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Abstract 

Epidermal growth factor receptor (EGFR)-targeted cancer treatments with antibodies like 

Cetuximab are successfully used in the clinic for about 20 years. However, intrinsic, as well as 

newly developed resistance mechanisms to EGFR-targeted therapies, are the main reason for 

their failure. Activation of human epidermal growth factor receptor 3 (HER3)-signaling upon 

EGFR-targeted therapies is frequently observed and has motivated the development of 

combination therapies that simultaneously block EGFR and HER3. In this study, bispecific and 

bivalent, or tetravalent, respectively, single-chain diabody (scDb) and scDb-Fc molecules were 

developed comprising the antigen-binding sites of a humanized version of Cetuximab (hu225) 

as well as a recently developed anti-HER3 antibody (3-43). In total, eight molecules (two scDb 

and six scDb-Fc) with varying linkers were engineered. The scDb hu225x3-43-Fc showed the 

most favorable properties regarding production yield, purity, homogeneity and linker setup. 

Binding of the scDb-Fc to recombinant receptors, as well as to HER-family receptor expressing 

cell lines revealed retained binding properties, compared to parental antibodies. Furthermore, 

the scDb hu225x3-43-Fc showed strong and long-lasting inhibition of downstream signaling by 

EGF, HRG or combination of both ligands. Proliferation studies on head and neck squamous 

cell carcinoma (HNSCC), triple negative breast cancer (TNBC), and colorectal cancer (CRC) 

cell lines revealed either similar, or stronger inhibition, compared to parental antibodies as 

single or combination treatment, which translated into to long-lasting growth suppression in a 

s.c. xenograft tumor model. Treatment with the bispecific antibody inhibited in vitro HRG-

stimulated oncosphere formation of two TNBC cell lines. In an orthotopic MDA-MB-468 tumor 

model, superior antitumor effects were observed compared to those obtained by the parental 

antibodies alone or in combination. Furthermore, this was associated with a reduced number 

of cells with stem-like properties demonstrating that the bispecific antibody not only efficiently 

blocks TNBC proliferation but also the survival and expansion of the cancer stem cell 

population. The high degree of plasticity and compensatory signaling within the HER-family not 

only leads to compensatory crosstalk by HER3 but also HER2 giving the rational to combine 

the EGFR- and HER3-targeting scDb-Fc with a HER2-targeting antibody like Trastuzumab. The 

triple-targeting approach with the scDb-Fc and Trastuzumab was superior in inhibition of HRG-

stimulated proliferation of the CRC cell line LIM1215 compared to the combination of IgG 

hu225, Trastuzumab and IgG 3-43. This was also observed in primary and secondary CRC 

oncosphere formation assays. Finally, in CRC patient derived organoids (PDOs) grown in HRG-

supplemented medium the triple-targeting of EGFR, HER2 and HER3 provided broader efficacy 

than dual- or mono-targeting of receptors of the HER-family. In contrast to Afatinib (anti-EGFR, 

-HER2, -HER4), the triple-targeted antibody approach showed efficient inhibition in all tested 
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PDOs. Thus, the bispecific scDb-Fc alone or in combination with Trastuzumab represents a 

superior strategy to deal with primary and acquired resistances compared to targeting a single 

receptor with different antibodies or any combination of antibodies targeting two receptors of 

the HER-family. 
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Zusammenfassung 

Epidermal growth factor receptor (EGFR)-gezielte Krebsbehandlungen mit Antikörpern wie 

Cetuximab werden seit etwa 20 Jahren erfolgreich in der Klinik eingesetzt. Allerdings führen 

sowohl intrinsische als auch neu entwickelte Resistenzmechanismen gegen EGFR-gerichtete 

Therapien zu ihrem Versagen. Die Aktivierung des human epidermal growth factor receptor 3 

(HER3)-Signals bei EGFR-gerichteten Therapien wird häufig beobachtet und hat zur 

Entwicklung von Kombinationstherapien geführt, die gleichzeitig EGFR und HER3 blockieren. 

In dieser Studie wurden bispezifische und bivalente bzw. tetravalente single-chain diabody 

(scDb)- und scDb-Fc-Moleküle entwickelt, die die Antigen-Bindestellen einer humanisierten 

Version von Cetuximab (hu225) sowie eines kürzlich entwickelten Anti-HER3-Antikörpers 

(3-43) integrieren. Insgesamt wurden acht Moleküle (zwei scDb- und sechs scDb-Fc-Moleküle) 

mit unterschiedlichen Linkern entwickelt. Der scDb hu225x3-43-Fc erwies sich aufgrund von 

Produktionsausbeute, Reinheit, Homogenität und Linker-Setup als der Favorit. Die Bindung 

des scDb-Fc an rekombinante Rezeptoren sowie an Zelllinien, die Rezeptoren der HER-Familie 

exprimieren, zeigte, dass die Bindungseigenschaften im Vergleich zu den parentalen 

Antikörpern erhalten wurden. Darüber hinaus zeigte der scDb hu225x3-43-Fc eine starke und 

langanhaltende Hemmung von durch EGF, HRG oder der Kombination dieser Liganden 

induzierten nachgeschalteten (downstream)-Signalwegen. Proliferationsstudien an Zelllinien 

des Plattenepithelkarzinom im Kopf- und Halsbereich (head and neck squamous cell 

carcinoma: HNSCC), des dreifach negativen Mammakarzinoms (triple negative breast cancer: 

TNBC) und des kolorektalen Karzinoms (colorectal cancer: CRC) zeigten entweder eine 

ähnliche oder eine stärkere Hemmung im Vergleich zu den parentalen Antikörpern als Einzel- 

oder Kombinationsbehandlung, was in einem s.c.-Xenograft-Tumormodell zu einer 

langanhaltenden Unterdrückung des Tumorwachstums führte. Die Behandlung mit dem 

bispezifischen Antikörper hemmte die HRG-stimulierte Entstehung von Oncospheres zweier 

TNBC-Zelllinien. In einem orthotopen MDA-MB-468-Tumormodell wurden überlegene 

Antitumoreffekte im Vergleich zu denen beobachtet, die durch die parentalen Antikörper allein 

oder in Kombination erzielt wurden. Darüber hinaus war dies mit einer reduzierten Anzahl von 

Zellen mit Stammzell-ähnlichen Eigenschaften verbunden, was zeigte, dass der bispezifische 

Antikörper nicht nur die TNBC-Proliferation, sondern auch das Überleben und die Expansion 

der Krebsstammzellpopulation effizient blockiert. Der hohe Grad an Plastizität und 

kompensatorischen Signalen innerhalb der HER-Familie führt nicht nur zu einem 

kompensatorischen Crosstalk durch HER3, sondern auch durch HER2, so dass es sinnvoll ist, 

den EGFR- und HER3-bindenden scDb-Fc mit einem HER2-bindenden Antikörper wie 

Trastuzumab zu kombinieren. Der Triple-Targeting Ansatz mit der Kombination aus dem 
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scDb-Fc und Trastuzumab war bei der Hemmung der HRG-stimulierten Proliferation der CRC-

Zelllinie LIM1215 im Vergleich zur Kombination von IgG hu225, Trastuzumab und IgG 3-43 

überlegen. Dies wurde auch in primären und sekundären CRC-Oncophere-Assays beobachtet. 

Bei Organoiden (PDOs) aus CRC-Patienten, die in HRG-supplementärem Medium gezüchtet 

wurden, führte das Triple-Targeting von EGFR, HER2 und HER3 zu einer breiteren Wirksamkeit 

als das Dual- oder Mono-Targeting von Rezeptoren der HER-Familie. Darüber hinaus zeigte 

der Triple-Targeting-Antikörper-Ansatz, anders als der Rezeptortyrosinkinase-Inhibitor Afatinib 

(anti-EGFR, -HER2, -HER4), eine effiziente Hemmung bei allen getesteten PDOs. Somit stellt 

der bispezifische scDb-Fc allein oder in Kombination mit Trastuzumab eine vorteilhafte 

Strategie dar, um primäre und erworbene Resistenzen zu behandeln, als es durch die 

Blockierung von einzelnen Rezeptoren möglich ist. 
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1  Introduction 

1.1  HER-family receptors 

The superfamily of protein kinases consists of more than 500 members. Based on the residues 

that they phosphorylate they are classified into protein-serine/threonine kinases, protein-

tyrosine kinases and tyrosine-kinase like proteins. The ErbB/HER-family belongs to the 

receptor protein-tyrosine kinases (RTKs), consisting of 58 members which are further divided 

into 20 subfamilies. RTKs are involved in the regulation of various normal cellular processes 

like, inter alia, cell proliferation, migration and differentiation (Schlessinger 2000; Roskoski 

2019). Dysregulated overexpression and activity of the four HER-family members, 

EGFR/ErbB1/HER1, ErbB2/HER2, ErbB3/HER3 and ErbB4/HER4, is one of the most recognized 

pathobiological mechanisms of solid tumors (Yarden and Pines 2012). EGFR, the first 

described HER-family member, is widely upregulated and/or hyperactivated in epithelial 

tumors, as a result of gene amplification, transcription activation, protein overexpression, 

and/or mutations (Hynes and MacDonald 2009). Similar to EGFR, the second member of the 

HER-family, HER2, is widely overexpressed, amplified or mutated in many different cancer 

types (Oh and Bang 2020). Approved targeted cancer therapies like monoclonal antibodies or 

small molecule inhibitors directed against EGFR or HER2 exhibit substantial improvements in 

survival of patients. However, disease progression due to innate or acquired resistance is 

frequently observed (Wang 2017). One of those resistance mechanisms is compensatory 

signaling by other HER-family members. HER3 plays a significant role in cancer progression, 

increased invasion, acquired therapeutic resistance, and drug resistance in tumors (Black et 

al. 2019). HER4, is the least studied and understood HER-family member in the context of 

cancer and was associated on one hand with tumor promoting activity and on the other hand 

with tumor inhibiting activity (Lucas et al. 2022). The following chapter focuses on the structure 

of the HER-family members, their activity and signaling, their role in healthy tissue, and in non-

malignant and malignant disease. Furthermore, therapeutic options for HER-family member 

expressing tumors are described with a focus on antibody-based treatments. 

1.1.1  Structure of HER-family receptor members 

The ErbB/HER-family consist of four gene members EGFR/ERBB1/HER1, HER2/ERBB2/NEU, 

ERBB3/HER3 and ERBB4/HER4. These genes are translated into one EGFR isoform, two full-

length HER2 isoforms as a result of alternative mRNA splicing, as well as two HER3 isoforms, 

of which one is lacking the amino acid residues 1-59. HER4 takes on a special role. In the 

process of alternative splicing, four isoforms can be formed, with two different versions of the 

juxtamembrane segments (JMa, JMb), and two different carboxyterminal tails (Cyt1, Cyt2) 
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(Roskoski 2019). However, the basic structure of all 4 HER-family members is similar. The 

extracellular part of the receptor consists of the leucine-rich domains I and III, which bind the 

ligand (except HER2), and the cysteine-rich domains II and IV, which consist of extended 

repeats of disulfide-containing modules. Upon ligand binding to domain I and III, the interaction 

between domain II and IV is disrupted. Domain II now can interact with a different sleeve in 

domain II of a second ligand-bound receptor molecule, thereby forming homo- and 

heterodimers. This change from a tethered (closed) to an extended (untethered or open) 

conformation is essential for dimerization of the receptors. In total, 11 ligands bind to the HER-

family, of which some are receptor specific while others bind to two members. The epidermal 

growth factor (EGF), amphiregulin (AR), epigen (EPG), and transforming growth factor-α 

(TGFα), are specific for EGFR, and neuregulin (NRG) 3 and 4 bind specifically to HER4. The 

ligands betacellulin (BTC), epiregulin (EPR), and heparin-binding EGF-like growth factor 

(HB-EGF) can bind EGFR, as well as HER4. Heregulin (NRG1/HRG) and neuregulin 2 (NRG2) 

bind to HER3 and HER4. On the contrary, there is no known ligand binding to HER2, as it exists 

only in an extended and open confirmation. This structural particularity results in a 

constitutively ready-to-dimerize state of HER2 (Penuel et al. 2002; Garrett et al. 2003). 

However, under physiological conditions no HER2 homodimers are formed. In contrast, when 

expression levels are highly elevated, for example in breast cancer, this constrain is violated 

and HER2 homodimers are formed (Yarden and Sliwkowski 2001). The intracellular part of the 

HER-family members is linked to the extracellular domains via a single transmembrane 

segment. Inside the cell the receptors comprise a short juxtamembrane segment, a kinase 

domain and a long C-terminal tail. When activated, receptors within homo- or heterodimers 

transphosphorylate the dimerization partner (except HER3). The phosphorylation of tyrosines 

occurs at specific sites, which allow for the docking of different downstream effectors (Olayioye 

et al. 2000). HER3 has an impaired kinase domain, which reduces its transphosphorylation 

activity by approximately 1000-fold when compared to EGFR (Shi et al. 2010). This property of 

HER3 makes it dependent on heterodimerization to become phosphorylated. In general, the 

heterodimers show more potent activation of downstream pathways, compared to 

homodimers, due to the higher variation of docking sites for adapter proteins (Roskoski 2014).  

1.1.2  Activation and signaling of HER-family receptors 

The kinase domains of HER-family receptor dimers are active and catalyze auto- and 

transphosphorylation of tyrosine residues in conserved amino acid motifs of the C-terminal tail. 

Cytoplasmic and transmembrane adapter proteins can bind to these motifs and further activate 

downstream signaling. The two major signaling pathways are the mitogen-activated protein 

kinase (MAPK) and the phosphatidylinositol 3-kinase (PI3K) pathway. EGFR and HER2 mainly 
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activate the MAPK pathway by binding of Src-homology-2-containing (Shc) and growth-factor-

receptor-bound protein 2 (Grb2) (Kennedy et al. 2019; Batzer et al. 1994). Grb2 is recruiting 

son of sevenless (SOS) resulting in a signaling cascade, in which the small GTPase Ras and 

sequentially kinases are activated (Raf-MEK-MAPK/Erk.). In turn, the mitogen activated protein 

kinase MAPK/Erk activates transcription factors which promote proliferation and differentiation. 

Through coupling of the Ras-PI3K-AKT/PKB pathway all four receptors are able to indirectly 

activate the PI3K pathway (Hynes and Lane 2005; Citri and Yarden 2006). HER3 comprises six 

docking sites for p85, the regulatory subunit of PI3K, enabling direct and strong activation of 

the PI3K pathway (Plowman et al. 1990; Carpenter et al. 1990; Hellyer et al. 1998). HER4 

comprises one docking site for p85, however, like EGFR and HER2, it mainly activates the 

MAPK pathway. Binding of p85 to the phosphorylated tyrosine relieves its inhibitory effects on 

p110, the kinase subunit of PI3K. The activated PI3K leads to conversion of phosphatidylinositol 

bisphosphate (PIP2) to phosphatidylinositol trisphosphate (PIP3), allowing the activation of Akt 

and further downstream proteins of the pathway, promoting cell growth, proliferation and 

survival (Citri, Yarden 2006; Ma et al. 2015; Olayioye et al. 2000). Of note, the HER2:HER3 

heterodimer has the broadest adaptor binding profile and possesses potent transforming 

capacity (Cohen et al. 1996; Tzahar et al. 1996). Despite the impaired kinase activity of HER3, 

both receptors are phosphorylated in the heterodimer. Zhang et al. used a HER3 targeting RNA 

aptamer (A30) to disrupt formation of homo-heterodimers of two HER2:HER3-dimers (Zhang 

et al. 2012). HER2 was still able to phosphorylate HER3 upon A30 binding. However, no HER2 

phosphorylation was observed, indicating that heterodimerized HER2 trans-phosphorylates 

HER2 molecules contained in adjacent heterodimers. Further, Choi and coworkers 

demonstrated that endogenously-formed HER2:HER3 heterodimers can simultaneously 

interact with multiple downstream effectors and catalyze tyrosine phosphorylation at an 

unusually high rate (Choi et al. 2020).  
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Figure 1: Receptor phosphorylation and downstream signaling of activated HER-family members. 
The HER-family receptors consist of an extracellular domain, which is subdivided into subdomains I-IV, 
a single membrane-spanning region, a juxta membrane segment, a cytoplasmic tyrosine kinase-
containing domain (PKD) and a C-terminal tail. In the absence of ligand, the receptors are kept in an 
inactive, tethered form. Ligand binding to subdomain I and III leads to an untethered active state, 
resulting in the interaction of subdomain II with subdomain II of another receptor, forming homo- or 
heterodimers. Phosphorylation of the C-terminal tail allows for docking of adapter proteins of the MAPK- 
and PI3K-pathway, activating a signaling cascade.  

 

1.1.3 Role in healthy tissue and non-malignant diseases 

The HER-family receptors and their ligands are involved in many processes during 

development, as well as in homeostasis of different organs (Britsch 2007; Citri and Yarden 

2006). Mice with EGFR knockout show growth retardation, epithelial immaturity and 

dysfunction, leading to early postnatal lethality (Miettinen et al. 1995). However, knockout of 
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the EGFR ligands EGF, AR, or TGFα did not lead to lethal phenotype, but abnormalities in the 

small intestine, and for TGFα knockout, open eyelids at birth, reduced eyeball size and 

superficial opacity were observed (Luetteke et al. 1993; Troyer et al. 2001). This allows for the 

conclusion of partial redundancy of the EGFR ligands. HER2 and HER4 knockout in mice lead 

to severe heart defects and postnatal lethality (Gassmann et al. 1995; Erickson et al. 1997). 

The knockout of HRG, the ligand of HER3 and HER4, leads to similar heart defects as knockout 

of HER2 (Erickson et al. 1997). Mice with HER3 knockout suffer from developmental defects of 

the peripheral and central nerve system, leading to postnatal death (Erickson et al. 1997). In 

summary, function of the HER-family receptors and their ligands was proposed inter alia, in the 

peripheral nervous system (PNS), central nervous system (CNS), heart and mammary gland 

underlining the importance of the HER-family for development and homeostasis (Britsch 2007). 

The HER-family also plays an important role in non-malignant diseases, mainly cardiovascular 

associated. HER2-targeted therapies, like Trastuzumab, a monoclonal antibody used for cancer 

therapy, are well known for their cardiotoxic effects (Babar et al. 2014). Further, elevated serum 

HER2 levels are associated with coronary artery disease, high triglycerides and insulin 

resistance (Jian et al. 2020; Fernández-Real et al. 2010). A recent study showed increased 

EGFR phosphorylation and activity in atherosclerotic lesion development in mice, which could 

be prevented by EGFR inhibitors (Wang et al. 2017). Taken together, the HER-family is essential 

for the development and the functional maintenance of several organs.  

1.1.4 HER-family receptors in cancer and therapeutic options 

In the last release of the GLOBOCAN database Bray and coworkers estimate that worldwide 

approximately 18 million new cases of cancer will be diagnosed and about 10 million will die 

from cancer in 2018 (Bray et al. 2018). Thus, cancer is the first or second leading cause for 

deaths in most countries, next to ischemic heart diseases and stroke. Cancer incidence reflects 

national socioeconomic development whereby countries with higher human development 

index (HDI) have a higher incidence. Not only that, but also the type of the cancer reflects this 

socioeconomic state, with higher incidence for infection-associated cancers, including cervix, 

stomach and liver in countries with low HDI. The four most common cancer types include lung, 

breast, prostate and colon, together accounting for approximately one third of all cases, as well 

as all cancer associated deaths. With global transition to higher prosperity, leading to an 

increase of population and aging of humans, the prominence of cancer will rise (Arnold et al. 

2017; Bray et al. 2018).  



 

19 

1.1.4.1  EGFR in cancer 

Dysregulation of the HER-family signaling cascade plays an important role in in many different 

types of cancer (Hynes and MacDonald 2009). Mutation in the kinase domain, gene 

amplification, increased biosynthesis, or decreased degradation as well as activation by ligands 

are the main reasons for overactivity of EGFR (Wang 2017; Roskoski 2014). EGFR overactivity 

is often observed in patients with inter alia, HNSCC, CRC and TNBC (Rocha-Lima et al. 2007; 

Wang 2017). Overexpression of EGFR is observed in more than 90 % of HNSCC tumors, in up 

to 75 % of CRC, and in 20-50 % of all TNBC cases (Xu et al. 2017; Cohen 2003; Nakai et al. 

2016; Ueno and Zhang 2011; Sabatier et al. 2019). These observations habe led to the 

development of EGFR targeted therapies. In 1995 the efficacy of the EGFR targeted 

monoclonal antibody Cetuximab was described in a preclinical study initiating first clinical trials 

(Goldstein et al. 1995). Cetuximab was approved by the FDA in 2004 for the treatment of 

advanced colorectal cancer and later additionally for head and neck and non-small cell lung 

cancer (Troiani et al. 2016).  

Globally approximately 550,000 patients are diagnosed with HNSCC and 380,000 die of this 

disease every year (McDermott and Bowles 2019). HNSCC is associated with smoking, alcohol 

abuse as well as human papillomavirus (HPV) infections. Patients treated with Cetuximab in 

combination with either radiation therapy, or as single agent for refractory, recurrent, or 

metastatic disease showed strong benefit in overall survival (OS) (Bonner et al. 2006; 

Vermorken et al. 2007). However, Cetuximab treatment response rates are very low (~10 %) 

and prediction of responders remains difficult, despite a large number of clinical studies 

addressing this topic (Hammerman et al. 2015). In a recent study of oropharyngeal cancer 

(OPC) patients, protein levels of EGFR and its phosphorylated form were quantified using 

immunohistochemistry (IHC). It was demonstrated that HPV-related samples had significantly 

lower levels of EGFR, compared to HPV-negative samples. However, levels of phosphorylated 

EGFR were higher in HPV-positive samples (Taberna et al. 2018). Furthermore HPV-positivity 

was also associated with high HER3-expression (see also 1.1.4.3 and 1.2.2) (Brand et al. 2017). 

Reasons for the unsatisfactory EGFR-targeted treatment success is explained by inter alia, 

frequently occurring mutations of downstream effector genes as HRAS and PI3KCA, as well as 

expression of HER3 or its ligand HRG (Chang et al. 2015; Mota et al. 2017). Until now, no other 

EGFR-targeted therapies have been approved for the treatment of HNSCC. With the approval 

of Nivolumab and Pembrolizumab, a PD-L1, and a PD-1 targeting antibody, respectively, the 

recommendation for EGFR-targeted treatments shifted towards second choice after 

immunotherapy (Cohen et al. 2019).  
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With 1.8 million new diagnosis in 2018 and 881,000 deaths in the same year CRC accounts for 

1 in 10 cancer cases and deaths (Bray et al. 2018). The treatment with Cetuximab for CRC 

patients is approved for metastatic disease and for patients KRAS wildtype disease. K-Ras is a 

small GTPase which initiates the sequential activation of kinases of the MAPK-pathway (see 

1.1.2) and mutations lead to resistance against Cetuximab, as well as to other EGFR-targeted 

therapeutics, like the human monoclonal antibody Panitumumab (van Cutsem et al. 2009; 

Lièvre et al. 2006). However, the EGFR-targeted treatment with Cetuximab was described as 

being ineffective in 40-70 % of patients with KRAS-wt disease (Pauw et al. 2019; Leto and 

Trusolino 2014). Amongst others, the amplification or transcriptional upregulation of HER2, as 

well as the expression of HRG or its receptor HER3, are primary or acquired resistances which 

can occur upon Cetuximab treatment (Oliveras-Ferraros et al. 2012; Leto and Trusolino 2014; 

Leto et al. 2015; Stahler et al. 2017; Kruser and Wheeler 2010; Zhang et al. 2020).  

Triple-negative breast cancer (TNBC) is associated with a high mortality rate and characterized 

by the lack of progesterone receptor (PR), estrogen receptor (ER) and HER2 overexpression 

(Thakur et al. 2018; Bray et al. 2018; Goldhirsch et al. 2013). TNBC accounts for 15 – 20 % of 

all breast carcinomas and, compared to ER/PR and HER2 positive breast carcinomas, is 

associated with increased metastasis risk, early recurrence and worse outcome (Gonçalves et 

al. 2018; Fremd et al. 2018; Morante et al. 2018; Dent et al. 2007; Liedtke et al. 2008). Despite 

EGFR abundance in TNBC and numerous clinical trials investigating efficacy of EGFR-targeting 

antibodies or TKIs, no treatment has been approved until now. Cetuximab treatment reached 

only a ~10 % overall response rate, and for Lapatinib, an EGFR and HER2 targeting TKI, a 

negative trend for PFS was observed (Baselga et al. 2013; Carey et al. 2012; Finn et al. 2009). 

One reason for this lack of efficacy in TNBC is the lack of predictive biomarkers. Mutations in 

the EGFR gene or its amplification are rarely observed and do not correlate with the expression 

(Nakajima et al. 2014; Levva et al. 2017). However, recently Cetuximab efficacy was correlated 

to gene amplification, raising hope for prediction of therapeutic efficacy (Sabatier et al. 2019; 

Park et al. 2014).  

1.1.4.2  HER2 in cancer 

In 1984, Schechter and coworkers connected HER2 to its rat ortholog, Neu, which was isolated 

from carcinogen induced neuroblastomas, and implicated its role in the malignant 

transformation and the establishment of cancer. They suggested the use of immunological 

reagents against HER2 to inhibit its growth activating properties (Schechter et al. 1984). 

Already in 1986, it was described that HER2-transformed NIH-3T3 cells showed reduced tumor 

growth in vivo, when treated with a HER2-targeting antibody (Drebin et al. 1986). Today we 

know, that HER2 overexpression, amplification or mutation are associated with many different 
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cancer types, including breast cancer and gastric cancer, as well as biliary tract, colorectal, 

non-small-cell lung and bladder cancers (Oh and Bang 2020). Breast cancer is the leading 

cause of cancer death in women, where the expression of HER2 is found in approximately 25 % 

of all patients (Slamon et al. 1987; Costa and Czerniecki 2020).  

The development of Trastuzumab, a humanized HER2-targeting antibody, changed the 

outcome of HER2 positive breast cancer patients dramatically (Carter et al. 1992; Smith 2001). 

Trastuzumab binds to the extracellular domain IV of HER2, thereby inhibiting the 

homodimerization and heterodimerization with other RTKs and further downstream signaling 

(Shepard et al. 1991; Baselga et al. 1998; Olayioye et al. 2000). Furthermore it allows for 

interaction with the immune system via binding of the Fc part to immunoglobulin G fragment 

gamma receptors (FcγR) of natural killer (NK) lymphocytes, thereby activating 

antibody-dependent cellular cytotoxicity (ADCC) which results in strong antitumor activity 

(Sliwkowski et al. 1999). Additionally, Trastuzumab was used for the development of antibody 

drug-conjugates (ADC). Trastuzumab emtansine (T-DM1) is an ADC consisting of Trastuzumab 

with linked emtansine, a potent microtubule inhibitor (Lewis Phillips et al. 2008). In the 

KATHERINE trial (NCT01772472), T-DM1 recently showed a 50 % lower risk of recurrence of 

invasive breast cancer or death, while only minor differences in quality of life were observed, 

compared to Trastuzumab (Minckwitz et al. 2019; Conte et al. 2020). To improve the treatment 

efficacy by enhancing ADCC, Margetuximab, a chimeric HER2-targeting antibody sharing the 

same epitope as Trastuzumab was developed. In contrast to Trastuzumab, Margetuximab has 

a modified Fc domain allowing for higher affinity to FcγRIIIa leading to a more efficient 

recruitment of NK cells (Bang et al. 2017). However, in a phase 3 clinical trial for metastatic 

breast cancer (SOPHIA trial, NCT02492711) the achieved improvement was rather modest in 

PFS compared to Trastuzumab treatment (median of 6 months vs 5 months; hazard ratio [HR], 

0.76; 95 % CI, 0.59–0.98; P = 0.033). Clinical outcomes were improved in FcγRIIIa 158F allele 

carriers (median PFS, 7 months vs. 5 months; HR, 0.68; 95 % CI, 0.52–0.90; P = 0.005) (Rugo 

et al. 2019). HER2-targeted therapies played and play a major role in breast cancer, and these 

promising therapies become more and more used in other cancer types. 

Treatments targeting HER2 are also under investigation in CRC patients. In about 20 % of 

primary rectal cancer HER2 expression was observed, subdivided in ~5 % having 

overexpression, ~6 % amplification of HER2 and in ~10 % of patients with liver metastasis 

overexpression was observed (Conradi et al. 2013; Styczen et al. 2015; Seo et al. 2014; El-

Deiry et al. 2015; Fernández-Real et al. 2010). Several studies indicate that HER2-targeted 

therapy with antibodies, or antibodies in combination with HER2-targeting TKIs, are very 

effective in CRC patients harboring HER2 gene amplification, HER2 mutations, as well as 
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overexpression of HER2 (Oh and Bang 2020). High objective response rates (ORRs: 33 – 52 %) 

were observed in metastatic CRC patients with KRAS-wt and HER2-amplified tumors treated 

with Trastuzumab and Pertuzumab in the TRIUMPH study (UMIN000027887), or with 

Trastuzumab in combination with tucatinib in the MOUNTAINEER trial (NCT03043313) 

(Nakamura et al. 2019; Strickler et al. 2019). These high ORRs were also demonstrated in the 

HERACLES trial (Trastuzumab + Lapatinib; ORR: 30 %) and the MyPathway basket trial 

(Trastuzumab + Pertuzumab; ORR: 38 %) (Sartore-Bianchi et al. 2016; Meric-Bernstam et al. 

2019). Considering the low ORRs of approved third line therapies for CRC such as the 

multikinase inhibitor Regorafenib (1–4 %) and trifluridine plus tipiracil (2 %), these results 

indicate the strong benefit of combinatorial treatments with Trastuzumab (Oh and Bang 2020).  

Furthermore, HER2 also plays a major role in resistance formation against Cetuximab treatment 

(Bertotti et al. 2011; Yonesaka et al. 2011). Yonesaka and coworkers demonstrated the 

contribution of HER2 to de novo and acquired drug resistance in CRC in vitro. In this study 

HER2-activation by either HER2 amplification or through heregulin upregulation, prevented the 

inhibitory effects of Cetuximab on downstream signaling via the MAPK pathway. Furthermore, 

in a cohort of 233 Cetuximab-pre-treated CRC patients a dramatically shorter PFS and OS in 

patients with HER2 amplification was observed (PFS: 149 vs. 89 days; OS: 515 vs. 307 days) 

(Yonesaka et al. 2011). Additionally, Bertotti and coworkers identified HER2 as a predictor of 

resistance to EGFR-targeted therapies in murine CRC PDX models and demonstrated that dual 

blockade of EGFR and HER2, either with Lapatinib alone or in combination with Cetuximab or 

Pertuzumab, could overcome this resistance (Bertotti et al. 2011).  

1.1.4.3  HER3 in cancer 

Although HER3 was already described in 1989, EGFR and HER2 were the main focus in cancer 

research for a long time (Kraus et al. 1989). Due to its impaired kinase domain, which allows 

only for limited autophosphorylation activity, but no transphosphorylation of heterodimerized 

RTKs, the role of HER3 in dimers remained unclear for a long time (Shi et al. 2010). However, 

HER2 and HER3 were described to form the strongest dimer, considering transformative 

activity as well as potential of downstream activation (see 1.1.2) (Cohen et al. 1996; Tzahar et 

al. 1996). HER3 was not found to be a driving oncogene, but an obligate partner in HER family 

oncogenesis (Amin et al. 2010). Jaiswal and coworkers described several HER3 mutations 

which transformed colonic and breast epithelial cells in a HRG-dependent manner, however, 

this was dependent on HER2 expression (Jaiswal et al. 2013). Additionally, the transformation 

of NIH-3T3 cells was dependent on overexpression of HER3 and EGFR, or HER3 and HER2, 

whereas HER3 overexpression alone was not transformative (Zhang et al. 1996). Still, HER3 

overexpression is associated with poor disease free survival (DFS) in both TNBC and HER2+ 
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breast cancer subtypes as well as with poor OS in TNBC (Bae et al. 2013). High HER3 

expression was reported in 70-80 % of primary CRC and corresponding metastases in liver 

and lymph nodes (Conradi et al. 2019; Lédel et al. 2015; Lédel et al. 2014).  

Therapeutic approaches targeting HER3 mainly focus on using monoclonal antibodies, but also 

TKIs, receptor-Fc fusion molecules, alternative scaffolds, bivalent ligands or in combination 

with immunotherapy are tested in preclinical studies (Black et al. 2019; Malm et al. 2016). 

Patritumab (U3-1278) is an IgG1 antibody, showing rapid internalization and degradation of 

HER3 in vitro as well as inhibition of HER3 phosphorylation and further downstream signaling 

(LoRusso et al. 2013). A phase 3 trial of Patritumab in combination with Erlotinib in NSCLC was 

stopped because no additional benefit and more adverse events (AD) were observed, even in 

the HRG-high subgroup (Paz-Arez et al. 2017). In October 2016, Daiichi-Sankyo announced, 

that Patritumab will be part of the I-SPY2 TRIAL, which aims to rapidly screen and identify new 

treatments for locally-advanced breast cancer (Stage II/III), however the treatment was stopped 

due to a safety issue with grade 3 hearing loss (Helsten et al. 02152020). Based on Patritumab, 

the ADC U3-1402 (Patritumab deruxtecan, or HER3-DXd) was developed, composed of 

Patritumab linked to a novel topoisomerase-I inhibitor (DX-8951 derivative (DXd)) by an 

enzymatically cleavable peptide-linker (Gly-Gly-Phe-Gly). U3-1402 showed promising results 

in preclinical studies of HER3 expressing CRC models, independent of KRAS mutations, as 

well as other cancer models, leading to two clinical trials (NCT02980341; NCT03260491) 

(Koganemaru et al. 2019; Hashimoto et al. 2019; Haratani et al. 2019). At the ASCO Annual 

Meeting in June 2021 Jänne et al. updated on the NCT03260491 trial that U3-1402 

demonstrated antitumor activity in heavily pretreated metastatic/locally advanced EGFR-

mutated NSCLC patients (Janne et al. 2021). Based on this promising trial a phase 2 study was 

initiated for patients with EGFR-mutated NSCLC after failure of EGFR TKI and platinum-based 

chemotherapy (NCT04619004). 

Up to today, none of the monospecific HER3-targeting antibodies that are or were in clinical 

tests has translated the promising preclinical results to the clinical trials. However, there are 

still more than two dozen antibodies currently investigated in preclinical studies (Jacob et al. 

2018; Malm et al. 2016; Gandullo-Sánchez et al. 2022). One of these preclinical antibodies is 

IgG 3-43, a fully human IgG1 antibody, targeting an epitope located on subdomain III and IV of 

the extracellular domains of HER3. IgG 3-43 induces internalization and degradation of the 

receptor leading to inhibition of downstream signaling. Further, it showed promising results in 

signaling inhibition of the MAPK pathway and the PI3K pathway in vitro, and inhibited tumor 

growth and prolonged survival in a FaDu xenograft tumor model in SCID mice (Schmitt et al. 

2017). Another promising HER3-targeting antibody is KTN3379, which binds to domain III and 
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locks it in the inactive configuration, thereby blocking ligand dependent and independent 

signaling (Lee et al. 2015). In a window-of-opportunity study KTN3379 demonstrated activity 

on phosphorylation of HER3 and a tumor shrinkage in 42 % of the patients was observed 

(Duvvuri et al. 2019). Of note, all patients with tumor shrinkage expressed both HRG and HER3. 

These results led to initiation of a phase 2 trial of KTN3379 in combination with Cetuximab in 

HNSCC (NCT03254927). Better prognostic and predictive biomarkers for HER3-targeting 

approaches will allow for a more precise selection of patients benefiting from these therapies. 

Furthermore, multi-target therapy set ups and combinations with classical chemo therapies or 

radio-therapy show more promising clinical results and raise hope for efficacious HER3-

targeting antibody therapies (Gandullo-Sánchez et al. 2022).  

1.1.4.4 HER4 in cancer 

The fourth member of the HER-family HER4, was discovered in 1993, and was described to 

activate morphologic differentiation of a breast cancer cell line (Plowman et al. 1993). There 

are different splicing variants of HER4, which allow for two different juxtamembrane variants 

(JM-a and JM-b), as well as two cytosolic variants (CYT-1 and CYT-2) (Elenius et al. 1997; 

Veikkolainen et al. 2011; Määttä et al. 2006). JM-a comprises a cleavage site for tumor necrosis 

factor-α converting enzyme (TACE), whereas JM-b is lacking this cleavage site. CYT-1, in 

contrast to CYT-2, comprises an additional site for PI3K recruitment that increases the 

downstream signaling capacity (Määttä et al. 2006; Erben et al. 2018). Cleavage of JM-a by 

TACE triggers a second cleavage of HER4 by γ-secretase activity. The resulting fragment HER4 

Intracellular Domain (4ICD) accumulates within the nucleus or mitochondria (Hollmén et al. 

2009; Rio et al. 2000; Lee et al. 2002; Jones 2008). On one hand, intracellular 4ICD can operate 

as a transcriptional cofactor promoting the expression of ER target genes such as progesterone 

receptor (PR), on the other hand, it can induce apoptosis of tumor cells through the activity of 

the Bcl2 homology 3 (BH3)-like proapoptotic domain (Fujiwara et al. 2014). 

The role of HER4 in development of cancer is not clear and seems to be dependent on the 

expressed isoform (Fujiwara et al. 2014). Some studies correlate HER4 expression with low 

proliferation or even antiproliferative effects, prolonged event free survival, as well as overall 

survival (Tovey et al. 2004; Sartor et al. 2001; Machleidt et al. 2013). Other studies associate 

HER4 expression with poor prognosis in TNBC, breast cancer, CRC, ovarian cancer and 

meningiomas (Kim et al. 2016; Mota et al. 2017; Arnli et al. 2019; Fuchs et al. 2007; Hollmén et 

al. 2012). This unclear role of HER4 led to the development of two oppositely working 

antibodies: mAb 1479 inhibits HER4 phosphorylation as well as ectodomain shedding and 

stimulates HER4 downregulation and ubiquitination (Hollmén et al. 2009). Further, mAb 1479 

has been shown to suppress tumor growth in a breast cancer cell xenograft model (Hollmén 
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et al. 2012). On the contrary, Lanotte and coworkers developed an agonistic antibody (C6) that 

mimics the mechanism of HRG-dependent activation of HER4-JMa/CYT1, thereby activating 

anti-proliferative signaling (Lanotte et al. 2019). C6 enhanced the cleavage of HER4, activated 

PARP cleavage and lead to an accumulation of 4ICD in the mitochondria. Additionally, C6 

showed tumor growth inhibition in two xenograft models of TNBC and ovarian cancer. These 

two opposing approaches demonstrate that there is still a need for clear evidence on which 

isoform of HER4 is crucial for tumor promoting or tumor inhibiting activity. Furthermore, the 

ratio of expressed isoforms and expression of other RTKs must be considered to get a clearer 

picture of HER4 and its role in cancer.  
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1.2  Bispecific antibodies 

In 1958 Rodney Porter described the basic structure of antibodies isolated from rabbit. He used 

papain to digest the antibodies and observed three fractions, of which two were able to block 

antigen precipitation by the parental antibody while one fragment could not (Porter 1958; 

Riethmüller 2012). Today, we know that the three fractions correspond to two antigen-binding 

fragments (Fab) and the crystallizable fragment (Fc), mediating effector functions, such as 

antibody-dependent cell-mediated cytotoxicity (ADCC), antibody-dependent cellular 

phagocytosis (ADCP), complement fixation and recycling mediated by the neonatal Fc receptor 

(FcRn) (Brinkmann and Kontermann 2017). In 1960, Alfred Nisonoff speculated about 

preparation of antibodies with mixed specificity and just four years later demonstrated a hybrid, 

bivalent antibody with specificity for ovalbumin (EA) and bovine gamma globulin (BGG) 

(Nisonoff et al. 1960; Fudenberg et al. 1964). This hybrid antibody was produced by reoxidation 

of pepsin-digested antibodies targeting EA, or BGG, respectively. The bispecific properties 

were demonstrated using agglutination experiments with human and chicken erythrocytes 

(Nisonoff et al. 1960; Fudenberg et al. 1964). In 1975, Köhler and Milstein published their work 

on the hybridoma technology, which allowed for manufacturing of predefined specific 

antibodies (Köhler and Milstein 1975). The extension of this technology by fusion of two 

hybridoma cells, called hybrid-hybridoma, allowed to produce bispecific antibodies, called 

quadromas, without the need of chemical coupling (Milstein and Cuello 1983). However, none 

of these bispecific antibodies was developed to be used as therapeutic. This changed in 1985, 

when Staerz, Kanagawa and Bevan demonstrated T-cell retargeting using a hybrid antibody 

targeting T-cell receptor and the Thy-1 alloantigen. They demonstrated strong cytotoxic effects 

and described their future use as therapeutic for tumor or virus-infected patients in which their 

own T-cell response failed (Staerz et al. 1985). From this time point on, numerous bispecific 

formats were described forming the diverse “zoo” of bispecific antibodies (Brinkmann and 

Kontermann 2017). Within the past 35 years, more than 110 antibodies were approved by the 

FDA or EMA, respectively, of which 8 are bispecific antibodies, which are used in the treatment 

of Oncology, Hematological Disorders, and Ophthalmology (Kaplon et al. 2022). Five of these 

approved bispecific antibodies target one cancer associated target and retarget T-cells by their 

CD3 mioety (Catumaxomab, Removab®; Blinatumomab, Blincyto®; Tebentafusp, 

KIMMTRAK®; Teclistamab, TECVAYLI®; Mosunetuzumab, Lunsumio®) (Chenoweth and 

Crescioli 2022). Emicizumab (Hemlibra®) is a bispecific antibody that binds to factor IXa and 

factor X, thereby mimicking the function of coagulation factor VIII, and is approved for the 

treatment of hemophilia A. Amivantamab (Rybrevant®) is a bispecific antibody targeting EGFR 

and MET (Vijayaraghavan et al. 2020). Amivantamab was approved for the treatment of NSCLC 
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patients harboring exon 20 insertion mutations in EGFR and showed tumor progression after 

platinum-based chemotherapy. Furthermore, Faricimab (Vabysmo®) a vascular endothelial 

growth factor A (VEGF-A) and angiopoietin-2 (ANG2) targeting antibody, was approved for the 

treatment of neovascular age-related macular degeneration, and diabetic macular edema 

(Chenoweth and Crescioli 2022). Besides these approved molecules, there are more than 100 

bispecific antibodies in clinical trials (November 2019), and more than 100 formats described, 

giving hope for more approvals in the near future (Brinkmann and Kontermann 2017; Labrijn 

et al. 2019; Brinkmann and Kontermann 2021). 

1.2.1  Bispecific IgG-like antibody formats 

Besides naturally occurring bispecific IgG4 molecules, which are capable of Fab-arm 

exchanges and thereby formation of random combination of specificities, all bispecific 

antibodies are artificial (Schuurman et al. 1999; Brinkmann and Kontermann 2017). In the early 

days of the development of bispecific antibodies either chemical coupling or fusion of two 

hybridoma cell lines (hybrid-hybridoma) were the standard procedures (Fudenberg et al. 1964; 

Milstein and Cuello 1983). Today, most of the bispecific antibodies are developed by 

recombinant methods, allowing for defined structure and composition, as well as biochemical, 

functional and pharmacological properties (Brinkmann and Kontermann 2017). Bispecific 

antibodies can be subdivided into two groups, the combinatorial and the obligate (Labrijn et al. 

2019; Brinkmann and Kontermann 2021). Combinatorial bispecific antibodies aim to combine 

the basic properties of two parental antibodies and add potential new functionality. One 

example is the recently published Db3-43xhu225-CH1/CL-Fc, which combines the properties of 

the parental antibodies, the EGFR-targeting IgG hu225 and the HER3-targeting IgG 3-43. This 

antibody showed stronger inhibition of proliferation and triggered apoptosis more efficiently 

when compared to the parental antibodies while retaining the binding characteristics to the 

recombinant receptors and target-positive cells as well as displaying a similar pharmacokinetic 

profile (Seifert et al. 2019). Obligate bispecific antibodies are defined by properties, which 

cannot be achieved by the mixture of two parental antibodies. Six of the approved bispecific 

antibodies, Catumaxomab, Blinatumomab, Tebentafusp, Teclistamab, Mosunetuzumab, 

Emicizumab, are obligate bispecific antibodies. Except for Emicizumab, they are all engaging 

T-cells by binding CD3 and a tumor-associated antigen (TAA) on the tumor cell. This binding 

allows for close proximity between T-cell and tumor cell, the formation of an immunological 

synapse, resulting in the activation of the cytotoxic mechanisms of the T-cell (Brandl et al. 2007; 

Riesenberg et al. 2001). This coupling of two cells cannot be achieved by a mixture of two 

monospecific antibodies. Emicizumab is approved for the treatment of hemophilia A, a 

hereditary bleeding disease which is defined by the lack of Factor VIII or expression of an 
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unfunctional form thereof (Kitazawa and Shima 2020). This bispecific antibody binds Factor IX 

and Factor X, mimicking the dual binding properties of Factor VIII (Kitazawa et al. 2012; 

Kitazawa and Shima 2020).  

The development of IgG-based bispecifics is subjected to certain requirements and depends 

on heterodimerization of either the heavy chains (heavy chain problem) or the heavy and the 

light chains (light chain problem). Chemical coupling or hybrid-hybridoma have low efficiency 

considering correct pairing of the heterodimer. In the case of the hybrid-hybridoma technology, 

16 combinations with 10 different molecules can be formed and among all of these only one is 

the desired bispecific antibody (Milstein and Cuello 1983). One of the first solutions for the 

heavy chain problem was the knobs-into-holes (KIH) technology developed by the lab of Paul 

Carter, leading to correctly formed heterodimers of up to ~92 % (Ridgway et al. 1996). Based 

on this idea several other approaches were developed, inter alia the strand-exchange 

engineered domain (SEED), or the bispecific engagement by antibodies based on the T-cell 

receptor (BEAT) technology. The SEED technology includes an IgG/IgA chimeric CH3 domain, 

while the BEAT technology uses the heterodimer interface of the α- and β-domains of the T-

cell receptor (Davis et al. 2010; Skegro et al. 2017). Besides knobs-into-holes based 

technologies for the heavy chain problem several formats use individual solutions for the light 

chain problem. One example is the CrossMabCH1-CL technology, which solves the light chain 

problem by swapping the constant domain between light and heavy chain of one Fab-arm 

(Schaefer et al. 2011b; Klein et al. 2019). Faricimab (Vabysmo®), a bispecific antibody 

targeting Ang-2 and VEGF-α for the treatment of wet age-related macular degeneration (AMD), 

was developed based on the CrossMabCH1-CL technology. For the DuetMab technology F126 in 

the CH1 and S121 in CL was substituted to cysteine (HC: F126C/LC: S121C), thereby replacing 

the natural disulfide bond of the Fab and solving the light chain problem (Mazor et al. 2015). 

Again, this molecule uses the knobs-into-holes technology to solve the heavy chain problem.  

Other formats allow for bypassing of the heavy and light chain problem. One is the single-chain 

diabody Fc (scDb-Fc) format used in this study (Figure 2) (Alt et al. 1999). This format was 

developed based on mono- or bispecific and bivalent diabodies (Db). These are small antibody 

fragments, that assemble from two polypeptides in the format of VHA-VLB and VLA-VHB, or 

VHB-VLA and VLB-VHA, respectively. The short linkers (G4S) between the VH and VL, prevent 

formation of a functional single-chain (sc) Fv fragment, leading to assembly into a dimeric 

molecule (Holliger et al. 1993). Addition of linker between the two polypeptides 

(G4SGGRASG4S) resulted in the single-chain diabody (scDb) format (Müller-Brüsselbach et al. 

1999). Further, a human γ1 Fc was fused to the C-terminus of the scDb, forming a scDb-Fc (Alt 
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et al. 1999). Due to the symmetric homodimerization, a tetravalent and mono- or bispecific IgG-

like antibody can be formed, bypassing the heavy and light chain problem.  

 

Figure 2: Schematic representation of the scDb-Fc format:  To form a scDb-Fc, variable domains of 
heavy (VH) and light chain (VL) of two distinct antibodies (IgG1 A and IgG1 B, A and B indicating different 
binding moieties) are connected by a hinge to γ1-Fc (CH2 and CH3). For formation of the diabody 
between VHA and VLB, as well as between VHB and VLA, a 5 amino acid long linker is introduced. To 
form a single-chain diabody an additional 15 amino acid long linker connecting VLB and VHB, is added 
(Alt et al. 1999; Müller-Brüsselbach et al. 1999). 

 

1.2.2  Bispecific antibodies for HER-family associated cancer therapy 

As described above, malfunctioning of the HER-family members is highly associated with 

numerous cancer types. Despite the huge benefits of monospecific HER-family targeting 

antibodies, there are several limitations like biomarker selected non-responders and 

development of therapy resistances (Thomas and Weihua 2019; Vernieri et al. 2019; Jacob et 

al. 2018). Hope is set on bispecific antibody approaches targeting two members of the HER-

family receptors at the same time or two different epitopes on one of the members, to improve 

the survival of cancer patients, which is reflected by numerous bispecific antibodies in 

preclinical and clinical testing (Table 1). Most of the clinical stage bispecific antibodies are 

developed for the treatment of cancer (~90 %) (Labrijn et al. 2019). About 45 % of these 

bispecific antibodies bind to a tumor-associated antigen (TAA) and redirect T-cells to the tumor 

site via binding to CD3 (Reichert 2020). T-cell retargeting approaches can overcome limitations 

in TAA-positive tumors due to their mode of action. Presentation of the TAA is sufficient for 

tumor killing, independent of intracellular mutations or bypassing mechanisms (Lopez-

Albaitero et al. 2017; Goebeler and Bargou 2020). Two examples are GBR1302 (now called 

ISB1302), a HER2 and CD3 targeting antibody based on the BEAT technology, and RG6194, 

also targeting HER2 and CD3. Both antibodies are currently evaluated in phase I clinical trials 

(Labrijn et al. 2019). However, mutations of the targeted TAA or downregulation of the 
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expression can make retargeting antibodies ineffective (Braig et al. 2017; Goebeler and Bargou 

2020). 

Another approach is biparatopic targeting of the same HER-family receptor. ZW25, or the ADC-

conjugated version thereof, ZW49, uses a biparatopic HER2-targeting approach, comprising 

the Trastuzumab and Pertuzumab binding moieties, thereby increasing avidity (Caruso 2019). 

Further, the biparatopic binding results in more potent silencing of HER2 signaling and stronger 

internalization compared to Trastuzumab alone (Caruso 2019; Hamblett et al. 07012018). In a 

phase I clinical trial of HER2-postive cancer of mixed entity, patients treated with ZW25 showed 

an objective response rate of 41 %. Another 41 % had stable disease, even in patients who 

have progressed under Trastuzumab treatment (Caruso 2019).  

Other than EGFR and HER2, HER3 is rather associated with primary or acquired resistance to 

EGFR- and HER2-targeted therapy (Leto and Trusolino 2014; Stahler et al. 2017; Zhang et al. 

2020; Kruser and Wheeler 2010; Tao et al. 2014). Bispecific antibodies, like Duligotuzumab 

(MEHD7945a) or Zenocutuzumab (MCLA-128) target HER3 and EGFR, or HER2, respectively, 

to overcome the development of resistance. The binding moieties of Duligotuzumab are based 

on the two-in-one Fab format, where one Fab arm allows binding of two different targets. First, 

Schäfer and coworker screened for an antibody targeting EGFR, using an antibody library with 

diversity restricted to the heavy-chain CDRs. In a second step diversity was restricted to the 

light-chain CDRs, thereby maintaining EGFR binding properties of the heavy chain and 

acquiring HER3 binding properties (Schaefer et al. 2011a). While preclinical studies 

accumulated evidence to support the hypothesis that simultaneously targeting EGFR and HER3 

with Duligotuzumab will provide better clinical outcomes, no benefit compared to established 

therapies was observed in two phase 2 studies (Hill et al. 2018; Fayette et al. 2016). 

Zenocutuzumab (HER2xHER3) comprises a heterodimerizing γ1-Fc and a common light chain. 

It has a higher affinity for HER2, thereby allows for docking to HER2, and binding of HER3 

blocks ligand association (Geuijen et al. 2018). In an early access program for patients with 

advanced NRG1-fusion positive solid tumors (two with ATP1B1–NRG1 and one with CD74–

NRG1 fusion), Zenocutuzumab treatment achieved stable disease in one of three patients and 

partial response in the other two, even with improvement of brain metastasis (Rose 2019). 

These data underline the power of dual targeting of two receptors of the HER-family.  
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Table 1: Bispecific antibodies targeting receptors of the HER-family 

Antibody Format Target 1 / 2 Most advanced 
phase 

Clinical trial 
identifier 

Company References 

BMX-002 Fab-hinge-IgG EGFR / HER2 preclinical - BIOMUNEX  (Golay et al. 2016) 

Db3-43xhu225-CH1/CL-Fc Diabody-Ig EGFR / HER3 preclinical - University of Stuttgart (Seifert et al. 2019) 

Duligotuzumab 2-in-1 EGFR / HER3 phase II NCT01652482 Roche (Hill et al. 2018; Schaefer 
et al. 2011a) 

anti-EGFR/anti-HER2  Antibody-Darpin fusion EGFR / HER2 preclinical - Samsung Electronics 
Co Ltd 

(Cheong et al. 2016) 

anti-EGFR/anti-HER3  Zybody EGFR / HER3 preclinical - Zyngenia (LaFleur et al. 2013) 

MCLA-128 Biclonics HER2 / HER3 phase II NCT03321981 Merus (Vries Schultink et al. 
2020; Rose 2019) 

MM-111 scFv-HSA-scFV HER2 / HER3 phase II NCT01774851 Merrimack (Denlinger et al. 2016) 

TAb6 IgG-scFv HER2 / HER3 preclinical - University of Texas 
Southwestern Medical 
Center 

(Kang et al. 2013) 

anti-HER2/anti-HER3  Tandem scFv HER2 / HER3 preclinical - Fox Chase Cancer 
Center 

(Robinson et al. 2008) 

ZW25 (Azymetric) scFv-Fc/Fab-Fc HER2 ECD2+4 phase II NCT04224272; 
NCT03929666 

Zymeworks (Caruso 2019) 

ZW49 (Azymetric) scFv-Fc/Fab-Fc-ADC HER2 ECD2+4 phase I NCT03821233 Zymeworks (Hamblett et al. 
07012018) 

MEDI4276 scFv-IgG-ADC HER2 / HER2 phase I/II NCT02576548 Medimmune (Hamilton et al. 2016; 
Pegram et al. 2020) 

MBS301 Hetero IgG1 HER2 / HER2 Phase I NCT03842085 Beijing Mabworks 
Biotech 

(Huang et al. 2018) 

KN026 Hetero scFv-Fc HER2 / HER2 Phase II NCT03925974; 
NCT04165993 

Alphamab (Wei et al. 2017) 
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1.3  Objective of the study 

HER-family receptors play an import role in many different cell processes and malfunctioning 

is highly associated with the development of different cancer types. EGFR overexpression is 

frequently observed in various cancer entities, where it stimulates survival, proliferation and 

motility of cancer cells, and shows involvement in tumor initiation and progression (Wieduwilt 

and Moasser 2008; Roskoski 2019; Olayioye et al. 2000). Hence, several EGFR-targeted 

treatments e.g. the chimeric monoclonal antibody Cetuximab were developed for the treatment 

of cancer (Mendelsohn and Baselga 2000; Herbst and Kies 2003; Goldstein et al. 1995). After 

nearly 20 years of regular clinical use and infinite clinical and preclinical studies, not only the 

modes of action but also the primary and acquired resistance mechanisms are known. One 

resistance mechanism that EGFR-targeted approaches exhibit is the primary expression or 

upregulation of HER3 or its ligand HRG upon treatment (Oliveras-Ferraros et al. 2012; Leto and 

Trusolino 2014; Leto et al. 2015; Stahler et al. 2017; Kruser and Wheeler 2010; Zhang et al. 

2020). In previous studies, the HER3 targeting antibody IgG 3-43 was developed and showed 

promising results in vitro and in vivo (Schmitt et al. 2017). Consequently, dual targeting of EGFR 

and HER3 was analyzed, either by combining the two monoclonal antibodies targeting HER3 

and EGFR or by using a newly developed scDb-Fc combining the EGFR-targeting moiety of a 

humanized version of Cetuximab (hu225) and the HER3-targeting moiety of IgG 3-43. Here, 

superior effects of dual EGFR/HER3 inhibition with respect to EGF- and HRG-induced 

downstream signaling and inhibition of proliferation were observed when compared to the 

single antibody treatments (Honer 2016). The purpose of this study was to further develop this 

strategy, by generating new scDb and scDb-Fc molecules optimized in terms of producibility, 

affinity and target binding, followed by evaluation of in vitro and in vivo efficacy. Further, the 

most promising EGFR- and HER3-targeting scDb-Fc was combined with Trastuzumab for the 

treatment of CRC cell lines and patient derived organoids (PDO), aiming to block bypassing 

mechanisms activated in response to dual HER-family receptor inhibition. 
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2  Material 

2.1  Instruments 

Automated Cell Counter Countess™ II [Thermo Fisher, Waltham, 

USA] 

Balances 440-39N, 440-333N and ALJ 120-4 

[Kern, Balingen, Germany] 

Centrifuges Eppendorf 5415C, 5810R  

[Eppendorf, Hamburg, Germany] 

J2-MC with rotors JA14, JA30.5 

[Beckman Coulter, Krefeld, Germany] 

Avanti J-30I  

[Beckman Coulter, Krefeld, Germany] 

Optima™ TL with rotor TLA 100.3 

[Beckman Coulter, Krefeld, Germany] 

Electrophoresis systems Mini-PROTEAN 3 Electrophoresis Cell 

System [BioRad, Munich, Germany] 

Ready Agarose Precast Gel System 

[BioRad, Munich, Germany] 

XCell SureLock® Midi-Cell 

[Thermo Fisher, Waltham, USA] 

ELISA plate reader Tecan SPARK® MULTIMODE MICROPLATE 

READER 

[Tecan Austria, Grödig, Austria] 

Flow cytometer MACSQuant®VYB; 

MACSQuant® Analyzer 10 

[Miltenyi Biotec, Bergisch Gladbach, 

Germany] 

FPLC System ÄKTApurifier [GE Healthcare UK eLimited, 

Buckinghamshire, UK] 

Gel documentation Transilluminator, gel documentation system 

Felix [Biostep, Jahnsdorf, Germany] 
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Heat block HBT-1-131  

[HLC BioTech, Bovenden, Germany] 

HPLC systems Waters 2695 Separation Module, Waters 

2489 UV/Visible detector [Waters 

Cooperation, Milford, USA] 

Imager (immunoblots) FUSION SOLO [Vilber Lourmat 

Deutschland, Eberhardzell, Germany] 

Incubator for bacteria Multitron II  

[Infors AG, Bottmingen, Switzerland] 

Incubator for cell culture Varocell 140 [Varolab, Giesen, Germany] 

Magnetic stirrer MR 3001K 800W 

[Heidolph Instruments, Nürnberg, Germany] 

Microscope CKX31 [Olympus, Hamburg, Germany] 

PCR Cycler Eppendorf Mastercycler  

[Eppendorf, Hamburg, Germany] 

Real-time live cell imager Incucyte® S3 Live-Cell Analysis System 

[Essen BioScience, Ann Arbor, USA] 

Spectrophotometer NanoDrop Spectrophotometer ND-1000 

[PEQLAB, Erlangen, Germany] 

Sterile bench Variolab Mobilien W90 

[Waldner-Laboreinrichtungen, Wangen, 

Germany] 

Western blotting system iBlot® 2 Dry Blotting System  

[Thermo Fisher, Waltham, USA] 

Wound maker IncuCyte® Cell Migration Kit  

[Essen BioScience, Ann Arbor, USA] 

 

2.2  Special Implements 

Attana sensor chips Low nonspecific binding-carboxyl chips 

[Attana AB, Stockholm, Sweden] 
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Cell Culture Microplate F-Bottom (Chimney Well), White, Cellstar® 

Tc [Greiner Bio-One; Frickenhausen, 

Germany] 

Chromatography columns Poly-Prep® columns  

[Bio-Rad, Munich, Germany] 

Counting chamber Neubauer 0.002 mm2 

[Marienfeld, Lauda-Königshofen, Germany] 

Dialysis membranes 23 mm (cut-off 12.4 kDa)  

[Merck KGaA, Darmstadt, Germany] 

ELISA plates Microlon high binding ELISA plate 

[Greiner Bio-One, Frickenhausen, Germany] 

FPLC columns Superdex 200 Increase 10/300 GL [GE 

Healthcare UK eLimited, Buckinghamshire, 

UK] 

HPLC columns TSKgel SuperSW mAb HR cloumn 

[Merck KGaA, Darmstadt, Germany] 

IMAC affinity beads Protino® Ni-NTA agarose [Machery-Nagel, 

Düren, Germany] 

Collection tubes for organoid culture Low Protein Binding Collection Tubes (1.5 

mL) [Thermo Fisher, Waltham, USA] 

SDS-PAGE/western blot supplies iBlot® NC Regular Stacks 

[Thermo Fisher, Waltham, USA] 

NuPAGE™ Novex™ 4-12 % Bis-Tris Midi  

Gels  

[Thermo Fisher, Waltham, USA] 

Protein A beads TOYOPEARL® AF rProtein A-650F 

[Tosoh Bioscience, Stuttgart, Germany] 
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2.3  Chemicals 

All chemicals were purchased from Roth [Karlsruhe, Germany], Merck [Darmstadt, Germany], 

Roche [Basel, Switzerland] and Sigma-Aldrich [St. Louis, USA]. It is stated when chemicals 

were purchased from other companies.  

 

2.4  Buffers and solutions 

Bradford reagent BioRad protein assay  

[BioRad, Krefeld, Germany] 

Coomassie staining solution 0.008 % (w/w) Coomassie Brilliant Blue G-

250, 35 mM HCl in H2O 

DNA loading buffer (5x) 25 % (v/v) glycerol, 0.02 % (w/v) 

bromphenol blue in 5x TAE buffer 

ECL reagent  SuperSignal™ West Dura [Thermo Fisher, 

Waltham, USA] 

ELISA – developing solution 0.1 mg/ml TMB, 100 mM sodium acetate 

buffer pH 6.0, 0.006 % (v/v) H2O2 

ELISA – stopping solution 1 M H2SO4 

Freezing solution 10 % (v/v) DMSO + 10 % FCS in cell culture 

medium 

IMAC elution buffer 250 mM imidazole in 1x sodium phosphate 

buffer 

IMAC wash buffer 25 mM imidazole in 1x sodium phosphate 

buffer 

Laemmli sample buffer (5x) Non-reducing: 10 % (w/v) SDS, 25 % (v/v) 

glycerin, 0.05 % (w/v) bromphenol blue in 

312.5 mM Tris-HCl pH 6.8 

Reducing: non-reducing buffer, 25 % (v/v) β-

mercaptoethanol 

MPBS 3 % (m/v) dry milk powder in 1x PBS 

PBA 2 % (v/v) FCS, 0.02 % (w/v) NaN3 in 1x PBS 
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PBST 0.05 % (v/v) TWEEN 20 in 1x PBS 

Phosphate-buffered saline (PBS, 10x) 80.6 mM Na2HPO4∙2 H2O, 14.7 mM KH2PO4, 

1.37 M NaCl, 26.7 mM KCl (10x); used as 1x 

PBS diluted in dH2O 

Protein A – elution buffer 100 mM glycine, pH 2.5 – 3.5 

Protein A – neutralization buffer 1 M Tris-HCl, pH 8.0 

RIPA buffer 50 mM Tris pH 7.5, 150 mM NaCl, 10 mM 

NaF, 20 mM β-Glycerophosphate, 1 mM 

EDTA, 1 % NP-40, 1 mM Na3VO4, 0.5 mM 

PMSF, 0.25 % DOC, 0.1 % SDS in H2O 

SDS running buffer, 10x 1.92 M glycine, 0.25 M Tris, 1 % SDS, pH 

6.8 

SDS-PAGE buffers and reagents NuPAGE® MES Running Buffer; NuPAGE® 

Antioxidant [Thermo Fisher, Waltham, USA] 

TAE buffer, 50x 2 M Tris, 0.95 M glacial acetic acid, 50 mM 

EDTA in H2O, pH 8 
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2.5  Media and supplements 

2.5.1  Bacterial culture 

Ampicillin (Amp) 100 mg/ml in H2O [Roth, Karlsruhe, 

Germany] 

IPTG Isopropyl-β-D-thiogalactopyranoside, 1 M in 

H2O [Gebru Biochemicals, Gaiberg, 

Germany] 

LB Amp, Glc agar plates LB-medium, 2.0 % (w/v) agar, after 

autoclaving added ampicillin (100 µg/ml) 

and 1 % (w/v) glucose 

LB-medium (Amp) 1 % (w/v) peptone, 0.5 % (w/v) yeast extract, 

0.5 % (w/v) NaCl in H2O (for selection 100 

µg/ml ampicillin) 

 

2.5.2  Eukaryotic cell culture 

Advanced DMEM/F-12 [+] 4,5 g/L D-Glucose, [+] NEAA, [+] Sodium 

pyruvate, [+] Phenol red 

[Thermo Fisher, Waltham, USA] 

B27 supplement B-27™ Supplement, serum-free [Thermo 

Fisher, Waltham, USA] 

b-FGF Recombinant Human FGF-basic (154 a.a.) 

[Peprotech, Hamburg, Germany] 

DMEM (1x) [+] 4,5 g/L D-Glucose, [+] L-Glutamine 

[Thermo Fisher, Waltham, USA] 

EGF Animal-Free Recombinant Human EGF 

[Peprotech, Hamburg, Germany] 

Eosin solution 0.4 % (m/v) eosin G, 0.02 % (w/v) NaN3 in 

sterile 1x PBS, pH 7.4 

GlutaMAX GlutaMAX™ Supplement [Thermo Fisher, 

Waltham, USA] 
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HEPES Gibco® HEPES (N-2-

hydroxyethylpiperazine-N-2-ethane sulfonic 

acid) [Thermo Fisher, Waltham, USA] 

HRG Recombinant Human Heregulinβ-1 

[Peprotech, Hamburg, Germany] 

Fetal bovine serum (FBS) FBS Premium (PAN Biotech, Aidenbach, 

Germany) 

Freestyle F17-medium Supplemented with 4mM GlutaMAX-I, 0.1 % 

Kolliphor P188 

Lipofectamine Lipofectamine™ 2000 [Thermo Fisher, 

Waltham, USA] 

N2 supplement N-2 Supplement (100X) [Thermo Fisher, 

Waltham, USA] 

N-Acetyl-L-Cystein ≥98 % [Roth, Karlsruhe, Germany] 

Opti-MEM® GIBCO®  

[Thermo Fisher, Waltham, USA] 

Polyethylenimine (PEI) [Polisciences, Inc., Hirschberg an der 

Bergstrasse, Germany] 

Penicillin/streptomycin (100x) 10,000 U/ml / 10,000 µg/ml (100x) GIBCO® 

[Thermo Fisher, Waltham, USA] 

RPMI 1640 + 2 mM glutamine GIBCO® 

[Thermo Fisher, Waltham, USA] 

TrypLE TrypLE Express Enzym (1X) [Thermo 

Fisher, Waltham, USA]  

Trypsin/EDTA 0.5 % (w/v) trypsin, 5.3 mM EDTA (10x) 

[Thermo Fisher, Waltham, USA] 

Trypton N1 (TN1) [Organo Technie, La Courneuve, France] 

Mitomycin C 0.5 mg/ml in H2O  

[Sigma-Aldrich, St. Louis, USA] 
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2.6  Detection antibodies 

Name Origin Dilution 

Anti-His6-HRP Mouse monoclonal IgG1, 200 µg/ml  

[Santa Cruz Biotechnology, Santa Cruz, 

USA] 

1:1000 (ELISA) 

Anti-human IgG (Fab 

specific)-HRP 

Polyclonal [Sigma-Aldrich, St. Louis, USA] 1:20000 (ELISA) 

Anti-human IgG (Fc 

specific)-HRP 

Polyclonal [Sigma-Aldrich, St. Louis, USA] 1:5000 (ELISA) 

Anti-human IgG (γ-

chain specific)-R-PE 

Goat anti-human IgG  

[Sigma-Aldrich, St. Louis, USA] 

1:500 (FACS) 

Anti-human IgG (γ-

chain specific)-R-PE 

Goat IgG anti-Human IgG (Fc)-RPE 

[Dianova, Hamburg, Germany] 

1:500 (FACS) 

Anti-mouse IgG (Fc 

specific)-HRP 

Polyclonal  

[Sigma-Aldrich, St. Louis, USA] 

1:4000 (WB) 

Anti-mouse IgG (H+L)-

HRP 

Goat IgG anti-Mouse IgG (H+L)-HRPO 

[Dianova, Hamburg, Germany, #115-035-

062] 

1:5000 (WB) 

Anti-rabbit-IgG-

Peroxidase 

Goat polyclonal [Sigma-Aldrich, St. Louis, 

USA, #A0545] 

1:5000 (WB) 

Anti-EGFR Rabbit polyclonal IgG [Santa Cruz 

Biotechnology, Santa Cruz, USA, #sc-03-G] 

1:500 (WB) 

Anti-phospho-EGFR 

(Tyr 1068) XP® 

Rabbit mAb [Cell Signaling Technology®, 

Danvers, USA, #3777] 

1:500 (WB) 

Anti-HER2 Ab17 Mouse mAb [Thermo Fisher, Waltham, USA, 

MS-730-PA] 

1:500 (WB) 

Anti-phospho-HER2 

(Tyr1221/1222) 

Rabbit mAb [Cell Signaling Technology®, 

Danvers, USA, #2243] 

1:500 (WB) 

Anti-HER3 Ab2 (2F12) Mouse mAb [Thermo Fisher, Waltham, USA, 

#MA5-12675] 

1:500 (WB) 
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Anti-phospho-HER3 

(Tyr1289) 

Rabbit mAb [Cell Signaling Technology®, 

Danvers, USA, #4791] 

1:500 (WB) 

Anti-Akt Mouse mAb [Cell Signaling Technology®, 

Danvers, USA, #2920] 

1:500 (WB) 

Anti-phospho-Akt 

(Thr308) XP® 

Rabbit mAb [Cell Signaling Technology®, 

Danvers, USA, #13038] 

1:500 (WB) 

Anti-phospho-Akt 

(Ser473) XP® 

Rabbit mAb D9E [Cell Signaling 

Technology®, Danvers, USA, #4060] 

1:500 (WB) 

Anti-Erk1/2 Mouse mAb [Cell Signaling Technology®, 

Danvers, USA, #9107] 

1:500 (WB) 

Anti-phospho-Erk1/2 

(Thr202/Tyr204) 

Polyclonal [Cell Signaling Technology®, 

Danvers, USA, #9101] 

1:500 (WB) 

Anti-Tubulin Mouse mAb [Sigma-Aldrich, St. Louis, USA, 

#T6793] 

1:500 (WB) 

 

2.7  Enzymes 

Fast Digest BamHI [Thermo Fisher, Waltham, USA] 

Fast Digest BshTI (AgeI) [Thermo Fisher, Waltham, USA] 

Fast alkaline phosphatase 1 U/µl [Thermo Fisher, Waltham, USA] 

Fast Digest NotI [Thermo Fisher, Waltham, USA] 

Pfu DNA polymerase (native) 2.5 U/µl [Thermo Fisher, Waltham, USA] 

Fast Digest SgsI [Thermo Fisher, Waltham, USA] 

T4 DNA ligase 5 U/µl [Thermo Fisher, Waltham, USA] 

Fast Digest XbaI [Thermo Fisher, Waltham, USA] 

Fast Digest XhoI [Thermo Fisher, Waltham, USA] 

 

2.8  Marker 

GeneRuler™ DNA ladder mix [Thermo Fisher, Waltham, USA] 
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PageRuler™ prestained protein ladder [Thermo Fisher, Waltham, USA] 

2.9 Kits 

CellTiter-Glo® 2.0 Assay [Promega, Fitchburg, WI, USA] 

CellTiter-Glo® 3D Assay [Promega, Fitchburg, WI, USA] 

DC™ Protein Assay [BioRad, Munich, Germany] 

NucleoBond® Xtra Midi [Machery-Nagel, Düren, Germany] 

NucleoSpin® Gel and PCR Clean-up [Machery-Nagel, Düren, Germany] 

NucleoSpin® Plasmid [Machery-Nagel, Düren, Germany] 

REDTaq ReadyMix PCR Reaction Mix (1 

U/ml) 

[Sigma-Aldrich, St. Louis, USA] 

 

2.10  Bacterial Strains 

Escherichia coli TG1 strain (Genotype: supE thi-1 Δ(lac-proAB) Δ(mcrB-hsdSM)5 (rK–mK–) [F´ 

traD36 proAB lacIqZΔM15], StrataGen, Kirkland, WA, USA) was used for cloning and 

periplasmic production.  

 

2.11  Eukaryotic cell lines 

Cell line Origin Culture medium 

DiFi Colorectal adenocarcinoma (familial 

adenomatous polyposis; Gardner 

Syndrom) 

RPMI 1640 + 10 % FCS 

FaDu Human squamous cell carcinoma DMEM + 10 % FCS 

HCC1806 Primary acantholytic squamous cell 

carcinoma 

RPMI 1640 + 10 % FCS 

HEK293-6E Human embryonic kidney F17 Freestyle medium + L-

Glutamine + Kolliphor P-

188 + G418 (25 µg/ml) 

HT-29 Colorectal adenocarcinoma RPMI 1640 + 10 % FCS 
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LIM1215 Colorectal carcinoma (Lynch-Syndrom; 

Derived from metastatic site: 

Omentum) 

RPMI 1640 + 10 % FCS 

MCF-7 Human adenocarcinoma, breast RPMI 1640 + 10 % FCS 

MDA-MB-468 Adenocarcinoma (mammary 

gland/breast; derived from metastatic 

site: pleural effusion) 

RPMI 1640 + 10 % FCS 

NCI-N87 Human gastric carcinoma RPMI 1640 + 10 % FCS 

SK-BR-3 Human adenocarcinoma, breast DMEM + 10 % FCS 

 

2.12  Primary colorectal cancer organoids 

Patient-derived organoids (PDOs) were obtained from the biobank of the Institute of Clinical 

Pharmacology (IKP) – Robert Bosch Hospital (RBK) in Stuttgart. Experiments were approved 

by the ethics commission of the RBK. For cultivation of CRC PDOs see 3.4.2. 

PDO Gene Coding variant Amino acid variant 

PDO1 APC 334C>T P112S 
 

 

PI3K 

694>T 

2176G>A 

R232* 

E726K 
 

TP53 742C>T R248W 

PDO2 CTNNB1 121A>G T41A 
 

PI3KCA 1369A>G N457D 
  

1634A>G E545G 
 

HDAC2 887G>T G296V 

PDO3 APC 4348C>T R1450* 
 

TP53 393_395delCAA 131delN 

PDO4 TP53 743G>A R248Q 
 

SMAD4 115G>A A39T 
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2.13 Primer 

# Name Sequence 

89 pET-Seq1/T7-back 5’-TAATACGACTCACTATAGG 

91 pSec-Seq2/BGH-Reverse 5’-TAGAAGGCACAGTCGAGG 

881 CH1-for 5'-TGGGGGGAAGAGGAAGAC 

1457 AAA-back 5’-AAAAGCGGCCGCAGACAAAACTCACACA

TGC 

1469 NotI-AAA-(GGSGG)2-Fc-back 5’-AAAAGCGGCCGCAGGTGGCAGCGGAGG

CGGGGGAAGCGGCGGT 

1685 (GGRAS_GGGGS)-back 5’-CGGTGGGGGCGGATCGGGCGGAGGTGG

CTCACAAG 

1686 (GGRAS_GGGGS)-for 5’-CGATCCGCCCCCACCGCTGCCACCGCC

TCCCAG 
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2.14  Plasmids
# Name Cloned by 

805 pSecTagA-EGFR-Fc Sina Fellermeier 

806 pSecTagA-HER2-Fc Sina Fellermeier 

807 pSecTagA-HER3-Fc Sina Fellermeier 

952 pecTagHis-scDb4D5hu225 Aline Plappert 

1719 pSecTagAHis-scDbhu225HER3-43-LL Jonas Honer 

1766 pSecTagAHis-EGFR Jonas Honer 

1767 pSecTagAHis-HER2 Jonas Honer 

1768 pSecTagAHis-HER3 Nadine Heidel 

1707 pSecTagAL1-scDbhu225HER3-43-Fc Jonas Honer 

1716 pSecTagAL1-scDbHER3-43-Fc Jonas Honer 

1822 pSecTagAL1-scDb 3-43xhu225-Fc Alexander Rau 

1824 pSecTagAL1-scDb hu225x3-43-LL-Fc Alexander Rau 

1925 pSecTagAL1-scDb 4D5x3-43-LL-FLL(7aa)-

Fc 

Alexander Rau 

2105 pSecTagAL1-scDb hu225x3-43-Fc-

(GGSGG)0 

Alexander Rau 

2106 pSecTagAL1-scDb hu225x3-43-Fc-

(GGSGG)2 

Alexander Rau 

2109 pSecTagAL1-scDb hu225x3-43-LL-FLL(7a)-

Fc 

Alexander Rau 

2111 pSecTagAL1-scDb hu225x3-43-Fc 

(GGRAS_GGGGS) 

Alexander Rau 

2296 pSecTagAL1-scFv hu9G5 Alexander Rau 

2689 pSecTagAL1-scDb hu225x3-43 

(GGRAS_GGGGS) 

Alexander Rau 

2690 pSecTagAL1-scDb hu225x3-43-LL Alexander Rau 
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2.15 Proteins 

Cetuximab Merck, Darmstadt, Germany 

Rituximab Roche, Basel, Switzerland 

Trastuzumab Roche, Basel, Switzerland 

 

2.16 Small molecules 

Afatinib MedChemExpress, Monmouth Junction, USA 

 

2.17  Software 

ExPASy ProtParam [http://web.expasy.org/protparam/] 

FlowJo Version 10.6.1 [Treestar, Ashland, USA] 

GraphPad Prism 7 [GraphPad Software, La Jolla, USA] 

MACSQuantify™ Software [Miltenyi Biotec, Bergisch Gladbach, 

Germany] 

Serial Cloner 2.6  
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3  Methods 

3.1  Cloning  

3.1.1  Cloning strategy of scDb and scDb-Fc antibodies 

For pSecTagAL1-scDb hu225x3-43-Fc (GGRAS_GGGGS) (scDb-Fc-1, #2111) the amino acids 

RA of linker 2 (Figure 3) were exchanged by GG. Using the combination of primer #1685 and 

#881, or #1686 and #89 two DNA fragments were amplified from pSecTagAL1-scDb hu225x3-

43-Fc (#1707). The amplified fragments were fused by Fusion-PCR (see 3.1.3), digested with 

BshTI/NotI and ligated with BshTI/NotI pre-digested pSecTagAL1-scDb hu225x3-43-Fc 

(#1707). 

The elongated intermediate linker between the VH and VL of 3-43 in 

pSecTagAL1-scDb hu225x3-43-LL-Fc (scDb-Fc-2, #1824) was cloned by exchanging this 

domain in pSecTagAL1 scDb hu225x3-43-Fc (#1707), against the 3-43-LL domain of 

pSecTagAHis scDbhu225x3-43-LL (#1719). Vector and insert were digested by XhoI/SgsI. 

For pSecTagAL1-scDb hu225x3-43-Fc-(GGSGG)0 (scDb-Fc-3, #2105) the linker 3 (Figure 3) 

was removed. Using primer #1457 and #91 a DNA fragment was amplified by PCR (see 3.1.2), 

digested with NotI/XbaI and ligated with pre-digested pSecTagAL1-scDb hu225x3-43-Fc 

(#1707). 

pSecTagAL1-scDb 3-43xhu225-Fc (scDb-Fc-4, #1822) was cloned by inserting the VH and VL 

domains of scFv hu225 into the vector pSecTagAL1-scDbHER3-43-Fc (#1716), exchanging 

the inner variable fragments of 3-43. For this, pSecTagHis scDb4D5hu225(#952) was digested 

with XhoI/SgsI and cloned into pre-digested (XhoI/SgsI) pSecTagAL1 scDbHER3-43-Fc.  

For pSecTagAL1-scDb hu225x3-43-Fc-(GGSGG)2 (scDb-Fc-5, #2106) 5 amino acids 

(GGSGG) were added to linker 3 (Figure 3). Using primer #1469 and #91 a DNA fragment was 

amplified by PCR (see 3.1.2), digested with NotI/XbaI and ligated with pre-digested 

pSecTagAL1-scDb hu225x3-43-Fc (#1707). 

pSecTagAL1-scDb hu225x3-43-LL-FLL(7aa)-Fc (#2109) was cloned by inserting the 

sequence of linker 2-VL3-43-linker 3-VH3-43-linker 4 domain from pSecTagAL1-scDb 4D5x3-

43-LL-FLL(7aa)-Fc (#1925) into pSecTagAL1-scDb hu225x3-43-Fc (#1707). For this, plasmid 

#1925 and #1707 were digested with XhoI/BamHI. The smaller fragment of #1925 was ligated 

with the predigested #1707.  
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pSecTagAL1-scDb hu225x3-43 (GGRAS_GGGGS) (scDb-1, #2689) was cloned by inserting 

the scDb sequence of pSecTagAL1-scDb hu225x3-43-Fc (GGRAS_GGGGS) (scDb-Fc-1, 

#2111) into pSecTagAL1 scFv-hu9G5 (#2296). Both plasmids were digested using BshTI/NotI. 

The shorter fragment of the digested #2111 was ligated with pre-digested #2296. 

pSecTagAL1-scDb hu225x3-43-LL (scDb-1, #2690) was cloned by inserting the scDb 

sequence of pSecTagAL1-scDb hu225x3-43-LL-Fc (scDb-Fc-2, #1824) into 

pSecTagAL1 scFv-hu9G5 (#2296). Both plasmids were digested using BshTI/NotI. The shorter 

fragment of the digested #1824 was ligated with pre-digested #2296. 

3.1.2  Polymerase chain reaction (PCR) 

DNA was amplified using Pfu DNA polymerase. A typical PCR mixture for four reactions 

contained 200 µl.  

Table 2: Composition of PCR mixture. 

Components Volume [µl] 

 1x 4x 

10 x Pfu polymerase buffer + MgSO4 5 20 

forward primer (10 pmol/µl) 1 4 

reverse primer (10 pmol/µl) 1 4 

Template ~0.25 1 

dNTPs 2,5 10 

Pfu DNA polymerase (2.5 U/µl) 1 4 

ddH2O 39,25 157 

 

The Pfu DNA polymerase has a replication fidelity of 500 nt/min, hence the elongation time 

depends on length of the amplified DNA sequence. The PCR was performed using the PCR 

program as described in Table 3. The PCR products were loaded onto a 1 % agarose gel and 

separated from template DNA and primers. 
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Table 3: PCR program 

PCR step Temperature [°C] Time [min] No. of cycles 

Initial denaturation 94 5 1x 

Denaturation 94 1 
 

Annealing 50 1       30x 

Elongation 72 
Dependent on 
PCR product  

Final elongation 72 5  

 

3.1.3  Fusion-PCR 

For fusion-PCR overlapping primers were designed in silico. DNA fragments were amplified 

using standard PCR conditions, using overlapping primers, as well as sequencing primers. 

After PCR DNA was extracted and eluted in 41 µl ddH2O into one reaction tube (see 3.1.2 and 

3.1.5). Further 5 µl pfu-buffer, 3 µl dNTPs and 1 µl pfu DNA-Polymerase were added and PCR 

was performed as described in Table 4. 

Table 4: Fusion-PCR program 

PCR step Temperature [°C] Time [min] No. of cycles 

Initial denaturation 95 5 1x 

Denaturation 95 0.5 
 

Annealing Tm 0.5       5x 

Elongation 71 Dependent on 
PCR product 

 

Final denaturation 95 Holding  

After PCR, tube was put on ice for 3 min and 2.5 µl of sequencing primer were added. Now 

PCR was performed as described in Table 3 (see 3.1.2). 

3.1.4  Restriction digestion 

For restriction digestion 10 µg vector DNA or complete extract from PCR products was used. 

Restriction enzymes (1 µl each) and the corresponding 10x buffer were added and incubated 

according to manufacturer’s protocol. Vector DNA was additionally dephosphorylated with 1 U 

fast alkaline phosphatase. ddH2O was added up to a total volume of 50 µl. Digestions were 

performed for 1 h at enzyme specific temperature. Exchange of buffer was conducted using 
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NucleoSpin® Gel and PCR Clean-up kit. Digested insert DNA was separated from vector DNA 

using agarose gel electrophoresis. 

3.1.5  Agarose gel electrophoresis and DNA gel extraction 

PCR-amplified and digested DNA fragments were analyzed by agarose gel electrophoresis 

(1 % (w/v) agarose in 1x TAE buffer). DNA was mixed with 5x DNA loading buffer and loaded 

onto an agarose gel containing 1 μg/ml ethidium bromide. Electrophoresis run was performed 

in 1x TAE buffer at 80 V for 35 min and DNA was visualized using ultraviolet light. The relevant 

bands were cut out and purified with a NucleoSpin® Gel and PCR Clean-up kit according to 

the manufacturer’s protocol. DNA was eluted in 30 μl ddH2O. 

3.1.6  Ligation of DNA 

Vector DNA (2 µl) and insert (15 µl) were mixed at 1:6 molar ratio and T4 DNA ligase (1 µl) and 

appropriate buffer (2 µl) were added. Incubation was conducted for 1 h at RT. 

3.1.7  Transformation of competent E.coli TG1 cells  

Chemical competent E.coli TG1 cells were gently thawed on ice. 100 μl of cells were added to 

the ligation mixture and incubated on ice for 10 min. Next, heat shock was performed for 1 min 

at 42°C and cells were placed back on ice for 1 min. 1 ml of pre-warmed LB medium was added 

and cells were incubated for 30 min at 37°C. After centrifugation for 1 min at 16,000g, 

supernatant was discarded and cells were plated on agar plates containing glucose (1 %) and 

ampicillin (100 μg/ml). Plates were then incubated at 37°C overnight. 

3.1.8  Colony screen 

Insertion of DNA into vector plasmid was verified using REDTaq® ReadyMix™ according to the 

manufacturer’s protocol with the appropriate primers. Individual clones were picked and 

pipette tip was immersed into 100 µl of pre-warmed (RT) LB-medium in PCR tubes, then mixed 

with 20 μl of the PCR mixture. Colony PCR was performed as described in Table 3 considering 

a Taq-polymerase replication fidelity of 1000 nt/min. Positive clones were identified by agarose 

gel electrophoresis. 

3.1.9  Plasmid DNA isolation 

Overnight cultures of E.coli bearing transformed plasmid, were inoculated in 6 ml (Mini-

preparation) or 100-200 ml (Midi-preparation) LB-medium containing ampicillin (100 μg/ml). 

For purification of the plasmid DNA the NucleoSpin® Plasmid kit for the Mini-preparation was 

used, or the NucleoBond® Xtra Midi kit for the Midi-preparation according to the 

manufacturer’s protocol. DNA pellets were resolved in 30 μl (Mini-preparation) or 150 μl (Midi-
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preparation) ddH2O. Resolved DNA incubated for 5 min at 65°C, then stored at -20°C. DNA 

concentration was measured at 260 nm using NanoDrop 1000. Identity of plasmid was 

confirmed by sequencing. 

3.1.10 DNA sequence analysis 

DNA sequencing was performed either by GATC Biotech AG (Constance, Germany), or 

Microsynth Seqlab (Göttingen, Germany). Sequenced DNA was analyzed using a nucleotide 

BLAST against the corresponding sequence (Serial Cloner 2.6.1). 

3.2  Expression and purification of recombinant protein 

3.2.1  Transient expression of recombinant proteins in HEK293-6E cells 

Recombinant proteins were produced in HEK293-6E cells, cultured in orbital shaker at 37°C, 

5 % CO2 and 70 % humidity. At day of transfection cells were at exponential phase and density 

was adjusted to 1.7·106 cells/ml. For 100 ml cell suspension, 100 μg plasmid DNA were mixed 

with 5 ml F17-medium, and 200 μl of PEI (1 mg/ml) were mixed with 5 ml of F17-medium. After 

2 minutes, both solutions were mixed and incubated for 15 min at RT, before added to the cell 

suspension. Cells were cultured as described above during production. 24 h later trypton N1 

(TN1) to a final concentration of 0.5 % was added to the cells. After additional 96 h the cell 

suspension was collected and centrifuged (2000x g, 10 min, 4 °C). The supernatant was sterile 

filtrated and proteins were purified as described in 3.2.2 and 3.2.3, respectively. 

3.2.2  Purification by immobilized metal affinity chromatography (IMAC) 

His6-tag containing recombinant proteins were purified by Ni-NTA-IMAC. Supernatant of 

HE293-E6 culture was dialyzed against 1x PBS at 4°C overnight. The next day, dialyzed 

supernatant was incubated with Ni2+-NTA-agarose beads at 4 °C for three to four hours, 

respectively. Next, beads were loaded on a column and washed with IMAC wash buffer (25 

mM imidazole) until no undesired protein was detectable in the wash fractions. For 

determination of protein 10 µl of flow-through were mixed with 90 µl Bradford reagent. Protein 

was eluted using IMAC elution buffer (250 mM imidazole) and collected in 100 µl – 300 µl 

fractions. Protein containing fractions were pooled and dialyzed against 1x PBS at 4°C 

overnight.  

3.2.3  Purification by protein A affinity chromatography 

Recombinant proteins comprising a human γ1-Fc region were purified by protein A affinity 

chromatography. Supernatant was incubated with protein A beads at 4 °C for 4 hours, and then 

was loaded on a column. Beads were washed with 1x PBS until no undesired protein was 
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detectable. For determination of protein 10 µl of flow-through were mixed with 90 µl Bradford 

reagent. After washing, proteins were eluted using protein A elution buffer (100 mM glycin, 

pH 3.5). Protein containing fractions were pooled and dialyzed against 1x PBS at 4°C overnight.  

3.2.4  Gel filtration by fast protein liquid chromatography (FPLC)  

Fast protein liquid chromatography gel filtration was performed with column Superdex® 

Increase 10/300 GL. Prior to preparative size exclusion chromatography, the column was 

washed with five column volumes of ddH2O (100 ml) and equilibrated with five column volumes 

of PBS (100 ml). Chromatography was performed at a flow rate of 600 µl/min at pressure of 

1.5 mPa, thereby 600 – 1000 μl of Protein were manually applied. 150 µl fraction were 

automatically collected. Column was stored at RT in 20 % EtOH. 

3.3  Protein characterization 

3.3.1  Determination of protein concentration 

Concentration of proteins was determined at 280 nm using the NanoDrop spectrophotometer 

1000. Molecular mass and extinction coefficient was determined using the online tool 

ProtParam (ExPASy; https://web.expasy.org/protparam/). 

3.3.2  SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

For protein purity and integrity analysis SDS-PAGE was performed. Depending on expected 

molecular mass of proteins, acrylamide concentration of gel was prepared as described in 

Table 5. Before loading, protein samples were mixed with reducing or non-reducing 5x 

Laemmli sample buffer and incubated at 95 °C for 5 min. Protein samples and prestained 

protein ladder (PageRuler™) were loaded onto the gel. Electrophoresis was performed in SDS 

running buffer at 40 mA for approximately 55 min. Gel was washed three times in boiling water 

and then was stained with Coomassie staining solution overnight. For de-staining tap-water 

was used. 
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Table 5: Composition of polyacrylamide gels 

 Resolving gel  

Substances 10 % 12 % Stacking gel 

H2O 3 ml 2.5 ml 2.1 ml 

30 % acrylamide mix 2.5 ml 3 ml 500 µl 

1.5 M Tris (pH 8.8) 1.9 ml 1.9 ml - 

1.0 M Tris (pH 6.8) - - 375 µl 

10 % SDS 75 µl 75 µl 30 µl 

10 % APS 75 µl 75 µl 30 µl 

TEMED 3 µl 3 µl 3 µl 

 

3.3.3  Size exclusion by high performance liquid chromatography (HPLC) 

HPLC was performed using Waters 2695 HPLC in combination with a TSKgel SuperSW mAb 

HR column (Sigma Aldrich, 822854) at a flow rate of 0.5 ml/min. Protein were adjusted to a 

concentration of 0.2–0.5 mg/ml. 0.1 M Na2HPO4/NaH2PO4, 0.1 M Na2SO4, pH 6.7 was used as 

mobile phase. Standard proteins: thyroglobulin (669 kDa, RS 8.5 nm), β-amylase (200 kDa, RS 

5.4 nm), bovine serum albumin (66 kDa, RS 3.55 nm), carbonic anhydrase (29 kDa, RS 2.35 

nm). 

3.4  Mammalian cell culture 

3.4.1  General cultivation of cancer cells 

Mammalian cells were cultivated in tissue culture flasks and incubated at 37°C with 95 % 

humidity and 5 % CO2. Cells were cultured in appropriate culture medium (see 2.11) and split 

every two to three days, using 1x Trypsin-EDTA for detachment. For long-term storage, cells 

were detached, harvested (1500 rpm, 5 min) and the cell pellet was resuspended in freeze cell 

culture medium (cell culture medium + 10 % FCS + 10 % DMSO). Cryo vials with cells were 

frozen at - 80°C in a cryobox filled with isopropanol. For defrosting, cells were thawed at 37°C 

and resuspended in appropriate medium. After harvesting by centrifugation (1500 rpm, 5 min), 

cells were cultured under normal conditions. 
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3.4.2  CRC organoids 

Patient-derived organoids (PDOs) were obtained from the biobank of the Institute of Clinical 

Pharmacology (IKP) – Robert Bosch Hospital (RBK) in Stuttgart. Experiments were approved 

by the ethics commission of the RBK. PDOs, embedded in 15 µl Matrigel, were grown in 12-well 

tissue culture plates with surrounding 400 µl complete medium (Table 6). Every two or three 

days cells were split. To that end, supernatant was removed by gentle aspiration. All pipette 

tips were coated with BSA, by pipetting up and down BSA before use for any step at PDO 

culture. To recover cells from Matrigel 1 ml of ice-cold PBS was used, while a maximum of 6 

wells per ml PBS was recovered. PBS-cell mixture was then transferred into BSA coated 

Eppendorf tubes (low-binding). For harvesting, the cells were centrifuged (16,100 g until 

maximum speed is reached; total time: approximately 10 s). Then, supernatant was removed 

gently with a pipette, avoiding contact to cell pellet. To remove remaining Matrigel cells were 

resuspended in 1 ml of ice-cold PBS and gently pipetted up and down. After additional 

centrifugation (16,100 g until maximum speed is reached; total time: approximately 10 s) 

supernatant was discarded and cell pellet was resuspended in 100 µl of TrypLE. Pellet was 

incubated for a maximum of 5 minutes and resuspended every 1-2 minutes during the 

incubation. As soon PDO break up and small clumps are visible, 1 ml of P/S medium (Table 6) 

was added and cells were stored for 10 min on ice, allowing organoids to sink and debris 

staying in upper volume. Next, the debris were carefully removed by discarding upper 500 µl 

of supernatant. After additional centrifugation (16,100 g until maximum speed is reached; total 

time: approximately 10 s), supernatant was discarded and cells were resuspended in a mixture 

of complete medium and Matrigel (for 10 wells: 30 µl of complete medium + 100 µl of Matrigel). 

For seeding the number of wells was doubled compared to initial number of wells and 15 µl 

aliquots were seeded per well. For polymerization of the Matrigel-cell droplets, the cell culture 

plate was incubated upside-down for 15 min in an incubator at 37°C with 95 % humidity and 

5 % CO2. After incubation Matrigel-cell droplet was overlaid with 400 µl of complete medium. 

For cryopreservation, PDOs are recovered from Matrigel with 1 ml of ice-cold PBS as 

described above. Then, cells were centrifuged (16,100 g till maximum speed is reached; total 

time: approximately 10 s) and washed with 1 ml of ice-cold PBS, thereby removing remaining 

Matrigel. After additional centrifugation (16,100 g till maximum speed is reached; total time: 

approximately 10 s) PDO pellets were resuspended in 1 ml of P/S medium (Table 6) 

supplemented with 20 % FCS and 10 % DMSO. Cryovials with cells were frozen at -80°C in a 

cryobox filled with isopropanol. 
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Table 6: Composition of media used for CRC organoid culture 

Medium Substance Final concentration 

P/S Medium Advanced DMEM/F12  

 1x P/S 1x 

Basal medium Advanced DMEM/12  

 GlutaMAX 1x 

 1xP/S 1x 

 Hepes 10 mM 

 N-Acetylcysteine 1 mM 

N2/N27 Basal medium  

 1x N2 supplement 1x 

 1x B27 supplement 1x 

Complete Medium (CM) N2/B27 Medium  

 bFGF 20 ng/ml 

 EGF 50 ng/ml 

Complete Medium (CM) HRG N2/B27 Medium  

 HRG 50 ng/ml 

 

3.5  Functional characterization of proteins 

3.5.1  Enzyme-linked immunosorbent assay (ELISA) 

Binding of antibodies to recombinant antigens was determined by ELISA. Antigens were 

coated with 0.3 μg/well in 100 μl PBS at 4 °C overnight. Residual binding sites were blocked 

using 3 % MPBS (2 % (w/v) dry milk in 1x PBS) at RT for 2 h. Before antibodies were added, 

plates were washed with 0.05 % PBST (0.05 % (v/v) TWEEN 20 in 1x PBS) twice and with 1x 

PBS once. Antibodies were added in serial dilutions in 2 % MPBS and incubated at RT for 1 h. 

After washing, bound proteins were detected by HRP-conjugated anti-His6-tag mouse antibody 

or by HRP-conjugated anti-human IgG (Fc specific) antibody. After an additional washing step, 

ELISA was developed using 100 μl/well of ELISA developing solution (0.1 mg/ml TMB, 100 mM 

sodium acetate buffer pH 6.0, 0.006 % H2O2). Reaction was stopped by adding 50 μl of 1 M 

H2SO4 and absorbance at 450 nm was measured in an ELISA reader. 

3.5.2  Flow cytometric binding studies 

Binding of antibodies to cell lines and organoids was analyzed by flow cytometry. Detached 

cells were diluted in growth medium to a concentration of 1x106 cells/ml, or 1x105 organoids/ml, 
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respectively. Next, 100 µl of diluted cell suspension per well was transferred in a 96-well U-

bottom plate. After centrifugation (1500 rpm, 5 min, 4 °C), supernatant was discarded and 

antibodies were serial diluted in PBA, added to the cells and incubated for 1 h at 4 °C. After 

incubation cells/organoids were washed with PBA twice. Cells were then incubated with PE-

conjugated anti-human IgG antibodies for 1 h at 4 °C. Finally, cells were washed twice, and 

resuspended in 100 μl PBA. Emitted fluorescence was detected using the Y1 channel (586/15 

nm) in a MACSQuant® VYB, or equivalent laser in the MACSQuant Analyzer 10, respectively. 

Data analysis was performed using FlowJo (V10.6, Tree Star), Microsoft Excel and GraphPad 

Prism® 7. Calculation of relative MFI was performed with following formula:  

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑀𝐹𝐼 =
𝑀𝐹𝐼𝑠𝑎𝑚𝑝𝑙𝑒 − (𝑀𝐹𝐼𝑑𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 −  𝑀𝐹𝐼𝑐𝑒𝑙𝑙𝑠) 

𝑀𝐹𝐼𝑐𝑒𝑙𝑙𝑠
 

The half-maximal binding (EC50) was calculated from the relative MFI using GraphPad Prism 7 

according to Benedict et al. (Benedict et al. 1997). 

3.5.3 Surface Receptor Expression Analysis  

For quantitative surface receptor expression analysis, cells were trypsinized and singularized. 

1x105 cells per sample were incubated with primary antibodies against EGFR, HER2 or HER3. 

For quantification QIFIKIT® was used according to manufacturer’s instructions (Agilent, 

K007811-8). Flow cytometry was performed using a MACSQuant Analyzer 10 (Miltenyi Biotec). 

For flow cytometry data evaluation FlowJo (V10.6; Tree Star), Microsoft Excel and GraphPad 

Prism® 7 was used. Relative mean fluorescence intensities (rel. MFI) were calculated as 

follows:  

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑀𝐹𝐼 =
𝑀𝐹𝐼𝑠𝑎𝑚𝑝𝑙𝑒 − (𝑀𝐹𝐼𝑑𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 −  𝑀𝐹𝐼𝑐𝑒𝑙𝑙𝑠) 

𝑀𝐹𝐼𝑐𝑒𝑙𝑙𝑠
 

3.5.4 Signaling inhibition assay: Immunoblotting 

Receptor signaling was assessed by immunoblotting. Cells were seeded in 6- or 12-well plates, 

respectively, at a concentration of 2-3.5x105 cells/well and incubated overnight. The next day, 

medium was exchanged to starvation medium (0.2 % FBS). After 24 h of starvation, fresh 

medium with antibodies at indicated concentrations, were added. After indicated time of 

incubation at 37°C cells were stimulated with 50 ng/ml of ligands (EGF or HRG, respectively) 

for indicated time. Lysis was performed using 120 µl RIPA buffer on ice. Lysates were 

centrifuged (13,200 rpm, 30 min, 4°C). Protein concentration was assessed using the Bio-Rad 

DC™ Protein Assay. All samples were set to concentration of lysate with lowest protein content 

using RIPA buffer for dilution. Next, SDS-PAGE fractionated lysates were transferred onto 

nitrocellulose membranes using the iBlot® 2 Dry Blotting System. After blocking with Roche 
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blocking solution for 30 min at RT membranes were incubated with primary antibodies (see 

2.6) at 4°C overnight, or RT for 1 h, respectively. Next, membranes were washed 3 times with 

0.5 % PBST for at least 5 min, before being incubated with HRP-conjugated secondary 

antibody for 1 h at RT. After incubation, membranes were washed 3 times for at least 5 min. 

Activity of HRP was detected with ECL substrate and visualized by the FUSION SOLO Imager. 

3.5.5  Proliferation assay 

Viability analysis of cell lines was performed using CellTiter-Glo (2D assay: Promega, G9242; 

3D assay: Promega, G9683). For 3D assay white 96-well plates were precoated with 

Matrigel:Collagen mixture (1:2, Corning, 354230; Advanced BioMatrix, 5015-20ML). Next, cells 

(2x103 cells/well) were seeded into 96-well plates, for 3D assay cells were additionally overlaid 

with Matrigel (2 %). After 24 h medium was exchanged for starvation medium (0.2 % FBS). 

Another 24 h later, cells were pretreated with indicated antibodies (50 nM) for 60 min, prior to 

ligand stimulation with 30 ng/ml recombinant human heregulin β-1 (HRG) (Peprotech, 100-03). 

After 5 days (2D), or 4 days (3D) medium was gently aspirated and 50 µl of pre-warmed 

detection reagent (1:2, RPMI-1640:CellTiter-Glo) was added. Cell lysates were incubated for 

12 min at RT and luminescence was measured using the Spark® microplate reader (Tecan). 

PDO cells (1 - 4x103 cells/well) were seeded as described above for 3D assay. 24 h later PDOs 

were treated with indicated antibodies (50 nM) or Afatinib (500 nM). After 3 days, medium was 

aspirated and viability was analyzed using CellTiter-Glo 3D. 

3.5.6  Sphere Formation Assays 

Singularized cells were seeded onto Poly(2-hydroxyethyl methacrylate)-(pHEMA)-treated 

(Merck, P3932) 12-well plates (3x103 cells per well) in sphere formation medium (DMEM/F12 

GlutaMAX (Thermo Fisher Scientific, 31331028); 20 ng/ml HRG (Peprotech, 100-03), 1x B27 

(Thermo Fisher Scientific, 17504044)) and immediately treated with antibodies. After 5 days, 

spheres were imaged, counted and the sphere area was analyzed using ImageJ. For extreme 

limiting dilution assays (ELDA), 1x105 cells per 10 cm plate were seeded and grown as primary 

oncospheres as described above. After 5 days, primary oncospheres were harvested, 

singularized, and 1, 10 or 100 cells/well were seeded onto pHEMA-treated 96-well plates, 

respectively. Cells were cultured for 9, or 10 days, respectively, in 300 µl sphere formation 

medium (20 technical replicates per condition). Only wells positive for spheres were counted 

and the relative estimated stem cell frequency was determined by ELDA software 

(http://bioinf.wehi.edu.au/software/elda/index.html), provided by the Walter and Eliza Hall 

Institute (Hu and Smyth 2009). 
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3.5.7  Animal experiments 

All animal studies were approved by state authorities and performed in accordance to federal 

guidelines (reference number 35-9185.81/0456 & 35-9185.81/0456). 

3.5.7.1  Pharmacokinetics of scDb hu225x2-43-Fc 

Proteins (25 mg of IgG 3-43, or scDb hu225x3-43-Fc, respectively diluted in 100 mL PBS) were 

injected into the tail vein of CD-1 mice (Charles River, three animals per molecule). After 3 

minutes, 1, 6, 24, 72 and 169 h blood samples were taken and immediately incubated on ice. 

Serum samples were centrifuged (16,000x g, 4°C, 20 min) and stored at -20°C until analysis. 

Antibody serum concentrations were determined by ELISA using EGFR-His and HER3-His as 

antigen, and HRP-conjugated anti-human Fc antibody for detection. Initial and terminal half-

lives (t1/2α, t1/2β) and AUC were calculated using Excel. Initial half-lives were calculated over 

the time interval of 3 min to 24 h. Terminal half-lives were calculated with the last three serum 

concentrations (1h-72h or 24h -169h). 

3.5.7.2  Pharmacodynamics of scDb hu225x3-43-Fc 

Eight-week-old female SCID beige mice (Charles River, CB17.Cg-PrkdcscidLystbg-J/Crl) were 

anesthetized with isoflurane during the injection of cancer cells. 5x106 FaDu cells (100 µL PBS) 

were subcutaneously injected in the left and right flanks, whereas 5x106 MDA-MB-468 cells 

(100 µL PBS) were orthotopically injected into the right and left 4th mammary fat pads. Tumor 

growth was monitored with a caliper and tumor volume was calculated as follows: 

𝑡𝑢𝑚𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 =
(𝑎 × 𝑏 )

2
 

a, longitudinal diameter of tumor;  b, transverse diameter of tumor 

Mice were randomly assigned to control and four treatment groups after the tumors had 

reached ~100 mm3 (n=7 mice per group). Mice received six intravenous antibody injections 

(FaDu xenograft model: 300 µg antibody per injection in 100 µL PBS; MDA-MB-468: 300 µg 

antibody in 100 µL PBS for the first injection, the dose was then adjusted to 200 µg (IgG hu225) 

and 240 µg (IgG 3-43 or scDb-Fc), respectively) twice weekly for three consecutive weeks. 

Tumors of MDA-MB-468 xenograft mice were further dissociated for oncosphere formation 

assays and ALDEFLUOR analysis. Tumor dissociation was performed according to 

manufacturer's instructions (Miltenyi Biotec, 130-096-730). 

3.6 Statistical analysis 

All values are presented as mean ± SD. Significance between multiple groups was determined 

by one-way ANOVA and Tukey’s test for multiple comparison. Significance between two 
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groups was determined by t-test. Total group effects were analyzed by two-way ANOVA and 

results at a specific time point were compared via one-way ANOVA followed by Tukey’s 

multiple comparison test (post-test). Data was analyzed, using GraphPad Prism 7. P-values: P 

≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****), n.s. (not significant). 
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4  Results 

Parts of the studies in chapter 4.1, 4.2 and 4.3 were published in 2020 in Molecular Cancer 

Therapeutics (Rau et al. 2020) and parts of the studies in 4.4 were published in 2022 in 

Molecular Cancer Therapeutics (Rau et al. 2022).  

4.1  Bispecific, bi- or tetravalent EGFR- and HER3-targeting 
molecules  

Previous studies have described that the expression of heregulin/neuregulin 1 (HRG) or its 

receptor HER3 are the cause of primary or acquired resistance occurring upon EGFR-targeted 

treatments, for example with Cetuximab (Oliveras-Ferraros et al. 2012; Leto and Trusolino 

2014; Leto et al. 2015; Stahler et al. 2017; Kruser and Wheeler 2010; Zhang et al. 2020). It is 

therefore plausible that the combination of an EGFR antagonist with a HER3-targeting antibody, 

like IgG 3-43, a HER3 targeting antibody developed in-house, might overcome these resistance 

mechanisms. Compared to the treatment with Cetuximab, or IgG 3-43 alone, the combination 

and the use of a newly developed EGFR- and HER3-targeting bispecific scDb-Fc antibody 

demonstrated superior inhibition of EGF- and HRG-induced downstream signaling, and 

proliferation of FaDu cells (Honer 2016). Based on these observations, in this thesis, the 

bispecific EGFR- and HER3-targeting scDb and scDb-Fc molecules were developed with the 

aim to improve purity, integrity, and yield. 

4.1.1 Structure and biochemical analysis of EGFR- and HER3-targeting 
single chain Diabody (scDb) and scDb-Fc antibodies 

The assembly of the scDb antigen-binding sites can be affected by the length of the connecting 

linkers within the scDb moieties, hence, new variants of EGFR- and HER3-targeting scDb and 

scDb-Fc molecules were generated using the variable domains of the EGFR binding humanized 

Cetuximab (IgG hu225) and the fully human HER3-binding antibody IgG 3-43 (Figure 3A) 

(Völkel et al. 2001; Schmitt et al. 2017). The scDb moiety was arranged in the VH-VL orientation 

with three linkers connecting the variable domains (VH(3-43)-linker1-VL(hu225)-linker2-

VH(hu225)-linker3-VL(3-43)) (Figure 3B). Two derivates of the scDb were generated with 

different lengths of linker 2 (Figure 3C). ScDb-1 comprises a linker 2 with 15 amino acids and 

scDb-2 a linker 2 with 20 amino acids, respectively. Furthermore, the scDb molecules were 

fused to the hinge region of a Fcγ1 chain using a five amino acid long linker 4 (GGSGG). The 

Fc region allows the scDb-Fc to form a homodimer, leading to the formation of a bispecific and 

tetravalent antibody. Both antibody formats, scDb and scDb-Fc, were produced in transiently 

transfected HEK293-6E suspension cells. The scDb molecules, comprising a hexahistidine-
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tag (H6), were purified by IMAC, and scDb-Fc molecules by Protein A chromatography, 

respectively. 

 

Figure 3: Biochemical characterization of protein integrity and purity of scDb and scDb-Fc 
molecules targeting EGFR and HER3. A Schematic illustration of the scDb-Fc format and its building 
blocks. (moiety A: hu225; moiety B: 3-43) B Schematic illustration of scDb and scDb-Fc domains and 
linkers. (moiety A: hu225; moiety B: 3-43; H6: Hexahistidine-Tag; Hi: Hinge) C Length of linkers and 
MWcalc (calculated MW, based on amino acid sequence) of scDb and scDb-Fc variants. D SDS-PAGE 
analysis of 3 µg of scDb-1 (1, 4), scDb-2 (2, 5), scDb Fc-1 (3, 6) and scDb-Fc-2 under non-reducing (1-
4) and reducing (5-8) conditions (12 % PAA). Proteins were stained with Coomassie brilliant blue. E Size-
exclusion chromatography (SEC) under native conditions of scDb and scDb-Fc antibodies with varying 
linker length. Elution times and molecular mass [kDa] of standard proteins are indicated by dotted lines.  

Purity of the scDb and scDb-Fc molecules was confirmed by SDS-PAGE analysis under non-

reducing and reducing conditions (Figure 3D). Apparent molecular masses under non-

reducing conditions were 52.4 kDa (scDb-1), 53.0 kDa (scDb-2), 193.0 kDa (scDb-Fc-1) and 

204.0 kDa (scDb-Fc-2), respectively. Under reducing conditions observed apparent molecular 

masses were 57.0 kDa (scDb-1 and 2), and 85.0 kDa (scDb-Fc-1 and 2), respectively. In HPLC-

SEC analysis of the scDb molecules, a major peak with 41.0 kDa (scDb-1), and 43.2 kDa 

(scDb-2) was observed, respectively (Figure 3D). For both scDb molecules a small fraction with 
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an apparent mass of 81.0 kDa was observed, indicating formation of non-covalently linked 

dimers (Völkel et al. 2001). In SEC analysis of the scDb-Fc molecules a major peak was 

observed, with an apparent mass of 152.0 kDa and Stoke’s radius (RS) of 4.7 nm (scDb-Fc-1), 

178.0 kDa and RS of 5.2 nm (scDb-Fc-2), respectively (Figure 3E, Figure 4B). Furthermore, a 

small fraction was observed at an apparent mass of 349.1 kDa and RS of 6.64 nm (scDb-Fc-1), 

and 384.9 kDa and RS of 6.8 nm (scDb-Fc-2), respectively (Figure 3E, Figure 4B), here too, 

indicating non-covalently linked dimers. 

For further analysis of the effects of the linker length on the integrity and yield of scDb-Fc 

antibodies, four additional molecules (scDb-Fc-3 - 6) were generated (total of six scDb-Fc 

molecules) (Figure 4). For comparison, the SEC profile and yields of the scDb-Fc molecules 

were analyzed. Compared to scDb-Fc-1, in scDb-Fc-3 and -5 the linker between the scDb and 

the hinge region of the Fcγ1 chain (linker 4) was either removed (scDb-Fc-3), or 5 amino acids 

(GGSGG) were added (scDb-Fc-5). While SEC revealed comparable homogeneity of scDb-Fc-

1, -3 and -5, respectively, changes of linker 4 resulted in reduced yields. In particular, the 

addition of 5 amino acids in linker 4 of scDb-Fc-5 resulted in dramatically reduced yields (scDb-

Fc-5: 0.7 mg/L vs. scDb-Fc-3: 31.1 mg/L vs. scDb-Fc-1: 40.6 mg/L) (Figure 4A, B). No major 

differences in SEC or yield were observed for scDb-Fc-6 with two additional amino acids (GG) 

in linker 1 and 3 compared to scDb-Fc-2 (scDb-Fc-6: 45.5 mg/L vs. scDb-Fc-2: 46.8 mg/L). 

Compared to scDb-Fc-1, in scDb-Fc-4 the orientation of the binding moieties was changed 

from VHhu225-linker1-VL3-43-linker2-VH3-43-linker3-VLhu225 to VH3-43-linker1-VLhu225-

linker2-VHhu255-linker3-VL3-43. This exchange dramatically reduced the yield (scDb-Fc-4: 

3.6 mg/L vs. scDb-Fc-1: 40.6 mg/L), without changes in the SEC profile. Taken together, the 

modifications of the linkers had no beneficial effect, neither on purity and integrity, nor on 

homogeneity, compared to scDb-Fc-1 (Figure 3D, E; Figure 4A). Major differences were 

observed in the yields, ranging from 0.7 mg to 46.8 mg/L of HEK293-6E supernatant. As a 

result, all further studies were performed with the scDb-Fc-1, named scDb hu225x3-43-Fc. 
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Figure 4: Protein integrity and purity analysis by SEC-HPLC of variants of scDb hu225x3-43-Fc 
with different linker lengths. A Size-exclusion chromatography under native conditions of six scDb-Fc 
molecules, varying in the length of linker 1, 2, 3, or 4, respectively. Elution times and molecular mass 
[kDa] of standard proteins are indicated by dotted lines. B Length of linkers, MWcalc (calculated MW, 
based on amino acid sequence), yield (amount of protein per liter of HEK293-6E supernatant), apparent 
MW and Rs determined by SEC-HPLC of six scDb-Fc variants, respectively. 

 

4.1.2  Binding of recombinant receptor and affinity measurement of 
scDb hu225x3-43-Fc 

For further analysis scDb hu225x3-43-Fc was purified by an additional preparative SEC-FPLC 

step, removing the small fraction observed in analytical SEC-HPLC (Figure 5B). For 

comparison, the parental antibodies IgG hu225 and IgG 3-43 were produced in transiently 

transfected HEK293-6E suspension cells. Purity and integrity of the scDb-Fc and the parental 

antibodies were demonstrated by SDS-PAGE analysis, where only one band under non-

reducing conditions was observed. Under reducing conditions, the parental antibodies 

revealed two bands, indicating heavy and light chains and one band was observed for the 

scDb-Fc (Figure 5A). SEC-HPLC revealed an apparent molecular mass of 163.0 kDa and an RS 

of 4.8 nm for IgG hu225, and 149.0 kDa and 5.2 nm for IgG 3-43, respectively (Figure 4B, 

Figure 5B). Furthermore, binding of scDb-Fc to recombinant receptors (immobilized EGFR or 

HER3) was analyzed by ELISA and dual binding by sandwich ELISA (immobilized EGFR and 
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soluble HER3) (Figure 5C). EC50 values of scDb-Fc were similar to the parental antibodies, and 

simultaneous binding to EGFR and HER3 was shown (EGFR: 213 pM vs. 204 pM for IgG hu225; 

HER3: 221 pM vs. 166 pM for IgG 3-43; EGFR and HER3: 310 pM). Furthermore, affinity 

measurement by quartz crystal microbalance (QCM) revealed KD values of 21 nM for EGFR 

and 19 nM for HER3 for scDb-Fc, and a KD of 8 nM for IgG hu225 for EGFR (Figure 5D, E). In a 

previously published study, a KD of 11 nM for HER3 of IgG 3-43 was observed (Schmitt et al. 

2017). In conclusion, the scDb-Fc was produced with high purity, integrity, and homogeneity, 

with a high protein yield. Furthermore, binding to recombinant receptors in ELISA, as well as 

affinities determined by QCM were similar to the parental antibodies IgG hu225 and IgG 3-43.  
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Figure 5: Binding analysis by ELISA, and affinity measurement by QCM of scDb hu225x3-43-Fc.  
A SDS-PAGE analysis of parental antibodies IgG hu225 (1, 4) and IgG-3-43 (2, 5) and 
scDb hu225x3-43-Fc (3, 6) under non-reducing (1-3) and reducing conditions (4-6). For non-reducing 
3 µg of protein were loaded and for reducing conditions 6 µg. Proteins were stained with Coomassie 
brilliant blue. B Size-exclusion chromatography (SEC) under native conditions of IgG hu225, IgG 3-43 
and scDb hu225x3-43-Fc. Elution times and molecular mass [kDa] of standard proteins are indicated by 
dotted lines. C Binding analysis by ELISA of IgG hu225, IgG 3-43 and scDb hu225x3-43-Fc to 
recombinant EGFR, HER3, or simultaneous binding to both receptors. (n=3, mean ± SD) D, E Affinity 
measurement of IgG hu225 (D) and scDb hu225x3-43-Fc (E) by QCM. QCM chip was coated with either 
EGFR(D3)-His (D), EGFR-His, or HER3-His (E), using concentrations between 16 nM and 1 nM of IgG 
hu225, and between 128 nM and 8 nM for scDb hu225x3-43-Fc. Measurements (grey, dotted line) and 
fit (black, solid) are shown. 
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4.2  Activity of scDb hu225x3-43-Fc on receptor signaling, 
proliferation, migration and tumor growth 

Combining the binding properties of the parental antibodies, IgG hu225 and IgG 3-43, 

scDb hu225x3-43-Fc might elicit synergistic effects regarding the inhibition of receptor 

signaling and associated cellular responses such as proliferation and migration. In the following 

experiments, binding to seven cancer cell lines, which express receptors of the HER-family, 

was investigated. Furthermore, inhibitory effects on receptor phosphorylation and downstream 

signaling upon stimulation with EGF and/or HRG were determined. In in vitro studies of the 

HNSCC cancer cell line FaDu, effects of the scDb-Fc on proliferation, long-term downstream 

signaling and migration were compared to the parental antibodies or their combination. 

Additionally, the tumor growth inhibition by the scDb-Fc in a HNSCC xenograft tumor model 

was investigated. 

 

4.2.1 Binding to EGFR- and HER3-expressing cancer cell lines and 
downstream signaling inhibition 

Binding of scDb hu225x3-43-Fc to EGFR- and HER3-expressing cancer cell lines (3 breast 

cancer, 1 HNSCC, and 3 CRC cell lines) was analyzed by flow cytometry (Figure 6). As a 

control, binding of the parental antibodies IgG hu225 and IgG 3-43 was determined. Strong 

binding of scDb-Fc was observed, with EC50 values ranging from 98 to 594 pM (Figure 6B). 

Binding to cells expressing high levels of EGFR (FaDu, MDA-MB-468 and DiFi) was similar to 

the binding of the parental IgG hu225, and binding to cells expressing high levels of HER3 

(MCF7, SK-BR-3 and LIM1215) was similar to that of IgG 3-43. Additionally, binding of the 

HER2-targeting antibody Trastuzumab, used in experiments described in 4.4, to LIM1215 and 

DiFi cells was shown. In summary, strong binding to EGFR- and HER3-expressing cancer cell 

lines with similar maximum binding and EC50 values to the parental antibodies was 

demonstrated.  



 

67 

 

Figure 6: Flow cytometry binding analysis of scDb hu225x3-43-Fc for seven cancer cell lines and 
quantified surface receptor expression levels. A Flow cytometry analysis of binding of 
scDb hu225x3-43-Fc to seven cancer cell lines (breast: MCF-7, SK-BR-3; HNSCC: FaDu; TNBC: 
MDA-MB-468, CRC: HT-29, LIM1215, DiFi). Parental antibodies IgG hu225 and IgG 3-43, were included 
as controls. Additionally, binding of Trastuzumab was analyzed on LIM1215 and DiFi cells. (n=3, 
mean ± SD, except SK-BR-3: n=2, mean ± SD). B Number of surface expressed receptors per cell of 
EGFR, HER2 and HER3, respectively, and EC50 values of scDb hu225x3-43-Fc on above-described 
cancer cell lines.  

The high level of HER3 expressing MCF-7 cells were used to analyze the effects of 

scDb hu225x3-43-Fc on EGFR and HER3 receptor phosphorylation as well as downstream 

signaling by western blot analysis (Figure 7). MCF-7 cells were starved overnight, prior to 

treatment with 50 nM of antibodies for 1 hour (IgG hu225, IgG 3-43, combination of IgG hu225 

and IgG 3-43, or scDb hu225x3-43-Fc). MCF-7 cells were then stimulated with 50 ng/ml of 
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either EGF, HRG or both ligands, respectively. The phosphorylation state of EGFR, HER3, Akt 

and Erk, as well as total protein levels were detected. Under unstimulated conditions, no 

phosphorylation of HER3 (Y1289), or pAkt (T308) was detected. Phosphorylation of EGFR 

(Y1068) and Erk (T202/Y204) was only detectable after long exposure (LE). Total levels of 

HER3 were decreased upon treatment with IgG 3-43, the combination of IgG hu225 and IgG 

3-43, or scDb hu225x3-43-Fc, respectively. This indicates fast internalization and partial 

degradation of HER3 within one hour. Stimulation with EGF effected phosphorylation of EGFR 

(Y1068), Akt(T308), Erk (T202/Y204), but not of HER3 (Y1289). Of note, although 

phosphorylation of EGFR (Y1068) was inhibited by IgG hu225 and the combination of IgG 

hu225 and IgG 3-43, downstream phosphorylation of Akt (T308) and Erk (T202/Y204) were 

increased, compared to the untreated control. Treatment with scDb hu225x3-43-Fc showed 

strongest inhibition of EGFR (Y1068) phosphorylation and did not activate downstream 

signaling via Akt (T308) and Erk (T202/Y204). Upon stimulation with HRG, strong 

phosphorylation of EGFR (Y1068), HER3 (Y1289), Akt (T308) and Erk (T202/Y204) was 

observed, which was inhibited by IgG 3-43, the combination of IgG hu225 and IgG 3-43, and 

scDb-Fc, but not IgG hu225. Interestingly, HRG induced stronger EGFR (Y1068) 

phosphorylation compared to EGF. Additionally, HRG stimulation induced internalization and 

degradation of HER3, which was not further enhanced by any of the antibody treatments. 

Stimulation with the combination of EGF and HRG was similar to HRG only. Here, the 

combination of IgG hu225 and IgG 3-43, and the scDb-Fc inhibited phosphorylation of EGFR 

(Y1068) and HER3 (Y1289). Long-exposure revealed stronger inhibition of HER3 (Y1289) 

phosphorylation by scDb hu225x3-43-Fc. However, neither for the combination of the parental 

antibodies, nor for the scDb-Fc treated cells inhibition of downstream signaling was observed. 

In summary, maximum binding and EC50 values on seven cancer cell lines was similar for 

scDb hu225x3-43-Fc and the parental antibodies IgG hu225 and IgG 3-43. Furthermore, upon 

binding to MCF-7 cells, scDb hu225x3-43-Fc showed comparable inhibition of receptor 

phosphorylation and downstream signaling as the combination of IgG hu225 and IgG 3-43 did, 

and scDb-Fc was even superior in inhibiting the phosphorylation of HER3 (Y1289) and Akt 

(T308) under ligand-stimulated conditions.  
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Figure 7: Downstream signaling analysis in MCF-7 cells by western blot.  Inhibition of receptor 
phosphorylation and downstream signaling in MCF-7 cells by scDb hu225x3-43-Fc. Cells were serum-
starved overnight before incubation with 50 nM antibodies (IgG hu225, IgG 3-43, combination of IgG 
hu225 and IgG 3-43, or scDb hu225x3-43-Fc). After 1 h cells were stimulated for 15 min either with 
50 ng/ml of EGF, HRG, or both ligands, respectively. Subsequently, cell lysates were analyzed by 
western blot. Representative western blot of two independent experiments is shown. LE: long-exposure. 

 

4.2.2  Inhibition of proliferation and migration of a HNSCC cell line by 
scDb hu225x3-43-Fc 

To analyze whether downstream signaling inhibition translates into inhibition of proliferation 

and migration the HNSCC cell line FaDu was used. FaDu cells have an autocrine HRG-loop, 

which translates into basal activation of the MAPK- and PI3K-pathways driving cell proliferation 

(Wilson et al. 2011). This basal activity allows to analyze inhibitory effects of the scDb-Fc on 

receptor activation, downstream signaling, proliferation and migration under basal conditions 

and after addition of exogenous HRG. In a 2D proliferation assay with FaDu cells in low serum 

(0.2 % FCS) the addition of exogenous HRG stimulated proliferation (w/o stimulus: 100 % vs. 

+ HRG: 109 %) (Figure 8A). Without HRG-stimulation, the treatment with 50 nM of the parental 

antibodies (IgG hu225 or IgG 3-43) inhibited proliferation, whereas the combination of the latter 

and the scDb-Fc showed strongest inhibition (w/o antibody: 100 % vs. IgG hu225: 68.3 % vs. 

IgG 3-43: 82.0 % vs. IgG hu225 + IgG 3-43: 50.9 % vs. scDb hu225x3-43-Fc: 47.6 %). Under 
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HRG conditions no benefit of the dual EGFR and HER3 blockade was observed (w/o antibody: 

109 % vs. IgG hu225: 95.9 % vs. IgG 3-43: 82.3 % vs. IgG hu225 + IgG 3-43: 84.2 % vs. scDb 

hu225x3-43-Fc: 85.6 %). Titration of the combination of the parental antibodies and the scDb-

Fc revealed superior activity of the scDb-Fc at lower concentrations under unstimulated (IC50: 

10 pM vs 71 pM) and HRG-stimulated conditions (IC50: 48 pM vs 462 pM) (Figure 8B).  

To further analyze the underlying effects, western blot analysis was performed (Figure 8C). 

The FaDu cells were grown under the same conditions as described for the proliferation assays 

(0.2 % FCS, ± HRG). In the absence of HRG, phosphorylation of HER3 (Y1289) and Akt 

(T308/S473) was inhibited by IgG 3-43, the combination of IgG hu225 and IgG 3-43, and the 

scDb-Fc. Phosphorylation of Erk (T202/Y204) was inhibited by IgG hu225, the combination of 

IgG hu225 and IgG 3-43, or the scDb-Fc, but not by IgG 3-43. Of note, phosphorylation of EGFR 

(Y1068) was increased upon treatment with the scDb-Fc, however this did not translate into 

activation of the MAPK or PI3K pathways. HER3 signals were reduced upon treatment with IgG 

3-43, the combination of IgG hu225 and IgG 3-43 or the scDb-Fc, indicating internalization and 

degradation of the receptor. In the presence of HRG, phosphorylation of EGFR (Y1068), HER2 

(Y1221/1222), HER3 (Y1289), Akt (T308/S473) and Erk (T202/Y204) was observed. 

Furthermore, total HER3 and HER2 signals were reduced under HRG conditions. Of note, the 

dual inhibition of EGFR and HER3 mitigated the degradation of HER2. While IgG hu225 and the 

combination of the parental antibodies efficiently blocked the phosphorylation of EGFR 

(Y1068), the scDb-Fc did not. However, again this did not activate downstream signaling. 

Instead, Akt (T308/S473) and Erk (T202/Y204) phosphorylation were inhibited most potently 

by scDb-Fc, compared to other treatments.  
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Figure 8: Proliferation of FaDu cells upon HRG stimulation and treatment with 
scDb hu225x3-43-Fc.  A Analysis of 2D proliferation of FaDu cells after one week of incubation in low 
serum (0.2 % FCS). Cells were treated with 50 nM antibodies (IgG hu225, IgG 3-43, combination of IgG 
hu225 and IgG 3-43, or scDb hu225x3-43-Fc). After 1 h, indicated wells were stimulated with 30 ng/ml 
of HRG. On day 5 after treatment viability was analyzed using the CellTiterGlo 2.0 Kit (n=3, mean ± SD).  
Data was analyzed by one-way ANOVA and Tukey’s test for multiple comparison. P ≤ 0.05 (*), P ≤ 0.01 
(**), P ≤ 0.001 (***), P ≤ 0.0001 (****), n.s. (not significant). B Proliferation assay was performed 
according to A, but cells were treated with indicated concentrations of the combination of IgG hu225 
and IgG 3-43, or scDb hu225x3-43-Fc (n=3, mean ± SD). Data was analyzed by unpaired t-Test. P ≤ 0.05 
(*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****), n.s. (not significant). C Inhibition of receptor 
phosphorylation and downstream signaling analysis by western blot for FaDu cells grown and treated 
under the same conditions as described in A. Lysates were loaded and blotted together, dashed line 
indicates marker lane. 
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Migration is a prerequisite for invasion and therefore for metastasis (Kramer et al. 2013). To 

analyze the ability of the scDb-Fc to inhibit migration of FaDu cells a scratch-wound assay was 

performed (Figure 9). Despite the autocrine HRG-loop, the addition of exogenous HRG 

increased the motility (relative wound density at 24 h: w/o stimulus: 34.3 ± 3.5 % vs. + HRG: 

47.3 ± 1.5 %). No significant inhibition of migration was achieved by single blockade of EGFR 

or HER3 by the parental antibodies, IgG hu225 or IgG 3-43 (relative wound density at 24 h 

without stimulus: IgG hu225: 29.8 ± 6.6 %, IgG 3-43: 27.8 ± 1.7 %; + HRG: IgG hu225: 

41.1 ± 3.8 %, IgG 3-43: 45.3 ± 2.1 %). Of note, dual blockade of EGFR and HER3 with either 

the combination of IgG hu225 and IgG 3-43, or scDb-Fc significantly blocked cell migration in 

the absence or presence of HRG (relative wound density at 24 h without stimulus: 

IgG hu225 + IgG 3-43: 16.3 ± 4.6 %, scDb hu225x3-43-Fc: 15.5 ± 2.4 %; + HRG: 

IgG hu225 + IgG 3-43: 30.5 ± 2.6 %, scDb hu225x3-43-Fc: 30.0 ± 4.8 %). Taken together, 

scDb hu225x3-43-Fc efficiently inhibited proliferation and migration of FaDu cells. Compared 

to the combination of the parental antibodies, the scDb-Fc was more efficient in inhibition of 

cell proliferation. 

 

Figure 9: Migration of FaDu cells upon EGFR- and HER3-targeted antibody treatment. Scratch 
wound assay of FaDu cells in low serum (0.2 % FCS) in the absence or presence of HRG (30 ng/ml). 
Cells were treated with 50 nM antibodies (IgG hu225, IgG 3-43, combination of IgG hu225 and IgG 3-43, 
or scDb hu225x3-43-Fc). Migration into the scratched wound was observed and analyzed using the 
Incucyte® S3 live-cell analysis system (n=3, mean ± SD). Data were analyzed by two-way ANOVA. 
P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****), n.s. (not significant). 

 

4.2.3  Antitumor activity of scDb hu225x3-43-Fc in FaDu 3D and xenograft 
model 

Next, the activity of scDb hu225x3-43-Fc on the proliferation of FaDu cells embedded into a 

3D matrix was analyzed, recapitulating the conditions found in vivo more closely (Langhans 

2018) (Figure 10A). The effects of the antibodies were observed in the presence or absence 
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of HRG. Proliferation was strongly increased upon addition of HRG (w/o stimulus: 100 % vs. 

+ HRG: 170.1 %). Treatment with IgG hu225 resulted in strong inhibition of proliferation under 

both conditions (w/o stimulus: 39.7 % vs. + HRG: 101.1 %). Even stronger inhibitory effects 

were observed after scDb-Fc treatment (w/o stimulus: 31.8 % vs. + HRG: 88.9 %). The 

combination of IgG hu225 and IgG 3-43 (w/o stimulus: 49.5 % vs. + HRG: 137.2 %), as well as 

IgG 3-43 alone (w/o stimulus: 66.5 % vs. + HRG: 158.5 %) also led to a decreased proliferation, 

however, to a lesser extent.  

Further, the anti-tumor activity of scDb hu225x3-43-Fc in a subcutaneous FaDu xenograft 

model was analyzed. The scDb-Fc as well as the parental antibodies (300 µg per injection) 

were injected twice weekly for 3 subsequent weeks (Figure 10B). All four treatments (IgG 

hu225, IgG 3-43, IgG hu225 + IgG 3-43, or scDb hu225x3-43-Fc) induced almost complete 

tumor remission during the treatment phase. However, tumors of mice treated with IgG 3-43 

showed regrowth after the treatment was terminated, while tumors of mice treated with 

IgG hu225, IgG hu225 + IgG 3-43, or scDb hu225x3-43-Fc showed stable tumor volume until 

end of observation (day 90). Comparison of the serum concentration levels after the first and 

last treatment revealed a ~2– to 3-fold accumulation of the antibodies, whereby the 

accumulation of IgG hu225 was strongest (Figure 10D). Furthermore, analysis of 

pharmacokinetics after a single i.v. injection of scDb hu225x3-43-Fc into CD-1 mice revealed 

a comparable pharmacokinetic profile to IgG 3-43 (Figure 10C). For the scDb-Fc a terminal 

half-life of approximately 65 h was calculated, when detected with EGFR-His, and of 49 h, when 

detected with HER3-His (Table 7). The analyzed drug exposure was approximately 601 µg/ml*h 

when detected with EGFR-His, and 566 µg/ml*h, when detected with HER3-His. Half-life and 

drug exposure (AUC) of scDb hu225x3-43-Fc were similar to IgG 3-43 (Table 7, Figure 10C). 

In summary, the scDb-Fc combined the antitumor activities of the parental antibodies and 

demonstrated IgG-like pharmacokinetic properties. 
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Figure 10: Inhibition of proliferation of FaDu cells in 3D and tumor growth inhibition in a FaDu 
xenograft model:  A Analysis of proliferation in 3D of FaDu cells after 6 days of incubation in low serum 
(0.2 % FCS). Cells were treated with 50 nM antibodies (IgG hu225, IgG 3-43, combination of IgG hu225 
and IgG 3-43, or scDb hu225x3-43-Fc). After 1 h cells were stimulated with 30 ng/ml of HRG as 
indicated. On day 4 after treatment viability was analyzed using the CellTiterGlo 3D Kit (n=3, mean ± SD). 
Data was analyzed by one-way ANOVA and Tukey’s test for multiple comparison. P ≤ 0.05 (*), P ≤ 0.01 
(**), P ≤ 0.001 (***), P ≤ 0.0001 (****), n.s. (not significant). B Tumor growth of FaDu cancer cells in a 
subcutaneous xenograft model in SCID mice. Mice were treated when mean tumor volume of ~100 mm3 
was reached. 300 µg of antibodies (IgG hu225, IgG 3-43, combination of IgG hu225 and IgG 3-43, or 
scDb hu225x3-43-Fc) in 100 µl PBS were applied i.v. twice weekly, for 3 subsequent weeks. C 
Pharmacokinetic profiles of IgG 3-43 and scDb hu225x3-43-Fc (25 µg; i.v.) were analyzed in female CD1 
mice (n=3). Serum protein levels were analyzed by ELISA, using EGFR- and HER3-His. D Serum protein 
concentration after the first and last treatment of the FaDu xenograft described in B was analyzed by 
ELISA using EGFR- and HER3-His. The animal experiment and analysis were conducted by Oliver 
Seifert. 
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Table 7: Analysis of initial (t½α) and terminal (t½β) half-lives, as well as drug exposure (area under 
the curve; AUC) of scDb hu225x3-43-Fc and IgG 3-43 (n=3; mean ± SD; n.d.: not determined).  
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4.3  scDb hu225x3-43-Fc supresses TNBC proliferation and 
oncosphere formation in vitro and in vivo 

Despite high EGFR abundance in tumors of TNBC patients, EGFR-targeted therapies showed 

only modest to no clinical benefit (Carey et al. 2012; Baselga et al. 2013; Finn et al. 2009). 

Additionally, tumors that initially respond to EGFR blockade show development of resistances, 

inter alia, by upregulation of HER3 expression or its ligand HRG (Tao et al. 2014; Wheeler et al. 

2008). HRG expression in the mammary gland induces formation of adenocarcinomas in 

transgenic mice and is sufficient for metastatic spreading of breast cancer cell lines (Atlas et 

al. 2003; Krane and Leder 1996). Further, comparison between paired samples of TNBC 

patients treated with Cetuximab or Panitumumab revealed increased HER3 abundance post-

treatment (Tao et al. 2014). To analyze, whether the scDb hu225x3-43-Fc could be a suitable 

option for the treatment of TNBC tumors, in this thesis, the effects on the proliferation and 

colony formation of 2 TNBC cancer cell lines expressing high EGFR levels (MDA-MB-468 and 

HCC1806) were tested (Figure 6). HRG was also described to promote sphere formation in 

serum-free suspension culture of breast cancer cell lines, a characteristic associated with stem 

cell-like and tumor-initiating properties (Shaw et al. 2012). Therefore, primary and secondary 

sphere formation assays were performed with MDA-MB-468 and HCC1806 cells and 

expression of the stem-cell marker ALDH was determined (Hu and Smyth 2009). In the last 

step tumor growth inhibition of scDb hu225x3-43-Fc in an orthotopic TNBC xenograft model 

were analyzed. 

 

4.3.1  Inhibition of TNBC cell proliferation  

Proliferation of the two TNBC cell lines MDA-MB-468 and HCC1806, upon dual inhibition of 

EGFR and HER3 was analyzed in low serum (0.2 %) in the presence or absence of HRG (Figure 

11A, C). In the absence of HRG, the strongest inhibitory effects were observed for the inhibition 

of EGFR by IgG hu225 in MDA-MB-468 cells (Figure 11). Additional blockage of HER3 did not 

led to stronger inhibition of the proliferation. Stimulation with HRG increased the proliferation 

of MDA-MB-468 cells (w/o stimulus: 100 % vs. + HRG: 132 %) (Figure 11A). Under HRG 

conditions, dual blockade of EGFR and HER3 showed significantly stronger inhibition of 

proliferation compared to the parental antibodies alone (IgG hu225: 94 % vs. IgG 3-43: 108 % 

vs. IgG hu225 + IgG 3-43: 68 % vs. scDb hu225x3-43-Fc: 71.1 %). In HCC1806 cells none of 

the treatments showed inhibitory effects on proliferation (Figure 11C). However, in colony 

formation assays, single treatment with IgG hu225, combinatorial treatment with the parental 
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antibodies and bispecific treatment showed comparable inhibition of proliferation (Figure 11B, 

D).  

 

Figure 11: Analysis of inhibition of proliferation upon EGFRxHER3 dual targeting in two TNBC cell 
lines:  A, C Analysis of 2D proliferation of MDA-MB-468 (A) and HCC1806 (C) cells after one week of 
incubation in low serum (0.2 % FCS). Cells were treated with 50 nM antibodies (IgG hu225, IgG 3-43, 
combination of IgG hu225 and IgG 3-43, or scDb hu225x3-43-Fc). After 1 h cells were stimulated with 
30 ng/ml of HRG as indicated. On day 5 after treatment viability was analyzed using the CellTiterGlo 2.0 
Kit (n=3, mean ± SD). Data was analyzed by one-way ANOVA and Tukey’s test for multiple comparison. 
P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****), n.s. (not significant). B, D For colony formation, 
MDA-MB-468 (B) and HCC1806 (D) cells were seeded at low density (5000 cells / 12-well) in 2 % FCS 
containing RPMI. After 24 h cells were treated with 50 nM antibodies (IgG hu225, IgG 3-43, combination 
of IgG hu225 and IgG 3-43, or scDb hu225x3-43-Fc). After fixation with paraformaldehyde (PFA, 4 %) 
and staining with crystal violet, pictures were taken using the Licor Odyssey®. Occupied area by formed 
colonies was analyzed using ImageJ (plugin: ColonyArea) (MDA-MB-468: n=3, mean ± SD; HCC1806: 
n=2, mean ± SD). Data was analyzed by one-way ANOVA and Tukey’s test for multiple comparison. P ≤ 
0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****), n.s. (not significant). 
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4.3.2  Reduced number of TNBC cells with stem-cell like properties after 
treatment with scDb-Fc 

Formation of spheres in serum-free suspension culture is characteristic for stem-cell like cells 

and cells with tumor-initiating properties (Shaw et al. 2012). HRG can drive the formation of 

breast cancer cell oncospheres (Hinohara et al. 2012; Sachs et al. 2018; Lee et al. 2014). 

Therefore, the effects of dual targeted inhibition of EGFR and HER3 with the scDb-Fc on stem 

cell survival and expansion were analyzed (Figure 12). The sphere formation efficiency of 

MDA-MB-468 cells in serum-free medium supplemented with HRG was significantly reduced 

by IgG hu225 and strongest inhibition was observed for scDb hu225x3-43-Fc (2.9 ± 0.5 vs. 

5.7 ± 1.5 and 11.5 ± 0.8 for IgG hu225 and IgG 3-43, respectively; w/o antibody control: 

16.8 ± 6) (Figure 12A). Furthermore, modest reduction of sphere area by all three treatments, 

IgG hu225, IgG 3-43, or scDb-Fc was observed (0.0043 mm² vs. 0.0042 mm² vs. 0.0034 mm²; 

w/o antibody control: 0.0049 mm²). Significant inhibitory effects of scDb hu225x3-43-Fc on 

sphere formation was also observed in HCC1806 cells, again with modest reduction of sphere 

area (Figure 12C). To confirm the reduction of cells with stem-cell like properties the number 

of ALDHhigh cells was analyzed by ALDEFLUOR assay (Figure 12B, D). Interestingly, in both cell 

lines (MDA-MB-468 and HCC1806) the scDb-Fc reduced the ALDHhigh population by almost 

50 %. Additionally, the stem cell frequency after treatment with scDb-Fc was determined by 

extreme limited dilution assay (ELDA). TNBC cancer cells were cultured as primary 

oncospheres, treated with scDb-Fc for 5 days. Developed spheres where collected, 

singularized and reseeded into the ELDA assay (1, 10, or 100 cells per well) and cultivated for 

another 10 days (Figure 12E). Notably, the scDb-Fc significantly reduced the stem cell 

frequency in MDA-MB-468 and HCC1806 cells by 54 % and 74 %, respectively (Figure 12F).  
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Figure 12: Effects of dual targeting of EGFR and HER3 on TNBC stem cells.  
A, C MDA-MB-468 (A), or HCC1806 (C) cells were seeded in pHEMA coated plates and immediately 
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treated with antibodies (50 nM of IgG hu225, IgG 3-43, combination of both or scDb hu225x3-43-Fc). 
After 5 days sphere forming efficiency (SFE; spheres formed per 1000 seeded cells) and sphere area 
were determined from microscope images with ImageJ (n=3, mean ± SD). Data was analyzed by one-
way ANOVA. B, D The number of ALDHhigh cells after treatment with scDb hu225x3-43-Fc was analyzed 
using the ALDEFLUOR Kit. The number of ALDHhigh cells was normalized to the untreated control (n=3, 
mean ± SD). Data was analyzed by unpaired t-Test. E Schematic illustration of extreme limiting dilution 
analysis (ELDA). F For ELDA assay, cells were seeded into 20 wells per dilution step and the number of 
wells with spheres were counted manually under the microscope (n=3, mean ± SD). Data was analyzed 
by unpaired t-Test. P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****), n.s. (not significant). 
Experiments and data analysis were conducted by Sebastian Lieb. 
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4.3.3 Inhibition of tumor growth and stem cell expansion in vivo 

Finally, the anti-tumor activity of scDb-Fc in comparison to its parental antibodies in an 

orthotopic xenograft model using MDA-MB-468 cells was analyzed. Cells were inoculated into 

the mammary fat pad, thereby better recapitulating the location of the disease. Delay of tumor 

growth compared to the PBS control was achieved by the treatment with IgG hu225, IgG 3-43 

and the combination of both antibodies. However, only the scDb-Fc treatment stopped tumor 

growth, with effects persisting until the end of observation (day 82) (Figure 13A, B). After mice 

were sacrificed, tumors were removed, dissociated, and the percentage of ALDHhigh cells as 

well as sphere formation was analyzed (Figure 13C, D). IgG 3-43 and scDb-Fc treated tumors 

contained the lowest number of ALDHhigh cells compared to PBS control (Figure 13C). 

Reduction of sphere forming efficiency was achieved by all treatments, yielding the lowest SFE 

for the cells derived from scDb-Fc-treated tumors (SFE of PBS: 13.5 ± 10.7, IgG hu225: 

6.63 ± 2.3, IgG 3-43: 7.5 ± 3.7, IgG hu225 + IgG 3-43: 6.1 ± 1.5, scDb hu225x3-43-Fc: 

3.5 ± 0.6). Of note, none of the antibody treatments led to changes in sphere size, indicating, 

in accordance with the in vitro results, that the number of cells with stem-cell like properties 

was reduced by the antibodies in vivo (Figure 12). In summary, the scDb-Fc not only reduced 

the proliferation of TNBC cell lines, but also reduced the number of oncospheres formed, the 

number of ALDHhigh cells and the stem cell frequency in vitro and in vivo.  
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Figure 13: EGFRxHER3 dual targeting is superior to single treatment in vivo.  A MDA-MB-468 cells 
were inoculated orthotopically into the mammary fat pad of SCID-beige mice. After tumors reached a 
mean tumor volume of 100 mm³ mice were treated with antibodies intravenously (IgG hu225, IgG 3-43, 
combination of both or scDb hu225x3-43-Fc). B Mean tumor volume before mice were sacrificed. Data 
presented as mean ± SD. Statistical comparison by one-way ANOVA. P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 
0.001 (***), P ≤ 0.0001 (****), n.s. (not significant). C ALDEFLUOR assay. ALDH activity of tumor cells 
was analyzed by flow cytometry. D Oncosphere formation assay. Dissociated tumor cells were seeded 
into pHEMA coated plates. SFE was analyzed by manual counting under the microscope. Sphere areas 
were analyzed using ImageJ. Experiments and analyses were conducted in cooperation with Sebastian 
Lieb. 
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4.4  Combination of scDb hu225x3-43-Fc with Trastuzumab 
shows consistent inhibition of proliferation in CRC cell lines 
and patient derived organoids 

Cetuximab was described to be ineffective in 40-70 % of patients with wildtype KRAS (Pauw et 

al. 2019; Leto and Trusolino 2014). HER2 amplification or transcriptional upregulation as well 

as expression of heregulin/neuregulin1 (HRG) or its receptor HER3, are primary or acquired 

resistance mechanisms occurring upon Cetuximab treatment (Oliveras-Ferraros et al. 2012; 

Leto and Trusolino 2014; Leto et al. 2015; Stahler et al. 2017; Kruser and Wheeler 2010; Zhang 

et al. 2020). About 20 % of primary rectal cancer express HER2 and in ~10 % of patients with 

liver metastasis overexpression of HER2 was observed (Conradi et al. 2013; Styczen et al. 

2015). High HER3 expression was reported in 70-80 % of primary CRC and corresponding 

metastases in liver and lymph nodes (Conradi et al. 2019; Lédel et al. 2015; Lédel et al. 2014). 

Based on these findings, the additional combination of scDb hu225x3-43-Fc with a HER2-

targeting antibody, here Trastuzumab, could be beneficial. Therefore, the effects of this triple 

targeted approach on the proliferation, downstream signaling and oncosphere formation of 

CRC cell lines was analyzed. Further anti-proliferative effects on PDOs, embedded in a 3D 

matrix, which resemble the conditions found in vivo more closely compared to 2D cell culture 

were analyzed. 

 

4.4.1 Inhibitory effects of scDb-Fc on proliferation benefit from 
combination with Trastuzumab 

Binding of IgG hu225, Trastuzumab, IgG 3-43 and scDb hu225x3-43-Fc to DiFi and LIM1215 

cells was demonstrated by flow cytometry analysis (see 4.2.1, Figure 6). DiFi cells have high 

expression levels of EGFR (708,730 surface expressed receptors (SER)), intermediate HER2 

(12,109 SER) and HER3 (5,594 SER) expression. LIM1215 have comparable expression levels 

of all three receptors (EGFR: 25,140 SER; HER2: 15,102 SER; HER3: 10,822 SER) (Figure 6B).  

Expression of HER3 or its ligand HRG is described as initial and acquired resistance 

mechanisms in CRC patients treated with Cetuximab (Yonesaka et al. 2011; Bon et al. 2016). 

Hence, the inhibitory effects on the proliferation of DiFi and LIM1215 cells by the scDb-Fc was 

analyzed in presence or absence of exogenous HRG. In the absence of HRG, the inhibitory 

effects of scDb Fc were comparable to those of IgG hu225 and the combination of IgG hu225 

with IgG 3-43 in 2D and 3D, respectively (Figure 14A-D). ScDb-Fc inhibited proliferation in 2D 

by approximately 75 % in DiFi cells and 50 % in LIM1215 cells, respectively. In 3D, maximum 

inhibition was approximately 70 % in DiFi cells and 50 % in LIM1215 cells (Figure 14A-D). In 
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the presence of HRG, the scDb-Fc inhibited the proliferation of DiFi cells in 2D and 3D most 

potently compared to the combination of IgG hu225 and IgG 3-43, or the parental antibodies 

alone (2D: 63.2 % vs. 82.3 % vs. 117.9 % vs. 147.8 %; w/o antibody control: 168.9 %; 3D: 

45.1 % vs. 77.5 % vs. 124.6 % vs. 77.4 %; w/o antibody control: 157.8 %). Interestingly, in the 

presence of HRG no inhibition of proliferation of LIM1215 cells by any treatment was observed 

in 2D or 3D (Figure 14B, D).  

A high degree of plasticity in the HER-family allows for compensatory signaling, causing 

resistance upon partial targeting of the family members (Jacobsen et al. 2015; Kennedy et al. 

2019). Therefore, the EGFR- and HER3-targeting approaches were combined with additional 

HER2-targeting by Trastuzumab in 2D in the presence of HRG. Trastuzumab alone had no 

effect on the proliferation of DiFi and LIM1215 cells (Figure 14E, F). Furthermore, the strong 

inhibitory effects on proliferation, achieved by targeting EGFR and HER3, were not enhanced 

by Trastuzumab in DiFi cells. However, combination of scDb-Fc and Trastuzumab, but not 

combination of the three parental antibodies, showed significant inhibition of proliferation of 

LIM1215 cells (84.3 % vs. 113.8 %; w/o antibody control: 127.8 %) (Figure 14F). In summary, 

the scDb-Fc, especially in combination with Trastuzumab, showed strong inhibition of 

proliferation of two CRC cell lines in the presence or absence of exogenous HRG. 
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Figure 14: Inhibition of proliferation in 2D and 3D after EGFR, HER2 and/or HER3 targeted antibody 
treatment of colorectal cancer cell lines:  A, B Inhibition of proliferation of DiFi and LIM1215 cells after 
one week of incubation in low serum (0.2 % FCS) in 2D. Cells were treated with 50 nM antibodies (IgG 
hu225, IgG 3 43, combination of both or scDb hu225x3 43-Fc). Analysis of viable cells was performed 
using the CellTiterGlo 2.0 Kit (n=3, mean ± SD). Data was analyzed by one-way ANOVA and Tukey’s 
test for multiple comparison. P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****), n.s. (not 
significant). C, D Inhibition of proliferation of DiFi and LIM1215 cells in 3D. Cells were cultured and 
treated as described in A, B. Analysis of viable cells was performed using the CellTiterGlo 3D Kit (n=3, 
mean ± SD). Data was analyzed by one-way ANOVA and Tukey’s test for multiple comparison. P ≤ 0.05 
(*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****), n.s. (not significant). E, F Inhibition of proliferation of 
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DiFi and LIM1215 cells in 2D. Cells were cultured as in A, B, but treated with 50 nM EGFR, HER2 and 
HER3 specific antibodies (IgG hu225, Trastuzumab, IgG 3 43, scDb hu225x3 43-Fc, or combination of 
two or three antibodies). Analysis of viable cells was performed using the CellTiterGlo 2.0 Kit (n=3, 
mean ± SD). Data was analyzed by one-way ANOVA and Tukey’s test for multiple comparison. P ≤ 0.05 
(*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****), n.s. (not significant). 

4.4.2 Analysis of receptor phosphorylation and downstream signaling over 
time in LIM1215 cells 

Homo- and heterodimerization of the HER-family members upon ligand binding leads to 

activation of the MAPK and PI3K pathway (Roskoski 2014). To analyze the effects of the 

different antibody treatments on these two pathways, western blot analyses were performed. 

Prior to stimulation with HRG, serum-starved LIM1215 cells were incubated with antibodies, 

IgG hu225, Trastuzumab, IgG 3-43, scDb hu225x3-43-Fc or combination of two, or three 

antibodies, respectively.  

Even without stimulation basal phosphorylation of EGFR (Y1068) was observed, which was not 

significantly affected by any of the treatments (Figure 15A). Of note, in the absence of HRG the 

treatment with Trastuzumab alone, but also in combination with EGFR- and/or HER3-targeting 

antibodies, resulted in increased phosphorylation of HER2, but this did not translate into 

activation of downstream pathways (Figure 15A). No basal phosphorylation of HER3 (Y1289), 

ERK (T202/Y204) or AKT (T308) was observed. While total protein levels were largely 

unchanged by the antibody treatments, HER3 protein levels were lower when IgG 3-43 or 

scDb-Fc was included in the treatment, independently of the stimulation with HRG. After 15 min 

of HRG stimulation phosphorylation of EGFR (Y1068), HER2 (Y1221/1222) and HER3 (Y1289) 

was observed, which resulted in strong downstream phosphorylation of ERK (T202/Y204) and 

Akt (T308) (Figure 15B). In contrast to IgG hu225 and Trastuzumab, IgG 3-43 alone caused 

maximum inhibition of phosphorylation of EGFR (Y1068), HER2 (Y1221/1222) and HER3 

(Y1289). Combinatorial treatment with scDb-Fc and Trastuzumab showed strongest inhibition 

of phosphorylation of ERK (T202/Y204) and AKT (T308). However, compared to triple 

treatment with the combination of IgG hu225, Trastuzumab and IgG 3-43, no significant 

difference was observed.  
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Figure 15: Western blot analysis of receptor phosphorylation and downstream signaling in 
LIM1215 cells:  A, B LIM1215 cells were starved overnight before treatment with antibodies (IgG hu225, 
Trastuzumab, IgG 3-43, scDb hu225x3 43-Fc, or combination of two or three antibodies) for 1 h. After 
incubation with the antibodies, cells were left unstimulated (A) or were stimulated with 50 ng/ml HRG 
(B). Subsequently, cell lysates were analyzed by western blot. Data shown as mean intensity of signals 
normalized to α-Tubulin (n=3, mean ± SD). 
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Because the above-described analysis only allowed for observation of short-term effects, triple 

targeted treatments (IgG hu225 + Trastuzumab + IgG 3-43 and scDb hu225x3-43-Fc + 

Trastuzumab) were compared in a kinetic downstream signaling assay and analyzed by 

western blot. The experiment was performed as described above with LIM1215 cells, but 

lysates were prepared 1 h, 6 h and 24 h after stimulation with HRG (Figure 16). In the absence 

of HRG only slight phosphorylation of HER2 (Y1221/1222) was observed for both triple 

treatments. In the untreated control, after 1 h of stimulation with HRG, strong phosphorylation 

of HER2 (Y1221/1222), HER3 (Y1289), ERK (T202/Y204) and AKT (T308) was observed. 6 h 

after ligand stimulation signals of phosphorylated HER2, HER3 and ERK were declining, while 

reduction of pAKT signals was only observed after 24 h. Of note, both triple-targeted 

treatments inhibited the phosphorylation of all analyzed proteins over the entire time course, 

compared to the untreated control. This demonstrates the strong and sustainable inhibitory 

effects of triple targeted treatments against EGFR, HER2 and HER3 with respect to receptor 

phosphorylation and downstream signaling in LIM1215 cells. 
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Figure 16: Western blot analysis of receptor phosphorylation and downstream signaling kinetics 
in LIM1215 cells.  LIM1215 cells were starved overnight before treatment with antibodies (combination 
of scDb hu225x3-43-Fc and Trastuzumab or a combination of IgG hu225, Trastuzumab and IgG 3-43) 
for 1 h. After incubation with the antibodies for 1 h, cells were stimulated with 50 ng/ml HRG. Cell lysates 
were prepared after 1 h, 6 h and 24 h, incubation and analyzed by western blot. Data shown as mean 
intensity of signals normalized to α-Tubulin (n=3). 

 

4.4.3  Combination of scDb-Fc and Trastuzumab blocks sphere formation 
of CRC cell lines 

As described above, cells with stem-cell like characteristics have the ability to form spheres in 

serum-free suspension culture and they initiate tumor growth in vivo (Shaw et al. 2012). HRG 
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was reported to drive the stemness and growth of spheroids originating from colorectal cancer 

tissues (Piulats et al. 2018). Hence, the effects of the triple-targeted treatment with scDb-Fc 

and Trastuzumab on sphere formation of DiFi and LIM1215 cells were investigated (Figure 17). 

Sphere formation efficiency (SFE) of DiFi cells grown in serum-free HRG-supplemented 

medium was significantly reduced by scDb-Fc (SFE: 3.9 ± 1.6) and scDb-Fc + Trastuzumab 

(SFE: 1.4 ± 1.2), compared to the untreated control (SFE: 16.8 ± 3.7) (Figure 17A). 

Furthermore, combination of IgG hu225, Trastuzumab and IgG 3-43 (SFE: 4.8 ± 3.7) showed 

strong inhibition of SFE compared to untreated control, while single antibody treatments 

(SFE: IgG hu225: 13.0 ± 4.5; Trastuzumab: 17.4 ± 3.1; IgG 3-43: 17.2 ± 6.7) did not inhibit 

SFE. Dual inhibition of EGFR and HER2 (SFE: 8.2 ± 3.9), as well as EGFR and HER3 

(SFE: 9.0 ± 3.5) showed comparable inhibitory effects. On the contrary, targeting of HER2 and 

HER3 (SFE: 22.4 ± 7.0) showed no inhibition of SFE (Figure 17A). Of note, analysis of the mean 

area of the counted spheres revealed strong inhibition by IgG hu225, IgG hu225 in combination 

with Trastuzumab or IgG 3-43, scDb-Fc, scDb-Fc + Trastuzumab and combination of 

IgG hu225, Trastuzumab and IgG 3-43, respectively, indicating the inhibition of proliferative 

capacity of sphere forming cells (Figure 17B). In LIM1215 cells, sphere formation was 

significantly inhibited by the combination of scDb-Fc and Trastuzumab, leading to an almost 

complete inhibition of sphere formation (SFE: 1.7 ± 0.7 vs. untreated control: 28.0 ± 14.3) 

(Figure 17D). Triple treatment with the parental antibodies also showed strong inhibitory effects 

(SFE: 6.6 ± 3.1), albeit to a lesser extent than scDb-Fc + Trastuzumab. Of note, the mean area 

of LIM1215 spheres was not significantly affected by any of the treatments (Figure 17B, E). 

Furthermore, comparison of the surface expression of EGFR, HER2 and HER3, for cells grown 

in 2D under basal cell culture conditions, or in 3D in serum-free HRG-supplemented medium 

was conducted (Figure 17C, F). For both cell lines, significantly higher surface expression of 

EGFR in 3D, compared to 2D culture was observed (DiFi 2D vs. 3D: 708,730 vs. >723,000; 

LIM1215 2D vs. 3D: 25,140 vs. 43,200), suggesting that cells with the ability to form spheres 

either have the ability to increase the expression of EGFR or the spheres originate from a 

subpopulation with high expression of EGFR. However, as described above blockade of EGFR 

with IgG hu225 was not sufficient to inhibit SFE. Further, HER2 surface expression was 

decreased in spheres (DiFi 2D vs. 3D: 12,109 vs. 6,709; LIM1215 2D vs. 3D: 15,102 vs. 10,019), 

while HER3 levels did not change (DiFi 2D vs. 3D: 5,808 vs. 5,594; LIM1215 2D vs. 3D: 10,822 

vs. 11,026) (Figure 17C, F). In summary, the data obtained from the sphere formation assays 

underlines that EGFR blockade in combination with inhibition of HER3 and HER2 is superior to 

single treatment. Furthermore, the HER-family expression profile of the spheres indicates that 
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a triple targeted combination treatment could prevent rescue mechanisms by incomplete 

blockade of the HER-family members. 

 

Figure 17: Sphere formation efficiency was strongly reduced upon triple targeting of EGFR, HER2 
and HER3. A, B, D, E DiFi (A, B) and LIM1215 (D, E) cells were grown in pHEMA coated plates for 5 
days. Antibodies (50 nM of IgG hu225, Trastuzumab, IgG 3-43, scDb hu225x3 43-Fc, or combination of 
two or three antibodies) were added immediately after seeding. Sphere forming efficiency (SFE; spheres 
formed per 1000 seeded cells) and sphere area (see Suppl. Fig 5) were determined from microscope 
images with ImageJ (n=3, mean ± SD). Data was analyzed by one-way ANOVA and Tukey’s test for 
multiple comparison. P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****), n.s. (not significant). C, 
F DiFi (C) and LIM1215 (F) cells were grown in 2D in T75 flasks in RPMI + 10 % FCS. For 3D cells were 
grown in pHEMA coated 10 cm dishes for 5 days. Cells were stained with primary antibodies (mouse) 
targeting EGFR, HER2, or HER3. Quantitative analysis was performed using the QIFIKIT (n=3, 
mean ± SD). Data was analyzed by one-way ANOVA and Tukey’s test for multiple comparison. P ≤ 0.05 
(*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****), n.s. (not significant). Dotted lines indicate upper and 
lower detection limit. 

Additionally, the influence of the triple-targeted treatments on the stem cell frequency in an 

extreme limiting dilution assay (ELDA) was analyzed (Table 8). Primary oncospheres of DiFi 

and LIM1215 cells were treated for 5 days either with scDb-Fc + Trastuzumab, or the 

combination of IgG hu225, Trastuzumab and IgG 3-43. Then, the spheres were collected, 

singularized and re-seeded into the ELDA (1, 10, or 100 cells per well). After 9 days, wells 

containing spheres were counted and the stem cell frequency was estimated as described by 

Hu and Smyth (Hu and Smyth 2009). Of note, while no difference was observed between both 

treatments in LIM1215 cells, the combination of scDb-Fc and Trastuzumab significantly 
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reduced the stem cell frequency in DiFi cells, compared to combination of IgG hu225, 

Trastuzumab and IgG 3-43 (2.33 ± 0.58 vs. 10.0 ± 2.0; w/o antibody control: 13 ± 5.29) when 

10 cells per well were seeded.  

 

Table 8: ELDA assay. Cells from colonosphere assays were seeded into 20 wells per dilution step and 
the number of wells with spheres was counted manually under the microscope. Data represent relative 
estimated cell number (n=3, mean ± SD). Data was analyzed by one-way ANOVA and Tukey’s test for 
multiple comparison. P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****), n.s. (not significant). 

 

CD133 is a pentaspan transmembrane glycoprotein that has been suggested to mark cancer 

stem cells in various tumor types (Glumac and LeBeau 2018). CD133 positive colon cancer 

cells were described to be able to initiate tumor formation, when transplanted subcutaneously, 

or into renal capsule of immunodeficient mice (O'Brien et al. 2007; Ricci-Vitiani et al. 2007). 

Furthermore, CD133 expression predicts poor survival in colorectal cancer patients (Horst et 

al. 2009). To confirm the reduction of cancer cells with stem-cell like properties the surface 

expression of CD133 of cells grown in 3D in serum-free HRG-supplemented medium was 

compared to cells grown in 2D under basal cell culture conditions (Figure 18A). DiFi spheres 

expressed significantly higher amounts of CD133 on their cell surface, compared to cells grown 

under basal 2D culture conditions (2D: 5429 vs. 3D: 13485). Surface CD133 expression of 

LIM1215 spheres was below the detection limit when analyzed by flow cytometry. However, 

more sensitive analyses by qRT-PCR revealed an approximately 2-fold increase of CD133 

mRNA expression in 3D, compared to basal 2D conditions (Figure 18B). The increased 

expression of CD133 indicated enrichment of stem-cell like cells during sphere formation. 

Taken together, the combination of scDb-Fc and Trastuzumab potently inhibited SFE and 

showed a benefit over the combination of IgG hu225, Trastuzumab and IgG 3-43 in ELDA 

assays.  
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Figure 18: Expression of the cancer stem cell marker CD133 in DiFi and LIM1215 cells. A DiFi and 
LIM1215 cells were grown in 2D in T75 flasks in RPMI + 10 % FCS. For 3D cells were grown in pHEMA 
coated 10 cm dishes for 5 days. Cells were stained with primary antibodies (mouse) targeting CD133. 
Quantitative analysis was performed using the QIFIKIT (n=3, mean ± SD). Data were analyzed by t-Test. 
P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****), n.s. (not significant). Dotted line indicates 
lower detection limit (2000 molecules per cell). B Stem cell marker CD133 analysis via qRT-PCR. Cells 
were cultured as described in A (n=3, mean ± SD).  

 

4.4.4  Primary CRC organoids as model for drug testing 

Patient derived organoids (PDO) are bridging the gap between the easy to handle cell lines 

and complex patient-derived xenografts (PDX) (Drost and Clevers 2018). PDOs are derived 

from primary cancer tissue and grown ex-vivo in 3D culture. CRC PDOs were reported to have 

well conserved cellular and biological pathways, compared to the primary tissue and are well 

suited for predicting response to targeted treatments in patients (Vlachogiannis et al. 2018; 

Schütte et al. 2017). Here, four PDO cultures established from CRC tumors expressing wild-

type K-Ras, as based on genomic exon sequencing (for details see 2.12), were analyzed on 

proliferation upon HER-family targeted antibody treatment or treatment with a small molecule 

tyrosine kinase inhibitor. 

Organoids are cultivated in a defined, serum-free medium that typically contains the growth 

factors EGF and/or bFGF (Schütte et al. 2017). First it was investigated whether the substitution 

of EGF and bFGF by HRG can maintain the properties of the PDOs in relation to morphology, 

growth rate and whole-genome gene expression. These properties were analyzed exemplarily 

for one PDO (PDO1), where no changes in morphology or growth rate (fold change of area per 

hour) were observed (EGF: 0.023 1/h vs. HRG: 0.024 1/h) (Figure 19A, B). For the whole-

genome gene expression analysis a fold change >2 and Bonferroni-adjusted p-value <0.05 was 

set (Figure 19C). In total, reduced gene expression was observed only for two genes, DKK4 

(dickkopf WNT signaling pathway inhibitor 4) and SLC14A1 (solute carrier family 14 member 
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1). Further analysis of the data using the false discovery rate (FDR) method of Benjamini and 

Hochberg leaves no significant difference in expression for any gene (Benjamini and Hochberg 

1995). This provides strong evidence that HRG can substitute for EGF/bFGF, maintaining the 

characteristics of the primary organoid culture.  

 

Figure 19: HRG sustains PDO growth in 3D culture.  A Microscopy images of PDO1 organoids grown 
under standard conditions (EGF/bFGF) or HRG conditions. B Growth of PDO1 under EGF or HRG 
conditions was analyzed using the multispheroid analysis mode of the Incucyte S3. The occupied area 
at 0 h of the organoids was set as 1. Data represent mean of fold change of total area per image 
(EGF/bFGF n=1; HRG n=3). Simple linear regression was performed using GraphPad Prism 7 for 
comparison of growth rate. C Volcano plot of changes in the whole-genome gene expression profiles of 
PDO1 cells grown in EGF/bFGF or HRG supplemented medium. Two significantly differentially 
expressed mRNAs with fold change >2 and Bonferroni-adjusted p-value <0.05 were detected. Labeled 
dots indicate the two down-regulated genes (SLC14A1 and DKK4). Whole-genome gene expression 
profiling was conducted by Nicole Janssen.  

In a next step, the proliferation of four KRAS-wt CRC PDOs was analyzed, which were grown 

in HRG-supplemented medium and treated with antibodies targeting EGFR, HER2 and/or 

HER3. As a control the EGFR, HER2 and HER4 inhibiting small molecule Afatinib was added 

(Figure 20). Treatment with IgG hu225 had no or only little effect in all four PDOs (PDO1: 

89.3 ± 13.5 %, PDO2: 101.1 ± 10.2 %, PDO3: 90.7 ± 8.1 %, PDO4: 103.1 ± 8.9 %, w/o antibody 

control: 100 %). In all four PDOs, the dual targeting of EGFR and HER3 led to stronger inhibition 

of proliferation, compared to IgG hu225 alone. For PDO1 and PDO3 a stronger inhibition of 

proliferation was observed for the scDb-Fc, compared to IgG hu225 + IgG 3-43 (PDO1: 

64.8 ± 11.9 % vs. 79.3 ± 12.6 %; PDO3: 33.7 ± 12.6 % vs. 56.0 ± 15.7 %). Both triple-targeted 

treatments showed potent inhibition in all four PDOs, with tendency to stronger inhibition for 

scDb-Fc + Trastuzumab, compared to combination of IgG hu225, Trastuzumab and IgG 3-43 

(PDO1: 41.7 ± 4.0 % vs. 46.6 ± 7.6 %; PDO2: 32.4 ± 3.0 % vs. 39.0 ± 4.8 %; PDO3: 

12.2 ± 5.2 % vs. 19.0 ± 7.2 %; PDO4: 50.9 ± 24.5 % vs. 65.0 ± 18.4 %). Of note, afatinib 

treatment showed strong inhibitory effects on the proliferation of PDO1 and PDO3, while no or 

only minor inhibition was observed for PDO2 and PDO4 (PDO1: 19.5 ± 16.9 %, PDO2: 
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83.6 ± 27.8 %, PDO3: 7.8 ± 1.4 %, PDO4: 91.0 ± 6.4 %). Taken together, triple-targeted 

treatment with antibodies showed strong and consistent inhibition of proliferation in all four 

PDOs. 

 

Figure 20: Growth analysis of CRC organoids treated with EGFR-, HER2- and HER3-targeting 
antibodies:  Inhibition of proliferation of four CRC organoids (PDO1 - PDO4) after 3 days of incubation. 
Cells were treated with 50 nM antibodies (IgG hu225, Trastuzumab, IgG 3-43, scDb hu225x3-43-Fc, or 
combination of two or three antibodies) or 500 nM Afatinib. Cell viability was analyzed by luminescence 
measurement with CellTiter-Glo® 3D (n=3, mean ± SD). Data was analyzed by one-way ANOVA and 
Tukey’s test for multiple comparison. P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***), P ≤ 0.0001 (****), n.s. 
(not significant). 
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5  Discussion 

Bispecific antibodies have become more relevant in the last decade, which reflects in the total 

number of antibody therapeutics entering clinical study per year. In 2010 bispecific antibodies 

comprised less than 10 % and in 2018 the number had risen to 25 % (Reichert 2020). In this 

study, a bispecific and tetravalent scDb-Fc targeting EGFR and HER3 was developed. Binding 

properties and affinity were similar to the parental antibodies IgG hu225 and IgG 3-43. 

Additionally, pharmacokinetic analysis revealed IgG-like half-life and drug exposure. In several 

HER-family expressing cancer cell lines, the scDb-Fc demonstrated inhibition of receptor 

activation and downstream signaling, which was associated with the inhibition of proliferation 

and migration. Furthermore, the scDb-Fc inhibited the growth of cells with stem-cell like 

properties, as seen in sphere formation assays of TNBC and CRC cell lines and was additionally 

confirmed in vivo in an orthotopic TNBC xenograft model. In two CRC cell lines, the 

combination of the bispecific antibody with the HER2-targeting antibody Trastuzumab resulted 

in even more potent inhibition of receptor signaling and associated biological response. Finally, 

the triple-targeted treatment demonstrated consistent inhibition of proliferation of four patient-

derived primary organoid cultures. 

5.1  Bispecific antibodies targeting EGFR and HER3 

For the generation of the bispecific EGFR- and HER3-targeting antibody used in this study, the 

scDb-Fc format was chosen. The scDb-Fc comprises the binding moieties of the humanized 

Cetuximab (IgG hu225), as well as the fully human IgG 3-43. This format allows for the formation 

of an IgG-like bispecific and tetravalent antibody, overcoming the light chain and heavy chain 

problem of other bispecific IgG-like antibody formats (Brinkmann and Kontermann 2017). In 

total, two scDb molecules and six scDb-Fc molecules with varying linker lengths were analyzed 

for their purity and integrity, as well as homogeneity. Production yields varied between 0.7 mg 

and 46.8 mg per liter of HEK293-6E culture supernatant and were thus in the expected range 

of a laboratory scale production. For all eight molecules an additional peak with an 

approximately 2-fold higher apparent mass was observed, indicating formation of non-

covalently formed dimers (Völkel et al. 2001). Consequently, preparative FPLC-SEC 

purification was used for dimer removal. In an earlier study, linker extension of a HER2- and 

HER3-targeting scDb-Fc molecule dramatically improved the production yield and binding to 

recombinant receptor (Rau 2017). Change of linker lengths within the EGFR- and HER3-

targeting scDb-Fc, compared to the classical scDb-Fc format, did not result in beneficial 

changes of yield or homogeneity. However, elongation of linker 4 from 5 to 10 aa, as well as 

exchange of the variable domains of the two moieties in relation to the plasmid arrangement, 
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led to dramatic decrease of production yield. Alterations in linker length and rigidity influence 

both immunogenicity and conformational dynamics, thus finding the most suitable linker is 

crucial in the process of antibody engineering (Klein et al. 2014). Furthermore, differences in 

linker length can impact antibody internalization, as described for two DVD-Ig molecules (Gu 

et al. 2015). Here, differences in linker length led to conformational changes upon binding to 

the cell surface, which triggered enhanced internalization. Because in this study, none of the 

linker modifications had a significant beneficial effect on production yield or homogeneity, the 

classical scDb-Fc format was used for all further experiments (5, 15, 5 and 5 amino acids for 

linker 1, 2, 3 and 4, respectively) (Alt et al. 1999; Völkel et al. 2001).  

Kinetic measurements by QCM of the scDb-Fc to recombinant receptors revealed an 

approximately 2-fold weaker affinity to EGFR and HER3, compared to the parental antibodies 

(Schmitt et al. 2017). Cell binding revealed strong binding with EC50 values similar to those of 

the parental antibodies. Nevertheless, despite decreased affinity and similar cell binding 

properties, the scDb-Fc was equal or superior to its parental antibodies at inhibiting receptor 

activation (phosphorylation of EGFR and HER3) and subsequent downstream signaling 

(phosphorylation of Akt and Erk1/2) in MCF7 and FaDu cells upon stimulation with EGF, HRG 

or the combination of both ligands. Comparison of a tetravalent EGFR and HER3-targeting 

DVD-Ig to the combination of monospecific antibodies, as well as to a bivalent form (Half DVD-

Ig) revealed stronger antiproliferative effects as well as stronger activation of apoptosis, which 

was attributed to avidity effects (Gu et al. 2015). Similar avidity effects were also observed for 

the tetravalent scDb hu225x3-43-Fc. Direct comparison with the combination of parental 

antibodies demonstrated ~7- or ~10-fold lower IC50 values for the scDb-Fc in a proliferation 

assay with FaDu cells under unstimulated or HRG-stimulated conditions, respectively. 

Depending on target expression ratios, primary binding to a highly expressed target can shift 

the affinity to the second target toward a higher affinity interaction (Rhoden et al. 2016). Further, 

the ability of simultaneous binding of both targets is obligate for bispecific avidity effects, which 

were shown for the scDb-Fc by ELISA. High levels of EGFR, compared to HER3 (143,500 vs. 

2,884, ratio: ~50:1) on FaDu cells most likely allows for initial binding to EGFR and then to HER3 

with higher avidity than observed in binding and affinity analyses. This could explain the 

enhanced inhibition of phosphorylation of HER3 in downstream signaling analysis, as well as 

the up to ~10-fold lower IC50 values in proliferation assays of the scDb-Fc compared to the 

combination of the parental antibodies.  
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Invasion or directed migration of tumor cells is one of the hallmarks of cancer and a prerequisite 

for the formation of metastasis (Gerashchenko et al. 2019; Hanahan and Weinberg 2011). 

Compared to treatment with single parental antibodies, the scDb-Fc as well as the combination 

of IgG hu225 and IgG 3-43 demonstrated significant reduction of cell migration. Both 

receptors, EGFR and HER3, were described to increase motility upon activation, and thus 

inhibition of motility by the single treatments was expected (Xue et al. 2006; Smirnova et al. 

2012; Yarden and Sliwkowski 2001). However, a crucial interplay between the 

HER2/HER3/PI3K and EGFR/HER2/PLC-γ1 signaling pathways in breast cancer cell migration 

and dissemination, as well as in esophageal epithelial cell invasion was described (Fichter et 

al. 2017; Balz et al. 2012). This interplay could explain the insufficient inhibition by the single 

treatments. However, the analysis of proliferation of FaDu cells embedded in a 3D matrix 

revealed similar inhibitory effects of scDb-Fc, compared to IgG hu225 alone, indicating 

dominant EGFR signaling under these conditions. This translated into long-lasting tumor growth 

inhibition in a FaDu xenograft model, where the scDb-Fc performed comparably to IgG hu225. 

Analysis of the serum protein concentration after the first and last treatment revealed 

accumulation of IgG hu225, IgG 3-43 and the scDb-Fc, with highest accumulation observed for 

IgG hu225. Cross-reactivity of the 3-43 binding moiety with mouse HER3, which results in 

internalization of the antibodies in non-tumor tissue, could be an explanation for the lower 

accumulation of IgG 3-43 and scDb-Fc (Schmitt et al. 2017; Rosestedt et al. 2019). In contrast, 

the hu225 moiety is not cross-reactive with mouse EGFR (Hoeben et al. 2011). Additional 

important aspects are pharmacokinetic properties such as half-life or drug exposure. The 

number of applications and the dose of a therapeutic antibody depends directly on its half-life 

(Kontermann 2011). For the scDb-Fc, IgG-like pharmacokinetic properties, similar to IgG 3-43, 

where observed in CD1 mice, making it suitable as a therapeutic. 

5.2 Targeting EGFR and HER3 in TNBC 

TNBC is associated with poor prognosis and linked to high morbidity (Perou et al. 2000; Foulkes 

et al. 2010). Although EGFR expression is abundant in up to ~80 % of TNBC patients, no EGFR-

targeted therapy was approved to date (Baselga et al. 2013; Finn et al. 2009; Carey et al. 2012). 

Cetuximab alone, or in combination with platin-derivates showed only modest efficacy with 

response rates of ~10 % or ~20 % (Baselga et al. 2013; Carey et al. 2012). In TNBC patients 

treated with Lapatinib, an EGFR- and HER2-inhibiting small molecule, a negative trend was 

observed for progression free survival (Finn et al. 2009). As one possible explanation, in vitro 

studies described stabilization of an asymmetric orientation, forcing a head-to-head kinase 

interaction instead of head-to-tail, leading to the promotion of heterodimerization of HER2 and 

HER3 (Claus et al. 2018; Roskoski 2014). This orientation boosted proliferation of breast cancer 
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cell lines under HRG stimulation. Although TNBC is defined as HER2-negative (IHC result is 0 

or 1+), studies indicate TNBC subgroups with moderate expression and alterations between 

hormone receptor and HER2 status can occur throughout tumor progression, as described for 

relapsed breast cancer (Lindström et al. 2012; Ho-Pun-Cheung et al. 2020). EGFR inhibition 

was described to activate resistance formation via HER3 upregulation in TNBC, whereby HER3 

upregulation is highly associated with worse overall survival (Fracol et al. 2017; Bae et al. 2013; 

Ogden et al. 2017; Tao et al. 2014). Further, HRG, the ligand of HER3, was shown to induce 

the formation of breast cancer stem cells (Jeong et al. 2014). Treatment with Seribantumab, a 

HER3-targeting antibody, in combination with paclitaxel did not result in any benefit in a phase 

II trial for TNBC patients (Holmes et al. 05012015). However, bispecific targeting of EGFR and 

HER3 with Duligotuzumab enhanced PI3K inhibition by small molecules in preclinical studies 

in vitro and in vivo (Tao et al. 2014). Although a lot of effort was put into finding a targeted 

therapy for TNBC patients, until now only four targeted treatments are approved: Tecentriq® 

(anti-PD-L1, Atezolizumab) in combination with nab-Paclitaxel, Keytruda® (anti-PD-1, 

Pembrolizumab) combined with chemotherapy as neoadjuvant treatment, and continued as a 

single agent as adjuvant treatment, Lynparza® (PARP-inhibitor, Olaparib) and Trodelvy® (anti-

Trop-2-SN-38, sacituzumab govitecan-hziy) (Pérez-García et al. 2020; Matthews Hew and 

Zuberi 2019; FDA 2020; FDA 2021). Thus, TNBC is still a disease with a high unmet need for 

new targeted therapeutic approaches. 

In this study, TNBC treatment with the EGFR- and HER3-targeting bispecific scDb-Fc 

demonstrated similar inhibition of proliferation compared to IgG hu225 or the combination of 

IgG hu225 and IgG 3-43. Under HRG-stimulated conditions the combination of the parental 

antibodies and the scDb-Fc showed stronger effects on the inhibition of proliferation of 

MDA-MB-468 cells in comparison to single treatments with IgG hu225 or IgG 3-43. These 

enhanced inhibitory effects were also demonstrated in an orthotopic xenograft model, where 

the bispecific antibody showed strongest reduction of tumor burden. Tao and coworkers 

analyzed by IHC the abundance of EGFR and HER3 in TNBC patient samples, before and after 

treatment with Panitumumab or Cetuximab (Tao et al. 2014). EGFR abundance was decreased 

and HER3 abundance was increased in 25 of 42 analyzed samples after treatment. Additionally, 

increased dimerization of EGFR and HER3 was observed in FRET analysis. Furthermore, 

combined HER3-EGFR protein expression, but not individual HER3 or EGFR protein 

expression, was described to be an independent predictive marker for worse overall survival 

and distant metastasis-free survival (Ogden et al. 2017). This link between EGFR and HER3 

abundance in TNBC gives one explanation for the strong beneficial effects on tumor growth 

inhibition by the dual targeting with the bispecific scDb-Fc, especially in vivo.  
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Generally, apart from differentiated tumor cells, cells with stem cell-like characteristics 

contribute to the heterogeneity of tumors (Chaffer and Weinberg 2015; Meacham and Morrison 

2013). Stem cells remain in a quiescent state but can divide in an asymmetric way and are 

capable of undergoing EMT, and triggering invasion and metastasis (Visvader and Lindeman 

2012; Cho and Kim 2020). Stem cells were shown to be responsible for resistance formation 

and tumor recurrence, both predominant characteristics of TNBC (Tsai et al. 2015; O'Conor et 

al. 2018). Treatment approaches for cancer patients usually aim at killing the bulk population 

of a tumor, and classical TNBC chemotherapeutics, like taxanes, were demonstrated to 

increase TNBC stem cell prevalence, thereby driving tumor relapse and recurrence (Creighton 

et al. 2009; Li et al. 2008b). Notably, EGFR-targeting therapies showed either no enrichment 

or even a reduction of CSC’s in breast cancer cell lines and patient-derived biopsies (Li et al. 

2008b; Tanei et al. 2016). In this thesis, the scDb-Fc inhibited sphere formation of MDA-MB-

468 and HCC1806 TNBC cell lines in serum-free suspension culture supplemented with HRG. 

This sphere formation assay is routinely used for the assessment of stem cell activity and self-

renewal capacity of cancer cells (Shaw et al. 2012). Additionally, ALDH measurements 

revealed reduced numbers of stem-cell like cells and ELDA assays demonstrated strongly 

reduced stem cell frequency when cells were treated with scDb-Fc. Remarkably, these strong 

effects on TNBC stem cells were also visible in the TNBC xenograft model, where the ALDHhigh 

population was reduced by IgG 3-43 and the scDb-Fc, but not by the other antibody treatments. 

Consistent with the literature a reduction of stem-cell like cells in sphere formation assay by 

EGFR targeting, and additionally a stronger decrease upon bispecific EGFR and HER3 targeting 

was observed. Hence, the scDb-Fc is of great potential as a therapeutic approach for TNBC 

tumors, regarding holistic TNBC tumor growth inhibition. 

5.3  Triple-targeted treatment of HER-family in CRC 

The EGFR-targeting antibody Cetuximab was first approved in 2004, and Panitumumab, 

another EGFR-targeting antibody, in 2006, both for the treatment of metastatic CRC. While 

patients where mainly selected by the expression of EGFR, IHC clinical studies revealed a 

major impact on therapy success by downstream effector mutations. Mutations in KRAS exons 

2, 3 and 4, NRAS, BRAF and PIK3CA, and non-functional PTEN predict primary resistance to 

anti-EGFR therapies, of which one or more was found in ~50% of patients, limiting the number 

of patients that could benefit from an EGFR-targeting therapy (Benjamin 2016; Lièvre et al. 

2006; Chang et al. 2016; Therkildsen et al. 2014). In line with TNBC, HER3 and its ligand HRG 

were described to induce resistance to EGFR-targeted therapies in CRC.  
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In this study, treatment of the CRC cancer cell line DiFi with the scDb-Fc revealed strong 

inhibition of proliferation in 2D and 3D assays, independent of HRG-stimulation. Interestingly, 

treatment of HRG-stimulated LIM1215 cells with antibodies targeting EGFR, HER3 or both 

receptors, respectively, was ineffective. Furthermore, dual targeting of EGFR and HER3 had no 

beneficial effect, compared to single treatment with IgG hu225 alone. This could be explained 

by the expression profile of the LIM1215 cells, which have comparable levels of EGFR, HER2 

and HER3 (22,249 vs. 16,452 vs. 12,273), allowing for bypassing mechanisms by HER2. 

However, this expression pattern was determined under standard culture conditions, which are 

different from the conditions present in the proliferation assay. Western blot analysis of FaDu 

cells grown and treated under proliferation assay conditions, revealed increased HER2 levels 

in the presence of HRG and when treated with the combination of IgG hu225 and IgG 3-43, or 

the scDb-Fc, respectively. Of note, phosphorylation of HER2 was inhibited by the scDb-Fc, but 

not by the combination of IgG hu225 and IgG 3-43. This compensatory mechanism could 

explain the increased inhibition of proliferation by combining the scDb-Fc with the HER2-

specifc Trastuzumab in LIM1215 cells and should therefore be further assessed. 

Primary expression as well as de novo expression of HER2 were described as resistance 

mechanisms in CRC patients and CRC PDX models treated with Cetuximab (Yonesaka et al. 

2011; Bertotti et al. 2011; Belli et al. 2019). This led to the idea of triple targeting of EGFR, HER2 

and HER3 with the antibodies IgG hu225, Trastuzumab and IgG 3-43, or scDb-Fc in 

combination with Trastuzumab, respectively. The triple-targeted treatment with scDb-Fc and 

Trastuzumab significantly inhibited HRG-stimulated proliferation of LIM1215 cells. This strong 

inhibition of proliferation by the triple-targeted treatment could be explained by the blockade 

of bypassing proliferative signaling by the HER2:HER4 dimer, which is also activated by HRG 

(Fujiwara et al. 2014; Tzahar et al. 1996; Kennedy et al. 2019; Mota et al. 2017; Weiß et al. 

1997). However, this inhibition of the proliferation was not observed for the triple treatment with 

the combination of IgG hu225, Trastuzumab and IgG 3-43, which could be explained by the 

lower IC50 value of the scDb-Fc compared to the combination of the parental antibodies, IgG 

hu225 and IgG 3-43 in a proliferation assay with FaDu cells under HRG-stimulated conditions. 

Furthermore, blockade of EGFR, HER2 and HER4 with an antibody mixture of IgG hu225, 

Trastuzumab and the HER4-targeting IgG 3U9U did not inhibit proliferation (data not shown), 

indicating the importance of HER3 signaling. However, downstream signaling analysis in 

LIM1215 cells revealed only a non-significant tendency toward stronger inhibition of 

phosphorylated Akt signals by the combination of the bispecific scDb-Fc and Trastuzumab. Akt 

regulates cell growth, contributes to cell proliferation, mediates cell survival, and inhibition of 

phosphorylation of Akt activates expression of HER3 (Chakrabarty et al. 2011; Bosch-Vilaro et 
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al. 2017). Considering the high plasticity of the HER-family expression and feedback 

mechanisms, which can be activated by blockade of the receptors, different time points should 

be analyzed to further assess the difference between the triple treatment with single 

monoclonal antibodies versus the combination of scDb-Fc with Trastuzumab in the context of 

signaling inhibition (Fichter et al. 2014; Sergina et al. 2007; Ritter et al. 2007; Kjær et al. 2016).  

The healthy epithelium of the intestinal tract underlies continuous self-renewal of stem cells in 

the crypts, which give rise to progenitors (transit amplifying cells), which then undergo 

additional cell division prior to terminal differentiation and maturation (Noah et al. 2011). In the 

development and progression of CRC two hypothesis are discussed (Munro et al. 2018): One 

explains the tumorigenesis as a bottom-up process, in which mutations of crypt-based stem 

cells account for the tumor formation (Cole and McKalen 1963; Lane and Lev 1963). The 

second hypothesis describes the tumorigenesis as a top-down process, where altered cells in 

the superficial portions of the mucosae form new crypts, replacing the preexisting healthy ones 

(Shih et al. 2001). Both models, no matter which will hold true, emphasize the importance of 

cancer stem cells in CRC. Therefore, the EGFR-, HER2- and/or HER3-targeting antibody 

combinations were tested on the sphere formation of DiFi and LIM1215 cells. In both cell lines, 

the combination of the scDb-Fc and Trastuzumab showed the strongest inhibitory effects. 

Furthermore, in DiFi cells, the scDb-Fc significantly reduced secondary sphere formation as 

determined by ELDA assays. Compared to 2D culture, DiFi and LIM1215 cells grown as 

spheres expressed higher protein or mRNA levels of the stem cell marker CD133. CD133 is a 

well-documented CRC cancer stem cell marker, and CD133 positive cells are capable of 

forming tumors in mice, they remain undifferentiated when cultured in serum-free media and 

become more aggressive over the span of generations (Munro et al. 2018). Furthermore, 

CD133 positive cells were described to be resistant to chemo and radiation therapy (Zhou et 

al. 2017; Todaro et al. 2007; Kostovski et al. 2020). Although one single marker is not sufficient 

to ultimately select for colorectal cancer stem cells, this emphasizes the importance of a holistic 

targeting of bulk and stem cells to achieve long-lasting anti-tumor effects, preventing tumor 

relapse (Woodward and Sulman 2008).  

CRC patient derived organoids (PDOs) are primary cultures derived from individual patients, 

which can be maintained long-term, cryopreserved and xenografted into immunocompromised 

mice and re-derived as organoids (Dart 2019; Drost and Clevers 2018). PDOs contain a self-

renewing stem cell population which can differentiate into multiple cell types that can 

recapitulate the morphology and the genetic landscapes of donor tumors, making this cultures 

of primary tumor cells highly suitable as a therapeutic testing model, bridging the gap between 

2D culture and xenograft models (Sato et al. 2011; Drost and Clevers 2018; Fan et al. 2019; 
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Schütte et al. 2017; Ooft et al. 2019). In this thesis, four KRAS-wt CRC PDOs were used to 

analyze whether triple-targeted treatments are also effective in this primary cultures. Before 

proliferation analysis of CRC PDOs were performed, substitution of EGF and bFGF by HRG 

was analyzed. EGF is used to trigger proliferation of healthy intestinal organoids, whereas CRC 

PDOs are not necessarily dependent on the addition of growth factor ligands (Sato et al. 2011). 

However, as seen for LIM1215 cells, HRG stimulation fully rescued proliferation when treated 

with the scDb-Fc. Hence, analysis of inhibition of proliferation was performed with PDOs 

cultured in HRG-supplemented medium. The substitution had no effect on PDO morphology or 

growth rate. In contrast, it was reported that mammary organoids cultured in medium with a 

substitution of EGF by HRG increased cell viability and the size of the organoids (Jardé et al. 

2016). Furthermore, whole genome expression analysis revealed only two significantly 

differentially expressed genes, DKK4 and SLC14A1. The DKK4 protein has an antagonistic 

activity on the Wnt/β-catenin pathway and its role in cancer is ambiguous (Cai et al. 2018). 

While downregulation of DKK4 expression was described in hepatocellular carcinoma, the 

overexpression was described in other cancer types, e.g. CRC (Cai et al. 2018). Liang et al. 

described upregulated expression of DKK4 in CRC cell lines and CRC primary tissue as a 

positive prognostic marker for survival, due to its property as a negative feedback regulator of 

the Wnt/β-catenin pathway (Liang et al. 2022). SLCA14A1 encodes for type-B urea transporter 

(UT-B), which allows for the passive movement of urea across cell membrane. Altered 

expression of UT-B is associated with urothelial cancer (Hou et al. 2017). Furthermore, 

SLC14A1 was identified in an intestinal stem cell signature and reported to be associated with 

poor clinical outcome in CRC (Alajez 2016). However, these two changes in expression were 

not significant after FDR method by Benjamini and Hochberg, indicating that HRG can be used 

to substitute EGF and bFGF (Benjamini and Hochberg 1995). In summary, CRC PDOs can be 

cultured in HRG-supplemented medium and are suitable for the analysis of proliferation 

inhibition. In future, cancer PDOs comprising matching stromal and immune cells, called 

“Organoid 2.0”, will allow for more closer recapitulation of the properties and complex 

interactions found in a patients tumor (Dart 2019; Neal et al. 2018).  

For the proliferation analysis in CRC PDOs, as an additional control, the small molecule Afatinib 

was used. Afatinib irreversibly inhibits EGFR, HER2 and HER4 kinase activity and is approved 

for the treatment of lung cancer patients (NSCLC, SCCL) (Li et al. 2008a). For both triple 

targeted treatments, either the combination of IgG hu225, Trastuzumab and IgG 3-43, or scDb-

Fc + Trastuzumab similar inhibition of proliferation was observed, with the combination of 

scDb-Fc and Trastuzumab always showing slightly stronger effects. Interestingly, Afatinib 

treatment was ineffective in two out of four PDOs, while triple targeted antibody treatments 
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inhibited the proliferation of all four PDOs. Of note, Afatinib showed inferior effects in a clinical 

trial in PFS and OS compared to Cetuximab (Hickish et al. 2014). Jacobsen et al. observed for 

Sym013, a mixture of six antibodies targeting EGFR, HER2 and HER3 (two monospecific 

antibodies targeting each receptor), broad efficacious inhibition of proliferation in cell lines 

carrying mutations in a range of clinically relevant oncogenes, including TP53 and KRAS and 

amplified or mutated EGFR and ERBB2 genes (Jacobsen et al. 2015). In another preclinical 

study the same triple-targeted antibody approach was superior in inhibiting proliferation and 

tumor growth of breast cancer xenograft models, compared to Trastuzumab/Lapatinib (TL), 

Trastuzumab/Pertuzumab (TP), or T-DM1 (Schwarz et al. 2017). Thus, the triple-targeting of 

EGFR, HER2 and HER3 provide broader efficacy than dual- or mono-targeting of receptors of 

the HER-family, thus representing a better strategy to deal with primary and acquired 

resistances and as such may be a viable therapy option for HER-family dependent tumors. 

In summary the inhibition of proliferation and the tumor-growth by the EGFR- and HER3-

targeting bispecific antibody alone, and even more by the triple targeted (+ anti-HER2) 

approach were strong and long lasting. However, translation into the clinic will need a risk-

benefit assessment. Treatment with the bispecific antibody Duligotuzumab alone or in 

combination with chemotherapy resulted in milder skin rash, compared to Cetuximab alone, or 

in combination with chemotherapy. However, more GI toxicity, susceptibility for infections and 

diarrhea was observed in the same study in Duligotuzumab treated patients (Fayette et al. 

2016; Hill et al. 2018). On the contrary, the treatment with the combination of the HER3-

targeting antibody Seribantumab and Cetuximab, revealed comparable toxicities to Cetuximab 

alone (Cleary et al. 2017). The safety and tolerability profile of the triple targeted antibody 

mixture Sym013 was determined in a phase I clinical trial and unfortunately did not warrant 

further development (Berlin et al. 2022). Disorders of the skin and the gastrointestinal tract 

were observed in 81 %, and 75 % of the patients, including dermatitis/rash, stomatitis, and 

diarrhea, while only very limited responses were achieved (one partial response and 12 

patients with stable disease of 32 enrolled patients). These side effects are commonly observed 

in patients treated with single agent HER-family targeting antibodies, as well as TKIs (Li et al. 

2022; Sodergren et al. 2016; Mishra et al. 2018). Undoubtfully, further studies on toxicity and 

tolerability for the herein described combination of scDb-Fc with Trastuzumab as described 

here will be necessary to assure safe administration in patients. 

5.4  Conclusion and outlook 

In this study, the EGFR- and HER3-targeting bispecific and tetravalent scDb hu225x3-43-Fc 

demonstrated strong binding to the respective recombinant receptors, as well as to HER-family 
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members expressing cell lines. Compared to the combination of the parental antibodies (IgG 

hu225 + IgG 3-43) the scDb-Fc showed comparable or enhanced inhibitory activity regarding 

receptor activation and signaling, migration, proliferation, and anti-tumor activity in HNSCC and 

TNBC xenograft mouse models. Furthermore, stem like characteristics of cancer cells were 

inhibited in vitro and in the case of TNBC also in vivo. Considering that cancer stem cells are 

the main drivers of drug resistance, metastasis, relapse and recurrence, this underlines the 

potential of the scDb-Fc as an effective cancer therapeutic (Cho and Kim 2020; Shibata and 

Hoque 2019). Further improvement of the scDb-Fc could be achieved by engineering of the 

γ1-Fc region, improving effector functions such as antibody-dependent cell-mediated 

cytotoxicity (ADCC), thereby leading to even stronger anti-tumor effects. The parental IgG 3-

43 carries two mutations (S239D/I332E) in the Fc region that were demonstrated to increase 

Fc receptor binding, thereby enhancing ADCC (Horton et al. 2008; Schmitt et al. 2017). These 

mutations could easily be applied to the scDb-Fc enhancing its Fc-mediated effector functions. 

Overall, the anti-tumor activity of the scDb-Fc observed in vitro and in vivo warrant further 

studies in TNBC as well as other tumor entities.  

Although, the HER-family members are well established as tumor targets, many pitfalls of 

targeted therapies are known. The dynamic expression of the HER-family members upon 

treatment that lead to the bypassing of targeted therapy is a major issue. To overcome these 

compensatory mechanisms, the combination of the scDb-Fc with the HER2-targeting antibody 

Trastuzumab was investigated for CRC cell lines and PDOs. The triple targeting of EGFR, HER2 

and HER3 demonstrated strong inhibition of signaling, proliferation, and sphere formation of 

stem-cell like cancer cells. Furthermore, the antibody approach targeting EGFR, HER2 and 

HER3 was effective at inhibiting the proliferation of all four CRC PDOs tested in this study. In 

contrast, the small molecule Afatinib inhibited proliferation only in two out of four PDOs. Afatinib 

targets EGFR, HER2 and HER4, but not HER3. Since the role of HER4 and more precisely the 

role of the different isoforms of HER4 are not well established, targeting of HER3 appears more 

reasonable. However, as seen for Sym013, translation into the clinic of the triple-targeting 

approach failed so far. This was due to safety and tolerability issues, likely caused by the 

additive on-target off-tumor side effects which are typically observed for single target HER-

family inhibitors, but also by the enhanced CDC and strong ADCC observed for this antibody 

mixture. Hence, for the triple-targeted approach with the bispecific scDb-Fc in combination 

with Trastuzumab an appropriate in vitro and in vivo toxicology assessment will be crucial. 

Combinations of antibody variants with reduced effector function of the scDb-Fc, Trastuzumab 

or both could improve safety and tolerability, however, most likely with the cost of reduced 

efficacy at the same time. Adverse events as a result of targeted antibody treatments can differ 
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depending on epitope specificity, affinity, geometry and valency, parameters which evidently 

influence neutralizing and therapeutic activity of monospecific and bispecific antibodies (Xu et 

al. 2013; Harms et al. 2014). Hence, the safety of the scDb-Fc in combination with Trastuzumab 

could differ significantly from Sym013, leaving hope that the triple-targeted approach could be 

translated promisingly into the clinic. 

Frequent expression of the different HER-family members on different types of cancers, the 

well-studied requirement of homo- and heterodimerization as well as good accessibility make 

the HER receptors highly suitable for antibody-based treatment approaches. Furthermore, 

HER-family targeted treatments are now approved for more than 20 years, allowing for access 

to a wide range of knowledge about primary and de novo resistance mechanisms. This 

indicates that it is the right time to develop new strategies targeting this receptor tyrosine 

kinase family, for example, as described in this study with a new bispecific scDb-Fc, alone or 

in combination with Trastuzumab. In conclusion, the dual targeting approach for HER-family 

members with scDb-Fc, as well as the triple-targeting approach additionally combining 

Trastuzumab, demonstrated robust inhibition of cancer cell proliferation. Furthermore, both 

approaches demonstrated inhibition of growth of cancer stem cells. Consequently, the holistic 

approach of inhibiting the growth of the bulk population and the cancer stem cells should 

translate into long-lasting anti-tumor effects, avoiding drug-resistance, recurrence and 

metastasis. 
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7 Supplement 

7.1 Sequences 

7.1.1 #2111 pSecTagAL1-scDb hu225x3-43-Fc 

7.1.1.1  DNA sequence 
  >Igκ-leader 
  atggagacagacacactcctgctatgggtactgctgctctgggttccaggttcc  < 54 
  M  E  T  D  T  L  L  L  W  V  L  L  L  W  V  P  G  S   
           10        20        30        40        50  
         
       <>VHhu225 
  accggTGAAGTGCAGCTGGTTGAAAGCGGCGGTGGTCTGGTTCAGCCGGGTGGC  < 108 
  T  G  E  V  Q  L  V  E  S  G  G  G  L  V  Q  P  G  G   
       60        70        80        90        100  
 
 
  AGCCTGCGTCTGAGCTGTGCGGCGAGCGGCTTTAGCCTGACCAACTATGGCGTG  < 162 
  S  L  R  L  S  C  A  A  S  G  F  S  L  T  N  Y  G  V   
   110       120       130       140       150       160  
 
 
  CATTGGGTGCGTCAGGCACCGGGCAAAGGCCTGGAATGGCTGGGCGTGATTTGG  < 216 
  H  W  V  R  Q  A  P  G  K  G  L  E  W  L  G  V  I  W   
         170       180       190       200       210  
                                 
                        
  AGCGGCGGCAACACCGATTATAACACCCCGTTTACCAGCCGTTTTACCATTAGC  < 270 
  S  G  G  N  T  D  Y  N  T  P  F  T  S  R  F  T  I  S   
     220       230       240       250       260  
 
   
  CGTGATAACAGCAAAAACACCCTGTATCTGCAGATGAACAGCCTGCGTGCGGAA  < 324 
  R  D  N  S  K  N  T  L  Y  L  Q  M  N  S  L  R  A  E   
           280       290       300       310       320  
 
 
  GATACCGCGGTGTATTATTGCGCGCGTGCGCTGACCTATTATGATTACGAATTT  < 378 
  D  T  A  V  Y  Y  C  A  R  A  L  T  Y  Y  D  Y  E  F   
       330       340       350       360       370  
                                               
                                        <>Linker 1    
  GCGTATTGGGGCCAGGGCACCACCGTTACGGTCtcgaGTGGCGGTGGCGGATCG  < 432 
  A  Y  W  G  Q  G  T  T  V  T  V  S  S  G  G  G  G  S   
   380       390       400       410       420       430  
 
  >VL HER3-43 
  CAAGCCGGACTGACACAGCCTCCAGCCGTGTCTGTGGCCCCTGGACAGACAGCC  < 486 
  Q  A  G  L  T  Q  P  P  A  V  S  V  A  P  G  Q  T  A   
         440       450       460       470       480  
 
   
  AGCATCACCTGTGGCCGGGACAACATCGGCAGCAGAAGCGTGCACTGGTATCAG  < 540 
  S  I  T  C  G  R  D  N  I  G  S  R  S  V  H  W  Y  Q   
     490       500       510       520       530  
                                               
                                                        
  CAGAAACCCGGCCAGGCCCCTGTGCTGGTGGTGTACGACGACAGCGATAGACCT  < 594 
  Q  K  P  G  Q  A  P  V  L  V  V  Y  D  D  S  D  R  P   
           550       560       570       580       590  
 
   
  GCCGGCATCCCCGAGAGATTCAGCGGCAGCAACTACGAGAACACCGCCACCCTG  < 648 
  A  G  I  P  E  R  F  S  G  S  N  Y  E  N  T  A  T  L   
       600       610       620       630       640  
 
   
  ACCATCAGCAGAGTGGAAGCCGGCGACGAGGCCGACTACTACTGTCAAGTGTGG  < 702 
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  T  I  S  R  V  E  A  G  D  E  A  D  Y  Y  C  Q  V  W   
   650       660       670       680       690       700  
 
                                                       < 
  GGCATCACCAGCGATCACGTGGTGTTTGGCGGAGGCACCAAGCTGACAGTGCTG  < 756 
  G  I  T  S  D  H  V  V  F  G  G  G  T  K  L  T  V  L   
         710       720       730       740       750  
                                 
  >Linker2                                    <>VH HER3-43 
  GGAGGCGGTGGCaGCGGTGGGGGCGGATCGGGCGGAGGTGGCTCACAAGTGCAG  < 810 
  G  G  G  G  S  G  G  G  G  S  G  G  G  G  S  Q  V  Q   
     760       770       780       790       800  
 
   
  CTGCAGCAGTCTGGCCCTGGCCTCGTGAAGCCTAGCCAGACCCTGAGCCTGACC  < 864 
  L  Q  Q  S  G  P  G  L  V  K  P  S  Q  T  L  S  L  T   
           820       830       840       850       860  
 
   
  TGTGCCATCAGCGGCGATAGCGTGTCCAGCAACAGAGCCGCCTGGAACTGGATC  < 918 
  C  A  I  S  G  D  S  V  S  S  N  R  A  A  W  N  W  I   
       870       880       890       900       910  
 
   
  AGACAGAGCCCCAGCAGAGGCCTGGAATGGCTGGGCCGGACCTACTACCGCAGC  < 972 
  R  Q  S  P  S  R  G  L  E  W  L  G  R  T  Y  Y  R  S   
   920       930       940       950       960       970  
                       
                
  AAGTGGTACAACGACTACGCCCAGAGCCTGAAGTCCCGGATCACCATCAACCCC  < 1026 
  K  W  Y  N  D  Y  A  Q  S  L  K  S  R  I  T  I  N  P   
         980       990       1000      1010      1020  
 
   
  GACACCCCCAAGAACCAGTTCTCCCTGCAGCTGAACAGCGTGACCCCCGAGGAT  < 1080 
  D  T  P  K  N  Q  F  S  L  Q  L  N  S  V  T  P  E  D   
     1030      1040      1050      1060      1070  
 
   
  ACCGCCGTGTACTACTGCGCCAGAGATGGACAGCTGGGCCTGGACGCCCTGGAC  < 1134 
  T  A  V  Y  Y  C  A  R  D  G  Q  L  G  L  D  A  L  D   
           1090      1100      1110      1120      1130  
                                                     
                                     <>Linker 3     <>VLhu225| 
  ATTTGGGGCCAGGGCACAATGGTCACAGTGTCCTCTGGAGGCGGGGgatcCGAT  < 1188 
  I  W  G  Q  G  T  M  V  T  V  S  S  G  G  G  G  S  D   
       1140      1150      1160      1170      1180  
 
   
  ATTCAGCTGACCCAGAGCCCGAGCTTTCTGAGCGCGAGCGTGGGCGATCGTGTT  < 1242 
  I  Q  L  T  Q  S  P  S  F  L  S  A  S  V  G  D  R  V   
   1190      1200      1210      1220      1230      1240  
 
   
  ACCATTACCTGTCGTGCAAGCCAGAGCATTGGCACCAACATTCATTGGTATCAG  < 1296 
  T  I  T  C  R  A  S  Q  S  I  G  T  N  I  H  W  Y  Q   
         1250      1260      1270      1280      1290  
                                                             
                                                    | 
  CAGAAACCGGGCAAAGCGCCGAAACTGCTGATTAAATATGCGAGCGAAAGCATT  < 1350 
  Q  K  P  G  K  A  P  K  L  L  I  K  Y  A  S  E  S  I   
     1300      1310      1320      1330      1340  
 
   
  AGCGGCGTGCCGAGCCGTTTTAGCGGCAGCGGTAGCGGCACCGAATTTACCCTG  < 1404 
  S  G  V  P  S  R  F  S  G  S  G  S  G  T  E  F  T  L   
           1360      1370      1380      1390      1400  
 
   
  ACCATTAGCAGCCTGCAGCCGGAAGATTTTGCGACCTATTATTGCCAGCAGAAC  < 1458 
  T  I  S  S  L  Q  P  E  D  F  A  T  Y  Y  C  Q  Q  N   
       1410      1420      1430      1440      1450  
 
                                                    < 
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  AACAACTGGCCGACCACCTTTGGTGCGGGCACCAAACTGGAAATTAAACGTGCg  < 1512 
  N  N  W  P  T  T  F  G  A  G  T  K  L  E  I  K  R  A   
   1460      1470      1480      1490      1500      1510  
                                        
        >Linker 4     <>Hinge                         | 
  gccgcagggggaagcggcggtgacaaaactcacacatgcccaccgtgcccagca  < 1566 
  A  A  G  G  S  G  G  D  K  T  H  T  C  P  P  C  P  A   
         1520      1530      1540      1550      1560  
 
                   <>CH2          
  cctgaactcctggggggaccgtcagtcttcctcttccccccaaaacccaaggac  < 1620 
  P  E  L  L  G  G  P  S  V  F  L  F  P  P  K  P  K  D   
     1570      1580      1590      1600      1610  
 
   
  accctcatgatctcccggacccctgaggtcacatgcgtggtggtggacgtgagc  < 1674 
  T  L  M  I  S  R  T  P  E  V  T  C  V  V  V  D  V  S   
           1630      1640      1650      1660      1670  
 
   
  cacgaagaccctgaggtcaagttcaactggtacgtggacggcgtggaggtgcat  < 1728 
  H  E  D  P  E  V  K  F  N  W  Y  V  D  G  V  E  V  H   
       1680      1690      1700      1710      1720  
             
            | 
  aatgccaagacaaagccgcgggaggagcagtacaacagcacgtaccgtgtggtc  < 1782 
  N  A  K  T  K  P  R  E  E  Q  Y  N  S  T  Y  R  V  V   
   1730      1740      1750      1760      1770      1780  
 
   
  agcgtcctcaccgtcctgcaccaggactggctgaatggcaaggagtacaagtgc  < 1836 
  S  V  L  T  V  L  H  Q  D  W  L  N  G  K  E  Y  K  C   
         1790      1800      1810      1820      1830  
 
   
  aaggtctccaacaaagccctcccagcccccatcgagaaaaccatctccaaagcc  < 1890 
  K  V  S  N  K  A  L  P  A  P  I  E  K  T  I  S  K  A   
     1840      1850      1860      1870      1880  
 
    <>CH3          
  aaagggcagccccgagaaccacaggtgtacaccctgcccccatcccgggatgag  < 1944 
  K  G  Q  P  R  E  P  Q  V  Y  T  L  P  P  S  R  D  E   
           1900      1910      1920      1930      1940  
 
   
  ctgaccaagaaccaggtcagcctgacctgcctggtcaaaggcttctatcccagc  < 1998 
  L  T  K  N  Q  V  S  L  T  C  L  V  K  G  F  Y  P  S   
       1950      1960      1970      1980      1990  
 
   
  gacatcgccgtggagtgggagagcaatgggcagccggagaacaactacaagacc  < 2052 
  D  I  A  V  E  W  E  S  N  G  Q  P  E  N  N  Y  K  T   
   2000      2010      2020      2030      2040      2050  
    
   | 
  acgcctcccgtgctggactccgacggctccttcttcctctacagcaagctcacc  < 2106 
  T  P  P  V  L  D  S  D  G  S  F  F  L  Y  S  K  L  T   
         2060      2070      2080      2090      2100  
 
   
  gtggacaagagcaggtggcagcaggggaacgtcttctcatgctccgtgatgcat  < 2160 
  V  D  K  S  R  W  Q  Q  G  N  V  F  S  C  S  V  M  H   
     2110      2120      2130      2140      2150  
 
                                                       <  
  gaggctctgcacaaccactacacgcagaagagcctctccctgtctccgggtaaa  < 2214 
  E  A  L  H  N  H  Y  T  Q  K  S  L  S  L  S  P  G  K   
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7.1.1.2 Amino acid sequence 

VHhu225 

EVQLVESGGGLVQPGGSLRLSCAASGFSLTNYGVHWVRQAPGKGLEWLGVIWSGGNTDYNTPFTSRFT

ISRDNSKNTLYLQMNSLRAEDTAVYYCARALTYYDYEFAYWGQGTTVTVSS 

VLhu225 

DIQLTQSPSFLSASVGDRVTITCRASQSIGTNIHWYQQKPGKAPKLLIKYASESISGVPSRFSGSGSG

TEFTLTISSLQPEDFATYYCQQNNNWPTTFGAGTKLEIKR 

VH3-43 

QVQLQQSGPGLVKPSQTLSLTCAISGDSVSSNRAAWNWIRQSPSRGLEWLGRTYYRSKWYNDYAQSLK

SRITINPDTPKNQFSLQLNSVTPEDTAVYYCARDGQLGLDALDIWGQGTMVTVSS 

VL3-43 

QAGLTQPPAVSVAPGQTASITCGRDNIGSRSVHWYQQKPGQAPVLVVYDDSDRPAGIPERFSGSNYEN

TATLTISRVEAGDEADYYCQVWGITSDHVVFGGGTKLTVL 

Hinge 

DKTHTCPPCPAPELLGG 

CH2 

PSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSV

LTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAK 

CH3 

GQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYS

KLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK 

Complete amino acid Sequence 

EVQLVESGGGLVQPGGSLRLSCAASGFSLTNYGVHWVRQAPGKGLEWLGVIWSGGNTDYNTPFTSRFT

ISRDNSKNTLYLQMNSLRAEDTAVYYCARALTYYDYEFAYWGQGTTVTVSSGGGGSQAGLTQPPAVSV

APGQTASITCGRDNIGSRSVHWYQQKPGQAPVLVVYDDSDRPAGIPERFSGSNYENTATLTISRVEAG

DEADYYCQVWGITSDHVVFGGGTKLTVLGGGGSGGGGSGGGGSQVQLQQSGPGLVKPSQTLSLTCAIS

GDSVSSNRAAWNWIRQSPSRGLEWLGRTYYRSKWYNDYAQSLKSRITINPDTPKNQFSLQLNSVTPED

TAVYYCARDGQLGLDALDIWGQGTMVTVSSGGGGSDIQLTQSPSFLSASVGDRVTITCRASQSIGTNI

HWYQQKPGKAPKLLIKYASESISGVPSRFSGSGSGTEFTLTISSLQPEDFATYYCQQNNNWPTTFGAG

TKLEIKRAAAGGSGGDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEV

KFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKG



 

144 

QPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSK

LTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK 
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