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1 Abbreviations 

°C Degree Celsius 

µm Micrometer 

µM Micromolar 

aa Amino acid 

AAV Adeno-associated virus 

AcOH Acetic acid 

Ad Adenovirus 

ADP Adenoviral death protein 

ALL Acute lymphoblastic leukemia 

ALT Alanine aminotransferase 

Amp Ampicillin 

APS Ammonium persulfate 

AST Aspartate aminotransferase 

BAK Bcl-2 antagonist/killer protein 

BiTE Bispecific T-cell engager 

µBMSC Bone marrow derived stem cell 

bp Base pair 

BSA Bovine serum albumin 

CA Chloramphenicol 

CAF Cancer associated fibroblast 

CAR Coxsackie- and adenovirus receptor 

CAR-T Chimeric antigen receptor T-cell 

CD Cytosine deaminase 

CIP Calf intestinal phosphatase 

cm Centimeter 

CMV Cytomegalovirus 

CPE Cytopathic effect 

CR Conserved region 

CR-1 Complement receptor 1 
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CRAd Conditionally replicating adenoviral vector 

Cys Cysteine 

DAPI 4′,6-diamidino-2-phenylindole 

DBP DNA-binding protein 

ddH2O Double distilled H2O 

DMEM Dulbecco’s modified eagle medium 

DMSO Dimethyl sulfoxide 

DNA Desoxyribonucleic acid 

dNTP Deoxyribonucleotide triphosphate 

DPBS Dulbecco’s phosphate buffered saline 

dpi Days post infection 

DPP Dipeptidyl peptidase 

DPPIV Dipeptidyl peptidase 4 

dpt Days post transduction 

ds Double stranded 

DSG-2 Desmoglein 2 

E.coli Escherichia coli 

EDTA Ethylenediaminetetraacetic acid 

EGF Epidermal growth factor 

eGFP Enhanced green fluorescence protein 

EGFR Epidermal growth factor receptor 

ELISA Enzyme-linked immunosorbent assay 

EMA European medicines agency 

EnAd Enadenotucirev 

EpCAM Epithelial cell adhesion molecule 

ErbB Erythroblastic leukemia viral oncogene homolog 

et al. Et alii → and others 

EtBr Ethidium bromide 

EtOH Ethanol 

Eʎ Extinction at wavelength ʎ 

ɛ Extinction coefficient 
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FAP Fibroblast activation protein 

FC Flow cytometry 

FCS Fetal calf serum 

FDA Food and drug administration 

FFLuc Firefly Luciferase 

FGF2 Fibroblast growth factor 2 

Fig. Figure 

FX Blood coagulation factor X 

g Gravity 

g Gramm 

Gla Gamma-carboxyglutamic acid 

GM-CSF Granulocyte macrophage-colony stimulating factor 

GMP Good manufacturing practice 

h Hours 

H&E Hematoxylin & Eosin 

HAdV Human adenovirus 

HAdV-5 Human adenovirus type 5 

HAdV-6 Human adenovirus type 6 

HCOH Formaldehyde 

HCRAd-5 Human conditionally replicating adenovirus type 5 

hEGF Human epidermal growth factor 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HER Human epidermal growth factor receptor 

hFAP Human FAP 

HNSCC Head and neck squamous cell carcinoma 

HPMA N-(2-hydroxyprolyl) methacrylamide 

hpt Hours post transduction 

HRP Horse radish peroxidase 

HSPG Heparan sulfate proteoglycans 

hTERT Human telomerase reverse transcriptase 

hTfR Human transferrin receptor 
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HV Helper virus 

HVR Hypervariable region 

i.p. Intraperitoneally 

i.t. Intratumoral 

i.v. Intravenous 

IgG Immunoglobulin G 

IgM Immunoglobulin M 

IHC Immunohistochemistry 

IL Interleukin 

ILR2γ Interleukin 2 receptor gamma chain 

ITR Inverted terminal repeats 

IVIS In vivo imaging system 

Kana Kanamycin 

kb Kilo-base 

kbp Kilo-base pair 

KC Kupffer cell 

Kd Dissociation constant 

kDa Kilodalton 

KS Kozak sequence 

kV Kilovolt 

l Liter 

LB Lysogeny broth 

LPL Lipoprotein lipase 

LRP LDL receptor-related protein receptor 

M Molar 

mAb Monoclonal antibody 

MEM Minimum essential medium 

MeOH Methanol 

MFI Mean fluorescence intensity 

mg Milligram 

MHC-I Major histocompatibility complex class I 
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min Minutes 

ml Milliliter 

MLP Major late promoter 

MLTU Major late transcription unit 

mM Millimolar 

mm Millimeter 

mRNA Messenger RNA 

MSC Mesenchymal stem cell 

n.d. Not detectable 

n.s. Not statistically significant 

NanoLuc Nano Luciferase 

neo Neomycin 

NK Natural killer (cells) 

nm Nanometer 

nM Nanomolar 

NSG NOD SCID gamma 

nt Nucleotide 

Nup214 Nucleoporin 214 

o/n Over night 

oAd Oncolytic adenovirus 

oAV Oncolytic adenoviral vector 

OD Optical density 

OD260 Optical density at a wave-length of 260 nm 

ori Origin of replication 

OV Oncolytic virus 

PAGE Polyacrylamide gel electrophoresis 

PAMAM Poly(amidoamine) 

Par-4 Prostate apoptosis response-4 

PBS Phosphate buffered saline 

PCR Polymerase chain reaction 

PEG Polyethylene glycol 
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PEI Polyethyleneimine 

PFA Perfluoralkoxy-Polymere 

pH Pondus hydrogenii 

pMOI Particle/physical multiplicity of infection 

pRb Retinoblastoma protein 

PSG Penicillin-Streptomycin-Glutamine 

PSMA Prostate-specific membrane antigen 

PSME PSMA enhancer 

pTP Precursor terminal protein 

qPCR Quantitative real-time PCR 

RFU Response forming unit 

RGD motif Arginine-glycine-aspartic acid motif 

RNA Ribonucleic acid 

RPE65 Retinal pigment epithelium-specific 65 kDa protein 

rpm Rounds per minute 

RPMI Roswell Park Memorial Institute 

RT Room temperature 

RV Retrovirus 

s.c. Subcutaneously 

SA Sialic acid 

scFv Single chain variable fragment 

SDS Sodium dodecyl sulfate 

sec Second(s) 

SFDA State and food drug administration 

SP Signal peptide 

SPB Surfactant protein B 

Strep Streptomycin 

SV40 Simian virus 40 

TAE Tris-acetate-EDTA 

TBE Tris-borate-EDTA 

TBS Tris-buffered saline 
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TBS-T TBS + 0.05% Tween 

TCEP tris(2-carboxyethyl)phosphine 

TE Tris-EDTA 

TELT Tris-EDTA-Lithium-Triton X-100 

TEMED Tetramethyl ethylenediamine 

Tet Tetracycline 

TILT Tumor-infiltrating lymphocyte therapy 

TK Thymidine kinase 

TME Tumor microenvironment 

TNF-α Tumor necrosis factor alpha 

TP Terminal protein 

U Units 

V Volt 

VH Variable heavy chain 

VIT Vector induced thrombocytopenia 

VL Variable light chain 

VP Viral particle 

VSMC Vascular smooth muscle cell 

WB Western Blot 

WHLW Ministry of health, labor, and welfare 

wt Wild-type 

λ Lambda → wavelength (nm) 

Ψ Psi → packaging sequence 
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2 Introduction 

2.1 Gene therapy  

The field of gene therapy aims to treat or cure diseases by complementing, repairing or 

reconstituting disordered genes1 but can be likewise applied as therapeutic approach for 

anti-cancer therapies2. All have in common that they require efficient delivery of the 

genetic material into the target cell3,4. Within 40 years of gene therapy, especially viruses5 

turned out as efficient gene transfer vehicles and up to date various gene therapeutic 

clinical trials using adenoviruses (Ads), retroviruses (RVs) or adeno-associated viruses 

(AAVs) as ‘gene shuttles’ have been employed6. Although the field of viral vector-based 

gene therapy has been subject of several setbacks over the decades6,7, it has also 

experienced great progress, leading to successful clinical trials and approval of viral 

vector-based gene therapeutics8. Until 2022, there have been a total of about 3685 gene 

therapy clinical trials worldwide, from which at least 2179 were based on viral vectors9. In 

2012 the world’s first gene therapeutic drug, Glybera - an AAV for the treatment of 

lipoprotein lipase (LPL) deficiency, obtained regulatory approval by the European 

Medicines Agency (EMA)10,11. Only few years later, in 2017, a second AAV-based drug, 

Luxturna, obtained approval by the food and drug administration (FDA) for the treatment 

of RPE65-linked, inherited retinal dystrophy12 and in 2019, a third AAV-based drug, 

Zolgensma, was approved for the treatment of spinal muscular atrophy13. Furthermore, 

also gene therapeutic approaches in the field of oncology experienced success. Chimeric 

antigen receptor T-cell (CAR-T) therapy, which is based on allogenic or autologous T-cells 

that have been stably modified ex vivo to specifically recognize and eradicate cancerous 

cells14, achieved remarkable remission rates of up to 90% in patients suffering from 

relapsed and refractory acute lymphoblastic leukemia (ALL)15. The use of oncolytic 

viruses (OVs), which infect and eradicate cancer cells due to their cytolytic life-cycle16 as 

introduced in more detail in a later section, likewise achieved promising results with 

several candidates reaching the market. In 2003, Gendicine, a replication-deficient 

adenovirus encoding for the tumor suppressor p53 was the world’s first oncolytic virus that 

obtained approval for the treatment of head and neck carcinomas in China17,18. Only two 

years later, Oncorine, another adenovirus with selective replication in cancer cells 
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obtained approval by the Chinese state food and drug administration (SFDA) for the 

treatment of head and neck squamous cell carcinomas19. A further example is Imlygic 

(T-Vec), a tumor-selective replication-competent oncolytic herpes simplex virus-1 

encoding for the granulocyte macrophage-colony stimulating factor (GM-CSF), which 

achieved approval by the FDA and the EMA in 2015 for the treatment of advanced 

melanoma20,21. Only recently, in 2021, the oncolytic herpes simplex virus-1 (HSV-1)  G47Δ 

showed promising results in clinical studies and thus obtained approval by the Ministry of 

Health, Labor, and Welfare (WHLW) in Japan for the treatment of glioma22,23. 

Furthermore, there are various ongoing clinical studies investigating different types of 

oncolytic viruses including adenoviruses, herpes simplex virus, vaccinia virus, reovirus, 

coxsackie virus or poliovirus, whereof some displaying significant anti-tumor efficacies24. 

Thus, gene therapy represents a promising research field for the treatment of a broad 

spectrum of various genetic and non-genetic diseases including cancer. 

2.2 Oncolytic virotherapy 

Oncolytic virotherapy is a growing field of novel anti-cancer therapies16 and dozens of 

clinical trials have been conducted up to date24. The basic principle of oncolytic 

virotherapy relies on the self-amplifying characteristic of viruses: initial infection of tumor 

cells results in virus replication followed by tumor cell lysis and release of viral progeny, 

which infect neighboring tumor cells25. Virus-induced tumor cell lysis additionally 

stimulates a tumor-directed immune response due to the release of tumor-associated 

antigens and the induction of inflammatory pathways, which augments the anti-tumor 

efficacy of OVs25,26. OVs are used with the aim to specifically infect and replicate within 

cancer cells while sparing healthy cells or tissues16. Thus, efficient oncolytic virotherapy 

ideally includes (i) successful delivery of OVs to the tumor site, (ii) tumor cell-specific 

infection, (iii) tumor-restricted virus replication and (iv) strong induction of a tumor-directed 

immune activation. To boost the natural characteristics of viruses regarding these 

requirements, they are often engineered in order to improve their safety and anti-tumor 

efficacy27. Beside virus modifications enabling tumor-specific targeting, cancer 

cell-restricted virus replication, avoidance of virus particle sequestration and arming of 

viruses by insertion of therapeutic transgenes into the virus genome are widely used 

strategies to improve the anti-tumor efficacy of OVs28. 
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2.2.1 Adenoviruses in oncolytic virotherapy 

Among all OVs investigated, oncolytic adenoviruses (oAds) represent the most frequently 

used and account for about 40% of clinical trials within the field of oncolytic virotherapy to 

date24. Until now, and as mentioned above, two adenoviral-based OVs, namely Gendicine 

and Oncorine, achieved approval for the treatment of head and neck cancer in China. 

Additionally, there are several other oAds enrolled in ongoing clinical trials like ColoAd1, 

ONCOS-102, DNX-2401 or CG007029. Adenoviruses are genetically stable and integrate 

into the hosts genome to a negligible extent30, thus posing minimal risk for insertional 

mutagenesis. Furthermore, adenoviruses equally infect and replicate within both dividing 

as well as non-dividing cells, which expands their oncolytic capacity. Additionally, 

adenoviruses can be produced to high titers and standardized purification protocols allow 

for final products of high quality.  

 

2.3 Adenoviruses 

2.3.1 Classification  

Adenoviruses belong to the family of Adenoviridae and are subdivided into the five genera 

Mastadenoviruses, Aviadenoviruses, Ichtadenoviruses, Siadenoviruses, and 

Atadenoviruses31. First isolated in 195332, more than 80 different human adenovirus types 

have been identified to date33, which are further grouped in species A-F34. Among all 

adenoviruses identified, human adenovirus type 5 (HAdV-5), which belongs to species C 

adenoviruses33,34, is the most investigated and characterized type so far. 

 

 

 

 

 

 



Introduction 

11 
 

2.3.2 Structure 

HAdV-5 is a non-enveloped virus with a capsid of ~ 100 nm in diameter, mainly composed 

out of three structural proteins: fiber, penton base and hexon35,36. Hexon is the most 

abundant surface protein, with a total of 720 hexon monomers assembling into 240 hexon 

trimers which build up the icosahedral capsid with its 12 vertices37. At each of these 

vertices, five penton base monomers assemble into a pentamer38. On top of each 

pentameric penton base protein, fiber proteins assemble to trimers, which protrude from 

the viral capsid. The fiber monomer is composed out of a fiber tail, shaft, and a C-terminal 

globular knob domain39. The tail anchors the fiber in the viral capsid and together with the 

pentameric protein penton base the fiber trimer builds up the viral penton at each vertex 

of the capsid40. Beside their structure-giving properties, fiber, penton base and hexon also 

exhibit functional tasks. The C-terminal globular knob domain of fiber is essential for the 

attachment of the HAdV-5 virus particle to its primary receptor coxsackie- and adenovirus 

receptor (CAR)41,42. A so-called “RGD-motif” located within the penton base protein43 is 

involved in the host-cell entry due to interaction with cell surface-located αvβ3 and αvβ5 

integrins44,45. Solvent exposed regions of the hexon protein comprise three loops, termed 

L1, L2 and L446. L1 and L2 together feature a total of seven discrete hypervariable regions 

(HVRs)47 of which six (HVR1-6) are located within L1 and one (HVR7) within L2. HVRs 

lack extensive secondary structures and are involved in a variety of different host protein 

interactions. Distinct amino acid residues located in HVR5 and HVR7 i.e. specifically 

interact with blood coagulation factor X (FX)48, which strongly influences the virus tropism 

in vivo49. Moreover, hexon significantly accounts to the overall net negative surface charge 

of the virus particle, which also contributes to the virus tropism50. In addition to structural 

proteins, mature adenoviral particles are further composed of so-called cement (minor) 

and core proteins. Cement proteins include the viral polypeptides IIIa, VI, VIII, and IX51, 

while core proteins include the viral polypeptides IVa2, V, VII, X, the terminal protein (TP) 

and the adenovirus encoded protease52. Cement proteins mainly contribute to capsid 

stability, intracellular trafficking, and disassembly of the viral capsid at the nucleus51. Core 

proteins are major constituents of the nucleoprotein complex, stabilizing the viral genome 

and are further involved in genome replication and proteolytic cleavage of protein 

precursors52. A schematic cross-section of an adenovirus particle is illustrated in figure 1.  
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Figure 1: Schematic illustration of an adenovirus capsid cross-section.  
Mu = polypeptide X (Russell 2009; Figure 1) 
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2.3.3 Genome 

The HAdV-5 genome is a double-stranded, linear DNA with a size of ~ 36 kbp, first fully 

sequenced in 199253. The genome is flanked by inverted terminal repeats (ITRs), which 

form extensive secondary structures54 and constitute the origin of replication (ori) essential 

for amplification of the viral genome55. At both 5’-ends, the viral terminal protein (TP) is 

covalently linked to the genome56, which is involved in DNA replication57. At the left site, 

downstream of the ITR, yet upstream of the coding region E1A, the packaging sequence 

Ψ is localized, which is essential for proper encapsidation of the viral genome into the 

newly assembled capsid58–60. Within the capsid, the genome is tightly packed, facilitated 

by the viral polypeptides VII, V and Mu (X), which constitute the major components of the 

nucleoprotein complex37 and primarily function in DNA condensation61. The genome can 

be subdivided into four early (E1-E4) and five late (L1-L5) gene regions, termed according 

to the onset of gene transcription during early and late stages of the viral replication 

cycle36. Early genes mainly fulfill regulatory functions like host cell cycle manipulation and 

blockage of host cell apoptosis, initiate virus genome replication as well as viral gene 

transcription, and counteract the host immune defense. Late genes mainly encode for 

structural proteins involved in capsid assembly and maturation36. All viral genes are 

transcribed by the cellular ribonucleic acid (RNA) polymerase II and extensive alternative 

splicing results in a multitude of viral transcripts generated during the infection cycle62. A 

schematic illustration of the adenoviral genome is shown in figure 2. 

 

Figure 2: Schematic illustration of the adenoviral genome organization.  
ITR: inverted terminal repeat; Ψ: packaging signal; TP: terminal protein; E: early genes; L: late genes. 
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2.3.4 Replication cycle 

2.3.4.1 Cell infection 

Human adenoviruses infect a broad range of different cell types, thus cause various 

diseases in humans ranging from mild infections of the upper respiratory tract to more 

severe outcomes like pneumonia, pharyngitis, or gastroenteritis63. 

The HAdV-5 replication cycle is initiated by the attachment of the virus particle to the host 

cell due to a high affinity binding between the fiber knob and its primary receptor CAR64,65. 

Other adenovirus types, however, also use different primary receptors like CD46, 

Desmoglein-2 or sialic acid66. Subsequently, secondary interaction between surface 

exposed Arg-Gly-Asp (RGD)-motif located within the penton base protein43 and αvβ3/5 

integrins at the cell surface initiates virus uptake via clathrin-mediated endocytosis, in 

which several GTPases like dynamin, Rac1, Rab5, Cdc42 and PI3K67are involved. During 

cellular uptake, the fiber is shed from the viral capsid68 and subsequently the viral capsid 

becomes progressively disassembled69. The viral cysteine protease p23 activates 

polypeptide VI70, which by means of an amphipathic helix induces membrane disruption 

of the early endosome71–73 and thus mediates release of the virus particle into the 

cytoplasm. Upon successful escape from the endosome, cellular dynein binds to hexon74 

of the viral capsid and transports the subvirus particle to the nucleus along the 

microtubular network74–77, facilitated by polypeptide VI78. Arriving at the nucleus, the viral 

capsid further disassembles and associates with the nuclear pore complex via interactions 

between hexon and the nucleoporin Nup21479,80. Subsequently, the adenoviral genome, 

together with the core protein VII81,82, enters the nucleus via a Ran-dependent pathway, 

involving the CAN/Nup214 nuclear pore complex, histone H1 and the importin 

Transportin80,83,84. A schematic illustration of the adenovirus host cell entry is shown in 

figure 3. 
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Figure 3: Schematic illustration about the adenovirus host cell entry with subsequent 
disassembly of the vector capsid in the early endosome, followed by escape of the 
subvirus particle into the cytosol and transport towards the nucleus along the microtubular 
network. (Knipe und Howley, Fields virology 2013, Figure 55.12). 

 

2.3.4.2 Early phase 

Once the viral genome has been delivered to the nucleus, early viral gene expression is 

initiated with E1A being the very first gene to be transcribed. Transcription of E1A is driven 

by the constitutively active E1A promotor85, is initiated at ~1 h after host cell infection and 

is independent from other viral gene products. By alternative splicing of a common 

precursor mRNA, two E1A isoforms, the E1A 12s and 13S proteins with a respective size 

of 243 amino acids (aa) and 289 aa, are generated. As a major function, E1A proteins 

induce cell cycle progression into the S-Phase in quiescent cells resting within the 

G0/G1-Phase86,87 thus providing favorable conditions for viral replication. Functionally, 

E1A releases the cellular transcription factor E2F from retinoblastoma protein (pRb), p107 
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and p13085,88–91, which enables E2F to induce transcription of S-phase-related gene 

products. Free E2F also trans-activates the viral E2 promotor92 facilitated by the E4-17kDa 

protein93, and thus stimulates E2 gene expression94. E1A-forced cell cycle entry, however, 

initiates p53-dependent cellular apoptotic pathways95,96, which become counteracted by 

the E1B gene products97. Like E1A, alternative splicing of a common pre-cursor E1B 

mRNA results in the E1B proteins E1B19k and E1B55k98, both of which prevent cellular 

apoptosis in a separate mode of action97. E1B55k directly binds to and inhibits the function 

of the tumor suppressor protein p5397 while E1B19k is a homolog of the cellular anti-

apoptotic Bcl-2 protein family99,100 and mimics the induced myeloid leukemia cell 

differentiation protein 1101. E1B19k complexes with the pro-apoptotic Bcl-2 

antagonist/killer (BAK)101,102 and BAX103,104 to prevent them to co-oligomerize at the outer 

mitochondrial membrane105, which otherwise would result in the release of pro-apoptotic 

proteins into the cytoplasm106,107. Additionally to inducing cell cycle entry, E1A 

transactivates transcription of all other early genes (E2-E4)85,108,109. E2 genes encode for 

the three viral proteins essential for virus DNA replication including the precursor terminal 

protein (pTP), the viral DNA-binding protein (DBP) and the adenoviral DNA polymerase110. 

E3 gene products function within the viral immune evasion, inhibit TNF-α-mediated 

cellular apoptosis and promote release of viral progeny from the infected host cell111. 

Proteins encoded by E4 mainly regulate mRNA splicing and thus viral gene expression 

but also modulate the cell cycle, cell signaling and DNA repair112.  

 

2.3.4.3 Late phase 

After the onset of viral genome replication, late stages of the adenoviral replication cycle 

are initiated113, characterized by a manifold upregulation of the viral major late promoter 

(MLP)114. The MLP drives transcription of a ~29 kbp precursor mRNA, the so-called major 

late transcription unit (MLTU)115. All late gene products (L1-L5) originate from the MLTU 

due to extensive alternative splicing. Late genes mainly encode for structural proteins like 

fiber, penton base and hexon, but also for proteins involved in capsid assembly, proper 

protein folding and nuclear transport. Assembly and maturation of viral progeny occurs 

within the nucleus116. After assembly, the viral genome becomes packed into the 

premature capsid117 and via proteolytic cleavage of core and capsid precursor proteins by 
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the viral protease, the virion matures into an infectious particle118. A sophisticated interplay 

between various viral proteins119 as well as accumulation of viral particles and 

permeabilization of the nuclear membrane, facilitated by the adenoviral death protein 

(ADP)120, finally results in host cell lysis and release of viral progeny into the extracellular 

space. Altogether, the accomplishment of the adenoviral replication cycle requires ~48 h 

from initial host cell infection121. 

2.4 Adenoviral vectors as gene transfer vehicles  

Based on decades of intense scientific research, gene therapy nowadays greatly benefits 

from adenoviral vectors as gene transfer vehicles in a variety of gene therapeutic 

attempts122–124. Especially the detailed understanding of the adenovirus replication cycle 

allowed for the generation of highly efficient “gene shuttles” based on replication-deficient 

HAdV-5 vectors. HAdV-5 vectors transduce their target cell with high efficiency, however, 

due to deletion of viral genes essential for virus replication, they do not enter a productive 

replication cycle. Production of such vectors requires cellular systems which 

trans-complement lacking viral genes essential for vector amplification. Over the years, 

various vector systems have been developed referred to as 1st, 2nd and 3rd generation 

vectors, each of which exhibiting specific characteristics required for different gene 

therapeutic approaches125. 

2.4.1 First generation vectors 

Adenoviral vectors of the first generation are characterized by deletion of the E1 gene 

region (∆E1), optionally lacking additionally E3 (∆E3). As already described previously, 

E1 gene products drive cell cycle progression, initiate transcription of other viral genes, 

and block cellular apoptosis, thus are essential for virus replication. Deletion of E1 

consequently results in replication-deficient vector particles whose production 

necessitates E1 trans-complementing cell systems such as HEK293T126, N52.E6127 or 

PER.C6128 cells. E3 gene products mainly counteract cellular immune responses111,129, 

are not essential for virus replication in vitro and thus do not require any trans-

complementation for vector production. The deletion of E1 and E3 further allows for the 

insertion of transgenes up to a size of ~8 kbp. Such 1st generation vectors are often used 

in basic research for the evaluation of HAdV-5 based gene transfer efficiencies or 
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investigation of vector tropism and biodistribution by inserting reporter genes such as the 

(enhanced) green fluorescence protein130 (eGFP), nano luciferase (NLuc)131 or firefly 

luciferase (FFLuc)132. Since 1st generation vectors display leaky viral gene expression 

mediated by cellular factors133, which renders them highly immunogenic, such vectors are 

also often used for genetic vaccination134.  

2.4.2 Second generation vectors 

Like 1st generation vectors, 2nd generation vectors display deletions of E1 and optionally 

E3, however, additionally lack (parts of) E2 and/or E4. This reduction of viral genes further 

reduces their immunogenicity and thus provides prolonged transgene expression levels 

of 2nd generation vectors135–138. Deletion of E2 and E4 additionally expands the genomic 

capacity for the insertion of larger transgenes compared to 1st generation vectors. 

2.4.3 Third generation vectors 

Adenoviral vectors of the 3rd generation are the most advanced adenoviral vector platform 

so far and are characterized by the deletion of all viral genes except of the genome-

flanking ITRs and the packaging signal Ψ139,140. Such vectors provide a high genomic 

capacity for the insertion of transgenes up to a size of 36 kbp and thus are also referred 

to as “high-capacity” or “gutless” vectors140. However, production of 3rd generation vectors 

is complex and requires a more sophisticated production system consisting of a helper 

virus (HV) and an E1-transcomplementing cell line, expressing cre-recombinase141. The 

HV, mostly an E1-deleted vector, trans-complements for all regulatory and structural viral 

genes essential for virus replication except of E1. The packaging signal located within the 

HV genome is flanked by loxP sites and thus becomes excised by the cellular encoded 

cre-recombinase during vector amplification. Excision of the packaging signal prevents 

incorporation of HV genomes into newly assembled capsids, while the packaging signal-

carrying genome of the 3rd generation vector gets incorporated141. Due to steady 

improvement of this production system, third generation vectors can be produced with 

minimal HV virus contamination between 0.01-0.02%142. Due to lack of viral genes, 3rd 

generation vectors exhibit substantially low immunogenicity, thus enabling long lasting 

gene expression and are therefore preferentially used in gene therapeutic approaches 

requiring long term transgene expression140. 
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2.5 Oncolytic adenoviral vectors 

Beside their use as classic gene transfer vehicles, adenoviruses are also used in the field 

of oncolytic virotherapy143,144. Different to adenoviral vectors of the 1st, 2nd, and 3rd 

generation, oncolytic adenoviral vectors (oAVs) retain almost all viral genes and thus 

remain replication competent. However, they significantly differ from their wild-type 

counterpart in selectively replicating within cancer cells, but not in healthy cells. Therefore, 

they are termed ‘conditionally replicating’ and the respective vectors are referred to as 

“conditionally replicating adenoviral vectors (CRAds)”. There are two major attempts how 

to turn an adenovirus in a CRAd, which will be introduced in the following section. 

2.5.1 Tumor-specific promotors 

One strategy to restrict viral replication to cancer cells is the use of tumor-specific 

promoters to control viral gene expression. One example of such promoters is the human 

telomerase reverse transcriptase (hTERT) promoter, which is silent in most 

non-proliferating cells, however, highly active in tumor cells and was used by Kim et al. to 

generate a CRAd with E1A expression driven by a modified hTERT promoter 

(m-hTERT)145. A comparable attempt has been conducted by Lee et al., who regulated 

the adenoviral E1A expression by the enhancer element PSME. PSME controls the 

expression of the prostate-specific membrane antigen (PSMA)146, which is highly 

prevalent in prostate cancer147 and the resulting CRAd replicated selectively in PSMA-

positive cells146. By using cancer cell type specific promoters, virus replication can be even 

tighter regulated and restricted to certain cancer types. The surfactant protein B (SPB) 

promoter i.e. is solely active within adult type II alveolar and bronchial epithelial cells. 

Doronin et al. replaced the adenoviral E4 promoter by the promoter for SPB and together 

with some other genetic modification, replication of the resulting CRAd was consequently 

restricted to lung epithelial cancer cells only148. As demonstrated by the given examples, 

regulation of viral gene expression by tumor specific promotors provides a suitable tool 

for the generation of CRAds.  
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2.5.2 Manipulation of adenoviral early genes  

Beside regulation of viral gene expression using tumor-specific promoters, cancer 

cell-selective replication of oAVs can be likewise achieved by genetic modifications of viral 

genes that manipulate the host cell.  

One of such genes is the adenoviral immediate early gene E1A. As already described 

above, E1A promotes cell cycle progression into the S-phase and initiates expression of 

other viral genes essential for virus replication. The E1A protein displays two conserved 

regions (CR), CR1 and CR2, whereof CR1 directly competes with the transcription factor 

E2F for the binding to pRb, while CR2 stably complexes with E2F90. Due to these 

interactions, the transcription factor E2F becomes displaced from pRb and set free, 

resulting in the S-phase entry of the cell. Deletion of a 24 bp stretch in CR1 affecting amino 

acids 121 to 128 of the E1A polypeptide (E1A∆24bp) results in a dysfunctional E1A protein 

unable to bind pRb149. Since cancer cells continuously proliferate, often including a 

dysregulated pRb pathway150, Fueyo et al. rationally designed an E1A∆24bp mutant 

adenovirus, which consequently exhibited cancer cell specific replication151.  

Another viral gene that can be mutated to render adenoviruses conditionally replicating is 

E1B19k. In a previous section, it has been introduced that E1B19k counteracts apoptosis 

by binding to the pro-apoptotic protein BAK. Consequently, adenoviral vectors deleted in 

E1B19k (∆E1B19k) are unable to block BAK-related apoptotic pathway, which results in 

apoptosis of the infected cell prior to productive virus replication. As apoptotic pathways 

are already efficiently suppressed in cancer cells152, ∆E1B19k vectors can efficiently 

replicate within such mutated cells yet not in healthy cells. In addition to cancer cell 

selective replication, E1B19k-deleted CRAds have been shown to exhibit accelerated 

replication and spread153–156, indicating that deletion of E1B19k additionally improves their 

anti-tumor efficacy.  

Genetic modifications affecting viral genes involved in the viral immune evasion can be 

likewise applied to generate CRAds. Here, particularly the E3gp19k protein is of great 

interest since it retains major histocompatibility complex class I (MHC-I) proteins within 

the endoplasmic reticulum157–159. MHC-I proteins bind and present antigens at the cell 

surface where they become recognized by cytotoxic T-cells160. CRAds harboring a non-

functional or even deleted E3gp19k gene (∆E3gp19k) are consequently unable to prevent 
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MHC-I-mediated presentation of viral antigens, thus rendering the infected cell susceptible 

to cytotoxic T-cells161. Most cancer cells, however, efficiently downregulate MHC-I 

expression162, rendering E3gp19k function negligible for virus replication. Thus, 

E3gp19k-deleted viruses can properly replicate in cancer but not in healthy cells.  

2.6 Barriers for oAVs 

Oncolytic adenoviral vectors are preferentially administered either locally or systemically 

via intratumoral (i.t.) or intravenous (i.v.) vector injection. Even though i.t. injection ensures 

virus delivery to the tumor tissue, the feasibility of this application route greatly depends 

on the accessibility of the tumor and intratumoral virus spread has been shown to be rather 

poor163. In contrast, i.v. injection facilitates a more even virus distribution throughout the 

tumor and may also allow to address for potentially emerging metastasis. However, not 

only but particularly upon i.v. injection, oAVs are subjected to a variety of biological 

barriers, hampering the delivery of viral particles to the tumor and thus their anti-tumor 

efficacy. Beside poor tumor transduction efficiencies of oAVs per se, such barriers likewise 

include both cellular as well as non-cellular off-target interactions, which result in rapid 

vector particle sequestration and neutralization as schematically represented in figure 4.  

2.6.1 Innate and adaptive immune system 

HAdV-5-based vectors become rapidly cleared due to various sequestration mechanisms, 

including innate and adaptive immune responses164. While macrophages of the splenic 

marginal zone165 have been reported as a source of particle consumption, the majority of 

vector particles become sequestered by the highly abundant liver residential Kupffer cells 

(KCs)50, which account for up to 90% of all macrophages present in the body166. Uptake 

of adenoviral particles by KCs is independent from CAR167–169 and mainly mediated by 

scavenger receptor A170, which recognizes negatively charged molecules171. Furthermore, 

natural antibodies and components of the complement likewise contribute to KC uptake172 

and there is indication that blood coagulation factor IX is also involved173. Upon vector 

phagocytosis, KCs undergo rapid cell death174, which is amongst others causative for 

vector-induced toxicity due to the secretion of pro-inflammatory cytokines175,176. 

Additionally to cellular sequestration mechanisms, naturally occurring IgM antibodies and 

components of the complement bind and opsonize the vector capsid upon entry into the 
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blood stream177,178. Furthermore, the interaction of vector particles with IgMs or Ad specific 

IgGs in combination with components of the complement mediates binding of particles to 

erythrocytes via complement receptor 1 (CR-1)179. A particularly high seroprevalence 

against HAdV-5 vectors in the human population180 represents another major barrier for 

HAdV-5-based oAVs. HAdV-5-specific IgG antibodies and T-cells, originating from 

previous HAdV-5 exposure, efficiently recognize and eradicate vector particles181. 

2.6.2 Immune-independent sequestration mechanisms 

Beside vector sequestration and neutralization by the innate and adaptive immune 

system, efficient tumor transduction by HAdV-5 based oAVs is further hampered by 

off-target cellular interactions.  

In addition to the above-mentioned IgM- and complement-mediated particle binding to 

erythrocytes via CR-1, HAdV-5 likewise binds to human erythrocytes in a CAR-dependent 

manner179. Although erythrocyte binding prolongs the vector blood half-life, cell-bound 

vector particles become trapped182, thus unable to transduce their target tissue. However, 

since only erythrocytes of humans but not those of mice express CAR and CR-1179, 

erythrocyte binding is negligible in the murine context.  

Another major sink of HAdV-5 is its inherent liver tropism183. Those vector particles that 

evade neutralization and sequestration by KCs, efficiently transduce hepatocytes in a 

CAR- and integrin-independent manner167,169,184,185. Even though a putative heparan 

sulfate glycosaminoglycan-binding site located within the fiber shaft has been suggested 

to be at least involved186,187, blood coagulation factor X (FX) reflects a main mediator of 

hepatocyte transduction49,173,188. Via its N-terminal gamma-carboxyglutamic acid (Gla)-

domain, FX binds to HVRs of hexon and bridges vector particles to cell surface-located 

heparan sulfate proteoglycans (HSPGs)188,189, leading to hepatocyte transduction49. Here, 

especially N- or O-sulfated HSPGs appear to be substantially involved in the FX-mediated 

hepatocyte transduction188. The pronounced liver tropism of HAdV-5 based vectors is 

accompanied by severe hepatotoxicity due to tissue damage190. As the liver represents 

the main source for the synthesis of coagulation factors191, vector-induced hepatocyte 

death may result in dysregulated coagulation homeostasis192 as well as inflammatory 

responses193, which may contribute to systemic vector toxicity175,194,195. To circumvent 

FX-mediated liver transduction, Alba et al. generated an FX binding-ablated HAdV-5 
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vector, with reduced hepatocyte transduction in vivo48,196. However, subsequent work by 

Xu et al. identified FX as an efficient shield from natural IgM antibodies177 and ablation of 

FX binding results in an augmented IgM-mediated vector neutralization177. Thus, even 

though binding of FX to the viral capsid contributes to vector toxicity and particle 

sequestration by hepatocyte transduction, it likewise enables evasion from natural IgMs.  

 

 

 

2.6.3 Inefficient tumor transduction  

Vector particles that evaded sequestration are available for tumor transduction. However, 

efficient tumor tissue infiltration is hampered by various physical barriers197,198. A dense 

tumor stroma surrounding the malignant cell, mainly composed out of non-permissive 

fibroblasts, tumor vessels, immune cells and extracellular matrix components may 

generate a physical barrier that limits the anti-tumor efficacy of oncolytic adenoviral 

vectors199. Furthermore, various cancer types show downregulated or even complete 

Figure 4: Mechanisms that mediate sequestration and neutralization of HAdV-5-based 
oAVs.  
Binding to erythrocytes traps and renders vector particles non-infectious. Sequestration by macrophages 
and liver residential Kupffer cells rapidly deprive vector particles from the blood stream. Binding of blood 
coagulation factor X bridges vector particles towards HSPGs and mediates hepatocyte transduction. In 
absence of FX-binding, components of the innate immune system including the complement and IgM 
antibodies bind and neutralize vector particles. Vector-specific IgG antibodies efficiently bind and neutralize 
vector particles. HSPG: Heparan Sulfate Proteoglycan; IgM: Immunoglobulin M; IgG: Immunoglobulin G. 
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absent expression of the primary adenovirus receptor CAR200–203, which aggravates 

successful tumor transduction by HAdV-5-based oAVs. Within solid tumors, lack of 

lymphatic vessels and hyperpermeability of the tumor vasculature additionally results in 

interstitial hypertension204, leading to impaired vessel extravasation of molecules205 and 

thus limited tumor infiltration of systemically administered vector particles. Furthermore, 

intratumoral virus spread has been shown to be severely limited due to tumor stroma 

components163. 

2.7 Strategies to enhance the therapeutic efficacy of oAVs 

To improve the therapeutic efficacy of oncolytic adenoviral vectors, the above-mentioned 

barriers have to be overcome. To this end, various techniques to circumvent vector 

sequestration and neutralization but also to improve tumor transduction efficiencies have 

been applied in order to increase the safety and efficacy of HAdV-5-based oAVs. 

2.7.1 Avoiding vector sequestration 

One important aspect in the development of oAVs is the improvement of the vector blood 

half-life after i.v. injection. First, off-target binding of vector particles due to binding to CAR 

has to be avoided, which can be achieved by a single point mutation affecting the fiber 

knob domain by which tyrosine at position 477 becomes exchanged for Alanin (Y477A)206. 

Additionally, the profound liver tropism of HAdV-5-based vectors has to be reduced since 

it reflects the main source of vector particle consumption and the main cause of vector-

induced toxicity. This requires both avoiding uptake of particles by KCs and preventing 

hepatocyte transduction. A simple but efficient strategy to bypass KC uptake is transient 

KC depletion prior to vector administration176,207–210, which results in improved vector 

pharmacokinetics50,211. However, KC depletion also augments hepatocyte 

transduction208,212, thus increases the risk for liver damage. As already mentioned, KC 

uptake is mediated by scavenger receptors that recognize negatively charged molecules 

like HAdV-5 particles. Weaver et al. identified HAdV-6, another species C adenovirus34, 

to exhibit superior liver transduction efficiencies over HAdV-5, indicating less Kupffer cell 

uptake and suggested less negatively charged HVRs of HAdV-6 as a reason213. Based 

on these findings, Khare et al. generated a HAdV-5/6 chimeric vector by substituting 

exposed HVR regions of the HAdV-5 capsid by those of HAdV-6. The resulting vector 
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indeed showed less KC uptake, however, >10 times stronger liver transduction in vivo214. 

Since FX represents the main mediator for hepatocyte transduction by HAdV-5-based 

vectors, Alba et al. generated an FX binding-ablated vector by defined capsid 

mutagenesis48. Although the resulting vector exhibited significantly reduced liver 

transduction after systemic administration196, subsequent studies identified FX to 

efficiently shield vector particles from IgM antibodies and the complement177, rendering 

FX binding-ablated vectors highly susceptible to neutralization by the innate immune 

system. Thus, further strategies have been developed to avoid vector neutralization while 

ablating FX binding to the vector capsid, such as coating of vector particles with 

immunologically inert polymers. Vector decoration with polyethylene glycol (PEG), N-(2-

Hydroxypropyl) methacrylamide (HPMA) or cationic poly(amidoamine) (PAMAM) 

dendrimers i.e. has been shown to protect vector particles from neutralization215–217, 

ablate vector binding to FX and erythrocytes218, dampen activation of the 

complement219,220, reduce vector toxicity221,222, extend vector plasma circulation221 and 

diminish KC uptake223. However, such polymer coating is usually realized by either 

charge- or amine directed attachment of polymers to the vector capsid. As HAdV-5 is 

highly charged and comprise about 18.000 surface exposed amine groups, such polymer 

coating results in rather densely packed vector particles, which may negatively interfere 

with the vector infectivity215. To overcome this limitation, Kreppel et al. combined both 

genetic and chemical (geneti-chemical) capsid modification to enable site-specific 

attachment of protein and non-protein ligands to the vector capsid224. They genetically 

introduced cysteines in solvent-exposed areas of the vector capsid and the thiol groups 

of these cysteines were used for the covalent coupling of shielding moieties to the vector 

capsid in a position-specific manner224–228. Contrary to the above-mentioned, non-specific 

polymer coating based on stoichiometric ratios, geneti-chemical capsid modification 

allows for a more defined shielding density as it is defined by the amount of surface 

exposed cysteines on the vector capsid. Using this technique, Krutzke et al. substituted 

the shielding capacity of FX by position-specific attachment of PEG moieties to HVR1 of 

hexon227. This HVR1-specific capsid PEGylation prevented binding of FX to the vector 

capsid, however, likewise protected vector particles from neutralization by murine natural 

antibodies and the complement and significantly improved vector pharmacokinetics 

in vivo227. 
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2.7.2 Improving tumor transduction 

Avoiding vector sequestration renders vector particles available for tumor transduction, 

which is a necessity to harness the full potential of oncolytic virotherapy. Many tumors, 

however, downregulate or lack sufficient expression of the HAdV-5 primary receptor 

CAR200–203 and furthermore, as mentioned before, CAR-binding ablation is mandatory to 

prevent vector sequestration by human erythrocytes. Thus, different strategies have been 

developed to address alternative and tumor-specific target receptors. Such vector 

retargeting can be accomplished by various different strategies224,229,230, which are 

schematically illustrated in figure 5.   

A first suitable retargeting strategy is (i) the generation of chimeric vectors. Different 

adenovirus types utilize distinct primary receptors like CD46, desmoglein 2 (DSG-2), 

CD80, CD86 or sialic acid (SA) for primary host cell attachement66,231. Based on this 

knowledge, various fiber chimeric vectors have been generated by substitution of the 

HAdV-5 fiber(-knob) by those of other adenovirus types like HAdV-3232–235, HAdV-7236, 

HAdV-11232,237 or HAdV-35232,234,237. Even though this technique is suitable, the tropism 

of such chimeric vectors remains limited to the repertoire of primary receptors utilized by 

the respective adenovirus types. Furthermore, most of the adenovirus primary receptors 

are expressed by a variety of different cell types and thus provide only limited tumor 

specificity. To circumvent this limitation, (ii) genetic insertion of small peptide sequences 

into vector capsid proteins has been applied to shift the vector tropism towards novel and 

more tumor-specific target receptors. Small peptides have been inserted into HVRs of 

hexon238, the minor capsid protein IX (IX)239 or the fiber240. Examples for rather unspecific 

peptide sequences that have been introduced in the viral capsid are the integrin binding 

RGD-motif241–244 or poly-lysine motifs245. Examples for more target specific peptides that 

have been successfully introduced to enable vector retargeting towards defined receptors 

are peptides that bind to the epidermal growth factor receptor (EGFR)246, HER3/ErbB3- 

and HER4/ErbB4247, human transferrin receptor (hTfR)248 or heparan sulfate containing 

receptors245,249. Although peptide insertion appears promising, it is subjected to 

restrictions since peptides exceeding a critical size destabilize the vector capsid and thus 

result in growth-defective vector particles. Furthermore, many tumor-specific targeting 

ligands do not fold properly upon the incorporation in adenoviral capsid proteins and thus 
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lose their ability to bind to the respective target receptor250. As an alternative, (iii) bispecific 

adapter molecules provide a suitable tool to alter the adenoviral tropism while maintaining 

vector capsid integrity229,251. Such retargeting molecules consist of two domains by which 

one of each binds the vector capsid and the other to a tumor-specific target molecule, thus 

bridging the vector towards alternative target receptors. As a first bispecific adapter 

molecule, Douglas et al. generated in 1996 a conjugate between a neutralizing anti-fiber 

Fab fragment and folate. This adapter efficiently retargeted adenoviral vectors towards 

the folate receptor252. Since then, a variety of bispecific adapter molecules have been 

generated to retarget adenoviral vectors towards various targets like the EGFR253–257, 

endoglin (CD105)258, αv-integrins259, CD40260, fibroblast growth factor receptor 2 

(FGF2)261, or epithelial cell adhesion molecule (EpCAM)262. Thus, bispecific adapter 

molecules represent a flexible method for vector retargeting. However, a major 

disadvantage of this technique is the non-covalent binding of the adapter to the vector 

capsid, which poses the risk for adapter displacement in vivo. Hence, (iv) covalent linkage 

of targeting ligands to the vector capsid would be beneficial and has been realized using 

the above-mentioned geneti-chemical capsid modification224. By this technique, targeting 

ligands of the transferrin receptor224,225, the LDL receptor-related protein receptor 

(LRP)226, or the EGFR228 have been successfully coupled to either hexon224,225,228, pIX226 

or fiber228 of the vector capsid. However, there is also evidence that covalent coupling of 

targeting ligands may interfere with intracellular trafficking pathways and thus impair 

vector infectivity226,228.  
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2.8 Promising targets for oncolytic virotherapy 

There is a manifold of different retargeting strategies and possible-to-address target 

receptors to improve tumor transduction by oAVs. As the present study focuses on the 

development of oAVs for the treatment of head and neck squamous cell carcinomas 

(HNSCC), the epidermal growth factor receptor (EGFR) as well as the fibroblast activation 

protein (FAP) have been selected as promising targets and will be described in more detail 

within the following sections.  

 

 

Figure 5: Overview about fiber modification strategies for the retargeting of oAVs.  
Left: Chimeric vector with substitution of the fiber-knob from other adenovirus types. Mid left: Genetic 
insertion of small peptides into the fiber-knob with affinity to the target receptor. Mid right: Bispecific adapter 
molecule as a bridge between the vector capsid and the target receptor. Right: Covalent ligand coupling by 
geneti-chemical fiber modification.  



Introduction 

29 
 

2.8.1 The epidermal growth factor receptor (EGFR) 

Carcinomas of the head and neck arise from malignant transformed epithelial cells of the 

upper respiratory tract including the oral cavity, pharynx and larynx263. Annually, HNSCC 

accounts for more than 660,000 new cases of cancerous malignancies and 325,000 

deaths worldwide, showing steadily increasing incidence264. Tobacco consumption265, 

alcohol abuse266 or infection with high risk human papillomavirus (HPV)267 represent the 

most relevant risk factors for HNSCC. Once established, HNSCC is an aggressive type of 

cancer and difficult to treat by conventional treatment strategies such as surgery, chemo- 

and/or radiotherapy268. HNSCC is often accompanied with overexpression of EGFR269, 

rendering it an attractive target receptor for HAdV-5-based oncolytic virotherapy. EGFR, 

also referred to as ErbB-1/Her1, is a transmembrane receptor and belongs to the ErbB 

receptor family. It consists of a 621 aa extracellular domain, a single 23 aa 

transmembrane domain and a 542 residue cytoplasmic domain with intrinsic tyrosine 

kinase activity.270 Seven binding ligands of EGFR have been identified so far, all of which 

activate the receptor by binding to its extracellular domain271. Upon ligand binding, the 

EGFR monomer undergoes conformational changes272 and dimerizes273–275. As a 

consequence, its intracellular tyrosine kinase domains move into spatial proximity275 and 

become stimulated, which results in an autophosphorylation of multiple tyrosine residues 

within the C-terminus of the intracellular EGFR domain276. This autophosphorylation 

initiates intracellular signaling cascades like the RAS-RAF-MEK-ERK MAPK or 

PI3K-AKT-mTOR pathway, which drive G1/S cell cycle progression and thus cell 

proliferation270. In healthy cells, EGFR activity underlies tight regulation, while cancer cells 

often display aberrant EGFR activity by either receptor overexpression277 and/or 

mutation278, which consequently results in tumor progression270 and is tightly linked to 

poor prognosis279. Due to its central role in tumorigenesis and cancer progression, EGFR 

has become a major target for the development of different anti-cancer therapies280 such 

as monoclonal antibodies281, antibody-drug conjugates282 or small molecule kinase 

inhibitors283. EGFR-targeted oAVs may provide an efficient treatment strategy for EGFR-

positive cancer types like HNSCC.  
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2.8.2 The fibroblast activation protein (FAP) 

Most anti-cancer therapies address the malignant tumor cell. However, solid tumors do 

not only consist of cancer cells, but also of various other cell types and extracellular matrix 

components, building up the so-called tumor stroma, which contributes for up to 90% of 

the total tumor mass284. Within the tumor stroma, cancer-associated fibroblasts (CAFs) 

reflect the most abundant cell type and thus reflect a major cellular constituent of solid 

tumors285. CAFs substantially contribute to tumor progression by secreting growth factors, 

drive angiogenesis, promote tumor cell invasion and are further linked to drug 

resistances285–287. A prominent characteristic of CAFs is their high expression of the 

fibroblast activation protein (FAP)288, which is, with few exceptions289, almost absent in 

healthy cells and tissues. FAP is a cell surface located serine protease290 and belongs to 

the dipeptidyl peptidase (DPP) family291. Structurally, it consist of a large extracellular 

domain of 734 aa, followed by a single 20 aa transmembrane domain and a short 

cytoplasmic tail with a size of 6 aa292. FAP shares ~50% sequence homology with the 

ubiquitously expressed dipeptidyl peptidase 4 (DPPIV)293, another member of the DPP 

family with which it can form non-covalent heterodimers294. However, FAP is 

proteolytically active only as a glycosylated homodimer292,295, exhibits collagenolytic 

activity290 and is mainly involved within tissue remodeling processes like wound healing 

or fibrosis296 but also contributes to embryogenesis297. In cancer, FAP is a pro-tumorigenic 

marker and high FAP expression is associated with poor patient prognosis296. Depletion 

of FAP-expressing CAFs within the tumor stroma thus may have multifaceted benefits for 

anti-cancer therapies as it could significantly deplete and disrupt the solid tumor, reduce 

growth factor secretion, inhibit angiogenesis, and may improve the response to other 

anti-cancer therapies. Thus, due to its specific expression by CAFs, FAP has been 

suggested as an attractive target for oncolytic virotherapy. 
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2.9 Aim of the study 

Human adenovirus type 5 (HAdV-5)-based oncolytic virotherapy holds promise as efficient 

anti-cancer therapy. Beside a direct virus-induced cancer cell lysis, the resultant release 

of tumor-associated antigens stimulates anti-tumor immune responses that additionally 

support tumor depletion. Systemic vector administration reflects the preferred application 

route since it allows for improved intratumoral virus distribution and simultaneous 

addressing of metastases. However, various biological barriers limit efficient tumor cell 

infection and therewith the anti-tumor efficacy of HAdV-5-based oncolytic vectors. Such 

barriers include both cellular as well as non-cellular interactions, leading to a dose-limiting 

vector-induced toxicity and insufficient tumor targeting.  

The present study aimed to develop and characterize HAdV-5-based oncolytic vectors 

that address both improved tumor targeting and reduced toxicity. HAdV-5-based vectors 

with an epidermal growth factor receptor (EGFR) affinity ligand covalently coupled to 

either the fiber or hexon protein of the vector capsid were hypothesized to exhibit improved 

tumor targeting in EGFR-positive tumors and thus will be characterized regarding their 

oncolytic potential in vitro and in vivo. With the aim to target cancer-associated fibroblasts 

(CAFs), which are located in the tumor stroma and thus another promising target for 

oncolytic virotherapy, a bispecific adapter molecule should be designed that bridges the 

adenoviral fiber protein to the CAF-specific fibroblast activation protein (FAP) and its 

re-targeting capacity will be analyzed in vitro. 

To reduce vector toxicity, a set of conditionally replicating adenoviral vectors (CRAds), 

carrying different genetic life-cycle modifications suggested to restrict vector replication to 

tumor cells were to be generated and characterized in vitro. Since especially the negative 

surface charge of HAdV-5 significantly contributes to particle sequestration and vector-

induced toxicity, an already existing, surface charge-modified mutant HAdV-5 vector 

(HexPos3) was hypothesized to exhibit less toxicity and improved tumor targeting and 

thus planned to become characterized in vivo regarding its oncolytic potential. Finally, the 

most promising vector modifications identified were intended for combination to generate 

a novel HAdV-5 oncolytic vector with improved anti-tumor efficacy and safety. 
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3 Materials 

3.1 Animals 

BALB/c mice were received from Charles River (strain code: 028) and NOD-scid 

IL2Rgammanull (NSG) mice (Jackson Laboratory strain #005557) were received from the 

“Tierforschungszentrum” at Ulm University. While BALB/c mice are immune-competent, 

NSG mice are severely immune-deficient and thus allow for the engraftment of human 

tumor xenograft models. The scid background eliminates adaptive immunity due to 

depletion of mature B- and T-cells298 caused by mutation of the Prkdc gene299,300. IL2rgnull 

comprises a complete null mutation of the IL2rg gene, which results in the absence of the 

interleukin 2 receptor gamma chain (ILR2γ) and thus blocks differentiation of 

hematopoietic stem cells and natural killer (NK) cells301. Mice were kept under ventilated, 

pathogen-free conditions and were fed with sterilized diet for laboratory rodents. All animal 

experiments were performed according to the policies and procedures of the institutional 

guidelines and were approved by the Animal Care Commission of the Government Baden-

Württemberg (TVA #1358, #1433). 

3.2 Antibiotics 

Name 

 

Order Number Supplier 

Ampicillin K029.1 Roth, Karlsruhe, Germany 

Chloramphenicol A1806 AppliChem, Darmstadt, Germany 

Kanamycin I832.1 Roth, Karlsruhe, Germany 

Streptomycin A1852 AppliChem, Darmstadt, Germany 

Tetracycline A2228 AppliChem, Darmstadt, Germany 
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3.3 Antibodies 

3.3.1 Primary antibodies and Affilin 

Name 

 

Order Number Supplier 

mouse α-Fibroblast-

Activation-Protein (FC) 
BMS 168 ThermoFischer, Rockford, USA 

mouse α-human EGF-

receptor (FC) 
55996 BD Bioscience, Eysins, Switzerland 

mouse α-human EGF-

receptor (IHC) 
MA5–13070 ThermoFischer, Rockford, USA 

rat α-mouse CD31 (IHC) 557355 BD Bioscience, Eysins, Switzerland 

mouse α-FLAG-M2 (FC, WB, 

ELISA) 
F1804 ThermoFischer, Rockford, USA 

Strep-tagged Affilin (α-EGFR) 139819 
Navigo Proteins GmbH, Halle, 

Germany 

rabbit α-Strep-Tag A00626 
GenScript, Piscataway Township, 

New Jersey, United States 

 

3.3.2 Secondary antibodies 

Name 

 

Order Number Supplier 

sheep α-mouse-IgG 

(whole molecule)-FITC 
F6257-1ml ThermoScientific, Rockford, USA 

rabbit α-mouse-IgG 

(whole molecule)-horseradish 

peroxidase 

A9044-2ml Sigma Aldrich, St. Louis, MO, USA 

goat α-rat IgG (H+L) 

Alexa488 
A-11006 

Invitrogen, Waltham, 

Massachusetts, United States 
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Name 

 

Order Number Supplier 

goat α-mouse-IgG-Alexa594 #A11032 
Invitrogen, Waltham, 

Massachusetts, United States 

goat α-rabbit-IgG-Alexa594 #A11037 
Invitrogen, Waltham, 

Massachusetts, United States 

 

3.4 Bacteria 

Name 

 

Order Number Supplier 

NEB® 10-beta competent 

E.coli 
C3019H 

New England BioLabs, Ipswich, 

MA, USA 
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3.5 Bacmids  

3.5.1 pBeloBacGS66 

The HAdV-5 genome was cloned into the pBeloBacGS66 bacmid by SwaI digestion127. A 

schematic illustration of the bacmid with the SwaI cleavage sites and positions of 

mutations and transgenes introduced in the present study (see 3.13) is shown in figure 6. 

 

 

 

 

 

Figure 6: Schematic illustration of the organization of pBeloBacGS66.  
Approximate positions of the bacterial backbone harboring the chloramphenicol resistance, SwaI restriction 
sites, the viral genes encoding for E1A, E1B, E3, Hexon and Fiber as well as the CMV promotor and the 
position of the introduced transgene. Red bars indicate the position of the respective mutations introduced 
in the present study. The yellow bar represents the position of the HexPos3 mutation.   
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3.6 Buffers and solutions 

Purpose 

 

Name 

 

Composition 

A
g

a
ro

s
e

 G
e

l-
e

le
c
tr

o
p

h
o

re
s
is

 

DNA loading buffer (10x) 

0.25 g Bromphenol blue 

12.5 g Glycerol 

6 mM EDTA 

TBE-buffer (10x) 

225 mM Tris 

225 mM Boric Acid 

5 mM EDTA 

TAE-buffer (10x) 

400 mM Tris 

200 mM Acetic Acid 

10 mM EDTA 

Bacteria 

cultivation 
LB-medium 

20 g/l LB dissolved in dH2O 

autoclaved 

B
a

c
te

ri
a

 l
y
s
is

 

TELT-buffer 

50 mM Tris (pH 7.5) 

62.5 mM EDTA 

2.5 M LiCl 

0.4 % Triton X-100 

D
N

A
 s

to
ra

g
e
 

TE-buffer 

10 mM Tris 

1 mM EDTA 

pH 8.5 

Tris-Buffer 
10 mM Tris 

pH 8.0 

 

E
L

IS
A

 

 

Coating-buffer 

0.2 M sodium carbonate-

bicarbonate,  

pH 9.6 

Washing-buffer /  

Sample dilution buffer 

DPBS 

0.05% Tween20 
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Purpose 

 

Name 

 

Composition 

Flow Cytometry Flow Cytometry-buffer 

DPBS 

10 mM EDTA 

2% FBS 

 

H
A

d
V

-5
 v

e
c
to

r 
p
u

ri
fi
c
a
ti
o

n
 

 

 
HEPES-buffer 

150 mM / 250 mM NaCl 

50 mM HEPES 

pH 7.4 

sterile filtrated (0.2 µm filter) 

CsCl-buffer 1 (1.41 g/ml) 

150 mM NaCl 

50 mM HEPES 

548.5 mg/ml CsCl 

pH 7.4 

sterile filtrated (0.2 µm filter) 

CsCl-buffer 2 (1.27 g/ml) 

150 mM NaCl 

50 mM HEPES 

364.4 mg/ml CsCl 

pH 7.4 

sterile filtrated (0.2 µm filter) 

CsCl-buffer 3 (1.34 g/ml) 

150 mM NaCl 

50 mM HEPES 

454.2 mg/ml CsCl 

pH 7.4 

sterile filtrated (0.2 µm filter) 

 

S
D

S
-

P
A

G
E

 

 

Cell lysis buffer 
1% Triton X-100 in DPBS 

1x protease inhibitor 

SDS (10%) solution 100 g SDS dissolved in ddH2O 
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Purpose 

 

Name 

 

Composition 

 

S
D

S
-P

A
G

E
 

 

8% resolving gel 

1 ml 40% 

Acrylamide/Bisacrylamide (29:1) 

1.9 ml 1 M Tris pH 8.8 

0.05 ml 10% SDS 

0.05 ml 10% APS 

0.003 ml TEMED 

2.0 ml ddH2O 

3% stacking gel 

0.19 ml 40% 

Acrylamide/Bisacrylamide (29:1) 

0.323 ml 1 M Tris pH 6.8 

0.025 ml 10% SDS 

0.025 ml 10% APS 

0.0025 ml TEMED 

1.825 ml ddH2O 

SDS-loading buffer (10x) 

312.5 mM Tris (pH 7.5) 

10% SDS 

50% Glycerol 

1.722 M β-Mercaptoethanol 

One spoon-tip Bromophenol blue 

pH 7.0 

Running buffer 

25 mM Tris 

192 mM Glycine 

0.1% SDS 

S
ilv

e
r 

s
ta

in
in

g
 

Fixation buffer 

50% MeOH 

12% AcOH 

0.05% HCHO 

Washing buffer 50% EtOH 

Equilibration buffer 0.8 mM Na2S2O3 
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Purpose 

 

Name 

 

Composition 

S
ilv

e
r 

s
ta

in
in

g
 

Impregnation buffer 
11.78 mM AgNO3 

0.05% HCHO 

Developing buffer 

0.57 M Na2CO3 

0.05% HCOH 

15.8 µM Na2S2O3 

Stopping buffer 
50% MeOH 

12% AcOH 

W
e

s
te

rn
 B

lo
t 

Transfer buffer 

2 mM Tris 

150 mM Glycine 

20% MeOH 

TBS-buffer (10x) 

500 mM Tris 

1.5 M NaCl 

pH 7.4 

TBS-T 

1x TBS-buffer 

0.05% Tween20 

pH 7.4 
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3.7 Cell lines 

SCC-VII, UM-SCC-11B and UD-SCC-2 cells were kindly provided by Prof. Cornelia 

Brunner, Clinic for Oto-Rhino-Laryngology, University Medical Center, Ulm 

Name 

 

Reference 

number 

Origin 

A431 (ATCC) #CRL-1555 Epidermoid carcinoma, Homo sapiens 

A549 (ATCC) #CCL-185 Lung adenocarcinoma, Homo sapiens 

CAP-T (Cevec) - 
Immortalized amniocytes,  

Homo sapiens 

CMT-64 (Sigma) #10032301 Lung adenocarcinoma, Mus musculus 

HEK293T (ATCC) #CRL-1573 Embryonic kidney, Homo sapiens 

Hepa 1-6 (ATCC) #CRL-1830 Hepatoma, Mus musculus 

HSAEpC C-12642 Human small airway epithelial cells 

N52.E6 Ref.:127 
Immortalized Amniocytes,  

Homo sapiens 

UD-SCC-2 (Expasy) #CVCL_E325 
Hypopharyngeal squamous cell 

carcinoma, Homo sapiens 

UM-SCC-11B (Expasy) #CVCL_7716 
Laryngeal squamous cell carcinoma, 

Homo sapiens 

SCC-VII (Expasy) #CVCL_V412 
Head and neck squamous cell 

carcinoma ; Mus musculus 

SK-Mel-28 (ATCC) #HTB-72 Malignant melanoma, Homo sapiens 
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3.8 Cell culture media and supplements 

Reagent 

 

Order number Supplier 

DMEM  41966-029 
Gibco, ThermoFisher, Karlsruhe, 

Germany 

FCS 10270-106 
Gibco, ThermoFisher, Karlsruhe, 

Germany 

FreestyleTM  12338-026 
Gibco, ThermoFisher, Karlsruhe, 

Germany 

Growth medium 

supplement mix 
C-39175 PromoCell, Heidelberg, Germany 

α-MEM  22561-021 
Gibco, ThermoFisher, Karlsruhe, 

Germany 

MEM  31095-029 
Gibco, ThermoFisher, Karlsruhe, 

Germany 

DPBS 14190-094 
Gibco, ThermoFisher, Karlsruhe, 

Germany 

Penicillin/Streptomycin/ 

Glutamine (100x) 
10378-016 

Gibco, ThermoFisher, Karlsruhe, 

Germany 

PEM 12661-013 
Gibco, ThermoFisher, Karlsruhe, 

Germany 

RPMI 1640  21875-034 
Gibco, ThermoFisher, Karlsruhe, 

Germany 

Small Airway Epithelial 

Cell Growth Medium 
C-21070 PromoCell, Heidelberg, Germany 

0.05% Trypsin-EDTA 25300-054 
Gibco, ThermoFisher, Karlsruhe, 

Germany 

TrypLE select 12563-011 
Gibco, ThermoFisher, Karlsruhe, 

Germany 
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3.9 Chemicals and reagents 

Name Order number Supplier 

 

1 kb DNA ladder 15615-024 
Invitrogen, Waltham, Massachusetts, 

United States 

100 bp DNA ladder 15628-050 
Invitrogen, Waltham, Massachusetts, 

United States 

1-step ultra TMB-ELISA 

substrate 
34028 ThermoScientific, Rockford, USA 

Acetic acid 33209 Sigma-Aldrich, Steinheim, Germany 

Acrylamide/Bisacrylamide 

(29:1) 
A515.1 Roth, Karlsruhe, Germany 

Albumin Fraction V (BSA) 1844.2 Roth, Karlsruhe, Germany 

Ampuwa (ddH2O) B230672 
Fresenius Kabi, Bad Homburg, 

Germany 

APS A3678 Sigma-Aldrich, Steinheim, Germany 

Argatroban A0487-5MG Sigma-Aldrich, Steinheim, Germany 

Blocking buffer ELISA 37515 ThermoScientific, Rockford, USA 

Bromophenol blue B-8026 Sigma-Aldrich, Steinheim, Germany 

Boric acid 0055 
Mallinckrodt Baker B.V., Deventer, 

Netherlands 
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Name 

 

Order number 

 

Supplier 

 

Caesium chloride 757306 Roche, Mannheim, Germany 

Chloroform 22711.290 VWR Int., Fontenay-sous-Bois, France 

CytoFLEX Sheath Fluid B51503 
Beckman Coulter, Brea, California, 

United States 

Dako REALTM Antibody 

Diluent 
S2022 

Dako, Agilent Technologies Inc., 

Glostrup, Denmark 

DMSO D2650 Sigma-Aldrich, Steinheim, Germany 

dATP N0440S 
New England Biolabs, Ipswich, MA, 

USA 

dCTP N0441S 
New England Biolabs, Ipswich, MA, 

USA 

dGTP N0442S 
New England Biolabs, Ipswich, MA, 

USA 

dTTP N0443S 
New England Biolabs, Ipswich, MA, 

USA 

EDTA A355 AppliChem, Darmstadt, Germany 

Eosin G K31917435 Merck, Darmstadt, Germany 

EtOH absolute 51976 Sigma-Aldrich, Steinheim, Germany 

Ethidium bromide (EtBr) 

0.07% 
A2273,0015 AppliChem, Darmstadt, Germany 

Fc receptor (human) 

blocking reagent 
120-000-442 

Miltenyi Biotec, Bergisch Gladbach, 

Germany 
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Name 

 

Order number 

 

Supplier 

 

Fluorescence mounting 

medium 
S3023 

Dako Agilent technologies Inc., 

Glostrup, Denmark 

Formaldehyde (37%) F-8775 Sigmal-Aldrich, Steinheim, Germany 

Glycerol A2926 AppliChem, Darmstadt, Germany 

Glycine A1377 AppliChem, Darmstadt, Germany 

Goat serum  X0907 
Dako, Agilent technologies Inc., 

Glostrup, Denmark 

Growth factor reduced 

matrigel 
356237 Corning Inc., Corning, NY, USA 

HEPES 9105.3 Roth, Karlsruhe, Germany 

Hydrochloric acid UN1789 Merck, Darmstadt, Germany 

Isoamyl alcohol I-9392 Sigma-Aldrich, Steinheim, Germany 

Isoflurane 05260-05 
Forene, Abbott, Ludwigshafen, 

Germany 

Isopropanol 33539 Sigma-Aldrich, Steinheim, Germany 

Kapa SYBR FAST qPCR 

Master Mix 
07-KK4600-05 

PEQLAB Biotechnologie, Erlangen, 

Germany 

L-Arabinose A3256 Sigma-Aldrich, Steinheim, Germany 

LB Broth, Lennox 240210 BD, Le Pont de Claix, France 
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Name 

 

Order number 

 

Supplier 

 

LB Agar 22700-25 Invitrogen, Karlsruhe, Germany 

Lithium chloride P007.1 Carl Roth, Karlsruhe, Germany 

Luminata forte Western 

HRP-substrate 
WBLUF0100 Merck Group, Darmstadt, Karlsruhe 

Mayer’s Hematoxylin 

solution 
MHS1-100ML Sigma-Aldrich, Steinheim, Germany 

Methanol 33213 Sigma-Aldrich, Steinheim, Germany 

Milk powder T145.2 Roth, Karlsruhe, Germany 

o-Phenyldiamine 

dihydrochloride 
P8287-50TAB Sigma, Steinheim, Germany 

Paraformaldehyde  P6148-500G Sigma-Aldrich, Steinheim, Germany 

pEGFP-N1 discontinued 
Clontech Laboratories, Saint-Germain-

en-Laye, France 

PEI MAX 24765-1 
Polysciences Inc., Warrington, 

PA,USA 

Phenol 15513-039 Invitrogen, Karlsruhe, Germany 

pNL1.1. N109A Promega GmbH, Walldorf, Germany  

Precision Plus Protein 

Marker 
10022139 Bio-Rad, München, Germany 

Protease inhibitor cocktail, 

cOmplete EDTA-free 
118735800001 Roche, Mannheim Germany 
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Name 

 

Order number 

 

Supplier 

 

ROTI®Block A151.3 
Carl Roth GmbH & Co.Kg, Karlsruhe 

Germany 

SDS A7249 AppliChem, Darmstadt, Germany 

SeaKem® ME Agarose 50010 Lonza, Rockland, ME, USA 

Sevofluran Baxter HDG91175V 
Baxter Deutschland GmbH, 

Unterschleißheim, Germany 

Sodium acetate A1522 AppliChem, Darmstadt, Germany 

Sodium bicarbonate 31437 Sigma-Aldrich, Steinheim, Germany 

Sodium carbonate 223484 Sigma-Aldrich, Steinheim, Germany 

Sodium chloride 31434 Sigma-Aldrich, Steinheim, Germany 

Sodium citrate A2403 AppliChem, Darmstadt, Germany 

Sodium hydroxide A1551 AppliChem, Darmstadt, Germany 

Sodium thiosulfate 21,726-3 Sigma-Aldrich, Steinheim, Germany 

SuperBlockTM Blocking 

Buffer in PBS (ELISA) 
37518 

Thermo Fisher Scientific, Waltham, 

Massachusetts, United States 

β-Mercaptoethanol M6250 Sigma-Aldrich, Steinheim, Germany 

Sucrose S0389 Sigma-Aldrich, Steinheim, Germany 
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Name 

 

Order number 

 

Supplier 

 

Sulfuric acid 258105 Sigma-Aldrich, Steinheim, Germany 

TEMED T9281 Sigma-Aldrich, Steinheim, Germany 

Tissue Tek 4583 Sakura, Zoeterwoude, Netherlands 

Tris T1378 Sigma-Aldrich, Steinheim, Germany 

Trisodium citrate dihydrate A2403 AppliChem, Darmstadt, Germany 

Tris-phosphate A6306 AppliChem, Darmstadt, Germany 

Triton X-100 A1388 AppliChem, Darmstadt, Germany 

Tween 20 9127.1 Roth, Karlsruhe, Germany 

VivoGloTM Luciferin P1041 
Promega, Madison, Wisconsin, United 

States 

Xylol (Isomere) 9713.1 Roth, Karlsruhe, Germany 
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3.10  Consumables 

Name 

 

Order number 

 

Supplier 

 

96-well cell culture dish, flat 

bottom for qPCR 
710880 Biozym, Hess. Oldendorf, Germany 

96-well U-bottom plates 

untreated for flow cytometry 
268152 

Thermo Fisher Scientific, Waltham, 

Massachusetts, United States 

96-well flat bottom plates 

NUNC MaxiSorb for ELISA 
44-2404 

Thermo Fisher Scientific, Waltham, 

Massachusetts, United States 

AmershamTM Protran® 

Premium 0.45 µm NC 
10600003 Sigma Aldrich, Steinheim, Germany 

Amicon® Ultra-15 30k UFC903024 Merck, Darmstadt, Germany 

Bepanthen® Augen- und 

Nasensalbe 

PZN: 

02182442 
Bayer, Leverkusen, Germany 

Cell lifter 3008 Costar, Corning, New York, USA 

Cell strainer (100 µm) 09012020 Sarstedt, Nümbrecht, Germany 

Centrifugation tubes, 

conical, (200 ml) 
376813 

Thermo Scientific, Rochester, NY, 

USA 

CytoFLEX Daily QC 

Fluorospheres 
B53230 Beckman Coulter, Fullerton, CA, USA 

Electroporation cuvette 

(25x2 mm gap) 
71-2020 

EPQLAB Biotechnologies, Erlangen, 

Germany 

Falcon tube (15 ml) 352096 Falcon, Tamaulipas, Mexico 

Falcon tube (50 ml) 352070 Falcon, Tamaulipas, Mexico 
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Name 

 

Order number 

 

Supplier 

 

Filters (0.2 µm) 10462200 GE-Healthcare, Chicago, USA 

Glass Pasteur Pipettes 7477 15 Brand, Wertheim, Germany 

Hard-Shell 96-Well PCR 

Plates, low profile, thin wall, 

skirted, white/clear (qPCR) 

HSP9601 
Bio-Rad Laboratories, Hercules, 

California, United States 

Hypodermic needle (0.4 x 

20 mm) 27G  
465 7705 

Sterican, BRAUN, Melsungen, 

Germany 

Hypodermic needle (0.9 x 

40 mm) 20G  
4657519 

Sterican, BRAUN, Melsungen, 

Germany 

LucentBlue X-ray film 541090 Biozym, Hess. Oldendorf, Germany 

Micro-Fine insulin syringe 

(0.5 ml) 
324876 

Backton Dickinson, Franklin Lakes, 

United States 

Microseals MSB 1001 
BIO-RAD Laboratories, Hercules, CA, 

USA 

Nunclon® ∆-coated 96-well 

cell culture dish, flat bottom 
167008 

Thermo Fisher Scientific, Waltham, 

Massachusetts, United States 

Nunclon® ∆-coated 24-well 

cell culture dish, flat bottom 
142475 

Thermo Fisher Scientific, Waltham, 

Massachusetts, United States 

Nunclon® ∆-coated 6-well 

cell culture dish, flat bottom 
140675 

Thermo Fisher Scientific, Waltham, 

Massachusetts, United States 

Nunclon® ∆-coated 6 cm 

cell culture dish, flat bottom 
150288 

Thermo Fisher Scientific, Waltham, 

Massachusetts, United States 

Nunclon® ∆-coated 10 cm 

cell culture dish, flat bottom 
150350 

Thermo Fisher Scientific, Waltham, 

Massachusetts, United States 

Nunclon® ∆-coated 15 cm 

cell culture dish, flat bottom 
168381 

Thermo Fisher Scientific, Waltham, 

Massachusetts, United States 
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Name 

 

Order number 

 

Supplier 

 

Omnifix-F® syringe 9161406V BRAUN, Melsungen, Germany 

PCR tubes 230895 NUNC, Langenselbold, Germany 

PD-10 column (Seohadex) 17-0851-01 
GE Healthcare Amersham, 

Buckinghamshire, UK 

Pipette filter tips [1-10 µl] 022491202 Eppendorf, Hamburg, Germany 

Pipette filter tips [20 µl] 70.760.213 Sarstedt, Nümbrecht, Germany 

Pipette filter tips [200 µl] 70.760.211 Sarstedt, Nümbrecht, Germany 

Pipette filter tips [1000 µl] 70.762.211 Sarstedt, Nümbrecht, Germany 

Pipette tips [0.1-20 µl] 073.762 Eppendorf, Hamburg, Germany 

Pipette tips [2-200 µl] 073.800 Eppendorf, Hamburg, Germany 

Pipette tips [100-1000 µl] 073.843 Eppendorf, Hamburg, Germany 

Pipettes (stripettes) [5 ml] 4487 Costar, Corning, NY, USA 

Pipettes (stripettes) [10 ml] 4488 Costar, Corning, NY, USA 

Pipettes (stripettes) [25 ml] 4489 Costar, Corning, NY, USA 

Pipettes (stripettes) [50 ml] 4490 Costar, Corning, NY, USA 
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Name 

 

Order number 

 

Supplier 

 

Safe-lock tubes [1.5 ml] 0030 123.328 Eppendorf, Hamburg, Germany 

Safe-lock tubes [2 ml] 00030 123.344 Eppendorf, Hamburg, Germany 

Scalpel BA220 Braun, Tuttlingen, Germany 

Sentina® Ambidextrous NP 

Latex 
141 392 

Lohmann & Rauscher GmbH&Co KG, 

Neuwied, Germany 

SHIELDskinTM, 

orange nitrile 260 
67 6233 

SHIELDScientific, Bennekom, 

Netherlands 

SHIELDskinTM, 

eco nitrile PF 250 
625123 

SHIELDScientific, Bennekom, 

Netherlands 

SuperfrostTM Plus  

glas sildes 
J1800AMNZ 

Thermo Fisher Scientific, Waltham, 

Massachusetts, United States 

SuperSignalTM West Pico 

PLUS Chemiluminescent 

Substrate 

34578 
Thermo Fisher Scientific, Waltham, 

Massachusetts, United States 

Syringe [2 ml] 4646027V Braun, Tuttlingen, Germany 

Syringe [1 ml] 300013 
Luer Lok, BD Plastipak, Heidelberg, 

Germany 

Syringe [50 ml] 300865 
Luer Lok, BD Plastipak, Heidelberg, 

Germany 

Wheaton® Tissue Grinder 358103 Wheaton, Millville, NJ 

Ultraclear centrifuge tubes 344059 
Beckman Coulter, GmbH, Krefeld, 

Germany 

Uncoated 15 cm cell culture 

dish 
83.3903 Sarstedt, Nümbrecht, Germany 
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3.11  Devices 

Name 

 

Supplier 

 

Agarose gel documentation 
Gel Jet imager, Intras, Göttingen, 

Germany 

Agfa CP1000 
X-ray film developing device, AGFA, 

Mortsel, Belgien 

HoeferTM HE33 Agarose gel running 

chambers 

Thermo Fisher Scientific, Waltham, 

Massachusetts, United States 

Autoclave 
Varioklav Steam Sterilizer, Thermo Fisher 

Scientific, Rockford, IL, USA 

Bacteria incubator 
Heraeus B15, Thermo Fisher Scientific, 

Rockford, IL, USA 

Bacteria incubator 
Edmund Bühler Labortechnik TH15, 

KS-15 

Biophotometer Eppendorf, Hamburg, Germany 

Block heater 
HBT-21-32, HLC Haep Labor Consult, 

Bovenden, Germany 

Cell culture incubator 
Heraeus BBD 6220, Thermo Fisher 

Scientific, Rockford, IL, USA 

CytoFLEX Flow Cytometer 
Beckman Coulter GmbH, Krefeld, 

Germany 
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Name 

 

Supplier 

 

 

Centrifuges 

Heraeus Multifuge 3s-r, Thermo Fisher 

Scientific, Rockford, IL, USA 

Microliter centrifuge 5424R, Eppendorf, 

Hamburg, Germany 

Sorvall RC6 Plus with F21 or F10S rotor, 

Thermo Fisher Scientific, Rockford, IL, 

USA 

Optima XE-90 Ultracentrifuge with SW 41 

Rotor, Beckman Coulter, Brea, California, 

United States 

Heraeus Biofuge fresco, Thermo Fisher 

Scientific, Rockford, IL, USA 

Specttrafuge Mini Centrifuge C1301, 

Labnet International, Woodbrigde, NY, 

USA 

Electroporator Micropulser, Bio-Rad, München, Germany 

 

Fluorescence microscope 

Zeiss Axio Scope 2 plus with Axia-Cam 

MRm camera; Carl Zeiss, Göttingen, 

Germany 

Fridge 
Hera Freeze -80°C, Thermo Fisher 

Scientific, Rockford, IL, USA 

Desiccator 467-2120 Kartell, Noviglio, Italy 

Hotplate stirrer 
Heidolph MR 3001K, Heidolph, 

Schwabach, Germany 

Leica cm 3050 s Cryostat Leica, Wetzlar, Germany 
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Name 

 

Supplier 

 

Microscope Leica DM IL, Leica, Wetzlar, Germany 

Multiscan Ex 96-well plate reader 
Thermo Fisher Scientific, Rockford, IL, 

USA 

NanoDrop 3300 
Thermo Fisher Scientific, Rockford, IL, 

USA 

Neubauer cell-counting chamber 
BLAUBRAND®-Zählkammers, Wertheim, 

Germany 

Binocular 
Nikon SMZ-2B, Nikon, Minato, Präfektur 

Tokio, Japan 

Power supply (SDS-PAGE and Western 

Blot) 

PowerPac HC, Bio-Rad, München, 

Germany 

GloMax® luminometer 
Promega, Madison, Wisconsin, United 

States 

Mini Protean 3 Cell 
Bio-Rad Laboratories, Hercules, 

California, United States 

pH meter 
MP225, Mettler, Toledo, Scherzenbach, 

Switzerland 

 

PCR thermocycler 

TECHNE Thermocycler FT GENE 5D 

Techgene, LabTech int., Buckhardtsdorf, 

Germany 

Phosphoscreen cassette 
Storage, molecular dynamics, Amersham, 

Nümbrecht germany 

Shaker MHR20/23 
HLC Haep Labor Consult, Bovenden, 

Germany 

Tube rotator Snijders Scientific, Tilburg, Holland 

Waterbath SUB-14 Grant, Cambridge, UK 
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Name 

 

Supplier 

 

qPCR cycler 
Tratagene Mx 3005P, Aglient 

Technologies, La Jolla, CA, USA 

IVIS 200 in vivo Imaging System 
Caliper Life Science, Waltham, 

Massachusetts, United States 

Dark Reader Transilluminator 
Clare Chemical Research, Dolores, 

Colorado, United States 

 

3.12  Enzymes 

Name 

 

Order Number 

 

Supplier 

 

AflII restriction  

enzyme 
R0520 New England Biolabs, Ipswich, MA, USA 

AflIII restriciton  

enzmye 
R0541 New England Biolabs, Ipswich, MA, USA 

Alkaline phosphatase, 

Calf Intenstinal (CIP) 
M0290L New England Biolabs, Ipswich, MA, USA 

AseI restriction 

enzyme 
R0526 New England Biolabs, Ipswich, MA, USA 

Benzonase E1014 Merck Millipore, Burlington, MA, USA 

DraI restriction  

Enzyme 
R0129 New England Biolabs, Ipswich, MA, USA 

EcoRV restriction 

enzyme 
R0195 New England Biolabs, Ipswich, MA, USA 

HindIII restriction 

enzyme 
R0104 New England Biolabs, Ipswich, MA, USA 
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Name 

 

Order Number 

 

Supplier 

 

KpnI restriction 

Enzyme 
R3142 New England Biolabs, Ipswich, MA, USA 

NotI restriction  

enzyme 
R0189 New England Biolabs, Ipswich, MA, USA 

PvuI restriction  

Enzyme 
R3150 New England Biolabs, Ipswich, MA, USA 

Q5® High-Fidelity DNA 

Polymerase 
M0491S New England Biolabs, Ipswich, MA, USA 

SwaI restriction 

enzyme 
R0604 New England Biolabs, Ipswich, MA, USA 

T4 DNA ligase M0203L New England Biolabs, Ipswich, MA, USA 

XhoI restriction 

enzyme 
R0146 New England Biolabs, Ipswich, MA, USA 

 

3.13  HAdV-5 vectors 

All HAdV-5 vectors used were based on the GenBank ID: AY339865.1.  

3.13.1  Modifications of the vector life cycle 

3.13.1.1 Replication-deficient first-generation vectors 

All first generation HAdV-5 vectors carried a complete deletion of the E1 gene region 

(GenBank ID: AY339865.1, nucleotide (nt) sequence from nt 1 to 440 and from nt 3,523 

to 35,935), rendering them replication deficient and were generated preceding to the 

present study by the Department of Gene Therapy at Ulm University.  
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3.13.1.2 (Conditionally) replication-competent vectors 

Wild-type HAdV-5wt 

HAdV-5wt carried the full-length HAdV-5 genome (GenBank ID: AY339865.1). 

E1A∆24bp mutation 

HAdV-5 vectors carry the E1A∆24bp mutation, referring to a 24 bp deletion within the E1A 

gene region151 (GenBank ID: AY339865.1 nt 919 to 943), which encodes for the E1A 12S 

protein. Due to this mutation, binding of E1A 12S to the retinoblastoma protein (pRb) is 

prevented and hinders E1A-mediated cell cycle progression into the S-Phase, thus 

restricts virus replication to proliferating cells151. 

∆E1B19k mutation 

HAdV-5 vectors carry the E1B19k mutation, referring to a 147 bp deletion within the 

E1B19k gene region302 (GenBank ID: AY339865.1 nt 1770 to 1916), which results in a 

non-functional E1B19k protein. Healthy cells with functional apoptotic pathways, thus are 

assumed to undergo rapid apoptosis upon infection with an E1B19k mutant, while virus 

replication remains feasible in malignant cells. 

∆E3gp19k 

HAdV-5 vectors carry the E3gp19k mutation, referring to a 712 bp deletion within the E3 

gene region (GenBank ID: AY339865.1 nt 28738 to 29450), which deletes the E3gp19k 

gene. The E3gp19k protein binds to MHC class I (MHC-I) proteins and prevents antigen 

presentation at the host cell surface. Thus, cells infected with an E3gp19k mutant should 

become rapidly recognized and eradicated by the host immune system. To maintain the 

stop codon of the upstream located E3-6.7k, the start codon of E3gp19k was additionally 

mutated (…ATGA… to …ATAA…).  
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3.13.2 Modifications of the vector capsid 

HexPos3 

HAdV-5 vectors carry the HexPos3 capsid mutation harbored a 13 aa deletion of mainly 

negatively charged aa within HVR1 of hexon, which were replaced by four consecutive 

positively charged lysine residues (EEEDDDNEDEVDE → KKKK; GenBank ID: 

AY339865.1 nt 19280-19318). 

∆CAR 

HAdV-5 vectors carry the ∆CAR mutation harbored a single aa substitution within the fiber 

knob domain from tyrosine to alanine at aa position 477 (Y477A), which has been shown 

to significantly reduce binding of HAdV-5 particles to their primary attachment receptor 

CAR303.  

3.13.3 Geneti-chemical modification of the vector capsid 

FiberAffilin 

A solvent exposed cysteine, flanked by flexible glycine-rich linkers was genetically 

introduced into the HI-loop of the fiber knob (Protein ID: AAQ19310.1, position: 

downstream of G543, LIGGG-C-GGGID). Attachment of Affilin was achieved by covalent 

cysteine linkage between the surface exposed cysteine of the vector capsid and a 

C-terminal cysteine of Affilin, using a bismalemidohexane linker preceding to the present 

study by the Department of Gene Therapy at Ulm University228.  

HexonAffilin 

A solvent exposed cysteine was genetically introduced into HVR1 of hexon (Protein ID: 

AAQ19298, D151C). Attachment of Affilin was achieved by covalent linkage between the 

surface exposed cysteine of the vector capsid and a C-terminal cysteine of Affilin, using a 

bismalemidohexane linker preceding to the present study by the Department of Gene 

Therapy at Ulm University228.  
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3.13.4 Genetic introduction of reporter genes 

Enhanced green fluorescence protein (eGFP) 

Instead of E1, all replication deficient vectors harbored the enhanced green fluorescence 

protein (eGFP) reporter cassette under regulation of the human cytomegalovirus (CMV) 

promotor with a C-terminal simian virus 40 poly(A) (SV40 poly(A)) signal sequence 

(subcloned from pEGFP-N1 (Clontech Laboratories, Saint-Germain-en-Laye, France). 

eGFP-NanoLuciferase 

Most (conditionally) replicating HAdV-5 vectors were equipped with the 

eGFP-NanoLuciferase reporter cassette (subcloned from pNL1.1. plasmid, N109A, 

Promega) inserted between E1A/E1B open reading frames (GenBank ID: AY339865.1 nt 

1648/1649) and driven by the human CMV promotor. eGFP and NanoLuciferase were 

genetically fused by a 15 aa linker (GWWWFWWWWFWWWWF) and C-terminally 

flanked by the SV40 poly(A) signal sequence.  

FireflyLuciferase 

The conditionally replicating vectors HCRAd-5_∆CAR and HCRAd-5-HexPos3_∆CAR 

were equipped with the Firefly Luciferase reporter cassette (firefly luciferase 

GeneBank ID: MK484107.1, nt 283 to 1932), inserted between E1A/E1B open reading 

frames (GenBank ID: AY339865.1 nt 1648/1649), driven by the human CMV promotor 

and C-terminally flanked by the SV40 poly(A) signal sequence.  
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3.13.5  List of viruses and vectors used in the present study 

Name Life cycle 

modification 

 

Transgene Inserted mutations 

HAdV-5wt 

 

Replication 

competent 

 

eGFP + 

NanoLuciferase 
- 

HAdV-5 

 

Replication 

deficient 

 

eGFP 
∆E1 

 

HAdV-5_∆CAR 

 

Replication 

deficient 

 

eGFP 
∆E1 

∆CAR 

HAdV-5_∆CAR 

FiberAffilin 

 

 

Replication 

deficient 
eGFP 

 

∆E1 

∆CAR 

Affilin covalently coupled 

to the fiber knob 

 

HAdV-5_∆CAR 

HexonAffilin 

 

 

Replication 

deficient 
eGFP 

 

∆E1 

∆CAR 

Affilin covalently coupled 

to hexon 
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Name Life cycle 

modification 

 

Transgene Inserted mutations 

 

HAdV-5_∆CAR 

HexPos3 

 

Replication 

deficient 
eGFP 

 

∆E1 

∆CAR 

HexPos3 

 

HAdV-5 

E1A∆24bp 

Conditionally 

replicating 

 

eGFP + 

NanoLuciferase 

 

E1A∆24bp 

HAdV-5 

E1A∆24bp 

∆E1B19k 

Conditionally 

replicating 

eGFP + 

NanoLuciferase 

 

E1A∆24bp 

∆E1B19k 

 

 

HAdV-5 

E1A∆24bp 

∆E1B19k 

∆E3gp19k 

 

Conditionally 

replicating 

eGFP + 

NanoLuciferase 

E1A∆24bp 

∆E1B19k 

∆E3gp19k 

 

HCRAd-5 

∆CAR 

 

Conditionally 

replicating 

FireFly 

Luciferase 

 

E1A∆24bp 

∆E1B19k 

∆E3gp19k 

∆CAR 

 

HCRAd-5 

HexPos3 

∆CAR 

Conditionally 

replicating 

FireFly 

Luciferase 

 

E1A∆24bp 

∆E1B19k 

∆E3gp19k 

HexPos3 

∆CAR 
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3.14  Kits 

Name 

 

Order Number 

 

Supplier 

 

Counter-Selection BAC 

Modification Kit 

Red/ET Recombination 

K002 

(discontinued) 
GeneBridges, Heidelberg, Germany 

GenElute Mammalian 

Genomic DNA Miniprep 

Kit 

G1N350 Sigma-Aldrich, Steinheim, Germany 

PCR purification Kit 

(250) 
28106 QIagen, Hilden, Germany 

Qiagen Large 

Construction Kit (10) 
12462 Qiagen, Hilden, Germany 

Qiagen Plasmid Midi Kit 

(100) 
12145 Qiagen, Hilden, Germany 

QlAmp DNA Mini Kit 51306 Qiagen, Hilden, Germany 

QlAquick Gel Extraction 

Kit 
28704 Qiagen, Hilden, Germany 
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3.15  PCR primers  

3.15.1 Primers for homologous recombination 

All primers used were commercially purchased synthetic oligos. Bold nucleotides are 

complementary to the respective PCR template. Underlined nucleotides are 

complementary to the target bacmid. 

3.15.1.1 Primers for the insertion of NanoLuciferase between E1A/E1B 

rpsL-neo NanoLuciferase oligos (template provided by the Kit) 

Forward 

primer 

5’-AGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACA

AGGGCCTGGTGATGATGGCGGGATCG-3’ 

Reverse 

primer 

5’-AACCTCTACAAATGTGGTATGGCTGATTATGATCTAGAGTCGCGGCCGC

TTCAGAAGAACTCGTCAAGAAGGCG-3’ 

NanoLuciferase insertion oligos (template: pNL1.1 (Promega)) 

Forward 

primer 

5’-AGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACA

AGGGTGGTGGTGGTTCTGGTGGTGGTGGTTCTGGTGGTGGTGGTTCTGTC

TTCACACTCGAAGATTTCGTTG-3’ 

Reverse 

primer 

5’-AACCTCTACAAATGTGGTATGGCTGATTATGATCTAGAGTCGCGGCCGC

TTTACGCCAGAATGCGTTCGCACAG-3’ 

 

3.15.1.2 Primers to generate E1A∆24bp-carrying vectors 

rpsL-neo E1A∆24bp oligos (template provided by the Kit) 

Forward 

primer 

5’-AGCAGCCGGAGCAGAGAGCCTTGGGTCCGGTTTCTATGCCAAAC

CTTGTAGGCCTGGTGATGATGGCGGGATCG-3’ 

Reverse 

primer 

5’-CAAGACCTGCAACCGTGCCCGGGGTGCTCCACATAATCTAACACA

AACTCTCAGAAGAACTCGTCAAGAAGGCG-3’ 

E1A∆24bp oligos (template: commercially purchased synthetic oligo) 

Forward 

primer 
5’-CCGGTTTCTATGCCAAACCTTGTA-3’ 

Reverse 

primer 
5’-CGTATTCCTCCGGTGATAATGACA-3’ 
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3.15.1.3 Primers to generate E1B∆19k-carrying vectors 

rpsL-neo E1B∆19k oligos (template provided by the Kit) 

Forward 

primer 

5’-CGCCGTGGGCTAATCTTGGTTACATCTGACCTCATGGAGGCTTGG

GAGTGGGCCTGGTGATGATGGCGGGATCG-3’ 

Reverse 

primer 

5’-CCAGAAAATCCAGCAGGTACCCCCCGCTCAGATGGGTTTCTTCGC

TCCATTCAGAAGAACTCGTCAAGAAGGCG-3’ 

E1B∆19k oligos (template: commercially purchased synthetic oligo) 

Forward 

primer 
5’-TTACATCTGACCTCATGGAGGCTT-3’ 

Reverse 

primer 
5’-TCAGATGGGTTTCTTCGCTCCATT-3’ 

 

3.15.1.4 Primers to generate ∆E3gp19k-carrying vectors 

rpsL-neo ∆E3gp19k oligos (template provided by the Kit) 

Forward 

primer 

5’-ATTTATTGTCAGCTTTTTAAACGCTGGGGTCGCCACCCAAGATGAT

TAGGGGCCTGGTGATGATGGCGGGATCG-3’ 

Reverse 

primer 

5’-GGTTGTGTTGGTCATCTCTGTTAGGGTGGGTCGCTGTAGTTGGAC

TGGAATCAGAAGAACTCGTCAAGAAGGCG-3’ 

∆E3gp19k oligos (template: commercially purchased synthetic oligo) 

Forward 

primer 
5’-TTCTCTGCCTAAGGCTCGCCGCCT-3’ 

Reverse 

primer 
5’-TAGCGGCGGCCGCGTTGGTTGTGT-3’ 
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3.15.1.5 Primers to generate Firefly luciferase-carrying vectors 

rpsL-neo Firefly Luciferase oligos (template provided by the Kit) 

Forward 

primer 

5’-TGCAGTCGACGGTACCGCGGGCCCGGGATCCACCGGTCGCCAC

CATGGGCCTGGTGATGATGGCGGGATCG-3’ 

Reverse 

primer 

5’-GTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAA

GTTTCAGAAGAACTCGTCAAGAAGGCG-3’ 

Firefly Luciferase oligos (template: in the lab available bacmid) 

Forward 

primer 

5’-TGCAGTCGACGGTACCGCGGGCCCGGGATCCACCGGTCGCCAC

CATGGAAGACGCCAAAAACATAAAGAAAGG-3’ 

Reverse 

primer 

5’-GTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAAC

AAGTT-3’ 

 

3.15.1.6 Primers to generate ∆CAR-carrying vectors 

rpsL-neo ∆CAR oligos (template provided by the Kit) 

Forward 

primer 

5’-GATTTGACGAAAATGGAGTGCTACTAAACAATTCCTTCCTGGACCCAGAA

GGCCTGGTGATGATGGCGGGATCG-3’ 

Reverse 

primer 

5’-GCGTTTGTATAGGCTGTGCCTTCAGTAAGATCTCCATTTCTAAAGTTCCA

TCAGAAGAACTCGTCAAGAAGGCG-3’ 

∆CAR oligos (template: in the lab available bacmid) 

Forward 

primer 
5’-AACTTTGTGGACCACACCAGC-3’ 

Reverse 

primer 
5’-TGCACTTGGAGTTGTGTCTCC-3’ 
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3.15.1.7 Primers to generate HexPos3-carrying vectors 

rpsL-neo HexPos3 oligos (template provided by the Kit) 

Forward 

primer 

5’-CAAATCCTTGCGAATGGGATGAAGCTGCTACTGCTCTTGAAATAA

ACCTAGGCCTGGTGATGATGGCGGGATCG-3’ 

Reverse 

primer 

5’-CCAGAATAAGGCGCCTGCCCAAATACGTGAGTTTTTTGCTGCTCA

GCTTGTCAGAAGAACTCGTCAAGAAGGCG-3’ 

HexPos3 oligos (template: in the lab available bacmid) 

Forward 

primer 
5’-TTTTAAGCCCTACTCTGGCACTGC-3’ 

Reverse 

primer 
5’-CCTTCGACACCTATTTGAATACCC-3’ 

3.15.2 qPCR primers  

Primer for amplification of the HAdV-5 E4 gene region 

Forward 

primer 
5’-TAGACGATCCCTACTGTACG-3’ 

Reverse 

primer 
5’-GGAAATATGACTACGTCCGG-3’ 

Primer for amplification of human β-actin 

Forward 

primer 
5’-GCTCCTCCTGAGCGCAAG-3’ 

Reverse 

primer 
5’-CATCTGCTGGAAGGTGGACA-3’ 

Primer for amplification of murine β-actin 

Forward 

primer 
5’-CAAGGAGTGCAAGAACACAG-3’ 

Reverse 

primer 
5’-GCCTTGGAGTGTGTATTGAG-3’ 
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3.16  Plasmids  

3.16.1 pBSK-CMV 

The pBSK-CMV expression plasmid was used for cloning of 

pBSK-CMV_H1-FAP5(VH-VL)-S11(VH-VL)-FLAG and pBSK-CMV_hFAP by NotI 

digestion. A schematic illustration is shown in figure 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Schematic illustration of the organization of pBSK-CMV 
Shown are the approximate positions of the Ampicillin resistance gene, the Ampicillin promoter, CMV 

promoter, the origin of replication (ColE1 ori) and the position of the NotI restriction site used for cloning. 

Amp: Ampicillin, ColE1 ori: origin of replication.   
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3.17  Software 

Name Purpose 

ChemCapture Software for Gel Jet imager 

CytExpert Software for Beckman Coulter CytoFlex 

GLOMAX 
Software for Promega GloMax 

Luminometer 

Leica Application Suite 
Imaging Program for fluorescence 

microscope 

Living Image® 
Imaging program for IVIS 200 in vivo 

Imaging System 

Microsoft Office 365 Data analysis, word processing 

RStudio software (version 4.1.2) Statistical analysis 

Serial Cloner (version 2.6.1) In silico cloning, sequence analysis 

 

 

 

 

 

 

 

 



Methods 

69 
 

4 Methods 

4.1 Nucleic acid methods 

4.1.1 Determination of DNA concentrations by optical density measurement 

DNA samples were diluted 1:100 in ddH2O and extinction was measured at a wavelength 

of 260 nm. Based on the path length of the cuvette (1 cm) and a given extinction coefficient 

of 0.02 
µl

ng ∗ cm
 , DNA concentrations were calculated based on the Lambert-Beer’s law 

according to the following formula:  

c = 
Eʎ

ɛʎ ∗ d
  

  ʎ = wavelength [nm] 

  Eʎ: extinction at a wavelength of 260 nm 

  d = path length of the cuvette 

  c = DNA concentration [ng/µl] 

  ɛʎ = extinction coefficient at wavelength ʎ [
µl

ng ∗ cm
] 

4.1.2 DNA precipitation 

The sample volume was determined and 10% of sodium acetate (3 M, pH 5.2) were 

added. The sample was mixed with 2.5-fold the sample volume of 100% EtOH, carefully 

inverted and centrifuged at 20,817 x g for 15 min. The supernatant was removed and the 

obtained pellet was overlayed with 250 µl 70% EtOH. Again, the sample was centrifuged 

as described, and the obtained pellet was air-dried. Depending on the intended use, 

precipitated DNA was finally dissolved in an appropriated amount of either ddH2O, Tris- 

or TE-buffer and stored at 4 °C.  
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4.1.3 Enzymatic DNA digestion  

4.1.3.1 Qualitative restriction analysis 

For qualitative restriction analysis, 200 ng DNA were digested at the temperature optimum 

of the respective restriction enzyme for 2 h. The composition of a single reaction mix is 

listed in table 1.  

Table 1: Reaction mix for qualitative restriction analysis 

Component 

 

Volume 

DNA sample (200 ng/µl) 1 µl 

Reaction buffer (10x) 2 µl 

Restriction enzyme 1 µl 

ddH20 16 µl 

Total volume 20 µl 

 

4.1.3.2 Preparative DNA digestion 

For preparative DNA digestion, 15 µg of DNA were digested at the temperature optimum 

of the respective restriction enzyme, o/n. The composition of a single reaction mix is listed 

in table 2.   

Table 2: Reaction mix for preparative restriction analysis 

Component 

 

Volume 

DNA sample (1 µg/µl) 15 µl 

Reaction buffer (10x) 10 µl 

Restriction enzyme 5 µl 

ddH20 70 µl 

Total volume 100 µl 
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4.1.3.3 Linearization of HAdV-5 genomes from bacmid DNA 

For linearization of HAdV-5 genome-containing bacmid pBeloBacGS66 (see 3.5.1), 10 µg 

of bacmid DNA were digested with SwaI in a total volume of 100 µl at 25 °C, o/n. The 

composition of a single reaction mix is listed in table 3. 

Table 3: Reaction mix for linearization of HAdV-5 genome containing bacmid pBeloBacGS66 

Component 

 

Volume 

DNA sample (1 µg/µl) 10 µl 

Reaction buffer (10x) 10 µl 

SwaI  5 µl 

ddH20 75 µl 

Total volume 100 µl 

 

4.1.4 Qualitative agarose gel electrophoresis 

Qualitative agarose gel electrophoresis was performed using 1% agarose gels dissolved 

in TBE-buffer containing EtBr (1 drop per 50 ml gel). Enzymatically digested DNA 

(see 4.1.3.1) was mixed with 2.2 µl DNA loading buffer (10x), loaded onto the gel and 

separated at 120 V for 1-4 h. To determine fragment sizes, 7 µl of 1 kb DNA ladder were 

additionally loaded onto the gel and DNA was visualized by UV-exposure using the Gel 

Jet imager device.  

4.1.5 Purification of DNA fragments with a length > 7 kbp  

DNA fragments larger than 7 kbp and SwaI digested Bacmid DNA (see 4.1.3.3) were 

separated using 1% agarose gels dissolved in TAE-buffer containing EtBr (1 drop per 

50 ml gel) at 120 V for 2-4 h. The DNA fragment of the expected size was cut out from the 

gel, sliced into pieces, and transferred into a 2 ml reaction tube. The gel weight was 

determined, mixed with an equal amount of phenol (v/w) and snap-frozen in liquid 

nitrogen. Subsequently, the sample was slowly thawed at RT and centrifuged at 

20,817 x g for 15 min. The obtained upper phase was transferred into a new 2 ml reaction 

tube and the sample volume was determined. An equal amount of chloroform-isoamyl 
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alcohol (24:1) was added to the sample, thoroughly mixed for ~ 1 min, and centrifuged at 

20,817 x g for 15 min. Again, the upper phase was transferred into a new 1.5 ml reaction 

tube and the sample volume was determined. Subsequently, the sample was mixed with 

ice-cold isopropanol according to 0.7-fold the sample volume and incubated at -20 °C for 

30 min. The sample was centrifuged at 20,817 x g for 30 min, the supernatant removed 

and the obtained pellet was resuspended in 150 µl TE-buffer. Finally, the DNA was 

precipitated as described in 4.1.2, dissolved in an appropriate amount of TE-buffer and 

stored at 4 °C.  

4.1.6 Polymerase chain reaction (PCR) for homologous recombination 

DNA fragments used for homologous recombination (see 4.4.6) were generated by PCR. 

The used primers and templates are listed in the Materials section (see 3.15.1). 

4.1.6.1 Amplification of rpsL-neo cassette containing fragments  

DNA fragments carrying the rpsL-neo cassette were amplified using primers harboring a 

24 bp sequence complementary to the rpsL-neo template (GeneBridges) with additional 

50 bp 5’-overhangs complementary to the target HAdV-5 bacmid sequence (see 3.15.1). 

PCR reactions were prepared and performed as listed in table 4 and table 5. 

Table 4: Sample preparation for amplification of a rpsL-neo containing DNA fragment.  

Component 

 

Volume 

 

Final concentration 

 

Q5 reaction buffer (5x) 80 µl 1x 

Q5 enhancer (5x) 80 µl 1x 

dNTPs (10 mM) 8 µl 200 µM 

Foreward primer (10 µM) 20 µl 0.5 µM 

Reverse primer (10 µM) 20 µl 0.5 µM 

DNA template (rpsL-neo cassette) 4 µl 0.5 ng/µl 

Q5 High-Fidelity Polymerase (1 U/µl) 4 µl 0.01 U/µl 

ddH2O Ad. 400 µl - 
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Table 5: Thermocycle protocol for the generation of rpsL-neo containing DNA fragments. 

Step 

 

Temperature 

 

Time 

 

Cycles 

 

Initial heat 98 °C 30 sec 1 

Denaturation 98 °C 10 sec 

25 Annealing 60 °C 30 sec 

Elongation 72 °C 1.5 min 

Final elongation 72 °C 2 min 1 

Storage 4 °C ∞ - 

 

4.1.6.2 Amplification of insertion oligos  

Insertion oligos, harboring the mutated sequence of interest flanked by sequences 

homologous to the target HAdV-5 bacmid were amplified from commercially acquired 

template oligos or DNA constructs available in the laboratory. The used primers are listed 

in the Materials section (see 3.15.1). PCR reactions were prepared and performed as 

listed in table 6 and table 7, respectively. 

Table 6: Sample preparation for the amplification of an insertion oligo. 

Component 

 

Volume 

 

Final concentration 

 

Q5 reaction buffer (5x) 80 µl 1x 

Q5 enhancer (5x) 80 µl 1x 

dNTPs (10 mM) 8 µl 200 µM 

Foreward primer (10 µM) 20 µl 0.5 µM 

Reverse primer (10 µM) 20 µl 0.5 µM 

DNA template  4 µl 0.5 ng/µl 

Q5 High-Fidelity Polymerase (1 U/µl) 4 µl 0.01 U/µl 

ddH2O Ad. 400 µl - 
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Table 7: Thermocycle protocol for the generation of an insertion oligo. 

Step 

 

Temperature Time Cycles 

Initial heat 98 °C 30 sec 1 

Denaturation 98 °C 10 sec  

25 Annealing 58-63 °C 30 sec 

Elongation 72 °C 30 sec/kb 

Final elongation 72 °C 2 min 1 

Storage 4 °C ∞ - 

 

4.1.7 Purification of DNA fragments with a length < 7kbp  

DNA fragments smaller than 7 kbp were purified using the QlAquick® Gel Extraction Kit 

(250) (Qiagen). First, DNA fragments were separated by agarose gel electrophoresis 

using an 1% agarose gel dissolved in TAE buffer containing EtBr (1 drop per 50 ml gel) at 

120 V for 2-4 h. PCR fragments were cut out from the gel, transferred into a 2 ml reaction 

tube and the sample weight was determined. Three volumes the gel weight of buffer QG 

(Qiagen) were added and incubated at 50 °C. Once the gel was completely dissolved, the 

sample was loaded onto a QlAquick spin column (Qiagen), centrifuged at 20,817 x g for 

1 min and the flow through was discarded. To remove any remaining gel from the column, 

500 µl of buffer QG were added, centrifuged at 20,817 x g for 1 min and the flow through 

again was discarded. For washing, 750 µl of buffer PE (Qiagen) were added to the column, 

centrifuged as described and the flow through was discarded. Washing was repeated 

once, followed by an additional centrifugation step at 20,817 x g to remove any remaining 

washing buffer from the column. To elute bound DNA, the column was placed onto a new 

1.5 ml reaction tube, 50 µl of ddH2O were added, incubated at RT for 10 min and 

centrifuged at 20,817 x g for 1 min. DNA concentrations were determined as described in 

4.1.1 and samples were stored at 4 °C until further use. 
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4.1.8 Quantitative real time polymerase chain reaction (qPCR) 

qPCR was used to quantify the amount of adenoviral genome copy numbers within DNA 

samples by detection of the adenoviral E4 gene region. DNA concentrations of samples 

were determined as described in 4.1.1 and diluted in ddH2O to a final concentration of 

10 ng/µl. Samples were normalized to the β-actin copy numbers in the respective sample. 

Isolated and purified HAdV-5 genome DNA with defined genome copy numbers/µl was 

used as a reference. The used primers to amplify E4 and β-actin are listed in the Material 

section 3.15.2. The composition of a single qPCR reaction mix and the used thermocycle 

protocol are listed in table 8 and table 9, respectively. 

Table 8: Composition of a single qPCR reaction mix. 

Component 

 

Volume 

 

Final concentration 

 

KAPA SYBR FAST qPCR Master Mix (2x) 10 µl 1x 

Forward primer [10 µM] 0.4 µl 200 nM 

Reverse primer [10 µM] 0.4 µl 200 nM 

Template [10 ng/µl] 2 µl 1 ng/µl 

ddH2O Ad. 20 µl - 

 

Table 9: Thermocycle protocol for qPCR analysis. 

 

Step 

 

Temperature Time Cycles 

Initial heat 95 °C 10 min 1 

Denaturation 95 °C 30 sec 

40 
Annealing&Elongation 60 °C 20 sec 

Melting curve 50-95 °C 
15 sec / 1 °C 

increment 
1 

Storage 4 °C ∞ 1 
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4.1.9 Cloning of pBSK-CMV_H1-FAP5(VH-VL)-S11(VH-VL)-FLAG 

4.1.9.1 Design of the FAP5-S11-FLAG bispecific adapter molecule 

The FAP5-S11-FLAG bispecific adapter molecule was designed by genetic fusion of the 

two single chain variable fragments (scFv) scFvFAP5 and scFvS11, binding the fibroblast 

activation protein and adenovirus fiber knob, respectively. To this end, the two 

subdomains of the respective scFv, consisting out of the variable heavy (VH) and variable 

light (VL) chain derived from either the FAP binding antibody mAb FAP5304 or the HAdV-5 

fiber knob binding scFvS11253 were genetically fused via flexible glycine-serine linkers 

((G4S)3) and the resultant scFvFAP5 and scFvS11 were fused to each other by a short 

glycine-serine linker (G4S). An N-terminal signal peptide (H1)305 as well as a C-terminal 

FLAG-Tag were added for protein secretion and detection, respectively. Upstream of the 

start codon, a Kozak-sequence was introduced and NotI restriction sites were added at 

both the 5’- and 3’-ends for subsequent cloning. The corresponding DNA sequence was 

codon optimized for homo sapiens expression and synthesized by GeneArts. A schematic 

illustration of the design of the H1-FAP5(VH-VL)-S11(VH-VL)-FLAG expression cassette is 

shown in figure 8. 

 

 

Figure 8: Genetic design of the H1-FAP5(VH-VL)-S11(VH-VL)-FLAG expression cassette.  
KS: Kozak sequence; H1: signal peptide; VH: variable heavy chain, VL: variable light chain; scFv: single 
chain variable fragment, FT: FLAG-Tag. 
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4.1.9.2 Generation and purification of the H1-FAP5(VH-VL)-S11(VH-VL)-FLAG insert 

The H1-FAP5-S11-FLAG plasmid (GeneArts) was digested with NotI as described in 

4.1.3.2. The digested DNA was separated by agarose gel electrophoresis and prepared 

as described in 4.1.7. The purified insert was eluted in 20 µl ddH2O, DNA concentration 

was determined as described in 4.1.1 and the sample was short-term stored at 4 °C. 

4.1.9.3 Linearization, dephosphorylation and purification of pBSK-CMV  

The pBSK-CMV plasmid (see 3.16.1) was digested with NotI as described in 4.1.3.2. The 

next day, 0.5 µl calf intestinal (alkaline) phosphatase (CIP) was added to the reaction mix 

and incubated at 45 °C for 45 min to remove 5’-phosphate groups from the free DNA ends. 

Subsequently, the linearized and dephosphorylated DNA was purified by phenol 

extraction. To this end, the reaction mix was adjusted to 100 µl with TE-buffer, an equal 

volume of phenol was added and sample thoroughly mixed for ~1 min. The sample was 

centrifuged at 20,817 x g for 5 min and the upper phase was transferred into a new 1.5 ml 

reaction tube. The sample volume was determined, an equal amount of chloroform-

isoamyl alcohol (24:1) was added and thoroughly mixed for ~ 1 min. After centrifugation 

at 20,817 x g for 5 min, the upper phase was transferred into a new 1.5 ml reaction tube 

and the sample volume was determined. The sample was mixed with 0.7-fold the sample 

volume of ice-cold isopropanol, gently inverted, and incubated at -20 °C for 1 h, followed 

by centrifugation at 20,817 x g for 15 min. The obtained DNA was resuspended in 

TE-buffer, precipitated as described in 4.1.2, dissolved in an appropriate amount of 

TE-buffer and stored at 4 °C. 

4.1.9.4 Ligation of the H1-FAP5(VH-VL)-S11(VH-VL)-FLAG insert and linearized 

pBSK-CMV 

The NotI-digested and purified H1-FAP5(VH-VL)-S11(VH-VL)-FLAG insert described in 

4.1.9.2 was ligated with the NotI-digested and dephosphorylated linear pBSK-CMV vector 

DNA described in 4.1.9.3. For ligation, insert and vector DNA were mixed to a molecular 

ratio of 5:1 (insert:vector) in 8 µl ddH2O and 1 µl of T4 ligase buffer (10x) as well as 1 µl 

T4 ligase were added and incubated at RT for 30 min. Subsequently, 1 µl of the ligation 

mix was transformed in E.coli DH10β as described in 4.4.1 and bacteria were plated onto 
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LB-agar plates supplemented with 100 µg/ml Ampicillin and incubated at 37 °C o/n. The 

next day, single clones were picked and inoculated for small-scale plasmid preparation as 

described in 4.4.2. One clone carrying the correct pBSK-CMV_H1-FAP5(VH-VL)-S11(VH-

VL)-FLAG plasmid was finally used for large-scale plasmid preparation as described 

in 4.4.3. 

4.1.10 Cloning of pBSK-CMV_hFAP 

The full-length amino acid sequence of human fibroblast activation protein (hFAP) was 

obtained from the UniProt data base (UniProt ID: Q12884). Upstream of the start codon, 

a Kozak sequence was added and NotI restriction sites were introduced at the 5’- and 

3’-ends. The corresponding DNA sequence was codon optimized for homo sapiens 

expression and synthesized by GeneArts. Subsequent cloning of pBSK-CMV_hFAP was 

analogously performed as described for pBSK-CMV_H1-FAP5(VH-VL)-S11(VH-VL)-FLAG 

in section 4.1.9.  

4.1.11 Isolation of viral DNA 

Viral DNA was isolated from 200 µl viral stock solution (see 4.6.1.3) using the QlAmp DNA 

Mini Kit (250) (Qiagen) according to the manufacturers protocol. Eluted DNA was 

precipitated as described in 4.1.2 and finally resuspended in 20 µl TE-buffer at 4 °C o/n. 

The next day, the DNA concentration was determined as described in 4.1.1 and genome 

integrity was validated by enzymatic restriction analysis (see 4.1.3.1) and agarose gel 

electrophoresis (see 4.1.4). The obtained band patterns were compared to theoretical 

restriction patterns.  

4.1.12 DNA extraction from tissue samples 

DNA extractions from organs and tumors were performed using the GenElute Mammalian 

Genomic DNA Miniprep Kit (SigmaAldrich). A small piece of tissue (~ 10 mg) was 

incubated in 180 µl lysis buffer T (Kit) supplemented with 20 µl Proteinase K (Kit) at 56 °C, 

o/n. The next day, 20 µl RNAse were added, briefly vortexed and incubated at RT for 

2 min. As a next step, 200 µl of Lysis buffer C (Kit) were added, thoroughly vortexed 

(10-15 sec) and incubated at 70 °C for 10 min. Meanwhile, a nucleic acid binding column 

was equilibrated by adding 500 µl column preparation solution (Kit), followed by 
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centrifugation at 20,817 x g for 1 min. The flow through was discarded, 200 µl 100% EtOH 

were added to the sample and thoroughly vortexed. The sample was loaded onto the 

equilibrated nucleic acid binding column and centrifuged at 20,817 x g for 10 min. The 

column was  washed twice by adding 500 µl wash buffer (Kit), followed by centrifugation 

at 20,817 x g for 1 min. To elute bound DNA, 200 µl Tris-buffer were added, incubated at 

RT for 10 min and subsequently centrifuged at 20,817 x g for 1 min. Samples were either 

stored short-term at 4 °C or frozen at -20 °C for long term storage. 

4.2 Protein based methods 

4.2.1 SDS-PAGE  

Either 100 µg total protein (CAP-T cell lysates) or 27µl of 18x concentrated CAP-T cell 

culture supernatant (see 4.5.6) was mixed with 10x SDS-loading buffer and heated at 

96 °C for 5 min. Denatured samples were loaded on a 8% resolving gel with a 5% stacking 

gel and separated at 100 V for 2-4 h in SDS-running buffer. To determine protein sizes, 

7 µl of Precision Plus Protein marker were loaded.  

4.2.2 Silver staining 

Silver staining was used to validate vector stock purity after vector purification (see 4.6.1). 

To this end, 1x1010 VPs were separated by SDS-PAGE (see 4.2.1) and protein bands were 

subsequently visualized by silver staining: First, protein gels were fixed in fixation buffer 

for 30 min and subsequently washed in 50% EtOH for 15 min. Proteins were equilibrated 

in equilibration buffer for 1 min, followed by three consecutive washing steps in ddH2O for 

~ 20 sec each. Next, proteins were impregnated in impregnation buffer for 20 min and 

again washed three times as described. Proteins were finally visualized by incubation in 

developing solution for 1-10 min. Finally, staining was stopped first by washing the gel in 

ddH2O and subsequent transfer into stop solution for 5 min. 
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4.3 Biochemical methods 

4.3.1 Western Blot analysis for detection of FAP5-S11-FLAG 

Samples from SDS-PAGE (4.2.1) were transferred to a nitrocellulose membrane using 

wet-blot blotting technique at 100 V for 45 min in transfer buffer. The membrane was 

blocked in blocking buffer (TBS-T-buffer containing 5% skim milk powder) at RT for 1 h 

and subsequently incubated with primary antibody mouse α-FLAG-M2 (diluted 1:250 in 

TBS-T) at 4 °C, o/n, rotating. The membrane was washed three times in TBS-T for 15 min 

each and incubated with secondary antibody rabbit α-mouse-IgG (whole molecule)-HRP 

(diluted 1:20,000 in blocking buffer) at RT for 1 h. The membrane was washed as 

described and incubated in Super Signal West Pico solution for ~ 1 min. Signals were 

detected using an X-ray film (Amersham HyperfilmTM ECL) that was exposed to the 

membrane for ~3-5 min and developed using the Agfa CP 100 developing device.  

4.3.2 ELISA to detect binding of FAP5-S11-FLAG to the HAdV-5 capsid 

96-well flat bottom Maxi sorb ELISA plates were coated with 1x109 vector particles per 

well, dissolved in 100 µl ELISA coating buffer at 4 °C, o/n. The next day, plates were 

washed three times with 200 µl/well washing buffer and blocked with 150 µl/well 

SuperBlockTM at RT for 1 h. Plates were washed five times as described and 150 µl/well 

of 18x concentrated CAP-T cell culture supernatant (see 4.5.6) at the indicated dilution 

were added. Plates were incubated at RT for 1 h and subsequently washed five times as 

described. Subsequently, 150 µl/well of primary antibody mouse α-FLAG-M2 (1:2000 in 

DPBS) were added and incubated at RT for 1 h. Again, plates were washed five times as 

described and incubated with 150 µl/well of secondary antibody rabbit α-mouse-IgG 

(whole molecule)-HRP antibody (1:10,000 in DPBS) at RT for 1 h. Plates were washed as 

described and 100 µl/well of 1-step ultra TMB-ELISA substrate were added and incubated 

at RT for 5-30 min. Substrate turnover was stopped by adding 100 µl of 2 M H2SO4 and 

quantified by optical density measurement at 450 nm using the Multiscan EX ELISA-

Reader. 
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4.3.3 Detection of cell surface receptor expression and FAP5-S11-FLAG binding to 

hFAP by flow cytometric analysis  

Indicated cells were washed with DPBS and detached using TrypLE select. Fully detached 

cells were resuspended in DPBS containing 10% FBS and subsequently centrifuged at 

180 x g for 10 min. Cells were washed twice with DPBS, resuspended in an appropriate 

volume of DPBS containing 0.5% FCS (PBS/FCS) and counted as described in 4.5.3. As 

a next step, cells were diluted to a final concentration of 1x106 cells/ml in PBS/FCS and 

incubated with 5 µl/ml human Fc receptor (human) blocking reagent at 4 °C for 30 min, 

rotating. Subsequently, cells were washed twice with 200 µl PBS/FCS and 2x105 cells 

were incubated with indicated primary antibodies at 4 °C for 1 h. Cells were washed three 

times as described and incubated with indicated secondary antibodies at 4 °C for 1 h in 

the dark. After incubation with antibodies, cells were again washed as described, 

resuspended in an appropriate volume of PBS/FCS and analyzed by flow cytometric 

analysis using the CytoFLEX flow cytometer.  

4.3.3.1 Detection of EGFR  

A549, UD-SCC-2, UM-SCC-11B and SK-Mel-28 cells were incubated with primary mouse 

α-human EGF receptor antibody (diluted 1:100 in PBS/FCS) and secondary 

sheep α-mouse IgG-FITC antibody (diluted 1:50 in PBS/FCS).  

 

4.3.3.2 Detection of the human fibroblast activation protein (hFAP) 

HEK293T, HeLa, HEK293ThFAP, and HeLahFAP (both established by transient 

transfection (see 4.5.4) with pBSK-CMV_hFAP (see 4.1.10)) cells were incubated with 

primary mouse α-fibroblast activation protein antibody (diluted 1:200 in PBS/FCS) and 

secondary sheep α-mouse IgG-FITC antibody (diluted 1:50 in PBS/FCS). 
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4.3.3.3 Binding of FAP5-S11-FLAG to hFAP  

HEK293T, HeLa,  HEK293ThFAP and HeLahFAP (both established by transient 

transfection (see 4.5.4) with pBSK-CMV_hFAP (see 4.1.10)) were incubated with 

18x concentrated cell culture supernatants of pBSK-CMV_H1-FAP5(VH-VL)-S11(VH-VL)-

FLAG transfected CAP-T cells (see 4.5.6)  at 4 °C for 1 h. As a negative control, 18x 

concentrated cell culture supernatants of untransfected CAP-T cells were used. Cells 

were washed three times with 200 µl PBS/FCS and incubated with primary mouse 

α-FLAG-M2 antibody (diluted 1:200 in PBS/FCS) and secondary sheep α-mouse 

IgG-FITC antibody (diluted 1:50 in PBS/FCS). 

4.3.4 Immunohistochemical staining of cell lines 

SK-Mel-28 or UD-SCC-2 cells were seeded on glass slides within 24-plates as described 

in 4.5.3 and cultivated under standard conditions, o/n. The next day, cells were washed 

with 500 µl DPBS and fixed in 4% PFA at RT for 15 min. Cells were washed twice with 

DPBS and blocked with blocking buffer (5% BSA, 10% FCS, dissolved in DPBS) at RT for 

1 h. Subsequently, cells were incubated with 250 µl of the indicated antibodies. All 

antibodies and Affilin were diluted in REALTM antibody diluent and cell nuclei were stained 

with 4′,6-diamidino-2-phenylindole (DAPI) at RT for 1 min. After staining, cells were 

covered with fluorescence mounting medium for fluorescence microscopic evaluation. 

4.3.4.1 Detection of EGFR 

Cells were incubated with primary antibody mouse α-EGFR (diluted 1:100) at 4 °C, o/n. 

The next day, cells were washed three times with DPBS and incubated with secondary 

antibody goat α-mouse IgG-Alexa488 (diluted 1:500) at RT for 3 h.  

4.3.4.2 Binding of Affilin to EGFR  

Cells were incubated with Strep-tagged Affilin (250 nM) at 4 °C, o/n. The next day, cells 

were washed three times with DPBS and incubated with rabbit α-Strep Tag antibody 

(diluted 1:500) at RT for 1 h. Cells again were washed three times with DPBS and 

incubated with secondary antibody goat α-rabbit-IgG-Alexa594 (diluted 1:500) at RT for 

3 h.  
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4.3.5 Immunohistochemical staining of snap-frozen tumor sections 

Cryo-sections of snap-frozen and TissueTek embedded tissue samples with a thickness 

of 6 µm were prepared using the Leica cryostat and air-dried at RT, o/n. The next day, 

tissue sections were fixed twice in ice-cold acetone for 15 min and blocked with blocking 

buffer (5% BSA and 10% goat serum dissolved in DPBS) at RT for 1 h. To analyze for 

tissue vascularization, sections were incubated with primary antibody rat α-mouse CD31 

(diluted 1:200) and secondary antibody goat α-rat IgG Alexa488 (diluted 1:500). For 

detection of EGFR, sections were incubated with primary antibody mouse α-EGFR 

(diluted 1:100) and secondary antibody goat α-mouse-IgG Alexa594 (diluted 1:500). 

Binding of Affilin was analyzed using Strep-tagged Affilin (250 nM) followed by incubation 

with rabbit α-Strep-Tag antibody (diluted 1:500) at RT for 1 h and secondary antibody goat 

α-rabbit-IgG Alexa594 (diluted 1:500). All antibodies and Affilin were diluted in REALTM 

Antibody diluent. Incubation with primary antibodies and Affilin was performed at 4 °C o/n 

and after three consecutive washing steps by incubation in DPBS for 5 min each, tissue 

sections were incubated with secondary antibodies at RT for 3 h. After three additional 

washing steps, cell nuclei were stained with DAPI at RT for ~ 1 min, washed again three 

times and covered with fluorescence mounting medium for fluorescence microscopic 

evaluation.  

4.4 Bacteria based methods  

4.4.1 Transformation of Escherichia coli (E.coli) DH10β 

E.coli DH10β were thawed on ice and diluted 1:10 in ddH2O in a final volume of 20 µl. As 

a next step, 100 ng of either plasmid or bacmid DNA, dissolved in 1 µl ddH2O were added, 

gently mixed, and incubated on ice for ~1 min. Cells were transferred into a precooled 

electroporation cuvette and electroporated (electric field strength of E = 12.5 kV/cm). 

Subsequently, cells were swiftly transferred to 500 µl LB medium and incubated at 37 °C 

and 800 rpm for 30 min, if not stated otherwise. Cells were plated onto LB-agar dishes 

containing the respective selection antibiotic(s) and incubated at 37 °C for 12-16 h, if not 

stated otherwise.     
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4.4.2 Small scale plasmid preparation 

A single colony of E.coli DH10β transformed with either 

pBSK-CMV_H1-FAP5(VH-VL)-S11(VH-VL)-FLAG (see 4.1.9) or pBSK-CMV_hFAP 

(see 4.1.10) was inoculated into 1.8 ml LB-medium containing 100 µg/ml ampicillin and 

incubated at 37 °C at 800 rpm, o/n. The next day, 10 µl of the o/n culture was used to 

inoculate 1.8 ml of fresh LB-medium containing 100 µg/ml ampicillin followed by cultivation 

at 37 °C at 800 rpm over the day. The remaining o/n culture was centrifuged at 20,817 x g 

and supernatant was aspirated. The obtained pellet was resuspended in 200 µl 

TELT-buffer and incubated at 96 °C for 3 min, followed by incubation on ice for additional 

5 min. Subsequently, the lysate was centrifuged at 20,817 x g for 10 min to precipitate cell 

debris and the cleared supernatant was transferred into a new 1.5 ml reaction tube. The 

sample was mixed with 100 µl of ice-cold isopropanol, gently inverted several times and 

again centrifuged at 20,817 x g for 10 min. Supernatant was aspirated and precipitated 

DNA was overlayed with 100 µl of 70% EtOH. After centrifugation at 20,817 x g for 10 min, 

the supernatant was removed, the obtained DNA pellet was air-dried several minutes and 

dissolved in 20 µl TE-buffer. To verify for the correct plasmid sequence of 

pBSK-CMV_H1-FAP5(VH-VL)-S11(VH-VL)-FLAG and pBSK-CMV_hFAP, 5 µl of purified 

plasmid DNA were used for enzymatic DNA digestion (see 4.1.3.1) and subsequent 

agarose gel electrophoresis (see 4.1.4). One clone showing the correct band pattern was 

chosen to inoculate large scale plasmid preparation. To this end, 200 ml of LB-medium 

containing 100 µg/ml Ampicillin were inoculated with 50 µl of the over day culture of the 

respective clone and cultivated at 37 °C and 300 rpm, o/n.   

4.4.3 Large scale plasmid preparation 

Large scale plasmid preparations were performed using the Qiagen Plasmid Midi Kit 

according to the manufactures protocol. Inoculated o/n culture (see 4.4.2) was centrifuged 

at 4,400 x g for 20 min, the supernatant was discarded and the obtained bacteria pellet 

resuspended in 10 ml buffer P1 (resuspension buffer). Subsequently, 10 ml buffer P2 

(lysis buffer) were added, gently inverted, and incubated at RT for 5 min. Cell lysis was 

stopped by addition of 10 ml buffer P3 (neutralization buffer), gentle mixing and incubation 

on ice for 15 min, followed by centrifugation at 26,640 x g for 30 min. A genomic-tip 500G 



Methods 

85 
 

DNA purification column (Qiagen) was equilibrated with 10 ml buffer QBT (equilibration 

buffer) and the cleared cell lysate was loaded onto the column. The column was washed 

twice with 30 ml buffer QC (wash buffer) and bound plasmid DNA was eluted by adding 

15 ml buffer QF (elution buffer). Subsequently, 10.5 ml of ice-cold isopropanol were added 

to the eluate, gently inverted, and incubated at -20 °C for at least 1 h. Afterwards, the 

solution was centrifuged at 2,241 x g for 30 min and the supernatant was discarded. The 

obtained DNA pellet was resuspended in 300 µl TE-buffer and precipitated as described 

in 4.1.2. The obtained DNA pellet was air dried, resuspended in an appropriate volume of 

TE-buffer and stored at 4 °C until further use.    

4.4.4 Small scale bacmid preparation 

Small scale bacmid preparation was performed using buffers of the Qiagen Plasmid Maxi 

Kit. A single colony of transformed E.coli DH10β (see 4.4.1) was inoculated into 1.8 ml of 

LB-medium containing the respective antibiotic(s) and incubated at 37 °C and 800 rpm, 

o/n if not stated otherwise. The next day, and in case of a planned large-scale bacmid 

preparation, 5 ml of fresh LB-medium containing the respective antibiotic(s) was 

inoculated with 50 µl of the o/n culture and incubated at 37 °C and 800 rpm over the day. 

The remaining o/n culture was centrifuged at 20,817 x g for 1 min, the supernatant was 

aspirated and the obtained pellet resuspended in 200 µl buffer P1 (resuspension buffer). 

As a next step, 200 µl buffer P2 (lysis buffer) were added, gently mixed, and incubated at 

RT for 5 min. Subsequently, 200 µl buffer P3 (neutralization buffer) were added, mixed, 

and incubated on ice for 15 min. Cell debris was separated by centrifugation at 20,817 x g 

for 15 min and the cleared supernatant was transferred into a new 1.5 ml reaction tube. 

The cleared cell lysate was mixed with 500 µl ice-cold isopropanol, gently inverted several 

times, incubated at -20 °C for at least 1 h and subsequently centrifuged at 20,817 x g for 

15 min. The supernatant was gently removed and precipitated DNA was overlaid with 70% 

EtOH, followed by centrifugation at 20,817 x g for 15 min. Again, the supernatant was 

removed and the obtained DNA pellet was air dried and dissolved in 25 µl deionized water 

for 1 h at 37 °C. For enzymatic digestion analysis (see 4.1.3.1), 20 µl of the obtained DNA 

sample was used and analyzed by agarose gel electrophoresis (see 4.1.4). One clone 

showing the correct band pattern was chosen to inoculate large scale bacmid preparation.  
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To this end, 1 l of LB-medium, containing the respective antibiotic(s) was inoculated with 

the over day culture of the respective clone and incubated at 37 °C and 300 rpm, o/n.  

4.4.5 Large scale bacmid preparation 

Large scale bacmid purification was performed using the Qiagen large construction Kit. A 

single colony of bacmid-transformed E.coli DH10β (see 4.4.1) was inoculated into 5 ml 

LB-medium containing the respective antibiotic(s) and cultivated at 37 °C and 300 rpm 

over day. The obtained bacteria culture was used to inoculate 1 l of LB-medium containing 

the respective antibiotic(s) following cultivation at 37 °C at 300 rpm, o/n. The next day, 

bacteria were harvested by centrifugation of the o/n culture at 4,400 x g for 20 min. The 

supernatant was discarded and the obtained pellet was resuspended in 40 ml buffer P1 

(resuspension buffer). As a next step, 40 ml buffer P2 (lysis buffer) were added, inverted 

several times, and incubated at RT for 5 min. To stop cell lysis, 40 ml of buffer P3 

(neutralization buffer) were added to the lysate, inverted several times, and incubated on 

ice for 15 min. Cell debris was separated by centrifugation at 26,640 x g for 30 min and 

the cleared cell lysate was transferred into a new 50 ml falcon through a cell strainer to 

remove any remaining cell debris. Cleared cell lysate was mixed with ice-cold isopropanol 

according to 0.7-fold the volume of the lysate, gently inverted several times, and incubated 

at -20 °C for at least 1 h. The sample was centrifuged at 26,640 x g for 30 min and 

supernatant was discarded. The obtained DNA pellet was gently overlaid with 70% EtOH 

and again centrifuged at 26,640 x g for 30 min. Again, the supernatant was discarded and 

the obtained DNA pellet was air-dried several minutes. Subsequently, 10 ml of buffer P1, 

P2 and P3 each were mixed, centrifuged at 2,241 x g for 10 min and the obtained clear 

phase was transferred into a new 50 ml falcon. A genomic-tip 500G DNA purification 

column was equilibrated with 10 ml of equilibration buffer QBT (Qiagen). The air-dried 

DNA was resuspended in a total volume of 20 ml buffer P1/P2/P3 and added to the 

equilibrated genomic-tip 500G DNA purification column. After the sample has passed 

through, the column was washed twice with 30 ml buffer QC (wash buffer) and DNA was 

subsequently eluted into a new 50 ml falcon tube by adding 15 ml of pre-warmed (65 °C) 

buffer QF (elution buffer) to the column. The obtained eluate was overlayed with 10.5 ml 

ice-cold isopropanol, gently inverted several times, incubated at -20 °C for at least 1 h and 

subsequently centrifuged at 2,241 x g for 20 min. Supernatants were discarded and the 
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obtained DNA pellet was air-dried for several minutes. After resuspending the DNA in 

300 µl TE-buffer, it was precipitated as described in 4.1.2, dissolved in 25-50 µl TE-buffer 

and stored at 4 °C.  

4.4.6 Homologous recombination 

To generate HAdV-5 mutants, site-directed mutagenesis was performed using the Red/ET 

Counter-Selection BAC Modification Kit by Gene Bridges.  

4.4.6.1 Basic principle of homologous recombination in bacteria 

Homologous recombination provides the possibility to perform site-directed mutagenesis 

at any region within bacmid DNA in bacteria. It relies on the E.coli DH10β strain, which 

inherently harbors resistance against streptomycin (Strep) due to a single point mutation 

within the rpsL gene. In a first step, E.coli DH10β become co-transformed with bacmid 

DNA encoding the HAdV-5 genome and the Red/ET plasmid encoding the lambda phage 

proteins redα (a 5’->3´ exonuclease) and redβ (DNA annealing protein) under regulation 

of an L-Arabinose-inducible promotor. As a second step, a functional rpsL-neo cassette 

becomes inserted into the region of interest within the target bacmid DNA via homologous 

recombination, mediated by the redα and redβ proteins. Insertion of the rpsL-neo cassette 

re-sensitizes E.coli DH10ß for streptomycin, however, confers resistance against 

kanamycin. Thus, bacteria harboring a bacmid with the inserted rpsL-neo cassette can be 

efficiently selected using kanamycin. In a third step, the rpsL-neo cassette becomes 

substituted by a sequence of interest, likewise mediated by the redα and redβ proteins. 

Consequently, bacteria become kanamycin sensitive, however, streptomycin resistant 

again, which allows for final counter-selection of bacteria harboring the desired mutated 

bacmid DNA. The required DNA fragments, either encoding the rpsL-neo cassette or the 

sequence of interest are generated by PCR and carry flanking sequences that are 

homologous to the region of interest within the target bacmid. The primers and templates 

used to generate these fragments are listed in section 3.15.1. A schematic illustration 

about the basic principle of homologous recombination is shown in figure 9. 
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Figure 9: Schematic workflow of homologous recombination in E.coli DH10ß using the 
Red/ET counter selection BAC modification Kit.  
hs=homologous sequences; Strep=Streptomycin; CA=Chloramphenicol; Kana=Kanamycin; 
Tet=Tetracycline  
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4.4.6.2 Protocol of homologous recombination 

Streptomycin (Strep)-resistant E.coli DH10β were transformed as described in 4.4.1 with 

10 ng Red/ET plasmid (encoding tetracycline (Tet) resistance) and 100 ng bacmid DNA 

(see 3.5.1) carrying the respective HAdV-5 genome (encoding chloramphenicol (CA) 

resistance), plated onto LB-agar plates supplemented with 20 µg/ml CA, 20 µg/ml Strep 

and 3 µg/ml light-sensitive Tet and cultivated at 30 °C in the dark, o/n.  

After 24 h, about 10 single colonies were pooled into 1.8 ml LB(CA/Strep/Tet)-medium 

and cultivated at 30 °C and 800 rpm in the dark, o/n. The next day, 1.4 ml of fresh 

LB(CA/Strep/Tet)-medium was inoculated with 10 µl of the o/n culture and incubated at 

30 °C and 800 rpm in the dark for exactly 2 h. As a next step, 50 µl of freshly prepared 

L-Arabinose solution (100 mg/ml dissolved in LB-medium) were added to the culture and 

incubated at 35 °C and 800 rpm for 1 h to induce expression of the redα and redβ proteins. 

To re-establish electro-competence, bacteria were centrifuged at 16,356 x g at 4 °C, 

washed twice with 1 ml of ice-cold ddH2O and resuspended in 20 µl ice-cold ddH2O. 

Bacteria were transformed with 200 ng of PCR-amplified rpsL-neo fragment (see 4.4.1) 

and regenerated in 500 µl LB-medium at 30 °C and 800 rpm for 1 h. After regeneration, 

bacteria were plated onto LB-agar plates supplemented with 20 µg/ml CA, 3 µg/ml 

Kanamycin (Kana) and 3 µg/ml Tet and cultivated at 30 °C in the dark for 24 h.  

The next day, single colonies were picked and resuspended in 50 µl LB-medium. Half of 

the volume was used to inoculate 1.8 ml of either LB(CA/Kana/Tet)- or 

LB(CA/Strep/Tet)-medium, respectively following cultivation at 30 °C and 800 rpm in the 

dark, o/n. LB(CA/Strep/Tet) cultures were used as a negative selection for successful 

insertion of the rpsL-neo cassette, as bacteria harboring a functional rpsl-neo cassette 

become Strep-sensitive. The next day, o/n cultures were evaluated for bacteria growth 

and only colonies grown in LB(CA/Kana/Tet)-medium but not in LB(CA/Strep/Tet)-medium 

were further used. Subsequently, 1.4 ml fresh LB(CA/Kana/Tet)-medium was inoculated 

with 10 µl of o/n cultures and put on ice until needed (see below). The remaining o/n 

cultures were used for small scale bacmid preparation as described in 4.4.4 and purified 

bacmid DNA was analyzed by enzymatic restriction analysis (see 4.1.3.1) for correct 

insertion of the rpsL-neo cassette. The previously inoculated 1.4 ml culture of one positive 



Methods 

90 
 

clone was incubated at 30 °C and 800 rpm in the dark for exactly 2 h, followed by induction 

of redα and redβ expression by addition of L-Arabinose as described above. Electro-

competence was re-established as described and bacteria were transformed with 200 ng 

of PCR fragment, encoding the mutated sequence of interest. After regeneration in 500 µl 

LB-medium at 37 °C for 1 h, bacteria were plated onto LB(CA/Strep)-agar plates and 

incubated at 37 °C, o/n. The next day, single colonies were picked and resuspended in 

50 µl LB-medium, from which half of the volume was used to inoculate either 1.8 ml 

LB(CA/Strep)- or LB(CA/Kana)-medium, respectively followed by cultivation at 37 °C at 

800 rpm, o/n. This time, LB(CA/Kana) cultures were used as a negative selection as those 

bacteria with successful insertion of the mutation-carrying DNA fragment become Kana-

sensitive due to substitution of the rpsL-neo cassette. Consequently, only single clones 

growing in LB(CA/Strep)-, however, not LB(CA/Kana)-medium were used for further 

analysis.  

The next day, 5 ml of fresh LB(CA/Strep)-medium was inoculated with 50 µl of o/n culture 

and cultivated at 37 °C and 300 rpm over the day. The remaining o/n cultures were used 

to perform small scale bacmid preparation as described in 4.4.4 and purified bacmid DNA 

was analyzed for correct insertion of the mutated DNA sequence by enzymatic restriction 

analysis (see 4.1.3.1). The over day culture of one clone showing the expected band 

pattern was used to inoculate large scale bacmid preparation as described in 4.4.5.  

4.5 Cell culture methods 

4.5.1 Cultivation of adherent cell lines and primary cells 

Adherent cell lines and primary cells were cultured on 15 cm dishes at 37 °C, 5% CO2 and 

90% relative humidity, further referred to as standard conditions. Cells were incubated in 

the respective cell culture media listed in table 10. Dulbecco’s Modified Eagle Medium 

(DMEM), Minimum Essential Medium (MEM) and α-MEM were supplemented with 10% 

fetal bovine serum (FCS) and 1x Penicillin-Streptomycin-Glutamine (PSG). Small Airway 

Epithelial Cell Growth Medium was supplemented with growth medium supplement mix. 

For maintenance, cells were passaged twice a week. To this end, cells were washed with 

10 ml Dulbecco’s Phosphate Buffered Saline (DPBS) once and incubated with 3 ml 0.05% 

trypsin-EDTA solution under standard conditions. Fully detached cells were resuspended 
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in fresh cell culture medium and seeded onto new 15 cm dishes, according to the split 

ratios of the respective cell line listed in table 10. 

Table 10: Cell culture media and split ratios for the respective cell lines and primary cells 

 

 Adherent  

cell culture 

 

 

Cell line 

 

Medium Split ratio 

A431 DMEM 1:10 

A549 MEM 1:8 

CMT-64 DMEM 1:8 

N52.E6 MEM 1:3 

HEK293T DMEM 1:12 

Hepa 1-6 α-MEM 1:5 

SCC-VII RPMI 1:7 

SK-Mel-28 DMEM 1:3 

UD-SCC-2 DMEM 1:6 

UM-SCC-11B DMEM 1:10 

HSAEpC (primary cells) 
Small Airway Epithelial Cell 

Growth Medium  
1:2 
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4.5.2 Cultivation of CAP-T suspension cells 

CAP-T cells were cultured in protein expression medium (PEM) in 125 ml shaking flasks 

at 175 rpm under standard conditions. For maintenance, cell densities were adjusted twice 

a week. To this end, cells were counted as described in 4.5.3 and diluted to a final density 

of 5x105 cell/ml within a total volume of 30 ml.  

4.5.3 Cell counting and cell seeding 

10 µl of cell suspension was transferred into a Neubauer counting chamber. Cell numbers 

within four big squares, according to a volume of 0.1 µl were counted and the average cell 

count was calculated. Cell concentrations were calculated according to the given formula: 

c (cells/ml) =  Ø cell count ∗ 104 ∗ dilution factor 

For seeding, cells were diluted to the desired concentration in a volume according to the 

respective seeding format. Cell numbers and volumes used for respective plate formats 

are listed in table 11. 

Table 11: Cell amounts and volumes used for cell seeding according to the respective format 

Format 

 

Cells/well Volume/well 

96-well plate 2 x 104 200 µl 

24-well plate 1 x 105 1 ml 

6-well plate 5 x 105 3 ml 

6 cm dish 1 x 106 5 ml 

   

4.5.4 Transfection of adherent cell lines 

Cells were seeded as described in 4.5.3 and cultivated under standard conditions, o/n. 

The next day, cells were washed once with DPBS and fresh cell culture medium was 

added. DNA transfection was performed using the PEI MAX transfection reagent. 

PEI MAX and DNA in a quantitative ratio of 3:1 were separately diluted in equal volumes 

of serum free cell culture medium according to the respective transfection format listed in 
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table 12. Subsequently, the PEI MAX solution was added to the DNA, vortexed for ~5 sec, 

incubated at RT for 10 min and added to the cells.  

Table 12: Amounts of DNA and PEI MAX used for transfection of adherent cells at the respective 

format 

Format 

 

DNA  PEI MAX  

 

24-well plate 

500 ng in 25 µl 1.5 µg in 25 µl 

750 ng in 25 µl 2.25 µg in 25 µl 

1 µg in 25 µl 3 µg in 25 µl 

6-well plate 2 µg in 150 µl 6 µg in 150 µl 

6 cm dish 5 µg in 500 µl 15 µg in 500 µl 

 

4.5.5 Transfection of CAP-T suspension cells 

CAP-T cells were counted as described in 4.5.3 and 4.5x107 cells were transferred into a 

15 ml falcon tube and centrifuged at 180 x g for 10 min. Supernatants were aspirated and 

cells were resuspended in 10 ml fresh Freestyle medium, followed by centrifugation at 

180 x g for 10 min. The supernatant again was aspirated and cells were resuspended in 

3 ml Freestyle medium. As a next step, 45 µg of DNA and 135 µg of PEI MAX were 

separately diluted in 1.5 ml of Freestyle medium each. The PEI MAX solution was added 

to the DNA, vortexed for ~ 5 sec, incubated for 10 min at RT and added to the prepared 

cell suspension. Cells were cultivated under the described conditions (see 4.5.2) for 

5 hours before 9 ml PEM were added to the cells, followed by further incubation at 

175 rpm under standard conditions. 
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4.5.6 Production of the FAP5-S11-FLAG bispecific adapter molecule 

The FAP5-S11-FLAG bispecific adapter molecule was produced in CAP-T suspension 

cells. To this end, cells were transfected with the pBSK-CMV_H1-FAP5(VH-VL)-S11(VH-

VL)-FLAG expression plasmid as described in 4.5.5. Five days after transfection, cells and 

cell culture supernatants were harvested by centrifugation at 180 x g for 10 min. 

Depending on the intended use, supernatants were either sterile filtrated through a 

0.45 µm filter or loaded onto a 30 kDa cut off Amicon and centrifuged at 4500 x g until 

18x concentrated. 

4.6 HAdV-5 vector methods 

4.6.1 Production of HAdV-5 vectors 

E1-deleted HAdV-5 vectors were amplified and produced in E1-transcomplementing 

N52.E6 cells. Replication competent and conditionally replicating HAdV-5 vectors were 

amplified and produced in A549 cells. 

4.6.1.1 Transfection of cells with linearized HAdV-5 genome 

A549 and N52.E6 cells were seeded onto 24-well plates as described in 4.5.3. The next 

day, cells were transfected with linearized (see 4.1.3.3) and purified (see 4.1.5) bacmid 

DNA carrying the HAdV-5 genome as described in 4.5.4. 

4.6.1.2 Vector amplification 

Transfected A549 or N52.E6 cells from 4.6.1.1 were cultivated for 5-10 days under 

standard conditions until a cytopathic effect was observed. If cells tend to overgrow, they 

were expanded to 6 cm dishes. As soon as a cytopathic effect became visible, cells were 

harvested by scraping and lysed by three consecutive freeze-thaw cycles by 

snap-freezing them in liquid nitrogen and thawing at 37 °C. The obtained cell lysates were 

used for re-infection of new cells in a 10 cm dish format. Two days after re-infection, cells 

were harvested and again subjected to freeze-thaw lysis as described. The obtained cell 

lysates were used to re-infect two 15 cm dishes and infected cells again were harvested 

and lysed 48 h after re-infection. Volumes ranging between 2 µl and 100 µl of the obtained 

cell lysates were finally utilized to infect 6 cm dishes for titration experiments in order to 
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determine the optimal volume of lysate for re-infection of 15 cm dishes. Finally, twenty 

15 cm dishes were infected with the optimal amount of cell lysate. 

4.6.1.3 Vector purification by CsCl-gradient ultracentrifugation 

Infected cells from 4.6.1.2 (20x15 cm dishes) were harvested by scraping 48 h post 

infection, centrifuged at 300 x g for 10 min and the obtained cell pellet was resuspended 

in 3 ml HEPES-buffer. Cells, infected with HAdV-5-HexPos3 vectors were resuspended 

in HEPES-buffer containing 250 mM NaCl to avoid charge-mediated binding of vector 

particles to cell debris. HAdV-5 vectors were purified by two consecutive CsCl-gradients 

for the removal of cell culture related impurities and incomplete vector particles. 

Subsequently, a size exclusion chromatography was performed to desalt the 

vector-containing sample.  

Vector-infected and harvested cells were lysed by three consecutive freeze-thaw cycles, 

centrifuged at 1942 x g for 10 min and the obtained supernatant was used for vector 

purification (vector sample). In case of HexPos3 capsid-mutated vectors, vector samples 

were incubated with five units benzonase at 37 °C for 30 min to digest cellular nucleic 

acids. As a next step, a discontinuous CsCl-gradient was prepared. To this end, 3 ml of 

CsCl-buffer 1 (ϱ=1.41 g/ml) were gently overlayed with 5 ml of CsCl-buffer 2 (ϱ=1.27 g/ml) 

within an Ultraclear centrifugation tube. On top of the gradient, the vector sample was 

loaded and centrifuged at 176,000 x g at 4 °C for 2 h using the Optima XE-90 

Ultracentrifuge. The obtained vector band was aspirated by punctuation of the tube using 

a syringe with Sterican® 0.9 x 40 mm 20G canula and was collected in new Ultraclear 

centrifugation tube. As a second purification step, a continuous CsCl-gradient was 

performed. To this end, the sample was mixed with CsCl-buffer 3 (ϱ1.34 g/ml) and 

centrifugated at 176,000 x g at 4 °C for 20 h. The formed vector band again was aspirated 

as described, in which care was taken to not exceed a total sample volume of 2.5 ml. A 

PD-10 column was equilibrated with 5 x 5 ml HEPES buffer. Subsequently, the vector 

sample with a total volume of 2.5 ml was added to the column and the flow through was 

discarded. For elution, 5 ml of HEPES buffer were added and five fractions of 1 ml each 

were collected. Fractions two and three, containing the purified and desalted vector 
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particles, were pooled and the total volume was determined. The sample was 

supplemented with 10% glycerol, aliquoted and stored at -80 °C.  

4.6.1.4 Determination of vector particle titers 

Vector particle titers of purified vectors (see 4.6.1.3) were determined by optical density 

measurement. To this end, 40 µl of purified virus stock solution (see 4.6.1.3) were mixed 

with 2 µl of 10% SDS and 158 µl of HEPES buffer and heated to 56 °C for 10 min. For 

blank measurement, the virus stock solution was replaced by 36 µl HEPES-buffer and 4 µl 

glycerol. Subsequently, the optical density of the sample was measured at a wavelength 

of 260 nm (OD260) and titers were calculated, utilizing the empirically determined equation 

that 1.1 x 109 viral particles per µl equals one OD260 unit. Due to sample dilution of 1:5, 

the titer was calculated by the following formula:  

c (
Viral particles

µl
) = OD260 ∗ (1.1 ∗  109) ∗ 5 

4.6.2 HAdV-5 cell transduction and infection  

Cells were seeded onto nunclon® ∆-coated, flat bottom 96-Well plates as described in 

4.5.3 and cultivated under standard conditions, o/n. The next day, cells were washed once 

with 100 µl DPBS and 100 µl of serum free cell culture medium was added per well. For 

transduction assays, HAdV-5 vectors were dissolved in 100 µl serum free cell culture 

medium to the indicated particle multiplicity of infection (pMOI) and added to the cells. For 

transduction assays in murine plasma, vector particles/well dissolved in a total volume of 

2 µl were mixed with 10 µl NOD SCID gamma (NSG) plasma and incubated at 37 °C for 

10 min. Pre-incubated vector particles were diluted in serum free cell culture medium to a 

final volume of 100 µl and added to the cells. Three hours post transduction (hpt), the 

vector-containing medium was removed, cells were washed once with 200 µl DPBS and 

200 µl fresh cell culture medium ware added per well. Transduction efficiencies were 

evaluated 24 hpt using flow cytometric analysis as described in 4.6.5.  
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4.6.3 Crystal violet staining for cytotoxicity assay 

Cells were seeded onto nunclon® ∆-coated, flat bottom 96-Well plates as described in 

4.5.3 and cultivated under standard conditions, o/n. The next day, 100 µl of cell culture 

medium were removed from each well and substituted with 100 µl of fresh cull culture 

medium containing either HAdV-5wt or the respective conditionally replicating vector at 

the indicated pMOI. Depending on the cell line, infected cells were cultivated under 

standard conditions for 7-14 days to allow for virus replication and spread. After the 

indicated period, cells were stained using crystal violet: First, the vector-containing 

medium was removed and cells were washed twice with 200 µl DPBS. Cells were fixed in 

100 µl 4% PFA at RT for 15 min, followed by washing once with DPBS. Fixed cells were 

stained by adding 50 µl of 0.1% crystal violet solution dissolved in ddH2O per well for 

~2 min. After removal of the crystal violet solution, cells were washed three times with 

DPBS and were subsequently air dried for several minutes before pictures were taken.   

4.6.4 Retargeting of HAdV-5 vectors to the fibroblast activation protein  

Retargeting of eGFP-encoding HAdV-5-based vectors to the human fibroblast activation 

protein (hFAP) was evaluated in HEK293T cells transiently expressing hFAP 

(HEK293ThFAP). To this end, HEK293T cells were seeded onto 6-Well plates as 

described in 4.5.3 and transfected with pBSK-CMV_hFAP as described in 4.5.4. As a 

negative control, HEK293T cells were transfected with an empty plasmid pBSK-CMV 

(see 3.16.1), which has been generated previously to the present study by the Department 

of Gene Therapy at University Ulm. Twenty-four hours post transfection, 1 x 109 VPs of 

HAdV-5_∆CAR (referring to a pMOI of 1000) were mixed with 3 ml sterile filtrated cell 

culture supernatant of pBSK-CMV_H1-FAP5(VH-VL)-S11(VH-VL)-FLAG-transfected 

CAP-T cells (see 4.5.6) and incubated at RT for 30 min, rotating. As a control, 

HAdV-5_∆CAR vectors were analogously incubated in either cell culture supernatant of 

untransfected CAP-T cells or fresh PEM medium. HEK293T and HEK293ThFAP cells 

were washed once with DPBS and pre-incubated HAdV-5_∆CAR particles were added to 

the cells. Three hours post transduction, the vector-containing supernatants were 

aspirated, cells were washed twice with DPBS and 3 ml of fresh cell culture medium were 
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added per well. Transduction efficiencies were evaluated 24 hpt by fluorescence 

microscopy. 

4.6.5 Evaluation of transduction efficiencies by flow cytometry 

Cells, transduced with eGFP-encoding HAdV-5 vectors were washed with DPBS once 

and detached with TrypLE select (96-well plate: 50 µl; 24-well plate: 100 µl; 6-well plate: 

250 µl). Once cells were detached, equal volumes of Flow Cytometry-buffer were added, 

cells rinsed, and 100-200 µl of cell suspension were transferred into U-bottom 96-Well 

plates. Transduction efficiencies were evaluated using the CytoFLEX flow cytometer. 

Viable cell populations were gated according to their forward and sideward scattered 

characteristics and single cells were gated according to the forward scatter height and 

width of the viable cell population. Transduction efficiencies were evaluated by 

quantification of eGFP-positive cells or the mean fluorescence intensity (MFI) within a total 

of 8000 cells according to the single cell population.  

4.7 In vivo experiments 

4.7.1 Murine plasma  

Murine blood was anticoagulated with 1 µg/µl Argatroban dissolved in DPBS. To remove 

blood cells, samples were centrifuged at 800 x g for 10 min, the cleared plasma was 

transferred into a new 1.5 ml reaction tube and stored at -20 °C.  

4.7.2 Establishment of xenograft models 

Two days before subcutaneous tumor cell injection, A431, UM-SCC-11B, and SK-Mel-28 

cells were split onto 15 cm dishes according to their split ratios (see 4.5.1) and cultivated 

under standard conditions to sub-confluency. At the day of tumor cell injection, cells were 

detached with TrypLE select and resuspended in cell culture medium (see 4.5.1). Cells 

were centrifuged at 180 x g for 10 min and supernatants were discarded. Cells were 

washed twice with 10 ml DPBS and centrifuged as described. Washed cells were 

resuspended in 1 ml DPBS and counted as described in 4.5.3 using three independent 

1:100 dilutions of the cell suspension. Subsequently, cells were diluted to the required 

concentration. For a single injection, A431 (cell numbers injected: 5x105, 1x106, 5x106), 
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UM-SCC-11B (cell numbers injected: 5x105, 1x106, 3.3x106) and SK-Mel-28 (cell numbers 

injected: 5x105, 1x106, 5x106) were diluted in 50 µl aliquots and thoroughly mixed with 

50 µl growth factor reduced Matrigel. Subsequently, cells were subcutaneously injected 

into previously razored left flanks of NSG mice using Omnifix-F® 1 ml syringes with 

Sterican® Ø20 0.40 x 20 mm 27G cannulas. For tumor growth kinetic studies, 8-10 weeks 

old NSG mice were used. Upon tumor cell injection, mice were daily monitored regarding 

their body weight and tumor growth. Tumor lengths and widths were measured using an 

electronic caliper. The corresponding tumor volumes were calculated using the following 

formula. 

Tumor volume = 0.5 x length x width2 

When tumors reached a maximum size of 15 mm in diameter, mice were euthanized by 

means of deep sevoflurane narcotization and subsequent bleeding. Tumors were excised 

and snap-frozen in liquid nitrogen.  

4.7.3 In vivo vector biodistribution and tumor transduction studies 

UD-SCC-2 and SK-Mel-28 xenografts were established in 8-10 weeks old female 

NSG mice as described in 4.7.2. For vector biodistribution and tumor transduction studies, 

E1-deleted and eGFP-expressing vectors were used. For biodistribution studies, 2x1010 

vector particles, dissolved in 100 µl DPBS were administered via tail vein injection after 

14 days of tumor growth using Omnifix-F® 1 ml syringes with Sterican® Ø20 0.40 x 20 mm 

27G cannulas. For tumor transduction studies, 1x1010 vector particles dissolved in 50 µl 

DPBS were intratumorally injected after 28 days of tumor growth via three radial dispersed 

injection channels using Omnifix-F® insulin syringes. Three days after vector injection, 

mice were euthanized as described, organs and tumors were harvested and snap-frozen 

in liquid nitrogen. Additionally, tissue samples of tumors and livers were fixed in 2% PFA 

(dissolved in DPBS) at 4 °C for 24 h and subsequently dehydrated in 20% sucrose 

(dissolved in ddH2O) at 4 °C for additional 24 h. PFA-fixed and dehydrated tissue samples 

were embedded into TissueTek and frozen at -80 °C for subsequent preparation of tissue 

sections. 
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4.7.4 Liver uptake early after vector injection 

To investigate liver uptake of vector particles early after vector injection, 8-10 weeks old 

BALB/c mice were intravenously injected via the tail vein with 2x1010 vector particles 

dissolved in 100 µl DPBS using Omnifix-F® 1 ml syringes with Sterican® Ø20 0.40 x 

20 mm 27G cannulas. Twenty minutes after vector injection, mice were euthanized as 

described, livers were harvested and snap-frozen in liquid nitrogen. 

4.7.5 Survival studies 

UD-SCC-2 xenografts were established in 6-8 months old male and female NSG mice as 

described in 4.7.2. For survival studies, the Firefly Luciferase-expressing conditionally 

replicating vectors HCRAd-5_∆CAR and HCRAd-5-HexPos3_∆CAR were used. After 

21 days of tumor growth, mice were intravenously injected via the tail vein with either 

100 µl DPBS or 2x1010 vector particles dissolved in 100 µl DPBS. Upon vector injection, 

tumor growth was monitored by daily measurement of tumor volumes (see 4.7.2). 

Additionally, IVIS measurements for in vivo detection of Firefly Luciferase activity were 

performed 2, 3, 7, 14, 21, 28, 35, 43, 49, and 56 days after vector injection (see 4.7.6). 

Mice were sacrificed when tumors reached a size of 15 mm in diameter or when animals 

showed significant signs of toxicity. 

4.7.6 In vivo bioluminescence imaging 

In vivo bioluminescence imaging was performed using the IVIS 200 imaging system. Mice, 

i.v. injected with Firefly Luciferase-expressing vectors were intraperitoneally (i.p) injected 

with 300 µl VivoGlo® luciferin (10 mg/ml dissolved in DPBS) and subsequently narcotized 

by mild isoflurane anesthetization while eyes were protected with eye ointment. Following 

substrate injection and anesthetization, mice were placed into the IVIS 200 imaging 

system chamber and pictures were taken at different exposure times (30 sec – 5 min) 

using the following settings: Binning 4; F/Stop 4; Field of view 4; subject height 1.5 cm.    
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4.7.7 Fluorometric analysis of liver homogenates  

A small piece of snap-frozen and thawed liver tissue (see 4.7.3) was transferred into 

200 µl TBS-buffer containing 1x protease inhibitor and homogenized using a bullet 

blender. Subsequently, the homogenate was cleared by two consecutive centrifugation 

steps at 20,817 x g for 5 min, while after each centrifugation the cleared supernatant was 

transferred into a new 1.5 ml reaction tube. Cleared samples were diluted 1:10 in 

Tris-buffer and protein concentrations were determined by optical density measurement 

at a wavelength of 280 nm. The fluorescence intensity of 2 µl sample was measured using 

the NanoDrop 3300 device at an excitation and emission wavelength of 488 and 512 nm, 

respectively. Results were finally calculated as the relative fluorescence unit (RFU) per 

µg protein.   

4.7.8 Fluorescence microscopic evaluation of PFA-fixed liver sections   

Cryo-sections of PFA-fixed and TissueTek embedded frozen liver samples with a 

thickness of 6 µm were prepared using the Leica cryostat. For the analysis of vector-

induced eGFP expression, sections were directly covered with fluorescence mounting 

medium (Dako) and evaluated by fluorescence microscopy.  

4.7.9 H&E staining of tissue sections  

Cryo-sections of PFA-fixed and TissueTek embedded frozen tumor and liver samples with 

a thickness of 6 µm were prepared using the Leica cryostat. For H&E staining, sections 

were fixed in ice-cold acetone twice and subsequently air-dried. As a next step, sections 

were incubated in Mayer’s Hematoxylin solution for 3 min followed by steady washing in 

tap water for 10 min. Subsequently, sections were incubated with Eosin solution (0.5% in 

ddH2O) for 1 min, followed by short washing in ddH2O for ~5-10 sec. For dehydration, 

sections were subjected to an ascending alcohol series by consecutive incubation in 

70%, 96% and 100% EtOH for 30 sec, 1 min and 4 min, respectively. As a last step, 

sections were incubated in Xylol for 4 min twice and covered with Eukitt® prior to 

microscopic evaluation.    
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4.8 Statistical analysis 

If not stated otherwise, all experiments were repeated at least three times. Statistical 

analyses were performed by either unpaired two-sample (Welch’s) student’s T-test or 

Wilcox test utilizing RStudio software (version 4.1.2). p-values ≤0.05 were considered 

statistically significant and results are given as mean ± standard deviation.   
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5 Results 

5.1 Retargeting of adenoviral vectors towards the epidermal growth 

factor receptor (EGFR) 

The epidermal growth factor receptor (EGFR) is overexpressed in many types of HNSCC 

and was thus expected as an attractive target receptor for oncolytic adenoviral vectors. 

The Affilin molecule is an ubiquitin-based, 10 kDa high affinity ligand of EGFR306 and 

capsid modification of HAdV-5-based vectors with Affilin was hypothesized to enable 

efficient vector retargeting towards EGFR. Prior to the present study, two Affilin capsid-

modified vectors, based on an eGFP-encoding, E1-deleted and CAR binding-ablated 

parental vector (HAdV-5_∆CAR) were generated by the Department of Gene Therapy at 

University Ulm. Affilin has been coupled to the vector capsid by a covalent thioetherlinkage 

between a C-terminal cysteine of Affilin and genetically introduced and surface-exposed 

cysteines within either the fiber (HAdV-5_∆CAR_FiberAffilin) or hexon 

(HAdV-5_∆CAR_HexonAffilin) protein, using a bismalemidohexane linker228 

(schematically shown in figure 10). First in vitro experiments preceding to the present 

study already revealed beneficial in vitro characteristics for the Affilin-decorated vectors, 

including (i) significantly enhanced transduction efficiencies in EGFR-expressing cancer 

cells (ii) less binding to blood coagulation factor X (FX) (iii) absent neutralization by the 

complement- and natural IgM antibodies and (iv) less uptake by murine macrophages.228 

Based on these promising data, the Affilin-decorated vectors were further investigated 

regarding their oncolytic potential both in vitro and in vivo.    
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Figure 10: Generation of Affilin-decorated vectors  
The Affilin-decorated vectors HAdV-5_∆CAR_FiberAffilin and HAdV-5_∆CAR_HexonAffilin were generated 

by covalent cysteine linkage of the EGFR affinity ligand Affilin to either the fiber or hexon capsid protein of 

the eGFP-encoding, E1-deleted and CAR binding-ablated vector HAdV-5_∆CAR, using a 

bismalemidohexan linker.  
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5.1.1 EGFR-mediated cell transduction of Affilin-decorated vector particles in vitro 

To reconfirm the already observed enhanced transduction efficiencies of the 

Affilin-decorated vectors in an EGFR-dependent manner, transduction assays were 

performed in a set of cancer cell lines in vitro.  A549, UM-SCC-11B, UD-SCC-2 and 

SK-Mel-28 cells were characterized regarding their EGFR expression levels by 

immunostaining and subsequent flow cytometric analysis (Figure 11A). Among these cell 

lines, UD-SCC-2 cells showed highest EGFR expression levels followed by UM-SCC-11B 

and A549 cells. SK-Mel-28 cells showed almost absent EGFR expression and thus were 

chosen as an EGFR-negative control. As a next step, transduction efficiencies of the 

Affilin-decorated vectors were investigated. Compared to the vector control 

HAdV-5_∆CAR, both Affilin-decorated vectors showed significantly improved transduction 

efficiencies in all cell lines tested (Figure 11B). Regarding EGFR-positive cells, 

HAdV-5_∆CAR_FiberAffilin showed consistently higher transduction efficiencies than 

HAdV-5_∆CAR_HexonAffilin. In contrast, transduction efficiencies of both vectors in 

EGFR-negative SK-Mel-28 cells were at comparable levels. Importantly, transduction 

efficiencies of the Affilin-decorated vectors increased in correlation to EGFR expression 

levels of the respective cell lines, indicating that transduction was EGFR-dependent. To 

prove that the Affilin-decorated vectors transduce the cell via EGFR, a competition assay 

was performed (Figure 11C). Preincubation of UM-SCC-11B cells with human epidermal 

growth factor (hEGF), the natural ligand of EGFR, significantly inhibited cell transduction 

by HAdV-5_∆CAR_FiberAffilin, proving that capsid modification with Affilin mediated an 

EGFR-specific host cell transduction. 
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Figure 11: Affilin-decorated vectors transduce cells in an EGFR-specific manner 
(A) EGFR expression by A549, UM-SCC-11B, UD-SCC-2 and SK-Mel-28 cells was detected by 

immunostaining and subsequent flow cytometry. EGFR was detected using mouse α-EGFR primary 

antibody and FTIC-labeled α-mouse-IgG secondary antibody. Black lines indicate mock treated cells. Green 

lines indicate cells treated with α-EGFR antibody. Shift between cell populations (red arrows) indicates the 

extent of EGFR expression. (B) A549, UM-SCC-11B, UD-SCC-2 and SK-Mel-28 cells were transduced with 

HAdV-5_∆CAR, HAdV-5_∆CAR_FiberAffilin or HAdV-5_∆CAR_HexonAffilin with pMOI 1000 and eGFP-

positive cells were quantified 24 hpt by flow cytometry. n=3; *=p<0.05. (C) UM-SCC-11B cells were 

preincubated with either PBS (///) or human epidermal growth factor (hEGF) prior to transduction with 

HAdV-5_∆CAR or HAdV-5_∆CAR_FiberAffilin at pMOI 1000 and eGFP-positive cells were quantified by 

flow cytometry 24 hpt. n=3; *=p<0.05. (Wienen et al. 2022, Figure 1b, d and e; CC BY-NC-ND 4.0, 

https://creativecommons.org/licenses/by-nc-nd/4.0/) 
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5.1.2 NOD/SCID Gamma mouse plasma enhances transduction efficiencies of 

Affilin-decorated vectors  

The Affilin-decorated vectors showed significantly enhanced transduction efficiencies in 

EGFR-positive cancer cells. To investigate potential effects of NOD SCID Gamma (NSG) 

mouse plasma components, which might negatively affect transduction efficiencies of the 

Affilin-decorated vectors in later in vivo studies, transduction of A549, UM-SCC-11B, 

UD-SCC-2 and SK-Mel-28 cells by HAdV-5_∆CAR, HAdV-5_∆CAR_FiberAffilin and  

HAdV-5_∆CAR_HexonAffilin was analyzed in either presence or absence of NSG mouse 

plasma (Figure 12). Interestingly, presence of NSG mouse plasma further increased the 

already enhanced transduction efficiencies of both Affilin-decorated vectors in all cell lines 

tested, while transduction efficiencies of the parental vector HAdV-5_∆CAR remained 

almost unaffected. Here the transduction-enhancing effect of murine plasma was even 

more pronounced for HAdV-5_∆CAR_HexonAffilin than for HAdV-5_∆CAR_FiberAffilin. 

Thus, NSG mouse plasma does not negatively affect but even enhances transduction 

efficiencies of the Affilin-decorated vectors in vitro, which could be beneficial regarding 

their tumor transduction efficiencies in vivo. 
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Figure 12: NSG mouse plasma improves transduction efficiencies of Affilin-decorated 
vectors in vitro 
A549, UM-SCC-11B, UD-SCC-2 and SK-Mel-28 cells were transduced with either HAdV-5_∆CAR, 

HAdV-5_∆CAR_FiberAffilin or HAdV-5_∆CAR_HexonAffilin with pMOI 1000 in either absence (-) or 

presence (+) of NSG mouse plasma. Transduction efficiencies were evaluated 24 hpt by flow cytometric 

analysis. n=3; *=p<0.05. (Wienen et al. 2022, Figure 3; CC BY-NC-ND 4.0, 

https://creativecommons.org/licenses/by-nc-nd/4.0/) 
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5.1.3 Establishment of subcutaneous xenograft tumor mouse models 

To further investigate the oncolytic potential of the Affilin-decorated vectors in vivo, human 

xenograft tumor mouse models based on EGFR-positive and EGFR-negative cancer cell 

lines were established with special focus on two characteristics that are moderate tumor 

growth and good vascularization. To this end, different cell numbers of the EGFR-positive 

cell lines A431 (cell numbers injected: 5x105, 1x106, 5x106), UD-SCC-2 (cell numbers 

injected: 2x106, 6x106), UM-SCC-11B (cell numbers injected: 5x105, 1x106, 3.3x106) as 

well as the EGFR-negative cell line SK-Mel-28 (cell numbers injected: 5x105, 1x106, 

5x106)  were subcutaneously injected into left flanks of NSG mice. The take rate for all 

xenografts was 100% and tumor growth was assessed by daily measurement of the tumor 

length and width with subsequent calculation of the tumor volume. Best tumor growth of 

A431, UM-SCC-11B, UD-SCC-2 and SK-Mel-28 tumors were observed after 

subcutaneous injection of 5x105, 5x105, 2x106 and 5x106 tumor cells, respectively      

(Figure 13). A431 tumors showed aggressive and inhomogeneous growth with a 

maximum of 22 days until tumors reached the termination criteria. Thus, the A431 

xenograft model was excluded for further in vivo studies and was not further characterized 

in this study. UM-SCC-11B and SK-Mel-28 xenografts, however, showed moderate and 

uniform tumor growth, fitting the intended growth characteristics. UD-SCC-2 xenografts 

showed slow tumor growth at the beginning, which turned into an almost exponential 

growth phase at around 30 days after tumor cell injection.  
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Figure 13: Growth kinetics of A431, UM-SCC-11B, UD-SCC-2 and SK-Mel-28 subcutaneous 
xenograft models 
NSG mice were subcutaneously injected with the indicated cell numbers of A431, UM-SCC-11B, UD-SCC-2 

and SK-Mel-28 cells. After tumor cell injection, tumor growth was daily monitored by measurement of tumor 

length and width using an electronic caliper and tumor volumes were calculated. Results are shown as 

mean tumor sizes ± standard deviation. A431, UM-SCC-11B, SK-Mel-28: n=8 ; UD-SCC-2: n=6 .The 

UD-SCC-2 xenograft model was established and characterized by Robin Nilson, Department of Gene 

Therapy, University Ulm (Adapted from Nilson et al. 2023, Figure 1S; CC BY-NC-ND 4.0, 

https://creativecommons.org/licenses/by/4.0/)  
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Since proper tumor vascularization is mandatory for efficient vector delivery to the tumor 

after intravenous vector injection, as a next step, vascularization of UM-SCC-11B, 

UD-SCC-2 and SK-Mel-28 tumors was analyzed by immunohistochemical staining of 

tumor sections for the endothelial marker CD31 (Figure 14).  

Tumor sections of UM-SCC-11B xenografts showed abundant CD31 staining at the tumor 

periphery but almost no CD31-positive cells were detected in the tumor interior, indicating 

insufficient vascularization in inner areas of the tumor. These findings were in line with 

observations that UM-SCC-11B tumors appeared slightly necrotic after excision (data not 

shown), which was also indicated by less DAPI staining within inner areas of the tumor 

sections. Thus, despite favorable tumor growth, UM-SCC-11B xenografts were excluded 

for further in vivo studies due to insufficient tumor vascularization and emerging tumor 

necrosis. However, UD-SCC-2 and SK-Mel-28 xenografts showed abundant CD31 

staining at both, the tumor periphery, and the tumor interior. In addition, no tumor necrosis 

was noted in neither tumor model after tumor excision, further confirmed by uniform DAPI 

staining throughout the tumor sections. Thus, due to moderate tumor growth and uniform 

tumor vascularization, UD-SCC-2 and SK-Mel-28 xenografts were chosen as respectively 

EGFR-positive and EGFR-negative human tumor xenograft models for further in vivo 

studies. 
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Figure 14: Vascularization of subcutaneous UM-SCC-11B, UD-SCC-2 and SK-Mel-28 
xenograft models 
After excision of subcutaneously grown UM-SCC-11B, UD-SCC-2 and SK-Mel-28 tumors, samples were 

snap-frozen, embedded into Tissue Tek and tumor vascularization was analyzed in tumor sections by 

immunohistochemical staining for CD31. CD31 was detected using rat-α-mouseCD31 primary antibody and 

Alexa488-labeled α-rat-IgG secondary antibody. Cell nuclei were stained with DAPI. Shown are pictures 

from UM-SCC-11B, UD-SCC-2 and SK-Mel-28 tumors excised after 48, 39 and 49 days of tumor growth, 

respectively. Immunohistochemical staining of UD-SCC-2 tumor sections was performed by Robin Nilson, 

Department of Gene Therapy, University Ulm.  
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5.1.4 Intravenous injection of Affilin-decorated vectors does not lead to improved 

tumor targeting in EGFR-positive tumors in vivo 

After establishment of suitable EGFR-positive and EGFR-negative tumor xenograft 

models, tumor targeting of the Affilin-decorated vectors was investigated in vivo. 

UD-SCC-2 and SK-Mel-28 tumor xenografts were established in NSG mice as described 

and after 14 days of tumor growth, 2x1010 vector particles of either HAdV-5_∆CAR, 

HAdV-5_∆CAR_FiberAffilin or HAdV-5_∆CAR_HexonAffilin were intravenously injected. 

Three days after vector administration, mice were euthanized, organs and tumors were 

harvested and tumor targeting was analyzed by quantification of intratumoral vector 

genome copy loads using qPCR analysis (Figure 15).  

Vector genomes of HAdV-5_∆CAR were detected in both xenograft models, with genome 

copy numbers being higher in SK-Mel-28 tumors than in UD-SCC-2 tumors. In line with 

absent EGFR expression by SK-Mel-28 cells in vitro, most intratumoral vector genome 

copy numbers were below the detection limit for HAdV-5_∆CAR_FiberAffilin and 

HAdV-5_∆CAR_HexonAffilin in SK-Mel-28 tumors (Figure 15B). However, compared to 

HAdV-5_∆CAR, neither HAdV-5_∆CAR_FiberAffilin nor HAdV-5_∆CAR_HexonAffilin 

showed improved tumor targeting in EGFR-positive UD-SCC-2 tumors (Figure 15A) and 

tumor uptake of HAdV-5_∆CAR_HexonAffilin was even less compared to 

HAdV-5_∆CAR_FiberAffilin. Thus, despite significantly enhanced EGFR-specific 

transduction efficiencies in vitro, intravenous injection of HAdV-5_∆CAR_FiberAffilin and 

HAdV-5_∆CAR_HexonAffilin did not lead to enhanced tumor transduction in 

EGFR-positive UD-SCC-2 tumor xenografts. 
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Figure 15: Affilin-decorated vectors do not exhibit improved tumor transduction after 
intravenous injection  
NSG mice bearing subcutaneous SK-Mel-28 (A) or UD-SCC-2 (B) tumors were intravenously injected with 
2x1010 vector particles of either HAdV-5_∆CAR, HAdV-5_∆CAR_FiberAffilin or 
HAdV-5_∆CAR_HexonAffilin after 14 days of tumor growth. Three days after vector injection, tumors were 
harvested and intratumoral vector genome copy numbers were quantified by qPCR analysis. n=8. Greyish 
backgrounds highlight data sets with values below the detection range with n.d. (x) indicating the number 
of values below the detection range. n.d. = not detectable. (As author adapted from Wienen et al. 2022, 
Figure 5; CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/) 
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5.1.5 Affilin-decorated vectors exhibit less liver uptake upon i.v. injection  

Neither HAdV-5_∆CAR_FiberAffilin nor HAdV-5_∆CAR_HexonAffilin showed elevated 

tumor targeting in UD-SCC-2 tumor-bearing NSG mice after intravenous vector injection. 

Since HAdV-5-based vectors are known to have a pronounced liver tropism after systemic 

administration49, particle consumption by the liver was hypothesized as the cause for 

absent tumor transduction. Thus, liver tropism of the Affilin-decorated vectors was 

analyzed by assessment of fluorescence intensities and quantification of vector genome 

copy numbers within livers of vector injected mice using fluorometric analysis and qPCR 

analysis, respectively (Figure 16A, B).  

Independent of the respective xenograft, both methods revealed a significantly reduced 

liver tropism of the Affilin-decorated vectors compared to HAdV-5_∆CAR. Interestingly, 

liver uptake of HAdV-5_∆CAR_HexonAffilin was even more diminished compared to 

HAdV-5_∆CAR_FiberAffilin, as indicated by a further reduction of vector genome copy 

numbers detected by qPCR analysis (Figure 16B). These observations were further 

confirmed by fluorescence microscopy of corresponding liver sections derived from 

UD-SCC-2 xenograft-bearing mice (Figure 16C). High amounts of eGFP-positive cells 

were observed in liver sections of mice treated with HAdV-5_∆CAR, indicating 

pronounced hepatocyte transduction. In contrast, substantially lower amounts of eGFP-

positive cells were observed in liver sections of mice injected with 

HAdV-5_∆CAR_FiberAffilin and HAdV-5_∆CAR_HexonAffilin. In line with qPCR analysis, 

liver sections of mice treated with HAdV-5_∆CAR_HexonAffilin showed the lowest number 

eGFP-positive cells.  
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Figure 16: Affilin-decorated vectors exhibit significantly reduced liver tropism after 
intravenous injection into tumor-bearing NSG mice. 
NSG mice bearing subcutaneous UD-SCC-2 or SK-Mel-28 xenografts were intravenously injected with 

2x1010 vector particles of HAdV-5_∆CAR, HAdV-5_∆CAR_FiberAffilin or HAdV-5_∆CAR_HexonAffilin after 

14 days of tumor growth. Three days after vector injection, livers were harvested and eGFP expression 

levels as well as vector genome copy numbers were quantified by (A) fluorometric analysis and (B) qPCR 

analysis, respectively. Hepatocyte transduction was further confirmed by (C) fluorescence microscopy for 

eGFP-positive cells in corresponding liver sections of mice bearing UD-SCC-2 xenografts. n = 8; * = p<0.05. 

RFU: response forming unit. (Wienen et al. 2022, Figure 4a, b, c; CC BY-NC-ND 4.0, 

https://creativecommons.org/licenses/by-nc-nd/4.0/)    
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Beside hepatocyte transduction, particle consumption by liver residential Kupffer cells 

additionally may lead to a rapid blood clearance of HAdV-5-based vectors within minutes 

after systemic administration50. To exclude an extensive uptake of the Affilin-decorated 

vectors by Kupffer cells, BALB/c mice were intravenously injected with either PBS, or 

2x1010 vector particles of HAdV-5_∆CAR, HAdV-5_∆CAR_FiberAffilin or 

HAdV-5_∆CAR_HexonAffilin and vector genome copy numbers within livers were 

analyzed 20 minutes after vector administration. Compared to HAdV-5_∆CAR, both 

Affilin-decorated vectors showed significantly diminished vector loads in livers early after 

injection (Figure 17). As seen with samples harvested from tumor-bearing NSG mice after 

72 h (Figure 16), HAdV-5_∆CAR_HexonAffilin again showed the lowest vector genome 

copy numbers of all vectors injected, followed by HAdV-5_∆CAR_FiberAffilin and 

HAdV-5_∆CAR.  

 

 

Figure 17: Significantly reduced liver uptake of Affilin-decorated vectors in BALB/c mice 
early after intravenous vector injection 
BALB/c mice were intravenously injected with either PBS or 2x1010 vector particles of HAdV-5_∆CAR, 

HAdV-5_∆CAR_FiberAffilin or HAdV-5_∆CAR_HexonAffilin. Twenty minutes after vector injection, livers 

were harvested and analyzed for vector genome copy numbers by qPCR analysis. n = 5; * = p<0.05. 

(Wienen et al. 2022, Figure 4d, CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/) 
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5.1.6 UD-SCC-2 xenografts exhibit abundant EGFR expression but poor tumor 

vascularization after 14 days of tumor growth 

To analyze whether poor tumor targeting by the i.v. injected Affilin-decorated vectors was 

caused by either an insufficient tumor vascularization or absent EGFR expression in the 

tumor at the day of vector injection, immunohistochemical staining for both the endothelial 

marker CD31 and EGFR was performed in tumor sections of UD-SCC-2 and SK-Mel-28 

xenografts after 14 days of tumor growth. Tumor sections of SK-Mel-28 xenografts were 

used as a negative control for the EGFR staining method and in vitro cultivated UD-SCC-2 

and SK-Mel-28 cells were stained analogously. Confirming previous flow cytometric 

analysis (Figure 11A), UD-SCC-2 cells showed distinct EGFR staining in vitro while 

SK-Mel-28 cells appeared almost EGFR negative (Figure 18A). Tumor sections of 

UD-SCC-2 xenografts also showed abundant EGFR staining while almost no EGFR was 

detected in tumor sections of SK-Mel-28 xenografts (Figure 18B). However, compared to 

SK-Mel-28 xenografts, only minor CD31 expression was detected in tumor sections of 

UD-SCC-2 xenografts, indicating weak tumor vascularization of the latter at the day of 

vector injection (Figure 18B). In addition, vascularization within UD-SCC-2 tumors 

appeared exclusively within areas of absent EGFR expression (Figure 18B; merge), most 

probably stromal tissue of murine origin (Figure 18B; red arrows).  

 

 

 



Results 

119 
 

     

Figure 18: UD-SCC-2 xenografts show abundant EGFR expression but weak 
vascularization after 14 days of tumor growth 
Immunochemical staining was performed of (A) in vitro cultivated UD-SCC-2 and SK-Mel-28 cells and (B) 

UD-SCC-2 and SK-Mel-28 xenografts established in NSG mice after 14 days of tumor growth. EGFR was 

detected using mouse-α-EGFR primary antibody and Alexa594-labeled α-mouse-IgG secondary antibody. 

CD31 was detected using rat-α-CD31 primary antibody and Alexa488-labeled α-rat-IgG secondary antibody. 

Cell nuclei were stained with DAPI. Red arrows indicate areas of absent EGFR expression. 

(Wienen et al. 2022, Figure 6; CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/) 
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5.1.7 Affilin-decorated vectors exhibit altered organ tropism in vivo  

Tumor transduction by intravenously injected Affilin-decorated vectors was suggested to 

be in part hampered by an insufficient tumor vascularization at the day of vector injection. 

Furthermore, HAdV-5_∆CAR_FiberAffilin and HAdV-5_∆CAR_HexonAffilin were also 

shown to exhibit a significantly reduced liver tropism after intravenous injection          

(Figure 16, Figure 17). Thus, an altered organ tropism as a possible cause of particle 

consumption was suggested. To this end, vector genome copy numbers within lungs, 

spleens, kidneys and hearts of vector-injected, tumor-bearing NSG mice harvested three 

days after vector injection, were quantified by qPCR analysis (Figure 19). 

Independent of the respective xenograft used, both Affilin-decorated vectors showed 

significantly reduced vector loads within the spleen, lung, and kidney. Here, 

HAdV-5_∆CAR_HexonAffilin again showed the lowest vector genome copy number of all 

vectors injected, followed by HAdV-5_∆CAR_FiberAffilin and HAdV-5_∆CAR, as likewise 

observed in previous qPCR analyses of the liver (Figure 16). However and interestingly, 

this relative vector distribution pattern was reversed in the heart, in which 

HAdV-5_∆CAR_HexonAffilin showed the highest genome vector copy numbers followed 

by HAdV-5_∆CAR_FiberAffilin and HAdV-5_∆CAR in descending order.  
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Figure 19: Affilin-decorated vectors exhibit elevated heart tropism after intravenous 
injection 
NSG mice bearing UD-SCC-2 or SK-Mel-28 xenografts were intravenously injected with 2x1010 vector 

particles of HAdV-5_∆CAR, HAdV-5_∆CAR_FiberAffilin or HAdV-5_∆CAR_HexonAffilin after 14 days of 

tumor growth. Three days after vector injection, mice were euthanized and vector genome copy numbers 

in spleens, lungs, kidneys, and hearts were quantified by qPCR analysis. n =8; * = p<0.05; n.s. = not 

significant. (As author adapted from Wienen et al. 2022, Figure 7b; CC BY-NC-ND 4.0, 

https://creativecommons.org/licenses/by-nc-nd/4.0/)  
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5.1.8 Affilin-decorated vectors exhibit enhanced transduction efficiencies in 

murine cells in vitro 

The heart reflects the first organ to be reached by intravenously injected vectors. As EGFR 

is expressed in the cardiac tissue307–310 and human and murine EGFR share ~95% 

sequence homology, it was hypothesized that Affilin-decorated vector particles may also 

show an EGFR-dependent increased transduction of murine cells. To address this 

question, in vitro transduction assays using the murine cell lines SCC-VII, Hepa 1-6 and 

CMT-64 were performed (Figure 20). Interestingly, transduction efficiencies of 

HAdV-5_∆CAR_FiberAffilin and HAdV-5_∆CAR_HexonAffilin were significantly increased 

compared to HAdV-5_∆CAR in all murine cell lines tested. HAdV-5_∆CAR_HexonAffilin 

showed the highest transduction efficiencies, consistent with results obtained from murine 

heart samples in biodistribution analysis (Figure 19).  

 

 

Figure 20: Affilin-decorated vectors exhibit improved transduction efficiencies in murine 
cell lines 
The murine cell lines SCC-VII, Hepa 1-6 and CMT-64 were transduced with either HAdV-5_∆CAR, 

HAdV-5_∆CAR_FiberAffilin or HAdV-5_∆CAR_HexonAffilin with pMOI 1000 and eGFP-positive cells were 

quantified 24 hpt by flow cytometry. n=3, * = p<0.05. (As author adapted from Wienen et al. 2022, Figure 7c; 

CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/)  
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5.1.9 Inaccessibility of EGFR in in vivo xenograft tumors 

Insufficient tumor vascularization and off-target transduction of murine cells were 

suggested as possible reasons for an insufficient tumor transduction by Affilin-decorated 

vector particles after intravenous injection. To circumvent these limitations and to 

investigate whether capsid modification with Affilin improves tumor transduction in EGFR-

positive tumors per se, an intratumoral vector injection was performed. Therefore, 1x1010 

vector particles of HAdV-5_∆CAR or HAdV-5_∆CAR_FiberAffilin were intratumorally 

injected into EGFR-positive UD-SCC-2 tumor-bearing NSG mice after 28 days of tumor 

growth. Three days after vector injection, tumors were harvested and transduction 

efficiencies were analyzed by fluorometric measurement and qPCR analysis (Figure 21A).  

Intratumoral injection of HAdV-5_∆CAR_FiberAffilin did not lead to enhanced but even 

diminished transduction of EGFR-positive UD-SCC-2 tumors compared to 

HAdV-5_∆CAR. To investigate the accessibility of EGFR for binding of Affilin in the tumor 

in vivo, immunohistochemical staining in UD-SCC-2 xenografts with Strep-tagged Affilin 

molecules was performed (Figure 21B). Tumor sections of SK-Mel-28 xenografts were 

used as negative control and in vitro cultured UD-SCC-2 and SK-Mel-28 cells were stained 

analogously to verify the EGFR specificity of Affilin. As expected, distinct binding of Affilin 

to UD-SCC-2 but not to SK-Mel-28 cells was detected in vitro, indicating EGFR specificity. 

However, neither in tumor sections of SK-Mel-28 nor UD-SCC-2 xenografts, binding of 

Affilin was detected, which may indicate absent or even significantly diminished binding 

of Affilin to EGFR in UD-SCC-2 tumors and thus may explain absent tumor transduction 

by Affilin-decorated vector particles in vivo. 
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Figure 21: Reduced tumor transduction by Affilin-decorated vectors upon i.t. 
administration in vivo and absent binding of Affilin in EGFR-positive xenografts.  
NSG mice bearing UD-SCC-2 xenografts were intratumorally injected with 1x1010 vector particles of either 

HAdV-5_∆CAR_FiberAffilin or HAdV-5_∆CAR after 28 days of tumor growth and transduction efficiencies 

were evaluated three days after vector injection by (A) fluorometric measurement of intratumoral eGFP 

expression and (B) qPCR analysis of intratumoral vector genome copy numbers (n=8). 

(C) Immunohistochemical staining of in vitro cultured SK-Mel-28 and UD-SCC-2 cells (left panel) and 

sections of respective in vivo xenograft tumors grown for 21 days in NSG mice (right panel), using Strep-

tagged Affilin. Strep-tagged Affilin was detected using mouse-α-Strep primary antibody and Alexa594-

labeled α-mouse-IgG secondary antibody. Cell nuclei were stained with DAPI. (Wienen et al. 2022, Figure 8; 

CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/) 
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5.2 Retargeting of adenoviral vectors towards the fibroblast activation 

protein (FAP) 

The EGFR was shown to be a difficult to address receptor for tumor-targeting by oncolytic 

adenoviral vectors. Additionally, the tumor stroma was suggested to contribute to an 

insufficient vector delivery to the tumor cell after intravenous vector injection. As a rational, 

a direct targeting of the tumor stroma was aimed to overcome these limitations and to 

improve tumor transduction by oncolytic adenoviral vectors. Cancer associated fibroblasts 

(CAF) are the most abundant cell type within the tumor stroma of solid tumors285 and thus 

represent an attractive target cell type for oncolytic virotherapy. CAFs express the 

fibroblast activation protein (FAP) to high levels288 whereas FAP expression in healthy 

cells and tissues is almost completely absent289, rendering it a highly specific tumor 

marker. Thus, FAP represents a promising target for efficient tumor-targeting by oncolytic 

adenoviral vectors.  

To retarget HAdV-5-based vectors towards FAP, a bispecific adapter molecule was 

designed by genetic fusion of two single chain variable fragments (scFv) binding to the 

HAdV-5 fiber knob (scFvS11) and FAP (scFvFAP5). scFvS11 was previously described 

by the working group of Watkins et al.253, is well characterized, and was already used in 

various retargeting approaches253,254,258. The scFvFAP5 was generated by genetic fusion 

of the variable heavy (VH) and variable light (VL) domain of the monoclonal antibody (mAb) 

FAP5304 via a flexible glycine-serine (G4S)3 linker. The same linker was used to fuse the 

VH and the VL of scFvS11. Both scFv were genetically fused to each other via a short G4S 

linker. Additionally, an N-terminal signal peptide (H1) and a C-terminal FLAG-Tag were 

attached for protein secretion and detection, respectively. A schematic representation of 

the genetic arrangement of the FAP5-S11-FLAG bispecific adapter molecule and the 

suggested retargeting strategy is shown in figure 22. 
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Figure 22: Schematic representation of the FAP5-S11-FLAG bispecific adapter molecule 
The FAP5-S11-FLAG bispecific adapter molecule was generated by genetic fusion of scFvFAP5 and 

scFvS11 binding the fibroblast activation protein (FAP) and HAdV-5 fiber knob, respectively (A). An 

N-terminal signal peptide (H1) and a C-terminal FLAG-Tag (FT) were attached for protein secretion and 

detection, respectively. Transduction of cancer associated fibroblasts (CAFs) by HAdV-5-based vectors 

using the FAP5-S11-FLAG is suggested to be mediated by bridging the adenoviral fiber knob to FAP located 

at the cell surface (B). VH: variable heavy chain; VL: variably light chain, scFv: single chain variable fragment.  
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5.2.1 Production of FAP5-S11-FLAG bispecific adapter molecule 

For production of the FAP5-S11-FLAG bispecific adapter molecule, CAP-T cells were 

transfected with an expression plasmid, encoding the CMV promoter-driven 

H1-FAP5-S11-FLAG gene. Five days post transfection, cells and cell culture supernatants 

were harvested and analyzed by Western Blot analysis for protein expression and 

secretion (Figure 23). FAP5-S11-FLAG was detected in both CAP-T cell lysates and 

supernatants at the expected size of ~52 kDa, confirming successful protein expression 

and secretion. Cell culture supernatants were 18x concentrated in order to increase the 

FAP5-S11-FLAG concentration.  

 

 

 

 

Figure 23: Successful expression and secretion of FAP5-S11-FLAG bispecific adapter 
molecule by CAP-T cells 
CAP-T cells were transfected with pBSK-CMV_H1-FAP5-S11-FLAG and expression and secretion of 

FAP5-S11-FLAG was analyzed by Western Blot five days post transfection. Either 100 µg total protein of 

cell lysate or 27 µl of 18-fold concentrated cell culture supernatant were loaded and FAP5-S11-FLAG was 

detected using mouse-α-FLAG-M2 primary antibody and HRP-labeled α-mouse-IgG secondary antibody.    
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5.2.2 Plasmid transfection induces transient expression of the human fibroblast 

activation protein (hFAP) in HEK293T and HeLa cells 

To evaluate an FAP5-S11-FLAG-mediated FAP-dependent cell transduction by 

retargeted adenoviral vectors, FAP was transiently expressed in two different cell lines. 

HEK293T and HeLa cells were transfected with the pBSK-CMV_hFAP expression 

plasmid, encoding a CMV promoter-controlled human FAP (hFAP) (further referred to as 

HEK293ThFAP and HeLahFAP, respectively) and hFAP expression was analyzed by flow 

cytometry 24 hours post transfection (Figure 24). Preliminary data showed that 

endogenous hFAP expression was neither detected in HEK293T nor HeLa cells. In 

contrast, HEK293ThFAP and HeLahFAP showed distinct hFAP expression with ~41% 

and ~56% of hFAP-positive cells, respectively.  

 

  

Figure 24: Transfection of HeLa and HEK293T cells with pBSK-CMV_hFAP induces hFAP 
expression 
HEK293T and HeLa cells were transfected with pBSK-CMV_hFAP and hFAP expression was detected 

using mouse-α-FAP primary antibody and FITC-labeled α-mouse-IgG secondary antibody 24 hpt. Blue cell 

populations represent hFAP-negative cells, green cell populations indicate hFAP-positive cells. n=2 
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5.2.3 FAP5-S11-FLAG exhibits bispecific binding to hFAP and HAdV-5  

Binding of FAP5-S11-FLAG to both hFAP and the adenovirus capsid is mandatory for an 

efficient retargeting of adenoviral vectors towards hFAP. Thus, the bispecific binding 

capacity of FAP5-S11-FLAG was investigated. 

First, binding to hFAP was analyzed by flow cytometric analysis in HEK293ThFAP and 

HeLahFAP cells, at which HEK293T and HeLa cells were used as a negative control. 

Cells were incubated with supernatants of untransfected or 

pBSK-CMV_H1-FAP5(VH-VL)-S11(VH-VL)-FLAG-transfected CAP-T cells. Cell surface 

binding of the adapter molecule was detected using an α-FLAG antibody and hFAP 

expression was detected using an α-hFAP antibody (Figure 25).  

Preliminary data confirmed distinct hFAP expression in HEK293ThFAP and HeLahFAP 

cells, while HEK293T and HeLa cells were hFAP negative. In line with hFAP expression, 

FAP5-S11-FLAG showed distinct binding to HEK293ThFAP and HeLahFAP, however, 

not to HEK293T or HeLa cells. In addition, in none of the samples background signals 

were detected for CAP-T cell culture supernatants lacking the FAP-S11-FLAG (ctrl). Thus, 

the FAP5-S11-FLAG bispecific adapter molecule within CAP-T cell culture supernatants 

was shown to specifically bind to membrane-associated hFAP in both HEK293ThFAP and 

HeLahFAP cells. 
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Having confirmed that FAP5-S11-FLAG binds to membrane-associated hFAP, its binding 

to the adenovirus capsid was analyzed by ELISA. HAdV-5- and HAdV-5_∆CAR-coated 

ELISA plates were incubated with CAP-T cell culture supernatants containing 

FAP5-S11-FLAG or supernatants of untransfected CAP-T cells (ctrl) in different dilutions 

and vector-bound FAP5-S11-FLAG was detected using α-FLAG antibody (Figure 26). 

Preliminary data confirmed FAP5-S11-FLAG bound similarly to both HAdV-5 and 

HAdV-5_∆CAR particles in a dilution dependent manner. Thus, the ∆CAR mutation was 

shown not to interfere with binding of FAP5-S11-FLAG to the vector capsid.  

Figure 25: FAP5-S11-FLAG specifically binds to membrane-associated hFAP 
hFAP expression was analyzed in HEK293T, HEK293ThFAP, HeLa, and HeLahFAP cells using mouse 

α-FAP primary antibody and FITC-labeled α-mouse-IgG secondary antibody (αFAP). Binding of 

FAP5-S11-FLAG to hFAP was analyzed by incubation of cells with 18x concentrated FAP5-S11-FLAG-

containing CAP-T cell culture supernatants (FAP5-S11-FLAG). Cell surface binding of FAP5-S11-FLAG 

was detected using mouse α-FLAGM2 primary antibody and FITC-labeled α-mouse-IgG secondary 

antibody. CAP-T cell culture supernatants lacking the FAP5-S11-FLAG bispecific adapter molecule (ctrl) 

were used as a negative control. Bright grey cell populations indicate untreated cells. Dark grey cell 

populations indicate cells treated with the indicated regimen. n=1 
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Taken together, this data indicated that the FAP5-S11-FLAG bispecific adapter molecule 

bound to both cell surface-expressed hFAP and the adenoviral capsid. 

   

 

 

Figure 26: FAP5-S11-FLAG binds to HAdV-5 and HAdV-5_∆CAR vector particles 
ELISA plates coated with 1x1010 vector particles per well of either HAdV-5 and HAdV-5_∆CAR were 

incubated with CAP-T cell culture supernatants either containing FAP5-S11-FLAG or not (ctrl). 

FAP5-S11-FLAG was detected using mouse-α-FLAGM2 primary antibody and HRP-labeled α-mouse-IgG 

secondary antibody. Optical densities were measured at a wavelength of 450 nm (OD450). n=1    

 

5.2.4 FAP5-S11-FLAG retargets HAdV-5_∆CAR vectors towards hFAP 

The FAP5-S11-FLAG bispecific adapter molecule was shown to exhibit bispecific binding 

capacity to hFAP and the adenovirus capsid. To investigate whether HAdV-5-based 

vectors can be retargeted towards hFAP-expressing cells by the FAP5-S11-FLAG 

bispecific adapter molecule, a retargeting assay was performed. To avoid CAR-mediated 

cell transduction, the HAdV-5_∆CAR vector was used. Vector particles were 

pre-incubated with either CAP-T cell culture supernatants containing the 



Results 

132 
 

FAP5-S11-FLAG, CAP-T cell culture supernatants lacking the FAP5-S11-FLAG (ctrl) or 

fresh cell culture medium (PEM). Subsequently, samples were used for transduction of 

HEK293T or HEK293ThFAP cells and transduction efficiencies were evaluated after 

24 hours by fluorescence microscopic evaluation for eGFP-positive cells (Figure 27).  

Preliminary results revealed almost no transduction of HEK293T and HEK293ThFAP cells 

by HAdV-5_∆CAR pre-incubated in CAP-T cell culture supernatants lacking the 

FAP5-S11-FLAG or PEM. Pre-incubation of HAdV-5_∆CAR particles in CAP-T cell culture 

supernatants containing the FAP5-S11-FLAG in turn resulted in a substantial transduction 

of HEK293ThFAP cells, however, not HEK293T cells. Thus, this preliminary data 

indicated that the bispecific adapter molecule FAP5-S11-FLAG mediates retargeting of 

HAdV-5-based vectors towards hFAP-expressing cells.   

 

Figure 27: Successful retargeting of HAdV-5-based vectors to hFAP-expressing cells by 
bispecific FAP5-S11-FLAG adapter molecule 
HEK293ThFAP and HEK293T cells were transduced with pMOI 1000 of HAdV-5_∆CAR pre-incubated in 

either CAP-T cell culture supernatants containing FAP5-S11-FLAG, CAP-T cell culture supernatants lacking 

FAP5-S11-FLAG (ctrl) or fresh CAP-T cell culture medium (PEM). Transduction efficiencies were evaluated 

24 hpt by fluorescence microscopy for eGFP-positive cells. n=1 
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5.3 Tumor targeting by a surface-charge modified HAdV-5 hexon 

mutant oncolytic vector 

Hexon is the most abundant structural capsid protein of HAdV-5 particles and negatively 

charged amino acids within the HVR1 region of hexon mainly contribute to the overall 

negative surface charge of HAdV-5 virions. By previous work in the Department of Gene 

Therapy at University Ulm, a HAdV-5 mutant vector was generated in which a stretch of 

13 predominately negatively charged amino acids within the HVR1 region of the hexon 

protein were deleted and substituted by four consecutive positively charged lysine 

residues (Figure 28). The obtained mutant vector HAdV-5-HexPos3 exhibited a 

significantly reduced overall negative surface charge and showed remarkably increased 

transduction efficiencies in human cancer cell lines in a CAR-independent manner as 

shown by a CAR binding-ablated HAdV-5-HexPos3_∆CAR vector.311 Due to these 

advantageous characteristics, the HAdV-5-HexPos3_∆CAR vector was further 

characterized regarding its potential as an oncolytic virus in vitro and in vivo. 

 

 

 

Figure 28: Partial HVR1 amino acid sequence of wild-type HAdV-5 and HAdV-5-HexPos3. 
To generate the HAdV-5-HexPos3 vector, a 13 aa spanning stretch of mainly negatively charged amino 
acids (red letters) within the HVR1 region of hexon were deleted and partially replaced by four consecutive 
positively charged lysins (green letters). HVR1: hyper variable region 1. 
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5.3.1 NSG mouse plasma significantly enhances transduction of 

HAdV-5-HexPos3_∆CAR in human cancer cell lines  

HAdV-5-HexPos3_∆CAR was previously shown to exhibit significantly enhanced 

transduction efficiencies in human cancer cell lines in a CAR-independent manner in 

vitro311. With the aim to assess potential effects of murine blood plasma components to 

the HAdV-5-HexPos3_∆CAR infectivity prior to in vivo experiments, transduction assays 

in presence of NSG mouse plasma were performed. HAdV-5-HexPos3_∆CAR and a 

control vector lacking the HexPos3 capsid modification (HAdV-5_∆CAR) were used to 

transduce SK-Mel-28, A549, UD-SCC-2 and UM-SCC-11B cancer cells in either presence 

or absence of murine NSG plasma (Figure 29). 

As already reported for A549 and UM-SCC-11B cells311, HAdV-5-HexPos3_∆CAR 

exhibited significantly enhanced transduction efficiencies in all cancer cell lines tested in 

the absence of murine plasma, including UD-SCC-2 and SK-Mel-28 (Figure 29A). 

Compared to HAdV-5_∆CAR, transduction efficiencies of HAdV-5-HexPos3_∆CAR in 

SK-Mel-28, A459, UD-SCC-2 and UM-SCC-11B cells were increased ~4.5-, ~11-, ~14-, 

and ~40-fold, respectively. Interestingly, NSG mouse plasma further improved 

transduction efficiencies of HAdV-5-HexPos3_∆CAR in SK-Mel-28, A549 and UD-SCC-2 

cells ~51-, ~12.8-, and ~9.8-fold, respectively while transduction efficiencies in 

UM-SCC-11B cells remained almost unaffected. In contrast, transduction efficiencies of 

HAdV-5_∆CAR in presence of NSG mouse plasma remained unaffected in UD-SCC-2, 

SK-Mel-28 and A549 cells, while a ~7-fold increase was observed in UM-SCC-11B cells 

(Figure 29B). Taken together, HAdV-5-HexPos3_∆CAR was shown to exhibit significantly 

enhanced, CAR-independent transduction efficiency in various different human cancer 

cell lines, which is further enhanced by NSG mouse plasma. This suggested 

HAdV-5-HexPos3_∆CAR as a promising oncolytic virus candidate that needs to be further 

investigated in vivo. 
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Figure 29: NSG mouse plasma improves transduction of human cancer cell lines by 
HAdV-5-HexPos3_∆CAR in vitro 
SK-Mel-28, A549, UD-SCC-2 and UM-SCC-11B cells were transduced with pMOI 1000 of either 

HAdV-5_∆CAR or HAdV-5-HexPos3_∆CAR (A) alone or (B) in either absence (-) or presence (+) of murine 

NSG mouse plasma. Transduction efficiencies were evaluated by quantification of mean fluorescence 

intensities (MFI) 24 hpt using flow cytometry. Results are given as mean ± standard deviation (n=3). 
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5.3.2 HAdV-5-HexPos3_∆CAR exhibits significantly reduced off-target tissue 

tropism and improved tumor targeting after intravenous injection 

HAdV-5-HexPos3_∆CAR showed significantly improved transduction efficiencies in 

human cancer cell lines in vitro that was further improved in presence of NSG mouse 

plasma. To investigate tumor targeting and biodistribution of HAdV-5-HexPos3_∆CAR in 

vivo, subcutaneous UD-SCC-2 xenograft-bearing NSG mice were intravenously injected 

with  either HAdV-5-HexPos3_∆CAR or HAdV-5_∆CAR after 14 days of tumor growth. 

Three days after vector injection, mice were euthanized, organs and tumors were 

harvested and vector genome copy numbers within lungs, spleens, kidneys, hearts, livers, 

and tumors were analyzed by qPCR analysis (Figure 30A). 

Except for the heart, HAdV-5-HexPos3_∆CAR showed significantly reduced vector loads 

in all organs analyzed, including the liver, the main off-target organ of HAdV-5-based 

vectors. The reduced liver uptake of HAdV-5-HexPos3_∆CAR was further confirmed by 

fluorescence microscopic evaluation of liver sections, in which almost no eGFP-positive 

cells were observed (Figure 30B). In contrast, abundant eGFP-positive cells were 

observed in liver sections of mice injected with HAdV-5_∆CAR confirming the pronounced 

liver tropism of unmodified HAdV-5-based vectors. However and interestingly, significantly 

increased intratumoral vector loads were detected for HAdV-5-HexPos3_∆CAR leading 

to a ~29-fold increased tumor/liver ratio compared to HAdV-5_∆CAR (Figure 30A). Thus, 

due to its reduced off-target organ uptake and significantly increased tumor uptake, these 

data indicated an improved tumor targeting and potentially reduced vector toxicity of 

HAdV-5-HexPos3_∆CAR in vivo after i.v. injection. 
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Figure 30: HAdV-5-HexPos3_∆CAR exhibits improved tumor targeting and less off-target 
organ tropism after intravenous injection 
Subcutaneous UD-SCC-2 tumor-bearing NSG mice were intravenously injected with 2x1010 vector particles 

of  either HAdV-5_∆CAR or HAdV-5-HexPos3_∆CAR after 14 days of tumor growth. Three days after vector 

injection, organs and tumors were harvested and (A) vector genome copy numbers within spleens, lungs, 

kidneys, livers, and tumors were quantified by qPCR analysis and tumor/liver ratios were calculated. n=7-8; 

* = p<0.05; n.s. = not significant. Hepatocyte transduction by HAdV-5_∆CAR and HAdV-5-HexPos3_∆CAR 

was additionally evaluated by (B) fluorescence microscopic evaluation of liver sections. Shown are 

representative pictures from mice i.v. injected with either HAdV-5_∆CAR or HAdV-5-HexPos3_∆CAR.  Data 

set for HAdV-5_∆CAR shown in (A) has been published in Wienen et al. 2022, Figure 4b; Figure 5a; 

Figure 7b; CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/  
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To exclude that the diminished liver transduction by HAdV-5-HexPos3_∆CAR was not 

caused by a rapid vector clearance due to an elevated particle uptake by Kupffer cells, 

BALB/c mice were intravenously injected with either PBS, or 2x1010 vector particles of 

either HAdV-5_∆CAR or HAdV-5-HexPos3_∆CAR and vector genome copy numbers 

within livers were analyzed by qPCR analysis 20 minutes after vector injection            

(Figure 31). Compared to HAdV-5_∆CAR, HAdV-5-HexPos3_∆CAR showed slightly, 

however, not statistically significant elevated genome copy numbers in the liver 20 

minutes after vector injection, indicating that HAdV-5-HexPos3_∆CAR was not 

excessively taken up by liver residential Kupffer cells. 

 

 

 

 

 

Figure 31: HAdV-5-HexPos3_∆CAR does not exhibit elevated uptake into the liver early after 
intravenous vector injection 

BALB/c mice were intravenously injected with either PBS or 2x1010 particles of either HAdV-5_∆CAR or 

HAdV-5-HexPos3_∆CAR. Twenty minutes after vector injection, livers were harvested and vector genome 

copy numbers were analyzed by qPCR analysis. n=5; n.s. = not significant. Data for PBS and 

HAdV-5_∆CAR published in Wienen et al. 2022, Figure 4d; CC BY-NC-ND 4.0, 

https://creativecommons.org/licenses/by-nc-nd/4.0/  
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5.3.3 Generation of conditionally replicating adenoviral vectors  

HAdV-5-HexPos3_∆CAR showed significantly improved tumor targeting and reduced 

off-target organ tropism compared to the unmodified control vector HAdV-5 _∆CAR after 

intravenous injection, indicating an improved oncolytic potential and reduced vector 

toxicity in vivo. However, tumor lysis requires virus replication, which necessarily 

increases the risk of vector-induced side-effects due to virus replication in healthy cells 

and tissues. To overcome this limitation and to improve the safety of oncolytic adenoviral 

vectors, conditionally replicating adenoviral vectors (CRAds) were designed, which should 

predominately replicate in cancer cells with aberrant cell cycle control. Based on the 

HAdV-5 wild-type virus (HAdV-5wt), three CRAds were generated by successive genetic 

mutations within cell cycle modulatory viral genes that are essential for virus replication in 

healthy cells, however, negligible in cancer cells. A first CRAd was generated by deletion 

of a 24 bp stretch within the CR1 region of E1A (HAdV-5_E1A∆24bp). This mutation was 

previously shown to ablate binding of E1A to the retinoblastoma protein, which prevents 

E1A-mediated S-phase induction in quiescent healthy cells312. A second CRAd was 

generated by partial deletion of the E1B19k gene (HAdV-5_E1A∆24bp_∆E1B19k). During 

virus replication, E1B19k blocks apoptosis due to binding to the pro-apoptotic proteins 

BAK101,102 and BAX103,104. Healthy cells infected by a ∆E1B19k vector thus should rapidly 

undergo apoptosis before onset of productive virus replication. Furthermore, E1B19k is 

suggested to interact with the adenoviral death protein (ADP)313, which is involved in host 

cell lysis at late stages of viral replication120 and deletion of E1B19k was shown to 

accelerate viral progeny release153–156. A third CRAd additionally harbored a partial 

deletion of the E3gp19k gene (HAdV-5_E1A∆24bp_∆E1B19k_∆E3gp19k) without 

affecting other E3-encoded genes. E3gp19k inhibits MHC class I (MHC-I)-mediated viral 

antigen presentation by the infected cell during virus replication157–159. Healthy cells 

infected by a ∆E3gp19k vector thus should be rapidly recognized and eradicated by the 

host immune system. All CRAds were equipped with a CMV promoter-driven eGFP-

NanoLuciferase fusion reporter cassette inserted in a non-coding region between E1A 

and E1B. A schematic representation of the genomic arrangement is illustrated in        

figure 32. 
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Figure 32: Genomic arrangement of the generated CRAds 
Based on the HAdV-5 wild-type virus (HAdV-5wt), HAdV-5_E1A∆24bp was generated by a defined 24 bp 

deletion within the CR1 region of E1A. Further partial deletions of E1B19k and E3gp19k sequences resulted 

in HAdV-5_E1A∆24bp_∆E1B19k and HAdV-5_E1A∆24bp_∆E1B19k_∆E3gp19k, respectively. HAdV-5wt 

and all CRAds were equipped with a CMV promoter-driven eGFP-NanoLuciferase (eGFP-NLuc) reporter 

cassette inserted between E1A and E1B. The illustrations shown schematically represent the double 

stranded (ds) DNA genome of HAdV-5wt and the respective CRAds. E = early gene regions; L = late gene 

regions   
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All CRAds were produced to normal titers and vector integrities at the genomic and 

physical levels were verified by enzymatic restriction analysis and genome sequencing, 

respectively (data not shown). Purity of the respective vector preparations were 

additionally verified by silver staining (data not shown). Infectivity of the generated CRAds 

was verified by transduction assays using A549 and UD-SCC-2 cells (Figure 33). All 

CRAds showed transduction efficiencies comparable to HAdV-5wt in both cell lines 

analyzed, indicating comparable infectious titers.  

Figure 33: Comparable infectivity of HAdV-5wt and CRAds 
A549 and UD-SCC-2 cells were infected with HAdV-5wt, HAdV-5_E1A∆24bp, 

HAdV-5_E1A∆24bp_∆E1B19k and HAdV-5_E1A∆24bp_∆E1B19k_∆E3gp19k with the indicated pMOI and 

eGFP-positive cells were evaluated 24 hpi by flow cytometry. n=3 
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5.3.4 E1B19k-deleted adenoviral vectors showed improved oncolytic potential and 

selective replication in cancer cells in vitro 

CRAds are designed to preferentially replicate in and lyse cancer cells while not harming 

healthy cells or tissues. To investigate the oncolytic potential of the generated CRAds in 

vitro, a cytotoxicity assay was performed in SK-Mel-28, UD-SCC-2 and A549 human 

cancer cell lines. To further investigate whether replication of the generated CRAds was 

restricted to cancer cells, an analogous assay was performed in human primary, 

non-cancerous HSAEpC cells. Cells were infected with low pMOI ranging from 1 to 0.031 

in serial 1:2 dilutions and virus replication-induced cytotoxicity was evaluated after 

indicated incubation times by crystal violet staining of remaining cells (Figure 34). 

Compared to HAdV-5wt, both E1B19k-deleted CRAds, HAdV-5_E1A∆24bp_∆E1B19k 

and HAdV-5_E1A∆24bp_∆E1B19k_∆E3gp19k, showed significantly improved cell lysis in 

all cancer cell lines tested while in contrast cell lysis by HAdV-5_E1A∆24bp appeared to 

be impaired compared to HAdV-5wt. This effect was most pronounced in UD-SCC-2 cells 

in which almost no cell lysis by HAdV-5wt and HAdV-5_E1A∆24bp was observed, while 

in contrast HAdV-5_E1A∆24bp_∆E1B19k and HAdV-5_E1A∆24bp_∆E1B19k_∆E3gp19k 

lysed almost all cells at all pMOIs tested. Importantly, primary HSApC cells were not lysed 

by HAdV-5_E1A∆24bp_∆E1B19k and HAdV-5_E1A∆24bp_∆E1B19k_∆E3gp19k 

infection, indicating strictly restricted replication of these CRAds to cancer cells. In 

contrast, HAdV-5wt and HAdV-5_E1A∆24bp showed almost complete cell lysis in primary 

HSApC cells at all pMOIs tested, indicating for insufficient cancer cell restricted replication. 

Since HAdV-5_E1A∆24bp_∆E1B19k_∆E3gp19k showed the most efficient cancer cell 

lysis but absent replication in primary cells, it was considered the most promising CRAd 

for further in vivo studies and will be further referred to as HCRAd-5 in all following 

experiments.  
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To visualize the spread of HAdV-5wt and CRAds, UD-SCC-2 cells were infected with low 

pMOI and additionally evaluated for eGFP-positive cells by fluorescence microscopy at 

six days post infection (Figure 35). Only few eGFP-positive cells were observed in wells 

infected with HAdV-5wt and HAdV-5_E1A∆24bp, indicating limited viral spread. Distinct 

spread, however, was observed for both of the E1B19k-deleted CRAds, as indicated by 

comet-like shaped eGFP-positive cell clusters. Fitting to the results obtained by crystal 

violet staining, additional deletion of E3gp19k resulted in even enhanced spread 

compared to solely deletion of E1B19k. 

 

Figure 34: E1B19k deletion improves the oncolytic potential of HAdV-5-based CRAds and 
restricts virus replication to cancer cells in vitro. 
SK-Mel-28, UD-SCC-2, A549 and non-cancerous primary HSAEpC cells were infected with HAdV-5wt, 

HAdV-5_E1A∆24bp, HAdV-5_E1A∆24bp_∆E1B19k and HAdV-5_E1A∆24bp_∆E1B19k_∆E3gp19k with 

the indicated pMOI. After the indicated time periods, remaining cells were washed with PBS, fixed in 4% 

PFA and stained by crystal violet. n=3-4. dpi = days post infection. 
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Figure 35: Deletion of E1B19k significantly enhances spread of CRAds in UD-SCC-2 cells 
UD-SCC-2 cells were infected with either HAdV-5wt, HAdV-5_E1A∆24bp, HAdV-5_E1A∆24bp_∆E1B19k or 

HAdV-5_E1A∆24bp_ ∆E1B19k_∆E3gp19k with the indicated pMOI. Six days post infection, cells were 

evaluated for viral spread by fluorescence microscopic evaluation of eGFP-positive cells. Shown are 

representative pictures of n=3.   
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5.3.5 HexPos3 capsid mutation significantly reduces virus toxicity after i.v. 

injection  

HCRAd-5 (HAdV-5_E1A∆24bp_ ∆E1B19k_∆E3gp19k) showed efficient cancer cell lysis 

and absent replication in primary cells in vitro, indicating improved oncolytic potential and 

vector safety. To further improve tumor targeting and to reduce off-target organ tropism in 

vivo after i.v. vector injection, the previously described HexPos3 and ∆CAR capsid 

mutations were genetically introduced into HCRAd-5, generating the 

HCRAd-5-HexPos3_∆CAR vector and its respective control counterpart 

HCRAd-5_∆CAR. Both vectors were equipped with a CMV promoter-driven firefly 

luciferase reporter gene inserted between E1A and E1B and their oncolytic potential was 

investigated in vivo. To this end, subcutaneous UD-SCC-2 tumor-bearing NSG mice were 

intravenously injected with either PBS or 2x1010 vector particles of 

HCRAd-5-HexPos3_∆CAR or HCRAd-5_∆CAR. Different from previous in vivo 

experiments, vector injection was performed after 21 days of tumor growth in order to 

allow for better tumor vascularization. Anti-tumor efficacies and tumor targeting were 

respectively evaluated by daily measurements of tumor sizes and in vivo detection of 

vector-derived luciferase expression, the latter being analyzed by IVIS measurement at 2, 

3, 7, 14, 21, 28, 35, 43, 46, and 56 days after vector injection.  

Already 48 h after vector injection, HCRAd-5_∆CAR-injected mice showed treatment 

related adverse side-effects including a rapid drop of their body weight, impaired activity 

and agility, diminished skin turgor and reduced tactile stimulation, altogether indicating 

severe toxicity. In contrast, mice treated with HCRAd-5-HexPos3_∆CAR behaved like 

PBS-injected mice and showed no signs of toxicity throughout the entire observation 

period. Fitting to previous biodistribution analysis, IVIS measurement revealed strong 

luciferase expression in the liver of HCRAd-5_∆CAR-injected mice at 48 h post vector 

administration, while hepatic luciferase expression was weak or absent in 

HCRAd-5-HexPos3_∆CAR- or PBS-injected mice, respectively (Figure 36). A rapid 

deterioration in the general health condition of HCRAd-5_∆CAR-injected mice 

necessitated to sacrifice respective mice.  
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Figure 36: HCRAd-5-HexPos3_∆CAR exhibits reduced liver tropism and significantly 
reduced vector toxicity after i.v. injection 
Subcutaneous UD-SCC-2 tumor-bearing NSG mice were intravenously injected with either PBS or 2x1010 

vector particles of HCRAd-5_∆CAR or HCRAD-5-HexPos3_∆CAR after 21 days of tumor growth. Forty-eight 

hours after vector injection, mice were narcotized, intraperitoneally injected with 200 µl firefly luciferase 

substrate and luciferase activities were analyzed by the IVIS 200 in vivo imaging system. Shown are 

representative images of four mice from each group (n=12).  
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5.3.6 Intravenous injection of HCRAd-5_∆CAR causes severe hepatic damage in 

NSG mice  

Intravenous injection of HCRAd-5_∆CAR resulted in severe vector-induced toxicity 

necessitating the sacrifice of respective mice 48 hours post vector administration. 

Interestingly, blood samples of all HCRAd-5_∆CAR-injected mice were observed to 

exhibit severely impaired coagulation (data not shown). Given that and due to the 

abundant luciferase expression within livers of HCRAd-5_CAR-injected mice, hepatic 

damage was hypothesized to be a possible reason for the observed toxic side-effects. 

Thus, aspartate aminotransferase (AST) and alanine aminotransferase (ALT) 

concentrations were analyzed in serum samples of HCRAd-5_∆CAR- and PBS-injected 

mice (Figure 37A). AST and ALT serum concentrations of PBS-injected mice were 73.87 ± 

14.50  U/l  and 31.73 ± 3.96  U/l, respectively and were set as baseline levels. In contrast, 

AST and ALT serum concentrations of HCRAd-5_∆CAR-injected mice were 17148.33 ± 

6825.04 U/l and 7888.33 ± 2780.49 U/l, respectively and accordingly elevated 232- and 

249-fold. Additionally, hematoxylin-eosin (H&E) staining was performed in liver sections 

of mice injected with HCRAd-5_∆CAR or PBS. While no pathologic alterations were 

observed in liver sections of PBS-injected mice, liver sections of HCRAd-5_∆CAR injected 

mice revealed a massive plan lobular tissue damage indicated by swollen and apoptotic 

appearing hepatocytes (Figure 37B), most probably due to pronounced hepatocyte 

transduction by HCRAd-5_∆CAR. Thus, massively elevated AST and ALT serum 

concentrations and an altered tissue architecture in liver sections of 

HCRAd-5_∆CAR-injected mice indicated for a severe vector-induced hepatic damage 

caused by intravenously injected HCRAd-5_∆CAR.   
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Figure 37: HCRAd-5_∆CAR induces severe hepatic damage in NSG mice after intravenous 
injection 
Subcutaneous UD-SCC-2 tumor-bearing NSG mice were intravenously injected with either PBS or 2x1010 

vector particles of HCRAd-5_∆CAR after 21 days of tumor growth. Due to severe vector-induced toxicity, 

HCRAd-5_∆CAR-injected mice were euthanized 48 h after vector injection (n=12). To investigate potential 

liver damages caused by HCRAd-5_∆CAR, (A) AST and ALT serum concentrations of PBS- and 

HCRAd-5_∆CAR-injected mice were analyzed (n=10-12) and (B) H&E staining of liver sections of mice 

injected with PBS or HCRAd-5_∆CAR was performed. Shown are representative pictures of three mice 

from each group. AST: Aspartate aminotransferase, ALT: Alanine aminotransferase  
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5.3.7 Successful tumor transduction by HCRAd-5-HexPos3_∆CAR after single 

intravenous injection 

HCRAd-5-HexPos3_∆CAR showed significantly reduced vector toxicity after intravenous 

injection in UD-SCC-2 tumor-bearing NSG mice compared to HCRAd-5_∆CAR. To further 

analyze biodistribution and tumor transduction of HCRAd-5-HexPos3_∆CAR after 

intravenous injection, in vivo luciferase expression was analyzed by IVIS measurements 

at 3, 7, 14, 21, 28, 35, 43, 49, and 56 days after virus injection (Figure 38). Since PBS-

injected mice did not exhibit any luciferase expression (Figure 36), IVIS measurements 

were only conducted with HCRAd-5-HexPos3_∆CAR vector-injected mice.  

Three days after vector injection, all mice injected with HCRAd-5-HexPos3_∆CAR 

showed luciferase activity in the liver (Figure 38), however, significantly lower compared 

to those detected in HCRAd-5_∆CAR-injected mice 48 h after vector injection (Figure 36). 

In addition, and fitting to previous biodistribution analysis (Figure 30), luciferase activities 

at varying intensities were also detected at tumor sites, indicating successful tumor 

transduction by HCRAd-5-HexPos3_∆CAR after intravenous injection (Figure 38, red 

arrows). While luciferase expression in the liver continuously decreased over time, 

luciferase expression at tumor sites first increased up to day 7 before it also started to 

decrease. However, one tumor showed continuous luciferase activity up to day 56 after 

vector injection, suggesting intratumoral vector replication (Figure 38, subgroup “high”). 

Thus, beside a significantly reduced toxicity, HCRAd-5-HexPos3_∆CAR additionally 

showed improved and partially persisting tumor transduction, likely leading to intratumoral 

virus replication after a single intravenous injection in some of the animals. 
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Figure 38: Substantial and persisting tumor infection by HCRAd-5-HexPos3_∆CAR in vivo  
Subcutaneous UD-SCC-2 tumor-bearing NSG mice were intravenously injected with 2x1010 vector particles 

of HCRAd-5-HexPos-3_∆CAR after 21 days of tumor growth. After 3, 7, 14, 21, 28, 35, 43, 49, and 56 days 

of vector injection, mice were narcotized, intraperitoneally injected with 200 µl luciferase substrate and 

luciferase activity was analyzed by IVIS 200 in vivo imaging system. Mice were subgrouped in ‘high’, 

‘intermediate’, ‘low’, and ‘no’ according to their luciferase expression levels at tumor sites. Shown are 

representative pictures of one mouse per subgroup over time. Tumor sites are indicated by red arrows. 

n=12   
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To analyze a potential anti-tumor effect of HCRAd-5-HexPos3_∆CAR, Kaplan-Meier 

survival analysis was performed with mice being sacrificed when tumors reached a 

maximum size of 15 mm in diameter (Figure 39A). Due to the severe vector-induced 

toxicity of HCRAd-5_∆CAR, a direct comparison between HCRAd-5_∆CAR and 

HCRAd-5-HexPos3_∆CAR regarding their anti-tumor efficacy was not possible in this 

experiment, since all mice injected with HCRAd-5_∆CAR had to be euthanized already 

48 h after vector injection. 

Compared to the PBS group, HCRAd-5-HexPos3_∆CAR-injected mice showed slightly 

prolonged survival rates in the Kaplan-Meier survival analysis (Figure 39A), leading to an 

increased mean survival of 9 days (Figure 39B). However, it is noteworthy, that among 

the HCRAd-5-HexPos3_∆CAR-injected mice no direct correlation of luciferase activities 

at tumor sites detected by the IVIS measurement and prolonged survival of the respective 

mice was observed. An inhomogeneous tumor growth in all mice, which significantly 

influenced the time span until tumor size-based discontinuation criteria were reached, 

further complicated the interpretation of the obtained results. To investigate a potential 

tumor disruption by HCRAd-5-HexPos3_∆CAR due to intratumoral virus replication, H&E 

staining of tumor sections from tumors excised at the end point of 

HCRAd-5-HexPos3_∆CAR- and PBS-injected mice was performed (Figure 39C). Here, 

tumors of both, PBS- as well as HCRAd-5-HexPos3_∆CAR-injected mice showed partially 

disrupted tumor textures, most probably due to emerging tumor necrosis at late stages of 

tumor growth. Taken together, HAdV-5-HexPos3_∆CAR was shown to exhibit significantly 

diminished vector toxicity, reduced off-target organ tropism and improved tumor targeting 

with partially long-lasting intratumoral virus replication, which may cause prolonged 

survival of UD-SCC-2 tumor-bearing NSG mice after a single intravenous injection. 
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Figure 39: Intravenous injection of HCRAd-5-HexPos3_∆CAR leads to prolonged survival 
of UD-SCC-2 tumor-bearing NSG mice  
Subcutaneous UD-SCC-2 tumor-bearing NSG mice were intravenously injected with either PBS or 2x1010 

vector particles of HCRAd-5_∆CAR and HCRAd-5-HexPos3_∆CAR (n=12). Mice were sacrificed upon 

severe signs of toxicity or when tumors reached a maximum size of 15 mm in diameter. Anti-tumor effects 

were analyzed by (A) Kaplan-Meier survival analysis and (B) calculation of mean survival rates. (C) After 

tumor excision at the end point, H&E staining of tumor sections was performed to evaluate tumor tissue 

textures. Shown are representative pictures of three mice either injected with PBS or 

HCRAd-5-HexPos3_∆CAR. 
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6 Discussion 

6.1 Strengths and weaknesses of oncolytic virotherapy 

Oncolytic virotherapy is at the forefront as novel anti-cancer therapy. Compared to 

conventional treatment regimens like surgery or radiotherapy, it provides a rather mild 

intervention, causing significantly less patient burden. Different to other, more invasive 

anti-cancer therapies like chemotherapy or monoclonal antibodies (mAb), oncolytic 

viruses greatly benefit from their self-amplifying characteristics as they autonomously 

replicate upon initial tumor cell infection314 and thus may require only a single 

administration. Virus-induced tumor cell lysis further may stimulate anti-tumor immune 

responses due to the release of cancer cell specific antigens315, additionally augmenting 

anti-tumor efficacies. Today, most oncolytic viruses developed are based on human 

adenovirus type 5 (HAdV-5), which can be attributed to its well understood biology, good 

safety profile, genetic stability, ease in genetic manipulation and beneficial manufacturing 

properties316. However, HAdV-5-based oncolytic virotherapy is still confronted with 

several biological barriers, limiting its anti-tumor efficacy317,318. Tumor cells often lack 

expression of the HAdV-5 primary receptor CAR200–203, which hampers efficient tumor 

transduction by HAdV-5-based oncolytic vectors. A heterogenous tumor constitution 

including a dense tumor stroma and extracellular matrix components additionally 

aggravates efficient tumor infiltration by vector particles and limits intratumoral virus 

spread163. Poor tumor transduction efficiencies may result in extensive off-target organ 

transduction, having vector-induced toxicities as a consequence. Especially the strong 

liver tropism of HAdV-5 pose risks for severe hepatotoxicity183. Rapid vector sequestration 

from the bloodstream due to cellular and non-cellular off-target interactions additionally 

limits an efficient delivery of vector particles to the tumor upon systemic 

administration50,318. An improved and specific tumor targeting, while avoiding common 

vector sequestration mechanisms and toxicities, thus reflects a decisive requirement for 

efficient anti-cancer virotherapy by HAdV-5 based oncolytic vectors.  

To address the issue of poor tumor transduction efficiencies by HAdV-5-based oncolytic 

vectors, the present study focused on the development and characterization of 

HAdV-5-based oncolytic vectors with improved tumor transduction efficiencies and less 
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vector toxicity, particularly dedicated to the treatment of head and neck squamous cell 

carcinoma (HNSCC). Retargeting strategies based on geneti-chemical capsid 

modification224, bispecific adapter molecules and genetic capsid mutation were applied. 

In a first attempt, HAdV-5 based vectors retargeted towards the epidermal growth factor 

receptor (EGFR) were characterized regarding their tumor transduction efficiencies and 

biodistribution profiles in vitro and in vivo. By means of a bispecific adapter molecule, it 

was further investigated whether the fibroblast activation protein (FAP) may provide a 

suitable tumor stroma-target for HAdV-5-based oncolytic virotherapy. Furthermore, a 

charge-modified HAdV-5 capsid mutant311 was thoroughly characterized regarding its 

biodistribution properties, tumor transduction efficiencies, toxicity and therapeutic efficacy 

both in vitro and in vivo. The data gathered in the present study highlight still existing 

barriers for HAdV-5-based oncolytic virotherapy, however, likewise provide insights into 

how to potentially overcome these limitations and develop HAdV-5-based oncolytic 

vectors with improved anti-tumor efficacies. 

6.2 Capsid modification with Affilin efficiently retargets adenoviral 

vectors towards EGFR in vitro but does not improve tumor 

transduction in vivo 

Head and neck squamous cell carcinomas (HNSCC) reflect an aggressive type of cancer 

with high recurrence319, necessitating effective treatment strategies. As the EGFR is 

frequently overexpressed in most types of HNSCC269, in the present study HAdV-5-based 

vectors retargeted against the EGFR were investigated regarding their oncolytic potential 

in vitro and in vivo. Prior to the present study, these vectors have been generated by 

means of geneti-chemical capsid modification224: The EGFR affinity ligand Affilin has been 

covalently coupled to either the fiber (HAdV-5_∆CAR_FiberAffilin) or hexon 

(HAdV-5_∆CAR_HexonAffilin) protein of the vector capsid in a position-specific manner228 

using genetically introduced surface-exposed cysteines. Experiments preceding to the 

present study already revealed promising in vitro characteristics for these Affilin-decorated 

vectors, including less susceptibility to known vector sequestration mechanisms such as 

less macrophage uptake, reduced binding to blood coagulation factor X (FX) and absent 

neutralization by the complement or innate immune system228. Based on these 
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encouraging data, further experiments were performed in the present study to assess the 

oncolytic potential of the Affilin-decorated vectors in vitro and in vivo.  

First in vitro experiments confirmed enhanced transduction efficiencies of 

HAdV-5_∆CAR_FiberAffilin and HAdV-5_∆CAR_HexonAffilin in an EGFR-dependent 

manner, indicating that capsid modification with Affilin enables an efficient vector targeting 

towards EGFR. The fiber-Affilin modification resulted in consistently higher transduction 

efficiencies than the hexon-Affilin modification. This may be caused by a hampered 

intracellular trafficking of HAdV-5_∆CAR_HexonAffilin upon vector endocytosis. After 

endocytosis, HAdV-5 particles have to escape from the early endosome to become 

transported towards the nucleus to deliver their genome. Affilin binds to EGFR with high 

affinity (Kd = 10.9 nM)306 and endosome acidification upon initial vector endocytosis may 

only insufficiently resolve the high affinity interaction between Affilin and EGFR, thus 

trapping HAdV-5_∆CAR_HexonAffilin particles within the early endosome. Such vector 

particles that successfully escaped into the cytoplasm may be further hampered in their 

cytoplasmic trafficking. HAdV-5 particles become transported towards the nucleus along 

the microtubular network, mediated by cellular dynein74. As dynein binds to HVR1320, 

which likewise reflects the coupling site of Affilin in case of 

HAdV-5_∆CAR_HexonAffilin228, Affilin may interfere with dynein binding and thus 

hampers particle transport to the nucleus. As a result, HAdV-5_∆CAR_HexonAffilin 

particles deliver their genome less efficiently and thus become less infectious. In case of 

HAdV-5_∆CAR_FiberAffilin, the interaction between Affilin and EGFR may be of low 

impact, as the fiber becomes shed from the capsid during vector uptake68.   

Presence of murine plasma, however, enhanced the transduction efficiencies of both 

Affilin-decorated vectors significantly in vitro suggesting favorable tumor transduction 

efficiencies in vivo. However and unexpectedly, upon i.v. injection neither 

HAdV-5_∆CAR_FiberAffilin nor HAdV-5_∆CAR_HexonAffilin showed improved but even 

diminished uptake into both EGFR-positive and EGFR-negative tumors. Initial 

suggestions about a strong liver tropism of particles as the cause for absent tumor 

transduction, however, were not confirmed, as both vectors showed significantly 

diminished hepatocyte transduction compared to the unmodified vector control 

HAdV-5_∆CAR. Additionally, both Affilin-decorated vectors showed less liver uptake early 

after i.v. injection, indicating less sequestration by liver residential Kupffer cells, which 
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would have been another possible source for particle consumption50. Nonetheless, both 

Affilin-decorated vectors were previously reported to exhibit an accelerated blood 

clearance228, which indicated another source of particle consumption. Strikingly, 

HAdV-5_∆CAR_HexonAffilin showed even less liver uptake and hepatocyte transduction 

than HAdV-5_∆CAR_FiberAffilin, even though it was reported to be faster cleared from 

the bloodstream228.  

6.3 An unfavorable tumor constitution and on-target/off-tumor binding 

prevents efficient tumor transduction by i.v. injected 

Affilin-decorated vectors 

To further unravel the cause for the absent tumor transduction by Affilin-decorated vectors 

in EGFR-positive tumors, the constitution of the UD-SCC-2 xenografts was investigated 

in more detail. Efficient tumor transduction by i.v. injected vector particles requires 

sufficient target receptor expression in the tumor321 and proper tumor vascularization for 

successful particle delivery via the cardiovascular system. Both requirements were 

investigated for the UD-SCC-2 tumor xenografts at the day of vector injection using 

immunohistochemical staining for EGFR and CD31. Fitting to strong EGFR expression 

levels in UD-SCC-2 cells in vitro, abundant EGFR expression was likewise verified within 

the UD-SCC-2 xenografts. Lack of target receptor expression as the cause for absent 

tumor transduction by the Affilin-decorated vectors thus was excluded. However, although 

UD-SCC-2 xenografts displayed distinct intratumoral vessels when stained after 39 days 

of tumor growth, vascularization was significantly less developed after 14 of tumor growth, 

when vectors were injected. Such poor tumor vascularization may hampered efficient 

delivery of vector particles to the tumor via the bloodstream. Furthermore, neoplastic 

vessels were embedded into a dense tumor stroma, most likely of murine origin and distal 

from the EGFR-expressing target cell. Thus, additionally to an improper tumor 

vascularization, spatial inaccessibility of the EGFR-expressing tumor cell may be another 

possible explanation for the insufficient tumor transduction by the Affilin-decorated vectors 

in EGFR-positive UD-SCC-2 tumors after i.v. vector injection.  

HAdV-5_∆CAR_FiberAffilin and HAdV-5_∆CAR_HexonAffilin were previously reported to 

exhibit an accelerated blood clearance228, indicating rapid particle sequestration after i.v. 
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injection. Since the liver as a source of particle consumption was already excluded, an 

altered organ tropism was hypothesized, so biodistribution analysis were performed to 

analyze vector uptake into the lung, spleen, kidney and heart of vector-injected mice. 

Here, elevated vector loads within the cardiac tissue were observed for both 

HAdV-5_∆CAR_FiberAffilin and HAdV-5_∆CAR_HexonAffilin, indicating enhanced 

transduction efficiencies in murine cardiac cells. In line with this hypothesis, both vectors 

showed significantly enhanced transduction efficiencies in murine cell lines in vitro. Since 

host cell transduction by the Affilin-decorated vectors was shown to be EGFR-specific, 

the elevated transduction efficiencies in murine cells suggest vector uptake via the murine 

EGFR. Human EGFR shares 94.8% sequence homology with its murine counterpart as it 

can be identified by standard protein sequence alignment (UniProtID: Q01279 vs. 

P00533). Such similarity offers great potential for cross-reactivities by EGFR-binding 

ligands between human and murine EGFR as it has been already observed for murine 

EGF, which likewise binds to human EGFR, though with lower affinity322. EGFR-targeting 

drugs like small molecule tyrosine kinase inhibitors i.e. are also pharmacologically active 

in mice308, thus cross-reactivity for Affilin between human and murine EGFR can be 

considered possible. Hence, elevated particle uptake in the heart thus may be a result of 

vector binding to EGFR expressed within the cardiac tissue, which would be in line with 

reports about EGFR to be essential for proper heart development and function307–310. 

EGFR mutant mice were reported to develop enlarged semilunar valves307,310, hyperplasic 

left ventricles and suffered from heart failures leading to premature death307, indicating 

the presence and necessity of EGFR in the heart. 

However, even though uptake levels of the Affilin-decorated vectors into the cardiac tissue 

were elevated, the total number of detected vector genomes was still low, thus unlikely to 

be the sole origin of particle consumption. As binding of Affilin to murine EGFR can be 

considered and EGFR reflects a ubiquitously expressed receptor, a broadly distributed 

on-target/off-tumor binding of the Affilin-decorated vectors can be assumed. Proper 

function of the vasculature i.e. depends on EGFR expression by vascular smooth muscle 

cells (VSMCs)323,324. VSMCs surround the vascular lumen, build up most of the blood 

vessel wall and help to regulate blood pressure by vasoconstriction and vasodilatation325. 

EGFR is involved in basal VSMC homeostasis323 and loss of EGFR in VSMCs causes 

arterial hypotension324. Their abundancy within the cardiovascular system and their 
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localization directly adjacent to the endothelial monolayer of the blood vessel thus renders 

VSMCs an easy-to-access cell type for i.v. injected vectors. Binding to EGFR expressed 

by VSMCs thus reflects a likely source for particle consumption, which may explain the 

accelerated blood clearance of the Affilin-decorated vectors228.  

Strikingly, HAdV-5_∆CAR_HexonAffilin seemed to be substantially more affected by such 

on-target/off-tumor sequestration mechanisms as evident by its even elevated uptake 

levels into the cardiac tissue. Here, the total number of Affilin molecules coupled to the 

vector capsid may be causative. Hexon reflects the most abundant capsid protein of an 

adenoviral particle with 720 hexon monomers assembling into 240 trimers. Fiber in turn 

contributes to the adenoviral capsid with only 36 monomers assembling into 12 trimers. 

Each of these monomeric fiber or hexon proteins have been genetically equipped with a 

single surface-exposed cysteine to enable the site-directed covalent attachment of a 

terminal cysteine-bearing Affilin molecule. The coupling efficiencies have been reported 

to be 60% and 10% to fiber and hexon, respectively228. Stoichiometrically, this results in 

a total amount of ~21 Affilin molecules coupled to HAdV-5_∆CAR_FiberAffilin and ~72 

Affilin molecules coupled to HAdV-5_∆CAR_HexonAffilin. Thus, 

HAdV-5_∆CAR_HexonAffilin vectors are covered with ~3.4-times more Affilin molecules 

than HAdV-5_∆CAR_FiberAffilin vectors, enabling for more receptor binding possibilities 

and thus may explain the even elevated uptake levels of HAdV-5_∆CAR_HexonAffilin into 

the cardiac tissue. Strikingly, HAdV-5_∆CAR_HexonAffilin likewise exhibited superior 

transduction efficiencies in murine cell lines in vitro, which contradicted results previously 

obtained in human cell lines. As mentioned in a previous section, the diminished 

transduction efficiency of HAdV-5_∆CAR_HexonAffilin in human cell lines was 

hypothesized to originate from the high-affinity binding between Affilin and EGFR, which 

may trap the vector particle within the early endosome. Based on the suggestion that 

Affilin binds to murine EGFR with lower affinity, acidification of the early endosome upon 

vector endocytosis may be sufficient to resolve the low affinity bond between Affilin and 

murine EGFR, resulting in higher transduction efficiencies of HAdV-5_∆CAR_HexonAffilin 

in murine cells compared to human cells.  
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6.4 Inaccessibility of EGFR in in vivo xenografts hampers tumor 

transduction by Affilin-decorated vectors 

HNSCC often affects areas of the upper respiratory tract, thus being accessible for local 

vector administration. To circumvent vector sequestration after i.v. injection and to 

investigate whether capsid modification with Affilin might enhances tumor transduction in 

EGFR-positive tumors per se, an intratumoral vector injection of HAdV-5_∆CAR and 

HAdV-5_∆CAR_FiberAffilin was performed in UD-SCC-2 xenografts. Surprisingly, i.t. 

injection did not result in improved but even diminished tumor transduction efficiencies by 

HAdV-5_∆CAR_FiberAffilin. As HAdV-5_∆CAR_FiberAffilin showed remarkable 

transduction efficiencies in UD-SCC-2 cells in vitro and EGFR was proven to be 

abundantly expressed in UD-SCC-2 xenografts, an impaired accessibility of EGFR for the 

Affilin ligand in vivo was suggested. Using immunohistochemical staining, binding of Affilin 

to EGFR-positive UD-SCC-2 cells in vitro was confirmed, however, no binding was 

observed for UD-SCC-2 tumor sections. As epidermal growth factor (EGF) efficiently 

inhibited transduction of UD-SCC-2 cells by HAdV-5_∆CAR_FiberAffilin in vitro, absent 

binding of Affilin to EGFR in vivo might be a result of EGFR occupation within the tumor 

by one of its natural ligands271. Upon ligand binding, EGFR undergoes conformational 

changes and dimerizes273, which may contribute to an inaccessibility of the Affilin epitope. 

Stroma-derived fibroblasts are known to secrete various growth factors285 including EGFR 

binding ligands such as transforming growth factor-α (TGF-α)326,327. As a dense tumor 

stroma was observed in UD-SCC-2 tumors, growth factors, probably originating from 

stroma-derived fibroblasts, might bind and occupy EGFR in vivo. These findings let 

suggest that the tumor stroma not only represents a physical barrier for the Affilin-

decorated vectors after i.v. injection, but also contributes to an inaccessibility of EGFR 

due to secretion of EGFR-binding ligands. The even diminished transduction efficiencies 

of HAdV-5_∆CAR_FiberAffilin compared to HAdV-5_∆CAR upon i.t. injection might be 

further explained by the reduced binding of FX to HAdV-5_∆CAR_FiberAffilin228, as FX is 

known to be a potent enhancer of adenoviral transduction328.   
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6.5 The fibroblast activation protein as a suitable target for oncolytic 

adenoviral vectors  

Stromal tissue of solid tumors can account for most of the total tumor mass and cancer 

associated fibroblasts (CAFs) comprise the most abundant cellular constituent of the 

tumor stroma285. Several aspects suggest CAFs as an attractive target cell type to 

increase the therapeutic efficacy of oncolytic adenoviruses. CAFs promote tumor 

angiogenesis329, modulate the extracellular matrix330, suppress immune responses and 

secrete growth factors driving tumor progression331. Targeting and destroying CAFs by 

oncolytic adenoviral vectors thus may not only help to disrupt the tumor but may also 

break-down the tumor growth-promoting microenvironment. However, fibroblasts are 

hardly transduced by HAdV-5-based vectors due to insufficient expression of the primary 

adenovirus receptor CAR332. To achieve efficient transduction of CAFs by HAdV-5-based 

vectors, the fibroblast activation protein (FAP), a cell surface located serine protease290, 

was suggested a suitable target antigen as it represents a highly specific tumor marker, 

almost exclusively expressed by CAFs within the tumor stroma333. As a retargeting 

strategy, the bispecific adapter molecule FAP5-S11-FLAG was generated, being a genetic 

fusion between two single chain variable fragments, binding FAP304 and the adenovirus 

fiber knob253.  

FAP5-S11-FLAG was shown to bind both cell surface-located human FAP (hFAP) and 

the adenoviral capsid. The ∆CAR mutation of applied HAdV-5_∆CAR vectors did not affect 

FAP5-S11-FLAG binding to the capsid. An in vitro retargeting assay using HEK293T cells 

transiently expressing hFAP (HEK293ThFAP) confirmed that HAdV-5_∆CAR was 

successfully retargeted towards hFAP by means of FAP5-S11-FLAG. This finding 

suggested hFAP as a promising tumor stroma target for HAdV-5-based oncolytic vectors. 

However, one limitation of the here reported data is that experiments were performed in 

cells of epithelial origin with artificial and only transient hFAP expression, which does not 

perfectly match the mesenchymal origin of CAFs in the tumor stroma. FAP is a serine 

protease290 that is catalytically active only as a glycosylated homodimer (FAP/FAP)292,295, 

however, also forming heterodimers with CD26/Dipeptidyl-peptidase-4 (DPP4)294 

(FAP/DPP4). Even though the dimerization status of hFAP within the HEK293ThFAP cells 

used in the present study was not investigated, it can be assumed that overexpression of 
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hFAP predominantly results in the formation of FAP/FAP homodimers. There is indication 

that heterodimerization may influences binding of some FAP antibodies334, consequently 

FAP/DPP4 heterodimerization may likewise result in an impeded binding of 

FAP5-S11-FLAG to hFAP. Thus, if transduction of primary CAFs by adenoviral vectors is 

feasible remains to be investigated. However, it has been revealed that stromal fibroblasts 

of epithelial cancers solely express FAP, while only barely DPP4293, suggesting that 

predominantly FAP/FAP homodimers rather than FAP/DPP4 heterodimers may be 

present in CAFs. The FAP5 parental antibody mAb FAP5304 was shown to bind FAP in 

pancreatic, lung and colon carcinoma xenograft models304, indicating that 

FAP5-S11-FLAG most likely binds to FAP expressed by CAFs as well. Thus, successful 

retargeting of HAdV-5-based vectors towards CAFs by means of FAP5-S11-FLAG seems 

promising and would be in line with previous reports about FAP-targeted HAdV-5-based 

vectors. Pang et al. generated FAP-targeted adenoviral vectors by genetic insertion of 

small FAP-binding peptides into the fiber of the adenoviral capsid and showed increased 

transduction efficiencies in primary gastric CAFs by these vectors in vitro335. Continuing 

in vivo studies further revealed significantly inhibited tumor growth in gastric cancer 

xenografts after repeated i.v. injection of these FAP-targeted vectors335. Even though this 

is, to the best of our knowledge, the only report about oncolytic adenoviral vectors directly 

targeted towards FAP, there have been several other attempts to indirectly target CAFs 

by means of oncolytic adenoviruses. De Sostoa et al. generated the oncolytic adenovirus 

ICO15K-FBiTE, which encoded an FAP-directed bispecific T-cell engager (BiTE)336. 

BiTEs are a type of bispecific adapter molecule, binding to a specific cell surface antigen 

and the CD3 receptor on T-cells, thus bridging cytotoxic T-cells to the bound target cell337. 

ICO15K-FBiTE enabled BiTE-induced T-cell-mediated cytotoxicity in FAP+ cells in vitro 

and subsequent in vivo studies showed increased intratumoral T-cell accumulation, 

depletion of stromal tissue and significantly delayed tumor growth in A549 and HPAC 

xenografts upon i.t. injection of ICO15K-FBiTE336. A comparable study was performed by 

Freedman et al., who armed another oncolytic adenovirus, Enadenotucirev (EnAd) with a 

FAP-targeted BiTE338. The BiTE-expressing EnAd induced T-cell-mediated cell death of 

CAFs in vitro and ex vivo infection of solid prostate cancer biopsies led to activation and 

infiltration of PD1+ cells338. However, despite such encouraging results obtained by FAP-

targeted oncolytic virotherapy, possible side-effects need to be considered as well. Bone 
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marrow-derived stem cells (BMSCs) for example endogenously express FAP339 and thus 

represent a potential off-target cell type for FAP-targeted anti-tumor therapies. Indeed, 

FAP-targeted chimeric antigen receptor-T (CAR-T) cells have been reported to have 

limited anti-tumor efficacy but induced severe bone marrow toxicity in preclinical in vivo 

studies340. However, contrary data were generated by Kakarla et al., who reported 

anti-tumor efficacies of FAP-targeted CAR-T cells in pre-clinical studies with absence of 

any severe adverse events341.  

Taken together, the data obtained in the present study indicate that FAP might be a 

promising target for HAdV-5 based oncolytic virotherapy. Data from several other studies 

support this suggestion and provide encouraging results that FAP-directed anti-cancer 

therapies can be highly effective. However, the efficacy and safety of oncolytic adenoviral 

vectors targeted against FAP should be thoroughly evaluated. Thus, continuing 

experiments, both in vitro and in vivo, are needed to obtain further insights into the 

antitumor efficacy and safety of FAP-targeted HAdV-5-based oncolytic vectors. 

6.6 HexPos3 capsid mutation improves biodistribution properties and 

tumor uptake of i.v. injected HAdV-5 vectors in vivo  

Efficient tumor transduction and low vector toxicity is essential for the therapeutic success 

of oncolytic virotherapy. Previously, the HAdV-5-HexPos3_∆CAR vector was generated, 

exhibiting a reduced overall net negative surface charge311 due to partial replacement 

of 13 mainly negatively charged amino acids within HVR1 of hexon by four positively 

charged lysine residues. HAdV-5-HexPos3_∆CAR was shown before to exhibit 

significantly improved and CAR-independent transduction efficiency in human cancer cell 

lines311 and thus was considered a promising candidate for oncolytic virotherapy. Hence, 

in the present study, its oncolytic potential was thoroughly investigated in vitro and in vivo.  

First in vitro transduction assays confirmed the remarkably enhanced transduction 

efficiency of HAdV-5-HexPos3_∆CAR in human cancer cell lines and murine plasma had 

even enhancing effects on the transduction efficiency. In vivo, HAdV-5-HexPos3_∆CAR 

showed a favorable biodistribution profile after i.v. injection into UD-SCC-2 tumor-bearing 

NSG mice with either equal or reduced off-target uptake in lung, spleen, kidney, and heart, 

however, elevated tumor uptake compared to the control vector HAdV-5_∆CAR. 
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Furthermore, HAdV-5-HexPos3_∆CAR showed no elevated liver uptake compared to 

HAdV-5_∆CAR early after i.v. injection into BALB/c mice, indicating that 

HAdV-5-HexPos3_∆CAR was likely not affected by excessive sequestration via liver 

residential Kupffer cells. Most interestingly, HAdV-5-HexPos3_∆CAR further showed 

almost absent hepatocyte transduction despite verified and substantial binding of 

biologically functional FX311, a main mediator of hepatocyte transduction by 

HAdV-5-based vectors in vivo49. Thus, this data may indicate for another, yet still unknown 

mechanism of hepatocyte transduction by HAdV-5-based vectors in vivo, potentially 

involving HVR1 of hexon. Based on the significantly reduced hepatocyte transduction and 

elevated tumor uptake, HAdV-5-HexPos3_∆CAR further exhibited an about 29-fold 

improved tumor to liver ratio compared to the unmodified control vector HAdV-5_∆CAR, 

which pointed to an improved oncolytic potential and significantly reduced vector toxicity 

of HAdV-5-HexPos3_∆CAR after i.v. injection in NSG mice.  

6.7 Absence of E1B19k protein improves the oncolytic potential of 

adenoviral vectors and restricts replication to cancer cells 

Replication deficient HAdV-5-HexPos3_∆CAR showed favorable biodistribution 

properties and significantly increased tumor uptake after i.v. injection, rendering it a 

promising candidate for efficient HAdV-5-based oncolytic virotherapy. Tumor lysis, 

however, requires virus replication, which, considering vector safety, should be tightly 

restricted to cancer cells to avoid damage of healthy cells and tissues. With the aim to 

generate a conditionally replicating HAdV-5-HexPos3_∆CAR oncolytic vector, three 

conditionally replicating adenoviral vectors (CRAds), based on the HAdV-5 wild-type virus 

(HAdV-5wt) were generated by successive mutations within the viral early gene regions 

E1A (E1A∆24bp), E1B19k (∆E1B19k) and E3gp19k (∆E3gp19k). The resultant CRAd’s 

HAdV-5_E1A∆24bp, HAdV-5_E1A∆24bp_∆E1B19k and 

HAdV-5_E1A∆24bp_∆E1B19k_∆E3gp19k were characterized regarding their oncolytic 

potential and cancer cell specific replication in vitro using both cancer and primary cells.  

Contrary to previous reports151, in the present study the E1A∆24bp mutation did not 

restrict virus replication to cancer cells, since primary cells were efficiently lysed upon 

infection by HAdV-5_E1A∆24bp. Moreover, HAdV-5_E1A∆24bp showed less efficient 
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spread in cancer cells compared to HAdV-5wt, indicating that the E1A∆24bp mutation 

lowers the oncolytic potential of HAdV-5-based oncolytic vectors. In contrast, 

HAdV-5_E1A∆24bp_∆E1B19k showed distinctly improved cancer cell lysis and 

accelerated spread compared to HAdV-5wt in all cancer cell lines tested, and almost 

absent replication in primary cells. Even though the underlying mechanism is not 

completely understood so far, previously it has been shown that absence of the E1B19k 

protein results in an expedited viral release from the infected host cell and thus to more 

efficient viral spread153–156. Further, the E1B19k interferes with the adenovirus death 

protein (ADP), thus absent E1B19k protein may enhance host cell lysis and contribute to 

an early release of viral progeny from the infected cell120,313. ADP, which is expressed at 

low levels during early phases of the adenoviral infection cycle becomes highly amplified 

during late stages342 and is required for efficient cell lysis and release of viral progeny343. 

An adenoviral vector overexpressing ADP showed improved spread in cancer cells344 

while ADP-deleted vectors spread less efficiently and show a small plaque forming 

phenotype343. Interestingly, the small plaque forming phenotype of an ADP-deleted vector 

could be readily compensated by abrogation of the E1B19k function345 and localization of 

both ADP346 and E1B19k347 at the nuclear membrane during viral infection may be 

indicative for an interaction between both proteins to regulate viral release.  

Further, E1B19k binds to the pro-apoptotic protein Bax and thereby prevents virus-

induced host cell apoptosis103. This is a possible explanation for the tightly restricted 

replication of E1B19k-deleted vectors to cancer cells with aberrant apoptotic pathways, 

while absence of E1B19k during vector replication in primary cells probably results in rapid 

apoptosis of the infected cell, which would prevent productive vector replication and 

spread. Strikingly, absence of E3gp19k protein further improved cancer cell-specific 

replication efficiency of HAdV-5-based oncolytic vectors as shown by the even enhanced 

spread of HAdV-5_E1A∆24bp_∆E1B19k_∆E3gp19k in cancer cells. This observation was 

unexpected, since E3gp19k is known to be involved in the adenoviral immune evasion 

due to prevention of MHC I-mediated antigen presentation by the infected cell157–159 and 

thus has no known host cell cycle modulatory function in vitro. The underlying mechanism 

for the improved spread of HAdV-5_E1A∆24bp_∆E1B19k_∆E3gp19k in cancer cells thus 

remains unsolved for the time being and requires further investigation. However, 

one  possible explanation might be the shortened genome of 
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HAdV-5_E1A∆24bp_∆E1B19k_∆E3gp19k due to deletion of E3gp19k (712 bp). 

HAdV-5wt and all in vitro characterized CRAds generated in the present study harbored 

the genetically introduced eGFP-NanoLuciferase reporter gene, which expands the vector 

genome by ~3.7% (1355 bp) its original size and potentially interferes with efficient 

packaging of the vector genome into newly assembled capsids348. Deletion of E3gp19k 

may compensated for this limitation, resulting in  a larger subset of 

infectious viral progeny and thus may explain the even enhanced spread of 

HAdV-5_E1A∆24bp_∆E1B19k_∆E3gp19k compared to HAdV-5_E1A∆24bp_∆E1B19k in 

cancer cells. 

6.8 HexPos3 capsid mutation significantly reduces hepatotoxicity of 

conditionally replicating HAdV-5 vectors 

To investigate the anti-tumor efficacy of an HexPos3 capsid mutated vector in vivo, the 

HexPos3 and ∆CAR capsid mutations were genetically introduced into the previously 

characterized CRAd HAdV-5_E1A∆24bp_∆E1B19k_∆E3gp19k, generating the 

HCRAd5-HexPos3_∆CAR vector and a respective counterpart control vector, lacking the 

HexPos3 capsid-mutation, HCRAd-5_∆CAR. Anti-tumor efficacies of both vectors were 

investigated in UD-SCC-2 tumor-bearing NSG mice after i.v. vector injection.  

HCRAd-5-HexPos3_∆CAR was well tolerated, as all HCRAd-5-HexPos3_∆CAR-injected 

mice  behaved like the PBS-injected group throughout the whole observation period of the 

experiment without any physical anomalities regarding their general health condition. In 

sharp contrast, HCRAd-5_∆CAR-injected mice showed distinct signs of vector-induced 

toxicity already 48 hours after vector injection, indicated by a rapid drop in body weight, 

reduced tactile stimulation, diminished skin turgor and reduced activity. Subsequent IVIS 

measurement displayed pronounced luciferase activities at sites of the liver in all 

HCRAd-5_∆CAR injected mice, indicating strong liver transduction. At the same time, 

HCRAd5-HexPos3_∆CAR-injected mice showed only minor luciferase activities in the 

liver, confirming data from previous biodistribution analysis that showed almost absent 

hepatocyte transduction by the replication deficient HAdV-5-HexPos3_∆CAR vector.  

Vector-induced toxicities of HCRAd-5_∆CAR necessitated a premature euthanasia of all 

HCRAd-5_∆CAR–injected mice 48 hours after vector injection. Strikingly, blood samples 
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collected from HCRAd-5_∆CAR-injected mice showed impaired coagulation and mice 

partially displayed internal bleedings. Serum analysis revealed drastically elevated 

aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels, indicating 

severe hepatic injury349. Subsequent H&E staining of liver sections confirmed this 

assumption as a massive disruption of the liver architecture with abundant hepatocyte 

death was histologically identified. 

Hepatotoxicity is a known complication upon i.v. injection of HAdV-5-based vectors, 

partially having fatal outcome183. Various factors have been identified to contribute to this 

effect including the injected vector dose, viral gene expression194,195, KC uptake175 or 

vector interactions with blood factors173. In the present study, vector-induced toxicities 

were solely observed in HCRAd-5_∆CAR-injected mice, however, not in mice injected 

with its replication deficient counterpart HAdV-5_∆CAR. These findings strongly indicated 

that neither the injected vector dose nor hepatocyte transduction per se were causative 

for the HCRAd-5_∆CAR-induced toxicity, but solely the conditionally replicating 

phenotype of HCRAd-5_∆CAR. The major paradox, however, is that murine hepatocytes 

should not support productive HCRAd-5_∆CAR replication. First, hepatocytes are 

quiescent cells350 thus replication of conditionally replicating HCRAd-5_∆CAR vector 

particles should be efficiently prevented. Furthermore, murine cells are generally not 

permissive for growth of human adenoviruses and do not support late stages of the 

HAdV-5 replication cycle, due to various biological barriers351,352. Liver damage due to 

hepatocyte lysis induced by a completed viral life cycle thus can be rather excluded. 

However, onset of early HAdV-5 gene expression has been reported to partially occur 

also in murine cells351 and may have already toxic effects to the affected hepatocyte. In 

line with this hypothesis, Engler et al. reported about hepatotoxicity in immunodeficient 

beige/scid mice upon i.v. injection of a conditionally replicating HAdV-5 vector, which 

correlated with viral E1A expression and induced tumor necrosis factor-α (TNF-α) release 

in the liver195. TNF-α in turn is a pleiotropic cytokine, highly involved within liver 

homeostasis and likewise induces hepatocyte proliferation as a response to liver injury as 

a unique feature of the liver353,354. TNF-α release as a result of viral E1A expression thus 

may engage liver regenerative processes355, initiating hepatocyte proliferation. 

Proliferating hepatocytes in turn may support the onset of early stages of HCRAd-5_∆CAR 

replication, including vector genome amplification351. Intranuclear accumulation of vector 
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genomes mimics DNA double strand breaks, which senses the cellular DNA repair 

machinery356 to induce cell-cycle arrest and apoptosis357,358, which could not be 

counteracted by HCRAd-5_∆CAR due to lack of the E1B19k protein. Hepatocyte 

apoptosis may promote further release of TNF-α in the liver, enforcing hepatocyte 

proliferation and thus creating a self-amplifying feedback-loop that progressively drives 

viral gene expression and genome amplification, leading to apoptosis of further 

hepatocytes. The abundant hepatocyte transduction in combination with onset of 

hepatocyte proliferation potentially supporting early stages of vector replication thus may 

explain the pathogenesis of the HCRAd-5_∆CAR-induced hepatotoxicity.  

Liver damage is further correlated with abnormalities in blood coagulation192. As 

hepatocytes are the main source for de novo synthesis of coagulation factors191, most of 

which having a blood plasma half-life of a few days359, the abundant hepatocyte death 

caused by HCRAd-5_∆CAR may likewise explain the impaired blood coagulation and 

internal bleedings observed in HCRAd-5_∆CAR-injected mice. I.v. injection of adenoviral 

vectors additionally poses risk to induce so-called “vector-induced thrombocytopenia 

(VIT)”360–363, which occurs within hours after vector injection361. Depending on severity, 

thrombocytopenia may also result in impaired blood coagulation and bleedings364, such 

as observed in HCRAd-5_∆CAR-injected mice. However, VIT is dose-dependent362 and 

platelet counts usually recover within days after vector injection360,362. Based on the data 

gathered in the present study showing that i.v. injection of replication deficient 

HAdV-5_∆CAR at the same dose than HCRAd-5_∆CAR did not result in any 

vector-induced toxicities, VIT seems rather unlikely causative for the impaired blood 

coagulation and bleedings observed in HCRAd-5_∆CAR-injected mice. 

6.9 Insufficient intratumoral spread limits the anti-tumor efficacy of 

HAdV-5-HexPos3_∆CAR 

HCRAd-5-HexPos3_∆CAR showed absent toxicity and successful tumor transduction 

after i.v. injection in UD-SCC-2 tumor-bearing NSG mice. However, luciferase activities at 

sites of the tumor peaked at seven days after vector injection and then continuously 

declined over time. Even though HCRAd-5-HexPos3_∆CAR-injected mice showed slightly 

prolonged overall survival rates compared to the PBS-injected group, a direct correlation 
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between intratumoral luciferase expression levels and prolonged survival of the respective 

mice was not verifiable, indicating insufficient intratumoral vector replication and spread.  

As a first possible explanation, tumor necrosis at late stages of tumor growth as observed 

in H&E staining of tumor sections was suggested to generate a virucidal environment 

limiting efficient vector replication and spread. However, impaired intratumoral spread of 

wild-type HAdV-5 has been already reported before and was hypothesized to be primarily 

caused by “tumor-supporting structures” of murine origin abundantly present within human 

xenografts established in immune-deficient mice163. The microscopic appearance of the 

UD-SCC-2 xenografts used in the present study likewise showed clustered tumor cells 

tightly embedded into a dense stromal tissue, most likely of murine origin as well. As 

human adenoviruses cannot productively replicate within murine cells351,352, such 

abundant stromal tissue most probably represents a major barrier that prevents proper 

intratumoral vector replication and spread. Moreover, and as already introduced in more 

detail in a previous section, the major cellular constituent of the tumor stroma are 

fibroblasts, which by themselves are only hardly transduced by HAdV-5 based vectors 

due to lack of CAR expression332. However, in that point of view, HexPos3 capsid mutated 

oncolytic vectors might have an advantage over their unmodified counterpart in a clinical 

setting. Nilson et al. reported that HexPos3 capsid mutated HAdV-5 vectors efficiently 

transduce human mesenchymal stem cells (MSCs)311 in a CAR-independent manner and 

a conditionally replicating HexPos3 capsid-mutated CRAd was shown to lyse MSCs with 

high efficacy365. As MSCs share various characteristics with fibroblasts366, the data 

provided by Nilson et al. let suggest that HCRAd-5-HexPos3_∆CAR in an entirely human 

context might exhibits enhanced oncolytic potential over unmodified HAdV-5-based 

oncolytic vectors as it may transduces and lyses tumor stroma residential fibroblasts more 

efficiently. 

6.10 Critical view on retargeting strategies for the improvement of  

tumor transduction efficiencies of HAdV-5-based oncolytic vectors 

Efficient tumor transduction is a prerequisite for successful oncolytic virotherapy and 

represents a major obstacle for systemic HAdV-5-based anti-cancer therapy. One aspect 

that prevents efficient tumor transduction by HAdV-5-based vectors is inaccessibility, 
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downregulation, or even absent expression of the HAdV-5 primary receptor CAR in solid 

tumors. To address this issue, HAdV-5-based vectors have been retargeted towards 

various different cell surface proteins overexpressed by tumor cells. Respective targeting 

ligands have been applied either genetically, chemically or geneti-chemically367–371, all of 

which having their advantages and disadvantages, which will be considered in this 

section. 

Genetic capsid modifications such as capsid-chimeric vectors or incorporation of small 

peptide ligands into the capsid particularly have the advantage to be inherited to viral 

progeny, supporting efficient re-infection of neighboring cancer cells and vector spread 

through the tumor tissue. Moreover, vector production and purification can be easily 

scaled up and adapted to GMP-compliant guidelines372,373, providing the possibility for 

industrial manufacturing. However, especially the insertion of larger peptides into the 

vector capsid poses the risk to negatively interfere with the vector stability374 potentially 

ending up in unfeasible vector rescue375 or low yield vector production. Furthermore, the 

inserted peptide must properly fold within the reducing environment of the cytoplasm to 

be biologically active and in order to recover viable and genetically retargeted vectors250. 

Thus, the choice of suitable retargeting peptides, not interfering with vector stability is 

limited.  

In contrast, capsid modification on a chemical basis does not affect vector capsid integrity 

as the retargeting moiety becomes attached to the matured particle. Furthermore, it is 

ensured that the retargeting ligand is properly folded and thus biologically active. 

However, chemical attachment of retargeting moieties is often charge-mediated or amine-

directed, which may result in densely coated and non-infectious vector particles215. A more 

site-specific attachment can be realized using bispecific adapter molecules, which bind to 

defined regions of the capsid229,251. However, even though this technique prevents a too 

dense particle coating, the adapter can become displaced from the capsid as it is merely 

non-covalently attached. This is particularly important during in vivo and clinical 

application since vector particles interact with several blood components318, which may 

compete with the adapter for respective capsid binding sites. Here, coupling of the 

retargeting ligand by geneti-chemical capsid modification369 provides a suitable method to 

avoid displacement of the position-specifically attached retargeting ligand. Genetically 

introduced surface-exposed cysteine residues are used to attach maleimide-bearing 
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linkers or maleimide-bearing molecules to the vector capsid in a site-specific manner. The 

resultant covalent thioether bond provides a robust, non-displaceable linkage of the ligand 

to the vector capsid. However, the scalability of chemical and geneti-chemical capsid 

modifications remains challenging and requires sophisticated production protocols to 

meet GMP demands. Furthermore, both modification strategies are not passed on to 

progeny and thus solely allow for the initial vector targeting.  

Independent of the respective retargeting method, tumor targeting ligands always harbor 

the risk for potential off-target interactions as observed in the present study with the 

EGFR-targeted Affilin-decorated vectors. Most target receptors, though overexpressed in 

cancer cells, are likewise often present in healthy cells and tissues, which may result in 

off-target transduction and adverse events. Thus, biodistribution profiles must be 

thoroughly investigated to assess the safety of retargeted adenoviral vectors. Moreover, 

retargeting of HAdV-5-based oncolytic vectors towards alternative target receptors alone 

may not be sufficient but requires simultaneous avoidance of vector particle sequestration 

by the several biological barriers as discussed in more detail before. 

6.11 Vector detargeting as a more efficient retargeting strategy 

With the intention to improve tumor transduction efficiencies of HAdV-5-based vectors, a 

large number of different vectors retargeted towards alternative target receptors 

overexpressed by cancer cells have been developed. However, even though in vitro 

experiments often show promising results, biological barriers in vivo often limit efficient 

tumor transduction by HAdV-5-based oncolytic vectors. Especially i.v. injection of 

retargeted vector particles frequently results in abundant off-target organ transduction 

and/or rapid particle sequestration accompanied by adverse side effects. In particular, the 

pronounced liver tropism of HAdV-5-based vectors may result in severe hepatic 

damage183. Avoiding such off-target interactions may significantly improve the safety and 

therapeutic efficacy of HAdV-5-based anti-cancer virotherapy. This suggestion is 

supported by the data gathered in the present study, showing that 

HCRAd-5-HexPos3_∆CAR, which exhibited a significantly diminished liver tropism and 

absent toxicity, showed slightly improved therapeutic efficacy. Reduced vector toxicities 

may allow for the administration of higher and/or repeated vector doses, increasing the 

probability for a greater subset of vector particles to reach and infect the tumor. Atasheva 
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et al. i.e. generated a mutant oncolytic HAdV-5 vector harboring a deletion and point 

mutation within HVR1 and HVR7 of hexon, respectively reducing the negative surface 

charge of the vector particle and ablated binding of IgM antibodies, components of the 

complement and FX to the vector capsid376. Additional substitution of the penton base-

located RGD motif by a 48-amino acid sequence of the human laminin-α1 chain further 

avoided macrophage β3 integrin interactions while maintaining vector infectivity376. This 

mutant oncolytic vector showed significantly reduced toxicity after i.v. injection and thus 

allowed for repeated systemic administration, leading to remarkable anti-tumor efficacies 

in pre-clinical studies376. Repeated vector dosing, however, harbors the risk for emerging 

vector-directed immune responses, which may compromise the therapeutic efficacy of 

readministered vectors in an immunocompetent setting. Thus, efficient evasion of particle 

sequestration may be an additional step to further improve tumor targeting by HAdV-5 

based oncolytic vectors. Site-specific attachment of small polyethylene glycol (PEG) 

shielding moieties to hexon i.e., as already applied by Krutzke et al.227, may provide a 

suitable strategy to fulfill this requirement, as it significantly improves vector 

pharmacokinetics227 and thus might expand the time window for i.v. injected vector 

particles to reach, distribute in, and transduce the tumor tissue. Altogether, effective 

delivery of vector particles to the tumor requires specific tumor targeting, diminished vector 

toxicity and reduced particle sequestration, with the latter probably being the most 

important.  

6.12  The tumor stroma as a promising target for oncolytic virotherapy 

Solid tumors comprise a highly heterogenous tissue architecture, composed out of cellular 

and non-cellular components, building up the so-called tumor stroma377. Beside the 

malignant cancer cell itself, stromal tissue accounts for most of the total tumor mass284 

with fibroblasts and extracellular matrix components being the major structural 

components285. The tumor cell by itself is firmly embedded into this stromal tissue and 

therewith efficiently shielded against systemic anti-tumor therapies378,379. As evident by 

the data gathered in the present study, the tumor stroma likewise reflects a substantial 

barrier for HAdV-5-based oncolytic virotherapy, limiting its therapeutic efficacy. Physically, 

it hinders i.v. injected vector particles to efficiently transduce targeted cancer cells due to 

intratumoral vessels tightly surrounded by stromal components. Alongside its structural 
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giving properties, the tumor stroma further generates an immune-suppressive and tumor 

growth-promoting tumor microenvironment (TME)380. Thus, different to so far existing anti-

cancer therapies that primarily address the malignant tumor cell by itself, disruption of the 

tumor stroma and its related TME may provide an efficient anti-cancer therapy381, since it 

may (re-)sensitizes the tumor against other anti-cancer interventions, which previously 

showed no effect382. Here, especially CAFs provide an attractive target as they represent 

the major cellular component of the tumor stroma and a main source for the de novo 

synthesis of various growth factors, promoting cancer cell proliferation and formation of 

metastasis383. CAFs have been already come into focus of various anti-tumor therapies 

including monoclonal antibodies (mAb)304, CAR-T cell therapy340,341, oncolytic adenoviral 

vectors336,338, or AAV-based platforms384. As investigated in the present study, all these 

approaches have in common that they aimed to target CAFs via their cell-surface antigen 

FAP. The data provided by the present study further indicate that HAdV-5-based vectors 

can be successfully retargeted towards FAP as well, suggesting CAFs a suitable target 

cell type for oncolytic virotherapy. One of the major benefits targeting CAFs is their high 

abundancy and accessibility within the tumor. Different to the cancer cell itself, CAFs might 

be easier to access via the adjacent cardiovascular system. Disruption of the tumor stroma 

by virus replication may additionally attract the immune system due to the release of tumor 

stroma associated antigens, creating a bystander effect that additionally supports tumor 

depletion. Tumor stroma-directed oncolytic virotherapy thus represents a promising anti-

cancer therapy and may be combined with standard of care interventions such as 

immuno-, chemo- or radiotherapy.  

6.13 Cytotoxic transgenes as a tool to enhance the therapeutic efficacy 

of oncolytic adenoviruses 

Sufficient infection of tumor cells or cells of the tumor stroma with subsequent virus 

replication is mandatory for efficient oncolytic virotherapy. To further augment the 

therapeutic efficacy, it might be beneficial to arm oncolytic adenoviruses with tumor-

destructive transgenes, which support tumor disruption in addition to the process of 

virus-induced tumor cell lysis. Cytotoxic transgenes generate a bystander effect to 

address neighboring cells that have not been initially infected by the virus itself. A major 
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advantage using virus-encoded transgenes is their local amplification and expression at 

sites of the tumor, which reduces the risk for systemic side-effects. Different cytotoxic 

transgenes have been already genetically introduced into oncolytic adenoviruses such as 

pro-apoptotic proteins, (immuno)toxins or pro-drug converting enzymes385. One of the 

best characterized and investigated is the tumor suppressive p53386. In vitro, it was shown 

that virus-mediated p53 expression significantly enhances the cytotoxicity of a CRAd by 

improving the release of viral progeny and accelerating virus-induced cell death, leading 

to an overall >100-fold improved oncolytic potential387. Follow-up in vivo studies further 

showed that a p53-armed CRAd significantly delayed tumor growth of late-stage 

subcutaneous neuroblastoma xenografts388. Another potent cytotoxic agent is the bee 

venom derived melittin, which induced strong inhibitory effects in hepatocellular 

carcinoma cell lines and significantly improved the anti-tumor efficacy of a melittin-armed 

adenovirus in vivo389. More directed cytotoxic agents are so-called immunotoxins, which 

are toxins fused to mAbs or single chain variable fragments that specifically bind to defined 

cell types expressing tumor specific antigens390. An EGFR-directed immunotoxin 

expressed by an oncolytic adenovirus induced a potent and EGFR-directed bystander 

effect and significantly augmented the anti-tumor efficacy of the virus in vivo391. However, 

even though cytotoxic transgenes may enhance the potency of the encoding oncolytic 

virus, they likewise affect the infected host cell by itself, which may negatively interfere 

with efficient virus replication in tumors but also during the production of such viruses. To 

avoid such undesired side-effects, the usage of so-called “suicide genes” is a suitable 

strategy. Suicide genes are based on pro-drug converting enzymes, which by themselves 

are non-toxic, however, metabolize their respective substrates into cytotoxic agents. 

Exemplary enzymes are thymidine kinase (TK), which metabolizes ganciclovir (GCV) into 

ganciclovir-5-monophosphate392 or cytosine deaminase (CD), which converts 

5-fluorocytosine into 5-fluorouracil393,394. TK-armed oncolytic adenoviruses were shown to 

exhibit increased cytotoxicity and anti-tumoral response in preclinical pancreatic cancer395 

and retinoblastoma396 models. An TK-encoding adenoviral vector showed even improved 

outcome in a phase-II clinical trial for high-grade recurrent glioma when co-administered 

with GCV397. Warmann et al. investigated a CD-encoding HAdV-5 vector in 

hepatoblastoma cell lines in vitro and showed increased CD-mediated cytotoxicity upon 

addition of 5-fluorocytosine398.  
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Though, independent of the chosen arming-strategy, transgene expression must be 

restricted to sites of the tumor in order to avoid unwanted systemic adverse events. The 

use of tumor-specific promoters such as the survivin399, telomere reverse transcriptase 

(TERT)400 or carcinoembryonic antigen (CEA)401 promoter may provide an effective 

strategy to meet this requirement. Transgene expression driven by the adenoviral major 

late promotor (MLP) provide another feasible strategy to directly link transgene expression 

to vector replication402 and in the background of a conditionally replicating vector with 

selective replication in cancer cells, MLP driven transgene expression would be efficiently 

restricted to the tumor. Choosing transgenes specifically toxic to cancer cells such as the 

SAC domain403 of prostate apoptosis response-4 (Par-4)404–406 as already introduced into 

AAV407 and adenoviral vectors408, may additionally help to minimize the risk for potential 

side-effects and thus further improve the safety of armed oncolytic viruses.  Additionally, 

the introduced transgene must not exceed a critical size409 as an expansion of the 

adenoviral genome to more than 105% of the original size results in genomic vector 

instability and rearrangements348. 

6.14 Immune stimulatory oncolytic vectors  

A major aspect favoring the use of adenoviruses for oncolytic virotherapy is their high 

immunogenicity that induces strong immune responses, augmenting their anti-tumor 

efficacy315,410. This feature becomes particularly important for the treatment of 

immunologically inert, so-called “cold tumors”, which do not respond to immune-based 

anti-cancer therapies due to different immune evasion mechanisms411. As virus induced 

cancer cell lysis results in the release of tumor-associated antigens, which attracts 

immune cells to invade the tumor, oncolytic adenoviruses by themselves already exhibit 

the potential to convert cold tumors to immunologically “visible”, thus turning them “hot”. 

To further enhance the virus replication-induced tumor-directed immune activation, 

oncolytic adenoviruses can be equipped with immunostimulatory transgenes to enhance 

their immunogenicity143,412,413. Especially cytokines represent interesting candidates as 

they are potent activators of various immune responses. Pro-inflammatory cytokines like 

Interleukine-12 (IL-12), tumor necrosis factor-α (TNF-α)414,415 or granulocyte-macrophage 

colony stimulating factor (GM-CSF)416 have been already identified as promising anti-

cancer therapeutics414–420, however, their clinical use is still limited due to toxicity upon 
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systemic administration419,421. Thus, tumor-restricted local cytokine expression by an 

oncolytic virus may circumvent such systemic toxicity28. In pre-clinical studies, oncolytic 

adenoviruses armed with IL-12, TNF-α or GM-CSF have been reported to induce strong 

immunological bystander effects, leading to improved anti-tumor efficacies while avoiding 

cytokine-related toxicities422–426. Most remarkably, in an immunocompetent Syrian 

hamster tumor model, a TNF-α and IL-2 encoding oncolytic adenovirus induced complete 

tumor destruction in all of the animals when combined with tumor-infiltrating lymphocyte 

therapy (TIL) and efficiently prevented tumor relapse when animals were re-challenged 

by injection of the same tumor cells, indicating for a robust anti-tumor memory immune 

response425. Cytokine-armed oncolytic adenoviruses such as Ad-RTS-hIL-12 (IL-12)427, 

TILT-123 (TNF-α + IL-2)428, CG0070 (GM-CSF)429–431 and ONCOS-102 (GM-CSF)426,432 

have been already enrolled in phase I and phase II clinical trials and were reported to be 

well tolerated while showing encouraging results regarding their anti-tumor efficacy426–432. 

As an alternative to pro-inflammatory cytokines, the already introduced bispecific T-cell 

engagers (BiTEs) can also provide specific immune stimulators, as they induce 

T-cell-mediated immune responses against specific (tumor)cell-surface antigens337. 

BiTEs targeted against EGFR433, human mucin 1 (MUC-1)434 or the epithelial cell 

adhesion molecule (EpCAM)435 have been genetically introduced into oncolytic 

adenoviruses, all of which inducing strong T-cell mediated bystander effects in vitro and 

in vivo, and significantly improved the anti-tumor efficacy of the respective virus433–435. 

Tumor stroma-targeted oncolytic adenoviruses encoding for FAP-targeted BiTEs have 

been discussed in a previous section, and showed potent anti-cancer efficacy in vitro and 

in vivo as well as in ex vivo tumor biopsies due to BiTE-mediated T-cell attraction336,338. 

To the best of our knowledge, BiTE-armed oncolytic adenoviruses have not reached the 

clinic yet, though results provided by various pre-clinical studies let suggest BiTE-armed 

oncolytic adenoviruses as promising candidates for continuing clinical studies. Altogether, 

oncolytic adenoviruses armed with immune stimulatory transgenes are promising “next 

generation” candidates for virus-based anti-tumor immunotherapies. 

6.15 Combining oncolytic viruses with other anti-cancer therapies 

In pre-clinical studies, oncolytic adenoviruses already showed significant anti-tumor 

efficacies. However, applied as a monotherapy, bench to bedside transition remains an 



Discussion 

176 
 

obstacle and therapeutic achievements are still limited. However, immune-based 

therapies such as checkpoint inhibitors or CAR-T cell therapy may significantly benefit 

from the immunostimulatory properties of oncolytic adenoviruses410,436–438 as they are 

often compromised by an immune suppressive TME439,440. Disruption and break-down of 

the tumor stroma and its related TME using oncolytic viruses thus may render tumors 

more susceptible to such therapies and may overcome emerging resistances and bad 

tumor responses437. CAR-T cell therapies show poor efficiencies in solid tumors due to 

hampered T-cell infiltration caused by the tumor stroma and its related TME437,441–443. A 

set of pre-clinical studies demonstrated that tumor infiltration by CAR-T cells can be 

significantly enhanced when combined with oncolytic virotherapy444. Limited therapeutic 

efficacy of checkpoint inhibitors and other monoclonal antibody-based therapies may also 

be caused by the immune-suppressive TME and/or the physical barrier of the tumor 

stroma.378,445,446 Oncolytic viruses are discussed as a promising synergistic tool to 

overcome this limitation447 and combination therapies are already under clinical 

investigation for the treatment of various types of cancer including glioblastoma448, 

melanoma449, breast- and non-small lung carcinoma450, bladder cancer451 or epithelial 

tumors452. Virus-mediated tumor disruption could likewise render tumors more susceptible 

to standard of care treatments like chemo- or radiotherapy453 as already proven in 

chemotherapy-resistant metastatic breast carcinoma454. Thus, the high number of  

ongoing pre-clinical and clinical studies utilizing oncolytic adenoviruses in combinatory 

therapies highlights their significance for the development of novel combinatory 

anti-cancer therapies. Thus, in addition to mono-therapeutic approaches, oncolytic 

adenoviruses may play a significant role as synergistic agents for conventional and novel 

anti-cancer therapies in the near future.  

6.16 Evaluation and future prospects for adenoviral-based oncolytic 

virotherapy 

During the last years, oncolytic adenoviral vectors underwent a remarkable and rapid 

development, rendering them one of the most promising novel anti-cancer therapies 

today455. An increased understanding of the adenovirus biology resulted in safer and more 

potent oncolytic vectors, many of which reaching clinical trials24,29 and some having 
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achieved approval for the use in humans17–19. Genetic modifications enabled the 

development of oncolytic vectors with selective replication in cancer cells, altered viral 

tropism and increased tumor cell destruction efficacies by introducing cytotoxic and 

immune-stimulatory transgenes315,412,456,457. Simultaneously, a more detailed elucidation 

of the biological barriers318 facilitated the improvement of adenoviral-based anti-cancer 

therapies regarding safety and efficacy. Over the years, a major focus has been the 

development of oncolytic adenoviruses based on HAdV-5, which established it as a kind 

of “working horse” in the field of oncolytic virotherapy. There are many HAdV-5-based 

oncolytic vectors showing promising results in vitro and in pre-clinical studies. However, 

pre-clinical studies are often performed in immunodeficient mice in order to allow for the 

engraftment of human tumor xenografts, which in turn allow for the replication of the 

species-restricted human adenoviruses. Lack of immunity, however, creates a rather 

artificial experimental environment, which only insufficiently mirrors the actual clinical 

situation in humans. Especially immune responses, independent on whether limiting or 

favoring the anti-tumor efficacy of the oncolytic virus cannot be evaluated. On the other 

hand, conclusions drawn from tumor models developed in immunocompetent mice458–460, 

are generally limited by the severely suppressed replication of HAdV-5-based vectors in 

murine cells351,352. A thorough assessment of the efficacy and safety of HAdV-5-based 

oncolytic vectors thus cannot be sufficiently evaluated in mice. Poor tumor transduction 

efficiencies, insufficient intratumoral virus replication and spread, as well as a broad pre-

existing immunity against HAdV-5 within the human population180 additionally impede the 

anti-tumor efficacy of HAdV-5-based oncolytic virotherapy within the clinical use.  

Potentially emerging liver toxicities183 due to the inherent liver tropism of HAdV-5-based 

vectors additionally rise concern about the safety of HAdV-5-based oncolytic virotherapy. 

To date, these barriers have not yet sufficiently overcome and still need to be addressed. 

In this point, new human adenovirus types are potential hopes. To date, there have been 

more than 80 different adenovirus types identified33, however, only few have been 

characterized in more detail. Possibly, some of them might show improved oncolytic 

potential and an improved safety profile, so in-depth characterization is worthwhile. 

Especially types showing low seroprevalence461–463, accelerated replication and spread464 

or less susceptibility to natural sequestration mechanisms in humans may provide 

promising platforms for the development of novel and potent oncolytic adenoviral vectors. 
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Furthermore, an expanded repertoire of oncolytic viruses based on different adenovirus 

types may provide the possibility to overcome poor tumor responses in patients with 

pre-existing and acquired immunity due to previous exposure and/or repeated vector 

dosing. Novel vectors may be further improved using already existing and well-established 

methods, developed using HAdV-5, such as cytotoxic or immune stimulatory transgenes. 

The repertoire of different adenovirus types available thus exhibits the potential for the 

development of novel oncolytic viruses with increased activity and may represent a future 

research direction in the area of novel anti-cancer virotherapies. Basic research on 

HAdV-5, however, will continue to provide the fundamental knowledge about the 

adenovirus biology and thus will further support and guide the development of novel 

oncolytic adenoviral vectors in the future.  
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7 Summary 

The therapeutic efficacy of HAdV-5-based oncolytic vectors is limited by different 

biological barriers. Rapid particle sequestration and off-target tropism of particles upon 

vector administration severely limits efficient delivery of vector particles to the tumor and 

additionally poses the risk for vector-induced toxicity. Hence, enhancing tumor 

transduction efficiencies and reducing dose-limiting vector toxicity is mandatory to 

improve the therapeutic efficacy of HAdV-5-based oncolytic virotherapy.   

 

In the present study two different tumor targeting strategies of HAdV-5-based vectors were 

evaluated. Firstly, two HAdV-5-based vectors, with the epidermal growth factor receptor 

(EGFR) affinity ligand Affilin covalently coupled to either the fiber or hexon protein of the 

vector capsid, were shown to exhibit remarkably enhanced transduction efficiency in 

EGFR-positive cancer cells in vitro. In vivo, these vectors further showed significantly 

reduced liver tropism upon intravenous injection, however, poor tumor transduction in 

EGFR-positive tumors, even after intratumoral injection. As the main reasons a broadly 

distributed on-target/off-tumor binding to EGFR within the cardiovascular system and poor 

accessibility of intratumoral EGFR were assumed. Thus, the EGFR was identified as a 

difficult-to-address receptor for HAdV-5-based oncolytic vectors.  

 

As a second targeting strategy using a bispecific adapter molecule HAdV-5-based vectors 

were successfully retargeted to the fibroblast activation protein (FAP), a molecule that is 

almost exclusively expressed by cancer associated fibroblasts (CAFs) located in the 

tumor stroma. This data suggested FAP as an interesting target for HAdV-5-based 

oncolytic virotherapy with high tumor specificity, worthwhile to be further investigated. 

 

Moreover, and as a major finding, the surface charge-modified mutant vector 

HAdV-5-HexPos3 was identified to not only exhibit improved tumor targeting but also 

distinctly reduced off-target organ tropism in vivo. The vector showed almost ablated 

hepatocyte transduction, absence of toxicity and intratumoral vector delivery detectable 

for up to 56 days after a single i.v. injection into tumor-bearing mice. Based on these 

findings, the net negative surface charge of HAdV-5 was identified as a major determinant 
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of particle fate and tropism, significantly reducing the anti-tumor efficacy of HAdV-5-based 

oncolytic vectors. Thus, due to its substantially reduced toxicity and maintained oncolytic 

potential, the HAdV-5-HexPos3 mutant holds promise as an oncolytic vector potentially 

with improved overall anti-tumor efficacy, which might be further enhanced if combined 

with additional retargeting and/or vector-arming strategies.  
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