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Resum

Els adenovirus oncolitics sdn agents terapeutics prometedors, degut a la seva capacitat
d’infectar i eliminar selectivament les cel-lules tumorals, sense afectar les cél-lules normals.
Tot i que la ruta preferida d’administracié és la intravenosa per tal d’arribar a totes les
metastasis, la interaccié del virus amb diversos components de la sang provoca la seva
neutralitzacid. Per tant, millorar I’arribada dels virus als tumors per via sistemica és un aspecte
clau per a I’exit d’aquesta terapia. En aquest treball s’ha estudiat la interaccié de I'adenovirus
serotip 5 amb els eritrocits humans a través del receptor CAR, la qual es va descriure que
provocava el segrest i la inactivacid del virus. Malgrat es va observar unié als eritrocits, aquesta
no va reduir la transduccié de cel-lules tumorals in vitro. Degut a que els eritrocits murins no
expressen CAR, es van transferir eritrocits humans a ratolins immunodeprimits per tal
d’analitzar I'efecte de la interaccié després de la injeccié sistémica. Tot i aixi, aquesta unio als
eritrocits no va alterar la extravasacio ni la transduccio del fetge per part del virus, suggerint

que la interaccié és reversible i no neutralitzant.

Per altra banda, I'alta prevalenga d’anticossos neutralitzants contra I'adenovirus 5 en la
poblacié humana representa un obstacle molt important per la injeccid intravenosa d’aquest.
Per protegir I'adenovirus contra els anticossos neutralitzants s’ha inserit un domini d’unié a
albumina (ABD) a la proteina principal de la capside viral, la proteina hexd. Aquest domini
s'uneix a l'albumina sérica, recobrint el virus amb aquesta després de I'administracié
sistemica. Els virus modificats amb ABD son capagos d’unir-se tant a I’'albimina humana com
a la murina, fet que els permet mantenir la infectivitat i la capacitat replicativa en presencia
d’anticossos neutralitzants. Els adenovirus no modificats son completament neutralitzats
després de la administracié sistémica en ratolins pre-immunes, mentre que els virus
modificats amb ABD mantenen la capacitat de transduir els organs i controlar el creixement
tumoral. Els resultats presentats en aquesta tesi recolzen I'Us d’aquesta estratégia per a

tractar pacients amb adenovirus oncolitics per via sistemica.

En resum, aquest treball esta enfocat en millorar I'arribada dels adenovirus oncolitics als
tumors després de I'administracié intravenosa, una de les majors limitacions d’aquesta
terapia. Els resultats d’aquest treball demostren que mentre que la interaccié amb eritrocits
a través de CAR no inactiva el virus, els anticossos neutralitzants si que representen un
obstacle important per a I'eficacia del tractament. En aquest sentit, la proteccio de la capside
viral amb albumina és una aproximacid efectiva per a evadir-los. Aquesta estrategia té
rellevancia clinica en |’Us d’adenovirus per via sistémica, no només en el camp de la viroterapia

sind també en la terapia genica i en les vacunes basades en adenovirus.
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Summary

Cancer virotherapy with oncolytic adenoviruses represents a promising therapeutic
approach due to the capacity of these viruses to infect and selectively kill tumor cells without
damaging normal tissues. Although the intravenous is the preferred route of administration
in order to reach disseminated metastasis, several interactions with blood components cause
the neutralization of the virus. Thus, improving the delivery of such adenoviruses to tumors
by systemic injection is crucial for the success of the therapy. In this work we have studied the
interaction of the adenovirus serotype 5 (Ad5) with human erythrocytes through the receptor
CAR, which was described to sequester and inactivate the virus. Although erythrocyte binding
was observed, it did not reduce viral transduction of tumor cells in vitro. Since mouse
erythrocytes do not express CAR, human erythrocytes were transferred into nude mice to
analyze the impact of erythrocyte binding after systemic administration. However, adenovirus
extravasation and transduction of liver and tumors was not reduced, suggesting that this

binding is reversible and does not neutralize the virus.

On the other hand, the high prevalence of anti-Ad5 neutralizing antibodies (NAbs) is a
major obstacle for the intravenous administration of adenoviruses. To protect adenovirus
against NAbs we inserted an albumin-binding domain (ABD) in the main adenovirus capsid
protein, the hexon. This domain binds serum albumin to shield the virus upon systemic
administration. The ABD-modified adenoviruses bind human and mouse albumin, which allow
them to maintain the infectivity and replication capacity in presence of NAbs. Non-modified
adenoviruses are completely neutralized after systemic administration in pre-immune mice,
whereas ABD-modified viruses preserve the ability to transduce target organs and induce
oncolysis. The data presented in this thesis supports the use of this strategy to treat patients

systemically with oncolytic adenoviruses.

In summary, this thesis focused on improving the intravenous delivery of oncolytic
adenoviruses, which is one of the main limitations of this therapy. The results presented in
this work demonstrate that while erythrocyte binding via CAR does not inactivate the virus,
NAbs represent a major obstacle for efficacy. In this regard, albumin coating of the virus capsid
represents an effective approach to evade pre-existing NAbs. This strategy has translational
relevance in the use of adenovirus by systemic injection not only for cancer virotherapy, but

also for gene therapy and vaccination.
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Introduction

1. CANCER VIROTHERAPY

Cancer represents one of the leading causes of morbidity and mortality worldwide.
According to the World Health Organization (WHO), cancer caused 8.8 million deaths in 2015,
which corresponded to 16.6% of all human deaths. Cancer is a genetic disease in which
somatic cells acquire several mutations that overcome cell division control mechanisms,
resulting in uncontrolled proliferation and expansion. This abnormal proliferation leads to the
formation of a primary tumor, which can invade surrounding tissues, and eventually spread
by the lymphatic system to regional lymph nodes or by blood vessels to distant sites in a
process known as metastasis. Conventional cancer treatments include surgery,
chemotherapy, and radiation therapy, with successful therapeutic results in localized tumors
and initial stages of the disease. Nevertheless, these therapies generally induce strong toxic
side effects, and some tumors are refractory to them, especially at advanced stages. Thus,
there is a great necessity to develop new treatments with higher specificity, lower toxicity
profiles, and a different mechanism of action to act upon tumor cells resistant to conventional

therapies.

During the last two decades, novel therapies targeting the immune system have proved to
be encouraging in terms of overcoming the disadvantages of classical therapies. Tumors
acquire different mechanisms during their progression to avoid recognition by the immune
system. These immunotherapies, attempt to overcome these mechanisms and induce the
immune system to destroy tumor cells. Strategies approved by FDA include non-specific
therapies, such as cytokine therapies (interferon-alpha, IL-2, etc.) (Papaioannou et al., 2016),
as well as antigen-specific therapies, such as cancer vaccines (activated autologous peripheral-
blood mononuclear cells (PBMCs) for the recognition of Prostatic Acid Phosphatase (PAP)
(Kantoff et al., 2010)), or checkpoint inhibitors (anti-CTLA4 antibody) (Pardoll, 2012).
However, such therapies demonstrated limited efficacy in cancers from certain origins and in
advanced stages, and the development of novel therapies with alternative anti-tumor

mechanisms seems mandatory for improving the overall survival of patients.

Cancer virotherapy represents an innovative therapeutic modality with unique
characteristics. Oncolytic viruses have the ability to selectively replicate in neoplastic cells
without damaging normal tissues (Hedley et al., 2006; Russell et al., 2012). The viral progeny

produced in the initial infection is released to the extracellular media where it can infect
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neighboring cells, therefore amplifying the initially administered dose, ideally until the

eradication of the tumor mass (Figure 1).

Normal cell 1
Tumor cell

Oncolytic virus infection of Tumor-specific replication, Tumor eradication caused by
normal and tumor cells cancer cell lysis, and cell subsequent rounds of replication
re-infection by viral progeny

Figure 1. Principle of cancer virotherapy. The oncolytic virus infects preferably tumor cells and selectively
replicates in them. If a normal cell is infected the replication cycle is aborted. Virus replication leads to cancer
cell lysis and release of the viral progeny. The new generated viruses initiate new replicative cycles, disseminating
throughout the tumor mass until its elimination.

In addition to the direct killing of cancer cells by virus replication, oncolytic viruses can also
mediate the destruction of uninfected cancer cells by indirect mechanisms such as destruction
of tumor blood vessels, bystander killing caused by the expression of therapeutic transgenes
inserted in the oncolytic virus genome, or systemic antitumor immune responses triggered by
viral tumor cell lysis (Russell et al., 2012; Ungerechts et al., 2016). In the last years, research
and clinical translation has specifically focused on the latter, and on the combination of
oncolytic viruses with immunotherapy approaches such as immune checkpoint inhibitors
(Lichty et al., 2014; Rojas et al., 2015; Woller et al., 2014).

The concept of virotherapy emerged at the beginning of the 20th century after the
observation of tumor regressions in patients who had suffered from virus infections or had
been vaccinated (Pack, 1950). Dock and co-workers described in 1904 a leukemia case that
regressed after an infection with influenza virus (Dock et al., 1904). Also, in 1912 DePace
observed the remission of a cervix tumor after the administration of a rabies vaccine (De Pace,

1912). In 1950s and 1960s, the development of cell and tissue culture systems allowed ex vivo
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virus propagation, and led to the evaluation in humans of different viruses that had been
previously tested in rodents. However, the interest on the field was lost due to poor efficacy
results and toxicity of some viruses. Virotherapy emerged back in the 1990s due to increasing
knowledge in the molecular basis of cancer, virus biology, and the development of genetic
engineering techniques, which permitted a more rational design of oncolytic viruses (Martuza
et al., 1991). Thenceforth, several engineered oncolytic viruses from different families have
been developed and tested in clinical trials including adenoviruses, HSVs (herpes simplex
virus), coxsackieviruses, measles viruses, NDVs (Newcastle disease virus), parvoviruses,
reovirus, VV (vaccinia virus), VSVs (vesicular stomatitis virus), etc. (Russell et al., 2012),
demonstrating excellent tolerability profiles. Until now, evidences of antitumor activity after
single-agent treatment in clinical trials have only been observed with two oncolytic viruses.
The first one is talimogene laherparepvec (T-Vec, tradenamed Imlygic®, Amgen), an oncolytic
HSV encoding the granulocyte macrophage-colony stimulating factor (GM-CSF). Intratumoral
administrations of this virus resulted in complete regressions in 8 of 50 treated patients with
metastatic melanoma in a phase Il clinical trial (Senzer et al., 2009). More recently, a phase llI
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 was approved in 2015 for the treatment of melanoma, representing the
first oncolytic virus approved by the US Food and Drug Administration (FDA) for cancer
treatment. The second virus is a vaccinia virus (Wyeth strain) named pexastimogene
devacirepvec or Pexa-Vec (also known as JX-594), which also expresses GM-CSF. Intratumoral
administration of this virus induced objective responses in 3 out of 10 evaluable patients with
unresectable hepatocellular carcinoma (Park et al.,, 2008). Also, a significant increase in
survival from 6.7 to 14.1 months was achieved in a more recent phase I/l clinical trial in

patients also suffering from hepatocellular carcinoma (Heo et al., 2013).

Generally speaking, although oncolytic viruses have shown to be safe and well tolerated
in human patients, the antitumor efficacy still needs improvement. Furthermore, the majority
of clinical studies with oncolytic viruses, and especially those where evidence of antitumor
activity was observed, have used intratumoral injections. However, systemic delivery will be
required for treatment of metastatic cancer and therefore represents a more desirable option.
Intratumoral injections are not always feasible and are limited to those tumors physically
accessible through clinical palpation or direct imaging. In contrast, the systemic injection
allows the oncolytic virus to reach the multiple metastases in the case of disseminated tumors,

and also results in a more uniform distribution of the virus within the tumor (Wein et al.,
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2003). Unfortunately, clinical trials with intravenous injection of oncolytic viruses have shown
in general worse outcomes. Oncolytic viruses encounter several barriers in the bloodstream
such as liver or spleen sequestration, neutralization by serum factors, or difficulties in tumor
extravasation, which prevent them from infecting tumors (see section 2.7.1). The most
clinically advanced oncolytic viruses delivered by intravenous injection are the vaccinia virus
Pexa-Vec (JX-594) and a wild-type reovirus serotype 3 (Dearing strain) named Reolysin®. A
phase | clinical trial with Pexa-Vec demonstrated for the first time that the intravenously
administered virus is able to infect and replicate in metastases located in different tissues,
besides dose-dependent antitumor activity (Breitbach et al., 2011), which led to further
clinical development. On the other hand, Reolysin® has been tested alone or in combination
with chemotherapy via systemic injection, usually observing modest responses as
monotherapy (Ungerechts et al., 2016). A phase I/Il clinical trial by intravenous administration
in combination with paclitaxel and carboplatin demonstrated a 70% of objectives responses
(Karapanagiotou et al., 2012). Further results in phase Il trials suggest a benefit when
combining reovirus with chemotherapy (Villalona-Calero et al., 2016), and a phase lll clinical
trial demonstrated a significant improvement in overall survival compared to chemotherapy
alone (Gong et al., 2016). Other oncolytic viruses tested by the intravenous route are the
vaccinia virus GL-ONC1 for the treatment of solid tumors, the parvovirus H-1PV for
glioblastoma, Newcastle disease viruses for glioblastoma (Russell et al., 2012), and several

oncolytic adenoviruses (see section 2.6.).

In our group, we consider the intravenous administration route more relevant than the
usually employed intratumoral route. Therefore, this thesis has focused on the systemic

administration of oncolytic viruses, specifically of oncolytic adenoviruses.

2. ONCOLYTIC ADENOVIRUSES

Adenoviruses possess several features that make them attractive as oncolytic agents such
as their low pathogenicity in immunocompetent patients, their potent lytic activity which
results in the elimination of the infected cell, and the detailed knowledge of their structure
and replication cycle which facilitates genetic modification to confer potency and selectivity.
In addition, their high replicative capacity permits the obtention of high amounts and highly
concentrated virus preparations (10*2-103 vp/mL) for its use in the clinical setting (Cody and

Douglas, 2009; Ungerechts et al., 2016).
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2.1. ADENOVIRUS CLASSIFICATION

Adenoviruses are members of the family Adenoviridae, and their name derive from their
isolation from human adenoid cells in 1953 (Rowe et al., 1953). Since then, more than 100
species have been characterized and currently 57 human serotypes have been described,
originally based on their ability to be neutralized by specific animal antisera. These 57 human
serotypes are divided in 7 subgroups (A-G, subgroup B is further divided into B1 and B2) based
on their hemagglutination properties, oncogenic potential in rodents, DNA homology, and
genomic organization (Table 1). Generally speaking there is a correlation (although imperfect)
between subgroup and tissue tropism, as for instance groups B1l, C, and E can cause
respiratory infections, B2 infect the kidney and urinary tract, F cause gastroenteritis, and
several group D serotypes are associated with conjunctivitis (Zhang and Bergelson, 2005). The
human adenovirus serotype 5 (Ad5) (subgroup C) has been the most widely used in the fields
of gene therapy, cancer virotherapy, and vaccination. Ad5 mainly infects epithelial cells from
the respiratory tract, causing mild respiratory symptoms similar to a common cold. Ad5 is the

serotype used in this thesis.

Table 1. Classification of human adenoviruses (adapted from (Hall et al., 2010))

Subgroup Serotype Receptor Usage Associated disease
A 12,18, 31 CAR Gastroenteritis

B1 3,7,16,21,50 CD46, CD80, CD86 Respiratory disease
B2 11, 14, 34, 35, 55 CD46, CD80, CD86, Desmoglein-2 Urinary tract disease
C 1,2,5,6,57 CAR Respiratory disease
D 8,9,10,13,15,17,19, 20, CAR, Sialic acid, CD46 Keratoconjunctivitis

22-30, 32, 33, 36-39, 42-49,

51, 53, 54, 56
E 4 CAR Respiratory disease,
Conjunctivitis
F 40, 41 CAR Gastroenteritis
G 52 Unknown Gastroenteritis
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2.2. ADENOVIRUS VIRION STRUCTURE

Adenoviruses are non-enveloped double-stranded DNA viruses, formed by an icosahedral
capsid with 20 triangular faces and 60-90 nm of diameter. Each of the triangular faces is
formed by 12 hexon trimers (polypeptide 1), and complexes formed by the pentameric penton
base (polypeptide Ill) and trimeric fiber (polypeptide 1V) form the vertices. The fiber protein
emerges from the 12 vertices as an antenna, and is structured in three domains: the N-
terminal tail which attaches to the penton base, a central shaft, and a C-terminal globular knob
domain. The fiber and the penton base interact with cellular receptors and determine virus
tropism (Russell, 2009). In addition to these three main capsid proteins, other minority
proteins such as protein pllla, pVI, pVIIl, and pIX act as cement between hexons. The capsid
protects the double-stranded viral DNA, which is associated to core proteins pV, pVIl, Mu (pX),
and terminal protein (TP) (Figure 2).
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Figure 2. Adenovirus structure. (a) Virion structure at 17 A resolution. The three main capsid proteins are
depicted. The hexon protein (blue) is the most abundant capsid protein and forms the 20 triangles of the
icosahedral capsid. At each vertex, the fiber protein (green) protrudes from the penton base (yellow) (from
(Zzhang and Bergelson, 2005). (b) Protein composition of adenovirus capsid. Capsid and minor protein locations
are well defined whereas disposition of core proteins and virus DNA is conjectural (from (Russell, 2009)).
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2.2.1. The hexon protein

The hexon is by far the most abundant structural protein of adenovirus capsid with 240
copies of its trimeric form, which form the 20 triangular faces of the icosahedral capsid. Sixty
hexons associate with the penton base at the 12 apices and are named peripentonal hexons,
whereas remaining hexons on the 20 faces of the icosahedron are designated “groups of nine”
(GONSs) (Russell, 2009). Comparison of hexons of different serotypes revealed the presence of
highly conserved regions that play a very important role in capsid conformation, and 7 loops
displayed at the surface of the molecule which are not conserved among serotypes named
hypervariable regions (HVR) (Crawford-Miksza and Schnurr, 1996) (Figure 3). The conserved
residues at the base confer the pseudo hexagonal shape of the trimeric form and interact with
other capsid proteins, allowing the assembly of the virus capsid. Such structurally relevant
regions rarely allow modifications as any instability in the hexon structure might compromise
correct virion formation. On the other hand, HVRs do not play any structural role nor are
implicated in binding other capsid proteins, and contain the antigenic determinants that
characterize each serotype. The high flexibility and variability of these loops allow several
modifications such as insertion of foreign sequences or interchange between serotypes
without affecting the assembly of the capsid (Alba et al., 2009; Khare et al., 2011a; Roberts et
al., 2006).

2.3. GENOME STRUCTURE

Ad5 genome is a 36 kb linear molecule of double-stranded DNA. At both ends of the
genome there are the inverted terminal repeats (ITR), which contain the viral DNA replication
origins. The packaging signal, located at 100 bp of the left ITR, is rich in adenine and thymine
and plays an important role on genome encapsidation. Genetic information is organized in
overlapping transcription units on both strands (Figure 4). 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 three groups according to the time course
of their expression during viral cycle: early (E1A, E1B, E2, E3, and E4), delayed (IX and 1Va2),
and the late transcription unit (MLU), whose expression is under the control of the major late
promoter (MLP). The latter is processed into five mRNAs (L1-L5) which produce the structural
proteins of the capsid. In addition, adenovirus genome also contains the viral-associated (VA)

genes that codify for two non-coding RNAs.
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Figure 3. Model of Ad5 hexon trimer structure. (a) Top view, three hexon trimers are represented with
structured HVR domain in color codes as follows: HVR1 yellow, HVR2 green, HVR3 purple, HVR4 orange, HVR5
red, HVR6 brown, HVR7 blue. (b) Side view, speculated location of the unstructured HVR1 and HVR5 loops in two
adjacent hexon trimers (modified from (Khare et al., 2012)).

2.4. INFECTIOUS CYCLE

Adenoviruses are lytic viruses. The virus cycle can be divided in two phases: the early phase
which comprises virus entry and internalization into host cell, endosome escape, transport to
nucleus, transcription of early genes and genome replication; and the late phase which
comprises transcription and translation of late genes, assembly of structural proteins to form
the capsids, and genome encapsidation. The virus cycle finalizes with the lysis of the host cell

and the release of the virus progeny to the extracellular media.
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Figure 4. Adenovirus genome organization. The linear double-stranded DNA genome is depicted in the center
as a thin line, with the inverted terminal repeats (ITR) at each end. DNA lengths are marked in kb. Transcription
units are shown relative to their position and orientation in the genome. Early genes are indicated by black bars,
intermediate and late genes are indicated by gray bars, and virus-associated (VA) RNAs are denoted by small
arrows (modified from (Tauber and Dobner, 2001)).

2.4.1. Binding and entry

Initial interaction between Ad5 and host cell occurs through primary interaction between
the fiber knob and the coxsackievirus and adenovirus receptor (CAR) on the cell surface. For
the internalization of the virus, a second interaction is required between an RGD (Arg-Gly-Asp)
motif located on the penton base and avp3 and ayB5 integrins (Nemerow and Stewart, 1999).
Alternatively, it was described that liver transduction after intravenous administration occur
by a different mechanism due to virus interaction with blood factors, such as coagulation
factor IX (FIX) and complement binding protein-4 (C4BP) which bind to fiber knob, or
coagulation factor X (FX) which binds to the hypervariable regions (HVRs) of hexon. Both types
of interactions act as a bridge between the virus and alternative cell receptors on hepatocytes
such as HSGs (heparan sulphate-glycosaminoglicans) and lipoprotein receptor-related
proteins (LRPs) (Kalyuzhniy et al., 2008; Shayakhmetov et al., 2005; Waddington et al., 2008).
In addition, direct interaction between Ad5 and HSGs can also occur, and the KKTK°¥%4 amino
acidic sequence in the fiber shaft has been postulated as the HSG-binding motif (Zhang and
Bergelson, 2005).

Binding of adenovirus particles to its cellular receptors triggers clathrin-dependent,
receptor-mediated endocytosis (Coughlan et al., 2010). After the virus is internalized,
endosome acidification promotes partial capsid disassembly and escape of virus particle to
the cytoplasm before lysosome formation. Once in the cytoplasm, Ad5 hexon recruits the

molecular motor protein cytoplasmic dynein in a pH-dependent manner, and the virus particle
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is transported along the microtubules towards the nucleus. This function is critical for efficient
infection, and the role of HVR1 on dynein recruitment was recently described (Scherer and
Vallee, 2015). After reaching the nucleus, the capsid is completely disassembled and the viral
DNA is translocated through the nuclear pore complex for subsequent transcription and

replication (Figure 5).
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Figure 5. In vitro entry pathway of Ad5. Steps involved in the in vitro entry pathway of Ad5 are binding to CAR
and integrins, internalization by clathrin-mediated endocytosis, endosome escape, dynein-mediated transport
along microtubules, and DNA translocation into nucleus (modified from (Coughlan et al., 2010)).

2.4.2. Early gene expression and DNA replication

E1A is the first transcription unit expressed and its proteins perform several functions. E1A
activates the cell cycle by interacting with Retinoblastoma protein (Rb), which is a tumor
suppressor that inhibits the cell cycle via binding to E2F transcription factor. E1A products are

able to sequester pRb and other members of its family such as p107 and p130, impeding E2F
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sequestration by these proteins, and thus activating the cell cycle and allowing viral DNA
replication (Parreno et al., 2001). In addition, E1A proteins activate the transcription of the
rest of early transcription units (E1B, E2A, E2B, E3, and E4). The deregulation of the cell cycle
caused by E1A results in the accumulation of the tumor suppressor p53, which induces
apoptosis as a cell defense mechanism. To avoid apoptosis, viral protein E1B-55K directly binds
p53 and induces its degradation, whereas E1B-19K binds to other proapoptotic proteins such
as Bak and Bax. The genes in E2 region encode for the proteins required for the replication of
the genome including DNA polymerase, preterminal protein, and the single-stranded DNA-
binding protein. E3 proteins are responsible for inhibition of the immune response in order to
avoid the destruction of the infected cell before completing the cycle. For instance, E3-19K
sequesters MHC class | molecules in the endoplasmic reticulum, preventing its transport to
the cell surface. Furthermore, it can also interfere in the loading of peptides onto MHC class |
molecules by binding to the transporter associated to antigen processing (TAP). The E4
transcriptional unit is involved in viral replication, stability and transport of viral mRNA, and

expression of late genes.
2.4.3. Late gene expression and viral assembly

Once DNA replication has been initiated, the transcriptional activity from the major late
promoter (MLP) is intensified due to changes in genome structure and its activation mediated
by viral protein IVa2. The MLP regulates the expression of genes from the major late
transcription unit, which encodes for 15 to 20 different mRNAs derived from a single pre-
mRNA by differential splicing and polyadenylation. Most late proteins are expressed from
regions L1-L5, and correspond to structural proteins and proteins involved in virion assembly
and genome packaging (Guimet and Hearing, 2016). Late mRNAs are accumulated in the
cytoplasm and specifically translated in the late phase thanks to the tripartite leader sequence
(TLP). All proteins are translated in the cytoplasm and subsequently transported to the
nucleus. Hexon assembly begins in the cytoplasm and the trimers are then transported to the
nucleus (McConnell and Imperiale, 2004). Once there, hexons associate with the penton base,
the fiber, and minor proteins, and the DNA is incorporated guided by the encapsidation
sequence and DNA-binding proteins. Capsids are accumulated in the nucleus, which becomes
permeable and intermediate filaments are disaggregated, resulting in a cell round morphology
characteristic of cytopathic effect (CPE). Although the mechanism is not well understood,
expression of ADP (adenovirus death protein) favors the release of the virus progeny to the

extracellular medium.
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2.5. DESIGN OF TUMOR SELECTIVE ONCOLYTIC ADENOVIRUSES: ICOVIR15 AND ICOVIR15K

Contrary to other viruses such as reovirus, Newcastle disease virus (NDV), or vesicular
stomatitis virus (VSV), adenovirus does not have a natural selectivity for tumor cells and
therefore genetic manipulation is required to block replication in normal cells. Three main
strategies have been applied to achieve tumor selectivity: deletion of viral genes that are
complemented by tumor cells, control of the expression of essential viral genes by tumor-
specific promoters (transcriptional or translational targeting), or modification of capsid
proteins to confer specific or preferential infection of tumor cells (transductional targeting).
ICOVIR15 (Rojas et al., 2010) and ICOVIR15K (Rojas et al., 2012) are two oncolytic adenoviruses
designed in our group that combine the three approaches. These viruses are currently used in
our group as platforms to incorporate and test novel modifications and improvements. A
schematic representation of ICOVIR15 and ICOVIR15K genome with the modifications that

make them tumor-selective is shown in Figure 6.

Adenoviruses require the host cell machinery for the replication of their genome.
Therefore, mutations or deletions on viral genes involved in activating cell replication or in
inhibiting apoptosis hinder virus replication in normal cells. In contrast, as cell replication is
constantly activated in tumor cells and apoptosis pathways are usually inhibited, viruses
bearing these deletions are able to replicate in cancer cells at normal ratios. In this regard,
ICOVIR15 and ICOVIR15K contain the A24 mutation in E1A protein (Fueyo et al., 2000; Heise
et al., 2000), which consists in the deletion of the E1A region responsible for binding and
inactivating Rb. This function is necessary to induce S phase and thus replicate in normal cells
(see section 2.4.2.), whereas it is not required in tumor cells which are in constant replication

(Figure 6b).

As previously explained, E1A is essential for virus replication not only because it induces S
phase in the host cell, but also because it activates the expression of the rest of adenovirus
early genes. Therefore, viral replication can be restricted to tumor cells by controlling E1A
expression with a tumor-specific promoter. Due to the deregulation of Rb pathway in almost
all tumors, promoters that respond to E2F transcription factor are suitable to achieve
restricted replication in a broad range of tumors. E1A regulation by E2F-1 promoter confers
selectivity and high potency of transcription (Cascallo et al., 2007; Johnson et al., 2002; Rojas
et al.,, 2009; Tsukuda et al., 2002). In such adenoviruses, E1A transcription is inhibited in
normal cells due to binding of pRb-E2F-HDAC complexes to E2F-1 promoter. On the contrary,

alteration of Rb pathway in tumor cells results in free E2F, which activates expression of E1A.
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E1A activates the rest of viral genes including E4-6/7, which forms a complex with E2F and
activates more efficiently the E2F-1 promoter and E2 promoter, resulting in a positive
feedback loop. In contrast to the insertion of a whole exogenous promoter, ICOVIR15 and
ICOVIR15K incorporate eight E2F responsive sites in the endogenous promoter of E1A (Figure
6a) (Rojas et al., 2010). In addition, a Sp-1 binding site was also included as both factors
interact cooperatively to activate transcription (Karlseder et al., 1996). These additional boxes
in the promoter enhance E1A expression in tumor cells compared to Adwt, resulting in
increased oncolytic potency. Such modification only increases in 151 bp the adenovirus
genome, allowing the insertion of foreign transgenes without affecting viral replication and
oncolytic potency (Guedan et al., 2010, 2012; Rojas et al., 2010). Hence, these viruses present
a double control of the viral cycle in quiescent cells, and in case that leaky expression of E1A

occurs, the A24 deletion impedes the release of E2F from pRb.

The third approach used to limit adenovirus replication to the tumor tissue is the
modification of capsid proteins to achieve preferential infection of tumor cells rather than
normal cells. This strategy includes the ablation of the natural virus tropism (detargeting), and
the redirection of virus infection to tumor-associated receptors (retargeting). Upon
intravenous administration, adenovirus accumulates mostly in the liver causing toxicity and
reducing the virus bioavailability. Therefore, liver detargeting has been an important subject
in the field over the years. Abrogation of adenovirus interaction with coagulation factor X (FX)
or mutation of the putative heparan sulfate glycosaminoglycan (HSG)-binding domain KKTK in
the fiber shaft have demonstrated to reduce hepatic transduction (Alba et al., 2010; Smith et
al., 2003; Waddington et al., 2008). However, these modifications also caused a reduced
infection of tumors (Bayo-Puxan et al., 2006; Gimenez-Alejandre et al., 2008). With regard to
tumor retargeting, adenoviruses exposing different ligands in different capsid locations such
as fiber, hexon, penton base, or pIX have been described (Coughlan et al., 2010). Specifically,
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 (Cripe et al., 2001; Dmitriev et al.,
1998; Grill et al., 2001; Nagel et al., 2003; Wesseling et al., 2001). The insertion of this ligand
in the Hi-loop of the fiber knob permits the use of integrins as primary receptors instead of
CAR, which is not highly expressed in tumor cells (Bauerschmitz et al., 2002; Suzuki et al.,
2001). This modification is included in ICOVIR15. In contrast, ICOVIR15K combines a liver
detargeting and a tumor retargeting approach, consisting in the replacement of the KKTK
domain in the fiber shaft with an RGD motif (Figure 6c¢). This strategy was described by our

group demonstrating improved tumor-to-liver ratio in vivo in the context of a non-replicative
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adenovirus (Bayo-Puxan et al., 2009). When inserted in an oncolytic platform, ICOVIR15K
showed increased bioavailability after systemic administration and greater antitumor efficacy

in vivo compared to ICOVIR15 (Rojas et al., 2012).
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Figure 6. Schematic representation of the modifications in ICOVIR15 and ICOVIR15K genomes. Both oncolytic
adenoviruses contain the modified E1A promoter with four E2F boxes (white squares) and one Spl box (red
square), and the truncated E1A-A24 protein to confer selectivity for tumor cells. In ICOVIR15 the RGD motif is
inserted in the Hl-loop of the fiber knob (fiber RGD), whereas in ICOVIR15K is inserted in the fiber shaft replacing
the KKTK domain.

2.6. CLINICAL EXPERIENCE WITH INTRAVENOUS INJECTION OF ONCOLYTIC ADENOVIRUSES

Few clinical trials have been performed by systemic injection of oncolytic adenoviruses. In

fact, until 2010 only two candidates had been tested via intravenous route, ONYX-015 and
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CG7870. dI152 or ONYX-015, developed by Onyx pharmaceuticals, was the first engineered
replication selective adenovirus to be used in humans. This virus harbors a deletion of the E1B-
55K gene making it selective for p53-deficient tumors (Bischoff et al., 1996). Several trials were
conducted by intravenous injection of ONYX-015 (some in combination with chemotherapy)
in patients with colorectal tumors, hepatic tumors, and various disseminated solid tumors.
The highest dose administered to a patient in dose-escalation studies was 2x10'3 vp on day 1,
followed by weekly doses of 2x10% vp, resulting in an accumulated dose of 4.2x10*3 vp
(Nemunaitis et al., 2001). Albeit certain dose-dependent toxicity effects were observed (fever,
vomits, nausea, or transitory transaminitis), maximum tolerated dose was not reached.
Nevertheless, signs of antitumor efficacy were rarely detected and only some partial
responses, stable diseases, or decrease of tumor markers were observed in some patients
(Habib et al., 2002; Hamid et al., 2003; Nemunaitis et al., 2001; Reid et al., 2002). Despite this
lack of efficacy, evidence of tumor transduction and virus replication was observed. However,
in one study in which a patient died due to disease progression, tissue biopsies revealed that
the majority of the virus was in the liver and the spleen, whereas virus presence in the tumor
was significantly lower (Hamid et al., 2003). Notwithstanding the poor efficacy of ONYX-015,
the Chinese company Sunway Biotech is commercializing a derivative of this virus named H101
for the intratumoral treatment of head and neck cancer in China. H101 contains an additional

deletion of E3 genes, making it less potent and more immunogenic (Garber, 2006).

The next oncolytic adenovirus tested by systemic injection was CV787, renamed CG7870
after the acquisition of Calydon by Cell Genesys, and now developed by Cold Genesys. This
virus expresses E1A under the control of probasin promoter, and E1B under the control of PSA
promoter, making it selective for prostatic cancer (Yu et al., 1999). Similarly to ONYX-015, flu-
like symptoms (fever, fatigue, nausea, vomiting, etc.) were reported in a phase | clinical trial,
but dose-escalation had to be halted at 6x10% vp due to more severe adverse effects (Small
et al., 2006). A secondary peak in plasma of virus genomes suggested active viral replication.
However, a drop on the tumor marker PSA in 3 out of 8 patients treated with the highest dose

was the only reported response.

Currently, more oncolytic adenoviruses are being developed and administered
systemically in clinical trials. ColoAd1 (Enadenotucirev) is an oncolytic adenovirus developed
by Psioxus and generated by “directed evolution”. This process was performed by pooling an
array of adenovirus serotypes (representing subgroups B-F), passaging the pools at high MOls

(multiplicity of infection) to promote recombination between serotypes, and then identifying
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and selecting the most potent agents (Kuhn et al., 2008). The selected virus ColoAd1 is a
chimeric Ad11 with a nearly complete E3 region deletion, a smaller deletion in E4 region, and
a chimeric Ad3/Ad11p E2B region. Unlike Ad5, ColoAd1l demonstrated to retain its cancer
killing activity in presence of fresh human blood (Di et al., 2014), making it an interesting
candidate for systemic treatment. Several Phase I/Il trials are currently testing ColoAd1 by
intravenous administration in different types of cancer including ovarian cancer, colorectal
cancer, or bladder cancer. Moreover, phase | clinical trials to test the safety and efficacy of
two oncolytic adenoviruses developed by our group (ICOVIR5 and VCNO1) by systemic
injection are currently ongoing. ICOVIRS is a derivative of AdA24RGD (Suzuki et al., 2001)
which controls E1A expression by an insulated form of the E2F promoter (Cascallo et al., 2007)
and has been clinically developed from the academia at ICO (Institut Catala d’Oncologia).
VCNO1 (also known as ICOVIR17K) is a version of ICOVIR15K expressing the PH20
hyaluronidase (Rodriguez-Garcia et al., 2015), and has been developed clinically by VCN

biosciences.
2.7. LIMITATIONS OF ONCOLYTIC ADENOVIRUSES

Cancer virotherapy with oncolytic adenoviruses presents several limitations, which
account for this lack of efficacy in the clinic, especially after systemic administration. The
bloodstream is a highly hostile environment for the virus and several interactions contribute
to its neutralization and rapid clearance, preventing it from reaching tumors (Figure 7). It was
reported that the adenovirus half-life after systemic administration was less than 2 minutes
in mice (Alemany et al., 2000) and 10 minutes in humans (Reid et al., 2002). On top of this
rapid clearance, the virus will face additional barriers in the tumor microenvironment such as

limited intratumoral spread and the antiviral immune response
2.7.1. Systemic injection of adenoviruses
2.7.1.1. Adenovirus retention in the liver

Upon the intravenous administration, 90% of the injected dose is rapidly retained in the
liver, causing hepatotoxicity and a significant reduction of the effective dose (Alemany et al.,
2000). Such retention occurs due to the architecture of the liver sinusoids and interactions
with different cell types, including hepatocytes, liver macrophages (Kupffer cells), and liver

sinusoid endothelial cells (LSECs).
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Figure 7. Ad5 interactions with blood components in vivo. 1. Ad5 binding to erythrocytes via CAR, or via CR1
through antibodies and complement traps the virus in the circulation. 2. Ad5 opsonization by natural IgM and/or
complement promotes Kupffer cell uptake via complement receptors or Fc receptors. 3. Interaction with T-cells.
4. FX binding to Ad5 hexon promotes hepatocyte transduction through HSPGs. 5. Binding of FIX and C4BP to the
fiber knob mediates hepatocyte transduction through HSPGs or LRP. 6. Binding to platelets form aggregates
which are cleared by scavenging macrophages (from (Coughlan et al., 2010)).

Liver reticuloendothelial system, formed by Kupffer cells and LSECs, highly contributes to
adenovirus retention and elimination. Kupffer cells are specialized macrophages lining the

walls of the sinusoids, and due to their location represent the first line of defense against
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viruses. Adenovirus sequestration by Kupffer cells prevents transduction of hepatocytes, and
results in necrosis of these cells, which plays a role in inflammation and triggers innate and
adaptive immune responses to the virus (Liu and Muruve, 2003). The capability of adenovirus
to transduce hepatocytes is not linearly dependent on the injected dose, as there is a
threshold dose around 10! vp/kg (Manickan et al., 2006) above which Kupffer cells are
eliminated and hepatocytes are massively transduced (Tao et al., 2001). Scavenger receptors
(SRs), which recognize hexon hypervariable regions (HVRs), are responsible for adenovirus
uptake (Haisma et al., 2008; Xu et al., 2008). Specifically, HVR1, HVR2, HVR5, and HVR7, were
proposed to be especially involved in Kupffer cell recognition (Khare et al., 2012). In addition
to recognition by SRs, natural antibodies (IgMs) and complement proteins opsonize the virus
and enhance Kupffer cell-mediated clearance through Fc receptors or complement receptors
(Khare et al., 2013; Smith et al., 2008). Furthermore, LSECs are also a very important
component of the liver reticuloendothelial system and along with Kupffer cells, contribute to

eliminate the virus from circulation (Ganesan et al., 2011; Piccolo et al., 2013).

The viral dose able to escape Kupffer cells can then infect hepatocytes. Interaction with
natural adenovirus receptors CAR and integrins does not play a relevant role in hepatocyte
transduction after systemic administration. Instead, interaction with several blood proteins
such as complement protein 3 (C3), complement protein 4 (C4), C4 binding protein (C4BP),
coagulation factors VII (FVII), IX (FIX), but mainly coagulation factor X (FX), mediate hepatocyte
transduction by binding to HSPGs and LRPs (Parker et al., 2006; Shayakhmetov et al., 2005).
FX interacts with nanomolar affinity with the HVRs in the hexon, specifically with the loops of

HVR3, HVRS5, and HVR7 (Alba et al., 2009).
2.7.1.2. Adenovirus interaction with blood components

Another critical aspect in the intravenous administration of adenovirus is the interaction
with different blood components, including cells and plasma proteins, which typically results

in adenovirus neutralization and clearance from circulation.

Adenoviruses are able to interact with almost all blood cell populations, but in particular,
interaction with erythrocytes has become a major focus of attention in the last years. Human
but not mouse erythrocytes can sequester adenovirus particles directly via CAR, or indirectly
via complement receptor 1 (CR1) after virus opsonization by antibodies and complement
(Carlisle et al., 2009; Seiradake et al., 2009). Such interactions were reported to inactivate Ad5

by preventing extravasation and systemic infection. Therefore, the high concentration of
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erythrocytes in blood would represent a severe barrier for systemic administration of
oncolytic adenoviruses in humans. However, CAR-bound adenovirus particles cannot be
internalized into erythrocytes due to the lack of integrins on their surface. Previous studies of
adenovirus titration in whole blood reported no loss of adenovirus infectivity despite
erythrocyte binding (Cichon et al., 2003). In addition, proof of adenovirus tumor transduction
in humans after systemic administration has been reported before (Nemunaitis et al., 2001),
and has also been detected in a recent clinical trial with ICOVIR5 (unpublished data). In light
of these facts, in this thesis we question the neutralizing nature of the CAR-mediated
interaction with human erythrocytes, and hypothesize a reversible binding with no

impairment on adenovirus transduction.

Adenoviruses can also interact with platelets, resulting in a strong thrombocytopenia
between 5 and 24 hours after vector administration, although the mechanism for this
interaction (which was also proposed to be CAR-mediated) has been controversial (Gupalo et
al., 2011). Furthermore, other cell types such as macrophages, monocytes, or neutrophils can
also sequester opsonized adenovirus particles via Fc receptors and complement receptors

(Cotter et al., 2005; Khare et al., 2013; Lyons et al., 2006).

Besides blood cells, adenovirus also interacts with a variety of plasma proteins. Among
those, neutralizing antibodies (NAbs) represent one of the major limitations for systemic
delivery. Ad5 is a very common pathogen and most of the human population has been
exposed to the virus by natural infection. Although the levels of NAbs vary geographically, the
general prevalence of anti-Ad5 NAbs is very high, reaching >90% in some locations (Barouch
et al., 2011; Mast et al., 2010). Adenovirus capsid contains three proteins that are accessible
to antibodies: hexon, penton, and fiber. Albeit each of these proteins can be the targeted by
NAbs, the efficiency and the mechanism of neutralization differs considerably. Antibodies
against penton can interfere with viral entry into cells, but their neutralizing capacity is
relatively poor (Wohlfart et al., 1985). Anti-fiber NAbs can neutralize the virus by cross-linking
virions into aggregates, and also by inhibiting binding or entry into cells (Wohlfart, 1988).
However, antibodies against hexon are the ones that display the more potent neutralization
activity (Bradley et al., 2012a; Roberts et al., 2006; Roy et al., 2005; Sumida et al., 2005). These
antibodies are directed primarily against the solvent-exposed HVRs (Bradley et al., 2012b;
Roberts et al., 2006). Unlike anti-fiber or anti-penton, anti-hexon NAbs do not cause
aggregation nor block virus binding to cells, and can neutralize even if added after virion

attachment to cells (Wohlfart, 1988). Thus, such antibodies exert their neutralizing action
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after the virus has been internalized, either by impairing endosome escape or by blocking
dynein-mediated transport along microtubules to the nucleus. Hence, the high prevalence of
anti-Ad5 NAbs in humans represents a severe limitation not only for oncolytic adenoviruses,
but also for other adenovirus-based therapeutic applications such as gene therapy vectors or
vaccines. In addition, the NAbs newly generated after the first adenovirus injection will
efficiently inactivate a second viral dose even in patients with no pre-existing immunity,

impeding efficient vector re-administration.

In addition to direct neutralization, antibodies (both NAbs and natural IgMs) not only can
neutralize the virus directly but can also trigger an innate immune response by complement
activation, and by docking the virus particles to Fc receptors of macrophages, monocytes and
neutrophils. This activation of the immune response is not only mediated by binding to
antibodies, but also to direct binding of complement proteins and coagulation factors. In this
regard, the role of FX has been controversial. Whereas a first study described that FX binding
is a mechanism to activate innate immunity against adenovirus (Doronin et al., 2012), a more
recent work claimed that FX shields Ad5 from attack by natural antibodies and complement
(Xu et al., 2013). According to this report, Ad5 recruits FX as a defense mechanism against

complement activation, and such protection is required for efficient intravenous delivery.

Due to the big challenge that represents the intravenous injection of adenovirus, this
thesis was focused on adenovirus interactions on the bloodstream. First, we studied the
interaction of Ad5 with human erythrocytes via CAR. Second, we developed a strategy to avoid
neutralization by antibodies. Nevertheless, oncolytic adenoviruses also face other barriers

which also need addressing.

2.7.2. Intratumoral spread of oncolytic adenoviruses

Propagation of the oncolytic effect within tumors as a consequence of virus replication is
one of the great advantages of virotherapy compared to conventional therapies. Intratumoral
spread is essential in order to generate a significant antitumor effect from an initial low dose.
The difficulty to obtain complete tumor regressions even in animal models indicates an
inefficient virus distribution. Tumors are not only formed by tumor cells but also by the tumor
stroma, including extracellular matrix composed by collagen, hyaluronic acid, elastin, and
proteoglycans, and non-tumor cells such as fibroblasts. Oncolytic adenoviruses can neither
cross the barriers imposed by extracellular matrix nor replicate in non-dividing cells,

representing therefore important limitations for intratumoral spread. Our group has
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previously published the expression of hyaluronidase from an oncolytic adenovirus which
degrades hyaluronic acid and significantly improves intratumoral distribution and antitumor
activity (Guedan et al., 2010; Rodriguez-Garcia et al., 2015). In addition, specific elimination of
tumor fibroblasts is also being addressed in our group by expression of several molecules from

the oncolytic adenovirus (unpublished data).
2.7.3. Immune responses

The intravenous administration of adenoviruses leads to a strong activation of the innate
immune system. Innate immune cells such as macrophages or dendritic cells (DCs) capture the
virus and recognize pathogen-associated molecular patters (PAMPs) through pattern
recognition receptors (PRRs), such as Toll-like receptors (TLRs). For instance, TLR9 recognizes
non-methylated CpG islands in the adenovirus genome. Such interactions trigger the
expression of inflammatory cytokines and chemokines such as IL-6, TNF-a, MIP-2, MIP-1a, and
type | interferons (IFNs) (Hartman et al., 2008), which recruit neutrophils and NK cells to the
site of infection, as well as monocytes and T cells. Furthermore, DCs travel to draining lymph
nodes where they engage adaptive and memory immune responses which eliminate the

infected cells (Alemany and Cascallo, 2009).

The role of the immune system in cancer virotherapy has been controversial. A more
classic point of view is “virocentrism”, which considers the immune system as an enemy for
oncolytic viruses. According to virocentrics, immunosuppression is a beneficial strategy as it
would allow a more efficient replication of the virus and it would avoid its elimination by the
immune system. Data from clinical trials in which better responses were observed in
immunosuppressed patients support this hypothesis (Kelly and Russell, 2007). On the other
hand, and partly due to the increasing success of cancer immunotherapy, “immunocentrics”
consider the immune system as an ally for the eradication of tumors. The immunogenicity of
the oncolytic viruses might revert the immunosuppressive environment of tumors, and
generate specific antitumor immune responses able to eliminate the tumors (Alemany and
Cascallo, 2009). Of note, the most clinically advanced oncolytic viruses that have
demonstrated efficient antitumor responses (T-vec, and Pexa-vec) express the
immunostimulatory molecule GM-CSF (granulocyte-macrophage colony-stimulating factor).
In any case, the high immunogenicity of the virus results in a dominant response against the

virus rather than against the tumor, which is always detrimental for the efficacy of the therapy.
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2.8. STRATEGIES TO EVADE NEUTRALIZING ANTIBODIES

As previously explained, anti-adenovirus neutralizing antibodies (NAbs) represent a major
hurdle not only for oncolytic adenoviruses, but also for other adenovirus-based clinical
applications such as vaccination or gene therapy. Therefore, researchers have invested great
efforts in designing strategies to avoid pre-existing antibodies. Among those, the most
commonly used strategies include the use of alternative serotypes or non-human
adenoviruses, genetic modifications of capsid proteins to generate pseudotyped or chimeric

vectors, and chemical modifications of the capsid.
2.8.1. Use of rare human serotypes or non-human adenoviruses

Anti-Ad5 humoral immunity may be circumvented by using less common serotypes that
have low natural seroprevalence in the general human population, leading to transgene
expression or to a transgene immune response in vaccine applications in the presence of anti-
Ad5 NAbs (Zaiss et al., 2009). However, other properties besides the seroprevalence should
be considered when selecting a vector, such as tissue tropism, oncolytic activity,
immunogenicity, or toxicity. Utilization of other than species C adenoviruses can be appealing
in virotherapy due to their use of alternative receptors, since CAR has been shown to be down-
regulated in tumor cells (Li et al., 1999; Wunder et al., 2012). Adenovirus subgroup D, which
has the largest diversity of viruses, has the advantage of showing reduced hepatotropism due
to their low affinity for FX (Waddington et al., 2008). In a study where several alternative
serotypes were analyzed for their ability to spread in the tumor mass, Ad serotype 9 from
subgroup D demonstrated better spreading ability in both CAR negative and positive cancer
cells, suggesting its use for cancer applications (Uchino et al., 2014). Another study compared
the replication efficacy and oncolytic potency of several species B, C, D, and F viruses in B cell
cancer cell lines and primary B cell cancers (Chen et al., 2011). Among those, species D
adenoviruses mediated the most robust killing, and Ad26 and Ad45 significantly reduced
tumor growth after intratumoral administration in lymphoma xenografts. Subgroup B
adenoviruses have also been vectorized due to their tropism profile and low seroprevalence
in humans. These include serotypes 3, 11, 35, and 50 (Alonso-Padilla et al., 2016), among
which Ad3 has been tested in humans as an oncolytic virus (Hemminki et al., 2012). In addition,
a chimeric oncolytic adenovirus based on serotypes 3 and 11p from subgroup B (ColoAd1) was
generated by “directed evolution”, showing improved potency and selectivity (Kuhn et al.,
2008) (see section 2.6.). Other serotypes such as Ad35, Ad26, and Ad48 were shown to be

more immunogenic than Ad5 in rhesus monkeys (Teigler et al., 2012), a desirable trait for their
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use as vaccine vectors. However, such high immunogenicity might not be desirable for other
applications such as gene therapy vectors, whereas it is less clear for oncolytic adenoviruses.
Some studies have demonstrated unexpected toxicities of some serotypes such as Ad11, Ad3,
and Ad4, at virus titers usually employed for administration of Ad5 (Stone et al., 2007). Of
note, the majority of the studies with alternative serotypes have explored them as vaccine

vectors, and their applicability as oncolytic agents needs further development.

Nevertheless, most humans have NAbs against a range of adenovirus serotypes (Vogels et
al., 2003) and in addition, specific T-cells against one serotype might crossreact against related
serotypes (Zaiss et al., 2009). An alternative strategy to avoid such crossreactivity is the use of
non-human adenoviruses. Vectors based on simian (Colloca et al., 2012; Tatsis et al., 2006),
ovine (Hofmann et al., 1999), bovine (Reddy et al., 1999), porcine (Tuboly and Nagy, 2001),
and canine adenoviruses (Perreau and Kremer, 2006) have been tested. The canine adenovirus
serotype 2 (CAV-2) has been developed in our group as an oncolytic agent to treat canine
patients (Laborda et al., 2014). Nonetheless, the use of non-human adenoviruses to treat
human tumors is not feasible due to the species-specificity of adenoviruses, and thus they

have been developed especially as gene therapy and vaccine vectors.
2.8.2. Genetic modifications of adenovirus capsid proteins

An alternative approach to changing the entire vector to a different serotype is to
genetically modify the vector major capsid components or switching them for those of less
seroprevalent or immunogenic serotypes. Fiber modifications or substitutions alone are not
enough to circumvent pre-existing immunity (Bradley et al., 2012a; Gall et al., 1996; Zaiss et
al., 2009), since the bulk of antibody response to adenoviruses is directed against the hexon
protein (Roberts et al., 2006; Sumida et al., 2005). However, hexon exchange strategies can
easily impact folding and assembly of virus particles, resulting in poor functional titers or
complete failure to rescue viable recombinants. In this regard, hexon swaps between closely
related serotypes are better accepted than between distantly related serotypes (Byrnes,
2016). Replacement of Ad5 hexon gene with the hexon from Ad2 (both species C) resulted
only in partial evasion of anti-Ad5 serum, probably due to crossreactivity of the NAbs (Gall et
al.,, 1998). In contrast, Ad5 hexon replacement with hexons from Ad3, Ad6, or Ad12
successfully evaded neutralization in mice immunized with Ad5 (Roy et al., 1998; Wu et al.,

2002; Youil et al., 2002).
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Neutralizing antibodies against Ad5 are mainly directed against the seven hypervariable
regions (HVRs) of hexon and thus, the exchange Ad5 HVRs for those of non-prevalent
serotypes has also been explored, in contrast to the exchange of the whole hexon protein. An
Ad5 vaccine vector bearing the HVRs from rare Ad48 efficiently evaded NAbs, and generated
CD8+ T cell responses against the expressed simian immunodeficiency virus (SIV) Gag in Ad5
immunized mice and rhesus monkeys (Roberts et al., 2006). Similarly, replacement of HVRs
with those of the low prevalent Ad43 in an Ad5-based malaria vaccine, resulted in robust T
cell responses against the parasite antigen in mice with high levels of Ad5 NAbs (Bruder et al.,
2012). Despite being subdominant, antifiber Nabs can also contribute to neutralization, and
the combination of hexon HVRs exchange for those of Ad48 together with the exchange of the
fiber knob with that of the chimpanzee adenovirus AdC68, resulted in an even more efficient

neutralization escape (Bradley et al., 2012a).

It is highly likely that these approaches (both the use of alternative serotypes and the
generation of chimeric/pseudotyped vectors) will not prevent the development of humoral
and cellular immune responses after the first administration of the vector. For this reason and
in order to allow efficient multiple dosing, the sequential administration of antigenically
distinct vectors has also been proposed. Heterologous prime-boosts regimens in the field of
vaccination have been tested combining different serotypes such as Ad5, Ad11, and Ad35
(Lemckert et al., 2005), Ad35 and Ad49 (Thorner et al., 2006), or Ad26 and Ad35 (Zahn et al.,
2012) among others, including even the combination of adenovirus and other types of virus
vectors such as Modified Vaccinia Ankara (MVA) (Draper et al., 2010). In the field of oncolytic
viruses, a protocol of sequential administrations of oncolytic adenovirus and Newcastle
disease virus (NDV) showed a significant benefit in antitumor effect compared to each virus
as a monotherapy, in the immunocompetent Syrian hamster model (Nistal-Villan et al., 2015).
Nevertheless, an important consideration about these strategies is the necessity to develop

more than one clinical candidate.
2.8.3. Chemical modifications of adenovirus capsid

Another approach to reduce virus neutralization is to “mask” viral epitopes by attaching
chemical polymers or lipid molecules to adenovirus capsid proteins. Polyethylene glycol (PEG)
has been the most used polymer for this purpose, although other polymers such as N-[2-
hydroxyl]methacrylamide (HPMA) have also been used (Croyle et al., 2001; Fisher and
Seymour, 2010; Green et al., 2004; O’Riordan et al., 1999; Wortmann et al., 2008). Proteins

on the exterior of Ad surface have abundant free amines, thus PEGylation of Ad capsid can be
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achieved via amine-mediated covalent bonding, resulting in labeling of all three major capsid
proteins (Choi et al., 2012). Chemical shielding not only can protect the vector from NAbs but
can also reduce Kupffer cell uptake (due to interferences in the interaction with scavenger
receptors (SRs) (Haisma et al., 2009)), hepatotropism (due to evasion of FX binding), and
extend serum half-life. In addition, this mechanism of protection also reduces innate immune
responses against the virus as evidenced by reduction in plasma levels of IL-6 after intravenous
injection (Jung et al., 2007), and in antibody-depenent complement activation (Tian et al.,
2009). However, it has been reported that PEGylation can significantly reduce the
transduction efficiency of adenovirus vectors, due to steric interference of the polymer chains
with attachment to cell receptors (Eto et al., 2005). This issue can be partially overcome by
subsequent addition of tumor-binding ligands to the distal end of PEG, such as RGD (Eto et al.,
2005), the MAb Herceptin (Kim et al., 2011), or fibrobast growth factor receptor (FGFR) ligands
(Green et al., 2008). Nevertheless, PEG is also immunogenic and can itself induce antibody
responses that neutralize the PEGylated Ad vector, hampering the efficiency of multiple
administrations (Byrnes, 2016; Shimizu et al., 2012). In addition to chemical polymers, some
studies have also demonstrated that adenovirus vectors can also be shielded from antibodies
by liposomes (Steel et al., 2004; Uusi-Kerttula et al., 2015; Yotnda et al., 2002). However,
unlike genetic modifications, polymers and liposomes are not heritable and therefore,

progeny virions will lack the shielding modification.

As previously explained, the majority of these strategies have been applied to adenovirus
vectors either for gene therapy or for vaccination, and can present certain limitations in
oncolytic adenoviruses. Thus, the design of oncolytic adenoviruses able to circumvent NAbs
remains relatively unexplored. In this thesis, we have developed a novel strategy to
circumvent anti-Ad NAbs after the systemic administraiton, by using endogenous serum

albumin to mask viral epitopes and shield the adenovirus capsid.

3. ALBUMIN AS A DRUG CARRIER

3.1. GENERAL CHARACTERISTICS OF ALBUMIN

Human serum albumin (HSA) (585 aa, MW 66.5 kDa) is by far the most abundant protein
in blood plasma, with a concentration of 35-50 mg/mL. Structurally, it is a heart-shaped a-

helical protein composed of three homologous domains (1, II, Ill), each further subdivided in
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two sub-domains (A and B) formed by 4 and 6 a-helices, respectively (Larsen et al., 2016)
(Figure 8). Albumin is synthesized predominantly in the liver and is rapidly secreted to
circulation at a rate of 10-15 g/day. The binding properties and functions of HSA are manifold.
To name a few, it is involved in the regulation of both pH and osmotic pressure in the vascular
system, it acts as a transport vehicle for fatty acids, hormones, metal ions (copper, nickel,
calcium, or zinc), and therapeutic drugs (penicillins, benzodiazepines, sulfonamides, etc.), and

it can also act as an amino acid source to nourish peripheral tissues (Kratz, 2008).
3.2. ALBUMIN PROPERTIES AS A DRUG CARRIER

In the last years, albumin has emerged as a versatile protein carrier for drug targeting and
for improving the pharmacokinetic profile of drugs, including therapeutic proteins, peptides,
and small molecules. Albumin has several traits that make it an ideal candidate as a drug
carrier. Some desirable properties are its high solubility, stability, and biodegradability, along
with its lack of toxicity and immunogenicity. In addition, its extremely long plasma half-life and

its accumulation in malignant and inflamed tissues are especially relevant for this purpose.

C-terminal
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Figure 8. Crystal structure of human serum albumin. The tertiary structure of human serum albumin is
represented. The domains and sub-domains are shown in purple (IA), red (IB), green (lIA), orange (1IB), blue (l11A),
and violet (llIB) (modified from (Larsen et al., 2016)).

3.2.1. Albumin plasma half-life

Albumin has a particularly long circulatory half-life of 19 days in humans. This is in part due
to its size, which is above the renal clearance threshold, and to its specific interaction and

recycling by the neonatal Fc receptor (FcRn) (Peters Jr, 1995). With the exception of IgGs, no
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other soluble serum protein is known to exhibit such a long half-life. Interestingly, the long
half-life of IgGs (23 days) is also due to FcRn-mediated recycling (Lencer and Blumberg, 2005).
FcRn is an MHC class I-related receptor involved in transplacental transport of maternal IgGs
to the fetus and in antigen presentation (Roopenian and Akilesh, 2007). In addition, FcRn also
extends the serum half-life of albumin and IgG molecules. Specifically, albumin is pinocytosed
along with other serum proteins by many types of cells, and it is transported by endocytic
vesicles which contain FcRn. FcRn shows no affinity for albumin at neutral pH, but binds to it
with high affinity at low pH (Chaudhury et al., 2003). When endosomes are acidified, binding
to FcRn rescues albumin from degradation, diverting it from the lysosomal pathway. Albumin
is then transported back to the extracellular space where it is released at physiologic pH,

thereby prolonging its half-life (Figure 9).
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Figure 9. Albumin recycling by FcRn. Extracellular albumin is pinocytosed along with other serum proteins at
neutral pH (blue shading). Upon endosome acidification (red shading), albumin binds with high affinity to FcRn.
Non-FcRn bound proteins are sorted to the lysosome for degradation whereas vesicles containing albumin-FcRn
complexes are recycled back to the cell membrane and upon exposure to the extracellular neutral pH, albumin
is released back to circulation.

Many therapeutic molecules are smaller than the renal filtration threshold, resulting in
their rapid clearance from the bloodstream, which severely limits their therapeutic effect

(Sleep et al., 2013). In this regard, binding to albumin either covalently or non-covalently, has
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demonstrated to be a useful strategy to significantly increase the plasma half-life of such
drugs, from minutes to hours or from hours to days. Examples of drugs using the albumin-
binding strategy for half-life extension, either already approved or in clinical or pre-clinical

stages, will be detailed below (section 3.3.).
3.2.2. Albumin accumulation in solid tumors

The fact that albumin is accumulated in solid tumors makes it very attractive as a carrier
for anticancer drugs. Three main factors are responsible for the accumulation of this plasma
protein in tumors. One factor is the enhanced permeability and retention of macromolecules
in relation to passive tumor targeting (EPR effect) (Maeda et al., 2000). The EPR effect is the
property by which high-molecular-weight molecules tend to accumulate in tumor tissue much
more than in normal tissue. This effect occurs due to the abnormal vasculature of tumors,
usually conformed by poorly aligned endothelial cells with wide fenestrations. Such leaky and
defective tumor blood vessels are highly permeable for macromolecules, while in the
vasculature of healthy tissue only small molecules can cross the endothelial barrier. The high
intratumoral concentration of macromolecules such as albumin is not only explained by this
enhanced permeability, but also by a high retention. Whereas low-molecular-weight
substances can return to circulating blood by diffusion, the lack of a proper lymphatic drainage
in tumors (due to an impaired or absent lymphatic system) cause the accumulation of

macromolecules (Kratz, 2014).

In addition to the EPR effect, a specific albumin transport pathway based on the interplay
of two albumin-binding proteins (gp60 and SPARC), also contributes to the absorption and
accumulation of albumin in the tumor interstitium. Circulating albumin binds to gp60, located
on the endothelial cell surface, inducing vesicle formation and transcytosis, which transports
albumin through the endothelial cell into the subendothelial space (Schnitzer, 1992). Upon
entering the tumor interstitium, a second albumin-binding protein, SPARC (Secreted Protein
Acidic and Rich in Cysteine), binds to albumin with high affinity and traps it in the tumor

interstitium (Figure 10).

Finally, it has also been described that the proliferating tumor mass actively sequesters
and digests albumin to cover its high demand for amino acids and metal ions, generally

resulting in hypoalbuminemia, a characteristic feature of patients with advanced solid tumors.
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Figure 10. Gp60 and SPARC are responsible for albumin accumulation in tumors. Circulating albumin is uptaken
by endothelial cells through the gp60-mediated transcytosis pathway and is retained in the tumor interstitium
by subsequent binding to SPARC.

3.3. STRATEGIES TO ACHIEVE ALBUMIN BINDING

The use of albumin as a carrier protein for treating various diseases (primarily cancer,
rheumatoid arthritis, diabetes, and hepatitis) has resulted in several marketed products and
numerous clinical trials. Such products have been developed with different strategies to

achieve albumin binding, including covalent binding and non-covalent binding methods.
3.3.1. Albumin fusions

A possible strategy to combine protein-based drugs with albumin is the genetic fusion to
the N- or C-terminal of albumin, or even to both ends. The gene of the protein of interest is
connected to the albumin gene and the fusion protein is obtained upon expression in a
suitable host (usually yeast). The resulting fusion protein combines the therapeutic activity of
the partner with the long half-life of albumin. Of note, the proper folding of albumin should
not be altered by the linker or the fused protein, in order to maintain its functionality and long

half-life (Larsen et al., 2016). In the last decade, a large number of different proteins have
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been genetically fused to albumin, including peptides, cytokines, coagulation factors,

hormones, etc.

Albiglitude (tradenames Eperzan® and Tanzeum®) is a glucagon-like peptide-1 agonist
(GLP-1 agonist) developed by Human Genome Sciences and marketed by GlaxoSmithKline for
the treatment of type Il diabetes. It consists of two human GLP-1 repeats fused to the N-
terminus of recombinant human albumin (Bush et al., 2009). Data from clinical trials
demonstrated a significant increase in the plasma half-life of approximately 5 days, compared
to 1-2 minutes of endogenous GLP-1. In 2014, Albiglitude was approved for treatment of type
Il diabetes. Other albumin-fused drugs in advanced clinical stages are FIX (rIX-FP) for the
treatment of hemophilia B (Santagostino et al., 2012), IFNa-2b (Albuferon®) for the treatment
of hepatitis C (Rustgi, 2009), or the bispecific fusion MM-111, consisting of an albumin
molecule fused at both N- and C- terminus with a scFv (single-chain variable fragment
antibody) directed against HER-2 and HER-3 for the treatment of HER-2 positive tumors
(McDonagh et al., 2012).

3.3.2. Chemical conjugation

A second approach is chemical conjugation of the drug to albumin, usually to either lysines,
tyrosines, or the free SH-group in the cys34. This strategy usually requires a release
mechanism from albumin, which can be achieved, for instance, with a cleavable linker. Kratz
et al. developed Aldoxorubicin, a maleimide-modified doxorubicin which covalently
conjugates with cys34 of albumin upon intravenous administration. Aldoxorubicin
accumulates in tumors where the acidic environment cleaves the acid sensitive linker,
releasing doxorubicin to exert its action. Preclinical and advanced clinical studies indicated
reduced adverse effects and improved tumor accumulation and efficacy than native
doxorubicin (Chawla et al., 2015; Graeser et al.,, 2010; Unger et al., 2007). The chemical
conjugation strategy has also been successfully applied to increase the plasma half-life of
methotrexate (MTX-HSA) for cancer treatment (Bolling et al., 2006), and of a peptide with
anti-HIV activity (Xie et al., 2010), among others.

3.3.3. Nanoparticle albumin-bound technology (nab technology)

American Bioscience Inc. developed an albumin-based technology useful for encapsulating
lipophilic drugs into nanoparticles. The principle is based on mixing the drug with serum

albumin in an aqueous solvent and submitting it to high pressure through a jet, to form drug
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albumin nanoparticles ranging 100-200 nm (Kratz, 2008). This technology was used to
encapsulate the chemotherapeutic agent paclitaxel, generating Abraxane® (nab-paclitaxel).
This novel formulation of paclitaxel avoids the use of the solvent Cremophor EL, associated
with severe side effects. In addition of being less toxic than its free drug counterpart,
Abraxane® also exhibits higher antitumor activity compared to free paclitaxel (Desai et al.,
2006). Along with the EPR effect, the gp60 and SPARC-mediated albumin retention
mechanism were proposed as responsible for the enhanced tumor accumulation of
Abraxane®. In fact, clinical data revealed a significant benefit in overall survival in patients
with high SPARC levels treated with the combination of Abraxane® and gemcitabine (Desai et
al., 2009; Von Hoff et al., 2011). In 2005 it was approved for the treatment of metastatic breast
cancer, representing the first albumin-based drug delivery system to be approved in oncology.
In 2010, it was acquired by Celgene Corporation to be further tested for other types of cancer.
In 2012 it was approved for the first-line treatment of locally advanced or metastatic non-
small cell lung carcinoma (NSLC) in combination with carboplatin, and in 2013 for the
treatment of pancreatic cancer in combination with gemcitabine (Kratz, 2014). The high
albumin-mediated tumor accumulation of this delivery system makes it very attractive to test
other chemotherapeutic agents. Celgene has a portfolio of nab-technology based drugs
currently in clinical development such as nab-docetaxel (ABI-008) for prostate cancer

treatment, or nab-rapamycin (ABI-009) for colon and breast tumors (Neil, 2007).

3.3.4. Incorporation of endogenous albumin ligands

Albumin acts as a transporter for a broad variety of molecules such as fatty acids and
therefore contains several fatty acid binding sites. Attachment of a fatty acid to the desired
drug is a feasible way to achieve non-covalent binding to albumin. This has been applied by
NovoNordisk in the development of Levemir® (insulin detemir) and Victoza® (Liraglutide) for
the treatment of diabetes. Levemir® is a myristic acid modified insulin analog, whereas
Victoza® is a glucagon-like peptide-1 agonist (GLP-1) modified with a palmitic acid. Upon
injection, the fatty acid moiety binds to albumin and slowly dissociates over time, improving
the bioavailability and distribution. Such modifications resulted in a remarkable increase in
half-life from 4-6 min to 5-7 h for insulin, and from 2 min to 11-15 h for GLP-1 analog (Sleep
et al., 2013). Successful results in clinical trials (Dornhorst et al., 2007; Pratley et al., 2010) led
to the approval of Levemir® in 2004 for the treatment of type 1 and 2 diabetes, and of Victoza®

in 2009-2010 for type 2 diabetes.
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3.3.5. Albumin-binding domains (ABDs) or peptides (ABPs)

Very similarly to this last strategy, non-covalent reversible binding to albumin can also be
accomplished through protein modules with the capacity to interact with albumin. In this case
and due to their protein origin, they are often genetically fused to the therapeutic protein.
These can include wild-type proteins with an intrinsic affinity for albumin or molecules

artificially engineered to bind to albumin.

Proteins with albumin-binding activity have been identified in certain bacteria, such as the
streptococcal protein G. Protein G of Streptococcus is a cell surface receptor containing
tandem repeats of serum albumin-binding domains (ABDs). Specifically, domain 3 (hereinafter
named ABD) has been extensively studied and characterized. ABD is composed of 46 amino
acids (5-6 kDa) which form a left-handed three a-helix bundle (Kraulis et al., 1996). Structural
data of an ABD homolog in complex with human serum albumin (HSA), revealed that helix two
and three of ABD interacts with domain Il of HSA, not interfering with the FcRn binding site
located in domain IIl (Figure 11). The ABD on its own maintains the albumin-binding
functionality and is highly stable, not requiring disulfide bonds or metal ions. The affinity for
human albumin has been determined to be in the range of 1-4 nM (Kontermann, 2009). The
species specificity of the domain has been studied showing high affinity not only for human
but also for mouse, rat, hamster, and baboon albumin, whereas low or no affinity for cow,
rabbit, pig, dog, or sheep albumin (among others) (Falkenberg et al., 1992; Nygren et al.,
1990). This binding to albumin of several species is highly relevant as it facilitates its use in

pre-clinical and clinical models.

A large number of pre-clinical studies have demonstrated the applicability of fusion to the
ABD to improve the plasma half-lives of therapeutic proteins, especially of small antibody
molecules and variants. A HER-2 binding Fab (Fragment antigen-binding) derived from the
clinically approved mAb Trastuzumab (Herceptin®) was fused to ABD, resulting in a half-life in
mice of 20.9 h compared to 2.1 h of the Fab fragment alone (Schlapschy et al., 2007). Similarly,
the same strategy was applied to a bispecific single-chain diabody (scDb CEA-CD3) developed
for the retargeting of cytotoxic T cells to CEA-expressing tumor cells (Figure 12), obtaining an
enhanced half-life from 5.6 to 27.6 h in mice. Importantly, this prolonged half-life led to a
strongly increased accumulation of the scDb-ABD in CEA-positive tumors in animal models
(Stork et al., 2007). Furthermore, the tumor accumulation of the scDb-ABD fusion was also
higher than that of a PEGylated scDb derivative which displayed a similar enhanced half-life,

indicating a specific contribution of albumin in tumor penetration (Stork et al., 2009). Some
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studies have confirmed that the drug-ABD/albumin interaction survives the FcRn-mediated
recycling process, and that ABD seems to follow the same kinetics and distribution as serum
albumin itself (Andersen et al., 2011; Kontermann, 2011; Stork et al., 2009). More recent pre-
clinical studies have described an enhancement in the plasma half-life and in the antitumor
effect of TRAIL (tumor necrosis factor-related apoptosis inducing ligand) and anti-HER2
immunotoxins by fusion to ABD (Guo et al., 2016; Li et al., 2016). The company Affibody has
developed Albumod™, a technology for half-life extension based on the ABD, which offers for

outlicensing.

FcRn binding site

Figure 11. Interaction of a bacterial albumin-binding domain with human serum albumin. Crystal structure of
the complex formed by the albumin-binding domain of protein PAB of Finegoldia magna (homolog to ABD3 of
streptococcal protein G) and HSA. a-helices 2 and 3 (H2 and H3) of the albumin-binding domains recognize a site
located in domain Il (DIl) of HSA, which does not overlap with the binding site of the neonatal Fc-receptor (FcRn)
located in domain Il (DIlI) (modified from (Nilvebrant and Hober, 2013)).

Alternatively to bacterial ABDs, some molecules have been specifically engineered to bind
to albumin, including domain antibodies or peptides. Albumin-binding peptides (ABPs) have
been isolated from random peptide libraries by phage display. Such peptides have the
advantage of being smaller, but on the other hand display lower affinities for albumin. For
example, an 18 amino acid ABP (SA21) obtained from a peptide phage library had an affinity
ranging 266-467 nM for albumin of different species (Dennis et al., 2002). Still, fusion to an
anticoagulant anti-tissue factor Fab significantly increased its plasma half-life 37-fold to 32.4
h in rabbits and 26-fold to 10.4 h in mice, representing the 25-43% of the albumin half-life in

these models, and maintained its anticoagulant activity.
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ABD

Figure 12. Model structure of the fusion of the ABD3 from streptococcal protein G (ABD) to the C-terminal end
of a single chain diabody (scDb) (from (Stork et al., 2007)).

In the last years, the use of albumin as a carrier protein has emerged as a hot field, and
several approaches and technologies have been developed to attach albumin to drugs. Among
all these strategies, in this thesis we used the albumin-binding domain of streptococcal protein
G (ABD) and albumin-binding peptides (ABPs) to promote adenovirus binding to albumin. Such
modifications were tested in our standard oncolytic platforms ICOVIR15, and ICOVIR15K to

protect them from neutralizing antibodies (NAbs) after the systemic administration.
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Objectives

One of the main limitations in the efficacy of adenoviral therapies is the neutralization of
the virus in the bloodstream after the systemic administration. Contrary to previous reports,
human erythrocytes have been described to bind and inactivate Ad5 via CAR. In addition, the
high prevalence of anti-Ad5 neutralizing antibodies (NAbs) in the human population
represents a significant hurdle for adenovirus-based gene therapy vectors, oncolytics, and

vaccines.

The general objective of this thesis was to study the interaction of Ad5 with two blood
components: human erythrocytes and NAbs, and due to the significant problem the latter
represent, develop an oncolytic adenovirus able to evade NAbs upon systemic administration
by using serum albumin as a shield. This thesis was carried out in the context of two
independent projects, reflected in two different chapters. Several specific objectives were

planned:
Chapter 1:

- To study the CAR-mediated interaction between Ad5 and human erythrocytes, and

determine its impact on adenovirus bioactivity in vitro and in vivo.
Chapter 2:

- To insert albumin-binding moieties on adenovirus capsid, and confirm their

functionality by demonstrating the ability of the viruses to bind albumin.

- To characterize the effect of albumin binding in vitro in the absence of NAbs, and its
impact in vivo on the blood persistence, toxicity, organ transduction, and antitumor

efficacy of the adenovirus after intravenous administration in mice without NAbs.

- To assess if albumin binding can protect adenovirus from anti-Ad5 NAbs in vitro, and
analyze the ability of the virus to transduce target organs and reduce tumor growth in

pre-immune mouse models after the systemic administration.

- To test the ability of albumin-binding adenoviruses to evade NAbs generated de novo

against their own capsid and therefore, the feasibility of virus readministration.

- To study the combination of the albumin-binding insertion with other adenovirus

modifications such as the replacement of fiber shaft HSG-binding motif with RGD.
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Materials and methods

1. HANDLING OF BACTERIA

In order to obtain enough amounts of plasmid DNA to be easily manipulated, its
amplification in bacteria was required. For this purpose, the plasmid should contain a
replication origin that allows its replication on the desired strain and an antibiotic-resistance
gene to select the bacteria and avoid contaminations. In this work, the Escherichia coli strain

SW102 has been used with this purpose and to perform homologous recombination.
1.1. PLASMIDIC DNA EXTRACTION FROM BACTERIAL CULTURES

Plasmid DNA was obtained from saturated E.coli cultures grown in LB with antibiotic according

to protocols based on an alkaline lysis with SDS. DNA was prepared at small and large scale.
1.1.1. Small scale DNA preparations

DNA minipreparations were performed following an adapted protocol described by
Birnboim and Doly (Birnboim and Doly, 1979). A colony grown in an LB-antibiotic dish was
inoculated in 3 mL of LB+antibiotic and incubated overnight at 322C. A 2 mL aliquot of the
grown culture was centrifuged at 13000 rpm for 1 minute. The cell pellet was resuspended in
200 pL of pre-cooled solution 1 (25 mM Tris-HCI pH 8, 10 mM EDTA, 50 mM glucose, 0.1
mg/mL RNAse). 200 pL of freshly prepared solution 2 (SDS 1%, NaOH 0.2 M) were added and
the mixture was blended by inversion. 200 pL 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 appeared. The mixture was incubated 5 minutes on ice and centrifuged 15 minutes
at 13000 rpm. The clear supernatant was collected without taking the white pellet
(corresponding to cellular DNA, proteins, and SDS) and 2 volumes of ethanol were added. The
mixture was incubated 15 minutes at room temperature (RT) and the plasmid DNA was
precipitated by centrifugation for 10 minutes at 13000 rpm. The supernatant was discarded
and the DNA pellet was washed with 70% ethanol by centrifugation at 13000 rpm 5 minutes.
The supernatant was discarded again, the pellet was dried and finally, plasmid DNA was

resuspended in 50 pL of TE (10 mM Tris-HCl, 1 mM EDTA).
1.1.2. Large scale DNA preparations

DNA maxipreparations allow the obtention of large amounts of high purity plasmid DNA

(=100 pg). Maxipreparations were prepared from 200 mL of saturated bacteria culture using
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the commercial kit “PureLinkTM HiPure Plasmid Filter Purification Kits” (Invitrogen, Waltham,

MA, USA), following manufacturer’s instructions.
1.2. HOMOLOGOUS RECOMBINATION IN BACTERIA

Homologous recombinations performed in this work have been conducted in bacteria
using the high efficiency system developed by Richard Stanton (Stanton et al., 2008), who
kindly gave us the plasmid pAdZ5-CV5-E3+ in SW102 strain of E.coli. This plasmid contains the
adenovirus type 5 genome (E1-) as a bacterial artificial chromosome (BAC), with a
chloramphenicol (Cm)-resistance gene. This system works using phage A genes RedyBa under
the control of a temperature-sensitive promoter, which is repressed at 32°C and activated
when bacteria are grown at 42°C. The positive-negative selection cassette rpsL-Neo was used
to identify recombinant clones. Plasmid pAdZ5-CV5-E3+ was modified in order to obtain
pAdZICOVIR15, pAdZICOVIR15K, pAdZGL, and pAdZGLRGD plasmids, which were used to

introduce the modifications described in this thesis.

Modifications were performed in two steps. In the first step or positive selection, the rpsL-
Neo cassette was inserted in the target region to modify. For that, a DNA fragment containing
the rpsL-Neo flanked by homology regions (40 bp) with the recombination sites was generated
by PCR and used to transform the bacteria. After this first recombination step and due to the
incorporation of the rpsL-Neo, recombinant clones become Kanamycin (Kan) resistant and
Streptomycin (Strep) sensitive (SW102 strain is naturally resistant to Strep), and are selected
in Kanamycin LB plates. In the second step or negative selection, the rpsL-Neo is substituted
by the desired modification. In this case, a DNA fragment containing the modification flanked
by the same homology regions is also generated by PCR and used to transform the bacteria.
In this case and due to the loss of the rpsL-Neo, recombinant clones become again Kan

sensitive and Strep resistant and are selected in Streptomycin LB plates.

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
ug/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. The expression of the

Red recombinase genes was induced in one of the falcon tubes by incubating it for 15 minutes
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at 42°C, and then cultures were incubated on ice 15 minutes more. From that moment,
manipulation was done at 4°Cin order to ensure good transformation efficiency. Both cultures
(induced and non-induced) were centrifuged 5 min at 4000 g at 4°C and supernatant was
discarded. Bacteria pellet was resuspended in 11 mL of cold ddH,0 water and centrifugation
was repeated. Three total washing steps were performed and in the last one, the pellet was
resuspended in the remaining water (<300 pL). Afterwards, 50 uL aliquots of bacteria (both,
from the induced and non-induced cultures) were transformed by electroporation with 100-
200 ng of DNA (the fragment which contains rpsL-neo). Electroporation was performed with
the electroporator machine Electro Cell ManipulatorTM ECM 630 at the following conditions:
50 uF, 1500 V and 125 Q. Pulses lower than 5 milliseconds were considered correct. Bacteria
were recovered in 1 mL of LB without antibiotics 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. 24 hours later, colonies should be grown and
the ratio between the colonies in the induced culture (recombinant) and the non-induced one
(control) were compared in order to assess recombination efficiency. Colonies were picked,
minipreparations of DNA were performed 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. The
next day, expression of recombinase genes was induced, and the bacteria were made
competent for its transformation by electroporation in the same way described previously.
Again, 100-200 ng of DNA containing the desired modification were transformed. After the
recovery incubation 100 pL of a 1/25 dilution of the culture 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 sequencing of the recombinant region.

2. CELL CULTURE

2.1. 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
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the E1A gene (Graham et al., 1977). 293 cells are highly permissive for the generation and
replication of adenoviruses and are easily transfectable by the calcium phosphate method.
HEK293 are packaging cells and have been used for the generation and amplification of non-
replicative E1-deleted adenoviral vectors, and for the generation and functional titration of

oncolytic adenoviruses.
2.2. TUMOR CELL LINES
The different tumor cell lines used in this thesis are summarized in the following table:

Table 2. Tumor cell lines used in this work

Cell line Tumor type Origin species
A549 Lung adenocarcinoma Human
Sk-mel28  Melanoma Human
NP-9 Pancreatic Human
NP-18 Pancreatic Human
A431 Epidermoid carcinoma  Human
B16 Melanoma Mouse
B16-CAR Melanoma Mouse

A549 cell line has been used to amplify the different oncolytic adenoviruses due to its high
efficiency to produce virus. NP-9 and NP-18 pancreatic tumor cells line 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’'Investigacié Gastrointestinal from the same Hospital (Villanueva et al.,
1998). B16 murine cell line was obtained from Dr. Pablo Sarobe (CIMA, Pamplona). B16CAR
murine cell line was obtained from Dr. Philippe Erbs (Transgene, France). The rest of the cell
lines were obtained from the American Type Cell Culture (ATCC, Manassas, VA, USA). 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).
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2.3. CELL COUNTING

To determine cell numbers, manual or automatic methods were performed using trypan
blue dying exclusion test. Adherent cells were detached by Trypsin-EDTA 0.05% (GIBCO RBL)
incubation 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 quadrant 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/mL = Mean number of viable cells per quadrant x Dilution factor x 10*

The automatic counting was performed with a cell counter TC20TM (Bio-Rad, Hercules,

CA, USA) according to the manufacturer’s instructions.
2.4. CELL FREEZING AND CRYOPRESERVATION

Cells were counted as described 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. The cryotubes were then stored in a liquid
nitrogen tank. For cell thawing, cells were rapidly moved from the liquid nitrogen to a water
bath at 37°C. Cells were then diluted in pre-warmed medium and transferred to a 15 mL 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.
2.5. MYCOPLASMA TEST

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

following oligonucleotides:

Table 3. Oligonucleotides used for detection of mycoplasma contamination

Oligonucleotide Sequence
MICO-1 5’-GGCGAATGGGTGAGTAACACG-3’
MICO-2 5’-CGGATAACGCTTGCGACTATG-3’
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As a template for the PCR, medium from cells that had been in overconfluence in absence

of antibiotics for at least 5 days was used. If the result was positive, cells were discarded.
2.6. PURIFICATION OF HUMAN ERYTHROCYTES

Human blood samples were obtained by venipuncture into Lithium-heparinized tubes
(Greiner Bio-One, Monroe, NC, USA) with donor consent and approval by the IDIBELL’s Ethics
Committee. After centrifugation at 2000 g for 10 min at room temperature, the plasma and
leukocyte layer were removed by aspiration. Erythrocytes were resuspended in 3 volumes of
PBS and centrifuged again with the same settings. This washout step was repeated 4 times.
Washed erythrocytes were counted in the Neubauer chamber and resuspended in PBS at the

indicated concentrations.

3. RECOMBINANT ADENOVIRUSES

All adenoviruses employed in this thesis derive from the human adenovirus serotype 5
(Ad5). First generation vectors as well as oncolytic adenoviruses were used. Wild-type human
adenovirus 5 (Adwt) was obtained from ATCC. ICOVIR15, and ICOVIR15K have been previously
described (Rojas et al., 2010, 2012). AdGL is an E1-deleted first generation vector expressing
the EGFP-Luciferase fusion protein cassette from pEGFPLuc (Clontech, Mountain View, CA,
USA). AdGLRGD is the same adenovirus vector harboring the RGD (Arg-Gly-Asp) domain in the
Hl-loop of the fiber. Both adenovirus vectors had been generated in our group before this

thesis (unpublished data).
3.1. CONSTRUCTION OF RECOMBINANT ADENOVIRUSES

The details of the construction of the recombinant adenoviruses generated in this work
are described below. The oligonucleotide primers used and their sequence are summarized in

Table 4.

ICOVIR15-H1-ABD

Toinsert the ABD in the HVR1 of the hexon, the first step was the amplification of the rpsL-
neo cassette by PCR from pJetRpsLneo, a plasmid containing the rpsL-Neo positive-negative
selection markers cloned into pletl.2/blunt (GenScript, Wheelock House, Hong Kong). The

specific oligonucleotides used were HVR1rpsLF and HVR1rpsLR. The rpsL-Neo cassette was
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then inserted in the HVR1 of pAdZICOVIR15 plasmid, which contains the genome of ICOVIR15
in the pAdZ backbone. The DNA fragment containing the ABD was generated by PCR using the
following overlapping oligonucleotides: ABDH1F, ABDR1, ABDF2, ABDR2, ABDF3, ABDR3, and
ABDH1R. The generated fragment was used to replace the rpsL-Neo cassette in the HVR1.

ICOVIR15-H5-ABD

In this case, the rpsL-Neo was amplified with the oligonucleotides HVR5rpsLF and
HVR5rpsLR and inserted in pAdZICOVIR15 plasmid. The ABD was amplified from the genome
of ICOVIR15-H1-ABD using oligonucleotides ABDH5F and ABDH5R, and this DNA fragment was
used to replace the rpsL-Neo in the HVRS.

AdGL-H1-ABD

The same DNA fragments used to construct ICOVIR15-H1-ABD were used to recombine in

pAdZGL plasmid, which contains the genome of AdGL in the pAdZ backbone.

AdGLRGD-H1-ABD

The same DNA fragments used to construct ICOVIR15-H1-ABD were used to recombine in
pPAdZGLRGD plasmid, which contains the genome of AAGLRGD in the pAdZ backbone.

AdGLRGD-H5-ABD

The same DNA fragments used to construct ICOVIR15-H5-ABD were used to recombine in

pAdZGLRGD plasmid.

ICOVIR15K-H1-ABD

The same DNA fragments used to construct ICOVIR15-H1-ABD were used to recombine in

pAdZICOVIR15K plasmid, which contains the genome of ICOVIR15K in the pAdZ backbone.
ICOVIR15-Luc

The luciferase gene was amplified by PCR from pVK503TrackLuc, a plasmid containing the
genome of an El-deleted adenovirus with the GFP and luciferase genes cloned in the E1
region, using the oligonucleotides 3AlucF and 3AlucR. The DNA fragment generated in this PCR
contains the splicing acceptor 3VDE (from the adenovirus protein llla), a Kozak sequence to

enhance the translation efficiency, the luciferase gene, and a polyA sequence. To insert the
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transgene after the fiber and under the control of the major late promoter (MLP), this DNA
fragment was used to replace the rpsL-Neo cassette of pAdZICOVIR15-fi-rpsL-Neo, located
after the fiber of oncolytic adenovirus ICOVIR15.

Table 4. Primers used for the construction of recombinant adenovirus genomes

Primer Sequence (5'+3’)

HVR1rpsLF  GCCCTGGCTCCCAAGGGTGCCCCAAATCCTTGCGAATGGGGCCTGGTGATGATGGC
HVR1rpsLR  GTAATATTTATACCAGAATAAGGCGCCTGCCCAAATACGTGAGTTCAGAAGAACTCGTCTCAAGAAG
ABDH1F CCCAAGGGTGCCCCAAATCCTTGCGAATGGGATGAAGCTGCTACTGCTCTTGAAATAAACCTAGAAGAAG

AGGACGGCAGCGGATCCCTG
ABDR1 CCCGGTTCGCAAGCACCTTAGCCTCGGCCAGGGATCCGCTGCCCCATTC
ABDF2 GCTTGCGAACCGGGAACTAGACAAATACGGTGTTTCTGATTATTACAAG
ABDR2 CGACGGTTTTGGCATTGTTAATCAAATTCTTGTAATAATCAGAAACACCG
ABDF3 ATGCCAAAACCGTCGAGGGCGTAAAGGCTCTGATCGACGAAATACTTGCG
ABDR3 ATACGTGAGTGCTACCAGACCCGGGTAGGGCCGCAAGTATTTCGTCGATC

ABDH1R CAGAATAAGGCGCCTGCCCAAATACGTGAGTTTTTTGCTGCTCAGCTTGCTCGTCTACTTCGTCTTCGTTGT
CATCGCTACCAGACCCGGG

HVR5rpsLF  GAAAGCTAGAAAGTCAAGTGGAAATGCAATTTTTCTCAACTGGCCTGGTGATGATGGC

HVR5rpsLR  CTTCTTGACGAGTTCTTCTGACCTAAAGTGGTATTGTACAGTGAAGATGTAGATATAGAAAC

ABDH5F GCTAGAAAGTCAAGTGGAAATGCAATTTTTCTCAACTACTGAGGCAGCCGCAGGCAGCGGATCC
ABDHS5R CTATATCTACATCTTCACTGTACAATACCACTTTAGGAGTCAAGTTATCACCATTGCCGCTACCAGACCC
3AlucF CAATTGGTACTAAGCGGTGATGTTTCTGATCAGCCACCATGGAAGACGCCAAAAACAT

3AlucR GACTTGAAATTTTCTGCAATTGAAAAATAAAGTTTATTACACGGCGATCTTTCCGC

3.2. GENERATION OF RECOMBINANT ADENOVIRUSES BY CALCIUM PHOSPHATE
TRANSFECTION

Once the desired modifications have been incorporated into the viral genome, this
recombinant viral DNA needs to be introduced into packaging cells to generate the
adenovirus. For this purpose, HEK293 cells were transfected with the plasmid containing the
viral genome by the calcium phosphate-based method. For the transfection with pAdzZ
plasmids, previous linearization of the viral genome is not required since these plasmids
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, as circular DNA is transfected more efficiently than linear DNA. After the
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transfection, the viral cycle begins, and after several rounds of replication (about 7 days post-

transfection), foci of cytopathic effect are clearly seen.

For transfection, monolayers of HEK293 cells seeded in 6-well plates 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:

- 19.5puLofCaCl22 M
- 3 ugof DNA
- ddH20 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
pL of HBS 2X (NaCl 274 mM, HEPES 50 mM, and NaH,PO4 1.5 mM in H,0, pH adjusted to 6.95-
7.05 with NaOH) was prepared. 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 calcium phosphate precipitates became visible and at

16 hours post-transfection the medium was removed and exchanged by fresh medium.

When the foci of cytopathic effect were visible, cells were collected together with the
supernatant (cell extract, CE) and underwent 3 rounds of freeze (-80°C) and thaw (37°C) to
completely release the viral particles from the cells. This way, we obtain the first viral lysate

(cell extract passage 0, CEpO).

3.3. 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 CEpO. For first generation
vectors, the assay was performed in HEK293 cells as they provide E1A protein allowing the
replication of E1-deleted adenoviruses. For oncolytic adenoviruses, this assay was performed
in A549 cells in order to avoid the possible recombination between the modified E1 region of
the adenovirus and the wild-type E1 region of HEK293 cells. Once isolated, the clones were
characterized and those that 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. The infected cells
are covered with an agarose matrix that allows nutrient and gas exchange with the medium

but does not allow the diffusion of the viral progeny. This way, the viral particles released from
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the cells are only able to infect neighboring cells leading to the formation of viral plaques after

several rounds of replication.

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 cells at an 80% of
confluence, was infected with 100 uL of each viral dilution during 4 hours at 37°C. 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 plaques appeared at day 5-8 post infection. At that moment, the
medium was carefully removed and the plaques were picked through the agarose matrix using

a pipette tip. The aspirated agarose/medium was resuspended in 500 puL of DMEM 5% FBS.
3.4. AMPLIFICATION AND PURIFICATION OF ADENOVIRUSES

Amplification and purification allows the obtainment of sufficient amounts of adenovirus
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 virus 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 ultracentrifugation steps in cesium chloride. Both processes

are described in the following sections.
3.4.1. Amplification of adenoviruses

Amplification of non-replicative vectors was carried out in HEK293 cells as E1A protein is
indispensable for adenovirus replication, whereas amplification of oncolytic adenoviruses was

performed in A549 cells to avoid recombinations in the E1 region.

The starting material for the amplification of the adenoviruses was the plague obtained
from the plaque isolation assay. 250 puL of the medium containing the isolated clone were used
to infect a well from a 6-well plate of the corresponding cells. 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 2 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
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studies, and was kept at -80°C for this use. In order to purify the virus for in vivo usage, the CE
from the other plate was used to infect 20 more 15 cm plates. For this final amplification step,
the CE was collected when the CPE was evident in 90-100% of the cells but they were not
completely detached from the plate, since the purification 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 resuspended 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.
3.4.2. Purification of 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 by systemic injection.
The method used in this work for the purification of adenoviruses is based on cesium chloride
(CsCl) density gradients 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 pellet obtained in the last
amplification step was submitted to 3 freeze/thaw cycles. The viral extract was centrifuged 5
minutes at 1000 g and the supernatant containing the virus (clarified cell extract, CCE) was
collected. The pellet was resuspended in 10 mL of the supernatant 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, Brea, CA, USA)
using 2 solutions at different concentrations. CsCl solutions B and C were prepared from the
stock solution A (1.5 g/mL). The gradients were carefully prepared adding 2.5 mL of solution
C (1.25 g/mL) dropwise onto 2.5 mL of solution B (1.35 g/mL). 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 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 carefully collected
and placed onice in a 50 mL Falcon tube. For further purification, a second centrifugation step

using a continuous CsCl gradient was necessary. The solution containing the virus was brought
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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 at 4°C were carried out against 1 L of Tris buffer (Tris-HCl 20 mM, NaCl 2 mM, and

glycerol 2.5%). After the last dialysis, the virus was separated in aliquots and stored at -80°C.
3.5. TITRATION OF ADENOVIRUSES
3.5.1. Determination of physical particles by spectrophotometry

This method is used to quantify 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 wavelength 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 5-10 minutes at
56°C. Then, the OD was measured at 260 nm and 280 nm with a spectrophotometer. The final
concentration of the virus was calculated with the following formula, taking into account that

the extinction coefficient of adenoviruses is 1.1x10*? per OD unit:
vp/mL = OD,gq v X Sample dilution x 1.1 x 10*2

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.
3.5.2. Determination of physical particles by real-time PCR

This technique was used to detect and quantify adenovirus genomes in PBS samples with
or without human erythrocytes, serum samples, and tissue extracts. The PCR was carried out
using the oligonucleotide primers and probe detailed in Table 5, which identify the hexon

region.
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Table 5. Primers and probe used to quantify adenovirus genomes by real-time PCR

Primer Sequence
Ad18852 5’- CTTCGATGATGCCGCAGTG-3’
Ad18918R 5’-GGGCTCAGGTACTCCGAGG -3’

TagMan probe 5'-FAM-TTACATGCACATCTCGGGCCAGGAC-TAMRA-3'

A standard curve was prepared by diluting a known number of adenovirus genome copies
in the adequate diluent for each type of sample. For each sample and standard curve point,

the following mixture was prepared in 384-well plates:

- 4 pL of DNA sample [25 ng/uL]

- 0.36 pL of Ad18852 [10 pM]

- 0.36 pL of Ad18912R [10 pM]

- 0.1 pL of TagMan probe [10 uM]
- 5 puL Premix ExTaq 2x

- 0.18 pL of ddH,0

The following amplification protocol was followed:

- Denaturation 95 2C for 10 min
- 40 cycles:

e 95°Cfor15s

e 60°Cfor1min

Genome copies were calculated using LightCycler® v4.05 software (Roche, Basel,

Switzerland).
3.5.3. Determination of functional particles by anti-hexon staining

This method is based on the detection of positive cells for the immunostaining of the viral
protein hexon in monolayers of HEK293 cells infected with serial dilutions of the virus. This
technique allows the determination of functional infective viral particles (Transducing Units,

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 pL per well of DMEM 5% FBS. Then, 50 uL of a cell suspension at a
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concentration of 2x10° cells/mL was added to the wells. After 36 hours incubation at 37°C, the
medium was removed by suction and the cells were dried for 5 minutes at RT. To fix and
permeabilize the cells, 100 puL/well of cold methanol were added 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
obtained from the hybridoma 2Hx-2 (ATCC), diluted 1/5 during 1 hour at 37°C. Afterwards,
cells were washed three times and incubated with an anti-mouse secondary antibody
conjugated with the fluorochrom Alexa-488 (Invitrogen) diluted 1/500 for 1 hour. Finally, the
cells were washed thrice 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

TU/mL= x Dilution factor x 1000 pL
100 plL

3.5.4. Quantification of viral protein by Bradford assay

A standard curve was performed with known concentrations of BSA in 96-well plates. BSA
was serially diluted in ddH;0 in order to have O, 1, 2, 3, 4, 5, and 6 ug of protein in a final
volume of 160 pL. Purified adenovirus samples were diluted in ddH.O depending on the
physical titer previously obtained (dilutions ranging from 1/5 to 1/100) in a volume of 160 pL
(always handling the samples on ice). 40 uL of Bradford reagent were added to the wells and
mixed carefully without making bubbles. After 5 minutes, absorbance at 595 nm was read and
protein concentration was determined taking into account the absorbance of the BSA

standard curve.
3.6. CHARACTERIZATION OF RECOMBINANT ADENOVIRUSES
3.6.1. Methods for purification of 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 below.
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3.6.1.1. Purification of viral DNA from infected cells

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

plague formation assay.

The cell extract of infected cells was harvested and centrifuged 5 minutes at 1000 g. The
supernatant was discarded and the cell pellet resuspended in 1 mL of PBS. The cell suspension
was pelleted again by centrifugation and resuspended in 350 pL of ddH;0. 350 pL 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 and the sample was mixed and incubated for 1 hour at 56°C. 200
pL of NaCl 5 M were added dropwise while vortexing, and the mixture 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. Incubation with RNAse
at a final concentration of 100 pg/uL was carried out for 1 hour at 37°C. Then, a
phenol:chloroform DNA 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 50 uL of TE pH 8.0.
3.6.1.2. Purification of 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 puL aliquot of purified virus, containing

approximately 2x10%° vp, corresponding to 1 pg of viral DNA.
The following was added to this aliquot and incubated 2 hours at 562C:

- 16 pL of EDTA pH 8.0 [0.5 M]
- 20 uLSDS 10%

- 8 uL proteinase K [10 mg/mL]
- TE pH 8.0 up to 400 pL

After the incubation, a phenol:chloroform DNA 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 50 pL of TE pH 8.0.
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3.6.2. Digestion of viral DNA with restriction enzymes

As starting material for the digestion of viral DNA with restriction enzymes, 500 ng of DNA
were used. To this amount of DNA, 1 unit of the enzyme, the appropriate buffer to each
enzyme (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.
3.6.3. Viral DNA sequencing

Sequencing of viral DNA was performed using 200 ng of DNA, 2 uL of the sequencing mix
3.1 (Applied Biosystems, Foster City, CA, USA) containing dNTPs and ddNTPs marked with
different fluorochroms, 2 uL 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 2 minutes at 60°C. The
sequencing reactions were analyzed with an automatic sequencer at the “Laboratori de

Recerca Translacional 2” of the “Institut Catala d’Oncologia” (ICO).

4. IN VITRO ASSAYS WITH RECOMBINANT ADENOVIRUSES

4.1. BINDING ASSAYS TO HUMAN ERYTHROCYTES

All in vitro studies in this thesis were performed in triplicate. AdGL was incubated with
freshly isolated and washed human erythrocytes at the indicated concentrations for 30 min at
37 °C with constant agitation. For the CAR blocking assay, a preincubation of human
erythrocytes with anti-CAR antibody from RmcB hybridoma (1/5 dilution, ATCC) was
performed for 1 h at 4 2C before incubation with AdGL. After the incubation, samples were
centrifuged at 8000 rpm for 10 min at room temperature, the supernatant was separated and
brought up to 1 mL of PBS, and the erythrocyte pellet was resuspended in 1 mL of PBS.
Supernatant and pellet samples were digested with proteinase K and SDS to release the viral

DNA as follows:

- 5ulL of sample
- 2 ulL of proteinase K buffer 2X
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- 2 plL of proteinase K
- 0.5 uL of SDS 4%
- 10.5 pL of ddH,0

Mixtures were incubated 45 min at 54 2C and 10 min at 90 2C. After the digestion, samples
were diluted 1/20 in ddH,0 and adenovirus genome quantification was performed by real-
time PCR. Two different standard curves were prepared for the supernatant samples and for
the erythrocyte fraction samples. 1.8x10% vp were diluted in 1 ml of PBS (supernatant samples)
or in 1 ml of PBS with 5x10° erythrocytes (erythrocyte fraction samples). Subsequent 1/2
dilutions were performed in PBS or in PBS containing erythrocytes. These standard curve
samples were treated equally as the test samples regarding the digestion with proteinase K

and SDS, and subsequent dilution in ddH;0.
4.2. DETECTION OF ALBUMIN BINDING BY ELISA

Detection of binding to human serum albumin (HSA) and mouse serum albumin (MSA) was
performed following an ELISA protocol adapted from Konig and Skerra (Konig and Skerra,
1998). Incubations were performed 1 h at room temperature followed by three washing steps
with 200 pL of PBS containing 0.1% Tween20, which was also the buffer used to dilute viruses
and antibodies. The 96-well plate was coated with 200 pL of BSA, HSA, or MSA (Sigma, St.
Louis, MO) at 2 mg/mL diluted in PBS. Alternatively, wells were coated with human or mouse
serum previously diluted 1/25 in PBS. Remaining binding sites on the plastic surface were
blocked with 2 mg/mL of BSA diluted in PBS containing 0.5% Tween20. 25 ng of viral protein
of the purified viruses were added in a volume of 50 pL. For the dose-dependent binding 0,
0.25, 2.5, or 25 ng of viral protein were used. Viral protein concentration of the purified virus
samples was quantified using Bio Rad Protein assay as described in section 3.5.4. Detection of
viruses in wells coated with purified albumins or human serum was performed with anti-hexon
antibody from 2Hx-2 hybridoma supernatant (50 pL per well at a dilution of 1/5, ATCC) and a
polyclonal goat anti-mouse conjugated with horseradish peroxidase (50 pL per well at a
dilution of 1/2000, Life Technologies, Carlsbad, CA, USA). Detection of viruses in wells coated
with mouse serum was performed with anti-Ad5 Ab6982 (50 uL per well at a dilution of 1/500,
Abcam, Cambridge, UK) and a polyclonal goat anti-rabbit conjugated with horseradish
peroxidase (50 pL per well at a dilution of 1/2000, Life Technologies). Wells were stained
adding 100 puL per well of freshly mixed 3,3',5,5'-Tetramethylbenzidine (Thermo Fisher,
Waltham, MA, USA) peroxidase substrate solution and incubated 15 min with shaking. The
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reaction was stopped adding 100 pL of sulfuric acid 2N and the absorbance was measured at
450 nm.

4.3. DETECTION OF ALBUMIN BINDING BY IMMUNOELECTRON MICROSCOPY

Purified samples of ICOVIR15 and ICOVIR15-ABD were adsorbed for 2 min onto glow-
discharged, collodion/carbon coated nickel grids. Unspecific binding was blocked by floating
grids on a drop of TBG (30 mM Tris-HCl pH 8, 150 mM NaCl, 0.1% BSA and 1% gelatin) for 10
min. Grids were then incubated for 30 min with a 1:1 dilution of stock of HSA in TBG (2 mg/mL
in 20 mM Tris-HCl pH 7.8, 150 mM NaCl), washed in TBG (3x3 min), and incubated for 15 min
on a drop of mouse anti-HSA (Sigma) diluted 1:500 in TBG. After 4 x 2 min rinses with 0.1%
gelatin in PBS (137 mM NaCl, 2.7 mM KCI, 10 mM Na;HPQOg4, 1.8 mM KH,PO4 pH 7.4) and 5 min
incubation in TBG, grids were incubated for 15 min in goat anti-mouse IgG-gold conjugate
(EM.GAF10, British Biocell International, Cardiff, UK) diluted 1:40 in TBG. Finally, grids were
washed in 0.1% gelatin in PBS (5x2 min), milliQ water (3x2 min), and stained with 2% uranyl

acetate (30 sec). Grids were examined in a JEOL 1230 electron microscope.
4.4. DETECTION OF ALBUMIN BINDING BY CRYO-ELECTRON MICROSCOPY
4.4.1. Cryo-electron microscopy

75 uL of ICOVIR15-ABD (8x10'! vp/mL in 20 mM Tris pH7.8, NaCl 25mM, 2.5% glycerol)
were mixed with 0.75 uL of stock HSA and incubated for 30 min at room temperature to obtain
an ICOVIR-ABD-HSA complex for cryo-EM imaging. Glycerol and free HSA were removed, and
the virus concentrated, by adding 2.3 volumes of 20 mM Tris pH7.8, NaCl 25mM and spinning
at 4°Cin a 100,000 MWCO Amicon Ultra centrifugal filter (Millipore, Billerica, MA, USA). Final
virus concentration was 2.4x10'% vp/mL. Samples were applied to glow discharged Quantifoil
R2/4 300 mesh Cu/Rh grids, vitrified in liquid ethane using a Leica CPC plunger, mounted in a
Gatan 626 cryostage and examined in a FEI Tecnai G2 FEG microscope operating at 200 kV.
Low dose cryo-EM images were acquired using a 4 K x 4 K Eagle CCD camera, with a
magnification of x50,000 and a defocus range of 0.5-4 um, with a nominal sampling rate of

2.16 A/px in the sample.
4.4.2. Three-dimensional reconstruction and difference mapping

Image processing and three-dimensional reconstruction were performed using the

software package Xmipp (de la Rosa-Trevin et al., 2013). The contrast transfer function (CTF)
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parameters of 177 micrographs were determined using CTFFIND4 (Rohou and Grigorieff,
2015). An initial set of 1181 particles manually selected was extracted into 516x516 pixel
boxes, with one pixel corresponding to 2.16 A in the sample, normalized, and reduced to
256x256 box size (4.35 A/px) for computational efficiency. Orientation search and 3D
reconstruction were carried out using projection matching in Xmipp. The initial model for the
first refinement iteration was a map calculated from the high resolution cryo-EM model of
human adenovirus type 5 (HAdV-C5) (Liu et al., 2010) using the program pdb2mrc (Ludtke et
al., 1999) and low-pass filtered to 60 A resolution. A total of 1121 particles were included in
the final 3D map at 19.6 A resolution, estimated by Fourier shell correlation with the threshold
set at 0.5. lcosahedral symmetry was imposed throughout refinement. A difference map
showing the HVR1, ABD and HSA density was calculated by subtracting the HAdV-C5 model
from the ICOVIR15-ABD-HSA map after filtering both to the same resolution (19.6 A),
normalizing, and refining the scale of the experimental map. Scale refinement, subtraction

and figure creation were carried out with UCSF Chimera (Pettersen et al., 2004).
4.5. VIRAL PRODUCTION ASSAYS

To perform viral production assays, a known number of cells were seeded into 24-well
plates in order to have an 80% of confluence at the moment of the infection. Cells were
infected per triplicate at an MOI to allow for 80 to 100% of infection. A549 were infected at
800 vp/cell, and HEK293 cells at 100 vp/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. After the lysis, cell extracts were centrifuged 5 min at 5000 g to
separate cell debris and viral titers were determined according to the anti-hexon staining

method described in section 3.5.3.
4.6. VIRAL INFECTIVITY ASSAYS

Viral infectivity assays were performed by infecting different cell lines with the non-
replicative vectors expressing the GFP-Luciferase fusion protein. Transduction efficiency of the
different capsids was determined by measuring the luciferase activity of the cell lysates 24
hours after infection for HEK293 cells, and 36-48 hours after infection for tumor cell lines.
Medium was removed and cells were lysed adding 50 pL of Reporter Lysis Buffer 1X (Promega,
Madison, WI, USA) and frozen-thawed once. Lysates were centrifuged at 4000 rpm for 5

minutes at 42C and the luciferase enzyme activity of the supernatant was measured mixing 8
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uL of sample with 20 uL of Luciferase Assay Reagent (Promega) in a luminometer (Berthold
Junior, Berthold GmbH&Co, KG, Germany).

4.6.1. Infectivity in the presence of HSA

SK-mel28 (10,000 cells/well), NP-9 (15,000 cells/well), A549, B16, or B16-CAR (30,000
cells/well) were seeded in 96-well plates. The following day, cells were infected in normal
medium or in human serum albumin-containing medium (HSA 1mg/mL, Sigma) with the MOls
indicated in each figure caption in the Results section. Alternatively, A549 cells were also
infected in medium containing 0, 0.01, 0.1, 1, and 10 mg/mL of HSA to test the effect of
albumin concentration. At 36 hours post-infection luciferase activity was measured as

described above.
4.6.2. Infectivity in the presence of HSA and FX

30,000 A431 cells per well were seeded in 96-well plates. The day after, cells were washed
with PBS, and incubated with FBS-free medium in the presence and absence of HSA (1 mg/mL)
and in the presence and absence of FX (12.25 pug/mL, Assaypro, St. Charles, MO, USA). Cells
were infected with 1000 vp/cell. 8 hours after the infection cells were washed with PBS and
incubated with fresh DMEM 10% FBS. 24 hours after the infection luciferase activity was

measured as described above.
4.6.3. Infectivity in the presence of human erythrocytes

700,000 A549 cells per well were seeded in 24-well plates the day before the assay.
1.8x10% vp of AdGL were incubated with 5x10° freshly isolated and washed human
erythrocytes in 1 mL of PBS, or in 1 mL of PBS without erythrocytes for 30 min at 37 2C with
constant agitation. After the incubation, samples were centrifuged at 8000 rpm for 10 min at
room temperature, the supernatant was discarded and the erythrocyte pellet was
resuspended in 1 mL of PBS. 30 pL of the resuspended erythrocyte pellet were used to infect
A549 cells. Erythrocytes alone in A549 cells and erythrocytes with AdGL in the absence of A549
cells were used as negative controls. 48 hours after the infection luciferase activity was

measured as described above.
4.7. 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
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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'* results 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 30,000 A549 per well in a 96-well plate.
Cells were infected in normal medium or in HSA-containing medium (50 ng/uL or 1mg/mL)
with serial dilutions of the viruses with the MOls indicated in the figures in the Results section.
At day 5-7 post-infection plates were washed with PBS and incubated with 200 pL of BCA
reagent during 30 minutes at 372C. Absorbance was quantified at 540 nm and the MOI
required to produce 50% of growth inhibition (ICsp value) was determined from dose-response

curves by standard nonlinear regression (GraphPad Prism 5; GraphPad Inc., La Jolla, CA).
4.8. ANTIBODY-MEDIATED NEUTRALIZATION ASSAYS
4.8.1. Determination of anti-Ad5 NAbs titer in serum samples

This method is based on the transduction analysis of a reporter adenoviral vector after the
incubation with serial dilutions of a serum sample. The transduction efficiency increases as

the serum is diluted and the percentage of neutralization is calculated in each dilution.

Starting from an initial 1/10 dilution, serial 1/2 dilutions of the serum sample were
prepared per triplicate in 96-well plates in a total volume of 50 uL per well of DMEM 5% FBS
containing 5x10° TU/mL of the indicated virus. The plate was incubated 1 hour at room
temperature to allow the binding of neutralizing antibodies to the virus. Then, 50 pL of a cell
suspension of HEK293 at a concentration of 2x10° cells/mL was added to the wells,
corresponding to an MOI of 0.25 TU/cell. A positive control of virus and cells without serum,
and a negative control of only cells were also included to calculate the percentage of
neutralization. After 24 hours incubation at 37°C, the luciferase activity of the samples was
measured as described above. To calculate the percentage of neutralization of each serum

dilution the following formula was used:

LU sample - LU negative control

% neutralization = <1 - > x 100

LU positive control - LU negative control

85



Materials and methods

The titer of the serum corresponds to the dilution in which the percentage of

neutralization is closest to the 50% value.
4.8.2. Transduction in presence of NAbs

This method was used to test the ability of adenoviruses to transduce target cells in
presence of neutralizing antibodies. It is a variation of the NAbs tittering method described
above. The assay was performed using the anti-Ad5 neutralizing antibody Ab6982, mouse
serum, or human serum. Serial dilutions of the neutralizing agent were performed in 96-well
plates as indicated, in a total volume of 50 uL per well of DMEM 5% FBS containing the
different reporter vectors or oncolytic adenoviruses, and containing or not HSA (1 mg/mL).
After 1 hour incubation at room temperature, 50 pL of a cell suspension was added to the
wells (100,000 HEK293, and 30,000 A549 or Sk-mel28 cells per well) to obtain the desired
multiplicity of infection (10 vp/cell for HEK293 and A549, and 40 vp/cell for Sk-mel28). A
positive control of virus without neutralizing agent and a negative control of only cells were
also included to calculate the percentage of neutralization. After 24 hours incubation at 37°C,
the luciferase activity of the samples was measured. If oncolytic adenoviruses were used, the
plate was developed by anti-hexon staining method 36 hours after the infection. The
percentage of neutralization is calculated as described above but the data is represented in

percentage of transduction:
% transduction = 100 - % neutralization

Alternatively, the effect of HSA concentration on neutralization escape was also analyzed.
A single 1/36 dilution of Ab6982 was performed in medium containing the different reporter
vectors, and containing 0, 0.01, 0.1, 1, or 10 mg/mL of HSA. The transduction of the vectors in

these conditions in A549 cells was performed as described above.
4.8.3. Cytotoxicity in presence of NAbs

This method was used to test the ability of adenoviruses to kill cancer cells in presence of
neutralizing antibodies. The principle is the same as the transduction assay in presence of
NAbs. Serial dilutions of the neutralizing agent were performed in medium containing the
different oncolytic adenoviruses. After 1 hour incubation at room temperature, cells were
added to the wells to obtain the desired multiplicity of infection. At day 5-7 post-infection cell

viability was quantified using the BCA reagent as described in section 4.7.
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5. IN VIVO ASSAYS WITH RECOMBINANT ADENOVIRUSES

5.1. 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.

In this work, female immunocompetent Balb/C mice were used for the toxicity studies,
female immunodeficient Athymic nu/nu mice were used for the blood persistence analysis,
biodistribution, and antitumor activity experiments; and female immunocompetent C57BL/6
mice were used for the immunization, blood persistence, biodistribution, and ELISPOT
experiments. In all cases, 6-8 week-old mice with a body weight between 20 and 30 g were

used.

Animals were housed at a temperature between 22 and 24°C under an artificial circadian
12 hour light/12 hour dark cycle, and received ad libitum standard diet and water. The number

of animals used in each study is indicated in the figure captions.
5.2. SUBCUTANEOUS IMPLANTATIONS OF TUMOR CELLS AND MONITORING

Tumor cells were maintained in 15 cm plates at standard in vitro conditions. 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 to obtain the desired cell concentration. The number of cells
per tumor varied depending on the cell line and ranged from 3x10° to 1x10’ cells/tumor,
implanted in a volume of 200 puL. Mice were anesthetized with isoflurane before the
implantation of the tumors and shaved in the case of immunocompetent C57BL/6 mice. 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, tumors were measured with a caliper. Tumor volume was calculated

according to the following equation:
Tt
V (mm?3) = A x L x W2

where W and L are the width and the length of the tumor, respectively.
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When tumors reached a volume of 100-200 mm3, animals were randomized into

experimental groups and were treated as corresponded.
5.3. ADMINISTRATIONS

Solutions for the administration in vivo were prepared by diluting purified washed human
erythrocytes, purified viral stocks, or mouse serum in PBS. For the systemic administration, a
maximum volume of 200 uL was injected with hypodermic 29 G needles via tail vein. When
adenovirus and erythrocytes were co-injected, they were incubated for 30 min at 37 2C before
the injection. For the intraperitoneal administration, hypodermic 29 G needles were also
employed. Viruses were injected in a volume of 200 pL and the volume of mouse serum
administered depended on the serum titer and is indicated in each experiment in the results

section. The injected doses of adenovirus or erythrocytes are also detailed in each experiment.
5.4. SAMPLE COLLECTION

The obtention of blood samples and organs for their analysis was carried out after killing
the mice by asphyxiation in a CO, chamber. Alternatively, small blood samples were also taken

by a small cut on the tail without killing the mice.
5.4.1. Blood or serum for erythrocyte or virus detection

Blood samples were collected after a small cut in the mouse tail at the indicated time
points after the systemic administration. For the detection of human erythrocytes, blood
samples were collected in EDTA-coated capillary tubes to avoid clotting. Erythrocyte detection
was performed by flow cytometry analysis as described below in section 5.5. For the detection
of adenovirus particles, blood samples were collected in capillary tubes without anticoagulant
and allowed to clot. The serum was separated by centrifugation 5 minutes at 6500 g. Virus
genomes were quantified by real-time PCR as described in section 3.5.2., and adenovirus

transducing units were quantified by anti-hexon staining method described in section 3.5.3.
5.4.2. Serum for biochemical analysis or NAbs titration

Blood samples were obtained by cardiac puncture with a hypodermic 25 G needle. For the
biochemical analysis, tubes containing heparin (BD Microtainer, PSTTM LH tubes) were used
and the samples were centrifuged 5 min at 6500 g to obtain the serum, which was analyzed

by the “Servei de Bioquimica Clinica Veterinaria de la Facultat de Veterinaria de la Universitat
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Autonoma de Barcelona”. For NAbs tittering, serum samples were heat-inactivated at 562C

for 30 min. Determination of NAbs titer was performed as described in section 4.8.1.
5.4.3. Organ collection

Organs were collected using surgical instruments and washed with saline solution. Organs
were directly imaged with an in vivo bioluminescent imaging machine (IVIS), or divided into
pieces and fixed in formaldehyde 4% for 16 hours for paraffin inclusion, or directly frozen for
DNA extraction. Spleens for ELISPOT analysis were harvested in 15 mL conical Falcon tubes
containing 5 mL of RPMI medium supplemented with 10% FBS and 1% PS for subsequent

isolation of splenocytes.
5.5. DETECTION OF HUMAN ERYTHROCYTES IN MOUSE BLOOD

Freshly isolated and washed human erythrocytes were incubated with carboxyfluorescein
succinimidyl ester (CFSE) at a final concentration of 10 uM for 5 min and protected from light.
After the incubation, PBS + 5% FBS was added up to a volume of 50 mL, and erythrocytes were
centrifuged for 7 min at 2000 g. This washing step was performed three times. After the last
centrifugation, erythrocytes were counted and brought to a concentration of 4x10° cells/mL
in PBS. A total of 8x108 CFSE-labeled erythrocytes in 200 uL of PBS were intravenously injected
in nude mice. Blood samples were collected from the tail vein at the indicated time points as
described in section 5.4.1. A Gallios™ (Beckman Coulter) cytometer was used for the detection
of CSFE-labeled human erythrocytes. 100,000 events were analyzed for each sample and

FlowJo v7.6.5 (Tree Star, Inc.) software was used for the analysis of the data.
5.6. BIODISTRIBUTION ANALYSIS OF ADENOVIRUSES

The accumulation and transduction of adenoviruses in the organs was analyzed by two

methods as described below:
5.6.1. Analysis of luciferase activity in organs

The transduction in the different organs was determined by measuring the luciferase
activity after the systemic administration of the non-replicative reporter vectors, or the

replicative luciferase-expressing adenovirus ICOVIR15-Luc.

Three days after vector administration mice received an intraperitoneal injection of 250

uL of D-Luciferin (15mg/mL; Biosynth, Staad, Switzerland). 10 minutes after Luciferin injection
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mice were killed and the organs were harvested for imaging. The IVIS Lumina XR (Caliper Life
Sciences, Hopkinton, MA, USA) machine was employed. Livers were usually exposed for 10
seconds whereas the rest of the organs were exposed for 1 minute. The Living Image v4.0

software was used to quantify the emission of light.

To track the replication in vivo of the reporter adenovirus ICOVIR15-Luc the IVIS imaging
system was also used. Mice were injected with D-Luciferin 10 minutes after the injection. After
10 minutes, mice were anesthetized with isoflurane by inhalation using an anesthetic
machine. A 2% dose was used with a constant oxygen flux of 2.5 L/s. Images were taken with

30s-1min of exposure.
5.6.2. Quantification of virus genomes in tissue extracts

Frozen tumors were ground to a fine powder in liquid nitrogen using a pestle and a mortar,
and DNA was purified using the QIAmp DNA MiniKit (QIAGEN, Valencia, CA, USA) according to
manufacturer’s instructions. The obtained DNA was quantified by measuring the absorbance
at 260 nm in a nanodrop spectrophotometer (NanoDrop technologies) from 1.5 pL of the DNA
solution. All DNA samples were diluted to a concentration of 25 ng/uL with ddH,0. Viral
genome quantification was performed by real-time PCR as previously described in section

3.5.2.
5.7. QUANTIFICATION OF CTL-SPECIFIC IMMUNE RESPONSES BY ELISPOT
5.7.1. Isolation of splenocytes

The whole process was carried out in sterile conditions. 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 cell strainer was washed several times with
RPMI 10% FBS 1% PS medium, and the cell suspension was transferred to a clean 15 mL Falcon
tube. Cells were 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 (NH4Cl
150 mM, KHCO3 10 mM, EDTA 1 mM, pH 7.2). The suspension was incubated at RT for 3 min,
the tube was filled with fresh medium, and centrifuged again at 500 g for 10 min. The
supernatant was removed and the cell pellet was resuspended in PBS. Two more washes were
performed with PBS to discard any tissue debris. Finally, the cells were counted with the

automatic cell counter TC20TM and brought to a concentration of 2.5x10° cells/mL.
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5.7.2. ELISPOT

CTL-specific responses were evaluated by anti-IFN-y Enzyme-linked immunospot assay
(ELISPQT). 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) were
treated with 15 pL of 35% ethanol per well for 1 minute. Then, 5 washes with ddH.O 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, USA) at 4 pg/mL diluted in PBS at a final
volume of 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 h at RT.
During this incubation, the splenocytes were isolated as explained above and 100 plL of a
2.5x108 cells/mL cell suspension were added to each well (2.5x10° cells/well). The peptide
used for the stimulation of the splenocytes was E1big; (VNIRNCCYI) and was synthesized by
GenScript USA Inc. (Piscataway, NJ, USA) at 95% purity and re-suspended following the
manufacturer’s instructions. Stimulation with the peptide 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 medium only as negative control, at
100 pL/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 biotinylated 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 pL/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) was then added diluted 1/2500 in PBS 0.5% FBS (100 uL/well) and
incubated for 1 hour at RT. 5 washes with PBS were performed and finally 50 uL/well of the
substrate BCIP/NBT solution (Ref B1911-100ML, Sigma) were 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, StraRberg, Germany).
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6. HISTOLOGY

6.1. 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.

6.2. 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% ethanols, 1 70% ethanol,
and 1 50% ethanol (5 minutes each). The sections were rehydrated by submerging them in
ddH,0. Antigens masked during routine fixation were retrieved by submerging the slides in
sodium citrate solution (pH 6.0) and heating during 12 minutes. Slides were washed for 5
minutes in ddH;0. Next, endogenous peroxidase activity was blocked by three washes with
6% H,0: (1 x 5 minutes, 2 x 10 minutes), and tissue sections were permeabilized for 10 minutes
in PBS 0.1% Triton X-100. Sections were blocked in order to reduce unspecific binding with
Normal Goat serum diluted 20% in PBS for 1 hour at RT. All incubations were performed in a
humidity chamber. Primary antibody incubation was performed using an anti-Ad2/5 E1A
antibody (SC-430, Santa Cruz, Dallas, TX, USA) diluted 1/200 in PBS 5% goat serum overnight
at 49C. After washing thrice with PBS 0.1% Triton X-100 (1 x 5 minutes, 2 x 10 minutes),
sections were incubated for 1 hour at RT with anti-mouse Envision+-System-HRP (Dako
Laboratories, Glostrup, Denmark). Slides were washed again with PBS 0.1% Triton X-100 and
developed by covering the sections with the chromogenic substrate DAB+ (Envision Kit, Dako
CYtomation K3468) for 10 minutes. The reaction was stopped by rinsing the slides with tap
water. Finally, the sections were counterstained with hematoxylin, dehydrated again (1
ethanol 7%, 3 ethanol 96%, 3 absolute ethanol, and 4 xylols; 5 minutes per ethanol, 10 minutes

per xylol) and mounted in DPX (VWR International).
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7. STATISTICAL ANALYSIS

Graphs and statistic tests were performed with GraphPad Prism software v6.02. Two-tailed
unpaired Student’s t-test was used to evaluate the statistical significance between groups. A
log-rank Mantel-Cox test was used to determine statistically significant differences between

survival curves. The statistic significance was defined at a p value lower than 0.05.
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1. ANALYSIS OF THE CAR-MEDIATED INTERACTION BETWEEN ADENOVIRUS
TYPE 5 AND HUMAN ERYTHROCYTES AND ITS EFFECT ON VIRUS BIOACTIVITY

Carlisle et al. (Carlisle et al., 2009) and Seiradake et al. (Seiradake et al., 2009) described
that unlike mouse erythrocytes, human erythrocytes express the primary type 5 adenovirus
(Ad5) receptor, the coxsackie and adenovirus receptor (CAR). The binding of Ad5 to human
erythrocytes via CAR was described to be a neutralizing interaction, sequestering the virus and
preventing systemic infection. However, the absence of integrins on erythrocyte membrane
precludes internalization of the bound Ad5. In addition, human erythrocytes also present
complement receptor 1 (CR1), which binds Ad5 in the presence of antibodies and complement
(Carlisle et al., 2009). These findings generated great skepticism in the capability of CAR-
binding adenoviruses to reach specific organs or tumors upon systemic administration in
humans. Although we acknowledge that the CR1-mediated pathway might inactivate Ad5, we
hypothesized that the interaction of Ad5 with CAR in human erythrocytes could be reversible,
and upon long-time incubation periods, the virus could be available for infection. In this first
chapter, we studied how this CAR-mediated interaction affected the ability of the virus to
infect cells and transduce target organs. The results of this chapter are gathered in the
manuscript “Adenovirus coxsackie and adenovirus receptor-mediated binding to human

erythrocytes does not preclude systemic transduction” enclosed in the annex section.
1.1. IN VITRO CAPACITY OF HUMAN ERTRHOCYTES TO BIND ADENOVIRUS TYPE 5

AdGL is an Ad5-derived non-replicative luciferase-expressing vector (described in
Materials and methods section 3) and was used throughout this chapter. Ad5 binding to
human erythrocytes was first evaluated in vitro using different Ad:erythrocyte ratios. After
incubation of erythrocytes and AdGL, the supernatant and the erythrocyte pellet were
separated by centrifugation, and the Ad5 genomes in each fraction were detected by real-
time PCR (Figure 13). The theoretical distribution of Ad5 particles in each fraction assuming
no erythrocyte binding (considering the relative volume of the fractions in each condition) was
used to calculate the fold-clearance in the supernatant. In the first condition we incubated
1x10° vp of AdGL with 1x107 erythrocytes in 1ml of PBS (100 Ad particles per erythrocyte).
After centrifugation, the supernatant represented the 99% of the total volume, whereas the
cell pellet the 1%. Most of the Ad particles were found in the supernatant (98.5% in the
supernatant vs 1.5% in the erythrocyte fraction), indicating that in these conditions

erythrocytes were not able to efficiently pull-down the viral particles. A second condition was
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analyzed in which 2x10% vp of AdGL were incubated with 5x10° erythrocytes in 1 mL of PBS
(0.04 Ad particles per erythrocyte). These are clinically relevant conditions (for 5 L of blood it
would correspond to an intravenous dose of 1x10? viral particles) and as such have been
analyzed previously (Carlisle et al., 2009). Owing to the high erythrocyte concentration, the
cell pellet occupied the 40% of the total volume. In this case, an 88% of the viral input was in
the erythrocyte fraction, and only a 12% was found in the supernatant, confirming the
published results (Carlisle et al., 2009). This corresponds to an 8-fold clearance of the
adenovirus content in the supernatant or liquid fraction, indicating that there was an efficient
pulldown of Ad particles to the erythrocyte pellet. As only approximately a 10% of the Ad input
was found free, we next reduced the Ad dose by a further 10% to check if all the viral particles
could be bound to erythrocytes in such conditions. Accordingly, 1.8x10% vp of AdGL were
incubated with 5x10° erythrocytes in 1ml of PBS (0.036 Ad particles per erythrocyte). Indeed,
the 99.6% of the viral input was recovered in the erythrocyte fraction, corresponding to a 95-
fold clearance of the adenovirus content in the liquid fraction. These data indicate that
erythrocytes bind and pull down Ad5 particles. Nonetheless, taking into account the MOls
(multiplicity of infection) used, the erythrocyte capacity to bind adenovirus via CAR is limited
since approximately 28 erythrocytes are needed to efficiently pull down one Ad5 particle.
These results match with previous studies that show relatively low levels of CAR on human
erythrocytes (Seiradake et al., 2009). However, using physiological erythrocyte concentrations
and a clinically relevant adenovirus dose (e.g. 1x10%2 vp per patient), 88% of the viral input

dose would bind to erythrocytes.
1.2. COMPETITIVE INHIBITION OF CAR TO BLOCK ADENOVIRUS BINDING

To prove that the interaction is CAR-mediated and not simply a nonspecific binding, we
used an anti-CAR antibody to block the interaction. AdGL and human erythrocytes pre-
incubated or not with anti-CAR antibody were incubated at an Ad:erythrocyte ratio of 0.04 as
described above. In the absence of anti-CAR antibody, only a 4.2% of the viral input was found
free, and considering that the supernatant represented the 55% of the total volume, this
represents a 13-fold clearance of the viral content in this fraction (Figure 14). In contrast,
when human erythrocytes were pre-incubated with anti-CAR, the 33% of the viral dose was
found free in the supernatant fraction, representing only a 1.6-fold clearance. Although the
blocking of CAR was not complete, the Ad5 binding to human erythrocytes was remarkably
reduced by the anti-CAR antibody, indicating that CAR is responsible for the pulldown of the

virus.
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Figure 13. Detection of Ad5 binding to human erythrocytes. Human erythrocytes were incubated with AdGL at
the indicated proportions of virus particle per erythrocyte for 30 min at 37 2C. Samples were centrifuged to
separate the liquid and cell fractions, and Ad5 detection was performed by quantitative real-time PCR. (a)
Theoretical distribution of Ad5 in each fraction assuming no erythrocyte binding, and considering the relative
volume of each fraction. (b) Experimental distribution obtained in each condition. Data are represented as % of
Ad particles recovered in each fraction. Mean values + SD are shown. *, significant (p<0.05) by two-tailed
unpaired Student’s t-test compared with Supernatant.
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Figure 14. CAR-blocking assay to inhibit Ad5 binding to erythrocytes. Human erythrocytes were preincubated
or not with anti-CAR antibody (RmcB) and then incubated with AdGL. After centrifugation, Ad5 detection in the
liquid and cell fractions was performed by quantitative real-time PCR. The theoretical distribution of Ad5 in each
fraction assuming no erythrocyte binding, and considering the relative volume of each fraction is shown in the
left side of the graph. Data are represented as % of Ad particles recovered in each fraction. Mean values + SD are
shown. *, significant (p<0.05) by two-tailed unpaired Student’s t-test compared with the absence of anti-CAR.
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1.3. IN VITRO TRANSDUCTION OF ADENOVIRUS IN PRESENCE OF HUMAN ERYTHROCYTES

To analyze whether erythrocyte binding inactivated Ad5 in vitro, we analyzed the
infectivity of AdGL in A549 cells in the presence or absence of human erythrocytes. To achieve
complete binding, the Ad:erythrocyte ratio used was 0.036. After incubation, the erythrocyte
pellet was separated and used to infect A549 cells. The erythrocyte-bound Ad5 was kept in
contact with the tumor cells for 48 h before luciferase expression was measured. Erythrocytes
alone with A549 cells as well as erythrocytes with AdGL in the absence of A549 cells were
included as negative conditions. Contrary to what was observed in previous studies (Carlisle
et al., 2009), AdGL displayed the same levels of transduction regardless of the presence of
human erythrocytes (Figure 15), indicating that although Ad5 efficiently binds erythrocytes
via CAR, this binding is reversible and in the long term it does not inhibit the infection of tumor
cells. The discrepancies between our results and the previously published work will be

commented in the discussion chapter.
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Figure 15. Ad5 transduction of tumor cells in the absence or presence of human erythrocytes. AdGL was
incubated with or without human erythrocytes (0.036 vp per cell), and after centrifugation, the cell fraction was
used to infect A549 cells. At 48 h after infection, cell transduction was analyzed by luciferase expression.
Erythrocytes alone in A549 cells and erythrocytes with AdGL in the absence of A549 cells were used as negative
controls. Mean + SD. ns, nonsignificant (p<0.05) by two-tailed unpaired Student’s t-test.
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1.4. BLOOD PERSISTENCE OF HUMAN ERYTRHOCYTES AFTER INTRAVENOUS
ADMINISTRATION IN NUDE MICE

Not having observed an inhibition of Ad5 infectivity due to erythrocyte binding in vitro, we
next wanted to address the influence of human erythrocytes on the systemic transduction of
Ad5. This was tested in mice transplanted with human erythrocytes and therefore, we first
wanted to analyze the blood persistence of human erythrocytes in the recipient mice after the
intravenous administration. 8x102 human erythrocytes were labelled with CFSE
(carboxyfluorescein succinimidyl ester) and intravenously injected in nude mice. Blood
samples were collected from the tail vein at the indicated time points to detect the CFSE-
labeled human erythrocytes by flow cytometry. As shown in Figure 16, human erythrocytes
are rapidly cleared from mouse circulation, as more than the 50% of the injected dose is
eliminated 7 minutes after the transference. However, this erythrocyte clearance was
relatively slow when compared to our historical data of Ad5 clearance in nude mice (Gimenez-
Alejandre et al., 2008). As the erythrocytes stay much longer than adenovirus particles in
circulation, we believe this model should be sensitive to measure the effect of human

erythrocytes in the systemic transduction of Ad5.
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Figure 16. Blood persistence of human erythrocytes after intravenous injection in nude mice. Nude mice were
intravenously injected with 8x10% CFSE-labeled human erythrocytes. At the indicated time points, blood samples
were collected and human erythrocytes were detected by flow cytometry (n = 3 mice). Results are plotted
including our previous data of Ad5 persistence in nude mice (Gimenez-Alejandre et al., 2008). Mean + SEM is

shown.
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1.5. SYSTEMIC TRANSDUCTION IN THE PRESENCE AND ABSENCE OF HUMAN
ERYTHROCYTES

Nude mice bearing A549 xenograft tumors were intravenously injected with 5x10%° vp of
AdGL alone or previously incubated with 8x108 human erythrocytes. This MOI of 62.5 Ad
particles per erythrocyte was used to have enough adenovirus to bypass Kupffer cells, a barrier
not present in previous in vitro experiments. At 3 days after virus administration, mice were
killed and livers and tumors were harvested for in vivo bioluminescent imaging (IVIS) and Ad
genome detection by real-time PCR. Luciferase expression analysis showed no significant
differences in liver and tumor transduction between AdGL alone and AdGL + erythrocytes
(Figure 17a). The adenovirus vector was able to transduce efficiently the liver and, to a lesser
extent, the tumors regardless of previous incubation with human erythrocytes. Accordingly,
no significant differences were found in the presence of adenovirus genomes in liver and
tumors in both conditions (Figure 17b), corroborating that human erythrocytes did not
prevent extravasation or organ transduction. These results are also contrary to the previously
published work where the systemic infection and the presence of Ad genomes were
significantly reduced due to erythrocyte binding (Carlisle et al., 2009). These differences will

also be discussed further in the discussion chapter.
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Figure 17. Ad5 biodistribution in the presence or absence of human erythrocytes. Nude mice bearing
subcutaneous A549 tumors were injected intravenously with 5x10'° vp of AdGL previously incubated with or
without 8x108 human erythrocytes. (a) After 3 days, liver and tumors were collected and luciferase activity was
analyzed by bioluminescence imaging. (b) Organs were frozen for subsequent Ad5 genome detection by real-
time PCR. Livers n = 5 and tumors n = 8-10. Mean values + SEM are depicted. ns, nonsignificant (p<0.05) by two-
tailed unpaired Students t-test.

102



Results

Altogether, our results suggest that human erythrocytes bind Ad5 via CAR, but the viral
particle is not internalized and is eventually released to infect other CAR-expressing cells. We
therefore believe that human erythrocytes do not represent a major obstacle for systemic
delivery of adenoviruses and consider that efforts should be focused on barriers such as liver

sequestration and neutralizing antibodies.

2. GENERATION OF AN ALBUMIN-BINDING ADENOVIRUS TO EVADE
NEUTRALIZATION BY ANTIBODIES

The results of this chapter generated the manuscript “Albumin-binding adenoviruses
circumvent pre-existing neutralizing antibodies upon systemic delivery” and the patent
“Adenovirus comprising an albumin-binding moiety” (PCT/EP2015/059593), both enclosed in

the annex section.
2.1. INSERTION OF ALBUMIN-BINDING MOIETIES IN ADENOVIRUS CAPSID

Although albumin binding has been generally used as a method to increase the plasma
half-life of drugs, in this work we aimed to use it as a mechanism to protect the adenovirus
against antibody-mediated neutralization. The modifications designed to achieve albumin
binding were incorporated into the oncolytic adenovirus ICOVIR15 (Rojas et al., 2010) and into
the non-replicative reporter vector AAGLRGD (described in Materials and methods section 3).
The non-replicative vectors were used to determine the biodistribution of the novel
modifications, and the oncolytic adenoviruses for assessing the advantages in antitumor

activity.

Among the different strategies to achieve albumin binding, we used the genetic insertion
of small peptide motifs that display high affinity for albumin. Three different albumin-binding
moieties were tested: the albumin-binding domain 3 (ABD) from the protein G of
Streptococcus, and two albumin-binding peptides named SA21 and RB5. The amino acid
sequence of these motifs is shown in Figure 18. The ABD is the most widely used strategy and
has been successfully fused to protein-based drugs, achieving remarkable half-life extensions
(Andersen et al., 2011; Guo et al., 2016; Li et al., 2016; Schlapschy et al., 2007; Stork et al.,
2007). ABD binds human and mouse albumin but not bovine albumin, a convenient species-

specificity in case binding impairs virus replication. However, the insertion of foreign
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sequences in adenovirus capsid has its limitations. The length of the domain (46 aa) and its
strong secondary structure (3 a-helix) might compromise the viability of the virus. SA-21 and
RB-5 are peptides developed by phage display to selectively bind albumin from multiple
species with high affinity (Dennis et al., 2002). The advantage over the ABD is their short length
(18 and 20 aa respectively) and the fact that they are unstructured. While Dennis et al. studied
the SA-21 peptide in depth, the effects of RB-5 fusion were not reported. However, this
peptide was also selected for this work due to its inability to bind BSA.

ABD (46 aa): LAEAKVLANRELDKYGVSDYYKNLINNAKTVEGVKALIDEILAALP
SA21 (18 aa): RLIEDICLPRWGCLWEDD
RB5 (20 aa): QWHMEDICLPQWGCLWGDVL

Figure 18. Amino acid sequence and length of the albumin-binding motifs tested in this work.

We hypothesized that in order to prevent binding of NAbs, the virus capsid needs to be
efficiently coated with albumin. In order to maximize the number of albumin molecules bound
to the virus, the hexon protein was chosen to insert these motifs, as it is the main and most
abundant protein of the capsid. The hypervariable regions (HVRs) were selected as the
insertion point because the albumin-binding motifs need to be exposed to the surface. In
addition, these HVRs are the main target of anti-Ad5 NAbs. Two different locations were
tested, one in the HVR1 and the other in the HVRS5, substituting the wild-type loops as
indicated in Figure 19. To confer flexibility, the motifs were flanked by two flexible GSGS

linkers.
HVR1 loop: 132-CEWDEAATALEINLEEEDDDNEDEVDEQAEQQKTHVF-170
HVRS5 loop: 267-STTEAAAGNGDNLTPK-284

Figure 19. Substitution of the hypervariable region loops by the albumin-binding motifs. The amino acid
sequence of the HVR1 and HVR5 of Ad5 hexon protein is shown. The residues that were replaced by the albumin-
binding motifs are shown in red.

Plasmids containing the genomes of the modified adenoviruses were generated by
homologous recombination in bacteria and then transfected into HEK293 cells for virus

generation. However, the transfection of these plasmids did not generate any virus and after
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five independent transfections, it was concluded that the adenoviruses harboring these
modifications were not viable. A second insertion strategy was tested in which the domains
with the GSGS linkers were inserted in the middle of the loops without deleting any residue
from the wt HVRs. The insertion point in the HVR1 was after the D150 aa and in the HVR5 after
the A274 aa (Figure 20). These new constructions were transfected but only the plasmids that
contained the ABD insertion generated viable viruses. After five more unsuccessful attempts
of generating the viruses containing the SA21 and RB5 insertions, these peptides were
discarded and the project was continued only with the ABD. The modified oncolytic
adenoviruses were named ICOVIR15-H1-ABD and ICOVIR15-H5-ABD, and the non-replicative
modified vectors AAGLRGD-H1-ABD and AdGLRGD-H5-ABD. A schematic representation of

their genome is shown in Figure 20.
2.2. COMPARATIVE STUDY OF ABD INSERTION IN HVR1 AND IN HVR5

Once the viruses were generated, amplified, and purified, a comparative study was
performed to characterize the effects of the ABD insertion in the two different locations. The
capacity to bind albumin, the viral production, the infectivity, and the ability to evade NAbs

were compared.
2.2.1. Albumin-binding capacity of ABD-modified adenoviruses

The first feature to analyze was the functionality of the ABD in both locations of the viral
capsid. Detection of binding to human (HSA), mouse (MSA), and bovine serum albumin (BSA)
was performed by ELISA using commercially available purified albumins. ICOVIR15-H1-ABD
and ICOVIR15-H5-ABD showed positive binding in HSA- and MSA-coated wells (Figure 21).
However, a significantly higher signal was obtained with ICOVIR15-H1-ABD than with
ICOVIR15-H5-ABD in both HSA and MSA. This could mean that although the domain is
functional in both viruses, the affinity for albumin of the ABD is higher when inserted in the
HVR1. In agreement with the binding pattern of ABD to albumin of different species
(Falkenberg et al., 1992; Nygren et al., 1990), none of the ABD-modified adenoviruses bound
to BSA. As expected, the parental virus ICOVIR15 did not bind to any albumin.

2.2.2. Viral production assay

To analyze if the insertion of the ABD has some detrimental effect on the viral production
yield, the cell extracts of HEK293 infected with AGLRGD, AdGLRGD-H1-ABD, or AAGLRGD-H5-
ABD were tittered at different time points post-infection (0, 24, 48, and 72 hours). Whereas
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no differences were observed between AdGLRGD and AdGLRGD-H5-ABD at any time-point,
the AdGLRGD-H1-ABD suffered a slight loss of total production yield compared with both
vectors at 48 and 72 hours post-infection (Figure 22). The production loss was 3-fold at 48 h
and 5.5-fold at 72 h compared to AdGLRGD, and 2-fold at 48 h and 3.5-fold at 72 h compared
to AdGLRGD-H5-ABD. This indicates that while the ABD insertion in the HVR5 does not alter
the viral production vyields, the same insertion in the HVR1 causes a certain loss on the

productivity of the virus.

CEWDEAATALEINLEEEDDDNEDEVDEQAEQQKTHVF
ICOVIR15-H1-ABD:
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Figure 20. Albumin-binding adenoviruses generated in this study. Schematic representation of the genomes of
the different adenoviruses harboring the ABD insertion. The main genetic modifications of each virus are
indicated. ICOVIR15 oncolytic backbone contains the modified E1A promoter (including four E2F boxes and one
Sp1 box) and the truncated E1A-A24 protein to confer selectivity for tumor cells, and the RGD motif inserted in
the Hl-loop of the fiber knob to enhance infection of tumor cells. AGLRGD is an E1-deleted vector expressing a
GFP-luciferase fusion protein under the control of a CMV promoter, and also contains the RGD motif in the HI-
loop of the fiber knob. The ABD was inserted in the hexon HVR1 generating ICOVIR15-H1-ABD and AdGLRGD-H1-
ABD, or in the HVR5 generating ICOVIR15-H5-ABD and AAGLRGD-H5-ABD. The insertion point of the ABD in the
HVR1 and HVRS5 loops are indicated with a red arrow.
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Figure 21. Analysis of albumin binding by ICOVIR15-H1-ABD and ICOVIR15-H5-ABD. ELISA plates were coated
with purified bovine (BSA), human (HSA), or mouse serum albumin (MSA). Binding of ICOVIR15, ICOVIR15-H1-
ABD, or ICOVIR15-H5-ABD to albumin-coated wells was detected with anti-hexon antibody and peroxidase-
labeled secondary antibody by colorimetric analysis. A mock group with no virus was included as negative
control. Mean + SD is plotted. *, significant (p<0.05) by two-tailed unpaired Student’s t-test compared with mock.
#, significant (p<0.05) by two-tailed unpaired Student’s t-test compared with ICOVIR15. S, significant (p<0.05) by
two-tailed unpaired Student’s t-test compared with ICOVIR15-H5-ABD.
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Figure 22. Viral production of the ABD-modified vectors in HEK293 cells. Cell monolayers were infected at 100
vp/cell to achieve a 100% of infection. At the indicated time points (4, 24, 48, and 72 hours post-infection), cell
extracts were collected and virus production was determined using an anti-hexon staining method. Mean + SD
is represented. *, significant (p<0.05) by two-tailed unpaired Student’s t-test compared with AdGLRGD. #,
significant (p<0.05) by two-tailed unpaired Student’s t-test compared with AAGLRGD-H5-ABD.
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2.2.3. Infectivity in tumor cell lines in presence or absence of HSA

To study not only the effect of the ABD insertion but also the effect of albumin binding in
the infectivity of the viruses, the transduction of the reporter vectors was analyzed in presence
and absence of albumin in a panel of tumor cell lines. The physiological concentration of HSA
(50 mg/ml) is so high that it was unfeasible to use it for in vitro studies. For this reason, a more
cost-effective concentration of 1 mg/ml was used in most experiments unless indicated
otherwise. In the absence of albumin the three vectors showed similar levels of transduction,
indicating that the ABD insertion per se does not interfere in the infectivity of the viruses
(Figure 23). In general terms, addition of albumin caused a reduction in the transduction
ability of all vectors. However, whereas the non-modified AAGLRGD only suffered a 2-fold loss
of transduction in most of the cell lines tested, the ABD-modified adenoviruses were more
notably affected. Moreover, the loss of infectivity of AdGLRGD-H1-ABD due to albumin binding
seemed to be higher than that of AAGLRGD-H5-ABD (20-fold vs 13-fold in A549, 10-fold vs 8-
fold in Sk-mel28, 10-fold vs 5-fold in NP-9, 6-fold vs 4-fold in B16, and 3-fold vs 2.5-fold in B16-
CAR respectively). If albumin binding to the virus capsid interferes in the transduction of the
viruses, the lower affinity for albumin of the HVR5-ABD construction observed in Figure 21

could explain these differences.
2.2.4. Infectivity in presence or absence of FX and HSA

Our group previously demonstrated that the interaction between Ad5 and coagulation
factor X (FX) not only plays a key role in the transduction of hepatocytes, but also in the
transduction of tumor cells (Gimenez-Alejandre et al., 2008). Since FX binds to the adenovirus
hexon HVRs, the binding of FX to the ABD-modified adenoviruses was analyzed in the presence
of albumin. The study by Gimenez-Alejandre et al. demonstrated that FX increases the
infectivity to tumor cells in vitro and therefore, this was taken as a sign of FX binding. The
infectivity of AGLRGD, AdGLRGD-H1-ABD, and AdGLRGD-H5-ABD was determined in the
presence and absence of FX (at the physiological concentration of 12.25 pg/ml) combined with
the presence and absence of HSA (1 mg/ml). A431 cells were used in this study as they are
resistant to Ad5 infection (they express low levels of CAR and integrins) and hence, the effect
of FX on transduction is more noticeable. Indeed, addition of FX significantly enhanced the
transduction of all viruses in the absence of albumin (14-fold, 6.5-fold, and 8-fold for
AdGLRGD, AdGLRGD-H1-ABD, and AdGLRGD-H5-ABD respectively) (Figure 24). Surprisingly,
the transduction of AAGLRGD was enhanced in the presence of albumin and absence of FX

(albeit lower than with FX only), contrary to what was observed in the other tumor cell lines
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analyzed in section 2.2.4. On the contrary, the ABD-modified adenoviruses suffered again a
reduction in transduction due to HSA presence, and this reduction was again higher for the
HVR1-ABD virus (17-fold vs 10-fold). In the condition where both FX and HSA were present,
the transduction of the non-modified virus increased again to the same levels as with FX only.
Interestingly, in this condition the ABD-modified vectors behaved in completely opposed
manners. Whereas the transduction levels of AGLRGD-H1-ABD remained as low as with only
HSA, the transduction of AAGLRGD-H5-ABD was enhanced to almost the same levels as with
FX only. This suggests that when both FX and HSA are present, the HVR1-modified virus is
mainly coated with HSA, whereas the virus with the ABD in the HVR5 is mainly coated with FX.
This result supports the hypothesis of the lower affinity for albumin of AAGLRGD-H5-ABD.

3 AdGLRGD Bl AdGLRGD-H1-ABD Bl AdJdGLRGD-H5-ABD

3 AJGLRGD +HSA EE AdJGLRGD-H1-ABD + HSA EE AdGLRGD-H5-ABD + HSA
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Figure 23. Infectivity of the ABD-modified vectors in tumor cells in the presence or absence HSA. A panel of
tumor cell lines was infected with the luciferase-expressing vectors (100 vp/cell for A549, 400 vp/cell for B16-
CAR, 600 vp/cell for SK-mel28 and NP-9, and 1200 vp/cell for B16) in the presence or absence of HSA. At 36 hours
post-infection, cell transduction was analyzed by luciferase expression. Mean + SD is shown. *, significant
(p<0.05) by two-tailed unpaired Student’s t-test compared with AAGLRGD. #, significant (p<0.05) by two-tailed
unpaired Student’s t-test compared with AdGLRGD-H1-ABD. S, significant (p<0.05) by two-tailed unpaired
Student’s t-test compared with AJGLRGD-H5-ABD. &, significant (p<0.05) by two-tailed unpaired Student’s t-test
compared with AGLRGD-H5-ABD + HSA.
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Figure 24. Infectivity of the ABD-modified adenoviruses in the presence or absence of FX and HSA. A431 cells
were infected with 1000 vp/cell of the luciferase-expressing vectors in normal medium, in medium containing
either FX (12.25 pg/ml) or HSA (1 mg/ml), or in medium containing both FX and HSA. At 24 hours post-infection
cell transduction was analyzed by luciferase expression. Mean values + SD are shown. *, significant (p<0.05) by
two-tailed unpaired Student’s t-test compared with -HSA -FX. #, significant (p<0.05) by two-tailed unpaired
Student’s t-test compared with +HSA -FX. $, significant (p<0.05) by two-tailed unpaired Student’s t-test compared
with +HSA +FX.

2.2.5. Infectivity in presence of neutralizing antibodies

Having demonstrated the ability of the ABD-modified adenoviruses to bind albumin, we
then evaluated if this albumin coating could protect the viruses from NAbs in vitro. For these
studies, the commercial antibody Ab6982 was used. This is a polyclonal neutralizing antibody
against Ad5, which targets several capsid proteins including hexon, fiber, and penton.
AdGLRGD, AdGLRGD-H1-ABD, or AdGLRGD-H5-ABD in absence or presence of HSA were
incubated with serial dilutions of Ab6982, and then used to infect 293 and Sk-mel28 cells. The
transduction efficiency in each dilution was calculated as percentage of transduction
compared to a control without Ab6982, which was taken as the 100% infection value for each
vector. Very similar results were obtained in both cell lines (Figure 25). Ab6982 neutralizes the
viruses in a dose-dependent manner, and high transduction values are only achieved when
the antibody is highly diluted. Addition of albumin did not alter the transduction of the non-
modified AAGLRGD, which was efficiently neutralized in both conditions. On the contrary,

when albumin was present the transduction of ADGLRGD-H1-ABD was remarkably enhanced,
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reaching high percentages of transduction at low antibody dilutions. However, this aloumin-
mediated protection was not observed with AAGLRGD-H5-ABD. Only a minor advantage can
be seen in presence of albumin at certain points with high antibody dilutions, but this gain is
minimal compared to the HVR1-modified vector. These findings indicate that albumin is able
to protect the virus against neutralization when the ABD is located in the HVR1 but not in the
HVR5. These results indicate that owing to the low affinity of albumin to the ABD in the HVRS5,
albumin is displaced from the viral capsid by other molecules such as FX or NAbs. Even though
the loss of production and infectivity is higher with the HVR1-ABD construction, the protection
provided by albumin in the presence of NAbs was considered of great importance. For this
reason, the construction HVR5-ABD was discarded and the project was continued only with
the viruses with the ABD insertion in the HVR1. Henceforth, the modified viruses will be named

ICOVIR15-ABD (for the oncolytic version) and AAGLRGD-ABD (for the non-replicative vector).
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Figure 25. Comparative in vitro transduction of ABD-modified vectors in presence of Ab6982. Adenovirus
vectors, in the presence or absence of HSA, were incubated with serial dilutions of the polyclonal neutralizing
antibody Ab6982. After 1 hour incubation, the viruses were used to infect (a) HEK293 cells or (b) Sk-mel28 cells
at 10 vp/cell or 40 vp/cell respectively. Luciferase expression was analyzed 24 hours after the infection. A control
without Ab6982 was included to obtain the 100 % infection value. Results are represented as % transduction
versus the 100 % infection control. Mean values * SD are depicted. *, significant (p<0.05) by two-tailed unpaired
Student’s t-test compared with all groups.
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2.3. CHARACTERIZATION OF THE ABD INSERTION IN THE ABSENCE OF NEUTRALIZING
ANTIBODIES

After a first comparison of the two insertion sites, a deeper study of the HVR1-ABD
construction is now presented. This first section studies the impact of the ABD insertion on
the adenovirus, without considering the detrimental effects of the NAbs on the bioactivity of
the virus. In vitro experiments were performed without NAbs, and in vivo studies were

performed using immunodeficient mice or naive immunocompetent mice.
2.3.1. Albumin binding study of the ABD-modified adenovirus
2.3.1.1. Binding to purified albumin and albumin present in serum

Albeit the binding to HSA and MSA has already been demonstrated, a more thorough study
was performed only with the HVR1-ABD construction. The binding to purified HSA and BSA
was analyzed again by ELISA in a dose-dependent manner using different amounts of virus
(Figure 26). Positive signal was obtained when adding ICOVIR15-ABD to HSA-coated wells and
the intensity of the signal increased with the amount of virus used. When BSA was used
instead of HSA, no signal was observed regardless of the amount of virus added. The parental

virus ICOVIR15 did not bind to HSA or BSA, confirming the previously obtained results.
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Figure 26. Analysis of ICOVIR15-ABD binding to purified HSA and BSA. ELISA plates were coated with purified
BSA, or HSA. Binding of ICOVIR15 or ICOVIR15-ABD was tested using three different amounts of total viral protein
(0.25, 2.5, and 25 ng). Adenovirus binding to albumin-coated wells was detected after incubation with anti-hexon
antibody and peroxidase-labeled secondary antibody by colorimetric analysis. Mean + SD is plotted. *, significant
(p<0.05) by two-tailed unpaired Student’s t-test compared with ICOVIR15.
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To obtain more insight on the ability of the virus to bind albumin in vivo, we investigated
if ICOVIR15-ABD could also bind to the albumin present in serum. This study was also
performed by ELISA, coating the wells with diluted human or mouse serum. As shown in Figure
27, ICOVIR15-ABD was able to bind to albumin in both human and mouse serum in a dose-

dependent manner, contrary to the non-modified virus which did not show any binding.
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Figure 27. Analysis of ICOVIR15-ABD binding to albumin present in human and mouse serum. ELISA plates were
coated with human or mouse serum previously diluted 25-fold. Adenovirus binding was tested using three
different amounts of total viral protein (0.25, 2.5, and 25 ng). Adenovirus detection was performed using an anti-
hexon antibody and peroxidase-labeled secondary antibody by colorimetric analysis. BSA-coated wells were used
as negative control. Mean + SD is plotted. *, significant (p<0.05) by two-tailed unpaired Student’s t-test compared

with ICOVIR15.

2.3.1.2. Analysis of albumin binding by electron microscopy techniques

In collaboration with Carmen San Martin from the Centro Nacional de Biotecnologia (CNB-
CSIC) in Madrid, we further studied the interaction between the viral capsid and albumin using
electron microscopy techniques. First, we analyzed the binding of ICOVIR15-ABD to HSA by
immunoelectron microscopy. After incubating the viruses with albumin, HSA was stained
using a gold-labeled secondary antibody, which can be directly visualized using transmission
electron microscopy (TEM). Analysis of ICOVIR15-ABD revealed specific HSA staining, as black
dots corresponding to the gold-labeled antibody can be observed surrounding the viral capsids

(Figure 28). In contrast, no specific staining was observed in ICOVIR15 capsids as expected.
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b
ICOVIR15-ABD + HSA

Figure 28. Detection of albumin binding by immunoelectron microscopy. (a) ICOVIR15 or (b) ICOVIR15-ABD
were incubated with HSA, and then labeled with anti-HSA antibody and 10 nm gold particle-conjugated
secondary antibody. Black dots indicate positive HSA staining. Scale bar, 100 nm.

Second, the interaction between HSA and the capsid was studied using cryo-electron
microscopy. A map showing the HVR1, ABD and putative HSA was generated by three
dimensional reconstruction. A view from outside the capsid shows additional electron
densities in the vicinity of the HVR1 of all hexons, compatible with bound albumin (Figure
29a). A much closer side view shows the fitting of an albumin molecule into the extra density
between two hexon trimers (Figure 29b). A model of the interaction between the hexon
trimer and HSA was generated by fitting their crystallographic structures into the maps

generated by cryo-electron microscopy (Figure 29c).

2.3.2. Invitro characterization of oncolytic properties

Once demonstrated the ability of the ABD-modified adenovirus to bind aloumin from both
human and mouse origin, we analyzed the oncolytic properties of ICOVIR15-ABD in terms of

viral production and cytotoxicity to cancer cells in vitro.
2.3.2.1. Viral production of ICOVIR15-ABD

To confirm the results obtained with the non-replicative vectors in the comparative study
of the ABD location (section 2.2.2.), the production of ICOVIR15-ABD was analyzed again in
293 cells but also in A549 cells at 24, 48, and 72 hours post-infection, in a single-round
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replication experiment. The results of the oncolytic virus corroborate those obtained with the
vectors. In 293 cells, ICOVIR15-ABD suffers a loss of production of 3.5-fold and 6-fold at 48 h
and 72 h post-infection respectively, compared to the control virus ICOVIR15 (Figure 30a). In
A549 cells the production yields of ICOVIR15-ABD were also lower than those of ICOVIR15,
although only 2-3 times lower in all time points (Figure 30b). Since these studies were
performed in the absence of albumin, it is likely that the insertion of the domain is what is

causing the reduction in the production yields of the virus.
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Figure 29. Cryo-electron microscopy difference map showing the location of bound HSA in the ICOVIR15-ABD
capsid. (a) View from outside the capsid. The four hexon trimers in the capsid asymmetric unit (numbered 1-4)
are shown in gray. In each hexon, the location of the HVR1 residues is indicated in blue. The difference density
between Ad5 and the ICOVIR15-ABD-HSA complex, shown in gold, is present near the HVR1 location in all hexons.
(b) Side view. Close up detail showing the crystallographic structure of a bacterial albumin-binding domain (red
ribbon) and bound HSA (orange ribbon), fitted to the difference intensity located between two hexon trimers.
Scale bars, 50 A. (c) Crystallographic structures of hexon (brown) and bound HSA (blue) were fitted to the cryo-
electron microscopy maps from (b).
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Figure 30. Viral production of ICOVIR15-ABD. (a) HEK293 cells or (b) A549 cells were infected with 100 vp/cell
and 800 vp/cell, respectively, to achieve a 100 % of infection. At the indicated time points, cell extracts were
harvested and titrated using an anti-hexon staining method. Mean * SD is represented. *, significant (p<0.05) by
two-tailed unpaired Student’s t-test compared with ICOVIR15.

2.3.2.2. Cytotoxicity in the presence and absence of HSA

In vitro cytotoxicity was evaluated as an index of virus replication potency and ability to
propagate within multiple rounds of replication. The impact of albumin binding in the
replication of the virus was also analyzed. A549 cells were infected in normal medium or in
HSA-containing medium with a broad range of MOls and, 5-7 days later the percentage of cell
survival was quantified. Two separate experiments were performed testing two different HSA
concentrations: the usual high concentration of 1 mg/mL and a much lower concentration of
0.05 mg/mL (Figure31a and b respectively). ICOVIR15 and ICOVIR15-ABD showed very similar
cytotoxic profile in the absence of albumin in both experiments, and the ABD insertion did not
seem to hinder the replication and propagation of the virus in this case. This suggests that
although the production of ICOVIR15-ABD is lower, it might be enough to ensure an efficient
replication of the virus. Similar to what happened with the infectivity (see section 2.2.3.),
albumin at a high concentration (1 mg/mL) interfered in the cytotoxicity of both viruses
(Figure 31a). However, ICOVIR15 only suffered a 2-fold loss of cytotoxicity compared to a 6-
fold loss of ICOVIR15-ABD. When albumin was present at a much lower concentration (0.05
mg/ml) the cytotoxicity of the control virus was unaffected, whereas that of the ABD-modified
virus was only reduced 2.5-fold (Figure 31b), suggesting that the decrease of cytotoxicity is
dependent on albumin concentration. In any case, it is reasonable to consider the loss of

cytotoxicity to be a consequence of the loss of infectivity caused by albumin binding.
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Figure 31. In vitro cytotoxicity of ICOVIR15-ABD in absence and presence of HSA at high and low
concentrations. A549 cells were infected with serial dilutions of ICOVIR15 or ICOVIR15-ABD in the absence or
presence of HSA at (a) 1 mg/ml, or (b) 0.05 mg/ml. At day 5-7 post-infection, cell viability was measured by BCA
protein assay. Dose-response curves are shown along with the ICso values for each virus and condition. Mean
values * SD are plotted.

2.3.3. Blood persistence after systemic administration

The ABD has been successfully used to increase the plasma half-life of therapeutic
proteins, but never tested in the context of a virus. Although our main objective was to protect
the virus against NAbs, we also tested whether albumin binding increased the blood
persistence of the adenovirus. The blood persistence of ICOVIR15 and ICOVIR15-ABD was
compared by direct competition after intravenous injection of a mixture of both viruses
(2.5x10%° vp each) in nude mice. Blood samples were collected at different time points. The
genomes of the viruses in serum were detected by PCR of the HVR1, and were distinguished
by the size of the PCR product (199 bp for ICOVIR15, and 361 bp for ICOVIR15-ABD due to the
ABD insertion). The difference in blood persistence was analyzed comparing the relative
intensity of the bands. Equally intense bands were obtained in the pre-injection control and 5
min after the injection (Figure 32). From then on, a shift on the intensity of the bands can be
seen, as the band corresponding to ICOVIR15-ABD becomes more intense than the ICOVIR15
one. One hour after the injection, the extended circulation of ICOVIR15-ABD was clearly

evident, but at 4 h after injection the level of both viruses dropped notably.
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Figure 32. Competitive blood persistence of ICOVIR15 and ICOVIR15-ABD after intravenous administration.

Serum samples of nude mice were collected at the indicated time points after intravenous administration of a
mixture containing ICOVIR15 and ICOVIR15-ABD (2.5x10%° vp each, n = 5 mice). PCR amplification of the HVR1
was performed and samples were analyzed by electrophoresis. The upper band corresponds to ICOVIR15-ABD
and the lower band to ICOVIR15, as the ABD insertion increases the size of the HVR1 from 299 to 361 bp. The gel
shows a standard with several ratios of ICOVIR15-ABD:ICOVIR15 genomes (0.2, 1, 5, 10, and 50), a pre-injection
control (to), a water negative control of the PCR (H,0), and the PCR of the sera of 5 different mice (#1 to #5).

2.3.4. Biodistribution profile after systemic administration

To check if such an increase in viremia enhanced tumor transduction, the biodistribution
of the ABD-modified adenovirus was analyzed. Subcutaneous tumors of Sk-mel28 melanoma
cell line were implanted in nude mice and when they reached an appropriate tumor volume,
mice were intravenously injected with PBS or 5x10'° vp of reporter vectors AAGLRGD or
AdGLRGD-ABD. Three days after vector injection mice were killed and organs were collected
for in vivo bioluminescence imaging (IVIS). Despite the advantage observed after 1 h in blood
persistence due to ABD insertion, there were no differences in transduction between the
vectors in all the organs analyzed (Figure 33). Only a non-significant 1.6-fold loss of liver and
tumor transduction was observed with AAGLRGD-ABD. Likely, the viremia increase of the
modified virus compensated its lower infectivity in the presence of albumin (Figure 23),

resulting in a final tumor transduction similar to the non-modified virus.
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Figure 33. Biodistribution profile of AGLRGD-ABD in nude mice after intravenous administration. Nude mice
bearing Sk-mel28 melanoma tumors were systemically injected with PBS, or 5x10%° vp of AAGLRGD, or AdGLRGD-
ABD. Three days after virus administration mice were sacrificed. Comparative luciferase expression in different
organs was measured by in vivo imaging system (IVIS) (n = 5 mice/group). Mean + SEM.

2.3.5. Toxicity profile after systemic administration

The toxicity of ICOVIR15 was previously studied by our group, showing a very low toxicity
profile compared to the Adwt virus (Rojas et al., 2010). Intravenous injection of ICOVIR15
causes a small loss of body weight around day 3-4, that is quickly rescued to normal levels. In
a similar way, it causes a small increase of liver enzymes (AST and ALT) that is also rapidly

recovered.

To determine the effect of albumin binding in the toxicity of ICOVIR15, Balb/C
immunocompetent mice were injected with PBS or 5x10%° vp of ICOVIR15 or ICOVIR15-ABD
via tail vein. Body weight was monitored until day 4 when animals were sacrificed to analyze
the serum levels of liver enzymes (aspartate aminotransferase (AST), and alanine

aminotransferase (ALT)), and other serum markers such as creatinine, lipase, and albumin.

Significant body weight loss was detected at day 3 post-injection with both viral
treatments (Figure 34a). At this time, ICOVIR15-treated animals had lost almost a 6% of body
weight whereas mice treated with ICOVIR15-ABD had lost only a 2.5% (the differences
between the viruses were not significant). At day 4 post-injection, animals treated with

ICOVIR15-ABD had completely recovered the body weight to the same levels of PBS-treated
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mice. Although mice treated with ICOVIR15 had started to recover, the body weight loss at

this time was still of 4%.

The injection of both oncolytic adenoviruses provoked an increase in the levels of liver
transaminases AST and ALT at day 4 post-injection. ICOVIR15 raised the levels of AST 7-fold
compared to a 3-fold increase caused by ICOVIR15-ABD, although the differences between
the viruses were not statistically significant. A significant difference was observed in the levels
of ALT as ICOVIR15 caused a 19-fold increase compared to a 7-fold caused by ICOVIR15-ABD
(Figure 34b). Lipase, creatinine, and albumin serum levels were not altered by the injection of
the oncolytic viruses (Figure 34c-e). In general terms, the ABD insertion reduced even more

the low toxicity profile of oncolytic adenovirus ICOVIR15.
2.3.6. Antitumor efficacy after systemic administration

Next, the antitumor efficacy of ICOVIR15-ABD was tested in the model of naive nude mice
bearing melanoma Sk-mel28 subcutaneous tumors. With this aim, mice were treated with a
single intravenous administration of PBS, or 5x10'° vp of oncolytic viruses ICOVIR15 or
ICOVIR15-ABD, and the tumor volume was monitored. Both viruses were able to significantly
reduce the tumor growth compared to the PBS-treated group (Figure 35). At the end of the
experiment, ICOVIR15-ABD induced a 2-fold reduction in tumor volume, compared to a 1.4-
fold induced by ICOVIR15. Although ICOVIR15-ABD showed a tendency towards higher
antitumor efficacy, the difference between the oncolytic viruses was not statistically

significant.

Altogether, the results obtained in this chapter indicated that the ABD insertion does not
have an important impact on the oncolytic properties in the absence of neutralizing
antibodies. Whereas in vitro the ABD-modified virus seems attenuated in the presence of
albumin, its performance in vivo is very similar to that of the parental virus. However, the
conditions studied in this section are always in the absence of NAbs, and such conditions do
not reflect what is expected in the clinic, where a high percentage of human population has

high levels of anti-Ad5 NAbs.

2.4. CHARACTERIZATION OF THE ABD INSERTION IN THE PRESENCE OF NEUTRALIZING
ANTIBODIES

The following sections will assess the effects of the ABD modification on the adenovirus

bioactivity both in vitro and in vivo in the presence of anti-Ad5 NAbs. In vitro experiments were
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performed using commercially available NAbs, as well as anti-Ad5 pre-immune sera from both
mouse and human origin. In vivo studies were performed using immunocompetent mice

previously immunized with Ad5 or immunodeficient mice infused with pre-immune mouse

serum.
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Figure 34. Toxicity after the intravenous administration of ICOVIR15-ABD in immunocompetent mice. (a) Body
weight variation of Balb/C mice injected intravenously with PBS, or 5x10%° vp of ICOVIR15 or ICOVIR15-ABD (h =
6-7 mice). At day 4 post-injection mice were sacrificed to analyze the serum levels of (b) liver transaminases, (c)
lipase, (d) creatinine, and (e) albumin (n = 4-5 mice). *, significant (p<0.05) by two-tailed unpaired Student’s t-
test compared with PBS. #, significant (p<0.05) by two-tailed unpaired Student’s t-test compared with ICOVIR15-
ABD.
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Figure 35. Antitumor efficacy of ICOVIR15-ABD in nude mice after intravenous administration. Nude mice
bearing subcutaneous Sk-mel28 melanoma tumors were treated with a single intravenous injection of PBS,
ICOVIR15, or ICOVIR15-ABD at a dose of 5x10° vp per mouse (n = 10-12 tumors/group). Mean values of tumor
volume + SEM are shown. *, significant (p<0.05) by two-tailed unpaired Student’s t-test compared with PBS.

2.4.1. In vitro evasion of neutralizing antibodies
2.4.1.1. Effect of HSA concentration on virus transduction and neutralization

As previously explained, the physiological concentration of HSA (50 mg/ml) is too high to
be used for in vitro assays, and a concentration of 1 mg/mL was used instead in most of the
studies. To understand the impact of HSA concentration on the ABD-modified adenovirus, the
transduction of the vectors was analyzed in the presence and absence of NAbs, using four

different concentrations of HSA (0.01, 0.1, 1, and 10 mg/mL).

As previously observed in Figure 23, albumin negatively interferes in the infectivity of both
adenovirus vectors when NAbs are absent. In this case, alboumin reduced the transduction of
the vectors in a dose-dependent manner in 293 and A549 cells, again affecting much more the
ABD-modified virus (Figure 36). Unexpectedly, the transduction loss due to albumin binding
was notably lower in 293 cells than in A549 cells (e.g. at 1 mg/ml AdGLRGD-ABD suffered a
3.4-fold loss in 293 cells compared to a 24-fold loss in A549 cells). Remarkably, the
concentration of 10 mg/ml caused a very high inhibition in the transduction of both vectors.
At this albumin concentration, AAGLRGD suffered a 5- and 12-fold loss of transduction, and

the loss of ADGLRGD-ABD was 27- and 91-fold, in 293 and A549 cells respectively.
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Figure 36. Infectivity of adenovirus vectors in the presence of different albumin concentrations. (a) HEK293
cells or (b) A549 cells were infected with 100 vp/cell and 800 vp/cell respectively of the adenovirus vectors in
normal medium or in medium containing the indicated HSA concentrations. At 36 hours post-infection, cell
transduction was analyzed by luciferase expression. Mean + SD is shown. *, significant (p<0.05) by two-tailed
unpaired Student’s t-test compared with no HSA. #, significant (p<0.05) by two-tailed unpaired Student’s t-test
compared with no HSA, 0.01 mg/ml, and 0.1 mg/ml. S, significant (p<0.05) by two-tailed unpaired Student’s t-
test compared with all groups.

The same study was conducted in the presence of NAbs in A549 cells. In particular, the
commercial neutralizing antibody Ab6982 was used (previously described in section 2.2.5.) at
a single dilution of 1/36. This represents a highly concentrated amount of NAbs, which should
neutralize the majority of the virus used in this assay. Results are shown in percentage of
transduction normalized versus a 100% transduction control without NAbs (Figure 37a), and
in absolute light unit values per cell (Figure 37b). As relative protection and absolute
transduction are different parameters, these could differ. Accordingly, ADGLRGD was highly
neutralized regardless of albumin concentration, showing very low transduction levels and a
maxim percentage of transduction of 0.3%. By contrast, the percentage of transduction of
AdGLRGD-ABD was increased by the presence of albumin also in a dose-dependent manner,
reaching the highest level of protection with an albumin concentration of 10 mg/mL (Figure
37a). However, if results are analyzed by the total light units, the advantage provided by the
albumin concentration of 10 mg/mL is lost. While albumin concentrations of 0.01, 0.1, and 1
mg/mL increased the transduction of the ABD-modified vector, a concentration of 10 mg/mL
caused the same level of transduction as the absence of albumin condition (Figure 37b).
Despite this albumin concentration provides the highest level of protection, it also significantly
reduces adenovirus transduction, as previously observed in Figure 36. Therefore, the value of
the 100% transduction control is very low compared to the other albumin concentrations, and

when normalizing the light units versus this control a high value of protection is obtained. This
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means that at this albumin concentration, the adenovirus transduction is much lower but it is
more protected from antibody neutralization. This discrepancy in the representation of the
data does not occur with the three lower concentrations, in which more albumin confers more
transduction and protection. In any case, the transduction of ADGLRGD-ABD in the presence
of Ab6982 was always higher than that of AGLRGD independently of albumin concentration.
Even in the absence of albumin AAdGLRGD-ABD showed higher transduction and protection
than the non-modified vector, suggesting that the ABD modification of the HVR1 precluded
binding of some NAbs, likely directed against the wt HVR1. Nevertheless, the working
concentration of aloumin in the following in vitro studies was maintained at 1 mg/ml. These
results suggest that physiological albumin concentrations might severely inactivate the ABD-
modified adenovirus. However, physiological conditions are reflected in the in vivo studies
where the adenovirus is injected systemically in mice. In this context, biodistribution (Figure
33) and antitumor efficacy studies (Figure 35) did not show an inactivation of the ABD-

modified virus.
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Figure 37. Escape of Ab6982 neutralization in the presence of different albumin concentrations. Adenovirus
vectors, in medium containing the indicated HSA concentrations, were incubated with Ab6982 at a single dilution
of 1/32. After 1 hour incubation, the viruses were used to infect A549 cells. Luciferase expression was analyzed
24 hours after the infection. A control without Ab6982 was included to obtain the 100 % infection value. (a)
Results are represented as % transduction versus the 100 % infection control. Mean values + SD are depicted. *,
significant (p<0.05) by two-tailed unpaired Student’s t-test compared with no HSA. #, significant (p<0.05) by two-
tailed unpaired Student’s t-test compared with no HSA, 0.01 mg/ml, and 0.1 mg/ml. S, significant (p<0.05) by
two-tailed unpaired Student’s t-test compared with all groups. (b) Results are represented as total light units per
cell. Mean values + SD are depicted. *, significant (p<0.05) by two-tailed unpaired Student’s t-test compared with
no HSA and 10 mg/ml.
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2.4.1.2. In vitro neutralization by Ab6982

The ability of the ABD-modified vector to efficiently transduce target cells in the presence
of Ab6982 when coated with albumin has already been demonstrated in section 2.2.5., and in
this last section using a single antibody dilution. However, a more exhaustive study was

performed not only in terms of cell transduction but also of viral replication in tumor cells.

To confirm the evasion results previously obtained, the ability of the vectors to transduce
target cells in the presence of Ab6982 was analyzed. AAGLRGD and AdGLRGD-ABD in absence
and presence of HSA were incubated with serial dilutions of Ab6982 and used to infect 293
and A549 cells. Very similar results were obtained in both cell lines (Figure 38a and b). We
observed again that AGLRGD-ABD was less neutralized than AAGLRGD even in the absence
of albumin. Importanly, a clear increase on the transduction efficiency of the ABD-modified
vector was observed when albumin was present in the medium. As expected, the non-

modified vector AAGLRGD was highly neutralized regardless of albumin presence.

The capacity of the viruses to escape neutralization was not only assessed by their
transduction efficiency but also by their cytotoxicity in presence of Ab6982. For this purpose,
the oncolytic adenoviruses ICOVIR15 or ICOVIR15-ABD in presence or absence of HSA were
incubated with serial dilutions of Ab6982, and used to infect A549 cells. Cell survival was
analyzed 5 days after infection. In absence of HSA both viruses showed similar capacity to kill
tumor cells (Figure 39), and only a small increase of cytotoxicity was observed with ICOVIR15-
ABD probably due to the certain evasion of NAbs observed in transduction (Figure 38a and b).
Importantly, HSA shifted the cytotoxicity curve of ICOVIR15-ABD towards higher NAbs

concentrations, whereas it did not protect ICOVIR15 from neutralization.
2.4.1.3. In vitro neutralization by anti-Ad5 pre-immune mouse serum

To better understand the potential of the ABD-adenovirus to escape neutralization in vivo,
the same neutralization tests were performed with serum from mice immunized with Ad5. To
generate the neutralizing serum, C57BL/6 immunocompetent mice were primed
intraperitoneally with 3x10%° vp of Ad5wt, and boosted intravenously seven days later with
the same dose. Seven days after boosting, mice were killed and the blood was collected to

obtain the serum.
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Figure 38. In vitro transduction of AAGLRGD-ABD in presence of Ab6982. Adenovirus vectors, in the presence
or absence of HSA, were incubated with serial dilutions of the polyclonal neutralizing antibody Ab6982. After 1
hour incubation, the viruses were used to infect (a) HEK293 cells or (b) A549 cells at 10 vp/cell. Luciferase
expression was analyzed 24 hours after the infection. A control without Ab6982 was included to obtain the 100
% infection value. Results are represented as % transduction versus the 100 % infection control. Mean values +
SD. *, significant (p<0.05) by two-tailed unpaired Student’s t-test compared with all groups.
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Figure 39. Cytotoxicity of ICOVIR15-ABD in presence of Ab6982. Oncolytic adenoviruses ICOVIR15 or ICOVIR15-
ABD, in presence or absence of HSA, were incubated with serial dilutions of Ab6982 for 1 hour, and then used to
infect A549 cells. Cell survival was measured at day 5 post-infection by BCA staining. Mean values + SD are shown.
* significant (p<0.05) by two-tailed unpaired Student’s t-test compared with all groups.
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Since mouse serum contains a high concentration of albumin, the absence of albumin
condition could not be analyzed in these studies. On the other hand, HSA was added to the
medium at a concentration of 1 mg/mL in order to maintain a minimum albumin
concentration throughout the dilutions. The evasion of the NAbs present in the serum was
first analyzed in terms of cell transduction in A549 cells. A clear advantage was observed again
with AdGLRGD-ABD, showing high levels of transduction even at low serum dilutions, where
the non-modified vector was completely neutralized (Figure 40a). The neutralization escape
in the mouse serum was also tested in terms of cytotoxicity in A549 cells, where ICOVIR15-
ABD was able to kill the tumor cells more efficiently than ICOVIR15 (Figure 40b),

demonstrating a higher bioactivity in the presence of NAbs.
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Figure 40. In vitro evasion of anti-Ad5 neutralizing mouse serum. (a) Transduction analysis after incubation with
anti-Ad5 neutralizing mouse serum. AAGLRGD or AdGLRGD-ABD in the presence of HSA were incubated with
serial dilutions of the serum for 1 hour, and then used to infect A549 cells at 10 vp/cell. Luciferase expression
was analyzed 24 hours after infection. A control without serum was included to obtain the 100 % infection value.
Results are represented as % transduction versus the 100 % infection control. Mean + SD. *, significant (p<0.05)
by two-tailed unpaired Student’s t-test compared with AdGLRGD-ABD + HSA. (b) Cytotoxicity analysis after
incubation with anti-Ad5 neutralizing mouse serum. ICOVIR15 or ICOVIR15-ABD in the presence of HSA were
incubated with serial dilutions of the serum for 1 hour, and then used to infect A549 cells. Cell survival was

measured at day 5 post-infection by BCA staining. Mean values * SD. *, significant (p<0.05) by two-tailed unpaired
Student’s t-test compared with ICOVIR15 + HSA.

2.4.1.4. In vitro neutralization by anti-Ad5 pre-immune human sera

To test whether the ABD-modified adenovirus could also evade NAbs developed in

humans, sera from six human donors (previously tested by our group for anti-Ad5
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seropositivity) were used to test the neutralization escape of the viruses by transduction
analysis in 293 cells. A clear neutralization escape of the ABD-vector was observed in three of
the six sera analyzed (#1, #2, and #6), whereas no advantage versus the non-modified vector
was detected in the other three sera (#3, #4, and #5) (Figure 41a). This is observed when
representing the data as % transduction versus the 100% transduction control as explained in
section 2.2.5. However, if the data is not normalized, we observe that in general terms
AdGLRGD-ABD shows higher transduction levels than AAGLRGD at low serum dilutions, when
the NAbs concentration are higher (Figure 41b), which are the conditions that better mimic
the intravenous administration of the virus. When the sera were highly diluted, the advantage
of the ABD-modified virus was lost, as previously observed in presence of albumin and

absence of neutralizing antibodies (Figure 23).
2.4.2. Blood persistence in pre-immune mice after systemic administration

Not having observed an improvement in tumor transduction nor a significant benefit in
antitumor efficacy in naive mice, we next studied the behavior of the ABD-adenoviruses in
pre-immune mouse models. First, the blood persistence was analyzed in both naive and pre-
immune immunocompetent mice. To generate anti-Ad5 NAbs, C57BL/6 mice were immunized
with an intraperitoneal injection of PBS or 3x10%° vp of Ad5wt (naive or pre-immune groups),
and seven days later mice were intravenously injected with 3x10'° vp of AdGLRGD or
AdGLRGD-ABD. Serum samples were collected from the tail vein at the indicated time points
to detect adenovirus genomes by real-time PCR, and transducing units by anti-hexon staining

method.

In naive mice, the clearance curve shows an advantage of the ABD-modified virus in terms
of viral particles (significant differences at 15 min and 1 h post-injection) but not of
transducing units (Figure 42 left panels). This result matches with the increased blood
persistence at 1 h after injection in nude mice (Figure 32), which did not translate in an
increased organ transduction (Figure 33). However, in pre-immune mice the advantage of the
ABD-modified virus was evident not only in circulating viral particles (significant differences at
30 min post-injection) but also in transducing units (Figure 42 right panels). Although the
clearance curve of transducing units in pre-immune mice shows higher levels of AAGLRGD-

ABD versus AdGLRGD, the differences were not statistically significant at any time point.
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Figure 41. In vitro neutralization analysis after incubation with human sera. AAGLRGD or AdGLRGD-ABD in
presence of HSA were incubated with serial dilutions of human sera from six anonymous donors (#1-6). After 1
hour incubation, the vectors were used to infect HEK293 cells at 10 vp/cell. Luciferase expression was analyzed
24 hours after infection. A control without serum was included to obtain the 100 % infection value. Results are
represented as (a) % transduction versus the 100 % infection control or (b) total light units per cell. The value of
the positive transduction control without serum is shown (c+). Mean values + SD are depicted. *, significant
(p<0.05) by two-tailed unpaired Student’s t-test compared with AJGLRGD + HSA.
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Figure 42. Blood persistence of AAGLRGD and AdGLRGD-ABD after intravenous administration in naive and
pre-immune mice. C57BL/6 immunocompetent mice were immunized with an intraperitoneal injection of 3x10*°
vp of Ad5wt or PBS. Seven days later mice were intravenously injected with AdGLRGD or AdGLRGD-ABD (3x10%
vp, n=5 mice), and serum samples were collected from the tail vein 1 min, 5 min, 15 min, 30 min, and 60 min
after injection. (a) Adenovirus genome quantification was performed by real-time PCR in serum samples of naive
(left) and pre-immune mice (right). (b) Adenovirus transducing units titration in serum samples of naive (left) and
pre-immune (right) mice was performed by infection of HEK293 cells followed by antihexon staining. The titers
were normalized to the transduction value of each virus in naive mouse serum (100% transduction control). *,
significant (p<0.05) by two-tailed unpaired Student’s t-test compared to AdGLRGD.

2.4.3. Organ transduction in pre-immune mice after systemic administration

Next, the effect of anti-Ad5 NAbs on adenovirus organ transduction after intravenous
administration was analyzed. C57BL/6 mice bearing subcutaneous B16-CAR melanoma tumors
were immunized with an intraperitoneal injection of PBS or 3x10'° vp of Ad5wt (naive or pre-

immune groups), and seven days later mice received a single intravenous dose of PBS, or
3x10%° vp of AAGLRGD or AdGLRGD-ABD.

A blood sample was taken from the tail vein 1 h post-injection to analyze the amount of

virus in blood, which was confirmed to be significantly higher (2.3-fold) in both naive and pre-
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immune mice injected with the ABD-modified vector (Figure 43), compared to those injected

with the control vector. This further supports the results showed in Figures 32 and 42.
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Figure 43. Viral load in blood 1 hour after injection in naive and pre-immune mice. C57BL/6 immunocompetent
mice previously immunized or not with Ad5wt were intravenously injected with AAGLRGD or AdGLRGD-ABD
(3x10% vp, n=4-6 mice). Serum samples were collected 1 hour after injection to quantify adenovirus genomes by
real-time PCR. *, significant (p<0.05) by two-tailed unpaired Student’s t-test compared to AAGLRGD in naive mice.
#, significant (p<0.05) by two-tailed unpaired Student’s t-test compared with AJGLRGD in pre-immune mice.

Three days after vector injection mice were killed and the luciferase expression in livers
and tumors was analyzed by in vivo imaging system (IVIS). In naive animals, AAGLRGD-ABD
showed a 9- and 7-fold non-significant loss of liver and tumor transduction respectively
compared to the non-modified vector (Figure 44). Importantly, when animals were pre-
immunized with Ad5wt, the parental AAGLRGD vector suffered a complete neutralization as
the transduction of liver and tumors was completely abolished. On the contrary, AAGLRGD-
ABD only suffered a 3.9- and 1.5-fold non-significant loss of liver and tumor transduction

respectively, indicating an efficient protection from anti-Ad5 NAbs in vivo.
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Figure 44. Liver and tumor transduction in naive and pre-immune mice after systemic administration. C57BL/6
immunocompetent mice bearing subcutaneous B16-CAR melanoma tumors were immunized with an
intraperitoneal injection of 3x10%° vp of Ad5wt or PBS, and seven days later mice were intravenously injected
with AAGLRGD or AdGLRGD-ABD (3x10% vp). Three days after virus administration mice were killed and luciferase
activity in liver and tumors was analyzed by in vivo imaging system (IVIS) (livers n = 3-6, tumors n = 6-12). Mean
+ SEM is shown. *, significant (p<0.05) by two-tailed unpaired Student’s t-test compared with AAGLRGD pre-

immune.

2.4.4. Generation of an anti-Ad5 pre-immune status in immunodeficient mice to test the

antitumor efficacy

After observing the efficient tumor transduction of the ABD-modified adenovirus in pre-
immune mice, the next step was to evaluate the antitumor efficacy of ICOVIR15-ABD in mice
with anti-Ad5 NAbs. However, since the human adenovirus does not replicate in mouse cells,
an immunodeficient mouse model with engrafted human tumors is required to test the
antitumor activity. The strategy used to generate an anti-Ad5 pre-immune status in nude mice

was the passive transfer of neutralizing serum from C57BL/6 mice.
2.4.4.1. Generation of anti-Ad5 immune sera

C57BL/6 were primed intraperitoneally with 3x10° vp of Ad5wt, and boosted
intravenously seven days later with the same dose of the same virus. Seven days later mice

were killed, the blood was collected by intracardiac puncture, and the serum of each mouse
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was pooled. To analyze the variability in the generation of NAbs, we compared the neutralizing
activity of four batches of pooled serum obtained at different dates during this thesis. The
AdGL vector (a GFP/luciferase expressing vector with a wt capsid) was incubated with serial
1/2 dilutions of the sera, and then used to infect 293 cells. The transduction is compared to a
control without serum (0% neutralization control) to obtain the percentage of neutralization
at each serum dilution. The titer of each serum corresponds to the dilution in which a 50% of
adenovirus neutralization was obtained. Although the four sera displayed high neutralizing
activity, variability was observed in the titer of the sera (serum #0315: 1280-2560, serum
#0615: >5120, serum #1015: 2560, and serum #0416: 5120) (Figure 45). Of note, serum #0615
displayed a titer more than a 2-fold higher than serum #0416. This variability in the

neutralizing activity was taken into consideration when transferring the sera to nude mice.
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Figure 45. Neutralizing activity of anti-Ad5 mouse sera. Neutralizing sera were obtained by immunization of
C57BL/6 immunocompetent mice with Ad5wt using a prime and boost regimen. Serum titration was performed
by incubating AdGL with serial 1/2 dilutions of the serum and analyzing the transduction in HEK293 cells using
an MOI of 0.25 TU/cell. A control without serum was included to obtain the 0% neutralization value. The serum
titer corresponds to the dilution required to neutralize the 50% of the virus. Four different serum batches were
compared. Titration curves are shown along with serum titers. Mean + SD.
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2.4.4.2. Passive immunization of nude mice: preliminary test of organ transduction and

antitumor efficacy to evaluate neutralization

The serum transfer to nude mice was performed via intraperitoneal route 24 hours prior
to virus injection, as previously described (Tsai et al., 2004). In a first test, nude mice bearing
A549 subcutaneous tumors were transferred with PBS (mock), 5uL, or 50 pyL of the serum
#0315 (titer of 1280-2560) diluted in 200 pL of PBS. The next day mice were intravenously
injected with 4.5x10'° vp of AdGL. Three days after vector injection mice were killed and livers
and tumors were collected for in vivo bioluminescence imaging (IVIS). As expected, the sham
passively immunized mouse with PBS displayed very high luciferase signal in the liver and, to
a lesser extent, in tumors (Figure 46). Passive immunization with 5 pL of serum reduced the
transduction of tumors, but high levels of luciferase signal were still detected in the liver. In
contrast, administration of 50 pL of serum caused a very important drop in the luciferase signal

of liver and tumors, indicating an efficient neutralization of the virus.

Having demonstrated the ability of passively immunized nude mice to neutralize the Ad5,
the antitumor activity of the oncolytic adenoviruses was tested in this mouse model. Nude
mice bearing A549 subcutaneous tumors were sham-immunized with PBS, or passively
immunized with 50 pL of the serum #0315 intraperitoneally (naive or pre-immune groups).
The next day mice were injected with PBS or 4.5x10%° vp of ICOVIR15, or ICOVIR15-ABD via tail
vein. To our surprise, the oncolytic activity of ICOVIR15 was not hindered by the passive
immunization of mice (Figure 47). The experiment was stopped at day 21 post-injection, as
tumors of naive and pre-immune mice treated with ICOVIR15 were growing at the same
speed. This result suggests that the virus was not completely neutralized. We hypothesized
that despite not having observed any sign of transduction at day 3, a certain amount of virus
might still be reaching the tumor, being able to replicate and control tumor growth. We

proceeded to test this hypothesis using a reporter oncolytic virus.

2.4.4.3. Passive immunization of nude mice: replication analysis with a reporter oncolytic

adenovirus

To be able to visually detect replication foci several days after virus administration, a
replicative reporter virus is required. In this work we constructed ICOVIR15-Luc, a reporter
oncolytic adenovirus generated by insertion of the luciferase gene in the genome of ICOVIR15
after the fiber. To drive the expression under the major late promoter (MLP) as a late

expression cassette, the luciferase transgene included the splicing acceptor from the llla
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adenoviral protein, and a polyadenylation sequence (Figure 48a). In this manner, luciferase
expression is linked to the replication of the virus and not just to virus transduction, as it occurs
with the regular CMV-Luciferase cassette in AdGL and its variations. The in vitro
characterization of ICOVIR15-Luc was performed by analyzing the luciferase expression

kinetics and the cytotoxicity of the virus.
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Figure 46. Preliminary analysis of liver and tumor transduction after passive immunization of nude mice. Nude
mice bearing subcutaneous A549 tumors were injected intraperitoneally with PBS (mock), 5 pL, or 50 pL of anti-
Ad5 neutralizing mouse serum (serum #0315) diluted in 200 pL of PBS. The next day mice received an intravenous
injection of 4.5x10'° vp of AdGL (n = 1 mouse per condition). (a) Livers and tumors were imaged for luciferase
expression at day three after vector injection. An overlay of the white image and the luciferase signal is shown.
(b) Quantification of luciferase expression in livers and tumors.
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Figure 47. Preliminary analysis of antitumor efficacy after passive immunization of nude mice. Nude mice
bearing subcutaneous A549 tumors were passively immunized with an intraperitoneal injection of PBS (naive),
or 50 uL of anti-Ad5 neutralizing mouse serum (serum #0315). The next day mice were treated with a single
intravenous injection of PBS or 5x10%° vp of ICOVIR15, or ICOVIR15-ABD. Mean values of tumor volume + SEM
are shown (n = 10-11 tumors/group).

The luciferase expression kinetics of ICOVIR15-Luc were compared to those of AAGLRGD
in human A549 and canine Dk-cre cells (Figure 48b). The delayed luciferase expression of
ICOVIR15-Luc compared to AAGLRGD in A549 cells indicates that the expression occurs in the
late phase of the viral cycle, associated with the replication of the virus. In contrast, since the
human adenovirus cannot replicate in canine cells, the expression of luciferase in Dk-cre cells
is significantly reduced compared to A549 cells, demonstrating a replication-dependent
expression. Regarding the cytotoxicity, ICOVIR15-Luc showed a 7.8-fold loss compared to
ICOVIR15 (Figure 48c), suggesting that the either the size of the genome or the expression of
the transgene negatively affects the virus life cycle. Despite this cytotoxicity loss, ICOVIR15-

Luc represents a useful tool to monitor the viral replication by in vivo imaging.
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Figure 48. Construction and in vitro characterization of ICOVIR15-Luc. (a) Schematic representation of the

genome of ICOVIR15-Luc. The luciferase transgene (Luc) was cloned after the fiber gene in the genome of

ICOVIR15. To drive the expression under the control of the major late promoter (MLP), a splicing acceptor (SA)

and a polyadenylation sequence (pA) were cloned before and after the transgene respectively. A Kozak sequence
(K) was also included before the Luc gene to increase the translation efficiency. (b) Luciferase expression kinetics.
A549 cells (left) or Dk-cre cells (right) were infected with AAGLRGD or ICOVIR15-Luc at an MOI of 25 TU/cell and
10 TU/cell, respectively. At the indicated time points, cells were lysed and the luciferase activity in the protein
extract was measured with a luminometer. Mean values + SD are depicted. *, significant (p<0.05) by two-tailed
unpaired Student’s t-test compared with AAGLRGD. (c) Cytotoxicity. A549 cells were infected with a broad range
of MOlIs with ICOVIR15 or ICOVIR15-Luc. At day 6 post-infection, cell viability was measured by BCA staining.
Dose-response curves are shown along with the 1Cs values for each virus. Mean values £ SD are plotted.
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In a second passive immunization test, nude mice bearing subcutaneous A549 tumors
were injected intraperitoneally with 150 pL of PBS or serum #0615 (titer >5120) (naive or pre-
immune groups). Since in the first test the neutralization of the virus was not complete, a
higher volume of a more neutralizing serum was used in this case. In addition, the viral dose
was reduced to 4x10% vp. The next day after immunization, naive and passively immunized
mice were injected with 4x10° vp of ICOVIR15-Luc, and a group injected with PBS was also
included as negative control. Luciferase expression in mice was monitored and quantified in
liver and tumors using IVIS imaging (Figure 49 and Figure 50). At day 3 post-injection, naive
mice showed a strong luciferase signal in the liver and a much lower signal in tumors. Even
though ICOVIR15-Luc cannot replicate in normal tissues, a certain level of expression in the
absence of replication is expected (as observed in Figure 48b), and since most of the injected
dose is retained by the liver, a strong signal is generated in this organ. Accordingly, the absence
of replication in the liver causes the signal to rapidly drop over time. On the contrary,
luciferase signal in the tumor increases notably due to active viral replication, confirming the
replication-dependent luciferase expression of ICOVIR15-Luc. Same as the PBS-treated group,
pre-immune mice transferred with the neutralizing serum did not show any luciferase signal
in the liver nor the tumors throughout the study, suggesting an efficient neutralization of the
virus. However, if the luminescence scale is lowered to levels where the signal in naive mice
is highly saturated, we observe a focus of replication in a tumor of a pre-immune mouse that
appears at day 12 post-injection, and that increases over time (Figure 49b). Figure 50 shows
the quantification of the luciferase signal throughout the study in liver (Figure 50a) and tumors
(Figure 50b), showing positive signal in tumors of pre-immune mice at day 12 that increases
until day 24 when mice were sacrificed. Individual plotting of tumors indicated that adenoviral
replication occurred in at least two out of four tumors of pre-immune mice (Figure 50c). This
result indicates that once again, not all the adenovirus dose was neutralized in some mice,
and that a very high amount of NAbs needs to be transferred to neutralize such a high viral
dose. Nonetheless, the differences in virus replication between naive and pre-immune mice
were noteworthy, and this level of neutralization was thought to be sufficient to inhibit the

antitumor efficacy of an oncolytic adenovirus.
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Figure 49. In vivo imaging of ICOVIR15-Luc replication in naive or passively immunized nude mice. Nude mice

bearing subcutaneous A549 tumors were injected intraperitoneally with 150 pL of PBS, or anti-Ad5 neutralizing
mouse serum (serum #0615). The next day mice received an intravenous injection of PBS, or 4x10%° vp of
ICOVIR15-Luc (n = 2 mice/group). Mice were imaged for luciferase expression at the indicated days after virus
injection using (a) the default luminescence color scale (min = 223, max = 12000), or (b) a much lower
luminescence color scale (min = 20, max = 120). White light images overlaid with luciferase signal are shown.

2.4.4.4. Passive immunization of nude mice: antitumor efficacy

To test the antitumor activity with the new conditions optimized in the previous section,
nude mice bearing subcutaneous A549 tumors were passively immunized with PBS or serum
#0615 (titer >5120). The volume of the serum transferred was further increased to 200 pl to
achieve higher levels of neutralization. The next day mice received a single intravenous
injection of PBS or 4x10%° vp of ICOVIR15, or ICOVIR15-ABD. No differences were observed in
antitumor efficacy between the oncolytic viruses in naive mice. Both viruses were able to
significantly reduce the tumor growth compared to the PBS-treated group, and at the end of
the study, ICOVIR15 and ICOVIR15-ABD induced a 2-fold and 1.7-fold reduction in tumor

volume respectively (Figure 51a). Importantly, in pre-immune mice the non-modified
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ICOVIR15 was completely inefficacious, but the oncolytic activity of ICOVIR15-ABD was
preserved. At the end of the study, ICOVIR15-ABD induced a 1.9-fold reduction of tumor
volume compared to the PBS-treated group and a 2.4-fold reduction compared to the
ICOVIR15-treated group. The same experiment was conducted in mice bearing Sk-mel28
melanoma tumors. The stock of serum #0615 was spent in the previous study and to transfer
equivalent levels of NAbs, mice were injected with 400 pl of serum #1015 (titer of 2560). The
outcome was very similar to that in A549 tumors. Both ICOVIR15 and ICOVIR15-ABD induced
a similar antitumor effect in naive animals, showing a 1.6 and a 1.8-fold reduction of tumor
volume respectively. In pre-immune mice, we observed again no impairment in the antitumor
activity of ICOVIR15-ABD in presence of neutralizing antibodies, which caused a 1.6-fold
reduction of tumor volume compared to ICOVIR15, which totally lost its antitumor effect

(Figure 51b).
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Figure 50. Quantification of luciferase expression in naive or passively immunized nude mice intravenously
injected with ICOVIR15-Luc. Nude mice bearing subcutaneous A549 tumors were injected intraperitoneally with
150 pL of PBS or anti-Ad5 neutralizing mouse serum (serum #0615). The next day mice received an intravenous
injection of PBS or 4x10%° vp of ICOVIR15-Luc (n = 2 mice/group). Quantification of luciferase signal in (a) liver
and (b) tumors. Mean values + SD are depicted. *, significant (p<0.05) by two-tailed unpaired Student’s t-test
compared with PBS and ICOVIR15-Luc naive. (c) Quantification of the luciferase expression of individual tumors.
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Figure 51. Antitumor efficacy in naive and passively immunized nude mice. Nude mice bearing subcutaneous
xenografts of (a) A549 (lung adenocarcinoma) or (b) Sk-mel28 (melanoma) tumors were injected
intraperitoneally with PBS, or anti-Ad5 neutralizing mouse serum (200 pL of serum #0615 for mice bearing A549
tumors, and 400 pL of serum #1015 for mice bearing Sk-mel28 tumors). The day after, mice were treated with a
single intravenous injection of PBS or 4x10%° vp of ICOVIR15 or ICOVIR15-ABD. Mean values of tumor volume +
SEM are plotted (n = 10-13 tumors/group). *, significant (p<0.05) by two-tailed unpaired Student’s t-test
compared with PBS (A549 tumors: ICOVIR15 from day 7, ICOVIR15-ABD from day 13, ICOVIR15-ABD from day 10;
Sk-mel28 tumors: ICOVIR15 from day 7, ICOVIR15-ABD and ICOVIR15-ABD pre-immune from day 4). #, significant
(p<0.05) by two-tailed unpaired Student’s t-test compared with ICOVIR15 pre-immune (A549 tumors: ICOVIR15
from day 27, ICOVIR15-ABD and ICOVIR15-ABD pre-immune from day 24; Sk-mel28 tumors: ICOVIR15 from day
14, ICOVIR15-ABD and ICOVIR15-ABD pre-immune from day 4).

Besides controlling tumor growth, oncolytic adenovirus treatment was also able to
increase mice survival. As shown in Figure 52, treatment with ICOVIR15 significantly increased
the survival of naive mice compared to the PBS-treated group in both tumor models, but could
not increase the survival of pre-immune mice. ICOVIR15-ABD also increased the survival in
naive mice compared to PBS treatment. In addition, the treatment with ICOVIR15-ABD could
also significantly increase the survival of pre-immune mice compared to the PBS and
ICOVIR15-treated groups. Overall, these results validate the pre-immune immunodeficient
mouse model, and demonstrate again the efficient neutralization escape of the ABD-modified

adenovirus.

At the end of the study, mice were sacrificed and tumors were collected for Ad detection.
A549 tumors were used for Ad genome detection by quantitative real-time PCR and
immunohistochemical staining of E1A viral protein. Intriguingly, the amount of adenovirus

detected in tumors did not correlate with the tumor volume at the end of the experiment.
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Quantification of Ad genomes in A549 tumors revealed no differences between naive and pre-
immune animals treated with ICOVIR15, which in general contained high amounts of virus
genomes in their tumors (Figure 53). However, certain heterogeneity is observed and some
tumors contained lower viral loads, especially in pre-immune mice. In addition, we could not
detect ICOVIR15-ABD genomes in pre-immune mice, and a very low amount in naive mice,
neither group being statistically significant versus the PBS. This result was confirmed by the
immune staining of E1A viral protein in paraffin sections of the tumors. Abundant replication
foci were observed in tumors of naive mice treated with ICOVIR15 (Figure 54). Pre-immune
mice treated with the same virus showed variability as some tumors showed many E1A-
stained areas whereas no virus was detected in others. ICOVIR15-ABD could not be detected

by E1A staining in tumors of neither naive nor pre-immune mice.
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Figure 52. Kaplan-Meier survival curves upon systemic administration of oncolytic adenoviruses in naive and
passively immunized nude mice. Nude mice bearing subcutaneous xenografts of (a) A549 (lung adenocarcinoma)
or (b) Sk-mel28 (melanoma) tumors were injected intraperitoneally with PBS or anti-Ad5 neutralizing mouse
serum (200 pL of serum #0615 for mice bearing A549 tumors, and 400 uL of serum #1015 for mice bearing Sk-
mel28 tumors). The day after, mice were treated with a single intravenous injection with PBS, or 4x10%° vp of
ICOVIR15 or ICOVIR15-ABD. Kaplan-Meier curves are plotted (n = 10-13 tumors/group). End-point was
established at 750 mm? of tumor volume. *, significant (p<0.05) by log-rank test compared with PBS. #, significant
(p<0.05) by log-rank test compared with ICOVIR15 pre-immune.

Detection of E1A by immunohistochemistry was also performed in Sk-mel28 tumors with
a very similar result. Strong E1A staining was observed in naive mice treated with ICOVIR15
(Figure 55). Variability was observed again with in pre-immune mice, showing many

replication areas in some tumors whereas very few were detected in others. ICOVIR15-ABD

144



Results

was barely detected in tumors of naive mice whereas tumors of pre-immune mice showed

some small stained areas.

10°- *#S *#S O PBS
S 108 Suat Eﬁ; = ICOVIR1S
?o 107- Hpm O ICOVIR15 pre-immune
s u oo A ICOVIR15-ABD
& 10°- a0 )
- m] A A ICOVIR15-ABD pre-immune
";; 105
Y o - 0 MIAA
g‘ 1044 (o) A A
= Aaa #‘
p; 1034 a8
102

Figure 53. Adenovirus detection in A549 tumors by real-time PCR. Nude mice bearing subcutaneous xenografts
of A549 (lung adenocarcinoma) tumors were injected intraperitoneally with 200 uL of PBS, or anti-Ad5
neutralizing mouse serum (serum #0615). The next day mice were treated with a single intravenous injection
with PBS or 4x10%° vp of ICOVIR15 or ICOVIR15-ABD. At day 34 after virus injection, mice were killed and tumors
were collected. Adenovirus genome quantification was performed by real-time PCR of DNA samples extracted
from frozen tumors. Mean values are represented by horizontal lines within scatterplots. *, significant (p<0.05)
by two-tailed unpaired Student’s t-test compared with PBS. #, significant (p<0.05) by two-tailed unpaired
Student’s t-test compared with ICOVIR15-ABD. S, significant (p<0.05) by two-tailed unpaired Student’s t-test
compared with ICOVIR15-ABD pre-immune.

To understand this lack of correlation between the amount of virus in tumors and the
antitumor efficacy, the same experiment was conducted to detect the adenovirus at a much
earlier time point, when fewer rounds of replication had occurred. Nude mice bearing A549
tumors were passively immunized with 300 plL of serum #0416 (titer of 5120), to achieve the
same levels of neutralization of the last experiments. The next day mice were treated
systemically with PBS or 4x10%° vp of ICOVIR15, or ICOVIR15-ABD. Mice were sacrificed at day
11 post-injection and adenovirus genomes were detected by real-time PCR, since it is a more
guantitative method than immunohistochemistry. In this case, all tumors of naive mice
treated with ICOVIR15 contained high levels of adenovirus genomes, which were significantly
higher than in tumors of pre-immune mice (Figure 56). Unlike in naive mice, the amount of
ICOVIR15 genomes in pre-immune mice at day 11 was significantly lower than at day 34. In

fact, there were no significant differences between the PBS and the ICOVIR15 pre-immune
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groups. In contrast, ICOVIR15-ABD genomes could be detected in tumors of both naive and
pre-immune mice at higher levels than ICOVIR15 in pre-immune mice. Nevertheless, the levels
of ICOVIR15-ABD in naive and pre-immune mice were lower compared to those of ICOVIR15

in naive mice.
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Figure 54. Adenovirus detection in A549 tumors by immunohistochemistry. Nude mice bearing subcutaneous
xenografts of A549 (lung adenocarcinoma) tumors were injected intraperitoneally with 200 pL of PBS or anti-Ad5
neutralizing mouse serum (serum #0615). The next day mice were treated with a single intravenous injection
with PBS or 4x10% vp of ICOVIR15, or ICOVIR15-ABD. At day 34 after virus injection, mice were killed and tumors
were collected. Immunohistochemistry of E1A viral protein was performed in paraffin embedded tumor sections.
Original magnification, 4X.
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Figure 55. Adenovirus detection in Sk-mel28 tumors by immunohistochemistry. Nude mice bearing
subcutaneous xenografts of Sk-mel28 (melanoma) tumors were injected intraperitoneally with 400 pL of PBS, or
anti-Ad5 neutralizing mouse serum (serum #1015). The next day mice were treated with a single intravenous
injection with PBS or 4x10%° vp of ICOVIR15, or ICOVIR15-ABD. At day 32 after virus injection, mice were killed
and tumors were collected. Immunohistochemistry of E1A viral protein was performed in paraffin embedded
tumor sections. Original magnification, 4X.

These differences in the amount of adenovirus genomes at day 11 and day 34 suggest a
quicker clearance of the ABD-modified virus from tumors, probably related to the lower
production and replication of this virus combined with the stromal barriers present in tumors
(Figure 57). In addition, it can be observed that the neutralization of ICOVIR15 was not

complete (as previously observed with ICOVIR15-Luc, see Figure 49b) and the small amount
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of virus that reaches tumors can eventually replicate, albeit is incapable of controlling tumor

growth. This matter will be addressed in depth in the Discussion section.
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Figure 56. Early detection of adenovirus in A549 tumors by real-time PCR. Nude mice bearing subcutaneous
xenografts of A549 (lung adenocarcinoma) tumors were injected intraperitoneally with 300 uL of PBS, or anti-
Ad5 neutralizing mouse serum (serum #0416). The next day mice were treated with a single intravenous injection
with PBS or 4x10%° vp of ICOVIR15, or ICOVIR15-ABD. At day 11 after virus injection, mice were killed and tumors
were collected. Adenovirus genome quantification was performed by real-time PCR of DNA samples extracted
from frozen tumors (n = 4-8 tumors/group). Mean values are represented by horizontal lines within scatterplots.
*, significant (p<0.05) by two-tailed unpaired Student’s t-test compared with PBS. #, significant (p<0.05) by two-
tailed unpaired Student’s t-test compared with ICOVIR15 pre-immune. $, significant (p<0.05) by two-tailed
unpaired Student’s t-test compared with ICOVIR15-ABD. &, significant (p<0.05) by two-tailed unpaired Student’s
t-test compared with ICOVIR15-ABD pre-immune.

2.4.5. Immune response against proteins expressed from the viral genome in pre-immune

mice

Recombinant adenoviruses are also used as vaccine platforms, which also face the
problem of pre-existing NAbs. Neutralization of the vector impairs transgene expression and
therefore, no immune response can be mounted against the desired antigen. We
hypothesized that the ABD insertion could also be useful in the field of adenovirus-based
vaccines. To demonstrate this, we analyzed the CTL immune response generated against a
protein expressed from the virus genome in naive and anti-Ad5 pre-immune mice. Elb was
chosen as a model protein, emulating the antigen against which we want to generate
immunity. C57BL/6 mice were immunized with an intraperitoneal injection of 3x10% vp of

AdGL. Immunization with this vector allows the generation of anti-Ad5 NAbs, and being an E1-
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deleted vector it avoids generating immunity against E1lb, which would interfere in the
experiment outcome. Seven days after immunization mice were injected intravenously with
3x10% vp of the oncolytic adenoviruses ICOVIR15 or ICOVIR15-ABD, both containing E1b. Mice
were sacrificed seven days after, and specific immune responses against Elbig; viral epitope
were assessed by ELISPOT. As expected, mice treated with ICOVIR15 could not generate a very
high immune response against E1b due to the neutralization of the virus by NAbs (Figure 58).
In contrast, the anti-Elb immune response in mice treated with ICOVIR15-ABD was
significantly higher (5.5-fold), indicating that pre-existing anti-adenovirus immunity cannot
prevent the immunogenicity of a transgene encoded in an ABD-modified virus. This
experiment included an additional group that will be explained in the readministration section

(see Figure 61).

Figure 57. Stroma barriers present in A549 subcutaneous tumors. Immunohistochemistry of E1A viral protein
in A549 tumors treated with (a) ICOVIR15 or (b) ICOVIR15-ABD at day 34 after virus injection. Lower panels show
magnifications where stromal barriers formed by fibroblast can be observed. Upper panels magnification, 4X.
Lower panels magnification, 10X.
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Figure 58. Immune response against E1lb protein expressed from the viral genome in pre-immune mice.
C57BL/6 mice were immunized with an intraperitoneal injection of the E1-deleted vector AdGL (3x10% vp), and
seven days later were injected intravenously with ICOVIR15 or ICOVIR15-ABD (3x10%° vp). Seven days after,
animals were euthanized and splenocytes were isolated. Specific responses against E1b;q, peptide were analyzed
by anti-IFN-y ELISpot technique. Mean + SEM is plotted (n = 3 mice/group). *, significant (p<0.05) by two-tailed
unpaired Student’s t-test compared with PBS. #, significant (p<0.05) by two-tailed unpaired Student’s t-test
compared with AdGL + ICOVIR15.

2.5. READMINISTRATION STUDY OF AN ABD-MODIFIED ADENOVIRUS

Pre-existing immunity represents a major obstacle for adenovirus-based therapies. As we
have observed, pre-existing anti-Ad5 NAbs can inhibit the bioactivity of the vector, severely
compromising the efficacy of the treatment. In addition, another major problem is the
readministration of the vector. Even if the patient has no pre-existing immunity, the first
administration of the virus will generate NAbs and memory cells that will efficiently inactivate
a second viral dose. We have already demonstrated the ability of an ABD-modified adenovirus
type 5 to successfully evade pre-existing NAbs due to albumin shielding. The next question
was whether this virus can escape neutralization from NAbs generated against its own capsid.
In this section, we present a preliminary study where the feasibility of readministration of an

ABD-modified adenovirus is analyzed.
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2.5.1. Generation of neutralizing antibodies against an ABD-modified capsid

To study the NAbs generated against an adenovirus bearing the ABD insertion in the HVR1
of the hexon, C57BL/6 immunocompetent mice were immunized with AdGLRGD-ABD using a
prime and boost regimen as previously explained (see section 2.4.1.3). Two different serum
batches obtained at different dates were analyzed. These sera were tittered in HEK293 cells
against the AAGLRGD-ABD vector in the absence of albumin (Figure 59). The specific titer of
the serum #0415 could not be determined due to its high neutralizing activity, and at the
highest dilution (5120) the 86% of the virus was neutralized. For this reason, the serum #0515
was tittered using a much higher starting dilution. However, the neutralizing activity of this
serum was even higher, being able to neutralize the 71% of the virus at a dilution of 51,200.
These analyses reveal that mice immunized with an ABD-modified adenovirus develop a high

neutralizing response against this virus.
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Figure 59. Neutralizing activity of anti-ABD-modified adenovirus serum. Neutralizing sera were obtained by
immunization of C57BL/6 immunocompetent mice with AAGLRGD-ABD using a prime and boost regimen. Serum
titration was performed by incubating AAGLRGD-ABD with serial 1/2 dilutions of the serum and analyzing the
transduction in HEK293 cells using an MOI of 0.25 TU/cell. A control without serum was included to obtain the
0% neutralization value. Two different serum batches were compared. Titration curves are shown. Mean + SD.

2.5.2. Invitro evasion of neutralizing antibodies against an ABD-modified capsid

We next evaluated if albumin can protect the ABD adenovirus from NAbs generated

against its own capsid. AGLRGD and AdGLRGD-ABD, in absence or presence of HSA, were
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incubated with serial dilutions of serum and used to transduce 293 cells. The absence of HSA
condition was not tested in previous experiments where serum was used, due to the high
mouse albumin content in serum. However, this albumin content will be reduced with each
dilution. For this reason, we included the absence of HSA condition in this case to try to
observe a difference in protection. Surprisingly, the neutralizing activity of this serum against
the parental vector AAGLRGD was significantly lower compared to ADGLRGD-ABD (Figure 60).
This suggests either that the majority of the NAbs in this serum are targeted against the ABD,
or that those NAbs against the ABD have a very high neutralizing activity. Nevertheless, the
transduction of AGLRGD-ABD was remarkably enhanced in the conditions where HSA was
present and the albumin of the serum had been highly diluted. This demonstrates that
albumin can also protect the ABD-modified adenovirus from the NAbs generated against its
own capsid. However, the high neutralizing activity of these NAbs might still represent a
problem for the readministration of the virus. In order to elucidate this, we proceeded to test

a readministration schedule in vivo.
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Figure 60. In vitro evasion of anti-ABD-modified adenovirus neutralizing mouse serum. Transduction analysis
after incubation with anti-ABD-modified adenovirus neutralizing mouse serum. AAdGLRGD or AAGLRGD-ABD, in
the presence or absence of HSA, were incubated with serial dilutions of the serum for 1 hour, and then used to
infect HEK293 cells at 10 vp/cell. Luciferase expression was analyzed 24 hours after infection. A control without
serum was included to obtain the 100 % infection value. Results are represented as % transduction versus the
100 % infection control. Mean % SD. *, significant (p<0.05) by two-tailed unpaired Student’s t-test compared with
AdGLRGD and AdGLRGD + HSA. #, significant (p<0.05) by two-tailed unpaired Student’s t-test compared with
AdGLRGD-ABD.
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2.5.3. Invivo liver transduction after adenovirus readministration

To test the feasibility of the readministration in vivo, the liver was used as a reporter organ
for the transduction of the vectors after generating NAbs against their own capsid in
immunocompetent mice. C57BL/6 mice received an intravenous injection of 3x10'° vp of
ICOVIR15 or ICOVIR15-ABD, and seven days later another intravenous injection of 3x10% vp
of AAGLRGD or AdGLRGD-ABD, respectively. The luciferase expression in the liver was
analyzed three days later by in vivo imaging system (IVIS). Neither vector displayed detectable
luciferase signal in the liver (data now shown), indicating that both viruses were efficiently
neutralized by the NAbs generated in the first injection. However, our previous results of
passive immunization of nude mice showed that luciferase expression at day 3 post-injection
is not a reliable method to detect adenovirus neutralization. Albeit most of the virus is
probably neutralized in this case, small levels of liver transduction might be lost using this

readout.

2.5.4. Immune response against proteins expressed from the adenovirus genome after

readministration

The feasibility of the readministration was also tested by detecting the immune response
generated against Elb protein, after generating NAbs against a non-ABD- and an ABD-
modified adenovirus in immunocompetent mice, as previously performed in section 2.4.5. In
the experiment presented in that section, another group was included to test the
readministration of the ABD-modified virus. The same results with this additional group is now
presented in Figure 61. C57BL/6 mice were immunized with an intraperitoneal injection of
3x10%° vp of the E1-deleted vectors AdGL or AdGL-ABD, to avoid generating immunity against
Elb. Seven days later, mice immunized with AdGL were injected intravenously with 3x10° vp
of ICOVIR15 or ICOVIR15-ABD, and mice immunized with AdGL-ABD were injected only with
3x10%° vp of ICOVIR15-ABD. Seven days after mice were sacrificed and quantitation of CTL
immune responses against Elbig, viral epitope was performed by ELISPOT (Figure 61). As
expected, the anti-E1b immune response after the injection of ICOVIR15-ABD was significantly
lower in mice pre-injected with AAGL-ABD than in those pre-injected with AdGL (2.4-fold),
indicating that the ABD-modified adenovirus can evade much more efficiently the NAbs
generated against the wt capsid than those generated against the ABD capsid. Importantly,
we also observed that the immune response generated against ICOVIR15-ABD in mice pre-
injected with AdGL-ABD was 2.3-fold higher than that generated against ICOVIR15 in mice pre-

injected with AdGL, although this difference was not statistically significant.
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Figure 61. Immune response against E1b protein expressed from the viral genome after readministration.
C57BL/6 mice were immunized with an intraperitoneal injection of the E1-deleted vectors AdGL or AdGL-ABD
(3x10% vp). Seven days later mice immunized with AdGL were injected intravenously with ICOVIR15 or ICOVIR15-
ABD (3x10% vp), and mice immunized with AdGL-ABD were injected intravenously with ICOVIR15-ABD (3x10%°
vp). Seven days after, animals were euthanized and splenocytes were isolated. Specific responses against E1lbig,
peptide were analyzed by anti-IFN-y ELISpot technique. Mean + SEM is plotted (n = 3 mice/group). *, significant
(p<0.05) by two-tailed unpaired Student’s t-test compared with PBS. #, significant (p<0.05) by two-tailed
unpaired Student’s t-test compared with AdGL + ICOVIR15. S, significant (p<0.05) by two-tailed unpaired
Student’s t-test compared with AdGL-ABD + ICOVIR15-ABD.

At the end of the study, mice were killed, and the serum of those mice pre-injected with
AdGL and then treated with ICOVIR15-ABD was collected and pooled for in vitro neutralization
studies. This situation mimics the ability of the virus to evade the NAbs of a subject with anti-
Ad5 pre-immunity that had been treated with an ABD-modified adenovirus, which would be
the more realistic situation of readministration (due to the high prevalence of anti-Ad5 NAbs
in humans). AAGLRGD and AdGLRGD-ABD, in absence or presence of HSA, were incubated
with serial dilutions of the serum and used to transduce 293 cells. In contrast to the serum of
a mouse only immunized with an ABD-modified adenovirus, the neutralizing activity of this
serum versus the AAGLRGD was very high (titer of 12,800) (Figure 62), even higher than the
other sera previously generated immunizing with the Ad5wt (see Figure 45). In the absence of
albumin, the AdGLRGD-ABD was more neutralized than the non-modified vector,

demonstrating again the high neutralizing activity of the NAbs directed against the ABD.
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However, it is worthy of note the transduction increase of the ABD-modified vector in the

presence of HSA, showing higher transduction efficiencies than the non-modified vector.
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Figure 62. In vitro evasion of a serum of a mouse primed with AdGL and boosted with ICOVIR15-ABD. AdGLRGD
or AdGLRGD-ABD, in the presence or absence of HSA, were incubated with serial dilutions of the serum of a
mouse primed with AdGL and boosted with ICOVIR15-ABD. After 1 hour incubation, vectors were used to
transduce HEK293 cells at 10 vp/cell. Luciferase expression was analyzed 24 hours after infection. A control
without serum was included to obtain the 100 % infection value. Results are represented as % transduction
versus the 100 % infection control. Mean + SD. *, significant (p<0.05) by two-tailed unpaired Student’s t-test
compared with all groups.

Overall, these results indicate that there is a partial escape from the NAbs generated
against the ABD capsid. Despite the protection is not as efficient as it is against anti-Ad5 pre-
existing NAbs, the ABD-modified adenovirus still presents an advantage in terms of
readministration compared to a non-modified adenovirus. In any case, these results were
preliminary and a more thorough study including antitumor activity after readministration is

required to draw solid conclusion on this subject.

2.6. COMBINATION OF THE ABD INSERTION WITH THE REPLACEMENT OF THE FIBER SHAFT
HSG-BINDING MOTIF WITH RGD

2.6.1. Construction of the oncolytic adenovirus ICOVIR15K-ABD

The heparan sulfate glycosaminoglycan (HSG)-binding motif KKTK in the shaft of the fiber

plays an important role in the hepatic tropism of the type 5 adenovirus (Bayo-Puxan et al.,
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2006; Smith et al., 2003). Our group has previously published the replacement of this KKTK
domain with an RGDK motif (Bayo-Puxan et al., 2009). In the context of an adenoviral vector
expressing luciferase, this mutation reduced liver transduction and increased tumor
transduction compared with a non-modified vector after intravenous administration. Thus,
this modification offers simultaneously liver detargeting and tumor targeting properties. In
the context of the oncolytic adenovirus ICOVIR15, the RGDK mutation increased the
bioavailability and the antitumor efficacy, compared with its counterpart presenting the HI-
loop RGD-modified fiber (Rojas et al., 2012). For this reason, ICOVIR15K became the standard
oncolytic platform in our group where new modifications are usually tested. Nevertheless, the
location of the RGD in the fiber shaft of ICOVIR15K is very close to the penton base, and
albumin binding to neighboring hexons might compromise the exposure of the motif and
therefore the interaction with cell receptors. For this reason, the ABD insertion was first tested
in the ICOVIR15 platform, where the RGD would be well exposed (Figure 63). In this section,
we studied the compatibility of the ABD insertion with the RGDK mutation. The ABD was
inserted in the HVR1 of the hexon of ICOVIR15K by homologous recombination in bacteria,
and the plasmid was transfected into HEK293 cells for virus generation. ICOVIR15K-ABD was

successfully rescued, amplified, and purified for in vitro and in vivo studies.
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Figure 63. Schematic representation of fiber RGD and fiber RGDK in an ABD-modified capsid. RGD fiber,
contained in ICOVIR15 and ICOVIR15-ABD, 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 ICOVIR15K and ICOVIR15K-ABD, this
insertion is deleted and the RGD is incorporated replacing the KKTK of the shaft of the fiber. In the latter location,
the RGD exposure might be compromised by the binding of albumin to neighboring hexons.
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2.6.2. Cytotoxicity of ICOVIR15K-ABD in the presence and absence of HSA

It was previously observed that in the absence of NAbs albumin binding not only caused a
reduction in cell transduction, but as a consequence, the cytotoxicity of the virus was also
diminished. For this reason, we first analyzed the effect of albumin binding on the cytotoxicity
of ICOVIR15K-ABD compared to that of ICOVIR15-ABD. A549 cells were infected with different
MOiIs, in normal or in HSA-containing medium, and 6 days later the percentage of cell survival
was quantified. In the absence of albumin, both oncolytic viruses showed a very similar
cytotoxic activity (Figure 64). As previously observed (see Figure 31), albumin binding caused
a reduction in the cytotoxicity of both ABD-modified adenoviruses. However, the cytotoxicity
of ICOVIR15K-ABD was much more diminished by albumin binding than that of ICOVIR15-ABD,
suffering a 26-fold versus a 7-fold reduction respectively. This notable decrease in the
replication capacity of the RGDK-modified virus suggests an interference of albumin in the
interaction between the RGD and cell integrins, likely causing a reduction in cell transduction

and consequently, in the cytotoxicity of the virus.
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Figure 64. Comparative cytotoxicity of ICOVIR15K-ABD and ICOVIR15-ABD in the presence or absence of HSA.
A549 cells were infected with serial dilutions of ICOVIR15 or ICOVIR15-ABD in the absence or presence of HSA at
1 mg/mL. At day 6 post-infection, cell viability was measured by BCA staining (n = 3). Dose-response curves are
shown along with the ICsq values for each virus and condition. Mean values  SD are plotted.
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2.6.3. Invitro evasion of neutralizing antibodies by ICOVIR15K-ABD

The ability of the ABD to protect the virus from neutralization was also analyzed in the
RGDK-modified capsid. The oncolytic adenoviruses, in the presence or absence of albumin,
were incubated with serial dilutions of Ab6982, and then used to transduce 293 cells. Since no
reporter vector was generated with this capsid, the number of transduced cells was
determined by anti-hexon staining method 36 hours after infection. The evasion of
ICOVIR15K-ABD was compared to that of ICOVIR15-ABD, and the parental RGDK virus lacking
the ABD (ICOVIR15K) was also included as control. As shown in Figure 65, the non-ABD virus
ICOVIR15K was highly neutralized at all the dilutions tested compared to both viruses
containing ABD, which efficiently evaded the NAbs. In addition, there were no differences in
the evasion of neutralization between ICOVIR15-ABD and ICOVIR15K-ABD, indicating that the
ABD can also efficiently protect an RGDK-modified capsid.
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Figure 65. In vitro transduction of ICOVIR15K-ABD in presence of Ab6982. Oncolytic adenoviruses ICOVIR15K,
ICOVIR15-ABD, and ICOVIR15K-ABD, were incubated with serial dilutions of the polyclonal neutralizing antibody
Ab6982 in the presence of HSA. After 1 hour incubation, the viruses were used to infect HEK293 cells at 10 vp/cell.
Cell transduction was analyzed at 36 hours post-infection by anti-hexon staining method. A control without
Ab6982 was included to obtain the 100 % infection value. Results are represented as % transduction versus the
100 % infection control. Mean values * SD. *, significant (p<0.05) by two-tailed unpaired Student’s t-test
compared with all groups.
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2.6.4. Antitumor activity of ICOVIR15K-ABD in pre-immune mice after systemic

administration

The RGDK mutation represented a significant improvement in the antitumor efficacy of
ICOVIR15 after the systemic administration (Rojas et al., 2012). However, this might not be
the case in ABD-modified adenoviruses due to the hypothetic interference of albumin with
the interaction of the RGD motif with cell receptors. To analyze such effect, we compared the
antitumor efficacy of ICOVIR15-ABD and ICOVIR15K-ABD in mice bearing subcutaneous NP-18
pancreatic cancer tumors, a tumor model where ICOVIR15K showed a significant advantage
over ICOVIR15 (Rojas et al., 2012). In addition, mice were passively immunized to also test the
ability of ICOVIR15K-ABD to overcome pre-existing immunity in vivo. To achieve similar levels
of neutralization as in previous studies, mice were injected intraperitoneally with 300 uL of
serum #0416 (titer of 5120). The next day mice received an intravenous injection of PBS or
4x10'° vp of ICOVIR15-ABD, or ICOVIR15K-ABD. Both oncolytic viruses were able to
significantly reduce the tumor growth compared to the PBS-treated group, indicating an
efficient escape of NAbs in vivo (Figure 66a). However, no significant differences were
observed in the antitumor efficacy of the viruses. Furthermore, the analysis of survival curves
showed the same result: both viral treatments had a significant effect in prolonging survival
with respect to PBS group, but no differences were observed between the oncolytic viruses
(Figure 66b). These results indicate that the advantage provided by the RGDK fiber is lost in
an ABD-modified adenovirus. The cytotoxicity loss due to albumin binding was probably
compensated with the increased bioavailability provided by the RGDK, resulting in an
antitumor efficacy similar to ICOVIR15-ABD. The experiments performed in this thesis did not
clearly reveal the best location of the RGD in an ABD-modified capsid. More studies are
required to evaluate which is the best modified fiber to combine with the ABD insertion for a

future clinical candidate.
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Figure 66. Antitumor activity and survival upon systemic administration of ICOVIR15K-ABD in pre-immune
mice. Nude mice bearing subcutaneous xenografts of NP-18 (pancreatic carcinoma) tumors were injected
intraperitoneally with 300 pL of PBS or anti-Ad5 neutralizing mouse serum (serum #0416). The day after, mice
were treated with a single intravenous injection of PBS or 4x10%° vp of ICOVIR15-ABD, or ICOVIR15K-ABD. (a)
Mean values of tumor volume + SEM are plotted (n = 9-13 tumors/group). *, significant (p<0.05) by two-tailed
unpaired Student’s t-test compared with PBS at end-point. (b) Kaplan-Meier curves are plotted. End-point was
established at 750 mm?3 of tumor volume. *, significant (p<0.05) by log-rank test compared with PBS.
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Discussion

Cancer virotherapy has shown promising clinical results in the last few years. Oncolytic
viruses not only can kill cancer cells directly by lysis, but their replication within tumors can
also elicit effective antitumor immune responses. Successful clinical outcomes are often
attributed to this antitumor immunity. However, to generate such immune reactions the
oncolytic virus needs to reach the tumor site where it will replicate, causing tumor cell lysis
and the release of tumor antigens. For this reason, classic virocentric traits such as efficient
arrival to tumors, good intratumoral spread, and oncolytic potency are still of key importance
(Russell et al., 2012).

The human adenovirus serotype 5 (Ad5) is not only used as an oncolytic agent, but also as
a gene therapy vector, and as a vaccine platform. Generally speaking, the intravenous
injection is usually the preferred administration route, as it allows reaching multiple organs or
disseminated lesions. However, the human bloodstream is a highly hostile environment for
Ad5, where it will encounter multiple barriers that will contribute to its elimination. In this
thesis, we have studied the interaction of Ad5 with two blood components, erythrocytes and
neutralizing antibodies (NAbs). In the first chapter, we analyzed the interaction of Ad5 with
human erythrocytes via the coxsackie and adenovirus receptor (CAR), and its effect on virus
bioactivity. In the second chapter, we developed a strategy to protect adenovirus from NAbs

using serum albumin as a shield.

1. ADENOVIRUS CAR-MEDIATED INTERACTION WITH HUMAN ERYTHROCYTES
DOES NOT PRECLUDE SYSTEMIC TRANSDUCTION

The ex vivo interaction between adenoviruses and erythrocytes has been known for 50
years, although the molecular and structural basis of this interaction has been a longstanding
enigma. Hemagglutination assays, usually performed for the serotyping of human
adenoviruses, demonstrated that Ad5 interacts with human and rat erythrocytes but not with
those of mouse (Cichon et al., 2003). Nicol et al. demonstrated the importance of the fiber
knob in this interaction, since CAR-ablated adenoviruses or non-CAR-binding serotypes were
unable to agglutinate rat or human red blood cells (Nicol et al., 2004). In addition, another
study showed that binding to human blood cells was not mediated by viral RGD motifs (Lyons
et al.,, 2006). It was not until 2009 when two groups described that human erythrocytes
express the primary Ad5 receptor, the coxsackie and adenovirus receptor (CAR) (Carlisle et al.,

2009; Seiradake et al., 2009). CAR was first identified in 1997, and has been widely studied
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since then. Among other functions, CAR acts as a mediator of cell adhesion, mostly in the
junctional complexes of epithelial cells in many tissues (Freimuth et al., 2008). The presence
of CAR on mature human erythrocytes was unexpected, and inconsistent with previous

reports (Lyons et al., 2006).

According to the studies performed by Carlisle et al. and Seiradake et al. (Carlisle et al.,
2009; Seiradake et al., 2009), the CAR-mediated interaction between adenovirus and human
erythrocytes has major consequences for intravenous Ad5 therapeutics. Erythrocytes act as
“circulating viral traps”, sequestering the virus and inhibiting systemic infection and gene
transfer to target cells. This defense mechanism against Ad5 and its inhibition of adenovirus
bioactivity are well accepted on the field, as reflected in several reviews (Alonso-Padilla et al.,
2016; Coughlan et al., 2010; Khare et al., 2011b). Thus, there is now great skepticism towards
the ability of CAR-tropic adenoviruses to reach specific organs or tumors upon systemic
administration, independently of neutralizing antibody status. Some authors have claimed the
necessity to develop CAR-independent retargeting strategies, such as the use of non-CAR-
binding fibers or serotypes, or the physical coating of adenovirus particles to avoid erythrocyte
sequestration (Carlisle et al., 2009; Coughlan et al., 2010; Seiradake et al., 2009). However,
Carlisle et al. also demonstrated that the erythrocyte-bound adenovirus particle cannot be
internalized due to the absence of integrins on erythrocyte membrane. Evidence of
adenovirus reaching tumors after systemic administration in clinical trials has been reported
before (Nemunaitis et al., 2001). Additionally, in a clinical trial with oncolytic adenovirus
ICOVIR-5 (NCT01864759) injected endovenously in metastatic melanoma patients, we have
detected the presence of the virus in tumor biopsies of patients treated with 1x10'2 and 1x10%3
vp (unpublished data). Due to the inability of erythrocytes to internalize the adenovirus
particles, and to the results in clinical trials demonstrating tumor infection after systemic
administration, we hypothesized that this CAR-mediated interaction is probably reversible,
allowing the release of the virus and the subsequent transduction of target cells. This
possibility has already been suggested, albeit not experimentally demonstrated (Lyons et al.,
2006).

In the first chapter of this thesis, we studied the CAR-mediated interaction between Ad5
and human erythrocytes, and how this interaction affected the ability of the virus to infect
cells and transduce organs. We first demonstrated the role of CAR on this interaction by a
competition assay (Figure 14). Our results confirm the ex vivo binding experiments performed

by other authors (Carlisle et al., 2009; Cichon et al., 2003; Lyons et al., 2006), and the ability
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of human erythrocytes to pull down Ad5 particles after centrifugation. We used three
different Ad:erythrocyte ratios to study the binding (Figure 13). When a high ratio was used
(100 Ad particles per erythrocyte), no adenovirus pull-down was observed. The ratio of 0.04
(which corresponds to 25 erythrocytes per Ad particle) represents a clinically relevant
condition, as it would correspond to an intravenous dose of 1x10% viral particles in 5 L of
blood. Carlisle et al. showed that in these same conditions, the 90% of the viral dose was
erythrocyte-bound, and accordingly, we found the 88% of the viral dose in the erythrocyte
pellet. A further 10% reduction in the relative amount of Ad particles (Ad:erythrocyte ratio of
0.036, that is 27.7 erythrocytes per Ad particle) resulted in an almost complete pull-down,
with the 99.6% of the viral dose in the erythrocyte fraction.

Albeit these results show an efficient pull-down of Ad particles by erythrocytes, some
considerations are worth discussing. First, finding the 90% of the viral input in the erythrocyte
fraction may not imply that the 90% of the virus particles are bound to erythrocytes. The
physiological concentration of erythrocytes in human blood is so high that after centrifugation
the cell pellet usually takes up half the volume of the tube, and therefore, half of the viral dose
would be found in this fraction by random distribution. This fact is not considered by other
authors, which directly correlate the virus presence in erythrocyte fraction with binding. For
this reason, we calculated the fold-clearance of Ad particles in the supernatant, which we
believe is a more real measure to calculate the Ad pull-down. In addition, considering the MOls
used in the pull-down studies we observed that the erythrocyte capacity to bind Ad5 via CAR
is relatively low (28 erythrocytes would be required to efficiently pull-down one Ad5 particles),
which is in accordance with the studies that showed low levels of CAR expression in human
erythrocytes (Carlisle et al., 2009; Seiradake et al., 2009). From a clinical point of view,
intravenous administration of 1x10'? vp would result in an 88% of erythrocyte-bound Ad
particles. Conditions reflecting other clinically relevant but higher doses such as 1x10% vp

were not tested, but would likely result in a high percentage of non-bound Ad particles.

The common belief is that erythrocyte binding prevents the adenovirus infection of target
cells. However, due to the inability of erythrocytes to internalize Ad5, the interaction could be
reversible and therefore, not neutralizing. In recent reports, in vitro studies in the presence of
human erythrocytes described a strong inhibition of Ad5 infectivity of A549 cell monolayers
(Carlisle et al., 2009; Lyons et al., 2006). In contrast, previous studies of adenovirus titration in
human blood claimed that the erythrocyte-bound adenovirus particles were still infective

(Cichon et al., 2003). According to Lyons et al. these discrepancies lie in the concentration of
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erythrocytes, and concentrations lower than 1.7x107 erythrocytes/mL no longer inhibit the
infection. However, we incubated Ad5 with physiological concentrations of human
erythrocytes (5x10°/mL) and used the erythrocyte-bound particles to infect A549 cells,
resulting in a final concentration of 1.5x108 erythrocytes/mL in the well. In these conditions,
we observed the same cell transduction regardless of previous incubation with human
erythrocytes (Figure 15). A possible explanation for these discrepancies is the washout step
of the Ad-erythrocyte complex from the tumor cells performed by Lyons et al. and by Carlisle
et al. In those studies the Ad-erythrocyte complex was removed 90 min after adding it to
tumor cells, probably resulting in the removal of bound but not internalized Ad particles, and
causing a significant drop of cell transduction. In contrast, we left the Ad-erythrocyte complex
in contact with tumor cells for 48 hours. Assuming a reversible binding to CAR, this allowed
the virus to detach from CAR on erythrocytes and attach to CAR on tumor cells. In line with
this observation, no washout step of adenovirus was mentioned by Cichon et al., who had also
described that erythrocyte-bound particles were still infective. Hence, these results indicate
that although Ad5 efficiently binds to erythrocytes via CAR, this binding is reversible and in

the long term it does not inhibit the infection of tumor cells.

Seiradake et al. analyzed the expression of CAR on erythrocytes of different mammal
species. CAR expression was also found in rat erythrocytes, whereas surprisingly, erythrocytes
of other mammalian species such as mouse, dog, rabbit, or non-human primates do not
express CAR on their surface (Carlisle et al., 2009; Seiradake et al., 2009). These findings agree
with the previous studies with Ad5 that showed no hemagglutination of mice and rabbit
erythrocytes, and positive hemagglutination with those of rats and humans (Cichon et al.,
2003). These differences in the expression of CAR have raised important questions about the
use of several models to predict the clinical behavior of systemically administered Ad5.
According to some authors, mouse and non-human primates poorly mimic the environment
that Ad5 will encounter in the human bloodstream, whereas rats provide a better model
regarding systemic Ad5 biodistribution (Carlisle et al., 2009; Seiradake et al., 2009). However,
Seiradake et al. also demonstrated that the levels of CAR in rat erythrocytes were remarkably
higher than in human erythrocytes. We believe this difference in the levels of CAR could also

cause differences in adenovirus systemic biodistribution.

The in vivo impact of erythrocyte binding after systemic injection of Ad5 in mice was
analyzed by Seiradake et al. and Carlisle et al., reaching to the conclusion that the virus can

neither extravasate nor transduce target organs due to erythrocyte sequestration. In these
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studies, two different mouse models were used to test the effect of erythrocyte binding in
vivo. Carlisle et al. used NOD/SCID mice transplanted with washed human erythrocytes by
systemic injection. An extended circulation of Ad5 was observed in those animals that
received human erythrocytes, and the virus was predominantly associated to circulating blood
cells. In contrast, animals without human erythrocytes showed a much quicker clearance, with
the majority of the virus detected in the plasma. Despite this increase in blood persistence,
mice that received human erythrocytes showed 100-fold less adenovirus genomes in tumors
compared to those without human erythrocytes, indicating that human erythrocytes inhibit

adenovirus extravasation.

In this thesis, we have also tested the erythrocyte transplantation approach, but in nude
mice instead of NOD/SCID. To understand the relevance of this model, we first analyzed the
persistence of the transferred human erythrocytes into the recipient nude mice. Erythrocytes
were labeled with CFSE and detected in the mouse blood by flow cytometry, observing a very
rapid clearance of human erythrocytes from mouse circulation (Figure 16). This method for
measuring human erythrocyte clearance from mouse circulation has been performed before
in NOD/SCID mice, also showing a low persistence (Hu et al., 2011). Hu et al. demonstrated
that this rejection of human erythrocytes in immunodeficient mice is macrophage-mediated.
NOD-SCID mouse macrophages showed high phagocytic activity towards human erythrocytes,
and the depletion of macrophages significantly increased the erythrocyte persistence.
Nevertheless, the very low blood persistence of Ad5 should also be considered when
evaluating this model. In fact, we compared the erythrocyte clearance with our historical data
of Ad5 persistence in nude mice (Gimenez-Alejandre et al., 2008), and observed a remarkably
slower clearance of human erythrocytes (Figure 16). Although we did not measure the blood
persistence of adenovirus when co-injected with erythrocytes, we believe it is likely that
erythrocyte binding extends the plasma half-life of the virus as previously reported (Carlisle et
al., 2009). Since adenovirus particles are cleared from circulation quicker than human
erythrocytes, we believe this model should be sensitive enough to detect an alteration of Ad5
biodistribution caused by erythrocyte binding. Accordingly, an efficient adenovirus
sequestration was reported by Carlisle et al. in this model despite the rapid erythrocyte
clearance described by Hu et al. Contrary to Carlisle et al., we observed the same presence of
Ad5 genomes and the same tumor and liver transduction in mouse with or without human
erythrocytes three days after virus injection (Figure 17). Different mouse strains (nude vs
NOD/SCID), but in particular the delayed times of our analysis (72 hours compared to 24

hours) could explain these differences. Likely, due to the reversibility of the CAR-mediated
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binding, Ad particles are eventually released from human erythrocytes and are able to
extravasate and transduce the liver and the tumors. This effect might be reduced when

analyzing Ad genome presence at such an early time point as 24 hours.

A high MOI of 62.5 Ad particles per erythrocyte was used in our in vivo study in which the
transduction capacity of Ad5 in presence of human erythrocytes was analyzed. The limitations
of the mouse model forced us to use this proportion. First of all, Kupffer cells produce a viral
dose threshold effect. Low doses of virus are efficiently taken up by these liver macrophages
preventing transgene expression, whereas high doses saturate these cells and are able to
productively transduce hepatocytes. Doses of 1-3x10%° vp yield barely detectable transgene
expression in nude mice (Tao et al., 2001), and therefore a dose of 5x10%° vp per mouse was
used. This adenovirus dose along with the maximum intravenously injectable volume of a
solution with physiological concentration of erythrocytes, results in an MOI of 62.5. Likely, a
significant amount of adenovirus particles would not be erythrocyte-bound in these
conditions. However, considering the quick clearance of adenovirus compared to
erythrocytes, we believe these conditions should be valid to reflect a possible inhibition of
transduction caused by erythrocyte binding. Accordingly, inhibition of adenovirus
extravasation was described by Carlisle et al. also using a relatively high MOI in vivo (20 Ad
particles per erythrocyte). In this published report, SCID mice were used , and a lower viral
dose was possible due to the fact that the threshold dose for Ad5-mediated gene expression
in the liver of SCID mice is significantly lower than in nude mice (Engler et al., 2004). In our

case, a higher virus dose was required.

Another mouse model used to test the effect of erythrocyte binding via CAR in vivo is the
GATA1-CAR transgenic mouse, which expresses human CAR on erythrocytes (Asher et al.,
2005). Carlisle et al. reported an 875-fold loss of liver transduction in this mouse model
compared to isogenic control mice 24 hours after vector administration (Carlisle et al., 2009).
In contrast, Seiradake et al. showed only a 25-fold decrease in liver viral load at 72 hours post
virus injection in the same mouse model. These data suggest that with time the detrimental
effect of erythrocytes on liver infection is reduced. Even though adenovirus extravasation was
still diminished in this case at 72 hours, the differences in CAR expression between human and
GATA1-CAR erythrocytes are noteworthy. GATA1-CAR erythrocytes showed significantly
higher levels of CAR compared to human erythrocytes (Seiradake et al., 2009). In fact, when
compared to other CAR-expressing cells (HEK293, rat erythrocytes, and GATA1-CAR

erythrocytes), human erythrocytes showed the lowest levels of CAR expression. We believe
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this difference in the levels of CAR likely account for the discrepancies of our results and the
reported in these mice, as a higher CAR expression probably leads to a stronger and more

permanent binding of the Ad particle.

In conclusion, our results indicate that the interaction between human erythrocytes and
Ad5 via CAR is reversible. Since the virus particle cannot be internalized, it is eventually
released to infect other CAR-expressing cells. Nevertheless, Carlisle et al. also described that
Ad5 can interact with human erythrocytes via complement receptor 1 (CR1). This is an indirect
interaction which requires the previous opsonization of the adenovirus particle with
antibodies (either anti-Ad5 neutralizing antibodies or low-affinity natural IgMs) and
subsequent complement fixation. CR1-bound Ad5 is then targeted for rapid clearance by
deposition in hepatic and splenic macrophages. In vitro this interaction was described to occur
by incubating Ad5 with human erythrocytes in both human and mouse plasma. However,
when we injected Ad5 with human erythrocytes intravenously in nude mice (where
interactions via CAR and CR1 could occur) no reduction of extravasation or transduction was
observed (Figure 17). Although we acknowledge the CR1-mediated interaction probably
inactivates adenovirus, we do not believe erythrocytes are the main concern in this situation.
Even if CR1 was absent in erythrocytes the virus would still be inactivated directly by
neutralizing antibodies, or subsequently eliminated by phagocytes via Fc receptor or CR1.
These interactions could be avoided using shielding strategies such as the ABD modification
described in the second chapter of this thesis. In any case, our work was focused on the
interaction with erythrocytes via CAR, which according to our results is not a neutralizing
interaction. Thus, we believe human erythrocytes are not a major threat to systemic Ad5
therapeutics whereas other blood components such as neutralizing antibodies deserve

greater attention.

2. ALBUMIN-BINDING ADENOVIRUSES CIRCUMVENT PRE-EXISTING
NEUTRALIZING ANTIBODIES

Among the different barriers Ad5 finds in the human bloodstream, neutralizing antibodies
(NAbs) represent a major obstacle for efficacy. NAbs directed against capsid proteins not only
inhibit cell transduction directly by blocking specific adenovirus motifs, but also opsonize and
target the virus for elimination (Uusi-Kerttula et al., 2015). In addition, Ad5 is a very common

pathogen and most of the human population has been exposed to the virus by natural
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infection. Although the levels of NAbs vary geographically in humans, the general prevalence
of anti-Ad5 NAbs is very high, reaching >90% in some locations (Barouch et al., 2011; Mast et
al., 2010). This compromises the potential clinical efficacy of Ad5-based therapies, not only of
oncolytic viruses but also of gene therapy vectors and vaccines. Studies by Chen et al. already
suggested the screening for pre-existent anti-Ad NAbs in each patient, prior to intravascular
adenovirus therapy (Chen et al., 2000b). This is currently being applied in the clinical trial by
intravenous administration of VCNO1 oncolytic adenovirus (NCT02045602), which considers
high levels of circulating NAbs in patients as an exclusion criterion. In this second chapter, we
developed a modification on the adenovirus capsid, consisting in the insertion of an albumin-
binding domain. We hypothesized that upon injection of such adenovirus in the bloodstream,

albumin would shield the viral capsid protecting the virus from NAbs (Figure 67).

Non-modified adenovirus

@: Adenovirus

JL NAbs
@ Albumin

Albumin-binding adenovirus

Figure 67. Albumin protection conferred by insertion of an albumin-binding moiety on adenovirus capsid.
Compared to a non-modified adenovirus (above), the aloumin-binding adenovirus is coated with albumin present
in blood, shielding the virus from neutralizing antibodies (below).
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Among the different strategies to achieve albumin binding we used the genetic insertion
of small peptidic albumin-binding motifs, which in our opinion offers multiple advantages over
other alternatives. Being a genetic insertion, it allows the preservation of the modification in
the viral progeny unlike chemical shielding of the virus capsid or liposome encapsulation,
which will be lost after the first round of viral replication. Moreover, these conjugation
processes will add batch-to-batch heterogeneity in the virus composition, raising important
issues regarding scale-up and regulatory approval for clinical applications. In this regard, the
high affinity of the domain and the high physiological albumin concentration allow a good
protection just by directly injecting the modified virus in the bloodstream, avoiding any ex vivo
conjugation step with albumin. The direct genetic fusion of whole proteins in adenovirus
capsid has also been proposed (Hedley et al., 2006). Hedley et al. tested the insertion of alpha-
1-antitrypsin (A1A) and human albumin (HSA) in pIX to shield the virus from NAbs. A1A could
not provide sufficient coverage to protect the virus, whereas HSA fusion was shown
incompatible with virus production (Hedley et al., 2009). Generally, the insertion of small
peptides is more desirable compared to big proteins in order to avoid viability issues.
However, two of the three small motifs used in this thesis resulted in non-viable virus,
although a different insertion point was used. Furthermore, the reversible non-covalent
binding provided by this strategy is also a key issue. Irreversible fusions such as insertion of
proteins can likely compromise the interaction of adenovirus motifs with cellular receptors,

or with other cellular components important for capsid transportation such as dynein.

The use of non-prevalent human serotypes, non-human serotypes, or the substitution of
Ad5 HVRs with those of non-prevalent serotypes has also been explored, especially in the
fields of gene therapy and vaccination (Bruder et al., 2012; Holterman et al., 2004; Lopez-
Gordo et al., 2014; Roberts et al., 2006; Vogels et al., 2003). In general, alternative serotypes
usually underperform Ad5 vectors (Lemckert et al., 2005; Shiver and Emini, 2004), and imply
GMP production challenges as well. Substitution of Ad5 HVRs with those of rare serotype Ad48
in an Ad-based vaccine against simian immunodeficiency virus, resulted in efficient escape of
anti-Ad5 NAbs (Roberts et al., 2006). Nevertheless, Ad5 HVR1 plays a key role in recruiting
dynein for proper capsid transport to nucleus, and when substituted by HVR1 of Ad48 capsid
trafficking was severely affected (Scherer and Vallee, 2015). In addition, albeit showing
efficient escape of anti-Ad5 NAbs, it is likely that a humoral response against these serotypes
will eventually occur. With our approach we hypothesized that albumin could also protect

from NAbs generated against the modified virus. Although protection against such antibodies
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is not as efficient as against anti-Ad5wt antibodies, there is a certain evidence of escape,

suggesting the possibility of readministration. This matter will be further discussed below.

The hexon protein was selected for the insertion of the albumin-binding motifs mainly
because it is the most abundant protein of the adenovirus capsid. As the viral capsid is
composed by 240 trimeric hexons, the albumin-binding motif will be repeated 720 times on
the virion surface, allowing the binding of more albumin molecules than any other capsid
protein. Therefore, the hexon is the best location to ensure an efficient capsid shielding.
Accordingly, Hedley et al. inserted the streptococcal Albumin-binding domain (ABD) in the pIX
of adenovirus capsid but such insertion failed to protect the virus from NAbs (Hedley et al.,
2009). As the main protein of the capsid, the proper folding of the hexon is indispensable for
the assembly and functionality of virus particles. The majority of hexon modifications have
been performed in the hypervariable regions (HVRs) of the protein (Alba et al., 2009; Khare et
al., 2011a; Matthews, 2011; Roberts et al., 2006). These regions are poorly conserved loops
without a defined structure, which usually allow the insertion of foreign sequences without
altering the structure of the protein. Importantly, the HVR loops are solvent-exposed (Rux and
Burnett, 2000), an indispensable trait for the proper interaction between the virus and
albumin in the bloodstream. In addition, albumin would be directly blocking the HVRs of the
hexon which are the main target of anti-Ad NAbs (Bradley et al., 2012b; Roberts et al., 2006).
Although NAbs directed against the fiber protein have also been described, these are
subdominant and not very efficient on their own (Bradley et al., 2012a; Gall et al., 1996).
Certainly, we demonstrate a very efficient neutralization escape just by modifying the hexon,
despite the fiber protein is probably unprotected by albumin. Altogether, these characteristics

pointed the HVRs of the hexon as the best location for the insertion.

On the other hand, albeit HVRs are more flexible and permissive, their modification can
also be complex and cause deleterious effects on the virus. The HVR5 is in general the most
flexible with respect to incorporation of foreign sequences (Gil-Hoyos, 2014; Matthews, 2011)
and, since our group also had previous experience in successfully modifying the HVR1, these
two locations were selected for the incorporation of the albumin-binding motifs. Many groups
have published the replacement of the HVR loop for the desired peptide or antigen (Gil-Hoyos,
2014; Kalyuzhniy et al., 2008; Lucas et al., 2015; Vigant et al., 2008). However, the replacement
of both HVR1 and HVRS5 loops for the albumin-binding motifs resulted in non-viable viruses.
For this reason, we decided to change the strategy and insert the foreign motifs in the middle

of the loops without deleting any residue from the wt HVRs. Even using this conservative
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insertion strategy, viruses with the SA-21 and RB5 peptides were non-viable and only the
viruses containing the ABD insertions were successfully generated. These results were
completely unexpected. The peptides were initially selected due to their short sequence and
their lack of secondary structure, and even though their effects have not been as extensively
studied as the ABD, we believed they would be better accommodated in the HVRs. Previous
experience of modification of HVRs in our group suggested that the tolerance to modification
is not only related with the length of the inserted motif but also with its sequence, and
probably with the effect that the introduced amino acids have on the conformation of the

protein (Gil-Hoyos, 2014). The results of this work agree with this view.

The functionality of the ABD was maintained after its insertion in both HVR1 and HVR5.
We demonstrate albumin binding of the modified adenoviruses by ELISA (Figure 21), adapting
a previously published protocol where also an ABD was used (Konig and Skerra, 1998). Our
results add up with the previously published data on the species specificity of the ABD, being
able to bind to human and mouse serum albumin, but not to bovine (Falkenberg et al., 1992;
Nygren et al., 1990). The inability to bind BSA could represent an advantage in the production
process of these viruses when bovine serum is employed to supplement the media. Our results
indicate that the affinity of the ABD for albumin was notably higher in the HVR1 than in the
HVR5. This was reflected in the ELISA where a significantly higher signal was obtained with
both HSA and MSA with the H1-ABD virus, even though the same amount of both viruses was
used (Figure 21). Also, the deleterious effect on cell transduction caused by albumin binding
(which will be further discussed below) was significantly smaller with the H5-ABD virus (Figure
23), suggesting a weaker binding to albumin. Transduction studies in presence of FX and HSA
revealed that both viruses could bind FX in the absence of albumin (observed by an increase
of transduction mediated by FX). However, when both FX and HSA were present in the
medium, only the H5-ABD vector could maintain the increased transduction levels provided
by FX binding, whereas the H1-ABD vector suffered the transduction loss caused by HSA
binding (Figure 24). These results suggest that in the competition between FX and HSA to bind
to the viral capsid, FX had higher affinity for the H5-ABD virus whereas HSA had higher affinity
for the H1-ABD virus. In a similar way, the same competition effect was observed in the
transduction studies with HSA and NAbs. In the absence of HSA both vectors were similarly
neutralized by NAbs. However, HSA could only efficiently protect the H1-ABD vector from
antibody neutralization, whereas the H5-ABD vector was highly neutralized by NAbs even in
the presence of HSA (Figure 25). Overall, these comparative studies suggest that the affinity
of HSA for the ABD in the HVRS5 is low compared to the HVR1, and can be easily displaced from
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the viral capsid by other molecules with higher affinity such as FX or NAbs. Due to the inability
of the H5-ABD virus to evade NAbs, this virus was discarded and the project was continued

only with the H1-ABD virus.

The viruses with the ABD in the HVR1 (the non-replicative vector AAGLRGD-ABD and the
oncolytic ICOVIR15-ABD) were characterized in depth. In the absence of NAbs and albumin,
the insertion did not have a big impact on the virus life cycle. The transduction was very much
the same as the parental vector in most of the cell lines analyzed (Figure 23). A certain
deleterious effect was observed regarding the viral production, which was reduced up to 6-
fold and 3-fold in 293 and A549 cells, respectively (Figure 30). Since no albumin was included
in these assays, this loss is likely related to a certain affectation of the hexon structure due to
the insertion of the domain. Even though the production in a single-round replication
experiment was reduced, cytotoxicity studies with several rounds of replication did not show
any cytotoxicity loss (Figure 31). This might indicate that the amount of virus produced is in
excess and despite the production is lower, it does not affect the capacity of the virus to kill

tumor cells.

On the other hand, conditions without NAbs but with albumin showed a clear impact on
the virus life cycle. Albumin binding caused a reduction in the infectivity of the viruses in all
cell lines tested (Figure 23), in a dose-dependent manner (Figure 36). High albumin
concentrations close to physiological conditions caused an important inhibition of cell
transduction, not only of the ABD-modified vector but also of the parental vector (although
the modified vector was more affected). However, such negative effects with high albumin
concentrations were not reflected in vivo with real physiological conditions, as observed with
the transduction of the organs (Figure 33). A possible explanation for this transduction loss
would be that albumin could be blocking the interaction of viral domains with cell receptors.
While the fiber is supposedly not affected by albumin, the penton base will probably be
blocked by an albumin molecule bound to a neighboring hexon. Albeit the viruses used in this
work contain an RGD-modified fiber, the interaction of cell integrins with the RGD of the
penton base might still be necessary to achieve a proper internalization. However, a most
likely hypothesis is that albumin might be interfering with the capsid transport to the nucleus.
As recently described, HVR1 plays a key role in dynein recruitment for capsid transportation
(Scherer and Vallee, 2015) and therefore, albumin could be blocking dynein binding to hexon.
In this situation, the reversibility nature of the binding represents an important advantage as

dynein could eventually displace albumin, allowing the progression of the viral cycle. This
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reduced infectivity affects the subsequent rounds of replication, causing a reduction in the
cytotoxicity of the virus, also in a dose-dependent manner (Figure 31). Nonetheless, these
experimental conditions in the presence of albumin but absence of NAbs do not reflect the

clinical problem that represents the high prevalence of pre-existing immunity against Ad5.

In vitro studies in the presence of anti-Ad5 NAbs showed a strong inhibition of the
bioactivity of the non-modified virus, in terms of cell transduction and cytotoxicity. In contrast,
the HSA-shielded ABD-modified adenoviruses showed enhanced bioactivity in the presence of
NAbs compared to the parental virus. While in the absence of albumin both viruses showed
very low levels of transduction, in the presence of albumin only the ABD-modified virus
showed a remarkable increase in the transduction efficiency, demonstrating an albumin-
mediated protection against NAbs (Figure25 and Figure 38). This albumin-mediated
protection was also dose-dependent, and increased with higher albumin concentrations
(Figure 37). The evasion of neutralization observed in terms of cell transduction with the
reporter vector also translated in enhanced cytotoxicity of the oncolytic virus, showing higher
capacity to kill cancer cells in presence of albumin and NAbs (Figure 39). Such protection was
not only observed against commercial Ab6982 but also against NAbs generated in
immunocompetent mice by immunization with Ad5wt (Figure 40). Human sera from six
donors were also tested for neutralization escape of the ABD-modified vectors. A clear
protection was observed only in three of the sera, whereas no apparent differences between
viruses were observed in the other three (Figure 41a). A possible explanation would be the
differential contribution of anti-fiber NAbs in the neutralization of the virus. In this direction,
contradictory conclusions have been published: while some studies stated that anti-fiber NAbs
play a more important role when the response is generated by natural infection than by
vaccination with a recombinant adenovirus (Cheng et al., 2010; Yu et al., 2013), another study
shows that NAb responses to hexon are dominant regardless of the route of exposure (Bradley
et al., 2012a). Nonetheless, the lack of protection observed in three sera was only apparent,
as these neutralization curves do not reflect the differences between viruses that occur at low
dilutions of the serum. The ABD-modified vector displayed higher transduction levels at low
serum dilutions, in almost all sera analyzed (Figure 41b). However, since these values are very
low compared to the 100% transduction control, the differences are not visible in the
neutralization curves. Although the advantage is restricted to low serum dilutions, these are
the most relevant conditions as the virus will face undiluted serum after the systemic

administration, and the conditions where the serum is highly diluted do not mimic the real in
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vivo situation. Therefore, our results also indicate an escape of anti-Ad5 NAbs raised by

humans.

We demonstrated as well that the ABD-modified virus could bind not only to purified
albumins, but also to the albumin present in serum both from human and mouse origin (Figure
27). This fact is relevant as it allows the virus to bind to circulating serum albumin after the
systemic administration, rather than incubating the virus ex vivo with purified albumin prior
to the injection. Also, this result was important to confirm that the virus would bind to albumin

in vivo in our mouse models.

Albumin binding has shown to increase the blood persistence of small drugs (Larsen et al.,
2016), but has never been tested in the context of a whole virus. Here we show a reduced
blood clearance of the ABD-modified adenovirus in terms of circulating viral particles
(genomes in serum). This was detected in nude mice qualitatively by competition with the
non-modified virus (Figure 32), and in C57BL/6 mice by direct genome quantification (Figure
42a). Natural immunoglobulins and complement system have been described to influence Ad5
pharmacokinetics, by enhancing clearance by Kupffer cells and by docking the viral particles
to Fc receptors in monocytes and neutrophils (Alonso-Padilla et al., 2016; Khare et al., 2013;
Xu et al., 2008). Preventing such interactions by albumin protection could likely contribute to
an increased blood persistence. The albumin-mediated increase in the blood persistence of
small drugs has been usually attributed to albumin recycling through neonatal Fc receptor
(FcRn) (Andersen et al.,, 2011; Sleep et al., 2013). However, this mechanism seems less
plausible in this case given the large size of the virus particle and the interaction of the virus

capsid with cellular receptors.

Oncolytic adenoviruses derived from ICOVIR15 present low toxicity profiles after the
systemic administration due to their inability to replicate in normal tissue, and their strong
transcriptional control of E1A protein (Guedan et al., 2010; Rodriguez-Garcia et al., 2015; Rojas
et al., 2010, 2012). Here we analyzed whether the insertion of the ABD caused any change in
the toxicity profile of ICOVIR15. A reduction and a faster recovery of the body weight loss were
observed as well as a reduction in the increase of transaminases levels (Figure 34). A possible
explanation for this lower toxicity could be a lower transduction of the liver. Even though the
differences between vectors were not statistically significant, the values of liver transduction
of AdGLRGD-ABD were lower especially in C57BL/6 mice. Other toxicity markers such as lipase
or creatinine were not altered, and importantly, the concentration of albumin in the serum

was not reduced by the treatment with the albumin-binding adenovirus. The reduced toxicity
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of the ABD-modified virus could allow for the use of higher viral doses to increase the
antitumor effect, although this objective was not pursued in this thesis. The toxicity study was
only performed in naive mice and the effect of NAbs on adenovirus toxicity was not analyzed
in this work. Various reports demonstrated that pre-existing NAbs inhibit the toxicity caused
by an intravenously administered oncolytic adenovirus in both mouse and hamster models
(Chen et al., 2000b; Dhar et al., 2009). In this regard, we would expect a similar toxicity of
ICOVIR15-ABD in naive and pre-immune mice, due to the ability of this virus to escape
neutralization by antibodies. From a toxicity point of view, some authors claim pre-existing
immunity can be beneficial, as it blocks vector spillover from the injection site to other tissues
such as the liver (Chen et al., 2000b; Dhar et al., 2009). While this might be true for therapies
that require a localized injection, it does not apply when the systemic injection is necessary to
reach disseminated metastases. Furthermore, this blockade of virus spillover would be less
relevant in our setting since our oncolytic adenoviruses show a low toxicity profile even after
the intravenous injection of high doses, due to the modifications that make them selective for

cancer cells.

The reduction of transduction observed in vitro due to albumin binding in the absence of
NAbs was not observed in vivo. Experiments in nude mice with no pre-existing immunity
revealed no significant reduction in the organ transduction of the ABD-modified vector
compared to the parental virus (Figure 33). In vitro studies with a high albumin concentration
(10 mg/mL) also showed a strong inhibition of the transduction, but this was not observed in
vivo neither, where the physiological albumin concentration in mice is even higher (35
mg/mL). These differences reflect the complexity of an in vivo system where longer
persistence in blood or other interactions seem to compensate for the loss of infectivity. The
organ transduction in nude mice matches with the blood persistence in naive C57BL/6 mice,
where we observed an increase of circulating virus particles with the ABD-modified viruses,
but not of circulating transducing units (Figure 42 left panels). The expected outcome of an
enhanced blood persistence of virus particles would be an enhanced tumor transduction.
However, the improved blood persistence was probably compensated with the reduced
transduction observed in vitro, and the tumor transduction was not significantly altered in
naive mice (Figure 33 and Figure 44 naive groups). As a consequence of these compensatory
effects, the ABD-modified oncolytic adenovirus did not show any significant disadvantage nor
advantage regarding antitumor efficacy in mice when NAbs are not present to block the virus

(Figure 35 and Figure 51 naive groups).

177



Discussion

Apparently, the albumin coating of the viral capsid did not have a great impact in mice
with no pre-existing humoral immunity. Neither the organ transduction nor the antitumor
activity were significantly altered by the insertion of the ABD. One could believe the ABD
modification causes no significant effect. However, we believe the unaltered results are the
consequence of multiple factors that likely compensate each other. As discussed above, the
albumin-mediated reduction of cell transduction was probably compensated by the increased
blood persistence, resulting in the same tumor transduction as the parental vector. In
addition, the binding of the virus to FX is another important parameter to consider. FX was
described to mediate liver transduction in vivo by bridging adenovirus hexon with HSGs in
hepatocytes (Kalyuzhniy et al., 2008; Waddington et al., 2008). Ad5 vectors modified not to
bind FX showed a significantly reduced liver transduction (Alba et al., 2009, 2010; Kalyuzhniy
et al., 2008; Vigant et al., 2008; Waddington et al., 2008). Our in vitro results suggest that in
the presence of albumin, FX cannot bind to the virus with the ABD in the HVR1 (Figure 24).
Nevertheless, albeit a certain reduction in liver transduction can be observed (especially in
C57BL/6 mice) (Figure 33 and Figure 44), this difference was never statistically significant.
Additionally and contrary to previous reports (Doronin et al., 2012), it was recently described
that FX binding protects Ad5 from the attack by the classical complement pathway (Xu et al.,
2013). In fact, it was shown that the enhanced liver transduction of Ad5 promoted by FX is
due to its ability to protect the virus rather than bridging the virus to the hepatocyte. Our
results seem to agree with this theory. In our case, albumin is likely playing the protective role
of FX against natural IgMs and complement, and therefore, the ABD-modified vector showed
no significant reduction in liver transduction even though the virus cannot bind FX.
Furthermore, albumin shows an additional protective capacity compared to FX, which is the
protection against NAbs. The very high concentration of albumin in serum compared to that
of FX might be a key factor for this additional protection. For these reasons, we believe
albumin binding is causing important changes in the interaction of Ad5 with blood
components and cell receptors, although no significant changes can be appreciated in naive

mice.

Pre-immune mouse models showed the dramatic effect of NAbs on adenovirus bioactivity
in vivo. Whereas in naive mice the non-modified vector displayed high levels of liver and tumor
transduction, this transduction was completely inhibited in mice previously immunized with
Ad5. On the other hand, the protection provided by albumin proved to be remarkably effective
in vivo. In pre-immune mice, the ABD-modified vector was able to maintain the same high

levels of liver and tumor transduction as in naive mice (Figure 44). Again, the transduction
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results agree with the blood persistence, as in pre-immune C57BL/6 mice we observed not
only an increased number of circulating genomes but also of circulating transducing units of
the vector bearing the ABD (Figure 42 right panels). In our opinion, these are very relevant
results as this new modification allows a very efficient transduction in vivo even with pre-

existing humoral immunity, a highly probable clinical situation.

The model to study the impact of pre-existing humoral immunity on the antitumor efficacy
of oncolytic adenoviruses was challenging. Human adenoviruses replicate very poorly in
mouse cells (Jogler et al., 2006), and therefore an immunodeficient mouse grafted with human
tumors is required. However, the lack of CD4 helper T cells in nude mice prevents the proper
generation of antibody responses. Passive immunization with neutralizing serum or purified
neutralizing antibodies represents a feasible option (Chen et al., 2000b; Dhar et al., 2009; Tsai
et al., 2004). To validate the model we analyzed the ability of the passively immunized mice
to block cell transduction and virus replication. For this last purpose we generated ICOVIR15-
Luc, a reporter oncolytic adenovirus that expresses luciferase under the control of the MLP,
and therefore, this expression is associated to the replication of the virus (Figure 48). The
space optimization on the genome of ICOVIR15 has allowed the insertion of foreign
transgenes without affecting the virus replication (Guedan et al., 2010, 2012; Rojas et al.,
2010). However, contrary to these previous reports we observed a 7.8-fold loss of cytotoxicity
due to the luciferase insertion. Since larger transgenes have been successfully inserted into
ICOVIR15 genome (Guedan et al., 2012), we believe this loss could be related to the specific
sequence of the transgene rather than to its size. Despite this cytotoxicity loss, ICOVIR15-Luc
proved to be a useful tool to monitor the viral replication within tumors in vivo, and to validate
the passive immunization approach. The significant inhibition of luciferase expression foci in
tumors indicated that most of the administered virus dose was neutralized by the transferred
serum (Figure 49). We also observed that analysis of transduction at day 3 post-injection by
luciferase expression cannot detect the arrival of small amounts of virus that can eventually

replicate (Figure 46).

Although the detrimental effect of NAbs on the transduction of adenovirus vectors is
accepted, there is certain controversy regarding the effect of NAbs on the antitumor activity
of oncolytic adenoviruses. Chen et al. transferred purified rabbit anti-Ad NAbs to a
xenografted mouse model, and observed the antitumor activity of the intravenously
administered oncolytic adenovirus was prevented in a dose-dependent manner (Chen et al.,

2000b). However, a subsequent study by Tsai et al. showed that the transference of human
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serum could not decrease the antitumor efficacy of the intravenously injected virus, also in a
xenografted mouse model (Tsai et al., 2004). In this last case, the use of human serum into a
mouse environment raise some concerns regarding the incompatibility of the human Fc-
portion with mouse cells, as previously reviewed (Zaiss et al., 2009). In this work, we used
neutralizing mouse serum to preserve Fc-dependent effector functions. Our results also
suggest a dose-dependent inhibition of the antitumor efficacy of the oncolytic adenovirus.
Transference of small volumes of serum did not show differences in the antitumor activity
compared to naive mice (Figure 47). However, when higher serum volumes were used and
the viral dose was slightly reduced, we observed a complete inhibition of the antitumor
activity of ICOVIR15 in two independent experiments (Figure 51), demonstrating that NAbs

can efficiently block oncolytic adenovirus activity.

The antitumor efficacy studies in passively immunized mice corroborated the efficient
protection provided by albumin shielding in vivo, in two different human tumor xenograft
models (A549 lung adenocarcinoma, and Sk-mel28 melanoma). Control virus ICOVIR15
displayed a significant reduction of tumor growth in naive mice, but completely lost its
antitumor activity in passively immunized mice, indicating an efficient neutralization of the
virus. In contrast, ICOVIR15-ABD efficiently controlled the tumor growth in both naive and
pre-immune mice, not showing any signs of inactivation due to NAbs (Figure 51). Additionally,
survival of naive and pre-immune mice was increased with ICOVIR15-ABD treatment, whereas
ICOVIR15 could only increase the survival of naive mice (Figure 52). To our knowledge, this is
the first report of an intravenously administered oncolytic adenovirus able to generate an
antitumor effect in presence of NAbs in vivo. These results are especially relevant, suggesting
the possible treatment of seropositive human patients with an oncolytic adenovirus by

systemic injection.

Despite passive immunization is useful to test the impact of pre-existing NAbs on
antitumor efficacy, some limitations of this model should be noted. Circulating pre-existing
NAbs block the systemically administered virus, impeding its arrival to tumors. However, this
approach does not contemplate the effect of neither NAbs generated de novo against the
virus, nor other important components of the immune system such as pre-existing or newly
generated cytotoxic T cells. Other possibilities were considered such as the
immunocompetent Syrian hamster model (Thomas et al., 2006). Our group demonstrated the
binding of the ABD to hamster albumin (Marti Farreras, personal communication) as it was

previously described (Falkenberg et al., 1992). Although this model allows evaluating the role
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of a fully functional immune system, the low replication of the human adenovirus in hamster
cell lines is a major drawback. Viral production in hamster cells was described to be 10 to 100-
fold lower than in the A549 human cell line (Wold and Toth, 2012). This observation was
reproduced in our laboratory and the adenocarcinoma hamster cell line HP-1 (the most
productive cell line in our hands) showed a 36-fold less productivity than A549 cells
(Rodriguez-Garcia, 2015). Despite we have observed a clear antitumor effect after the
intratumor administration many times in this model, antitumor efficacy after intravenous
injection has seldom been observed (Rodriguez-Garcia, 2015). Furthermore, this marginal
antitumor effect after the systemic administration was observed with our most potent
oncolytic adenovirus ICOVIR-17K (currently named VCN-01), notably superior to the ICOVIR15
used in this work. For these reasons, we considered that differences in antitumor activity
between naive and pre-immune hamsters treated intravenously with ICOVIR15 or ICOVIR15-

ABD would hardly be observed in the hamster model.

Adenovirus detection at the end of the antitumor efficacy experiments revealed no
correlation between the adenovirus content in tumors and the antitumor activity observed
with each virus. To explain this lack of correlation, we developed a hypothesis shown in Figure
68, considering the transduction results at day 3 (Figure 44), the virus detection at day 11
(Figure 56) and at the end of the experiments (Figure 53, Figure 54, and Figure 55). The
transduction results demonstrated that ICOVIR15-ABD could efficiently reach tumors in naive
and pre-immune mice, whereas ICOVIR15 could only reach tumors in naive mice. However, as
observed in the passive immunization tests, not all the adenovirus dose is neutralized. A small
amount of ICOVIR15 can reach tumors in pre-immune mice, but it is insufficient to control
tumor growth and generate an antitumor effect. Nevertheless, as observed with ICOVIR15-
Luc, this virus can replicate and increase the amount of adenovirus genomes in tumors. As a
result, a high number of adenovirus genomes are detected at the end of the experiment, albeit
the treatment is inefficacious. Regarding the viruses that displayed significant antitumor
efficacy (ICOVIR15 in naive mice, and ICOVIR15-ABD in naive and pre-immune mice), the high
levels of virus that reached tumors can replicate since the first days of treatment, and as
tumors are still small, they can efficiently control tumor growth. Although ICOVIR15-ABD
generates less virus genomes (due to the lowest production and replication observed in vitro),
virus genomes are generated in excess and accumulate in the nucleus, and the virus can lyse
tumor cells. However, as the viruses destroy cancer cells, they find barriers within tumors that
limit their spread and that contribute to their elimination. Immunohistochemistry of both

A549 (Figure 57) and Sk-mel28 tumors (data not shown) revealed the presence of abundant
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fibroblast barriers, which do not allow the efficient spread of the virus (Figure 57a), and that
can completely surround tumor cells creating compartments within the tumors (Figure 57b).
When ICOVIR15-ABD finds these barriers, its lower production and replication could result in
a quicker clearance of this virus compared to ICOVIR15. Genome detection at day 11 post-
injection revealed the levels of ICOVIR15-ABD (both in naive and in pre-immune mice) were
diminishing compared to those of ICOVIR15 in naive mice, whereas the levels of ICOVIR15 in
pre-immune mice were already increasing (Figure 56). ICOVIR15 will also find such barriers,
but it will probably take longer for the genomes to disappear from tumors due to the higher
production and replication of this virus. The fact that at day 11 all tumors of naive mice treated
with ICOVIR15 presented high amounts of genomes, whereas at day 34 some tumors
presented notably lower genome contents (Figure 53), suggest that ICOVIR15 will also be
eventually eliminated from tumors. Figure 68 shows the hypothetical adenovirus content in
tumors of each group over time. The AUC (area under the curve) of each treatment at earlier
stages will determine the antitumor efficacy at later stages. There is a time lag between the
presence of virus in tumors (AUC) and the antitumor efficacy in terms of reduced tumor size,
and therefore, it is important that the high content of virus occurs before tumors reach a
volume close to the maximum allowed tumor size. Other work in our group has confirmed the
lack of correlation between the antitumor efficacy and adenovirus genome content in tumors

(Rafael Moreno, personal communication).

ICOVIR15 pre-immune

ICOVIR15 naive

ICOVIR15-ABD
- naive/pre-immune

Adenovirus content in tumor

Day post-injection

Figure 68. Adenovirus content in tumors over time. The hypothetic evolution of the content of the different
oncolytic adenoviruses in tumors is plotted over time, considering the transduction results at day 3, and the virus
detection in tumors at day 11 and at the end of the experiments. The AUC (area under the curve) at earlier stages
will determine the antitumor efficacy displayed by each virus at later stages.
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Despite the lower replication rates and quicker elimination of the ABD-modified virus are
not desirable, we need to consider the flaws of the immunodeficient mouse model. The
inability of nude mice to generate an immune response against the virus allows for this long
persistence, observing high amounts of the non-modified virus at such late days as 32 and 34
after virus injection. However, this long persistence of the virus in tumors would be hindered
in an immunocompetent model, or in a human patient. From a clinical point of view, an
efficient tumor arrival and virus replication in the first days of treatment is critical to disrupt
the immunotolerant state of tumors, and trigger an efficient antitumor immune response. In
addition, tumor debulking caused by this active viral replication will facilitate the elimination
of tumors. However, the eventual generation of an anti-viral immune response will probably
eliminate the virus from tumors at more advanced days. For these reasons, we strongly
believe the virus replication and antitumor activity observed in the first days of treatment is

more relevant than the one observed in the late days in the immunodeficient mouse model.

The advantage of the ABD modification regarding evasion of NAbs has been demonstrated
in terms of organ transduction and oncolysis, proving its usefulness in the fields of gene
therapy vectors and oncolytic viruses. In addition, adenoviruses are also extensively used as
vaccine platforms against multiple infectious diseases (malaria, influenza, HIV, Ebola, etc.) and
cancer (Barouch, 2010; Majhen et al., 2014; Schuldt and Amalfitano, 2012; Tatsis and Ertl,
2004), which also face the problem of pre-existing humoral immunity. In contrast to the
immunogenicity of capsid proteins, the immunogenicity of transgenes in adenovirus vectors
depends on their expression and it can be blocked by NAbs (Bruder et al., 2012; Roberts et al.,
2006; Zak et al., 2012). In this work, we used the Elb viral protein emulating a hypothetical
antigen encoded in the adenovirus genome, to test the CTL immune response generated
against E1b in immunocompetent mice previously immunized with Ad5. Indeed, we show a
low anti-E1b immune response in mice treated with ICOVIR15, due to the neutralization of the
virus by NAbs. In contrast, significantly higher anti-E1b immune responses were detected in
pre-immune mice treated with ICOVIR15-ABD (Figure 58). These results demonstrate the

potential utility of the ABD-insertion also in the field of adenovirus-based vaccines.

In addition to pre-existing humoral immunity, the virus-specific NAbs generated de novo
after the first administration will hinder repeated administrations of the virus. So far, skeletal
muscle was one of the few tissues where repeated adenovirus administration was successfully
demonstrated, likely due to a lower concentration of NAbs in the muscle than in the serum

(Chen et al., 2000a). In this thesis, we also tested whether the ABD insertion could protect the
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virus against the NAbs generated against its own capsid and therefore, allow for
readministration of the virus. Previous studies have reported the immunogenicity of the big
albumin-binding region of the streptococcal protein G (BB), containing the specific ABD we
used (Libon et al., 1999; Sjolander et al., 1993, 1997). In these works, BB was used to increase
the immunogenicity of weakly immunogenic peptides. Higher antibody responses against a
respiratory syncytial virus (RSV) protein (Libon et al., 1999) or a Plasmodium falciparum
malaria antigen (Sjolander et al., 1997) were observed if these were fused to BB. This effect is
not observed in our results, since sera of mice treated with an ABD-modified virus did not
show higher neutralizing activities against Ad5 than sera from non-modified virus-treated
mice, indicating that the ABD does not increase the immunogenicity of the rest of the capsid.
Interestingly, these studies reported the generation of specific antibodies against the BB
region in C57BL/6 mice. Accordingly, our immunization studies demonstrated that serum from
C57BL/6 mice immunized with an ABD-virus had higher neutralizing activity against the ABD-
virus than against the non-modified virus, suggesting that specific NAbs against the ABD were
also generated. Furthermore, the low neutralizing activity of sera from ABD-virus-treated mice
against the non-modified virus also suggest that the antibody response against the capsid
proteins is reduced in favor to the response against the ABD, opposite to what is reported in
these studies. We also observed apparent higher titers of NAbs in sera against the ABD virus
compared to sera against the parental virus (tittered with the respective viruses used to
immunize). This could be associated with higher amounts of NAbs against the ABD, or to a
higher neutralizing activity of such NAbs, given that the affinity of the modified HVR1 to dynein

could have been reduced.

Despite these sera against the ABD-modified virus displayed a high neutralizing activity,
albumin binding to the virus capsid demonstrated a notable protection (Figure 60). However,
whether this level of protection will be enough to obtain a therapeutic effect after a second
administration remains unclear. While liver transduction analysis with IVIS indicated that both
viruses were neutralized after a second administration (although as previously discussed, this
readout method cannot detect small levels of transduction), ELISPOT studies suggested a
higher response against E1b with the ABD-modified vector than with the control vector, in
mice previously immunized with their respective capsid (Figure 61). In addition, since the
prevalence of anti-Ad5 NAbs is very high in humans, a more realistic situation would be
immunizing first with Ad5wt (emulating the pre-existing immunity), and then with an ABD-
modified virus (emulating the first administration). /n vitro neutralization studies using serum

of mice immunized with this pattern demonstrated an advantage of the ABD vector versus the
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control vector in terms of cell transduction (Figure 62). Our group is further investigating the
feasibility of readministration since no final conclusive results were obtained in this thesis. In
any case, although the protection observed after repeated administration is not as efficient as
it is against pre-existing Ad5 immunity in mice, this should be tested in the clinic as the

response against the ABD in humans is not known.

The combination of the ABD insertion with other previously published modifications is of
interest due to its probably synergistic effects. Hyaluronidase expression or KKTK to RGDK
replacement in the fiber shaft have successfully improved the oncolytic activity of ICOVIR15
(Guedan et al., 2010; Rojas et al., 2012). VCNO1, an ICOVIR15-based adenovirus harboring both
of these modifications is currently being tested in two phase | clinical trials (NCT02045602 and
NCT02045589). In this work, we have tested the compatibility of the RGDK fiber and the ABD
insertion. At the beginning of the project, we chose ICOVIR15 (RGD in the Hl-loop of the fiber
knob) instead of ICOVIR15K (RGD in the fiber shaft) to test the ABD insertion, due to the
possible hiding of the RGD in the shaft by albumin binding (Figure 63). Cytotoxicity studies in
the absence of NAbs seem to support this hypothesis, as in the presence of albumin
ICOVIR15K-ABD suffers a 5-fold loss of cytotoxicity compared to ICOVIR15-ABD (Figure 64). In
contrast, neutralization studies in the presence of NAbs and albumin demonstrated an equally
effective protection of both viruses (Figure 65), and suggested no impairment of cell
transduction due to the RGD location in the shaft. However, to obtain a more reliable result
this assay should be performed by quantifying the luciferase expression of reporter vectors
(rather than counting GFP positive cells), which could not be constructed in this thesis due to

time constraints.

Antitumor efficacy of ICOVIR15K-ABD was assessed in nude mice with NP-18 tumors, a
model where ICOVIR15K had shown a significant improvement compared to ICOVIR15 (Rojas
et al., 2012). Nonetheless, when these viruses were bearing the ABD insertion, the advantage
of the RGDK fiber was lost, and no differences between viruses were observed in terms of
antitumor effect (Figure 66a) or in increasing mice survival (Figure 66b). Again, we believe
multiple factors are contributing to the antitumor efficacy outcome, rather than the
combination of ABD and RGDK fiber causes no effect at all. If albumin is really hindering the
exposure of the RGD in the fiber shaft, this loss could be compensated with the increased
bioavailability provided by the RGDK fiber, resulting in a similar antitumor effect in this model.
Blood persistence experiments and more antitumor efficacy studies should be performed to

obtain conclusive results, especially in tumor models where the RGDK fiber does not provide
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a big advantage. An alternative would be the combination of the ABD with the iRGD fiber. The
insertion of the iRGD tumor penetrating peptide in the C terminus of the fiber significantly
increased the intratumoral dissemination and antitumor activity of ICOVIR15K (Puig-Saus et
al., 2014). Currently, the combination of the ABD with other modifications such as

hyaluronidase expression and the iRGD fiber is being tested in our group.

In conclusion, in this thesis we have analyzed the impact of two blood components on the
bioactivity of the intravenously administered Ad5. We first show that the interaction of Ad5
with human erythrocytes via CAR does not inactivate the virus, supporting the use of CAR-
tropic adenoviruses as systemic therapies. In contrast, NAbs can significantly inhibit the
therapeutic effect of adenovirus-based drugs. In this regard, we have designed a modification
consisting in the insertion of an albumin-binding domain (ABD), which promotes albumin to
shield the adenovirus capsid and protect it from neutralization by antibodies after the
systemic administration. This modification proved to be remarkably effective protecting the
virus against pre-existing anti-Ad5 NAbs, which is highly relevant from a clinical point of view
due to the high prevalence of immunity against Ad5 in humans. The feasibility of
readministration as well as the combination of the ABD with other modifications that improve
the efficacy of the oncolytic adenovirus is currently being tested in our group to develop a

possible new clinical candidate.
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Conclusions

10.

Human erythrocytes bind Ad5 via CAR and efficiently pull-down the virus at a ratio of

28 erythrocytes per Ad particle.

Ad5 binding to human erythrocytes via CAR does not inhibit in vitro cell transduction,
nor in vivo extravasation and organ transduction after the systemic administration in

immunodeficient mice, suggesting that the interaction is reversible.

The substitution of HVRs loops by the albumin-binding moieties always results in non-
viable viruses, whereas only the insertion of the ABD in the middle of the loops

generates viable viruses.

The functionality of the ABD is preserved after its insertion in the viral capsid (HVR1
and HVR5), being able to bind both human and mouse serum albumin, but it is only

able to protect the virus from NAbs when inserted in the HVR1.

Albumin binding causes a slight reduction in cell transduction and cytotoxicity in the

absence of NAbs in vitro, in a dose-dependent manner.

ABD-modified adenoviruses have increased blood persistence after systemic
administration, but maintain the same levels of organ transduction and antitumor

efficacy in immunodeficient naive mice.

The ABD-modified oncolytic adenovirus shows a reduced toxicity profile after the

systemic administration in immunocompetent naive mice.

In the presence of NAbs, albumin protects the ABD-modified virus from neutralization

in vitro, in terms of cell transduction and cytotoxicity in a dose dependent manner.

In vivo, the protection provided by albumin against NAbs preserves the ABD-modified
virus capability to transduce target organs, induce antitumor activity or generate

immune responses to expressed proteins in pre-immune mouse models.

The immunogenicity of the ABD results in the generation of highly neutralizing
antibodies against the inserted domain. However, the partial protection provided by

albumin against these NAbs suggests the possibility of virus readministration.
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11. The combination of the ABD insertion and the RGDK fiber reduced the cytotoxicity in
vitro in absence of NAbs, but maintained the same in vitro protection and antitumor

efficacy in vivo in pre-immune mice.
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Recombinant adenoviruses are used as vaccines, gene therapy vectors, and oncolytic viruses. However, the effi-
cacy of such therapies is limited by pre-existing neutralizing antibodies (NAbs), especially when the virus is ad-
ministered systemically for a wider biodistribution or to reach multiple metastases. To protect adenovirus against
NAbs we inserted an albumin-binding domain (ABD) in the main adenovirus capsid protein, the hexon. This do-
main binds serum albumin to shield the virus upon systemic administration. The ABD-modified adenoviruses
bind human and mouse albumin and maintain the infectivity and replication capacity in presence of NAbs. In
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Adenovirus pre-immunized mice non-modified viruses are completely neutralized, whereas ABD-modified viruses preserve
Albumin the ability to transduce target organs, induce oncolysis, or generate immune responses to expressed proteins. Our

results indicate that albumin coating of the virus capsid represents an effective approach to evade pre-existing
NAbs. This strategy has translational relevance in the use of adenovirus for gene therapy, cancer virotherapy,

Albumin-binding domain
Neutralizing antibodies

and vaccination.

© 2016 Published by Elsevier B.V.

1. Introduction

Oncolytic viruses have shown promising clinical results in the last
few years. Several viruses are currently in phase Il and III clinical trials
[1], and the modified herpes simplex virus T-vec has recently been ap-
proved by the FDA and EMA for melanoma treatment by intratumoral
administration. Nonetheless, in general terms pre-existing humoral im-
munity represents a major hurdle for efficacy, not only in cancer
virotherapy but also in the fields of gene therapy vectors and vaccina-
tion [2,3], specially upon intravenous or systemic administration. The
human adenovirus serotype 5 (Ad5) is the most commonly used for ad-
enoviral virotherapy, however the prevalence of anti-Ad5 neutralizing
antibodies (NAbs) is very high in the general population, reaching
>90% in certain geographical locations [4,5]. Several studies have dem-
onstrated that Ad5-specific NAbs are directed primarily against the hy-
pervariable regions (HVRs) of hexon protein [6,7].

Multiple strategies have been explored to evade NAbs. Chemical
conjugation of capsid with polymers such as polyethyleneglycol or N-
(2-hydroxypropyl)methacrylamide shields the virus at the expense of

* Corresponding author at: IDIBELL-Institut Catala d'Oncologia, Av Gran Via de
I'Hospitalet 199-203, L'Hospitalet de Llobregat 08907, Barcelona, Spain.
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virus infectivity [8,9]. Furthermore, a conjugated product increases the
complexity of GMP production for clinical application. Use of non-prev-
alent human serotypes or simian serotypes usually underperform Ad5
vectors [10,11] and imply GMP production challenges as well. Replace-
ment of Ad5 HVRs with those from non-prevalent serotypes has shown
promising results in vaccination [12,13], but it has not been tested with
oncolytic adenoviruses. In addition, Ad5 HVR1 recruits dynein for prop-
er capsid transport to nucleus and when substituted by HVR1 of Ad48
capsid trafficking is affected [14].

The use of albumin as a drug carrier is a hot research field, recently
leading to the approval of Abraxane® and Levemir® to treat cancer
and diabetes, respectively [15]. Taking advantage of its long plasma
half-life, non-covalent interaction with albumin has been shown to re-
duce the blood clearance of short-lived drugs [16-18]. Albumin acts
also as a tumor-targeting carrier as it accumulates in solid tumors
[15]. We aimed to use albumin binding as a protection mechanism
against NAbs. To generate an albumin-binding adenovirus we have
used the albumin-binding domain 3 (ABD) from the protein G of Strep-
tococcus [19-21]. This domain was inserted in the HVR1 of adenovirus
hexon, and flanked by two GSGS-linkers to confer flexibility. We gener-
ated both an oncolytic adenovirus (ICOVIR15-ABD) and an E1-deleted
GFP-Luciferase vector (AdGLRGD-ABD) with ABD. We hypothesized
that upon injection of the modified virus in the bloodstream albumin
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would coat the viral capsid, increasing its plasma half-life and shielding
it against circulating NAbs (Fig. 1A).

2. Results
2.1. ABD insertion promotes albumin binding

Parental oncolytic adenovirus ICOVIR15 has been described [22] and
was used as a control. The albumin-binding domain 3 from the protein
G of Streptococcus was inserted in the HVR1 of ICOVIR15 hexon, gener-
ating the oncolytic adenovirus ICOVIR15-ABD. The domain was flanked
by GSGS-linkers and centered in HVR1 after the D150 amino acid with-
out deleting any hexon sequence (Fig. 1B). The insertion was also intro-
duced in the reporter non-replicative vector AAGLRGD, obtaining
AdGLRGD-ABD.

To demonstrate the functionality of the ABD in adenovirus capsid,
we tested the binding of ICOVIR15-ABD to purified human (HSA),
mouse (MSA), and bovine serum albumin (BSA) by ELISA. Positive bind-
ing was observed when adding ICOVIR15-ABD to HSA- or MSA-coated
wells (Fig. 2A). In agreement with the binding pattern of ABD to albu-
min of different species [23,24], the virus did not bind to BSA. As expect-
ed, the parental virus ICOVIR15 did not bind to any albumin. The ABD-
modified virus was also able to bind to albumin in human and mouse
serum in a dose-dependent manner (Fig. 2B), contrary to the non-mod-
ified virus which did not show any binding. Binding of ICOVIR15-ABD to
HSA was confirmed by immunoelectron microscopy since positive albu-
min staining was only observed in ICOVIR15-ABD capsids (Fig. 2C).
Cryo-electron microscopy studies showed additional electron density
in the vicinity of the HVR1 of ICOVIR15-ABD, compatible with the pres-
ence of bound albumin (Fig. 2D-E).

To understand how the ABD insertion affected the viability of the
virus we studied the virus life cycle in absence of NAbs. We observed
a minor loss of ICOVIR15-ABD production yields (2-3 times) compared
to the non-modified ICOVIR15 (Fig. 3A) in A549 cells (e.g. 4900 TU/cell
ICOVIR15 vs 1500 TU/cell ICOVIR15-ABD at 72 h post-infection, p =
0.00083). Infectivity and cytotoxicity were analyzed in presence and ab-
sence of HSA. No differences in infectivity were observed among vectors
in a panel of tumor cell lines in the absence of albumin. However, albu-
min caused a 2-fold loss of transduction in the non-modified vector in

A ICOVIR15

Linker

Albumin-binding domain (ABD)

most of the cell lines, and an even a higher impairment for the ABD-vec-
tor (20-fold in A549, 10-fold in NP-9 and Sk-mel28, 6-fold in B16, and 3-
fold in B16-CAR, Fig. 3B). No differences in cytotoxicity were observed
among viruses in absence of HSA. With HSA in the medium, parental
virus ICOVIR15 suffered a 2-fold loss of cytotoxicity, compared to a 6-
fold loss for ICOVIR15-ABD (Fig. 3C). In general terms, these results in-
dicate an attenuation of the ABD-modified virus in presence of albumin.

2.2. Albumin binding protects adenovirus from neutralizing antibodies in
vitro

Having demonstrated the binding of ICOVIR15-ABD to HSA, we test-
ed if this binding could protect the virus from NAbs in vitro. AAGLRGD or
AdGLRGD-ABD in absence or presence of HSA, were incubated with se-
rial dilutions of the commercial neutralizing antibody Ab6982 (rabbit
polyclonal against Ad5), and then used to transduce A549 cells. Even
in absence of human albumin the modified AdGLRGD-ABD was less
neutralized than the non-modified vector (Fig. 4A), suggesting that
the ABD modification of the HVR1 precluded binding of some NAbs,
likely directed against the wt HVR1. In presence of albumin, the trans-
duction efficiency of AAGLRGD-ABD was remarkably enhanced (e.g.
8% of transduction of AdGLRGD-ABD vs 70% of transduction of
AdGLRGD-ABD + HSA at 1/64 dilution of Ab6982, p = 0.000011), indi-
cating that albumin was able to protect the virus from NAbs. Addition of
HSA did not alter the transduction of the non-modified vector
AdGLRGD, which was efficiently neutralized.

In addition, the capacity of viruses to kill cancer cells in presence of
NAbs was also evaluated. For this purpose, ICOVIR15 or ICOVIR15-ABD
in absence or presence of HSA were incubated with serial dilutions of
Ab6982, and used to infect A549 cells. Cell survival was analyzed
5 days after infection. In absence of HSA both viruses showed similar ca-
pacity to kill tumor cells (Fig. 4B), and only a small increase of cytotox-
icity was observed with ICOVIR15-ABD probably due to the certain
evasion of NAbs observed in transduction (Fig. 4A). Importantly, HSA
shifted the cytotoxicity curve of ICOVIR15-ABD towards higher NAbs
concentrations (e.g. 75% of cell survival of ICOVIR15-ABD vs 8% of cell
survival of ICOVIR15-ABD + HSA at 1/32 dilution of Ab6982, p =
0.000015), whereas it did not protect ICOVIR15 from neutralization.

ICOVIR15-ABD

}‘ NAb

O Albumin

Linker

HVR1 ...EED-GSGS-LAEAKVLANRELDKYGVSDYYKNLINNAKTVEGVKALIDEILAALP-GSGS-DDN...

ICOVIR15-ABD:

LITR E1Ap_  E1A-A24
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|.1|_||_2H L3|_|L4|_| le_-

ABD Hexon Fiber RGD

Fig. 1. Design of an oncolytic adenovirus containing an albumin-binding domain (ABD) inserted in the hexon. A, Albumin-protection conferred by ABD insertion. Compared to a non-
modified adenovirus ICOVIR15 (left), the ABD-modified virus ICOVIR15-ABD (right) is coated with albumin present in blood, shielding the virus from neutralizing antibodies (NAbs).
B, schematic diagram of ABD insertion in ICOVIR15-ABD genome. The ABD 3 from streptococcal protein G is flanked by two GSGS linkers and inserted in the middle of the HVR1 of
hexon of ICOVIR15 obtaining ICOVIR15-ABD. LITR/RITR, left and right inverted terminal repeats; MLP, major late promoter; E1Ap, modified E1A promoter; E1A-A24, mutant version of
E1A protein with deletion of aminoacids 121-129; L1 to L5, late genes; Fiber RGD, modified fiber by insertion of the RGD peptide at the HI-loop.
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Fig. 2. Adenovirus with ABD insertion binds to human and mouse serum albumin. A, adenovirus binding to BSA-, HSA-, and MSA-coated wells was detected by ELISA with antihexon
antibody and peroxidase-labeled secondary antibody by colorimetric analysis. A mock group with no virus was included as negative control. Mean + SD is plotted. *, significant
(p < 0.05) by two-tailed unpaired Student's t-test compared to mock group. #, significant (p < 0.05) by two-tailed unpaired Student's t-test compared to ICOVIR15 group. OD, optic
density. B, adenovirus binding to albumin in human or mouse-serum was also detected by ELISA. Different amounts of viral protein were used. BSA-coated wells were used as negative
control. Mean + SD is plotted. *, significant (p < 0.05) by two-tailed unpaired Student's t-test compared to ICOVIR15 group. C, immuno-EM of ICOVIR15 (left) and ICOVIR15-ABD
(right) after incubation with HSA, labeled with mouse anti-HSA and 10 nm gold conjugated goat anti-mouse. Black dots indicate positive HSA staining. Scale bar, 100 nm. D, cryo-EM
difference mapping showing the location of bound HSA in the ICOVIR15-ABD capsid. View from outside the capsid. The four hexon trimers in the capsid asymmetric unit (numbered
1-4) are shown in gray. In each hexon, the location of the HVR1 flanking residues is indicated in blue. The difference density between Ad5 and the ICOVIR-ABD-HSA complex, shown
in gold, is present near the HVR1 location in all hexons. E, side view, close up detail showing the crystallographic structure of a bacterial albumin binding domain (red ribbon) and
bound HSA (orange ribbon) fitted to the difference density located between two hexon trimers. Scale bars, 50 A in (D) and (E). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 3. In vitro characterization of ABD-modified adenoviruses in absence of NAbs. A, viral production of ICOVIR15-ABD. A549 cells were infected with ICOVIR15 or ICOVIR15-ABD and at
indicated time points, cell extracts were harvested and titrated. *, significant (p < 0.05) by two-tailed unpaired Student's t-test compared to ICOVIR15. B, transduction assay in presence and
absence of HSA in tumor cells. A panel of tumor cell lines was infected with the indicated luciferase-expressing vectors. At 36 h post-infection cell transduction was analyzed by luciferase
expression. *, significant (p < 0.05) by two-tailed unpaired Student's t-test compared to AAGLRGD group. #, significant (p < 0.05) by two-tailed unpaired Student's t-test compared to
AdGLRGD-ABD group. C, comparative cytotoxicity of ICOVIR15-ABD. A549 cells were infected with serial dilutions of the indicated viruses in presence and absence of HSA. Cell survival
was measured at day 5 post-infection. ICs values are shown. Mean values 4= SD are plotted. TU, transducing units; LU, light units; vp, viral particles.

Evasion of NAbs was also assessed with serum from Ad5-immunized
C57BL6 mice. The absence of albumin condition could not be analyzed
in this case because mouse serum contains albumin. A clear advantage
was observed again with the ABD-modified adenoviruses in terms of
cell transduction (Fig. 4C) and cytotoxicity (Fig. 4D) compared to the
non-modified viruses, which were effectively neutralized by the
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serum of immunized mice (e.g. AAGLRGD 1.7% of transduction vs
AdGLRGD-ABD 90% of transduction at 1/16 dilution of serum, p =
0.0016; AAGLRGD 117% of cell survival vs AdAGLRGD-ABD 1.62% of cell
survival at 1/32 dilution of serum, p = 0.000015). Similarly, human
sera from six donors were used to test neutralization escape of the
ABD-vector. In general terms, AdGLRGD-ABD showed higher
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Fig. 4. Albumin binding protects adenovirus from neutralizing antibodies in vitro. Transduction analysis after incubation with polyclonal neutralizing antibody Ab6982 (A) or anti-Ad5
neutralizing mice serum (B). AAGLRGD or AdGLRGD-ABD + HSA were incubated with serial dilutions of the neutralizing agent and then used to infect A549 cells. Luciferase
expression was analyzed 24 h after infection. A control without neutralizing agent was included to obtain the 100% infection value. Cytotoxicity analysis after incubation with Ab6982
(C) or anti-Ad5 neutralizing mice serum (D). ICOVIR15 or ICOVIR15-ABD + HSA were incubated with serial dilutions of the neutralizing agent and then used to infect A549 cells. Cell

survival was measured at day 5 post-infection. Mean values =+ SD are depicted.
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transduction levels than AAGLRGD at low serum dilutions, which are the
conditions that better mimic the intravenous administration of the virus
(Fig. S1). When the sera were highly diluted the advantage of the ABD-
modified virus was lost, as previously observed in presence of albumin
and absence of neutralizing antibodies (Fig. 3B).

2.3. Blood persistence and biodistribution profile of ABD-modified adenovirus
after systemic administration in naive mice

The ABD has been successfully used to increase the plasma half-life
of therapeutic proteins, but never tested in the context of a virus. We
compared the blood persistence of ICOVIR15-ABD and ICOVIR15 by di-
rect competition after intravenous injection of a mixture of both viruses
(2.5 x 10'%p each) in nude mice. The genomes of the viruses in serum
were detected by PCR of the HVR1, and were distinguished by the size of
the PCR product (199 bp for ICOVIR15 and 361 bp for ICOVIR15-ABD).
The difference in blood persistence was analyzed comparing the relative
intensity of the bands. Equally intense bands were obtained in the pre-
injection control and 5 min after the injection (Fig. 5A). From then on, a
shift on the intensity of the bands can be seen as the band correspond-
ing to ICOVIR15-ABD becomes more intense than the ICOVIR15 one.
One hour after the injection the extended circulation of ICOVIR15-ABD
was clearly evident, but at 4 h after injection the level of both viruses
dropped notably.

To check if such an increase in viremia enhanced tumor transduc-
tion, we analyzed the biodistribution of the ABD-modified adenovirus.
Nude mice bearing Sk-mel28 melanoma tumors were intravenously
injected with PBS, or 5 x 10'°vp of AAGLRGD, or AdGLRGD-ABD. Three

Radiance
(photons/s/cm 2Isr)

days after vector injection mice were sacrificed and organs were collect-
ed for in vivo bioluminescent imaging (IVIS). Despite the advantage ob-
served in blood persistence due to ABD insertion, there were no
differences in transduction among vectors in all the organs analyzed
(Fig. 5B). Only a 1.6-fold loss (non-significant) of liver and tumor trans-
duction was observed with AAGLRGD-ABD. Likely, the viremia increase
of the modified virus compensated its lower infectivity in presence of al-
bumin and absence of NAbs (Fig. 3B), resulting in a final tumor trans-
duction similar to the non-modified virus.

2.4. Blood persistence and organ transduction of ABD-modified adenovirus
in pre-immune mice after systemic administration

Not having observed higher tumor transduction in naive mice, we
studied the behavior of the ABD-adenoviruses in pre-immune mouse
models. Immunocompetent C57BL6 mice were immunized with an in-
traperitoneal injection of PBS or 3 x 10'%p of Ad5wt (naive or pre-im-
mune groups) to generate anti-Ad5 NAbs, and seven days later mice
were injected with 3 x 10'%p of AdGLRGD or AdGLRGD-ABD. Serum
samples were collected at different time points to detect adenovirus ge-
nomes and transducing units (Fig. S2). In naive mice the clearance curve
shows an advantage of the ABD-modified virus in terms of viral particles
(e.g. 2 x 107vp/ml of AdAGLRGD-ABD vs 8 x 10%vp/ml of AAGLRGD at
60 min, p = 0.042) but not of transducing units (Fig. S2 left panels).
This result adds up with the increased blood persistence at 1 h after in-
jection in nude mice (Fig. 5A) which did not translate in an increased
organ transduction (Fig. 5B). However, in pre-immune mice the advan-
tage of the ABD-modified virus was evident not only in circulating viral
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@l AdGLRGD
= AdGLRGD-ABD

Fig. 5. Blood persistence, and biodistribution profile of ABD-modified adenovirus in naive mice. A, blood persistence of ICOVIR15-ABD. Serum samples of nude mice were collected at the
indicated time points after intravenous administration of a mixture containing ICOVIR15 and ICOVIR15-ABD (2.5 x 10'%p each, n = 5 mice). PCR amplification of the HVR1 was performed
and samples were analyzed by electrophoresis. The upper band corresponds to ICOVIR15-ABD and the lower band to ICOVIR15 as the ABD insertion increases the size of the HVR1 from 299
to 361 bp. The gel shows a standard with several ratios of [COVIR15-ABD: ICOVIR15 genomes (0.2, 1, 5, 10, and 50), a pre-injection control (to), a water negative control of the PCR (H,0),
and the PCR of the serum samples (#1 to #5). B, biodistribution profile of AdAGLRGD-ABD. Nude mice bearing Sk-mel28 melanoma tumors were systemically injected with PBS, or 5 x 10'°
viral particles of AdGLRGD, or AdGLRGD-ABD. Three days after virus administration mice were sacrificed. Comparative luciferase expression in different organs was measured by

bioluminescence imaging (IVIS) (n = 5 mice). Mean + SEM. sr, steradian.
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particles but also in transducing units (Fig. S2 right panels). To analyze
the impact of pre-immunization in organ transduction C57BL6 mice
bearing B16-CAR melanoma tumors were immunized with PBS or
Ad5wt as just described. Seven days later, mice received a single intra-
venous dose of PBS, AAGLRGD, or AAGLRGD-ABD at 3 x 10'°p per
mouse. Three days after vector injection mice were sacrificed and liver
and tumors were harvested for in vivo bioluminescent imaging (IVIS).
In naive animals, AAGLRGD-ABD showed a 9- and 7-fold non-significant
loss of liver and tumor transduction respectively (Fig. 6A). Importantly,
when animals were pre-immunized the non-modified AAGLRGD vector
suffered a complete neutralization as the transduction of liver and tu-
mors was completely abolished. On the contrary, AAGLRGD-ABD only
suffered a 3.9- and 1.5-fold non-significant loss of liver and tumor trans-
duction respectively, indicating a protection from anti-Ad5 NAbs.

2.5. Oncolytic ABD-modified adenovirus maintains its antitumor activity in
pre-immune mice after systemic administration

ICOVIR15-ABD efficacy after systemic administration was compared
with that of ICOVIR15 in naive or anti-Ad5 pre-immune mice. To gener-
ate a pre-immune status in nude mice, we passively immunized them
by an intraperitoneal injection of neutralizing serum from C57BL6

mice. The next day, naive or passively immunized nude mice bearing
A549 or Sk-mel28 tumors were injected intravenously with PBS or
4 x 10"%p of ICOVIR15 or ICOVIR15-ABD and the tumor volume was
monitored. In naive A549-bearing mice no differences were observed
in antitumor efficacy among the viruses (Fig. 6B left). Both viruses
were able to significantly reduce the tumor growth compared to the
PBS-treated group, and at the end of the study ICOVIR15 and
ICOVIR15-ABD induced a 2-fold (p = 0.0072) and 1.7-fold (p =
0.0019) reduction in tumor volume respectively. In contrast, in pre-im-
mune mice the non-modified ICOVIR15 was completely inefficacious,
but the oncolytic activity of [COVIR15-ABD was preserved. At the end
of the study, ICOVIR15-ABD induced a 1.9-fold reduction in tumor vol-
ume compared to the PBS-treated group (511 vs 970 mm?, p =
0.0011) and a 2.4-fold reduction compared to the ICOVIR15-treated
group (511 vs 1247 mm?, p = 0.02). A similar result was observed in
Sk-mel28-bearing mice (Fig. 6B right), where both viruses showed sim-
ilar antitumor activity in naive animals (ICOVIR15 1.6-fold reduction,
p = 0.0015; ICOVIR15-ABD 1.8-fold reduction, p = 0.004). In pre-im-
mune mice we observed again no impairment of ICOVIR15-ABD,
which caused a 1.6-fold reduction of tumor volume compared to
ICOVIR15 which totally lost its antitumor effect (618 vs 954 mm?,
p = 0.016). In both tumor models ICOVIR15-ABD was able to
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Fig. 6. ABD-modified adenoviruses evade NAbs after systemic administration in pre-immune mice. A, liver and tumor transduction. C57BL/6 mice bearing subcutaneous B16-CAR
melanoma tumors were immunized with an intraperitoneal injection of Ad5wt (3 x 10'°p) or vehicle, and 7 days later were injected intravenously with AdGLRGD or AdGLRGD-ABD
(3 x 10"%p). Three days later luciferase activity in liver and tumor was analyzed by bioluminescence imaging (IVIS) (livers: n = 3 PBS, n = 6 AdGLRGD-ABD naive, n = 5 rest of
groups; n for tumors is twice that of livers for each group). Mean + SEM is shown. *, significant (p < 0.05) by two-tailed unpaired Student's t-test compared to AdGLRGD pre-immune.
B, antitumor activity. Nude mice bearing subcutaneous A549 (lung carcinoma) or Sk-mel28 (melanoma) tumors were injected intraperitoneally with PBS (naive groups) or anti-Ad5
neutralizing mice serum (pre-immune groups). The next day, mice were injected with an intravenous dose of PBS, ICOVIR15, or ICOVIR15-ABD (4 x 10'%p) (A549 tumors: n = 10
ICOVIR15 and ICOVIR15-ABD pre-immune, n = 12 PBS, ICOVIR15 pre-immune, and ICOVIR15-ABD; Sk-mel28 tumors: n = 11 PBS, n = 12 ICOVIR15 pre-immune and ICOVIR15-ABD
pre-immune, n = 13 ICOVIR15 and ICOVIR15-ABD). Mean values + SEM. *, significant (p < 0.05) by two-tailed unpaired Student's t-test compared to PBS. #, significant (p < 0.05) by
two-tailed unpaired Student's t-test compared to ICOVIR15 pre-immune. C, Immune responses against E1b protein expressed from the viral genome. C57BL/6 mice were immunized
with an intraperitoneal injection of the E1-deleted vector AdGL (3 x 10'%p) and seven days later were injected intravenously with ICOVIR15 or ICOVIR15-ABD (3 x 10'%p). Seven
days after, animals were euthanized and specific responses against E1b;9, peptide were analyzed by ELISPOT (n = 3 mice). Mean + SEM. *, significant (p < 0.05) by two-tailed
unpaired Student's t-test compared to PBS. #, significant (p < 0.05) by two-tailed unpaired Student's t-test compared to ICOVIR15.
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significantly increase the survival of naive and pre-immune animals,
whereas ICOVIR15 could only increase the survival of naive mice (Fig.
S3).

2.6. ABD-modified adenovirus can generate immune responses against
expressed genes in pre-immune mice

Recombinant adenoviruses are also used as vaccine platforms which
also face the problem of pre-existing NAbs. Neutralization of the vector
impairs transgene expression and therefore no immune response can be
mounted against the desired antigen. To analyze the potential of the
ABD insertion in the field of vaccination, we measured CTL immune re-
sponses against the E1b protein expressed from the viral genome. To
generate anti-Ad5 NAbs, C57BL/6 mice were immunized with an intra-
peritoneal injection of 3 x 10'%p of the E1-deleted AdGL vector (lack-
ing E1b). Seven days later mice were treated with an intravenous
injection of 3 x 10'%vp of ICOVIR15 or ICOVIR15-ABD, both containing
E1b. Mice were sacrificed seven days after and specific immune re-
sponses against E1byg; viral epitope were assessed by ELISPOT. Specific
anti-E1b response showed to be significantly higher (5.5-fold, 814 vs
147 SFC/10° splenocytes, p = 0.0015) in pre-immune animals treated
with ICOVIR15-ABD than in those treated with ICOVIR15 (Fig. 6C).
This indicates that pre-existing anti-adenovirus immunity cannot pre-
vent the immunogenicity of a viral gene or a transgene encoded in an
ABD-modified virus.

3. Discussion

The antitumor immune response raised by oncolytic viruses is
thought to be a critical mechanism to obtain therapeutic responses
[25]. To generate such a response, the oncolytic virus needs to reach
the tumor site where it will replicate, causing tumor cell lysis. Neverthe-
less, a high prevalence of anti-viral NAbs is a major barrier to reach tu-
mors systemically. NAbs directed against capsid proteins not only
block cell transduction but opsonize and target the virus for elimination
[2], severely hindering its therapeutic efficacy. Currently, an ongoing
clinical trial by intravenous administration of VCNO1 oncolytic adenovi-
rus (NCT02045602) considers high levels of circulating NAbs in patients
as an exclusion criterion.

Albumin is a promising drug carrier. It is the most abundant plasma
protein (35-50 g/L human serum) with an extraordinary long half-life
(19 days in humans) [17,26], which make it an ideal candidate for this
purpose. Binding to albumin, either by direct fusion or using albumin-
binding moieties, has shown to improve the plasma half-life of short-
lived drugs from minutes to several hours [18,21,27]. Several albumin-
bound molecules have been tested in clinical trials, some of which
have already been approved [15,18]. Furthermore, albumin has also
been used for tumor targeting, as it causes accumulation in solid tumors.
The interplay of two albumin-binding proteins, gp60 and SPARC, facili-
tates the uptake and retention of albumin in the tumor interstitium [15].
Indeed, studies have revealed a significant benefit in overall survival in
patients with high SPARC levels when treated with the combination of
Abraxane® and gemcitabine [28,29].

In the present work, we used the albumin-binding strategy as a
method to reduce the blood clearance of adenovirus and protect it
from NAbs. Among the various approaches used to achieve albumin
binding, we used the albumin-binding domain (ABD) from the Strepto-
coccal protein G [19-21,30]. This genetic insertion confers a reversible
non-covalent binding that will be maintained in viral progeny, unlike
other strategies such as conjugation. The domain was inserted in the
HVR1 of the hexon protein, which is the most abundant protein of the
capsid. HVRs are exposed loops which would facilitate the interaction
between albumin and the domain. Additionally, albumin would be di-
rectly blocking the HVRs of hexon which are the main target of anti-
Ad NAbs. There are also NAbs directed against the fiber, but these are
subdominant and not very efficient on their own [6,31]. Certainly, we

demonstrate that adenoviruses with ABD inserted in the HVR1 success-
fully evade neutralization. The specific insertion in the viral capsid was
not straightforward. We also inserted the ABD in the HVR5 and such a
virus bound human and mouse albumin less efficiently and it could
not evade NAbs (data not shown).

The functionality of the ABD was preserved after its insertion in the
viral capsid. We demonstrate albumin binding of the modified adenovi-
rus by ELISA, adapting a previously published protocol where also an
ABD was used [32]. Our results add up with the previously published
data on the species specificity of the ABD, being able to bind to human
and mouse albumin, but not to bovine [23,24]. The inability to bind
BSA could represent an advantage in the production process of these vi-
ruses as bovine serum is usually employed to supplement the media.

In vitro studies in absence of NAbs showed that the infectivity of the
ABD-adenovirus was decreased in presence of HSA. A possible explana-
tion would be that albumin could be blocking the interaction of viral do-
mains with cell receptors. While the fiber is supposedly not affected by
albumin, the penton base will probably be blocked by an albumin mol-
ecule bound to a neighboring hexon. Albeit the viruses used in this work
contain an RGD-modified fiber, the interaction of cell integrins with the
RGD of the penton base might still be necessary to achieve a proper in-
ternalization. However, a most likely hypothesis is that albumin might
be interfering with the capsid transport to the nucleus. As recently de-
scribed, HVR1 plays a key role in dynein recruitment for capsid trans-
portation [14], so albumin could be blocking dynein binding to hexon.
An interesting trait is that albumin is not covalently bound to hexon,
so the binding is reversible and dynein could eventually displace albu-
min. Nonetheless, NAbs-free conditions do not reflect what is expected
in the clinic, where a high percentage of human population has high
levels of anti-Ad5 NAbs. Accordingly, ABD-modified adenoviruses
showed enhanced in vitro bioactivity in presence of NAbs compared
to a non-modified adenovirus, which was highly neutralized. Effective
shielding was also observed with serum from pre-immune immuno-
competent mice and from human donors. The evasion of neutralization
observed in terms of cell transduction also translated in enhanced
oncolysis.

Albumin binding has shown to increase the blood persistence of
small drugs, but has never been tested in the context of a virus. Here
we show a reduced blood clearance of the ABD-modified adenovirus.
Natural immunoglobulins and complement system have been described
to influence Ad5 pharmacokinetics, by enhancing clearance by Kupffer
cells and by docking the viral particles to Fc receptors in monocytes
and neutrophils [33-35]. Preventing such interactions by albumin pro-
tection likely contributed to an increased blood persistence. Albumin
recycling through neonatal Fc receptor (FcRn) could also contribute to
increase viremia. However, this mechanism seems less plausible given
the large size of the virus and the interaction of the virus capsid with cel-
lular receptors.

The expected outcome of such enhanced blood persistence would be
an enhanced tumor transduction, but this was not observed. The im-
proved blood persistence was probably compensated with the reduced
transduction observed in vitro, and the tumor transduction was not sig-
nificantly altered in naive mice. Pre-immune mouse models showed the
dramatic effect of NAbs on adenovirus bioactivity in vivo. Transduction
of liver and tumors was completely inhibited with the parental virus. On
the other hand, the protection provided by albumin proved to be re-
markably effective in vivo, as no significant reduction in organ transduc-
tion was observed with the ABD-adenovirus.

Since human adenoviruses do not replicate in mouse cells, the model
to study the impact of humoral immunity on oncolytic adenoviruses
was challenging. Passive immunization with neutralizing serum or pu-
rified neutralizing antibodies represents a feasible option [36,37]. How-
ever, a previous study by Tsai et al. showed that the serum did not
decrease the antitumor efficacy of an intravenously administered
oncolytic adenovirus in a xenograft model [37]. Nonetheless, human
serum was employed in those experiments and, as previously reviewed



LA. Rojas et al. / Journal of Controlled Release 237 (2016) 78-88 85

[38], the human Fc-portion might be incompatible with mouse cells. In
our work, we used neutralizing mice serum, to preserve Fc-dependent
effector functions. Indeed, passive immunization completely inhibited
the antitumor effect of control virus ICOVIR15, demonstrating that
NAbs can efficiently block oncolytic adenovirus activity. Of note,
ICOVIR15-ABD showed the same antitumor activity in naive and pre-
immune mice, demonstrating again a very effective albumin-mediated
protection.

ABD insertion could be combined with other previously published
modifications. Hyaluronidase expression or KKTK to RGDK replacement
in the fiber shaft have successfully improved the oncolytic activity of
ICOVIR15 [39-41]. VCNO1, an ICOVIR15-based adenovirus harboring
both these modifications is currently being tested in two phase I clinical
trials (NCT02045602 and NCT02045589). The compatibility of the ABD
with these modifications would be of interest. The potential of ABD
modification to allow for repeated administrations of the virus, which
may be required for therapy, is also an area great interest for future
studies.

Adenovirus-based vaccines also face the problem of pre-existing hu-
moral immunity. In contrast to the immunogenicity of capsid proteins,
the immunogenicity of transgenes in adenovirus vectors depends on
their expression and it can be blocked by NAbs [12,13]. Here we demon-
strate how an ABD-modified adenovirus is also able to generate signifi-
cantly higher immune responses against expressed genes than the
parental virus in pre-immune mice.

4. Conclusions

ABD insertion in the hexon HVR1 of adenovirus capsid mediates
binding to both human and mouse albumin. Upon systemic administra-
tion of the virus, albumin is able to shield the capsid from NAbs. In ade-
novirus pre-immune mice, where a non-modified virus is completely
neutralized, ABD insertion protected the virus allowing same organ
transduction and oncolysis as in naive mice. These results demonstrate
that protection of viral capsid with albumin using an albumin-binding
domain is a useful strategy to overcome pre-existing NAbs.

5. Materials and methods
5.1. Cell lines

HEK293 (human embryonic kidney), A549 (human lung adenocar-
cinoma), Sk-mel28 (human melanoma), and B16 (murine melanoma)
cells were obtained from the American Type Culture Collection (ATCC,
Manassas, VA). B16-CAR (murine melanoma) cell line was obtained
from Dr. NM Greenberg (Baylor College of Medicine, Houston, TX).
NP-9 (pancreatic adenocarcinoma) cell line was established in our lab-
oratory [42]. All tumor cell lines were maintained with Dulbecco's Mod-
ified Eagle's Medium supplemented with 5% fetal bovine serum at 37 °C,
5% CO,. B16-CAR cells were maintained with 0.5 mg/ml hygromycin
(Invivogene, San Diego, CA, USA). All cell lines were routinely tested
for mycoplasma.

5.2. Recombinant adenoviruses

ICOVIR15 oncolytic adenovirus has been previously described [22].
All genetic modifications were performed following a recombineering
protocol adapted from Stanton et al. [43] based on homologous recom-
bination in bacteria using a positive-negative selection with the rpsL-
Neo cassette. AdGL is an E1-deleted first generation vector expressing
the EGFP-Luciferase fusion protein cassette from pEGFPLuc (Clontech,
Mountain View, CA, USA). To generate AAGLRGD, the RGD (Arg-Gly-
Asp) domain was inserted in the HI-loop of the fiber. ICOVIR15 was
propagated in A549 cells and the replication-deficient AdGL and
AdGLRGD were propagated in HEK293 cells. ICOVIR15-ABD and
AdGLRGD-ABD were constructed by inserting the albumin-binding

domain (ABD) flanked by two GSGS-linkers in the hyper-variable region
1 (HVR1) of the adenovirus hexon after the D150 aminoacid. ICOVIR15-
ABD and AAdGLRGD-ABD were generated by transfection of the plasmids
with calcium phosphate standard protocol in HEK293 cells. ICOVIR15-
ABD and AdGLRGD-ABD were plaque-purified and further amplified in
A549 and HEK293 cells respectively. Viruses were purified using cesium
chloride double-gradients.

5.3. Elisa

Detection of binding to human serum albumin (HSA) and mouse
serum albumin (MSA) was performed following an ELISA protocol
adapted from Konig and Skerra [32]. Briefly, the 96-well plate was coated
with BSA, HSA, or MSA (2 mg/ml, Sigma, St. Louis, MO), and then blocked
with BSA. Viruses or buffer alone (mock) were added (25 ng of viral pro-
tein) and detection was performed with antihexon antibody from 2Hx-2
hybridoma supernatant (1/5 dilution, ATCC, Manassas, VA) and poly-
clonal goat antimouse HRP (1/500 dilution, Life Technologies, Carlsbad,
CA, USA). Wells were stained with 3,3',5,5’-Tetramethylbenzidine (Ther-
mo Fisher, Waltham, MA, USA). The reaction was stopped with sulfuric
acid 2 N and the absorbance was measured at 450 nm. Alternatively, de-
tection of albumin binding was also performed in serum. Wells were
coated with human or mouse serum (1/25 dilution), and after blocking,
different amount of viruses were added (0, 0.25, 2.5, and 25 ng of viral
protein). Detection was performed as described above.

5.4. Immunoelectron microscopy

Samples of ICOVIR15 and ICOVIR15-ABD were adsorbed for 2 min
onto glow-discharged, collodion/carbon coated nickel grids. Unspecific
binding was blocked with TBG (30 mMTris-HCl pH 8, 150 mMNacl,
0.1% BSA and 1% gelatin) for 10 min. Grids were then incubated for
30 min with a 1:1 dilution of stock (2 mg/ml in 20 mMTris-HCI
pH 7.8, 150 mMNacCl) HSA in TBG, washed in TBG (3 x 3 min), and incu-
bated for 15 min on a drop of mouse anti-HSA (Sigma, St. Louis, MO) di-
luted 1:500 in TBG. After four 2 min rinses with 0.1% gelatin in PBS and
5 min incubation in TBG, grids were incubated for 15 min in goat anti-
mouse IgG-gold conjugate (British Biocell International EM.GAF10) di-
luted 1:40 in TBG. Finally, grids were washed in 0.1% gelatin in PBS
(5 x 2 min), milliQ water (3 x 2 min), and stained with 2% uranyl ace-
tate (30 s). Grids were examined in a JEOL 1230 electron microscope.

5.5. Cryo-electron microscopy

75 ul of ICOVIR15-ABD (8 x 10''vp/ml) were mixed with 0.75 ul
of stock HSA and incubated for 30 min at room temperature to obtain
an ICOVIR-ABD-HSA complex for cryo-EM imaging. Glycerol and free
HSA were removed, and the virus concentrated by adding 2.3 vol-
umes of 20 mMTris pH 7.8, NaCl 25 mM and spinning at 4 °C in a
100,000 MWCO Amicon Ultra centrifugal filter (Millipore, Billerica,
MA, USA). Final virus concentration was 2.4 x 10'2vp/ml. Samples
were applied to glow discharged Quantifoil R2/4300 mesh Cu/Rh
grids, vitrified in liquid ethane using a Leica CPC plunger, mounted
in a Gatan 626 cryostage and examined in a FEI Tecnai G2 FEG micro-
scope operating at 200 kV. Low dose cryo-EM images were acquired
using a 4 K x 4 K Eagle CCD camera, with a magnification of x 50000
and a defocus range of 0.5-4 um, with a nominal sampling rate of
2.16 A/px in the sample.

5.6. Three-dimensional reconstruction and difference mapping

Image processing and three-dimensional reconstruction were per-
formed using the software Xmipp. The contrast transfer function (CTF)
parameters of 177 micrographs were determined using CTFFIND4
[44]. An initial set of 1181 particles manually selected was extracted
into 516 x 516 pixel boxes, with one pixel corresponding to 2.16 A in
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the sample, normalized, and reduced to 256 x 256 box size (4.35 A/px)
for computational efficiency. Orientation search and 3D reconstruction
were carried out using projection matching in Xmipp. The initial
model for the first refinement iteration was a map calculated from the
high resolution cryo-EM model of human adenovirus type 5 (HAdV-
C5) [45] using the program pdb2mrc [46] and low-pass filtered to
60 A resolution. A total of 1121 particles were included in the final 3D
map at 19.6 A resolution, estimated by Fourier shell correlation with
the threshold set at 0.5. Icosahedral symmetry was imposed throughout
refinement. A difference map showing the HVR1, ABD and HSA density
was calculated by subtracting the HAdV-C5 model from the ICOVIR15-
ABD-HSA map after filtering both to the same resolution (19.6 A), nor-
malizing, and refining the scale of the experimental map. Scale refine-
ment, subtraction and figure creation were carried out with UCSF
Chimera [47].

5.7. Virus production, transduction, and cytotoxicity

Viral production in A549 (800vp/cell) cell extracts was performed as
described [22]. For transduction assays, SK-mel28 (10,000 cells/well),
NP-9 (15,000 cells/well), A549, B16, and B16-CAR (30,000 cells/well)
were seeded in 96-well plates. The following day, cells were infected
in normal medium or in HSA-containing medium (1 mg/ml) with
100vp/cell for A549, 400vp/cell for B16, 1200vp/cell for B16-CAR, and
600vp/cell for SK-mel28 and NP-9. At 36 h post-infection medium
was removed and cells were lysed adding 50 pl of Cell Lysis reagent
(Promega, Madison, Wi) and frozen-thawed once. Lysates were centri-
fuged at 13,000 g for 5 min at 4 °C and the luciferase activity of the su-
pernatant was measured using Luciferase Assay Reagent (Promega) in a
luminometer (Berthold Junior, Berthold GmbH&Co, KG, Germany). Cy-
totoxicity in A549 cells was performed as described [48], in normal or
HSA-containing medium (1 mg/ml). ICso values were determined
from dose-response curves by standard nonlinear regression
(GraphPad Prism 5; GraphPad Inc,, La Jolla, CA).

5.8. Mice immunization and sera collection

In vivo studies were performed at the ICO-IDIBELL facility (Barcelo-
na, Spain) AAALAC unit 1155, and approved by IDIBELL's Ethical Com-
mittee for Animal Experimentation. Viral solutions were always
administered (intraperitoneally and intravenously) in 200 pl of PBS
per animal. Seven-week-old C57BL6 female mice were immunized
with an intraperitoneal injection of Ad5wt (3 x 10'%p). For boosting,
3 x 10'%p of the same virus were injected intravenously 7 days after
immunization. Mice were sacrificed 7 days after and blood samples
were collected by intracardiac puncture and allowed to clot. After cen-
trifugation (8000 rpm, 5 min), serum samples were pooled and subject-
ed to heat-treatment (56 °C, 30 min).

5.9. In vitro antibody-mediated neutralization assays

For the infectivity analysis, serial dilutions of the antibody Ab6982
(Abcam, Cambridge, UK) or serum were performed in medium 4 HSA
(1 mg/ml) containing AAGLRGD or AAGLRGD-ABD in 96-well plates.
After one hour incubation at room temperature, 30,000 A549 cells/
well were added to obtain a multiplicity of infection of 10vp/cell. Twen-
ty-four hours after the infection, luciferase activity was analyzed as de-
scribed in “in vitro transduction assay”. For the analysis of cytotoxicity,
Ab6982 or serum were serially diluted in medium + HSA containing
ICOVIR15 or ICOVIR15-ABD. One hour after incubation at room temper-
ature, 30,000 A549 cells/well were added to obtain a multiplicity of in-
fection of 100vp/cell. At day 5 post-infection cell viability was analyzed
as described [48].

5.10. In vivo blood clearance

Seven-week-old Athymic nu/nu female mice were injected intrave-
nously with a mixture of ICOVIR15 and ICOVIR15-ABD (ratio 1:1) with
a total dose of 5 x 10'%p. At 5 min, 15 min, 1 h, 4 h, and 24 h post-ad-
ministration, blood samples were collected from the tail vein. The
serum fraction was separated and digested with proteinase K and SDS
for 45 min at 54 °C and later for 10 min at 90 °C to release the viral
DNA. A PCR of the samples was performed using hexon HVR1-flanking
oligonucleotides Ad19121F 5’-CTGGACATGGCTTCCACGTA-3’ and
Ad19300R 5-‘GCTCGTCTACTTCGTCTTCG-3’, and analyzed by electro-
phoresis on a 1% agarose gel. A standard with several ratios of
ICOVIR15-ABD:ICOVIR15 genomes (0.2, 1, 5, 10, and 50), the pre-injec-
tion 1:1 mixture, and water were included as PCR controls.

5.11. In vivo transduction analysis

Melanoma tumors were established implanting 1 x 107 Sk-mel28, or
1 x 108 B16-CAR cells subcutaneously into both flanks of seven-week-
old female Athymic nu/nu, or C57BL6 mice respectively. When B16-
CAR tumors reached 100 mm? animals were randomized. C57BL6
mice were immunized intraperitoneally with PBS (naive) or with
2 x 10'%p of Ad5wt (pre-immune). Seven days after, animals were
injected intravenously with PBS, AdGLRGD, or AdGLRGD-ABD
(3 x 10'%p). When Sk-mel28 tumors reached 150 mm? animals were
randomized, and injected intravenously with PBS, AdGLRGD or
AdGLRGD-ABD (5 x 10'%p). Three days after vector administration
mice received an intraperitoneal injection of 250 pl of D-Luciferin
(15 mg/ml; Biosynth, Staad, Switzerland) and were sacrificed to harvest
the organs for bioluminescent imaging. Organs were imaged on the IVIS
Lumina XR (Caliper Life Sciences, Hopkinton, MA) and the Living Image
v4.0 software was used to quantify the emission of light.

5.12. In vivo antitumoural efficacy

Subcutaneous tumors were established by injection of 1 x 107 Sk-
mel28, or 5 x 10° A549 cells into the flanks of seven-week-old female
Athymic nu/nu mice. When tumors reached 150 mm? (tumors not
progressing were excluded from the study), mice were randomized
and passively immunized with an intraperitoneal injection of 200 pl of
PBS (naive) or anti-Ad5 neutralizing mice serum (pre-immune). One
day after, mice were treated intravenously with PBS, ICOVIR15, or
ICOVIR15-ABD (4 x 10'%p). Tumor size and mice status were moni-
tored thrice per week. Tumor volume was measured with a digital cali-
per and defined by the equation V(mm?) = m/6 x W? x L, where W and
L are the width and the length of the tumor, respectively.

5.13. Immune responses against E1b protein

Seven-week-old C57BL6 mice were immunized intraperitoneally
with the E1-deleted AdGL vector (3 x 10'%p). Seven days later mice re-
ceived an intravenous administration of ICOVIR15 or ICOVIR15-ABD
(3 x 10'%p). Mice were sacrificed and spleens were collected 7 days
after virus injection. CTL-specific responses against E1b;g, epitope
were evaluated by IFN-y ELISPOT as described [49].

5.14. Statistical analysis

Two-tailed Student's t-test was used to evaluate the statistical signif-
icance between groups, except for the comparison of survival curves
where a log-rank test was used.
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SHORT COMMUNICATION

Adenovirus coxsackie adenovirus receptor-mediated binding to
human erythrocytes does not preclude systemic transduction

LA Rojas', R Moreno', H Calder6n®>* and R Alemany’

There is great skepticism in the capability of adenovirus vectors and oncolytic adenoviruses to reach specific organs or tumors upon
systemic administration. Besides antibodies, the presence of CAR (coxsackie and adenovirus receptor) in human erythrocytes has
been postulated to sequester CAR-binding adenoviruses, commonly used in gene therapy and oncolytic applications. The use of
non-CAR-binding fibers or serotypes has been postulated to solve this limitation. Given the lack of integrins in erythrocytes and
therefore of internalization of the CAR-bound virus, we hypothesized that the interaction of adenovirus type 5 (Ad5) with CAR in
human erythrocytes could be reversible. In this work, we have studied the effects of Ad5 interaction with human erythrocytes via
CAR. Although erythrocyte binding was observed, it did not reduce viral transduction of tumor cells in vitro after long-term
incubations. Transplantation of human erythrocytes into nude mice did not reduce Ad5 extravasation and transduction of liver and
human xenograft tumors after systemic administration. These findings indicate that despite human erythrocytes are able to bind to
Ad5, this binding is reversible and does not prevent extravasation and organ transduction after systemic delivery. Thus, the poor
bioavailability of systemically delivered CAR-binding adenoviruses in humans is likely due to other factors such as liver

sequestration or neutralizing antibodies.

Cancer Gene Therapy advance online publication, 21 October 2016; doi:10.1038/cgt.2016.50

INTRODUCTION

Adenoviruses are broadly used as gene therapy vectors as well as
oncolytic agents for the treatment of cancer. More than 50 human
adenovirus serotypes have been described,' but particularly
adenovirus type 5 (Ad5) has been the most widely used for these
applications. In the case of disseminated cancer or when multiple
organs need to be transduced, a systemic delivery of the virus is
required by injection into the bloodstream. However, clinical
experience has shown that local delivery has usually out-
performed intravenous administration, which has rarely demon-
strated therapeutic effects.>™

Ad5 encounters several important barriers when injected
intravenously that may block transduction. Liver Kupffer cells
and liver sinusoidal endothelial cells efficiently sequester circulat-
ing viral particles." In addition, human blood represents a hostile
environment for Ad5 because of multiple neutralizing interactions
that reduce the bioavailability of the virus. Antibodies that
occur naturally or develop upon infection directly block capsid
infectivity or enhance its clearance by Fc receptors in phagocytes®
and by complement receptor 1 in erythrocytes.” Independently of
the presence of antibodies, human erythrocytes may also bind
and inactivate Ad5 directly. Recent studies have demonstrated
that unlike mouse erythrocytes, human erythrocytes express the
primary adenovirus receptor, the Coxsackie and adenovirus
receptor (CAR).”® This CAR binding was shown to inhibit Ad5
infectivity, contrary to earlier reports of Ad5 titration in the
presence of human blood.” However, the absence of integrins in
erythrocytes precludes internalization of the erythrocyte-bound
Ad5.” Therefore, we hypothesized that the interaction of Ad5 with

CAR in human erythrocytes could be reversible, and upon long-
term incubation periods, the virus could be available for infection.
Our results support this hypothesis.

MATERIALS AND METHODS

Cell lines and viruses

Human lung adenocarcinoma A549 cells were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA) and
maintained with Dulbecco’s modified Eagle’s medium supple-
mented with 5% fetal bovine serum at 37 °C with 5% CO,. Cells
were routinely tested for mycoplasma. AdGL is an Ad5-derived
E1-deleted first-generation vector expressing the EGFP-luciferase
fusion protein cassette from pEGFPLuc (Clontech, Mountain View,
CA, USA). AdGL was propagated in human embryonic kidney 293
cells and purified using cesium chloride double gradients
according to standard techniques.

Isolation of human erythrocytes

Human blood samples were obtained by venipuncture into
lithium-heparinized tubes (Greiner Bio-One, Monroe, NC, USA)
with donor consent and approval by the IDIBELL's Ethics
Committee. After centrifugation (2000 g for 10 min), plasma and
leukocyte layer were removed, and erythrocytes were washed
with phosphate-buffered saline (PBS) four times. Erythrocytes
were resuspended in PBS at the indicated concentrations.
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Quantification of Ad5 binding to human erythrocytes

AdGL was incubated with human erythrocytes at the indicated
concentrations for 30 min at 37 °C with constant agitation. After
centrifugation (2000 g for 10 min), the supernatant was separated
and the erythrocyte pellet resuspended in PBS. Supernatant and
pellet samples were digested with proteinase K and sodium
dodecyl sulfate for 45 min at 54 °C and later for 10 min at 90 °C to
release the viral DNA. Genome copy levels were quantified by real-
time PCR using the oligonucleotides (forward primer: 5-CTTC
GATGATGCCGCAGTG-3' and reverse primer: 5-GGGCTCAGGTA
CTCCGAGG-3") and a Tagman probe (5'-FAM-TTACATGCACATCT
CGGGCCAGGAC-TAMRA-3"), which identify the hexon region.
Genome copies were calculated using LightCycler v.4.05 software
(Roche, Basel, Switzerland). For the CAR-blocking assay, a
preincubation of human erythrocytes with anti-CAR antibody
from RmcB hybridoma (ATCC, Manassas, VA, USA) was performed
for 1 h at 4 °C, before the incubation with Ad5.

In vitro infectivity assay

In total, 1.8x10% vp (viral particles) of AdGL were incubated with
5x10° erythrocytes in 1 ml of PBS or in 1 ml of PBS without
erythrocytes for 30 min at 37°C with agitation. Samples were
centrifuged, and the erythrocyte pellet was resuspended in 1 ml of
PBS. A measure of 30 ul of the samples were used to infect A549
cells in 24-well plates (700 000 cells per well). Erythrocytes alone in
A549 cells and erythrocytes with AdGL in the absence of A549 cells
were used as negative controls. At 48 h after infection, the medium
was removed and cells were lysed adding 200 ul of cell lysis
reagent (Promega, Madison, WI, USA) and frozen-thawed once.
Lysates were centrifuged at 13000 g for 5min at 4°C, and the
luciferase activity of the supernatant was measured using the
Luciferase Assay Reagent (Promega) in a luminometer (Berthold
Junior, Berthold GmbH & Co. KG, Bad Wildbad, Germany).

In vivo biodistribution studies

In vivo studies were performed at the ICO-IDIBELL facility
(Barcelona, Spain) AAALAC unit 1155, and approved by IDIBELL's
Ethical Committee for Animal Experimentation. Subcutaneous
tumors were established by injection of 5x 10° A549 cells into the
flanks of 7-week-old male athymic nu/nu mice. When tumors
reached 150 mm?®, mice were randomized and injected intrave-
nously with 5x 10'° vp of AdGL in 200 ul of PBS or with 5x 10'° vp
of AdGL previously incubated (30 min at 37 °C) with 8 x 10% human
erythrocytes in 200 pl of PBS. Three days after vector administra-
tion, mice received an intraperitoneal injection of 250 pul of
p-luciferin (15 mg ml~'; Biosynth, Staad, Switzerland) and were
killed to harvest liver and tumors for bioluminescent imaging.
Organs were imaged on the IVIS Lumina XR (Caliper Life Sciences,
Hopkinton, MA, USA), and the Living Image v.4.0 software (Caliper
Life Sciences, Hopkinton, MA, USA) was used to quantify the
emission of light. Organs were frozen for subsequent adenovirus
genome detection by real-time PCR. Frozen tissues were ground
to a fine powder in liquid nitrogen using a pestle and mortar, and
DNA was purified following the QlAamp DNA Mini Kit (Qiagen,
Valencia, CA, USA) protocol. Adenovirus genomes were quantified
in DNA-purified samples by real-time PCR as described above.

Blood persistence of human erythrocytes after systemic
administration in nude mice

Freshly isolated and washed human erythrocytes were incubated
with carboxyfluorescein succinidyl ester (Sigma, St Louis, MO, USA)
at a final concentration of 10 um for 5 min protected from light.
After washing, erythrocytes were brought to a concentration of
4x10° cells per ml in PBS. A total of 8 x 10® carboxyfluorescein
succinidyl ester-labeled erythrocytes in 200 ul of PBS were
intravenously injected in athymic nu/nu mice. Blood samples
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were collected from the tail vein at the indicated time points in
EDTA-coated capillary tubes to avoid clotting. Carboxyfluorescein
succinidyl ester-labeled human erythrocytes in blood samples
were detected using Gallios Flow Cytometer (Beckman Coulter,
Brea, CA, USA), and the FlowJo software (TreeStar, Ashland, OR,
USA) was used for data analysis.

RESULTS AND DISCUSSION
Erythrocytes bind adenovirus 5 via CAR

AdGL is an Ad5-derived nonreplicative luciferase-expressing
vector and was used throughout this study. Ad5 binding to
human erythrocytes was first evaluated in vitro using different Ad:
erythrocyte ratios. After incubation of erythrocytes and Ad5, the
unbound and the cell-bound fractions were separated by
centrifugation, and the Ad5 genomes were detected by real-
time PCR (Figure 1a). The theoretical distribution of Ad5 particles
in each fraction assuming no erythrocyte binding (considering the
relative volume of the fractions in each condition) was used to
calculate the fold clearance in the supernatant. In the first
condition, we incubated 1x 10° vp of AdGL with 1x 107 erythro-
cytes in 1 ml of PBS (100 Ad particles per erythrocyte). After
centrifugation, the supernatant represented the 99% of the total
volume, whereas the cell pellet the 1%. Most of the Ad particles
were found in the supernatant (98.5% free Ad vs 1.5% erythrocyte-
bound), indicating that in this condition erythrocytes were not
able to pull down efficiently the viral particles. A second condition
was analyzed in which 2x10®vp of AdGL was incubated with
5x10° erythrocytes in 1ml of PBS (0.04 Ad particles per
erythrocyte). These are clinically relevant conditions (for 5L of
blood, it would correspond to an intravenous dose of 1x 10" vp)
and as such have been analyzed previously.” Owing to the high
erythrocyte concentration, the cell pellet occupied the 40% of the
total volume. In this case, an 88% of the viral input was
erythrocyte-bound, and only a 12% was found free in the
supernatant, confirming the published results.” This corresponds
to an eightfold clearance of the adenovirus content in the
supernatant or liquid fraction, indicating that there was an
efficient pulldown of Ad particles to the erythrocyte pellet. As
only ~10% of the Ad input was found free, we next reduced the
Ad dose by a further 10% to check if all the viral particles could be
bound to erythrocytes in such conditions. Accordingly,
1.8x 108 vp of AdGL was incubated with 5x10° erythrocytes in
1 ml of PBS (0.036 Ad particles per erythrocyte). Indeed, the 99.6%
of the viral input was recovered in the erythrocyte fraction,
corresponding to a 95-fold clearance of the adenovirus content in
the liquid fraction. These data indicate that erythrocytes bind and
pull down Ad5 particles, but taking into account the multiplicity of
infections used, the erythrocyte capacity to bind adenovirus via
CAR is limited as ~ 28 erythrocytes are needed to efficiently pull
down one Ad5 particle. These results match with previous studies
that show relatively low levels of CAR on human erythrocytes.®
However, using physiological erythrocyte concentrations and a
clinically relevant adenovirus dose (e.g. 1x10'?vp per patient),
88% of the viral input dose would bind to erythrocytes.

To prove that the interaction is CAR-mediated and not simply a
nonspecific binding, we used an anti-CAR antibody to block the
interaction. Adenovirus and human erythrocytes preincubated or
not with anti-CAR antibody were incubated at an Ad:erythrocyte
ratio of 0.04. In the absence of anti-CAR antibody, only a 4.2% of
the viral input was found free, and considering that the
supernatant represented the 55% of the total volume, this
represents a 13-fold clearance of the viral content in this fraction
(Figure 1b). In contrast, when human erythrocytes were pre-
incubated with anti-CAR, the 33% of the viral dose was found free
in the supernatant fraction, representing only a 1.6-fold clearance.

© 2016 Nature America, Inc., part of Springer Nature.
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Figure 1. (a) Detection of adenovirus type 5 (Ad5) binding to human erythrocytes. Human erythrocytes were incubated with AdGL at the
indicated proportions of virus particle per erythrocyte for 30 min at 37 °C. Samples were centrifuged to separate the liquid and cell fractions,
and Ad5 detection was performed by quantitative real-time PCR. Data are represented as % of Ad particles recovered in each fraction (n=3).
Mean values + s.d. *Significant (P < 0.05) by two-tailed unpaired Student’s t-test compared with free Ad. (b) CAR (coxsackie and adenovirus
receptor)-blocking assay to inhibit Ad5 binding. Human erythrocytes were preincubated or not with anti-CAR antibody (RmcB) and then
incubated with AdGL. After centrifugation, Ad5 detection in the liquid and cell fractions was performed by quantitative real-time PCR. Data
are represented as % of Ad particles recovered in each fraction (n=3). Mean values + s.d. *Significant (P < 0.05) by two-tailed unpaired
Student’s t-test compared with anti-CAR. (c) Ad5-mediated transduction of tumor cells in the absence or presence of human erythrocytes.
AdGL was incubated with or without human erythrocytes (0.036 vp per cell), and after centrifugation, the cell fraction was used to infect A549
cells. At 48 h after infection, cell transduction was analyzed by luciferase expression. Erythrocytes alone in A549 cells and erythrocytes with
AdGL in the absence of A549 cells were used as negative controls. NS, nonsignificant (P < 0.05) by two-tailed unpaired Student’s t-test.
(d) Systemic transduction of liver and tumor in the presence or absence of erythrocytes. Nude mice bearing subcutaneous A549 (human lung
adenocarcinoma) tumors were injected intravenously with 5x10'®vp of AdGL previously incubated with or without 8x 10° human
erythrocytes. After 3 days, liver and tumors were collected and luciferase activity was analyzed by bioluminescence imaging. Organs were
frozen for subsequent Ad5 genome detection by real-time PCR. (e) Livers n=5 and tumors n=8-10. Mean +s.e.m. is shown. NS,
nonsignificant (P < 0.05) by two-tailed unpaired Student’s t-test. sr, Steradian. (f) Blood persistence of human erythrocytes after intravenous
injection in nude mice. Nude mice were intravenously injected with 8x10® carboxyfluorescein succinidyl ester (CFSE)-labeled human
erythrocytes. At the indicated time points, blood samples were collected and human erythrocytes were detected by flow cytometry (n=3
mice). Results are plotted including our previous data of Ad5 persistence in nude mice."' Mean + s.e.m. is shown.

© 2016 Nature America, Inc.,, part of Springer Nature. Cancer Gene Therapy (2016), 1-4
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CAR-mediated binding to human erythrocytes does not inhibit
adenovirus bioactivity

To analyze whether erythrocyte binding inactivated Ad5 in vitro,
we analyzed the infectivity of AAGL in A549 cells in the presence
or absence of human erythrocytes. To achieve complete binding,
the Ad:erythrocyte ratio used was 0.036. After incubation, the
erythrocyte pellet was separated and used to infect A549 cells. The
erythrocyte-bound Ad5 was kept in contact with the tumor cells
for 48 h before luciferase expression was measured. Previous
studies have shown a strong inhibition of Ad5 infection in A549
cells due to erythrocyte sequestration.”'® Nonetheless, we
observed the same levels of transduction regardless of the
presence of human erythrocytes (Figure 1c). A possible explana-
tion for these discrepancies is the washout step of the Ad:
erythrocyte complex from the tumor cells. Infection of A549 cells
takes place by interaction with CAR as a primary receptor and with
integrins as secondary or internalizing receptor. However, the lack
of integrins in the erythrocyte membrane prevents adenovirus
internalization.” Similarly, previous experiments, where the
erythrocyte-Ad complex was removed 90 min after adding it to
tumor cells, resulted in the removal of bound but not internalized
Ad particles, causing a significant drop in cell transduction. In our
experiments, the erythrocyte-Ad complex was left in contact with
tumor cells for 48 h, and assuming a reversible binding to CAR,
this allowed the virus to detach from CAR on erythrocytes and
attach to CAR on tumor cells. In line with this observation, a
previous study where erythrocytes were not removed during the
incubation with target cells already reported that erythrocyte-
bound adenoviruses were still infective.’ Hence, these results
indicate that although Ad5 efficiently binds to erythrocytes via
CAR, this binding is reversible and in the long term it does not
inhibit the infection of tumor cells.

Systemic delivery of Ad5-based vectors and oncolytic viruses is
very attractive for gene therapy and cancer virotherapy. We next
evaluated the impact of erythrocyte binding in vivo upon systemic
administration of Ad5. Nude mice bearing A549 xenograft tumors
were intravenously injected with AdGL alone or complexed with
human erythrocytes. At 3 days after virus administration, mice
were killed and livers and tumors were harvested for in vivo
bioluminescent imaging (IVIS) and Ad genome detection by real-
time PCR. Luciferase expression analysis showed no significant
differences in liver (P=0.229) and tumor transduction (P=0.609)
among AdGL alone versus AdGL+erythrocytes (Figure 1d). The
adenovirus vector was able to transduce efficiently the liver and,
to a lesser extent, the tumors regardless of previous incubation
with human erythrocytes. Accordingly, no significant differences
were found in the presence of adenovirus genomes in both
conditions, for livers (P=0.208) and tumors (P=0.270) (Figure 1e),
corroborating that human erythrocytes did not prevent extra-
vasation or organ transduction. To understand the relevance of
these results in the mouse model, we evaluated the persistence of
the transferred human erythrocytes in the recipient nude mice
(Figure 1f). Although human erythrocytes are cleared rapidly from
mouse circulation, the kinetics of clearance compared with that of
adenovirus is slow, and therefore the model should be sensitive to
measure the effect of human erythrocytes in systemic transduc-
tion. This method has been used before and an extended Ad5
circulation but reduced presence (100-fold) of Ad genomes in
livers of mice transfused with human erythrocytes were
observed.” Different tumor models, mouse strains or times of
analysis could cause differences. An extended blood persistence
and reduced extravasation is likely associated with erythrocyte
binding, but without virus internalization, and with a reversible
binding Ad particles are eventually released from erythrocytes and
can transduce target organs. Indeed, our results show that 72 h
after injection the levels of genome accumulation and organ
transduction were the same in mice with and without human
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erythrocytes. On the other hand, evidence of impaired liver
transduction upon the presence of CAR-expressing erythrocytes
in vivo has been also obtained in GATA1-CAR transgenic mice.”®
Compared with isogenic control mice, GATA1-CAR transgenic
mice showed 875-fold lower liver transduction 24 h after vector
administration.” A measure of genomes at 72h in the same
transgenic model showed a 25-fold decrease compared with that
in the control mice® These data suggest that with time the
detrimental effect of erythrocytes on liver infection is reduced. The
presence of much higher levels of CAR in GATA1-CAR erythrocytes
compared with that in human erythrocytes likely accounts for the
difference of our results and the reported in these mice.”?

In summary, our results indicate that human erythrocytes bind
Ad5 via CAR, but the viral particle is not internalized and is
eventually released to infect other CAR-expressing cells. Of note,
in an ongoing clinical trial with oncolytic adenovirus ICOVIR-5
(NCT01864759) injected endovenously in metastatic melanoma
patients, we have detected the presence of the virus in tumor
biopsies of patients treated with 1x10' and 1x10"3vp
(unpublished data). We therefore believe that human erythrocytes
do not represent a major obstacle for systemic delivery of
adenoviruses and consider that efforts should be focused on
barriers such as liver sequestration and neutralizing antibodies.
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