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ABSTRACT 

The Coxsackie- and adenovirus receptor (CAR) is a transmembrane cell adhesion mole-

cule with two extracellular immunoglobulin domains. It is located at cell-cell contacts, 

for example at intercalated discs between cardiomyocytes or at tight junctions in lung 

and intestines. CAR forms homodimers with its membrane-distal immunoglobulin do-

main D1 and is involved in cell adhesion, proliferation, and migration. It acts as a path-

finder protein during embryogenesis and during tissue remodelling after injuries. Next 

to its physiological functions, CAR aroused interest due to its role in cell entry and at-

tachment of Coxsackie- and adenoviruses. Both viruses use CAR D1 as binding site and 

are a major cause for viral-induced myocarditis. 

I investigated three different mechanisms that might influence CAR´s interaction 

with viruses. First, five genetic variants in the CAR-coding gene that are most frequent 

in human population were analysed regarding their influence on cell adhesion and pro-

liferation as well as on virus internalisation. No differences were observed among the 

variants compared to wild type CAR. This gives further evidence to the idea of CAR as 

an indispensable protein during embryogenesis, for which until now no pathogenic ge-

netic variant has been described. 

Second, I designed peptides to use them as virus entry inhibitors. Synthetic peptides 

that inhibit virus-receptor interactions have not been described for adenoviruses yet. In 

this work, peptides based on known interaction motifs either of CAR D1 or of adenovi-

rus binding knob were used. No peptide inhibited adenovector cell entry significantly. 

Probably, peptide binding was too weak to compete with virus-CAR interaction. 

Third, several soluble proteases that are secreted by immune cells during myocarditis 

were tested for their ability to shed CAR, i.e. to release its extracellular domain through 

proteolysis. Soluble CAR extracellular domain could function as a virus trap and inhibit 

ongoing viral infections. I used human soluble or membranous CAR expressed by 

E. coli or mammalian cells to screen for potential ectodomain sheddases. For neutrophil 

elastase, both incubation time and protease concentration comply with a physiologically 

relevant process. CAR cleavage products comprise complete D1 domain, which could 

make them biologically active virus traps. Thus, CAR-shedding through neutrophil elas-

tase, which is described here for the first time, might be a host defense mechanism 

against Coxsackie- and adenoviruses. 
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1 INTRODUCTION 

1.1 The Coxsackie- and adenovirus receptor (CAR) 

1.1.1 Protein structure 

1.1.1.1 Protein family 

CAR is a transmembrane protein with two extracellular immunoglobulin domains 

(Figure 1). Premature CAR contains a 19 amino acid long signal peptide at its 

N-terminus, which mediates correct transmembrane localisation (COYNE & BERGELSON 

2005). Mature CAR has a size of about 40 kDa, but in a polyacrylamide gel it migrates 

at a height of about 46 kDa due to N-glycosylation of two residues (EXCOFFON ET AL. 

2007; HONDA ET AL. 2000; TOMKO, XU, & PHILIPSON 1997). 

 

Figure 1: CAR protein structure. CAR is a transmembrane protein with two immunoglobulin domains 

(V- and C2-type or D1 and D2, respectively) in its extracellular domain (ECD). The N-terminal signal 

peptide is cleaved off during protein maturation. CAR builds three disulfide bonds and is N-glycosylated 

at two sites. CAR´s transmembrane domain (TMD) comprises 23 amino acids (aa) and CAR´s C-terminal 

cytoplasmic domain (CPD) is 107 amino acids long.  
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CAR is a cell adhesion molecule (CAM) and belongs to the highly conserved cortical 

thymocyte marker in Xenopus (CTX) subfamily of the immunoglobulin superfamily 

(IgSF) (CHRÉTIEN ET AL. 1996). All CTX proteins display the same protein structure: a 

signal peptide adjacent to two immunoglobulin-like domains, a type-I transmembrane 

domain, and a long cytoplasmic tail. The extracellular domain comprises a variable (V) 

and a constant (C2)-type immunoglobulin domain. C2 domain is defined by an extra 

pair of cysteines resulting in a second disulfide bonds.  

Until now, ten CTX family members have been described and many of them promote 

cell adhesion and are localised in tight junctions: A33 antigen (HEATH ET AL. 1997), 

brain- and testis-specific immunoglobulin superfamily protein (BT-IgSF) (SUZU ET AL. 

2002), CAR (TOMKO, XU, & PHILIPSON 1997), CAR-like membrane protein (CLMP) 

(RASCHPERGER ET AL. 2004), CTH (human CTX) (CHRÉTIEN ET AL. 1998), endothelial 

cell selective adhesion molecule (ESAM) (HIRATA ET AL. 2001), hepatic and glial cell 

adhesion molecule (hepaCAM) (CHUNG MOH, HOON LEE, & SHEN 2005), and junctional 

adhesion molecules (JAM-A, -B, and -C) (EBNET ET AL. 2004). 

Next to CAR, other IgSF members are exploited as virus receptors: HIV binds CD4; 

murine hepatitis virus binds carcinoembryonic antigen-related cell adhesion molecule 

(CEACAM1); herpes simplex virus receptors are nectin-1 and -2; CD46 and signalling 

lymphocyte-activation molecule (SLAM) are receptors for measles; poliovirus uses po-

liovirus receptor (PVR); rabies bind neural adhesion molecule (NCAM-1); JAM-A is 

the reovirus receptor, and intracellular adhesion molecule (ICAM-1) is used by rhinovi-

ruses (DERMODY ET AL. 2009). 

CAR homologues are expressed in mammals like mouse (BERGELSON ET AL. 1998; 

TOMKO, XU, & PHILIPSON 1997), cow (THOELEN ET AL. 2001A), rat, dog, pig (FECHNER 

ET AL. 1999), and other non-mammalian vertebrates like chicken (PATZKE ET AL. 2010) 

and zebrafish (PETRELLA ET AL. 2002). In nematodes or Drosophila, no homologous 

protein was identified (COYNE & BERGELSON 2005).  

1.1.1.2 Extracellular domain (ECD) 

CAR´s immunoglobulin domains are designated D1 and D2. Each domain is important 

for proper localisation of CAR at cell junctions (EXCOFFON, TRAVER, & ZABNER 2005). 

Membrane-distal D1 or V domain mediates homodimer formation, but also virus 

binding (FREIMUTH ET AL. 1999; HE ET AL. 2001; VAN RAAIJ ET AL. 2000). It displays 
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one disulfide bond between cysteines 41 and 120 (JIANG ET AL. 2004) and CAR D1 

dimer has a dissociation constant of 16±7 µM (VAN RAAIJ ET AL. 2000). Dimerisation 

(Figure 2) can occur in a head-to-head manner with the CAR monomers localised at one 

cell (parallel; in cis) or in an anti-parallel manner with CAR monomers expressed on 

different cells (in trans). Models and binding residues were deduced for both interac-

tions (PATZKE ET AL. 2010; VAN RAAIJ ET AL. 2000). Glycosylation of N106 in D1 do-

main has no influence on adenovirus or Coxsackievirus binding (EXCOFFON ET AL. 

2007; PINKERT ET AL. 2016). 

Membrane-proximal D2 or C2 domain contains two disulfide bonds (cysteines 146 

and 223, 162 and 212) (JIANG & CAFFREY 2007). It ensures correct orientation and dis-

tance to the cell membrane of D1 domain, which is important for Coxsackie- and ade-

novirus infection (EXCOFFON, TRAVER, & ZABNER 2005). Deglycosylation of N201 re-

sulted in increased Coxsackie- and adenovirus infections (EXCOFFON ET AL. 2007; 

PINKERT ET AL. 2016). 

 

Figure 2: Models of CAR-CAR homodimerisation. Two CAR D1 monomers dimerise either in a paral-

lel (top, PDB ID: 3JZ7, (PATZKE ET AL. 2010)) or anti-parallel manner (bottom, PDB ID: 1EAJ, (VAN 

RAAIJ ET AL. 2000)). Contact sites on D1 are coloured in orange. CAR D2 domain is added to show orien-

tation of the complexes.  



1 Introduction 

 

 

5 

 

1.1.1.3 Transmembrane and cytoplasmic domain (TMD and CPD) 

Neither the transmembrane nor the cytoplasmic domain is necessary for mediating Cox-

sackie- or adenovirus infection as was shown with two CAR constructs. The first con-

struct lacks CAR´s CPD except for the cysteines at positions 259 and 260. The second 

construct is a fusion protein of CAR´s ECD fused to a glycosylphosphatidylinositol 

(GPI)-anchor, which mediates plasma membrane localisation. Both constructs facili-

tated Coxsackie- and adenovirus infections in vitro and in vivo (VAN’T HOF & CRYSTAL 

2001; NALBANTOGLU ET AL. 1999; OKEGAWA ET AL. 2001; TALLONE ET AL. 2001; WAL-

TERS ET AL. 2001; WAN ET AL. 2000; WANG & BERGELSON 1999). 

CAR´s CPD is crucial for correct localisation at cell-cell contacts in non-polarised 

cells (COHEN ET AL. 2001A; EXCOFFON, MONINGER, & ZABNER 2003) and at the baso-

lateral site of polarised cells (COHEN ET AL. 2001B; WALTERS ET AL. 2001). Furthermore, 

CAR lacking its CPD mislocalised in an in vivo model (RASCHPERGER ET AL. 2006). To-

tal protein expression level was increased for CAR missing its TMD or its CPD (VAN’T 

HOF & CRYSTAL 2001) and the growth inhibitory effect of CAR (see 1.1.3.1) was lost 

for CAR without TMD and CPD (OKEGAWA ET AL. 2000, 2001). 

CAR´s CPD displays several functional motifs (Figure 3). Two membrane-proximal 

cysteines (positions 259 and 260) are posttranslationally palmitylated, which is impor-

tant for correct CAR membrane localisation, but not for adenovirus binding (VAN’T HOF 

& CRYSTAL 2002). CAR phosphorylation mediated by TNFα-signalling and PKCδ is 

necessary for CAR-dependent epithelial junction stability (MORTON ET AL. 2013). Upon 

lung inflammation in a murine model, level of phosphorylated CAR increased (MOR-

TON ET AL. 2016). Regions for basolateral targeting in polarised epithelial cells (318-321 

and 345-349) were defined by site-directed mutagenesis (CARVAJAL-GONZALEZ ET AL. 

2012; COHEN ET AL. 2001B). Amino acids 333-337 are an SH3 domain recognition motif 

(COHEN ET AL. 2001A) and CAR´s most C-terminal amino acids are a PSD-95/Disc-

large/ZO-1 (PDZ)-binding domain that is important for CAR-mediated cell adhesion 

(EXCOFFON ET AL. 2004). Several interaction partners containing a PDZ domain were 

identified: LNX1, LNX2, MAGI-1b, MUPP-1, PICK1, PSD-95, and ZO-1 (COHEN ET 

AL. 2001B; COYNE ET AL. 2004; EXCOFFON ET AL. 2004; MIRZA ET AL. 2005; SOLLERB-

RANT ET AL. 2003). Other CAR intracellular interaction partners are actin (HUANG ET 

AL. 2007) and microtubules (FOK ET AL. 2007). CAR is part of a multiprotein complex 
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that contains ZO-1, β-catenin, and connexin 45 in vivo (LIM ET AL. 2008). Figure 3 

shows localisation of amino acids that were investigated in this study (see 1.4.1). 

 

Figure 3: Schematic representation of CAR´s TMD and CPD. Residues that are post-translationally 

modified as well as motifs important for intracellular interaction and protein localisation are coloured. 

Amino acids that were changed via site-directed mutagenesis and investigated in this work (Table 1) are 

depicted in red. Known intracellular interaction partners of CAR are listed. 

1.1.2 CXADR gene structure 

1.1.2.1 Alternative splicing 

CAR-coding gene CXADR is located on human chromosome 21. Four pseudogenes 

were identified on chromosomes 15, 18, and 21 (BOWLES ET AL. 1999). Several CAR 

mRNA species were found in human tissues with sizes ranging from 1.3 to 7 kb 

(FECHNER ET AL. 1999; TOMKO, XU, & PHILIPSON 1997). 

CAR´s main splice isoform (CAREx7) comprises seven exons with a coding DNA 

sequence of 1098 bp (Figure 4). Exon 1 codes for most of CAR´s signal peptide. Rest of 

the signal peptides and the two immunoglobulin domains are encoded by exons 2-5. 
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Exon 6 encodes the TMD and the first part of the CPD. Remaining CPD is encoded by 

exon 7 (BOWLES ET AL. 1999). 

 

Figure 4: CXADR exons with nucleotide numbering and corresponding CAR protein domains. Exon 

1 and part of exon 2 code for the signal sequence. Extracellular D1 domain originates from the rest of 

exon 2 and exon 3 and D2 domain is coded by exons 4 and 5. Exon 6 gives rise to the transmembrane 

domain (TMD) and the first part of the cytoplasmic domain (CPD). Rest of CPD is encoded by exon 7. 

Compare Figure 1 in Appendix for correlation between CXADR exons and CAR´s amino acid sequence. 

CXADR is alternatively spliced resulting in another membranous isoform and three 

soluble isoforms lacking TMD (Figure 5). CAREx7 is encoded by exons 1 to 7, whereas 

in CAREx8, exon 8 is spliced to the first 183 bp of exon 7. Thereby, CAREx7 and 

CAREx8 differ only in their last amino acids at the C-terminus (BERGELSON ET AL. 

1998). In men, CAREx7 is also called hCAR1, CARα or SIV (last C-terminal amino 

acids) and CAREx8 is also named hCAR2 or TVV. In mice, the nomenclature is inter-

changed by naming the shorter isoform mCAR1 and the longer one mCAR2. For clari-

fication, I will use the terms CAREx7 and CAREx8. Isoforms β or CAR4/7, γ or 

CAR2/7, and δ or CAR3/7 are soluble (DÖRNER ET AL. 2004; THOELEN ET AL. 2001B). 

Splicing results in premature stop codons due to frameshifts. Isoforms CAR4/7 and 

CAR 2/7 use the canonical splice sites, whereas in CAR3/7, the first 21 nucleotides of 

exon 3 are fused to the last 97 nucleotides of exon 7.  
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Figure 5: CXADR splice isoforms. Two protein isoforms are membrane-bound (CAREx7 and CAREx8) 

and three are soluble (CAR2/7, CAR3/7, and CAR4/7). 

CAREx7 and CAREx8 mRNA species were found in human brain, heart, kidney, liver, 

lung, pancreas, placenta, and spleen (ANDERSSON ET AL. 2000; THOELEN ET AL. 2001B). 

In mice, both protein isoforms co-express at most epithelial contacts of the body cavi-

ties (RASCHPERGER ET AL. 2006). Since the extracellular domains of the isoforms are 

identical, both serve as virus receptors. However, in polarised airway epithelium, 

CAREx8 is expressed apically, whereas CAREx7 is located basolaterally. Thereby, only 

CAREx8 may be accessible for viruses in vivo (EXCOFFON ET AL. 2010). In other tissues 

and cells like endometrium, spermatozoa, skeletal and cardiac muscle, CAREx7 and 

CAREx8 expression pattern also differs, indicating varying functions (BEAUPARLANT, 

READ, & DI CRISTOFANO 2004; MIRZA ET AL. 2006; SHAW ET AL. 2004). 

Soluble isoforms bind CAR ECD and Coxsackieviruses via their D1 domain 

(DÖRNER ET AL. 2004) and mRNA species were identified in several human tissues 

(THOELEN ET AL. 2001B). Proteins of the soluble isoforms are differentially regulated in 

ovarian and breast cancer and upon development of human preimplantation embryos 

(AUER ET AL. 2009; KRIVEGA, GEENS, & VAN DE VELDE 2014; REIMER ET AL. 2007). 

Nevertheless, the exact physiological function of the soluble isoforms is still unclear. 

1.1.2.2 Expression regulation 

CXADR transcription is initiated around 150 bp upstream of the ATG start codon and a 

promotor sequence is located at position -585 to -400 bp. A putative silencing region at 

-127 to -18 bp and binding sites for transcription binding factors Sp1, E2F, NFκB, 

STAT are also present (PONG ET AL. 2003; VINCENT ET AL. 2004). Lacher et al. located 

the CXADR core promotor within 291 bp upstream of the start codon and found putative 

binding sites for ETS and CREB transcription factors. In pancreatic and breast cancer 

cells, the E2 box-binding factor ZEB1 downregulated CAR expression (LACHER ET AL. 

2011). Transcriptional complex Smad2/3/4 with transcription factor Snail1 interacts 
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with CXADR promotor and represses CAR levels (VINCENT ET AL. 2009). CXADR tran-

scription seems to be regulated by epigenetic chromatin remodelling as CAR mRNA 

and protein levels were upregulated by several histone deacetylase inhibitors in vitro 

and in vivo (GOLDSMITH ET AL. 2007; KITAZONO ET AL. 2002; OKEGAWA ET AL. 2007; 

SEGURA-PACHECO ET AL. 2007). Furthermore, CAR expression regulation was linked to 

MAPK signalling cascades like the p38, Raf/MEK/ERK, and PI3K pathways. In vivo, a 

p38 inhibitor decreased CAR levels in mice infected with Coxsackieviruses (NIU ET AL. 

2017). Inhibition of MEK activity led to elevated CAR levels in carcinoma cell lines 

(ANDERS ET AL. 2003; BAGHERI ET AL. 2011) and Raf activation as well as PI3K inhibi-

tion resulted in lower CAR levels (ANDERS ET AL. 2003).  

Interestingly, CAR expression itself influences MAPK pathways as was shown in vi-

tro and in vivo. CAR overexpression in murine adult heart and isolated cardiomyocytes 

led to JNK, p38, and ERK1/2 activation (YUEN ET AL. 2011). CAR overexpression acti-

vated AKT in developing mice heart (CARUSO ET AL. 2010) and upregulated ERK1/2 in 

epithelial cells (FARMER ET AL. 2009). CAR knockout (KO) in a human epidermal cell 

line resulted in Src and p38 activation (SU ET AL. 2016). The CAR-mediated intracellu-

lar signalling towards the MAPK pathways seems to be triggered by binding to its ex-

tracellular part. This was observed for homodimerisation in cis (FARMER ET AL. 2009) 

and junctional adhesion molecule-like protein (JAML) binding, which induced T cell 

activation (VERDINO ET AL. 2010; WEBER ET AL. 2014; WITHERDEN ET AL. 2010).  

As MAPK pathways provide inflammatory signals, CAR signalling may be capable 

to induce an inflammatory response. Coxsackie- and adenovirus infections led to induc-

tion of the MAPK signal pathways (BRUDER & KOVESDI 1997; HUBER ET AL. 1999; 

OPAVSKY ET AL. 2002; TAMANINI ET AL. 2006), thereby triggering inflammatory re-

sponses as well as CAR upregulation. 

The anti-inflammatory agent dexamethasone as well as cytokines TNFα, TGFβ, 

INF-γ and chemokine IL-8 influenced CAR levels (BRÜNING & RUNNEBAUM 2003; GAO 

& LUI 2014; KOTHA ET AL. 2015; LACHER ET AL. 2006, 2011; VINCENT ET AL. 2004). A 

drug against hypercholesterolemia and two anti-hypertensive drugs reduced CAR sur-

face expression in human umbilical vein endothelia cells (HUVECs) (FUNKE ET AL. 

2010; WERNER ET AL. 2014). CAR levels were upregulated with increasing confluency 

of HUVECs and cardiomyocytes (CARSON ET AL. 1999; ITO ET AL. 2000). Furthermore, 

fluid and heat stress influenced CAR levels (CHUNG ET AL. 2019; DENG ET AL. 2013). 
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1.1.3 Physiological functions and expression pattern 

1.1.3.1 Cell adhesion molecule (CAM) 

Until now, CAR´s physiological role is not completely understood. As it mediates cell 

adhesion, it is involved in multiple processes ranging from tumour growth and neutro-

phil transmigration to embryonic development. 

CAR is a cell adhesion molecule and forms homodimers with its ECD. In cultured 

epithelial cells, CAR overexpression increases homophilic cell interactions (COHEN ET 

AL. 2001A). In human airway epithelia, transepithelial resistance correlates with CAR 

expression levels (EXCOFFON ET AL. 2004) and CAR is localised at the basolateral sites 

of polarised cells (EXCOFFON, TRAVER, & ZABNER 2005; PICKLES ET AL. 2000; WAL-

TERS ET AL. 1999). In vivo, CAR protein is expressed in epithelial cells of all body tis-

sues, the intercalated discs of cardiomyocytes, but not in the vasculature system or 

smooth muscle cells (KASHIMURA ET AL. 2004; RASCHPERGER ET AL. 2006). In adult 

human tissue, CAR mRNA was detected in heart, brain, pancreas, liver, lung, kidney, 

small intestine, testis, and prostate, but not in placenta, thymus, skeletal muscle, and 

spleen (BERGELSON ET AL. 1998; FECHNER ET AL. 1999; TOMKO ET AL. 2000; TOMKO, 

XU, & PHILIPSON 1997). 

Probably due to its interaction with cytoskeleton proteins (FOK ET AL. 2007; HUANG 

ET AL. 2007), CAR influences cell properties like proliferation and migration. On the 

one hand, CAR overexpression in cell lines leads to increased cell aggregation, more 

cell-cell contacts, and growth inhibition (BRÜNING & RUNNEBAUM 2004; CHEN ET AL. 

2013; OKEGAWA ET AL. 2000). CAR downregulation, on the other hand, enhances cell 

proliferation and migration and inhibits cell adhesion (COHEN ET AL. 2001A; STECKER 

ET AL. 2009). CAR KO results in increased wound healing in vivo (SU ET AL. 2016). 

CAR is involved in T cell activation and polymorphonuclear neutrophils (PMN) 

transmigration through JAML interaction (WITHERDEN ET AL. 2010; ZEN ET AL. 2005). 

Besides, it forms the blood-testis-barrier (HUANG ET AL. 2019), and facilitates neuro-

genesis and synapse homeostasis (PATZKE ET AL. 2010; ZUSSY ET AL. 2016). CAR may 

also play a role in tumour progression. Tumour tissue displays both CAR upregulation 

and CAR downregulation in comparison to healthy tissues (REEH ET AL. 2013). It was 

suggested that CAR might be a tumour progression marker, but also a tumour suppres-

sor depending on affected tissue and disease state. CAR downregulation decreases cell 
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adhesive properties of the tumour and results in metastasis formation. Metastasis cells 

might then upregulate CAR expression to facilitate colonisation (NOVAK 2002; STECKER 

ET AL. 2011). 

CAR is essential for correct conduction in the heart, probably due to its adhesive role 

at intercalated discs and the atrioventricular (AV) node. Homozygous inducible CAR 

KO (germline and cardiomyocyte-specific) in adult mice results in AV block. Connexin 

45, β-catenin, and ZO-1 are mislocalised in AV node and intercalated discs in CAR KO 

hearts. Affected mice develop cardiomyopathy (LIM ET AL. 2008; LISEWSKI ET AL. 2008; 

PAZIRANDEH ET AL. 2011). Mice with a heterozygous CAR KO show no spontaneous 

arrhythmias. However, sodium currents are reduced at intercalated discs. CAR im-

munoprecipitates with Nav1.5 sodium channel in vitro (MARSMAN ET AL. 2014). CAR 

overexpression (skeletal-muscle or cardiac-specific) in adult mice results in a lethal 

phenotype (CARUSO ET AL. 2010; SHAW ET AL. 2006), indicating that CAR is also impor-

tant for tissue homeostasis. 

1.1.3.2 Pathfinder protein during embryogenesis and in disease states 

CAR´s spatiotemporal regulation (high levels during embryogenesis, decreasing expres-

sion in the adult, and upregulation during tissue disease) suggests that it might act as a 

pathfinder protein. 

CAR KO models elucidate CAR´s involvement in morphogenesis and differentiation 

during embryogenic development. CAR KO mice die during midgestation at embryonic 

day E11.5 and suffer from cardiac defects including hyperplasia of left ventricular myo-

cardium, pericardial oedema, and haemorrhages. Cardiomyocytes undergo apoptosis 

and have disorganised myofibrils. Cell-cell contacts between cardiomyocytes are short 

or even absent (ASHER ET AL. 2005; CHEN ET AL. 2006; DORNER ET AL. 2005). The im-

portant function of CAR for embryonic heart development is emphasised by cardio-

myocyte-specific CAR KO at E9.5, which mimics the lethal phenotype observed for 

germline CAR KO. However, when CAR is deleted in cardiomyocytes at E11, mice 

survive to adulthood indicating a temporal window, in which CAR expression is crucial 

for heart development. CAR may regulate proliferation of cardiomyocytes (CHEN ET AL. 

2006). Total CAR KO with CAR re-expression solely in the heart rescues mice 

(FREIBERG ET AL. 2014). 
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Next to CAR´s essential role in heart development, it is also involved in formation of 

other organ systems during embryogenesis: In a zebrafish CAR KO model, kidney de-

velopment is impaired (RASCHPERGER ET AL. 2008). However, a murine podocyte-

specific CAR KO model shows no influence on kidney formation (SCHELL ET AL. 2015). 

CAR KO in adult mice results in pancreas atrophy and enlarged intestines and thymus 

(PAZIRANDEH ET AL. 2011). CAR KO at E12.5 leads to insufficient separation of blood 

and lymphatic vessel systems resulting in embryonic death (MIRZA ET AL. 2012). In ad-

dition, CAR expression facilitates cell-cell contacts in pre-implantation blastocysts 

(JEONG ET AL. 2019; KWON, KIM, & CHOI 2016). 

CAR is significantly downregulated postnatally, for example in brain (HOTTA ET AL. 

2003), nervous system (AHN ET AL. 2008; PATZKE ET AL. 2010), lung (SUN ET AL. 2012), 

bladder (GYE ET AL. 2011), skeletal muscle (NALBANTOGLU ET AL. 1999), olfactory bulb 

(VENKATRAMAN ET AL. 2005), and heart (ITO ET AL. 2000). During differentiation of 

human embryonic stem cells and preimplantation embryos, CAR is downregulated 

(KRIVEGA, GEENS, & VAN DE VELDE 2014). 

CAR is re-expressed during disease conditions. Upon differentiation, cells loose 

CAR (HIDAKA ET AL. 1999; HUNG ET AL. 2004; HUTCHIN, PICKLES, & YARBROUGH 

2000; REBEL ET AL. 2000) and upregulation may facilitate tissue repair by recreating an 

embryonic expression pattern. This was observed in regenerating skeletal muscle fibers 

(SINNREICH ET AL. 2005) and heart muscle after myocardial infarction (FECHNER ET AL. 

2003). When rat carotid arteries were injured, CAR expression in vascular smooth 

muscle cells increased (NASUNO ET AL. 2004). CAR is also upregulated in myocardial 

biopsy samples from patients with dilated cardiomyopathy, inflammatory cardiomyo-

pathy, aortic valve disease, or mitral valve disease compared to samples from healthy 

donor hearts (NOUTSIAS ET AL. 2001; SASSE ET AL. 2003; TATRAI ET AL. 2011; TOIVONEN 

ET AL. 2010). In rats with experimental autoimmune myocarditis, CAR levels also 

increase (ITO ET AL. 2000). 

1.1.4 Virus receptor 

1.1.4.1 Accessibility for viruses 

As CAR, many other CAMs act as virus receptors (see 1.1.1.1). Viruses take advantage 

of the adhesive properties of these proteins and benefit from the high evolutionary con-

servation of the extracellular domains. This is underlined by the observation that adeno-
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viruses and picornaviruses of many species are able to bind murine or human CAR: 

dogs (SOUDAIS ET AL. 2000), fowl (TAN ET AL. 2001), chimpanzees (COHEN ET AL. 

2002), bats (KOBAYASHI ET AL. 2019), and pigs (MARTINO ET AL. 2000). Both Cox-

sackie- and adenoviruses use CAR´s extracellular D1, which is important for homo-

dimerisation (see 1.1.1.2). Mutations that reduce virus attachment could also affect 

CAR´s physiological function and are less likely to occur. 

Generally, CAR expression levels correlate with susceptibility of cells or tissue to-

wards virus infection. This was observed in cancer cells (OKEGAWA ET AL. 2000; QIN ET 

AL. 2003; YOU ET AL. 2001), cultured cardiomyocytes (FECHNER ET AL. 2007; NOUTSIAS 

ET AL. 2001), muscle fibers (NALBANTOGLU ET AL. 2001), and murine models, which 

overexpressed CAR in heart, pancreas, or T and B lymphocytes (KALLEWAARD ET AL. 

2009; SCHMIDT ET AL. 2000; SHI ET AL. 2009). 

The susceptibility of mouse and rat tissues towards adenovector transduction does 

not always correlate with CAR expression levels (FECHNER ET AL. 1999). As CAR lo-

calises at junctions between adjacent cells, it is normally inaccessible for viruses. In po-

larised epithelial cells and freshly excised human airway epithelium, CAR expression is 

limited to basolateral sites and adenovirus infections are inefficient from the apical site 

(COHEN ET AL. 2001A; PICKLES ET AL. 2000; SHIEH & BERGELSON 2002; WALTERS ET 

AL. 1999; ZABNER ET AL. 1997). When tight junctions were disrupted by addition of his-

tamine, trypsin, or EDTA, CAR was accessible and virus infection was facilitated 

(BRÜNING & RUNNEBAUM 2003; COHEN ET AL. 2001A; SHARMA ET AL. 2012; WALTERS 

ET AL. 1999; ZABNER ET AL. 2003). In vivo, Coxsackie- and adenoviruses may overcome 

this constraint by binding their co-receptors, DAF and integrins, which are expressed 

apically (ANDERSON, JOHNSON, & HAGEMAN 1995; SHIEH & BERGELSON 2002). Fur-

thermore, CAREx8 isoform localises at low expression levels at the apical surface of 

human airway epithelial cells and facilitates viral entry (EXCOFFON ET AL. 2010; KOLA-

WOLE ET AL. 2012). Once a tissue is infected, newly synthesised virions and adenovirus 

fibers are released on basolateral sites, where they bind CAR. This disrupts cell-cell 

contacts and allows virus spreading (WALTERS ET AL. 2002). 

1.1.4.2 Coxsackievirus receptor 

Human Coxsackieviruses belong to the family Picornaviridae and the genus Enterovi-

rus. They are non-enveloped, icosahedral, positive-stranded RNA viruses and are classi-
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fied in two groups A (CVA) and B (CVB). CVA mainly cause gastrointestinal illness, 

whereas CVB also infect respiratory tract, eyes, skin, pancreas, myocardium, or peri-

cardium. Infections cause febrile illness, meningoencephalitis, myocarditis, pancreatitis, 

or hand, foot, and mouth disease. Several infections, however, are asymptomatic. Cox-

sackievirus transmission occurs mostly by faecal-oral route or by droplet inhalation 

(MUEHLENBACHS, BHATNAGAR, & ZAKI 2015). 

CVB1, 3, and 5 serotypes use decay accelerating factor (DAF) for cell-attachment 

(SHAFREN ET AL. 1995) and all six CVB serotypes bind CAR for cell entry (MARTINO ET 

AL. 2000). CAR D1 domain binds mainly viral protein VP1 at the fivefold viral vertices 

(Figure 6). CVB contact sites on CAR D1 (Figure 2 in Appendix) differ from residues 

involved in homodimer and adenovirus binding (Figure 17). Affinity of D1 domain to 

CVB (Kd=0.25 µM) is lower than for adenovirus binding, but higher than for D1 homo-

philic interaction (GOODFELLOW ET AL. 2005). Upon CAR-interaction, CVB form al-

tered (A)-particles. A-particles are a crucial intermediate for virus uncoating, but cannot 

bind to cells anymore (GOODFELLOW ET AL. 2005; MILSTONE ET AL. 2005). In contrast to 

CAR, DAF alone is insufficient for virus infection (SHAFREN, WILLIAMS, & BARRY 

1997). 

 

Figure 6: Coxsackievirus structure and model of CAR D1-CVB3 interaction. Left: Coxsackievirus 

icosahedral capsids comprise of four proteins (VP1-4) and have a diameter of about 30 nm (modified 

from PDB ID: 1COV (MUCKELBAUER ET AL. 1995)). Each depression (canyon) that surrounds the viral 

fivefold symmetry axes of CVB3 (green) interacts with a CAR D1 domain (blue). Right: Contact sites 

with CVB3 coat proteins on CAR D1 domain are coloured in orange (PDB ID: 1JEW; (HE ET AL. 2001)). 

CAR D2 domain is added to show orientation of the complex.  
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1.1.4.3 Adenovirus receptor 

Human adenoviruses belong to the Adenoviridae family and consist of more than 50 

types and 7 species (A-G). They have an icosahedral capsid comprising hexon and fiber 

proteins. Fibers protrude from each penton base of the twelve vertices (Figure 7). Ade-

noviruses are non-enveloped, double-stranded DNA viruses. Most frequently, adenovi-

ruses infect the upper and lower respiratory tract, the conjunctiva, and the gastrointesti-

nal tract. Febrile respiratory disease, keratoconjunctivitis, and diarrheal illness can en-

sue. More rarely, viruses cause encephalitis, myocarditis, and meningitis. Infections can 

also be asymptomatic. Adenoviruses are transmitted via faecal-oral route, inhalation of 

aerosols, and smear infections (LYNCH & KAJON 2016). 

Adenoviruses of all species, except B, use CAR as attachment receptor. They bind to 

the D1 domain with their fiber knob domain (ARNBERG 2012). For cell entry, adenovi-

ruses bind αν integrins with their penton base, which induces virus fiber shedding and 

uncoating (BURCKHARDT ET AL. 2011). 

 

Figure 7: Adenovirus structure. Adenovirus icosahedral capsid has a diameter of about 100 nm and 

comprises hexon proteins and twelve fibers. Fiber proteins originate from the penton bases at the vertices 

and form a knob domain at their end. Adenoviruses use CAR and integrins as receptors (modified from 

(ZHANG & BERGELSON 2005)). 

Adenovirus knob-CAR D1 interaction is visualised in Figure 8. Fiber knobs are homo-

trimers and each monomer binds one CAR D1 domain (BEWLEY ET AL. 1999). Residues 

on CAR D1 involved in homodimerisation overlap with residues involved in adenovirus 

binding (Figure 17). Thus, mutations in CAR that affect adenovirus attachment proba-

bly also alter CAR´s physiological function and occur less likely. Knob-D1 interaction 

displays a 1000-fold higher affinity (Kd=14.8±4.5 nM for adenovirus serotype 5) than 
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the homophilic CAR association (KIRBY ET AL. 2000). Two interfaces are involved in 

knob-D1 interaction. Contact sites on CAR D1 (BEWLEY ET AL. 1999; KIRBY ET AL. 

2000; TOMKO ET AL. 2000) and on adenovirus knob (KIRBY ET AL. 2000; LAW & DAVID-

SON 2005; NICKLIN ET AL. 2005; SANTIS ET AL. 1999) have been deduced from structure 

models and by site-directed mutagenesis.  

 

Figure 8: Model of CAR D1-Ad12 knob interaction. Left: Ad12 knob trimer (green) is able to interact 

with three CAR D1 monomers (blue) (PDB ID: 1KAC, (BEWLEY ET AL. 1999)). Contact is established via 

two interfaces. Right: Contact sites on CAR D1 (top) and on Ad12 knob (bottom) are coloured in orange 

and purple for the first and second interface, respectively. CAR D2 domain is added to show orientation 

of the complex. 

1.1.4.4 Soluble ECD as antiviral decoy 

CAR splice isoforms, recombinant CAR ECD, CAR D1, and CAR ECD fused to 

IgG1-Fc (sCAR-Fc) were used as soluble CAR proteins for virus inhibition experi-

ments. Soluble CAR ECD prevents virus infections in two ways. Firstly, they function 

as virus traps by binding to viruses. Thereby, they block binding sites for membranous 

CAR and cause steric hindrance during uncoating and cell entry for those viruses, which 

still manage to bind to the cell (FECHNER ET AL. 2011). Secondly, soluble CAR forms 

homodimers with their membranous counterparts and block those for virus attachment. 

CVB are especially susceptible to CAR decoy, as they form A-particles upon interaction 

(GOODFELLOW ET AL. 2005; MILSTONE ET AL. 2005). A-particles are crucial in the virus 

uncoating process, but cannot infect cells anymore.  
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CAR decoys are effective competitors that impede CVB and Ad infections in vivo 

and in vitro. They inhibit CVB and Ad entry in various cell types (DÖRNER ET AL. 2004; 

FREIMUTH ET AL. 1999; LIM ET AL. 2006; ROELVINK ET AL. 1998). Treatment of CVB3-

infected mice with soluble CAR reduces virus titer in the myocardium and pancreas, 

and reduced virus-induced mortality (YANAGAWA ET AL. 2004; ZHANG ET AL. 2013). 

Exogenous expression of sCAR-Fc by skeletal muscle inhibits CVB-induced myocardi-

tis in mice (LIM ET AL. 2006). Liver and heart adenovirus infections are significantly 

inhibited in immunosuppressed mice expressing soluble CAR (RÖGER ET AL. 2015). 

Most in vivo studies did not reveal safety issues, but treatment with CAR splice isoform 

4/7 increased myocardial inflammation and heart tissue damage in a murine CVB3 

myocarditis model, when applied intraperitoneally. At the same time, CVB3 titer was 

reduced. CAR4/7 injection without subsequent virus infection elicited no immune reac-

tion in mice (DÖRNER ET AL. 2006). 

1.2 Viral-induced myocarditis 

1.2.1 Symptoms, diagnosis, and treatment 

Myocarditis is the most clinically relevant inflammatory cardiac disease (BLAUWET & 

COOPER 2010; CAFORIO ET AL. 2013). Most inflammations of the myocardium are a-

symptomatic or patients shown mild symptoms like fever and fatigue. Therefore, the 

true incidence is unknown. However, it was estimated that 3.1 million myocarditis cases 

occurred worldwide in 2017 (JAMES ET AL. 2018). Severe symptoms vary from chest 

pain and palpitations to cardiogenic shock with arrhythmias and sudden cardiac death. 

Especially young victims of sudden cardiac death suffer from myocarditis (DOOLAN, 

LANGLOIS, & SEMSARIAN 2004; ECKART ET AL. 2004; MARON 2003). Chronic viral per-

sistence can result in dilated cardiomyopathy (DCM), which is a leading cause for heart 

transplantation. For diagnosis of myocarditis, an endomyocardial biopsy is examined 

for inflammatory infiltrates and cardiomyocyte necrosis. Presence of viral genome in 

the sample can be determined and cardiac magnetic resonance imaging can be used for 

non-invasive diagnosis. Treatment of more severe cases targets arrhythmias or heart 

failure. Immunosuppressive therapy yields no benefit (MASON ET AL. 1995). 
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1.2.2 Virus aetiology 

Myocarditis can be caused by drugs, toxins, autoimmune diseases, or infectious agents 

like viruses, bacteria, fungi, or protozoa. Viral infections are the most frequent aetiology 

in North America and Europe (BURIAN, BUSER, & ERIKSSON 2005). Adenoviruses and 

enteroviruses (e.g. Coxsackieviruses) are identified most frequently in myocarditis and 

DCM cases, among other viruses like influenza, Epstein-Barr, cytomegalo, hepatitis C, 

and parvovirus B19 (BOWLES ET AL. 2002, 2003; KINDERMANN ET AL. 2008; KÜHL ET 

AL. 2005; LIU ET AL. 2013). 

Due to CAR´s role as virus receptor for both eponymous viruses, its role in viral-

induced myocarditis and DCM has been studied extensively. Cardiomyocytes and car-

diac fibroblasts are CAR-positive and thereby susceptible towards viral infections 

(LINDNER ET AL. 2014). Cardiac-specific CAR KO prevents coxsackieviral infection 

(KALLEWAARD ET AL. 2009; SHI ET AL. 2009), whereas upregulation in cardiomyocytes 

increases cells´ susceptibility towards viral infection (NOUTSIAS ET AL. 2001). CAR ex-

pression is upregulated in DCM and myocarditis (KAUR ET AL. 2012; LIU ET AL. 2013; 

NOUTSIAS ET AL. 2001; RUPPERT ET AL. 2008; SHARMA ET AL. 2016; TATRAI ET AL. 2011; 

TOIVONEN ET AL. 2010). This is probably a result of inflammation rather than a cause 

for initial virus infection, since CAR was found to be upregulated in several other dis-

ease states (see 1.1.3.2). Interestingly, forced cardiac-specific CAR upregulation in mice 

results in severe cardiac inflammation and cardiomyopathy without viral contribution, 

probably via MAPK signalling (CARUSO ET AL. 2010; YUEN ET AL. 2011). Therefore, 

high CAR levels in myocarditis and DCM may influence cardiac remodelling directly. 

1.2.3 Phases and immune response 

Myocarditis is defined by three different phases (LIU & MASON 2001; SHAUER ET AL. 

2013): First, cardiomyocyte lysis occurs during viral replication in the acute phase. 

Consequently, the innate immune system is activated, chemokines and cytokines are 

expressed, and immune cells infiltrate. If immune response is adequate, myocarditis 

heals after this phase. During the second phase, the adaptive immune system activates 

antigen-presenting cells that are directed against both viral and cardiac epitopes. 

Massive inflammation and sustainable damage of myocardium ensue. Autoimmunity 

through molecular mimicry can exceed pathogenic effects of viral infection. Auto-

reactive T cells, high cytokine concentrations, and cross-reactive antibodies often have 
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detrimental consequences for heart function. In some cases, viral and autoimmune 

inflammatory processes can continue and a chronic DCM develops as a third possible 

phase of myocarditis. DCM is defined as chronic inflammation of the myocardium with 

dilated left ventricle and impaired contractibility. 

Viral-induced tissue injury elicits inflammatory responses. A hallmark of inflamma-

tion is the recruitment of immune cells, which release reactive oxygen species and pro-

teolytic enzymes. Matrix metalloproteinases (MMPs) cleave components of the ex-

tracellular matrix (ECM) as well as various other proteins (MITTAL ET AL. 2016A). Neu-

trophil serine proteases cathepsin G (CG), neutrophil elastase (NE), and proteinase 3 

(PR3) cleave cell surface molecules and chemokines (PHAM 2006). MMP and NE ac-

tivities increase in viral-induced myocarditis (CHEUNG ET AL. 2006; LEE ET AL. 1998; LI 

ET AL. 2002). Neutrophils express several soluble proteases in their granules: CG, NE, 

and PR3 in azurophilic (primary) granules, MMP-9 (gelatinase), and MMP-1, -8, and 

-13 (collagenases) in specific (secondary) granules, and MMP-9 in gelatinase (tertiary) 

granules (WRIGHT ET AL. 2010). Furthermore, other immune cells like phagocytes, natu-

ral killer cells, monocytes, macrophages, eosinophils, basophils, mast cells, and leuko-

cytes all express serine proteases or MMPs (OWEN & CAMPBELL 1999). With the help of 

those proteases, immune cells migrate through ECM, kill pathogens, and facilitate car-

diac remodelling. ECM turnover and reconstruction allow healing of the heart tissue 

after inflammation (MARCHANT & MCMANUS 2009; RUTSCHOW ET AL. 2006). Other 

sources of proteases in the myocardium are cardiomyocytes (COKER ET AL. 1999) and 

fibroblasts (CLEUTJENS ET AL. 1995). 

1.3 Shedding 

Ectodomain shedding is a posttranslational modification defined as limited proteolysis 

and release of an extracellular part of a transmembrane protein (HAYASHIDA ET AL. 

2010). Shedding releases a soluble proteoform of the transmembrane protein, which can 

have biological functions. For example, it can act as agonist or antagonist for the re-

maining full-length receptor. By shedding, cell surface expression levels of the protein 

decrease independently from transcriptional regulation. Furthermore, shedding is often 

followed by regulated intramembrane proteolysis (RIP), which produces a cytoplasmic 
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fragment that can be involved in gene expression regulation. Shedding can be constitu-

tive or induced by activators, e.g. phorbol esters. 

Leukocytes migrate through epithelium to the sites of inflammation with the help of 

proteases that target CAMs. Ectodomain shedding of CAMs expressed by leukocytes or 

epithelial cells influences tethering and rolling of leukocytes (GARTON, GOUGH, & 

RAINES 2006). Besides, CAM shedding plays a major role in cell adhesiveness and mi-

gration and thereby also in cancer progression (VAN KILSDONK ET AL. 2010).  

Sheddases (or secretases) can be membranous or soluble proteases, for example a 

disintegrin and metalloproteinases (ADAMs) (REISS & SAFTIG 2009), MMPs (PARKS, 

WILSON, & LÓPEZ-BOADO 2004), and serine proteases expressed by PMNs (GINZBERG 

ET AL. 2001). Several CAMs are shed by membranous or soluble proteases: CD44, 

JAM-A, JAM-C, and L1 are cleaved by ADAM10 and ADAM17 (KOENEN ET AL. 2009; 

MARETZKY ET AL. 2005; NAGANO ET AL. 2004; RABQUER ET AL. 2010). ICAM-1, 

E-cadherin, N-cadherin, NCAM-1, and PECAM-1 are shed by MMPs or NE (CONANT 

ET AL. 2017; GINZBERG ET AL. 2001; HÜBSCHMANN ET AL. 2005; ILAN ET AL. 2001; LY-

ONS & BENVENISTE 1998; MCGUIRE, LI, & PARKS 2003). Nectin-4 and vascular cell ad-

hesion protein 1 (VCAM-1) are digested by ADAM17 (FABRE-LAFAY ET AL. 2005; 

SINGH ET AL. 2005). Close homolog of L1 (CHL1) is proteolysed by ADAM8 (NAUS ET 

AL. 2004). Other target proteins or secreted proteases include growth factors, cytokines, 

chemokines, or growth factors (MURPHY, MURTHY, & KHOKHA 2008). 

Membranous ADAM10 sheds murine CAR´s ECD and releases a soluble fragment 

of 32 kDa. After shedding, murine CAR is processed by RIP (HOURI, HUANG, & NAL-

BANTOGLU 2013). Trypsin cleaved CAR´s ECD into fragments that can be visualised in 

a reducing gel and subsequent Western blot. HeLa cells treated with trypsin remained 

CVB-susceptible, probably because CAR fragments remained attached to the cells 

through disulfide bonds (CARSON 2000). Elastase, pancreatin, and chymotrypsin treat-

ment of HeLa cells inhibited CVB attachment, which provided indirect evidence for a 

possible CAR-shedding (LEVITT & CROWELL 1967; ZAJAC & CROWELL 1965). High 

trypsin concentrations reduced CAR surface levels on Caco-2 cells (RIABI ET AL. 2014). 
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1.4 Scope of this study 

1.4.1 CAR genetic variants 

Due to CAR´s important role in embryogenesis and in remodelling following tissue in-

jury (see 1.1.3.2), CXADR has been searched for pathogenic mutations. However, no 

missense or splice variants were found in patients suffering from ischemic or dilated 

cardiomyopathy (TATRAI ET AL. 2011), left ventricular non-compaction cardiomyopathy 

(HERRMANN 2016), myocarditis (BOWLES ET AL. 2002), myocardial infarction (BUGERT 

ET AL. 2011), myxoma (BISCHOF 2018), or usher syndrome (EXCOFFON ET AL. 2006). 

Variants in intron three and exon seven were characterised in patients suffering from 

chronic obstructive pulmonary disease, but they did not associate with adenoviral infec-

tion rates (KASUGA ET AL. 2009). A variant in exon seven, which results in a silent mu-

tation in CAREx7 and in a missense mutation in CAREx8, was associated with in-

creased blood pressure (SHETTY ET AL. 2012). 

Sequencing of CXADR in 108 healthy individuals revealed no polymorphisms in D1 

domain, indicating high conservation of CAR´s functional domain (THOELEN ET AL. 

2002). CAR homologues are expressed in several species including mammalian and 

non-mammalian vertebrates, birds, and fish. Amino acid conservation in extracellular 

D1 domain and cytoplasmic part is very high (BERGELSON ET AL. 1997; FECHNER ET AL. 

1999; PATZKE ET AL. 2010; PETRELLA ET AL. 2002; THOELEN ET AL. 2001A; TOMKO, XU, 

& PHILIPSON 1997). 

The Genome Aggregation Database (gnomAD) (KARCZEWSKI ET AL. 2020) lists ge-

netic variants in human population. By now, sequencing data of more than 140000 unre-

lated individuals from disease-specific and population genetic studies are loaded. Inter-

estingly, CXADR has no variants with a minor allele frequency (MAF) above 1 % that 

would be considered as typical polymorphisms.  

I was interested in the most frequent variants in human population (Table 1) and their 

influence on CAR-mediated virus uptake. Missense variant p.P356S was detected in a 

deaf patient, but no change of CAR´s in vitro characteristics was observed. Localisation, 

expression level, CAR-mediated adenovirus entry, and intracellular interaction with 

MAGI-1b did not differ from wild type CAR (EXCOFFON ET AL. 2006). The other four 

variants have not been described in the literature yet. 
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Table 1: Investigated point mutations in human CXADR. Most frequent missense mutations in the 

canonical transcript ENST00000284878 that are listed in gnomAD (last accessed on November 4th, 

2020). Affected nucleotides are enumerated according to their position in the coding sequence (CDS). 

Variants are located in CAR´s transmembrane domain (TMD) or cytoplasmic domain (CPD). 

Nr. rs number CDS 

nucleotide 

Exon in 

CXADR 

amino acid Domain 

in CAR 

MAF 

1 148881358 c.752C>T 6 p.Ala251Val TMD 0.0107% 

2 372559893 c.886G>A 7 p.Gly296Ser CPD 0.0115% 

3 536246226 c.928A>G 7 p.Met310Val CPD 0.0418% 

4 143764073 c.983G>A 7 p.Arg328His CPD 0.0941% 

5 142651712 c.1066C>T 7 p.Pro356Ser CPD 0.2570% 

The five frequent variants are localised in CAR´s TMD or CPD, but do not affect 

known functional motifs directly (Figure 3). Nevertheless, those motifs may be influ-

enced by the variants indirectly, for example by conformational changes. Since CAR´s 

cytoplasmic tail is important for intracellular signalling, has multiple interaction part-

ners, and regulates CAR´s expression levels (see 1.1.1.3), it was tempting to speculate 

that variants in this domain might also alter virus internalisation. 

Variants in the TMD and CPD of CAR may influence virus entry and attachment by 

altering the natural functions of those domains. Changes in CAR expression levels, 

CAR localisation, or CAR intracellular signalling as well as changes in cell migration, 

adhesion, or proliferation properties may all alter virus entry efficiency (Figure 9). I 

overexpressed five CAR missense variants that are most frequent in human population 

in Chinese hamster ovary (CHO) cells and determined their subcellular localisation, 

their influence on cell adhesion and proliferation, and their potential to mediate ade-

novector and Coxsackievirus internalisation. 
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Figure 9: Hypothesis ´CAR genetic variants´. Transmembrane and intracellular CAR missense muta-

tions may influence virus uptake by altering CAR´s localisation and expression level or its interaction 

with intracellular partners. Furthermore, CAR´s function in cell-cell interaction (cell migration, adhesion, 

and proliferation properties) may be influenced by the variants. Changing those characteristics of the vi-

rus receptor may also affect virus infection. It could be possible that virus attachment and entry are en-

hanced or decreased and that responses differ for Coxsackie- and adenoviruses. For localisation of vari-

ants in the amino acid sequence, see Figure 3. 

1.4.2 Peptides as virus entry inhibitors 

Several organisms including bacteria, plants, fish, birds, and mammals express short 

antimicrobial peptides as part of their defense system. Peptides expressed by vertebrates 

target bacteria, fungi, or viruses and are expressed in granules of circulating immune 

cells, the gastrointestinal tract, and epithelia (JENSSEN, HAMILL, & HANCOCK 2006). 

Some human defensins, a subgroup of antimicrobial peptides, inhibit infections with 

adenovirus (BASTIAN & SCHÄFER 2001; SMITH & NEMEROW 2008), HIV (WANG ET AL. 

2003), or herpes virus (YASIN ET AL. 2004). 

Synthetic antiviral peptides are designed to inhibit several phases of the viral life cy-

cle. Enfuvirtide is a 20mer peptide and inhibits membrane fusion of host cell and HIV, 

which is necessary for infection (MURAKAMI ET AL. 1997). Other peptides inhibit ade-

novirus escape from endosomes (HORNE ET AL. 2005) or HIV DNA synthesis (COLE ET 

AL. 2002). Another interesting target for antiviral peptides is the virus-cell interaction. 
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Peptides that bind to the receptor or the virus to inhibit virus entry were designed for 

example for hepatitis C virus (YIN ET AL. 2017), HIV (FÄTKENHEUER ET AL. 2005; TA-

MAMURA ET AL. 1996), or dengue virus (ALHOOT ET AL. 2013). Arginine-glycine-

asparagine (RGD) peptides, which target adenovirus-integrin interaction, inhibit adeno-

virus entry (WICKHAM ET AL. 1993). In the antiviral peptide database, no entry inhibitor 

peptide targeting adenovirus or Coxsackievirus entry via CAR are listed (QURESHI ET 

AL. 2014).  

Both CAR D1 domain (FECHNER ET AL. 1999) and adenovirus fiber knob domain 

(PICKLES ET AL. 2000; ROELVINK ET AL. 1998) successfully inhibit adenovirus entry into 

cells. I designed peptides based on D1 or knob motifs to use them as entry inhibitors for 

adenovectors. Peptides may block binding sites either on CAR D1 or on adenovirus 

knob and thereby inhibit vector entry into host cells (Figure 10). I determined cyto-

toxicity of the synthetic peptides and tested their inhibitory efficiency towards adeno-

vector entry in human lung epithelial cells. 

 

Figure 10: Hypothesis ´Synthetic peptides as adenovirus entry inhibitors´. Peptides corresponding to 

motifs from CAR D1 domain may block virus attachment either by binding to CAR or to virus knob. Pep-

tides with amino acid sequences from the adenovirus knob may inhibit virus attachment by blocking CAR 

for upcoming viruses.  
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1.4.3 CAR-shedding 

CAR-shedding may be a mechanism that limits ongoing virus infections, for example 

during myocarditis (Figure 11). Cardiac myocytes express CAR and are susceptible to 

Coxsackie- and adenovirus infections. After virus entry and replication, new virions es-

cape from the host cells through lysis and infect neighbouring tissue. At the same time, 

the host´s immune system is activated leading to migration of immune cells towards the 

site of infection. Immune cells like neutrophils, natural killer cells, or macrophages se-

crete proteases. Those proteases facilitate migration through the tissue by cleaving ad-

hesion molecules and ECM components. Main proteases secreted by neutrophils are 

MMPs and serine proteases (see 1.2.3). If those proteases that are present in the myo-

cardium during virus infection would also cleave CAR´s extracellular domain, this 

would be a new immune defense mechanism against Coxsackie- and adenovirus infec-

tions. CAR-shedding would limit ongoing virus infections via three different mecha-

nisms:  

1) Loss of CAR´s ECD from the cardiomyocytes´ cell surface would reduce virus bind-

ing sites. CAR expression levels correlate with cells´ susceptibility towards virus infec-

tions in vitro and in vivo (see 1.1.4.1).  

2) Shedding releases a soluble part of CAR´s ECD. This soluble fragment would be 

physiologically relevant, if it contained CAR´s membrane-distal D1 domain. Then, it 

would serve as a virus trap like recombinant proteins comprising CAR´s ECD in vitro 

and in vivo (see 1.1.4.4).  

3) A soluble part of CAR´s ECD would dimerise with membranous CAR and block it 

for upcoming viruses (see 1.1.1.2). 

I investigated the proteolysis of human CAR by proteases that are known to be se-

creted during myocarditis. Different in vitro models were applied to identify proteases 

that cleave CAR, to define mechanisms that facilitate or inhibit cleavage, and to deter-

mine proteolytic cleavage sites in CAR´s ECD. Recombinant human full-length CAR or 

CAR ECD expressed by prokaryotic or eukaryotic cells were cleaved with human serine 

proteases and MMPs. Furthermore, proteolysis of membrane-bound CAR of various 

mammalian cells was monitored. 
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Figure 11: Hypothesis ´CAR-shedding`. Viral-induced myocarditis may be limited by CAR-shedding. 

Cardiomyocytes expressing CAR are susceptible to Coxsackie- and adenovirus infections. Upon immune 

system activation, immune cells migrate towards the site of infection and secrete proteases, which may 

act as sheddases for CAR. CAR-shedding would limit virus binding through three different mechanisms: 

1) decreasing virus receptor levels, 2) providing a virus trap in form of released soluble ECD, and 3) 

blocking membranous CAR for virus by dimerisation of soluble and cell-bound ECD. 
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2 MATERIAL 

2.1 Instruments 

Table 2: Instruments 

Instrument Name Supplier 

Autoclave 2540 EL Systec 

Autoclave 5075 ELV Tuttnauer 

Cell culture hood   Binder 

Centrifuge 5417C Eppendorf 

Centrifuge Rotina 420 R Hettich GmbH & Co. KG 

CO2 Incubator   Binder 

Concentrator  5301 eppendorf 

Electrophoresis chamber and blot module Xcell Sure Lock 
TM

 Invitrogen
TM

 life technologies 

ESI-OrbiTrap QExactive Plus ThermoFisherScientific 

Flow cytometer Cytomics FC500 Beckman Coulter  

Flow cytometer Attune Nxt ThermoFisherScientific 

Fluorescence confocal microscope TCS SP8 Leica 

Incubator   memmert 

Incubator innova 4230 New Brunswick Scientific 

Incubator  Heraeus B15 ThermoFisherScientific 

Inverted microscope Eclipse TE 200-U Nikon  

Light microscope CK2 Olympus  

Magnetic mixer MR3001 Heidolph 

Micro scales   KERN ABJ 

Microplate reader Infinite® M1000 PRO TECAN 

pH meter 766 Knick Calimatic 

Power supplier PowerEase500 Invitrogen
TM

 life technologies 

Rocker HS 260 basic IKA Werke 

Scales BL1500S Sartorius  

Sequencer ABI 3500 Genetic Analyzer Applied Biosystems 

Spectrophotometer Nanodrop  ThermoFisherScientific 

Surface plasmon resonance (SPR) system Biacore
TM

 T200 Cytiva 

Suspension Mixer   Ratek Instruments 

Thermocycler T1 Biometra  

Thermoshaker MKR23 HLC 

UHPLC
+
 UltiMate 3000 RSLCnano ThermoFisherScientific 

Ultrasonic bath RK100SH Bandelin 

Vortex VortexGenie2 ScientificIndustries, Inc.
TM

 

Water bath   memmert 

Western blot imaging system ECL Chemostar INTAS  
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2.2 Consumables 

Table 3: Consumables 

Consumable Supplier 

24 well cell culture plate cellstar greiner bio-one  

6 well cell culture plate cellstar greiner bio-one  

96 well cell culture plate cellstar greiner bio-one  

96 well cell culture plate Nunclon Delta ThermoFisherScientific 

96 well cell culture plate Nunclon Delta black ThermoFisherScientific 

96 well plate non-binding black greiner bio-one  

96-well Reaction Plate MicroAmp Fast Optical  ThermoFisherScientific 

Acclaim™ PepMap™ 100 C18 LC-column ThermoFisherScientific 

Acclaim™ PepMap™ 100 C18 pre-column ThermoFisherScientific 

Cellstar cell culture flasks 75 cm
2
 greiner bio-one  

Cellstar serological pipets 25 mL, 10 mL, 5 mL greiner bio-one  

Centrifuge tubes, 15 ml, 50 ml nerbeplus 

Clear screw vial with screw cap and inlet VWR 

Cover glasses 13mm diameter, thickness 1.5  VWR 

Cover slips 24x50 mm VWR 

Cryo vials Nationallab 

Glassware (flasks, beakers, measuring cylinders) Schott DURAN 

HisPur
TM

 NiNTA Resin ThermoFisherScientific 

Multipette® plus Eppendorf 

Neubauer-improved counting chamber Marienfeld superior 

NTA series S chip Cytiva 

NuPAGE 4-12 % Bis-Tris Gel 0,1 mm x 15 well  Invitrogen
TM

 life technologies 

PCR Tube 0.2 mL Eppendorf 

Pipet Controler Easypet Eppendorf 

Pipet tips Eppendorf 

Pipets Reference Eppendorf 

PVDF membrane 0.2 mm pore size Invitrogen
TM

 life technologies 

Reaction tubes 1.5 mL  Eppendorf 

Sponge pads Invitrogen
TM

 life technologies 

Syringe Filter Minisart 0.2 µm Sartorius stedim 

Syringe Luer-Lok Tip BD Falcon 

Tubes 15 mL, 50 mL ThermoFisherScientific 

Tubes 5 mL for flow cytometry Sarstedt 

UV cuvettes Brand 

2.3 Chemicals, reagents, and enzymes 

Table 4: Chemicals, reagents, and enzymes 

Chemical/reagent/enzyme Supplier 

Acetic acid Sigma-Aldrich®  

Acetone ChemSolute 

Ammonium bicarbonate (ABC) Carl Roth® GmbH & Co. KG 

Ampuwa® aqua ad injectabilia Fresenius Kabi Austria GmbH 
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Aqua B. Braun Melsungen AG 

Bicinchoninic acid (BCA) Sigma-Aldrich®  

Bicine Carl Roth® GmbH & Co. KG 

BisTris Carl Roth® GmbH & Co. KG 

Bovine serum albumin (BSA) Carl Roth® GmbH & Co. KG 

Brij®35 Carl Roth® GmbH & Co. KG 

Calcium chloride dihydrate MERCK 

Carbenicillin ThermoFisherScientific 

Collagen R solution 0.2 % Serva 

Copper(II) sulfate solution 4 % (w/v) Sigma-Aldrich®  

CoulterClenz® Cleaning Agent Beckman Coulter 

4′,6-diamidino-2-phenylindole (DAPI) Carl Roth® GmbH & Co. KG 

Digitonin Sigma-Aldrich®  

Dimethyl sulphoxide (DMSO) Sigma-Aldrich®  

Dimethylformamide Carl Roth® GmbH & Co. KG 

Dithiothreitol (DTT) 0.5 M InvitrogenTM life technologies 

Ethylenediaminetetraacetic acid disodium (EDTA) Sigma-Aldrich®  

EDTA UltraPure 0.5 M pH 8 ThermoFisherScientific 

Ethanol MERCK 

Exo SAP-IT USB 

Fixable viability dye (FixVi) ThermoFisherScientific 

Fluorescence mounting medium DAKO 

Formaldehyde (16 % w/v), MeOH-free (PFA) ThermoFisherScientific 

Glucose MERCK 

Glycerol MERCK 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) Carl Roth® GmbH & Co. KG 

HotStarTaq Master Mix QIAGEN 

Hydrochloric acid Carl Roth® GmbH & Co. KG 

Imidazole Carl Roth® GmbH & Co. KG 

IsoFlowTM Sheath Fluid Beckman Coulter 

Isopropyl β-d-1-thiogalactopyranoside (IPTG) Carl Roth® GmbH & Co. KG 

LB-Medium (Lennox) InvitrogenTM life technologies 

Lysozyme Sigma-Aldrich®  

Magnesium chloride hexahydrate MERCK 

Magnesium sulfate heptahydrate MERCK 

Methanol Carl Roth® GmbH & Co. KG 

Morpholinopropane sulfonic (MOPS) MERCK 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) Sigma-Aldrich® 

Nonidet® P40 substitute Sigma-Aldrich®  

Novex® AP Chromogenic Substrate  InvitrogenTM life technologies 

NuPAGE® Antioxidant InvitrogenTM life technologies 

NuPAGE® LDS Sample Buffer (4x) InvitrogenTM life technologies 

NuPAGE® MES running buffer (20x) InvitrogenTM life technologies 

Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich 

Phosphate buffered saline (PBS) pH 7.2 - CaCl2 -MgCl2 Carl Roth® GmbH & Co. KG 

Piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES) Carl Roth® GmbH & Co. KG  

PNGase F (glycerol-free) New England BioLabs® 

PNGase F RapidTM (non-reducing format) New England BioLabs® 

Potassium chloride MERCK 

Potassium phosphate MERCK 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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Powdered Milk Blotting Grade Carl Roth® GmbH & Co. KG 

PrestoBlue
TM

 cell viability reagent ThermoFisherScientific 

Super optimal broth with catabolite repression (S.O.C.) medium ThermoFisherScientific 

Saponin Sigma-Aldrich® 

SeeBlue® Plus2 Pre-Stained Protein Standard InvitrogenTM life technologies 

Sodium acetate MERCK 

Sodium azide Sigma-Aldrich® 

Sodium chloride Carl Roth® GmbH & Co. KG 

Sodium dodecyl sulfate (SDS) Carl Roth® GmbH & Co. KG 

Sodium hydroxide MERCK 

Sucrose Carl Roth® GmbH & Co. KG 

Tris (hydroxymethyl)aminomethane MERCK 

Tris-HCl Carl Roth® GmbH & Co. KG 

Triton X-100 Carl Roth® GmbH & Co. KG 

Tween® 20 Carl Roth® GmbH & Co. KG 

Type G Immersion liquid Leica 

Urea ICN Biomedicals, Inc. 

WesternBright substrate Biozym 

Zinc chloride Sigma-Aldrich® 

β-mercaptoethanol Sigma-Aldrich® 

2.4 Kits 

Table 5: Kits  

Kit Supplier Application 

BigDye® Terminator v1.1 Kit Applied Biosystems Sequencing PCR 

DyeEx 2.0 Spin Kit QIAGEN PCR product purification 

Novex Colloidal Blue Staining Kit Invitrogen
TM

 life technologies Gel staining 

NTA Reagent Kit Cytiva SPR assay 

QIAamp® DNA Mini Kit  QIAGEN Isolation of genomic DNA 

Silver Stain Kit Pierce Gel staining 

2.5 Recombinant proteins 

CHO cells express human integrin ανβ5 as a heterodimer (αν: 31-992 (Uniprot P06756) 

with C-terminal 6xHis tag, β5: 24-719 (Uniprot P18084)). Lyophilised protein was 

reconstituted in PBS to a concentration of 200 µg/ml. Mouse myeloma cells express 

human DAF (35-353, Uniprot P08174) with C-terminal 6xHis tag. Lyophilised protein 

was reconstituted in PBS to a concentration of 200 µg/ml. HEK-293 cells express 

murine CAR extracellular domain (rmECD, 1-237, Uniprot P97792) with C-terminal 

6xHis tag. Lyophilised protein was reconstituted in sterile deionised water to a con-

centration of 400 µg/ml. HEK-293 cells express human CAR extracellular domain 
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(rhECD, 20-237, Uniprot P78310) with C-terminal 6xHis tag. Lyophilised protein was 

reconstituted in sterile deionised water to a concentration of 400 µg/ml.  

Table 6: Recombinant proteins 

Recombinant protein Cat.-No. Supplier 

Human Integrin αVβ5 (His tag) 2528-AV R&D Systems 

Human CD55/DAF (His tag) 2009-CD R&D Systems 

Murine Coxsackie- and adenovirus receptor (His tag) 50019-M08H Biozol 

Human Coxsackie- and adenovirus receptor (His tag) ab168893 abcam 

2.6 Human proteases, buffers, serine protease inhibitor, 
and artificial substrates 

Used human matrix metalloproteinases (MMPs) and serine proteases neutrophil elastase 

(NE), proteinase 3 (PR3), and cathepsin G (CG) are listed in Table 7. MMPs were pur-

chased as recombinant catalytic domains expressed by yeast (MMP-2) or E. coli (oth-

ers): collagenases (MMP-1, -8, -13), gelatinases (MMP-2, -9), matrilysin (MMP-7), 

metalloelastase (MMP-12), and stromelysins (MMP-3, -10, -11). 

Table 7: Proteases 

Protease Cat.-No. Supplier 

MMP MultiPack-2: active recombinant catalytic domains 

MMPs 3, 7, 10, 11, 12 BML-AK014 Enzo 

MMP MultiPack-1: active recombinant catalytic domains 

MMPs 1, 2, 8, 9, 13 BML-AK013 Enzo 

Neutrophil elastase isolated from human neutrophils 324681 MERCK 

Proteinase 3 isolated from human neutrophils BML-SE498 Enzo 

Cathepsin G isolated from human neutrophils BML-SE283 Enzo 

Serine proteases were reconstituted in suitable reconstitution buffers (Table 8; CG and 

NE) or water (PR3) to a concentration of 500 ng/µl, as recommended by the manufac-

turers. MMPs were purchased in soluble form in reconstitution buffers.  

Table 8: Protease buffer formulations 

Buffer Formulation (1-fold ion strength) 

MMP-9 reconstitution 

buffer 
50 mM Tris, 1 mM CaCl2, 300 mM NaCl, 5 µM 

ZnCl2, 15 % glycerol, 0.1 % Brij®-35, pH 7.5 

MMP (except MMP-9) 

reconstitution buffer 
50 mM Tris, 5 mM CaCl2, 300 mM NaCl, 20 µM 

ZnCl2, 30 % glycerol, 0.5 % Brij®-35, pH 7.5 

MMP assay buffer 50 mM HEPES, 10 mM CaCl2, 0.05 % Brij-35, pH 

7.0 (pH 6.0 for MMP-3) 

NE reconstitution buffer 50 mM sodium acetate, 200 mM NaCl, pH 5.5 

NE assay buffer 100 mM Tris-HCl, 500 mM NaCl, pH 7.5 

PR3 assay buffer 100 mM MOPS, 500 mM NaCl, pH 7.5 

CG reconstitution buffer 50 mM sodium acetate, 150 mM NaCl, pH 5.5 

CG assay buffer 160 mM Tris-HCl, 1.6 M NaCl, pH 7.4 
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Phenylmethylsulfonyl fluoride (PMSF) is a serine protease inhibitor and was prepared 

as 100 mM solution in anhydrous ethanol, since it is unstable in water. 

Artificial protease substrates are listed in Table 9. NE, PR3, and CG digest chro-

mogenic substrates with p-nitroanilide (pNA) as chromophore and succinyl (Suc) or 

methoxysuccinyl (MeoSuc) to improve water solubility. Cleavage sites are phenyla-

lanine in BML-P141 and valine in 324696. MMPs cleave fluorescent substrates with 

2, 4-Dinitrophenyl (Dpn) and N-3-(2, 4-Dinitrophenyl)-L-2,3-diaminopropionyl (Dpa) 

as quenchers and (7-Methoxycoumarin-4-yl)acetyl (Mca) as fluorophore. Cleavage sites 

are the peptide bonds between glycine and leucine in ES010 and between glutamine and 

norvaline (Nval, non-proteinogenic amino acid) in ES002. 

Table 9: Artificial peptide substrates 

Substrate Cat.-No. Supplier 

Suc-AAPF-pNA BML-P141 Enzo 

MeOSuc-AAPV-pNA 324696 MERCK 

Mca-KPLGL-Dpa-AR-NH2 ES010 R&D Systems 

Mca-RPKPVE-Nval-WRK(Dnp)-NH2 ES002 R&D Systems 

2.7 Antibodies 

Table 10: Antibodies 

Antibody Cat.-No. Supplier 

anti-CAR antibodies     

anti-N-terminal aa1-50 ab189216 abcam 

anti-CXADR aa272-346 HPA030411 Sigma 

3C100 aa1-300 sc-70493 SantaCruz 

H-300 aa1-300 sc-15405 SantaCruz 

RmcB 05-644  Merck 

E1-1 PE sc-56892 PE SantaCruz 

other antigens     

anti-vinculin A14193 Abclonal 

anti-vimentin antibody ab92547  abcam 

anti-6x His tag ® antibody HRP ab1187  abcam 

anti-enteroviral VP1 clone 5-D8/1 M7064 Dako 

secondary antibodies     

anti-rabbit AP D0487 DAKO 

anti-rabbit HRP NA934 Amersham 

anti-mouse Cy3-conjugated  115-165-068 Jackson Immuno Research 

anti-rabbit Alexa Fluor 488 A-11008 Invitrogen
TM

 life technologies 

anti-mouse FITC 554001 BD Pharmingen
TM 

 

isotype control antibodies     

mouse IgG1kappa clone 1E2.2 CBL610 Merck 

mouse IgG1 PE sc-2866 SantaCruz 
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2.8 E. coli strain, Coxsackievirus, adenovector, human and 
Chinese hamster cell lines 

E. coli strain OneShot® BL21 (DE3) from Invitrogen
TM

 life technologies was used for 

expression of human CAR. 

Coxsackieviruses B3 and adenovector based on serotype 5 coding for green fluores-

cent protein (Ad5-GFP) were kindly provided by Matthias Tenbusch. 

All used cell lines were epithelial-like (Table 11). For Chinese hamster ovary (CHO-

K1) epithelial cells from Cricetulus griseus, species speciation was performed by cyto-

chrome C oxidase 1 (COI) DNA barcoding as offered by Leibniz-Institut Deutsche 

Sammlung von Mikroorganismen und Zellkulturen. For COI DNA barcoding, the 5´ 

coding region of the gene coding for COI is sequenced. The DNA sample prepared from 

the CHO-K1 cell line in question contained no human, mouse, rat, or Syrian hamster 

DNA, but was identified to stem from Chinese hamster as expected. 

Table 11: Epithelial cell lines 

Cell line Species Tissue Disease Literature 

A549 human lung carcinoma (LIEBER ET AL. 1976) 

CHO-K1 Chinese 

hamster 

ovary  (PUCK, CIECIURA, & ROBINSON 1958) 

HEK-293 human embryonic  

kidney 

carcinoma (GRAHAM ET AL. 1977) 

HeLa human cervix adenocarcinoma (SCHERER, SYVERTON, & GEY 1953) 

HepG2 human liver hepatocellular  

carcinoma 

(ADEN ET AL. 1979) 

SW13 human adrenal  

cortex 

small cell 

carcinoma 

(LEIBOVITZ ET AL. 1973) 

2.9 Primers 

Sequencing primers were purchased from Invitrogen
TM

 life technologies with a starting 

synthesis scale of 50 nM. 

Table 12: Primers 

Name  Sequence 5´→3´ Length (bp) 

CMV for CGCAAATGGGCGGTAGGCGTGT 22 

BGH rev TAGAAGGCACAGTCGAGG 18 

CAR-in for CTGGTAGTTCTTGTTAAGCCTTCAGG 26 

CAR-in rev GTACAGCTGTATGTCCCAGAGTAC 24 

CAR-in for5 GATCAGTGCCTGTTGCGTCTA 21 
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2.10 Reagents for nLC-MS/MS 

Table 13: Reagents for nLC-MS/MS 

Reagent/protease/chemicals Cat.-No. Supplier 

Acetonitrile, HPLC for Gradient Analysis  A/0627/17 ThermoFisherScientific 

LiChroSolv water  1.153.332.500 Merck 

Trifluoroacetic acid (TFA) for LC-MS  84868 VWR 

Tris 37181.02 Serva 

Trypsin Gold Mass Spectrometry Grade for MS Promega V5280 

2.11 Reagents, media, and antibiotics for cell culture 

Table 14: Reagents, media, and antibiotics for cell culture 

Reagent/media/antibiotics Supplier 

Accutase® Sigma-Aldrich®  

Antibiotic antimycotic solution (100x) Sigma-Aldrich®  

Dimethyl sulphoxide (DMSO) Hybri-Max®  Sigma-Aldrich®  

Dulbecco´s modified Eagle medium (DMEM) Sigma-Aldrich®  

EDTA UltraPure 0.5 M pH 8.0 ThermoFisherScientific 

Fetal bovine serum (FBS) Superior Sigma-Aldrich®  

FuGENE® HD Transfection Reagent Promega GmbH 

Ham's F-12 with L-Glutamine  Lonza BioWhittaker
TM

 

Trypan blue solution 0.4% Sigma-Aldrich®  

Trypsin-EDTA (0.05%), phenol red Gibco® Invitrogen
TM

 life technologies 

Zeocin
TM 

100 mg/ml InvivoGen 

2.12 Vectors 

CAR mammalian cell expression vectors based on the high-copy pcDNA4/TO/myc-

HisA vector (Invitrogen
TM

 life technologies) with full-length CXADR insert (Figure 12). 

As part of my Master´s thesis (HERRMANN 2016), the stop codon was inserted to express 

CAR without c-myc epitope and His tag. Besides, the mock vector and five vectors con-

taining one point mutation each were created by site-directed mutagenesis. See Table 1 

for an overview of the variants. 
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Figure 12: Maps of vectors used for shedding experiments and examination of the five CAR vari-

ants. pcDNA4/TO/myc-HisA (left; 4981 bp) was used as mock vector. pCXADR_pcDNA4/TO/myc-

HisA coded either for wild type CAR or for one of the CAR variants (right; 6223 bp). 

The CXADR sequence has been cloned into low-copy vector pET100/D-TOPO (Invitro-

gen) by V. Oberscheidt in 2014 (Figure 13). Resulting pCXADR_pET100/D-TOPO in-

cludes the CXADR sequence for mature CAR (without the signal peptide; 1041 bp) and 

was used for E. coli expression of CAR with N-terminal His tag. 

 

Figure 13: Map of pCXADR_pET100/D-TOPO (6856 bp) coding for mature CAR (nucleotides 58-

1098, amino acids 20-365) (OBERSCHEIDT 2014).  
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2.13 Peptides 

Peptides (1 mg freeze-dried TFA acid salts) were from JPT Peptide Technologies. 

Table 15: Synthetic peptides. For each peptide, number of amino acids (aa), net molecular weight (aver-

age and as determined via MS), purity, and net charge are listed. Peptides Ad1, Ad2, and Ad3 were head-

to-tail cyclised (marked with an asterisk).   
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2.14 Software and online programs 

Table 16: Software 

Name Supplier Application 

CXP software Beckman Coulter Cytometer control software 

Kaluza 1.2 Beckman Coulter Flow cytometry data analysis 

Attune NxT Software ThermoFisherScientific Flow cytometry data analysis 

LasX Leica Fluorescence microscope software 

LUCIA G S/W Lucia Light microscope software 

FreeStyle
TM

 1.6 ThermoFisherScientific MS raw data analysis 

Proteome Discoverer 2.4 ThermoFisherScientific MS database search 

ImageJ   

Size estimation of proteins in poly-

acrylamide gels 

Prism 6 Graph Pad Statistics 

The in silico prediction programs MutationTaster2 (SCHWARZ ET AL. 2014), PolyPhen-2 

(ADZHUBEI ET AL. 2010), PROVEAN (CHOI ET AL. 2012), FATHMM (SHIHAB ET AL. 

2013), and SNPs&GO (CAPRIOTTI ET AL. 2013) were used to assess pathogenicity of 

CXADR variants. Effect of a CXADR variant on splicing was assessed with the program 

Human Splicing Finder (DESMET ET AL. 2009). 

3D models of crystallography data were obtained from Protein Data Bank (PDB) 

(BERMAN ET AL. 2000). Important sequences in 3D models were highlighted using Chi-

mera 1.4 (PETTERSEN ET AL. 2004). Interaction sites were computed using Protein inter-

faces, surfaces and assemblies (PISA) (KRISSINEL & HENRICK 2007) with PBD IDs as 

input data. 

Randomly shuffled sequences of human CAR and NE used for MS analysis were 

generated with online program Sequence Manipulation Suite Version 2, Paul Stothard, 

2004. 
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3 METHODS 

3.1 Mammalian cell culture techniques 

3.1.1 Culture environment, passaging, cryopreservation, and thawing 

Cells were grown as a monolayer at 37 °C with a 100 % humidified atmosphere and 

5 % CO2 in air. CHO-K1 cells were cultured in Ham´s F-12; all other cells were cul-

tured in Dulbecco´s modified Eagle medium (DMEM). Both media were supplemented 

with antibiotic antimycotic solution and 10 % fetal bovine serum (FBS). Cultures were 

passaged when they reached 80 to 90 % confluency. Cells were washed with PBS and 

dissociated with 500 µM ethylenediaminetetraacetic acid (EDTA) in PBS. HepG2 cells 

were dissociated with 10 mM EDTA. Cells were pelleted for 4 min at 1100 x g and re-

suspended in medium. 5 x 10
5
 to 7.5 x 10

5
 cells were seeded per 75 cm

2
 cell culture 

flask. If not stated otherwise, cells were harvested with EDTA in PBS as described 

above. However, to test influence of trypsin on CAR surface levels, cells were also har-

vested with trypsin-EDTA solution. 

For cryopreservation, 1 x 10
6
 cells were pelleted and resuspended in culture medium 

containing 10 % dimethyl sulphoxide (DMSO). 1 ml cell suspension was filled into a 

sterile cryovial and frozen overnight at –80 °C. The next day, the vial was transferred in 

liquid nitrogen for long-term storage. For freezing out, cells were thawed at room tem-

perature and pelleted. Then, cells were resuspended in culture medium and seeded in a 

75 cm
2
 culture flask. 

3.1.2 Stable transfection, selection and verification of monoclones 

1.8 x 10
5
 CHO-K1 cells were seeded per well of a 6-well plate, in order to obtain 80 % 

confluency after 24 h. Cells were transfected with pCXADR_pcDNA4.0/TO/myc-HisA 

vector as described in the FuGENE® 6 Transfection Reagent protocol. FuGENE® is a 

nonliposomal reagent that functions with serum-containing medium. 9 µl FuGENE® 

was added to Ham´s F-12 medium, mixed, and incubated for 5 min at room tempera-

ture. Afterwards, 3 µg plasmid DNA was added. The total volume of Ham´s F-12 me-

dium plus plasmid DNA was 100 µl. The solution was mixed, incubated for 15 min at 

room temperature, and added to cells and culture medium. 48 h after transfection, CHO 

cells were passaged with culture medium containing 200 µg/ml Zeocin and medium was 
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refreshed every third day. After about twelve days, resistant cells formed foci and were 

expanded to a 75 cm
2
 cell culture flasks.  

Cells were plated into a 96-well plate in a serial dilution of 1:10 and wells with a sin-

gle cell were determined with a light microscope. After one week, cells from one well 

were expanded to a well of a 6-well plate and subsequently to a 75 cm
2
 cell culture 

flask. CAR expression of the monoclonal cell lines was determined by flow cytometry 

(3.1.5) and point mutations in CXADR sequence were verified by sequencing of ge-

nomic DNA (3.2). 

3.1.3 Determination of cell proliferation properties 

Cell proliferation of CHO-CAR cells was measured with PrestoBlue, a resazurin dye 

that is reduced to fluorescent resorufin by viable cells. In preliminary studies, cell num-

ber per well and incubation times were optimised. 1000 cells were seeded in 90 µl 

Ham´s F-12 medium containing FBS and antibiotics per well of a black 96-well plate. 

Per cell line, three wells were seeded and for each day of measurement (24, 48, 72, and 

96 h after seeding), one plate was prepared. At the day of measurement, 10 µl Presto-

Blue solution was added per well. Plate was mixed gently and incubated for 1 h at 37 °C 

with 5 % CO2 and in humidified atmosphere. Fluorescence was measured with a 

TECAN plate reader with excitation at 560 nm and emission at 590 nm. Relative fluo-

rescence units were normalised to time point day 1 for each cell line. 

Furthermore, at every passaging day, cell number per millilitre medium was deter-

mined by counting viable cells with a hemocytometer. Cells were harvested, resus-

pended in 4 ml medium and dead cells were stained blue by mixing the cell suspension 

1:1 with trypan blue solution. 

3.1.4 Determination of cell adhesion properties 

Cell adhesion properties of CHO-CAR cells were determined with a protocol derived 

from different publications (COHEN ET AL. 2001A; HONDA ET AL. 2000; OKEGAWA ET AL. 

2001). Cells were harvested and 1 x 10
6
 cells were resuspended in 1 ml Ham´s F-12 

medium containing FBS and antibiotics. Cells were incubated at 37 °C with 5 % CO2 

and in humidified atmosphere. Every hour, suspension was mixed carefully by invert-

ing, in order to maintain cell aggregates. 20 µl cell suspension was mixed very gently 

with 20 µl trypan blue solution and particles were counted with a hemocytometer. One 
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particle was defined either as a single cell or as a cell aggregate (single cells contacting 

each other). Particle number was normalised to time point 1 h for each cell line. 

3.1.5 Flow cytometry for determination of CAR surface and vimentin 
expression levels 

2.5 x 10
5
 cells were resuspended in PBS containing anti-CAR antibody E1-1 PE-

conjugated or isotype control antibody PE-conjugated (1:66) and incubated for 1 h at 

room temperature in the dark. This antibody concentration was titrated in preliminary 

studies using monoclonal CHO-CAR cells. Cells were washed with PBS, resuspended 

in 300 µl PBS, and analysed with a Cytomics FC500. As HepG2 cells form strong ag-

gregates, PBS was supplemented with 10 mM EDTA in every step for this cell line. 

To stain cells intracellularly for vimentin, they were fixed for 20 min in 2 % para-

formaldehyde (PFA) in PBS at 4 °C and permeabilised for 15 min at 4 °C with 0.04 % 

saponin and 0.5 % bovine serum albumin (BSA) in PBS. Then, cells were indirectly 

stained with anti-vimentin antibody (1:66 in 100 µl PBS) for 1 h at room temperature 

and with anti-rabbit Alexa488-conjugated (1:1000 in PBS) for 30 min at room tempera-

ture in the dark.  

For analysis of CHO-CAR variant cells, 1x10
4
 events were counted. For analysis of 

CAR-shedding, events were counted for 6 min. For the forward scatter channel, pulse 

height as well as pulse area were measured. Side scatter and fluorescence channels were 

analysed as pulse areas. Gating strategies are visualised in Figure 17 in Appendix. 

3.1.6 Immunofluorescence microscopy 

Cover glasses were placed in wells of a 24-well cell culture plate and coated with 

0.02 % collagen in water for a few seconds. Then, collagen solution was aspirated and 

glasses were dried and UV-radiated at room temperature. 

Cells were either seeded or spotted on the collagen-coated cover glasses. When seed-

ed, cells grew to a confluency of about 80 % in their appropriate cell culture medium. 

Then, medium was aspirated and cells were washed with PBS, fixed with methanol for 

10 min at -20 °C and washed with PBS again. Cells that were in suspension after pro-

tease treatment (see 3.1.7) were spotted on cover glasses. Therefore, cells were washed 

with PBS, resuspended in methanol and fixed for 10 min at -20 °C. Cells were pelleted 

at 1100 x g for 4 min, resuspended in PBS and pipetted on the glasses. Liquid evapo-
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rated by heating the glasses for 20 min at 65 °C. Adhered cells were washed once with 

water to remove salt crystals and kept in PBS afterwards. 

For immunofluorescence staining, protocols differed for intracellular and extracellu-

lar target proteins. When staining only for extracellular proteins, cells were incubated 

with the primary antibody diluted in Ham´s F-12 medium at 4 °C for 1.5 h. For antibody 

dilutions refer to Table 17. Cells were washed with Ham´s F-12 medium two times and 

fixed with methanol as described above. After washing with blocking solution (1 % 

BSA in PBS), cells were stained with secondary antibody diluted in blocking solution 

for 2 h at room temperature in the dark. After washing with blocking solution, cells 

were stained with 4′,6-diamidino-2-phenylindole (DAPI) 1 µg/ml in blocking solution 

for 5 min at room temperature in the dark. Cells were washed twice with PBS and once 

with water. Cover glasses were placed on coverslips with mounting medium and sealed 

with fingernail polish. When cells were to be stained extra- and intracellularly, they 

were fixed and permeabilised by methanol as described above. Then, they were washed 

with PBS and blocked for 1 h in blocking solution at room temperature. Staining with 

primary antibody diluted in blocking solution was performed overnight at 4 °C. Incuba-

tion with secondary antibody and DAPI as well as cover glass mounting was performed 

as described above. 

Table 17: Antibody dilutions used for immunofluorescence staining 

Primary antibody Dilution Secondary antibody Dilution 

mouse anti-CAR N-term 3C100 1:500 
goat anti-mouse Cy3 1:1000 

mouse anti-CAR N-term RmcB 1:200 

rabbit anti-CAR N-term H-300 1:300 
goat anti-rabbit Alexa488 1:1000 

rabbit anti-vimentin 1:500 

Fluorescence confocal microscopy was performed with a TCS SP8. Excitation and 

emission wavelengths for different fluorophores were as follows: DAPI (405 nm, 

430-465 nm); Alexa488 (488 nm, 510-545 nm), Cy3 (552 nm, 560-595 nm). Gain set-

tings for each fluorophore were kept constant for specimens that had to be compared. 

For tile scans, 5 x 5 images were taken to obtain an 825 µm x 825 µm field. Analysis of 

fluorescence intensities was performed with the LasX software using the stack profile 

function that calculates mean grey scale values. Mean values of Cy3 signal (CAR stain-

ing) intensity were divided by mean values of DAPI signal (cell nuclei staining) intensi-

ty, in order to relate CAR signal to cell number. 
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3.1.7 NE treatment of mammalian cells 

To observe, how NE detaches cells from the cell culture dish surface, cells were seeded 

in a 96-well plate and treated with NE (100 ng/µl) in Ham´s F-12 medium when reach-

ing 90 % confluency. As control, NE reconstitution buffer was added instead of NE. 

Detachment over time was monitored with a light microscope. 

To determine CAR levels of cells in dependency of NE treatment, 2.5 x 10
5
 cells 

were pelleted at 1100 x g for 4 min and resuspended in 12.5 µl Ham´s F-12 medium in-

cluding 100 ng/µl NE or NE reconstitution buffer. Digest was performed at 37 °C with 

shaking at 600 rpm and cells were washed with PBS subsequently. If cells were reduced 

after NE treatment, they were incubated for 15 min in 12.5 µl PBS containing 50 mM 

dithiothreitol (DTT) at room temperature and washed with PBS. Then, cells were either 

used for flow cytometric analysis (3.1.5), immunofluorescence staining (3.1.6), or dif-

ferential detergent fractionation (3.1.9). Supernatants were collected and precipitated 

with acetone (3.4.6). 

3.1.8 Cell lysis 

5 x 10
5
 cells were pelleted and lysed with 50 µl ice cold lysis buffer (50 mM Tris-HCl, 

150 mM NaCl, 1 % Nonidet P40, pH 7.8) for 10 min at 4 °C. Then, solution was centri-

fuged for 10 min at 10000 x g and supernatant with whole cell lysate was analysed with 

BCA assay (3.4.8). 

3.1.9 Differential detergent fractionation 

Per 5 x 10
5
 cells, 50 µl ice-cold buffer was added. Cell pellet was resuspended in digi-

tonin buffer (0.15 mM digitonin, 10 µM piperazine-N,N′bis[2-ethanesulfonic acid] 

(PIPES), 0.3 mM sucrose, 100 µM NaCl, 1.5 µM MgCl2, 5 mM EDTA) containing 

1 mM PMSF. Solution was incubated on ice for 12 min at 350 rpm and centrifuged at 

500 x g and 4 °C for 10 min. The supernatant with the cytosolic fraction was discarded. 

Pellet was resuspended in Triton buffer (0.5 % Triton X-100, 10 µM PIPES, 0.3 mM 

sucrose, 100 µM NaCl, 1.5 µM MgCl2, 3 mM EDTA) containing 1 mM PMSF and in-

cubated for 30 min on ice. Solution was pelleted at 5000 x g and 4 °C for 10 min. Su-

pernatant contained membranous fraction and protein concentration was analysed with 

BCA assay (3.4.8) and 5 µg total protein were loaded for LDS-PAGE and subsequent 

Western blot analysis (3.4.9). 
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3.2 Molecular biology techniques 

3.2.1 Genomic DNA isolation from CHO-CAR cells 

Point mutations in CXADR were verified by sequencing genomic DNA of CHO-CAR 

cells. Therefore, DNA was purified according to the manual of the QIAamp® DNA 

Mini kit. 1 x 10
6
 cells were harvested and resuspended in 200 µl PBS. Then, 20 µl 

QIAGEN proteinase K and 200 µl AL buffer were added and sample was heated for 

10 min at 56 °C. 200 µl ethanol was added and mixture was applied to QIAamp® Mini 

spin column. Column was centrifuged at 6000 x g for 1 min and flow-through was dis-

carded. 500 µl buffer AW1 was added, column was centrifuged, and 500 µl AW2 buffer 

was added. Column was centrifuged at 20000 x g for 3 min and incubated for 5 min 

with 50 µl distilled water. After centrifugation at 6000 x g for 1 min, flow-through with 

genomic DNA was collected. 

3.2.2 Cycle sequencing PCR, PCR product purification, and Sanger 
sequencing 

Cycle sequencing reaction was performed as described in the BigDye® Terminator v1.1 

Cycle Sequencing Kit protocol. Reaction mix included 100 ng genomic CHO DNA, 

10 µM primer, 2.5 x ready reaction mix, and 5 x BigDye sequencing buffer in a total 

volume of 10 µl. PCR cycling program was performed with an initial denaturation step 

at 95 °C for 5 min. This was followed by 30 cycles with 30 s at 95 °C, 10 s at 55 °C, 

and 4 min at 60 °C. Sequencing reaction mix was purified according to DyeEx® 2.0 

spin protocol for dye-terminator removal. Centrifugation steps were performed at 

750 x g and room temperature. Resin of the spin column was resuspended, the cap of 

the column was loosened a bit, and the bottom closure was removed. The column was 

centrifuged for 3 min and the flow-through was discarded. The complete sequencing 

reaction was added to the gel bed dropwise. The centrifugation step was repeated and 

20 µl H2O ad iniectabilia was added to the purified DNA in the flow-through and mix 

was pipetted to a MicroAmp 96-well plate. Sanger sequencing was performed on an 

ABI3500. 
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3.3 Virology methods and peptide treatment 

3.3.1 Fluorescence-activated cell sorting (FACS) for CAR expression 

Before virus infection and vector transduction experiments, CHO-CAR cells were 

sorted for high CAR expression levels. Therefore, cells were harvested with Accutase 

and washed with FACS-buffer (0.5 % BSA in PBS with 1 mM sodium azide). Cells 

were stained with anti-CAR PE-labelled antibody (clone E1-1) diluted 1:300 in FACS-

buffer for 30 min at 4 °C. Cells were washed twice with PBS, fixed with 2 % PFA in 

PBS for 20 min at 4 °C, washed again and resuspended in FACS-buffer. FACS was per-

formed with an Attune Nxt Acoustic Focusing Cytometer. All samples were measured 

in technical triplicate. 

3.3.2 Ad5-GFP transduction and CVB3 infection 

Cells were seeded in Nunclon 96-well plates (2 x 10
4

 cells per well) and challenged the 

next day with Ad5-GFP or CVB3. Adequate multiplicities of infection (MOIs) have 

been determined in pilot experiments. 

Cells were transduced with Ad5-GFP with MOI=100 for 72 h at 37 °C. After trans-

duction, cells were stained for CAR, fixed, and analysed as described above (3.3.1). 

For CVB3 infection, cells were challenged with MOI=1 overnight at 37 °C. For de-

tection of intracellular CVB3-surface protein VP1, cells had to be permeabilised. There-

fore, cells were harvested and fixed as described above (3.3.1) and incubated in Perm-

buffer (0.5 % saponin in FACS-buffer) for 15 min at 4 °C. Cells were stained with anti-

enteroviral VP1 antibody diluted 1:300 in Perm-buffer for 30 min at 4 °C, washed twice 

with Perm-buffer and incubated for 30 min at 4 °C with secondary anti-mouse FITC-

labelled antibody diluted 1:300 in Perm-buffer. Cells were washed and resuspended in 

FACS-buffer. To determine CAR surface levels, cells from the same passage that was 

infected with CVB3 were stained for CAR as described above (3.3.1). 

CAR surface levels as well as GFP and VP1 levels were determined by flow cytome-

try using the Attune® Nxt Acoustic Focusing Cytometer. Events were gated for ´Cells´ 

and ´Singlets´. Gating strategies are visualised in Figure 17 in Appendix. Transduction 

and infection rates were defined as percentage of GFP- or FITC-positive cells. CAR 

level was defined as percentage of PE-positive cells. All samples were measured in 

technical triplicate. 
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3.3.3 Peptide treatment of A549 cells for adenovector entry inhibition 

Peptides were dissolved in water to a concentration of 1 µg/µl. Peptides CAR3 and 

CAR4 had to be dissolved in water containing 0.55 % ammonium bicarbonate (ABC). 

Experiment procedures were derived from publications that used other viruses and 

cells (ALHOOT ET AL. 2013; YIN ET AL. 2017). A549 cells were seeded in a Nunclon 96-

well plate (2 x 10
4

 cells per well). The next day, cells and adenovectors were pre-treated 

with synthetic peptides for 1 h at 37 °C. As control, water (or 0.55 % ABC for CAR3 

and CAR4) was added to cells and vectors instead of peptides. Peptides were diluted in 

DMEM with concentrations as indicated in the text and 50 µl was added per well of the 

96-well plate. Ad5-GFP vectors (MOI=1000) were added to 30 µl DMEM-peptide solu-

tion. After 1 h, 20 µl prewarmed DMEM was added to the vector-peptide solution and 

the total volume of 50 µl was added to the cells. Cells were challenged with Ad5-GFP 

in presence of peptides for 1 h at 37 °C. Then, cells were washed with medium and cul-

tivated overnight with 100 µl DMEM containing 10 % FBS. GFP expression was ana-

lysed the next day with flow cytometry as described above (3.3.2). All samples were 

measured in technical triplicate. For subsequent experiments, cells were transduced with 

MOI=500 for 1 h or with MOI=1000 for 30 min. 

3.3.4 Peptide cytotoxicity tests 

2 x 10
4
 A549 cells were seeded per well of a Nunclon 96-well plate. The next day, me-

dium was aspirated and 100 µl DMEM including peptides (concentrations as indicated 

in the text) was added per well for 2 h at 37 °C. Afterwards, peptide-containing medium 

was aspirated and cells were incubated for 4 h at 37 °C with 100 µl DMEM (containing 

10 % FBS) and 25 µl tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-

zolium bromide (MTT) solution (5 mg/ml in PBS). Reduction by mitochondria was 

stopped by adding 100 µl extraction buffer (20 % w/v sodium dodecyl sulfate (SDS), 

50 % dimethylformamide, pH 4.7). After overnight incubation at 37 °C, solution was 

mixed and debris was pelleted at 900 x g for 3 min. 100 µl of the supernatant was trans-

ferred to a new plate and formazan dye absorbance was measured at 560 nm. Higher 

absorbance indicates higher cell viability, because only viable cells reduce MTT. All 

samples were measured in technical triplicate. 

Another viability test was performed by staining dead cells with fixable viability dye 

(FixVi). Therefore, cells were treated for 1 h with peptides (10 or 100 µM) in DMEM 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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and incubated with FixVi diluted 1:100 in FACS buffer for 30 min at 4 °C. Afterwards, 

cells were washed, fixed, and analysed by flow cytometry as described above (3.3.1). 

Results were expressed as percentage of dead cells (positive for Cy7-signal). All sam-

ples were measured in technical triplicate. 

3.4 Protein expression and analysis 

3.4.1 BL21 E. coli transformation, scale up protein expression, and 
inclusion body preparation 

Transformation of BL21 E. coli for protein expression was performed as described in 

the manual with minor changes. A vial of OneShot® BL21 (DE3) cells was thawed on 

ice and 5 ng DNA (vector pCXADR-pET100 coding for full-length human CAR with a 

C-terminal His tag) was added. Mixture was kept on ice for 30 min followed by a heat-

shock for 30 sec at 42 °C. Then, super optimal broth with catabolite repression (S.O.C.)-

medium was added and bacteria were incubated at 37 °C for 1 h with shaking. Trans-

formed bacteria were grown overnight with shaking in 10 ml 2 % lysogeny broth me-

dium with 100 µg/ml carbenicillin and 1 % glucose (LB-carbenicillin). 

The next day, 100 ml LB-carbenicillin was inoculated with the overnight culture and 

incubated at 37 °C with shaking. When an optical density (measured at 600 nm) of 0.5 - 

0.8 was reached, expression was induced with 1 mM isopropyl β-d-1-thiogalactopyra-

noside (IPTG). After 4 h, bacteria were pelleted at 4000 x g and 4 °C. 

Pellet was resuspended at room temperature with shaking in 5 ml lysis buffer 

(50 mM potassium phosphate, 400 mM NaCl, 10 % glycerol, 0.5 % Triton X-100, 

100 mM KCl, 10 mM imidazole, 1 mM EDTA, 1 mM β-mercaptoethanol in H2O, 

pH 7,8) including 100 mg/ml lysozyme. Cells were lysed by freezing them in liquid ni-

trogen, thawing them in a 42 °C water bath, and sonicating them for 20 sec. These steps 

were repeated two times and lysate was pelleted for 20 min at 4000 x g and 4 °C. Pellet 

was resuspended in 1 ml wash buffer 1 (50 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, 

1 mM β-mercaptoethanol, 2 % Triton X-100, pH 8.0) and sonicated three times for 

10 sec to remove E. coli membrane. After centrifugation for 20 min at 4000 x g and 

4 °C, pellet was washed in 1 ml wash buffer 2 (as wash buffer 1, but without Triton 

X-100) and sonicated again three times for 10 sec. Inclusion bodies with recombinant 

human full-length CAR were pelleted for 20 min at 4000 x g and 4 °C and resolved 



3 Methods 

 

 

47 

 

overnight at room temperature with shaking in 400 µl urea buffer (8 M urea, 50 mM 

Tris-HCl in H2O, pH 8.0). Protein concentration was determined with a BCA assay 

(3.4.8). 

3.4.2 Protease activity tests with synthetic substrates 

Protease kinetics were measured for 1 h at 37 °C with artificial substrates and a TECAN 

plate reader. NE and PR3 cleave substrate MeOSuc-AAPV-pNA (50 mM in DMSO). 

CG cleaves substrate Suc-AAPF-pNA (50 mM in DMSO). Substrates were diluted to 

25 mM with 200 mM Tris-HCl, pH 8.8. Assay mixture was prepared with appropriate 

protease assay buffer (Table 8) to obtain an end concentration of 1 mM. 100 µl of sub-

strate mix was added to the protease (1 ng/µl) in a clear 96-well plate and release of 

chromophor pNA was monitored at 410 nm. 

MMP-3 and MMP-10 cleave fluorogenic substrate II Mca-RPKPVE-Nval-

WRK(Dnp)-NH2 (4.8 mM in DMSO), whereas the other MMP catalytic domains cleave 

substrate IX Mca-KPLGL-Dpa-AR-NH2 (6.2 mM in DMSO). Substrates were diluted to 

a concentration of 10 µM in 100 µl appropriate protease assay buffer (Table 8) and 

added per well of a black non-binding 96-well plate containing 1 ng/µl protease. Fluo-

rescence from unquenched fluorophores was measured with excitation at 320 nm and 

emission at 405 nm. 

3.4.3 Protease treatment of whole cell lysates or recombinant 
proteins expressed by E. coli and mammalian cells 

Samples were mixed with proteases in protease assay buffers and incubated at 37 °C for 

different time points. Protease assay buffers were used with 3-fold ion strength to obtain 

an 1-fold concentration in the mixtures. As controls, protease reconstitution buffers in-

stead of proteases, or protease inhibitors were added. For some experiments, pure pro-

teases without substrates were incubated in protease assay buffers. Samples were either 

directly used for LDS-PAGE analysis (3.4.9) or deglycosylated with PNGase F before 

(3.4.4). 

CHO-CAR cell lysates containing 20 µg total protein were digested with 100 ng/µl 

proteases. For MMPs, 1 µl EDTA (500 mM) was added as inhibitor. Serine proteases 

were inhibited with 1 µl PMSF (100 mM) solved in ethanol. 1 µl ethanol was added to 

the other samples as control. To exclude influence on cleavage by the alcohol, samples 
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were also digested without ethanol. Sample volume was filled up to 3 µl with assay 

buffer (3-fold ion strength). For Western blotting, 5.5 µg total protein lysate were 

loaded per lane. 

E. coli BL21 inclusion body preparations containing 500 µg total protein were di-

luted 1:100 in protease assay buffer and mixed with proteases (100 ng/µl). For MMPs, 

1 µl 500 mM EDTA was added as inhibitor. Serine proteases were inhibited with 1 µl 

100 mM PMSF solved in ethanol. 1 µl ethanol was added to the other samples as con-

trol. Sample volume was filled up to 3 µl with assay buffer (3-fold ion strength) suitable 

for each protease. For Western blotting, 2.5 µg E. coli protein preparations were loaded 

per lane. 

Recombinant human or mouse CAR extracellular domain (rhECD and rmECD 

266 ng/µl) were mixed with 100 ng/µl proteases and sample volume was filled up with 

protease assay buffer (3-fold ion strength). For undigested control samples, protease re-

constitution buffer was added instead of the protease. For NE digest, concentration and 

time series were performed as indicated in the text. For Western blotting and silver 

staining, 100 ng rhECD was loaded per lane. For colloidal blue staining and subsequent 

preparation for MS, 1 µg rhECD was loaded per lane. Recombinant human integrin 

ανβ5 and DAF (266 ng/µl) were treated with 100 ng/µl NE in NE assay buffer (3-fold 

ion strength). For silver staining, 200 ng integrin and 100 ng DAF were loaded per lane. 

3.4.4 Deglycosylation 

Samples containing 400 ng rhECD were treated with PNGase F (glycerol-free) under 

denaturing or non-denaturing conditions. Samples were denatured with 0.5 µl 10 x de-

naturing buffer (5 % SDS, 0.4 M DTT) in 5 µl total reaction volume for 10 min at 

100 °C. Then, 1 µl 2 x GlycoBuffer2 (50 mM sodium phosphate, pH 7.5), 1 µl 10 % 

Nonidet P40, 0.5 µl PNGase F, and H2O were added for a total reaction volume of 

10 µl. Sample was deglycosylated at 37 °C for 1 h. For non-denaturing conditions, sam-

ple with 400 ng rhECD was mixed with 1 µl GlycoBuffer2 and 5 µl PNGase F. Sample 

was deglycosylated for 24 h at 37 °C, because glycostructures of non-denatured proteins 

are often less accessible to PNGase F and need longer incubation times. 

For subsequent mass spectrometry analysis, 1 µg rhECD was mixed with 2 µl 5 x 

buffer and 0.5 µl Rapid
TM

 PNGase F in a total reaction volume of 2 µl. Sample was de-
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glycosylated for 10 min at 50 °C. Rapid
TM

 PNGase F completely deglycosylates pro-

teins without addition of SDS and DTT, which would interfere with mass spectrometry. 

3.4.5 NE treatment of recombinant human extracellular CAR domain 
(rhECD) bound to nickel nitrilotriacetic acid (NiNTA) resin  

All centrifugation steps were performed at 700 x g for 2 min. 40 µl NiNTA resin was 

pelleted and supernatant was discarded. Resin was washed twice with 80 µl wash buffer 

(25 mM imidazole in PBS, pH 7.4). 5 µl rhECD (400 ng/µl) was mixed with 75 µl NE 

assay buffer (Table 8) and added to NiNTA resin. Binding was allowed for 30 min at 

room temperature with occasional shaking. After centrifugation, supernatant with un-

bound rhECD was removed and resin was washed twice with 80 µl NE assay buffer. 

Then, NE was added at a concentration of 100 ng/µl in 40 µl NE assay buffer. Cleavage 

was performed for 3 h at 37 °C with occasional shaking. Supernatant was saved and 

resin was washed twice with 80 µl NE assay buffer. Afterwards, some samples were 

reduced by adding 12.5 mM DTT (concentration was tested in preliminary studies) in 

NE assay buffer for 15 min and supernatant was saved. Resin was washed twice with 

80 µl NE assay buffer. Proteins still bound to NiNTA after NE digest and reducing were 

eluted by washing the resin with 40 µl native elution buffer (250 mM imidazole in PBS, 

pH 7.4) and collecting the supernatant. Supernatants were concentrated by acetone pre-

cipitation (3.4.6).  

3.4.6 Acetone precipitation 

Conditioned cell culture media (3.1.7) and supernatants from NiNTA resin (3.4.5) were 

precipitated by mixing them 1:9 with ice-cold acetone and overnight incubation at 

-20 °C. Proteins were pelleted at 13000 x g for 20 min at 4 °C, supernatant was dis-

carded, and acetone was allowed to evaporate. Pellets were resolved in 5 µl 

4 x NuPAGE
TM

 LDS sample buffer. Complete volume of precipitated conditioned cell 

culture medium was loaded onto the gel for subsequent Western blot. For NiNTA su-

pernatants, 2 µl (supernatants recovered after NE digest or reducing conditions) or 1 µl 

(elution samples) were loaded onto the gel. 

3.4.7 Surface plasmon resonance (SPR) spectroscopy 

SPR was measured with a Biacore
TM

 system at an assay temperature of 25 °C. NTA 

chip was loaded with nickel ions three times for 1 min each, before 3 µg/ml rhECD was 



3 Methods 

 

 

50 

 

captured for 2 min. Then, NE (100 ng/µl) or NE reconstitution buffer as control was in-

jected for 2 min. rhECD as well as NE (or NE reconstitution buffer) were diluted in NE 

assay buffer (Table 8). 

3.4.8 Bicinchoninic acid (BCA) assay 

Samples were measured in duplicate per dilution. 10 µl sample (undiluted or diluted) 

was added per well of a 96-well plate. 200 µl 0.08 % (w/v) copper(II) sulfate in BCA 

was added per well. Biuret reaction was measured after incubation at 37 °C for 30 min 

with a TECAN plate reader at 562 nm. BSA dilutions were used as standards. 

3.4.9 Lithium dodecyl sulphate - polyacrylamide gel electrophoresis 
(LDS-PAGE), silver and colloidal blue staining, and Western blot 

Samples were mixed with DTT (50 mM) and NuPAGE
TM

 LDS sample buffer (1x). 

Then, proteins were denatured for 5 min at 70 °C and subsequently separated on a 

NuPAGE 4-12 % BisTris gel for 35 min at 200 V with running buffer (2.5 mM 2-(N-

morpholino)ethanesulfonic acid (MES), 2.5 mM Tris, 0.005 % SDS, 50 µM EDTA, 

0.25 % antioxidant, pH 7.3). Gels were stained either with the Colloidal Blue Staining 

Kit or with the Silver Staining Kit according to the manuals. Per gel, a volume of 10 ml 

was used. 

For Western blotting, proteins were transferred onto a polyvinylidene fluoride 

(PVDF) membrane for 1 h at 160 mA with transfer buffer (1.25 mM bicine, 1.25 mM 

BisTris, 50 µM EDTA, 10 % methanol, 0.1 % antioxidant, pH 7.2). Membrane was 

blocked with 5 % non-fat milk in TBST (25 mM Tris-HCl, 500 mM NaCl, 0.5 % Tween 

20, pH 7.5) for 1 h at room temperature, washed 3 times for 5 min with TBST, and in-

cubated with antibodies in TBST with times and dilutions as indicated in Table 18. Be-

tween incubations with primary and secondary antibodies, membrane was washed three 

times 5 min with TBST. 

Table 18: Antibody incubation times and dilutions used for Western blots. Room temperature (RT), 

horseradish peroxidise (HRP), alkaline phosphatase (AP) 

Antibody Supplier, Cat.-No. Time and temperature Dilution 

rabbit anti-CAR N-terminus abcam, ab189216 overnight 4 °C + 4 h RT 1:5000 

rabbit anti-CAR C-terminus Sigma, HPA030411 overnight 4 °C + 4 h RT 1:20000 

rabbit anti-vinculin ABclonal, A14193 overnight 4 °C + 4 h RT 1:20000 

rabbit anti-His tag HRP-conjugated abcam, ab1187 1 h RT 1:2000 

goat anti-rabbit AP-conjugated DAKO, D0487 1 h RT 1:1000 

donkey anti-rabbit HRP-conjugated Amersham, NA934V 1 h RT 1:5000 
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To detect alkaline phosphatase (AP) signals, membrane was washed for 5 min with 

AP-buffer (0.1 M Tris-HCl, 0.1 M NaCl, 5 mM MgCl2, pH 9.5) and protein bands were 

revealed with AP Chromogenic Substrate. To detect horseradish peroxidase (HRP) sig-

nals, membrane was incubated with ECL substrate and signals were detected with an 

ECL Chemostar detection system. If necessary, membranes were stripped by two 

10 min washing steps with stripping buffer (200 mM glycine, 3.5 mM SDS, 1 % Tween 

20, pH 2.2), followed by two 10 min washes with PBS and two 5 min washes with 

TBST. Then, membranes were blocked again and reprobed. 

3.4.10 Mass spectrometry and database searches 

Protein bands were cut from colloidal-blue-stained gel and destained by washing with 

30 % acetonitrile (ACN) in 100 µM ABC buffer. Gel pieces were dried in a vacuum 

concentrator and digested with trypsin gold at a final concentration of 10 ng/µl in 3 mM 

Tris-HCl buffer, pH 8.8 overnight at room temperature and 200 rpm. Digestion was 

stopped by adding 1 % trifluoroacetic acid (TFA). Gel pieces were incubated in LC-MS 

grade water with 0.1 % TFA and 50 % ACN for 45 min at room temperature and 

400 rpm, and supernatant with extracted peptides was collected. This step was repeated 

once. Samples were dried in a vacuum concentrator and resuspended in 10 μl of LC-MS 

grade water with 0.1 % TFA and 2.5 % ACN. Particles were removed by high-speed 

centrifugation at 13300 x g and 4 °C for 5 min. 

nanoLC-MS/MS was performed with an UltiMate 3000 RSLC Dionex system. Pep-

tides were separated by an Acclaim PepMap 100 C18 pre-column cartridge and desalted 

on a 25-cm Acclaim PepMap 100 C18-LC-column. Effective gradient (15 or 35 min) 

was 4–30 % or 4–35 % solvent B (80 % ACN, 1 % TFA) with a flow rate of 

300 nl/min. Online ESI-Orbitrap mass spectrometry measurements were carried out by 

a Q Exactive Plus instrument in data dependent top 10 acquisition mode. MS scan range 

was 350–2000 m/z with a resolution of 70000 and the dynamic exclusion time of pre-

cursors for MS/MS was set to 5 or 15 sec. Fragment ions were scanned with a resolution 

of 17500 and fragmented with normalised collision energy of 28. 

Peptide identification was performed with Proteome Discoverer 2.4. Amino acid se-

quences of human CAR´s extracellular domain (Uniprot P78310, amino acids 20 to 237 

and C-terminal 6xHis tag) as well as human NE (Uniprot P08246) were used as tem-

plate for peptide spectrum matching. Furthermore, the randomly shuffled sequences 
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(generated with Sequence Manipulation Suite) were added for exclusion of unspecific 

findings. Semi-tryptic digest was chosen with maximum two missed cleavage sites. 

Oxidation of methionine and N-terminal acetylation were set as variable modifications. 

For PNGase F treated samples, deamidation of asparagine and glutamine was included 

as variable modification. False discovery rate of 0.01 was selected and a minimum of 

two peptide spectrum matches (PSMs) was set as filter. Peptide search was performed 

separately for deglycosylated and glycosylated samples, respectively, and results were 

merged in one consensus file.  

3.5 Statistics 

Statistics were performed with GraphPad Prism 6. All data are expressed as 

mean±SEM. P-values <0.05 were considered statistically significant. 
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4 RESULTS 

4.1 Influence of CAR genetic variants on CAR subcellular 
localisation, cell adhesion, cell proliferation, and virus 
internalisation 

4.1.1 Characterisation of CAR expressing polyclonal CHO cell lines 

CHO-K1 cells were stably transfected with vectors coding for wild type CAR and CAR 

variants (Table 1). Genomic DNA of CHO cell lines was isolated and targeted point 

mutations in CXADR sequence were verified by Sanger sequencing (data not shown). 

Subcellular localisation did not differ among the CAR variant forms. All variants 

were expressed at cell-cell contacts (Figure 14). Punctuate CAR staining in cytoplasm 

may result from CAR processing in ER or Golgi apparatus. 

 

Figure 14: CAR variants localised at cell-cell-contacts. Immunofluorescence staining with anti-CAR 

antibody H300 of CHO-CAR and CHO mock cells showed the same expression pattern for CAR WT and 

CAR variants. As expected, CHO mock cells were CAR-negative. Images are representative. 

Proliferation rate was determined by measuring the amount of viable cells with a com-

mercial assay and by cell counting. Cell adhesion rate was derived from the amount of 

cell aggregates over a time span of 5 hours. CAR variants influenced neither cell adhe-

sion nor proliferation rates. Mock transfected cells also did not differ significantly from 

CAR expressing cell lines (Figure 15). 
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Figure 15: Adhesion and proliferation properties of polyclonal CHO-CAR (CAR wild type and 

variants) and CHO mock cells did not differ significantly. A) Cell adhesion was determined by count-

ing the number of particles in a cell suspension over a period of 5 h. Single cells as well as cell clumps 

were counted as one particle. With time, cells adhered and single cells became less frequent leading to a 

decreased total particle number. Particle number at time point 1 h was set as 1 for each cell line. Graphs 

show mean±SEM (n=5). Cells expressing CAR variants and mock cells did not differ significantly from 

CHO-CAR WT cells (two-way ANOVA with Dunnett´s multiple comparisons test). B) Cell proliferation 

was measured by (a) determining the cell concentration at each subculturing day and by (b) using a com-

mercial assay. At each subculturing day, cells were harvested and resuspended in 4 mL medium. Cell 

number per milliliter was determined using a hemocytometer. Bars show mean±SEM (n=12). Cell num-

bers during subculturing did not differ significantly among the cell lines (one-way ANOVA with Dun-

nett´s multiple comparisons test). The PrestoBlue assay measures cell numbers by detecting a fluorescent 

dye, which is formed by reduction of resazurin by viable cells. Each day after seeding, resazurin was 

added to the cells and fluorescence signal was measured. Signal at day 1 was set as 1 for each cell line. 

Mean±SEM is shown (n=5). Proliferation rates did not differ significantly among the cell lines (mixed 

effect model test). 

4.1.2 Coxsackievirus infection and adenovector transduction 

CAR expression levels in polyclonal CHO-CAR cell lines were not uniform as was ob-

served for total and surface protein (Figure 3 in Appendix). After cell sorting, at least 

91.5 % of the cell population were CAR-positive in all cell lines (Figure 4 in Appen-

dix). Sorted polyclonal cells with uniform CAR surface expression were then chal-

lenged with adenoviral vectors coding for GFP (Ad5-GFP) and Coxsackieviruses B3 

(CVB3). Transduction and infection rates were expressed as cells positive for GFP or 

coxsackieviral VP-1 protein as determined by flow cytometry. No striking difference in 

cell susceptibility to Ad5-GFP transduction or CVB3 infection was observed among the 

variants. CHO mock cells were not susceptible as expected (Figure 16). 
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Figure 16: Polyclonal CHO cells expressing CAR variants did not differ prominently in their sus-

ceptibility to Ad5-GFP transduction or CVB3 infection. A) Ad5-GFP MOI=100 (ANOVA with multi-

ple comparisons with CAR-WT: mock ****, 251 *, 296 ns, 310 **, 328 ***, 356 ns) B) CVB3 MOI=1 

(ANOVA with multiple comparisons with CAR-WT: mock ****, 251 ****, 296 ****, 310 ns, 328 **, 

356 *) 

4.2 Adenovector transduction inhibition by synthetic 
peptides based on CAR D1 or adenoviral knob 

4.2.1 Rationale of peptide design 

Peptide sequences stem from CAR D1 domain as well as from the adenoviral knob. 

Amino acids involved in D1-knob interaction were determined by analysis of CAR D1-

Ad12 knob crystal structure or CAR-CAR homodimerisation (Figures 8 and 2). Buried 

surface area scores of the interfaces were determined with the Proteins, Interfaces, 

Structures and Assemblies (PISA) tool. Residues, which are inaccessible for the solvent, 

since they are exposed to the ligand, have high buried surface area scores and are 

probably involved in contact formation. PISA results are presented in Tables 1-4 in Ap-

pendix. Furthermore, information from the literature about residues involved in interac-

tions was taken into account (see 1.1.1.2 and 1.1.4.3).  

Seven peptides based on CAR D1 domain were designed (Figure 17). Cysteine at po-

sition 120 was replaced with a threonine in peptides CAR2, CAR6, and CAR7 to ex-

clude unwanted disulfide bond formation. Threonine is a frequent amino acid in beta-

sheets (CHOU & FASMAN 1978). Peptide CAR2 skips a large sequence in order to con-

nect three beta sheets. In peptide CAR7, a glycine replaces leucine 139, since glycine is 

often present in turns (CHOU & FASMAN 1978) and the peptide was planned to be cy-

clised. However, this was not feasible during synthesis process.  
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Ad binding sites
Hom odim erisation sites

1-7 peptides CAR1, CAR2, CAR3, CAR4, CAR5, CAR6, CAR7  

Figure 17: CAR ECD sequence with Ad binding and homodimerisation sites. Part of CAR ECD 

(amino acids 20 to 139; UniProt accession number P78310) is depicted with coloured amino acids im-

portant for CAR-Ad knob interaction (magenta) and for CAR homodimerisation (green). Numbers indi-

cate the sequences of the seven synthesised peptides used in this work (CAR1-CAR7).  

For peptides derived from Ad knob motifs, amino acid sequences of Ad5 and Ad12 

knob were aligned (Figure 5 in Appendix). Crystal structure was determined for Ad12-

CAR complex (Figure 8). I designed peptides that matched the Ad5 sequence (Figure 

18), because I used Ad5-GFP for transduction experiments.  

400 T L W T T P A P S P N C R L N A E K D A K L T L V L T K C G S Q I L A T V S V L 439

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

440 A V K G S L A P I S G T V Q S A H L I I R F D E N G V L L N N S F L D P E Y W N 479

2 2

480 F R N G D L T E G T A Y T N A V G F M P N L S A Y P K S H G K T A K S N I V S Q 519

2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3

CAR binding sites 1st interface
CAR binding sites 2nd interface

1-3 peptides Ad1, Ad2, Ad3  

Figure 18: Ad5 knob sequence with CAR binding sites. Part of the Ad5 fiber that comprises the knob 

(amino acids 400 to 519; Uniprot accession number P11818) is depicted with coloured amino acids that 

are important for CAR-knob interaction. Amino acids involved in the binding to CAR D1 are coloured 

(Figure 8 interface 1 in orange, interface 2 magenta). Numbers indicate the sequences of the three synthe-

sised peptides used in this work (Ad1-Ad3).  
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Location of sequences in CAR D1 and Ad5 knob corresponding to synthesised peptides 

is visualised in Figure 19. Compare Figures 2 and 8 for corresponding positions of in-

teraction sites. 

 

Figure 19: Potential entry-inhibitor peptides designed for this study. For peptides based on CAR D1 

(CAR1-CAR7), sequences correspond to the amino acid motifs involved in Ad knob binding and CAR 

homodimerisation (top). Peptides based on Ad5 knob monomer (Ad1-Ad3) comprise the CAR-binding 

sites (bottom). Localisation of the peptide sequences in CAR D1 monomer (PDB ID: 1RSF (JIANG ET AL. 
2004)) and Ad5 knob monomer (PDB ID: 4ATZ (DREIER ET AL. 2013)) is coloured in red. 

4.2.2 Peptide treatment for adenovector entry inhibition 

Some peptides were tested for their cytotoxicity. None of the tested peptides was toxic 

to A549 cells, when added in concentrations up to 100 µM. However, addition of seven 

different peptides in a concentration of 10 µM each was slightly toxic (Figure 6 in Ap-

pendix). 

Adenoviral vectors expressing GFP (Ad5-GFP) and A549 cells were preincubated 

with synthetic peptides for 1 h at 37 °C. Then, cells were challenged with Ad vectors 

(MOI=1000) in the presence of peptides for 1 h. Afterwards, medium was aspirated, 

cells were washed and GFP expression was determined with flow cytometry the next 
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day. No peptide showed a significant dose-dependent inhibitory effect on Ad5-GFP 

transduction rate. The peptide mix also did not reduce transduction efficiency signifi-

cantly (Figure 20). No dose-dependent inhibition could be observed, when lower MOI 

(500) or shorter transduction time (30 min) were tried (Figure 7 in Appendix). 

 

Figure 20: Peptide treatment did not decrease transduction efficiency. Ad5 vectors and A549 cells 

were preincubated with peptides at indicated concentrations for 1 h. Furthermore, a peptide mix of CAR1, 

CAR2, CAR4, CAR5, CAR6, CAR7, and Ad1 (each peptide in a concentration of 10 µM) was tested. 

Ad5-peptide mixtures were added to the cell culture medium (MOI=1000). Cells were challenged with 

Ad5 vectors for 1 h, before cell culture medium was exchanged and transgene expression was determined 

the next day (GFP readout by flow cytometry). Transduction efficiency is normalised to samples without 

peptide addition (0 µM). No striking dose-dependent decrease in Ad5 transduction could be observed for 

a single peptide or the peptide mix. Each experiment was performed as technical triplicate and bars show 

mean±SEM.  
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4.3 Proteolysis of soluble and membranous full-length 
CAR or CAR ECD by MMPs and neutrophil serine 
proteases 

4.3.1 Human CAR expressed by E. coli  

Human neutrophil serine proteases (NE, PR3, and CG) as well as catalytic domains of 

several human MMPs were tested for their potential to cleave human CAR expressed by 

E. coli (Figure 21). General activity of proteases was confirmed with artificial substrates 

(Figure 8 in Appendix). Recombinant CAR with an N-terminal His tag and an Xpress 

epitope ran at a height between 38 and 49 kDa in the gel, which corresponds to its cal-

culated molecular weight of 42 kDa. All proteases cleaved CAR´s N-terminus within 

overnight digestion. MMP-9 and MMP-11 digest resulted in cleavage products that 

were recognised by the anti-CAR N-terminus antibody and ran at about 34-38 kDa. All 

other proteases proteolysed CAR so that the epitope (amino acids 20-50 in mature 

CAR) was not recognised by the antibody anymore. 

 

Figure 21: Human CAR expressed by E. coli was cleaved by catalytic MMP domains and serine 

proteases. Inclusion body preparations from E. coli expressing human CAR were treated overnight with 

proteases (100 ng/µl). Blots were probed with anti-CAR N-terminus antibody. Human CAR expressed by 

E. coli was cleaved by MMPs and serine proteases. MMP-9 and MMP-11 had distinct cleavage pattern, 

whereas the other MMP catalytic domains and serine proteases cleaved the antibody´s epitope and no 

product was recognised by anti-CAR N-terminus antibody. Addition of protease inhibitors (EDTA for 

MMPs and PMSF for serine proteases) inhibited proteolysis. 

4.3.2 Human CAR ECD expressed by HEK-293 cells 

4.3.2.1 Overnight digest by MMPs and serine proteases 

Compared to proteins expressed by eukaryotic cells, E. coli expressed proteins are not 

posttranslationally modified. Since mammalian CAR is glycosylated at two asparagine 

residues in its ECD, these modifications may have implications for putative shedding 

events. Therefore, I tested recombinant human CAR extracellular domain (rhECD) with 

a C-terminal 6xHis tag expressed by HEK-293 cells and detected cleavage products 
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with an anti-CAR N-terminus antibody and with an anti-His tag antibody via Western 

blotting. Full-length rhECD ran at a height of about 30 kDa, which is in line with its 

calculated molecular weight of 24.8 kDa plus about 3 kDa per sugar moiety (EXCOFFON 

ET AL. 2007; HONDA ET AL. 2000). Furthermore, a smaller protein, which was recognised 

by both antibodies, occurred at a slightly lower molecular weight. This might be a gly-

coform of the full-length rhECD, since it disappeared upon deglycosylation (Figure 9 in 

Appendix). 

Most MMP catalytic domains did not cleave rhECD within overnight incubation 

(Figure 22). An exception was MMP-3, which cleaved rhECD and created two products 

recognised by anti-CAR N-terminus and anti-His tag antibody, respectively.  

To test, whether proteases were recognised by antibodies, only MMP-3, MMP-9, and 

MMP-11 were loaded. Corresponding controls for serine proteases are depicted in Fig-

ures 23 and 24. MMP-9 and MMP-11 catalytic domains were recognised by the anti-His 

tag antibody as monomers and dimers. Molecular weight is 39 kDa for MMP-9 and 19.3 

kDa for MMP-11 according to the manufacturer´s data sheets. 

Digest with serine proteases resulted in distinct cleavage pattern within overnight di-

gest. All products were recognised by the anti-CAR N-terminus antibody, but not by the 

anti-His tag antibody, suggesting that proteases cleaved the C-terminal part of the ECD. 

For further analyses, I focused on serine proteases, since MMP-3 cleavage was not as 

extensive. 

 

Figure 22: Human recombinant CAR extracellular domain (rhECD) expressed by HEK-293 cells 

was cleaved by MMP-3 and serine proteases. During overnight treatment, MMP-3, PR3, CG, and NE 

cleaved rhECD and products were recognised by anti-N-terminus antibody or anti-His tag antibody. 

MMP-9 and MMP-11 catalytic domains contain a His tag and were recognised by anti-His tag antibody 

as monomers and dimers.  
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4.3.2.2 Time and concentration series of serine protease digests 

rhECD was incubated with PR3, CG (Figure 23), or NE (Figure 24) at 37 °C for differ-

ent time points and samples were visualised by probing blots with anti-CAR N-terminus 

antibody and anti-His tag antibody. As controls, rhECD or protease alone were incu-

bated overnight at 37 °C. Proteases are not recognised by the antibodies. 

PR3 cleaved rhECD close to its His tag. The cleavage product ran at the same height 

as full-length rhECD and was not recognised by anti-His tag antibody. The cleaved His 

tag was not detected as it was probably too small to be visualised in a gel with this 

polyacrylamide gradient. Furthermore, two cleavage products were recognised by the 

anti-N-terminus antibody but not by the anti-His tag antibody. This was also the case for 

CG digest. Both proteases needed several hours to cleave rhECD and cleavage was not 

completed after overnight incubation. Subtle differences in apparent protein quantities 

may be explained by uneven gel loading. 

 

Figure 23: Time series of PR3 and CG cleavage of rhECD. Proteases were added to rhECD with a 

concentration of 100 ng/µl for time spans indicated on top. PR3 cleaved the His tag within 5 min resulting 

in a product running at about the same height as full-length rhECD. Both PR3 and CG digests resulted in 

a distinct cleavage pattern within hours of treatment. Products were recognised by anti-N-terminus anti-

body, but not anti-His tag antibody. 

For NE, time and concentration series were performed. As PR3, NE cleaved rhECD 

close to its His tag. Compared to PR3 and CG however, NE cleaved rhECD faster and 

more extensively. Within 5 minutes, a smaller product occurred, which was subse-

quently cleaved to a secondary product. Due to the time-dependent occurrence of these 

cleavage products, I designated them intermediate and end product. Both of them were 
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recognised by the anti-N-terminus antibody, but not by the anti-His tag antibody, indi-

cating that cleavage sites are located at the C-terminal D2 domain of CAR. Interest-

ingly, intermediate and end product also occurred, when a concentration series was per-

formed with NE. Therefore, products formed time- and dose-dependently. When low 

NE concentrations were used, the His tag was not cleaved off of full-length rhECD. 

Therefore, cleavage that resulted in the intermediate product also yielded a counter 

product, which was recognised by anti-His tag antibody. 

 

Figure 24: Time and concentration series of NE digest of rhECD. NE (100 ng/µl) cleaved the His tag 

within 5 minutes resulting in a product that ran at about the same height as full-length rhECD. NE digest 

resulted in two distinct cleavage products, an intermediate and an end product. This pattern was observed 

with both increasing incubation times and NE concentrations. Lower NE concentrations (10-30 ng/µl) did 

not remove the His tag from rhECD after overnight incubation. Therefore, a C-terminal counter product 

recognised by anti-His tag antibody occurred. 

To compare sizes of rhECD digest end products, overnight treated samples were visual-

ised in a silver-stained gel (Figure 25). CG end product was slightly larger than products 

from NE and PR3 digest. Since end products were recognised by the anti-N-terminus 

antibody in Western blots, they included CAR´s D1 domain. No other cleavage prod-

ucts with lower molecular weights were detected with silver staining. Therefore, serine 

proteases seemed to digest CAR´s D2 domain extensively. 
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Figure 25: Size comparison of NE, PR3, and CG digest end products. Silver-stained gel of overnight 

digested rhECD samples treated with 100 ng/µl protease. 

4.3.2.3 Determination of NE cleavage sites in rhECD by nLC-MS/MS 

Estimated molecular weights of rhECD full-length as well as NE digestion products in 

their glycosylated and deglycosylated states were determined with a silver-stained gel 

(Figure 26). Different migration pattern of glycosylated and deglycosylated proteins in-

dicate that full-length rhECD as well as the intermediate product contain both 

N-glycosylation sites and that the end product contains only one sugar moiety. 

 

Figure 26: Silver-stained gel of glycosylated and deglycosylated NE digest products. Deglycosylation 

of rhECD full-length and NE digest products results in different migration pattern in the polyacrylamide 

gel. Estimated molecular weights are listed. 

Glycosylated as well as deglycosylated proteins were in-gel digested with trypsin. Tryp-

tic peptides were analysed with nLC-MS/MS (Table 5 in Appendix) and coverage is 

visualised in Figure 27. Full-length rhECD was completely covered by peptides (ma-

genta). The intermediate product (green) comprised full D1 domain and a large part of 

the D2 domain. Accordingly, it contained both glycosylated asparagine residues. The 

end product included mainly the membrane-distal D1 domain and only one asparagine 
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residue. Since NE cleaves preferentially after aliphatic amino acids like valine, alanine, 

and isoleucine (FU ET AL. 2018), valines at positions 129 and 199 seemed to be suitable 

cleavage sites. Intermediate product that comprises amino acids 1 to 199 has a calcu-

lated molecular weight of 22.1 kDa. The end product (amino acid 1 to 129) has a calcu-

lated molecular weight of 14.3 kDa. Both sizes fit quite well to the sizes of deglycosy-

lated proteins in the polyacrylamide gel (Figure 26). 

CG end product was also analysed with nLC-MS/MS, but with less repeated mea-

surements (Table 5 in Appendix). Therefore, coverage was not as high as for NE prod-

ucts (Figure 10 in Appendix). 

1 L S I T T P E E M I E K A K G E T A Y L P C K F T L S P E D Q G P L D I E W L I 40

41 S P A D N Q K V D Q V I I L Y S G D K I Y D D Y Y P D L K G R V H F T S N D L K 80

81 S G D A S I N V T N L Q L S D I G T Y Q C K V K K A P G V A N K K I H L V V L V 120

121 K P S G A R C Y V D G S E E I G S D F K I K C E P K E G S L P L Q Y E W Q K L S 160

161 D S Q K M P T S W L A E M T S S V I S V K N A S S E Y S G T Y S C T V R N R V G 200

201 S D Q C L L R L N V V P P S N K A G H H H H H H 224

full-length
intermediate product
end product

_______________________________________________D1 dom ain_____________________________________________________________________________

_______________________________________________________________________________________________________________________________________

_____His tag___________________________________________________________________

_______________________________________________D2 dom ain_____________________________________________________________________________________________________________________

________________________________________________________________________________________________________________________________

____________________________________________________________________________________________________________________

 

Figure 27: Sequences of full-length rhECD, intermediate and end product of NE digest covered by 

peptides (nLC-MS/MS). Full-length rhECD sequence was completely covered by peptides (magenta). 

The intermediate product (blue) contained the complete membrane-distal D1 domain and a large part of 

the membrane-proximal D2 domain. The end product (green) included D1 domain and a small part of D2 

domain. N-glycosylation sites are marked in red. 

4.3.2.4 Role of disulfide bonds and N-glycosylation in NE cleavage 

The importance of the tertiary structure on the susceptibility of rhECD to NE proteoly-

sis was assessed by reducing disulfide bonds either before or after NE digest (Figure 
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28). As seen before (Figure 24), NE digest of rhECD in its native conformation resulted 

in the intermediate and end product (Figure 28A). Interestingly, reduced disulfide bonds 

led to a cleavage pattern that was also observed for lower NE concentrations (Figure 

24), i.e. the intermediate and the counter product. Furthermore, the His tag was not 

cleaved (Figure 28B). Therefore, reduced disulfide bonds and a disrupted tertiary struc-

ture of rhECD seemed to mask two cleavage sites (for cleavage of the His tag and the 

end product). When samples were run under non-reducing conditions in the gel (Figure 

28C and D), the same cleavage pattern were observed. Native intermediate product did 

not migrate properly into the gel (Figure 28C). 

 

Figure 28: Tertiary structure of rhECD facilitated access of NE to the cleavage site of the end 

product. rhECD was digested for 30 min or 3 h with NE. As control, no protease was added. A and B) 

Sample buffer for polyacrylamide gel runs included DTT. C and D) Sample buffer did not include DTT. 

A) Native rhECD digest with NE results in the intermediate and end product. B) Disulfide bonds were 

reduced by DTT before NE digest. His tag was not cleaved off resulting in the counter product recognised 

by anti-His tag antibody. After 3 h NE digest, the end product did not occur. The same pattern was ob-

served, when samples were run without DTT in the sample buffer (C and D). 

Furthermore, the role of N-glycosylation in NE-mediated cleavage was investigated. 

Therefore, sugars were removed either before or after NE digest with PNGase F under 

non-denaturing conditions. Glycosylated rhECD was cleaved into the intermediate and 

end product (Figure 29A) and deglycosylated cleavage products migrated at lower mo-

lecular levels (Figure 29B) as demonstrated before (Figure 26). rhECD was incubated 
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overnight either with PNGase F buffer alone or with PNGase F in buffer at 37 °C 

(Figure 29C and D). Overnight incubation at 37 °C seemed to alter the tertiary structure 

of rhECD, although the non-reducing buffer format was used. The digestion pattern was 

the same as for rhECD with reduced disulfide bonds (Figure 28B). PNGase F did not 

deglycosylate rhECD to a full extent, when rhECD was not pre-digested by NE (com-

pare Figure 29B and D). Only one oligosaccharide entity seemed to be removed for a 

large fraction of full-length rhECD. Besides, already within 30 min digestion time, the 

end product (glycosylated and deglycosylated) occurred. Loss of sugar moieties seemed 

to alter the presentation of cleavage sites to NE. However, since rhECD was present in 

an altered conformation after overnight incubation with PNGase F buffer (Figure 29C), 

no final statement could be made about the exact role of rhECD glycosylation.  

 

Figure 29: Sugar moieties protected rhECD from proteolysis at the second cleavage site by NE. 

rhECD was digested for 30 min or 3 h with NE. As control, no protease was added. Furthermore, rhECD 

was deglycosylated either before or after NE digest. A) rhECD full-length (FL) in its glycosylated form 

was digested by NE. Intermediate (I) and end (E) product occurred. B) After NE digest, products were 

deglycosylated. C) rhECD was incubated with PNGase F buffer overnight before NE digest. Intermediate 

and counter (C) products occurred, but not end product. D) rhECD was deglycosylated by PNGase F and 

treated with NE afterwards. Missing sugar moieties allowed faster cleavage and end product occurred 

already within 30 min incubation time.  
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4.3.2.5 NE cleavage of rhECD bound to nickel NiNTA resin 

To mimic a situation, in which CAR´s extracellular domain is present on a surface as it 

would be on a cell membrane, rhECD was coupled to NiNTA beads and NE was added 

for 3 h. I wanted to test, whether orientation on a surface alters conformation and 

thereby susceptibility of rhECD towards proteolysis. After NE digest (Figure 30A), both 

end product and rhECD without the His tag were observed in the supernatant. The 

source of the end product must therefore not necessarily be bound rhECD, but could 

also be soluble rhECD without His tag. To test whether disulfide bonds stabilised cleav-

age products, 12.5 mM DTT was added to NiNTA resin after NE digest (Figure 30B). 

This DTT concentration reduced nickel and full-length rhECD eluted from the resin. 

However, when lower DTT concentrations were used, no products were released from 

NE treated samples (data not shown). Elution from bound rhECD and cleavage products 

showed that intermediate and end product were still attached to NiNTA resin despite 

DTT treatment (Figure 30C). Disulfide bonds did not seem to be responsible for at-

tachment of the products to the resin, which was in line with observations for unbound 

rhECD (Figure 28). Cleavage products may remain associated by other chemical bonds, 

for example salt bridges, hydrogen bonds, or van der Waals forces. 

 

Figure 30: rhECD bound to NiNTA was cleaved by NE. A) NE (100 ng/µl) was added for 3 h to 

rhECD bound to NiNTA resin and the end product occurred in the supernatant. B) Reduction of disulfide 

bonds released intermediate and end products from the resin, but also full-length rhECD due to the reduc-

tion of nickel. C) Full-length rhECD and cleavage products were still attached to NiNTA resin and were 

washed out with elution buffer.  
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Moreover, surface plasmon resonance (SPR) spectroscopy was used to mimic proteo-

lysis of membranous CAR ECD. However, rhECD did not bind stably to the nickel 

loaded NTA sensor chip. Within one to three minutes, rhECD `bled out` to an extent 

that no mass decrease could be observed by addition of NE (data not shown). 

4.3.3 NE cleavage of murine CAR ECD 

For possible future studies regarding shedding experiments in vivo, behaviour of murine 

CAR upon NE digest was investigated. Alignment of human and murine CAR D2 do-

main (Figure 11 in Appendix) showed high similarity between the species. Time series 

of NE digest was performed with recombinant murine extracellular CAR domain 

(rmECD) expressed by HEK-293 cells with a C-terminal His tag (Figure 31). As in 

rhECD (Figure 24), the His tag was cleaved off of rmECD and two N-terminal cleavage 

products occur. In contrast to rhECD, the larger product was not a prerequisite for oc-

currence of the smaller product in rmECD. The smaller product occurred within 5 min 

incubation time with NE and increased in quantity over time. The larger product oc-

curred within 30 min incubation time and remained present in the sample even after 

overnight incubation time. Obviously, cleavage of human and murine CAR ECD by NE 

differed, although proposed cleavage sites of NE in human CAR (valine 129 and 199) 

also exist in murine CAR D2 domain (Figure 11 in Appendix). 

 

Figure 31: Time series of NE digest of rmECD. NE (100 ng/µl) cleaved the His tag within 5 minutes 

resulting in a product that ran at about the same height as full-length rmECD. NE digest resulted in two 

distinct cleavage products. The smaller product increased with time. The larger product occurred within 

30 min, but did not change in quantity within longer incubation times.  
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4.3.4 Human CAR expressed by CHO-K1 cells 

To test proteolysis of full-length human CAR expressed by eukaryotic cells, whole cell 

lysate of CHO-CAR cells was treated with various MMPs and serine proteases. As con-

trol, inhibitors (EDTA for MMPs and PMSF for serine proteases) were added. CAR 

products were detected with anti-CAR N-terminus and C-terminus antibodies (Figure 

32). Full-length CAR ran at a height of about 48 kDa. N- and C-terminus antibodies 

recognised cleavage products of MMP and PR3 digests, which ran at heights of 38 to 

45 kDa. This suggests that cleavage occurred in the intracellular domain of CAR but left 

the C-terminal antibody epitope intact. NE and CG, however, digested CAR extensively 

and no cleavage product was recognised by either N- or C-terminus antibodies. PMSF 

was solubilised in ethanol. Therefore, ethanol without PMSF was added as control. To 

test, if ethanol itself influenced CAR´s conformation and thereby protease digest, no 

ethanol was added to the reactions. Cleavage pattern of NE and PR3 were the same 

(Figure 12 in Appendix). 

Differences in serine protease cleavage between rhECD (Figure 22) and CAR ex-

pressed by CHO-K1 cells (Figure 32) could be explained with the preparation procedure 

of cell lysates. Lysis buffer contained 1 % Nonidet P40 detergent. When rhECD was 

denatured with SDS, DTT, and Nonidet P40, overnight treatment with NE also resulted 

in extensive proteolysis (Figure 13 in Appendix). Denatured CAR was therefore highly 

susceptible to unlimited proteolysis, whereas CAR ECD in its native conformation was 

cleaved into two distinct products by NE. This was also observed for rhECD with re-

duced disulfide bonds (Figure 28). 
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Figure 32: Human CAR expressed by CHO-K1 cells was cleaved by catalytic MMP domains and 

serine proteases. A) Western blots with N- and C-terminal anti-CAR antibodies. B) Schematic represen-

tation of CAR cleavage. Whole cell lysates from CHO-CAR cells were treated overnight with proteases 

(100 ng/µl). Proteolysis was inhibited by EDTA for MMP domains and PMSF for serine proteases. Cata-

lytic MMP domains and PR3 digested CAR at its C-terminus. The cleavage products ran at heights of 

about 38 to 43 kDa and both anti-CAR antibodies recognised them. NE and CG digested CAR so that 

anti-CAR antibodies did not recognise cleavage products. 

4.3.5 Membranous CAR in mammalian epithelial cells 

4.3.5.1 CAR expression in investigated mammalian cell lines 

To test CAR cleavage by NE not only in solution or bound to an artificial surface, six 

mammalian epithelial cell lines from different tissue origin were tested. Cells express 

human CAR either exogenously (CHO-CAR) or endogenously (A549, HeLa, HEK-293, 

HepG2, and SW13). CAR expression was confirmed by flow cytometry and immuno-

fluorescence microscopy (Figure 33). Expression levels as well as localisation of CAR 

varied between the cell lines. Localisation coincided with cell-cell contacts. For 
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example, A549 cells displayed a discontinous ´chickenwire´ outline of cell-cell 

contacts, whereas HepG2 cells tended to form strong clusters with large contact sites. 

 

Figure 33: CAR was expressed at the cell surface of all six investigated epithelial cell lines. A) Cells 

were stained with anti-CAR or isotype control antibody and analysed by flow cytometry. Histograms are 

representative. B) CAR was localised at cell-cell-contacts in epithelial cells. Immunofluorescence staining 

showed different expression pattern in human and hamster epithelial cell lines. Endogenous CAR as well 

as CAR overexpressed in CHO cells was located at cell junctions, however, shapes of membrane contact 

sites differed among the cell lines. Images are representative. HeLa was stained with RmcB antibody and 

other cells were stained with 3C100 antibody. As expected, CHO mock cells were not stained by these 

anti-CAR antibodies (Figure 14 in Appendix).  
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4.3.5.2 Changes of cell morphology and cleavage of virus coreceptors 
through NE treatment 

NE was added to cells in the presence of Ham´s F-12, but without the addition of FBS 

to prevent NE cleavage of serum proteins. NE activity in Ham´s was confirmed with an 

artificial substrate and rhECD (Figure 15 in Appendix). 

Since NE does not display a high substrate specificity (KORKMAZ ET AL. 2007), it alters 

cell morphology by cleavage of several surface proteins. Cells were detached from the 

cell culture vessel by treatment with NE in a time-dependent manner (Figure 34). 
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Figure 34: NE treatment detached cells from the culture vessel surface. NE was added to the six cell 

lines (A549, CHO-CAR, HEK-293, HeLa, HepG2, and SW13) at a concentration of 100 ng/µl in Ham´s 

F-12 medium and cell dissociation after different time points was documented. As a control, NE reconsti-

tution buffer without NE was added (0 ng/µl). 

Since NE detached cells from the vessel surface, I tested whether it also permeabilised 

CHO-CAR cells for antibodies used for flow cytometry (Figure 35). If the antibody 

stained intracellular CAR, this would conceal a possible CAR-shedding effect after NE 

treatment. Intracellular vimentin was stained in all permeabilised cells, whereas only a 

few non-permeabilised cells were stained. The same low staining level was observed for 
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cells treated with NE for 5 h, indicating that cells were not permeabilised for antibodies. 

Statistics for this experiment are visualised in Figure 16 in Appendix. 

 

Figure 35: Cells were not permeabilised for antibodies by 5 h NE treatment. When permeabilised 

with saponin (permeabilisation buffer), CHO-CAR cells were stained intracellularly by anti-vimentin 

antibody. When not permeabilised (PBS), only a small fraction of cells was stained. This was also the 

case for non-permeabilised, but NE-treated cells (PBS+NE), indicating that NE treatment did not perme-

abilise cells for anti-vimentin antibody. 

Cells changed their morphology upon NE treatment as was observed by flow cytometry. 

Events recorded after 2 h NE treatment showed lower forward scatter (FS) and side 

scatter (SS) signals than events of an untreated sample (Figure 36A). Events represent-

ing large and highly granular cells became less frequent and events representing small 

cells increased (88.92 % in untreated and 99.00 % in treated samples). 

To exclude cell debris and cell doublets from the analysis, events were gated. For 

visualisation of gating strategies, see Figure 17 in Appendix. Upon NE treatment, events 

representing singlet cells increased significantly, indicating that cell clumps dispersed. 

This was in line with the observation that cell adhesion to the cell culture vessel de-

creased (Figure 34). NE addition did not result in significantly more cell debris in the 

samples (Figure 36B). 
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Figure 36: NE treatment changed cell morphology. A) Example dot plots (forward scatter (FS) versus 

side scatter (SS) pulse areas). Upon NE treatment (2 h, 100 ng/µl) of CHO-CAR cells, events represent-

ing small and less granular cells became more frequent. B) All measurements performed for the experi-

ment presented in Figure 38 were analysed for the percentage of events in gates “Cells” and “Singlets” 

(n=248). NE treatment did not decrease event number in gate “Cells”, implicating that no debris was 

formed. However, NE treatment increased event number in gate “Singlets” significantly (t test), implicat-

ing that cell aggregates dispersed. 

Next, I was interested in NE´s influence on virus coreceptors. Adenoviruses use in-

tegrins as entry receptors and Coxsackieviruses use DAF as attachment receptor. Re-

combinant human integrin ανβ5 and DAF were treated with NE in a time series (Figure 

37). Integrin heterodimer ανβ5 was digested already within 5 min and proteolysis was 

nearly complete within 1 h. NE cleavage of DAF was not completed after overnight in-

cubation. 
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Figure 37: Recombinant human integrin and DAF were cleaved by NE. A) Integrin ανβ5 was cleaved 

by NE in a time-dependent manner resulting in several cleavage products. Integrin heterodimer and 

monomers αν and β5 ran at 200, 115, and 85 kDa, respectively. NE ran as a triplet at about 28 kDa in the 

silver-stained gel. B) DAF cleavage by NE was not completed after overnight incubation. 

4.3.5.3 Cleavage of membranous CAR by NE 

Treatment of CAR expressing cells with NE and subsequent analysis of cell´s mem-

brane-organelle fractions by Western blot revealed a significant decrease in total CAR 

protein level (data not shown). Uniform loading quantities were ensured by BCA assays 

and a loading control. Since vinculin level also decreased with NE treatment, it could 

not be used as a proper loading control. Thus, Western blot was dismissed as a suitable 

technique to observe differences in CAR levels. In precipitated supernatants of NE 

treated CHO-CAR cells, no CAR cleavage product could be observed in Western blots 

probed with anti-CAR N-terminus antibody (data not shown). Lysates of NE-treated 

CHO-CAR cells did not contain cleavage products that were recognised by anti-CAR 

C-terminus antibody in Western blots (data not shown). 

Instead, I tested CAR surface levels in correlation to NE treatment. Epithelial cell 

lines expressing CAR were treated with NE (100 ng/µl) for different time points and 

CAR surface level was monitored using flow cytometry (Figure 38). In all cell lines, 

except for HEK-293 cells, a time-dependent decrease in CAR surface level upon NE 

treatment was observed. In A549 and HepG2 cells, this decrease was not significant, but 

implied. Incubation times were adjusted for the varying resistance of each cell line to-

wards NE treatment. Longer treatment periods resulted in cell rupture.  
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Figure 38: CAR surface expression decreased in most of the tested epithelial cell lines upon NE 

treatment. Cells were incubated for different time points with or without NE and stained for CAR. CAR 

surface levels (geometric mean, gates “Cells” and “Singlets”) of NE-treated cells were normalised to 

CAR levels of untreated cells. Furthermore, relative CAR levels at time point t=0 were set as 1. Signifi-

cances were calculated with ANOVA with multiple comparisons. Experiment was repeated three times 

(A549, HeLa, HepG2), four times (CHO-CAR, HEK-293), or five times (SW13). 

Flow cytometry data were analysed by multiple strategies, but none had major implica-

tions for the outcome of the experiment. Flow cytometry data can be presented either as 

geometric mean or as median to measure the central tendency of lognormal distribu-

tions. I chose the geometric mean, since the median could not reflect the occurrence of a 

CAR-negative subpopulation upon NE treatment in HepG2 cells (Figure 18 in Appen-

dix). Besides, events were gated for “Cells” and “Singlets” (Figure 17 in Appendix). 

However, when none or only one of these gates was applied, no major difference could 

be observed in NE-dependent CAR level decrease (Figure 19 in Appendix). 

When not normalised to time point t=0, CAR signals of NE-treated cells exceeded 

those of untreated cells at short incubation periods (Figure 20 in Appendix). This obser-

vation may be due to the experimental design regarding time point t=0. There, NE was 

also added to the cells, but directly removed by pelleting and washing cells. Neverthe-

less, cells were in contact with NE for 4 minutes during centrifugation. This may be suf-

ficient to open cell-cell contacts and cleave other proteins, thereby facilitating anti-CAR 

antibody binding to uncleaved CAR. Interestingly, trypsin treatment of cells for up to 

10 min also increased CAR signal determined by flow cytometry (data not shown). 
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To test whether disulfide bonds prevented shedding of CAR´s ECD by maintaining 

CAR´s tertiary structure despite proteolysis, cells were treated with DTT (50 mM) after 

NE digest and CAR levels were measured with flow cytometry (Figure 39). CAR levels 

of CHO-CAR and SW13 decreased slightly more pronounced compared to non-

reducing conditions (Figure 38). NE effect on CAR levels of HEK-293 cells was not 

influenced by reducing conditions. Higher DTT concentrations resulted in disrupted 

cells that could not be analysed with flow cytometry (data not shown). High DTT con-

centrations cause cell apoptosis (TARTIER ET AL. 2000). 

 

Figure 39: CAR surface expression in three epithelial cell lines upon NE treatment and reducing 

conditions. Cells were incubated for different time points with or without NE and kept under reducing 

conditions after NE treatment. CAR surface levels (geometric mean, gates “Cells” and “Singlets”) of NE-

treated cells were normalised to CAR levels of untreated cells. Furthermore, relative CAR levels at time 

point t=0 were set to 1. Significances were calculated with ANOVA with multiple comparisons. Experi-

ment was repeated three times (CHO-CAR, SW13) or four times (HEK-293). 

As another technique to monitor CAR surface levels, immunofluorescence staining of 

non-fixed and non-permeabilised cells was performed. This method allowed exclusive 

staining of extracellular proteins (Figure 21 in Appendix). Thereby, signals from intra-

cellular CAR that would not be accessible for NE did not distort the results. Anti-CAR 

antibody RmcB recognises CAR ECD only when both immunoglobulin domains are 

present (PINKERT ET AL. 2016). 

CHO-CAR cells were treated with NE, stained for CAR, and analysed via confocal 

microscopy (Figure 40). In untreated samples, CAR was expressed at cell-cell contacts. 

Upon NE treatment, cell aggregates loosened and CAR levels decreased significantly. 

NE-dependent reduction of cell adhesion was also observed via brightfield microscopy 

(Figure 34) and flow cytometry (Figure 36). 
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Figure 40: CAR surface level on CHO-CAR cells decreased upon NE treatment as determined by 

immunofluorescence staining. Cells were treated with NE (100 ng/µl) for 3 h and stained for extracellu-

lar CAR. A) Representative fluorescence images of untreated (no protease) and treated (NE) cells stained 

with DAPI (blue) and anti-CAR antibody RmcB (red). B) Decrease of CAR level upon NE treatment was 

statistically significant (t test). Experiment was performed 3 times. 
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5 DISCUSSION 

5.1 Natural CAR variants have no impact on CAR´s sub-
cellular localisation, cell adhesion, cell proliferation, 
and virus internalisation 

No disease-causing variant in CXADR coding sequence has been found until now. An 

exception is a nucleotide exchange in exon 7 that results in a synonymous variant in 

CAR´s main isoform CAREx7 and in a missense mutation in isoform CAREx8. It might 

be associated with hypertension (SHETTY ET AL. 2012). I aimed to characterise the five 

CXADR missense variants that are most frequent in human population (Table 1). Since 

CAR´s transmembrane and intracellular domains influence CAR intracellular signalling 

and CAR localisation as well as cell properties, I hypothesised that virus attachment and 

entry may also be altered by variants in these domains. This could be mediated by af-

fecting overall tertiary structure of CAR´s intracellular domain or the motifs important 

for posttranslational modifications and intracellular signalling (Figure 3). Therefore, 

next to the variants´ influence on vector transduction and cell properties, I also tested 

CAR´s subcellular localisation. 

Notably, CAR expression levels differed significantly among stably transfected poly-

clonal CHO-CAR cell lines (Figure 3 in Appendix). I observed this in two different 

transfection experiments (data not shown), but I did not test for uniform transfection 

efficiency, for example by co-transfecting a GFP-coding plasmid or by assessing the 

transgene copy number. It would be interesting to determine, if variants influence CAR 

expression levels like other cytoplasmic variations (see 1.1.1.3). Monoclonal cell lines 

could be selected for uniform CAR expression, but they might introduce bias regarding 

cell properties. Cells expanded from one single cell might bear random characteristics 

interfering with the research question. Therefore, I decided to use the polyclonal cell 

lines and sort them by FACS to obtain a uniform CAR expression level (Figure 4 in 

Appendix). 

None of the variants had a major effect on the receptor´s ability to mediate virus in-

ternalisation into CHO cells (Figure 16). The minor differences that were observed 

would probably not be physiologically relevant. It can be assumed that these variants do 

not modify CAR´s TMD or CPD, which would have led to differences in virus inter-
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nalisation or cell-cell adhesion. Accordingly, the receptor variants showed regular 

membrane localisation and did not influence cell adhesion or proliferation (Figures 14 

and 15). These results correspond with studies using GPI-anchored CAR ECD, which 

was able to mediate virus uptake independently of TMD and CPD (VAN’T HOF & CRYS-

TAL 2001; OKEGAWA ET AL. 2001; WALTERS ET AL. 2001; WANG & BERGELSON 1999).  

Readout parameters (GFP and VP1 expression in CHO-CAR cells) reflect transduc-

tion or infection rate, since protein expression by the host cell is a prerequisite for 

measurement. Other key steps in virus infection are cell attachment and cell entry. At-

tachment rate could be determined with labelled viruses (e.g. fluorescent or radioactive) 

and readout directly after infection. Virus genome amount in cells directly after infec-

tion is a parameter for virus entry (INGEMARSDOTTER ET AL. 2015). As I used replica-

tion-deficient adenovectors, GFP expression resembles virus attachment and entry rates. 

Coxsackievirus attachment and entry rates could differ from the results obtained for in-

fection rates, although normally one would assume a linear correlation between these 

parameters. 

According to American College of Medical Genetics and Genomics (ACMG) criteria, 

the examined variants are classified as variants of unknown significance, because func-

tional data are missing. In silico programs like MutationTaster2, PolyPhen-2, 

PROVEAN, FATHMM, and SNPs&GO predict variant p.Pro356Ser to be pathogenic, 

but I did not observe changes in CAR´s functionality, which is in line with an earlier 

study (EXCOFFON ET AL. 2006).  

The five variants also affect other splice isoforms apart from CAREx7. Amino acid 

changes are identical for CAREx8, except for c.1066C>T (p.Pro356Ser in CAREx7), 

which is spliced out in CAREx8. c.886G>A (p.Gly296Ser in CAREx7) and c.983G>A 

(p.Arg328His in CAREx7) are also missense mutations in CAR isoforms CAR2/7, 

CAR3/7, and CAR4/7. Because no specific in vivo functions of CAR isoforms have 

been described so far (see 1.1.2.1), the role of these variants cannot be defined.  

The five CAR missense variants might be classified as rare polymorphisms without 

pathological relevance, because I could not identify a functionally modified receptor. 

However, I cannot exclude other mechanisms by which the variants may influence 

CAR´s physiological function in general. For example, CAR-mediated multiprotein 

complexes could not form (COYNE ET AL. 2004), or localisation in polarised cells may 
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differ (WALTERS ET AL. 2001). I used non-polar CHO cells as a model system, since 

they allow correct posttranslational modifications like glycosylation, which are impor-

tant for CAR´s function. Furthermore, CHO cells do not express CAR endogenously so 

that infection rate depends exclusively on exogenously expressed human CAR. 

Another relatively common variant c.43G>C, p.Asp15His (rs563708764) with a 

MAF of 0.06 % is located in CAR´s signal peptide. I did not investigate this variant, 

because it would not affect virus intake directly, but may change CAR expression, lo-

calisation, or trafficking. Investigations regarding these mechanisms were out of the 

scope of this work. Variants in signal peptides were shown to inhibit processing and se-

cretion of the affected proteins (ARNOLD ET AL. 1990; LINDERT ET AL. 2018; RAJPAR 

2002). Besides, nucleotide guanine 43 is a splice donor site for CXADR exon 1. Accord-

ing to in silico program Human Splicing Finder, this variant most probably affects splic-

ing. Translation would probably terminate after 16 amino acids due to a premature stop 

codon. However, because this variant is common in human population, it probably does 

not impair CAR´s functions. Homozygous loss-of-function mutations would lead to 

premature death of the affected individual as was shown for CAR KO mice (ASHER ET 

AL. 2005; DORNER ET AL. 2005). It might be promising to investigate CAR variants 

found in embryonic developmental disorders rather variants present in normal control 

collectives like gnomAD that might not represent severe or lethal CAR variants.  

Variant p.Gln119His is the most common variant in human population that is located 

in CAR´s ECD. However, with a MAF of 0.0052 %, it is very rare and amino acid 

glutamine 119 is not involved in homodimer formation (Figure 17). This underlines the 

high evolutionary constraints on CAR´s ECD.  

Until now, no pathogenic CAR variants have been identified in cardiomyopathies, can-

cer, hearing loss, or myocardial infarction (see 1.4.1). In my study, I also did not iden-

tify a pathogenic effect of frequent CAR variants. This is in line with the hypothesis that 

mutations might be incompatible with CAR´s indispensible physiological role in tissue 

differentiation during embryogenesis. 
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5.2 Peptides based on CAR D1 or adenoviral knob do not 
inhibit adenovector transduction 

In this work, synthetic peptides derived from CAR D1 domain and adenovirus knob 

domain were tested for their inhibitory effects on adenovector internalisation into lung 

epithelial cells. Neither single peptides nor a mix of seven different peptides inhibited 

vector transduction (Figure 20). Adenoviruses can displace CAR molecules from the 

homodimer binding and open cell-cell contacts (WALTERS ET AL. 2002). Dissociation 

constants are in nanomolar range for CAR D1-Ad interaction (KIRBY ET AL. 2000) and 

in micromolar range for CAR D1 homodimer formation (VAN RAAIJ ET AL. 2000). This 

makes the CAR-adenovirus interaction 1000-fold stronger than the CAR-CAR binding. 

Peptides may disrupt CAR homodimers and facilitate access of adenovectors to CAR 

monomers. Affinities of peptides to target proteins could be measured with SPR spec-

trometry (TAMAMURA ET AL. 1996; WANG ET AL. 2003). In addition, peptides may ad-

here to each other rather than bind to target proteins. This would be especially important 

for CAR D1-based peptides, which might resemble homodimer formation. 

Next to CAR, Ad5 uses heparan sulfate-glycosaminoglycans as attachment sites in 

A549 cells. Cells remained permissive, when Ad-CAR interaction was inhibited with an 

anti-CAR antibody (DECHECCHI ET AL. 2001). However, if peptides blocked Ad-CAR 

interaction successfully, one would expect a noticeable dose-dependent inhibitory effect 

anyway.  

I designed peptides that based on Ad5 knob domain. 3D structure of CAR complex 

was determined for Ad12 and amino acids involved in CAR-binding are not well con-

served between the serotypes (Figure 5 in Appendix). However, binding sites of Ad5 

mostly overlap with these in Ad12 as determined by site-directed mutagenesis (see 

4.2.1). Therefore, I assumed that at least the CAR-based peptides should work as effi-

ciently against Ad5 as against Ad12. 

Peptides are susceptible to proteolysis and can be endocytosed, which would weaken 

their entry inhibitory effect (LÜ ET AL. 2014). In order to stabilise peptide conformation, 

I tried to cover beta sheets in the protein structures and some peptides were cyclised. 

However, I did not test for peptide stability and proteolytic processing. D-amino acids 

could be incorporated to increase resistance towards proteolysis (HAACK ET AL. 1997). 
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I did not expect to design the most effective inhibitor peptide, but I attempted to find a 

candidate to develop peptides that are more effective. Screening for peptides with anti-

viral effects is often performed with high-throughput methods like phage display librar-

ies (LÜ ET AL. 2014), Förster resonance energy transfer and fluorescence lifetime imag-

ing microscopy (MARGINEANU ET AL. 2016), or yeast-two-hybrid assays (YANG, WU, & 

FIELDS 1995). I designed peptides that cover known interfaces from the CAR-Ad inter-

action. Other approaches include testing a library of overlapping sequences covering the 

target protein (YIN ET AL. 2017) or designing suitable peptides with in silico programs 

(ALHOOT ET AL. 2013; BAIG ET AL. 2020; UNAL, GURSOY, & ERMAN 2010). In general, a 

systematic and high-throughput screening of inhibitory peptides is a task for the re-

search-based pharmaceutical industry. 

5.3 CAR is a putative target protein for NE-mediated 
shedding 

5.3.1 NE processes human CAR in vitro in a physiologically relevant 
manner 

Immune cells, which are recruited to inflammatory sites during myocarditis, secrete pro-

teases. Neutrophil serine proteases (CG, NE, and PR3) and MMPs facilitate immune 

cell migration by cleaving ECM components and CAMs (MITTAL ET AL. 2016B; PHAM 

2006). Furthermore, they target chemokines, cytokines (BANK & ANSORGE 2001), 

growth factors, and cell surface receptors (KORKMAZ ET AL. 2010).  

I tested proteolysis of human CAR with various in vitro models. CAR expressed by 

E. coli was processed by all tested proteases (Figure 21). MMP-9 and MMP-11 cleaved 

E. coli CAR probably in the intracellular domain. Products were recognised by the anti-

CAR N-terminus antibody and were too large to comprise only CAR´s ECD (maximum 

28 kDa). E. coli proteins are not posttranslationally modified, which renders them par-

ticularly prone to proteolysis. To circumvent this limitation, recombinant human CAR 

ECD (rhECD) expressed by human cells was used. None of the investigated MMPs, ex-

cept MMP-3, proteolysed rhECD (Figure 22). Catalytic domains instead of full-length 

MMPs were used though. Deletion of the hemopexin-like domain reduces the natural 

collagenase activity of the proteases, whereas other target proteins are cleaved normally 

(BODE ET AL. 1999; KNÄUPER ET AL. 1997; MURPHY & KNÄUPER 1997; SILLER-LÓPEZ ET 
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AL. 2000). Whether full-length MMPs show a different activity towards rhECD, remains 

to be elucidated.  

Serine proteases and MMP-3 proteolysed rhECD resulting in distinct cleavage pat-

tern (Figures 22, 23, and 24). MMP-3, CG, and PR3 showed lower activity towards 

rhECD than NE. For NE, cleavage occurred in a time- and dose-dependent manner that 

suggested physiological relevance. In vivo, NE concentrations can locally be very high 

and exceed concentrations of their inhibitors. Inhibitors of high molecular weight are 

excluded from microenvironments located between PMN and tissue. Proteolytic activity 

is very high at the pericellular zone (CAMPBELL & CAMPBELL 1988; CAMPBELL ET AL. 

1999). One neutrophil contains 1.1-1.6 pg NE (CAMPBELL, SILVERMAN, & CAMPBELL 

1989; DAMIANO ET AL. 1988), which can be released from secretory granules in quan-

tum bursts of very high amounts (5.3 mM) (LIOU & CAMPBELL 1995). In my experi-

ments, cleavage of soluble rhECD occurred within 5 minutes with 100 ng/µl NE and 

after overnight incubation with 10 ng/µl NE (10-100 mg/l) (Figure 24). Possible in vivo 

NE concentration of 5.3 mM or 150 g/l (with NE molecular weight 28.5 kDa) exceeds 

the effective concentrations in my in vitro experiments more than 1500-fold. Therefore, 

I propose that NE concentrations in vivo would be sufficient to process CAR. 

Potential cleavage sites were determined based on the sizes of digest products in poly-

acrylamide gels (Figure 25), glycosylation patterns (Figure 26), and MS/MS data 

(Figure 27). NE and PR3 prefer valine, alanine, or isoleucine at the position upstream of 

the proteolytic cleavage site, whereas CG has a chymotrypsin-like activity and prefers 

phenylalanine or tyrosine (FU ET AL. 2018). These substrate preferences were resembled 

by rhECD proteolysis: NE and PR3 products were very similar in size, indicating that 

both proteases may cleave rhECD at the same position. In my experiments, PR3 was 

less active than NE (Figure 22 and Figure 8 in Appendix), which was in line with previ-

ous results (FU ET AL. 2018). CG cleavage results in a larger product (Figure 25). Analy-

sis with nLC-MS/MS could not characterise a cleavage site for CG, because sequence 

coverage was insufficient (Figure 10 in Appendix). For NE digest products, sequence 

coverage was sufficient to predict valines 129 and 199 as potential cleavage sites 

(Figure 41). In full-length CAR sequence (Figure 1 in Appendix), these are valines 148 

and 218, which are conserved among species (e.g. mouse, cow, and rat). In order to de-

termine the exact cleavage site of NE in CAR ECD, site-directed mutagenesis of poten-
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tial cleavage sites could be performed. Besides, peptides with neo-N-termini due to pro-

teolysis can be identified via mass spectrometry with TAILS or COFRADIC (NIEDER-

MAIER & HUESGEN 2019). 

 

Figure 41: Proposed model of NE cleavage of CAR extracellular domain. Full-length extracellular 

domain of CAR (magenta) consisting of immunoglobulin domains D1 and D2 with two N-glycosylation 

sites (yellow branches) is cleaved by NE at two distinct sites (V129 and V199, marked with red lines) 

resulting in an intermediate and an end product (blue and green). Both products include CAR´s D1 do-

main, which could be involved in virus inhibition, if present in the interstitium in soluble form. 3D model 

is based on murine CAR extracellular domain and was modified from PDB ID: 3JZ7 (PATZKE ET AL. 

2010). 

CAR expressed by CHO cells was cleaved differently than rhECD (Figures 22 and 32), 

probably because it was denatured due to detergent in cell lysis buffer. MMPs and PR3 

cleaved CAR expressed by CHO cells intracellularly. CG and NE cleavage sites were 

located in CAR´s intracellular and extracellular domains. Intracellular CAR proteolysis 

was observed in apoptotic Jurkat cells and cleavage site was defined as glycine 303 

(CRAWFORD ET AL. 2013). This adds evidence to the idea that intracellular CAR domain 

is susceptible towards proteolysis. When undigested CHO lysates were stained with 

anti-CAR N-terminus antibody, multiple bands were detected. These may represent 

dimers, glycoforms, or proteolysed forms of full-length CAR. CHO cells express many 

proteases endogenously, which may process CAR (BEE ET AL. 2015; GAO ET AL. 2011; 

PARK ET AL. 2017; ROBERT ET AL. 2009). To circumvent endogenous proteolysis as 
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much as possible, I prepared CHO-CAR lysate often and froze it at -80 °C for storage. I 

did not add protease inhibitors to allow proteolysis by exogenously added proteases. 

rhECD seemed to be the most suitable substrate to test proteolysis in solution, be-

cause it was present in its native form and displayed all posttranslational modifications. 

However, in vitro experiments with proteases and substrates in solution cannot reflect 

physiological conditions. Particularly, a transmembrane protein as CAR likely behaves 

differently, when not expressed on a cell surface but as ECD in solution. Thus, I wanted 

to test surface-bound rhECD. However, rhECD binding was instable in both NiNTA 

resin and SPR. Anyway, NE could attack rhECD that was fixed onto NiNTA resin and 

release cleavage products (Figure 30). To improve SPR measurements, binding stability 

could be enhanced by using a longer His tag or by binding via biotin/streptavidin.  

To resemble a physiologically relevant situation, NE was added to mammalian cells. I 

planned to determine total CAR levels with Western blotting, but I could not normalise 

protein quantities with an appropriate loading control. NE processed vinculin, which 

was described before (BAKOLITSA ET AL. 1999). When I searched for another suitable 

loading control, I found that NE processes many frequently used proteins: F-actin 

(METZLER ET AL. 2014), GAPDH (KNECHT & ROCHE 1986), histones (ZHOU ET AL. 

2014), laminin (MYDEL ET AL. 2008), and tubulin (ANDERSON 1979). In order to use 

Western blots for quantitation of total CAR level, protocols have to be optimised either 

by finding a loading control protein that is not cleaved by NE or by preventing NE ac-

cess to the cytoplasm, for example with shorter incubation times. 

I showed a decrease in CAR surface levels upon NE treatment with immunofluores-

cence microscopy (Figure 40) and flow cytometry (Figure 38). Decrease occurred in 

most cell lines and was time-dependent. Differences in CAR decrease rates among the 

cell lines may be explained by different NE treatment times. HEK-293 cells, for exam-

ple, tolerated only 15 minutes NE treatment, before they lysed. Other cell lines like 

CHO-CAR or SW13 could be incubated for 5 hours with NE.  

Within short incubation times, NE treatment resulted in increased CAR signals com-

pared to untreated cells (Figure 20 in Appendix). Anti-CAR antibody could have gained 

better access to CAR through NE digest. Cell-cell contacts could have been disrupted or 

the antibody epitope could have been exposed by cleavage of other proteins. Trypsin 
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treatment of cells also facilitated CAR recognition by the antibody in flow cytometry 

(data not shown). 

Reducing conditions had no strong impact on CAR level decrease (Figure 39), sug-

gesting that NE cleavage products did not adhere to the cells via disulfide bonds as was 

observed for tryptic digest products (CARSON 2000). By reducing rhECD and its NE di-

gestion products, also no additional products occurred (Figure 28).  

5.3.2 Possible implications of NE-mediated CAR-shedding in vivo 

Only 2 % of cell surface proteins are processed via ectodomain shedding (HAYASHIDA 

ET AL. 2010). Not all proteolytic events seen in in vitro experiments must occur in vivo, 

where substrate and sheddase are controlled spatially and temporarily. Protease inhibi-

tors, other NE substrates, and CAR localisation may hamper CAR-shedding in tissues. 

Localisation in lipid rafts inhibits proteolysis of transmembrane proteins (BAE, YANG, & 

REZAIE 2008). Furthermore, glycosylation and phosphorylation inhibit proteolysis by 

altering the protein´s conformation and by blocking cleavage sites for proteases (BOON 

ET AL. 2019; HAVUKAINEN ET AL. 2012; RUSSELL, OLDHAM, & DAVIS 2009). Dimerisa-

tion or binding to other interaction partners or antibodies can protect proteins from 

shedding (HARTMANN ET AL. 2015; LI ET AL. 2019; SAHNI ET AL. 2000). NE cleavage of 

rhECD was influenced by N-glycosylation (Figure 29) as well as tertiary structure 

(Figure 28). Interestingly, both features of rhECD seemed to enable NE cleavage at the 

two distinct sites. Denatured CAR was completely processed by NE. This was observed 

for CAR expressed by E. coli in urea buffer (Figure 21), denatured rhECD (Figure 13 in 

Appendix), or CAR from CHO cells in detergent containing buffer (Figure 32). Glyco-

sylation of rhECD protected a cleavage site from NE activity (Figure 29). It was not 

elucidated, whether membranous CAR would be influenced by oligosaccharides the 

same way as CAR in solution. 

Murine CAR is a target protein for ADAM10-mediated shedding (HOURI, HUANG, & 

NALBANTOGLU 2013). Cleavage sites are located in the sequence MLRL (amino acids 

224-227; LLRL in human CAR). If human CAR was also a target for ADAM10, this 

would regulate CAR´s turnover and physiological functions. However, since ADAM10 

is a membrane-bound sheddase, turnover rate and inducibility would probably differ 

from shedding by NE. A soluble protease that is released at high concentrations from 
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infiltrating neutrophils would have more profound and faster effects on the myocardial 

tissue than ADAM10 that is transcriptionally regulated. 

CAR ectodomain shedding through NE might be a defense mechanism against active 

viral infections during myocarditis and other viral-induced inflammatory diseases. Ade-

noviruses and Coxsackieviruses infect multiple organs next to the heart, for example 

respiratory tract, digestive tract, kidney, or pancreas (see 1.1.4.2 and 1.1.4.3). CAR-

shedding as a sequela of inflammatory response could also occur during infectious dis-

eases of these organs. Both CAR cleavage products contain complete D1 domain 

(Figure 41) and would function as biologically active fragments. They would be able to 

trap viruses and block unshed, membranous CAR for viruses. Virus traps were tested in 

vitro and in vivo: Soluble CAR proteins comprising either D1 domain alone (FREIMUTH 

ET AL. 1999) or complete ECD (GOODFELLOW ET AL. 2005; ROELVINK ET AL. 1998) in-

hibited Coxsackie- and adenovirus infections in vitro. Besides, CAR ECD fused to Ig-

Fc portion was a suitable therapeutic agent against virus infections. In some studies, 

significant treatment effects were only observed, when soluble CAR was given prophy-

lactically or concomitantly with virus inoculation (LIM ET AL. 2006; PINKERT ET AL. 

2019; YANAGAWA ET AL. 2004; ZHANG ET AL. 2013). Other studies, however, showed a 

decrease in virus titers in myocarditis models also for post-infection treatment (PINKERT 

ET AL. 2009; STEIN ET AL. 2015). Therefore, it remains to be elucidated to which extent 

shed CAR ECD would decrease ongoing infections. Reduction of CAR surface levels 

through shedding could resemble CAR knockdown in in vivo experiments, where virus 

infections were ameliorated in heart and pancreas (KALLEWAARD ET AL. 2009; SHI ET 

AL. 2009). Shedding would probably not remove all CAR ECDs from the tissues sur-

face. However, due to the biological activities of shed soluble ECD, a positive effect 

would be expected also for incomplete shedding. Furthermore, Coxsackie- and adenovi-

ruses bind in a positive cooperative manner (HE ET AL. 2001; LORTAT-JACOB ET AL. 

2001). One virion binds multiple receptors (Figures 6 and 7), which leads to a higher 

stability of interaction. If surface CAR would be reduced drastically by shedding, scat-

tered remaining receptors probably could not mediate stable virus interactions. Strik-

ingly, NE treatment of HeLa cells resulted in less CVB attachment (ZAJAC & CROWELL 

1965). At the time this study was conducted, CAR had not been characterised, so au-

thors did not investigate CAR levels. 



5 Discussion 

 

 

90 

 

Next to CAR, other CAMs are target proteins for NE-mediated shedding: E-cadherin 

(GINZBERG ET AL. 2001), ICAM-1 (CHAMPAGNE ET AL. 1998), and VCAM-1 (LÉVESQUE 

ET AL. 2001). As CAR, ICAM-1 and VCAM-1 are virus receptors (GREVE ET AL. 1989; 

HUBER 1994). Soluble ICAM-1 levels in nasal fluids increased upon rhinovirus inocula-

tion, but had no protective effect (WINTHER ET AL. 2002). In an in vitro model, rhinovi-

ruses upregulated membranous ICAM-1 and downregulated soluble ICAM-1 (WHITE-

MAN ET AL. 2003). 

NE does not have a high substrate specifity (KORKMAZ, MOREAU, & GAUTHIER 

2008) and can be used as dissociation agent (PHILLIPS 1972; WESTLIN & GIMBRONE 

1993). It is capable of removing the glycocalyx (PICKLES ET AL. 2000) and opening cell-

cell contacts (GINZBERG ET AL. 2001), which could improve access to CAR for viruses. I 

observed cell detachment from culture vessels (Figure 34), changes in cell morphology 

(Figure 36), and cleavage of recombinant human integrin (Figure 37) upon NE treat-

ment. Interestingly, integrin was more susceptible towards NE digest than DAF. In 

CAR, DAF, and integrin ανβ5, 17.9, 13.8, and 17.4 % of amino acids are alanine, 

valine, or isoleucine, which are preferred by NE. DAF and integrins are glycosylated 

(LEHMANN ET AL. 1996; REDDY, CARAS, & KRIEGER 1989), which may protect them 

from proteolytic cleavage. Proteolysis of integrins as adenovirus co-receptors would be 

another interesting mechanism to investigate in cells. 

A treatment that takes advantage of CAR-shedding by NE would probably lead to 

massive side effects due to the unspecific substrate spectrum of NE. Administration or 

downregulation of NE will affect its role in immune response and tissue remodelling. 

Inhibition of NE activity even increased survival rate in myocardial infarction and en-

cephalomyocarditis virus-induced myocarditis (OHTA ET AL. 2004; ZAIDI ET AL. 1999). 

If a designed recombinant protease that targets CAR specifically could be administered, 

this may have beneficial effects for the outcome of myocarditis. Until now, only a few 

proteases have been used as drugs, because positive and undesirable consequences are 

difficult to balance (CRAIK, PAGE, & MADISON 2011). CAR-shedding itself may have 

detrimental effects for the host. On the one hand, CAR is downregulated postnatally 

(see 1.1.3.2) suggesting that it might not play a major role in tissue homeostasis in adult 

organisms. On the other hand, CAR is involved in tissue remodelling after injury, and 

tissue integrity, cell adhesiveness, and leukocyte migration could be impaired by CAR-

shedding (see 1.1.3.1). 
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5.3.3 Possible future investigations 

For further investigations of NE-mediated CAR-shedding, epithelial cells could be 

treated with conditioned media of NE secreting neutrophils and CAR surface expression 

levels could be monitored. Most importantly, the effect of CAR-shedding on virus in-

fection is to be investigated. Due to the unspecific activity of NE, cells may be damaged 

and virus entry may even be facilitated as was shown in preliminary studies (data not 

shown). Thereby, proof of principle may be difficult to obtain. In vivo experiments may 

also face challenges. NE up- or downregulation during myocarditis alter multiple pa-

rameters, which will probably induce massive bias. As an example, NE-induced signal-

ling activates several other proteases, which in turn influence disease outcome (GER-

AGHTY ET AL. 2007). Statements regarding CAR-shedding alone will therefore be chal-

lenging to obtain. If in vivo investigations are to be performed in mice, one has to bear 

in mind that human NE and murine NE differ in their activity profiles (WIESNER ET AL. 

2005). For murine CAR ECD treated with human NE, similar product sizes as for hu-

man ECD were determined, but time-dependent occurrence of the products differed 

(Figures 24 and 31). 

Soluble CAR fragments could be searched in serum of patients suffering from myo-

carditis, DCM, cystic fibrosis, or intestinal inflammation. Large cohort studies (e.g. Ko-

operative Gesundheitsforschung in der Region Augsburg, Heinz Nixdorf Recall Studie, 

or Gutenberg Gesundheitsstudie) include individuals, who suffer from diabetes, cardio-

vascular diseases, and lung diseases. Currently no routine mass spectrometry analyses 

of blood or urine samples are performed (personal communications). Interestingly, in 

pleural effusions of lung cancer patients, CAR ECD was detected, but it was not clear, 

if it stemmed from shedding or alternative splicing (BERNAL ET AL. 2002).  

Murine cytoplasmic CAR domain is processed by RIP following ADAM-10 medi-

ated shedding (HOURI, HUANG, & NALBANTOGLU 2013). To investigate CAR´s C-

terminal fragment that remains in the cell membrane after NE-mediated shedding, CAR 

could be overexpressed in CHO cells with a C-terminal His tag. Follow-up of the shed 

extracellular CAR domain fragments in cell culture supernatant could be facilitated by 

biotinylation of CAR´s N-terminus. 

Next to CG, NE, PR3, and MMPs, other soluble proteases could be potential CAR 

sheddases. Secondary granules of neutrophils also contain urokinase-type plasminogen 
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activator  (OWEN ET AL. 1995). Chymase and tryptase are expressed in secretory gran-

ules of mast cells (PEJLER ET AL. 2010), which are present in inflamed tissue during 

myocarditis (HIGUCHI ET AL. 2008). Secreted calpains increase during reovirus-induced 

myocarditis (DEBIASI ET AL. 2001) and are important in cardiac remodelling events 

(LETAVERNIER ET AL. 2012). Furthermore, cathepsins B, K, L, and S degrade ECM 

components in vivo and are found in cardiac tissue upon injury (CHENG ET AL. 2012). 

5.4 Conclusion 

With this thesis, I elucidate three different mechanisms that influence CAR´s patho-

physiological function as a virus receptor.  

First, the most frequent genetic CAR variants in human population did not influence 

cell´s susceptibility towards virus infections. This adds evidence to the idea that patho-

genic variants in CAR are very rare, presumably due to CAR´s highly important role 

during embryogenesis. 

Second, synthetic peptides based on CAR D1 or adenovirus knob were inefficient 

adenovector entry inhibitors. Peptide affinity to CAR D1 or adenovirus knob might be 

too low to achieve a potent inhibitory effect. 

Third, I showed for the first time that the virus receptor CAR is a putative target pro-

tein for neutrophil elastase-mediated shedding. This characterises a new mechanism of 

host defense against Coxsackie- and adenovirus infections. 
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APPENDIX 

1 General .................................................................................................................... 108 

2 CAR genetic variants ............................................................................................. 110 

3 Peptides for virus entry inhibition ........................................................................ 111 

4 CAR-shedding ........................................................................................................ 118 

1 General 

CAR immature protein sequence comprises a signal sequence, two extracellular do-

mains, a transmembrane domain, and a cytoplasmic tail. 

1 M A L L L C F V L L C G V V D F A R S L S I T T P E E M I E K A K G E T A Y L P 40

41 C K F T L S P E D Q G P L D I E W L I S P A D N Q K V D Q V I I L Y S G D K I Y 80

81 D D Y Y P D L K G R V H F T S N D L K S G D A S I N V T N L Q L S D I G T Y Q C 120

121 K V K K A P G V A N K K I H L V V L V K P S G A R C Y V D G S E E I G S D F K I 160

161 K C E P K E G S L P L Q Y E W Q K L S D S Q K M P T S W L A E M T S S V I S V K 200

201 N A S S E Y S G T Y S C T V R N R V G S D Q C L L R L N V V P P S N K A G L I A 240

241 G A I I G T L L A L A L I G L I I F C C R K K R R E E K Y E K E V H H D I R E D 280

281 V P P P K S R T S T A R S Y I G S N H S S L G S M S P S N M E G Y S K T Q Y N Q 320

321 V P S E D F E R T P Q S P T L P P A K V A A P N L S R M G A I P V M I P A Q S K 360

361 D G S I V 365

Signal sequence D1 domain

TM D CPD

D2 domain

 

Figure 1: Human CAR amino acid sequence (Uniprot P78310). CAR comprises a signal sequence, an 

extracellular domain (D1 and D2 Ig-domains), a transmembrane (TMD), and a cytoplasmic domain 

(CPD). Cysteines involved in disulfide bond formation are marked in yellow and glycosylated 

asparagines are coloured in red. Alternating exons are italicised and residues that overlap splice sites are 

underlined. 
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Coxsackieviruses bind several motifs in CAR ECD. 

20 L S I T T P E E M I E K A K G E T A Y L P C K F T L S P E D Q G P L D I E W L I 59

60 S P A D N Q K V D Q V I I L Y S G D K I Y D D Y Y P D L K G R V H F T S N D L K 99

100 S G D A S I N V T N L Q L S D I G T Y Q C K V K K A P G V A N K K I H L V V L V 139

CVB binding sites  

Figure 2: CAR ECD sequence with CVB3 binding sites. Part of CAR ECD (amino acids 20 to 140; 

UniProt accession number P78310) is depicted with coloured amino acids important for CAR-CVB3 in-

teraction (HE ET AL. 2001). 

  



Appendix 

 

 

110 

 

2 CAR genetic variants 

CAR total protein levels and surface protein levels differed significantly among CHO 

cell lines expressing CAR variants and CAR WT. Total protein and surface protein lev-

els of each cell line corresponded. 

 

Figure 3: CAR protein expression levels in polyclonal CHO-CAR and CHO mock cells. A) CAR 

total protein expression levels determined by Western blot. Cells were lysed at two different time points 

and lysates were blotted with antibodies against CAR´s N- or C-terminus. Representative blots are shown. 

CAR signals were normalised to vinculin signals. Bars show mean±SEM. Except CAR 296 and CAR 

310, all variants were expressed at significantly lower levels as CAR WT (ANOVA with multiple compar-

isons). B) CAR surface expression levels determined by flow cytometry. Cells were stained with an-

ti-CAR antibody and 10000 events were recorded at six different days. The CAR-positive gate was set to 

include 1 % false positive events for mock cells. CAR WT and mock cells were stained with isotype con-

trol antibody as controls. Representative histograms are shown. The number of CAR-positive events was 

normalised to CHO-CAR WT cells. Bars show mean±SEM. All variants were expressed at significantly 

lower levels as CAR WT, except CAR 296 and CAR 310 (ANOVA with multiple comparisons). 

  



Appendix 

 

 

111 

 

Polyclonal CHO-CAR cells were sorted by flow cytometry. Afterwards, the cell lines 

expressed uniform CAR levels. 

 

Figure 4: CAR surface expression levels in polyclonal CHO-CAR and CHO mock cells after sort-

ing. A) Subculture of cells, which was transduced with adenovectors. B) Subculture of cells, which was 

infected with coxsackieviruses B3. CAR was stained with antibody E1-1 PE and each cell line was mea-

sured in triplicate. The number of CAR-positive events was normalised to CHO-CAR WT cells. Bars 

show mean±SEM. Differences in CAR surface expression levels were still significant (ANOVA with mul-

tiple comparisons), but not as striking as before sorting: Subculture for Ad5-GFP transduction - mock 

****, 251 ****, 296 ****, 310 ns, 328 **, 356 **. Subculture for CVB3 infection - mock ****, 251 **, 

296 ***, 310 **, 328 ns, 356 ns. 

3 Peptides for virus entry inhibition 

For CAR homodimer and Ad12 knob-CAR D1 interactions, buried surface area scores 

were determined with PISA. CAR homodimer can form in an antiparallel and a parallel 

manner. Ad12 knob-CAR interaction is characterised by two interfaces. Amino acid 

motifs involved in protein-protein interactions are coloured. 
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Table 1: PISA buried surface area scores for CAR D1 antiparallel homodimerisation (PDB ID: 

1EAJ). 

CAR b score CAR a score CAR b score CAR a score

A:PHE  16 0 B:LYS  78 0 A:LYS  78 0

A:ALA  17 0 B:ILE  79 0 A:ILE  79 0

A:ARG  18 0 B:TYR  80 6 A:TYR  80 6

A:SER  19 1 B:ASP  81 0 A:ASP  81 0

B:LEU  20 0 A:LEU  20 0 B:ASP  82 0 A:ASP  82 0

B:SER  21 0 A:SER  21 0 B:TYR  83 4 A:TYR  83 4

B:ILE  22 0 A:ILE  22 0 B:TYR  84 7 A:TYR  84 7

B:THR  23 0 A:THR  23 0 B:PRO  85 0 A:PRO  85 0

B:THR  24 0 A:THR  24 0 B:ASP  86 0 A:ASP  86 0

B:PRO  25 0 A:PRO  25 0 B:LEU  87 0 A:LEU  87 0

B:GLU  26 0 A:GLU  26 0 B:LYS  88 0 A:LYS  88 0

B:GLU  27 0 A:GLU  27 0 B:GLY  89 0 A:GLY  89 0

B:M ET  28 0 A:M ET  28 0 B:ARG  90 0 A:ARG  90 0

B:ILE  29 0 A:ILE  29 0 B:VAL  91 0 A:VAL  91 0

B:GLU  30 0 A:GLU  30 0 B:HIS  92 0 A:HIS  92 0

B:LYS  31 0 A:LYS  31 0 B:PHE  93 0 A:PHE  93 0

B:ALA  32 0 A:ALA  32 0 B:THR  94 0 A:THR  94 0

B:LYS  33 0 A:LYS  33 0 B:SER  95 0 A:SER  95 0

B:GLY  34 0 A:GLY  34 0 B:ASN  96 0 A:ASN  96 0

B:GLU  35 0 A:GLU  35 0 B:ASP  97 0 A:ASP  97 0

B:THR  36 0 A:THR  36 0 B:LEU  98 0 A:LEU  98 0

B:ALA  37 0 A:ALA  37 0 B:LYS  99 0 A:LYS  99 0

B:TYR  38 0 A:TYR  38 0 B:SER 100 0 A:SER 100 0

B:LEU  39 0 A:LEU  39 0 B:GLY 101 0 A:GLY 101 0

B:PRO  40 0 A:PRO  40 0 B:ASP 102 0 A:ASP 102 0

B:CYS  41 0 A:CYS  41 0 B:ALA 103 0 A:ALA 103 0

B:LYS  42 0 A:LYS  42 0 B:SER 104 0 A:SER 104 0

B:PHE  43 0 A:PHE  43 0 B:ILE 105 0 A:ILE 105 0

B:THR  44 0 A:THR  44 0 B:ASN 106 0 A:ASN 106 0

B:LEU  45 0 A:LEU  45 0 B:VAL 107 0 A:VAL 107 0

B:SER  46 0 A:SER  46 0 B:THR 108 0 A:THR 108 0

B:PRO  47 0 A:PRO  47 0 B:ASN 109 0 A:ASN 109 0

B:GLU  48 3 A:GLU  48 3 B:LEU 110 0 A:LEU 110 0

B:ASP  49 1 A:ASP  49 1 B:GLN 111 0 A:GLN 111 0

B:GLN  50 1 A:GLN  50 1 B:LEU 112 0 A:LEU 112 0

B:GLY  51 4 A:GLY  51 4 B:SER 113 0 A:SER 113 0

B:PRO  52 6 A:PRO  52 6 B:ASP 114 0 A:ASP 114 0

B:LEU  53 0 A:LEU  53 0 B:ILE 115 0 A:ILE 115 0

B:ASP  54 8 A:ASP  54 9 B:GLY 116 0 A:GLY 116 0

B:ILE  55 0 A:ILE  55 0 B:THR 117 0 A:THR 117 0

B:GLU  56 6 A:GLU  56 6 B:TYR 118 0 A:TYR 118 0

B:TRP  57 0 A:TRP  57 0 B:GLN 119 0 A:GLN 119 0

B:LEU  58 1 A:LEU  58 1 B:CYS 120 0 A:CYS 120 0

B:ILE  59 0 A:ILE  59 0 B:LYS 121 4 A:LYS 121 4

B:SER  60 0 A:SER  60 0 B:VAL 122 0 A:VAL 122 0

B:PRO  61 0 A:PRO  61 0 B:LYS 123 8 A:LYS 123 8

B:ALA  62 0 A:ALA  62 0 B:LYS 124 0 A:LYS 124 0

B:ASP  63 0 A:ASP  63 0 B:ALA 125 10 A:ALA 125 10

B:ASN  64 0 A:ASN  64 0 B:PRO 126 10 A:PRO 126 9

B:GLN  65 0 A:GLN  65 0 B:GLY 127 5 A:GLY 127 4

B:LYS  66 0 A:LYS  66 0 B:VAL 128 5 A:VAL 128 5

B:VAL  67 0 A:VAL  67 0 B:ALA 129 0 A:ALA 129 0

B:ASP  68 0 A:ASP  68 1 B:ASN 130 0 A:ASN 130 0

B:GLN  69 0 A:GLN  69 0 B:LYS 131 0 A:LYS 131 0

B:VAL  70 5 A:VAL  70 6 B:LYS 132 0 A:LYS 132 0

B:ILE  71 0 A:ILE  71 0 B:ILE 133 0 A:ILE 133 0

B:ILE  72 0 A:ILE  72 0 B:HIS 134 0 A:HIS 134 0

B:LEU  73 10 A:LEU  73 10 B:LEU 135 0 A:LEU 135 0

B:TYR  74 0 A:TYR  74 0 B:VAL 136 0 A:VAL 136 0

B:SER  75 9 A:SER  75 10 B:VAL 137 0 A:VAL 137 0

B:GLY  76 5 A:GLY  76 5 B:LEU 138 0 A:LEU 138 0

B:ASP  77 0 A:ASP  77 0 B:VAL 139 0 A:VAL 139 0  



Appendix 

 

 

113 

 

Table 2: PISA buried surface area scores for CAR D1 parallel homodimerisation (PDB ID: 3JZ7). 

CAR b score CAR a score CAR b score CAR a score CAR b score CAR a score

A:PRO  25 0 A:PRO  25 0 A:SER  95 0 A:SER  95 0 A:LYS 165 0 A:LYS 165 0

A:GLU  26 0 A:GLU  26 0 A:ASN  96 0 A:ASN  96 0 A:GLU 166 0 A:GLU 166 0

A:GLN  27 0 A:GLN  27 0 A:ASP  97 0 A:ASP  97 0 A:GLY 167 0 A:GLY 167 0

A:ARG  28 0 A:ARG  28 0 A:VAL  98 0 A:VAL  98 0 A:SER 168 0 A:SER 168 0

A:ILE  29 0 A:ILE  29 0 A:LYS  99 0 A:LYS  99 0 A:LEU 169 0 A:LEU 169 0

A:GLU  30 0 A:GLU  30 0 A:SER 100 0 A:SER 100 0 A:PRO 170 0 A:PRO 170 0

A:LYS  31 0 A:LYS  31 0 A:GLY 101 0 A:GLY 101 0 A:LEU 171 0 A:LEU 171 0

A:ALA  32 0 A:ALA  32 0 A:ASP 102 0 A:ASP 102 0 A:GLN 172 0 A:GLN 172 0

A:LYS  33 0 A:LYS  33 0 A:ALA 103 0 A:ALA 103 0 A:PHE 173 0 A:PHE 173 0

A:GLY  34 0 A:GLY  34 0 A:SER 104 0 A:SER 104 0 A:GLU 174 0 A:GLU 174 0

A:GLU  35 0 A:GLU  35 0 A:ILE 105 0 A:ILE 105 0 A:TRP 175 0 A:TRP 175 0

A:THR  36 0 A:THR  36 0 A:ASN 106 0 A:ASN 106 0 A:GLN 176 0 A:GLN 176 0

A:ALA  37 0 A:ALA  37 0 A:VAL 107 0 A:VAL 107 0 A:LYS 177 0 A:LYS 177 0

A:TYR  38 0 A:TYR  38 0 A:THR 108 0 A:THR 108 0 A:LEU 178 0 A:LEU 178 0

A:LEU  39 0 A:LEU  39 0 A:ASN 109 0 A:ASN 109 0 A:SER 179 0 A:SER 179 0

A:PRO  40 0 A:PRO  40 0 A:LEU 110 0 A:LEU 110 0 A:ASP 180 0 A:ASP 180 0

A:CYS  41 0 A:CYS  41 0 A:GLN 111 0 A:GLN 111 0 A:SER 181 0 A:SER 181 0

A:LYS  42 0 A:LYS  42 0 A:LEU 112 0 A:LEU 112 0 A:GLN 182 0 A:GLN 182 0

A:PHE  43 0 A:PHE  43 0 A:SER 113 0 A:SER 113 0 A:THR 183 0 A:THR 183 0

A:THR  44 0 A:THR  44 0 A:ASP 114 0 A:ASP 114 0 A:M ET 184 0 A:M ET 184 0

A:LEU  45 0 A:LEU  45 0 A:ILE 115 0 A:ILE 115 0 A:PRO 185 0 A:PRO 185 0

A:SER  46 0 A:SER  46 0 A:GLY 116 0 A:GLY 116 0 A:THR 186 0 A:THR 186 0

A:PRO  47 0 A:PRO  47 0 A:THR 117 0 A:THR 117 0 A:PRO 187 0 A:PRO 187 0

A:GLU  48 0 A:GLU  48 0 A:TYR 118 0 A:TYR 118 0 A:TRP 188 0 A:TRP 188 0

A:ASP  49 0 A:ASP  49 0 A:GLN 119 2 A:GLN 119 2 A:LEU 189 0 A:LEU 189 0

A:GLN  50 1 A:GLN  50 1 A:CYS 120 0 A:CYS 120 0 A:ALA 190 0 A:ALA 190 0

A:GLY  51 7 A:GLY  51 7 A:LYS 121 6 A:LYS 121 6 A:GLU 191 0 A:GLU 191 0

A:PRO  52 7 A:PRO  52 7 A:VAL 122 0 A:VAL 122 0 A:M ET 192 0 A:M ET 192 0

A:LEU  53 0 A:LEU  53 0 A:LYS 123 9 A:LYS 123 9 A:THR 193 0 A:THR 193 0

A:ASP  54 10 A:ASP  54 10 A:LYS 124 0 A:LYS 124 0 A:SER 194 0 A:SER 194 0

A:ILE  55 11 A:ILE  55 11 A:ALA 125 10 A:ALA 125 11 A:PRO 195 0 A:PRO 195 0

A:GLU  56 8 A:GLU  56 8 A:PRO 126 5 A:PRO 126 5 A:VAL 196 0 A:VAL 196 0

A:TRP  57 0 A:TRP  57 0 A:GLY 127 0 A:GLY 127 0 A:ILE 197 0 A:ILE 197 0

A:LEU  58 5 A:LEU  58 4 A:VAL 128 5 A:VAL 128 5 A:SER 198 0 A:SER 198 0

A:ILE  59 0 A:ILE  59 0 A:ALA 129 0 A:ALA 129 0 A:VAL 199 0 A:VAL 199 0

A:SER  60 0 A:SER  60 0 A:ASN 130 1 A:ASN 130 1 A:LYS 200 0 A:LYS 200 0

A:PRO  61 0 A:PRO  61 0 A:LYS 131 0 A:LYS 131 0 A:ASN 201 0 A:ASN 201 0

A:SER  62 0 A:SER  62 0 A:LYS 132 1 A:LYS 132 1 A:ALA 202 0 A:ALA 202 0

A:ASP  63 0 A:ASP  63 0 A:PHE 133 0 A:PHE 133 0 A:SER 203 0 A:SER 203 0

A:ASN  64 0 A:ASN  64 0 A:LEU 134 0 A:LEU 134 0 A:SER 204 0 A:SER 204 0

A:GLN  65 0 A:GLN  65 0 A:LEU 135 0 A:LEU 135 0 A:GLU 205 0 A:GLU 205 0

A:ILE  66 0 A:ILE  66 0 A:THR 136 0 A:THR 136 0 A:TYR 206 0 A:TYR 206 0

A:VAL  67 0 A:VAL  67 0 A:VAL 137 0 A:VAL 137 0 A:SER 207 0 A:SER 207 0

A:ASP  68 2 A:ASP  68 2 A:LEU 138 0 A:LEU 138 0 A:GLY 208 0 A:GLY 208 0

A:GLN  69 0 A:GLN  69 0 A:VAL 139 0 A:VAL 139 0 A:THR 209 0 A:THR 209 0

A:VAL  70 7 A:VAL  70 7 A:LYS 140 0 A:LYS 140 0 A:TYR 210 0 A:TYR 210 0

A:ILE  71 0 A:ILE  71 0 A:PRO 141 0 A:PRO 141 0 A:SER 211 0 A:SER 211 0

A:ILE  72 0 A:ILE  72 0 A:SER 142 0 A:SER 142 0 A:CYS 212 0 A:CYS 212 0

A:LEU  73 10 A:LEU  73 10 A:GLY 143 0 A:GLY 143 0 A:THR 213 0 A:THR 213 0

A:TYR  74 0 A:TYR  74 0 A:THR 144 0 A:THR 144 0 A:VAL 214 0 A:VAL 214 0

A:SER  75 10 A:SER  75 10 A:ARG 145 0 A:ARG 145 0 A:GLN 215 0 A:GLN 215 0

A:GLY  76 5 A:GLY  76 5 A:CYS 146 0 A:CYS 146 0 A:ASN 216 0 A:ASN 216 0

A:ASP  77 0 A:ASP  77 0 A:PHE 147 0 A:PHE 147 0 A:ARG 217 0 A:ARG 217 0

A:LYS  78 0 A:LYS  78 0 A:VAL 148 0 A:VAL 148 0 A:VAL 218 0 A:VAL 218 0

A:ILE  79 0 A:ILE  79 0 A:ASP 149 0 A:ASP 149 0 A:GLY 219 0 A:GLY 219 0

A:TYR  80 6 A:TYR  80 6 A:GLY 150 0 A:GLY 150 0 A:SER 220 0 A:SER 220 0

A:ASP  81 0 A:ASP  81 0 A:SER 151 0 A:SER 151 0 A:ASP 221 0 A:ASP 221 0

A:ASN  82 0 A:ASN  82 0 A:GLU 152 0 A:GLU 152 0 A:GLN 222 0 A:GLN 222 0

A:TYR  83 5 A:TYR  83 5 A:GLU 153 0 A:GLU 153 0 A:CYS 223 0 A:CYS 223 0

A:TYR  84 0 A:TYR  84 0 A:ILE 154 0 A:ILE 154 0 A:M ET 224 0 A:M ET 224 0

A:PRO  85 0 A:PRO  85 0 A:GLY 155 0 A:GLY 155 0 A:LEU 225 0 A:LEU 225 0

A:ASP  86 0 A:ASP  86 0 A:ASN 156 0 A:ASN 156 0 A:ARG 226 0 A:ARG 226 0

A:LEU  87 0 A:LEU  87 0 A:ASP 157 0 A:ASP 157 0 A:LEU 227 0 A:LEU 227 0

A:LYS  88 0 A:LYS  88 0 A:PHE 158 0 A:PHE 158 0 A:ASP 228 0 A:ASP 228 0

A:GLY  89 0 A:GLY  89 0 A:LYS 159 0 A:LYS 159 0 A:VAL 229 0 A:VAL 229 0

A:ARG  90 0 A:ARG  90 0 A:LEU 160 0 A:LEU 160 0 A:VAL 230 0 A:VAL 230 0

A:VAL  91 0 A:VAL  91 0 A:LYS 161 0 A:LYS 161 0 A:PRO 231 0 A:PRO 231 0

A:HIS  92 0 A:HIS  92 0 A:CYS 162 0 A:CYS 162 0 A:PRO 232 0 A:PRO 232 0

A:PHE  93 0 A:PHE  93 0 A:GLU 163 0 A:GLU 163 0 A:SER 233 0 A:SER 233 0

A:THR  94 0 A:THR  94 0 A:PRO 164 0 A:PRO 164 0   
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Table 3: PISA buried surface area scores for CAR D1-Ad12 knob binding interface 1 (PDB ID: 

1KAC). 

CAR score Ad12 score CAR score Ad12 score

B:GLY  23 0 A:THR 403 0 B:LEU  89 0 A:VAL 469 0

B:ILE  24 0 A:PRO 404 0 B:LYS  90 0 A:PHE 470 0

B:THR  25 0 A:TYR 405 0 B:GLY  91 0 A:ASP 471 0

B:THR  26 0 A:ASP 406 0 B:ARG  92 0 A:GLU 472 0

B:PRO  27 0 A:PRO 407 0 B:VAL  93 0 A:GLN 473 0

B:GLU  28 0 A:LEU 408 0 B:HIS  94 0 A:GLY 474 0

B:GLU  29 0 A:THR 409 0 B:PHE  95 0 A:ARG 475 0

B:M ET  30 0 A:LEU 410 0 B:THR  96 0 A:LEU 476 0

B:ILE  31 0 A:TRP 411 0 B:SER  97 0 A:ILE 477 0

B:GLU  32 0 A:THR 412 0 B:ASN  98 0 A:THR 478 0

B:LYS  33 0 A:THR 413 4 B:ASP  99 0 A:SER 479 0

B:ALA  34 0 A:PRO 414 0 B:LEU 100 0 A:THR 480 0

B:LYS  35 0 A:ASP 415 6 B:LYS 101 0 A:PRO 481 0

B:GLY  36 0 A:PRO 416 2 B:SER 102 0 A:THR 482 0

B:GLU  37 0 A:PRO 417 9 B:GLY 103 0 A:ALA 483 0

B:THR  38 0 A:PRO 418 10 B:ASP 104 0 A:LEU 484 0

B:ALA  39 0 A:ASN 419 0 B:ALA 105 0 A:VAL 485 1

B:TYR  40 0 A:CYS 420 0 B:SER 106 0 A:PRO 486 0

B:LEU  41 0 A:SER 421 0 B:ILE 107 0 A:GLN 487 8

B:PRO  42 0 A:LEU 422 0 B:ASN 108 0 A:ALA 488 1

B:CYS  43 0 A:ILE 423 0 B:VAL 109 0 A:SER 489 3

B:LYS  44 0 A:GLN 424 0 B:THR 110 0 A:TRP 490 0

B:PHE  45 0 A:GLU 425 2 B:ASN 111 0 A:GLY 491 0

B:THR  46 0 A:LEU 426 10 B:LEU 112 0 A:TYR 492 0

B:LEU  47 0 A:ASP 427 0 B:GLN 113 0 A:ARG 493 0

B:SER  48 0 A:ALA 428 0 B:LEU 114 0 A:GLN 494 5

B:PRO  49 0 A:LYS 429 7 B:SER 115 0 A:GLY 495 0

B:GLU  50 1 A:LEU 430 0 B:ASP 116 0 A:GLN 496 2

B:ASP  51 0 A:THR 431 0 B:ILE 117 0 A:SER 497 9

B:GLN  52 2 A:LEU 432 0 B:GLY 118 0 A:VAL 498 8

B:GLY  53 6 A:CYS 433 0 B:THR 119 0 A:SER 499 3

B:PRO  54 4 A:LEU 434 0 B:TYR 120 0 A:THR 500 6

B:LEU  55 0 A:THR 435 0 B:GLN 121 0 A:ASN 501 0

B:ASP  56 7 A:LYS 436 0 B:CYS 122 0 A:THR 502 0

B:ILE  57 0 A:ASN 437 0 B:LYS 123 6 A:VAL 503 0

B:GLU  58 10 A:GLY 438 0 B:VAL 124 0 A:THR 504 0

B:TRP  59 0 A:SER 439 0 B:LYS 125 7 A:ASN 505 0

B:LEU  60 7 A:ILE 440 0 B:LYS 126 0 A:GLY 506 0

B:ILE  61 0 A:VAL 441 0 B:ALA 127 8 A:LEU 507 0

B:SER  62 0 A:ASN 442 0 B:PRO 128 8 A:GLY 508 0

B:PRO  63 0 A:GLY 443 0 B:GLY 129 1 A:PHE 509 0

B:ALA  64 0 A:ILE 444 0 B:VAL 130 4 A:M ET 510 0

B:ASP  65 0 A:VAL 445 0 B:ALA 131 0 A:PRO 511 0

B:ASN  66 0 A:SER 446 0 B:ASN 132 0 A:ASN 512 0

B:GLN  67 0 A:LEU 447 0 B:LYS 133 0 A:VAL 513 0

B:LYS  68 0 A:VAL 448 0 B:LYS 134 0 A:SER 514 0

B:VAL  69 0 A:GLY 449 0 B:ILE 135 0 A:ALA 515 0

B:ASP  70 1 A:VAL 450 7 B:HIS 136 0 A:TYR 516 0

B:GLN  71 1 A:LYS 451 8 B:LEU 137 0 A:PRO 517 0

B:VAL  72 9 A:GLY 452 0 B:VAL 138 0 A:ARG 518 0

B:ILE  73 0 A:ASN 453 0 B:VAL 139 0 A:PRO 519 0

B:ILE  74 0 A:LEU 454 0 B:LEU 140 0 A:ASN 520 0

B:LEU  75 10 A:LEU 455 2 B:VAL 141 0 A:ALA 521 0

B:TYR  76 0 A:ASN 456 0 B:LYS 142 0 A:SER 522 0

B:SER  77 9 A:ILE 457 0 B:PRO 143 0 A:GLU 523 0

B:GLY  78 5 A:GLN 458 0 B:SER 144 0 A:ALA 524 0

B:ASP  79 0 A:SER 459 0 B:GLY 145 0 A:LYS 525 0

B:LYS  80 0 A:THR 460 0 B:ALA 146 0 A:SER 526 0

B:ILE  81 0 A:THR 461 0 A:GLN 527 0

B:TYR  82 7 A:THR 462 0 A:M ET 528 0

B:ASP  83 2 A:THR 463 0 A:VAL 529 0

B:ASP  84 2 A:VAL 464 0 A:SER 530 0

B:TYR  85 9 A:GLY 465 0 A:LEU 531 0

B:TYR  86 0 A:VAL 466 0 A:THR 532 0

B:PRO  87 1 A:HIS 467 0 A:TYR 533 0

B:ASP  88 0 A:LEU 468 0 A:LEU 534 0  
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Table 4: PISA buried surface area scores for CAR D1-Ad12 knob binding interface 2 (PDB ID: 

1KAC). 

CAR score Ad12 score CAR score Ad12 score

B:GLY  23 0 A:THR 403 0 B:LEU  89 0 A:VAL 469 0

B:ILE  24 0 A:PRO 404 0 B:LYS  90 0 A:PHE 470 0

B:THR  25 0 A:TYR 405 0 B:GLY  91 0 A:ASP 471 0

B:THR  26 0 A:ASP 406 0 B:ARG  92 0 A:GLU 472 0

B:PRO  27 0 A:PRO 407 0 B:VAL  93 0 A:GLN 473 0

B:GLU  28 0 A:LEU 408 0 B:HIS  94 0 A:GLY 474 0

B:GLU  29 0 A:THR 409 0 B:PHE  95 0 A:ARG 475 0

B:M ET  30 0 A:LEU 410 0 B:THR  96 0 A:LEU 476 0

B:ILE  31 0 A:TRP 411 0 B:SER  97 0 A:ILE 477 0

B:GLU  32 0 A:THR 412 0 B:ASN  98 0 A:THR 478 0

B:LYS  33 0 A:THR 413 0 B:ASP  99 0 A:SER 479 0

B:ALA  34 0 A:PRO 414 0 B:LEU 100 0 A:THR 480 0

B:LYS  35 0 A:ASP 415 0 B:LYS 101 0 A:PRO 481 0

B:GLY  36 0 A:PRO 416 0 B:SER 102 0 A:THR 482 0

B:GLU  37 0 A:PRO 417 0 B:GLY 103 0 A:ALA 483 0

B:THR  38 0 A:PRO 418 0 B:ASP 104 0 A:LEU 484 0

B:ALA  39 0 A:ASN 419 0 B:ALA 105 0 A:VAL 485 0

B:TYR  40 0 A:CYS 420 0 B:SER 106 0 A:PRO 486 0

B:LEU  41 0 A:SER 421 0 B:ILE 107 0 A:GLN 487 0

B:PRO  42 0 A:LEU 422 0 B:ASN 108 0 A:ALA 488 0

B:CYS  43 0 A:ILE 423 0 B:VAL 109 0 A:SER 489 0

B:LYS  44 0 A:GLN 424 0 B:THR 110 0 A:TRP 490 0

B:PHE  45 0 A:GLU 425 0 B:ASN 111 0 A:GLY 491 0

B:THR  46 0 A:LEU 426 0 B:LEU 112 0 A:TYR 492 0

B:LEU  47 0 A:ASP 427 0 B:GLN 113 0 A:ARG 493 0

B:SER  48 0 A:ALA 428 0 B:LEU 114 0 A:GLN 494 0

B:PRO  49 0 A:LYS 429 0 B:SER 115 0 A:GLY 495 0

B:GLU  50 0 A:LEU 430 0 B:ASP 116 0 A:GLN 496 0

B:ASP  51 0 A:THR 431 0 B:ILE 117 0 A:SER 497 0

B:GLN  52 0 A:LEU 432 0 B:GLY 118 0 A:VAL 498 0

B:GLY  53 0 A:CYS 433 0 B:THR 119 0 A:SER 499 0

B:PRO  54 0 A:LEU 434 0 B:TYR 120 0 A:THR 500 0

B:LEU  55 0 A:THR 435 0 B:GLN 121 0 A:ASN 501 0

B:ASP  56 0 A:LYS 436 0 B:CYS 122 0 A:THR 502 0

B:ILE  57 0 A:ASN 437 0 B:LYS 123 1 A:VAL 503 0

B:GLU  58 0 A:GLY 438 0 B:VAL 124 0 A:THR 504 0

B:TRP  59 0 A:SER 439 0 B:LYS 125 0 A:ASN 505 0

B:LEU  60 0 A:ILE 440 0 B:LYS 126 0 A:GLY 506 0

B:ILE  61 0 A:VAL 441 0 B:ALA 127 0 A:LEU 507 0

B:SER  62 0 A:ASN 442 0 B:PRO 128 0 A:GLY 508 0

B:PRO  63 0 A:GLY 443 0 B:GLY 129 0 A:PHE 509 0

B:ALA  64 0 A:ILE 444 0 B:VAL 130 0 A:M ET 510 0

B:ASP  65 0 A:VAL 445 0 B:ALA 131 0 A:PRO 511 0

B:ASN  66 0 A:SER 446 0 B:ASN 132 0 A:ASN 512 0

B:GLN  67 1 A:LEU 447 0 B:LYS 133 0 A:VAL 513 0

B:LYS  68 1 A:VAL 448 0 B:LYS 134 1 A:SER 514 1

B:VAL  69 8 A:GLY 449 0 B:ILE 135 0 A:ALA 515 0

B:ASP  70 5 A:VAL 450 0 B:HIS 136 0 A:TYR 516 0

B:GLN  71 1 A:LYS 451 0 B:LEU 137 0 A:PRO 517 3

B:VAL  72 0 A:GLY 452 0 B:VAL 138 0 A:ARG 518 0

B:ILE  73 0 A:ASN 453 0 B:VAL 139 0 A:PRO 519 2

B:ILE  74 0 A:LEU 454 0 B:LEU 140 0 A:ASN 520 8

B:LEU  75 0 A:LEU 455 0 B:VAL 141 0 A:ALA 521 0

B:TYR  76 0 A:ASN 456 0 B:LYS 142 0 A:SER 522 1

B:SER  77 0 A:ILE 457 0 B:PRO 143 0 A:GLU 523 4

B:GLY  78 0 A:GLN 458 0 B:SER 144 0 A:ALA 524 0

B:ASP  79 0 A:SER 459 0 B:GLY 145 0 A:LYS 525 0

B:LYS  80 0 A:THR 460 0 B:ALA 146 0 A:SER 526 0

B:ILE  81 0 A:THR 461 0 A:GLN 527 0

B:TYR  82 0 A:THR 462 0 A:M ET 528 0

B:ASP  83 0 A:THR 463 0 A:VAL 529 0

B:ASP  84 0 A:VAL 464 0 A:SER 530 0

B:TYR  85 0 A:GLY 465 0 A:LEU 531 0

B:TYR  86 0 A:VAL 466 0 A:THR 532 0

B:PRO  87 0 A:HIS 467 0 A:TYR 533 0

B:ASP  88 0 A:LEU 468 0 A:LEU 534 0   
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Ad5 and Ad12 knob amino acid sequences are homologous. 

Ad5 400 T L W T T P A P S P N C R L N A E K D A K L T L V L T K C G S Q I L A T V S V L 439

Ad12 409 T L W T T P D P P P N C S L I Q E L D A K L T L C L T K N G S I V N G I V S L V 448

Ad5 440 A V K G S L A P I S G T V Q S A H L I I R F D E N G V L L N N S F L D P E Y 477

Ad12 449 G V K G N L L N I Q S T T T T V G V H L V F D E Q G R L I T S T P T A L V P Q A 488

Ad5 478 W N F R N G D L T E G T A Y T N A V G F M P N L S A Y P K S H G K T A K S N I 516

Ad12 489 S W G Y R Q G Q S V S T N T V T N G L G F M P N V S A Y P R P N A S E A K S Q M 527  

Figure 5: Alignment of Ad5 and Ad12 knob sequences. Fiber knob sequences (Uniprot accession num-

bers P11818 and P36711) are depicted with coloured amino acids that are important for CAR-knob inter-

action. Amino acids involved in CAR D1 binding are coloured (Figure 8 interface 1 orange, interface 2 

magenta).  
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CAR-based peptides, Ad1, and a mix of seven different peptides (CAR1, 2, 4, 5, 6, 7, 

and Ad1) were tested for their cytotoxicity using an MTT assay and FixVi staining. 

 

Figure 6: Tests for peptide cytotoxicity. A) MTT assay for A549 cell viability test after 2 h treatment 

with a mix of CAR1, 2, 4, 5, 6, 7, and Ad1 (each peptide in a concentration of 10 µM) and one of the pep-

tides CAR1, 5, 6 (concentration ranged from 0.1 to 100 µM). As control, no peptide was added (0 µM). 

MTT reduction by mitochondria was measured at 560 nm to detect the formazan product. Less formazan 

dye indicates less reduction by mitochondria, thereby less viable cells. Only the peptide mix resulted in a 

significant decrease in cell viability compared to cells that were not treated with peptides (ANOVA with 

multiple comparisons). Each condition was measured as technical triplicate and bars show mean±SEM. 

B) Flow cytometry analysis for A549 cell viability after 1 h peptide treatment (10 and 10 µM) using FixVi 

staining. No striking dose-dependent effect on cell viability was observed for the peptides. Each condition 

was measured as technical triplicate and bars show mean±SEM.  
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Peptides also did not inhibit adenovector transduction, when cells were challenged with 

MOI=500 for 1 h or with MOI=1000 for 30 min. 

 

Figure 7: Peptide treatment of Ad5-GFP and A549 cells did not decrease transduction efficiency, 

when cells were challenged with a lower MOI or for a shorter period of time. Ad5 vectors and A549 

cells were preincubated with peptides at indicated concentrations for 1 h. Ad5-peptide mixtures were then 

added to the cell culture medium with a MOI of 500 for 1 h (A), or with a MOI of 1000 for 30 min (B), 

before cell culture medium was exchanged. Transgene expression was determined the next day (GFP 

readout with flow cytometry). Transduction efficiency was normalised to probes without peptide addition 

(0 µM). Furthermore, a mix of peptides CAR1, CAR2, CAR4, CAR5, CAR6, CAR7, and Ad1 (each pep-

tide in a concentration of 10 µM) was added to cells and vectors. No obvious dose-dependent decrease in 

Ad5-GFP transduction could be observed for a single peptide or the peptide mix. Each experiment was 

performed as technical triplicate and bars show mean±SEM. 

4 CAR-shedding 

MMP catalytic domains and serine proteases were active and cleaved artificial sub-

strates. MMP-11 activity was severely reduced compared to other MMPs, however, it is 

known to have an unique substrate preference and to cleave normal MMP substrates 

only ineffectively (MOTRESCU & RIO 2008). 
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Figure 8: Substrate tests for protease activity. MMPs and serine proteases were active at a concentra-

tion of 1 ng/µl, except MMP-11, which showed only a low activity at 1 ng/µl, but was more active at 

10 ng/µl. A) MMP-3 and MMP-10 needed another fluorescent substrate as the other MMP domains. B) 

CG cleaved another chromogenic substrate as NE and PR3. 

rhECD ran as a double band in the gel with a smaller, and less abundant product. This 

band might represent a differentially glycosylated form of full-length rhECD, since it 

disappeared upon deglycosylation. 

 

Figure 9: Deglycosylation of rhECD results in a sharper band in Western blot compared to glycosy-

lated rhECD 

rhECD was digested with NE. Some samples were deglycosylated with PNGase F. 

Proteins were loaded on a polyacrylamide gel and tryptically in-gel digested. Tryptic 

peptides were identified using nLC-MS/MS.  



Appendix 

 

 

120 

 

Table 5: Peptides identified by nLC-MS/MS. For each peptide, its position in the protein sequence, its 

modifications, and the number of peptide spectrum matches (PSMs) are listed. For NE digests, full-length 

rhECD, intermediate and end products were analysed. For CG digests, full-length rhECD and end product 

were measured. Peptides only found in deglycosylated samples are marked in grey. 
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rhECD and end product of CG digest were analysed with nLC-MS/MS. Peptides are 

listed in Table 5 in Appendix. 

1 L S I T T P E E M I E K A K G E T A Y L P C K F T L S P E D Q G P L D I E W L I 40

41 S P A D N Q K V D Q V I I L Y S G D K I Y D D Y Y P D L K G R V H F T S N D L K 80

81 S G D A S I N V T N L Q L S D I G T Y Q C K V K K A P G V A N K K I H L V V L V 120

121 K P S G A R C Y V D G S E E I G S D F K I K C E P K E G S L P L Q Y E W Q K L S 160

161 D S Q K M P T S W L A E M T S S V I S V K N A S S E Y S G T Y S C T V R N R V G 200

201 S D Q C L L R L N V V P P S N K A G H H H H H H 224

full-length
end product

___________________________________________________________His tag_____________

________________________________________________D1 dom ain_____________________________________________________________________________

_______________________________________________________________________________________________________________________________________

_______________________________________________D2 dom ain_____________________________________________________________________________________________________________________

________________________________________________________________________________________________________________________________

____________________________________________________________________________________________________________________

 

Figure 10: Sequences of full-length rhECD end product of CG digest covered by peptides (nLC-

MS/MS). Coverage of full-length CAR is coloured in red, coverage of the end product is coloured in 

green. The end product consists of D1 domain and a small part of D2 domain. N-glycosylation sites are 

marked in red. 

Amino acids sequences of human and murine extracellular CAR D2 domains are 88 % 

identical. 

human 121 K V K K A P G V A N K K I H L V V L V K P S G A R C Y V D G S E E I G S D F K I 160

murine K V K K A P G V A N K K F L L T V L V K P S G T R C F V D G S E E I G N D F K L

human 161 K C E P K E G S L P L Q Y E W Q K L S D S Q K M P T S W L A E M T S S V I S V K 200

murine K C E P K E G S L P L Q F E W Q K L S D S Q T M P T P W L A E M T S P V I S V K

human 201 N A S S E Y S G T Y S C T V R N R V G S D Q C L L R L N V V P P S N K A G L I A 240

murine N A S S E Y S G T Y S C T V Q N R V G S D Q C M L R L D V V P P S N R A G T I A

D2 domainD1 domain

TM D

 

Figure 11: Alignment of human and murine CAR D2 domain. Human CAR (Uniprot accession num-

ber P78310) and murine CAR (Uniprot accession number P97792) are 88 % identical in their D2 do-

mains. Possible sites for NE cleavage are framed. Glycosylation site is marked in red and cysteines in-

volved in disulfide bonds are marked in yellow.  
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When no ethanol was added to CHO-CAR lysate, NE and PR3 digest resulted in the 

same pattern as when ethanol was present in the sample. 

 

Figure 12: Ethanol addition did not influence NE and PR3 digest of human CAR expressed by 

CHO cells. Lysates of CHO cells were digested overnight with proteases without the addition of ethanol. 

Cleavage was visualised with N- and C-terminal anti-CAR antibodies. Cleavage products correspond to 

these seen in Figure 32. 

Denatured rhECD was proteolysed extensively within 30 min NE treatment. 

 

Figure 13: Denatured rhECD was cleaved extensively by NE. Incubation of rhECD with PNGase F 

denaturing buffer (0.5 % SDS, 40 mM DTT, 1 % Nonidet P40) resulted in extensiv proteolysis by NE 

already within 30 min as seen in a silver-stained gel. 
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Anti-CAR antibodies 3C100 or RmcB did not stain CHO mock cells unspecifically. 

 

Figure 14: CHO mock cells were not stained by anti-CAR antibodies 3C100 and RmcB. Monoclonal 

CHO mock cells were stained with 3C100 or RmcB and secondary anti-mouse Cy3-conjugated antibody. 

As expected, no fluorescence signal was detected. 

NE was active in Ham´s F-12. rhECD seemed to alter its conformation in Ham´s F-12, 

since the counter product occurred within 5 min NE treatment (100 ng/µl). This was in 

contrast to results observed for time series performed with NE assay buffer (Figure 24). 

Ham´s F-12 contains less NaCl than NE assay buffer (130 mM vs. 500 mM) and is 

more acidic (7.07-7.4 vs. 7.5), which may influence NE activity. 

 

Figure 15: NE was active in Ham´s F-12 medium. A) NE activity was tested with artificial chromo-

genic substrate in NE assay buffer or Ham´s F-12 medium. B) rhECD was digested with NE in Ham´s 

F-12 medium. 
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NE treatment did not permeabilise CHO-CAR cells for anti-vimentin antibody. 

 

Figure 16: Cells were not permeabilised for antibodies by NE treatment. Cells were treated with NE 

for 5 h and stained for vimentin. As a control, NE reconstitution buffer was added to cells. The experi-

ment was performed four times and percentage of events in the vimentin-positive gate (defined as includ-

ing 99 % of events in a permeabilised sample) are shown as mean±SEM. NE treatment did not increase 

vimentin staining signal, but on the contrary, seemed to decrease vimentin signal albeit non-significantly 

(t test). 

Flow cytometry events can be gated to exclude cell debris and doublet cells. Forward 

scatter (FS) represents cell size and side scatter (SS) represents cell granularity. Small, 

less granular events are defined as debris. A doublet event is a single event that actually 

consists of two independent particles. A pulse can be defined by its area, its height, and 

its width. By plotting pulse area versus pulse height of FS, one can identify doublets by 

gating events that do not show a linear relationship between those parameters. Pulse 

area and pulse width are larger for doublet events than they are for singlet events. 
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Figure 17: Gating strategies for flow cytometry. Representative dot plots of CHO-CAR cells. A) In 

order to exclude debris, events were gated by displaying pulse areas of forward scatter (FS) and side scat-

ter (SS). B) Doublet events were excluded in a plot of FS pulse area versus FS pulse height. 

Median would be no suitable measurement for CAR surface expression as seen with 

HepG2 cells. In this example, CAR level decreased by 23 %, when median values were 

measured, but by 57 %, when geometric mean values were examined. 

 

Figure 18: NE treatment of HepG2 cells results in a CAR-negative subpopulation. Cells were treated 

with NE in NE reconstitution buffer (100 ng/µl) or with reconstitution buffer alone (no protease) for 

15 min and stained for CAR. 
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Gating of flow cytometry events did not influence decrease of CAR surface level. 

 

Figure 19: Gating strategies had no major influence on results of CAR surface level decrease in 

CHO-CAR cells upon NE treatment. Cells were incubated for different incubation times with or with-

out NE and stained for CAR. CAR surface levels (geometric mean) of NE-treated cells were normalised 

to CAR levels of untreated cells. Furthermore, relative CAR levels of time point t=0 were set as 1. Gating 

for “Singlets”, “Cells”, or both had no major influence on data points compared to ungated events (ANO-

VA with multiple comparisons). 
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CAR signals measured by flow cytometry of NE treated CHO-CAR cells exceeded 

those of untreated cells at short incubation periods. Anti-CAR antibody seemed to have 

better access to CAR. 

 

Figure 20: CAR surface expression in CHO-CAR upon NE treatment facilitated antibody recogni-

tion. Cells were incubated for different time points with or without NE and stained for CAR. CAR sur-

face levels (geometric mean, gates “Cells” and “Singlets”) of NE-treated cells were normalised to CAR 

levels of untreated cells. Significances were calculated with ANOVA with multiple comparisons. Addition 

of NE to cells for short time points results in better CAR-recognition by anti-CAR antibody compared to 

cells that were not treated with NE. 

Immunofluorescence staining of non-permeabilised cells visualised only extracellular, 

but not intracellular proteins. 

 

Figure 21: Immunofluorescence staining distinguished between intracellular and extracellular lo-

calisation of a protein. CHO-CAR cells were either permeabilised (top row) or non-permeabilised (bot-

tom row) before anti-vimentin (green) or anti-CAR (red) staining. As expected, intracellular vimentin was 

not stained, when cells were not permeabilised. In contrast, CAR that is expressed intracellularly, but also 

on the cell surface was stained in both permeabilised and non-permeabilised cells. 
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