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RGD
RID
RNA
rpm
RPMI
RT
RT-PCR
SCCHN
SD
SDD
SDS
SEM
SFC
SPARC
SSdel
Strep
TAA
TAE
TBE
TBS
TAP
TCR
TE
TEMED
TERT
TGF-B
TGN
TIL
TK

Nuclear Pore Complex

Non-Small Cell Lung Carcinoma

Optimum Cutting Temperature compound
Optical Density

OVA;57-gp100,5

Pathogen-Associated Molecular Pattern
Pancreatic cancer

Polyacrylamide Gel Electrophoresis
Phosphate Buffered Saline

Polymerase Chain Reaction

Death Protein-1

Death Protein Ligand-1

R-phycoerythrin

Polyethylene Glycol

Post-infection or post-injection

picogram

picomol

Pattern Recognition Receptor
Penicillin-Streptomycin

Prostate-Specific Antigen
Retinoblastoma

Renal carcinoma
Arginine-glycine-aspartic acid

Receptor Internalization and Degradation
Ribonucleic Acid

revolutions per minute

Roswell Park Memorial Institute
Radiation Therapy or Room Temperature
Real-Time PCR

Squamous Cell Carcinoma of the Head and Neck
Standard Deviation

Subdominant determinants

Sodium dodecyl sulfate

Standard Error of the Mean

Spot forming colony

Secreted Protein Acidic and Rich in Cysteine
Signal Sequence deletion

Streptomycin

Tumor-Associated Antigen
Tris-Acetate-EDTA

Tris-Borate-EDTA

Tris-Buffered Saline

Transporter Associated to Antigen Processing
T Cell Receptor

Tris-EDTA

Tetramethylethylenediamine
Telomerase Reverse Transcriptase
Transforming Growth Factor-p

Trans Golgi Network

Tumor-Infiltrating Lymphocyte
Thymidine Kinase
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TL Track-Luc cassette (eGFP-Luciferase)
TLP Tripartite Leader

TNF Tumor Necrosis Factor

TLR Toll-Like Receptor

TP Terminal Protein

TRAIL TNF-related apoptosis-inducing ligand
Treg Regulatory T cell

Tris Tris(hydroxymethyl)aminomethane
TU Transducing Unit

Y Volt

Vv Volume

VA Virus-Associated

VEGF Vascular Endothelial Growth Factor
vp viral particle

VSV Vesicular Stomatitis Virus

‘A% Vaccinia Virus

WHO World Health Organization

Amino acids

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

L Leu, leucine P Pro, proline H his, histidine D Asp, aspartic acid
I lle, isoleucine T Thr, threonine  Q GlIn, glutamine E Glu, glutamic acid
M Met, methionine A Alg, alanine N Asn, asparragina  C Cys, cysteine

Nucleotides

A adenine  Tthymine Gguanine Ccytosine U uracil

W Trp tryptophan

R Arg, arginine
G Gly, glycine

V Val, valine
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Resum

La viroterapia del cancer amb adenovirus oncolitics es basa en I’habilitat d’aquests agents en
replicar selectivament en cél-lules tumorals, produint la seva mort sense afectar cel-lules
normals. Les principals limitacions d’aquesta terapia sén la dificultat dels adenovirus per arribar
als tumors després de ser administrats sistemicament i també la seva incapacitat per dispersar-se
de manera homogeénia dins dels tumors. En aquest treball s’ha generat un adenovirus oncolitic
gue combina dues mutacions descrites amb anterioritat pel nostre grup. Per una banda, la
substitucié del motiu d’unié a heparan-sulfats glicosaminoglicans situat al domini shaft de la fibra
pel motiu d’unid a integrines RGD (mutacié RGDK) per tal de millorar la ratio de transduccié
tumor/fetge i d’augmentar la persisténcia en sang de I'ladenovirus. Per altra banda, I'expressié de
hialuronidasa amb I'objectiu de degradar I’acid hialuronic de la matriu extracel-lular del tumor i
millorar la dispersié intratumoral de I'adenovirus. Aquest nou virus, I'lCOVIR-17K, va mostrar una
potent eficacia antitumoral en models de ratoli i hamster que va ser fins i tot incrementada
mitjancant la combinacid amb gemcitabina, tot mantenint el perfil de toxicitat dels adenovirus

oncolitics parentals.

Per altra banda, a més de matar directament les cel-lules tumorals, els adenovirus oncolitics
poden contribuir a la generacié de respostes immunes contra el tumor. El tipus de mort cel-lular
gue generen és altament immunogenic i ajuda al reclutament de cel-lules del sistema immune
que generen respostes contra els antigens tumorals alliberats en aquest procés. Una de les
principals limitacions de la immunoterapia amb virus oncolitics és la resposta esbiaixada cap als
antigens virals, que sén immunodominants, en lloc de cap als antigens tumorals, que son poc
immunogenics. Per tal d’afavorir la generacié de respostes immunes antitumorals, en aquest
treball s’han incorporat epitops tumorals en la proteina E3-19K de I'adenovirus, que conté una
seqliencia senyal que la dirigeix directament al reticle endoplasmatic, de manera que evadeix els
passos previs de processament antigenic per la via del MHC de classe |, comunament afectada en
cél-lules tumorals. Aquesta estrateégia va permetre la generacid de respostes immunes
antitumorals més potents que quan els mateixos epitops eren incorporats a la capside de
I'adenovirus, i a més, van ser traduides en una millor eficacia antitumoral en un model muri de

melanoma.

En resum, en aquest treball s’han abordat les principals limitacions dels adenovirus oncolitics
des de diferents punts de vista que, eventualment, poden ser combinats per tal d’aconseguir un

millor candidat per ser testat exitosament a la clinica.
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Summary

Oncolytic adenoviruses represent an appealing therapeutic approach to treat cancer given
their capability to infect and kill selectively tumor cells without damaging normal tissues. Tumor
targeting upon intravenous administration and subsequent intratumoral virus dissemination are
key features to improve oncolytic adenovirus therapy. To address these hurdles, in this work two
different genetic modifications previously described by our group were combined in an oncolytic
adenovirus backbone with selective replication conditional to pRB pathway deregulation. First,
the replacement of the heparan sulfate glycosaminoglycan-binding site KKTK of the fiber shaft
with an integrin-binding motif RGDK for tumor targeting that has shown to prolong blood
persistence and significantly enhance the therapeutic index compared with a non-RGDK-modified
virus. Second, the expression of hyaluronidase to degrade the extracellular matrix and improve
the intratumoral spread of the virus. Preclinical toxicology and biodistribution studies conducted
in non-permissive mouse and semi-permissive Syrian hamster models supported the selectivity
and safety of this novel virus, ICOVIR-17K. Antitumor efficacy was also demonstrated in different
tumor models in immunodeficient mice and immunocompetent hamsters upon different routes
of administration. Moreover, the combination of ICOVIR-17K with the chemotherapeutic drug
gemcitabine further increased the antitumor activity of the virus. The data presented in this
thesis strongly supports ICOVIR-17K as a promising clinical candidate which is currently being

tested in phase | clinical trials.

Besides direct killing of cancer cells, oncolytic viruses may induce antitumor immune
responses. Local inflammation of tumor tissue during an infection by an oncolytic virus provides
suitable conditions to trigger antitumor immune responses against the tumor-associated
antigens that are released in the immunogenic cell death process caused by these viruses.
Oncolytic adenoviruses can be used to promote immune responses against tumors by expressing
and/or displaying tumor-associated antigens. However, a key limitation of this
immunotherapeutic approach is the bias of the response towards the immunodominant viral
antigens instead of the less immunogenic tumor antigens. In addition, defects in MHC class |
antigen presentation pathway such as the downregulation of the transporter associated with
antigen processing (TAP) are frequently associated with immune evasion of tumor cells and
further impair the generation of specific immune responses against tumor antigens carried by
oncolytic viruses. In this work we present a novel strategy that benefits from the TAP deficiency
on tumor cells to enhance the response against tumor epitopes attached to the viral protein E3-
19K. This protein has a signal sequence that targets it to the endoplasmic reticulum, bypassing
the need of TAP to transport the epitopes to that compartment. Compared to the display of the

epitopes at the adenoviral capsid, this strategy enhanced the immunogenicity of the epitopes
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and resulted in more potent antitumor immune responses, tackling a crucial aspect of

virotherapy that is often overlooked.

In summary, the two different projects involved in this thesis addressed the main limitations
of oncolytic adenoviruses from distinct points of view that may eventually be combined in order

to maximize the opportunities of success of oncolytic adenoviruses in the clinics.
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Introduction

1. CANCER

Cancer stands among the leading causes of death worldwide, accounting for 8.2 million
deaths in 2012 that corresponded to the 14.6% of all human deaths, according to the World
Health Organization (WHO). Nowadays, cancer mortality can be reduced dramatically if detected
and treated at early stages. However, there are still some types of cancer, such as pancreatic
cancer, in which mortality is almost equal to incidence, and the 5-years survival rate is less than

5% in the European Union.

Mechanisms of cellular division and DNA replication machinery inevitably make mistakes that
could compromise the integrity of the genome and potentially result in cancer formation. Cancer
is a genetic disease that arises by an evolutionary process where somatic cells acquire several
mutations that overcome mechanisms by which uncontrolled expansion of cells is normally
restricted. This abnormal proliferation of cancer cells leads to the formation of a primary tumor
that can invade surrounding tissues and eventually spread from its original site by the lymphatic
system to regional lymph nodes or by blood vessels to distant sites in a process which is known as

metastasis.

To become malignant neoplastic cells, normal cells acquire several traits or hallmarks. The
most fundamental characteristics of cancer cells are the ability to sustain chronic proliferation,
the insensitivity to growth inhibitory signals, the evasion to programmed cell death, the limitless
replicative potential, the capability to induce angiogenesis, the capability to produce invasion and

metastasis, or the evasion of immune destruction (Hanahan and Weinberg, 2011).

Conventional treatments of cancer include surgery, chemotherapy, and radiation therapy,
with successful therapeutic results in localized tumors and initial stages of the disease. However,
many tumors are refractory to those therapies and, on the other hand, such therapies induce
strong toxic side effects. Therefore, there is a huge necessity to develop new treatment
strategies with higher specificity and lower toxicity profiles, such as virotherapy and

immunotherapy.

2. VIROTHERAPY OF CANCER

Virotherapy of cancer is the treatment of this disease with oncolytic or replication-competent
viruses. These viruses have the capability to infect and kill selectively neoplastic cells without

damaging normal tissues (Hedley et al., 2006; Russell et al., 2012). Viral progeny produced after
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the initial infection of tumor cells is released to the extracellular media in order to infect
neighboring cells, thus amplifying the initial dose and, ideally, ending the process with the

complete eradication of the tumor (Figure 1).

! e
CRAd infection of
cancer cell
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Figure 1. Oncolytic viral spread. Oncolytic viruses replicate in and kill selectively tumor cells. The self-amplification of the virus
allows lateral spread in the tumor and greater tumor cell death from an initial infection of only few cells (adapted from (Hedley et
al., 2006)). CRAd, conditionally replicative adenovirus.

In addition to the direct killing of infected cells, oncolytic viruses can mediate the killing of
uninfected cancer cells by indirect mechanisms, such as destruction of tumor blood vessels,
amplification of specific anticancer immune responses, or through specific activities of transgene-

encoded proteins expressed from engineered viruses (Russell et al., 2012).

The use of viruses to treat cancer is an old concept that has been revisited during the last two
decades with viruses genetically modified to acquire selectivity and potency. Soon after the
discovery of viruses, in the turn of nineteenth century, emerged the idea to use them as possible
anticancer agents. This concept came from the observation of spontaneous tumor regressions in
patients that had undergone natural virus infections or which had been vaccinated (Sinkovics and
Horvath, 1993; Kelly and Russell, 2007). Dock described in 1904 a leukemia case that went into

remission after a presumed influenza infection (Dock, 1904). However, it was not until 1912
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when DePace associated for the first time the regression of a cervix tumor after the

administration of rabies vaccine to a patient with viral-related oncolysis (DePace, 1912).

In 1950s an 1960s, the advent of cell and tissue culture systems allowed ex vivo virus
propagation, leading to the evaluation in human patients of the oncolytic properties of different
viruses which had been previously tested in rodents (Southam and Moore, 1952; Huebner et al.,
1956; Hunter-Craig et al., 1970; Yamanishi et al., 1970). However, poor efficacy results together

with the pathogenicity of some viruses lead to the abandonment of the field.

Nevertheless, a modern era of virotherapy started in the 1990s, thanks to the development of
genetic engineering techniques that allowed the rational design of oncolytic viruses. Pioneers in
this goal were Martuza and colleagues, who in 1991 published a thymidine kinase-negative HSV
that replicated in dividing cells but crippled in non-dividing cells. This virus showed to be active in
murine glioblastoma models (Martuza et al., 1991). In 1996, McCormick improved the prospects
of selectivity and efficacy by targeting defects that cause cancer with virus modifications (Bischoff
et al., 1996). From that moment on, several engineered oncolytic viruses from at least 10
different families have been tested in Phase I-lll clinical trials, demonstrating excellent tolerability
profile. Until now, evidences of antitumor activity after single-agent treatment have been
observed in clinical trials with two different oncolytic viruses. The first of them was talimogene
laherparepvec or simply known as T-Vec (or OncoVEX until BioVex was acquired by Amgen),
which is an oncolytic Herpes Simplex Virus (HSV) encoding the granulocyte macrophage-colony
stimulating factor (GM-CSF). Intratumoral administration of this virus led to complete regressions
in 8 of 50 treated patients with metastatic malignant melanoma in a phase Il clinical trial (Senzer
et al., 2009). More recently, a phase lll clinical trial in patients with unresectable stage IlIB-IV
melanoma showed an overall objective response rate of 26.4% including 10.8% of complete
responses (Bartlett et al., 2013). Importantly, T-Vec is likely to be approved next year for the
treatment of melanoma. The second virus is a Vaccinia Virus (VV) which also expresses GM-CSF,
named pexastimogene devacirepvec or Pexa-Vec (also known as JX-594). Intratumoral
administration of this virus induced objective responses in 3 out of 10 evaluable patients with
nonreseactable hepatocellular carcinoma (Park et al., 2008). Later, a phase | clinical trial with
Pexa-Vec demonstrated for the first time virus presence and selective replication in tumors after
intravenous administration, besides dose-dependent antitumor activity (Breitbach et al., 2011).
Recently, a significant survival increase from 6.7 to 14.1 months was achieved in a phase I/Il

clinical trial in hepatocellular carcinoma patients (Heo et al., 2013).
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2.1. ONCOLYTIC ADENOVIRUSES

Adenoviruses have several features that make them attractive to be used as a platform for
oncolytic viruses: they are not associated to any serious disease, they have a lytic cycle, their
genome can be easily genetically modified to improve selectivity and potency traits, and they can

be grown at high titers for its use in the clinical setting (Cody and Douglas, 2009).
2.1.1. General classification of adenoviruses

Adenovirus was firstly isolated from human adenoid cells in 1953 (Rowe et al., 1953). Since
then, more than 100 species have been characterized, including 57 different human serotypes,
which are classified into 7 subgroups (A-G). The serotype that is more widely used in virotherapy
is serotype 5 (Ad5), belonging to subgroup C (Rux and Burnett, 2004). The members of this group

infect epithelial tissue from respiratory tract, causing mild respiratory affections.
2.1.2. Adenovirus structure

Adenovirus is a nonenveloped, double-stranded DNA virus. Viral DNA and associated core
proteins such as pV, pVIl, Mu (pX), and terminal protein (TP), are encased in an icosahedral capsid
with 20 triangular faces and 60-90 nm of diameter. Each of the triangular faces is formed by 12
copies of hexon trimer (polypeptide 1l). Complexes formed by the pentameric penton base
(polypeptide IIl) and trimeric fiber (polypeptide IV) form the vertices. Fiber protein, which
radiates from the 12 vertices of the virion is structured in 3 domains: the N-terminal tail, that
attach to the penton base, a central shaft, and a C-terminal globular knob domain that function
as the cellular attachment site. Moreover, other minoritary proteins such as protein llla, VI, VIII,

and IX make up the capsid, acting as cement between hexons (Figure 2).
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Figure 2. Adenovirus virion structure. Schematic representation of the capsid and core proteins of an adenovirus (adapted from
(Russell, 2009)).
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2.1.3. Genome structure

The genome of Ad5 consists in a 36 Kb lineal molecule of double-stranded DNA. Genetic
information is organized in overlapping transcription units on both strands. Extensive splicing
leads to the translation of over 50 proteins, from which 11 are structural virion proteins (Verma
and Weitzman, 2005). Adenovirus genes are classified in 3 groups, according to the time course
of their expression during viral cycle: early (E1A, E1B, E2, E3, and E4), delayed (IX and Iva2), and
the major late transcription unit (MLU). The later is processed into 5 mRNA (L1-L5) that produce
all the structural proteins. Moreover, adenovirus genome also contains the viral-associated (VA)
genes that codify for two untranslated RNAs. At both sides of the genome there are two inverted
terminal repeats (ITR) which contain the viral DNA replication origins. The packaging signal is
located at 100 bp of the left ITR, it is rich in adenine and timidine and has an important role on

the encapsidation of the virus. Figure 3 depicts a schematic representation of the Ad5 genome.
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Figure 3. Adenovirus genome structure. The linear double-stranded genome is depicted in the center as a thin line, with the
inverted terminal repeats (ITR) at each end: lengths are marked in kbp. Early transcription units are shown relative to their
position and orientation in the Ad5 genome. Early genes are indicated by black bars and genes expressed at intermediate and late
times of infection are indicated by gray bars (modified from (Tauber and Dobner, 2001)). MLP, Major Late Promoter; TLP,
Tripartite leader; VA, virus-associated.

2.1.4. Biology of the infectious cycle
2.1.4.1. Binding and entry

Initial attachment of adenovirus type 5 (Ad5) particles to cell surface occurs through primary
interaction between the fiber knob and the coxsackievirus B and adenovirus receptor (CAR). Since
this binding is not sufficient for the internalization of the virus, a secondary interaction between
an exposed RGD (Arg-Gly-Asp) motif located on the penton base protein and ayBs and aypBs
integrins is needed (Wickham et al., 1993; Wickham et al., 1994). Interestingly, genetically
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engineered Ad5 that lack CAR binding showed identical liver transduction than wild-type Ad5
after intravenous administration in rodents and primates, evidencing alternative mechanisms of
virus transduction (Alemany and Curiel, 2001; Smith et al., 2003a). Low affinity interactions with
heparan-sulphate-glycosaminoglicans (HSG) are described to contribute to adenovirus
internalization, and could mediate Ad2 and Ad5 transduction in the absence of CAR (Dechecchi et

9194 \yithin the

al., 2001; Bayo-Puxan et al., 2006). The conserved aminoacidic sequence KKTK
fiber shaft domain has been postulated as the putative HSG-binding motif (Zhang and Bergelson,

2005).

Moreover, liver transduction after intravenous administration occur by different mechanisms
involving plasma proteins such as coagulation factor IX (FIX) and complement binding protein-4
(C4BP), which binds to fiber knob, and coagulation factor X (FX), which binds to hexon. Both
interactions act as a bridge between adenovirus particle and alternative receptors such as HSGs
and lipoprotein receptor-related proteins (LRPs) in the hepatocytes (Shayakhmetov et al., 2005;
Kalyuzhniy et al., 2008; Waddington et al., 2008). Alternatively, it has been recently shown that
enhanced liver transduction of Ad5 vectors promoted by FX is due to its ability to protect the

virus from the attack by classical complement pathway (Xu et al., 2013).

The binding of adenovirus particles to its cellular receptors triggers virus internalization by
clathrin-dependent, receptor-mediated endocytosis (Stewart et al., 1997; Meier et al., 2002). The
acidic environment of endosomes induces escape of virions into the cytoplasm, where they
traffic along microtubules toward the nucleous. After the dissembling of the capsid at the nuclear

pore complex (NPC), viral transcriptional program starts (Figure 4).
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Figure 4. In vitro entry pathway of Ad5. Schematic representation of the different steps involved in the entry pathway of Ad5 in
vitro (adapted from (Coughlan et al., 2010)).

2.1.4.2. Early gene expression and DNA replication

E1A is the first viral transcription unit expressed, producing multiple mRNA and protein
products by differential splicing or mRNA processing. During early infection, two transcripts are
produced: 13S mRNA, encoding 289R protein, and 12S mRNA that encodes 243R protein. The
main functions of E1A proteins are to induce the cell to enter in phase S in order to create an
optimal environment for virus replication and the trans-activation of other adenovirus early
transcription units (E1B, E2, E3, and E4) (Berk, 1986). The mechanism by which E1A activates cell
cycle is the interaction of its products with Retinoblastoma (Rb) protein, which is a tumor
suppressor that inhibits cell cycle via binding to E2F transcription factor. Conserved regions CR1,
CR2, and CR3 of 289R and 243R proteins are able to sequester pRb and other members of its
family such as p107 and p130 releasing free E2F, thus promoting DNA replication (Parreno et al.,
2001).
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Cell cycle deregulation by E1A results in the accumulation of the tumor suppressor p53, which
can turn out in apoptosis. In order to avoid premature death of infected cells and maximize viral
yields, adenovirus protein E1B-55K acts to block p53-dependent apoptosis by directly binding p53
and preventing its ability to promote the expression of pro-apoptotic genes. In this sense, E1B-
19K protein also contributes to this purpose by directly binding to proapoptotic proteins such as
Bak and Bax.

E2 region encodes for proteins necessary to carry out viral genome replication, including DNA

polymerase, preterminal protein and the single-stranded DNA-binding protein.

Products of E3 region function to subvert the host immune response, and allow persistence of
infected cells. E3-gp19K (E3-19K) is a transmembrane glycoprotein targeted for membrane
insertion via a cleavable N-terminal signal peptide (Wold et al., 1985) and anchored in the
membrane by an hydrophobic transmembrane domain near the C-terminus. Moreover, its
cytoplasmatic tail contains a linear dilysine and a conformational endoplasmic reticulum (ER)
retrieval motif that account for the protein’s predominant localization in the ER (Paabo et al.,
1987; Nilsson et al., 1989). E3-19K acts in two ways to prevent the presentation of viral antigens
by the major histocompatibility complex (MHC) class | pathway, thereby avoiding the recognition
and lysis of infected cells by cytotoxic T cells. First of all, its luminal domain is able to sequester
MHC class | molecules in the ER, preventing its transport to the cellular surface. Moreover, it has
been described that E3-19K can also bind the transporter associated to antigen processing (TAP),
which is the responsible to translocate processed peptides generated by the proteasome in the
cytoplasm to the ER, and interfering with the loading of peptides onto MHC class | molecules.
Indeed, E3-19K binding to TAP blocks tapasin-mediated interaction with MHC class | molecules
and TAP, thus accounting for delay in class | antigen maturation and cell surface antigen
presentation even in the presence of MHC class | alleles that bind poorly to E3-19K (Cox et al.,
1991; Bennett et al., 1999).

Other proteins of this transcription unit have been shown to inhibit induction of apoptosis by
TNF-a, Fas ligand (FasL), and TRAIL. 10.4K and 14.5K proteins form a complex named receptor
internalization and degradation (RID) that induce the clearance of chemokine receptors from the
cell surface. This complex together with 14.7K protein also inhibits TNF-a induced secretion of

arachidonic acid, which is an inflammatory mediator (McConnell and Imperiale, 2004).
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E4 transduction unit encodes for proteins that play a role in cell cycle control and
transformation. Moreover, other functions of these proteins include viral replication, stability

and transport of viral mMRNA, and induction of late gene expression.
2.1.4.3. Late gene expression and viral assembly

After the onset of DNA replication, transcription from major late promoter (MLP) is intensified
to ensure the production of adequate amounts of structural proteins. The MLP regulates the
expression of genes from major late transcription unit (MLU), which encodes for 15 to 20
different mRNAs derived from a single pre-mRNA by differential splicing and polyadenylation.
Most adenovirus late genes are expressed from five regions, L1-L5, and correspond mostly to
structural proteins and other proteins involved in virion assembly (McConnell and Imperiale,
2004). Transcription of these genes begins thanks to a conformational change in the adenoviral
genome structure and to the activation by IVa2 protein (Chen et al., 1994). Late mRNA are
accumulated in the cytoplasm and specifically translated thanks to the tripartite leader sequence
(TLP) that is shared by all the mRNA produced from MLP and allows the helicase-independent
transcription of these genes (Huang and Schneider, 1991). Then, translated proteins are
transported to the nucleus, where virions are assembled. Finally, adenoviral DNA is packaged in
the capsid thanks to the binding of Va2 protein to the packaging signal (Zhang and Imperiale,
2000).

Cell lysis and release of progeny virions occurs approximately 30 hours after the infection.
Capsids are accumulated in the nucleus and intermediate filaments are disaggregated giving to
the cells a round aspect which is characteristic of cytopathic effect (CPE). This process also
involves E3-11.6K protein or adenovirus death protein (ADP), which unlike other products of E3
region, is only produced during the late phase of infection and is transcribed from MLP rather

than E3 promoter (Tollefson et al., 1996a; Tollefson et al., 1996b).
2.1.5. Design of tumor selective oncolytic adenoviruses

Unlike other viruses such as reovirus, Newcastle disease viruses (NDV) or vesicular stomatitis
virus (VSV), adenoviruses are not naturally selective for tumor cells. For this reason, genetic
manipulation of adenovirus genome is needed to achieve tumor replication selectivity. Several
strategies have been used with this purpose, including the deletion of viral genes that are
essential for virus propagation in normal cells but complemented in tumor cells, the insertion of
tumor-specific promoters controlling the expression of essential viral genes (transcriptional or

translational targeting) or the modification of capsid proteins to achieve specific and efficient
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infection of tumor cells (transductional targeting). The combination of these strategies has

allowed the rational design of oncolytic adenoviruses.

2.1.5.1. Deletion of viral genes that confer tumor selectivity

It is known that adenovirus infection and oncogenic transformation induce similar signaling
cascades in eukaryotic cells. Consequently, some mutant adenoviruses which showed impaired
replication in normal cells are complemented for productive replication in tumor cells with
deregulation on p53 and pRb pathways. Deletion of viral genes involved in these processes
generates conditionally replicative adenoviruses. In fact, the first CRAd, proposed by Frank
McCormick on 1996, was based on this concept. d/1520 virus, also called ONYX-15, contained the
deletion of E1B-55K gene, which function is to inactivate p53 protein and avoid death of infected
cells by apoptosis (Bischoff et al., 1996). Most tumor cells present natural inactivation of p53,
being the function of E1B-55K dispensable in this type of cells whereas essential in normal cells.
However, E1B-55K has other functions that are not complemented in tumor cells, attenuating

viral replication.

Other examples of the use of this strategy to create tumor-selective replicating adenoviruses
are A24 and d/922-927 mutations. These viruses contain the deletion of the conserved region CR2
of E1A, which is responsible to bind and inactivate Rb. This function is necessary to induce S
phase of cell cycle in normal cells but redundant in tumor cells, which have defects in Rb
pathway. Viruses containing this mutation are not able to break the union between Rb and E2F in
normal cells, presenting attenuated replication in these cells while preserving oncolytic potency
in tumor cells (Figure 5). However, the selectivity of these viruses is limited since other regions

of E1A can also interact with pRB (Fueyo et al., 2000; Heise et al., 2000).
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Figure 5. A24 selectivity mechanism. E1A protein binds and inactivates Rb to induce S phase of cell cycle and viral replication. In
tumor cells this function is redundant, since Rb pathway is truncated and E2F is already free. In normal cells, A24 deletion avoids
the dissociation of Rb and E2F and no viral replication occurs.

The deletion of the VA-RNAs genes is also described as a mechanism to confer selectivity for
tumor cells with activated Ras pathway or truncated interferon (IFN) pathway, which are very

common defects in tumors (Cascallo et al., 2003; Cascallo et al., 2006).
2.1.5.2. Transcriptional and translational targeting

The second strategy to confer tumor selectivity to oncolytic adenoviruses consists in the
insertion of tissue-specific or tumor-specific promoters in their genome to regulate viral gene
expression, especially E1A, since it is the first viral gene expressed, but also other early genes
such as E1B, E2 or E4. Transcriptional targeting of adenoviruses was firstly introduced by
Rodriguez and colleagues in 1997, when they used the prostate-specific antigen promoter (PSA)
to drive the expression of E1A in the adenovirus CV706 (CN706) (Rodriguez et al., 1997). Other
specific promoters that have been used to target other type of tumors are the a-fetoprotein
promoter (AFP) for hepatic carcinoma (Hallenbeck et al., 1999), the osteocalcin promoter for
osteosarcoma (Hsieh et al., 2002), the melanoma-specific tyrosinase promoter (Nettelbeck et al.,
2002) or promoters that respond to hypoxia and estrogens to treat breast cancer (Hernandez-
Alcoceba et al., 2002).

Since this strategy is restricted to certain types of tumors that express the corresponding
tumor-specific antigens, promoters which exploit common and general characteristics of tumor

cells have also been used to allow for a wide applicability in different tumor types. In this regard,
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the promoter of telomerase reverse transcriptase (TERT) has been used to drive E1A expression
in oncolytic adenoviruses, since high telomerase activity in tumor cells is one of the hallmarks of
their immortality and it is active in most human malignancies including lung, liver, gastric, breast,
bladder, and prostate cancers (Huang et al., 2002). Another exploitable characteristic is the
deregulation of Rb pathway in almost all tumors. Taking this into account, promoters that
respond to E2F transcription factor are suitable to achieve restricted replication in a broad range
of tumor cells. Among others, regulation of E1A expression under E2F-1 promoter confers high
potency of transcription (Johnson et al., 2002; Tsukuda et al., 2002; Cascallo et al., 2007; Rojas et
al., 2009). Oncolytic adenoviruses that regulate the expression of E1A under the control of E2F-1
promoter inhibit its transcription by binding pRb-E2F-HDAC complexes in normal cells. Since pRb
pathway is deregulated in tumor cells, E2F is free and can induce E1A expression, initiating viral

cycle and promoting the transcription of other adenoviral proteins.

In this sense, an alternative strategy that has been used by our group for the generation of
ICOVIR-15 is the modification of the endogenous E1A promoter by inserting E2F-binding sites to
redirect E1A expression toward pRb deregulation (Rojas et al., 2010). Moreover, this promoter
also includes a Sp-1-binding site, since it has been described that both, E2F and Sp-1 transcription

factors work together to activate transcription (Karlseder et al., 1996).
2.1.5.3. Transductional targeting

The concept of transductional targeting refers to the modification of capsid proteins in order
to achieve preferential infection of tumor cells rather than normal cells. Virus attachment
proteins can be adapted to use receptors that are expressed preferentially or exclusively on the
surface of tumor cells. Upon intravascular administration, adenovirus accumulates mostly in the
liver, causing toxicity and limiting the amount of virus available to reach tumor nodes. Therefore,
transductional strategies include both, the ablation of the interaction of adenoviruses with its
normal receptors, especially those implicated in hepatic transduction (detargeting), and the

redirection of virion binding to tumor-associated receptors (retargeting).

In this sense, as it has been described the importance of coagulation factors in hepatic
tropism, the abrogation of the interaction between adenovirus capsid and these factors has
shown to greatly reduce liver transduction (Bayo-Puxan et al., 2006; Waddington et al., 2008).
Unfortunately, these modifications also reduced tumor transduction, evidencing the important
role of coagulation factors in this process in vivo (Gimenez-Alejandre et al., 2008). Alternatively,

the mutation of the putative HSG-binding domain KKTK, located in the fiber shaft, abrogates liver
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transduction in mice, rats, and non-human primates (Smith et al., 2003a; Smith et al., 2003b;
Nicol et al., 2004). However, this mutation also causes a significant reduction of tumor cells

infectivity (Bayo-Puxan et al., 2006).

With regard to tumor targeting, adenoviruses exposing different ligands in fiber (C-terminal or
Hl-loop) (Dmitriev et al., 1998; Krasnykh et al., 1998; Belousova et al., 2002; Kurachi et al., 2007),
hexon (Wu et al., 2005), penton base (Wickham et al., 1996; Einfeld et al., 1999), or pIX (Campos
et al., 2004; Le et al., 2004; Meulenbroek et al., 2004; Le et al., 2005) capsid proteins have been
described. Among all of them, the HI-loop in the knob domain of the fiber is one of the most
explored locations, allowing the incorporation of large polypeptides (up to 83 amino acids) that
exceed almost 50% in size the knob domain with only marginal negative consequences in viral

replication (Belousova et al., 2002).

A widely used ligand to achieve tumor tropism is the RGD-4C motif (CDCRGDCFC) which
targets RGD-binding integrins that are overexpressed in tumor cells (Dmitriev et al., 1998; Cripe
et al., 2001; Grill et al., 2001; Wesseling et al., 2001; Nagel et al., 2003). The insertion of this
ligand in the Hi-loop allows the use of integrins as primary receptors instead of CAR, which is not

highly expressed in tumor cells (Bauerschmitz et al., 2002).

The combination of hepatic tropism ablation by mutation of the KKTK domain and the
insertion of targeting peptides in the Hl-loop such as RGD has not been successful, presumably
due to a negative effect on the bending or structure of the fiber (Bayo-Puxan et al., 2006; Kritz et
al., 2007; Rittner et al., 2007). However, the replacement of the KKTK domain with an RGD motif
described by our group (RGDK modification), significantly increased tumor cell transduction and
improved the tumor-to-liver ratio in vivo in the context of a non-replicative adenovirus (Bayo-

Puxan et al., 2009).
2.1.6. ICOVIR-15K

ICOVIR-15K is an oncolytic adenovirus that has been developed by our group and that we
currently use as a platform to incorporate novel modifications and improvements (Rojas et al.,
2011). This virus derives from ICOVIR-15 (Rojas et al., 2010), and combines modifications
corresponding to the three previously described strategies to achieve tumor selectivity. First of
all, the endogenous promoter of E1A has been modified by incorporating eight extra E2F-
responsive sites organized in four palindromes and one extra Sp-1-binding site. Second, it
contains the A24 deletion in E1A that abrogates the interaction of this protein with pRb, so in

case that leaky expression of E1A occurs, E1A-A24 won’t be able to release E2F from pRb. Both of
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these modifications confer replication dependency on Rb pathway deregulation. As a third
modification, distinct from ICOVIR-15 that contains the RGD ligand in the Hl-loop of the fiber,
ICOVIR-15K incorporates the transductional targeting mutation RGDK. As described in the section
above, RGDK consists in the replacement of the KKTK HSG-binding domain by an RGD motif in
order to reduce hepatic tropism and increase tumor transduction (Bayo-Puxan et al., 2009).
Moreover, ICOVIR-15K has shown increased bioavailability of the virus after systemic
administration and greater antitumor activity in vivo compared to ICOVIR-15 (Rojas et al., 2011)
(Figure 6).

TRANSCRIPTIONALTARGETING TRANSDUCTIONALTARGETING

Cancer cell Normal cell
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RGDK fiber

LITR v RITR
ICOVIR-15K EEEN
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Normal cell Cancer cell

DELETION OF VIRALFUNCTIONS COMPLEMENTED IN CANCER CELLS

Figure 6. Schematic representation of the modifications in ICOVIR-15K genome. ICOVIR-15K contains the modified E1A promoter
(including four E2F boxes and one Sp1 box) and the truncated E1A protein to confer selectivity for tumor cells. It also has the RGD
motif replacing the KKTK domain in the shaft of the fiber.

2.1.7. Clinical experience with oncolytic adenoviruses

So far, several oncolytic adenoviruses have been tested in the clinic involving different types of
tumors and routes of administration. d/1520 or ONYX-015, developed by Onyx Pharmaceuticals,
was the first engineered replication selective virus to be used in humans (Bischoff et al., 1996).
Up to eighteen phase | and Il clinical trials have been performed with this virus. Initial trials
included head and neck tumors that were treated by intratumoral administration. Virus
administration was well tolerated with only mild flu-like symptoms, but no objective clinical
responses were observed (Ganly et al., 2000a). Later, encouraging results were obtained with the
combination of ONYX-015 and chemotherapy in a phase Il trial in the same type of tumors, where
19 out of 30 injected tumors decreased 50% or more in size and 8 complete responses were

reported (Khuri et al., 2000b; Lamont et al., 2000). However, long-term survival was not
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improved. Other bad prognosis tumor types such as pancreatic carcinoma or glioblastoma were
treated with intratumoral injections of ONYX-015, without observing toxicity or objective
responses (Mulvihill et al., 2001; Hecht et al., 2003; Chiocca et al., 2004). After intratumoral
administration, intraperitoneal injection was also tried for metastatic ovarian carcinoma (Vasey
et al., 2002). The lack of toxicity in these studies encouraged intravascular administration in
patients with hepatic metastasis of colorectal carcinoma or lung metastasis (Nemunaitis et al.,
2001a; Reid et al., 2002a). The highest dose administered to a patient was of 2x10* viral particles
(vp) on day 1, followed by 11 weekly doses of 2x10™ vp, resulting in an accumulated dose of
4.2x10" vp. Although some dose-dependent toxicity corresponding to fever, vomits, nauseas,
and chills was observed, maximum tolerated dose was not reached. Unfortunately, no responses
were seen. Despite the poor efficacy of this virus, the Chinese company Sunway Biotech is
commercializing H101 in China for the treatment of head and neck cancer via intratumoral
injection. This virus is a derivative of ONYX-015 which, besides E1B-55K, it also lacks E3 proteins,
resulting less potent and more immunogenic (Garber, 2006). The next oncolytic adenovirus to be
tested upon systemic administration was CV787, named CG7870 after the acquisition of Calydon
by Cell Genesys. This virus expresses E1A under the control of probasin promoter and E1B under
the control of PSA promoter, making it specific for prostatic cancer. Flu-like toxicity was also
observed for this virus in phase | clinical trial, and despite a drop in PSA levels in 3 out of 8
patients treated with the highest dose, no longer efficacy was observed (Small et al., 2006).
Lately, other phase | clinical trials involving intratumoral or intracavity routes of administration of
oncolytic adenoviruses such as Telomelysin, Ad5-CDTKrep or Ad5-A24-RGD have been completed
with good safety profiles but discrete clinical responses. Most notable in this regard are the
results with intraperitoneal Ad5-A24-RGD, which is a parental virus of ICOVIR-15 that has
obtained 71% stable disease (Bauerschmitz et al., 2002; Kimball et al., 2010). Regardless these
modest clinical results in terms of antitumor efficacy, more encouraging results were exhibited by
oncolytic adenoviruses that also induce or modulate immune responses, as it will be reviewed in

section 2.6.1.

With regard to intravenous administration, the oncolytic adenovirus ColoAd1
(Enadenotucirev), a chimeric Ad11 with a nearly complete E3 region deletion, a smaller deletion
in the E4 region, and a chimeric Ad3/Ad11p E2B region, is currently being tested in phase I/II
clinical trials. Moreover, phase | clinical trials have started recently to evaluate the safety and
efficacy of two oncolytic adenoviruses developed by our group: ICOVIR-5 and VCN-01 (ICOVIR-
17K, described in this thesis). Parallel clinical trials with both viruses are currently ongoing upon

intratumoral and intravenous administration.
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2.1.8. Limitations of oncolytic adenoviruses

Overall, clinical data on oncolytic adenoviruses, especially after intravenous administration,
point out the need of more potent and selective viruses. Beyond the difficulties of this route of
administration, other barriers to virotherapy success imposed by the tumor microenvironment

need to be addressed (Figure 7).
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Figure 7. Barriers to intravenous delivery of oncolytic viruses in vivo. Within minutes after systemic administration of an
oncolytic virus, most of the initial dose is retained by the liver. Moreover, oncolytic viruses can be neutralized by the interaction
with blood cells, the complement or neutralizing antibodies. Finally, to enter into the tumor mass, the virus must cross the
vascular endothelium against a gradient of interstitial fluid pressure. In addition, tumor stroma and infiltrating leukocytes limit the
intratumoral spread of the virus (adapted from (Parato et al., 2005)).

2.1.8.1. Tumor targeting upon systemic administration

Although many ongoing clinical trials are using intratumoral administration, systemic delivery
will likely be required for metastatic disease treatment. In this sense, current research on the
field is focused basically on avoiding neutralization of the virus by serum factors, minimizing

sequestration of the virus in the liver and spleen and enhancing tumor vessels permeability.

Since adenoviruses are not blood-borne viruses, they are rapidly cleared from the circulation
resulting in a half-life of less than 2 minutes in mice (Alemany et al., 2000) and 10 minutes in

humans (Reid et al., 2002b). Intravascular delivery of adenoviruses leads to a complex series of
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interactions with blood components such as coagulation factors, complement, blood cells, and
neutralizing antibodies. Moreover, the loss of virus through vascular fenestrations of spleen and
liver and subsequent uptake of adenovirus particles by Kupffer cells (KC) in the liver contribute to
clearance. Opsonization of viral particles with natural antibodies and complement, together with
unspecific interaction with scavenger receptors are responsible of the uptake by KCs (Smith et al.,

2008; Xu et al., 2008).

Some strategies involving genetic modifications of capsid proteins to improve tumor targeting
and reduce liver transduction have been discussed in section 2.1.5.3 (transductional targeting).
Moreover, chemical modification of the capsid by coating it with polymers such as polyethylene
glycol (PEG) is utilized in order to mask the virion, thus shielding it from undesirable interaction

with blood factors or native receptors (Coughlan et al., 2010).

Leaky vasculature of tumors could be exploited to enhance delivery of therapeutic
macromolecules into tumor tissues (Fang et al., 2011). However, tumors are heterogenic organs
composed by a dense stroma containing extracellular matrix proteins (collagen, fibronectin,
laminin, fibrin, and sparc/osteonectin), polysaccharides (proteoglycan glycosaminoglycans such
as protein-attached heparin, condroitin and keratin-sulfates, and non-proteoglycan
glycosaminoglycans such as hyaluronan), and cells such as fibroblasts or inflammatory cells. This
stromal tissue, together with poor lymphatic drainage, increases the interstitial fluid pressure in

tumors, hampering virus extravasation and diffusion (Baumgartner et al., 1998).
2.1.8.2. Intratumoral spread of oncolytic adenoviruses

Replication, amplification, and dissemination of oncolytic adenoviruses within tumors is one of
the advantages of virotherapy compared to conventional therapies, since the initial dose is
amplified until the complete lysis of the tumor mass is produced. However, besides precluding
virus arrival to the tumors via vasculature, the tumor stroma also halts intratumoral virus spread,
since adenoviruses neither cross barriers imposed by extracellular matrix nor replicate in non-

tumor cells such as fibroblasts.

Several strategies to improve intratumoral spreading of oncolytic adenoviruses are currently
being explored. Arming oncolytic viruses with ECM-degrading enzymes is a commonly exploited
strategy to enhance viral penetration of solid tumors (Smith et al., 2011). Different proteins that
modulate the configuration of ECM have been used to increase viral spread and antitumor
efficacy in different tumor models. For instance, small molecules such as relaxin and decorin have

been expressed from oncolytic adenoviruses, aiming at inhibit collagen production and
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upregulate the expression of matrix metalloproteases (MMP) that participate in the degradation
of this connective tissue protein (Kim et al., 2006; Ganesh et al., 2007; Choi et al.). Our group has
previously explored the expression of hyaluronidase from an oncolytic adenovirus, which
demonstrated to improve intratumoral virus spread in addition to increase antitumor activity
compared to its parental oncolytic adenovirus (Guedan et al., 2010). This effect is associated to
the digestion of hyaluronic acid (HA) that is one of the main components of the extracellular
matrix of tumors. Depletion of HA by hyaluronidase decreases the interstitial fluid pressure inside
the tumors, decompressing blood vessels and increasing vascular permeability, thereby favouring
the penetration of the virus to the tumor core (Beckenlehner et al., 1992; Spruss et al., 1995;
Smith et al., 1997; Pillwein et al., 1998; Eikenes et al., 2005; Provenzano et al. 2012). One of the
objectives of this thesis was to combine the expression of hyaluronidase with the retargeting
modification RGDK, described in the previous section 2.1.5.3., in a single oncolytic adenovirus

named ICOVIR-17K.

Strategies to improve virus replication in stromal non-tumor cells such as fibroblasts are also
under investigation. For example, one approach is the use of specific promoters, such as the
SPARC promoter, that allow for virus replication in tumor and stromal cells (Lopez et al., 2012).
Alternatively, our group recently described that the truncation of the i-leader adenoviral protein
enhanced the release and cytotoxicity of the virus in cancer-associated fibroblasts (CAFs) in vitro

and increased its antitumor activity in vivo (Puig-Saus et al., 2012; Puig-Saus et al., 2014).

2.1.8.3. Immune responses

Intravenous administration of adenoviruses leads to a strong activation of the innate immune
system, mediated by neutrophils, macrophages, natural killer (NK) cells, and soluble factors such

as complement and inflammatory cytokines.

Interaction of adenoviruses with preexisting specific anti-adenovirus antibodies in the
bloodstream, and the activation of the classical arm of the complement pathway with the
consequent opsonization of viral particles, neutralize the virus and facilitate its rapid clearance
from blood by cellular elements of the innate immune response, including KCs and other cells of

the reticulo-endothelial system.

Once captured by innate immune cells such as macrophages, dendritic cells (DCs), and
epithelial cells, response against adenoviruses starts with the recognition of pathogen-associated
molecular patterns (PAMPs) mediated by pattern recognition receptors (PRRs) such as Toll-like

receptors (TLRs). This effect is strongly associated with the induction of inflammatory cytokines

46



Introduction

or chemokines such as IL-6, TNF-a, MIP-2, MIP-1a, and type | IFNs (Hartman et al., 2008). All
these cytokines act recruiting neutrophils and NK cells to the site of infection, and later
monocytes and T cells. Moreover, induced cytokines also activate trafficking of DCs to draining
lymph nodes and their maturation to engage adaptive and memory immune responses that

rapidly eliminate infected cells (Alemany and Cascallo, 2009).

The immune system can be seen as an ally or as an enemy for virotherapy. From the
“virocentric” point of view, the immunosuppression of the tumor is beneficial for the treatment
with oncolytic viruses, since it might be more permissive to viral replication. Although
adenoviruses possess several mechanisms to counteract the effect of the immune system such as
the retention of MHC class | molecules by E3-19K protein (that prevents its surface presentation
and subsequent recognition by NK cells -that attack cells with low surface MHC class | levels- and
presentation of viral epitopes in the cell surface), they are not enough to evade immune

responses.

Supporting the “virocentric” hypothesis, studies combining oncolytic adenoviruses with the
immunosuppressive agent cyclophosphamide (CPA) demonstrated sustained replication of the
virus and increased antitumor activity in a relevant immunocompetent model as it is the Syrian
hamster (Thomas et al., 2008a). Moreover, data from clinical trials supports this notion since best

responses have been obtained in immunosuppressed patients (Kelly and Russell, 2007).

In addition to a combined treatment with immunosuppressive agents, other strategies have
been explored to evade the immune system. Preimmunity against adenovirus 5 in humans can be
counteracted by the genetic engineering or chemical modification of the adenoviral capsid to
abrogate the interaction with neutralizing antibodies. Some approaches are the switch of capsid
proteins from high-prevalent serotypes such as Ad5 to other uncommon serotypes such as Ad48,
or the coating of the viral particle with polymers such as PEG. A different approach consists in the
use of cell carriers to hide adenoviruses from antiviral immune responses. With this aim,
autologous mesenchymal stem cells (MSCs) or monocytes have been used to bring oncolytic
adenoviruses to tumors without being eliminated by the immune system, thanks to their intrinsic
tumor homing properties (Garcia-Castro et al., 2010; Nakashima et al., 2010; Bunuales et al.,
2012). Finally, the genetic engineering of oncolytic viruses to express genes with
immunosuppressive functions has been explored to achieve enhanced antitumor activity

(Haralambieva et al., 2007; Altomonte et al., 2009).
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On the other hand, for “immunocentrics”, the immunogenicity of oncolytic viruses might
break the local immunosuppressive state of tumors, thus favoring the generation and
amplification of specific antitumor immune responses and improving the outcome of virotherapy.
However, an important hurdle of this strategy is that the strong immune response generated
against viruses might mask specific responses against tumor antigens, limiting the efficacy of this

approach (Alemany and Cascallo, 2009). This issue will be further discussed below.
2.1.9. Combination of oncolytic adenoviruses and chemotherapy

Besides improvement of the oncolytic adenovirus by itself, other strategies such as the
combination with drugs have been used to further enhance antitumor efficacy in the clinical

setting.

Preclinical studies in vitro and in animal models have shown synergistic and/or additive effects
between oncolytic adenoviruses and chemotherapeutic drugs including gemcitabine, cisplatin,
doxorubicin, irinotecan, 5-fluororacil, taxanes, etoposide, or mitoxantrone (You et al., 2000; Yu et
al., 2001; Raki et al., 2005; Fujiwara et al., 2006; Bhattacharyya et al., 2011; Siurala et al., 2014).
Furthermore, superior antitumor activity has been observed with the virus and chemotherapy
combination than with single-agent treatments in several clinical trials (Khuri et al., 2000a; Hecht

et al., 2003; Xia et al., 2004).

Mechanisms involved in this synergistic effect are not well-known so far, but might vary
regarding the kind of chemotherapeutic drug and its mechanism of action, as well as the genetic
modifications possessed by each particular oncolytic adenovirus. Some possibilities include
chemosensitization induced by E1A, drop of intratumoral interstitial fluid pressure (IFP) leading
to increased penetration of the drugs, and induction of abnormal mitosis causing apoptosis
(Bressy and Benihoud, 2014). In addition, it has been reported that metronomic administration of
chemotherapeutic drugs such as gemcitabine, docetaxel, temozolomide, paclitaxel, CPA, or

vinorelbine may activate antitumor immunity by several mechanisms (Chen et al., 2014).

In this work we have combined the novel oncolytic adenovirus containing the RGDK
retargeting modification and expressing hyaluronidase with the chemotherapeutic drug
gemcitabine. In this regard, early clinical trials have demonstrated that hyaluronidase enhances
chemotherapy efficacy in cancer patients (Baumgartner et al.,, 1998). Preclinical studies by
Provenzano and coworkers have attributed the beneficial effect of hyaluronidase to lower

interstitial pressure in HA-depleted tumors, leading to blood vessel decompression and
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increasing the vascular permeability, thereby favoring the penetration of drugs to the tumor core

(Provenzano et al., 2012) (Figure 8).
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Figure 8. Effects of hyaluronidase on the tumor vasculature and interstitial fluid pressure in tumors. Adapted from (Michl and

Gress, 2012).
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3. IMMUNOLOGY OF CANCER

The idea that the immune system can control cancer has been discussed for over a century. In
the early 1900s, Paul Ehrlich was the first author to suggest that tumor development can be
suppressed by the immune system. An enhanced understanding of the immune system and the
evidence of the existence of tumor antigens resurfaced this idea 50 years later. These advances
led to the proposal of the immunosurveillance hypothesis by Burnet and Thomas, which
postulates that adaptive immunity is responsible for preventing cancer development in
immunocompetent hosts (Burnet, 1957). This hypothesis was supported by the discovery of the
role of IFN-y in promoting immunological induced rejection of transplanted tumor cells (Dighe et
al., 1994). Moreover, it was observed that immunodeficient mice lacking IFN-y responsiveness
(gene-targeted mice lacking either the IFN-y receptor or the STAT1 transcription factor required
for IFN receptor signaling) or adaptive immunity (RAGZ"/" mice, lacking T, B, and NKT cells) were
more susceptible to carcinogen-induced and spontaneous neoplasia than immunocompetent
mice (Kaplan et al., 1998; Shankaran et al., 2001). Furthermore, a relatively high percentage of
tumors (40%) of methylcholanthrene (MCA) carcinogen-induced sarcomas derived from
immunodeficient RAG2” mice were spontaneously rejected when transplanted into wild-type
mice. In contrast, tumors derived in immunocompetent mice grew normally after its
transplantation into wild-type syngenic mice (Shankaran et al., 2001). These evidences strongly
suggested that tumors formed in immunocompetent recipients are less immunogenic than those
developed in the absence of an intact immune system, being the former more aggressive since
they have been “edited” in order to eliminate those cells which were more susceptible to be

attacked by the immune system (Schreiber et al., 2011).

This process of immunoediting of tumors occurs through three distinct phases known as
“elimination”, “equilibrium”, and “escape” represented in Figure 9 (Dunn et al., 2002). The
elimination phase is an updated version of cancer immunosurveillance, in which innate and
adaptive immune systems work together to detect the presence of a developing tumor and
destroy it before it becomes clinically apparent. Classical “danger signals” such as type | IFN
(Matzinger, 1994) may be involved in this process, activating dendritic cells (DCs) and promoting
the induction of adaptive antitumor immune responses. Moreover, damage-associated molecular
pattern molecules (DAMPs) that are released from dying tumor cells or damaged tissues may also
play a key role. Finally, a third mechanism involve stress ligands such as RAE-1 or H60 (mouse) or
MICA/B (human) that are frequently expressed on tumor cells surface. Binding of these ligands to

activating receptors leads to a release of pro-inflammatory and immunomodulatory cytokines
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that facilitates development of a tumor-specific adaptive immune response (Guerra et al., 2008).
Additionally, expression of tumor antigens is needed to propagate CD4" and CD8" T cells.
Sometimes, tumor cell variants may survive to the elimination phase and enter into the
equilibrium phase, in which the adaptive immune system prevents tumor growth and tumor cells
remain functionally dormant and clinically unapparent (Koebel et al., 2007). This latency state
could be broken by several mechanisms and tumors enter in the escape phase, in which tumor
cells that have acquired the ability to circumvent immune recognition emerge as progressively
growing clinically visible tumors. Mechanisms of tumor escape will be discussed in section 3.3. In
this case, the immune system contributes to tumor progression by selecting more aggressive
tumor variants, suppressing the antitumor immune response, or promoting tumor cell

proliferation (Vesely et al., 2011).
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Figure 9. Cancer immunoediting concept. Cancer immunoediting consists of three sequential phases: elimination, equilibrium,
and escape. In the elimination phase, innate and adaptive immunity destroy developing tumors before they become clinically
apparent. If a rare cancer cell variant is not destroyed in the elimination phase, it may then enter the equilibrium phase, in which
its outgrowth is prevented by immunologic mechanisms. Editing of tumor immunogenicity occurs in the equilibrium phase. Tumor
cell variants may enter the escape phase, in which their outgrowth is no longer blocked by immunity. These tumor cells emerge to
cause clinically apparent disease ((Schreiber et al., 2011)).
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3.1. ANTITUMOR IMMUNE RESPONSE

Analysis of the tumor microenvironment in patients with a variety of cancer types including
colorectal cancer, breast cancer, renal cell carcinoma, ovarian cancer, melanoma, and
gastrointestinal stromal tumors, has revealed that the presence of tumor-infiltrating lymphocytes
(TILs) is strongly associated with a positive prognostic and a favorable clinical outcome (Pages et

al., 2005; Galon et al., 2006).

Innate immune activation triggered by stress-associated signals or DAMPs may act as a bridge
toward adaptive immunity that can allow that some patients spontaneously develop specific
antitumor CD8" T cell responses. Type | IFN production by host DCs in tumors might participate in
innate recognition of tumors, although the mechanism is not still well-known (Gajewski et al.,
2013).

The initiation of antitumor immunity begins with the capture of antigens derived from tumors
by DCs, which process them for presentation or cross-presentation on MHC class | and Il
molecules. Tumor-antigen-loaded DCs migrate to draining lymph nodes where, under stimulating
signaling conditions, will elicit antitumor effector T-cell responses. T cells interact with the
complex formed by the presented peptide and the MHC molecules in DCs by specific T cell
receptors (TCR), initiating a signaling cascade that leads to its activation. In addition,
costimulatory signals are needed, and on its nature depends the kind of response that will be
triggered. In the absence of immunogenic stimulus, DCs will instead induce tolerance, anergy, or
the production of regulatory T cells (Teg). DCs also trigger B cell and NK cell responses, which
may contribute to antitumor immunity. Finally, cancer-specific T cells might enter the tumors,
where they will recognize specifically tumor cells that present the tumor antigen associated to
MHC class | molecules on its surface (Mellman et al., 2011) (Figure 10). Production of cytokines

and activation of CD4" T cells are also required to generate a potent and sustained response.
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Figure 10. Generation and regulation of antitumor immunity. Antitumor immune responses start with the capture and
processing of tumor-associated antigens by DCs for presentation on MHC class Il or cross-presentation on class | molecules. Then,
DCs migrate to draining lymph nodes where, in the presence of an immunogenic stimulus, will elicit anticancer effector T-cell
responses in the lymph node. On the contrary, without such stimulus, dendritic cells will induce tolerance. In the lymph node,
antigen presentation to T cells will elicit a response depending on the type of dendritic cell maturation stimulus received and on
the interaction of T-cell co-stimulatory molecules with their surface receptors on dendritic cells. Antigen-educated T cells will exit
the lymph node and enter the tumor bed, where immunosuppressive defense mechanisms produced by tumors oppose effector

T-cell function (obtained from (Mellman et al., 2011)).

3.2. MHC CLASS | ANTIGEN PRESENTATION PATHWAY

The T cell arm of the adaptive immune response has evolved to recognize products of
intracellular proteolysis. Peptides coming from the ubiquitine-proteosome pathway, which is
mainly involved in the degradation of cytosolic proteins, including misfolded proteins, regulatory
proteins, defective ribosomal products, mutated proteins in cancer cells, or viral proteins
produced in infected cells, are presented by MHC class | molecules to CD8" T cells. In contrast,
CD4" T cells recognize peptides coming from the lysosomal pathway, which degrades proteins
taken up by endocytosis and bound to MHC class Il molecules. The cross-presentation process
constitutes a major exception of this rule and consists in the presentation of peptides derived

from proteins that have entered the lysosomal pathway by MHC class | molecules in professional
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antigen-presenting cells (APCs) (Joffre et al., 2012). Since this work is focused in the presentation

of antigens by MHC class |, only the ubiquitine-proteasome pathway is going to be detailed.

In vertebrates, MHC genes are encoded from a large multigenic region. In mice, there are two
or three genes (depending on the strain) encoding MHC class | molecules, called H-2D, -K, and -L,
within the H2 complex, and two MHC class Il, called I-A and I-E. In humans, there are three main
(and several minor) genes encoding classical MHC class | molecules within the human leukocyte
antigen (HLA) complex, named HLA-A, -B, and -C, and three MHC class || molecules called HLA-DR,
-DQ, and -DP.

MHC genes show enormous allelic polymorphism, and the amino acid sequence variation is
concentrated in the parts interacting with peptides in order to allow different alleles to bind a
broad range of peptides. The peptide-binding structure consists of a membrane-distal groove
formed by two antiparallel a-helices overlaying an eight-strand B-sheet. Membrane-proximal
regions consist of two conserved domains that are homologous to immunoglobulin (Ig) constant
region domains: one is provided by the heavy chain and the other is a separate protein called .-

microglobulin (B,m), which is product of a non-MHC-linked gene.

The proteasome is a multimeric protein complex located in the cytosol and the nucleus. It has
a cylindrical shape and contains a catalytic core and regulatory particles. The core is a barrel-
shaped structure called 20S and consists of four stacked rings of seven subunits each. The two
outer rings are composed by a-subunits (al-a7) and interact with regulatory particles (such as
19S or PA28) creating a physical barrier that regulates the access to the gate. The cleavage of the
N-terminal of subunit a3 causes the opening of the gate and activates the proteasome. The two
inner rings are composed by B-subunits (B1- B7), three of which (B1, B2, and B5) constitute the
active proteolytic components with different specificities. Upon the exposition to IFN-y, variants
of the active B-subunits are produced and replace the constitutive versions. These subunits are
called low molecular weight protein (LMP) 2 (B1i), LMP7 (B5i) and LMP10 (B2i), and the
proteasomes incorporating them in the context of an inflammatory process are called
immunoproteasomes. Cleavage specificities of the immunoproteosome are different to that of
the proteasome, cleaving peptides after basic and hydrophobic residues instead of acidic
residues, and length and quantity of the generated peptide repertoire also varies. Generated
peptides can be further cleaved by cytosolic proteases such as tripeptidyl peptidase Il (TPPII).
Afterwards, peptides generated in the cytosol are translocated into the endoplasmic reticulum
(ER) by the transporter associated with antigen processing (TAP). TAP is a member of the ATP-
binding cassette (ABC) family of transporters, and is formed by TAP1 and TAP2 subunits, which
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contain a hydrophobic transmembrane domain and a cytosolic nucleotide-binding domain each.
TAP forms a transmembrane pore in the ER membrane whose opening and closing depends on
ATP binding and hydrolysis, respectively. Peptides transported by TAP are mainly of 8-12 residues
of length and with hydrophobic or basic C-terminal that are the ones that have more affinity to
MHC class | molecules. Once in the ER, peptides can be further trimmed by enzymes such as the
ER aminopeptidase ERAP1. Next, transported peptides are loaded onto empty MHC class |
molecules with the assistance of chaperones calnexin, thiol oxidoreductase (ERp57), calreticulin,
and tapasin. The latter is the responsible of bridging MHC class | molecules and TAP, allowing
peptides to gain access to the ER for class | binding and also stabilizing the heterodimers formed
by the heavy chain and B,m. Finally, the complexes formed by MHC class | molecules and the
bound peptides, leave the ER within vesicles that traverse Golgi apparatus and migrate to the cell
membrane. The peptide is exposed to be recognized and interact with the TCR on CD8" T cells
(Blum et al., 2013). Figure 11 shows a schematic representation of the MHC class | antigen

processing pathway.
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Figure 11. MHC class | antigen presentation pathway. Peptides translocated into the ER by TAP originate primarily from the
proteasomal degradation of endogenous proteins either self or foreign (i.e., viral) or, in the case of cross-presentation, by
translocation into the cytosol from endosomes or phagosomes. Many of the peptides that are delivered into the ER are trimmed
by ER aminopeptidases and finally high-affinity peptides bind to MHC-I molecules by a tapasin-mediated process. MHC-I/peptide
complexes transit to the cell surface for T cell recognition by CD8+ T cells (adapted from (Blum et al., 2013)).

3.2.1. TAP-independent presentation pathway

The vast majority of peptides presented by MHC class | molecules are originated in the cytosol
by proteasome-mediated degradation. TAP seems to play an important role in the generation of
specific CD8" T cell responses. The observations of that tumor cells lose TAP expression (Pettit et
al., 2000) and that many viral functions target this transporter complex (Momburg and Hengel,
2002) support this statement. However, it has been reported that TAP-deficient human beings
are not especially susceptible to viral infections, and also possess virus-specific CD8" T cells

(Gadola et al., 2000; de la Salle et al., 2002). Indeed, different reports have shown the existence
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of an alternative antigen processing pathway within the secretory route. It has been observed
that some ligands can also be generated in TAP-deficient cells. Initial studies lead to the
observation that hydrophobic peptides derived from signal sequences, which are targeted
directly to the ER membrane and cleaved by signal peptidase (SP), may become TAP-independent
class | antigens (Henderson et al., 1992; Wei and Cresswell, 1992). Later studies using large-scale
mass spectrometry have identified a large number of peptides that are presented independently
of TAP. Many studies relate the source protein of epitopes that do not require TAP to be
presented by MHC class | molecules to proteins or constructs that contain membrane-
translocating ER-targeting signal sequences or that are based on natural membrane proteins.
However, other putative mechanisms by which cytosolic proteins or peptides may gain access to
the ER have been postulated, including diffusion through membrane, transport through an
altered ER translocon or an unidentified ER transporter, transport through an unidentified
lysosomal transporter, and autophagy (Del Val et al., 2011). Once in the ER, these proteins need
to be processed in the secretory pathway by proteases such as the ER signal peptidase
(Henderson et al., 1992; Wei and Cresswell, 1992), the proprotein convertase 7 (PC7) located in
the trans Golgi network and in the endocytic vesicles (Leonhardt et al., 2010), endolysosomal
cathepsins (Tiwari et al., 2007), and the trans Golgi network protease furin (Gil-Torregrosa et al.,
1998; Gil-Torregrosa et al., 2000; Tiwari et al., 2007). Furin belongs to the maturing proteases
category, which are involved in performing selective cleavages on selected substrates, often
involving their maturation or activation. This protease has restricted cleavage specificity at
polybasic sites on protein substrates, and turns fully active in the trans Golgi network (TGN), so it
cannot efficiently cleave substrates in the ER. This means that peptides would be generated
where furin enzyme is active and then travel back through retrograde vesicular transport to the

ER in order to be bound by MHC class | molecules.
3.3. MECHANISMS OF TUMOR ESCAPE

Tumor escape can occur through many different mechanisms that can be classified as cell-
autonomous modifications or changes in tumor microenvironment. At tumor cell level,
alterations leading to reduced immune recognition or to induction of central or peripheral
tolerance can prevent tumor cell detection by the immune system. Central tolerance refers to
the process by which self-reactive T cells are eliminated in the thymus, while peripheral tolerance
is the process by which T cells reactive to self-antigens that are not expressed in the thymus are

deleted in the periphery.
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3.3.1. Defects in antigen processing machinery and reduced immune recognition

Tumor cells can acquire defects in antigen processing and presentation pathways, leading to
evasion from adaptive immune recognition. Loss of different components of MHC class | pathway
such as TAP, MHC class | molecules, B2m, immunoproteasome subunits (LMP2, LMP7, and
LMP10), or chaperones have been detected in many different tumor types (Jager et al., 1996;
Restifo et al., 1996; Khong et al., 2004; Dunn et al., 2006; Leone et al., 2013).

Among this defects, one of the most common is the deficiency of TAP. Low to undetectable
levels of TAP1 and/or TAP2 mRNA and/or protein have been reported in primary cell cultures
from tumor types including carcinomas of head and neck, esophagus, stomach, pancreas,
colorectal, breast, and cervix; renal cell, prostate, and bladder cancer; and melanoma,
astrocytoma, medulloblastoma, neuroblastoma, acute myeloid leukemia, and multiple myeloma
(Leone et al., 2013). These deficiencies may be due to downregulation, which is normally
restored by IFN-y treatment in several tumor cell lines (Traversari et al., 1997; Tao et al., 2008).
However, mutations at the genetic level in TAP genes that resulted in loss of expression or in
expression of a nonfunctional protein have also been observed, as well as epigenetic alterations
or post-translational downregulation (Kaklamanis et al., 1994; Chen et al., 1996; Fowler and
Frazer, 2004). Moreover, some tumors could lose the ability to respond to IFN-y by mutating or
silencing genes encoding for receptor signaling components, failing in the upregulation of MHC
class | molecules and being unable to produce the intracellular machinery of antigen processing

(TAP1, TAP2, or immunoproteasome components) (Respa et al., 2011).

Abnormalities in the expression of antigen processing machinery components, especially TAP
and MHC class |, are strictly linked with disease aggressiveness and clinicopathological outcome.
APM dysfunction is related with numerous possible defects that may negatively affect immune
recognition of tumor cells. Downregulation of proteasome subunits inhibits the processing of
antigens in the cytoplasm, decreasing the efficiency of epitope generation; TAP abnormalities
reduce the capacity to transport peptides from the cytosol to the ER, preventing formation of
peptide/MHC class | complexes; and a change in chaperone levels may hamper proper loading of
peptides into MHC class |, altering their maturation and stability. Only mature peptide-bound
MHC class | molecules are able to be recognized by CD8" T cells, in order to activate T cell

adaptive response.

In this regard, linking tumor-specific epitopes to membrane-translocating peptides that allow

their targeting to the ER is a previously reported strategy that has been used to bypass antigen

58



Introduction

processing steps and promote the presentation of the epitopes by TAP-independent pathways
(section 3.2.1) (Lu et al., 2004; Raafat et al., 2012).

Inherent genetic instability of tumor cells also could result in the loss of tumor antigens,
becoming no longer detectable by antigen-specific CD8" T cells. Similarly, tumor cells can avoid
recognition by innate immune system by the loss of expression of ligands for the NK cell effectors
molecule NKG2D (Stern-Ginossar et al., 2008) or by the suppression of proinflammatory danger

signals to impair DC maturation (Wang et al., 2004).
3.3.2. Increased resistance to apoptosis

Another mechanism to avoid immune cell detection is to increase resistance to the cytotoxic
effects of immunity, for example through induction of anti-apoptotic molecules such as FLIP and
BCL-XL (Kataoka et al., 1998; Hinz et al., 2000) or through the expression of inactive forms of
death receptors including TRAIL, DR5, and Fas (Shin et al., 2001; Takahashi et al., 2006). Finally,
tumor cells can express on its surface immune-inhibitory ligands that even recognized by immune
cells inhibit its cytotoxic actions in a cell-contact mediated manner. Some examples are PD-1, PD-
L1 (B7-H1), PD-L2 (B7-DC), whose receptors are highly expressed in TILs (Dong et al., 2002).

3.3.3. Immunosuppression in tumor microenvironment

Alternatively, escape may result from the establishment of immunosuppressive status within
the tumor microenvironment. Tumor cells can promote such state by the production of
immunosuppressive cytokines that inhibits DCs function such as vascular endothelial growth
factor (VEGF) (Gabrilovich et al., 1999), transforming growth factor-p (TGF-B) which also inhibits T
and NK cell function (Wrzesinski et al., 2007) or IL-10 that can also skew T cell responses toward a
type 2 immune response (Ty2) that favor tumor progression (Aruga et al., 1997). Galectin
production impedes T cell activity and survival (Rubinstein et al., 2004). Expression of
indoleamine 2,3-dioxigenase (IDO) enzyme by tumor cells metabolizes tryptophan to generate
kynurenines and inhibits CD8" T cell proliferation and promotes CD4" T cell apoptosis
(Uyttenhove et al., 2003). Recruiting of regulatory immune cells such as regulatory T cells (Treg
cells) and myeloid-derived suppressor cells (MDSCs) also can suppress immune function. Both of
these cell types are leukocyte populations that play key roles in inhibiting host-protective
antitumor responses. T, cells inhibit tumor-specific T lymphocytes function by producing IL-10
and TGF-B cytokines, by expressing the negative co-stimulatory molecules CTLA-4, PD-1, and PD-
L1, and by consuming IL-2, a cytokine that is critical for cytotoxic T lymphocytes (CTLs) function
(Terabe and Berzofsky, 2004). MDSCs inhibit lymphocyte function by inducing T cells (Huang et
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al., 2006), producing TGF-B (Li et al., 2009a), depleting amino acids arginine, tryptophan, or
cysteine, required for T cell function (Srivastava et al., 2010), or by nitrosilation of T cell receptors

(TCR) or chemokine receptors on tumor-specific T cells (Nagaraj et al., 2007).
3.4. IMMUNOTHERAPY OF CANCER

Taking into account the different mechanisms of tumor escape to the immune system and
thanks to recent advances in molecular and cellular immunology, several immunotherapeutic
treatments have been proposed to overcome this acquired resistance. Different approaches
involve the use of antitumor antibodies, adoptive T cell therapy, immune checkpoint blockade,

and therapeutic cancer vaccines.
3.4.1. Monoclonal antibodies

So far, monoclonal antibodies constitute one of the most successful forms of immunotherapy.
Nine monoclonal antibodies targeting six cancer-associated proteins (Her2/neu, EGFR, VEGF,
CD20, CD52, and CD33) are clinically approved for the treatment of cancer. By binding to their
targets, antibodies exercise their functions through several effector mechanisms, including steric
inhibition and neutralization, complement activation, and activation of cell-mediated

cytotoxicity.
3.4.2. Adoptive T-cell therapy

Adoptive T cell therapy (ACT) is one of the most promising immunotherapy approaches, and
involves the infusion of externally manipulated T cells. These includes expanded and activated
tumor infiltrating lymphocytes (TILs) (Dudley et al., 2002; Rosenberg et al., 2008), T cells modified
ex vivo to express a specific TCR, and T cells engineered to express a receptor that is a fusion
between an antibody and the T cell receptor’s intracellular machinery, called chimeric antigen
receptor (CAR) (June, 2007). Adoptive T cell therapy with TILs has reported a 70% of overall
objective response rate and 20% of complete responses in melanoma patients (Rosenberg et al.,
2011) whereas the use of CARs against acute lymphocytic leukemia (ALL) has achieved 80% of
complete response rate (Maus et al., 2014). However, serious adverse effects have been

reported.
3.4.3. Immune checkpoint blockade

Among the most promising approaches to activate therapeutic antitumor immunity is the

blockade of immune checkpoints that are crucial for maintaining immune resistance against T
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cells that are specific for tumor antigens. Since immune checkpoints are initiated by ligand-
receptor interactions, its blockade could be easily achieved by antibodies or recombinant forms
of ligands or receptors. Some examples are the use of CTLA4 antibodies, Ipilimumab, which was
the first of this class of immunotherapeutic treatments to be approved by the Food and Drug

Administration (FDA), or blockers of the PD1 pathway.
3.4.4. Therapeutic cancer vaccines

The discovery of the expression of several immunogenic tumor antigens by tumor cells and
the detection of tumor-specific CTLs against these antigens in cancer patients supports the
interest of using vaccines as antitumor treatment. There are a large number of different cancer
vaccine platforms. These includes synthetic TAAs as short peptides or full-length proteins in
combination with adjuvants, delivery of whole tumor lysates, ex vivo peptide-activated DCs or
TAA-encoding vectors, in the form of naked DNA or RNA or in viral vectors. However, the weakly

immunogenic nature of TAAs often limits the successful of this kind of therapies.
3.5. ONCOLYTIC VIRUSES FOR CANCER IMMUNOTHERAPY

One of the main problems of immunotherapeutic treatments is the negative influence of the
immunosuppressive tumor microenvironment. Oncolytic viruses constitute a feasible solution to

this problem and might overcome this cancer-associated immunosuppression.

Oncolytic viruses have the ability to selectively replicate in and kill tumor cells while sparing
normal tissues. In contrast to the vision that host’s immune system can limit the efficacy of
virotherapy by rapid clearance of the infection, evidence supporting that the virus-induced
immune activation can generate innate and adaptive immune responses critical to achieve
antitumor activity has accumulated during the last years (Alemany and Cascallo, 2009; Woller et
al., 2014).

Local inflammation of tumor tissue during an infection by an oncolytic virus provides suitable
conditions to trigger antitumor immune responses. Cancer cell death induced by oncolytic viruses
can be classified as a immunogenic cell death (ICD) (Figure 12). This kind of cell death involves
changes in the composition of cell surface and also the release of soluble mediators known as
danger signals that are basically pathogen-associated molecular patterns (PAMP) or damage-
associated molecular patterns (DAMP). Classical PAMPs are DNA with unmethylated CpG or
defective viral genomes, and are recognized by pattern recognition receptors (PRRs) present on

innate immune cells like antigen-presenting cells (APCs). Surface exposition of calreticulin (CRT)
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and heat shock proteins such as HSP60 and HSP90, and secretion of ATP, high mobility group box
1 protein (HMGB1), hyaluronan fragments, or uric acid by dying cells are crucial DAMPs that lead
to the expression of genes with inflammatory properties that activate DCs to provide for the

stimulation needed to activate antigen-specific T-cells.
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Figure 12. Oncolytic viruses for cancer immunotherapy. Viral oncolysis of tumor cell induces immunogenic cell death by
accumulation of PAMPs and the release of DAMPs. All these danger signals activate antigen-presenting dendritic cells that can
induce cytotoxic T cell responses against tumor-associated antigens. PAMPs, pathogen-associated molecular patterns; DAMPs,
damage-associated molecular patterns; TAAs, tumor-associated antigens (adapted from (Woller et al., 2014)).

Besides these danger signals, tumor cell death by oncolytic viruses promotes the release of a
natural repertoire of TAAs, that are uptaken and cross-presented by DCs, activating specific
antitumor CD8" T cells against numerous epitopes. In particular, oncolytic adenoviruses were also
shown to induce autophagy, which further facilitates cross-presentation by DCs (Jiang et al.,
2011; Rodriguez-Rocha et al., 2011). All these findings provide a rationale for combining
virotherapy with immunotherapy. In addition, several strategies have been suggested to further
exploit the inherent capability of oncolytic viruses of breaking immunosuppression by arming

them with several kinds of genes.
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3.5.1. Oncolytic adenoviruses and immunotherapy

Among others, adenoviruses are appealing to be used as vaccine platforms, since they are able
to induce potent humoral responses and cellular immunity in mice, primates and humans
compared to other vectors (Shiver et al., 2002; Bett et al., 2010). Several adenovirus-based
vaccines expressing different TAAs (i.e Her2, Trp-2, gp100, MART-1, PSA, CEA or WT1) (Rosenberg
et al, 1998; Hartman et al., 2008; Gabitzsch et al., 2010; Karan et al, 2011) or
immunomodulatory molecules (i.e. IL-12, IFN-a, GM-CSF, CD40L, anti-CTLA-4, CCL21, or MyD88)
(Gambotto et al., 1999; Sangro et al., 2004; Gao et al., 2008) have been evaluated mostly
preclinically and with suboptimal results in the clinic. This lack of success could be attributable to
the poor immunogenicity and self tolerance of TAAs compared to viral antigens (phenomenon
that will be described in the section below, 3.5.1.1.) together with the immunosuppressive tumor

microenvironment.

Alternatively, as mentioned before, oncolytic viruses could shift the tumor microenvironment
from immune suppression to immune activation. The detection of activated antiviral as well as
antitumor specific CD8" T cells in patients treated with oncolytic adenoviruses supports the
usefulness of adenoviruses as immunovirotherapeutic platforms (Cerullo et al., 2010; Koski et al.,

2010; Nokisalmi et al., 2010; Pesonen et al., 2011).

Oncolytic adenoviruses have been modified in several ways in order to improve antitumor
activity through modulation of immune system. Toll-like receptors (TLRs) are a family of PRRs
that recognize PAMPs and DAMPs and trigger the activation and maturation of DCs. As an
example, TLR9 responds to viral dsDNA by recognizing unmethylated CpG sequences. An
oncolytic adenovirus with enriched CpG motifs in its genome has shown to increase antitumor
activity and tumor antigen-specific T cells in animal models (Cerullo et al., 2012). However,
arming oncolytic adenoviruses with immunomodulatory transgenes is the most exploited
strategy in the field of immunovirotherapy. Several cytokines such as IL-15 (Gaston et al., 2013),
IL-23 (Choi et al., 2013), IFN-a (Shashkova et al., 2007), or IFN-y (Su et al., 2006), and chemokynes
such as CCL5/RANTES (Lapteva et al., 2009) have been used with this aim. Among many others,
the ones armed with interleukin-12 (IL-12) or the granulocyte-macrophage colony-stimulating
factor (GM-CSF) have been the most successful so far. IL-12 is a pro-inflammatory cytokine that
leads to the activation of NK cells, cytotoxic T cells, as well as the development of T4l immune
responses, that are related to antitumor immune responses. Oncolytic adenoviruses carrying the
IL-12 gene have shown enhanced antitumor efficacy (Lee et al., 2006; Bortolanza et al., 2009).

GM-CSF mediates antitumor immunity by recruiting NK cells and by activating DCs. Oncolytic
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adenoviruses encoding this cytokine can induce potent antitumor responses in preclinical models
(Bristol et al., 2003; Ramesh et al., 2006). Importantly, one of them (Ad5-D24-GMCSF) has been
able to induce antitumor immunity in cancer patients: from 16 evaluable patients, 2 had
complete responses and 5 stable disease (Cerullo et al.,, 2010). A version of this GM-CSF-
expressing adenovirus containing the 5/3 chimeric capsid (Ad5/3-D24-GMCSF) was tested in
patients with advanced refractory solid tumors upon intratumoral or intravenous administration
in combination with low-dose metronomic cyclophosphamide. Similar clinical results to that of its
parental oncolytic adenovirus were obtained, with 8 among 12 patients showing objective clinical
benefit. Both, antiadenoviral and antitumoral immune responses were detected in those patients
(Koski et al.,, 2010). More recently, another GM-CSF-armed oncolytic adenovirus, CG0070,
showed 48.6% of complete responses in bladder cancer patients (Burke et al., 2012). It is
important to highlight, that two of the most advanced oncolytic viruses in the clinical setting until
the date are a vaccinia virus (VV) (JX-594, or Pexa-Vec) and a herpes simplex virus (HSV) (T-Vec,
or talimogene laherparepvec) that also express GM-CSF and had obtained very promising results
(Senzer et al.,, 2009; Kaufman and Bines, 2010; Heo et al., 2013) (see section 2 above).
Importantly, intratumoral injection of these viruses led to the response of uninjected lesions,

demonstrating a systemic immunological effect.

Given the encouraging results of oncolytic adenoviruses armed with these two cytokines, an
oncolytic adenovirus expressing IL-12 and GM-CSF simultaneously in the E1 and E3 regions has
been constructed. Coexpression of both cytokines significantly enhanced antitumor activity in an
immunocompetent murine melanoma model (Zhang et al., 2011). This oncolytic adenovirus was
able to inhibit immune suppression in the tumor microenvironment and, moreover, enhance the
efficacy of subsequently administered DC vaccine. However, it has not yet been tested in the

clinical setting.

Despite the fact that PAMPs, DAMPs, and TAAs released from tumor cells is supposed to
induce DC activation and maturation, there is evidence demonstrating that even though human
DCs efficiently phagocytose adenoviral oncolysates, they require additional stimulation to mature
(Schierer et al., 2012). To overcome this hurdle, oncolytic adenoviruses have also been
engineered to express costimulatory molecules such as a soluble form of the CD40 ligand that
interacts to the CD40 receptor in APCs, thereby triggering antigen presentation and T-cell
activation (Diaconu et al., 2012). Besides proving its efficacy and increased immunogenicity in
preclinical models, the treatment of 9 patients with advanced solid tumors with the oncolytic

adenovirus Ad5/3-hTERT-CD4O0L resulted in controled disease in 83% of them (Pesonen et al.,
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2011). Importantly, high levels of virus, CD40L, RANTES and tumor-specific CD8+ T-cells were

detected in tumor biopsies.

Other costimulatory molecules whose expression has been combined with IL-12 or GM-CSF is
the B-lymphocyte activation antigen (B7-1, or CD80), that provides a secondary costimulatory
signal by its interaction with the CD28 molecule in the surface of T cells leading to its activation.
Both viruses showed improved antitumor activity in immunocompetent mice bearing melanoma

tumors and CD4+ and CD8+ T cell infiltration at the tumor site (Lee et al., 2006; Choi et al., 2013).

Another strategy to revert tumor immunosuppression that has not been yet tested in human
cancer patients is the combination of oncolytic virotherapy with immune checkpoint blockade. In
addition to costimulatory signals required for T-cell stimulation, the immune system has
developed inhibitory strategies to regulate T-cell activation. The cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4) is a receptor which is expressed on T cells and whose activity
counteracts that of the CD28 co-stimulatory receptor (Pardoll, 2012). Importantly, T, cells
inhibit CTLs via CTLA-4 (Terabe and Berzofsky, 2004). An oncolytic adenovirus encoding an
antibody against CTLA-4 has been tested in the preclinical setting with promising results (Dias et
al., 2012).

Altogether, these results underscore the significance of combining immumodulatory genes

with oncolysis of tumor cells by oncolytic adenoviruses to enhance antitumor activity.

Different approaches aim at directly enhancing antitumor-specific T-cell responses. One
possibility is to arm oncolytic viruses with transgenes that enhance the cross-presentation and
priming of TAAs such as heat shock proteins (HSPs) that can induce an MHC restricted tumor
antigen-specific CD8+ T cell responses in different cancer models in immunocompetent mice.
Indeed, an oncolytic adenovirus overexpressing HSP70 has been tested in a phase | clinical trial
upon intratumoral administration, resulting in clinical benefit in 48.1% of the treated patients (Li
et al., 2009b). Interestingly, transient and partial regression of untreated tumors was observed in

three patients, thus suggesting systemic effect.

Finally, in the line of the previous approach, another possibility to enhance immune response
against an antigen could be its display or expression by oncolytic adenoviruses. Regarding the
first option, the incorporation of antigens into the capsid has been further explored in the field of
adenovirus-based vaccines, especially in the case of infectious diseases. This approach presents
some advantages with respect to its expression as transgenes. Preexisting immunity to

adenoviruses present in 50 up to 90% of the population can preclude transgene expression.
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Moreover, incorporating immunogenic antigens to the capsid could result in a strong humoral
response similar to the response generated by native adenovirus capsid proteins, and may have
benefits in promoting immune cross-priming and activation of CD8" T cells. There are four
different proteins that allow the introduction of heterologous peptides in adenovirus capsid:
fiber, hexon, penton base, and plIX. Krause et al. performed a study in which they compared the
anti-epitope immunity after incorporating the hemagglutinin (HA) protein from the influenza A
virus in the different proteins of the adenoviral capsid. Results demonstrated that higher
humoral and cellular responses against HA were detected when the antigen was incorporated
into the fiber knob, despite fiber is 60 times less abundant than hexon (Krause et al., 2006).
However, other issues such as the size of the fragments that can be incorporated in each location
or if the epitope is conformational or not must be taken into account. Nevertheless, no
experience exists with the incorporation of tumor epitopes in oncolytic adenoviruses capsid. The
second option was the expression of TAAs by oncolytic viruses, that has shown to increase the
levels of activation of naive T cells against the antigen, which is translated into increased
antitumor therapy in different kind of viruses such as vesicular stomatitis virus (VSV) or HSV (Diaz
et al., 2007; Castelo-Branco et al., 2010; Kottke et al., 2011). However, again in the case of
adenovirus, only non-replicative vectors have been armed with TAAs, while no experience with

oncolytic adenoviruses has been published.
3.5.1.1. Immunodominance

From the experience in the field of adenovirus-based vaccines against infectious diseases,
especially for HIV and malaria, a potential limitation of the use of adenovirus as cancer vaccines is
that the immunodominance of adenoviral epitopes can mask immune responses to exogenous

epitopes.

Immunodominance and immunodomination terms were originally used to describe prominent
humoral responses to various antigens in the late 1960s and early 1970s (Johnston and Simmons,
1968; Curtiss and Krueger, 1975). Soon after, it was noticed that CTL immune response to
antigens in mouse were restricted by a single or just a few H-2 haplotypes (Zinkernagel and
Doherty, 1975; Doherty et al., 1978). It is now well-established that antigen-specific
immunodominant responses are linked to particular MHC alleles. Moreover, it was found that
cellular immunity was highly toward one, or just a few, antigenic determinants, even during
immune responses to complex microorganisms or antigens (Bennink and Yewdell, 1988). This
phenomenon is known as immunodominance, and determinants involved in detectable

responses were classified as either immunodominant determinants (IDDs) or subdominant
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determinants (SDDs) depending on their reproducibility and magnitude (Sercarz et al., 1993).
Immunodominance has been mostly observed in antiviral and antibacterial immune responses,
both in mouse models and in human diseases. Tumor-specific immunodominance has not been
well characterized for nonviral self-antigens differentially expressed by tumors and normal
tissues. In this case, CD8" T cell response hierarchy behaves differently to that of antiviral

immune responses since self-tolerance mechanisms may also affect the CD8" T cell repertoire.

Factors that might lead to an immunodominant CD8" T cell response include the efficient
generation of the determinant by the immunoproteasome, the transport of precursors to the ER
by TAP, the suitable binding affinity of the peptide for the MHC class I, and the recognition of
these complexes by CD8" T cells bearing the correct antigen-specific TCR. Other factors such as

the route of infection also contribute to immunodominance complexity in vivo.

Immunodomination is another related concept referred to the circumstances by which the T
cell response to a given antigenic determinant is inhibited or suppressed either directly or
indirectly by T cells specific to other determinant antigens from the same antigen or the same
pathogen (Kedl et al.,, 2003). This is related to the interplay between T cells of different
specificities and the interaction between T cells and the APCs more than the processing or
presentation of antigens that have a more important role in immunodominance (Chen and

McCluskey, 2006).
3.5.1.1.1. Immunodominance in adenoviral vectors

The main limitation of the use of viral vectors as vaccines, both for cancer or infectious
diseases, is that vector-specific CD8" T cell immune responses may become immunodominant

over immune responses against exogenous antigens (Sharpe et al., 2001; Harrington et al., 2002).

Regarding adenovirus-based vaccines, the immunodominance of specific responses against
protein antigens of the vector was clearly demonstrated by Schirmbeck and colleagues in a study
with an adenoviral vector encoding for the hepatitis B surface antigen (HBsAg) (Schirmbeck et al.,
2008). The response against the subdominant D%restricted epitope HBsAg01.209 Was analyzed in
BALB/c (H-2% mice after its immunization with an El-deleted adenoviral vector or a plasmid
expressing HBsAg. Specific CD8" T cell response was efficiently induced by both, the plasmid and
the adenoviral vector. However, the Dd/HBSAgzol_zog-SpECiﬁC CD8" T cells in animals vaccinated
with the adenovirus were two- to threefold lower than those in mice vaccinated with the
plasmid, thereby suggesting that adenovirus-specific immune responses may downmodulate the

response to HBsAg. Furthermore, when F1 (BALB/c x B6) mice (H-ZC| and H-2b) were immunized in
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the same way, no detectable responses against the HBsAg epitope were seen after the
immunization with the adenoviral vector whereas similar levels of Dd/ HBsAg201-200-specific CD8" T
cells were elicited by vaccination with the plasmid in BALB/c and F1 mice. This observation could
be related to the specific response against the 2°-restricted viral epitope, dbp43, detected in F1
mice vaccinated with the adenoviral vaccine. It seems that even presented by different
haplotypes, the viral epitope is immunodominant compared with the exogenous epitope,

HBsAg201-209-

Another study that evidences the problem of the immunodominance of viral epitopes over
exogenous antigens was the one performed by Frahm and colleagues. They analyzed adenovirus-
specific responses and HIV-specific responses in 35 patients receiving MRKAd5/HIV-1 vaccine one
year after the first vaccination. A higher magnitude of baseline Ad-specific CD4" T cell responses
were associated with a reduced magnitude of HIV-specific memory CD4" T cell responses (Frahm

etal., 2012).

To overcome this hurdle several strategies have been proposed. One of the most successful by
the moment is the use of heterologous prime-boost regimens that consist in immunizing with
two different vectors expressing the same antigen. This has been shown in a work performed by
Bridle et al. in which the immunization with an adenoviral vaccine encoding for a TAA prior to the
treatment with an oncolytic VSV virus expressing the same antigen enhanced antitumor activity.
More importantly, this approach also shifted the immune response from viral antigens to tumor
antigens (Bridle et al., 2010). Moreover, heterologous prime and boost regimens may also avoid

the formation of neutralizing antibodies.

As mentioned before, one of the factors that contribute to the immunodominance of some
epitopes among others is their efficient transport from the cytosol to the ER by TAP. As it has
been discussed previously (section 3.3.1), deficiencies in TAP expression constitute a common
feature of many tumors to avoid its recognition by the immune system. In order to address this
problem, we propose in this thesis to circumvent the need of TAP by linking the tumor-associated
epitopes to the natural ER-targeting signal sequence that contains the adenoviral protein E3-19K.
Importantly, this strategy attempts to shift the immune response from viral antigens to tumor

antigens.
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Objectives

Oncolytic adenoviruses can kill infected tumor cells directly by intracellular replication but also
they can promote the death of uninfected cells by indirect immune-mediated mechanisms. The
main obstacles that limit the efficacy of oncolytic adenoviruses are the poor tumor targeting after
systemic administration, the deficient intratumoral spread, and the dominant immunogenicity of

viral antigens.

The general objective of this work has been to improve the antitumor efficacy of oncolytic
adenoviruses by using different strategies, and it has been carried out within the context of two
independent projects. The first project consisted on the combination of a tumor-targeting capsid
modification with the expression of an extracellular matrix-degrading enzyme, whereas the
second one was focused on increasing the immunogenicity of exogenous epitopes expressed by

oncolytic adenoviruses.

Several specific objectives have been addressed:

Chapter 1

e To generate an oncolytic adenovirus that combines two modifications previously
described by our group: the RGDK mutation and the hyaluronidase expression, and

validate its in vitro properties in terms of viral fitness.

e To characterize the toxicology and efficacy profile of the RGDK and hyaluronidase-
modified oncolytic adenovirus in immunodeficient and immunocompetent animal

models.

e To combine the RGDK and hyaluronidase-modified oncolytic adenovirus with the

chemotherapeutic drug gemcitabine in order to improve its antitumor activity.

Chapter 2

e To incorporate immunogenic epitopes from tumor-associated antigens in the adenoviral
protein E3-19K of an oncolytic adenovirus to promote their TAP-independent processing
and evaluate the presentation of the epitopes in infected cells in vitro, comparing this

strategy to the display of the same epitopes on the viral capsid.

e To determine the immune responses against tumor epitopes upon immunization of mice
with oncolytic adenoviruses containing such epitopes and evaluate the antitumor activity

of the elicited immune responses.
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Materials and methods

1. HANDLING OF BACTERIA

In order to obtain enough amounts of plasmidic DNA to be easily manipulated, its
amplification in bacteria was required. For this reason, the plasmid should have a replication
origin that allows its replication on the desired strain and a gene that confers resistance to an
antibiotic in order to select the bacteria and avoid contaminations. In this work, the Escherichia
coli strains DH5a and DH10B have been used with this purpose. Moreover, SW102 strain has

been used to perform homologous recombination.

1.1. PREPARATION OF COMPETENT BACTERIA

The bacteria stock was conserved at -80°C with 15% glycerol. In order to induce competence,
the glycerinate was scratched with a sterile pipette tip into 10 mL of LB (1% Tryptone, 0.5% Yeast
Extract, 0.5% NaCl) and it was grown overnight at 37°C in agitation in a 50 mL Falcon tube. Next
day, the 10 mL preculture was grown in 1 L of LB at 37°C in agitation until the culture reached an
OD of 0.6-0.7 at 600 nm of wave length. The bacterial solution was distributed in 250 mL bottles
(suitable for centrifugation in SORVALL centrifuge) and kept 40 minutes on ice in order to stop
bacterial growth. Further manipulation of bacteria was carried on at 4°C. Next, bacteria were
centrifuged 15 minutes at 4000 g and 4°C in a SORVALL centrifuge, supernatant was discarded
and the pellet was washed with cold bi-distilled (dd)H,0 water (4°C). This centrifugation/washing
process was repeated 3 times and in the last wash the pellet was resuspended in 45 mL of water
with 10% glycerol. Bacteria were centrifuged one more time and, finally, resuspended in 3 mL of
water containing 10% glycerol. Next, OD at 600 nm was measured from a 1:100 dilution of the
suspension. OD value should be close to 1 (which is equivalent to 2.5x10® bacteria/mL). Finally,
the bacterial suspension was distributed in 50 L aliquots that were immediately frozen in carbon

dioxide and stored at -80°C.

1.2. TRANSFORMATION OF COMPETENT BACTERIA BY ELECTROPORATION

Bacteria aliquots stored at -80°C were thawed on ice and an amount of plasmidic DNA
between 10 pg and 25 ng in a final volume of 2 pL was added. The mixture was incubated 5
minutes on ice and added to electroporation cuvettes that were previously cooled. Then,
bacteria were electroporated with the electroporator machine Electro Cell Manipulator™ ECM
630 at the following conditions: 50 pF, 1500 V and 125 Q. Pulses lower than 5 miliseconds were

considered correct. Immediately, bacteria were resuspended in 300 pL of LB and incubated for 1

75



Material and methods

hour in agitation at 37°C. The suspension was plated on LB plates including the corresponding

selection antibiotic for each plasmid.
1.3. OBTAINING PLASMIDIC DNA FROM BACTERIAN CULTURES

In this work, plasmidic DNA was obtained from saturated E.coli cultures which grew in LB with
antibiotic according to protocols based on an alkaline lysis with SDS. DNA was prepared at small

and large scale.

1.3.1. Small scale DNA preparations

DNA minipreparations were performed following an adapted protocol described by Birnboim y
Doly (Birnboim and Doly, 1979), which allows the obtaining of 20-50 ug DNA preparations. The

procedure is detailed below.

First of all, a colony grown in a LB-antibiotic dish was inoculated in 2 mL of LB+antibiotic and
incubated over night. Then an aliquot of 1.5 mL was taken and centrifuged at 13000 rpm 1
minute. Then the pellet was resuspended in 200 pL of pre-cooled solution 1 (25 mM Tris-HCI pH
8, 10 mM EDTA, 50 mM glucose). 200 pL of freshly prepared solution 2 (SDS 1%, NaOH 0.2 M)
were added and the mixture was blended by inversion. Finally, 200 uL of pre-cooled solution 3 (3
M potassium acetate, 11.5% acetic acid) were added and the mixture was blended again by
inversion until a white precipitate appears. The mixture was incubated 5 minutes on ice and
centrifuged 15 minutes at 15000 g. Next, the clear supernatant was collected without taking the
white pellet that corresponds to cellular DNA, proteins and SDS, and 2 volumes of ethanol were
added. The mixture was incubated 15 minutes at room temperature (RT) and plasmidic DNA was
precipitated by centrifugation during 10 minutes at 15000 g, supernatant was discarded and the
pellet was washed with 70% ethanol. It was centrifuged again 5 minutes at 15000 g, supernatant
was discarded and the pellet was dried. Finally, plasmidic DNA was resuspended in 50 pL of TE
with RNAse (10 mM Tris-HCI, 1 mM EDTA, 0.1 mg/mL RNAse).

1.3.2. Large scale DNA preparations

DNA maxipreparations allow obtaining large amounts of high purity plasmidic DNA (=100 ug).
Maxipreps were prepared from 200 mL of saturated bacteria culture using the Invitrogen
commercial kit “PureLink™ HiPure Plasmid Filter Purification Kits”, following manufacturer’s

instructions.
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1.4. POSITIVE-NEGATIVE SELECTION HOMOLOGOUS RECOMBINATION IN BACTERIA

Most of the homologous recombinations performed in this work have been conducted in
bacteria because of the high efficiency of the system developed by Richard Stanton (Stanton et
al., 2008), who kindly gave us the plasmid pAdZ5-CV5-E3" in SW102 strain of E.coli, which has the
adenovirus genome type 5 (E1) as a bacterial artificial chromosome (BAC) and with
chloramphenicol (Cm) resistance. This system works using phage A genes RedyBa under the
control of a temperature-sensitive promoter which is repressed at 32°C and activated by

incubating bacteria at 42°C.

Resistance genes SacB and Ampicilline (Amp) were replaced by the more efficient system rpsL-
neo in the original plasmid. The modification was done in two phases, and for each of them a
fragment of DNA or insert was constructed. In the first phase or positive selection, we selected
bacteria cells that have incorporated the inserted DNA. This first fragment had homology regions
(about 40 bp) with the site we wanted to modify on each end. Moreover, this fragment includes
rpsL-neo genes, so after the first transformation recombinant clones with Kanamycin (Kan)
resistance provided by neo gene were selected. In the second phase or negative selection,
susceptibility to Streptomycin (Strep) provided by rpsL gene (since SW102 strain is naturally
resistant to Strep) was lost. The second fragment had the same homology arms but in this case it
included the modification that we wanted to insert. After the second transformation,
recombinant clones were those that had incorporated the inserted DNA and had lost rpsL-neo

fragment.

Plasmid pAdZ5-CV5-E3" was modified in order to obtain pAdZ-ICOVIR-15K plasmid, backbone

that has been used to introduce most of the modifications described in this thesis.

The procedure that has been followed to perform recombinations is described next. First of
all, glycerinates of the bacteria that contain the plasmid to be modified were scratched with a
sterile pipette tip, inoculated in 5 mL of LB media including Cm + Strep antibiotics (12.5 pg/mL,
and 1 mg/mL, respectively) and incubated overnight at 32°C and constant agitation. Then 25 mL
of LB Cm + Strep were inoculated with 0.5 mL of the previous culture and incubated 32°C with
agitation until it reached an OD measure of 0.5-0.6 at 600 nm. At this moment, culture was
divided in two Falcon tubes with equal volumes. One of them was induced by incubating it during
15 minutes at 42°C and then cultures were incubated on ice 15 minutes more. From that
moment, manipulation was done at 4°C in order to ensure transformation efficiency. Both

cultures (induced and non-induced) were centrifuged 5 minutes at 4000 g at 4°C and supernatant
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was discarded. Bacteria pellet was resuspended in 12 mL of cold ddH,0 water and centrifugation
was repeated. In the same way, two more washes were performed and in the last one the pellet
was resuspended in the remaining water (<300 uL). Afterwards, 50 pL aliquots of bacteria (both,
from the induced and non-induced cultures) were transformed with 100-200 ng of DNA (the
fragment which contains rpsL-neo). Bacteria were recoverd in 1 mL of LB and incubated 70
minutes at 32°C. Finally, they were plated into LB plates containing Cm and Kan (12.5 pg/mL, and
15 pg/mL, respectively) and incubated overnight at 32°C. About 20-24 hours later, colonies
should be grown and the ratio between the colonies obtained in the induced culture
(recombinant) and the non-induced one (control) were compared in order to assess
recombination efficiency. Then, colonies were picked, minipreparations of DNA were made and
restriction patterns of different clones were checked. Finally, the correct clone was frozen as a

glycerinate.

A similar procedure was followed for the second phase, in which the clones obtained in the
previous step were inoculated in 5 mL of LB Cm+Kan and cultured overnight at 32°C. Next day,
the bacteria were made competent for its transformation by electroporation in the same way
described previously. Again, 100-200 ng of DNA (insert) containing the desired modification were
transformed. After the recovery incubation 100 pL from a 1:25 dilution were plated in LB agar
Cm+Strep and plates were incubated overnight at 32°C. 24 hours later, colonies were picked,
minipreparations of DNA were performed and clones were checked by the analysis of restriction

pattern and/or sequentiation of the recombinant region.

2. HANDLING OF YEAST

In the same way than in bacteria, elements necessary for replication and a selection trait
which is mutated or deleted in the strain of yeast to be used must be introduced in order to
amplify plasmids in yeast. In this work, plasmids used for recombination in yeast contained CAL
sequence (Sikorski and Hieter, 1989). CAL sequence has a centromere, a yeast replication origin
or autonomous recombination sequence (ARS) and leucine gene. Plasmids obtained by
homologous recombination are low copy (1-3 copies per cell) and must be amplified in bacteria.
Therefore, it is necessary that these plasmids contained also the necessary elements to replicate

in bacteria and a gene that confers resistance to antibiotics.

Yeast used in this work belongs to Saccharomyces cerevisiae YPH857 strain. This strain has
been genetically modified to present mutations or deletions in genes involved in the synthesis of

different molecules (ura3-53, lys2-801, ade2-101, his3-A200, trp1-A63, leu2-Alcyh2R). These
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mutations are responsible for that this strain is not able to grow in media without uracile, lysine,
adenine, hystidine, tryptophan or leucine. In this case, the selection of yeast containing
recombinant plasmids was performed with media containing all these amino acids with the

exception of leucine.

Homologous recombinations were performed by means of the transformation of the two
linearized DNA fragments of interest in yeast to which competence has been previously induced.

Homology regions needed for efficient recombination are of 40 bp length at each end.

2.1. PREPARATION OF COMPETENT YEAST

YPH857 strain stock was conserved as a glycerinate at -80°C. This glycerinate was scratched
with a sterile pipette tip and striked in an agar plate containing rich media appropriate for yeast
growth (YPDA™). They were incubated during 3 days at 30°C and then the plate was stored at 4°C

for a maximum period of 2 weeks.

In order to induce competence to the yeast, a colony was picked from the plate and was
grown overnight in 5 mL of liquid YPDA™ at 30°C and agitation of 200 rpm. Next day, OD was
measured from a 1:10 dilution (ODgyo = 1 is equivalent to 1.5x10’ cells/mL) and a yeast
suspension of ODggg = 0.15 was prepared in a finale volume of 50 mL. This suspension was
incubated at 30°C and 200 rpm agitation until it reached ODggo = 0.4-0.9 (5 hours approximately).
Then, the suspension was passed to a 50 mL falcon tube and centrifuged 5 minutes at 3000 g and
RT. Supernatant was discarded and washed with 25 mL of ddH,0 water and the suspension was
pelleted again and resuspended in 1 mL of water. The suspension was transferred to an
eppendorf tube and centrifuged 30 seconds at 6500 g in a microcentrifuge. The supernatant was
discarded again and water was added to a final volume of 1 mL and distributed in 100 pL aliquots
(10® cells), which were centrifuged during 30 seconds at 6500 g in a microcentrifuge. The
supernatant was removed and the yeast pellet was ready to be transformed with DNA. This

process must be performed the same day of utilization since competent yeast must be fresh.

2.2. TRANSFORMATION OF YEAST BY THE LIAC/SS-CARRIER DNA/PEG METHOD

Protocol for yeast transformation has been adapted from Gietz and Woods (Gietz and Woods,
2002). It is based on the desestabilization of yeast membranes by lithium acetate and the use of
single chain DNA (SS-carrier DNA) to block repeated sequences where DNA to be transformed

could bind unspecifically. The DNA is transformed by thermal shock.
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First of all, SS-carrier DNA (salmon sperm DNA) was boiled in a boiling water bath for 5
minutes. For each transformation, a mix containing the following components was made up: 240
uL PEG (50%, w/v), 36 uL 1 M lithium acetate, 10 pL boiled SS-Carrier DNA at 10 mg/mL and 74 pL
of plasmid DNA and insert plus ddH,0. The amount of DNA for each recombination was 100 ng of
insert and 10-fold less moles of the vector to which the insert was going to be incorporated. The
360 uL of the transformation mix was added to the yeast pellet and the cells were resuspended
by vigorous mixing with a vortex. The tubes were then incubated in a 42°C water bath for 40
minutes. Then, tubes were microcentrifuged at 6500 g at RT for 30 seconds and the supernatant
was removed with a micropipette. The pellet was resuspended in 100 pL of H,O and spread
gently onto SC Leu-agar plates. Plates were then incubated at 30°C for 2-3 days until recombinant

yeast colonies appeared.

2.3. OBTAINING PLASMIDIC DNA FROM YEAST CULTURES

2 mL of liquid SC Leu- was seeded overnight at 30°C with the desired colony. 1.5 mL was
transferred to an eppendorf tube and centrifuged at maximum speed 5 seconds in a
microcentrifuge. The supernatant was discarded and the pellet resuspended in residual liquid.
400 pL of yeast miniprep mix containing: 2% Triton X-100, 1% SDS, 0.1 M NaCl, 10 mM Tris-HCl,
pH 8.0, 1 mM EDTA, was added and mixed. Then 400 uL of phenol:chloroform:isoamyl (25:24:1)
and 0.3 g of glass beads were added. The mixture was vortexed during 2 minutes at 4°C and
centrifuged for 5 minutes at maximum speed. Supernatant was transferred to a new tube and
plasmidic DNA was precipitated with 2 volumes of ethanol containing 2% sodium acetate during
30 minutes at -20°C. Then, the solution was centrifuged for 20 minutes at maximum speed and
RT and the DNA pellet was resuspended in 25 pL of ddH,0. 2 pL of the minipreparation of DNA

were transformed by electroporation to electrocompetent bacteria (e.g. DH5a strain).

3. CELL CULTURE
3.1. HEK293

Human Embryonic Kidney 293 (HEK293) cells derive from human
primary embryonic kidney cells. This cell line has been transformed with a fragment of the Ad5
genome including the E1A gene. 293 cells are highly permissive for the generation and replication
of adenoviruses and are easily transfectable by the calcium phosphate method. This cell line has

been used for the generation and functional titration of the oncolytic adenoviruses.
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3.2. TUMOR CELL LINES

Tumor cell lines used in the in vitro and in vivo experiments and their origins are summarized

in the following table:

Cell line Tumor type Origin specie

A549 Lung adenocarcinoma

Skmel-28 Melanoma
NP-9
NP-18
NP-29
NP-31 . .
BxPC.3 Pancreatic adenocarcinoma Human
Rwp-1
MiaPaca2
Panc-1
SCC-25
SCC-29 Head and neck adenocarcinoma
FaDu
HP-1 Pancreatic adenocarcinoma Syrian Hamster
B16
B16CAR
B16-OVA
B16CAR-OVA
TRAMPC2 Prostate carcinoma
P815K® Mastocytoma

Melanoma

Mouse

Table 2. Tumor cell lines used in this work.

A549 cell line has been used to amplify the different oncolytic adenoviruses due to its high
efficiency to produce virus. NP-9, NP-18, NP-31, and NP-29 pancreatic tumor cell lines were
established by the Servei de Digestiu de I’Hospital de la Santa Creu i Sant Pau from Barcelona and
provided by the Laboratori d’Investigacio Gastrointestinal from the same Hospital (Villanueva et
al., 1998). The hamster cell line HP-1 was provided by Dr. Rubén Hernandez-Alcoceba (CIMA,
Pamplona). The murine TRAMPC2 cell line was obtained from Dr. NM Greenberg (Baylor College
of Medicine, Houston, TX). B16CAR murine cell line was obtained from Dr. Philippe Erbs
(Transgene, France). B16 and B16-OVA cell lines were obtained from Dr. Pablo Sarobe (CIMA,
Pamplona). BI6CAR-OVA cell line was generated by the stable transfection of BL6CAR with the
plasmid pAcNeoOVA (Addgene plasmid 22533, Cambridge, UK) (Moore et al., 1988). P815K" (H-2°
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haplotype transfected with H—2Kb) cell line was provided by Dr. Daniel Lépez (Instituto de Salud
Carlos Ill, Madrid, Spain). The rest of the cell lines had been obtained at the American Type Cell
Culture (ATCC). All cell lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 5% fetal bovine serum (FBS, Invitrogen Carlsbad, CA, USA) previously
inactivated by heating at 56°C for 30 minutes and penicillin-streptomycin (PS, Gibco-BRL,
Barcelona, Spain) (100 U/mL and 100 pg/mL, respectively) at 37°C and 5% CO,. B16CAR were
maintained with 0.5 mg/mL hygromycin (Invivogene, San Diego, CA) and B16CAR-OVA also with
0.5 mg/mL G418 (Invivogene, San Diego, CA).

3.3. PRIMARY BIOPSIES OF NORMAL CELLS

Pancreatic islets were kindly provided by Dr. Montanya (Endocrinology Service of the Hospital
de Bellvitge, Barcelona, Spain). Isolated islets were cultured in CMRL-1066 medium

supplemented with 0.5% of albumin and maintained at 37°C and 5% CO,.
3.4. CELL COUNTING

To determine cell numbers manual or automatic methods were performed, using in both
cases trypan blue dying exclusion test. Adherent cells were detached by incubating them with
Trypsin-EDTA 0.05% (GIBCO RBL) and were resuspended in fresh medium supplemented with
FBS. For the manual counting, a dilution in which 10 to 100 cells could be counted in each
guadrant of the Neubauer chamber was made. Viable cells in each quadrant were counted and
the mean was calculated. The number of cells per mL was calculated according to the following

formula:

cells
= Mean number of viable cells per quadrant x Dilution factor x 10*

Number of

The automatic counting was performed with a cell counter TC20™ (Bio-Rad) according to the

manufacturer’s instructions.

3.5. CELL FREEZING AND CRYOPRESERVATION

Cells were counted as explained above and resuspended in cold freezing medium (90% FBS
10% DMSO) at a final concentration of 5-10x10° cells/mL depending on the cell line. Cell
suspension was distributed in cryotubes at 1 mL/tube and placed in a container filled with 2-
propanol for its freezing at -80°C during 24 hours. Then the cryotubes were stored in a liquid
nitrogen tank. For cell thawing, the cells were rapidly moved from the liquid nitrogen to a water

bath at 37°C. Then the cells were diluted in pre-warmed medium and trespassed to a 15 mL
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Falcon tube. Soft centrifugation at 1000 g was carried out for 5 minutes and the pellet of cells

was resuspended in fresh medium and plated at high confluence to optimize the recovery.

3.6. MYCOPLASMA TEST

All cell lines were routinely tested for mycoplasma contamination by PCR using the following

oligonucleotides:

Oligonucleotide Sequence

MICO-1 5- GGCGAATGGGTGAGTAACACG-3’
MICO-2 5-CGGATAACGCTTGCGACTATG-3’

Table 3. Oligonucleotides used for the detection of mycoplasma contamination.

As a template for the PCR, medium from cells that had been in overconfluence and absence of
antibiotics for at least 5 days was used. If the result was positive, cells were treated with

Plasmocin™ at 25 pug/mL for 2 weeks, and then the cells were tested again.

4. CONSTRUCTION OF RECOMBINANT ADENOVIRUSES

Human adenovirus serotype 5 (Adwt) was obtained from ATCC, and AdwtRGDK, AdTL,
AdTLRGDK, ICOVIR-15K, and ICOVIR-17 have been previously described (Bayo-Puxan et al., 2009;
Rojas et al., 2009; Guedan et al.).

Following, the details of the construction of the recombinant vectors generated in this work

are described.
ICOVIR-17K
The genome of ICOVIR-17K was generated by homologous recombination in yeast.

ICOVIR-17K was created by replacing the fiber containing the RGD motif in the HI loop for the
RGDK fiber in the ICOVIR-17 genome. To achieve this, an EcoRl digestion fragment of the
pBSattKKT plasmid1l5 (Bayo-Puxan et al., 2009) containing the RGDK fiber was recombined in
Saccharomyces cerevisiae YPH857 with the pICOVIR17CAL plasmid (CAU sequence, which
includes the yeast autonomous replication elements and a selectable marker for uracil, was
replaced by CAL, analogous to CAU but with a selectable marker for leucine instead of uracil in

pICOVIR17CAU plasmid (Guedan et al., 2010)) partially digested with Ndel.
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ICOVIR-15K-E30G

From now on, all the modifications were performed using homologous recombination in

bacteria. All the oligonucleotides used and their sequences are summarized in Table 3.

For the generation of the oncolytic adenovirus containing the OVA;s; and the gp100,s epitopes
in the E3-19K protein, the first step was the amplification of the rpsL-neo cassette by PCR from
pJetRpsLneo, a plasmid containing the rpsLneo positive-negative selection markers cloned into
pletl.2/blunt (GenScript, Wheelock House, Hong Kong). The specific oligonucleotides used were
E319KrpslF and E319KrpsIR. The rpsL-neo cassette was then inserted in the E3-19K of
pAdZICOVIR15K plasmid, which contained the genome of ICOVIR-15K in the pAdZ backbone (Gil-
Hoyos, 2014). The fragments containing the epitopes and the linkers were generated by PCR
using the following overlapping oligonucleotides: E319KepF1l, E319KepR1, E319KepF2, and
E319KepR2. The generated fragment was used to replace the rpsL-neo cassette in the E3-19K.

ICOVIR-15K-HIOG

The same strategy was used for the generation of the vector containing the epitopes in the HI-
loop domain of the fiber. In this case, the oligonucleotides used for the amplification of the rpsL-
neo cassette to be inserted in the Hl-loop were HllooprpsIF and HllooprpsIR. For the generation
of the fragment containing the epitopes the following oligonucleotides were used: HIWT1epiF,
HlepFl, HlepR1, and HIWT1epiR. The generated fragment was used to replace the rpsL-neo

cassette in the Hl-loop.

ICOVIR-15K-SSdelE30G and ICOVIR-15K-SSdelE3OGFR

The plasmid containing the rpsL-neo cassette in the E3-19K was used as a backbone for the
generation of mutant adenoviruses of ICOVIR-15K-E30G. For the deletion of the signal sequence
of E3-19K, the oligonucleotide E319KSSdelOVA was used instead of E319KepF1 to generate the
fragment containing the epitopes. To generate the fragment with the furin-resistant linkers we
used the oligonucleotides E319KepFurResR1, E319KepFurResF2, and E319KepFurResR2. The

generated fragments were used to replace the rpsL-neo cassette in E3-19K.
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Oligonucleotide Sequence (5'>3’)

E319KrpslIF CATAATCCTAGGTTTACTCACCCTTGCGTCAGCCCACGGTGGCCTGGTGATGATG
E319KrpsIR CATTACAGGCTGGCTCCTTAAAATCCACCTTTTGGGTGGTTCAGAAGAACTCGTCA
E319KepF1 CATAATCCTAGGTTTACTCACCCTTGCGTCAGCCCACGGTACTACC

E319KepR1 CCGCTTCACGCGCAGTTTTTCAAAGTTGATTATACTGGTAGTACCGTGG
E319KepF2 GCGTGAAGCGGAAAGTACCCAGAAACCAGGACTGGCTTAGAGTTAAACGC
E319KepR2 ATTACAGGCTGGCTCCTTAAAATCCACCTTTTGGGTGGTGCGTTTAACTC
HllooprpslF CATTACACTAAACGGTACACAGGAAACAGGAGACACAACTGGCCTGGTGATGATG
HllooprpsIR CAGACCAGTCCCATGAAAATGACATAGAGTATGCACTTGGTCAGAAGAACTCGTCA
HIWT1epiF CATTACACTAAACGGTACACAGGAAACAGGAGACACAACTGGAAGCGGTTCTCGC
HlepF1 CCGGAAGCAGAAAAGTACCCAGAAACCAGGACTGGCTTGCCGGTTCTGG

HlepR1 CTGCTTCCGGAACCAGCCAGTTTTTCAAAGTTGATTATACTGCGAGAACC
HIWT1epiR CAGACCAGTCCCATGAAAATGACATAGAGTATGCACTTGGGGAGCCAGAACCGGC
E319KSSdelOVA AAACGCTGGGGTCGCCACCCAAGATGAGTATAATCAACTTTGAAAAACTG
E319KepFurResR1 CACAACGCGCACCAGTTTTTCAAAGTTGATTATACTGGTAGTACCGTGG
E319KepFurResF2 TGCGCGTTGTGAAAGTACCCAGAAACCAGGACTGGCTTGTTAGAGTGGTA
E319KepFurResR2 AGGCTGGCTCCTTAAAATCCACCTTTTGGGTGGTTACCACTCTAACAAGC

Table 4. Oligonucleotides used for the generation of recombinant adenovirus genomes.

4.1. ADENOVIRUS GENERATION BY CALCIUM PHOSPHATE TRANSFECTION

Once the desired modifications have been incorporated into the viral genome included in a
plasmid, this recombinant viral DNA needs to be introduced into packaging cells to generate the
adenovirus. With this aim we used HEK293 cells (Graham et al., 1977) which were transfected
with the viral DNA by the calcium phosphate-based method. In the case that the recombinant
viral DNA had been obtained by recombination in yeast, the viral genome needed to be released
from the plasmid by digestion with the restriction enzyme Pacl. This step was not necessary for
the viral genomes constructed in pAdZ plasmids in bacteria, since they incorporate a self-excising
system. Once the plasmid enters the cell, the endonuclease I-Scel is expressed and releases the
viral genome. This system increases the efficiency of the transfection, since circular DNA is
transfected more efficiently than lineal DNA. After the transfection of the viral genome into the
cells, the viral cycle begins, and after several rounds of replication (about 7 days post-

transfection), foci of cytopathic effect are clearly seen.
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For transfection, monolayers of HEK293 cells seeded in 6-well plates and at a confluence of
60-80% were used. For each plasmid to be transfected the following mixture was prepared in a

1.5 mL tube:

- 195pLofCaCl 2 M
- 3 ugof DNA
- ddH,0 up to a final volume of 162 uL

This solution was mixed up softly for 10 seconds, and another 1.5 mL tube containing 162 uL
of HBS 2X (NaCl 274 mM, HEPES 50 mM, and NaH,P0O4 1.5 mM in H,0, pH adjusted to 6.95 — 7.05
with NaOH) was prepared. Then, the solution containing the DNA was added drop by drop to the
tube containing the HBS while air was being bubbled with a pipette. The mixture was incubated
for 1 minute at RT and added to the cells while shaking softly the plate to allow a homogenous
distribution. 2 hours later the precipitates became visible and 16 hours post-transfection the

medium was removed and exchanged by fresh medium.

When the foci of cytophatic effect were visible, the cells were collected together with the
supernatant (cell extract, CE) and underwent through 3 rounds of freeze (-80°C) and thaw (37°C)
to completely release the viral particles from the cells. In this way, the first viral lysate (passage O,

CEpO0) was obtained.

4.2. CLONE ISOLATION BY PLAQUE PURIFICATION ASSAY

In order to have a homogenous stock of each generated recombinant adenovirus, clone
isolation by plaque purification assay was performed with the initial viral lysate (CEp0). This assay
was performed in A549 cells in order to avoid the possible homologous recombination between
the modified E1 region of the adenovirus and the wild-type E1 region of the packaging cells
HEK293. Once isolated, the clones were characterized and those which were correct were
amplified for its subsequent use in in vitro and in vivo assays. The plaque formation assay is based
on the infection of cell monolayers with a bank of serial dilutions made from the CEpO of the
different adenoviruses. Then, the infected cells are covered with an agarose matrix that allows
the nutrient and gases exchange with the medium but does not allow the diffusion of the viral
progeny. In this way, the viral particles released from the cells are only able to infect neighboring
cells leading to the formation, after several round of replication, of viral plagues within the

cellular monolayer.
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First, serial dilutions ranging from 10 to 10”7 were prepared from the CEpO in DMEM 5% FBS.
Each well of the 6-well plate, which contains monolayers of A549 at an 80% of confluence, was
infected with 100 pL of each viral dilution during 4 hours at 37°C. Then, cells were covered with 3
mL of a 1:1 solution of DMEM 5% FBS and 1% agarose previously prepared at 56°C. Once
solidified, 2 mL of fresh medium was added over the agarose matrix. The plates were incubated
at 37°C until the plaques appeared at day 5-8 post infection. At that moment, the medium was
removed carefully and the plagues were picked through the agarose matrix using a pipette tip.

The aspirated agarose/medium was resuspended in 500 uL of DMEM 5% FBS.

4.3. AMPLIFICATION AND PURIFICATION OF ADENOVIRUSES

Amplification and purification processes allowed the obtainment of sufficient amounts of the
recombinant adenoviruses and in the appropriated formulation to be used for in vitro and in vivo
assays. The amplification of the adenovirus is based on the propagation of the viral vector
through culture plates of larger sizes at each passage and in bigger amounts. The purification of
the adenovirus is based on its separation from the cell debris by an ultracentrifugation step in

cesium chloride. Both processes are described in the following sections.

4.3.1. Amplification of recombinant adenoviruses

Taking into account that HEK293 cells contained in its genome the wild-type E1 region of the
adenoviral genome, and that our conditionally replicative viruses have a modified E1 region, the
amplification of all the oncolytic adenoviruses has been carried out in A549 cells to avoid

undesirable recombinations.

The starting material for the amplification of the adenoviruses was the plaque obtained from
the plaque isolation assay. 250 pL of the medium containing the isolated clone were used to
infect a well from a 6-well plate of A549. When the cytopathic effect (CPE) was completed, the
cells were harvested together with the supernatant (CE) and submitted to 3 rounds of freeze and
thaw to release the viral particles from the cells. With the CE obtained from the 6-well plate
(CEp1), 2 plates of 10 cm were infected. Again, when CPE was complete (around 72 hours post-
infection) the CE was collected (CEp2). One of these plates was used to obtain viral DNA by Hirt’s
method (detailed in following sections) and the second one was used to infect 3 plates of 15 cm
and continue with the amplification process. The CE from one of these 15 cm plates contains the
sufficient amount of virus to perform in vitro studies and was kept at -80°C for this use. In order
to purify the virus for in vivo usages, with the CE from the other 2 plates, 20 more 15 cm plates of

A549 were infected. For the final amplification step, the CE was collected when the CPE was
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evident in 90-100% of the cells but they were not completely detached from the plate, since the
purification process is carried out with cell pellets and the virus present in the supernatant will be
lost. At that moment, the cells and the supernatant were collected in 50 mL Falcon tubes and
centrifuged 5 minutes at 1000 g. The supernatant was discarded (except for 40 mL that were
kept at -80°C to be used in the purification process) and the cells from each tube were carefully
resuspended in the remaining supernatant and joined into one Falcon tube in an approximate

volume of 10 mL. This CE was kept at -80°C until the moment of purification.

4.3.2. Purification of recombinant adenoviruses

The purification of the adenoviruses is performed in order to have a viral stock with the
appropriate formulation and concentration to be administered in mice and hamsters by systemic

injection.

The method used in this work for the purification of adenovirus is based on using a cesium
chloride (CsCl) density gradient combined with ultracentrifugation to separate viral particles from
the rest of the CE components (cell debris, empty viral capsids, etc.) and to concentrate them.

The buffer-exchange was performed by dialysis.

In order to release the viral particles from the cells, the pellets obtained in the amplification
step were submitted to 3 freeze/thaw cycles. The viral extract was centrifuged 5 minutes at 1000
g and the supernatant containing the virus, which is called clarified cell extract (CCE), was
collected. The pellet was resuspended in 10 mL of the supernatant that was kept from the
amplification process and centrifuged again at the same conditions. This step was repeated 3
times until a volume of 42 mL of CCE was obtained. This CCE was then loaded onto the CsCl
gradients. The CsCl gradients were prepared in ultracentrifugation tubes (Beckman Coulter) using
3 solutions at different concentrations. First, 0.5 mL of a 1.5 g/mL CsCl solution was layered in the
bottom of 6 tubes. The second and third layers consisted in 2.5 mL of CsCl solutions at respective
concentrations of 1.35 g/mL and 1.25 g/mL. These layers were added drop by drop in order to
not disturb the formed gradient. Finally, 7 mL of the CCE were carefully loaded onto each tube
containing the gradients. Then the tubes were ultracentrifuged 2 hours at 10°C and 150000 g
(35000 rpm, SW40 Ti rotor, Beckman). At these conditions, viral particles are separated from cell
debris and appeared as 2 bluish-white 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. Then, the band
of interest was collected carefully and placed on ice in a 50 mL Falcon tube. For further

purification, a second centrifugation step using a continuous CsCl gradient was necessary. The
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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. After this centrifugation, the solution above the white band was discarded
by suction and the band corresponding to the virus was collected in the smallest volume possible
(in order to keep the virus highly concentrated) and introduced into a dialysis membrane. Three
steps of 2 hours dialysis (each at 4°C) were carried out against 1 L of a PBS™ buffer (PBS
supplemented with calcium chloride and magnesium). At the final dialysis, 5% glycerol was added
to the buffer as a cryoprotectant. Other buffer that has been used to dialyze the virus was the

Tris buffer (Tris-HCI 20 mM, NaCl 2 mM, and glycerol 2.5%).

4.4. TITRATION OF ADENOVIRUSES
4.4.1. Determination of physical viral particles by spectrophotometry

This method allows the quantification of the viral particles (vp) from a purified adenovirus
stock without discrimination between infective or defective particles, and is based on the

determination of the absorbance of viral DNA at a weight length of 260 nm.

Three different dilutions (1:5, 1:10, and 1:20) of the purified viral stock were prepared in lysis
buffer (Tris 10 mM, EDTA 1 mM, 0.1% SDS, pH 8.0) and incubated for 5 minutes at 56°C. Then, OD
was measured at 260 nm and 280 nm with a spectrophotometer. Final concentration of the virus
could be calculated by the following formula, taking into account that the extinction coefficient

of adenoviruses is 1.1x10™ per OD unit:
vp/mL = 0Dyg0 nm X sample dilution x 1.1 X 1012

The ratio between the absorbance at 260 nm and 280 nm gives an idea of the integrity of the

purified sample, and should be around 1.4.

4.4.2. Determination of functional viral particles by anti-hexon staining

This method is based on the detection of positive cells for the immunodetection of the viral
protein hexon in monolayers of infected HEK293 cells. This technique allows the determination of

functional infective viral particles (TU) in purified stocks as well as in cell extract samples.

Serial 1:10 dilutions of the viral stock were prepared per triplicate in 96-well plates in a total
volume of 100 uL per well of DMEM 5% FBS. Then, a cell suspension at 50000 cells/well was
added to the wells and the plates were incubated for 36 hours at 37°C. After this time, the

medium was removed by suction and the cells were dried for 5 minutes at RT. 100 uL of cold
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methanol were added to each well in order to fix the cells and incubated 10 minutes at -20°C. The
methanol was removed and the wells were washed twice with PBS™ containing 1% BSA. Next,
the cells were incubated with a primary antibody against the hexon protein of the capsid
obtained from the hybridoma 2Hx-2 (ATCC, Manasas, VA, USA), diluted 1:5 during 1 hour at 37°C.
Afterwards, the cells were washed three times more and incubated with an anti-mouse
secondary antibody conjugated with the fluorochrom Alexa-488 (Invitrogen) diluted 1:500 during
1 hour. Finally, the cells were washed thrice again and the viral titer was determined by the
counting of stained cells using an inverted fluorescence microscope. To calculate the number of

transducing units per mL the following formula was used:

Mean of positive cells o
TU/mL = 100 1L X Dilution factor x 1000 pL

4.5. CHARACTERIZATION OF RECOMBINANT ADENOVIRUSES
4.5.1. Methods for obtaining viral DNA

In this work, viral DNA has been obtained from two different sources: infected cells or purified

virus stocks. The methods used in each case are detailed following.

4.5.1.1. Obtaining viral DNA from infected cells (Hirt’s)

This method has been used for the analysis and validation of the clones obtained in the plaque

formation assay.

The cell extract of infected cells was harvested and centrifuged 5 minutes at 1000 g. The
supernatant was discarded and the pellet resuspended in 1 mL of PBS. The cell suspension was
pelleted again by centrifugation and resuspended in 350 uL of ddH,0. 350 uL of Hirt’s solution 2X
(10 mM Tris pH 8.0, 20 mM EDTA, 1.2% SDS, and 200 pg/mL of proteinase K) were added to the
cell suspension. The sample was mixed up and incubated for 1 hour at 56°C. Next, 200 pL of NaCl
5 M were added drop by drop to the mixture while vortexing and was incubated at 4°C for 8-16
hours until a white precipitate corresponding to the cellular DNA appeared. In order to eliminate
this cellular DNA, the suspension was centrifuged for 30 minutes at 15000 g and 4°C and the clear
supernatant containing the viral DNA was collected. This supernatant was incubated with RNAse

at a final concentration of 100 pg/uL for 1 hour at 37°C. Then, a phenol:chloroform DNA
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extraction was performed and the DNA was precipitated with ethanol containing 2% of sodium
acetate. Finally, the pellet corresponding to the viral DNA was resuspended in 25 pulL of ddH,0 or
TE pH 8.0.

4.5.1.2. Obtaining viral DNA from purified virus stocks

This method has been used to verify the identity of each generated virus purified stock.
Usually, the starting material has been a 50 pl aliquot of purified virus, containing approximately

2x10"° vp, corresponding to 1 g of viral DNA.
To this aliquot, we added:

-  EDTApH8.0(16 pL 0.5 M)

- SDS (20 pL 10%)

- Proteinase K (8 uL, 10 mg/mL)
- TE pH 8.0 up to 400 pL

The mixture was incubated for 2 hours at 56°C and like in the method above,
phenol:chloroform extraction and precipitation of DNA with ethanol 2% sodium acetate were
performed. Finally, the pellet corresponding to the viral DNA was resuspended in 25 pL of ddH,0
or TE pH 8.0.

4.5.2. Characterization of the viral genome by enzyme restriction and sequencing

Both techniques had been used to confirm the identity of the generated adenoviruses using

DNA from both, infected cells or purified stocks.

4.5.3. Digestion of DNA with restriction enzymes

As starting material for the digestion of viral DNA with restriction enzymes, 500-800 ng of DNA
were used. To this amount of DNA, 1 unit of the enzyme, the appropriate buffer to each one
(provided by the manufacturer at 10X), and ddH,0 up to the desired final volume were added.
The mixture was incubated normally for 2 hours in a water-bath at 37°C and then the samples
were resolved in a 1% agarose electrophoresis gel prepared in Tris-Acetate-EDTA (TAE) buffer,
together with a molecular weight marker. The restriction enzymes that had been used in this

work to assess the integrity of the viral genome were Sacll, Kpnl, Hindlll, Ndel, EcoRl, and EcoRV.
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4.5.4. Sequencing viral DNA

Sequencing of viral DNA was performed using 100 ng of DNA to which 5 uL of the sequencing
mix 3.1 (Applied Biosystems) containing dNTPs and ddDNTPs marked with different
fluorochroms, 5 plL of 5X sequencing buffer, 3.2 pmols of the corresponding oligonucleotide, and
ddH,0 up to 10 pL. The conditions of the sequencing reaction were 24 cycles consisting on: 30
seconds at 96°C, 15 seconds at 50°C, and 4 minutes at 60°C. The sequencing reactions were
analyzed with an automatic sequentiator at the “Servei de Seqiienciacié i Genomica dels Serveis

Cientifics de la Universitat de Barcelona”.

5. IN VITRO ASSAYS WITH RECOMBINANT ADENOVIRUSES
5.1.  ASSAYS FOR THE DETECTION OF HYALURONIDASE EXPRESSION

Two different assays were used for demonstrating that ICOVIR-17K expressed functional
soluble hyaluronidase. For both techniques the procedure followed for the obtaining of the
samples was the same. Monolayers of A549 cells seeded in 10 cm plates were infected at 20 MOI
with each virus. Infection media was removed 4 hours after infection, cells were washed once
with PBS and fresh medium (without FBS) was added. 72 hours post infection the supernatant
was collected and concentrated with 10K Amicon Ultra centrifugal filters (Millipore, Billerica,
MA).

5.1.1. Microanalysis of hyaluronan oligosaccharides by PAGE

The first technique consisted on the analysis of the oligosaccharides generated by the
incubation of supernatants of cells infected with adenoviruses expressing hyaluronidase and a
high molecular weight hyaluronic acid solution. This method was described by lkegami-Kawai
(Ikegami-Kawai and Takahashi, 2002) and is based on the electrophoresis analysis of the
oligosaccharides product of the digestion in polyacrylamide gels and its visualization using

combined Alcian blue and silver staining protocol.

Each concentrated sample (15 L) was incubated overnight at 37°C with 115 uL of a hyaluronic
acid (Sigma, St Louis, MO) solution (1.5 mg/mL) in phosphate buffer (pH 6.0) containing 0.1 mol/L
NaCl and 0.05% BSA. Hyaluronic acid degradation products from digestion were resolved by
Polyacrylamide gel electrophoresis (PAGE). Digested samples were mixed 1:5 with sucrose 2 M in
TBE buffer 5X and loaded in a 15% polyacrylamide gel (8.22 ddH,0, 6 mL 40% acrylamide-
bisacrylamide, 1.6 mL TBE 10X 1 M pH 8.3, 160 uL APS, 16 puL TEMED). The gel was run at 4°C at
the following conditions: 20 minutes at 250 V, 10 minutes at 580 V, and 15 minutes at 450 V.

92



Materials and methods

Next, the samples were fixed by soaking the gel in 0.05% Alcian blue dissolved in ddH,0 for 30
minutes in the dark. Then, the gel was destained by submerging it in ddH,O0 for 30 minutes more
and the oligosaccharides were revealed following a silver staining protocol. The gel was
incubated for 30 minutes with 100 mL of the pretreatment solution (0.02% Na,S,03, 30% ethanol,
6.8% sodium acetate). Then, it was washed three times with ddH,0 and incubated 20 minutes in
the dark at RT with the staining solution (0.2% AgNOs, 0.015 % formaldehyde). Immediately, the
gel was washed thrice again with ddH,0 and the gel was developed from 1 to 10 minutes with
100 mL of stopping solution (40 mM EDTA). Finally, the gel was washed 3 times for 5 minutes

with ddH,0 and conserved in preserving solution (30% ethanol, 4% glycerol).

5.1.2. Quantitative turbidimetric hyaluronidase activity assay

In contrast to the previous method, the second technique was quantitative and the protocol
was modified from the one developed by Dorfman (Dorfman and Ott, 1948). This method is
based on an enzymatic reduction in which hyaluronic acid is measured by its ability to form
turbidity with serum albumin solution at an acidic pH. Under the assay conditions, turbidity is
directly proportional to hyaluronic acid concentration and can hence be related to enzyme

activity. Generated turbidimetry is measured spectrophotometrically at 600 nm.

100 pL of supernatant samples containing soluble hyaluronidase were mixed with 100 pL of
the hyaluronic acid solution and samples were incubated overnight at 37°C. After the incubation,
samples were precipitated with 5 volumes of a solution containing 24 mM sodium acetate, 79
mM acetic acid and 0.1% of BSA (pH 3.75) and the absorbance at 600 nm was read. The units of
activity for each sample were determined by comparing the ODggonm Of the sample with the
ODesonm Of a standard curve of hyaluronidase activity, generated from a solution of bovine

testicular hyaluronidase (Sigma, St Louis, MO)(Dorfman and Ott, 1948).

5.2. PROTEIN DETECTION BY WESTERN BLOT

Preparation of lysates from cell culture

Cells were seeded in 24-well plates in order to have an 80% of confluence at the moment of
the infection. The infection was performed at a MOI of 20 in the case of A549 cells or 100 MOI for
B16CAR and TRAMPC2 cells, and incubated during 4 hours at 37°C and 5% CO,. Then, the cells
were washed 3 times with PBS and incubated with fresh medium. 24 hours later, cells were softly
trypsinized, resuspended, and centrifuged 5 minutes at 6000 g. The pellet was washed with PBS

and centrifuged again to freeze dried pellets at -80°C.
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Afterwards, cells were resuspended in Shieh’s lysis buffer and incubated in agitation during 45
minutes at 4°C. Then, samples were centrifuged and protein extracts were collected and frozen in

order to titer them. Shieh’s lysis buffer contains:

- Tris-HCI 10 mM pH 7.4 (50 pL from a 1 M pH 7.5 stock)

NaCl 400 mM (400 uL from a 5 M stock)

NaF 5 mM (50 puL from a 0.5 M stock)

Glycerol 10% (500 pL from a 100% stock)

- EDTA 1 mM (10 pL from a 0.5 M stock)

- Orthovanadate 1 mM (10 pL from a 0.5 M stock)

- Nonidet P-40 0.5% (25 pL from a 100% stock)

- Protease inhibitors cocktail 1x (100 uL from a 50X stock Complete Mini, Roche, Switzerland)

Quantification of the protein extracts

In order to quantify protein, a standard curve was done with known concentrations of BSA.
96-well plates were used to perform the serial dilutions of BSA in order to have 0, 1, 2, 3, 4, and 5
pg of protein in each well and per triplicate in a final volume of 160 pL. 1:10 dilutions of the
samples of interest were prepared in 160 pL (always handling the samples on ice) and loaded
onto other wells. 40 uL of Bradford reagent were added to the wells and mixed carefully without
making bubbles. 5 minutes later, absorbance at 595 nm was read and protein concentration was

determined taking into account the absorbance of the BSA standard curve.

SDS-PAGE and protein transfer to nitrocellulose membrane

First of all 10% acrylamide-bisacrylamide gel was prepared using 1.5 mm glass plates from Bio-

Rad (Hercules, CA, USA). The gel consisted of two parts:

- Stacking gel: 4.4 mL of H,0, 0.75 mL of 40% acrylamide-bisacrylamide, 0.75 mL of Tris-HCI
1.5M pH 6.8, 60 puL of 10% SDS, 60 uL of 10% APS, 60 uL of TEMED.

- Resolving gel: 4.65 mL of H,0, 2.55 mL of 40% acrylamide-bisacrylamide, 2.6 mL of Tris-
HCI 1.5M pH 6.8, 100 pL of 10% SDS, 100 pL of 10% APS, 10 uL of TEMED.

In order to reduce and denature the samples, each lysate was boiled in sample buffer
(Laemmli buffer: 300 mM Tris-HCl pH 6.8, 600 mM DTT, 12% SDS, 0,6% bromophenol blue, 60%
glycerol) at 100°C for 5 minutes. 20-30 ug of protein were loaded into the wells of SDS-PAGE gel
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along with molecular weight markers. The gel was submerged into running buffer (25 mM Tris,

192 mM glycine, 0.1% SDS) and was run for 2 hours at 100 V and 20 mA.

Then the proteins were transferred from the gel to the nitrocellulose membrane. The transfer
stack was mounted in the following order: sponge, 3 Wattman papers, gel, membrane, 3

Wattman papers, and sponge. The transfer was run for 2 hours at 200 mA and 100 V.

Blocking, hybridation and detection

The membrane was blocked for 1 hour at RT in agitation with TBS-0.05% Tween containing 5%
of milk to prevent unspecific binding of the antibody to the membrane. Then, the membrane was
incubated with appropriate dilutions of primary antibody in TBS-0.05% Tween 1% milk overnight
at 4°C. After the incubation, four washes of TBS-0.05% Tween buffer, 10 minutes each, were
performed and the membrane was incubated with the secondary antibody in TBS-0.05% Tween
1% milk during 2 hours at RT. Finally, the membrane is washed 4 times 10 minutes with TBS-
0.05% Tween, and developed with ECL Amersham (GE Healthcare, Pisacatawey, NJ, USA)

following the manufacturer’s indications.

Antibody Antigen Dilution Manufacturer
4D2 Adenovirus fiber Mouse monoclonal | 1:4000 Fitzgerald
SN Tw1.3 Adenovirus E3-19K Mouse hybridoma 1:5 ATCC
hVIN-1 Vinculin Mouse monoclonal | 1:2000 Sigma
HRP anti-mouse Mouse IgG Goat monoclonal 1:2000 DAKO Cytomation

Table 5. Primary and secondary antibodies used for the Western blot detections.

5.3. VIRAL INFECTIVITY ASSAYS

B16CAR or TRAMPC2 cells were seeded in 24-well plates in order to have 80% of confluence at
the moment of the infection. Then, each cell line was infected with different adenoviral vectors
expressing GFP and luciferase (Track-Luc cassette) at different MOI (25, 50, 100, and 200 TU/cell)
during 4 hours at 37°C. After this time, infection media was removed and replaced by fresh
medium. 24 hours later, fluorescence was analyzed by microscopic observation.

On the other hand, cells were trypsinized, resuspended in FACS buffer (PBS 10% FBS, 0.01%
sodium azide) and analyzed by flow cytometry for the expression of GFP. Gallios™ (Beckman
Coulter) cytometer was used and 10000 events were analyzed for each sample. Flowlo v7.6.5

(Tree Star, Inc.) software was used for the data analysis.
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5.4. VIRAL PRODUCTION ASSAYS

To perform viral production assays, a known number of tumor cells were seeded into 24-well
plates in order to have an 80% of confluence at the moment of the infection. Then, each cell line
was infected per triplicate at a MOI to allow for 80 to 100% of infection. A549 were infected at 25
TU/cell, Skmel-28 and NP-18 at 30 TU/cell, NP-9 and HP-1 at 20 TU/cell, and B16CAR and
TRAMPC2 at 100 TU/cell. 4 hours later, infection media was removed, cells were washed 3 times
with PBS and incubated with fresh medium. At indicated time points (4, 24, 48, and 72 hours post

infection), cells and medium (CE) were harvested and subjected to 3 rounds of freeze-thaw lysis.

Isolated pancreatic islets were distributed in independent tubes (7 islets/tube) in 100 pL of
final volume and infected in triplicate at 200 TU/cell with the different adenoviruses (assuming
1000 cells per islet). Infection was performed in suspension and with constant agitation during 2
hours at 37°C. Islets were washed 3 times with PBS and seeded in 96-well plates with fresh virus-
free medium. After washing, a small fraction of the SN was collected to determine the input virus
(background level). At day 6 after infection, the islets and the medium were harvested and

freeze-thawed 3 times to obtain the cell extract.

After the freeze-thaw cycles the cell extracts were centrifuged 5 minutes at 5000 g to separate
cell debris and viral titers were determined in triplicate according to the anti-hexon staining-

based method, described previously.

5.5. CYTOTOXICITY ASSAYS

Cytotoxicity analysis in vitro is based on the evaluation of the cell viability after the exposure
of tumor cells to the different adenoviruses. Such analysis was performed by the quantification of
total protein content by the bicinchoninic acid assay (BCA, Pierce Biotechnology, Rockford, IL,
USA). This assay combines the reduction of Cu®" to Cu'* by proteins in an alkaline medium with
the highly sensitive and selective colorimetric detection of the cuprous cation (Cu®’) by
bicinchoninic acid. The reaction of two molecules of BCA with one Cu'* resulted in an intense
purple-colored product that exhibits a strong linear absorbance at 540 nm with increasing

protein concentrations.

Cytotoxicity assays were performed by seeding 40000 Skmel-28, NP-18 or NP-31 cells, 30000
A549, FaDu, and Panc-1, 20000 NP-29 or BxPC-3 cells, 15000 NP-9, Rwp-1, MiaPaCa-2, SCC-29 or
SCC-25 cells or 10000 HP-1 cells per well in 96-well plates in DMEM with 5% FBS. Cells were
infected with serial dilutions starting with 400 TU/cell for SCC-25 and FaDu cells, 300 TU/cell for
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Rwp-1, MiaPaCa-2 and SCC-29 cells or 200 TU/cell for A549, Skmel-28, NP-18, NP-9, NP-29, NP-
31, BxPC-3, Panc-1 and HP-1 cells. For the cytotoxicity assays including gemcitabine, cells were
treated with doses of this drug close to the ICsy value for each cell line that was previously
calculated (15 nM for FaDu and NP-18, 25 nM for A549 and HP-1, 100 nM for BxPC-3, 250 nM for
NP-9, and 1000 nM for SCC-25) 24 hours prior to the infection with the serial dilutions of the
adenovirus. At day 5 or 6 post-infection, plates were washed with PBS and incubated with 200 pL
of BCA reagent during 30 minutes at 37°C. Absorbance was quantified at 540 nm and the TU/cell
required to produce 50% of inhibition (ICso value) was estimated from dose-response curves by
standard nonlinear regression (GraphPad Software Inc.,, CA, USA). In the case of
gemcitabine/virus combination, the percentage of cell survival was normalized with that of the

cells treated with gemcitabine alone.

5.6. PLAQUE SIZE ASSAYS

Serial dilutions of the adenoviruses were prepared from cell extract (CE) samples ranging from
10 to 10°. Monolayers of A549 cells at a confluence of 80-100% that were previously seeded in
6-well plates were infected with 100 uL of each viral dilution during 4 hours at 37°C. Then, cells
were covered with 3 mL of a 1:1 solution of DMEM 5% FBS and 1% agarose and once solidified, 2
mL of fresh medium was added over the agarose matrix. The plates were incubated at 37°C until
the plagues appeared at day 5-8 post infection. For the correct visualization of the plaques, they
were stained by the incubation of the cells during 3 hours at 37°C with 0.1 mL of a 5 mg/mL
solution of MTT (Sigma-Aldrich, MO, USA).

6. IN VIVO ASSAYS WITH RECOMBINANT ADENOVIRUSES
6.1. ANIMALS AND CONDITIONS

All the animal studies were performed at the IDIBELL facility (AAALAC unit 1155) and approved
by the IDIBELL's Ethical Committee for Animal Experimentation.

For the realization of this work, male immunocompetent Balb/C mice were used for the
toxicity studies, male immunodeficient Balb/C nu/nu mice were used for the antitumor activity
experiments, and female immunocompetent C57BL/6 mice were used for the immunization
experiments. In all cases, 6-8 week-old mice with a body weight between 20 and 30 g were used.
For the toxicity and antitumor activity experiments involving hamsters, 5 week-old female golden

Syrian hamsters (Mesocricetus auratus) weighting between 80 and 100 g were used.
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Animals were housed at a temperature between 22 and 24°C under an artificial circadian 12

hours light/12 hours dark cycle and received ad libitum standard diet and water.

6.2. TUMOR IMPLANTATION AND MONITORING

Tumor cells for the implantation of tumors were maintained in 15 cm plates at standard
conditions in vitro. At the moment of implantation, cells were trypsinized, resuspended with
DMEM 5% FBS, centrifuged during 5 minutes at 1000 g, washed with PBS, and counted. Finally,
they were resuspended in an appropriate volume of PBS in order to have a final volume of 150 pL
for each tumor. The number of cells per tumor varied depending on the cell line and ranged from
3x10° to 1x10’ cells/tumor. Mice were anesthetized with isofluorane before the implantation of
the tumors and shaved in the case of immunocompetent C57BL/6 mice. For hamster studies,
5x10° cells were implanted in a final volume of 200 pL for each tumor. Hamsters were previously
anesthetized with a cocktail of ketamine and xylasine and shaved. The subcutaneous injections
were carried out with 29 G hypodermic needles. After tumor implantation, the appearance of the
tumors was monitored by palpation, and when they had a measurable volume were measured

with a caliper. Tumor volume was calculated according to the following equation:
A
V (mm3) =g><L><W2
where W and L are the width and the length of the tumor, respectively.
The percentage of growth was calculated according to the following formula:

v
% % 100

% of tumor growth =
0

where Vg is the tumor volume on day 0.

When tumors reached a volume of 80-200 mm?, animals were randomized into experimental

groups and were treated as corresponded.

6.3. ADENOVIRUS ADMINISTRATION

Viral solutions for the administration in vivo were prepared by diluting the purified viral stocks
in PBS. For the systemic administration of adenoviruses in mice, dilutions at a concentration to
have 4-5x10'° vp in a final volume of 200 pL per animal were prepared. The injection was
performed with hypodermic 29 G needles via tail vein. For the intratumoral administration of

adenoviruses in mice 2x10° vp in 20 pL were injected per tumor and a Hamilton syringe with a
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length of 25 mm and 33 G was used. For the systemic administration in hamsters, 4x10"" vp were
injected through the cephalic vein with hypodermic 30 G needles in a final volume of 250 uL,

whereas 2.5x10° vp in 20 pL were administered for the intratumoral route.

6.4. TREATMENT WITH GEMCITABINE OR HYALURONIDASE

For the experiments in which gemcitabine (Gemzar) treatment was required, a dose schedule
of 50 mg/kg was administered at days 0, 3, 6, and 9 by intraperitoneal injection both, in mice and

hamsters.

For the study including treatment with soluble hyaluronidase, a single intratumoral
administration of 100 IU/tumor of bovine testicular hyaluronidase (Sigma, St Louis, MO) diluted
in PBS at a final volume of 20 uL was performed using a Hamilton syringe with a length of 25 mm

and 33 G.

6.5. SAMPLE HARVESTING

The obtaining of blood samples and organs for their analysis was carried out after the sacrifice

of the animals by CO, chamber in hamsters in the case of mice.

6.5.1. Serum for viremia analysis

Blood samples for the detection of virus in serum were obtained 6 hours after the systemic
administration of the virus from the tail. After a 5 minutes centrifugation at 6500 g, serum was

collected and titered by the anti-hexon method.

6.5.2. Blood and serum for the hematologic and biochemical analysis

Blood samples were obtained by cardiac puncture with a hypodermic 25 G needle. For
hematological analysis blood samples were collected in tubes containing EDTA (BD Microtainer,
K2EDTA) tubes, and were analyzed by the “Servei d’'Hematologia de la Facultat de Veterinaria de
la Universitat Autonoma de Barcelona”. For the biochemical analysis, tubes containing heparin
(BD Microtainer, PST™ LH tubes) were used and the samples were centrifuged 5 minutes at 6500
g to obtain the serum, which was analyzed by the “Servei de Bioguimica Clinica Veterinaria de la

Facultat de Veterinaria de la Universitat Autbnoma de Barcelona”.
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6.5.3. Organ collection

Tumors were obtained from sacrificed animals and washed with a saline solution. Then, tumors
were divided into pieces and fixed in formaldehyde 4% for 16 hours to be included in paraffin,

frozen in OCT, or frozen directly in order to extract RNA.
6.5.3.1. Paraffin inclusion

Fixation of tissues in formaldehyde was followed by washing them with a saline solution in
order to eliminate the fixative agent. Next, tissues underwent a battery of alcohols of crescent
graduation in order to dehydrate them to allow the penetration of paraffin. Tissues were
submerged for 1 hour in ethanol 70%, for 2 hours in ethanol 96%, and then in new 96% ethanol
overnight. Next day, tissues went through a battery consisting of 3 absolute ethanol (1.5 hours
each) and then were submerged into xylol for 1.5 hours more. Finally, they were submerged into

liquid paraffin at 65°C overnight and the next day they were included in blocks.

6.5.3.2. OCT inclusion

OCT inclusion was performed directly after collecting the sample. The tumors were placed in
Criomold (Tissue-Tek Sakura) molds in which a cryoprotective matrix of OCT (Tissue-Tek Sakura)

was previously added. Included tissues were frozen immediately in dry ice and stored at -80°C.

7. QUANTIFICATION OF ANTIGENS EXPRESSION BY QUANTITATIVE RT-PCR

Total RNA from frozen tumors was extracted using the RNAeasy Plus Mini Kit (Qiagen)
according to manufacturer’s indications. The obtained RNA was quantified by measuring the
absorbance at 260 nm in a nanodrop spectrophotometer (NanoDrop technologies) from 1 uL of
the RNA solution. Moreover, the quality of the RNA was analyzed by running the samples in a 1%
agarose electrophoresis gel in TBE buffer (Tris-borate, EDTA 1mM). That electrophoresis allowed
the observation of the 28S, 18S and 5S bands corresponding to the ribosomal RNA and indicating
the integrity of the samples.

cDNA was obtained from RNA samples after a reverse transcription reaction using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and following the manufacturer’s
indications. Obtained cDNA was used as template to perform a real-time PCR with SYBR Green
(Roche Molecular Biochemicals). For this, 2uL of the DNA sample were mixed with 5 pL of Master
SYBR Green, 0.4 plL of the specific oligonucleotides at 5 uM, and ddH,0 up to 10 pL of final

volume. Real-time PCR was run on a LightCycler instrument (Roche Molecular Biochemicals). 43
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cycles of amplification with denaturation at 95°C for 10 seconds followed by annealing at 60°C for
20 seconds and extension at 72°C for 20 seconds were done after an initial incubation at 95°C for
10 minutes. Specific primers for mouse gp100, OVA, and the house-keeping gene mouse B-actin

were used (Table 6).

Gene Forward oligonucleotide Reverse oligonucleotide
Mouse gp100 | 5'-CCAGCCCATTGCTGCCCACA | 5'-CTGTGTCCTGCCAAGGCGGG
OVA 5'-GCCTGATGAAGTCTCAGGCC | 5'-AAGCAGGCAGAGAGGTGGTA

Mouse B-actin | 5-GGGGGTTGAGGTGTTGAG 5'-GTCTCAAGTCAGTGTACAGGCC

Table 6. Oligonucleotides used for the amplification of gp100, OVA, and B-actin genes.

The dC; values were calculated after subtracting the mean C; values of B-actin gene from the

receptor gene mean C; values.

For the detection of the expression of the gp100 and OVA genes in cell lines the same protocol
was followed by using as a starting material 3x10° cells instead of frozen tumor tissue. Moreover,
a regular PCR was performed instead of a RT-PCR using the same oligonucleotides and the

presence of the specific band was assessed by running a 1% agarose electrophoresis gel.

8. HISTOLOGY
8.1. IMMUNOHISTOCHEMISTRY IN PARAFFINIZED SECTIONS

Paraffin-embedded blocks were cut into 4-um thick sections with a microtome and deposited
into poly-L-lysine treated slides. Sections were deparaffinized by subjecting them to a battery of 4
xylols (10 minutes each), 3 absolute ethanol, 3 96% ethanol, 1 70% ethanols, and 1 50% ethanol
(5 minutes each). Finally the sections were rehydrated by submerging them in ddH,0. Next,
endogenous peroxidase activity was blocked by incubation for 10 minutes in 0.3 % H,0,. Antigens
masked during routine fixation were retrieved by submerging the slides in sodium citrate solution
(pH 6.0) and heating during 12 minutes. Then, sections were washed thrice with ddH,0 during 5
minutes and then once in PBS for 5 minutes. Sections were blocked in order to reduced
unspecific binding with Normal Goat Serum diluted 1:5 in PBS 1% BSA for 1 hour at RT. All the
incubations were performed in a humidity chamber. Primary antibody incubation was performed
using an anti-gp100 antibody (Ab787 HMBA45, Abcam, Cambridge, UK) diluted 1:40 overnight at
4°C. After washing thrice with PBS 0.2% Triton-X100 for 5 minutes, the sections were covered
with anti-mouse Envision®-System-HRP (Dako Laboratories, Glostrup, Denmark) and incubated 1

hour at RT. Next, slides were washed 3 times more with PBS 0.2% Triton X-100 and developed by
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covering the sections with the chromogenic substrate DAB+ (Envision Kit, Dako Cytomation
K3468) during approximately 30 seconds, until a brown precipitated appeared. The reaction was
stopped by rinsing the slides with tap water for 10 minutes. Finally, the sections were

counterstained with hematoxylin, rehydrated and mounted in DPX (VWR International).

8.2. IMMUNOFLUORESCENCE IN FROZEN SECTIONS

OCT preserved samples at -80°C were cut into 5-um thick sections with a cryostat that
maintained the samples at -20°C. The sections were deposited at RT into poly-L-lysine treated

slides and kept at -80°C until their processing.

In this work immunofluorescence staining has been performed in frozen sections of tumors in
order to detect adenovirus presence. The detection of adenovirus in frozen tissues is quicker and
easier than in paraffin-embedded section. However, it has the disadvantage that the structure

and morphology of the tissues is poorly preserved.

The sections were temperate for 30 minutes at RT and then were fixed by immersion in a 4%
formaldehyde solution for 30 minutes. Following a 2 minutes wash with ddH,0 and another one
for 10 minutes in PBS 0.05% Tween-20, the sections were covered with a blocking solution
containing 1:5 horse serum diluted in PBS for 30 minutes at RT in a humidity chamber. Then,
blocking solution was removed and the sections were covered with a 1:100 dilution of the
primary antibody which was a rabbit polyclonal against E1A adenovirus-2/5 (sc-430, Santa Cruz,
CA, USA) in PBS 0.05% Tween-20. This incubation was carried out during 1 hour at RT. Then, the
sections were washed thrice with PBS 0.05% Tween-20 and incubated for 1 hour more with the
secondary antibody, which was an anti-rabbit Alexa-488 (Invitrogen, CA, USA), diluted 1:300 in
PBS 0.05% Tween-20. Finally, sections were washed again with PBS 0.05% Tween-20 and
mounted with mounting media containing DAPI (DAKO) in order to stain cell nucleus. The images
were taken with a fluorescence microscope Olympus BX60 and a digital camera Olympus U-RFL-T,

using the SPOT Advanced 3.2.4 software (Diagnostic instruments).

9. IMMUNOLOGY TECHNIQUES
9.1. IMMUNOCYTOCHEMISTRY

For the detection of gpl100 expression in B16 cells, an immunocytochemistry (ICC) protocol
was used. Cells were grown over sterilized glass coverslips placed into 24-well plates. When the
cells had a confluence of about 60%, medium was removed and the cells were fixed by incubating

them with a cold 4% paraformaldehyde solution for 15 minutes at RT. Then, the fixation solution
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was removed and the cells were washed twice with ice-cold PBS. Since gpl00 protein is
intracellular, an additional step of permeabilization was required. With this aim, cells were
incubated for 10 minutes with PBS containing 0.25% Triton X-100. Cells were washed twice again
with PBS for 5 minutes and a blocking step was performed by incubating the cells in a PBS 0.05%
Tween-20 10% FBS solution. Next, cells were washed 3 times in PBS for 5 minutes and incubated
with the primary antibody anti-gp100 (Ab787 HMBA45, Abcam, Cambridge, UK) diluted 1:40 in PBS
0.05% Tween-20 10% FBS for 1 hour at RT. The primary antibody was decanted, 3 more washes
with PBS were performed and cells were incubated for 1 hour at RT with the secondary antibody
anti-mouse Alexa 488 (Invitrogen, CA, USA) diluted 1:300 in PBS 0.05% Tween-20 10% FBS.
Finally, coverslips were washed 3 times with PBS in dark and mounted with mounting media
containing DAPI (Vectashield, Vector Laboratories LTD., UK). The images were taken with a
fluorescence microscope Olympus BX60 and a digital camera Olympus U-RFL-T, using the SPOT

Advanced 3.2.4 software (Diagnostic instruments).

9.2. IMMUNOFLUORESCENCE CELL STAINING AND FLOW CYTOMETRY

For the evaluation of the processing and presentation of the exogenous epitopes incorporated
in oncolytic adenoviruses we used as a tool the monoclonal antibody 25D1.16, which specifically
recognize the complexes formed by the MHC class | molecules H-2K® bound to the OVAs;
peptide, restricted for this HLA haplotype. Importantly, this antibody did not recognize empty H-

2K® molecules or molecules bound to other peptides (Porgador et al., 1997).

Moreover, immunofluorescence cell staining of CAR, H-2Kb, H-2Db, and HLA-A2.1 have also
been performed. Levels of surface MHC class | molecules were evaluated at basal conditions or
after being treated with adenovirus or IFN-y. Cell staining was performed in 1.5 mL tubes or 96-

well plates with U bottoms, depending on the number of samples.

Generally, cells were seeded in 24-well plates and, in the case of adherent cells, were
trypsinized at the moment of the staining and resuspended in FACS buffer (PBS 10% FBS 0.01%
sodium azide). Cells were pelleted by centrifugation for 5 minutes at 1000 g and 4°C, washed
twice with FACS buffer (PBS 10% FBS and 0.01% sodium azide) and incubated with the
corresponding primary antibodies. Direct staining was performed in the case of H-2D® and H-
2K°/OVA,s; since the primary antibody were already conjugated to a fluorochrome, and
incubations were carried out for 30 minutes at 4°C and in a final volume of 50 uL. In the other
cases, indirect staining was performed by resuspending the cell pellet in 100 uL of the hybridoma

supernatant and incubating 30 minutes at 4°C. After the incubation, 3 washes were performed
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with FACS buffer and in the indirect staining a second incubation of 30 minutes at 4°C in a final
volume of 50 pL with an appropriate secondary antibody was needed. Finally, samples were
washed again 3 times with FACS buffer, resuspended in 350 L of final volume, and analyzed by
flow cytometry. The primary and secondary antibodies used and their corresponding dilutions

are summarized in Table 7.

Antibody Antigen ‘ Specie Dilution Manufacturer
SN RmaB CAR Mouse hybridoma 1 ATCC
SN Y3 H-2K" Mouse hybridoma 1 ATCC
PE-labeled KH95 H-2D" Mouse monoclonal 1:40 BD Pharmingen
SN PA2.1 HLA-A2.1 Mouse hybridoma 1 (Parham and Bodmer, 1978)
PE-labeled 25D1.16 H-2K°/OVA,s; | Mouse monoclonal 1:500 Biolegend
Alexa488 antimouse Mouse IgG Goat antimouse 1:500 Molecular Probes

Table 7.Primary and secondary antibodies used for the flow cytometry detections.

In the cases were the cells were treated with murine IFN-y (Preprotech), this cytokine was
added to media of the corresponding wells at a concentration of 200 IU/mL 48 hours before the
analysis. In the cases were the cells were treated with adenovirus, they were infected 24 hours
before the analysis. The cells were infected with the corresponding virus at a MOI of 100 TU/cell
for B16CAR and TRAMPC2 or 200 TU/cell for P815K®. 4 hours after the infection, medium was
removed, the cells were washed with PBS, fresh medium was added, and the cells were
incubated overnight. Alternatively, cells were pulsed overnight before the flow analysis with
OVA;s7 (SIINFEKL) or gp100,5 (KVPRNQDWL) peptides (GenScript, Pisacatawey, NJ, USA) at 1 uM.
For the inhibition experiments, the infection of P815K" cells was carried out in the presence or
not of lactacystin (LC) (Enzo Life Sciences, NY) or brefeldin A (BFA) (Sigma, St Louis, MO) inhibitors
at 10 uM or 10 pg/mL, respectively.

A Gallios™ (Beckman Coulter) cytometer was used for the analysis. 10000 events were
analyzed for each sample and FlowJo v7.6.5 (Tree Star, Inc.) software was used for the analysis of

the data.

9.3. MICE IMMUNIZATION

The administration of the different adenoviruses for the immunization of mice was performed
directly, by the intravenous administration of 3x10™ vp in 200 pL of PBS or indirectly by the
subcutaneous administration of infected cells. For the last protocol, BI6CAR or TRAMPC2 cell

lines were cultured as usual in 15 cm plates in vitro, and at the day of implantation, cells were
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trypsinized and resuspended in DMEM 5% FBS. Cells were infected in suspension at a MOI of 100
TU/cell during 4 hours at 37°C and in continuous agitation. Then, cells were centrifuged for 5
minutes at 500 g and resuspended in the appropriate volume of PBS in order to have 1x10° cells
in 200 L. Finally, infected cells were implanted in the flank of the mice. 7 days later, animals
were euthanized and spleens were harvested to analyze antigen-specific responses as described
below or were challenged by the subcutaneous implantation 1x10° B16CAR-OVA cells given

subcutaneously in a final volume of 200 pL.

9.4. ISOLATION OF SPLENOCYTES

The whole process was carried out in sterile conditions. Spleens were harvested from
sacrificed animals and were placed in 15 mL conical Falcon tubes containing 5 mL of RPMI
medium supplemented with 10% FBS and 1% P/S. A cell strainer (40-100 um) was placed in a 6
cm plate and the spleens were mechanically disrupted with the flat portion of a syringe plunger
until no fragments remained. The medium was passed several times through the cell strainer and
the cell suspension was transferred to a clean 15 mL conical Falcon tube. The disrupted tissue
was then centrifuged at 500 g for 10 minutes and the supernatant was removed. In order to lyse
the red blood cells, the pellet was resuspended in 2 mL of ACK lysis buffer (Ammonium chloride
NH,4Cl 150 mM, potassium bicarbonate KHCO3; 10 mM, EDTA 1 mM, pH 7.2). The suspension was
incubated at RT for 3 minutes, the tube was filled with fresh medium, and centrifuged again at
500 g for 10 minutes. The supernatant was removed and the cell pellet was resuspended in PBS.
2 more washes were performed with PBS to discard any tissue debris. Finally, the cells were
counted with the automatic cell counter TC20™ and brought to a concentration of 2.5x10°

cells/mL for the ELISpot analysis.

9.5. ELISPOT

CTL specific responses were evaluated by anti-IFN-y Enzyme-linked immunospot assay
(ELISPot). This method is based on the measurement of the frequency of cytokine-secreting cells
at a single-cell level in response to the stimulation with a specific antigen by employing the

sandwich enzyme-linked immunosorbent assay (ELISA) technique.

All steps until the development of the plates were performed under sterile conditions. 96-well
polyvinylidene fluoride membrane ELISPOT plates (Multiscreen plates, Millipore, Billerica, MA)
were treated with 15 pL of 35% ethanol per well for 1 minute. Then, 5 washes with ddH,0 were
performed and plates were incubated overnight at 4°C with a murine IFN-y-specific capture

antibody (clone AN-18, BD 551309, San Jose, CA) at 4 pug/mL diluted in PBS at a final volume of
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100 pL/well. The day after, the antibody was discarded and plates were washed 5 times with PBS
and blocked with 200 pL/well of supplemented RPMI medium for 2 hours at RT. During this
incubation, the splenocytes were isolated as explained above and 100 pL of a 2.5x10° cells/mL
cell suspension were added to each well (2.5x10° cells/well). The peptides that were used for the
stimulation of the splenocytes were: Elbig, (VNIRNCCYI), Hexs1s (GGVINTETL), OVA,s7 (SIINFEKL),
and gp100,5 (KVPRNQDWL). Elb;g;, Hexa1s, and gpl00,5s have affinity for H-2Db, whereas OVA,s;
have affinity for H-2D". All the peptides were synthesised by GenScript USA Inc. (Piscataway, NJ,
USA) at 95% purity and re-suspended following the manufacturer’s instructions. Stimulation with
the peptides was performed at a final concentration of 1 uM. Phorbol-myristate-acetate (PMA at
15 ng/mL) plus ionomycin (250 ng/mL) were used as positive control of stimulation and media
only as negative control, at 100 uL/well. Plates were incubated with the splenocytes for at least
18 hours at 37°C and 5% CO,. From that moment, sterility was not required. Cells and medium
were removed and the plates were washed 5 times with PBS. Then, the biotinilated anti-IFNy
secondary antibody (clone RA-6A2, BD 55156, San Jose, CA) was added at a concentration of 1
pug/mL in PBS 0.5% FBS at a final volume of 100 puL/well and incubated for 2 hours at RT. Next, the
antibody was removed and the plates were washed 5 times with PBS. The streptavidin-ALP
(ExtrAvidin Ref E2636-2ML Sigma E2636, Sant Louis, MO) was then added diluted 1:2500 in PBS
0.5% FBS (100 pL/well) and then incubated for 1 hour at RT. Again, 5 washes with PBS were
performed and finally 50 pL/well of the substrate BCIP/NBT solution (Ref B1911-100ML, Sigma,
St. Louis, MO) was added. Plates were developed for 15-30 minutes until spots emerged and the
plate was washed with tap water to stop the reaction. Plates were left to dry overnight and spots

were counted using the AID EliSpot reader classic (ELRO7 de AID GmbH, StralRberg, Germany).

9.6. STATISTICAL ANALYSIS

The graphs and statistic tests were performed with GraphPad Prism v5 software (GraphPad
Software, Inc.). Unpaired two-tailed Student’s t-test was used for the comparison of means
between two groups. When more than two groups were compared, one-way ANOVA test with a
tukey post-hoc test was used. If more than two groups and more than one variable were

compared (ELISpot), two-way ANOVA with a Bonferroni post-hoc test was used.

Survival curves were obtained with the same software and logrank Mantel-Cox test was used

to determine statistically significant differences.

The statistic significance was defined at a p value lower than 0.05.
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Results

1. COMBINATION OF THE REPLACEMENT OF HSG-BINDING MOTIF WITH RGD
AND EXPRESSION OF HYALURONIDASE IN AN ONCOLYTIC ADENOVIRUS

1.1. GENERATION AND CHARACTERIZATION OF THE ONCOLYTIC ADENOVIRUS ICOVIR-17K

Different studies have associated the mutation of the putative HSG-binding motif KKTK in the
shaft of the fiber with the abrogation of liver transduction in several species (Smith et al., 20033;
Smith et al., 2003b; Nicol et al., 2004). However, the insertion of tumor targeting peptides in the
Hl-loop of these shaft-modified fibers does not rescue viral infection of tumor cells (Bayo-Puxan
et al., 2006; Kritz et al., 2007; Rittner et al., 2007). Our group previously described that the
replacement of the KKTK domain with an RGD motif improved the tumor-to-liver ratio in vivo in
the context of a non-replicative adenovirus (Bayo-Puxan et al., 2009) and increased bioavailability
and antitumor efficacy in an oncolytic adenovirus background (Rojas et al., 2011). On the other
hand, our group also reported the expression of hyaluronidase by oncolytic adenoviruses as a

mechanism to improve intratumoral spread across the ECM (Guedan et al., 2010).

In this work, we present the combination of the RGDK retargeting modification of the fiber
and the expression of PH20 hyaluronidase in a novel oncolytic adenovirus, named ICOVIR-17K.
These modifications were incorporated in the genome of ICOVIR-15, an oncolytic adenovirus
developed in our laboratory which we currently use as a platform for the insertion of transgenes
and other modifications (Rojas et al., 2010). ICOVIR-15 has a compact genome which contains
three genetic mutations compared to the wild type adenovirus type 5 (Adwt or Ad5). First, it has
a deletion of the CR2 domain of E1A (A24 deletion) that eliminates pRB binding and hence E1A
capability to release E2F from the E2F-pRB complex present in non-cycling normal cells. Second,
it contains eight E2F-1-binding sites and one Sp1-binding site inserted in the E1A promoter, thus
rendering E1A transcription dependent on RB-pathway deregulation. These two modifications
confer selective replication in tumor cells. The third modification is the insertion of the integrin-
binding RGD motif at the HI-loop of the fiber knob to enhance its infectivity. A schematic
representation of the genomes of the adenoviruses used in this study and the RGDK mutation are

shown in Figure 13a and Figure 13b, respectively.
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Figure 13. Adenoviruses used in this study. (a) Schematic representation of the genomes of the different viruses used. Main
genetic modifications of each virus are highlighted. Adwt is the human Ad5 wild type virus; Adwt-RGDK is the wild type virus with
the same genetic modification of the capsid described for ICOVIR-17K, the RGDK modification. ICOVIR-15, ICOVIR-15K, ICOVIR-17,
and ICOVIR-17K are oncolytic adenoviruses which contain the modified E1la promoter (including four E2F boxes and one Sp1 box)
and the truncated E1A protein to confer selectivity for tumor cells. ICOVIR-17 and ICOVIR-17K contain the PH20 hyaluronidase
expression cassette, whereas ICOVIR-15K has the same modification in the fiber shaft of the capsid than ICOVIR-17K. ICOVIR-15
and ICOVIR-17, however, differ on the position of the RGD insertion in the fiber protein, which is in the Hl-loop of the knob
instead of replacing the KKTK domain in the shaft. (b) Schematic representation of fiber mutations RGD and RGDK. RGD fiber,
contained in ICOVIR-15 and ICOVIR-17, incorporates the motif CDCRGDCFC (RGD-4C) in the Hl-loop of the knob domain of the
fiber. In the viruses containing the RGDK fiber, namely AdwtRGDK, ICOVIR-15K, and ICOVIR-17K, this insertion is deleted and the

RGD is incorporated replacing the KKTK of the shaft of the fiber.
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The plasmid containing ICOVIR-17K genome was constructed by homologous recombination in
yeast and it was transfected into HEK293 cells to generate the virus. Then, viral DNA was
extracted and the whole genome was sequenced to confirm that the sequence was the expected
one. Table 8 shows a description of the specific locations and sequences of ICOVIR-17K relevant

genetic modifications.

Mutation Sequence ‘ Positions

E2F boxes TTTCGCGGCAAA 439-450; 456-468; 501-512; 518-530
Sp1 box CCGCcce 560-565

D24 deletion CTTACCTGCCACGAGGCTGGCTTT 1097

RGDK mutation CGA GGA GAC 31457-31465

Illa splicing acceptor GTACTAAGCGGTGATGTTTCTGATCAG 32975-33001

Kozak sequence CCACC 33002-33006

Human hyaluronidase  PH20 ORF 33007-34479

Poly-A sequence TAAACTTTATTTTTCAATTG 34480-34499

Table 8. Genetic modifications of ICOVIR-17K compared to Adenovirus Reference Material Ad5 (GenBank: AY339865.1).

Hyaluronidase expression was demonstrated by the digestion of hyaluronic acid (HA) solutions
with supernatants of cells infected with ICOVIR-17K and the control viruses: ICOVIR-15K (negative
control) or ICOVIR-17 (positive control). Digested samples were analyzed by two different
techniques: the analysis of generated micro-oligosaccharides by electrophoresis in acrylamide gel
(Figure 14a) and a turbidimetric enzymatic assay which consisted of the precipitation of digestion
products with an acid buffer and subsequent OD measurement (Figure 14b). As expected, both
techniques detected presence of hyaluronidase at similar levels in supernatants of cells infected
with ICOVIR-17 or ICOVIR-17K, whereas ICOVIR-15K supernatants were negative for

hyaluronidase activity.
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Figure 14. Analysis of hyaluronidase expression by ICOVIR-17K. A549 cells were infected with the corresponding viruses and 72
hours later supernatants were collected, concentrated and incubated with a HA solution. (a) The digested samples were analyzed
by polyacrylamide gel electrophoresis and the presence of hyaluronidase was evidenced by a dark smear below high molecular
weight band corresponding to HA degradation products. (b) ODgoy Was also measured for the digested samples. Absorbance
negatively correlates with hyaluronic acid degradation, which reflects hyaluronidase activity of analyzed samples, and
concentration was calculated thanks to a standard curve made with known concentrations of soluble hyaluronidase. Mean +SD is
plotted. Significance was assessed by a two-tailed Student’s unpaired t-test. *, p<0.05 compared to ICOVIR-15K. SN, supernatant;
HA, hyaluronic acid or hyaluronan; IU, International Units of enzyme; TU, transducing units.

In addition, a genomic stability assay of ICOVIR-17K was performed by doing several passages
of the virus in non-permissive human fibroblast cultures. The selective pressure to which the
virus is subjected in the experimental conditions may cause modifications or rearrangements in
the engineered virus genome. Therefore, the integrity of ICOVIR-17K was assessed by checking
the restriction pattern after digestion of the viral genome at each passage with different
restriction enzymes. Digestion with Hindlll permits the detection of PH20 loss, in which case, a
904 bp band would disappear. On the other hand, Sacll restriction allows the assessment of
RGDK fiber loss by the appearance of two bands of 5800 bp and 1900 bp instead of one band of
8014 bp. Digestion of the viral DNA obtained from four different passages with both restriction
enzymes showed the expected patterns (Figure 15a). Moreover, the cytotoxicity of the virus after
every passage was analyzed without detecting significant differences in the ICso value (Figure
15b).
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Figure 15. Genetic stability of ICOVIR-17K. (a) Restriction pattern of viral genome DNA with Hindlll and Sacll restriction enzymes.
Viral DNA was extracted from cell extracts of ICOVIR-17K (CEp1, CEp2, CEp3, and CEp4) generated by successive passages in
overconfluent arrested human fibroblasts. Digestion products (CEp1-CEp4) and a DNA marker (1 Kb DNA Ladder) were runin a 1%
agarose gel. Relevant bands confirming the presence of the genetic modifications in ICOVIR-17K genome are marked with red
arrows in the gels: namely, the 904 bp band in Hindlll corresponding to PH20 hyaluronidase and the 8014 bp band in Sacll
corresponding to the RGDK fiber. (b) A549 cells were infected with serial dilutions of CEp1-CEp4 and on day 5 post-infection, cell
viability was determined and ICsy values were calculated. Mean SD is plotted. Significance was assessed by extra sum-of-squares
F test. CE, cell extract; p, passage; MOI, multiplicity of infection; TU, transducing units.

Once the virus was well-characterized, amplified and purified, we proceeded to evaluate
toxicity, selectivity and oncolytic potency of ICOVIR-17K in different in vitro and in vivo models, in
order to assess the gain provided by the combination of the modifications contained in the

genome of this oncolytic adenovirus.
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1.2. TOXICITY OF ICOVIR-17K

Regarding the safety in a clinical application, we evaluated the selectivity and toxicity of the

oncolytic adenovirus ICOVIR-17K in different models, in vitro and in vivo.
1.2.1. Replication selectivity in pancreatic islets in vitro

In order to evaluate the selectivity of ICOVIR-17K for tumor cells in vitro, a replication
experiment was performed in healthy human pancreatic islets. This model was chosen given the
proximity of these cells to tumor cells in pancreatic cancer patients, since they would be potential
candidates for treatment in a clinical setting. In addition, this model mimics quiescent cells in
most organs in vivo. Pancreatic islets were infected at a multiplicity of infection (MOI) of 200 with
the non-replicative virus AdTLRGDK, the wild type Ad5 AdwtRGDK, the oncolytic adenovirus
ICOVIR-15, or with ICOVIR-17K. The proper infection of the islets was confirmed by GFP
expression on day 3 post-infection in the samples infected with the GFP-expressing adenoviral
vector AdTLRGDK, as it is shown in Figure 16a. Viral production yields of the cell extracts were
determined on day 6 post-infection. The same background virus progeny level was detected in
the samples infected with the oncolytic adenoviruses ICOVIR-15 and ICOVIR-17K than with the
non-replicative negative control (AdTLRGDK), whereas wild type adenovirus (AdwtRGDK)

replicated in normal human pancreatic islets (Figure 16b).
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Figure 16. Selectivity in vitro in human pancreatic islets. Human primary pancreatic islets were infected with AdTLRGDK (non-
replicative GFP-expressing adenoviral vector), AdwtRGDK (wild type non-tumor selective adenovirus), ICOVIR-15, or ICOVIR-17K
(tumor selective replicating adenoviruses) at 200 MOI. (a) Different panels show pictures of islets infected with the different
viruses on day 3. The first panel shows GFP expression by islet cells infected with AdTLRGDK. Original magnification 200X. (b) Total
viral production from samples collected on day 6 post-infection measured by an anti-hexon staining-based method using HEK293
cells. Mean +SD is plotted. Significance was assessed by a two-tailed Student’s unpaired t-test. *, p<0.05 compared to AdwtRGDK.
TU, transducing units.
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1.2.2. Toxicity profile in mice

In vivo toxicity after intravenous administration of ICOVIR-17K was first assessed in mice. This
route of administration was chosen since it is the one that provides major exposure of the virus

to the organism, and consequently the highest possible toxicity associated.

Balb/C immunocompetent mice were injected with PBS or 5x10"° viral particles of ICOVIR-17
(selected for comparative studies as it is the most efficacious parental virus) or ICOVIR-17K via
tail vein. Weight loss, liver enzymes (aspartate aminotransferase, AST, and alanine
aminotransferase, ALT), hematological parameters and platelet counts were determined at
different time points after virus injection. Wild type adenovirus 5 (Adwt) was included in this
study as a control, but given the high toxicity associated to its administration, the animals were

sacrificed at day 3.

Body weight of the animals was monitored after systemic administration of the viruses. By day
3 post-injection, Adwt-injected animals already presented a body weight reduction of 9%,
whereas in animals injected with ICOVIR-17K this reduction was significantly lower at this time
point. The maximum percentage of body weight loss after the administration of oncolytic
adenoviruses was observed at day 7 and corresponded to a percentage of 9%. In contrast to
Adwt treatment, this loss was reversible and the animals started to recover from this day until

the end of the experiment (Figure 17a).

It has been widely described that systemic administration of adenovirus causes an elevation in
blood transaminase levels (Aghi and Martuza, 2005). For this reason, we analyzed AST and ALT
concentration in serum samples of mice at different time points. At day 7 post-administration
moderate non-significant increases in both, AST (2.9-fold for ICOVIR-17 and 2.4-fold for ICOVIR-
17K) and ALT levels (12-fold for ICOVIR-17 and 9-fold for ICOVIR-17K) were detected, but at later

time points this parameter was normal for all groups (Figure 17b).

Clinical trials in humans also revealed hematological alterations after systemic treatment such
as a decrease in platelet concentration or lymphocytes counts (Nemunaitis et al.,, 2001a).
Thrombocytopenia was observed until day 7 post-administration, when animals started to
recover (Figure 18a). Moreover, non-significant increases in monocytes and neutrophils counts

were detected at this time point (Figure 18b).
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Figure 17. Toxicity after systemic administration of ICOVIR-17K in immunocompetent mice. The average values for (a) body
weight variation and (b) serum transaminase levels in Balb/C peripheral blood at indicated time points after intravenous
administration of PBS or 5x10° viral particles per mouse of Adwt (wild-type Ad5), ICOVIR-17 or ICOVIR-17K are shown. Adwt-
injected mice were sacrificed at day 3 due to lethal toxicity. Mean values +SD are depicted. *, ICOVIR-17K significant (p<0.05) by
two-tailed unpaired Student’s t-test, compared to PBS group. #, ICOVIR-17K significant (p<0.05) compared to Adwt. §, ICOVIR-17K
significant (p<0.05) compared to ICOVIR-17 group. ALT, alanine aminotransferase; AST, aspartate aminotransferase; IU,
International units; PBS, phosphate-buffered saline.
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Figure 18. Hematological profile after systemic administration of ICOVIR-17K in immunocompetent mice. The average values for
(a) platelets concentration and (b) blood cell counts in Balb/C peripheral blood at indicated time points after intravenous
administration of PBS or 5x10° viral particles per mouse of Adwt (wild-type Ad5), ICOVIR-17 or ICOVIR-17K are shown. Adwt-
injected mice were sacrificed at day 3 due to lethal toxicity. Mean values +SD are depicted. *, ICOVIR-17K significant (p<0.05) by
two-tailed unpaired Student’s t-test, compared to PBS group. PBS, phosphate-buffered saline.

Remarkably, at the later time points analyzed all the parameters were normal. Moreover, no
significant differences were detected between ICOVIR-17 and ICOVIR-17K groups at any time
point, indicating that the RGDK modification does not provide an additional toxicity even though
it was described to increase persistence in blood. At the same time, the fact that this mutation is

supposed to decrease liver transduction does not reduce hepatic toxicity either.
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1.2.3. Toxicity profile in Syrian hamsters

To further characterize the toxicity of ICOVIR-17K after intravenous administration, an
additional study was performed in Syrian hamsters (Mesocricetus auratus). This species is
considered more permissive to human adenovirus replication than mice, and consequently it
allows the evaluation of the effects of viral replication in normal tissues (Thomas et al., 2006).
Hamsters were injected with PBS or 4x10™" viral particles of ICOVIR-17K in a single administration
via cephalic vein. Since no differences were observed between ICOVIR-17 and ICOVIR-17K in
mice, no further comparison with ICOVIR-17 was considered in order to reduce animal number
according to ethical criteria. Body weight loss was monitored daily and, at different time points
after the administration, subgroups of animals were sacrificed and hematology and clinical

chemistry of the blood were studied.

Significant body weight loss was observed from day 1 to day 5 post-administration, reaching
the maximum percentage at day 3 (6.5%). Animals started to gain weight from this day until the
end of the experiment, when no significant differences were detected between treated and non-

treated groups (Figure 19a).

As happened in mice, the most notable alterations observed on day 7 post-administration
were a moderate elevation of transaminase levels (3.4-fold for AST and 7.8-fold for ALT) (Figure
19b) and thrombocytopenia (1.7-fold reduction in platelet concentration) (Figure 20a). With
regard to the rest of hematological parameters only a slight increase in lymphocytes
concentration was observed at this time point (Figure 20b). On day 34 post-administration all the
parameters were normalized and no significant differences were observed between groups,

indicating a reversible toxicity profile similar to the one observed in mice.

120



Results

101

- PBS
—— |COVIR-17K

% of body weight

-10-

Days post-administration

u/L

Day 7

Day 34

600 -

500 -

B3 P8BS
Bl ICOVIR-17K

*
400 1
300 -
200 -~
1oo-j
0-
AST ALT

AST ALT

Figure 19. Toxicity after systemic administration of ICOVIR-17K in Syrian hamster. The average values for (a) body weight
variation and (b) serum transaminase levels in hamsters peripheral blood at indicated time points after intravenous
administration of PBS or 4x10"" viral particles per animal of ICOVIR-17K are shown. Mean values +SD are depicted. *, ICOVIR-17K
significant (p<0.05) by two-tailed unpaired Student’s t-test, compared to PBS group. ALT, alanine aminotransferase; AST,
aspartate aminotransferase; IU, International units; PBS, phosphate-buffered saline.
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Figure 20. Hematological profile after systemic administration of ICOVIR-17K in Syrian hamster. The average values for (a)
platelets concentration and (b) blood cell counts in hamsters peripheral blood at indicated time points after intravenous
administration of PBS or 4x10"" viral particles per animal ICOVIR-17K are shown. Mean values +SD are depicted. *, ICOVIR-17K
significant (p<0.05) by two-tailed unpaired Student’s t-test, compared to PBS group; PBS, phosphate-buffered saline.
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1.3. ONCOLYTIC POTENCY OF ICOVIR-17K

Once it was demonstrated that the RGDK modification does not provide additional toxicity
compared to a virus containing the RGD motif in the Hl-loop of the fiber, ICOVIR-17, and that the
toxicity profile was the typical one associated to the systemic administration of oncolytic
adenoviruses, we proceeded to characterizing the oncolytic potency. In this regard, our group
previously described that in the context of the oncolytic adenovirus ICOVIR-15K, this mutation
increased antitumor efficacy in vivo (Rojas et al., 2011). To evaluate oncolytic potency of ICOVIR-

17K, several models have been used in vitro and in vivo.

1.3.1. Viral production in tumor cell lines

For the different in vitro assays, ICOVIR-15K (that has the KKTK to RGDK fiber shaft
replacement), ICOVIR-17 (that expresses hyaluronidase) or the wild-type AdwtRDGK were used
as control (Guedan et al.,, 2010; Rojas et al., 2011). To measure the possible effect of the
combination of RGDK and hyaluronidase on viral production yield, the producer cell line A549
was infected with the different viruses and total production (Cell Extract, CE) and released virus
(supernatant, SN) were quantified at different time points post-infection (0, 24, 48 and 72 hours)
in a single-round replication experiment. As shown in Figure 21, although AdwtRGDK was
released earlier than the three oncolytic adenoviruses, all the viruses were produced at similar

levels at 72 hours post-infection.
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Figure 21. Viral productivity in the producer A549 (human lung adenocarcinoma) cell line. Monolayers of cells were infected at
25 TU/cell, allowing 100% of infection. At indicated time points (4, 24, 48, and 72 hours post-infection) CE and SN samples were
collected and virus production was determined according to an anti-hexon staining-based method. Mean +SD is represented. *,
ICOVIR-17K significant (p<0.05) by two-tailed unpaired Student’s t-test, compared to AdwtRGDK group. #, ICOVIR-17K significant
(p<0.05) by two-tailed unpaired Student’s t-test, compared to ICOVIR-15K. &, ICOVIR-17K significant (p<0.05) by two-tailed
unpaired Student’s t-test, compared to ICOVIR-17 group. TU, transducing units; CE, cell extract; SN, supernatant.
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To further characterize viral fitness of ICOVIR-17K, total production yield was also analyzed in
a panel of four tumor cell lines, including melanoma and pancreatic adenocarcinoma (from
human and hamster origins) tumor types. Despite a minor delay on replication in two of the cell

lines at 24 hours post-infection, at later time points (48 and 72 hours), ICOVIR-17K production

was similar to control viruses (Figure 22, different panels).
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Figure 22. Viral production of ICOVIR-17K in tumor cells. (a) Skmel-28, (b) NP-18, (c) NP-9, or (d) HP-1 cell lines were infected at a
high MOI allowing 100% of infection with ICOVIR-15K, ICOVIR-17 or ICOVIR-17K. At indicated time points, cell extracts were
harvested and titrated by an anti-hexon staining-based method. Mean values +SD are shown. *, ICOVIR-17K significant (p<0.05)
compared to AdwtRGDK group ; #, ICOVIR-17K significant (p<0.05) compared to ICOVIR-15K group; &, ICOVIR-17K significant
(p<0.05) compared to ICOVIR-17 group by two-tailed unpaired Student’s t-test.

1.3.2. Plaque size assay

A plaque assay was used to evaluate the impact of the mutations on virus propagation, since it
allows the measurement of the ability of a single infectious virus to form a plaque on a confluent

monolayer culture of cells in multiple rounds of replication. Monolayers of A549 cells were
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infected with the different viruses and 6 days later plaques were stained with MTT and their sizes
were compared. As Figure 23 shows, there were no differences between ICOVIR-17K and control

parental viruses.

AdyvtRG_DK ICOVIR-15K ICOVIR-17 ICOVIR-17
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Figure 23. Comparative plaque sizes of AdwtRGDK, ICOVIR-15K, ICOVIR-17 and ICOVIR-17K in A549 infected cells. A549
monolayers were infected with 1/10 dilutions of the different viruses and covered with an agarose overlay in order to avoid the
propagation of virus progeny through the monolayer and obtain isolated plaques. 6 days post-infection, plaques associated to
clonal virus replication were stained with MTT. Dil, dilution; CE: cell extract.

1.3.3. Cytotoxicity in tumor cell lines

In vitro cytotoxicity was evaluated in a panel of 14 tumor cell lines as an index of virus
replication potency and the ability of these viruses to propagate within multiple rounds of
replication. Cells were infected with a broad range of MOIs and 5-8 days later percentage of cell
viability was determined. Calculated ICso values were highly variable depending on the cell line
tested and different cytotoxic profiles could be distinguished. Tested adenoviruses presented a
similar cytotoxic profile in 4 out of the 14 cell lines (NP-18, Rwp-1, NP-31, and HP-1). In another 4
cell lines (NP-9, BxPC-3, SCC-25, and SCC-29), AdwtRGDK was significantly more cytotoxic than
the 3 oncolytic adenoviruses, whereas in another 2 (Skmel-28, and MiaPaCa-2) the wild-type
virus was worse than the tumor-selective viruses. In one cell line (Panc-1), ICOVIR-17 was clearly
more cytotoxic than the 3 adenoviruses containing the RGDK modification in the capsid. Finally,
in 2 cell lines (A549 and FaDu), ICOVIR-17K and ICOVIR-15K presented the same cytotoxic profile,
whereas AdwtRGDK and ICOVIR-17 had significantly lower ICsq values. Overall, the in vitro
potency of ICOVIR-17K was similar to that of the other oncolytic adenoviruses. Importantly, the
relative 1Csq values compared to ICOVIR-15K, which has exactly the same capsid than ICOVIR-17K,
ranged from 0.8 to 3.24-fold, being equivalent to 1 in 11 out of 14 cell lines tested (Figure 24a
and b).
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1.3.4. Amount of virus in blood after systemic administration

Previous work from our group demonstrated that ICOVIR-15K presents extended blood

persistence after intravenous administration at early time points (Rojas et al., 2011).

With the aim to assess if ICOVIR-17K maintains this property, nude mice were administered
intravenously with PBS or 4.5x10 viral particles of ICOVIR-17 or ICOVIR-17K and 6 hours later
blood samples were collected and virus amount was quantified by the anti-hexon staining
method. Accordingly to what was previously described, animals injected with ICOVIR-17K
presented 2.5-fold increase in viral load compared to those treated with ICOVIR-17, although this

difference was not statistically significant (Figure 25).
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Figure 25. Viral load in blood after single intravenous administration. Nude mice carrying NP-18 human pancreatic cancer
xenograft tumors were injected systemically with PBS or 4.5x10" viral particles of ICOVIR-17 or ICOVIR-17K. Blood samples were
collected by tail-vein sampling 6 hours post-administration and viral functional titer was quantified from sera according to an anti-
hexon staining-based method in HEK293 cells. Significance was assessed by a two-tailed Student’s unpaired t-test even though no
statistically significant differences were detected. TU, transducing units; PBS, phosphate-buffered saline.
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1.3.5. Antitumor activity in vivo
1.3.5.1. Antitumor efficacy in xenograft mice models

The antitumor efficacy of ICOVIR-17K was compared to that of its non RGDK-counterpart
ICOVIR-17 after systemic administration in two different human xenograft tumor models in mice:
Skmel-28 and NP-18. Subcutaneous tumors of these cell lines were implanted in nude mice and
when they reached an appropriate tumor volume, mice were intravenously injected with PBS or

4.5x10" viral particles of ICOVIR-17 or ICOVIR-17K.

In Skmel-28-bearing mice, significant antitumor efficacy was observed from day 25 post-
administration and maintained throughout the study (for up to 83 days) in ICOVIR-17K-treated
animals, whereas after a similar curve of initial antitumor activity, a relapse was observed by day
53 post-treatment in the ICOVIR-17 group. Statistical differences in the percentage of tumor
growth between both groups were observed from day 53 post-treatment until the end of the
study, when tumor size was 2.4-fold larger in the ICOVIR-17-treated animals than in the ICOVIR-
17K-injected ones (Figure 26a). Moreover, 50% of ICOVIR-17K-treated tumors were regressing at
this final time point. A similar result was observed in mice bearing NP-18 tumors, in which a
greater control of the tumor growth was observed in the animals treated with ICOVIR-17K than
with ICOVIR-17. These differences were significant from day 30 to day 49 post-administration,
when the study ended (Figure 26b).
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Figure 26. Antitumor activity upon systemic administration. Nude mice bearing subcutaneous xenografts of (a) Skmel-28
(melanoma) or (b) NP-18 (pancreatic carcinoma) tumors were injected intravenously with vehicle or 4.5x10" viral particles per
mouse of ICOVIR-17 or ICOVIR-17K. Mean percentage of tumor growth value +SEM is plotted (n=10 tumors/group). *, ICOVIR-17
and ICOVIR-17K significant p<0.05 by two-tailed unpaired Student’s t-test compared with mice injected with PBS (from day 25 in
Skmel-28 model and from day 16 in NP-18 model). #, ICOVIR-17K significant p<0.05 by two-tailed unpaired Student’s t-test
compared with mice injected with ICOVIR-17 (from day 53 to day 83 in Skmel-28 model and from day 30 to day 49 in NP-18
model). PBS, phosphate-buffered saline.
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Besides controlling tumor growth, treatment with ICOVIR-17K was also able to increase mice
survival in both tumor models, Skmel-28 and NP-18. Intravenous administration of ICOVIR-17
significantly improved survival of PBS-treated animals from 40 to 75 days in Skmel-28 model.
Importantly, the mean survival of ICOVIR-17K-treated animals reached 82.1 days, being this
difference statistically significant compared to ICOVIR-17-injected mice (Figure 27a). Regarding
NP-18 model, ICOVIR-17 doubled survival time of control animals (from 18.6 days to 36.8).
ICOVIR-17K increased this time to 48.8 days, even though this was not statistically different to
ICOVIR-17 group (Figure 27b).
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Figure 27. Kaplan-Meier survival curves upon systemic administration. Nude mice bearing subcutaneous xenografts of (a) Skmel-
28 (melanoma) or (b) NP-18 (pancreatic carcinoma) tumors were injected intravenously with vehicle or 4.5x10™ viral particles per
mouse of ICOVIR-17 or ICOVIR-17K. Kaplan-Meier curves are plotted. End-point was established at 500 mm?® of tumor volume for
Skmel-28 model and at 1000 mm® for NP-18 model. * significant (p<0.05) by log-rank test compared with PBS group; #, significant
(p<0.05) by log-rank test compared with ICOVIR-17 group. PBS, phosphate-buffered saline.

Our group and others have previously reported that the intratumoral administration of
hyaluronidase enhances the efficacy of oncolytic adenoviruses in vivo (Ganesh et al., 2008;
Guedan et al.). We wanted to test if the expression of hyaluronidase by the virus itself was better

than the coadministration of both, virus and soluble hyaluronidase.

With this aim, mice bearing 150 mm? Skmel-28 tumors were treated with a single intravenous
injection of PBS or 4.5x10™ viral particles of ICOVIR-17K or ICOVIR-15K, the last one in
combination with an intratumoral injection of 100 IU per tumor of testicular bovine
hyaluronidase. Although both treatments could significantly control tumor growth compared to
PBS from day 12 until the end of the study, ICOVIR-17K administration induced a greater

reduction of tumor growth than the combination of ICOVIR-15K and hyaluronidase. This
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difference was significant from day 15 to the end of the study on day 50 post-injection (Figure
28a).

However, when the same experiment was performed administering the virus in one single
intratumoral injection of 2x10° viral particles per tumor, the efficacy advantage of ICOVIR-17K
was lost (Figure 28b). We hypothesize that intravenous administration of oncolytic adenoviruses
allows a better and more disseminated intratumoral distribution pattern of the virus, permitting
hyaluronidase expression occur within all tumor mass. In contrast, when the virus is injected
intratumorally in one single point, the expression of hyaluronidase is restricted and its effect is

localized, as well as with the soluble hyaluronidase injection.
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Figure 28. Comparative antitumor activity of ICOVIR-17K and the combination of ICOVIR-15K and soluble hyaluronidase. (a)
Nude mice carrying Skmel-28 subcutaneous xenograft tumors were injected intravenously with PBS or 4.5x10" viral particles of
ICOVIR-17K or ICOVIR-15K in combination with a single intratumoral injection of 100 IU of soluble hyaluronidase. (b) Nude mice
carrying Skmel-28 subcutaneous xenograft tumors were injected with a single intratumoral administration of PBS or 2x10° viral
particles of ICOVIR-17K or ICOVIR-15K in combination with a single intratumoral injection of 100 IU of soluble hyaluronidase.
Mean percentage of tumor growth value +SEM is plotted (n=7-13 tumors/group). *, significant p<0.05 compared with mice
injected with PBS . #, significant p<0.05 compared with mice injected with ICOVIR-15K + hyal group, by two-tailed unpaired
Student’s t-test. PBS, phosphate-buffered saline; iv, intravenous; it, intratumoral; hyal, hyaluronidase.

With regard to mice survival, in the intravenous setting the treatment with ICOVIR-17K was
the only one that could significantly increase survival time, whereas combined treatment of
ICOVIR-15K and soluble hyaluronidase had no effect compared to control group (Figure 29a). In
the intratumoral setting, both treatments increased survival versus control group, but no

advantage could be seen with ICOVIR-17K administration (Figure 29b).
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Figure 29. Comparative Kaplan-Meier survival curves of ICOVIR-17K and the combination of ICOVIR-15K and soluble
hyaluronidase. (a) Nude mice carrying Skmel-28 subcutaneous xenograft tumors were injected intravenously with PBS or 4.5x10™
viral particles of ICOVIR-17K or ICOVIR-15K in combination with a single intratumoral injection of 100 IU of soluble hyaluronidase.
(b) Nude mice carrying Skmel-28 subcutaneous xenograft tumors were injected with a single intratumoral administration of PBS
or 2x10° viral particles of ICOVIR-17K or ICOVIR-15K in combination with a single intratumoral injection of 100 IU of soluble
hyaluronidase. Kaplan-Meier curves are plotted. End-point was established at 500 mm? of tumor volume. * Significant (p<0.05) by
log-rank test compared with PBS group. PBS, phosphate-buffered saline; iv, intravenous; it, intratumoral; hyal, hyaluronidase.

So far, we have demonstrated a better antitumor activity of ICOVIR-17K after systemic
administration when compared to the virus expressing hyaluronidase but with the RGD motif in
the Hl-loop, ICOVIR-17, and to the combination of ICOVIR-15K and soluble hyaluronidase.
However, in terms of clinical application, the intratumoral route of administration was also
considered interesting to evaluate. To reduce animal number for ethical reasons, no further

comparison with any other virus was considered.

Mice carrying Skmel-28 or NP-9 human xenograft tumors were treated with a single
intratumoral injection of PBS or 2x10° viral particles for Skmel-28 and NP-9. A significant
reduction in tumor growth could be seen in both models and, at the end of the studies, the mean
tumor size of ICOVIR-17K-treated groups was 4.2- and 1.6-fold smaller compared to non-treated

tumors in Skmel-28 and NP-9 models, respectively (Figure 30a and b).
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Figure 30. Antitumor activity upon intratumoral administration. Nude mice bearing subcutaneous xenografts of (a) Skmel-28
(melanoma) or (b) NP-9 (pancreatic carcinoma) tumors recieved a single intratumoral injection of PBS or 2x10° viral particles of
ICOVIR-17K per tumor. Mean percentage of tumor growth value +SEM is plotted (n=10 tumors/group). *, Significant p<0.05 by
two-tailed unpaired Student’s t-test compared with mice injected with PBS. PBS, phosphate-buffered saline.

Remarkably, intratumoral administration of ICOVIR-17K was also able to significantly increase

survival in the models tested in comparison with non-treated animals (Figure 31a and b).

a b
Skmel-28 NP-9
100 L 100
801 I 801
_ e, _
g g
g 604 s 604
= =
] (%]
©  40- © 40-
X X o
— PBS
204 2001 — |covIR-17K
0 T T T T T T T T 0 L] T T T T T L] T
0 10 20 30 40 50 60 70 &0 0 10 20 30 40 50 &6 70 8
Days post-administration Days post-administration

Figure 31. Kaplan-Meier survival curves upon systemic administration. Nude mice bearing subcutaneous xenografts of (a) Skmel-
28 (melanoma) or (b) NP-9 (pancreatic carcinoma) tumors were injected intratumorally with PBS or 2x10° viral particles per tumor
of ICOVIR-17K. Kaplan-Meier curves are plotted. End-point was established at 500 mm?® of tumor volume. * Significant (p<0.05) by
log-rank test compared with PBS group. PBS, phosphate-buffered saline.
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1.3.5.2. Antitumor efficacy in a Syrian hamster model

Since mice are not permissive to Ad5 replication, a Syrian hamster model was included to
evaluate the antitumor efficacy in the presence of an intact immune system. As it was done in
mice, the antitumor activity of ICOVIR-17K was compared to that of ICOVIR-17 after systemic
administration. HP-1 hamster pancreatic tumors were implanted subcutaneously in hamsters and
when they reached a volume of about 250 mm?, the animals were treated with a single

intravenous dose of PBS or 4x10™ viral particles of ICOVIR-17 or ICOVIR-17K.

Both treatments induced a statistically significant control of tumor growth compared to the
control group, despite this efficacy was discrete. Although in the case of ICOVIR-17K this
difference was only significant at two time points (days 11 and 22), a similar behaviour was
observed for the two oncolytic adenoviruses, and no significant differences were detected
between them. At the end of the experiment, the mean tumor volume of non-treated group
almost doubled the ones of treated animals (Figure 32a). However, as Figure 32b, shows any of
the treatments could significantly increase the survival of the hamsters, evidencing the particular
difficulty of this model.
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Figure 32. Antitumor activity and survival upon systemic administration in Syrian hamsters. Syrian hamsters bearing
subcutaneous tumors of HP-1 (hamster pancreatic carcinoma) were injected intravenously with PBS or 4x10" viral particles of
ICOVIR-17 or ICOVIR-17K. (a) Mean percentage of tumor growth value +SEM is plotted (n=6-10 tumors/group). *, Significant
p<0.05 by two-tailed unpaired Student’s t-test compared with hamsters injected with PBS. (b) Kaplan-Meier curves are plotted.
End-point was established at 2000 mm?® of tumor volume. *, Significant (p<0.05) by log-rank test compared with PBS group. PBS,
phosphate-buffered saline.
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Antitumor activity in the intratumoral setting was also studied in hamsters, and the efficacy of
a single injection of 2.5x10° viral particles of ICOVIR-17K was compared to the efficacy of three
injections of the same dose in consecutive days. The aim of this study was to evaluate if multiple
administrations of the virus were able to improve the antitumor activity in hamster, as we had
seen it was quite insensitive to the single administration schedule, at least in the intravenous

setting.

A uniqgue injection of ICOVIR-17K virus was able to significantly reduce tumor growth from day
9 post administration until the end of the study by day 28, when tumor volume was 2.1-fold
smaller in treated animals. Surprisingly, the triple administration had no effect on tumor growth,
and the tumors from this group followed exactly the same course than the ones from PBS group
(Figure 33a). Moreover, the analysis of survival curves showed the same result: only the
treatment with a single administration of ICOVIR-17K had a significant effect in prolonging

survival with respect to PBS group (Figure 33b).
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Figure 33. Antitumor activity and survival upon intratumoral administration in Syrian hamsters. Syrian hamsters bearing
subcutaneous tumors of HP-1 (hamster pancreatic carcinoma) were injected intratumorally with PBS, a single administration (1X)
or 3 administrations (3X) in consecutive days at a dose of 2.5x10" viral particles of ICOVIR-17K. (a) Mean percentage of tumor
growth value +SEM is plotted (n=10 tumors/group). *, Significant p<0.05 compared with hamsters injected with PBS. #, significant
p<0.05 compared to hamsters receiving three doses of ICOVIR-17K, by two-tailed unpaired Student’s t-test (b ) Kaplan-Meier
curves are plotted. End-point was established at 1500 mm? of tumor volume. * Significant (p<0.05) compared with PBS group. #,
significant (p<0.05) compared to hamsters receiving three doses of ICOVIR-17K, by log-rank test. PBS, phosphate-buffered saline;
1X, one administration; 3X, triple administration.
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In fact, immune staining of the viral protein E1A in frozen tumor sections revealed no
presence of virus in the triple-administered animals, whereas virus was detected in tumors

injected with a single dose on days 7 and 28 post-administration (Figure 34, different panels).

ICOVIR-17K 1X ICOVIR-17K 3X

Figure 34. Virus detection in HP-1 tumors by immune staining of E1A. HP-1 tumors treated intratumorally with PBS, a single
administration (1X) or 3 administrations (3X) in consecutive days of 2.5x10" viral particles of ICOVIR-17K were obtained 7 and 28
days post-injection and were frozen in OCT. Adenovirus immunodetection was performed in frozen sections with an
antiadenovirus antibody and counterstained with DAPI. Representative sections of tumors are shown. Original magnification
x200. PBS, phosphate-buffered saline; 1X, one administration; 3X, triple administration.

Day 28

PBS
- -

One possible reason to explain this unexpected result is that the triple administration of the
virus is much more immunogenic than the unique injection, and the virus is quickly eliminated by

the immune system, even considering its intratumoral location.
1.4. COMBINATION OF ICOVIR-17K AND GEMCITABINE

Different studies have reported that hyaluronidase administration prior to some
chemotherapeutic drugs such as gemcitabine enhances their antitumor effect (Baumgartner et
al., 1998; Klocker et al., 1998; Pillwein et al., 1998). Gemcitabine is a chemotherapeutic drug
licensed as a first line treatment of adult patients with locally advanced or metastatic
adenocarcinoma of the pancreas. The abundant stroma content and the hyaluronic acid
accumulation in these tumors raise the interstitial fluid pressure and compress the blood vessels,
limiting drug delivery. Hyaluronidase ablates stromal hyaluronan, normalizing the interstitial
pressure and improving the penetration of the drug to the tumor (Provenzano et al., 2012;
Jacobetz et al., 2013).
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Having in mind that other oncolytic adenoviruses have shown promising results in
combination with chemotherapy in clinical trials (Hecht et al., 2003), we decided to study the

effect of the combination of our hyaluronidase-expressing virus and gemcitabine.
1.4.1. Toxicity of ICOVIR-17K and gemcitabine combination

Since the first concern we had was if the gemcitabine provided an additive toxicity to the

oncolytic adenovirus ICOVIR-17K, we performed toxicology studies in mice and hamsters.
1.4.1.1. Toxicity profile in mice

Mice were treated with ICOVIR-17K, intravenously at 4x10" viral particles per animal or
intratumorally at a dose of 2x10° viral particles per tumor, alone or in combination with
gemcitabine at a dose schedule of 50 mg/kg on days 0, 3, 6, and 9. Body weight was monitored
after the administration of the virus. Gemcitabine treatment alone did not have any significant
effect on body weight compared to PBS-injected animals. As reported in previous sections, virus
administration caused a transient body weight loss of about 10% that was recovered on day 10
post-injection. Importantly, the addition of gemcitabine did not significantly increase the body
weight loss caused by the virus alone (Figure 35a). Intratumoral administration of ICOVIR-17K did
not have any significant effect on body weight loss, regardless of whether it was combined with

gemcitabine or not (Figure 35b).
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Figure 35. Body weight variation in nude mice upon the administration of ICOVIR-17K in combination with gemcitabine. Nude
mice bearing xenograft tumors of NP-9 were administered with ICOVIR-17K by (a) intravenous or (b) intratumoral injection
(4x1010 viral particles per animal or 2x10° viral particles per tumor, respectively) alone or in combination with intraperitoneal GE
at 50 mg/kg (at days 0O, 3, 6 and 9). Animals were monitored daily for body weight until day 10 post-administration. Mean values
of body weight variation +SD are depicted. *, ICOVIR-17K significant (p<0.05) by compared to PBS group ; #, ICOVIR-17K significant
(p<0.05) compared to GE group; 6, ICOVIR-17K significant (p<0.05) compared to ICOVIR-17K group, by two-tailed unpaired
Student’s t-test. GE: gemcitabine; iv, intravenous; it, intratumoral. PBS, phosphate-buffered saline.
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1.4.1.2. Toxicology profile in Syrian hamsters

Syrian hamsters were administered with PBS, gemcitabine by intraperitoneal injection at a
dose schedule of 50 mg/kg on days 0, 3, and 6, with an intravenous dose of 4x10'! viral particles
of ICOVIR-17K, or with the combination of both treatments. Body weight of animals was
monitored daily. On day 7 post-administration hamsters were sacrificed and liver enzymes (AST

and ALT), creatinine levels and hematological parameters were determined.

Gemcitabine alone had no significant effect on body weight compared to PBS-treated animals.
When combined with ICOVIR-17K, a maximum body weight loss was observed on day 4, reaching
a percentage of 7.2%. However, body weight loss was not significantly different from that
observed in hamsters treated with the virus alone. After day 4 animals started to gain weight
and, although at the end of the study animals treated with ICOVIR-17K (alone or with
gemcitabine) had not reached the body weight of PBS-injected animals, the general tendency

suggested signs of recovery (Figure 36a).

With regard to the biochemistry parameters, differences were not observed between ICOVIR-
17K group and ICOVIR-17K in combination with gemcitabine, and the toxicological events were
the same that we have seen previously for ICOVIR-17K treatment alone, consisting in a moderate

elevation of transaminase levels (Figure 36b).
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Figure 36. Toxicity upon systemic administration of ICOVIR-17K in combination with gemcitabine in Syrian hamsters. The
average values for (a) body weight variation and (b) serum transaminase levels in hamsters peripheral blood on day 7 after the
intravenous administration of PBS or 4x10™ viral particles per hamster of ICOVIR-17K alone or in combination with intraperitoneal
GE at a dose schedule of 50 mg/kg on days 0, 3 and 6 are shown. Mean values +SD are plotted. *, Significant (p<0.05) compared
to PBS group. #, Significant (p<0.05) compared to GE group, by two-tailed unpaired Student’s t-test. ALT, alanine
aminotransferase; AST, aspartate aminotransferase; IU, International units; PBS, phosphate-buffered saline.
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Figure 37. Hematological profile upon systemic administration of ICOVIR-17K in Syrian hamsters. The average values for (a)
platelets concentration and (b) blood cell counts in hamsters peripheral blood at indicated time points after intravenous
administration of PBS or 4x10™ viral particles per hamster of ICOVIR-17K alone or in combination with intraperitoneal GE at a
dose schedule of 50 mg/kg at days 0, 3 and 6 are shown. Mean values +SD are plotted. *, Significant (p<0.05) compared to PBS
group. #, Significant (p<0.05) compared to GE group. &, Significant (p<0.05) compared to ICOVIR-17K group, by two-tailed
unpaired Student’s t-test. ALT, alanine aminotransferase; AST, aspartate aminotransferase; IU, International units; PBS,
phosphate-buffered saline.

Differences between virus alone and virus plus gemcitabine were found in the hematologic
parameters. While in the ICOVIR-17K group an increase in lymphocyte counts was detected, in
the two groups treated with gemcitabine lymphopenia, which is a known effect of this drug, was
observed. Moreover, a reduction of monocytes and neutrophils counts was detected in the group
of the combined treatment compared to the other ones (Figure 37b). Platelets were not further
affected by gemcitabine beyond the normal effect of the virus, which is a plaquetopenia at early

time points (Figure 37a).

To conclude, cumulative toxicity was not observed in mice or hamsters treated with the

combination of ICOVIR-17K with gemcitabine.
1.4.1.3. Oncolytic potency of the combination of ICOVIR-17K and gemcitabine
1.4.1.3.1. Cytotoxicity in tumor cell lines in vitro

Some studies have reported that gemcitabine reduces adenovirus production in vitro, since it
is a nucleoside analogue which inhibits DNA synthesis (Nelson et al., 2009). However, synergy has
also been observed via several mechanisms such as the E1A-induced sensitization of cancer cells
to gemcitabine (Bhattacharyya et al., 2011; Onimaru et al., 2011), increased infectivity due to

coxsackievirus-adenovirus receptor and integrin overexpression (Nelson et al, 2009;
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Bhattacharyya et al., 2011), or activation of promoters that regulate replication of the oncolytic

adenovirus (Onimaru et al., 2011).

Cytotoxicity experiments in different tumor cell lines were performed in order to see if the

addition of gemcitabine was able to decrease the ICsq value of the virus alone. First of all,

regarding the specific sensitivity of the different cell lines to gemcitabine and in order to decide

the concentration to use for each one, cytotoxicity of this drug alone was evaluated (Figure 38a

and b). Concentrations of gemcitabine close to the ICsq values were chosen for following studies.
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Tumor type Cell line IC50 GE (nM)
H |

uman .ung A549 18.90
adenocarcinoma

_ NP-9 178.30

Human pan.creatlc NP-18 13.52
adenocarcinoma

BxPC-3 99.20

Hamster par.1creat|c HP-1 22 41
adenocarcinoma

Human head and neck SCC-25 2183

adenocarcinoma FaDu 12.08

Figure 38. Cytotoxicity of gemcitabine in a panel of tumor cell lines in vitro. Different cell lines were treated with serial dilutions
of GE starting at 400 uM during 6 days and cell viability was determined by BCA staining. (a) Dose-response curves are shown.
Mean values of percent survival £SD are plotted. (b) ICso values of gemcitabine in a panel of tumor cell lines in vitro.

Cytotoxicity assays were performed by infecting a panel of tumor cell lines with serial dilutions
of ICOVIR-17K and treating them or not with gemcitabine at the concentration indicated in Figure
39b. The percentage of cell survival was determined on day 5-8 post-infection for the cells
infected with ICOVIR-17K and the ones infected and treated with gemcitabine. In order to
remove the effect of gemcitabine, this percentage was normalized with that of cells treated with
gemcitabine alone (Figure 39a). Results showed that the combined treatment significantly
lowered ICsg values with a range of 2.6 to 32.8-fold increases in cytotoxicity compared to virus
alone in 5 cell lines tested (Figure 39b). In conclusion, we demonstrated that ICOVIR-17K was

able to induce chemosensitization to gemcitabine.
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b
1Cs0 (TU/cell Cytotoxicit
Tumor type [GE] (nM) so (TU/ cell) y - v
ICOVIR-17K  ICOVIR-17K + GE fold-increase
Human lung
. A549 25 1.689 3.951 0.4
adenocarcinoma
) NP-9 250 1.968 0.1296 15.2*
Human pancreatic
. NP-18 15 0.01680 0.006529 2.6*
adenocarcinoma
BxPC-3 100 0.5802 0.1706 3.4%*
Hamster pancreatic
. HP-1 25 8.262 0.9945 8.3%
adenocarcinoma
Human head and neck SCC-25 1000 8.650 5.440 1.6
adenocarcinoma FaDu 15 45.81 1.396 32.8%

Figure 39. Cytotoxicity of ICOVIR-17K in combination with gemcitabine in vitro in a panel of tumor cell lines. Different cell lines
were infected with serial dilutions of ICOVIR-17K and treated or not with GE at a dose close to ICsy value for each cell line. On day
5-8 post-infection, cell viability was determined by BCA staining for the virus alone and for the combination, and normalized with
the percentage of cell survival of the cells treated with GE alone. (a) Dose-response curve. Mean values of percent survival +SD
are plotted. (b) The concentration of GE used for each cell line is indicated in the table. ICsq values of ICOVIR-17K alone or in
combination with GE are shown, as well as the cytotoxicity fold-increase provided by GE addition. *, ICOVIR-17K + GE significant
(p<0.05) compared to ICOVIR-17K alone group by extra sum-of-squares F test. MOI, multiplicity of infection; TU, transducing units;
GE, gemcitabine.

1.4.1.4. Antitumor activity in vivo

Antitumor activity of ICOVIR-17K in combination with gemcitabine was assessed in a human
NP-9 pancreatic xenograft model after intravenous or intratumoral administration of the virus.
Nude mice bearing subcutaneous tumors of about 90 mm?® were treated with intraperitoneal
gemcitabine at a dose schedule of 50 mg/kg on days 0, 3, 6 and 9, being day 0 the day of virus
administration. ICOVIR-17K was injected systemically at a dose of 4x10™ viral particles per animal

or intratumorally at 2x10° viral particles per tumor.

In the systemic setting, gemcitabine and ICOVIR-17K treatments showed significant antitumor
activity after day 36 and 20, respectively, compared to PBS-treated group. Importantly, the
combination of both treatments was able to significantly improve the efficacy with respect to
either treatment alone (Figure 40a). Furthermore, 5 out of 7 tumors in the combined treatment

were regressing at the end of the study, of which 3 completely disappeared.

In contrast, when the virus was injected intratumorally, the differences between groups were
modest. Gemcitabine treatment alone did not have any significant effect in terms of percentage

of tumor growth compared to PBS-injected tumors. Both virus treatments, regardless of whether
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administered concomitantly with gemcitabine, were able to significantly reduce tumor growth.
However, no significant differences were observed between them in this setting (Figure 40b). In
spite of the lack of significant differences, almost 50% of tumors treated with ICOVIR-17K plus
gemcitabine had disappeared by the end of the experiment (5 out of 12), whereas no tumors had

disappeared in the group treated with virus alone.

The lack of chemosensitization observed by ICOVIR-17K in this intratumoral administration
setting can be explained by a limited dissemination of the virus, given the single intratumoral
injection used. This precludes wide expression of hyaluronidase that may facilitate the entrance
gemcitabine penetration. In contrast, intravenous administration allows ICOVIR-17K to spread
more efficiently and results in a significant chemosensitizitation associated with decreased

hyaluronan content in the whole tumor.
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Figure 40. Antitumor activity of ICOVIR-17K in combination with gemcitabine in vivo. Nude mice bearing xenograft tumors of
NP-9 were administered with ICOVIR-17K by (a) intravenous or (b) intratumoral injection (4x1010 viral particles per animal or
2x10° viral particles per tumor, respectively) alone or in combination with intraperitoneal GE at 50 mg/kg (at days 0, 3, 6 and 9).
Tumor growth was monitored. Mean values of percentage of tumor growth +SEM are depicted (n=7-14 tumors/group). *,
significant (p<0.05) compared to PBS group; #, significant (p<0.05) compared to GE group; §, significant (p<0.05) compared to
ICOVIR-17K group, by by two-tailed unpaired Student’s t-test. GE: gemcitabine; iv, intravenous; it, intratumoral; PBS, phosphate-
buffered saline.

Gemcitabine treatment could not significantly increase survival time compared to mock-
treated animals. However, the treatment with ICOVIR-17K, alone or in combination with
gemcitabine, and upon both administration routes, intravenous or intratumoral, had a significant
effect increasing survival time. Moreover, in the case of intravenous administration of the virus,
the addition of gemcitabine to the treatment prolonged survival from 74 days observed for the

virus alone, to 79 days, even though such difference was not statistically significant. For the
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intratumoral setting, the survival time was the same for both treatments including virus and

equivalent to 66 days (Figure 41a and b).
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Figure 41. Kaplan-Meier survival curves upon the administration of ICOVIR-17K in combination with gemcitabine in vivo. Nude
mice bearing xenograft tumors of NP-9 were administered with ICOVIR-17K by (a) intravenous or (b) intratumoral injection
(4x1010 viral particles per animal or 2x10° viral particles per tumor, respectively) alone or in combination with intraperitoneal GE
at 50 mg/kg (on days 0, 3, 6 and 9). Kaplan-Meier curves are plotted. End-point was established at 500 mm? of tumor volume. *,
significant (p<0.05) compared with PBS group. #, significant (p<0.05) compared with GE group, by log-rank test. GE: gemcitabine;

iv, intravenous; it, intratumoral; PBS, phosphate-buffered saline.
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2. INSERTION OF EXOGENOUS EPITOPES IN THE E3-19K OF ONCOLYTIC
ADENOVIRUSES TO ENHANCE TAP-INDEPENDENT PRESENTATION AND
IMMUNOGENICITY

Downregulation on cell surface expression of major histocompatibility complex (MHC) class |
is frequently associated to tumor cell immune evasion. Among defects at different levels, one of
the most frequent is the downregulation of the transporter associated with antigen processing
(TAP) that translocates peptides generated by the proteosome into the endoplasmatic
reticulum (ER) to be loaded onto empty MHC-I molecules (Leone et al., 2013). One strategy that
has been proposed to solve this problem is to link immunogenic peptides to ER-targeting signals

to promote their TAP-independent presentation (Lu et al., 2001; Lu et al., 2004).

On the other hand, oncolytic adenoviruses have been used to promote immune responses
against tumors by expressing and/or displaying tumor-associated antigens (TAAs). However, the

strong immunodominance of virus antigens masks responses against tumor epitopes.

With the aim to enhance the immunogenicity of exogenous epitopes presented by oncolytic
adenoviruses in TAP-defective tumor cells, we propose the use of the ER-resident adenoviral

protein E3-19K as a carrier of tumor epitopes across the ER membrane.
2.1. GENERATION AND CHARACTERIZATION OF THE ONCOLYTIC ADENOVIRUSES

We inserted two different exogenous epitopes in the E3-19K gene, after the ER-targeting
signal, and separated by linkers cleavable by the transgolgi network protease furin (RVKR) to
facilitate the proteasome-independent processing of the epitopes. The first of them was the
OVA 57064 (SIINFEKL) epitope of ovalbumin protein from chicken egg whites, which is presented
by the H-2K® MHC class | molecule and has been widely used as a model epitope since it is
highly immunogenic (Maecker et al., 1998; Werlen et al., 2000). The second epitope was the
hgp100,5.33 (KYPRNQDWL) from the human melanoma TAA gp100 which, in contrast to OVA,s7.
264, has an associated intrinsic immunotolerance since it is a self-antigen. The homologous
murine and human epitopes of gp100 (amino acids 25—-33) are presented in the context of the
MHC class | molecule H-2D° and differ in the three NH,-terminal amino acids. This difference
confers greater avidity on MHC class | binding of the human peptide, thereby increasing its
ability to break tolerance to the murine self-antigen gp100 or also known as Pmel17 (Overwijk
et al., 1998).
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In order to do comparative studies, another oncolytic adenovirus has been constructed
inserting the same epitopes in the Hl-loop of the fiber and separated by classical GS-flexible
linkers (GSGSR). The fiber, as well as the other viral proteins excluding E3-19K, is processed in
the cytoplasm by the proteasome according to the classical MHC-I pathway, so it does not need

furin linkers. A schematic representation of the modifications included in each virus is shown in

Figure 42.
l— Flexiblf linker
ICOVIR-15K-HIOG Hioop fber Hoop fiber
LITR pE1A, E1A-A24 MLP RITR
ICOVIR-15K [ EB319K |

l: Furin Iinkerl |

gplo0,s

ICOVIR-15K-E30G

Figure 42. Schematic representation of the genomes of the different viruses. ICOVIR-15K contains the modified Ela
promoter (including four E2F boxes and one Sp1 box) and the truncated E1A protein to confer selectivity for tumor
cells. It also incorporates the motif CDOCRGDCFC (RGD-4C) replacing the putative HSG-binding domain, KKTK (RGDK
modification). The epitopes OVA,s; and gp100,5 have been incorporated within the Hl-loop domain of the fiber and
are flanked by GS-flexible linkers to generate ICOVIR-15K-HIOG. The same epitopes were inserted after the ER-
targeting signal sequence of the E3-19K flanked by furin-linkers for the construction of ICOVIR-15K-E30G. LITR, left
inverted terminal repeat; RITR, right inverted terminal repeat; MLP, major late promoter.

Plasmids containing the genomes of the oncolytic adenoviruses presented in this section
were generated by homologous recombination in bacteria and then transfected into HEK293

cells for virus generation.

Once the viruses were generated, a cytotoxicity assay was performed in the A549 cell line in
order to confirm that the new oncolytic adenoviruses did not suffer any potency loss associated
to the incorporated mutations compared to the parental virus ICOVIR-15K. ICOVIR-15K-HIOG
and ICOVIR-15K-E30G showed similar ICso values to that of ICOVIR-15K, without detecting any

statistically significant difference between them (Figure 43a and b).
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Figure 43. Cytotoxicity in A549 cells. (a) Dose-response curves obtained by non-linear regression. A549 cells were infected with
1:5 serial dilutions of ICOVIR-15K, ICOVIR-15K-HIOG and ICOVIR-15K-E30G starting at 300 MOI and cell viability was determined
by BCA staining on day 6 post-infection. Mean SD is plotted (b) ICsq values for each virus are represented. Cytotoxicity increase
versus parental virus ICOVIR-15K is also represented. * significant (p<0.05) compared to ICOVIR-15K. MOI, multiplicity of

infection; TU, transducing units.

2.2,

MURINE MODELS FOR THE ANALYSIS OF IMMUNOVIROTHERAPY OF CANCER

Since OVA;,s; and gp100,s epitopes are specifically recognized by H-2K® and H-2D° murine

MHC class | molecules respectively, tumor mouse cell lines from b H2 haplotype origin were

required as models for this study, in vitro and in vivo. Moreover, since the goal of this project

was to evaluate immune responses, common models to study efficacy of oncolytic adenoviruses

such as immunodeficient mice carrying xenografted human tumors were not appropriate, and

immunocompetent mice carrying murine tumors were needed instead.

Since human adenoviruses replication is species-specific, the usefulness of these models to

evaluate oncolysis is limited. In order to conduct this project, parameters such as the infectivity,
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viral productivity or MHC class | surface levels have been characterized in different murine
tumor cell lines. In some cases, these cell lines have been modified to become suitable for the

experiments.

For in vitro experiments, B16 melanoma and TRAMPC2 prostatic adenocarcinoma tumor cell
lines were used since its TAP deficiency has been previously described. Moreover, the
expression of TAP and other molecules of MHC class | processing pathway can be enhanced by
the incubation with interferon-y (IFN) in both of them, allowing a TAP-positive or negative
environment depending on the presence or absence of this cytokine (Seliger et al., 2001;

Martini et al., 2010).
2.2.1. Infectivity and viral production assays

The first parameter that we wanted to characterize was the infectivity in vitro of B16 and
TRAMPC2 cell lines. Previous observations in our laboratory and others determined the poor
infectivity by adenovirus of B16 cell line. Therefore, we have used the cell line B16CAR, which
was stably transfected with the coxsackievirus adenovirus receptor, CAR, in order to increase
the efficacy of transduction by adenoviruses (Tosch et al., 2008). Regarding TRAMPC2, different
published studies performed with adenoviruses support the susceptibility of this cell line to be
infected (Dzojic et al., 2006; Danielsson et al., 2011; Freytag et al., 2013). After demonstrating
CAR expression in B16CAR by flow cytometry (Figure 44a), infectivity assays were performed by
infecting each cell line with two adenoviral vectors expressing GFP (one containing the wild type
capsid, AdTL, and another containing the RGDK mutation, AdTLRGDK) at different MOIs and
analyzing the percentage of infected cells 24 hours post-infection by flow cytometry (Figure

44b) and also by microscopy (Figure 44c).

Results in B16CAR showed that at the lowest MOI, 25 TU/cell, 60% of the cells were infected,
whereas 100% of infectivity was observed at 100 MOI, indicating a good infectivity profile of
this cell line. Importantly, only mild differences between both capsids were observed at the
lowest MOls, where a negligible loss of infectivity was perceived upon the infection with the

RGDK virus.
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Figure 44. CAR expression and infectivity of BI6CAR. (a) B16CAR cells were stained with anti-CAR hybridoma and analyzed by
flow cytometry. Fluorescence intensity and percentage of positive cells is shown. B16CAR cells were infected at different MOI
with the GFP-expressing adenoviral vectors AdTL and AdTLRGDK. 24 hours post-infection, fluorescence was analyzed by (b)
microscopic observation (original magnification 100X) and by (c) flow cytometry. Percentage of GFP positive cells is plotted. MOI,
multiplicity of infection. TU, transducing unit.

The infectivity of TRAMPC2 was much lower than that of B16CAR. Only about 60% of
infected cells were observed at the highest MOI of 200 TU/cell, independently of the capsid of
the virus. However, at this condition some mortality associated to cytotoxicity was observed, so

the chosen MOI for the different studies was 100 TU/cell, allowing around 40% of infectivity
(Figure 45, different panels).
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Figure 45. Infectivity of TRAMPC2. (a) TRAMPC2 cells were infected at different MOI with the GFP-expressing adenoviral vectors
AdTL and AdTLRGDK. 24 hours post-infection, fluorescence was analyzed by (b) microscopic observation (original magnification
100X) and by (c) flow cytometry. Percentage of GFP positive cells is plotted. MOI, multiplicity of infection. TU, transducing unit.

The next step was to characterize viral production yields of each cell line in order to know if
they could be used for oncolysis evaluation besides immune responses. BI6CAR and TRAMPC2
cells were infected with the parental virus ICOVIR-15K and 72 hours post-infection viral yields
were quantified from cell extracts. A549 cells were included as a control of a permissive human
cell line. Whereas, A549 were able to produce almost 2x10* TU/cell, neither B16CAR nor
TRAMPC2 produced significant levels of virus 72 hours post-infection, concluding that these cells
do not represent a good model to study direct oncolytic effect of human adenoviruses (Figure

46). However, they are still useful for immunologic assays.
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Figure 46. Viral production yield in murine cell lines. A549, B16CAR and TRAMPC2 cells were infected at 25, 100 and 100 TU/cell.
4 hours post-infection, cells were washed three times with PBS and cell extract samples were obtained to determine basal levels
of virus. At 72 hours post-infection new cell extract samples were collected. Viral yields were quantified at these time points by an
anti-hexon staining based method. Mean values +SD are plotted. TU, transducing units. pi, post-infection.
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2.2.2. MHC class | surface expression levels

It was interesting for us to quantify basal MHC class | surface levels of these cell lines in the

presence or absence of IFN-y, especially of H-2K® and H-2D", since the exogenous epitopes

included in the oncolytic adenoviruses are restricted for these molecules.

As it is shown in Figure 47, TRAMPC2 expressed higher levels of H-2K" than B16CAR at basal

conditions (52.4% compared to 38.4%). However, when IFN-y is added to the medium, H-2K®

levels reached 100% of expression in both cell lines. Moreover, infection by adenovirus did not

affect H-2K" expression in any case. This result was expected since it is described that E3-19K

does not bind to this MHC class | haplotype (Tanaka and Tevethia, 1988).
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Figure 47. H-2K® levels in BL6CAR and TRAMPC2 cell lines. Monolayers of B16CAR and TRAMPC2 cells seeded in 24-well plates.
IFN- y-treated cells were incubated for 48 hours at 200 U/mL and were analyzed 24 hours later. Virus-treated cells were infected
with ICOVIR-15K at 100 MOI during 4 hours, then washed 3 times with PBS and incubated 24 hours in fresh medium. Then, the

cells were stained with the anti-H-2K" hybridoma Y3 and analyzed by flow cytometry. Fluorescence intensity histograms are
plotted and the percentage of positive cells is indicated in the graph.

Regarding H-2D molecules, surface basal levels were extremely low. This observation was

previously reported by other groups (Kaluza et al., 2012). In this case, the effect of E3-19K in

binding MHC class | molecules should be seen, however since detected basal levels were
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practically negligible (4% of positive cells), we were not able to detect any difference. Even in
the presence of IFN-y, they barely reach 60% of expression in B16CAR cell line. In the case of
TRAMPC2, these low basal levels of H-2D® were also detected. As happened in B16CAR, no
differences could be observed between basal conditions and infected cells, and the inducibility

of these molecules by IFN-y was also limited to the ~25% of the cells (Figure 48, different

panels).
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Figure 48. H-2D" levels in BL6CAR and TRAMPC2 cell lines. Monolayers of BI6CAR and TRAMPC2 cells seeded in 24-well plates.
IFN- y-treated cells were incubated for 48 hours at 200 U/mL and were analyzed 24 hours later. Virus-treated cells were infected
with ICOVIR-15K at 100 MOI during 4 hours, then washed 3 times with PBS and incubated 24 hours in fresh medium. Then, the
cells were stained with an anti-H-2D° and analyzed by flow cytometry. Fluorescence intensity histograms are plotted and the
percentage of positive cells is indicated in the graph.

2.2.3. Tumor model for in vivo studies

A tumor model which expresses both antigens targeted by our oncolytic adenoviruses, OVA
and gp100, was also required. B16CAR is a melanoma cell line which naturally overexpresses
gp100 (Peter et al., 2001). In order to have a model which also expresses OVA, we generated
the B16CAROVA cell line by the transfection of B16CAR cells with the expression plasmid
pAcNeoOVA (Moore et al., 1988). This plasmid expresses OVA gene and also contains the
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selection gene Neo, which provides resistance to G418 antibiotic, that was used to select and

maintain the transfected OVA-expressing cells.

Once the cell line was generated, we confirmed that it maintained the same levels of H-2K"

and CAR expression than the parental cell line B16CAR (Figure 49).
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Figure 49. BI6CAROVA characterization. Monolayers of BI6CAROVA were incubated or not with IFN-y at 200 U/mL during 48
hours and stained with the (a) anti-H-2Kk° hybridoma Y3 or (b) anti-CAR hybridoma. Cells were analyzed by flow cytometry.

Fluorescence intensity is represented and the percentage of positive cells is indicated in the graph.

Afterwards, OVA expression was confirmed by specific PCR after retrotranscription of RNA

extracted from B16 (parental cell line), BI6CAR (parental cell line transfected with CAR),

B160VA (parental cell line transfected with OVA) and BI6CAROVA (parental cell line transfected

with CAR and OVA). As expected, the specific band corresponding to OVA was only detected in

B160OVA and B16CAROVA samples (Figure 50a). The same technique was used to confirm gp100

expression, and in this case, all four cell lines tested were positive (Figure 50b). This result was

also confirmed by immunocytofluorescence, in which A549 cell line was used as negative

control (Figure 50c).
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Figure 50. Antigen expression by BL6CAROVA tumor cells. RNA was extracted from B16 (parental cell line), B16CAR, B160OVA,
and B16CAROVA cells. This RNA was retrotranscribed to cDNA and specific oligonucleotides were used to amplify fragments of (a)
OVA (band corresponding to 292 bp) or (b) gp100 (236 bp band). (c) Immune staining of gp100 was performed in cultured cells.
A549 were used as negative control. bp, base pairs.

2.3. PROCESSING AND PRESENTATION OF THE EXOGENOUS EPITOPES IN VITRO

The availability of an antibody that specifically recognizes complexes formed by OVA;s;
epitope bound to the murine MHC-I molecule H-2K® allowed the study of the processing and

presentation of this epitope in vitro.
2.3.1. Presentation of OVA,s; upon infection of TAP-deficient tumor cell lines in vitro

B16CAR and TRAMPC2 tumor cell lines were infected with the different oncolytic
adenoviruses: the parental virus ICOVIR-15K, the virus containing the epitopes in the Hl-loop,
ICOVIR-15K-HIOG, and the one that has the epitopes in the E3-19K, ICOVIR-15K-E30G. After 24
hours of infection, cells were stained with a PE-labeled anti-Kb/OVA antibody and fluorescence
was analyzed by flow cytometry. As negative and positive controls, cells were incubated with
peptides corresponding to gp100,s (which was irrelevant for this experiment as it is not H-2K"

restricted) or OVA,s7 epitopes, respectively. Since deficiencies in MHC class | pathway in these
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cell lines are IFN-y inducible, the experiment was performed in the presence or absence of this

cytokine.

An unexpected finding was that, in the absence of IFN-y, thus the TAP-deficient environment,
complexes formed by H-2K® MHC class | molecules and OVA,s7 could only be detected in the
surface of B16CAR cells incubated with the peptide alone, which was the positive control. The
infection with the OVA,s; displaying/expressing adenoviruses was not able to promote the
processing and presentation of this epitope, at least at sufficient levels to be detected by this
technique. However, when IFN-y was added to the cells, OVA,s; was processed and presented in
a percentage of about 30% of cells infected with the virus containing the epitopes in the E3-19K,
ICOVIR-15K-E30G, while no presentation of this epitope was detected either in the negative
controls (cells incubated with gp100,s peptide or infected with ICOVIR-15K parental virus) or in
the cells infected with the virus displaying the epitopes in the Hl-loop, ICOVIR-15K-HIOG (Figure
51a). Despite deficiencies in TAP expression had been reported in B16 cells, downregulation of
other components of the MHC-I pathway such as tapasin are also responsible for the low MHC
class | molecules displayed on the cell surface (Seliger et al., 2001). Taking this into account and
combined with the low K’/OVA presentation in the positive control of cells incubated with the
peptide alone (which is supposed to be the maximum levels of OVA,s; presentation), it may
explain the reason why, although ICOVIR-15K-E30G should be able to process and present the
epitope in a TAP-independent manner, no K°/OVA staining was detected by this technique.
Nevertheless, the induction of MHC class | pathway components expression by incubation with
IFN-y, elevated the Kb/OVA staining to 100%. Of note, ICOVIR-15K-HIOG was not able to induce
OVA,s; presentation in this condition either, although the fiber protein is processed by the
proteasome following the classical pathway. Strikingly, even in this scenario, where no deficiency
in the MHC class | pathway is supposed to occur, the location of the epitopes in E3-19K protein

provided a great advantage to the processing and presentation of the exogenous epitope.

Similar results were observed in the TRAMPC2 model. Importantly, OVA,s; presentation was
also observed in the IFN-y-depleted conditions after the infection with ICOVIR-15K-E30G, and at
similar levels to the presentation in cells incubated with the peptide alone (Figure 51b). Probably,
this could be explained by the higher basal surface levels of H-2K° expression in TRAMPC2 cell
line compared to B16CAR.
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Figure 51. H-2K°/OVA presentation in vitro. (a) BI6CAR or (b) TRAMPC2 cells were infected at 100 MOI with ICOVIR-15K, ICOVIR-
15K-HIOG or ICOVIR-15K-E30G or incubated with gp100,5 or OVA,s; peptides as negative or positive control, respectively. 24
hours later, cells were tripsinized and stained with anti-Kb/OVA antibody (25-D1.16) for 30 minutes in ice. Fluorescence was
analyzed by flow cytometry. In the IFN-y positive conditions, this cytokine was added 24 hours prior to the infection (that is, 48
hours before the analysis). Mean values of percentage of Kb/OVA positive cells +SD are plotted. ***, p<0.0001 by one-way

Viruses

ANOVA test and Tukey post-hoc test. IFN-y, interferon gamma.

2.3.2. Mechanisms of TAP-independency

In order to further explore and understand the mechanisms responsible for the increased
surface presentation of OVA,s; epitope in TAP-deficient tumor cells when they were infected

with an oncolytic adenovirus which genetically incorporates this epitope into E3-19K adenoviral

protein, different approximations were followed.

[ gp100,5

] ovA,s
ICOVIR-15K

[ 1COVIR-15K-HIOG
ICOVIR-15K-E30G
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2.3.2.1. Expression levels of fiber and E3-19K in infected murine cell lines

One hypothesis to explain this important advantage provided by the location of the exogenous
epitopes in E3-19K rather than the fiber was that mouse cells can express early proteins, such as
E3-19K, after the infection with human adenoviruses, but expression of late proteins, such as
fiber, might be hampered. This would favor immunogenicity from E3-19K regardless of the

putative TAP-independency of the epitopes.

Expression of both fiber and E3-19K was analyzed by western blot in BI6CAR and TRAMPC2
mouse tumor cell lines after the infection with the parental virus, ICOVIR-15K. As a positive
control of an adenovirus-permissive cell line, A549 human cells were used. Even though both
proteins analyzed were expressed in higher levels in A549 infected cells than in B16CAR or
TRAMPC2, fiber and E3-19K expression was detected in all cell lines 24 hours post-infection with
no higher E3-19K levels in any case (Figure 52). This evidence denied the postulated hypothesis
based on differential expression, strengthening our initial hypothesis based on the location of

exogenous epitopes in ER-targeted E3-19K to overcome TAP deficiencies in tumor cells.

Vinculin  esss == =

Fiber .‘ — -

E3-19K w@ ™ -

Figure 52. Fiber and E3-19K expression in murine cell lines. B16CAR and TRAMPC2 murine cell lines were infected at 100 MOI
with ICOVIR-15K virus. A549 human cell line was used as positive control of adenoviral gene expression and was infected with
ICOVIR-15K at 25 MOI. 24 hours after the infection, cells were harvested, lysed and expression of E3-19K and fiber was analyzed
by Western Blot. Vinculin was used as loading control.

2.3.2.2. TAP-independent presentation demonstrated by using mutant adenoviruses and

inhibitors

A more directed way to demonstrate the importance of E3-19K ER-localization and furin sites
for the TAP-independent epitope presentation was based on the use of mutant viruses and
inhibitors. One mutant virus was constructed by deleting the E3-19K ER-targeting signal sequence
from the NH2-terminal of the protein in order to avoid its traffic to the ER and, consequently, the
TAP-independent processing pathway. This virus was named ICOVIR-15K-SSdelE30G.
Additionally, the furin-sensitive linkers of ICOVIR-15K-SSdelE30G (RVKR) were replaced by non-
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cleavable sequences (VRVV) to avoid the processing of the epitopes in the secretory
compartments, generating the adenovirus ICOVIR-15K-SSdelE3OGFR. Figure 53 shows a

schematic representation of the modifications included in the mutant adenoviruses.

Furin linker

ICOVIR-15K-E30G gnal s [l OVA;S; gpl00,5

ICOVIR-15K-SSdelE30G
ICOVIR-15K-SSdelE30GFR T ; . BaX

Furin-resistant linker

Figure 53. Schematic representation of the construction of the mutant adenoviruses. Two additional mutant viruses were
constructed by deleting the ER-targeting signal sequence (ICOVIR-15K-SSdelE30G) and by combining this deletion with the
replacement of the furin linkers by furin-resistant linkers (ICOVIR-15K-SSdelE3OGFR). M, methionine.

To check that these additional modifications were not affecting the viability of the
adenoviruses, cytotoxicity in A549 cell line was tested in comparison with the parental virus
ICOVIR-15K.
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Cytotoxicity fold-increase
versus ICOVIR-15K
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Figure 54. Cytotoxicity of control adenoviruses in A549 cells. (a) Dose-response curves obtained by non-linear regression. A549
cells were infected with 1:5 serial dilutions of ICOVIR-15K, ICOVIR-15K-SSdelE30G or ICOVIR-15K-SSdelE3OGFR starting at 300
MOI and cell viability was determined by BCA staining on day 6 post-infection. Mean +SD is plotted (b) ICsq values for each virus
are represented. Cytotoxicity increase versus parental virus ICOVIR-15K is also represented. * significant (p<0.05) compared to
ICOVIR-15K by extra sum-of-squares F test. MOI, multiplicity of infection; TU, transducing units.

Surprisingly, whereas ICOVIR-15K-SSdelE3OGFR presented a similar ICso value than the
parental virus, ICOVIR-15K-SSdelE30G resulted significantly more cytotoxic, with a 5-fold lower
ICs9 value than ICOVIR-15K. However, we did not consider this difference relevant for Kb/OVA

presentation studies (Figure 54a and b).

The main function of E3-19K is to bind and to retain the heavy chains of MHC class | molecules
in the ER, preventing CTL response to adenoviral infection (Cox et al., 1991; Hermiston et al.,
1993; Jackson et al., 1993). Despite this interaction is described for human MHC class | and some
murine haplotypes, H-2K® surface expression is not affected by the infection with adenovirus,
indicating that E3-19K is not interacting with this molecule (Tanaka and Tevethia, 1988). Since we
wanted to demonstrate that the deletion of the ER-targeting signal sequence changed the
intracellular localization of E3-19K from the ER to the cytoplasm, human HLA-A2 levels in
TRAMPC2-A2 cells (TRAMPC2 cells stably transfected with HLA-A2) infected with the different
adenoviruses were determined. As it is shown in Figure 55a, HLA-A2 levels significantly decreased
from 90% to 70% when the cells were infected with the viruses containing the wild type version
of E3-19K protein. However, when they were infected with the viruses containing the deletion of
the ER-targeting signal, surface expression of HLA-A2 reached almost the same levels than in
non-infected cells (85%). This demonstrates that, in this case, the signal sequence-deleted E3-19K
was not interacting with HLA-A2. Furthermore, no reduction of H-2K® levels was observed after
the infection with any of the adenoviruses, regardless of whether E3-19K was wild type or

mutated (Figure 55b).
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Figure 55. MHC-I levels in TRAMPC2 after the infection with different adenoviruses. (a) TRAMPC2-A2 or (b) TRAMPC2 were
infected with the different adenoviruses at 100 MOI. 24 hours post-infection, HLA-A2 and H-2K® MHC-I surface levels were
quantified by flow cytometry. Mean values of percentage of positive cells +SD are plotted. *, significant (p<0.05) with respect to
uninfected cells. #, significant (p<0.05) with respect to ICOVIR-15K-SSdelE30G and ICOVIR-15K-SSdelE30GFR, according to one-
way ANOVA test and Tukey post-hoc test.

The ideal scenario to perform OVA,s; presentation experiments with these control viruses was
a TAP-deficient cell line with no other affected component of the epitope presentation pathway,
in contrast to the previously used tumor cell lines BL6CAR and TRAMPC2. We had two different
cell lines available which met the desired characteristics: T2-K® and RMA/S. However, given the
lymphoblastic origin of both cell lines, adenoviruses were not able to infect them. In an attempt
to increase the infectivity of these cell lines, the adenoviruses ICOVIR-15K-SSdelE30G and
ICOVIR-15K-SSdelE3OGFR were reconstructed by changing RGD position from the shaft of the
fiber (RGDK mutation) to the HI-loop of the fiber (RGD mutation) which is supposed to increase
infectivity in this kind of cells. However, we did not succeed in this goal (results not shown). Given
the unavailability of an infectable TAP-deficient cell line, these experiments were performed in
the TAP-competent cell line P815K®, which is a mouse lymphoblast-like mastocytoma cell line
stably transduced with H-2K" gene, and which has been widely used in immunological studies. To
induce a TAP-deficient scenario, different inhibitors were included. Given the unavailability of a
TAP inhibitor, the classical pathway of antigen processing was blocked by a highly specific
proteasome inhibitor, lactacystin (LC), which was used to force TAP-independent pathways.
Brefeldin A (BFA) was used as positive control of inhibition since it blocks protein transport from

the ER to the Golgi apparatus.

The results obtained in BIL6CAR and TRAMPC2 were reproduced in P815K", detecting almost
40% of OVA,s; presentation in cells infected with ICOVIR-15K-E30G while no presentation was
detected after the infection with ICOVIR-15K-HIOG (Figure 56a). The deletion of the ER-targeting
signal sequence of the E3-19K caused a 50% reduction in the presentation of OVA,s; peptide

when compared to the virus containing the signal sequence. Moreover, upon infection with a
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virus in which this deletion of the ER-targeting signal was combined with the replacement of the
furin-sensitive linkers by furin-resistant linkers, the surface expression of H-2Kb/OVA257
complexes was completely abrogated, evidencing the implication of the TAP-independent
presentation pathway (Figure 56b). Importantly, the presentation of OVA,s; upon the infection of
the cells with ICOVIR-15K-E30G was not affected by proteasome inhibition with LC,
demonstrating that OVA,s; processing was not dependent on the classical presentation pathway.
However, we found that the inhibition of the proteasome further reduced the presentation of
OVA,s7 by the signal sequence-deleted adenovirus, suggesting that, in this case, the TAP-
dependent pathway was involved. As expected, the treatment of the cells with BFA, which was
the positive control of inhibition, completely abrogated the surface presentation of H-2K°/OVA,s;

complexes upon the infection with all viruses (Figure 56b).
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Figure 56. Analysis of the TAP-independent mechanisms. (a) P815K” cells were infected at 200 MOI with the different
adenoviruses or incubated with gp100,5 and OVA,s; peptides as negative and positive control, respectively, during 24 hours. (b)
P815K"” cells were infected at 200 MOI with the mutant adenoviruses and lactacystin (LC) or brefeldin A (BFA) were added to the
cells during 24 hours at 10 uM and 5 pg/mL respectively. Then, cells were stained with anti-Kb/OVA antibody (25-D1.16) for 30
minutes in ice. Fluorescence was analyzed by flow cytometry. ***, p<0.0001 by one-way ANOVA test and Tukey post-hoc test. LC,
lactacystin; BFA, brefeldin A.
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2.4. SPECIFIC CTL IMMUNE RESPONSES GENERATED UPON THE IMMUNIZATION OF
IMMUNOCOMPETENT MICE WITH THE ONCOLYTIC ADENOVIRUSES

Once the TAP-independent mechanism of presentation of the epitopes located in the E3-19K
and that this location is much more efficient than the Hl-loop of the fiber was demonstrated, the
next step was to evaluate if this location was able to generate an immune response against the
exogenous epitopes in vivo, and in such case, if the responses were comparable to the generated

by viral epitopes.
2.4.1. Specific CTL immune responses upon intravenous immunization

In a first approach, C57BL/6 immunocompetent mice were injected intravenously with PBS or
3x10™ viral particles of ICOVIR-15K-HIOG or ICOVIR-15K-E30G. On day 7 post-administration
mice were sacrificed, spleens removed, and splenocytes obtained. Presence of specific T cells was
analyzed by anti-IFN-y ELISpot, which allows the simultaneous evaluation of the response against
different epitopes. As a positive control of anti-adenovirus immune response we used an epitope
from the early protein E1B, which is immunodominant in mice, Elbyg, (Toes et al., 1995) and
another one from the late protein hexon, Hexs1s, that has been previously defined by our group
to have a high affinity for H-2D° by in-silico epitope prediction informatic softwares (Gil-Hoyos,

2014). Splenocytes were also stimulated with the peptides of interest: OVA,s; and gp100;s.

After this protocol of single direct intravenous immunization, the dominant immune response
was generated against E1b. An unexpected finding, since Elb is not modified in any of these
viruses, was that significantly lower responses against the viral epitope were detected in the
animals injected with ICOVIR-15K-E30G. Lower responses were detected against the hexon, since
it is a late protein expressed at lower levels in mouse cells. Specific responses against OVA,s;
epitope were detected in both groups, regardless of the exogenous epitope location. However,
these responses were low and not statistically significant compared to the PBS group. No specific
response was detected against gp100,5 in any group (Figure 57). Note that, in this intravenous
immunization with viruses, no tumors are present in the animals and therefore we could not

expect an advantage of the TAP-independent epitope presentation.
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Figure 57. Analysis of the immune response upon systemic immunization. C57BL/6 immunocompetent mice were injected
intravenously with PBS or 3x10" viral particles of ICOVIR-15K-HIOG or ICOVIR-15K-E30G. 7 days after the immunization, animals
were sacrificed and splenocytes were isolated and analyzed by anti-IFN-y ELISpot technique. Mean + SD is plotted (n=3-4
animals/group). *, significant (p<0.05) compared to PBS group. #, significant (p<0.05) compared to ICOVIR-15K-HIOG group,
according to a two-way ANOVA test.

2.4.2. Specific CTL immune responses upon immunization by subcutaneous implantation of

infected TAP-deficient cells

In order to create a scenario in which the effect of the TAP-independent epitope processing
pathway was potentiated, animals were immunized subcutaneously with the TAP-deficient tumor
cells, BL6CAR or TRAMPC2, infected with the parental adenovirus ICOVIR-15K, ICOVIR-15K-HIOG
or ICOVIR-15K-E30G. Moreover, this setting also mimics the oncolytic situation, in which the
virus would be inside the tumor cells. One week after the immunization, mice were sacrificed and
the splenocytes were analyzed by ELISpot. Even though the virus was administered inside the
tumor cells, we could also found response against viral antigens. In the case of the response
against the late protein hexon epitope Hexsis, it was much lower compared to the direct virus
injection in blood in both models. In contrast, the response against the early epitope Elb;g, was
similar to the one obtained with direct virus injection, and no significant differences between

viruses were observed in this case.

Focusing on the exogenous epitopes, epitope location in E3-19K was more immunogenic than
in the fiber: higher levels of OVA,s7 -specific IFN-y secretion were detected from splenocytes of
animals immunized with the virus containing the epitopes in E3-19K compared to animals
immunized with the virus displaying the epitopes in the Hl-loop of the fiber. This observation was
consistent in both tumor models, BI6CAR and TRAMPC2. In the first one, specific immune

response against OVA,s; epitope was only significant for the ICOVIR-15K-E30G group compared
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to the mock group (Figure 58a). In an attempt to correct for the high variability of the response
among animals, the response against the exogenous epitopes was plotted in relation to the anti-
Elb response for each animal (tumor-to-viral immune response ratio), since Elbjg, is
immunodominant in H-2° mice and we assumed that the response mounted against it would be
the highest achievable response. In this plotting, the response against OVA was significant for
both groups of viruses displaying the epitopes when compared to mock or ICOVIR-15K groups. Of
note, the anti-OVA response in animals immunized with B16CAR cells infected with ICOVIR-15K-
E30G was significantly higher compared to all other groups (Figure 58b). More remarkable were
the results observed in TRAMPC2, model in which differences between the viruses incorporating

the epitopes in different locations were more pronounced (Figure 59a and b).

Regarding gp100,5 epitope, different results were observed in both models. In the case of
B16CAR, no activation of specific CTLs was observed with splenocytes from animals immunized
with ICOVIR-15K-E30G, whereas the immunization of these animals with ICOVIR-15K-HIOG was
able to generate significant immune response against gp100 (Figure 58c). In contrast, similar
results to those found for OVA,s; were observed in TRAMPC2 model for gp100,5 epitope, with a
significantly higher immune response in animals immunized with ICOVIR-15K-E30G than with
ICOVIR-15K-HIOG (Figure 59c). It is important to highlight that this result demonstrates that the
immunization with an adenovirus incorporating this peptide could break immunotolerance to the

self-antigen gp100.

It is also worth noticing that the plotting of the tumor-to-viral epitopes immune response
ratio, which is the response generated against exogenous epitopes relative to the viral epitope
Elbyg,, allows the assessment of the putative immunodominance shift. In the case of specific
anti-OVA,s; immune responses, the levels of anti-viral responses in both models (i.e. 100%) after
the immunization with the virus presenting the epitopes in a TAP-independent manner were
almost reached, thus compensating virus epitope immunodominance (Figure 58b and Figure
59b). This observation provides clear evidences that the novel location for exogenous epitopes in
E3-19K is capable of changing the immunodominance of viral epitopes in favor of exogenous

epitopes.
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Figure 58. Immune response generated in vivo after the immunization with infected B16CAR cells. C57BL/6 immunocompetent
mice were injected subcutaneously with 1x10° cells per flank of B16CAR cells which had been previously infected during 4 hours
at 100 MOI with the parental virus, ICOVIR-15K, or the viruses containing the epitopes, ICOVIR-15K-HIOG or ICOVIR-15K-E30G. As
negative control (mock), uninfected cells were used. 7 days post-implantation, mice were sacrificed and splenocytes were isolated
and analyzed by anti-IFN-y ELISpot. (a) Spots forming colonies (SFC) per each 1x10° splenocytes are represented. Mean +SD is
plotted (n=5-6 animals/group). *, significant (p<0.05) compared to mock group. #, significant (p<0.05) compared to ICOVIR-15K
group, according to a two-way ANOVA test. (b) Specific immune response against OVA,s; and gp100,5 epitopes is represented
relative to the immune response against Elb,q, for each animal, since response against E1lb is the maximum that any animal can
achieve and it is linearly correlated to anti-OVA and anti-gp100 responses. Mean = SD is plotted (n=5-6 animals/group). *,
significant (p<0.05) compared to mock group. #, significant (p<0.05) compared to ICOVIR-15K group. §, significant (p<0.05)
compared to ICOVIR-15K-HIOG group. , significant (p<0.05) compared to ICOVIR-15K-E30G group according to one-way ANOVA
test.
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Figure 59. Immune response generated in vivo after the immunization with infected TRAMPC2 cells. C57BL/6
immunocompetent mice were injected subcutaneously with 1x10° cells per flank of TRAMPC2 cells which had been previously
infected during 4 hours at 100 MOI with the parental virus, ICOVIR-15K, or the viruses containing the epitopes, ICOVIR-15K-HIOG
or ICOVIR-15K-E30G. As negative control (mock), uninfected cells were used. 7 days post-implantation, mice were sacrificed and
splenocytes were isolated and analyzed by anti-IFN-y ELISpot. (a) Spots forming colonies (SFC) per each 1x10° splenocytes are
represented. Mean + SD is plotted (n=2-5 animals/group). *, significant (p<0.05) compared to mock group. #, significant (p<0.05)
compared to ICOVIR-15K group. §, significant (p<0.05) compared to ICOVIR-15K-HIOG group, according to a two-way ANOVA test.
(b) Specific immune response against OVA,s; and gp100,5 epitopes is represented relative to the immune response against E1b;q,
for each animal, since response against Elb is the maximum that any animal can achieve and it is linearly correlated to anti-OVA
and anti-gp100 responses. Mean * SD is plotted (n=5-6 animals/group). *, significant (p<0.05) compared to mock group. #,
significant (p<0.05) compared to ICOVIR-15K group. §, significant (p<0.05) compared to ICOVIR-15K-HIOG group according to one-
way ANOVA test.
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2.4.3. Antitumor efficacy of the specific CTL immune responses generated upon immunization

by subcutaneous implantation of infected TAP-deficient cells in a murine model of melanoma

The next step was to test if the exogenous epitope-specific immune responses had also
antitumor properties in a tumor-challenge experiment. Even though the results on OVA;s;
presentation in vitro and also on the generation of specific CTL immune responses in vivo were
better in TRAMPC2, the B16CAR model was chosen for the evaluation of antitumor activity. This
choice was based on the fact that B16CAR already expresses high levels of the melanoma-
associated antigen gp100, and that we had available the OVA-expressing BI6CAROVA cell line. In
contrast, TRAMPC2 cell line does not express gpl00 nor OVA antigens. Therefore, C57BL/6
immunocompetent mice were immunized, as previously, by subcutaneous administration of
B16CAR cells infected with the different viruses. One week after the immunization, BL6CAROVA
tumors were implanted subcutaneously in the flanks of the mice. Animals were monitored three
times per week in order to control tumor formation and growth. For all groups, tumors started to
appear after day 7 post-implantation. However, whereas on day 12 post-implantation 100% of
the tumors had appeared in animals from mock, ICOVIR-15K, and ICOVIR-15K-HIOG groups, only
60% of tumors had appeared in the ICOVIR-15K-E30G group at this time point. Nevertheless, by
the end of the experiment, all tumors implanted had been formed, indicating that the
immunization with cells infected with ICOVIR-15K-E30G was not able to completely prevent
tumor growth, although it delayed its appearance (Figure 60a). With regard to tumor growth,
tumors from animals immunized with B16CAR infected with the parental oncolytic adenovirus
ICOVIR-15K or with the virus containing the epitopes in the Hl-loop, ICOVIR-15K-HIOG, followed
the same course than in animals immunized with uninfected cells (mock group). Strikingly, the
immunization with ICOVIR-15K-E30G-infected B16CAR cells was able to significantly reduce
tumor growth compared to the other groups. Moreover, the mean size of these tumors was
almost 4 times smaller than mock-treated animals and around 3-fold smaller than tumors from
ICOVIR-15K or ICOVIR-15K-HIOG groups (Figure 60b). Kaplan-Meier survival curves analysis
revealed that the only treatment that could significantly increase the survival time compared to

the other 3 groups was that of ICOVIR-15K-E30G (Figure 60c).
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Figure 60. Efficacy of the antitumor immune response in BL6CAROVA tumors model. C57BL/6 immunocompetent mice were
injected subcutaneously with 1x10° cells per flank of B16CAR cells which had been previously infected during 4 hours at 100 MOI
with the parental virus, ICOVIR-15K, or the viruses containing the epitopes, ICOVIR-15K-HIOG or ICOVIR-15K-E30G. As negative
control (mock), uninfected cells were used. 7 days after the immunization, BI6CAROVA tumors were implanted subcutaneously in
both flanks of the immunized animals (1x106 cells/flank) and tumor growth was monitored. (a) Percentage of formed tumors after
the implantation of B16CAROVA cells for each group is plotted. (b) Mean values of tumor volume per group +SEM are plotted
(n=10-12 tumors/group) *, significant (p<0.05) from day 12 compared to mock group. #, significant (p<0.05) from day 12
compared to ICOVIR-15K group. §, significant (p<0.05) from day 12 compared to ICOVIR-15K-HIOG group by two-tailed unpaired
Student’s t-test.. (c) Kaplan-Meier survival curves are represented. *, significant (p<0.05) by log-rank test compared with mock
group.

At the end of the study, on day 20 post-implantation of BI6CAROVA tumors, mice were
sacrificed and spleens and tumors were collected. Splenocytes were analyzed by ELISpot for
specific immune responses against the virus epitopes Elbig, and Hexsis, and the exogenous
epitopes OVA,s; and gpl100,s. However, stimulation of the splenocytes with these peptides did
not generate secretion of IFN-y, indicating the absence of specific CTLs against the epitopes
tested, at least in the spleen and at this time point (Figure 61b). We hypothesize that specific
CTLs might be inside the tumors and close to lymphatic nodes and, consequently, the ELISpot
analysis should have been done with these cells instead of splenocytes. One observation which

might support this hypothesis is that total number of isolated splenocytes was significantly lower

170



Results

in ICOVIR-15K-E30G group than in the others, indicating that specific T cells could have migrated

to the tumor site (Figure 61a).
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Figure 61. Analysis of the immune response at the end of the antitumor study. C57BL/6 immunocompetent mice were injected
subcutaneously with 1x10° cells per flank of B16CAR cells which had been previously infected during 4 hours at 100 MOI with the
parental virus, ICOVIR-15K, or the viruses containing the epitopes, ICOVIR-15K-HIOG or ICOVIR-15K-E30G. As negative control
(mock), uninfected cells were used. 7 days after the immunization, BI6CAROVA tumors were implanted subcutaneously in both
flanks of the immunized animals (1x10° cells/flank). On day 20 post-implantation, mice were sacrificed and splenocytes were
isolated. (a) Total number of viable splenocytes obtained from the spleen of the animals of each group. (b) Splenocytes were
analyzed by anti-IFN-y ELISpot for immune responses against E1bqg,, Hex,15, OVA,57 and gp100,5. BI6CAROVA cells were used also
to stimulate the splenocytes. Spots forming colonies (SFC) per each 1x10° splenocytes are represented. Mean+SD is plotted (n=6
animals/group). *, significant (p<0.05) compared to mock group. #, significant (p<0.05) compared to ICOVIR-15K group. §,
significant (p<0.05) compared to ICOVIR-15K-HIOG group by two-tailed unpaired Student’s t-test.

Despite the substantial antitumor activity observed in animals immunized with ICOVIR-15K-
E30G-infected B16CAR cells, this treatment did not completely prevent the appearance of
tumors or induced, complete regressions. Since our designed immunotherapy only targeted two
different antigens, OVA and gp100, we hypothesized that tumors which continue growing might
have lost or downregulated such antigens to escape the therapy. To confirm this hypothesis, total
RNA was extracted from tumors, retrotranscribed to cDNA and both antigens were quantified by

guantitative Real Time PCR and normalized with the housekeeping gene B-actin. The results
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showed that, although gp100 expression levels were the same for all tumors (Figure 62a), result
that was confirmed by immunohistochemical staining of paraffin tumor sections (Figure 62c),
OVA expression in tumors of animals immunized with ICOVIR-15K-E30G-infected B16CAR was

significantly reduced compared to the other groups (Figure 62b).
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Figure 62. Analysis of OVA and gp100 antigens expression in escaped tumors. C57BL/6 immunocompetent mice were injected
subcutaneously with 1x10° cells per flank of B16CAR cells which had been previously infected during 4 hours at 100 MOI with the
parental virus, ICOVIR-15K, or the viruses containing the epitopes, ICOVIR-15K-HIOG or ICOVIR-15K-E30G. As negative control
(mock), uninfected cells were used. 7 days after the immunization, BLGCAROVA tumors were implanted subcutaneously in both
flanks of the immunized animals (1x10° cells/flank). On day 20 post-implantation, mice were sacrificed and tumors were collected.
RNA was extracted from frozen tumors and retrotranscribed to cDNA. Specific real-time PCR was used to amplify and quantify (a)
gp100 and (b) OVA mRNA expression levels. 2% mRNA expression value +SD is plotted. (c) Immunohistochemistry of gp100 was
performed in paraffin embedded tumor sections. Original magnification, 200X.
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Discussion

1. ICOVIR-17K AS A POTENTIAL CLINICAL CANDIDATE

Oncolytic viruses can potentially eliminate tumor cells directly by lysis or indirectly by immune
responses. Antitumor immunity is so appealing that most viruses in clinical trials are armed with
immunostimulatory genes (Bartlett et al., 2013; Elsedawy and Russell, 2013). Nevertheless,
improving oncolytic traits should not be underestimated and the arrival of the virus to the tumors

and intratumoral spread are important factors to be considered (Russell et al., 2012).

The first chapter of this thesis has focused on the development of an oncolytic adenovirus
with improved tumor targeting and spread within tumors to become a clinical candidate. Aiming
at this goal, two different modifications previously described by our group addressing both of
these issues were combined in a single oncolytic adenovirus, ICOVIR-17K: the KKTK to RGDK
replacement to improve the persistence in blood of the virus and its antitumor activity after
systemic administration (Bayo-Puxan et al., 2009; Rojas et al., 2011), and the expression of
hyaluronidase to enhance the intratumoral spread (Guedan et al., 2010). We hypothesized that
combining these two modifications in a highly active oncolytic adenovirus of broad applicability
as our previously-described ICOVIR-15 (Rojas et al., 2010) would generate an interesting
candidate for clinical development. In this context, it is worth highlighting that DNX-2401
(formerly Ad-D24RGD) (Fueyo et al., 2000), a parental virus to ICOVIR-15, has received fast-track

designation from the FDA after promising results in a phase | trial in glioblastoma.

A suitable oncolytic adenovirus to be developed in the clinical setting should accomplish
several requirements. It has to be genetically stable, be produced at high yields, possess a
tolerable selectivity/toxicity profile, and present a potent antitumor activity. After the generation

of the oncolytic adenovirus ICOVIR-17K, all these parameters were evaluated in different models.

The insertion of transgenes increases the genome size and could cause packaging defects.
ICOVIR-15 genome only exceeds the wild-type Ad5 genome in 151 bp, so it still allows the
incorporation of up to ~2 Kb of foreign DNA. In fact, our group has previously armed ICOVIR-15
with different transgenes like the nitroreductase NfsA (~800 bp), the fusogenic protein GALV
(~2000 bp), or the PH20 hyaluronidase (~1500 bp) without compromising viral replication
(Guedan et al., 2010; Rojas et al., 2010; Guedan et al., 2012). Moreover, it has been described
that certain mutations of the KKTK motif of the shaft domain affect the bending or structure of
the fiber (Bayo-Puxan et al., 2006; Kritz et al., 2007), which are thought to be required for the
efficient receptor interactions to occur (Wu et al., 2003). Neither the replacement of the KKTK by

RGDK motif in the adenoviral vector AdTL or in ICOVIR-15K had a negative effect in the viability of
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the viruses (Bayo-Puxan et al., 2009; Rojas et al., 2011). However, when together in the same
adenovirus, the RGDK mutation and the insertion of the hyaluronidase gene seemed to
negatively affect replication at early time points (24 hours post-infection) in some of the cell lines
tested (Figure 21 and Figure 22). Nevertheless, at a time point when the first round of replication
is completed (72 hours post-infection), the viral yield was the same for ICOVIR-17K and for the
virus containing each modification separately, showing normal replication efficiency in all tumor
cell lines tested. Comparing the viral yields among different cell lines, the maximum amount of
produced virus was obtained in A549 (which is the cell line used for the amplification of the
adenoviruses) and almost reached 7500 TU/cell. These levels were only approximated by NP-18
cell line, which achieved 5800 TU/cell of viral production. Viral yields obtained in NP-19, Skmel-
28, and HP-1 were 10-fold lower and ranged from 200 and 500 TU/cell. These differences could
be related basically to the growing nature of each cell line, which means that in human cell lines
with faster growing rates such as A549 and NP-18, viral cycle is also faster, and higher amounts of
virus can be achieved in vitro. In contrast, NP-9 and Skmel-28 cell lines, present a slower growth
rate, producing less amount of virus during the same time. Finally, the low productivity of HP-1
could be explained by its non-human origin and poor permissiveness to human adenovirus

replication, topic which is going to be further discussed below.

Another parameter that was tested in order to evaluate the fitness of ICOVIR-17K was the
cytotoxicity in vitro (Figure 24). Of note, as happened with viral production yields, there was a
high variability of ICsq values among cell lines, ranging from 0.035 (Rwp-1) to 26.15 (SCC-25)
TU/cell for ICOVIR-17K. However, since in the specific case of cytotoxicity assay several rounds of
replication take place, other reasons more than the cell growth rate are involved. The first
observation is that in several cell lines, significant differences between the wild-type adenovirus
(AdwtRGDK) and the oncolytic adenoviruses (ICOVIR-15K, ICOVIR-17, or ICOVIR-17K) were
detected. In some cases, the non-selective adenovirus was more cytotoxic than the tumor-
selective ones (NP-9, BxPC-3, SCC-25, and SCC-29), whereas in other cases it was less cytotoxic
(Skmel-28, and MiaPaCa-2). Since the E1A promoter included in the oncolytic adenoviruses is
activatable by free E2F-1, levels of this transcription factor among cell lines could have an impact
on the activation of the viral cycle in each case. According to this statement, in cell lines with
higher levels of E2F-1 the viruses with modified E1A promoters would have an advantage on the
activation of viral cell cycle, whereas in the opposite case, the wild-type virus would be benefited.
Importantly, in the majority of cell lines tested the cytotoxicity was similar between non-selective
and tumor-selective viruses. Comparing the three oncolytic adenoviruses between them, two

additional factors might be implicated. On the one hand, the comparison between ICOVIR-17K

176



Discussion

and ICOVIR-17 allowed the evaluation of the RGDK mutation relevance. The importance of the
integrins and/or HSG on the binding and entry of the adenovirus in the cell and the levels of
expression of these receptors in each cell line could affect successive rounds of infection. Indeed,
ICOVIR-17 (which was the only virus tested containing the RGD motif in the Hl-loop of the fiber)
was more cytotoxic than the rest of the adenovirus (all containing the RGDK-mutated fiber) in the
cell line Panc-1. In spite of this observation, ICOVIR-17K was equally or more cytotoxic than
ICOVIR-17 in 8 out of the 14 cell lines tested. On the other hand, the comparison between
ICOVIR-17K and ICOVIR-15K allowed the assessment of the importance of hyaluronidase on the
cytotoxicity. These two adenoviruses presented similar 1Cso values in 11 out of 14 cell lines
tested. This result was not surprising since the effect of hyaluronidase was expected to be
relevant in vivo rather than in cell monolayers in vitro, where the potential role of the
extracellular matrix is limited. In summary, overall virus yields and cytotoxicity in vitro revealed
unaffected viability of ICOVIR-17K compared to parental viruses containing RGDK or

hyaluronidase modifications separately.

For safety in clinical development we were concerned about the tumor-selective replication of
ICOVIR-17K. Impaired viral replication was demonstrated in vitro in a model of human pancreatic
islets (Figure 16). This model was especially relevant since patients with pancreatic cancer are
potential candidates for the treatment with ICOVIR-17K and it was important to know if this
treatment could cause damage to healthy tissue surrounding the tumor. Moreover, results
obtained in pancreatic islets could be extrapolated to most healthy tissues in the body that stay

quiescent.

Once the virus was characterized in vitro, we proceeded to evaluate its behavior in vivo. The
lack of an appropriate animal model to evaluate oncolytic adenoviruses is one of the main
drawbacks for the progress in the field. This problem derives from the fact that adenoviruses are
fairly species-specific and consequently, human adenovirus replicate very poorly in murine cell
lines (Jogler et al., 2006). Therefore, the use of immunosuppressed mice with human xenograft
tumors is almost the unique choice to evaluate the toxicology and oncolytic potency of
adenoviruses. However, the role of the immune system and the effect of the virus on normal

tissues cannot be assessed in this model.

Other animal species such as the pig, the cotton rat or the Syrian hamster have been
described as semi-permissive for Ad5 replication (Jogler et al., 2006; Steel et al., 2007). Among
them, the most feasible to handle in the laboratory is the Syrian hamster. Unfortunately, a major

drawback of this model is the general lack of hamster-specific reagents.
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For safety studies of ICOVIR-17K, both immunocompetent mice and hamsters were used. Mice
are poorly permissive to Ad5 replication; nevertheless, this animal model allows the evaluation of
toxicity associated to the capsid and the expression of early adenoviral genes such as E1A. Syrian
hamsters are considered semi-permissive to human adenovirus replication and have been used
to evaluate the toxicological events related to the expression of late adenoviral genes (Thomas et
al., 2006). Despite differential permissiveness of the two models, a similar toxicity profile was
observed in both species, suggesting that it is independent of viral replication. The observed
toxicity was mainly due to direct infection of liver cells and the consequent expression of early
viral proteins. Importantly, since ICOVIR-17K replication is impaired in normal (and in murine)
tissues, toxicity was transient and disappeared once the levels of viral proteins decreased in
initially infected cells. Accordingly, the adverse events observed were restored to normal at the

last time point analyzed in mice and hamsters.

The results on ICOVIR-17K presented in this thesis were complemented by later studies
performed by Dr. Marta Giménez-Alejandre for VCN Biosciences company, and were published
together (Rodriguez-Garcia et al., 2014). These studies consisted mainly in GLP (Good Laboratory
Practice) toxicology and biodistribution analysis in hamsters, performed at TNO Triskelion
facilities (Netherlands) (Figure 63). The toxicology profile that we observed previously was
confirmed by the results obtained in the GLP study, even though different time points were
analyzed. A dramatic increase in transaminase levels (65.1-fold for AST and 23.8-fold for ALT) was
observed at day 2 post-injection, compared to the 3.4-fold for AST and 7.8-fold for ALT observed
at day 7 in our experiment. These results indicated that a peak of toxicity occurs at the first days
and then decreases progressively, reaching basal levels at day 8 post-injection (Figure 63a).
Moreover, biodistribution studies were also consistent with the toxicology profile. Highest levels
of viral genomes were detected in the liver at early time points, which is in agreement with
previous reports (Bernt et al., 2003; Shayakhmetov et al., 2004; Thomas et al., 2006; Page et al.,
2007; Ying et al., 2009), whereas at later time points only residual traces of viral DNA were
observed in liver as well as in other non-target organs (Figure 63b). These results are especially
relevant since they were obtained in the Syrian hamster model, in which certain level of virus

replication occurs.
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In summary, ICOVIR-17K toxicology data obtained in the preclinical studies is similar to the
previously described for ICOVIR-15, ICOVIR-15K and, ICOVIR-17 (Guedan et al., 2010; Rojas et al.,
2011). The detected alterations match with the most common toxicity events reported after
systemic administration of adenoviruses in clinical trials (Nemunaitis et al., 2001a; Zhang et al.,

2001; Muruve, 2004; Small et al., 2006).
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The assessment of the oncolytic potency of ICOVIR-17K was also performed in both animal
models. Compared to a virus which has the RGD motif inserted in the Hl-loop, the RGDK fiber
shaft mutation significantly improved the antitumor activity of ICOVIR-17 after a single
intravenous administration in two different immunodeficient mice-human tumor xenograft
models (Skmel-28 melanoma, and NP-18 pancreatic carcinoma) (Figure 26). This improved
antitumor efficacy of ICOVIR-17K could be related to the 2.5-fold increase detected in the viremia
of injected animals at 6 hours post-administration, which may increase the amount of virus
available to reach the tumor sites (Figure 25). Even though this increase was not statistically
significant in our experiment, the same observation was reported by Dr. Juan José Rojas in the
comparison of ICOVIR-15 to ICOVIR-15K (Rojas, 2010). Moreover, this higher viremia of the
oncolytic adenoviruses containing the RGDK mutation, especially at early time points, was
confirmed in later studies in comparison with their RGD-counterpart viruses, which was
consistent with a longer persistence in blood (Rojas et al., 2011; Rodriguez-Garcia et al., 2014).
Overall, the better antitumor activity of ICOVIR-17K in two different tumor models is very
relevant since ICOVIR-17 was already the result of a series of steps to optimize oncolytic potency,

and until the moment it was our most efficacious virus (Guedan et al., 2010).

Efficacy via intratumoral administration was also evaluated as this route has been commonly
used to treat tumor types such as pancreatic adenocarcinoma, glioblastoma, and head and neck
adenocarcinoma. A single intratumoral injection of ICOVIR-17K significantly reduced tumor
growth and increased survival when compared to control group in melanoma Skmel-28 and
pancreatic carcinoma NP-9 tumor models (Figure 30). Nonetheless, the antitumor activity
observed in NP-9 model was lower than in the Skmel-28 model. It is worth mentioning that for
Skmel-28, the antitumor efficacy obtained after intravenous administration of ICOVIR-17K was
better than upon intratumoral injection (Figure 26 and Figure 30). One feasible reason is that the
distribution of the virus within the tumor is more homogenous when given systemically than
when injected in one point of the tumor. In NP-9, the limited antitumor activity could be related
to the lower viral production yields of ICOVIR-17K in this cell line in vitro compared to Skmel-28
(200 TU/cell versus 527 TU/cell, respectively) (Figure 22). Moreover, 5.5-fold higher ICso values
were also observed in NP-9 than in Skmel-28 (2.476 TU/cell compared to 0.4519 TU/cell) (Figure
24).

Despite the encouraging results obtained in mice with xenograft tumors in terms of efficacy,
these models are extremely artificial since the role of the immune system, that might be either
beneficial or detrimental for the antitumor activity, cannot be determined. For this reason,

antitumor activity studies were performed in Syrian hamsters carrying syngenic tumors. Various
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hamster tumor cell lines have been reported as permissive for the replication of Ad5, even
though this productivity is about 10 to 100-fold lower than in the A549 human cell line (Wold and
Toth, 2012). This observation was reproduced in our hands; whereas A549 was able to achieve
viral yields of 8700 TU/cell, the pancreatic adenocarcinoma hamster cell line HP-1 could only
produce 240 TU/cell of Ad5 (Figure 21 and Figure 22d), which means 36-fold less productivity.
This poor replication of the virus together with the difficulty of reaching tumors after systemic
administration of oncolytic adenoviruses lead to the observation of only marginal antitumor
activity of ICOVIR-17K. However, to our knowledge, this is the first evidence of antitumor activity
after intravenous administration of oncolytic adenoviruses in Syrian hamsters, given that most
reports in the literature involve intratumoral (Thomas et al., 2006; Spencer et al., 2009) or
intraperitoneal administration (Spencer et al.,, 2009). We also characterized the efficacy of
ICOVIR-17K upon the intratumoral route of administration, finding a better antitumor response.
It was surprising to find that repeated administrations of the oncolytic adenovirus in three
consecutive days not only failed to improve efficacy compared to a single injection but also had
no therapeutic effect compared to non-treated animals (Figure 32). Consistent with this result,
no presence of the virus in tumors was detected in the thrice-administered group at days 7 and
28 post-injection by immune-staining of frozen tumor sections (Figure 34). This lack of efficacy
after repeated administration was supported also by other study in our group in which the virus
was administered three times each 9 days instead of in consecutive days (Personal
communication, Dr. Marta Giménez-Alejandre). However, it does not correlate with some studies
in the literature in which antitumor activity was reported after intratumoral injections given in 6
consecutive days (Thomas et al., 2008a; Dhar et al., 2009a). Hamsters develop an anti-adenoviral
immune response which causes viral clearance and prevents subsequent infection of tumor cells
even after intratumoral administration. A priori, it could be thought that the effects of
neutralizing antibodies (NAbs) might be reduced within the tumor microenvironment. In this
sense, Bramson et al. reported that pre-existing immunity in a mice model does not affect vector
efficacy after intratumoral injection (Bramson et al, 1997). Dhar and colleagues also
demonstrated that the effect of pre-existing NAbs on antitumor activity upon intratumoral
administration of the virus in immunocompetent hamsters was negligible (Dhar et al., 2009a).
However, the same group reported the presence of infiltrating NAbs inside the tumors after
intratumoral injection of the oncolytic adenovirus and, furthermore, that the amount of virus in
tumors was inversely related with the intratumoral NAbs titer, suggesting its implication in the
clearance of the virus (Dhar et al., 2009a). The lack of effect of pre-existing immunity on the
antitumor activity could be explained since the generation of NAbs is so rapid after virus

administration that pre-existing neutralizing antibodies do not further affect the antitumor
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activity (Dhar et al., 2009b). Nevertheless, Thomas and colleagues demonstrated the importance
of NAbs in preventing antitumor activity by immunosuppressing the hamsters with
cyclophosphamide (CPA). This drug acts by suppressing cytotoxic T lymphocytes, helper
lymphocytes and NAbs-mediated responses, and was able to increase the antitumor efficacy of
oncolytic adenoviruses by allowing sustained viral replication and oncolysis (Thomas et al.,
2008b). Importantly, in CPA-immunosuppressed animals (that were not able to mount an
immune response based on NAbs), the presence of pre-existing NAbs against adenovirus had a
detrimental effect on the antitumor efficacy of the oncolytic virus. Taking all together, the
rational to explain our lack of antitumor activity upon repeated administrations, in disagreement
with the results published by other groups, could be related to the dosage used. In our case, the
three consecutive injections consisted of 2.5x10%° vp (equivalent to 6x10° TU, taking into account
the vp/TU ratio of the viral stock used) compared to 1x10' TU on 6 consecutive days used by
Dhar and Thomas, which means a 33-fold difference in total dose. The higher doses used in the
referenced studies might overcome the presence of NAbs, whereas the lower dose used in our
studies would be rapidly neutralized by the pre-existing intratumoral NAbs. In conclusion, the
rapid generation of an immune response against the virus injected in the first place would
prevent the activity of subsequent injections, at least at the tested dose schedule. Certainly,
efficacy studies in Ad5 seropositive models and in combination with immunomodulatory agents
will be needed to better understand the potential and limitations of ICOVIR-17K, as well as the
study of the NAbs titer in serum and inside the tumors generated after single or repeated

administrations of the virus.

Arming oncolytic viruses with extracellular matrix (ECM) degrading enzymes is a commonly
exploited strategy to enhance viral penetration of solid tumors (Smith et al., 1997). Different
proteins that modulate the configuration of ECM such as decorin, relaxin, metalloprotease 9, or
chondroitinase ABC have been used to increase viral spread and antitumor efficacy of oncolytic
viruses in different tumor models (Kim et al.,, 2006; Ganesh et al., 2007; Choi et al., 2010;
Dmitrieva et al., 2011; Schafer et al., 2012) . The choice of the appropriate enzyme may depend
on the type of tumor to be treated, taking into account specific ECM compositions. For instance,
high levels of hyaluronic acid are present in almost 87% of pancreatic adenocarcinomas (Kultti et
al., 2012; Jacobetz et al., 2013), which is one of the cancer types with worst prognosis. Therefore,
hyaluronidase expression by ICOVIR-17K can provide a particular advantage to treat this tumor
type. In addition, early clinical trials have demonstrated that hyaluronidase enhances the efficacy
of chemotherapy in cancer patients (Baumgartner et al., 1998). Preclinical studies by Provenzano

and coworkers have attributed the beneficial effect of hyaluronidase to a lower insterstitial
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pressure in HA-depleted tumors, leading to blood vessel decompression and increased vascular
permeability, thereby favoring the penetration of drugs to the tumor core (Provenzano et al.,
2012). The administration of hyaluronidase expressed from an oncolytic virus provides further
advantages compared to recombinant enzymes. ICOVIR-17K restricts transgene expression to the
tumor sites and, consequently, may limit systemic side effects. In fact, a phase Il clinical trial
testing PEGPH20 in combination with chemotherapy (NCT01839487) was transiently halted
recently because of the associated toxicity. Moreover and in contrast to recombinant enzymes
which have a relatively short half-life and may require readministrations, a sustained delivery of
hyaluronidase could be achieved with a replicating virus. Besides the imaginable hurdles
associated to the toxicity and half-life of recombinant hyaluronidase, we were able to
demonstrate that in terms of antitumor activity the expression of hyaluronidase by the oncolytic
adenovirus ICOVIR-17K was significantly better than the coadministration of soluble
hyaluronidase and ICOVIR-15K, at least when the viruses were injected intravenously (Figure 28).
Importantly, this is the first demonstration of this issue, since previous studies were focused on
the demonstration that the antitumor activity of an oncolytic adenovirus could be enhanced by
its coadministration with hyaluronidase as well as by its expression from the virus. However,
these studies did not compare both strategies between them (Ganesh et al., 2008; Guedan et al.,
2010). From a different point of view, this result is also relevant in drug development terms, since

the exigencies for the development of two combined treatments are much more demanding.

On the other hand, the studies performed with hyaluronidase in combination with
gemcitabine strongly suggest the possibility of combining ICOVIR-17K with this drug, which is the
current standard-of-care treatment in pancreatic ductal adenocarcinoma. Moreover, synergistic
and/or additive effects between oncolytic adenoviruses and chemotherapeutic drugs including
gemcitabine have been reported both at preclinical (You et al., 2000; Raki et al., 2005;
Bhattacharyya et al., 2011) and clinical (Hecht et al., 2003) levels. Following these rationales,
preliminary studies were performed with ICOVIR-17K and gemcitabine both in vitro and in vivo.
Significantly higher cytotoxicity was observed with the combination of increasing doses of
ICOVIR-17K with a fixed concentration of gemcitabine than with the virus alone in 5 out of 7
tumor cell lines tested, with differences ranging from 2.6- to 32.8-fold. It is important to highlight
also that the combination of ICOVIR-17K and gemcitabine significantly reduced the ICsq values of

the virus alone in all the pancreatic cell lines tested.
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Studies performed in mice and Syrian hamsters only showed mild cumulative toxicity of
ICOVIR-17K and gemcitabine. Importantly, significantly improved antitumor activity was
displayed by the combined treatment compared with each treatment alone in a xenograft model
of NP-9 pancreatic carcinoma tumors in nude mice. The intravenous administration of ICOVIR-
17K together with intraperitoneal gemcitabine was able to cause the complete regression of
almost 50% of the tumors, a result that has been only seen in this setting. Nevertheless, when
the virus was injected intratumorally this advantage was lost, probably because expression of
hyaluronidase might be localized in one focus of the tumor (the injection site) and the
penetration of intraperitoneally administered gemcitabine to the tumors might be less efficient.
However, studies performed a posteriori in hamsters carrying syngenic HP-1 pancreatic
carcinoma tumors showed again that the combined treatment had a significantly better
antitumor activity than ICOVIR-17K, in this case upon repeated intratumoral administrations, or
gemcitabine separately, which only had marginal antitumor effects (Personal communication, Dr.
Marta Giménez-Alejandre). The feasibility of the combination of ICOVIR-17K with
chemotherapeutic drugs is highly relevant, since the attainment of a successful treatment for this
kind of diseases will probably come from the combination of different therapeutic strategies.
Additionally, the combination with gemcitabine could be interesting from an immunotherapeutic
point of view. It is well characterized that gemcitabine administration cause a reduction of
absolute lymphocyte counts, observation that our results also supported (Figure 37b). However,
it has been reported that this effect is selectively detrimental on the B-lymphocyte subset,
whereas antitumor specific T-cell responses were augmented (Nowak et al., 2002). Interestingly,
this reduction in B-cell populations might have an additional effect in reducing the undesirable
generation of NAbs. Moreover, gemcitabine is described to selectively deplete MDSC and
regulatory T cells, both having immunosuppressive functions (Le et al., 2009; Rettig et al., 2011).
These observations suggest a favorable setting for the establishment of specific antitumor
immune responses provided by gemcitabine, which can also account for the explanation of the
better antitumor activity of the combination of oncolytic adenoviruses and gemcitabine in

immunocompetent models.

Despite the notable improvement of antitumor activity obtained with ICOVIR-17K, complete
tumor regression were rarely seen. Besides ECM and malignant cells, solid tumors contain
stromal cells such as cancer-associated fibroblasts (CAFs), endothelial, and inflammatory cells
which physically limit viral spread. In this sense, it would be interesting to combine the enzymatic
degradation of the ECM by hyaluronidase with a strategy directed to eliminate stromal cells.

Lopez and colleagues have described the use of specific promoters, such as the SPARC promoter,
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to allow for virus replication in tumor and stromal cells (Lopez et al., 2012). Alternatively, our
group recently described that the truncation of the i-leader adenoviral protein enhanced the
release and cytotoxicity of the virus in CAFs in vitro and increased its antitumor activity in vivo
(Puig-Saus et al., 2012). Importantly, this oncolytic adenovirus showed synergistic antitumor
efficacy combined with gemcitabine in the Syrian hamster model, and the incorporation of this

mutation to ICOVIR-17K would be an interesting approach (Puig-Saus et al., 2014).

In conclusion, ICOVIR-17K addresses two of the main limitations in the treatment of cancer
with oncolytic adenoviruses: tumor targeting and spread across the ECM barrier. Altogether, the
present study supports ICOVIR-17K (named now VCN-01) as a potential candidate for clinical
development. Currently, two phase | clinical trials are ongoing; one in pancreatic cancer by
endoscopic ultrasound-guided intratumoral injection and another one targeting different tumor

types by intravenous administration (EudraCT 2012-005555-16 and EudraCT 2012-005556-42).

2. INCREASING THE IMMUNOGENICITY OF TUMOR EPITOPES INCORPORATED IN
ONCOLYTIC ADENOVIRUSES AS AN STRATEGY TO INCREASE ANTITUMOR
ACTIVITY

In the second chapter of this thesis we have explored the usefulness of oncolytic adenoviruses
from a more “immunocentric” point of view. In this approach, the oncolytic adenovirus is used to
disrupt the immunotolerance status in tumors and to promote the development of antitumor
specific immune responses. To achieve this goal, it is also important to develop a potent and
tumor-selective viral platform. Potency is required since large tumors may need extensive tumor
debulking by viral infection and replication in order to be rejected by CTLs. Moreover, tumor cell
death produced by oncolytic viruses promotes the release of danger signals that recruit immune
cells and tumor-associated antigens (TAAs) that are uptaken by DCs and crosspresented to CD8* T
cells. Selectivity is needed to prevent off-target virus or immune-mediated damage. In this
regard, the work presented in the first chapter of this thesis was focused on the development of
such selective and potent oncolytic adenovirus. Since the better oncolytic vaccine would ideally
combine potent viral oncolysis with an effective and long-lasting antitumor immune response
(Lichty et al., 2014), the second chapter has been focused on the stimulation of specific
antitumor immune responses by oncolytic adenoviruses using the ICOVIR-15K oncolytic platform
(Rojas et al., 2011).
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Several strategies have been developed by different groups towards immunotherapy with
oncolytic adenoviruses. One unspecific but widely used approach is to arm oncolytic viruses with
immunomodulatory transgenes such as GM-CSF in order to improve the immune stimulating
properties of the virus. An alternative and more directed strategy to elicit immune responses
against specific tumor antigens is the expression or display of TAAs or their immunogenic
epitopes by oncolytic viruses. However, both strategies share the same key limitation that need
to be overcome: the bias of the response towards viral antigens instead of the less immunogenic

tumor antigens.

Adenoviruses are attractive to be used as vaccine platforms against several infectious diseases
and even cancer since they are able to induce high innate and adaptive immune responses.
E1/E3-deleted replication-deficient adenoviruses are the most commonly used platforms, and
additional deletions in E2 and E4 regions have been done to accommodate larger amounts of
foreign DNA. However, gutless adenoviruses are gaining interest in the vaccination field since, as
they lack all the adenovirus genes, have a higher capacity for the insertion of transgenes and
induce superior transgene-specific immune response compared to first generation vectors (Harui
et al., 2004; Weaver et al., 2013). Adenoviral vectors encoding for antigens from the causing
agents of diseases such as AIDS, influenza, malaria, or ebola (van Kampen et al., 2005;
Buchbinder et al., 2008; Chuang et al., 2013; Richardson et al., 2013) among others have been
developed and tested in human trials. In the cancer vaccination field, TAAs including Her2, Trp-2,
gp100, MART-1, PSA, CEA, or WT1 have also been expressed from adenoviral vectors (Rosenberg
et al., 1998; Hartman et al., 2008; Gabitzsch et al., 2010; Karan et al., 2011). Nevertheless, the
use of this kind of platforms in virotherapy is not feasible as a conditionally replicating adenovirus
is needed to selectively kill cancer cells. Therefore, a different strategy rather than deleting

adenoviral genes was required to overcome the high immunogenicity of vector antigens.

An additional hurdle that needs to be taken into account is that defects in components of the
antigen processing pathway of tumor cells, such as the transporter associated to antigen
processing (TAP), also impair the generation of specific immune responses against TAAs carried
by oncolytic viruses. Membrane-translocating signals have been used to deliver CTL epitopes to
the cytoplasm of APCs in order to be processed by the MHC class | antigen processing pathway,
since they are not very efficient in processing exogenous antigens. Two of the most commonly
used carriers derive from the HIV-tat protein (Kim et al., 1997) and the Antennapedia
homeodomain (AntpHD) (Schutze-Redelmeier et al., 1996). Lu and collaborators reported that
these constructs consisting of epitopes linked to membrane-translocating sequences were also

able to generate epitopes through a TAP-independent fashion that have the ability to cross the
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endoplasmic reticulum (ER) membrane and translocate into this compartment. This characteristic
has been used for the design of vaccines for the treatment or prevention of several infectious
diseases in order to promote the generation and presentation of MHC class |-restricted epitopes
and the activation of specific CTL responses. In the field of cancer, the TAP-deficiency of tumor

cells makes this strategy even more appealing.

The fact that most viruses express proteins which block TAP in order to evade immune
recognition of infected cells accounts for the importance of this transporter in the generation of
antiviral immunity. An ideal viral anticancer vaccine vector should have low intrinsic CTL
immunogenicity and efficiently present tumor-specific epitopes. Aiming at this goal, Raafat and
colleagues developed a vaccinia virus (VV)-based vaccine combining the expression of the protein
ICP47 of herpes simplex virus (HSV), that acts by blocking TAP in order to prevent the
presentation of viral epitopes by MHC class I, with the expression of an ER-targeted minigene
including different tumor-associated epitopes to promote their TAP-independent presentation
(Raafat et al., 2012). Curiously, the membrane-translocating sequence that they used in that
work was from the N-terminal of the E3-19K protein of the adenovirus, taking advantage of its ER
localization. Furthermore, the main function of E3-19K is homologous to that of ICP47 and aims
at preventing MHC class | molecules surface expression by means of directly binding them and
also by interacting with TAP, even that interactions do not occur simultaneously (Bennett et al.,
1999).

Thus, in this work we propose to do both, reduce the immunogenicity of viral epitopes that
need to be processed by the TAP-dependent pathway and increase the immunogenicity of
tumor-associated epitopes by making them TAP-independent: by attaching the tumor-associated
epitopes to E3-19K. Moreover, this strategy benefits from the TAP-deficiency on tumor cells to
enhance the response against tumor antigens carried by oncolytic adenoviruses bypassing the
necessity of TAP to transport the epitopes to the ER. In addition, APCs are also poorly efficient in
processing exogenous antigens through the MHC class | pathway. Therefore, the additional
blocking of TAP by E3-19K may benefit the presentation of the TAP-independent tumor-
associated epitopes in detriment of viral epitopes. However, the downregulation of MHC class |
molecules due to the direct binding of E3-19K in the ER can affect the presentation of both kind
of epitopes: viral and tumor. It has been reported that even if binding of MHC class | molecules
depends on the ER-retention motif of E3-19K (Cox et al., 1991; Gros et al., 2008), this motif is not
required for the interaction with TAP since mutants with truncated C-terminal forms of the
protein are still able to interact with TAP and interfere with tapasin function (Bennett et al.,

1999). Previous work of our group described a mutation named T1 selected from randomly
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mutagenized adenoviruses on the basis of improved potency and that corresponded to a
truncation in the E3-19K which resulted in the loss of the ER-retention motif and consequently in
an impaired retention of MCH class | (Gros et al., 2008). Therefore, we decided to include this T1
mutation in the oncolytic adenovirus incorporating the epitopes in the E3-19K to avoid the
retaining of the MHC class | molecules whereby it still blocks TAP. However, in vitro we could not
detect any improvement in the presentation of OVA;s; by this virus (data not shown). The reason
of this a priori unexpected result, is that the OVA,s; epitope is H-2Kb-restricted, and it is reported
in the literature that E3-19K is not able to bind this HLA haplotype (Tanaka and Tevethia, 1988).
In contrast, E3-19K binds to H-2D° molecules, the haplotype to which gp100,5 epitope is
restricted. Since we did not have tools to evaluate the presentation of gp100,s in vitro, we
included the virus combining the epitopes in the E3-19K with the T1 mutation in an immunization
experiment in vivo. However, we could not see an improvement of the immunogenicity of the
epitope gp100,5 by the incorporation of the T1 mutation into the adenovirus that has the epitope
in the E3-19K. Consequently, we decided to move on only with the oncolytic adenovirus without
the T1 mutation in order to reduce the number of animals in the studies (data not shown).
Nevertheless, we consider important to test the potential of T1 mutation in the future with more

appropriated epitopes.

In this study we have compared the strategy of promoting the TAP-independent presentation
of the epitopes by inserting them in the E3-19K to a more classical approach which consists in the
incorporation of the epitopes in the capsid of the oncolytic adenovirus. The proteins of the capsid
of the adenovirus that have been reported to allow the insertion of exogenous epitopes until
now are: the penton base, the protein IX, the hexon, and the fiber knob. Protein IX allows the
incorporation of large polypeptides, so as an advantage, this protein can be used to display
fragments of the antigen rather than just the immunogenic epitopes. However, protein IX is a
minor and poorly immunogenic protein, and according to our experience, its modification affects
the viability of the adenovirus (unpublished results). The hexon is the most abundant and
immunogenic protein of the capsid. Most neutralizing antibodies are directed against this protein
so its modification can contribute to the success of repeated administrations. Moreover, the
modification of some regions of the hexon precludes the binding of this protein to blood
coagulation factors, and previous results from our group indicated that the abrogation of the
binding of hexon to factor X reduced the antitumor activity of oncolytic adenoviruses, suggesting
the implication of blood factors in second rounds of infection inside the tumors (Gimenez-
Alejandre et al., 2008). Finally, the fiber knob has shown to accommodate a wide range of

exogenous peptides of up to 83 amino acids (Belousova et al, 2002). Regarding the
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immunogenicity of epitopes incorporated in each capsid protein, Krause and collaborators
reported a comparative study of the immune response elicited by the epitope HA from
hemagglutinin of influenza A virus in the four different possible proteins of the capsid. They
found that the major humoral and cellular immune responses were generated against HA when it
was incorporated in the fiber knob, regardless if the immunization was performed according to
the same number of viral particles or to the same number of epitope copies (Krause et al., 2006).
Based on this, we chose the Hl-loop domain of the fiber knob to incorporate the tumor-

associated epitopes OVA;s; and gp100;s.

Kb/OVA257 presentation studies in vitro in TAP-deficient tumor cell lines showed that the only
virus that could promote the processing and presentation of the epitope at levels high enough to
be detected by the monoclonal antibody 25D1.16 (specific for the complexes formed by H-2K"
molecules and OVA,s; peptide) was the one containing the epitopes in the E3-19K (Figure 51).
This advantage was clearly seen in both tumor cell lines, BI6CAR and TRAMPC2, in the presence
of IFN-y, where no deficiencies in the MHC class | antigen processing pathway are supposed to
occur, suggesting that the blocking of TAP by the virus itself is able to have an effect on the
presentation of the carried epitopes. In the TAP-deficient conditions (i.e. absence of IFN-y),
K°/OVA,s, complexes were detected only in TRAMPC2 tumor model (Figure 51b). However, this
result is highly relevant as it suggests the TAP-independent presentation of the peptide.
Strikingly, no detectable levels of presentation of OVA,s; were detected upon the infection of the
cells displaying the epitopes in the capsid. This observation seems to indicate that, in this case in
which exogenous epitopes are processed by the classical MHC class | antigen processing pathway
as if they were viral antigens, there is a competition between tumor and viral epitopes to be
presented on the cell surface. However, by making these tumor epitopes TAP-independent, they

have an advantage over the immunodominant viral epitopes.

The importance of TAP-independency was assessed by the generation of mutant viruses in
which the ER-targeting signal sequence of the E3-19K was deleted. In the same way, to evaluate
the relevance of the furin-linkers, they were replaced by furin-resistant linkers. The deletion of
the membrane-translocating sequence significantly reduced up to 50% the presentation of
OVA;s7 in the surface of TAP-competent cells, indicating that the TAP-independent processing
pathway played a relevant role also in the presence of intact antigen processing machinery. The
importance of the activity of furin protease in the ER and the TGN was also clear, since its
replacement further reduced up to negligible levels the presentation of OVA,s; upon the
infection by the virus without the ER-targeting signal (Figure 56a). Interestingly, both

observations support the implication of the TAP-independent pathway in the presentation of the
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epitope in vitro even in TAP-competent cells, in which proteosomal cleavage and TAP are fully
functional. This statement was also supported by the results from Lu and collaborators, as they
found that their multiepitope vaccine containing furin-resistant linkers failed to generate CTL
epitopes even in TAP-competent cells (Lu et al., 2004). When a TAP-deficient situation was
mimicked in the TAP-competent cell line P815K® by the inhibition of the proteasome, the
presentation of OVA,s; induced by the virus with the ER-targeting signal sequence deleted was
further reduced. However, the presentation of the epitope induced by the virus containing the
wild type E3-19K resulted unaffected by proteasome inhibition, demonstrating that the
processing in this case was not dependent on the classical MHC class | pathway, whereas in the

control without ER-targeting signal proteasome activity was involved (Figure 56b).

The relevance of this project lies on the demonstration that the immunodominance of
antigens contained in an oncolytic adenovirus could be modified. The idea of the
immunodominance might be seen as a “ranking” of epitopes in which the most immunogenic or
the ones with higher affinities for the MHC class | molecules are located in the first positions
whereas the less immunogenic occupy the lower positions. According to the evaluation of
specific CTL immune responses upon immunization by subcutaneous implantation of infected
TRAMPC2 cells, response generated against the epitopes OVA,s; and gp100,5 by the adenovirus
displaying them in the capsid was 6- and 14-fold lower than the response against the viral
epitope Elbig;, respectively. In contrast, the oncolytic adenovirus carrying the epitopes in the E3-
19K was able to elicit the same levels of responses against OVA,s; than those against E1big, and
only 2.5-fold lower against the less immunogenic gp100,s than against the viral epitope. This
result indicates an improvement in the tumor-to-viral immune response ratio provided by the
fusion of the tumor epitopes to the E3-19K. In agreement with the results obtained in vitro, this
may suggest that in the case of the virus displaying the epitopes on the capsid, they have to
compete with viral epitopes to be presented, whereas the virus carrying the epitopes in the E3-
19K promotes its TAP-independent processing, providing an advantage compared to the viral
epitopes. Even though in this case E1lb;s; might be still in the first place of the “ranking” since the
higher responses detected are against this epitope, the non-viral epitopes OVA,s; and gp100,s
could have advanced several positions by making them TAP-independent, probably bypassing
many other subdominant viral epitopes. The results in the B1I6CAR tumor model were consistent
with this hypothesis for the OVA,s; epitope, whereas in the case of gp100,5 we were not able to
find an improvement by the incorporation of the epitopes in the E3-19K. We attribute this
observation to the nature of the B16CAR cell line, which does not represent a good model for

several reasons that will be discussed later on. Importantly, this is the second demonstration by
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our group that immunodominance is susceptible to be manipulated and modified. The work by
Gil aimed at reducing the immunogenicity of the adenoviral capsid by silencing the most
immunodominant epitopes of the hexon protein and at the same time at increasing the immune
response against a melanoma-associated epitope displayed also by the hexon (Gil-Hoyos, 2014).
These approaches are highly innovative since they tackle a crucial aspect of virotherapy with
oncolytic adenoviruses which is the high immunogenicity of the viral proteins per se and that is

often overlooked.

A priori, one advantage of the incorporation of tumor epitopes in the capsid of the adenovirus
should be that gene expression is not necessary to generate an immune response (Kafri et al.,
1998). This is very important in the context of neutralizing antibodies that block gene expression
and which are quite common in humans. Moreover, the incorporation of immunogenic epitopes
of the tumor antigens in the capsid of adenoviral vectors has shown to allow prime and boost
regimen with the same viral vector. Worgall and collaborators reported that repeated
administrations of an adenoviral vector displaying P. aeruginosa epitopes in the hexon boosted
the immune response against the epitopes, whereas no boosting response was detected against
B-galactosidase transgene expressed by the same vector. According to our results, none of these
advantages could be seen. The display of the epitopes on the capsid was not better than their
TAP-independent presentation by the E3-19K protein in any case. In vitro, no presentation of
OVA,s7 was detected in the cell surface upon their infection with the virus ICOVIR-15K-HIOG, not
even in the case were the cells were treated with IFN-y, restoring the MHC class | antigen
presentation pathway (Figure 51). In vivo, immunization of the animals with cells infected with
the adenovirus displaying the epitopes in the capsid was able to elicit specific CD8" immune
responses against both epitopes in BI6CAR model, whereas almost negligible responses were
detected in the TRAMPC2 model. In spite of the encouraging results in the BI6CAR model, these
responses were not reflected in the antitumor efficacy study, where the virus displaying the
epitopes in the Hl-loop of the fiber had no effect on the growth of B16CAR-OVA tumors
compared to the mock group or to the oncolytic adenovirus without the epitopes. Strikingly, even
the advantage provided by the oncolytic adenovirus ICOVIR-15K-E30G in this model was not very
obvious, the anti-epitope immune responses elicited by this virus were the only that had an
impact on the control of tumor growth until day 16 post-implantation, when most tumors started

to relapse (Figure 60). Possible reasons for this observation are discussed below.

Historically, immunotherapy has been focused on the activation of antitumor-specific CD8"
CTLs, as it has been assumed that they play a major role in tumor-killing. However, different

studies claim a more direct participation of helper CD4" T cells in mediating other significant
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antitumor effector functions (Hung et al., 1998). It has been reported that CD4" T cells can
enhance the infiltration of CD8" T cells into tumors, promote long-term maintenance of activated
CD8" T cells by producing cytokines such as IL-2 or IFN-y, and alter the immunosuppressive tumor
microenvironment. Shafer-Weaver and collaborators found that the administration of tumor-
specific CD4" T-cells resulted in an enhanced immunity to TRAMP tumors by two different
mechanisms: the activation of tumor resident APCs in situ and the prevention of the tolerization
of CD8" T cells (Shafer-Weaver et al., 2009). Consequently, an effective cancer vaccination might
also require the stimulation of both, CD4" and CD8" T cell responses. In this sense, the strategy
proposed here allows the combination of dominant MHC class | and class IlI- restricted epitopes in
tandem. In fact, in the work by Lu et al. they combine different epitopes connected by furin-
linkers and linked to a membrane-translocating signal sequence derived from HIV-I Tat protein to
generate a multiepitope peptide vaccine (Lu et al., 2004). They showed that MHC class | and Il
epitopes were efficiently generated by this vaccine and were able to induce both CD4" and CD8"
T cell responses in vivo. More importantly, these antitumor immune responses were effective at
increasing mice survival. These published results supports the feasibility of successfully including
CD4 epitopes in combination to CD8 epitopes in the E3-19K of oncolytic adenovirus to generate

more potent and long-lasting antitumor immune responses.

Moreover, epitopes from several tumor-associated antigens can be also combined. Targeting
many antigens has the advantage of increasing the coverage of the vaccine and also to avoid the
emerging of antigen-escape variants. Genomic instability is a very common feature of tumors,
and the loss of its characteristic antigens frequently occurs to evade the recognition by the
immune system. In this regard, Kaluza and collaborators found that adoptive transfer of anti-OVA
CTLs led to tumor regression of B16-OVA tumors followed by eventual tumor recurrence
associated to the loss of the targeted antigen, OVA (Kaluza et al., 2011). In an attempt to
overcome this limitation, the same group proposed the combination of these anti-OVA CTLs with
anti-gp100 CTLs, targeting in this way two different antigens. In this setting, tumor relapse was
not associated to the loss of antigen expression, which was maintained in escaped tumors (Kaluza
et al., 2012). Although we used the same epitopes as in that study, this result is in contradiction
with ours. We found that relapsing tumors expressed lower levels of OVA whether gp100 levels
remained constant among all the groups (Figure 62). We hypothesized then that given the low
immunogenicity of the self-antigen gp100 together with the extremely high immunogenicity of
the exogenous antigen OVA, the antitumor immune response is biased toward OVA,s; epitope.
This statement is in agreement with the specific CTL immune responses generated after the

immunization of mice with the subcutaneous administration of infected TAP-deficient tumor cell
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lines. In this setting we observed that the specific CTL responses generated against OVA;,s; were
much higher than the responses against gp100,s. This observation was especially notable in
B16CAR model, in which almost negligible specific responses were raised against the melanoma-
specific epitope (Figure 58). We postulate that these differences could be related to distinct furin
levels among cell lines, since the release of the gp100,5 peptide requires more furin cleavages
compared to the OVA,s; epitope. However, we could not demonstrate this hypothesis. On the
other hand, the lower response generated against gp100,5 and its presumably poor contribution
to antitumor efficacy is in agreement with the study by Kaluza et al., in which they observed very
poor antitumor effect upon the treatment of B16-OVA-bearing mice with CTLs specific for this
epitope, regardless of the high levels of expression of gp100 in this cell line (Kaluza et al., 2012).
They attributed this observation to two reasons. On the one hand, to the low H-2D° levels
expressed by B16 cells that may preclude the exposition of the epitope in the cell surface,
avoiding its recognition by specific CTLs. This low surface expression of H-2D® in B16 cells was
confirmed in our results (Figure 48). In addition to this fact, the two viral epitopes tested in
ELISpot assays (Elbig, and Hexsig) are also H-2Db-restricted, so a direct competition between
these epitopes and gpl00,5 epitope might be taking place. However, a study by Riond and
collaborators demonstrated that, even though in vitro H-2D" levels were undetectable in B16
cells, a rapid upregulation of the same can be achieved after engraftment of the cells in vivo by
different routes (Riond et al., 2009). On the other hand, the gp100,s peptide used in this study
derives from the human gp100 protein, which has been reported to have higher affinity for MHC
class | molecules than the mouse homologue (Overwijk et al., 1998). Although there is cross-
reactivity between human and mouse epitopes, the responsiveness to the endogenous mouse

epitope is lower than to the human one (Kaluza et al., 2012).

As it has been mentioned in section 3.5.1.1., the concept of immunodominance implies that
the immune response is directed mainly towards a few antigenic determinants even in the
presence of many different and complex antigens. In the specific case of our work, since OVA;s; is
highly immunodominant because of its exogenous nature, the response against gp100,5 might be
hindered. Evidently, the virus presented in this work containing OVA,s; and gp100,s is not a
therapeutic agent but a proof of concept virus. The model epitope OVA,s; was selected because
of the availability of reagents and the elevated knowledge and amounts of studies published with
it. However, we are aware about the highly artificial nature of this setting. We postulate that in a
truly therapeutic setting in which the expression of several self-tumor-associated antigens with
similar affinities for MHC molecules and putatively similar immunogenicities, the immune

response would be more fairly distributed among different epitopes. The important result to
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emphasize in this sense is that in TRAMPC2 model in vivo the immunotolerance against the
poorly immunogenic and self-antigen gp100 could be broken by the virus containing the epitopes
in the E3-19K (Figure 59), demonstrating that it is feasible to generate CTL-mediated immune

responses against auto-antigens by means of this strategy.

Overall, the major challenge of this strategy is the proper choice of tumor-associated epitopes.
Wilms Tumor antigen 1 (WT1) was classified by a pilot priorization project as the best tumor-
associated antigen among a list of 75 antigens. This classification was performed according to
criteria that an ideal cancer antigen must accomplish including: therapeutic function,
immunogenicity, and specificity, between others (Cheever et al., 2009). However, we
incorporated two epitopes that were described as the most immunogenic from this tumor-
associated antigen in the Hl-loop of the fiber of an oncolytic adenovirus and it failed in eliciting
specific CTL immune responses against them and also in the control of tumor growth of WT1-
expressing TRAMPC2 tumors (data not shown). At that point, we concluded that this tumor-
associated epitopes were not immunogenic enough. However, the results obtained with the
model OVA;s; in the same localization indicate that the problem might be related to the position
of the epitope within the adenovirus capsid rather than with the antigen per se. Curiously, gp100
is also in the upper part of this priorization ranking occupying the 16" position. Nevertheless,
taking our results into account, it does not seem a highly immunogenic antigen. In addition, it is
not completely tumor-specific as normal melanocytes also express gpl00. According to
immunogenicity and specificity parameters, the best tumor antigens might be viral antigens in
tumors originated by virus infections. However, only 15 up to 20% of cancers are linked to
infections according to the America Cancer Society (http://www.cancer.org). Lately, the
identification of specific somatic mutations in individual tumors by exome sequencing is gaining
interest in immunotherapy field for the development of personalized vaccines. Detected
neoantigens are valuable targets for immunotherapy since they are highly tumor-specific.
Unfortunately, this strategy seems unlikely at the moment for our approach, since it would be
time and money-consuming to develop a new personalized oncolytic adenovirus for each
individual patient and generate it in the proper conditions to be used in humans. However,
mutanome-based vaccination analysis is an extremely interesting approach that might be feasible

in the near future.
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2.1. MODELS FOR IMMUNOVIROTHERAPY

For the evaluation of the immune responses generated by the oncolytic adenoviruses
described in Chapter 2, having an immunocompetent animal model was critical. Since the
epitopes that we evaluated in this work (Elbig;, Hexsis, OVAys7, and gpl00,s) were H-2°-
restricted, C57BL/6 immunocompetent mice (H-2ID haplotype) were appropriate to assess specific
immune responses elicited against them. However, as mentioned in Chapter 1, effects of the

oncolytic adenovirus per se in normal tissues cannot be determined in this model.

More importantly, since we claim that immunogenic cell death caused by oncolytic virus
replication in tumor cells is critical for the triggering of antitumor immune responses, a murine
tumor cell line permissive to adenovirus replication was needed. Even though there is literature
about murine cell lines allowing human adenovirus replication (Ganly et al., 2000b; Hallden et al.,
2003), viral productivity in these cell lines is extremely low in our hands. For instance, Halldén
and collaborators described that the lung carcinoma cell line from mice CMT-64 was able to
produce 1116 TU/cell (Hallden et al., 2003), whereas we barely observed 3 TU/cell viral yields in
the same cell line (data not shown). In the specific case of our study, BI6CAR and TRAMPC2 were
the used murine cancer cell lines, since both have been described to present defects in antigen
processing at the level of TAP (Riond et al., 2009; Martini et al., 2010). However, negligible viral
yields were obtained in productivity assays with those cell lines (Figure 46). Infectivity of
melanoma B16 cell line was previously improved by means of the stable transfection of the cells
with the adenovirus receptor CAR (Tosch et al., 2009), reaching 100% of infectivity at an MOI of
100 (Figure 44). Lower percentages of infectivity were observed in TRAMPC2 after their infection
at the same MOI (40%), even though this level of infection was considered sufficient for the virus
to be produced (Figure 45). Therefore, according to the results presented here, the uptake of the
virus by murine cells was not the limiting factor, nor it was the expression of early and late genes,
demonstrated by western blot in both cancer cell lines (Figure 52). Several attempts to increase
virus productivity of murine cell lines have been carried out in our group including the selection
of clones with increased viral replication. Unfortunately, these efforts did not succeed in finding a
model with acceptable levels of viral production (data not shown). Thereby, we decided to move

on with B16CAR and TRAMPC2 models.

Defects in MHC class | antigen processing pathway in BI6CAR and TRAMPC2 cell lines could be
restored by the incubation of the cells with IFN-y in vitro, so we could have a TAP-deficient and
TAP-competent scenario in the same cell line by adding or not this cytokine to the media.

Nevertheless, since we wanted to demonstrate the TAP-independent presentation of the
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exogenous epitopes carried by the E3-19K protein, the ideal scenario would be to have paired cell
lines wild type or mutated only for TAP genes. RMA/S were selected from mutagenized RMA cells
(Rauscher virus-induced T lymphoma tumor cell line) on the basis of low surface expression of
MHC class | molecules (Karre et al., 1986). This cell line has a mutated TAP2 gene and
consequently TAP complex is not functional. Although both cell lines were available they were
hardly infected with adenovirus (data not shown) due to their T cell origin. The same happened
with the TAP-mutated T2-K® cell line (human B-lymphoblast and T-lymphoblast hybrid stably
transfected with H—2Kb) (data not shown). In an attempt to increase the infectivity of these cell
lines we used agents such as polybrene that had shown to induce better transduction of
adenoviruses in vitro (Miralles et al., 2012). Moreover, we also changed the localization of the
RGD motif from the KKTK domain of the fiber shaft to the Hl-loop of the fiber in the viruses
incorporating the epitopes in the E3-19K since this RGD-fiber has shown better infectivity than
RGDK-fiber in this kind of cell lines. Unfortunately, we were not able to achieve sufficient levels of
infectivity with any of these strategies (data not shown). The only choice was then to use a TAP-
competent cell line in which a MHC class | classical antigen presentation pathway was blocked, in

this case, by the inhibition of the proteasome by lactacystin.

Although the results obtained in the OVA,s; presentation experiments in vitro and also in the
evaluation of specific CTL immune responses upon immunization by subcutaneous implantation
of infected cells were better in TRAMPC2 than in B16CAR, the latter was chosen for antitumor
activity studies. The reason for this election was that this melanoma cell line expresses high levels
of the melanoma tumor-associated antigen gp100 (Figure 50), and we only had to transfect
exogenously the expression plasmid containing OVA gene. In contrast, TRAMPC2 did not express
gp100 (data not shown) nor OVA. Thus, BI6CAR-OVA was the model of choice for the antitumor
activity experiments despite its limitations. In addition to the lack of replication of human
adenovirus in mouse cells, the fast-growing rate of syngenic cell line-based tumor models is also
a limiting factor for the testing of our strategy in a therapeutic setting. Therefore, the effect of
virus-induced oncolysis, which presumably would further enhance the efficacy of the vaccination,

could not be assessed in this experimental model.

Another difficulty of B16 melanoma model is the expression of Fas ligand by this cell line,
which may contribute to the evasion from immune attack and to the maintenance of immune
privileged conditions in tumors, limiting the efficacy of the elicited CTL immune responses (Hahne
et al., 1996). Whether human melanomas also expresses Fas ligand or not is controversial as the

work by Hahne et al. reported the expression of this ligand in human samples, whereas a later
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publication by Chappell and colleagues failed to detect the expression of Fas ligand in any of the

26 human melanoma cell lines that they evaluated (Chappell et al., 1999).

3. OUTLOOK AND FUTURE PERSPECTIVE

Oncolytic viruses are promising anticancer agents. Encouraging results have been obtained
lately in the clinics especially with T-Vec or Pexa-Vec, which are HSV and VV-based oncolytic
viruses, respectively, engineered to express the immunostimulatory transgene GM-CSF with the

aim to stimulate antitumor specific immune responses.

Historically, there are two different views regarding the role that the immune system plays in
the efficacy of oncolytic viruses: the virocentric and the immunocentric (Alemany and Cascallo,
2009). Virocentrics sees the immune system as an enemy since the immune response generated
against the virus can rapidly eliminate it from the bloodstream and also from the tumor
microenvironment before doing its job. For them, the immunosuppressive state in tumors is
beneficial to allow intratumoral viral replication. On the other hand, immunocentrics consider
the immune system an ally and use oncolytic viruses as immune stimulators to disrupt the
immunotolerant state of tumors and elicit antitumor specific immune responses. The
immunogenic cell death produced by oncolytic viruses causes a release of danger signals that
recruits immune cells to the tumor sites, where liberated tumor-associated antigens are captured
and cross-presented to CTLs. Importantly, the stimulation of specific antitumor immune
responses by these agents is basic, since a memory response that may prevent future relapses is

established.

Although a priori these two thoughts seem to be confronted, they are not as far apart from
each other. Efficient tumor targeting, selective replication and potency are three traits that an
oncolytic virus has to accomplish for both, virocentric and immunocentric approaches. For
virocentrics the virus needs to reach all the tumor nodules to replicate in and eliminate them.
Moreover the replication must be tumor selective in order to avoid off-target damage. Finally,
the most potent the virus is the best antitumor activity will be achieved. For immunocentrics
tumor targeting is important since viral replication in tumors is needed to promote an
immunogenic kind of cell death. In addition, this replication must be restricted to tumor cells in
order to focus the immune system on tumor sites and prevent immune-mediated toxicity. Finally,
large tumors may require the help of highly efficient viral replication to debulk them before being

completely rejected by CTLs.
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This thesis combined these two distinct views. The first project aimed at improving the tumor
targeting and increasing the potency of the adenovirus by enhancing its intratumoral spread by
means of combining a capsid targeting modification with the expression of the extracellular
matrix-degrading enzyme hyaluronidase. The goal of the second project was to stimulate the
generation of specific immune responses against tumor-associated epitopes incorporated in the
oncolytic adenovirus by promoting its TAP-independent processing and presentation. At the
same time, taking into account that the success of this approach would depend on a delicate
balance between antiviral and antitumor immune responses, this second project handled the
problem of the high immunodominance of adenoviral antigens that could mask antitumor

immune responses.

Importantly, both projects are not mutually exclusive, and might eventually be combined in
one single oncolytic adenovirus. We strongly think that the combination of virocentric and
immunocentric approaches is key to maximize the opportunities of success of oncolytic

adenoviruses.
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Conclusions

Chapter 1

1. The combination of RGDK fiber modification and hyaluronidase expression in ICOVIR-17K

does not have a negative impact on viral replication or cytotoxic potency in vitro.

2. ICOVIR-17K is tumor-selective and shows a transient acute toxicity profile in vivo after
systemic administration in immunocompetent mice and hamsters, which does not differ from the

oncolytic adenovirus without the RGDK modification, ICOVIR-17.

3. ICOVIR-17K exhibit significant antitumor efficacy when administered systemically or
intratumorally in different tumor models in nude mice and immunocompetent hamsters, and

shows superior oncolytic potency than ICOVIR-17.

4. The antitumor efficacy of ICOVIR-17K was improved in vitro and in vivo when combined with
gemcitabine, especially in pancreatic carcinoma cell lines, without significantly increase the

toxicity of the treatment.

Chapter 2

5. The insertion of tumor-associated epitopes into the ER-targeted adenovirus protein E3-19K
promotes a TAP-independent processing that increases their presentation on infected cells in

vitro compared to the display of the epitopes on the fiber protein of the capsid.

6. The fusion of tumor-associated epitopes to the E3-19K of an oncolytic adenovirus induces
higher specific antitumor immune responses than the incorporation of the same epitopes on the
capsid after the immunization of immunocompetent mice with infected-TAP-deficient tumor

cells.

7. The localization of tumor-associated epitopes in the E3-19K of an oncolytic adenovirus
increases the tumor-to-viral immune response ratio compared to the display of the same

epitopes on the capsid, improving the immunogenicity of the exogenous epitopes.

8. Specific antitumor immune responses triggered by the immunization of mice with TAP-
deficient tumor cells infected with the oncolytic adenovirus containing tumor-associated
epitopes in the E3-19K controls tumor growth after challenging with tumors expressing the

targeted tumor-associated antigens.
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ORIGINAL ARTICLE

The combination of i-leader truncation and gemcitabine
improves oncolytic adenovirus efficacy in an immunocompetent

model

C Puig-Saus', E Laborda™, A Rodriguez-Garcia', M Cascallé’, R Moreno' and R Alemany’

Adenovirus (Ad) i-leader protein is a small protein of unknown function. The C-terminus truncation of the i-leader protein increases
Ad release from infected cells and cytotoxicity. In the current study, we use the i-leader truncation to enhance the potency of an
oncolytic Ad. In vitro, an i-leader truncated oncolytic Ad is released faster to the supernatant of infected cells, generates larger

plaques, and is more cytotoxic in both human and Syrian hamster cell lines. In mice bearing human tumor xenografts, the i-leader
truncation enhances oncolytic efficacy. However, in a Syrian hamster pancreatic tumor model, which is immunocompetent and less
permissive to human Ad, antitumor efficacy is only observed when the i-leader truncated oncolytic Ad, but not the non-truncated
version, is combined with gemcitabine. This synergistic effect observed in the Syrian hamster model was not seen in vitro or in

immunodeficient mice bearing the same pancreatic hamster tumors, suggesting a role of the immune system in this synergism.
These results highlight the interest of the i-leader C-terminus truncation because it enhances the antitumor potency of an oncolytic

Ad and provides synergistic effects with gemcitabine in the presence of an immune competent system.
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INTRODUCTION

Despite the promising use of oncolytic adenovirus (Ad) in cancer
therapy, over 20 clinical trials with different oncolytic Ads by
intravenous or intratumoral administration have shown good
safety but modest efficacy. One of the main barriers to oncolytic
Ads efficacy is the virus spread through the tumor mass.” Several
strategies have been proposed to enhance intratumoral spread:
the use of ECM-degrading enzymes, enhancing permissivity of the
virus to stromal cells and enhancing the cytotoxicity or the release
of the virus from the infected cells.>~

After a bioselection of random mutants with enhanced
cytotoxicity in cancer-associated fibroblasts, we previously identi-
fied the iLG397T i-leader C-terminal truncating mutation.® The
iLG397T mutation enhanced Ad release in cancer-associated
fibroblast and tumor cells, and apoptosis-independent cytotoxi-
city. In vivo, an Ad with the truncated i-leader disseminated better
through the tumor, enhancing its antitumor efficacy, especially
when tumors were embedded with human fibroblasts.® Similar
i-leader truncated Ad mutants have been identified after
bioselection in cancer cell lines.”® The convergence between
different bioselection processes highlights the importance of the
i-leader truncation for Ad potency.

For a virotherapeutic use, it is necessary to restrict virus
replication to tumor cells. ICOVIR-15 is an oncolytic Ad that
presents an appealing efficacy/toxicity ratio. To restrict its
replication to tumor cells, it has the A24 deletion that abrogates
E1A binding to pRb and the insertion of four palindromic E2F-
binding sites and one Sp-1 binding site in the E1A endogenous
promoter to control E1A-A24 transcription upon pRb deregulation.

Moreover, ICOVIR-15 has an RGD peptide inserted in the HIl-loop
that enhances the targeting to tumor cells.’

Aiming at the generation of a more potent oncolytic Ad, we
have introduced the iLG397T mutation into ICOVIR-15 to obtain
ICOVIR-15i. We demonstrate that the iLG397T mutation maintains
its phenotype in an E1A-transcriptionally regulated oncolytic Ad
providing enhanced release, cytotoxicity and antitumor activity
in vivo in a human lung adenocarcinoma xenograft tumor model.

To date, it is clear that accelerating virus release improves
spreading through the tumor and antitumor activity in human
tumor xenografts in immunodeficient mice.'®'? However, Ad is
highly immunogenic and studying the interactions with the
immune system is critical for the application of Ads in the clinic.”
This may be especially relevant for a fast-release Ad mutant, as it
could induce higher immune responses than wild-type Ad.

Syrian hamsters have been proposed as an immunocompetent
semi-permissive model to study the antitumor efficacy and toxicity of
oncolytic Ads."*'® To date, no significant differences in antitumor
activity with fast-release mutants in this model have been shown.
However, the Ads studied have their immunomodulatory functions
compromised due to total or partial E3 deletions.'"'® In the present
work, we study the role of i-leader truncation in the context of an
oncolytic Ad that preserves all the E3 immune evasion functions,
in an immunocompetent pancreatic cancer model in Syrian
hamsters, alone or combined with gemcitabine. Gemcitabine
shows synergy with several oncolytic Ad."”"?° In hamster, we found a
synergistic effect of gemcitabine with the fast-release oncolytic Ad
ICOVIR-15i. These results provide valuable data for the translation
to the clinic of fast-release oncolytic Ads.
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MATERIALS AND METHODS
Cell lines

Human HEK293 and A549 lung adenocarcinoma cell lines were obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA).
HP-1 Syrian hamster pancreatic tumor cell line was obtained from M
Yamamoto (Minneapolis, MN, USA) with MA Hollingsworth (Nebraska, NE,
USA) permission. All were maintained with Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS,
Invitrogen Carlsbad, CA, USA) and penicillin-streptomycin (PS, Gibco-BRL,
Barcelona, Spain). All cell lines were routinely tested for mycoplasma
contamination.

Recombinant Ad

ICOVIR-15 has been previously described by our group.® pAdZ-ICOVIR-15i
was generated by homologous recombination in bacteria®® following a
positive-negative selection method based on the RpsL-Neo cassette to
substitute the wild-type i-leader for the truncated i-leader containing
iLG397T mutation (G to T point-mutation in the 397 nucleotide of the
i-leader sequence) in the pAdZ-ICOVIR-15 plasmid. The sequence contain-
ing the truncated i-leader was amplified by PCR from pAdR1 plasmid® with
the primers Ad7131F (5'-GCGGTTGAGGACAAACTCT-3') and Ad8751R
(5'-GCCCGTCGTCTTCACGCAG-3') (Sigma-Aldrich, Spruce St, St Louis, MO,
USA). The resulting plasmid was transfected into HEK293 cells generating
ICOVIR-15i. After transfection the virus was plaque-purified in A549 cells.
All viruses were amplified in A549 cells and purified by cesium chloride
gradients following standard protocols. Plasmids and viruses were sequenced
to confirm the presence of all genetic modifications. Virus-containing cell
extracts were functionally titered in TUml ~' (TU, transducing units) using
an anti-hexon staining-based method. Purified viruses were physically
titered by optical density at 260nm in vpml~" (vp, viral particles) and
functionally titered by anti-hexon staining. The ratios between func-
tional and physic titer were similar for the viruses used, 48.3 vp per TU for
ICOVIR-15 and 76.87 vp per TU for ICOVIR-15i.

Plaque assay

A549 cells seeded in six-well plates were infected with serial dilutions of
the indicated viruses. Four hours after infection, the medium was removed
and cells were covered with a 1:1 DMEM 5% FBS: 1% agarose mix. Once
the agarose overlay solidified DMEM 5% FBS was added. To study the
plaque size, after 7 days for A549 and 15 days for HP-1 cells, the plaque
assays were stained by incubation with 0.5mgml ™" thiazolyl blue tetra-
zolium bromide (MTT; Sigma-Aldrich, St Louis, MO, USA) at 37 °C and 5%
CO, for 4 h. To isolate clones by plaque purification, after 7 days, the media
was removed and single isolated plaques were picked with a filter tip and
resuspended in 500 pl of DMEM 5% FBS.

In vitro cytotoxicity assays

For in vitro cytotoxicity, 3 x 10* A549 cells and 1 x 10* HP-1 cells were
seeded in 96-well plates and infected in suspension with serial 1/5
dilutions of the indicated viruses starting from 200 TU per cell for A549 and
300 TU per cell for HP-1. At day 4 postinfection (for A549 cells) and at day 8
postinfection (for HP-1 cells), plates were washed with phosphate-buffered
saline (PBS) and stained for total protein content with BCA (bicinchoninic
acid assay; Pierce Biotechnology, Rockford, IL, USA). Absorbance was
quantified at 540 nm after 30 min of incubation. ICsy value, equivalent to
the virus dose required to produce 50% cell growth inhibition, was
calculated from dose-response curves by standard nonlinear regression
(GraFit; Erithacus Software, Horley, UK) using an adapted Hill equation. The
two-tailed Student’s t-test was used to study the statistical significance
of the ICs, differences between both viruses. For gemcitabine experiments,
1 % 10* HP-1 cells were seeded in 96-well plates the day before the infection.
Gemcitabine (Lilly S.A; Indianapolis, IN, USA) was added to a final concen-
tration of 5 and 10nM just after the infection and incubated for 11 days.

Virus release and production assays

A549 and HP-1 cells seeded in 24-well plates were infected in triplicates
with 20 TU per cell of the indicated virus to allow 80-100% infection. Four
hours after infection, medium was removed, cells were washed three times
with PBS, and incubated with fresh medium. At indicated time points
samples of supernatant (SN, containing the released virus) and cell extract
(CE, containing all media and cells representing the total amount of
virus produced) were collected. Virus was quantified by an anti-hexon
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staining-based method in HEK293 cells. The two-tailed Student’s t-test was
used to evaluate the statistical significance of the difference in virus release
and production between different viruses.

Evaluation of antitumor efficacy in vivo

In vivo studies were performed at the ICO-IDIBELL facility (Barcelona, Spain)
AAALAC unit 1155, and approved by the IDIBELL's Ethical Committee for
Animal Experimentation. Human lung carcinoma and Syrian hamster
pancreatic tumors were established by subcutaneous injection of 2 x 10°
A549 cells or 4 x 10° HP-1 cells, respectively, into the flanks of 8-week-old
female BAIb/C nu/nu mice (Harlan, Indianapolis, IN, USA), and 1 x 106 HP-1
cells into the flanks of 6-week-old female Golden Syrian hamsters (Janvier,
Le Genest Saint Isle, France). When tumors reached 100-150 mm? (for
mice) or 200 mm? (for Syrian hamsters) animals were randomized (n=
12-14 tumors per group for mice and n = 9-10 tumors per group for Syrian
hamsters) and treated with a single intratumoral injection of PBS or 2 x 10°
vp per tumor for mice or 2.5 x 10'° vp per tumor for Syrian hamster of
ICOVIR-15 or ICOVIR-15i in a total volume of 25 pul per tumor. For indicated
experiments, 50 mg kg —1of gemcitabine at day 0, 3, 6 and 9 was admini-
strated intraperitoneally. This dose is equivalent in mice to half the
standard dose in humans.®® Tumor size and animal weight were measured
twice a week. Tumor volume and growth were calculated as previously.’
The two-tailed Student'’s t-test was used to study the statistical significance
of the differences in the tumor growth of the different treatment groups.
For Kaplan—Meier survival curves, end point was established at a tumor
volume =500 mm? for mice and >2000 mm? for Syrian hamster. Animals
whose tumor size never reached the threshold were included as right-
censored information. A log-rank test was used to determine the statistical
significance of the differences in time-to-event.

Immunohistofluorescence detection of adenoviral E1A protein in
xenograft tumor

OCT-embedded sections of the A549 xenograft tumors at the end of the
efficacy experiment were incubated with anti-Ad-2/5 ETA (13S-5) SC-430
rabbit polyclonal IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
Alexa Fluor 488-labeled goat anti-rabbit IgG (Invitrogen Molecular Probes,
Eugene, OR, USA) antibodies and counterstained with 4,6-diamino-2-
phenylindole. Section images were obtained on an Olympus BX60 fluo-
rescence microscope (Olympus America, Melville, NY, USA).

Lymphocyte proliferation assay

Peripheral blood mononuclear cells (PBMCs) from the hamsters treated
with ICOVIR-15 or ICOVIR-15i alone or in combination with gemcitabine
and the corresponding PBS controls were isolated by a standard ficoll
gradient protocol. All PBMCs samples were diluted at 3 x 10° cells per ml,
labeled with carboxyfluorescein succinimidyl ester (CFSE), (Sigma-Aldrich,
St Louis, MO, USA) at a final concentration of 10 uM, and exposed to target
cells at 10:1 ratio during 5 days. Target cells were infected PBMCs, infected
and non-infected HP-1 cells. PBMCs were infected at 200 TU per cell and
HP-1 cells at 40TU per cells with purified ICOVIR-15 for 3h at 37°C to
ensure antigen presentation just before the exposure to CFSE-labeled
PBMCs samples. As a positive control, we treated PBMCs with Concanavalin
A at a final concentration of 5ugml~". As a negative control we used
non-stimulated PBMCs labeled with CFSE. After 5 days, the proliferation of
the PBMCs was analyzed by flow cytometry; results are presented as cell
division index. The cell division index was calculated according to the
formula: percentage of CFSEY™Mished cells after antigen stimulation divided
by percentage of CFSE4™nished calls without stimulation,”® where the
percentage of CFSEY™MNished calls corresponds to the ratio of proliferating
cells over the total number of cells. The Mann-Whitney test was used to
evaluate the statistical significance of the difference in lymphocyte
proliferation between each treatment.

RESULTS AND DISCUSSION

iLG397T i-leader truncating mutation enhances ICOVIR-15 plaque
size, cytotoxicity and virus release in vitro

To increase the potency of ICOVIR-15, the iLG397T i-leader
truncating mutation® was inserted into its genome generating
ICOVIR-15i. In A549 cells, a human lung carcinoma cell line highly
permissive to Ad replication, ICOVIR-15i displayed large plaque
phenotype, representative of an enhanced cell-to-cell spread
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(Figure 1a) and enhanced cytotoxicity, leading to a 163.3-fold
(P=0.006) decrease in the ICs, compared with ICOVIR-15
(Figure 1b). Virus production and release kinetic studies confirmed
that ICOVIR-15i was released more efficiently from the infected
cells compared with ICOVIR-15, showing a 29.4-fold (P=0.046)
and 2.2-fold (P=0.005) increase in the extracellular virus at 24 h
post infection (h.p.i) and 40 h.p.i, respectively. Total virus produc-
tion remained unaffected (Figure 1c). These results demon-
strated that controlled expression of E1A-A24 by the E2F and
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Figure 1. iLG397T mutation enhances ICOVIR-15 plaque size,

cytotoxicity, and virus release in vitro. (a) Comparative plaque size
of ICOVIR-15 and ICOVIR-15i in A549 cells at day 7 postinfection.
(b) Cytotoxicity assay. Comparative dose-response curves of ICOVIR-
15 and ICOVIR-15i at day 4 post infection in A549 cells. Mean 1Csq
values £ s.d. in TU per cell for each virus and the cytotoxicity increase
are shown in the figure. The two-tailed unpaired Student’s t-test was
used to evaluate the statistical significance of the IC5, difference
between both viruses. *Significant P<0.05 compared with ICOVIR-15.
() Kinetics of virus production and release of ICOVIR-15 and ICOVIR-
15i in A549 cells. Extracellular (SN) and total virus produced (CE) were
measured at the indicated time points. Mean values (n=3) £ s.d. are
plotted. *Significant P<0.05 by two-tailed unpaired Student’s t-test
compared with ICOVIR-15. TU, transducing units; h.p.i, hour post-
infection; CE, cell extract; SN, supernatant.
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Sp-1 boxes does not affect the function of the truncated i-leader in
permissive cells.

iLG397T mutation enhances ICOVIR-15 antitumor efficacy in
immunocompromised mice

Nude mice bearing subcutaneous A549 lung carcinoma tumors
were treated with a single intratumoral administration of PBS or
2.0 x 10° viral particles per tumor (vp per tumor) of ICOVIR-15 or
ICOVIR-15i. ICOVIR-15i improved antitumor efficacy compared
with ICOVIR-15 in this immunodeficient model, leading to a 3.5-
fold decrease in the percentage of tumor growth compared with
PBS (P=10.006) and a 2.3-fold decrease compared with ICOVIR-15
(P=0.023) at the end of the experiment (Figure 2a). Tumor growth
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Figure 2. iLG397T mutation enhances ICOVIR-15 antitumor efficacy
in immunocompromised mice. (a) Nude mice bearing human A549
lung carcinoma xenograft subcutaneous tumors were treated with a
single intratumoral dose of PBS, or ICOVIR-15 or ICOVIR-15i at
2.0 x 10° vp per tumor. Mean percentage of tumor growth value
(n=12-14 tumors) £ s.e.m. are plotted. *Significant P<0.05 by two-
tailed unpaired Student’s t-test compared with PBS group. *Sig-
nificant P<0.05 by two-tailed unpaired Student’s t-test compared
with ICOVIR-15 group. (b) Kaplan-Meier survival curves after
administration of a single intratumoral dose of PBS, or ICOVIR-15
or ICOVIR-15i at 2.0x 10° vp per tumor. The end point was
established at a tumor volume of >500 mm?. *Significant P <0.05
by log-rank test compared with mice treated with PBS. (c)
Immunofluorescent detection of adenovirus (Ad) E1A protein in
the OCT-embedded tumors at the end of the treatment. PBS,
phosphate-buffered saline; vp, viral particle.
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delay resulted in a statistically significant increase in the mean
survival rate from 22.2 days for the PBS to 33.5 days for the
animals treated with ICOVIR-15i (P=0.043) (Figure 2b).

The presence of virus in the tumors at the end of treatment was
assessed by immunological staining against E1A protein. Virus was
detected in all tumor sections analyzed for the ICOVIR-15i-treated
group, but could not be detected in ICOVIR-15-treated tumors
(Figure 2c), confirming the enhanced intratumoral spread of the
i-leader truncated oncolytic Ad.

iLG397T mutation enhances ICOVIR-15 plaque size and
cytotoxicity in a Syrian hamster tumor model

To characterize the effect of iLG397T mutation in an immunocom-
petent model, the phenotype of ICOVIR-15i was assessed in HP-1, a
pancreatic carcinoma cell line from Syrian hamster.?" In vitro, ICOVIR-
15i generated large plaques compared with ICOVIR-15 (Figure 3a),
and enhanced cytotoxicity with a statistically significant 15.7-fold
decrease in the IC5o (P=0.008) compared with ICOVIR-15
(Figure 3b). Although iLG397T mutation maintains its phenotype
in this Syrian hamster cell ling, the differences between both viruses
were lower compared with the differences in human cells (Figures
1a, b and c). This could be explained by the lower permissiveness of
this model compared with human cells (100-fold lower than in
human A549 cells, data not shown). However, our results showed
that HP-1 are more permissive to Ad replication than other hamster
cell lines (such as HaPT-1, H2T or Amel-3; data not shown) and
therefore, was selected in our studies. In contrast to the ICsq
cytotoxicity, experimental conditions that allowed only one replica-
tion round, such as the infection at high multiplicity of infection
(M.O.)), did not show release or production advantages for ICOVIR-
15i compared with ICOVIR-15 (Figure 3c), contrary to the results
found in human cells (Figure 1c). This suggests that several rounds
of virus replication were needed in less permissive cells to maximize
the differences between both viruses.

iLG397T mutation combined with gemcitabine increases
ICOVIR-15 antitumor activity in Syrian hamsters
To further enhance the oncolytic potency of ICOVIR-15i in
immunocompetent animal models, we combined it with gemci-
tabine. Gemcitabine has shown synergistic effects with different
oncolytic Ad at clinical?? and pre-clinical levels due to several
mechanisms: (i) an E1A-induced sensitization of cancer cells to
gemcitabine,'®** (i) increased infectivity due to coxsackievirus-
adenovirus receptor and integrin  overexpression,?%*  (iii)
activation of promoters that regulate replication of the oncolytic
Ad,”® and (iv) apoptosis activation when combined with E1b/
19K-deleted mutants.'”'® However, depending on the timing
before infection, nucleotide analogs such as gemcitabine could
hamper viral DNA replication and cell lysis.?® Another reason that
supports the combination of the i-leader-truncated fast-release
mutant with chemotherapy is that stroma blocks dissemination of
chemotherapy drugs from blood vessels to the tumor cells.?*
Consequently, targeting tumor cells and cancer-associated
fibroblast with ICOVIR-15i may not only improve the spread of
the oncolytic virus, but also the penetration of the
chemotherapeutic drugs. Conversely, chemotherapy can reduce
the intratumoral interstitial pressure by killing tumor cells, and
enhance the penetration of the virus into the tumor mass.>
First, we studied the in vitro cytotoxicity of ICOVIR-15i and
ICOVIR-15 combined with increasing doses of gemcitabine (always
below its ICso value). In vitro, gemcitabine did not have a
synergistic effect with the virus. On the contrary, ICOVIR-15i was as
cytotoxic as ICOVIR-15 when combined with gemcitabine
(Figure 4a). However, in hamsters bearing subcutaneous HP-1
tumors and treated with a single intratumoral dose of PBS, ICOVIR-15,
or ICOVIR-15i at 2.5 x 10" vp per tumor alone or in combination
with a low dose of gemcitabine (a dose of 50mgkg ™'
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Figure 3. iLG397T mutation enhances ICOVIR-15 plaque size and

cytotoxicity in a Syrian hamster tumor model in vitro. (a)
Comparative plaque size of ICOVIR-15 and ICOVIR-15i in HP-1 cells
at day 15 postinfection. (b) Cytotoxicity assay. Comparative dose-
response curves of ICOVIR-15 and ICOVIR-15i at day 8 after infection
in HP-1 cells. Mean ICsq values + s.d. in TU per cell for each virus and
the cytotoxicity increase are shown in the figure. The two-tailed
unpaired Student’s t-test was used to evaluate the statistical
significance of the ICs, difference between both viruses. *Significant
P<0.05 compared with ICOVIR-15. (c) Kinetics of virus production
and release of ICOVIR-15 and ICOVIR-15i in HP-1 cells. Extracellular
(SN) and total virus produced (CE) was measured at the indicated
time points. Mean values (n=3) £ s.d. are plotted. TU, transducing
units; h.p.i., hour postinfection; CE, cell extract; SN, supernatant.

intraperitoneally at days 0, 3, 6 and 9 post virus administration),
only the combination of ICOVIR-15i with gemcitabine resulted in
antitumor activity (Figure 4b). ICOVIR-15i/gemcitabine combina-
tion induced a 2.6-fold statistically significant decrease in the
tumor growth compared with PBS, and an improvement in the
mean survival time compared with other treatments, which
increased from 29.9 days in the PBS group to 36.8 days
(Figure 4c). No activity was seen with ICOVIR-15 or ICOVIR-15i
alone, gemcitabine alone, or the combination of ICOVIR-15 and
gemcitabine. Virus replication in the tumors at the end of the
experiment could not be detected in any of the treatment groups
by immunofluorescent staining against E1A protein (data not
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Figure 4. iLG397T mutation combined with gemcitabine increases ICOVIR-15 antitumor activity in vivo in Syrian hamsters. (a) Cytotoxicity
assay. Comparative dose-response curves of ICOVIR-15 and ICOVIR-15i at day 11 postinfection in HP-1 cells, incubated with 0, 5 and 10 nM of
gemcitabine. ICso in TU per cell for each virus and the cytotoxicity increase are shown in the figure. (b) Syrian hamsters bearing HP-1
pancreatic carcinoma allograft subcutaneous tumors were treated with a single intratumoral dose of PBS, or ICOVIR-15 or ICOVIR-15i at
2.5% 10" vp per tumor alone or in combination with gemcitabine (4 intraperitoneal doses of 50mgkg ' at days 0, 3, 6 and 9 post
administration). Mean percentage of tumor growth value (n=9-10 tumors) £ s.e.m. are plotted. *Significant P<0.05 by two-tailed unpaired
Student’s t-test compared with PBS group. (c) Kaplan-Meier survival curves after administration of a single intratumoral dose of PBS, or
ICOVIR-15 or ICOVIR-15i at 2.5 x 10'° vp per tumor alone or in combination of gemcitabine (4 intraperitoneal doses of 50 mgkg ~ ' at days 0, 3,
6 and 9 post administration). The end point was established at a tumor volume of >2000 mm?. *Significant P < 0.05 by log-rank test compared
with hamsters treated with PBS. (d) Lymphocyte proliferation assay. Total hamster PBMCs at the end of treatment were isolated, labeled and
exposed to infected PBMCs, and infected and non-infected HP-1 cells for 5 days. Lymphocyte proliferation was assessed and the cell division
index representing the percentage of cells that proliferate after antigen stimulation divided by the percentage of cells that proliferate without
stimulation was determined. Mean cell division index values + s.e.m. are represented. *Significant P<0.05 by Mann-Whitney test compared

with PBS. *Significant P<0.05 by Mann-Whitney test compared with ICOVIR-15i.

shown). The lower permissiveness of hamster cells compared with
human cells tampered the iLG397T mutation phenotype in vitro
and hindered it in vivo. The elimination of the virus by the immune
system, independently of the i-leader truncation, may also have
contributed to the lack of antitumor activity in hamsters, which
precluded the observation of a phenotype related to the i-leader
truncation when administered alone.

For a rational combination of gemcitabine and i-leader
truncated oncolytic Ad, the mechanism relying on the antitumor
activity in immunocompetent animals should be addressed.
Emerging clinical and experimental data indicate that immuno-
genic cell death improves the response to cytotoxic agents
recruiting mature, specific immune effector cells to the tumor.?®
Some of these cells have immunosuppressive functions and
become dominant as the tumor is cleared by the cytotoxic
response. Regulatory cells induce tissue remodeling and angio-
genesis, but the incomplete eradication of malignant cells gives
rise to tumor regrowth.”® Moreover, gemcitabine enhances
antigen presentation, and inhibits regulatory T cells, and immature
myeloid cells.>’' Although most immunogenic cytotoxic com-
pounds trigger a protective immune response, they fail to control
the disease, therefore several adjuvants to increase immunogenic
cell death and Th1 response could synergize with chemothera-
pies.>? Oncolytic Ads induce a necrosis-like cell death, a release of
HSP70 and HMBG1 (immunogenic cell death markers)** together
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with other immunostimulatory factors and generate a source of
tumor-associated antigens available for cross-priming of dendritic
cells, ensuring polyclonal T cell activation.>*7> As a preliminary
test of this immunogenic hypothesis we observed upon
incubation with HP-1 cells, the highest lymphocyte proliferation
in animals treated with the ICOVIR-15i/gemcitabine combination
(Figure 4d). Ad infection of HP-1 target cells did not change
lymphocyte proliferation, and no significant lymphocyte prolifera-
tion was observed upon incubation with infected PBMCs,
suggesting a specific immune response against HP-1 cells. In
addition, we studied the antitumor efficacy of the ICOVIR-15i/
gemcitabine combination in xenografted HP-1 tumors in nude
mice and confirmed that in the absence of immunity ICOVIR-15i/
gemcitabine had no antitumor activity (Supplementary Figure S1).
These results highlight the low permissivity of HP-1 cells to Ad
replication, and suggest a role of the immune system behind the
antitumor efficacy shown in the treatment with ICOVIR-15i/
gemcitabine in immunocompetent animals. Although we could
not detect virus replication in the Syrian hamster tumors, we
cannot exclude the role of ICOVIR-15i replication in Syrian hamster
fibroblasts in the observed antitumor efficacy.

Supporting this immune-mediated hypothesis, Boozari and
coworkers described a combination of an oncolytic Ad with a
proteasome inhibitor that caused endoplasmic reticulum stress-
induced apoptosis responsible for triggering immunogenic cell

© 2014 Nature America, Inc.



death. This immunogenic cell death induced a potent antitumor
immune response capable of controlling the primary tumors and
also the non-injected metastasis.3® It is intriguing to speculate
whether the iLG397T mutation in particular, or the fast-release
mutations in general, in combination with gemcitabine induce a
more immunogenic cell death.

Our results highlight the interest of the i-leader truncation in
particular, and the fast-release mutants in general, to improve the
potency of oncolytic Ads, and support the combination of fast-
release mutants with chemotherapeutic drugs for cancer treat-
ment. Studying the combination of i-leader truncated oncolytic
mutants with different chemotherapeutic drugs with higher
capacity to suppress regulatory cells*” or induce immunogenic
cell death is warranted.
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A pRb-responsive, RGD-modified, and
Hyaluronidase-armed Canine Oncolytic Adenovirus
for Application in Veterinary Oncology
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Human and canine cancer share similarities such as
genetic and molecular aspects, biological complexity,
tumor epidemiology, and targeted therapeutic treat-
ment. Lack of good animal models for human adenoviro-
therapy has spurred the use of canine adenovirus 2-based
oncolytic viruses. We have constructed a canine oncolytic
virus that mimics the characteristics of our previously
published human adenovirus ICOVIR17: expression of
Ela controlled by E2F sites, deletion of the pRb-binding
site of E1a, insertion of an RGD integrin-binding motif at
the fiber Knob, and expression of hyaluronidase under
the major late promoter/llla protein splicing acceptor
control. Preclinical studies showed selectivity, increased
cytotoxicity, and strong hyaluronidase activity. Intratu-
moral treatment of canine osteosarcoma and melanoma
xenografts in mice resulted in inhibition of tumor growth
and prolonged survival. Moreover, we treated six dogs
with different tumor types, including one adenoma, two
osteosarcomas, one mastocitoma, one fibrosarcoma,
and one neuroendocrine hepatic carcinoma. No virus-
associated adverse effects were observed, but toxicity
associated to tumor lysis, including disseminated intra-
vascular coagulation and systemic failure, was found in
one case. Two partial responses and two stable diseases
warrant additional clinical testing.

Received 18 April 2013, accepted 14 January 2014, advance online
publication 4 March 2014. doi:10.1038/mt.2014.7

INTRODUCTION

In dogs as in humans, cancer is a major cause of mortality."* More
than four million new cancer diagnoses in pet dogs are expected
per year.” Virotherapy with conditionally replicative viruses in
general, adenovirus (Ad) in particular is a promising therapy for
cancer.’ Several animal species have been used as models for can-
cer therapy with human Ad (hAd).* Often, xenograft-implanted
nude mice are used to analyze efficacy and immune-competent
mice are used for toxicity.” However, the mouse is nonpermissive
to hAd replication. Syrian Hamster has been suggested as a better

model than mouse® because it is semipermissive to hAd replica-
tion. Despite this advantage, hamster tumors are still engrafted
showing a structure and progression different from that of spon-
taneous tumors. These fundamental differences lead to poor pre-
clinical to clinical correlations in efficacy and, occasionally, to
nonexpected toxicity events.”

HAJS5 replication has been demonstrated in established and
primary canine cell lines® pointing the dog as a good model to ana-
lyze preclinically human conditionally replicative Ads (CRAds).
Moreover, an immune-stimulatory human vector (AdCD40L) has
been administered in canine melanoma patients with promising
results, warranting future application in human patients.’ In this
context, the dog has been suggested as an ideal syngeneic model
for virotherapy. Pet dogs develop cancer spontaneously due to an
increased life expectancy and an exposure to similar environmen-
tal conditions to humans.!® Canine patients provide an outbred
genetic background and they are genetically closer to humans
than laboratory rodents."" Moreover, cancer therapy occurs in
the presence of an immune system and the biologic behavior and
clinical presentation of certain canine tumors are similar to their
human counterparts.? Dogs are routinely vaccinated with canine
adenovirus type 2 (CAV2)-based vaccines'? to elicit a crossreacting
protection against CAV1." Thus, dogs have variable titers of spe-
cific neutralizing antibodies resembling human population, with
implications for the efficacy and safety of the treatment.'* With
the aforementioned, treatment of pet-dog patients with a canine
CRAd (cCRAd) based on CAV2 would fulfill the requirements
of a good predictive model of human cancer treatment.”” On the
other hand, cCRAds may benefit canine cancer patients as nearly
all cancer treatments for dogs are palliative! and around 50% of
dogs older than 10 years diagnosed with cancer die because of it.?
Developing new cancer therapies for canine patients may bring
veterinary medicine at the forefront of cancer therapy research.

With this aim, an osteocalcin (OC) promoter-controlled
cCRAd (OCCAYV) has been developed and used to treat canine
xenografts.'*” OCCAV has proven safe in laboratory Beagles
intravenously injected with up to 2 x 10" viral particles (vp)': only
one Grade 4 neutropenia was described, with no other important
abnormalities. Necropsies did not show evidence of splenic or
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hepatic destruction even when biodistribution pointed out these
organs as the main targeted tissues. However, OCCAYV efficacy in
tumor-suffering dogs remains to be studied and the selective rep-
lication in OC-expressing cells will limit the number of patients
eligible for treatment.

Our group has previously generated ICOVIR17, an oncolytic
Ad based on hAd5, with good results in preclinical studies.” In the
present study, we developed ICOCAV17, a CAV2-based cCRAd
with similar characteristics to ICOVIR17, and two parental
viruses, CAV2RGD and ICOCAV15, homologous to their human
counterparts AdwtRGD and ICOVIRIS5, respectively.®** In vitro

© The American Society of Gene & Cell Therapy

studies in tumor-harboring nude mice proved intratumoral injec-
tion as a safe and effective administration route. However, intrave-
nous toxicity in mice showed marked thrombocytopenia and loss
of body weight. Thus, the intratumoral route was chosen for the
treatment of six canine patients with ICOCAV17. Results include
two partial responses (PR), two stable diseases, and two progres-
sive diseases.

RESULTS
In vitro characterization of cell lines and cCRAds
A schematic representation of the viruses used in this study is shown

assays showed functional bioactivity of cCRAds and preclinical  in Figure la. All viruses rendered similar yields (9,000 to 10,090
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Figure 1 Adenoviruses and cells used in this study and in vitro characterization. (a) Schematic representation of viruses used in this study. CAV2
is the canine wild-type virus serotype 2. CAV2RGD contains an RGD motif (FiberRGD) in the HI-loop of the CAV2 fiber. ICOCAV15 and ICOCAV17
are canine conditionally replicative adenoviruses, based on CAV2RGD, in which the endogenous Ela promoter have been modified inserting four
palindromic E2F-binding sites and one Sp-I-binding site (403p) at the 403 nucleotide position of the virus genome, 21 base pairs of Ela region
(E1aA21) homologous to A24 in human oncolytic adenoviruses have been deleted. ICOCAV17 is armed with the human PH20 hyaluronidase (PH20)
under the control of the canine llla protein Splicing Acceptor (IllaSA). MLP, Major late promoter; pA, polyadenylation signal. (b) Western blot of
pRb in canine tumor cells and dog epidermal keratinocytes (DEK). Both hypophosphorylated (pRb) and hyperphosphorylated (ppRb) forms of the
protein were resolved. Abrams cell line expressed low levels of ppRb. a-Tubulin was used as loading control. (¢) Comparison of infectivity between
CAV2 and CAV2RGD in four canine tumor cell lines. Abrams, 17CM98, D17, and CML1 cells were infected with an equal number of viral particles
per cell of each virus using two different doses. Immune staining against viral hexon protein was performed 24 hours after infection, and the number
of infected cells counted. The ratio between CAV2RGD and CAV2 of three independent assay results + SD is shown. (d) ICOCAV15 total production
yields in a cycle-arrested nontumor canine cell line. DEK were seeded in 24-wells plates. After 20 days in confluence, DEK were infected with 8 trans-
ducing units (tu)/cell of CAV2RGD or ICOCAV15. Two days postinfection, total virus production was measured. Three independent assay results + SD
are shown. (e) Virus production of ICOCAV15 in tumor cells. Different tumor cell lines were infected with a dose of virus that resulted in >80%
transduction (20 tu/cell for D17 and CML1 and 30 tu/cell for Abrams and 17CM98). Two days after infection, total virus production was measured
in triplicate. Results = SD are shown. (f) Hyaluronidase expression in cells infected with ICOCAV17. DK28Cre cells were infected with ICOCAV15 or
ICOCAV17 with 20 tu/cell. After 48 hours, supernatants from infected cells were incubated with a solution of Hyaluronan (HA) for 0, 1, 2, 3, or 4
hours and analyzed. Four samples with known concentration of purified hyaluronidase were used as references. HA degradation was measured by
absorbance (600 nm). *Statistical significance between CAV2 and CAV2RGD (P < 0.05) by two-tailed unpaired Student’s t-test; *Statistical significance
between CAV2RGD and ICOCAV15 (P < 0.05) by two-tailed unpaired Student'’s t-test.
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vp/cell) in DK28Cre cells.” To test the function of these cCRAds, in
vitro assays were performed in four canine tumor cell lines. Abrams
and D17 (pulmonary metastasis) derive from osteosarcoma (OS),”
and 17CM98 and CMLI1 from melanoma.** Dog epidermal kerati-
nocytes (DEK) were used as nontumor control cells. Studies point
pRD pathway as necessary to cause cancer.>* We characterized pRb
status of the cell lines used in this study by western blot (Figure 1b).
Tumor cells contained hyperphosphorylated pRb (ppRb). In con-
trast, pRb from DEK was hypophosphorylated (pRb). Additionally,
tumor cells were analyzed for expression of Coxsackie virus and
adenovirus receptor (CAR) (data not shown). All cells had detect-
able levels of CAR. CMLI and D17 expressed similar levels to
DK28Cre, while 17CM98 expressed lower levels and Abrams
expressed even higher levels than DK28Cre. The insertion of RGD
at the fiber HI-loop of hAds enhances infectivity and allows the
virus to infect cells CAR independently.®** Similarly, CAV2RGD
showed enhanced infectivity compared to CAV2 (Figure 1c). When
we infected cells with a dose of 20 vp/cell for Abrams, 10 vp/cell for
17CM98, 2 vp/cell for D17, and 6 vp/cell for CMLI, the infectiv-
ity was increased 7.4 times (P = 0.008), 3.4 times (P = 0.04), and 2
times (P = 0.03) in Abrams, 17CM98, and D17 cells, respectively.
When infecting with a fivefold higher dose for Abrams, 17CM98,
and D17 and a twofold higher dose for CMLI, the infectivity was

Hyaluronidase-armed Canine Oncolytic Adenovirus

increased 1.4 times (P = 0.03), 1.15 times (P = 0.2), and 1.7 times
(P =0.009) in Abrams, 17CM98, and D17 cells, respectively. No
differences were seen in CMLI cells at any dose. To test E2F-driven
selectivity, progeny virus production was analyzed in tumor cells
and arrested” DEK. In DEK, the progeny production of ICOCAV15
showed a decrease of 84% (P = 0.03) compared with the parental
virus CAV2RGD (Figure 1d). Conversely, virus progeny produc-
tion was increased for ICOCAV15 compared with CAV2RGD
in two out of four tumor cell lines (CML1 (P = 0.008) and D17
(P=0.02)),and a trend for improved production was observed in the
other two cell lines (Abrams and 17CM98; Figure 1e). To confirm
the activity of the hyaluronidase of ICOCAV17, a hyaluronic acid
(HA) degradation assay* was performed (Figure 1f). Supernatants
(SN) from cells infected with ICOCAV17 degraded HA to an
equivalent level of 4 units/ml of hyaluronidase, while ICOCAV15
SN did not degrade HA at all. Finally, cytotoxicity was analyzed at
days 6-8 comparing all viruses simultaneously (Figure 2). Under
the conditions of time and transducing units (tu)/cell used, CAV2
was not able to induce cytotoxicity (evidence of cytopathic effect)
in Abrams and 17CM98 cells, even at a dose of 2,000 tu/cell. In
D17 cells, CAV2RGD decreased the IC, (amount of virus needed
to reduce the cell culture viability by 50%) 1.9-fold (P = 0.032) com-
pared to CAV2. The E2F-binding sites rendered ICOCAV 15 more
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Figure 2 Comparative cytotoxicity of canine viruses in four canine tumor cell lines. Infection with the indicated viruses, at doses ranging from
2,000 to 0.01 transducing units (tu)/cell for Abrams, CML1, and 17CM98 or from 500 to 0.001 tu/cell for D17 was performed. The IC50 values (tu/cell
needed to reduce by 50% the cell viability) at days 6-8 after infection are shown. Three different replicates were quantified for each cell line. Mean +
SD are plotted. IC50 —« for CAV2 at 17CM98 and Abrams cells indicates estimated values of IC50 over 106 tu/cell. *Significant (P < 0.05) compared
to CAV2 by two-tailed unpaired Student’s t-test; *Significant (P < 0.05) compared to CAV2RGD by two-tailed unpaired Student’s t-test.
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cytotoxic decreasing the IC, by 3.7 times (P = 0.013), 7.2 times (P
= 0.0009), and 4 times (P = 0.005) in CMLI1, D17, and 17CM98,
respectively, compared to CAV2RGD. ICOCAV17 showed simi-
lar IC, | values to ICOCAV15. No differences between CAV2RGD,
ICOCAV15, and ICOCAV17 were seen in Abrams cells.

Toxicity and biodistribution profile of canine
adenoviruses after systemic administration in Balb/C
immunocompetent mice

We had previously determined a tolerable dose for wild-type
viruses (CAV2 and CAV2RGD) and a peak of body weight loss
at day 2 after systemic administration (data not shown). Thus,
mice were intravenously injected with 1x10" vp of ICOCAV17
or control viruses. Body weight was monitored daily and over-
all survival, liver enzymes (aspartate aminotransferase and ala-
nine aminotransferase), and hematology were determined at day
3 after viral injection. At that time, animals were sacrificed and
organs of groups injected with CAV2 and CAV2RGD were col-
lected and analyzed for presence of virus.

© The American Society of Gene & Cell Therapy

As expected, weight loss showed a peak of toxicity 48 hours
postinjection for all viruses (Figure 3a). No animal died or lost
more than 10% of its body weight. Viruses with the RGD motif
in the capsid induced a significant decrease of body weight com-
pared to CAV2. Moreover, animals injected with ICOCAV15
or ICOCAV17 had a slower recovery than those injected with
CAV2RGD. Hematology analysis showed a dramatic decrease
in platelets for all viruses (Figure 3b). Compared to phosphate-
buffered saline, all viruses induced a significant lymphopenia
and a modest but significant increase of basophils, whereas only
CAV2RGD and ICOCAV17 decreased monocytes significantly
(Figure 3c).

Although a mild increase of liver enzymes was observed, none
of the viruses increased significantly alanine aminotransferase or
aspartate aminotransferase compared to PBS group (Figure 3d),
consistent with the biodistribution results, where we did not
find a marked liver tropism (Figure 3e). Instead, CAV2 and
CAV2RGD showed a heterogeneous tropism. The spleen, lungs,
liver, and kidney showed the highest concentrations of CAV2 and
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Figure 3 Toxicity and biodistribution profile after systemic administration of canine adenoviruses in immunocompetent mice. Balb/C immu-
nocompetent mice were injected intravenously with PBS or 1x 10" viral particles of CAV2, CAV2RGD, ICOCAV15, or ICOCAV17. The average values
for (a) percentage of body weight variation during all the experiment and (b) platelet concentration, (c) leukocyte concentration, and (d) serum
transaminases at day 3 after administration. (e) Biodistribution of CAV2 and CAV2RGD in mice tissues. Tissues were harvested 3 days after administra-
tion, snap frozen, and quantitatibe polymerase chain reaction assayed for the presence of viruses. Results are reported as viral genomes per milligram
of tissue. ($) Blood concentration is reported as viral genomes per milliliter of blood. Mean values + SD of n = 5 mice/group are depicted. *Statistical
significance compared with groups injected with viruses (P < 0.05) by two-tailed unpaired Student’s t-test. #Statistical significance compared with
CAV2 (P < 0.05) by two-tailed unpaired Student’s t-test. $Statistical significance compared with CAV2RGD (P < 0.05) by two-tailed unpaired Student’s
t-test.-Statistical significance compared with PBS (P < 0.05) by two-tailed unpaired Student’s t-test. ALT, alanine aminotransferase; AST, aspartate
aminotransferase; CNS, central nervous system; PBS, phosphate-buffered saline.
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CAV2RGD (vp/mg of tissue and vp/ng of total DNA), whereas
the liver showed the highest absolute amount of viral genomes
(Supplementary Table S1). The levels of CAV2RGD were higher
than those of CAV2 in the testis, heart, lungs, and kidneys. The
viremia at day 3 was 100-fold higher for CAV2RGD compared
with CAV2.

ICOCAV17 oncolytic potency in two xenograft
models

We evaluated ICOCAV17 efficacy in melanoma and OS tumor
models (Figure 4), two of the most common and devastating
cancers in dogs.” Nude mice harboring CML1 or Abrams tumors
were injected intratumorally three times (on days 0, 7, and 14)
with PBS or a dose of 1 x 10" vp/tumor of each virus. Intratumoral
injections did not decrease animal weight. In Abrams, ICOCAV17
decreased tumor volume at the end of the experiment compared to
all other groups (1.52-fold (P = 0.038) compared to PBS, 1.91-fold
(P =0.039) compared to CAV2, 1.87-fold (P = 0.006) compared to
CAV2RGD, and 1.67-fold (P = 0.01) compared to ICOCAV15). In
CMLI, ICOCAV17 reduced tumor volume fivefold (P = 0.04) and
2.7-fold (P = 0.002) compared to PBS and CAV2, respectively, at
the end of the experiment (day 21 for PBS and day 26 for CAV2).
Although differences in tumor volume between ICOCAV15 and
PBS groups did not reach statistical significance in CML1, they
did when percentage of tumor growth was analyzed at days 7 (P
=0.02) and 12 (P = 0.03) (data not shown). ICOCAV17 injection
increased the survival of Abrams tumor-bearing mice compared
to PBS (P = 0.044), CAV2 (P = 0.009), CAV2RGD (P = 0.004),
and ICOCAV15 (P = 0.005), and compared to PBS (P = 0.01) and
CAV2 (P = 0.004) in CML1 tumor-bearing mice. ICOCAV15
prolonged (P = 0.058) the mean survival from 13 and 15 days to
20.5 days, compared to PBS and CAV2 groups, respectively, in
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the CML1 model. Staining of tumors against late Ad proteins was
performed at the end of the experiment (Supplementary Figure
S1 and Supplementary Materials and Methods). We were able
to detect virus in 1 or 2 tumors from each group and a trend for
increased dissemination of ICOCAV17 compared with the other
groups was observed, primarily in Abrams tumors. After efficacy
and toxicity studies in mice, six canine patients were enrolled in
an investigational trial with ICOCAV17 (see Table 1 for a sum-
mary of all six cases):

Clinical case I. A 14-year-old entire male Husky that had re-
ceived surgery 2 years before to remove a sweat gland adenoma,
was admitted to the Veterinary Hospital with a mass located at
the prepuce skin that caused dysuria. Infiltrative sweat gland ad-
enoma was diagnosed by fine needle aspiration. Due to the poor
general condition of the dog and poor benefit of second-line che-
motherapy for recurrent sweat gland adenoma,’ chemotherapy
and surgical treatment were declined. The dog was selected for
investigational therapy with ICOCAV17.

Treatment and response: physical examination showed a gen-
eral poor body condition and hind leg weakness. Biochemistry and
hematological analysis were within normal limits. ICOCAV17 was
injected in four points of the adenoma mass. One day after injec-
tion, mild temporal bleeding in one out of four administration
points was observed. Fever was detected on day 21 after treatment
associated to an anal sac abscess which was controlled with broad
spectrum antibiotics. Biochemistry, coagulation, and hematologi-
cal analysis and physical examination showed no signs of systemic
toxicity through all the treatment. Tumor progressively decreased
in size and dysuria disappeared within 3 days after virus adminis-
tration. For at least 6 months, the tumor was in PR with a decrease
of 51% in size (Figure 5). In the last check-up, 11 months after
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2,000 -
1,500
1,000 -

500

20 1 B

Day after first injection

Figure 4 Efficacy and survival after canine adenovirus intratumor injections. Nude mice bearing canine subcutaneous xenografts of osteosar-
coma (Abrams) or melanoma (CML1) were treated with three injections (Day 0, 7, and 14) with phosphate-buffered saline (PBS) or 1x10' viral
particles per tumor of CAV2, CAV2RGD, ICOCAV15, or ICOCAV17. (a) Mean tumor volume values + SE are plotted (n = 10-12). (b) Kaplan—-Meier
survival curves. The end point was established at a volume of >500 mm?. *Statistical significance between ICOCAV17 and PBS, CAV2, CAV2RGD, and
ICOCAV15 (P < 0.05) by two-tailed unpaired Student’s t-test. *Statistical significance between ICOCAV17 and PBS and CAV2 (P < 0.05) by two-tailed

unpaired Student’s t-test.
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Table 1 Summary of patients

[e)}

Virus load in whole blood (vp/ml)

Neutralizing antibody titer

(days posttreatment)

Response

(days posttreatment)

Chemotherapy
concomitant

Survival
(days)

Other criteria®
(virus bioactivity)

RECIST

Patient

(%)

>15
PR

5-10

34

3.5x10*

1-2

11-15 >15
32,000

7-10

3-5

treatment

Tumor type

>300°¢

Improve QoL

1.1x10°

0

640

80

No

Infiltrative

Case I

(-51%)

SD

adenoma

11

Stable QoL (primary tumor and

lung metastasis necrosis)

Worse QoL

1,830 <500 <500

0

5,120 128,000 256,000

2,560

Osteosarcoma No

Case IT

10

PR

1,280

1,280

640

Toceranib (TKI)®

Mast cell tumor

Case III

(-70%)

PD

70

Stable QoL (tumor growth

9.8x10°

0 1.2x10°

256,000 512,000

16,000

160

Toceranib (TKI)®

Case IV~ Osteosarcoma

stabilization at inoculation site)

>200¢

Stable QoL (temporally tumor

0 SD

2.6x10° 1,860

0  64x10°

16,000

32,000

160

80

Fibrosarcoma

Case V

stabilization— surgical resection)

22

Stable QoL (tumor necrosis

induction)

0 SD

2.8x10° 2.7x10*

0 6.3x10°

20 5,120 21,000 32,000

ND

No

Hepatic endocrine

carcinoma

Case VI

ND, nondetectable; PR, partial response; PD, progressive disease; SD, stable disease; TKI, tyrosine kinase inhibitor.

A summary of patient tumor type, concomitant chemotherapy treatment, neutralizing antibody titers, viral load in whole blood, treatment responses evaluated by RECIST 1.1 criteria, a health related quality of live

questionnaire and virus bioactivity and survival of patients after treatment. *Health-related quality of life questionnaire (QoL). *2,75mg/kg/PO/48 hours. “Patients still alive at the moment of submission of this manuscript.
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virus inoculation (1 month previous to current submission), pro-
gressive disease was observed with a tumor volume similar to that
at the start of treatment.

Clinical case Il. A 7-year-old entire male Ibizan Warren Hound
was referred to the Veterinary Hospital with a large humeral
mass on the right proximal humerus compatible with OS. Owner
reported that lesions started being evident 1 month before, al-
though normal dog activity had not been compromised until
1 week before the visit. Humerus fracture and multiple lung me-
tastases were detected by radiography (Figure 6a). Patient pre-
sented with normal appetite, alert status, biochemistry, coagula-
tion, and hematologic profiles, except for an increase in alkaline
phosphatase. Owner declined euthanasia and conventional treat-
ment protocols. The dog was selected for ICOCAV17 treatment.
Treatment and response: ICOCAV 17 was administered using
echoguidance within four points aiming at the primary tumor,
although swelling hindered accurate echographic differentia-
tion between normal and tumor tissue. Mild temporary swelling
with turgor at the injection sites was observed for 48 hours which
reverted afterwards. No signs of systemic toxicity were noted
throughout the treatment. Appetite and alert status remained
unaltered. Tumor size did not show evidence of decrease by echo-
or radiographic imaging. On day 10 after administration, patient
showed an open and bleeding wound distal to the administration
points (Figure 6a). Signs of self-trauma on this site were evident.
Due to the poor prognosis and the presence of this wound, the
dog was euthanized. Histopathology examination showed large
necrotic tumor areas (Figure 6a) around the points of virus
administration, whereas a nontumor area injected accidentally
during echoguided administration only showed minimal signs

Day 0

Day 180

Figure 5 Treatment response after a single intratumoral administra-
tion of ICOCAV17 in an infiltrative adenoma canine patient. Patient |
was admitted to the Veterinary Hospital with urinating problems due to
a mass in the prepuce skin. Previously excised relapsing adenoma was
diagnosed. A dose of 1x10"? viral particles of ICOCAV17 was adminis-
tered intratumorally (Day 0). At that time, the tumor size was 5.6 x5 x
3.5cm. Six months after treatment, the tumor size had reduced by 51%
(RECIST) and was 2.9x2.8x2.2cm. Tumor size measured by caliper
(left) and the depth measured by echographic imaging (right) at days 0
and 180 after treatment, are shown. Right panel: “tumor tissue; *normal
tissue. A scale in centimeter is shown in the echographic images.

www.moleculartherapy.org



© The American Society of Gene & Cell Therapy

of bleeding with lack of necrosis. Moreover, necrotic areas in a
metastatic nodule of the lung were observed. Virus replication
was confirmed by immunohistochemistry for Ad late proteins
in both injected tumor and lung metastasis (Figure 6b). Healthy
adjacent muscular tissue showed no evidence of virus presence
(Figure 6b).

Clinical case Ill. A 7-year-old entire male Labrador Retriever
was admitted to the Veterinary Hospital with a relapsing cuta-
neous thoracic mast cell tumor confirmed by fine needle aspira-
tion. Conventional chemotherapy (Vinblastine, Prednisone, and
Lomustine) and tyrosine kinase receptor inhibitor (Toceranib)
were applied for one and a half month with no response. Tumor

Tumor Metastasis

b Muscle Tumor Metastasis

Figure 6 Histopathology and immunohistochemistry staining of
healthy tissue, primary tumor, and lung metastasis of an osteosar-
coma patient (Case Il). Patient Il suffered an osteosarcoma in the right
front extremity. ICOCAV17 was intratumorally injected in four different
sites by echoguidance. (a) Euthanasia due to a self-traumatic wound
(left panel) was performed 11 days after administration. Broad areas of
necrosis were detected in the primary tumor but also in a lung meta-
static nodule in the anatomopathological study (central and right panel,
respectively). (b) Ad detection (brown precipitate) was performed by
immune staining using an anti-adenovirus late protein antibody in depa-
raffinized sections from both, primary and metastatic lesions (central
and right panel, respectively). A fibrotic barrier (magnified area; white
arrows) is observed in the tumor. Samples from healthy tissue surround-
ing injected areas were also stained against adenovirus late proteins with
no Ad detection (left panel). (a and b) Upper panel: original magnifica-
tion x40. Lower panel: original magnification x200.
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started bleeding, ulcerated and progressed, reaching a threefold
volume increase since relapse. The dog was selected for investi-
gational therapy with ICOCAV17. As chemotherapy and hy-
aluronidase synergy has been reported,* and considering the
fast tumor progression and the experience with the two previous
cases, Toceranib was used concomitantly to seek chemosensitiza-
tion with hyaluronidase.

Treatment and response: previrus administration; hemato-
logical and biochemical analysis showed mild increase in alanine
aminotransferase, alkaline phosphatase, anemia, a hematocrit of
26%, and thrombocytopenia (1.2x10° platelets/ul). ICOCAV17
was injected in 10 different points within the thoracic tumor
mass. Severe tumor swelling was observed for 48 hours postvi-
rus inoculation. However, tumor necrosis and progressive reduc-
tion in tumor volume were evident from day 3 postinoculation
until day 10. Hematological and biochemical parameters did
not change for the first 7 days after virus inoculation, but later
the patient developed progressive renal and hepatic failure. Due
to the inflammatory nature of mast cells, the organ failure was
attributed to the extensive lysis of mast cell tumor cells and the
prolonged unstable general condition (tumor bleeding with low
hematocrit and thrombocytopenia). Euthanasia was performed
10 days after virus administration. At that time, tumor size had
reduced by 70%. Necropsy showed infarcts in several organs (kid-
neys, liver, spleen, and heart) with petechiae and general jaundice.
Disseminated intravascular coagulation (DIC) was diagnosed.
Disseminated intravascular coagulation is a multifactor induced
pathology common in dogs. Multiple causes such as viremia, sys-
temic inflammatory response, or direct endothelial damage, lead
to coagulation disorders that can evolve in a disseminated intra-
vascular coagulation.

Clinical case IV. A 7-year-old Golden Retriever entire male, was
admitted to the Veterinary Hospital with a humeral OS. Limb
amputation was declined by the owner. Despite treatment with
conventional chemotherapy, nonsteroidal anti-inflammatory
drugs, and Toceranib, the disease progressed. Lesions compatible
with metastases were observed at the shoulder and spinal bone.
The dog was selected for ICOCAV17 investigational treatment.
Taking into account the bad prognosis of the patient and the pre-
vious results, a combination with Toceranib was considered.
Treatment and response: Before virus administration, the
dog presented with hematology and biochemistry profile within
normal levels, except for mild elevation of alkaline phosphatase.
After intratumoral administration of ICOCAV17 within the pri-
mary humeral lesion, swelling of injected areas was observed
followed by a control of tumor growth restricted to the injected
areas, whereas enlarging of tumor was observed in the surround-
ing areas. No toxicity-related symptoms were observed through
the treatment. No signs of bioactivity or benefit in terms of quality
of life were observed and patient was euthanatized 2 months post-
virus injection due to progressive disease. Virus replication could
not be demonstrated by immunohistochemistry at this time point.

Clinical case V. A 15-year-old Catalan Sheep Dog spayed female
was admitted to the Veterinary Hospital with a history of right
leg subcutaneous fibrosarcoma at the distal ulna area, previously
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treated by surgery and radiotherapy. Limb amputation was de-
clined by the owner. Biochemistry and hematology analysis were
within reference limits and physical examination did not show
any disorders. Due to the previous case results, in an attempt to
avoid tumor relapsing and to study virus replication in a short
time period after virus injection, the dog was selected for investi-
gational treatment in a neoadjuvant setting before surgery.
Treatment and response: ICOCAV17 was inoculated at
6 points within the tumor. Initial swelling of the tumor was
observed, followed by tumor progression 10 days after virus injec-
tion. No adverse events were observed. Fifteen days after admin-
istration, tumor was surgically excised. Immunohistochemistry
showed areas of virus replication in the subcutaneous tumor tissue
(Figure 7, left panel), although tumor areas without virus replica-
tion were also observed (Figure 7, right panel). The dog recovered
normally from surgery and after 8 months (last check up, 1 month
before current submission) she had no evidence of tumor relapse.

Clinical case VI. A 15-year-old small cross bred entire male was
referred to the Veterinary Hospital with a 2-year history of multi-
ple subcutaneous and hepatic nodules. The treatment with steroi-
dal anti-inflammatory drugs had held the disease stable, however
tumors were progressing during the last 2 months. Subcutaneous

Figure 7 Immunohistochemistry staining of fibrosarcoma tumor from
patient V. A Catalan Sheep Dog with a relapsing fibrosarcoma at the dis-
tal ulna area of the right leg was admitted to the Hospital. A neoadjuvant
setting of virotherapy with ICOCAV17 was performed injecting the virus
before surgical resection. Tumor was resected 15 days after injection and
embedded in paraffin. Tumor sections were stained with anti-adenovirus
late protein antibody. Left panel: virus was detected (brown precipitate)
in subcutaneous tumor section. Right panel: tumor section staining did
not result in virus detection. (*) skin, (#) tumor tissue. Upper panel: origi-
nal magnification x40. Lower panel: original magnification x200.
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nodules on both flanks, below the jaw, and in the cervical area
were observed. Thoracic radiographs and abdominal ultrasound
showed nodules on the liver, kidneys, and lungs. A marked al-
kaline phosphatase increase and normal levels of alanine ami-
notransferase were observed on biochemistry, and hematology
showed a hematocrit of 25.5% and mild nonregenerative anemia.

Treatment and response: Two subcutaneous nodules, one on
each flank, were injected with 5x10" vp of ICOCAV17 each.
No adverse effects were observed. Neutrophil count increased
on day 2, presumably due to mild local reaction. The turgid-
ity of the injected nodules decreased, however, in the last check
up, only a 14% reduction in tumor volume was observed in one,
with an increase of 7% in the other. The progression of the dis-
ease led to death of the patient 22 days after administration due
to cardiac arrest. We were not able to detect virus replication in
any of the tumors analyzed, however, when the percentage of
necrotic area was analyzed, a twofold significant increase within
the injected tumors was observed (Supplementary Figure S2 and
Supplementary Materials and Methods).

Neutralizing antibodies (Nabs) and virus in whole
blood and in body secretions

We performed a neutralizing assay using serums from patients
and canine Ad vector CAVGFP (wild-type capsid) (Table 1). All
patients, except patient VI, had detectable Nabs against canine Ad
before treatment, which was expected due to vaccination with CAV-
2. After treatment, Nabs titer progressively increased until the last
follow-up for all patients except Case V. Virus load in whole blood
was analyzed by quantitative polymerase chain reaction (PCR)
(Table 1) (Case III not available). ICOCAV17 was detected early
after administration and progressively decreased in time, with the
latest positive samples found 7 days after administration (Cases IV
and VI). Body secretions (urine, saliva, and feces) were analyzed by
anti-hexon staining (daily for the first 4 days postadministration).
No canine Ad infectious particles were detected at any time.

DISCUSSION

The increasing incidence of cancer in dogs requires new thera-
pies that overcome resistance against conventional treatments.
Herein, we constructed ICOCAV17, a cCRAd based on CAV2 for
the treatment of a broad spectrum of canine cancers. ICOCAV17
infected tumor cells more eficiently, showed pRb-mediated
selectivity, enhanced cytotoxicity in vitro compared with control
viruses, and inhibited tumor growth in two canine xenografts in
vivo. Moreover, six canine patients were treated intratumorally.
No adverse side events directly associated to ICOCAV17 admin-
istration occurred. Two PR and the observation of virus biologi-
cal activity in four out of six cases warrant further studies with
ICOCAV17. Importantly, the similarities shared by ICOCAV17
with its human counterpart,”” make it appropriate for extrapo-
lating data from a syngeneic and tumor-spontaneous suffering
model to humans.

Preclinical characterization showed that RGD-motif insertion
enhanced infectivity and propagation of CAV2 in three out of four
cell lines. The effect on infectivity of RGD on CAV2 could not
be directly extrapolated from previous data with hAds as CAV2
attaches to and enters cells using a different pathway and lacks

www.moleculartherapy.org



© The American Society of Gene & Cell Therapy

an integrin-interacting motif.**** The CAR and integrins influence
CAV?2 trafficking, although exact mechanisms are still unknown.
We did not find a correlation between CAR-expression levels of
the cell lines and CAV2 or CAV2RGD infectivity, suggesting, as
mentioned before,* the existence of other influencing receptors
for CAV2. According to the results obtained, the insertion of
the RGD motif does not inhibit CAR interaction as we did not
observe a decrease in infectivity in any of the cell lines tested.
To achieve pRb-E2F-based selectivity,"***” four imperfect palin-
dromic E2F-binding sites and one Sp-I-binding site were inserted
in the endogenous Ela promoter of CAV2RGD and the pRb-
binding site of Ela was deleted. The homology between hAd5 and
CAV2 E1 proteins has been previously described.’® The A24 dele-
tion in hAd, homologous to the A21 deletion in the canine Ad,
hinders the virus to release cellular E2F from pRb-E2F complexes,
conferring selectivity for cells with free E2F, which are the major-
ity of tumor cells,”” while restringing viral replication in nonrepli-
cating cells.?! In this study, the Ela-modified promoter increased
virus burst size and enhanced cytotoxicity in tumor cells, while
diminished by more than 80% the total virus production in cell
cycle-arrested nontumor cells. The correlation of pRB status and
permissiveness to ICOCAV 15 supports a pRB-pathway regulation
similar to ICOVIR15, although coimmunoprecipitation assays
would be required to demonstrate that pRB does not bind to the
mutated canine Ela, and that the complex pRB-E2F binds to the
inserted E2F boxes.

An extracellular matrix rich in HA limits the efficacy of the
CRAds hindering viral intratumor spread.” Concentrations of
HA are elevated in several human* and canine tumors.*’ High
levels of HA were detected by immunohistochemistry of sec-
tions from CML1 or Abrams xenografts, while 17CM98 tumors
showed nondetectable HA levels (Supplementary Figure S3 and
Supplementary Materials and Methods). Human PH20 hyal-
uronidase was inserted instead of isogeneic canine hyaluroni-
dase for two reasons: hPH20 is active at a neutral pH whereas
canine PH20 exhibits hyaluronidase activity at an acidic pH*
and CAV2 is already a xenogeneic DNA for the dog. In order
to link PH20 expression to CAV replication, we inserted the
human PH20 under the control of the canine IIla protein splicing
acceptor which was isolated by sequence alignment with hAd5.
Thus, ICOCAV17 represents the first armed canine oncolytic
Ad. In vitro assays did not show any replication impairment for
ICOCAV17 compared with ICOCAV15. A therapeutic advantage
for the PH20-armed virus was observed in efficacy studies in two
canine xenografts. Detection of virus over paraffin-embedded
tumors was performed at the experiment end point, when animals
were sacrificed (Supplementary Figure S1 and Supplementary
Materials and Methods), which may have decreased the possibili-
ties to detect virus. However, a slight increase in the positive area
of tumors treated with ICOCAV17 compared to the other viruses
was observed, mainly in Abrams tumors, suggesting an enhanced
dissemination due to the Hyaluronidase activity.

The toxicity of cCRAds in mice had not been characterized
before. Herein, canine viruses induced an important systemic
toxicity with marked thrombocytopenia and body weight loss
that was aggravated when using RGD-modified viruses. These
results suggest that the toxicity could be related to the capsid.
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The modifications of the Ela promoter were able to reduce by
more than 80% the viral production in a cell-cycle arrested cell
line, but they were not able to reduce systemic toxicity in Balb/C
mice. Thus, reinforcing the hypothesis of a capsid-related toxicity.
However, the lack of an antibody against canine Ela hinders the
possibility to elucidate the impact of Ela in this toxicity. Further,
contrary to the results obtained in dogs by Smith et al.,'® the biodis-
tribution performed in mice showed no specific liver tropism for
canine viruses. Moreover, the RGD modified fiber increased the
presence of virus in some organs and the persistence in blood, sug-
gesting a change in the virus tropism with a slight liver detarget-
ing. A possible explanation might be that CAV2 remains bound to
mouse blood cells without being so efficiently cleared by the liver
as are hAds. This could be accentuated for CAV2RGD, thus allow-
ing both viruses to reach multitude of body organs. In whole, these
results discouraged us to use the intravenous administration route.

Our main aim was to treat canine patients with a fully-repli-
cation competent Ad. Six patients with different tumor types were
enrolled in an investigational treatment. The dose of 1x10' vp
per animal administered intratumorally was estimated, using a
10 times lower dose than a well-tolerated dose in mice adjusted
by weight. We did not reinject canine patients as we had already
observed an antitumor response in Case I and III within 3 days
postadministration. Moreover, 2x 10" vp of OCCAV had been
administered intravenously in dogs with no signs of toxicity."*

Biochemistry, hematology, and coagulation analysis as well
as physical examination were performed daily for at least 4 days
after administration. No signs of toxicity associated to ICOCAV17
were observed, even when virus titers reached 10° vp per milliliter
of blood. The lytic virus activity in tumors caused adverse side
events in Case II and III. Case II patient suffered a self-traumatic
wound, possibly due to the pain induced by the necrotic tumor tis-
sue. Patient III suffered a disseminated intravascular coagulation
as a result of a prolonged bleeding and a massive tumor lysis. To
achieve better outcomes, patients with lower tumor loads would
be desirable and an accurate selection and control of patients with
proinflammatory tumors should be addressed. The immunohis-
tochemistry of nontumor tissue located near injected sites from
Case II did not show any evidence of virus replication and no evi-
dence of necrosis in the healthy tissue was detected under mac-
roscopic and microscopic examination. No pathology was found
in healthy areas of tissue surrounding the injected sites of any
patient. These findings support the E2F/A21-conferred selectivity
observed in vitro and the good tolerance to ICOCAV17 injected
intratumorally.

RECIST has been questioned to measure virotherapy efficacy*
as viruses induce tumor swelling, which can be misinterpreted as
progression. Other criteria, based on health-related quality of
life,* or overall survival have been proposed. Efficacy was seen
in Case I and IIT with a 51% and 70% of reduction in size, respec-
tively. Benefits of the concomitant treatment in Case III should be
clarified in future studies. Moreover, a benefit in terms of quality
of life was clearly observed in Case I where dysuria disappeared
at day 3. The necrosis associated to viral replication suggests
virus activity in Case II. While in Case VI, tumor necrosis could
not be linked to viral replication. Case IV and V did not show
such a marked benefit, although virus replication was found in
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the tumor of patient V. Temporary tumor growth stabilization
in both patients was observed. The tumor of Patient V was sur-
gically resected 15 days after viral administration. The recovery
from the surgical procedure was normal and no tumor relapse was
observed at a follow-up 8 months later. This reinforces the safety
of the treatment with ICOCAV17 and may suggest a benefit in
terms of progression-free survival.

Although tumors use multiple pathways to suppress the
immune system, oncolytic viruses could provide intratumoral
danger signals that spark an immune response.*” Our most evi-
dent antitumor responses were found in adenoma and mastoci-
toma patient dogs. Whether the benign characteristics of these
tumors are associated with a lower immunosuppression that
could facilitate antitumor immunity remains to be studied.

Previous studies suggest that pre-existing immunity against
the virus may increase the safety of the treatment, while efficacy
by direct administration may not be inhibited.'** Case II had the
highest Nabs at the baseline but ICOCAV17 induced necrosis in
the primary tumor and in a metastatic lung lesion. This suggests
a systemic transport of infective particles even in the presence of
Nabs. The higher tumor necrosis and viral systemic dissemination
in Case II compared to Case IV, could be associated to higher cell
permissiveness to ICOCAV17 replication and the higher accessi-
bility of lung metastasis compared to bone metastases. Recently,
Factor X has been described to protect hAd5 from Nabs* but,
the interaction of CAV2 capsid with canine blood factors remains
largely unexplored. Levels of Nabs increased progressively until the
last measurement in all patients except for Case V. This exception
could be associated to the tumor resection that removed the main
virus load. Extended presence of virus in blood has been suggested
as a sign of virus replication. Oncolytic effect was evident for at least
6 months (Case I), although we were not able to detect viremia later
than 7 days in any case. Virus load in blood decreased progressively
in all patients. Therefore, we consider a rapid clearance of circulat-
ing cCRAds from blood. We could not find a correlation between
virus load in blood, Nabs levels, and antitumor activity or toxicity,
pointing at permissiveness to CAV replication as a key factor for
efficacy. Accordingly, IC, | values (Figure 2) suggest a very hetero-
geneous permissiveness to CAV replication. Even when the tumor
cells came from the same tumor type (Abrams and D17 from OS,
and CMLI and 17CM98 from melanoma), IC, values were very
different. Furthermore, no infectious particles were detected on any
of the body fluids analyzed, suggesting a low viral leakage from the
tumor and diminishing the shedding risk. However, special care
must be undertaken if bleeding or effusions are observed.

In summary, intratumorally treatment of dogs with
ICOCAV17 was well tolerated and efficacy was observed in an
infiltrative adenoma and a mast cell tumor. ICOCAV 17 replicated
in tumors and caused tumor necrosis. Enrolling patients with
less advanced disease could improve efficacy and reduce adverse
events. Finally, dogs with cancer should be considered as a valu-
able model for human virotherapy.

MATERIALS AND METHODS

Recombinant adenoviruses. Figure 1a shows a schematic diagram outlin-
ing the structure of the viruses used in this study. pTG5412 containing the
wild-type canine adenovirus serotype 2 (CAV2) genome and CAVGFP*
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a canine vector expressing green fluorescence protein, were a kind gift
of Dr Eric Kremer (Institut de Génétique Moléculaire de Montpellier,
Montpellier, France). We have generated pCAL-CAV2 using a cut and
repair homologous recombination in yeast.* pCAL-CAV2 contains the
CAV2 genome and the elements needed for selection, amplification, and
homologous recombination in yeast (Saccharomyces cerevisae YPH857).
To this aim, we amplified CAL,* a fragment containing the centromere,
an autonomously replication sequence “ARS’, and a yeast selection gene
(Leucine), and we inserted two homologue sequences to pTG5412 in 5’
and 3”. Next, pTG5412 was partially digested with Not I. pCAL-CAV2 was
generated by homologous recombination between CAL fragment and the
partially digested pTG5412.

CAV2RGD has an RGD motif (CDCRGDCEFC) inserted in the Hi-
loop (nucleotide position 28110) of the CAV2 fiber. CAV2RGD was
generated taking advantage of a unique Sal I site present in pCAL-CAV2.
To this aim, two annealing PCRs were performed. First, the RGD motif
and a 5" homologue sequence to pCAL-CAV2 were generated. Then, a
second PCR to insert a homologue sequence to pCAL-CAV?2 in 3" was
performed using the product from PCR 1 as a template. By homologous
recombination, the final product was cloned in Sal I-digested pCAL-
CAV2, generating pCAL-CAV2RGD.

To generate ICOCAV15, a fragment of the CAV2-Ela promoter con-
taining four E2F-binding site hairpins (underlined), one Sp-1 binding site
(underlined and italics type), and a Pmel restriction site (boldface type)
(5'-tcggeggctegtggetetttggeggeaaaaaggatttcgegegtaaaagtggttcgaagtacteg
geggctegtggctctitcgecggcaaaaaggartiggecgcgtaaaagtggacagttgtttaaaccgacca
caaaccccgeecagegtettgteattggegtega - 37) following nucleotide 403 of CAV2
genome, and a deletion of 21 base pairs (nucleotide positions 818-838),
was designed and cloned in pUC57 flanked by two Xma I restriction sites
(GenScript, Piscataway, NJ). A unique Swa I site was used to digest pCAL-
CAV2RGD. Homologous recombination was performed between Swal di-
gested pCAL-CAV2RGD and the fragment obtained from Xma I digestion
of pUC57.

To create the PH20 expressing canine adenovirus, a PCR product
flanked by two homologue sequences downstream ICOCAV15 fiber
protein and containing the CAV2 IIla protein splicing acceptor
(5"-ggceggecctatgaggaagaggagaaccctgatggetecgtcteatttcaacage - 37), the
human PH20 cDNA, and a polyadenilation signal, was generated by
three annealing reactions and inserted by a cut and repair homologue
recombination in yeast using the unique Sal I site of pICOCAV15. The
viral genomic structures were verified by sequence analysis. All viruses
were generated, plaque purified, and amplified in DK28Cre cells. All
viruses were purified on CsCl gradients according to standard techniques.

Cell lines. DK28Cre? cells were a kind gift of Dr Eric Kremer (Institut de
Génétique Moléculaire de Montpellier). Abrams canine OS cell line and
17CM98 and CMLI canine melanoma cells were provided by Dr David
Vail (School of Veterinary Medicine, University of Wisconsin-Madison,
Wisconsin). D17 canine OS cells were obtained from the American Type
Culture Collection (Manassas, VA). DEK are an established primary canine
cell line obtained from CELLNTEC (CELLnTEC Advanced Cell Systems
AG, Bern, Switzerland). All cells, except DEK, were cultured at 37 °C under
5% CO, in Dulbeccos modified Eagle’s medium supplemented with anti-
biotic solution (100 U/ml penicillin G and 100 U/ml streptomycin) and 5%
fetal bovine serum. DEKs were cultured at 37 °C under 5% CO, in CnT-09
medium from CELLnTEC (CELLnTEC Advanced Cell Systems AG). All
cells lines were routinely tested for mycoplasma presence.

Protein expression analysis. Cells were seeded in six-well plates. Whole-
cell protein extracts were prepared when tumor-cell cultures reached
80% of confluence or 20 days after confluence for DEKs by incubation in
ice-cold radioimmunoprecipitation assay lysis buffer (150 mmol/l NaCl,
1% Nonidet NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate, 50
mmol/l Tris, pH 8.0), containing phenylmethylsulfonylfluoride (1 mmol/l),
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sodium orthovanidate (1 mmol/l), aprotinin (1%), and leupeptin (20 pg/
ml) for 1 hour at 4 °C. Clarified samples (25 pg/lane) were separated by a
6.5% sodium dodecyl sulfate—polyacrylamide gel electrophoresis and trans-
ferred to a nitrocellulose membrane (GE Healthcare, Arlington Heights,
IL). Rb protein detection was performed by immunoblotting membranes
using a monoclonal anti-Rb primary antibody (Mouse, Clone G3-245; BD
PharMingen, San Jose, CA) and a sheep anti-mouse antibody conjugated
with horseradish peroxidase (GE Healthcare, Little Chalfont, UK). A mouse
monoclonal anti-a-tubulin antibody (Clone DM1A; Sigma-Aldrich, St
Louis, MO) and a sheep peroxidase-conjugated anti-mouse antibody (GE
Healthcare) were used for immunoblotting of o-tubulin as a loading control.

Infectivity assay. Abrams or D17 cells (80,000) or 17CM98 or CML1 cells
(30,000) were seeded in 96-well plates. After 24 hours, cells were infected in
triplicate with serial dilutions of CAV2 or CAV2RGD, starting from 1,000
vp per cell. After 24 hours, medium was removed and immune staining
against hexon protein was performed according to an anti-hexon staining-
based method."” Infected cells expressing hexon protein were counted in
the same dilution for both viruses in wells, showing a number of infected
cells between 10 and 100, the ratio between CAV2RGD and CAV2 was
calculated in triplicate.

Production assays. The selectivity of ICOCAV15 was measured by com-
paring total production yields in differentiated DEK. DEK become cell-
cycle arrested when they are confluent.”® DEK express cell cycle exit and
terminal differentiation markers (p21, p27, Involucrin, Loricrin, and Dsg-
1) progressively since they reach confluence.® DEK were seeded in 24-well
plates and cultured for 20 days at 37 °C and 5%CO, with CnT-09. Medium
was removed thrice a week and fresh medium was added.

For virus production, differentiated DEK were infected with 8 tu/cell,
CML1, D17 cells were infected with 20 tu/cell, and Abrams and 17CM98
with 30 tu/cell of each virus to allow for 80 to 100% infection. After 4
hours, infection medium was removed and cells were washed twice with
PBS and incubated with fresh medium. Cells and medium (cell extract)
were harvested 48 hours postinfection and subjected to three rounds of
freeze-thaw lysis. Viral titers of cell extract were determined in triplicate
according to an anti-hexon staining-based method'” in DK28Cre cells.

Measurement of CAR expression by flow cytometric analysis. Briefly,
cell cultures (3x10° cells) were incubated with the goat anti-mouse CAR
polyclonal antibody CXADR according to the manufacturer’s instructions
(R&D Systems, Minneapolis, MN) at 4 °C for 1 hour. For the visualiza-
tion of the anti-CAR antibody, a second incubation with donkey anti-goat
Alexa Fluor 488 antibody (diluted 1:300; Invitrogen; Life-technologies,
Carlsbad, CA) was conducted at room temperature for 1 hour. Cell sam-
ples were analyzed for fluorescence with a Gallios Beckman Coulter flow
cytometer (Beckman Coulter, Miami, FL) using a 488-nm laser for exci-
tation. All cytometric data were analyzed with FlowJo software (Flow]Jo.
7.6.5; Tree Star, Ashland, OR).

Assay for hyaluronidase activity. Hyaluronidase activity assay was per-
formed as described previously.” In brief, DK28Cre cells were infected
with 20 tu/cell of each virus to allow for 80 to 100% infection. Four hours
postinfection, medium was removed and cells incubated with fresh
medium. After 48 hours, a volume of hyaluronan solution (3 mg/ml) was
added to the cell medium and cells incubated at 37 °C. After this, at 0, 1,
2, 3, and 4 hours, aliquots were removed, boiled for 5 minutes, and centri-
fuged. Five volumes of sodium acetate buffer (0.1% bovine serum albumin)
were added to the supernatant to precipitate hyaluronan. After 10 min-
utes at room temperature, the turbidity was measured at 600 nm. Samples
with a known concentration of purified hyaluronidase (400, 40, 4, and
0.4 UI/ml) were used as hyaluronan degradation standard curve.

In vitro cytotoxicity assays. Cytotoxity assays were performed by seed-
ing 20,000 D17 cells, 10,000 Abrams, or 5,000 CML1 or 17CM98 cells
per well in 96-well plates in Dulbeccos modified Eagle’s medium with 5%
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fetal bovine serum. Cells were infected with serial dilutions starting with
2,000 tu/cell for Abrams, 17CM98 or CMLL1 cells, or 500 tu/cell for D17
cells. At days 6-8 postinfection, plates were washed with PBS and stained
for total protein content (bicinchoninic acid assay, Pierce Biotechnology,
Rockford, IL). Absorbance was quantified and the tu per cell required to
produce a 50% of inhibition in cell viability (IC, value) was estimated from
dose-response curves by standard nonlinear regression (GraFit; Erithacus
Software, Horley, UK), using an adapted Hill equation.

In vivo toxicity and biodistribution study. Mice for toxicology and efficacy
studies were maintained at the facility of the ICO-IDIBELL (Barcelona,
Spain), AAALAC unit 1155. All animal studies have been approved by
the Institut d’Investigacié Biomedica de Bellvitge Ethical Committee for
Animal Experimentation. A single dose of 1x 10" vp was injected intra-
venously into the tail vein of 8-week-old immunocompetent Balb/C male
mice in a volume of 150 pl in PBS (n = 5). Daily observations for body
weight and morbidity were performed. At day 3 postinjection, mice were
sacrificed, exsanguinated, and samples were collected. Blood samples were
collected by intracardiac puncture and clinical biochemical and hema-
tological determinations were performed by the Clinical Biochemistry
and Hematological Services of the Veterinary Faculty at the Autonomous
University of Barcelona. For biodistribution analysis, organs were frozen
until processing and DNA was purified following the QIAamp DNA Mini
Kit (QIAGEN, Valencia, CA) protocol for DNA Purification from tissues.
DNA from blood was extracted from 200 ul of whole blood using the
QIAamp DNA Blood Mini Kit (QIAGEN). Purified DNA samples were
quantified in triplicate by real-time PCR LightCycler480 Roche, using
the primers (forward primer: 5-TGTGGGCCTGTGTGATTCCT-3" and
reverse primer: 5'-CCAGAATCAGCCTCAGTGCTC-3’), and a Tagman
probe (FAM-CTCGAATCAGTGTCAGGCTCCGCA-TAMRA), which
identify E1A region. Virus loads were calculated using LightCycler v4.05
software (Roche, Basel, Switzerland) and a regression standard curve
based on serial dilutions of pCAL-CAV (1 x107 to 1 vp/pl).

Evaluation of in vivo antitumoral efficacy. Subcutaneous Abrams or
CMLI canine tumors were established by injection of 2x 10° cells into the
flanks of 6-week-old female Balb/c nu/nu mice. Once tumors reached the
desired mean tumor volume (100 mm? for Abrams tumors and 150 mm? for
CML1 tumors), mice were randomly distributed into treatment groups (1 =
10-12 tumors per group) and treated (experimental day 0) with an intratu-
moral injection at days 0, 7, and 14 with 25 pl of PBS or 1x 10" vp of CAV2,
CAV2RGD, ICOCAV15, or ICOCAV17 in a volume of 25 ul in PBS. Mice
status was monitored daily during the 3 days after virus administration.
Tumor size and mice status were monitored twice a week. Tumor volume
was defined by the equation V (mm?®) = /6 x W? x L, where W and L are the
width and the length of the tumor, respectively. When animals from each
group displayed uncontrolled tumor growth, the mice were euthanized.
For Kaplan-Meier survival curves, end point was established at
tumor volume of 2500 mm?®. The survival curves obtained were compared
for the different treatments. Animals whose tumor size never achieved
the maximum allowed size were included as right censored information.

Patients. Patients with advanced solid tumors (Table 1) refractory to con-
ventional treatments or with a bad prognosis under routinely protocols
were eligible for oncolytic virotherapy with ICOCAV17. The inclusion
criteria were solid, accessible tumors, refractory or with a bad expected
response to conventional therapies and no major organ functions defi-
ciencies. Specific exclusion criteria were immune suppressed animals,
with liver disease (hyperbilirubinemia, threefold or higher elevated liver
enzymes), thrombocytopenia (<1 x 10° Plt/ul), hematocrit < 25%, or car-
diorespiratory dysfunctions.

Treatment protocol. ICOCAV17 therapy was approved by the Small
Animal Internal Medicine Department of the Veterinary Teaching Hospital
(Fundacié Hospital Clinic Veterinari) of the Autonomous University of
Barcelona. Informed consent was obtained from the dog owners.
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Once patients were accepted for treatment with oncolytic virus,
on the day of treatment, they were isolated in a facility approved for
virus administration in the fundacié Hospital Clinic Veterinari of the
Autonomous University of Barcelona. Animals were isolated until day 4
after virus administration. Tumors were divided in equal in size quadrants
and dose was distributed equally. All patients received a single echoguided
intratumoral total dose of 1x 10" vp of ICOCAV17 diluted in 1 mililiter
of sterile PBS. General anesthesia or sedation with local anesthesia was
used according to veterinary recommendation. In Case I, II, and VI, no
other agents rather than antibiotics or palliative unrelated agents were
given. In Case IIT and IV, concomitant treatment with the same previously
administered chemotherapeutic agents was performed (Table 1). Patient
V was not concomitantly treated with chemotherapy although surgical
resection procedure was included on the protocol before starting the
treatment.

Monitoring of patients. Patients were monitored daily for the first 4 days.
Attitude, appetite, temperature, cardiac and respiratory frequency, and
tumor appearance were checked every 8 hours. Biochemical, hematologic,
and coagulation (prothrombin time, partial thromboplastin time, and
fibrinogen) analysis were performed once a day, as well as blood, urine,
saliva, and fecal sampling. After hospitalization, differences in sampling
schedule were adapted to practical issues related to owner time availability.
In Case III, the patient was held in observation through the whole process
due to its hematologic disorders and evident tumor lysis from day 3. Tumor
size was assessed by a caliper and echographic imaging. Maximum tumor
diameters were calculated according to RECIST v1.1 (ref. *°): complete
response (CR; undetectable tumor after treatment), PR (= 30% reduction
in the sum of tumor diameters), stable disease (no reduction or increase),
and progressive disease (> 20% increase in tumor size).

Analysis of viral infective particles from body secretions. Samples from
saliva were obtained using the Salivette system (Sarstedt, Numbrecht,
Germany). Samples from urine were obtained using a urinary catheter
or intravesical injection. Samples of feces were obtained from the rectum.
All samples were frozen until processing. The fecal samples were diluted
1/100W/V in PBS with penicillin and streptomycin and homogenized.
Before titering, samples were centrifuged (10,000 for 10). Once centri-
fuged, viral titers were determined in triplicate according to an anti-hexon
staining-based method'” in DK28Cre cells. Limits of detection were 100
tu/ml of urine or saliva and 10,000 tu/g of feces.

Histopathology and immunohistochemistry. Samples obtained from
tumor or healthy tissues (Case II, IV, V, and VI) were fixed in 10% buffered
paraformaldehyde for 24 hours and embedded in paraffin. Routine hema-
toxylin-eosin staining and immunohistochemistry against adenovirus late
proteins were performed. Blocks were cut into 4-pum thick sections and
were deparaffinized, endogenous peroxidase activity blocked, and antigen
retrieval was performed in citrate buffer. After rehydration, sections were
blocked for 30 minutes with 20% normal horse serum diluted in PBS 1%
bovine serum albumin. Samples were incubated with rabbit anti-late ade-
novirus proteins polyclonal IgG (Ab6982 Abcam; cross reactivity against
CAV2)" overnight at 4 °C. Slides were washed thrice in PBS 0.2% Triton
X-100 and incubated with EnVision (Dako, Hamburg, Germany) accord-
ing to the manufacturer’s instructions. After washing, sections were devel-
oped with diaminobenzidine (Dako Laboratories, Glostrup, Denmark)
and counterstained with hematoxylin. Images of sections were captured on
a Nikon Eclipse 80i microscope (Nikon Instruments), using the software
NIS-Element Basic Research 3.2 (Nikon, Melville, NY).

Neutralizing antibody titer determination. Samples of serum were heated
at 56 °C for 30 minutes in order to inactivate complement. Serial dilutions
of inactivated samples were performed in free-serum Dulbecco’s modified
Eagle’s medium in 96-well plates in triplicate, starting from 1/10 (limit of
detection) for low titer samples to 1/1,000 for high titer samples. A volume
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of 100 pl containing 1x10° tu of CAVGFP, was added to each well and
incubated for 1 hour at room temperature. Afterwards, 5x10* DK28Cre
cells per well were seeded and cultured overnight at 37 °C and 5% CO,. The
neutralizing antibody titer was determined as the lowest degree of dilution
that inhibited the cell transduction by more than 50%.

Quantitative real-time PCR for presence of ICOCAV17 in whole blood
samples. DNA was extracted from 200 pl of whole blood using the
QIAamp DNA Blood Mini Kit (QIAGEN). Purified DNA samples were
quantified in triplicate by real-time PCR LightCycler480 Roche, using
the primers (forward primer: 5-TGTGGGCCTGTGTGATTCCT-3" and
reverse primer: 5-CCAGAATCAGCCTCAGTGCTC-3), and a Tagman
probe (FAM-CTCGAATCAGTGTCAGGCTCCGCA-TAMRA), which
identifies E1A region. Virus loads were calculated using LightCycler v4.05
software and a regression standard curve based on serial dilutions of
pICOCAV17 (1x107 to 1 vp/ul). The limit of quantification for the assay
was 500 vp/ml.

Statistical analysis. Statistics were done with SPSS 13.0 software (IBM,
Armonk, NY). Two-tailed Student’s unpaired ¢-test was used to compare
data, except for survival analysis when data was processed with Kaplan—
Meyer analysis.

SUPPLEMENTARY MATERIAL

Figure $1. Immunohistochemistry of tumors from in vivo efficacy as-
says in Abrams and CML1 models.

Figure $2. Hematoxilin & Eosin staining of tumors from patient VI.
Figure $3. Hyaluronic acid detection within three canine xenografts
tumors.

Table $1. Systemic biodistribution of CAV2 and CAV2RGD in Balb/C
mice.

Materials and Methods.

ACKNOWLEDGMENTS

We thank Sergi Trocoli, Mireia Palau, Francesc Gonzalez, Marta Molla,
and Carles Prat for valuable clinical advice and the dog owners who will-
ingly participated in our study as well as the volunteers, nursing staff,
and clinicians at the Veterinary Hospital, Mercedes Saez for statistical as-
sistance, and Ruth Riches for linguistic assistance. We thank Erik Kremer
and Francesc Vifials for providing some reagents. E.L. was supported
by a predoctoral fellowship (FPU) granted by the Spanish Ministry of
Education and Science. This work was supported by a grant from the
Spanish Ministry of Education and Science, BIO2011-30299-C02-01 and
PLE2009-0115 from Spanish Ministry of Economy and Competitivity and
received partial support from the Generalitat de Catalunya 2009SGR284.
No conflict of interest from any of the authors exists.

REFERENCES

1. Patil, SS, Gentschey, |, Nolte, |, Ogilvie, G and Szalay, AA (2012). Oncolytic
virotherapy in veterinary medicine: current status and future prospects for canine
patients. / Transl Med 10: 3.

2. Hansen, K and Khanna, C (2004). Spontaneous and genetically engineered animal
models; use in preclinical cancer drug development. Eur | Cancer 40: 858-880.

3. Russell, SJ, Peng, KW and Bell, JC (2012). Oncolytic virotherapy. Nat Biotechnol 30:
658-670.

4. Jogler, C, Hoffmann, D, Theegarten, D, Grunwald, T, Uberla, K and Wildner, O (2006).
Replication properties of human adenovirus in vivo and in cultures of primary cells
from different animal species. / Virol 80: 3549-3558.

5. Halldén, G, Hill, R, Wang, Y, Anand, A, Liu, TC, Lemoine, NR et al. (2003). Novel
immunocompetent murine tumor models for the assessment of replication-competent
oncolytic adenovirus efficacy. Mol Ther 8: 412-424.

6. Thomas, MA, Spencer, JF, La Regina, MC, Dhar, D, Tollefson, AE, Toth, K et al. (2006).
Syrian hamster as a permissive immunocompetent animal model for the study of
oncolytic adenovirus vectors. Cancer Res 66: 1270-1276.

7. Raper, SE, Chirmule, N, Lee, FS, Wivel, NA, Bagg, A, Gao, GP et al. (2003). Fatal
systemic inflammatory response syndrome in a ornithine transcarbamylase deficient
patient following adenoviral gene transfer. Mol Genet Metab 80: 148-158.

8. Ternovoi, W, Le, LP, Belousova, N, Smith, BF, Siegal, GP and Curiel, DT (2005).
Productive replication of human adenovirus type 5 in canine cells. / Virol 79:
1308-1311.

9. Westberg, S, Sadeghi, A, Svensson, E, Segall, T, Dimopoulou, M, Korsgren, O et al.
(2013). Treatment efficacy and immune stimulation by AdCD40L gene therapy of
spontaneous canine malignant melanoma. / Immunother 36: 350-358.

www.moleculartherapy.org



© The American Society of Gene & Cell Therapy

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Paoloni, M and Khanna, C (2008). Translation of new cancer treatments from pet

dogs to humans. Nat Rev Cancer 8: 147-156.

. Kirkness, EF, Bafna, V, Halpern, AL, Levy, S, Remington, K, Rusch, DB et al. (2003). The

dog genome: survey sequencing and comparative analysis. Science 301: 1898-1903.

. Buonavoglia, C and Martella, V (2007). Canine respiratory viruses. Vet Res 38: 355-373.
. Decaro, N, Martella, V and Buonavoglia, C (2008). Canine adenoviruses and

herpesvirus. Vet Clin North Am Small Anim Pract 38: 799-814, viii.

. Dhar, D, Spencer, JF, Toth, K and Wold, WS (2009). Effect of preexisting immunity on

oncolytic adenovirus vector INGN 007 antitumor efficacy in immunocompetent and
immunosuppressed Syrian hamsters. | Virol 83: 2130-2139.

. Arendt, M, Nasir, L and Morgan, IM (2009). Oncolytic gene therapy for canine

cancers: teaching old dog viruses new tricks. Vet Comp Oncol 7: 153-161.

. Hemminki, A, Kanerva, A, Kremer, EJ, Bauerschmitz, GJ, Smith, BF, Liu, B et al. (2003).

A canine conditionally replicating adenovirus for evaluating oncolytic virotherapy in a
syngeneic animal model. Mol Ther 7: 163-173.

. Alcayaga-Miranda, F, Cascallo, M, Rojas, JJ, Pastor, ] and Alemany, R (2010).

Osteosarcoma cells as carriers to allow antitumor activity of canine oncolytic
adenovirus in the presence of neutralizing antibodies. Cancer Gene Ther 17: 792-802.

. Smith, BF, Curiel, DT, Ternovoi, VV, Borovjagin, AV, Baker, H), Cox, N et al. (2006).

Administration of a conditionally replicative oncolytic canine adenovirus in normal
dogs. Cancer Biother Radiopharm 21: 601-606.

. Guedan, S, Rojas, JJ, Gros, A, Mercade, E, Cascallo, M and Alemany, R (2010).

Hyaluronidase expression by an oncolytic adenovirus enhances its intratumoral spread
and suppresses tumor growth. Mol Ther 18: 1275-1283.

Dmitriev, I, Krasnykh, V, Miller, CR, Wang, M, Kashentseva, E, Mikheeva, G et al.
(1998). An adenovirus vector with genetically modified fibers demonstrates expanded
tropism via utilization of a coxsackievirus and adenovirus receptor-independent cell
entry mechanism. J Virol 72: 9706-9713.

Rojas, J), Guedan, S, Searle, PF, Martinez-Quintanilla, ], Gil-Hoyos, R, Alcayaga-
Miranda, F et al. (2010). Minimal RB-responsive E1A promoter modification to attain
potency, selectivity, and transgene-arming capacity in oncolytic adenoviruses. Mo/
Ther 18: 1960-1971.

Kremer, EJ, Boutin, S, Chillon, M and Danos, O (2000). Canine adenovirus vectors: an
alternative for adenovirus-mediated gene transfer. J Virol 74: 505-512.

MacEwen, EG, Pastor, ], Kutzke, |, Tsan, R, Kurzman, ID, Thamm, DH et al. (2004).
IGF-1 receptor contributes to the malignant phenotype in human and canine
osteosarcoma. | Cell Biochem 92: 77-91.

Thamm, DH, Huelsmeyer, MK, Mitzey, AM, Qurollo, B, Rose, B] and Kurzman, ID
(2010). RT-PCR-based tyrosine kinase display profiling of canine melanoma: IGF-1
receptor as a potential therapeutic target. Melanoma Res 20: 35-42.

Koenig, A, Bianco, SR, Fosmire, S, Wojcieszyn, | and Modiano, JF (2002). Expression
and significance of p53, rb, p21/waf-1, p16/ink-4a, and PTEN tumor suppressors in
canine melanoma. Vet Pathol 39: 458-472.

Mendoza, S, Konishi, T, Dernell, WS, Withrow, SJ and Miller, CW (1998). Status of the

p53, Rb and MDM2 genes in canine osteosarcoma. Anticancer Res 18(6A): 4449-4453.

Suzuki, K, Fueyo, ], Krasnykh, V, Reynolds, PN, Curiel, DT and Alemany, R (2001).

A conditionally replicative adenovirus with enhanced infectivity shows improved
oncolytic potency. Clin Cancer Res 7: 120-126.

Kolly, C, Suter, MM and Miiller, EJ (2005). Proliferation, cell cycle exit, and onset

of terminal differentiation in cultured keratinocytes: pre-programmed pathways

in control of C-Myc and Notch1 prevail over extracellular calcium signals. / Invest
Dermatol 124: 1014-1025.

Gmachl, M, Sagan, S, Ketter, S and Kreil, G (1993). The human sperm protein PH-20
has hyaluronidase activity. FEBS Lett 336: 545-548.

Withrow, §), Vail, DM and Page, RL (2012). Withrow & MacEwen’s Small Animal Clinical
Oncology, Elsevier/Saunders: St Louis, MO.

Molecular Therapy

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

47.

48.

49.

50.

Hyaluronidase-armed Canine Oncolytic Adenovirus

Simko, E, Wilcock, BP and Yager, JA (2003). A retrospective study of 44 canine
apocrine sweat gland adenocarcinomas. Can Vet | 44: 38-42.

Bookbinder, LH, Hofer, A, Haller, MF, Zepeda, ML, Keller, GA, Lim, JE et al. (2006).

A recombinant human enzyme for enhanced interstitial transport of therapeutics. /
Control Release 114: 230-241.

Baumgartner, G (1998). The impact of extracellular matrix on chemoresistance

of solid tumors-experimental and clinical results of hyaluronidase as additive to
cytostatic chemotherapy. Cancer Lett 131: 1-2.

Soudais, C, Boutin, S, Hong, SS, Chillon, M, Danos, O, Bergelson, JM et al. (2000).
Canine adenovirus type 2 attachment and internalization: coxsackievirus-adenovirus
receptor, alternative receptors, and an RGD-independent pathway. | Virol 74:
10639-10649.

Chillon, M and Kremer, EJ (2001). Trafficking and propagation of canine
adenovirus vectors lacking a known integrin-interacting motif. Hum Gene Ther 12:
1815-1823.

Johnson, L, Shen, A, Boyle, L, Kunich, ], Pandey, K, Lemmon, M et al. (2002).
Selectively replicating adenoviruses targeting deregulated E2F activity are potent,
systemic antitumor agents. Cancer Cell 1: 325-337.

Cascallo, M, Alonso, MM, Rojas, ]|, Perez-Gimenez, A, Fueyo, ] and Alemany, R
(2007). Systemic toxicity-efficacy profile of ICOVIR-5, a potent and selective oncolytic
adenovirus based on the pRB pathway. Mol Ther 15: 1607-1615.

Shibata, R, Shinagawa, M, lida, Y and Tsukiyama, T (1989). Nucleotide sequence of E1
region of canine adenovirus type 2. Virology 172: 460-467.

Strauss, R and Lieber, A (2009). Anatomical and physical barriers to tumor targeting
with oncolytic adenoviruses in vivo. Curr Opin Mol Ther 11: 513-522.

Toole, BP (2004). Hyaluronan: from extracellular glue to pericellular cue. Nat Rev
Cancer 4: 528-539.

Docampo, M), Rabanal, RM, Miquel-Serra, L, Hernandez, D, Domenzain, C and
Bassols, A (2007). Altered expression of versican and hyaluronan in melanocytic
tumors of dogs. Am | Vet Res 68: 1376-1385.

Sabeur, K, Foristall, K and Ball, BA (2002). Characterization of PH-20 in canine
spermatozoa and testis. Theriogenology 57: 977-987.

Koski, A, Kangasniemi, L, Escutenaire, S, Pesonen, S, Cerullo, V, Diaconu, | et

al. (2010). Treatment of cancer patients with a serotype 5/3 chimeric oncolytic
adenovirus expressing GMCSF. Mol Ther 18: 1874-1884.

Reid, J, Wiseman-Orr, ML, Scott, EM and Nolan, AM (2013). Development, validation
and reliability of a web-based questionnaire to measure health-related quality of life in
dogs. / Small Anim Pract 54: 227-233.

Elsedawy, NB and Russell, S] (2013). Oncolytic vaccines. Expert Rev Vaccines 12:
1155-1172.

Hu, JC, Coffin, RS, Davis, CJ, Graham, NJ, Groves, N, Guest, P] et al. (2006). A phase
I study of OncoVEXGM-CSF, a second-generation oncolytic herpes simplex virus
expressing granulocyte macrophage colony-stimulating factor. Clin Cancer Res 12:
6737-6747.

Xu, Z, Qiu, Q, Tian, ], Smith, ]S, Conenello, GM, Morita, T et al. (2013). Coagulation
factor X shields adenovirus type 5 from attack by natural antibodies and complement.
Nat Med 19: 452-457.

Giménez-Alejandre, M, Gros, A and Alemany, R (2012). Construction of capsid-
modified adenoviruses by recombination in yeast and purification by iodixanol-
gradient. Methods Mol Biol 797: 21-34.

Sikorski, RS and Hieter, P (1989). A system of shuttle vectors and yeast host strains
designed for efficient manipulation of DNA in Saccharomyces cerevisiae. Genetics
122: 19-27.

Eisenhauer, EA, Therasse, P, Bogaerts, |, Schwartz, LH, Sargent, D, Ford, R et al. (2009).
New response evaluation criteria in solid tumours: revised RECIST guideline (version
1.1). Eur | Cancer 45: 228-247.

13






10
11
12
13
14
15
16
17
18
19
20 @3
21

37

38
39
40
41
42
43
44
45
46
47
48
49

Cancer Therapy: Preclinical

Safety and Efficacy of VCN-01, an Oncolytic

Clinical
Cancer
Research

Adenovirus Combining Fiber HSG-Binding
Domain Replacement with RGD and

Hyaluronidase Expression

Alba Rodriguez-Garcia', Marta Giménez-Alejandre?, Juan Jose Rojas®, Rafael Moreno',
Miriam Bazan-Peregrino?, Manel Cascallé?, and Ramon Alemany'

Abstract

Purpose: Tumor targeting upon intravenous administration
and subsequent intratumoral virus dissemination are key features
to improve oncolytic adenovirus therapy. VCN-01 is a novel
oncolytic adenovirus that combines selective replication condi-
tional to pRB pathway deregulation, replacement of the heparan
sulfate glycosaminoglycan putative-binding site KKTK of the fiber
shaft with an integrin-binding motif RGDK for tumor targeting,
and expression of hyaluronidase to degrade the extracellular
matrix. In this study, we evaluate the safety and efficacy profile
of this novel oncolytic adenovirus.

Experimental Design: VCN-01 replication and potency were
assessed in a panel of tumor cell lines. VCN-01 tumor-selective
replication was evaluated in human fibroblasts and pancreatic

Introduction

The use of viruses to treat cancer is an old concept that has been
revisited during the last two decades with viruses genetically
modified to acquire selectivity and potency. Currently, genetically
modified herpes simplex virus, vaccinia viruses, and adenoviruses
are in phase III clinical trials. GM-CSF expression by these viruses
seeks to elicit antitumor immunotherapy (1, 2). Despite that this
immune mechanism of action is expected to be systemic, the
strong local immunosuppressive tumor environment may require
that the virus reaches and replicates in all tumor nodules for
effectiveness (3). Accordingly, it would be beneficial to improve
systemic tumor targeting and intratumoral dissemination of
oncolytic viruses.
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islets. Preclinical toxicity, biodistribution, and efficacy studies
were conducted in mice and Syrian hamsters.

Results: Toxicity and biodistribution preclinical studies sup-
port the selectivity and safety of VCN-01. Antitumor activity after
intravenous or intratumoral administration of the virus was
observed in all tumor models tested, including melanoma and
pancreatic adenocarcinoma, both in immunodeficient mice and
immunocompetent hamsters.

Conclusion: Oncolytic adenovirus VCN-01 characterized by
the expression of hyaluronidase and the RGD shaft retargeting
ligand shows an efficacy-toxicity prolife in mice and hamsters by
intravenous and intratumoral administration that warrants clin-
ical testing. Clin Cancer Res; 1-13. ©2014 AACR.

Poor adenovirus tumor targeting upon intravenous adminis-
tration has been associated with multiple neutralizing interac-
tions in blood, tropism for liver and spleen, and clearance by
macrophages (4). Different capsid modifications are being
explored to avoid liver transduction and to expose specific ligands
for tumor cells (5). The mutation of the putative heparan sulfate-
glycosaminoglycans (HSG) binding domain KKTK, located in the
fiber shaft, abrogates liver transduction in mice, rats, and non-
human primates (6-8). However, the insertion of targeting pep-
tides in the HI loop of these shaft-modified fibers does not rescue
viral infection of tumor cells (9, 10). Our group previously
described that the replacement of the KKTK domain with an RGD
motif significantly increased tumor cell transduction and
improved the tumor-to-liver ratio in vivo in the context of a
nonreplicative adenovirus (11). Moreover, when incorporated in
an oncolytic adenovirus background, the RGDK modification
resulted in increased bioavailability after systemic administration
and, consequently, in better antitumor efficacy when compared
with a virus containing the RGD motif in the HI loop of the fiber
(12).

Regarding intratumoral dissemination, the extracellular matrix
(ECM) has a prominent role at inhibiting viral spread, acting as
a physical barrier and raising the interstitial fluid pressure (IFP)
in tumors (13-15). To tackle this problem, oncolytic viruses have
been armed with ECM-degrading enzymes such as relaxin, dec-
orin, metalloprotease-9, chondroitinase ABC (16-20), or PH20
hyaluronidase as we have previously reported (21). In addition,
recombinant hyaluronidase enhances the penetration and effica-
cy of several chemotherapeutic agents including docetaxel,
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Translational Relevance

Oncolytic adenoviruses are promising agents for cancer
therapy. However, clinical experience points the need to
increase antitumor efficacy. Inefficient tumor targeting after
systemic administration and poor intratumor dissemination
of the oncolytic adenovirus are key factors to improve. In this
work, we address both of these limitations by combining a
tumor targeting capsid modification and the expression of the
extracellular matrix-degrading enzyme hyaluronidase in a
single oncolytic adenovirus named VCN-01. We report a good
safety and efficacy profile of this virus in two different animal
models, mice and hamster. We think that this novel oncolytic
adenovirus could contribute to improve clinical outcome of
patients with cancer in which standard treatments have failed.
The results presented here have supported the recent initiation
of two phase I clinical trials in patients with pancreatic cancer
or other tumor types.

doxorubicin, or gemcitabine, presumably due to a reduction of
the IFP in tumors (22-24).

Here, we present the combination of the retargeting RGDK
modification of the fiber and the expression of hyaluronidase in a
novel oncolytic adenovirus, named VCN-01. This virus shows
selective and potent replication in tumor cells in vitro, similar to
that of the oncolytic adenoviruses containing the same modifica-
tions separately. In vivo, the increased blood persistence associated
to the RGDK mutation combined with the hyaluronic acid (HA)
degradation driven by hyaluronidase resulted in an improved
antitumor efficacy of VCN-01 without increasing the toxicity of
the parental virus. Overall, the observed results support the
ongoing clinical development of the oncolytic adenovirus
VCN-01.

Materials and Methods

Cell lines

Human embryonic kidney 293, A549 lung carcinoma, Skmel-
28 melanoma, BxPC3, Rwp1 and MiaPaCa-2 pancreatic carcino-
mas and SCC-25 and SCC-29 head and neck tumor cell lines were
obtained from the American Type Culture Collection (ATCC).
NP-9, NP-18, NP-31, and NP-29 pancreatic tumor cell lines were
established in our laboratory (25, 26). HP-1 Syrian hamster
pancreatic tumor cell line was obtained from M. Yamamoto
(Minneapolis, MN) with MA Hollingsworth (Nebraska, NE)
permission. All were maintained with DMEM supplemented with
5% FBS (Invitrogen) and penicillin-streptomycin (PS; Gibco-
BRL) at 37°C and 5% CO,. All cell lines were routinely tested
for mycoplasma contamination by PCR, microbial presence by
microscopic observation, and antibiotic deprivation and mor-
phology by microscopic observation. Pancreatic islets were kindly
provided by Dr. Montanya of the Endocrinology Service of the
Hospital de Bellvitge, Barcelona, Spain.

Recombinant adenoviruses

Human adenovirus serotype 5 (Adwt) was obtained from the
ATCC, and AdwtRGDK, AdTLRGDK, ICOVIR-15K, and ICOVIR-
17 have been previously described (11, 21, 27). All viruses were
propagated in A549 cells. VCN-01 was created by replacing the

2 Clin Cancer Res; 2015

fiber containing the RGD motif in the HI loop for the RGDK fiber
in the ICOVIR-17 genome. To achieve this, an EcoRI digestion
fragment of the pBSattKKT plasmid15 (11) containing the RGDK
fiber was recombined in Saccharomyces cerevisiae YPH857 with the
pICOVIR17CAL plasmid (CAU sequence, which includes the
yeast autonomous replication elements and a selectable marker
for uracil, was replaced by CAL, analogous to CAU but with a
selectable marker for leucine instead of uracil in pICOVIR17CAU
plasmid; ref. 21) partially digested with Ndel. VCN-01 was
obtained by transfection into HEK293 cells of the large Pacl
fragment of pICOVIR17RGDKCAL, amplified in A549 cells, and
purified on CsCl gradient according to standard techniques.

Assay for hyaluronidase activity

A549 cells were infected with 20 transduction units (TU)/cell.
Four hours after infection, cells were washed with PBS and fresh
media were added. Seventy-two hours after infection, the super-
natant was collected and concentrated with Amicon Ultra cen-
trifugal filters (Millipore). Supernatant samples were mixed with
an HA (Sigma) solution in phosphate buffer (pH 5.35) and were
incubated overnight at 37°C. Samples were precipitated with 5
volumes of a solution containing 24 mmol/L sodium acetate, 79
mmol/L acetic acid, and 0.1% of bovine albumin (pH 3.75), and
the absorbance at 600 nm was read. Units of activity were
determined according to a standard curve of hyaluronidase activ-
ity, generated from a solution of bovine testicular hyaluronidase
(Sigma; ref. 28).

Viral production assays

Cells were infected with 30 TU/cell (Skmel-28 and NP-18) or 20
TU/cell (NP-9 and HP-1) of each virus to allow 80% to 100%
infectivity. Four hours after infection, cells were washed 3 times
with PBS and incubated with fresh medium. At indicated time
points, cells and medium (CE) were harvested and subjected to 3
rounds of freeze-thaw lysis. Viral titers of CE were determined in
triplicate according to an anti-hexon staining-based method in
HEK293 cells (29).

In vitro cytotoxicity assays

Of note, 40,000 Skmel-28, NP-18 or NP-31, 20,000 NP-29 or
BxPC-3, 15,000 NP-9, Rwp-1, MiaPaCa-2, SCC-29 or SCC-25 or
10,000 HP-1 cells/well were seeded in 96-well plates in DMEM
5% FBS. Cells were infected per triplicate with serial dilutions
starting with 400 TU/cell for SCC-25, 300 TU/cell for Rwp-1,
MiaPaCa-2, and SCC-29, or 200 TU/cell for Skmel-28, NP-18, NP-
9, NP-29, NP-31, BxPC-3, and HP-1. Quiescent primary human
fibroblast cultures maintained in conditions of overconfluence
and serum deprivation were infected per triplicate with serial 1/3
dilutions of VCN-01 or Adwt-RGDK starting at 0.1 TU/cell. At days
5 to 6 after infection for tumor cells and day 10 for fibroblasts,
plates were washed with PBS and stained for total protein content
(bicinchoninic acid assay; Pierce Biotechnology). Absorbance was
quantified and the TU/cell required to produce 50% inhibition
(ICsp value) was estimated from dose-response curves by stan-
dard nonlinear regression (GraFit; Erithacus Software), using an
adapted Hill equation.

Replication selectivity in pancreatic islets

Isolated islets in 100 uL of CMRL1066 media supplemented
with 0.5% of albumin were infected in triplicate with AATL-RGDK
(nonreplicative vector), Adwt-RGDK (capsid-modified wild-type
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virus), or VCN-01 at 200 TU/cell (assuming 1,000 cells/islet).
Infection was performed in suspension and with constant agita-
tion during 2 hours at 37°C. Islets were washed 3 times with PBS
and seeded in 96-well plates with fresh medium. After washing, a
small fraction of the supernatant was collected, and the input virus
was titrated by anti-hexon staining (background level). At day 6
after infection, islets and medium were harvested and freeze-
thawed 3 times to obtain the cell extract and the viral titer of
each sample was determined.

In vivo studies

Most of the animal studies were performed at the IDIBELL
facility (AAALAC unit 1155) and approved by the IDIBELL's
Ethical Committee for Animal Experimentation. Toxicity and
biodistribution studies in Syrian hamsters were performed in
TNO Triskelion facilities under Good Laboratory Practice (GLP)
conditions.

In vivo toxicity study in mice

Vehicle (PBS) or 5 x 10'° viral particles (vp) of ICOVIR-17 or
VCN-01 were injected intravenously into the tail vein in 6-week-
old immunocompetent Balb/C male mice in a finale volume of
200 uL (n = 1-6). Animals were examined daily for clinical signs
of toxicity. At different time points after the administration of the
virus, blood aliquots were collected via tail vein and platelets were
counted. At days 7, 12, or 28 after injection, mice were killed and
blood and serum samples were collected by intracardiac puncture.
Clinical biochemical and hematologic determinations were per-
formed by the Clinical Biochemistry and Hematological Services
of the Veterinary Faculty at the Autonomous University of Barce-
lona. Concentration of several cytokines in sera samples was
evaluated at different time points using the Luminex xMAP
technology platform.

In vivo biodistribution study in mice

NP-18 tumors were established by the subcutaneous injection
of 1 x 107 cells into the flanks of 6-week-old female Balb/C nu/nu
mice. When tumors reached an average volume of 300 to 400
mm?>, animals were randomized into different treatment groups
and treated with a single intravenous injection of vehicle (PBS) or
5 x 10'°vp of VCN-01 in a total volume of 150 pL via tail vein. At
days 2, 7, and 28 after administration, mice were sacrificed and
organs were harvested and frozen. Samples were mechanically
homogenized and total DNA was extracted according to the
QIAamp DNA Mini Kit (QIAGEN). Genome copy levels were
quantified by real-time PCR-based method using VCN-01-spe-
cific oligonucleotides (forward primer: 5’-ACATTGCCCAAG-
AATAAAGAAT CG-3/, reverse primer: 5-TGGAATCAGAAG-
GAAGGTGAA-3').

GLP toxicity and biodistribution in vivo studies in hamster
Five-week-old female Syrian golden hamsters (Mesocricetus
auratus) were injected systemically with 2.5 x 10'" vp or 4 x
10" vp of VCN-01 or vehicle (Tris Buffer) via cannulation of the
jugular vein in a total volume of 270 uL (n = 6). Animals were
examined daily for clinical signs of toxicity, and at days 2, 8, and
28 after administration, subgroups of hamsters were killed and
whole blood and serum samples were collected. Clinical bio-
chemistry of transaminase levels and hematologic determinations
were performed. For biodistribution analysis, organs from ani-
mals treated with the higher dose of VCN-01, 4 x 10! vp (n=5),
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were collected and frozen. Samples were processed and analyzed
as reported in the previous section.

Antitumor activity in mice and hamsters in vivo

To assess systemic efficacy, subcutaneous Skmel-28 or NP-18
tumors were established by the injection of 9 x 10° or 5 x 10° cells
respectively into the flanks of 6-week-old male Balb/C nu/nu mice.
Once tumors reached the desired mean volume (100 mm? for
Skmel-28 and 180 mm? for NP-18), mice were randomized (n =
10-16 tumors/group) and treated with a single intravenous
injection of vehicle (PBS) or 4.5 x 10'° vp of ICOVIR-17 or
VCN-01 in a total volume of 200 pL via tail vein.

To evaluate efficacy after intratumoral administration, Skmel-
28, NP-18, or NP-9 tumors were established by the injection of
9% 10% 2 x 10% or5 x 10° cells respectively into the flanks of 6-
week-old male Balb/C nu/nu mice. When the tumors reached an
appropriate mean volume (150 mm?> for Skmel-28 and NP-18
and 80 mm? for NP-9), they received a single intratumoral
injection of PBS or 2 x 10° vp of VCN-01 in the case of Skmel-
28 and NP-9 and 4 x 10° vp in NP-18 tumors in a final volume of
25 L. HP-1 tumors were established by injection of 5 x 10° cells
into the flanks of 6-week-old female immunocompetent Syrian
hamsters. Once tumors reached the desired mean volume (220
mm?), they were injected with vehicle or 2.5 x 10'®vp of VCN-01
(n = 10 tumors/group) . In all animal experiments, tumor
progression and morbidity status were monitored three times
weekly. Tumor volume was defined by the equation V(mm?) =
/6 x W? x L, where W and L are width and length of the tumor,
respectively. The percentage of growth was calculated as ((V-Vy)/
Vo x 100), where Vj is the tumor volume on day 0.

Tumor histochemistry

HA and adenovirus staining with anti-E1A antibody staining
was performed as previously described (21, 30). Masson trichro-
mic staining was performed using the Accustain Trichrome Stain
Kit (Sigma Aldrich) according to the manufacturer's indications.

Statistical analysis

The two-tailed Student ¢ test was used to evaluate the statistical
significance between groups except for hamster toxicity analysis,
in which the Kruskal-Wallis test was used, and for the Kaplan-
Meier survival curves, where log-rank test was performed.

Results

In vitro characterization of VCN-01

Parental viruses ICOVIR-15K, which has the KKTK to RGDK
fiber shaft replacement, and ICOVIR-17, which expresses hyal-
uronidase, have been described before and were used as controls
for the in vitro characterization assays (12, 21). As VCN-01, they
are based in ICOVIR-15, a virus with Ela mutated in the pRB-
binding site and under the control of minimal E2F binding sites to
allow for selective replication in a broad range of tumor cells with
PRB pathway alterations (31). Note that we apply the "ICOVIR"
nomenclature to our viruses with these Ela modifications to
achieve tumor-selective replication.

An enzymatic activity assay performed using supernatants of
infected cells confirmed hyaluronidase expression by VCN-01 at
similar levels than ICOVIR-17 (Fig. 1A). To measure the effect of
RGDK and hyaluronidase combination on virus fitness, the yield
of VCN-01 was compared with ICOVIR-15K and ICOVIR-17 in
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Figure 1.

In vitro characterization of VCN-O1. A, hyaluronidase expression levels of VCN-O1. Hyaluronidase activity was evaluated in concentrated supernatants of A549
cells 72 hours after the infection with ICOVIR-15K, ICOVIR-17, or VCN-01 by digesting HA samples with these supernatants. Mean values +SD are plotted. *,
significant (P < 0.05) by two-tailed unpaired Student t test compared with ICOVIR-15K group. B, viral production of VCN-01in tumor cells. Different tumor cell
lines were infected at high multiplicity of infection with ICOVIR-15K, ICOVIR-17, or VCN-O1. At indicated time points, cell extracts were harvested and
titrated by an anti-hexon staining-based method. Mean values +SD are shown. *, VCN-01 significant (P < 0.05) by two-tailed unpaired Student ¢ test
compared with ICOVIR-15K group; #, VCN-01 significant (P < 0.05) by two-tailed unpaired Student ¢ test compared with ICOVIR-17 group. C, replication
selectivity of VCN-01 in vitro. Human fibroblasts were infected with serial dilutions of VCN-01 and AdwtRGDK (wild-type nonselective adenovirus) and
cell viability was determined at day 10 after infection. Mean values of percentage of cell mortality +SD are plotted (left). D, human primary pancreatic islets
were infected with AdTLRGDK (nonreplicative virus), AdwtRGDK, and VCN-O1. Six days after infection, islets and culture supernatant were collected and total
virus content was determined according to an anti-hexon staining-based method. Mean + SD are plotted (right). *, VCN-01 significant (P < 0.05) by two-tailed
unpaired Student t test compared with AdwtRGDK. IU, international units.
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different tumor cell lines. Despite a minor delay on replication in
two cell lines at 24 hours after infection, VCN-01 production was
similar to control viruses at later time points (Fig. 1B). Cytotox-
icity in a panel of tumor cell lines was also evaluated as an index of
virus replication potency. All viruses induced a similar cytotoxic
profile with relative VCN-01 ICs, values ranging from half to 3-
fold compared with the parental viruses (Table 1).

VCN-01 replication was studied in two human primary normal
cell models to check if replication was tumor selective. Primary
human fibroblasts were made quiescent by overconfluence and
serum deprivation, and the ability of VCN-01 and RGDK wild-
type adenovirus (AdwtRGDK) to kill them was assessed by
infecting the cells with serial viral dilutions to determine the
viability percentage at day 10 after infection. VCN-01 demon-
strated to be less cytotoxic in this model than the nonselective
AdwtRGDK (Fig. 1C). Selectivity was also evaluated in human
pancreatic islets in vitro, as patients with pancreatic cancer are
candidates for treatment. Same viral progeny levels were detected
at day 6 after infection in the samples infected with VCN-01 and
the nonreplicative negative control (AdTLRGDK), whereas wild-
type adenovirus (AdwtRGDK) replicated in normal human pan-
creatic islets (Fig. 1D).

In vivo toxicity upon VCN-01 systemic administration in
immunocompetent mice

Balb/C immunocompetent mice were injected with vehicle or
5 x 10'°vp of ICOVIR-17 (selected for comparative studies as it is
the most efficacious parental virus) or VCN-01 via tail vein to
assess toxicity after intravenous administration. Weight loss, liver
enzymes (aspartate aminotransferase, AST, and alanine amino-
transferase, ALT), hematologic parameters, and viremia were
determined at different time points. Wild-type adenovirus 5
(Adwt) was included as a control, but given the high toxicity
associated with its administration, animals were sacrificed at day
3.VCN-01 caused a similar and reversible body weight loss profile
to that of ICOVIR-17, reaching the maximum loss (9%) at day 7
after administration (Fig. 2A). Other toxicologic events observed
at day 7 were moderate nonsignificant increases in AST (2.9-fold
for ICOVIR-17 and 2.4-fold for VCN-01) and ALT levels (12-fold
for ICOVIR-17 and 9-fold for VCN-01; Fig. 2B), thrombocytope-
nia (Fig. 2C), and increased monocytes and neutrophils counts
(Fig. 2D), but at days 12 and 28 these parameters were normal.

Safety and Efficacy of Oncolytic Adenovirus VCN-O1

A higher viremia was detected in VCN-01-treated animals
compared with ICOVIR-17 (17.5-, 8.7-, and 4.1-fold at 5, 15,
and 60 minutes, respectively). Moreover, half-life of VCN-01 was
significantly higher (3.15 vs. 2.11 minutes for ICOVIR-17; Sup-
plementary Fig. S1). To evaluate the innate immune response
elicited by the systemic exposure to VCN-01, eight cytokines were
measured at different time points. Virus administration induced a
rapid statistically significant rise in blood levels of IFNy, IP-10,
IL6, and TNF-o that were normalized by day 10 except for IP-10,
which remained significantly elevated (Fig. 2E).

In vivo toxicity upon VCN-01 systemic administration in Syrian
hamster

A GLP toxicity study was performed in Syrian hamsters (Meso-
cricetus auratus), considered more permissive to human adenovi-
rus replication than mice (32). Hamsters were injected intrave-
nously with vehicle, 2.5 x 10'! (low dose) or4 x 10" (high dose)
vp of VCN-01. Atdays 2, 8, and 28 after administration, subgroups
of animals were sacrificed, and body weight loss, clinical chem-
istry of the blood, and hematology were studied. Several para-
meters were altered at day 2 in the animals treated with the
high dose of VCN-01. Most notable were the 7% body weight
loss (Fig. 3A), elevation in transaminase levels (65.1-fold for AST
and 23.8-fold for ALT; Fig. 3B), alkaline phosphatase levels
(Supplementary Fig. S2A), thrombocytopenia (Fig. 3C) accom-
panied with an increased prothrombin time (Supplementary
Fig. S2D), and higher monocyte and neutrophil counts
(Fig. 3D), although at days 8 and 28 these parameters were
normalized. These changes were dose-dependent and associated
to histopathologic changes in the liver, characterized by necrosis,
nuclear inclusion bodies, and hemorrhages, findings that had
subsided in animals sacrificed 8 or 28 days after injection (data
not shown). Any alterations were detected in creatinine or urea
levels, indicating no renal toxicity (Supplementary Fig. S2B and
$2C).

Biodistribution of VCN-01 upon intravenous administration in
vivo

Mice carrying NP-18 human xenografts were treated with a
single intravenous dose of 5 x 10'° vp. At days 2, 7, and 28 after
administration, animals were sacrificed and viral genomes were
quantified by quantitative real-time PCR analysis in target tissue

Table 1. Comparative cytotoxicity in vitro of VCN-01, ICOVIR-15K, and ICOVIR-17 in different tumor cell lines

Cytotoxicity Cytotoxicity
1C50 (TU/cell) increase vs. increase vs.
Tumor type Cell line ICOVIR-15K ICOVIR-17 VCN-01 ICOVIR-15K ICOVIR-17
Human melanoma Skmel-28 0.36 £+ 0.05 0.25 + 0.02 0.54 + 0.05 0.67 0.46
NP-18 0.12 £ 0.01 0.15 £+ 0.02 0.15 £ 0.01 0.80 1
NP-9 294 +0.74 1.34 £ 0.22 244 + 0.27 1.20 0.55
NP-29 3.31+ 0.63 1.90 + 0.22 3.57 + 0.50 0.93 0.53
Human pancreatic adenocarcinoma NP-31 5.58 +1.13 211 4+ 0.61 3.47 £ 0.83 1.61 0.61
BxPC-3 131+ 0.36 161+ 0.19 1.43 + 0.19 0.92 113
Rwp-1 0.07 £+ 0.003 0.076 + 0.007 0.053 + 0.002 132 143
MiaPaca2 0.091 4+ 0.007 0.076 + 0.003 0.074 4+ 0.007 1.23 1.03
Hamster pancreatic HP-1 1.03 £ 0.12 128 + 0.12 0.70 + 0.06 1.47 1.83
adenocarcinoma
Human head and neck adenocarcinoma SCC-29 247 + 0.8 164 +£ 0.24 0.78 £ 0.14 317 210
SCC-25 27.23 +£ 413 35.44 + 3.20 29.10 + 7.28 0.94 122

NOTE: Cells were infected with the indicated viruses at doses ranging from 400 to 0.0002 TU per cell. ICsq values (TU per cell required to cause a reduction of 50% in
cell culture viability, n = 3) + SD at days 5 to 10 after infection and VCN-01 cytotoxicity increase are shown.
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Figure 2.

Toxicity profile after systemic administration of VCN-OTinimmunocompetent mice. The average values for (A) body weight variation, (B) serum transaminase levels,
(C) platelets concentration, and (D) blood cell counts in Balb/C peripheral blood at indicated time points after intravenous administration of 5 x 10" viral particles per
mouse of Adwt (wild-type Ad5), ICOVIR-17, or VCN-O1are shown. Adwt-injected mice were sacrificed at day 3 due to lethal toxicity. Mean values +SD are depicted. E,
average concentration values of IFNy, IL2, IL6, IL10, IP-10, TNFo, GM-CSF, and IL1B cytokines at indicated time points assessed by Luminex XMAP technology

platform. Mean +SEM are plotted (n = 3-6). *, VCN-0O1significant (P< 0.05) by two-tailed unpaired Student ¢ test, compared with vehicle group. #, VCN-0T significant

(P<0.05) compared with Adwt. §, VCN-01significant (P < 0.05) compared with ICOVIR-17 group. Normal AST and ALT values in male Balb/C mice are 135 IU/L (95%
interval, 55-352) and 60 IU/L (95% interval, 41-131), respectively. IU, international units.
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Toxicity profile after systemic administration of VCN-01 in immunocompetent Syrian hamster. The average values for (A) body weight variation, (B) serum
transaminase levels, (C) platelets concentration, and (D) blood cell counts in hamsters peripheral blood at indicated time points after intravenous administration of
2.5 x 10" or 4 x 10" viral particles of VCN-01 are shown. Mean values +SD are depicted. *, VCN-01 high dose significant (P < 0.05) by Kruskal-Wallis test,
compared with vehicle group. #, VCN-01 high dose significant (P < 0.05) compared with VCN-01low dose. Normal AST and ALT values in female Syrian hamster are

32 +£13.2 IU/L and 29 + 10.4 IU/L, respectively. IU, international units.

(tumors) and in other relevant nontarget organs (liver and
spleen). Viral genomes were detected in the three tissues at the
earliest time point (day 2), with most of the virus present in the
liver (Fig. 4A). Importantly, at days 7 and 28, this organ was
negative for VCN-01 genomes. The clearance of alower amount of
virus found in the spleen seemed delayed compared with the liver.
In contrast, VCN-01 genomes increased over time in tumors,
indicating replication.

Because hamster cells are semipermissive to adenovirus
replication, a GLP biodistribution study was carried out in
individuals without tumors as complementary to safety study
presented above, in animals receiving the high intravenous
dose of 4 x 10"' vp/hamster. Viral genomes presence was
analyzed in different organs at days 2, 8, and 28. At day 2,
viral DNA was found in all tissues tested, with highest levels in
liver (Fig. 4B, different panels), although only residual amounts
were detected at days 8 and 28. As mentioned above, the
presence of virus at this late time points was not associated
to morphology changes. Specific evaluation of ovaries by FISH

www.aacrjournals.org

revealed no presence of virus DNA in germinal cells (data not
shown).

Antitumor activity of VCN-01 upon systemic administration
VCN-01 efficacy after systemic administration was compared
with that of its non-RGDK counterpart, ICOVIR-17, to assess if
RGDK modification provides an improvement in this context, as
previously reported with ICOVIR-15 (12). Mice carrying Skmel-28
or NP-18 tumors were injected intravenously with vehicle or 4.5 x
10'° vp of ICOVIR-17 or VCN-01 and tumor growth was mon-
itored. In Skmel-28-bearing mice, antitumor efficacy was main-
tained throughout the study (for up to 83 days) in VCN-01-
treated animals, whereas after a similar curve of initial antitumor
activity, a relapse was observed by day 53 after treatment in
ICOVIR-17 group (Fig. 5A, left). Statistical differences in the
percentage of tumor growth between both groups were observed
from day 53 after treatment until the end of the study (P =
0.00027), when tumor size was 2.4-fold larger in the ICOVIR-
17-treated animals than in the VCN-01-injected ones. Moreover,
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Figure 4.

Biodistribution profile of VCN-01 after intravenous administration. A, Balb/C nude mice carrying NP-18 (pancreatic adenocarcinoma) human xenograft tumors or (B)
immunocompetent Syrian hamsters were treated intravenously with VCN-0T1 at a dose level of 5 x 10" and 4 x 10" viral particles, respectively. Animals were
sacrificed at indicated time points and different organs were harvested in each case. Samples were mechanically homogenized, total DNA was extracted, and VCN-01
genome copy levels were quantified by real-time PCR-based method. VCN-01genome copies in 100 nanograms of total DNA for vehicle group was set as 1(control)
and data are expressed as number of VCN-01 genome copies fold over control + SEM (n = 4-18 samples/group). *, VCN-01 significant (P < 0.05) by two-tailed

unpaired Student t test, compared with vehicle group.
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50% of VCN-01-treated tumors were regressing at this final time
point. A similar result was observed in mice bearing NP-18
tumors, in which a greater control of the tumor growth was
observed in the animals treated with VCN-01 than with
ICOVIR-17 (Fig. 5A, right). These differences were significant
from day 30 to day 49 after administration (P = 0.0132), when
the study ended.

Antitumor activity of VCN-01 upon intratumoral
administration

VCN-01 efficacy after intratumoral administration was also
studied given the intended clinical application of this adminis-
tration route. Mice carrying Skmel-28, NP-9, or NP-18 human
xenografts were treated with a single intratumoral injection of
vehicle or 2 x 10° vp of VCN-01 for Skmel-28 and NP-9. For NP-
18, 4 x 10° vp were injected as it is a faster-growing model
compared with the other two. To reduce animal number, no
further comparison with ICOVIR-17 was considered. Significant
reduction in tumor growth could be seen in all three models and,
at the end of the studies, the mean tumor size of VCN-01—-treated
groups was 4.2- and 1.6-fold smaller compared with nontreated
tumors in Skmel-28 and NP-9 models, respectively. In the case of
NP-18, mock-treated animals had to be killed at day 18 after
administration due to large tumors, when mean tumor size of
VCN-01-treated tumors was 3.6-fold smaller compared with the
control (Fig. 5B, different panels).

Because mice are not permissive to Ad5 replication, a hamster
model was included to evaluate the antitumor efficacy in the
presence of immune system. HP-1 tumors were treated with a
single intratumoral injection of vehicle or 2.5 x 10'° vp of VCN-
01. Virus treatment significantly reduced tumor growth from day
9 after administration until the end of the study by day 28, when
tumor volume was 2.1-fold smaller in VCN-01-treated animals
(Fig. 5B). VCN-01 was able to significantly increase the survival of
the animals in all tumor models tested in mice and hamsters
(Supplementary Fig. S3).

Changes induced by VCN-01 in the ECM of tumors

To characterize the activity of VCN-01 and the histologic
changes produced in the ECM of the tumors at late time points,
we performed studies in NP-18 tumors on day 78 after VCN-01
intratumoral treatment. The intratumoral replication of VCN-01
was demonstrated by quantification of viral genomes by real-time
PCR (Fig. 5C, top) and E1A immunohistochemistry in tumor

sections (Fig. 5C, bottom). Histochemical analysis of HA showed
that, whereas in vehicle-treated tumors HA was extensively and
homogenously distributed among tumor mass, tumors treated
with VCN-01 showed a dramatic decrease in the intratumoral HA
content (Fig. 5D, top). In addition, Masson trichromic staining
was used to detect connective tissue and collagen fibers. Similar to
HA, collagen was homogeneously distributed in vehicle-injected
tumors. In contrast, those treated with VCN-01 displayed collagen
structures forming bundles that surrounded infected zones
(Fig. 5D, bottom).

Discussion

Oncolytic viruses can potentially eliminate tumor cells
directly by lysis or indirectly by immune responses. Antitumor
immunity is so appealing that most viruses in clinical trials are
armed with immunostimulatory genes (1, 2). Nevertheless,
improving oncolytic traits should not be underestimated
because large tumors may need extensive tumor debulking by
viral infection and replication in order to be rejected by cyto-
toxic T lymphocytes (CTL). Therefore, the arrival of the virus to
the tumors and intratumoral spread are important factors to be
improved (3).

In the present work, we have combined two different mod-
ifications previously described by our group addressing both
of these issues in a single oncolytic adenovirus, VCN-01: the
KKTK to RGDK replacement to improve the half-life in blood of
the virus after systemic administration (11, 12), and the expres-
sion of hyaluronidase to enhance the intratumoral spread (21).
We hypothesized that this combination in a highly active
oncolytic adenovirus of broad applicability as our previously
described ICOVIR-15 (31) would generate an interesting can-
didate for clinical development. In this context, it is worthy
to highlight that DNX-2401 (formerly Ad-D24RGD), a parental
virus to ICOVIR-15, has received fast-track designation from
the FDA after promising results in a phase I trial in glioblastoma
(33).

For safety in clinical development, impaired VCN-01 replica-
tion was demonstrated in two different nontumor models in vitro,
and different safety studies were conducted in two rodent species
in vivo: mouse and hamster. Mice are poorly permissive to Ad5
replication (34); nevertheless, this animal model allows the
study of toxicity associated to the viral capsid, the expression of
early adenoviral genes such as E1A, and the innate immune

Figure 5.
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Antitumor activity of VCN-O1. A, antitumor efficacy after intravenous administration. Nude mice bearing subcutaneous xenografts of Skmel-28 (melanoma) or NP-18
(pancreatic adenocarcinoma) tumors were injected intravenously with vehicle or 4.5 x 10 viral particles per mouse of ICOVIR-17 or VCN-O1. Mean percentage
of tumor growth value 4+ SEM is plotted (n = 10 tumors/group). *, VCN-01 significant (P < 0.05) by two-tailed unpaired Student t test compared with mice
injected with vehicle. #, VCN-01 significant (P < 0.05) by two-tailed unpaired Student ¢ test compared with mice injected with ICOVIR-17 (from day 53 to day 83 in
Skmel-28 model and from day 30 to day 49 in NP-18 model). B, antitumor efficacy after intratumoral administration. Skmel-28 (melanoma), NP-18, or NP-9
(pancreatic carcinoma) xenograft tumors in nude mice were treated intratumorally with a single injection of vehicle or VCN-0T1 at a dose of 2 x 10° (Skmel-28 and
NP-9) or 4 x 10° (NP-18) viral particles per tumor. Syrian hamster bearing HP-1 (hamster pancreatic carcinoma) subcutaneous tumors were treated with one
intratumoral injection of vehicle or 2 x 10" viral particles per tumor of VCN-01. Mean percentage of tumor growth + SEM is plotted (n = 8-14 tumors/group).
*, significant (P < 0.05) by two-tailed unpaired Student ¢ test compared with control group. Presence of VCN-01 in NP-18 (pancreatic adenocarcinoma) tumors
78 days after treatment with a single intratumoral injection of 4 x 10° viral particles was assessed by viral genomes quantification by real-time PCR method in DNA
extracted from homogenized tumors (C, top, mean + SD is plotted) and by immunohistochemical staining of the early viral protein E1A (C, bottom; original
magnification, x400). HA (D, top; original magnification, x100) and Masson trichromic staining (D, bottom; original magnification, x100) were also performed
in deparaffinized tumor sections. Black dots marks nuclei, red areas reveal keratin and acidic fibers, pink marks cytoplasm, and blue stain collagen fibers. *, significant
(P < 0.05) by two-tailed unpaired Student t test compared with mice injected with vehicle.
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responses mainly triggered by the capsid (35) because the cyto-
kine pattern induced by systemic administration of adenoviruses
in mice is similar to humans (36, 37). Syrian hamsters are
considered semipermissive to human adenovirus replication and
have been used to evaluate the toxicologic events related to the
expression of late adenoviral genes (32). Despite the differential
permissiveness, similar toxicity profile was observed in both
species, suggesting its independency on viral replication. Toxicity
was dose-dependent and mainly due to direct infection of liver
cells and the consequent expression of early viral proteins. The
acute inflammatory cytokine-mediated immunity induced
within the first 72 hours after VCN-01 administration also
contributed to liver pathology. Although this initial cytokine
induction could have some implications in antitumor activity,
this seems unlikely as nonreplicative vectors, that induce cyto-
kines (38), do not show antitumor activity (39). Importantly,
because VCN-01 replication is impaired in normal tissues,
toxicity was transient and disappeared once the levels of viral
proteins decreased in initially infected cells (40). Accordingly,
adverse events observed in hamsters were normalized by day 8.
In summary, VCN-01 toxicology data obtained in the preclin-
ical studies are similar to the previously described for ICOVIR-
15, ICOVIR-15K, and ICOVIR-17 (12, 21) and detected altera-
tions match with the most common toxicity events reported
after systemic administration of adenoviruses in clinical trials
(35-37, 41). Biodistribution studies were consistent with the
toxicology pattern, with highest levels of viral genomes in the
liver at early time points, in agreement with previous reports
(32, 42-45). However, at later time points only residual traces
of viral DNA were observed in liver as well as in other nontarget
organs. These results are especially relevant in hamster model,
in which replication of the virus occurs at a certain level. In
contrast, the increase over time in viral genome levels in tumor
samples of the human xenograft model in mice indicated active
and selective replication of VCN-01.

We observed that compared with a virus which has the RGD
motif inserted in the HI loop, the RGDK fiber shaft mutation
does not increase toxicity upon intravenous administration.
Nevertheless, this mutation significantly improved the antitu-
mor activity of ICOVIR-17 after a single intravenous adminis-
tration in two different tumor models in vivo (Skmel-28 and
NP-18). This fact is very relevant because ICOVIR-17 was
already the result of a series of steps to optimize oncolytic
potency (21). Efficacy via intratumoral administration was also
evaluated as this route has been commonly used to treat tumor
types such as pancreatic adenocarcinoma, glioblastoma, and
head and neck adenocarcinoma. A single intratumoral injection
of VCN-01 significantly reduced tumor growth and increased
survival when compared with control group in all tumor
models tested. HP-1 model was of particular interest as ham-
sters have been proposed as a good model to study oncolytic
adenoviruses in an immunocompetent environment. However,
in our hands, the replication permissiveness is much lower than
in human cells. In addition, hamsters develop an antiadeno-
viral immune response which causes viral clearance and pre-
vents subsequent infection of tumor cells even after intratu-
moral administration. Thomas and colleagues (46) suggested
to immunosuppress hamsters with drugs like cyclophospha-
mide as a way to increase antitumor efficacy, allowing sustained
viral replication and oncolysis. Certainly, efficacy studies in
Ad5 seropositive models or upon repeated administration in
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immunocompetent animals and in combination with immu-
nomodulation or chemotherapy will be needed to better under-
stand the potential and limitations of VCN-01.

Arming oncolytic viruses with ECM-degrading enzymes is a
commonly exploited strategy to enhance viral penetration of solid
tumors (14). Different modulators of ECM such as decorin,
relaxin, metalloprotease 9, or chondroitinase ABC have been used
to increase viral spread and antitumor efficacy in different tumor
types taking into account specific ECM compositions (16-20).
High levels of HA are present in almost 87% of pancreatic
adenocarcinomas (22, 47), and hyaluronidase expression by
VCN-01 can provide a particular advantage to treat this tumor
type. As it is shown in Fig. 5D, hyaluronidase activity causes a
dramatic decrease in HA content of treated tumors that may
facilitate intratumoral virus spread. Furthermore, early clinical
trials have demonstrated that hyaluronidase enhances chemo-
therapy efficacy in patients with cancer (48). Preclinical studies by
Jacobetz and colleagues have attributed the beneficial effect of
hyaluronidase to a lower interstitial pressure in HA-depleted
tumors, leading to blood vessel decompression and increasing
the vascular permeability, thereby favoring the penetration of
drugs to the tumor core (23). These studies strongly suggest the
possibility of combining VCN-01 with chemotherapies such as
gemcitabine, which is the current standard-of-care treatment in
pancreatic ductal adenocarcinoma. In addition, hyaluronidase
administration expressed from an oncolytic virus provides some
advantages compared with recombinant enzymes. VCN-01
restricts transgene expression to tumor sites and, consequently,
may limit systemic side effects. In fact, a recent phase II clinical
trial testing PEGPH20 in combination with chemotherapy
(NCT01839487) was transiently halted because of associated
toxicity. Moreover, in contrast to recombinant enzymes which
have a relatively short half-life and may require readministrations,
sustained delivery of hyaluronidase could be achieved with a
replicating virus.

Despite the notable improvement of antitumor activity
obtained with VCN-01, complete tumor regressions were rare.
Masson staining of tumors suggests that collagen bundles sur-
round the infected areas of the tumors, impairing the spread of the
virus. Besides ECM and malignant cells, solid tumors contain
stromal cells such as cancer-associated fibroblasts (CAF), endo-
thelial, and inflammatory cells which physically limit viral spread.
In this sense, it would be interesting to combine the enzymatic
degradation of the ECM by hyaluronidase with a strategy directed
to eliminate stromal cells. Our group recently described that the
truncation of the i-leader adenoviral protein enhanced the release
and cytotoxicity of the virus in CAFs in vitro and increased its
antitumor activity in vivo (49, 50).

In conclusion, VCN-01 addresses two of the main limita-
tions in the treatment of cancer with oncolytic adenoviruses:
tumor targeting and spread across the ECM barrier. Altogeth-
er, the present study supports VCN-01 as a potential candi-
date for clinical development. Currently, two phase I clinical
trials are ongoing: one in pancreatic cancer by endoscopic
ultrasound-guided intratumoral injection and another one
targeting different tumor types by intravenous administration
(NCT02045602 and NCT02045589).
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ABSTRACT

Oncolytic adenoviruses can promote immune responses against tumors by expressing
and/or displaying tumor-associated antigens. However, the strong immunodominance
of viral antigens mask responses against tumor epitopes. In addition, defects in MHC
class | antigen presentation pathway such as the downregulation of the transporter
associated with antigen processing (TAP) are frequently associated with immune
evasion of tumor cells. To promote the immunogenicity of exogenous epitopes in the
context of an oncolytic adenovirus, we have taken advantage of the ER localization of
the viral protein E3-19K. We have inserted tumor-associated epitopes after the ER-
targeting signal sequence of this protein and flanked them with linkers cleavable by
the protease furin to facilitate their TAP-independent presentation. This strategy
allowed an enhanced presentation of the exogenous epitopes in TAP-deficient tumor
cells in vitro and the generation of higher specific immune responses in vivo that were

able to significantly control tumor growth in immunized mice.

KEYWORDS: Oncolytic adenovirus; exogenous epitopes; immune responses; TAP-

independent; immunodominance; antitumor efficacy.
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