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Abstract

In recent years, scientific progress has led to the advancement of precision
medicine, a novel therapeutic strategy. For this purpose, molecular investigation of
patient-derived samples is a necessity. Genetic analysis has been the gold
standard in this field for years. However, in a cell, proteins and their
posttranslational modifications lead to differences in genotype and phenotype.
Therefore, the use of genetic information as basis for treatment decisions does not
always translate into therapeutic benefits. The integration of proteomic
approaches to further elucidate pathophysiological mechanisms is essential.
Protein analysis methods need to be flexible to be used in different sample types
and provide high sensitivity as well as throughput to complement these novel
therapeutic approaches. The recently emerging DigiWest technology allows for
detection of numerous proteins and protein variants from a single sample. Here,
the DigiWest workflow was adapted and modified for protein analysis from
clinically relevant sample types, such as formalin-fixed or fresh frozen tissue
extracts and blood samples. A novel serum-screening platform was designed and
established. Through the integration of authentic antigens, the parallel detection of
immunoglobulins against different pathogenic strains of coronaviruses was
achieved. Furthermore, multiplexed protein analysis from minuscule formalin-fixed
and paraffin-embedded cervical punch biopsies by DigiWest was established. In
vivo treatment effects of non-invasive-physical plasma, a novel therapeutic
approach for treatment of cervical intraepithelial neoplasia, were evaluated and
upon comparing results to in vitro cell culture experiments, general trends in
treatment response could be confirmed. However, differences in protein
expression profiles emphasize the need for molecular investigation of treatment
effects in vivo. The potential of protein analysis of fresh frozen samples was
explored by referencing snap frozen breast cancer biopsies. The multiplexed
detection of several infiltrating immune cell markers by DigiWest as prognostic
factor was established. A subset of co-expressed immune cell markers, revealing
a positive influence on patient outcome was identified and induced changes in

several pathways were detected. Overall, sample preparation, assay strategies



and analysis tools were adapted to the multiplexed protein analysis of different
human sample types via DigiWest and the unique potential of this approach was

demonstrated.



Zusammenfassung

In den letzten Jahren hat der wissenschaftliche Fortschritt zur Entwicklung der
Prazisionsmedizin, eines neuen therapeutischen Ansatzes, gefuhrt. FUr diesen
Ansatz ist eine molekulare Untersuchung von Patientenproben unabdingbar.
Genetische Untersuchungen sind seit Jahren der Goldstandard in diesem Bereich.
Jedoch fuhren Proteine und ihre posttranslationalen Modifizierungen zu
Unterschieden im Genotyp und Phanotyp einer Zelle. Daher flhrt die Verwendung
genetischer Informationen als Grundlage fur Behandlungsentscheidungen nicht
immer zu therapeutischen Erfolgen. Die Integration von proteomischen Ansatzen
zur weiteren Aufklarung pathophysiologischer Mechanismen ist daher von
wesentlicher Bedeutung. Die hierzu verwendeten Proteinanalysemethoden sollten
flexibel in der Anwendung an verschiedenen Probentypen sein und eine hohe
Empfindlichkeit sowie einen hohen Durchsatz bieten, um diesen neuen
therapeutischen Ansatz zu erganzen. Die kuirzlich entwickelte DigiWest-
Technologie ermoglicht den parallelen Nachweis zahlreicher Proteine und
Proteinvarianten aus einer einzigen Probe. In dieser Arbeit wurde der DigiWest-
Arbeitsablauf fur die Proteinanalyse aus klinisch relevanten Probentypen, wie
Formalin-fixierten oder frisch gefrorenen Gewebeextrakten sowie Blutproben,
angepasst und modifiziert. Eine neuartige Serum-Screening-Plattform wurde
entwickelt und etabliert. Durch die Integration authentischer Antigene wurde der
multiplexe Nachweis von Immunglobulinen gegen verschiedene pathogene
Stamme von Coronaviren erreicht. Daruber hinaus wurde eine multiplexe
Proteinanalyse von kleinen Formalin-fixieten und paraffineingebetteten
Stanzbiopsien des Gebarmutterhalses durch den DigiWest etabliert. Die in vivo
Behandlungseffekte von nicht-invasivem physikalischem Plasma, einem
neuartigen therapeutischen Ansatz zur Behandlung der intraepithelialen Neoplasie
des Gebarmutterhalses, wurden ausgewertet, und beim Vergleich der Ergebnisse
mit in vitro Zellkulturexperimenten konnten allgemeine Trends beim Ansprechen
auf die Behandlung Dbestatigt werden. Die Unterschiede in den
Proteinexpressionsprofilen zwischen Gewebeproben und Zellkultur unterstreichen

jedoch die Notwendigkeit einer molekularen Untersuchung der Behandlungs-



effekte in vivo. Das Potenzial der Proteinanalyse von frisch gefrorenen Proben
wurde anhand von Brustkrebsresektaten untersucht. Der multiplexe Nachweis
mehrerer infiltrierender Immunzellmarker durch den DigiWest wurde etabliert.
Dadurch konnte eine Untergruppe von Kko-exprimierten Immunzellmarkern
identifiziert werden, die einen positiven Einfluss auf das ereignisfreie Uberleben
haben, sowie induzierte Veranderungen in mehreren Signalwegen festgestellt
werden. Insgesamt wurden die Probenvorbereitung, Assay-Strategien und
Analysewerkzeuge an die Multiplex-Proteinanalyse verschiedener menschlicher
Probentypen mittels DigiWest angepasst. Somit konnte das besondere Potenzial

dieses Ansatzes gezeigt werden.
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Introduction






1 Introduction

1 Introduction

1.1. Multiplexed Protein Analysis of Complex Human Samples

In recent years, scientific progress has elucidated the molecular mechanism of
many pathological processes and diseases, laying the foundation for precision
medicine, a novel therapeutic strategy '2. Yet practical implementation of
precision medicine is still at the very beginning. Clinical studies mostly focus on
genome-based strategies 34 where somatic and genetic alterations are identified
by applying advanced technologies like next generation sequencing, in an
approach termed “genomic-precision medicine” °. Numerous mutations are
recognizable, but knowledge about this genetic information frequently does not
translate into a therapeutic benefit é, a discrepancy essentially attributable to the
difference of genotype and phenotype. Through post-translational control and
modification of proteins, altered genes do not always have an impact on cellular
mechanisms. It has been shown that changes in genetic information poorly
translate into changes in protein expression 8. Thus, to understand pathological
processes and their pathophysiological origins, it is crucial to integrate proteomic
approaches as well. For this purpose, extensive data on abundance as well as
modifications of proteins in human cells are needed. Given the fact that they
provide high throughput and good sensitivity, modern protein analysis methods

hold great potential to enhance these stratified therapeutic approaches.

Modern immunological or genetic examination of human material allows for
identification of pathological processes. Yet histopathological examination is still
the gold standard for investigation of clinical specimen. Besides histological
approaches, novel analysis methods gain more and more importance in diagnosis,
choice of therapy and monitoring of therapeutic effects on a molecular basis.
Global analysis techniques like next generation sequencing or protein
identification by mass spectrometry (MS) enable elucidation of pathophysiological
mechanisms and the understanding of pathological interrelationships °.

Post-translationally modified proteins are key components of cellular signal

transduction '°. They represent the phenotypical and pathological features of
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malignant cells in particular, and many diseases are characterized by specifically
altered protein expression profiles .12,

Therefore, the detection and quantification of such posttranslational modifications
from human sample material is of great interest. Classical protein detection
methods such as enzyme-linked immunosorbent assay (ELISA) and Western
blotting are limited in terms of throughput and sensitivity. Mass spectrometry
approaches allow for detailed analysis of large amounts of proteins, however, the
high amount of sample needed to identify protein modifications and the
overwhelming amount of data generated has made it difficult to translate this
technique into clinical applications 3. To date, it has been used in several case
studies only 415,

Multiplexed immunoassays for parallel detection of numerous proteins from a
single specimen have become a valuable tool in biomedical research and clinical
trials. The parallel detection of several hundred proteins is extremely time and cost
efficient. In addition, such assays require less sample material, which can be
crucial in a clinical setting 6. Miniaturized and parallelized array based
immunoassay systems, like reverse phase protein microarrays (RPPA), are able
to sensitively identify hundreds of proteins and protein modifications from
minuscule amounts of sample material. Here, proteins are spotted onto microchips
and subsequent reverse phase immuno-detection allows for identification of
protein expression in large patient cohorts as well as for comprehensive analysis
of signal transduction ®'7. However, crucial information about the molecular weight
properties of analytes is lost.

The DigiWest technology, a recently emerging protein analysis method '8, allows
for identification of numerous proteins and protein variants from minimal sample
amount as well. It is possible to identify and semi-quantitatively analyse hundreds
of proteins in one sample in a parallelized and reproducible manner. This
approach yields the potential for multiplexed investigation of changes in intra-
cellular signal transduction, which therefore exemplifies an excellent tool for the
analysis of human derived specimen. However, the complexity of multiplexed
immunoassays and diverse sample types that have to be analysed in biomedical
applications, make consideration of pre-analytical requirements as well as
extensive validation and testing of analytical performance a necessity to secure

accuracy and reliability of results 619,
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1.1.1. Microsphere Based Multiplexed Western Blotting — the DigiWest

The complexity of challenges in life sciences is ever increasing, hence demands
on assay systems are as well, making high-throughput and multiplexed
assessment of parameters more crucial than ever. The DigiWest, a high
throughput multiplexed variant of the Western blot, was invented and patented by
the assay development department at the NMI in Reutlingen 8. Since its
publication in 2016, it has been constantly improved and used in a multitude of
applications 20-23,

In general, the DigiWest procedure is separated in two main segments, namely
the sample preparation that includes the coupling of proteins on micropsheres
(Figure 1, 1-6) and the immunoassay itself (Figure 1, 7-9). For coupling of
proteins, lysates are separated by applying sodium dodecyl sulfate polyacrylamide
gel electrophoreses (SDS-PAGE) and blotted onto a polyvinylidene fluoride
(PVDF) membrane. To enable coupling of the proteins on microspheres, the
proteins are biotinylated on the membrane. Subsequently the sample is
fractionated by cutting the protein lanes into 96 horizontal strips, where each strip
constitutes for a distinct molecular weight fraction of the original blot. After cutting,
proteins are eluted into a 96-well plate with membrane strips sorted from highest
to lowest molecular weight. Therefore, each well only contains a defined molecular
weight fraction of the original sample. The biotinylated proteins are then coupled
onto neutravidin-coated color-coded microspheres, with each molecular weight
fraction represented by a specific microsphere ID. To recreate the original western
blot lane, all microspheres are pooled. For antibody-based protein detection, an
aliquot of the microsphere mix is incubated with an antibody specific to a protein of
interest, followed by incubation with a phycoerythrin- (PE-) labelled species-
specific secondary antibody. Finally, readout is performed by utilizing a Luminex

Flexmap 3D.
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Figure 1. Experimental design and workflow of DigiWest experiments. Schematically
depiction of the DigiWest workflow. Proteins are separated via SDS-PAGE (1) and
transferred onto a PVDF membrane (2). Protein lanes are cut into 96 strips corresponding
to 96 molecular weight fractions (3). Membrane strips are sorted into a 96 well plate
according to the molecular weight and proteins are eluted (4). Biotinylated proteins are
coupled onto distinct neutravidin-coated magnetic microspheres (5) and subsequently
pooled to recreate the original protein lane (6). A small aliquot of the microsphere pool is
used for the immunoassay and incubated with an analyte-specific primary antibody before
incubation with PE-labled species specific secondary antibody (7). The readout is
performed utilizing a Luminex FlexMap 3D (8). The initial lane is reconstituted, and data
analysis is performed (9) (adapted from Treindl et al. '8).

By transferring proteins onto a microsphere-based microarray platform, the
robustness of Western blotting and the high-throughput as well as the multiplexing
capabilities of microsphere-based assay systems are combined. Due to the
miniaturization of the assay system, sensitivity as well as the dynamic range are
increased 24. This leads to reduced amount of sample being required for parallel
detection of hundreds of proteins and protein variants (e.g. phosphorylated
proteins), while maintaining information about the molecular weight properties. For
that reason, the DigiWest is a valid alternative to RPPA or MS-based approaches,
especially for the analysis of primary human material, where phosphoproteomics

and limitation of sample material are of high concern.
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1.1.2. Novel Data Analysis Tools for DigiWest

The ever-increasing amount and complexity of data in biomedical research also
requires improvement of analytical and evaluation tools. Over the last decade
several analysis programs and algorithms have been developed and upgraded,
that enable the development of multi-omics pipelines, meta-analysis workflows
and comprehensive databases 2°.

The established approach of DigiWest analysis originally is an Excel-macro-based
data evaluation. The generated fluorescents signals for each molecular weight
fragment are plotted against the calculated molecular weight of this fragment,
resulting in a chromatogram-like depiction of peak signals '. By integrating the
area under the peak, a semi-quantitative value is generated for each peak of
interest. However, due to the inherent nature of the analysis template only up to
four samples of one microsphere mix can be analysed in the original template. For
every additional sample mix, a new template must be generated and analysed
seperately. Additionally, sorting of raw output data and information about used
antibodies by hand is time-consuming and may lead to unnoticed errors. Hence,
the Excel-based analysis is a bottleneck for DigiWest studies, especially when
large sample numbers are concerned as is often the case for biomedical
investigations. Therefore, an automated integrative analysis tool for DigiWest-
derived data that can process hundreds of samples and analytes simultaneously is
of real need. Vital requirements for an analysis and evaluation pipeline are the
automation of the most time consuming steps in DigiWest analysis, while
maintaining full surveillance by the user. Key features of an analysis tool must
include a unified analysis of multiple samples, improved efficiency and
reproducibility, modular adaption of analysis designs and, most importantly, a
unified data structure for export. Additionally, the integrative data analysis of
DigiWest output and additional meta-data should be implemented. Therefore,
routinely executed data evaluation steps like normalisation, cluster-analysis,
differential expression, pathway enrichment and meta-data analysis (e.g. feature
enrichment or survival analysis), that are conventionally executed with several
external software programs, should be integrated and automated. Challenges for

this type of analysis package are the combination and evaluation of structured
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data (e.g. omics-data) and unstructured-data (medical imaging, economic factors,
and clinical features). The importance of the interface of generated omics-data,
databases and meta-data is ever increasing. Hence, generated output must be
unified and has to support a common data structure to enable access,
understanding and utilization by the scientific community 26. Therefore, it is
essential that the generated data format of a novel analysis and evaluation
pipeline is commonly available and accessible. To accomplish this a software
pipeline improving analysis and evaluation of DigiWest results was designed and
developed. However, integration and extensive testing of the software pipeline is

still ongoing and a publication of this work is in preparation 2.

1.2. Protein Analysis of Primary Human Sample Material

The most relevant source of information for investigation and detection of
pathological processes, as well as for therapeutic decisions are human tissue
extracts and bio fluids. Over the last decades, multiple methods of sample
preservation as well as protein extraction and analysis have been developed, each

tailored towards specific sample types to answer various biomedical questions.

1.2.1. Protein Analysis of Blood Samples

Liquid biological samples, such as blood samples or cerebrospinal fluids are an
important sample type for biomedical investigations. Blood samples are the
favourable specimen in cases where sample collection has to be performed
frequently. This is due to the lowly invasive extraction form and sample handling,
compared to extraction of cerebrospinal fluids, tissue biopsies or resectates. In
general, blood is investigated either in form of plasma or serum and is a suitable
representation of the global biochemistry at the time of sample extraction 28.2°.

Blood consists of cellular components, such as erythrocytes, leucocytes and
thrombocytes, as well as plasma. On the one hand, the cellular components, also
called haematocrit, represent approximately 45% of the total volume, whereas the
rest is composed of liquid intercellular substances. Plasma on the other hand
consists of app. 90% water; the rest is composed of app. 7% proteins and 2%

electrolytes (Na+, Cl-, K, Ca?*, Mg?*, bicarbonate, phosphate), nutrients (e.g.

6
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glucose, lipids), organic acids (lactate, pyruvate, citrate, ketone), metabolic
products (e.g. creatinine, urea) and hormones respectively signal molecules 3.
The most abundant proteins are albumin and a1-, a2-, B-, y-globulin. The y-
globulins, also called immunoglobulins or antibodies are the most prominent
representatives of the globulin protein family 3'32. Another notable plasma protein
is the coagulant fibrinogen. Fibrinogen is cleaved by thrombin to form fibrin, a
crucial factor for coagulation 33. Through coagulation, plasma is transformed into
serum. For analytical purposes, serum is commonly prepared by centrifuging the
coagulated blood, after resting the sample for 1 hour and collecting the
supernatant above the clot 3#3° Coagulation can be blocked for analytical
purposes by adding clotting-preventing agents also called anticoagulants, with
citrate, heparin or ethylenediaminetetraacetic acid (EDTA) most frequently used.
By centrifugation, the cellular components are separated from the lighter liquid
components. In contrast to serum samples, the supernatant of plasma samples
additionally contains fibrinogen and other coagulation factors.

In terms of bioanalytical investigations, serum and plasma are practically
identical 2. However, some differences can occur in protein concentrations,
enzyme activity and other components, mainly attributable to differences in
handling and processing before and during centrifugation 3. Overall, total protein
concentration in serum samples is lower than in plasma samples 37-3°. Proteins
necessary for clotting, such as glucose and fibrinogen are reduced in serum
samples, whereas substances that are released during coagulation, such as
lactate and phosphate are increased. Plasma extraction is much faster and it more
accurately represents the physiological situation. However, it contains
anticoagulant agents, which may interfere with different analytical methods. For
example, heparin forms a complex with antithrombin which binds and supresses
proteolytic degradation of clotting factors. It also binds positively charged troponin
and reduces antigenicity for some antibodies against troponin, thus limiting the
use of heparinized blood for troponin detection 4.

Additionally, some protein biomarkers appear to be differently concentrated in
serum or plasma samples depending on the characteristics of the proteins. For
example vascular endothelial growth factor A, epidermal growth factor, vascular
cell adhesion molecule 1 and resistin are higher concentrated in serum samples,

whereas matrix metalloproteinase 1 is higher concentrated in plasma samples 4'.
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Therefore, serum and plasma samples cannot always be used interchangeably
and the differences in sample matrices should be contemplated in preanalytical
considerations. Examination of pre-analytical influences on biomarker assays is
crucial, especially when incorporated into large clinical investigations, where
differences in sample handling and processing can directly affect results of an

ongoing study.

An important type of protein biomarkers in blood samples are immunoglobulins
(lgG, IgA, IgM, IgE, IgD). Immunoglobulins are an ideal analytical reagent, since a
single diagnostic principle, the antigen-antibody reaction, can be used for a
multitude of assays. Thus, immunoglobulins can be utilized to monitor a variety of
disease and help to support diagnosis, for instance autoimmune disorders by
measuring autoantibodies 2, or infectious diseases by measuring the frequency of
specific antibodies against pathogens in a population, also called seroprevalence
43, The concentration of immunoglobulins (e.g. IgG, IgM and IgA) is higher in
serum than in uncoagulated samples. However, this difference seems to have no
influence on the detection of antibodies in serum or plasma samples and thus can
be used interchangeably for the detection of immunoglobulins #'. Immunoglobulins
are most commonly detected by direct binding assays or competitive binding
assays. For the former, antigens are immobilized on a solid phase in form of
peptides or whole proteins and a labelled species-specific secondary antibody

detects binding of antigen specific immunoglobulins (Figure 2a).
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Figure 2. Schematic overview of direct binding and competitive immunoassays. In
direct binding assays binding of target immunoglobulins to immobilized antigens are
detected by a labelled secondary antibody. Detected signal is proportional to the
concentration of immunoglobulins in the sample (a). In competitive assays labelled
antibodies are replaced with competing immunoglobulins in the sample. The detected
signal is reciprocal to the concentration of immunoglobulins in the sample (b).

For this purpose, antigens can be produced in recombinant form or isolated from
authentic pathogens. In this assay format, the generated signal is proportional to
immunoglobulins present in the sample. In competition assays (Figure 2b), the
binding of a labelled immunoglobulin to the target protein in presence of
competing serum antibodies is detected. Therefore, generated signal is reciprocal

to the number of present immunoglobulins in the sample.

1.2.2. Protein Analysis of Formalin-Fixed and Paraffin-Embedded Tissue

For tissue extracts, the most important preservation methods are cryo-
preservation and formalin-fixation. Despite being ideal for research purposes,
fresh-frozen tissue is not always available and for clinical investigation, histological
approaches are still the gold standard. For histological examination, it is crucial

that the morphological structure of the tissue is conserved. To ensure this,
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collected samples are routinely fixed in formalin. For subsequent preparation of
histological slides, the tissue is also embedded in paraffin wax. Samples prepared
in this fashion can be stored long-term, even at room temperature without protein
degradation 4445, Hence, formalin-fixed and paraffin-embedded (FFPE) samples,
attached with meta-data, are widely available and are a valuable resource for
prospective as well as retrospective biomedical studies 46-48.

Formalin consists of 37-40% (w/w) formaldehyde and 10% methanol as a
stabilizer in water 4%. Amino acids react with the formaldehyde, forming highly
reactive methylene and methylol-adducts at aminogroups of lysine, asparagin,
arginine, histidine, and glutamine °°. Subsequently, dehydration of methyl-
compounds initiates nucleophilic attacks by nearby amino acids, including
arginine, asparagine, glutamine, histidine, tryptophan and tyrosine, leading to a
connection of two proteins by methylene carbon bridges 475! (Figure 3). These
inter- and intra-protein methylene carbon cross-links form a protein grid that
prevents protein degradation and conserves the morphological structure of the
tissue.

o |

—N + {O= R—N—C—
R \H { \H —_— (|3 OH
H
amine formaldehyde methylol compound
e . 5 T
_ I _H _ H
R—N—C—OH + R—C—N —>» R—N—C—N—C—R +{0
| “H T NH
H H H H
methylol compound amide methylene bridge water

Figure 3. Chemical reaction of protein crosslinking through formaldehyde. In the
first step of the reaction, a primary amine of a Protein reacts with formaldehyde to
form an methylol compound. Next, the methylol compound reacts with a nearby
amide group of another Protein and forms methylene bridges thereby releasing
water.
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Extraction from FFPE material and subsequent analysis of DNA and RNA is a well
established procedure %2. However, protein extraction is more challenging since
the generated crosslinks disturb many downstream analysis methods, especially
concerning methods that separate proteins according to their molecular size 3.
The induced chemical structural changes and contamination with embedding
medium also interfere with peptide-based approaches like mass spectrometry 4.
Therefore, several protocols for protein extraction from formalin-fixed samples
have been developed and improved %%, In general extraction buffers with high
concentrations of tensides and reducing agents are used in combination with high
temperatures (80-100°C), which is comparable to heat induced antigen retrieval
(HIAR) developed for immunohistochemical staining. HIAR induces renaturation of
formalin-fixed proteins and a thermal partial hydrolysis of methylene bridges,
retrieving the antigenic residues of proteins . Extracted protein amount and
antigenicity depends on several factors like formalin fixation-, storage- and heating
time. It has been demonstrated that the DigiWest is a useful tool for protein
analysis of FFPE samples with minimal protein amount available, and several

antibodies have been validated for reliable use in FFPE material 2061,

1.2.3. Protein Analysis of Cryo-Preserved Tissue

Effects on proteins induced by fixation with formalin, as described above, make
fresh frozen samples the preferred alternative for molecular investigations. Fresh
frozen samples are most commonly prepared by snap freezing tissue in liquid
nitrogen or a mixture of dry ice and alcohol.

Despite the lack of chemical modification, the snap freezing process bears other
difficulties. The rapid freezing induces alterations of tissue structure. Factors
influencing quality of the frozen sample are the choice of freezing medium, the
pace of freezing, moisture in the sample and the freezing temperature itself 5263,
Furthermore, the time between sample collection and freezing needs to be
minimized, in order to avoid protein alteration or degradation. A maximum of 30
minutes is regarded as optimal, however is not always achievable. A delay of up to
2 hours is tolerable but should be noted. Therefore, it is important to install a
standardized infrastructure of tissue collection, handling and storage °*. For

subsequent histological examination, the tissue can be embedded in optimal
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cutting temperature compound (OCT) before freezing, to facilitate cutting with a
cryotome. OCT primarily consists of polyvinyl alcohol and polyethylene glycol and
preserves the tissue without penetrating it. However, it will cause ion suppression
in mass spectrometry. Hence its limiting the dynamic detection range of the
protein of interest and therefore will interfere with mass spectrometric assays ©°.
Additionally, abundant OCT can interfere with protein separation by SDS-PAGE.
Therefore, it should be removed prior or during protein extraction. Since OCT does
not penetrate the tissue, it will not induce any chemical changes in the specimen
and will not interfere with analysis of protein expression or phosphorylation if
removed thoroughly 6667, Several OCT removal protocols have been established
during the last decade ©%6869 Most commonly, the specimen is washed with
ethanol or in a combination of cold ethanol and chloroform. OCT can also be
removed by carefully scraping it off prior to sample collection. The fast and-cost
effective way of analysing proteins and protein modifications via DigiWest, is a
great alternative approach for protein investigation in fresh-frozen and OCT-
embedded tissue samples. The minimal protein amount required for analysis is
especially favourable in studies where sample material is limited or samples are

not reproducible, as is often the case in clinical studies.

1.3. Current Topics Requiring Multiplexed Protein Analysis in Biomedical
Research

The field of biomedical research is rapidly advancing, and proteomic analysis of
tissue extracts and bio fluids is a valuable source of information for improving
diagnosis and treatment of diseases 7°. The following chapter shall highlight some
of the latest topics of biomedical research in which protein expression analysis is

applied to elucidate urgent issues.

1.3.1. Serological Monitoring of SARS-CoV-2 Antibody Response

In late 2019, the severe acute respiratory syndrome corona virus 2 (SARS-CoV-2)
began to spread all over the globe and has meanwhile reached a pandemic status
1. The social and economic consequences have been tremendous 2. The family

of human infecting coronaviruses (hCoV) is branched in alpha- (a-CoV) and beta-
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coronaviruses (B-CoV). In contrast to SARS-CoV-2 ($-CoV), NL63 and 229E,
belonging to the a-CoV, as well as OC43 and HKU1, belonging to the B-hCoV,
only cause mild symptoms and are also known as common cold or endemic
coronaviruses 375, Yet, key features of molecular structure in the hCoV family are
highly conserved 8. All coronaviruses express the surface spike (S) glycoprotein
and the nucleocapsid core-protein (Figure 4). The S-protein plays a critical role for
viral entry through binding of the angiotensin converting enzyme 2 expressed by
host cells 7778, Hence, the S-protein has been the target of many vaccines and
therapeutic approaches against SARS-CoV-2 infections.

The structural nucleocapsid protein is associated with the viral single stranded

RNA and is important for genome packaging and viral assembly 7°.

Spike-protein (S)

Membrane-protein (M)

Nucleocapsid-protein (N)

Viral genome (RNA)

Envelope-protein (E)

Figure 4. Schematic representation of the structure of coronaviridae. Members of the
coronaviridae family express the viral surface proteins spike-glycoprotein (S), envelope-
(E) and membrane-protein (M) and integrate them in a lipid baylayer. The structural
nucleocapsid-protein (N) is associated with the viral genome (RNA).

A new light has been shed on the role of serological testing of seroprevalence and
antibody response since the outbreak of the pandemic. Serological assays are a
crucial tool for testing and monitoring antibody response not only to viral infection,

but to novel vaccine candidates as well. Most commercially available assays

13



1 Introduction

measure antibodies against a specific type of coronavirus or a mutational variant
and use recombinant proteins or peptides as antigens. These antigens lack
posttranslational modifications and may not thoroughly represent the authentic
virus. Multiplexed sero-assays capable of detecting antibody response against
different coronaviruses, utilizing antigens from infectious virus particles, can help
elucidating the dynamic development of infectious diseases in serological

investigations.

1.3.2. Treatment Alternatives for Cervical Intraepithelial Neoplasia

Cervical intraepithelial neoplasia (CIN) is a common precancerous lesion in young
women. CIN entails abnormal growth of the cervical epithelial cells. Thus, it has
the potential to transform into cervical cancer, which is still a major cause of
cancer-related death in women with app. 270 000 cancer-related deaths per year
80-82 CIN is classified into low- and high-grade squamous intraepithelial lesions
(LSIL and HSIL) by the Bethesda system 83, HSIL encompasses moderate and
severe dysplasia, whereas LSIL only involves mild dysplasia. The current
guidelines for treatment of CIN recommend local excision procedures, which can
be executed by invasive loop excision procedure, or thermal,- and cryo-ablation 84.
However, these procedures are either time-consuming or invasive, associated with
general or local anaesthesia, and present serious long or short-term effects, most
notably an increased risk of pregnancy complications 8-, Taking into account
that only 20% of HSIL become invasive and young women are affected most
commonly, overtreatment of CIN is a major problem for both patients and the
overall health economy 888 Thus, there is a critical need for alternative treatment
options. Non-invasive physical plasma (NIPP) has recently emerged as a non-
invasive treatment alternative for CIN 0. Physical plasma is generated by ionizing
gas and is known as the fourth state of matter. Interactions of NIPP with ambient
atmosphere leads to the formation of reactive oxygen and nitrogen species (ROS
and RNS), which are responsible for pro-therapeutic effects through devitalization
of pre-cancerous and cancerous cells while preserving the integrity of deeper
tissue %5 However, most of the knowledge on NIPP-induced effects originates

from in vitro experiments, and there are only a few individual case reports on NIPP
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treatment in patients %. To gain more insight into the mode of action of this
innovative treatment approach direct effects within treated human tissue need to

be investigated in detail on proteomic level.

1.3.3. Stratification and Risk Assessment of Breast Cancer Patients

Female breast cancer is the most diagnosed cancer worldwide, and still the 5"
most common cause of cancer-related death ®”. Mamma carcinomas arise from
the epithelial cells of the ducts or lobules in the breast glandular tissue.
Histologically, breast cancers are classified as pre-invasive ductal carcinomas in
situ (DCIS) and lobular carcinomas in situ . These premalignant cells in situ can
progress into invasive ductal carcinomas (IDC) or invasive lobular carcinomas
over time, yielding a high metastatic potential. On a molecular level, breast
cancers are classified by their respective similarity to the basal or luminal cells of

the ductus, from which they originate (Figure 5a, b).

a) b)
Mammary duct Cell type | Basal || Basoluminal || Luminal |
Receptor [ none || Her2 ER and/or PR‘

Molecular |

subtype TNBC || Her2+ | Luminal B||Luminal A|

| mAbs

Endocrine

Therapy ‘ Chemotherapy

| Immunotherapy or Stem-cell inhibitors |

Basal-cells

Luminal-cells Prognosis INJ

Figure 5. Overview of breast cancer molecular subtypes and treatment options. (a)
Schematic overview of the mammary duct, specifying the epithelial (luminal) and
myoeptihelial (basal) cells. (b) Model of cell types of which breast cancer originates,
expressed receptors, the molecular subtypes and their influence on administrated

treatment as well as on prognosis (adapted from Hergueta-Redondo et al; and Sims et al.
99,100)_

Based on the cellular analogies four primary molecular subtypes are differentiated.
Luminal A and B breast cancers are characterized by a high similarity to luminal
cells of the ductus and expression of estrogen receptor (ER) and/or progesterone
receptor (PR) 93191 The human epidermal growth factor receptor 2 (Her2) positive
or Her2neu subtype is characterised by an intermediate basoluminal phenotype
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and the expression of Her2 9192 Triple negative breast cancers (TNBCs) are
phenotypically similar to cells of the basal layer and are characterized by a lack of
hormone receptor or Her2 expression %193, They display the highest grade of cell

differentiation among all molecular subtypes.

A pertinent treatment can be highly effective in early stages of the disease.
Therefore, administration of the right treatment regime early on is crucial.
Treatment most commonly consists of a combination of surgical removal, adjuvant
medication or radiation therapy. Treatment decision and prognosis are
exceedingly based on the molecular subtype and expression of receptor type
(Figure 5b) "%, Breast cancers classified as Luminal A have a lower grade of cell
differentiation, better prognosis and may be treated with endocrine therapies that
target hormone receptors, such as Tamoxifen %4, Her2 expressing cancers can be
treated with Trastazumab, a monoclonal antibody that specifically targets the Her2
receptor 19, TNBCs generally have a poor prognosis, since they lack specific
targets on the cell surface leaving only radical chemotherapy as a medication
option.

The molecular subtype is routinely assessed by histological and imaged-based
examination. These methods are time consuming, have a limited number of
assessed parameters and need a trained pathologist for evaluation. All patients
with a respective diagnosis are treated with medication according to clinical
guidelines ("one-fits-all-principle”). In case of cancer progression or relapse,
therapy can be replaced by second or even third line medication according to the
guidelines. Yet, breast cancer is a highly dynamic disease, and many patients do
not respond to clinical guideline therapies or develop recidives.

Several predictive tests, like MammaPrint, Oncotype DX and PAM50-based
Prosignia, utilizing state-of-the art methodologies, have recently been developed
to support clinical decision making and prognosis %619 However, most of these
tests focus on the analysis of gene expression. Thus, it is important to also
integrate protein-based approaches as well as auxiliary factors to support
treatment decisions and prognosis.

The assessment of the tumour immune microenvironment (TIME) is a novel factor
for clinical evaluation and further patient stratification 1°°-112. Bulk gene expression

studies showed that the presence of different infiltrating immune cells is
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associated with a reduced risk of relapse 13114 On the one hand, several studies
investigating protein markers of infiltrating immune cells, such as cluster of
differentiation 8 (CD8), utilizing image-based methods have linked certain cell
types to beneficial patient outcome 15117, On the other hand, certain immune
cells, as alternatively activated macrophages are linked to tumour progression
(Figure 6) 118119,

CD8+T cells
N1 cells N2 cells
DC1 M1 B cells DC2 M2
NKT cells NK cells Th17 cells Th2 cells Treg cells

. Tumor progression
Tumor suppression

Figure 6. Schematic overview of breast cancer infiltrating immune cells and their
contribution to tumor development. Antitumorigenic classically activated macrophages
(M1), cytotoxic T cells (CD8+), myeloid dendritic cells (DC1), natural t-killer cells (NKT),
natural killer cells (NK), N1 phenotypical neutrophils (N1) as well as protumorigenic
alternatively activated macrophages (M2), regulatory and Th2 t-helper cells (Treg, Th2),
plasmacytoid dendritic cells (DC2) and N2 phenotypical neutrophils (N2) are shown. The
role of B-lymphocytes (B cells) and Th17 t-helper cells (Th17) is still controversial
(adapted from Salgado et al. "8).

Yet, the detailed immunological landscape of breast cancers and its influence on
patient outcome remains to be further elucidated by studying protein expression

signatures of immune cell infiltration in complex human tumour samples.
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Due to its high throughput and multiplex nature, the DigiWest holds great potential
for the investigation of molecular processes in human derived samples.
Nevertheless, building on established workflows and analysis tools, the suitability
of the DigiWest technique was examined. Analysis tools, as well as assay
strategies, were adapted and improved for the investigation of the most important
clinical sample materials. To accomplish this the DigiWest workflow was
streamlined and thereby adapted for the analysis of protein expression and protein
modifications in different studies, encompassing serum samples, fresh-frozen as
well as FFPE tissue extracts.

The scope of the first study was to develop a multiplexed serum-screening assay
utilizing the DigiWest platform. Especially achieving high throughput analysis from
small microgram amounts of authentic antigens was taken at aim. Seroreactivity,
for different coronaviruses, was detected in a multiplexed fashion to demonstrate
the potential of serum screening via DigiWest. The developed immunoassay was
characterized in detail and compared with commercially available immunoassays
to illustrate the capabilities of the novel assay system.

The second study focused on the feasibility of multiplexed protein analysis from
minuscule FFPE punch biopsies, utilizing the DigiWest workflow. This was
exemplarily shown on CIN before and after treatment with NIPP. For this purpose,
macro dissection of small FFPE cervical punch biopsies and subsequent protein
expression analysis was performed. Molecular effects of NIPP treatment were
investigated, and differences in protein expression were compared to in vitro
NIPP-treated human malignant cervical cells.

Protein expression analysis of fresh frozen tissue was addressed in the third
study. The goal was the preparation and analysis of fresh frozen breast cancer
resectates in a retrospective study. Auxiliary factors for prognosis and prediction of
treatment outcome were reviewed. Therefore, DigiWWest was applied to detect
infiltrating immune cells and protein expression changes in the tissue. The
resulting expression profiles were compared between responder groups and
baseline samples. For evaluation of clinical metadata, a newly designed DigiWest
analysis and evaluation pipeline was integrated and tested.
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The insights gained from this work will help to enhance and expedite protein

expression studies of human sample material by DigiWest in the future.
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The adaptive immune response is highly specific for pathogens. A major part of
the adaptive immune response is the humoral response, in which protective
antibodies against pathogens are generated and are present in patient sera.
These antibodies are aimed to label pathogens for the degradation by phagocytes,
also called opsonization. Furthermore, Antigen-Antibody complexes activate the
compliment system and trigger the release of chemokines thereby attracting
immune cells. Additionally, antibodies can bind receptors of a pathogen and thus
inactivating its pathogenic activity. However, a phenomenon termed antibody-
dependent enhancement (ADE) might be the reason for a sometimes overreacting
immune system and a fatal course of diseases. ADE occurs through already
existing cross-reacting and non-neutralizing antibodies and is a concern for the
development of vaccines or immunoglobulin-based therapies '2%-122, Multiplexed
monitoring of immunoglobulins in patient sera or plasma may help to elucidate the
role of existing antibodies during infections.

There are various methods for detection of immunoglobulins against viral infection
in serum or plasma samples. Many of these systems use recombinant antigens for
antibody detection. Despite being economical and making the generation of large
numbers of assays feasible, this approach may not detect antibodies against
protein modifications and additional proteins present in the authentic pathogen
123124 Thus, an assay system measuring antibodies against the whole viral
proteome as well as protein modifications would be valuable. The DigiWest can be
used as a tool for the detection of multiple antibodies present in patient sera or
plasma at the same time '8. However, several adaptations to the workflow must be
performed to facilitate the use of human sera or plasma as specimen.

This study aimed to develop a multiplexed screening platform for the detection of
antibodies against SARS-CoV-2 and other endemic coronaviridae, such as OC43,
229E, and NL63 in parallel from patient sera (Figure 7). Therefore, the DigiWest
procedure was adapted utilizing whole virus lysates as authentic antigens to
develop a multiplexed direct binding immunoassay. Assay parameters and
performance were deeply characterized and compared to commercially available

assay systems.
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Figure 7. Schematic overview of the developed serum-screening assay. Whole virus
lysates of SARS-CoV2, OC43, 229E and NL63 were fractionated and immobilized on
microspheres. Microsphere mixes were pooled for the parallel detection of
immunoglobulins against the different virus strains. Human patient sera were added and

signal against the different viral proteins was detected (adapted from Fink & Ruoff et al.
125).

3.1. Detection of Serum Antibodies Utilizing DigiWest

In a first step, DigiWest was performed by immobilizing lysates from infectious
SARS-CoV-2 virus particles on microspheres (Fink & Ruoff et. al, Appendix 1,
Fig. 1). Virus lysates were prepared by collecting the supernatant of infected
Caco-2 cells, and subsequent lysis in lithium dodecyl sulfate sample buffer. Thus,
the lysates represented the complete viral proteome. DigiWWest microsphere mixes
were generated by utilizing 0.5 ug of the viral lysate. To investigate the quality of
the generated microsphere mix, total protein detection, as well as incubation with
commercially available antibodies generated against SARS-CoV-2 nucleocapsid
and SARS-CoV-2 spike protein, were performed. Total protein detection revealed
a characteristic protein band pattern for the SARS-CoV-2 lysate (Fink & Ruoff et.
al, Appendix 1, Fig. 2a). Incubation with the anti nucleocapsid antibody revealed
a prominent peak at 47.2 kDa, while incubation with the anti-spike protein antibody
showed a peak at 141 kDa, which is in agreement with the expected molecular
weight of the proteins (Fink & Ruoff et. al, Appendix 1, Fig. 2b, c).
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As a next step, the detection of antibodies specific for viral proteins from patient
sera was investigated. Human sera were prepared by collecting the supernatant
after a clotting time of 1h and centrifugation at 16.000 rpm. Human SARS-CoV-2
positive sera were diluted 1:200 in a modified serum assay buffer and used for
detection on the generated microsphere mixes. The main peak of reactivity for
positive sera was mostly seen at 47 kDa, which is the size of the SARS-CoV-2
nucleocapsid protein (Fink & Ruoff et. al, Appendix 1, Fig. 2e). At the same time,
SARS-CoV-2 negative sera obtained no or very low signal (Fink & Ruoff et. al,
Appendix 1, Fig. 2d). The observed assay background showed sample-specific
fluctuations. Since calculated values are based on the peak area, and are
corrected for local background, reliable values are generated using the DigiWest
evaluation macro '8. These results demonstrated that reactivity against viral

nucleocapsid protein was consistently detected in convalescent sera.

3.2. Detecting Serum Antibodies Recognizing Different Human
Coronaviridae

Next the serum-screening assay was expanded to cover reactivity against
additional endemic coronaviruses. Accordingly, lysates from two a-hCoV (229E,
NL63) and from a B-hCoV (OC43) were produced. DigiWest assays were
established, and microsphere mixes were combined into one assay by pooling
different virus derived microsphere mixes. Serum screening of SARS-CoV-2
negative individuals displayed seroreactivity for endemic viral nucleocapsid protein
in most samples indicating prior contact with the viruses. Since, no information
about previous infections with endemic coronaviruses was available, the detected
reactivity had to be validated as recognizing nucleocapsid protein of the different
coronaviruses. In order to do so recombinant nucleocapsid of SARS-CoV2, OC43,
229E and NL63 were produced in E. coli and subsequently purified. A DigiWest
experiment using the recombinant nucleocapsid proteins as antigens was
performed utilizing a subset of 12 patient sera. Obtained results were compared to
those generated with whole virus lysates. The detected peaks for SARS-CoV2,
0OC43, 229E and NL63 nucleocapsid protein were found at 47.2 kDa (calculated
45.6 kDa), 53.1 kDa (calculated 49.3 kDa), 45.4 kDa (calculated 43.5 kDa) and
42.1 (calculated 42.3 kDa) correspondingly (Fink & Ruoff et. al, Appendix 1,
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Fig. 3a). The detected molecular weights corresponded to the expected molecular
weights. By using the same sera on recombinant proteins, molecular weights of
target proteins were confirmed (Fink & Ruoff et. al, Appendix 1, Fig. 3b). These
results proved that the parallel-detected immunoglobulins are directed against
nucleocapsid proteins of SARS-CoV2, OC43, 229E and NL63.

3.3. Evaluation of Assay Characteristics

To define assay parameters for the anti-SARS-CoV-2 nucleocapsid
immunoglobulin  detection, the multiplexed serum-screening platform
compromising SARS-CoV-2, 229E, OC43 and NL63, was used to analyse a
training set of previously well-characterized samples '?8. The training set consisted
of 68 negative sera, of which 49 were pre-pandemic and 19 self-reported negative
and 195 sera, which were polymerase chain reaction (PCR)-positive for SARS-
CoV-2. Cut-off for seropositivity was defined by employing the pre-pandemic not
infected samples and all PCR positive sera. Highest average fluorescence
intensity (AFI) value in the pre-pandemic sera was found to be 1295. The lowest
AFl value above this value, in the PCR positive sample set was defined as
seropositive, and was found to be 1968 AFI. To define cut-off for seroconversion
the mean of these values was calculated (1632 AFI).

As a next step, specificity and sensitivity were calculated, by applying the
previously defined cut-off. Therefore, a test set compromising 53 PCR negative
and 31 positive sera were screened. Utilizing this sample set a specificity of 98.1
% (confidence interval (Cl) 94.5-100%) and a sensitivity of 90.3 % (Cl 79.9-100%)
was achieved. Furthermore, positive and negative predictive values for the assay
were calculated and found to be 0.966 (Cl 0.899-1.0) and 0.945 (Cl 0.855-1.0)
respectively. In order to determine the dynamic range of the developed
immunoassay, SARS-CoV-2 positive sera (n=3) were serially diluted in a negative
sample. Dilution was performed in 13 steps, and dilution factors ranged from 1:25
to 1:1131 (Fink & Ruoff et. al, Appendix 1, Fig. 4). By utilizing a sigmoidal fit and
4-parametric regression, logistic regression was performed, which revealed a hill
slope of -0.88, -0.96, and -0.92 as well as an IC50 of 0.53, 1.472, and -0.04 for

samples one, two, and three respectively. The obtained results demonstrated
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good signal linearity and seropositivity was detected up to a dilution of 1:5000. The
evaluation of assay characteristics yielded comparable values to commercially
available SARS-CoV-2 immunoassays '27:128,

For further validation, the whole sample set was reanalysed using the
commercially available SARS-CoV-2 assays Elecsys ® (Roche Diagnostics),
ADVIA Centaur SARS-CoV-2 (Siemens Healthcare Diagnostics), EUROIMMUN
SARS-CoV-2 IgG as well as IgA ELISA test systems (Euroimmun). All results of
the utilized assays, including the DigiWest SARS-CoV-2 serum-screening
platform, were compared and concordance (Cohen’s k) and correlation analyses
(Spearman’s r) were performed (Fink & Ruoff et. al, Appendix 1, Fig. 5a, b, c). A
strong concordance of the DigiWest assay with the assays of Roche, Siemens and
Eruoimmun IgG (borderline results considered positive) was found (Cohen’s k >
0.9). However, concordance of DigiWest compared to Euroimmun IgA (borderline
results considered positive) was found to be weaker (Cohen’s k = 0.75; 95% CI:
0.67-0.83). Spearman’s correlation analysis demonstrated a positive correlation of
all investigated assays (Fink & Ruoff et. al, Appendix 1, Fig. 5d). The strongest
correlation for the DigiWest assay was found with the Roche system
(Spearmans’s r =0.91; 95% CI; 0.89-0.93). The results demonstrate that all of the
investigated assays showed a good concordance and correlation, except for the

Euroimmun IgA assay, and will give comparable results.

3.4. Multiplexed Immunoglobulin Detection Against Different Coronaviridae

Finally, the full sample set was analysed utilizing the DigiWest assay integrating
virus lysates from SARS-CoV-2, 229E, OC43, and NL63. The analysis revealed
that immunoglobulins against all endemic coronaviruses were detected frequently
in most investigated sera. In SARS-CoV-2 PCR negative samples no signal for
SARS-CoV-2 nucleocapsid was found, despite the high frequency of antibodies
against the endemic coronaviridae, indicating a high specificity for SARS-CoV-2
nucleocapsid protein of the assay. However, correlation analysis of all detected
coronaviruses, utilizing the cut-off for SARS-CoV-2 (1632 AFl) as a provisional
cut-off for the endemic coronaviridae, revealed moderate to weak correlations of

observed signals, with Spearman’s r ranging from 0.03 to 0.75 (Fink & Ruoff et. al,
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Appendix 1, Fig. 6). These results indicate that cross-reactivity of antibodies
directed against nucleocapsid proteins of endemic coronaviruses does not play a

critical role in SARS-CoV-2 infections.

Overall, it has been demonstrated that the fast setup of an assay for
immunoglobulin detection from human sera against authentic antigens is
achievable by utilizing the DigiWest technology. This makes this an attractive
approach for immunoglobulin detection from human blood samples utilizing

complex mixtures of antigens from various kind of sources.

30



Chapter 4

Results Il:

Multiplexed Protein Expression Analysis of Human FFPE

Tissue

The contents of this chapter are based on:

Felix Ruoff, Melanie Henes, Markus F. Templin, Markus Enderle, Hans
Bosmiuiller, Diethelm Wallwiener, Sara Y. Brucker, Katja Schenke-Layland, and
Martin Weiss. Targeted Protein Profiling of In Vivo NIPP-Treated Tissues Using
DigiWest Technology. Applied Sciences; 11, (23), 11238 (2021).
https.//doi.org/10.3390/app112311238

In this work, | performed selection, evaluation, and macro dissection of FFPE
tissue sections, preparation of assay reagents and assays for pathway analysis
independently. Additionally, | generated and evaluated a panel of antibodies
suitable for the protein expression analysis of FFPE cervical punch biopsies. |
curated, investigated, and analysed the data, prepared figures and wrote the

manuscript together with Martin Weiss.
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4 Results Il: Multiplexed Protein Expression Analysis of
Treated FFPE Tissue

Overtreatment of CIN in young women, which is a disease that may lead to
cervical cancer, is a considerable problem. High invasiveness and the need for
local or general anaesthesia lead to serious short- and long-term adverse events,
including a higher risk of pregnancy complications 858 Therefore, innovative and
non-invasive treatment alternatives are an urgent need, for affected women as
well as the general health economy. The application of NIPP is such a treatment
procedure. NIPP has shown promising anti-neoplastic effects on a broad array of
oncological and medical issues %093-9.129 Recently, NIPP has been characterized
as a procedure for CIN treatment °. NIPP, a highly energized gas, induces the
generation of ROS and RNS, by the interaction with the atmosphere, fluids, and
organic surfaces '3° (Figure 8a). ROS and RNS induce distinct cellular effects,
including anti-proliferative and apoptotic signaling in the treated cell layers, while
sparing deeper tissue areas %92, However, most of the insights about NIPP-
induced effects in human cells originate from cell culture experiments. For further
elucidation of the mode of action and conceivable medical applications of this
treatment approach, it is crucial to investigate induced molecular effects on protein
level within patient material such as cervical punch biopsies. Yet, cervical punch
biopsies are defined by limited sample size and are routinely fixed in formalin, both
being factors which complicate protein analysis. For this purpose, methods for
multiplexed detection of protein expression changes from such complex human
samples are required.

The goal of this study was to establish a workflow for multiplexed protein analysis
from minuscule FFPE cervical punch biopsies and to characterize analytes that
are detectable by this approach, in order to obtain valuable insights in protein
expression changes induced after NIPP treatment. Therefore, sample preparation
and DigiWest workflow were improved and adapted (Figure 8b). To validate
generated results and investigate the differences of in vitro and in vivo effects,
protein profiles of human FFPE tissue samples were compared to NIPP-treated

cell culture samples as well.
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Figure 8. Schematic illustration of non-invasive physical plasma application and
overview of the expression analysis workflow. (a) Physical plasma is generated
through ionization of gas. In order to do so, a current (l4r) is applied to an argon gas (Ar)
flow through a high frequency (HF) generator. Through interaction with the atmosphere
(O2, N2) reactive species (ROS, RNS) are generated. These species are the active
treatment components in the tissue or medium (adapted from Weiss et al. '*'). (b) Pre-
heated FFPE slides are macro-dissected utilizing pre-wetted tissue picks. Subsequently
picked samples are transferred into a reaction tube and protein extraction is performed.
Protein expression of resulting lysates is analysed via DigiWest as described earlier
(adapted from Ruoff et al. 32)
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4.1. Evaluation of Treatment Response Through Protein Analysis of Cervical
Punch Biopsies after NIPP Treatment

For sample preparation, cervical punch biopsies were collected and mounted on
slides for histopathological assessment before (n = 5 patients), directly after (0 h;
n = 3 patients), and 24 h after in vivo NIPP treatment for 30 seconds. After
preparing slides for haematoxylin and eosin (H&E) staining, 4-6 sections with
tissue areas ranging from 10 mm? to 400 mm? in total were mounted on slides for
macro dissection. The H&E stained master slide, on which CIN areas were
marked by a pathologist were used as a template for macro dissection. After
heptane-based deparaffinization and protein extraction, proteins were
concentrated by volume reduction in a vacuum concentrator. For protein detection,
the DigiWest was applied. Initially, 69 proteins of interest, covering apoptosis,
DNA damage response, and cell cycle control were analyzed. Twenty-nine of the
used antibodies delivered a detectable signal in all investigated samples. The

resulting AFI values were compared among the control group (untreated) as well
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as 0 h and 24 h after treatment. Hierarchical cluster linkage analysis (complete
linkage, Euclidean distance) of median centred and log2 transformed AFI| values
revealed that all pre-NIPP samples (control) displayed a similar protein expression
pattern and that most of the samples 0 h and 24 h post-NIPP treatment had a
similar protein expression (Ruoff et al., Appendix 2, Fig. 2). These results indicate
a sufficient protein yield and a sample quality that enables multiplexed protein

measurement from cervical punch biopsies.

4.2. Protein Expression Changes Following In Vivo and In Vitro NIPP
Treatment

A variety of biological effects is induced through NIPP treatment, including
antineoplastic efficacy %. For further elucidation of these effects, the overall
antineoplastic properties of NIPP treatment were investigated, by comparing
treatment of a human malignant cervical squamous cell carcinoma-derived cell
line (CSCC) in vitro, and treatment of patients with histologically confirmed CIN
lesions in vivo.

In a first step cell pellets of NIPP-treated CSCC cell culture (n = 6) were analysed,
and compared to argon gas treated control samples (n = 6) harvested after 24 h.
132 proteins, again covering apoptosis, DNA damage response and cell cycle
control were analysed. Forty-four analytes were matching with the previous FFPE
analysis (Ruoff et al., Appendix 2, Fig. 3a, 4a). In general, the differences in
protein expression of the cell culture sample set were comparatively lower, since
only one analyte displayed a log2 foldchange larger than 1 or -1 by comparing
median signals of in vitro NIPP treated cells with the control group (Ruoff et al.,
Appendix 2, Fig. 3b). Overall, higher differences in protein expression changes
were detected by comparing median AFI values of FFPE untreated samples and
24 h after treatment. Thereby, eight analytes showed a noticeable change in
protein expression, indicated by a log2 fold change larger than 1 or —1 (Ruoff et
al., Appendix 2, Fig. 4b).

Primarily, NIPP-treated CSCC cells showed a significantly reduced expression of
several factors associated with cell growth and proliferation when compared to the
untreated control group (Ruoff et al., Appendix 2, Fig. 3c). Especially the mitogen-

activated protein kinase (MAPK) pathway was targeted by the treatment. This was
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indicated by a significant decrease in expression of p38 mitogen-activated protein
kinases (p38), the RAF proto-oncogene serine/threonine- protein kinase (c-Raf),
which is known to be a kinase cascade initiator 133, and the dual specificity
mitogen- activated protein kinase kinase 1 (MEK1). The latter is a dual threonine
and tyrosine recognition kinase and important for MAPK phosphorylation and
activation 134, All of these factors are crucial for cell growth, as well as regulation of
apoptosis, and when deregulated can act as oncogenes. Another central kinase,
the proto-oncogene tyrosine-protein kinase Src (Src) was also significantly lower
expressed after treatment, yet phosphorylation of Src (pTyr527) showed a slight
increase. Src is an important regulator of cell survival, proliferation, and invasion
and has been linked to interaction with various signaling proteins, such as
MAPK/MEK/RAF, protein kinase B (Akt) '35 as well as the signal transducer and
activator of transcription-3 (STAT3) 35136, STAT3, which plays a critical role in cell
growth and apoptosis 137, was significantly lower expressed after NIPP treatment.
In addition the cyclin dependent kinase inhibitor 1, also known as p21, which is
linked to inhibition of cyclin-dependent kinase 2 (CDK2) 138139 was found to be
downregulated. Accordingly, phosphorylation of CDK2 (pTyr160) was increased
after NIPP treatment. Overall NIPP treatment induced inhibition of cell growth and
cell cycle regulation factors in CSCC cell culture.

Protein expression analysis from in vivo NIPP-treated CIN tissue extracts revealed
similar results. Protein expression of untreated control samples was compared to
NIPP-treated tissues 24h post-treatment. Repeatedly, NIPP treatment of patient
tissue induced a decrease of Src expression and phosphorylation (pTyr527).
However, the expression of other pro-proliferative proteins, such as p38, c-Raf,
MEK1, STAT3, and p21, were not significantly changed. In common with the
NIPP-treated CSCC cells, in vivo NIPP-treated CIN tissue showed a noticeable
increase in expression of CDK2, yet this difference was not statistically significant
(Ruoff et al., Appendix 2, Fig. 4c). These findings demonstrate that results
generated from in vivo treated tissue can differ from cell culture experiments, yet
expose analogous trends.

Finally, protein expression directly after in vivo NIPP treatment (0 h) was
compared to the untreated control (pre-NIPP). A significant increase of cytokeratin
(CK) 8 and 18 was shown after treatment (Ruoff et al., Appendix 2, Fig. S2).

Interestingly this effect was inversed 24 h after treatment. CK18 and the

36



4 Results Il: Multiplexed Protein Expression Analysis of Treated FFPE Tissue

complementary partner CK8 play an important role in maintaining the physiological
cell function and are associated with the cell cycle and apoptosis '4%-142. Moreover,
a significant decrease in Akt expression 0 h and 24 h after NIPP treatment was
detected. Among other functions, Akt is a regulator of the CDK inhibitor p21 as
well as Src and plays a critical role in apoptotic mechanisms and cell cycle control
143,144

This study demonstrated that multiplexed protein analysis from minuscule FFPE
cervical punch biopsies is feasible by adapting the DigiWest workflow. The
generated results agree to prevailing knowledge. Further, it has been presented
that effects observed by in vitro studies do not always translate to effects observed
in human tissue and that treatment effects need to be studied more frequently in
vivo. Therefore, this approach can add valuable information to knowledge

generated from traditional cell culture experiments.
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In this work, | prepared layered cuts of fresh frozen tissues and performed
haematoxylin and eosin staining together with Sandra Jerbi. | evaluated and
selected analytes for detailed protein expression analysis, prepared assay
reagents and performed assays for pathway analysis and immune marker
detection, immunohistochemistry of immune cell markers, analysed, interpreted
the total data, and prepared figures independently. | wrote the manuscript together

with Markus Templin.
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5 Results lll: Protein Profiling of Fresh Frozen Breast
Carcinomas

A multitude of treatment options for breast cancer is currently available, including
surgery, chemo-, hormonal- and biological therapy . Nevertheless,
overdiagnosis and long-term therapy resistance still pose a problem. Hence, more
personalized treatment approaches have become a focus of current research 46,
With the advancement of immunotherapies, the role of cancer-infiltrating immune
cells in disease progression and treatment has been emphasized 4748, For
instance, assessment of tumour-infiltrating lymphocytes (TILs) has been
established as a novel prognostic factor. Moreover, insight into interaction of
tumour cells and tumor immune microenvironment (TIME) have rendered an
understanding of reasons accounting for treatment failure '°°. Most studies that
link protein expression of certain immune cells to risk of relapse assess general
TIL density by H&E staining or immune cell marker expression via
immunohistochemistry (IHC) 117:119.149,

However, such image-based methods can be time-consuming, require evaluation
by trained pathologists and quantification can be difficult. Therefore, there is an
urgent need in the clinical setting for novel approaches to investigate immune cells
in patient tissue, especially fresh frozen biopsies or resectates %0151,

In this study, sample preparation was adapted to fresh frozen resectates from
breast cancer patients and comparative protein expression analysis was
performed by DigiWest. The activation state of central signalling pathways was
monitored, and the multiplexed assessment of several immune cell markers was
established in fresh frozen tissue. To do so, relevant immune cell markers had to
be identified and verified by IHC staining. Additionally, a novel analysis software
pipeline enabling simultaneous analysis of numerous samples and subsequent
inclusion of clinically relevant metadata 2’ was utilized and tested. The sample-set
was stratified according to the established immune cell markers and differences in
event-free survival (EFS, time from definitive surgery until disease
recurrence/metastases or death from any cause) as well as the activation state of

different pathways were investigated.
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5.1. Quality Assessment of Enrolled Patient Samples

A set of 159 retrospective fresh frozen resectates (after primary surgery with no
neo-adjuvant treatment) was provided by the central bio bank at the university
clinic Tibingen. Samples were classified based on response to primary surgery. In
case of distant metastases or local relapse within 10 years, samples were
assigned to the poor responder group. If however no distant metastases or local
relapse occurred within 10 years and no contralateral carcinoma occurred within 5
years samples were labelled as good responders (Ruoff et al., Appendix 3, Fig.
S1). None of the enrolled patients had any known metastases before surgery.
Before protein expression analysis the tumour content of each sample was
assessed. H&E stained layered cuts of resectates were prepared (Ruoff et al.,
Appendix 3, Fig. 1a) and two layers were stained per sample, while the
intermediate tissue (100 um) was collected for protein expression analysis (Figure
9). A pathologist (Annette Stabler, Department of Women's Health, University of
Tldbingen, Tubingen, Germany) assessed the tumour content of each layer,

yielding an estimated average tumour content for each sample.
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Figure 9. Schematic illustration of study workflow. Layered cuts of tumour resectates
were generated and intermediate tissue (100 uym) was collected. Tumour content in first
and second layer was assessed by a pathologist. Collected sample material was lysed
and protein quantification was performed. A set of samples with at least 50% tumour
content and sufficient protein amount was selected for protein analysis via DigiWest
(adapted from Ruoff et al. 152)
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In total, 90% (n=144) of the enrolled samples were categorized as IDC, while
2.5% (n=4) were categorized as normal tissue, 5.0 % (n=8) as DCIS and 1.9%
(n=3) as necrotic tissue (Ruoff et al., Appendix 3, Fig. 1b). Of all samples 60.4 %
(n=96) displayed a tumour content of at least 50 %. To standardize the analysis
sample set, only samples with tumour content of 50% or higher as well as
sufficient protein concertation were selected for analysis (n=84). As a control, a
baseline sample set was used consisting of samples with a tumour content of 10%
or less. DigiWest analysis of common tumour markers Ki67, CK8/18, CK8 (pS23)
and CK6 demonstrated a significant difference (p<0.05, Wilcoxon Rank-Sum test)
in expression between analysis- and baseline samples confirming the
cooperatively higher tumour content in the analysis set (Ruoff et al., Appendix 3,
Fig. S3a).

Furthermore, DigiWest results were set against previous pathological
classification. To do so, expression of hormone receptors (ER and PR) as well as
Her2 was measured and compared to pathological receptor status (assessed
through IHC in compliance to the standard procedure at the pathological institute
at the University of Tubingen). Samples pathologically categorized as ER/PR-
Her2- (corresponding to TNBC subtype), displayed low to no expression of the
respective receptors. While ER/PR+ Her2- samples (corresponding to luminal
subtype) displayed increased expression of ER and PR but not Her2, whereas in
ER/PR +/- Her2+ samples (corresponding to Her2+ subtype) an increase in Her2
expression was observed (Ruoff et al., Appendix 3, Fig. 1c, d).

Overall, measurements of receptor status by DigiWest complied with the receptor
status established by the pathology confirming good quality of the enrolled

analysis sample set.

5.2. Targeted Protein Expression Analysis by DigiWest

To investigate differences in signal transduction between good or poorly
responding breast carcinoma samples, 150 proteins and protein variants, 41 of
which were phosphorylated proteins, were measured by DigiWest. The analysis
covered cell cycle control, apoptosis, janus kinase (Jak)/Stat-, MAPK-,

phosphoinositid-3-Kinase (Pi3K)/Akt-, proto-oncogene Int-1 homolog- (Wnt-) and
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autophagic signalling as well as general tumour markers and immune cell
markers. PANTHER pathway enrichment analysis revealed that Jak/Stat signalling
displayed the greatest distinction between the two groups (highest —log2 Q-value)
(Ruoff et al., Appendix 3, Fig. 2a). Additionally, a significant difference in
expression of several members of the Jak/Stat pathway and immune cell markers
was found, indicating a discrepancy in immune cell infiltration and related
signalling (Ruoff et al., Appendix 3, Fig. 2b). Therefore, immune cell infiltration

and the connection to patient response was investigated in detail.

5.2.1. Assessment of Immune Cell Infiltration by DigiWest for Patient
Stratification

For evaluation of immune cell infiltration, the expression of selected immune cell
markers (CD8a, CD4, CD68, CD11c, CD16, CD56, CD25, CD163) was evaluated
in detail. Spearman’s correlation analysis revealed that CD8, CD68, CD11c and
CD16 expression displayed the highest correlation among the immune-cell related
analytes (Spearman’s r < 0.55, Ruoff et al., Appendix 3, Fig. 3a, Table S1).
These results suggest a co-occurrence of immune cells representative for these
markers. Therefore, they served as a stratification criterion for the sample set for
unsupervised hierarchical cluster linkage analysis (Euclidean distance, complete
linkage). Two distinct groups with higher (n=27) and lower (n=57) expression of
these immune cell marker were revealed (Ruoff et al., Appendix 3, Fig. 3b, c).
From now on, the higher infiltrated group will be referred to as hot carcinomas,
whereas the lower infiltrated group will be referred to as cold carcinomas. To
validate DigiWest results, IHC staining of CD8a, CD68, CD11c and CD16 was
performed selectively on matching FFPE slides and the mean pixel intensity per
slide was calculated. A significant difference between the two groups stratified by
DigiWest was found for all four markers (Ruoff et al., Appendix 3, Fig. 3d, e;
Mann-Whitney-U test, p<0.05). When comparing different clinical variables among
hot and cold carcinomas, the responder status was the only criterion that
displayed a significant difference between the two groups (Ruoff et al., Appendix
3, Fig. 3f; Table 1; chi-square test, p<0.05). When looking at the 10 year EFS rate,
the higher infiltrated subgroup displayed a significant better outcome (Ruoff et al.,

Appendix 3, Fig. 3g; log-rank test, p=0.03). Comparison of EFS rates among hot
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and cold samples, categorized by pathological hormone and Her2 receptor status,
revealed that higher infiltrated samples had a better outcome in tendency, which
was found to be significant for ER+ and PR+ samples (Ruoff et al., Appendix 3,
Fig. S5). Additionally, univariate Cox regression of immune cell infiltration status
assessed by DigiWest demonstrated a significant prediction for clinical outcome
(p=0.04).

Taken together, these results indicate that the selected immune cell markers
assessed by DigiWest in fresh frozen carcinomas could be used for patient

stratification.

5.3. Detailed Protein Expression Evaluation of Hot and Cold Carcinomas

To identify factors contributing to the immune cell infiltration status, a detailed
evaluation of protein expression was performed comparing hot and cold
carcinomas. A set of 30 proteins and protein variants displayed a significant

difference (Mann-Whitney-U test; FDR Benjamini-Hochberg; corrected p<0.05)
and a logz fold change of at least E or -% (Ruoff et al, Appendix 3, Fig. 4A, B, D).

CD163, a marker for M2 macrophages '3, CD56, a marker for human natural killer
cells ' and CD25, a marker for regulatory t-cells (Tregs) ' and activated
cytotoxic t-cells displayed elevated expression levels in the hot carcinoma group.
Interestingly, forkhead-box-protein P3 (Foxp3), a marker for Tregs linked to
immunosuppression %157 was higher expressed in the cold subgroup (Ruoff et al,
Appendix 3, Fig. 4C).

Again, various members of the Jak/Stat pathway displayed significant expression
changes, i.e. Jak 2, STAT4, STAT1 and its active phospo-variant (Tyr701), which
are all important mediators of cytokine response and immune cell activity '98-160,
displayed increased expression in hot carcinomas (Ruoff et al, Appendix 3, Fig.
4C). Additionally, the programmed cell death 1 protein (PD1), a marker of immune
cell activity '8!, was enriched in the hot subgroup. Overall, these results indicate a
higher immunological activity in the subgroup classified as hot carcinomas,

supporting the previously established classification.
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5.3.1. Increased Proliferative Activity and a More Competitive Phenotype is
Observed in Hot Carcinomas

Samples in the hot subgroup generally displayed a more competitive phenotype.
This was indicated by elevated expression levels of Src, calcium channel flower
(FLOWER; C9orf7), hepatocyte growth factor receptor (c-Met) and forkhead box
C1 (FoxC1), which are all factors linked to competitive growth and cancer
invasiveness 162165 This was accompanied by lower expression of vascular
endothelial cadherin (VE-cadherin), an adhesion molecule that is lost during late
phases of mesenchymal-to-epithelial transition and is therefore considered as a
marker for metastases formation 9. Additionally, higher expression of important
cell cycle regulators (Cyclin B1, CDK1) '67 as well as phosphorylation of Histone
H3 at Serine 10, an indication of mitosis ', was observed in the hot subgroup.
Appositely, expression of cell growth repressor E2F-4 '%° was found to be
decreased. Taken together, the data suggest that the expression of invasive-,
competitive- and proliferative-markers facilitates the recognition of cancer cells by

immune cells and contributes to higher infiltration rates.

5.3.2. Hot Carcinomas Display Higher Apoptotic Activity and Expression of
Tumour-Suppressive Markers

DigiWest data showed that hot carcinomas displayed an increase in tumour-
suppressive factors compared to cold carcinomas. This was indicated by
increased phosphorylation of the tumour suppressors p53 (pSer20) and DBF2
kinase activator protein (MOB1; pThr35) as well as higher expression of
tumorigenesis factor isocitrat-dehydrogenase 1 (IDH1) '7°-'72, Moreover, higher
expression of cleaved Caspase 6 and 9, both promoting apoptosis 7374 as well
as pro-apoptosis factor Bax '7° was observed in hot carcinomas (Ruoff et al,
Appendix 3, Fig. 4c, d). These results indicate that higher infiltration with immune
cells induces tumour-suppressive signalling and leads to more apoptotic activity,

which may contribute beneficially to patient outcome.
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5.3.3. Cold Carcinomas Display Increased Expression of Inmune-
Suppressing Factors

The tumour co-marker PR, which was previously linked to an immunosuppressed
tumor microenvironment (TME) '76177 showed the most notably increased
expression in cold carcinomas (Ruoff et al., Appendix 3, Fig. 4b, c, Fig. 5c).
Peroxisome proliferator-activated receptor gamma (PPARY), which is associated
with immunosuppression 178180 s also worth pointing out. Interestingly,
phosphorylation of PPARy (Ser112) positively correlated with PR expression
(Pearson’s r=0.45, P<0.0001; Ruoff et al, Appendix 3, Fig. 5b), suggesting a co-
expression of these factors. IHC staining of CD8, PR, PPARy and PPARYy-
pSer112 validated the predominant expression of PPARy-pSer112 by cancer cells
in cold carcinomas (Ruoff et al, Appendix 3, Fig. 5a). To investigate the influence
of PPARy-pSer112 on immune cell infiltration status the sample set was divided in
elevated (greater than median) and decreased (lower than median) PPARy-
pSer112 expression. Crucially, samples classified as cold carcinomas were
significantly enriched in the group with elevated PPARy-pSer112 levels (Ruoff et
al, Appendix 3, Fig. 5d; Fishers exact test, p=0.0046). Taken together, these data
suggest that phosphorylation of PPARy might be involved in a mechanism of

immune cell repulsion by breast cancer cells.

This study demonstrated that multiplexed immune cell marker assessment from
fresh frozen resectates by DigiWest is feasible and that protein profiling of this
sample type can provide functional signalling data valuable for patient
stratification. Additionally, peak integration and several downstream analyses such
as survival analysis as well as PANTHER pathway-, and clinical feature-
enrichment were conducted by applying the novel DigiWest-Analyser and
Evaluator software packages 2. It was shown that the novel software pipeline
facilitates data handling and integration of metadata, thus overcoming a bottleneck

in the DigiWest workflow.
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6 General Discussion and Conclusion

With the advancement of precision medicine, molecular investigation of clinically
relevant and disease-related samples for companion diagnostics and treatment
evaluation is becoming more and more crucial in biomedical research 8'-183_Gene
and mRNA analysis methods like next generation sequencing and NanoString are
state of the art in the field of precision medicine >'8. Despite high sensitivity,
throughput and robustness, technologies like NanoString require complex probe
design and extensive data processing '®. These approaches can give valuable
information about the origin of diseases. Yet, genetic information does not always
translate into clinical practice. Hence, benefit for patients is often limited. This gap
is largely attributable to the differences in genotype and phenotype 85186
Therefore, methods able to investigate mechanisms of diseases on the protein
level are of great need.

For a long time, imaged-based approaches like immunohistochemistry have been
the gold standard for protein investigation in the clinical setting '8”. These
approaches can give valuable information about the spatial relationship of cells or
proteins '8, However, these techniques are limited in throughput and number of
investigated analytes. Even with the development of multiplexed
immunohistochemistry and immunofluorescence, imaged based analysis is
restricted to several analytes from one sample 89, Additionally, they require
trained pathologists for evaluation and display high inter-observer variance, which
is why quantification can be difficult 189,

State of the art methods for proteomic investigations are MS approaches 190.191,
By analysing the mass to charge ratio (m/z) versus signal intensity, MS-based
approaches are able to identify thousands of proteins, and generate protein
profiles from human samples, to detect protein expression changes indicating
diseases or treatment effects . Yet, MS analysis is expensive and demands
large amounts of sample material. Analysis time and sensitivity, both crucial
factors in the clinical setting, still require concessions in MS-based protein
investigations 192, making its implementation into routine biomedical use difficult '3.
Besides mass spectrometric approaches multiplexed immunoassays have

become valuable tools in biomedical investigations. However, the linear dynamic
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range of MS approaches and many multiplexed immunoassays is limited 193194,
This plays a critical role in parallel detection of analytes from complex samples like
human sera or tissue extracts, where high- and low-abundant proteins have to be
measured in parallel. For example, concentrations of serum proteins can vary from
the 1 g/L range for albumin or immunoglobulins to under 1 ng/L for signalling
molecules such as cytokines 2°. Especially the enormous concentration range of
proteins carrying post-translational modifications (PTM) like phosphorylation, can
be challenging for the parallel detection in a single sample, and requires vast
amount of material as well as specialised protocols. Yet, these PTMs are crucial to
understand pathological mechanisms, since they indicate malfunctioning
processes within cells 1919 The DigiWest is a multiplexed immunoassay, hence
is limited by the availability and quality of supplied antibodies. However, the high
dynamic range of the DigiWest approach '@ allows parallel detection of highly
abundant proteins, as well as lowly concentrated PTMs from a single sample with
limited protein amount available.

RPPA represent an alternative approach for antibody-based investigation of a vast
number of proteins. With the RPPA approach, investigation of several hundred
samples in one assay is feasible . Yet, the RPPA procedure is more time
consuming, which can be a disadvantage in the clinical setting where sample
processing time often plays a critical role. Especially in a diagnostic setting or for
explorative clinical studies where a moderate number of samples has to be
analysed quickly, the DigiWest approach is more suitable due to its time- and cost-
effective nature. Additionally, the DigiWest output gives specific information about
the molecular weight of the protein of interest, which is not given in RPPA
analysis. This is especially useful for complex sample material where cross-
reacting antibodies may lead to incorrect interpretation of signals '97-1%°. The
DigiWest platform holds the advantage of selecting the correct signal at the
molecular weight corresponding to the protein of interest, and therefore increases
quality of generated data. These features make the DigiWest a compelling

alternative for protein investigation of human sample material.
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6.1. Multiplexed Serum Antibody Screening by DigiWest

Serum or plasma samples are among the most important human derived sample
types. Since the outbreak of the Corona pandemic, the relevance of assay
systems capable of monitoring sero-prevalence in the population has been
emphasized 200201 These assays are required for monitoring antibody response
induced by vaccine candidates and will help to understand the immune response
after vaccination in pre-clinical and clinical trials 201202,

Additionally, the role of ADE in immunity and vaccination has recently been
discussed 203205 Detection of serum antibodies against endemic coronaviruses
such as OC43, NL63 and 229E will add to the understanding of immune response
against SARS-CoV-2.

Therefore, numerous assays that are able to detect humoral antibody response
against corona viruses from sera or plasma samples have been developed. For
example, the RPPA based VaxArray detects serum antibodies against nine
different human CoV spike proteins from pandemic and endemic corona viruses
206 Besides its high throughput capability, this system is quantitative and displays
a comparably good analytical sensitivity. Another assay, the MultiCoV-AB, utilizes
six different SARS-CoV-2 antigens coupled to luminex beads, including full-length
spike protein, receptor-binding domain (RBD) and full-length nucleocapsid protein
124 By applying a combined cut-off, utilizing the full-length spike protein and RBD
as antigens, a sensitivity of 90% and a specificity of 100% was achieved.
However, like most serum screening platforms, these assays utilize recombinant
proteins as antigens.

In the DigiWest system, authentic viral particles were employed to set up an assay
system for parallel detection of humoral immune response against SARS-CoV-2
and three common cold coronaviruses. Applying antigens directly isolated from
pathogens is a classical method for detecting serum antibodies as a surrogate for
immune response 2°7. Challenges of this assay approach can be the need for
large amounts of infectious pathogens and large batch-to-batch variability, when
compared to recombinantly produced antigens or peptides. However, a major
advantage of using authentic proteins instead of peptides or recombinant proteins
is the detection of epitopes with post-translational modifications. Recombinant
proteins expressed by bacteria often lack PTMs that are present on proteins
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produced by mammalian cells, as in the case of viral infection 2%, This can lead to
the loss of crucial information about reactive serum antibodies against such PTMs.
Another advantage is the fast and effective generation of protein extracts from
various strains of pathogens, which is notably advantageous for the identification
of cross-reacting antibodies. These characteristics make this approach especially
useful for unbiased investigation of the humoral immune response after infection.
By combining immobilization of antigens on microspheres and the Luminex assay
readout, only 10 ug of pathogen protein is sufficient for thousands of serum
analyses. The robustness of the Western-blot approach and the high throughput
property of the Luminex platform facilitate good assay reproducibility. Additionally,
this assay system has the ability to generate direct information about the size of
the recognized protein. This can be an advantage for identifying antigenic proteins
and protein variants. Screening sera from convalescent patients displayed a
specific signal, corresponding to SARS-CoV-2 nucleocapsid 2°°. However,
reactivity against other viral proteins was rather low. This could stem from the fact
that DigiWest utilizes denatured and reduced proteins. These protein forms are
not present during viral infection and are therefore not recognized by most serum
antibodies. Comparison of the DigiWest assay for detecting anti-SARS-CoV-2
serum antibodies with serum-assays from Roche, Siemens and Euroimmun (IgG
and IgA), which are used in clinical laboratories, displayed a high concordance
between all assay systems. Highest concordances were found between test
systems from Siemens and Euroimmun IgG as well as DigiWest and Roche. A
reason for that could be that Siemens and Euroimmun IgG both are detecting
spike protein, whereas the DigiWest and Roche assay both identify the
nucleocapsid protein. Concomitantly, the weakest concordance to all other assays
was displayed by the Euroimmun IgA assay, which can be attributed to the fact
that this is the only assay detecting IgA antibodies.

When expanding the assay system to endemic coronaviruses (229E, NL63 and
OC43), no indication of cross reactivity against SARS-CoV-2 proteins was
observed, as was also seen in studies with similar approaches '242%_ However, by
utilizing the DigiWest serum screening assay assistance in neutralization of
SARS-CoV-2 through prevalence of 229E specific IgGs was implicated 210,

With the approach described above the serological analytical potential of DigiWest

was demonstrated and this highly specific assay was set up within a short period
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of time. The flexible nature of the DigiWest allows for integration of antigen
extracts from various sources. Mixtures of antigens can be probed in parallel,

which allows for detection of a vast variety of antibody responses in one assay.

6.2. Treatment Evaluation by Protein Analysis of FFPE Fixed Samples

In biomedical research, human tissue extracts are another valuable source of
information. For histopathological examination, it is important to conserve the
morphological structure of the tissue. Therefore, collected samples are routinely
fixed with formalin and subsequently embedded in paraffin wax. This method of
fixation facilitates sample handling and enables long-term storage at room
temperature.

However, molecular changes induced through formalin fixation can make
multiplexed protein analysis a challenge. Especially separation of proteins based
on molecular size is difficult, since protein aggregates formed upon fixation lead to
comparably low amounts of molecular weight-representative proteins. Hence,
several extraction protocols for subsequent protein analysis have been developed.
Despite being indeed clinical routine, the fixation process is not globally
standardized. Fixation time can vary from one hour up to several days and may
even be different within a given sample set. Fixation time has a negative influence
on extracted protein amount %. As is known from RNA extraction, over-fixation
can lead to stronger crosslinking between analytes, which in turn makes extraction
more difficult 21213, Other factors that influence quality of the extracted sample
material are storage time and conditions. For instance, humidity can lead to loss of
protein and reduced antigenicity 2'4. Additionally, long-term exposure to oxygen
can lead to oxidation of antigens and consequently reduce signals in antibody-
dependent detection methods 214215, Therefore, results can vary independently of
the used extraction and analysis method, making comparison between different
methods challenging 2'®. According to the literature, extraction is commonly
performed in buffers containing detergents as well as reducing agents under
application of high heat (95-100 °C) for 20-60 minutes followed by 1-3 h of
moderate heat (60-80 °C) 2'6. To analyse protein expression in FFPE material with

multiplexed immunoassays, it is vital to identify and validate antibodies, which can
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detect proteins reliably after extraction. Antibodies suitable for
immunohistochemistry are not always usable in most other immunoassays, even
when investigating the same material. Huge efforts have been made to validate
antibodies for expression analysis by DigiWest in FFPE samples 2%6'; however,
antibodies need to be tested for each tissue type individually.

In our study, minuscule macro-dissected punch biopsies of CIN were analysed.
Protein extraction was performed by applying a combination of a modified
heptane-based extraction protocol 8" and protein concentration through a vacuum
concentrator. Here, samples were heated for 20 minutes at 100 °C followed by 2 h
at 80 °C. DigiWest could identify 69 antibodies suitable for protein expression
analysis in FFPE fixed cervical punch biopsies, while 132 antibodies were tested
in a human CSCC cell line, 44 antibodies were matching for both applications.
Despite not originating from the same material, the observed overlap of antibody
suitability for FFPE and non-fixed samples is comparable to literature 61.216.217,
This facilitated the investigation of in vivo NIPP treatment of CIN and the
comparison with NIPP-treated CSCC cells, which has not yet been reported in this
fashion so far.

NIPP treatment induces cell cycle arrest followed by apoptosis 3!, which was
demonstrated by a transient induction of CK8 and CK18, followed by
downregulation of pro-proliferative factors, like Akt, p38 MAPK, Src and RAF. It
has been shown that CK8/18 can act as a regulator of apoptosis and is released
during apoptosis and necrosis '3%'#1 which can be independent of caspase
activity '42. Therefore, the observed results indicate that a cell survival response
followed by apoptosis is directly induced through NIPP treatment. Both in vivo and
in vitro NIPP treatment induced a significant reduction of expression and
phosphorylation of the proto-oncogene tyrosine kinase Src, which is known to be
upregulated in several tumour entities 2'8. Src is involved in many pro-proliferative
cell responses and interacts with important regulatory factors 135136
Concomitantly, many of these interaction factors, such as p38 and STATS3,
showed a reduced expression after NIPP treatment of CSCC cells. Yet, this could
not be confirmed by in vivo NIPP treatment of CIN, possibly due to differences in
sample preparation, which in turn result in lower protein abundance and lower
absolute intensities detected in FFPE samples. However, normalization to the total

protein amount loaded on microspheres should compensate this effect. These

56



6 General Discussion and Conclusion

findings suggest that changes in protein expression observed in vitro may not
always be translatable to in vivo treatment. This emphasises the relevance of
protein investigation in human derived material for the consecutive analysis of
treatment effects, which may differ substantially from results generated in cell
culture experiments.

Overall, it has been demonstrated that the DigiWest enables extensive protein
analysis from minuscule FFPE primary tissue biopsies for evaluation of treatment
effects. The described approach was utilized in a clinical trial, investigating the
therapeutical benefit of NIPP treatment directly in CIN patients. The generated

results have been featured in a joined publication 21°.

6.3. Protein Profiling of Fresh Frozen Resectates and Assessment of
Immune Cell Infiltration

Despite being infrequently available, fresh frozen tissue extracts are often
preferred over FFPE tissue samples for molecular research, as no chemical
modifications are made to the proteins ??°. However, sample storage, processing
and analysis needs to be firmly regulated and standardized to avoid artefacts
through protein degradation 4. In our study, we adapted the DigiWest system for
the assessment of tumour-infiltrating immune cells in fresh frozen breast cancer
biopsies.

The assessment of tumour infiltrating immune cells is a novel auxiliary factor for
patient stratification, risk evaluation and treatment decision 99227  In colorectal
cancer it has been shown that the immune score was an even better prognostic
factor for survival than the classical TNM system 222224, Several studies showed
similar observations in breast cancer 3117, Most of these studies use genetic
approaches, evaluate immune cells in general, or assess individual markers with
image-based methods, which can make quantification and evaluation challenging
150_

Expression of several immune cell markers in the tumour tissue was investigated
in parallel by adaptation of the DigiWest. Furthermore, protein expression profiles
were compared between highly (hot) and lowly (cold) infiltrated tumours in order to

elucidate biological mechanisms underlying the tumour immune response.
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A problem for molecular investigation of fresh frozen biopsies is the spatial
heterogeneity of tumour tissue. Parts of resectates may consist of different cell
types and tumour content may vary between investigated samples or within a
sample itself 225226, The DigiWest approach lacks spatial information that image-
based methods can provide, however holds higher throughput and sensitivity. To
avoid artificial differences in protein expression that arise when healthy and
cancerous tissue extracts are directly compared, a pathologist assessed the
tumour content of each sample before sample processing. Pathological
examination revealed that only 60% of the enrolled samples displayed a tumour
content of 50% or higher. Surprisingly, 2.5% of samples were even classified as
heathy tissue. By applying a comparably high threshold of at least 50% tumour
content 6227 the sample set size was reduced by app. 40%. This, however,
increased data quality, since the investigated sample set became more
homogenous, as was confirmed by measurement of common tumour markers
such as Ki67 and CK8/18 in the analysis cohort and comparing them to control
samples with less than 10% tumour content.

Following extensive protein expression analysis, covering cell cycle control,
apoptosis, Jak/Stat-, MAPK-; Pi3K/Akt-; Wnt- and autophagic signalling as well as
general tumour and immune-cell markers, assessment of immune infiltration, via
DigiWest was evaluated. CD8a, CD11c, CD16 and CD68 displayed similar
expression profiles and a high correlation to each other. Unsupervised hierarchical
cluster analysis, of these four markers revealed two distinct subgroups of tumours
differing in immune cell infiltration (referred to as hot and cold carcinomas). By
integrating a newly developed analysis and evaluation pipeline 27, analysis of
DigiWest results as well as integration of additional meta-data, such as survival-
data, was facilitated. Hot carcinomas had a significantly better event free survival
after primary surgery without any adjuvant treatments. Even though the four
immune cell markers used for stratification represent general immune cell
lineages, and not special cellular subtypes, this agrees with current literature
118,228-230  These results indicate that patients with lower immune cell infiltration
require stricter monitoring after primary surgery. The hot carcinoma subgroup
displayed increased Jak/Stat signalling activity, which is important for cytokine
response and immune cell activity 231232, This suggests that higher expression of

members of the Jak/Stat signalling pathway may be an indicator for immune cell
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infiltration. Gene expression analysis has shown that tumours with higher
apoptotic activity also display elevated infiltration with immune cells 23,
Concomitantly, increased expression of pro-apoptotic proteins was observed in
samples with higher immune cell infiltration. In addition, cold carcinoma samples
showed elevated levels FOXP3, a regulatory T-cell marker that propagate
immunological tolerance 234236 which may be a reason for the observed retention
of immune cells. Interestingly phosphorylation of PPARy (pS112) was also
enriched in these tumour samples. It has been proposed that PPARYy is involved in
an immune escape mechanism in muscle-invasive bladder cancer 2%7. Hence, this
observation suggests, that breast cancer may harness a similar immune evasion
mechanism. This makes PPARYy phosphorylation a possible therapeutic target or

marker for patient stratification.

By adapting and optimizing the DigiWest workflow, differential protein expression
analysis in breast cancer resectates was achieved and important immune cell
markers were assessed. The generated results demonstrate the unique potential
of protein analysis from complex human samples such as fresh frozen biopsies by
DigiWest.

6.4. Conclusion

The aim of precision medicine is to advance diagnosis, choice of therapy and
monitoring of treatment effects. For this purpose, the need for molecular analysis
tools for human sample material is ever increasing. Genome analysis and imaged
based methods are the gold standard in this field. A shortcoming of genetic
analysis is the fact that the genetic information does not always translate to the
proteomic level. Hence, benefit for the patient is often limited. Therefore, it is
crucial to include methods that can investigate pathological mechanisms on the
proteomic level as well. Among the most important challenges for protein analysis
in the clinical setting are the detection of multiple protein markers in parallel and
the limited amount of available sample and time. Another challenge is the
multitude of different sample types that need to be analysed. Most common types

of clinical samples are FFPE or fresh frozen tissue extracts and bio fluids such as
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blood samples, all of which offer unique challenges for molecular investigation.
The DigiWest technology, a multiplexed immunoassay, combines the robustness
of western blotting with the throughput and sensitivity of miniaturized assay
systems. It is able to detect hundreds of proteins and protein variants from minimal
amount of sample material. It has been demonstrated that its flexible nature
makes it an attractive tool for protein analysis in all kinds of human specimen.
Through modification of the DigiWest a novel serum-screening platform for the
parallel detection of antibodies against different pathogens was developed and
validated. By utilizing authentic antigens, serum screening against different
antigens became possible in a short timeframe. Further, it was confirmed that
protein analysis from minuscule amounts of complex samples such as FFPE
cervical punch biopsies is achievable by this approach. Results generated from in
vivo treated cells revealed similar proteomic changes as cell culture experiments.
However, observed differences in particular protein expression also emphasizes
the need for in vivo studies of treatment effects. Finally, multiplexed assessment of
different immune cells and comparative protein analysis from fresh frozen
resectates was achieved. With a newly developed analysis and evaluation pipeline
integrative analysis of protein expression profiles and metadata could be
performed ?7. In combination with clinical metadata, immune cell patterns
indicating beneficial patient outcome were observed, and differences in expression
of proteins and protein variants was investigated. This demonstrates the unique
potential of the DigiWest to analyse proteins in human specimen. The ongoing
development and improvement of this technique will enhance its potential for

future applications in the biomedical field.
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viruses has been linked to disease severity after SARS-CoV-2
infection. Assays capable of concomitantly detecting antibodies

ABSTRACT: The presence of antibodies against endemic corona-
SARSCUVE@
against endemic coronaviridae such as OC43, 229E, NL63, and @

Y

LN

SARS-CoV-2 may help to elucidate this question. We developed a - f
serum screening platform using a bead-based Western blot system L
called DigiWest, capable of running hundreds of assays using H i -
microgram amounts of protein prepared directly from different - v 3(
viruses. Characterization of the immunoassay for detection of SARS- @ s 1‘

CoV-2 specific antibodies revealed a sensitivity of 90.3% and a

diagnostic specificity of 98.1%. Concordance analysis with the SARS- Mg
CoV-2 immunoassays available by Roche, Siemens, and Euroimmun She
indicates comparable assay performances (Cohen’s k ranging from

0.8874 to 0.9508). Analogous assays for OC43, 229E, and NL63 were established and combined into one multiplex with the SARS-
CoV-2 assay. Seroreactivity for different coronaviruses was detected with high incidence, and the multiplex assay was adapted for
serum Screemng.

KEYWORDS: SARS-CoV-2, COVID-19, endemic coronavirus, serology, Luminex, Western blot

evere acute respiratory syndrome coronavirus 2 (SARS- it is likely to be caused by previous infections with endemic

CoV-2) is a newly identified beta coronavirus that crossed coronaviruses. This observation might explain some of the
the species barrier and found its way into the human heterogeneity observed in COVID-19, yet the role of the
population in 2019. It causes the coronavirus disease 2019 antibody response against these viruses remains elusive. Assays
(COVID-19), and the ongoing pandemic has a devastating capable of detecting antibodies against endemic coronaviridae,
effect on wide parts of the human population.' The virus is such as OC43, 229E, and NL63, will help us to understand a
highly contagious causing the disease to spread very rapidly, possible role of existing antibodies against these human
yet symptoms of infected individuals vary widely. A fraction of coronaviruses during COVID-19. Available systems are using
COVID-19 patients develop a fatal course of the disease, while recombinant antigens to detect viral protein-directed antibod-

mild COVID-19 cases are frequently observed.” Different
comorbidity factors were recently identified, whereas the
prediction of the course of the disease is not yet possible.’
Protective antibodies formed after infection are associated with
viral clearance, but the occurrence of high antibody titers has
also been linked to more serious forms of the disease.* A role
of pre-existing and cross-reacting antibodies, from endemic
coronaviruses, that recognize proteins from SARS-CoV-2 is
discussed,™® and a phenomenon termed antibody-dependent
enhancement (ADE), which is linked to existing antibodies,
might be one of the reasons for life-threatening symptoms T b
occurring during later stages of COVID-19.7" In contrast, a e %
pre-existing cross-reactive T cell memory for SARS-CoV-2 - -
does exist in a significant proportion of the population,'”"" and

ies in serum or plasma samples. This approach is not only
economical but also makes the generation of large reagent
batches feasible, allowing for the generation of vast numbers of
assays required for systematic sample screening,u’]3 Here, we
employ a novel way of building a serologic assay system to
detect and characterize anti-SARS-CoV-2 antibodies. The
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utilized approach is based on the classical Western blot
procedure, which has been modified to be run as a high-
throughput assay system. The use of antigens reflecting the
complete pathogen proteome for antibody detection has been
employed since the late 1970s'* and was subsequently proven
to be useful for identifying proteins recognized during the
humoral immune response. In lysates prepared from infectious
virus particles, not only are all possible viral proteins present
and can be probed in one assay, but also the use of native-like
antigens should enable the detection of antibodies recognizing
relevant protein modifications present in the naturally
occurring pathogen.

The DigiWest procedure, which is employed here, is a
variant of the classical Western blot. It addresses the most
obvious disadvantages of Western blotting, namely, its low
throu§hput, high antigen consumption, and poor reproduci-
bility.” In the DigiWest, the assay signal is generated on
microspheres rather than on a membrane, thus allowing the
use of fast and standardized assay protocols on the Luminex
platform. Due to the possibility of multiplexing, multiple
antigens from different viruses can be probed at the same time,
enabling the setup of semiquantitative seroreactivity screens.

Bl RESULTS

DigiWest for Detecting Serum Antibodies against
SARS-CoV-2. Here, we used the DigiWest for size dependent
separation of virus proteins representing the entire viral
proteome and for their subsequent immobilization on
microspheres in order to adapt this technology to serum
analysis (Figure 1). As a first step for detecting serum
antibodies recognizing viral proteins, lysates from infectious
SARS-CoV-2 virus particles were prepared in SDS-PAGE
loading buffer. DigiWest was performed as described using 0.5
g of virus protein, and Luminex microspheres sufficient to run
hundreds of assays were generated. Detection of total protein
on the loaded DigiWest beads (Figure 2a) showed character-
istic protein bands for the lysate. Using an antibody generated
against the SARS-CoV-2 nucleocapsid, a prominent peak at
47.2 kDa (Figure 2b) was detected, which is consistent with
the expected size of the protein. Another antibody generated
against the SARS-CoV-2 spike protein detects a prominent
peak at 141 kDa, the expected molecular weight (Figure 2c). In
the next step, human sera were diluted 1:200 in an optimized
and modified serum assay buffer and incubated with the
DigiWest microspheres. High signals were detected from
COVID-19 convalescent sera. Most sera showed their main
peak of reactivity at 47 kDa, i.e,, the size corresponding to the
SARS-CoV-2 nucleocapsid protein (Figure 2e). For SARS-
CoV-2 negative samples, no or very low signals were obtained
(Figure 2d). Assay background was found to be variable, but
since the determined signal intensities only consist of the peak
area, reliable values were calculated using the DigiWest
evaluation tool."® Since reactivity against the nucleocapsid
protein was consistently found in COVID-19 convalescent
sera, these values were used for describing SARS-CoV-2
seroreactivity.

Multiplexed DigiWest for Detecting Serum Antibod-
ies Recognizing Different Human Coronaviridae. In
order to expand the assay to cover human endemic
coronaviruses, virus lysates from the two alpha coronaviruses
229E and NL63 and from the beta coronavirus OC43 were
processed as described, and equivalent DigiWest assays were
established and combined into one assay system. When using
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Figure 1. Schematic overview of the DigiWest workflow (modified
from Treindl et al."> CC BY 4.0): (1) Protein separation by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). (2)
Blotting of proteins to membrane and biotinylation of immobilized
proteins directly on the membrane. Cutting of sample lanes into 96

https://doi.org/10.1021/acsinfecdis.0c00725
ACS Infect. Dis. 2021, 7, 15961606
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Figure 1. continued

stripes to generate 96 molecular weight fractions immobilized on the
membrane. (3) Elution of the proteins in 96-well plates. (4) Loading
of biotinylated proteins onto 96 distinct Neutravidin-coated magnetic
Luminex bead populations. (5) Pooling into bead pools and
reconstitution of the initial sample lane. (6) Immunoassay: aliquots
of the generated bead pool (<0.5%) are incubated with specimen
before PE-labeled secondary antibodies are added for signal
generation. (7) Readout using a Luminex instrument, (8)
reconstitution of the initial lane and data analysis.

sera from SARS-CoV-2 negative individuals, seroreactivity
against endemic viral proteins was found for a large fraction of
tested samples. As for the SARS-CoV-2 DigiWest assay, the
main serological activity for the different viruses was detected
at a molecular weight corresponding to nucleocapsid proteins.
To prove that the detected proteins are indeed the
nucleocapsids of the different coronaviruses, we produced
recombinant versions of the nucleocapsid proteins of all tested
viruses. We used the purified proteins in a different DigiWest
experiment and compared the obtained signals with the signals
obtained from the whole virus lysate DigiWest (Figure 3a). In
the whole virus lysate, the observed molecular weight of SARS-
CoV-2 nucleocapsid protein was 47.2 kDa with a calculated
molecular weight of 45.6 kDa. For OC43 nucleocapsid protein,
229E nucleocapsid protein, and NL63 nucleocapsid protein,
the values were 53.1 kDa (calculated 49.3 kDa), 45.4 kDa
(calculated 43.5 kDa), and 42.1 kDa (calculated 42.3 kDa),

respectively. Thus, in all cases obtained, molecular weights are
in good agreement with the expected values. The molecular
weights were confirmed via DigiWest using recombinant
proteins (Figure 3b). A small set of 12 sera was used to
detect seroreactivity on virus lysates and on the recombinant
nucleocapsid proteins. The correlating signal was detected, and
this confirmed that the detected reactivity is directed against
the nucleocapsid proteins.

Evaluation of the Characteristics of the SARS-CoV-2
Serological Assay. To characterize the performance of the
DigiWest, we used the final multiplexed assay now comprising
virus lysates of SARS-CoV-2, 229E, OC43 and NL63 to screen
a set of characterized samples."’ Among the analyzed sera,
there were 195 SARS-CoV-2 PCR positive specimens, 49
prepandemic samples and 19 self-reported negative samples.
The complete data set is available online in Supplementary
Data 1. To define the assay cutoff for SARS-CoV-2
seropositivity, 49 prepandemic and noninfected control
samples were employed. The highest signal value detected in
this group was 1295 average fluorescence intensity (AFI). In a
second step, the lowest value of all SARS-CoV-2 PCR-positive
specimens still above this intensity (1968 AFI) was defined as a
seropositive for SARS-CoV-2. The mean of these two
measurements was calculated and defined to be the cutoff
for seroconversion (1632 AFI). After the definition of the
cutoff, a test set of 53 negative and 31 positive samples was
used to determine specificity and sensitivity. The complete
data set is available in Supplementary Data 3. Using the
defined cutoff, an assay specificity of 98.1% (CI 94.5—100%)
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Figure 2. Protein detection on SARS-CoV-2 virus lysate loaded DigiWest beads. Virus proteins were size separated by the DigiWest procedure and
transferred to microspheres. In (a), a total protein stain of the separated proteins is shown; data are represented as a Western blot mimic,"” thereby
resembling a SDS-PAGE lane. The marked protein bands corresponds to the viral spike and nucleocapsid protein. An anti-SARS-CoV-2
nucleocapsid antibody detects this protein at the expected molecular weight (47.2 kDa) (b). A different antibody detects the spike protein at the
expected molecular weight (141 kDa) (c). Serum from a SARS-CoV-2 PCR positive patient reacts with the nucleocapsid protein (47.2 kDa), giving
high fluorescent intensity (e), whereas in a negative serum no peaks are detected (d).
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Figure 3. Multiplexed detection of nucleocapsid protein from SARS-CoV-2, OC43, 229E, and NL63. Reactivity of a patient serum was tested on
whole virus lysates of the different coronavirus types (a) and on recombinant nucleocapsid proteins of the different viruses (b) using multiplexed
DigiWest assays. The used SARS-CoV-2 positive serum shows antibody reactivity on whole virus lysates for (i) SARS-CoV-2, (ii) OC43, (iii) 229E,
and (iv) NL63 (a). In (b), the same serum is incubated with a DigiWest bead set loaded with recombinant nucleocapsid from (i) SARS-CoV-2, (ii)
QOC43, (jii) 229, and (iv) NL63. As for the whole virus lysates, antibody reactivity is observed; for SARS-CoV-2, a peak at 47.2 is kDa detected;
for the endemic Coronaviridae OC43, 229E, and NL63, peaks at the molecular weights at the respective sizes of 53.1, 45.4, and 42.1 kDa,
respectively, are found.
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was found. Furthermore, 3/28 (10.7%) samples from SARS-
CoV-2 PCR positive specimens showed no seroconversion,
yielding a sensitivity of 90.3% (CI 79.9—100%). The positive
predictive value is 0.966 (CI 0.899—1.0), and the negative
predictive value is 0.945 (CI 0.855—1.0). These fundamental
characteristics of the newly established assay system are
comparable to published values for different commercially
available SARS-CoV-2 immunoassays.'®"”

To demonstrate the dynamic range of the serologic
DigiWest assay, three SARS-CoV-2 positive sera with different
AFIs were serially diluted with a negative serum (Figure 4).
Good signal linearity was seen in the dilution curve and
seropositivity was detected for higher AFIs down to a serum
dilution of 1:5000.

Dynamic Range
100000

10000+

cutoff

< 1000

100 Py

T T 1
10000 100000 1000000

Final assay dilution

T
100 1000

Figure 4. Dynamic range of the DigiWest serological assay. Sera of
three SARS-CoV-2 positive patients were diluted in serum of a SARS-
CoV-2 negative donor (serial dilution, 13 steps ranging from 1:25 to
1:1131). The mixtures were further diluted 1:200 in serum assay
buffer, and the immunoassay was performed. Shown are the final
dilutions of positive sera (X-axis) and the resulting average
fluorescence intensities (AFI). Logistic regression was performed
using a sigmoidal fit and 4-parameter logistics: (@) positive sample 1
(bottom, 54.50; top, 1052419; IC, 3.317; Hill slope, —0.8797;
logICg, 0.5208); (A) positive sample 2 (bottom, 192.5; top,
106 711; ICqy, 29.65; Hill slope, —0.9556; logICsy, 1.472); (@)
positive sample 3 (bottom, 217.7; top, 938327; IC;, 0.9145; Hill
slope, —0.9118; log IC,,, —0.03881)

For closer evaluation of the assay performance, we
reanalyzed the complete sample set using the (i) Elecsys
anti-SARS-CoV-2 assay (Roche Diagnostics), (ii) ADVIA
Centaur SARS-CoV-2 (Siemens Healthcare Diagnostics),'
(iii) EUROIMMUN SARS-CoV-2 IgG ELISA, and (iv)
EUROIMMUN SARS-CoV-2 IgA ELISA test systems. Further
information on the assay procedures is provided in the
Methods section. Concordance (Cohen’s k) and correlation
(Spearman’s r) analyses were performed, and the different
assay characteristics were compared and visualized (Figure 5).
Concordance of DigiWest vs Roche was found to be 0.9508
(95% CI; 0.91-0.99 Figure 5a), and for DigiWest vs Siemens
Cohen’s k was 0.9100 (95% CI; 0.86—0.96 Figure Sb).
Concordance of DigiWest vs Euroimmun IgG was calculated
in two ways: if the borderline results were considered positive,
Cohen’s x was found to be 0.9180 (95% CI; 0.87—0.97), and if
considered negative the concordance was 0.8874 (95% CI;
0.83—0.94 Figure 5c). When comparing the DigiWest based
IgG detection to the Euroimmun based IgA test and borderline
results were considered positive, a value of 0.7493 (95% CI;
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0.67—0.83) was found. If the borderline results were
considered negative, Cohen’s k¥ was found to be 0.7512
(95% CI; 0.67—0.83).

Correlation analysis utilizing Spearman’s r revealed a
positive correlation of all investigated assays (Figure Sd).
The highest correlation for DigiWest was found with the
Roche system (Spearman’s r = 0.91; 95% CI; 0.89—0.93).
Spearman’s r for DigiWest and Siemens was found to be 0.87
(95% CI; 0.83—-0.90). Spearman’s r for DigiWest and
Euroimmun IgG and IgA was calculated at 0.87 (95% CI;
0.84—0.90) and 0.78 (95% CI; 0.72—0.82), respectively. The
highest overall correlation was found between Siemens and
Euroimmun IgG (Spearman’s r = 0.94; 95% CI; 0.93—0.96),
and the lowest overall correlation was found between
Euroimmun IgA and Roche (Spearman’s r = 0.73; 95% CI;
0.66—0.78).

Multiplexed Detection of Antibodies against SARS-
CoV-2, 0C43, 229E, and NL63. By integrating DigiWest
assays for 229E, OC43, and NL63 into the detection system
for SARS-CoV-2, concomitant detection of the presence of
antibodies binding to antigens derived from the different
Coronaviridae becomes possible. In the analyzed sample set,
reactive antibodies against all endemic coronaviruses were
detected with high frequency (Supplementary Data 1). To
estimate the reactivity against the other human endemic
coronaviruses, a provisional cutoff for OC43, 229E, and NL63
was defined at the same value as was determined for SARS-
CoV-2 (1632 AFI). For SARS-CoV-2 negative sera, 82.4%
showed reactivity against OC43 nucleocapsid, 95.6% against
229E, and 100% against NL63. For SARS-CoV-2 positive
samples, the numbers were 79.5% against OC43, 99% against
229E, and 98.5% against NL63. The overall reactivity was
80.2% against OC43, 98.1% against 229E, and 98.9% against
NL63. Despite the high frequency of antibodies directed
against the endemic coronaviruses OC43, 229E, and NL63 in
SARS-CoV-2 negative sera, no recognition of SARS-CoV-2
proteins was observed in these samples. This directly translates
into the high specificity of the SARS-CoV-2 assay system and
reveals only minor or no cross-reactivity of existing antibodies
with the existing SARS-CoV-2 nucleocapsid protein. The
correlation analysis between all coronaviruses (including
SARS-CoV-2) showed values ranging from 0.03 to 0.75
(Figure 6). The highest correlation was observed for antibodies
recognizing the nucleocapsid protein of 229E and NL63 with a
Spearman’s r of 0.75 indicating a possible cross-reactivity.

M DISCUSSION

The use of proteins from clinically relevant pathogens as
antigens for antibody detection is a classical method for
identifying an individual immune response.'” While this
classical approach has distinct drawbacks, e.g., the need for
isolation of large amounts of pathogen and poor assay
reproducibility when using different protein batches, it also
provides substantial advantages. With this assay, using
denatured and reduced virus lysates, linear epitopes with and
without post-translational modifications could be detected.
Modifications only found in the authentic proteins are present
in antigen preparations, and therefore, the identification of
reactive antibodies against these possible pathogen-derived
antigens should be feasible. In addition, the generation of
protein extract from pathogens of different strains is often
technically uncomplicated and fast. This may turn out to be
especially useful when a comparative analysis of antigen
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Figure 5. Comparison of the DigiWest seroconversion assay with commercially available SARS-CoV-2 assays. Concordance (Cohen’s k) and
correlation coefficients (Spearman’s r) of DigiWest data and the commercially assays from Roche (a), Siemens (b), and Euroimmun IgG (c) were
calculated and are shown below the plotted data; cutoff values are depicted as a black line in the scatter plot. For the Euroimmun IgG, two different
x values were calculated; when borderline results (as defined by the manufacturer) were considered positive, ¥ was 0.9180. If the borderline results
were considered negative, the concordance for Euroimmun IgG was 0.8874. In (d), the correlation coefficients (Spearman’s r) between all used

assays are shown in a heat map. The highest value (Spearman’s r = 0.91)

for DigiWest was found for the Roche system, and the lowest value

(Spearman’s r = 0.78) for DigiWest vs Euroimmun IgA is shown of Spearman’s r values.

preparations from closely related pathogenic agents is of
interest. Such an analysis may facilitate the identification of
relevant cross-reacting antibodies directly on a wide variety of
antigenic structures. These advantages may help set up systems
that take an unbiased approach to characterize the humoral
immune response.

Here we describe the setup of such an assay system using
protein extracts prepared directly from infectious SARS-CoV-2
virus particles. The employed DigiWest procedure is an
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immunoblot system that closely resembles the classical
Western blot procedure. After SDS-PAGE based protein size
separation, proteins are immobilized on polystyrene micro-
spheres and assay readout is performed on the Luminex assay
platform. An amount of 10 pug of protein is sufficient to
generate batches of assay material sufficient for thousands of
serum analyses; this directly translates into good assay
reproducibility. In addition, the use of the Luminex platform
for readout enables a high assay throughput without the need
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Figure 6. Spearman’s rank correlation of SARS-CoV2 and endemic
coronavirus types in the serological DigiWest (DW) assay. Data
generated for SARS-CoV-2, OC43, 229E, and NL63 were used for
correlation analysis, and Spearman’s rank coeflicients were calculated
for assay pairing. Results are displayed as heat map of Spearman’s r
values. A high correlation (Spearman’s r 0.75) was found between
NL63 and 229E indicating cross-reactivity.

for producing recombinant proteins. As in Western blotting,
the assay gives direct information on the size of the recognized
proteins, and antigenic proteins can often be directly identified.
‘When using COVID-19 convalescent sera, a specific antibody
response to a protein of 47 kDa corresponding to the
nucleocapsid protein of SARS-CoV-2 was recurrently seen.
Reactivity against other viral proteins was present in individual
serum samples, yet the nucleocapsid protein was identified as
the major antigen in this assay. The observed low seroreactivity
against the spike protein could be due to the fact that reduced
and denatured proteins are present in the DigiWest and that
these are not recognized by most of the anti-spike antibodies in
the serum. This indicates that a strong antibody response can
be detected on denatured N protein, while other viral proteins
are not detected.

For detailed evaluation of the performance of the newly
developed assay for detecting anti-SARS-CoV-2 antibodies, a
set of more than 250 well-characterized sera was employed, in
which sera were mainly taken from a clinical study on T-cell
response after SARS-CoV-2 infection." By using four different
serological assays that are in use in clinical routine laboratories,
we showed high concordance (Cohen’s k 0.86—0.94) between
all systems. This demonstrates high standards for all tested
assays. Interestingly, the highest concordance (0.94) was found
between the Siemens assay system and the Euroimmun IgG
assay, with both assays mainly detecting the spike protein.
Nearly the same « value (0.91) was calculated for the Roche
and the DigiWest system, both of which use the nucleocapsid
protein as the detected antigen. The Euroimmun IgA showed
slightly different assay characteristics, which is most likely due
to the fact that it is the only assay that exclusively detects IgA
immunoglobulins. Yet, no principal differences in assay
characteristics were observed and all assays showed reliable
detection of seroprevalence after SARS-CoV-2 infection.

Antibodies against endemic coronaviruses are frequently
found in human individuals.’® These viruses cause mild
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diseases and are associated with approximately 20% of the
common colds.”"** However, when comparing the sequences
of the virus genome, the degree of similarity between the
SARS-CoV-2 and these viruses is astonishingly high.”> This
similarity has led to speculations that antibodies against these
endemic viruses may also possess protective properties against
SARS-CoV-2."* The presence of these antibodies might
explain the vastly diverse courses of disease. Therefore, the
DigiWest assay system was expanded by using lysates from
alpha coronaviruses 229E and NL63 as well as from the beta
coronaviruses OC43, thus enabling the detection of serum
antibodies recognizing antigens from four coronaviruses in one
assay. The implementation of these assays directly succeeded
the method used for SARS-CoV-2 and seroreactivity toward
the nucleocapsid protein was frequently found for these
coronaviruses.

As expected, a very high rate of infection for all of the
coronaviruses was found, yet no obvious indication of cross-
reactivity to the SARS-CoV-2 proteins was seen in negative
SARS-CoV-2 samples. This is in contrast to the described T-
cell response that can be triggered by peptides derived from
the SARS-CoV-2 nucleocapsid.'"”* In a first, smaller scale
screening approach the described assay system was used in
combination with an antibody neutralization assay that detects
the presence of serum antibodies capable of neutralizing SARS-
CoV-2.2® In this work, we show evidence that antibodies
against the endemic coronavirus 229E contribute to SARS-
CoV-2 neutralization. This result proves the advantage of a
multiplexed system for detecting serum antibodies directed
against different closely related viral pathogens, and this may
help to understand the highly variable immune responses
observed in different individuals.

As a serological assay system, the DigiWest is not only a
novelty, but it allows the setup of a highly specific assay within
a very short time frame. Its flexibility enables the integration of
antigen extracts from all kinds of sources, and it is capable of
detecting a wide variety of serum antibodies since complex
mixtures of different pathogen-derived proteins can be probed
in one reaction. Yet, the setup of the system is complex and
requires (i) propagation and handling of the pathogens and
(ii) generation of the antigen loaded microspheres, (iii) before
the actual serum assay is performed. Only specialized research
laboratories do have the capability to perform all of these steps.
The fact that the three steps of the DigiWest procedure can
easily be separated changes the situation. It opens the
possibility to bring the technology to the large number of
clinical and research laboratories that use the widely
distributed Luminex platform for serum analysis. Large batches
of antigen loaded beads, sufficient to run tens of thousands of
assays can be produced by specialized laboratories using the
established DigiWest workflow. These bead sets are stable, and
the actual serum screening is easily performed in such clinical
laboratories.

While this will broaden the applicability of the approach
substantially, the setup of such an assay is mainly interesting
when approaching specific questions that cannot be answered
easily when using standard serological assay systems. Here we
show that the fast setup of an assay for detecting antibodies
against novel pathogens is possible by using crude protein
extracts. Other questions may include the identification of
antigenic structures in complex protein mixtures from bacteria
and viruses. Running multiplexed serological assays that
combine antigens from similar pathogens to identify the

https://doi.org/10.1021/acsinfecdis.0c00725
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binding characteristics of existing antibodies may even be
important to identify changes in immunogenicity during the
development of new pathogenic strains.

B METHODS

Experimental Design. Assays capable of detecting anti-
bodies against endemic Coronaviridae such as OC43, 229E,
and NL63 will provide a better understanding of pre-existing
antibodies against these closely related Coronaviridae during
COVID-19. The use of antigens prepared directly from
isolated virus particles and their use in the bead-based Western
blot system DigiWest provide a fast and simple way of
generating a multiplexed assay capable of detecting seror-
eactivity against these viruses. Starting with clinically
characterized serum samples with a documented presence of
anti SARS-CoV-2 antibodies and protein lysates prepared from
SARS-CoV-2, a specific assay is built and the characteristics of
the system are determined. In a second step, protein extracts
from OC43, 229E, and NL63 are used to setup analogous
assays and are later integrated into one multiplexed assay
system.

Patients and Blood Samples. A total of 263 pre-existing
and deidentified serum samples were used for assay develop-
ment. Ethical approval was granted from the Ethics Committee
of University Hospital Tiibingen; samples from 193 SARS-
CoV-2 polymerase chain reaction (PCR) positive individuals
(179/2020/B0O2) and of 18 self-reported negative samples
were collected (179/2020/BO2). A self-reported healthy
serum sample (n = 1) and selfreported convalescent serum
after SARS-CoV-2 infection (n = 2) were obtained at the NMI
under the guidelines of the local ethics committees (495/
2018/B02). Sample collection for each donor was performed
approximately 3—8 weeks after the end of symptoms and/or
negative virus smear. In addition, samples from healthy donors
obtained from Central BioHub before 8/2019 were used as
negative controls (n = 49). All available information can be
found in Supplementary Data 1 and 2. For the determination
of sensitivity and specificity, a test set of 31 SARS-CoV-2 PCR
positive individuals and 53 self-reported negative individuals
was used (9122/BO/K/2020). All information on these
samples can be found in Supplementary Data 3.

SARS-CoV-2 Virus Lysate. To prepare SARS-CoV-2 virus
lysate, the supernatant of infected human Caco-2 cells was
purified. Briefly, Caco-2 cells were infected 1:10—1:500 with
clinical isolate 200325 Tiil. At 48 h postinfection, the
supernatant was collected, centrifuged, and frozen. A volume
of 900 uL of supernatant was added to 200 uL of 20% sucrose
and centrifuged for 90 min at 4 °C and 14000 rpm. The
supernatant was discarded, and a PBS washing step was done,
followed by another centrifugation step. The supernatant was
discarded, and the viral pellet was resuspended in 25 pL of
lithium dodecyl sulfate (LDS) sample buffer (Life Technolo-
gies) and heated for 5 min at 95 °C.

Multiplex Serum Reactivity Test via DigiWest. Whole
viral protein lysates from 229E, OC43, and NL63 (ZeptoMe-
trix Corp) and SARS-CoV-2 were used for DigiWest as
described. First, viral protein lysates were subjected to gel
electrophoresis and Western blotting using the NuPAGE
system. Membranes were washed with PBST (0.1% Tween-20,
PBS), and membrane-bound proteins were biotinylated by
adding 50 M NHS-PEG12-Biotin (Thermo Fisher Scientific)
in PBST for 1 h. After washing in PBST, membranes were
dried overnight. Subsequently, the Western blot lanes were cut
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into 96 strips of 0.5 mm width and were transferred to a 96-
well plate (Greiner Bio-One). For protein elution, 10 uL of
elution buffer was added to each well (8 M urea, 1% Triton-
X100 in 100 mM Tris-HCl pH 9.5). The protein eluates were
diluted with 90 L of dilution buffer (5% BSA in PBST, 0.02%
sodium azide). Neutravidin-coated MagPlex beads (Luminex)
of a distinct color ID were added to the protein eluates, and
binding was allowed overnight; 500 yM PEGI2-biotin in
PBST was added to block remaining Neutravidin binding sites.
The bead containing fractions were pooled, and thereby the
original Western blot lanes were reconstituted. Beads were
washed in PBST and resuspended in storage buffer (1% BSA,
0.05% azide, PBS). The generated bead set represents the
proteomes of the four coronaviruses (SARS-CoV-2, OC43,
229E, NL63), and reactivity against all proteins can be tested
in one assay.

For serum incubation, 5 uL of the bead mix was equilibrated
in 50 uL of serum assay buffer (Blocking Reagent for ELISA
(Roche) supplemented with 0.2% milk powder, 0.05% Tween-
20 and 0.02% sodium azide, 25% Low Cross buffer (Candor
Bioscience), 25% IgM-reducing agent buffer (ImmunoChem-
istry)). Serum assay buffer was discarded, and 30 L of diluted
patient serum (1:200 in serum assay buffer) was added and
incubated for 2 h at room temperature on a shaker. After
washing in PBST, 30 uL of phycoerythrin labeled anti-human
IgG secondary antibody (diluted 1:200 in serum assay buffer;
Dianova) was added and the plate was incubated for 45 min at
23 °C. The beads were washed twice with PBST, and readout
was performed on a Luminex FlexMAP 3D platform.

The DigiWest analysis tool was used to assess serum
reactivity against the viral proteins.'> Virus protein-specific
peaks were identified, and average fluorescence intensity (AFI)
values were calculated by integration of peak areas. To detect
the nucleocapsid and the spike protein of SARS-CoV-2,
commercially available antibodies were used (Sino Biologicals;
nucleocapsid 40143-R019; spike protein 40591-MM42).
Incubation was performed as described previously.””

Generation of Expression Constructs for Production
of Viral Antigens. The cDNAs encoding the nucleocapsid
proteins of SARS-CoV-2, OC43, NL63, and 229E (GenBank
accession numbers QHD43423.2; YP 009555245.1;
YP_003771.1; NP_073556.1) were produced by gene syn-
thesis (Thermo Fisher Scientific) and cloned including N-
terminal hexahistidine (His6)-tag by standard techniques into
Ndel/HindIlI sites of the bacterial expression vector pRSET2b
(Thermo Fisher Scientific).

Protein Expression and Purification. For production of
the viral nucleocapsid proteins, the respective expression
constructs were used to transform E. coli BL21(DE3) cells.
Protein expression was induced in 1 L of TB medium at an
optical density (OD600) of 2.5—3 by addition of 0.2 mM
isopropyl-fi-n-thiogalactopyranoside (IPTG) for 16 h at 20 °C.
Cells were harvested by centrifugation (10 min 6000g), and
the pellets were suspended in binding buffer (1x PBS, 0.5 M
NaCl, 50 mM imidazole, 2 mM phenylmethylsulfonyl fluoride
(PMSF), 2 mM MgCI2, 150 pug/mL lysozyme (Merck), and
625 pg/mL DNasel (Applichem)). The cell suspensions were
sonified for 15 min (Bandelin Sonopuls HD70, power MS72/
D, cycle 50%) on ice, incubated for 1 h at 4 °C in a rotary
shaker, and sonified again. After centrifugation (30 min at
20 000g), urea was added to a final concentration of 6 M to the
soluble protein extract. The extract was filtered through a a
045 pm filter and loaded on a pre-equilibrated 1 mL

https://doi.org/10.1021/acsinfecdis.0c00725
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HisTrapFF column (GE Healthcare). The bound His-tagged
nucleocapsid proteins were eluted by a linear gradient (30 mL)
ranging from 50 to 500 mM imidazole in elution buffer (1x
PBS, pH 7.4, 0.5 M NaCl, 6 M urea). Elution fractions (0.5
mL) containing the His-tagged purified proteins were analyzed
via standard SDS-PAGE followed by staining with InstantBlue
Coomassie stain (Expedeon). Immunoblotting using an anti-
His antibody (Penta-His antibody, #34660, Qiagen) in
combination with a donkey anti-mouse antibody labeled with
AlexaFluor647 (Invitrogen) on a Typhoon Trio analyzer (GE-
Healthcare, excitation 633 nm, emission filter settings 670 nm
BP 30) was performed to confirm protein integrity.

Commercial Serological Assays. SARS-CoV-2 IgG and
IgA ELISA (EUROIMMUN AG). The 96-well SARS-CoV-2 IgG
ELISA and the 96-well SARS-CoV-2 IgA ELISA assay
(EUROIMMUN) were performed on an automated BEP
2000 Advance system (Siemens Healthcare Diagnostics
GmbH) according to the manufacturer’s instructions. The
ELISA assay detects anti-SARS-CoV-2 IgG and IgA, directed
against the S1 domain of the viral spike protein, and relies on
an assay-specific calibrator to report a ratio of specimen
absorbance to calibrator absorbance. The final interpretation of
positivity is determined by a ratio above a threshold value
given by the manufacturer: positive (ratio > 1.1), borderline
(ratio = 0.8—1.0), or negative (ratio < 0.8). Quality control
was performed following the manufacturer’s instructions on
each day of testing.

Elecsys Anti-SARS-CoV-2 Immunoassay (Roche Diagnos-
tics GmbH). The Elecsys anti-SARS-CoV-2 assay is an ECLIA
(electrogenerated chemoluminescence immunoassay) assay
designed by Roche Diagnostics GmbH and was used according
to the manufacturer’s instructions. It is intended for the
detection of high affinity antibodies (including IgG) directed
against the nucleocapsid protein of SARS-CoV-2 in human
serum. Readout was performed on the Cobas ae411 analyzer.
Negative results were defined by a cutoff index (COI) of <1.0.
Quality control was performed following the manufacturer’s
instructions on each day of testing.

SARS-CoV-2 Total (COV2T) Immunoassay (Siemens
Healthcare Diagnostics Inc.). The ADVIA Centaur SARS-
CoV-2 Total (COV2T) assay is a chemiluminescent immuno-
assay intended for qualitative detection of total antibodies
(including 1gG and IgM) against SARS-CoV-2 in human
serum and was used according to the manufacturer’s
instructions. The system reports ADVIA Centaur COV2T
assay results in index values and as nonreactive < 1.0 or
reactive > 1.0. Nonreactive samples are considered negative for
SARS-CoV-2 antibodies; reactive samples are considered
positive for SARS-CoV-2 antibodies.

Statistical Analysis. Sensitivity and specificity for each
assay were calculated using the results of the PCR-testing as
the gold standard. Concordance was calculated using Cohen’s
k with 95% confidence intervals (CI).*® Correlation was
calculated using Spearman’s r with 95% CI. For determining
the dynamic range, a sigmoidal, 4-parameter logistic regression
was used to fit the data and interpolate the dilution factor at
the cutoff signal. All statistical analyses were performed using
GraphPad Prism 8 or R studio (ver. 1.3.959).

Data Availability. The data sets generated during and/or
analyzed during the current study are available from the
corresponding author on reasonable request.
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Abstract: Non-invasive physical plasma (NIPP) is a novel therapeutic tool, currently being evaluated
for the treatment of cancer and precancerous lesions in gynecology and other disciplines. Additionally,
patients with cervical intraepithelial neoplasia (CIN) may benefit from NIPP treatment due to its
non-invasive, side-effect-free, and tissue-sparing character. However, the molecular impact of
in vivo NIPP treatment needs to be further investigated. For this purpose, usually only very small
tissue biopsies are available after NIPP treatment. Here, we adapted DigiWest technology, a high-
throughput bead-based Western blot, for the analysis of formalin-fixed paraffin-embedded (FFPE)
cervical punch biopsies with a minimal sample amount. We investigated the molecular effects of
NIPP treatment directly after (0 h) and 24 h after in vivo application. Results were compared to
in vitro NIPP-treated human malignant cervical cells. NIPP effects were primarily based on an
inhibitory impact on the cell cycle and cell growth factors. DigiWest technology was suitable for
detailed protein profiling of small, primary FFPE biopsies.

Keywords: FFPE protein extraction; non-invasive physical plasma; DigiWest; CIN; in vivo treatment

1. Introduction

Physical plasma is defined as a highly energized gas, forming reactive oxygen and
nitrogen species (ROS and RNS) by interacting with the atmosphere, fluids, and organic
surfaces. Consequently, ROS and RNS cause distinct cellular responses, including anti-
proliferative and apoptotic cell mechanisms [1,2]. This enables the induction of prothera-
peutic biomedical effects regarding precancerous and cancerous tissue. In recent studies,
non-invasive physical plasma (NIPP) treatment offered promising anti-neoplastic effects on
a wide range of tumors in the field of gynecology and other medical subspecialties [3-9].

Cervical intraepithelial neoplasia (CIN) are very frequent precancerous lesions in
young women, which may lead to cervical cancer. Thus, cervical cancer is still the fourth
most common cancer for women worldwide, with about 270,000 cancer-related deaths per
year [10,11]. Despite the fact that only few CIN lesions become invasive in the end, current
guidelines recommend local excision procedures, which are associated with invasiveness,
the need for local or general anesthesia, and serious short- and long-term side effects
and risks, especially during pregnancy [12,13]. Therefore, overtreatment is a problem
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for affected women and health economy. Recently, we deeply characterized NIPP as an
innovative, non-invasive treatment procedure for CIN treatment [14].

To date, most of the knowledge about NIPP-related effects on human cells originates
from in vitro experiments. To improve our understanding about the mode of action and
about the conceivable medical applications of this innovative treatment approach it is
important to investigate the molecular NIPP effects within a patient and to gain the
maximum amount of possible information from in vivo NIPP-treated and formalin-fixed
paraffin-embedded (FFPE) small tissue samples. Since the 1980s and the 1990s, it has
been possible to extract and subsequently analyze DNA and RNA from FFPE tissue.
This technique is even used in clinical routine nowadays [15]. Yet, to further enhance
functional precision medicine it is essential to move beyond pure genetic and transcriptional
analysis. Post-transcriptional regulatory mechanisms can have a tremendous impact on
the molecular function of cells, and malfunctions induced through changes in protein level
can be missed by pure genomic approaches [16]. To make it worse, cervical punch biopsies
are characterized by a very small sample size (Figure 1).
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Figure 1. Representative light microscopic H&E staining of FFPE samples on slides. Shown are
overview pictures of slides and magnified tissue areas (black boxes). Pictures were taken utilizing an
Axio Scan Z.1 (Zeiss).

Hence, we established a workflow for targeted protein analysis from FFPE tissue
samples from cervical punch biopsies by adapting a commercially available lysis protocol
and utilizing DigiWest technology to obtain valuable molecular insights regarding in vivo
NIPP treatment of CIN [17].

2. Materials and Methods
2.1. In Vitro and In Vivo NIPP Treatment

For NIPP treatment the electrosurgical device VIO® 3, APC 3 (Erbe Elektromedizin,
Tiibingen, Germany) was used (argon gas flow: 1.6 L/min; precise APC, effect 1). Cells were
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dynamically treated in a suspension on a 6-well cell culture plate in 700 uL of DMEM at a
distance of 7 mm. The NIPP treatment of single cells was performed in a suspension for the
following reasons: (i) to avoid mechanical detachment and associated cell damage, as well
as drying effects due to the NIPP gas flow, and (ii) to enable NIPP treatment on a sterile,
grounded metal mold with an identical electrical current and resistance. It was recently
shown that the activation of media by plasma (plasma-activated media; PAM) reveals very
similar anti-proliferative cell effects compared to direct plasma treatment [3]. Moreover,
the unphysiological suspension state was limited to the treatment period before enabling
the immediate reattachment of the cells. According to NIPP treatment, the controls were
treated with argon gas alone (flow: 1.6 L/min) to exclude any alterations in cells and tissues
due to the treatment procedure.

NIPP treatment of patients. Before NIPP treatment a clinical examination by col-
poscopy, 4% acetic acid, and Lugol’s iodine staining was performed followed by NIPP
treatment under a colposcopic view of visualized HSIL. The lesions were treated with
NIPP for 30 s/cm2 using a VIO3/APC3 and 3.2 mm APC probes (settings: preciseAPC,
effect 1; ERBE Elektromedizin). The treatment was carried out on an outpatient basis and
without local or general anesthesia on a conventional gynecological examination chair.
A commercially available, reusable silicone electrode mat was placed under the patient
as a negative electrode. The NIPP probe was passed over the tissue in defined “brush
strokes” in order to avoid localized heating of the tissue. Treatment was performed within
an ongoing prospective, single-armed phase IIb clinical trial (NCT03218436) at the De-
partment for Women'’s Health, Tiibingen, Germany. NIPP treatment and tissue analysis
was approved by the Ethical Committee of the Medical Faculty of the Eberhardt Karls
University of Tiibingen (237-2017BO1).

2.2. Propagation of Cells

Cervical squamous cell carcinoma-derived (CSCC) cells were purchased from ATCC
(ATCC® TCP-1022™, American Type Culture Collection). In detail, these were CaSki
(ATCC CRL-1550), DoTc2-4510 (ATCC CRL-7920), and SiHa (ATCC HTB-35). CaSki and
SiHa cells are positive for human papillomavirus (HPV) and are derived from squamous
cell carcinomas of the cervix uteri, whereas DoTc2 4510 cells are derived from adenocarci-
nomas. CSCC cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM F12,
Fischer Scientific, Hampton, NH, USA), supplemented with 10% fetal bovine serum (Life
Technologies, Carlsbad, CA, USA), 1 mM of sodium pyruvate (Life Technologies), and
1% penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA) at 37 °C and 5% CO; in a
humidified atmosphere. Every 2-3 days, a medium exchange was performed, and cells
were passaged after reaching 70%-80% confluence. The adherent cells were detached by
trypsin/EDTA (0.05%, 10 mM at 37 °C; Life Technologies) treatment.

2.3. Protein Extraction from FFPE Tissue

Macrodissection of FFPE tissue (10400 mm?) mounted on 4-6 slides was performed
utilizing a Qproteom FFPE Tissue kit (Quiagen, Hilden, Germany). Tissue picks (Covaris,
Woburn, MA, USA) were moistened with 2 pL of ExB+ (Quiagen, Hilden, Germany)
and used to scrape off desired tissue areas. An H&E-stained master slide, marked by a
pathologist, was used as a template. Samples were collected in 1.5 mL LoBind reaction
tubes (Eppendorf, Hamburg, Germany). For protein extraction, the heptane-based protocol
was used. The volume of ExB+ was adjusted to 20 uL; all other steps were performed
according to the manufacturer’s recommendations. The volume of protein lysates was
reduced using a vacuum concentrator for 1.5 h. The resulting protein lysates were diluted
in loading buffer containing 212 mM of Tris, 282 mM of Tris base, 1.01 mM of EDTA, and
50 mM of DTT (Invitrogen, Carlsbad, CA, USA), supplemented with 10% glycerol, 0.22 mM
of Coomassie brilliant blue, and 0.175 mM of phenol red (Figure Sla).
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2.4. Lysis of Cell Culture Pellets

Dry cell pellets were lysed by adding 30 pL of a lysis buffer, containing 4% SDS,
50 mM of DTT, cOmplete protease inhibitor, and PhosSTOP phosphatase inhibitor (Roche,
Basel, Switzerland) on ice, and by subsequently being incubated for 10 min at 95 °C in
a block heater. The samples were brought to room temperature, and the whole volume
was transferred to a QuiaShredder spin column (Quiagen, Hilden, Germany) and then
centrifuged at 16,000 % g for 5 min to remove DNA. Samples were transferred to and stored
in 1.5 mL LoBind reaction tubes (Eppendorf, Hamburg, Germany).

2.5. Multiplex Protein Profiling via DigiWest

DigiWest was performed as described previously [18]. Briefly, the NuPAGE sys-
tem (Life Technologies, Carlsbad, CA, USA) with a 4-12% Bis-Tris gel was used for gel
electrophoresis and Western blotting onto PVDF membranes. After washing with PBST,
proteins were biotinylated by adding 50 uM of NHS-PEG12-Biotin in PBST for 1 h to the
membrane. After washing in PBST, membranes were dried overnight. Each Western blot
lane was cut into 96 strips of 0.5 mm each. Strips of one Western blot lane were sorted
into a 96-well plate (Greiner Bio-One, Frickenhausen, Germany) according to their molec-
ular weight. Protein elution was performed using 10 uL of elution buffer (8 M urea, 1%
Triton-X100 in 100 mM of Tris-HCl with a pH of 9.5). Neutravidin-coated MagPlex beads
(Luminex, Austin, TX, USA) of a distinct color ID were added to the proteins of a distinct
molecular weight fraction, and coupling was performed overnight. Leftover binding sites
were blocked by adding 500 uM of deactivated NHS-PEG12-Biotin for 1 h. To reconstruct
the original Western blot lane, the beads were pooled, at which point the color IDs represent
the molecular weight fraction of the proteins.

For antibody incubation, 5 pL aliquots of the DigiWest bead mixes were added to
50 uL of an assay buffer (blocking reagent for ELISA (Roche, Rotkreuz, Switzerland)
supplemented with 0.2% milk powder, 0.05% Tween-20, and 0.02% sodium azide) or PVXC
buffer (0.1% casein, 0.5% PVA, 0.8% PVP, and 0.05% Tween-20 in PBS) in a 96-well plate.
The buffer was discarded and 30 pL of primary antibody diluted in assay buffer or PVXC
buffer was added per well. Primary antibodies were incubated overnight at 15 °C on a
shaker. Subsequently, primary antibodies were discarded and beads were washed twice
with PBST. After washing, 30 uL of species-specific secondary antibody diluted in an assay
buffer or PVXC buffer labeled with phycoerithrin was added and incubation took place
for 1 h at 23 °C. Before the readout on a Luminex FlexMAP 3D, beads were washed twice
with PBST. Protein bands were depicted as peaks by plotting the molecular weight to
the corresponding median signal intensity. An Excel macro-based algorithm was used to
identify peaks at the provided molecular weight of each antibody. After subtracting the
local background integrals of the area of a peak was calculated. The resulting signals were
normalized to the total amount of protein that was loaded onto the beads (Figure S1b).

2.6. Statistical Analysis

Statistical comparison was carried out with a Wilcoxon rank-sum test or a Kruskall-
Wallis test, (GraphPad Prism version 6.0, GraphPad Software; MultiExperiment Viewer
(MeV) version 4.0.9 [19]), as specified in the figure legends. The data are expressed as
mean + standard deviation. p values of <0.05 were considered statistically significant.

3. Results
3.1. Establishment and Evaluation of DigiWest from FFPE Samples after In Vivo NIPP Treatment

Due to the very small sample size of cervical punch biopsies, multiplex protein
profiling from FFPE tissue obtains valuable molecular insights into NIPP treatment. To
analyze protein expression levels after in vivo NIPP treatment we established DigiWest
technology to FFPE tissue slides before (n = 5 patients), directly after (0 h; n = 3 patients),
and 24 h after in vivo NIPP treatment (n = 4 patients). The tissue specimens used were
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mounted on slides for histopathological assessment, and the tissue area ranged from
10 mm? to 400 mm? (Figure 1).

Using DigiWest, 69 analytes covering apoptosis machinery, DNA damage response
(DDR), and cell cycle control were analyzed. Resulting median fluorescence intensity (MFI)
values were compared between samples before, 0 h after treatment, and a control, as well
as 24 h after treatment and a control. Twenty-nine antibodies delivered a detectable signal
in all samples. After median centration and log2 transformation, hierarchical clustering
(complete linkage, Euclidean distance) revealed a similar protein expression pattern of all
preNIPP samples (Figure 2). Yellow indicates a high signal level, whereas blue indicates
a low signal level when compared to the median of all samples. Samples are clustered
horizontally and analytes are clustered vertically. Most of the samples 0 h and 24 h

postNIPP have a similar protein expression profile. This indicates a good sample quality
and protein yield.
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Figure 2. DigiWest protein profiles of a control (untreated) as well as 0 h and 24 h after treatment
patient samples. Heat map of log2 transformed DigiWest data. Data were median-centered, and
hierarchical clustering was performed using complete linkage and Euclidian distance, utilizing the
MultiExperiment Viewer (MeV version 4.9.0, ref. [19]) software. Yellow indicates high signal level
and blue indicates a low signal level (compared to the median).

3.2. Protein Profiles of Patients and Cell Culture following In Vivo and In Vitro NIPP Treatment

NIPP treatment induces various biological effects, including antineoplastic efficacy [8].
Therefore, NIPP is a promising tool for the treatment of precancer and cancer. Here, we
examined the overall antineoplastic properties by performing both in vitro NIPP treatment
of the human malignant cervical cell line, CSCC, as well as in vivo NIPP treatment of
patients with histologically confirmed lesions of CIN.

First, we analyzed cell pellets from an NIPP-treated CSCC cell culture (1 = 6) compared
to argon-treated controls (n = 6) harvested after 24 h. We analyzed a total of 132 proteins,
covering apoptosis, DDR, and cell cycle control, forty-four of which were matching analytes
with the FFPE analysis (Figures 3a and 4a). Generally, the differences in signal intensity in
the cell culture sample set was rather low, due to only one analyte showing a mean log2
foldchange greater than 1 or —1 after in vitro NIPP treatment (Figure 3b).
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Figure 3. Protein expression after in vitro non-invasive physical plasma (NIPP) treatment of the human malignant cervical
squamous cell carcinoma cell line (CSCC). (a) Heat map of log2-transformed DigiWest data. Yellow indicates a high signal
level and blue indicates a low signal level (compared to the median). (b) Bar graphs of log2-transformed ratios calculated
from the mean expression of NIPP treatment and controls, sorted from the highest positive change to the highest negative
change. (c) Bar graphs of signals generated from cell culture samples. Shown are the means and standard derivation of
NIPP treatment and controls. * indicates a significant difference in expression, n.s. indicates no significant difference in
expression (Wilcoxon rank sum test, p < 0.05).

NIPP-treated CSCC cells showed significantly reduced expression levels of various
pro-proliferative factors (Figure 3c). We found that the mitogen-activated protein kinase
(MAPK) pathway was targeted by NIPP treatment. This was shown by a significant
downregulation of p38 mitogen-activated protein kinases (p38), the RAF proto-oncogene
serine/threonine-protein kinase (c-Raf) acting as a kinase cascade initiator [20], as well
as the dual specificity mitogen-activated protein kinase kinase 1 (MEK1), being a dual
threonine and tyrosine recognition kinase responsible for MAPK phosphorylation and
activation [21]. These factors are critically involved in cell growth and apoptosis regulation
and can act as oncogenes. Furthermore, the proto-oncogene tyrosine-protein kinase Src was
significantly decreased, whereas it showed a slight but statistically significant increase in
phosphorylation (pTyr527). As a central proto-oncogene, Src plays an important role in cell
survival, proliferation, and invasion, and has been shown to interact with several signaling
pathways, including MAPK/MEK1/RAF, Akt, and signal transducer and activator of
transcription 3 (STAT3) [22,23].
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Figure 4. Protein expression after in vivo non-invasive physical plasma (NIPP) treatment of patients with cervical intraep-
ithelial neoplasia (CIN). (a) Heat map of log2-transformed DigiWest data. Yellow indicates a high signal level and blue
indicates a low signal level (compared to the median). (b) Bar graphs of log2-transformed ratios calculated from the mean

expression of NIPP treatment and controls sorted from the highest positive change to the highest negative change. (c) Bar
graphs of signals generated from patient samples. Shown are the means and standard derivation of NIPP treatment and
controls. * indicates a significant difference in expression, n.s. indicates no significant difference in expression (Wilcoxon

rank sum test, p < 0.05).

Interestingly, NIPP treatment of CSCC cells caused a significant decrease in the tran-
scription factor STAT3, which plays an important role in many cellular processes, such
as cell growth and apoptosis [24]. Furthermore, we found a downregulation of cyclin-
dependent kinase inhibitor 1 (p21) being primarily associated with inhibition of cyclin-
dependent kinase 2 (CDK2) [25,26]. Thus, the phosphorylation of CDK2 (CDK2-pT160)
was also significantly increased, having an impact on cell growth and cell cycle regulation.

Tissue samples from in vivo NIPP-treated patients revealed comparable results. As
shown in Figure 2, we were able to analyze 69 analytes using DigiWest technology. Forty-
four of which were matching proteins of the previous analysis related to apoptosis machin-
ery, DDR, and cell cycle control (Figures 3a and 4a). Overall, we detected higher differences
in protein expression between when comparing FFPE tissue and cell lysates shown by more
intensive signals in the heat map analysis of log2-transformed DigiWest data. Thereby,
eight analytes in the FFPE sample set showed a considerable change in expression after
in vivo NIPP treatment (mean log2 foldchange greater than 1 or —1) (Figure 4b).

Again, NIPP treatment of patients with CIN was accompanied by a significant decrease
in proto-oncogene tyrosine-protein kinase Src expression and phosphorylation. Other pro-
proliferative factors shown to be up- or downregulated (such as p38, c-Raf, MEK1, STAT3,
and p21) were not significantly altered. Comparable to NIPP-treated CSCC cells, CDK2

showed a valuable increase; however, this was not statistically significant.
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Additionally, protein profiling immediately after in vivo NIPP treatment (0 h) demon-
strated a transient significant increase in cytokeratin 8 (CK8) and 18 (CK18) (Figure S2).
After 24 h this effect was reversed. CK18 and the co-expressed complementary partner,
CKS8, maintain the physiological cell function against external stress and play an important
role in apoptosis and the cell cycle [27]. Furthermore, we found a significant decrease
in protein kinase B (Akt) expression 0 h and 24 h following in vivo NIPP treatment. The
Akt signal transduction pathway promotes cell survival and cell growth in response to
extracellular signals by regulating apoptosis and cell cycle [28,29]. Among other functions,
Akt regulates the CDK inhibitor p21 and the proto-oncogene Src, promoting cell cycle
progression.

4. Discussion

To date, only a few individual case reports exist, describing in vivo NIPP treatment of
cancer patients [6,8,14]; none have been conducted yet on NIPP treatment of precancerous
diseases. Recently, we established the electrosurgical argon plasma device VIO3/APC3
(Erbe Elektromedizin, Tiibingen, Germany) for the in vivo treatment of patients [9,30]. Cur-
rently, we are performing a prospective, single-armed phase IIb clinical trial (NCT03218436)
at the Department for Women’s Health, Ttibingen, Germany. For this purpose, the molecu-
lar examination of tiny cervical punch biopsies obtained from in vivo NIPP-treated patients
is becoming more and more crucial. However, although fresh, frozen tissue would be
ideal for research purposes, this is not practical for a clinical setting. For histopathological
assessment, the morphological structure of tissues must be conserved. Therefore, clinical
samples are immediately fixed with formalin and embedded in paraffin wax. Formalin
cross-links form a protein grid that preserves the tissue structure and prevents protein
degradation [31]. Subsequent paraffin embedding facilitates the handling of samples and
sectioning of the tissue into thin slices for staining and microscopical assessment. Fur-
thermore, formalin fixation enables long-term storage at room temperature. As efficient
as formalin fixation is for the prevention of tissue degradation, the occurring protein
crosslinks disturb most bioanalytical methods. In particular, the separation of molecules
based on their molecular size is usually disabled, since the crosslinks cause irreversible
protein aggregation, resulting in low amounts of specific proteins. However, DigiWest
technology enables Western-blot-like incubation of up to app. 200 antibodies from minimal
sample amounts by transferring proteins onto microspheres and miniaturization of the
assay system [18].

In the present study, we established the targeted protein analysis from small-sized
FFPE tissue sections obtained from cervical punch biopsies utilizing DigiWest technology.
This enabled the analysis of molecular tissue effects following in vivo NIPP treatment of
CIN. Moreover, we compared the results with the in vitro NIPP-treated human malignant
cervical cell line, CSCC. Non-thermally operated NIPP devices lead to the formation of
ROS, as shown by previous studies [6,14,32].

ROS and RNS are the responsible drivers of NIPP-related anti-neoplastic efficacy
in human cervical cancer cells due to cell cycle arrest and apoptosis [9]. Additionally,
in this study, NIPP treatment affected central factors in the regulation of apoptosis and
cell growth pathways. In particular, NIPP treatment resulted in the transient induction
of cell survival factors (CK8/18), accompanied and followed by the downregulation of
pro-proliferative factors (here: Akt, p38 MAPK, Src, and RAF) and the upregulation of
cell-growth-attenuating pathways. The in vitro cell panel used in this study includes cells
from squamous epithelial tumors and adenocarcinomas. SiHa and CaSki cells harbor
HPYV infections; DoTc2 4510 cells originate from a metastatic CC lesion. Moreover, several
well-known mutations of gynecological cancers, such as p53, BRCA2, or PIK3CA, are
represented by these cell lines. In general, we found no evidence for a distinct factor
resulting in increased NIPP resistance. This indicates a multifactorial intracellular process
initiated by NIPP treatment.
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Besides its structural function in the cytoskeleton, CK8/18 regulates apoptosis and is
released during apoptosis and necrosis [33,34]. CK18 release can even occur independently
of caspase activation [35]. Hence, our findings suggest that NIPP treatment may directly
induce a cell survival response, followed by apoptosis.

It is likely that NIPP impairs the Akt-driven progression of the G1-5 cell cycle phase by
inactivating glycogen synthase kinase 3 (GSK-3) and preventing cyclin D1 degradation [36].
CDK2 is a subunit of the cyclin-dependent kinase complex, mainly involved and restricted
to the regulation of the G1-5 phase of the cell cycle [37]. The fully active CDK2 (in a complex
with cyclins) is phosphorylated at threonine 160 (T160) [38], a regulative response which
could also be shown after in vitro and in vivo NIPP treatment. Moreover, a downregulation
of the CDK2 inhibitor p21 [25,26] was demonstrated in NIPP-treated CSCC cells. However,
CDK2 does not seem to be essential for proceeding or arresting the transition during the
G1-5 phase [39].

Noticeable, in vitro and in vivo NIPP treatment caused a significantly reduced expres-
sion and phosphorylation of the proto-oncogene tyrosine-protein kinase Src, which was
shown to be upregulated in about half of the tumors from the colon, liver, lung, breast,
and pancreas [40]. Thereby, Src has a central impact on cell survival, proliferation, and
invasion. Src has been shown to be involved in further pro-proliferative cell responses
and to interact with important regulative factors including MAPK/MEK1/RAF, Akt, and
STAT3 [22,23]. Interestingly, all of these interacting factors have been shown to be reduced
after in vitro NIPP treatment of CSCC cells; however, it could be not confirmed after in vivo
NIPP treatment of CIN. The results suggest that changes in protein expression observed in
cell culture experiments may not be transferable to in vivo treatment.

This underlines the importance of performing studies on in vivo NIPP applications
and consecutive analysis of the biological effects, some of which differ considerably from
in vitro results. Overall, the analysis of cell culture samples is much easier; additionally,
here, it resulted in more statistically significant changed analytes than the analysis of FEFPE
patient samples. However, the changes in expression after treatment were more distinct in
the patient samples. This may be because FFPE samples delivered lower absolute intensities
of signals compared to cell culture samples, which may be rooted in the differences in
sample preparation. However, normalization to the total protein loaded on beads relativizes
such effects. Additionally, the smaller samples size in this study may limit the statistical
power of the used tests.

In conclusion, we demonstrated the molecular efficacy of NIPP treatment within
human malignant cervical cell lines and CIN. NIPP effects were primarily based on the
inhibitory impact on the cell cycle and cell growth factors. NIPP treatment effects need
to be studied more frequently in vivo, or at least in patient-derived cell culture models
such as organoids or patient-derived microtumors (PDMs) that mimic the in vivo situation
much better [41]. DigiWest technology enables comprehensive protein profiling from very
small and FFPE primary tissue biopsies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article /10
.3390/app112311238/5s1, Figure S1: Overview of FFPE extraction and DigiWest workflow; Figure 52:
Selected DigiWest results of a control (untreated) as well as 0 h and 24 h after treatment FFPE samples;
Table S1: Raw and normalized data used for analysis; Table S2: List of used antibodies.
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Supplementary Figure S1. Overview of FFPE extraction and DigiWest workflow. (a) Tissue picks
are pre-wetted with extraction buffer and used to macro direct pre-heated FFPE slides. Samples
are collected and transferred into a reaction tube. Protein extraction is performed according to the
Qproteom FFPE tissue kit. (b) Proteins are separated through SDS-PAGE and transferred onto a
membrane. Protein lanes are cut into 96 strips and sorted according to the molecular weight into a
96 well plate. Proteins are eluted and coupled onto magPlex beads of a distinct color ID and
pooled together. An aliquot is used for primary and secondary antibody incubation and read-out
is performed on a Luminex FlexMAP 3D. An excel macro-based algorithm is used to depict
protein bands as peaks and for calculating the area of the peak.
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Supplementary Figure S2. Selected DigiWest results of control (untreated), 0 h and 24 h after
treatment FFPE samples. Bar graphs for mean signals from selected proteins in control, 0 h and 24
h samples. Error bars indicate the standard derivation. ("*” = p < 0.05; Wilcoxon rank sum test).
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Simple Summary: Breast cancer treatment has improved substantially over the last decade. Still,
the failure of treatment and therapy resistance are urgent problems. Here, we assessed cellular
signaling within primary cancer tissue to evaluate the possibility of developing strategies that lead to
better patient stratification and the development of personalized treatment options. By employing
DigiWest technology, the expression and activation of the regulators of key signaling pathways in
breast cancer tissue were monitored. A positive correlation between immune cell infiltration and
event-free survival was detected. PPARYy activation showed a negative correlation with immune cell
infiltration, suggesting a novel immune evasion mechanism.

Abstract: In cancer, the complex interplay between tumor cells and the tumor microenvironment
results in the modulation of signaling processes. By assessing the expression of a multitude of proteins
and protein variants in cancer tissue, wide-ranging information on signaling pathway activation and
the status of the immunological landscape is obtainable and may provide viable information on the
treatment response. Archived breast cancer tissues from a cohort of 84 patients (no adjuvant therapy)
were analyzed by high-throughput Western blotting, and the expression of 150 proteins covering
central cancer pathways and immune cell markers was examined. By assessing CD8«, CD11c, CD16
and CD68 expression, immune cell infiltration was determined and revealed a strong correlation
between event-free patient survival and the infiltration of immune cells. The presence of tumor-
infiltrating lymphocytes was linked to the pronounced activation of the Jak/Stat signaling pathway
and apoptotic processes. The elevated phosphorylation of PPARy (pS112) in non-immune-infiltrated
tumors suggests a novel immune evasion mechanism in breast cancer characterized by increased
PPARY phosphorylation. Multiplexed immune cell marker assessment and the protein profiling of
tumor tissue provide functional signaling data facilitating breast cancer patient stratification.

Keywords: DigiWest; breast cancer; cellular signaling; PPARY; immune cell infiltration; patient stratification
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1. Introduction

Breast cancer is the fifth most common cause of cancer-related deaths worldwide,
with 2.2 million new cases and around 685,000 deaths in 2020 [1]. A variety of therapeutic
options, including surgery, chemo-, hormone, and biological therapies, are available, and
survival rates have increased substantially over the years [2]. Nevertheless, current cancer
therapies lack a more personalized approach, and long-term therapy resistance has become
a focus of current research [3,4]. Novel insights into the establishment, interaction and
control of the tumor immune microenvironment (TIME) have drawn a more comprehensive
picture of factors that might account for treatment failure or severe side effects [3,5]. The
detection of tumor-infiltrating lymphocytes (TIL) is seen as a major prognostic factor in
different carcinomas and has been suggested as a routine pathological evaluation [6,7]. In
general, infiltrating immune cells can be categorized as either (i) pro-tumoral or (ii) anti-
tumoral [6]. Some leukocytes, such as type 2 macrophages and regulatory T-cells (Tregs),
are associated with pro-tumoral effects [8,9], whereas type 1 macrophages, effector T-cells,
natural killer (NK) cells and dendritic cells (DC) are linked to anti-tumoral effects [10,11].
However, the complex interplay among different simultaneous immune responses and the
way that cancer cells can modulate them are not yet fully understood. Large investiga-
tions on the bulk gene expression of infiltrating immune cells have been performed that
associated different immune cell types with the risk of relapse [12,13]. Higher infiltration
of immune cells has been linked to patient outcomes and treatment responses in several
studies [8,14-16]. For example, the presence of cytotoxic T-cells (CD8+) has been associated
with better survival in estrogen receptor (ER)-negative and ER-positive/human epidermal
growth factor receptor 2 (Her2)-positive breast cancer subtypes [14]. Additionally, the cate-
gorization of tumors into immunological inflamed (hot) and non-inflamed (cold) cancers
has been advocated for certain tumor entities [17,18]. Most studies focus on the evaluation
of single immune cell markers or solely investigate the degree of TIL infiltration, most
commonly using imaging methods (H&E/IHC/IF staining) for immune cell assessment
and subsequent scoring [19,20]. Yet, recent studies have shown that classification based
on one marker may be an oversimplification and does not entirely represent the complex
nature of the immune response against cancer [21,22]. In the present study, we established
the multiplexed assessment of several immune cell markers by DigiWest [23], a multiplexed
bead-based Western blot, in fresh-frozen tissue samples.

The semi-quantitative protein expression analysis of primary breast cancer tissue
allowed for the detection of infiltrating immune cells and the concomitant monitoring of
the activation state of central signaling pathways. The activation of immune cell signaling
and the induction of apoptotic processes were observed in highly immune-cell-infiltrated
tumor tissue, whereas the activation of PPAR gamma signaling was found in tumors with
low-level immune cell infiltration.

2. Materials and Methods
2.1. Patient Cohort

A retrospective cohort of primary unilateral invasive mamma carcinomas from patients
who underwent a primary resection was utilized (snap-frozen, n = 159, tumor bank University
Hospital Tuebingen). Inclusion criteria were hormone-receptor- and /or human epidermal
growth factor receptor (Her2)-negative or -positive carcinomas, determined by immunohis-
tochemistry at the Institute of Pathology, University of Tuebingen, Germany, at the time of
surgery. Samples were further classified by the occurrence of distant metastases or local relapse
within 10 years (poor responder) versus no occurrence of distant metastases, or a local relapse
within 10 years or contralateral carcinoma within 5 years of the primary diagnosis (good
responder). In general, the exclusion criteria were the occurrence of contralateral mamma
carcinomas before the occurrence of distant metastases in the poor-responder subgroup and
within 5 years in the good-responder subgroup, as well as the presence of bilateral mamma
carcinomas or other malignancies (Figure S1). All patients enrolled neither received any
neo-adjuvant treatment nor had any known metastases before surgery.
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2.2. Sample Preparation and Assessment of Tumor Content

Layered cuts of each fresh-frozen sample were prepared, and Hematoxylin-Eosin
(H&E) staining was performed according to standard protocols for the first and second
layers. Between layers, 100 pm of tissue was trimmed, collected and stored at —80 °C.
Prior to protein expression analysis, the prepared layered cuts were H&E-stained (see
also Figure 1A), and sections 100 um apart were re-assessed by a pathologist (A.S). The
evaluation of these sections revealed that 2.5% (1 = 4) of the samples were normal tissue,
5.0% (n = 8) were ductal carcinoma in situ (DCIS), and 1.9% (1 = 3) mostly contained
necrotic tissue. In addition, 90.6% (n = 144) were classified as invasive ductal carcinoma
(IDC) (see also Figure 1B). Yet, 2.5% (n = 4) showed a tumor content of app. 5-10%, and
27.7% (n = 44) showed a tumor content in between 15% and 45%. Of all samples, 60.4%
(n = 96) showed a tumor content of 50% or higher (up to 95%) (see also Figure 1B). Samples
with >50% tumor content were selected for further analysis (1 = 84), and intermediate
sections from the generated layered cuts were used for protein preparation. In addition,
n =10 samples classified as normal tissue or with low tumor content (>10%) were assigned
to the baseline control group. Samples were lysed by incubating the collected tissue at
95 °C for 10 min in lysis buffer (4% LDS, 50 mM DTT) (Figure S2).
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Figure 1. Pathological examination and quality assessment of selected samples. (A) Representative
images of H&E-stained breast carcinomas. (Left) App. 20% tumor content. (Right) App. 90% tumor
content. Scale bar, 200 um. Black arrows, tumor area. (B) Pathological classification of entire sample
set (1 circle = 1%). n = 159. (C) Heatmap showing ER, PR and Her2 protein expression in ER/PR—
Her2— (n = 18), ER/PR+ Her2— (n = 45), ER/PR+/— Her2+ (n = 20) and baseline (1 = 10) subgroup;
data are median-centered and log2-transformed. Yellow indicates higher expression; blue indicates
lower protein expression. (D) Violin plots of ER, PR and Her2 expression in ER/PR— Her2—, ER/PR+
Her2— and ER/PR+/— Her2+ subgroups.

To confirm the tumor content of the enrolled sample set, the abundances of the
proliferation marker Ki-67 and general carcinoma markers Cytokeratin 8/18, Cytokeratin 8
(pS23) and Cytokeratin 6 were assessed by DigiWest analysis (see below). The expression
of these markers was found to be significantly different between the tumor sample set and
baseline sample sets, revealing a high tumor content in the analysis of the former sample
set (Figure S3A).
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2.3. Compliance of Receptor Status

To review the compliance of the prepared samples with the pathological evaluation,
the expression levels of the hormone receptors estrogen receptor (ER) and progesterone
receptor (PR) and human Her2 were analyzed, and the resulting signals were compared to
the pathological receptor status. A significant difference (p < 0.05, Mann-Whitney U test)
in the signal was found between samples pathologically classified as receptor-positive and
receptor-negative or the baseline group. Samples were categorized into three groups by
referencing the pathological receptor status. In ER/PR— Her2— samples (1 = 18), low or
no expression of ER/PR or Her2 was observed. The analysis of ER/PR+ Her2— samples
(n = 45) showed the increased expression of ER and a slight increase in expression in PR but
not in Her2, whereas ER/PR+/— Her2+ samples (n = 20) displayed a significant increase
in Her2 expression compared to the other groups (see also Figure 1C,D; p < 0.05, Mann-
Whitney U test). We concluded that the DigiWest measurement of hormone receptors and
Her2 expression is comparable to the classical pathological assessment of receptor status in
the present cohort.

2.4. Immunohistochemical Staining

Immunohistochemical staining was performed on 5 um formalin-fixed paraffin-embedded
sections. After de-paraffinization, epitope retrieval was performed at 95 °C for 20 min in the
appropriate antigen retrieval buffer. BLOXXALL-Blocking solution (Vector Laboratories,
Burlingame, CA, USA) was added for 10 min. After washing in PBS, the sections were
incubated with blocking buffer (PBS, 0.25% Triton-X-100, 10% goat serum, 4 drops/mL
streptavidin (Vector Laboratories)). Primary antibody diluted in dilution buffer (PBS,
1%BSA, Biotin (Vector Laboratories)) was added and incubated in a humidified chamber.
Rabbit (rb) anti-CD8e (#85336, clone D8ASY, Cell Signaling Technology (CST), Leiden,
Netherlands, 1:100 dilution), rb anti-CD11c (#45581, clone D3V1E, CST, 1:400 dilution),
rb anti-CD68 (#76437, MultiMab, CST, 1:200 dilution) and rb anti-CD16 (ab24622, clone
EPR14336, Abcam, 1:400 dilution) antibodies were used for staining. The appropriate
biotin-conjugated secondary antibody (Jackson Immuno Research, Cambridge, UK) diluted
in PBS/1%BSA was added for 30 min. After subsequent washing in PBST, slides were incu-
bated with streptavidin-labeled horseradish peroxidase. Peroxidase activity was developed
with Novolink 3,3'-Diaminobenzidine (Leicabiosystems, Nufloch, Germany). Slides were
counterstained with Hematoxylin QS (Vector Laboratories).

Staining for PR, PPARy and PPARy—pS112 was performed using a DAKO Autostainer
Link 48 (Dako, Jena, Germany), and antigen retrieval was performed using a DAKO PT
Link (Dako) according to the manufacturer’s recommendations. For staining with mouse
anti-PR antibody (IR06861, clone PgR636, Dako), slides were incubated in FLEX TRS HIGH
pH buffer (K8004, Dako) at 85 °C for 20 min, followed by primary antibody incubation for
20 min and incubation with a mouse linker for 30 min. Subsequently, slides were incubated
with a universal secondary antibody (EnVision FLEX/HRF, K8000, Dako) for 15 min. For
staining with rb anti-PPARy (#2435, clone C26H12, CST, dilution 1:100) and rb anti-PPARy-
pS112 (orb5574, Biorbyt, dilution 1:400), slides were incubated in FLEX TRS LOW pH buffer
(K8005, Dako) at 85 °C for 20 min, followed by primary antibody incubation for 30 min and
universal secondary antibody incubation for 20 min. For detection, the EnVision detection
system (K500711-2, Dako) was used.

Whole-slide images were taken utilizing an Axio Scan Z.1 (Zeiss, Oberkochen, Germany).
For the evaluation of staining intensity, five representative sections of each slide were used,
and the mean intensity of DAB staining in positive pixel* was calculated utilizing ZenBlue
software 3.1 (Zeiss).

2.5. Multiplex Protein Profiling Via DigiWest

DigiWest was performed as described previously [23]. Briefly, the NuPAGE sys-
tem (Life Technologies, Carlsbad, CA, USA) with a 4-12% Bis-Tris gel was used for gel
electrophoresis and Western blotting onto PYDF membranes. After washing with PBST,
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proteins were biotinylated by adding 50 uM NHS-PEG12-Biotin in PBST for 1 h to the
membrane. After washing in PBST, membranes were dried overnight. Each Western blot
lane was cut into 96 strips of 0.5 mm each. Strips of one Western blot lane were sorted into
a 96-well plate (Greiner Bio-One, Frickenhausen, Germany) according to their molecular
weights. Protein elution was performed using 10 pL of elution buffer (8 M Urea and 1%
Triton-X100 in 100 mM Tris-HCI pH 9.5). Neutravidin-coated MagPlex beads (Luminex,
Austin, TX, USA) of a distinct color ID were added to the proteins of a distinct molecu-
lar weight fraction, and coupling was performed overnight. Leftover binding sites were
blocked by adding 500 pM deactivated NHS-PEG12-Biotin for 1 h. To reconstruct the
original Western blot lane, the beads were pooled, for which the color IDs represent the
molecular weight fraction of the proteins.

For antibody incubation, 5 uL of the DigiWest Bead mixes were added to 50 uL of
assay buffer (Blocking Reagent for ELISA (Roche, Rotkreuz, Switzerland) supplemented
with 0.2% milk powder, 0.05% Tween-20 and 0.02% sodium azide) in a 96-well plate. Assay
buffer was discarded, and 30 pL of primary antibody diluted in assay buffer was added per
well. Primary antibodies were incubated overnight at 15 “C on a shaker. Subsequently, they
were washed twice with PBST. After washing, 30 uL of species-specific secondary antibody
diluted in assay buffer labeled with phycoerythrin was added, and incubation took place
for 1 h at 23 °C. Before the readout on a Luminex FlexMAP 3D instrument, the beads were
washed twice with PBST.

Analyses and peak integration were performed by utilizing the novel DigiWest-
Analyzer software package [24].

2.6. Statistical Analysis

Statistical comparison was performed by using the Mann-Whitney U test (GraphPad
Prism version 9.2.0, GraphPad Software, San Diego, CA, USA). A Spearman correlation
analysis, hierarchical cluster analysis, Chi-square test, Kaplan-Meier plot and log-rank test
were carried out utilizing the DigiWest-Evaluator software package [24]. p values of <0.05
were considered statistically significant if not stated differently.

2.7. Pathway Enrichment Analysis

Testing for significantly enriched pathways was performed with an over-representation
analysis using Fisher’s exact test with subsequent calculation of Storey’s Q-values for multi-
ple testing correction. The subsets of analytes that were used for this analysis were defined
by applying the Mann-Whitney U test to identify differentially expressed analytes between
the good-responder and poor-responder groups. The pathway enrichment pipeline was
carried out utilizing the DigiWest-Evaluator software package [24].

3. Results
3.1. Sample Quality Control and DigiWest Protein Expression Analysis

After the initial sample assessment (1 = 159, Figure 1A,B), samples with a tumor
content >50% and a sufficient protein amount (n = 84), as well as control samples with 10%
or less tumor content (n = 10), were selected for extensive protein expression analysis. To
identify markers relevant for the differentiation of good and poor responders, we measured
150 proteins and protein variants using DigiWest, mainly focusing on functional signal
transduction, i.e., protein phosphorylation (covering 41 phospho-variants). This extensive
expression analysis encompassed cell-cycle-control, apoptosis, Jak/Stat, MAPK, Pi3K/Akt,
Wnt and autophagic signaling pathways, as well as general tumor and immune cell markers.
The DigiWest evaluation of hormone receptor and Her2 receptor expression complied with
the pathologically assessed receptor status, confirming the high quality of the selected
tumor samples (Figure 1C,D).

To examine the connection between cellular signaling and the responder status, PAN-
THER pathway enrichment analysis was conducted for all proteins differentially expressed
between good- and poor-responder samples [25,26]. The highest —log2 Q-value was found
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for the Jak /Stat signaling pathway (Figure 2A). Additionally, members of Jak /Stat signaling
and several immune cell markers displayed significant differences when comparing the pro-
tein expression of good- and poor-responder samples (Mann-Whitney U test, FDR limit 0.1,
Figure 2B). Taken together, these results indicate a connection between immune-cell-related
signaling pathway activity and patient treatment response.
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Figure 2. Responder status depended on differences in signal transduction. (A) -Log2 Q-Values of
PANTHER pathway analysis as bar graphs. (B) Protein expression of selected analytes displaying
significant differences in expression between responder groups. Data shown as box-whisker plots
for good-responder (n = 58), poor-responder (n = 21) and baseline (1 = 10) subgroups. *** p < 0.001,
** p <0.01. Mann-Whitney U test.

3.2. Patient Stratification Based on Immune Cell Infiltration Analysis by DigiWest

The degree and type of tumor infiltration by immune cells have become a novel and
promising stratification factor for evaluating patient outcomes. Therefore, we evaluated the
subset of measured immune cell markers in more detail. A correlation analysis of CD8x,
CD4, CD68, CDl11c, CD16, CD56, CD25 and CD163 protein expression was performed.
CD8x, CD68, CD11c and CD16 displayed the highest correlation (Spearman’s r < 0.55,
Figure 3A, Table S1), suggesting the co-occurrence of represented immune cells.

Unsupervised hierarchical cluster linkage analysis of CD8a (a common marker for
cytotoxic T-cells), CD16 (a common marker for cytotoxic natural killer (NK) cells), CD11c
(a marker for dendritic cells) and CD68 (a general marker for macrophages) revealed
two distinct sample groups with different levels of immune marker expression (Euclidean
distance, complete linkage, Figure 3B,C). The group with higher immune cell marker
expression (n = 27) is referred to as “hot tumors”, whereas the group with lower immune
cell marker expression (n = 57) is referred to as “cold tumors”.

Subsequently, CD8«, CD68, CD11c and CD16 were immunohistochemically stained
on matched FFPE sections, when available (Figures 3D and 54). Concomitantly, a significant
difference in mean pixel intensity between hot and cold tumor samples categorized by
DigiWest was detected (Figure 3E; Mann-Whitney U test, p < 0.05).

When comparing various clinical variables, such as the type of surgery, age and, most
notably, the receptor status (ER, PR or Her2), we did not observe any difference between
hot and cold breast carcinomas. Importantly, the responder status was the only clinical
variable significantly enriched within the hot tumor group (Figure 3F; Table 1; p < 0.05,
chi-square test).
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Figure 3. Sample stratification based on immune marker assessment. (A) Correlation plot (Spear-
man'’s correlation) of immune cell marker expression in the analysis sample set. The highest cor-
relation was found for CD8«, CD11c, CD68 and CD16 (r > 0.55). n = 84. (B) Heatmap showing
protein expression levels of CD8x, CD11¢, CD68 and CD16. Hierarchical clustering of analytes and
samples with Euclidean distance and complete linkage. Data are normalized to total protein, centered
on median of all samples and log2-transformed. (C) Representative Western blot mimics of CD8c,
CD11c, CD68 and CD16 (grayscale maps generated from DigiWest data). For graphical representation,
background-subtracted raw data from representative hot and cold samples were used. n = 3. The
uncropped blots are shown in Supplementary File S1. (D) Representative images of CD11c, CD8,
CD68 and CD16 immunohistochemical staining in hot and cold samples. Scale bar, 50 um. (E) Mean
positive pixel values of 5 representative 10x sections per available FFPE sample for hot and cold
carcinomas classified by DigiWest. CD8«: cold n = 8, hot n = 17; CD68: cold n =7, hot n = 13; CD16:
cold =9, hot n = 14; CD11c: cold n = 10, hot n = 17. Mann-Whitney U test, ** p < 0.01; * p < 0.05.
(F) Distributions of responder, ER, PR and Her?2 statuses as percentages, stratified by infiltration
status. Chi-square-test, * p < 0.05; ns indicates no significant difference. (G) Kaplan-Meier analyses of
event-free survival in patients stratified by infiltration status. p = 0.0298, log-rank test.
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Table 1. Patient and tumor characteristics of all samples included in the analysis sample set, stratified by responder and immune infiltration status, as indicated by

DigiWest. p: Chi-Square or Wilcoxon rank-sum test between the two groups.

ct Overall (n = 84) Poor Responder (1 = 21) Good Responder (1 = 58) Cold (1 = 57) Hot (n = 27)
No. of Patients %o No. of Patients. o No. of Patients % r No. of Patients % No. of Patients % r
Follow-up, years 0.49 07
Median (range) 6.1(0.2-9.9) 63(0.2-9.9) 6.2 (0.3-9.6) 6.3(02-99) 6.2(09-9.4)
Age at surgery, years 013 0.4
Median (range) 61 (30-85) 66 (41-85) 58 (84-30) 60 (31-85) 62 (30-84)
Tumor size (cm} 015 03
<2 23 274 4 19.0 17 293 14 246 8 29.6
2-5 55 65.5 13 61.9 39 67.2 37 649 19 70.4
=5 ] 7.1 4 19.0 2 34 6 105 0 U]
Nodal status 0.4 03
MNegative 47 56.0 10 47.6 35 60.34 29 50.9 18 66.7
Positive 36 429 1 52.4 22 3793 27 47.4 9 333
Unknown 1 12 0 0.0 1 1.72 1 18 0 0
Hormone receptor status
ER-positive 24 28.6 15 714 42 724 0.84 + 772 16 59.3 02
ER-negative 60 714 286 16 276 13 228 11 407
PR-positive 38 452 12 571 33 56.9 081 34 59.6 12 444 03
PR-negative 46 54.8 429 25 43.1 23 40.4 15 55.6
HER2 status 0.83 05
Positive 20 238 19.0 14 241 n 193 8 296
Negative 63 75.0 17 810 43 741 45 789 18 667
Unknown 1 12 0.0 1 17 1 18 1 a7
Type of surgery 027 04
BCS 47 56.0 12 57.1 34 58.6 34 59.6 13 48.1
SSM 1 12 1 48 0 0.0 1 18 0 0
Ablatio 16 19.0 3 143 10 172 5 88 5 185
Mastectomy 10 119 5 238 5 8.6 2 335 0 0
Quadrantectomy 2 24 o 0o 1 1.7 10 17.5 5 185
Segmental resection 1 12 0 0.0 1 17 0 0 1 a7
Mastopexy 5 6.0 ] 0.0 5 8.6 3 53 2 74
NSM 1 12 o (U] 1 17 1 18 0 o
Unknown 1 1.2 0 0.0 1 17 1 18 0 0
Responder status 002
Poor responder 21 25.0 - - 19 333 2 7
Good responder 58 69.0 - - - 34 59.6 24 89
Unknown 5 6.0 4 70 1 4
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Tumor infiltration with immune cells is generally associated with patient outcomes and
event-free survival (EFS, time from definitive surgery until disease recurrence/metastases
or death from any cause). Therefore, we reviewed the difference in clinical outcomes after
primary surgery in the present cohort. The group classified as “hot tumors” indeed had a
significantly better outcome when evaluating 10-year EFS (Figure 3G; p = 0.03, log-rank
test). By comparing EFS between hot and cold tumor samples in subgroups categorized
through pathological hormone and Her2 receptor statuses, a significant difference was
found in ER+ and PR+ samples; yet, more strongly infiltrated samples displayed a tendency
toward better EFS (Figure S5). Univariate Cox regression confirmed that the immune cell
infiltration status was a prognostic factor of the clinical outcome (p = 0.04).

3.3. Focused Protein Expression Analysis of Hot and Cold Breast Carcinomas

Next, we performed a detailed analysis to identify differential protein expression in
breast carcinomas classified as hot or cold tumors. We allocated the samples to the hot or
cold tumor group by assessing immune cell markers as described above and comparing
protein expression levels. n = 30 analytes displayed a significant difference in expression
(Mann-Whitney U test; Benjamini-Hochberg FDR; corrected p < 0.05) and a log2 fold
change of at least +2/3 or —2/3 (Figure 4A,B,D; see Table 2 for all significantly differentially
expressed proteins; Figure 56).

Table 2. Protein analytes displaying significantly different expression between hot and cold breast
tumor samples (Mann-Whitney U test; Benjamini-Hochberg FDR; corrected p < 0.05).

Analyte Uncorrected p Value Corrected p Value log2 Fold
PR 0.002 0.007 -1.8
SRC-3—pT24 <0.001 0.001 -1
FoxP3 0.001 0.005 -1
E2F-4 0.003 0.011 -09
PPAR gamma—pS112 0.009 0.025 =09
VE-cadherin 0.005 0.015 —0.8
Cytokeratin 8/18 0.016 0.040 —0.6
Synilege‘f;‘; " 0.014 0.036 —0.6
PTEN 0.001 0.003 —0.6
PDK1 0.001 0.003 -0.6
PTEN—pS380 0.017 0.041 —0.6
mTOR 0.016 0.040 -0.5
Dvi2 0.016 0.040 -04
MAD2L1 0.001 0.005 0.3
E2F-1 0.006 0.018 0.3
p70 S6 kinase—pT389 0.008 0.024 0.3
Erk1/2 0.011 0.030 0.3
IKK alpha 0.013 0.035 0.3
p38 MAPK—pT180/Y182 0.008 0.023 0.4
PD-L1 0.002 0.007 0.4
A-Raf 0.002 0.007 0.4
TSG101 0.007 0.020 0.4
NF-kB p65—pS468 0.002 0.006 0.4
PD-L1 <0.001 0.001 0.5
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Table 2. Cont.

Analyte Uncorrected p Value Corrected p Value log2 Fold
NF-kB p105/p50 [50 kDa] 0.001 0.003 0.5
CD25 0.001 0.003 0.5
c-Raf—pS259 0.002 0.006 0.5
PI3-kinase p85 0.003 0.009 0.5
CD56 <0.001 0.001 0.5
P38 MAPK 0.001 0.003 0.5
GSK3 beta 0.001 0.003 0.5
RUNX2 <0.001 0.000 0.5
p53—pS37 0.001 0.003 0.5
STAT 5 alpha <0.001 0.002 0.5
MEK2 <0.001 0.001 0.6
Caspase 3 <0.001 0.001 0.6
Sre—pY527 0.008 0.024 0.6
Caspase 9 [47 kDa] <0.001 <0.001 0.6
Histone H3 <0.001 <0.001 0.6
CDK2 0.002 0.007 0.6
Mcl-1 <0.001 0.001 0.7
CD163 0.001 0.005 0.7
Bax <0.001 <0.001 0.7
CDK1 <0.001 0.001 07
FoxC1 <0.001 <0.001 0.8
Src <0.001 0.001 0.8
c-Met <0.001 0.002 0.8
CDl11c <0.001 <0.001 0.8
Caspase 9 [35 kDa] <0.001 <0.001 0.9
MOB1—pT35 0.001 0.003 09
Cyclin B1 <0.001 <0.001 0.9
FLOWER (C9orf7) 0.009 0.025 09
PD1 <0.001 <0.001 1
IDH1 <0.001 0.001 1
p53—pS20 <0.001 <0.001 12
CDe8 <0.001 <0.001 1.2
STAT 1—pT701 <0.001 <0.001 1.4
STAT 4 <0.001 <0.001 1.6
Jak 2 <0.001 <0.001 1.6
CD16 <0.001 <0.001 1.6
STAT 1 <0.001 <0.001 1.7
Histone H3—pS10 0.001 0.004 1.7
Caspase 6 [15 kDa] <0.001 <0.001 1.9
CD8a <0.001 <0.001 2.5
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Figure 4. Immune-cell-infiltration-dependent changes in protein expression. (A) Volcano plot
(—logl0-corrected p-value versus log2 fold change) depicting differences in protein expression
between hot (1 = 27) and cold (n = 57) samples. Data from 150 proteins and protein variants were
analyzed. Wilcoxon rank-sum test with Benjamini-Hochberg multiple testing correction; the hori-
zontal dashed line indicates a p-value of 0.05; the vertical dashed line indicates a log2 fold change
of at least 2/3. Blue and red dots indicate analytes with at least a 2/3-fold difference in median
expression and a p-value below 0.05. (B) Bar graphs of log2-transformed ratios calculated from the
mean protein expression in samples with high and low infiltration. Analytes are sorted from the
largest positive change to the largest negative change. (C) Western blot mimics of selected analytes
from two representative patients (grayscale maps generated from DigiWest data). For graphical
representation, background-subtracted raw data were used. The uncropped blots are shown in
Supplementary File S1. (D) Heatmap of analytes with significantly different expression between hot
and cold samples displaying a fold change greater than 2/3. Hierarchical clustering of analytes using
Euclidean distance and complete linkage.

This data analysis revealed an increase in the expression levels of members of the
Jak/Stat pathway in the hot tumor subgroup. STAT4, a known mediator of the IL-12
response [27], as well as STAT1, known to be essential for interferon-« (IFN-) and IFN-y
responses, and its active phospho-variant (Tyr701) [28] were significantly elevated in hot
tumors (Figure 4C), indicating the activation of this pathway. Furthermore, Janus tyrosine
kinase 2 (Jak2), an important cytokine receptor [29], displayed 3.0-fold elevated expression
(log2 fold change of 1.6) in hot tumors. The programmed cell death 1 protein (PD-1), which
is known to be an important regulator of immune cell activity [30], was also enriched in this
group. Thus, higher immunosurveillance in the hot carcinoma group is characterized by
increased expression levels of additional immune cell markers and important members for
immune-relevant signaling pathways, supporting the previously established tumor groups.
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The expression of CD56, used for the identification of NK cells [31], and IL-2Ra/CD25,
characteristic of regulatory T-cells (Tregs) [32], was also increased in this subgroup. In-
terestingly, the transcription factor Foxp3, which is a common marker for Tregs broadly
linked to immunosuppression and tumor protection [33,34], showed significantly increased
expression in the cold tumor subgroup (Figure 4C). Looking in detail, our data also showed
that CD163, a marker for M2-type tumor-associated macrophages (TAMs), displayed mod-
erately elevated expression levels (0.7-fold log2 increase) in the hot tumor group. While the
presence of M2-type macrophages has been linked to tumor progression [35], we interpret
this detectable increase as a general indication of higher immune cell activity in this group.

3.4. Hot Tumor Samples Show Increased Proliferative Activity and a More Competitive Phenotype

The expression levels of the proto-oncogene tyrosine kinase Src and the calcium chan-
nel flower homolog (FLOWER) were found to be increased in hot tumor samples. Src plays
a critical role in multiple cellular processes, including proliferation and invasion, and can
be a driver of uncontrolled cell growth [36]. The expression of FLOWER, a cellular fitness
sensor, has been associated with a competitive growth advantage of cancer cells [37,38].
In addition, the hepatocyte growth factor receptor (c-Met), which is instrumental in in-
creased cell growth and associated with aggressive cancer phenotypes [39,40], was highly
expressed in samples with higher immune cell infiltration. Additionally, the transcription
factor forkhead box C1 (FoxC1), which is linked to breast cancer invasiveness [41,42], was
highly expressed in samples assigned to the hot tumor subgroup. The expression of vas-
cular endothelial cadherin (VE-cadherin), which is important for the adhesion of cancer
cells to the endothelium [43], was decreased as compared to the cold tumor group. An
increase in vascular permeability by reducing the amount of VE-cadherin via endocytosis
has been observed in response to inflammatory activity; this mechanism facilitates immune
cell infiltration [44]. Thus, decreased levels of VE-cadherin may be indicative of generally
higher immune cell infiltration. Taken together, these results indicate a more competitive
phenotype in hot tumor samples.

Additionally, significant promotion of the cell cycle was found in the hot tumor
subgroup, as indicated by the higher expression of the important regulatory proteins Cyclin
B1 and cyclin-dependent kinase 1 (CDK1), responsible for G2 /M-phase progression [45].
This was accompanied by an increase in the phosphorylation of the mitosis marker Histone
H3 at Serine 10 [46], as well as a significant decrease in the expression of the cell growth
repressor E2F-4 [47].

In conclusion, it is conceivable that the higher expression of proliferative and com-
petitive signaling proteins facilitates the immune recognition of breast cancer cells and
therefore leads to higher rates of immune cell infiltration.

3.5. Elevated Immune Cell Infiltration Induces Expression of Tumor-Suppressive Markers and
Apoptotic Activity

Ouwur data also indicate that hot tumor samples show a significant increase in the
expression of several tumor suppressors. The phosphorylation of the tumor suppressor p53
at Serine 20, which enhances p53 activity, leading to cell-cycle arrest or apoptosis [48], was
detected, and a 1.2-fold increase in phosphorylation was observed. In addition, increased
expression of isocitrate-dehydrogenase 1 (IDH1), another suppressor of tumorigenesis [49],
and of phosphorylated and activated MOB1 (pT35), a member of the Hippo pathway [50],
was observed in hot tumor samples.

Consequently, this subgroup displayed an increase in apoptotic activity, indicated
by the enriched expression of several pro-apoptotic proteins. These include the initiator
cysteine aspartic acid protease 9 (caspase 9), serving as an amplifier of the apoptotic re-
sponse [51], and caspase 6 (one of the major executioner caspases). Both promote apoptosis
in its cleaved and active forms [52]. Crucially, we observed the upregulation of the cleaved
caspase 9 fragment at 35 kDa as well as the cleaved caspase 6 fragment at 15 kDa (Figure 4C),
but not of the full-length proteins in the hot tumor subgroup. Similarly, the expression of
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the pro-apoptotic factor Bax [53] was significantly enriched in samples with higher immune
infiltration. Interestingly, the anti-apoptotic Bcl-2 family member Mcl-1, which antagonizes
pro-apoptotic Bcl-2 proteins [54], showed a similar trend. These results suggest that higher
immune cell infiltration leads to more apoptotic and tumor-suppressive signaling.

3.6. Cold Breast Tumors Show Increased Expression of Immunosuppressive Factors

Our data revealed that the luminal tumor co-marker progesterone receptor (PR), which
is linked to an immunosuppressive tumor microenvironment [55,56], displayed a decrease
in expression at the highest significance as compared to the cold subgroup (Figure 4B,C).
Another contemplated immunomodulation factor is the PPARy/RXRa pathway, which
regulates cell proliferation and inflammation [57]. It has been implied that the expression
of peroxisome proliferator-activated receptor y (PPARY), a key modulator of this pathway,
correlates with suppressed immunosurveillance [58-60]. Interestingly, a positive correlation
was found between phosphorylated PPARy (pS112) and PR (Figure 5B, Pearson’s r = 0.45,
p <0.0001), indicating the co-expression of both factors by cold carcinomas.
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Figure 5. PPARy phosphorylation correlates with PR expression and may impair immune infiltration.
(A) Representative images of CD8, PR, PPARy-pS112 and PPARy immunohistochemical staining
in hot and cold carcinomas. Scale bar, 20 um. (B) Scatter plot of log2-transformed DigiWest signal
for PPARy-pS112 and PR. Pearson correlation, r = 0.45, p < 0.0001. (C) Box plots showing protein
expression for CD8«, PR, PPARy-pS112 and PPARY in cold (1 = 57), hot (n = 27) and baseline (n = 10)
samples. Mann-Whitney U test, ** p < 0.01, *** p < 0.0001; ns indicates no significant difference.
(D) Distribution of hot and cold statuses in carcinoma samples with PPARy-pS112 expression higher
or lower than median expression. n = 42. Q0.5 = 7004 AFIL Fisher’s exact test, p = 0.0046.

Additionally, our results show that the expression of the phosphorylated variant of
PPARy (pS112), but not the total protein variant, was significantly upregulated in cold
tumor samples, whereas CD8 expression displayed the opposite trend (Figures 4C and 5C).
Immunohistochemical staining of representative samples verified the predominant ex-
pression of PPARy (pS112) and PR by cancer cells in cold tumor samples (Figure 5A).
Concomitantly, the percentage of samples classified as cold tumors was found to be sig-
nificantly enriched in samples with an elevated (greater than the median) PPARy-pS112
signal (Figure 5D, Fisher's exact test, p = 0.0046). Hence, our data suggest that PPARy
phosphorylation might be involved in a mechanism governing immune cell repulsion in
breast cancer.
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4. Discussion

Mutational changes in cellular signaling that trigger cell growth are key events in the
transformation process that lead to the formation of tumor cells. The targeted analysis of
central signaling pathways helps to track the effects of such mutations and can be used
to functionally classify tumors by subtype. The DigiWest methodology employed here is
capable of achieving this on a much broader scale compared to classical immunohistological
approaches, and the knowledge generated by characterizing the activity of central signaling
pathways can be utilized to identify novel targets for therapeutic intervention [61].

Here, we used a well-characterized collection of 160 archived breast cancer tissues for
targeted protein profiling and aimed to concomitantly detect (i) signaling proteins and their
activated variants and (ii) immune cell markers that define the tumor microenvironment.
As a result, we were able to screen for aberrations in intra- and extracellular communication
and to assign an immune status to each individual tumor tissue. This cohort was chosen
since patient-specific follow-up data for all samples were available and could be integrated
into the analysis of the correlation between protein expression levels, immune status and
tumor reoccurrence. Yet, a detailed analysis of the prepared tissue sections revealed that
the tumor content in a significant fraction of the archived tissues was lower than 50%
(75/159, corresponding to 47%). Since only samples with more than 50% tumor content
were analyzed, the number of patient samples was reduced to 84. Therefore, some care has
to be taken when interpreting the obtained results.

Immune cell infiltration of breast cancer tissue and stroma is linked to a better prog-
nosis [6]. On the contrary, non-immune-infiltrated tumors show no or a low response to
current immune therapy [17]. To survey for the presence of infiltrating immune cells in
cancer tissue, we measured central immune cell markers (CD8a, CD11¢, CD16 and CD68)
simultaneously and categorized the present cohort into highly infiltrated (“hot”) tumor and
lowly infiltrated (“cold”) tumor samples. The assessment of patient outcome data revealed
a significant difference in event-free survival in favor of the highly immune-cell-infiltrated
group. Significantly, higher amounts of PD-1 and additional immune cell markers were
detected in these samples, indicating higher immunosurveillance. Conversely, the specific
Treg cell marker FoxP3, necessary for immune-suppressive activity and immunological
tolerance [62-64], was found to be enriched in cold breast tumors. This indicates that in this
cohort, higher expression of FoxP3+ cells leads to the retention of immune cell infiltration
within the tumor tissue and, consequently, poorer patient outcomes.

At the same time, we show that highly immune-cell-infiltrated tumor samples dis-
play elevated immunological signaling activity, as was indicated by the upregulation of
regulatory proteins Jak2, STAT4 and STAT1, including its activating phosphorylation at
Tyrosine 701. These crucial members of the Jak /Stat pathway are important for the cytokine
response and constitute key regulators of the immune system [65,66].

In a recent study, high apoptotic activity in breast cancer tissue was shown to be
associated with the high infiltration of immune cells. Based on mRNA expression data, the
authors hypothesized that increased apoptosis is associated with immune cell killing [67].
Here, we report that in hot breast cancer tissue, central apoptotic marker proteins such as
the cleaved version of the initiator caspase 9, the cleaved effector caspase 6 and Bax were up-
regulated. Increased levels of p53 phosphorylated at Ser20 and Histone H3 phosphorylated
at Ser10 in these tumors indicate the likely involvement of DNA damage [48].

Phosphorylated PPARy (pS112) was present in higher amounts in samples with
lower immune cell infiltration. Besides its common function in adipogenesis and lipid
metabolism [68], PPARv has been linked to worse outcomes in breast cancer patients [69,70],
as well as the evasion of immunosurveillance and the impairment of CD8 T-cell infiltration
in muscle-invasive bladder cancer [71]. Our data suggest that higher PPARy phospho-
rylation impairs immune cell infiltration in breast cancer, ultimately worsening patient
outcomes. Therefore, we hypothesize that PPARy phosphorylation may be involved in an
immunosurveillance evasion mechanism employed by breast cancer cells. Hence, PPARy
and its phosphorylated form (pS112) may serve as potential markers for patient stratifica-
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tion or as a target for therapeutic intervention. However, additional research is required to
elucidate this question further.

The application of DigiWest technology enabled us to review the receptor status,
immune cell infiltration and protein expression of approx. 150 proteins and protein variants
in parallel from minimal amounts of fresh-frozen breast cancer biopsies, demonstrating the
unique potential held by this approach.

5. Conclusions

In the present study, we investigated cellular signaling and immune cell infiltration in
a cohort of 84 breast patients not under a neoadjuvant treatment scheme. Tumor resections
were analyzed for the expression of cellular signaling molecules and immune cell markers
by semi-quantitatively measuring more than 150 proteins employing DigiWest technology.
Based on the obtained expression profiles, the primary tumor tissues were categorized
into immunological cold or hot tissues (presence of CD8«, CD11c, CD16 and CD68); the
impact of immune cell infiltration on event-free survival was established. This differential
expression analysis showed that hot tumor samples displayed higher levels of immuno-
logical signaling as well as high apoptotic activity. Elevated immunological signaling was
indicated by the activation of Jak/STAT signaling, which was seen at different points of the
signaling cascade. Notably, the phosphorylation of PPARYy at Serine 112 was found to be
predominant in immunologically cold tumors, indicating its involvement in an immune
surveillance evasion mechanism in breast cancer.

These distinct differences in the tumor microenvironment and in intracellular signaling
in the tumor cells point to the modulation of intracellular signaling only in tumors that
do not show invasion by immune cells. Further knowledge on the underlying mechanism
will be useful for identifying patients that show a high probability of relapse, ultimately
improving diagnosis, treatment and patient outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers14184542 /51, Figure 51: Study flowchart; Figure S2: Schematic
depiction of study workflow; Figure S3: Tumor marker and receptor expression in baseline samples
versus tumor samples; Figure S4: Overview of IHC staining of immune cells; Figure S5: Influence
of infiltrating immune cells on event-free survival in hormone-receptor- and Her2-positive /negative
tumors; Figure S6: Differences in protein expression between hot and cold tumors; Table S1: Correlation
values for all measured immune cell markers; Supplementary File S1: Full pictures of the Western blots.
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Supplementary Figure S2. Schematic depiction of study workflow. Layered cuts of tumor biopsies
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tent in first and second layer. Collected sample material was lysed and protein quantification was
performed. Samples with tumor content of 250 % tumor content and sufficient protein amount were
selected for DigiWest analysis.
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Supplementary Figure S3. Tumor marker and receptor expression in baseline samples versus tu-
mor samples. (A) Cytokeratin 8/18, Cytokeratin 8 - pS23, Cytokeratin 6 and Ki67 expression as scat-
ter plots in samples with = 50 % tumor content (Tumor samples, n=84) and <10% tumor content
(baseline, n=10). (B) Scatter plots showing protein expression of ER, PR and Her2 in respective re-
ceptor-positive or negative and baseline subgroup (ER+ n=60; ER- n=24; PR+ n=46; PR- n=38; Her2+
n=20; Her2- n=63) as well as (C) in good (n=58) and poor responders (n=21). In A, B, C Mann-Whit-
ney-U test, ***P<0.0001; ***P<0.001; **P<0.01; *P<0.05; ns indicates no significant difference.
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Supplementary Figure S4. Overview of IHC staining of immune cells. Representative images of
CD1lc, CD8, CD68 and CD16 immuno-histochemical staining in hot and cold samples. n=4. Scale
bar, 50 pm.
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Supplementary Figure S5. Influence of infiltrating immune cells on event-free survival in hor-
mone receptor and Her2 positive/negative tumors. Kaplan-Meier analysis of event-free survival
between hot and cold carcinoma samples in ER, PR and Her2 positive and negative subgroups. A
significant difference in EFS was found in ER+ and PR+ subgroup (P<0.05). Log-rank test.
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Supplementary Figure S6. Differences in protein expression between hot and cold tumors. Pro-
tein expression of 30 analytes for hot (n=27), cold (n=57) and baseline (n=10) subgroup which re-
vealed significant differences in protein expression and a fold change of at least 2/3 between hot and
cold samples. Mann-Whitney-U test, ***P<0.0001; **P<0.001; **P<0.01.
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Table S1. Correlation values for all measured immune cell markers. Spearman’s correlation.

CD4 CD25 CD56 CD163 CD1lc CD68 CDl16 CD8a

CD4 1 -0.2 0.4 -0.4 0.1 0.2 0 0
CD25 | -0.2 1 0.4 0.2 0.1 0.2 0.5 0.5
CD56 | 0.4 0.4 1 0 0.4 0.5 0.4 0.5

CD163 | -0.4 0.2 0 1 0.5 0.4 0.3 04
CD11c | 0.1 0.1 0.4 0.5 1 0.7 0.6 0.6
CDe68 | 0.2 0.2 0.5 0.4 0.7 1 0.7 0.6
CD16 0 0.5 0.4 0.3 0.6 0.7 1 0.7
CD8a 0 0.5 0.5 0.4 0.6 0.6 0.7 1

Supporting Material for Figure 3C: Shown are DigiWest data for 3 representative hot and cold patients each. Data is presented as median fluorescence intensities plotted against
the molecular weight of the respective protein fraction, resulting raw signals after integration and as resulting digital reconstructed greyscale maps. For more information please see
Treindl et al, 2016 (https://doi.org/10.1038/ncomms12852).
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Supporting Material for Figure 4C: Shown are DigiWest data for 2 representative hot and cold patients. Data is presented as median fluorescence intensities plotted against the
molecular weight of the respective protein fraction, resulting raw signals after integration and as resulting digital reconstructed greyscale maps. For more information please see

Treindl et al,, 2016 (https://doi.org/10.1038/ncomms12852).
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