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ABBREVIATIONS 

%  Percentage 
∆24  delta24 mutation, deletion of 24 bp in E1A protein 
°C  Centigrade degrees 
µg  microgram 
µl  microliter 
µm micrometer 

AAALAC  Association for Assessment and  
Accreditation of Laboratory Animal Care 

ACK  Ammonium-chloride-potassium 
ACT  Adoptive T cell therapy 
Ad  Adenovirus 
ADP  Adenovirus Death Protein 
AFP  Alpha-Fetoprotein Promoter 
ALL  Acute Lymphocytic Leukemia 
AML Acute myeloid leukemia 
APC  Antigen-Presenting Cell 
ATCC  American Type Cell Culture 
ATP Adenosine triphosphate  
BAC  Bacterial Artificial Chromosome 
BCA  Bicinchoninic Acid Assay 
BCMA B-cell maturation antigen  
BiTE Bi-specific T-cell engager 
bp  base pairs 
BRAF v-Raf murine sarcoma viral oncogene homolog B 
BSA  Bovine Serum Albumin 
CaCl2  Calcium chloride 
CAF  Cancer-Associated Fibroblast 

CAR  Coxsackievirus  and Adenovirus Receptor 
or Chimeric Antigen Receptor 

CCE  Clarified Cell Extract 
CD3ζ CD3 zeta chain  
CD4 and 8 Cluster of differentiation 4 and 8 
cDNA  complementary DNA 
CE  Cell Extract 
CEA Carcinoembryonic antigen 
Cm  Chloramphenicol 
cm  centimeter 
CMV Citomegalovirus 
CO2  Carbon dioxide 
CPE  Cytopathic effect 
CRC  Colorectal cancer 
CsCl  Cesium chloride 
CTL  Cytotoxic T Lymphocyte 
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CTLA-4  Cytotoxic T-Lymphocyte-Associated Protein 4 
DAMP  Damage-Associated Molecular Pattern 
DC  Dendritic cell 
ddH2O  bi-distilled water 
DMEM  Dulbecco’s Modified Eagle’s Medium 
DMSO  Dimethyl sulfoxide 
DNA  Deoxyribonucleic Acid 
dNTP  Nucleoside triphosphate 
EC50 Half maximal effective concentration 
ECM  Extracellular Matrix 
EDTA  Ethylenediaminetetraacetic acid 
EGFR Epidermal growth factor receptor 
Epcam Epithelial cell adhesion molecule 
EphA2 EphA2 Ephrin receptor tyrosine kinase A2 
ER  Endoplasmic Reticulum 
FACS  Fluorescence Activated Cell Sorting 
FAP Fibroblast activation protein  
FasL  Fas Ligand 
FBS   Fetal Bovine Serum 
FDA   Food and Drug Administration 
FX  Coagulation factor X 
g  acceleration of gravity 
g  gram 
GM-CSF  Granulocyte Macrophage-Colony Stimulating Factor 
h hour 
H2O2  Hydrogen peroxide 
HCl  Chloridric acid 
HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
Her2 Human EGF receptor 2 
HMGB1 High Mobility Group Box 1 Protein 
HSP  Heat Shock Protein 
HSPG  Heparan-Sulphate-Glycosaminoglicans 
HSV  Herpes Simplex Virus 
hTERT Human telomerase reverse transcriptase 
HVR Hypervariable region 
Hyal  Hyaluronidase 
IC50  Inhibitory Concentration 50 
ICD  Immunogenic Cell Death 
ICOS Inducible T cell Co-stimulator 
IDD  Immunodominant Determinants 
IDO  Indoleamine 2,3-dioxigenase 
IFN  Interferon 
Ig  Immunoglobulin 
IL  Interleukin 
IP  Intraperitoneal 
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IRES Internal Ribosome Entry Site 
IT  Intratumoral 
ITR  Inverted Terminal Repeats 
IV  Intravenous 
Kan  Kanamycin 
Kbp  kilobase pair 
KC  Kupffer Cell 
Kd Dissociation constant  
KRAS V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog 
L Litre 
LAG-3 Lymphocyte activation gene 3  
mA   milliampere 
mAb Monocloncal antibody 
MDSC Myeloid-derived supressor cell 
MDSC  Myeloid-derived Suppressor Cell 
µF  microfarad 
mg  milligram 
MHC-I Class I Major Histocompatibility Complex 
min minute 
miRNA MicroRNA 
mL  milliliter 
MLP  Major Late Promoter 
MLU  Major Late transcription Unit 
mm millimeter 
mM  millimolar 
mm3  cubic millimeter 
MMP  Matrix Metalloprotease 
MOI  Multiplicity of Infection 
mRNA  Messenger Ribonucleic Acid 
MSC  Mesenchymal Stem Cell 
MV Measles virus 
NAbs Neutralizing antibodies 
NaCl  Sodium chloride 
NaH2PO4  Monosodium phosphate 
NaOH  Sodium hydroxide 
NDV Newcastle disease virus  
ng  nanogram 
NK Natural killer  
nm  nanometer 
NOD-Scid Non-obese diabetic 
NPC Nuclear Pore Complex 
NSCLC  Non-Small Cell Lung Carcinoma 
NSG Nod Scid Gamma  
OAd Oncolytic adenovirus  
OCT  Optimum Cutting Temperature compound 
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OD  Optical Density 
OV Oncolytic virus 
PAMP  Pathogen-Associated Molecular Pattern 
PBMCs Peripheral blood mononuclear cells 
PBS  Phosphate Buffered Saline 
PCR Polymerase Chain Reaction 
PD-1  Death Protein-1 
PD-L1  Death Protein Ligand-1 
PE  R-phycoerythrin 
pg   picogram 
PIK3CA Phosphatidylinositol-4,5-bisphosphate 3-kinase 
pmol  picomol 
PRR  Pattern Recognition Receptor 
PS   Penicillin-Streptomycin 
PSA  Prostate-Specific Antigen 
PTEN Phosphatase and tensin homolog 
Rb  Retinoblastoma 
RGD  Arginine-glycine-aspartic acid 
RNA  Ribonucleic Acid 
rpm  revolutions per minute 
RPMI  Roswell Park Memorial Institute 
RT  Radiation Therapy or Room Temperature 
RT-PCR  Real-Time PCR 
scFV Single chain fragment variable 
Scid Severe combined immunodeficiency 
SD Standard Deviation 
SDS  Sodium dodecyl sulfate 
SEM Standard Error of the Mean 
SPARC  Secreted Protein Acidic and Rich in Cysteine 
ssDBP single-stranded DNA binding protein 
Strep Streptomycin 
TAA  Tumor-Associated Antigen 
TAM Tumor-associated macrophages  
TAP  Transporter Associated to Antigen Processing 
TCR  T Cell Receptor 
TE  Tris-EDTA 
TGF-β  Transforming Growth Factor-β 
TIL  Tumor-Infiltrating Lymphocyte 
TIM-3 T-cell immunoglobulin and mucin-domain containing-3 
TLR  Toll-Like Receptor 
TME Tumor microenvironment  
TNF-α  Tumor Necrosis Factor alpha 
TP  Terminal Protein 
TPL Tripartite Leader 
TRAIL  TNF-related apoptosis-inducing ligand 
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Treg  Regulatory T cell 
Tris  Tris(hydroxymethyl)aminomethane 
TU  Transducing Unit 
UTD Untransduced  
V Volt 
V  Volume 
VA  Virus-Associated 
VEGF  Vascular Endothelial Growth Factor 
vp  viral particle 
VSV Vesicular stomatitis virus  
VV  Vaccinia Virus 
WHO  World Health Organization 
WT Wild-type 

  
  

Amino acids 

F Phe, phenylalanine S Ser, serine Y Tyr, tyrosine K Lys, lysine W Trp tryptophan 

L Leu, leucine P Pro, proline H his, histidine D Asp, aspartic acid R Arg, arginine 

I Ile, isoleucine T Thr, threonine Q Gln, glutamine E Glu, glutamic acid G Gly, glycine 

M Met, methionine A Ala, alanine N Asn, asparragina C Cys, cysteine V Val, valine 

 
Nucleotides 

A adenine T thymine G guanine C cytosine U uracil 
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Los virus oncolitos, capaces de infectar selectivamente células cancerosas sin afectar 

aquellas sanas, han despertado interés en los últimos años como nueva terapia contra el 

cáncer. Sin embargo, los ensayos clínicos con estos virus han demostrado que el sistema 

inmune supone un obstáculo para el éxito de los mismos en pacientes con cáncer. A pesar 

de la inmunosupresión que se observa en el ambiente tumoral, las células cancerosas 

infectadas por el adenovirus pueden ser eliminadas eficientemente por los linfocitos T anti-

adenovirales sin comprometer la carga tumoral. La hipótesis de esta tesis es que adenovirus 

oncoliticos expresando bi-specific T-cell engagers (BiTEs por sus siglas en inglés) capaces de 

redirgirir los linfocitos T para atacar las células cancerosas, puede favorecer la respuesta 

inmune antitumoral sobre la antiviral. El genoma del adenovirus oncolitico ICOVIR-15K fue 

modificado genéticamente para expresar BiTEs contra el receptor del factor de crecimiento 

epidérmico (EGFR por sus siglas en inglés)  bajo el control del promotor mayor tardío. El virus 

ICOVIR-15K expresando un BiTE que reconoce el EGFR y el CD3 humanos (ICOVIR-15K-cBiTE) 

fue generado y retuvo propiedades oncoliticas similares a la del virus parental in vitro. La 

expresión y secreción del cBiTE fue detectada en los sobrenadantes de células infectadas 

ICOVIR-15K-cBiTE, y sus propiedades de unión a células CD3+ o EGFR+ fueron confirmadas in 

vitro. En experimentos de cocultivos, la oncolisis generada por ICOVIR-15K-cBiTE indujo la 

activación y proliferación de los linfocitos T, e indujo un incremento en la citotoxicidad de 

células cancerosas. La inyección de este adenovirus aumentó la persistencia y la acumulación 

de linfocitos infiltrantes de tumor in vivo. Adicionalmente, experimentos en modelos 

murinos de cáncer basados en la administración combinada de ICOVIR-15K-cBiTE y linfocitos 

humanos demostraron un aumento en la eficacia antitumoral comparado con el virus 

parental. Tambien demostramos que otro adenovirus oncoliticos expresando un BiTE 

quimera que reconoce el EGFR humano y el CD3 murino (ICOVIR-15K-mcBiTE) induce la 

activación y proliferación de linfocitos T murinos in vitro. Este virus podrá ser utilizado en un 

futuro como sustituto de ICOVIR-15K-cBiTE para estudios farmacológicos y toxicológicos de 

adenovirus armados con BiTEs. Por último, hemos demostrado que la combinación de 

ICOVIR-15K-cBiTE y linfocitos T con receptores de antígeno quiméricos (CAR por sus siglas en 

inglés) pueden superar muchas de las carencias que tienen ambas terapias.  Los resultados 

de esta tesis demuestran que los adenovirus oncoliticos expresando BiTEs tienen 

propiedades que puede superar muchas de las limitaciones de la viroterapia del cáncer, y 

alienta a continuar su evaluación y desarrollo a nivel clínico.  
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Oncolytic adenoviruses that selectively replicate in cancer cells while sparing normal 

tissue have gained considerable attention as novel anticancer drugs. However, clinical trials 

with these viruses have identified the immune system as a major hurdle for their success in 

cancer patients. Despite the existence of a highly immunosuppressive tumor environment, 

adenovirus-infected cells can nonetheless be efficiently cleared by virus-specific infiltrating 

cytotoxic T lymphocytes without compromising tumor burden. We hypothesize that arming 

oncolytic adenoviruses with bi-specific T-cell engagers (BiTEs), a new class of antibodies that 

re-direct T-cells to cancer cells, might favor antitumor rather than anti-viral immune 

responses. We have engineered the oncolytic adenovirus ICOVIR-15K to express EGFR-

targeting BiTEs under the control of the major late promoter. ICOVIR-15K armed with a BiTE 

targeting human CD3 and EGFR (ICOVIR-15K-cBiTE) was successfully rescued and it showed 

similar oncolytic properties as the parental virus. cBiTE expression and secretion was 

detected in supernatants from ICOVIR-15K-cBiTE-infected cells, and the secreted BiTEs 

bound specifically to both CD3+ and EGFR+ cells. In cell co-culture assays, ICOVIR-15K-cBiTE-

mediated oncolysis resulted in robust T-cell activation, proliferation, and bystander cell-

mediated cytotoxicity. Notably, intratumoral injection of this cBiTE-expressing adenovirus 

increased the persistence and accumulation of tumor-infiltrating T cells in vivo. Moreover, in 

two distinct tumor xenograft models, combined delivery of ICOVIR-15K-cBiTE with peripheral 

blood mononuclear cells or T cells enhanced the antitumor efficacy achieved by the parental 

counterpart. We also demonstrate that another oncolytic adenovirus expressing a chimeric 

BiTE targeting human EGFR and mouse CD3 (ICOVIR-15K-mcBiTE) induce robust mouse T-cell 

activation, proliferation, and cell-mediated cytotoxicity of cancer cells in vitro. Thus, ICOVIR-

15K-mcBiTE is a promising surrogate of ICOVIR-15K-cBiTE that will aid in future 

pharmacological and toxicological preclinical studies of BiTE-armed oncolytic adenoviruses.  

Finally, we show that the combination of ICOVIR-15K-cBiTE with chimeric antigen receptor T-

cell therapy can overcome some of the limitations encountered by both agents as 

monotherapies. The results described in this thesis demonstrate that BiTE-armed oncolytic 

adenoviruses hold properties with the potential of solving key limitations in oncolytic 

virotherapy, and encourage its further evaluation and development. 
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1.1 Virotherapy of cancer  

Virotherapy stands as a promising candidate for cancer therapy [1]. This approach is 

based on the use of oncolytic viruses (OVs) that selectively replicate in tumor cells without 

harming normal cells (Figure 1). Virotherapy takes advantage of the vast knowledge on 

viruses, which makes it easy to modify their genomes in order to obtain highly specific anti-

cancer drugs. Furthermore, OVs can replicate and produce more cancer-specific progeny 

virions, conferring them an uncommon feature in the field of pharmacology: a selective drug 

that amplifies itself within the body of the patient.  

 

Figure 1. The principle of virotherapy of cancer. This strategy is based on replication-competent viruses which 
selectively kill tumor cells without harming normal cells. Oncolytic viruses replicate in tumor cells, which leads 
to cell death and progeny release. Newly produced viruses can spread and infect other tumor cells (black 
arrows) while sparing normal cells (red crosses).  

Most of the attractiveness of OVs relies on their multimodal mechanisms to kill cancer 

cells. In addition to the direct killing of cancer cells, OV-mediated oncolysis results in the 

release of tumor-associated antigens (TAAs), pathogen-associated molecular pattern (PAMPs), 

damage-associated molecular patterns (DAMPs) and proinflammatory cytokines, all of which 

can trigger antitumor immune responses (Figure 2, [2]). Finally, OVs can be armed with 

therapeutic genes which can aid in the killing of bystander uninfected cancer cells.  
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Figure 2. Mode of action of oncolytic viruses. The infection and replication of oncolytic viruses in cancer cells 
leads to direct cell lysis and release of virus progeny. Oncolysis induces the release PAMPs, DAMPs, cytokines 
and TAAs that can activate antigen-presenting cells. These events lead to the generation of antitumor and 
antiviral immune responses that determine the therapeutic efficacy of oncolytic viruses. Image adapted from 
[2]. 

 

To date viruses from 9 families with different characteristics are under investigation as 

OVs in clinical trials (Figure 3, [3]). OVs can be generally classified in two groups: naturally 

occurring or genetically engineered OVs. Naturally occurring OVs, such as parvoviruses or 

reoviruses, are those that exert selective tumor replication without the need of any further 

genetic modification. The second group is based on the genetic manipulation of viral genes 

to increase tumor selectivity and reduce their pathogenicity. Example of such viruses include 

herpes simplex viruses (HSV), vaccinia viruses (VV), adenoviruses, vesicular stomatitis viruses 

(VSV), measles viruses (MV), and Newcastle disease viruses (NDV) [4].  

The development of OVs has risen significantly in the past 20 years, with many of these 

entering advanced stages in clinical trials and even receiving approval for some clinical 

indications. To date, two genetically engineered OVs have been approved for marketing as 

cancer therapeutics. Oncorine (also known as ONYX-015), an oncolytic adenovirus (OAd), 
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was approved in China in 2005 for the treatment of head and neck cancer [5]. More recently, 

the Granulocyte-macrophage colony-stimulating factor (GM-CSF)-expressing HSV T-Vec (also 

termed IMLYGIC or talimogene laherparepvec) was approved in the USA, Europe and 

Australia for the treatment advanced melanoma [6].  

 

 
Figure 3. Oncolytic viruses currently used in clinical trials.  The most representative oncolytic viruses among 
different virus families that are under investigation in different clinical trials. Image adapted from [3] 

 

From the OVs studied to date, adenoviruses (Ads) hold features that make them good 

virotherapy candidates. These include low pathogenicity, a lytic replication cycle, the ability 

to infect proliferating and quiescent cells, and potent and efficient genome transfer 

machinery. Furthermore, Ads have been key models in molecular biology by contributing to 

the progress of understanding processes such as DNA replication, RNA splicing, cell cycle 

control and oncogenic transformation, among others [7, 8]. This wide knowledge about the 

molecular biology of Ad infection makes it fairly easy to modify its genome.  Additionally, 

OAds have favorable toxicity profiles after systemic or intratumoral administration in cancer 

patients [9], and their potential is exemplified by the virus DNX-2401 which has received 

fast-track status and orphan drug designation by the FDA for the treatment of malignant 

glioma [10].  
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1.2 Adenoviruses: general biology 

1.2.1 General features and classification  

Adenoviruses (Ads) are non-enveloped, icosahedral, double-stranded (ds)DNA viruses of 

animals [11]. They belong to the family Adenoviridae, which comprises four genera based on 

the host range: Mastadenovirus (mammals), Aviadenovirus (birds), Atadenovirus (reptiles, 

birds, mammals) and Siadenovirus (reptiles and birds) [11, 12]. Human adenoviruses (HAds) 

are classified in serotypes within subgroups (also termed species) (Table 1). Serotypes are 

defined by the sensitivity to neutralizing antibodies, while species are determined by their 

hemmaglutination profiles. So far, 57 human adenoviruses serotypes have been described 

which are grouped into seven species (A to G) [13]. 

 

Ads are common human pathogens that cause respiratory and enteric infections, among 

others. Ad infections are mild and self-limiting in immunocompetent hosts, whereas  in 

immunocompromised individuals and neonates these infections can lead to death [14].  

 

Table 1. Classification of human Ads (Adapted from [13]) 

Species Serotypes Common associated disease Primary attachment 
molecule 

Oncogenic 
potential in 
rodents 

A 12, 18, 31 Gastroenteritis CAR High 
B 3, 7, 16, 21, 50, 55 

(B1) 
11, 14, 34, 35 (B2) 

Respiratory (B:1) or urinary 
tract disease (B:2) 

CD46/CD80/CD86 and 
Desmoglein-2 

Moderate 

C 1, 2, 5, 6, 57 Respiratory disease CAR Low/none 
D 8, 9, 10, 13, 15, 17, 

19, 20, 22–30, 32, 33, 
36–39, 42–49, 51, 53, 
54, 56 

Keratoconjunctivitis CAR (sialic acid for 8, 19, 
37 
and CD46 for 37) 

Low/none 

E 4 Respiratory 
disease/conjunctivitis 

CAR Low/none 

F 40, 41 Gastroenteritis CAR (for long fiber; short 
fiber unknown) 

Unknown 

G 52 Gastroenteritis Unknown  Unknown 
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1.2.2 Virion structure 

Ads virions are composed of 13 structural proteins, 7 of which form the icosahedral 

capsid and 6 of which are packaged with the linear double-stranded DNA in the core of the 

particle (Figure 4) [15, 16]. Most of the components of the virion have been designated II to 

X according to their apparent decreasing mass in polyacrylamide gels. Three major proteins 

constitute the capsid: hexon, penton base, and fiber. The faces and edges of the capsid are 

formed by 240 copies of the hexon homotrimer. The penton base is a pentameric protein 

found at each of the 12 vertices of the capsid, from which trimeric fiber proteins protrude. 

The fiber is a homotrimer composed of three domains: an N-terminal tail, a central shaft and 

a C-terminal knob. The tail is responsible for the attachment to the penton base protein at 

the vertices of the capsid. The fiber shaft extends to the outside of the capsid and is formed 

by amino acid repeats. The knob monomer is as an antiparallel β-sandwich, composed of β-

strands with interspersing loop regions of variable lengths [16]. Besides being responsible for 

the binding to the primary receptor, the knob domain plays a key role in the formation of 

fiber trimers [17]. Minor capsid proteins (polypeptides IIIa, VI, VIII and IX) are located 

beneath the primary protein coat and hold important features for Ad structure and 

replication (Table 2). Finally, other accessory proteins (protease, IIIa, VI, VII, VIII, X and TP) 

are found in the core of the particle along with the viral genome, and play important roles in 

virus replication, genome packaging and assembly [13].  
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Table 2. Adenovirus virion proteins and their function. Adapted from [13] 

Polypeptide/name Location Function 

II (hexon) Facets of icosahedron 
Major structural component, forms facets of the 
capsid 

III (penton base) Capsid vertices 
Contains an RGD motif which facilitates 
interaction with cellular integrins* 

IIIa Underside of penton base Stabilizes the vertices 

IV (fiber) Projecting from the penton base Mediates the initial attachment to host cells 

V Core 
Links core to capsid, possibly aids nuclear 
localization 

VI Inner hexon cavity 
Protease cofactor, assembly, endosome disruption 
and nuclear import of hexon 

VII Core 
Targets viral genome to the nucleus and 
condenses DNA 

VIII Between hexons 
Stabilization of peripentonal hexon–hexon 
interactions 

IX External faces of the capsid Stabilization of virion. Transcriptional activator 

TP 5’-End of the genome Primes DNA replication  

Mu Core DNA condensation 

IVa2 Core DNA packaging 

Ad protease Core Cleaves precursor proteins 

* except for Ads of species F.  
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Figure 4. Structure of adenovirus virions. Ads have icosahedral capsids. The capsid outer coat is composed of 
three major proteins: the hexon, the penton base and the fiber. The hexon surrounds the faces and edges of 
the capsid.  The penton base is located at each of the 12 vertices of the capsid from which the antenna-like 
fiber proteins protrude. Minor proteins locate underneath the primary coat, while core proteins are located in 
the inside of the virus particle along with the double stranded DNA. Taken from [13]. 

1.2.3 Genome organization  

HAds bear a linear dsDNA of 30-36 kb flanked by two inverted terminal repeats (ITRs) at 

both ends of the molecule, which play a key role in the replication of the genome. HAd 

genomes are organized in well-defined transcription units which are divided into three 

classes depending on the timing of use during infection: six early (E) transcription units (E1A, 

E1B, E2A, E2B, E3 and E4), three delayed-early transcription units (IX, Iva2 and E2 late), and 

one late (L) transcription unit that is processed to generate five families of late mRNAs (L1-

L5) (Figure 5) [12, 18]. Each of these transcription units is defined by particular sets of 

promoters and polyadenylation signals giving rise to mRNA transcripts which can be further 

processed by alternative RNA splicing. In total, HAds genome code for approximately 50 

proteins [18]. Additionally, Ad genomes code for one or two virus-associated (VA) RNAs 

which are involved in translational control during infection.  
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Figure 5. Adenovirus genome organization. Schematic representation of the HAd5 genome. Early (black), 
intermediate (blue) and late (green) mRNAs are shown as arrows. Rightwards reading transcripts are shown on 
top, leftwards reading transcripts at the bottom. The inverted terminal repeats (orange), the packaging signal 
(Ψ) and the VA-RNAs (red) are also depicted. The genome is divided into 100 map units (approximately 350nt 
per map unit) Adapted from [13].  

 

1.2.4 Adenovirus infection cycle  

1.2.4.1 Adenovirus cell entry  

HAd5 cell entry involves two steps: a first attachment process to its primary receptor, 

followed by secondary interactions that lead to internalization via clathrin-coated vesicles 

(Figure 6, steps 1 and 2). The first step is accomplished by the high affinity interaction of the 

knob domain with the the coxakie- and adenovirus receptor (CAR) [19]. Once attachment 

has occurred, secondary interactions between the exposed arginine-glycine-aspartic acid 

(RGD) motif on the penton base and integrins take place [20]. This, in turn, leads to clathrin-

mediated endocytosis resulting in virus internalization within endosomes (Figure 6, step 3).  

Subsequent acidification of the endosome leads to the release of protein VI, which holds 

membrane disruption activity, promoting thus endosome lysis and virion release into the 

cytosol [21]. Ad capsids can further interact via the hexon with dyneins, leading to their 

transport across microtubules to the nuclear pore complex (NPC) (Figure 6, step 4) [22]. 
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Once at the NPC, the viral genome is disengaged from the capsid and is further transported 

into the nucleus for transcription and replication (Figure 6, step 5). 

 

1.2.4.2 Genome transcription and replication  

Once the viral genome enters the nucleus, the E1A transcription unit is the first to be 

expressed. This is possible as its promoter only requires cellular proteins for its expression. 

The E1A transcription unit produces multiple mRNAs and several proteins due to alternative 

RNA splicing. From these mRNAs, two are predominantly produced in the early infection 

phase: the 12s and 13s (s stands for Svedberg units in sucrose gradients). The 12s mRNA 

codes for the 243R protein and the 13s mRNA codes for the 289R protein (R stands for 

amino acid residues) [15]. The main function of these proteins is to act as trans-activators of 

the other early transcription units (E1B, E2A, E2B, E3, and E4) and to induce the cells to enter 

the S phase. This latter function, which is a prerequisite for Ad replication, is achieved by the 

sequestration of members of the retinoblastoma (RB) family of tumor suppressor proteins 

and by the subsequent release of the transcription factor E2F [7, 23]. These E2F transcription 

factors are crucial in cell-cycle regulation as they promote the expression of S phase-related 

genes. As a result of this E1A-mediated S-phase induction and of its trans-activator activities, 

the other early transcription units are expressed and produce proteins which cover key 

functions in the replication cycle of Ads. The main function of the E1B gene products (19K 

and 55K) is the inhibition of apoptosis. The 55K protein inactivates the pro-apoptotic tumor 

suppressor p53, whose accumulation is triggered by the E1A-mediated cell cycle 

deregulation, while the 19K protein inactivates down-stream mediators of p53-independent 

apoptotic pathways. E2 gene products, whose expression is triggered by E2F, are important 

in viral DNA replication and include the Ad DNA polymerase (Ad pol), the preterminal protein 

(pTP) and the single-stranded DNA binding protein (ssDBP). E3 gene products are involved in 

the evasion of the host antiviral immune response by triggering mechanisms such as the 

blocking of viral antigen presentation by the major histocompatibility complex (MHC) class I 

pathway or by reducing chemokine receptors on the cell surface [24-26]. Finally, E4 gene 

products are involved in the modulation of DNA replication and apoptosis, and in mediating 

transcriptional and translational regulation.  
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Once the gene products of the early phase have accumulated, viral genome replication 

begins (Figure 6, steps 14-15). As mentioned above, DNA replication is carried out by Ad pol, 

pTP and ssDBP proteins, in addition to host cell factors. After the onset of viral DNA 

replication, the major late transcription unit (MLTU) is expressed from a single promoter, 

known as the major late promoter (MLP) (Figure 6, steps 16-19). The primary transcript or 

pre-mRNA is further processed by alternative splicing or by polyadenylation. Late phase 

genes code for structural and scaffold proteins, a protease and other proteins required for 

virion assembly. Once late phase genes are expressed, structural proteins are transported to 

the nucleus, where DNA encapsidation and virion assembly takes place (Figure 6, steps 20-

21). At this point, the Ad protease proceeds to cleave a subset of the structural proteins into 

their mature form in order to generate infectious Ad particles. Finally, cell lysis and progeny 

release occurs, mediated by the adenovirus death protein (ADP) which is expressed from the 

E3 transcription unit (Figure 6, step 22). This is the only early gene that is expressed during 

the late phase. 
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Figure 6. Infection cycle of human adenoviruses. The infection cycle of adenoviruses can be divided into time-
specific events: adenovirus cell entry (steps 1-3), capsid disassembly and genome import into the nucleus 
(steps 4-5), immediate-early E1A gene expression (steps 6-9), E1A-mediated transcription of viral early genes 
(step 10a), translation of viral early proteins (steps 11-13), viral DNA replication (steps 14-15), transcription and 
translation of viral late genes (steps 16-19), capsid assembly and virion maturation (steps 20-21) and progeny 
virus release (step 22). Image taken from [27] 
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1.3 Oncolytic Adenoviruses 

1.3.1 Development of tumor-selective OAds 

A fundamental requirement in the development of OAds is to restrict their replication to 

tumor cells by means of genetic engineering. There are two main strategies to achieve this. 

The first is the transductional targeting of Ads, which aims at restricting Ad entry to tumor 

cells at the level of virus receptor binding. The second strategy is based on the restriction of 

Ad replication to tumor cells by manipulating the different Ad transcription units and is 

termed post-entry targeting.  

 

1.3.1.2 Transductional targeting 

Ads have broad tissue tropism which impairs a specific and efficient infection of target 

cells in vivo [19]. Moreover, although the HAd5 primary cellular receptor CAR is ubiquitously 

expressed in normal epithelial cells, its expression negatively correlates with tumor 

progression and it is often downregulated in cancer cells [28-30]. These drawbacks have 

limited the efficacy of Ads in cancer therapy. 

To overcome these challenges, OAds can be transductionally targeted by strategies that 

involve one or two modifications of the viral capsid:  a first (optional) detargeting step to 

ablate the native tropism of the virus, and a second retargeting step to direct it towards 

cancer-specific receptors. Three strategies have been developed to detarget Ads which 

involve: (i) genetic ablation of the native interactions with cellular receptors and factors 

(CAR, integrins and heparan sulfate proteoglycans (HSPGs), (ii) chemical modifications (i.e. 

shielding) of the capsid, and (iii) ‘genetic pseudotyping’ between different Ads serotypes [31, 

32]. Regarding retargeting, systems to modify Ad tropism are based either on the addition of 

an adapter molecule to crosslink the virus to a target cellular receptor, or the genetic 

modifications of the viral capsid [31]. Generally, transductional targeting strategies based on 

genetic modifications are preferred in virotherapy because they will be carried by the 

progeny of the virus, whereas chemical or other non-genetic modifications will be lost after 

the first round of replication in cancer cells.  

Ads can be genetically modified for retargeting purposes at different positions in the 

capsid such as the fiber, the penton base, some hypervariable regions (HVRs) of the hexon, 

and the minor capsid protein IX [31-33]. Although all capsid locations used so far show 
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potential for further applications, the most common Ad retargeting strategy involves the 

incorporation of peptide ligands into different sites of the fiber knob domain. This approach 

takes advantage of the exposed loops connecting the β-sheets or the C-terminus to 

incorporate short peptides, generally identified by phage display, in order to modify Ad 

tropism. Indeed, some tissue-specific-targeting peptides have been successfully incorporated 

into the knob domain of several Ad species, rendering them tumor-specific tropism [32]. 

From these, the most successful to date is the incorporation of the RGD-4C peptide that 

binds with high affinity to αvβ3 and αvβ5 integrins, which are commonly overexpressed in 

different types of cancer [34]. This peptide has been the best model of transductional re-

targeting of Ads, as it has been genetically incorporated into different locales of the fiber of 

Ad species B, C and F [35-39]. Furthermore, the efficacy of the insertion of  the RGD-4C 

peptide into the HI loop of the fiber from an oncolytic adenovirus is currently being tested in 

clinical trials for glioma and  ovarian cancer [40]. 

 

1.3.1.3 Post-entry targeting  

Although transductional targeting of Ads is an important step in the development of 

OAds, retargeted Ads can also infect normal cells that express the receptor that is being 

targeted by the virus. Thus, restriction of virus replication to cancer cells is the most important 

step in developing OAds.  

 

Two main strategies have been developed to achieve this. The first is based on mutations 

or deletions in key Ad replication genes, which can be compensated only in cancer cells [41]. 

One of the best examples is the AdΔ24 which carries a 24-base pair deletion in the E1A 

region responsible for the interaction with the pRB [42]. As mentioned before, E1A-mediated 

sequestration of pRB releases the E2F transcription factor, leading to S-phase induction and 

viral replication in normal cells. Importantly, the pRB pathway is deregulated in almost 90% 

of cancers, resulting in constitutively E2F-mediated transcription of cell cycle control genes. 

Thus, in normal cells in which no pRB deregulation is observed, the Δ24-E1a protein will fail 

to interact with the pRB protein, resulting in halted viral gene transcription and replication 

(Figure 7). Conversely, the constitutive E2F-mediated transcription of S phase genes in 

cancer cells allows viral gene transcription and replication.  
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Figure 7. Δ24-based oncolytic adenoviruses. In normal cells, the transcription factor E2F is sequestered by the 
retinoblastoma protein (Rb). The E1a protein from wild-type Ad (Adwt) sequesters Rb, releasing E2F and thus 
promoting viral replication. On the contrary, Δ24-mutated proteins fail to mediate Rb sequestration and thus 
virus replication is halted in normal cells. However, Rb pathway deregulation and constitutive E2F activity in 
cancer cells allows the replication of the Δ24 oncolytic adenovirus. Image taken from [43]. 

 

The second strategy to restrict virus replication to cancer cells is termed transcriptional 

targeting. This approach is based on the incorporation of tumor-specific promoters or other 

regulatory sequences in the Ad genome to drive viral gene expression only in cancer cells. 

The promoters commonly used in this strategy should be specifically active in cancer cells 

and should support gene activation outside the chromatin context [44]. Examples that have 

been successfully engineered in OAds include the promoters of the genes encoding proteins 

such as the prostate-specific antigen (PSA), human telomerase reverse transcriptase (hTERT), 

MUC1, AFP and tyrosinase, among others [41]. More recently, the restriction of virus 

replication to cancer cells by incorporating microRNA (miRNA)-regulated sequences has 

been proposed. In this strategy, binding sites for miRNAs that are ubiquitously expressed in 

normal cells but downregulated in cancerous ones are inserted in the 3' untranslated region 

of the E1A gene to promote the degradation of its mRNA [45, 46].  
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1.3.2 ICOVIR-15K 

Our group has combined several of the targeting strategies described above to generate 

highly cancer-specific OAds such as ICOVIR-15K (ICO15K). This virus combines transductional 

and post-entry targeting modifications which have shown tumor selectivity (Figure 8). 

Regarding transductional targeting, ICO15K incorporates an RGDK motif replacing the KKTK 

heparan sulfate glycosaminoglycan-binding domain in the fiber shaft. This modification, 

which targets integrins, increases tumor transduction and improves tumor-to-liver transduction 

ratios, resulting in reduced Ad-mediated hepatotoxicity and improved antitumor efficacy in 

vivo [39, 47]. As for post-entry targeting, ICO15K combines the deletion of viral functions 

complemented by cancer cells, and transcriptional targeting. The former is achieved by 

incorporating the E1a Δ24 mutation described above. Transcriptional targeting of ICO15K is 

achieved by incorporating eight E2F-responsive sites organized in four palindromes and one 

extra binding site for the SP-1 transcription factor in the E1a endogenous promoter [48]. In 

this way, transcription of E1a is directed to pRB deregulation in cancer cells and is further 

potentiated by the cooperation of E2F and SP-1 transcription factors which are known to 

potentiate transcription [49]. This modified promoter confers the virus with high selectivity 

for actively dividing cells and also allows the incorporation of bigger transgenes due to its 

small size compared to other tumor-specific promoters. ICO15K has shown potent antitumor 

efficacy and favorable toxicity profiles in vivo, and a modified version of it expressing 

hyaluronidase is currently under clinical investigation for the treatment of pancreatic cancer 

[50, 51].   
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Figure 8. Characteristics of ICOVIR-15K. Schematic representation of the different modifications in the genome 
of ICOVIR-15K. At the transductional targeting level, the fiber shaft of this virus exchanges the KKT motif for an 
integrin-binding RGD motif. Replication restriction to cancer cells is mediated by the Δ24 mutation in the E1A 
gene. Transcriptional targeting is achieved incorporating eight E2F-responsive sites organized in four palindromes 
and one extra binding site for the SP-1 transcription factor in the E1a endogenous promoter. Image taken from 
[43].  

 

1.3.3. Arming oncolytic adenoviruses with therapeutic transgenes  

Clinical trials with OAds (see section 1.3.4) have demonstrated that developing viruses 

with improved efficacy will be required in order to have therapeutic benefit in patients. 

Scientists have achieved this by exploiting the vast knowledge about adenovirus biology in 

order incorporate therapeutic transgenes in the virus genome. In fact, Ads have long been 

identified as one of the most efficient gene transfer vectors, and this is corroborated by 

being the most frequently used viral vector for gene therapy applications [52]. OAds have 

been engineered to express therapeutic transgenes with varying modes of action including 

induction of apoptosis, chemotherapy-mediated prodrug activation, immunostimulation or 

antioangionesis. Transgenes can be either inserted as a cassette with its own promoter and 

polyadenylation (polyA) signal, or as an extra adenoviral transcription unit controlled by the 

viral gene expression machinery [44]. For the former, transgene expression can be controlled 

by constitutive promoters (e.g. CMV) or by tissue-specific promoters to add another level of 

specificity.  For the second strategy, transgenes can be linked to viral proteins such as E1a via 



Introduction   

41 

sequences that will not affect protein function (e.g. internal ribosome entry site, IRES) or by 

adding a splice acceptor and a polyA signal that will promote transgene expression from the 

MLP [53]. Controlling transgene expression from viral promoters is particularly appealing for 

the generation of armed OAds, since restricting its expression to virus replication adds 

another level of selectivity. Additionally, MLP-driven transgene expression will be restricted 

to the late phase of the replication cycle, which is important in cases where the therapeutic 

protein can target the infected cells, thereby impairing the completion of the infection cycle. 

Transgenes cassettes have been successfully inserted in different regions of the adenovirus 

genomes including E1, E3 or E4. Also, some of these regions (e.g. E3) can be fully replaced by 

the transgene without altering virus replication [44]. Transgenes coupled to splice acceptors 

and polyA signals can be inserted in various regions downstream of the MLP [54]. One 

drawback of OAds compared to other bigger viruses is the restriction in transgene size that 

can be incorporated in its genome. The maximum packaging size for the Ad genome is 38kb, 

which is approximately 2kb over the wild-type (wt) size [55, 56]. Since some OAds are 

modified with tumor-specific promoters, this further restricts the space available for 

transgene insertion. In the case of ICO15K, which has a genome size of 36.1kb, the maximum 

tolerated transgene size to be inserted is approximately 1.9kb. As mentioned above, a 

strategy to increase available space in the Ad genome involves the replacement of some 

regions such as E3.  

 

1.3.4. Clinical experience with oncolytic adenoviruses   

The first clinical trial evaluating replication-competent Ads was conducted more than 60 

years ago [57]. In that study, 30 women with cervical carcinoma received intratumoral or 

systemic administrations of WT Ads from different serotypes. Ad injections were well 

tolerated and only some mild flu-like symptoms were observed. Necrotic areas in tumor 

biopsies were observed in more than 50% of the patients. Importantly, the extent of tumor 

necrosis was negatively affected by high titers of NAbs. However, and despite the signs of 

necrosis in tumors, no complete responses were observed and disease progressed in all 

patients. Interestingly, all patients showed an increase in NAbs after virus administration, 

and no virus could be recovered from cervical swaps two weeks after treatment. This 

suggested that antiviral immune responses could have been responsible for the clearance of 

the virus from the tumor site. Overall, this study demonstrated the favorable toxicity profile 

of Ads, but also highlighted the need of developing more potent OAds. It also suggested that 
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antiviral immune responses could represent a limitation for the success of oncolytic 

virotherapy with OAds.  

After that trial, and with the advent of DNA technologies, a wide range of genetically 

modified Ads were developed. The first modified OAd to be evaluated in clinical trials was 

ONYX-015. This virus had a deletion of the E1B55K gene, which is responsible for binding and 

inactivation of the master cell cycle regulator p53 [58]. Thus, replication of the mutant virus 

was, in theory, restricted to cells with inactivated or mutant forms of p53 such as cancer 

cells [59]. The intratumoral administration of ONYX-105, in combination with chemotherapy, 

was evaluated in phase I and II clinical trials for the treatment of head and neck cancer. 

These studies, conducted in the United States, confirmed the favorable safety profile of 

OAds and reported unprecedented clinical responses in the field with 14% and 50% of the 

patients showing complete responses and stable disease, respectively [60, 61]. Further 

clinical studies with ONYX-105 were canceled due to corporate reasons, but independent 

groups in China patented the OAd H101, which also incorporated the E1B55K deletion. A 

Phase III trial evaluating the intratumoral administration of H101 in combination with 

cisplatin-based chemotherapy showed an overall response rate of 79% [62]. These results 

led to the China’s approval of the combination of H101 and chemotherapy for the treatment 

of nasopharyngeal cancer. Despite these results, further studies revealed that the E1B55K 

deletion negatively affected the oncolytic properties of these OAds, and that the E1B55K-

based cancer selectivity was more complex than simply targeting p53 [63]. These facts 

prompted the development of more potent and selective OAds. 

The virus DNX-2401, formerly called Delta-24-RGD, is a Δ24-based OAd which incorporates 

the RGD4C peptide in the HI loop of the fiber knob (see sections 1.3.1.2 and 1.3.1.3). This 

virus is currently under clinical investigation, and early clinical trials have contributed 

important data with relevance for the field. A phase I clinical trial evaluating the 

intraperitoneal administration of DNX-2401 in ovarian cancer patients revealed similar 

toxicity profiles to those observed in the clinical trials described above [64]. Interestingly, 

signs of virus replication were observed in ascites from these patients, as virus DNA copy 

numbers raised in 30% of the patients 3 days after inoculation. A more recent trial has 

evaluated the potential of DNX-2401 for the treatment of recurrent malignant glioma. 

Complete regressions and partial responses were observed in patients receiving 

intratumoral virus administrations, and data suggest that antitumor immune responses 

complement the oncolytic action of the virus [65]. As mentioned above, DNX-2401 received 
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fast-track status and orphan drug designation by the FDA for the treatment of malignant 

glioma in 2016 [10].  

The studies described above have encouraged the development of new OAds with 

improved properties. As described in section 1.3.3, OAds can be armed with a wide range of 

transgenes to potentiate their action. Furthermore, OAds can be combined with other 

cancer therapies to maximize their antiutmor effect. To date, more than 25 clinical trials for 

the treatment have been registered to evaluate different unarmed or armed OAds alone or 

in combination with different cancer therapies [2].     

1.3.5 Challenges for oncolytic adenoviruses  

Despite the potential of OAds as anticancer agents, limited clinical responses have been 

observed when they are administered as monotherapy to cancer patients. These results are 

most likely explained by the many hurdles OVs encounter after systemic administration into 

patients. These challenges include: virus delivery, tumor targeting, stromal barriers and 

different immune responses in the tumor microenvironment (Figure 9).   

1.3.5.1 Oncolytic adenovirus tumor delivery and targeting 

Given their pathogenic nature, OAds interact with several host factors, limiting their 

delivery into tumors after systemic administration into patients. Humans exposed to Ad5 (up 

to 90% seroprevalence depending on the geographical region) show high levels of circulating 

neutralizing antibodies (NAbs) against capsid proteins [66, 67]. These Nabs mainly target the 

HVRs of the hexon protein [68, 69], leading to interference with the infection cycle of the 

virus [70]. Additionally, the phagocytosis of Ad5 by liver macrophages (i.e. Kupffer cells) 

promotes the saturation of the reticuloendothelial system, thereby increasing the uptake of 

Ads by hepatocytes [71, 72]. This hepatic tropism reduces the distribution of the infused Ads 

into tumors. Finally, Ad particles directly interact with several other blood components such 

as platelets, complement proteins, CAR-expressing erythrocytes and coagulation factors, all 

of which can negatively impact the delivery of adenoviral vectors to specific tissues [52]. 

 



Introduction 

44 

 
Figure 9. Challenges for oncolytic adenoviruses. Virus Delivery: systemically administered oncolytic 
adenoviruses can be sequestered by Kupfer cells in the liver or can be neutralized by antibodies recognizing 
viral proteins. Tumor stroma: once in the tumor, oncolytic adenovirus spread can be hindered by the 
exctracellular matrix and fibroblast that are resistant to oncolysis. Immune responses: given their pathogenic 
nature, oncolytic adenoviruses can be cleared from the tumor microenvironment by virus-specific CTLs. Image 
adapted from [73]. 

 

Several strategies have been developed to avoid these negative interactions. Regarding 

neutralization of the virus, chemical shielding of the adenovirus capsid with synthetic 

polymers or the replacement of the HVR from one Ad serotype to another have shown 

promise as strategies to evade NAbs [74-76]. Furthermore, our group has recently shown 

that inserting an albumin-binding domain in the hexon protein shields the virus from Nabs 

and improves its blood persistence as a result of albumin coating of the virus after systemic 

administration into mice [77]. Another strategy to overcome NAbs is based on the use of 

patient-derived autologous cells, such as mensenchymal stem cells (MSCs) or monocytes, as 

carriers for OAd [78, 79]. These cells can be seen as ‘trojan horses’ which hide viruses from 

the antiviral immune response and deliver them efficiently to the tumor site due to their 

intrinsic homing properties. Evidence of the feasibility of this approach comes from an 

exploratory study in which MSCs loaded with ICOVIR-5, a pRB-regulated OAd which 

selectively replicates in cancer cells, were infused to four children with refractory metastatic 

neuroblastoma [80]. Notably, infusions were well tolerated and one of the patients showed 

complete clinical response with remission of metastases up to 6 years after treatment. 
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The main strategies to solve liver tropism rely on the combination of modifications in the 

Ad capsid that will allow simultaneous liver detargeting and tumor retargeting. For instance, 

Ads shielded with polyethylene glycol incorporating a vasculature homing peptide have 

shown increased tumor transduction and increased liver detargeting compared to the 

unmodified Ad [81]. As described above, another strategy that has been used in our group is 

the replacement of the HSG-binding KKT fiber shaft domain with the RGD peptide, which 

results in reduced liver tropism, increased bioavailability of the virus and increased tumor 

transduction in vivo [39, 47].   

 

1.3.5.2 Tumor stromal barriers  

After reaching the tumors, OAds face several physical barriers that limit their spread 

across the tumor microenvironment. The major component contributing to this is the tumor 

stroma, which is composed of cancer-associated fibroblasts (CAFs), immune cells, MSCs, a 

extracellular matrix (ECM) built by structural and adhesive proteins (e.g. fibronectin, laminin, 

collagen and elastin), proteoglycans, and glycoproteins [82, 83]. In contrast to cancer cells, 

CAFs are partly resistant to OAd infection and thus represent a physical barrier for virus 

spread in vivo [84, 85]. Additionally, the complex and tight structure of ECM increases the 

interstitial fluid pressure which limits the access of drugs or viral vectors to the tumor [86-

88].  

The major strategies to improve OAd spread within the tumor rely on the targeting of 

ECM components or CAFs. OAds expressing ECM-degrading enzymes such as hyaluronidase 

or acti-resitant DNaseI have shown improved intratumoral spread and enhanced antitumor 

efficacy in vivo [50, 89]. Of note, the hyaluronidase-expressing virus VCN-01 developed in 

our group has shown favorable toxicity profiles and potent antitumor efficacy in different 

mouse and Syrian hamster models of cancer [51, 90], and is currently under clinical 

investigation for the treatment of advanced pancreatic cancer (NCT02045602). Other 

strategies to target tumor stroma involve the generation of OAds expressing ECM-modifiers 

which can inhibit collagen and induce expression of matrix metalloproteases (MMP). 

Specifically, OAds expressing relaxing or decorin enhance virus penetration and spread in 

tumors, leading to improved antitumor efficacy [91, 92]. Regarding the targeting of CAFs, 

two different approaches have been evaluated. Lopez et al. have generated OAds whose E1a 

expression is controlled by the cancer- and stroma-specific SPARC (secreted protein, acidic, 

rich in cysteine) promoter [85, 93]. These viruses induce oncolysis in fibroblasts and have 
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shown potent in vitro cytotoxicity in stroma-rich tumor explants from ovarian cancer. A 

different approach developed in our lab aimed at selecting Ads from a mutagenized stock by 

serial passages in human CAFs. Ad clones selected by this process contained a C-terminally 

truncated form of the i-leader protein which resulted in enhanced cytotoxicity of CAFs and 

improved antitumor efficacy in mouse models of desmoplastic tumors [94].   

1.3.5.3 Immune responses in the tumor microenvironment  

Besides delivery and stromal barriers, the immune system has long been identified as a 

major challenge for the success of OAds in cancer patients. Paradoxically, the two most 

important immunological hurdles for virotherapy with OAds are rather opposing. On the one 

hand, cancer cells have evolved numerous mechanisms to create an immunosuppressive 

tumor microenvironment (TME) in order to bypass antitumor immune responses. On the 

other hand and despite this immunosuppressive TME, OAds are rapidly cleared from tumors 

by adaptive immune responses, thereby reducing their antitumor efficacy. These opposing 

views opened the debate whether the immune system is a friend or a foe for OAds. This 

debate has been long present in the field of virotherapy and has been extensively reviewed 

by our group and others [95, 96]. However, the fact that OVs can promote antitumor 

immune responses has made it clear that the immune system represents both an ally and an 

enemy of OAds and that balancing the immunological responses described above will be 

crucial for the success of virotherapy.   

The work described in this thesis mainly focuses on overcoming some of the 

immunological limitations encountered to date by OAds in the TME. In the coming sections, 

the different immunological hurdles for OAds and strategies developed to overcome these 

will be discussed in detail.  

1.4 Antitumor immune responses  

The onset of cancer has long been associated with accumulation of several genetic 

alterations in key regulatory genes of the cell. These alterations lead to the expression of 

mutated proteins with altered amino acid sequences and functions, compared to their wild-

type counterparts. Importantly, CD8+ T cells can recognize epitopes of these proteins (also 

termed neoantigens) presented by MHC-I on the surface of cancer cells. This evidence has 

set the foundations to better understand how antitumor immune responses are triggered, a 

process also known as immunosurveillance [97]. Mounting immune responses against cancer 
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cells is a stepwise process (Figure 10, [98]). Immunogenic cell death (ICD) of cancer cells 

leads to the release of neoantigens that can be captured and processed by dendritic cells 

(DCs) for their presentation on MHC-I and MHC-II molecules. Consequently, mature DCs 

migrate to the draining lymph nodes where antigen presentation and priming of T cells 

occurs. Activated CTLs then traffic through blood vessels in order to infiltrate tumors, where 

they recognize neoantigen-expressing cancer cells via TCR-MHC interactions. This 

recognition leads to CTL-mediated killing of cancer cells and release of more neoantigens 

that amplify the overall antitumor immune response.  

 
Figure 10. The cancer-immunity cycle. Dying cancer cells release antigens (step 1) that can ben engulfed and 
processed by APCs/DCs (step 2). Activated DCs can migrate to the lymph nodes where antigen presentation to 
T cells occur (step 3). Antigen-specific CTLs travel to the tumor through the circulation (step 4) and infiltrate 
tumors after extravasation from the blood vessels (step 5). CTLs then recognize TAAs presented by cancer cells 
on MHC-I (step 6). Finally, activated T cells kill cancer cells (step 7).  Image taken from [98].  
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1.4.1 Tumor immune escape  

Although the anitutmor immunity seems straightforward, cancer cells have developed 

numerous strategies to evade every step of such responses (Figure 11, [97]). For instance, 

tumor cells secrete factors such as the vascular endothelial growth factor (VEGF) or 

transforming growth factor-β (TGF-β) which impair DC activation and maturation. 

Additionally, tumor cells impair DC migration to the lymph nodes by secreting ligands that 

inhibit the expression of the CC chemokine receptor 7 on DCs via the liver X receptor-α [99]. 

Even if DCs bypass these evasions mechanisms and successfully migrate and activate T cells 

in the lymph nodes, tumors exploit several strategies to evade or impair CTL function. Cancer 

cells often bear mutations in genes involved in the processing and presentation of antigens 

via MHC-I, thus evading their recognition by CTLs via the TCR [100, 101]. Furthermore, a 

wide spectrum of tumor-secreted immunomodulatory factors promote the infiltration of 

regulatory T cells (Tregs), M2 tumor-associated macrophages (TAMs) and myeloid-derived 

suppressor cells (MDSCs), which impair T-cell functions. Tumor cells also induce apoptosis of 

CTLs by expressing FAS and TRAIL ligands on their membrane. Another important evasion 

mechanism that has gained considerable attention as target for cancer immunotherapies is 

the deregulation of immune checkpoint signaling in CTLs as a result of the expression of 

inhibitory ligands on the membrane of cancer cells, which suppresses antitumor T-cell 

effector mechanisms (See section 1.5.2.1). Finally, cancer cells accumulate mutations in 

genes involved ICD, thereby reducing the immunogenicity of cell death processes [102].   
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Figure 11. Mechanisms of immune evasion by tumors. Tumor cells can evade antitumor immune responses 
by: (1) downregulating  antigen presentation via MHC-I, (2) inducing apoptosis of CTLs, (3) secreting a wide 
range of cytokines and chemokines that recruit immunosupressor cells into the tumor, (4) inhibiting DC 
maturation and migration,  and (5) expressing T-cell inhibitory ligands on their cell membrane. Image taken 
from [103].      

1.4.2 Oncolytic adenovirus-mediated antitumor immune responses  

Oncolysis meadited by OAds has been shown to induce antitumor immune responses 

directed to neoepitopes in preclinical and clinical studies [104, 105]. Although the exact 

mechanism by which OAds trigger these responses is not fully elucidated, compiling 

evidence suggest that OAds induce cell death mechanisms that, in contrast to the silent 

physiological apoptosis process, are highly immunogenic. For instance, OAd replication can 

lead to the secretion of uric acid, a key molecule involved in DC maturation [106]. Moreover, 

OAds induce the secretion of the high-mobility group box-1 (HMGB1) protein, as well as the 

exposure of calreticulin on the surface of tumor cells in vitro and in vivo [107]. All these 

molecules are known immunogenic DAMPs that are associated with ICD. In addition to this, 

OAds have been shown to induce autophagy in cancer cells to promote oncolysis [108, 109]. 

The combination of OAds with Temozolomide and Cyclophosphamide increases the levels of 

autophagic cell death in vitro, as evidenced by ultrastructural changes and by the release of 
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DAMPs such as HMGB1 and adenosine triphosphate (ATP) [110]. More importantly, cancer 

patients receiving the same combination therapy showe high levels of circulating HMGB1 

which correlated with antitumor T-cell responses in 88% of the patients. Thus, all the data 

described above suggest that OAd-mediated oncolysis leads to the accumulation of TAAs, 

PAMPs and DAMPs, all of which can contribute to the induction of antitumor immune 

responses.   

Despite this evidence, further studies have also suggested that oncolysis alone will likely 

not be sufficient to induce long lasting antitumor immune responses. In vitro studies have 

demonstrated that oncolysates from OAd-infected melanoma cells fail to induce DC 

maturation unless cytokines and co-stimulatory signals are added to the cultures [111]. 

Furthermore, OAds alone have been reported to fail at promoting  tumor-specific antitumor 

immune responses in immunocmpetent mice, and only their combination with tumor 

peptide-loaded DCs could trigger such responses [112]. This data, in combination with the 

strong evidence of the importance of antitumor immune responses for virotherapy, has 

promoted the development of OAds with improved immunomodulatory properties.  

 

1.5 Strategies to improve antitumor immune responses with oncolytic 
adenoviruses 

1.5.1 Oncolytic adenoviruses expressing cytokines and chemokines  

As mentioned above, tumors have encountered several strategies to exploit cytokine and 

chemokine profiles within the TME in their favour. OAds represent an ideal tool to modulate 

this profile by arming them with cytokine or chemokine genes. One of the best examples is 

the case of OAds engineered to express granulocyte–macrophage colony-stimulating factor 

(GM-CSF), a potent inducer of antitumor immunity. OAds expressing GM-CSF have shown 

promise as potent inducers of antitumor immunity in preclinical and clinical studies [113-

115]. As an example, a Phase I clinical trial with the GM-CSF-armed OAd CG0070 showed 

complete response rate of 48.6% in bladder cancer patients [116]. IL-12 is another cytokine 

that has been widely studied in this context. This pro-inflammatory cytokine links innate and 

adaptive immune responses by activating NK cells, polarizing naïve CD4+ T cells and 

promoting differentiation and survival of memory T cells [117]. OAds co-armed with this 

cytokine and other molecules have shown enhanced immunological and antitumor 

properties in vivo [118-121]. Importantly, it has been shown that restricting IL-12 expression 
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to virus replication in tumors can reduce IL-12-mediated off-target effects, supporting the 

use of OAds as tools for tumor delivery of this kind of transgenes [122]. Examples of other 

cytokines that have been encoded in OAd genomes are IL-2, IL-15, IL-18, IL-23, IL-24 and IFN-

α [123-125].  

Chemokines are implicated in the circulation, homing and activation of immune cells, and 

their role in dictating the course of antitumor immune responses has been extensively 

studied [126]. The chemotactic and immunostimulatory properties of chemokines have 

encouraged the generation of OAds expressing such genes in order to promote infiltration of 

effector T cells into tumors as well as activation of immune cells.    

1.5.2 Oncolytic adenoviruses expressing co-stimulatory molecules 

Co-stimulation is essential for the generation of antitumor immune responses, including 

those induced by OAds. From the perspective of DCs, co-stimulatory molecules expressed on 

the surface of T cells induce DC activation and maturation. However, and as mentioned 

above, there is evidence demonstrating that oncolysates from OAd-infected melanoma cells 

fail to induce DC maturation unless cytokines and co-stimulatory signals are added to the 

cultures [111]. To overcome this, OAds have been engineered to express co-stimulatory 

molecules. One of the best examples is Ad5/3-hTERT-E1A-hCD40L, a chimeric OAd coding for 

the CD40 ligand (CD40L) in the E3 region and whose replication is controlled by the tumor-

restricted human telomerase reverse transcriptase (hTERT) promoter. CD40L is a T-cell 

derived molecule which triggers DC activation by interacting with the CD40 receptor (CD40R) 

expressed on DCs [127]. Ad5/3-hTERT-E1A-hCD40L showed enhanced efficacy and 

immunomodulatory properties compared to the parental virus in vitro and in vivo [107]. 

Furthermore, Ad5/3-hTERT-E1A-hCD40L has been evaluated in patients with advanced solid 

tumors, showing disease control in 5 of 6 patients [128]. Importantly, high levels of virus, 

CD40L, RANTES and tumor-specific CD8+ T-cells were detected in tumor biopsies from these 

patients.   

From the perspective of T cells, MHC-dependent T-cell activation requires the co-

stimulatory interaction of CD28 with B7-1 and B7-2 ligands expressed on APCs [129]. 

However, these ligands are not expressed in most tumor cells, and are often absent on APCs 

if these are not activated. To overcome this hurdle, OAds have been engineered to express 

B7-1 ligands on the surface of infected tumor cells. OAds co-expressing B7-1 ligand with GM-
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CSF or IL-12 have shown enhanced T-cell infiltration and antitumor efficacy in immunocompetent 

mice bearing B16-F10 tumors [130, 131].  

1.5.3 Combination of oncolytic viruses with other immunotherapies 

1.5.3.1 Checkpoint inhibitors  

Compiling evidence from the past 20 years have demonstrated that, besides triggering T-

cell activation, engagement of T cells through TCR-MHC-I interactions further induces the 

upregulation of pathways that can stop immunologic responses. These mechanisms are 

known as immune checkpoints or co-inhibitory pathways. The central inhibitory pathway is 

mediated by the cytotoxic T lymphocyte antigen 4 (CTLA-4). Normal T-cell activation requires 

the co-stimulation of CD28 through its binding to B7-1 or B7-2 ligands expressed on APCs. 

However, once activated, T cells induce the expression of CTLA-4 which has a higher affinity 

for ligands on APCs than the CD28, thereby preventing co-stimulation by competition and 

negative signaling [132]. Another important T-cell-intrinsic regulatory pathway is that 

mediated by PD-1 (programmed death 1) and its ligands PD-L1 and PD-L2 [133]. Contrary to 

CTLA-4, PD-1 expression on T cells does not compete with other ligands expressed on APCs. 

Instead, PD-1 interaction with its ligands transduces signals that directly compete with and 

inhibit T-cell receptor signals. After the discovery of CTLA-4 and PD-1, other inhibitory 

receptors expressed on T cells such as lymphocyte activation gene 3 (LAG-3), T cell 

immunoglobulin mucin 3 (TIM-3) and CD200 have been described (Figure 12, [134]).  

Immune checkpoints have drawn much attention in the field of cancer therapy due to 

their role in cancer pathogenesis. For instance, PD-L1 is expressed on many cancer types 

and, thus, it has been proposed as one of the major mechanism by which tumors bypass 

immune responses [97, 103, 135]. Some of the most promising novel cancer therapies aim at 

interfering with the interaction of inhibitory receptors and their ligands. Anti-CTLA-4, anti-

PD-1 and anti-PD-L1 monoclonal antibodies have shown outstanding clinical results for the 

treatment of different types of cancer [136, 137]. Consequently, the FDA has granted 

approval for many of these antibodies which are currently being further developed in 

combinatorial clinical trials [138].  

Given their potential of restoring T-cell function within the TME, checkpoint inhibitors 

are currently being evaluated in combination with other therapies such as virotherapy. One 

strategy that has been evaluated in preclinical studies is the generation of OAds expressing 

full-length anti-CTLA-4 antibodies. An example of this is the chimeric virus Ad5/3-D24aCTLA4 
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has been engineered to secrete anti-CTLA-4 mAbs from infected cells. Supernatants from 

Ad5/3-D24aCTLA4-infected cells have been shown to increase activation of PBMCs from 

cancer patients when compared to the parental virus. Another strategy that is currently 

under investigation is the direct combination of OAds with FDA-approved checkpoint 

inhibitors [139]. Up to four clinical trials have been recently registered to evaluate the 

combination of different OAds with anti-PD1 and anti-PD-L1 blocking antibodies for the 

treatment of different malignancies (NCT02636036, NCT02798406, NCT03003676, 

NCT02798406).  

 

1.5.3.2 Adoptive transfer of tumor-infiltrating lymphocytes 

Another promising immunotherapy is adoptive cell transfer (ACT) of TILs. This therapy is 

based on the ex vivo isolation and expansion TILs which are then infused back to the 

patients. This immunotherapy approach has shown promising results over the years for 

different malignancies. Specifically, ACT of TILs has shown up to 50% complete responses in 

patients with metastatic melanoma [140]. Moreover, enriching TIL preparations to contain 

high percentages of T cells recognizing tumor-specific mutations has shown impressive 

clinical responses in a patient with metastatic cholangiocarcinoma [141]. Currently, several 

strategies are being developed to improve the clinical responses with ACT of TILs [142]. 

The intrinsic immunomodulatory properties of OAds have encouraged their combination 

with ACT of TILs as a strategy to improve antitumor efficacy. Tähtinen and colleagues used 

the B16.OVA tumor model to demonstrate that intratumoral administrations of a chimeric 

Δ24-based OAd improved the efficacy of adoptively transferred OVA-specific CD8+ T cells 

[143]. More recently, the combination of OAd with TILs from pancreatic and melanoma 

tumors from Syrian hamsters has shown improved antitumor efficacy compared to the virus 

or TIL transfer alone [144]. This study is particularly interesting, since OAds show permissive 

replication in the Syrian hamster cancer model and thus represent a scenario that more 

closely resembles the oncolytic process in humans. These studies suggest that OAds might 

be promising tools for improving ACT of TILs.   
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Figure 12. Activating and inhibitory interactions regulating T-cell activation. T cell activation is triggered after 
TCR-MHC-I interactions (signal 1) followed by co-stimulation via CD28 (signal 2). Additional interactions 
between ligands and activating (green shading) or inhibitory (red shading) receptors further regulate T-cell 
activation. These second signals include co-stimulatory ligands and receptors (blue), immune checkpoint 
ligands and receptors (red), tumor necrosis factor (TNF) receptor superfamily (brown) members and their 
trimeric TNF superfamily ligands (light brown), and additional members of the immunoglobulin superfamily 
(purple). BTLA, B and T lymphocyte attenuator; BTNL2, butyrophilin-like protein 2; CTLA4, cytotoxic T lymphocyte 
antigen 4; GITR, glucocorticoid-induced TNFR-related protein; HHLA2, HERV-H LTR-associating protein 2; HVEM, 
herpes virus entry mediator; ICOS, inducible T cell co-stimulator; LAG3, lymphocyte activation gene 3 protein; 
PD1, programmed cell death protein 1; PDL, programmed cell death 1 ligand; siglec; sialic acid-binding 
immunoglobulin. Image and part of the figure legend adapted from [138].  
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1.5.3.3 Chimeric antigen receptor T-cell therapy 

Chimeric antigen receptor (CAR) T cell-therapy has emerged as one of the most promising 

immunotherapies in the past years. CAR T cells are genetically programmed to specifically 

redirect immune responses towards TAAs. CARs are chimeric molecules composed of an 

extracellular antigen-recognition domain and an intracellular module (Figure 13). The 

extracellular domain consists of a scFV derived from monoclonal Abs recognizing TAAs, and it 

is anchored to the cell membrane by a transmembrane domain [145]. The intracellular module 

is composed of domains responsible for transducing T-cell activating signals upon receptor 

engagement. All CAR constructs developed to date use the CD3 zeta chain (CD3ζ) as their core 

signaling domain. Depending on the arrangement and components of the intracellular module, 

CAR can be classified in three groups. First generation CARs only bear the CD3ζ signaling 

domain, whereas second generation CARs include a co-stimulatory domain such as CD28, 4-

1BB or ICOS, linked to the CD3ζ domain. Third generation CARs incorporate three or more 

signaling domains.   

 

 
Figure 13. Chimeric antigen receptors. Schematic representation of CARs, which are composed an extracellular 
antigen-recognition domain and an intracellular module. The extracellular domain consists of a scFV derived 
from monoclonal Abs recognizing TAAs, and it is anchored to the cell membrane by a transmembrane domain. 
The intracellular module is responsible for transducing T-cell activating signals, and it is composed of the ζ chain 
of the TCR complex and different costimulatory domains. Image kindly provided by Sonia Guedan.  
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Clinical-grade CAR T cells are generated ex vivo before being infused to cancer patients 

(Figure 14, [146]). To this end, T cells from patients are isolated by leukapheresis, followed 

by activation with anti-CD3/anti-CD28-coated beads. Activated T cells are then transduced 

with a viral vector encoding the CAR construct. After bead removal, T cells are further 

expanded, processed and subjected to quality control prior to infusion into patients. CAR T-

cell preparations generated this way result in mixed populations of transduced (i.e. CAR+) 

and untransduced (i.e. CAR-) T-cell populations, with the CAR-expressing population 

representing between 5% and 45% of total T cells [147]. 

 

 
Figure 14. Overview of CAR T-cell therapy. T cells are isolated from cancer patients by leukapheresis (1). T cells 
are then stimulated with antibody-coated beads simulating antigen-presenting cells, and transduced with a 
lentiviral vector encoding the CAR (2). After activation and transduction, beads are removed and T cells are 
further expanded and processed to generate infusion preparations (3). After lymphodepleting chemotherapy 
(4), CAR T-cells are infused into the patients (5). Image taken from [148].   

 

Clinical trials with CAR T-cell therapy for hematological malignancies have reported 

outstanding clinical responses. Response rates of 50 to 100% have been observed in patients 

with relapsed and refractory B-cell acute lymphablastic leukemia (B-ALL), diffuse large B cell 

lymphoma, follicular lymphoma, or chronic lymphocytic lymphoma who were treated with 

the CAR T cells targeting CD19 [148]. These exciting results have encouraged the 
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development of CAR T cells targeting different antigens. To date, CAR T cells directed to one 

of more than 24 different TAAs are under investigation in clinical trials for the treatment of 

hematological malignancies and solid tumors [145].  

1.5.3.3.1 Challenges for CAR T-cell therapy 

Despite the exciting results obtained in clinical trials of hematological malignancies, CAR 

T cells have shown limited success in solid tumors. Preclinical and clinical trials have 

identified key hurdles accounting for this low efficacy [149]. As with any other antitumor 

CTL, CAR T cells have to circumvent factors limiting their trafficking and infiltration into the 

tumors. Furthermore, the immunosuppressive TME has been shown to induce hypofunctionality 

in tumor-infiltrating CAR T cells, leading to a reduction in antitumor efficacy in mouse 

models of cancer [150]. Another major hurdle that is also encountered by CAR T cells and 

any therapy targeting surface antigens is the tumor immune evasion due to antigen loss. 

Patients responding to anti-CD19 CAR T-cell therapy can develop CD19- relapses due to 

mutations in the CD19 locus which leads to the expression of truncated forms of the protein 

[151]. Moreover, preclinical mouse studies with mesothelin-targeting CAR T cells have 

shown that, after an initial response to the therapy, tumors relapse mainly due to the loss of 

mesothelin expression within the tumor microenvironment (Sonia Guedan, personal 

communication and unpublished data). Finally, another concern of the use of CAR T cells for 

solid tumors is the induction of side effects. Many of the antigens targeted by CAR T cells are 

expressed on normal tissue, which leads to off-target side effects. Thus, identifying suitable 

targets and scFV with reduced affinity has been suggested to be an important point to 

consider.  

1.5.3.3.2 Combination of CAR T-cell therapy and oncolytic adenoviruses 

OAds have been proposed as attractive tools to circumvent many of the limitations 

encountered by CAR T cells in the TME of solid tumors. Nishio and colleagues have used a 

Δ24-based OAd encoding RANTES and IL-15 as a strategy to increase the persistence and 

infiltration of CAR T cells in the tumors [152]. In line with this, the combination of an OAd 

encoding TNF-α and IL-2 with CAR T cells targeting mesothelin showed enhanced T-cell 

proliferation, persistence, function and infiltration in solid tumors, leading to improved 

antitumor efficacy [153]. These studies highlight the potential of using OAds to improve CAR 

T-cell therapy.  
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1.6 Antiviral immune responses in the tumor microenvironment  

As mentioned above, OAds can induce antitumor immune responses as one of their main 

mode of actions. However and given the pathogenic nature of OAds, oncolysis also triggers 

potent antiviral immune responses. The immunogenicity of viral epitopes often results in 

biased immune responses against them over other epitopes, a process that is known as 

immunodominance [154]. Importantly, the immunodominance of adenoviral epitopes has 

been shown to mask immune responses to delivered transgenes, capsid-displayed TAA and 

other tumor-restricted epitopes [112, 155, 156]. Additionally, tumor-bearing immunocompetent 

mice treated with armed OAds show increased antiviral immune responses with concomitant 

loss of transgene expression in the tumors [157]. Thus, OAd-infected cells are often cleared 

from the tumor microenvironment by infiltrating virus-specific CTLs without before clinical 

responses are observed [57]. These facts strongly support the idea that a fine tuning 

between antiviral and antitumor immune response will be necessary for the success of 

virotherapy with OAds. 

To date, few strategies have been developed to modulate the antiadenoviral immune 

responses in the TME. Capasso et al. have shown that coating of the adenoviral capsid with 

MHC-I-restricted tumor-specific peptides overcomes the immunodominance of an OAdv by 

favoring antitumor immune responses in vivo [158]. We have also demonstrated that OAds 

encoding tumor-associated epitopes fused to the viral protein E3-19K promote MHC-I 

epitope presentation independently from transporter-associated with antigen processing 

(TAP) protein, leading to antitumor immune responses which compensate adenoviral 

epitope immundominance [159]. Another interesting approach to favor antitumor rather 

than antiviral immune responses is the so-called oncolysis-assisted DC vaccination in which 

DCs loaded with tumor-specific eptiopes are administered during the treatment with 

oncolytic viruses. Woller and colleagues have shown that the intratumor or intravenous 

delivery of OAds into immunocompetent mice fails to promote tumor-specific antitumor 

immune responses as a result of increased antiviral immune responses [112]. However, 

when combined with DCs loaded with tumor-specific epitopes, OAds promote a shift from 

virus- to tumor-specific antitumor immune responses.  

Although these studies support the need of balancing antiviral and antitumor immune 

responses, the approaches used by us and others do not fully solve the hurdle of antiviral 

immune responses. Even if immune responses towards cancer epitopes are favored in these 

settings, viral epitopes can still be presented and induce antiviral immune responses. Thus, 
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the approaches described above do not address virus-specific CTL-mediated clearance of the 

virus from the TME. Moreover, the strategies described above rely on the expression of 

MHC-I, which is downregulated on cancer cells. Thus, there is a need for developing 

strategies that can simultaneously promote antitumor immune responses while evading cell-

mediated antiviral immunity. In this thesis, we propose the use of bi-specific T-cell engager 

(BiTE) antibodies as a strategy to achieve this.  

 

1.7 Bi-specific T-cell engagers (BiTEs) 

1.7.1 Structure of BiTEs 

BiTE antibodies are recombinant proteins composed of two scFV connected through a 

flexible linker (Figure 15). scFVs are constructed by connecting the variable heavy (VH) and 

light (VL) domains of monoclonal antibodies with a flexible peptide linker. One of the scFV 

recognizes tumor-associated antigens on target cells, whereas the second scFV bind to the 

epsilon chain of the CD3 subunit in the T-cell receptor (TCR). BiTEs are commonly produced 

as monomeric non-glycosylated polypeptide chains of approximately 55 kDa which show 

high stability. To date, all BiTEs under preclinical and clinical validation are arranged with the 

TAA-biding scFV located at the N-terminus, while the anti-CD3 scFV is placed C-terminally in 

the protein.  
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Figure 15. BiTE design. The variable domains of monoclonal antibodies are fused together by linkers, generating 
single chain antibodies (scFV). One of the scFV recognizes a TAA (yellow) and the other recognizes the epsilon 
chain of the CD3 coreceptor in the TCR complex (purple). Both scFVs are further linked together by a short 
flexible peptide. Image adapted from [160].  
 

 

1.7.2 Mode of action of BiTEs 

BiTE antibodies mediate the redirected lysis of cancer cell by T cells after a series of 

stepwise events. The dual specificity of BiTEs allows their simultaneous binding to T cells and 

target cells (Figure 16A). This binding brings the membranes of both cells in close proximity, 

forming an immunological synapse which closely resembles that formed by the TCR-MHC-I 

interaction between T cells and target cells (Figure 16B). The formation of these synapses 

induces T-cell activation as evidenced by the expression of activation markers (e.g. CD25 and 

CD69) and cell adhesion molecules, and by the secretion pro-inflammatory cytokines. Once 

activated, T cells release perforin and granzyme B to the cytolytic synapse thereby eliciting a 

pro-apoptotic cascade in target cells (Figure 16C). Finally, T cells disengage from dying cells, 

proliferate and produce new cytotoxic granules before being engaged by BiTEs to neighboring 

cancer cells (Figure 16D).   
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Figure 16. Mode of action of BiTEs. (A) BiTEs bind to cancer cells and recruit T cells via the anti-CD3 scFV. 
(B) Simultaneous binding promotes the formation of an immunological synapse and triggers T-cell activation 
and discharge of cytotoxic granule content (perforin and granzyme). (C) These series of events lead to cancer 
cell death and disengaging of activated T cells. (D) Disengaged activated T cells proliferate and can engage in 
new rounds of killing of neighboring cancer cells. Image adapted from [161].    

The mode of action of BiTEs is attractive from the point of view of cancer therapeutics 

for various reasons. BiTE activity is strictly dependent on the expression of the TAA, and 

monovalent binding by BiTEs to the CD3 alone does no trigger T-cell activation [162]. BiTEs 

exert potent cytotoxic activities, with half maximal cell lysis (EC50) typically falling in the 

femto- and picomolar range (i.e. 10-1 × 104 pg/ml) [160]. Additionally, the bridging of T cells 

and cancer cells via BiTE has several advantages over normal TCR-MHC-I-mediated immune 

responses (Figure 17). BiTEs cannot prime naïve T cells in the absence of co-stimulation by 

CD28. Instead, the major contribution of the cytotoxic potency of BiTEs comes from effector 

memory T cells (TEM), which only require CD3 engagement for their activation. Hence, BiTEs 

can theoretically activate CD3+ TEM in a polyclonal manner, maximizing the overall therapeutic 

potential. Furthermore, BiTE-mediated T-cell activation is independent of MHC-I antigen 

presentation. Thus, BiTE antibodies bypass many of the mechanisms employed by cancer 

cells to evade antitumor immune responses.  
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Figure 17. Comparison of TCR-MHC-I- and BiTE-mediated T-cell responses. Regular T-cell mediated antitumor 
responses (left panel) require the recognition of antigens presented on MHC-I by the TCR, followed by co-
stimulatory signals. In contrast, the mode of action of BiTEs (right panel) does not require any of these antigen 
presentation steps, which are commonly downregulated or absent in cancer cells.  Image adapted from [163].  

 

1.7.3 Clinical application of BiTEs 

To date, BiTEs targeting one of more than ten different TAAs have been evaluated in 

preclinical studies (Table 3). From these, those targeting CD33, Ephrin receptor tyrosine 

kinase A2 (EphA2), carcinoembryonic antigen (CEA), B-cell maturation antigen (BCMA), 

epithelial cell adhesion molecule (EpCAM) and Prostate-specific membrane antigen (PSMA) 

are under investigation in Phase I clinical trials for the treatment of different malignancies. 

Most certainly, the best example of the potential of BiTEs for cancer treatment is 

Blinatumomab (also named Blincyto), which targets CD19. This BiTE has shown an overall 

response rate of 40% in patients with Philadelphia chromosome-negative relapsed or refractory 

B-cell precursor acute lymphoblastic leukemia (R/R ALL), and has been therefore granted 

approval by the FDA for the treatment of this condition. Blinatumomab has been further 

evaluated for other hematological malignancies. A recent study of a Phase I clinical trial of 

Blinatumomab for the treatment of patients with Relapsed/Refractory Non-Hodgkin Lymphoma 

(R/R NHL) has reported overall response rates of 69% and a Phase II clinical trial is currently 

ongoing with expanded cohorts [164].  
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From the pharmacological and toxicological point of view, clinical trials have demonstrated a 

half-life of 2.11 hours for Blinatumomab in serum, which is accounted for its lack of the 

fragment crystallizable (Fc) region of mAbs [165]. Despite this short half-life, early clinical 

trials with Blinatumomab demonstrated that short and spaced intravenous administrations 

of the BiTE resulted in sever neurological adverse events and cytokine release syndrome 

(CRS) in patients with high blast burden. Subsequent clinical trials aimed at improving the 

dosing and schedule of BiTE treatment to mitigate these adverse events. Blinatumomab is 

currently administered to patients by continuous intravenous infusion in an increasing step 

dose regime consisting of a first cycle at 9 μg/m2/day in week 1 and 28 μg/m2/day thereafter 

for 3 more weeks [166]. Additionally, patients with more than 50% blasts or a peripheral 

blast count over 15 × 109/L are subjected to a pre-conditioning with dexamethasone to reduce 

CRS.  

Table 3. BiTEs in preclinical and clinical development  (Adapted from [163]) 

BiTE Molecule TAA Target Development 
status Indications 

Blinatumomab (Blincyto) CD19 
FDA-approved ALL 

Phase II NHL 

MEDI-565 /AMG 211 / MT211 CEA Phase I Gastrointestinal cancer 

AMG 330 CD33 Phase I AML 

AMG 420 BCMA Phase I Multiple Myeloma 

AMG 212 / BAY-2010112 PSMA Phase I Prostate cancer 

AMG 110 / MT 110 EpCAM Phase I Solid tumors (Lung, gastric, 
colorectal) 

BscEphA2xCD3 EphA2 Discovery Ovarian, prostate, cervical, 
lung and esophageal cancer 

C-BiTE EGFR Discovery Lung, colorectal, head and 
neck and bladder cancer 

Her2-BiTE Her2 Discovery Breast cancer 

MCSP-BiTE MCSP Discovery Melanoma 

AML acute myeloid leukemia, B-ALL acute B-cell lymphoblastic leukemia, CEA carcinoembryonic antigen, EGFR 
epidermal growth factor receptor, EpCAM epithelial cell adhesion molecule, EphA2 Ephrin receptor tyrosine 
kinase A2, Her2 human EGF receptor 2, MCSP melanoma-associated chondroitin sulfate proteoglycan, NHL non-
Hodgkin’s lymphoma. 
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Regarding BiTEs for the treatment of solid tumors, only the results of the Phase I dose-

escalation clinical trial with the anti-CEA BiTE MEDI-565/AMG 211 for the treatment of 

gastrointestinal adenocarcinomas have been reported [167]. The BiTE was given weekly by 

intravenous infusion over 3 hours on days 1 through 5 for 4 weeks. Different doses were 

evaluated with or without dexamethasone pre-treatment. MEDI-565 showed similar half-life 

in serum as Blinatumomab (i.e. 2.2 hours) and CRS was observed in patients in the highest 

dose cohort, although these were mitigated by dexamethasone pre-treatment. No objective 

responses were observed and 28% showed stable disease as the best response. The results 

of this study highlight some of limitations of BiTEs for the treatment of solid tumors. As 

opposed to hematological malignancies, BiTEs will have to penetrate the tumor through the 

vasculature and reach a concentration high enough to exert their potency. It is likely that the 

treatment and concentration scheme used in that trial was not sufficient to observe clinical 

responses, and a regime similar to that used for patients treated with Blinatumomab will 

potentially improve the performance of this BiTE in the future.  
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Antiviral immune responses are a major hurdle for the success of oncolytic adenoviruses 

as cancer treatments. Despite the existence of a highly immunosuppressive tumor 

environment, adenovirus-infected cells can be efficiently cleared by infiltrating virus-specific 

CTLs. We propose bi-specific T-cell engager (BiTE) antibodies as a strategy to overcome this 

limitation. Independently of MHC-I antigen presentation, BiTEs can engage T cells towards 

cancer cells by bridging the CD3 on T cells with a tumor-associated antigen on cancer cells. 

This means that, theoretically, if BiTEs are present in the tumor microenvironment they 

could potentially re-direct any CD3+ T cell, including antiviral CTLs, towards cancer cells. 

Thus, we hypothesize that an oncolytic adenovirus expressing a BiTE might favor anti-tumor 

rather than anti-viral immune responses. 

The general objective of this thesis was to generate and characterize oncolytic 

adenoviruses armed with BiTEs to redirect immune responses towards cancer cells as a 

strategy to improve antitumor efficacy.  

To achieve this goal, different specific objective were established: 

• To generate ICOVIR-15K-based oncolytic adenoviruses expressing BiTEs targeting the 

EGFR.  

• To characterize the oncolytic properties and stability of the BiTE-expressing adenoviruses 

in vitro. 

• To characterize the functionality of BiTEs expressed from infected cells. 

• To evaluate the antitumor efficacy of BiTE-expressing oncolytic adenoviruses in mouse 

models of cancer. 

• To evaluate the potential of the combination of the BiTE-expressing adenoviruses with 

novel immunotherapies such as Chimeric Antigen Receptor (CAR) T cells.  
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3.1 Handling of bacteria  

3.1.1 Preparation of electrocompetent bacteria  

The E. coli DH5α glycerol stock was scrapped with a sterile pipette tip into 10 ml of LB 

(1% Tryptone, 0.5% Yeast Extract, 0.5% NaCl) and incubated overnight at 37°C and 250rpm. 

The next day, the 10 ml preculture was added to 1 L of LB and the cultures was incubated at 

37°C and 250rpm until the optical density at 600nm (OD600) reached 0.6. The culture was 

distributed in 250 mL Sorvall bottles and placed on ice for 40 minutes. From this point on, 

the manipulation of bacteria was performed on ice. Bacteria were centrifuged 15 minutes at 

3500 g and 4°C in a Sorvall centrifuge. The supernatant was discarded, pellets were gently 

resuspended with 10ml ice-cold bi-distilled water (ddH2O) and bottles were filled with more 

ice-cold ddH2O. This washing procedure was repeated twice with increasing centrifugation 

speeds in order to avoid leakiness of the pellets. In the final washing step, the pellet was 

resuspended in 45 mL of ddH2O supplemented with 10% (v/v) glycerol. Bottles were 

centrifuged once more and pellets were resuspended in 3 mL of ddH2O containing 10% 

glycerol. The OD600 of a 1:100 dilution of the suspension was determined. The OD values 

were adjusted as close as possible to 1 (which is equivalent to 2.5 × 108 cells/ml). Finally, the 

suspension was distributed in 50 µl aliquots that were immediately frozen on dry ice. 

Aliquots were stored at -80°C. 

 

3.1.2 Transformation of bacteria by electroporation 

Frozen aliquots (50 µl) of electrocompetent E. coli DH5α were thawed on ice and mixed 

with a maximum of 10 µl pre-cooled DNA (10-1000pg for retransformations or >200ng for 

recombinations (see section 3.1.4)). The bacteria and the DNA were gently mixed by 

pipetting and transferred into an ice-cold 0.2 cm electroporation cuvette and electroporated 

at 50 µF, 1500 V and 125 Ω with an ECM 630 Electroporation System (BTX). After 

electroporation, bacteria were recovered in 1ml LB medium and incubated at 37°C and 

shaking conditions for 30-60 minutes. Recovery cultures were plated in LB/Amp plates and 

incubated at 37°C overnight. For retransformations, cells were streaked on LB agar plates 

supplemented with the appropriate antibiotic and incubated 37°C overnight. The next day, 

one clone was inoculated in 6ml (for mini-preps) or 50-200ml (midi-preps) LB supplemented 

with the corresponding antibiotic. These cultures were used to isolate plasmid DNA as 

described below.  
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3.1.3 Small and large scale isolation of Plasmid DNA  

For small scale isolation, plasmid DNA (mini-preps) was extracted with alkaline lysis 

protocol described by Birnboim and Doyle [168]. 6ml of bacterial cultures were incubated 

overnight at 32°C (for E. coli strain SW102) or 37°C (for E. coli DH5α). 2ml of the overnight 

cultures were centrifuged and pellets were resuspended in 200 µl of pre-cooled solution 1 

(25 mM Tris-HCl pH 8, 10 mM EDTA, 50 mM glucose, 0.1 mg/mL RNAse). 200 µl of freshly 

prepared solution 2 (SDS 1%, NaOH 0.2 M) were added, and tubes were mixed by inversion. 

Finally, 200 µl of pre-cooled solution 3 (3 M potassium acetate, 11.5% acetic acid) were 

added, and tubes were mixed by inversion. The mixture was incubated for 5 minutes on ice 

and centrifuged for 15 minutes at 13000 g. After centrifugation, the clear supernatant was 

collected and mixed with 2 volumes of 100% ethanol. The mixture was incubated 15 minutes 

at room temperature (RT) and plasmid DNA was precipitated by centrifugation for 10 

minutes at 13000 g. After centrifugation, supernatants were discarded and pellets were 

washed once with room-temperature 70% ETOH by centrifugation at 13000 g for 5 minutes. 

The supernatants were discarded and the pellet was carefully air-dried, avoiding overdrying. 

Pellets were resuspended in 40µl ddH2O. 

Large scale isolation of plasmid DNA (midi-preps) was performed with the PureLink 

HiPure Plasmid Midiprep Kit (Invitrogen) from overnight cultures of 50ml (high copy 

plasmids) or 200ml (low copy plasmids). 

 

3.1.4 Homologous recombination in bacteria  

Genetic modification of the adenovirus genome was carried out with the bacterial 

artificial chromosome (BAC) recombination-mediated genetic engineering (recombineering) 

method described by Warming et al [169]. Homologous recombination of the BACs is 

achieved by using the E. coli strain SW102, which bears the integrated temperature-sensitive 

defective λ-prophage. The λ-prophage recombination machinery is controlled by a temperature 

inducible promoter, whose activation can be triggered by a temperature of 42°C. 

Electroporation of the heat-shocked bacteria with a DNA fragment flanked by homology 

arms (>30bp) to the targeted site in the BAC will result in the insertion of the DNA by 

homologous recombination. This method has been adapted by Stanton et al [170] in order 

for the BAC to carry the whole adenovirus genome, a system known as AdZ (Ad with zero 

cloning steps). We further adapted the protocol from Stanton et al. to replace the SacB and 
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ampicillin resistance genes for the rpsL-neo cassette, as it is a faster and more cost-effective 

method [171]. In the first step of the procedure, termed positive selection, the rpsL-neo 

cassette is inserted in the region of interest of the adenovirus genome. The neo gene in the 

rpsL-neo cassette confers resistance to kanamycin. Thus, positive selection can be achieved 

by plating of the bacteria after electroporation in LB agar plates supplemented with 

kanamycin (kana) and chloramphenicol (Cm) (the pAdZ BAC backbone confers resistance to 

this antibiotic). In the second step, termed negative selection, the heat-shocked bacteria 

containing the pAdZ-rpsL-neo are electroporated with the DNA of interest flanked by 

homology arms targeting the region where the rpsL-neo cassette is inserted. The E. coli 

strain SW102 is intrinsically resistant to streptomycin (Strep) due to mutations in the rpsL 

gene, but introducing the wildt-ype rpsL gene into the bacteria exerts dominant phenotypic 

effects over mutated rpsL [172]. Thus, only the bacteria that have replaced the rpsL-neo 

cassette by the DNA of interest will be able to grown on LB agar plates supplemented with 

chloramphenicol and streptomycin.  

The plasmid pAdZ5-CV5-E3+ provided by Richard Stanton was modified by our group in 

order to obtain the plasmid pAdZ-ICOVIR-15K which has been used for all the 

recombinations in this thesis. The detailed methodology for recombineering is as follows. 

For positive selection, the glycerol stock of the bacteria containing the pAdZ-ICOVIR-15K 

plasmid was scrapped with a sterile pipette tip into 5ml of LB media supplemented with Cm 

and Strep antibiotics (12.5 μg/ml, and 1 mg/ml, respectively) and incubated overnight at 

32°C and constant agitation. The next day, 0.5 ml of the overnight culture were inoculated in 

25 ml of LB supplemented with Cm + Strep, and the culture was incubated at 32°C with 

agitation until the OD600 reached 0.5-0.6. The culture was then divided in two Falcon tubes 

with equal volumes. One of the tubes was kept on ice until further processing. The other 

tube was induced by heat-shock at 42°C for 15 minutes in a water bath, followed by chilling 

on ice for 15 minutes. From this point on, manipulation of the bacteria was performed on ice 

in order to ensure transformation efficiency. Both cultures (induced and uninduced) were 

centrifuged for 5 minutes at 3200 g and 4°C, and supernatants were discarded. Bacteria 

pellets were resuspended in 12 ml of ice-cold ddH2O and the centrifugation step was 

repeated. This washing step was repeated thrice and, after the final step, the pellet was 

resuspended in approximately 300 μL ddH20. 50 μL-aliquots of the induced and uninduced 

cultures were transformed (see section 3.1.2) with >200 ng of the rpsL-neo DNA flanked by 

the desired homology arms. Bacteria were recovered in 1 mL of LB and incubated for 1 hour 

at 32°C with constant agitation. From this recovery, 100 μl were plated on LB plates 
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supplemented with Cm and Kana (12.5 μg/ml, and 15 μg/ml, respectively) and incubated 

overnight at 32°C. The next day, the number of colonies on the plates of induced and 

uninduced cultures was counted to determine the recombination efficiency. Colonies were 

inoculated in 6ml LB supplemented with Cm and Kana and incubated overnight at 32°C and 

250rpm. Mini-preps of the overnight cultures were prepared as described in section 3.1.3. 

For screening of recombinant clones, 17µl of the mini-preps were digested with the 

corresponding restriction enzymes (New England Biolabs and Takara/Clonetech) at 37°C for 

1 hour and separated by electrophoresis on 0.7% agarose gels. Positive clones were stored 

at -80°C in LB with 15% (v/v) glycerol. The pAdZ-ICOVIR-15K-rpsLNeo plasmid, containing the 

rpsL-neo cassette after the fiber region of the adenovirus genome was previously generated 

in our group using this positive selection method.   

To insert the BiTE transgenes in the ICOVIR-15K genome, the negative selection step was 

performed. We used the BiTE genes excised from the pUC57 plasmids (see section 3.3.1) 

which were flanked by 40bp sequences homologue to the sequences flanking the rpsL-neo 

cassette. The plasmid pAdZ-ICOVIR-15K-rpsLNeo was used as backbone for these recombinations. 

The methodology for the negative selection the same as for the positive selection with the 

exception of the antibiotics used. After electroporation and the recovery incubation, 100 μL 

from a 1:10 or 1:25 dilution were plated on LB agar supplemented with Cm and Strep and 

plates were incubated overnight at 32°C. The next day, colonies were inoculated in 6ml LB 

supplemented with Cm and Strep and incubated overnight at 32°C and 250rpm. 

Recombinant clones were screened and stored as above, and the correct insertion of the 

genes was confirmed by sequencing (see section 3.3.11). Midi-preps from the sequenced 

positive clones were prepared (see section 3.1.3) and used for transfection (see section 

3.3.3).  
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3.2 Cell culture techniques  

3.2.1 Cell lines 

The cancer cell lines used in this thesis are outlined in table 4.  

             

            Table 4. Cell lines used in this thesis 

Cell line Origin Tissue of origin Medium  FBS  

A549 Human Human lung carcinoma DMEM  10% 

A431 Human Vulval epidermoid 
carcinoma  DMEM  10% 

HEK-293 Human Embyonic kidney DMEM  5% 

293FT Human Embyonic kidney DMEM + MEM non-
essential amino acids 10% 

HCT116 Human Colorectal carcinoma  DMEM-F12  10% 

FaDu Human Hypopharyngeal carcinoma 
(squamos cell carcinoma) DMEM  10% 

MDA-MB-453 Human Breast metastatic 
carcinoma DMEM F12  10% 

L55 Human Non-small cell lung 
carcinoma DMEM  10% 

Jurkat Human  Acute T-cell leukemia RPMI  10% 

B16CAR Mouse Melanoma  DMEM + 0.5 mg/mL 
hygromycin  10% 

EL4 Mouse Lymphoma (C57/BL) DMEM  10% 

 

 

The cancer cell lines A431, MDA-MB-453, A549, HCT116, FaDu, Jurkat and HEK-293 were 

obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). L55 cells 

were kindly provided by Sonia Guedan (University of Pennsylvania). EL4 cells were kindly 

provided by Silvio Hemmi (University of Zurich). B16CAR cells were obtained from Philippe 

Erbs (Transgene, France). Cells were maintained in either DMEM, DMEM-F12 or RPMI 

(Gibco, Thermo Fisher Scientific) supplemented with 5-10% FBS (Gibco, Thermo Fisher 

Scientific) as indicated in table 4. The A431-GFPLuc cell line was generated by sorting of 

A431 cells that had previously been transduced with a lentiviral vector encoding GFP and 

luciferase.  

 

B16CAR-EGFR cells were generated by transfecting the pcDNA3-EGFR plasmid (kindly 

provided by Frank-D. Böhmer, Jena University Hospital, Germany) into B16CAR cells with 

Lipofectamine LTX (Thermo Fisher Scientific), according to the manufacturer’s instructions. 
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Transfected cells were selected by 2-week incubation in the presence of 0.5 mg/mL 

hygromycin and 1 μg/ml G418. EGFR-positive B16CAR cells were selected by Fluorescence-

activated cell sorting (FACS) after staining with anti-EGFR antibodies followed by 

fluorescently labeled secondary antibodies (see section 3.6.1).  

 

3.2.2 Maintenance of cell cultures 

Cells were incubated at 37°C in a humidified atmosphere with 5% CO2 in the presence of 

the corresponding medium. When cultures reached 80-90% confluence, cells were washed 

once with PBS and detached with trypsin-EDTA. To stop the reaction, cells were resuspended 

to a final volume of 10ml in the corresponding medium supplemented with 5-10% (v/v) FBS. 

These cell suspensions were used to split the cells 1:10 to 1:20 depending on the cell line.  

 

3.2.3 Cell counting  

To determine the concentration of cells in suspension (trypsinized cells, T cells, etc), 

manual or automated methods were performed. In both cases, trypan blue staining was 

used to exclude dead cells. For manual counting, 10 μl from a dilution were pipetted into a 

Neubauer chamber so that 10-100 cells could be counted in each quadrant. Viable cells in 

each quadrant were counted and the mean was calculated. Cell concentration was 

calculated according to the following formula: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑐𝑐𝑐𝑐𝑐 𝑚𝑚⁄ ) = 𝑀𝑀𝑎𝑛 𝑣𝑣𝑣𝑣𝑣𝑣 𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 × 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑓𝑓𝑓𝑓𝑓𝑓 × 104 

Automated cell counting was performed with a cell counter TC20TM (Bio-Rad) according 

to the manufacturer’s instructions.  

3.2.4 Cryopreservation and thawing of cell lines 

For long term storage, cells were collected by trypsinization and pelleted by 

centrifugation. Cell pellets were resuspended in FBS with 10 % (v/v) DMSO and were 

transferred into Cryovials. Aliquots were put in a container allowing freezing at constant rate 

of approximately -1 °C per minute and kept at -80 °C overnight before storing them in liquid 

nitrogen. To thaw frozen cell line stocks, samples were quickly thawed in a water bath at 
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37°C and washed once with 10 ml of the relevant growth medium by centrifugation before 

seeding cells at an appropriate density. 

 

3.2.5 Mycoplasma test 

Cell lines were routinely tested for mycoplasma contamination by PCR using the 

following primers: 

Table 5. Primers for the detection of mycoplasma 

Primer Sequence (5’  3’) 

MICO-1 GGCGAATGGGTGAGTAACACG 

MICO-2 CGGATAACGCTTGCGACTATG 

 

As a template for the PCR, medium aliquots from cell cultures that had been in 

overconfluence and absence of antibiotics for at least 5 days were used. If the result was 

positive, cells were treated with Plasmocin (Invivogen) at 25 µg/ml for 2 weeks, and tested 

again for contamination.  

3.2.6 Isolation, cryopreservation and thawing of human PBMCs and T cells 

All experiments were approved by the ethics committees of the University Hospital of 

Bellvitge and the Blood and Tissue Bank (BST) from Catalonia. Blood samples were obtained 

from the BST from Catalonia and the Human Immunology Core of the University of 

Pennsylvania. Peripheral blood mononuclear cells (PBMCs) of healthy donors were isolated 

from the blood by ficoll (Rafer) density gradient centrifugation in Leucosep tubes (Greiner 

Bio-one) following manufacturer’s recommendations. Erythrocytes were removed by incubation 

with ACK lysing buffer (Lonza) and thrombocytes were removed by centrifugation of the 

PBMCs at 100 g for 10 minutes and aspiration of the supernatant. T cells were isolated from 

blood samples with the RosetteSep Human T-Cell Enrichment Cocktail (STEMCELL Technologies) 

according to the manufacturer’s instructions. PBMCs and T cells were cryopreserved in FBS 

supplemented with 10% DMSO in aliquots of 1-5 × 107 cells/vial.  For thawing, PBMCs or T 

cells cryovials were quickly thawed in a water bath at 37 °C and washed once with 10 ml RPMI 

supplemented with 10% FBS and 10 mM HEPES (Gibco) by centrifugation. Cells were resuspended 

at a concentration of 2-3 × 106 cells/ml and incubated overnight for the recovery of the cells prior 

to the experiments.  
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3.2.7 Isolation of mouse splenocytes  

Spleens from CO2 euthanized C57BL/6 or BALB/c mice were surgically resected under 

sterile conditions and placed in falcons containing PBS until further processing. Cells 

strainers (70 µm) were placed in a petri dish containing 5ml RPMI 10% FBS and spleens were 

mechanically disrupted with the plunger of a syringe by carefully pressing the spleen over 

the strainer. The medium in the petri dish was periodically passed through the strainer to 

ensure complete disaggregation of the spleen. Medium was collected and centrifuged for 10 

minutes at 400g and room temperature. The supernatant was discarded and red blood cells 

were removed by incubating cells with 1ml of ACK lysis buffer for 5 minutes. Cells were 

washed three times with PBS and cells were resuspended in RPMI 10% supplemented with 

50 μM 2-mercaptoethanol (Gibco, Thermo Fisher Scientific) and adjusted to the desired 

concentration.  

3.2.8 Fluorescent labeling of cancer cells with CFSE 

Trypsinized cancer cells (3 × 106) were centrifuged at 300g for 5 minutes and pellets were 

resuspended in 5ml 1μM Carboxyfluorescein succinimidyl ester (CFSE) (Sigma) diluted in PBS. 

Cells were incubated at 37°C for 20 minutes protected from light and the reaction was 

blocked with equal volumes of FBS. Cells were centrifuged at 300g for 5 minutes and pellets 

were resuspended either in the corresponding medium supplemented with 10% FBS. For 

experiments involving the use of mouse splenocytes, mouse cancer cells were resuspended 

in the corresponding medium supplemented with 10% FBS and 2-mercaptoethanol. After 

resuspension, cells were counted and cell concentration was adjusted as needed.  

3.2.9 Fluorescent labeling of human PBMCs and mouse splenocytes with CFSE  

PBMCs or splenocytes (1-3 × 107) were resuspended in 1ml PBS and mixed with 1ml of 2 

μM CFSE (Sigma) to achieve a final concentration of 1 μM. Cells were incubated for 5 

minutes at room temperature protected from light and the reaction was then blocked by 

adding ten volumes of PBS 5% FBS. Cells were centrifuged at 300g for 5 minutes, the 

supernatant was discarded and pellets were resuspended in 5 ml PBS 5% FBS. This washing 

step was repeated twice. After the last washing step, pellets were resuspended in RPMI 10% 

FBS (PBMCs) or RPMI 10% supplemented with 2-mercaptoethanol (splenocytes). Cells were 

counted and concentration was adjusted as needed.  
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3.3 Recombinant adenoviruses  

All adenoviruses used in this thesis are derived from the human adenovirus serotype 5 

(Ad5). The virus ICOVIR-15K (see section 1.3.2) has been previously described [47]. 

AdTLRGDK is GFP- and luciferase-expressing E1-deleted adenovector having the same capsid 

as ICOVIR-15K, and has been previously described [39] 

3.3.1 BiTE design  

cBiTE 

The anti-EGFR scFV (C225) was derived from the Cetuximab monoclonal antibody and its 

sequence was obtained from publically available sources. The anti-CD3 scFV corresponds to 

that of the Blinatumomab BiTE and its sequence was obtained from the World Intellectual 

Property Organization application WO2004106381. The C225 and anti-CD3 variable regions 

were connected by a (G4S1)3 and a (G2S1)4GG linker, respectively, and both scFV were connected 

to each other by a GGGS flexible linker. The cBiTE was arranged VLC225-VHC225-VHCD3-VLCD3 and it 

included the peptide signal from the mouse Ig heavy chain and a FLAG tag at the N- and C-

terminus of the protein, respectively. The cBiTE construct included a left (upstream of the 

BiTE starting codon) and a right (downstream of the last BiTE codon) homology arms. The 

left homology region included the kozac, the IIIa splicing acceptor and extra DNA base pairs 

from the adenovirus genome. The right homology arm included the stop codon, the polyA 

signal and extra base pairs from the adenovirus genome. Both arms were homologous to the 

sequences flanking the rpsL-neo cassette in the pAdZ-ICOVIR-15K-rpsL-neo plasmid. The 

cBiTE-coding region was optimized for human codon usage avoiding Ssp1 and AfeI restriction 

sites, and the whole construct, including the regulatory and homology sequences, was 

synthesized by Genscript (Annex 1). 

mBiTE 

The anti-mouse CD3 scFV was derived from the hamster monoclonal antibody 145.2C11 

[173]. The anti-mouse EGFR scFV was derived from the mouse monoclonal antibody 7A7, 

which recognizes both murine and human EGFR [174]. The 2C11 and 7A7 variable regions 

were connected by a (G4S1)3 and a (G2S1)4GG linker, respectively, and both scFV were connected to 

each other by a GGGS flexible linker. The mBiTE construct was arranged VH2C11-VL2C11-VH7A7-VL7A7 

and it included the peptide signal from the mouse Ig heavy chain and a FLAG tag at the N- 

and C-terminus of the protein, respectively. The mBiTE construct included the same 

homology arm described for the cBiTE. The mBiTE-coding region was optimized for human 
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codon usage avoiding Ssp1 and AfeI restriction sites, and the whole construct, including the 

regulatory and homology sequences, was synthesized by Genscript (Annex 2). 

mcBiTE 

The chimeric mcBiTE was composed of the scFV C225 from the cBiTE and the 2C11 scFV 

from the mBiTE. The 2C11 and C225 variable regions were connected by a (G4S1)3 and a 

(G2S1)4GG linker, respectively, and both scFV were connected to each other by a GGGS 

flexible linker. The mcBiTE construct was arranged VH2C11-VL2C11-VLC225-VHC225 and it included 

the peptide signal from the mouse Ig heavy chain and a FLAG tag at the N- and C-terminus of 

the protein, respectively. The mcBiTE construct included the same homology arm described 

for the cBiTE. The mcBiTE-coding region was optimized for human codon usage avoiding 

Ssp1 and AfeI restriction sites, and the whole construct, including the regulatory and 

homology sequences, was synthesized by Genscript (Annex 3). 

3.3.2 Construction of BiTE-expressing oncolytic adenoviruses  

The BiTE constructs were excised from pUC57 plasmids by exploiting the SspI and AfeI 

restriction sites included in their sequence. These sites were designed so that the overhangs 

generated after restriction retained the homology to the target sequences in the pAdZ-

ICOVIR-15K-rpsL-neo plasmid. The pUC57 plasmids containing the BiTE constructs were 

digested with SspI and AfeI enzymes (New England Biolabs) according to the manufacturer’s 

instructions. Digestions were separated by gel electrophoresis and the band corresponding 

to the BiTE constructs were sliced from the gel. DNA gel extraction was performed with the 

QIAquick gel extraction kit (QIAGEN) according the manufacturer’s instructions. This DNA 

was used for homologous recombination in bacteria in order to generate the plasmids pAdZ-

ICO15K-cBiTE, pAdZ-ICO15K-mBiTE and pAdZ-ICO15K-mcBiTE (see section 3.1.4).  

3.3.3 Generation of oncolytic adenoviruses by calcium phosphate transfection  

Once the incorporation of the BiTEs into the adenovirus genome was confirmed by 

sequencing (see section 3.3.12), plasmids were transfected into HEK-293 cells to generate 

the virus. For transfection, monolayers of HEK-293 cells seeded in 6-well plates in a final 

volume of 2ml until they reached a confluence of 60-80%. For each plasmid to be 

transfected the following mixture was prepared in a 1.5 mL tube: 
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- 19.5 µL of CaCl2 2 M 

- 3 µg of DNA 

- ddH2O up to a final volume of 162 µL 

This solution was added drop-wise into a tube containing 162 µL of HBS 2X (NaCl 274 

mM, HEPES 50 mM, and NaH2PO4 1.5 mM in H2O, pH adjusted to 6.95 – 7.05 with NaOH) and 

solutions were mixed by finger vortexing. The mixture was incubated for 20 minutes at RT 

and added drop-wise to the cells. 16 hours post-transfection the medium was removed and 

exchanged by fresh medium. When cytopathic effect (CPE) foci were visible (approximately 

5-7 days post-transfection), cells were collected together with the supernatant and 

underwent through 3 rounds of freeze/thaw cycles to completely release the viral particles 

from the cells. This cell extract (CE) was used for further amplification steps.  

3.3.4 Virus clone isolation by plaque purification assay 

Serial dilutions from the transfection CE, ranging from 10-1 to 10-7, were prepared in 

DMEM 5% FBS. 100 µl of each dilution was used to infect one 6-well of 80% confluent A549 

cells for 4 hours at 37°C. After removing the media and washing of the cells with PBS, 3 ml of 

a 1:1 solution of DMEM 5% FBS and 1% agarose pre-warmed was added to the cells. Once 

solidified, 2 ml of fresh medium were added over the agarose matrix. The plates were 

incubated at 37°C until the appearance of plaques was evident (5-8 days post infection). To 

select clones, the medium was removed and the plaques were picked through the agarose 

matrix using a pipette tip. The aspirated agarose/medium was resuspended in 500 µl of 

DMEM 5% FBS and used for further amplifications steps. 

3.3.5 Amplification and large-scale production of oncolytic adenoviruses 

After clone selection, 250 µl from the clone suspension were used to infect a 6-well of 

confluent A549 cells. When cytopathic effect (CPE) was observed cells were harvested and 

subjected to 3× freeze/thaw cycles. From this point on, viruses were sequentially amplified 

by scaling up as follows: 6-well  1 × 100mm dish  1 × 15cm dishes   14 × 15cm dishes. 

In general, 1:20 dilutions of the viral suspension from each step were used as inoculum for 

the next expansion step, while the rest was stored at -80°C as backup stocks. The general 

process for virus propagation consisted of an infection and harvesting steps. Infections were 

performed in DMEM 5% FBS and dishes were incubated for 3 days until cells were detached 

or showed evident signs of CPE. For harvesting, infected cells were collected by pipetting and 
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subjected to 3× freeze/thaw cycles. In the final harvesting step, cell pelleted by centrifugation and 

cells were resuspended in a maximum volume of 10 ml before performing freeze/thaw 

cycles for purification. 50 ml of supernatants were also collected for the first round of 

ultracentrifugation.  

3.3.6 Purification of oncolytic adenoviruses  

Oncolytic adenoviruses were purified by cesium chloride (CsCl) density gradient 

centrifugation. Prior to the preparation of the CsCl gradients, cell pellets were subjected to 

three freeze/thaw cycles to release the viruses from the cells. Debris was cleared by 

centrifugation at 1000 g for 10 minutes, and the supernatant was collected. Cell pellets were 

resuspended in 10ml of the supernatant stored in the last step of the amplification process, 

and tubes were centrifuged again to wash the pellet. This process was repeated until a final 

volume of 42ml of virus supernatant was reached. Discontinous CsCl gradients were prepared 

in ultracentrifugation tubes (Beckman Coulter) using 2 solutions at different concentrations. 

For the first layer of the gradient, 2.5 ml of a solution with a concentration of 1.35 g/ml were 

added to the bottom of the tubes. The second layer consisted of 2.5 ml of a CsCl solution at 

1.25 g/ml, and it was carefully added on top of the first layer. Gradients were completed by 

carefully adding 7.5 ml of the virus on top of the second layer of the gradient. Tubes were 

ultracentrifuged for 2 hours at 150000 g (35000 rpm, SW40 Ti rotor, Beckman) and 10°C. 

With these conditions, viral particles are separated from cell debris according to size and 

appear as 2 bands at the interface between 1.25 and 1.35 g/ml layers. The upper band 

corresponds to empty viral capsids and was removed by suction. The lower band of interest 

was collected and placed on ice in a 50 ml Falcon tube. For further purification and 

concentration, a second centrifugation step using a continuous CsCl gradient was performed. 

The solution containing the virus was brought up to 24 ml with the CsCl solution at 1.35 g/ml 

and distributed into 2 ultracentrifuge tubes. The second centrifugation was carried out 

overnight at the same conditions of the first one. After centrifugation, the upper band was 

discarded by suction and the band corresponding to the full viral particles was collected in a 

maximum volume of 2 ml. Buffer exchange was performed with PD-10 desalting columns (GE 

healthcare Life Sciences) according to the manufacturer’s instructions. Viruses were eluted 

from columns with 2ml Tris-NaCl, supplemented with glycerol to a final concentration of 5% 

(v/v) and stored in 25 µl- and 50 µl-aliquots at -80°C for long term storage. 
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3.3.7 Determination of the total number of virus particles by spectrophotometry  

Virus stocks were diluted 1:5, 1:10 and 1:20 in lysis buffer (Tris 10 mM, EDTA 1 mM, 0.1% 

SDS, pH 8.0) and incubated at 56°C for 5 minutes in order to dissociate viral particles. After 

incubation, the absorbance of each sample was determined at 260nm wavelength using a 

NanoDrop ND-1000 UV/VIS spectrophotometer. The number of viral particles was calculated 

according to the following formula: 

 

𝑇𝑇𝑇𝑇𝑇 (𝑣𝑣 𝑚𝑚⁄ ) = 𝑂𝑂260 × 𝐷𝐷 × 1.1 × 1012 

 

Where OD260 corresponds to the absorbance of each sample at 260nm and DF to the 

dilution factor of each sample. The final titer is given in viral particles/ml.  

 

3.3.8 Determination of functional viral particles by anti-hexon staining 

In order to measure the number of infectious particles, serial 1:10 dilutions of the viral 

stock were prepared in DMEM 5% FBS in triplicates in a final volume of 100 µl in 96-well 

plates. HEK-293 cells (1 × 105 cells) were added to the wells in a volume of 50 µl and plates 

were incubated for 36 hours at 37°C. The medium was then removed and cells were air-

dried for 5 minutes at RT. Cold methanol (100 µl) was added to each well and incubated for 

10 minutes at -20°C in order to fix the cells. Methanol was removed and wells were washed 

twice with PBS++ containing 1% BSA. Cells were then incubated for 1 hour at 37°C with 1:5 

diluted anti-hexon antibody obtained from the hybridoma 2Hx-2 (ATCC, Manasas, VA, USA). 

Cells were then washed three times more and incubated for 1 hour with 1:500 diluted anti-

mouse secondary antibody conjugated with Alexa-488 (Thermo Fisher Scientific). Finally, 

cells were washed thrice and the viral titer was determined by counting stained cells using 

an inverted fluorescence microscope. To calculate the concentration of transducing units 

(TU) in the stock, the following formula was used: 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑡𝑡𝑡𝑡𝑟 (𝑇𝑇 𝑚𝑚⁄ ) =  
𝑀𝑀𝑀𝑀 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐

100 𝜇𝜇
× 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑓𝑓𝑓𝑓𝑓𝑓 × 1000 𝜇𝜇 
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3.3.9 Isolation of viral DNA from infected cells  

In order to validate the identity of the adenovirus clones isolated from the plaque assay, 

Hirt DNA extraction was performed. For this, A549 cells seeded in a 100mm plate were 

infected with the corresponding adenovirus until complete CPE was observed. Cells were 

harvested, pelleted by centrifugation for 5 minutes at 1000 g and washed once with PBS. 

Cells were then pelleted again by centrifugation, resuspended in 350 µl of ddH20 and mixed 

with 350 µl 2x Hirt lysis buffer (10 mM Tris pH 8.0, 20 mM EDTA, 1.2% SDS, and 200 μg/ml 

proteinase K). Samples were incubated for 1 hour at 56°C. Then, 200 µl of 5M NaCl were 

added drop-wise to the mixture while vortexing and samples were incubated for 8-16 hours 

at 4°C until a white precipitate corresponding to the cellular DNA was observed. Samples 

were then centrifuged for 30 minutes at 13000 g and 4°C, and the clear supernatant 

containing the viral DNA was collected. Supernatants were incubated for 1 hour at 37°C with 

RNAse at a final concentration 100 µg/µl to remove RNA. Samples were mixed with one 

volume phenol-chloroform and centrifuged for 5 minutes at 13000 g. The upper phase 

containing the DNA was collected, mixed with two volumes of ethanol supplemented with 

2% sodium oxaloacetate and incubated for 1 hour at -20°C. Samples were centrifuged for 20 

minutes at 13000 g, the supernatant was discarded and pellets were washed once with 70% 

ethanol. Finally, the supernatant was discarded and air-dried DNA pellets were resuspended 

in 25 µl TE pH 8.0.  

3.3.10 Isolation of viral DNA from viral particles  

50-µl aliquots of the purified virus were used. Usually, an input of 2x1010 vp results in 

yields of 1 µg viral DNA. Virus aliquots were mixed with 350 µl of a TE-based lysis buffer 

(final concentrations in the solution: 20 mM EDTA pH 8.0, 0.5% SDS, 200 μg/ml proteinase 

K). Samples were incubated for 2 hours at 56°C in order to dissociate viral particles. DNA was 

isolated by phenol-chloroform extraction and ethanol precipitation as described above. DNA 

pellets were resuspended in 25 µl TE pH 8.0.  

3.3.11 Characterization of viral genomes by restriction analysis  

Genomes of recombinant adenoviruses were characterized by restriction analysis to 

confirm genome stability during amplification. For this, 1 μg of adenovirus DNA was digested 

with 1 unit of the corresponding restriction enzyme according to the manufacturer’s 
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instructions. DNA from the parental adenovirus (i.e. ICO15K) was included as a control for 

comparison. Digestion patterns were evaluated by gel electrophoresis on 1% agarose gels.  

3.3.12 Characterization of viral genomes by sequencing  

Adenovirus genomes were sequenced to discard potential recombinations with the wild-

type E1a present in HEK-293 cells during the transfection–mediated adenovirus rescue, and 

to discard mutations in the BiTE transgenes after the amplification process in A549 cells. The 

primers for the sequencing of the different regions of the adenovirus genomes are described 

in table 6. 

       Table 6. Primers used for the sequencing of adenovirus genomes  

Primer name  Sequence 5'  3' Description  

Fiber up   CAAACGCTGTTGGATTTATG For the sequencing of the BiTE 
transgenes   

Fiber down2  TTCATTCAGTAGTATAGCC  For the sequencing of the BiTE 
transgenes   

Oligo7 GGAACACATGTAAGCGACGGATGTGG For the sequencing of the modified 
E1a promoter  

Ad670F ATCTTCCACCTCCTAGCCAT For the sequencing of the Δ24 
mutation  

 

Sequencing was performed with the BigDye™ Terminator v3.1 Cycle Sequencing Kit 

(Applied Biosystems, Thermo Fisher Scientific). For the sequencing setup, 10 μl-reaction  

mixes were prepared containing 100-200 ng DNA, 3.2 pmol of the primer, 2 μl 5X Sequencing 

Buffer, 2 μl Reaction Mix and ddH2O to complete the final volume. The PCR conditions are 

listed in table 7.  

Table 7. PCR conditions for the sequencing of the adenovirus genomes 

Stage Description Temperature Time Cycles 

1 Initial denaturation 96°C 1 minute 1 

2 

Denaturation 96°C 30 seconds 

24 Annealing 50°C 15 seconds 

Extension 60°C 2 minutes 

3 Pause 4°C ∞ 1 
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Reactions were sequenced by the core facility from the translational research laboratory 

at the Catalan Institute of Oncology.  

3.4 Adenovirus-based in vitro assays 

3.4.1 Adenoviral transduction assay 

HCT116, A431 or A549 cells (1 × 105) were seeded in 24-well plates in a volume of 400 μl. 

Cells were infected with 100 μl of the E1-deleted and GFP-expressing AdTLRGDK vector to 

have multiplicities of infection (MOI) ranging from 25 to 400 TU/cell. 24 h post-infection, 

cells were trypsinized, resuspended in FACS buffer and GFP expression levels were assessed 

by flow cytometry. A total of 10000 events were acquired. Data was expressed as the mean 

fluorescence intensity for each cell line. 

3.4.2 Adenovirus-mediated cytotoxicity assay 

A549 or HCT116 (2 × 104) cells per well were seeded in 96-well plates in DMEM 

supplemented with 5% FBS. Cells were infected with serial dilutions of ICO15K or ICO15K-

cBiTE starting from 200 TU/cell. At day 6 post-infection plates were washed with PBS and 

stained for total protein content with the bicinchoninic acid (BCA) kit (Pierce Biotechnology). 

Absorbance was determined and the percentage of cell survival was calculated by 

normalization to the absorbance values of uninfected wells. The inhibitory concentration 50 

(IC50) was calculated with GraphPad Prism v6.02 (GraphPad Software Inc.) by using a dose-

response non-linear regression with variable slope. 

3.4.3 Adenovirus production assay 

A549, A431, MDA-MB-453 or FaDu cells (1 × 105) were seeded in 24-wells plates and 

incubated overnight. The next day, one of the wells was trypsinized and the total number of 

cells was determined. Cells were infected with ICO15K or ICO15K-cBiTE at an MOI of 20 in a 

final volume of 500 μl for 72 hours. After incubation, the cells were collected together with 

the supernatant and cell extracts were prepared by 3x freeze/thaw cycles. The functional 

titer was determined with the anti-hexon staining method (see section 3.3.8). Results are 

expressed as the number of TU produced by a single cell, taking into account the functional 

titer and the number of cells at the day of the infection.  
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3.4.4 Production of supernatants 

A549 cells (1 × 107) were seeded in 100mm culture plates. The next day, medium was 

removed and cells were infected with ICO15K or ICO15K-cBiTE (MOI = 20) in a final volume 

of 10ml of DMEM supplemented with 5% FBS. 72 h post-infection supernatants were 

harvested, centrifuged at 500 g for 5 min to discard dead cells, and stored at -20°C until 

further use. For effector binding and rosette formation assays, supernatants were 

concentrated (approximately 20x) with Amicon Ultra-15 centrifugal filter units with a 

molecular weight cut-off of 30 kDa (Merck Millipore) according to manufacturer’s 

instructions. Supernatants from uninfected cells were used as a negative mock control.  

3.5 Production and titration of lentiviral vectors 

The lentiviruses used in this thesis were produced with the 3rd-generation plasmids 

described in table 8. The plasmids pTRPE-CBG-T2A-GFP and pTRPE-SS1-ICOSz were kindly 

provided by Sonia Guedan (University of Pennsylvania).  

Table 8. Plasmids for the generation of lentiviral vectors 

Plasmid name Plasmid type Description 

pRSV-Rev  Packaging Encodes the Rev protein  

pMDLg/pRRE  Packaging Encodes the Gag and Pol proteins 

pMD2.g  Envelope Encodes the VSV-G envelope 

pTRPE-CBG-T2A-GFP Transfer Encodes the click beetle green 
luciferase and GFP  

pTRPE-SS1-ICOSz Transfer Encodes the SS1 chimeric antigen 
receptor   

 

For lentivirus production, 293FT cells (8 × 106) were seeded in 15cm plates in a total 

volume of 30ml. The next day, the plasmids pRSV-Rev (18 μg), pMDLg/pRRE (18 μg), pMD2.g 

(7 μg) and the CAR- or luciferase-expressing plasmids (15μg) were diluted in Opti-MEM 

(Gibco, Thermo Fisher Scientific) to a final volume of 1.4ml and mixed with 60 μl plus 

reagent. The DNA mixture was added drop-wise into a tube containing 1.4 ml Opti-MEM and 

60 μl Lipofectamine LTX (Thermo Fisher Scientific), and the tubes was mixed by finger 

vortexing. Transfection mixtures were incubated at RT for 20 minutes. After incubation, the 

medium from the 293FT cultures was removed and transfection mixtures were added drop-

wise to the cells in order to cover the whole monolayaer. After one-minute incubation, 30ml 

fresh medium was added to the plate. 24 hours post-transfection, the medium was 
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harvested and stored at 4°C and fresh medium was added to the plates. The next day, the 

medium was harvested and both 24h and 48h supernatants were filtered through 0.45 µm 

filter units. Lentivirus preparations were concentrated by ultracentrifugation for 2 hours at 

20000 rpm (82705 g) and 4°C with a SW28 Ti rotor (Beckman Coulter), supernatants were 

discarded and each virus pellet was resuspended in 200-400 μl RPMI 10% FBS. Aliquots (20-

50 μl) were stored at -80°C. 

 

Lentiviral stocks were titrated on Jurkat cells. For this, 1:3 dilutions of the lentivirus in a 

final volume of 100 μl were prepared in 96-well plates. Jurkat cells (2 × 104) were seeded 

into each well and plates were incubated at 37°C for 72 hours. CBG-expressing Jurkat cells 

were evaluated by flow cytometry and the percentage of GFP+ cells was determined for each 

dilution. For CAR-expressing Jurkat cells, cells were incubated with Biotin-SP Goat Anti-

Mouse IgG antibody followed by incubation with APC-conjugated streptavidin (see section 

3.6.1). The percentage of CAR+ cells was determined by flow cytomtery. To calculate the titer 

for each lentiviral preparation, the following formula was used: 

 

𝑇𝑇𝑇𝑇𝑇 (𝑇𝑇 𝑚𝑚⁄ ) = �
% 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐

100 � × (2 × 104 𝑐𝑐𝑐𝑐𝑐) × 20 × 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 

 

The dilution at which less than 20% of cells expressed the transgene was chosen to 

calculate the final titer, as it represents the most accurate limiting-dilution titer for the 

vector sample.  

3.6 Immunology techniques  

3.6.1 Antibodies and flow cytometry  

Flow cytometry analysis was performed with a Gallios cytometer (Beckman Coulter). The 

antibodies used in this thesis are listed and described in table 9. Surface staining and washes 

were performed in PBS supplemented with 10% FBS and 0.01% NaN3. Cells were stained cell 

viability with LIVE/DEAD fixable stain (Thermo Fisher Scientific) according to the 

manufacturer’s instructions. For indirect surface staining, primary antibodies or isotype 

controls were incubated for 30 minutes on ice, followed by washing steps and incubation 

with fluorochrome-coupled secondary antibodies for 30 minutes on ice. Direct surface 

staining was performed for 30 min on ice.  All flow cytometry data were analyzed with the 

FlowJo software v7.6.5 and v10 (Tree Star).  
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Table 9. List of antibodies used in this thesis 

Antibody Source Clonality Company Concentration Application 

Anti-human EGFR Mouse Monoclonal 
(528) Merck Millipore 5μg/ml EGFR cell profiling 

Normal mouse IgG2a Mouse - Santa Cruz 
Biotechnology 5μg/ml EGFR cell profiling 

Anti-FLAG Mouse Monoclonal 
(M2) Sigma-Aldrich 5μg/ml Binding assays with 

cBiTE and mBiTE  

Normal mouse IgG1a Mouse - Santa Cruz 
Biotechnology 5μg/ml Binding assays with 

cBiTE and mBiTE 

Anti-FLAG Rabbit Polyclonal Sigma-Aldrich 5μg/ml Binding assays with 
mcBiTE 

Normal rabbit IgG Rabbit - Santa Cruz 
Biotechnology 5μg/ml Binding assays with 

mcBiTE 

Alexa Fluor 488 anti-
mouse IgG Goat Polyclonal Thermo Fisher 

Scientific  5μg/ml 

Binding assays with 
cBiTE and mBiTE. 
EGFR and CD3 cell 
profiling    

Alexa Fluor 647 anti-
mouse IgG Goat Polyclonal Thermo Fisher 

Scientific  5μg/ml Binding assays of  
cBiTE to T cells  

Alexa Fluor 488 anti-
Rabbit IgG Goat Polyclonal Thermo Fisher 

Scientific  5μg/ml Binding assays with 
mcBiTE   

Anti-human CD3 Mouse Monoclonal 
(OKT3) Biolegend 5μg/ml 

CD3 profiling of 
Jurkat cells and 
PBMCs 

APC anti-human CD8 Mouse Monoclonal 
(SK1) Biolegend Titration-

dependent  
T-cell activation and 
proliferation assays  

FITC anti-human CD8 Mouse Monoclonal 
(SK1) Biolegend Titration-

dependent  
T-cell activation 
assays  

PE anti-human CD4  Mouse Monoclonal 
(OKT4) Biolegend Titration-

dependent  
T-cell activation and 
proliferation assays  

FITC anti-human CD25 Mouse Monoclonal 
(BC96) Biolegend  Titration-

dependent  
T-cell activation 
assays  

APC anti-human CD25 Mouse Monoclonal 
(BC96) Biolegend  Titration-

dependent  
T-cell and CART-cell 
activation assays  

FITC anti-human CD69 Mouse Monoclonal 
(FN50) Biolegend Titration-

dependent  
T-cell activation 
assays  

APC anti-human CD69 Mouse Monoclonal 
(FN50) Biolegend Titration-

dependent  
T-cell activation 
assays  

APC Anti-human CD3 Mouse Monoclonal 
(HIT3a)  Biolegend Titration-

dependent  
T-cell prolfieration 
assays  

Alexa Fluor 488 LAG-3 Mouse Monoclonal 
(17B4)  Enzo Titration-

dependent  
Inhibitory marker 
expression assay  

PerCP/eFluor710 TIM-3 Mouse Monoclonal  
(F38-2E2) eBioscience Titration-

dependent  
Inhibitory marker 
expression assay  

PE/Cy7 anti-human 
CD200 Mouse Monoclonal 

(OX104)  eBioscience  Titration-
dependent  

Inhibitory marker 
expression assay  

H7/APC anti-human 
CD8 Mouse Monoclonal 

(SK1)  BD Pharmigen Titration-
dependent  

Inhibitory marker 
expression assay  

BV510 anti-human CD4 Mouse Monoclonal 
(OKT4)  Biolegend Titration-

dependent  
Inhibitory marker 
expression assay  

BV605 anti-human CD3 Mouse Monoclonal 
(OKT3)  Biolegend Titration-

dependent  
Inhibitory marker 
expression assay  
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BV711 anti-human PD1 Mouse Monoclonal 
(EH12.2H7)  Biolegend Titration-

dependent  
Inhibitory marker 
expression assay  

FITC anti-mouse CD4 Rat Monocloanl 
(RM4-5)  Biolegend  Titration-

dependent  
Splenocyte 
activation assays  

PE anti-mouse CD8a Rat Monoclonal 
(53-6.7)  Biolegend  Titration-

dependent  
Splenocyte 
activation assays  

APC anti-mouse CD25  Rat Monoclonal 
(PC61)  Biolegend Titration-

dependent  
Splenocyte 
activation assays  

APC anti-mouse CD69  Rat Monoclonal 
(H1.2F3)  Biolegend Titration-

dependent  
Splenocyte 
activation assays  

APC anti-mouse CD3 Rat Monoclonal 
(17A2) Biolegend Titration-

dependent  
Splenocyte 
proliferation assays 

Biotin-SP  Goat Anti-
Mouse IgG, F(ab')₂ 
Fragment Specific 

Goat Polyclonal Jackson 
Immunoresearch 1:20 

Detection of 
Chimeric antigen 
receptors  

APC streptavidin  - - Biolegend 2μg/ml 
Detection of 
Chimeric antigen 
receptors  

PE strepatvidin  - - Biolegend 2μg/ml 
Detection of 
Chimeric antigen 
receptors  

PercP/Cy5.5 anti-
human CD8 Mouse Monoclonal 

(SK1)  Biolegend Titration-
dependent  

CART-cell activation 
and proliferation 
assays  

PE anti-human CD45 Mouse Monoclonal 
(HI30) Biolegend Titration-

dependent  

CART-cell activation 
and proliferation 
assays  

FITC anti-human CD4 Mouse Monoclonal 
(OKT4)  Biolegend Titration-

dependent  

CART-cell activation 
and proliferation 
assays  

 

3.6.2 Preactivation and expansion of human T cells   

Human T cells (1 × 106 cells/ml) were cultured with CD3/CD28 activating Dynabeads 

(Thermo Fisher Scientific) at a bead-to-cell ratio of 3. On day 3 after bead stimulation, T-cell 

cultures were fed with ¾ culture volumes of fresh medium. On day 5 after bead stimulation, 

beads were removed by placing the cultures on DynaMag-15 magnet (Thermo Fisher 

Scientific) and recovering the supernatants. Cells were counted with the TC20 automated 

counter by setting the gates from 8 μm to 14 μm (resting T cells have a mean diameter of 6 

μm, whereas proliferating T cells have a mean diameter of 10 μm), and cultures were set to 

1 × 106 cells/ml. From this day on, cells were fed daily to a concentration of 8 x 105 cells/ml. 

Cells were maintained in culture while they were still in the expansion phase and just before 

they returned to a resting state. This was confirmed by diameter characterization with the 

TC20 counter and cultures were maintained for 10-11 days after bead stimulation. Aliquots 

(1-5 × 107 cells) were cryopreserved in FBS supplemented with 10% DMSO.   
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3.6.3 Generation of genetically-modified T cells  

For the generation of luciferase- or CAR-expressing T cells, transduction with the 

corresponding lentiviral vectors was carried out 24 h after bead-mediated T-cell activation 

(see section 3.6.2). For the generation of luciferase-expressing T cells, cultures were infected 

with the CBG-T2A-GFP vector at an MOI of 5. For the generation of CAR T cells, cultures were 

infected with the SS1-ICOSz vector at an MOI of 2 or 20. Transduced T-cell cultures were 

expanded and handled as described in section 3.6.2. T-cell preparations were characterized 

for the expression of the transgene and phenotyped for CD4 and CD8 T-cell subpopulations 

by flow cytometry (see section 3.6.1). CAR T cell preparations were adjusted to contain 50% 

CAR+ and 50% CAR- T cells by adding the appropriate amount of untransduced (UTD) 

preactivated T cells from the same donor.  

3.6.4 Binding assays 

Cancer cells (2 × 105) or effector cells (1 × 105) were incubated with the different 

supernatants for 1 h on ice. Cells were washed 3x followed by incubation with the 

monoclonal M2 anti-FLAG antibody (Sigma Aldrich) or its corresponding IgG1 isotype control 

(Santa Cruz Biotechnology) for 1 h on ice. Cells were washed 3x and bound antibodies were 

detected by incubating cells with an Alexa Fluor 488- or 687-coupled (for binding to CD4 and 

CD8 T cells) goat anti-mouse IgG secondary antibody (Thermo Fisher Scientific) for 30 min on 

ice. To asses binding to T cell subsets, cells were further incubated with anti-CD4 or anti-CD8 

antibodies for 30min on ice. Cells were evaluated by flow cytometry and 10000 events were 

acquired.  

3.7. Coculture-based in vitro assays 

3.7.1 Rosette formation assay 

Jurkat cells (2.5 × 106) and A431-GFPLuc cells (5 × 105) were seeded in 24-well plates in a 

volume of 400 μl and 100 μl of the corresponding concentrated supernatants were added to 

the wells. Cocultures were incubated for 4 hours and contrast and fluorescent microscopy 

images were acquired. Composite images merging contrast and fluorescent pictures were 

generated with ImageJ.   



Materials and methods 

92 

3.7.2 T-cell activation assays  

To evaluate human T-cell activation induced by the supernatants from virus-infected 

cells, cancer cells (3 × 104) and PBMCs (1.5 × 105) were seeded in 96-well plates in 100 μl 

medium. Cocultures were mixed with 100 μl of the supernatants and incubated for 48 hours. 

Cells were then stained for cell viability with LIVE/DEAD fixable stain (Thermo Fisher 

Scientific) followed by incubation with antibodies specific for CD8 and CD4 and CD69 or 

CD25. For the oncolysis-mediated T cell activation assays, 3 × 104 target cells/well (A549 or 

HCT116) and 1.5 × 105 PBMCs/well (E:T = 5) were seeded in 96-well plates in 100μl DMEM 

10%. Cocultures were infected with 100μl of ICO15K or ICO15K-cBiTE (MOI = 20) and 

incubated for 5 days. Cells were processed as described above. Flow cytometry analysis was 

performed by acquiring 3 × 104 events per sample for both assays.  

To evaluate murine T-cell activation, cancer cells (3 × 104) and splenocytes (3 × 105) were 

seeded in 96-well plates in 100μl medium supplemented with 100 μM 2-mercaptoethanol so 

that, after addition of the supernatants, the final concentration in the coculture was 50 μM. 

Cocultures were mixed with 100μl of the supernatants and incubated for 48 hours. Cells 

were then stained for cell viability with LIVE/DEAD fixable stain (Thermo Fisher Scientific) 

followed by incubation with antibodies specific for CD8 and CD4 and CD69 or CD25. Flow 

cytometry analysis was performed by acquiring 3 × 104 events per sample.  

To evaluate the activation of CAR T-cell preparations, cancer cells (3 × 104) were seeded 

in 96-well plates and incubated overnight. The next day, the medium was removed and UTD 

or CAR T cells (1.5 × 105) were added to the wells in a final volume of 100 μl. Cocultures were 

mixed with 100 μl of the corresponding supernatants and incubated for 24 hours. Cells were 

then stained for cell viability with LIVE/DEAD fixable stain followed by incubation with 

antibodies for the detection of CAR, CD8, CD4 and CD25. Flow cytometry analysis was 

performed by acquiring 3 × 104 CD45+ events per sample. 

3.7.3 Cytokine production assay 

Cancer cells (3 × 104) and PBMCs (1.5 × 105) were seeded in 96-well plates in 100μl 

medium. Cocultures were mixed with 100 μl of the supernatants and incubated for 48 hours. 

Coculture supernatants were harvested, centrifuged at 500 g for 5 min to discard cells, and 

stored at -80°C. Supernatants were assessed for cytokines with the human IFN-γ and TNF-α 

ELISA development kits (Peprotech) according to the manufacturer’s instructions.  
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To evaluate cytokine production by CAR T-cell preparations, cancer cells (3 × 104) were 

seeded in 96-well plates and incubated overnight. The next day, the medium was removed 

and UTD or CAR T cells (1.5 × 105) were added to the wells in a final volume of 100 μl. 

Cocultures supernatants were harvested and processed as described above.  

3.7.4 CFSE-based T-cell proliferation assay 

To asses T-cell proliferation induced by the supernatants from virus infected cells, cancer 

cells (3 × 104) and CFSE-labeled PBMCs (1.5 × 105) were seeded in 96-well plates in 100μl 

medium. Cocultures were mixed with 100μl of the supernatants and incubated for 6 days. 

Cells were then stained for cell viability with LIVE/DEAD fixable stain (Thermo Fisher 

Scientific) followed by incubation with an anti-CD3 antibody. Flow cytometry analysis was 

performed by acquiring 20000 events per sample. For the oncolysis-mediated T-cell 

proliferation assays, 3 × 104 target cells/well (A549 or HCT116) and 1.5 × 105 PBMCs/well (E:T 

= 5) were seeded in 96-well plates in 100μl DMEM 10%. Cocultures were infected with 100 

μl of ICO15K or ICO15K-cBiTE (MOI = 20) and incubated for 7 days. Cells were processed for 

cell viability as describe above, followed by surface staining for CD4 and CD8. Flow 

cytometry analysis was performed by acquiring 30000 events per sample.  

To evaluate murine T-cell proliferation, cancer cells (3 × 104) and CFSE-labeled 

splenocytes (3 × 105) were seeded in 96-well plates in 100 μl medium supplemented with 

100 μM 2-mercaptoethanol so that, after addition of the supernatants, the final 

concentration in the coculture was 50 μM. Cocultures were mixed with 100μl of the 

supernatants and incubated for 5 days. Cells were then stained for cell viability with 

LIVE/DEAD fixable stain (Thermo Fisher Scientific) followed by incubation with antibodies 

specific for CD8 and CD4. Flow cytometry analysis was performed by acquiring 30000 events 

per sample for both assays.  

3.7.5 Luciferase-based T-cell proliferation assay 

Luc-T cells (1 × 105) were cocultured with HCT116 cells (E:T= 5) in 96-well plates. 

Cocultures were mixed with the supernatants (100 µl) and incubated for 6 days. Cells were 

transferred to a round-bottom 96-well plate and centrifuged at 500 g for 5 minutes. 

Supernatants were carefully discarded and cells were resuspended in 50 µl Reporter lysis 

buffer (Promega) containing protease inhibitor cocktail (Roche), followed by a freeze-thaw 

cycle to ensure cell lysis. Lysates were centrifuged and 8 μl of the supernatants were mixed 
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with 20 μl of Luciferase Assay Reagent (Promega). Luciferase activity was measured in a 

Berthold Junior luminometer (Berthold GmbH & Co.). Results are expressed as relative light 

units. 

3.7.6 Counting beads-based T-cell proliferation assay 

To evaluate the proliferation of CAR T-cell preparations, cancer cells (3 × 104) were 

seeded in 96-well plates and incubated overnight. The next day, the medium was removed 

and UTD or CAR T cells (1.5 × 105) were added to the wells in a final volume of 100 μl. 

Cocultures were mixed with 100 μl of the corresponding supernatants and incubated for 5 

days. Cells were then stained for cell viability with LIVE/DEAD fixable stain followed by 

incubation with antibodies for CD45, CD8 and CD4. Cells were resuspended in a final volume 

of 200 μl with a known amount of CountBright Absolute Counting Beads (Thermo Fisher 

Scientific). Flow cyometry analysis was performed by acquiring a total of 2000 bead events. 

The absolute number of the corresponding T-cell subpopulation was calculated according to 

the manufacturer’s instructions. The absolute T-cell number at day 5 was normalized to that 

of samples from day 0 which had been processed as described above.  

3.7.7 Inhibitory markers expression assay 

This experiment was carried out in collaboration with Sonia Guedan at the University of 

Pennsylvania. L55 tumor cells (1 × 105) were seeded in 48 well/plates and infected with 

ICO15K or ICO15K-BiTE at an MOI of 1. T cells (2 × 105) were added 24 hours after virus 

infection. 6 days after coculture, cells were collected, and stained with live/dead viability 

stain, followed by surface staining for CD3, CD4, CD8, PD1, TIM-3, LAG-3 and CD200. Cells 

were analyzed on a BD Fortessa as described by the manufacturer.  

3.7.8 Cell-mediated cytotoxicity assays  

3.7.8.1 CFSE/7-AAD cytotoxicity assay 

CFSE-labeled target cells (3 × 104) were cocultured with PBMCs (3 × 105) in 100 µl 

medium in 96-well plates. Cocultures were mixed with 100 μl of the supernatants and 

incubated for 24 h. Cocultures were trypsinized and stained with 10 µg/ml 7-amino-

actinomycin D (7-AAD) (Enzo Life Sciences) for 30 min on ice. After washing, cells were 

analyzed by flow cytometry and the percentage of CFSE+/7-AAD+ cells was determined. 

10000 CFSE+ events were acquired for each sample. 
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For cytotoxicity assays with murine splenocytes, CFSE-labeled target cells (3 × 104) were 

cocultured with splenocytes (3 × 105) in 100µl medium in 96-well plates. Cocultures were 

mixed with 100μl of the supernatants and incubated for 48 h. Cocultures were processed 

and evaluated as described above. 10000 CFSE+ events were acquired for each sample. 

 

3.7.8.2 Bystander killing assay 

A549 cells in suspension were infected with ICO15K or ICO15K-cBiTE at an MOI of 20 for 

4 hours. Excess virus was removed by washing the cells with PBS. 2.5 × 104 virus-infected 

A549 cells per well and 2.5 × 104 A431-GFPLuc per well were cocultured with 1.5 × 105 

PBMCs (E:T = 6 with respect to A431-GFPLuc cells) in 96-well plates in a final volume of 200µl 

medium. Cocultures without PBMCs were used as a control for virus-mediated cell 

cytotoxicity. 5 days after infection, cocultures were trypsinized and stained with 7-AAD as 

described in section 3.7.8.1. After washing, cells were resuspended in 200 µl FACS buffer 

containing a known amount of CountBright Absolute Counting Beads (Thermo Fisher 

Scientific), and flow cyometry analysis was conducted. A total of 2000 bead events were 

acquired. The absolute number of live A431-GFPLuc was calculated with counting beads 

according to the manufacturer’s instructions, and the percentage of live A431-GFPLuc was 

obtained by normalizing the absolute count of the samples to that of culture of untreated 

A431-GFPLuc cells.   

3.7.8.3 Oncolysis and cell-mediated cytotoxicity assay 

These experiments were carried out in collaboration with Sonia Guedan at the University 

of Pennsylvania. Oncolysis-mediated enhanced cell-mediated cytotoxicity was evaluated 

with the xCELLigence Real-Time Cell Analyzer System (ACEA Biosciences). A549 or HCT116 

cells (1 × 104) were seeded and infected with ICO15K or ICO15K-cBiTE at an MOI of 1 in 150 

µl of medium. After overnight tumor cell adherence to the well bottom, 50 µl of effector 

cells (CAR T cells or preactivated T cells) were added at an effector:target ratio of 5. Cell 

index (i.e. relative cell impedance) values were monitored every 20 minutes for 120 h and 

normalized to the maximal cell index value immediately prior to effector cell plating. 
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3.8 In vivo studies  

3.8.1 Mouse models and procedures 

All animal experiments were approved by Ethics Committee for Animal Experimentation 

from the Biomedical Research Institute of Bellvitge (IDIBELL). Animals were housed in the 

IDIBELL Animal Core Facility (AAALAC Unit 1155). Subcutaneous A549 and HCT116 were 

established by 100 μl-injections containing 5 × 106 and 2.5 × 106 cells, respectively, into both 

flanks of 8-week old female SCID/beige mice (Envigo). When tumors reached ~100mm3 mice 

were randomized and treated as described below. 

For the T-cell biodistribution study, tumors received a 50 μl-injection of 2 × 109 VP of the 

indicated viruses or PBS. After 5 days, mice received an intravenous injection of 1 × 107 cell 

preparations containing 59% preactivated CBG luciferase-expressing T cells, followed by an 

intraperitoneal dose of 1500 IU IL-2 (Peprotech). Mice were imaged daily until day 9 with the 

IVIS Lumina XRMS Imaging System (PerkinElmer) after administering intraperitoneal 

injections of a 15 mg/ml D-luciferin firefly potassium salt solution (Biosynth AG).  Tumor 

radiance was measured by drawing a region of interest around the tumor contour.  

For antitumor efficacy, A549 tumors received a 50 μl-injection of 2 × 109 VP of the 

indicated viruses or PBS. After 4 and 18 days, PBS or 1 × 107 unstimulated human PBMCs 

were administered to the mice by intravenous injection. Mice bearing HCT116 tumors 

received a 200-μl intravenous injection of 1 × 1010 VP of the indicated viruses or PBS.  After 

4, 8 and 11 days, mice received an intravenous injection of 1 × 107 preactivated T cells 

followed by an intraperitoneal injection of 1500 IU IL-2. In both models, tumors were 

measured every 2-4 days and the volume was calculated as V (mm3) = π/6 × W2 × L, where W 

and L are the width and the length of the tumor, respectively. 

3.8.2 Immunohistofluorescence of OCT-embedded tumor sections 

OCT-embedded tumor sections were thawed at room temperature for 20 minutes. Slides 

were then fixed with 4% paraformaldehyde for 5 minutes at room temperature. 

Paraformaldehyde excess was removed by washing slides in bi-distilled water and 

subsequent 3x 5-minute washing steps in PBS 0.1% Triton. Unspecific binding was blocked by 

incubating sections with PBS 20% goat serum for 1 hour at room temperature in a humidity 

chamber. Excess liquid was carefully removed and primary rabbit anti-E1a antibody (diluted 
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1:50 in PBS 5% goat serum) was applied to one of both section in the slide. The other section 

was incubated with PBS 5% goat serum as a control for unspecific binding. Slides were 

incubated overnight at 4°C in a humidity chamber. The next day, slides were brought to 

room temperature for 20 minutes and excess liquid was carefully removed. Slides were 

washed 3x with PBS 0.1% Triton. Next, an Alexa488-coupled goat anti-rabbit IgG secondary 

antibody diluted in PBS 5% goat serum was applied to the section and incubated for 1 hour 

at RT. Slides were washed with PBS, Vectashield (Vectorlabs) mounting medium was applied 

and coverslips were mounted on top of the sections. Fluorescence microscopy was carried 

out with a Nixon Microscope.   

3.8.3 Immunohistochemistry of paraffin-embedded tumor sections 

The detection of FLAG tag by immunohistochemistry was performed by the 

histopathology core facility of the Institute for Research in Biomedicine (IRB) as follows. 3 

μm Paraffin-embedded tumor sections were air dried and further dried at 60°C over-night. 

For immunohistochemical detection, sections were dewaxed and antigen retrieval process 

was done with citrate buffer pH6 for 20 min at 97°C using a PT Link (Dako – Agilent). 

Quenching of endogenous peroxidase was performed by 10 min of incubation with 

Peroxidase-Blocking Solution (Dako). Blocking of unspecific unions was done using 10% goat 

normal serum (Life technologies) and 1% of bovine serum albumin (Sigma-Aldrich). Rabbit 

monoclonal anti-FLAG primary antibody (Cell signalling) was diluted 1:20 and incubated over 

night at 4°C. The secondary antibody used was BrightVision Poly-HRP-Anti Rabbit IgG Biotin-

free (Immunologic). Antigen–antibody complexes were reveled with 3-3′-diaminobenzidine 

(Dako), with the same time exposure per antibody (10 min). Sections were counterstained 

with hematoxylin (Dako) and mounted with Toluene-Free Mounting Medium (Dako) using a 

Dako CoverStainer. Specificity of staining was confirmed by omission of the primary 

antibody. 

3.8.4 Detection of transgene and viral transcripts in tumors by Real-Time PCR 

Frozen tumor samples were disrupted using a mortar and pestle under liquid nitrogen. 

Approximately 25mg of tissue were homogenized with Qiashredder homogenizers, and RNA 

was isolated with the RNeasy kit (Qiagen) including on-column DNase I digestion to remove 

genomic DNA. RNA (1 µg) was retrotranscribed with the High-capacity cDNA Reverse 

Trancription kit (Thermo Fisher Scientific). cDNA samples were diluted 1:5 with ddH2O. 
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Real time was performed using a LightCycler ® 480 Instrument II (Roche) in the presence 

of SYBR Green I Master (Roche). PCR reactions (10 μl) were prepared containing 4μl of the 

diluted cDNA sample, 5 μl of SYBR Green I Master 2x, 4 pmol of each primer and ddH2O to 

complete the volume. The primers used for the detection of cBiTE and hexon cDNA are listed 

in table 10 and PCR conditions are listed in table 11. Standard curves for cBiTE and hexon 

were prepared by serial dilutions of known copy numbers of pUC57-cBiTE or purified ICO15K 

genomes, respectively. Non-retrotranscribed RNA samples, equivalent to the amount cDNA 

loaded in the PCR, were run to discard genomic DNA contamination. After PCR, melting 

curve analysis was performed to discard primer dimer formation or unspecific product 

amplification.  

 

Table 10. Primers for the detection of cBiTE and hexon cDNA 

Primer name  Sequence 5'  3' Description  

qBiTE F   CGGCGAGAAAGTGACAATGAC For the detection of cBiTE cDNA   

qBiTE R  TTGGTGAGGTGCCACTTTTC For the detection of cBiTE cDNA   

Ad18852 CTTCGATGATGCCGCAGTG For the detection of hexon cDNA  

Ad19047R ATGAACCGCAGCGTCAAACG For the detection of hexon cDNA  

 

 

 

Table 11. PCR conditions for the detection of cBiTE and hexon cDNA 

Stage Description Temperature Time Cycles 

1 Activation 95°C 10 minutes 1 

2 Amplification 
Cycles 

95°C 15 seconds 

40 60°C 1 minute 

72°C 7 seconds 

 
 

 



Materials and methods   

99 

3.9 Statistical analysis 

For comparisons of 2 groups, two-tailed unpaired t tests were used. For comparison of 

more than two groups, One-way ANOVA with Tukey post-hoc tests was used. Statistical 

significance was established as P < 0.05. Data are presented as the mean ± SD or SEM. All 

statistical analyses were calculated with the GraphPad Prism software v6.02. 
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4.1 Bispecific T-cell engager-armed oncolytic adenoviruses  

The antiviral immune response represents one of the major hurdles for the success of 

oncolytic adenoviruses (OAds) in cancer patients. Despite the highly immunosuppressive 

environment at the tumor site, Ad-infected cells can be efficiently cleared from the organism 

by infiltrating Ad-specific CTLs without compromising the tumor burden [57]. We 

hypothesize that arming OAds with BiTEs might favor antitumor rather than antiviral 

immune responses by activating and redirecting any T cell that infiltrates the tumor. 

4.1.1 A BiTE-armed oncolytic adenovirus targeting human EGFR and human CD3 

To test our hypothesis, we envisioned an OAd that, upon infection of cancer cells, leads 

to the secretion of a BiTE that redirects T cells towards cancer cells. Since the OAd platforms 

developed in our laboratory are intended for the treatment of solid tumors, the selection of 

a BiTE targeting a TAA expressed within the tumor microenvironment is mandatory. Several 

antigens overexpressed in solid tumors have been evaluated in preclinical studies as targets 

for BiTEs [175-179]. From these, the EGFR is an attractive target due to the vast knowledge 

of its molecular biology, and due to its well-documented overexpression in several human 

solid tumors [180, 181]. We therefore chose the EGFR as a target for our BiTE-armed OAd. 

4.1.1.1 Generation and characterization of ICO15K-cBiTE 

We have previously reported the generation of the OAd ICO15K, an E1a-∆24-based Ad 

which incorporates palindromic E2F binding sites in the E1a promoter and bears an RGDK 

motif replacing the KKTK heparan sulfate glycosaminoglycan-binding domain in the fiber 

shaft [47]. This virus has shown favorable toxicity profiles and increased tumor targeting in 

vivo, and we therefore chose it as a platform to incorporate a BiTE targeting the EGFR (cBiTE) 

into its genome (Figure 18).  
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Figure 18. Schematic representation the ICO15K-cBiTE genome. The virus ICO15K carries the ∆24 mutation in 
the E1a gene and its expression is controlled by palindromic E2F binding sites located in the promoter of the 
gene. This virus also contains an RGDK motif replacing the KKTK heparan sulfate glycosaminoglycan-binding 
domain in the shaft of the fiber (L5). The cBiTE gene contains a signal peptide sequence (S), an anti-EGFR scFV 
derived from the Cetuximab antibody (C225), an anti-CD3 scFV derived from the blinatumomab BiTE and a 
FLAG tag (F) for detection purposes. For proper expression of the BiTE, the gene was flanked by a kozac 
sequence (K) and a polyadenylation signal (pA). The cBiTE gene was located after the fiber gene, and it was 
placed under the control of the major late promoter (MLP) by including a splicing acceptor (SA) upstream of the 
kozac sequence. 

We designed the cBiTE by joining a scFV version of the FDA-approved monoclonal 

antibody Cetuximab and the anti-CD3 scFV from Blinatumomab through a peptide linker. 

The cBiTE gene also encodes the signal peptide from the mouse Ig heavy chain at the N-

terminus of the protein to support its secretion from the cell, and a FLAG tag at the C-

terminus for detection purposes. For enhanced and correct translation of the protein, the 

construct included a kozak sequence upstream of the starting codon, and a polyA site 

downstream of the stop codon. The adenovirus IIIa splicing acceptor was placed upstream of 

the kozak sequence in order to control the cBiTE expression from the MLP. This strategy was 
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chosen to avoid a potential BiTE-mediated interference with virus replication. The genome 

of ICO15K was genetically engineered by homologous recombination in bacteria to place the 

cBiTE construct downstream of the fiber gene as an L6 unit. The virus ICO15K-cBiTE was 

successfully rescued and amplified to similar physical and functional titers as those of 

ICO15K (Table 12).  

 

Table 12.  Virus production quality control 

Virus Physical titer 
(VP/ml) 

Functional titer 
(TU/ml) 

Physical:functional 
ratio 

ICO15K 2.66 × 1012 1.47 × 1011 18.1 

ICO15K-cBiTE 3.32 × 1012 1.68 × 1011 19.8 

 

 

To characterize the oncolytic properties of the modified virus, dose-response cytotoxicity 

assays with cancer cells were performed. Although ICO15K-cBiTE showed dose-dependent 

oncolytic properties in vitro, its IC50 values increased 2.1- and 1.4-fold compared to its 

parental counterpart in A549 and HCT116 cancer cells, respectively (Figure 19A). To further 

evaluate this loss in cytotoxicity, we compared virus production in a panel of cancer cell lines 

after 72h of infection. The total production of ICO15K-cBiTE was reduced 1.3-fold in A549 

cells compared to ICO15K, which may explain the loss in oncolysis observed in the 

cytotoxicity assays (Figure 19B).  
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Figure 19. In vitro characterization of ICO15K-cBiTE. (A) A549 and HCT116 cell lines were incubated with serial 
dilutions of ICO15K or ICO15K-cBiTE, with multiplicity of infections (MOIs) ranging from 200 to 0 TU/cell. 6 days 
post-infection, cell viability was determined and the IC50 for each virus was calculated. The mean ± SD of 
triplicates is shown. (B) The indicated cell lines were infected with ICO15K or ICO15K-cBiTE at an MOI of 20 for 
4 hours. Excess virus was then washed and cells were incubated for 72 hours. Total virus production in the 
culture cell extracts was determined with anti-hexon staining method. Results are expressed as transducing 
units produced per cell. The mean ± SD of triplicates is shown. 

 

4.1.1.2 Cells infected with ICO15K-cBiTE secrete cBiTE antibodies which specifically 

bind to target and effector cells  

To characterize the cBiTE, a panel of cancer cell lines with varying EGFR expression levels 

and also CD3+ Jurkat and human peripheral blood mononuclear cells (PBMCs) were used 

(Figures 20A and B).  
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Figure 20. EGFR and CD3 profiles of the cell lines used in the study. (A) A panel of cancer cell lines was 
evaluated for EGFR expression by flow cytomery. Cells were incubated with an anti-EGFR antibody or its 
corresponding isotype control, followed by the incubation with an Alexa488-coupled secondary antibody. 
(B) Jurkat cells and human PBMCs from healthy donors were evaluated for CD3 expression by flow cytometry. 
Cells were incubated with the OKT3 anti-CD3 antibody or its corresponding isotype control, followed by the 
incubation with an Alexa488-coupled secondary antibody. For PBMCs samples, the CD3 analysis was performed 
after gating the lymphocyte population on the FSC vs. SSC plot.  

 

To evaluate the secretion of the cBiTE by infected cells, flow cytometry-based binding assays 

were performed by exploiting the FLAG tag encoded in the transgene. cBiTE antibodies were  

only detected in the supernatants of ICO15K-cBiTE-infected cells, and they specifically bound to 

EGFR+ (A431, A549, HCT116 and FaDu) but not EGFR- (MDA-MB-453) cancer cells (Figure 21A). 

To demonstrate that the anti-EGFR scFV retained the specificity of the cetuximab antibody as 

a BiTE molecule, a competition binding assay with Cetuximab was performed. The preincubation 

of A431 cells with Cetuximab impaired the binding of the cBiTE to the cells in a dose-

dependent manner, confirming the specificity of the Cetuximab-derived scFV in the cBiTE 

(Figure 21B).  
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Figure 21. cBiTE antibodies are expressed from ICO15K-cBiTE-infected cells and specifically bind to target 
cells. (A) The indicated cell lines were incubated with the supernatants of ICO15K- or ICO15K-cBiTE-infceted 
A549 cells. The supernatants from uninfected cells (mock) were used as a negative control. cBiTE binding was 
detected by incubating cells with an anti-FLAG antibody and an Alexa488-coupled secondary antibody. Cells 
were analyzed by flow cytometry. The corresponding isotype control for the anti-FLAG antibody was used 
as a negative control. (B) A431 cells were preincubated with the indicated concentrations of Cetuximab. Cells 
were then incubated with the supernatant of ICO15K-cBiTE-infected A549 cells, and cBiTE binding was detected 
by flow cytometry as in A.  
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cBiTE antibodies also bound to CD3+ Jurkat cells and human PBMCs, and this binding was 

more pronounced when supernatants were concentrated (Figure 22A). Furthermore, the 

binding of the cBiTE to CD4+ and CD8+ T cells within the PBCMs was further confirmed 

(Figure 22B). 

 

 

 

Figure 22. cBiTE antibodies expressed from ICO15K-cBiTE-infected cells bind to effector T cells. (A) Human 
PBMCs and Jurkat cells were incubated with the indicated supernatants. cBiTE binding was detected by 
incubating cells with an anti-FLAG antibody and an Alexa488-coupled secondary antibody. For PBMCs samples, 
binding analysis was performed after gating the lymphocyte population on the FSC vs. SSC plot. (B) Human 
PBMCs were incubated with the indicated concentrated supernatants. cBiTE binding to CD4+ and CD8+ T cells 
was detected by incubating cells with an anti-FLAG antibody and an Alexa647-labeled secondary antibody, 
followed by staining of CD4 and CD8. Cells were analyzed by flow cytometry. The corresponding isotype control 
for the anti-FLAG antibody was used as a negative control. 

 

We then assessed whether cBiTE molecules could engage T cells towards cancer cells by 

binding to the EGFR and CD3 simultaneously. For this, a rosette-formation assay was 

conducted by coculturing trypsinized A431-GFPLuc cells with Jurkat cells and the different 

supernatants for 4 hours. Microscopy analysis revealed the aggregation of Jurkat cells 

around fluorescent cancer cells only in the cocultures that included the supernatant of 

ICO15K-cBiTE (Figure 23). Furthermore, rosettes (i.e. T cells surrounding a cancer cell) were 

clearly identified in the same cocultures when images were taken at higher magnifications, 

confirming the cBiTE-mediated recruitment of T cells towards cancer cells.  
 

 



Results 

110 

 

Figure 23. Supernatants from ICO15K-cBiTE-infected cells engage T cells towards cancer cells. Cocultures of 
A431-GFPLuc cells and Jurkat cells were treated with concentrated supernatants from uninfected (mock), 
ICO15K or ICO15K-cBiTE-infected A549 cells. 4 hours after coculture fluorescent and light microscopy images 
were taken from the same field of view and composite images were generated with the ImageJ software. 
Images were evaluated for Jurkat cell aggregation around fluorescent A431 cells (green), also known as 
Rosettes (black arrow).   

 

 

4.1.1.3 Supernatants from ICO15K-cBiTE-infected cells enhance T-cell function 

We then evaluated the functionality of the secreted cBiTE in coculture experiments of 

cancer cells with human PBMCs. ICO15K-cBiTE supernatants specifically induced CD8+ and 

CD4+ T-cell activation, as indicated by an increase in the expression of the activation markers 

CD25 and CD69 when PBMCs were cocultured with EGFR+ cell lines (Figure 24A). To confirm 

this activation, we assessed cytokine production by PBMCs in coculture assays with a panel 

of cancer cell lines. IFN-γ and TNF-α were detected at high levels only when ICO15K-cBiTE 

supernatants were cocultured with PBMCs and EGFR+ cell lines. Importantly, the cBiTE-

containing supernatants did not induce T-cell activation when cocultured alone or with the 

EGFR- cell line MDA-MB-453 (Figure 24B).  
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Figure 24. cBiTE antibodies expressed from ICO15K-cBiTE-infected cells induce T-cell activation. (A) Human 
PBMCs were cocultured with A431 or MDA-MB-453 cells (E:T = 5) in the presence of supernatants from 
uninfected (mock), ICO15K or ICO15K-cBiTE-infected A549 cells. 48h after coculture, the expression levels of 
CD25 and CD69 on CD4+ and CD8+ T cells were assessed by flow cytometry. Representative results from one of 
two healthy donors are shown. (B) A panel of cancer cell lines was cocultured with PBMCS (E:T = 5) in the 
presence of the indicated supernatants. 48 h after cocultures, supernatants were harvested and cytokine 
production was evaluated by ELISA. Representative results from one of two healthy donors are shown. Bars 
represent the mean ± SD of triplicates. **, P < 0.01; ***, P < 0.001 by One-way ANOVA with Tukey post-hoc 
test. 
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Another important indicator of T-cell activation is their proliferative capacity. 

Proliferation was assessed by flow cytometry after coculture of CFSE-labeled PBMCS with 

cancer cells and the corresponding supernatants. CD3+ T cells underwent multiple rounds of 

proliferation only when PBMCs were cocultured with EGFR+ A431 cells and ICO15K-cBiTE 

supernatants, as evidenced by the dilution of CFSE after 6 days of incubation (Figure 25).  

 

 

Figure 25. cBiTEs expressed from ICO15K-cBiTE-infected cells induce T-cell proliferation. CFSE-labeled PBMCs 
were cocultured with A431 or MDA-MB-453 cells (E:T = 5) in the presence of the indicated supernatants. 5 days 
after coculture, CFSE dilution (i.e. cell proliferation) in CD3+ cells was evaluated by flow cytometry. 
Representative results from one replicate from one of two healthy donors are shown.  

 

The ultimate goal of BiTE antibodies is to retarget T-cell-mediated cytotoxicity towards 

cancer cells. To confirm this, we performed flow cytometry-based cell-mediated cytotoxicity 

assays by coculturing CFSE-labeled A431 or MDA-MB-453 cells with PBMCs and the different 

supernatants for 24 hours. The coculture of A431 but not of MDA-MB-453 cells with the 

cBiTE-containing supernatants and PBMCs led to a significant increase in cell cytotoxicity 

compared to ICO15K and the mock control (Figure 26A). Further assays demonstrated that 

PBMCs preparations from different donors induce a significant increase in the cytotoxicity of 

A431 cells in the presence of the cBiTE, and the extent of cell death was donor-dependent 

(Figure 26B). 
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Figure 26. cBiTEs expressed from ICO15K-cBiTE-infected cells enhance T-cell-mediated cytotoxicity. (A) Cocultures 
of PBMCs with CFSE-labeled MDA-MB-453 or A431 cells (E:T = 10) were treated with the different 
supernatants. 24 h after coculture, cells were stained with 7-AAD and the percentage of cytotoxicty on target 
cells (CFSE+/7AAD+) was assessed by flow cytometry. Representative results from one of three healthy donors 
are shown. (B) Cytotoxicity of A431 cells under the same conditions described in (A) with PBMCs from three 
different healthy donors. Bars represent the mean ± SD of triplicates ***, P < 0.001 by One-way ANOVA with 
Tukey post-hoc test. 

 

4.1.1.4 ICO15K-cBiTE-mediated oncolysis enhances T-cell function and induces T-cell-

mediated bystander effect  

The experiments described above were performed with supernatants of infected cells 

that contained the cBiTE. We next wanted to evaluate the cBiTE-expressing virus in a setting 

that more closely resembles a therapeutic oncolytic process. For this, cocultures of human 

PBMCS with either A549 or HCT116 EGFR+ cell lines were infected at an MOI of 20 with 

respect to cancer cells. Cells were incubated for 5 or 7 days to address activation or 

proliferation, respectively. These incubation times were chosen in order to allow a full 

replication cycle of the virus and the proper action of the cBiTE. ICO15K-cBiTE-mediated 

oncolysis led to an increase in CD25+ and CD69+ T cells and to extensive proliferation of both 

T-cell subsets only when cancer cells were present (Figures 27A and B). 
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Figure 27. ICO15K-cBiTE-mediated oncolysis leads to T-cell activation and proliferation. (A) Cocultures of 
PBMCS with A549 or HCT116 cells (E:T =5) were infected with ICO15K or ICO15K-cBiTE at an MOI of 20. 
Uninfected (mock) cocultures were used a negative controls. 5 days after coculture, CD8+ and CD4+ T cells were 
assessed by flow cytometry for the expression of CD25 and CD69 activation markers. The mean ± SD of 
triplicates is shown.**, P < 0.01; ***, P < 0.001 by One-way ANOVA with Tukey post-hoc test. (B) Cocultures of 
CFSE-labeled PBMCS with A549 or HCT116 cells (E:T =5) were infected with ICO15K or ICO15K-cBiTE at an MOI 
of 20. Uninfected (mock) cocultures were used a negative controls. 7 days after coculture the CFSE content in 
CD4+ and CD8+ T cells was determined by flow cytometry. A representative result from triplicates is shown. 
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Another important feature of a secreted BiTE is its ability to generate a bystander effect. 

To test this without the interfering cytotoxicity of the virus, we sought a cell line which could 

partly resist ICO15K infection for 72 hours. The EGFR+ cell line A431 has been reported to 

express low levels of the coxsackie and adenovirus receptor (CAR), and we therefore decided 

to characterize it as a candidate for a bystander effect assay. A431 cells were poorly 

transduced by AdTLRGDK, an E1-deleted and GFP-expressing adenoviral vector bearing the 

same capsid as ICO15K, even at high MOI (Figure 28A).  

 

 

Figure 28. Characterization of adenovirus infection in A431 cells. (A) A549, HCT116 or A431 cells were infected 
with the GFP-encoding AdTLRGDK vector at MOIs ranging from 25 to 400 TU/cell. 24 h post-infection, GFP 
expression levels were assessed by flow cytometry. The mean fluorescence intensity ± SD of triplicates is 
shown. (B) A549 and A431 cells were infected with ICO5K or ICO15K-cBiTE at an MOI of 10. 3 days post-
infection cell viability was determined with alamar blue. The percentage of viable cells was determined by 
normalizing to the viability observed in the uninfected (mock) control. The mean ± SD of triplicates is shown. 
(C) A549, HCT116 and A431 cells were infected with ICO15K-cBiTE at an MOI of 10 TU/cell. 3 days post-
infection supernatants were harvested and incubated with A431 to evaluate cBiTE production. Bound cBiTE 
was detected by incubating cells with an anti-FLAG antibody and an Alexa488-labeled secondary antibody. Cells 
were analyzed by flow cytometry. The corresponding isotype control for the anti-FLAG antibody was used as a 
negative control. 
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Furthermore, A431 cells showed low OAd-mediated cytotoxicity at an MOI of 10 

compared to A549 cells after 72 hours of incubation (Figure 28B). We then evaluated 

whether A431 cells could produce cBiTE antibodies in the presence of the virus (MOI = 20) 

for 72 hours. In contrast to the high levels of cBiTE observed in the supernatants of ICO15K-

cBiTE-infected A549 or HCT116 cells, no cBiTE signal was detected in the supernatants of 

A431 cells (Figure 28C). Altogether, these results validate the A431 cell line as a suitable 

model for the bystander assay. In order to have a stable fluorescent signal for flow 

cytometry discrimination of these cells in cocultures, a GFP- and luciferase-expressing 

version of the A431 cell line (A431-GFPLuc) was generated. 

For the bystander effect assay, A431-GFPLuc cells were cocultured with ICO15K- or 

ICO15K-cBiTE infected A549 cells in the presence or absence of human PBMCs for 5 days. 

Thus, in this setting, A549 cells act as BiTE producers, while A431-GFPLuc cells represent the 

targets of the T cells. ICO15K-cBiTE-infected A549 cells induced a significant decrease in the 

percentage of live A431-GFPLuc cells compared to ICO15K-infected cells when cocultured 

with PBMCS from two different donors (Figure 29). This increased cytotoxicity was 

dependent on the presence of PBMCS, as ICO15K and ICO15K-cBiTE induced similar levels of 

cell death in the absence of PBMCs. 

 

 

Figure 29. ICO15K-cBiTE-mediated oncolysis induces T-cell-mediated cytotoxic bystander effect. A549 cells 
were infected with ICO15K or ICO15K at an MOI of 20 for 4 hours. After washing the excess of virus, the 
infected A549 cells were cocultured  with A431-GFPLuc cells (1:1 ratio) and with PBMCs from two different 
donors (E:T = 6 with respect to A431-GFP-Luc cells). Cocultures with no PBMCs were used as a negative control. 
5 days after infection, cocultures were stained with 7-AAD and the absolute count of live A431-GFPLuc cells 
was determined by flow cytometry with counting beads. The percentage of live A431-GFPLuc was obtained by 
normalizing the absolute count of the samples to a culture of untreated A431-GFPLuc cells. The mean ± SD of 
triplicates is shown. ***, P < 0.001 by One-way ANOVA with Tukey post-hoc test. 
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We then tested whether the infection of cancer cells with ICO15K-cBiTE at low MOIs 

could provide an advantage during oncolysis over the non-modified virus when cocultured 

with T cells in time-course experiments. For these assays, preactivated T cells were used. 

These cells have a phenotype that more closely resembles that of Ad-specific CTLs, which is 

the main T-cell population expected to infiltrate tumors during oncolysis. We found that 

preactivated T cells produce high amounts of proinflammatory cytokines (Figure 30A). 

Furthermore, these cells show enhanced cytotoxic potential compared to unstimulated T 

cells when engaged by cBiTE antibodies (Figure 30B).  

 

 

Figure 30. Preactivated T cells produce proinflammatory cytokines and show higher killing capacities than 
unstimulated T cells when engaged by the cBiTE. (A) HCT116 cells were infected with ICO15K/ICO15K-cBiTE at 
an MOI of 10. 24 hours later, preacivated T cells were added to the cultures (E:T =2). 48 hours after coculture 
supernatants were harvested and assessed for cytokine production by ELISA. Uninfected (mock) cells were used 
as negative controls. One representative experiment from three independent T-cell preparations from different 
healthy donors is shown. The mean ± SD of triplicates is shown. (B) CFSE-labeled A431 cells were cocultured 
with unstimulated or preactivated T-cells from the same donor (E:T = 2 or 6) in the presence of supernatants 
from uninfected or ICO15K/ICO15K-cBiTE-infected A549 cells. 24h after coculture cells were stained with 7-AAD 
and the percentage of cytotoxicity (CFSE+/7AAD+ cells) was determined by flow cytometry. The mean ± SD of 
triplicates is shown. **, P < 0.01; ***, P < 0.001 by One-way ANOVA with Tukey post-hoc test. 
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For the time-course assays, cell death was assessed using the xCELLigence system, which 

allows real-time monitoring of cell death by measuring the change in the impedance of 

attached cells. HCT116 or A549 cells were infected at an MOI of 1 and T cells were added to 

the cultures 24 hours after seeding and infection. The combination of ICO15K-cBiTE and T 

cells showed a remarkable additive effect by reducing by half the time to complete death of 

A549 and HCT116 cells when compared to any of the other virus treatments (Figure 31). 

 

 

Figure 31. Preactivated T cells improve the cytotoxic potential of ICO15K-cBiTE. The xCELLigence system was 
used to evaluate the lysis of A549 and HCT116 cells over a 120 h period. Tumor cells were seeded and infected 
with ICO15K or ICO15K-cBiTE at an MOI of 1 at t0. Preactivated T cells were added 24 hours later (E:T = 5). 
Impedance at well bottoms was measured every 20 min for 120h and normalized to baseline impedance values 
with medium only. The mean ± SD of duplicates is shown. One representative experiment from three 
independent T cell preparations from different healthy donors is shown. 

 

4.1.1.5 ICO15K-cBiTE increases the persistence and accumulation of tumor infiltrating T 

cells  

To address the potential of ICO15K-cBiTE in vivo, we first evaluated the persistence and 

biodistribution of human T cells in SCID/beige mice. To this end, isolated T cells from a 

healthy donor were pre-activated and transduced with a lentiviral vector encoding the Click 

Beetle Green (CBG) luciferase and GFP. CBG was chosen over firefly luciferase due to its 

superior photon emission which facilitates in vivo bioluminescence imaging [182]. T-cell 

preparations had 59% transduced (i.e. GFP+) cells and retained the ability to proliferate in 

vitro (Figures 32A and B).   
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Figure 32. Luciferase- and GFP-expressing T cells retain their proliferative capacities in vitro. (A) Flow 
cytometry analysis of GFP expression by preactivated T cells that had been transduced with a lentiviral vector 
encoding the click beetle green (CBG) luciferase and GFP. (B) Luc-T cells were cocultured with HCT116 cells (E:T 
= 5) in the presence of the indicated supernatants. 5 days after coculture, cells were lysed and assessed for 
luciferase expression by a luminometric-based assay. The mean relative light units (RLU) ± SD of triplicates is 
shown. ***, P < 0.001 by One-way ANOVA with Tukey post-hoc test. 

 

To test the biodistribution and persistence of these Luc-T cells in vivo, SCID/beige mice 

bearing subcutaneous EGFR+ HCT116 tumors were injected intratumorally with PBS, ICO15K-

cBiTE, or the parental virus. Five days after virus administration, mice received an 

intravenous injection of the CBG-Luc T-cell preparations (1 × 107 total cells) and tumor and 

body luminescence was measured daily thereafter by in vivo imaging. T cells were mainly 

distributed in the lymphoid organs one day after infusion and the signal generally decreased 

within 3 days. Tumor radiance was measured from day 3 on to avoid background signal 

coming from the initial engraftment in the lymphoid organs. Tumors treated with ICO15K-

cBiTE induced T-cell accumulation from day 3 with a peak at day 4, and with the signal 

lasting for 9 days until reaching the levels of PBS- or ICO15K-treated tumors (Figure 33A). 

Half of the tumors treated with ICO15K-cBiTE, but none of those treated with PBS or ICO15K, 

showed a detectable increase in bioluminescent signal after 3 days of adoptive T-cell 

transfer (Figure 33B). 
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Figure 33. ICO15K-cBiTE induces accumulation and increased persistence of tumor-infiltrating T cells in vivo. 
(A) SCID/beige mice bearing subcutaneous HCT116 tumors on both flanks were intratumorally injected with 
PBS, ICO15K or ICO15K-cBiTE (n = 10 per group). 5 days later mice received an intravenous injection of 1 × 107 

preactivated T cells expressing the click beetle green luciferase (Luc-T cells), followed by an intraperitoneal 
injection of IL-2. Body luminescence was monitored by in vivo imaging for 9 days. The mean tumor radiance ± 
SEM is shown from day 3, to avoid false positive signal from primary lymphoid organs. *, P< 0.05 ICO15K-cBiTE 
vs. ICO15K by students t test. (B) Radiance from individual tumors from the experiment described in A. 

 

4.1.1.6 cBiTE and viral transcripts are detected in tumors treated with ICO15K-cBiTE 

We also evaluated whether the cBiTE is expressed at the transcriptional level using a 

similar experimental setting to that of the biodistribution experiment. For this, SCID/beige 

mice bearing subcutaneous HCT116 tumors were injected intratumorally with PBS, ICO15K-

cBiTE, or the parental virus. Seven days after virus administration, mice received an 

intravenous injection of 1 × 107 preactivated T cells. On day 4 after adoptive T-cell transfer, 

tumors were resected and processed for real-time PCR analysis. cBiTE transcripts were 

detected at variable levels only in the tumors treated with ICO15K-cBiTE (Figure 34A). 

Furthermore, hexon mRNA copies were detected at high levels in both ICO15K- and ICO15K-

cBiTE-treated mice, confirming the presence of the viruses in the tumors (Figure 34B). 

Importantly, the mean levels of hexon mRNA copies were similar for both virus-treated 

groups, indicating that no short-term detrimental effect of the cBiTE-engaged T cells on the 

persistence of ICO15K-cBiTE in tumors.  
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Figure 34. cBiTE mRNA transcripts are detected in tumors treated with ICO15K-cBiTE. SCID/beige mice 
bearing subcutaneous HCT116 tumors on both flanks were intratumorally injected with PBS (n = 10), ICO15K or 
ICO15K-cBiTE (n = 14). 7 days later mice received an intravenous injection of 1 × 107 preactivated T cells 
followed by an intraperitoneal injection of IL-2. Mice were sacrificed 4 days after T-cell administration and the 
presence of cBiTE (A) and hexon (B) mRNA transcripts was evaluated by qPCR after cDNA synthesis from RNAs 
extracted from tumor samples.  

 

4.1.1.7 ICO15K-cBiTE enhances antitumor efficacy in vivo 

We then assessed the antitumor efficacy of ICO15K-cBiTE in mouse xenograft models of 

cancer. To this end, SCID/beige mice bearing subcutaneous A549 tumors were injected 

intratumorally with PBS, ICO15K-cBiTE, or the parental virus. At 4 and 18 days post-virus 

administration mice received intravenous injections of either 1 × 107 unstimulated human 

PBMCs or PBS. The PBS groups showed the fastest tumor growth and the cBiTE-expressing 

Ad showed a similar antitumor efficacy as the parental virus in the absence of PBMCs (Figure 

35A). Notably, the administration of human PBMCs significantly enhanced the antitumor 

efficacy of ICO15K-cBiTE but not that of ICO15K. Histological analysis of the tumors revealed 

the expression of the E1a protein at day 49 in all groups treated with any of the Ads in the 

study, indicating that PBMC-mediated cytotoxicity had no effect on the persistence of the 

virus in the tumor (Figure 35B). Additionally to histological analysis, tumors were processed 

to evaluate the presence of infiltrating T cells by flow cytometry.  No CD3+ T cells could be 

detected in any of the analyzed tumors. These results are likely explained by the low 

persistence of human T cells in SCID/Beige mice. 
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Figure 35. ICO15K-cBiTE shows improved antitumor efficacy in vivo.  (A) SCID/beige mice bearing subcutaneous 
A549 tumors were intratumorally injected with PBS or 2 × 109 VP/tumor of ICO15K or ICO15K-cBiTE. 4 and 18 
days post-virus administration, mice received either an intravenous injection of 1 × 107 PBMCs (n = 9-10 per 
group) or PBS (n = 10 per group). Tumor volume was monitored every 3-4 days until the end of the study.  The 
mean tumor volume ± SEM is shown.  P < 0.05 ICO15K-cBiTE + PBMCs vs. all groups by studentst test. (B) OCT-
embedded cryosections from the tumors described in (A) were stained for the adenovirus E1a protein (green) 
and for nuclei with DAPI (blue). Representative composite images from each group are shown. 
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We also tested the effect of delivering ICO15K-cBiTE intravenously, a setting which is 

more therapeutically relevant for OAds. SCID/beige mice bearing subcutaneous HCT116 

tumors were injected intravenously with PBS or 1 × 1010 VPs of either ICO15K or ICO15K-

cBiTE. On days 4, 8, and 11 post-virus administration, mice received an intravenous injection 

of 1 × 107 preactivated T cells followed by an intraperitoneal injection of IL-2. This regime 

was chosen based on the results of the persistence study in which T-cell tumor infiltration 

peaked at day 4, and it aimed at maximizing the presence of T cells in the tumor during the 

first weeks after virus treatment. Ad-treated mice had smaller tumor size than those treated 

with PBS, with ICO15K-cBiTE-treated ones having the smallest tumor volume after T-cell 

administration (Figure 36A). Although these differences were not statistically significant for 

tumor volume, ICO15K-cBiTE showed significant reduction in tumor growth compared to PBS 

and ICO15K from day 7 post-virus administration (Figure 19B). Importantly, the presence of 

virus and cBiTE in tumors was confirmed at the end of the study by immunohistological 

analysis (Figure 36C). 
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Figure 36. ICO15K-cBiTE shows improved antitumor efficacy in an aggressive model of cancer. (A) SCID/beige 
mice bearing subcutaneous HCT116 tumors were intravenously injected with PBS or ICO15K or ICO15K-cBiTE. 4, 
8 and 11 days post-virus administration, mice received an intravenous injection of preactivated T cells followed 
by an intraperitoneal injection of IL-2. Tumor volume was monitored every 2-3 days. The mean tumor volume ± 
SEM is shown. (B) Tumor growth of the experiment described in A. The mean tumor growth ± SEM is shown. *, 
P < 0.05 ICO15K-cBiTE vs all groups. (C) Immunohistological detection of adenovirus and cBiTE in tumor 
samples. Upper panel, OCT-embedded cryosections from the tumors described in (A) and (B) were stained for 
the adenovirus E1a protein (green) and for nuclei with DAPI (blue). Representative composite images from 
each group are shown. Lower panel, paraffin-embedded sections from the tumors described in A and B were 
stained for anti-FLAG tag (i.e.cBiTE expression). Representative images from each group are shown. Scale bar: 
100 µm. 

 



Results  

125 

 

4.1.1.8 ICO15K-cBiTE-mediated oncolysis increases the expression of immune checkpoints 

on T cells  

The expression of inhibitory immune checkpoints as a result of T-cell activation is now 

recognized as a key factor to take into account when developing immunotherapies of cancer 

[138]. To evaluate the behavior of T cells during ICO15K-cBiTE oncolysis, cocultures of EGFR+ 

L55 cells and preactivated T cells were mock-treated or infected with ICO15K or ICO15K-

cBiTE for 6 days, and the expression of a panel of inhibitory checkpoints (PD-1, TIM-3, CD200 

and LAG-3) on CD4+ and CD8+ T cells was assessed by flow cytrometry. Only a small 

proportion of CD4+ and CD8+ cells expressed the evaluated inhibitory markers in the mock- 

or ICO15K-treated cocultures (Figure 37A). In contrast, cocultures infected with ICO15K-

cBiTE showed a marked increase in the frequency of CD4+ and CD8+ cells expressing 

inhibitory markers.  Overall, the frequency of T cells expressing any of the markers was 

higher for the CD4+ subpopulation compared to CD8+ cells. These results demonstrate that 

ICO15K-cBiTE-mediated oncolysis induces robust T-cell activation, leading to the 

upregulation of immune checkpoints.  

Given that co-expression of inhibitory receptors has been associated with a dysfunctional 

(i.e. exhausted) T-cell phenotype [183, 184], a deeper Boolean analysis of the flow cytometry 

data from the same experiment was performed to determine the number of inhibitory 

markers expressed on T cells after ICO15K-cBiTE treatment. Consistent with the results 

described in figure 37A, ICO15K-cBiTE-mediated oncolysis of L55 cells increased the 

percentage of T cells co-expressing inhibitory markers compared to untreated or ICO15K-

infected cocultures (Figure 37B).  Approximately 68% of CD4+ and 49% of CD8+ T cells in 

ICO15K-cBiTE-treated cocultures co-expressed ≥ 2 inhibitory markers, whereas only 4% and 

6% of CD4+ and 2% and 4% of CD8+ T cells did so in mock- or ICO15K-treated cocultures, 

respectively. These results suggest that cBiTE engagement of T cells towards the EGFR can 

lead to phenotypes that resemble T-cell exhaustion. However, further molecular and 

functional analyses are needed to determine if the increased co-expression of markers is the 

result of T-cell exhaustion or if it is rather an indication of robust and transient T-cell 

activation.  
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Figure 37. ICO15K-cBiTE-mediated oncolysis induces the expression of inhibitory receptors on T cells.  (A) L55 
cells were seeded and infected with ICO15K or ICO15K-cBiTE at an MOI of 1. Preactivated T cells were added 24 
hours later at an E:T ratio of 1. After 6 days of coculture, the expression of the indicated checkpoint inhibitory 
markers on CD4+ and CD8+ subpopulations was evaluated by flow cytometry. Plots represent fluorescence for 
each marker as a function of CD4 or CD8 expression. Uninfected cocultures were used as a mock control. 
(B) The percentage of T cells co-expressing the indicated number of inhibitory markers was determined by 
Boolean gating analysis with FlowJo. 
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Altogether, the results from this section demonstrate that BiTE-armed OAds show 

enhanced immunostimulatory properties which results in enhance antitumor efficacy in vivo.  

Since the humanized mouse models used in this section do not support deep 

immunological analysis after ICO15K-cBiTE treatment, we next evaluated the possibility of 

generating fully murine surrogates of the cBiTE which can be evaluated in 

immunocompetent mouse models. 

 

4.1.2 An oncolytic adenovirus encoding a murine surrogate of cBiTE targeting murine EGFR 

and murine CD3 

The in vivo results described above with ICO15K-cBiTE encourage the further 

development of this virus to a clinical setting. However, several of the pharmacological and 

toxicology aspects of this virus and the cBiTE cannot be studied in the SCID/Beige mouse 

model due to its immunodeficiency. For instance, the short persistence of T cells in this 

mouse model prevents us to study the behavior of the cBiTE in a scenario where anti-

adenovirus CTLs are constantly infiltrating the tumor. Additionally, the possible side effects 

of the virus are neglected in our model since the scFVs used in the cBiTE only recognize 

human targets with no cross reactivity with mouse.  

A common strategy used to solve these limitations is the use of surrogate BiTEs 

recognizing murine tumor antigens and murine CD3. This strategy has been well characterized 

for BiTEs targeting Epcam which has led to important observations regarding the 

pharmacokinetics and toxicology profiles of BiTEs [178, 185, 186].  

4.1.2.1 Generation and characterization of ICO15K-mBiTE 

In an attempt to generate a murine version of the cBiTE, we exploited the scFV versions 

of two antibodies that are well characterized in the literature. The first one, the hamster 

monoclonal antibody 145.2C11, recognizes the mouse CD3 and it has been previously used 

as scFV in different BiTE studies. The second, the mouse monoclonal antibody 7A7, 

recognizes both murine and human EGFR and it has been used as a preclinical model for the 

evaluation of anti-EGFR monoclonal antibodies [174].   

The mBiTE was designed by joining the 145.2C11 and 7A7 scFVs through a peptide linker. 

In contrast to the cBiTE, the arrangement of the mBiTE comprised the anti-CD3 scFV at the 

N-terminus and the anti-EGFR scFV at the C-terminus (Figure 38). This arrangement was 
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chosen based on the literature describing a better performance of the 145.2C11 scFV in this 

location [173]. The mBiTE held the same structure as the cBiTE, including the signal peptide, 

the FLAG tag, the kozac sequence, the polyA site and the IIIa splicing acceptor to control its 

expression from the MLP. The genome of ICO15K-mBiTE was generated by homologous 

recombination in bacteria and the virus was successfully rescued. 

 
Figure 38. Schematic representation of the design of ICO15K-mBiTE. The mBiTE gene contains a signal peptide 
sequence (S), the scFV from the anti-mouse CD3 monoclonal 145.2C11 antibody, the scFV of the anti-mouse 
EGFR 7A7 monoclonal antibody and a FLAG tag (F) for detection purposes. For proper expression of the BiTE, 
the gene was flanked by a kozac sequence (K) and a polyadenylation signal (pA). The mBiTE gene was 
incorporated into the genome of ICO15K after the fiber gene, and it was placed under the control of the major 
late promoter (MLP) by including a splicing acceptor (SA) upstream of the kozac sequence. 
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4.1.2.2 Cells infected with ICO15K-mBiTE fail to secrete functional mBiTE antibodies  

We next evaluated the secretion and functionality of the mBiTE which should be 

detected in supernatants from infected cells. Since the 7A7 scFV binds both to human and 

murine EGFR [174], we designed a flow cytometry-based binding assay similar to the one 

used to evaluate cBiTE expression and secretion. No mBiTE antibodies could be detected in 

the supernatants from ICO15K-mBiTE-infected A549 cells, as evidence by the lack of shift in 

fluorescence in A431 cells compared to the positive control (ICO15K-cBiTE supernatant) 

(Figure 39A).  

 

 

Figure 39. Cells infected with ICO15K-mBiTE fail to secrete functional mBiTE antibodies.  MDA-MB-453 or 
A431 cells (A), and mCD3+ EL4 cells (B) were incubated with the supernatants of ICO15K- or ICO15K-mBiTE-
infceted A549 cells. The supernatants from uninfected cells (mock) were used as a negative control. mBiTE 
binding was detected by incubating cells with an anti-FLAG antibody and an Alexa488-coupled secondary 
antibody. Cells were analyzed by flow cytometry. The corresponding isotype control for the anti-FLAG antibody 
was used as a negative control. 
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These results prompted us to determine whether we could detect the mBiTE via binding 

to the mCD3, which would also imply that the 7A7 scFV might have lost its activity as a BiTE 

molecule. For this, we performed binding assays with the mouse CD3+ EL4 cell line. No 

binding to EL4 cells was detected in the supernatants of ICO15K-mBiTE-infected cells (Figure 

39B). Furthermore, these results were confirmed even in binding assays with concentrated 

supernatants (data not shown). Altogether, these results indicate a lack of function of the 

mBiTE with the arrangement, design and scFVs we selected.  

Since there is no certainty of the functionality of the 7A7 scFV in BiTE antibodies and, to 

our knowledge, there is no other anti-mouse EGFR antibody described in the literature, we 

decided not to continue with this project and change the strategy to generate chimeric BiTEs 

which can be evaluated in mouse cell lines expressing the human EGFR. 

4.1.3 An oncolytic adenovirus encoding a chimeric BiTE targeting human EGFR and murine 

CD3 

Another strategy used to evaluate BiTEs in immunocompetent mouse models is the 

construction of chimeric BiTEs which are composed of a scFV targeting a human TAA, and a 

second one targeting the mouse CD3. For this approach, mouse cancer cell lines are 

commonly modified to express the human TAA so that they can be targeted by mouse T cells 

in syngeneic mouse models of cancer. Different BiTEs targeting human antigens such as 

Epcam have been successfully evaluated using this approach [179].  

4.1.3.1 Generation and characterization of ICO15K-mcBiTE 

We designed a chimeric BiTE, termed mcBiTE, by joining a scFV derived from the hamster 

anti-mouse CD3 monoclonal antibody 145.2C11 (see section 1.2.1) and the same anti-hEGFR 

scFV used for the cBiTE (Figure 40). The mcBiTE followed the same arrangement as the 

mBiTE, with the anti-CD3 scFV located at the N-terminus and the anti-EGFR scFV placed at 

the C-terminus to improve the functionality of the 145.2C11 scFV (see section 1.2.1). The 

mcBiTE construct also included the splicing acceptor, kozak, signal peptide, FLAG tag and 

polyA sequences described for the cBiTE (see section 1.1.1). The genome of ICO15K was 

genetically engineered by homologous recombination in bacteria to place the mcBiTE 

construct downstream of the fiber gene as an L6 unit under the control of the MLP. The virus 

ICO15K-mcBiTE was successfully rescued and amplified to similar physical and functional 

titers as those of ICO15K (Table 5).  
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Figure 40. Schematic representation of the design of ICO15K-mcBiTE. The chimeric mcBiTE gene contains a 
signal peptide sequence (S), the scFV from the anti-mouse CD3 monoclonal 145.2C11 antibody, the anti-EGFR 
scFV derived from the Cetuximab antibody (C225) and a FLAG tag (F) for detection purposes. For proper 
expression of the BiTE, the gene was flanked by a kozac sequence (K) and a polyadenylation signal (pA). The 
mcBiTE gene was incorporated into the genome of ICO15K after the fiber gene, and it was placed under the 
control of the major late promoter (MLP) by including a splicing acceptor (SA) upstream of the kozac sequence. 

 

 

 

Table 13. Virus production quality control 

Virus Physical titer (VP/ml) Functional titer 
(TU/ml) 

Physical:functional 
ratio 

ICO15K 2.66 × 1012 1.47 × 1011 18.1 

ICO15K-cBiTE 2.53 × 1012 1.16 × 1011 21.8 
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To characterize the oncolytic properties of ICO15K-mcBiTE, a dose-response cytotoxicity assay 

with A549 cells was performed. The mcBiTE-expressing virus retained oncolytic properties in vitro, 

although its IC50 value was increased 1.9-fold compared to ICO15K (Figure 41).  

 

 

 

Figure 41. In vitro oncolytic properties of ICO15K-mcBiTE. A549 cells were incubated with serial dilutions of 
ICO15K or ICO15K-mcBiTE, with multiplicity of infections (MOIs) ranging from 200 to 0 TU/cell. 6 days post-
infection, cell viability was determined, and the IC50 for each virus was calculated. The mean ± SD of triplicates 
is shown.  

 

4.1.3.2 Cells infected with ICO15K-mcBiTE secrete mcBiTE antibodies which specifically 

bind to target and effector cells  

As performed with the above-described BiTEs, we next tested whether ICO15K-mcBiTE-

infected cells could produce and secrete functional BiTEs. To assess the production and 

binding of the mcBiTE, the human A431 and MDA-MB-453, and the mouse EL4 cell lines 

were used for binding assays. mcBiTE molecules were only detected in the supernatants of 

ICO15K-mcBiTE-infcted cells and they specifically bound to EGFR-expressing cancer cells 

(Figure 42A) . Furthermore, mcBiTEs bound to the mCD3+ EL4 cell line (Figure 42B). 
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Figure 42. mcBiTE antibodies are expressed from ICO15K-cBiTE-infected cells and specifically bind to target  
and effector cells. MDA-MB-453 or A431 cells (A), and mCD3+ EL4 cells (B) were incubated with the 
supernatants of ICO15K- or ICO15K-mcBiTE-infceted A549 cells. Supernatants from uninfected cells (mock) 
were used as a negative control. mBiTE binding was detected by incubating cells with an anti-FLAG antibody 
and an Alexa488-coupled secondary antibody. Cells were analyzed by flow cytometry. The corresponding 
isotype control for the anti-FLAG antibody was used as a negative control. 

4.1.3.3 Generation and characterization of B16CAR cells expressing the human EGFR  

As mentioned above, in order to evaluate chimeric BiTEs in immunocompetent mouse 

models, murine cancer cell lines have to be modified to express the human antigen. For the 

evaluation of ICO15K-mcBiTE, we chose the melanoma B16CAR cell line which has been used 

for the preclinical evaluation of adenoviral vectors [159, 187]. These cells have been 

modified to express the coxsackie- and adenovirus receptor (CAR), which favors their 

transduction by Ad5-based vectors. The B16CAR-EGFR cell line was generated by stable 

transfection with a plasmid expressing the human EGFR and fluorescence-activated cell 

sorting of the EGFR-expressing cells. B16CAR-EGFR cells expressed high levels of the human 

EGFR, and retained the CAR expression, although at lower levels when compared to the 
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parental B16CAR cell line (Figure 43A). Importantly, binding assays demonstrated that, in 

contrast to B16CAR cells, the B16CAR-EGFR cell line could be targeted by the mcBiTE 

antibodies present in the supernatants of ICO15K-mcBiTE-infected cells (Figure 43B).  

We then evaluated whether the decrease in CAR expression of B16CAR-EGFR cells could 

translate into a lower transduction of these cells by Ads. B16CAR and B16CAR-EGFR cells 

were infected with AdTLRGDK at different MOIs, and the transduction efficiency was 

determined by flow cytometry. Both cell lines were transduced at similar levels by the 

adenoviral vector, reaching almost 80% of transduced cells at an MOI of 50 (Figure 43C). 

Thus, B16CAR-EGFR cells retain the feature of being transduced by adenoviruses, despite the 

decrease in CAR expression.  

 

Figure 43. Characterization of B16CAR-EGFR cells. (A) B16CAR or B16CAR-EGFR cells were assessed for 
coxsackie and adenovirus receptor (CAR; left panel) or EGFR (right panel) expression by flow cytometry.  
(B) B16CAR or B16CAR-EGFR cells were incubated with the indicated supernatants and mcBiTE binding was 
detected by flow cytometry after incubation with anti-FLAG and an Alexa488-coupled secondary antibodies. (C) 
B16CAR or B16CAR-EGFR cells were infected with the GFP-encoding AdTLRGDK vector at the indicated MOIs 
(TU/cell). 24 h post-infection, the percentage of GFP+ cells was assessed by flow cytometry. The mean ± SD of 
triplicates is shown. 
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4.1.3.4 Supernatants from ICO15K-mcBiTE-infected cells enhance splenocyte function 

In order to test the activity of the mcBiTE secreted fromICO15K-mcBiTE-infected cells, 

coculture assays were set up with C57BL/6 mice-derived splenocytes and the mouse 

melanoma cell lines described above. The mcBiTE-containing supernatants induced the 

expression of the activation markers CD69 and CD25 on CD4+ and CD8+ T cells, only in 

cocultures that included the EGFR-expressing B16CAR cells (Figure 44A). Furthermore, 

cocultures of CFSE-labeled splenocytes with B16CAR-EGFR cells and the mcBiTE supernatant 

induced T-cell proliferation after 5 days of incubation (Figure 44B). This proliferation was 

clearly skewed towards the CD8+ T-cell subpopulation, with more than 80% of these cells 

undergoing cell divisions compared to only 10% in the CD4+ subpopulation.   

 

 

Figure 44. mcBiTE antibodies expressed from ICO15K-mcBiTE-infected cells induce mouse T-cell activation 
and proliferation. Unlabeled (A) or CFSE-labeled (B) splenocytes derived from C57BL/6 mice were cocultured 
with B16CAR or B16CAR-EGFR cells in the presence of the indicated supernatants. (A) 48h after coculture, the 
expression levels of CD25 and CD69 on CD4+ and CD8+ T cells were assessed by flow cytometry. Representative 
results from triplicates are shown. (B) 5 days after coculture, the percentage of proliferating (i.e. CFSE-diluted) 
CD4+ and CD8+ T cells was determined by flow cytometry. The mean ± SD of triplicates is shown.***, P < 0.001 
by One-way ANOVA with Tukey post-hoc test. 
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4.1.3.5 Supernatants from ICO15K-mcBiTE-infected cells induce T-cell-mediated cell killing  

We next tested whether mcBiTE-engaged mouse splenocytes could induce cell death in 

B16CAR-EGFR. For this, splenocytes from BALB/c mice were cocultured with B16CAR or 

B16CAR-EGFR in the presence of the different supernatants for 48 hours, and cell death was 

assessed by flow cytomerty. This experiment also intended to confirm the MHC-I-

independent mode of action of BiTEs, since B16 cells are derived from C57BL/6 mice 

(haplotype b) while spleonocytes were derived from BALB/c mice (haplotype d). The 

supernatant containing the mcBiTE induced a significant increase in cell death of B16CAR-

EGFR but not of B16CAR cells, confirming mcBiTE-mediated T-cell engagement in an MHC-I-

independent manner (Figure 45).  

 

 

Figure 45. mcBiTEs expressed from ICO15K-cBiTE-infected cells enhance splenocyte-mediated cytotoxicity.  
Cocultures of BALB/c mice-derived splenocytes with CFSE-labaled B16CAR o B16CAR-EGFR cells were treated 
with the indicated supernatants. 48 h post-treatment, the percentage of cytotoxicty on target cells 
(CFSE+/7AAD+ cells) was assessed by flow cytometry. The mean ± SD of triplicates is shown ***, P < 0.001 by 
One-way ANOVA with Tukey post-hoc test.  

 

4.1.3.6 B16CAR-EGFR cells produce lower levels of mcBiTE compared to the parental cell 

line 

In order for the B16CAR-EGFR cell line to be a good model for the in vivo evaluation of 

ICO15K-mcBiTE, the BiTE transgene has to be successfully produced and secreted from the 

cells. Although productive Ad replication is species-specific, reports in the literature have 
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demonstrated the expression of MLP-driven genes in different syngeneic mouse cancer cell 

lines, including B16CAR [43, 188]. 

We therefore further characterized the ability of B16CAR-EGFR cells to produce mcBiTEs. 

To this end, B16CAR and B16CAR-EGFR cells were infected with ICO15K-mcBiTE at an MOI of 

20 for 72 hours. The supernatants of infected cells were then assessed for the presence of 

mcBiTEs by binding assays with EGFR+ A431 cells. Although moderate levels of mcBiTE were 

detected in the supernatant of B16CAR cells, no mcBiTEs could be detected in the 

supernatants of B16CAR-EGFR cells (Figure 46A). To rule out the possibility that mcBiTE was 

not produce in this cell line, further infection experiments were performed at higher MOIs 

(i.e. 50). The supernatants of these infected-cultures were assessed for the presence of 

mcBiTE by binding assays with either B16CAR or B16CAR-EGFR cells. In contrast to the high 

levels of mcBiTE detected in the supernatants of B16CAR cells, very low levels of mcBiTE 

were detected in the supernatants of B16CAR-EGFR cells (Figure 46B). These results might be 

a consequence of the competition of the CAR, EGFR and viral genes for the transcription and 

translation machinery of the cells.  

 

 

Figure 46. B16CAR-EGFR cells produce lower levels of mcBiTEs compared to the parental cell line.  (A) B16CAR 
or B16CAR-EGFR were infected with ICO15K-mcBiTE at an MOI of 20 for 72 hours. The supernatants from 
infected cells were incubated with A431 cells and mcBiTE detection was assessed by flow cytometry as 
described above. (B) B16CAR or B16CAR-EGFR cells were infected with ICO15K-mcBiTE at an MOI of 50 for 72 
hours. The supernatants from infected cells were incubated with B16CAR or B16CAR-EGFR cells and mcBiTE 
detection was assessed by flow cytometry as described above.  
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4.1.3.7 B16CAR-EGFR cells fail to generate tumors in C57BL/6 mice 

Although B16CAR-EGFR cells produced less mcBiTE than B16CAR cells, these levels might 

be enough to exert the full potential of BiTEs. Indeed, BiTEs are known to exert all their 

functions even in the picomolar range. Thus, we decided to evaluate the B16CAR-EGFR cell 

line as a potential model for the in vivo assessment of ICO15K-mcBiTE. To this end, B16CAR 

or B16CAR-EGFR cells were implanted subcutaneously in the flanks of C57BL/6 mice and 

tumor growth was monitored every 2-3 days. As expected, B16CAR cells developed palpable 

and measurable tumors in all mice after 7-10 days of implantation. However, B16CAR-EGFR 

cells failed to develop palpable or measurable tumors in all animals even after 2 months of 

implantation. When these animals were sacrificed, the necropsy revealed a black spot at the 

inoculation site consistent with B16CAR cells but no evidence of growth was observed, 

suggesting the rejection of the cells by the immune system of the host reacting against the 

human EGFR. These results demonstrate that B16CAR-EGFR cells cannot be used as a model 

for the in vivo assessment of ICO15K-mcBiTE. Since we did not have any other chimeric 

cancer cell line expressing the human EGFR, the potential of ICO15K-mcBiTE could not be 

evaluated in a fully immunocompetent in vivo setting. However, the development of 

different mouse cell lines expressing the human EGFR is considered as a future direction of 

this project.  

 

4.2. Combination of CAR T-cell therapy and ICO15K-cBiTE 

CAR T-cells have shown exciting results in clinical trials for hematological malignancies, 

but their efficacy in solid tumors is still limited. Some of the major hurdles faced by CAR T-

cells on solid tumors include poor T-cell infiltration and proliferation due to the highly 

immunosuppressive tumor microenvironment, and poor efficacy due to tumor immune 

evasion by antigen loss. OAds have already been used as attractive immunostimulatory 

agents to revert tumor immunosuppression, favoring thus CAR-T infiltration and function 

[152]. We hypothesize that combining the cBiTE-expressing OAd might further favor CAR T-

cell therapy by: (i) redirecting CAR-negative untransduced (UTD) T cells (commonly present 

in CAR T-cell preparations infused to patients) to cancer cells and (ii) minimizing tumor 

immune evasion by antigen loss due to targeting of two distinct tumor antigens.  
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4.2.1 Generation of CAR T cells targeting mesothelin 

The favorable characteristics of ICO15K-cBiTE prompted us to evaluate whether this virus 

could aid in overcoming many of the limitations encountered by CAR T-cell therapies in solid 

tumors. To this end, we used a CAR construct that contains the SS1 scFV, which recognizes 

the tumor antigen mesothelin (Meso) [189]. The full CAR construct is composed of the SS1 

scFV, the CD8 hinge region, the ICOS transmembrane and intracellular signaling domains and 

the TCR-ζ signal transduction domain (Figures 47A and B), as previously described [190]. 

 

 

Figure 47. Schematic representation of the SS1 chimeric antigen receptor construct. (A) The SS1 CAR 
construct is composed of the CD8α leader sequence, followed by the anti-mesothelin SS1 scFV , the CD8 hinge 
region, the ICOS transmembrane (TM) and intracellular signaling domains and the TCR-ζ signal transduction 
domain. (B) SS1-modified T cells express the scFV as an extracellular domain, which, upon binding to 
mesothelin, transduces signals through both ICOS and CD3ζ domains. 

 

To generate CAR T cells targeting Meso, isolated human unstimulated T cells are 

activated with anti-CD3/anti-CD28-coated beads, transduced with lentiviral particles 

encoding the CAR construct, and further expanded for 9-11 days until storage (Figure 48A). 

This process leads, depending on the MOI of lentivirus used, to the generation of mixed 

population of transduced (i.e. CAR+) and untransduced (i.e. CAR-) T cells.  We generated CAR 

T cells from two different donors at two different MOI (2 and 20) to ensure one of these 

conditions to have at least 50% transduced cells.  In parallel, as negative controls, 

untransduced (UTD) T cells from the same donor were activated, expanded and 

cryopreserved. 
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Figure 48. Generation and characterization of anti-mesothelin CAR T-cell preparations. (A) Schematic 
representation of the protocol for the production CAR T-cell preparations. (B) Activated T cells from two 
different donors were infected with the CAR-encoding lentiviral vector at an MOI of 2 or 20. CAR expression 
was evaluated by flow cytometry. Untransduced (UTD) T cells from the same donors were used as negative 
controls. (C) CD8 and CD4 subpopulations within the CAR+ populations was determined by flow cytometry.  

 

We obtained CAR preparations with varying levels of CAR-expressing cells, depending on 

the MOI used. The level of transduced CAR+ cells under both lentivirus MOI was donor-

dependent (Figure 30B). In both donors, the MOI = 20 led to preparations with >75% of 

transduced cells and similar frequencies of CD4+ and CD8+ T cells (65-70% and 25-31%, 

respectively) (Figures 48B and C). At an MOI of 2, CAR expression on T cells varied between 

both donors, with 52% and 37% for donor 1 and donor 2, respectively. For all functional 

assays, preparations from MOI = 20 infections were normalized for equivalent CAR 

expression by adding the required amount of UTD T cells. Thus, CAR T-cell preparations 

contained approximately 50% CAR+ and 50% CAR- (UTD) cells, a similar setting to that of 

clinical trials with CAR T-cell therapies.  
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4.2.2 ICO15K-cBiTE supernatants activate CAR T-cells in the absence of mesothelin 

To study whether the cBiTE-expressing OAd could activate CAR T cells in a mesothelin-

negative context, we chose A431 (EGFR+ and Meso-) and L55 (EGFR+ and Meso+) cells to 

perform coculture assays in the presence of ICO15K-cBiTE supernatants. Thus, in this setting, 

L55 cells would represent a condition prior to antigen loss, whereas A431 cells would mimic 

the scenario of mesothelin loss while EGFR expression still occurs. 

We first evaluated T-cell activation in 24 h cocultures by staining of the CD25 activation 

marker within the CD8+ subpopulation. In L55 cells, two distinct CD8+ populations (CD25- and 

CD25+) at similar frequencies (approximately 50% each) were observed in cocultures 

containing the ICO15K or Mock supernatants (Figure 49A). Interestingly, in the presence of 

the cBiTE supernatant, the majority (>80%) of CD8+ T cells were positive for CD25. In A431 

cells, in which no mesothelin is expressed, CD25+ CD8+ T cells could only be detected in CAR 

T-cell cocultures that contained ICO15K-cBiTE supernatants. As expected, cocultures containing 

UTD T cells were activated in both cell lines in the presence of cBiTE but not of Mock or 

ICO15K supernatants.  

We then performed further gating analysis only for cocultures containing CAR T-cell 

preparations based on CAR and CD25 expression. We confirmed that T cells expressing CD25 

in the cocultures of L55 cells treated with mock or ICO15K supernatants were only those 

expressing the CAR (Figure 49B). In contrast, both CAR+ and CAR- T cells expressed CD25 in 

cocultures containing the cBiTE. Importantly, in A431 cocultures both CAR+ and CAR- T cells 

could only be activated when treated with the ICO15K-cBiTE supernatant. These results 

demonstrate that CAR+ T cells can be activated by BiTE antibodies in a scenario in which the 

CAR T-cell-targeted antigen has been lost.  
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Figure 49. ICO15K-cBiTE supernatants activate CAR T cells in the absence of mesothelin. (A) CAR or 
untransduced (UTD) T-cell preparations were cocultured with A431 or L55 cells (E:T = 2) in the presence of the 
indicated supernatants. 24 h after coculture, the expression levels of the CD25 activation marker on CD8+ cells 
was determined by flow cytometry. (B) Cocultures including CAR T-cell preps were evaluated for CD25 and CAR 
expression on the CD8+ subpopulation. Representative results from one of two healthy donors are shown. 

 

4.2.3 CAR T-cell preparations show increased cytokine productionin combination 

with ICO15K-cBiTE supernatants 

We next tested the cytokine production of CAR T-cell preparation in cocultures treated 

with the different supernatants for 48 hours. As expected, UTD control T cells secreted high 

levels of IFN-γ and TNF-α when cocultured with A431 or L55 cells only in the presence of the 

cBiTE supernatant (Figures 50A and B). Consistent with the results described above for T-cell 

activation, only cocultures of CAR T cells with A431 cells and cBiTE led to high cytokine 

production. Importantly, when both mesothelin and EGFR were present (i.e. L55 cells), CAR 
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T-cell preparations treated with ICO15K-cBiTE supernatants secreted significantly higher 

cytokine levels than the mock-treated cocultures, which are the positive control for the 

action of CAR+ cells. Interestingly, cocultures of L55 cells and CAR T cells treated with ICO15K 

supernatants led to a decrease in cytokine production compared to the mock control, which 

suggests a moderate interference of the virus with CAR-mediated T-cell activation.  

 

 

 

Figure 50. CAR T-cell preparations show increased cytokine production in combination with ICO15K-cBiTE 
supernatants. CAR or untransduced (UTD) T-cell preparations were cocultured with A431 or L55 cells (E:T = 2) 
in the presence of the indicated supernatants. 48h later, the coculture supernatants were assessed for IFN-γ 
(A) and TNF-α (B) production by ELISA. Representative results from one of two healthy donors are shown. The 
mean ± SD of triplicates is shown.  **, P < 0.01; ***, P < 0.001 by One-way ANOVA with Tukey post-hoc test. 
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4.2.4 CAR T-cell preparations show increased proliferation in combination with 

ICO15K-cBiTE supernatants  

Proliferation after antigen recognition is a key feature of CAR T cells. We therefore 

evaluated whether ICO15K-cBiTE supernatants could enhance the proliferation of CAR T-cell 

preparations. Cocultures with the same settings described above were incubated for 5 days 

and the proliferation of total CD4+ and CD8+ T cells was assessed by flow cytometry. In 

cocultures with A431 cells, T cells from UTD and CAR T-cell preparations proliferated only 

when treated with the cBiTE supernatants (Figures 51A). As expected, T cells from CAR T-cell 

preparations proliferated in cocultures with L55 cells in the presence of all three treatments, 

which indicated the engagement of the CAR towards meosthelin. Notably, ICO15K-cBiTE 

treatment caused a significant increase in the proliferation of CAR T-cell preparations 

compared to the mock- or ICO15K-treated ones (Figures 51B). 

 

 

Figure 51. CAR T-cell preparations show increased proliferation in combination with ICO15K-cBiTE 
supernatants. Untransduced (UTD; A) or CAR (B) T-cell preparations were cocultured with A431 or L55 cells 
(E:T = 2) in the presence of the indicated supernatants. 5 days later, the total number of live T cells within the 
cocultures was determined by flow cytometry using counting beads. Total cell count at the end of the 
experiment was normalized to the total cell count at day 0.  Representative results from one of two healthy 
donors are shown. The mean ± SD of triplicates is shown.  *, P < 0.05; **, P < 0.01; ***, P < 0.001 by One-way 
ANOVA with Tukey post-hoc test. 
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4.2.5 ICO15K-cBiTE improves the cytotoxic potential of CAR T-cell preparations in 

vitro 

To test whether ICO15K-cBiTE could improve the killing capacity of CAR T cells in an 

oncolysis setting, cocultures of L55 cells and CAR or UTD T cells were infected with ICO15K or 

ICO15K-cBiTE and cell death was monitored with the xCELLigence system. UTD T cells alone 

had no effect on tumor cell growth in contrast to CAR T cells alone which reduced tumor cell 

growth. Similarly to what we observed in the xCELLigence experiments described above, 

ICO15K-cBiTE in combination with UTD cells improved the overall killing of L55 cells when 

compared with the combination of UTD and ICO15K (Figure 52). L55 cells treated with the 

combination of ICO15K and CAR T cells led to increased cell death compared to the 

UTD/ICO15K treatment, and it was similar to that of the UTD/ICO15K-cBiTE treatment. 

Importantly, the combination of ICO15K-cBiTE with CAR T cells reduced the time of killing of 

L55 cells compared to any of the other treatments. These results demonstrate that ICO15K-

cBiTE can improve the overall cytotoxic potential of mixed populations of CAR+ and CAR- T 

cells in vitro.  

 

 

Figure 52.  ICO15K-cBiTE-mediated oncolysis improves the cytotoxic potential of CAR T cells. L55 cells were 
seeded and infected with ICO15K or ICO15K-cBiTE at an MOI of 1 at t0. CAR or untransduced (UTD) T cells were 
added 24 hours later at an E:T ratio of 1. Impedance at well bottoms was measured every 20 min for 120h and 
normalized to baseline impedance values with medium only. The mean ± SD of duplicates is shown. One 
representative experiment from three independent T-cell preparations from different healthy donors is shown. 
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Altogether, the results from this chapter demonstrate that ICO15K-cBiTE can engage 

CAR+ T cells even in the absence of its primary target, and that simultaneous engagement of 

UTD and CAR+ T cells via the cBiTE and CAR, respectively, can improve the overall immune 

functions of CAR T-cell preparations. The potential of these observations in vivo will be 

evaluated humanized mouse models of cancer by Sonia Guedan at the University of 

Pennsylvania.  
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5.1 BiTE-ARMED ONCOLYTIC ADENOVIRUSES 

The immune system represents one of the major hurdles for the success of oncolytic 

adenoviruses (OAds) in cancer patients. Despite the highly immunosuppressive tumor 

microenvironment (TME), OAd-infected cancer cells can be efficiently cleared from the 

organism by infiltrating Ad-specific CTLs without compromising the tumor load [57].  Most of 

the strategies used to date to improve virotherapy have aimed at arming OAds with 

molecules which elicit a general but unspecific activation of the immune system [114]. We 

hypothesized that arming OAds with BiTEs that redirect immune response towards cancer 

cells would solve key challenges in oncolytic virotherapy.   

In this thesis, we have genetically engineered the OAd ICO15K to encode EGFR-targeting 

BiTEs that are produced by and secreted from infected cells. We chose the EGFR as the 

tumor-associated antigen (TAA) being targeted by the BiTEs encoded in the viruses for 

several reasons. This receptor has been widely studied in the context of cancer and it is 

recognized as one of the best models to describe oncogenes [191]. Furthermore, the EGFR is 

overexpressed in a wide range of human solid tumors [180, 181], and the role of its 

intracellular signaling in colorectal cancer has been well characterized [192]. The important 

role of the EGFR in cancer has led to the development of several targeted therapies, 

including the monoclonal antibody Cetuximab (Erbitux) [191, 193].  

5.1.1 Molecular considerations for the design of BiTE-armed oncolytic adenoviruses 

For the construction of a BiTE with potential for translation into patients (cBiTE), we 

chose the scFVs derived from the monoclonal antibodies Cetuximab and L2K. Cetuximab is 

routinely used in patients with colorectal cancer and head-and-neck squamous cell cancer 

[194, 195], and its mode of action has been extensively studied [196, 197]. Most importantly, 

the functionality of the Cetuximab-derived scFV as a BiTE format has been validated in a 

preclinical study [176]. The scFV from the L2K antibody was the same that is used in the 

Blinatumomab BiTE, which is optimized for binding to the CD3 in this format [177], and has 

been used in BiTEs targeting different TAAs [175, 198, 199] . Given the well-documented 

preclinical studies with these two scFV, the design of our cBiTE would facilitate the potential 

translation of ICO15K-cBiTE into patients.   

The rationale behind the molecular design of the BiTEs described in this work was based 

on the literature of antibody engineering studies. For the cBiTE, the anti-EGFR (Cetuximab) 
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and anti-CD3 (L2K) scFVs were located at the N- and C-terminus, respectively. This format 

was chosen based on the fact that all BiTEs with clinical development so far have this 

conformation [161]. Furthermore, it has been reported that placing the OKT3 or L2K anti-

CD3 scFVs at the N-terminus negatively affects the binding capabilities of some BiTEs [200, 

201]. In contrast to the cBiTE, all BiTEs containing the 145.2C11 scFV (i.e. mBiTE and mcBiTE) 

were designed to place the anti-mCD3 scFV at the N-terminus since its function is improved 

at this location [173, 179]. One concern for these BiTEs was the potential malfunction of the 

TAA-targeting scFV placed at the C-terminus in the soluble molecule. In the case of the 

mcBiTE, this arrangement did not affect the binding capabilities of the Cetuximab scFV, 

which is in agreement with a previous study in which the same scFV placed at the C-terminus 

of a fusion protein retained its functionality [202]. In contrast to the mcBiTE, we could not 

detect functional mBiTEs in the supernatants from ICO15K-mBiTE-infected cells. Since no 

scFVs versions of the 7A7 have been described in the literature and we only evaluated one 

arrangement for this BiTE, we cannot discard the possibility that this particular antibody 

needs a specific arrangement for its optimal folding and activity as a scFV.  

The arrangement of the scFV variable domains in BiTEs is also relevant for their optimal 

functionality. Although most of the BiTEs described so far retain binding capacities in any of 

the arrangements tested, some specific orientations show superior binding and cytotoxic 

activities than others [201, 203]. The cBiTE was comprised of the anti-EGFR scFV in the VL-VH 

orientation linked through a G4S linker to the L2K scFV in the VH-VL orientation, which is the 

arrangement that more closely resembles Blinatumoamb [204].  

cBiTE secretion by infected cells was confirmed by flow cytometry-based binding assays. 

Whereas binding signal to EGFR+ cells was clear using unconcentrated supernatants, only a 

minor binding signal was detected for the CD3+ with the same supernatants. This indicates 

that the binding of the cBiTE to the EGFR was of higher affinity than to the CD3. This is a 

similar behavior to what has been described for Blinatumomab, for which binding saturation 

to the TAA (i.e. CD19) is achieved at lower concentrations (Kd = 1.49 × 10-9 M) than to the 

CD3 (Kd = 2.6 × 10-7 M) [205]. In general, AMGEN’s BiTE pipeline is structured in a way that 

the affinity of the L2K scFV remains constant, while the affinity of the other scFV can be 

adjusted depending on the nature of the TAA and the desired activity of the BiTE [206]. It is 

worth mentioning that other BiTEs which do not incorporate the L2K scFV have shown 

potent activity as well. An example is bscEGFRvIIIxCD3, which is composed of an anti-

EGFRvIII scFV fused to a scFV derived from the FDA-approved monoclonal antibody 
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Muromonab (OKT3). This BiTE has demonstrated potent activity in vitro and in vivo in 

glioblastoma models [207].  

We decided to control BiTE expression from the MLP by incorporating the Adv IIIa 

splicing acceptor, a strategy that has been widely used by us and others to restrict transgene 

expression to virus replication [44, 48, 50]. We demonstrated by flow cytometry the 

secretion of the cBiTE to the supernatant of cell cultures after 72 h of infection with ICO15K-

cBiTE. Although we tried to purify the cBiTE from culture supernatants by affinity 

chromatography to perform quantification assays, unspecific binding of BSA to the anti-FLAG 

antibody coupled to the agarose beads prevented the proper isolation of pure cBiTE 

molecules (data not shown). Even though no quantitative analysis of cBiTE secretion could 

be performed, a rough estimate of the concentration present in our supernatants can be 

suggested by taking advantage of the similar binding behavior of the L2K scFV in our BiTE 

and Blinatumomab. Dreier et al. used two concentrations (0.4 and 10 μg/ml) for saturation 

binding assays of the scFVs from Blinatumomab [205]. In the lower concentration, they 

observed a modest binding to the CD3 and a clear binding (almost half-way to saturation) to 

the CD19. This is a similar behavior to what we observed with unconcentrated supernatants 

of ICO15K-cBiTE, although the binding to the CD3 we observed was lower. Thus, we can 

roughly speculate that the cBiTE concentration in our supernatants was < 0.2 μg/ml. 

Although BiTE antibodies have potent activities at low concentrations, these levels of BiTE 

expression seem low compared to what has been reported for other therapeutic proteins 

encoded from OAds. Since BiTE action is dose-dependent, it would be worth trying to 

improve BiTE secretion from infected cells. A strategy to achieve this would be modulating 

BiTE expression with regulatory elements others than the IIIa splicing acceptor. Examples of 

such regulatory elements are the HAd-40 long fiber gene splice acceptor (40SA) [208] or 

linking the BiTE and fiber genes with the IRES from the encephalomyocarditis virus [209, 

210]. A side-by-side comparison of OAds armed with an anti-CEA scFV-FC whose expression 

was controlled by these regulatory elements (i.e. IIIa, 40SA and IRES) demonstrated that the 

IIIa splicing acceptor showed the weakest activity, making protein undetectable by western 

blot [211]. This is in agreement with our results, as we could not detect the cBiTE by western 

blot unless it was concentrated (data not shown). That same study highlighted the superior 

activity of the 40SA over the other elements evaluated, giving protein concentrations up to 

10 μg/ml 120 h after infection at low MOI. Ongoing projects in our group are evaluating the 

potential of controlling BiTE expression from the MLP via the 40SA in order to increase the 

concentration of the secreted protein.   
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The size of the engineered ICO15K genomes encoding the BiTEs was approximately 37.7 

kb, which represents a 105% of the original Ad5 genome size. This percentage is the 

packaging limit that has been described for Ads, as inserts giving a genome size above 105% 

result in unstable viruses with multiple genomic rearrangements after three to four culture 

passages [55, 56]. All our BiTE-armed OAds had similar cytopathic effect as the parental 

virus, and rearrangements during amplification in A549 cells (5 passages until purification) 

were ruled out by restriction analysis, and sequencing of the E1a- and BiTE-coding regions. 

Although we were able to amplify ICO15K-cBiTE and ICO15K-mcBiTE to good titers and 

ratios, their onocolytic properties were reduced compared to ICO15K. In the case of the 

cBiTE, the loss in cytotoxicity might be a consequence of the reduced virus production we 

observed in cancer cells. This loss in production and cytotoxicity is likely the result of the 

competition between the BiTE and viral genes for the transcription and translation 

machinery of the cell. A recent study has shown that incorporation of a codon-optimized 

transgene as an L6 unit under the control of the MLP can attenuate adenoviral fitness [212]. 

This is in agreement with our experience with several OAds carrying MLP-driven transgenes 

optimized for human codon usage, which consistently show reduced in vitro cytotxic 

potential compared to the parental virus. Despite this, the cBiTE gene gives a remarkable 

advantage to the virus in the presence of T cells even at low MOI in vitro. Importantly, the in 

vitro loss of production and cytotoxicity of the cBiTE-expressing virus did not translate into a 

loss in antitumor efficacy in vivo in the absence of PBMCs compared to ICO15K. This is likely 

explained by the excess virus that is produced in one round of replication (ICO15K ≈ 9000 

TU/cell and ICO15K-cBiTE ≈ 7000 TU/cell). We do not expect that all virus progeny produced 

from one infected cell will be able to infect the equivalent amount of cells due to the many 

barriers encountered in the tumor microenvironment. Thus, the amount of virions produced 

by ICO15K-cBiTE-infected cells is expected to give a similar antitumor advantage as the 

parental virus in tumor microenvironments in which stromal cells limit virus spread.  

5.1.2 The promise and challenges of BiTE-armed oncolytic adenoviruses 

The main goal of this project was to generate an OAd encoding a BiTE antibody that 

could redirect T-cell responses to EGFR+ cancer cells. ICO15K-cBiTE-infected cells successfully 

secreted BiTEs that retained key features of BiTE antibodies including  target cell-dependent 

T-cell activation and proliferation, and redirected lysis of cancer cells [162, 213]. We further 

demonstrate that ICO15K-cBiTE promotes T-cell infiltration into EGFR+ tumors and has 

superior antitumor efficacy compared to the parental virus. 
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The potential of BiTE-armed OVs has been previously demonstrated using an oncolytic 

vaccinia virus with an EphA2-targeting BiTE (vv-EphA2) [214]. Whereas vv-EphA2 induced T-

cell activation and PBMCs-mediated bystander killing of cancer cells, no T-cell proliferation 

was observed in the absence of exogenous IL-2 in vitro and in vivo. In contrast, we observed 

that ICO15K-cBiTE induced remarkable proliferation of T cells in vitro, without the addition of 

IL-2 to the cocultures. This difference could be related to the BiTE design or the O used. 

Another noteworthy finding from our in vivo experiments was the increased T-cell 

infiltration and expansion observed in subcutaneous tumors treated with the cBiTE-

expressing virus after intravenous T-cell administration. With regard to antitumor efficacy, 

vv-EphA2 prevented tumor growth of subcutaneous A549 tumors that were coimplanted 

with PBMCs immediately followed by an intraperitoneal injection of the virus, and delayed 

growth of 7-day established lung A549 tumors after the coadministration of vv-EphA2 and 

PBMCS. In our antitumor efficacy experiments we chose to use tumors established for longer 

periods (three and two weeks for A549 and HCT116, respectively), and efficacy was 

observed even in this setting. Altogether, our work confirms the potential or arming OVs 

with BiTEs.  

The strategy of arming OAds with BiTE antibodies represents a unique opportunity to 

exploit the best features of both therapies simultaneously, while overcoming many of the 

hurdles encountered by both agents as monotherapies. From the point of view of the BiTE, 

its localized expression from infected cancer cells would reduce the adverse side effects 

commonly observed in preclinical and clinical studies of BiTEs, some of which can be fatal if 

not treated appropriately [215]. Additionally, the continuous production of BiTE molecules 

from infected cancer cells would likely increase its availability at the tumor site. This would 

be advantageous given the short half-life of BiTEs in the serum, requiring the continuous 

infusion of the drug to patients for extended periods of time (i.e. 4-6 weeks) [216]. 

Conversely, the mode of action of BiTE antibodies could help to overcome some of the 

limitations in oncolytic virotherapy. Although OAds have been shown to elicit specific T-cell 

responses to tumor neo-epitopes in vivo [104], the immunodominance of adenoviral 

epitopes is known to mask immune responses to delivered transgenes or capsid-displayed 

tumor antigens [155, 156]. We and others have successfully developed different approaches 

to favor MHC-I-restricted antitumor rather than antiviral immune responses [112, 158, 159]. 

However, these strategies rely on the expression of MHC-I, which is known to be 

downregulated on cancer cells as one mechanism to escape from antitumor immune 

responses [100, 101]. The MCH-I-independent and polyclonal mode of action of BiTEs offers 
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a unique opportunity to theoretically activate and redirect any tumor infiltrating T cell, 

including Ad-specific CTLs, to cancer cells. Interestingly, it has been recently reported that 

BiTE antibodies can engage cytomegalovirus-specific enriched CTLs to kill cancers cells in 

vitro [217]. Since we have demonstrated the cBiTE-mediated polyclonal engagement of 

unstimulated and preactivated CD4+ and CD8+ T cells towards cancer cells, we speculate that 

redirecting Ad-specific CTLs is also feasible. In addition to the antiviral immune responses, 

limited virus spread within the tumor due to stromal barriers is another limitation for OAds 

[1, 50]. The small size of BiTEs (~55 kDa) is advantageous for efficient penetration and 

distribution throughout the tumor as demonstrated by imaging preclinical studies [218]. This 

would allow improving the overall bystander effect of OAds even if their spread is limited. 

Furthermore, this strategy can be expanded to attack the tumor stroma by using BiTEs 

targeting, for example, the fibroblast activation protein (FAP) alpha on cancer-associated 

fibroblasts. Such a BiTE has been validated in vitro [219], and its expression from infected 

cells would focus the bystander effect to stromal cells which are normally resistant to the 

oncolytic effect of the virus. An OAd encoding a BiTE targeting the FAP is currently under 

investigation in our group.  

In addition to the advantages described above, the nature of the cBiTE could offer a 

positive impact for colorectal cancer patients. One of the major mechanisms of resistance to 

standard chemotherapy and targeted therapies in this type of cancer is the mutation of 

downstream signaling genes such as BRAF, KRAS PIK3CA and PTEN [220, 221]. Furthermore, 

KRAS mutation is a negative predictor of Cetuximab efficacy in colorectal cancer patients 

[222, 223], and the use of this mAb has been restricted to patients bearing tumors with wild-

type KRAS status [220]. An important advantage of BiTE antibodies is that their mode of 

action is independent of such somatic mutations [224]. Specifically relevant for our virus is 

the study of a Cetuximab-derived BiTE, similar to our cBiTE, which has been shown to 

overcome resistance by successfully redirecting T cells to kill BRAF- and KRAS-mutated 

colorectal cancer cells in vitro and in vivo [176]. Here we have also demonstrated that 

ICO15K-cBiTE induces a T-cell mediated killing of KRAS-mutated HCT116 cells in vitro and in 

vivo. Thus, ICO15K-cBiTE represents a potential alternative for colorectal cancer therapies 

that are susceptible to tumor resistance due to somatic mutations in intracellular signaling 

pathways.   

The progress in the understanding of tumor immunology, along with the development of 

novel immunotherapies, has led to the classification of tumor according to their T-cell 



Discussion  

155 

infiltration status. T-cell-inflamed tumors (also termed “hot” tumors) are characterized by 

the presence of numerous CD8+ T cells whose function is impaired by a highly 

immunosuppressive microenvironment (e.g. upregulation of PD-1/PD-L1, Treg-cell 

recruitment and loss of antigen presentation) [225]. In contrast, non-T-cell-inflamed tumors 

(also termed “cold” tumors) are those in which no T-cell infiltrate is observed due to a lack of 

innate immune recognition and impaired recruitment of effector T cells due to the loss of 

chemokine production. Importantly, clinical trials with anti-PD-1 antibodies have shown that 

clinical benefit of this therapy is almost exclusive to T-cell-inflamed tumors [226, 227]. These 

observations have led to the identification of one the current most challenging hurdles in 

immunotherapy: how to overcome non-T-cell inflamed tumor microenvironments to 

promote T-cell infiltration. In this regard, OVs have gained interest in the past years as 

potential immunostimulatory agents that can potentiate T-cell infiltration. Indeed, clinical 

trials have demonstrated the potential of OVs to induce T-cell infiltration and anti-tumor 

immune responses even in untreated distal lesions [105, 228-232]. Although an increase in 

melanoma-specific T cells has been observed in patients treated with T-VEC [229], those 

studies have not addressed whether virus-specific CTLs are also present in the tumor-

infiltrating T-cell population. Antiviral immune responses have been identified in patients 

treated with OAds [105], and it is most likely that antiviral T cells are also present in tumors 

of patients treated with any OV. Furthermore, antiviral CTLs seem to be fully functional in 

the immunosuppressive tumor microenvironment [57, 233]. In this regard, ICO15K-cBiTE 

might represent an attractive candidate to turn cold tumors into hot ones. We demonstrated 

that our cBiTE-expressing virus promotes infiltration of adoptively transferred T-cells into 

tumors. Although these results were obtained in immunodeficient mouse models in which 

no antiviral immune responses are elicited, they support the notion that local delivery of the 

cBiTE can recruit polyclonal T cells into tumors. We anticipate that in an immunocompetent 

setting, antiviral immune responses will provide a continuous source of effector virus-

specific T cells migrating to the tumor site, where they can be redirected to cancer cells by 

the cBiTE. Importantly, the potential of antiviral T cells for cancer therapy has been 

demonstrated in vitro and in clinical trials in which EBV-, varicella zoster virus- or Adv-

specific T cells modified to express CARs retained their antiviral properties while gaining 

antitumor-specific activities [234-237]. Altogether, these studies support our hypothesis that 

Adv-specific T cells redirected to cancer cells by the cBiTE hold potential to improve 

anticancer therapies, and that the mode of action of ICO15K-cBiTE can potentially overcome 

non-T-cell-inflamed tumor microenvironments (Figure 53). 
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Figure 53. Proposed mode of action of ICO15K-cBiTE. Infection and replication of ICO15K-cBiTE in cancer cells 
leads to cBiTE secretion to the tumor microenvironment. Virus replication also triggers the infiltration of 
adenovirus-specific CTLs which target infected cells. However, secreted cBiTEs can redirect these cells and any 
other CD3+ resident or infiltrating T cells to lyse EGFR+ uninfected cancer cells. The action of virus-mediated 
oncolysis in combination with BiTE-mediated redirected lysis of cancer cells by T cells results in improved 
antitumor efficacy.  

 

Despite the advantages of ICO15K-cBiTE as novel candidate for cancer therapy, cBiTEs 

secreted from infected cells face the same challenges as any other BiTE in the tumor 

microenvironment. As any other targeted therapy that relies on the expression of surface 

markers, BiTE action can be evaded by tumors if the targeted antigen is lost. It has been 

recently reported that four patients with ALL under Blinatumomab treatment developed 

relapses with CD19- B-cell phenotype [238]. Deeper analysis of one of these patients 

revealed that CD19 loss was the results of impaired trafficking of the antigen from the 

endoplasmic reticulum to the cell surface. We did not determine the expression of EGFR in 

the tumors from the in vivo antitumor efficacy studies. Although it is tempting to assume 

that EGFR downregulation will occur in cancer cells during BiTE treatment, data from the 

literature argue against this. One of the mechanisms of action of Cetuximab is the induction 

of EGFR internalization and degradation which leads to reduced proliferation of cancer cells 

[197]. However, it has been shown that cancer cells acquire resistance to Cetuximab by 

impairing this internalization and degradation, which leads to its stabilization in the 

membrane and cross-talk with other members of the ErbB family [239]. These studies 

suggest that that loss of EGFR is detrimental for cancer cells due to its central role in 

carcinogenesis. More importantly, the activation of the EGFR pathway plays a central role in 

the evasion of the antitumor immune response by inducing expression of PD-L1 [240, 241]. 
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Thus, the combined mechanisms of EGFR-induced carcinogenesis and tumor immune 

evasion suggests that EGFR is a good target for immunotherapies and that its 

downregulation, as a result of selective therapeutic pressure, might be detrimental for 

cancer cells. Despite this, future studies will have to address potential loss of this receptor 

under ICO15K-cBiTE therapy. 

Another challenge for BiTE antibodies that has been recently suggested is the potential 

induction of T-cell exhaustion during BiTE treatment. Exhausted T cells are characterized by 

upregulation and co-expression of inhibitory receptors, a particular transcriptional signature, 

and loss of effector functions (i.e. cytokine production, proliferation and cytotoxic potential) 

as a result of chronic exposure to antigens [183, 184]. Although the precise exhaustion 

status of T cells after BiTE treatment is still unclear, recent studies demonstrate that BiTE-

engagement of T cells leads to phenotypes that share some of the hallmarks of T-cell 

exhaustion. In vitro, T cells that have been cultured in the presence of target cells and BiTEs 

show reduced cytotoxic potential in second rounds of treatment due to an increase in 

expression of PD-1 and PD-L1 on T cells and tumor cells, respectively [242]. In line with these 

observations, cocultures of AML patient T cells and blasts treated with the anti-CD33 BiTE 

AMG-330 showed increased PD-L1 and PD-1 expression on blasts and T cells, respectively, 

compared to baseline conditions [243]. It is worth noting, however, that PD-1 is also 

expressed in recently activated effector T cells and, thus, its expression cannot be 

designated as a unique feature to define exhausted T cells. In fact, Köhnke and colleagues 

reported a case study in which T cells from one ALL patient refractory to Blinatumomab 

treatment showed reduced cytokine production and cytotoxic potential, even though PD-1 

expression levels were not different from those on healthy donor T cells [244]. Additionally, 

a recent study has demonstrated that T cells from ALL patients show increased expression of 

PD-1, TIM-3 and LAG-3, when compared to T cells from healthy donors after coculture with 

autologous blasts in the presence of Blinatumomab [245]. Most of the studies described 

above have demonstrated that PD-1 blockade can restore T cell function in vitro, indicating 

that BiTE-induced dysfunction of T cells can be reverted. Most importantly, Feucht and 

colleagues have reported that an ALL patient refractory to Blinatumomab therapy showed 

increased PD-L1 expression on blasts and that combination of the same BiTE with anti-PD-1 

blockade can result in clinical responses. Due to all this evidence and because of the 

importance of checkpoint regulation in immunotherapies, we performed in vitro 

phenotypical characterizations of T cells after ICO15K-cBiTE treatment. ICO15K-cBiTE-

mediated oncolysis induced the expression of the inhibitory receptors PD-1, TIM-3, CD200 
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and LAG-3 on T cells. Although this increased expression suggests an exhausted T-cell 

phenotype, a deeper phenotypic T-cell characterization is required to determine the 

potential dysfunctional level after BiTE-mediated T-cell engagement. This characterization is 

becoming more relevant for the field of oncolytic virotherapy given the increase in the 

number of studies combining OVs with checkpoint inhibitors [246]. Furthermore, the 

importance of such analysis for virotherapy applications has been recently highlighted by the 

study Shim et al., in which the antitumor efficacy of a TAA-expressing VSV oncolytic virus 

was not improved when combined with checkpoint inhibitors, despite the detection of CD8+ 

effector T cells expressing high levels of PD-1 and TIM-3 after treatment with TAA-VSV as 

monotherapy [247]. These results suggest that PD-1 and TIM-3 expression on those T cells 

represented markers of acute T-cell activation rather than exhaustion. Thus, we cannot rule 

out the possibility that this is also happening in the context of ICO15K-cBiTE-mediated 

oncolysis. Although a more thorough evaluation of the exhaustion status of T cells after 

ICO15K-cBiTE treatment is needed, our results encourage the evaluation of BiTE-armed OAds 

in combination with checkpoint inhibitors as a strategy to improve antitumor efficacy.  

5.2 THE CHALLENGE OF ESTABLISHING MURINE MODELS FOR THE IN VIVO 

EVALUATION OF BiTE-ARMED ONCOLYTIC ADENOVIRUSES 

5.2.1 Humanized mouse models of cancer 

One of the major challenges in this thesis was the in vivo evaluation of our BiTE-armed 

OAds. In the case of ICO15K-cBiTE, the design of the BiTE (both scFV strictly recognize human 

antigens) restricted its evaluation to “humanized” immunodeficient mouse models bearing 

human-derived tumor xenografts in which human PBMCs or T cells are transferred to mice. 

Taking this into account, a series of decisions had to be taken based on the potential therapy 

setting for ICO15K-cBiTE. First, it was necessary to choose a mouse strain with a high level of 

immunodeficiency to allow sufficient engraftment of human PBMCs/T cells. Mice strains 

with the scid mutation background, which impairs T- and B-cell maturation and circulation, 

have been extensively studied in this context [248, 249]. Additionally, SCID, NOD/SCID and 

SCID/beige mice have been used for the preclinical evaluation of BiTE antibodies [176]. 

SCID/beige mice combine the scid mutation with the beige mutation, which reduces NK cell 

activity, resulting in a more stable background with reduced leakiness of mature T and B cells 

compared to SCID mice [175, 250]. This strain has been used for Yu et al. for the evaluation 

of the BiTE-expressing vaccinia virus [214]. Furthermore, SCID/beige mice have served as an 
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important model to elucidate the role of E1a in the hepatotoxicity associated with oncolytic 

adenoviruses [251]. Due to all the reasons described above, we decided to choose the 

SCID/beige strain as the model to evaluate ICO15K-cBiTE.   

We next needed to decide the route of inoculation for cancer cells and PBMCs/T cells. 

The most frequently strategy used for the preclinical evaluation of BiTEs is the subcutaneous 

co-implantation of cancer cells and PBMCs, and the subsequent BiTE treatment (4-5 

administrations) in the first twelve days post tumor inoculation. Hence, in this setting, the 

end objective is the prevention of tumor formation. However, we discarded this strategy for 

several reasons. The first pilot study we performed using this strategy led to the rejection of 

the A549 tumors when co-implanted with PBMCs even before treatment, whereas tumors 

without PBMCs showed normal growth (data not shown). Furthermore, Schlereth and 

colleagues have shown that NOD/SCID mice co-engrafted with tumor cells and human 

PBMCs subcutaneously only respond to the therapy if BiTE treatment is started in the first 

eight days after engraftment [198]. Also, the later the treatment is started after 

engraftment, the more variability is observed in antitumor efficacy. In our experience, none 

of the cell lines used in this thesis will form measurable tumors eight days after inoculation. 

This limits the delivery window of our OAds which should be administered either 

intratumorally or systemically when tumors have been established. Another strategy that 

has also been used for the evaluation of anti-cancer therapies, including the vv-EphA2 virus, 

is the establishment of lung xenografts by intravenous injection of luciferase-expressing 

cancer cells into the mice [252]. In this setting, virus and PBMCs are co-administered 

intravenously few days after tumor inoculation (4-7 days) and tumor growth is measured by 

in vivo imaging [214]. This model is ideal, since all its components (cancer, virus and T cells) 

are injected into the bloodstream, directing them unequivocally to the lung. However, in our 

experience, luciferase-expressing A549 cells take longer than 4-7 days (approximately 3 

weeks) to form fully established tumors that are detectable with the IVIS system. Once at 

this stage, tumors are too aggressive to be controlled and the therapeutic window for this 

model is short before euthanasia is required. Based on all the above, we decided to use 

subcutaneous xenograft tumors of approximately 100 mm3, which allows to deliver ICO15K-

cBiTE intravenously or intratumorally, followed by intravenous adoptive transfer of PBMCs/T 

cells. Such a model has been successfully tested in a study evaluating the combination of 

oncolytic adenoviruses with CAR T-cells [152]. 
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The dose and route of administration of human PBMCs or T cells transferred to 

immunodeficient mice were also important factors to take into account for our in vivo 

model. There are two common routes for adoptive transfer of humans cells into mice: 

intravenous (tail vein injection) and intraperitoneal. In contrast to intravenous administration 

in which cells are directly injected into the circulation of the host, the intraperitoneal 

administrations requires the migration of the T cells from the peritoneal cavity to the 

circulation which delays their biodistribution in the mice [253]. Since T cells do not persist 

long in our SCID/beige model (see below), we decided to use intravenous administration to 

increase the time of the cells in the bloodstream before clearance from the mice. A major 

concern with this intravenous approach is the potential development of PBMCs-mediated 

graft versus host disease (GvHD), which is well described in experiments involving adoptive 

transfer of human PBMCs or T cells to highly immunodeficient mice [248, 254]. It has been 

described that NOD/SCID mice receiving less than 30 million PBMCs intravenously are 

unlikely to develop GvHD before 60 days after cell transfer [255]. We therefore decided to 

administer a total of 20 million PBMCs per mouse in two administrations (10 million/each) at 

day 4 and 18 after virus administration. With this experimental setting we did not detect any 

signs of GvHD in our mice at the end of the A549 antitumor efficacy study, which was 45 

days after the first PBMCs administration.  

The in vivo experimental settings used in this thesis allowed us to study the antitumor 

efficacy of ICO15K-cBiTE and also the distribution behavior of luciferase-expressing T cells in 

tumors treated with the BiTE-expressing virus. However, one of the major drawbacks from 

our model was the limited immunological analysis we could perform during the course of the 

in vivo experiments. We could not detect CD3+ infiltrating cells in tumors at the end of the 

A549 antitumor efficacy experiment (31 days after the last PBMCs administration) neither by 

flow cytometry or immunohistochemical analysis. This is most likely explained by the short 

persistence of human T cells in SCID/beige mice. In our in vivo imaging studies, whole body 

T-cell signal in PBS- and ICO15K-treated animals decrease after 3 days and infiltrating T cells 

persisted up to 9 days only in ICO15K-cBiTE-treated tumors. This is in agreement with BiTE 

studies in which human unstimulated T cells transferred to SCID mice by tail-vein injection 

have a half-life in spleens of 11 hours, although some residual circulating cells are still 

detected 3 days after injection [175]. Thus, this short persistence limited the analysis of 

immunological responses and phenotyping of those TILs. One potential alternative to solve 

this limitation is the use of NSG mice, which have arisen in the past years as an important 

tool for the preclinical evaluation of immunotherapies such as CAR T cells. These mice have 
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higher levels of engraftment of human PBMCs/T cells than other SCID strains, allowing a 

more robust analysis of T-cell responses in mice. The potential of this model for the 

evaluation of immunovirotherapy applications is exemplified by a recent study in which NSG 

mice engrafted with human PBCMs have been used to evaluate the potential of a vaccinia 

OV armed with DNA-dependent activator of IFN-regulatory factors (DAI) [256]. It is worth 

mentioning that by the time we started this project, to our knowledge, all human BiTE 

studies reported in the literature were evaluated either in SCID, NOD/SCID or SCID/Beige 

mice. The only exception we have found is a recent study evaluating a BiTE targeting the 

fetal tight junction molecule claudin 6 (CLDN6) [257]. In that study, NSG mice were engrafted 

with PBMCs 4 or 11 days prior to BiTE treatment, and this setting allowed a thorough 

phenotypic analysis of TILs. Given the advantages of NSG, all OAds armed with BiTEs 

targeting human antigens that are currently under development in our group will be 

evaluated in this mouse strain.  The short persistence of T cells in SCID/Beige also narrowed 

the therapeutic window for ICO15K-cBiTE. We designed our in vivo experiments so that virus 

administration was performed 4-7 days prior to PBMC- or T-cell administration to maximize 

virus replication and cBiTE accumulation in tumors prior to T-cell infiltration. In this way we 

aimed at maximizing the cytotoxic potential of TILs before their clearance from the host.  

We evaluated ICO15K-cBiTE systemically, which is the preferred route of administration 

for OAds in clinical trials to maximize the delivery of the virus to primary and metastatic 

tumors. Furthermore, we have previously described that replacing the KKTK domain in the 

shaft of the fiber with an RGD motif enhances the systemic antitumor efficacy of ICO15K by 

reducing liver targeting and increasing virus bioavailability in the blood [47]. In our study, the 

systemic administration of ICO15K to SCID/beige mice led to a decrease, although not 

significant, in HCT116 tumor volume when compared to the PBS group. This modest 

antitumor efficacy might be explained by the low dose of virus administered to the mice.  It 

has been demonstrated that SCID/beige mice are more sensitive to oncolytic adenovirus 

infection than BALB/c nude mice due to their increased immunodeficiency [251]. Based on 

our preliminary studies, we determined that the highest systemic tolerated dose of our 

viruses in SCID/beige mice was 1x1010 VP/mouse. This dose is five times lower than the one 

used for the antitumor efficacy studies of ICO15K in nude mice, in which a clear advantage 

was observed in several human cancer xenografts. Note, however, that this low dose was 

enough to observe the advantage of ICO15K-cBiTE in the aggressive and fast-growing 

HCT116 tumor model.  



Discussion 

162 

Since the EGFR is expressed on the cancer cells targeted by the virus, we were concerned 

about the potential interference of the cBiTE-mediated cell killing with virus replication and 

persistence in vivo. Nevertheless, we were able to detect the Ad E1a protein in all virus-

treated tumors at the end of both antitumor efficacy studies. Of note, no differences were 

observed for E1a staining in A549 tumors, indicating that virus persistence was independent 

of PBMCs administration. Furthermore, we detected similar levels of hexon mRNA 

transcripts in ICO15K- and ICO15K-cBiTE-treated tumors after 4 days of T-cell administration. 

These results show that, at least in our models, cBiTE-mediated cancer cell death does not 

compromise the short- or long-term persistence of the virus in the tumor. It is worth 

mentioning again that these results are likely underrepresented due to the transient 

persistence of human T cells in SCID/beige mice.   

5.2.2 Immunocompetent mouse models of cancer 

Although the humanized models described above are important for the preclinical 

evaluation of immunotherapies, the restriction of BiTEs to human antigens hinder the study 

of their toxicological and pharmacological parameters in immunocompetent models. 

Furthermore, these models lack fully functional adaptive immunity, which limits the 

evaluation of our hypothesis regarding the redirection of virus-specific CTLs. To overcome 

these restrictions, researchers have developed mouse surrogates of the human version of 

BiTE antibodies by using scFVs recognizing murine TAAs and murine CD3. One example is 

muS110, a surrogate of the human BiTE MT110 that was generated by fusing scFVs targeting 

murine EpCam and murine CD3. This BiTE has shown potent antitumor efficacy in syngeneic 

mouse models of cancer and has provided insightful observation regarding the 

pharmacokinetics of BiTEs [185, 186, 258]. Furthermore, the pattern of expression of EpCam 

in human and murine in normal tissue is similar, which has allowed toxicological safety 

studies regarding potential off-target toxicities of BiTEs. With the design of the mBiTE, we 

aimed at generating a surrogate of cBiTE by fusing the 7A7 scFV, which targets human and 

murine EGFR, with the scFv of the anti-mCD3 145.2C11 antibody. We could not detect mBiTE 

production by infected cells in flow cytometry binding assays in which EGFR+ or mCD3+ cells 

were used. As discussed above, the lack of functionality of this BiTE is likely a failure in the 

particular arrangement tested. It is worth mentioning that, despite the advantages of BiTE 

surrogates, the biological and molecular patterns between mouse and humans are often not 

overlapping. For example, the administration of mus110 to mice can lead to off-target side 

effects due to the engagement of BiTEs towards a subpopulation of circulating EpCam+ T and 
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B cells [186].  Of note, this EpCam+ population is not observed in human PBMCs, highlighting 

the importance of being prudent when extrapolating results in murine models to humans.  

Due to the lack of a functional murine surrogate of the cBiTE, we used another approach 

by generating a chimeric BiTE (mcBiTE) recognizing the human EGFR and murine CD3. We 

detected the mcBiTE in supernatants from ICO15K-mcBiTE cells and it retained key features 

of BiTE antibodies, including target cell-dependent T-cell activation and proliferation, and 

MHC-I-independent redirected lysis of hEGFR-expressing murine cancer cells in vitro. 

Although mcBiTE induced high expression levels of activation markers on CD4+ and CD8+ T 

cells, T-cell proliferation was clearly skewed towards CD8+ cells. To our knowledge, there are 

no reports in the literature describing mouse T-cell proliferation for any of the surrogate 

BiTE developed to date. Despite this, Amann and colleagues have shown that systemic 

administration of muS110 results in a faster onset of activation for CD8+ compared to CD4+ 

cells [186]. Thus, we cannot discard the possibility that faster T-cell activation can lead to 

earlier proliferation of CD8+ T cells.  

The in vivo evaluation of ICO15K-mcBiTE required the generation of mouse cancer cell 

lines expressing the human EGFR. A major limitation for the evaluation of the OAds in 

immunocompetent mouse models is the reduced permissiveness of murine cancer cell lines 

to HAd infection. Although there have been reports of productive Ad infection in some 

murine cancer cell lines, we decided to use B16CAR which have been previously used in our 

group. Ad infection does not produce progeny in this cell line, but the increased Ad 

transduction efficiency and the expression of late proteins in these cells suggest that it could 

be an interesting model to evaluate the mcBiTE-expressing OAd. Furthermore, this cell line 

has been used in our group to evaluate the immunotherapeutic potential of OAds expressing 

TAAs to be presented in a TAP-independent manner [159]. We confirmed that B16CAR cells 

supported the expression of MLP-driven transgenes, as evidenced by the detection of 

functional mcBiTE in the supernatants from ICO15K-mcBiTE-infected cells. We generated the 

B16CAR-EGFR cell lines by transfection and demonstrated that Ad transduction efficiency 

was retained despite a reduction in CAR expression. However, mcBiTE production in this cell 

lines was clearly reduced compared to the parental cell line. This is likely the result of a 

competition of CAR and EGFR transcripts with viral-encoded transcripts for the translational 

machinery of the cells. Despite this, mcBiTE could still be detected in supernatants from 

B16CAR-EGFR cells, and this expression level would likely have been sufficient in vivo given 

the potent action of BiTEs at low concentrations. However, B16CAR-EGFR cells implanted in 
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the flanks of C57BL/6 mice failed to generate tumors, restricting the in vivo evaluation of 

ICO15K-mcBiTE. It is uncertain why these cells failed to establish tumors in immunocompetent 

mice. Several groups have successfully used B16 cells as platforms to establish tumors 

expressing human antigens such as EpCam, CD20 and CAR [159, 179, 259]. One possibility is 

that the coexpression of CAR and human EGFR (hEGFR) rendered the cells with higher 

immunogenicity leading to their immune rejection. Another possibility is that the nature of 

the wild-type (wt) hEGFR is already immunogenic enough to induce its immune rejection by 

the mouse. Our results are in disagreement with the study by Yang et al., who successfully 

established hEGFR+ tumors in C57BL/6J mice in order to study tumor resistance to antibody 

therapy [260]. Furthermore, that same group has successfully established TUBO-hEGFR and 

MC38-hEGFR tumors in BALB/c and C57BL/6J mice, respectively [260-262]. The main 

difference between those studies and ours is the nature of the sequence of the hEGFR. In 

the study by Yang et al., murine cell lines were transduced with a lentiviral vector encoding 

the human EGFR bearing the L858R mutation. In contrast, the pcDNA3.EGFR plasmid we 

used for the generation of B16CAR-EGFR cells contains the WT hEGFR. Unfortunately, we 

have failed to contact the group describing these cell lines, and we do not know whether this 

is the critical point for successful engraftment in immunocompetent mice. The L858R 

mutation substitutes an arginine for a leucine at codon 858 in the tyrosine kinase domain of 

the EGFR protein, leading to increased kinase activation, tumor selective growth and survival 

advantage [263]. Furthermore, constitutively activated EGFR due to the L858R mutation has 

been shown to induce expression of PD-L1 and other immunosuppressive factors which 

leads to evasion of the antitumor immune responses in a hEGFR-driven lung cancer mouse 

model  [240]. Given these considerations, we are currently generating WT or L858R-mutated 

hEGFR-expressing mouse syngeneic cancer cell lines with either BALB/c or C57BL/6 

background by lentiviral transduction. We these models we expect to study the ability of 

virus-delivered BiTEs to activate infiltrating T cells under the highly immunosuppressive 

environment of the tumor and also to confirm the potential BiTE-mediated redirection of 

Adv-specific T cells towards cancer cells.  

Despite the challenges of murine models for the evaluation of BiTE-armed OAds, the 

results presented in this thesis highlight the potential of ICO15K-cBiTE as novel anticancer 

agent and encourage its further evaluation in preclinical and clinical studies. 
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5.3. COMBINATION OF ICO15K-cBiTE WITH CAR T-CELL THERAPY 

CAR T-cell therapy has shown enormous potential for the treatment of hematological 

cancers, but its success for treatment of solid tumors is still limited. In the second chapter of 

this thesis, we hypothesized that ICO15K-cBiTE could improve the outcome of CAR T cell 

therapy by overcoming some of the known limitations encountered by CAR T cells in the 

tumor microenvironment.   

As described above, targeted therapies are susceptible to tumor immune evasion by 

antigen loss, and CAR T cells are not the exception. Among B-ALL patients responding to anti-

CD19 CAR T-cell therapy, 18-36% develop CD19- relapses [146]. It has been demonstrated 

that several mechanisms are involved in this tumor immune evasion including mutations in 

the CD19 locus, and alternative splicing of CD19 mRNA species which results in truncated 

versions of CD19 [151]. Similar observations have been described for a patient suffering 

from mediastinal large B cell lymphoma, who was refractory to several immunotherapies, 

including anti-CD19 CAR T cells, due to multiple chromosomal aberrations that resulted in 

downregulation of the targeted antigens [264]. Furthermore, preclinical mouse studies with 

mesothelin-targeting CAR T cells have shown that, after a partial response, tumors relapse 

mainly due to the loss of mesothelin expression within the tumor microenvironment (Sonia 

Guedan, personal communication and unpublished data). We hypothesized that cBiTE 

antibodies secreted from Ad-infected cells could address mesothelin loss by re-directing CAR 

T cells to EGFR-expressing tumor cells. In order to demonstrate this in vitro, the A431 

(EGFR+/Meso-) cell line was used as model for antigen loss given its lack of mesothelin 

expression. We demonstrated that, in the absence of mesothelin (i.e. A431 cells), cytokine 

secretion and proliferation of anti-mesothelin CAR T-cell preparations only occurred in the 

presence of supernatants from ICO15K-cBiTE-infected cells. Given that CAR T-cell 

preparations contain mixed populations of CAR- (UTD) and CAR+ T cells, we were concerned 

by the possibility that cytokine secretion and T-cell proliferation was the result of 

engagement of UTD but not of CAR+ T cells due to possible interferences of the BiTE with the 

CAR. However, we demonstrated that CAR+ T cells expressed the CD25 activation marker 

when cocultured with A431 cells in the presence of cBiTE-containing supernatants. Thus, the 

use of ICO15K-cBiTE represents a promising strategy to engage CAR T cells in a scenario in 

which the targeted antigen has been lost. Although these results have to be confirmed in 

vivo, the simultaneous targeting of different tumor antigens by CAR T cells has already been 

described as a solution for antigen loss. Ruella and colleagues have used bi-specific CAR T 
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cells simultaneously expressing anti-CD123 and anti-CD19 CARs to demonstrate that this 

approach can overcome immune evasion in a mouse model of CD19-negative relapsed B-ALL 

[265]. Another strategy involves the generation of tandem CAR constructs, in which the scFV 

is either fused to a second scFV targeting a different antigen or to mutein ligands of tumor-

associated receptors. This tandem CARs have demonstrated potent antitumor efficacy with 

reduced tumor immune escape due to antigen loss in different preclinical models of cancer 

[266, 267]. Taken together, these studies support the notion that increasing the number 

antigens being targeted can improve the outcome of cancer therapies.  

FDA regulations for the generation of CAR T cells recommend that lentivirus-transduced 

T cells have ≤ 4 vector copies/cell [147, 268]. These restrictions limit the MOI at which T-cell 

preparations can be transduced, resulting in preparations with 5%-45% CAR+ T cells [147]. 

Taking this into account, we hypothesized that ICO15K-cBiTE could further improve CAR T 

cell therapy by cBiTE-mediated engagement of the unstransduced (UTD; CAR-) T-cell 

population present in CAR T cells preparations. In order to evaluate this, we generated 

preparations containing 50% CAR+ and 50% UTD (CAR-) T cells. These percentages were 

chosen to simulate the highest lentiviral transduction outcome (i.e. 45% CAR+ cells) reported 

for clinical trial infusion products [147]. We demonstrated that UTD T cells within CAR T-cell 

preparations were efficiently activated only when cBiTE supernatants were added to A431 or 

L55 cocultures. Additionally, cBiTE antibodies induced increased cytokine secretion, T-cell 

proliferation and tumor cell cytotoxicity in cocultures with L55 cells which expressed both 

the EGFR and mesothelin. These results likely reflect the combined action of CAR 

engagement towards mesothelin and CD3+ T-cell engagement towards the EGFR via the 

cBiTE, leading to improved anti-cancer responses by CAR T-cell preparations in vitro. These 

results might have important implications for improving CAR T cell therapy given the potent 

cytotoxic potential of these cells. UTD T cells expanded with anti-CD3 and anti-CD28-coated 

beads show predominantly effector memory (TEM) and central memory (TCM) phenotypes 

[269, 270]. Importantly, BiTE-mediated redirected lysis of cancer cells is mainly supported by 

TEM cells [271]. Thus, the strategy of redirecting the UTD fraction of CAR T-cell preparation 

proposed in this thesis holds promise as an improvement for this kind of immunotherapies. 

Several studies have demonstrated the feasibility of generating genetically-modified T 

cells expressing BiTEs targeting TAAs such as EphA2, CD19 and CD123 [270, 272-274]. These 

modified T cells induce T-cell infiltration into tumors, promote expansion of bystander T cells 

and result in potent antitumor efficacy in vivo. Given these advantages, it would not be 
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surprising if this strategy is expanded to CAR T cells. BiTE-secreting CAR T cells would likely 

promote T-cell infiltration and activation and, if the CAR and BiTE target different antigens, it 

could also aid in avoiding tumor escape by antigen loss. However, the unselective and 

continuous production of BiTE by T cells is also likely to induce the severe off-target side 

effects often observed during BiTE treatment. A possible solution to this limitation is the 

engineering of BiTE-secreting cells to express the suicide CD20 gene which, in combination 

with the anti-CD20 antibody Rituximab, leads to the eradication of these cells [274]. This 

approach, however, only represents a safety measure and does not solve the unselective 

and continuous expression of BiTEs by these cells. In this regard ICO15K-cBiTE is more 

attractive than the BiTE-T-cells, since BiTE expression is restricted to virus replication in 

cancer cells. Thus, localized BiTE expression adds another level of selectivity which is lacking 

in BiTEs as monotherapies, but also in other combinatorial approaches such as BiTE-

expressing T cells. Furthermore, the combined action of virus, BiTE and CAR T cells is likely to 

induce a more potent antitumor efficacy than BiTE-expressing T cells due to their multimodal 

killing mechanisms.  

As mentioned above, OVs have been gained attention in the past years as potent 

immunostimulators to generate T-cell inflamed tumor microenvironments. In this context, 

OAds have been evaluated in combination with CAR T cells. It has been shown that a ∆24-

based OAd promotes infiltration of CAR T cells into tumors, and this infiltration and 

persistence can be further improved if the virus is armed with chemokines (e.g. RANTES) and 

cytokines (e.g. IL-15) [152]. Additionally, a recent study demonstrated that a helper-

dependent Ad expressing a PD-L1-blocking mini-body composed of the scFV and CH2 and 

CH3 regions of human IgG (CAd-VECPDL1) in combination with an OAd improves the 

antitumor of anti-HER2 CAR T cells [275]. Although it is difficult to compare the strategies 

used by us and others to approach the combination of OAds and CAR T cells, some aspects 

can be contrasted. Regarding antitumor efficacy, ICO15K-cBiTE could offer an advantage 

over Ad5Δ24.RANTES.IL15 as the cBiTE can engage any CD3+ T that infiltrates or that is 

already present in the tumors. In contrast, Ad5Δ24.RANTES.IL15 is likely to promote 

improved persistence and survival of CAR T cells due to the action of IL-15 compared to 

ICO15K-cBiTE. In the future, however, it would also be possible to further arm ICO15K-cBiTE 

with cytokines involved in survival of memory T cells. Although the genome size of ICO15K-

cBiTE is at the packaging limit for adenoviruses, further modifications, such as the deletion of 

the 6.7K/gp19K genes (965 bp) from the E3 region, would allow the insertion of cytokine 

genes with small size such as IL-15 (486 bp). This strategy has been widely used to generate 
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armed OAds with improved immunological properties [139, 276, 277], although it might 

come at expenses of oncolytic potency and virus persistence in immunocompetent hosts 

[278, 279]. Future studies will have to address the cost-benefits of these modifications in 

terms of antitumor efficacy in immuncompetent settings. Regarding CAd-VECPDL1, 

expressing a PD-L1 blocking antibody from infected cell would allow to evade tumor PD-

1/PD-L1-mediated adaptive immune resistance not only by CAR T cells but also by any 

tumor-specific T cell infiltrating the tumor. However, from a regulatory point of view, the 

fact that CAd-VECPDL1 relies on the combination of two different adenoviral vectors makes 

it difficult to translate into patients. A potential solution for this limitation would be to 

incorporate the anti-PD-L1 mini-body into the genome of OAds as it has been described for 

anti-CTLA-4 or anti-HER2 antibodies [139, 280]. In contrasts to CAd-VECPDL1, ICO15K-cBiTE 

can engage tumor resident T cells as well as infiltrating CAR+ and UTD T cells present in 

clinical preparations. Furthermore and as described above, the continuous infiltration of Ad-

specific T cells into tumors represent a potential source of T cells with intact immunological 

properties to be engaged by the cBiTE. Although CAR and BiTE-mediated engagement can 

lead to physiological expression of immune checkpoints receptors and their ligand in the 

tumor microenvironment, the fact that different ckeckpoint inhibitors have been approved 

by the FDA for different malignancies could facilitate the combination of ICO15K-cBiTE to 

overcome this limitation. Finally and in contrast to ICO15K-cBiTE, neither Ad5Δ24.RANTES.IL15 

nor CAd-VECPDL1 address tumor escape by antigen loss, which is on the major challenges for 

the success of CAR T-cell therapy in solid tumors. Despite these considerations, the results in 

this thesis and the studies described above support the potential of combining oncolytic 

virotherapy with CAR T cells  

Finally, we propose a model in which ICO15K-cBiTE-mediated oncolysis and cBiTE 

secretion improves CAR T-cell therapy by: (i) evading tumor immune escape due to 

simultaneous targeting of two tumor antigens and (ii) engaging CAR+ and UTD T cells 

towards the EGFR (Figure 54). Although further in vivo validation is needed, the results in 

this thesis support the combination of BiTE-armed OAds with CAR T cells and encourage its 

further preclinical and clinical development. 
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Figure 54. Proposed model of the combined action of ICO15K-cBiTE and CAR T cells. ICO15K-cBiTE infection 
and replication leads to cBiTE production, while CAR T cells infiltrate the tumor and target mesothelin-positive 
cancer cells. CAR T therapy induce tumor immune escape by loss of mesothelin expression, but the cBiTE can 
engage CAR+ and also UTD T cells to the EGFR. The combined action of CARs, BiTEs and adenoviruses leads to 
improved antitumor efficacy.  

5.4 Outlook and future perspectives 

Despite the potential of BiTE-armed OAds, key questions are still open and will have to 

be addressed in the future. Some of these include: What is the safety and pharmacological 

profile of BiTE-armed OAds? Does localized cBiTE production lead to exhaustion of 

infiltrating T cells? Can ICO15K-cBiTE be combined with checkpoint inhibitors to improve 

antitumor efficacy? Can OAds persistence in tumors be improved by redirecting antiviral 

immune responses to cancer cells in immunocompetent hosts? Is the concentration of BiTE 

produced by infected cells enough to control tumor growth? Many of the answers to these 

questions are restricted to the assessment of ICO15K-cBiTE in the context of 

immunocompetence. This means that such studies can only be achieved either in 

immunocompetent mouse/hamster models or directly in clinical trials with cancer patients. 

Thus, we believe that the development of immunocompetent mouse models, such as the 

one described above for the evaluation of the chimeric mcBiTE, will be of great importance 

to accelerate the translation of BiTE-armed OAds into the clinic.  

 

The promising results obtained in the past years with novel immunotherapies have 

brought excitement to the field of cancer therapies. Furthermore, the recently FDA approval 
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of checkpoint blocking antibodies and Blinatumomab for several cancer malignancies has 

paved the way for rationale design of combinatorial approaches of immunotherapies with 

standard cancer treatments [281]. Among the several combination strategies proposed to 

date, OVs emerge as attractive candidates given their tumor selectivity and favorable 

immunostimulatory properties. Indeed, the recent marketing approval in the United States 

of the GM-CSF-armed OV T-VEC for the treatment of advance melanoma has encouraged the 

development of OV with improved immunotherapeutic potential. The results described in 

this thesis demonstrate that BiTE-armed OAds hold the unique properties of inducing 

specific and redirected anti-tumor immune responses. This strategy has the potential to 

solve key limitations in oncolytic virotherapy, encouarging its further evaluation and 

development. 
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1. The oncolytic adenovirus ICO15K-cBiTE, expressing a BiTE targeting the EGFR, was 

successfully rescued and showed similar oncolytic properties as the parental in vitro.  

2. cBiTE antibodies expressed and secreted from ICO15K-cBiTE-infected cells bound 

specifically and simultaneously to the EGFR on target cells and to the CD3 on effector 

cells, leading to T-cell activation and proliferation, and  promoting cytotoxicity and 

bystander effect of cancer. 

3. Intratumoral administration of ICO15K-cBiTE increase the persistence and infiltration of 

tumor-infiltrating T cells compared to ICO15K, resulting in enhanced antitumor efficacy 

in humanized mouse models of cancer.   

4. The oncolytic adenovirus ICO15K-mBiTE, encoding a murine surrogate of cBiTE targeting 

murine EGFR and murine CD3, was successfully rescued but it failed to secrete functional 

mBiTEs from infected cells. 

5. The oncolytic adenovirus ICO15K-mcBiTE, expressing a chimeric BiTE targeting human 

EGFR and murine CD3, was successfully rescued and showed similar oncolytic properties 

as ICO15K in vitro.  

6. mcBiTE antibodies expressed and secreted from ICO15K-mcBiTE-infected cells bound 

specifically to the human EGFR on target cells and to the murine CD3 on effector cells, 

leading to T-cell activation and proliferation, and  promoting cytotoxicity of human EGFR-

expressing mouse cancer cells.  

7. B16CAR-EGFR cells failed to establish tumors in C57BL/6 mice and were therefore not 

suitable for the evaluation of ICO15K-mcBiTE in an immunocompetent animal model.  

8. Supernatants from ICO15K-cBiTE-infected cells triggered the activation of anti-

mesothelin CAR+ T cells in an in vitro setting which mimics the loss of mesothelin-

expressing cells from tumors.  

9. cBiTEs secreted from infected cancer cells enhanced the activation, proliferation, and 

cytotoxic potential of anti-mesothelin CAR T-cell preparations when both EGFR and 

mesothelin were co-expressed on cancer cells.  
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Annex 1. cBiTE construct  
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Annex 2. mBiTE construct 
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Annex 3. mcBiTE construct  
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