinations IL-12 + IL-18, R848 + IL-2 and K562 cells + IL-2 were shown to induce the
strongest activation states of NK cells. It was observed that R848 + IL-2 stimulated not only
cytokine production but also the degranulation process as NK cell effector functions and led
to a broad activation of all immune cell populations of the peripheral blood. In contrast, the
combination IL-12 + IL-18 showed NK cell stimulation only in the direction of cytokine

production and moderately activated other immune cells. Although it is not yet possible to
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store these cells at -20 °C, which is a prerequisite for their use as default stimulant in the
TruCulture application, the most specific NK cell activation was observed by stimulation with

K562 cells in combination with IL-2.
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Zusammenfassung

ZUSAMMENFASSUNG

Natdrliche Killerzellen (NK-Zellen) sind wichtige Akteure des angeborenen Immunsystems und
erfullen ihre Hauptfunktion in der ersten Ebene der Abwehr, indem sie tumorentartete und
virusinfizierte Zellen erkennen und eliminieren. Um das Verhalten von NK-Zellen zu
analysieren und zu beeinflussen, ist es notwendig, NK-Zellen spezifisch aktivieren zu kbnnen.
In dieser Arbeit wurden bekannte NK-Zell-spezifische Stimulanzien in Vollblutkulturen
(TruCulture) eingesetzt, um die Spezifitdt der NK-Zell-aktivierenden Stimuli in der hohen
Komplexitat dieses Kultursystems zu untersuchen und festzustellen, ob und inwieweit eine
Koaktivierung weiterer Immunzellen des peripheren Blutes stattfindet. Zu diesem Zweck war
es notwendig, geeignete Testsysteme zu generieren. So wurden zwei Mikrosphadren-basierte
multiplexe Luminex-Immunoassays, IMAP 1 und IMAP 2, fiir den Nachweis von neun (IL-4, -6,
-8, -10, GM-CSF, IFN-y, MCP-1, MIP-1B, TNF-a) bzw. sechs (IL-1B, -1Ra, -12p70, -13, VEGF,
M-CSF) Analyten entwickelt. Darlber hinaus wurden hochempfindliche Single-Molecule-
Arrays (Simoa) fir IL-4 und IL-12p70 als Singleplex-Assays und fir IL-6 und TNF-a als 2-Plex-
Assays entwickelt, da fiir diese vier Analyten héhere Sensitivitaten erforderlich waren, als sie
die Luminex-Technologie bieten konnte. Wahrend der Assayentwicklung wurden Parameter
wie das grundlegende Puffersystem und die Konzentration der Detektorantikorper fiir eine
optimale Performance und Sensitivitat optimiert, wobei die Kreuzreaktivitaten zwischen den
Analyten eines multiplexen Assays bewertet und reduziert wurden. Die entwickelten Assays
wurden anschliefend validiert, um ihr Potenzial als Analysemethode fiir das TruCulture-
System zu bestdtigen und ihre Reproduzierbarkeit und Validitat zu belegen. Die Eignung der
Methode wurde fiir die Mehrzahl der Analyten bestatigt. Lediglich fir VEGF wurden die
definierten Akzeptanzkriterien der Prazision nicht erfillt, wahrend fiir IL 4, IL-12p70, GM-CSF,
VEGF und M-CSF, als Teil der IMAPs, die Parallelitat nicht nachgewiesen werden konnte. Ein
Methodenvergleich (Luminex vs. Simoa) mittels Passing-Bablok-Regression und Blant-Altman-
Diagrammen wurde fir IL-6- und TNF-a-Assays durchgefiihrt, um die Daten beider Methoden
fir die Analyse verwenden zu konnen. Dieser zeigte die Vergleichbarkeit der beiden
Technologien.

Die entwickelten und validierten Assays wurden dann zur Bewertung der NK-Zellaktivierung
in Vollblutkulturen verwendet, ergdanzt durch durchflusszytometrische Analysen. Es zeigte
sich, dass die Synergieeffekte der Stimulanzkombinationen IL-12 + IL-18, R848 + IL-2 und K562-

Zellen + IL-2 die starksten Aktivierungszustande von NK-Zellen hervorriefen. Es wurde
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beobachtet, dass R848 + IL-2 nicht nur die Zytokinproduktion, sondern auch den
Degranulationsprozess als NK-Zell-Effektorfunktion stimulierte und zu einer breiten
Aktivierung aller Immunzellpopulationen des peripheren Blutes fiihrte. Im Gegensatz dazu
zeigte die Kombination IL-12 + IL-18 eine Stimulation der NK-Zellen lediglich in Richtung der
Zytokinproduktion und aktivierte andere Immunzellen nur mafRig. Obwohl es noch nicht
moglich ist, diese Zellen bei -20 °C zu lagern, was eine Voraussetzung fiir ihre Verwendung als
Standardstimulanz in der TruCulture-Anwendung ist, wurde die spezifischste NK-

Zellaktivierung durch die Stimulation mit K562-Zellen in Kombination mit IL-2 beobachtet.
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Introduction

1. Introduction

1.1 Immunoassays
The immunoassay success story began with the work of Solomon Berson and Rosalyn S. Yalow
in 1959 [1], who invented the first immunoassay for the detection of insulin. They
demonstrated that diabetes patients treated with exogenous insulin of animal origin
developed antibodies against it [2]. Upon further insulin administration, these antibodies
specifically scavenged the hormone, leading to a retardation of the rate at which insulin
disappeared from the blood compared to subjects who were not previously treated with
insulin. These specific insulin antibodies were then isolated from insulin-treated patients and
were purified to be used in the first radioimmunoassay to detect insulin. Because Berson and
Yalow decided not to patent their method, the development of numerous other
immunoassays for a variety of analytes was accelerated. For their discovery, Yalow was
honored with the Nobel Prize in Medicine in 1977, five years after Berson's premature death
[3]. Immunoassays are still used today and it is impossible to imagine the field of research,
diagnostics and clinical practice without them. Nowadays, they are also widely available
directly to end consumers, for example to detect pregnancy or as a point of care test to detect
a corona-virus infection.
Immunoassays are sensitive bioanalytical methods based on the recognition and binding of
target molecules in a complex liquid sample, such as urine, whole blood, serum or plasma.
Analytes can be quantified either indirectly by using a calibration curve or the detection can
occur in a qualitative manner. Immunoassays take advantage of three unique properties of
antibodies for the specific detection of analytes:

- Firstly, their ability to bind a wide range of natural and artificially generated chemical

and biological molecules, as well as cells and viruses.
- Secondly, their high specificity to the targeted substances.
- Thirdly, their high affinity to their target molecules to which they bind via a very strong
non-covalent bond [4, 5].

Since the principle of the first immunoassay was published in 1959, there has been continuing
progress in assay generation and development resulting in a variety of different assay designs.
Assay sensitivity, for example, is a parameter continually being optimized to maximize assay
performance and to make previously unmeasurable effects detectable. A historic

breakthrough was the implementation of monoclonal antibody production by Kohler and
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Milstein [6]. Their use in immunoassays not only increased the relevance of immunoassays [3]
but also led to an increase in assay sensitivity and reproducibility of results [7] making their
application in immunoassays still attractive today. The solid phase based assay principle was
another important development that led to a significant improvement in feasibility [8, 9].
Increased throughput was mainly achieved by using microspheres as the solid phase. This laid
the foundation for the simultaneous detection and quantification of several analytes in one
reaction chamber, also known as multiplexing. Therefore, labor, time and cost reduction could
be achieved in comparison to single-reaction based methods like e.g. classical enzyme-linked
immunosorbent assay (ELISA) [10, 11].

Additional progress has been made in further improving sensitivity and enlarging the assay

ranges, for example by detecting single molecules and amplifying assay signals [12].

1.2 Luminex-xMAP technology

XMAP technology is a bead-based assay platform developed by the company Luminex (Austin,
TX, USA, www.luminexcorp.com). The Luminex Corporation was founded in 1995 and rapidly
became the leading force in bead-based multiplexed detection procedures for proteins and
nucleic acids. Today it remains the most frequently employed platform, due to its ability to
enable the simultaneous analysis of a variety of different analytes in a single test. This
multiplexing option not only increases information output, but also reduces time, labor and
costs in comparison to single-reaction based methods [10]. In addition, multiplexing has the
added advantage of requiring far less sample volume for the detection of a large number of
analytes compared to single detection-based methods. xMAP technology can be used in a
diversity of applications — like different types of immunoassays and nucleic acid assays [10,
11].

The main element of the xMAP technology is polystyrene microspheres also called beads.
These beads are physically identical, except for their ratio of two to three fluorescent dyes,
enabling them to be distinguished from each other. Microspheres of one bead-ID
(identification) share the same unique color composition, meaning that each individual ID has
a unique emission profile and spectral characteristics, enabling differentiation. Overall, up to
500 different bead IDs are currently available. The surface of these beads is functionalized
with carboxyl groups that allow the covalent immobilization of capture components. Thus, the

surface of each bead ID can be coated with a specific capture compound. If different bead IDs
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are subsequently combined, the different analytes can be detected simultaneously.
Furthermore, the 6.5 um sized beads are superparamagnetic what leads to easy automation
and simplifies the process of coating the surface of microspheres and the performance of
washing processes [10].

To quantify binding events, R-Phycoerythrin (PE) is normally used as fluorescent reporter [10].
PE is a water-soluble protein with fluorescent properties, isolated from red algae Gracilaria
lemaneiformis, and is commonly used as a fluorescent tag in many biochemical techniques
[13, 14].

The FLEXMAP 3D instrument launched in 2009, is a high throughput analyzer that allows a
rapid analysis of 96- and 384-well plates due to a dual syringe system. The measurement
technique is based on the principle of flow cytometry, whereby, beads are arranged like a
string of pearls and passed individually through a flow chamber, where they are detected and
analyzed by a laser and detection system. The FLEXMAP 3D device is equipped with two lasers.
The red diode laser uses a wavelength of 638 nm to excite the internal fluorescent dyes of the
beads. The resulting emission is detected by two avalanche photodiodes. This process is
essential to be able to differentiate between the different bead regions and therefore also to
distinguish different analytes in a multiplex application. Bead aggregates and air bubbles are
gated out and side scattering is employed for the gating of single beads. The reporter
fluorophore R-Phycoerythrin is excited by a second, green laser using a wavelength of 532 nm.
The emission is detected by a photomultiplier (PMT) and the reporter signal is quantitated by
digital signal processing. Usually, between 50-100 beads are analyzed per bead-ID and well.
The results are presented as the median fluorescent intensity (MFI) [10].

Different immunoassay formats can be performed using xXMAP technology, with competitive
assays, serological assays and immunometric assays, also referred to as sandwich
immunoassay, the most common types [10]. This name, sandwich immunoassay, perfectly
describes the assay format, as the analyte to be detected is located between a capture
antibody and a detection antibody, thus forming a sandwich. The capture antibody is, for this
purpose, irreversibly immobilized onto a solid phase, which corresponds to the microspheres’
surface. During incubation of coated beads and sample, the capture antibody binds specifically
the analyte of interest. Afterwards, a second analyte-specific antibody is added which is linked
to a detection system for signal generation, also called tracer. In case of xMAP technology the

detection antibody is linked to biotin. After further incubation, the excess of unbound labeled
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antibody is washed away. Streptavidin-labelled PE (Strep-PE) that specifically binds the biotin
tag on the detection antibody, is added and after further incubation, the signal is measured in
a FLEXMAP 3D instrument. Figure 1 illustrates the general set-up of a sandwich immunoassay

and the basic detection procedure based on xMAP technology.

Streptavidin-Phycoerythrin

Emission
638 nm Sk, g /
Analyte 0
! Capture Antibody 05& ¢

=
Biotinylated Detection
Antibod

MagPlex Bead nbody

Emission

Figure 1: Setup of a bead-based sandwich immunoassay and illustration of laser-based detection.
Paramagnetic polystyrene microspheres, so called MagPlex Beads, are coated with analyte-specific capture
antibodies. These specifically bind their epitope of the analyte. After addition of the detection antibody, a second
antibody linked to biotin, the detection system is finalized by adding streptavidin-phycoerythrin that specifically
binds to biotin on the detector. In a flow cell of the FLEXMAP 3D instrument, the beads are separated and bypass
two lasers. While the red laser (638 nm) excites the fluorophores of the beads, the green laser (532 nm) excites
phycoerythrin. The respective resulting emissions are recorded by a detection system.

(Adapted from figure 1A in [15])

13 Single molecule-array technology (Simoa, Quanterix)

Some biomarkers are only present in very low amounts in different sample matrices exceeding
the sensitivity of the described xMAP technology, meaning that a more sensitive immunoassay
is required. When this occurs, the single molecule array (Simoa) technology of the company
Quanterix Corporation (Billerica, MA, USA, www.quanterix.com) can be applied. Simoa
technology is a bead-based, highly sensitive immunoassay platform employing an enzymatic
reporter, analogue to the conventional ELISA. However, in contrast to the conventional ELISA,
Simoa uses femtoliter-sized reaction chambers. While conventional ELISAs demand for the
detection of a multitude of protein molecules in assay volumes in the pL-to-mL-range [16],
Simoa enables the isolation of single enzyme molecules in an extremely small reaction volume
(50 fL) permitting the detection of very low sample concentrations (low pg-mL* range or

below) [16-19].
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Figure 2: (A) Setup of bead-based

B immunoassay sandwich to be loaded
Fluidic inlet port into wells of a single molecule array

(Simoa), located on (B) special discs.

500 pm-deep channel After the sandwich immunoassay is set

up, the beads are loaded into the wells
of an array. In the array, the substrate
of B8 galactosidase, resorufin-8-D-
galactopyranoside (RGP) is added
before wells are sealed with oil. In total,
one disc comprises 24 arrays, each
consisting of 216,000 wells. Fluids are
added via the respective inlet port and
a vacuum is applied to suck the fluids
into the array.

Vent port

216,000-well array

(Adapted from figure 1A and Cin [18] and figure 2B in [20])

For Simoa, the analytes of interest are captured by binding to paramagnetic beads of 2.7 um
in diameter, which are coated with antibodies specific for the target protein. A sandwich
antigen-antibody-complex, as already described for the xMAP technology, is formed after a
biotinylated detection antibody is applied. These sandwich complexes are enzymatically
labeled with the enzyme conjugate streptavidin-B-galactosidase (SBG) that specifically binds
to biotin or the biotinylated detector antibodies. After the application of the detection system,
beads are loaded into the wells of an array. The setup of the sandwich immunoassay as well
as a schematic section of the wells of an array is presented in Figure 2A. The arrays are located
on a disc, which contains 24 arrays, each consisting of 216,000 individual femtoliter-sized
micro wells bonded to a microfluidic manifold [19, 21]. The disc and its structure is shown in
Figure 2B. For analysis, the microspheres are supplied with resorufin-B-D-galactopyranoside
(RGP) which is cleaved by B-galactosidase-catalyzed hydrolysis into a fluorogenic substrate
(resorufin) and D-galactose. The arrays are sealed with a fluorocarbon oil in order to remove

aqueous solution and excess beads outside the arrays. Further, a liquid-tight seal is generated
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covering the wells containing the beads and enzyme substrate enabling the accumulation of
the fluorescent signal from single enzymes. Standard detection technologies, such as plate
readers are unable to detect these low concentrations in conventional immunoassays as
ELISAs, as the fluorophores generated diffuse into a large reaction volume (Simoa approx.
50 fL vs. uL-mL-range conventional ELISA). This means, hundreds of thousands of enzymatic
tracers are necessary to generate a signal that contrasts with the background. With the Simoa
technology, generated fluorophores are restricted to a very small reaction volume rapidly
leading to high enrichment. The resulting signal is detected by using a CCD (= charge coupled
device) camera and a white light illumination source [18, 19].

Simoa technology is also suitable for multiplexing approaches. Similar to the xMAP
technology, beads can be distinguished from each other by combining three different
fluorescent dyes - Alexa Fluor 488, Cy5 and HilLyte Fluor 750 — in different ratios. In contrast
to MagPlex beads, these beads do not possess an internal dye but are dye-coded by reaction
of different amounts of a single hydrazide dye with paramagnetic beads functionalized with
carboxyl-groups [19, 22].

The detection of the signal generated in the single molecule array follows sequential steps.
After focusing, image acquisition is carried out in seven steps. Initially (step 1), an image is
acquired to determine in which wells of the arrays beads are located. Following this (step 2),
an "Image at time point 0" is generated. Between this image and an image, generated
30 seconds later (step 6), an increase in fluorescence must be detectable in order to be
evaluated as a signal. As steps 3 to 5 and 7, additional images are generated which serve to
identify the fluorescence-labelled beads [19]. Since the readout in the Simoa instruments is
automated, a strict time sequence of the assay process steps ensures reproducibility of the
signal strengths.

The success of Simoa is not only due to the high sensitivity resulting from signal amplification
in an extremely small reaction volume, but also to the wide dynamic range it offers. For the
detection of low analyte concentrations, with very low ratios of enzyme labelled sandwich
complexes to beads, a digital approach which is independent of the absolute fluorescence
intensity measured for an individual bead is used. At low analyte concentrations, many beads
are present without a bound enzyme (considered "off"). Beads with one (or more) bound
enzymes (considered "on") are counted (digital approach) and used in relation to the total

bead count using the Poisson distribution to determine the average of enzymes per bead
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(AEB). However, at high analyte concentrations, when the majority of beads have bound one
or more analytes and thus may carry multiple enzymes, the AEB value is determined by the
averaged fluorescence intensity. This is the analogue approach. By combining both detection
approaches with Simoa technology, both very low and high analyte concentrations can be
detected, as this extends the dynamic range [16].

Currently, several instruments from Quanterix are on the market for performing Simoa assays.
In addition to the fully automated HD-X device, there is the SR-X device (used in this work), a
bench-top cost-effective alternative. SR-X Simoa assays are performed manually, whereby the
addition of the enzyme complex (SBG), followed by several washing steps, represents the final
manual step. All further processing steps (RGP addition and sealing) as well as the readout are
carried out fully automated by the SR-X instrument. A corresponding Simoa microplate washer
is provided for the device, which takes over the respective washing steps with corresponding

wash buffers. The device is suitable for processing 96-well plates.

1.4 Immunoassay validation

Assay validation is performed to demonstrate that reliable results are generated and to
confirm that the particular method is suitable for its specific intended use. The aim of the
process of validating methods is to provide objective proof that certain requirements, such as
assay quality and accuracy, are met [23-26].

Regulations are provided by national and international legal authorities for method validation
processes (e.g. European Medicines Agency (EMA) [23], U.S. Food and Drug Administration
(FDA) [24]). Both, the EMA and FDA regulations are suitable for the validation of bioanalytical
methods, with the 2018 FDA regulation increasingly addressing ligand binding assays. Both
regulations and the validation parameters and methods of determination described therein
can be used as guidance for defining the scope of a validation. In addition, individual
requirements and demands of an assay must be taken into account. Often it is not useful,
necessary or possible to follow all points of these guidelines, but to use specific aspects of
them.

The scope of a method validation depends largely on the intended field of application of the
bioanalytical method. For example, if a method is to be applied in an early phase of research
and development, with focus on fast turnaround of results, a full validation considering all

proposed parameters is not necessarily required or useful. By contrast, the use of a method
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in the GLP area of clinical studies absolutely requires full validation [27]. Therefore, a iterative
and practical “fit-for-purpose” approach is suggested for method validation taking into
account the intended area of use of the measurement data, at the same time considering the
regulatory terms and conditions necessary for this use [28]. In course of a basic validation for
a “fit-for-purpose - research and development (R&D)” immunoassay, it is considered
necessary to experimentally investigate or determine at least the following validation
parameters: the calibration curve model, limits of quantification, limit of detection, precision
(intra and inter assay precision), dilution linearity, parallelism and analyte stability (short-term

and stability to freezing and thawing processes).

1.4.1 Model of the calibration curve

To determine the concentration of an analyte of interest in a biological sample matrix,
calibration curves are employed. Calibration curves, also known as standard curves, represent
the relationship between a signal generated in an immunoassay and the reference
concentration of the standard that is assumed to represent the analyte of interest in a sample
matrix [29].

As the accuracy of the quantification of the analyte of interest is dependent on the
reproducibility and the robustness of the calibration curve, it is important to choose a suitable
calibration model. Calibration curves of immunoassays are usually described in a non-linear
relationship and most often fitted by a four- or five-parametric logistic fitting model. Other
models can also be considered, but the simplest one that adequately describes the
relationship between the concentration and the corresponding signal should always be
chosen [24, 27-29]. For each analyte analyzed, an individual standard curve is needed. It is
recommended to prepare the standard curve in the same matrix as the biological sample
matrix to be analyzed in in the following intended study. Therefore, the blank matrix is spiked
with a defined concentration of the target analyte. However, if the matrix already contains
the analyte of interest, the generation of standard points below this endogenous
concentration would negatively impact assay sensitivity, and removal of the analyte would be
associated with enormous efforts (e.g. depletion) [23, 24], meaning, the matrix is only of
limited suitability for the generation of the calibrator. Therefore, surrogate matrices can be
applied but need to be verified and calibration curves need to be properly validated [24, 28].

A calibration curve should consist of at least six known calibrator concentrations and an
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additional blank value, meaning a plain sample matrix without the analyte [23]. Besides this,
an additional criterion for generating a continuous and reproducible calibration curve is a
proper weighting scheme. As for most immunoassays, the standard deviation of the assay
signal generated is not constant. Instead, it increases between replicate signals proportional
to the mean of the signal. To decrease these errors, weighting functions such as 1/X, 1/X?, 1/Y

or 1/Y2are applied to correct for the diverging standard deviations [24, 28, 29].

1.4.2 Quantification limits and dynamic range

The dynamic range of an assay, also defined as reportable range, is the area of the standard
curve between the lower and upper limits of quantification. In between these limits, the
analyte of interest can be assessed with acceptable accuracy and precision [25]. The definition
of the lower limit of quantification (LLOQ) is the lowest concentration of the analyte of interest
for which quantification can be reliably performed. By analogy, the upper limit of
guantification (ULOQ) corresponds to the highest concentration of the analyte of interest that
can be quantified with the necessary reliability. In this context, reliability refers to the accuracy
achieved, which is expressed by the recovery or the relative error with respect to the nominal
concentration, as well as to the achieved precision assessed by the coefficient of variation (CV)
[23-25, 28]. It is recommended that the respective upper and lower limit of quantification
correspond to the highest and lowest calibration concentrations. Further, so-called anchor
points can be applied. These are points outside the dynamic range that may be beneficial
when performing curve-fitting leading to a better precision and accuracy. They are not suitable

to be defined as part of the acceptance criteria used during a measurement [23, 24, 27-29].

1.4.3 Limit of detection

The limit of detection (LOD) is defined as the lowest qualitatively detectable concentration of
the target analyte. This means, it is the lowest concentration possible to be distinguished
significantly from the background signal. The LOD is determined by calculating the average of

the background signal and adding its two- or three-fold standard deviation [27, 28].

1.4.4  Precision
According to official directives, the definition of precision is the degree of agreement of

replicate independent measurements of the target analyte [23, 24]. Precision, indicated as CV,
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is expressed as the ratio of standard deviation of measured values to their mean in percent.
For the determination of intra assay precision, validation samples (VS) with a defined
concentration in the upper, lower and middle part of the calibration curve are measured in
replicates within a single run. Same samples are analyzed between different runs for each

analyte generating inter assay precision values [23-25, 28].

1.4.5 Dilution linearity

Dilution linearity allows the accurate measurement of the target analyte in a biological sample
matrix present at concentrations above the ULOQ. Such a sample must be diluted to obtain
signals within the given dynamic range of the assay. Thereby, the analyte of interest can be
accurately quantified. This means the dilution linearity demonstrates whether the relation of
signal to the concentration of the analyte in the sample matrix is linear within the range of the
calibrator. Further, the event of a possible prozone or “hook effect” could be detected (excess
antigen binds both the capture and detection antibodies before a sandwich-complex can be
formed). In this case, signal suppression occurs due to high analyte concentrations. Dilution
linearity is determined by spiking biological matrix with calibrator protein in a concentration
100-1000-fold above the ULOQ. Afterwards, this mix is linearly diluted in assay buffer into the
range of the standard curve [23-25, 28].

1.4.6  Parallelism

In order to detect potential matrix effects or possible interaction between critical reagents or
metabolites in an assay, parallelism experiments are performed. It is investigated whether the
parallelism between the calibration curve and the concentration-signal relationship of a target
analyte in a serially diluted sample is given. If so, it can be assumed that the binding
characteristics of the native protein in the biological sample to the antibodies used in the
immunoassay are comparable to those of the calibrator protein. Parallelism experiments are
performed by using biological samples with high endogenous analyte concentrations. These
are serially diluted in assay buffer to be assessed within the dynamic range of the calibrator.
If possible, the endogenous concentration should be beyond the ULOQ. Although dilution
linearity and parallelism are quite comparable in regard of implementation, the main
difference is that no spike of recombinant protein is allowed for investigating parallelism,

because the behavior of endogenous protein being diluted is tested. A significant deviation of
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parallelism is considered invalid [23-25, 27, 28, 30] as it means that the protein in a sample
behaves differently through dilution than the standard protein in the matrix used to produce

the standard curve and results from differently diluted samples cannot be compared.

1.4.7 Analyte stability

The stability of the analyte in the biological sample matrix is a further validation parameter to
be evaluated. Analyte stability is determined under specific conditions of storage and use that
could influence the measurement results. For example, handling and storage procedures and
conditions could affect the physicochemical stability and therefore influence the measured
concentration of the analyte in the matrix. Investigation of stability is performed by using VS
containing endogenous analyte and should cover short-term and freeze-thaw stability. Short-
term (bench top) stability investigates the analyte stability at room temperature (RT) and at
4 °C, corresponding to the storage on ice and on the lab bench, during sample preparation.
Duration of the incubation at the different conditions needs to be adjusted to minimally reflect
the actual length of sample preparation. Determination of freeze-thaw stability is necessary,
as for example some measurements require to be repeated more than once to get analytes
into the dynamic range of the standard curve, especially in regard of multiplex analysis.
Therefore, several freeze-thaw cycles may be required in addition to extended evaluation of
short-term stability. Stability is assessed by determining the recovery rate of stability test
samples exposed to respective mentioned conditions in relation to an untreated reference

sample [23-25].

1.5 Cytokines and chemokines

Cytokines are small proteins with a molecular weight around 25 kDa. Various cell populations
all over the body release cytokines as a response to an activating stimulus. Cytokines trigger
further reactions via binding to their specific receptors and contribute to cellular signaling.
Based upon their half-life and their ability to be released into the blood stream, cytokines can
act in different ways. For example, cytokines can act on responsive cells in the direct
neighborhood of the secreting cell (paracrine), or, they can influence cells at greater distance
(endocrine). Further, cytokines may affect the cell that secreted them (autocrine) [31].
Released cytokines serve communication between cells and have specific effects on cell-cell

interaction. Thereby, different cell types can release the same cytokine to affect different cell
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populations. Additionally, different cytokines may have comparable functions and can act
synergistically or antagonistically. They are most often released in cascades, meaning that the
secretion and action of one cytokine stimulates a responsive cell, which further produces
cytokines. The predominant producers of cytokines within the immune system are
macrophages and helper T cells [32]. Cytokines can also be classified as either pro-
inflammatory as they are capable of favoring the inflammatory process by leading to events
like the recruitment of circulating leukocytes and boosting their specific activities, proteolysis
or increasing vascular permeability. Or they are defined as anti-inflammatory, as they can
repress pro-inflammatory events and therefore limit inflammatory events in order to regulate
immune response [33].

Chemokines represent a group of cytokines ranging from 7 to 15 kDa in size and are secreted
mainly in the first phase of an infection in the affected tissue. They induce a directed
chemotaxis of responsive cells nearby that migrate to the area of the local event, meaning
they act as recruiters of effector cells [31, 34]. This family, together with their receptors
control not only the chemotaxis of immune cells, but also their residence. Chemokines can be
grouped in pro-inflammatory and homeostatic chemokines. While pro-inflammatory
chemokines are released at the site of infection as part of an immune response, the latter is
able to control cell migration in terms of tissue development and maintenance [34, 35].
Taken together, cytokines and chemokine span a network of immense complexity through
which the different cell populations communicate with each other, coordinate and perform
their tasks. A highly simplified example of the network between immune cells present in whole

blood is shown in Figure 3.
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Figure 3: Cytokine and chemokine network between immune cells. The figure contains only selected cytokines
and chemokines that are relevant in the further course of this thesis, which is why only a small section of the
highly complex interrelationships is presented. (DCs = dendritic cells; NK = natural killer cells; PMNs =
Polymorphonuclear neutrophils). (Adapted from figure 1 in [32] and supplemented by [36, 37])

In the following section, some pro- and anti-inflammatory cytokines and chemokines, which
are relevant to this thesis, are briefly described with their most important activities
mentioned.

IL-1B is a representative of the group of pro-inflammatory cytokines. It is an essential player
in the host-defense response towards infection and tissue damage. Within the IL-1 cytokine
family, which consists of eleven members, IL-1B is the best characterized and studied. As a
pleiotropic cytokine, IL-1PB affects a multitude of cell types and is secreted by a variety of cells.
Even though macrophages and monocytes represent the predominant producers of the
cytokine IL-1B, dendritic cells (DC), B lymphocytes (B cells), neutrophils and natural killer (NK)
cells are also capable to produce IL-1B [38]. IL-1PB is available at low concentrations under usual
conditions and requires induction to be produced and secreted [39-41]. In order to control
homeostasis, IL-1B production and secretion are tightly regulated. If this regulation is
disturbed or lost, syndromes characterized by fever, skin rash and arthritis occur [41, 42].
While IL-6 was first reported as a factor to stimulate B cells [43], its pleiotropic character,
which fulfills a variety of functions during the immune response as the regulation of acute

phase response, T lymphocyte (T cell) activation and the expansion of T cell populations [44,
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45] has since then been discovered. Besides its multiple roles in coordination and regulation
of the immune system, IL-6 is also involved in metabolism [46] and the nervous system [44,
47, 48]. IL-6 cannot be classified as either pro- or anti-inflammatory cytokine as it has both —
pro- and anti-inflammatory properties [44]. Many cell types are able to produce IL-6 including
monocytes, macrophages, T cells, B cells, granulocytes, endothelial cells, fibroblasts and many
others [48, 49].

IL-8 or CXCL8, as it is part of the CXC chemokine family (CXC chemokines as their amino
terminus possess two cysteines which are separated by one further amino acid, displayed as
“X”), represents a potent chemotactic factor for neutrophils, but also for the attraction of
basophils and T cells in context of immune response, but not for monocytes. During
inflammation, it is secreted predominantly by monocytes, macrophages, and neutrophilic
granulocytes. Beyond inflammation, IL-8 is comprising many functions related with
mitogenesis, neutrophil degranulation, leucocyte activation and calcium homeostasis [34, 50,
51].

Two further chemokines that belong to the so-called CC chemokine family (CC chemokines as
their amino terminus possess two adjoining cysteines) are MIP-1B (macrophage inflammatory
protein-1 beta) and MCP-1 (monocyte chemoattractant protein-1), which are named CCL4 and
CCL2, respectively. MCP-1 is a powerful attractant for monocytes and a weak inducer of
monocytic cytokine expression. It further is engaged in regulating T cell and NK cell migration
[52]. Stromal cells that are activated by binding of molecules to pattern-recognition receptors
(PRR) or by cytokines are able to quickly produce MCP-1 to rapidly recruit monocytes to the
place of infection [34, 53]. Although a multitude of cells constitutively produce MCP-1, or upon
induction [52], the main source of MCP-1 are macrophages and monocytes [52, 54, 55].
Specific regulators can induce the production of MIP-1B in several hematopoietic cells.
Production can be induced in monocytes [56], T cells [57], B cells [58], NK cells [59], DCs [60]
and neutrophils [61], but also in non-hematopoietic cells [62]. Several pro-inflammatory
agents and cytokines can act as potent inducers of MIP-1 induction, such as lipopolysaccharide
(LPS), TNF-a (tumor necrosis factor-alpha), IFN-y (Interferon-gamma) and IL-1a/pB, but also
viral infection [63]. MIP-1B is, together with its family member MIP-1a (CCL3), produced and
released by activated macrophages in order to recruit further pro-inflammatory cells and also

macrophages themselves to the point of inflammation [63].
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TNF-a was first reported in 1975 as a serum factor which was induced by the endotoxin LPS
leading to hemorrhagic necrosis of sarcomas in mice [64]. Since then, the important role of
TNF-a in several inflammatory, infectious and malignant processes has been shown [65]. As a
highly pleiotropic cytokine, TNF-a has mainly pro- but also anti-inflammatory effects [66]. It is
an early mediator of immune response and is released by macrophages in the course of first-
line defense against infectious pathogens [67]. Its pro-inflammatory properties are also
associated with diseases comprising for example rheumatoid arthritis [68], psoriatic arthritis
[66], Crohn's disease [69], multiple sclerosis [70] and others. However, an immunosuppressive
property of TNF-a has been shown in connection with autoimmune diseases, as well [71-74].
Furthermore, in studies with TNF-a-deficient mice, it was found that TNF-a has a regulatory
effect on the inflammatory response and can reduce its duration and extent by acting on the
macrophage-based production of IL-12 [75]. Primarily TNF-a is produced and expressed on
the plasma membrane of activated macrophages and T cells. The protease TNF-a converting
enzyme (TACE), a matrix metalloprotease, sheds the extracellular domain, leading to a soluble
form being released. Both forms, the soluble and the membrane-bound form are active [31,
65, 76]. TNF-a interacts with the two receptors TNFR1 and TNFR2 on the surface of cells [77].
Further, TNF-a is also produced by NK cells [65] and has an effect on NK cell activation and the
corresponding IFN-y production [78].

IEN-y was first described in 1965 [79]. It is a pleiotropic cytokine regulating and controlling
effects of innate and adaptive immunity [80]. It is released predominantly by activated
T lymphocytes [80-83] and NK cells [80, 84, 85]. IFN-y coordinates the recruitment of
leukocytes, growth as well as the maturation and differentiation processes of a variety of cell
populations [86-89]. It is also involved in the regulation of B cell-based immunoglobulin
production and in the switch of the immunoglobulin classes [86, 87, 90]. Additionally, IFN-y is
known to be an enhancer of NK cell activity [86, 91].

IL-12 is a pro-inflammatory cytokine comprising two different subunits (heterodimeric), alpha
(p35) and beta (p40) which are linked via disulphide bonds to form the biological active
component IL-12p70 [80, 92]. B cells, DCs and macrophages upon microbial infections release
this cytokine [93-95]. Besides its function in stimulating cytolytic activities of NK cells, and
cytotoxic T cells, it enhances antigen presentation [80, 96] and triggers IFN-y production in

NK cells and T cells [93].
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IL-4 and IL-13 are involved in the regulation of not only the responses towards parasites or
allergens of lymphocytes but also of myeloid cells and non-hematopoietic cells after an
inflammatory response. Primarily, both cytokines are produced by CD4 positive T cells but are
also secreted by basophils, eosinophils, mast cells and other immune cells [97]. IL-4 and IL-13
affect B cells by either increasing their proliferation (IL-13) [98] or switch B cells to an
IgE-producing cell (IL-4) [98, 99]. Further, they induce alternative macrophage activation that
differs from the classical pro-inflammatory pathway [99, 100]. IL-4 is also known to be an
inducer of the differentiation process of naive CD4 T cells into Th2 cells [97].

IL-10, also named “cytokine synthesis inhibitory factor” (CSIF), represents a further anti-
inflammatory cytokine. As a pleiotropic cytokine, it influences the activity of many immune
cell populations. Many cells such as activated T cells, monocytes, macrophages, DCs, NK cells
and B cells primarily produce IL-10 [101-104]. As an anti-inflammatory cytokine, IL-10 is
capable of suppressing expression levels of inflammatory cytokines including for instance IL-1,
TNF-a and IL-6 that are mainly produced by activated monocytes. Further, IL-10 is able to
down-regulate pro-inflammatory receptors and to up-regulate further anti-inflammatory
cytokines [32]. In addition, IL-10 can affect DCs and CD4 T cells. Depending on the kind, site
and stadium of infection, different cell populations release IL-10. This decisively determines
the effect of IL-10 in terms of regulation [105].

IL-1Ra (IL-1 receptor antagonist) is a further member of the IL-1 cytokine family. As its name
suggests, it acts as an inhibitor to IL-1a and IL-1B by binding IL-1 receptor 1 (IL-1R1) and
blocking the binding sites for the two agonists but without inducing any intracellular response.
In many cell types, the production of IL-1a and IL-1B induces the expression of IL-1Ra but also
LPS or IgG complexes are capable of acting as stimuli for IL-1Ra induction. Other anti-
inflammatory cytokines (e.g. IL-4 and IL-10), can reinforce the process of induction caused by
different signals. Two types of IL-1Ra exist. The first one, sIL-1Ra, is 17 kDa in size and is
secreted from various immune cells like macrophages, monocytes, neutrophils. The other
form, iclL-Ra, is 16 kDa in size and remains within cytoplasm of keratinocytes and other
epithelial cells, monocytes, and fibroblasts [41, 106]. After cell death, the second, iclL-1Ra, is
set free, extracellularly acting on IL-1R1 [41, 107].

GM-CSF (granulocyte/macrophage colony-stimulating factor) and M-CSF (macrophage
colony-stimulating factor), as their names suggest, were shown to be capable of forming

colonies of matured myeloid cells in vitro derived from bone-marrow progenitors after these
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cells have proliferated and differentiated. The resulting colonies were composed of
macrophages and granulocytes after stimulation with GM-CSF and macrophages after
treatment with M-CSF [108-110]. It is suggested that CSFs (GM-CSF, M-CSF together with
G-CSF = granulocyte colony-stimulating factor) are part of a network during inflammatory
events defining the inflammatory response [109, 111]. Under normal conditions, M-CSF is
available in measurable concentrations and is produced by several cells as fibroblasts,
endothelial cells, macrophages, and smooth muscle cells. The expression of GM-CSF, on the
other hand, requires stimulants such as LPS, TNF-a or IL-1 in order to be captured in detectable
concentrations. While GM-CSF is able to support survival and activation of macrophages,
neutrophilic and eosinophilic granulocytes and DCs, M-CSF can only foster the macrophage

lineage effecting their survival, proliferation, differentiation and activation [109].

1.6 TruCulture whole blood culture system

Peripheral blood mononuclear cell (PBMC) preparations and subsequent cultures are
frequently used to investigate cytokine release to answer various immunological questions.
This primary cell culture model consists of lymphocytes, monocytes, and macrophages, which
are purified from peripheral blood prior to their use in culture. This step is time-consuming
and requires special equipment and training and it introduces physical cell stress within the
sample. As the results of natural cell-to-cell communication between the mononuclear cells
and those elements of the human immune system are eliminated during PBMC preparation
(granulocytes, platelets, soluble factors), artificially skewed results may be observed from
PBMC culture experiments. A comparatively more suitable culture model is a whole blood
culture systems, like the TruCulture system [112]. This involves blood collection tubes, pre-
filled with a particular cell culture medium, into which blood is drawn followed by a
subsequent culture of all blood cells. At the end of the culture period, cellular components are
separated from the supernatant and cells and supernatant can be subsequently analyzed.
TruCulture whole blood assay thus not only represents a time and labor-saving method, but
also provides a more complete picture of cytokine release and associated cell interactions and
immunological effects through the presence of all immune cells in the peripheral blood.
Consequently, it is more likely to reflect what is happening in vivo compared to PBMC cultures.
To perform specific target cell activations of, for example, monocytes and T cell subtypes,

TruCulture tubes are available with or without appropriate stimulants [113].
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1.7 Natural killer cells

In the 1960s, NK cells were accidentally discovered during an attempt to characterize T cell-
mediated cytotoxicity [114-117]. Within the following decade, this cell population was
identified to be a lymphatic cell population that is cytotoxic by nature without the requirement
of prior contact to an antigen [114, 118, 119]. NK cells are large granular innate lymphocytes
[31] residing in lymphoid and non-lymphoid tissues as bone marrow, lymph nodes, tonsils,
liver, gut, skin, and lungs [114, 120]. NK cells make up between 5 and 20 % of circulating
lymphocytes and are defined based on the presence and absence of specific surface markers
as CD16* CD56* CD3" [121]. Upon activation, NK cells respond with cell killing and cytokine
secretion to target cells, which are physiologically stressed corresponding to cells undergoing
malignant transformation or that have been infected by viruses or other intracellular

pathogens.

1.7.1 NKcell receptors
The stimulation of NK cells and the resulting effector functions are dependent on signals,
which are derived from two different receptor types — inhibitory and activating receptors.

Inhibitory receptors bind predominantly major histocompatibility complex (MHC) class |

molecules as their ligand, which are abundantly expressed on the surface of normal healthy
cells. MHC class | molecules function as markers for “self” and therefore their binding to
inhibitory receptors leads to self-tolerance of NK cells. Contrary, cellular stress caused by viral
infection or neoplastic transformation as response to damaged DNA, senescence
programming or tumor suppressor genes leads to the loss of MHC class | molecules on the cell
surface. At the same time, ligands for a second type of receptors, known as activating
receptors, can be upregulated and the signal generated by activating receptors shifts the
NK cells into the state of activation [122, 123]. An activated state can also result from a
constant signal from activating receptors alone or when the signal from activating receptors
overwhelms that from inhibiting receptors. In the latter case, there is a shift in the equilibrium,
which leads to NK cell activation as well [124-127].

Activating receptors are necessary as lack of MHC | molecules on NK-target cells is insufficient

to induce effector functions in NK cells and as already mentioned these ligands of activating
receptors are induced by cellular stress [122]. Most receptors involved in the regulation of

NK cell activation belong to two major structural families - the killer cell immunoglobulin-like
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receptor (KIR) family and the killer cell lectin-like receptor (KLR) family. Both receptor types -
activating and inhibitory receptors - come from the same structural families. The decisive
factor for whether a receptor has an activating or inhibitory effect is the presence of specific
signaling motifs. While inhibitory receptors carry a long cytoplasmic tail containing an
immunoreceptor tyrosine-based inhibition motif (ITIM), activating receptors carry short
cytoplasmic tails without an ITIM sequence. Instead of these, activating receptors possess a
charged residue within their transmembrane region, which binds to accessory signal pore
proteins, like DAP12, CD3T and FcRy [31, 114]. These transmembrane proteins have an
immunoreceptor tyrosine-based activation motif (ITAM) sequence in its cytoplasmic domain.
Through the continuation of the corresponding signaling pathways, signals are either inhibited
or corresponding effector functions are triggered, which places the NK cell in an inhibited or

activated state [31].

1.7.2  NK cell effector functions

Upon activation, different effector functions by NK cells are triggered to deal with target cells.
Either these target cells are eliminated by cytotoxicity mediated by NK cells or they are
indirectly targeted through pro-inflammatory cytokines secreted in high amounts by NK cells.
Two mechanisms contribute to the cell destruction process, direct cytotoxic NK cell response
and death receptor ligation mediated apoptosis.

Direct cytotoxic NK cell response occurs through the release of lytic molecules. This process

consists of four major steps. At first, an immunological synapse (alternatively described as
immune synapse), is formed between a NK cell and the cell to be targeted. Almost
simultaneously, the actin cytoskeleton is reorganized within the NK cell for lysosome
transportation. Then, as a second step, polarization of the microtubule organization center
(MTOC) and the secretory lysosome towards the immune synapse follows. Thirdly, the
secretory lysosomes docks with the NK cell cytoplasmic membrane before it fuses in step four
with the target cell membrane and the lytic and therefore cytotoxic molecules, like perforin
and granzymes, are released. This process is also named degranulation [122]. Perforin is a
glycoprotein that polymerizes and forms pores after its release into the target cell, therefore
facilitating the access of granzymes [114, 122]. Granzymes display, together with perforin and
granulysin, the main cytotoxic components of the secretory granules of NK cells, but also

cytotoxic T cells. The granyzme family contains five members — granzyme A, B, H, Kand M —
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and are serine proteases that are capable of activating caspase molecules and therefore
leading to apoptosis of the target cell [122, 128-130].

Death receptor ligation mediated apoptosis acts via death receptors expressed on the surface

of the plasma membrane of target cells. Among these receptors are TNF-related apoptosis-
inducing ligand receptor (TRAIL-R) and Fas (CD95) which are activated upon binding of their
appropriate ligand, Fas ligand (FasL, CD95L) and TRAIL. These ligands are expressed on the
surface of NK cells [114, 131]. The activation of death receptors initiates the extrinsic
apoptotic pathway by employing a cytoplasmic death domain that enables the activation of
apoptosis using initiator caspases-8 and 10 [114, 132, 133].

The production of pro-inflammatory and immunosuppressive cytokines upon activation

represents the third effector function of NK cells. Although a variety of cytokines are secreted,
NK cells predominantly produce IFN-y, TNF-a and GM-CSF as these cytokines enable T cell
activation and activation of other immune cells of the innate immune system, including
macrophages, DCs and neutrophils. Further, NK cells produce and release chemokines
including MIP-18, RANTES, and IL-8 [114, 134, 135]. Having antiviral, antibacterial, and
antitumor activity, IFN-y is, together with TNF-a, one of the key players among cytokines
secreted by NK cells. IFN-y was also reported to modulate not only the expression of caspase
but also of ligands corresponding to death receptors on the NK cell surface therefore

contributing to the process of death receptor ligation mediated apoptosis [122, 136].

1.7.3  NK cell stimulation

The regulation of NK cell activity is not only based on the balance between activating and
inhibiting receptor signals, but also on stimulation by certain cytokines.

It has been known since about 1980 that NK cells isolated from bone marrow can be activated
by the addition of IL-2, which then act cytotoxically [137-139]. Although the high affinity
receptor IL-2Ra (CD25) of IL-2 is only expressed on activated NK cells, IL-2 can interact through
complexes of the common gamma (yc) chain and IL2RB subunit [140] supporting NK cell
proliferation, differentiation, survival and acquisition of cytotoxic potential [137] by pushing
the production of lytic molecules [141]. Further, IL-2 contributes in synergy with IL-21 to the
expression of receptors that occur on the NK cell surface upon activation like NKG2A, CD25,
CD69, CD86 as well as of lytic molecules what in turn supports cytotoxic effector function

[142]. It is supposed that IL-2 released by T cells, that are found in the close neighborhood of
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NK cells, provides the interaction between innate and adaptive lymphocytes during infection
[143]. This, in combination with the fact that IL-2 is mainly produced as a result of immune
system stimulation, underlines the role of IL-2 acting as primer for NK cell activity [137]. As an
example, R848 also named Resiquimod, which is a human Toll-like receptor 7 and 8 (TLR7/8)
agonist, needs NK cell priming by either IL-2 or IFN-a to be able to activate resting NK cells
which are non-responsive to R848 itself [144].

R848 is a further stimulus for NK cell activation. Toll-like receptors (TLR) are important
structures of the innate immune system and are able to identify conserved structures of
pathogens [145]. Human TLR7 and TLR8 respond to single-stranded RNA as their ligands [146].
It was shown that NK cells also respond through TLRs but effector functions as response to
TLR7/8 agonist were mediated mainly by accessory cells like monocytes. Already very low
numbers of accessory cells enabled potent NK cell stimulation by R848. The activation of
NK cells was triggered directly by R848 binding to TLR7 and TLR8 resulting in high production
levels of IFN-y in purified NK cells. But also indirect activation of NK cells by IL-12 secreted by
R848 stimulated monocytes led to NK cell activation accompanied by increased cytotoxicity
and high IFN-y production [144].

This reveals IL-12 as an additional potent stimulus for NK cell activation. IL-12 can be provided
to NK cells either by DCs or, as already mentioned, by activated monocytes and macrophages
[93].IL-12 can, in synergy with other cytokines as IL-2, IL-15 and IL-18, lead to highly increased
IFN-y production in NK cells [147]. While IL-18, which belongs to the IL-1 cytokine family, alone
is not able to increase the IFN-y production it provides a kind of “third signal” to NK cells
leading to NK cell effector function in combination with IL-12 signaling [114].

These stimuli are commonly used for the investigation of NK cell activity and related effector
functions in cell culture.

A further trigger for the assessment of NK cell cytotoxicity is K562 cells. These lymphoblasts
were initially isolated from bone marrow of a patient suffering on chronic myelogenous
leukemia in the age of 53 [148]. The cell line is commonly used as NK cell-sensitive target for
in vitro investigations of NK cells. On the plasma membrane of K562 cells, MHC-class |
molecules respectively human leucocyte antigens (HLA) molecules HLA-A, -B, and -C are not
available [124, 149]. Therefore, K562 cells are also referred to as HLA-null cell line.
Additionally, K562 express a variety of ligands for the two major classes of activating NK cell

receptors C-type lectin NKG2D receptor (NKG2D) and natural cytotoxicity receptor (NCR) as
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well as ligands for several further receptors contributing to NK cell activation [124] rendering

them a perfect target for NK cell killing.
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2. Aim

Inflammation is an immune response triggered, for example, by infections, physical injuries or
poisoning. It results in cellular changes and pro- as well as anti-inflammatory processes which
ultimately lead to the elimination of infectious agents or the repair of tissue damage.
However, in some cases, inflammation may persist because either the cause could not be
repaired or control mechanisms related to stopping the inflammatory response failed.
Consequently, the inflammatory event may become chronic [150]. Chronic inflammation is
linked to many diseases, such as cancer, autoimmune diseases, neurological disorders such as
Parkinson's or Alzheimer's disease, arthritis, and many others [151, 152].

Cytokines and chemokines are mediators and regulators of these inflammatory events. Their
guantification provides valuable information and contributes to the investigation and
elucidation of still unclear relationships and processes related to diseases associated with
chronic inflammation.

The body's response towards implants and other medical devices is also associated with pro-
and anti-inflammatory events. The nature of the prevailing inflammatory processes is highly
dependent on the material and its surface properties. The interactions of various immune cells
with the material surface, but also among one another determine whether the implant is
smoothly integrated, rejected or encapsulated in connective tissue. Such immune cell
interactions are based on the release of mediators and regulators, named cytokines and
chemokines, as well as on the presence of corresponding receptors on the different cell
surfaces. To improve the understanding of these processes, the interdisciplinary project
"Systems Immunology at Biological-Technical Interfaces" was initiated. Through the
cooperation of industry, material and life sciences, physicochemical and immunological
characterizations were correlated to be able to predict immunological reactivity towards a
variety of implant materials, material surfaces and structures. With these findings, a causal
understanding of the rejection processes could lead to improved functionality and
biocompatibility of medical devices. Additionally, biomaterial surfaces could be developed for
controlled implant integration.

The aim of this work was the development of a bead-based multiplex immunoassay to
qguantify cytokine and chemokine levels which can be used to investigate diverse
immunological questions. The main scope of application was the investigation of immune

responses induced by specific implant respectively biomaterials in context of the project
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"Systems Immunology at Biological-Technical Interfaces". For this purpose, implant materials
were cultured in three different cellular test systems with increasing complexity, reflecting the
behavior of the immune system. Since the relevant inflammatory processes associated with
implant materials are mainly induced by macrophages, a human macrophage monoculture of
THP-1 cells served as the system of lowest complexity, followed by PBMC and whole blood
cultures (TruCulture).

In the course of this work, two multiplex panels focusing on macrophage-associated pro- and
anti-inflammatory processes (hereinafter referred to as inflammatory multiplex analyte
panel 1 and 2 (IMAP 1 & 2)) were developed and subsequently validated for a fit-for-purpose
approach considering FDA and EMA guidelines. IMAP 1 consists of nine analytes (IL-4, IL-6,
IL-8, IL-10, GM-CSF, IFN-y, MCP-1, MIP-1B and TNF-a) and IMAP 2 comprises six analytes
(IL-1B, IL-1Ra, IL-12p70, VEGF, IL-13 and M-CSF).

Cytokines are often present in very low concentrations in body fluids. Thus, the sensitivity of
the standard immunoassay technology is not sufficient to detect very low levels of target
molecules. For this reason, three additional immunoassays were developed and validated on
the ultrasensitive Simoa (Quanterix) SR-X platform. Two single-plexes were developed and
validated for the analytes IL-4 and IL-12p70, supplemented by a 2-plex containing IL-6 and
TNF-a.

These assays were used in combination with the expression analysis of certain surface markers
via flow cytometric measurements to shed light on the question, which NK cell effector
functions are triggered by certain stimulants. For this purpose, whole blood assays were
stimulated with IL-12 and IL-18, as well as with IL-2 and R848 and their respective
combinations. The extent to which other immune cell populations were activated in the
complex culture system and whether they contributed to the immune response was assessed.
In addition, the question was investigated whether K562 cells, as a natural cellular specific
target for NK cells, can induce effector functions in whole blood cultures that are comparable
to the default stimulant combinations used or if K562 represent possibly a more specific and
therefore more suitable stimulus for NK cells. Since the whole blood assay system contains all
the other leukocytes of the peripheral blood in addition to platelets and erythrocytes, it is

particularly suitable for addressing these questions.
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3. Material and Methods

3.1 Material
3.1.1 Antibodies

Table 1: Antibodies. (mc = monoclonal; pc = polyclonal)

Analyte Species Clonality Vendor
Anti-Human IL-4 Mouse mc BD Pharmingen
Anti-human IL-4 Mouse mc Biolegend
Anti-Human/Primate IL-6 Mouse mc R&D Systems
Anti-human IL-6 Rat mc Biolegend
Anti-Human/Primate IL-6 Mouse mc R&D Systems
Anti-Human IL-6 Goat pc R&D Systems
Anti-Human IL-8 Mouse mc BD Pharmingen
Anti-Human IL-10 Rat mc BD Pharmingen
Anti-Human GM-CSF Rat mc BD Pharmingen
Anti-Human IFN-y Mouse mc R&D Systems
Anti-Human MCP-1 Mouse mc BD Pharmingen
Anti-Human CCL4/MIP-18 Mouse mc R&D Systems
Anti-Human CCL4/MIP-1B Goat pc R&D Systems
Anti-Human TNF-a Mouse mc R&D Systems
Anti-Human TNF-a Goat pc R&D Systems
Anti-Human IL-18 /IL-1F2 Mouse mc R&D Systems
Anti-Human IL-1B /IL-1F2 Goat pc R&D Systems
Anti-Human IL-1Ra Mouse mc Invitrogen
Anti-human IL-12/-23 (p40) Mouse mc Mabtech
Anti-Human IL-12 (p70) Rat mc BD Pharmingen
Anti- Human IL-12 p70 Mouse mc R&D Systems
Anti-Human VEGF165 Goat pc R&D Systems
Anti-Human IL-13 Rat mc BD Pharmingen
Anti-Human M-CSF Mouse mc R&D Systems

Table 2: Biotinylated antibodies. (mc = monoclonal; pc = polyclonal)

Analyte Species Clonality Vendor
Anti-Human IL-4 Rat mc BD Pharmingen
Anti-human IL-4 Rat mc Biolegend
Anti-Human IL-8 Mouse mc BD Pharmingen
Anti-Human and Viral IL-10 Rat mc BD Pharmingen
Anti-Human GM-CSF Rat mc BD Pharmingen
Anti-Human IFN-y Mouse mc R&D Systems
Anti-Human IFN-y Mouse mc Mabtech
Anti-Human MCP-1 Mouse mc BD Pharmingen
Anti-Human TNF-alpha Goat pc R&D Systems
Anti-Human IL-1Ra/IL-1F3 Goat pc R&D Systems
Anti-Human 1L-12 (p40/p70) Mouse mc BD Pharmingen
Anti-Human/Primate VEGF165 Goat pc R&D Systems
Anti-Human IL-13 Mouse mc BD Pharmingen
Anti-Human M-CSF Goat pc R&D Systems
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Table 3: Antibodies for flow cytometry.

Material and Methods

Surface marker Color Supplier

CD4 VioBlue Miltenyi Biotech
CD8 Viogreen Miltenyi Biotech
CcD14 BV650 Biolegend

CD19 BV711 Biolegend

CD69 BV785 Biolegend

CD25 VioBright 515 Miltenyi Biotech
CD107a PerCP-Vio700 Miltenyi Biotech
CD62L PE Miltenyi Biotech
CD86 PE-Vio615 Miltenyi Biotech
CD3 PE-Vio770 Miltenyi Biotech
CD127 APC Miltenyi Biotech
CD66b Alexa700 Biolegend

CD56 APC-Vio770 Miltenyi Biotech

3.1.2 Recombinant proteins

Table 4: Calibrator proteins.

Recombinant protein

Vendor

Human IL-4

Human IL-6

Human IL-8

Human IL-10

Human GM-CSF

Human IFN-y

Human MCP-1

Human TNF-alpha Protein
Human CCL4/MIP-1 beta
Human IL-1 beta/IL-1F2
Human IL-1Ra/IL-1F3
Human IL-12 (p70)
Human VEGF 165
Human IL-13

Human M-CSF

Table 5: Stimuli for NK cell activation.

BD Pharmingen
R&D Systems
BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen
R&D Systems
R&D Systems
R&D Systems
R&D Systems
BD Pharmingen
R&D Systems
R&D Systems
R&D Systems

Recombinant Protein Vendor
Human IL-2 Peprotec
R848 Biogen
Human IL-18 R&D Systems
Human IL-12 MBL
Lipopolysaccharide (LPS) Hycultec

Staphylococcal enterotoxin B (SEB)

Bernhard-Nocht-Institut, Hamburg
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3.1.3 Animal serum

Table 6: Animal sera.

Material and Methods

Serum Vendor

Fetal Bovine Serum, heat inactivated (Hi FBS) Gibco (Life Technologies)
Fetal Calf Serum (FCS) Sigma-Aldrich

Horse serum Sigma-Aldrich

3.1.4 Chemicals and reagents

Table 7: Chemicals and reagents.

Chemical / Reagent Vendor
EDC, No-Weigh Format Pierce
Sulfo-NHS (N-Hydroxysulfosuccinimide), No-Weigh Format Pierce
EZ-Link Sulfo-NHS-LC-LC-Biotin Pierce

EDC, No-Weigh Format

EZ-Link NHS-PEG4-Biotin, No-Weigh Format
Streptavidin-Phycoerythrin conjugate
Streptavidin-B-galactosidase (SBG)

TRU Block

Chemiblock Reagent

TWEEN 20

ProClin 300

Ethylenediaminetetraacetic acid (EDTA)
Natrium Acid

Bovine Serum Albumin, Reagent Grade
Albiomin (= human serum albumin, HSA)
Sodium Chloride (NaCl)

MES

Di-sodium hydrogen phosphate (Na,HPO,4)
ZombieYellow

Thermo Fisher Scientific
Thermo Fisher Scientific
Moss

Quanterix

Meridian

Merck

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Roth

Proliant

Biotest

Roth

Roth

Roth

Biolegend
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3.1.5 Buffers and solutions

Table 8: Buffers and solutions.

Material and Methods

Buffer / Solution

Vendor/Composition

Phosphate buffered saline
LowCross Buffer

Blocking Reagent for ELISA
Activation Buffer
Immobilization Buffer
Bead Storage Buffer
Detection Antibody Storage Buffer
CBS buffer

Wash Buffer

Assay Buffer 1

Assay Buffer 2

Homebrew Sample/Detector Diluent
SBG Diluent

Simoa Washing Buffer A
Simoa Washing Buffer B
Bead Diluent

SBG Concentrate

RGP

TC-GM + HSA

Red Blood Cell Lysis Buffer
FACS Buffer

3.1.6  Commercial kits

Table 9: Commercially available kits.

Fisher Scientific

Candor

Roche

100 mM Na,HPQy4, pH 6.2

50 mM MES, pH 5.0

CBS +0.05 % TWEEN 20 + 0.05 % ProClin 300
CBS +0.05 % ProClin 300

1x PBS +1 % BSA

1x PBS +0.05 % TWEEN 20

NMI - proprietary

NMI - proprietary

Quanterix

Quanterix

Quanterix

Quanterix

Quanterix

Quanterix

Quanterix

HOT Screen GmbH - proprietary
Biolegend

1x PBS, 2mM EDTA, 2% FCS, 0.01% Natrium Acid

Kit

Vendor

ArC Amine Reactive Compensation Beads

MACS Comp Bead Kit, anti-mouse Igk
MACS Comp Bead Kit, anti-REA
BD FACSuit CS&T Research Beads

Thermo Fisher Scientific
Miltenyi Biotec
Miltenyi Biotec

BD Bioscience

Granzym B ELISA Mabtech
3.1.7 Consumables

Table 10: Consumables.

Name Vendor
Half well plates Corning
Tubes 1.5 mL LoBind Eppendorf
Tubes 5 mL LoBind Eppendorf
Simoa-reading discs Quanterix
Simoa pipetting tips Quanterix
Simoa sealing oil Quanterix
Centrifugal concentrators Merck
S-Monovette 2,7 ml Sarstedt
FACS tubes, 2 mL Corning
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3.1.8 Devices

Table 11: Devices.

Material and Methods

Device Vendor
FlexMAP 3D Luminex
SR-X Quanterix
Simoa microplate washer Quanterix

Dynamap magnet

Hula mixer

Micro centrifuge
pH-Meter 766 Calimatic
Sonicator

Vortex-Genie 2
Centrifuge 5417R

ThermoFisher
Thermo fisher

VWR

Knick

Bandelin

Scientific Industries
Eppendorf

BD LSRFortessa Cell Analyzer BD Biosciences

Heraeus Multifuge 8R

3.1.9 Software

Table 12: Software.

ThermoFisher Scientific

Software

Supplier

Xponent

SR-X Reader Software
Prism

MasterPlex

Flowlo

FACSDiva

Endnote

Microsoft Office
ClustVis

GIMP 2.10.30

Luminex corp.

Quanterix

GraphPad Software

MiraiBio Group of Hitachi Software Engineering America, Ltd
BD Biosciences

BD Biosciences

Clarivate Analytics

Microsoft

BIIT Research Group

GNU Image Manipulation Program

29



Material and Methods

3.2 Methods

3.2.1 Suspension bead arrays - IMAPs

3.2.1.1 Antibody immobilization

Capture antibodies were immobilized onto paramagnetic microspheres, hereafter referred to
as “beads”. The beads’ surface is functionalized with carboxyl groups that can be activated
using 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimid (EDC) resulting in a o-acylisourea
intermediate which is susceptible to hydrolysis. For stabilizing the acylisourea, the carboxyl
groups on the bead surface are activated using EDC in combination with amine reactive sulfo-
N-hydroxysuccinimid (sNHS). The resulting stabilized active ester binds to a primary amino
group on the protein that is aimed to be immobilized to the bead surface by forming an amide
bond. At the same time, sNHS is set free [153].

At the beginning of the immobilization process, the bead stock was vortexed thoroughly for
15 sec and was then sonicated for 30 sec. In total 7.5 x 10° beads per bead-ID were washed
three times with ddH,0 (double-distilled water). All washing steps were performed using a
magnetic separator (e.g. DynaMag — 2 Magnet, Invitrogen). Through magnetic forces, the
microspheres can be separated at the tube wall enabling the removal of supernatant without
the loss of beads. Following removal of the supernatant, an activation mix of 5 mg-mL* EDC
and sNHS in activation buffer was prepared and 100 uL of this mix was added onto washed
beads. The beads were then incubated for 20 min at RT rotating on a HulLa mixer. After
activation, beads were washed three times with 500 uL immobilization buffer before
antibodies were applied in a defined coupling concentration onto the beads in a total volume
of 500 uL immobilization buffer. After mixing the beads by vortexing, incubation under
rotation on a Hula mixer followed for 2 h at RT. Afterwards, beads with immobilized
antibodies were washed using 1 mL of PBST (PBS + 0.05 % Tween20). For storage, 600 uL of
bead storage buffer was applied and beads were stored at 2 — 8 °C.

To confirm a successful immobilization process a coupling control was performed. PE-labeled
species-specific antibodies were titrated and applied to coated microspheres and read on a
FLEXMAP 3D instrument.

For IMAP 1 and 2 bead mixtures were generated, each mix was calculated sufficiently for the
measurement of 200 plates. Single bead-ID stock solutions were diluted 1:10 from their initial

concentrations with the remaining volume difference supplemented with bead storage buffer.
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3.2.1.2 Biotinylation of detection antibody

The quantification of analytes is based on Strep-PE binding specifically to biotin, which is linked
to detection antibodies. As some detection antibodies were only available unbiotinylated,
biotin was covalently bound using sulfo-NHS-LC-LC-Biotin. Sulfo-NHS reacts with primary
amines on the antibody's surface forming a covalent bond with the LC-LC-linker functions as
spacer making biotin more accessible to streptavidin.

For biotinylation, antibodies were reconstituted to a concentration of 500 pg-mL™*. 100 pL of
antibody stock was transferred into a 1.5 mL reaction tube and 2 pL biotin dissolved in ddH,0
were added to reach a 200-fold molar excess of biotin. Incubation followed overnight at 4 °C
for 16 h. Afterwards, unbound biotin was removed using centrifugal concentrators (Amicon
Ultra 0.5 mL centrifugal Filters, Merck) according to the manufacturers protocol, except that
centrifugation was performed at 4 °C. Antibody concentration after elution was determined
by NanoDrop (UV/VIS at 280 nm) and the final concentration was adjusted to 200 ug-mL? in
1X PBS + 0.05 % ProClin300. Biotinylated antibodies were stored at 2 — 8 °C.

To confirm the success of biotinylation of detection antibodies, beads functionalized with anti-
species antibodies were applied. Detection antibodies were titrated and incubated with
respective beads. Biotin coupling to detection antibodies was verified by the application of
Strep-PE and readout on a FLEXMAP 3D instrument.

A detection antibody mix was generated for IMAP 1 and 2 for a better assay reproducibility.
Single detectors were prepared at 20X higher concentration than applied in the assay. The mix

was stored in detection antibody storage buffer and was stored at 2 — 8 °C.

3.2.1.3 Generation of the calibrator mix

A mix of the calibrators was generated for each IMAP. Single recombinant proteins were
stored at 20X the concentration of the highest calibrator and only diluted prior use. The
calibrator mixes for IMAP 1 and IMAP 2 were prepared in CBS, aliquoted for single use and

stored at -80 °C.

3.2.1.4 IMAP assay procedure
For cytokine assessment in supernatants of whole blood assays, samples were thawed and
vortexed before they were centrifuged at 18,000 g and 4 °C for 1 min. All assay components

of IMAP 1 (IL-4, IL-6, IL-8, IL-10, GM-CSF, IFN-y, MCP-1, MIP-1f and TNF-a) and IMAP 2 (IL-1B,
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IL-1Ra, 1L-12p70, VEGF, IL-13 and M-CSF) were brought to RT. 100 uL of wash buffer were
added to each well of a 96-half-well plate to block the surface of the wells. The plate was
incubated for at least 15 min at 21 °Cand 750 rpm in a thermal mixer. Afterwards, the content
was discarded and the wells emptied completely by tapping the plate up-side-down onto a
paper towel.

Beads of the generated bead mix were centrifuged for 15 sec using a tabletop centrifuge,
vortexed thoroughly, sonicated for further 15 sec and diluted 1:25 in the IMAP specific assay
buffer (assay buffer 1 and assay buffer 2). The bead suspension was then stored in the dark
until use.

To generate the calibration curve, each calibrator mix produced for IMAP 1 and 2 was diluted
1:20 in the respective assay buffer to create the highest concentrated calibrator. For the
remaining standard points (two to seven), a dilution series using dilution factor 3 was made
over six steps in the respective assay buffer.

Samples were diluted 1:4 and 1:256 in the specific assay buffer of IMAP 1 or IMAP 2,
respectively. Quality control (QC) samples for each IMAP were diluted 1:2, also in the IMAP-
specific assay buffer. Afterwards, 25 uL of diluted samples, QC samples and standard dilutions
were added to the blocked 96-half-well plate, with standard and QC samples being applied in
duplicates. Samples were analyzed individually but at two dilution factors. 25 uL of the already
prepared bead solution was then added to each well and the plate was incubated at 21 °C and
750 rpm for 2 h. This resulted in final dilution factors of 8 and 512 for samples and a dilution
factor of 4 for QC samples, respectively. Following incubation, the plate was washed three
times with 100 uL wash buffer per well using a magnetic separator to fixate the magnetic
beads on the bottom of the plate, with the supernatant discarded.

The detection antibody mix was diluted 1:20 in assay buffer 1 and 2, respectively, and 30 uL
of the detection antibody solution was pipetted per well. Afterwards the plate was again
incubated at 21 °C and 750 rpm for 1 h in a thermal mixer and then washed three times as
already described, after which 30 pL of Strep-PE, diluted 1:500 in CBS including 0.05 %
Tween20 was added per well. Incubation followed for 30 min at 750 rpom and 21 °C, after
which the plate was washed again three times. 100 pL of wash buffer was pipetted into each
well and beads were re-suspended for 3 min at 750 rpm and 21 °C.

Readout was performed on a FLEXMAP 3D instrument using the following settings: sample

volume of 80 pL, a timeout of 60 sec, gating between 7,500 and 15,000, Standard PMT
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detector and bead count was set to 100. MFI per bead-ID in each well was assessed using
Xponent software. The fitting of the standard curve and the back-calculation of signals of
sample dilutions was performed using MasterPlex QT software. The final calculation of results

and the assessment of QC samples was carried out using Microsoft Excel.

3.2.2  Suspension bead arrays — Simoa SR-X

3.2.2.1 Antibody immobilization

Before capture antibodies could be immobilized to beads suitable for SR-X (Simoa) technology,
a buffer exchange was performed to remove any agents present in the provided antibody
solutions that could potentially interfere with the coating process. Centrifugal separators were
used according to the manufacturer’s protocol, replacing the buffer in which the antibodies
were supplied with Bead Coupling Buffer. Antibody concentration was determined employing
UV/VIS (NanoDrop) and the final concentration was adjusted to 500 pg-mL* in Bead Coupling
Buffer.

Following this, beads were vortexed for 10 sec and sonicated for 30 sec before 8.4 x 108 beads
were transferred to a 1.5 mL tube. Beads were then washed three times with 500 uL Bead
Wash Buffer and twice with Bead Coupling Buffer supplemented with 0.01 % Triton before
resuspension in the latter. All washing steps were performed using a magnet to pellet the
beads and fix them before removal of the supernatant. To activate the bead surface, EDC was
added at a final concentration of 0.5 mg-mL™* and incubated for 30 min at RT on a HuLa mixer.
Contrary to the coupling method of Luminex beads, no sNHS was used to activate Quanterix
beads. After activation, beads were washed three times with 600 puL Bead Coupling Buffer
supplemented with 0.01 % Triton. After the final wash step, 600 uL of antibody solution,
adjusted to the required coupling concentration in Bead Coupling Buffer as previously
described, was added to the activated beads. The immobilization reaction was carried out for
2 h under rotation on a HulLa mixer in the dark at RT. Beads were then washed twice with bead
wash buffer by applying a magnetic separator, before 1 mL of Bead Blocking Buffer was added.
Coated beads were blocked for 30 min at RT rotating on a HuLa mixer. In a final washing step,
beads were treated with 1 mL Bead Diluent and were re-suspended in 600 L of the same

diluent. Beads were stored at 2 — 8 °C.
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3.2.2.2 Biotinylation of detection antibody

To biotinylate the detection antibodies for SR-X (Simoa) technology, a NHS-PEG4-Biotin
reagent was employed. 100 ug of the antibody was transferred into a 1.5 mL tube. To reach a
60-fold molar excess of biotin, 5 uL of a 1 mg-mL! NHS-PEG4-Biotin solution was added. The
antibody-biotin mix was vortexed and incubated for 30 min at RT. Unbound biotin was
removed afterwards using centrifugal concentrators following the manufacturer’s protocol.
Subsequently, the concentration of biotinylated antibody was determined by UV/VIS
measurement (NanoDrop) and the final concentration was adjusted with Biotinylation

Reaction Buffer to 200 pg-mL™. The biotinylated antibodies were stored at 2 — 8 °C.

3.2.2.3 SR-X assay procedure

The assays developed for the SR-X (Simoa) technology were developed as two single-plexes
(IL-4 and IL-12p70) and as a 2-plex (TNF-a and IL-6). In contrast to the Luminex assay, the
developed SR-X procedures were carried out as a two-step method, meaning, that detection
antibodies are incubated in one step together with samples and beads, instead of performing
a separate incubation step (three-step assay). First, all assay components were brought to RT.
Whole blood assay supernatants were thawed, vortexed and centrifuged for 1 min at 18,000 g
and 4 °C.

For all Simoa assays, bead stocks were thoroughly vortexed and sonicated, before being
diluted 120-fold in bead diluent. The bead solutions were then stored in the dark until use.
For the calibration curve, the highest standard for each analyte was prepared by diluting the
respective stock solution of recombinant protein in the assay-specific buffer to reach the
needed standard concentration. Then, by generating a dilution series, the remaining six
standard points were prepared in the respective assay buffer. For IL-4 and IL-12p70 dilution
factor 4, and for the 2-plex dilution factor 3.5 was applied for the creation of the standard
curve.

Samples and QC samples were diluted in the specific assay buffer of each analyte. The QC
samples of all analytes were diluted with dilution factor 2.5, as well as the samples to measure
IL-4. Samples for the analysis of IL-12p70, IL-6 and TNF-a were diluted 1:5. The application of
beads resulted in a further dilution of 1:2, leading to the final dilution factors of 5 and 10,
respectively. Further, detection antibodies were diluted in assay buffer to create

concentrations four-times higher than their assay concentration (assay concentration see
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Table 17). After all assay compounds were prepared, 50 uL of each sample, QC sample and
standard were pipetted into a 96-well plate. Then, 25 pL of each, diluted beads and diluted
detection antibody, were added. After an incubation of 1 h at 800 rpm and 21 °C in a thermal
mixer, the plate was applied into the Simoa microplate washer and was washed three times
using wash buffer A (volumes: first washing step: 150 pL — second step: 400 pL — third step:
150 pL). During automated washing steps, SBG was diluted to a final concentration of 150 pM
in SBG Diluent and 100 uL were applied to the washed beads at the end of the washing
procedure. A further incubation followed for 15 min at 800 rpm and 21 °C. A second washing
procedure was carried out employing wash buffer A three times. Beads were then washed
twice in 150 uL wash buffer B, incubated for 1 min by shaking at 800 rpm before wash buffer B
was completely removed by the washer. Beads were dried for 10 min at RT and the plate was
inserted into the SR-X instrument together with RGP Reagent, which was pre-incubated at
30 °Cin a thermal shaker for at least 30 min.

The SR-X reader software carried out the fitting of the standard curve and the final calculation
of the concentration of the analyte in the sample. For this, all necessary parameters, like
standard concentrations and sample dilution factors were applied to the instrument prior

measurement.

3.2.3 Immunoassay development

Many factors are decisive for the quality of an immunoassay, such as the antibodies used, the
buffer composition or the concentration of the individual assay reagents. The aim of proper
assay development is therefore to adapt these parameters in the best possible way for the
determination of the desired analytes.

For the assay development of the Luminex and SR-X assays, commercially available
recombinant proteins and antibodies were used. For the analytes of interest, the existing
know-how on the performance of commercially available antibodies in combination with the

corresponding recombinant standards was used.

3.2.3.1 Selection of a suitable assay buffer

The choice of the appropriate assay buffer is a crucial point in assay development. Three basic
assay buffers were tested for IMAP 1 and 2 — Blocking reagent for ELISA (BRE), CBS including
150 mM NaCl and LowCross Buffer (LCB). All three buffers were supplemented with 0.05 %
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Tween20. For SR-X assays, Homebrew Sample/Detector Diluent was used as basic buffer and
no further buffers were tested. Evaluation was done by the assessment of the standard curve
and background signals. The testing was carried out as explained in 3.2.1.4 (Luminex) and

3.2.2.3 (SR-X), respectively.

3.2.3.2 Cross-reactivity

Multiplexed assays need to be tested for several types of cross-reactivity, meaning non-
specific bindings between the individual assay components. This is necessary to determine if
reagents are of sufficiently high specificity to yield true positive results. To test whether
unspecific binding occurs between detection and capture antibodies the assay procedure was
carried out by using multiplexed beads and single detection antibodies without recombinant
proteins. Cross-reactivity between antigen and capture antibody was tested by using
multiplexed beads and detection antibodies in combination with single standard protein. The
third kind of cross-reactivity can occur between detection antibody and recombinant protein.
Using multiplexed beads and a mix of recombinant proteins and single detection antibodies
tested this kind of cross-reactivity. Cross-reactivity of IMAP 1 and 2 were assessed in CBS
buffer including 0.05 % Tween20 and 150 mM NaCl (referred to as CBST). The assay was
performed as described under 3.2.1.4. For the SR-X 2-plex assay, Homebrew Sample/Detector
Diluent was used and the assay procedure was performed as explained under 3.2.2.3. For both
methods, the highest calibrator concentration was used if recombinant proteins were applied
and evaluation was based on signal strength as MFI [AU] generated by the analyzed assay
components. The assessment of the calibration curve and background signal were used for

evaluation.

3.2.3.3 Assay buffer optimization

To further reduce unspecific binding, cross-reactivity or matrix effects, the assay buffers were
additionally optimized. To adapt the assay buffer to the sample matrix they were
supplemented with animal sera and blocker. For IMAP 1, CBST was supplemented with
different concentrations of horse serum and fetal bovine serum (FBS) - 2.5, 5 and 10 %, and
additionally Chemiblock Il (CBIl) blocker was added at a concentration of 5 pg-mL™. Buffer for
IMAP 2 was supplemented with different concentrations of CBII, in detail 5, 10 and 50 pg-mL™.

The assays was performed as described under 3.2.1.4.
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No optimization of the SR-X assays was carried out, as the sensitivity achieved was sufficiently
high and the obtained background signals were acceptably low. An exception was the assay
buffer for the detection of IL-12p70. For this assay, supplementation of the assay buffer with
horse serum was tested at concentrations of 2, 5 and 10 % in Homebrew Sample/Detector
Diluent. The test assays were performed following the procedure described under 3.2.2.3. The
calibration curve results and the background signal were used to evaluate the assay buffers

tested.

3.2.3.4 Optimization of detection antibody concentration

The optimization of assay reagents is a further important factor during assay development.
The detection antibody concentration can also affect assay sensitivity and performance. For
IMAP 1 and 2, the detection antibody concentrations of 0.1, 0.25, 0.5 and 1 pg-mL? were
tested. For SR-X assays, different concentrations were tested over several experiments with
various assay components. Assays were processed as described in section 3.2.1.4 (Luminex)
or 3.2.2.3 (SR-X), respectively. Evaluation was based on calibration curve performance and the

highest achievable sensitivity.

3.2.4 Validation of developed immunoassays

3.2.4.1 Validation guidelines and parameters

Validation of the Luminex and SR-X assays was carried out in a fit-for-purpose approach
considering EMA [23] and FDA [24] guidelines. The following parameters were evaluated
during the validation of the immunoassays: performance of standard curve, quantification and
detection limits, intra and inter assay precision, parallelism, dilution linearity and analyte

stability in form of short-term and freeze-thaw stability.

3.2.4.2 Generation of validation samples

For VS generation, the endogenous analyte concentrations in unstimulated and LPS/SEB
(staphylococcal enterotoxin b) stimulated samples of three donors U, V and W were
determined using the developed immunoassays. The same was applied to pooled samples of
donors X, Y and Z. The samples were mixed in different ratios or diluted in TruCulture medium
(TC-GM) to bring most of the analytes in the upper (VS H = VS high), middle (VS M = VS mid)

and lower (VS L = VS low) region of the respective calibration curves. Since it is almost
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impossible to cover a calibration curve region with one VS for all analytes with endogenous
proteins only, recombinant protein was spiked into the generated matrix when an analyte was
not present in native samples in needed concentrations. This was applied for VS H, VS M and
VS L of both IMAPs and also for VS H for the Simoa assay for the detection of IL-12p70. The
other VS levels for SR-X assays could be reached by only combining native samples. After VS
were generated, they were aliquoted for single use and frozen at <-60 °C.

The analyte levels of the VS produced also met the requirements for QC samples, which were
used to test the reproducibility and validity in each analytical run. Therefore, they were
produced in sufficient quantities and used for this purpose. For analysis, VS respectively QC
samples were diluted in the respective assay buffer using a dilution factor of 4 for the
performance of IMAP 1 and 2 or, concerning Simoa SR-X assays, a dilution factor of 5 was
applied.

For some validation parameters, such as sample stability assessment, only samples containing
native protein in a known concentration should be used. As mentioned above, some VS of
IMAP 1 and 2 were needed to be spiked with recombinant protein to get the samples in the
respective dynamic calibration curve range. For this reason, further samples were selected for
the evaluation of the mentioned parameters. These samples were produced by combining
stimulated and unstimulated samples of which the endogenous levels had already been

determined for VS generation. These samples are referred to as NP samples in this thesis.

3.2.4.3 Validation of the calibration curve model

Validation of the calibration model was assessed by performing six (SR-X assays) and eight
(IMAP 1 & 2) independent experiments, respectively. Standard curves were analyzed in
triplicates in each run and the recovery in percentage calculated on the basis of the nominal
standard concentration and the precision over all back-calculated concentrations were

determined. Precision is given as CV in percentages.

3.2.4.4 Limits of quantification

For the determination of the LLOQ, a dilution series of calibrator 4 was generated using
dilution factor 2 over eight steps. Analysis was repeated in three independent experiments on
different days in triplicates. The recovery in relation to the nominal concentration of

calibrator 4 and precision (CV) of back-calculated concentrations were evaluated for the
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determination of the analyte-specific LLOQ.

The ULOQ was assessed based on results obtained in the validation of the calibration model
over six (SR-X assays) and eight (IMAP 1 & 2) independent experiments respectively. Standard
curves were analyzed in triplicates. The recovery rate and precision in terms of the CV of all
acquired back-calculated concentrations of all runs (n = 24 for IMAPs, n = 18 for SR-X) of the

highest standard point were evaluated.

3.2.4.5 Limit of detection

The LOD was determined as three times the standard deviation above the average signal of
20 replicates of calibrator 8 which represents the blank value (e.g. assay buffer respectively
sample diluent) (average blank + 3 x SD value). To calculate the concentration of the LOD,
nominal concentrations of the calibrators 6 and 7 were used. These concentrations and the
nominal concentration of the average blank, assumed to be zero, were plotted against the
corresponding MFI and AEB, respectively. The concentration of the LOD is then calculated
using a linear regression. By employing the equation of regression, the concentration of

background signal was determined and defined as LOD.

3.2.4.6 Precision

For determination of inter and intra assay precision VS in low, mid and high range were used
and in case of IMAP 1 and 2 also the samples including only native protein (NP samples) were
employed. Samples were diluted using a final dilution factor of 4 for Luminex assays and
factor 5 for SR-X. For the inter assay precision, the samples were run in triplicates over eight
independent runs (Luminex) and six independent runs (SR-X), respectively. Precision was
calculated by assessing the CV of back-calculated concentrations of the 24 (Luminex) and
18 values (SR-X), respectively.

For intra assay precision, twelve replicates of each VS and NP sample were assayed on one
plate. Their precision (CV) was calculated on basis of the variation of the back-calculated

concentrations.

3.2.4.7 Dilution linearity
For the determination of dilution linearity, recombinant protein was spiked in sample matrix

in a concentration 350-500 fold above the concentration of the highest calibrator. Then, the
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spiked samples were initially diluted 1:40 for IMAP 1 and 2, and 1:25 for SR-X assays, and
subsequently serially diluted over the whole range of the calibrator applying dilution factor 2.
Analysis of the dilution was carried out in triplicates in a single run. Means of the back-
calculated concentrations were created and multiplied with the respective dilution factor.
Recovery of these values was determined based on the reference level of spiked in

concentrations.

3.2.4.8 Parallelism

Parallelism was determined by serially diluting supernatants from the whole blood culture
system with high endogenous levels of native protein in assay buffer. This validation
parameter could not be determined for analytes having only low levels of native protein in the
samples. The samples were initially diluted with factor 2.5 (SR-X) respectively 4 (Luminex) and
were subsequently diluted 1:2 in assay buffer over the calibration range. Analysis was
performed in triplicates and the mean of back-calculated concentration was multiplied with
their respective dilution factor. Then, the reference concentration was calculated as mean of
all concentrations measured within the calibration range while the CV of the triplicates should
not exceed 20 % at the same time. Further, these final concentrations should be diverging less
than 25 % from each other. Based on this reference concentration the recovery of back-

calculated concentrations including the dilution factor was determined.

3.2.4.9 Analyte stability

Two different aspects of sample stability were investigated in the course of validation — short-
term and freeze-thaw stability. Samples containing the analytes as native proteins were used
and analyzed in triplicates (NP samples). For the examination of short-term stability, samples
were stored for 2, 4 and 24 h at RT and 4 °C, respectively. Regarding freeze-thaw stability,
samples were thawed, stored for one hour at RT and frozen again at < -60 °C — once, twice and
three times. Then, samples were diluted 1:4 in assay buffer and analyzed in triplicates. As
reference, an unstressed sample was used, also diluted 1:4 in assay buffer. The mean of the
triplicates of analyzed concentrations was multiplied with the dilution factor and the recovery

in relation to the reference sample was determined.
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3.3 Sample generation
3.3.1 Whole blood donors
Peripheral blood samples were acquired from healthy donors, based on their informed
consent. This was carried out at HOT Screen GmbH and the wording was adopted for this
thesis. Exclusion criteria of individuals for blood donation were:
e Symptoms of systemic/ local inflammatory reactions with the exception of single small
and superficial skin lesions
e Last symptoms of systemic/ local inflammatory reactions of an inflammatory disease
or first symptoms of a new episode within the last 14 days before blood donation
e Vaccination within the last six weeks
e Surgery within the last three months
e Chronic diseases with inflammatory components, even during symptom-free intervals
e Intake of drugs within the last 14 days, except contraceptives
e Alcohol consumption (e.g. >0.5 L of wine or 1 L of beer within 24 hours prior blood
donation)
e Exhausting exercise within three hours prior to blood donation
The experiments with blood samples were carried out in accordance with the rules for

investigations on humans as defined in the Declaration of Helsinki.

3.3.2  TruCulture whole blood culture system

Culturing of whole blood was performed using TruCulture (HOT Screen GmbH), a platform
established for in vitro monitoring of immune reactions triggered from pharmaceuticals in
whole blood [113]. Blood was drawn by venipuncture, employing butterfly needles and
heparinized syringes. To prevent non-specific leucocyte activation and/or any loss of cell
activity, the whole blood cultures were initiated within 60 min after blood collection. 1 mL of
whole blood was added to whole blood culture tubes containing 2 mL TruCulture medium
(TC-GM) with the respective stimulating agents (e.g. IL-2, R848, IL-18 and IL-12 — alone or in
combination). To assess the overall activation of immune cells, present in whole blood LPS in
combination with SEB were applied and incubated for 24 h at 37 °C. Unstimulated samples at
time points t =0 h and t = 24 h served as negative controls.

To generate samples for cytokine analysis, culture tubes were centrifuged (500 g for 5 min) to

sediment cellular components and 2 mL supernatant were isolated and stored at -20 °C until
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assaying. The cellular fraction was resuspended and used for flow cytometry.

Base levels of cell surface markers were measured right after blood donation (t =0). For
assessing immune activation at a later time point, the tubes were incubated at 37 °C for 24 h.
Several stimuli and respective combinations for NK cell activation were tested and in total four
independent whole blood culture-based experiments were performed. Table 13 presents the
extent of the experiments - in detail the used donors, stimuli and respective combinations and
cell numbers. The concentrations of the stimulants used are proprietary knowledge of the

HOT Screen GmbH and are not stated.

Table 13: Experimental details of the four performed partial experiments. Performed whole blood assays to
generate samples for cytokine readouts and analyses by flow cytometry.

Partial experiment

o Description Donors Tested K562 cell numbers
IL-12, IL-18 and
1 A, B C -—-
combination of IL-12 + IL-18 ,Band
IL-2, R848 and
2 D, E F
combination of IL-2 + R848 ,Eand
Titration of K562 cells 1.0, 0.5, 0.25, 0.125, 0.0625
3 . ) . a,bandc 6
without and combined with IL-2 and 0.03125 x 10" cells
4 LPS/SEB, K562 and K562 + IL-2 G,Hand | 0.125 x 10° cells

3.3.3 K562 cell culture

K562 cells (DSMZ, ACC 10) were thawed and seeded at 5x 10°cellssmL?. Cells were
maintained at cell numbers between 0.1-1.0 x 10° cells in RPMI containing 10 % FCS and were
split every three days. The cells were cultured in medium free of Penicillin and Streptomycin
for four days. Afterwards, cells were centrifuged (500 g for 3 min) and resuspended in TC-GM
at a cell concentration of 4 x 10° cells-mL™. According to the experimental setup, cells were
serially diluted in TC-GM and used at the respective concentrations for the co-culture with
whole blood.

All TruCulture and K562 cell cultures were performed at HOT Screen GmbH by Dr. Sascha

Klimosch.
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34 Flow Cytometry

3.4.1 Compensation controls

All flow cytometric measurements were carried out on the BD LSRFortessaTM instrument. To
ensure proper functionality and valid, reproducible analysis, a quality control employing BD
FACSuite CS&T Research Beads was performed each day prior analyzing experiments.
Therefore, beads were thoroughly mixed and one drop of the bead solution was added to
300 pL of ddH;0. After thoroughly vortexing the diluted beads the CS&T measurement was
performed.

To be able to correct by calculation, the overlapping fluorescence signals inevitable occurring
at multi-color flow cytometric measurements compensation controls were performed. For
this purpose, antibody-specific beads were used to capture antibodies against surface
markers. For the recombinant REAfinity Antibodies (Miltenyi Biotec), specific anti-REA
compensation beads (MACS Comp Bead Kit, anti-REA) were used, while anti-mouse Igk
compensation beads were required for conjugated antibodies obtained from Biolegend.
Antibodies were diluted by adding the volume of antibody recommended by the manufacturer
per test to 100 uL PBS. Specifically coated compensation beads were mixed 1:1 with
corresponding blank beads and 50 pL of the bead mix were pipetted into the diluted antibody.
The bead-antibody mixture was thoroughly vortexed and incubated for 10 min at RT protected
from light, after which compensation control measurement was performed.

Amine Reactive Compensation (ArC) Beads were required for compensating ZombieYellow, a
live/dead marker. To one drop of these beads, 2 pL of in DMSO reconstituted (50 pL/100 tests)
ZombieYellow dye were added and incubated at RT for 30 min, protected from light. After
applying 3 mL of PBS, beads were centrifuged at 300 g for 5 min at RT and the supernatant
was discarded. The compensation control was applied to the flow cytometry instrument for

measuring after 500 uL FACS buffer and one drop of negative ArC Beads were added.

3.4.2 Cell staining for flow cytometric analysis

For live/dead discrimination of cells during flow cytometric analysis, 2 uL of ZombieYellow
were applied into a FACS tube and 100 pL of the resuspended cellular components (see section
3.3.2) were added and mixed gently. The tubes were incubated for 10 min at RT, protected
from light. Fluorescent-labeled antibodies against specific surface markers were mixed

according to instructions of the manufacturer and added to the whole blood culture stained
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with ZombieYellow. Tubes were mixed gently and incubated for 10 min at 4 °C in the dark.
1.8 mL 1X Red Blood Cell Lysis Buffer (1:10 dilution of 10X stock in ddH,0) were applied. Tubes
were vortexed and incubated at RT for 30 min. Cells were centrifuged (500 g for 3 min at 4°C),
supernatant was discarded and FACS buffer (500 uL) was applied to resuspend the cell pellet.
This was repeated two times before the pellet of cells was resuspended in 75 uL FACS buffer
for subsequent flow cytometric analysis. Until measurement, samples were stored on ice
protected from light.

Analysis of flow cytometry data was performed using FlowJo software. The applied gating
strategy is applied in Annex - Figure 1 and Annex - Figure 2. Values of gated populations were

exported to Excel and further evaluated using GraphPad Prism.

3.5 Granzyme B ELISA

The level of granzyme B from whole blood assay supernatants was determined by ELISA
(Mabtech, Nacka Strand, Sweden) to analyze the degranulation process after NK cell
stimulation. The data were recorded as individual values. The measurements were performed
by HOT Screen GmbH according to the manufacturer's protocol and the data were kindly

provided.

3.6 Data analysis

3.6.1 Analysis of Luminex data

For analysis, all Luminex assays were analyzed using FLEXMAP 3D instruments (Luminex)
equipped with Xponent software version 4.3. By measuring the fluorescent intensity of
phycoerythrin bound to the beads, the software generated a signal, the “median of
fluorescent intensity” (MFI) of the analyzed beads. The minimum count was adjusted to
100 beads for each individual bead ID. The validity of the signal was given when at least
35 beads were assessed. Data were exported after measurement as CSV-files and transferred
to MasterPlex QT software for data analysis. Standard curve fitting and the resulting
guantification of the analyte concentrations in the samples were performed based on MFI
values. The fitting function of the calibration curve was a five-parametric logistic fit. Further,

weighting 1/Y2 was applied in order to gain a better fit in the lower calibration curve area.
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3.6.2  Analysis of SR-X data

For the analysis of SR-X data, the SR-X instrument (Quanterix) was used for all measurements.
The instrument was equipped with Simoa operating software version 2.13.0.1250. The
measured signals in form of "Average Enzymes per Bead" (AEB) were generated by the
software based on image analysis of the arrays. This means that the average enzymes per
bead were recorded. For an AEB signal to be considered as valid, at least 1000 beads had to
be detected. The signals were processed by the software integrated in the instrument and a
calibration curve was generated based on the AEBs. The calibration curve was based on a four-
parametric logistic fit with a weighting of 1/Y2. Using the standard curve, the AEB values of the

respective analytes were calculated back to the original concentration in the samples.

3.6.3  Test of normal distribution following Shapiro-Wilk

The Shapiro-Wilk test is a strong test for examining the normal distribution of metric data
when the sample size is small. The test statistic calculates the quotient of two ways of
estimating the sample variance. In the numerator, the square of the regression of the quantile-
guantile plot, which corresponds to the variance of the sample expected under normal
distribution, is calculated (b?) and in the denominator, the square of the uncorrected sample
variance (s?) is assessed. The calculation of the test size W, after sorting the samples in
ascending order of size, is calculated using the formula below, with n representing the sample
number:

bZ
MNCESE

The null hypothesis Hp "The data are normally distributed" is rejected if W < W, (critical limit).
W, is taken from tables (table 5 and 6 in [154]) and depends on the sample size n and the
level of significance a [154]. The test for normal distribution was performed as a pre-test for

the Blant-Altman plot using GraphPad Prism software.

3.6.4 Spearman rank correlation coefficient

Spearman rank correlation coefficient was calculated using the software GraphPad Prism in
order to determine whether the two methods Luminex and Simoa are related to each other
in regard of the analysis of IL-6 and TNF-a.

The Spearman rank coefficient is a tool for the analysis of correlation that measures the
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degree of association of two variables [155]. It is independent on data distribution and
requires neither a normal distribution of the data nor a linear correlation between the two
variables (non-parametric) [156]. Moreover, this type of correlation analysis is relatively
robust to outliers. For the determination of the Spearman rank coefficient (rs) the data are
replaced by ranks. For this purpose, the data of the variables are first sorted in ascending order
of magnitude and then a ranking is created with likewise ascending rank numbers. The
Spearman rank coefficient ranges from -1 to 1, while rs = 0 describes no association of the two
variables, r =1 or r = -1 describe a monotonic relation [155]. The +/- sign indicates a positive
or negative relationship, respectively. The closer rs approaches zero, the weaker the relation
between the variables, and the more rs approximates plus or minus one, the stronger the

correlation.

3.6.5 Passing-Bablok regression

A non-parametric model for method comparison is the Passing-Bablok regression [157, 158].
It is robust to outliers and implies that both methods have a uniform distribution of
measurement errors, a constant ratio of variances, and that the distribution of samples and
their imprecision are random. Passing-Bablok regression requires a linear relationship
between the two methods and data that are continuously distributed covering a large
concentration range [157].

The model determines a linear regression line (y = ax + b) with slope (a) and intercept (b). For
the comparison of the two methods Luminex and Simoa for the analytes IL-6 and TNF-a,
samples were measured employing both methods and Passing-Bablok regression was
performed using back-calculated concentrations.

For calculation of the Passing-Bablok regression, the slope of each pair of data is determined
using the defined straight line. The slope of the regression line results from the median of all
determined slopes. The intercept is computed from the slope of the regression line and the
single x- and y-values of each data pair (b = yi — ax;). The intercept of the regression line is
determined by the median of all calculated intercepts. Passing-Bablok regression was

executed by applying an Excel-tool from Acromed Statistik [159].
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3.6.6  Blant-Altman method comparison

To describe the agreement of the two methods Luminex and Simoa for analytes IL-6 and
TNF-q, the Blant-Altman method was applied. This method generates statistical boundaries of
consistency using the average and the standard deviation of the differences between the
results of the two quantitative methods [160], which are to be compared. Therefore, a sample
set was analyzed employing both methods. For comparison, the back-calculated
concentration of both methods are paired and data are sorted increasing from the smallest to
the highest value of method A. Then, the mean ((method A + method B)/2) of the results of
the two paired values is calculated. Following this, the difference between the paired values
of method A and B are computed (A-B) as well as the relative difference between the values

in relation to the mean ((A-B)/Mean*100). Next, the bias, which is the mean of the average of
the differences d , is computed. Lastly, based on the standard deviation of the differences,
the agreement area, in which 95 % of the differences would lie between, is calculated. The
limits are expected to range between d -1.96sand d +1.96s (with s = standard deviation).

The requirement for this calculation is, however, that the differences are normally distributed
[161].

The result is displayed in the form of a scatter plot, where the differences between the two
paired methods are plotted on the Y-axis and the X-axis represents the mean value of the
measurements. Another way of displaying this is to show the relative differences instead of
the absolute ones and to indicate them as percentages on the Y-axis [161]. The evaluation of
the comparability of the methods is based on the scatterplots and the distribution or the

availability or absence of a trend.

3.6.7 Heatmaps

Heatmaps were used to visualize the complexity of analysis results of NK cell stimulation in
whole blood assays. Heatmaps are a tool for visualizing data in a matrix by employing a color
gradient, so that an overview of high and low values can easily be given and interpretations
can be done of rows and columns rather than examining individual parameters. Correlations
of different parameters can be observed quite easily which is further enabled and simplified
by applying clusters of similar manifestations of the different parameters. For heatmap
generation and clustering a web based tool called ClustVis was used [162]. This uses pheatmap

R package (R package version 0.0.7) for heatmap and cluster generation [163].
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Before data could be uploaded, they were normalized in GraphPad prism (lowest value per
cytokine/chemokine or surface marker was set to 0 % and highest value to 100 %). The results
were presented as percentages and were converted to a text file that could be uploaded to
the web tool ClustVis.

Data were not further processed in the web tool, meaning no transformation of data nor a
row centering were applied. For clustering distance of columns and rows the Euclidean model
was chosen and the clustering method “complete” was applied for both, rows, and columns.
The rows were ordered to display the tightest cluster first, in order to then orient and classify
all further similarities according to this one.

As IL-12p70 concentrations were assessed by cytokine assays, this analyte was excluded in
samples that were stimulated using recombinant IL-12. Data were exported as Encapsulated

PostScript (EPS) file.

48



Results

4. Results

4.1 Assay development — IMAP 1 and 2

For the analysis of relevant mediators of immune cells, two IMAPs with a total of 15 analytes
were developed using the multiplex bead-based Luminex platform. IMAP 1 covers nine
analytes (IL-4, IL-6, IL-8, IL-10, GM-CSF, IFN-y, MCP-1, MIP-1f3 and TNF-a), while IMAP 2 covers
another six markers (IL-1B, IL-1Ra, IL-12p70, VEGF, IL-13 and M-CSF). Several parameters were
addressed during the assay development, as they are crucial for assay performance and
guarantee validity and reproducibility of the measurements. Usually, as a first step during
assay development, the most suitable capture and detection antibody pairs and recombinant
proteins, used as standard proteins, had to be evaluated. However, for the development of
the assays in this work, existing internal data as well as commercially available matching
antibody pairs could be utilized. For this purpose, existing internal data could be used as well
as commercially available matched paired antibodies. Appropriate antibody pairs in
combination with their respective standard proteins were initially tested as single-plexes to
confirm their overall performance (data not shown), after which they were used in the already
cited IMAPs. Secondly, the buffer system and subsequent optimization were considered.
Thirdly, cross-reactivity of compounds within an IMAP were evaluated and lastly, the most
appropriate concentration of the individual detector antibodies applied in the multiplexed
immunoassays was investigated.

The results of the assay development of IMAP 2 were compiled within the master’s thesis of

Matthias Becker [164].

4.1.1 Buffer testing

The choice of a suitable buffer system is crucial in the development of a multiplex
immunoassay, as it reduces both non-specific binding of assay components and sample matrix
effects. In order to define a basic assay buffer system, three different buffers were tested for
IMAP 1 and 2: a CBST (PBS-based buffer with 150 mM NaCl and 0.05 % Tween20), BRE and
LCB, both supplemented with 0.05 % Tween20, as well. Standard curves were generated in
each buffer and compared directly. The results were evaluated separately for each analyte
using the standard curve profiles and the background signals, which were designated as blank

values because these did not contain standard protein.
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Figure 4: Results of testing suitable assay buffers for analytes of IMAP 1. Standard curves produced in the
respective buffers are directly compared and are presented as median fluorescent intensity (MFI) signal plotted
against the nominal concentration in pg-mL fitted with a 5-parametric logistic regression (1/Y? weighting). The
analysis of each standard curve was performed in duplicates (n=2), the respective individual values are
presented. (BRE = Blocking reagent for ELISA; CBS = phosphate based buffer)
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The calibration curves generated in the three buffers for IMAP 1 (Figure 4) showed a sigmoidal
shape with increasing concentrations for all analytes. With the exceptions of IL-8, IFN-y and
MIP-1B, the mean MFIs of the background signals were below 46 AU and therefore
acceptable. For these three analytes, blank values ranged between 199 AU and 442 AU for all
three basic buffers tested. There was no difference in standard curve between the three
buffers for IL-6. For IL-8, GM-CSF, MCP-1, MIP-1B and TNF-a, the lowest signals for the
standard curves were produced using LCB (blue line, Figure 4) while the remaining two buffers
gave comparable signals (black = BRE and grey = CBST, Figure 4) at the different standard
concentrations. MCP-1 in LCB showed the greatest difference to CBST and BRE. The two
calibrators with the lowest concentrations had almost the same signals. For IL-4, the lowest
signals of the standard curves were produced in BRE, although LCB and CBST vyielded only
slightly higher signals. CBST reached the highest signal for the calibrators of IL-10 and IFN-y
(grey line), followed by signals generated in BRE for IL-10. The lowest signals for the standard
curve of IL-10 were in LCB. This was reversed for IFN-y with BRE having the lowest signals. For
GM-CSF, it was observed that the standard curve in BRE plateaued then bent (black). This
effect was not present for either LCB or CBST. This plateau in BRE was also observed for IL-10,
MIP-1B and TNF-a. There was substantial variation between replicates at the bottom of the
standard curve for GM-CSF and MCP-1 in CBST (grey). This variation was also observed for the
highest calibrator of IL-4, IL-6, IL-10, GM-CSF, MIP-1B and TNF-a in BRE.

Based on the more stable course of the standard curves, especially in the upper range, as well
as the mainly low blank values, CBST was chosen as the basic buffer system for IMAP 1 and 2.
For IMAP 2, the same buffers were tested to find the most suitable basic assay buffer for
proper assay performance. The corresponding diagrams can be found in Annex - Figure 3. To
investigate the high blank values detected for some analytes, the next step examined the

cross-reactivity.

4.1.2 Cross-reactivity

Multiplex analysis is only possible if cross-reactivity between the different components
involved can be excluded. Therefore, it had to be demonstrated that no cross-reactivity
occurred among capture and detection antibodies, capture antibodies and analytes as well as
analytes and detection antibodies. Table 14A to C shows the results of the respective

experiments for IMAP 1.
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To assess cross-reactivity between capture and detection antibodies, multiplexed beads
coated with respective capture antibodies were incubated with single analyte-specific
detection antibodies in the absence of standard proteins. The resulting MFI values were
evaluated and signals below 120 AU were defined as acceptable. Table 14A depicts the results
of these cross-reactivity experiments. While the vast majority of the MFI signals were below
120 AU, the combinations of detection antibodies for IFN-y and MCP-1 with the capture
antibody of IL-8 (440 AU & 181 AU), capture antibody coated beads for the analysis of IFN-y
and detection antibodies of IFN-y and MCP-1 (349 AU & 146 AU) exceeded this limit. Values
above 120 AU were also observed for the detection antibody of MCP-1 in combination with
the capture antibody against TNF-a (157 AU) and for the capture antibody specific for MIP-18
with its paired detection antibody (131 AU) and with the detection antibodies of IFN-y and
MCP-1 (394 AU & 306 AU). Due to the comparatively high values in combination with the IFN-y
detection antibody, the latter was exchanged for the reduction of the non-specific interaction
in the further course.

To examine cross-reactivity between analytes and capture antibodies, single standard
proteins at the concentration of the highest calibrator were incubated with a mixture of
coated beads and detection antibodies, respectively. The corresponding results are shown in
Table 14B, as % recovery. According to Luminex Corp., recoveries above 1 % should be defined
as being cross-reactive. All assessed recoveries were below 1% with exception of those
generated with the capture antibodies of IL-8 and MIP-13, where slightly higher recoveries
ranging between 1.10 % and 1.65 % were observed in combination with all analytes.

Lastly, to assess cross-reactivity between analytes and detection antibodies, coated beads and
recombinant proteins, both provided as a mix, were incubated with single analyte-specific
detection antibodies. The respective results are shown in Table 14C, again given as
% recovery, with recoveries above 1 % defined as cross-reactive (see above). The detection
antibody for IFN-y gave increased recoveries of 1.31 % and 1.88 % in combination with
recombinant IL-8 and MIP-1P. Higher recoveries between 1.05 % and 1.56 % were reached for
detectors of IL-4, GM-CSF, MIP-1B and TNF-a in combination with recombinant INF-y. All other
recoveries were below 1 %.

To address the detected cross-reactivities, the detection antibody for the detection of IFN-y
was exchanged in the following steps and the assay buffer was optimized to reduce these

unspecific interactions. Therefore, different blocker substances were investigated (4.1.3).
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Although recoveries were greater than the recommended 1 % threshold, they could be

considered acceptable for a multiplex research purpose assay.

Table 14: Results of cross-reactivity testing for IMAP 1. (A) MFI signals of the cross-reactivity testing between
the respective analyte specific capture and detection antibody. MFls >120 AU were regarded as cross-reactivity.
(B) Testing of cross-reactivity between the analyte and capture antibody. Recoveries shown as % are based on
the signal generated with the analyte-specific combinations set to 100 %. Recoveries >1 % were rated as cross-
reactivity. (C) Cross-reactivity testing between analyte and detection antibody. Calculation and evaluation
correspond to that already described for (B). All values were assessed as duplicates (n = 2).

A
Mean MFI Multiplexed capture coated beads
[AU] IL-4 IL-6 IL-8 IL-10 GM-CSF IFN-y MCP-1 MIP-18 TNF-a
IL-4 34 20 32 19 14 25 23 99 27
%‘ IL-6 46 23 35 18 14 26 24 88 28
2 IL-8 38 21 59 15 34 27 29 108 29
‘é IL-10 39 21 83 15 14 27 23 112 25
g GM-CSF 38 22 30 16 14 25 26 87 26
‘43 IFN-y 46 24 440 17 16 349 26 394 37
% MCP-1 113 86 181 90 63 146 101 306 157
o MIP-18 68 43 97 27 25 48 57 131 45
TNF-a 44 27 52 20 15 31 28 94 37
B
Recovery Multiplexed capture coated beads
[%] IL-4 IL-6 IL-8 IL-10 GM-CSF IFN-y MCP-1 MIP-1B TNF-a
c IL-4 100 0.086 1.16 0.092 0.626 0.691 0.297 1.33 0.221
) IL-6 0.274 100 1.15 0.098 0.671 0.613 0.297 1.26 0.212
§ IL-8 0.322 0.207 100 0.093 0.682 0.630 0.308 1.28 0.220
.; IL-10 0.314 0.086 1.65 100 0.717 0.642 0.293 1.28 0.200
g GM-CSF 0.294 0.080 1.17 0.151 100 0.665 0.293 1.31 0.212
o IFN-y 0.308 0.092 1.16 0.101 0.984 100 0.314 1.27 0.385
g MCP-1 0.268 0.081 1.15 0.093 0.694 0.621 100 1.26 0.200
g MIP-13 0.299 0.082 1.17 0.094 0.660 0.607 0.334 100 0.236
TNF-a 0.309 0.077 1.10 0.087 0.688 0.623 0.279 1.30 100
C
Recovery Multiplexed capture coated beads
[%] IL-4 IL-6 IL-8 IL-10 GM-CSF IFN-y MCP-1 MIP-1B TNF-a
IL-4 100 0.060 0.116 0.075 0.326 1.06 0.224 0.441 0.284
-g' IL-6 0.222 100 0.090 0.056 0.291 0.592 0.199 0.387 0.348
§ IL-8 0.267 0.060 100 0.066 0.740 0.940 0.253 0.497 0.218
§ IL-10 0.236 0.052 0.241 100 0.314 0.518 0.203 0.523 0.178
g GM-CSF 0.260 0.060 0.092 0.069 100 1.05 0.222 0.438 0.207
'43 IFN-y 0.337 0.089 1.31 0.116 0.676 100 0.336 1.88 0.576
% MCP-1 0.247 0.058 0.149 0.060 0.285 0.627 100 0.528 0.176
o MIP-13 0.385 0.087 0.254 0.080 0.448 1.56 0.356 100 0.232
TNF-a 0.366 0.075 0.144 0.079 0.396 1.09 0.244 0.427 100
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For IMAP 2, cross-reactivity was evaluated using the same process with all results meeting

their respective criteria (Annex - Table 1A-C).

4.1.3 IFN-y detection antibody replacement and blocker testing

To further reduce non-specific binding and cross-reactivity, the IFN-y detection antibody was
replaced with a different antibody. This resulted in the reduction of the background signal of
the IFN-y detection and capture antibody interaction to 24 AU, and the recovery between the
new IFN-y detection antibody and the analytes from IMAP 1 was reduced to below 1 % (Table
15).

Table 15: Results of cross-reactivity analysis of the IFN-y detection antibody after replacement. (A) MFI signals
of the cross-reactivity testing between the respective analyte specific capture and detection antibody. MFIs above
120 AU were regarded as cross-reactivity. (B) Cross-reactivity testing between analyte and detection antibody.
Given recoveries in % are based on the signal generated with the analyte-specific combinations set to 100 %.
Recoveries above 1 % were rated as cross-reactivity.

A
Mean MFI Multiplexed capture coated beads
[AU] IL-4 IL-6 IL-8 IL-10 GM-CSF IFN-y MCP-1 MIP-18 TNF-a
Detection antibody IFN-y 19 22 33 16 14 24 25 86 25
B
Recovery Multiplexed capture coated beads
[%] IL-4 IL-6 IL-8 IL-10 GM-CSF  IFN-y MCP-1 MIP-18 TNF-a
Detection antibody IFN-y 0.068 0.086 0.102 0.050 0.067 100 0.086 0.266 0.248

To reduce background levels in general and to minimize interaction between the MCP-1
detection antibody with capture antibodies of the other markers of IMAP 1, 5 ug-mL? CBII
blocker as well as different concentrations of fetal bovine and horse serum were added to
CBST for buffer optimization. For this purpose, the new detection antibody for IFN-y was
applied. Since data using only CBST were only available for the original IFN-y detector, the
corresponding signal is reported as “not analyzed” (N/A). The results of the buffer
optimization experiment can be seen in Table 16. Evaluation is based on blank values as the
main goal was to decrease background levels and increase sensitivity. Blank values were
obtained by incubating detection antibodies and capture coated beads in the mixes as applied
for multiplex analysis without calibrator protein.

The addition of the CBII blocker alone reduced the blank values of IL-8 (341 AU to 101 AU) and
MIP-1B (276 AU to 98 AU), respectively. However, IL-4 background was increased from 35 AU
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to 102 AU. The blank values generated by the addition of animal sera were far below the blank
levels obtained in CBST and CBST in combination with CBIl blocker and were comparable to
each other. Ten additional background levels were checked and the CV was calculated to check
for variation within a single experiment. While blank values produced in 5% and 2.5 % FBS
and horse serum, respectively, ranged from 3.19 % to 10.4 % for all analytes, the CVs achieved
with 1.25 % of each serum ranged between 11.0 % and 31.7 %.

The final assay buffer composition of IMAP 1 was defined as CBST + 2.5 % FBS + 2.5 % horse

serum + 5 pg-mL* CBILI.

Table 16: Results of buffer optimization experiments of IMAP 1. Comparison of blank values determined for the
analytes of IMAP 1. MFl signals were measured in CBST buffer and CBST buffer supplemented with 5 ug-mL™* CBII
blocker. Additionally, fetal bovine serum (FBS) and horse serum were added in different concentrations. Mean
values are presented, calculated from duplicate measurements (n = 2). For buffers containing animal sera 10
additional values were generated and respective CVs are listed in %.

Mean blank MFI [AU]
CBST buffer + additives IL-4 IL-6 IL-8 IL-10 GM-CSF IFN-y MCP-1 MIP-13 TNF-a

-- 35 30 341 18 29 N/A 33 276 41

CBIl 102 32 101 22 28 34 58 98 58

5 % FBS, 5 % horse serum, CBIl 13 17 17 14 14 14 22 49 20
CVover 10 blank values [%] 7.65 3.19 8.35 5.58 7.34 583 564 6.10 7.88

2.5 % FBS, 2.5 % horse serum, CBIl 14 17 18 12 12 14 25 54 20

CVover 10 blank values [%] 5.03 7.73 6.78 7.18 10.4 586 4.81 4.67 8.75
1.25 % FBS, 1.25 % horse serum, CBIl 15 18 20 13 12 16 25 56 23
CV over 10 blank values [%] 31.7 13.8 28.2 21.4 22.8 17.2 11.0 19 17.1

The basic buffer of choice for IMAP 2 was the same as for IMAP 1 — CBST. To decrease
background for IMAP 2 analytes, different concentrations of CBIl blocker were added — 5, 10
and 50 pg-mL*. The most suitable blocker concentration was chosen based on the lowest MFI
signals of the background and the CV values of these blanks. The respective data are attached
in Annex - Table 2. The final buffer composition for the IMAP 2 was defined as

CBST + 10 pg-mL* CBIl blocker.

4.1.4 Optimization of detection antibody concentrations

An optimal concentration of the respective detection antibody in a multiplex immunoassay
was a further parameter to be considered during assay development as this has a major
influence on assay sensitivity. To minimize non-specific binding, the concentration of the
detection antibody should be the lowest possible. For each analyte of IMAP 1 and 2, four
different concentrations of detection antibodies were tested. For IMAP 1, 1 pug-mL?,
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0.5 pg:mL?, 0.25 pg'mL?! and 0.1 pg-mL?, was used, while 0.25 pg-mL?! was replaced with
0.2 ug-mL* for IMAP 2. Evaluation was performed, as already described for the basic buffer
testing procedure, by comparison of the performance of the analyte-specific standard curves
as well as background levels.

The results of testing different antibody concentrations are described for IL-10 and TNF-a as

examples (Figure 5).
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Figure 5: Standard curves generated by testing different detector antibody concentrations. The direct
comparison of the standard curves produced using divers detection antibody concentrations ranging between 0.1
and 1 ug-mL*1is shown. The calibration curves are presented as MFI signal plotted against nominal concentration
in pg-mL* with a 5-parametric logistic regression (1/Y? weighting). The analysis of each standard curve was
performed in duplicates (n = 2), the respective individual values are plotted. Shown are standard curves for IL-10
and TNF-a as examples.

For IL-10, no distinct differences were found between the four concentrations tested. Only for
the highest calibrator, was there a marginal reduction in signal using detector antibody
concentration 0.1 ug-mL? (green). Blank values generated at varying detector concentrations
decreased from 33.3 AU at 1 pg-mL?! to 23.5 AU at 0.1 ug-mL™. In contrast, clear differences
were observed between the standard curves for TNF-a. While the highest signals were
achieved at a detector concentration of 1 pg-mL? (black), the calibration curves generated
with decreasing detector concentrations (blue, grey and green) shifted downwards, almost in
parallel with 0.1 pg-mL? (green) having the lowest signals. This curve also showed almost no
difference between the signals from the blank, the lowest calibrator and the second lowest
calibrator, reducing the signal-to-noise (S/N) ratio. Although the blank MFI signal of the
1 pg-mL* detector concentration was around 50 AU it provided the highest S/N ratio of 1.28.
For all analytes of the two IMAPs, the most appropriate detector antibody concentration was
determined based on the highest sensitivity evaluated by the S/N ratio and the signals and

backgrounds obtained for the standard curves.
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The final concentrations of the detection antibodies for the analytes of IMAP 1 and 2 are given

in Table 17A and B.

Table 17: Optimal detection antibody concentrations determined for IMAP 1 (A) & 2 (B).

Analytes - IMAP

1

A

IL-4 IL-6 IL-8 IL-10 GM-CSF IFN-y

MCP-1 MIP-13 TNF-a

Detection antibody

conc. [pg-mL™]

1.00 0.250 0.100 0.100 0.250 0.250

1.00

B Analytes - IMAP 2

IL-18  IL-1Ra IL-12p70 VEGF IL-13  M-CSF

Detection antibody

conc. [pg-mL™]

0.250 1.00 0.100 0.200 0.200 0.100

4.1.5 Standard concentrations

In the process of assay development, the nominal standard concentrations were adjusted, on

the one hand, to be able to detect the analytes in the ranges in which they are present in the

samples and, on the other hand, to ensure good performance. The final nominal standard

concentrations of IMAPs 1 and 2 are shown in Table 18A and B.

Table 18: Nominal calibrator concentrations of IMAP 1 (A) & 2 (B). (CAL = calibrator)

A Nominal calibrator concentration [pg-mL*] - IMAP 1
Analyte CAL1 CAL2 CAL3 CAL4 CAL5 CAL6 CAL7
IL-4 300 100 333 11.1 3.70 1.23 0.412
IL-6 81.0 27.0 9.00 3.00 1.00 0.333 0.111
IL-8 231 77.0 25.7 8.56 2.85 0.951 0.317
IL-10 265 88.3 29.4 9.81 3.27 1.09 0.364
GM-CSF 2,245 748 249 83.1 27.7 9.24 3.08
IFN-y 400 133 44.4 14.8 4.94 1.65 0.549
MCP-1 901 300 100 33.4 11.1 3.71 1.24
MiP-1 97.0 32.3 10.8 3.59 1.20 0.399 0.133
TNF-a 599 200 66.6 22.2 7.40 2.47 0.822

B Nominal calibrator concentration [pg-mL"] - IMAP 2
Analyte CAL1 CAL2 CAL3 CAL4 CAL5 CAL6 CAL7
IL-1B 229 76.3 25.4 8.48 2.83 0.942 0.314
IL-1Ra 10,000 3,333 1,111 370 123 412 13.7
IL-12p70 702 234 78.0 26.0 8.67 2.89 0.963
VEGF 943 314 105 34.9 11.6 3.88 1.29
IL-13 296 98.7 32.9 11.0 3.65 1.22 0.406
M-CSF 176 58.7 19.6 6.52 2.17 0.724  0.241
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4.1.6 Validation and quality control samples

Defined VS are necessary for the validation process, as well as QC samples for the subsequent
sample measurements. In general, VS and QC samples either contain the native protein in
assay matrix in a specific concentration or recombinant protein is spiked in to achieve the
desired concentration. As the produced VS fulfilled the criteria for QC samples, they were used
as such during later analysis. The nominal concentrations of these samples were determined
over four independent runs. The respective nominal concentrations are shown in the
following Table 19A and B. The samples were adjusted to cover the lower, middle and upper
ranges of each analyte-specific standard curve. The untreated (unspiked) and partially pooled

native sample (3.2.4.2) was chosen to lie within the calibrator range.

Table 19: Nominal concentrations of validation samples for the analytes of IMAP 1 (A) & 2 (B).

A Validation samples - IMAP 1
Concentration incl. DF [pg:-mL™]
Analyte High Mid Low Native sample
IL-4 434 63.3 6.60 13.2
IL-6 95.4 14.9 1.69 281
IL-8 299 453 7.00 297
IL-10 216 41.6 5.72 124
GM-CSF 2,946 490 107 242
IFN-y 461 67.3 7.01 135
MCP-1 1,139 237 39.4 83.6
MIP-183 140 20.6 3.25 14.7
TNF-a 665 124 15.9 95.1
B Validation samples - IMAP 2
Concentration incl. DF [pg:m LY
Analyte High Mid Low Native sample
IL-1B 328 68.2 6.09 69.9
IL-1Ra 9,283 728 90.8 526
IL-12p70 786 213 17.1 10.6
VEGF 1,640 263 46.0 154
IL-13 204 61.4 8.63 39.3
M-CSF 230 32.1 2.47 9.27

4.2 Validation of IMAP assays for the whole blood culture system
Following immunoassay development, IMAP 1 and 2 were first validated for the PBMC and

THP-1 cell culture system and used for corresponding sample measurements. These data were
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generated as part of the public funded project "System Immunology at Biological-Technical
Interfaces", but are not part of this thesis and are therefore not presented. In addition, these
assays were also validated for the measurement of supernatants from whole blood culture
systems which is presented in this thesis.

The validation was carried out in a fit-for-purpose approach, oriented towards the guidelines
of the EMA and the FDA. The following parameters were determined during the validation
process of the Luminex cytokine immunoassays: calibrator performance, upper and lower
limits of quantification, limit of detection, intra and inter assay precision, parallelism, dilution

linearity and short-term as well as freeze-thaw stability.

4.2.1 Calibrator performance

For the validation of calibrator performance, the recovery rate and the CV were determined
over the triplicate measurements of eight independent runs. The results are presented in
Table 20A to C for the corresponding analytes of IMAP 1 and 2. The acceptance range for the
recovery rate was from 80 % to 120 %, whereby the CV should lie below 20 %.

The recovery rates for the analytes of IMAP 1 (Table 20) ranged from 99.0 % to 104 % and the
corresponding CVs lay between 4.68 % and 17.5 %. Only for calibrator 7 (CAL7) of the analyte
MCP-1 did the CV reach 25.2 %.
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Table 20: Results of the determination of calibrator performance for the analytes of IMAP 1. (CAL = calibrator)

Calibrator performance - IMAP 1

Analyte CAL 1 CAL 2 CAL 3 CAL4 CAL 5 CAL 6 CAL 7
nominal conc. [pgml_-l] 300 100 33.3 11.1 3.70 1.23 0.412
IL-4 assay conc. [pg-mL'l] 303 101 33.6 11.2 3.85 1.23 0.418
CV [%] 8.86 7.75 5.72 9.69 9.59 8.28 9.76
recovery [%] 101 101 101 101 104 99.4 102
nominal conc. [pg~mL‘l] 81.0 27.0 9.00 3.00 1.00 0.333 0.111
IL-6 assayconc. [pg-mL'l] 81.7 27.0 9.03 3.07 1.01 0.335 0.113
CV [%] 5.87 6.16 4.82 8.40 9.03 7.04 14.9
recovery [%] 101 100 100 102 101 100 102
nominal conc. [pg-mL"l] 231 77.0 25.7 8.56 2.85 0.951 0.317
IL-8 assayconc. [pg-mL'l] 233 78.0 25.5 8.64 2.95 0.952 0.322
CV [%] 7.94 6.88 4.69 6.74 10.1 10.3 9.81
recovery [%] 101 101 99.3 101 103 100 102
nominal conc. [pg-mLil] 265 88.3 294 9.81 3.27 1.09 0.364
IL-10 assay conc. [pg-mL'l] 268 88.4 29.7 9.95 3.33 1.10 0.368
CV [%] 7.55 5.75 5.73 7.40 10.3 9.52 12.1
recovery [%] 101 100 101 101 102 101 101
nominal conc. [pg.mL‘l] 2,245 748 249 83.1 27.7 9.24 3.08
GM-CSE assayconc. [pg-mLil] 2,281 749 252 84.4 28.4 9.28 3.14
CV [%] 8.68 7.05 5.64 9.04 10.4 10.4 17.5
recovery [%] 102 100 101 102 102 100 102
nominal conc. [pg-mL'l] 400 133 44.4 14.8 4.94 1.65 0.549
IFN-y assayconc. [pg-mL'l] 405 135 445 15.1 5.15 1.64 0.557
CV [%] 9.52 4.73 6.85 11.1 11.3 10.2 12.1
recovery [%] 101 101 100 102 104 99.8 102
nominal conc. [pg-mL‘l] 901 300 100 33.4 11.1 3.71 1.24
MCP-1 assay conc. [pg-mL'l] 915 301 102 33.1 11.6 3.67 1.28
CV [%] 9.40 6.36 4.68 8.14 9.74 7.35 25.2
recovery [%] 102 100 102 99.3 104 99.0 104
nominal conc. [pgml_'l] 97.0 32.3 10.8 3.59 1.20 0.399 0.133
MIP-18 assayconc. [pg'mLfl] 98.6 32.3 10.9 3.57 1.23 0.397 0.135
CV [%] 9.52 4.59 4.35 5.77 8.12 7.36 11.9
recovery [%] 102 100 101 99.4 103 99.6 101
nominal conc. [pg-ml_il] 599 200 66.6 22.2 7.40 2.47 0.822
TNF-at assayconc. [pg-mL'l] 605 201 66.5 225 7.60 2.46 0.833
CV [%] 7.71 5.35 5.08 6.65 10.5 6.56 8.83
recovery [%] 101 101 99.9 101 103 99.9 101

For the analytes of IMAP 2, recoveries ranged from 98.7 % to 106 %. With the exception of
IL-13, for which the CV of calibrator 1 (CAL1) was 20.3 %, all other CVs ranged between 4.91 %
and 17.9 %. The results are presented in Table 21.
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Table 21: Results of the determination of calibrator performance for the analytes of IMAP 2.
(CAL = calibrator)

Calibrator performance - IMAP 2

Analyte CAL 1 CAL 2 CAL 3 CAL4 CAL 5 CAL 6 CAL 7
nominal conc. [pgml_—l] 229 76.3 25.4 8.48 2.83 0.942 0.314
16 assay conc. [pg-mLY] 235 76.9 25.6 8.67 294 0940 0321
CV [%] 11.2 8.27 5.54 10.7 11.5 9.01 10.1
recovery [%] 103 101 100 102 104 99.8 102
nominal conc. [pg-mL_l] 10,000 3,333 1,111 370 123 41.2 13.7
IL-1Ra assayconc. [pg.mL'l] 10,368 3,381 1,127 372 125 42.0 13.8
CV [%] 16.3 11.6 491 6.39 8.64 9.44 9.92
recovery [%] 104 101 101 101 102 102 101
nominal conc. [pg-mL'l] 702 234 78.0 26.0 8.67 2.89 0.963
IL-12p70 assayconc. [pg-mLfl] 724 235 78.7 26.8 8.84 2.87 0.988
CV [%] 11.4 9.49 6.80 11.3 10.4 8.29 12.0
recovery [%] 103 100 101 103 102 99.4 103
nominal conc. [pg~mL_1] 943 314 105 34.9 11.6 3.88 1.29
VEGF assay conc. [pg-mL7] 968 312 107 35.8 11.7 3.96 1.30
eV [%] 5.87 10.9 6.90 9.31 9.97 11.7 11.7
recovery [%] 103 99.4 102 103 100 102 101
nominal conc. [pg-mL’l] 296 98.7 32.9 11.0 3.65 1.22 0.406
IL-13 assayconc. [pg-ml_-l] 314 99.4 33.5 11.1 3.73 1.24 0.413
CV [%] 20.3 11.0 6.49 8.93 9.82 11.1 17.9
recovery [%] 106 101 102 101 102 102 102
nominal conc. [pg.ml__l] 176 58.7 19.6 6.52 2.17 0.724 0.241
vcse | 2ssayeconc [pgmL] 182 58.9 19.8 6.64 223 0715 0.249
CV [%] 11.7 10.7 7.71 8.55 8.83 8.98 11.0
recovery [%] 103 100 101 102 103 98.7 103

4.2.2 Quantification and detection limits

4.2.2.1 Lower and upper limits of quantification

For the determination of the LLOQ, the acceptance criteria were set to 75 to 125 % for the
recovery (accuracy) while precision, represented by the CV, should be less than 25 %. The
LLOQ is defined by the lowest concentration of serially diluted calibrator 4 that fulfills both
criteria. The determination of the LLOQ is described here as an example for IL-6 in Table 22.
The detailed results of all other analytes are shown in Annex - Table 3 for IMAP 1 and Annex
- Table 4 for IMAP 2, respectively.

For IL-6, the lowest concentration for which the recovery and precision met the acceptance
criteria was the 1:16 dilution of calibrator 4 at 0.188 pg'mL! (CV=8.18% and
recovery = 98.4 %). Higher dilutions (dilution factors: 32, 64, 128) did not meet the acceptance
criteria. The determined LLOQs of all analytes belonging to IMAP 1 and 2 are presented in
Table 23. For the analytes IL-4, IL-8, IL-10, IFN-y, TNF-a, IL-1B, IL-1Ra, IL-12p70, VEGF and
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M-CSF the determined LLOQ was lower than the lowest calibrator 7. As these concentrations
were therefore not defined by the analyte-specific standard curves, the lowest calibrator
(CAL7) was defined as LLOQ for these analytes. For IL-6, GM-CSF, MCP-1, MIP-1B and IL-13 the
LLOQ was determined to be higher than calibrator 7 but lower than calibrator 6 (indicated by
asterisk). For the determination of concentrations of unknown samples values lower than the
determined LLOQ were not regarded as valid and excluded from analysis.

The determination of the ULOQ was based on the generated results for calibrator 1 during the
assessment of the calibrator performance, which is shown in Table 20 (IMAP 1) and Table 21
(IMAP 2). Acceptance criteria were set to a recovery from 75 % to 125 % and a CV lower 25 %.
Based on this, the ULOQs of all analytes of IMAP 1 and 2 were determined (Table 23). No
analyte showed a CV for the highest calibrator concentration above 25 % and recoveries

ranged between 101 % and 106 %.

Table 22: Results of the determination of the lower limit of quantification (LLOQ) using the example of IL-
6.(CAL = calibrator; conc. = concentration)

Lower limit of quantification

CAL 4 dilution
Analyte 1:2 1:4 1:8 1:16 1:32 1:64 1:128 CAL4
nominal conc. [pg-mL?] 1.50 0.750 0.375 0.188 0.094 0.047 0.023 3.00
IL-6 assay conc. [pg-mL™] 1.32 0.720 0.389 0.184 0.092 0.031 0.040
CV [%] 8.19 6.98 134 8.18 27.5 76.7 50.0
recovery [%] 88.0 96.0 104 98.4 98.4 67.0 171

Table 23: Quantification limits determined for the analytes of IMAP 1 (left) & 2 (right). (LLOQ = Lower limit of
quantification; ULOQ = Upper limit of quantification; * concentration above the lowest concentrated calibrator)

Limits of quantification

IMAP 1 IMAP 2

LLOQ uLoQ LLOQ ULOQ
Analyte Concentration [pg-mL}] Analyte Concentration [pg-mL™"]
IL-4 0.174 300 IL-18 0.133 229
IL-6 *0.188 81.0 IL-1Ra 11.6 10,000
IL-8 0.267 231 IL-12p70 0.813 702
IL-10 0.307 265 VEGF 1.09 943
GM-CSF *5.20 2,245 IL-13 *0.685 296
IFN-y 0.463 400 M-CSF 0.204 176
MCP-1 *2.09 901
MIP-1B *0.225 97.0
TNF-a 0.693 599
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4.2.2.2 Limit of detection

For the determination of the LOD, 20 replicates of the calibrator 8, which is defined as zero
calibrator (“blank value”) were assessed. The LOD was determined as the threefold standard
deviation above the average signal of the 20 replicates of the blank value. Acceptance criteria
were not needed as it is a calculated value. Table 24A and B presents the LODs calculated for
the analytes of IMAP 1 and 2. All LOD values were lower than the lowest calibrator (CAL 7)
which are presented in Table 18A (IMAP 1) and B (IMAP 2) of section 4.1.5. Besides
determined LODs, Table 24A and B also contain information about the linear regression (R?)
and the parameters necessary for the definition of the LOD (e.g. slope, y-intercept), as well as

the mean and standard deviation of the measured 20 replicates of the blank value.

Table 24: Limits of detection (LOD) determined for the analytes of the IMAP 1 (A) & 2 (B). (SD = standard
deviation; R? = coefficient of determination)

A
Limit of detection - IMAP 1
Analytes IL-4 IL-6 IL-8 IL-10 GM-CSF IFN-y MCP-1 MIP-18 TNF-a
Blank Mean (MFI) 13.7 19.2 21.1 14.3 18.9 18.3 19.8 30.0 18.0
20 replicates SD (MFI) 0.966 1.48 1.52 0.801 1.70 1.07 1.53 2.03 0.966
slope 57.8 167 171 29.8 2.46 20.5 15.4 235 53.7
Linear regression y-intercept 12.3 15.0 13.6 13.1 18.6 15.5 18.0 27.3 15.1
R? 0.995 0.981 0.978 0.995 0.974 0.964 0.968 0.990 0.997
LOD [pg-mL™] 0.086 0045 0082 0.12 265 0278 0558 0.042 0.107
B
Limit of detection - IMAP 2
Analytes IL-18  IL-1Ra IL-12p70 VEGF IL-13 M-CSF
Blank Mean (MFI) 15.7 20.7 26.2 38.1 17.0 24.0
20 replicates SD (MFI) 1.19 0.938 1.03 2.54 1.19 1.21
slope 131 3.72 17.5 284 43.8 99.6
Linear regression y-intercept 13.6 15.0 24.9 40.7 18.8 24.9
R? 0.997 0.995 0.997 1.000 1.000 0.999
LOD [pg-mL™] 0.046  1.83 0.242 0243 0.075 0.046

4.2.3 Precision

The inter and intra assay precision was determined using the VS of the lower, middle and
upper range as well as the sample containing native protein only. While the inter assay
precision was determined over triplicates in eight independent runs, the intra assay precision
was assessed by determining the CV of twelve replicates of the respective samples in a single

run. Acceptance criteria were met with a precision, represented by CVs, below 20 %.
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The results of IMAP 1 are shown in Table 25 where CVs ranged from 3.81 to 16.5 % for the

intra assay precision. For the inter assay precision, the CVs reached values between 6.22 %

and 16.9 %.

Table 25: Results of intra and inter assay precision determination for the analytes of IMAP 1. (VS = validation
sample; NP = sample containing native protein only; CV = coefficient of variation; conc. = concentration)

Precision - IMAP 1

Analyte VS - high VS - mid VS - low NP
IL-4 analyzed conc. [pg-mL'l] 469 57.0 6.47 12.5
CV [%] 16.5 7.88 7.42 9.88
IL-6 analyzed conc. [pg-mL™] 97.1 13.9 1.48 312
CV [%] 6.64 5.01 12.0 9.58
IL-8 analyzed conc. [pg-mL™] 316 44.7 6.31 296
CV [%] 11.8 5.64 9.98 3.81
c
.g IL-10 analyzed conc. [pg-mL’l] 218 40.2 6.08 9.98
S CV [%] 8.55 9.89 8.40 10.7
: GM-CSE analyzed conc. [pg-mL"] 3,006 465 86.7 219
a CV [%] 10.6 6.57 8.36 12.5
©
© IFN-y analyzed conc. [pg-mL'l] 522 63.0 6.70 151
= cV [%] 6.84 9.88 4.23 13.3
MCP-1 analyzed conc. [pg-mL'l] 1,155 219 29.9 66.7
CV [%] 12.4 8.60 12.6 8.83
MIP-1p8 analyzed conc. [pg-mL™] 148 20.2 2.96 12.8
CV [%] 9.71 6.33 6.86 6.63
TNE-a analyzed conc. [pg-mL™] 679 117 14.0 80.4
CV [%] 9.97 8.02 5.43 8.83
IL-a analyzed conc. [pg-mL™] 443 62.7 6.47 12.7
CV [%] 11.6 6.22 11.9 14.8
IL-6 analyzed conc. [pg-mL™] 95.3 15.0 1.62 297
cV [%] 9.46 6.46 11.1 12.5
IL-8 analyzed conc. [pg-mL'l] 302 45.5 6.62 301
cV [%] 9.05 6.36 12.7 7.77
c
.g IL-10 analyzed conc. [pg-mL™] 218 42.9 5.99 12.5
o CV [%] 8.78 7.07 10.9 13.1
& GM-CSE analyzed conc. [pg-mL™] 3,010 483 99.6 233
g CV [%] 14.3 6.67 15.5 12.7
©
° IFN-y analyzed conc. [pg-mL™] 473 66.2 6.94 134
E CV [%] 10.7 7.15 9.09 12.1
MCP-1 analyzed conc. [pg-mL‘l] 1,088 222 35.7 77.9
CV [%] 10.8 13.3 16.2 16.9
MIP-1B analyzed conc. [pg-mL™] 137 20.5 3.21 14.6
CV [%] 10.3 11.5 12.7 12.4
TNF-at analyzed conc. [pg-mL™] 668 123 15.4 90.4
cV [%] 12.6 7.70 10.9 12.1

For the analytes of IMAP 2, the intra and inter assay precision results are summarized in Table

26. While the determination of intra assay precision yielded CV values ranging from 4.16 %
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and 12.8 %, results of the inter assay precision ranged between 6.73 % and 17.0 %. Only for

VEGF the determined inter assay precision CVs were between 54.2 % to 63.2 %. Therefore,

acceptance criteria for the inter assay precision were not fulfilled by VEGF.

Table 26: Results of intra and inter assay precision determination for the analytes of IMAP 2. (VS = validation
sample; NP = sample containing native protein only; CV = coefficient of variation; conc. = concentration)

Precision - IMAP 2

Analyte VS - high VS - mid VS - low NP

IL-18 analyzed conc. [pg-mL™] 352 66.7 5.11 75.1

CV [%] 4.16 8.66 9.01 10.9

IL-1Ra analyzed conc. [pg-mL™] 9,637 669 75.9 490

S eV [%] 5.89 4.93 12.8 10.9
(72}

b IL-12p70 2 nalyzed conc. [pg-mL™] 818 208 15.6 10.2

g CV [%] 5.11 6.49 6.22 7.83

g VEGF analyzed conc. [pg~mL-1] 2,719 421 69.9 63.1

o oV [%] 4.27 9.91 10.7 10.7

£ IL-13 analyzed conc. [pg-mL™] 212 56.5 6.81 38.1

CV [%] 6.76 6.88 9.74 12.0

M-CSE analyzed conc. [pg-mL™] 248 32.5 2.26 8.41

CV [%] 5.18 7.52 7.38 10.3

IL-1B analyzed conc. [pg-mL'l] 328 67.8 5.97 69.8

CV [%] 8.58 7.21 13.8 8.46

IL-1Ra analyzed conc. [pg-mL™] 9,035 723 89.3 506

_5 CV [%] 12.2 9.00 111 12.1
(2]

@ IL-12p70 analyzed conc. [pg-mL™] 728 215 16.5 10.3

g CV [%] 16.6 6.73 11.5 11.3

a VEGF analyzed conc. [pg-mL™] 1,778 286 51.5 162

; cV [%] 54.6 56.3 54.2 63.2

E IL-13 analyzed conc. [pg~mL-1] 195 61.5 8.74 39.2

CV [%] 12.3 11.8 14.1 10.6

M-CSF analyzed conc. [pg-mL™] 217 31.7 2.49 9.38

CV [%] 17.0 7.86 121 14.5

4.2.4 Parallelism

Parallelism was determined by serial dilution of supernatants from whole blood-based

stimulation assays. A total of three samples were used to assess parallelism and to determine

appropriate dilution factors for sample analysis. The different serial dilutions (final dilution

factors 4 to 131,072) were measured in triplicate. Mean values of the back-calculated

concentrations of the different dilutions including the respective dilution factor were

calculated. Based on these individual mean values, the reference concentration was

calculated as the average of the mean values and then used to evaluate parallelism. The CV

over all dilution levels of a particular sample should not exceed 20 %. The parallelism was
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determined as recovery rate. This was calculated for each determined matrix concentration
of the serial dilutions in relation to the reference value. Acceptance criteria were recovery
values between 75 % and 125 %. Appropriate dilution factors for sample analysis for an
analyte were defined when the CV of triplicates of a dilution step was below 20 % and recovery
of the back-calculated concentration including the respective dilution factor was within 75 %

and 125 %.

Table 27: Ranges of dilution factors determined during parallelism assessment of IMAP 1 & 2. (N/A = not

analyzed)

Parallelism - dilution factors ranges - IMAP 1 & 2

Analyte sample 1 sample 2 sample 3
IL-4 N/A N/A N/A
IL-6 256 - 65,536 256 - 65,536 128 - 32,768
IL-8 512 - 131,072 256 - 131,072 256 - 131,072
IL-10 4-1,024 4 -2,048 4-1,024
IMAP 1 GM-CSF N/A N/A N/A
IFN-y 32-8,192 256 - 65,536 16 - 8,192
MCP-1 16 - 2,048 8-512 8-2,048
MIP-18 1,024 - 131,072 2,048 - 131,072 1,024 - 131,072
TNF-a 16 - 4,096 16 - 4,096 8 - 4,096
IL-18 32 - 8,192 32 - 8,192 16 - 8,192
IL-1Ra 8-1,024 8-1,024 8-1,024
IMAP 2 IL-12p70 N/A N/A N/A
VEGF 4-32 N/A N/A
IL-13 4-512 4 - 256 8 - 256
M-CSF N/A N/A 8-32

Appropriate dilution factors for sample analysis for an analyte were defined when the CV of
triplicates of a dilution step was below 20 % and recovery of the back-caclulated concentration

including the respective dilution factor was within 75 % and 125 %.

Table 27 summarizes the dilution factors identified for IMAP 1 and 2 for which parallelism was
confirmed. The detailed values of the determined and calculated concentrations and the
respective recoveries are summarized in Annex - Table 5 to Annex - Table 10. For all samples
for IL-4, GM-CSF and IL-12p70, samples 2 and 3 for VEGF and samples 1 and 2 for M-CSF
showed an increasing concentration with increasing dilution factors. Calculation of the
reference value and consequently of the recovery rates were not feasible and parallelism
could not be confirmed. For MCP-1, recoveries of 149 % and 163 % were reached for dilution
factors 1,024 and 2,048 (Annex - Table 6) and the parallelism range was therefore defined

from dilution factor 8 to 512 for sample 2. With respect to IL-1Ra, dilution factor 4 resulted in
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recoveries of 55.8 %, 70.8 % and 51.5 % (Annex - Table 8 to Annex - Table 10). For this analyte,
an adjustment of the parallelism range was made to the dilution factors 8 to 1,024. An
adjustment of the parallelism range to factor 8 was also carried out for the analytes IL-13 and
M-CSF, which showed recoveries of 66.4 % (IL-13) and 64.4 % (M-CSF) at the 1:4 dilution for
sample 3 and thus were outside the acceptance range. For all other analytes of the IMAPs the
recoveries were between 75% to 125 % and the dilution factor ranges were defined
accordingly.

According to Table 27 concentrations of the majority of the analytes can be determined either
using dilution factor 8 or 512, apart from MIP-1B. Nevertheless, these dilution factors were
defined for later concentration measurements for both IMAPs. For a detailed explanation

refer to discussion section 5.2.3.

4.2.5 Dilution linearity

Dilution linearity was determined using a sample matrix containing defined concentrations of
spiked recombinant proteins of the analytes of the respective IMAP. Recovery rates between
80 % and 120 % were accepted for the back-calculated concentrations within the reportable
assay range, including the corresponding dilution factors. Recoveries were determined in
relation to the respective reference values of the nominal spiked concentrations. Acceptance
criteria for measured analyte concentrations close to the ULOQ or LLOQ were defined from
75 % to 125 %. Mean values were excluded from calculation if triplicate measurements of the
different dilutions showed a CV higher 20 % or, in case of concentrations close to the LLOQ
and ULOQ, higher than 25 %. Table 28 presents the results of the determination of dilution
linearity for IMAP 1, Table 29 provides those of IMAP 2. Besides very few exceptions, the
recoveries obtained were within the defined acceptance limits (80-120 %). Although the first
measurable dilution of the sample within the standard curve for the analytes IFN-y and IL-13
was 77 % and 124 %, respectively, these values were accepted as they were in range of the
respective ULOQ. Same was accepted for the lowest measurable value of IL-1Ra reaching a
recovery of 121 %.

Slight deviations were also observed for dilution factor 5,120 for IL-1 (recovery of 79.9 %),
the first measurable value of IL-12p70 with 284 pg-mL? and a recovery of 121 % and the

recovery of 125 % at dilution 3 (DL3) for VEGF. These recoveries were assessed less stringently
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and considered acceptable within the context of a multiplexed immunoassay, since

multiplexing imposes certain limitations on assay performance.
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Table 28: Results of the determination of dilution linearity for IMAP 1. Assay and matrix concentrations are given in pg-mL™. (<LLOQ or >ULOQ = concentration below/above
the limit of quantification; n.q. = value cannot be quantified; conc. = concentration; DL = dilution; DF = dilution factor)

Dilution linearity - IMAP 1

Reference DL 1 DL 2 DL 3 DL 4 DL 5 DL 6 DL 7 DL 8 DL 9 DL 10 DL 11
Analyte [pg-mlL '1] DF (1:x) 320 640 1280 2560 5120 10240 20480 40960 81920 163840 327680
assay conc. [pg-mL™] > ULoQ 198 101 54.0 27.7 12.1 6.21 3.26 1.62 0.827 < LLOQ
IL-4 120,000 matrix conc. [pg-mL™] n.g. 126,515 128,670 138,189 141,995 123,392 127,249 133,666 132,983 135,441 n.g.
recovery [%] n.q. 105 107 115 118 103 106 111 111 113 n.q.
assay conc. [pg-mL™] > uLoQ 45.9 24.0 12.9 6.70 2.89 1.50 0.797 0.423 0.210 < LLOQ
IL-6 30,000  matrix conc. [pg-mL™] n.g. 29,363 30,660 33,058 34,304 29,628 30,652 32,631 34,679 34,406 n.g.
recovery [%] n.g. 97.9 102 110 114 98.8 102 109 116 115 n.g.
assay conc. [pg-mL™] > uLoQ 140 71.8 38.6 19.5 8.35 4.43 2.50 1.46 0.680 0.327
IL-8 100,000 matrix conc. [pg.mL'l] n.g. 89,316 91,964 98,850 100,045 85,538 90,726 102,400 119,603 111,411 107,042
recovery [%] n.g. 89.0 91.7 98.6 99.8 85.3 90.5 102 119 111 107
assay conc. [pg-mL™] > uLoQ 143 74.1 40.2 19.7 8.69 4.48 2.21 1.22 0.577 <LLOQ
IL-10 90,000  matrix conc. [pg-mL™] n.q. 91,426 94,861 102,818 100,915 88,951 91,682 90,522 100,215 94,481 n.q.
recovery [%] n.q. 102 105 114 112 98.8 102 101 111 105 n.g.
assay conc. [pg-mL™] > uULoQ 1,281 688 384 207 95.4 52.8 27.6 14.7 6.89 <LLoQ
GM-CSF 1,000,000 matrix conc. [pg-mL™] n.g. 820,090 880,401 981,871 1,058,185 976,862 1,081,617 1,131,861 1,202,586 1,128,858 n.qg.
recovery [%] n.q. 82.0 88.0 98.2 106 97.7 108 113 120 113 n.g.
assay conc. [pg-mL™] 313 166 89.6 49.6 26.1 11.5 6.08 3.29 1.68 0.750 < LLOQ
IFN-y 130,000 matrix conc. [pg-mL™] 100,096 106,234 114,675 126,865 133,820 118,101 124,587 134,758 137,626 122,880 n.g.
recovery [%] 77.0 81.7 88.2 97.6 103 90.8 95.8 104 106 94.5 n.g.
assay conc. [pg-mL?] > uLoQ 619 318 183 103 45.3 22.7 10.5 5.75 2.95 <LLoQ
MCP-1 450,000 matrix conc. [pg-mL™] n.q. 395,934 406,417 469,239 529,647 464,247 463,872 430,353 471,313 483,874 n.g.
recovery [%] n.g. 88.0 90.3 104 118 103 103 95.6 105 108 n.g.
assay conc. [pg-mL?] > uLoQ 59.1 30.1 16.0 8.31 3.71 1.77 0.827 0.433 <LLoQ
MIP-18 40,000  matrix conc. [pg-mL™] n.g. 37,841 38,524 40,892 42,564 37,956 36,318 33,860 35,499 n.q.
recovery [%] n.q. 94.6 96.3 102 106 94.9 90.8 84.6 88.7 n.q.
assay conc. [pg-mL™] > ULoQ 326 165 92.2 48.2 21.0 11.0 5.78 3.04 1.61 < LLOQ
TNF-a 240,000 matrix conc. [pg-mL™] n.q. 208,358 210,927 235,904 246,596 215,347 224,529 236,612 248,764 263,236 n.g.
recovery [%] n.g. 86.8 87.9 98.3 103 89.7 93.6 98.6 104 110 n.q.
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Table 29: Results of the determination of dilution linearity for IMAP 2. (<LLOQ or >ULOQ = concentration below/above the limit of quantification; n.q. = value cannot be
quantified; conc. = concentration; DL = dilution; DF = dilution factor)

Dilution linearity - IMAP 2

Reference DL 1 DL 2 DL 3 DL 4 DL 5 DL 6 DL 7 DL 8 DL 9 DL 10

Analyte [pg-mL™] DF (1:x) 640 1280 2560 5120 10240 20480 40960 81920 163840 327680
assay conc. [pg-mL7] 185 78.4 39.1 18.7 9.53 4.84 2.51 1.21 0.607 0.360

IL-1B8 120,000 matrix conc. [pg-mL7] 118,409 100,395 100,122 95,863 97,587 99,055 102,673 99,396 99,396 117,965
recovery [%] 98.7 83.7 83.4 79.9 81.3 82.5 85.6 82.8 82.8 98.3

assay conc. [pg-mLY > uLoQ 3,846 1,697 916 465 216 105 54.1 27.4 16.6

IL-1Ra 4,500,000 matrix conc. [pg-m L'l] n.q. 4,922,449 4,344,730 4,689,459 4,764,297 4,423,680 4,284,553 4,429,961 4,487,031 5,441,673
recovery [%] n.q. 109 96.5 104 106 98.3 95.2 98.4 99.7 121

assay conc. [pg-mL™] > uLoQ 284 116 56.3 27.3 14.5 7.75 3.96 1.91 < LLOQ

IL-12p70 300,000 matrix conc. [pg-mL™] n.g. 363,486 296,789 288,307 279,825 297,028 317,440 324,676 313,481 n.qg.
recovery [%] n.q. 121 98.9 96.1 93.3 99.0 106 108 104 n.q.

assay conc. [pg-mL] 740 349 195 74.9 40.2 18.7 11.1 5.73 2.83 < LLoQ

VEGF 400,000 matrix conc. [pg-mLY] 473,350 446,916 498,423 383,351 411,955 382,225 454,383 469,129 464,213 n.q.
recovery [%] 118 112 125 95.8 103 95.5 114 117 116 n.g.

assay conc. [pg-mL] 270 101 46.5 23.0 11.0 5.97 3.04 1.58 0.793 <LLoQ

IL-13 140,000 matrix conc. [pg-mL™] 173,026 129,156 119,151 117,897 112,947 122,334 124,655 129,161 129,980 n.qg.
recovery [%] 124 92.3 85.1 84.2 80.7 87.4 89.0 92.3 92.8 n.qg.

assay conc. [pg-mLY] 148 65.3 33.8 13.8 6.80 3.21 1.75 0.890 0.527 0.280

M-CSF 80,000 matrix conc. [pg-m |_‘1] 94,901 83,580 86,630 70,519 69,666 65,673 71,680 72,909 86,289 91,750
recovery [%] 119 104 108 88.1 87.1 82.1 89.6 91.1 108 115
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4.2.6 Analyte stability

The analyte stability was determined in dependence on the number of freeze-thaw cycles as
well as on the storage temperature and time (short-term stability) during assay processing.
The recovery rate of the determined concentration of the respective test sample (AS1-9) was
calculated in relation to a freshly thawed reference sample (AS0O), whereby 80 % to 120 % was
considered acceptable. Table 30A and B shows the detailed results of the test and reference
samples for the example IL-4. It should be noted that two reference samples had to be used
to investigate short-term stability as the data were needed to be generated in two
independent experiments due to lack of sample capacity on a single plate. The recoveries of
the test samples AS4 and AS5 were determined with respect to reference 1 (ASO-1) while
those of samples AS6 to AS9 were obtained in relation to reference 2 (AS0-2). This can be seen

in Table 30A and B.

Table 30: Detailed results of freeze-thaw (A) and short-term (B) stability for IL-4. For the determination of
analyte stability only samples containing native protein were applied. (AS = analyte stability sample; ASO-1 =
reference sample; RT = room temperature; conc. = concentration)

A
Freeze-thaw stability

AS1 AS2 AS3 AS0-1
Analyte freeze-thaw cycles 1 2 3 0
L4 matrix conc. [pg-mL™] 11.6 126  10.8  11.4

recovery [%] 102 110 94.4
B
Short-term stability
AS4 AS5 ASO-1 AS6 AS7 AS8 AS9 AS0-2
test temperature 4°C 4°C 4°C RT RT RT

Analyte storage duration 2h 4h 24h 2h 4h 24h

Table 31 summarizes the freeze-thaw stability results for both IMAPs. While most of the
recoveries determined ranged between 80 % and 120 %, two exceptions were observed for
the analyte IFN-y (IMAP 1, 121 %) and for the analyte IL-13 (IMAP 2, 126 %) in regard of AS2,
i.e. after two freeze-thaw cycles. Annex - Table 11 and Annex - Table 12 show the detailed
results of freeze-thaw stability determination of IMAP 1 and 2 in relation to the respective

reference samples.
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Table 31: Results of the determination of the freeze-thaw stability for IMAP 1 & 2. For the determination of
sample stability only samples containing native protein were applied. (AS = analyte stability sample)

Freeze-thaw stability - recovery [%] - IMAP 1 & 2

AS1 AS2 AS 3

freeze-thaw cycles 1 2 3
IL-4 102 110 94.4

IL-6 103 101 104
IL-8 105 103 97.2
- & IL-10 106 101 94.8
S 2  GmcsF 86.5 107 84.6
25 IFN-y 110 121 102
MCP-1 91.1 87.5 96.3
MIP-18 88.3 112 91.7

TNF-a 105 116 101
IL-18 88.3 100 80.7

" IL-1Ra 91.1 99.1 80.5

E £ IL-12p70 114 117 110
s £ VEGF 108 110 84.1
IL-13 117 126 95.2
M-CSF 103 116 99.4

In Table 32, the recovery rates of the short-term stability (AS4-AS9) after 2 h, 4 h and 24 h at
4 °C or RT are presented. Exceptions to recoveries not ranging in-between 80 % and 120 %
were observed for IL-4 where 77.5 % were determined after 24 h at 4 °C (AS6). For AS9 in
terms of IL-10 and MCP-1 stored at RT for 24 h, 74.2% and 74.0% were calculated,
respectively. Final exceptions were seen for the analyte VEGF with AS6 and AS9 also resulting
in recoveries below 80 % at 62.9 % and 58.2 %, respectively. The detailed results including the
matrix concentrations and values of the reference samples of the short-term stability analysis

can be found in Annex - Table 13 (IMAP 1) and Annex - Table 14 (IMAP 2), respectively.

72



Results

Table 32: Results of the determination of the short-term stability for IMAP 1 & 2. For the determination of
sample stability only samples containing native protein were applied. (AS = analyte stability sample; RT = room
temperature)

Short-term stability - recovery [%] - IMAP 1 & 2

AS 4 AS5 AS6 AS7 AS 8 AS 9
test temperature
4 °C 4 °C 4 °C RT RT RT
storage duration at test temperature

Analyte 2h 4h 24h 2h 4h 24h

IL-4 97.9 98.8 77.5 85.9 100 118

IL-6 86.6 91.0 94.4 105 102 91.4

IL-8 99.2 96.5 99.1 104 104 104

:' IL-10 83.8 92.7 87.0 104 111 74.2
E GM-CSF 84.8 85.1 97.4 81.5 118 93.5
E IFN-y 99.6 101 86.4 99.3 107 81.5
MCP-1 93.0 81.0 81.3 103 96.6 74.0

MIP-18 102 86.8 91.7 101 100 89.7

TNF-a 96.2 93.4 85.1 100 106 83.7

IL-1B 87.0 86.9 84.4 93.1 102 84.6

~ IL-1Ra 87.0 86.2 86.8 90.3 95.0 84.9
o IL-12p70 109 96.3 102 111 112 98.8
E VEGF 90.8 91.9 62.9 87.0 92.7 58.2
IL-13 101 105 84.9 97.0 97.5 88.9

M-CSF 98.7 95.5 92.2 107 103 97.8

4.3 Assay development - single molecule array based on SR-X platform

4.3.1 Assay buffer and detection antibody concentration optimization

For the four analytes IL-4, IL-12p70, IL-6 and TNF-a, assays were set up on the highly sensitive
Simoa platform, as the sensitivity of the corresponding Luminex assays was not sufficient to
analyze the analyte concentrations in sample matrix from whole blood cultures. In addition,
the analytes IL-4 and IL-12p70 had previously shown poor results of parallelism during the
validation process of IMAP 1 and 2. In total, three SR-X Simoa assays were developed to be
able to measure these analytes in the samples of interest - a 2-plex for IL-6 and TNF-a and two
single-plexes for the analysis of IL-4 and IL-12p70.

As already described for IMAP 1 and 2, SR-X assay development was also performed, with
emphasis on the selection of a suitable basic assay buffer, buffer optimization and
optimization of detection antibody concentration. The procedures and the acceptance and
interpretation criteria were the same as those already described for the development of the
Luminex assays. The corresponding results of the development parameters are summarized

in Table 33. As a basic buffer, the Quanterix Homebrew Sample/Detector Diluent proved to
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be the most suitable for each analyte. Only for IL-12p70 did the addition of 2 % horse serum
and TruBlock at a 1:1000 dilution lead to a higher sensitivity (data not shown). The individual
detection antibody concentrations were 0.250 pg-mL* for IL-4, 0.187 pg-mL* for IL-12p70 and
for the 2-plex 0.075 pug-mL* (IL-6) and 0.100 pg-mL?! (TNF-a) respectively. SBG concentration

was for all assays defined as 150 pM.

Table 33: Assay composition details of the four analytes of developed Simoa SR-X assays. Detection antibody
concentrations, the basic buffer and the buffer additives declared as most suitable for the two single-plex assays
IL-4 and IL-12p70 as well as for the 2-plex assay including IL-6 and TNF-o developed on the SR-X (Simoa) platform
of the company Quanterix.

Simoa SR-X - analytes

IL-4 IL-12p70 IL-6 TNF-a
Detector antibody
. 1 0.250 0.187 0.075 0.100
concentration [pg-mL"]
Basic buffer QTX Homebrew Sample/Detector Diluent

Buff dditi 2% horse serum
utier additives 1:1000 TruBlock

Additionally, cross-reactivity for IL-6 and TNF-a of the 2-plex was tested (Annex - Table 15).
Although recovery between the analyte IL-6 and the capture and detection antibody of TNF-a
was greater than 1 % threshold (1.22 and 1.61 %) this was considered acceptable for a

research purpose assay.

4.3.2 Calibration curves and validation samples of Simoa assays

VS or QC samples (low, mid and high), respectively, were prepared to perform the assay
validation procedure and to provide sufficient numbers of QC samples for the anticipated
studies. The nominal concentrations of the calibration curves of the four analytes and those

of the VS respectively QC samples are listed in Table 34 and Table 35.

Table 34: Nominal calibrator concentrations determined for the Simoa SR-X assays.

Nominal calibrator concentration [pg-mL™]

Analyte CAL1 CAL 2 CAL 3 CAL 4 CALS5 CAL 6 CAL7
iL-4 30.0 7.50 1.88 0.469 0.117 0.029 0.007
IL-12p70 100 25.0 6.25 1.56 0.391 0.098 0.024
IL-6 30.0 8.57 2.45 0.700 0.200 0.057 0.016
TNF-a 90.0 25.7 7.35 2.10 0.600 0.171 0.049
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Table 35: Nominal concentrations of validation samples generated for the Simoa SR-X assays.

Validation sample concentration [pg-mL™]

Analyte VS - high VS - mid VS - low
IL.-4 56.2 0.901 0.061
IL-12p70 92.5 4.30 0.410
IL-6 47.2 1.72 0.154
TNF-a 65.1 3.14 0.763

Figure 6 demonstrates the profiles of the four calibration curves of IL-4, IL-12p70, IL-6 and
TNF-a and the location of the respective VS/QC samples using the SR-X instrument. The
standard curves, fitted via a four-parametric logistic model with weighting 1/Y?, exhibited a

sigmoidal curve shape and the QC samples were in the upper, middle and lower range for each

analyte.
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Figure 6: Standard curves and position of the validation samples of the developed Simoa SR-X assays. The
calibration curves are presented as average enzyme per bead (AEB) signal plotted against the nominal
concentrations in pg-mL™* with a 4-parametric logistic regression (1/Y? weighting). The analysis of each standard
curve was performed in duplicates (n = 2), the respective individual values are plotted. VS are depicted in green
and are also given in duplicates (n = 2), plotted as individual values.
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4.4 Validation of SR-X assays for the whole blood-based assay system

4.4.1 Calibrator performance

Calibrator performance of the three Simoa immunoassays was investigated over six
independent runs. Table 36 presents the expected nominal concentrations as well as the
analyzed, back-calculated concentrations in pg-mL™. The associated CVs across the total of six
plates and the resulting recoveries are shown. The acceptable range was defined from 80 %
to 120 %, with a CV below 20 %.

The recoveries ranged between 93.9 % and 113 % (CAL3 and CAL2 of TNF-a) while the highest
determined CV was 17.5 % for calibrator 7 of IL-12p70. Unlike the other analytes, the standard
curve of IL-6 did not consist of 6 points rather than 7. Calibrator 2 was excluded after the
validation evaluation resulted in a calibrator recovery for this point of 122 %. The validation

was then re-evaluated under exclusion of this point.

Table 36: Results of the determination of calibrator performance for the Simoa SR-X assays. (CAL = calibrator;
CV = coefficient of variation; conc. = concentration)

Calibrator performance - Simoa SR-X assays

Analyte CAL1 CAL 2 CAL3 CAL4 CALS CAL6 CAL7
nominal conc. [pg-mL'l] 30.0 7.50 1.88 0.469 0.117 0.029 0.007
IL-4 analyzed conc. [pg-mL™] 29.9 7.85 1.86 0.466 0.116 0.030 0.008
CV [%] 7.13 6.05 5.24 3.42 5.80 5.47 17.2
recovery [%] 99.6 105 99.0 99.5 98.9 101 106
nominal conc. [pg-mL'l] 100 25.0 6.25 1.56 0.391 0.098 0.024
IL-12p70 analyzed conc. [pg-mL™] 98.3 28.0 6.09 1.51 0.405 0.102 0.024
CV [%] 11.3 115 7.00 8.20 4.09 9.32 17.5
recovery [%] 98.3 112 97.4 96.5 104 105 98.5
nominal conc. [pg-mL”] 30.0 excluded 2.45 0.700 0.200 0.057 0.016
IL-6 analyzed conc. [pg-mL’l] 30.0 2.62 0.677 0.207 0.056 0.017
CV [%] 5.70 12.0 9.07 10.8 10.5 10.4
recovery [%] 100 107 96.8 104 97.7 105
nominal conc. [pg-mL’l] 90.0 25.7 7.35 2.10 0.600 0.171 0.049
TNE-t analyzed conc. [pg-mL"] 89.3 29.0 6.90 2.06 0.630 0.171 0.054
CV [%] 4.90 8.37 6.92 10.2 6.36 10.5 13.8
recovery [%] 99.3 113 93.9 98.3 105 100.0 111

4.4.2 Quantification and detection limits

Quantification limits (ULOQ and LLOQ) as well as the LOD were determined for each analyte
during assay validation of the three Simoa SR-X immunoassays. Detailed results of the
experimental investigation of the LLOQ and the LOD are presented in Annex - Table 16 and

Annex - Table 17. The acceptance criteria were identical to those already described in section
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4.2.2.1 for the IMAPs. The determination of the ULOQ was also based on the recoveries and
CVs generated during the investigation of the calibrator performance. Table 37 summarizes
the limits of quantification and detection for IL-4, IL-12p70, IL-6 and TNF-a. For all four, the
ULOQ was determined to be the highest calibrator. The values analyzed as LOD of theses
markers lay below the respective lowest standard point (CAL7) as well as the LLOQ values
evaluated for IL-6 and TNF-a, while the LLOQs of IL-4 and IL-12p70 matched with the

respective calibrator 7.

Table 37: Quantification limits and limits of detection determined for the Simoa SR-X assays. (LLOQ = Lower
limit of quantification; ULOQ = Upper limit of quantification; LOD = limit of detection).

Limits of quantification and detection - Simoa SR-X assays

LOD LLOQ uLoQ
Analyte Concentration [pg-mL™]
IL-4 0.002 0.007 30.0
IL-12p70 0.012 0.024 100
IL-6 0.003 0.005 30.0
TNF-a 0.006 0.016 90.0

4.4.3 Precision

For the SR-X assays, precision was determined using three VS, lying in the upper, middle, and
lower parts of the analyte-specific standard curve. As these samples did not need to be spiked
with recombinant protein, apart from VS H of the IL-12p70 assay, separate native samples
were not necessary. While the inter assay precision was defined over the triplicates of six
independent runs, the intra assay precision was assessed by the determination of the CV of
twelve replicates of respective samples in a single run. Acceptance criterion was defined as a
CV value below 20 %.

Table 38 presents the results of the investigation of intra and inter assay precision for the
Simoa SR-X assays. All determined CV values were below 20 %, ranging between 2.96 % and

17.1 %.
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Table 38: Results of intra and inter assay precision determination for the Simoa SR-X assays. (VS = validation
sample; CV = coefficient of variation; conc. = concentration)

Precision - Simoa SR-X assays

Analyte VS - high VS - mid VS - low
IL-4 analyzed conc. [pg-mL7] 55.8 0.797 0.061
S CV [%] 6.06 2.96 10.0
'§ IL-12p70 analyzed conc. [pg-mL™] 95.1 4.06 0.433
E oV (%] 9.15 7.94 17.5
% IL-6 analyzed conc. [pg-mL"] 47.9 1.59 0.153
© oV [%] 17.1 8.56 15.0
£ TNF-a analyzed conc. [pg-mL?] 63.4 2.92 0.849
oV [%] 10.3 7.53 8.37
IL-4 analyzed conc. [pg-mL?] 57.6 0.897 0.060
S CV [%] 6.87 5.98 11.8
é IL-12p70 analyzed conc. [pg-mL?] 95.6 4.28 0.409
E oV [%] 8.54 5.45 11.2
% IL-6 analyzed conc. [pg-mL™] 49.9 1.85 0.161
= oV [%] 11.2 9.92 11.5
£ TNF-a analyzed conc. [pg-mL™] 68.5 3.29 0.800
CV [%] 8.87 8.64 14.7

444 Parallelism

Three samples were used to determine parallelism. The resulting dilution factor ranges are
listed in Table 39. Detailed evaluation containing dilutions factors, measured assay and
calculated matrix concentrations as well as the recoveries calculated on base of the

determined reference sample are presented in Annex - Table 18 to Annex - Table 20.

Table 39: Ranges of dilution factors determined during parallelism assessment of Simoa SR-X assays.

Parallelism - Simoa SR-X assays - dilution factor ranges

Analyte sample 1 sample 2 sample 3
IL-4 5-10,240 5-10,240 10 - 160
IL-12p70 10 - 160 10 - 320 10 - 160
IL-6 10 - 640 5-40 320 - 10,240
TNF-a 10 - 160 10 - 160 320 - 10,240

For IL-4, dilution of sample 3 resulted in recoveries of 169 % for dilution factor 5, while all
other observed recoveries were in the acceptable range from 75 % to 125 % for this analyte.
For IL-12p70, all recoveries were acceptable except for dilution factor 5, where the recoveries
were below the acceptance criteria for all three samples (55.4 %, 62.7 % and 74.6 %). Two
samples (1 & 2) also revealed increased recoveries for the analyte TNF-a at dilution factor 5
(162 % and 165 %). For sample 1, the analyte IL-6 showed a recovery of 138 % at dilution
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factor 5. All other recoveries were in the acceptance range. For the determination of analyte
concentrations in whole blood supernatants the dilution factor was set to 5 for the analysis of
IL-4. The other analytes, IL-6, TNF-a and IL-12p70, were defined to be analyzed using dilution
factor 10.

4.4.5 Dilution linearity

Table 40 summarizes the results of dilution linearity determination of the assays developed
on the SR-X platform for the analysis of IL-4, IL-12p70, IL-6 and TNF-a. Included are dilution
factors, the respective assay and matrix concentrations as well as their recovery related to the
reference value corresponding to the spike concentration of recombinant proteins. Recovery
rates between 80 % and 120 % were accepted. Acceptance criteria for measured analyte
concentrations close to the ULOQ or LLOQ were defined from 75 % to 125 %. Mean values are
only taken from triplicate measurements of the different dilution if the CV was below 20 % or,
in case of concentrations close to the LLOQ and ULOQ, below 25 %.

Acceptance criteria were obtained for each dilution and all analytes (81.3 % to 115 %).
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Table 40: Results of the determination of dilution linearity for the Simoa SR-X assays. (<LLOQ = concentration below the lower limit of quantification; n.q. = value cannot be
quantified; conc. = concentration; DL = dilution; DF = dilution factor)

Dilution linearity - Simoa SR-X assays

Reference

Analyte [pg-mL '1] DL 1 DL 2 DL 3 DL 4 DL5 DL 6 DL 7 DL 8 DL 9 DL 10 DL 11 DL 12
DF (1:x) 50 100 200 400 800 1600 3200 6400 12800 25600 51200 102400

L 200 assay conc. [pg'mL] 15.3 7.32 3.47 1.72 0.819 0.397 0.200 0.098 0.047 0.025 0011 <LLOQ
matrix conc. [pg-mL] 763 732 693 688 655 635 640 624 600 629 587 n.qg.

recovery [%] 109 105 99.0 98.3 93.6 90.7 91.4 89.2 85.7 89.9 83.8 n.qg.

DF (1:x) 40 80 160 320 640 1280 2560 5120 10240 20480 40960 81920

IL-12p70 So00  3Ssavconc. [pg-mL™] 45.2 22,5 11.3 5.58 2.77 1.71 0.739 0.387 0.192 0.109 0.053 0.028
’ matrix conc. [pg-mL™] 1,807 1,801 1,814 1,784 1,771 2,183 1,891 1,983 1,966 2,229 2,154 2,307

recovery [%] 90.4 90.1 90.7 89.2 88.5 109 94.6 99.2 98.3 111 108 115

DF (1:x) 50 100 200 400 800 1600 3200 6400 12800 25600 51200 102400

L6 Leop 3553V conc. [pg-mLY] 2.51 1.02 0.926 0.596 0.075 0.166 0.073 0.005 0.006 0.002 0.005  <LLOQ
’ matrix conc. [pg-mL™] 1,571 1,715 1,673 1,302 1,890 1,678 1,542 1,563 1,611 1,528 1,405 n.qg.

recovery [%] 98.1 107 105 81.3 118 105 96.3 97.6 101 95.4 87.7 n.q.

DF (1:x) 50 100 200 400 800 1600 3200 6400 12800 25600 51200 102400

NF-o 50 | assayconc. [pg-mL] 50.4 25.2 12.5 5.19 3.29 1.59 0.791 0.404 0.227 0.098 <LlLOQ <LLoOQ
’ matrix conc. [pg-mL] 2,518 2,519 2,491 2,076 2,631 2,541 2,532 2,585 2,911 2,521 n.g. n.qg.

recovery [%] 101 101 99.5 82.9 105 101 101 103 116 101 n.q. n.q.
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4.5 Method comparison of Luminex and Simoa assays

4.5.1 Passing-Bablok regression

In order to be able to use and analyze the concentrations resulting from the SR-X technology
analogously to those from the Luminex technology, the comparability of the two methods was
investigated using IL-6 and TNF-a. Due to the lack of parallelism of the other two analytes, IL-4
and IL-12p70, with the Luminex assays, only values generated with the Simoa technology can
be used.

60 samples were used for IL-6, 40 of which could also be used for TNF-a. While it would be
optimum to have samples that cover the full range of the standard curve, the two methods
did not have a comparable assay range, so this was only possible to a limited extent in

overlapping concentration ranges.
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Figure 7: Plot of Passing-Bablok regression analysis. Passing-Bablok regression was performed to compare the
Luminex and the Simoa method for IL-6 (left) and TNF-a (right). Back-calculated concentrations (= conc.) (incl.
dilution factor) determined by the Simoa method were plotted (y-axes) against those determined by Luminex
assays (x-axes) in pg-mL. Additionally, the linear Passing-Bablok regression lines (solid lines) as well as the
regression equation are presented. The regression analysis was performed with 95 % confidence intervals (dashed
lines). Further, the respective Spearman correlation coefficient rs is given.

The investigation of the bivariate relationship using Spearman correlation analysis revealed a
rank correlation coefficient of 0.9335 for IL-6 and 0.9257 for TNF-a, respectively. The data
collected with the two assays for both analytes correlated positively with each other. The

correlation was significant at a level of 0.05.
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The slope determined for IL-6 by Passing-Bablok regression analysis was 1.4532 (Figure 7) with
a 95% confidence interval (Cl) from 1.3035 to 1.5750. The y-intercept for this analyte
was -0.3391 and the corresponding 95 % Cl ranged from -0.8293 to 0.4808. For TNF-a, a slope
value of 1.0917 was obtained (Figure 7). The corresponding 95 % Cl ranged from 1.0144 to
1.1741. For both methods the slope close to 1 also indicated a positive correlation of both
methods. The value determined for the y-axis intercept was -0.9111 (95 % Cl: -3.8975 to
1.5967). Looking at the 95 % Cls of the slope of both analytes, they did not contain the value
1, indicating that a proportional error was present. The 95 % Cls of the y-axis intercepts of
both analytes included the value 0, which excludes a shift due to a random error [157]. The
proportional difference was corrected mathematically by dividing the concentration values
generated with the SR-X 2-plex for IL-6 and TNF-a by the respective value of the slope. The
resulting slope after correction for IL-6 was 0.9893 (95 % Cl: 0.8752 to 1.0788). For TNF-a, a
slope of 0.9999 (95 % Cl: 0.9290 to 1.0722) was obtained after correcting the proportional.
Therefore, the factorial correction of the proportional differences improved the correlation.
After mathematically adjusting the SR-X concentrations, both 95 % Cls included the value 1.
The correction also influenced the y-intercept leading to a value of -0.1803 for IL-6 (95 % ClI: -
0.5623 to 0.3731) and of -0.8278 for TNF-a (95 % Cl: -3.4529 to 1.4720). As both 95 % Cls of
the respective y-intercept did enclose 0, prior as well as after correction of the proportional

error, the existence of a systematic error could be excluded.

4.5.2 Bland-Altman method comparison

Correlation is an indicator of method agreement but should not alone be considered for the
assessment of method comparability. Therefore, Blant-Altman analysis was performed in
order to analyze differences of the two methods, again for IL-6 and TNF-a. In Figure 8A-D the
average of back-calculated concentrations analyzed by Simoa and Luminex are plotted. While
Figure 8A and C have plotted the absolute differences of the two methods on the y-axis, Figure
8B and D show the relative differences as percentage. An acceptance range for relative
difference was internally defined from -35 % to 35 %. For Blant-Altman analysis, the values
generated by Simoa SR-X and subsequently corrected according the Passing-Bablok regression

were employed.
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Figure 8: Blant Altman plots of differences generated for IL-6 and TNF-a. Blant Altman analysis was performed
to compare the methods Luminex and Simoa SR-X. In (A) and (C) differences (Luminex - SR-X) are given as absolute
values as pg-mL* while (B) and (D) expresses the differences as percentages. The blue dashed line represents the
bias. The 95 % confidence intervals are included as dotted lines in grey and the green lines represent the allowable
range (-35 % - 35 %).

To be able to calculate ClIs for Blant-Altman analyses, the differences between the two
methods were needed to be normally distributed. The Shapiro-Wilk test confirmed normal
distribution of differences for TNF-a resulting in W = 0.9523 (p value = 0.0907), and for IL-6 in
W =0.9776 (p value = 0.3352). The bias of the Blant-Altman plot of IL-6 showed an absolute
value of -0.033 (Figure 8A) and a relative value of 0.859 % (Figure 8B). For TNF-a, the bias was
calculated to be 0.472 and 4.92 %, respectively (Figure 8C and D). This meant, the Simoa SR-X
assay yielded higher values for IL-6 by 0.033 pg-mL? on average compared to the Luminex
technology and IMAP 1 yielded higher concentrations for TNF-a by 0.472 pg-mL* compared
to the Simoa assay. For TNF-a, the 95 % Cl for absolute values was determined from -13.61 to

14.56 (Figure 8C) and from -71.29 % to 81.13 % (Figure 8D) for relative differences. For IL-6,
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the 95 % Cl of the absolute differences was determined from -4.87 to 4.81 (Figure 8A) and for
the relative differences from -62.6 % to 64.3 % (Figure 8B). Meaning, in general, 4.87 pg-mL™*
above and 4.81 pg-mL?! below the IL-6 concentration recorded with the Simoa technology
were quantified with Luminex. For TNF-a, analogously, 13.6 pg-mL! more and 14.6 pg-mL™*
less, respectively, were analyzed by Luminex (see Cls of Figure 8A and C). For both analytes,
95 % of the differences were within the respective calculated confidence intervals while 20 %
(TNF-a) and 23 % (IL-6) of the differences of individual samples analyzed with both methods
in relation to the respective mean value lay outside the internally defined acceptance range
of -35 % to 35 %. At lower average levels, the scattering of differences between the methods
appears to be higher compared to higher averages of both methods for IL-6 and TNF-q,

respectively (Figure 8B and D).

4.6 NK cell activation

Investigation of NK cell activity in whole blood assays was performed in four independent
experiments. In the following section, the results of the experiments examining which effects
the stimuli IL-12, IL-18, IL-2, R848 and K562 and their specific combinations have on NK cell
activation and effector function are compared (see Table 13 in 3.3.2). Flow cytometry datasets
were therefore supplemented with data from corresponding cytokine readouts using the
developed and validated Luminex and SR-X assays. The cell number of K562 cells used for
whole blood culture experiments was 1.25 x 10° cells, as determined through a pilot titration
experiment (data not shown). In order to be able to examine the expression of the surface
markers CD69, CD25 and CD107a on NK cells, it was first necessary to identify NK cells. This
was done by gating lymphocytes in accordance to their expression of surface markers CD3 and
CD56. NK cells were then identified as CD3-CD56+ lymphocytes (see also gating strategy

Annex - Figure 2).

4.6.1 CD69 and CD25 expression on NK cells
NK cell activation can be investigated by checking the expression of surface markers by flow
cytometric analysis. Following, expression levels of CD96 and CD25 on the surface of NK cells

are shown (Figure 9).
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o6 Donor A Figure 9: Expression of surface molecules CD69 and CD25 on NK cells. Whole blood assays were
® Donor B cultured over 24 h after blood donation and the addition of stimuli with exception of the
A Donor C unstimulated control at t = 0 h. Flow cytometric analyses, carried out directly after culture, were
e Donor D performed in singles (n = 1). The results are displayed as MFI and are based on viable NK cells
O Donor E gated as CD3°'CD56*. Whole blood assays were stimulated using IL-12 and IL-18, respectively
Donor F R848 and IL-2, either alone or in combination. K562 were added in a cell number of
X Donor G

1.25 x 10° cells, without or in combination with IL-2. The combination of lipopolysaccharide
(LPS) and staphylococcal enterotoxin B (SEB) was used as further stimulus. Data from three
individual experimental culture approaches were compared (1°: donor A-C, 2": donor D-F and
3: donor G-I).

+ Donor H

Donor |

For CD69, the highest intensities were found after stimulating the cells of whole blood with
the combination of R848 + IL-2 ranging approximately between 15,000 and 23,500 AU.
Increased signals in comparison to unstimulated controls (0 h and 24 h) were also observed
using R848 alone, but the signals were approximately half of the highest achieved levels.
Slightly increased signals in relation to the controls were observed for IL-18, the combination
IL-12 + IL-18, K562 together with IL-2 and for LPS/SEB. However, the signals measured for
donor A after stimulation with IL-12 + IL-18 were on average approximately three times higher
than those obtained for donor B and C. The same phenomenon could be observed for donor G
after K562 + IL-2 and LPS/SEB stimulation, although differences were smaller. Other stimuli
gave signals comparable to the unstimulated controls.

CD25 signal intensities were in general lower compared to CD69 signal intensities. Highest
signals were detected for the combination of IL-12 and IL-18 where, again, donor A gave higher
signals compared to donors B and C. The signals of donor G based on K562 + IL-2 stimulation
were only marginally lower than those just described for donor B and C after IL-12 + IL-18
stimulation. Slightly lower signals could be observed for donor H and | when K562 in

combination of IL-2 was used. These were comparable to the signals reached after the
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stimulation using R848 alone respectively in combination with IL-2. Signals after LPS/SEB
stimulation were comparable as well. Remaining stimuli gave results that were not

distinguishable from signals derived from the unstimulated control whole blood assays.

4.6.2 CD107a expression on NK cells

CD107a (also referred to as LAMP-1, Lysosomal-associated membrane protein 1) is another
surface marker involved in the process of degranulation. Figure 10 shows the relative amount
of NK cells that were analyzed as CD107a positive after stimulation with either IL-12, IL-18,
IL-2, R848, K562 cells and LPS/SEB or corresponding combinations. Also, signals measured for

unstimulated controls after 0 h and 24 h are included.
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Figure 10: Percentage of CD107a positive NK cells. Whole blood assays were cultured over 24 h after blood
donation and the application of stimuli with exception of the unstimulated control at t =0 h. Flow cytometric
analyses carried out directly after culture were performed in singles (n=1). The results are displayed as
percentage of CD107a* NK cells of parent viable NK cells gated as CD3"CD56* cells. Whole blood assays were
stimulated using IL-12 and IL-18, respectively R848 and IL-2, either alone or in combination. K562 were added in
a cell number of 1.25 x 10° cells, without or in combination with IL-2. The combination of lipopolysaccharide (LPS)
and staphylococcal enterotoxin B (SEB) was used as further stimulus. Data from three individual experimental
culture approaches are compared (1%: donor A-C, 2": donor D-F and 3: donor G-I).

Stimulation with IL-12, IL-18, and their combination as well as with IL-2 and LPS/SEB resulted
in comparable or only slightly increased amounts of CD107a positive NK cells in relation to
unstimulated controls. In contrast, the amount of NK cells carrying CD107a on their surface
increased after stimulation with TLR agonist R848. Even higher amounts were observed when

stimulated with R848 in combination with IL-2, although differences in-between donors D to F
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did exist. While the lowest relative amount was observed for donor F with 18.5 %, donor E
reached 44.5 %. Slightly increased amounts of CD107a positive NK cells could be seen when
K562 cells were used as a stimulus in the whole blood-based assay for donors G and |, while
signals of donor H were approximately four times higher. Even more NK cells carrying CD107a
on their surface were found for all three donors G to |, when K562 cells were combined with
IL-2, peaking for donor H in 44.6 %. These results were comparable to values achieved for the

combination of R848 + IL-2.

4.6.3 TNF-a and IFN-y cytokine readout
Following, the results of cytokine readouts of the markers TNF-a and IFN-y are described as
shown in Figure 11. For the measurements of TNF-a and IFN-y shown below, the developed

and validated Luminex and Simoa assays were used.
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© Donor A Figure 11: TNF-a and IFN-y levels in whole blood culture supernatants. Whole blood assays
m Donor B were cultured over 24 h after blood donation and the addition of stimuli with exception of the
A DonorC unstimulated control at t =0 h. Measurements were performed in duplicates (n =2; TNF-a
e Donor D values determined by SR-X measurements) and triplicates (n = 3, Luminex measurements).
o Donor E Concentrations are given in pg-mL™. Whole blood cultures were stimulated using IL-12 and
Donor F IL-18, respectively IL-2 and R848, either alone or in combination. K562 were added in a cell
* Donor G number of 1.25 x 10° cells, without or in combination with IL-2. The combination of
+ DonorH linopolysaccharide (LPS) and staphylococcal enterotoxin B (SEB) was used as further stimulus.
* Donor |

Data from three individual experimental culture approaches are compared (1°: donor A-C, 2™:
donor D-F and 3™: donor G-1). Upper and lower limit of quantification (LLOQ and ULOQ) are
displayed as dashed lines. The presentation of the quantification limits for TNF-a was not
meaningful because data generated with the Luminex assay as well as with the Simoa assay
were used. The measured signals were within the respective quantification limits.

For TNF-a, as well as for IFN-y, comparable concentration levels to the unstimulated control
at t = 0 h and after 24 h were observed after 24 h-stimulation with IL-12, IL-2 and the co-
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culture with K562 cells. However, TNF-a concentrations obtained for donor | were higher for
the unstimulated controls after 0 h and 24 h. While IL-18 stimulation led to concentration
levels of TNF-a comparable to the unstimulated cultures, the IFN-y concentrations varied
between donors (A: 84.1 + 1.69 pg-mL?; B: 4.72 + 0.557 pg-mL* and C: 29.3 + 0.763 pg-mL™1).
The combinations of K562 + IL-2 and IL-12 + IL-18 resulted in increased TNF-a levels and even
higher concentrations were achieved by stimulation with R848, the combination of R848 + IL-2
and after stimulation with LPS/SEB.

Increased IFN-y concentrations of about 150 to 370 pg-mL* after K562 + IL-2 stimulation were
shown. These ranges were comparable with IFN-y concentrations after LPS/SEB stimulation of
donor I. For donors G and H, the combination of LPS/SEB led to higher IFN-y concentrations
between approximately 7,500 and 14,000 pg-mL?. These concentrations were thus 30 to
56 times higher than the concentration determined for donor I. IFN-y levels after stimulation
with R848 + IL-2 could be compared to those achieved for Donor G after LPS/SEB stimulation,
while R848 alone reached concentrations lying approximately between 950 and 1,250 pg-mL™.
Highest concentrations could be observed after stimulation with IL-12 + IL-18. While donors B
and C showed concentrations of about 33,500 pg-mL™* and 62,000 pg-mL?, the ULOQ of the
assay is reached (204,800 pg-mL?') when analyzing donor A. Corresponding IFN-y

concentrations were expected above this value.

4.6.4 Granzyme B levels

To further investigate degranulation effector events, granzyme B levels in whole blood culture
supernatants were analyzed. Concentrations in unstimulated controls after 0 h and 24 h were
too low to be determined in regard of donors A to E. Only for donor C, a concentration of
2.05 pg-mL* could be measured after 24 h. For donors F to |, the results were highly different
between donors, although values after 0 h and 24 h were comparable within one donor. The
measured granzyme B concentrations are presented in Figure 12.

For donors A and C, an increase of granzyme B concentrations was obtained when IL-12 was
used for stimulation in combination with IL-18 compared to the achieved signals when these
stimuli were used alone. However, this was the only sample that gave a quantifiable
concentration of donor B. Using IL-2, increased concentrations in relation to unstimulated
controls were found for donors F to I. The granzyme B concentration gained for donor D was

comparable to the results of donors F to |, while donor E resulted in lower levels. Compared
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to IL-2 stimulation, R848 showed increased granzyme B levels. The highest granzyme B
concentrations of all experiments were observed after combining stimuli IL-2 and R848 with
14,453 to 30,668 pg-mL™. These were followed by levels achieved by LPS/SEB stimulation (603
to 13,595 pg-mL?). While the measured granzyme B concentration after K562 stimulation was
comparable to the levels after IL-2 stimulation, K562 combined with IL-2 resulted in higher

concentrations between 461 to 1,462 pg-mL™.
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Figure 12: Granzyme B levels in whole blood culture supernatants. Whole blood assays were cultured over 24 h
after blood donation and the addition of stimuli with exception of the unstimulated control at t=0 h.
Measurements were performed in singles (n = 1) using granzyme B ELISA. Concentrations are given in pg-mL™.
Whole blood assays were stimulated using IL-12 and IL-18, respectively R848 and IL-2, either alone or in
combination. K562 were added in a cell number of 1.25 x 10° cells, without or in combination with IL-2. The
combination of lipopolysaccharide (LPS) and staphylococcal enterotoxin B (SEB) was used as further stimulus. For
some samples, concentrations were not detectable. These are not represented in the graph. Data from three
individual experimental culture approaches were compared (1%: donor A-C, 2": donor D-F and 3: donor G-I).
Quantification limits are not available.

4.6.5 Activation of other immune cell populations present in whole blood

To compare how different stimuli impacted NK cells and to understand the effects on other
immune cells of the whole blood culture system, a heatmap was generated using the web tool
ClustVis [162] (Figure 13). All results included came from cytokine readouts using Luminex and
Simoa readouts and flow cytometric analysis for donors A to I. Results recorded in the course
of the three sub-experiments were correlated with each other and compared by grouping
similar patterns into clusters. The color scaling from blue (0 %, lowest value) via yellow (50 %)

to red (100 %, highest value) indicates the level of the signals obtained via the activation
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markers used for the individual cell populations or the level of the cytokine concentrations
measured, which were normalized per row. GM-CSF, VEGF and M-CSF were not included due
to the previously described validation results outside the acceptable validation criteria. When
IL-12 was used as a stimulus, the measurement results gained for IL-12 were removed from
the comparison and included in the heatmap as “N/A” (not analyzed, shown in white). The
“Control” refers to the unstimulated whole blood culture at time point t=0h, while
“unstimulated” refers to the whole blood assay cultured over 24 h without any stimulus.
There was almost no difference between the control, the unstimulated sample and the
samples stimulated with IL-12 or IL-18 alone for donors A (white), B (grey) and C (black). For
monocytes only, low signals of CD62L were observed after 24 h when stimulated with IL-18.
In comparison to the corresponding control and unstimulated samples the combination of
IL-12 and IL-18 resulted in slightly increased signals for CD69 on CD4+ and CD8+ T cells,
monocytes, PMNs (polymorphonuclear neutrophils), Tregs and NK cells. In addition, increased
levels of the surface marker CD25 could be observed for NK cells as well as for CD8+ T cells.
Most cytokine levels were not influenced by the stimuli IL-12, IL-18 and their combination
apart from IL-1Ra and IFN-y. After stimulation using IL-12 and IL-18 in combination, low levels
of CD62L on monocytes and PMNs were shown as well. Further, few relative amounts of
CD107a positive NK cells were detected.

Regarding donors D (green), E (yellow) and F (light blue), results determined for controls and
unstimulated samples after 0 h and 24 h, respectively, were comparable. The same cluster
included samples stimulated with IL-2. While increasing signals could be seen after 24 h of
culturing without a stimulus (unstimulated) for the activation marker CD86 on monocytes,
even higher signals were detected after IL-2 stimulation. A further difference between the
control and the unstimulated sample compared to the IL-2 stimulation were lower levels of
CD62L after IL-2 treatment on the surface of monocytes. These were comparable to those
received after stimulation with R848 and the combination of R848 and IL-2. Similar levels could
be observed for CD62L on PMNs but not, when IL-2 alone was used. All other signals of surface
markers and cytokine concentrations were substantially elevated after R848 + IL-2 stimulation
compared to controls after 0 h and 24 h as well as to the treatment with IL-2 alone. The only
exceptions were IL-4, IL.-8 and CD69 on monocytes. All other markers and cytokine
concentrations were either similarly increased after stimulation with R848 or R848 and IL-2 in

combination or the effects were slightly enhanced by the combination of stimuli in
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comparison to R848 alone. This could be seen for the expression of the surface markers
CD107a and CD69 on NK cells, for IFN-y as well as for CD69 on CD4+ and CD8+ T cells or on
Tregs. However, these differences were very marginal.

For donors G (dark blue), H (orange) and | (red) the controls, unstimulated samples as well as
the treatments with IL-2 or K562 alone were grouped in one cluster due to similar signal and
concentration patterns. The only exception was the stimulation with K562 cells on donor H
that was clustered together with the three K562 + IL-2 treated samples based on high levels
of CD69 expression on monocytes that is more comparable to these samples. Stimulation with
the combination of K562 + IL-2 or IL-2 and K562 alone resulted in almost no signaling from
CD62L on monocytes and PMNs. The combination of K562 + IL-2 resulted in high CD107a
expression on NK cells, also observed for donor H, when K562 cells were employed without
IL-2. Increased signals were obtained for CD25 on NK cells. Further, slightly increased levels of
IL-8, of CD69 on NK cells, CD4* T cells and Tregs, of CD25 on monocytes as well as of MCP-1
and IL-1Ra were observed compared to controls after 0 h and 24 h when cells were treated
with K562 and IL-2 simultaneously.

The treatment by LPS/SEB led to increased levels of all cytokines apart from IFN-y, but also
increased the expression of CD69 on CD4+ T cells and Tregs, as well as CD69 and CD25
expression on NK cells. Further, the expression of CD69, CD86 and CD25 surface markers on
B cells were higher compared to the controls, as well as the expression of CD69 on PMNs and
the expression of CD25 on monocytes. For CD8+ T cells, higher levels of CD107a+ cells were
detected for donors G and H compared to controls. Again, CD62L signals on monocytes and

PMNs were close to 0 % by treating cells with LPS/SEB.

It could be observed that the application of the single stimulants and stimulant combinations
used for the respective three different donors of each sub-experiment were mostly grouped
in the same cluster. The use of individual stimuli usually led to surface marker expression levels
and cytokine levels that were clustered together with those of the two controls (control and
unstimulated) of the respective sub-experiment. Differences between the controls at 0 h and
24 h of the individual sub-experiments were recognizable. With regard to signals of CD62L,
CD25 on CD4+ and CD8+ T cells as well as of CD86 on monocytes, variances between sub-
experiment 1 (donors A, B, C) and the remaining sub-experiments 2 (donors D, E, F) and 4
(donors G, H, 1) could be observed. The overall comparison of all results showed that the

expression of most surface markers of tested immune cell populations of whole blood as well
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as cytokine concentrations were affected most by the combination of R848 and IL-2 or R848
alone, followed by LPS/SEB treatment. While, in comparison, LPS/SEB led to intermediate
expression levels of surface markers on regarded immune cells, high levels were observed
after the treatment with R848 or R848 in combination with IL-2. However, the highest IFN-y
concentrations and expression levels of CD25 on NK cells over all experiments and donors
were achieved by using IL-12 and IL-18 in combination. Highest TNF-a levels were detected
after stimulation with LPS/SEB, R848 and R848 in combination with IL-2, respectively. The
highest expression levels of CD107a on NK cells by comparing all experiments and donors
could be seen after K562 + IL-2 stimulation. This stimulation also led to the comparatively
highest expression of CD69 on monocytes. For donor |, increased IL-4 concentrations were
observed while this marker was, apart from LPS/SEB stimulation, almost undetectable.
Further, differences in CD86 expression on monocytes after IL-2 stimulation between different
experiments for donors D to F and G to | were obtained. Here, differences in the expression
of CD62L between the controls and unstimulated samples after 24 h of cultivation between

the different sub-experiments did exist as well.
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Figure 13: Heatmap of surface marker expression and cytokine levels. Surface markers on different immune cell populations and cytokine levels present in whole blood after
stimulation with IL-12, IL-18, IL-2, R848, K562 cells and respective combinations were investigated. Three independent whole blood culture-based experiments comprising nine
donors (A-1) were compared. Annotations on top show clustering of the samples. Negative controls were applied referred to as “Control” (= unstimulated sample at t =0 h) and
“unstimulated” (= unstimulated sample at t = 24 h). Data were normalized in rows, with the highest value corresponding to 100 % (red) and the lowest value to 0 % (blue). The
stimuli and corresponding combinations as well as controls are given on the x-axis while the y-axis shows the cytokines and chemokines analyzed using the developed and validated
assays as well as the surface markers determined on specific immune cell populations of the peripheral blood.

93



Discussion

5. Discussion

Within the project "Systems Immunology at Biological-Technical Interfaces"”, two multiplex
immunoassays were developed utilizing bead-based Luminex technology. These
“inflammatory multiplex analyte panels” (IMAPs) 1 and 2 were used to investigate and
characterize the effects of implant materials and their surface properties on the immune
response in three different cell culture systems of ascending complexity. Both IMAPs were
validated to enable robust and accurate cytokine quantification in supernatants from three
cell culture systems — THP-1, PBMC and the whole blood cultures (TruCulture).

The THP-1 cell culture system represents the culture system with the lowest matrix
complexity, which was studied in this project. These are human monocytes initially isolated
from a patient suffering on acute monocytic leukemia [165]. THP-1 cells are often used to
study the function and structure of monocytes in immunological research [166]. PBMCs are
the cell culture system of the next degree of complexity. PBMCs consist of isolated
lymphocytes, monocytes, and macrophages, which are purified from peripheral blood and are
used, for instance, to investigate cytokine release upon immune cell stimulation to address
various immunological questions [113]. The most complex cell culture system in the series is
the whole blood culture system, which includes all immune cells of the peripheral blood as
well as erythrocytes, platelets and all soluble factors present, providing a more complete
picture of an immunological reaction.

Analytes measured with the IMAP 1 and 2 assay kits were selected based on their involvement
within an immune response to biomaterials [167, 168]. After a biomaterial is implanted into
the body, blood proteins are first adsorbed to the surface of the biomaterial and the
coagulation cascade, complement and platelets are activated and lead to priming and
activation of PMNs, monocytes and macrophages [167, 169, 170]. PMNs play the main role
during acute inflammatory events while monocytes and macrophages are the driving force
during chronic inflammation processes [167]. "Classically activated" (M1) macrophages
maintain the state of inflammation [167, 168] while "alternatively activated" (M2a, M2b and
M2c) macrophages, act in a regulatory manner on the immunological response and are
involved in the repair of damaged tissue and the healing of wounds [167, 168]. The analytes
of IMAP 1 and 2 were selected based on these events in order to be able to distinguish and
assess the different processes in the cell cultures.

For the quantification of four analytes, which were present at very low concentrations,
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additional highly sensitive assays based on single-molecule arrays were developed using the
ultrasensitive Simoa SR-X platform. These assays were also validated for the whole blood
system. The assay development procedures for the Luminex and Simoa assay as well as the
elaborate assay validation efforts represented main parts of this work.

In this thesis, the developed and validated Luminex IMAPs as well as Simoa immunoassays
were used to investigate the activation of NK cells by NK cell-specific stimulants in whole blood
culture systems in combination with flow cytometric analysis. In addition, it was investigated
whether other immune cell populations are activated by the NK cell-specific stimulants and, if
so, which ones. These experiments were performed in close cooperation with HOT Screen
GmbH. In the following section, the results of the development of the Luminex IMAPs as well
as the Simoa assays are discussed, and the validation results are assessed. Subsequently, the
results of NK cell activation based on the respective cytokine readouts and flow cytometry
analysis are discussed within the context of their scientific objectives.

Immunoassays are indispensable nowadays for research and clinics and are used not only in
clinical diagnostics or biopharmaceutical analysis and research, but also in the course of
environmental monitoring or food analysis. Since the 1960s and the first implementation of
an immunoassay, a major development process has taken place, leading to the appearance of
numerous bioanalytical platforms and immuno-analytical systems. ELISAs are still considered
the gold standard due to their high specificity, accuracy and sensitivity, ease of use and are
used for the detection of a multitude of analytes. Building on this, it became possible to create
automated processes using robotics, improve technologies in terms of sensitivity and create
cost-efficient tools to perform high-throughput procedures [171]. A key step towards cost
efficiency and high-throughput applications was the possibility to simultaneously detect and
guantify several analytes in one reaction vessel, referred to as multiplexing. Compared to
conventional ELISA applications, the sample volume required for the measurement can be
drastically reduced and only one analytical run is required at a time instead of several, largely
independent of the number of analytes. Luminex provides one platform offering this
possibility of multiplexing [11, 15]. Despite this great advantage, this technology is sometimes
not sensitive enough to detect biomarkers that are only present at very low concentrations
(low pg-mL™* range or below). In this case, the Simoa technology developed by Quanterix can
be used, which is able to quantify low analyte concentrations even in the sub-pg-mL* range

[16-18, 20]. This application can also be used for multiplexing approaches [19, 22].
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5.1 Assay development and assay optimization

The quality and performance of immunoassays is strongly dependent on various factors that
need to be considered and optimized during the developmental phase. Only then, the best
possible precision and sensitivity can be achieved, which is a pre-requisite for valid and
reproducible results. Therefore, suitable buffer systems were investigated, and their
compositions were adapted and optimized to the needs of the respective assay components
and target sample matrices. In addition, the concentrations of the detection antibodies were
adjusted and optimized for the specific analysis.

The first step in immunoassay development is usually the identification of suitable capture
and detector antibody pairs as well as standard proteins for the detection and quantification
of the desired analytes. For this purpose, it was possible to refer to and to combine already
existing in-house data from various different projects. Therefore, the search for antibody pairs
was not part of this work. Commercially available monoclonal, but also polyclonal antibodies
and recombinant proteins were used and applied for the immunoassays.

A crucial factor to be considered at the very beginning of immunoassay development is to find
a suitable buffer system that enables a good assay performance and at the same time a low
background signal and suitability for the selected matrix. This is especially important when a
multiplex assay will be developed. As a basic buffer system, solutions based on, for example,
Tris, phosphate but also on HEPES or MES can be employed. Since each single and multiplex
immunoassay requires specially adapted buffer formulations, it is advisable to reconsider this
point with each individual assay development in a very early stage. Simple buffer solutions or
more complex buffer media, some of which are commercially available, can be used for this
purpose [172].

For the three buffer systems tested for IMAP 1 and 2, no exceptional differences could be
found with regard to the course of the standard curves. However, the LCB was the most
unsuitable within this comparison as the lowest signals of the respective standard curves for
more than 50 % of the analytes of IMAP 1 were achieved. Further, in the case of MCP-1 within
IMAP 1, the signals of the two lowest calibrator concentrations could barely be distinguished
from each other, leading to a strong reduction of sensitivity. The reason for choosing CBST
was the higher stability of the signals in the upper part of the standard curve. Within the area
of a plateau, which was observed for some analytes when using BRE, a back-calculation of

unknown analyte concentrations in samples using the standard concentration cannot be made
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unequivocally. Even small deviations of comparable signals will then become noticeable in
strong deviations of the back-calculated concentrations and negatively influence
reproducibility and validity of results. Under certain circumstances, the corresponding
standard curve would need to be capped at the top and the width of the quantification range
would be narrowed. Thus, CBST was set as the base buffer system, as it provided acceptable
background signals for most analytes in comparison. The only exceptions were IL-8, MCP-1
and MIP-1B. Furthermore, the highest signals of the standard curves could be obtained on
average with this buffer. This is the basis for the goal of ensuring quantification over a broad
assay range.

Although the buffer CBST represented an adequate buffer system, non-specific binding still
occurred, leading to the high background signals of some analytes. These had to be
investigated and could be reduced by checking cross-reactivity and by the performance of
assay optimization.

As for the SR-X assays, the Homebrew Sample/Detector Diluent of the company Quanterix
already provided satisfactory results after the first run, further assay buffers were not tested.
Only background levels for IL-12p70 were relatively high demanding for buffer optimization
as well which had to be addressed.

Cross-reactivity between assay components is a kind of non-specific binding described as a
signal based on the binding of antibodies to substances other than the target analyte [173].
The chosen three-step sandwich immunoassay format reduced cross-reactivity between assay
components by immobilizing and concentrating the analyte of interest by binding the epitope
to a capture antibody before a labeled detection antibody is added in a next step [174].
Further, the implementation of in-between washing steps as performed for the developed
assays reduced cross-reactivity by eliminating unbound components. Nevertheless, in a
multiplex assay setup, additional combinatorial interactions between the assay reagents like
detection and capture antibodies as well as the respective analytes or recombinant proteins
are present [174, 175]. This reinforces the presence of cross-reactivity, potentially affecting
assay performance by influencing the limits of detection and quantification. Cross-reactivity
testing is strongly recommended because the quality and reproducibility of multiplex
immunoassays depends on the specificity of the applied antibodies, in particular the capture
antibodies, that should reliably bind their target molecule [175].

The detected cross-reactivities between capture and detection antibodies of some analytes of
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IMAP 1 could be reduced by the replacement of the IFN-y detection antibody leading to
significantly lower background signals. Further, assay buffer optimization led to a reduction of
the slight non-specific binding of the detection antibody against MCP-1 to other capture
antibodies, but as well to more stable and lower background values were achieved, especially
with respect to IL-8, MCP-1 and MIP-1B. For this purpose, the CBST buffer, already
supplemented with NaCl to reduce non-specific binding (empirical value), was additionally
provided with a blocking reagent against heterophilic antibodies. According to the
manufacturer this is a suitable blocking reagent for sandwich immunoassays utilizing
monoclonal and polyclonal antibodies [176], an effect that was also observed here. False
positive signals can be reduced as these reagents block the bridging of heterophilic and so
called human anti-mouse antibodies (HAMA). These antibodies, which can be available in
human samples, may cross-link the reagent antibodies, leading to a detectable antibody
complex without a captured analyte. Then its detection suggests a positive signal for the actual
analyte and leads to false high results [173, 177, 178]. In addition to these specific blocking
reagents, animal sera are also a popular and often used agent to minimize non-specific
binding. By adding fetal bovine serum and horse serum to the assay buffer, the blank values,
especially of IL-8 and MIP-1, could be significantly reduced. The concentration of the animal
sera was chosen to be 2.5 % as it had the lowest variation of blank signals. The addition of
animal serum also reduced the background levels for the Simoa assay to detect IL-12p70 and
led to an increase in sensitivity, possibly by binding of unspecific antibodies or proteins to
proteins present in the animal sera. The background level of MCP-1 was for this experiment
already reduced to acceptable levels without the addition of buffer supplements. According
to experience, this could be attributed to the longer storage of freshly coated beads over one
or two weeks before application in assay runs which leads to increased blocking of newly
generated beads and thus less unspecific binding possibilities.

Further minor cross-reactivities detected between detection antibodies and recombinant
proteins, for assays of both methods (Luminex and Simoa) were acceptable. The respective
calculated recovery rates were only marginally higher than the defined acceptance limit of
1 %. These minor deviations were accepted because the assays developed in this thesis are
fit-for-purpose approaches that are used in the context of research applications. Furthermore,
these are multiplex immunoassays, which by nature have a much higher probability of cross-

reactivity between the various assay components of the different analytes. In this regard and
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as sensitivity was not affected by these minor cross-reactivities, these deviations were
accepted.

For IMAP 2, no cross-reactivity was detected between the respective assay components
tested. Nevertheless, the optimized concentration of the blocking reagent of heterophilic
antibodies fulfilled its intended task to lower blank values and at the same time reduced the
deviation between the replicates (CV) leading to a lower LOD and therefore contributing to a
better sensitivity.

During assay development, the concentration of detection antibodies was also optimized. As
shown by the example of the detection antibody titration for IL-10 and TNF-a, the change in
concentration can indeed have a major impact on the overall assay performance (TNF-a) or
may leave it completely unaffected (IL-10). Therefore, it is strongly recommended to
determine the optimal concentration experimentally for each analyte of a multiplex but also
for each individual immunoassay. At best, this can not only lead to a reduction of costs, as less
detection antibody has to be used, but also to an increase in sensitivity due to a resulting
optimized standard curve or reduced background. In the course of these immunoassay
developments, the appropriate detection antibody concentration could be determined for
each and every assay and target analyte of interest and optimized multiplexed and

sinlgeplexed immunoassays based on the requirements for the analysis could be provided.

5.2 Immunoassay validation

Assay validation was performed to verify the accuracy of the immunoassays developed, as
well as to demonstrate that they are suitable for their intended use. The validation was
performed in a fit-for-purpose approach [28] considering the guidelines of the US Food and
Drug Administration (FDA) [24] and the European Medicines Agency (EMA) [23]. The following
parameters were determined during the validation process: calibration curve model, limit of
detection as well as upper and lower limit of quantification, inter and intra assay precision,
parallelism, dilution linearity and analyte short-term and freeze-thaw stability. Since stability
is not an assay-specific parameter, but is dependent on the analytes themselves in a given
matrix, this validation parameter was only investigated in the course of the validation of the

two IMAPs and adopted for the Simoa SR-X assays.
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5.2.1 Model of the calibration curves, detection and quantification limits

The validation of the calibration curve model was an applicability test analyzed by precision
and recovery. Without exception, the suitability was demonstrated for the standard curves of
the assays developed on the Simoa SR-X platform. Since the standard curves showed very
good reproducibility and stability over all validation runs, a valid back-calculation of unknown
analyte concentrations was ensured using the standard curves. Although the second standard
curve point did not meet the precision and recovery rate across the six validation runs of the
analyte IL-6, the guidelines are being followed [23, 24]. The suitability of the calibration curve
models could also be demonstrated for the majority of the analytes of the two IMAPs. The
reason for the poor precision of calibrator 7 in case of MCP-1 is the potentially insufficient
sensitivity of the antibody pair in the concentration range around 1.24 pg-mL™?. Thus, no
reliable quantification is possible in this concentration range, which in turn was reflected in
the low precision. Because of this, this point was not included in the quantification range.
However, it is still listed as an anchor point and included in the respective curve fitting for
improving the overall curve fitting. In general, anchor points can improve curve fitting
especially in the curve ends by stabilizing the fit. These calibrators used as anchor point are
either above or below the quantification range. Therefore, they do not have to fulfil the
respective acceptance criteria [23, 24, 29]. For MCP-1, the calibrator was reduced to six
standard points. Hence, also this standard curve still meets all the requirements of the
guidelines [23, 24]. Theoretically, the same procedure could have been carried out for
calibrator 1 of the analyte IL-13, an analyte included in IMAP 2. However, in the course of
determining the upper limit of quantification, a precision of up to 25 % was accepted. This
point fulfils this acceptance criterion and remained part of the standard curve model. The
defined fitting models with the selected weighting best reflected the standard curves of both
methods and thus contributed to a valid back-calculation when determining unknown
concentrations. These fitting models must be maintained in any analysis and a very good
reason would be needed for changing them.

The assay range is defined by determining the limits in which a particular analyte is detectable
(LOD) and guantifiable (LLOQ and ULOQ). These limits were determined in the course of the
respective assay validation for each analyte.

Since the LOD for each analyte of the Luminex and Simoa SR-X assays was determined below

the respective calibrator of the lowest concentration, the entire range spanned by the
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calibration curve could be used for the detection of the analytes. However, this is only the
limit at which a signal generated by the binding and detection of target analyte molecules
clearly distinguishes itself from the background [27, 28]. This does not yet indicate whether
the signal can be reliably converted back into a concentration on the basis of the standard
curve. For this purpose, quantification limits were defined [23-25, 28].

For the two IMAPs as well as for the Simoa SR-X assays, the highest calibrator concentration
could be defined as ULOQ, since the acceptance criteria for CV and recovery were met. Thus,
in this concentration range, the target analyte quantification in a test sample could be
guaranteed and was considered valid.

With regard to the determination of the LLOQ, for all four SR-X analytes, IL-6, TNF-q, IL-4 and
IL-12p70, the lowest calibrator concentration (CAL7) could be defined as the lowest
concentration at which the respective analyte could be reliably back-calculated. The same was
true for 10 analytes of IMAP 1 and 2. Only for the analytes IL-6, GM-CSF, MCP-1, MIP-1f3 and
IL-13 the concentration of the determined LLOQ was between the seventh and sixth
calibration point (CAL7 and CAL6). Thus, in the concentration range of the calibrator with the
lowest concentration (CAL7), no reliable quantification of mentioned analytes could be
guaranteed. For MCP-1, this result was consistent with the validation results of the calibration
curve model, with CAL7 set as the anchor point. Although there was no valid back-calculation
in the range of the lowest standard concentration of these five markers, they are, with the
exception of MCP-1, further used as standard points. However, only concentrations equal to
or greater than the concentration defined as LLOQ were considered valid and were used for
analysis.

The aim of developing the analytes IL-6, TNF-a, IL-4 and IL-12p70 on the Simoa SR-X platform
was to detect the respective analytes below the quantification limits of the IMAPs. This should
be achieved through higher sensitivities than the corresponding Luminex assays. By comparing
the LLOQs of the analytes of the different methods, it was found that for IL-4 the sensitivity
was increased by a factor of 25. For IL-12p70, sensitivity was increased by a factor of 34, and
for IL-6 and TNF-q, sensitivity was increased 38-fold and 43-fold, respectively. This increased
sensitivity is based on the single molecule array technique. As with conventional ELISA, signal
amplification takes place, but in contrast to ELISA in an extremely small reaction volume of
50 fL. Thus, even with very few sandwich complexes bound to the beads, i.e. at very low

analyte concentrations, there is a high accumulation of the fluorescent product and thus a
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detectable signal [18].

5.2.2 Inter and intra assay precision

Another important validation parameter for confirming assay quality and performance is
precision, which is defined as the degree of concordance between independent test results
[25]. Intra assay precision, to assess deviations during a single run, and inter assay precision,
to assess reproducibility between independent runs, were investigated [23-25].

The intra and inter assay precision was confirmed for all analytes of the Simoa SR-X assays as
well as for IMAP 1, as all CVs were in the acceptable range. Likewise, the acceptance criteria
were met for the analytes in IMAP 2. Drastically high CVs were only obtained for VEGF in the
course of determining inter assay precision. Due to this high variance between different
analytical runs, reproducibility and validity could not be confirmed for this analyte. For this
reason, measured VEGF concentrations were not considered and not used for the evaluation
of scientific questions. This poor precision for VEGF could have different reasons. Possibly,
non-optimal buffer conditions or the binding characteristics of the antibodies used could have
had a negative effect on the determination of this parameter. However, this remains
speculation. Since the VEGF assay was an integral part of the corresponding multiplex assay,
it was not possible to remove it from the multiplex assay. A change in the composition of the
assay reagents would have resulted in such a large change that the validation could no longer
be considered valid and would therefore have had to be at least partially repeated. To
nevertheless analyze VEGF, a single-plex could be developed or a commercial assay could be

used.

5.2.3 Parallelism and dilution linearity

The aim of parallelism experiments is to show whether the binding properties of the capture
and detector antibodies to the endogenous protein correspond to those of the recombinant
protein used as a standard [179]. For this reason, only endogenous material is used for the
investigation of this validation parameter, whereby it is necessary that the endogenous
concentration is relatively high [23, 25]. Dilution effects on the quantification of endogenous
analytes in the sample matrix are investigated. At the same time, statements can be made
about the selectivity, the occurrence of matrix effects can be evaluated and the required

minimum dilution of the samples can be determined [180]. A non-existing parallelism means
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that the re-calculation of the diluted sample results in wrong concentration values. Thus, a
comparison of two different dilutions of a sample is not possible. This was true for three
analytes of the two IMAPs, namely IL-4, GM-CSF and IL-12p70 and further for two of the three
samples analyzed for parallelism for the analytes VEGF and M-CSF. Although, parallelism could
be demonstrated on the third remaining sample, it cannot be ruled out for future
measurements that the binding to the recombinant protein is different from that to the
endogenously occurring analytes. Therefore, the result of parallelism was assessed as "not
determinable" for VEGF and M-CSF.

For the analytes IL-1Ra and IL-13, recoveries outside the acceptance range of the lowest
dilution factor of 4 suggest interference from matrix effects as higher dilutions achieved
acceptable recoveries. Matrix effects are a consistent deviation in the determination of the
analyte concentration between two different matrices [181] — in this case between a sample
that is less diluted and one that is more diluted in assay buffer. In addition to the target
analytes to be detected, the sample matrix contains other endogenous components that can,
for example, bind non-specifically to beads and/or interact with the detection system and thus
lead to false positive results. In addition, these could be molecules which, due to their
immunological background, interact specifically with assay components and also lead to false
positive signals or suppress signals, such as the heterophilic antibodies already mentioned
[182].

In particular for MCP-1, the dilutions 1:1,024 and 1:2,048 should not be considered. Although
two other samples yielded acceptable recoveries for these dilutions, the deviations from the
acceptable range were too large to be tolerated. Comparability of concentrations obtained in
this dilution range is not guaranteed. In order to cover all analytes of IMAP 1 and 2, it was
necessary to perform sample measurements in two different dilutions. These were set to the
final dilution factors 8 and 512. With one of these two dilution factors, most concentrations
for all analytes were measurable and fulfilled the acceptance criteria of parallelism, apart from
MIP-1B. It must be mentioned here that the samples used were not representative for all
analytes, as lower concentrations would have been necessary for some analytes, such as
MIP-1B. Since native samples are necessary to determine the parallelism, samples were
generated via LPS/SEB stimulation in order to get all analytes in a detectable range, including
e.g. IL.-4 and IL-12p70, which are predominantly present in low concentrations. This required

a high stimulation, which then led to other analytes (like e.g. MIP-1B, IL-8 or MCP-1) being
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very highly concentrated. Thus, parallelism data in the low range could not be obtained for
these analytes. However, later sample measurements using dilution factors 8 and 512 showed
that the concentrations obtained at both dilution factors were well comparable and
acceptable (data not shown). Thus, parallelism can be assumed for all analytes at these two
dilution factors.

Looking at the results of the determination of parallelism of the Simoa SR-X assays,
interferences due to matrix effects were also assumed at the lowest dilution factors 5 for the
analytes IL-6, TNF-a and IL-12p70. In order to detect these analytes, samples will be measured
with the final dilution factor 10 in the future. Although relatively high deviations are plotted
for IL-4 in one sample for the dilution factor 5, the samples for this analyte are measured with
the dilution factor 5. This is because the other two samples generated acceptable recoveries
for this dilution. In addition, further samples were measured with dilution factors 5 and 100
(data not shown), which showed a very good comparability of the back-calculated
concentrations. Thus, the deviation at dilution factor 5 of the sample was considered as an
outlier in the course of the parallelism determination.

The determination of the dilution linearity shows whether the concentration of the analyte to
be determined, which is above the ULOQ, can be quantified with sufficient accuracy after
dilution into the quantifiable range. It is tested whether the relation of the signal to the
concentration of the analyte in the biological sample is linear after dilution. Here, the influence
of the matrix components becomes negligible due to the high dilution [23, 25]. In contrast to
parallelism, dilution linearity uses recombinant protein spiked into the sample matrix. For the
Simoa SR-X assays, a linear relationship of signal to concentration was demonstrated without
exception and all recoveries were obtained within the acceptance range. For IMAP 1 and 2,
dilution linearity could also be shown for all analytes. For a few dilutions of individual analytes,
the very small deviations from the defined acceptance criteria could be accepted under the
aspect that these are exploratory assays. In addition, multiplexing often requires compromises
to be made as it often affects assay performance. The simultaneous detection of multiple
analytes within a multiplexed assay involves the interaction of assay components. However,

this can be accepted to a certain extent.

5.2.4  Analyte stability

To exclude that storage conditions or steps during sample preparation have an influence on
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the concentration determination of the target analyte, the stability of the analyte in the
sample matrix is investigated under certain conditions [23-25, 27, 28]. It is possible that
samples have to be subjected to multiple measurements (repeat measurements, use in
different assays, etc.). Consequently, this entails several freezing and thawing cycles. Freezing
can cause several stress factors capable of denaturing proteins. These include, for example,
ice formation, solute concentration due to crystallization of water and eutectic crystallizations
of buffer solutions leading to pH changes [183]. Further, proteins are known to lose their
structure and function at room temperature over time. Denaturation takes place by unfolding
of proteins as they are losing their tertiary and secondary structures [184]. Protein
denaturation can in turn influence the detection or quantification. The structural change of
the target analyte could alter the binding behavior of the assay antibodies or lead to them no
longer being able to recognize and bind their specific target. This would result in an incorrect
guantification.

As the deviations from the acceptance range observed for INF-y (IMAP 1) and IL-13 (IMAP 2)
after two freeze-thaw cycles were within a tolerable range and due to the fact that three
freeze-thaw cycles do not seem to have any influence, freeze-thaw stability was considered
to be given after three freeze-thaw cycles. Therefore, samples can be frozen and thawed up
to three times without affecting the respective quantification in a way that obtained data can
no longer be compared.

Short-term stability was given for all analytes of the two IMAPs. Only the storage of the sample
matrix for 24 h at room temperature or 4 °C affected the analyte stability of IL-4, IL-10, MCP-1
and VEGF and influenced the quantification. Thus, it was shown that storage of samples for
24 h neither at room temperature nor in a refrigerator is recommended for these analytes.

Instead, the samples should preferably be stored at -80 °C.

5.3 Comparability of methods

The two analytes IL-6 and TNF-a were developed and successfully validated as part of the
IMAP 1 but also as a 2-plex on the Simoa SR-X platform. In order to complement Luminex
datasets of the two markers with data from the Simoa assay, in case the sensitivity of the
Luminex assay is not sufficient, the comparability of the two methods must be given.

The two methods applied for testing comparability were the Passing-Bablok regression and

Blant-Altman plots. Both methods are recommended for the comparison of two analytical
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methods. The Passing-Bablok regression determines a linear regression line and can detect
proportional and systematic errors, while the Blant-Altman method describes the agreement
of two analytical methods by analyzing the differences of the two analytical methods.

The results of Passing-Bablok regression, but also the rank correlation coefficient according to
Spearman, showed that there was a good correlation within the overlapping dynamic ranges
of IL-6 and TNF-a of both methods and that results based on both methods can be compared.
However, it should be mentioned that most samples had concentrations in the lower range of
the comparison range. Optimally, more concentrations in the higher range would have been
desirable, but these could unfortunately not be obtained. A correlation analysis provides a
guantification of the extent to which two variables are related to each other. However, a high
correlation does not necessarily mean good comparability, as the concentration values of the
two methods examined may still differ. Passing-Bablok regression allows the proportional and
constant error between the methods to be determined and thus makes it possible to correct
the errors [157] and adjust the two methods to each other by, for example, factorial
adjustment. This was performed for the Simoa assays of IL-6 and TNF-a to correct for the
detected proportional error for both analytes. Afterwards concentration values of the
Luminex and the Simoa method could be used equally. In order to examine the level of
agreement between the results produced by the two methods, Blant-Altman analysis of
differences can be carried out [161]. This was applied in the course of this thesis using the
data generated on the Luminex platform together with the corrected concentration values of
the Simoa method. Since the bias, which represents the average of the differences, was very
close to zero for IL-6 and TNF-a, it could be concluded that the two methods are well
comparable. The absolute differences between the methods for both analytes were
considered minimal. In addition, the relative differences could be assessed as marginal for
higher concentrations, while it could certainly be assessed as significant for low
concentrations. It was striking that for both analytes lower relative differences between the
methods tended to be detected at higher concentrations. In addition, a certain amount of
more than 20 % of the differences in relation to the respective mean value lay outside the
internally defined acceptance range. Since neither of the two methods can be defined as a
reference method, none of the two methods could be defined as the more correct one, which
would have required the use of standardized reference material, which was not available.

Looking at the standard curve ranges in which the affected concentrations were determined,
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it was noticeable that the back-calculation took place within the linear range of the calibrator
of the Simoa SR-X assays. In the Luminex assay, however, these concentration ranges were
recorded in the lower third of the two standard curves. It could be speculated that the results
of the SR-X method could be slightly more reliable because the back-calculation of the
concentrations here tends to be better than in the already outlying range, where the back-
calculation of these concentrations is done in the Luminex method. However, both methods
for IL-6 and TNF-a quantification, have been successfully validated and the back-calculation
was shown to be reliable, also in the lower area of the Luminex standard curves. Since the
same standard protein was used for both assays, the differences could be due to different
binding properties of the different detection and capture antibodies used. However, since the
majority of the differences were within the defined acceptance range, the respective bias
were close to zero and also the results of the Passing-Bablok regression analysis indicated a
very good comparability. Therefore, the two applied methods were classified as comparable
for the intended use. Nevertheless, it could be interesting to examine the accuracy of the two
methods by using so-called reference standards which are offered by the WHO [185].
Reference standards are very well characterized and mostly recombinant proteins, which are
used to achieve a biological standardization, also of immunoassays [186]. These defined
recombinant proteins could be spiked into sample matrix at the appropriate, known
concentrations to investigate the accuracy of the methods in the areas in question. The
calculation of the recovery rate related to the target value (= spike concentration) would

reflect the accuracy of the two methods [23-25].

5.4 Analysis of NK cell stimulation

After assay validation was considered successful, at least for the majority of analytes, and both
methods were shown to be comparable, the immunoassays could be used to study NK cell
stimulation in whole blood cultures. Datasets were supplemented by flow cytometric analyses
of immunological relevant cell surface receptors using a multi-parametric panel.

NK cells are a subgroup of lymphocytes and are one of the first to respond to viral invasion
and cellular degeneration. As part of the innate immune system, they mediate the anti-viral
and anti-tumor immune response and are therefore of great interest for clinical application
[114]. For experimental studies, it is necessary to be able to specifically activate NK cells.

Several suitable stimulants have already been reported, which were tested in the whole blood
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culture system in the course of this work. The specificity of these stimulants for NK cells and
whether other immune cell populations of the peripheral blood are activated at the same time
were investigated. In addition, K562 cells were used as an NK cell-specific cellular target to
find out whether this, next to the stimulant combinations IL-12 + IL-18 and R848 + IL-2, could
be used as a standard NK cell stimulant in the whole blood culture system.

The surface markers CD69 and CD25 are cell activity markers that appear on the NK cell surface
after activation [187-189]. Therefore, the detection of their expression by flow cytometry was
used to determine whether NK cell activation occurred in whole blood assays. It was found
that NK cells could be activated mainly by the combination of the stimuli IL-12 + IL-18, or
K562 + IL-2 and R848 + IL-2, but also by R848 alone. The use of the remaining stimulants alone
led, if at all, only to a very low expression of the surface markers and thus to a very low
activation of the NK cells, which is supported by the results of Leong et al. [190]. Here, the use
of IL-12, IL-15 and IL-18 alone did not result in any significant expression of CD25 in purified
NK cells and thus no significant NK cell activation, as well. Further they report, the combination
of these cytokines, however, increased CD25 expression 16-fold [190]. This synergistic effect
has been demonstrated by several groups [144, 147, 191, 192].

An increased expression of CD69 on NK cells was achieved by R848 that was even further
enhanced by the application of R848 in combination with IL-2. The combination of the
stimulants IL-12 + IL-18, on the other hand, rather supported the expression of CD25. In both
cases, NK cell stimulation was assumed. Following the results of Clausen et al. [189], it could
be carefully presumed that the stimulation by R848 promotes an increased cytotoxic activity
for the NK cells, which was additionally reinforced by the addition of IL-2. In this study, CD69,
which is known as a marker for activated NK cells in general but also for the activation of other
immune cell types [193], was more precisely identified as a suitable marker for NK cell
cytotoxic activity. Furthermore, CD25 was declared to be a potential indicator for the
proliferative potential of NK cells [189]. Thus, it could be speculated cautiously that the
stimulation of NK cells by using IL-12 and IL-18 in combination is more likely to be stimulated
in the direction of proliferation. However, other cytokines, such as IL-2, IL-15 and IL-21, are
associated with NK cell proliferation in the literature [114, 194]. In contrast, IL-12 in
combination with IL-18 is rather reported in connection with an increased production and
release of IFN-y from NK cells [114, 195], although a synergy between IL-12 and IL-18 has been

reported for the proliferation and activation of NK cells in mice [196, 197]. In order to
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investigate the situation in more detail, further experiments could be conducted to investigate
the proliferation rate. However, CD107a expression, a degranulation marker, on NK cells,
showed markedly higher signals of CD107a positive NK cells after stimulation with R848 with
and without IL-2 than after stimulation with IL-12 + IL-18, supporting the hypothesis that
increased expression of CD69 on NK cells could indicate increased cytotoxicity.

Consistent with the results of this thesis, increased CD69 expression levels were also detected
in highly purified NK cells after stimulation with R848 in another report [144]. However, it was
supposed here that despite high purification, accessory cells were present that could influence
NK cell activation through the release of IL-12. Therefore, they added an IL-12 neutralizing
antibody during stimulation with R848. The result was that R848 was no longer able to induce
the expression of CD69. This showed that stimulation via R848 was dependent on the
contribution of accessory cells [144]. Looking at the heatmap (Figure 13), the results of this
work showed an activation of wide immune cell populations after stimulation with R848, alone
and in combination with IL-2, as evidenced by the increased expression of activity markers and
a high release of various cytokines, including IL-12p70. Consequently, it is reasonable to
assume that accessory cells may also have been involved in the stimulation of NK cells and on
corresponding CD69 expression when using R848 as stimulus. In addition to NK cells, CD4+
and CD8+ T cells, regulatory T cells, B cells, PMNs and monocytes were activated, which was
reflected in the increased expression of CD69, CD25 and CD86 on the surface of the respective
cell population. As far as the surface marker CD62L, also called L-selectin, is effected, it should
be noted that cell activation leads to the detachment of CD62L [198]. Surface protein
expression of CD62L is constitutive and occurs on the membrane of most circulating
leukocytes. After activation by a large number of cell activators, CD62L is shed from the
membrane [198-200]. Thus, the low expression levels of CD62L were assessed as activation
and observed for monocytes and PMNs after stimulation with R848 + IL-2.

NK cell activation was achieved by using K562 cells with IL-2, whereas K562 without the
addition of IL-2 increased the expression of CD69 and CD25 on NK cells only very slightly. This
was in agreement with the results of Donskoi et al. [201], where only a part of the peripheral
blood NK cells expressed CD69 on their surface after activation by K562 cells [201]. The fact
that K562 cells in combination with IL-2 had a stronger influence on the activation of NK cells
could be explained on the basis that the pro-inflammatory cytokines IL-2, IL-15 and IL-21 can

alter the expression pattern of NK cell surface receptors. IL-2, together with IL-15, is associated
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with the induction of the expression of KIRs on KIR-negative cell populations and can lead to
the expression of the activating NK cell receptors C-type lectin-like receptor NKG2D and the
natural cytotoxic receptor NKp44 [202]. Thus, it is plausible that K562 cells in combination
with IL-2 may have induced NK cell activation, which was stronger compared to K562 without
additives. Presumably, the repertoire of the KIRs was modified by IL-2 in such a way that the
effector functions of NK cells were enhanced.

The results of Hart et al., which demonstrated the influence of other cells on NK cell activation,
as mentioned above in the context of R848 [144], illustrate the difficulty of interpreting results
in the whole blood culture system. Due to the high complexity, it is highly possible that other
cells contributed indirectly to NK cell activation. They also illustrate the difficulty of comparing
the results with literature that report studies based on simple and less complex culture
systems, such as purified NK cells or NK cell lines.

The involvement of further cells in NK cell activation was also shown when the stimulants
LPS/SEB were used. Both agents are not specific NK cell activators. Whereas LPS causes the
activation of monocytes, macrophages, neutrophils and immature dendritic cells by binding
TLR4 [203-205], SEB does activate monocytes and macrophages by interacting with HLA-DR, a
part of MHC class Il molecules. Further, T cells are activated by the interaction of SEB with
specific elements of the T cell receptor (TCR), more precisely, with the variable domain of its
B-chain [206, 207]. This activation was confirmed by the comparatively moderate increase in
the expression of the activity markers CD69 and CD25 on CD4+ and CD8+ T cells, Tregs,
monocytes, but also PMNs. In addition, the measured levels of various cytokines, including
IL-4, IL-8, IL-13, IL-6, IL-1B, TNF-a, IL-10 and MIP-1B, were increased. Further cytokine
concentrations were slightly increased, as for example IL-12p70, MCP-1 and IL-1Ra. It is known
that activation of immune cells by LPS and SEB results in the release of many cytokines,
including TNF-qa, IL-1B and IL-6 [208], but also IL-2, IL-4, IFN-y [209], IL-8, IL-10, IL-12, IL-15,
TGF-B [210] and MIP-1B [211]. Thus, the results of the analyses in the course of this work
corresponded to previously published observations. The increased IL-13 concentrations in the
supernatant after LPS/SEB activation were supposed to originate from activated CD4+ T cells,
as they were shown to release this cytokine [97]. Although LPS/SEB does not act directly on
NK cells, an activation of NK cells, albeit relatively weak, was observed by the expression of
CD25 and CD69. Presumably, NK cell-activating cytokines, such as IL-2, IL-12, IL-15, IL-18 and

IL-21 [122, 212], were released by the activation of monocytes and T cells which then led to
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NK cell activation. Detection of these cytokines in the whole blood culture supernatants, as
was done for IL-12p70, would be recommended to confirm this hypothesis.

CD107a is utilized as an indicator for the degranulation of cytotoxic lymphocytes [213-217].
NK cells exert their cytotoxic function by releasing the contents of lytic granules into the
immunological synapse between the NK cell and the target cell. In addition to granzymes,
perforin, granulysin and cathepsins, the contents of these lytic granules also include
CD107a/LAMP-1, CD107b/LAMP-2 and CD63/LAMP-3 [213, 218-221]. After release of this
content, CD107a appears on the NK cell surface. Although the role of CD107a is not yet fully
understood, it has already been shown to be involved in the transport of granzyme B to target
cells and also in the transport of perforin to the lytic granules [217]. Thus, it significantly
influences the cytotoxicity of NK cells and is correlated with the release of granzyme B. It is
also thought to protect the NK cells themselves from the contents of the lytic granules after
they have been released, thereby preventing NK cell suicide associated with degranulation
[213].

The results of this work showed a correlation between CD107a expression on NK cells and
granzyme B levels in whole blood culture supernatants except for the stimulant combinations
IL-12 + IL-18 and LPS/SEB. For both combinations, increased granzyme B levels were detected
but the expression levels of CD107a on NK cells were very low. It should be noted that
granzyme B is not exclusively secreted by NK cells but also by activated cytotoxic CD8+ T cells
[128, 222]. Since CD8+ T cells also showed markedly increased CD107a expression after
stimulation with LPS/SEB, but also after stimulation with R848 alone or in combination with
IL-2, it is assumed that these contributed to the increased granzyme B concentrations in the
whole blood culture supernatant. However, it is questionable how the increased granzyme B
levels occurred after IL-12 + IL-18 stimulation. Since the expression levels of CD107a were very
low on both, NK cells and CD8+ T cells, degranulation process seemed to have been initiated
only to a lesser extent by these cells. In the literature, it is described that CD4+ T cells also
express granzyme B [223-227]. Moreover, the combination of IL-12 and IL-18 is not only
considered a potent stimulus for NK cell activation, but is also known to activate Th1l cells,
which respond by producing IFN-y [228]. When examining the outcome of stimulation of
whole blood with IL-12 + IL-18, it could be concluded that CD4+ T cells were activated by the
increased expression of the surface marker CD69. It could also be suggested that activated

Th1 cells, among other cells, contributed to the increased concentration of IFN-y in the
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supernatant. The increased TNF-a concentration, together with the levels produced in
NK cells, could also be associated with activated Thl cells. Another indication of Thl cell
activation would be an increased release of IL-2 [229]. The analysis of IL-2 levels in the
supernatant could shed light on the question whether Thl cells were involved. However, this
cytokine was not part of employed IMAP 1 or 2.

It should be noted that CD8+ T cells are the most prominent provider of granzyme B during
immunological reactions [223]. Whether the increased levels of granzyme B thus result
exclusively from CD4+ T cells remains a matter of speculation for the moment. Hypothetically,
very few extremely active NK cells or CD8+ T cells could also be the origin of the measured
granzyme B. To investigate this question, however, intracellular granzyme B staining in the
respective purified cell populations in question would be necessary, which would have to be
examined by flow cytometric analysis.

Another hypothesis to explain the discrepancy between the low expression of CD107a on the
NK cell surface and the measured granzyme B levels after IL-12 + IL-18 stimulation is based on
the recycling of CD107a. During the degranulation process, the lysosomal protein CD107a is
exocytosed, with expression reaching its highest level one hour after addition of the stimulant
[213, 216]. Thereafter, CD107a accumulates in a large and spatially stable cluster. Adjacent to
these accumulations, lysosomal compartments reach the plasma membrane and originally
exocytosed CD107a is taken up into an intracellular compartment via endocytosis [230]. It is
possible that this process was somehow accelerated by stimulation with IL-12 and IL-18 or the
peaking of CD107a expression took place to an earlier time point before the actual analysis.
Thus, the surface marker would be almost completely recycled at the time of CD107a analysis
while granzyme B was still measurable in the supernatant after secretion. This would suggest
that flow cytometric analysis at earlier time points might have been preferable. To be able to
make precise statements in this regard, the CD107a analysis could also be carried out using a
protein transport inhibitor (e.g. monensin or brefeldin A). This way, the expression of surface
markers at a certain point in time would be fixed and a comparison of the CD107a expression
at a defined point in time would be possible. However, this was not desired at that time, as it
would have distorted the culture conditions. R848 and K562 in combination with and without
IL-2 showed a correlation between the expression of CD107a and the granzyme B
concentration in the supernatant, as already mentioned. Involvement of CD8+ T cells cannot

be ruled out when R848 is used as a stimulant, as these cells also express CD107a. However,
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the stimulation by K562 with IL-2 towards degranulation seemed to be NK cell specific and the
granzyme B concentration appeared to be largely originated from NK cells. Latter could even
be markedly higher if one considers the fact that, compared to all other stimuli used, target
cells were present in this case. This means that the majority of the granzyme B produced by
the NK cells reached the interior of the target cell via degranulation on a direct path across
the immune synapse, after which it induces apoptosis. This amount of granzyme B was
therefore no longer available for determination via ELISA. It could therefore be assumed that
the granzyme B concentrations in the presence of K562 would have to be estimated much
higher in order to compare them realistically to these caused by other stimulants.

The evaluation of cytokine concentrations, in particular IFN-y and TNF-a, allows only vague
statements about NK cell activity. Both cytokines are produced and secreted in high
concentrations by activated NK cells [65, 78, 80, 84, 85], but other immune cell populations
also release these cytokines [67, 81-83]. The levels of TNF-a and IFN-y let assume a high
activation of NK cells and an increase in the production of other cytokines on the one hand,
and, on the other hand, an activation of the degranulation process by R848. These effects
were enhanced when IL-2 was used in combination leading to the hypothesis that the
enhancement of the effects of R848 was due to priming of NK cells by IL-2 which was already
mentioned in previous reports [212, 231]. This has been shown for primary NK cells that
responded to R848 by pre-activation with IL-2, although they cannot usually be activated
directly by R848 [144]. However, R848 also led to the activation of the other immune cell
populations like CD4+ and CD8+ T cells, regulatory T cells, B cells, PMNs and monocytes. Their
involvement in the IFN-y and TNF-a concentration in the supernatant could not be excluded.
The same applied to the cytokine concentrations measured after stimulation with LPS/SEB. In
both cases, intracellular cytokine staining with subsequent flow cytometric analysis could
provide information. The increased IFN-y and TNF-a concentrations achieved by stimulation
with IL-12 in combination with IL-18 could be interpreted to mean that these stimuli activate
the NK cells more in the direction of cytokine production and release than in that of the
degranulation process. This contrasts with K562 cells, which produced lower cytokine levels
and led to increased expression of CD107a and granzyme B levels. By binding to their specific
receptors, IL-12R and IL-18R on T cells, B cells, NK cells, and T cells, IL-12 and IL-18 are reported
to activate respective cells leading to increased release of primarily IFN-y, TNF-a, but also

GM-CSF and IL-2 [96, 232-234]. When IL-12 and IL-18 were used as single stimuli, these
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activities were not observed. But in combination the results were in line with reports in

literature emphasizing again the synergistic effect [234].

Although R848, used alone and in combination with IL-2, caused a broad activation of the
immune system, which was in magnitude more or less comparable to that of LPS/SEB,
stimulation with R848 with and without IL-2 was more NK cell specific. This could be seen in
the higher expression of the surface markers CD69 and CD107a on NK cells. The comparatively
high concentrations of TNF-a and IFN-y after LPS/SEB and R848 * IL-2 stimulation, but also the
activation of further immune cells and the strong release of further cytokines showed the
broad and rapid activation of the entire immune system. This activation of the full range of
immune cells present in whole blood underlines the importance of the R848 binding receptors
- namely TLR7 and TLR8. They are among the most important pattern-recognition receptors
(PRRs) of the immunological system that recognize pathogen-associated molecular patterns
(PAMPs), to be more precise, single-stranded RNA of viral genomes [235, 236]. Since viruses
account for the majority of human infections, it is only plausible that TLR7 and TLR8 were
evolutionarily designed to activate the immune system as quickly as possible, thereby
affecting a wide variety of immune cells.

An apparently more specific activation of the NK cells is achieved by the combination of
IL-12 + IL-18, although some other immune cell types were slightly activated as well. However,
although expression of CD25 and CD69 let assume NK cell activation, the expression of the
surface marker CD107a was very low. Therefore, it was concluded that the degranulation
process was less stimulated by these cytokines than NK cell cytokine production of mainly
TNF-a and IFN-y. A moderate co-activation of further immune cells was observed compared
to the other stimulants and combinations used. However, the presumption of the involvement
of activated Th1 cells remains.

Arguably, the most NK cell-specific of the stimulants tested appeared to be K562 cells,
especially in combination with IL-2. NK cell activation, recognizable by the expression levels of
the surface markers CD69, CD25 and CD107a was achieved, with only little activation of
further immune cell populations like PMNs, CD4+ T cells and Tregs. Only monocytes were
slightly more activated (CD62L and CD69 expression). In addition, the increased granzyme B
levels in the supernatant indicated NK cell activation, especially after no CD107a was seen on
CD8+ T cells after K562 * IL-2 stimulation. NK cell activation appears to be triggered by K562

in the direction of the degranulation process rather than promoting cytokine production in
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NK cells. This was underlined by the comparatively moderate concentrations of IFN-y and
TNF-a, and the high concentration of granzyme B in the supernatant. Due to the highest
NK cell specificity, K562 cells would be a very suitable stimulus for the application in whole
blood culture experiments. However, the standard use of whole blood cultures requires the
storage of the tubes at -20 °C until they are used. The freezing process would damage and
destroy the cells without the addition of cell-stabilizing agents. Thus, the use of K562 in whole
blood assays would only be possible if a suitable fixation reagent could be found that would
protect the cells from damage and would not later affect the culture and the experimental
setup. Attempts to fix and then freeze the K562 cells were performed and also analyzed via
flow cytometry and cytokine readout, but unfortunately were not successful (data not shown).
The differences between the donors that were observed relatively frequently were due to
naturally occurring variation in the immune response that has already been shown for whole
blood cultures [237]. This diversity is seen as an advantage by evolution. New virus variants in
the human population thus always encounter individuals who naturally exhibit increased
resistance, which then ultimately prevail.

It should be mentioned that the data collected only represent a small insight into the feasibility
of activating NK cells by means of the stimulants used. To be able to make precise statements,
further analyses are necessary. It would be useful to repeat the experiments with an increased
number of donors to be able to provide statistically significant statements. In addition,
intracellular granzyme B and cytokine staining with subsequent flow cytometric analysis
would be desirable. This would allow the determination of which cell populations are involved,
for example, in the release of IFN-y and TNF-a or granzyme B, and more detailed statements

could be made regarding the NK cell specificity of the respective stimulants.
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6. Conclusions

For this thesis, two multiplex immunoassays were developed for the analysis of supernatants
from whole blood cultures based on the Luminex platform. IMAP 1 consists of nine analytes
(IL-4, IL-6, IL-8, IL-10, GM-CSF, IFN-y, MCP-1, MIP-1 and TNF-a) and IMAP 2 of six analytes
(IL-1B, IL-1Ra, IL-12p70, VEGF, IL-13 und M-CSF). In addition, highly sensitive Simoa
immunoassays for the analytes IL-4 and IL 12p70 (single-plexes) and for IL-6 and TNF-a
(2-plexes) were developed to complement the multiplex assays developed with significantly
higher sensitivities than on the Luminex platform. All assays were developed within the
project "System Immunology at Biological-Technical Interfaces" and were designed to
investigate immune responses to different implant materials and their surface properties,
specifically the precise quantification of the listed analytes in supernatants from THP-1, PBMC
and whole blood cultures.

In subsequent stages of the project and after the developmental phase, the immunoassays
were validated in a fit-for-purpose approach. Besides the assay development, this thesis
covers the validation process of the Luminex and SR-X Simoa assays for the whole blood
culture system in course of the project. Validation was performed considering the relevant
regulatory guidelines of the FDA and EMA [23, 24]. The applicability of the assay ranges and
acceptable assay sensitivities were confirmed during validation for all analytes and
immunoassays and were in conformance with the respective guidelines. However,
concentration values generated for samples of interest were excluded from further analyses
for the analytes VEGF, GM-CSF and M-CSF based on validation results while IL-4 and IL-12p70
were only used resulting from the Simoa assays. All other validation parameters demonstrated
the applicability, reproducibility and validity of the respective assays for their use in
guantifying analyte concentrations in supernatants of the whole blood culture system.

By Passing-Bablok regression analysis and Blant-Altman plots, concentration values of IL-6 and
TNF-a from both, Luminex and Simoa measurements, could be used equally after the latter
had been adjusted by an analyte-specific factor.

Following development and establishment, the successfully validated immunoassays were
used to analyze NK cell activation in the immunological complexity of whole blood cultures.
For this, it was investigated whether the stimulants IL-12, IL-18, IL-2, R848 and K562 cells,
known to be NK cell specific activators, and respective combinations of these also specifically

activate NK cells in the presence of all immune cells of the peripheral blood and whether and
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to which extent these other immune cells are activated as well. In addition, K562 cells were
used as an NK cell-specific cellular target to find out whether these, in addition to the other
stimulants, can be used as a stimulant by default in the whole blood culture system. It was
found that the stimulant combinations IL-12 + IL-18, R848 + IL-2 and K562 + IL-2 were able to
induce the strongest activation of NK cells. A synergistic effect had already been shown by
other groups and confirmed these results. R848, alone or in combination with IL-2, was
observed to be a potent activator of the degranulation process of NK cells and, at the same
time, on their cytokine production. As a TLR agonist, R848 with and without IL-2, further led
to a broad activation of other immune cell populations of the peripheral blood. An
involvement of these in NK cell activation or also in cytokine release cannot be ruled out here
and further investigations, such as intracellular cytokine staining, should be carried out. This
way, an involvement of CD8+ T cells in the observed effects (granzyme B concentrations) could
be demonstrated or excluded.

However, the combination of IL-12 and IL-18 activated NK cells more in the direction of
cytokine production as an effector function than in the direction of the degranulation process.
To confirm this, further analyses would be needed regarding the expression of the surface
marker CD107a on NK cells. Further, the involvement of Thl cells in cytokine production,
especially of IFN-y, should be investigated by intracellular cytokine staining as IL-12 in
combination with IL-18 are also known to be a potent combination of stimuli to these cells.
The most NK cell-specific stimulant combination in the series was K562 cells in combination
with IL-2. They activated the degranulation process to a large extent and simultaneously led
to the release of INF-y and TNF-a. Other cytokines were detected in comparatively low
concentrations and the activation of other cell populations was marginal. However, they are
unsuitable for standard application as NK cell stimulants in whole blood cultures at the present
time, as a suitable fixation system must first be found.

All results of NK cell stimulation analysis should be substantiated by investigations of further
donors, reproduction of the results and, as mentioned, additional cytokine measurements in
the supernatant but also intracellularly.

In summary, the results give a very good first insight into NK cell stimulation of whole blood
culture systems based on cytokine readout and flow cytometry analysis results. All tested
combinations of stimuli successfully activated NK cells and K562 as a cellular target was shown

to, in relation to the other stimuli used, most specifically activate NK cells.
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ANNEX - Figure 1: Gating strategy for flow cytometric analysis using FlowJo software — part 1: gating procedure of T and B cell populations.
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ANNEX - Figure 3: Results of testing suitable basic assay buffers for IMAP 2. The direct comparison of the
standard curves produced in the respective buffers is shown for each analyte of IMAP 1. The calibration curves
are presented as median fluorescent intensity (MFI) signal plotted against the nominal concentration in pg-mL™
fitted with a 5-parametric logistic regression (1/Y? weighting). The analysis of each standard curve was performed
in duplicates (n=2), the respective individual values are presented. (BRE =Blocking reagent for ELISA;
CBS = phosphate based buffer). The buffer tests for IMAP 2 were carried out by Matthias Becker.
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ANNEX - Table 1: Results of cross-reactivity testing for IMAP 2. (A) MFI signals of the cross-reactivity testing
between the respective analyte specific capture and detection antibody. MFls above 120 AU were regarded as
cross-reactivity. (B) Testing of cross-reactivity between the analyte and capture antibody. Given recoveries in %
are based on the signal generated with the analyte-specific combinations set to 100 %. Recoveries above 1 %
were rated as cross-reactivity. (C) Cross-reactivity testing between analyte and detection antibody. Calculation
and evaluation correspond to that already described for (B). All values were assessed as duplicates (n = 2).

Matthias Becker carried out the measurements for the cross-reactivity testing of IMAP 2.

A
Mean MFI Multiplexed capture coated beads
[AU] IL-1B IL-1Ra  IL-12p70 VEGF IL-13 M-CSF
z IL-18 34 16 18 37 9 19
é IL-1Ra 27 14 13 40 9 18
& IL-12p70 28 15 11 34 8 21
15-,- VEGF 28 14 16 36 8 24
] IL-13 38 17 27 41 12 25
a M-CSF 94 35 68 66 42 39
B
Recovery Multiplexed capture coated beads
[%] IL-1B IL-1Ra IL-12p70 VEGF IL-13 M-CSF
IL-18 100 0.370 0.253 0.305 0.129 0.168
= IL-1Ra 0.166 100 0.214 0.291 0.109 0.123
£ § IL-12p70 0.174 0.287 100 0.339 0.119 0.145
g g VEGF 0.159 0.290 0.147 100 0.123 0.131
& IL-13 0.193 0.321 0.239 0.305 100 0.238
M-CSF 0.165 0.278 0.176 0.241 0.097 100
C
Recovery Multiplexed capture coated beads
[%] IL-1B IL-1Ra  IL-12p70 VEGF IL-13 M-CSF
z IL-18 100 0.175 0.155 0.142 0.079 0.068
é IL-1Ra 0.122 100 0.164 0.198 0.075 0.062
& IL-12p70 0.104 0.494 100 0.464 0.283 0.198
15-,- VEGF 0.106 0.187 0.187 100 0.073 0.081
] IL-13 0.114 0.175 0.155 0.173 100 0.072
a M-CSF 0.091 0.164 0.127 0.142 0.055 100
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ANNEX - Table 2: Results of buffer optimization for IMAP 2 using different concentrations of CBIl blocker. MFI|
signals of the blank values were determined in CBST and varying concentrations of CBIl blocker. Means were
calculated from duplicate measurements (n = 2) and CVs (coefficients of variation) were determined as relative
standard deviations related to the mean. Matthias Becker carried out the buffer optimization for IMAP 2.

Analytes - IMAP 2

IL-18 IL-1Ra IL-12p70 VEGF IL-13 M-CSF
CBII conc Mean cv Mean cv Mean cv Mean cv Mean cv Mean cv
L MFI %] MFI %] MFI %] MFI %] MFI %] MFI %]
emld ) fayp | g P ey P e P P A P
5 21 12.5 18 8.1 16 30.9 44 17.7 13 42.9 29 5.6
10 18 7.7 16 7.0 13 14.0 39 9.1 9 10.9 28 6.9
50 19 30.1 17 10.6 17 79.8 41 31.1 12 83.2 24 10.8
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ANNEX - Table 3: Results of the determination of the lower limit of quantification (LLOQ) for the analytes of
IMAP 1.The nominal concentrations of the respective analytes defined as LLOQ are shown in bold. The values in
bold, italics and highlighted in grey are the determined CVs and recoveries that did not meet the acceptance

criteria.
Lower limit of quantification - IMAP 1
CAL 4 dilution
Analyte 1:2 1:4 1:8 1:16 1:32 1:64 1:128 CAL4
nominal conc. [pg-mL™] 5.56 2.78 1.39 0.694 0.347 0.174 0.087 11.1
L-a assayconc. [pg-mL'l] 4.59 2.69 1.39 0.694 0.356 0.190 0.127
CV [%] 16.1 7.46 8.04 8.55 15.5 11.0 23.2
recovery [%] 82.6 97.0 99.8 100 102 109 146
nominal conc. [pg-mL™] 1.50 0.750 0.375 0.188 0.094 0.047 0.023 3.00
IL-6 assay conc. [pg-mL™] 1.32 0.720 0.389 0.184 0.092 0.031 0.040
CV [%] 8.19 6.98 13.4 8.18 27.5 76.7 50.0
recovery [%] 88.0 96.0 104 98.4 98.4 67.0 171
nominal conc. [pg-mL™] 4.28 2.14 1.07 0.535 0.267 0.134 0.067 8.56
IL-8 assayconc. [pg-mL'l] 3.56 2.10 1.09 0.561 0.269 0.131 0.072
CV [%] 11.1 6.42 8.24 9.28 10.8 47.0 85.3
recovery [%] 83.1 98.2 102 105 101 98.3 107
nominal conc. [pg-mL™] 4.91 2.45 1.23 0.613 0.307 0.153 0.077 9.81
IL-10 assay conc. [pg-mL™] 4.22 2.43 1.22 0628 0361 0.164 0.103
CV [%] 9.53 7.63 9.44 9.48 17.0 25.5 36.8
recovery [%] 86.0 99.0 99.7 102 118 107 134
nominal conc. [pg-mL’l] 41.6 20.8 10.4 5.20 2.60 1.30 0.650 83.1
GM-CSE assayconc. [pg-mL™] 36.2 21.6 10.8 5.77 3.18 1.75 0.658
CV [%] 10.2 11.6 16.3 19.3 40.0 64.4 85.7
recovery [%] 87.0 104 104 111 122 135 101
nominal conc. [pg-mL™] 7.41 3.70 1.85 0.926 0.463 0.231 0.116 14.8
IEN assayconc. [pg-mL'l] 6.36 3.72 1.97 0.990 0.493 0.277 0.158
-y
CV [%] 10.9 9.42 12.5 11.0 11.7 42.5 54.1
recovery [%] 85.8 100 107 107 107 120 137
nominal conc. [pg-mL’l] 16.7 8.34 4.17 2.09 1.04 0.521 0.261 33.4
MCP-1 assayconc. [pg~mL'1] 12.6 7.13 3.81 1.93 0.922 0.680 0.377
CV [%] 7.15 10.4 6.00 10.1 37.4 11.8 21.5
recovery [%] 75.4 85.4 91.4 92.3 88.4 130 144
nominal conc. [pg-mL'l] 1.80 0.898 0.449 0.225 0.112 0.056 0.028 3.59
MIP-1B assayconc. [pg-mL'l] 1.52 0.788 0.404 0.218 0.087 0.053 0.028
CV [%] 9.46 5.23 7.73 10.5 26.4 45.4 52.0
recovery [%] 84.9 87.7 90.1 97.0 77.2 95.0 101
nominal conc. [pg-mL?] 11.1 5.55 2.77 1.39 0.693 0.347 0.173 22.2
TNE assayconc. [pg-mL™] 9.52 5.49 2.72 1.44 0.747 0.308 0.215
-a
CV [%] 8.92 7.28 6.90 12.8 10.7 42.1 28.0
recovery [%] 85.8 98.9 98.0 104 108 88.8 124
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ANNEX - Table 4: Results of the determination of the lower limit of quantification (LLOQ) for the respective
analytes of IMAP 2.The nominal concentrations of the respective analytes defined as LLOQ are shown in bold.
The values in bold, italics and highlighted in grey are the determined CVs and recoveries that did not meet the
acceptance criteria.

Lower limit of quantification - IMAP 2

CAL 4 dilution

Analyte 1:2 1:4 1:8 1:16 1:32 1:64 1:128 CAL4
nominal conc. [pg-mL'l] 4.24 2.12 1.06 0.530 0.265 0.133 0.044 8.48
IL-1B assayconc. [pg-mL’l] 4.15 2.25 1.16 0.654 0.300 0.138 0.039
CV [%] 9.79 8.22 10.9 11.3 8.98 14.4 60.8
recovery [%] 97.8 106 110 123 113 104 58.5
nominal conc. [pg-mL?] 185 92.6 46.3 23.1 11.6 5.79 1.93 370
IL-1R assayconc. [pg-mL™] 179 92.1 47.9 24.9 10.8 4.66 2.30
-1Ra
CV [%] 3.50 6.47 9.54 8.90 16.2 37.1 26.6
recovery [%] 96.7 99.4 103 108 93.1 80.6 79.3
nominal conc. [pg-mL™] 13.0 6.50 3.25 1.63 0.813 0.406 0.135 26.0
IL-12p70 assayconc. [pg-mL™] 12.9 7.02 3.51 1.87 0.901 0.438 0.347
-1Z2p
CV [%] 9.12 9.43 11.6 10.8 18.4 46.3 58.0
recovery [%] 98.9 108 108 115 111 108 171
nominal conc. [pg-mL’l] 17.5 8.73 4.37 2.18 1.09 0.546 0.182 349
VEGE assayconc. [pg-m LM 16.9 9.20 4.92 2.67 1.28 0.542 0.140
CV [%] 12.8 11.1 10.7 13.7 17.4 35.5 98.6
recovery [%] 96.8 105 113 122 118 99.4 51.3
nominal conc. [pg-mL’l] 5.48 2.74 1.37 0.685 0.343 0.171 0.057 11.0
IL-13 assayconc. [pg-mL'l] 5.17 2.74 1.42 0.724 0.322 0.163 0.085
CV [%] 7.52 7.06 8.60 14.8 27.0 38.5 63.5
recovery [%] 94.3 99.9 103 106 94.1 94.9 99.2
nominal conc. [pg-mL™] 3.26 1.63 0.815 0.407 0.204 0.102 0.034 6.52
M-CSE assayconc. [pg-m L'l] 3.21 1.68 0.859 0.450 0.210 0.106 0.044
CV [%] 7.41 5.98 7.80 7.45 9.52 38.2 42.2
recovery [%] 98.5 103 105 110 103 104 85.9
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ANNEX - Table 5: Results of parallelism (PL) determination for IMAP 1 using sample 1. Assay and matrix concentrations are given in pg-mL™. (<LLOQ = concentration below the
lower limit of quantification; n.q. = value cannot be quantified; conc. = concentration; DF = dilution factor; CVs (grey) = relative differences between matrix concentrations
[pg-mL] used to calculate the reference)

Parallelism - IMAP 1 - sample 1

Reference [pg-mL™]

Analyte (cV) PL 1 PL 2 PL3 PL 4 PL5 PL 6 PL7 PL8 PL9
DF (1:x) 4.00 8.00 16.0 32.0 64.0 128 256 512 1,024
IL-4 cannot be genereated assayconc. 106 65.8 36.6 23.8 13.4 7.45 4.02 1.95 1.15
matrix conc. 423 527 585 763 857 953 1,029 998 1,181
recovery [%] n.q.
DF (1:x) 256 512 1,024 2,048 4,096 8,192 16,384 32,768 65,536
IL-6 21260 assayconc. 80.6 38.6 21.7 10.3 5.61 2.62 1.26 0.673 0.313
(4.71 %) matrix conc. 20,646 19,758 22,200 21,094 22,965 21,436 20,644 22,064 20,535
recovery [%] 97.1 92.9 104 99.2 108 101 97.1 104 96.6
DF (1:x) 512 1,024 2,048 4,096 8,192 16,384 32,768 65,536 131,072
IL-8 68342 assayconc. 114 65.0 32.5 17.1 8.54 4.42 2.21 1.08 0.517
(6.40 %) matrix conc. 58,325 66,519 66,553 70,219 69,960 72,472 72,308 70,997 67,721
recovery [%] 85.3 97.3 97.4 103 102 106 106 104 99.1
DF (1:x) 4.00 8.00 16.0 32.0 64.0 128 256 512 1,024
IL-10 710 assay conc. 151 87.3 45.3 23.8 12.6 6.33 2.83 1.21 0.630
(10.7 %) matrix conc. 603 698 724 762 807 810 724 620 645
recovery [%] 84.9 98.3 102 107 114 114 102 87.2 90.8
DF (1:x) 4.00 8.00 16.0 32.0 64.0 128 256 <LLOQ
assayconc. 98.3 63.5 45.5 28.7 17.8 10.3 6.55 n.q.
GM-CSF cannot be genereated "\ e, 393 508 728 920 1,140 1,313 1,678 n.q.
recovery [%] n.qg.
DF (1:x) 32.0 64.0 128 256 512 1,024 2,048 4,096 8,192
IFN-y 9302 assay conc. 302 141 69.3 36.0 16.6 9.35 4.55 2.29 1.19
(4.38 %) matrix conc. 9,674 9,015 8,870 9,223 8,513 9,578 9,312 9,366 9,748
recovery [%] 104 96.9 95.4 99.1 91.5 103 100 101 105
DF (1:x) 16.0 32.0 64.0 128 256 512 1,024 2,048 <LLOQ
MCP-1 7299 assayconc. 479 247 130 60.7 28.5 13.4 6.26 3.02 n.q.
(10.3 %) matrix conc. 7,657 7,916 8,299 7,764 7,299 6,854 6,410 6,192 n.q.
recovery [%] 105 108 114 106 100 93.9 87.8 84.8 n.q.
DF (1:x) 1,024 2,048 4,096 8,192 16,384 32,768 65,536 131,072
MIP-18 67381 assayconc. 68.2 33.8 17.7 8.14 3.96 2.07 0.940 0.507
(4.98 %) matrix conc. 69,816 69,120 72,677 66,656 64,826 67,939 61,604 66,410
recovery [%] 104 103 108 98.9 96.2 101 91.4 98.6
DF (1:x) 16.0 32.0 64.0 128 256 512 1,024 2,048 4,096
TNE-a 7950 assayconc. 429 239 128 61.8 30.2 12.7 7.61 3.96 2.26
(11.7 %) matrix conc. 6,867 7,659 8,175 7,916 7,721 6,484 7,793 8,117 9,243
recovery [%] 86.4 96.3 103 99.6 97.1 81.6 98.0 102 116
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ANNEX - Table 6: Results of parallelism (PL) determination for IMAP 1 using sample 2. Assay and matrix concentrations are given in pg-mL™2. (<LLOQ = concentration below the
lower limit of quantification; n.q. = value cannot be quantified; conc. = concentration; DF = dilution factor; CVs (grey) = relative differences between matrix concentrations
[pg-mL] used to calculate the reference)

Parallelism - IMAP 1 - sample 2

Reference [pg-mL 1 ]

Analyte (cv) PL 1 PL 2 PL 3 PL 4 PL5 PL 6 PL7 PL8 PL 9 PL 10
DF (1:x) 4.00 8.00 16.0 32.0 64.0 128 256 512 1,024 2,048
IL-4 cannot be genereated assayconc. 36.9 23.1 14.5 9.17 6.53 3.92 2.07 1.42 0.840 0.537
g matrix conc. 148 185 231 293 418 502 531 727 860 1,099
recovery [%] n.q.
DF (1:x) 256 512 1,024 2,048 4,096 8,192 16,384 32,768 65,536 <LLOQ
L6 13675 assayconc. 46.6 24.0 12.8 6.94 3.54 1.62 0.923 0.427 0.223 n.q.
(7.98 %) matrix conc. 11,934 12,307 13,114 14,220 14,513 13,244 15,128 13,981 14,636 n.q.
recovery [%] 87.3 90.0 95.9 104 106 96.8 111 102 107 n.qg.
DF (1:x) 256 512 1,024 2,048 4,096 8,192 16,384 32,768 65,536 131,072
IL-8 43101 assayconc. 130 71.9 38.7 21.2 11.5 5.47 2.91 1.37 0.743 0.340
(11.5 %) matrix conc. 33,364 36,811 39,673 43,329 47,063 44,810 47,677 45,001 48,715 44,564
recovery [%] 77.4 85.4 92.0 101 109 104 111 104 113 103
DF (1:x) 4.00 8.00 16.0 32.0 64.0 128 256 512 1,024 2,048
IL-10 989 assayconc. 279 125 59.7 31.9 16.3 7.34 3.19 1.71 1.02 0.527
(9.42 %) matrix conc. 1,117 1,000 955 1,021 1,043 940 817 874 1,048 1,079
recovery [%] 113 101 96.6 103 105 95.0 82.6 88.3 106 109
DF (1:x) 4.00 8.00 16.0 32.0 64.0 128 <LLoQ
assayconc. 63.0 45.7 25.0 20.2 14.2 8.25 n.q.
GM-CSF cannot be genereated matrix conc. 252 366 400 647 906 1,056 n.q.
recovery [%] n.g.
DF (1:x) 256 512 1,024 2,048 4,096 8,192 16,384 32,768 65,536 <LLOQ
IEN 57787 assayconc. 176 98.0 59.1 29.6 15.2 7.22 3.79 1.81 0.930 n.q.
v (10.4 %) matrix conc. 45,065 50,152 60,483 60,559 62,409 59,119 62,150 59,201 60,948 n.q.
recovery [%] 78.0 86.8 105 105 108 102 108 102 105 n.qg.
DF (1:x) 8.00 16.0 32.0 64.0 128 256 512 1,024 2,048 <LLOQ
MCP-1 4377 assayconc. 550 245 134 71.0 34.3 15.9 9.87 6.37 3.48 n.q.
(8.38 %) matrix conc. 4,397 3,921 4,282 4,541 4,387 4,061 5,052 6,526 7,127 n.q.
recovery [%] 100 89.6 97.8 104 100 92.8 115 149 163 n.q.
DF (1:x) 2,048 4,096 8,192 16,384 32,768 65,536 131,072
MIP-1B 134687 assayconc. 63.5 33.5 16.2 8.39 4.33 1.98 1.02
(3.26 %) matrix conc. 130,028 137,271 132,874 137,516 141,885 129,980 133,257
recovery [%] 96.5 102 98.7 102 105 96.5 98.9
DF (1:x) 16.0 32.0 64.0 128 256 512 1,024 2,048 4,096 <LLOQ
TNF-o 5850 assayconc. 326 182 98.7 44.9 19.5 10.0 5.80 3.20 1.70 n.q.
(11.4 %) matrix conc. 5,213 5,811 6,316 5,745 5,001 5,127 5,943 6,547 6,950 n.q.
recovery [%] 89.1 99.3 108 98.2 85.5 87.6 102 112 119 n.q.
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ANNEX - Table 7: Results of parallelism (PL) determination for IMAP 1 using sample 3. Assay and matrix concentrations are given in pg-mL™. (<LLOQ = concentration below the
lower limit of quantification; n.q. = value cannot be quantified; conc. = concentration; DF = dilution factor; CVs (grey) = relative differences between matrix concentrations
[pg-mL] used to calculate the reference)

Parallelism - IMAP 1 - sample 3

Reference [pg-mL 2 ]

Analyte (cv) PL 1 PL 2 PL 3 PL 4 PL5 PL 6 PL7 PL8 PL 9 PL 10
DF (1:x) 4.00 8.00 16.0 32.0 64.0 128 256 512 1,024 <LLoQ
IL-4 cannot be genereated assayconc. 43.5 32.0 17.0 11.2 6.70 4.07 2.45 1.26 0.743 n.q.
matrix conc. 174 256 273 357 429 521 627 645 761 n.q.
recovery [%] n.
DF (1:x) 128 256 512 1,024 2,048 4,096 8,192 16,384 32,768 <LLoQ
IL-6 8285 assayconc. 70.6 32.9 16.2 7.76 3.79 1.94 1.07 0.487 0.257 n.g.
(5.09 %) matrix conc. 9,032 8,423 8,306 7,943 7,755 7,960 8,765 7,974 8,410 n.q.
recovery [%] 109 102 100 95.9 93.6 96.1 106 96.2 102 n.q.
DF (1:x) 256 512 1,024 2,048 4,096 8,192 16,384 32,768 65,536 131,072
IL-8 52590 assayconc. 223 101 48.9 24.7 12.7 6.83 3.35 1.62 0.810 0.360
(5.59 %) matrix conc. 57,091 51,833 50,060 50,633 52,115 55,979 54,941 52,975 53,084 47,186
recovery [%] 109 98.6 95.2 96.3 99.1 106 104 101 101 89.7
DF (1:x) 4.00 8.00 16.0 32.0 64.0 128 256 512 1,024 <LLoQ
IL-10 731 assayconc. 181 92.1 42.4 22.1 11.3 6.15 2.98 1.52 0.667 n.g.
(5.34 %) matrix conc. 723 737 678 707 725 787 764 777 683 n.g.
recovery [%] 98.9 101 92.7 96.7 99.1 108 104 106 93.4 n.q.
DF (1:x) 4.00 8.00 16.0 32.0 64.0 128 <LLoQ
assayconc. 74.2 49.3 30.7 20.8 11.6 7.74 n.qg.
GM-CSF cannot be genereated matrix conc. 297 394 491 664 744 991 n.q.
recovery [%] n.qg.
DF (1:x) 16.0 32.0 64.0 128 256 512 1,024 2,048 4,096 8,192
IEN-y 4951 assayconc. 276 137 67.5 37.2 19.4 9.71 4.49 2.66 1.41 0.720
(11.6 %) matrix conc. 4,418 4,375 4,317 4,757 4,973 4,972 4,594 5,448 5,762 5,898
recovery [%] 89.2 88.4 87.2 96.1 100 100 92.8 110 116 119
DF (1:x) 8.00 16.0 32.0 64.0 128 256 512 1,024 2,048 <LLoQ
MCP-1 3797 assay conc. 444 205 106 56.6 28.7 14.4 8.80 3.93 2.17 n.q.
(11.5 %) matrix conc. 3,553 3,281 3,387 3,621 3,668 3,685 4,506 4,028 4,444 n.q.
recovery [%] 93.6 86.4 89.2 95.4 96.6 97.0 119 106 117 n.q.
DF (1:x) 1,024 2,048 4,096 8,192 16,384 32,768 65,536 131,072
MIP-16 48186 assayconc. 49.3 22.9 12.3 6.08 2.91 1.38 0.787 0.330
(6.07 %) matrix conc. 50,490 46,886 50,545 49,807 47,732 45,220 51,555 43,254
recovery [%] 105 97.3 105 103 99.1 93.8 107 89.8
DF (1:x) 8.00 16.0 32.0 64.0 128 256 512 1,024 2,048 4,096
TNF-at 3331 assay conc. 395 194 103 50.2 27.4 13.0 6.71 3.17 1.56 0.937
(6.48 %) matrix conc. 3,164 3,103 3,282 3,213 3,508 3,327 3,434 3,249 3,195 3,837
recovery [%] 95.0 93.1 98.5 96.4 105 99.9 103 97.5 95.9 115
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ANNEX

ANNEX - Table 8: Results of parallelism (PL) determination for IMAP 2 using sample 1. Assay and matrix concentrations are given in pg-mL™2. (<LLOQ = concentration below the
lower limit of quantification; n.q. = value cannot be quantified; conc. = concentration; DF = dilution factor; CVs (grey) = relative differences between matrix concentrations

[pg-mL] used to calculate the reference)

Parallelism - IMAP 2 - sample 1

Reference [pg-mL™]

Analyte (cv) PL1 PL2 PL3 PL4 PL5 PL6 PL7 PL8 PL9 PL 10
DF (1:x) 32.0 64.0 128 256 512 1,024 2,048 4,096 8,192
IL-1p 5513 assay conc. 196 89.1 43.8 20.5 11.0 4.68 2.45 1.45 0.660
(8.88 %) matrix conc. 6,279 5,705 5,600 5,235 5,632 4,792 5,011 5,953 5,407
recovery [%] 114 103 101 94.7 102 86.7 90.7 108 97.8
DF (1:x) 4.00 8.00 16.0 32.0 64.0 128 256 512 1,024 <LLOQ
IL-1Ra 26259 assayconc. 3,661 2,658 1,416 762 394 215 113 63.3 27.1 n.g.
(13.7 %) matrix conc. 14,644 21,265 22,651 24,379 25,245 27,488 28,940 32,393 27,709 n.g.
recovery [%] 55.8 81.0 86.3 92.8 96.1 105 110 123 106 n.g.
DF (1:x) 4.00 8.00 16.0 <LLOQ
IL-12p70 cannot be assay conc. 2.41 2.08 1.26 n.q.
generated matrix conc. 9.63 16.6 20.2 n.q.
recovery [%] n.q.
63.2 DF (1:x) 4.00 8.00 16.0 32.0 <LLOQ
Y assayconc. 13.3 8.62 3.96 2.11 n.qg.
VEGF (11.4 %) matrix conc. 53.0 68.9 63.3 67.6 n.q.
recovery [%] 83.8 109 100 107 n.q.
DF (1:x) 4.00 8.00 16.0 32.0 64.0 128 256 512 <LLOQ
IL-13 713 assayconc. 171 99.0 48.0 23.2 10.9 5.23 2.61 1.32 n.q.
(6.76 %) matrix conc. 685 792 767 744 700 669 669 678 n.qg.
recovery [%] 96.0 111 108 104 98.2 93.8 93.8 95.0 n.qg.
DF (1:x) 4.00 8.00 16.0 32.0 64.0 <LLOQ
M-CSF cannot be assayconc. 2.17 1.37 0.740 0.440 0.280 n.q.
generated matrix conc. 8.69 11.0 11.8 14.1 17.9 n.q.
recovery [%] n.g.
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ANNEX

ANNEX - Table 9: Results of parallelism (PL) determination for IMAP 2 using sample 2. Assay and matrix concentrations are given in pg-mL. (<LLOQ = concentration below the
lower limit of quantification; n.q. = value cannot be quantified; conc. = concentration; DF = dilution factor; CVs (grey) = relative differences between matrix concentrations

[pg-mL] used to calculate the reference)

Parallelism - IMAP 2 - sample 2

Reference [pg-mL ]

Analyte (cv) PL1 PL2 PL 3 PL 4 PL5 PL 6 PL 7 PL 8 PL9 PL 10
DF (1:x) 32.0 64.0 128 256 512 1,024 2,048 4,096 8,192
IL-18 5439 assayconc. 197 94.5 43.2 19.6 9.92 4.97 2.30 1.32 0.707
(9.59 %) matrix conc. 6,293 6,046 5,528 5,023 5,079 5,086 4,717 5,393 5,789
recovery [%] 116 111 102 92.3 93.4 93.5 86.7 99.1 106
DF (1:x) 4.00 8.00 16.0 32.0 64.0 128 256 512 1,024 <LLOQ
IL-1Ra 24283 assayconc. 4,440 2,720 1,468 802 377 186 98.8 53.3 28.7 n.q.
(9.54 %) matrix conc. 17,762 21,757 23,487 25,648 24,124 23,785 25,284 27,290 29,406 n.g.
recovery [%] 70.8 86.7 93.6 102 96.1 94.8 101 109 117 n.q.
DF (1:x) 4.00 8.00 16.0 <LLOQ
assayconc. 2.31 1.58 1.07 n.q.
IL-12p70 cannot be genereated | "\ L onc. 9.25 12.6 17.2 n.q.
recovery [%] n.q.
DF (1:x) 4.00 8.00 16.0 32.0 <LLOQ
assayconc. 10.1 6.68 3.66 2.27 n.qg.
VEGF cannot be genereated "\ L e, 40.3 53.5 58.6 72.5 n.q.
recovery [%] n.qg.
DF (1:x) 4.00 8.00 16.0 32.0 64.0 128 256 <LLOQ
IL-13 201 assayconc. 45.6 24.7 13.1 6.50 3.07 1.48 0.890 n.q.
(7.47 %) matrix conc. 182 198 209 208 197 189 228 n.q.
recovery [%] 90.4 98.1 104 103 97.6 93.8 113 n.q.
DF (1:x) 4.00 8.00 16.0 32.0 64.0 <LLOQ
assayconc. 1.54 1.20 0.810 0.500 0.280 n.q.
M-CSF cannot be genereated matrix conc. 6.15 9.57 13.0 16.0 17.9 n.q.
recovery [%] n.g.
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ANNEX

ANNEX - Table 10: Results of parallelism (PL) determination for IMAP 2 using sample 3. Assay and matrix concentrations are given in pg-mL™. (< LLOQ = concentration below
the lower limit of quantification; n.q. = value cannot be quantified; conc. = concentration; DF = dilution factor; CVs (grey) = relative differences between matrix concentrations

[pg-mL?] used to calculate the reference)

Parallelism - IMAP 2 - sample 3

Reference [pg-mL - ]

Analyte (cv) PL1 PL 2 PL 3 PL 4 PL5 PL 6 PL 7 PL 8 PL9 PL 10
DF (1:x) 16.0 32.0 64.0 128 256 512 1,024 2,048 4,096 8,192
IL-18 2460 assayconc. 173 84.1 41.0 17.2 8.45 4.41 2.05 1.09 0.617 0.370
(12.8 %) matrix conc. 2,771 2,692 2,623 2,207 2,163 2,256 2,096 2,232 2,526 3,031
recovery [%] 113 109 107 89.7 87.9 91.7 85.2 90.8 103 123
DF (1:x) 4.00 8.00 16.0 32.0 64.0 128 256 512 1,024 <LLOQ
IL-1Ra 18637 assayconc. 2,400 1,801 1,038 527 293 159 80.1 39.3 20.9 n.q.
(13.1 %) matrix conc. 9,600 14,411 16,607 16,879 18,778 20,415 20,508 20,125 21,374 n.q.
recovery [%] 51.5 77.3 89.1 90.6 101 110 110 108 115 n.q.
DF (1:x) 4.00 8.00 <LLOQ
assayconc. 1.98 1.43 n.q.
IL-12p70 cannot be genereated matrix conc. 7.92 11.4 n.q.
recovery [%] n.qg.
DF (1:x) 4.00 8.00 16.0 32.0 64.0 <LLOQ
assayconc. 12.5 8.48 4.90 2.63 1.42 n.qg.
VEGF cannot be genereated i one. 50.1 67.8 78.3 84.2 90.7 n.q.
recovery [%] n.g.
DF (1:x) 4.00 8.00 16.0 32.0 64.0 128 256 <LLOQ
IL-13 284 assayconc. 49.6 35.8 18.1 9.24 4.95 2.26 1.23 n.q.
(4.52 %) matrix conc. 198 287 289 296 317 289 315 n.q.
recovery [%] 66.4 95.9 96.9 99.0 106 96.8 105 n.qg.
DF (1:x) 4.00 8.00 16.0 32.0 <LLOQ
M-CSE 6.85 assay conc. 1.10 0.803 0.417 0.233 n.qg.
(7.95 %) matrix conc. 4.41 6.43 6.67 7.47 n.q.
recovery [%] 64.4 93.8 97.3 109 n.q.
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ANNEX

ANNEX - Table 11: Detailed listing of the results of freeze-thaw stability determination of IMAP 1. (AS = analyte
stability sample; Ref. = reference sample; conc. = concentration)

Freeze-thaw stability - IMAP 1

AS1 AS 2 AS 3 Ref.

Analyte freeze-thaw cycles 1 2 3 0

L-4 matrix conc. [pg-ml_'l] 11.6 12.6 10.8 11.4
recovery [%] 102 110 94.4

IL-6 matrix conc. [pg-mL™] 346 338 348 335
recovery [%] 103 101 104

IL-8 matrix conc. [pg-mL?] 331 324 306 315
recovery [%] 105 103 97.2

IL-10 matrix conc. [pg-mL?] 13.8 13.0 12.3 13.0
recovery [%] 106 101 94.8

GM-CSE matrix conc. [pg-mL™] 198 245 193 228
recovery [%] 86.5 107 84.6

IEN-y matrix conc. [pg-mL™] 151 166 140 137
recovery [%] 110 121 102

MCP-1 matrix conc. [pg-ml_'l] 72.4 69.5 76.5 79.4
recovery [%] 91.1 87.5 96.3

MIP-1p matrix conc. [pg-mL?] 14.9 19.0 15.5 16.9
recovery [%] 88.3 112 91.7

TNF-ot matrix conc. [pg-mL?] 92.5 102 89.8 88.5
recovery [%] 105 116 101

ANNEX - Table 12: Detailed listing of the results of freeze-thaw stability determination of IMAP 2. (AS = analyte
stability sample; Ref. = reference sample; conc. = concentration)

Freeze-thaw stability - IMAP 2

AS1 AS2 AS3 Ref.

Analyte freeze-thaw cycles 1 2 3 0

IL-18 matrix conc. [pg-mL’l] 70.3 79.7 64.2 79.6
recovery [%] 88.3 100 80.7

IL-1Ra matrix conc. [pg-mL?] 532 579 470 584
recovery [%] 91.1 99.1 80.5

IL-12p70 matrix conc. [pg-mL'll 12.3 12.7 11.9 10.8
recovery [%] 114 117 110

VEGE matrix conc. [pg-mL™] 239 245 187 222
recovery [%] 108 110 84.1

IL-13 matrix conc. [pg-mL™] 48.9 52.7 39.7 41.7
recovery [%] 117 126 95.2

M-CSE matrix conc. [pg-ml_'l] 11.7 131 11.3 11.3
recovery [%] 103 116 99.4
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ANNEX

ANNEX - Table 13: Detailed listing of the results of short-term stability determination of IMAP 1. (AS = analyte
stability sample; Ref. = reference sample; RT = room temperature, conc. = concentration)

Short-term stability - IMAP 1

AS 4 AS5 Ref. AS 6 AS7 AS 8 AS 9 Ref.
test temperature
4 °C 4 °C 4 °C RT RT RT
storage duration at test temperature

Analyte 2h 4h 24h 2h 4h 24h

IL-4 matrix conc. [pgm[l] 11.2 11.3 11.4 8.21 9.11 10.6 12.5 10.6
recovery [%] 97.9 98.8 77.5 85.9 100 118

L6 matrix conc. [pg-mL?] 290 305 335 297 329 321 288 315
recovery [%] 86.6 91.0 94.4 105 102 91.4

IL-8 matrix conc. [pg-ml_’l] 312 304 315 303 319 319 319 306
recovery [%] 99.2 96.5 99.1 104 104 104

10 matrix conc. [pg-mL?] 10.9 12.0 13.0 10.2 12.2 13.0 8.71 13.4
recovery [%] 83.8 92.7 87.0 104 111 74.2

GMLCSE matrix conc. [pg-mL?] 194 194 228 203 170 245 195 208
recovery [%] 84.8 85.1 97.4 81.5 118 93.5

FN-y matrix conc. [pg-mL?] 136 138 137 115 132 142 108 133
recovery [%] 99.6 101 86.4 99.3 107 81.5

MCP-1 matrix conc. [pg-ml_'l] 73.8 64.3 79.4 59.0 74.5 70.1 53.6 72.5
recovery [%] 93.0 81.0 81.3 103 96.6 74.0

MIP-1p matrix conc. [pg-mL?] 17.3 14.7 16.9 15.6 17.1 17.0 15.2 17.0
recovery [%] 102 86.8 91.7 101 100 89.7

TNF-t matrix conc. [pg-mL’l] 85.1 82.7 88.5 92.8 109 116 91.2 109
recovery [%] 96.2 93.4 85.1 100 106 83.7
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ANNEX - Table 14: Detailed listing of the results of short-term stability determination of IMAP 2. (AS = analyte
stability sample; Ref. = reference sample; RT = room temperature, conc. = concentration)

Short-term stability - IMAP 2

AS 4 AS5 Ref. AS 6 AS7 AS 8 AS 9 Ref.
test temperature
4 °C 4 °C 4 °C RT RT RT
storage duration at test temperature
Analyte 2h 4h 24h 2h 4h 24h
matrix conc. [pg-mL] 69.3 69.2 79.6 62.6 69.1 75.7 62.7 74.1
IL-1p recovery [%] 870  86.9 84.4  93.1 102 846
matrix conc. [pg-mL?] 508 504 584 517 538 567 506 596
IL-1Ra recovery [%] 87.0 86.2 86.8 90.3 95.0 84.9
IL-12p70 matrix conc. [pg-mL?] 11.9 10.4 10.8 11.6 12.6 12.7 11.2 11.3
recovery [%] 109 96.3 102 111 112 98.8
matrix conc. [pg-mL™] 202 204 222 234 324 346 217 373
VEGF recovery [%] 90.8 91.9 62.9 87.0 92.7 58.2
matrix conc. [pg-mL?] 42.1 43.7 41.7 37.1 423 42.6 38.8 43.7
IL-13 recovery [%] 101 105 84.9 97.0 97.5 88.9
matrix conc. [pg-mL?] 11.2 10.8 11.3 7.68 8.91 8.61 8.15 8.33
M-CsF recovery [%] 98.7 95.5 92.2 107 103 97.8
A Mean AEB multiplexed capture ANNI:?X'- Table '15: Resultﬁs of cross -
[AU] coated beads reactivity testmq for Simoa SR-X
IL-6 TNF-o assays. (A) AEB signals of the cross-
detection IL-6 0.005 0.003 reactivity testing between the
antibody TNE-a 0.012 P respective analyte- specific capture
and detection antibody. AEBs above
2 AU were regarded as cross-
B Recovery multiplexed capture reactivity.
[%] coated beads (B) Testing of cross-reactivity
IL-6 TNF-a between the analyte and capture
recombinant IL-6 100 1.22 antibody. Given recoveries in % are
protein TNF-a 0.392 100 based on the signal generated with
the analyte-specific combinations
C multiplexed capture set to 100 %. (C) Cross-reactivity
Recovery testing between analyte and
[%] coated beads detection antibody. Calculati
IL-6 TNF-« y. Calculation and
detection L6 oo Te1 evaluation cjorrespond to that
R already described for (B). All values
antibody TNF-a 0.525 100

were assessed as duplicates (n = 2).
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ANNEX

ANNEX - Table 16: Results of the determination of the lower limit of quantification (LLOQ) for the analytes of
the developed Simoa SR-X assays.The nominal concentrations of the respective analytes defined as LLOQ are
shown in bold. The values in bold, italics and highlighted in grey are the determined CVs and recoveries that did
not meet the acceptance criteria.

Lower limit of quantification - Simoa SR-X assays

CAL 4 dilution
Analyte 1:2 1:4 1:8 1:16 1:32 1:64 1:128 1:256 CAL4
nominal conc. [pg-mL'l] 0.234 0.117 0.059 0.029 0.015 0.007 0.004 0.002 0.469

T analyzed conc. [pg-ml_‘l] 0.223 0.120 0.062 0.030 0.015 0.007 0.003 0.002

= CV [%] 3.60 4.33 14.6 6.32 11.7 23.7 36.5 42.6
recovery [%] 95.2 103 106 104 99.5 96.9 88.0 109

o nominal conc. [pg-mL?] 0781 0391 0195 0.098 0.049 0.024 0.012 0.006 1.56

E— analyzed conc. [pg-mL'l] 0.755 0.389 0.199 0.104 0.049 0.027 0.007 0.006

3 CV [%] 4.87 6.55 8.67 9.42 12.7 16.2 74.1 47.8
recovery [%] 96.7  99.5 102 107  99.8 112  55.2 92.9
nominal conc. [pg-mL'l] 0.350 0.175 0.087 0.044 0.022 0.0112 0.005 0.003 0.700

© analyzed conc. [pg-mL?] 0.346 0.191 0.096 0.048 0.024 0.012 0.007 0.004

= CV [%] 6.65 10.1 8.75 10.3 11.5 24.9 19.2 29.0
recovery [%] 98.8 109 109 110 111 106 122 130
nominal conc. [pg'mL-l] 1.05 0525 0.262 0.131 0.066 0.033 0.016 0.008 210

E analyzed conc. [pg-mL’l] 1.06 0.545 0.276 0.133 0.068 0.030 0.019 0.006

E  ovi% 640 990 6.66 169 136 141 204 581
recovery [%] 101 104 105 101 103 92.7 115 78.4

ANNEX - Table 17: Limits of detection determined for the analytes of the Simoa SR-X assays.(CAL = calibrator;
SD = standard deviation; R? = coefficient of determination)

Limit of detection - Simoa SR-X assays

Analyte
IL-4 IL-12p70 IL-6 TNF-a
CAL 8 Mean (MFI) 0.005 0.012 0.010 0.012
20 replicates SD (MFI) 0.001 0.001 0.001 0.001
slope 0.914 0.328 1.09 0.479
Linear regression y-intercept 0.005 0.012 0.010 0.012
R? 0.999 0.999 0.999 0.999
LOD [pg:mL™] 0.002 0.012 0.003 0.006
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ANNEX

ANNEX - Table 18: Results of parallelism (PL) determination for the Simoa SR-X assays using sample 1. (<LLOQ = concentration below the lower limit of quantification;

n.q. = value cannot be quantified; conc. = concentration; DF = dilution factor; CVs (grey) = relative differences between matrix concentrations [pg-mL?] used to calculate the
reference)

Parallelism - Simoa SR-X assays - sample 1

-1
Reference [pg-mL™ ] PL1 PL2 PL3 PL4 PLS PL6 PL7 PLS PL9 PLI1I0 PL11 PLI12

Analyte V)
DF (1:x) 5.00 10.0 20.0 40.0 80.0 160 320 640 1,280 2,560 5,120 10,240
IL-4 111 assay conc. [pg-mL’l] 22.1 11.3 5.93 2.77 1.46 0.722 0.329 0.168 0.085 0.043 0.021 0.010
(4.27 %) matrix conc. [pg-mL™] 110 113 119 111 117 116 105 108 109 110 106 104
recovery [%] 99.8 103 107 100 106 104 95.2 97.4 98.1 99.1 96.0 93.9
DF (1:x) 5.00 10.0 20.0 40.0 80.0 160 <LLOQ
IL-12p70 4.9 assay conc. [pg-mL™] 0.731 0473 0236 0125 0.065  0.030 n.g.
(3.98 %) matrix conc. [pg-mL"] 3.65 4.73 4.71 5.01 5.17 4.87 n.g.
recovery [%] 74.6 96.5 96.2 102 106 99.3 n.q.
DF (1:x) 5.00 10.0 20.0 40.0 80.0 160 320 640 <LLOQ
IL-6 16.4 assay conc. [pg-mL'l] 4.53 1.96 0.937 0.327 0.202 0.106 0.052 0.022 n.q.
(15.1 %) matrix conc. [pg-mL'l] 22.7 19.6 18.7 13.1 16.2 16.9 16.6 14.1 n.g.
recovery [%] 138 120 114 76.1 98.8 103 102 86.1 n.g.
DF (1:x) 5.00 10.0 20.0 40.0 80.0 160 <LLOQ
TNF-at 14.4 assay conc. [pg-mL’l] 4.66 1.70 0.713 0.360 0.173 0.078 n.g.
(11.4 %) matrix conc. [pg-mL?] 23.3 17.0 14.3 14.4 13.8 125 n.q.
recovery [%] 162 118 99.2 100 96.0 86.7 n.qg.
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ANNEX

ANNEX - Table 19: Results of parallelism (PL) determination for the Simoa SR-X assays using sample 2. (<LLOQ = concentration below the lower limit of quantification; n.q. = value
cannot be quantified; conc. = concentration; DF = dilution factor; CVs (grey) = relative differences between matrix concentrations [pg-mL] used to calculate the reference)

Parallelism - Simoa SR-X assays - sample 2

Analyte

Reference [pg-mL™]

PL1

(cv) PL2 PL3 PL4 PL5 PL6 PL7 PL8 PL9 PL10 PL11 PLI12
DF (1:x) 5.00 10.0 20.0 40.0 80.0 160 320 640 1,280 2,560 5,120 10,240
IL-4 203 assay conc. [pg-mL"l] 35.2 21.1 10.8 5.39 2.79 1.33 0.573 0.300 0.154 0.081 0.040 0.020
(6.96 %) matrix conc. [pgmL] 176 211 217 216 223 213 184 192 197 206 202 203
recovery [%] 86.6 104 107 106 110 105 90.3 94.4 96.7 101 99.5 100.0
DF (1:x) 5.00 10.0 20.0 40.0 80.0 160 320 <LLOQ
IL-12p70 14.1 assay conc. [pg-mL’l] 1.77 1.25 0.648 0.362 0.175 0.102 0.045 n.g.
(9.65 %) matrix conc. [pg-mL’l] 8.86 12.5 13.0 14.5 14.0 16.4 14.5 n.g.
recovery [%] 62.7 88.4 91.7 102 99.3 116 102 n.g.
DF (1:x) 5.00 10.0 20.0 40.0 <LLOQ
IL-6 0.642 assay conc. [pg-mL'l] 0.124 0.074 0.027 0.017 n.q.
(12.8 %) matrix conc. [pg-mL™] 0.618 0741  0.544  0.665 n.q.
recovery [%] 96.3 115 84.8 104 n.g.
DF (1:x) 5.00 10.0 20.0 40.0 80.0 160 <LLOQ
TNF-ol 13.3 assay conc. [pg:mL™] 4.39 1.53 0.702  0.268 0.150  0.090 n.q.
(14.0 %) matrix conc. [pg-mL™] 22.0 15.3 14.0 10.7 12.0 14.4 n.q.
recovery [%] 165 115 106 80.8 90.4 108 n.q.
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ANNEX

ANNEX - Table 20: Results of parallelism (PL) determination for the Simoa SR-X assays using sample 3. (<LLOQ = concentration below the lower limit of quantification; n.q. = value
cannot be quantified; conc. = concentration; DF = dilution factor; CVs (grey) = relative differences between matrix concentrations [pg-mL™] used to calculate the reference)

Parallelism - Simoa SR-X assays - sample 3

Reference [pg-mL™]

Analyte PL1 PL2 PL3 PL4 PL5 PL6 PL7
(cV)
DF (1:x) 5.00 100 200 400 80.0 160 <LLOQ
L4 4.61 assay conc. [pg-mL™] 1.56 0577 0249 0.112 0.049 0.024 n.q.
(17.1 %) matrix conc. [pg-mL™] 7.79 5.77 4.97 4.49 3.93 3.88 n.g.
recovery [%] 169 125 108 97.5 85.3 84.1 n.q.
DF (1:x) 5.00 100 200 400 80.0 160 <LLOQ
L-12p70 7.76 assay conc. [pg-mL™] 0.859 0.647 0381 0.213 0.100 0.051 n.q.
(10.2 %) matrix conc. [pg-mL™] 4.30 6.47 7.62 8.52 8.03 8.17 n.g.
recovery [%] 55.4 83.4 98.2 110 103 105 n.q.
DF (1:x) 320 640 1,280 2,560 5,120 10,240
IL-6 8997 assay conc. [pg-mL™] 30.8 16.3 6.95 3.48 1.48 0.813
(11.5 %) matrix conc. [pg-mL™] 9,849 10,435 8,893 8920 7,562 8,323
recovery [%] 109 116 98.8 99.1 84.0 92.5
DF (1:x) 320 640 1,280 2,560 5,120 10,240
NFa 4148 assay conc. [pg-mL] 13.9 7.09 3.06 1.51 0.771  0.408
(6.86 %) matrix conc. [pg-mL 1] 4,440 4,535 3,918 3,872 3,947 4,175
recovery [%] 107 109 94.6 93.5 95.3 101
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