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Abstract

ABSTRACT

Human adenoviruses are a common threat to immonocompromised patients, like HIV-
positive individuals or hematopoietic stem cell transplant and bone marrow transplant
recipients. Since the antiviral drugs used for the treatment of adenoviral infections have
limited effects, these infections can become quite severe and even life threatening with
mortality rates up to 80%. Thus, there is the urgent need for alternative treatment
options.

The aim of the here presented studies was to provide new strategies to overcome
adenoviral infections and their possible fatal outcomes.

In the first approach | used the concept of RNA interference (RNAIi) to inhibit
adenovirus 5 multiplication in vitro. First of all, | wanted to identify a suitable viral target
gene or process for this approach. Thus, | designed several different siRNAs targeting
adenoviral genes essential for viral replication or virion assembly. These target genes
include E1A, DNA polymerase, the preterminal protein, Va2, the capsid component
hexon and the virus protease.

Silencing of early and middle genes was significantly more effective in inhibiting
adenovirus multiplication than was silencing of late genes. The most effective
downregulation was exhibited by a siRNA directed against the viral DNA polymerase;
this siRNA decreased viral genome copy numbers and infectious virus progeny by
several orders of magnitude. Since silencing of any of the early genes directly or
indirectly affects viral DNA synthesis, our data suggest that reducing viral genome copy
numbers is a more promising strategy for the treatment of adenoviral infections than is
reducing the numbers of proteins necessary for capsid generation. Thus, adenoviral
DNA replication was identified as a key target for RNAi-mediated inhibition of
adenovirus multiplication. In addition, E1A emerged as a second important target,
because its knockdown markedly improved the viability of cells at late stages of
infection.

In a separate approach | was involved in the investigation of the potency of artificial
miRNAs targeting E1A, DNA polymerase or pTP, to inhibit adenovirus multiplication.
Since the artificial mMiRNAs were cloned into a replication-deficient adenoviral vector we
generated a delivery system that may allow targeted delivery into typical adenovirus
host cells. We could show that the pTP-specific artificial miRNA has the highest
potency to inhibit adenovirus replication in vitro.

In a further project we used the concept of gene-directed enzyme prodrug therapy to

inhibit adenoviral infections in vitro. Therefore, we investigated the potency of the
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prodrug ganciclovir (GCV) that is converted into its active form by the Herpes virus
simplex thymidine kinase (HSV-TK). To guarantee that only adenovirus-infected cells
produce HSV-TK, this gene was expressed from a replication-deficient adenovirus
vector lacking the E1A gene and HSV-TK expression was under the control of the
adenoviral E4 promoter. Our data indicated that the adenoviral E4 promoter is suitable
for our approach due to sufficiently low background expression in non-infected cells,
but high expression in AdV-infected cells. Treatment with low levels of GCV efficiently
inhibited Ad5-wt DNA replication. Genome copy numbers and output of infectious
particles were reduced by up to >99% and cell viability was greatly increased.

In the last part of the here presented theses we were interested if there is an
interaction between adenovirus encoded miRNAs (mivaRNAs) and cellular target
mRNAs. To answer this question a RIP-chip assay was established revealing 20
potential cellular target genes for adenoviral mivaRNAs involved in cell metabolism,
signaling or immune response. These target genes were further validated with
bioinformatical tools and molecular biological methods to gain more insight into the
effect of the mivaRNAs on cellular gene regulation during an adenoviral infection. It is
essential to better understand the interaction of the virus with its host to identify

potential treatment options.
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Zusammenfassung

ZUSAMMENFASSUNG

Humane Adenoviren sind haufig eine Bedrohung flr immunsupprimierte Patienten, wie
etwa HIV-positive Menschen oder hamatopoietische Stammzelltransplantions- oder
Knochenmarktransplantationspatienten. Da antivirale Medikamente, die fir die
Behandlung von adenovirale Infektionen verwendet werden, nur limitierte Effekte
erzielen, koénnen diese Infektionen schwerwiegende Folgen haben und sogar
lebensbedrohlich werden, mit Sterberaten bis zu 80%. Daher ist es aulerst wichtig,
neue Therapiemethoden zu entwickeln.

Das Ziel der hier vorgestellten Arbeit war neue Strategien aufzuzeigen, um adenovirale
Infektionen und deren fatale Folgen zu verhindern.

Im ersten Ansatz verwendete ich das Konzept der RNA Interferenz (RNAi), um
Adenovirus 5 Vermehrung in vitro zu inhibieren. Zuerst wollte ich fir diesen Ansatz
geeignete virale Targets oder Prozesse identifizieren. Daher designte ich siRNAs, die
Gene erkennen, die fir die virale Replikation oder den Aufbau des Virions zustandig
sind. Diese Gene umfassen E1A, DNA Polymerase, das pre-terminale protein (pTP),
IVa2, die Capsidkomponente Hexon und die virale Protease.

Stilllegung von frihen oder mittleren Genen war signifikant effektiver in der Inhibierung
der Adenviursvermehrung als die Stillegung von spaten Genen. Die effizienteste
Reduktion konnte mit einer siRNA erzielt werden, die gegen die DNA Polymerase
gerichtet ist; diese siRNA verringerte die viralen Genomkopiezahl und die infektidsen
Virusparikel um mehrere Zehnerpotenzen. Da die Stillegung von jedem frihen Gen
entweder direkt oder indirekt die virale DNA Synthese beeinflusst, weisen unsere
Daten darauf hin, dass die Reduzierung von viralen Genomkopiezahlen ein
vielversprechenderer Ansatz ist flr die Behandlung von adenviralen Infektionen als die
Reduzierung von Proteinen, die fir die Capsidbildung notwendig sind. Somit wurde die
adenovirale DNA Replikation als Schlisselziel fir die RNAi-basierende Inhibierung von
Adenvirusvermehrung identifiziert. Zusatzlich zeigte sich E1A als zweites wichtiges
Zielgen, da dessen Knockdown deutlich zu einer Verbesserung der Viabilitdt von
Zellen in spaten Phasen der Infektion fihrt.

In einem separaten Ansatz war ich beteiligt an der Untersuchung der Wirksamkeit von
artifiziellen miRNAs, die das E1A-, das DNA Polymerase- oder das pTP-Gen
erkennen, die adenovirale Vermehrung zu inhibieren. Da diese miRNAs in einen
replikationsdefizienten adenoviralen Vektor kloniert worden sind, generierten wir ein

System, das gezielte Expression der miRNAs in AdV-infizierten Zellen ermdglicht. Wir
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konnten zeigen, dass die pTP-spezifische artifizielle miRNA das héchste Potential
zeigt, adenovirale Replikation in vitro zu inhibieren.

In einem weiteren Projekt nltzten wir das Konzept von Gen-gerichteter Enzym Prodrug
Therapie um adenovirale Infektionen in vitro zu bekampfen. Daher untersuchten wir die
Wirksamkeit der Prodrug Ganciclovir (GCV), welche durch die Herpesvirus simplex
Thymidinkinase (HSV-TK) in die aktive Form konvertiert wird. Um zu garantieren, dass
ausschlieldlich adenovirus-infizierte Zellen HSV-TK produzieren, wurde dieses Gen von
einem replikationsdefizienten adenoviralen Vektor exprimiert, dem die E1A Region
fehlte und die HSV-TK Expression war unter der Kontrolle des adenoviralen E4
Promotors. Unsere Daten weisen darauf hin, dass der adenovirale E4 Promotor flr
diesen Ansatz gut geeignet ist, da es geringe Background-Expression in nicht-
infizierten Zellen gibt, aber eine hohe Expression in AdV-infizieren Zellen. Die
Behandlung mit geringen Mengen an GCV konnte effizient die Ad5 DNA Replikation
inhibieren. Die Genomkopiezahlen und die Menge an infektidsen Partikeln konnte um
bis >99% reduziert werden und die Zellviabilitdt wurde stark erhoht.

Im letzten Teil der hier prasentierten Dissertation untersuchten wir, ob es eine
Interaktion zwischen Adenovirus-kodierten miRNAs (mivaRNAs) und zelluldren Ziel-
mRNAs gibt. Um diese Frage zu beantworten, wurde ein RIP-Chip Assay etabliert, der
20 potentielle zelluldare Zielgene fiur adenovirale mivaRNAs aufzeigte, die in
Zellmetabolismus, Signaling oder Immunreaktionen involviert sind. Diese Targetgene
wurden mit bioinformatischen Tools und molekularbiologischen Methoden validiert, um
mehr Einblick in den Effekt von mivaRNAs auf zellulare Genregulation wahrend einer
adenoviralen Infektion zu bekommen. Es ist essentiell, die Interaktion zwischen dem
Virus mit seinem Wirt besser zu verstehen, um mogliche Therapiemethoden zu

erkennen.
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Introduction

I. INTRODUCTION

1. ADENOVIRIDAE

Adenoviruses (AdVs) belong to the family Adenoviridae that can be further divided into
the genera Aviadenovirus, Mastadenovirus, Atadenovirus, Siadenovirus and
Ichtadenovirus. As shown in Tab. 1, adenoviruses can infect a broad range of
vertebrate species. Mastadenovirus and Aviadenovirus originate from mammals or
birds, respectively, while the genera Atadenovirus and Siadenovirus have a broader
range of hosts. Each genus can be further divided into species or subgroups, which are

named from the host and supplemented with letters of the alphabet (reviewed in [1]).

Table 1 | Adenovirus Classification [1]

Genus Species Host range

Aviadenovirus Fowl adenoviruses Chicken, turkey, goose
Goose adenoviruses Pigeon, duck

Mastadenovirus Human adenoviruses Humans, simians, cattle
Bovine adenoviruses Sheep, goats, dogs
Ovine adenoviruses Cats, tree shrews, pigs

Simian adenoviruses
Atadenovirus Bovine adenovirus D Cattle, goats, deer
Black tailed deer adenovirus Duck, possum
Duck adenovirus
Possum adenovirus
Siadenovirus Frog adenovirus Frogs, pheasants
Turkey hemorrhagic enteritis virus Turkey, duck
Ichtadenovirus Fish adenovirus
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1.1. Human adenovirus

In the early 1950’s the first human adenoviruses (hAdVs) were isolated from adenoid
tissue [2, 3]. Human adenoviruses, belonging to the genus Mastadenovirus, comprise
more than 60 serotypes that are clustered in 7 species (A to G) based mainly on
immunological criteria. Different adenovirus species show diverse tissue tropisms (Tab.
2).

Human adenoviruses, like all members of the family Adenoviridae, are non-
enveloped, lytic DNA viruses with a characteristic icosahedral morphology [4]. Mature
virions are approximately 90 nm in diameter consisting of a DNA-protein core complex
and a protein capsid shell. The viral capsid is built up by three major proteins: (i) 240
trimers of the hexon protein (pll), which is the most abundant coat protein; (ii) 12
pentamers of the homotrimeric fiber that consist of a carboxyterminal globular knob, a
central shaft and an amino-terminal tail by which each fiber is anchored to (iii) a penton
base (Fig. 1) [5].

Both, penton base and fiber are essential for the interaction between the viral
capsid and the surface of a target host cell [6]. Minor coat proteins are the polypeptides
pllla, pVI, pVIll and pIX which are less well
characterized and mainly act as capsid
cement [7]. For the production of mature

infectious viral particles the processing of

a ; some structural proteins is required. For that
c=" purpose adenoviruses encode their own
= « protease [8, 9]. Precursor terminal protein
d w‘m (pTP), the polypeptides pV, pVIl (major core

protein) and pX (also known as ) make up
together with the viral DNA, the core of the
virion. pVIl binds the viral genome tightly

forming a compact nucleoprotein complex

Capsid proteins Core proteins Cement proteins . .
g &% die [5], whereas pV links the viral chromosome
¢xon Ny
IX . . “w ”
g UL @ i to the virus capsid (“p” accounts for

Tul I .

' Penton Base H Mu

Figure 1 | Human Adenovirus Structure [11]

ki “precursor”) (Fig. 1) [10].

The organization of the capsid and the cement components is shown. The location of the capsid and its
minor components was defined by structural studies using cryo-electron microscopic and crystallographic
techniques whereas the arrangement of the core proteins and the viral genome is rather conjectural. The

nomenclature of the core and the cement proteins refers to their mature, cleaved forms.
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Table 2 | Human Adenovirus Diversity [12-14]

Primary cellular

Species Serotype Tissue tropism [15] receptor [15]
A 12, 18, 31, 61 Gastrointestinal tract CAR
3,7,11, 14, 16, 21, 34, . . :
B 35. 50, 55 Urinary tract, lung CD46; CD80/86;X
Upper/lower respirator CAR;
C 1,2,5,6,57 PP P y heparan sulfate

tract
proteoglycans

8,9, 10, 13, 15, 17, 19,
20, 22, 23, 24, 25, 26, 27,

D 28, 29, 30, 32, 33, 36, 37, Eye, Gastrointestinal tract CAR; sialic acid;
38, 39, 42, 43, 44, 45, 46, ’ CD46
47,48, 49, 51, 53, 54, 56,
58, 60, 62, 63, 64, 65, 67

E 4 Respiratory tract CAR

F 40, 41 Gastrointestinal tract CAR

G 52 Gastrointestinal tract

X refers to a yet unidentified glycoprotein

AdVs have linear, double-stranded DNA molecules ranging from 30 — 38 kbp in size
with a terminal protein (TP) covalently attached to the 5’ termini, which contains 103-
nucleotide long inverted repeats (ITRs) [16]. Here, the viral origin of replication is
embedded.

1.2. Classical adenovirus infection pathway'

* Endosome
| < | disruption

8o
Nucleus \ 4

Figure 2 | Adenovirus Infection Pathway [17]

The entry of AdV into host cells is first initiated by a high affinity binding of the virus to the primary cellular
receptor, CAR. The following internalization of the virus by receptor-mediated endocytosis is mediated via
an interaction of Arg-Gly-Asp (RGD) peptide sequences in the penton base protein with secondary host

cell integrins. After endosomal escape the virion translocates into the nucleus via nuclear pores.

1 The term ‘adenovirus’ refers to as ‘human adenovirus’, from now on, if not mentioned
explicitly.



Introduction

The classical adenovirus infection pathway can be divided into five stages, including
binding, entry, escape from endosoms, translocation and nuclear import (Fig. 2)
[18].

1.2.1. Binding

The first step in an adenoviral infection of a host cell is a high affinity interaction
between the adenovirus fiber knob and the specific cell surface receptor (Fig. 3). All
human adenovirus species, with the exception of species B, use the Coxsackie virus
and Adenovirus Receptor (CAR) (Tab. 2) [19, 20].

CAR is present on various cell types in different organs and its association with
tight junctions explains its presumable role in cell adhesion [21]. Besides CAR, several
other molecules have been described to function as adenoviral receptors, including
CD46 [22], CD80/CD86 [23], sialic acid [24] and heparan sulfate proteoglycans [25].

In addition to a high affinity binding of the fiber knob, a secondary, lower affinity
interaction takes place between the integrin binding arginine-glycine-aspartate (RGD)
domain in the adenovirus penton base and cell surface integrins including aVp3, aVp5,
aMpB2 and o581 [26-33]. In combination, both interactions lead to a cooperative,

irreversible binding of the viral capsid to the cell surface [34].

1.2.2. Entry, escape from endosome, translocation and nuclear import

After binding to the cell surface, the capsid enters the cell by a process termed
receptor-mediated endocytosis. Upon endosomal acidification the capsid undergoes
conformational changes leading to endosomal lysis and escape of the virions into the
cytoplasm [35, 36]. Following, the partially dismantled capsid is translocated along
microtubules towards the nucleopore complex [37-39]. Subsequently, further

disassembly occurs and the viral genome is transferred into the nucleus (Fig. 2) [40].

1.3. Adenoviral replication

Once having entered the nucleus of a host cell, adenoviral replication starts.
Importantly, the replication can be divided into an early (E) and late (L) phase (Fig. 4,
5). The host RNA polymerase Il complex transcribes the whole AdV genome [41]. The
only exception represent the small virus-associated (VA) RNAs | and Il that are

transcribed by the host RNA polymerase Il [42].
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Figure 3 | Human Adenovirus 5 Genome [11], [43]
A. The scheme shows all adenoviral gene products from the early E1A, E1B,E2A, E2B, E3 and E4

promoters, and the L1 — 5 promoters. B. The schematic illustration of the adenoviral genome organization
shows the complexity of the same. The early transcripts are outlined in green, the late transcripts in yellow.
The fragmentation of the arrows depicts the splice variants of the transcript. The brown circles represent

the terminal protein that is bound the 5’ end of both strands.

1.3.1. The early phase of replication

During the early phase that can take 6-8 h in a permissive cell, the early viral
transcription units (E1A, E1B, E2A, E3 and E4) become activated and lead to the
production of early proteins, which then transactivate other viral transcription units and
lead to the transcription and translation of the late genes. Besides, early viral proteins
interfere with the host cell cycle in order to provide optimal viral replication and
modulate the host’s antiviral immune response (reviewed in [11]). In more detail, each

early region encodes multiple messenger RNAs (mRNAs) that arise by differential
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splicing (Fig. 5). First the, E1A and E1B-genes are transcribed. The proteins from
these early regions regulate cellular genes and transactivate other early transcription
units [44]. Interestingly, it was reported that these early products can transform rodent
cells into an oncogenic phenotype [45]. Recently, Schreiner et al. could show for the
first time that the capsid protein VI is necessary for efficient initiation of adenoviral gene
expression by activating the E1A promoter and promoting initial expression of the E1A
transactivator. This function of VI is mediated via a conserved PPxY motif, a conserved
ubiquitin ligase interacting motif. Adenoviruses with mutated PPxY motifs showed
reduced E1A transcription and E1A protein levels, resulting in decreased replication
capacities. The authors suggest that PPxY dependent activation of the E1A promoter is
mediated by the removal of Daxx (death domain associated protein) from the promoter,
thereby leading to depression of E1A transcription [46].

Three other products generated during the early phase are essential for DNA

replication: the E2B-encoded pTP, the E2A-encoded DNA binding protein (DBP) and
the E2B-encoded viral DNA polymerase (Pol). In infected cells, pTP and Pol form
heterodimers and, together with DBP and a core origin of replication, can maintain
basal level of replication [47, 48].
The role of DBP during viral replication comprises DNA replication initiation and
elongation. Additionally, DBP may be involved in unwinding of the duplex termini due to
its ATP-independent helix-destabilizing activity [49] and it is involved in processes as
DNA recombination and virus assembly [50].

pTP serves in its mature form TP as a structural component and covalently
attached to the viral DNA termini [16] and may facilitate the circularization of the virus

genome [51].

1.3.1.1. Adenoviral VA RNAs

As mentioned above AdV expresses either one or two short non-coding RNAs called
virus-associated (VA) RNAs. VAI can be found in all adenovirus serotypes, while VAl
is only detectable in some of them. Both VA RNAs show comparable length: VAl is
157-160 nucleotides long whereas VAIl is 158-163 nucleotides long [52]. Significant
sequence diversity between VA RNAs from different species and even serotypes was
found. All VA RNAs share a conserved region in the 5’ end and near the 3’ terminus
both of which are essential for VA RNA transcription initiation and termination.
Additionally, highly conserved sequences of up to 4 nucleotides can be found
throughout the VA gene, which are probably required for the maintenance of the VA

RNA secondary structure (Fig. 6) [53, 54]. VAI and VAII are also different concerning
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their synthesis profile. While VAI synthesis starts during the early phase of infection
and rapidly accelerates during the late phase eventually resulting in a very high
numbers of VAI molecules (10% molecules/cell) [55, 56], VAIl is synthesized at high
levels in the late phase, but accumulates at lower concentrations (10" molecules/cell).
This observation can be explained by the fact that the VAI promoter is stronger than
the VAIl promoter. Indeed, similar expression levels can be obtained when both VA
RNAs are under the control of the same promoter [57].

In order to study the function of these VA RNAs, mainly adenovirus 2 (Ad2) and
adenovirus 5 (Ad5) were used as a model. Deletion of either VAl alone or both VA
RNAs in Ad2 leads to a 10-20-fold or even 60-fold decrease in viral growth,
respectively [58-61]. However, inactivation of VAl alone has only little impact on viral
growth, suggesting that VAIl has non-essential functions but can compensate in part
for the lack of VAl in VAl-mutated adenovirus [62]. Consequently, VA RNAs are
thought to fulfil some sort of silencing suppressor function by interfering with the
cellular RNA interference machinery. One indication for that theory is that VA RNAs
have a stem-loop structure similar to that of precursor-microRNAs (pre-miRNA) and are
subject to similar processing. Both, pre-miRNAs as well as VA RNAs use exportin 5
(Exp5) to enter the cytosol [63]. Specifically, VAI binding to Exp5 is very efficient and
leads to the saturation of Exp5. This saturation leads to the inhibition of the export of
cellular pre-miRNAs into the cytoplasm. The role of VAIl in Exp5 saturation remains
unclear.

In line with that VA RNAs also interfere with later steps of the RNA interference
pathway. It was also shown that VA RNAs could bind to Dicer and block its activity both
in vivo and in vitro. VA RNAs act as RNA decoys and prevent Dicer from binding to
cellular pre-miRNA substrates. Additionally, this was also described that VA RNAs
saturate the RNA-induced silencing complex (RISC) by binding to Argonaute proteins
(Ago) when present at very high amounts [64]. This interaction results in a reduced
RISC activity in vitro [57]. It is worth mentioning that Ago saturation is not due to a
direct effect of VA RNAs rather than Ago becomes saturated due to the high level of
viral-derived micro-RNAs (miRNAs) that are generated by Dicer processing of VA
RNAs. These miRNA-like processed forms are termed mivaRNAs.

Besides the interaction with components of the cellular RNA interference
machinery another interesting aspect is the question whether mivaRNAs can directly
target cellular transcripts. Recent data could show that mivaRNAs indeed inhibit the
expression of genes containing a complementary sequence [57, 65, 66]. The fact that
mivaRNAIl can associate with polyribosomes suggests a possible role of gene

expression on the translational level [67]. Genes influenced by mivaRNAs play
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important roles in cell signaling, cell growth or apoptosis, DNA transcription or repair
and finally in RNA metabolism [68].

1.3.2. The late phase of the infection cycle

Compared to the early phase of the infection cycle, the late phase then is much more
rapid, i.e., lasts for 4-6 h [11]. The synthesis of viral DNA results in the activation of the
intermediate phase genes coding for plX (stabilizes the viral capsid [69]) and Va2
(attached to the virus DNA and involved in packaging of the DNA into the viral capsid
[70-73]), the E2 late promoter and the major late promoter (MLP). MLP activity results
in the transcription of nearly all late genes encoded on the regions L1-L5 (Fig. 4, 5).
Comparable to early mRNAs, late mRNAs also originate from long primary transcripts
that are processed into the mature transcripts by alternative polyadenylation and
alternative splicing [74] (Fig. 5).

Late genes encode core proteins (pV, pVIl, protease and u), structural proteins
(hexon, penton base, fiber, pllla, pVI and pVIll), and proteins required for
encapsulation and maturation of infectious viral particles (pVI) (reviewed in [75]).

A cellular factor, whose titration is depend on virus replication, is involved in the
regulation of MLP-specific transcription [76]. In order to prevent unscheduled MLP
activation this factor blocks the synthesis of the MLP inducer protein Va2 via binding to
the IVa2 gene promoter of incoming adenoviral genomes [77].

The assembly of the virion takes place in the nucleus of the host cell and about 3
days after infection, virus progeny is released by cell lysis which is triggered by the
adenoviral death protein [78]. The virus protease plays a crucial role during the
maturation of the viral capsid by cleaving several capsid precursor proteins into their

mature and functionally active forms [79].

1.4. Adenovirus and the immune system — persistence and latency

Adenoviral infections induce predominately cellular immunity mediated by natural killer
cells (NKs) and monocytes. This leads to an interleukin-1 (IL-1), IL-6 and tumor
necrosis factor (TNF) cytokine release as has been shown in the murine pneumonia
model [80]. Higher levels of these cytokines in human sera are directly linked to more
severe infections [81]. Additionally, antigen-specific T-cells, mainly CD4" but, to a lower
extend, also CD8" are generated upon adenoviral infections [82]. High cross-reactivity

in their T-cell response can be observed among different serotypes [83].
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Adenoviruses produce proteins whose only functions are linked to the
maintenance of the virus in a persistent state. Especially, DNA of Ad1, Ad2 and Ad5 of
species C can be detected in tonsils and adenoids of children. Here they persist for
years through low-grade replication mainly in T-lymphocytes [85].

Either due to immune elimination or to depletion of latent stores, detectable
adenoviral DNA decreases with higher age. Interestingly, in peripheral blood of healthy
individuals adenovirus DNA is absent or present at very low levels (1.7%) [86].)

It is known that E3-19K plays a dominant role in maintaining adenovirus in a latent
status and to protect it from immune responses. This particular protein prevents the
transport of class | major histocompatibility complex (MHC I) molecules loaded with

antigens to the cell surface. Thus, E3-

Cell membrane E{’-/ 19K blocks  adenoviral  antigen
)
N presentation and activation of specific
Cytosol Golgi cytotoxic T-cells [87]. On the one hand,
\ E3-19K fulfills its functions through
Endoplasmic reticulum W’E'%re
\ (8 ciass1  binding to the MHC class | heavy chain
Immat
Mrlqr(:;%l%rsesl G \ A M I’[l that leads to the retention of MHC class |
e :
J‘E\L — l[tfl e l}rt — M in the endoplasmic reticulum [88, 89]. On
(0 TAP{%\TAPZ the other hand, E3-19K prevents tapasin-
, OQT ° mediated peptide loading onto MHC
ﬁ'ﬁ.@! IR class | molecules (Fig. 7) [90, 91].
Proteasome
Intracellular
protein

Figure 6 | Interference of E3-19K with Antigen Presentation ([92]

Red lines indicate the steps where AdV protein E3-19K interferes with MHC class | antigen processing and
presentation. First, the binding of MHC class | — antigen complex to the TAP complex is inhibited. Second,
the MHC class | — antigen complex retrains in the endoplasmic reticulum, no antigen presentation on the

cell surface can occur.

1.5. Adenoviral infections and clinical manifestations

1.5.1. Immunocompetent individuals

Infections with human adenovirus are common, have a worldwide distribution, and
occur throughout the year. These infections are frequent during childhood and remain,
in most cases, unnoticed and without symptoms in immunocompetent individuals [93].
However, in young children, adenoviruses can cause viral gastroenteritis, and are
responsible for ~5% of the acute respiratory illnesses and 10% of febrile illnesses [94].

Remarkably, military recruits are also particularly vulnerable to acute respiratory
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disease (ARD) due to close living conditions and physical and hygienic challenges.
Here, ARD, mainly caused by Ad4 and Ad7, is resulting in high morbidity and
occasional mortality (reviewed in [95]).

Adenoviruses can also be the cause of ocular infections. While follicular

conjunctivitis or pharyngeal conjunctival fever are relatively mild, epidemic

keratoconjunctivitis (EKC) is a highly contagious and more serious disease. These

infections, mainly caused by Ad8, Ad19 or Ad37, can harm the cornea and conjunctiva,

with potential long-term consequences on visual acuity [96].

1.5.2. Immunocompromised patients

Table 3 | Adenovirus Infections in the Inmunocompromised host [93]

% Adenovirus

% Adenovirus

Study authors (yr if2eifem (. @i GIEEESD (0. G :/eola/?tiznr?l\(/)i:tuasli_t Iygsi?n%fns ositive Species or
of u{)lication) g eetlatenlipeiicd) CEIENEMEAMEERE  SymlemEle (no. of deaths/rzlo ft?r adenovilﬁls sé)rot e(s)
P patients/total no. of patients/no. of & iﬁfected atien'ts) (methods) yp
patients) infected patients) P

) U, S, TH, BS
Shields et al. P 1,2,5,7,
(1985) (67) BMT (1976-1982) 5 (51/1,051) 20 (10/51) 10 (5/51) aci:tlggaet,hdogy) 17,34 35
Wasserman et BMT (allo and auto), 1,2,3,4,
al. (1988) [98] C, TBI (1979-1986) ({7 N B (iAm) (culture) 11,12, 15
Ljungman et al. TH (culture, IIF,
(1989) [09] BMT (1987) 6 (5/78) ND 20 (1/5) histopathology) 34
21 (42/201); A, 14
Flomenberg et BMT (allo and auto), ; S,TH,U,B 1,2,4,5,
al. (1994)[100]  TCD, TBI (1987-1990) E;gﬁ;gf* C. 31 il (@) il (@) (culture) 29,35
Blanke et al. BMT (allo), TCD UL S TH
(1995) [101] (1990-1969) 14 (10/74) 10 (1/10) 50 (5/10) (culture) 1,11, 12
Hale et al. BMT (auto and allo), U, TH, S, L, B, LI
(1999) [102] C, TBI (1990-1994) ?2(1(2:2/2?2)‘ e 46 (6/13) 50 (7/13) Gy 5,7, 11
Howard et al. HSCT (allo and auto), RPN e >
¢ (35/405); C, 23 64 (41/64) 17 (11/64) BR, NP (culture, ND
(1999) [103] TCD, TBI (1986-1997)  (50,157) histopathology)
Venard et al. BMT (allo and auto), U, S, TH, BAL, CO,
(2000) [104] C,TCD (1995-1996) 20 (13/65) 61(8/13) 70 (9/13) SA (culture) 29
Hoffman et al. U, TH, CSF, BND
LTS I A — o T
ordigoni et al. allo), y 9y , U 1,4£,9,9,0,
gor?” [1-06]t | EJS?;ST :g|?9))(1935 12 (35/303) 60 (21/35) 68 (15/22) EqumeéslAl): | ?12 .
chavarria et al. allo, - ) ) culture), y 4y 9,
|(_20(F)<1) Lot I éi/?‘?)HSCT Agall . By o Eerrllerl: (g cB':i\)l. BM 12731
a Rosa et al. s allo s ) S, s ,
(2001) [108] and auto) (1990-199g)  © (85/2889) G (a1k) 2 (k) CO (culture) D
) BMT, other B, BM, NP, BAL, U,
:f“(“;)@()'"ﬁgé] immunocompromised 18 (8/44) ND 25 (218) BS (IF, culture, 2,5,6,12
i A, C (2002) RT-PCR)
B, S (culture, PCR
Kampmann et al. HSCT C(allo), TCD . g ?
(2005) [110] (1999.2002) 41 (63/155) ND 19 (5/26) EM, A.B,C
histopathology)
van Tol et al. HSCT C(allo) (1985- S,U,B, TH
(2005) [111] 1999) 11 (37/328) 46 (17/37) 19 (7/37) (Culture, PCR) ND
I EliEl HSCT C (2001-2004) 32 (57/177) 75 (43/57) 2 (1/57) PBMC (RT-PCR) ND
(2008) [112] a5
Kroes et al 711,21,
oes et a. HSCT C (2001-2004) 40 (33/83) 29 (8/28) 30 (10-33) S, U, TH (culture) 31(36%
(2007) [113] multiple
infection)
Kalpoe et al. HSCTAand C (2001- A, 5(5/107);C, 14 A, 20 (1/5); C, 50 A, 20 (1/5); C, 38 y
(2007) [114] 2005) (8/58) @8) ) B RIHFER) N

A, adults; allo, allogeneic; auto, autologous; B, blood; BAL, bronchoalveolar lavage; BM, bone marrow; BMT, bone marrow transplantation; BR, brain; BS,
biopsy specimens; C, children; CO, conjunctiva; CSF, cerebrospinal fluid; EM, electron microscopy; HSCT, hematopoietic stem cell transplantation; IIF,
indirect immunofluorescence; L, lung; LI, liver; NP, nasopharynx; ND, not determined/done; PBMC, peripheral blood mononuclear cells; RT-PCR, real-time

PCR; S, stool; SA, saliva; TBI, total body irradiation; TCD, T-cell depletion; TH, throat; U, urine.
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1.5.2.1. Adenoviruses in congenital immunodeficiency

In general, congenital immunodeficiency disorders are characterized by abnormalities
in the development and maturation of cells of the immune system. Thus, patients
suffering from congenital immunodeficiency disorders show an increased susceptibility
to any kind of infection. A wide variety of different congenital immunodeficiencies was
described so far [115]. In several illnesses linked to this kind of immune system
disorder adenoviral infections causing severe outcomes were described, sometimes in
the combination with secondary infections. The clinical manifestations are reaching
from respiratory infections, infections of the lungs, liver or kidneys, pneumonia,
bronchiolitis, hepatitis, or gastroenteritis, disseminated disease, and sometimes death.
These kinds of diseases are related to the human adenovirus serotypes 1, 2, 3, 5, 7,
11, 31, 34, 35, and 41. Due to the lack of data the fatality rate of adenoviral infections
in such patients could be suspected to be as high as 55%. [116-121].

1.5.2.2. Adenovirus in solid organ transplant recipients

Adenoviral infections can cause severe problems in solid organ transplant recipients
mainly related to the transplanted organ. Diseases described in transplanted patients
include pneumonia, hepatitis, nephritis, hemorrhagic cystitis, enteritis and disseminated
disease [122]. For pediatric liver transplant recipients an incidence of infection ranges
from 4 to 10%, with mortality rates up to 53% [82]. Adenoviral infections in such
patients are usually caused by serotypes 1, 2 and 5 of adenovirus species C.

Besides, serotypes 7, 11, 34, and 35 from species B are the main cause of acute
hemorrhagic cystitis and pneumonia in renal transplant recipients. The fatality rate for
those infections is about 17%

An accurate monitoring of adenoviral infections and spread is essential in solid
organ transplant recipients to overcome fatal outcomes like the above-mentioned

diseases or graft loss [123].

1.5.2.3. Adenovirus in AIDS patients

Acquired immunodeficiency syndrome (AIDS) patients are also highly vulnerable to
adenovirus infections with fatal outcomes. llinesses described in adenovirus positive
AIDS patients include pneumonia, hepatitis, meningoencephalitis, nephritis, and
gastrointestinal and disseminated disease [124, 125]. Mostly, adenoviruses from
species D could be detected in AIDS patients [126].
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1.5.2.4. Adenovirus in acquired immunodeficiency —
BMT and HSCT recipients

The frequency of adenoviral infections in either bone marrow transplant (BMT) or
hematopoietic stem cell transplant (HSCT) recipients has increased in the last years.
That might be due to enhanced awareness of these infections, improved methods for
detection and aggressiveness of conditioning regimens [100, 127]. Depending on
patient age, conditioning regimens, type of diagnostic method and its sensitivity, clinical
sample analyzed, lack of strict criteria for defining infection and disease, the rate of
adenovirus infection varies from 5 to 47% (Tab. 3).

Risk factors for adenoviral infections include (i) younger age (pediatric recipients
are 2 to 3.5 times more likely than adults to become infected) [100, 103, 128], (ii)
receiving a transplant from a matched unrelated or mismatched donor [102, 103, 108,
128-133], (iii) total body irritation [102], (iv) presence of adenovirus antibody in the
donor [133], (v) T-cell depletion, (vi) use of the anti-viral drug Campath in vivo (50-100
mgq) or anti-thymocyte globulin in vivo and ex vivo [129, 130, 132], and low T-cell count
after transplantation [111]. It is worth mentioning that in the tonsils of children of less
than 9 years old larger amounts of adenovirus DNA from species C were detected
compared to older children [85]. It is likely that younger children are more susceptible
to adenoviral infection because of experiencing primary infections or reactivation [93].

Risk factors for adenoviral disease can be (i) immunosuppressive therapy [108,
129, 130], (ii) moderate-to-severe graft-versus-host disease [100, 108, 133], (iii) the
number of sites where adenovirus can be detected [100, 103], (iv) detection of
adenovirus in the peripheral blood and rising viral load in peripheral blood [129, 130,
132], (v) detection of rising viral load in stool [134], (vi) and lymphocytopenia. In the
latest case, severe lymphocytopenia (<300 cells'/mm®) is an indicator for the
progression to disseminated disease, which often results in fatal outcomes [130].

The clinical manifestations in such patients range from upper or lower respiratory
disease (interstitial pneumonitis), hepatitis, hemorrhagic cystitis [135] or nephritis to
gastrointestinal disease including hemorrhagic colitis [98, 136]. The most common
manifestation described is diarrhea [137]. In the worst case, the patients develop
disseminated disease with mortality rates up to 80% [103].

Usually, adenovirus in BMT or HSCT patients can be detected within 100 days
post-transplant with means ranging from 58 — 333 days. Some patients also show

prolonged viral excretion [82].
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1.5.3. Prevention and treatment options of adenoviral infections

1.5.3.1. Pharmacological treatment

So far, there is no specific treatment for adenoviral infections. It has been reported that
some antiviral drugs could also clear adenoviral infections to some extend. Such
antivirals include ganciclovir (GCV), vidarabine, ribavirin and cidofovir (Fig. 8) [105,
106, 138]. Both, ribavirin as well as cidofovir, were used in clinical studies treating
immunocompromised patients with limited success [103, 138]. Importantly, the
efficiency of an antiviral drug is closely related to early treatment and serotypes
involved. For example, one study could show that only serotypes of species C were
sensitive to ribavirin treatment in vitro [139].

A major issue about the existing studies is the lack of data concerning immune
system recovery. Since it is thought that clearance of an adenoviral infection is very
often more likely due to an efficient immune system recovery than to an antiviral effect
of the administered drugs [111, 140]. Indeed, Heemskerk et al. could show that in
patients with adenoviral infections the decrease of virus titer went hand in hand with
the onset of humoral immune response, as titers of serotype-specific antibodies
increased 8- to 16-fold [140].
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Figure 7 | Antiviral drugs used for Adenovirus Treatment [141]

Chemical structures of the antiviral agents cidofovir, ganciclovir, vidarabine and ribavirin.

1.5.3.2. Gene-directed enzyme prodrug therapy

Besides adenoviruses, cytomegaloviruses (CMV) (members of the herpes virus group)
represent a major threat to immunocompromised patients. In contrast to the
unsatisfactory efficiency of antiviral drugs like GCV in the context of adenovirus
treatment, GCV is much more effective in controlling CMV infections. That is due to the
fact, that prodrugs like GCV, aciclovir, brivudin and derivates [142-145] are much more
efficiently phosphorylated in to their active forms by herpes virus-encoded thymidine
kinases (TKs) compared to cellular TKs [146]. This kind of mechanism can be used for

an antiviral approach known as gene-directed enzyme prodrug therapy.
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This approach is mainly used for the targeted killing of cancer cells by introducing a
gene like the herpes simplex virus thymidine kinase (HSV-TK) into a cancer cell to
make it susceptible for later treatment with a prodrug such as GCV. In the case of the
HSV-TK — GCV system, HSV-TK leads to the metabolization of GCV into a
monophosphorylated form that is further phosphorylated by cellular kinases into the
toxic triphosphate form (GCV-ppp) (reviewed in [147]). Upon incorporation of GCV-ppp
instead of natural deoxynucleoside triphosphates, like desoxyguanosintriphosphat
(dGTP) (in the case of GCV) into the DNA of a replicating cell (or virus), DNA
replication is blocked by premature strand termination, subsequently leading to cell
death [148, 149].

Since it was already shown that adenovirus DNA replication is in principle a
potential target for gene-directed enzyme prodrug therapy using the HSV-TK - GCV
system [150, 151].

1.5.3.3. Preemptive adenovirus treatment

A very important aspect of adenoviral therapy represents the preemptive branch of
treatment options. The permanent monitoring of adenovirus load and spread in risk
patients could be a possibility to avoid fatal outcomes of such infections. One study
could show that disseminated adenovirus disease was preceded by a period of
asymptomatic viremia [132]. There was indeed already success in resolving adenoviral
infections in asymptomatic patients by preemptive treatment with cidofovir [152] and an
algorithm for adenovirus surveillance and preemptive therapy has been developed: on
the first detection of an adenovirus isolate in a surveillance sample from urine, stool, or
the throat, immunosuppression should be reduced. Preemptive antiviral therapy should
be initiated if adenovirus-positive samples are obtained by PCR for blood, the patient
has severe lymphocytopenia, or immunosuppression cannot be reduced or withdrawn
[153].

1.5.3.4. T-cell therapy for adenovirus

Due to the fact that adenoviral complications in transplant recipients are mainly caused
by inefficient recovery of virus-specific cellular immune responses, reconstitution of the
host with in vitro generated and expanded virus-specific cytotoxic T-lymphocytes
(CTLs) is a promising approach to prevent and treat adenoviral infections and
associated disease. However, to successfully design such treatment methods a clear
understanding of the effector processes that control viral infections and the

mechanisms viruses use to evade such responses is required [13]. So far, several
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studies could show effective prevention and treatment of diseases associated with
CMV and Epstein-Barr virus (EBV) [154-159]. The efficiency of such a treatment is
mainly based on the understanding of adenovirus T-cell immunity. Unfortunately little is
know about immunodominant T-cell antigens [84, 160-163]. One CD4" T-cell epitope
has been mapped [84] and recent data indicate that the immediate early proteins E1A
[164-166] and E2A [167, 168] are strong targets for specific T-cells. Since most of the
data are based on experiments carried out in mice one has to be careful about the
results. As adenovirus is a species-specific virus that is not or only to a low extend
replicating or causing disease in mice, more investigation has to be done in appropriate
model organisms.

Although it will be a long way until specific T-cell therapy will be the treatment of
choice to overcome adenoviral infections in immunocompromised patients, there is a
report providing proof of principle for this treatment approach: a 19-year-old man
underwent a T-cell depleted 6/6 human leukocyte antigen (HLA)-matched related
donor HSCT for T-cell lymphoblastic lymphoma. On day +42 post-transplantation, he
developed hemorrhagic cystitis secondary to adenovirus infection. Since treatment with
foscarnet was ineffective the patient was given a donor lymphocyte infusion (DLI) (10°
CD3 cells/kg) on day +61. After 5 weeks, the patient’'s haematuria cleared, and urine

adenovirus cultures were negative by day +94 [169].

1.5.4. Adenovirus infection and animal models
In order to fully understand and treat adenoviral infections it is essential to develop
appropriate animal models. So far, a number of rabbit and rodent models has been
established. Mice and cotton rats are susceptible for intranasal inoculation with human
adenovirus species B and C, resulting in pneumonia comparable to human disease
[80, 170, 171]. Since replication of human adenovirus in these animal models is
restricted to the synthesis of early proteins, better animal models have to be
established for future investigations about anti-adenoviral therapeutics. For example,
the efficiency of the 2’,3’-dideoxynucleoside analogue ddC was confirmed in one AdV
mouse pneumonia model [172].

For ocular adenoviral infections models were established in cotton rats and New
Zealand rabbits [173-175].

Another promising animal model for studying adenoviral infections comprises the
Syrian hamster. As described for the first time in 1968, adenovirus serotype 12 is able
to replicate in the Nil-2 Syrian hamster cell line, and this model has been characterized

in more detail during the last years [176].
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1.6. Adenovirus-based vectors
Only a few years after the discovery of human adenoviruses the first treatment of acute
respiratory disease caused by adenoviruses in military personal in the United States
took place. For this purpose, formalin-inactivated HAdv-4 and HAdV-7 were used as
vaccines to block ARD [2, 3]. Unfortunately, vaccination to prevent ARD was
discontinued due to the discovery of simian virus 40 (SV40) in the vaccine stocks that
were produced in monkey kidney cells. All attempts to eliminate these contaminations
failed because the insidious SV40 and/or respective antigens originated from hybrid
viruses carrying SV40 and hAdV DNA [177-179]. Interestingly, only the selection for
these hybrid viruses allowed the production of the vaccine material in the first place
since the SV40 large T antigen (T-Ag) releases the translational block of late HAdV
transcripts in simian cells [180]. Besides, two types of HAdV-SV40 hybrid viral
genomes could be identified: (i) the non-defective type (helper-independent) that
contained small portions of SV40 DNA in regions that did not disrupt essential HAdV
genes and (ii) the defective type (helper-dependent) that had insertions of large SV40
DNA segments or even several tandem copies of the SV40 DNA substituting genes
needed for HAdV replication [181]. Further analysis of these different kinds of hybrid
viruses and their functions formed the basis for subsequent development of HAdV-
based vectors because it showed that (i) small foreign DNA segments could be
inserted into HAdV genomes and be packaged into HAdV capsids without disrupting
viral viability, setting the stage for the generation of helper-independent HAdV vectors,
(i) heterologous DNA could substitute large regions of the HAdV genome and be
propagated in the presence of a trans-complementing helping provided that key HAdV
cis-acting sequences remained intact establishing the conceptual framework for helper-
dependent or high-capacity HAdV vectors and (iii) HAdVs could be used to ectopically
express genes, such as T-Ag and to study their products [182, 183].

Nowadays, a broad range of different HAdV-based vectors is used for diverse
properties. The most prominent adenoviral vectors are either deleted in early region 1,

or in multiple early regions (reviewed in [11, 184]).

1.6.1. Applications of adenovirus vectors

The use of adenovirus vectors to deliver and express genes at high yields, especially in
vitro, is very common and works very efficiently. Nevertheless, the use of such vectors
in vivo is more challenging, most of all, because of the elimination of the vectors
through the immune system. On the other hand, induction of a vigorous immune

response can even be beneficial for cancer therapy approaches. In line with a better
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understanding of the molecular and immunological factors that operate in vivo, great

improvements have been made over the last few years in the construction of more

effective vectors (reviewed in [11]).

1.6.1.1.

Adenovirus vectors and cancer treatment

A lot of work is done on adenoviral vector development to use them for cancer

treatment. The therapies, so far, can be divided into three groups. (i) tumor

suppressors, (ii) oncolytic and sensitizing drug therapy and (iii) vaccines:

(i)

(ii)

Tumor suppressors. Above all, mutations in the tumor suppressor gene
p53 that lead to loss of function are a predominant cause of cancer
development. Thus, many adenovirus vectors have been constructed for the
expression of wild-type p53 to induce apoptosis in tumor cells [185]. So far,
these vectors showed high efficiency in animal models with anaplastic
thyroid cancer [186], human malignant gliomas [187, 188] and breast
cancer [189]. A lot of work is done to use this approach for the treatment of
lung, head, neck and liver cancers. One major issue of this approach is the

directed and efficient targeting of the vectors used.

Oncolytic and sensitizing drug therapy. In 1996, Bischoff et al. could
show for the first time that an adenovirus that had a mutation in E1B-55k
replicated selectively in p53-defective tumor cells [190]. Thus, this virus
could function as an oncolytic virus. This finding resulted in the commercial
development of the mutant Onyx-015 that is used in the treatment of some
tumors [191], also in the combination with standard chemotherapy [192].

Another treatment method for the selective elimination of tumor cells is
to deliver a prodrug enzyme via a vector into target cells. That is combined
with the administration of a non-toxic drug that is converted into a cytotoxic
agent by the prodrug enzyme [193]. A very prominent example for such an
approach is the use of HSV-TK to convert the prodrug ganciclovir into its
phosphorylated and activated form leading to termination of DNA synthesis
[194].

The success of these systems is mostly dependent on the efficiency in
specific targeting. This can be achieved by the use of tissue-specific
promoters incorporated into the vectors [195]. Intensive investigation is

done in that field to improve the effect of such vector-based treatment
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(iif)

methods. It is worth mentioning here that in contrast to most other
approaches that employ adenovirus vectors, the retention of E1A genes is
of great advantage, because of their ability to promote p53 transcription and
to enhance the sensitivity of tumor cells to cytotoxic agents [196-198] and to

radiation therapies [199].

Vaccines. A quite promising approach in tumor therapy is to boost the host
anti-tumor cell immunity that can be achieved by using vectors expressing
immunomodulatory genes and/or tumor-specific antigens. Although a
variety of different approaches result in tumor regression in animal models,
problems appeared such as high toxicity when overexpressing cytokines
such as IL-2 occurred. This was due to the immune response to the vectors
and prevented longer-term anti-tumor responses [200].

An additional strategy is to use the ability of dendritic cells to express
antigens: dendritic cells can be isolated from a patient and infected with
adenoviral vectors expressing specific tumor antigens. These modulated
dendritic cells can be readministrated to the patient in combination with

standard therapies [193].
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Recent applications of adenoviral vectors comprise a variety of different diseases and

autoimmune disorders as shown in Tab. 4.

Table 4 | Recent Adenovirus Vector Applications [11]

Site/disease Transgene(s)
Tumors
Prostate p16
PKC
Cytolytic virus
Fas ligand
Colon GM-CSFIL-2
CD suicide gene
APC
Lymphotactinsuicide
Cervix p21
Papillomavirus p21
Ovary Stomatostatin receptor
Cytolytic viruslIL-6
Endometrium p53p21
Gliomas Caspase-3Fas ligand
Carcinoembryonic antigen-producing cancer HSV-tk
Other conditions
Autoimmune diabetes Adenovirus E3
Glycogen storage disease | Glucosidase
CNS conditions (via astrocytes)
Factor VIII deficiency Factor VIII
OTC deficiency oTC
Liver graft Bcl-2
Leishmania infection IL-12
Tay—Sachs disease Hexosaminidases
Motor neurone disease Neurotrophic factor

APC, Adenomatous polyposis coli; GM—-CSF, granulocyte—macrophage colony-stimulating factor; PKC, protein
kinase C.

Although all these approaches seem to be very promising in treating different disease a
lot of severe problems became obvious. First of all, the site-directed administration of
adenoviral vectors, high enough expression levels, and the persistence of the
transgene are quite challenging. Additionally, abolishment of the vectors by the host’s
immune system represents a major issue [201]. In contrast, the immune system is not
only problematic for the persistence of the vectors, but it was also reported that
adenoviral vectors could activate innate immunity with fatal outcomes [202, 203]. In
1999, a patient carrying a defect in the ornithine transcarbamylase (OTC) pathway died
after adenovirus vector therapy due to developing a massive activation of innate
immunity followed by systematic inflammation [204]. A possibility to overcome or at
least reduce immunogenicity is the use of gutless vectors [205].

(Another very important considerations when using adenoviral vectors are the

costs of scaling up, purification and production of these vectors [11].)
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It becomes clear that investigations have to continue for a better understanding of the
complexity of the interaction between adenoviral vectors and the host response.
Nevertheless, adenoviral vectors comprise a very promising tool to improve alternative

treatment methods for a variety of different diseases (reviewed in [11]).
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2. RNA INTERFERENCE

2.1.The mechanism of RNA interference in mammalian cells

In 1998, Mello and Fire discovered a completely new way of gene regulation in
Caenorhabitis elegans, namely the mechanism of RNA interference (RNAI) [206]. Soon
after that, it could be shown that a similar regulatory pathway that is driven by either
exogenous small interfering RNAs (siRNAs) [207] or endogenous microRNAs exits in
mammalian cells. In contrast to siRNAs, miRNAs derive from imperfectly paired hairpin
RNA structures encoded in the genome [208]. The RNAIi pathway can result in direct
sequence-specific cleavage of perfectly complementary mRNAs or in translational
repression and transcript degradation for imperfectly complementary targets.
Additionally, RNAi pathways can lead to direct transcriptional gene silencing (TGS) in
the nucleus [209, 210].

2.1.1. The small interfering RNA pathway

2.1.1.1. Exogenous siRNAs

Exogenous siRNAs are double stranded RNAs (guide/antisense strand +
passenger/sense strand) of ~21-25 nucleotides (nt) in length [207] and show perfect or
near-perfect sequence complementarity of the guide strand to their target mRNA.
siRNAs mediate transcript cleavage and degradation in a process known as post-
transcriptional gene silencing (PTGS) [211]. This pathway is known to exist in
nematodes, insects and plants as innate immune response against viruses. Here, viral
double-stranded RNA (dsRNA) molecules are processed by the RNase Il enzyme
Dicer into siRNAs that drive an RNAI response. Although the mechanism of Dicer-
dependent siRNA processing is similar in mammalian cells, it remains unclear, whether
mammalian cells use RNAi as defense mechanisms against antigens as well [212].

After the siRNA is processed by Dicer it contains 2 nt overhangs at the 3’ ends and
phosphate groups at the 5’ ends [208, 214]. Important to mention here, Dicer can use
linear dsRNA as well as hairpin-RNA substrates [215].
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Following, the siRNA is incorporated into the RNA-induced silencing complex (RISC)
[216]. Within RISC the cleavage of the target mMRNA is mediated by the endonuclease
Argonaute 2 (AGO2) [217]. It is thought that AGO2 is also responsible for RISC

activation via cleaving the passenger or sense strand of the double-stranded siRNA

[218, 219], generating the single-stranded guide or antisense strand that guides RISC
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mRNA cleavage

Dicer processing/
RISC loading

RISC activation

to complementary sequences in target
mMmRNAs. Inside RISC, the guide strand is
bound within the catalytic, RNase H-like
PIWI domain of AGO2 at the 5end [220]
and a PIWI-Argonaute-Zwille (PAZ) domain
that recognizes the siRNA 3’end [221]. The
subsequent cleavage of the target mRNA
occurs between bases 10 and 11 relative to
the 5 end of the siRNA guide strand [222].
Further on, the cleaved mRNA is degraded
by cellular exonucleases [223]. Besides,
guide-strand activated RISC can undergo
multiple rounds of mRNA cleavage
mediating a robust PTGS response against
the target gene (Fig. 11) [224].

Figure 8 | Mechanism of siRNA-mediated RNA interference in mammalian cells [213]

Exogenous siRNAs in the cytoplasm of a mammalian cell (here depicted as double-stranded (ds) RNA)

are processed by a complex consisting of Dicer, TAR RNA-binding protein (TRBP) and protein activator of

protein kinase PKR (PAKT) and further on loaded into Arognaute 2 (AGOZ2) which is a component of the

RNA-induced silencing complex (RISC). Upon passenger strand cleavage the guide strand is directed to

its target MRNA subsequently leading to the cleavage of the same.
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2.1.1.2. Endogenous siRNAs

Besides the exogenous siRNAs described above, endogenous siRNAs have been

discovered in various different organisms and can be further categorized in at least four

classes:

(i)

(ii)

(iif)

(iv)

trans-acting siRNAs (tasiRNAs) — small ~21 nucleotides long RNAs in
plants; in Arabidopsis thaliana (A. thaliana), this small RNAs use
components of the miRNA machinery to cleave their targets in frans [225,
226]

repeat-associated siRNAs (rasiRNAs) — match sense and antisense
sequence;

involved in transcriptional gene silencing in Schizosaccharomyces pombe
and A. thalina [227-230]

small-scan (scn)RNAs — ~28 nucleotides long; found in Tetrahymena
thermophila and might be involved in scanning DNA sequences in order to
induce genome rearrangements [231]

Piwi-interacting (pi)RNAs — ~26-31 nucleotides long and might be
important for mammalian gametogenesis [232-236]; bind to MILI and MIWI
proteins, a subgroup of Argonaute proteins that belong to the Piwi family;

are essential for spermatogenesis in mice [237]
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2.1.2. The microRNA pathway
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Unlike siRNAs, miRNAs are endogenous RNAs that are
involved in the regulation of gene expression regulation
during cell development and differentiation [238].
miRNA genes are located in intergenic regions and
introns, and in defined transcription units in both the
sense and antisense orientations (26-28). miRNAs are
usually transcribed by RNA polymerase Il (Pol Il) in the
nucleus as long primary transcripts (pri-miRNAs)
wherein the miRNA-encoding portions form imperfect
stem-loop hairpin structures [239]. However, RNA
polymerase lll can also transcribe miRNA genes [240].
First, a nuclear protein complex called ‘microprocessor’
cleaves the hairpin loop.

This protein complex consists of the RNase Il
enzyme Drosha, the double-stranded RNA-binding
protein of diGeorge syndrome critical region 8 gene
(DGCRS8), and a number of other proteins. Processing
of the pri-miRNAs results in ~70 nucleotides long stem-
loop structures known as precursor miRNAs (pre-
miRNAs) [241].

Figure 9 | Mechanism of miRNA-mediated post-translational gene silencing [213]

Endogenously encoded miRNAs are mainly transcribed by RNA polymerase Il (Pol IlI). A complex

consisting of Drosha and diGeorge syndrome critical region 8 gene (DGCR8) processes the long primary-

(pri)-miRNA resulting in the precursor-(pre)-miRNA. Further on, the pre-miRNA is translocated from the

nucleus into the cytoplasm in an exportin 5-dependent manner. In the cytoplasm the pre-miRNA is

processed into its mature form, the mature miRNA, by a Dicer — TAR RNA-binding protein (TRBP) —

protein activator of protein kinase PKR (PACT) complex. Subsequently, the miRNA is incorporated into the

RNA-induced silencing complex (RISC). Dependent on the grade of complementarity of the miRNA to its

target mRNA, miRNA binding can lead to translational repression (no perfect complementarity) or to

mRNA degradation in the P-bodies (perfect complementarity).
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In the next step, the dsRNA-binding protein complex exportin 5 — RanGTP transports
the pre-miRNA into the cytoplasm [242, 243] where it is processed by a protein
complex containing Dicer and its dsRNA-binding protein partners, HIV-1 TAR RNA-
binding protein (TRBP) [244] and protein activator of protein kinase PKR (PACT) [245],
into the 22 nucleotides long mature miRNA. Eventually, it is loaded into RISC [246].
During the loading into RISC no cleavage of the passenger strand occurs. Instead, the
passenger strand gets unwound and discarded. Sequence differences between the
mature miRNA and its passenger strand prevent AGO2 mediated cleavage of the
passenger strand [246].

Mature miRNAs have only partial sequence complementarity to the 3’ untranslated
regions (3’ UTRs) of their target mMRNAs [247, 248]. In contrast, the seed region of the
mMiRNA (the first 2-7 or 2-8 nucleotides from the 5’ end of the mature miRNA) must be
perfectly complementary to the target sequence [249]. miRNAs induce translational
repression, which often leads to mRNA degradation that takes place in cytoplasmic
compartments known as processing bodies (P-bodies) [250]. In contrast, a miRNA that
shares perfect complementarity to its target mRNA mediates RISC-dependent
cleavage of the same (Fig. 12) [251]. Studying the interactions of miRNAs with their
targets revealed different mechanisms of miRNA actions: (i) miRNAs could be found in
the polyribosome fraction indicating a role in decreasing productive extensions of the
polypeptide chain after initiation of translation [252, 253], (ii) miRNAs interfere with the
recognition of the 5’ cap of the mRNA to prevent translation initiation, (iii)) miRNAs also
destabilize mRNA via deadenylation of the poly-A tail and (iv) recruit the ribosome-
inhibitory protein elF6 [254-257]. A recent study could also show that under some
distinct conditions, such as cell cycle arrest, miRNAs can also upregulate the
translation of a target RNA [258].

2.1.3. microRNAs and disease

An immense number of studies revealed the very important role of miRNAs occurring
in various kinds of human tissues and cells. Their presence is required for stem cell
functions, germline development, in skeletal and cardiac muscle development and
function, during hematopoiesis and immunity, and for a fully functional nervous system
(reviewed in [259]).

Above all, modified miRNA functions seem to play important roles in cancer
development. To mention one example, it was reported that miRNAs can indeed act as
oncogenes by contributing to the transformed phenotype when expressed at elevated

levels. miR-21 is one such miRNA that is overexpressed in glioblastoma multiforme,
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cervical cancer, breast cancer, and many other solid tumors [260-262]. Increased
expression of miR-21 contributes to decreased apoptosis in malignant cells [261].
Other miRNAs were reported to be involved in B-cell lymphomas, nasal-type NK/T-cell
lymphoma, and in solid tumors (miR17-92) [263].

Apart from cancer development, miRNA functions are also connected to (i) heart
diseases and (ii) infectious diseases.

(i) miR-195 was found to cause frank cardiac hypertrophy in a mouse heart.
miR-208 is involved in cardiac hypertrophy and upregulation of beta-myosin
heavy chain that occurs in response to increased cardiac afterload.
Additionally, miR-208 is required for the cardiac upregulation of beta-myosin
heavy chain that occurs in the absence of normal thyroid hormone signaling
[265, 266].

(i) It was known for a long time that viruses express short non-coding
transcripts from their genomes. It seems that these short viral RNAs
interfere with the host cell RNAi machinery in order to subvert or make use
of the same. As mentioned above, adenoviruses express two short RNAs,
VA-RNAs that are thought to interfere with the cellular RNAi pathway in
order to fulfill some sort of silencing suppressor function. In line with that
some other viruses were described to express short RNAs with the purpose
to alter cell proliferation, apoptosis and immune signaling. It was reported
that, for example, Epstein-Barr virus, Kaposi's sarcoma virus,
cytomegalovirus and SV40 DNA tumor virus express miRNAs from their

genomes (reviewed in [259]).

2.2. Therapeutic applications of RNA interference

Since the discovery of RNA interference by Fire et al. in 1998 ([206]), a large amount of
work has been done to use and modulate this mechanism for clinical applications.
RNAI based treatment methods may circumvent many target-related problems, such as
the lack of specificity for a specific target [267, 268]. Additionally, undesired toxicity due
to the lack of ‘cancer-exclusive’ inhibition of target proteins occurs. The success of
monoclonal antibodies is often restricted by inaccessibility of the target protein [269-
271].
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Nevertheless, the successful development of RNAi-based therapeutics is still bearing
several crucial issues. It is quite challenging to develop highly specific and efficient
delivery methods, to assign systemic biodistribution and subcellular localization, to
avoid potentially toxic off-target effects, or to overcome immunogenicity when not
desired (Tab. 5) [272].

Table 5 | Challenges in Using RNAi-based therapeutics [272]

Challenges

Solutions

Biological barriers
Intravascular degradation
Tissue penetrance
Intracellular delivery
Intracellular trafficking
Extracellular matrix
Toxicities of RNAi
Immune response to RNAI
Carrier toxicity

Off-target effects
Oversaturation of RISC
Tissue specificity

Healthy versus cancer

Predictable delivery

Monitoring delivery

Pharmacokinetics
Pharmacodynamics

Resistance

Chemical modification and nanoparticle encapsulation
Exploit abnormal angiogenesis and EPR effect
Exploit receptor-mediated endocytosis

Incorporate biomaterials that enhance endosomal escape

Optimize physico-chemical properties to escape immune and stromal
interactions

Sequence optimization and oligonucleotide modifications
Use of biodegradable, biocompatible and non-immunogenic materials
Sequence optimization and oligonucleotide modifications

Annotation of 'dose' effects on direct and indirect gene regulation

Study of long-term RNAI side effects and exploit cancer features for
targeting

Create carrier libraries annotating delivery efficacy based on healthy tissue
and tumor type, and in silico modelling

Use of PEGylation or logic-embedded vectors

Use of bioluminescent imaging and novel biomarkers of delivery and
response

Study of altered processing machinery and SNP variants affecting RNAI

EPR, enhanced permeability and retention; PEG, polyethylene glycol; RISC, RNA-induced silencing complex; RNAi, RNA interference; SNP, single nucleotide

polymorphism.
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Tab. 6 provides an overview about clinical trials on RNAi-based therapeutics.

Table 6 | Clinical Trials on RNAi-based Therapeutics [213, 273]

. RNAI .
Disease Stage Delivery Drug/Company
reagent
Ocular diseases
. . Completed . P TD101/
Pachyonychia Congenita Phase | siRNA Injection Pachyonychia Congenita Project
AMD Completed . . . . - AGN211745/
Choroidal Neovascularization Phase |, Il SIRNA Direct intravitreal injection Allergan; Sirna Therapeutics Inc.
Optic Atrophy . L
Non-arteritic Anterior Ischemic S{:gg;n?’ siRNA Injection inot the eye 85;r1l(08r71;rmaceuticals
Optic Neuropathy
Withdrawn . . . . - Bevasiranib/
AMD Phase Il siRNA Direct intravitreal injection Opko Health, Inc.
. . CompletedP . TS Bevasiranib/
Diabetic Macular Edema hase Il siRNA Injection into the eye Opko Health, Inc.
Ocular Pain CompletedP SIRNA Eye drops, topical SYL1001/
Dry Eye hase | administration Sylentis, S.A.
Glaucoma . ’ SYL040012/
Ocular Hypertension Phase |, Il siRNA ophthalmic drops Sylentis, S.A.
Viral infections
Hepatitis B and C Pz shRNA Liganded nanoparticle NucB10(_)0/‘ .
stage Nucleonics; Intradigm
RSV Phasellb  siRNA Aerosol ALN-RSV/
Alnylam
HIV Phase | shRNA Lentivirus Benitec; City of Hope
Cancer
NCT01596374/
shRNA National University Hospital,
Singapore
Solid tumors . ’ CALAA-01/
Hiege SRS Mg 2l Calando Pharmaceuticals
Phase | shRNA Intratumoral injection FANG/.
Gradalis, Inc.
siRNA-EphA2-DOPC/
Advanced cancer Phase | SiRNA Neutral Liposome M.D. Anderson Cancer Center;
Ovarian Cancer Research Fund
Metastatic Melanoma : Proteasome siRNAand  \ c1o0672542/
Absence of CNS Metastases Hiege SRS e EHg K Duke University
transfected dendritic cells
. . . . NCT00257647/
Chronic Myeloid Leukemia Completed siRNA SV40 vector Hadassah Medical Organization
Advanced Solid Tumors Phase | siRNA Direct intravitreal injection A.tu027/ .
Silence Therapeutics AG
Pancreatic Ductal . . .
Adenocarcinoma Phase | SIRNA g:t;?rie)?radable pPolymerie ISDIr?): thﬁganztn Silenseed Ltd
Pancreatic Cancer ’ ’
NCT01075360/
Neuroblastoma Completed siRNA National Taiwan University
Hospital
Stage IIIC Ovarian Cancer Phase Il shRNA Injection FANGT.M’ Bevacizumab/
Gradalis, Inc.
Advanced Cancer .
Metastatic Cancer Phase | shRNA Intratumoral injection pb"ShRNA SULBI L
: Gradalis, Inc.
Solid Tumors
Colorectal Cancer
Pancreas Cancer
Gastric Cancer CompletedP . Lipid nanoparticles; intra TKM'080301./
siRNA . - ; National Institutes of Health
Breast Cancer hase | arterial administration -
$ Clinical Center
Ovarian Cancer
(all with hepatic metastase)
Other disease types
ALS Preclinical  girNA CytRx
stage
Inflammatory diseases SPt;e;gnlcal siRNA Peptide Nastech
Delayed Graft Function 15NP/
Other Complication of Kidney Phase |, Il siRNA Injection )
Quark Pharmaceuticals
Transplant
Injury of Kidney CompletedP . P I5NP/
Acute Renal Failure hase | EIOA ESED Quark Pharmaceuticals
Termin-ated PRO-040201/
Hypercholesterolemia Phase | SiRNA Liposome Tekmira Pharmaceuticals

Corporation

AMD, age-related macular degeneration; RSV, respiratory syncytial virus
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2.2.1. The siRNA-based approach

In vitro, the most common way to use RNAI for gene silencing is to transfect cells with
21-25 nt siRNAs using commercially available transfection reagents. Another possibility
is to use longer, ~27 nt siRNAs that serve as Dicer substrates and are processed into
their mature form. These ‘Dicer-ready siRNAs’ showed in some cases higher silencing
capacities when compared to their shorter versions [274, 275] For in vivo approaches

additional packaging of siRNAs is required in most of the cases (Tab. 7).

2.2.2. The miRNA/shRNA-based approach

In contrast to directly deliver small interfering RNAs, it is also possible to design
systems where artificial miRNAs or small hairpin-based RNAs (shRNAs) are directly
expressed from a plasmid or viral/bacterial vector. shRNAs bear a hairpin loop
structure and mimic pre-miRNAs, artificial miRNAs mimic pri-miRNAs. Therefore,
artificial miRNAs are processed similarly to endogenous miRNAs. Although shRNAs
seem to be analogs of pre-miRNAs, they often do not reflect Drosha cleavage products
[276, 277]. It is crucial for them to contain the typical 3’ dinucleotide overhang of pre-
miRNAs that is essential for correct exportin 5-mediated transport from the nucleus into
the cytoplasm. Impaired exportin 5 transport leads to accumulation of shRNAs in the
nucleus and causes toxicity [278, 279].

Another issue using shRNAs can be their very high expression levels, because in
most cases, their expression is under the control of very strong promoters. First, a
saturation of exportin 5 can occur which can result in an impaired export of
endogenous miRNAs into the cytoplasm. Additionally, other downstream components
of the cellular RNAi machinery can be saturated and become no longer available for
cellular miRNA processing. This can result in liver toxicity and fatal effects as has been
observed in mice [278]. These problems may be overcome by overexpressing
saturated components, like exportin 5 or Argonaute proteins, simultaneously to shRNA

expression [280].

However, it seems to be more appropriate for therapeutic approaches to use
weaker promoters [276, 281] for shRNAs, or artificial miRNAs to avoid negative side
effects such as saturation of the RNAi machinery [279, 282-285]. Another advantage of
artificial miRNAs is that they can be embedded in larger transcripts and are therefore
more suited for RNA polymerase lI-based expression systems. RNA polymerase II-

based transcription provides the opportunity for tissue- or cell type-specific expression.
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2.3.Delivery methods for RNA-interference-based therapeutics

2.3.1. siRNA delivery methods

Table 7 | si/shRNA Delivery Methods [213, 286, 287]

Nucleic acid

Method - Advantages Disadvantages

delivery

Non-viral delivery

Non-selective delivery,
q ; ossible liver toxicity if used
Systemic delivery, stable, non- fepeatedly not usef):JI for

Cholesterol siRNA immunogenic, proven in vivo delivery to must organs
de||ve|fy in non-human primates, other than liver, very large
PO 7 or e doses required for efficiency

in animal model testing

SNALP siRNA Systemic delivery, highly stable Non-selective delivery

Relatively complex
formulation, costly to
— . Receptor-specific delivery, can use produce, repeated
FTDEEEE SR monoclonals or antibody fragments treatments might be
necessary, possibly
immunogenic
Large-scale sequence
screening required, large
Receptor-specific delivery, large relative to SIRNA, repeated
. M treatment might be
. scale manufacturing possible, can

Aptamer siRNA o R necessary, need to be
be backbone modified for stability in modified for enhanced
vivo . h

circulation and
pharmacodynamics, costly
to manufactures
Recgptor-spec_:mc, selfrassembllng, Need to be conjugated to
specific targeting possible, can be specific ligands for tissue
. . synthesized in large scale, able to . ;

Nanoparticle siRNA specific delivery, costly
accommodate large amounts of e S M oo
siRNAs and can be engineered to administratior?‘nec?essar
escape endosome y

Viral delivery

Lenfis RNA Stable expression, transduces non- Gene-disruption risk,

(shRNA produced) dividing cells localized delivery

Adenovirus dsDNA Episomal, no insertional Immunogenic, dose-

(shRNA produced) mutagenesis dependent hepatotoxicity
AAV ssDNA/dsDNA Seflearell. [5 GEmaTie e e Immunogenic, small vector
(shRNA produced) p ’ 9 9 capacity
Herpes simplex virus ss/dsDNA Episomal, lasting expression Immunogenic

AAV, adeno-associated virus; dsDNA, double-stranded DNA; Fab, heavy-chain antibody fragment; shRNA, short hairpin RNA; SNALP, stable nucleic acid-

liquid particles; ssDNA, single stranded DNA

Besides the appropriate design of siRNA for the use in vivo, the delivery strategy is the

next challenging step. Cellular uptake of naked siRNA is very unlikely due to the

negative charge and the size. Further on, uncomplexed siRNAs are very unstable in

the circulation. The siRNAs are degraded by RNase A-type nucleases and are readily

cleared by the kidney [288]. Thus, a broad range of delivery methods was developed to

assure systemic delivery (Tab. 7). Additionally to the protection of the siRNA and the

specific delivery, the appropriate administration strategy has to ensure two other steps,

namely endocytosis and correct release from endosomes. A crucial step during
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endocytosis of a siRNA is the correct release of the endosome to escape elimination
via the Golgi network [287]. Some approaches use specially designed polymers to
escape the endosome by the so-called ‘proton-sponge effect’ and direct membrane
interaction of polycation and sulphoglucanes which enhance the escape [289]. Another
possibility to avoid siRNA elimination is to create receptor ligands that express His-tags
and enable the protein-siRNA complex to escape the endosome [290]. Stable nucleic
acid liquid particles (SNALPs) are delivery vehicles for siRNAs that mediate endosomal
escape via membrane fusion and subsequent release of the siRNA into the cytoplasm
[287].

The most commonly used carriers for siRNAs comprise lipid-based carriers or
cholesterol conjugates to the sense strand of the duplex (Fig. 12). An important feature
of cholesterol-conjugated siRNAs is their efficient uptake by the liver, because these
complexes are bound by low-density lipoprotein (LDL) in serum, and LDL uptake into
the liver is robust [291]. Additionally, lipophilic sSiRNAs can bind high-density lipoprotein
(HDL) resulting in specific targeting of tissues expressing HDL receptors, such as gut
[291], kidney [292], vaginal epithelial cells [293], and oligodendrocytes in the brain
[294].

A recent study demonstrate high delivery effectiveness of siRNA complexed into
SNALPs in nonhuman primates. The reduction of the target gene was stable over two
weeks after only one single delivery [295]. These data were confirmed by another
study in nonhuman primates. The administration of siRNA-SNALPs complexes
targeting three Ebola virus proteins led to the successfully protection from a lethal
challenge of Ebola virus in nonhuman primates [296].

The right choice of a carrier system for siRNAs can permit a specific uptake by the
desired tissues or cell types, e.g. cancer cells. Such carriers for tissue specific
targeting include aptamers [297, 298], nanoparticles [299], antibodies [300-303],
peptides and proteins [299, 304], and oligonucleotide agonists (Fig. 12) [305].

2.3.2. Viral vectors as delivery system

The most commonly used viral vectors for the delivery and expression of shRNAs or
artificial miRNAs are lentivirus, adenovirus or adenovirus-associated viruses (AAV),
and herpesviruses [306-310]. On the one hand, the genomes of adenoviral and AAV-
based vectors show the advantage to stay episomal. Therefore, undesired insertions
into the host genome are avoided. On the other hand, usage of these vectors is only
suitable for slowly dividing target cells, because upon cell division the vectors will be

lost. Since the capsid genes/proteins of both viruses can be modified, a specific cell
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and tissue tropism can be achieved [311, 312]. Both types of vectors infect cells at
multiple copies per cell which should be kept in mind when using shRNAs, as dosing
may be amplified [277].

A major difference between adenovirus and AAV vectors lies in their packaging
capacity that is 35 kb for adenovirus and only ~4.5 kb for AAV. Whereas most genes
were removed from AAV vector genomes most adenoviral vectors comprise the whole
adenovirus genome. Thus, an issue working with adenoviral vectors in vivo is the high
risk to induce immune responses resulting in the elimination of the vectors [286].

Lentiviral vectors can also infect both, dividing and non-dividing cells. However,
they can integrate into the host genome, and thereby can cause dramatic outcomes
when activating oncogenes. To avoid this phenomenon, insertion-defective lentivirus
vectors were designed [313].

Apart from all improvements that were worked over in the last years, there are still
several challenges that limit the use of RNAI in the clinics. Some current issues for the

use of RNAi-based therapeutics and possible solutions are listed in Tab. 7 ([272]).

2.3.21. RNAi-mediated off-target effects

During the design of RNAi molecules for further applications, a variety of factors has to
be kept in mind to avoid possible toxic or unspecific off-target effects. Such off-target

effects can be (i) specific or (ii) non-specific:

(i) specific or miRNA-like off-target effects are due to the limited degree of
siRNA/shRNA compementarity to non-targeted mRNAs and result in the
unintended suppression of alternative targets

Pivotal features of siRNAs for the desired efficiency include the sequence and the
length of the siRNA, the chemical nature of the silencing moiety, e.g. RNA with or
without modified bases and sugars, and the nature of the 5’ and 3’ ends. Concerning
the sequence of a siRNA, it was shown that within the seed region of the antisense
strand (nucleotide 2-7 or 2-8) perfect target complementarity to the 3’ UTR of the target
mMmRNA has to be provided. If the seed region also perfectly matches other mRNA
sequences apart from the desired gene, specific off-target effects might occur [314,
315]. Some distinct features of the seed region can induce the phenomenon of off-
target effects. The presence of adenosine opposite to siRNA base 1 and of an
adenosine or uridine opposite to siRNA base 9 enhance off-target mMRNA repression. It
was also shown that an increased AU content in the 3’ end of the seed region could

enhance off-target mMRNA repression [316].
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It has to be kept in mind that the antisense as well as the sense strand of a siRNA
can induce off-target effects, because both strands can be taken up by RISC. RISC
preferentially uses the strand with the lower thermodynamical stability in its 5" part as
the guide strand [317, 318].

(i) non-specific off-target effects, such as toxicity or undesired immune
responses caused by the siRNA or its delivery vehicle [314, 319, 320]

If a siRNA carries a 5’ triphosphate, it is very likely that a type | interferon response
(type I IFN response) is induced [213]. Blunt ended siRNAs can lead to an activation of
cytoplasmic retinoic acid inducible gene 1 protein (RIG1 or DDX58) or INF production.
These issues can be overcome by creating appropriate 5 and 3’ ends (reviewed in
[286]). Since siRNAs are double stranded RNAs they are recognized by the pattern
recognition Toll-like receptors (TLRs) [321]. It was shown that siRNAs activate
endomsomal TLR3 signaling in a sequence-independent manner [322, 323].
Nevertheless, the major mechanism of siRNAs to trigger innate immune responses, is
mediated via the endosomal TLRs, TLR7 and TLR8. TLR activation leads to the
production of pro-inflammatory cytokines or IFN-a [324-326]. Interestingly, in contrast
to TLR3, TLR7 and TLR8 recognize siRNAs in sequence-dependent manner. It seems
that both TLRs preferentially recognize uridine (U)- and guanosine (G)-rich sequences,
including UG-dinucleotides and the 5’-UGU-3’ motif. [327, 328].

However, the activation of the immune system can also have advantages, for
example, when it leads to a stimulation of dendritic cells to immunologically respond to
cancer cells [329].

In contrast to siRNAs, shRNAs are more unlikely to introduce immune responses,
since they are expressed in the nucleus and processed by the endogenous machinery
and their 5’ ends are less inflammatory [330-332].

Not only the RNAi molecule itself can cause undesired off-target effects. The second

possibility to induce toxicity or immune responses is related to the delivery vehicle.

Another type of unspecific off-target effects comprises the saturation of the cellular
RNAI machinery resulting in altered cell function (as discussed under 2.2.2.).
Although synthetic siRNAs have not to be processed in the nucleus and transported
into the cytoplasm it was shown that they can saturate components of the RNAI
machinery, thereby blocking RISC [333].
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2.3.3. RNAi-based approaches to inhibit viral infections

Viral infections and diseases associated with them are serious public health, social and
economic problems. There is the urgent need for more effective antiviral drugs and
vaccines for some very dangerous viral infections including HIV, hepatitis B and C,
severe acute respiratory syndrome (SARS), influenza or Ebola virus. Due to the high
effectiveness, specificity and the easy use, RNAi-based antivirals represent very
promising tools for inhibiting virus infections (reviewed in [384]). A high number of
studies exists that demonstrates the inhibition of diverse viruses both in vitro and in
vivo.

One of the first efficient applications of siRNAs to inhibit viral replication was a
study by Gitlin et al. Here, siRNAs were potent in reducing viral RNA, protein and viral
titers of poliovirus. This group used a mixture of different siRNAs targeting poliovirus to
overcome the problem that viruses can escape siRNA functions through target
sequence mutations (escape virus formation) [385].

An alternative approach to overcome the problem of target site mutations and
ineffectiveness of siRNAs is the selection of highly conserved regions within the virus
genome as target sites. There is a strong selective pressure against mutations in such
highly conserved regions. Another advantage for the targeting of such regions may be
the simultaneous inhibition of various serotypes, assuming that these regions are
evolutionally conserved between different serotypes. The success of this approach was
demonstrated by Kahana et al., who efficiently inhibited the replication of foot-and-
mouth disease virus (FMDV) [386-388].

Another possible use of siRNAs to inhibit viral infections is not to target viral RNAs,
but to alter cellular functions that are essential for viral replication. One such approach
was made in order to inhibit human immunodeficiency virus (HIV) replication. Since
HIV shows very high mutation rates, it is nearly impossible to design siRNAs that
effectively silence their targets over a long time period. Instead, the alternative
approach was to target the entry receptor of HIV on host cells, namely CCR5. Although
that approach was very promising and could fully inhibit HIV replication in
macrophages, the inhibition in primary human microglia at 15 days post challenge with
HIV was not complete [389]. However, a combination of targeting conserved regions of
HIV on the one hand and the viral entry receptor on the other hand completely inhibited
viral replication, even after 15 days of infection [390].

In contrast to the so far discussed RNA viruses, DNA viruses are more difficult to

inhibit. In DNA viruses the inhibitory effect of siRNAs is dependent on the cleavage of

-34-



Introduction

the viral mRNA. In order to fully prove reduced viral replication, it is essential to
measure remaining viral DNA levels [391].

However, there is a tremendous number of studies and reports describing the
potency of RNAi-based applications to inhibit viral infections in vitro or in vivo (reviewed
in [384], [391], [392] and [393]).

Nevertheless, as already described above, the successful development of RNAI-
based therapeutics is still a long way down, dealing with lots of different issues.

The potency of some RNAi-based antiviral therapeutics is currently evaluated in

clinical trails (Tab. 6).

-35-



Introduction

3. REFERENCES

(1]
(2]
(3]

[4]

[5]

(6]
[7]

8]
(9]
[10]
(1]
[12]
[13]

[14]

[15]
[16]
[17]
(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

Davison AJ, Benko M, Harrach B. Genetic content and evolution of adenoviruses. J
Gen Virol 2003;84:2895-908.

Hilleman MR, Werner JH. Recovery of new agent from patients with acute respiratory
illness. Proc Soc Exp Biol Med 1954;85:183-8.

Rowe WP, Huebner RJ, Gilmore LK, Parrott RH, Ward TG. Isolation of a
cytopathogenic agent from human adenoids undergoing spontaneous degeneration in
tissue culture. Proc Soc Exp Biol Med 1953;84:570-3.

Stewart PL, Fuller SD, Burnett RM. Difference imaging of adenovirus: bridging the
resolution gap between X-ray crystallography and electron microscopy. EMBO J
1993;12:2589-99.

San Martin C, Burnett RM. Structural studies on adenoviruses. Curr Top Microbiol
Immunol 2003;272:57-94.

Nemerow GR. Cell receptors involved in adenovirus entry. Virology 2000;274:1-4.
Vellinga J, Van der Heijdt S, Hoeben RC. The adenovirus capsid: major progress in
minor proteins. J Gen Virol 2005;86:1581-8.

Webster A, Russell S, Talbot P, Russell WC, Kemp GD. Characterization of the
adenovirus proteinase: substrate specificity. J Gen Virol 1989;70 ( Pt 12):3225-34.
Weber J. Genetic analysis of adenovirus type 2 Ill. Temperature sensitivity of
processing viral proteins. J Virol 1976;17:462-71.

Matthews DA, Russell WC. Adenovirus core protein V is delivered by the invading virus
to the nucleus of the infected cell and later in infection is associated with nucleoli. J Gen
Virol 1998;79 ( Pt 7):1671-5.

Russell WC. Update on adenovirus and its vectors. J Gen Virol 2000;81:2573-604.
http://www.vmri.hu/~harrach/ADENOSEQ.HTM.

Leen AM, Rooney CM. Adenovirus as an emerging pathogen in immunocompromised
patients. Br J Haematol 2005;128:135-44.

Lukashok SA, Tarassishin L, Li Y, Horwitz MS. An adenovirus inhibitor of tumor
necrosis factor alpha-induced apoptosis complexes with dynein and a small GTPase. J
Virol 2000;74:4705-9.

Lenaerts L, De Clercq E, Naesens L. Clinical features and treatment of adenovirus
infections. Rev Med Virol 2008;18:357-74.

Rekosh DM, Russell WC, Bellet AJ, Robinson AJ. Identification of a protein linked to the
ends of adenovirus DNA. Cell 1977;11:283-95.

Barnett BG, Crews CJ, Douglas JT. Targeted adenoviral vectors. Biochim Biophys Acta
2002;1575:1-14.

Leopold PL, Crystal RG. Intracellular trafficking of adenovirus: many means to many
ends. Adv Drug Deliv Rev 2007;59:810-21.

Bergelson JM, Cunningham JA, Droguett G, Kurt-Jones EA, Krithivas A, Hong JS, et al.
Isolation of a common receptor for Coxsackie B viruses and adenoviruses 2 and 5
Science 1997;275:1320-3.

Tomko RP, Xu R, Philipson L. HCAR and MCAR: the human and mouse cellular
receptors for subgroup C adenoviruses and group B coxsackieviruses. Proc Natl Acad
Sci U S A 1997;94:3352-6.

Cohen CJ, Shieh JT, Pickles RJ, Okegawa T, Hsieh JT, Bergelson JM. The
coxsackievirus and adenovirus receptor is a transmembrane component of the tight
junction. Proc Natl Acad Sci U S A 2001;98:15191-6.

Gaggar A, Shayakhmetov DM, Lieber A. CD46 is a cellular receptor for group B
adenoviruses. Nat Med 2003;9:1408-12.

Short JJ, Pereboev AV, Kawakami Y, Vasu C, Holterman MJ, Curiel DT. Adenovirus
serotype 3 utilizes CD80 (B7.1) and CD86 (B7.2) as cellular attachment receptors.
Virology 2004;322:349-59.

Arnberg N, Kidd AH, Edlund K, Olfat F, Wadell G. Initial interactions of subgenus D
adenoviruses with A549 cellular receptors: sialic acid versus alpha(v) integrins. J Virol
2000;74:7691-3.

Dechecchi MC, Melotti P, Bonizzato A, Santacatterina M, Chilosi M, Cabrini G. Heparan
sulfate glycosaminoglycans are receptors sufficient to mediate the initial binding of
adenovirus types 2 and 5. J Virol 2001;75:8772-80.

-36-



Introduction

[26]

[27]

(28]

[29]
[30]

[31]

[32]

[33]

[34]

[35]
[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]
[44]

[45]

[46]

[47]

[48]

[49]

Bai M, Harfe B, Freimuth P. Mutations that alter an Arg-Gly-Asp (RGD) sequence in the
adenovirus type 2 penton base protein abolish its cell-rounding activity and delay virus
reproduction in flat cells. J Virol 1993;67:5198-205.

Davison E, Diaz RM, Hart IR, Santis G, Marshall JF. Integrin alpha5beta1-mediated
adenovirus infection is enhanced by the integrin-activating antibody TS2/16. J Virol
1997;71:6204-7.

Huang S, Endo RI, Nemerow GR. Upregulation of integrins alpha v beta 3 and alpha v
beta 5 on human monocytes and T lymphocytes facilitates adenovirus-mediated gene
delivery. J Virol 1995;69:2257-63.

Mathias P, Wickham T, Moore M, Nemerow G. Multiple adenovirus serotypes use alpha
v integrins for infection. J Virol 1994,68:6811-4.

Nemerow GR, Stewart PL. Role of alpha(v) integrins in adenovirus cell entry and gene
delivery. Microbiol Mol Biol Rev 1999;63:725-34.

Wickham TJ, Filardo EJ, Cheresh DA, Nemerow GR. Integrin alpha v beta 5 selectively
promotes adenovirus mediated cell membrane permeabilization. J Cell Biol
1994;127:257-64.

Wickham TJ, Mathias P, Cheresh DA, Nemerow GR. Integrins alpha v beta 3 and alpha
v beta 5 promote adenovirus internalization but not virus attachment. Cell 1993;73:309-
19.

Stewart PL, Chiu CY, Huang S, Muir T, Zhao Y, Chait B, et al. Cryo-EM visualization of
an exposed RGD epitope on adenovirus that escapes antibody neutralization. EMBO J
1997;16:1189-98.

Persson R, Wohlfart C, Svensson U, Everitt E. Virus-receptor interaction in the
adenovirus system: characterization of the positive cooperative binding of virions on
Hela cells. J Virol 1985;54:92-7.

Maxfield FR, McGraw TE. Endocytic recycling. Nat Rev Mol Cell Biol 2004;5:121-32.
Mukherjee S, Ghosh RN, Maxfield FR. Endocytosis. Physiol Rev 1997;77:759-803.
Leopold PL, Ferris B, Grinberg I, Worgall S, Hackett NR, Crystal RG. Fluorescent
virions: dynamic tracking of the pathway of adenoviral gene transfer vectors in living
cells. Hum Gene Ther 1998;9:367-78.

Leopold PL, Kreitzer G, Miyazawa N, Rempel S, Pfister KK, Rodriguez-Boulan E, et al.
Dynein- and microtubule-mediated translocation of adenovirus serotype 5 occurs after
endosomal lysis. Hum Gene Ther 2000;11:151-65.

Suomalainen M, Nakano MY, Keller S, Boucke K, Stidwill RP, Greber UF. Microtubule-
dependent plus- and minus end-directed motilities are competing processes for nuclear
targeting of adenovirus. J Cell Biol 1999;144:657-72.

Wallace RD, Kates J. State of adenovirus 2 deoxyribonucleic acid in the nucleus and its
mode of transcription: studies with isolated viral deoxyribonucleic acid-protein
complexes and isolated nuclei. J Virol 1972;9:627-35.

Pombo A, Ferreira J, Bridge E, Carmo-Fonseca M. Adenovirus replication and
transcription sites are spatially separated in the nucleus of infected cells. EMBO J
1994;13:5075-85.

Guilfoyle R, Weinmann R. Control region for adenovirus VA RNA transcription. Proc
Natl Acad Sci U S A 1981;78:3378-82.

http://viralzone.expasy.org/all_by protein/183.html.

Flint J, Shenk T. Adenovirus E1A protein paradigm viral transactivator. Annu Rev Genet
1989;23:141-61.

Bernards R, Schrier PI, Bos JL, Van der Eb AJ. Role of adenovirus types 5 and 12 early
region 1b tumor antigens in oncogenic transformation. Virology 1983;127:45-53.
Schreiner S, Martinez R, Groitl P, Rayne F, Vaillant R, Wimmer P, et al. Transcriptional
activation of the adenoviral genome is mediated by capsid protein VI. PLoS Pathog
2012;8:1002549.

Enomoto T, Lichy JH, lkeda JE, Hurwitz J. Adenovirus DNA replication in vitro:
purification of the terminal protein in a functional form. Proc Natl Acad Sci U S A
1981;78:6779-83.

Lichy JH, Field J, Horwitz MS, Hurwitz J. Separation of the adenovirus terminal protein
precursor from its associated DNA polymerase: role of both proteins in the initiation of
adenovirus DNA replication. Proc Natl Acad Sci U S A 1982;79:5225-9.

de Jong RN, van der Vliet PC. Mechanism of DNA replication in eukaryotic cells:
cellular host factors stimulating adenovirus DNA replication. Gene 1999;236:1-12.

-37-



Introduction

[50]
[51]

[52]

[53]
[54]
[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]
[70]

[71]

[72]

[73]
[74]

Chase JW, Williams KR. Single-stranded DNA binding proteins required for DNA
replication. Annu Rev Biochem 1986;55:103-36.

Ruben M, Bacchetti S, Graham F. Covalently closed circles of adenovirus 5 DNA.
Nature 1983;301:172-4.

Akusjarvi G, Mathews MB, Andersson P, Vennstrom B, Pettersson U. Structure of
genes for virus-associated RNAI and RNAII of adenovirus type 2. Proc Natl Acad Sci U
S A 1980;77:2424-8.

Ma Y, Mathews MB. Comparative analysis of the structure and function of adenovirus
virus-associated RNAs. J Virol 1993;67:6605-17.

Ma Y, Mathews MB. Structure, function, and evolution of adenovirus-associated RNA: a
phylogenetic approach. J Virol 1996;70:5083-99.

Reich PR, Forget BG, Weissman SM. RNA of low molecular weight in KB cells infected
with adenovirus type 2. J Mol Biol 1966;17:428-39.

Soderlund H, Pettersson U, Vennstrom B, Philipson L, Mathews MB. A new species of
virus-coded low molecular weight RNA from cells infected with adenovirus type 2. Cell
1976;7:585-93.

Andersson MG, Haasnoot PC, Xu N, Berenjian S, Berkhout B, Akusjarvi G.
Suppression of RNA interference by adenovirus virus-associated RNA. J Virol
2005;79:9556-65.

Bhat RA, Domer PH, Thimmappaya B. Structural requirements of adenovirus VAI RNA
for its translation enhancement function. Mol Cell Biol 1985;5:187-96.

Bhat RA, Thimmappaya B. Adenovirus mutants with DNA sequence perturbations in the
intragenic promoter of VAl RNA gene allow the enhanced transcription of VAII RNA
gene in Hela cells. Nucleic Acids Res 1984;12:7377-88.

Kitajewski J, Schneider RJ, Safer B, Munemitsu SM, Samuel CE, Thimmappaya B, et
al. Adenovirus VAl RNA antagonizes the antiviral action of interferon by preventing
activation of the interferon-induced elF-2 alpha kinase. Cell 1986;45:195-200.

Cladaras C, Bhat B, Wold WS. Mapping the 5' ends, 3' ends, and splice sites of mMRNAs
from the early E3 transcription unit of adenovirus 5. Virology 1985;140:44-54.
Thimmappaya B, Weinberger C, Schneider RJ, Shenk T. Adenovirus VAI RNA is
required for efficient translation of viral mMRNAs at late times after infection. Cell
1982;31:543-51.

Gwizdek C, Ossareh-Nazari B, Brownawell AM, Doglio A, Bertrand E, Macara IG, et al.
Exportin-5 mediates nuclear export of minihelix-containing RNAs. J Biol Chem
2003;278:5505-8.

Lu S, Cullen BR. Adenovirus VA1 noncoding RNA can inhibit small interfering RNA and
MicroRNA biogenesis. J Virol 2004;78:12868-76.

Aparicio O, Razquin N, Zaratiegui M, Narvaiza |, Fortes P. Adenovirus virus-associated
RNA is processed to functional interfering RNAs involved in virus production. J Virol
2006;80:1376-84.

Sano M, Kato Y, Taira K. Sequence-specific interference by small RNAs derived from
adenovirus VAl RNA. FEBS Lett 2006;580:1553-64.

Xu N, Segerman B, Zhou X, Akusjarvi G. Adenovirus virus-associated RNAII-derived
small RNAs are efficiently incorporated into the rna-induced silencing complex and
associate with polyribosomes. J Virol 2007;81:10540-9.

Aparicio O, Carnero E, Abad X, Razquin N, Guruceaga E, Segura V, et al. Adenovirus
VA RNA-derived miRNAs target cellular genes involved in cell growth, gene expression
and DNA repair. Nucleic Acids Res 2010;38:750-63.

Boulanger P, Lemay P, Blair GE, Russell WC. Characterization of adenovirus protein
IX. J Gen Virol 1979;44:783-800.

Ostapchuk P, Yang J, Auffarth E, Hearing P. Functional interaction of the adenovirus
IVa2 protein with adenovirus type 5 packaging sequences. J Virol 2005;79:2831-8.
Perez-Romero P, Tyler RE, Abend JR, Dus M, Imperiale MJ. Analysis of the interaction
of the adenovirus L1 52/55-kilodalton and Va2 proteins with the packaging sequence in
vivo and in vitro. J Virol 2005;79:2366-74.

Tyler RE, Ewing SG, Imperiale MJ. Formation of a multiple protein complex on the
adenovirus packaging sequence by the IVa2 protein. J Virol 2007;81:3447-54.

Zhang Y, Bergelson JM. Adenovirus receptors. J Virol 2005;79:12125-31.

Shaw AR, Ziff EB. Transcripts from the adenovirus-2 major late promoter yield a single
early family of 3' coterminal mMRNAs and five late families. Cell 1980;22:905-16.

-38-



Introduction

[75]
[76]

[77]

[78]

[79]
[80]

(81]

[82]

[83]

[84]

[85]

(86]

[87]

(88]

[89]

[90]
[91]
[92]
(93]

[94]

[99]

[96]

[97]

(98]

Russell WC. Adenoviruses: update on structure and function. J Gen Virol 2009;90:1-20.
Iftode C, Flint SJ. Viral DNA synthesis-dependent titration of a cellular repressor
activates transcription of the human adenovirus type 2 IVa2 gene. Proc Natl Acad Sci U
S A 2004;101:17831-6.

Tribouley C, Lutz P, Staub A, Kedinger C. The product of the adenovirus intermediate
gene Va2 is a transcriptional activator of the major late promoter. J Virol 1994,68:4450-
7.

Tollefson AE, Scaria A, Hermiston TW, Ryerse JS, Wold LJ, Wold WS. The adenovirus
death protein (E3-11.6K) is required at very late stages of infection for efficient cell lysis
and release of adenovirus from infected cells. J Virol 1996;70:2296-306.

D'Halluin JC. Virus assembly. Curr Top Microbiol Immunol 1995;199 ( Pt 1):47-66.
Ginsberg HS, Moldawer LL, Sehgal PB, Redington M, Kilian PL, Chanock RM, et al. A
mouse model for investigating the molecular pathogenesis of adenovirus pneumonia.
Proc Natl Acad Sci U S A 1991;88:1651-5.

Mistchenko AS, Diez RA, Mariani AL, Robaldo J, Maffey AF, Bayley-Bustamante G, et
al. Cytokines in adenoviral disease in children: association of interleukin-6, interleukin-
8, and tumor necrosis factor alpha levels with clinical outcome. J Pediatr 1994;124:714-
20.

Kojaoghlanian T, Flomenberg P, Horwitz MS. The impact of adenovirus infection on the
immunocompromised host. Rev Med Virol 2003;13:155-71.

Smith CA, Woodruff LS, Rooney C, Kitchingman GR. Extensive cross-reactivity of
adenovirus-specific cytotoxic T cells. Hum Gene Ther 1998;9:1419-27.

Olive M, Eisenlohr L, Flomenberg N, Hsu S, Flomenberg P. The adenovirus capsid
protein hexon contains a highly conserved human CD4+ T-cell epitope. Hum Gene Ther
2002;13:1167-78.

Garnett CT, Pao Cl, Gooding LR. Detection and quantitation of subgroup C adenovirus
DNA in human tissue samples by real-time PCR. Methods Mol Med 2007;130:193-204.
Flomenberg P, Gutierrez E, Piaskowski V, Casper JT. Detection of adenovirus DNA in
peripheral blood mononuclear cells by polymerase chain reaction assay. J Med Virol
1997;51:182-8.

Lichtenstein DL, Toth K, Doronin K, Tollefson AE, Wold WS. Functions and
mechanisms of action of the adenovirus E3 proteins. Int Rev Immunol 2004;23:75-111.
Fu J, Li L, Bouvier M. Adenovirus E3-19K proteins of different serotypes and subgroups
have similar, yet distinct, immunomodulatory functions toward major histocompatibility
class | molecules. J Biol Chem 2011;286:17631-9.

Fu J, Bouvier M. Determinants of the endoplasmic reticulum (ER) lumenal-domain of
the adenovirus serotype 2 E3-19K protein for association with and ER-retention of
major histocompatibility complex class | molecules. Mol Immunol 2011;48:532-8.
Gruhler A, Fruh K. Control of MHC class | traffic from the endoplasmic reticulum by
cellular chaperones and viral anti-chaperones. Traffic 2000;1:306-11.

Bennett EM, Bennink JR, Yewdell JW, Brodsky FM. Cutting edge: adenovirus E19 has
two mechanisms for affecting class | MHC expression. J Immunol 1999;162:5049-52.
Andersen MH, Schrama D, Thor Straten P, Becker JC. Cytotoxic T cells. J Invest
Dermatol 2006;126:32-41.

Echavarria M. Adenoviruses in immunocompromised hosts. Clin Microbiol Rev
2008;21:704-15.

Brandt CD, Kim HW, Vargosko AJ, Jeffries BC, Arrobio JO, Rindge B, et al. Infections
in 18,000 infants and children in a controlled study of respiratory tract disease. I.
Adenovirus pathogenicity in relation to serologic type and illness syndrome. Am J
Epidemiol 1969;90:484-500.

Sivan AV, Lee T, Binn LN, Gaydos JC. Adenovirus-associated acute respiratory
disease in healthy adolescents and adults: a literature review. Mil Med 2007;172:1198-
203.

Warren D, Nelson KE, Farrar JA, Hurwitz E, Hierholzer J, Ford E, et al. A large
outbreak of epidemic keratoconjunctivitis: problems in controlling nosocomial spread. J
Infect Dis 1989;160:938-43.

Shields AF, Hackman RC, Fife KH, Corey L, Meyers JD. Adenovirus infections in
patients undergoing bone-marrow transplantation. N Engl J Med 1985;312:529-33.
Wasserman R, August CS, Plotkin SA. Viral infections in pediatric bone marrow
transplant patients. Pediatr Infect Dis J 1988;7:109-15.

-30-



Introduction

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Ljungman P, Gleaves CA, Meyers JD. Respiratory virus infection in
immunocompromised patients. Bone Marrow Transplant 1989;4:35-40.

Flomenberg P, Babbitt J, Drobyski WR, Ash RC, Carrigan DR, Sedmak GV, et al.
Increasing incidence of adenovirus disease in bone marrow transplant recipients. J
Infect Dis 1994;169:775-81.

Blanke C, Clark C, Broun ER, Tricot G, Cunningham |, Cornetta K, et al. Evolving
pathogens in allogeneic bone marrow transplantation: increased fatal adenoviral
infections. Am J Med 1995;99:326-8.

Hale GA, Heslop HE, Krance RA, Brenner MA, Jayawardene D, Srivastava DK, et al.
Adenovirus infection after pediatric bone marrow transplantation. Bone Marrow
Transplant 1999;23:277-82.

Howard DS, Phillips IG, Reece DE, Munn RK, Henslee-Downey J, Pittard M, et al.
Adenovirus infections in hematopoietic stem cell transplant recipients. Clin Infect Dis
1999;29:1494-501.

Venard V, Carret A, Corsaro D, Bordigoni P, Le Faou A. Genotyping of adenoviruses
isolated in an outbreak in a bone marrow transplant unit shows that diverse strains are
involved. J Hosp Infect 2000;44:71-4.

Hoffman JA, Shah AJ, Ross LA, Kapoor N. Adenoviral infections and a prospective trial
of cidofovir in pediatric hematopoietic stem cell transplantation. Biol Blood Marrow
Transplant 2001;7:388-94.

Bordigoni P, Carret AS, Venard V, Witz F, Le Faou A. Treatment of adenovirus
infections in patients undergoing allogeneic hematopoietic stem cell transplantation.
Clin Infect Dis 2001;32:1290-7.

Echavarria M, Forman M, van Tol MJ, Vossen JM, Charache P, Kroes AC. Prediction of
severe disseminated adenovirus infection by serum PCR. Lancet 2001;358:384-5.

La Rosa AM, Champlin RE, Mirza N, Gajewski J, Giralt S, Rolston KV, et al. Adenovirus
infections in adult recipients of blood and marrow transplants. Clin Infect Dis
2001;32:871-6.

Leruez-Ville M, Minard V, Lacaille F, Buzyn A, Abachin E, Blanche S, et al. Real-time
blood plasma polymerase chain reaction for management of disseminated adenovirus
infection. Clin Infect Dis 2004;38:45-52.

Kampmann B, Cubitt D, Walls T, Naik P, Depala M, Samarasinghe S, et al. Improved
outcome for children with disseminated adenoviral infection following allogeneic stem
cell transplantation. Br J Haematol 2005;130:595-603.

van Tol MJ, Claas EC, Heemskerk B, Veltrop-Duits LA, de Brouwer CS, van Vreeswijk
T, et al. Adenovirus infection in children after allogeneic stem cell transplantation:
diagnosis, treatment and immunity. Bone Marrow Transplant 2005;35 Suppl 1:S73-6.
Yusuf U, Hale GA, Carr J, Gu Z, Benaim E, Woodard P, et al. Cidofovir for the
treatment of adenoviral infection in pediatric hematopoietic stem cell transplant patients.
Transplantation 2006;81:1398-404.

Kroes AC, de Klerk EP, Lankester AC, Malipaard C, de Brouwer CS, Claas EC, et al.
Sequential emergence of multiple adenovirus serotypes after pediatric stem cell
transplantation. J Clin Virol 2007;38:341-7.

Kalpoe JS, van der Heiden PL, Barge RM, Houtzager S, Lankester AC, van Tol MJ, et
al. Assessment of disseminated adenovirus infections using quantitative plasma PCR in
adult allogeneic stem cell transplant recipients receiving reduced intensity or
myeloablative conditioning. Eur J Haematol 2007;78:314-21.

Rosen FS, Cooper MD, Wedgwood RJ. The primary immunodeficiencies. N Engl J Med
1995;333:431-40.

Crooks BN, Taylor CE, Turner AJ, Osman HK, Abinun M, Flood TJ, et al. Respiratory
viral infections in primary immune deficiencies: significance and relevance to clinical
outcome in a single BMT unit. Bone Marrow Transplant 2000;26:1097-102.

Dagan R, Schwartz RH, Insel RA, Menegus MA. Severe diffuse adenovirus 7a
pneumonia in a child with combined immunodeficiency: possible therapeutic effect of
human immune serum globulin containing specific neutralizing antibody. Pediatr Infect
Dis 1984;3:246-51.

Johansson ME, Brown M, Hierholzer JC, Thorner A, Ushijima H, Wadell G. Genome
analysis of adenovirus type 31 strains from immunocompromised and
immunocompetent patients. J Infect Dis 1991;163:293-9.

-40-



Introduction

[119]
[120]

[121]

[122]
[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

Tuvia J, Weisselberg B, Shif I, Keren G. Aplastic anaemia complicating adenovirus
infection in DiGeorge syndrome. Eur J Pediatr 1988;147:643-4.

South MA, Dolen J, Beach DK, Mirkovic RR. Fatal adenovirus hepatic necrosis in
severe combined immune deficiency. Pediatr Infect Dis 1982;1:416-9.

Winkelstein JA, Marino MC, Lederman HM, Jones SM, Sullivan K, Burks AW, et al. X-
linked agammaglobulinemia: report on a United States registry of 201 patients.
Medicine (Baltimore) 2006;85:193-202.

Ison MG. Adenovirus infections in transplant recipients. Clin Infect Dis 2006;43:331-9.
Seidemann K, Heim A, Pfister ED, Koditz H, Beilken A, Sander A, et al. Monitoring of
adenovirus infection in pediatric transplant recipients by quantitative PCR: report of six
cases and review of the literature. Am J Transplant 2004;4:2102-8.

Schnurr D, Bollen A, Crawford-Miksza L, Dondero ME, Yagi S. Adenovirus mixture
isolated from the brain of an AIDS patient with encephalitis. J Med Virol 1995;47:168-
71.

Khoo SH, Bailey AS, de Jong JC, Mandal BK. Adenovirus infections in human
immunodeficiency virus-positive patients: clinical features and molecular epidemiology.
J Infect Dis 1995;172:629-37.

De Jong JC, Wermenbol AG, Verweij-Uijterwaal MW, Slaterus KW, Wertheim-Van
Dillen P, Van Doornum GJ, et al. Adenoviruses from human immunodeficiency virus-
infected individuals, including two strains that represent new candidate serotypes Ad50
and Ad51 of species B1 and D, respectively. J Clin Microbiol 1999;37:3940-5.

Walls T, Shankar AG, Shingadia D. Adenovirus: an increasingly important pathogen in
paediatric bone marrow transplant patients. Lancet Infect Dis 2003;3:79-86.

Baldwin A, Kingman H, Darville M, Foot AB, Grier D, Cornish JM, et al. Outcome and
clinical course of 100 patients with adenovirus infection following bone marrow
transplantation. Bone Marrow Transplant 2000;26:1333-8.

Avivi |, Chakrabarti S, Milligan DW, Waldmann H, Hale G, Osman H, et al. Incidence
and outcome of adenovirus disease in transplant recipients after reduced-intensity
conditioning with alemtuzumab. Biol Blood Marrow Transplant 2004;10:186-94.
Chakrabarti S, Mautner V, Osman H, Collingham KE, Fegan CD, Klapper PE, et al.
Adenovirus infections following allogeneic stem cell transplantation: incidence and
outcome in relation to graft manipulation, immunosuppression, and immune recovery.
Blood 2002;100:1619-27.

Childs R, Sanchez C, Engler H, Preuss J, Rosenfeld S, Dunbar C, et al. High incidence
of adeno- and polyomavirus-induced hemorrhagic cystitis in bone marrow
allotransplantation for hematological malignancy following T cell depletion and
cyclosporine. Bone Marrow Transplant 1998;22:889-93.

Lion T, Baumgartinger R, Watzinger F, Matthes-Martin S, Suda M, Preuner S, et al.
Molecular monitoring of adenovirus in peripheral blood after allogeneic bone marrow
transplantation permits early diagnosis of disseminated disease. Blood 2003;102:1114-
20.

Runde V, Ross S, Trenschel R, Lagemann E, Basu O, Renzing-Kohler K, et al.
Adenoviral infection after allogeneic stem cell transplantation (SCT): report on 130
patients from a single SCT unit involved in a prospective multi center surveillance study.
Bone Marrow Transplant 2001;28:51-7.

Lion T, Kosulin K, Landlinger C, Rauch M, Preuner S, Jugovic D, et al. Monitoring of
adenovirus load in stool by real-time PCR permits early detection of impending invasive
infection in patients after allogeneic stem cell transplantation. Leukemia 2010;24:706-
14.

Ambinder RF, Burns W, Forman M, Charache P, Arthur R, Beschorner W, et al.
Hemorrhagic cystitis associated with adenovirus infection in bone marrow
transplantation. Arch Intern Med 1986;146:1400-1.

Yolken RH, Bishop CA, Townsend TR, Bolyard EA, Bartlett J, Santos GW, et al.
Infectious gastroenteritis in bone-marrow-transplant recipients. N Engl J Med
1982;306:1010-2.

de Mezerville MH, Tellier R, Richardson S, Hebert D, Doyle J, Allen U. Adenoviral
infections in pediatric transplant recipients: a hospital-based study. Pediatr Infect Dis J
2006;25:815-8.

-41-



Introduction

[138]

[139]

[140]

[141]
[142]
[143]

[144]
[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

Arav-Boger R, Echavarria M, Forman M, Charache P, Persaud D. Clearance of
adenoviral hepatitis with ribavirin therapy in a pediatric liver transplant recipient. Pediatr
Infect Dis J 2000;19:1097-100.

Morfin F, Dupuis-Girod S, Mundweiler S, Falcon D, Carrington D, Sedlacek P, et al. In
vitro susceptibility of adenovirus to antiviral drugs is species-dependent. Antivir Ther
2005;10:225-9.

Heemskerk B, Lankester AC, van Vreeswijk T, Beersma MF, Claas EC, Veltrop-Duits
LA, et al. Immune reconstitution and clearance of human adenovirus viremia in pediatric
stem-cell recipients. J Infect Dis 2005;191:520-30.

www.wikipedia.org.

De Clercq E. Antivirals and antiviral strategies. Nat Rev Microbiol 2004;2:704-20.
Faulds D, Heel RC. Ganciclovir. A review of its antiviral activity, pharmacokinetic
properties and therapeutic efficacy in cytomegalovirus infections. Drugs 1990;39:597-
638.

Markham A, Faulds D. Ganciclovir. An update of its therapeutic use in cytomegalovirus
infection. Drugs 1994;48:455-84.

Mercorelli B, Sinigalia E, Loregian A, Palu G. Human cytomegalovirus DNA replication:
antiviral targets and drugs. Rev Med Virol 2008;18:177-210.

Elion GB, Furman PA, Fyfe JA, de Miranda P, Beauchamp L, Schaeffer HJ. Selectivity
of action of an antiherpetic agent, 9-(2-hydroxyethoxymethyl) guanine. Proc Natl Acad
SciU S A 1977;74:5716-20.

Nicholas TW, Read SB, Burrows FJ, Kruse CA. Suicide gene therapy with Herpes
simplex virus thymidine kinase and ganciclovir is enhanced with connexins to improve
gap junctions and bystander effects. Histol Histopathol 2003;18:495-507.

Fillat C, Carrio M, Cascante A, Sangro B. Suicide gene therapy mediated by the Herpes
Simplex virus thymidine kinase gene/Ganciclovir system: fifteen years of application.
Curr Gene Ther 2003;3:13-26.

lisley DD, Lee SH, Miller WH, Kuchta RD. Acyclic guanosine analogs inhibit DNA
polymerases alpha, delta, and epsilon with very different potencies and have unique
mechanisms of action. Biochemistry 1995;34:2504-10.

Naesens L, Lenaerts L, Andrei G, Snoeck R, Van Beers D, Holy A, et al. Antiadenovirus
activities of several classes of nucleoside and nucleotide analogues. Antimicrob Agents
Chemother 2005;49:1010-6.

Wildner O, Hoffmann D, Jogler C, Uberla K. Comparison of HSV-1 thymidine kinase-
dependent and -independent inhibition of replication-competent adenoviral vectors by a
panel of drugs. Cancer Gene Ther 2003;10:791-802.

Ljungman P, Ribaud P, Eyrich M, Matthes-Martin S, Einsele H, Bleakley M, et al.
Cidofovir for adenovirus infections after allogeneic hematopoietic stem cell
transplantation: a survey by the Infectious Diseases Working Party of the European
Group for Blood and Marrow Transplantation. Bone Marrow Transplant 2003;31:481-6.
Suparno C, Milligan DW, Moss PA, Mautner V. Adenovirus infections in stem cell
transplant recipients: recent developments in understanding of pathogenesis, diagnosis
and management. Leuk Lymphoma 2004;45:873-85.

Riddell SR, Walter BA, Gilbert MJ, Greenberg PD. Selective reconstitution of CD8+
cytotoxic T Ilymphocyte responses in immunodeficient bone marrow transplant
recipients by the adoptive transfer of T cell clones. Bone Marrow Transplant 1994;14
Suppl 4:S78-84.

Rooney CM, Smith CA, Ng CY, Loftin SK, Sixbey JW, Gan Y, et al. Infusion of cytotoxic
T cells for the prevention and treatment of Epstein-Barr virus-induced lymphoma in
allogeneic transplant recipients. Blood 1998;92:1549-55.

Rooney CM, Smith CA, Ng CY, Loftin S, Li C, Krance RA, et al. Use of gene-modified
virus-specific T lymphocytes to control Epstein-Barr-virus-related lymphoproliferation.
Lancet 1995;345:9-13.

Walter EA, Greenberg PD, Gilbert MJ, Finch RJ, Watanabe KS, Thomas ED, et al.
Reconstitution of cellular immunity against cytomegalovirus in recipients of allogeneic
bone marrow by transfer of T-cell clones from the donor. N Engl J Med 1995;333:1038-
44,

Gottschalk S, Ng CY, Perez M, Smith CA, Sample C, Brenner MK, et al. An Epstein-
Barr virus deletion mutant associated with fatal Iymphoproliferative disease
unresponsive to therapy with virus-specific CTLs. Blood 2001;97:835-43.

-42-



Introduction

[159]

[160]
[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]
[173]
[174]

[175]

[176]

[177]

[178]

[179]
[180]

[181]

Einsele H, Roosnek E, Rufer N, Sinzger C, Riegler S, Loffler J, et al. Infusion of
cytomegalovirus (CMV)-specific T cells for the treatment of CMV infection not
responding to antiviral chemotherapy. Blood 2002;99:3916-22.

Flomenberg P, Piaskowski V, Truitt RL, Casper JT. Characterization of human
proliferative T cell responses to adenovirus. J Infect Dis 1995;171:1090-6.

Olive M, Eisenlohr LC, Flomenberg P. Quantitative analysis of adenovirus-specific
CD4+ T-cell responses from healthy adults. Viral Immunol 2001;14:403-13.

Feuchtinger T, Lang P, Hamprecht K, Schumm M, Greil J, Jahn G, et al. Isolation and
expansion of human adenovirus-specific CD4+ and CD8+ T cells according to IFN-
gamma secretion for adjuvant immunotherapy. Exp Hematol 2004;32:282-9.

Leen AM, Sili U, Savoldo B, Jewell AM, Piedra PA, Brenner MK, et al. Fiber-modified
adenoviruses generate subgroup cross-reactive, adenovirus-specific cytotoxic T
lymphocytes for therapeutic applications. Blood 2004;103:1011-9.

Routes JM, Bellgrau D, McGrory WJ, Bautista DS, Graham FL, Cook JL. Anti-
adenovirus type 5 cytotoxic T lymphocytes: immunodominant epitopes are encoded by
the E1A gene. J Virol 1991;65:1450-7.

Routes JM, Metz BA, Cook JL. Endogenous expression of E1A in human cells
enhances the effect of adenovirus E3 on class | major histocompatibility complex
antigen expression. J Virol 1993;67:3176-81.

Pereira DS, Rosenthal KL, Graham FL. Identification of adenovirus E1A regions which
affect MHC class | expression and susceptibility to cytotoxic T lymphocytes. Virology
1995;211:268-77.

Mullbacher A, Bellett AJ, Hla RT. The murine cellular immune response to adenovirus
type 5. Immunol Cell Biol 1989;67 ( Pt 1):31-9.

Rawle FC, Knowles BB, Ricciardi RP, Brahmacheri V, Duerksen-Hughes P, Wold WS,
et al. Specificity of the mouse cytotoxic T lymphocyte response to adenovirus 5. E1A is
immunodominant in H-2b, but not in H-2d or H-2k mice. J Immunol 1991;146:3977-84.
Hromas R, Cornetta K, Srour E, Blanke C, Broun ER. Donor leukocyte infusion as
therapy of life-threatening adenoviral infections after T-cell-depleted bone marrow
transplantation. Blood 1994;84:1689-90.

Pacini DL, Dubovi EJ, Clyde WA, Jr. A new animal model for human respiratory tract
disease due to adenovirus. J Infect Dis 1984;150:92-7.

Kajon AE, Gigliotti AP, Harrod KS. Acute inflammatory response and remodeling of
airway epithelium after subspecies B1 human adenovirus infection of the mouse lower
respiratory tract. J Med Virol 2003;71:233-44.

Mentel R, Wegner U. Evaluation of the efficacy of 2'3'-dideoxycytidine against
adenovirus infection in a mouse pneumonia model. Antiviral Res 2000;47:79-87.
Gordon YJ, Romanowski E, Araullo-Cruz T. An ocular model of adenovirus type 5
infection in the NZ rabbit. Invest Ophthalmol Vis Sci 1992;33:574-80.

Kaneko H, Mori S, Suzuki O, lida T, Shigeta S, Abe M, et al. The cotton rat model for
adenovirus ocular infection: antiviral activity of cidofovir. Antiviral Res 2004;61:63-6.
Tsai JC, Garlinghouse G, McDonnell PJ, Trousdale MD. An experimental animal model
of adenovirus-induced ocular disease. The cotton rat. Arch Ophthalmol 1992;110:1167-
70.

Zur Hausen H. Persistence of the viral genome in adenovirus type 12-infected hamster
cells. J Virol 1968;2:918-24.

Baum SG, Reich PR, Hybner CJ, Rowe WP, Weissman SM. Biophysical evidence for
linkage of adenovirus and SV40 DNA's in adenovirus 7-SV40 hybrid particles. Proc Natl
Acad Sci U S A 1966;56:1509-15.

Rapp F, Melnick JL, Butel JS, Kitahara T. The Incorporation of Sv40 Material into
Adenovirus 7 as Measured by Intranuclear Synthesis of Sv40 Tumor Antigen. Proc Natl
Acad Sci U S A 1964;52:1348-52.

Rowe WP, Baum SG. Evidence for a Possible Genetic Hybrid between Adenovirus
Type 7 and Sv40 Viruses. Proc Natl Acad Sci U S A 1964;52:1340-7.

Klessig DF, Anderson CW. Block to multiplication of adenovirus serotype 2 in monkey
cells. J Virol 1975;16:1650-68.

Lewis AM, Jr. SV40 in adenovirus vaccines and adenovirus-SV40 recombinants. Dev
Biol Stand 1998;94:207-16.

-43-



Introduction

[182]

[183]
[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

Deuring R, Klotz G, Doerfler W. An unusual symmetric recombinant between
adenovirus type 12 DNA and human cell DNA. Proc Natl Acad Sci U S A 1981;78:3142-
6.

Berkner KL. Expression of heterologous sequences in adenoviral vectors. Curr Top
Microbiol Immunol 1992;158:39-66.

Goncalves MA, de Vries AA. Adenovirus: from foe to friend. Rev Med Virol
2006;16:167-86.

Wills KN, Maneval DC, Menzel P, Harris MP, Sutjipto S, Vaillancourt MT, et al.
Development and characterization of recombinant adenoviruses encoding human p53
for gene therapy of cancer. Hum Gene Ther 1994;5:1079-88.

Blagosklonny MV, Giannakakou P, Wojtowicz M, Romanova LY, Ain KB, Bates SE, et
al. Effects of p53-expressing adenovirus on the chemosensitivity and differentiation of
anaplastic thyroid cancer cells. J Clin Endocrinol Metab 1998;83:2516-22.

Cirielli C, Inyaku K, Capogrossi MC, Yuan X, Williams JA. Adenovirus-mediated wild-
type p53 expression induces apoptosis and suppresses tumorigenesis of experimental
intracranial human malignant glioma. J Neurooncol 1999;43:99-108.

Li H, Alonso-Vanegas M, Colicos MA, Jung SS, Lochmuller H, Sadikot AF, et al.
Intracerebral adenovirus-mediated p53 tumor suppressor gene therapy for experimental
human glioma. Clin Cancer Res 1999;5:637-42.

Putzer BM, Bramson JL, Addison CL, Hitt M, Siegel PM, Muller WJ, et al. Combination
therapy with interleukin-2 and wild-type p53 expressed by adenoviral vectors
potentiates tumor regression in a murine model of breast cancer. Hum Gene Ther
1998;9:707-18.

Bischoff JR, Kirn DH, Williams A, Heise C, Horn S, Muna M, et al. An adenovirus
mutant that replicates selectively in p53-deficient human tumor cells. Science
1996;274:373-6.

Heise CC, Wiliams AM, Xue S, Propst M, Kirn DH. Intravenous administration of
ONYX-015, a selectively replicating adenovirus, induces antitumoral efficacy. Cancer
Res 1999;59:2623-8.

Heise C, Sampson-Johannes A, Williams A, McCormick F, Von Hoff DD, Kirn DH.
ONYX-015, an E1B gene-attenuated adenovirus, causes tumor-specific cytolysis and
antitumoral efficacy that can be augmented by standard chemotherapeutic agents. Nat
Med 1997;3:639-45.

Crystal RG. In vivo and ex vivo gene therapy strategies to treat tumors using
adenovirus gene transfer vectors. Cancer Chemother Pharmacol 1999;43 Suppl:S90-9.
Goebel EA, Davidson BL, Graham SM, Kern JA. Tumor reduction in vivo after
adenoviral mediated gene transfer of the herpes simplex virus thymidine kinase gene
and ganciclovir treatment in human head and neck squamous cell carcinoma.
Otolaryngol Head Neck Surg 1998;119:331-6.

Hart IR. Transcriptionally targeted gene therapy. Curr Top Microbiol Immunol 1996;213
( Pt 3):19-25.

Brader KR, Wolf JK, Hung MC, Yu D, Crispens MA, van Golen KL, et al. Adenovirus
E1A expression enhances the sensitivity of an ovarian cancer cell line to multiple
cytotoxic agents through an apoptotic mechanism. Clin Cancer Res 1997;3:2017-24.
Cook JL, Routes BA, Walker TA, Colvin KL, Routes JM. E1A oncogene induction of
cellular susceptibility to killing by cytolytic lymphocytes through target cell sensitization
to apoptotic injury. Exp Cell Res 1999;251:414-23.

Wildner O, Morris JC, Vahanian NN, Ford H, Jr., Ramsey WJ, Blaese RM. Adenoviral
vectors capable of replication improve the efficacy of HSVtk/GCV suicide gene therapy
of cancer. Gene Ther 1999;6:57-62.

Martin-Duque P, Sanchez-Prieto R, Romero J, Martinez-Lamparero A, Cebrian-
Sagarriga S, Guinea-Viniegra J, et al. In vivo radiosensitizing effect of the adenovirus
E1A gene in murine and human malignant tumors. Int J Oncol 1999;15:1163-8.

Toloza EM, Hunt K, Swisher S, McBride W, Lau R, Pang S, et al. In vivo cancer gene
therapy with a recombinant interleukin-2 adenovirus vector. Cancer Gene Ther
1996;3:11-7.

Miller N, Whelan J. Progress in transcriptionally targeted and regulatable vectors for
genetic therapy. Hum Gene Ther 1997;8:803-15.

-44-



Introduction

[202]

[203]

[204]

[205]

[206]

[207]

[208]
[209]
[210]

[211]

[212]
[213]
[214]
[215]
[216]
[217]

[218]

[219]
[220]
[221]
[222]
[223]
[224]

[225]

[226]

Muruve DA, Barnes MJ, Stillman IE, Libermann TA. Adenoviral gene therapy leads to
rapid induction of multiple chemokines and acute neutrophil-dependent hepatic injury in
vivo. Hum Gene Ther 1999;10:965-76.

Lieber A, He CY, Meuse L, Schowalter D, Kirillova I, Winther B, et al. The role of
Kupffer cell activation and viral gene expression in early liver toxicity after infusion of
recombinant adenovirus vectors. J Virol 1997;71:8798-807.

Marshall E. Gene therapy death prompts review of adenovirus vector. Science
1999;286:2244-5.

Morsy MA, Gu M, Motzel S, Zhao J, Lin J, Su Q, et al. An adenoviral vector deleted for
all viral coding sequences results in enhanced safety and extended expression of a
leptin transgene. Proc Natl Acad Sci U S A 1998;95:7866-71.

Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. Potent and specific
genetic interference by double-stranded RNA in Caenorhabditis elegans. Nature
1998;391:806-11.

Elbashir SM, Harborth J, Lendeckel W, Yalcin A, Weber K, Tuschl T. Duplexes of 21-
nucleotide RNAs mediate RNA interference in cultured mammalian cells. Nature
2001;411:494-8.

Meister G, Tuschl T. Mechanisms of gene silencing by double-stranded RNA. Nature
2004;431:343-9.

Matzke MA, Birchler JA. RNAi-mediated pathways in the nucleus. Nat Rev Genet
2005;6:24-35.

Wassenegger M. The role of the RNAi machinery in heterochromatin formation. Cell
2005;122:13-6.

Zamore PD, Tuschl T, Sharp PA, Bartel DP. RNAi: double-stranded RNA directs the
ATP-dependent cleavage of mRNA at 21 to 23 nucleotide intervals. Cell 2000;101:25-
33.

Bernstein E, Caudy AA, Hammond SM, Hannon GJ. Role for a bidentate ribonuclease
in the initiation step of RNA interference. Nature 2001;409:363-6.

Kim DH, Rossi JJ. Strategies for silencing human disease using RNA interference. Nat
Rev Genet 2007;8:173-84.

Hannon GJ, Rossi JJ. Unlocking the potential of the human genome with RNA
interference. Nature 2004;431:371-8.

Carmell MA, Hannon GJ. RNase lll enzymes and the initiation of gene silencing. Nat
Struct Mol Biol 2004;11:214-8.

Martinez J, Patkaniowska A, Urlaub H, Luhrmann R, Tuschl T. Single-stranded
antisense siRNAs guide target RNA cleavage in RNAI. Cell 2002;110:563-74.

Liu J, Carmell MA, Rivas FV, Marsden CG, Thomson JM, Song JJ, et al. Argonaute2 is
the catalytic engine of mammalian RNAI. Science 2004;305:1437-41.

Matranga C, Tomari Y, Shin C, Bartel DP, Zamore PD. Passenger-strand cleavage
facilitates assembly of siRNA into Ago2-containing RNAi enzyme complexes. Cell
2005;123:607-20.

Rand TA, Petersen S, Du F, Wang X. Argonaute2 cleaves the anti-guide strand of
siRNA during RISC activation. Cell 2005;123:621-9.

Parker JS, Roe SM, Barford D. Structural insights into mRNA recognition from a PIWI
domain-siRNA guide complex. Nature 2005;434:663-6.

Ma JB, Ye K, Patel DJ. Structural basis for overhang-specific small interfering RNA
recognition by the PAZ domain. Nature 2004;429:318-22.

Elbashir SM, Lendeckel W, Tuschl T. RNA interference is mediated by 21- and 22-
nucleotide RNAs. Genes Dev 2001;15:188-200.

Orban TI, Izaurralde E. Decay of mRNAs targeted by RISC requires XRN1, the Ski
complex, and the exosome. RNA 2005;11:459-69.

Hutvagner G, Zamore PD. A microRNA in a multiple-turnover RNAi enzyme complex.
Science 2002;297:2056-60.

Vazquez F, Vaucheret H, Rajagopalan R, Lepers C, Gasciolli V, Mallory AC, et al.
Endogenous trans-acting siRNAs regulate the accumulation of Arabidopsis mRNAs.
Mol Cell 2004;16:69-79.

Peragine A, Yoshikawa M, Wu G, Albrecht HL, Poethig RS. SGS3 and
SGS2/SDE1/RDRG6 are required for juvenile development and the production of trans-
acting siRNAs in Arabidopsis. Genes Dev 2004;18:2368-79.

-45-



Introduction

[227]

[228]

[229]

[230]
[231]
[232]
[233]
[234]

[235]

[236]
[237]
[238]
[239]
[240]
[241]
[242]
[243]

[244]

[245]

[246]
[247]

[248]
[249]
[250]
[251]
[252]
[253]

[254]

Volpe TA, Kidner C, Hall IM, Teng G, Grewal Sl, Martienssen RA. Regulation of
heterochromatic silencing and histone H3 lysine-9 methylation by RNAi. Science
2002;297:1833-7.

Reinhart BJ, Bartel DP. Small RNAs correspond to centromere heterochromatic
repeats. Science 2002;297:1831.

Aravin AA, Naumova NM, Tulin AV, Vagin VV, Rozovsky YM, Gvozdev VA. Double-
stranded RNA-mediated silencing of genomic tandem repeats and transposable
elements in the D. melanogaster germline. Curr Biol 2001;11:1017-27.

Carrington JC. Small RNAs and Arabidopsis. A fast forward look. Plant Physiol
2005;138:565-6.

Mochizuki K, Gorovsky MA. Small RNAs in genome rearrangement in Tetrahymena.
Curr Opin Genet Dev 2004;14:181-7.

Aravin A, Gaidatzis D, Pfeffer S, Lagos-Quintana M, Landgraf P, lovino N, et al. A novel
class of small RNAs bind to MILI protein in mouse testes. Nature 2006;442:203-7.
Girard A, Sachidanandam R, Hannon GJ, Carmell MA. A germline-specific class of
small RNAs binds mammalian Piwi proteins. Nature 2006;442:199-202.

Grivna ST, Beyret E, Wang Z, Lin H. A novel class of small RNAs in mouse
spermatogenic cells. Genes Dev 2006;20:1709-14.

Watanabe T, Takeda A, Tsukiyama T, Mise K, Okuno T, Sasaki H, et al. Identification
and characterization of two novel classes of small RNAs in the mouse germline:
retrotransposon-derived siRNAs in oocytes and germline small RNAs in testes. Genes
Dev 2006;20:1732-43.

Lau NC, Seto AG, Kim J, Kuramochi-Miyagawa S, Nakano T, Bartel DP, et al.
Characterization of the piRNA complex from rat testes. Science 2006;313:363-7.
Kuramochi-Miyagawa S, Kimura T, Yomogida K, Kuroiwa A, Tadokoro Y, Fujita Y, et al.
Two mouse piwi-related genes: miwi and mili. Mech Dev 2001;108:121-33.

Bartel DP, Chen CZ. Micromanagers of gene expression: the potentially widespread
influence of metazoan microRNAs. Nat Rev Genet 2004;5:396-400.

Lee Y, Kim M, Han J, Yeom KH, Lee S, Baek SH, et al. MicroRNA genes are
transcribed by RNA polymerase Il. EMBO J 2004;23:4051-60.

Borchert GM, Lanier W, Davidson BL. RNA polymerase Il transcribes human
microRNAs. Nat Struct Mol Biol 2006;13:1097-101.

Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, et al. The nuclear RNase Ill Drosha initiates
microRNA processing. Nature 2003;425:415-9.

Yi R, Qin Y, Macara IG, Cullen BR. Exportin-5 mediates the nuclear export of pre-
microRNAs and short hairpin RNAs. Genes Dev 2003;17:3011-6.

Lund E, Guttinger S, Calado A, Dahlberg JE, Kutay U. Nuclear export of microRNA
precursors. Science 2004;303:95-8.

Chendrimada TP, Gregory RI, Kumaraswamy E, Norman J, Cooch N, Nishikura K, et al.
TRBP recruits the Dicer complex to Ago2 for microRNA processing and gene silencing.
Nature 2005;436:740-4.

Lee Y, Hur I, Park SY, Kim YK, Suh MR, Kim VN. The role of PACT in the RNA
silencing pathway. EMBO J 2006;25:522-32.

Preall JB, Sontheimer EJ. RNAI: RISC gets loaded. Cell 2005;123:543-5.

Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4 encodes
small RNAs with antisense complementarity to lin-14. Cell 1993;75:843-54.

Wightman B, Ha I, Ruvkun G. Posttranscriptional regulation of the heterochronic gene
lin-14 by lin-4 mediates temporal pattern formation in C. elegans. Cell 1993,75:855-62.
Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by adenosines,
indicates that thousands of human genes are microRNA targets. Cell 2005;120:15-20.
Liu J, Valencia-Sanchez MA, Hannon GJ, Parker R. MicroRNA-dependent localization
of targeted mRNAs to mammalian P-bodies. Nat Cell Biol 2005;7:719-23.

Yekta S, Shih IH, Bartel DP. MicroRNA-directed cleavage of HOXB8 mRNA. Science
2004;304:594-6.

Nottrott S, Simard MJ, Richter JD. Human let-7a miRNA blocks protein production on
actively translating polyribosomes. Nat Struct Mol Biol 2006;13:1108-14.

Maroney PA, Yu Y, Fisher J, Nilsen TW. Evidence that microRNAs are associated with
translating messenger RNAs in human cells. Nat Struct Mol Biol 2006;13:1102-7.

Pillai RS, Bhattacharyya SN, Artus CG, Zoller T, Cougot N, Basyuk E, et al. Inhibition of
translational initiation by Let-7 MicroRNA in human cells. Science 2005;309:1573-6.

-46-



Introduction

[255]
[256]

[257]

[258]
[259]

[260]

[261]
[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]
[270]
[271]
[272]

[273]
[274]

[275]
[276]
[277]

[278]

[279]

Wu L, Fan J, Belasco JG. MicroRNAs direct rapid deadenylation of mMRNA. Proc Natl
Acad Sci U S A 2006;103:4034-9.

Chendrimada TP, Finn KJ, Ji X, Baillat D, Gregory RI, Liebhaber SA, et al. MicroRNA
silencing through RISC recruitment of elF6. Nature 2007;447:823-8.

Standart N, Jackson RJ. MicroRNAs repress translation of m7Gppp-capped target
mRNAs in vitro by inhibiting initiation and promoting deadenylation. Genes Dev
2007;21:1975-82.

Vasudevan S, Tong Y, Steitz JA. Switching from repression to activation: microRNAs
can up-regulate translation. Science 2007;318:1931-4.

Boyd SD. Everything you wanted to know about small RNA but were afraid to ask. Lab
Invest 2008;88:569-78.

Volinia S, Calin GA, Liu CG, Ambs S, Cimmino A, Petrocca F, et al. A microRNA
expression signature of human solid tumors defines cancer gene targets. Proc Natl
Acad Sci U S A 2006;103:2257-61.

Chan JA, Krichevsky AM, Kosik KS. MicroRNA-21 is an antiapoptotic factor in human
glioblastoma cells. Cancer Res 2005;65:6029-33.

Lui WO, Pourmand N, Patterson BK, Fire A. Patterns of known and novel small RNAs
in human cervical cancer. Cancer Res 2007;67:6031-43.

Ota A, Tagawa H, Karnan S, Tsuzuki S, Karpas A, Kira S, et al. Identification and
characterization of a novel gene, C130rf25, as a target for 13931-q32 amplification in
malignant lymphoma. Cancer Res 2004;64:3087-95.

Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D, et al. MicroRNA
expression profiles classify human cancers. Nature 2005;435:834-8.

van Rooij E, Sutherland LB, Qi X, Richardson JA, Hill J, Olson EN. Control of stress-
dependent cardiac growth and gene expression by a microRNA. Science
2007;316:575-9.

van Rooij E, Sutherland LB, Liu N, Williams AH, McAnally J, Gerard RD, et al. A
signature pattern of stress-responsive microRNAs that can evoke cardiac hypertrophy
and heart failure. Proc Natl Acad Sci U S A 2006;103:18255-60.

Druker BJ, Guilhot F, O'Brien SG, Gathmann |, Kantarjian H, Gattermann N, et al. Five-
year follow-up of patients receiving imatinib for chronic myeloid leukemia. N Engl J Med
2006;355:2408-17.

Smith I, Procter M, Gelber RD, Guillaume S, Feyereislova A, Dowsett M, et al. 2-year
follow-up of trastuzumab after adjuvant chemotherapy in HER2-positive breast cancer:
a randomised controlled trial. Lancet 2007;369:29-36.

Kikani CK, Dong LQ, Liu F. "New"-clear functions of PDK1: beyond a master kinase in
the cytosol? J Cell Biochem 2005;96:1157-62.

Lim ST, Mikolon D, Stupack DG, Schlaepfer DD. FERM control of FAK function:
implications for cancer therapy. Cell Cycle 2008;7:2306-14.

Weihua Z, Tsan R, Huang WC, Wu Q, Chiu CH, Fidler 1J, et al. Survival of cancer cells
is maintained by EGFR independent of its kinase activity. Cancer Cell 2008;13:385-93.
Pecot CV, Calin GA, Coleman RL, Lopez-Berestein G, Sood AK. RNA interference in
the clinic: challenges and future directions. Nat Rev Cancer 2011;11:59-67.
http://clinicaltrials.gov.

Kim DH, Behlke MA, Rose SD, Chang MS, Choi S, Rossi JJ. Synthetic dsRNA Dicer
substrates enhance RNAI potency and efficacy. Nat Biotechnol 2005;23:222-6.

Siolas D, Lerner C, Burchard J, Ge W, Linsley PS, Paddison PJ, et al. Synthetic
shRNAs as potent RNAI triggers. Nat Biotechnol 2005;23:227-31.

Boudreau RL, Martins |, Davidson BL. Artificial microRNAs as siRNA shuttles: improved
safety as compared to shRNAs in vitro and in vivo. Mol Ther 2009;17:169-75.

Boudreau RL, Monteys AM, Davidson BL. Minimizing variables among hairpin-based
RNA. vectors reveals the potency of sShRNAs. RNA 2008;14:1834-44.

Grimm D, Streetz KL, Jopling CL, Storm TA, Pandey K, Davis CR, et al. Fatality in mice
due to oversaturation of cellular microRNA/short hairpin RNA pathways. Nature
2006;441:537-41.

McBride JL, Boudreau RL, Harper SQ, Staber PD, Monteys AM, Martins I, et al.
Artificial miRNAs mitigate shRNA-mediated toxicity in the brain: implications for the
therapeutic development of RNAI. Proc Natl Acad Sci U S A 2008;105:5868-73.

47-



Introduction

[280]

[281]
[282]

[283]

[284]

[285]
[286]
[287]
[288]

[289]

[290]

[291]

[292]

[293]

[294]

[295]

[296]

[297]

[298]

[299]

[300]

[301]

Grimm D, Wang L, Lee JS, Schurmann N, Gu S, Borner K, et al. Argonaute proteins are
key determinants of RNAI efficacy, toxicity, and persistence in the adult mouse liver. J
Clin Invest 2010;120:3106-19.

Giering JC, Grimm D, Storm TA, Kay MA. Expression of shRNA from a tissue-specific
pol Il promoter is an effective and safe RNAI therapeutic. Mol Ther 2008;16:1630-6.
Zeng Y, Yi R, Cullen BR. Recognition and cleavage of primary microRNA precursors by
the nuclear processing enzyme Drosha. EMBO J 2005;24:138-48.

Chung KH, Hart CC, Al-Bassam S, Avery A, Taylor J, Patel PD, et al. Polycistronic RNA
polymerase Il expression vectors for RNA interference based on BIC/miR-155. Nucleic
Acids Res 2006;34:e53.

Boden D, Pusch O, Silbermann R, Lee F, Tucker L, Ramratnam B. Enhanced gene
silencing of HIV-1 specific siRNA using microRNA designed hairpins. Nucleic Acids Res
2004;32:1154-8.

Silva JM, Li MZ, Chang K, Ge W, Golding MC, Rickles RJ, et al. Second-generation
shRNA libraries covering the mouse and human genomes. Nat Genet 2005;37:1281-8.
Davidson BL, McCray PB, Jr. Current prospects for RNA interference-based therapies.
Nat Rev Genet 2011;12:329-40.

Tiemann K, Rossi JJ. RNAi-based therapeutics-current status, challenges and
prospects. EMBO Mol Med 2009;1:142-51.

Bumcrot D, Manoharan M, Koteliansky V, Sah DW. RNAI therapeutics: a potential new
class of pharmaceutical drugs. Nat Chem Biol 2006;2:711-9.

Russ V, Elfberg H, Thoma C, Kloeckner J, Ogris M, Wagner E. Novel degradable
oligoethylenimine acrylate ester-based pseudodendrimers for in vitro and in vivo gene
transfer. Gene Ther 2008;15:18-29.

Tarwadi, Jazayeri JA, Prankerd RJ, Pouton CW. Preparation and in vitro evaluation of
novel lipopeptide transfection agents for efficient gene delivery. Bioconjug Chem
2008;19:940-50.

Soutschek J, Akinc A, Bramlage B, Charisse K, Constien R, Donoghue M, et al.
Therapeutic silencing of an endogenous gene by systemic administration of modified
siRNAs. Nature 2004;432:173-8.

Wolfrum C, Shi S, Jayaprakash KN, Jayaraman M, Wang G, Pandey RK, et al.
Mechanisms and optimization of in vivo delivery of lipophilic siRNAs. Nat Biotechnol
2007;25:1149-57.

Wu Y, Navarro F, Lal A, Basar E, Pandey RK, Manoharan M, et al. Durable protection
from Herpes Simplex Virus-2 transmission following intravaginal application of siRNAs
targeting both a viral and host gene. Cell Host Microbe 2009;5:84-94.

Chen Q, Butler D, Querbes W, Pandey RK, Ge P, Maier MA, et al. Lipophilic siRNAs
mediate efficient gene silencing in oligodendrocytes with direct CNS delivery. J Control
Release 2010;144:227-32.

Zimmermann TS, Lee AC, Akinc A, Bramlage B, Bumcrot D, Fedoruk MN, et al. RNAi-
mediated gene silencing in non-human primates. Nature 2006;441:111-4.

Geisbert TW, Lee AC, Robbins M, Geisbert JB, Honko AN, Sood V, et al. Postexposure
protection of non-human primates against a lethal Ebola virus challenge with RNA
interference: a proof-of-concept study. Lancet 2010;375:1896-905.

Dassie JP, Liu XY, Thomas GS, Whitaker RM, Thiel KW, Stockdale KR, et al. Systemic
administration of optimized aptamer-siRNA chimeras promotes regression of PSMA-
expressing tumors. Nat Biotechnol 2009;27:839-49.

Zhou J, Swiderski P, Li H, Zhang J, Neff CP, Akkina R, et al. Selection, characterization
and application of new RNA HIV gp 120 aptamers for facile delivery of Dicer substrate
siRNAs into HIV infected cells. Nucleic Acids Res 2009;37:3094-109.

Davis ME, Zuckerman JE, Choi CH, Seligson D, Tolcher A, Alabi CA, et al. Evidence of
RNAi in humans from systemically administered siRNA via targeted nanoparticles.
Nature 2010;464:1067-70.

Kumar P, Ban HS, Kim SS, Wu H, Pearson T, Greiner DL, et al. T cell-specific sSiRNA
delivery suppresses HIV-1 infection in humanized mice. Cell 2008;134:577-86.

Peer D, Park EJ, Morishita Y, Carman CV, Shimaoka M. Systemic leukocyte-directed
siRNA delivery revealing cyclin D1 as an anti-inflammatory target. Science
2008;319:627-30.

-48-



Introduction

[302]

[303]

[304]

[305]

[306]
[307]
[308]

[309]

[310]

[311]

[312]

[313]

[314]

[315]

[316]

[317]
[318]

[319]

[320]
[321]

[322]

[323]

[324]

Kim SS, Peer D, Kumar P, Subramanya S, Wu H, Asthana D, et al. RNAi-mediated
CCRS5 silencing by LFA-1-targeted nanoparticles prevents HIV infection in BLT mice.
Mol Ther 2010;18:370-6.

Zheng X, Vladau C, Zhang X, Suzuki M, Ichim TE, Zhang ZX, et al. A novel in vivo
siRNA delivery system specifically targeting dendritic cells and silencing CD40 genes
for immunomodulation. Blood 2009;113:2646-54.

Kumar P, Wu H, McBride JL, Jung KE, Kim MH, Davidson BL, et al. Transvascular
delivery of small interfering RNA to the central nervous system. Nature 2007;448:39-43.
Kortylewski M, Swiderski P, Herrmann A, Wang L, Kowolik C, Kujawski M, et al. In vivo
delivery of siRNA to immune cells by conjugation to a TLR9 agonist enhances antitumor
immune responses. Nat Biotechnol 2009;27:925-32.

Heilbronn R, Weger S. Viral vectors for gene transfer: current status of gene
therapeutics. Handb Exp Pharmacol 2010:143-70.

Hall K, Blair Zajdel ME, Blair GE. Unity and diversity in the human adenoviruses:
exploiting alternative entry pathways for gene therapy. Biochem J 2010;431:321-36.
Matrai J, Chuah MK, VandenDriessche T. Recent advances in lentiviral vector
development and applications. Mol Ther 2010;18:477-90.

Overbaugh J, Miller AD, Eiden MV. Receptors and entry cofactors for retroviruses
include single and multiple transmembrane-spanning proteins as well as newly
described glycophosphatidylinositol-anchored and secreted proteins. Microbiol Mol Biol
Rev 2001;65:371-89, table of contents.

Marconi P, Argnani R, Epstein AL, Manservigi R. HSV as a vector in vaccine
development and gene therapy. Adv Exp Med Biol 2009;655:118-44.

Haijitou A, Trepel M, Lilley CE, Soghomonyan S, Alauddin MM, Marini FC, 3rd, et al. A
hybrid vector for ligand-directed tumor targeting and molecular imaging. Cell
2006;125:385-98.

Chen YH, Chang M, Davidson BL. Molecular signatures of disease brain endothelia
provide new sites for CNS-directed enzyme therapy. Nat Med 2009;15:1215-8.
Lombardo A, Genovese P, Beausejour CM, Colleoni S, Lee YL, Kim KA, et al. Gene
editing in human stem cells using zinc finger nucleases and integrase-defective
lentiviral vector delivery. Nat Biotechnol 2007;25:1298-306.

Jackson AL, Burchard J, Schelter J, Chau BN, Cleary M, Lim L, et al. Widespread
siRNA ‘"off-target" transcript silencing mediated by seed region sequence
complementarity. RNA 2006;12:1179-87.

Lin X, Ruan X, Anderson MG, McDowell JA, Kroeger PE, Fesik SW, et al. siRNA-
mediated off-target gene silencing triggered by a 7 nt complementation. Nucleic Acids
Res 2005;33:4527-35.

Nielsen CB, Shomron N, Sandberg R, Hornstein E, Kitzman J, Burge CB. Determinants
of targeting by endogenous and exogenous microRNAs and siRNAs. RNA
2007;13:1894-910.

Khvorova A, Reynolds A, Jayasena SD. Functional siRNAs and miRNAs exhibit strand
bias. Cell 2003;115:209-16.

Schwarz DS, Hutvagner G, Du T, Xu Z, Aronin N, Zamore PD. Asymmetry in the
assembly of the RNAi enzyme complex. Cell 2003;115:199-208.

Echeverri CJ, Beachy PA, Baum B, Boutros M, Buchholz F, Chanda SK, et al.
Minimizing the risk of reporting false positives in large-scale RNAi screens. Nat
Methods 2006;3:777-9.

Jackson AL, Linsley PS. Recognizing and avoiding siRNA off-target effects for target
identification and therapeutic application. Nat Rev Drug Discov 2010;9:57-67.

Robbins M, Judge A, MacLachlan I. siRNA and innate immunity. Oligonucleotides
2009;19:89-102.

Kariko K, Bhuyan P, Capodici J, Weissman D. Small interfering RNAs mediate
sequence-independent gene suppression and induce immune activation by signaling
through toll-like receptor 3. J Immunol 2004;172:6545-9.

Sledz CA, Holko M, de Veer MJ, Silverman RH, Williams BR. Activation of the
interferon system by short-interfering RNAs. Nat Cell Biol 2003;5:834-9.

Hornung V, Guenthner-Biller M, Bourquin C, Ablasser A, Schlee M, Uematsu S, et al.
Sequence-specific potent induction of IFN-alpha by short interfering RNA in
plasmacytoid dendritic cells through TLR7. Nat Med 2005;11:263-70.

-49-



Introduction

[325]

[326]

[327]

[328]

[329]

[330]

[331]

[332]

[333]

[334]

[335]

[336]
[337]

[338]

[339]

[340]

[341]

[342]

[343]

[344]

[345]

Judge AD, Sood V, Shaw JR, Fang D, McClintock K, MacLachlan |. Sequence-
dependent stimulation of the mammalian innate immune response by synthetic siRNA.
Nat Biotechnol 2005;23:457-62.

Sioud M. Induction of inflammatory cytokines and interferon responses by double-
stranded and single-stranded siRNAs is sequence-dependent and requires endosomal
localization. J Mol Biol 2005;348:1079-90.

Diebold SS, Kaisho T, Hemmi H, Akira S, Reis e Sousa C. Innate antiviral responses by
means of TLR7-mediated recognition of single-stranded RNA. Science 2004;303:1529-
31.

Heil F, Hemmi H, Hochrein H, Ampenberger F, Kirschning C, Akira S, et al. Species-
specific recognition of single-stranded RNA via toll-like receptor 7 and 8. Science
2004;303:1526-9.

Cubillos-Ruiz JR, Engle X, Scarlett UK, Martinez D, Barber A, Elgueta R, et al.
Polyethylenimine-based siRNA nanocomplexes reprogram tumor-associated dendritic
cells via TLRS to elicit therapeutic antitumor immunity. J Clin Invest 2009;119:2231-44.
Marques JT, Devosse T, Wang D, Zamanian-Daryoush M, Serbinowski P, Hartmann R,
et al. A structural basis for discriminating between self and nonself double-stranded
RNAs in mammalian cells. Nat Biotechnol 2006;24:559-65.

Ge Q, Dallas A, llves H, Shorenstein J, Behlke MA, Johnston BH. Effects of chemical
modification on the potency, serum stability, and immunostimulatory properties of short
shRNAs. RNA 2010;16:118-30.

Goodchild A, Nopper N, King A, Doan T, Tanudji M, Arndt GM, et al. Sequence
determinants of innate immune activation by short interfering RNAs. BMC Immunol
2009;10:40.

Khan AA, Betel D, Miller ML, Sander C, Leslie CS, Marks DS. Transfection of small
RNAs globally perturbs gene regulation by endogenous microRNAs. Nat Biotechnol
2009;27:549-55.

Scaggiante B, Dapas B, Farra R, Grassi M, Pozzato G, Giansante C, et al. Improving
siRNA bio-distribution and minimizing side effects. Curr Drug Metab 2011;12:11-23.
Ui-Tei K, Naito Y, Takahashi F, Haraguchi T, Ohki-Hamazaki H, Juni A, et al.
Guidelines for the selection of highly effective siRNA sequences for mammalian and
chick RNA interference. Nucleic Acids Res 2004;32:936-48.

Hiller M, Zhang Z, Backofen R, Stamm S. Pre-mRNA secondary structures influence
exon recognition. PLoS Genet 2007;3:e204.

Reynolds A, Leake D, Boese Q, Scaringe S, Marshall WS, Khvorova A. Rational siRNA
design for RNA interference. Nat Biotechnol 2004;22:326-30.

Shabalina SA, Spiridonov AN, Ogurtsov AY. Computational models with
thermodynamic and composition features improve siRNA design. BMC Bioinformatics
2006;7:65.

Sano M, Sierant M, Miyagishi M, Nakanishi M, Takagi Y, Sutou S. Effect of asymmetric
terminal structures of short RNA duplexes on the RNA interference activity and strand
selection. Nucleic Acids Res 2008;36:5812-21.

Rose SD, Kim DH, Amarzguioui M, Heidel JD, Collingwood MA, Davis ME, et al.
Functional polarity is introduced by Dicer processing of short substrate RNAs. Nucleic
Acids Res 2005;33:4140-56.

Vermeulen A, Behlen L, Reynolds A, Wolfson A, Marshall WS, Karpilow J, et al. The
contributions of dsRNA structure to Dicer specificity and efficiency. RNA 2005;11:674-
82.

Kretschmer-Kazemi Far R, Sczakiel G. The activity of siRNA in mammalian cells is
related to structural target accessibility: a comparison with antisense oligonucleotides.
Nucleic Acids Res 2003;31:4417-24.

Brown KM, Chu CY, Rana TM. Target accessibility dictates the potency of human
RISC. Nat Struct Mol Biol 2005;12:469-70.

Schubert S, Grunweller A, Erdmann VA, Kurreck J. Local RNA target structure
influences siRNA efficacy: systematic analysis of intentionally designed binding regions.
J Mol Biol 2005;348:883-93.

Overhoff M, Alken M, Far RK, Lemaitre M, Lebleu B, Sczakiel G, et al. Local RNA target
structure influences siRNA efficacy: a systematic global analysis. J Mol Biol
2005;348:871-81.

-50-



Introduction

[346]

[347]
[348]
[349]

[350]

[351]

[352]

[353]

[354]

[355]

[356]

[357]

[358]

[359]

[360]

[361]

[362]
[363]

[364]

[365]

[366]

Tafer H, Ameres SL, Obernosterer G, Gebeshuber CA, Schroeder R, Martinez J, et al.
The impact of target site accessibility on the design of effective siRNAs. Nat Biotechnol
2008;26:578-83.

De Paula D, Bentley MV, Mahato RI. Hydrophobization and bioconjugation for
enhanced siRNA delivery and targeting. RNA 2007;13:431-56.

Dertinger D, Dale T, Uhlenbeck OC. Modifying the specificity of an RNA backbone
contact. J Mol Biol 2001;314:649-54.

Chiu YL, Rana TM. siRNA function in RNAi: a chemical modification analysis. RNA
2003;9:1034-48.

Allerson CR, Sioufi N, Jarres R, Prakash TP, Naik N, Berdeja A, et al. Fully 2'-modified
oligonucleotide duplexes with improved in vitro potency and stability compared to
unmodified small interfering RNA. J Med Chem 2005;48:901-4.

Wengel J, Petersen M, Nielsen KE, Jensen GA, Hakansson AE, Kumar R, et al. LNA
(locked nucleic acid) and the diastereoisomeric alpha-L-LNA: conformational tuning and
high-affinity recognition of DNA/RNA targets. Nucleosides Nucleotides Nucleic Acids
2001;20:389-96.

Prakash TP, Allerson CR, Dande P, Vickers TA, Sioufi N, Jarres R, et al. Positional
effect of chemical modifications on short interference RNA activity in mammalian cells.
J Med Chem 2005;48:4247-53.

Czauderna F, Fechtner M, Dames S, Aygun H, Klippel A, Pronk GJ, et al. Structural
variations and stabilising modifications of synthetic siRNAs in mammalian cells. Nucleic
Acids Res 2003;31:2705-16.

Amarzguioui M, Holen T, Babaie E, Prydz H. Tolerance for mutations and chemical
modifications in a siRNA. Nucleic Acids Res 2003;31:589-95.

Choung S, Kim YJ, Kim S, Park HO, Choi YC. Chemical modification of siRNAs to
improve serum stability without loss of efficacy. Biochem Biophys Res Commun
2006;342:919-27.

Grunweller A, Wyszko E, Bieber B, Jahnel R, Erdmann VA, Kurreck J. Comparison of
different antisense strategies in mammalian cells using locked nucleic acids, 2'-O-
methyl RNA, phosphorothioates and small interfering RNA. Nucleic Acids Res
2003;31:3185-93.

Jackson AL, Burchard J, Leake D, Reynolds A, Schelter J, Guo J, et al. Position-
specific chemical modification of siRNAs reduces "off-target" transcript silencing. RNA
2006;12:1197-205.

Bramsen JB, Laursen MB, Nielsen AF, Hansen TB, Bus C, Langkjaer N, et al. A large-
scale chemical modification screen identifies design rules to generate siRNAs with high
activity, high stability and low toxicity. Nucleic Acids Res 2009;37:2867-81.

Srivastava P, Barman J, Pathmasiri W, Plashkevych O, Wenska M, Chattopadhyaya J.
Five- and six-membered conformationally locked 2'.4'-carbocyclic ribo-thymidines:
synthesis, structure, and biochemical studies. J Am Chem Soc 2007;129:8362-79.
Hamada M, Ohtsuka T, Kawaida R, Koizumi M, Morita K, Furukawa H, et al. Effects on
RNA interference in gene expression (RNAi) in cultured mammalian cells of
mismatches and the introduction of chemical modifications at the 3'-ends of siRNAs.
Antisense Nucleic Acid Drug Dev 2002;12:301-9.

Pradeepkumar PI, Amirkhanov NV, Chattopadhyaya J. Antisense oligonuclotides with
oxetane-constrained cytidine enhance heteroduplex stability, and elicit satisfactory
RNase H response as well as showing improved resistance to both exo and
endonucleases. Org Biomol Chem 2003;1:81-92.

Petersen M, Wengel J. LNA: a versatile tool for therapeutics and genomics. Trends
Biotechnol 2003;21:74-81.

Braasch DA, Jensen S, Liu Y, Kaur K, Arar K, White MA, et al. RNA interference in
mammalian cells by chemically-modified RNA. Biochemistry 2003;42:7967-75.

Glud SZ, Bramsen JB, Dagnaes-Hansen F, Wengel J, Howard KA, Nyengaard JR, et
al. Naked siLNA-mediated gene silencing of lung bronchoepithelium EGFP expression
after intravenous administration. Oligonucleotides 2009;19:163-8.

Mook OR, Baas F, de Wissel MB, Fluiter K. Evaluation of locked nucleic acid-modified
small interfering RNA in vitro and in vivo. Mol Cancer Ther 2007;6:833-43.

Elmen J, Thonberg H, Ljungberg K, Frieden M, Westergaard M, Xu Y, et al. Locked
nucleic acid (LNA) mediated improvements in siRNA stability and functionality. Nucleic
Acids Res 2005;33:439-47.

-51-



Introduction

[367]

[368]

[369]

[370]

[371]

[372]

[373]

[374]

[375]

[376]

[377]

[378]

[379]

[380]

[381]

[382]

[383]

[384]
[385]

[386]

[387]

Bramsen JB, Laursen MB, Damgaard CK, Lena SW, Babu BR, Wengel J, et al.
Improved silencing properties using small internally segmented interfering RNAs.
Nucleic Acids Res 2007;35:5886-97.

Mook O, Vreijling J, Wengel SL, Wengel J, Zhou C, Chattopadhyaya J, et al. In vivo
efficacy and off-target effects of locked nucleic acid (LNA) and unlocked nucleic acid
(UNA) modified siRNA and small internally segmented interfering RNA (sisiRNA) in
mice bearing human tumor xenografts. Artif DNA PNA XNA 2010;1:36-44.

Langkjaer N, Pasternak A, Wengel J. UNA (unlocked nucleic acid): a flexible RNA
mimic that allows engineering of nucleic acid duplex stability. Bioorg Med Chem
2009;17:5420-5.

Werk D, Wengel J, Wengel SL, Grunert HP, Zeichhardt H, Kurreck J. Application of
small interfering RNAs modified by unlocked nucleic acid (UNA) to inhibit the heart-
pathogenic coxsackievirus B3. FEBS Lett 2010;584:591-8.

Laursen MB, Pakula MM, Gao S, Fluiter K, Mook OR, Baas F, et al. Utilization of
unlocked nucleic acid (UNA) to enhance siRNA performance in vitro and in vivo. Mol
Biosyst 2010;6:862-70.

Bramsen JB, Pakula MM, Hansen TB, Bus C, Langkjaer N, Odadzic D, et al. A screen
of chemical modifications identifies position-specific modification by UNA to most
potently reduce siRNA off-target effects. Nucleic Acids Res 2010;38:5761-73.

Morrissey DV, Lockridge JA, Shaw L, Blanchard K, Jensen K, Breen W, et al. Potent
and persistent in vivo anti-HBV activity of chemically modified siRNAs. Nat Biotechnol
2005;23:1002-7.

Sioud M. Deciphering the code of innate immunity recognition of siRNAs. Methods Mol
Biol 2009;487:41-59.

Kariko K, Buckstein M, Ni H, Weissman D. Suppression of RNA recognition by Toll-like
receptors: the impact of nucleoside modification and the evolutionary origin of RNA.
Immunity 2005;23:165-75.

Narang AS, Thoma L, Miller DD, Mahato RI. Cationic lipids with increased DNA binding
affinity for nonviral gene transfer in dividing and nondividing cells. Bioconjug Chem
2005;16:156-68.

Li SD, Chono S, Huang L. Efficient gene silencing in metastatic tumor by siRNA
formulated in surface-modified nanoparticles. J Control Release 2008;126:77-84.
Stevenson M, Ramos-Perez V, Singh S, Soliman M, Preece JA, Briggs SS, et al.
Delivery of siRNA mediated by histidine-containing reducible polycations. J Control
Release 2008;130:46-56.

Wang XL, Jensen R, Lu ZR. A novel environment-sensitive biodegradable polydisulfide
with protonaable pendants for nucleic acid delivery. J Control Release 2007;120:250-8.
Cheng K, Ye Z, Guntaka RV, Mahato RI. Biodistribution and hepatic uptake of triplex-
forming oligonucleotides against type alpha1i(l) collagen gene promoter in normal and
fibrotic rats. Mol Pharm 2005;2:206-17.

Zhu L, Lu Y, Miller DD, Mahato RI. Structural and formulation factors influencing
pyridinium lipid-based gene transfer. Bioconjug Chem 2008;19:2499-512.

Gao J, Kou G, Wang H, Chen H, Li B, Lu Y, et al. PE38KDEL-loaded anti-HER2
nanoparticles inhibit breast tumor progression with reduced toxicity and
immunogenicity. Breast Cancer Res Treat 2009;115:29-41.

Rothdiener M, Muller D, Castro PG, Scholz A, Schwemmlein M, Fey G, et al. Targeted
delivery of SIRNA to CD33-positive tumor cells with liposomal carrier systems. J Control
Release 2010;144:251-8.

Ma Y, Chan CY, He ML. RNA interference and antiviral therapy. World J Gastroenterol
2007;13:5169-79.

Gitlin L, Karelsky S, Andino R. Short interfering RNA confers intracellular antiviral
immunity in human cells. Nature 2002;418:430-4.

Kahana R, Kuznetzova L, Rogel A, Shemesh M, Hai D, Yadin H, et al. Inhibition of foot-
and-mouth disease virus replication by small interfering RNA. J Gen Virol
2004;85:3213-7.

Kronke J, Kittler R, Buchholz F, Windisch MP, Pietschmann T, Bartenschlager R, et al.
Alternative approaches for efficient inhibition of hepatitis C virus RNA replication by
small interfering RNAs. J Virol 2004,78:3436-46.

-52-



Introduction

[388]

[389]

[390]

[391]
[392]

[393]

Chen W, Yan W, Du Q, Fei L, Liu M, Ni Z, et al. RNA interference targeting VP1 inhibits
foot-and-mouth disease virus replication in BHK-21 cells and suckling mice. J Virol
2004;78:6900-7.

Cordelier P, Morse B, Strayer DS. Targeting CCR5 with siRNAs: using recombinant
SV40-derived vectors to protect macrophages and microglia from R5-tropic HIV.
Oligonucleotides 2003;13:281-94.

Song E, Lee SK, Dykxhoorn DM, Novina C, Zhang D, Crawford K, et al. Sustained
small interfering RNA-mediated human immunodeficiency virus type 1 inhibition in
primary macrophages. J Virol 2003;77:7174-81.

Stram Y, Kuzntzova L. Inhibition of viruses by RNA interference. Virus Genes
2006;32:299-306.

Zhou J, Rossi JJ. Progress in RNAi-based antiviral therapeutics. Methods Mol Biol
2011;721:67-75.

Leonard JN, Schaffer DV. Antiviral RNAi therapy: emerging approaches for hitting a
moving target. Gene Ther 2006;13:532-40.

-53-



Aims of the thesis

11. AIMS OF THE THESIS

1. Using RNA interference as a tool to inhibit adenoviral multiplication

One focus of this thesis was to answer the question whether RNA interference could
be a possible tool to inhibit adenoviral infections. For that purpose siRNAs and artificial
miRNA were designed and validated targeting different adenoviral genes involved in
different processes.

2. Using gene-directed enzyme prodrug therapy to block adenoviral replication

In this part of the thesis | was involved in a project that wanted to answer the question

whether HSV-TK and ganciclovir can be used to treat adenoviral infections.
3. Identifying cellular target genes of adenoviral mivaRNAs
The aim of this part of the thesis was to validate potential target genes of adenoviral

mivaRNAs to gain more insight into the interplay between adenovirus and cellular gene

expression during an infection.
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II1. SPECIAL TOPICS

Author’s contribution

| hereby declare that | have significantly contributed to the realization of the studies in

the present thesis.

In the first part (Inhibition of adenovirus multiplication by short interfering RNAs
directly or indirectly targeting the viral DNA replication machinery) | participated in the
study design and carried out most of the experimental work shown in Fig. 1, Fig. 2, Fig.
3, Fig. 4, Fig.5, Fig. 6, Fig. 7 and Supp. Fig. 1, Suppl. Fig.2, Suppl. Fig.3, Suppl. Fig.4

and Suppl. Fig.5. | was involved in data analysis and interpretation of results.

In the second part (Targeted expression of herpes simplex virus thymidine kinase in
adenovirus-infected cells reduces virus titers upon treatment with ganciclovir in vitro) |
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Human adenoviruses are a common threat to immunocompromised patients, e.g., HIV-positive individu-
als or solid-organ and, in particular, allogeneic stem cell transplant recipients. Antiviral drugs have a lim-
ited effect on adenoviruses, and existing treatment modalities often fail to prevent fatal outcome.
Silencing of viral genes by short interfering RNAs (siRNAs) holds a great promise in the treatment of viral
infections. The aim of the present study was to identify adenoviral candidate targets for RNA interfer-
ence-mediated inhibition of adenoviral replication. We investigated the impact of silencing of a set of
early, middle, and late viral genes on the replication of adenovirus 5 in vitro. Adenovirus replication
was inhibited by siRNAs directed against the adenoviral E1A, DNA polymerase, preterminal protein
(pTP), IVa2, hexon, and protease genes. Silencing of early and middle genes was more effective in inhib-
iting adenovirus multiplication than was silencing of late genes. A siRNA directed against the viral DNA
polymerase mRNA decreased viral genome copy numbers and infectious virus progeny by several orders
of magnitude. Since silencing of any of the early genes directly or indirectly affected viral DNA synthesis,
our data suggest that reducing viral genome copy numbers is a more promising strategy for the treatment
of adenoviral infections than is reducing the numbers of proteins necessary for capsid generation. Thus,
adenoviral DNA replication was identified as a key target for RNAi-mediated inhibition of adenovirus
multiplication. In addition, the E1A transcripts emerged as a second important target, because its knock-
down markedly improved the viability of cells at late stages of infection.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Human adenoviruses are double-stranded DNA (dsDNA) viruses
associated with a wide range of human diseases. They are mainly
responsible for self-limiting respiratory and intestinal infections,
and predominantly affect children and young adults (Lenaerts
et al., 2008). However, more severe manifestations, including hem-
orrhagic cystitis, nephritis, pneumonia, hepatitis, enterocolitis, and
disseminated disease, are observed in immunocompromised pa-
tients, such as solid-organ and, in particular, allogeneic stem cell
transplant recipients (Echavarria, 2008; Ison, 2006; Kojaoghlanian
et al.,, 2003). These manifestations can be life-threatening or even
lethal. In the case of disseminated disease, mortality rates as high
as 80% have been reported (Blanke et al., 1995; Hale et al., 1999;
Howard et al., 1999; Lion et al., 2003; Munoz et al., 1998). Severe
manifestations are most commonly associated with serotypes from
species B and C (Kojaoghlanian et al., 2003), with a high prevalence

Abbreviations: RNAi, RNAinterference; siRNA, small interfering RNA.
* Corresponding author. Address: Children’s Cancer Research Institute, Zimmer-
mannplatz 10, 1090 Vienna, Austria. Tel.: +43 1 40470 4490; fax: +43 140470 7437.
E-mail address: reinhard.klein@ccri.at (R. Klein).

0166-3542/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.antiviral.2012.03.011
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of species C in certain geographical areas (Ebner et al., 2006; Lion
et al., 2003, 2010).

In the immunocompetent host, a severe manifestation of ade-
novirus infection is epidemic keratoconjunctivitis (EKC). This is
predominantly associated with serotypes 8, 19, and 37 (all belong-
ing to species D), is highly contagious, and can have severe conse-
quences on visual acuity (Gordon et al., 1996). Besides, EKC is
generally associated with significant morbidity, which results in
considerable economic losses.

The most common agents for treating adenovirus infections are
ribavirin and cidofovir. However, apparent clinical efficacy has
been demonstrated only for cidofovir. Although cidofovir is widely
used, its activity is limited and insufficient to completely prevent
fatal outcomes among hematopoietic stem cell transplant recipi-
ents (Lenaerts et al, 2008; Lindemans et al, 2010; Ljungman
et al., 2003; Symeonidis et al., 2007; Yusuf et al., 2006). Further-
more, concomitant recovery of the immune system may be neces-
sary for complete adenovirus clearance (Chakrabarti et al., 2002;
Heemskerk et al., 2005; Lindemans et al., 2010). Cidofovir displays
significant nephrotoxicity and limited bioavailability, and this has
prompted the development of improved derivatives. However,
the effectiveness of these compounds is still under evaluation
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(Hartline et al., 2005; Paolino et al., 2011). Thus, in view of the
growing numbers of immunosuppressed patients, the develop-
ment of alternative anti-adenovirus treatment options is required
to decrease adenovirus-mediated mortality among immunocom-
promised patients, and also to decrease economic losses caused
by milder forms of adenovirus-related disease.

RNA interference (RNAIi) is a post-transcriptional mechanism of
gene silencing conserved among eukaryotic cells (Carthew and
Sontheimer, 2009; Ghildiyal and Zamore, 2009; Huntzinger and
Izaurralde, 2011; Hutvagner and Simard, 2008; Kawamata
and Tomari, 2010). It is mediated through small double-stranded
RNAs (dsRNAs), of ~21-25nt in length, which guide the RNA-
induced silencing complex (RISC) to the respective target mRNAs
(Fire et al., 1998). Depending on the degree of complementarity be-
tween the so-called antisense (or guide) strand of the dsRNA and
target mRNA, RNAi can bring about the cleavage of the mRNA
(in the case of full or nearly full complementarity), accelerated
degradation (as a consequence of deadenylation), or translational
repression. Following the discovery that the introduction of syn-
thetic small interfering RNAs (siRNAs) into cells can trigger RNAi
(Elbashir et al., 2001), this mechanism was rapidly harnessed as
a tool to silence disease-associated human, and also viral genes
(Davidson and McCray, 2011). Since then, siRNA-mediated silenc-
ing of viral genes has been employed to inhibit the replication
of a variety of DNA and RNA viruses, in vitro and also in vivo
(Arbuthnot, 2010; Haasnoot et al., 2007; Zhou and Rossi, 2011).

Adenoviruses contain a linear dsDNA genome, ~36 kb long. The
first gene to be expressed during the infection cycle is E1A. This
gene has a central role, because it reprograms the cell in a way that
promotes efficient virus replication (Berk, 2005; Pelka et al., 2008;
Zhao et al., 2003). Deletion of E1A renders adenoviruses replication
deficient. E1A expression ultimately leads to the activation of other
early and late promoters and triggers the onset of viral DNA repli-
cation. Viral DNA replication is dependent on three viral proteins:
the viral DNA polymerase; the preterminal protein (pTP); and the
DNA-binding protein (DBP) (de Jong et al., 2003). Besides creating
dsDNAs for packaging into capsids (accomplished with the help of
the IVa2 protein) (Zhang and Imperiale, 2003), replication of the
adenoviral genome activates the expression of other viral genes,
e.g., IVa2 (Flint, 1986; Iftode and Flint, 2004) and genes transcribed
from the major late promoter (MLP) (Shaw and Ziff, 1980). Upreg-
ulation of major late (ML) gene expression also involves the Va2
protein (Tribouley et al., 1994), and results in the synthesis of gene
products that primarily constitute structural components of the
virion or are involved in its assembly. The major component of
the capsid is the hexon protein (Russell, 2009). Capsid maturation
requires the action of adenovirus protease, also called adenain
(Webster et al., 1989). This protein, which is an integral part of
the mature virion, is also required for disassembly of the virion
upon virus entry, and consequently for release of the viral DNA
(Greber et al., 1996).

In vitro silencing of adenoviral genes by siRNAs has been dem-
onstrated for an adenovirus (Ad) 11 strain (2K2/507/KNIH; species
B; isolated in Korea) (Chung et al., 2007), and also for a mutant
strain of Ad5 (species C) lacking the E1B and E3 genes (Eckstein
et al,, 2010). In the case of Ad11, siRNAs directed against E1A were
reported to result in an overall reduction of plaque-forming capac-
ity. For the Ad5 mutant strain, siRNAs targeting the E1A, Va2, and
hexon mRNAs were evaluated, and the [Va2 mRNA-targeting siRNA
was reported to most efficiently decrease virus production. A pro-
tective effect on cell viability was observed only when the Va2
mRNA-targeting siRNA was combined with an E1A mRNA-directed
siRNA and administered at high concentration. The Ad5 mutant
virus used represented a rather artificial test system, in that it
lacked the E1B genes which, when present, prevent premature cell
death, thereby prolonging virus replication and promoting viral
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late mRNA export from the nucleus (Blackford and Grand, 2009;
Flint and Gonzalez, 2003; Subramanian et al., 1995; Woo and Berk,
2007). Together with the fact that the E1A gene was expressed
from an artificial minimal CMV promoter autoactivated by E1A
(Fechner et al., 2003), these differences from the wild-type virus
make it somewhat difficult to accurately assess the potential of
siRNA-mediated adenovirus gene silencing as a strategy for inhib-
iting adenovirus multiplication.

Here, we investigated the impact of siRNA-mediated adenovirus
gene silencing on the replication of wild-type adenovirus. We ex-
panded the panel of potential adenoviral targets, by evaluating siR-
NAs directed against the Ad5 E1A, DNA polymerase, pTP, Va2,
hexon, and protease mRNAs. Based on our in vitro results, we pro-
pose that the adenoviral mRNAs originating from genes which are
essential for viral DNA replication (i.e., the DNA polymerase and
pTP (and potentially the DBP) genes are promising targets for
RNAi-mediated inhibition of adenovirus multiplication. Moreover,
we demonstrate that highly potent EIA mRNA-directed siRNAs,
which are also able to inhibit virus replication (albeit to a lesser ex-
tent than the DNA polymerase mRNA-directed siRNA), are capable
of concomitantly delaying cell death, without the need for combi-
nation with other siRNAs. This distinct mode of inhibition may be
exploited in vivo for siRNA-mediated attenuation of virus release
and, consequently, virus spread.

2. Materials and methods
2.1. Cell culture and virus production

HEK293 (human embryonic kidney; ATCC CRL-1573) and A549
(human epithelial lung carcinoma; ATCC CCL-185) cells were culti-
vated in Dulbecco’s Modified Eagles Medium (DMEM) with
stabilized glutamine (PAA Laboratories, Pasching, Austria) supple-
mented with 10% fetal bovine serum (FBS; PAA Laboratories) in a
humidified 5% CO, atmosphere at 37 °C. Ad1 (ATCC VR-1), Ad2
(ATCC VR-846), and Ad6 (ATCC-VR6), were amplified in A549 cells;
Ad5 (ATCC VR-5) was amplified in HEK293 cells. Virus purifications
were performed by standard CsCl density gradient ultracentrifuga-
tion. Infectious virus particle titers were determined on A549 cells
by 50% tissue culture infective dose (TCIDsg) assays.

2.2. Vector construction

For the construction of vectors employed in dual-luciferase
assays, parts of the Ad5 genome were amplified by PCR using prim-
ers specific for E1A (E1A-f1 5-CGACACCGGGTTTAAACATGAGACA
TATTATCTGCCAC-3' and E1A-r1 5-CAACTCATTGTTTAAACAAAGG
CGTTAACCA-3’; annealing temperature [T,]: 50 °C), DNA polymer-
ase (Pol-f1 5'-ACTCATATGGCCTTGGCTCAAGCTCACCGGGC-3' and
Pol-r1 5-ACTAGATCTACGGCATCTCGATCCAGCATATC-3; T,: 55 °C),
pTP (pTP-f3 5'-CTTTTGCACGGTCTCGAGCGTCAACGATTGCGC-3' and
pTP-r3 5-GTGTCCTTGGATGCGGCCGCTAAAAGCGGTGACGCGGG-3';
T,: 65 °C), IVa2 (IVa2-f1 5'-CACCGGCTCGTTTAAACCAGAGGGCGAAG
AC-3" and IVa2-r1 5'-AAACATAAAGTTTAAACCAGACTCTGTTTGGAT-
3’; T,: 50 °C), hexon (Hex-f1 5'-CCGCTTCTCGAGATGGCTACCCCTTC
GATGATG-3' and Hex-r1 5-TGTTGCGCGGCCGCTTATGTTGTGGCG
TTGCCGG-3'; T,: 57 °C), and protease (Prot-f1 5'-CAAGCAACAGTTT
AAACAGCTGCCGCCATGG-3’ and Prot-r1 5'-AAATAAGTTTAAACGCC
TTTATTGAAAGTGTCTC-3’; T,: 50°C). The PCR reactions were
performed in a total volume of 50 pL containing 10x PCR buffer
(Peqlab), 400 uM dNTPs, 1 uM of each primer, 4 mM MgSO, and
2.5 U of Pwo-DNA-Polymerase (Peqlab). The cycling parameters
consisted of a total of 30 cycles of denaturing at 95 °C for 1 min,
followed by annealing at the appropriate temperature for 1 min
and extension at 72 °C for 2 min. The PCR products were subjected
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to agarose gel electrophoresis, stained with ethidium bromide, and
visualized on a UV transilluminator. The PCR fragments were in-
serted into the Pmel site (E1A, Va2, protease fragments), Xhol
and Notl sites (pTP, hexon), or Ndel and BgllI sites (DNA polymer-
ase) of psiCHECK-2 (Promega, Mannheim, Germany), all located
within the 3’ UTR of the Renilla luciferase gene. The resulting vec-
tors were named psiCHECK-E1A, psiCHECK-pol, psiCHECK-pTP,
psiCHECK-IVa2, and psiCHECK-hex. Restriction enzymes and
DNA-modifying enzymes were purchased from Fermentas (St.
Leon-Rot, Germany) or New England Biolabs (Frankfurt am Main,
Germany). PCR reactions were performed with Pwo DNA polymer-
ase obtained from Roche Diagnostics (Vienna, Austria).

2.3. Nucleic acid extraction

Circular plasmid DNA was extracted with QIAprep® Spin Mini-
prep Kits (QIAGEN, Hilden, Germany), EasyPrep® Pro Plasmid Mini-
prep Kits (Biozym, Oldendorf, Germany), or HiSpeed® Plasmid Midi
Kits (QIAGEN). PCR products were purified with a QIAquick® PCR
Purification Kit (QIAGEN). Adenoviral DNA was isolated from cells
using a QIAamp DNA Blood Mini Kit (QIAGEN). Total RNA was iso-
lated using an RNeasy® Mini Kit (QIAGEN).

2.4. SiRNAs

With the exception of pTP-si1, pTP-si2, pTP-si3, and pTP-si4, all
siRNAs (Table 1) were obtained from Invitrogen (LifeTechnologies
Austria, Vienna, Austria). They represented 25-mer, blunt-ended
siRNAs carrying the Invitrogen “Stealth” modification. Due to the
type of chemical modification, only the antisense strand can
participate in RNAi, thus avoiding not only unwanted, sense strand-
mediated, off-target effects but also preventing any possible inter-
ference of the sense strand with adenoviral transcripts generated
from the opposite viral DNA strand not intended to be targeted.
Besides, this type of modification (frequently present in similar
versions in commercial siRNAs) can increase the intracellular
half-life of siRNAs and reduce their cytotoxicity. The pTP-sil to
pTP-si4 siRNAs (obtained from Ambion/LifeTechnologies Austria,
Vienna, Austria) were 21-mer, unmodified siRNAs carrying two
nucleotide (nt) TT overhangs at their 3’ ends and were also in-
cluded in our experiments. As negative controls, two distinct uni-
versal non-targeting siRNAs (Invitrogen, Ambion), matching the
type of design of the respective targeting siRNAs, were employed.
SiRNAs were designed using the Invitrogen BLOCK-iT™ RNAi
Designer or Dharmacon siDESIGN tools and target site accessibility,
as calculated by RNAxs (http://rna.tbi.univie.ac.at/cgi-bin/RNAxs),
was taken into account.

2.5. Dual-luciferase assay-based screening for functional siRNAs

1.4e+05 HEK293 and 3e+04 A549 cells were seeded into the
wells of 96-well plates, and reverse transfected with 50 ng of indi-
vidual dual-luciferase reporter vectors and 30 nM targeting or non-
targeting control siRNA using Lipofectamine 2000 (Invitrogen/Life-
Technologies Austria, Vienna, Austria). Briefly, for each well 0.5 uL
Lipofectamine 2000 was diluted with 24.5 uL OptiMEM medium
(Invitrogen/LifeTechnologies Austria, Vienna, Austria), and after
5 min of incubation, 25 pL diluted Lipofectamine 2000 was mixed
with 25 pL of a specific siRNA/reporter vector mix (diluted in Opti-
MEM). After 20 min of incubation, the mixes were pipetted directly
into the wells of a 96-well plate and freshly harvested cells were
added. After 24 h of incubation, medium was exchanged and cells
were incubated for another 24 h. Culture conditions were as de-
scribed above. Firefly and Renilla luciferase activities were deter-
mined at 48 h post-transfection using the Dual-Glo luciferase
assay (Promega), according to the manufacturer’s instructions.
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Briefly, 75 pL of Dual-Glo Reagent was added to cells grown in
75 puL medium, and after 10 min of incubation at room tempera-
ture, firefly luciferase activity was measured. Next, one volume of
Dual-Glo Stop & Glo reagent was added to each well, plates were
incubated for an additional 10 min at room temperature, and even-
tually, Renilla luciferase activity was determined. Luminescence
was measured on a Wallac Victor 1420 Multilabel Counter (Perkin
Elmer Austria, Brunn am Gebirge, Austria). Knockdown rates were
calculated by normalizing Renilla luciferase activities to firefly
luciferase activities, and comparing dual-luciferase ratios between
targeting and non-targeting control siRNAs.

2.6. Determination of mRNA levels

1.25e+05 A549 cells were seeded into the wells of 24-well
plates and reverse transfected with siRNAs at a concentration of
10 nM. Volumes of transfection mixes were adjusted to the 24-well
plate format. Briefly, for each well 1 pL Lipofectamine 2000 was di-
luted with 49 pL OptiMEM medium (Invitrogen/LifeTechnologies
Austria, Vienna, Austria), and after 5 min of incubation, 50 pL di-
luted Lipofectamine 2000 was mixed with 50 puL of a specific siRNA
diluted in OptiMEM. Transfection conditions were otherwise as de-
scribed under 2.5. After 24 h of incubation, medium was ex-
changed and cells were infected with Ad5 at an multiplicity of
infection (MOI) of 0.01 TCIDsg/cell, and total RNA was isolated at
24 h post-infection using an RNeasy Mini® Kit (QIAGEN). Residual
DNA was removed with RQ1 DNase (Promega), and reverse tran-
scription was carried out using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Expression levels of the
E1A-12S, E1A-13S, DNA polymerase, pTP, Va2, hexon, and prote-
ase genes were determined by TagMan real-time quantitative
PCR (gPCR), using the LightCycler 480 Probes master mix (Roche
Diagnostics) and primer/probe sets specific for E1A-13S (E1A
289R-cDNA-f1 5'-GCATGTTTGTCTACAGTCCTGTGTC-3', E1A 289R-
cDNA-r1 5-GGCGTCTCAGGATAGCAGGC-3', and E1A 289R-cDNA-p1
5-AGGCTCCGGTTCTGGCTCGGG-3'), E1A-12S (E1A 12S-cDNA-f1
5'-AGGATGAAGAGGGTCCTGTGTCT-3’, E1A 289R-cDNA-r1 5-GGCG
TCTCAGGATAGCAGGC-3/, and E1A 289R-cDNA-p1 5-AGGCTCCG
GTTCTGGCTCGGG-3'), DNA polymerase (Pol-cDNA-f1 5'-ATGGCCT
TGGCTCAAGCTC-3/, Pol-cDNA-r1 5-GCGTAGGTTGCTGGCGAAC-3/,
and Pol-cDNA-p1 5-CGCCTCTGCGTGAAGACGACGG-3'), pTP (pTP-
cDNA-f2 5'-AAACCAACGCTCGGTGCC-3', pTP-cDNA-12 5'-GGACGC
GGTTCCAGATGTT-3/, and pTP-cDNA-p2 5'-CGCGCGCAATCGTTG
ACGCT-3'), IVa2 (IVa2-cDNA-f1 5'-GGAAACCAGAGGGCGAAGA-3/,
IVa2-cDNA-r1 5'-AGGGTCCTCGTCAGCGTAGTC-3', and IVa2-cDNA-p1
5'-CTTGAGGCTGGTCCTGCTGGT-3'), hexon (Hex-cDNA-f1 5'-CAGTC
ACAGTCGCAAGAGGAGC-3’, Hex-cDNA-r1 5'-AGGTACTCCGAGG
CGTCCTG-3', and Hex-cDNA-p1 5-ACCACTGCGGCATCATCGAAG
GG-3'), and protease (Prot-cDNA-f1 5-TCACAGTCGCAAGTCTITG
ACG-3', Prot-cDNA-r1 5'-GCGGCAGCTGTTGTTGATG-3', and Prot-
cDNA-p1 5'-CCGAGAAGGGCGTGCGCAGGTA-3'). The specificity of
the primers employed (i.e., covered exon-exon junctions) enabled
them to discriminate between overlapping transcripts or tran-
scripts originating from the (+) or (—) strand, respectively. Ad5
gene expression levels were normalized to GAPDH expression lev-
els, which were previously proven to remain unchanged upon Ad5
infection under the selected experimental conditions. GAPDH
expression was determined with the primer/probe set GAPDH-f1
5'-TGCACCACCAACTGCTTAGC-3/, GAPDH-r1 5-GGCATGGACTGTG
GTCATGAG-3’, and GAPDH-p1 5'-CCTGGCCAAGGTCATCCATGACAA
CTT-3'. All q PCR assays were set up in 96-well plates and con-
tained 1x LightCycler 480 Probes master mix (Roche Diagnostics,
Vienna, Austria), 500 nM of forward and reverse primers, each,
100 nM of probe, and 1 puL of cDNA in a total volume of 20 pL.
For the detection of GAPDH cDNA, 300 nM of forward and reverse
primers, each, and 1 pL of 1:10 diluted template cDNA were used
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siRNA sequences.
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Name Sequence (sense/antisense) Target site in Ad5* Target Serotype specificity®

E1A-sil 5'-AACGAGGAGGCGGUUUCGCAGAUUU-3’ 731-755 E1A 1,2,56
5'-AAAUCUGCGAAACCGCCUCCUCGUU-3'

E1A-si2 5'-CAGGAAGGGAUUGACUUACUCACUU-3' 782-806 E1A 1,5
5'-AAGUGAGUAAGUCAAUCCCUUCCUG-3'

E1A-si3 5'-CCUGUGUCUAGAGAAUGCAAUAGUA-3’ 1333-1357 E1A 2,56
5'-UACUAUUGCAUUCUCUAGACACAGG-3'

E1A-si3_scr 5'-CCUUGUCGAGAAAGUACUAAUGGUA-3’ - - -
5'-UACCAUUAGUACUUUCUCGACAAGG-3'

Pol-si1 5'-CAAGACCCGCUUACCUUCUACUGCA-3' 7782-7806 DNA pol 1,2,56
5'-UGCAGUAGAAGGUAAGCGGGUCUUG-3’

Pol-si2 5'-CAACGUCUUCCAGCGUCCAACCAUA-3' 6928-6952 DNA pol 1,2,56
5'-UAUGGUUGGACGCUGGAAGACGUUG-3'

Pol-si3 5'-TGUCUCAGAGUGGUCCGAGUUUCUA-3' 5818-5842 DNA pol 5
5'-UAGAAACUCGGACCACUCUGAGACA-3'

Pol-si4 5'-CGUCUUCCAGCGUCCAACCAUAUCA-3' 6925-6949 DNA pol 1,2,5,6
3" UGAUAUGGUUGGACGCUGGAAGACG-3'

Pol-si5 5'-CAGCGUCCAACCAUAUCAUCCAACU-3' 6918-6942 DNA pol 2,56
5'-AGUUGGAUGAUAUGGUUGGACGCUG-3’

Pol-si6 5'-GCGUCCAACCAUAUCAUCCAACUCA-3' 6916-6940 DNA pol 2,56
5'-UGAGUUGGAUGAUAUGGUUGGACGC-3’

Pol-si2_scr 5'-CAACUUUCCGAGCCUACCACGCAUA-3’ - - -
5'-UAUGCGUGGUAGGCUCGGAAAGUUG-3'

IVa2-sil 5'-ACAUGCGAGUCAGGGACAUGCUUAA-3’ 5013-5037 Va2 5
5'-UUAAGCAUGUCCCUGACUCGCAUGU-3"

IVa2-si2 5'-AAAUACAGUCCAAGAUGCAUCUCAU-3’ 4410-4434 Va2 1,2,56
5'-AUGAGAUGCAUCUUGGACUGUAUUU-3’

IVa2-si3 5'-CAUCCCAGCUUAACCGCUUUGUAAA-3' 4368-4392 Va2 1,2,56
5'-UUUACAAAGCGGUUAAGCUGGGAUG-3'

Hex-sil 5'-UAGAAACUCGGACCACUCUGAGACA-3' 5818-5842 Hexon 5
5'-AUUUAUACCAGAAUAAGGCGCCUGC-3'

Hex-si2 5'-GAGAACUAAUGGGCCAACAAUCUAU-3' 19776-19800 Hexon 5
5'-AUAGAUUGUUGGCCCAUUAGUUCUC-3'

Hex-si3 5'-GCCUCAGAAGUUCUUUGCCAUUAAA-3 20527-20551 Hexon 5
5'-UUUAAUGGCAAAGAACUUCUGAGGC-3'

Hex-si4 5'-CCGUCAGGUGGUGGAUGAUACUAAA-3' 21247-21271 Hexon 5
5'-UUUAGUAUCAUCCACCACCUGACGG-3'

Prot-sil 5'-GAGCAGGAACUGAAAGCCAUUGUCA-3' 21745-21769 Protease 2,56
5'-UGACAAUGGCUUUCAGUUCCUGCUC-3'

Prot-si2 5'-AAGAUCUUGGUUGUGGGCCAUAUUU-3' 21770-21794 Protease 2,56
5'-AAAUAUGGCCCACAACCAAGAUCUU-3'

Prot-si3 5'-UCAAGCAGGUUUACCAGUUUGAGUA-3' 21972-21995 Protease 1,2,56
5'-UACUCAAACUGGUAAACCUGCUUGA-3'

pTP-sil 5'-CCGCCUACUUUAAUUACAUTT-3 9805-9823 pTP 1,2,56
5'-AUGUAAUUAAAGUAGGCGGTT-3’

pTP-si2 5'-GAGGAGAUUGAAGAAGAAGTT-3' 9359-9377 pTP 1,2,56
5'-CUUCUUCUUCAAUCUCCUCTT-3'

pTP-si3 5'-GGUAGAAAGGCUCAUGCAATT-3' 9945-9963 pTP 1,2,56
5'-UUGCAUGAGCCUUUCUACCTT-3'

pTP-si4 5'-CGAAAUUGAUUCUGUCGAATT-3’ 8796-8814 pTP 1,2,56
5'-UUCGACAGAAUCAAUUUCGTT-3’

pTP-si5 5'-GACUACGUAUUUGACUCGAGGGCUU-3' 10289-10313 pTP 5
5'-AAGCCCUCGAGUCAAAUACGUAGUC-3’

pTP-si6 5'-CGGUAGAAAGGCUCAUGCAAGACUA-3' 9940-9964 pTP 1,2,56
5'-UAGUCUUGCAUGAGCCUUUCUACCG-3'

pTP-si7 5'-ACUACCUCUUUCAGCGCCUGCGAAA-3' 9103-9127 pTP 1,2,5,6
5'-UUUCGCAGGCGCUGAAAGAGGUAGU-3’

pTP-si8 5'-GAAAUUGAUUCUGUCGAACUCUCUU-3’ 8789-8813 pTP 1,2,56

5'-AAGAGAGUUCGACAGAAUCAAUUUC-3'

2GenBank ID: AC_000008.

bSerotypes displaying 100% target site complementarity.
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per reaction. All assays were performed in duplicates using a Light-
Cycler 480 system (Roche Diagnostics, Vienna, Austria) with the
following cycling parameters: heating to 95 °C for 1 min followed
by 50 cycles at 95 °C for 15 s and 60 °C for 1 min. Data were ana-
lyzed using the LightCycler 480 software. Control included with
every assay consisted of a ‘no template control’ (no DNA added).

2.7. Determination of adenovirus genome copy numbers

3e+04 A549 cells were seeded into the wells of 96-well plates,
and reverse transfected with siRNAs at concentrations ranging
from 0.04 nM to 30 nM. Transfection conditions were as described
under 2.5., except that reporter plasmid DNA was omitted. After
24 h, cells were infected with Ad1, Ad2, Ad5, or Ad6 at an MOI of
0.01 TCIDsp/cell. Samples were collected at 2, 4, and 6 days post-
infection. Viral DNA was isolated using a QIAamp DNA Blood Mini
Kit (QIAGEN). Ad5 genome copy numbers were determined by
qPCR, using the following TagMan primer/probe set directed
against the viral E1A region: E1A-fwd 5'-GACGGCCCCCGAAGATC-
3/, E1A-rev 5'-TCCTGCACCGCCAACATT-3’, and E1A-p 5-CGAGGA
GGCGGTTTCGCAGA-3'. The setup of qPCR assays and the cycling
parameters were the same as described above. For each reaction,
1 pL of isolated DNA was used. Adenovirus genome copy numbers
were calculated by using serial dilutions of an adenoviral reference
DNA as a standard.

2.8. Determination of numbers of infectious virus particles

To liberate the viruses from the cells, 96-well plates containing
cells and viruses were subjected to three freeze-thaw cycles. Crude
lysates were cleared by centrifugation of the plates for 15 min at
2800 rpm. The numbers of infectious virions were determined on
A549 cells by TCIDs5, assays.

2.9. Cell viability

The experimental setup for the determination of the viability of
infected cells was as described for other virus inhibition experi-
ments, except that A549 cells were infected at higher MOIs of 2
TCIDsg/cell, 4 TCIDsp/cell, or 6 TCIDsg/cell. Metabolic activity as a
measure of cell viability was determined at 6 days post-infection
by performing an MTS assay (CellTiter 96 Aqueous Non-Radioac-
tive Cell Proliferation Assay), according to the manufacturer’s
instructions (Promega). Absorbance was determined at 490 nm
on a Wallac Victor 1420 Multilabel Counter (Perkin Elmer).

2.10. Statistical analysis

All the data are expressed as mean * standard deviation (SD). To
test for statistical significance, one-way ANOVA corrected with
Bonferroni’s post hoc test was applied. A p value of <0.05 was con-
sidered statistically significant.

3. Results

3.1. Identification of best-performing siRNAs directed against E1A,
DNA polymerase, pTP, IVa2, hexon, and protease

To analyze which adenoviral processes may constitute useful
targets for RNAi-mediated inhibition of adenovirus multiplication,
we designed a set of siRNAs targeting the E1A, DNA polymerase,
pTP, IVa2, hexon, and protease mRNAs (Table 1). E1A siRNAs were
designed to target E1A-12S and also E1A-13S splice isoforms. With
the exception of pTP-si1 to pTP-si4, all siRNAs were 25-mer, blunt-
ended siRNAs carrying the Invitrogen “Stealth” modification. pTP-
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sil to pTP-si4 were 21-mer, unmodified siRNAs carrying 2 nt TT
overhangs at their 3’ ends. To screen for the best-performing siRNA
of each group, we employed a dual-luciferase assay-based system.
The respective target sequences were individually inserted into the
3’ UTR of a plasmid-located Renilla luciferase gene. The DNA poly-
merase, pTP, IVa2, hexon, and protease siRNAs, together with the
respective reporter vectors, were used to co-transfect HEK293
cells. Knockdown of Renilla luciferase expression in relation to
the expression of a firefly luciferase gene located on the same plas-
mid was determined in dual-luciferase assays. The silencing capac-
ity of the E1A siRNAs was assessed in A549 cells because promoter
activities of the reporter vectors turned out to be altered upon
silencing of the endogenous E1A gene present in HEK293 cells
(Graham et al., 1977) (data not shown). For all target mRNAs, we
identified siRNAs enabling a knockdown of >78% at a concentra-
tion of 30 nM (Fig. 1). The best-performing siRNAs of each group,
i.e., pTP-si8, Pol-si2, Hex-si2, E1A-si3, Iva2-si2, and Prot-sil, were
selected for further characterization.

3.2. SiRNAs decrease mRNA levels directly or indirectly

The dual-luciferase assay-based screening system was em-
ployed to select the best-performing siRNAs of each group. Next,
we investigated whether the selected siRNAs were able to knock-
down gene expression during an adenovirus infection of A549
cells. Cells were transfected with the siRNAs at a concentration
of 10 nM, and then infected with Ad5 at an MOI of 0.01 TCIDso/cell.
Target mRNA levels were determined by RT-qPCR, using primers
specific for the individual mRNAs (Fig. 2A). The highest silencing
rates (93-97%) were observed for the E1A-, DNA polymerase-,
pTP-, and IVa2-targeting siRNAs. Silencing of the hexon and prote-
ase genes was less pronounced (79-87%). Except for the difference
in residual hexon and pTP mRNA levels, the differences between
hexon or protease mRNA levels and those of all other early genes
were statistically significant.

As the pTP, DNA polymerase, and IVa2 mRNAs share a common
3’ part (Supplementary Fig. 1), and the DNA polymerase target site
is also part of the pTP mRNA, IVa2- and DNA polymerase-directed
siRNAs were therefore expected to concomitantly silence pTP/DNA
polymerase/IVa2 and pTP/DNA polymerase, respectively. Further-
more, siRNA-mediated silencing of early genes was expected indi-
rectly to affect the expression of those middle or late genes for
which expression is known to depend on early viral gene products.
Thus, we also determined the effect of the E1A-, pTP-, DNA poly-
merase-, and [Va2-targeting siRNAs on the expression of the other
genes. Silencing of E1A resulted in a marked reduction in the
expression of all other genes (Fig. 2B). This can be attributed to
the central role of E1A in activating the expression of downstream
genes.

Silencing of the E1A gene actually resulted in a greater reduc-
tion in the expression of hexon and protease than did direct silenc-
ing of these genes by the hexon and protease siRNAs (compare
Fig. 2A and B). As expected, the DNA polymerase-directed siRNA
also silenced the pTP gene, and indirectly also affected the expres-
sion of all other genes (Fig. 2C). This finding is in accordance with
the dependency of IVa2 and ML transcription on the replication of
the adenoviral genome, for which DNA polymerase expression is
mandatory (Flint, 1986; Iftode and Flint, 2004; Shaw and Ziff,
1980). The same holds true for silencing of pTP (Fig. 2D), which
is also essential for virus DNA replication, and consequently activa-
tion of transcription from the other promoters. Although the pTP
siRNA target site is absent from DNA polymerase mRNA, pTP
silencing also decreased DNA polymerase mRNA levels, albeit to
a lesser extent than DNA polymerase silencing did. This reduction
can be attributed to the inhibition of DNA replication by the pTP
siRNA, and consequently decreased DNA polymerase gene copy
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Fig. 1. Screening for functional siRNAs. SiRNAs and their respective dual-luciferase target vectors were used to co-transfect HEK293 cells (DNA polymerase, pTP, IVa2, hexon,
and protease siRNAs) or A549 cells (E1A siRNAs). A non-targeting control siRNA served as a negative control (neg. ctrl.). All siRNAs were employed at a concentration of
30 nM. Renilla luciferase activities in relation to firefly luciferase activities were determined 48 h post-transfection. Relative light units (RLU; mean + SD, n = 3) in comparison
to a non-targeting control siRNA are shown. Differences between neg. ctrl. siRNA and targeting siRNAs were statistically significant in all cases (p < 0.05).

numbers. As expected, the IVa2 siRNA led to a reduction not only in
IVa2, but also in pTP and DNA polymerase mRNA levels (Fig. 2E).
Since transcription from the MLP is highly activated by the Va2
protein (Tribouley et al., 1994), ML transcript levels were also indi-
rectly decreased.

3.3. SiRNAs decrease Ad5 genome copy numbers, and also the output of
infectious virus progeny

In order to investigate the gene silencing effect of the individual
siRNAs on adenovirus replication, A549 cells were transfected with
the siRNAs at a concentration of 10 nM and infected as before. At
2 days post-infection, Ad5 genome copy numbers were determined
by qPCR, using primers directed against the E1A gene (Fig. 3A).
With the exception of the hexon and protease siRNAs, all siRNAs
effectively inhibited adenovirus replication. The highest inhibition
rate was achieved with the DNA polymerase siRNA, which de-
creased Ad5 genome copy numbers on average by approximately
2.5 orders of magnitude (99.6%). The failure of the hexon and pro-
tease siRNAs to decrease virus genome copy numbers was not sur-
prising, because a reduction in hexon and protease levels is not
expected to affect viral DNA replication.

Next, we evaluated the performance of those siRNAs that were
expected directly or indirectly to affect the output of viral DNA (i.e.,
E1A, DNA polymerase, pTP, and IVa2 siRNAs) in a time-course
experiment spanning 6 days in which Ad5 was allowed to spread
throughout the cultures (Fig. 3B). As expected, viral genome copy
numbers were also decreased at later time points. We repeated
the experiments with higher siRNA concentrations (30 nM and
90 nM) and obtained comparable results (data not shown). The
inhibition rate at late time points may be generally underesti-
mated; although the cells were infected with Ad5 at a low MOI
of 0.01 TCIDsg/cell, the high burst size of adenovirus rapidly leads
to infection of the entire culture. This prevents an exponential in-
crease in virus multiplication at later time points, in those cultures
in which replication is not attenuated by siRNAs.

The impact of siRNAs on viral processes other than DNA replica-
tion is not fully elucidated by the measurement of virus genome
copy numbers. Thus, we also determined the output of infectious
virus progeny. Cells were transfected and infected as described
above, and the numbers of infectious virus particles at 48 h post-
infection were determined (Fig. 4). We observed that hexon and
protease siRNAs inhibited the production of infectious virus prog-
eny by approximately 1.3 and 0.8 orders of magnitude (94.9% and
83.1%), respectively. However, the other siRNAs led to an even
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higher decrease in virus titers of up to 2.8 orders of magnitude
(99.8%).

Taken together, our data indicate that silencing of early or inter-
mediate genes seems to be more effective in terms of reducing the
output of viral DNA, and also the number of infectious virus prog-
eny, than is silencing of late genes. Computational calculation of
the target site accessibility of the DNA polymerase siRNA, using
the RNAXxs software tool, suggested high accessibility of the entire
region embedding the Pol-si2 target site. Target site accessibility
has been reported to correlate with high effectiveness of siRNAs
(Tafer et al., 2008; Westerhout and Berkhout, 2007). Thus, we spec-
ulated that siRNAs capable of binding to target sites in the imme-
diate vicinity of, or overlapping, the target site of the Pol-si2 siRNA
may allow simlar or even better knockdown of DNA polymerase
gene expression than Pol-si2. Thus we designed three more such
siRNAs (Fig. 5A). However, none of them proved superior to the
Pol-si2 siRNA (Fig. 5B). The functionality of Pol-si2 was also vali-
dated by comparing its activity not only to that of a universal
non-targeting control siRNA but also to that of a scrambled version.
No change in the inhibition rate was observed (Supplementary
Fig. 2). The inhibitory effect of Pol-si2 was also shown to be
dose-dependent (Fig. 6). The silencing capacity of low siRNA con-
centrations may even be underestimated in some experiments;
in control experiments employing fluorescence-labeled siRNAs,
the transfection efficiency decreased significantly at concentra-
tions of <5 nM (data not shown). Thus, low siRNA concentrations
do not truly reflect the silencing capacity, because significant num-
bers of cells contain no siRNA.

The target sequence of the DNA polymerase siRNA is also pres-
ent in the mRNAs of the other members of adenovirus species C
(i.e., Ad1, Ad2, and Ad6), all of which commonly account for life-
threatening disseminated adenovirus disease. Consequently, the
inhibitory effect of the DNA polymerase siRNA was not restricted
to Ad5. Replication of Ad1, Ad2, and Ad6 was also efficiently inhib-
ited (Supplementary Fig. 3).

3.4. Treatment with individual siRNAs or combinations of siRNAs
results in a comparable decrease in the numbers of infectious virus
particles

Given the dependency of intermediate or late adenoviral gene
expression on certain early viral gene products, simultaneous
silencing of different adenoviral genes may have synergistic effects
on the inhibition of virus multiplication. We therefore performed
virus inhibition experiments using combinations of siRNAs. In all
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Fig. 2. siRNAs decrease mRNA levels directly and indirectly. A549 cells were transfected with siRNAs directed against the E1A, DNA polymerase (Pol), pTP, IVa2, hexon (Hex),
and protease (Prot) genes, or a non-targeting control siRNA (neg. ctrl.) at a concentration of 10 nM, and then infected with Ad5 at an MOI of 0.01 TCIDso/cell. Levels of direct
targets (A) or indirect targets such as the E1A (B), DNA polymerase (C), pTP (D), and IVa2 (E) mRNAs were determined by RT-qPCR. Relative mRNA levels in comparison to a
non-targeting siRNA are shown. Values represent mean +SD of three independent experiments, each performed in triplicate. For each experiment, real-time qPCR

quantification was performed in duplicate. “p < 0.05, ***p < 0.001.

of these experiments, we used a total siRNA concentration of
10 nM, i.e., combined siRNAs were employed at a concentration
of 5 nM each. As a control, cells were transfected with the individ-
ual siRNAs at a concentration of 10 nM. To correct for potential sat-
uration effects (e.g., during transfection and/or RISC loading of
siRNAs), cells were also transfected with a combination of 5 nM
individual targeting siRNA and 5 nM non-targeting control siRNA.
The numbers of infectious virus particles were determined at
48 h post-infection by TCIDsq assay (Fig. 7). As shown in Fig. 7B,
the superior anti-adenoviral effect mediated by the DNA polymer-
ase siRNA was not enhanced by simultaneous targeting of those
mRNAs whose generation depends on the function of the DNA
polymerase, e.g., the IVa2 or hexon genes. Similarly, combined
E1A and DNA polymerase silencing did not further decrease virus
titers (Fig. 7A). The same held true for all other siRNA combina-
tions. In general, combining a highly effective siRNA with a less
well-performing siRNA led to an intermediate inhibition rate, or
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an inhibition rate equal to the one caused by the individual bet-
ter-performing siRNA. Moreover, the anti-adenoviral effect of an
individual siRNA was not reduced by halving its concentration
upon combination with an equal concentration of non-targeting
negative control siRNA.

We speculated that possible synergistic effects may have been
undetectable, because the cells were harvested at a relatively early
time point (48 h post-infection). However, they might become
detectable at later time points, when the virus was allowed to
spread throughout the culture. We hypothesized that combina-
tions comprising the E1A siRNA on the one hand, and siRNAs tar-
geting mRNAs originating from other early/middle genes on the
other, would be most likely to cause a synergistic effect. We there-
fore repeated the virus inhibition experiment using the respective
siRNA combinations, and determined Ad5 genome copy numbers
at 6 days post-infection. However, we did not detect any synergis-
tic effects at this late time point (Supplementary Fig. 4). We also
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Fig. 3. Impact of siRNAs on viral DNA replication and virus spreading. (A) A549 cells were transfected with siRNAs directed against the E1A, DNA polymerase (Pol), pTP, IVa2,
hexon (Hex), and protease (Prot) genes, or a non-targeting control siRNA (neg. ctrl.) at a concentration of 10 nM, and then infected with Ad5 at an MOI of 0.01 TCIDsg/cell.
Virus genome copy numbers were determined at 48 h post-infection by qPCR, using E1A-specific primers. Values represent mean + SD of three independent experiments,
each performed in triplicate. For each experiment, real-time qPCR quantification was performed in duplicate. “p < 0.001. (B) Long-term infection of A549 cells with Ad5 at an
MOI of 0.01 TCIDso/cell, and treatment with 10 nM of the indicated siRNAs. Virus genome copy numbers were determined at time points 0, 2, 4, and 6 days post-infection by
qPCR. Representative data from at least three independent experiments, each performed in triplicates, are shown (mean + SD; n = 3). For each experiment, real-time qPCR
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Fig. 4. siRNAs decrease the numbers of infectious virus particles. A549 cells were
transfected with siRNAs directed against the E1A, DNA polymerase (Pol), pTP, Va2,
hexon (Hex), and protease (Prot) genes, or a non-targeting control siRNA (neg. ctrl.)
at a concentration of 10 nM, and then infected with Ad5 at an MOI of 0.01 TCIDso/
cell. Numbers of infectious virus particles at 48 h post-infection were determined
on A549 cells by TCIDso assays. Representative data from three independent
experiments, each performed in triplicate, are shown (mean + SD; n = 3). “p <0.01,
“*p <0.001.
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repeated the experiment using lower concentrations of siRNAs.
Although there was a slight trend toward somewhat increased
inhibition for some combinations, none of these differences were
statistically significant, and under no conditions did any combina-
tions of siRNAs result in a higher inhibition rate than the inhibition
rate caused by Pol-si2 when applied alone (Supplementary Fig. 5).

3.5. SiRNAs increase the viability of infected cells to different extents

Next, we quantitatively assessed the impact of Ad5 gene silenc-
ing on the viability of infected cultures. We transfected A549 cells
with the siRNAs at a concentration of 10 nM as before, and then in-
fected them with Ad5 at a higher MOI (4 TCIDsp/cell) to ensure pro-
nounced cell killing. We determined the metabolic activity as a
measure of cell viability at 6 days post-infection, by means of an
MTS assay (Fig. 8). As expected, the siRNAs, although greatly
decreasing the output of virus progeny, were not capable of pre-
venting already infected cells from cell death. This was also clearly
deducible from experiments in which the overall appearance of in-
fected cultures was assessed by crystal violet staining (data not
shown).

However, all siRNAs were capable of prolonging cell survival, al-
beit to different extents. This protective effect was most pro-
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Fig. 5. Differential inhibition of Ad5 replication by DNA polymerase siRNAs binding in the immediate vicinity of, or overlapping, the Pol-si2 target sequence. (A) Region of the
DNA polymerase open reading frame (indicated as DNA pol) targeted by siRNAs Pol-si2, Pol-si4, Pol-si5, and Pol-si6. The DNA sequences corresponding to the individual
siRNA target sites on the target mRNAs are given below. The nucleotides corresponding to the seed regions of the respective siRNAs are shaded in grey. (B) A549 cells were
transfected with the viral DNA polymerase-directed siRNAs or a non-targeting control siRNA (neg. ctrl.) at a concentration of 10 nM, and then infected with Ad5 at an MOI of
0.01 TCIDsg/cell. Virus genome copy numbers from triplicate infections (mean + SD; n =3) were determined at 48 h post-infection by qPCR using E1A-specific primers.
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Fig. 6. Dose-dependent decrease in Ad5 genome copy numbers mediated by the
DNA polymerase siRNA. A549 cells were transfected with the DNA polymerase
siRNA or a non-targeting control siRNA (neg. ctrl.) in decreasing concentrations as
indicated, and then infected with Ad5 at an MOI of 0.01 TCIDsg/cell. Virus genome
copy numbers from triplicate infections (mean + SD; n = 3) were determined at 48 h
post-infection by qPCR, using E1A-specific primers. For each experiment, real-time
qPCR quantification was performed in duplicate. *p < 0.05, **p < 0.01, **p < 0.001.

nounced for cells transfected with the E1A siRNA. Although such
cells displayed severe cytopathic effects and were already partially
detached from the culture vessels, the culture viability was
remarkably high (>80%) at 6 days post-infection. We repeated the
experiment using lower and higher MOIs (2 TCIDsp/cell and 6
TCIDso/cell, respectively) and obtained comparable results with a
tendency towards higher and lower protection at decreased and in-
creased MOIs, respectively (data not shown). The observed protec-
tive effect of the E1A siRNA could not be attributed to a possible
unspecific general increase in cellular metabolic activity, because
neither the E1A siRNA nor any of the other siRNAs altered the via-
bility of uninfected cells (Supplementary Fig. 6). Thus, although the
E1A siRNA did not inhibit the output of infectious virus progeny as
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efficiently as did the DNA polymerase siRNA, it enhanced the via-
bility of infected cells and kept them alive for a prolonged time
period.

4. Discussion

In the present study, we evaluated a larger panel of potential
targets, and also determined the inhibitory effect of siRNAs on
wild-type adenovirus. SiRNAs directed against the E1A, DNA poly-
merase, pTP, and IVa2 transcripts were all capable of efficiently
silencing the respective genes in the course of an adenovirus infec-
tion. By contrast, although having displayed a comparable silenc-
ing capacity in luciferase reporter assays, the hexon- and
protease-directed siRNAs, showed only a limited capacity to reduce
the number of ML transcripts. This observation can be attributed to
the markedly higher amounts of hexon and protease mRNAs gen-
erated from the particularly strong MLP, in comparison with the
mRNA levels of the other genes. This high number of MLP-derived
late mRNAs may become even more problematic in RNAi-based at-
tempts to inhibit adenovirus multiplication, because the virus-
associated RNAs (VA-RNAs) I and II (non-coding RNAs produced
in low amounts during the early stages of infection, but in vast
amounts at later time points) appear to counteract RNAi. This ef-
fect is thought to be partially caused by the incorporation into
and saturation of the RISC by VA-RNA subfragments, which behave
like miRNAs (Andersson et al., 2005). Thus, siRNA-mediated inhibi-
tion of adenovirus gene expression during the early stages of infec-
tion may generally be more beneficial than inhibition of late-stage
gene expression. In this regard, inhibition of viral DNA replication
may be particularly advantageous, because a decrease in viral gen-
ome copy numbers should significantly lower VA-RNA gene copy
numbers. In the present study, we observed such an indirect effect
when measuring pTP mRNA levels following knockdown of viral
DNA polymerase expression. Although not a direct target of the
DNA polymerase siRNA, the pTP mRNA levels dropped significantly
as a consequence of reduced genome (and pTP gene) copy numbers
(Fig. 2D).

Effective knockdown of hexon gene expression may be even
more complicated, because hexon mRNA-directed siRNAs target
not only the hexon, but also the pVI mRNA. This is caused by the
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Fig. 7. Effect of combinatorial silencing of Ad5 genes on virus output. A549 cells were transfected with the indicated siRNAs either alone or in combination. SiRNA
combinations for E1A (A), DNA polymerase (B), pTP (C), IVa2 (D), hexon (E), and protease (F) are depicted. For all transfections, the total concentration of siRNA was 10 nM. For
combinations, each siRNA was employed at a concentration of 5 nM. As a control, cells were transfected with the individual siRNAs alone at a concentration of 10 nM, or as a
mix of 5nM targeting siRNA and 5nM non-targeting negative control siRNA. Subsequently, cells were infected with Ad5 at an MOI of 0.01 TCIDso/cell, and cells and
supernatants were harvested at 48 h post-infection. Numbers of infectious Ad5 particles of triplicate infections were determined on A549 cells by TCIDs, assays (mean + SD;

n=3).

presence of the hexon-encoding sequence downstream of the pVI
open reading frame on all pVI transcripts. Thus, hexon mRNA-tar-
geting siRNAs may be partially sequestered away from their actual
target by the pVI mRNA, thereby becoming limiting in hexon
silencing. The same holds true for the protease siRNA (which con-
comitantly silences all other genes of the L3 region, i.e., pVI and
hexon), the IVa2 siRNA (which additionally binds to the DNA poly-
merase and pTP mRNAs), and the DNA polymerase siRNA (which
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concomitantly silences the pTP gene). However, the mRNA levels
of these genes, especially those coding for DNA polymerase and
pTP, are far lower than those produced by the MLP, and siRNAs
may less easily become limiting. Hexon gene silencing was previ-
ously demonstrated to be as effective in inhibiting adenovirus mul-
tiplication as was silencing of the early E1A gene (Eckstein et al.,
2010). This may be attributed to the fact that the mutant virus used
was deficient in the E1B-55K gene. E1B-55K has been reported to
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Fig. 8. SiRNAs increase the viability of infected cells. A549 cells were transfected
with siRNAs directed against the E1A, DNA polymerase (Pol), pTP, Va2, hexon
(Hex), and protease (Prot) genes, or a non-targeting control siRNA (neg. ctrl.) at a
concentration of 10 nM, and then infected with Ad5 at an MOI of 4 TCIDso/cell. An
MTS assay was performed at 6 days post-infection. The viability of cells from
triplicate infection experiments (mean + SD; n = 3) was calculated in relation to the
viability of mock-infected cells. ***p < 0.001.

promote the export of MLP-derived transcripts from the nucleus
(Woo and Berk, 2007). Thus, and consequently, lower amounts of
ML mRNAs may accumulate in the cytoplasm of cells infected with
this mutant virus.

In the present study, we speculated that silencing of early rather
than late adenoviral genes would be more effective in inhibiting
adenovirus multiplication. We observed that indirect inhibition
of hexon and protease gene expression by silencing of genes for
which expression activates ML transcription was more effective
than was direct targeting of the hexon and protease transcripts
(Fig. 2B-E). Importantly, this included E1A silencing. It was previ-
ously reported that E1A promotes adenoviral DNA replication, even
when present at very low concentrations (Hitt and Graham, 1990).
The rather disappointing anti-adenoviral effect obtained with an
E1A-directed siRNA (Eckstein et al., 2010) was ascribed to this fact.
In the present study, the E1A siRNA employed was obviously po-
tent enough efficiently to decrease not only the E1A mRNA levels,
but also, indirectly, the mRNA levels of E1A downstream targets
such as the DNA polymerase, pTP, IVa2, hexon, and protease genes
(Fig. 2B). Consequently, E1A silencing markedly inhibited the syn-
thesis of viral DNA, and also the generation of infectious virus
progeny (Figs. 3 and 4).

The E1A siRNA also substantially improved the viability of the
infected cultures, as measured by MTS assay (Fig. 8). This effect
was not immediately evident by visual inspection of the cultures,
because the siRNA failed to prevent certain adenovirus-related
cytopathic effects. The increase in cell viability may be derived
from prevention of the well-known toxic effects caused by the
main E1A splice isoforms, which eventually drive cells into apopto-
sis (Cuconati et al., 2002; Lowe and Ruley, 1993; White, 2001). Cell
viability was only moderately improved upon silencing of the other
early genes. This contradicts a possible indirect E1A siRNA-medi-
ated protective effect (which may occur following blockage of viral
DNA replication), and a consequent decrease in the copy numbers
of other genes, such as the adenovirus death protein (ADP) gene,
which is required for efficient cell lysis and virus release (Tollefson
et al.,, 1996). The inability of the E1A siRNA used by Eckstein et al.
(2010) to increase cell viability may also be partially related to the
absence of the anti-apoptotic E1B genes from the mutant virus
employed.

A reduction in infectious virus progeny was also achievable by
knockdown of Va2 gene expression. However, the fact that [Va2-
directed siRNAs silenced not only the IVa2 gene, but also the
DNA polymerase and pTP genes, makes it impossible to distinguish
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whether the main inhibitory effect was caused by blockage of
IVa2-mediated viral processes (i.e., activation of late gene expres-
sion or DNA packaging), or by inhibition of viral DNA synthesis.
The other 2 siRNAs targeting the viral DNA replication machinery
(i.e., the pTP and DNA polymerase genes) were among the most
effective in inhibiting adenovirus multiplication. This finding does
not exclude IVa2-mediated viral processes as potential targets for
RNAi-mediated intervention, but clearly establishes adenoviral
DNA replication as a key target for the inhibition of adenovirus
multiplication.

Combinatorial targeting of different viral transcripts has occa-
sionally been reported to lead to synergistic effects (Chen et al.,
2005; ter Brake et al., 2006). In the present study, combinatorial
targeting of different adenoviral transcripts did not further de-
crease virion production. This observation is in accordance with
similar findings of Eckstein et al. (2010). It is possible that, in some
cases, targeting of 2 distinct transcripts may be redundant. For
example, it is conceivable that reducing hexon protein, and also
viral genome numbers, is of no additional benefit, because the out-
put of DNA-containing virions will remain unchanged regardless of
whether high or low amounts of structural proteins are produced.
Nevertheless, synergistic effects are conceivable for other combi-
nations. At least at high siRNA concentrations, competitive effects
during lipofection or saturation of RISC are conceivable reasons for
the failure to observe synergistic effects. To correct for these, we
compared the inhibitory effects of combined siRNAs to those of
individual siRNAs, and also to individual siRNAs combined with
non-targeting negative control siRNA. Throughout these experi-
ments, we maintained a constant concentration of each siRNA,
regardless of whether it was combined with another targeting siR-
NA. However, we did not observe any synergistic effects. The
repeatedly observed failure to produce synergistic effects upon
combining siRNAs has been suspected to be attributable to the
competition between siRNAs for RISC loading (Castanotto et al.,
2007; Formstecher et al., 2006; Koller et al., 2006). It is possible
that some of the siRNAs employed in the present study were more
efficiently incorporated into the RISC, and were therefore able to
outcompete the others.

Animal studies will eventually reveal how efficiently the siRNAs
selected in this study can inhibit adenovirus multiplication in vivo.
Delivery of siRNAs into living organisms is much more challenging
than delivery into cells in vitro. However, a number of delivery
vehicles have been developed over the past years which have con-
tinuously improved the delivery rates in vivo (Rettig and Behlke,
2011), and RNAi has successfully been applied to condemn virus
replication in vivo (Arbuthnot, 2010; Haasnoot et al., 2007; Zhou
and Rossi, 2011). The results reported here may also help to gener-
ate viral vectors for the efficient expression and delivery of anti-
adenoviral siRNAs in the form of shRNAs or artificial miRNAs, a po-
tential alternative way of eliciting anti-adenoviral RNAi in infected
cells.

5. Conclusion

Taken together, our data indicate that: (i) highly potent siRNAs
are able to inhibit adenovirus multiplication, making them attrac-
tive anti-adenoviral drug candidates; (ii) silencing of early adeno-
viral genes may be more beneficial than silencing of late genes;
(iii) silencing of certain early genes can indirectly reduce late gene
products more efficiently, or at least as well as, direct silencing of
the late genes; (iv) adenoviral infections may be more effectively
treated by reduction of adenoviral DNA than by reduction of the
proteinaceous components of the virion; (v) the adenoviral DNA
replication machinery, and in particular the DNA polymerase gene,
constitutes a key target for RNAi-mediated inhibition of adenovirus
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multiplication; and (vi) silencing of the E1A gene (although less
effective than silencing of the DNA polymerase gene in preventing
the generation of virus progeny) should not be excluded as a po-
tential strategy, because it may impair virus spread in vivo, by pro-
longing the survival of infected cells.
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Abstract

Background Adenoviruses are a frequent cause of life-threatening infections in
immunocompromised patients. Available therapeutics still cannot completely pre-
vent fatal outcomes. By contrast, herpes viruses are well treatable with prodrugs
such as ganciclovir (GCV), which are selectively activated in virus-infected cells
by virus-encoded thymidine kinases. This effective group of prodrugs is not appli-
cable to adenoviruses and other DNA viruses because they lack those kinases.

Methods To render adenoviruses amenable to GCV treatment, we generated
an adenoviral vector-based delivery system for targeted expression of herpes
simplex virus thymidine kinase (HSV-TK) in wild-type adenovirus 5 (wt Ad5)-
infected cells. HSV-TK expression was largely restricted to wt virus-infected
cells by transcription of the gene from the Ad5 E4 promoter. Its activity is
dependent on the adenoviral E1A gene product which is not produced by
the vector but is only provided in cells infected with wt adenovirus. The
anti-adenoviral effect of HSV-TK expression and concomitant treatment with
GCV was assessed in vitro in four different cell lines or primary cells.

Results E4 promoter-mediated HSV-TK background expression was suffi-
ciently low to prevent cytotoxicity in the presence of low-levels GCV in cells not
infected with wt Ad5. However, expression was several-fold increased in wt
Ad5-infected cells and treatment with low levels of GCV efficiently inhibited wt
Ad5 DNA replication. Genome copy numbers and output of infectious particles
were reduced by up to > 99.99% and cell viability was greatly increased.

Conclusions We extended the concept of enzyme/prodrug therapy to adenovi-
rus infections by selectively sensitizing adenovirus-infected cells to treatment
with GCV. Copyright © 2012 John Wiley & Sons, Ltd.

Keywords Adenovirus infection; ganciclovir; gene therapy; HSV-TK

Introduction

In the immunocompetent host, human adenoviruses are responsible for mostly
self-limiting respiratory, intestinal and ocular infections with predominant occur-
rence in children [1] By contrast, adenovirus infections in immunocompromised
patients, such as solid organ transplant but particularly allogeneic stem cell trans-
plant recipients, often cause much more severe manifestations (e.g. hemorrhagic
cystitis, nephritis, pneumonia, hepatitis, enterocolitis and disseminated disease)
[2-4], which may be life-threatening or even lethal. Among hematopoietic stem
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cell transplant recipients disseminated disease can lead to
mortality rates as high as 80% [5-9].

Several agents, including ribavirin and cidofovir, have
been evaluated for anti-adenoviral activity, revealing
convincing clinical efficacy only for cidofovir. Although cido-
fovir is currently the most effective anti-adenoviral drug
available, its limited activity is unable to prevent significant
mortality rates of invasive adenoviral infection [1,10-13]. Ef-
fective responses or complete adenovirus clearance may only
be achievable upon lymphocyte recovery with re-establish-
ment of a specific immune response [10,14,15]. Derivatives
of cidofovir with potentially higher anti-adenoviral activity
and/or lower nephrotoxicity have been developed, although
they are currently still under investigation [16,17].

Cytomegaloviruses (members of the herpes virus
group) are another major threat to immunocompromised
patients. However, they can effectively be controlled with
antiherpetic prodrugs such as ganciclovir (GCV), aciclovir,
brivudin and derivatives [18-21]. The reason for the
success of these prodrugs is their much more efficient
phosphorylation by herpes virus-encoded thymidine
kinases (TKs) compared to cellular TKs [22]. This (rate
limiting) phosphorylation step and two subsequent phos-
phorylation steps mediated by cellular TKs eventually
convert the nontoxic prodrugs into their active forms,
such as GCV triphosphate (GCV-ppp) [23]. The final toxic
derivative competes with natural deoxynucleoside tripho-
sphates (e.g. dGTP in the case of GCV-ppp) for incorpora-
tion into nascent DNA strands, thereby inhibiting DNA
polymerization and ultimately blocking viral (and cellular)
DNA replication [24,25]. Other DNA viruses, including
adenoviruses, lack a TK gene of the herpes virus type and
are therefore resistant to prodrugs of the GCV group.

When experimentally introduced into and expressed
within cells, the viral TK gene renders transduced cells
susceptible to prodrugs such as GCV. This principle is
exploited in gene-directed enzyme prodrug therapy
(GDEPT) employed for the killing of cancer cells [24,26,27].
Although several other GDEPT systems for cancer gene
therapy have also been developed, the HSV-TK/GCV system
is by far the most intensively evaluated [24].

In principle, wild-type (wt) adenovirus DNA replication
is susceptible to GCV-ppp-mediated inhibition provided that
infected cells are armed with the HSV-TK gene [28,29].
However, for an extension of the HSV-TK/GCV-based
GDEPT concept to the inhibition of adenovirus infections,
the targeted delivery of HSV-TK into or selective expression
within adenovirus-infected cells is a prerequisite. Full activ-
ity of most adenoviral promoters is dependent on the viral
E1A gene product whose synthesis is the first step during
adenovirus gene expression. E1A influences the expression
of several cellular genes or interferes with cellular factors,
which in turn causes the transactivation of other adenoviral
promoters [30,31]. The activity of these promoters is de-
pendent on the presence of the E1A gene products, thus
making them to conceivable candidates for targeted expres-
sion of HSV-TK in wt adenovirus-infected cells.

In the present study, we evaluated the potential of a series
of adenoviral promoters for selective expression of the HSV-
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TK gene via a replication-incompetent adenoviral vector in
cells infected with wt adenovirus 5 (Ad5). When inserted
into the deleted E1 region of a replication-deficient adenovi-
ral vector, some promoters such as the E4 promoter revealed
low background activity in cells not infected with wt Ad5, as
demonstrated by reporter gene assays. Background expres-
sion of the HSV-TK gene incorporated into this region and
controlled by the E4 promoter was sufficiently low to largely
prevent cytotoxicity in the presence of low levels of GCV in
cells not infected with wt Ad5. However, upon full activation
of the promoter in the presence of wt Ad5, HSV-TK levels in-
creased to levels leading to the pronounced inhibition of wt
virus replication upon treatment with GCV. A dramatic de-
crease in the production of infectious virus progeny was
achieved, which was also reflected by significantly increased
cell viability in adenovirus-infected cultures. Taken together,
we extended the concept of expression-targeted HSV-TK/
GCV GDEPT to adenovirus infections and provided proof-
of-principle for its functionality in vitro.

Materials and methods
Cell culture

All of the cells used in the present study were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) with sta-
bilized glutamine (PAA) supplemented with 10% fetal
bovine serum (FBS; PAA): HEK293 (human embryonic
kidney; ATCC CRL-1573), A549 (human epithelial lung
carcinoma; ATCC CCL-185), HeLa (human epithelial car-
cinoma; ATCC CCL-2), Hep3B (human hepatocellular car-
cinoma; ATCC HB-8064), HepG2 (human hepatocellular
carcinoma; ATCC HB-8065), SW480 (human colon carci-
noma; ATCC CCL-228), HCT116 (human colorectal carci-
noma; ATCC CCL-247), T-47D (human mammary gland
ductal carcinoma; ATCC HTB-133), RD-ES (Ewing’s
sarcoma; ATCC HTB-166), IMR-90 (normal human em-
bryonic lung fibroblasts; ATCC CCL-186), MRC-5 (normal
human lung fibroblasts; ATCC CCL-171), primary human
neonatal dermal fibroblasts (ATCC PCS-201-010), pri-
mary normal human kidney cells (kindly provided by
Regina Grillari, University of Natural Resources and Ap-
plied Life Sciences, Vienna, Austria), primary human
myometrium stroma cells (kindly provided by Iveta
Yotova, Medical University of Vienna, Austria). HUMEC
(primary human uterine microvascular endothelial cells;
kindly provided by Iveta Yotova, Medical University of
Vienna, Austria) were cultivated in endothelial cell culture
medium (Technoclone). HUVEC (primary human umbili-
cal vein endothelial cells; C2517A; Lonza, Allendale, NJ,
USA) were grown in supplemented endothelial growth
medium (Lonza EGM®-2 BulletKit®). Human adipose
tissue-derived mesenchymal stem cells (kindly provided
by Regina Grillari, University of Natural Resources and
Applied Life Sciences, Vienna, Austria) were maintained
in DMEM/Ham’s-F12 (dilution 1:1) (PAA), 4 mML-glutamine,
10% FBS (PAA), 1ng/ml FGF and hFOB 1.19 (human fetal
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osteoblasts; ATCC CRL-11372) were cultivated in DMEM/
Ham’s-F12 (dilution 1:1) (PAA), 2.5 mML-glutamine, 10%
FBS (PAA). All cell culture media were supplemented with
penicillin/streptomycin  (PAA) and cells were generally
maintained in a humidified 5% CO, atmosphere at 37°C.

Vector constructions

Adenoviral vectors were constructed by first creating plas-
mid entry vectors harboring the various expression cas-
settes that were subsequently moved into an adenoviral
vector by site-specific recombination using the Gateway®
recombination system (Invitrogen, Carlsbad, CA, USA).
Construction of entry vectors: for the construction of the
enhanced green fluorescent protein (EGFP) reporter
vectors, a fragment harboring the EGFP gene including
the downstream SV40 poly(A) signal was amplified by po-
lymerase chain reaction (PCR) from pEGFP-N1 (Clontech,
Palo Alto, CA, USA) with primers pEGFP-f1 and pEGFP-r2
(all primers are listed in Table 1), restricted with Xmnl
and Xhol and inserted into the respective sites of pENTR4
(Invitrogen). The E2B promoter sequence was amplified
by PCR from wt Ad5 using primers E2p-f2 and E2p-r2,
cut with Sacll and Agel and inserted into the Sacll and
Agel sites of pENTR-EGFP1, giving rise to plasmid
PENTR-EGFP-E2. To bring the expression cassette into
the desired inverse orientation for recombination with
the adenoviral destination vector during a later construc-
tion step, the entire cassette was inverted by excision with
Sall and Xhol and reinsertion it into the same sites.
Escherichia coli clones were screened for plasmids harbor-
ing the cassette in the inverse orientation. The derivative
of pENTR-EGFP-E2 containing the cassette in the inverse
orientation was designated pEE2i. pENTR-EGFP-CMV
containing the CMV promoter instead of the E2B
promoter and its derivative pECMVi containing the ex-
pression cassette in the inverse orientation were created

Table 1. Primers and probes

analogously to pENTR-EGFP-E2 and pEE2i, respectively.
The CMV promoter fragment was amplified by PCR from
pEGFP-N1 with primers CMV-fl and CMV-rl. Entry
vectors containing promoters other than the CMV and
E2B promoters were constructed by replacing the CMV pro-
moter-harboring Agel-Sacll fragment of pECMVi with Agel/
Sacll-restricted PCR fragments containing the respective
promoter sequences. E3, E4, IVa2, IX and major late
promoter sequences were amplified from pAd/PL-DEST
(Invitrogen) or wt Ad5 (E3 promoter) by PCR using primers
E3p-f1/E3p-rl, E4p-f1/E4p-rl, IVa2p-f1/IVa2p-rl, pIXp-f1/
pIXp-r1, and MLP-f1/MLP-r1, respectively. The resulting en-
try vectors were designated pEE3 (E3 promoter), pEE4 (E4
promoter), pEIVa2 (IVa2 promoter), pEIX (IX promoter)
and pEMLP (major late promoter). For the construction of
entry vectors carrying the HS4 insulator element upstream
of the expression cassettes the HS4 insulator sequence was
excised from pSLJCa (provided by André Lieber, University
of Washington, Seattle, WA, USA) as an Xbal-Xbal fragment,
blunted with T4 DNA polymerase, and inserted into the
EcoRV sites of pEE2i, pEE3 and pEE4, respectively, in two
possible orientations, each giving rise to vectors pEE2i_9/
pEE2i_1, pEE3_3/pEE3_7 and pEE4_3/pEE4_7, respec-
tively. To create entry vectors additionally carrying the
HS4 insulator element downstream of the expression
cassettes, the blunted Xbal-Xbal HS4 insulator fragment
was inserted into the Xmnl sites of those vectors. The
resulting vectors were designated pEE2i 9.2, pEE2i 9.3,
pEE2i_1.10, pEE2i 1.2 (E2 promoter); pEE3_3.1,
pEE3_3.5, pEE3_7.1, pEE3_7.3 (E3 promoter); and
PEE4_9.2, pEE4_ 9.3, pEE4_1.10, pEE4_1.2 (E4 promoter),
respectively. To create HSV-TK-harboring entry vectors, a
HSV1-originating TK gene fragment was amplified from
vector pcDNA3NeoTK (provided by Christine Hohenadl,
University of Veterinary Medicine, Vienna, Austria), re-
stricted with Agel and NotI and inserted into the respective
sites of pECMVi, pEE2i, pEE3, pEE4, pEIVa2, pEIX and
PEMLP, respectively, giving rise to vectors pECMVi_TK,

Primer/probe

Sequence

PEGFP-f1
PEGFP-r2
CMV-f1
CMV-r1
E2p-f2
E2p-r2
E3p-f1
E3p-r1
Edp-f1
Edp-r1
IVa2p-f1
IVa2p-r1
MLP-f1
MLP-r1
pIXp-f1
pIXp-r1
HSV1-TK-f1
HSV1-TK-r1
AdC-E1A-for
AdC-E1A-rev
Adc-E1A-p

5'-CTCAAGGAACCAATTCTGCAGTCGACGGTAC-3'
5-TACAATCTCGAGCTTAAGATACATTGATGAGTTTGG-3'
5'-ACCGCCCCGCGGTAGTTATTAATAGTAATCAATTACGG-3'
5'-CGACTGACCGGTTCGAAGCTTGAGCTCGA-3'
5-GACAGGTGCTGGCCGCGGGTGTGGCCGCTGGAG —3'
5'-AGCTTCGGCGCAACCGGTAAGACGCGGAGGCTCTCTTC-3'
5'-CAACGGAATCCGCGGCCACCGAAACCGAATTC-3'
5-TCTGAAATGACCGGTCCGGACGGAGACCAAG-3'
5-AGATCTTGACCGCGGGTGACGTAGGTTTTAG-3'
5-TGGTAAAACACCGGTCGACACGGCACCAGCTC-3'
5"-CACCCCCTTCCGCGGCCCCCCTTCAGGAACAC-3'
5'-GCGGTGTTCACCGGTCCTCCTCGTATAGAAAC-3'
5-TGGGAGGGGCCGCGGTCGTTGTCCACTAG-3'
5'-CACCGCGGGACCGGTGAATATCAAATCCTCCTC-3'
5-ACCATGAAGCCGCGGAAGGTGCTGAGGTACGATG-3'
5'-CGAGTTGGTACCGGTGGCGGCGGCGGCTGCTG-3'
5'-GCTAACTAGACCGGTCACTGCTTACTGGCTTATCG-3'
5-TAGACTCGAGCGGCCGCCACTGTGCTGGATAT-3'
5-GACGGCCCCCGAAGATC-3'
5'-TCCTGCACCGCCAACATT3-3'
5-CGAGGAGGCGGTTTCGCAGA-3'
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PEE2i_TK, pEE3_TK, pEE4_TK, pEIVa2_TK, pEIX_TK and
PEMLP_TK, respectively.

Construction of adenoviral vectors: the expression
cassettes of all entry vectors were inserted into the deleted
E1 region of pAd/PL-DEST (Invitrogen) by site-specific re-
combination via sites flanking the expression cassettes using
LR Clonase™ II in accordance with the manufacturer’s instruc-
tions (Invitrogen). All created adenoviral vectors are depicted
in Figure 1. Restriction enzymes and DNA-modifying
enzymes were purchased from Fermentas (Glen Burnie,
MD, USA) or New England Biolabs (Beverly, MA, USA).
PCR reactions were performed with Pwo DNA polymerase
obtained from Roche Diagnostics (Basel, Switzerland).

Nucleic acid extractions

Circular plasmid DNA was extracted with QIAprep® Spin
Miniprep Kits (Qiagen, Valencia, CA, USA), EasyPrep® Pro
Plasmid Miniprep Kits (Biozym, Scientific GmbH, Oldendorf,
Germany) or HiSpoeed® Plasmid Midi Kits (Qiagen). PCR
products were purified with a QIAquick® PCR Purification
Kit (Qiagen) and linearized adenoviral vector DNA was puri-
fied on EasyPrep® Pro Plasmid Miniprep columns (Biozym).

Virus production and titer determination

Recombinant viral vector DNA isolated from E. coli was
cut with Pacl to expose the ends of the inverted terminal
repeats. 2 x 10° HEK293 cells were seeded into six-well
plates and, 24 h after seeding, cells were transfected with
10pg of Pacl-digested, linearized, purified adenoviral
plasmid DNA using Lipofectamin 2000 in accordance with
the manufacturer’s instructions (Invitrogen). The day
after, medium was removed and, after another 24 h, cells
were transferred into fresh T75 flasks. Cells were main-
tained until approximately 80% of cytopathic effect was
observed. Cells and cell supernatants were harvested
and subjected to three freeze-thawing cycles to liberate
adenovirus particles. Cell debris was removed by centrifu-
gation for 15min at 845 x g. Crude virus suspensions
were filtered through 0.45um filters and stored at
—80°C. Purification of virus particles was performed
using Vivapure® AdenoPACK™ 20 columns (Sartorius,
Gottingen, Germany) or by standard CsCl density gradi-
ent ultracentrifugation. Infectious virus particle titers of
recombinant and wt Ad5 were determined on HEK293
cells by 50% tissue culture infective dose (TCIDsg)
assays. Titers of wt AdS5 present in mixed virus suspen-
sions containing both wt and recombinant virus as
obtained in co-infection experiments were determined on
A549 cells.

Determination of gene expression rates
For experiments with subconfluent cultures, appropriate
numbers of cells were seeded into the wells of 96-well

or 48-well plates to achieve an approximate 50%
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confluency 24 h after seeding. For experiments with con-
fluent cultures, higher numbers of cells were seeded to
obtain 100% confluency the day after. Additionally, those
cells that were amenable to contact inhibition were
cultivated for an additional 3-4 days after having reached
confluency. Cells were infected with recombinant adeno-
viruses expressing either the EGFP or the HSV-TK gene
at multiplicities of infection (MOI) of 100 (all fibroblasts:
MRC-5, IMR-90, primary fibroblasts) or 50 TCIDsq/cell
(all other cells). Twenty-four after infection, cells were
washed once with fresh cell culture medium. Four hours
after washing, cells were superinfected with wt Ad5 at
MOIs of 500 (MRC-5, IMR-90, primary fibroblasts) or
200 TCIDsq/cell (all other cells) or were mock-superinfected.
All infection experiments were performed in triplicates.
EGFP expression rates were determined by flourescence-
activated cell sorting (FACS) analysis. Generally, FACS mea-
surements were performed 48 h after infection with wt Ad5
with the exception of HS4 insulator evaluation experiments
for which FACS analysis was conducted 24 h post-infection.
Briefly, cells were harvested by trypsinization, resuspended
in normal cell culture medium and pelleted by centrifugation
at 135 x g for 5min. Thereafter, cells were washed once
with phosphate-buffered saline (PBS) and fixed with 1%
formaldehyde in PBS. Samples were analyzed with a FACS
Calibur analyser (Becton-Dickinson Biosciences, Franklin
Lakes, NJ, USA) and percentages of fluorescent cells and
mean fluorescence intensities were calculated. HSV-TK
expression was measured by western blot analysis: cells were
pelleted, washed once with cold PBS and subsequently lysed
on ice for 15min in a buffer containing 20 mm Tris-HCl, pH
7.5, 400mM NaCl, 0.5% NP-40, 0.3% Triton X-100 and
a cocktail of protease inhibitors (complete, EDTA-free;
Roche Diagnostics) at the recommended concentration.
Lysates were cleared from cell debris by centrifugation at
16 000 x g for 15 min at 4 °C and protein concentrations were
determined using a Bio-Rad protein assay (Bio-Rad, Hercules,
CA, USA). Some 30 pug (A549, MRC-5) or 15ug (HUVEC)
total protein was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis on NuPAGE® Novex 10%
Bis-Tris gels (Invitrogen) and transferred to nitrocellulose
membranes (Whatman, Dassel, Germany). Membranes
were stained with Ponceau S to visualize protein concentra-
tion and subsequently blocked with blocking reagent (Roche
Diagnostics). HSV-TK was detected with a primary goat anti-
HSV1-TK antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and a secondary fluorescent donkey anti-goat anti-
body (Li-Cor Biosciences, Lincoln, NE, USA). Fluorescence
was monitored using a LI-COR Odyssey detection system
(Li-Cor Biosciences).

Virus inhibition experiments

Infections of A549, HUVEC and MRC-5 cells with recom-
binant HSV-TK-expressing recombinant adenoviruses
were performed essentially as described for the EGFP
and HSV-TK expression experiments. Infection experi-
ments were carried out in triplicate with confluent cells
seeded into 96-well plates. Cells were infected with
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Figure 1. Schematic representation of adenoviral vectors. All vectors are based on the Ad5-derived vector pAd/PL-DEST (Invitrogen).
Expression cassettes were inserted into the deleted E1 region of the parental vector in antisense orientation with respect to the left
inverted terminal repeat (ITR). Expression cassettes consist of the indicated EGFP or HSV-TK genes, the indicated promoters (dark grey
boxes) and a SV40 poly(A) sequence (black boxes). The direction of transcription of the transgenes is indicated with arrows beneath
the boxes representing the genes. HS4 insulator elements and their orientations are indicated by shaded arrows.
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recombinant viruses at a MOI of 100 TCIDso/cell and in-
cubated for 24 h. Twenty-four post-infection, cells were
washed once with fresh cell culture medium, cultivated
for an additional 4 h and subsequently superinfected with
300 TCIDso units of wt Ad5. Additionally, GCV (Invivo-
Gen) or cidofovir (CDV; InvivoGen, Vienna, Austria) was
added to each well in different concentrations. Plates
were incubated for 0, 2, 4 and 6 days without change of
medium before freezing at —80°C. Crude virus suspen-
sions were obtained by freeze-thawing the plates thrice
and removal of cell debris by centrifugation for 15min
at 740 x g.

Determination of genome copy numbers

Wt Ad5 genome copy numbers were determined by real-
time quantitative PCR (qQPCR) on a LightCycler® 480
(Roche Applied Science/Roche Diagnostics Austria
GmbH, Vienna, Austria) using primers AdC-E1A-forward,
AdC-E1A-reverse and probe AdC-E1A (Table 1) directed
against the E1A region of Ad5. Quantifications were
directly performed on dilutions of crude virus suspensions
in duplicate. Fluorescence signals were analyzed using the
LightCycler® 480 software, version 1.5. Ad5 genome copy
numbers were calculated by using serial dilutions of an
Ad5 reference DNA serving as a standard. All samples
were analyzed in duplicate.

Cell viability

The experimental setup for the determination of the via-
bility of cells infected with recombinant adenoviruses
and superinfected with wt Ad5 were as described for the
other virus inhibition experiments. For the determination
of HSV-TK background expression-related cytotoxicity, the
experiments were carried out in essentially the same way,
with the exception that superinfection with wt Ad5 was
omitted. All infection experiments were carried out in
triplicate or quadruplicate. Viability of the cultures was
determined 6days after the addition of GCV using an
MTS assay (CellTiter 96 Aqueous Non-Radioactive Cell
Proliferation Assay) in accordance with the manufac-
turer’s instructions (Promega, Madison, WI, USA). Absor-
bance was determined at 490 nm.

Results

Adenovirus promoters inserted into the
deleted E1 region of an adenoviral vector
display different activity in wt Ad
5-infected cells

For the proof principle that selective expression of HSV-TK
in wt adenovirus-infected cells can confer susceptibility to
antiherpetic prodrugs in vitro, we created a delivery
system for HSV-TK based on a replication-deficient
adenoviral vector lacking the E1 and E3 genes. To restrict
HSV-TK expression to cells infected with wt adenovirus,
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we aimed at expressing the HSV-TK gene from selected
adenoviral promoters. As a result of the dependence on
the E1A gene products, those promoters were expected
to be fully activated only in the concomitant presence of
wt adenovirus in the same cell. We intended to insert
the promoters into the deleted E1 region of a common
E1/E3-deleted adenoviral vector, assuming that at least
some of them would retain their functionality even in this
unnatural location. Thus, we generated a set of replica-
tion-deficient Ad5-derived vectors based on pAd/PL-DEST
(Invitrogen) that harbor Ad5-derived E2B, E3, E4, Va2,
IX and major late promoter (MLP) sequences in the
deleted E1 region. To evaluate the performance of the
promoters on a cell-to-cell basis and to simultaneously
assess infectabilities of cells, an EGFP reporter gene was
inserted downstream of the them, giving rise to vectors
PAdEE2i, pAdEE3, pAdEE4, pAdEIVa2, pAdEMLP and
PAdEIX (Figure 1). A control vector (pAdECMVi) carrying
the strong CMV promoter, which should be active under
all conditions, was constructed as well and served as a
measure for EGFP expression and infectability of cells.
For construction details, see the Materials and methods.

The vectors were used to infect subconfluent and conflu-
ent A549 human lung cancer epithelial cells at a MOI of 50
TCIDsg/cell followed by superinfection with wt Ad5 or
mock-superinfection 24 h post-infection with the recombi-
nant viruses. For superinfection with wt Ad5, we used
relatively high MOIs of 200 TCIDsq/cell because these MOIs
ensured infection rates of almost 100% as determined in the
preceding experiments. EGFP expression levels were
measured by FACS analysis 48h post-infection with wt
Ad5 (Figure 2A). In almost all cases, superinfection of the
cells with Ad5 (black bars) led to an increase in EGFP
expression. However, the overall expression rates in super-
infected cells differed dramatically depending on the
promoters used: the Va2, pIX and major late promoters
permitted only low-level EGFP expression. The E2B and
E4 promoters showed overall similar and reasonably high
activities upon Ad5 superinfection and low activities in the
absence of wt Ad5. The E3 promoter led to significantly
higher EGFP expression rates, although at the cost of a
relatively high background expression in the absence of wt
Ad5. We repeated these experiments with MRC-5 normal
human lung fibroblasts (Figure 2B) and primary HUVEC
(Figure 2C) and received comparable results. Again, the
Va2, pIX and major late promoters performed poorly and
the overall E2B and E4 promoter activity patterns in Ad5-
superinfected cells were comparable to those obtained with
A549 cells. For all cells and experiments taken together, the
E2B and E4 promoters showed comparable induction rates
of approximately 11- and nine-fold, respectively. The E3
promoter performed slightly differently in MRC-5 and
HUVEC cells compared to A549 cells because the back-
ground expression in these was significantly lower. How-
ever, high background expression mediated by the E3
promoter was consistently observed for A549 cells.

Based on these results, we narrowed our candidate
promoters down to E2B, E3 and E4. Because background
expression and the inducibility of the promoters may be
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Figure 2. EGFP expression from various adenoviral promoters in either the absence or the presence of superinfecting wt Ad5. Sub-
confluent and confluent A549 (A), MRC-5 (B) and HUVEC cells (C) were infected with recombinant EGFP expression vectors pAdEE2i
(E2B promoter), pAdEE3 (E3 promoter), pAdEE4 (E4 promoter), pAdEIVa2 (IVa2 promoter), pAdEMLP (major late promoter) and
PAdEIX (pIX promoter) or as a control with the CMV promoter-harboring vector pAdECMVi at a MOI of 50 (A549, HUVEC) or 100
(MRC-5) TCIDso/cell. Twenty-four hours after infection with the recombinant vectors, cells were either superinfected with wt Ad5
(black bars) at a MOI of 200 (A549, HUVEC) or 500 (MRC-5) TCIDs/cell or were mock-superinfected (grey bars). Forty-eight hours
post-infection with wt Ad5, cells were analyzed for EGFP expression by FACS analysis and mean fluorescence intensities (MFIs) were

calculated (mean =+ SD; n = 3). ***p < 0.001, **p < 0.01, *p < 0.05.

influenced by surrounding vector sequences such as viral
enhancers [32,33], we investigated whether shielding of
the promoters, particularly of the E3 promoter, by insula-
tor elements was beneficial in terms of background
expression. Thus, a sequence derived from the chicken
f-globin locus (HS4) that has been reported to function
as an insulator [34] was inserted upstream or both up-
and downstream of the expression cassettes in all possible
orientations (Figure 1). The entire set of vectors including

Copyright © 2012 John Wiley & Sons, Ltd.

the parental vectors lacking the HS4 element was used to
infect confluent A549 cells because these had given rise to
highest background expression from the E3 promoter.
Infected cells were superinfected with Ad5 as before
and FACS analysis was carried out 24h post-infection
with Ad5 (Figure 3). Because EGFP expression was mea-
sured at an earlier time point compared to before, overall
EGFP levels were lower in this experiment. In the cases of
promoters E2B and E3, the insertion of the HS4 insulator
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Figure 3. Effect of the HS4 insulator element on EGFP expression from the E2B (A), E3 (B) and E4 (C) promoter. Confluent A549
cells were infected with the indicated recombinant vectors at a MOI of 50 TCIDsq/cell. Twenty-four hours after infection, cells
were either superinfected with wt Ad5 (black bars) at a MOI of 200 TCIDso/cell or mock-superinfected (grey bars). Twenty-four
hours post-infection with wt Ad5, cells were analyzed for EGFP expression by FACS analysis and mean fluorescence intensities

(MFIs) were calculated (mean + SD; n = 3).

sequences led to an overall reduction in background ex-
pression in the absence of wt Ad5 compared to vectors
pAdEE2i and pAdEE3 lacking the insulator sequences
(Figures 3A and 3B). No further reduction was observed
for the E4 promoter (Figure 3C). However, the decrease
in background expression by the HS4 elements in the
cases of the E2B and E3 promoter-harboring vectors was
accompanied by an overall dramatic reduction of gene ex-
pression in the presence of wt Ad5. Because the insertion
of the HS4 element did not increase the performance of
the E3 promoter in terms of background expression, we
eliminated the E3 promoter as a possible candidate for
HSV-TK expression. Because the HS4 insulator decreased
the expression levels from the E2B promoter in wt Ad5-
infected cells but did not increase the induction rates,
we also excluded the vectors harboring the HS4-shielded
E2B promoter. The best performing vectors turned out to
be the ones containing the E2B promoter but lacking the
HS4 insulator or the E4 promoter with or without a flank-
ing HS4 sequence. In side-by-side experiments, the E2B
and E4 promoters lacking a flanking HS4 element had
given comparable results (Figure 2). However, because
the E4 promoter appeared to be more robust, because it
was not subject to deregulation upon insertion of flanking
elements such as HS4, we selected this promoter in its
HS4-lacking version for subsequent investigations.

Expression from the E4 promoter is
significantly enhanced in various cell
types in the presence of wt Ad5

We intended to validate the performance of the E4
promoter by testing 14 additional cell types, with half of
them representing primary cells (Figure 4). Not unexpect-
edly, the overall expression rates differed between cell
types. The range of background expression was approxi-
mately the same as that observed for the cells tested
before and the increase in EGFP expression upon superin-
fection with wt Ad5 was on average 8.5-fold with no

Copyright © 2012 John Wiley & Sons, Ltd.
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significant overall difference between subconfluent and
confluent cells. There was, however, a slight tendency
towards higher induction rates in normal cells (approximately
ten-fold) compared to cancer cell lines (approximately seven-
fold). Based on these results, we concluded that the
background activity of the E4 promoter, when used to drive
HSV-TK expression, may be sufficiently low to prevent
cytotoxic effects in cells not infected with wt Ad5, at least at
low concentrations of GCV. On the other hand, we assumed
that the activity of the promoter in wt virus-infected cells
might be sufficiently high to permit inhibition of wt
adenovirus replication. Thus, we employed the E4 promoter
for HSV-TK expression in all subsequent experiments.

E4 promoter-mediated background
expression is low enough to largely
prevent cytotoxicity at low
concentrations of GCV

We replaced the EGFP gene in pAdEE4 with the TK gene of
HSV1 to create pAdEE4_TK (Figure 1). We also created
analogous control vectors in which HSV-TK expression
was under control of the E3 or CMV promoter (vectors
PAdEE3_TK and pAdCMV-TK, respectively; Figure 1).
A549, HUVEC and MRC-5 cells were infected with the vec-
tors and subsequently superinfected or mock-superinfected
with wt Ad5 as previously carried out. HSV-TK expression
levels 48h post-infection with Ad5 were determined by
western blotting using an anti-HSV-TK antibody (Figure 5).
As expected, CMV promoter-mediated HSV-TK expression
was high in all cell types, regardless of whether or not cells
were superinfected with wt Ad5. Expression from the E3
promoter in MRC-5 cells and HUVEC was only detectable
upon wt Ad5 superinfection (Figure 5B and 5C) but was
also pronounced in A549 cells in the absence of wt virus
(Figure 5A), reflecting the FACS results obtained with the
corresponding EGFP vector (Figure 2A). HSV-TK expres-
sion, when controlled by the E4 promoter, was measurable
in all cell types upon wt Ad5 superinfection, although it was
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tested were: HeLa (human epithelial carcinoma), Hep3B and HepG2 (human hepatocellular carcinoma), T-47D (human mammary
gland ductal carcinoma), RD-ES (Ewing’s sarcoma), SW480 (human colon carcinoma), HCT116 (human colorectal carcinoma),
IMR-90 (normal human embryonic lung fibroblasts), primary human neonatal fibroblasts, hFOB 1.19 (normal human fetal osteo-
blasts), mesenchymal stem cells from adipose tissue (MSC), primary normal human kidney cells (NHK), primary human myometrium
stroma cells, and primary human uterine microvascular endothelial cells (HUMEC). Subconfluent (subcon) or confluent (con)
cultures of the indicated cells were infected with pAdEE4 at a MOI of 100 (IMR-90, primary fibroblasts) or 50 TCIDsq/cell
(all other cells). Twenty-four hours after infection, cells were either superinfected with wt Ad5 (black bars) at a MOI of
500 (IMR-90, primary fibroblasts) or 200 TCID50/cell (all other cells) or were mock-superinfected (grey bars). EGFP expres-
sion levels were determined by FACS analysis 48h post-infection with wt Ad5 and mean fluorescence intensities (MFIs) were

calculated (mean+ SD; n=3). ***p <0.001, **p <0.01, *p <0.05.

undetectable in mock-superinfected cells at least under
western blot conditions.

Because high background activity of the E4 promoter and
consequently high levels of HSV-TK would inevitably result
in cytotoxicity upon treatment with GCV even in cells not
infected with wt adenovirus, we determined the impact of
E4 promoter-mediated HSV-TK background expression on
cell viability in the presence of GCV but absence of wt
Ad5. Subconfluent and confluent A549 cells were infected
with pAdEE4_TK or pAdEE4 at a MOI of 100 TCIDsq/cell
or were mock-infected. 24 h post-infection, GCV was added
in increasing concentrations ranging from 0 and 750 pm and
the cells were cultivated for an additional 6 days without a
change of medium. At the end of the incubation period, cel-
lular metabolic activity as an indicator of cell viability was
determined using an MTS assay (Figure 6A). Viability of
both subconfluent and confluent mock-infected cells or of
cells infected with the EGFP control vector was nearly unaf-
fected even at the highest GCV concentrations. E4

Copyright © 2012 John Wiley & Sons, Ltd.

promoter-related background expression of HSV-TK had
no effect on the viability of confluent cells up to a GCV con-
centration of 1.2 uM and a slight effect at 6 um but became
more pronounced at concentrations of 30 um and higher.
Confluent cultures tended to tolerate higher GCV concen-
trations. This pattern was consistently observed in repeated
experiments with A549 cells but was also largely recapitu-
lated in experiments with MRC-5 cells, HUVEC and primary
fibroblasts (Figure 6A). In all cases, cell viability was not or
at most insignificantly compromised at GCV concentrations
of up to 1.2 uM but started to decrease at concentrations of
6 uM or higher. Interestingly, HUVEC reacted extremely sen-
sitively to GCV even in the absence of HSV-TK expression. In
general, the overall picture was similar for subconfluent and
confluent cells. However, cells that had truly been contact-
inhibited for prolonged times displayed significantly higher
resistance to GCV as demonstrated for MRC-5 cells
(Figure 6B). In any case, the fact that even dividing cells
were not negatively affected by HSV-TK background
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Figure 5. Selective HSV-TK expression from the E4 promoter in wt
Ad5-superinfected cells. A549 (A), MRC-5 (B) and HUVEC cells (C)
were infected with the recombinant, E4 promoter-harboring, HSV-
TK expression vector pAdEE4_TK at a MOI of 50 (A549, HUVEC) or
100 (MRC-5) TCIDsq/cell. As a control, cells were also infected with
the analogous vectors pAdECMVi_TK and pAdEE3_TK harboring
the HSV-TK gene under control of the CMV and E3 promoter, respec-
tively. Twenty-four hours after infection, cells were superinfected
with wt Ad5 (indicated with a ‘+’) at a MOI of 200 (A549, HUVEC)
or 500 (MRC-5) TCIDso/cell or were mock-superinfected (indicated
with a “~). Cells not infected with recombinant virus served as
negative controls. Forty-eight hours after Ad5 infection, cells were
harvested and equal amounts of protein were subjected to western
blot analysis for detection of HSV-TK. Ponceau S-stained membranes
confirming equal loading of samples are depicted beneath the
western blot panels.

HUVEC

expression at GCV concentrations up to 1.2 uM prompted us
to investigate whether such low concentrations of GCV
would be sufficient to inhibit adenovirus replication.

Adenovirus vector-mediated HSV-TK
expression inhibits wt Ad5 upon
treatment with GCV

A549 cells were infected with pAdEE4_TK or with the
analogous EGFP expression vector pAdEE4 as a control

Copyright © 2012 John Wiley & Sons, Ltd.
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at a MOI of 100 TCIDsq/cell. Twenty-four later, cultures
were superinfected with 300 TCIDs, units of wt Ad5
(MOI 0.01). This rather low MOI was chosen to allow
for monitoring of wt Ad5S spreading over a prolonged time
span. Cells were concomitantly treated with 1.2 um GCV
and cultivated for an additional 6 days without change
of medium. At time points 0, 2, 4 and 6 days post-infection
with wt Ad5, samples were collected and subjected to
real-time gPCR to specifically determine wt Ad5 genome
copy numbers. Primers and probe were directed against
a part of the E1A gene present in wt Ad5 but absent in
the recombinant viruses. In the absence of GCV, Ad5 ge-
nome copy numbers in both pAdEE4- and pAdEE4_TK-
infected A549 cultures increased by approximately four
orders of magnitude over the 6-day period (Figure 7A).
However, in the presence of 1.2 um GCV, wt Ad5 genome
copy numbers in HSV-TK-expressing cells were reduced
by 2.4 orders of magnitude (99.6%) compared to cells
not expressing HSV-TK. An inhibitory effect was visible al-
ready two days post-infection as a decrease of genome
copy numbers by 1.9 orders of magnitude (98.7%) and
was consistently observed in similar infection experiments
with A549 cells.

We also repeated the experiments with HUVEC
(Figure 7C) and obtained comparable inhibition rates
of 1.9/2.7/2.9 orders of magnitude (98.8/99.8/
99.9%) for time points 2, 4 and 6days post-infection.
An inhibitory effect was also observed for contact-
inhibited MRC-5 cells that served as a model for cells
promoting Ad5 replication rather poorly: over the 6-day
period of the experiments virus titers increased by
slightly more than one order of magnitude at best
(Figure 7B). Six days post-infection, Ad5 genome copy
numbers in cultures of HSV-TK expressing cells were
decreased by 0.7 orders of magnitude compared to
cultures of cells lacking HSV-TK expression, translating
into a reduction rate of 80.9%. In contact-inhibited
primary fibroblasts, which produced intermediate
amounts of virus, HSV-TK expression/GCV treatment
led to a reduction of wt Ad5 genome copy numbers by
1.6 orders of magnitude (97.2%) six days post-infection
with wt Ad5 (Figure 7D).

The overall inhibitory effect of HSV-TK/GCV was not
only evident as a decrease of Ad5 genome copy numb-
ers, but also as an even more pronounced reduction in
infectious virus progeny. Wt Ad5 titers of cultures of
HSV-TK-expressing confluent A549 cells treated with
1.2uM GCV were reduced by 1.9 and 4.7 orders of
magnitude (98.8% and>99.99%) at time points 2
and 6days post-infection, respectively, compared to
control cultures not treated with GCV (Figure 8A). Vir-
tually the same result was obtained for HUVEC cells
(Figure 8C) and wt Ad5 titers of MRC-5 cells were
reduced by 0.5 and 1.3 orders of magnitude (67.6%
and 94.4%) 2 and 6days post-infection, respectively
(Figure 8B). In primary fibroblasts, HSV-TK expression/
GCV treatment led to a reduction of wt Ad5 titers by 1.4
orders of magnitude (96.3%) 6 days post-infection with
wt Ad5 (Figure 8D).

J Gene Med 2012; 14: 3-19.
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TK expression vector pAdEE4_TK or the analogous adenoviral EGPF expression vector pAdEE4 at a MOI of 100 TCIDs(/cell, or were
mock-infected. Cells were treated with serial dilutions of GCV ranging from 0 to 750 pM. After 6 days of incubation without change of
medium, cells were subjected to MTS assay analysis. Cell viabilities at increasing concentrations of GCV were calculated in relation to
viabilities of the respective cells that had not been treated with GCV (mean+ SD; n =4). (B) Contact-inhibited MRC-5 cells were
infected with the HSV-TK expression vector pAdEE4_TK or the control vector pAdECMVi expressing EGPF from the CMV promoter
at a MOI of 100 TCIDsq/cell, or were mock-infected. Experimental setup and calculations otherwise as in (A) (mean + SD; n = 3).

HSV-TK expression/GCV treatment was not only effec-
tive when the cells were infected with the recombinant
virus prior to wt Ad5 infection, but also when the recombi-
nant virus was added to the cultures simultaneously with

Copyright © 2012 John Wiley & Sons, Ltd.

wt Ad5 or 5 or 10 h after infection with wt Ad5 (Figures 9A
to 9C). Wt Ad5 genome copy numbers were comparably
reduced in all cases (compare Figure 9A to 9C with
Figure 7D).
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Figure 7. E4 promoter-mediated HSV-TK expression/GCV treatment inhibits wt Ad5 replication. A549 cells (A), MRC-5 cells (B),
HUVEC (C) and primary fibroblasts (D) were infected with the recombinant, adenoviral HSV-TK expression vector pAdEE4_TK or
the analogous EGFP expression vector pAdEE4 at a MOI of 100 TCIDs/cell. Twenty-four hours after infection, cells were superinfected
with 300 TCIDs, units of wt Ad5 and treated with 1.2 pM GCV. Ad5 genome copy numbers (mean + SD; n = 3) at days 0, 2, 4 and 6 post-
infection with wt Ad5 were determined by real-time qPCR with E1A-specific primers/probe using a standard curve for Ad5. Real-time

gPCR quantification was performed in duplicate.

HSV-TK expression/GCV treatment
improves cell viability in wt
Ad5-infected cultures

The anti-adenoviral effect of HSV-TK expression/GCV
treatment was also anticipated to become manifest as an
overall increase in cell viability of wt Ad5-infected cul-
tures. Thus, we repeated the virus inhibition experiments
with A549 cells and primary fibroblasts and performed

Copyright © 2012 John Wiley & Sons, Ltd.

MTS assays 6 days post-infection with wt Ad5 (Figure 10).
We also increased the MOIs for wt Ad5 to 40, 60 and 80
TCIDsg/cell to obtain more pronounced and better mea-
surable cytopathic effects. Infection of the A549 cultures
with the EGFP expression vector pAdEE4 did not rescue
the cultures from wt Ad5-mediated cytotoxicity at all, re-
gardless of the absence or presence of 1.2 uM GCV, and
cell viability was barely measurable (Figure 10A). Simi-
larly, HSV-TK expression via pAdEE4_TK in the absence
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Figure 8. E4 promoter-mediated HSV-TK expression/GCV treatment reduces infectious virus progeny. Virus suspensions from the
same virus inhibition experiments shown in Figure 7 were analyzed for numbers of infectious Ad5 particles. Virus suspensions were
derived from A549 cells (A), MRC-5 cells (B) HUVEC (C) and primary fibroblasts (D) infected with pAdEE4_TK and superinfected with
wt Ad5 and treated with 0 pM and 1.2 pM GCV, respectively. Numbers of infectious wt Ad5 particles of triplicate infection experiments
were determined on A549 cells by TCIDs, assays (mean+ SD; n = 3).

of GCV did not result in any increase in cell viability. How-
ever, HSV-TK expression via pAdEE4_TK in the presence
of 1.2 uM GCV dramatically increased the cell viability. Al-
though HSV-TK expression/GCV treatment was also un-
able to completely restore cell viability to levels obtained
for uninfected cultures, cell viability was increased 18.3-
fold (93.8% points) on average compared to cells infected
with the EGFP control vector and treated with GCV, thus
demonstrating a protective effect on cultures infected
with wt Ad5 in vitro. The same effect was obtained with
cultures of primary fibroblasts, which, however, were gen-
erally less sensitive towards wt Ad5 infection and, conse-
quently, displayed higher overall cell viability even when
only infected with the EGFP control vector or in the ab-
sence of GCV (Figure 10B).

Discussion

In the present study, we describe a HSV-TK/GCV-based
GDEPT concept that is not aimed at the elimination of
cancer cells but at the inhibition of adenoviruses. By con-
trast to some other GDEPT systems, the functionality of
the HSV-TK system is restricted to cells undergoing DNA
replication, thus per se restricting cytotoxic effects to cy-
cling cells or cells infected with replicating adenovirus in
the envisioned therapeutic setting. One of the drawbacks
of HSV-TK/GCV in cancer gene therapy is the limited by-
stander effect on neighboring tumor cells, which is a re-
sult of the inability of GCV-ppp (in contrast to GCV) to
pass freely through cellular membranes. Instead,

Copyright © 2012 John Wiley & Sons, Ltd.

intercellular transport of GCV-ppp requires cell-to-cell
contact via gap junctions [35]. However, this characteris-
tic would be beneficial in a therapeutic anti-adenoviral
scenario because the cytotoxic effect would be restricted
to virus-infected cells and possibly to their immediate
neighbors. Because gap junctions between infected and
uninfected cells are likely resolved in the course of an in-
fection, such an unwanted bystander effect is question-
able at all.

Because targeting HSV-TK expression to infected cells is
a prerequisite for anti-adenoviral GDEPT, we evaluated a
series of Ad5 promoters with known dependence on ade-
novirus E1A for: (i) background activity in uninfected
cells and (ii) enhanced activity in infected cells. Because
copies of the promoters were inserted into the deleted
El region of a replication-deficient adenoviral vector,
expression from and inducibility of the promoters in this
artificial setting were expected to be different from the
natural situation. However, we figured that at least some
of the promoters would largely retain their functions. Of
the tested promoters, three (E2B, E3 and E4) displayed
considerable activity upon superinfection with wt AdS
and two of those (E2B and E4) showed low background
activity. The E4 promoter that was identified as the best
candidate displayed a relatively low background activity
in all tested cell types tested and permitted increased
gene expression upon superinfection with wt Ad5
(8.6-fold on average). The expression cassettes were
inserted in antisense orientation with respect to the left
ITR because this orientation had been reported to result
in less undesired interferences of inserted promoters with
sequences located within the left ITR [33]. Additional
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Figure 9. E4 promoter-mediated HSV-TK expression/GCV treatment inhibits wt Ad5 replication in cells already infected with wt Ad5.
Dividing primary fibroblasts were co-infected with 300 TCIDs, units of wt Ad5 and the recombinant, adenoviral HSV-TK expression
vector pAdEE4_TK. Infection with pAdEE4_TK was performed either concomitantly with wt Ad5 (A), 5h after infection with wt Ad5
(B) or 10 h after infection with wt Ad5 (C). Ad5 genome copy numbers (mean + SD; n = 3) at days 0, 2, 4 and 6 post-infection with
wt Ad5 were determined by real-time gPCR with E1A-specific primers/probe using a standard curve for Ad5. Real-time qPCR quanti-

fication was performed in duplicate.

flanking of the promoters with HS4 insulators that are
occasionally used for the shielding of promoters in
adenoviral vectors [33,36,37] led only to an overall
decrease of E2B and E3 promoter activities (and no effect
on E4 promoter activity) but did not further increase the
ratio in EGFP expression between Ad5-infected and
uninfected cells. An insertion of the HSV-TK gene behind
(preferentially early or delayed-early) adenoviral promoters
at their natural positions within the genome may be an
option to further increase inducibility rates.

The measured increases in EGFP or HSV-TK levels upon
superinfection were not solely a result of increased pro-
moter activities but have to be seen as the cumulative
effects of elevated promoter activities and an increase in
gene copy numbers as a result of induction of viral vector
replication by the wt virus. Indeed, this anticipated in-
crease in gene copy numbers upon encounter with the

Copyright © 2012 John Wiley & Sons, Ltd.

wt virus was a rationale for delivering the HSV-TK gene
via an adenoviral vector. It was clear, however, that GCV
would also affect the replication of the recombinant vec-
tor. Nevertheless, even low-level replication of the vector
was expected to contribute to the overall inhibitory effect
on wt virus replication.

E4 promoter-driven HSV-TK background expression in
A549, MRC-5, HUVEC and primary fibroblasts did not de-
crease cell viabilities in the cultures up to a GCV concen-
tration of 1.2 uM or slightly higher (Figure 6) and truly
contact-inhibited MRC-5 cells were resistant to GCV con-
centrations up to 30 uM (Figure 6B), which is consistent
with the inhibitory effect of GCV-ppp on DNA replication.
However, because cycling cells would also encounter the
recombinant virus in an envisioned therapeutic setting,
subsequent virus inhibition experiments were performed
with 1.2 um GCV. This concentration is also therapeutically

J Gene Med 2012; 14: 3-19.
DOI: 10.1002/jgm
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Figure 10. E4 promoter-mediated HSV-TK expression/GCV treat-
ment increases cell viabilities in wt Ad5-infected cultures. A549
cells (A) or primary fibroblasts (B) were either infected with
the EGFP expression vector pAdEE4 (indicated as EGFP in the
figure) or the HSV-TK expression vector pAdEE4_TK (indicated
as HSV-TK) at a MOI of 100 TCIDsq/cell. Twenty-four hours
post-infection with the recombinant vectors, cells were addition-
ally infected with wt Ad5 at MOIs of 40, 60 and 80 TCIDs,/cell or
were mock-infected. Concomitantly, cells were treated/not
treated with 1.2 pM GCV and cultivated for an additional six days
without change of medium. MTS assays were performed six days
post-infection with wt Ad5. Cell viabilities (mean+SD; n =3)
were calculated in relation to viabilities of cells infected with
PAdEE4, mock-superinfected with wt Ad5 and not treated with
GCV, which were arbitrarily set to 100%. **p < 0.01.

relevant because it corresponds to levels measured in the
serum of patients after treatment with typical doses of
intravenous or oral GCV [38-40].

E4 promoter-mediated expression of HSV-TK and con-
comitant treatment of cells with 1.2 um GCV decreased
the genome copy numbers of superinfecting wt Ad5 by
up to 2.9 orders of magnitude (99.9%) depending on
the cell type (Figure 7), demonstrating potent inhibition
of viral DNA replication. This effect was not a result of
nonspecific inhibition by GCV because Ad5 genome copy
numbers in cells expressing EGFP instead of HSV-TK were
not decreased (compare left and right panels in Figure 7).
Moreover, data from side-by-side cell viability experi-
ments in which Ad5 superinfection was omitted ruled
out the possibility that the anti-adenoviral effect was only
attributable to HSV-TK/GCV-mediated cell killing, which

Copyright © 2012 John Wiley & Sons, Ltd.
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might have compromised virus replication and spreading
(data not shown).

The actual output in infectious virus from HSV-TK
expressing cells was even more dramatically decreased
in all cell types, regardless of whether they were strongly
promoting (A549, HUVEC), or to a lower extent (MRC-5,
primary fibroblasts), viral replication. Inhibition rates
measured 6days after infection ranged from 94.4% to
99.99% depending on the cell type (Figure 8). The differ-
ences in the inhibition rates obtained with the two read-
out systems reflect the fact that qPCR detects not only
full-length viral DNA, but also truncated, nonfunctional
DNA as it emerges as a consequence of GCV-ppp-mediated
premature termination of viral DNA synthesis. Thus,
qPCR-based measurement of genome copy numbers
slightly underestimates the inhibitory effect. Because
GCV treatment was not only effective when the recombi-
nant virus was allowed to infect the cells prior to wt Ad5
infection, but also when added to the cultures simulta-
neously with wt Ad5 or 5 to 10h post-infection with wt
Ad5 (Figure 9), attenuation of virus replication may be
feasible even in already infected cells.

Nevertheless, virus inhibition was not complete be-
cause wt Ad5 titers did not drop to zero. The inhibitory
effect of HSV-TK expression and treatment with 1.2 uMm
GCV could not further be increased by combined treat-
ment with increasing amounts of the anti-adenoviral drug
cidofovir (see Supporting information, Figure 1). Conse-
quently, combined treatment with cidofovir at the highest
concentration of 30 um, which corresponds to peak serum
concentrations obtained after intravenous administration
of typical doses of cidofovir [41], and decreasing concen-
trations of GCV did not cause further virus inhibition
either, nor did it result in inhibition rates reaching those
achieved with 1.2 pm GCV alone (see Supporting informa-
tion, Figure 1).

Residual low-level production of wt virus explains why
infected cultures could not completely be rescued from
the viral infection (Figure 10). However, cell viability in
these cultures was still significantly increased compared
to control cultures infected with the adenoviral EGFP
expression vector. Complete cure of cells from infection
with a wt virus cannot be expected because significant
intracellular amounts of HSV-TK are required for the block-
age of DNA replication and such levels are not available
immediately after infection of a cell with wt virus. However,
the release of infectious virus from such cells can be
minimized, thereby inhibiting further virus spreading.

It has been demonstrated that virus amplification
obviously starts in the intestine before disseminating to
other organs [13,42]. Hence, the concept presented here
may allow at least partial protection of unaffected tissues
from excessive virus infection and subsequent organ
failure in the envisioned therapeutic application. More-
over, topical delivery to specific organs such as the lung,
which is a common target of adenoviruses after lung trans-
plantation [43-46], is conceivable.

Clearly, the success of such an approach depends on
efficient delivery of the HSV-TK vector. The fact that the

J Gene Med 2012; 14: 3-19.
DOI: 10.1002/jgm
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adenoviral vector and the wt virus share the same cell and
organ tropism may facilitate the delivery of HSV-TK into
cells preferentially infected by the wt virus. Because ade-
noviruses of species C (including Ad5) have been deter-
mined as the predominant cause of severe disseminated
disease in most geographical areas [47,48], Ad5-based
vectors displaying the same tropism may be well suited.
Furthermore, in the envisioned clinical application, the
vector/wt virus system should be ‘self-balancing’: the vec-
tor would be expected not to replicate and spread in the

model in vivo.

absence of wt virus. However, as long as wt virus would

be generated, the recombinant vector would be amplified
as well, thus ensuring a continuous supply. Conversely,

upon recovery of the immune system, clearance of both

wt virus and recombinant virus would be expected.
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Human adenoviruses are rarely associated with life-threatening infections in healthy individuals. How-
ever, immunocompromised patients, and particularly allogeneic hematopoietic stem cell transplant
recipients, are at high risk of developing disseminated and potentially fatal disease. The efficacy of com-
monly used drugs to treat adenovirus infections (i.e., cidofovir in most cases) is limited, and alternative
treatment options are needed. Artificial microRNAs (amiRNAs) are a class of synthetic RNAs resembling
cellular miRNAs, and, similar to their natural relatives, can mediate the knockdown of endogenous gene

Key Wan.js" expression. This process, termed RNA interference, can be harnessed to target and potentially silence
Adenovirus . . . . . . "

RNA interference both cellular and viral genes. In this study, we designed amiRNAs directed against adenoviral E1A,
MicroRNA DNA polymerase, and preterminal protein (pTP) mRNAs in order to inhibit adenoviral replication

in vitro. For the expression of amiRNA-encoding sequences, we utilized replication-deficient adenoviral
vectors. In cells transduced with the recombinant vectors and infected with the wild-type (wt) adenovi-
rus, one particular amiRNA that was directed against the pTP mRNA was capable of decreasing the output
of infectious wt virus progeny by 2.6 orders of magnitude. This inhibition rate could be achieved by con-
catemerizing amiRNA-encoding sequences to allow for high intracellular amiRNA concentrations.
Because superinfecting wt virus induces the replication and amplification of the recombinant adenoviral
vector, amiRNA concentrations were increased in cells infected with wt adenovirus. Furthermore, a com-
bination of amiRNA expression and treatment of infected cells with cidofovir resulted in additive effects
that manifested as a total reduction of infectious virus progeny by greater than 3 orders of magnitude.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Human adenoviruses (Echavarria, 2008; Ison, 2006; Kojaoghla-
nian et al., 2003), belonging to the group of double-stranded (ds)
DNA viruses, are a major cause of systemic infections with signifi-
cant mortality rates in immunocompromised patients such as
hematopoietic stem cell transplant recipients (Blanke et al., 1995;
Hale et al., 1999; Howard et al., 1999; Lion et al., 2003; Munoz
et al., 1998). Severe manifestations are mostly caused by adenovi-
ruses belonging to species B and C (Kojaoghlanian et al., 2003), with
a predominance of species C members reported in certain studies
(Ebner et al., 2006; Lion et al., 2003, 2010). To date, the only drug
with convincing anti-adenoviral activity in vivo is cidofovir (CDV).

However, regarding the treatment of adenoviral infections in
immunocompromised patients, CDV is neither capable of fully pre-
venting fatal outcomes in all instances (Lenaerts et al., 2008; Linde-
mans et al., 2010; Ljungman et al., 2003; Symeonidis et al., 2007;
Yusuf et al., 2006), nor thought to be able to completely clear infec-
tions without the concomitant re-establishment of the immune

* Corresponding author. Address: Children’s Cancer Research Institute, Zimmer-
mannplatz 10, 1090 Vienna, Austria. Tel.: +43 140470 4490; fax: +43 1 40470 7437.

E-mail address: reinhard.klein@ccri.at (R. Klein).

0166-3542/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.antiviral.2012.10.008
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system (Chakrabarti et al., 2002; Heemskerk et al., 2005; Linde-
mans et al., 2010). Moreover, it displays significant nephrotoxicity
and limited bioavailability. Derivatives of CDV have been devel-
oped, but are still under investigation (Hartline et al., 2005; Paolino
et al., 2011). Thus, there is a need for the development of alterna-
tive drugs or even alternative treatment strategies.

RNA interference (RNAI) is a post-transcriptional cellular pro-
cess that results in gene silencing (Carthew and Sontheimer,
2009; Ghildiyal and Zamore, 2009; Huntzinger and Izaurralde,
2011; Hutvagner and Simard, 2008; Kawamata and Tomari,
2010). It is triggered by short (~21-25 nt) dsRNAs displaying par-
tial or complete complementarity to their target mRNAs (Fire et al.,
1998). MicroRNAs (miRNAs) are members of this group of small
RNAs. Their precursors, primary miRNAs (pri-miRNAs), are pro-
cessed by Drosha/DGCR8 into 60-70 nt precursor miRNAs (pre-
miRNAs) (Cullen, 2004), that are subsequently exported from the
nucleus by Exportin-5 (Yi et al., 2003), and eventually processed
into mature miRNAs by the ribonuclease-III enzyme Dicer (Cullen,
2004). The so-called guide strand is loaded into the RNA-induced
silencing complex (RISC) (Sontheimer, 2005), where it mediates
the cleavage or deadenylation of its target mRNA, or leads to trans-
lational repression (Huntzinger and Izaurralde, 2011).
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RNAi has quickly been adopted as a tool to knock down the
expression of disease-associated genes or to inhibit viral gene
expression (Davidson and McCray, 2011). This is either mediated
by synthetic short interfering RNAs (siRNAs) that are directly
incorporated into RISC (Elbashir et al., 2001), short hairpin shRNAs
that resemble pre-miRNAs (Burnett and Rossi, 2012), or artificial
miRNAs (amiRNAs) that are analogs of pri-miRNAs (Zeng et al.,
2002). RNAi-mediated inhibition of viral replication has been dem-
onstrated for a wide range of viruses, both in vitro and in vivo
(Arbuthnot, 2010; Haasnoot et al., 2007; Zhou and Rossi, 2011).
We and others have recently demonstrated the successful in vitro
inhibition of the replication of wild-type (wt) adenovirus (Ad) ser-
otypes 1, 2, 5, and 6 (all belonging to species C and representing a
main cause of severe adenovirus-related disease) (Kneidinger et al.,
2012) and a mutated version of Ad5 lacking the E1B and E3 genes
(Eckstein et al., 2010). The inhibition of an Ad 11 strain (2K2/507/
KNIH; species B; isolated in Korea) has also been described (Chung
et al., 2007). In all cases, inhibition of virus replication was medi-
ated by exogenously added siRNAs, and mRNAs originating from
viral genes directly or indirectly associated with viral DNA replica-
tion were identified as key targets (Kneidinger et al., 2012).

Although in vivo siRNA delivery has continuously been im-
proved over the last years (Rettig and Behlke, 2012), it still repre-
sents a major challenge. In particular, targeted delivery into certain
cell types or organs has proven tricky. In the past, viral vectors
have frequently and successfully been employed for the delivery
of protein-encoding DNA sequences into living organisms. Conse-
quently, they have also been adopted for the delivery of shRNAs
and amiRNAs (Liu and Berkhout, 2011; Mowa et al., 2010; Raoul
et al,, 2006). Depending on the type of target cell, organ, or delivery
route, they may still outperform nonviral delivery systems in cer-
tain instances. Adenoviral vectors have been used for a long time
to deliver DNA sequences into living organisms (Goncalves and
de Vries, 2006). Since they display the same cell tropism as wt ade-
noviruses (when belonging to the same adenoviral species), they
deliver transgenic DNA into exactly those cells that represent the
main targets of their wt counterparts. Thus, adenoviral vectors
may constitute a particularly attractive tool for the delivery of
anti-adenoviral shRNAs or amiRNAs.

Consequently, in the present study, we generated a series of rep-
lication-deficient adenoviral amiRNA expression vectors for the
silencing of selected Ad5 genes and investigated whether these
amiRNAs are capable of efficiently inhibiting the replication of wt
Ad5 upon transduction of a cell with the recombinant vector. The
amiRNAs were designed to recognize those mRNAs that had been
identified as candidate targets in our previous study (Kneidinger
etal,, 2012), i.e., mRNAs encoding the viral E1A protein, a key regu-
lator of the infection cycle (Pelka et al., 2008), the preterminal pro-
tein (pTP), and the viral DNA polymerase, both essential for viral
DNA replication (de Jong et al., 2003). Here, we present data demon-
strating the efficient silencing of the wt Ad5 pTP gene upon transduc-
tion with amiRNA expression vectors. Moreover, we demonstrate an
increase in the knockdown rate upon concatemerization of amiRNA-
encoding sequences, and we show that amiRNA expression is
strongly boosted in wt Ad5-infected cells, a prerequisite for the effi-
cient targeting of high numbers of viral transcripts. Taken together,
our data indicate that amiRNA-mediated knockdown of wt Ad5 gene
expression significantly inhibits viral DNAreplication and efficiently
decreases the output of infectious virus progeny in vitro.

2. Materials and methods
2.1. Cell culture, virus production, and titer determination

HEK 293 (human embryonic kidney; ATCC CRL-1573), A549
(human epithelial lung carcinoma; ATCC CCL-185), HeLa (human

-90-

epithelial carcinoma; ATCC CCL-2), SW480 (human colon carci-
noma; ATCC CCL-228), RD-ES (Ewing’s sarcoma; ATCC HTB-166),
and T-REx-293 cells (Life Technologies Austria, Vienna, Austria)
were cultivated in Dulbecco’s Modified Eagles Medium (DMEM)
with stabilized glutamine (PAA Laboratories, Pasching, Austria)
and supplemented with 10% fetal bovine serum (FBS; PAA Labora-
tories) in a humidified 5% CO, atmosphere at 37 °C. Recombinant
adenoviral vectors expressing Ad5-directed amiRNAs were ampli-
fied in T-REx-293 cells. All other adenoviral vectors and wt Ad5
(ATCC VR-5) were amplified in HEK 293 cells. Titers of infectious
adenoviruses expressing amiRNAs were determined on T-REx-
293 cells by 50% tissue culture infective dose (TCIDsg) assays. Titers
of wt Ad5 present in mixed virus suspensions containing both wt
and recombinant virus as obtained in combined transduction/
infection experiments were determined on A549 cells using the
same method. All other TCIDsq assays were performed with HEK
293 cells.

2.2. Vector constructions

The vectors employed in dual-luciferase assays for the screen-
ing of Ad5-directed amiRNAs have been described elsewhere
(Kneidinger et al., 2012). The dual-luciferase target vector used
for the determination of Renilla luciferase gene silencing in Ad5-in-
fected cells was constructed as follows: a part of the modified cod-
ing region of the firefly (Photinus pyralis) luciferase open reading
frame (ORF) representing the target sequence for the correspond-
ing amiRNA was amplified by PCR with primers Fluc-f2 (5'-ATAA
GGCTATCTCGAGATACGCCCTGGTTCC-3') and Fluc-r2 (5-AATGT
CGTTCGCGGCCGCAACTGCAACTCCGAT-3') from vector pGL3 (Pro-
mega, Mannheim, Germany). This fragment was restricted with
Xhol and Notl and inserted into the corresponding sites located
within the 3'UTR of the Renilla luciferase gene present on plasmid
psiCHECK-2 (Promega, Mannheim, Germany). From the resulting
vector (psiCHECK-FLuc2), a Bglll-BamHI fragment comprising both
the firefly and Renilla luciferase expression cassettes was trans-
ferred into pENTR4 (Life Technologies Austria, Vienna, Austria) that
had been restricted with Xmnl and EcoRV. From the resulting vec-
tor (pENTR-Luc), the entire expression cassette was eventually
moved into the deleted E1 region of the adenoviral vector pAd/
PL-DEST (Life Technologies Austria, Vienna, Austria) giving rise to
vector Ad-Luc-as (Fig. 1). This final transfer was mediated by
employing Life Technologies’ Gateway technology, i.e., by site-spe-
cific recombination between sequences flanking the expression
cassette on pENTR-Luc and the corresponding sequences located
on the adenoviral vector. The recombination reaction was per-
formed according to the instructions of the manufacturer (Life
Technologies Austria, Vienna, Austria). The adenoviral vector
expressing the amiRNA directed against the target sequence pres-
ent in the 3'UTR of the Renilla gene on Ad-Luc-as was constructed
in a similar way by transferring the enhanced green fluorescence
protein  (EGFP)/amiRNA expression cassette of plasmid
pcDNAG6.2-GW/EmGFP-miR-luc (Life Technologies Austria, Vienna,
Austria) into pAd/CMV/V5-DEST™ via site-specific recombination
as before. A corresponding adenoviral vector carrying a negative
control amiRNA cassette (originating from pcDNAG6.2-GW/
EmGFP-miR-neg; Life Technologies Austria, Vienna, Austria) was
constructed analogously. The resulting adenoviral vectors were
named Ad-Fluc-mil and Ad-mi-, respectively (Fig. 1).

Construction of amiRNA expression vectors for the targeting of
adenoviral mRNAs: amiRNAs were designed using Life Technolo-
gie’s BLOCK-iT™ RNAI Designer and target site accessibility, as cal-
culated by RNAxs (http://rna.tbi.univie.ac.at/cgi-bin/RNAXs), was
taken into account. The annealed, double-stranded (ds), oligonu-
cleotides (Supplementary Table 1) supposed to give rise to pre-
miRNA hairpins (Fig. 2) contained 4 nucleotide (nt), 5’ overhangs.
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Fig. 1. Schematic representation of adenoviral vectors. All vectors were based on the Ad5-derived vectors pAd/CMV/V5-DEST ™ or pAd/PL-DEST ™ (both from Life
Technologies) and lack the E1 and E3 genes. Expression cassettes were inserted into the deleted E1 region in sense or antisense orientation with respect to the left inverted
terminal repeat (ITR). Expression cassettes contained the indicated open reading frames (light grey) for firefly luciferase (F-Luc), Renilla luciferase (R-Luc), or enhanced green
fluorescent protein (EGFP). The target sequence for amiRNA Luc-mi1 within the 3'UTR of the Renilla luciferase gene is indicated by a small, dark grey box. Gene expression was
driven by the herpes simplex virus 1 thymidine kinase promoter (indicated as HSV), simian virus 40 early promoter (SV40), or cytomegalovirus promoter (CMV). Promoters
are indicated as boxed grey arrows. The 2 copies of tetracycline repressor-binding sequences are indicated as 2xTetO,. Mmu-miR-155-derived sequences flanking the hairpins
that give rise to mature amiRNAs are indicated as small, dark grey boxes. Polyadenylation sequences are indicated as p(A).

Via these overhangs, the oligonucleotides were inserted into the gies Austria, Vienna, Austria) giving rise to amiRNA expression
pre-cut plasmid vector pcDNA6.2-GW/EmGFP-miR (Life Technolo- vectors for E1A silencing (pmiRE-E1A-mil to -mi4), Ad5 DNA
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5°-UG AU uuuggcc
E1A-mi1 CUGUUUCUUCGGUA  AACACCUCGU a
37 -AGGACAARGAAGCCAU--UUGUGGAGCAgucaguc
57-UG AC uuuggcc
E1A-mi2 CUGUUCUCUAGAC ~ AGGUGAUGUGU a
37 -AGGACAAGAGAUCUG--UCCACUACACAguUcaguc
57-UG cu uuuggcc
E1A-mi3 CUGUAUUGCAUUCU AGACACAGGU a
3" -AGGACAUAACGUAAGA--UCUGUGUCCAgucaguc
5°-UG AC uuuggcc
E1A-mi4 CUGAUCACAGGUUUAC CUUAUGGU a
37 -AGGACUAGUGUCCAAAUG--GAAUACCAguUcaguc
5°-UG GU uuuggcc
Pol-mi1 CUGUUAAGUUCCUC ~ AGGUGAGCGU a
37 -AGGACAAUUCAAGGAG--UCCACUCGCAgucaguc
5'-UG CcA uuuggcc
Pol-mi2 CUGUGUUGUGGCCCA  AUGUAAAGU a
3" -AGGACACAACACCGGGU--UACAUUUCAgucaguc
5°-UG UG uuuggcc
Pol-mi3 CUGAUARAGUUGCGUG AUGCGGGU a
3" -AGGACUAUUUCAACGCAC--UACGCCCAgucaguc
5°-UG GC uuuggcc
Pol-mi4 CUGUAUGGUUGGAC UGGAAGACGU a
3’ -AGGACAUACCAACCUG--ACCUUCUGCAgucaguc
5'-UG GA uuuggcc
Pol-mi5 CUGUGGACGCUGGAA CGUUGAAGU a
3" -AGGACACCUGCGACCUU--GCRACUUCAgucaguc
57-UG GA uuuggcce
Pol-mi6 CUGUGAUAUGGUUG CGCUGGAAGU a
3" -AGGACACUAUACCAAC--GCGACCUUCAgucaguc
5°-UG GT uuuggcc
Pol-mi7 CUGTTGGATGATATG TGGACGCGU a
3" -AGGACAACCTACTATAC--ACCTGCGCAgucaguc
57-UG uu uuuggcc
pTP-mi1 CUGUAACGGACCAG  AACGGUCUGU a
37 -AGGACAUUGCCUGGUC--UUGCCAGACAguUcaguc
57-UG cu uuuggcc
pTP-mi2 CUGAUCUCUUGCAU  AUCGCUGCGU a
3" -AGGACUAGAGAACGUA--UAGCGACGCAgucaguc
5°-UG AU uuuggcc
pTP-mi3 CUGUGAACUGCUCG  CUCUUCCUGU a
37 -AGGACACUUGACGAGC--GAGRAGGACAguUcaguc
5°-UG uG uuuggcc
pTP-mi4 CUGAUCAAUUUCGG  UCGUUGACGU a
37 -AGGACACUUGACGAGC--GAGRAGGACAguUcaguc
57-UG AC uuuggcce
pTP-mi5 CUGAAGAGAGUUCG ~ AGAAUCAAGU a

3" -AGGACUUCUCUCAAGC--UCUUAGUUCAgucaguc

Fig. 2. Predicted stem-loop structures giving rise to adenovirus-directed amiRNAs.
The amiRNAs were designed to target E1A-13S and E1A-12S mRNAs (E1A-mil to
E1A-mi4), DNA polymerase mRNA (Pol-mil to Pol-mi7), or pTP mRNA (pTP-mil to
pTP-mi5). All pre-amiRNAs were based on the murine mmu-miR-155 pre-miRNA
and contain 2-nt central mismatches. The sequences giving rise to the mature
antisense strands are underlined.
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polymerase silencing (pmiRE-Pol-mil to -mi7), and pTP silencing
(pmiRE-pTP-mi1 to -mi5). In these vectors, the pri-miRNAs are lo-
cated in the 3'UTR of an EGFP gene. Both the EGFP gene and the pri-
mRNAs are co-expressed from a constitutive CMV promoter/en-
hancer. The analogous vector pcDNA6.2-GW/EmGFP-miR-neg (Life
Technologies Austria, Vienna, Austria) harboring a universal, nega-
tive control amiRNA in the 3'UTR of the EGFP gene served as a neg-
ative control.

Concatemerization of amiRNA-encoding sequences: the frag-
ment supposed to be added to the existing copy of the amiRNA-
encoding sequence was excised from the respective pcDNAG6.2-
GW/EmGFP-miR-based vector with Sall and Bglll. The vector al-
ready harboring one copy was restricted with Sall and BamHI,
and the second copy was inserted into those sites. Further frag-
ments containing single copies or multiple copies were added anal-
ogously by excision/insertion using the same restriction enzymes.
Concatermerization of pTP-mi5- and the negative amiRNA-encod-
ing sequences gave rise to vectors pmiRE-pTP-mi5x2, pmiRE-pTP-
mi5x3, pmiRE-pTP-mi5x6 and pmiREx2, pmiREx3, pmiREx6,
respectively.

Construction of plasmid vectors for doxycycline-controlled
EGFP/amiRNA expression: this series of vectors is based on pENTR4
(Life Technologies Austria, Vienna, Austria) and contains a frag-
ment comprising a CMV promoter/enhancer followed by a 2xTetO,
tetracyclin repressor binding site, a multiple cloning site, and a
BGH poly(A) site between the Xmnl and Xhol sites of the pENTR4
backbone. This fragment was obtained by PCR from pcDNA4/TO
(Life Technologies Austria, Vienna, Austria) using primers CMV-
TO-f1 (5-TTGCATTTCGAATCTGCTTAGGGTTAGG-3’) and BGHpA-
r2 (5-CCCAGCGAATTCTTTCCGCCTCAGAAG-3'). The Bcll site lo-
cated between the promoter/operator region and the BGH poly(A)
site was subsequently used for the insertion of the individual
EGFP/miRNA cassettes. These cassettes were amplified from the
corresponding pcDNAG6.2-GW/EmGFP-miR-based vectors lacking
the tetracyclin repressor binding sites by PCR using primers
pmiRE-f2 (5-CAAAAATGATCACTTTAAAACCATGGTGAGC-3') and
pmiRE-r2 (5- AAGCTGTGATCAGATATCTCGAGTGCGGC-3’). The
resulting EGFP/miRNA expression vectors were termed pTO-mi-
(carrying the negative control miRNA), pTO-E1A-mi3 (carrying
amiRNA E1A-mi3), pTO-Pol-mi4 and pTO-Pol-mi7 (carrying the
DNA polymerase-targeting amiRNAs Pol-mi4 and Pol-mi7, respec-
tively), and pTO-pTP-mi5 (carrying the pTP-targeting amiRNA pTP-
mi5). Versions of pTO-mi- carrying 2, 3, or 6 copies of the negative
control miRNA-encoding sequence were generated in an analogous
way and were named pTO-mi-x2, pTO-mi-x3, and pTO-mi-x6. Ver-
sions of pTO-pTP-mi5 carrying 2, 3, or 6 copies of the pTP-mi5-
encoding sequence were termed pTO-pTP-mi5x2, pTO-pTP-
mi5x3, and pTO-pTP-mi5x6.

Construction of adenoviral amiRNA expression vectors: eventu-
ally, the expression cassettes present in the pENTR4-based plasmid
vectors were transferred into pAd/PL-DEST (Life Technologies Aus-
tria, Vienna, Austria) by site-specific recombination between se-
quences flanking the expression cassette and the corresponding
respective sequences located on the adenoviral vector as described
above. All resulting adenoviral vectors are depicted in Fig. 1.
Restriction enzymes and DNA-modifying enzymes were purchased
from Fermentas (St. Leon-Rot, Germany) or New England Biolabs
(Frankfurt am Main, Germany). PCR reactions were performed with
Pwo DNA polymerase obtained from Roche Diagnostics (Vienna,
Austria) or PEQLAB (Erlangen, Germany).

2.3. Nucleic acid extraction
Circular plasmid DNA was extracted with an EasyPrep Pro Plas-

mid Miniprep Kit (Biozym, Oldendorf, Germany), or a HiSpeed Plas-
mid Midi Kit (QIAGEN, Hilden, Germany). PCR products were
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purified with a QIAquick PCR Purification Kit (QIAGEN, Hilden,
Germany), and adenoviral DNA was isolated with a QJAamp DNA
Blood Mini Kit (QIAGEN, Hilden, Germany). Total RNA was
extracted using a standard acid phenol/choloroform method.

2.4. Dual-luciferase assays

For amiRNA screens 1.2e + 05 HEK 293 or le + 05 Hela cells
were seeded into the wells of 96-well plates and reverse transfec-
ted with 100 ng of individual dual-luciferase reporter vectors and
200 ng of amiRNA expression vector using Lipofectamine 2000
(Life Technologies Austria, Vienna, Austria). For each well 0.5 pl
Lipofectamine 2000 was diluted with 24.5 uL OptiMEM medium
(Life Technologies Austria, Vienna, Austria), and after 5 min of
incubation, 25 pL diluted Lipofectamine 2000 was mixed with
25 pL of plasmid DNA diluted in OptiMEM. After 20 min of incuba-
tion, the mixes were pipetted directly into the wells of a 96-well
plate and freshly harvested cells were added. After 24 h of incuba-
tion, the medium was exchanged, and the cells were incubated for
another 24 h. Firefly and Renilla luciferase activities were deter-
mined at 48 h post-transfection using the Dual-Glo luciferase assay
(Promega, Mannheim, Germany), according to the manufacturer’s
instructions. Luminescence was measured on a Wallac Victor
1420 Multilabel Counter (Perkin Elmer Austria, Brunn am Gebirge,
Austria). Knockdown rates were calculated by normalizing Renilla
luciferase activities to firefly luciferase activities, and comparing
dual-luciferase ratios between the targeting amiRNAs and the
non-targeting negative control amiRNA.

Knockdown experiments in which the firefly luciferase-specific
amiRNA was employed were performed as follows: 1.5e + 05 HEK
293 cells or 2e + 04 A549 cells were seeded into the wells of a
96-well plate. Twenty-four hours thereafter, the cells were trans-
duced with Ad-Luc-as at a multiplicity of infection (MOI) of 1
TCIDsg/cell and either Ad-FLuc-mil or Ad-mi-, each at an MOI of
10 TCIDsg/cell. In the case of A549 cells, the cells were additionally
infected with wt Ad5 at an MOI of 100 TCIDsg/cell. Alternatively,
2e + 04 A549, 1.6e + 05 HEK 293, 1.6e + 05 SW480, or 1e + 04 RD-
ES cells seeded into 96-well plates were infected with wt Ad5 at
an MOI of 100 TCIDsp/cell, and 1 h after infection, cells were co-
transfected with 100 ng of the target vector psiCHECK-FLuc2 and
increasing amounts (25-200 ng) of the amiRNA expression vector
pcDNAG6.2-GW/EmGFP-miR-luc or its corresponding negative con-
trol vector pcDNAG6.2-GW/EmGFP-miR-neg. Renilla luciferase activ-
ities in relation to firefly luciferase activities were determined 24
or 48 h post-infection as described above. Experiments in which
the effect of chaining of amiRNA-encoding sequences present on
plasmid vectors was investigated were carried out essentially in
the same way except that 50 ng of amiRNA expression vector
and 50 or 100 ng target vector was used for co-transfections. Anal-
ogous experiments with adenoviral vectors were carried out by
first transfecting T-REx-293 cells with 100 ng of psiCHECK-pTP fol-
lowed by transduction with adenoviral miRNA expression vectors
at an MOI of 30 TCIDsg/cell and treatment of the cells with or with-
out 1 pg/ml doxycycline. Luciferase activities were determined
24 h post-infection as before.

2.5. Determination of amiRNA and mRNA levels

Total RNA was isolated from cells using a standard acid phenol/
chloroform extraction method and residual DNA was removed
with TURBO™ DNase (Life Technologies Austria, Vienna, Austria).
pTP-mi5 levels were determined with a custom-designed TagMan
small RNA assay (proprietary to Life Technologies Austria, Vienna,
Austria) according to the instructions of the manufacturer. For the
quantitation of mRNAs, total RNA was first revese transcribed
using the High Capacity cDNA Reverse Transcription Kit (Life Tech-
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nologies Austria, Vienna, Austria) and subsequently analyzed by
real-time quantitative PCR (qPCR) using a LightCycler 480 Probes
master mix (Roche Diagnostics, Vienna, Austria) and primer/probe
sets specific for GAPDH (GAPDH-f1 5-TGCACCACCAACTGCTTAGC-
3, GAPDH-r1 5'-GGCATGGACTGTGGTCATGAG-3’, GAPDH-p1
5'-CCTGGCCAAGGTCATCCATGACAACTT-3'), or Ad5 pTP (pTP-
cDNA-f2  5'-AAACCAACGCTCGGTGCC-3', pTP-cDNA-r2 5-GG
ACGCGGTTCCAGATGTT-3', pTP-cDNA-p2 5'-CGCGCGCAATCGTTGA
CGCT-3'). All qPCRs were performed in duplicates on a LightCycler
480 platform (Roche Applied Science, Vienna, Austria).

2.6. Virus replication experiments

3e + 04 A549 cells were seeded into the wells of a 96-well plate
and transduced with the recombinant adenoviruses at an MOI of
100 TCIDso/cell. Twenty-four hours later, cells were infected with
wt Ad5 at an MOI of 0.01. If required, CDV was added to each well
in concentrations ranging from 0 to 30 uM. The plates were incu-
bated for 0, 2, 4, or 6 days without change of medium before freez-
ing at —80 °C. Crude virus suspensions were obtained by freeze-
thawing the plates thrice and removal of cell debris by centrifuga-
tion for 15 min at 2800 rpm. The replication rate of recombinant
adenoviruses carrying different numbers of amiRNA-encoding se-
quences was assessed by infecting 1e + 05 T-REx-293 cells with
the vectors at an MOI of 0.1 TCIDsg/cell. AmiRNA expression was
induced by addition of 1 pug/ml doxycycline to the medium and
cells were allowed to grow for an additional 48 h. Crude lysates
were prepared as described above.

2.7. Determination of adenovirus genome copy numbers

Wt Ad5 DNA levels were determined by qPCR using the follow-
ing TagMan primer/probe set directed against the viral E1A gene
(E1A-fwd 5-GACGGCCCCCGAAGATC-3', E1A-rev 5'-TCCTGCACC
GCCAACATT-3, and E1A-p 5-CGAGGAGGCGGTTTCGCAGA-3').
Adenovirus genome copy numbers were calculated by using serial
dilutions of an adenoviral reference DNA as a standard. DNA levels
of amiRNA-expressing recombinant viruses were determined using
a TagMan primer/probe set specific for the adenoviral hexon gene
(hexon-fwd 5'- CACTCATATTTCTTACATGCCCACTATT-3', hexon-rev
5'- GGCCTGTTGGGCATAGATTG-3’, hexon-probe 5- AGGAAGGTA
ACTCACGAGAACTAATGGGCCA -3'). Otherwise, qPCR conditions
were as described above.

2.8. FACS analysis

EGFP expression rates were determined by FACS analysis. Cells
transduced with EGFP-expressing adenoviruses were harvested by
trypsinization, resuspended in normal cell culture medium, and
pelleted by centrifugation at 1200 rpm for 5 min. Thereafter, cells
were washed once with phosphate buffered saline (PBS) and fixed
with 1% formaldehyde in PBS. Samples were analyzed with a FACS
Calibur analyzer (Becton Dickinson, Heidelberg, Germany) and per-
centages of fluorescent cells and mean fluorescence intensities
(MFIs) were calculated.

2.9. Statistical analysis

All the data are expressed as mean + standard deviation (SD). To
test for statistical significance, one-way ANOVA corrected with
Bonferroni’s post hoc test was applied. A p value of <0.05 was con-
sidered statistically significant.
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3. Results

3.1. Artificial miRNAs can mediate the knockdown of gene expression
in adenovirus-infected cells

At late stages of infection, adenoviruses produce high amounts
of the noncoding virus-associated RNAs (VA RNAs). These RNAs are
at least partially processed into functional miRNAs (mivaRNAs),
and their production has been reported to inhibit cellular RNAi
(Andersson et al., 2005; Lu and Cullen, 2004). This inhibition is
thought to be mediated by the saturation of the cellular RNAi
machinery at different levels (i.e., cleavage of pri-miRNAs by Dro-
sha, export of pre-miRNAs by Exportin-5, processing by Dicer,
and loading into RISC). Such an inhibition of RNAi in adenovirus-in-
fected cells may prevent successful knockdown of adenoviral gene
expression by adenovirus-targeting amiRNAs. Thus, we first inves-
tigated whether expression of an amiRNA with proven activity at
reasonably high levels could mediate efficient RNAi in adenovi-
rus-infected cells. We made use of a plasmid vector (pcDNA6.2-
GW/EmGFP-miR-luc) that produces an amiRNA from the 3'UTR of
a transcript coding for EGFP. This amiRNA was directed against
the mRNA of the luciferase gene of a humanized firefly variant,
and the guide strand displayed 100% complementary to its target
sequence, thus leading to the cleavage of its target RNA in an siR-
NA-like fashion. A corresponding vector (pcDNA6.2-GW/EmGFP-
miR-neg) carrying a universal, non-targeting, negative control
miRNA was employed as well. We inserted the corresponding
luciferase miRNA target sequence into the 3'UTR of a Renilla lucif-
erase gene located on a distinct plasmid vector which, for internal
normalization, also harbored a firefly luciferase gene (with a se-
quence distinct from the one against which the amiRNA was direc-
ted). This vector was named psiCHECK-FLuc2. Since our goal was to
deliver amiRNAs into target cells via adenoviral vectors, we moved
the expression cassettes for the targeting and non-targeting amiR-
NAs into the deleted E1 region of a replication-deficient, Ad5-based
vector, giving rise to the adenoviral miRNA expression vectors Ad-
FLuc-mi1 and Ad-mil-, respectively (Fig. 1). A corresponding aden-
oviral target vector (Ad-Luc-as; Fig. 1) carrying the dual-luciferase
expression cassette, which included the amiRNA target site, was
constructed in an analogous way.

When we co-transduced A549 cells with the adenoviral target
vector and its corresponding amiRNA expression vector, we ob-
served an efficient knockdown of Renilla luciferase gene expression
(>90%) at 24 and 48 h after transduction when compared to the
artificial negative control miRNA vector. This knockdown rate
was not changed upon concomitant infection of the cells with high
numbers of wt Ad5 (MOI = 100; Fig. 3A). This high amount of wt
virus was chosen to assure high-level production of VA RNAs. We
repeated the experiments with HEK 293 cells and observed simi-
larly efficient knockdown rates of approximately 90% (Fig. 3B). In
this experimental setting, infection with wt Ad5 was omitted be-
cause the presence of the E1 gene in the genome of HEK 293 cells
promotes the replication of replication-deficient adenoviral vectors
in this cell line, consequently enhancing the production of high
amounts of VA RNAs in the absence of wt adenovirus. We also re-
peated the experiments in a slightly different way by expressing
the amiRNA and its target gene from their respective nonviral plas-
mid vectors in wt Ad5-infected A549, HEK 293, SW480, and RD-ES
cells and observed comparable knockdown rates (data not shown).
There was, however, a slight tendency (albeit not statistically sig-
nificant in all cases) toward a slightly less pronounced knockdown
rate in A549 cells at 48 h post-infection in the presence of wt Ad5.
This effect likely reflected the observations made by Andersson
et al,, (2005) and Lu and Cullen (2004). No such decrease in gene
expression knockdown was detectable at 24 h post-infection.
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In any case, the data indicated that it is feasible to efficiently
knock down the expression of a gene carried by a replicating ade-
novirus via an amiRNA provided by a second, co-infecting adenovi-
rus with no decrease in the knockdown rate at least at 24 and 48 h
post-infection. Considering that all amiRNAs we intended to design
were supposed to target early viral processes and should thus be
able to execute their functions, these results encouraged us to con-
tinue with the actual development of adenovirus-directed
amiRNAs.

3.2. Prevention of amiRNA expression in packaging cells

Adenovirus-directed amiRNAs, when expressed from adenoviral
vectors that carry the corresponding target sequence, would inev-
itably impair the amplification of these vectors in packaging cells,
such as HEK 293 cells, consequently leading to poor virus titers.
Thus, we needed to assure that amiRNA expression is abolished
in these packaging cells. To this end, we generated an adenoviral
expression system in which the expression of amiRNAs (encoded
by sequences located in the 3'UTR of the EGFP gene, as above) is
driven by a tetracycline (Tet) repressor-controlled CMV promoter
containing binding sites for 2 Tet repressor homodimers down-
stream of its TATA box. Thus, this promoter was repressed in cells
expressing the Tet repressor and active only in the presence of tet-
racycline or in cells lacking the repressor, such as the target cells
into which the vectors would be delivered.

This expression cassette was moved into the adenoviral vector
as before, and the adenoviral vectors were amplified and packaged
in T-REx-293 cells, a derivative of HEK 293 cells harboring the Tet
repressor. Since artificial pri-miRNAs are generated from longer
transcripts encoding EGFP in their 5’ region, EGFP expression was
used as a measure for the repression of pri-miRNA expression in
the absence of doxycycline in T-REx-293 cells. FACS analysis of
EGFP expression revealed that transcription from the CMV pro-
moter is heavily reduced in the repressed state (i.e., in the absence
of doxycycline), as exemplified for the adenoviral vector Ad-mi- in
Fig. 4. These data demonstrated that the controllable system was
also functional when incorporated into adenoviral vectors and
importantly, upon replication of these vectors. EGFP expression
from this viral vector-located expression cassette was high upon
addition of doxycycline, comparable to the expression rate typi-
cally achievable with analogous vectors containing a constitutively
active version of the CMV promoter (data not shown).

3.3. Construction of adenovirus-directed amiRNA expression vectors

All amiRNAs were designed to be first expressed as pri-miRNAs
from the (nonviral) miRNA expression vector pcDNA6.2-GW/
EmGFP-miR. In this vector context, amiRNA hairpins are embedded
in the flanking sequences of the murine mmu-miR-155 miRNA. The
pri-miRNA-encoding sequences are incorporated in the 3'UTR of a
Renilla luciferase gene and are concomitantly expressed with the
EGFP gene from a common, constitutive CMV promoter. Ami-
RNA-containing transcripts can then be generated and processed
in the same way as naturally occurring pri-miRNAs/pre-miRNAs.
However, the inserted sequences were designed to match their tar-
get sequences completely and were therefore expected to lead to
the degradation of their target mRNAs.

Based on our results obtained with adenovirus-directed siRNAs,
we designed amiRNAs directed against E1A, DNA polymerase, and
pTP mRNAs of Ad5, which had previously been identified as prom-
ising targets (Kneidinger et al., 2012). For each target mRNA, at
least 4 different amiRNAs were designed (Fig. 2), and the respective
oligonucleotides containing the sequences of the pre-miRNA hair-
pins (Supplementary Table 1) were cloned into pcDNA 6.2-GW/
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Fig. 3. Artificial miRNA-mediated RNAI in cells infected with wt Ad5 or packaging cells promoting the replication of the adenoviral miRNA expression vectors. A. A549 cells
were co-transduced with the adenoviral target vector Ad-Luc-as carrying an miRNA target sequence in the 3'UTR of a Renilla luciferase gene at an MOI of 1 TCIDsg/cell and the
adenoviral vector Ad-FLuc-mi1, which produces an amiRNA directed against the target sequence of the target vector at an MOI of 10 TCIDsg/cell. A corresponding adenoviral
vector (Ad-mi-) producing an artificial, non-targeting, amiRNA was used as a control. Concomitantly, cells were infected with wt Ad5 at an MOI of 100 TCIDsg/cell or were
mock-infected with wt Ad5. Renilla luciferase activities in relation to firefly luciferase activities were determined at 24 and 48 h post-infection. B. Co-infection of HEK 293
cells. Experimental set-up as in A, except that superinfection with wt Ad5 was omitted. Data represent relative light units (RLU; mean + SD) in comparison to the non-
targeting artificial control miRNA from representative triplicate infection experiments. ***p < 0.001.
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Fig. 4. Expression of the EGFP/miRNA cassette from a tetracycline repressor-
controlled CMV promoter is heavily decreased in adenovirus packaging cells in the
absence of doxycycline. T-REx-293 cells were transduced with the adenoviral vector
AdTO- and incubated with or without doxycycline. Twenty-four hours later, the
cells were analyzed for EGFP expression by FACS analysis, and mean fluorescence
intensities (MFIs) were calculated. Data represent the mean values of 3 independent
experiments, each performed in triplicate (mean + SD; n = 3). **p <0.01.

EmGFP-miR giving rise to the plasmid expression vectors pmiRE-
E1A-mil to -mi4, pmiRE-Pol-mil to -mi7, and pmiRE-pTP-mil to
-mi5. A vector (pcDNA6.2-GW/EmGFP-miR-neg) encoding a uni-
versal, non-targeting amiRNA served as a reference for all other
amiRNA expression vectors, thus allowing for comparison between
groups of amiRNA expression vectors (i.e., amiRNA expression vec-
tors for the targeting of distinct adenoviral transcripts).

To select the most efficient amiRNAs, we employed the same
dual-luciferase-based reporter system as described above. We first
tested each group of amiRNASs (i.e., groups targeting either the E1A,
DNA polymerase, or pTP mRNAs) individually in combination with
reporter plasmid vectors harboring the respective target sequences
in the 3'UTR of the Renilla luciferase mRNA (Fig. 5A-C). Finally, we
compared amiRNAs selected from each group (i.e., E1A-mi3, Pol-
mi4 and Pol-mi7, and pTP-mi5) side-by-side (Fig. 5D). The ob-
tained knockdown rates were similar for all selected amiRNAs. Be-
cause the transfection rates were well below 100% in these
experiments (but were identical for different vectors), as deter-
mined by parallel FACS experiments in which EGFP expression
was measured (data not shown), the absolute knockdown rates
were rather low. Thus, the knockdown rates observed in these
experiments did not reflect the true capacities of the tested amiR-
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NAs. For targeting of the DNA polymerase mRNA, we selected 2
distinct amiRNAs: Pol-mi7, which showed the highest knockdown
rate, and Pol-mi4, which performed slightly worse, but contained
the same seed sequence as Pol-si2, the most potent siRNA identi-
fied through our previous study (Kneidinger et al., 2012).

Next, we modified the expression system of the selected vectors
by bringing the EGFP/amiRNA cassettes under the control of the
tetracycline repressor-regulated CMV promoter and subsequently
transferred these expression cassettes into the deleted E1 region
of the Ad5-based replication-deficient adenoviral vector already
employed for the experiments described in Section 3.1. The result-
ing adenoviral vectors AdTO-mi-, AdTO-E1A-mi3, AdTO-Pol-mi4,
AdTO-Pol-mi7, and AdTO-pTP-mi5 are depicted in Fig. 1.

Since the dual-luciferase assay system represents an artificial
set-up, the efficacy of amiRNAs must be properly evaluated in
the biological context. To this end, we transduced T-REx-293 cells
(which propagate the replication of otherwise replication-deficient
adenoviral vectors lacking the E1 genes) with the individual aden-
oviral amiRNA expression vectors. The cells were cultivated in the
presence of doxycycline to allow for amiRNA expression, which, in
turn, was expected to lead to the attenuation of viral DNA replica-
tion in cases of highly efficient amiRNAs. Finally, we determined
viral genome copy numbers for the time point 2 days post-infec-
tion by real-time qPCR using a primer/probe set directed against
the adenoviral hexon gene. As shown in Fig. 6, expression of
E1A-mi3, Pol-mi4, and Pol-mi7 did not cause a significant reduc-
tion in viral genome copy numbers. The only amiRNA that was able
to decrease the amplification of its own vector significantly was
pTP-mib. In this case, the copy number of the vector was decreased
to 26.9%. Thus, we selected the pTP-mi5 expression vector for fur-
ther optimization.

3.4. Concatemerization of pTP-mi5-encoding sequences increases
pTP-mi5 levels

It has been reported that expression of ShRNA or amiRNA hair-
pins as tandem copies can enhance knockdown efficacies (Chung
et al,, 2006; Wu et al., 2011). Consequently, we generated vectors
in which the pTP-mi5 pre-mRNA hairpins were concatemerized.
We first constructed additional pcDNA 6.2-GW/EmGFP-miR-based
plasmid vectors containing 2, 3, or 6 copies of pTP-mi5-encoding
sequences in the 3'UTR of the EGFP gene (vectors pmiRE-pTP-
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Fig. 5. Screening for functional amiRNAs. Plasmid-based amiRNA expression vectors and their respective dual-luciferase target vectors were used to cotransfect HeLa cells (A,
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activities. A plasmid vector expressing a universal non-targeting amiRNA served as a negative control (neg. ctrl.) in all experiments. Relative light units (RLU; mean # SD,
n=3) in comparison to the non-targeting artificial control miRNA are shown. ***p < 0.001; ns: not significant.
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Fig. 6. Replication of adenoviral amiRNA expression vectors is inhibited in
packaging cells upon amiRNA expression. T-REx-293 cells were transduced with
the amiRNA expression vectors AdTO-mi- (indicated as neg. ctrl.), AdTO-E1A-mi3
(indicated as E1A-mi3), AdTO-Pol-mi4 (indicated as Pol-mi4), AdTO-Pol-mi7
(indicated as Pol-mi7), and AdTO-pTP-mi5 (indicated as pTP-mi5) at an MOI of
0.1 TCIDsp/cell, and amiRNA expression was induced by addition of doxycycline.
Copy numbers of the vectors were determined for time points 0 and 2 days post-
infection by qPCR using a TagMan primer/probe set specific for the Ad5 hexon gene.
Fold-increases of vector copy numbers were calculated for all vectors. Data
represent the means+SD of 3 independent experiments, each performed in
triplicate. *p < 0.05.

mi5x2, pmiRE-pTP-mi5x3, and pmiRE-pTP-mi5x6) and the respec-
tive negative control vectors carrying a corresponding number of
negative control amiRNA hairpins (vectors pmiREx2, pmiREx3,
and pmiREx6). Transfection of HEK 293 cells with pTP-mi5-encod-
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ing vectors revealed that the amount of mature pTP-mi5 increased
with rising copy numbers in the constructs (Fig. 7A). The gain in
the amount of pTP-mi5 present in the cells ranged from 6.8-fold
(2 copies) to 20.3-fold (6 copies). Not surprisingly, there was an in-
verse correlation with EGFP expression: increased numbers of hair-
pins present in the 3'UTR of the EGFP gene led to decreased EGFP
levels (Fig. 7B). This effect was not only evident for the pTP-mi5-
encoding constructs but also for constructs encoding the negative
control amiRNA. The observed decrease was likely due to enhanced
processing of the primary transcripts by Drosha with increased
amiRNA hairpin copy numbers, accelerated degradation of the pro-
cessed forms due to lack of a 3’ poly(A) tail after Drosha cleavage,
or decreased translation.

3.5. Concatemerization of pTP-mi5-encoding sequences increases the
knockdown rate

To determine whether elevated levels of pTP-mi5 produced by
pmiRE-pTP-mi5x6 in comparison to pmiRE-pTP-mi5 had a positive
effect on the knockdown rate, we performed dual-luciferase-based
knockdown experiments as before. Knockdown of Renilla luciferase
expression in HEK 293 cells transfected with the target vector psi-
CHECK-pTP was significantly increased upon raising the copy num-
ber of pTP-mi5 from 1 to 6 (Fig. 8A), revealing the expected
positive correlation between amiRNA levels and knockdown
capacities.

Next, we modified these plasmid vectors by replacing the
constitutive CMV promoter with the tetracycline-regulated CMV
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Fig. 7. Concatemerization of amiRNA-encoding sequences increases amiRNA levels and decreases EGFP expression. HEK293 cells were transfected with identical amounts of
plasmid expression vectors carrying 1-6 copies of pTP-mi5 (i.e., vectors pmiRE-pTP-mi5, pmiRE-pTP-mi5x2, pmiRE-pTP-mi5x3, and pmiRE-pTP-mi5x6) or the corresponding
negative control amiRNA (i.e., vectors pcDNA6.2-GW/EmGFP-miR-neg, pmiREx2, pmiREx3, and pmiREx6) in the 3'UTR of the EGFP gene. Forty-eight hours after transfection,
pTP-mi5 levels were measured by RT-qPCR (A), and EGFP expression was determined by FACS analysis (B). Means of relative pTP-mi5 levels and mean fluorescent intensities
(MFIs) from 3 independent transfections (mean + SD, n = 3) are shown. *p < 0.05, **p < 0.01, ns: not significant.

promoter and subsequently converted those intermediate vectors
into adenoviral vectors as before. The final set of adenoviral vectors
(Fig. 1) contained 1, 2, 3, or 6 copies of the pTP-mi5-encoding se-
quence (vectors AdTO-pTP-mi5, AdTO-pTP-mi5x2, AdTO-pTP-
mi5x3, and AdTO-pTP-mi5x6), or a corresponding number of cop-
ies of the sequence encoding the negative control amiRNA (vectors
AdTO-mi-, AdTO-mi-x2, AdTO-mi-x3, and AdTO-mi-x6). We evalu-
ated this set of vectors by again performing dual-luciferase assays;
briefly, we transfected T-REx-293 cells with the pTP-mi5 target
vector psiCHECK-pTP and subsequently transduced those cells
with the adenoviral vectors at an MOI of 30 TCIDsg/cell. The cells
were cultivated in the presence of doxycycline for an additional
24 h to allow for the expression of amiRNA before determining
luciferase activities. As shown in Fig. 8B, Renilla luciferase expres-
sion showed a steady decrease with increasing copy numbers of
pTP-mi5-encoding sequences present on the vectors. This indi-
cated that the amiRNA expression cassette giving rise to highest
number of pTP-mi5 hairpins was the most effective when incorpo-
rated into the adenoviral vector backbone.

The positive effect of incorporating 6 copies of pTP-mi5 hairpins
was also reflected by the increased inhibition of viral vector ampli-
fication in T-REx-293 cells when the cells were cultivated in the
presence of doxycycline, i.e.,, upon derepression of EGFP and pTP-
mi5 expression (Fig. 9). No such effect was observed for vectors
encoding the negative control amiRNA, indicating that the de-
crease in vector copy number was specifically related to pTP-mi5
expression and not to the treatment of the cells with doxycycline.
Viral DNA synthesis was decreased by 0.9 orders of magnitude
(86.2%) for the vector containing 1 copy of the pTP-mi5 hairpin.
There was no significant difference in the inhibition rate when
the copy number was raised to 2 or 3. However, doubling the copy
number further from 3 to 6 generated a markedly increased inhib-
itory effect on vector amplification. Here, viral DNA synthesis was
decreased by 1.6 orders of magnitude (97.6%) compared to the neg-
ative control vector. We also monitored the amplification kinetics
of the vector containing 6 copies of the pTP-mi5-encoding se-
quence over a 6-day period and found a pronounced decrease in
vector copy numbers also at later time points in the presence of
doxycycline (Supplementary Fig. 1).

Because all experiments clearly suggested that chaining of pTP-
mi5 hairpins was a prerequisite for the successful inhibition of
adenovirus replication, all subsequent experiments were per-
formed with the vector carrying 6 copies of pTP-mi5.
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3.6. Levels of amiRNAs, when expressed from a replication-deficient
adenoviral vector, are increased in wt adenovirus-infected cells

Replication-deficient adenoviral vectors were chosen for the
expression of amiRNAs based on the assumption that net levels
of amiRNA should increase upon exposure of the recombinant vec-
tor to wt adenovirus in infected cells. Provided the amiRNA was
not capable of completely blocking viral DNA replication, amiRNA
gene copy numbers should increase upon onset of replication of
the recombinant vector, which should be induced by E1A gener-
ated by the co-infecting wt adenovirus. Indeed, we found pTP-
mi5 levels increased by ~6-fold in A549 cells infected with wt
Ad5 (Fig. 10A).

To determine whether and to what extent pTP-mi5 inhibited
the expression of pTP during virus replication, we transduced
A549 cells with the adenoviral pTP-mi5 expression vector AdTO-
pTP-mi5x6 or its corresponding negative control amiRNA expres-
sion vector AdTO-mi-x6. Subsequently, we infected the cells with
wt Ad5 and determined pTP mRNA levels at 24 h post-infection
with wt Ad5 by RT-qPCR. As shown in Fig. 10B, pTP-mi5 expression
decreased pTP mRNA levels by nearly 80% compared to the nega-
tive control amiRNA.

3.7. Adenoviral vector-based expression of pTP-mi5 inhibits the
replication of wt Ad5

To finally investigate whether pTP-mi5 was capable of inhibit-
ing the replication of wt Ad5, we transduced A549 cells with
AdTO-pTP-mi5x6 or the negative control vector AdTO-mi-x6 and
infected them with wt Ad5. To assure that all cells were transduced
with the recombinant vectors, we used rather high MOIs of 100
TCIDso/cell and transduced the cells with the recombinant vectors
24 h prior to infection with wt Ad5. Wt Ad5 genome copy numbers
were determined at 0, 2, 4, and 6 days post-infection by real-time
qPCR using a primer/probe set directed against a part of the E1A
gene. As shown in Fig. 11A, wt Ad5 DNA levels were decreased
by 1.24, 1.21, and 1.77 orders of magnitude (94.2%, 93.8%, and
98.4%) on days 2, 4, and 6, respectively, in cells expressing pTP-
mi5, as compared to cells expressing the negative control amiRNA.
The negative control amiRNA itself did not significantly inhibit wt
Ad5 replication.

As a consequence of the inhibition of viral DNA synthesis, the
generation of infectious wt Ad5 progeny was also heavily inhibited.
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Fig. 8. Concatemerization of pTP-mi5 hairpins increases the knockdown rate. A.
HEK 293 cells were transfected with 50 ng of the plasmid vectors pmiRE-pTP-mi5
and pmiRE-pTP-mi5x6 carrying 1 or 6 copies of the sequence encoding pTP-mi5,
respectively, and either 50 or 100ng of the dual-luciferase reporter vector
psiCHECK-pTP harboring the target sequence of pTP-mi5. The vectors pmiRE and
pmiREX6, carrying 1 or 6 copies of a sequence encoding the non-targeting amiRNA,
served as negative controls (neg. ctrl.). Numbers of hairpins for amiRNAs in the
individual vectors are indicated as 1 X and 6 X, respectively. Renilla luciferase
activities in relation to firefly luciferase activities were determined 24 h post-
transfection. Relative light units (RLU) obtained with the vectors carrying pTP-mi5
in relation to their respective negative control vectors are shown. Data represent
the means + SD of 2 independent experiments, each performed in triplicate. B. HEK
293 cells were transfected with 100 ng of psiCHECK-pTP. Twenty-four hours after
transfection, the cells were transduced with the adenoviral vectors AdTO-pTP-mi5,
AdTO-pTP-mi5x2, AdTO-pTP-mi5x3, or AdTO-pTP-mi5x6 expressing pTP-mi5 or
AdTO-mi-, AdTO-mi-x2, AdTO-mi-x3, or AdTO-mi-x6 expressing the negative
control amiRNA at an MOI of 30 TCIDsg/cell. The copy number of the amiRNA
hairpins is indicated beneath the figure. Renilla luciferase activities in relation to
firefly luciferase activities were determined 24 h post-infection. Relative light units
(RLU) obtained with the vectors carrying pTP-mi5 in relation to their respective
negative control vectors are shown. Data represent the means + SD of 2 indepen-
dent experiments, each performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, ns:
not significant.

The number of infectious wt Ad5 virions as determined by TCIDsq
analysis using A549 cells as indicator cells (which permitted the
specific detection of wt Ad5 replication) was decreased by 2.6 or-
ders of magnitude (99.8%) in cultures transduced with the pTP-
mi5-expressing vector compared to control cultures expressing
the negative control amiRNA (Fig. 11B).

The amiRNA-mediated inhibitory effect on wt Ad5 DNA replica-
tion was also revealed when the cells were infected with wt Ad5 at
higher MOIs of up to 100 TCID50/cell (Supplementary Fig. 2). No
differences were observed for MOIs ranging between 0.01 and 1
(Supplementary Fig. 2A-C). At higher MOIs of 10 and 100 (Supple-
mentary Fig. 2D and E) there was a tendency toward a decrease in
the difference between wt Ad5 genome copy numbers of cells
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transduced with the pTP-mi5 amiRNA expession vector and its
negative control vector. However, this decrease was not due to a
diminished inhibition of wt Ad5 DNA replication by the amiRNA,
because the slope from day 0 to day 2 was comparable for pTP-
mi5-expressing cells regardsless of which MOI was used for wt
Ad5 infection. The observed effect was rather due to a decrease
in the gain of wt Ad5 DNA from day 0 to day 2 when cells were in-
fected with wt Ad5 at high MOIs (compare slopes for cells not
transduced with any recombinant vector or with the amiRNA con-
trol vector at different MOIs).

The inhibitory effect described above was revealed with cells
that had been transduced with the recombinant amiRNA expres-
sion vector 24 h prior to infection with wt Ad5. However, an inhib-
itory effect on wt Ad5 replication was also observed when cells
were transduced with the pTP-mi5 expression vector only 6 h prior
to, concomitant with, or 6 h after infection with wt Ad5 (Supple-
mentary Fig. 3). Wt Ad5 replication was inhibited at all MOIs. How-
ever, we observed a tendency toward a slightly decreased
inhibition rate when cells were infected with wt Ad5 prior to trans-
duction with the recombinant vectors and when low MOIs were
used for wt Ad5 infection (compare slopes for cells transduced
with the pTP-mi5 expression vector in panels A, B, and C at wt
Ad5 MOIs of 0.01-1).

3.8. AmiRNA expression and concomitant treatment with CDV results
in an additive inhibitory effect

The inhibitory effect of pTP-mi5 when expressed from and
delivered with a replication-deficient adenoviral vector was very
pronounced, but not complete. Thus, we investigated whether
knockdown of pTP expression by pTP-mi5 and concomitant treat-
ment of infected cells with CDV may result in additive inhibitory
effects. To this end, we transduced and infected A549 cells as be-
fore and treated them with therapeutically relevant concentrations
of CDV. The highest dose of CDV (30 pM) corresponded to in vivo
peak serum concentrations typically measured after intravenous
administration (Cundy, 1999). We assessed the inhibition of wt
Ad5 replication by determining wt Ad5 genome copy numbers at
time points 2 and 6 days post-infection (Fig. 12A and B). In our
experimental setting, adenoviral vector-mediated expression of
pTP-mi5 was generally more effective in inhibiting wt Ad5 replica-
tion than was treatment with CDV. However, the inhibitory effect
of pTP-mi5 could clearly be further increased by concomitant
treatment of the cells with CDV. pTP-mi5 expression alone de-
creased wt Ad5 genome copy numbers by 1.2 orders of magnitude
(94.2%) at day 2 post-infection and by 1.8 orders of magnitude
(98.4%) at day 6 post-infection when compared to the negative
control amiRNA. However, concomitant treatment of the cells with
30 uM CDV decreased wt Ad5 genome copy numbers by 2.2 orders
of magnitude (99.3%) at day 2 and by 2.5 orders of magnitude
(99.7%) at day 6. This clear additive effect also manifested as a fur-
ther drop in the output of infectious virus progeny (Fig. 12C); con-
comitant treatment with 30 uM CDV decreased the titer of wt Ad5
by another 0.6 orders of magnitude and resulted in a total reduc-
tion rate of 3.2 orders of magnitude (99.9%).

4. Discussion

In contrast to anti-adenoviral siRNAs such as the ones used in
our previous study (Kneidinger et al., 2012), the generation of
anti-adenoviral amiRNAs is dependent on intracellular processing
steps which may be disturbed in adenovirus-infected cells due to
the saturation of several components of the RNAi pathway by
mivaRNAs (Andersson et al.,, 2005; Lu and Cullen, 2004). We
estimated the performance of amiRNAs during the first 48 h of
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Fig. 9. Concatemerization of pTP-mi5 hairpins increases the inhibition of adenoviral pTP-mi5 expression vectors in packaging cells. T-REx-293 cells were transduced with the
adenoviral pTP-mi5 expression vectors AdTO-pTP-mi5, AATO-pTP-mi5x2, AdTO-pTP-mi5x3, or AdTO-pTP-mi5x6 or their respective negative control vectors AdTO-mi-,
AdTO-mi-x2, AdTO-mi-x3, or AdTO-mi-x6 at an MOI of 0.1 TCIDs/cell. The vectors carried amiRNA-encoding sequences with copy numbers increasing from 1 (A, B) to 2 (C,
D), 3 (E, F), or 6 (G, H). The transduced cells were cultivated in the absence (A, C, E, G) or presence (B, D, F, H) of doxycycline. Copy numbers of the vectors were determined for
time points 0 and 2 days post-infection by qPCR using a TagMan primer/probe set specific for the Ad5 hexon gene. Fold-increases in vector copy numbers were calculated for
all vectors. Data represent the means + SD of 3 independent experiments, each performed in triplicate. *p < 0.05, ns: not significant.

adenovirus infection as being especially critical, because viral DNA
replication — the viral process which we intended to target — lar-
gely takes place within this time frame. However, we found that
amiRNA function was not affected during these stages of adenovi-
rus infection when the amiRNA was delivered via an adenoviral
vector (Fig. 3). This is likely due to the fact that mivaRNAs reach
high levels only at very late stages of infection, and pTP mRNA-tar-

geting amiRNAs prevent the otherwise steady increase in VA-RNA
gene copy numbers after the onset of viral DNA replication.

The design of amiRNAs follows slightly different rules compared
to those required for the design of 25-nt-long, blunt-ended siRNAs.
Although we designed certain amiRNAs (i.e., pTP-mi5 and Pol-mi4)
to contain the same seed sequences as their successful siRNA rela-
tives used in our previous study (Kneidinger et al., 2012), these
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Fig. 10. Adenoviral vector-mediated expression of pTP-mi5 increased upon super-
infection with wt Ad5 and led to knockdown of pTP expression. A549 cells were
transduced with the adenoviral pTP-mi5 expression vector AdTO-mi-x6 or its
respective negative control vector AdTO-mi-x6 at an MOI of 100 TCIDsg/cell.
Twenty-four hours later, cells were infected with wt Ad5 at an MOI of 100 TCIDso/
cell or were mock-infected. Another 24 h later, cells were analyzed for relative pTP-
mi5 levels (A) and relative pTP mRNA levels (B) by RT-qPCR. Data represent the
means of 3 independent infections (mean + SD; n=3). *p <0.01.

amiRNAs did not necessarily represent the most efficient amiRNAs
(see Pol-mi4), indicating that it was not always feasible to auto-
matically convert an effective siRNA into a potent amiRNA. This
may be due to the different lengths of amiRNAs and siRNAs, their
different types of ends (i.e., blunt ends in the case of siRNAs and
2-nt 3’ overhangs in the case of amiRNAs), and the lack of any
chemical modifications within amiRNAs.

Concatemerization of identical amiRNA-encoding sequences
has been shown to increase knockdown rates (Chung et al., 2006;
Wu et al,, 2011). Consequently, we concatemerized pTP-mi5-
encoding sequences to increase the inhibition of adenoviral repli-
cation. While inhibition of the replication of the vector carrying
the pTP-mi5 expression cassette was limited to 0.9 orders of mag-
nitude (86.2%) when only one copy was present, increasing the
copy number from 1 to 6 resulted in a decrease of viral genome
copy number by 1.6 orders of magnitude (97.6%; Fig. 9). This effect
correlated with an increase in pTP-mi5 levels (Fig. 7A). However,
the increase in the amount of mature amiRNA was disproportion-
ally higher compared to the increase in the number of hairpins
present on primary transcripts. This effect may be related to an
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“p < 0.001.
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observation made byothers when placing a pre-amiRNA hairpin
onto a miRNA polycistron: when combined with other amiRNA
hairpins, the silencing capacity of the individual amiRNA was in-
creased (Liu et al., 2008).

Expression of pTP-mi5 from the adenoviral vector inhibited the
replication of superinfecting wt Ad5 by approximately 1.2 orders of
magnitude (94%) at 2 days post-infection with wt Ad5. This inhib-
itory effect was also evident by the suppression of infectious wt
Ad5 progeny output by 2.6 orders of magnitude (99.8%). Although
we used a low MOI of 0.01 TCID50/cell for wt Ad5 in most exper-
iments to allow for monitoring of virus spreading within the cul-
tures, the high burst size of adenovirus quickly led to infection of
the entire culture. Consequently, the exponential increase in virus
multiplication at later time points was disproportionately pre-
vented in cultures in which replication was not attenuated by
amiRNAs. Thus, regardless of the readout system, the pTP-mi5-
mediated inhibition rate at late time points (4 or 6 days post-infec-
tion) is probably underestimated.

Both CDV and pTP-mi5 target the same viral process, namely
viral DNA replication. However, while pTP-mi5 decreases the num-
ber of functional protein complexes that have to be formed for effi-
cient initiation of viral DNA synthesis, CDV, as a nucleoside analog,
acts downstream of this step by preventing DNA polymerization
(Cundy, 1999). Thus, it was conceivable that a combination of both
mechanisms may result in additive inhibitory effects; while pTP-
mi5 would in a first step limit the number of available DNA repli-
cation complexes, CDV would in a second step inhibit residual DNA
synthesis that could not be prevented by the amiRNA. Indeed, a
combination of pTP-mi5 expression and treatment with CDV re-
sulted in a further decrease of wt Ad5 genome copy numbers
and infectious virus progeny by an additional 1 and 0.6 orders of
magnitude, respectively, at 2 days post-infection with wt Ad5
(Fig. 12A and C).

The delivery of amiRNAs, shRNAs, or siRNAs into living organ-
isms is a challenging task. Based on the development of a plethora
of different delivery vehicles, nonviral delivery methods have con-
stantly been improved but are still far from perfect (Rettig and
Behlke, 2012). In this regard, the delivery of anti-adenoviral amiR-
NAs, via a replication-deficient adenoviral vector, may have several
unique advantages. For example, it may allow for the amplification
of amiRNA expression cassette copy numbers upon exposure of the
recombinant virus to the wt virus as demonstrated in our in vitro
experiments (Fig. 10) and theoretically ensure a constant supply
of recombinant vector as long as wt adenovirus is present. More-
over, based on the shared organ tropism of the adenoviral vector
and its wt counterpart, this type of delivery may also permit the
directing of amiRNAs predominantly to those cells that are also
the preferred targets of the wt virus.

It may be argued that treating a virus infection with a vector de-
rived from the very same virus may generally be dangerous. For
example, recombination events between the wt virus and the re-
combinant virus are conceivable, which may result in the genera-
tion of a replication competent virus. This potential problem
could generally be circumvented by the generation of “gutted” ver-
sions of the vectors presented here. Such gutted adenoviral vectors
lack all parts of the viral genome except for the 5’ and 3’ inverted
terminal repeats and the packaging signal (W) required for replica-
tion and DNA packaging, respectively (Alba et al., 2005). In general,
due to the presence of the inhibitory amiRNA sequences on the
vector, a virus emerging from a recombination between the recom-
binant virus and the wt virus would be attenuated in its replica-
tion. At the same time, such a recombination event would likely
render the “donor” wt virus replication-deficient. Thus, the gener-
ation of a virus that is more dangerous than the parent wt virus
seems unlikely. In any case, this issue would have to be addressed
in animal studies.
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Such animal studies are also needed to eventually clarify, which
of the 2 RNAi-based approaches, i.e., silencing of adenoviral gene
expression by siRNAs, such as the ones presented in our previous
study (Kneidinger et al., 2012), or by amiRNAs expressed from
and delivered by adenoviral vectors (this study), provide a greater
probability to permit efficient inhibition of adenovirus multiplica-
tion in vivo.

5. Conclusion

Taken together, our data indicate that (i) adenoviral vector-
based delivery and expression of amiRNAs can mediate significant
gene expression knockdown in cells infected with wt adenovirus;
(ii) targeting of adenoviral pTP mRNA by amiRNA can inhibit the
replication of wt adenovirus in vitro; (iii) efficient inhibition re-
quires a sufficiently high intracellular concentration of amiRNA,
which can be achieved by concatemerization of amiRNA hairpins
in primary transcripts; (iv) the intracellular amiRNA concentration
can be further increased upon the encounter of the recombinant
vector with its co-infecting wt counterpart; and (v) amiRNA
expression in cells infected by wt virus and their concomitant
treatment with CDV can result in additive inhibitory effects.
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4. CELLULAR TARGETS OF ADENOVIRUS-ENCODED mIRNAS

4.1. Rational of the study

In this part of the thesis the focus changes from RNA interference as a tool to inhibit
adenoviral infections to the question whether there is an interaction between
adenovirus encoded miRNAs and cellular mMRNAs and what kind of interaction can that
be (for more detail see part 1.3.1.1. in the Introduction). So far, not much is known
about the function of the adenoviral miRNAs. It is described that these miRNAs
saturate the cellular RNAiI machinery at different stages (saturation of Dicer, Exportin 5
and RISC) to interfere with cellular gene expression in a way that is beneficial for the
virus [1], [2]. Further on it was described that the apical part (terminal loop) of miRNA
VAI functions as a decoy for the double stranded RNA activated protein kinase R
(PKR) and inactivates it. Activation of PKR would otherwise lead to an inhibition of
protein synthesis by phosphorylating the translation initiation factor elF2 and thus
induces an anti-viral response (reviewed in [3]).

Aparicio et al. used bioinformatics, proteomics and genetics to identify potential
cellular targets of adenoviral mivaRNAs. They found a broad range of potential target
genes involved in cell signaling, cell growth and apoptosis, DNA transcription and
repair, and in RNA metabolism [4].

The aim of this project was to investigate if mivaRNAs are really produced just to
saturate the cellular RNAi machinery or if there are specific cellular mRNA targets for
these adenovirus-encoded miRNAs and what their functions are. Answering this
question can give more insight into adenoviral features like how can they produce a
latent infection, or how do latent adenoviruses get reactivated. Moreover, a better

understanding of the host-pathogen interaction can reveal possible therapeutic options.

4.2. The mivaRNA mimics

To investigate the functions of the adenovirus-encoded miRNAs, two siRNAs were
designed mimicking 2 isoforms of mivaRNAs derived from VA RNA | (focus on VA RNA
| is based on preliminary experiments that had shown higher targeting capacity of VA
RNA | compared to VA RNA |l). It has been described that depending on the
processing of the mivaRNAs by RNA polymerase Ill and the enzyme Dicer several
mivaRNA isoforms exist that differ in start positions, length and seed sequences. The
predominant versions of the mivaRNAs are cleaved by Dicer at nucleotide position 137
and 138 [5]. Since mivaRNA mimics starting at 137, compared to those starting at 138,

showed higher prevalence in RNA sequencing data sets (data not shown) we focused
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on mivaRNAs starting at position 137. In addition, RNA polymerase lll can start the
transcription at different nucleotides leading to mivaRNAs of different length.
Depending on the start nucleotide, which can either be an A or a G, respective
mivaRNA mimics were designed and named mivaRI(A)-137 or mivaRI(G)-137 [6].
Importantly, the seed sequence of the right arms of both version, the A and the G

version, are identical whereas the seed sequences of the left arms are different.
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Figure 1 | Structure of the mivaRNA mimics mivaRI(A)-137 and mivaRI(G)-137

Depending on the processing of the adenovirus-encoded VA-RNAI two mivaRNA mimics were
designed, named mivaRI(A)-137 and mivaRI(G)-137. On the one hand, RNA polymerase Il can
start the transcription of the mivaRNAs at different nucleotides that can either be an A or a G.
On the other hand, Dicer processes the opposite end of the mivaRNAs and can either cut at
nucleotide position 137 or 138. Thus, we designed two mivaRNA mimics with a focus on the
version starting at the nucleotide position 137, which is slightly more prevalent in Ad-infected
cells. A. The red lines represent the single strands of the mivaRI(G)-137 mimic, the green lines
those of the mivaRI(A)-137 mimic. . The black lines indicate the Exportin 5 binding site (terminal
stem), the PKR inhibition domain (central domain) and the PKR binding domain (apical stem)
(adapted from [2]). B. Schematical drawings of mivaRI(A)-137 and mivaRI(G)-137. The blue
boxes show the identical seed sequence of the right arm of the mivaRNAs. The yellow and gray

boxes represent the seed sequences of the left arms of the mivaRNAs, which are different.
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That means, if the right arm of both mivaRNAs functions as guide strand and is
incorporated into RISC, both mivaRNA mimics can bind to the same target sequences.
In contrast, if the left strand of the mivaRNAs fulfills the function of the targeting guide
strand mivaRI(A)-137 and mivaRI(G)-137 can bind to different targets, due to their
different seed sequences (Fig. 1). Therefore, depending on the silencing capacities of
both mivaRNA mimics, it should be feasible to identify which strand preferentially
functions as the guide strand. If both mivaRNA mimics show similar reductions of their
targets, this would indicate that the right strand is the predominant guide strand. If a
difference in the reducing potencies of both mivaRNA mimics is measurable, this would
suggest that the left arms are preferentially incorporated into RISC and function as

guide strands.

4.2.1. Target mRNA identification by RIP-Chip assay

To identify potential target mRNAs of adenovirus-encoded miRNAs, a RIP-Chip assay
was established by Bellutti F, MSc in our lab [7]. Therefore, A549 cells were
transfected with mivaRNA-mimics or infected with adenovirus 5. As a control, cells
were transfected with a negative control siRNA or remained non-infected, respectively.
Following, RISCs were immounoprecipitated (RISC IP) using an antibody binding all
four Argonaute proteins (anti-AGO1-4), and an IgG-antibody served as isotype control.
From the immunoprecipitated RISC fraction mMRNA was isolated and subjected to micro
array analysis to identify RISC-associated cellular mRNAs (RIP-Chip) (Fig. 2). Fig. 3
shows a heat-map analysis depicting a comparison of mRNA levels from cells
transfected with either negative control siRNA or mivaRNA mimics. Genes identified to
be enriched in mivaRNA transfected cells compared to control cells were used for

further validation experiments.
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Figure 2 | Establishment of the RISC-immunoprecipitation method (taken from[7])

To establish and proof that the RISC IP is suitable for our approach, HEK293 cells were co-
infected with, first, an adenoviral vector carrying the Renilla luciferase gene (pAd-Luc-as, R.
Klein, unpublished) and a second adenoviral vector carrying an artificial miRNA specifically
targeting the 3’'UTR of the Renilla luciferase mRNA (mi+; pAd-FLuc-mi1, R. Klein, unpublished).
Another adenoviral vector expressing a non-targeting miRNA gene (mi-; pAd-mi-, R. Klein,
unpublished) was used as a control. 24h after infection, the cells were lysed and RISCs were
isolated using antibodies detecting all four Argonaute proteins (anti-AGO1-4). Total RNA from
lysed cells served as input fraction. Further on, RNA was isolated from the AGO1-4
immunoprecipitated fraction. This fraction contains the target sequence of the miRNA that was

incorporated into RISC together with the specific miRNA. The mRNA was quantified with gqPCR.
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Figure 3 | Heatmap showing differences (A) between microarray groups [7].

This heatmap displays the differences in mMRNA levels from immunoprecipitated RISCs (Ago)
from samples transfected with either mivaRNA mimics (Agoss7a) and Agosszg)) or with the
negative control siRNA (Agonc). In addition, mRNA levels obtained from immunoprecipitated
RISCs of adenovirus 5 infected cells (Agoaqv) were compared to non-infected cells (AgOwmock)- As
further control, input fractions were compared to their corresponding RISC fractions. The arrows

indicate the transcripts that were used for further analysis.
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Tab. 1 and Tab. 2 show a list of target genes identified by RIP-Chip analysis and
selected for further validation. Their enrichment in RISC after mivaRI(A)-137 or
mivaRI(G)-137 transfection compared to control conditions or an adenoviral infection
(AdV) is depicted.

COMMD1 was included in this validation analysis, because it was one of the top
ranked genes in the TargetScan analysis (Tab. 3).

Most of the identified genes showed similar enrichment levels for both mivaRNA
mimics. CRIPAK, COMMD1, ZNF768; GXYLT1 are mRNAs that are higher enriched in
RISC fractions from cells transfected with mivaRI(A)-137. That might indicate that the
CRIPAK mRNA is a target of the left arm of the mivaRI(A) version, because the right

arms of the A and the G mivaRNA isoform share the same seed sequence.

Table 1 | Putative targets of mivaRI(A)-137
identified by RIP-Chip [7]

Genes were sorted according to the enrichment

following mivaRI(A)-137 transfection

Table 2 | Putative targets of mivaRI(G)-137
identified by RIP-Chip [7]

Genes were sorted according to the enrichment
following mivaRI(G)-137 transfection

Name Ago NC - Ago Ago Mock - Name e A gooiiiocs
137 (A) Ago AdV 137 (G) Ago AdV

CRIPAK 3.89 8.51 IL-12A 5.66 243
IL-12A 3.56 243 ISOC1 4.76 8.75
1ISOC1 3.39 8.75 TMEM222 3.01 45
LGALS3 2.83 2.04 NAT14 2.58 3.05
GUK1 2.69 18.51 GPR63 2.55 5.7
TMEM222 2.6 4.5 SUPT7L 2.5 8.75
GXYLT1 2,39 3,43 GUK1 2.43 18.51
NAT14 2.14 3.05 PRR3 2.41 2.83
LY6K 2.13 3.56 LY6K 2.3 3.56
ZNF768 2.11 4.99 COMMD9 2.23 3.1
LEPROTL1 2.1 12.13 BRP44 2,16 29,45
SRI 1.99 3.03 LEPROTL1 2.03 12.13
PRR3 1.79 2.83 BOK 1.93 1.52
COMMD1 1.77 7.94 SRI 1.92 3.03
SUPT7L 1.74 8.75 RPL34 1.79 56.1
GPR63 1.72 5.7 SMAGP 1.79 4.23
BOK 1.72 1.52 GXYLT1 1,42 3,43
RPL34 1.66 56.1 COMMD1 1.17 7.94
BRP44 1,53 29,45 ZNF768 1.13 4.99
COMMD9 1.51 3.1 LGALS3 1.01 2.04
SMAGP 1.43 4.23 CRIPAK 0.91 8.51
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In addition to the RIP-Chip analysis targets were also compared to predicted target
sites identified by a TargetScan analysis (Tab. 3). For that analysis seed sequences of
the distinct mivaRNAs were used as input and target sites were divided into sites
located within the UTR or the coding sequence of a target mRNA. Since for some
targets multiple hits were identified, the minimum score was used as a criterion to

predict the targeting efficiency.

Table 3 | Predicted target sites on transcripts identified by RIP-Chip [7]

minimal score . minimal score
hitCount cds

Name hitCount utr Putative targets

cds utr

BOK -0.49 1 -0.47 1 mival137(A)-3"; mival137(G)-3"
COMMDA1 -0.63 3 -0.62 1 mival137(A)-5'

COMMD9 -0.12 5 ; - mival137(A)-3"; mival137(G)-3"
CRIPAK -0.33 129 - - mival137(A)-5"; mival137(G)-5'
GPR63 -0.19 3 - - mival137(A)-3'; mival137(G)-3'
GUK1 -0.23 5 - - mival137(G)-5'

IL-12A -0.44 5 -0.45 1 mival137(A)-3"; mival137(G)-3'
LEPROTL1 -0.24 6 -0.08 1 mival137(A)-5"; mival137(G)-5'
LGALS3 0.22 3 ; - mival137(A)-5"; mival137(G)-5'
LY6K -0.46 9 -0.35 3 mival137(A)-3"; mival137(G)-3"
PRR3 -0.29 119 -0.19 4 m:xz:gg;@g mival137(G)-3'
wwaw s g meos
SMAGP -0.18 7 - ; mival137(A)-3"; mival(A)137-5'
SRI -0.38 3 -0.18 2 mival137(A)-3"; mival137(G)-3"
SUPT7L -0.24 9 -0.22 2 mival137(A)-5'

TMEM222 -0.32 23 -0.32 4 QIX?:ZS;(?%% sl IETHEE
ZNF768 -0.31 4 - ; mival137(A)-5'

ISOC1 - - - - -

NAT14 - ; - ; ;

cds, coding sequence; utr, untranslated region;

In addition to the so far selected target genes | also included COMMDY7 to complete the
COMMD group for further validation. Tab. 8 summarizes our potential target genes and

their known functions.
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4.3. Materials and methods

4.3.1. Cell culture and virus production

HEK293 (human embryonic kidney; ATCC CRL-1573) and A549 (human epithelial lung
carcinoma; ATCC CCL-185) cells were cultivated in Dulbecco’s Modified Eagles
Medium (DMEM) with stabilized glutamine (PAA Laboratories, Pasching, Austria)
supplemented with 10% fetal bovine serum (FBS; PAA Laboratories) in a humidified
5% CO2 atmosphere at 37°C. Ad5 (ATCC VR-5) was amplified in HEK293 cells that
were grown in cell culture flasks until they were 80% confluent. Upon showing cytopatic
effects, supernatants and cells were harvested and subjected to three freeze (liquid
nitrogen) — thawing (37°C water bath) cycles to lyse the cells. Cells plus supernatant
were centrifuged for 15 min at 3000 rpm to pellet cell debris. The supernatant was
filtered through a 0.2um filter to obtain an adenovirus crude stock. Infectious virus
particle titers were determined on 293 cells by 50% tissue culture infective dose

(TCIDso) assays.

4.3.2. Vector construction

4.3.2.1. Luciferase reporter vector construction

For the construction of luciferase reporter vectors to validate putative target genes, the
TargetScan algorithm was used to predict putative target sites within the different
genes. These target sites, either lying within the 3'UTR, the 5’UTR, or the coding
sequence (CDS) of the genes, were inserted into the 3’UTR (3’'UTR and CDS sites) or
the 5’UTR (5’UTR sites), respectively, of the Renilla luciferase gene into the vector
psiCHECK-2 (Promega, Mannheim, Germany).

For the construction of the reporter vectors psiCHECK-IL12A, psiCHECK-RPL34
and psiCHECK-SRI, parts of the cDNA sequences were amplified by PCR using
primers for IL-12A, SRI and RPL34 cDNA listed in Tab. 4.

Table 4 | Primer sequences used for InFusion cloning

Target Forward primer (sequence 5’ > 3’) Reverse primer (sequence 5 > 3’)

CCCGGGAATTCGTTTATTCGGGCA  GGCCGCTCTAGGTTTTCAGATGCT

128 GTGACTATTGA TTCATGATTACC

mpLas CCCGGGAATTCGTTTTTTCTTCCTC ~GGCCGCTCTAGGTTTGCCCTGCTG
TTCCGGGG ACATGTTTCTT

k|  CCCGGGAATTCGTTTATTCTAATGC ~GGCCGCTCTAGGTTTCTTAGAGAAA

TGGCTTGT ATGTTTTATTTTC
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The PCR fragments were inserted into the Pmel site of psiCHECK-2 all located within

the 3' UTR of the Renilla luciferase gene using the InFusion cloning kit from Clontech

(Takara Bio Europe/Clontech, Saint-Germain-en-Laye, France).

Table 5 | Luciferase reporter vectors — target sites within the 3’UTR

Reporter vector name

Accession number target gene (MRNA) Nucleotide position

psiCHECK-BOK
psiCHECK-BRP44
psiCHECK-COMMD1
psiCHECK-COMMD7
psiCHECK-COMMD9
psiCHECK-GUK1-1
psiCHECK-GUK1-2
psiCHECK-GXYLT1
psiCHECK-IL-12A
psiCHECK-ISOC1
psiCHECK-LY6K-1
psiCHECK-LY6K-2
psiCHECK-NAT14
psiCHECK-PRR3-1
psiCHECK-PRR3-2
psiCHECK-RPL34
psiCHECK-SMAGP
psiCHECK-SRI
psiCHECK-SUPT7L
psiCHECK-TMEM222
psiCHECK-ZNF768
psiCHECK-CRIPAK

NM_032515.4

NM_001143674.2

NM_152516.2
NM_053041.2
NM_014186.3

NW_004078000.1

NM_001159390.1

NM_173601.1
NM_000882.3
NM_016048.2
NM_017527.3
NM_017527.3
NM_020378.3
NM_025263.3
NM_025263.3
NM_000995.3

NM_001031628.1

NM_003130.3
NM_014860.1
NM_032125.2
NM_024671.3
NM_175918

15282 - 15406
1051 - 1603
585 -712
1221 - 1880
41 -224
2-150

48 - 138
4281 - 6976
933 - 1340
1261 - 1627
488 - 633
841 - 1051
739 - 1350
981 - 1117
1541 - 1733
5-274

36- 439
1671 - 2016
1750 - 3211
771-1630
1151 - 1610
2924 - 3701

Luciferase repoter vectors — target sites within the 5’UTR

Reporter vector name Accession number target gene (MRNA)

psiCHECK-GPR63
psiCHECK-GXYLT1
psiCHECK-LEPROTL1
psiCHECK-LGALS3
psiCHECK-NAT14
psiCHECK-RPL34
psiCHECK-SMAGP
psiCHECK-SUPT7L

NM_030784.2
NM_173601.1
NM_015344.2
NM_002306.3
NM_020378.3
NM_000995.3

NM_001031628.1

NM_014860.1

Nucleotide position
1-225

1-225

1-107

1-88

2-117

1-44

1-201

30 - 141
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For the construction of psiCHECK-CRIPAK, a pGEX-5X-2-CRIPAK vector was used
containing the cDNA fragment of the complete open reading frame of CRIPAK (gladly
provided by Talukder et al. [8]). To obtain the CRIPAK sequence the vector was cut
with BamHI. This fragment was gel eluted, blunted, and purified with the PCR
purification kit from Qiagen (Hilden, Germany). The CRIPAK sequence was

subsequently inserted into the psiCHECK-2 vector that was linearized with Pmel.

Restriction enzymes and DNA-modifying enzymes were purchased from Fermentas
(St. Leon-Rot, Germany) or New England Biolabs (Frankfurt am Main, Germany). PCR
reactions were performed with HotStarTag DNA Polymerase obtained from Qiagen
(Hilden, Germany).

The other reporter vectors were synthesized by Biomatik (Ontario, Canada). The
sequences were inserted into either the 3’'UTR via the Sgfl/Pmel sites or the 5’UTR via
the Aatl/Nhel. sites of the Renilla luciferase gene of the psiCHECK-2. The coordinates

of the cloned sequences are shown in Tab. 5.

4.3.3. Synthesis and transfection of mivaRNA mimics

Single-stranded RNA oligonucleotides (complementary sense and antisense sequence
of the respective mimic; Tab. 6) were purchased from RiboTask (Odense, Denmark).
Oligonucleotides were annealed to produce dsRNAs. Therefore, 20uM of the
corresponding single-strands were combined in a 75uL reaction containing 50mM Tris
(pH 7.5) and 100nM NaCl in nuclease-free H,O. The solution was incubated for 2 min
at 95°C and allowed to slowly cool down to room temperature for 1 hour. The double-
stranded mivaRNA mimics were analysed by gel electrophoresis on a 4% agarose gel
and stored at -80°C.

Table 6 | Sequences of the RNA oligonucleotides used for producing mivaRNA mimics

RNA oligo name Sequence (5' to 3')

mivaRI(A)-137-5' AGCGGGCACUCUUCCGUGGUCUGG
mivaRI(A)-137-3" AGACAACGGGGGAGUGCUCCUUUU
mivaRI(G)-137-5' GGGCACUCUUCCGUGGUCUGG

mivaRI(G)-137-3 AGACAACGGGGGAGUGCUCCU
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4.3.4. Luciferase reporter gene assay

4.3.41. mivaRNA mimics

1.2e+05 HEK293 cells were seeded into the wells of 96-well plates, and co-transfected
with 50ng of individual dual-luciferase reporter vectors and 100nM mivaRNA mimic or
non-targeting control siRNA (Ambion/Life Technologies Austria, Vienna, Austria).
Transfections were performed using Lipofectamine 2000 (Invitrogen/Life Technologies
Austria, Vienna, Austria). For each well, 0.75uL Lipofectamine 2000 were diluted with
24.25uL OptiMEM medium (Invitrogen/Life Technologies Austria, Vienna, Austria) and
incubated for 5 min. In the next step, 25uL of a specific siRNA/reporter vector mix
(diluted in OptiMEM) were added. Mixes were incubated for 20 min and pipetted
directly into the wells of a 96-well plate and freshly harvested cells were added. After
24h, medium was exchanged with fresh medium.

Firefly and Renilla luciferase activities were determined at 48h post-transfection
using the Dual-Glo luciferase assay (Promega, Mannheim, Germany), according to the
manufacturer’s instructions. Luminescence was measured on an EnSpire® Multimode
Plate Reader (PerkinElmer, Brunn am Gebirge, Osterreich).

Knockdown rates were calculated by normalizing Renilla luciferase activities to
firefly luciferase activities, and comparing dual-luciferase ratios between targeting and

non-targeting control siRNAs.

4.3.4.2. pAdVantage vector

The experimental setup remains the same as described above. Instead of transfecting
the cells with mivaRNA mimics, 200ng of pAdVantage vector (Promega, Mannheim,
Germany) were transfected in combination with the luciferase reporter vectors.

Firefly and Renilla luciferase activities were determined at 48h post-transfection
using the Dual-Glo luciferase assay (Promega, Mannheim, Germany), according to the
manufacturer’s instructions. Luminescence was measured on an EnSpire® Multimode
Plate Reader (PerkinElmer, Brunn am Gebirge, Osterreich).

Knockdown rates were calculated by normalizing Renilla luciferase activities to
firefly luciferase activities, and comparing dual-luciferase rations between cells
transfected with or without pAdVantage vectors and the corresponding reporter vector.
In a further step, these reactions were normalized to cells transfected with the

psiCHECK-2 vector carrying no target sequence.

-113-



Special topics

4.3.5. Nucleic acid extraction

Circular plasmid DNA was extracted with EasyPrep® Pro Plasmid Miniprep Kits
(Biozym, Oldendorf, Germany), or HiSpeed® Plasmid Midi Kits (QIAGEN, Hilden,
Germany). PCR products were purified with a QIAquick® PCR Purification Kit
(QIAGEN, Hilden, Germany). Adenoviral DNA was isolated from cells using a QlAamp
DNA Blood Mini Kit (QIAGEN, Hilden, Germany). Total RNA was isolated using an
RNeasy® Mini Kit (QIAGEN, Hilden, Germany).

4.3.6. cDNA synthesis and determination of mRNA levels

1e+05 A549 cells were seeded into the wells of 24-well plates, and transfected with
mivaRNA mimics or a non-targeting control siRNA (Ambion/Life Technologies Austria,
Vienna, Austria) at a concentration of 100nM using Lipofectamine 2000 (Invitrogen/Life
Technologies Austria, Vienna, Austria). For each well, 1uL Lipofectamine 2000 was
diluted with 49uL OptiMEM medium (Invitrogen/Life Technologies Austria, Vienna,
Austria) and incubated for 5 min. In the next step, 50uL of a specific mivaRNA mimic
(diluted in OptiMEM) were added. Mixes were incubated for 20 min and pipetted
directly into the wells of a 24-well plate and freshly harvested cells were added. After
24h, medium was exchanged with fresh medium.

Total RNA was isolated at 48h post-transfection using an RNeasy Mini® Kit (QIAGEN,
Hilden, Germany). Residual DNA was removed with RQ1 DNase (Promega,
Mannheim, Germany), and reverse transcription was carried out using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems/Life Technologies
Austria, Vienna, Austria). All gPCR reactions were performed in duplicates, with the
iIQ™MSYBR®Green Supermix (Bio-Rad Laboratories Ges.m.b.H., Vienna, Austria) on a
LightCycler 480 system (Roche Applied Science, Vienna, Austria). For each reaction
600nM of each primer was combined with 2uL 1:10 diluted cDNA in a reaction volume
of 20uL. Thermocycling conditions consisted of a pre-denaturation step at 95°C,
followed by 50 cycles of amplification: denaturation 10 sec at 95°C, annealing for 10
sec at 63°C, and elogantion for 15 sec at 72°C. Primer sequences are listed in Tab. 7.

Cellular target gene expression levels were normalized to GAPDH expression levels.
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Table 7 | Primers used for RT-qPCR to validate microarray data

Primer name Sequence (5' 2> 3') Primer name Sequence (5' > 3')
CRIPAK-f1 GAGTCAGACGCTGTTACCGT COMMD1-f1 GCTACGGAGCCAGCTATATCC
CRIPAK-r1 ACGTTATCTCGAGGTGCAGAG COMMD1-r1 GGTTTGAGCAGTCAAGAATGCC
IL-12A-f1 TGCTCCAGAAGGCCAGACAA COMMD7-f1 TCTCTGAATTTGCCACCACCA
IL-12A-r1 AAACAGGCCTCCACTGTGCT COMMD7-r1 GCACCATTTGGAACCAGAAGG
ISOC1-f1 CCGAGGAGTCGAGGTTCAC COMMD9-f1 CGAGGCAATTCTGGCTCTCTT
ISOC1-r1 TATGATCCCGGTTCGAGCGA COMMD9-r1 GGCTTCGGTTCTCCAAGTAGAC
TMEM222-f1 TGCTCTACGGGAAGTACGTCA COMMD9-f4 GCTCAAGGCCTCCTCGAAA
TMEM222-r1 CCGGAGGTTAAAGACCAGGC COMMD9-r4 CTGGAGCAGTTCCTCTGCCT
GPR63-f1 CCGTAGGAAACCCCGACCTG NAT14-f1 GCGGGAGATGAGGGAAGATG
GPR63-r1 GCCTGGTAGCCTGGATTGGT NAT14-r1 GTTTTCCGTGTCCTTCACGC
SUPT7L-f1 GGAGGAACCTGTGAGCGACA SMAGP-f1 ACCAGCCTCCTGACTACTCC
SUPT7L-r1 CCCAAGCACTCCCATAGGCA SMAGP-r1 CTGCAATGAGTGCTGTGCTG
GUK1-f1 GTATGGCACGAGCAAGGTG BOK-f1 CAGTCTGAGCCTGTGGTGAC
GUK1-r1 GCGGCTGCACAGAGATGTAG BOK-r1 GCATACAGGGACACCACCTT
GUK1-f4 TAGCATCTCCTCGAACAGTGG LGALS3-f1 TGGTGCCTCGCATGCTGATA
GUK1-r4 TGGCGGCATAATCTCCTCCT LGALS3-r1 GCGTGGGTTAAAGTGGAAGGC
PRR3-f1 CCTCGAAGGCTCAAAAGCTG RPL34-f1 TGGTGGTTCCATGTGTGCTAA
PRR3-r1 CGGATTTGTCTTCCATAACCTGG | RPL34-r1 GCTTGTGCCTTCAACACTTTC
LY6K-f1 ACCTGACTGCGAGACAACGA ZNF768-f1 AGGATGTGCAGAGTTCTGACG
LY6K-r1 TGGGTTCTGGCACTCGAAAGT ZNF768-r1 TCGACTTCATAGTCCCCACTG
LEPROTL1-f1 TTTGATGCTTGGATGTGCCCT GAPDH-f1 TGCACCACCAACTGCTTAGC
LEPROTL1-r1 GCCCGTTGTAAGAAAGATGGC GAPDH-r1 GGCATGGACTGTGGTCATGAG
SRI-f1 CAGAAGGCCCTGACAACAATG

SRI-r1 GGCGATGTAGTCGTCGAAGG

4.3.7. Statistical analysis

All data are expressed as mean * standard deviation (SD). To test for statistical
significance, one-way ANOVA corrected with Bonferroni’s post hoc test was applied. A

p value of <0.05 was considered statistically significant.

4.4. Results

4.41. Target gene mRNA validation

To validate the so far identified target genes (Tab. 8), A549 cells were transfected with
the VA-RNA mimics miva137(A) and miva137(G) and mRNA levels of the targets were
measured by RT-qPCR. Results for each individual target are shown in Fig. 4. mRNA
levels were normalized to GAPDH mRNA levels, and normalized values of cells
transfected with a mivaRNA mimic and the control siRNA were compared. For some

genes similar mRNA reduction rates were obtained (up to 80% compared to the control
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conditions) with both mivaRNA mimics (BRP44, COMMD7, COMMD9, GXYLT1,
RPL34 and TMEM222) whereas COMMD1 and SRI led to higher reduction rates when
mivaRI(A)-137 mimic was used. The target genes BOK, GPR63, GUK, ISOC1,
LEPROTLA1, LY6K, PRR3, SMAGP and SUPT7L reached higher mRNA level reduction
with the mivaRI(G)-137 mimic.

Some of the cellular targets (CRIPAK, IL-12A, LGALS3, NAT14 and ZNF768)
showed no reduction upon mivaRNA mimic transfection. The failure to detect a
reduction of MRNA levels of those genes may either be due to an artificial interaction of
the mivaRNAs and the mRNAs in the RIP-Chip assay, or may indicate a post-

transcriptional downregulation on the protein level but not on the RNA level.
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Figure 4 | mRNA level reduction of target genes after transfecting cells with mivaRNA
mimics.

A549 cells were transfected with mivaRNA mimics and mRNA levels were measured 48h after
transfection by RT-qPCR. mRNA levels of target genes were normalized to GAPDH levels and
to a non-targeting negative control siRNA. mRNA levels were shown as % compared to the

negative control siRNA. For the targets COMMD9 and GUK1 two primer pairs were used

named primer1 and primer4. * < 0.05, ** < 0.01, *** < 0.005
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4.4.2. Luciferase reporter gene assay

Dual-luciferase reporter gene assays were used to answer the question whether the
mivaRNA mimics or the adenovirus-encoded miRNAs can mediate Ago2-guided target
mMRNA reduction. For that purpose reporter constructs were engineered basing on the
psiCHECK™-2 vector, which carries two luciferase genes, the firefly luciferase and the
Renilla luciferase gene. Transfecting cells with these reporter vectors results in the
production of luciferase proteins whose luminescence is measurable.

The target sequences of the identified target genes were cloned either into the
3'UTR of the Renilla luciferase gene of the reporter vector or the 5’UTR of the Renilla
luciferase gene, depending on the naturally occurring position of the target sequence
for each target gene. The resulting fusion mRNA should be degraded upon binding of
mivaRNAs leading to a decreased Renilla luciferase activity.

HEK293 cells were co-transfected with the reporter vectors and either the
mivaRNA mimics mivaRI(A)-137 and mivaRI(G)-137 or with the pAdVantage vector
that produces the adenovirus-encoded miRNAs (Fig. 5). Firefly and Renilla luciferase
signals were measured to validate the ability of either the mivaRNA mimics or the
virally encoded miRNAs to destruct the target mMRNAs and lead to translational

inhibition.
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Figure 5 | Cloning strategies for dual-luciferase repoter vectors

For the dual-luciferase reporter gene assay the psiCHECKTM-Z vector was used as backbone
that carries the firefly luciferase gene under the control of the CMV promoter, and the Renilla
luciferase gene under the control of the HSV promoter. Within the Renilla luciferase gene the
target sequences were inserted either into the 3’UTR or the 5’UTR resulting in a fusion mRNA.
Binding of the mivaRNA mimics or the virally encoded miRNAs to these target sequences will
lead to a measurable reduction in Renilla luciferase activity.

HEK293 cells were co-transfected with appropriate reporter gene vectors and with either (i)
mivaRNA mimics mivaRI(A)-137 or mivaRI(G)-137 or (ii) the pAdVantage vector expressing the
VA-RNAs | and Il. A. Target sequences naturally occurring in the 3'UTR or CDS of the target
gene were cloned into the 3'UTR of the Renilla luciferase gene. B. Target sequences lying

within the 5’UTR of the target gene were cloned into the 5’UTR of the Renilla luciferase gene.
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44.21. Target mRNA reduction using mivaRNA mimics

A dual-luciferase reporter gene assay was used to validate mivaRNA mimics for their
potency to regulate Ago-2 mediated destruction of the so far identified putative mRNA
targets. Therefore, HEK293 cells were co-transfected with reporter vectors carrying the
target sequences within the Renilla luciferase gene, and with the mivaRNA mimic
mivaRI(A)-137 or mivaRI(G)-137. A non-targeting siRNA served as negative control.
As shown in Fig. 6, the mivaRNA mimic transfection led to reduced Renilla luciferase
activities for the target sequences within the 3’'UTR of the Renilla luciferase gene to
different extends. The highest reduction rates could be observed for reporter vectors
carrying the target sequences of IL-12A, BOK, BRP44, LY6K-2 and TMEM222 with
reducing capacities ranging from 60-80%. COMMD1, NAT14 and ZNF768 were the
only target sequences that resulted in higher reduction rates when transfecting the
mivaRI(A)-137 mimic. This is partly in accordance with the micro array data showing
higher mRNA enrichments for COMMD1 and ZNF768 in cells transfected with
mivaRI(A)-137 compared to cells transfected with mivaRI(G)-137. Although CRIPAK
was highly enriched in the microarray data set, targeting by the respective mivaRNA
did not result in a high reduction rate. All the other targets were equally decreased by
the 2 mivaRNAs or showed a slightly better reduction by mivaRI(G)-137.

In general, only very slight or no reduction was measurable when transfecting
cells with the reporter vectors carrying the target sequences within the 5’UTR of the
Renilla luciferase gene. The only exception is GPR63 with 60% reduction upon
transfection with the mivaRI(A)-137 mimic and 50% reduction upon transfection with
the mivaRI(G)-137 mimic.

The fact that cloning of some sequences into the Renilla luciferase gene did not
result in any change of Renilla luciferase levels may indicate that the suspected target
region does not contain the actual target site, or, the interaction with the mivaRNA has

no consequence on gene expression.
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Figure 6 | Luciferase reporter gene assay of cells transfected with mivaRNA mimics

HEK293 cells were co-transfected with luciferase reporter vectors and mivaRNA mimics

mivaRI(A)-137 and mivaRI(G)-137. 48h after transfection luciferase signals of firefly and Renilla

luciferase were measured. The firefly luciferase signal served as internal control. A negative

control siRNA served as off-target effect control. The Renilla luciferase signal was first

normalized to the firefly luciferase values and second to the negative control siRNA. Luciferase

activities are shown in %. A. Target sequences located within the 3’'UTR of the 3'UTR of the

Renilla luciferase gene. For some target genes more than one potential target sequence was

found. Therefore, more than one reporter vector was generated as for GUK1-1/2 and LY6K-1/2.

B. The predicted target sequences of cellular target genes were located within the 5’UTR and

were thus cloned into the 5’UTR of the Renilla luciferase gene. For some targets, target
sequences within both the 3'UTR and the 5’UTR could be identified. Therefore, two different
types of reporter constructs were engineered such as in the case of genes GXYLT1, NAT14,

RPL34, SMAGP and SUPT7L. RLU — relative luciferase units. * < 0.05, ** < 0.01, *** < 0.005
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44.2.2. Target gene reduction using the vector pAdVantage

To simulate a naturally occurring adenovirus infection and the expression and
procession of mivaRNAs instead of transfecting cells with the mivaRNA mimics, cells
were co-transfected with the reporter vectors and the pAdVantage vector that
expresses VA-RNAI and VA-RNAII. As negative control served on the on hand cells
only transfected with the corresponding reporter vectors but not with the pAdVantage
vector, and on the other hand cells co-transfected with psiCHECK™-2 vectors carrying
no target sequence and the pAdVantage vector. Results of the luciferase reporter gene
assay are shown in Fig. 7.

For targets whose target sequences lie within the 3’UTR, the highest reduction
rates in the Renilla luciferase signal could be achieved for COMMD1, SMAGP and
ZNF768 with reduced luciferase activities of up to 80%. For BRP44, CRIPAK, SRI and
SUPT7L no decrease in the Renilla luciferase activity could be measured. In this
experimental setup, when | employed the pAdVantage vector instead of mivaRNA
mimics, a reduction in Renilla luciferase activities could also be seen for target
sequences lying within the 5’UTR. For the constructs carrying the target sequences of
GPR63, GXYLT1 and SUPT7L luciferase activities were reduced by up to 60%
compared to control conditions without pAdVantage vector.

The reason why the pAdVantage vector caused higher inhibition compared to
the mivaRNA mimics in certain cases may be related to the fact that additional
mivaRNA isoforms are generated by pAdVantage. Some of them may have higher
targeting potency compared to the subset of mivaRNA mimics, which | employed. In
addition, it can also not be ruled out that targeting by VA RNA ll-derived mivaRNA

plays a role.

-123-



Special topics

BRP44 COMMD1 COMMD7 COMMD9

BOK

: ; o
< * M ﬂ _-H
3 g £
:
= o 7]
e == — _ P | 1oy,
8888 %R fEg888¢8<R fsg888¢%8 88383889R Qoxs
* *
s ¥ 3
g )
= -
3 < T
(U] =z (2]
9,
G,
La— LE— —— — — —r — T mv\sb
EE8883%8° 238888 ° 2888%88° {g§8888RK° VQo\s
: : : :
” m * 7.. X! @ ﬂ Oo,mv
X X < 2
© (S)
2 > = Abv\
o a 7] Qx
6,
mv\va
. | | — 10
888838 ° 288B8%8° 888888° £§8888R° VQo\s
: : : d |
v ¥ - * < * % * )
- N ) ~ m.\Q
X © | ™ (S
(G) a o N 9.,
S,
f Q@Qm.
x X x* N *
X N
i M - B 7._ b ] b 96,
a o [¥] = &,
- o 14 w (S)
74 b 4 s 1oy,
(8] = o = o,
S,
} _A‘A._Q.@va
R8883%R° 28288398 ° 9R88BIR° 5 RB89R° §5889° \5&0\
(%) Ny (%) N7y (%) N (%) N (%) N7y &

-124-



Special topics

GPR63 GXYLT1 LEPROTL1 LGALS3 NAT14
B 120 7 120 120 1 120 120 ]
100 100 100 1 100 100
= 80 80 80 {— 80 A 80
~ Kk dkk
2 60 60 60 60 60
d % %k
40 40 40 40 40
20 20 20 20 20
0 0 0 - 0 0
RPL34 SMAGP SUPT7L & & & &
9 & @ @
120 120 120 1 A"’Q &§ &§ A”’Q
100 100 100 S S S )
— *kk I < < <
S 80 80 N L 2 <
3 6 60 60 ok & S
o 40 40 40
20 20 20
0 0 0
2 (/] Q (4] Q (/]
& & & & & &
& & & s & s
3 3 3 3 3 5
§ g s J g g
S S S

Figure 7 | Luciferase reporter gene assay after co-transfecton of cells with pAdVantage

HEK293 cells were co-transfected with reporter vectors and the pAdVantage vector. 48h after
transfection luciferase signals of the Firefly luciferase and the Renilla luciferas were measured.
Cells transfected with the reporter vectors but not with pAdVantage vector served as control.
Cells transfected with luciferase reporter vectors carrying no target sequence constituted
another control. Renilla luciferase values were normalized to cells transfected with the reporter
vector carrying no target sequence and to cells transfected with the same reporter vector but
not tranfected with pAdVantage vector. Luciferase activities are shown in %. A. Target
sequences cloned into the 3’'UTR of the Renilla luciferase gene. For some target genes more
than one potential target sequences was found. Therefore, more than one reporter vector was
designed such as for GUK1-1/2 and LY6K-1/2. B. Target sequences cloned into the 5’UTR of
the Renilla luciferase gene. For some targets sequences could be identified within the 3’'UTR
and the 5’UTR. Therefore, both types of reporter constructs were generated (GXYLT1, NAT14,
RPL34, SMAGP and SUPT7L). RLU — relative luciferase units. * < 0.05, ** < 0.01, *** < 0.005
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4.5. Discussion

The major aim of this project was to answer the question whether adenoviral
mivaRNAs specifically target cellular genes. For that purpose a RIP-Chip assay was
established allowing the identification of mMRNAs enriched in RISC during either an Ad5
infection or in cells transfected with mivaRNA mimics. Based on preliminary data, we
focused on siRNAs mimicing mivaRI(A)-137 and mivaRI(G)-137 isoforms deriving from
VA RNA I. Additionally, we used TargetScan prediction to identify putative target genes
and compared those genes to the genes found decreased in the RIP-Chip analysis.
We summarized these results and came up with 22 potential mivaRNA target genes
(Tab. 8). The potency of mivaRNAs to downregulate the found target genes was further
validated using reporter gene assay and measuring mRNA levels in cells transfected
with mivaRNA mimics. Most genes analyzed showed decreased mRNA levels upon
mivaRNA transfection with reduction rates up to 80%. Surprisingly, the analysis of
CRIPAK, IL-12A, LGALS3, NAT14 and ZFN mRNAs revealed no reduction in mRNA
levels, although these genes were clearly enriched in RISC fractions of Ad5 infected or
mivaRNA transfected cells. An explanation can be that a regulation of the target genes
happens on a translation level, not on the mRNA level. To clarify that, further
experiments have to be performed analyzing the protein levels of these targets. Further
on it can be possible that other mivaRNA isoforms besides mivaRI(A)-137 or
mivaRI(G)-137 are binding to these target mMRNAs. It can also not be excluded that the
RIP-Chip analysis provides false-positive results. For example, NAT14 was not
identified as putative target gene in the TargetScan prediction.

In another validation experiment we cloned predicted target sites of each gene into
a dual-luciferase reporter vector to measure whether mivaRNAs potentially bind and
decrease the putative target genes. Depending on the location of the predicted binding
sites we cloned either the 3’UTR or the CDS of the distinct genes into the 3’'UTR of the
Renilla luciferase gene or the 5’UTR of these genes into the 5’UTR of the Renilla
luciferase gene. We performed luciferase reporter gene assays co-transfecting cells
with the reporter vectors together with either the mivaRNA mimics or the pAdVantage
vector that is expressing VA RNA | and VA RNA [I. The mivaRNA mimics could
efficiently destruct most of the target mRNAs except for CRIPAK, COMMD7, COMMD9
and RPL34 which were only very slightly or not at all downregulated. Further on it is
very important to notice that COMMD1 and ZNF are the only targets that were higher
decreased upon mivaRI(A)-137 transfection compared to mivaRI(G)-137 transfection
what is in accordance with the enrichment levels revealed in the RIP-Chip analysis. In

contrast, PRR3 is stronger inhibited in the reporter gene assay upon mivaRI(G)-137
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transfection what can also be confirmed by RIP-Chip analysis. However, for most of
the targets both mivaRNA mimics showed comparable reduction rates. The strongest
target decreases upon mivaRNA mimic transfection were achieved for BOK, BRP44,
IL-12A, LYBK and TMEM222 with reduction rates up to 80%. It is important mentioning
that it cannot be guaranteed that for all target genes the target sites with the strongest
affinity for mivaRNAs were cloned. It is also possible that some of the genes have
more than one target site or have different target sequences with diverse binding
capacities for other mivaRNA isoforms besides the tested ones.

Transfecting cells with the pAdVantage vector overall led to similar results as
obtained for the mivaRNA mimics. COMMD9, SUPT7L (3’'UTR and 5’'UTR target site),
GXYLT1 (5’UTR target site), LGALS3 (5’UTR target site), NAT14 (5’UTR target site)
and SMAGP (5’UTR target site) revealed reductions only upon transfection with
pAdVantage, not upon transfection with mivaRI(A)-137 or mivaRI(G)-137 mimic. That
can be due to the fact that pAdVantage expresses VA | and VA I, and all their different
isoforms. So it is possible that additional mivaRNAs interact with these target sites and
lead to a reduction in the reporter gene assay that could not be found when only using
the two distinct mivaRNA mimics.

Comparing all validation experiments we could identify BOK, COMMD1, ISOCH1,
LY6K (also described as potential target in [4]), SMAGP, SUPT7L and TMEM222 as
putative targets of adenoviral mivaRNAs.

Data obtained from the TargetScan analysis could obviously not identify all potential
targets thus it is essential to do additional validation experiments to clarify which
predicted targets are true targets in an adenovirus infection situation.

To fully elucidate the function of the mivaRNAs on cellular target genes further
validation experiments are needed, especially on the protein level. That could reveal
the role of mivaRNAs on IL-12A regulation, for example. IL-12A mRNA was the highest
enriched target mRNA in the RIP-Chip analysis of mivaRI(G)-137 transfected cells and
second highest enriched in mivaRI(A)-137 transfected cells. Although, no mRNA level
reduction was measurable in mivaRNA transfected cells. In contrast, the reporter gene
assays confirmed that IL-12A is a putative target of mivaRNAs. To clarify the
mechanism behind this regulation more experiments on the functional and protein level
of IL-12A are needed. IL-12A is one subunit of IL-12 consisting of IL-12A (p35) and IL-
12B (p40). Since activation of IL-12 leads to the production of IFN-y and TNF-a and is
involved in the differentiation of naive T-cells into Th1 cells (reviewed in [9]) it would be
benefical for the adenovirus to inhibit IL-12 activation to overcome an immune

response.
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Another highly enriched target is CRIPAK. However a downregulation of this gene

could neither be achieved on mRNA level nor in the reporter gene assays.

In general we could show that RIP-Chip analysis provides highly reliable target

prediction for the interaction of adenoviral mivaRNAs with cellular mRNAs.

Table 8 | Functions of potential target genes of mivaRNAs [10], [11]

Target gene

Function

IL-12A

BOK
BRP44

COMMD1

COMMD7

COMMD9

CRIPAK
GPRG63
GUK1

GXYLT1

ISOC1

LEPROTL1

LGALS3

LY6K
NAT14

PRR3
RPL34
SMAGP

SRI

SUPT7L

TMEM222
ZNF768

Growth factor for activated T and NK cells; enhances the lytic
activity of NK/lymphokine-activated Killer cells, and stimulates
the production of IFN-gamma by resting PBMC

Involved in apoptosis

Mediates the uptake of pyruvate into mitochondria

Involved in proteasomal degradation; down-regulates NF-
kappa-B activity and SOD1 activity

Associates with the NF-kappa-B complex and suppresses its
transcriptional activity

Belongs to the COMMD family; involved in controlling Na*
homeostasis [12]

Negative regulator of PAK1
Orphan receptor

Essential for recycling GMP and indirectly, cGMP

Glycosyltransferase which elongates the O-linked glucose
attached to EGF-like repeats in the extracellular domain of
Notch proteins by catalyzing the addition of xylose

Involved in physiological processes, e.g. lipid or steroid
metabolism, sex determination, calcium transduction or cell
proliferation [13]

Negatively regulates growth hormone receptor cell surface
expression in liver

Galactose-specific lectin which binds IgE; required for terminal
differentiation of columnar epithelial cells during early
embryogenesis; acts as a pre-mRNA splicing factor; involved in
acute inflammatory responses including neutrophil activation
and adhesion, chemoattraction of monocytes; macrophages,
opsonization of apoptotic neutrophils, and activation of mast
cells

Involved in cell growth

Probable acetyltransferase that binds the 5'-GGACTACAG-3'
sequence of coproporphyrinogen oxidase promoter

Involved in cell-cell adhesion
RNA binding; structural constituent of ribosome

Involved in epithelial cell-cell contacts

Calcium-binding protein that modulates excitation-contraction
coupling in the heart; modulates the activity of RYR2 calcium
channels

Transcription coactivator; contributes to histone
acetyltransferase activity

Transmembrane protein
Involved in transcriptional regulation
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4.6.

(1]
(2]

(3]
[4]

[5]

(6]

[7]
(8]
(9]
[10]
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Conclusion

IV. CONCLUSION

Human adenoviruses represent a common threat to immunocompromised patients like
hematopoietic stem cell or bone marrow transplant recipients, or HIV positive
individuals. Due to the lack of effective antiviral drugs against adenoviruses the
outcomes of such infections can be severe and in come cases with fatal outcomes.
Thus, there is the urgent need for alternative treatment options to inhibit adenoviral
multiplication.

In the present thesis | presented alternative different approaches to provide prove of
principle for several treatment opportunities.

In the first part, | focused on the use of siRNAs to inhibit adenovirus 5 infections in
vitro. To identify a suitable adenoviral several siRNAs targeting different genes
involved in DNA replication, transcription initiation and capsid generation, were
evaluated for their down regulating capacities. Interfering with viral DNA replication
turned out to be a key target for the efficient decrease of adenovirus progeny. Inhibition
rates about 2 log steps could be achieved with the use of siRNAs targeting the DNA
pol transcript. In general, targeting E1A or pTP also led to high down regulation of
adenovirus RNA and DNA levels. So | could conclude that genes involved in DNA
replication serve as more suitable targets for a siRNA-based inhibiting of adenoviral
infections in vitro than do genes that are involved in the capsid generation, like the
hexon or the viral protease gene. The DNA polymerase specific siRNA was also
effective in inhibiting the other members of the adenovirus C subgroup. Further on,
targeting of the viral E1A transcript resulted in higher cell viabilities. One pitfall of this
approach is the need to deliver high amounts of siRNAs to overcome adenoviral
infections in vivo.

In the second part we used artificial miRNAs to interfere with adenovirus 5 replication
in vitro. Based on the results found in the siRNA project we focused on miRNAs
targeting genes involved in adenovirus DNA replication. As delivery system for the
mMiRNAs we chose a replication deficient adenovirus vector to provide an adenovirus-
specific delivery system. In this approach, the miRNA targeting the pTP transcript
showed the highest inhibition capacity of adenovirus multiplication in vitro with blocking
rates comparable to those of the specific siRNAs. The inhibition rates could even be
enhanced after concatemerization of up to six pTP- amiRNA hairpins in primary
transcripts. The advantage of the miRNA-based approach may be the delivery of
miRNAs into predominantly those cells that constitute the host cells for adenovirus

wild-type adenoviruses.
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In the third part, | was involved in the investigation whether gene-directed enzyme
prodrug therapy can be used to inhibit adenovirus 5 multiplication in vitro. For that
purpose, a replication deficient adenovirus vector was constructed that carries the
HSV-TK gene under the control of the adenovirus E4 promoter. HSV-TK is able to
convert the prodrug ganciclovir into its active form that further interferes with
adenovirus replication by blocking it. Given that HSV-TK expression is under the
control of an adenovirus promoter, we could achieve targeted expression of HSV-TK in
adenovirus-infected cells. It is absolutely essential to limit HSV-TK expression to
adenovirus-infected cells since ganciclovir can cause severe side effects when
uncontrolled activated in healthy cells. By using an adenovirus vector we utilized the
tropism of the vector to only infect cells that comprise common host cells for
adenoviruses. This approach was very successful in inhibiting adenoviral multiplication
in vitro by decreasing virus progeny by several orders of magnitude.

Taken together we could depict different approaches to overcome adenoviral infections
in vitro. As a next step it is essential to investigate the treatment potency of these
methods in vivo to further evaluate their therapy potential. Overall we provide new
treatment strategies to combat life-threatening adenoviral infections.

In the fourth part of the here present thesis | wanted to gain more insight into the
interplay between the adenovirus encoded mivaRNAs and cellular targets. So far it is
thought that the mivaRNA VAI and VAIl are mainly expressed to saturate the cellular
RNAi machinery. Since we thought that cellular targets of these mivaRNAs should
exist, we established a RIP-chip assay to identify such possible targets. A combination
of this approach together with bioinformatical target site prediction provided 20
potential target genes involved in cell metabolism or immune response. Further on, we
investigated which versions of VAI are predominant and show the highest inhibition
capacities. We used mivaRNA mimics representing the versions mivaRI(A)-137 or
mivaRI(G)-137 for further analysis.

My part in this project was to further validate these targets with luciferase reporter gene
assays and to investigate if mivaRI(A)-137 and mivaRI(G)-137 cause a decrease in the
MRNA levels of the respective target genes. | could show that many of the identified
targets are indeed regulated by mivaRNAs. The determination of the biological
consequences would constitute the next logical step.

Overall, this thesis could provide a deep insight into the possible treatment options of
RNAi-based approaches to overcome adenoviral infections.

Besides, a microarray analysis and further validation experiments revealed interactions

between adenovirus-encoded miRNAs and cellular target mMRNAs.
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V. ABBREVIATIONS

3’ UTRs 3’ untranslated regions

5’ UTRs 5’ untranslated regions

A. thaliana Arabidopsis thaliana

AAV adenovirus-associated viruses

Ad2 adenovirus 2

Ad5 adenovirus 5

AdVs adenoviruses

Ago Argonaute proteins

AGO2 Argonaute 2

AIDS Acquired immunodeficiency syndrome
ARD acute respiratory disease

BMT bone marrow transplant

CAR coxsackie virus and Adenovirus Receptor
cGMP Cyclic guanosin monophosphat

cmv cytomegaloviruses

CTLs cytotoxic T-lymphocytes

DBP DNA binding protein

DGCRS8 diGeorge syndrome critical region 8 gene
dsRNA double-stranded RNA

E early

EBV Epstein-Barr virus

EGF Epidermal growth factor

EKC epidemic keratoconjunctivitis

Exp5 exportin 5

FMDV foot-and-mouth disease virus

G guanosine

GCV ganciclovir

GMP Guanosin monophosphat

hAdVs human adenoviruses

HDL high-density lipoprotein

HIV human immunodeficiency virus

HLA human leukocyte antigen

HSCT hematopoietic stem cell transplant
HSV-TK herpes simplex virus thymidine kinase
IL-1 interleukin-1

INF interferon

ITRs inverted repeats
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L

LDL
MHC |
miRNAs
MLP
mRNAs
NKs

Nt

oTC
P-bodies
PACT
PAZ
PBMC
PKR

pi

Pol

Pol Il
Pre-miRNA
pre-miRNAs
Pri-miRNA
PTGS
pTP
rasiRNA
RGD
RIG1
RISC
RNAi
SARS
sch
shRNAs
siRNAs
SNALPs
SOD1
Sv40
T-Ag
TGS

TKs
TLRs
TNF

TP

late

low-density lipoprotein

class | major histocompatibility complex
micro-RNAs

major late promoter

messenger RNAs

natural killer cells

nucleotides

ornithine transcarbamylase
processing bodies

protein activator of protein kinase PKR
PIWI-Argonaute-Zwille

Peripheral blood monocyte

protein kinase R

Piwi-interacting

DNA polymerase

polymerase Il
precursor-microRNAs

precursor miRNAs

primary transcripts
post-transcriptional gene silencing
preterminal protein
repeat-associated siRNAs
arginine-glycine-aspartate

retinoic acid inducible gene 1 protein
RNA-induced silencing complex
RNA interference

severe acute respiratory syndrome
small-scan

small hairpin-based RNAs

small interfering RNAs

Stable nucleic acid liquid particles
Superoxide dismutase 1

simian virus 40

T antigen

transcriptional gene silencing
thymidine kinases

Toll-like receptors

tumor necrosis factor

terminal protein
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TRBP TAR RNA-binding protein
U uridine
VA virus-associated
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