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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 
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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.  
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Zusammenfassung 
 

In den letzten Jahren hat der wissenschaftliche Fortschritt zur Entwicklung der 

Präzisionsmedizin, eines neuen therapeutischen Ansatzes, geführt. Für diesen 

Ansatz ist eine molekulare Untersuchung von Patientenproben unabdingbar. 

Genetische Untersuchungen sind seit Jahren der Goldstandard in diesem Bereich. 

Jedoch führen Proteine und ihre posttranslationalen Modifizierungen zu 

Unterschieden im Genotyp und Phänotyp einer Zelle. Daher führt die Verwendung 

genetischer Informationen als Grundlage für Behandlungsentscheidungen nicht 

immer zu therapeutischen Erfolgen. Die Integration von proteomischen Ansätzen 

zur weiteren Aufklärung 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 ergänzen. Die kürzlich entwickelte DigiWest-

Technologie ermöglicht den parallelen Nachweis zahlreicher Proteine und 

Proteinvarianten aus einer einzigen Probe. In dieser Arbeit wurde der DigiWest-

Arbeitsablauf für 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 

Stämme von Coronaviren erreicht. Darüber hinaus wurde eine multiplexe 

Proteinanalyse von kleinen Formalin-fixierten und paraffineingebetteten 

Stanzbiopsien des Gebärmutterhalses durch den DigiWest etabliert. Die in vivo 

Behandlungseffekte von nicht-invasivem physikalischem Plasma, einem 

neuartigen therapeutischen Ansatz zur Behandlung der intraepithelialen Neoplasie 

des Gebärmutterhalses, wurden ausgewertet, und beim Vergleich der Ergebnisse 

mit in vitro Zellkulturexperimenten konnten allgemeine Trends beim Ansprechen 

auf die Behandlung bestätigt werden. Die Unterschiede in den 

Proteinexpressionsprofilen zwischen Gewebeproben und Zellkultur unterstreichen 

jedoch die Notwendigkeit einer molekularen Untersuchung der Behandlungs-
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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 ko-exprimierten Immunzellmarkern 

identifiziert werden, die einen positiven Einfluss auf das ereignisfreie Überleben 

haben, sowie induzierte Veränderungen 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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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 1,2. Yet practical implementation of 

precision medicine is still at the very beginning. Clinical studies mostly focus on 

genome-based strategies 3,4 where somatic and genetic alterations are identified 

by applying advanced technologies like next generation sequencing, in an 

approach termed “genomic-precision medicine” 5. Numerous mutations are 

recognizable, but knowledge about this genetic information frequently does not 

translate into a therapeutic benefit 6, 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 7,8. 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 9.  

Post-translationally modified proteins are key components of cellular signal 

transduction 10. 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 11,12.  

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 13. To date, it has been used in several case 

studies only 14,15. 

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 16. 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 9,17. However, crucial information about the molecular weight 

properties of analytes is lost.  

The DigiWest technology, a recently emerging protein analysis method 18, 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 16,19.  
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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 18. 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. 18). 

 

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 25. 

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 18. 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 27. 

 

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 28,29. 

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, Ca2+, Mg2+, bicarbonate, phosphate), nutrients (e.g. 
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glucose, lipids), organic acids (lactate, pyruvate, citrate, ketone), metabolic 

products (e.g. creatinine, urea) and hormones respectively signal molecules 30. 

The most abundant proteins are albumin and α1-, α2-, β-, γ-globulin. The γ-

globulins, also called immunoglobulins or antibodies are the most prominent 

representatives of the globulin protein family 31,32. 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 34,35. 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 28. 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 36. Overall, total protein 

concentration in serum samples is lower than in plasma samples 37-39. 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 40. 

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 41. 
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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 

(IgG, 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 42, 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 41. 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, 



 

1 Introduction 

10 

 

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 44,45. 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 49. Amino acids react with the formaldehyde, forming highly 

reactive methylene and methylol-adducts at aminogroups of lysine, asparagin, 

arginine, histidine, and glutamine 50. 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 47,51 (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.  

 

 

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 52. 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 53. 

The induced chemical structural changes and contamination with embedding 

medium also interfere with peptide-based approaches like mass spectrometry 54. 

Therefore, several protocols for protein extraction from formalin-fixed samples 

have been developed and improved 55-59. 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 60. 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 20,61. 

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 62,63. 

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 64. 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 65. 

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 66,67. Several OCT removal protocols have been established 

during the last decade 65,68,69. 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 70. 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 

71. The social and economic consequences have been tremendous 72. The family 

of human infecting coronaviruses (hCoV) is branched in alpha- (α-CoV) and beta-
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coronaviruses (β-CoV). In contrast to SARS-CoV-2 (β-CoV), NL63 and 229E, 

belonging to the α-CoV, as well as OC43 and HKU1, belonging to the β-hCoV, 

only cause mild symptoms and are also known as common cold or endemic 

coronaviruses 73-75. Yet, key features of molecular structure in the hCoV family are 

highly conserved 76. 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 77,78. 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 79. 

 

 

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 
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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 85-87. 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 88,89. 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 90. 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 91-95. 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 96. 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 5th 

most common cause of cancer-related death 97. 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 98. 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).  

 

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) 99,101. 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 99,102. 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 99,103. 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) 100. 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 104. Her2 expressing cancers can be 

treated with Trastazumab, a monoclonal antibody that specifically targets the Her2 

receptor 105. 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 106-108. 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 109-112. 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 113,114. 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 115-117. On the other hand, certain immune 

cells, as alternatively activated macrophages are linked to tumour progression 

(Figure 6) 118,119. 

 

 

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. 118). 

 

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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2 Objectives of the Thesis 
 

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, DigiWest 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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detected peaks and definition of cut-off values were performed by Simon Fink. I 
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3 Results I: Multiplexed Serum Antibody Screening 
 

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 120-122. 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 

123,124. 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 18. 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. DigiWest microsphere mixes 

were generated by utilizing 0.5 µg 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 18. 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 α-hCoV (229E, 

NL63) and from a β-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, 

OC43, 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 126. 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 

AFI 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 (CI) 94.5-100%) and a sensitivity of 90.3 % (CI 79.9-100%) 

was achieved. Furthermore, positive and negative predictive values for the assay 

were calculated and found to be 0.966 (CI 0.899-1.0) and 0.945 (CI 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 127,128.  

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 κ) 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 κ = 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 AFI) 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. 
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In this work, I performed selection, evaluation, and macro dissection of FFPE 

tissue sections, preparation of assay reagents and assays for pathway analysis 

independently. Additionally, I generated and evaluated a panel of antibodies 

suitable for the protein expression analysis of FFPE cervical punch biopsies. I 

curated, investigated, and analysed the data, prepared figures and wrote the 

manuscript together with Martin Weiss. 
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4 Results II: 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 85,86. 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 90,93-96,129. Recently, NIPP has been characterized 

as a procedure for CIN treatment 90. NIPP, a highly energized gas, induces the 

generation of ROS and RNS, by the interaction with the atmosphere, fluids, and 

organic surfaces 130 (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 91,92. 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 (IHF) 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. 131). (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. 132) 
 

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 mm2 to 400 mm2 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 



 

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

35 

 

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 96. 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) 135 as well as the signal transducer and 

activator of transcription-3 (STAT3) 135,136. 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) 138,139, 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 
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complementary partner CK8 play an important role in maintaining the physiological 

cell function and are associated with the cell cycle and apoptosis 140-142. 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, I prepared layered cuts of fresh frozen tissues and performed 

haematoxylin and eosin staining together with Sandra Jerbi. I 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. I wrote the manuscript together 

with Markus Templin.  
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5 Results III: 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 145. Nevertheless, 

overdiagnosis and long-term therapy resistance still pose a problem. Hence, more 

personalized treatment approaches have become a focus of current research 146. 

With the advancement of immunotherapies, the role of cancer-infiltrating immune 

cells in disease progression and treatment has been emphasized 147,148. 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 109. 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 150,151.  

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 27 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 Tübingen. 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 µm) was collected for protein expression analysis (Figure 

9). A pathologist (Annette Stäbler, Department of Women's Health, University of 

Tübingen, Tübingen, Germany) assessed the tumour content of each layer, 

yielding an estimated average tumour content for each sample.  

 

 

Figure 9. Schematic illustration of study workflow. Layered cuts of tumour resectates 
were generated and intermediate tissue (100 µm) 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 Tübingen). 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 (CD8α, 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 log2 fold change of at least  or -   (Ruoff et al, Appendix 3, Fig. 4A, B, D).  

CD163, a marker for M2 macrophages 153, CD56, a marker for human natural killer 

cells 154 and CD25, a marker for regulatory t-cells (Tregs) 155 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 156,157 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 158-160, 

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 161, 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 162-165. 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 166. Additionally, higher expression of important 

cell cycle regulators (Cyclin B1, CDK1) 167 as well as phosphorylation of Histone 

H3 at Serine 10, an indication of mitosis 168, was observed in the hot subgroup. 

Appositely, expression of cell growth repressor E2F-4 169 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) 170-172. Moreover, higher 

expression of cleaved Caspase 6 and 9, both promoting apoptosis 173,174, as well 

as pro-apoptosis factor Bax 175 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 Immune-
Suppressing Factors 

 

The tumour co-marker PR, which was previously linked to an immunosuppressed 

tumor microenvironment (TME) 176,177, showed the most notably increased 

expression in cold carcinomas (Ruoff et al., Appendix 3, Fig. 4b, c, Fig. 5c). 

Peroxisome proliferator-activated receptor gamma (PPARγ), which is associated 

with immunosuppression 178-180 is also worth pointing out. Interestingly, 

phosphorylation of PPARγ (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, PPARγ and PPARγ-

pSer112 validated the predominant expression of PPARγ-pSer112 by cancer cells 

in cold carcinomas (Ruoff et al, Appendix 3, Fig. 5a). To investigate the influence 

of PPARγ-pSer112 on immune cell infiltration status the sample set was divided in 

elevated (greater than median) and decreased (lower than median) PPARγ-

pSer112 expression. Crucially, samples classified as cold carcinomas were 

significantly enriched in the group with elevated PPARγ-pSer112 levels (Ruoff et 

al, Appendix 3, Fig. 5d; Fishers exact test, p=0.0046). Taken together, these data 

suggest that phosphorylation of PPARγ 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 27. 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 181-183. Gene 

and mRNA analysis methods like next generation sequencing and NanoString are 

state of the art in the field of precision medicine 5,184. Despite high sensitivity, 

throughput and robustness, technologies like NanoString require complex probe 

design and extensive data processing 184. 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 185,186. 

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 187. These 

approaches can give valuable information about the spatial relationship of cells or 

proteins 188. 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 189. 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 190. 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 13.  

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 193,194. 

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 29. 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 195,196. 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 18 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 17. 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 197-199. 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 200,201. 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 201,202.  

Additionally, the role of ADE in immunity and vaccination has recently been 

discussed 203-205. 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 207. 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 208. 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 µg 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 209. 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 124,206. 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 56. As is known from RNA extraction, over-fixation 

can lead to stronger crosslinking between analytes, which in turn makes extraction 

more difficult 211-213. 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 214. Additionally, long-term exposure to oxygen 

can lead to oxidation of antigens and consequently reduce signals in antibody-

dependent detection methods 214,215. Therefore, results can vary independently of 

the used extraction and analysis method, making comparison between different 

methods challenging 216. 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) 216. 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 20,61; 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 61 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 131, 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 130,141, which can be independent of caspase 

activity 142. 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 218. Src is involved in many pro-proliferative 

cell responses and interacts with important regulatory factors 135,136. 

Concomitantly, many of these interaction factors, such as p38 and STAT3, 

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 
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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 219. 

 

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 220. However, sample storage, processing 

and analysis needs to be firmly regulated and standardized to avoid artefacts 

through protein degradation 64. 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 109,221. In colorectal 

cancer it has been shown that the immune score was an even better prognostic 

factor for survival than the classical TNM system 222-224. Several studies showed 

similar observations in breast cancer 113-117. 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 225,226. 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 61,227, 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. CD8α, 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 231,232. 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 233. 

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 234-236, which may be a reason for the observed retention 

of immune cells. Interestingly phosphorylation of PPARγ (pS112) was also 

enriched in these tumour samples. It has been proposed that PPARγ is involved in 

an immune escape mechanism in muscle-invasive bladder cancer 237. Hence, this 

observation suggests, that breast cancer may harness a similar immune evasion 

mechanism. This makes PPARγ 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 27. 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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