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Die vorliegende Arbeit zielt darauf ab, die Methoden zur Entwicklung einer zielgerichteten 

Krebstherapie zu verfeinern und die Mängel der verfügbaren Therapiemodalitäten von Tripel-

negativem Brustkrebs „Triple-negative breast cancer“ (TNBC) und Eierstockkrebs wie geringe 

Effizienz und Arzneimittelresistenz zu überwinden. Im Rahmen dieser Arbeit wurde die SNAP-

Tag-Technologie verwendet, die eine schnelle und effiziente ortsspezifische Konjugation einer 

Vielzahl von Effektormolekülen unter physiologischen Bedingungen ermöglicht.  

Die therapeutischen Strategien der Nahinfrarot-Photoimmunotherapie (NIR-PIT) und der 

Antikörper-Wirkstoff-Konjugat ADC-Reagenzien (in Kombination und/oder einzeln) zeigten in-

vitro gegen verschiedene TNBC- und Eierstockkrebszellen starke bildgebende Eigenschaften 

und/oder starke therapeutische Aktivität. Trotz der vielversprechenden Ergebnisse sind 

weitere Experimente erforderlich, um die pharmakokinetischen Eigenschaften besser zu 

charakterisieren und die Bildgebung, sowie die therapeutische Aktivität in vivo zu verifizieren. 

In einem weiteren Therapieansatz wurden zwei humanbasierte Immuntoxine generiert und 

untersucht. Sowohl in-vitro- als auch in-vivo-Ergebnisse zeigten, dass die Immuntoxine scFv-

CSPG4-MAP und GbR201K-scFvEpCam (vollständiges humanes Immuntoxin) ein hohes 

Translationspotenzial für die gezielte Eliminierung von TNBC aufweisen. 

Stichworte: Eierstockkrebs, Tripel-negativer Brustkrebs, Antikörper, Nahinfrarot-

Photoimmunotherapie, Antikörper-Wirkstoff-Konjugat, Immuntoxin, ortsspezifische 

Konjugation (site-specific conjugation), SNAP-tag. 

1



Table of Contents 

1. Introduction ........................................................................................................... 4 

1.1. Cancer ................................................................................................................. 4 

1.1.1. Triple negative breast Cancer ...................................................................... 5 

1.1.2. Ovarian cancer ............................................................................................... 6 

1.2. Cancer therapy .................................................................................................. 6 

1.2.1. Tumor targeted therapy ................................................................................ 8 

1.2.1.1. Antibody drug conjugate (ADCs) ........................................................... 15 

1.2.1.2. Methods for conjugating therapeutic payload ..................................... 17 

1.2.1.2.1. Random conjugation methods ........................................................... 17 

1.2.1.2.2. Site-specific conjugation methods .................................................... 18 

1.2.1.2.3. Dual labeling of therapeutic antibodies ............................................ 19 

1.2.1.3. Human cytolytic fusion protein-based immunotoxin for treating breast 
cancer……………………………………………………………………………..….……..21 

2. Discussion ........................................................................................................... 23 

2.1. Designing, Expression and Purification of Recombinant antibody-SNAP-tag 
fusion proteins ............................................................................................................ 24 

2.2. Generation of near infrared photo-immunotheranostics reagents (NIR-PIT) 
for treating TNBC and ovarian cancer cells ............................................................ 27 

2.3. Development of antibody drug conjugates for treating TNBC cells ........ 30 

2.4. Simultaneous and Independent Dual Site-Specific Self-Labeling of 
Recombinant Antibodies for targeting ovarian cancer cells ................................ 32 

2.5. Application of immunotoxins for treating TNBC ......................................... 34 

3. Publications ......................................................................................................... 38 

3.1. Designing, Expression and Purification of Recombinant antibody-SNAP-tag 
fusion proteins ............................................................................................................ 38 

3.2. Generation of near infrared photo-immunotheranostics reagents (NIR-PIT) 
for treating TNBC and ovarian cancer cells ............................................................ 92 

3.3. Development of  antibody drug conjugates for treating TNBC cells ..... 113 

3.4. Simultaneous and independent dual site-specific self-labeling of 
recombinant antibodies for targeting ovarian cancer cells ................................ 127 

3.5. Application of immunotoxins for treating TNBC ....................................... 137 

4. Summary ............................................................................................................ 159 

2



5. Zusammenfassung ........................................................................................... 161 

6.  References ........................................................................................................ 164 

7. ERKLÄERUNG ZUR HABILITATION ............................................................... 174 

8. Abbreviations list .............................................................................................. 175 

9. Acknowledgments ............................................................................................ 177 

3



1. Introduction

1.1. Cancer 

Every day, approximately 60 billion cells die in the human body, and new cells are produced 

to replace them. For each generated cell, the whole genetic material needs to be correctly 

duplicated and transferred to the new cell 1. The cells have a highly controlled system for DNA 

replication, including proofreading and repair processes, which guarantee that less than one 

mistake occurs for each billion nucleotides during DNA replication 2. However, mistakes 

occurred and lead to changes in the properties or the number of proteins involved in cell-cycle 

control system, this could lead to uncontrolled cell division which is a characteristic of cancer 

3.  

Cancer arises as a result of dynamic alteration in the genetic material of normal cells leading 

to transforming them into a malignant phenotype. These genetic alterations allow the cancer 

cells to gain function in the case of growth promoting genes, while experiencing loss of function 

in case of tumor suppressor genes and stability genes 4. 

In general, there are more than 100 different cancer types, however six characteristic changes 

(hallmarks) are shared by most cancer types. These include sustaining proliferative signals, 

evading growth suppressors, resistance to cell death, enabling replicative immortality, inducing 

angiogenesis, activating invasion and metastasis 3. Furthermore, enabling factors such as 

genome instability and mutation, tumor promoting inflammation and the emerging hallmarks 

such as deregulating cellular energetics and avoiding immune destruction are a distinguish 

properties for malignant cells 4. 

As a disease, cancer is the main cause of death in economically developed countries and it 

ranks as the second leading cause of death in the developing countries, making it the most 

threatened and prevalent disease worldwide. Around 19.3 million new cases and 

approximately 10 million death-associated with cancer were registered in 2020 worldwide. The 

most diagnosed cancer is the breast cancer, which is responsible for about 11.7% of total new 

cancer cases, followed by lung and colorectal cancers, which count 11.4% and 10% of overall 

cancers, respectively. Lung cancer is responsible of 18% of total death, while around 7% of 

mortality is caused by breast cancer 5.  

In women, breast cancer comprises round quarter of all new cases, followed by colorectal 

(9.4%) and lung (8.4%) cancers, while ovarian cancer represents 3.4% of these cases. 

Although, ovarian cancer incidence is low, it is responsible of around 5% of the death in 

women, while 15.5% of the females’ death are associated with breast cancer 6.   

Despite the great and rapid developments in cancer early diagnosis and treatment, still around 

one in six deaths are caused by cancer worldwide, and it is one of the major obstacles for the 

improvment of life expectancy 7.   
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1.1.1. Triple negative breast Cancer 

Female breast cancer is the leading cause of cancer worldwide, contributing to 2.3 million new 

cases and responsible for 1 in every 6 cancer-related deaths among women, resulting in 

685,000 deaths in 2020 worldwide 8. Based on the expression of estrogen receptor (ER), 

progesterone receptor (PgR) and human epidermal growth factor receptor 2 (HER2), breast 

cancer is classified into five molecular subtypes: luminal subtype A; luminal subtype B; basal-

like subtype; HER2 positive subtype; normal breast-like subtype (Figure 1) 9, 10. Triple negative 

breast cancer (TNBC) is identified by the clinical absence of ER, PgR and HER2, through 

immunohistochemistry and accounts for 10-20% of all breast cancer cases 11. Even though 

defined by different methods, TNBC is often, but not always, equal to basal-like subtype, as 

most of basal-like subtypes are TNBC and about 80% of TNBC are also basal-like breast 

cancer 12. TNBC shows a more aggressive biology compared to other subtypes characterized 

by increased likelihood of distant recurrence and death ratio 13.  

Due to the heterogenicity of TNBC and the lack of ER, PgR and HER2 14, classical receptor-

targeting therapies such as tamoxifen or trastuzumab are therefore unsuitable. Consequently 

TNBC patients faces challenges due to limited therapeutic options including surgery and 

systematic chemotherapy 15. 

The treatment options for TNBC patients have changed with the recent approving of the 

antibody–drug conjugate (ADC) Sacituzumab govitecan for treating metastatic breast cancer. 

This ADC is targeting the highly expressed cell surface receptor trophoblast cell surface 

antigen-2 (Trop-2) in TNBC 16.  

Due to TNBC inter- and intratumor heterogeneity of TNBC, it is unlikely that any single targeting 

molecule will be efficacious for detecting or treating all TNBC patients 17. 

 

Figure 1: Five main intrinsic or molecular subtypes of breast cancer. Created with BioRender.com 
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1.1.2. Ovarian cancer 

Ovarian cancer is one of the most common gynecological tumors, with more than 200,000 new 

cases diagnosed each year and more than 100,000 deaths per year worldwide 18. The gold 

standard therapy for ovarian cancer involves an intensive surgical cytoreduction, followed by 

a platinum and taxane-based cytostatic treatment 19. Till now, no significant improvements 

have been achieved by adding further cytotoxic agents to this regimen 20. However, the 

addition of the antiangiogenic drug bevacizumab has been shown to increase the disease-free 

interval 21, 22.  

The fatality rate of ovarian cancer is high because these therapeutic modalities fail to cure 

ovarian cancer patients with advanced disease, classified in the international federation of 

gynecology and obstetrics (FIGO) stages II – IV (Figure 2) 23, which are representing around 

75% of patients with ovarian cancer patients. For these patients, the five-year survival rates 

are range from 20% to 30% compared to 70% to 90% cure rates for those diagnosed when 

the disease is confined to the ovary (Stage I) 24. 

The spreading of ovarian tumors into the peritoneum, retroperitoneal space and the serosa 

layer of the gut is one of the major limitations preventing the removal of residual tissues during 

cytoreductive surgery 25. Patients with no residual disease have a median survival rate of ~99 

months, but this survival rate decreases to ~36 months if residual tumors are persent. 

However, the detection of non-resectable macro-metastasis and micro-metastasis poses a 

significant challenge during regular surgery 26. This emphasizing the need to develop new 

molecular targeting approaches for robust elimination of cancer cells and inducing long-term 

antitumor responses to improve the ovarian cancer patients’ survival rate. 

1.2. Cancer therapy 

Although cancer is defined as a modern disease, its roots and treatment attempts can be 

traced back to ancient Egyptian and Greek civilizations 27. The first documented case was 

around 3000 B.C, which describe a breast cancer and the surgical procedure used to remove 

the tumor mass 28. Cancer has been considered as a curse and therefore treated with radical 

surgery and cautery. Although Hippocrates recognized cancer as a disease with biological 

origins around 400 B.C., its treatment methods remained limited until the end of the nineteenth 

century focusing on food diet, radical surgery and cautery 28.  

The real changes in treating cancer started when Wilhelm Röntgen in 1895 discovered the X-

Ray. This was followed by a discovery of Radium in 1898 by Marie and Pierre Curie, which 

was able to destroy the treated cancerous. Independently, Emil H. Grubbé has used the X-

Ray for treating breast cancer in 1896, while in 1899, Anton Ultimus Sjögren used it for treating 

epithelioma of mouth. These experiments have paved the way for the modern radiotherapy, 
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which has been established by Claudius Regaud, who could minimize the adverse effects of 

radiation and use it for treating different types of tumors 29.  

 

 

Figure 2: FIGO staging of ovarian cancer. Created with BioRender.com. 

 

Mid of the twentieth century, a new era of cancer therapy has started with the discovery and 

the use of nitrogen mustards and antifolate cytostatic agents. The cytotoxic effect of the 

nitrogen mustards, which has been used as a chemical weapon, was discovered accidently 

during the second war by observing its toxicity in the bone marrow and depletion of immune 

cells 30. Nitrogen mustards are DNA alkylating agents, which bind to the guanine bases through 

their aziridinium group and replace chlorine to create interstrand cross-links. This prevents cell 

proliferation through blocking the DNA replication 31. Mechlorethamine, first generation 

nitrogen mustard, was clinically used later to treat patients with lymphoid and prostate cancers. 

However, severe side effects were associated with this agent and therefore it is not used 

anymore 28.     

In the same period, a different therapeutic option, called antimetabolites was investigated. This 

is mainly based on blocking vital cell proliferation processes or pathways such as DNA, RNA 

or protein synthesis using molecules that are similar to the metabolites in their structure but 

not functional. The first antimetabolites agent used to treat cancer patients was aminopterin, 
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which belongs to the antifolates family 32. In 1947, Sidney Farber was able to inhibit tumor cell 

growth in patient with acute lymphoblastic leukemia after treating him with aminopterin 33.  

These and other attempts have encouraged the development of different cytostatic agents, 

which have the ability to inhibit cell proliferation by blocking or preventing the synthesis of DNA, 

RNA and their metabolism. These agents can be classified into four groups: alkylating agents, 

antimetabolites, antibiotics, and alkaloids 34.  

A new boost to the cancer treatment has occurred when Bernhard Fisher reported in 1981 that 

using systemic adjuvant therapy in combination with local surgery led to comparable results to 

radical surgery and could improve the treatment of cancer dissemination and metastasis 35. 

Despite the huge improvement in surgical procedures, as well as in radiation, and 

chemotherapy these approaches are still associated with serious side effects during and after 

treatment. Therefore, significant efforts have been made to develop therapeutic modalities with 

no or limited impact on normal cells while exhibiting high potency and toxicity against cancer 

cells.    

1.2.1. Tumor targeted therapy   

Although the principle of the targeted therapy has been suggested in 1907 by Paul Ehrlich 

through his theory of using what he called a “magic bullet” to treat cancer cells specifically 36, 

the first breakthrough in this field was achieved in early ‘80s by attempting to use small 

molecules or macromolecules, such as monoclonal antibodies, nucleic acids and polypeptides 

to block different molecular targets 36.    

Cancer targeted therapy can be divided into two major classes: small molecules and 

macromolecules. Small molecules cancer targeted therapy class is directed to kinases, DNA 

damage repair enzymes, epigenetic regulatory proteins and proteasomes. Although small 

molecules have advantages over macromolecules in some respect such as high tumor tissue 

penetration, pharmacokinetic (PK) properties and costs, they are associated with several 

limitations such as low therapeutic activity and resistance 37. To date, there are 68 anti-cancer 

small molecules approved by Food and Drug Administration (FDA). They fall into seven broad 

subclasses: receptor tyrosine kinase inhibitors, serine / theonine kinase inhibitors, epigenetic 

inhibitors, B-cell leukemia/lymphoma-2 (BCL-2) inhibitors, hedgehog pathway inhibitors, 

proteasome inhibitors, poly-ADP ribose polymerase (PARP) inhibitors 38.     

The macromolecule cancer targeted therapy class is relying on using monoclonal antibodies, 

polypeptides, antibody-drug conjugates, and nucleic acids to block specific pathways or indue 

cell death 37. The first clinical use of targeted macromolecule was based on treating the 

lymphoma-associated antigen in non-Hodgkin’s (NHL) lymphoma patients using the 

monoclonal antibody (AB89) 39. Although, the treated patients have not benefit significantly 

from this therapeutic approach, this attempt together with new discoveries and developments 
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in the fields of molecular biology and immunology spurred major leaps in the field of cancer 

targeted therapy 28.  

These great efforts had led to the approval of the first monoclonal antibody (mAb) (Rituximab) 

targeting CD22 for treating NHL in 1997 by the FDA 40. Subsequently, one year later, the mAb 

Trastuzumab targeting HER2 had been approved by FDA to treat breast cancer 41. The 

mechanisms of action of these antibody-based tumor therapies, along with other 17 agents 

(marked in blue in Table 1), are based on the antibody natural properties. These include, 

blocking the pathways for tumor growth and progression as well as evoking the proteins and 

cells of the immune system through triggering complement dependent cytotoxicity (CDC), 

antibody-dependent cellular cytotoxicity (ADCC), and antibody-dependent cellular 

phagocytosis (ADCP) mechanism (Figure 3) 42.   

Figure 3: Therapeutic mechanisms of Rituximab against B cell lymphoma. The binding of Rituximab to 

the CD20 expressing B cell lymphoma induces (A) direct killing of the cells activating downstream 

signaling pathways, (B) CDC through the binding of C1q the Fc region of Rituximab-CD20, (C) ADCC 

through the binding to the FCγRIII of natural killer cells which lead to the release of granzyme and 

perforin, (D) ADCP by activating B cell phagocytosis due to the binding of Macrophage FCγ receptors 

to the Rituximab FC region. Created with BioRender.com. 

Beyond the antibody natural properties, antibodies are exploited to engage the adaptive 

immune system to attack cancer cells. Here, thirteen different antibodies, which have the ability 

to evoke the cytotoxic activity of T cells, have been approved by FDA 43. These include 

modifying the transmembrane segment in T cells, which is fused to cytoplasmic signaling 

domain of a T cell costimulatory receptor (CD28 or 4-1BB) or the cytoplasmic signaling domain 

of CD3ζ of the T cell receptor (TCR) complex with extracellular antibody fragment (single-chain 

variable fragment; scFv), creating chimeric antigen receptor T cells (CAR-Ts) (Figure 4). At the 

time of writing this thesis, four CAR-Ts (Tisagenlecleucel, Axicabtagene Ciloleucel, 

Brexucabtagene Autoleucel, and lisocabtagene Maraleucel), which are directed to CD19, are 

applied to treat relapsed or refractory (r/r) B-cell acute lymphoblastic leukemia (B-ALL) or B-

cell non-Hodgkin lymphoma B-NHL. Additionally, CAR-T-based therapy (idecabtagene 

vicleucel) targeting B-cell maturation antigen (BCMA), is available for treating r/r multiple 

myeloma (marked in red in Table 1) 44.    
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Table 1:    Antibody-based therapy approved by FDA and in clinical use. 

Name Target  mAb format  Payload  Linker  DAR  Cancer Approval 

Rituximab (Rituxan®) CD20 IgG1K, chimeric 
mouse/human 

- - - B-NHL, CLL 1997 

Trastuzumab 
(Herceptin®) 

HER2 IgG1k, humanized  - - - Breast Stomach  1998 

Ibritumomab tiuxetan 
(Zevalin®) 

CD20 IgG1k, mouse  90Y Non-
cleavable 

Unknown B-NHL 2002 

Cetuximab (Erbitux®) EGFR IgG1K, chimeric 
mouse/human 

- - - Colorectal, h & n 2004 

Bevacizumab 
(Avastin®)®) 

VEGF IgG1k, humanized - - - Colorectal, lung, brain, kidney, 
cervical, ovarian, fallopian, peritoneal, 
liver 

2004 

Panitumumab 
(Vectibix®) 

EGFR IgG2K, human - - - colorectal 2006 

Ofatumumab (Arzerra®) CD20 IgG1K, human - - - CLL 2009 

Ipilimumab (Yervoy®) CTLA4 IgG1K, human - - - Melanoma, kidney, MSI-H/dMMR 
colorectal, liver, lung, mesothelioma 

2011 

Brentuximab vedotin 
(Adcetris®) 

CD30 IgG1K, chimeric 
mouse/human 

MMAE Cleavable 4 (mean) HL, T-NHL 2011 

Pertuzumab (Perjeta®) HER2 IgG1k, humanized - - - Breast 2012 

Ado-trastuzumab 
emtansine (Kadcyla®) 

HER2 IgG1k, humanized DM1 Non-
cleavable 

3.5 
(mean) 

Breast 2013 

Obinutuzumab 
(Gazyva®) 

CD20 IgG1k, humanized - - - CLL, B-NHL 2013 

Ramucirumab 
(Cyramza®) 

VEGFR2 IgG1k, humanized - - - Stomach, colorectal, liver, lung 2014 

Pembrolizumab 
(Keytruda®) 

PD1 IgG4k, humanized - - - Melanoma, lung, h & n, HL, bladder, 
MSI-H/dMMR, stomach, cervical, B-
NHL, liver, kidney, esophageal, 
endometrial, TMB-H, skin, breast 
(TNBC) 

2014 

Blinatumomab 
(Blincyto®) 

CD19, 
CD3 

(scFv)2 (BiTE), mouse - - - B-ALL 2014 

Nivolumab (Opdivo®) PD1 IgG4k, humanized - - - Melanoma, lung, kidney, HL, h & n, 
bladder, MSI-H/dMMR colorectal, liver, 
esophageal, 
mesothelioma 

2014 
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Dinutuximab (Unituxin®) GD2 IgG1K, chimeric 
mouse/human 

- - - Neuroblastoma 2015 

Daratumumab 
(Darzalex®) 

CD38 IgG1K, human - - - Multiple myeloma 2015 

Necitumumab 
(Portrazza®) 

EGFR IgG1K, human - - - Lung 2015 

Elotuzumab (Empliciti®) SLAMF7 IgG1k, humanized - - - Multiple myeloma 2015 

Atezolizumab 
(Tecentriq®) 

PDL1 IgG1k, humanized - - - Bladder, lung, breast (TNBC), liver, 
melanoma 

2016 

Olaratumab (Lartruvo®) PDGRFA IgG1K, human - - - sarcoma 2016 

Avelumab (Bavencio®) PDL1 IgG1 λ, human - - - Merkel cell carcinoma, bladder, kidney 2017 

Durvalumab (Imfinzi®) PDL1 IgG1K, human - - - lung 2017 

Inotuzumab ozogamicin 
(Besponsa®) 

CD22 IgG4k, humanized Calichea-
micin 

Cleavable 2-6 B-ALL 2017 

Tisagenlecleucel 
(Kymriah®) 

CD19 scFv-based CAR-T 
cells, mouse T 

T cell - - B-ALL, B-NHL (DLBCL, FL) 2017 

Gemtuzumab 
ozogamicin (Mylotarg®) 

CD33 IgG4k, humanized Calichea-
micin 

Cleavable 0-6 AML 2017 

Axicabtagene ciloleucel 
(Yescarta®) 

CD19 scFv-based CAR-T 
cells, mouse T 

T cell - - B-NHL (DLBCL, FL) 2017 

Mogamulizumab-kpkc 
(Poteligeo®) 

CCR4 IgG1k, humanized - - - T-NHL 2018 

Moxetumomab 
pasudotox-tdfk 
(Lumoxiti®) 

CD22 dsFv, mouse PE - - B-NHL (hairy cell leukemia) 2018 

Cemiplimab-rwlc 
(Libtayo®) 

PD1 IgG4k, human - - - Cutaneous squamous cell carcinoma, 
basal cell carcinoma, lung 

2018 

Polatuzumab vedotin-
piiq (Polivy®) 

CD79B IgG1k, humanized MMAE Cleavable 3.5 
(mean) 

B-NHL (DLBCL) 2019 

Enfortumab vedotin-ejfv 
(Padcev®) 

NECTIN4 IgG1k, human MMAE Cleavable 3.8 
(mean) 

Bladder 2019 

Fam-trastuzumab 
deruxtecan-nxki 
(Enhertu®) 

HER2 IgG1k, humanized DXd Cleavable  Breast, stomach 2019 

Isatuximab-irfc 
(Sarclisa®) 

CD38 IgG1K, chimeric 
mouse/human 
 

- - - Multiple myeloma  2020 
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Sacituzumab govitecan-
hziy (Trodelvy®) 

Trop2 IgG1k, humanized SN38 Cleavable 7-8 Breast (TNBC), bladder 2020 

Brexucabtagene 
autoleucel (Tecartus®) 

CD19 scFv-based CAR-T 
cells, mouse T 

T cells - - B-NHL (mantle cell lymphoma) 2020 

Tafasitamab-cxix 
(Monjuvi®) 

CD19 IgG1k, humanized - - - B-NHL (DLBCL) 2020 

Belantamab mafodotin-
blmf (Blenrep®) 

BCMA IgG1k, humanized DM1 Non-
Cleavable 

4 (mean) Multiple myeloma 2020 

Naxitamab-gqgk 
(Danyelza®) 

GD2 IgG1k, humanized - - - Neuroblastoma 2020 

Margetuximab-cmkb 
(Margenza®) 

HER2 IgG1K, chimeric 
mouse/human 

- - - Breast 2020 2020 

Lisocabtagene 
maraleucel (Breyanzi®) 

CD19 scFv-based CAR-T 
cells, mouse T 

T cells - - B-NHL (DLBCL, FL) 2021 

Idecabtagene vicleucel 
(Abecma®) 

BCMA scFv-based CAR-T 
cells, mouse T 

T cells - - Multiple myeloma 2021 

Mirvetuximab 
Soravtansine-Gynx 

FOLR1 IgG1, humanized DM4 cleavable 
linker 

3.5 
(mean) 

Platinum-resistant epithelial ovarian, 
fallopian tube or primary peritoneal 
cancer 

2022 

The different colors represent the of mechanism of action of antibody based therapeutic agents; natural therapeutic properties of mAbs (blue), specific delivering 

therapeutic or imaging agents (orange), immune checkpoint blockade (green), engaging T-cell using bispecific antibodies (black), CAR-t cells (red)
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Figure 4: Schematic illustration of a CAR-T generation and therapy. Genetically modifying T cells with 

CAR gene composed of antigen recognition domain and signaling domains. The generated CAR-T cells 

can recognize targeted antigen on tumor cells leading to inducing cancer cell death. Created with 

BioRender.com. 

Immune checkpoint inhibitors (ICIs), are part of the antibody-based therapeutic approach, and 

currently, seven anti-immune checkpoint antibodies are available for clinical use 45. These 

antibodies have the ability to activate the T cells through targeting them directly via blocking 

programmed cell death protein 1 (PD1) with Pembrolizumab, Nivolumab and Cemiplimab-rwlc 

or cytotoxic T-lymphocyte-associated protein 4 (CTLA4) with Ipilimumab. Additionally, they 

target cancer cells, dendritic cells and macrophages in the tumor microenvironment by 

targeting programmed cell death-ligand1 (PD-L1) with Atezolizumab, Avelumab and 

Durvalumab (marked in green in Table 1) (Figure 5) 46.    
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Figure 5: Schematic illustration of mechanisms of immune checkpoint inhibitors. PDL1 and CD80/86 

on dendritic or tumor cells bind to PD1 and CTLA4, respectively and deactivate T cells. Blocking PDL1, 

PD1 and CTLA4 with Anti-PDL1 antibody (red), anti-PD1 antibody (blue) and anti-CLTA4 antibody 

(burble), respectively lead to activate the T cells and allows them to kill tumor cells. Created with 

BioRender.com. 

Another member of this antibody-based therapeutic group is the T-cell engaging bispecific 

antibodies (T-biAbs), which are designed to induce major histocompatibility complex (MHC)-

independent recognition and destruction by bridging T cells to cancer cells 47. Blinatumomab 

is the only T-biAbs approved for clinical use by FDA and it is applied for treating acute 

lymphocytic leukemia that bind to CD19 on malignant B cells and T-cell receptor CD3ε chain 

(marked in black in Table 1) (Figure 6) 48. 
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Figure 6: Schematic illustration of mechanism of action of bispecific antibody. As an example, the T-

biAbs triggering T cells activation by increasing their proximity to tumor cells through cross-linking them. 

Created with BioRender.com. 

1.2.1.1.  Antibody drug conjugate (ADCs) 

The combining of high antibody specificity with the therapeutic activity of powerful cytotoxic 

agents, constitutes a highly precise and effective class of antibody-based targeted therapy. In 

this class, the antibody is exploit as a transport vehicle for the highly cytotoxic agents, 

specifically to cancer cells expressing corresponding antigen and thereby spare healthy cells 

49. According to the molecules attached to the antibody, this class can be divided into antibody 

drug conjugates (ADCs), immunotoxins and radioimmunoconjugates subclasses 50.  

Currently, only one radioimmunoconjugate (Ibritumomab Tiuxetan) is applied for the treatment 

of B-NHL. Ibritumomab Tiuxetan is generated by conjugation of the CD20-specific monoclonal 

antibody Ibritumomab with the chelator Tiuxetan, which allows the coupling of the radioactive 

isotope yttrium 90 (90Y) to the antibody (marked in orange in Table 1) 51.  

Another subclass within antibody-based cytotoxic payloads delivery class is the immunotoxin, 

which involves fusing antibodies or antibody fragments with cytotoxic proteins. Moxetumomab 

Pasudotox-tdfk is the only immunotoxin approved for the treatment of hairy cell leukemia. It is 

a Fv fragment of anti-CD22 monoclonal antibody genetically fused to Pseudomonas Exotoxin 

A (PE) fragment (marked in orange in Table 1) 52.  

The third class of the antibody-based cytotoxic payload delivery is the ADCs, which is the most 

growing class in tumor targeted therapy field. In general, ADCs are generated by bringing three 

component, mAb, linker and a cytotoxic payload, together in a rational design (Figure 7) 49.  

The developments in the fields of chemistry and biochemistry, including mAbs modification 

and production, linker chemistry and design, conjugation methods as well as cytotoxic payload 

discovery, spurring major leaps in ADCs development 53. At the time of writing this work, twelve 

ADCs have been approved by the FDA for treating patients with different types of cancers 

(marked in orange in Table 1) and seven ADCs are in advanced stages of clinical trials 54, 55.  

Currently, there are five ADCs approved for solid tumors, these are; Ado-Trastuzumab 

Emtansine (Kadcyla®) approved in 2013 for treating patients with metastatic HER2-positive 

breast cancer that have received trastuzumab or taxane previously, Sacituzumab Govitecan-

hziy (Trodelvy®) approved in 2020 as a second-line treatment for advanced or metastatic 

trophoblastic cell-surface antigen-2 (Trop-2)-positive breast cancer (TNBC), Tisotumab 

Vedotin approved in 2021 for the treatment of recurrent or metastatic tissue factor (TF)-positive 

cervical cancer patients, Mirvetuximab Soravtansine-gynx approved in 2022 for  treatment of 

patients with folate receptor-α (FRα)-positive and platinum-resistant ovarian cancer, in 2022 

Fam-Trastuzumab Deruxtecan-nxki (Enhertu) approved for adult patients with unresectable or 

metastatic HER2-low breast cancer, Enfortumab Vedotin-ejfv (Padcev) approved in 2023 for 
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treating patients with locally advanced or metastatic urothelial cancer in combination with 

pembrolizumab 56, 57.  

 

Figure 7: Schematic illustration of mechanism of action of ADC. (A) After binding to the targeted antigen, 

the ADC will be internalized into the cells and the payload will be released from the lysosomes into the 

cytoplasm and finally induce tumor cell death. Due to the natural properties of antibody, ADCs could 

also induce tumor cell death through blocking tumor growth and progression pathways (B) or triggering 

ADCC (C). Created with BioRender.com. 

The most frequently used toxic agents in approved ADCs are Auristatins including monomethyl 

auristatin E (MMAE) and monomethyl auristatin F (MMAF) and they account for six out of 

thirteen of the ADCs in the clinical use 43. 

Recently, we have conjugated the monomethyl auristatin E (MMAE) to recombinant antibody 

fragments targeting the tumor associated antigens epidermal growth factor receptor 1 (EGFR) 

and epithelial cell adhesion molecule (EpCam). These ADCs were able to kill TNBC cells 

expressing the corresponding antigen through inducing cell apoptosis at a nanomolar 

concentration 58.   

Furthermore, near-infrared photoimmunotherapy (NIR-PIT) approach has been conditionally 

approved by the Pharmaceuticals and Medical Devices Agency in Japan for the treatment of 

recurrent head and neck squamous cell carcinoma (HNSCC). This approach based on arming 

EGFR specific mAbs (cetuximab) with the highly potent near-infrared (NIR) photosensitizer 

IRDye700 agent, which stay nontoxic till it is activated with NIR light at 690 nm. This causes 

the release of hydrophilic side chains of IRDye700 and generating an extremely hydrophobic 

side chain. Finally, the nearby cell membrane become damaged, causes water stream into the 

cell and lead to cell death 59.    
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In the last years, we have conjugated the IRDye700 with different cell-surface receptors 

specific recombinant antibody fragments, including EGFR, EpCam and chondroitin sulfate 

proteoglycan 4 (CSPG4). The specific imaging and therapeutic properties of these NIR-PIT 

agents were determined individually and in combination against different tumor entities 

expressing different levels of targeted cell-surface receptors 60, 61. 

As an example, the viability of five different TNBC cell lines, expressing different levels of 

EGFR, EpCAM and CSPG4 were reduced with 50% elimination of the cells (IC50) range from 

62 to 165 nM of individual NIR-PIT agents, while treating the same cells with a combination of 

all three reagents improve their therapeutic activity by up to 40%. Furthermore, our studies 

show that treating cells with each of NIR-PIT approach elements (recombinant antibody, 

IRDye700 or the NIR-light) alone has generated minimal toxicity and the maximal treatment 

response can reached only when all the elements directed together to the appropriate cells 

simultaneously 60.  

1.2.1.2. Methods for conjugating therapeutic payload  

To arm mAb with the therapeutic payloads, high potent drug molecules need to be conjugated 

to the mAb in most cases using an appropriate linker. To this background, different conjugation 

methods have been developed to create the ADCs and PIT reagents. These methods can be 

divided generally to random and site-specific conjugation methods.       

1.2.1.2.1.  Random conjugation methods  

Random conjugation methods are the most used methods to generate ADCs and PIT reagents 

and the first generation of clinically approved ADCs and PIT agents have been created using 

these methods. These methods are well established and easy to use, however, they lead to 

generate heterogeneous product with different pharmacological properties. This is mainly 

because they are relying on attaching the therapeutic molecules to the mAbs by directly 

functionalization of the highly abundance lysine or cysteine residues. Using both conjugation 

methods make it difficult to determine the conjugation site in the mAb and number of attached 

molecules to each mAb 62. 

Recently approved ADCs famtrastuzumab deruxtecan-nxki (Enhertu® ) and sacituzumab 

govitecan-hziy (Trodelvy® ) were generated by conjugating the therapeutic payloads to all 

hinge cysteine residues involved in interchain disulfide bridges in the IgG molecule to generate 

a uniform drug-to-antibody ratios of 8  63, 64. However, the optimal DAR for the ADCs is 2 and 

therefore, several site-specific conjugation methods are developed and used to generate the 

Next-generation ADCs 65.  
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1.2.1.2.2. Site-specific conjugation methods 

Site-specific conjugation methods represent ideal approaches to overcome the limitations of 

random conjugation techniques and produce nearly uniform products with a defined DAR 

through conjugating a certain number of therapeutic molecules to specific sites in the antibody 

molecule. Currently, several methods have been established, these include cysteine-

conjugation, glycol-conjugation, integrating unnatural or non-canonical amino acids, and 

enzyme-based conjugation methods 66. 

The best studied methods here are the cysteine-based conjugation strategies THIOMAB and 

SELENOMAB. In THIOMAB method, cysteine residues are added at specific positions in the 

heavy or light chains of antibody. These unnaturally occurring cysteine residues are used later 

to conjugate the therapeutic molecules and keeping the structural disulfide bonds unaffected.  

The SELENOMAB conjugation strategy is based on introducing selenocysteine residues 

during protein translation, this allows the specific coupling of methysulfone-modified 

therapeutic molecules with near-uniform stoichiometry. Also, the controlled disulfide rebridging 

conjugation method, which rely on conjugating the therapeutic agent to two cysteine residues, 

retain the antibody structure stability 67.  

Furthermore, different enzyme-based conjugation methods relying on coupling the therapeutic 

molecules enzymatically to a certain amino acid sequence with a define DAR have been 

recently established.  

One of these enzymes is the Staphylococcus aureus Sortase A, which has the ability to 

recognize the LPXTG peptide sequence motif, specifically cleave the amine bond between the 

threonine and forming a new amide bond with the N-terminal of oligoglycine-modified molecule 

through an acyl-enzyme intermediate. Different fusion proteins including recombinant 

antibodies have been site-specifically modified with therapeutic or imaging agents using this 

method 68.   

Another controlled enzymatic conjugation method is the O6-Alkylguanine-DNA 

alkyltransferase (AGT), also known as SNAP-tag, method. This method relies on genetically 

fusing the SNAP-tag to the recombinant antibody to allow the specific conjugation of O(6)-

benzylguanine (BG)-modified molecules by forming a covalent thioether bond between the 

reactive cysteine in SNAP-tag and the alkyl group in the BG-modified molecules 69.  

The SNAP-tag technology represents a simple, effective, specific and rapid conjugation 

method that results in more than 80% conjugation efficiency with the BG-modified molecule 

after 1 h incubation at room temperature in common physiological solution without any 

activation or reduction steps 70. Due to the intrinsically monovalent and high specific 

conjugation properties of the SNAP-tag, this method generates a high homogeneous product. 

Furthermore, it is expected that SNAP-tag protein associated with low immunogenicity as the 

SNAP-tag is a modified human protein. These properties and the availability of broad range of 
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BG modified molecules and building blocks make SNAP-tag conjugation method one of the 

most promising site-specific conjugation strategies 71.   

In the last years, we have exploited the highly efficient, specific, and monovalent conjugation 

properties of the SNAP-tag to conjugate BG-modified imaging agents, nanocarriers and 

therapeutic molecules to a set of recombinant antibody fragments targeting cancer cell-surface 

receptors. This method allows us to generate a homogenized tumor specific therapeutic and 

imaging agents with uniform pharmaceutical properties. One class of these targeted reagents 

is the NIR-PIT agents, which involve the conjugation of on demand and locally activatable 

IRDye700 agent to different cell-surface receptors specific recombinant antibody fragments 

using SNAP-tag conjugation method. The developed NIR-PIT reagents targeting EGFR, 

EpCAM and CSPG4 in different solid tumor types showed specific imaging properties and 

highly phototherapeutic toxicity in vitro. This approach could be used to select best fit therapy 

for each patient, to facilitate optical-image guided surgery, and in situ or on-demand drug 

activation as well as real-time treatment monitoring 61, 71-76.   

Another class of targeted reagents that we have developed is ADCs for specific treating of 

TNBC cells by targeting EGFR and EpCam 58. Here, BG-modified MMAE was conjugated to 

the above-mentioned SNAP-tag recombinant antibodies 58. The specific binding and 

internalization activities of scFv-EGFR-SNAP and scFv-EpCam-SNAP based ADCs were 

confirmed using flow cytometry analysis and fluorescence microscopy. These ADCs were able 

to reduce the cell viability and induce cell apoptosis in the cells expressing the targeted cell -

surface receptors at a nanomolar concentration in a dose-dependent manner. This study 

revealed that scFv-EGFR-SNAP and scFv-EpCam-SNAP based DACs represent promising 

targeting reagents for treating TNBC 58.  

1.2.1.2.3. Dual labeling of therapeutic antibodies 

Equipping antibodies with two or more different effector molecules has been emerged as a 

promising approach for detecting and treating cancer cells simultaneously, or for overcoming 

cancer cells resistance to ADC therapies. One of the advantages of dual labeled antibodies is 

their ability to precisely map the ADC biodistribution and determine the side effects of off 

targeting effect in preclinical and clinical studies 77.  

Here for example, indocyanine green (ICG)-sulfo-OSu and [111In] using the chelator 

diethylene triamine penta-acetic acid (DTPA) were conjugated to panitumumab (targeting 

EGFR) and trastuzumab (targeting HER2) and used to investigate molecular targeting by 

optical imaging (detecting ICG signal) determining the antibodies biodistribution and tumor 

accumulation by determining the radioactivity of 111In 78. In another approach, trastuzumab, 

HER2 specific antibody, was labeled with IRDye 800 and [111In]-DTPA to study its imaging 

properties for detecting metastatic tissues in breast cancer patients 79. The dual labeled 
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antibodies in these studies were generated using random conjugation methods, which lacks 

the specificity of site-specific labeling and is not associated with uniform DAR 78, 79.  

Rijpkema, et al have investigate the intraoperative imaging potential of three antibodies (anti- 

carcinoembryonic antigen-related cell adhesion molecule 5 (CEACAM5); MN-14; anti- 

carbonic anhydrase IX (CAIX); girentuximab; and anti-EGFR; cetuximab) labeled with both 

111In through the chelator DTPA and IRDYe 800CW at different DARs (of 0, 1, 1.5, 2, and 3). 

The results of in vivo biodistribution and imaging experiments showed that antibody with DARs 

of 1−1.5 have the optimal imaging properties. Antibodies with lower or higher DARs tended to  

accumulate to unfavorably levels in the liver or inadequately in the tumor 80. However, the 

optimal design of dual labeled conjugation is antibody dependent and need to be investigated 

for each dual-labeled antibody individually.  

Moreover, pharmacokinetic properties, safety and therapeutic activity of antibody conjugates 

are relying on the conjugation sites of the effector molecules 81. Therefore, several attempts 

have been made to generate dual labeled antibody with uniform pharmacokinetic, therapeutic 

and safety properties using site-specific conjugation methods. 

One of these attempts is relying on the THIOMAB and SELENOMAB technology, which allows 

the attachment of iodoacetamide and methylsulfonemodified effector molecules to 

engineeringed of cysteine and selenocysteine residues at specific sites in the antibody, 

respectively, with near uniform stoichiometry 82, 83.  Another attempt exploits orthogonal 

conjugation methods based on transglutaminase and engineered cysteine, respectively. Here, 

Puthenveetil et al., used transglutaminase-mediated conjugation to modify the glutamine 295 

with strained alkyne (BCN) in trastuzumab heavy chain, which is finally conjugated with Cy5.5 

azide. The cysteine engineered residue at position 183 in trastuzumab light chain was 

conjugated with BODIPY TMR C5-maleimide 84.   

Using controlled disulfide rebridging method, Wang et al., were able to site-specifically dual 

label proteins with water-soluble allyl sulfones. This method has several advantages over 

techniques relying on reduced cysteine residues. It maintains the stability of the antibody 

structure through the rebridging of disulfide bonds and its water solubility and reactivity 

enhance its application 85. Moreover, non-amino acid–based conjugation methods such as 

glycoengineering allow the coupling of effector molecules to for example N297 glycans located 

in the CH2 domain 66. 

Although the mentioned methods can generate nearly homogeneous antibody dual labeled 

products with high conjugation efficiency, they are associated with complicated production 

process and high costs. This is mainly due to the requirement of multiplex reaction and 

purification steps. The SNAP-tag and CLIP-tag simultaneous and one-step dual site-specific 

conjugation method overcome the limitation of other methods such as the need for separate 

conjugation steps, reduction steps or buffer exchange. This is mainly because the intrinsic 
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monovalent conjugation properties of both SNAP-tag and CLIP-tag, which allow a rapid one-

step reaction, site-directed and autocatalytic labeling under physiological conditions with a 

uniform DAR 76. 

1.2.1.3. Human cytolytic fusion protein-based immunotoxin for treating breast cancer  

Immunotoxins are chimeric proteins composed of a targeting moiety, generally full antibodies, 

antibody fragments, peptides, or growth factors, linked to toxin moiety, bacterial or plant toxic 

proteins or human cytolytic proteins 86. Ideally, immunotoxin need to bind the targeted cell 

surface antigen, which allows the internalization of the immunotoxin via receptor mediated 

endocytosis, and finally induce cell death by inhibiting protein synthesis or triggering specific 

cell apoptosis pathways enzymatically 87.  

Although, immunotoxins show high therapeutic activities in preclinical and early clinical 

experiments, they are associated with several limitations such as nonspecific toxicity, limited 

tissue penetration, heterogeneous composition and high immunogenicity 88.  

Recombinant DNA techniques have been used to design and refine the immunotoxins. Most 

of the developed immunotoxins are relying on using bacterial toxins, such as diphtheria toxin 

(DT), PE or plant toxins, such as ricin and gelonin. These toxins have a binding domain that 

allow them to bind to the cells nonspecifically 89. To overcome this shortcoming, the toxin 

binding domain was deleted to prevent its binding to normal cells. To increase tissue 

penetration of mAb-based immunotoxins, antibody fragments such as scFv (MW  25 kDa) or 

single domain antibody (MW  12 kDa) were used to generate the immunotoxins. This 

reduction in immunotoxin size not only increases its penetration rate, but also decreases the 

immunogenicity of the targeting domain, especially in case of murine antibodies, as scFv lack 

the antibody Fc region. Furthermore, scFv fragments from humanized or human antibodies 

were used to further reduce the targeting domain immunogenicity 63. Another reason for high 

immunogenicity is the plant or bacterial-based toxin domain. Here, human cytolytic proteins 

have been used, due to their low immunogenicity and higher tumor selectivity. Different types 

of human cytolytic proteins, such as granzyme B (Gb), ribonucleases (RNases) or microtubule-

associated protein were used for developing human cytolytic fusion proteins 90.   

Our work aimed at refining immunotoxins for treating TNBC. We have used scFv fragments 

targeting two highly expressed TNBC cell receptors EpCam and CSPG4 and two human 

cytolytic proteins: Gb and microtubule-associated protein tau (MAP). Both the Gb and MAP 

proteins were genetically modified to improve their therapeutic activity. Naturally, Gb produced 

by cytotoxic T cells and natural killer cells as an immune response to combat viral infected and 

cancer cells through activating multiple apoptotic pathways directly processing caspases −3, 

−4, −8, and −10. However, several cancer cells have the ability to irreversibly inhibit Gb by 

upregulating the expression of its natural inhibitor serpin B9 (PI-9) 91. Therefore, we have used 
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the mutant version of granzyme B (R201K) with strongly reduced sensitivity toward PI-9 to 

generate the full human immunotoxin GbR201K-scFvEpCam.   

MAP protein has several phosphorylation sites that lead to release of tau from tubulin, 

therefore we have used the genetically modified MAP, with two depletion of phosphorylation 

sites (S156 and S204), with increased activity of binding and stabilizing of spindle microtubules 

92. This mutated MAP protein was used to generate scFv-CSPG4-MAP cytolytic fusion protein. 

The therapeutic activities of both cytolytic fusion proteins were investigated both in vitro and in 

vivo. The data represented in this work revealed that both GbR201K-scFvEpCam and scFv-

CSPG4-MAP recombinant immunotoxins efficiently and specifically target counterpart cell 

surface receptors and induce cell death in different TNBC cell lines in vitro. Furthermore, the 

specific accumulation of these recombinant immunotoxins was confirmed in human TNBC 

xenograft mice model resulting in significant tumor regression 93, 94.  

  

22



 

2. Discussion  

The recent global cancer statistical studies show that breast and ovarian cancers represent a 

serious threat for females´ live and huge challenges to healthcare systems. Yearly, around 2.3 

million new cases of breast cancer are diagnosed worldwide, accounting for 24.5% of all new 

cancer cases in females. Furthermore, it is the responsible for 15.5% of female cancer deaths. 

Although the incidence of ovarian cancer is not high (313,959 cases; 3,4%), its  mortality-to-

incidence ratio exceeds 0.6, contributing to 207,252 (4.7%) female deaths annually 5. 

Furthermore, 1 from 6 patients with ovarian cancer die within the first 90 days of diagnosis 95.    

In the last three decades, cancer detection and treatments methods have evolved significantly.  

This led to a 20% increase in the 5-year relative survival rate of cancer patients. The breast 

cancer collectively has a 5-year survival rate of 85% 96. However, breast cancer is a very 

heterogeneous disease, which is classified based on genomic studies into five major subtypes: 

luminal A, luminal B, HER2-positive, normal-like and triple-negative 9, 10. The best therapeutic 

outcomes are observed in most frequent breast cancer subtype luminal A-like with 95.1% 

overall survival rate, while the lowest overall survival rate (78.5 %) was observed in patients 

with the aggressive subtype TNBC 97.   

Despite improvements in cancer diagnostics and therapy, the benefits for ovarian cancer 

patients is remain limited. The 5-years survival rates do not exceed 47% even in highly 

developed healthcare systems such as in the United States and Canada 95. The limited 

improvements in 5-years survival rates is attributed to lack of specific symptoms and effective 

screening methods. Therefore, the majority (75%) of ovarian cancer cases are diagnosed with 

in stage III/IV with only 33% reaching a complete resection status 98.  

Beside the established treatment approaches of breast and ovarian cancers, such as surgery 

and systemic chemotherapy, extensive research has shown that targeted therapy can improve 

patient overall survival rates and quality of life. This is because targeted therapies have a large 

therapeutic window with optimal therapeutic index 99.  

One of the most promising targeted therapies is based on using antibody to specifically deliver 

therapeutic agents to cancer cells, particularly the ADC-based therapeutic approaches 49. 

Currently, two ADCs, ado-trastuzumab emtansine (Kadcyla®), trastuzumab deruxtecan 

(Enhertu®), are used to treat patients with HER2 positive breast cancer and sacituzumab 

govitecan (Trodelvy®) has been approved by FDA in February 2023 for treating Trop-2 positive 

TNBC patients. For ovarian cancer, only one ADC (Mirvetuximab Soravtansine-gynx) has been 

approved in November 2022 for treating FRα positive ovarian cancer patients 56. However, 

TNBC and ovarian cancer are a highly heterogeneous diseases including various subtypes 

with different histopathological features and clinical behaviors leading to different therapeutic 

outcome of surgery and/or chemotherapy and associated with inherent and acquired drug 
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resistance 17, 95. This emphasizing the need to develop new targeted agents and targeting 

approaches to overcome the inter- and intra-tumor heterogeneity of TNBC and ovarian cancer.  

The aims of this work are to generate different targeting agents directed to different breast and 

ovarian cancer-associated antigens with different mechanisms of action to overcome breast 

and ovarian cancer heterogeneity and drug resistance. Here, three targeted therapeutic 

approaches; NIR-PIT 60, 61, 71, 72, 74-76, ADC 58, and immunotoxin 93, 94 were used to eliminate 

TNBC and ovarian cancer cells by targeting three highly expressed cell surface receptor 

(EGFR, EpCam and CSPG4) on TNBC and ovarian cancer cells . 

The different mechanism of action can overcome the limitation of cancer cell-acquired and 

inherited drug resistance of TNBC and ovarian cancer, while targeting a set of three cell 

surface receptor can overcome the inter- and intratumor heterogeneity of TNBC and ovarian 

cancer. 

The impact of developing antibody-based recombinant proteins, the use of SNAP-Tag 

technology for conjugating effector molecules, targeting three cell surface receptors (EGFR, 

EpCam and CSPG4) individually or in combination and the exploiting of different therapeutic 

strategies (NIR-PIT, ADC, and immunotoxin) for targeting TNBC and ovarian cancer were 

applied in the present work and the outcomes are discussed below.   

 

2.1. Designing, Expression and Purification of Recombinant antibody-SNAP-
tag fusion proteins 

• Hussain, A. F.; Kampmeier, F.; von Felbert, V.; Merk  ,H. F.; Tur, M. K.; Barth, S. SNAP-

tag technology mediates site specific conjugation of antibody fragments with a 

photosensitizer and improves target specific phototoxicity in tumor cells. Bioconjug 

Chem 2011, 22 (12), 2487-2495. 

• von Felbert, V.; Bauerschlag, D.; Maass, N.; Bräutigam, K.; Meinhold-Heerlein, I.; 

Woitok, M.; Barth, S.; Hussain, A. F. A specific photoimmunotheranostics agent to 

detect and eliminate skin cancer cells expressing EGFR. J Cancer Res Clin Oncol 

2016, 142 (5), 1003-1011.  

• Chouman, K.; Woitok, M.; Mladenov, R.; Kessler, C.; Weinhold, E.; Hanz, G.; Fischer, 

R.; Meinhold -Heerlein, I.; Bleilevens, A.; Gresch, G.; Haugg, A. M.; Zeppernick, F.; 

Bauerschlag, D.; Maass, N.; Stickeler, E.; Kolberg, K.; Hussain, A. F. Fine Tuning 

Antibody Conjugation Methods using SNAP-tag Technology. Anticancer Agents Med 

Chem 2017, 17. 

• Hussain, A. F.; Heppenstall, P. A.; Kampmeier, F.; Meinhold-Heerlein, I.; Barth, S. 

One-step site-specific antibody fragment auto-conjugation using SNAP-tag 

technology. Nat Protoc 2019, 14, 3101-3125.  

 

In this work, different recombinant antibodies to be used for cancer detection or therapy were 

designed, produced, and validated. These minimized recombinant antibodies composed of 
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two main domains: the binding domain (scFv fragments) and the site-specific conjugation 

domain (SNAP-tag).  

The scFv composed of only the variable domains of the heavy chain (VH) and light chain (VL) 

of an antibody connected via a peptide linker, and therefore it is the smallest antibody format 

with full antigen-binding properties. Its small size (typically 27 kDa) and availability of different 

genetic engineering modifications make it favored in different diagnostic and therapeutic 

approaches 100.  However, the use of scFv-based fusion proteins as replacements for full-

length mAbs in cancer treatment remains a subject of ongoing debate. The key advantages of 

using scFv-based recombinant proteins include higher tumor tissue penetration due to their 

small molecular weight, rapid blood clearance rate because proteins up to 45 kDa are rapidly 

filtered in the glomeruli 101, reduced immunogenicity due to the lack of the Fc region that leads 

to activate the host’s immune system through triggering immune cells and antibody-dependent 

pathways such as  ADCC, ADCP, CDC 102. Furthermore, in comparison to the parental 

antibody, scFv fragment can be easily engineered, modified, produced quickly at lower costs 

in a higher yields using different expressing systems such as bacterial, plant, insect or 

mammalian expression systems 103.  

Although different kind of peptide linker were established for generating scFvs, the 15-amino 

acid (GGGGS)3 linker, who provide a 35-Å distance variable domains without effecting the 

conformation of the antigen binding site, was used in our work for constructing all scFvs due 

to its flexible nature and in vitro and in vivo properties 104. To generate the scFvs the DNA 

sequence of the VH and VL of antibodies targeting EGFR, EpCam and CSPG4 were 

connected via the DNA sequence of (GGGGS)3 peptide linker (Figure 8).  

 

 

 

 

Figure 8: Schematic diagram of designing and construction single-chain variable fragment (scFc). (A) 

full length antibody, (B) protein structure of scFv, (C) DNA construct of scFv.    

 

The site-specific conjugation domain relays on SNAP-tag self-labeling enzyme. This method 

is based on the enzymatic activity of O6-alkylguanine-DNA alkyltransferase (AGT) in the DNA 

repair pathway, in which the alkyl group from the DNA transferred irreversibly to a cysteine 
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residue in the AGT protein, generating a thioether (S-alkylcysteine) and thus deactivate the 

AGT protein. The AGT protein has been engineered and modified to end up with 20 kDa 

engineered protein (SNAP-tag) with 50 times higher reactivity to BG modified molecules 

comparing to AGT 105-107. 

Fusing SNAP-tag protein to scFv proteins allows the enzymatic conjugation of any BG-

modified molecules to the scFv rapidly, efficiently and under physiological conditions. Beside 

these properties, SNAP-tag allows the site-specific conjugation of effector molecules with 1:1 

stoichiometry, resulting in a high homogeneous product. Furthermore, SNAP-tag serve as a  

physical spacer, virtually separating the binding domain from the conjugated effector molecule 

and thus maintaining the binding activity of the antibody comparing to direct antibody 

conjugation methods, which may alter the physiochemical properties of the binding domain 108. 

Also, SNAP-tag can improve the therapeutic properties of scFv fragments by increasing the 

protein size to around 50 kDa, to reduce the rapid clearance by the kidneys, It has been shown 

that the 50 kDa is optimal for achieving a maximum tumor-to plasma exposure ratio 109.  

Therefore, SNAP-tag method has favorable conjugation properties in comparison to other 

enzyme-based conjugation methods developed to allow site specific modification of 

recombinant proteins with effector molecules. 

One of these approaches is the sortase A (SrtA) enzyme-based conjugation method. SrtA is 

an extracellular membrane enzyme discovered in Staphylococcus aureus. It recognizes the  

amino acid sequence LPXTG and has the ability to cleavage the amide bond between the 

threonine (T) and the glycine (G) and anchore to surface proteins by couple the amino group 

in pentaglycine of peptidoglycan to the carboxyl group of threonine 110. This enzymatic activity 

was used to generated ADCs, as an example C-terminal LPETG peptide was coupled to the 

heavy chain of anti-CD20 ofatumumab, which is finally conjugated to pentaglycine-modified 

MMAE using SrtA enzymatic reaction 111. Another ADC was generated using two steps chemo-

enzymatic. In the first step, anti-CD20 ofatumumab with LPETG peptide was conjugated to 

pentaglycine-modified azide and in the second step, DBCO-PEG-vc-PAB-MMAE was 

conjugated to the antibody by strain-promoted azide-alkyne cycloaddition 112. Due to the low 

catalytic and reversible reactivity of SrtA, significant surplus of pentaglycine-modified 

molecules and large amount of SrtA are required to achieve high yields of the ADC. Therefore, 

this mothed is associated with high cost, synthesis challenging and limited production scaling 

up possibilities 113.     

Another enzyme conjugation method relies on enzymatic activity of trypsiligase, an engineered 

trypsin protease, that recognizes the amino acid sequence YRH, cleave the Y-R peptide bond 

and ligating molecules harboring RH amino acids in the presence of Zn2+ (for C-terminal 

labeling). N-terminal labeling, molecules modified with the arginine mimic 4-guanidinophenyl 

ester (OGp) can be ligated to the YRH tag. This method was used in combination with click 
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chemistry to arm the fragment antigen-binding region (FAB) of trastuzumab with DM1 cytotoxic 

reagent with around 70% coupling efficiency 114. The requirement of short tag (only 3 amino 

acids) tag, is an advantage over other enzyme conjugation method, however  concomitant 

proteolytic activity and the reversibility of enzymatic reaction produce unwanted side products 

115.  

Transglutaminase is also used for enzymatically conjugating effector molecules to antibodies 

due to its ability to catalyze the formation of amide bonds between a -carboxyamide group of 

a glutamine and a primary amine. Although, transglutaminase is also found in humans, the 

Streptomyces mobaraensis transglutaminase (mTG) is widely used because of its broader 

substrate specificity, lower deamidation activity, wider temperature and pH range of the 

reaction 116.  

This approach was used to conjugate the cytotoxic reagent monomethyl auristatin D (MMAD) 

to three antibodies targeting EGFR, Her2 and M1S1. The amin modified MMAD was 

conjugated to the Q-tags that genetically inserted into 90 different sites of the antibody constant 

regions. From the 90 conjugation sites, only 12 sites show promising biophysical properties. 

The generated antibodies showed comparable effective property to ADCs generated with 

maleimide chemistry, however a rapid clearance and lower stability was determined when the 

MMAD was conjugated to the C-terminal of antibody heavy chain 81. Furthermore, the 

functionalizing of lysine residue need larger peptide substrates and the requirement of 

significant surplus of substrate are still limit the use of mTG for antibody conjugation 7.   

In our work, all scFv-SNAP recombinant proteins were expressed successfully in mammalian 

expression system to ensure proper protein folding and post-translational modifications 117. 

The recombinant proteins were enriched from the culture media by immobilized metal ion 

affinity chromatography (IMAC) using the C-terminal polyhistidine-tag (6xHis-tag) with a high 

protein purity and high protein expression levels (10–15 mg/l culture supernatant) 71, 72, 74.  

The targeting activity of the recombinant antibodies was determined by observing a strong and 

homogeneous membrane staining of cell lines expressing the corresponding surface antigen 

using confocal microscopy and flow cytometry, while no fluorescence signal was observed in 

cell lines lacking the corresponding surface antigen 71, 72, 74.  

 

2.2. Generation of near infrared photo-immunotheranostics reagents (NIR-PIT) 
for treating TNBC and ovarian cancer cells  

• Amoury, M.; Bauerschlag, D.; Zeppernick, F.; von Felbert, V.; Berges, N.; Di Fiore, S.; 

Mintert, I.; Bleilevens, A.; Maass, N.; Bräutigam, K.; Meinhold-Heerlein, I.; Stickeler, E.; 

Barth, S.; Fischer, R.; Hussain, A. F. Photoimmunotheranostic agents for triple-negative 

breast cancer diagnosis and therapy that can be activated on demand. Oncotarget 2016, 

7 (34). 
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• Bauerschlag, D.; Meinhold-Heerlein, I.; Maass, N.; Bleilevens  ,A.; Bräutigam, K.; Al 

Rawashdeh, W.; Di Fiore, S.; Haugg, A. M.; Gremse, F.; Steitz, J.; Fischer, R.; Stickeler, 

E.; Barth, S.; Hussain, A. F. Detection and Specific Elimination of EGFR(+) Ovarian 

Cancer Cells Using a Near Infrared Photoimmunotheranostic Approach. Pharm Res 2017, 

34 (4), 696-703.  

 

In this work, the theranostics agent IRDye700DX was successfully modified with BG-PEG24-

NH2 building block, using the NHS ester–amino group reaction to generate BG-PEG24-

IRDye700. This ultimately allows the conjugation of IRDye700 to scFv-SNAP recombinant 

proteins targeting EGFR, EpCAM, and CSPG4 with a high labeling efficiency (~ 90%) 60, 61. 

Furthermore, both scFv-SNAP recombinant proteins and IRDye700 showed a high stability in 

mouse serum for up to 6 h at 37°C 60. 

The generated NIR-PIT reagents showed specific and clear binding towards corresponding 

target antigens in different TNBC and ovarian cancer cell lines. The fluorescently labeled fusion 

proteins were able to recognize the different expression levels of the targeted antigens in 

different cell lines expressing EGFR, EpCam, and CSPG4 after incubating them with the 

fluorescent labeled scFv-425-SNAP, scFv-EpCam-SNAP or scFv-CSPG4-SNAP, 

respectively. Under the same experimental conditions, no or low signal was detected in the 

cell lines lacking the target antigen 60, 61. 

Furthermore, a homogeneous cell membrane staining was visualized using 

immunofluorescence microscopy in all EGFR+, EpCam+, and CSPG4+ TNBC and ovarian 

cancer cell lines after 30-min incubation at 4 °C with the fluorescent labeled fusion proteins. 

The fusion proteins were internalized via receptor-mediated endocytosis as they were 

exclusively taken up into all cells expressing the corresponding cell receptor after max. 3 h of 

incubation at 37 °C. In contrast, no signal was detected when the cells lacking the targeted 

receptors incubated with fusion proteins under the same conditions 60, 61.  

The ability of the NIR-PIT agents to specifically and on demand inducing cell death were 

investigated in this work in different TNBC and ovarian cancer cell lines using formazan dye-

based cell proliferation XTT kit II. Significant, antigen expression level-dependent and dose-

dependent reduction in cell viability were determined after incubating the cells with individual 

NIR-PIT reagents for 24 h at 37°C followed by light treatment at wavelengths ranging from 

580–1400 nm. The IC50 values for NIR-PIT reagents targeting EGFR+, EpCam+ and CSPG4+ 

in TNBC and MCF-7 cells were of 62–165 nM 60. Comparable results were determined in 

ovarian cancer cell lines 61. Furthermore, a synergic effect by up to 40% compared to the 

individual reagents was observed, when equimolar mixture of EGFR, EpCam and CSPG4 

targeting NIR-PIT reagents was used to treat TNBC and MCF-7 cells 60. 

The high specificity of the NIR-PIT reagents was not only relied on the targeted antigens, but 

also dependent on the light treatments as no toxic effects were observed when the cells were 

treated with NIR-PIT reagents without NIR light treatment. Also, no reduction in cell viability 
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was detected when the cells treated with the unconjugated BG-PEG24-IRDye700 even after 

illumination 60, 61.  

Apoptosis is highly regulated and controlled process that allows multicellular organisms to get 

rid of irreversibly damaged cells through entering a programmed cell death. The p53 

dependent cell death pathways occur when caspase proteinases cleave their substrates 118. 

Therefore, measuring the levels of caspase 3 and caspase 7 reveals the ability of NIR-PIT 

reagents to induce cell apoptosis. The results presented in this work showed that the levels of 

activated caspase-3 and caspase-7 increased in EGFR+, EpCam+ and CSPG4+ treated cells 

and a direct correlation between the targeted antigens’ level and the activated caspase-3 and 

-7 was observed. Importantly, the level of caspase-3 or caspase-7 was not signivicantly 

increased in cells treated with the unconjugated IR700, even upon NIR-light treatment 60.  

Theranostics is a fast-growing field, and the main actor of this field is nanoparticle-based 

reagents due to their advantages properties such as high cellular uptake, high drug or drug 

encapsulation efficiency as well as precisely controlled drug release. However, Nanoparticles-

based theranostics reagents are generally associated with several limitations such as 

complexity and high production costs, systemic and cellular toxicity and off-target 

accumulation 119.  

In comparison to nanotheranotics approaches, the NIR-PIT approaches is a safe and minimally 

invasive approach that is composed of three components with minimal toxicity (on demand 

activatable thereanostics reagent, high specific antibody and harmless NIR-light). Toxicity is 

only achieved only when all these elements are applied together at the appropriate place and 

time 60, 61. Furthermore, The production process of NIR-PIT reagents is similar to the well-

established ADC production process with high probability of less side effects than ADC 

reagents 120.  

One of the key differences between the NIR-PIT reagents generated in this work and other 

NIR-PIT reagents using IR700 121-125 is the use of site-specific conjugation method to generate 

uniform products with a defined DAR. While a heterogeneous NIR-PIT reagents were 

generated using NHS ester–amino group reaction in the studies mentioned above, our BG-

modified IRDye700 was conjugated site specifically, rapidly with high efficiency (~ 90%) and 

1:1 stoichiometry to different SNAP-tag recombinant proteins. Another difference is the use of 

scFv antibodies instead of full-length antibodies, which could improve NIR-PIT reagents 

penetration into solid tumor and their rapid clearance by renal filtration to improve their 

therapeutic activities and safety profile 109.    

Furthermore, other studies were focusing on targeting individual antigen to determine the 

therapeutic activity of NIR-PIT reagents. In this study, we investigated a cocktail of three NIR-

PIT reagents targeting some of the most abundant receptors (EGFR, EpCAM and CSPG4) in 

TNBC cells. The favorable detection and therapeutic effect of these reagents were confirmed 
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individually and in combination in four different TNBC cell lines that express different levels of 

EGFR, EpCAM and CSPG4, with IC50 values in the nanomolar range 60. This approach could 

overcome the therapeutic limitations of targeting single antigen in tumors with high inter- and 

intra-tumor heterogeneity such as TNBC and ovarian cancer 126.  

Despite the promising in vitro results, further experiments are clearly required to further confirm 

the therapeutic activities and safety profile of the generated NIR-PIT reagents in vivo.  

 

2.3.  Development of antibody drug conjugates for treating TNBC cells 

• Zhang, C.; Sheng, W.; Al-Rawe, M.; Mohiuddin, T. M.; Niebert, M.; Zeppernick, F.; 

Meihold-Heerlein, I.; Hussain, A. F. EpCAM- and EGFR-Specific Antibody Drug 

Conjugates for Triple-Negative Breast Cancer Treatment. Int J Mol Sci 2022, 23 (11). 

 

In this work, two cell membrane receptors, namly EGFR and EpCAM, which are highly 

expressed in TNBC, were chosen as a potential target for the development of ADCs. Several 

studies have reported the EGFR overexpression in breast cancer, especially in TNBC, where 

it is associated with higher proliferation, recurrence and poor survival. The high expression of 

EGFR in TNBC (up to 65%) and its functional activation makes it an attractive target for 

diagnosis and therapy 127. Several studies have reported elevated therapeutic activity in 

patients with TNBC when monoclonal antibodies against EGFR (cetuximab and panitumumab) 

combined with chemotherapeutic agents such as carboplatin, carboplatin/irinotecan, and 

paclitaxel are used 128. EpCam expression was found in up to 35% of breast cancers and this 

is almost twice as much as the reported HER-2 over expression 129. EpCam was used to detect 

circulation tumor cells (CTC) in the whole blood of metastatic breast cancer patients. The 

highest numbers of prognostic relevant EpCam positive CTC were found in TNBC 130.  

The other important component of ADC is the linker used for conjugating the cytotoxic agent 

to the antibody. Generally, there are two classes of linkers, cleavable and non-cleavable 

linkers. Comparing to non-cleavable linkers, cleavable linkers allow the release of cytotoxic 

agents in targeted cells or tumor microenvironments. This can increase the bystander effect, 

through the diffusion of the released cytotoxic agent to extracellular environment and finally 

killing the adjacent cells 131.  

Different types of cleavable linker were developed such as chemically cleavable linker (e.g., 

acid-cleavable linkers and reducible disulfides) and enzyme cleavable linker (e.g., dipeptide-

containing linkers and glycosidase-cleavable linkers) 132. The well-established protease-

sensitive valine-citrulline (Val-Cit) dipeptide cleavable linker was used in this work.  In contrast 

to acid-cleavable linker, Val-Cit dipeptide cleavable linker shows better human or mouse 

plasma stability and can be released in tumor extracellular environment due to the 

overexpressed lysosomal enzymes 133.    
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In order to facilitate the conjugation of MMAE to SNAP-tag fusion proteins, BG-GLA-PEG4-

Val-Cit-PAB-MMAE (hereinafter called BG-MMAE) was successfully generated by coupling 

the BG-GLA-NHS to the amino-PEG4-Val-Cit-PAB-MMAE. By conjugating the generated BG-

MMAE to the scFv-425-SNAP and scFv-EpCAM-SNAP fusion proteins, two ADCs targeting 

EGFR and EpCam were developed, respectively. Furthermore, the same SNAP-tag fusion 

proteins were conjugated with SNAP-Surface® Alexa Fluor® 647 to generate antibody-based 

imaging agents 58.    

Specific and clear binding of generated ADCs toward corresponding target antigens in different 

TNBC cell lines (MDA-MB-468, MDA-MB-231, MDA-MB-453 and Hs578T) and one ER 

positive cell line (MCF7) were confirmed using flow cytometry analysis. Not only the detection 

ability of fluoresce-labeled fusion proteins, but also their ability to recognize different 

expression levels of the targeted antigens in different cell lines were determined. Meanwhile, 

no or low signal was detected in the EGFR− and EpCam− cell lines, under the same 

experimental conditions. Furthermore, a strong fluorescence staining was observed solely in 

the cells expressing the targeted antigen at 37 °C using fluorescence microscopy. This result 

confirms the cell uptake of the fusion proteins via receptor mediate internalization pathway 58.  

The cytotoxicity of scFv-SNAP-MMAE was relying on the cell susceptibility for MMAE and the 

targeted cell surface receptor density. The highest cell proliferation inhibition was observed in 

MDA-MB-468 cells treated with scFv-425-SNAP-MMAE (IC50: 114.7 nM) due to their high 

sensitivity to MMAE (IC50: 61.16 nM) and high EGFR expression level 134, 135. Lower cytotoxic 

activity of was observed, when MDA-MB-231and Hs578T cells, which have moderate 

sensitivity to MMAE and expressed moderate level EGFR 136, 137, treated with scFv-425-SNAP-

MMAE, although not to the point where the fusion protein loss its therapeutic activity. No 

significant toxicity was observed when MDA-MB-453 and MCF-7 cell lines that expressing low 

level of EGFR 137 were treated with scFv-425-SNAP-MMAE 58.  

The same cytotoxicity pattern was observed when TNBC cells treated with scFv-EpCAM-

SNAP-MMAE. Here, the highest response was observed in MDA-MB-468 (IC50: 135.2 nM), 

while moderate cytotoxicity was determined in MDA-MB-453 (IC50: 551 nM). Comparing to 

other cell lines, MCF7 sensitivity to MMAE (IC50: 660.6 nM) was low, however it still manifested 

specific cytotoxicity to scFv-EpCAM-SNAP-MMAE (IC50: 981.7 nM). Furthermore, MDA-MB-

231 and Hs578T cells that lack EpCam 138 were not significantly affected when treated with 

scFv-EpCAM-SNAP-MMAE. The cytotoxic response of the scFv-425-SNAP-MMAE and scFv-

EpCAM-SNAP-MMAE was directly proportional to the expression level of the corresponding 

antigen, which confirmed the high specificity and safety of these agents 58. 

The ability of the MMAE, scFv-425-SNAP-MMAE and scFv-EpCAM-SNAP-MMAE to induce 

cell apoptosis was determined using Annexin V/PI assay. Our results showed that MMAE 

induced apoptosis in all cell lines compared to negative control. After treating the cells with 
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scFv-425-SNAP-MMAE or scFv-EpCAM-SNAP-MMAE, the proportion of apoptotic cells were 

significantly increased in all EGFR+ (MDA-MB-468, MDA-MB-231 and Hs578T) and EpCam+ 

(MDA-MB-453, MDA-MB-468 and MCF7) cell lines, but not in the cell lines MDA-MB-453 and 

MCF7 expressing low level of EGFR or MDA-MB-231 and Hs578T cell lines that have a low 

EpCAM density. Unconjugated scFv-SNAP fusion proteins showed no cytotoxic effect in tested 

cell line 58. 

Although, both 425-scFv-SNAP and EpCam-scFv-SNAP fusion proteins have demonstrated 

previously their promising targeting properties in vivo against several types of cancer 92, 93, 139, 

140, further experiments are required to further confirm our results in vivo. 

 

2.4.  Simultaneous and Independent Dual Site-Specific Self-Labeling of 
Recombinant Antibodies for targeting ovarian cancer cells  

• Wollschlaeger, C.; Meinhold-Heerlein, I.; Cong, X.; Bräutigam, K.; Di Fiore, S.; 

Zeppernick, F.; Klockenbring, T.; Stickeler, E.; Barth, S.; Hussain, A. F. Simultaneous 

and Independent Dual Site-Specific Self-Labeling of Recombinant Antibodies. 

Bioconjug Chem 2018, 29 (11), 3586-3594.  

 

Arming antibody with two different molecules allows simultaneous use of individual antibody 

for different diagnosis and treatment strategies. For example, dual labeling the antibody with 

both radionuclide and NIR-dye allows nuclear imaging of whole-body to detect the tumor and 

facilitate surgery planning, while NIR-dye allows image-guided surgery 141. Other approach for 

dual labeling is overcoming the high tumor heterogenicity and resistance to cytotoxic reagents. 

Here, two different cytotoxic reagents coupled to individual antibody can induce different cell 

death pathways and improve therapeutic and safety properties 142.  

In this work, we have shown that self-labeling proteins (SNAP-tag and CLIP-tag) enable 

efficient and site-specific conjugation of two different effector molecules simultaneously and 

independently. This dual-labeled antibody allows both fluorescence imaging and 

photoimmunotherapy 76.    

In addition to experimental techniques and rational design strategies, computational methods 

have been employed to aid in the design and engineering of proteins. One of these 

computational methods is the molecular dynamics (MD), which allows simulation the motions 

of proteins according to classical dynamics. Therefore, MD simulations were performed for 

SNAP-tag, CLIP-Tag and scFv proteins before cloning them together. The MD simulation 

results show that the CLIP-tag and SNAP-tag were well retained compared to the crystal 

structure of alkyl transferase (Cα RMSD < 2 Å). The folding pattern of the templet antibody is 

maintained in the tested scFv structure (Cα RMSD ranging from 2.9 ± 0.2 Å to 3.2 ± 0.4 Å) 

with slightly larger variations. In the simulations, we observed secondary-structure changes of 
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the first two β-strands of the light chain into β-bend structures. However, the Debye−Waller 

factor of this region was also high in the template crystal structure, indicating high flexibility. 

The simulation results confirm that all native folding propensity and structure are preserved in 

all tested structures (scFv, SNAP-tag and CLIP-tag) as one fusion protein. Furthermore, no 

interfering was observed between the functional sites of the scFv and the SNAP-tag and CLIP-

tag self-conjugation sites. Both SNAP-tag and CLIP-tag in the fusion protein serve as a spacer 

between the scFv and the effector molecules and therefore reducing the chemical and physical 

effect of the direct interaction with scFv amino acids 76.      

To confirm the simulation results, two fusion proteins (CLIP-scFv-425-SNAP and SNAP-scFv-

425-CLIP) were designed and cloned. Furthermore, the cathepsin B-cleavable peptide linker 

GGGGSALAL (Cat-linker) 143 was inserted between the scFv-425 and SNAP-tag sequence to 

generate CLIP-scFv-425-Cat-linker-SNAP cassette. All three fusion proteins (CLIP-scFv-425-

SNAP, SNAP-scFv-425-CLIP, and CLIP-scFv-425- Cat-linker-SNAP) were successfully 

expressed in HEK-293T cells and enriched using fast protein liquid chromatography (FPLC) 

system 76. 

The BC-647 fluorescence dye and theranostics agents BG-PEG24-IRDye700 were conjugated 

specifically and simultaneously to the CLIP-tag and SNAP-tag moieties, respectively, of the 

fusion proteins CLIP-scFv-425-SNAP and SNAP-scFv-425-CLIP. A high conjugation efficiency 

was determined when CLIP-tag (86%) and SNAP-tag (84%) conjugated individually with BC-

647 and BG-PEG24-IRDye700 molecules, respectively and comparable conjugation efficiency 

was observed when CLIP-tag (89%) and the SNAP-tag (85%) conjugated with both dyes in 

combination. The high conjugation activity was associated with high site-specific conjugation. 

Pre-blocking of SNAP-tag or CLIP-tag with SNAP-tag blocking reagent bromothenylpteridine 

(BTP) or CLIP-tag blocking reagent, respectively, reveal that BG-PEG24-IRDye700 and BC-

647 dyes conjugate site-specifically and lonely to SNAP-tag and CLIP-tag, respectively 76.   

The binding properties of the dual labeled CLIP-scFv-425-SNAP and SNAP-scFv-425-CLIP 

fusion proteins were determined in three EGFR+ ovarian cancer cell lines (SKOV-3, OVCAR-

3, and IGROV-1) and the EGFR− cell line (A2780). Both dual labeled fusion proteins bound 

specifically to the EGFR and were able to differentiate between EGFR+ and EGFR− cells 76.   

A clear fluorescent signal was observed in all EGFR+ cell lines after 30 min incubation with the 

dual-labeled fusion proteins, while no signal was observed in the EGFR− cell line under the 

same experimental conditions. These results confirm that the binding activity of the scFv-425 

does not significantly affected by fusing it to SNAP-tag and CLIP-tag proteins. As no 

differences were observed in the binding activities between both fusion proteins, the further 

experiments were performed using the CLIP-scFv-425-SNAP fusion protein 76.  

The ability of dual-labeled CLIP-scFv-425-SNAP fusion protein to internalize the EGFR+ cell 

lines via receptor-mediated endocytosis was determined by incubating the cells with CLIP-
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scFv-425-SNAP labeled with both BC-647 and BG-Vista Green (VG) at 37 °C for 2 h. Both the 

Alexa 647 and VG fluorescence signals were detected intracellularly in EGFR+ ovarian cell 

lines treated with 647-CLIP-scFv-425-SNAP-VG, while only VG fluorescence was observed in 

EGFR+ cells after incubating them with scFv-425-SNAP-VG. No fluorescence signal was 

observed from any of the labeled fusion proteins in the EGFR− cell line A2780 after incubation 

under the same conditions 76. 

As the BG-PEG24-IRDye700 has a phototoxic activity and can induce cell death after NIR light 

treatment, we have determined the phototoxic effects of the NIR-PIT reagents 647-CLIP-scFv-

425-SNAP-IRDye700 and scFv-425-SNAP-IRDye700 in four ovarian cancer cell lines 

expressing different level of EGFR receptor. After incubating the ovarian cancer cell lines 

(SKOV-3, OVCAR-3, IGROV-1 and A2780) with increasing concentrations of 647-CLIP-scFv-

425-SNAP-IRDye700 and scFv-425-SNAP-IRDye700 and treating them with NIR light, the cell 

viability of the treated cells was determined using the formazan dye-based cell proliferation. 

Our results reveal that the cell viability of treated cells was reduced in a dose-dependent 

manner following light treatment after cell incubation with each of the 647-CLIP-scFv-425-

SNAP-IRDye700 and scFv-425-SNAP-IRDye700 reagents for 24 h at 37°C. The IC50 values 

for 647-CLIP-scFv-425-SNAP-IRDye700 were 45 nM (SKOV3), 50 nM (OVCAR-3), and 60 nM 

(IGROV-1), whereas those for scFv-425-SNAP-IRDye700 were 52 nM (SKOV-3), 66 nM 

(OVCAR-3), and 70 nM (IGROV-1). No significant reduction in cell viability was determined in 

A2780 cells treated with the same conditions. All the cells treated with 647-CLIP-scFv-425-

SNAP-IRDye700 and scFv-425-SNAP-IRDye700 reagents without light treatment remain 

viable 76. 

Overall, our research established site-specific dual labeling method, which enables generation 

of a homogeneous product with a DAR of 1 + 1 in one-pot reaction using SNAP-tag and CLIP-

tag proteins. The in vitro and ex vivo results presented in this work provide sound evidence 

that this method can be used to equipping individual recombinant antibody with a wide range 

of effector molecules.  

 

2.5.  Application of immunotoxins for treating TNBC 

• Amoury, M.; Kolberg, K.; Pham, A. T.; Hristodorov, D.; Mladenov, R.; Di Fiore, S.; 

Helfrich, W.; Kiessling, F.; Fischer, R.; Pardo, A.; Thepen, T.; Hussain, A. F.; 

Nachreiner, T.; Barth, S. Granzyme B-based cytolytic fusion protein targeting EpCAM 

specifically kills triple negative breast cancer cells in vitro and inhibits tumor growth in a 

subcutaneous mouse tumor model. Cancer Lett 2016, 372 (2), 201-209.  

• Amoury, M.; Mladenov, R.; Nachreiner, T.; Pham, A. T.; Hristodorov, D.; Di Fiore, S.; 

Helfrich, W.; Pardo, A.; Fey, G.; Schwenkert, M.; Thepen, T.; Kiessling, F.; Hussain, A. 

F.; Fischer, R.; Kolberg, K.; Barth, S. A novel approach for targeted elimination of 

CSPG4-positive triple-negative breast cancer cells using a MAP tau-based fusion protein. 

Int J Cancer 2016, 139 (4), 916-927.  

34



 

 

In this work, EpCam targeting Granzyme B and CSPG4 targeting MAP based human 

immunotoxins were generated and investigated in  in vitro and in vivo studies. The scFv format 

chose to generate the immunotoxins due to its advantages over mAb such as, small size, 

higher penetration and clearance rates, lack of an Fc region which could be associated with 

unfavorable immune response as well as simplicity of the design and modification 144.   

The DNA sequence for an enterokinase cleavage site followed by DNA sequence of the 

granzyme B mutant with reduced sensitivity to its natural inhibitor serpin B9 (GbR201K), was 

inserted successfully downstream of an immunoglobulin κ leader sequence. The enterokinase 

cleavage site allows the expression of inactive fusion protein EGbR201K-EpCam-scFv in 

mammalian cells. After protein purification, the enterokinase digestion releases the N-terminal 

peptide, which leads to activate the GbR201K moiety. The DNA sequence of EpCam-scFv 

was inserted downstream to the GbR201K and upstream to polyhistidine-tag (6xHis-tag) 93.  

The CSPG4-scFv-ETA (Truncated version of Pseudomonas aeruginosa exotoxin A) bacterial 

expression plasmid was kindly provided by Prof. Dr. Georg Fey (University Nurnberg-Erlangen, 

Germany) 145. The DNA sequence for functionally enhanced form of the human microtubule-

associated protein (MAP) tau was inserted instead of the ETA DNA sequence to generate 

scFv-EpCam-MAP fusion protein 94. As a positive control, we used the immunotoxin scFv-

EpCam-ETA and scFv-CSPG4-ETA. Both fusion proteins were evaluated for their specific cell 

binding and internalization activity and their cytotoxicity in vitro and in vivo 93, 94. 

The EGbR201K-scFv-EpCam was expressed successfully in the mammalian cells HEK293T 

as inactive immunotoxin due to the presence of N-terminal pre-peptide and released into the 

cell culture media. IMAC was used to enrich the EGbR201K-scFv-EpCam with final yield of 8 

mg/l 93.  The immunotoxin scFv-CSPG4-MAP was expressed in E. coli BL21(DE3) under 

osmotic stress conditions in the presence of compatible solutes. The immunotoxin was purified 

using IMAC followed by Strep-Tactin affinity chromatography and size exclusion 

chromatography with >90% purity and a final yield of 4-5 mg /l of culture media 94.   

An effective and safe immunotoxin need to specifically bind and internalized to the target cells; 

therefore, the binding and internalization specificity and activity were investigated for both 

EGbR201K-scFv-EpCam and scFv-CSPG4-MAP immunotoxins in TNBC expressing EpCam 

and CSPG4 cell receptors. Consistent with the expression of EpCam determined using 

commercial antibodies, flow cytometry analysis revealed that EGbR201K-scFv-EpCam binds 

specifically to EpCam-expressing MDA-MB-453 and MDA-MB-468 cells 93. Similar to the 

results presented by Wang et al., 146,  CSPG4-based immunotoxin binds to TNBC cell lines 

MDA-MB231 and Hs578T that expressing CSPG4 on their surface. In contrast, no significant 

binding was detected in CSPG4 negative cell line MDAMB-468 94.       

In order to be able to perform its function of killing targeted cells, immunotoxins need to be 

internalized specifically and efficiently into the cells. Therefore, we have determined the 
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binding and the internalization of EpCam and CSPG4-based immunotoxins using confocal 

microscopy. After 90 min incubation of fluorescence labeled immunotoxins with MDA-MB-468 

and MDA-MB-231 TNBC cells, specific and strong fluorescence signal were detected in the 

MDA-MB-468 cells that expressing EpCam on their surface, while no signal was observed in 

EpCam negative cells (MDA-MB-231). Consistent with the flow cytometry results, fluorescence 

labeled scFv-CSPG4-MAP was solely uptake by CSPG4 positive cell line MDA-MB-231 93, 94.      

The cell viability assay (XTT) was used to investigate the cytotoxic activity in vitro of the 

generated immunotoxins in TNBC cell lines expressing different levels of EpCam and CSPG4.  

After treating the cells with the increased concentrations of immunotoxins, dose-dependent 

cell viability reduction was determined in the cells expressing the targeted receptor. The IC50 

range for ETA-based immunotoxin was 32.9 nM to 66.4 nM, for GbR201K-scFv-EpCam was 

307 nM for MDA-MB-453 and 221.8 nM for MDA-MB-468, while the scFv-CSPG4-MAP IC50 

was 219.5 nM for MDA-MB-231 and 480 nM for Hs578T. Under the same experiment 

conditions, no significant cell growth inhibition was detected in EpCam negative cell line (MDA-

MB-231) and CSPG4 negative cell line (MDA-MB-468) 93, 94. 

The accumulation of immunotoxins in different organs (e. g. liver, spleen, kidneys, bladder) as 

well as subcutaneous tumor has be investigated at different time-points after i. v. injection (0, 

4, 8 and 24 hr) into BALB/c nude mice bearing MDA-MB-231 (for GbR201K-scFv-EpCam and 

scFv-EpCam- ETA) or MDA-MB-468 (scFv-CSPG4-MAP and scFv-CSPG4-ETA) expressing 

red fluorescent Katushka2 protein using CRi Maestro Imaging System 93, 94.  

After i.v. administration of DyLight-747-B3-labeled immunotoxins, a strong fluorescent signal 

was observed at the injection site and rapid distribution to highly perfused organs (e.g., liver, 

lung, kidney, spleen, and gut). The results reveal that immunotoxins were cleared from blood 

stream and most of the central compartment organs within few hours, apart from the kidneys 

where the signal remained for up to 24 hr. One hour post injection, the immunotoxins were 

detected in the tumor and their signals were maintain into the tumor for at least 24 hr. as 

demonstrated by the co-localization of the signal with the primary tumor signal. Furthermore, 

this observation were confirmed using immunofluorescence and immunohistochemistry 93, 94. 

The specific toxic activity of GbR201K-scFv-EpCAM and scFv-CSPG4-MAP immunotoxins 

were investigated in subcutaneous Katushka2-transfected TNBC cells xenograft model. Tumor 

inhibition of EpCam-based immunotoxin was determined after i. v. injection of GbR201K-

EpCam-scFv (2.5 mg/kg), EpCam-scFv-Eta (1.25 mg/kg), scFv-EpCam-SNAP (2.5 mg/kg) or 

PBS at days 13, 14, 17, 19 into BALB/c nude mice bearing Katushka2-transfected MDA-MB-

231. The activity of CSPG4-based immunotoxin was investigating by treating BALB/c nude 

mice bearing  Katushka2-transfected MDA-MB-468 with either  scFv-CSPG4-ETA  (1.2 mg/kg 

dose), scFv-CSPG4-MAP (2.5 mg/kg), scFv-CSPG4-SNAP (2.5 mg/kg), or PBS on days 22, 

24, 27 and 29. Tumor inhibition was determined by monitoring the size of tumors through 
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determining the Katushka2 fluorescence signal intensity and using caliper measurements. 

Growth inhibition of 40% (GbR201K-scFv-EpCAM) and 60% (scFv-EpCam-ETA), respectively, 

were determined into BALB/c nude mice bearing Katushka2-transfected MDA-MB-231 

comparing to the control group 93, 94.  

Treatment with scFv-CSPG4-MAP or scFv-CSPG4-ETA resulted in comparable inhibition of 

tumor growth. Furthermore, no detectable tumor growth inhibition was observed after 

treatment with a non-cytolytic control proteins (scFv-EpCam-SNAP or scFv-CSPG4-SNAP), 

this confirms that the antitumor activity of immunotoxins is mediated by their effector domains.  

The results presented here show that the fusion scFv-EpCam or scFv-CSPG4 with GbR201K 

or MAP, respectively, did not affecting the tumor-selective binding activity of the scFv or the 

cytotoxic activity of GbR201K or MAP 93, 94.  

Although both GbR201K and MAP based human immunotoxins could reduce immunogenicity 

and potential side effects associated with bacterial-based immunotoxins such as ETA, they 

show lower toxicity comparing to ETA-based immunotoxins, but not to the point where they 

loss their therapeutic activity. Around 40–50% overall inhibition of tumor growth with absent 

off-target toxicity were observed in vivo after a short treatment regimen consisting of a single 

course of 4 doses.  However, the impact of longer or repeated treatment approaches needs to 

be further studied. 
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4. Summary

The hypothesis of a ‘‘one pill fits all’’ limits the success of cancer treatments and it is now 

acknowledged that no single therapeutic agent has the same effect on all patients with the 

same diagnosis. Precision medicine is a promising paradigm, mainly in cancer treatment, and 

it is widely believed that precision medicine will have a revolutionary impact on healthcare 

before, during and after disease by specifically targeting disease cells to ensure maximal 

efficacy and safety. However, the heterogeneity and  complexity of tumors, along the 

development of different metastases set a countless challenge for cancer targeting therapies. 

The considerable increase in understanding molecular processes led to identification of 

numerous biomarkers for cancer detection and treatment. These biomarkers have paved the 

way for developing several tumor targeting therapies in recent years. It is now becoming 

increasingly clear that corresponding therapies have a great chance in improving cancer care 

by selectively targeting tumor cells and concomitantly reducing adverse side effects.  

Despite recent reduction in breast cancer mortality, breast cancer remains the leading cause 

of  cancer-related death among women worldwide. Breast cancer targeted therapies that rely 

on tumor cell expression of estrogen (ER), progesterone (PgR) and HER2 receptors can be 

effective in the treatment of luminal and HER2-positive breast cancers. However, TNBC 

presents a challenge as it is characterized by the absence of ER, PgR and HER2 receptors. 

TNBC patients are generally young premenopausal women accounting for up to 20% of breast 

cancer cases. Moreover, TNBC is associated with unfavorable outcome with decreased 

disease free and overall survival rates.  

Ovarian cancer is one of the most common gynecological tumors worldwide. The gold standard 

therapy for ovarian cancer involves an intensive surgical cytoreduction, followed by a platinum 

and taxane-based cytostatic treatment. The antiangiogenetic bevacizumab and / or the novel 

drug class of PARP inhibitors – both effective in some high-grade serous cancers – have 

improved the progression-free survival as well as the overall survival. Nevertheless, the 

prognosis of ovarian cancer is poor and new therapeutic approaches warranted.  

The fatality rate of ovarian cancer is high because the available therapeutic modalities have 

failed to treat ovarian cancer patients with advanced disease, who are representing more than 

70% of patents with ovarian cancer. For these patients, the five-year survival rates are ranging 

from 20% to 30%, in some settings up to 50%, compared to cure rates of 70% to 90 cure rates 

for those diagnosed with the disease is confined to the ovary. This is mainly due to the 

spreading of ovarian tumors into the peritoneum, retroperitoneal space and the serosa layer 

of the gut, which is one of the major limitations preventing the removal and / or treatment of 

poor-vascularized macro-metastasis, local and/or long distant micro-metastases as well as 

non-resectable macro-metastasis during cytoreductive surgery. These untreated tumor tissues 
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usually cause tumor relapse, reducing the median survival rate from ~99 months for the patient 

with no residual disease to ~36 months if residual tumors are present.  

The high inter- and intra-tumor heterogeneity of TNBC and ovarian cancer associated with 

different histopathological features and clinical behaviors that influence differentially the 

therapeutic outcome of surgery and/or chemotherapy and associated with inherent and 

acquired drug resistance. Therefore, there is there is an urgent, and till now unmet, medical 

need for new treatment options for TNBC and ovarian cancer.  

This work represents the attempts to refine the methods for generating cancer targeting 

therapy and to overcome the shortcomings of the available therapeutic modalities of TNBC 

and ovarian cancer, such as tumor heterogeneity, low efficiency, and drug resistance. This is 

mainly achieved by using SNAP-tag technology as a site-specific conjugation method for 

arming antibody with therapeutic and / or imaging agents. Moreover, applying different 

therapeutic strategies (near infrared photo-immunotheranostics (NIR-PIT), antibody drug 

conjugate (ADC) , and immunotoxin) as well as targeting different highly expressed cell surface 

receptor (EGFR, EpCam and CSPG4) on TNBC and ovarian cancer cells.  

SNAP-tag technology allows to site-specifically conjugate a wide range of effector molecules 

rapidly and efficiently under physiological conditions with 1:1 conjugation stoichiometry. The 

different mechanism of actions can overcome the limitation of cancer cell acquired and 

inherited drug resistance of TNBC and ovarian cancer, while targeting a set of different cell 

surface receptor can overcome the inter- and intra-tumor heterogeneity of TNBC and ovarian 

cancer.  

The developed NIR-PIT and ADC reagents demonstrated strong imaging properties and / or 

potent therapeutic activity in combination and / or individually against different TNBC and 

ovarian cancer cells in vitro. Despite the impressive results, additional experiments are 

undoubtedly required to determine the pharmacokinetic properties and to verify the imaging 

and / or the therapeutic activity in vivo.  

In another therapeutic approach, two human-based immunotoxins, scFv-CSPG4-MAP and 

GbR201K-scFvEpCam (full human immunotoxin), were generated and evaluated. Both in vitro 

and in vivo results showed that the immunotoxins have a high translational potential for 

targeted elimination of TNBC.  

The impact of developing antibody-based recombinant proteins, the use of SNAP-Tag 

technology for conjugating effector molecules, targeting three cell surface receptors (EGFR, 

EpCam and CSPG4) in combination and / or individually and the exploiting of different 

therapeutic strategies (NIR-PIT, ADC, and immunotoxin) for targeting TNBC and ovarian 

cancer were investigated and discussed in this work.   
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5. Zusammenfassung 

Genetische Veränderungen, die zur Entstehung von Krebs führen, variieren zwischen 

Patienten.  Daher gewinnt die maßgeschneiderte Krebsbehandlung zunehmend an Bedeutung 

und die Präzisionsmedizin könnte in Zukunft eine personalisierte und zielgerichtete Therapie 

von Tumorzellen ermöglichen. 

Es wird angenommen, dass die Präzisionsmedizin einen revolutionären Einfluss auf die 

Gesundheitsversorgung vor, während und nach einer Krankheit haben wird, indem sie gezielt 

auf erkrankte Zellen abzielt und damit maximale Wirksamkeit und Sicherheit gewährleistet. 

Allerdings stellt die Heterogenität und Komplexität des Tumors, sowie die Entwicklung von 

Metastasen eine große Herausforderung für zielgerichtete Krebstherapien dar. 

Die beträchtliche Verbesserung des Verständnisses der molekularen Prozesse der 

Krebsentstehung führte zur Identifizierung zahlreicher Biomarker für die Diagnose und 

Behandlung. Diese Biomarker haben in den letzten Jahren den Weg geebnet für die 

Entwicklung mehrerer Tumor-spezifischer Therapien. Mittlerweile wird immer deutlicher, dass 

entsprechende gezielte Therapien ein großes Potential für die Krebsbehandlung haben. 

Solche Therapieansätze ermöglichen eine zielgerichtete Bekämpfung von Tumorzellen und 

gleichzeitig eine Verringerung von unerwünschten Nebenwirkungen. 

Trotz des jüngsten Rückgangs der spezifischen Sterblichkeit bleibt Brustkrebs weltweit die 

häufigste Krebstodesursache bei Frauen. Auf Brustkrebs ausgerichtete Therapien, die auf der 

Tumorzellexpression von Östrogen (ER), Progesteron (PgR) und HER2-Rezeptoren beruhen, 

können bei der Behandlung von luminalem und HER2-positivem Brustkrebs wirksam sein. 

Dreifach negativer Brustkrebs (TNBC) ist klassifiziert durch das Fahlen der Expression von 

ER-, PgR- und HER2-Rezeptoren. Bei TNBC-Patienten handelt es sich im Allgemeinen um 

junge Frauen vor der Menopause, die bis zu 20% der Brustkrebsfälle ausmachen. Darüber 

hinaus sind TNBC mit einem ungünstigen Verlauf verbunden wie einem verringerten 

krankheitsfreien und Gesamtüberleben. 

Eierstockkrebs gehört weltweit zu den häufigsten gynäkologischen Tumoren. Die 

Goldstandardtherapie ist hier eine intensive chirurgische Zytoreduktion, gefolgt von einer 

Platin- und Taxan-basierten Zytostatikabehandlung. Das antiangiogenetische Bevacizumab 

und/oder die neuartige Medikamentenklasse der poly-ADP-Ribose-Polymerase (PARP)-

Inhibitoren, die bei einigen hochgradigen serösen Krebsarten wirksam sind, haben das 

progressionsfreie Überleben, sowie das Gesamtüberleben der betroffenen Patientinnen 

verbessert. Trotz dieser neuen Behandlungsmöglichkeiten ist die Sterblichkeitsrate bei 

Eierstockkrebs dennoch hoch, da die verfügbaren Therapiemodalitäten keine Behandlung für 

Patientinnen mit fortgeschrittenem Eierstockkrebs ermöglichen. Diese machen mehr als 70 % 

der Patientinnen mit Eierstockkrebs aus und die 5-Jahres-Überlebensraten liegt zwischen 20 

und 30 %, in manchen Fällen sogar bis zu 50 %, im Vergleich zu 70 bis 90 % bei Patientinnen, 

161



 

bei denen die Erkrankung auf den Eierstock beschränkt ist. Dies ist hauptsächlich auf die 

Ausbreitung von Ovarialtumoren in das Peritoneum, den retroperitonealen Raum und die 

Serosaschicht des Darms zurückzuführen, was eine der größten Einschränkungen darstellt, 

die die Entfernung und/oder Behandlung schlecht vaskularisierter lokaler und/oder lokaler 

Makrometastasen verhindern weit entfernte Mikrometastasen sowie nicht resezierbare 

Makrometastasen während zytoreduktiver Chirurgie. Diese unbehandelten Tumorgewebe 

verursachen in der Regel einen Tumorrückfall und reduzieren die mittlere Überlebensrate von 

etwa 99 Monaten für die Patientinnen ohne Resterkrankung auf etwa 36 Monate, wenn 

Resttumoren vorhanden sind. 

Die hohe inter- und intratumorale Heterogenität von TNBC und Eierstockkrebs ist mit 

unterschiedlichen histopathologischen Merkmalen und klinischen Verläufen verbunden. Diese 

wirken sich unterschiedlich auf das therapeutische Ergebnis einer Operation und/oder 

Chemotherapie aus und sind mit inhärenter und erworbener Arzneimittelresistenz assoziiert. 

Daher besteht ein dringender und bislang ungedeckter medizinischer Bedarf an neuen 

Behandlungsmöglichkeiten für TNBC und Eierstockkrebs. 

Die vorliegende Arbeit zielt darauf ab, die Methoden zur Entwicklung einer zielgerichteten 

Krebstherapie zu verfeinern und die Mängel der verfügbaren Therapiemodalitäten von TNBC 

und Eierstockkrebs wie geringe Effizienz und Arzneimittelresistenz zu überwinden.  

Im Rahmen dieser Arbeit wurde die SNAP-Tag-Technologie verwendet, die eine schnelle und 

effiziente ortsspezifische Konjugation einer Vielzahl von Effektormolekülen unter 

physiologischen Bedingungen und einer 1:1-Konjugationsstöchiometrie ermöglicht. Die 

unterschiedlichen Wirkungsmechanismen der Effektormoleküle können die Einschränkungen 

der durch Krebszellen erworbenen und vererbten Arzneimittelresistenz von TNBC und 

Eierstockkrebs überwinden, während die gezielte Behandlung verschiedener 

Zelloberflächenrezeptoren die inter- und intra-tumorale Heterogenität von TNBC und 

Eierstockkrebs überwinden kann. 

Die entwickelten therapeutischen Strategien Nahinfrarot-Photoimmunotherapie (NIR-PIT) und 

Antikörper-Wirkstoff-Konjugat ADC-Reagenzien zeigten in Kombination und/oder einzeln in-

vitro starke bildgebende Eigenschaften und/oder starke therapeutische Aktivität gegen 

verschiedene TNBC- und Eierstockkrebszellen. Trotz der vielversprechenden Ergebnisse sind 

zweifellos weitere Experimente erforderlich, um die pharmakokinetischen Eigenschaften zu 

bestimmen und die Bildgebung und/oder die therapeutische Aktivität in vivo zu verifizieren. 

In einem weiteren Therapieansatz wurden zwei humanbasierte Immuntoxine generiert und 

untersucht. Sowohl in-vitro- als auch in-vivo-Ergebnisse zeigten, dass die Immuntoxine scFv-

CSPG4-MAP und GbR201K-scFvEpCam (vollständiges humanes Immuntoxin) ein hohes 

Translationspotenzial für die gezielte Eliminierung von TNBC vorweisen. 
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Die Auswirkungen der Entwicklung antikörperbasierter rekombinanter Proteine, der Einsatz 

der SNAP-Tag-Technologie zur Konjugation von Effektormolekülen, die gezielte Bekämpfung 

von drei Zelloberflächenrezeptoren (EGFR, EpCam und CSPG4) in Kombination und/oder 

einzeln sowie die Nutzung verschiedener therapeutischer Strategien (NIR- PIT, ADC und 

Immuntoxin) zur Bekämpfung von TNBC und Eierstockkrebs wurden in dieser Arbeit 

untersucht und diskutiert. 
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8. Abbreviations list 

Abbreviation  Term 

[%] Percent 
°C Degree Celsius 
µg Microgram 
µl Microgram 
nM Nanomolar    
90Y Radioactive isotope yttrium 90 
ADC Antibody drug conjugate  
ADCC Antibody-dependent cellular cytotoxicity  
ADCP Antibody-dependent cellular phagocytosis  
AGT O6-Alkylguanine-DNA alkyltransferase  
B-ALL B-cell acute lymphoblastic leukemia  
B-NHL B-cell non-Hodgkin lymphoma  
BCL-2 B-cell leukemia/lymphoma-2  
BCMA B-cell maturation antigen 
BG O(6)-benzylguanine 
CAIX Carbonic anhydrase IX  
CAR-T Chimeric antigen receptor T cell 
CDC Complement dependent cytotoxicity  
CEACAM5 Carcinoembryonic antigen-related cell adhesion molecule 5 
CTLA4 Cytotoxic T-lymphocyte-associated protein 4  
CSPG4 Chondroitin sulfate proteoglycan 4  
DAR Drug-to-antibody ratios 
DNA Deoxyribonucleic acid 
DT Diphtheria toxin 
DTPA Diethylene triamine penta-acetic acid 
EGFR Epidermal growth factor receptor 1  
EpCam Epithelial cell adhesion molecule 
ER Estrogen receptor 
FDA Food and Drug Administration 
FIGO International federation of gynecology and obstetrics 
Gb Granzyme B 
HER2 Human epidermal growth factor receptor 2 
IC50 50% elimination of the cells  
ICG Indocyanine green  
ICI Immune checkpoint inhibitor 
mAb Monoclonal antibody  
MAP Microtubule-associated protein tau 
MHC Major histocompatibility complex 
MMAE Monomethyl auristatin E 
MMAF Monomethyl auristatin F  
NIR Near-infrared  
NHL Non-Hodgkin lymphoma 
NIR-PIT Near-infrared photoimmunotherapy 
PgR Estrogen receptor 
PARP Poly-ADP ribose polymerase  
PD1 Programmed cell death protein 1 
PD-L1 Programmed cell death-ligand1 
PE Pseudomonas exotoxin A 
PK  Pharmacokinetic 
PI-9 Serpin B9  
R201K Mutant version of granzyme B with strongly reduced sensitivity 

toward PI-9 
RNA Ribonucleic acid 
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RNases Ribonucleases  
scFv Single-chain variable fragment 
T-biAbs T-cell engaging bispecific antibodies  
TCR T cell receptor  
TNBC Triple negative breast cancer 
Trop-2 Trophoblast cell surface antigen-2 
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