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Zusammenfassung

Eine Infektion mit humanen Adenoviren des Typs 5 (HAdV5) fiihrt zu einer Erkrankung der
oberen und unteren Atemwege. Der Grolsteil der wissenschaftlichen Forschung hat sich
bisher auf die frithen Abldaufe des HAdAV5 Lebenszyklus fokussiert. Diese beinhalten den
HAdV5 Zelleintritt bis zur Genomreplikation im Zellkern der Wirtszellen. Spite Prozesse
wahrend der Infektion mit HAdV5 sind bisher nur spérlich beschrieben. Die Arbeit dieser
Dissertation zielte darauf ab, zwei spite virale Prozesse, die virale Reorganisation des
Zellkerns und den Austritt der Viruspartikel aus dem Zellkern, zu charakterisieren. Dazu
wurden zuerst die beiden viralen Proteine pV und pIX innerhalb des viralen Genoms
fluoreszent markiert. Das Kernprotein pV bindet an virale DNS und verbindet das virale
Genom mit dem Kapsid. Das Kapsidprotein pIX gibt dem Viruspartikel Stabilitdt. Wéhrend
der Produktion neuer Virionen wurde gezeigt, dass diese beiden Proteine zu einem
membranlosen Kompartiment innerhalb des Zellkerns lokalisieren. Dieses Kompartiment
wurde ’late virion accumulation compartment’ (IVAC) benannt. Das IVAC wurde mittels
verschiedener lichtmikroskopischer und elektronenmikroskopischer Techniken untersucht
und wies eine hohe Undurchlissigkeit fiir Antikorper auf.  Korrelative Licht- und
Elektronenmikroskopie zeigte eine Anreicherung von parakristallinen Strukturen von
neugebildeten Kapsiden auf. Diese lagen eng gepackt zwischen einer honigwabenartigen
Struktur aus pV und viraler DNS. Lebenzell-Fluoreszenzmikroskopie und FRAP Messungen
zeigten, dass das IVAC die Bewegung von viralen parakristallinen Strukturen behindert.
Diese Beobachtung deutet an, dass die Virionen innerhalb des LVACs festgehalten werden.
Die Entstehung von IVACs wurde mit der Verdichtung von viralen Replikationszentren in

Verbindung gebracht.

Im zweiten Teil dieser Arbeit wurde der Austritt von neugebildeten Viruspartikeln aus
dem Zellkern analysiert. Dabei lag ein spezieller Fokus auf dem kleinen Protein ’adenovirus
death protein’ (ADP). Obwohl ADP im Allgemeinen mit der Freisetzung von Virionen in

Verbindung gebracht wird, ist der Mechanismus dahinter noch nicht bekannt. Es wurde
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gezeigt, dass ADP zu einer Zunahme von Virionen im Zytoplasma und Mediumiiberstand
fiihrt, allerdings hatte es keinen klaren Einfluss auf die Stabilitdt oder Durchlassigkeit der
Kernmembran. Das Erscheinungsbild der Kernmembran wurde sowohl mittels
Fluoreszenzmikroskopie als auch einer Vielzahl an verschiedenen elektronenmikroskopischen
Techniken (klassischer Sektionierung, serieller Blockflichen-Rasterelektronenmikroskopie
und Kryoelektronentomographie) untersucht. Es konnte gezeigt werden, dass die Infektion
mit HAdV5 zu einer reduzierten Menge an Lamin A an der Kernhiille bei gleichzeitiger
reduzierter Stabilitdt der Kernmembran fiihrt. Zusétzlich wurden kleine Membranschéden

entdeckt und eine allgemein erh6hte Durchlissigkeit der Kernmembran gemessen.
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Abstract

Human adenovirus type 5 (HAdV5) infection causes disease of the upper and lower respiratory
tract. Most research attention has been focussed on the early steps of the HAdV5 life cycle,
including HAdVS5 entry up until genome replication in the host cell nucleus. Late events during
HAAVS5 infection remain poorly characterised. The work of this dissertation aimed at further
characterising two viral late events, nuclear reorganisation and nuclear egress. To this end,
two viral proteins, pV and pIX, were fluorescently labelled within the HAdV5 genome. The core
protein V binds to viral DNA and bridges between viral genome and capsid proteins. The capsid
protein IX gives stability to the capsid. During virus progeny production both of these proteins
were shown to localise to a membrane-less intranuclear compartment, which was termed "late
virion accumulation compartment’ (IVAC). The IVAC was characterised by multiple light and
electron microscopic techniques and showed high impermeability to antibodies. Correlative
light and electron microscopy revealed the accumulation of paracrystalline arrays of newly
formed capsids, which were tightly packed within a honeycomb-like structure consisting of
pV and viral DNA. Live-cell fluorescence microscopy and FRAP measurements showed that
the IVAC restricts the movement of viral paracrystalline arrays, an indication that virions are
trapped within. The formation of LVACs was shown to be linked to the congregation of viral

replication centres.

In the second part of this work, the nuclear egress of progeny virions was analysed with
particular focus on the effect of the small adenovirus death protein (ADP). While ADP is
generally implicated in the release of virions, its mechanism of action is not known. ADP
expression was shown to increase virion levels in the cytoplasm and supernatant but did not
have a clear effect on nuclear membrane stability or nuclear membrane permeability. The
appearance of the nuclear membrane in infection was studied using fluorescence microscopy
and a variety of electron microscopy techniques including classical sectioning, serial
block-face scanning electron microscopy and electron cryo-tomography. HAdV5 infection was

shown to reduce levels of lamin A at the nuclear envelope while destabilising the nuclear
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membrane to form large-scale invaginations. Additionally, small nuclear membrane lesions
were detected in infection and an overall increase in nuclear membrane permeability was

measured.

Pfitzner XXII



Chapter 1

Introduction

1.1 Adenovirus discovery and classification

The first scientific encounter with human adenovirus (HAdV) was made by Rowe and
colleagues in 1953 when they isolated a cytopathogenic agent from human adenoid tissue
capable of causing degeneration in human tissue culture cells (ROWE et al., 1953). The virus
was initially titled ‘adenoid degeneration agent, ‘respiratory illness’ agent or
‘adenoid-pharyngeal conjunctival’ agent by multiple groups who isolated different HAdV
strains in the following years (HILLEMAN and WERNER, 1954; HUEBNER et al., 1954;
HILLEMAN et al., 1955; JAWETZ et al., 1955; KJELLEN, 1955). In 1956, the scientific field
agreed upon a common nomenclature for these viruses now belonging to the ‘adenovirus

group’ (ENDERS et al., 1956).

Adenoviruses are not restricted to the human host but since their discovery in humans
have been found in a variety of different host species. Accordingly, the International
Committee on Taxonomy of Viruses agreed on classifying the family of Adenoviridae into five
genera including Atadenovirus, Aviadenovirus, Ichtadenoviruses, Siadenovirus and
Mastadenovirus (LEFKOWITZ et al., 2018). Atadenoviruses were initially defined by their
characteristic high AT nucleotide content (BENKO and HARRACH, 1998). Phylogenetic
analysis placed multiple vertebrate hosts, including ruminants, marsupials, birds and reptiles
within the genus, but evidence suggests atadenoviruses to be of reptilian origin (WELLEHAN
et al., 2004; MILLER et al., 2017). Aviadenoviruses infect only birds including falcon, fowl
and goose (GY0zoO et al., 2012). Ichtadenoviruses so far only contain one species infecting
sturgeon (BENKO et al., 2002; KOVACS et al., 2003). Siadenoviruses were named after the

presence of a sialidase homologue in their genome and contain three confirmed species
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infecting frog, turkey and raptor (DAVISON et al., 2000, 2003; KovAcs and BENKO, 2009).
Mastadenoviruses infect mammalian species and comprise the human adenoviruses, which

have been the major focus of adenovirus research (NORRBY et al., 1976).

Human adenoviruses are further divided into 7 species (A - G), each containing multiple
HAdV types. Initially, adenoviruses were classified by serotyping through serum
neutralisation or hemagglutination assays, which led to the classification of 51 distinct
adenovirus serotypes (HUEBNER et al., 1954; ROSEN, 1960). A more recent classification is
based predominantly on genotyping and phylogenetic analysis and led to the linguistical
change of separating HAdVs into ‘types’ instead of ‘serotypes’ (JONES et al., 2007; SETO et al.,
2011). Genotyping is generally complemented by accounting other virus characteristics such
as nucleotide composition, transformation potential in rodents, host range and the ability to
recombine (HARRACH et al., 2012). To this day, 103 HAdV types have been described (HADV

WORKING GROUP, 2019). This work focusses on HAdV5 of species C (Figure 1).

Family | Adenoviridae

Genus Atadenovirus || Aviadenovirus Il Ichtadenovirus || Mastadenovirusll Siadenovirus |

[ I | I I ]
Species [ HAdVA | [ HAQVB | [ HAdVC | [ HAAVD | [ HAGVE | [ HAQVF | [ HAdV G |

Type HAdV5

Figure 1: Taxonomy of human adenoviruses and classification of HAdV5. The family of
Adenoviridae includes five genera including Atadenovirus, Aviadenovirus, Ichtadenovirus, Mastadenovirus
and Siadenovirus. The genus of mastadenoviruses is subdivided into species A - G. HAdVS5, the subject
of this dissertation, belongs to species C of the HAdVs. The virus taxonomy has been defined by the
International Committee on Taxonomy of Viruses (WALKER et al., 2019).

1.2 Human adenovirus pathogenesis

Human adenoviruses readily circulate in the human population, in which especially young
children are affected (HONG et al., 2001). HAdVs display a broad tissue tropism causing a
multitude of clinical symptoms. Infections with HAdVs have been shown to entail
keratoconjunctivitis, often caused by adenovirus species D (JAWETZ et al., 1955; KANEKO

et al., 2009; MARANHAO et al., 2009; LI et al., 2019), gastroenteritis, caused by adenovirus
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species F (FLEWETT et al., 1975; UHNOO et al., 1984; CHHABRA et al., 2013; XI1AO et al.,
2020), cystitis (NUMAZAKI et al., 1973; SHINDO et al., 1986; Ho et al., 2019) and a multitude
of upper and lower respiratory tract infections (HILLEMAN, 1953; ROWE et al., 1956; ZHANG
et al., 2009; LIN et al., 2017; KAJON et al., 2018; WU et al., 2020). Mostly, such infections are
mild and self-limiting in immunocompetent hosts and rarely lead to deaths (BERCIAUD et al.,
2012). However, particularly immunocompromised patients such as AIDS patients, cancer
patients, organ transplant recipients or hematopoietic stem cell recipients are at risk for
developing more severe symptoms (KAMPMANN et al., 2005; NEBBIA et al., 2005; ROCH et al.,
2008; ZAJAC-SPYCHALA et al., 2020). These symptoms include pneumonia (LEWIS et al.,
2009; KiM et al., 2015; PARK et al., 2017; HUANG et al., 2019), meningoencephalitis (SOEUR
et al., 1991; STRAUSSBERG et al., 2001; DE ORY et al., 2013), myocarditis (BOWLES et al.,
2003; SAVON et al., 2008; TREACY et al., 2010) or hepatitis (RONAN et al., 2014; DETRAIT
et al., 2015; SCHABERG et al., 2017). In addition to these inflammatory diseases, human
adenovirus species D type 36 has been implicated to be involved in obesity (RATHOD et al.,

2009; SHANG et al., 2014; ZHOU et al., 2018).

To this day, there is no antiviral drug for specific treatment of an adenovirus infection.
The antivirals cidofovir or ribavirin were shown to be able to combat adenovirus infection at
the risk of adverse effects, such as nephrotoxicity or neutropenia (GAVIN and KATz, 2002; ABE
et al., 2003; LJUNGMAN et al., 2003). These antivirals are usually administered in combination
with lowering the dose of immunosuppressants to aid the patient’s immune system in clearing
the infection (FLORESCU and SCHAENMAN, 2019). So far, no anti-adenoviral vaccine has been
made publicly available. An approved vaccine against HAdV4 and HAdV7 is only provided to
recruits of the American military, since adenoviruses have been found to readily circulate in

populations living in close quarters (POTTER et al., 2012; KUSCHNER et al., 2013).

HAdV has been shown to persist in the host after clearance of a lytic infection. Children
are predominantly permissive for HAdV infection and were shown to undergo reactivation
soon after beginning immunosuppressive treatment (VELTROP-DUITS et al., 2011). The
primary reservoir of HAdV latency is not definitively described. However, HAdV persistence
has been detected in tonsil lymphocytes, intestinal T-lymphocytes and lung epithelial cells
(GARNETT et al., 2009; ZHENG et al., 2016). In addition, the lower respiratory tract was
speculated as a potential reservoir after HAdV11, 34 and 35 were detected in lower
respiratory tract samples of patients without clinical respiratory disease (LEUNG et al., 2005;

KOSULIN et al., 2016). Therefore, it is clinically relevant to monitor adenovirus reactivation
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during immunosuppressive treatment of patients to be able to react with anti-adenoviral

countermeasures before full onset of viremia.

1.3 Human adenovirus structure and capsid proteins

HAdVs are non-enveloped viruses which consisting of an icosahedral protein capsid of 90 -
110 nm diameter surrounding their genome. First images of isolated adenovirus particles
were obtained by negative-stain transmission electron microscopy (ToUSIMIS and HILLEMAN,
1957; VALENTINE and HOPPER, 1957). Since then, the structure of the entire virion has been
solved by transmission electron microscopy (TEM) as well as X-ray protein crystallography
(STEWART et al., 1991; LIU et al., 2010; REDDY et al., 2010; NATCHIAR et al., 2018). The
highest resolution of the entire capsid was recorded by TEM at 3.2 A, which was facilitated by

direct electron counting (DAI et al., 2017).

The initial nomenclature of HAdV virion polypeptides was based on their separation on an
SDS-PAGE gel, which identified 9 proteins of decreasing molecular weight, labelled protein (p)
II - IX (MAIZEL et al., 1968). Overall, a total of 13 proteins has been found in the HAdV capsid,
which are separated into three groups: plII (hexon), pIII (penton) and pIV (fibre) belong to
the major capsid proteins, pllla, pVI, pVIII and pIX belong to the minor capsid proteins and
pIVa2, pV, pVII, pMu, adenoviral protease (AVP) and terminal protein (TP) belong to the core

proteins (Figure 2). Each protein is introduced in the following sections in short.
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Major capsid proteins  Minor capsid proteins Core proteins

. Penton o pllla e pVv
o——— Fibre o pVi e pVi
@  Hexon e pVil e Mu
“ pIX 6 TP
— plva2
A AVP

Figure 2: Overview of HAdV5 structure. A) Schematic structure of the HAAV particle. All HAV5
proteins found in the mature capsid are represented as geometrical shapes. The location of the major
and minor core proteins is derived from X-ray crystallographic and electron microscopic studies. The
location of core proteins is approximated from their known interactions. The graphical representation
has been adapted from (RUSSELL, 2009). B) Cryo-TEM image of purified HAdV5 particles. The
icosahedral shape of HAdV5 virions and protruding hexon proteins are visible (image kindly provided
by Dr. Linda E. Franken, Heinrich Pette Institute, Centre for Structural Systems Biology, Hamburg).

1.3.1 Major capsid proteins

pll is the most abundant major capsid protein, which, within the fully formed capsid, is
found in a trimeric conformation. pIl trimers have a hexameric base shape, which
contributed to their nomenclature as ‘hexon’ proteins (RUX et al., 2003). Overall, the HAdV
capsid is made up of 240 hexon copies, which are equally distributed across the 20 faces of
the adenovirus icosahedron (VAN OOSTRUM and BURNETT, 1985). Hexon proteins are
classified according to their relative position in the capsid. In this way, four individual hexons
(H1-H4) make up the asymmetric unit, which is the smallest repeatable unit within the
entire HAAV capsid (REDDY et al, 2010). In dissociation experiments, H1 dissociates
separately, whereas H2-H4 of three neighbouring asymmetric units dissociate as a ‘group of
nine’ (SMITH et al., 1965). The hexon base is highly conserved and folds in a typical viral

[3-barrel fold, called ‘jelly roll. (ROBERTS et al., 1986). Importantly, folding of pll trimers is
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dependent on the action of the viral chaperone L4-100K protein (CEPKO and SHARP, 1982).
The amino acid sequences of hexon regions presented to the capsid outside have been shown
to vary strongly between HAdV types. Those hexon hypervariable regions (HVRs) contribute
to immune system antibody recognition and neutralisation (CRAWFORD-MIKSZA and

SCHNURR, 1996; MA et al., 2015).

plII is found on the capsid vertices in a pentameric conformation which contributed to
their nomenclature as ‘penton’ proteins. Like hexon protein, they possess a jelly roll fold in
their base domain and are in contact with five hexons on each side of the pentamer (ZUBIETA
et al., 2005). Each pIll monomer has an upper insertion domain consisting of two loops, the
variable and hypervariable loop, which show sequence diversion between different HAdV
species (MADISCH et al.,, 2007). The hypervariable loop is called ‘RGD loop’ after the
conserved Arg-Gly-Asp sequence, which is important for interaction with cellular integrins

and internalisation of the virus (SHAYAKHMETOV et al., 2005).

plV is found on the capsid vertices in a trimeric conformation, forming HAdV fibres. Each
fibre has three separate domains, the base attachment domain, shaft domain and knob domain
(Yu et al., 2017). The base attachment domain noncovalently binds to a penton base protein
and positions fibres at the capsid vertices. The symmetry mismatch between plIl pentamer
base and pIV trimer causes only three of the five possible binding sites on the penton base to
be occupied (ZUBIETA et al., 2005). The shaft domain is responsible for the spatial protrusion
of fibres from the capsid and its length is determined by the number of amino acid repeats in
a 3-sheet spiral conformation (GREEN et al., 1983; VAN RAALJ et al., 1999). The globular knob
domain is important in cellular receptor binding, most importantly the coxsackie adenovirus
receptor (CAR) and has been co-crystallised with its receptor (BEWLEY et al., 1999; SEIRADAKE

et al., 2006).

1.3.2 Minor capsid proteins

pllla is the largest protein in the group of capsid ‘cement’ proteins, named after their
involvement in capsid assembly and stability. A mutation in the pllla gene generates a
temperature-sensitive phenotype, which is not capable of producing fully matured virus
particles at the restrictive temperature (D’HALLUIN et al., 1978; CHROHOCZEK et al., 1986).
Additionally, the protein has been shown be involved in deoxyribonucleic acid (DNA)

packaging, where it interacts with the adenoviral L1-52/55K protein and binds to the viral
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DNA packaging domain (MA and HEARING, 2011). Initially, pIlla was believed to be located
on the outside of the capsid. However, the electron density it was assigned to was later
attributed to pIX and pllla was instead found to be located on the capsid inside at the
penton-hexon interfaces, cementing their interaction (MARTIN et al., 2008; REDDY et al.,

2010; DAl et al., 2017).

pVI has been assigned on the inside of the capsid in close interaction with the inner
hexon cavity, which is in agreement with previous observations of a strong binding
interaction between both proteins (MATTHEWS and RUSSELL, 1994, 1995; DAI et al., 2017).
Only a section of the full-length pVI was assigned, leading to the hypothesis that the C- and
N-termini of the protein are too flexible to be resolved. pVI has multiple roles in the HAdV
infectious life cycle: i) regulation of hexon nuclear import, ii) causing membrane breakage in
endocytic vesicles for virus particle escape, iii) inhibition of intrinsic immunity and iv) acting
as a precursor for a cleavage peptide that is a cofactor for AVP (MANGEL et al., 1993;

WEBSTER et al., 1993; WODRICH et al., 2003; WIETHOFF et al., 2005; SCHREINER et al., 2012).

pVIII belongs to the capsid cement proteins and helps to stabilise interactions between
hexons. The protein is cleaved into three sections by AVP, two of which were detected by
cryo-TEM and X-ray protein crystallography (DAI et al., 2017; NATCHIAR et al., 2018). pVIII
has two copies per asymmetric unit. The first copy together with pllla is stabilising
peripentonal hexon interfaces. The second copy stabilises interactions between hexons of
different ’groups of nines’. The role of pVIII was demonstrated by analysing mutations in
HAAdV5 pVIII as well as bovine adenovirus type 3 pVIII, which were shown to result in

particles of reduced thermostability and infectivity (LIU et al., 1985; GABA et al., 2017).

pIX is the smallest of the capsid cement proteins and, unlike pIlla and pVIII, is located
on the outside of the HAdV capsid (FURCINITTI et al., 1989). It is not essential for capsid
formation, but deletion of the protein resulted in virus capsids with reduced thermostability
(CoLBY and SHENK, 1981; CARAVOKYRI and LEPPARD, 1995). Importantly, only the
N-terminus is important for capsid stabilisation since a deletion of the C-terminal coiled-coil
region was not detrimental to capsid stability (ROSA-CALATRAVA et al., 2001; VELLINGA et al.,
2005). The N-terminus of three neighbouring pIX molecules forms a triskelion structure,
whereas the oc-helical C-terminus forms a four-helix coiled-coil structure with four
neighbouring pIX molecules, all of which are part of a different triskelion (LIU et al., 2010).
In this way, an interlinked hexagonal network of pIX protein covers the capsid surface

resembling a ‘hairnet’. The electron density of the four-helix coiled-coil was initially assigned
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to pllla in crystal structures but after conflicting assignment to pIX in the cryoEM structure,
the crystal structure was later revised (REDDY and NEMEROW, 2014; NATCHIAR et al., 2018).
Next to its structural role, pIX has been functionally implicated in transcriptional regulation
and nuclear reorganisation, even though deletion of the protein only resulted in a minor

reduction in virus titres (ROSA-CALATRAVA et al., 2001, 2003).

1.3.3 Core proteins

pIVa2 is a core protein involved in transcription of late adenoviral genes and capsid assembly.
pIVa2 localises to the nucleus and was shown to be required for major late promoter (MLP)
activity (LUTZ et al., 1996; LuTz and KEDINGER, 1996; PARDO-MATEOS and YOUNG, 2004).
Therefore, the protein acts as part of the switch to the late transcriptional phase of the HAdV
life cycle. Additionally, the protein was shown to bind the genome packaging sequence and
interact with the packaging protein L1-52/55K (ZHANG et al., 2001; ZHANG and IMPERIALE,
2003). Deletion of pIVa2 resulted in production of early and late proteins but did not yield
HAQV particles.

pV is a core-capsid bridging protein since it interacts with the capsid protein pVI as well
as forms a complex with the core proteins pVII and pMu (CHATTERJEE et al., 1985; REDDY and
NEMEROW, 2014). It was shown to bind to double-stranded DNA (dsDNA) in a non-sequence
specific manner. So far, no functional domains were identified, but the protein is speculated
to take a similar function as cellular histone H1 in further condensing DNA wrapped around
core protein pVII (PEREZ-VARGAS et al., 2014). Initially, the protein localises to nucleoli but
later associates with replicated viral genomes in the peripheries of replication centres (UGAI
et al., 2012). As part of the infectious capsids, pV enters infected cells, but there are contrary
results as to whether pV can enter the nucleus in a new round of virus infection (MATTHEWS

and RUSSELL, 1998; HINDLEY et al., 2007; PUNTENER et al., 2011)

pVII is a core protein functioning as adenovirus histone-like protein (BURG et al., 1983;
VAYDA et al., 1983). By means of its positive charges, it binds to viral DNA and causes its
condensation to nucleosome-like structures. In this way, pVII is important for the protection
of viral DNA from the cellular DNA damage response and only dissociates from the viral
genome through active transcription (CHEN et al., 2007; KAREN and HEARING, 2011). pVII
has also been assumed to be important for genome injection into the nucleus via its

interaction with cellular importins (WODRICH et al., 2006; HINDLEY et al., 2007). After
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association with replicated viral genomes, pVII is required for genome packaging, which the
protein mediates by interaction with packaging proteins L-52/55K protein and pIVa2 (ZHANG
and ARCOS, 2005). pVII is synthesised as a precursor protein preVIIL. After packaging, preVII
is cleaved to its mature form pVII and stays associated with the viral genome inside the

mature capsid (WEBER, 1976).

pMu is derived from the precursor polypeptide X (preMu) by AVP cleavage and is the third
core protein involved in forming HAdV nucleosome-like structures. The protein is positively
charged and can bind and precipitate DNA (ANDERSON et al., 1989). Additionally, it was
shown to bind to core proteins pV and pVII (CHATTERJEE et al., 1985). preMu, but not pMu,
was shown to modulate the expression of E2 proteins (LEE et al., 2004). Interestingly, pMu
might share a functional role with pV, since deletion of pV was shown to be accommodated
with increased accumulation of pMu in the capsids and distinct point mutations in pMu were

able to rescue the thermal instability caused by pV deletion (UGaAI et al., 2007).

The adenovirus protease AVP is a cysteine protease expressed in an inactive form which
is capable of binding DNA (WEBSTER et al., 1989; MCGRATH et al., 2001; GUPTA et al., 2004).
After binding, it becomes partially active to cleave pVI to yield a peptide which acts as a
cofactor to fully activate AVP (WEBSTER et al., 1994). AVP is then believed to move alongside
the DNA to activate other precursors of pllla, pVI, pVII, pVIII and pMu. Cleavage of these
viral proteins is required for maturation and full functionality of the virus. A thermosensitive
protease mutant cannot mature at the non-permissive temperature and failure to cleave pVI
has been demonstrated to block uncoating of the virus in infection, hindering the entry of
particles (WEBER, 1976). Importantly, AVP might be involved in cellular lysis by destabilising
the host cell structural integrity as it can cleave keratin and actin filaments. The cleaved
C-terminus of actin is homologous to the pVI precursor and can also act as an AVP cofactor

(CHEN et al., 1993; ZHANG and SCHNEIDER, 1994; MANGEL et al., 2003).

The terminal protein precursor pTP is covalently bound to either end of the HAdV
genome (REKOSH et al., 1977). pTP acts as a primer for HAdV genome replication and forms
a complex with the adenoviral DNA polymerase (AdV Pol) (TAMANOI and STILLMAN, 1982;
DE JONG et al., 2003). Overexpression of pTP was shown to lead to higher virus titres likely
through accelerated replication and packaging (WU et al., 2014). Additionally, pTP localises
to distinct sites within the nuclear matrix mediated through binding to the enzyme carbamyl
phosphate synthetase. The interaction is thought to anchor viral replication sites in the

nuclear matrix and ensure close proximity to cellular replication factors (ANGELETTI and
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ENGLER, 1998). After packaging, pTP is cleaved by adenovirus protease to the mature TP. TP

has been shown to lose DNA-binding and AdV Pol-binding properties (WEBSTER et al., 1994).

1.4 HAdV genome organisation and transcripts

HAdVs are double-stranded DNA viruses with a linear genome of 26 — 45 kilo base pairs (kbp)
depending on the HAdV type. HAdVS5 possesses a genome of an intermediate length of 36
kbp (CHROBOCZEK et al., 1992). The genome is flanked on either side by inverted terminal
repeats (ITRs) of which 18 base pairs (bp) have been reported to be the minimal essential
origin of replication (ori) (CHALLBERG and RAWLINS, 1984). The genome possesses a cis-
acting packaging sequence that is essential for incorporating viral genomes into their capsid
shell (HEARING et al., 1987; GRABLE and HEARING, 1990). As opposed to other dsDNA viruses,
such as herpes simplex virus 1 (HSV-1) or P22 bacteriophage, which show toroidal genome
organisations, no defined structure could be assigned to the condensed viral genome inside
the capsid (ZHANG et al., 2000; PEREZ-BERNA et al., 2015; L1U et al., 2019). However, a non-
random organisation of condensed DNA-core protein spheres, titled ‘adenosomes’ was detected

by electron cryo-tomography (PEREZ-BERNA et al., 2015).

The HAAV species C genome can be organised into 11 transcription units all of which
possess their own promoter region. Their nomenclature is based on the temporal expression
during HAAV infection. The early units are subdivided into the E1A, E1B, E2 early (E2E), E3
and E4 units and the intermediate units are subdivided into the IX, IVa2 and L4 units.
Additionally, the genome contains the major late transcription unit (MLTU) and the two late
units U exon protein (UXP) and E2 late (E2L) (MATHEWS, 1975; CHROBOCZEK et al., 1992;
TOLLEFSON et al., 2007; MORRIS et al., 2010; ZHAO et al., 2014; DONOVAN-BANFIELD et al.,
2020) (Figure 3). The HAdV genes are transcribed by ribonucleic acid (RNA) polymerase II
(WEINMANN et al., 1974). Only two non-coding viral associated RNAs (VA-RNAs) are
transcribed by RNA polymerase III from the E2E promoter (SODERLUND et al., 1976; HUANG
and FLINT, 2003). These VA-RNAs have a pro-viral effect by interfering with the cellular
miRNA machinery and inhibiting the proapoptotic function of protein kinase R (MARAN and
MATHEWS, 1988; Lu and CULLEN, 2004). HAdVs show a complex system of alternative
splicing and overlapping reading frames for efficient containment of all necessary genes
within their genome (DONOVAN-BANFIELD et al., 2020). The following sections give an

overview of the HAAV species C transcripts and their functions.
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Figure 3: HAdV5 genome organisation. The transcription units are shown as coloured lines including
E1A (light blue), E1B (blue), IX (red), IVa2 (light green), E2(A/B) (yellow), MLTU (plum), L4
(magenta), UXP (black), E3 (orange) and E4 (dark green). The respective proteins encoded by the
transcription units are shown as arrows and are coloured accordingly. The direction of transcripts is
indicated by the direction of arrow heads. Introns are represented as a dashed line.The MLTU includes
the transcripts L1, L2, L3, L4 and L5. The genome is flanked on either side by ITRs. The genome
sequence and annotation originates from (DAVISON et al., 2003; CHROBOCZEK et al., 1992) and is
deposited at Refseq: AC_000008.

1.4.1 Early transcription units

The E1A unit codes for 5 differently spliced E1A protein variants, which all share a common
3’ and 5’ end (BERK and SHARP, 1976; SHENK and FLINT, 1991). In particular, the 12S and
13S variants of E1A are the most abundant transcripts early in infection (RADKO et al., 2015).
Overall, the E1A proteins act as transcriptional activators for the early viral transcription
units E2-E4 as well as induce cell cycle progression into S-phase in which DNA is replicated
(WINBERG and SHENK, 1984; FERGUSON et al., 1985; GHOSH and HARTER, 2003; HORWITZ
et al., 2008). Transcriptional transactivation by E1A is facilitated through its interaction with
several cellular transcription factors such as TATA-binding protein, ATFs, and
p300/CREB-binding protein (LIU and GREEN, 1994; SONG et al., 1997; O’CONNOR et al.,
1999; PELKA et al., 2009). S-phase induction is based on E1A interaction with retinoblastoma
protein, which in turn loses its inhibitory association with E2F transcription factors. Thus,
E1A allows E2F transcription factors to drive cells from GO- or Gl-phase into S-phase
(WHYTE et al., 1988; Liu and MARMORSTEIN, 2007). Without counterbalancing functions of
other viral proteins, the growth stimulatory effect of E1A has been shown to lead to an

upregulation of p53 and subsequent induction of apoptosis (QUERIDO et al., 1997b).
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The E1B unit codes for two E1B proteins, E1B-19K and E1B-55K (BERK and SHARP,
1976). Both proteins are required to counteract the pro-apoptotic effects of E1A to retain
host cell viability. E1B-55K can bind directly to p53 and inhibit its function through multiple
mechanisms. First, E1B-55K inhibits the N-terminal activation domain of p53 (QUERIDO
et al., 1997a; TEODORO and BRANTON, 1997). Second, by means of its nuclear export signal
(NES) and small ubiquitin-like modifier (SUMO) consensus motif, E1B-55K can shuttle
between the host cell nucleus and cytoplasm (KRATZER et al., 2000; ENDTER et al., 2001,
2005; KINDSMULLER et al., 2007). In this way, E1B-55K re-localises p53 from the nucleus to
perinuclear bodies in the cytoplasm. Third, E1B-55K together with E4 open reading frame
(orf) 6 protein, a protein of the E4 transcription unit, can act as an E3 ubiquitin ligase to
ubiquitinate p53 as well as other proteins involved in DNA damage response (Mrell, Rad50,
Tip60, DNA ligase IV, Bloom helicase) and antiviral innate immunity (ATRX, integrin «-3,
SPOC1) (QUERIDO et al., 2001a,b; LiuU et al., 2005; BAKER et al., 2007; DALLAIRE et al., 2009;
SCHREINER et al., 2010, 2013; ORAZIO et al.,, 2011; GUPTA et al., 2013). Ubiquitinated
proteins are subsequently targeted for proteolytic degradation by the 26S proteasome. Lastly,
E1B-55K can act as a SUMO E3 ligase and SUMOylate p53 (MULLER and DOBNER, 2008).
SUMOylation targets p53 to progressive multifocal leukoencephalopathy (PML)-nuclear
bodies where its mobility and function is restricted before the protein is exported from the

nucleus (PENNELLA et al., 2010; WIMMER et al., 2010).

E1B-19K has an anti-apoptotic function independent of p53. It can counteract the
antiviral pro-apoptotic functions of tumour necrosis factor a (TNFa), Fas ligand,
TNFa-related apoptosis-inducing ligand (TRAIL) and E1A (WHITE et al., 1992; PEREZ and
WHITE, 1998; SUNDARARAJAN and WHITE, 2001; TOLLEFSON et al., 2001). E1B-19K acts
downstream of death receptor signalling and functions as a B-cell lymphoma 2 (Bcl-2)
homologue, which allows it to bind to Bcl-2-associated protein x (Bax) and Bcl-2 homologous
antagonist/Killer protein (Bak) (BoyD et al.,, 1994). Upon death receptor activation and
caspase 8 activity, Bax undergoes conformational changes and can interact with Bak
(DESAGHER et al., 1999). Additionally, Bak is released by E1A-dependent degradation of the
anti-apoptotic induced myeloid leukaemia cell differentiation protein (MCL-1) from the
MCL-1-Bak complex (CUCONATI et al, 2003). E1B-19K-binding blocks Bak-Bax
oligomerisation from forming the mitochondrial apopotis-inducing channel (MAC)
(CUCONATI et al., 2002; MARTINEZ-CABALLERO et al., 2009). Formation of MACs induces
pores in the mitochondrial membrane to release cytochrome c and SMAC, activating caspase

3 and 9 to cause apoptosis (ESKES et al., 2000; SUNDARARAJAN et al., 2001).
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The E2 transcription unit can be split into two regions, E2A and E2B. E2A codes for the
adenoviral DNA-binding protein (DBP) and E2B codes for AdV Pol and pTP (described in
Section 1.3.3) (CARAVOKYRI and LEPPARD, 1996; SWAMINATHAN and THIMMAPAYA, 1995). All
three proteins are essential for viral genome replication (RIJNDERS et al., 1983; PARKER et al.,
1998). DBP molecules bind single-stranded DNA and form chains along the DNA, which
stabilises and protects the individual adenovirus genome strands and aids in strand
unwinding in an adenosine triphosphate (ATP)-independent mechanism (NAGATA et al.,
1983; MONAGHAN et al., 1994; VAN BREUKELEN et al., 2000). In this way, DBP is required for
initiation and elongation during adenovirus DNA replication. AdV Pol forms a complex with
pTP and the cellular DNA-binding protein nuclear factor 1 and subsequently catalyses the
covalent addition of deoxycytidine monophosphate to pTP after which the complex binds to
the adenovirus DNA. (CHEN et al., 1990; MUL and VAN DER VLIET, 1992). AdV Pol then
catalyses the adenoviral DNA replication. Interestingly, the first three nucleotides are added
at nucleotide position 4-6 before the AdV Pol jumps back to position 1-3. This mechanism
has been proposed to counteract single nucleotide deletions at the ends of the linear genome
since the jumping-back mechanism has been demonstrated to allow the repair of a deletion
of the first two nucleotides (KING and VAN DER VLIET, 1994). The E2A and E2B regions are
both transcribed from the E2E promoter, but also the E2L promoter. The E2L promoter is
transcribed later throughout infection and thereby meets the requirement for high E2 protein

levels at late time-points in infection (BHAT et al., 1987).

The E3 transcription unit mainly encodes proteins involved in host cell immune evasion.
In total, seven E3 transcripts code for the conserved region 1 (CR1)«x, E3-12.5K, gp19K,
CR1p3 (ADP), receptor internalisation and degradation protein (RID)-«, RID-f3 and E3-14.7K
proteins. The glycoprotein gp19K blocks the transport of major histocompatibility complex
class I molecules from the endoplasmic reticulum (ER) membrane to the plasma membrane
and thus blocks the presentation of viral antigens on the surface of infected cells (BURGERT
and KvisT, 1985; FEUERBACH et al., 1994). RID-«, RID-f3, CRlx and E3-14.7K are all
involved in blocking apoptosis by acting on different parts of the apoptosis signalling
pathway. RID- and RID-f3 form a RID complex and reduce the amounts of TNFa and Fas
receptors on the cell surface (STEWART et al., 1995; SHISLER et al., 1997; HILGENDORF et al.,
2003). The CR1x protein binds to the RID complex, a process through which it has been
shown to reduce the amounts of TRAIL receptors 1 and 2 on the cell surface (BENEDICT et al.,
2001). In contrast to CR1x and RID-o/f3, E3-14.7K is a cytoplasmic protein and affects

downstream signalling of the TNFa pathway by interaction with a GTPase signal mediator
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(GOODING et al., 1990; Li et al., 1997). E3-12.5K protein is the only protein that so far has no
known function. However, its conservation in HAdV2 and HAdV5 hints at a relevant function
in infection (HAWKINS and WoLD, 1992). The only E3 protein that was implicated in a
process different than host cell immune evasion is the CR13 adenovirus death protein ADP.
ADP is required for the efficient lysis of infected cells and was shown to localise to the ER,
Golgi and nuclear membrane in HAdV2 infection (SCARIA et al., 1992; TOLLEFSON et al.,
1996a). Deletion of the protein leads to delayed detection of infectious particles in the
supernatant, however, the exact mechanism of ADP function has not been determined

(TOLLEFSON et al., 1996b; DORONIN et al., 2003).

The E4 transcription unit codes for six E4 proteins, including E4orf6/7, E4orf6, E4orf4,
E4orf3, E4orf2 and E4orfl (Dix and LEPPARD, 1993). E4orfl has been shown to have different
roles in different HAdV types. Cells infected with HAdV36 were shown to have an upregulated
glucose uptake, whereas E4orfl facilitates the transformation potential of HAAV9 in a rat
embryo cell line (JAVIER, 1994; DHURANDHAR et al., 2011). Additionally, E4orfl has been
shown to restrict the growth of E1B-55K deletion mutants of HAdV5 through means of affecting
signalling of the phosphatidylinositol 3’-kinase (PI3K) pathway. However, a HAdV5 E4orfl

deletion mutant did not display reduced growth in cell culture (HALBERT et al., 1985).

So far, no function could be assigned to E4orf2, even though it has been shown to be
expressed in infection (DiX and LEPPARD, 1995). E4orf3 acts to reduce multiple antiviral
responses of the host cell. It causes a redistribution of PML nuclear bodies to track-like
structure in the nucleus, which was shown to reduce the host cell interferon-response
(Doucas et al., 1996; ULLMAN et al., 2007). Similarly, E4orf3 sequesters proteins of the MRN
complex (Mrell, Rad50, Nbs1) to these nuclear tracks and thus acts against the cellular DNA
damage response (ARAUJO et al., 2005; EVANS and HEARING, 2005). Additionally, it can
destine the antiviral transcription factor transcriptional intermediary factor 1y for proteolytic
digestion and inhibit p53 activity independently of E1B-55K by repressing p53 promoter
regions through induction of heterochromatin at these sites (SORIA et al., 2010; FORRESTER
et al., 2012). Recently, E4orf3 has been shown to be involved in the control of adenoviral

gene expression through interaction with E1A (SORIANO et al., 2019).

E4orf4 acts in a negative feedback loop by affecting E1A transactivation of the E4
promoter region (MULLER et al., 1992; BONDESSON et al., 1996). The protein mainly acts via
the protein phosphatase 2A (PP2A) (KLEINBERGER and SHENK, 1993). In this way, E4orf4 can

also downregulate E2 promoter transcription by phosphorylation of transcription factors
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through PP2A action (MANNERVIK et al., 1999). Additionally, E4orf4 has been shown to
induce apoptosis in a p53-independent manner by means of caspase activation (MARCELLUS
et al., 1998; LIVNE et al.,, 2001). However, even though it is an early protein, it only

contributes to cell death later in the virus life cycle (BRANTON and ROOPCHAND, 2001).

E4orf6 is partially functionally redundant with E4orf3 and is involved in multiple
processes including mRNA splicing, DNA synthesis, host cell shut-off and inhibition of
apoptosis. Thus, mutation of the protein strongly reduces viral yields. E4orf6 forms a
complex with E1B-55K and affects transport of viral mRNAs and leads to proteolytic
degradation of p53 as described for E4orf3 above (SARNOW et al., 1984; CARVALHO et al.,
1995; QUERIDO et al., 2001a). Furthermore, it interacts with DNA-dependent protein kinase
and inhibits V(D)J-joining in lymphocytes (BOYER et al., 1999). Additionally, E4orf6 acts on
p53 independently of E1B-55K and reduces p53 transcriptional activation (DOBNER et al.,
1996). Interestingly, E4orf6 has recently been suggested to be the adenoviral portal protein
required for DNA insertion into the capsid since it shows sequence homology with the clip
region of other portal proteins, is present in assembled capsids and colocalises with other
adenovirus packaging proteins (AHI et al., 2017). E4orf6/7 promotes viral gene expression
by acting as a transactivator as well as aiding E1A in facilitating viral E2 transcription and
transcription of cellular E2F promoter regions (SCHALEY et al., 2000). The protein has been
shown to displace retinoblastoma protein and p107 from E2F promoters and induces E2F
dimerisation and recruitment to the promoter regions (OBERT et al., 1994; O’CONNOR and

HEARING, 2000).

1.4.2 Intermediate and late transcription units

HAdV has three intermediate transcription units (IX, IVa2 and 1.4) and one MLTU, which is
transcribed from the MLP. The MLTU transcripts can be subdivided into five families (L1 - L5)
(SHAW and ZIFF, 1980). Each of the five transcript families has temporally different splice

patterns (BINGER and FLINT, 1984; MORRIS et al., 2010; ZHAO et al., 2014).

The intermediate IX and IVa2 transcription units code for the minor capsid protein pIX
and the packaging protein pIVa2 (described in Sectionl.3.2). The late L1 transcript codes for
proteins L1-52/55K and pllla. pllla is a capsid cement protein (described in Section 1.3.2).
L1-52/55K is a HAAV packaging protein (HASSON et al., 1989; GUSTIN and IMPERIALE, 1998).

Deletion of the protein only weakly affects adenoviral gene expression but yields empty
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capsids. The protein initially interacts with the capsid vertices, dissociates after cleavage by
AVP and cannot be detected in mature HAdV particles (PEREZ-BERNA et al., 2014; CONDEZO
et al., 2015). The L2 transcript codes for the major capsid protein plII (described in Section
1.3.1) and the core proteins pV, pVII and pX (described in Section 1.3.2). L3 codes for capsid
proteins pIl, pVI and AVP (described in Sections 1.3.1 & 1.3.3). The L4 transcript codes for
proteins pVIII, L4-100K, L4-33K and L4-22K. As part of the MLTU, L4 was initially believed to
be exclusively transcribed from the MLP. However, the detection of L4 transcripts at earlier
time-points presented a paradox until an additional intermediate L4 promoter was found to
initiate transcription of the L4 orfs 1L4-22K and 14-33K (MORRIS et al., 2010). pVIII is a
minor capsid protein (described in Section 1.3.2). L4-100K is involved in assembly, mRNA
translation as well as in blocking the host immune response. It was shown to be required for
hexon trimerisation by acting as a chaperone protein (CEPKO and SHARP, 1982; YAN et al.,
2016). L4-100K also is involved in translation by facilitating ribosome shunting, a process
through which the ribosome skips parts of the mRNA and starts translation at alternative
start codons (HAYES et al., 1990; XI et al., 2004, 2005). Additionally, L4-100K has been
shown to play a role in immune evasion by inhibiting human lymphocyte granule serine
protease B, an enzyme involved caspase cleavage to induce apoptosis (ANDRADE et al.,
2003). L4-33K has two functions as an RNA alternative splicing factor and capsid assembly
facilitator (FARLEY et al., 2004; PERSSON et al., 2012; WU et al., 2013). It has been shown to
be required for altering the transcription pattern of the MLTU by causing selection of
alternative splice sites. Interestingly, HAdV5 mutants with non-functional 1.4-33K produce
empty capsids. However, the binding of other packaging proteins pIVa2, L1-52/55K and
L4-22K to the packaging sequence was shown not be affected and 14-33K does not bind the
packaging sequence itself. Similar to L4-33K, L4-22K controls the transcriptional switch of
MLTU genes as well as is essential for genome packaging (WU et al., 2012; GUIMET and
HEARING, 2013; LAN et al., 2017). Deletion of 14-22K leads to the formation of empty
capsids, however, other than L4-33K, L4-22K binds to the HAdV packaging sequence. Lastly,

the L5 transcript codes for the capsid protein pIV (described in Section 1.3.1).

The U exon transcription unit is expressed late in infection and codes for UXP (YING et al.,
2010). UXP shares part of its sequence with DBP but has a different reading frame. The protein
is initially localised to the nucleoli and later associates with the periphery of replication centres.

Hence, it has been implicated in genome replication or RNA transcription.
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1.5 HAQJV life cycle

HAdVs require a tightly controlled reorganisation and repurposing of the cellular host
machinery. The incoming virus capsid contains and codes for viral proteins required for
successful entry, evasion of the host immune system and transport to the nucleus to initiate
progeny virion production. The host cell then acts as production machinery to amplify viral
genomes and structural proteins for the assembly of new capsids. After assembly and
maturation, the virions leave the host cell for a new round of infection. The HAAV life cycle
has mainly been studied in the mastadenovirus types HAdV2 and HAdV5 (Figure 4). The

individual steps of the HAAV life cycle are presented in the following sections.
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Figure 4: Overview of the major steps entailed in HAAV infection of a host cell. Initially, the virus
attaches to the cell surface via interaction with primary receptors, such as CAR, and secondary receptors
such as integrins. After attachment, the viral particle is internalised by the cell through clathrin-
mediated endocytosis. Facilitated through the loss of fibres and capsid destabilisation, pVI is released
from the capsid and aids in endosomal escape. The free capsid is transported along microtubules to
the nuclear pore complex (NPC). At the NPC the viral genome is injected into the nucleus. First, early
viral mRNAs are transcribed, which are transported into the cytoplasm to be translated there. Later,
transcription of late viral mRNAs occurs, which mainly code for structural proteins to form progeny
capsids. Virus genome replication occurs in replication centres. The newly replicated genomes together
with capsid proteins assemble to form new virions. The progeny particles undergo maturation through
multi-protein proteolytic cleavage of the adenoviral protease. Afterwards, virions cross the nuclear
envelope and subsequently leave the cell by total cell lysis.
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1.5.1 Virus adhesion and entry

The first step in the productive life cycle of HAdV is adhesion of a virus particle to a target
cell by means of primary and secondary receptor interactions. The most-studied primary
adhesion receptor is the coxsackie adenovirus receptor (CAR), which mediates both the
internalisation of coxsackie B viruses and HAdVs (BERGELSON et al., 1997). Individual types
of HAAV species A, C, D, E and F have been shown to require CAR for adhesion (ROELVINK
et al.,, 1998). CAR interacts with a distinct site on the fibre knob domain (ROELVINK et al.,
1999). Importantly, spatial restrictions require the HAdV fibres to be long and flexible to
allow for secondary receptor binding (SHAYAKHMETOV and LIEBER, 2000; WU et al., 2004).
HAJdV species B has by comparison the shortest fibres and mainly relies on fibre binding to
CD46 or non-classically on desmoglein 2 (FLEISCHLI et al., 2007; VASSAL-STERMANN et al.,
2018). Other receptors have been shown to mediate HAdV internalisation in a variety of
different cell lines for specific HAdV types including sialic acid-containing polysaccharides,
GD1a glycan and SR-A6 receptor (ARNBERG et al., 2002; NILSSON et al., 2011; LENMAN et al.,

2015; STICHLING et al., 2018; BAKER et al., 2019).

After attachment to the primary receptor, virus association with the secondary ‘entry’
receptor is necessary for successful virion uptake. HAdV species A-E require integrins oV 33
and «V35 as secondary receptors, which bind to the RGD loop of the penton base (WICKHAM
et al., 1993; SHAYAKHMETOV et al., 2005). HAAV species F lack the penton RGD loop and
instead rely on laminin-binding integrins, in particular integrin «634 (RAJAN et al., 2018).
Upon integrin binding, intracellular signalling via the PI3K pathway triggers remodelling of
the actin cytoskeleton and formation of clathrin-coated pits (LI et al., 1998a,b). The virus
particle subsequently enters the cell via the clathrin-mediated endocytosis pathway. This
process was shown to be dependent on action of the modulatory GTPase protein dynamin
(WANG et al., 1998). Virions lose their fibres during the process of internalisation, which is
important for endosomal escape since mutant HAdV which is incapable of fibre-release was
shown to remain in endosomes (GREBER et al.,, 1996; NAKANO et al., 2000;
MARTIN-FERNANDEZ et al., 2004). Fibre release at the cell surface was proposed to result
from physical stress due to CAR receptor drifting relative to stationary integrin receptors,

which may pull fibres off their penton base (BURCKHARDT et al., 2011).
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1.5.2 Endosomal escape and genome release

After the virus particle has been endocytosed it is targeted to early endosomes (GASTALDELLI
et al., 2008). It must escape the endosome to be transported to the nucleus. Failure to escape
endosomes will lead to targeting of the virion to late endosomes and lysosomes and subsequent
degradation of the particle (GASTALDELLI et al., 2008). The penton-integrin interaction has not
only been shown to be important for internalisation but also for virus uncoating for endosomal
release. The penton base undergoes conformational changes upon integrin-binding, which
might be important for releasing the capsid vertices during entry (LINDERT et al., 2009). In
agreement with this observation, integrin-binding induced structural softening of the vertex
regions (SNIJDER et al., 2013). Vertex dissociation is required for subsequent release of pVI,
the membrane-lytic agent of HAdVs (WIETHOFF et al., 2005; SMITH et al., 2010). Protein
VI causes a change in membrane curvature to the point of membrane rupture (MAIER et al.,
2010). Interestingly, there is a temporal gap between membrane rupture and particle release

from the endosome (MAIER et al., 2012).

The role of endosomal acidification in particle escape is not totally understood.
Inhibition of endosomal acidification hindered general adenovirus escape but was shown to
act on a process upstream of full virus uncoating (SETH et al., 1984; GREBER et al., 1993;
RODRIGUEZ and EVERITT, 1996). There is evidence that low pH facilitates disassembly of the
metastable capsid vertices and allows the release of pVI into the endosomal space, which
then acts on the endosomal membrane in a pH-independent mechanism (WIETHOFF et al.,
2005). However, other light microscopy evidence showed endosomal escape to be

pH-independent (SUOMALAINEN et al., 2013).

After the partially disassembled capsid has escaped the endosome it is transported to the
nuclear pores along the cellular microtubular network. The transport depends on hexon
protein, which interacts with the microtubule motor protein dynein via its HVR1 (BREMNER
et al., 2009). Importantly, the hexon-dynein interaction requires both a pH-dependent
conformational change in the hexon protein and dynein phosphorylation (SCHERER et al.,
2014; SCHERER and VALLEE, 2015). At the nuclear membrane, the virus particle interacts
with the NPC via the nucleoporin Nup214 (CASSANY et al., 2015). Since virions are too large
to pass the nuclear membrane, full disassembly of the particle is required to release the viral
genome into the nucleoplasm. Physical stress induced by Nup214 binding and the action of

microtubular motor protein kinesin-1 has been shown to cause capsid disruption (STRUNZE
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et al.,, 2011). Import of the adenoviral genome requires cellular histone H1.2, heat-shock
cognate protein Hsc70, transportin-1 and the classical proteins involved in NPC transport
(importin-«, importin-(3, nuclear transport factor 2 and Ras-related nuclear protein Ran
(SAPHIRE et al., 2000; TROTMAN et al., 2001; HINDLEY et al., 2007). The cellular nuclear
import machinery does not interact with the viral genome directly but by means of
interaction with core protein pVIIL. pVII possesses several nuclear localisation signals (NLSs),
is bound to the viral genome, and was shown to efficiently be imported into the nucleus
through interaction with importins and transportins (WODRICH et al., 2006). The fate of
other core proteins pMu and pV is not clear. There is both evidence for and against pV

entering the nucleus with the viral genome (HINDLEY et al., 2007; PUNTENER et al., 2011).

1.5.3 Replication, nuclear morphogenesis and assembly

Individual incoming adenoviral genomes associate with cellular chromatin and bind the
nuclear matrix via both terminal proteins (SCHAACK et al., 1990; KOMATSU et al., 2018).
HAdV genomes were shown to be chromatinised with cellular histones upon nuclear entry
(DANIELL et al., 1981; KOMATSU et al.,, 2018). Initial transcription is facilitated by the
presence of core protein pVII and cellular template activating factor-I, which forms a
complex with the HAdV genome and pVII and alters the DNA conformation to improve
access for transcription factors (KOMATSU et al., 2011). pVII is also important for protecting
the genome from deactivation by the cellular DNA damage response (DDR) machinery after
nuclear entry. During transcription, pVII is removed from the genome in an E1A-dependent
mechanism, which coincides with increased DDR activation (CHEN et al., 2007; KAREN and
HEARING, 2011). The first genes to be transcribed are the immediate early proteins E1A and

E1B (see Section 1.4.1).

HAAV transcription and replication is linked with PML nuclear bodies. Usually, PML
nuclear bodies are involved in silencing of viral genomes including HSV-1, HSMV and EBV
and localise to genomes shortly after infection (BELL et al., 2000; SOURVINOS et al., 2007). In
HAdVs, the genome is initially protected by pVII, but also localises adjacently to PML nuclear
bodies a few hours after nuclear entry (ISHOV and MAUL, 1996). The recruitment of PML is
not DNA-dependent but relies on the viral DBP, which facilitates recruitment of individual
PML constituents, such as speckled protein 100 kDa A (spl00A) and
ubiquitin-specific-processing protease 7 (USP7), which improve viral transcription and

replication (CHING et al., 2013; BERSCHEMINSKI et al., 2014; KOMATSU et al., 2016a; STUBBE
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et al., 2020). DPB is an indicator of adenovirus replication compartments, which are spatially
distinct from sites of transcription (POMBO et al., 1994). Early replication centres appear as
dots which subsequently develop into ring-like replication centres. These replication rings
were shown to contain DBB E1B-55K, sp100A, USP7 and E4orf6 (ORNELLES and SHENK,
1991; Doucas et al., 1996; KOMATSU et al., 2016b). Replicated genomes accumulate on the
outside of replication centres, acquire histones and act as sites for late viral transcription.
After an unknown switch mechanism, replicated genomes accumulate in neighbouring
compartments, termed virus-induced post-replication (ViPR) bodies, which has been shown
to coincide with a rapid increase in HAdV genome replication (KOMATSU et al., 2018). ViPR
bodies were shown to contain nucleolar proteins such as myb-binding protein la or
nucleophosmin 1 but also viral packaging protein IVa2 (KOMATSU et al., 2016b; GENOVESO
et al., 2019). Since only pVII, but no cellular histones are found in ViPR bodies, they are the

proposed sites for HAdV genome condensation with pVII.

HAdV genomes are packaged through means of their packaging sequence, which is
positioned between the ITR and E1A orf and consists of functionally redundant AT-repeats
(KOSTURKO et al., 1982; GRABLE and HEARING, 1990). Incompletely assembled particles
mostly include this side of the adenoviral genome, which is an indicator that packaging
begins at the packaging sequence (DANIELL, 1976). Important packaging proteins that have
been identified are IVa2, 1L4-22K, L4-33K, L1-52/55K and pllla (GUSTIN and IMPERIALE,
1998; ZHANG and IMPERIALE, 2003; EWING et al., 2007; MA and HEARING, 2011; WU et al.,
2013).

So far, the exact mechanism of HAdV assembly remained elusive. Two main models
have been proposed based on evidence favouring either one or the other. In the sequential
packaging model, empty HAdV capsids are formed first and the genome is subsequently
inserted through a portal at a capsid vertex. In the concomitant packaging model, the capsid
gradually assembles around the HAdV genome and encases it without the requirement of a
portal protein. Packaging of dsDNA viruses such as herpesviridae or T4 or A phage requires a
portal protein, a terminase and an ATPase (ORTEGA and CATALANO, 2006; SELVARAJAN
SIGAMANI et al., 2013). Similar functional proteins have been found in HAdV which hint at a
sequential mechanism. Protein IVa2 has been shown to bind ATP and possesses ATPase
activity (OSTAPCHUK and HEARING, 2008; OSTAPCHUK et al., 2011). Additionally, L4-33K may
act as terminase, as it forms oligomeric ring-like structures and activates ATPase activity of

pIVa2 (AHI et al., 2015). E4or6 has been suggested as the portal protein since it shares some
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secondary structure homology with phage portal proteins and has a comparable predicted

tertiary structure to other portal proteins (AHI et al., 2017).

However, it remains unclear, how the HAdV genome in its condensed form, while bound
to pVII, is able to be translocated through a portal protein. Importantly, analysis of a
thermosensitive HAdV mutant not capable of packaging DNA at the restrictive temperature
showed that fully formed empty capsids could not be matured into full capsids at the
permissive temperature (KHITTOO and WEBER, 1977). These arguments would be
accommodated in the concomitant packaging model. In this model, HAdV genomes are
suggested to pre-condense and then associate with partially assembled capsid intermediates,
which accumulate further minor and major capsid protein to close up the HAAV capsid
around the condensed genome. Electron microscopy (EM) of particles inside cells showed
particles in a variety of different assembly intermediate stages. Furthermore, a packaging
mutant showed an accumulation of condensed genomes and empty virus capsids as failed
assembly products (CONDEZO and SAN MARTIN, 2017). After assembly, the particles mature,

which involves the action of AVP.

1.5.4 Virus egress

So far, the exact mechanism of how the mature virions are released from the cell is not known.
There are likely two possibly interlinked mechanisms present, the first to allow mature virions
to cross the nuclear envelope and the second to exit the cell across the plasma membrane.
Generally, cell lysis was shown to be dependent on virus-induced host cell translational shut-off
accompanied by destabilisation of the intermediate filament network (ZHANG and SCHNEIDER,
1994). Inhibiting this translational shut-off led to a reduced cytopathic effect and intermediate

filaments such as cytokeratins remained stable.

Multiple kinds of cell death pathways have been suggested to be the cause for ultimate
host cell lysis. Although the process was initially described as apoptosis, a lack of membrane
blebbing and DNA fragmentation were suggested as hinting against apoptosis and another
necrosis-like cell death was suggested (TOLLEFSON et al., 1996a; ABOU EL HASSAN et al., 2004).
Other groups have described the HAdV-caused cell death as autophagy due to the upregulation
of caspases and appearance of autophagic vacuoles (JIANG et al., 2011; RODRIGUEZ-ROCHA
et al., 2011). However, a HAdV5 E1A mutant was shown to induce controlled necrosis-like

cell death in a RIPK3-dependent manner and the process of autophagy was described as a cell-
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survival mechanism rather than the cause of cell death, since inhibition of autophagy increased

virus-induced cytotoxicity (BAIRD et al., 2008; WEIGERT et al., 2017).

Importantly, ADP was shown to be involved in the efficient lysis of host cells (TOLLEFSON
et al., 1996a,b). HAdV5 ADP is a small protein with a size of 10.5 kDa. HAdV2 ADP was
shown to be post-translationally modified by N-glycosylation, O-glycosylation and
palmitoylation (SCARIA et al, 1992; HAUSMANN et al., 1998). Initially, the protein was
described to localise to the ER and Golgi but ultimately is transported to the nuclear
membrane (SCARIA et al., 1992). Deletion of ADP induced a phenotype of small plaques and
extended survival of infected cells for multiple days. Overexpression of ADP was shown to
increase virus spread and to induce an apoptotic phenotype including membrane blebbing
and shrunk cytoplasm and cell death via both caspase-dependent and caspase-independent
mechanisms (DORONIN et al., 2003; ZouU et al., 2004). Additionally, the level of ADP has
been shown to be responsible for the progression of infection in lymphocytes (MURALI et al.,
2014). Lymphocyte cell types which naturally express ADP to high levels when infected with
wt virus proceed with a lytic infection, whereas lymphocytes with naturally low expression
levels of ADP were associated with a persistent infection. Interestingly, the levels of ADP
expression in lytic cell types correlated with the rate of cell death, whereas cell types that
express low levels of ADP in HAdV wt infection remained doing so even after infection with
an ADP-overexpression mutant and remained persistently infected. In reverse, the abolishing

ADP expression in a naturally lytically-infected lymphocytes resulted in a persistent infection.

Analysis of the spread of HAdV2 and HAdVS5 in monolayer cell culture showed the virus to
mainly spread by cell-free transmission (WIGAND and KUMEL, 1977; YAKIMOVICH et al., 2012).
Yakimovich et al. showed the formation of plaques to be dependent on the lysis of infected
cells and free diffusion of virus particles in the extracellular medium. Through this effect,
comet-shaped plaques appear when the surface of monolayer cell culture is tilted. Although
ADP is not the sole determinant of lytic infection, it can increase cell-free spread. To exploit
this effect, ADP has been inserted into oncolytic adenoviral vector systems to increase the
virus spread by a factor of 10 (TOTH et al., 2004). Similarly, the spread of HAdV41, a virus
that has been suggested to display cell-to-cell spread, has been increased 10-50 fold (LU et al.,
2013). Recently, machine learning approaches were applied to analyse the spread of the virus
(ANDRIASYAN et al., 2019). Algorithms can predict lytic and non-lytic cells based on the DAPI

stain of their nuclei.
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Materials

2.1 Chemicals

Unless stated differently, chemicals, enzymes and reagents were obtained from Agilent,
Biomol, Merck, New England Biolabs, Roche, Roth and Sigma Aldrich. All buffers were

prepared in double distilled water unless specified in the text.

2.2 Cells

2.2.1 Bacterial strains

The listed bacterial strains were used for storage, amplification and recombination of plasmid

DNA.

Table 1: Genotype of bacterial strains used in molecular cloning

Strain Genotype

F~, ¢80lacZAM15, A(lacZYA-argF)U169, recAl, endAl,
DH5a hsdR17(rx—, mg 1), phoA, supE44, y~thi-1, gyrA96, relA1l (HANAHAN
and MESELSON, 1983)

DH10B including HS996, ArecET, AybcC, araC-BAD-yaA (WANG

GBOS red et al., 2006)

DH10B including HS996, ArecET, AybcC, araC-BAD-y 3 aA, gyrA462

GBred-gyrA462 (WANG et al., 2014)

Al(ara-leu)7697, araD139, fhuA, AlacX74, galK16, galE15, el4,
NEB 10-beta /phi80dlacZAM15, recAl, relAl, endAl, nupG, rpsL(Str®), rph,
spoT1, A(mrr-hsdRMS-mcrBC) (New England Biolabs)
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2.2.2 Mammalian cell lines

The listed mammalian cell lines were used for studying HAdV5 infection and for production

of lentivirus stocks. Where applicable, the American Type Culture Collection (ATCC) number

is provided.

Table 2: Characteristics of mammalian cell lines

Name Characteristics ATCC
Human lung epithelial carcinoma cell line expressing
AS49 p53 (GIARD et al., 1973) CCL-185
A549 lamin A Monoclonal A549 cell line expressing mTagGFP-fused i
mTagGFP chromobody against lamin A/C (PFITZNER et al., 2020)
A549 Polyclonal A549 cell line expressing mTagBFP fused to i
mTagBFP-NES a nuclear export signal (PFITZNER et al., 2020)
Human foreskin fibroblast immortalised cell line
BJ (BODNAR et al., 1998) CRL-2522
H1299 Huma‘n lung epithelial carcinoma cell line, p53 CRL-5803
negative (MITSUDOMI et al., 1992)
MRC-5 Human foreskin fibroblast immortalised cell line CCL-171
(BODNAR et al., 1998)
Human embryonic kidney cell line, HAdV5
HEK 293 transformed, expressing E1A and E1B (GRAHAM et al., CRL-1573
1977)
HEK 293T HEK 293 cell line expressing the SV-40 large T antigen CRL-3216

(DUBRIDGE et al., 1987)
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2.3 Viruses

The listed virus strains were used for infection of mammalian cells.

Table 3: Characteristics of virus strains

Virus strain

Characteristics

HAdV5 AE3

HAdV5 AE3 ADP+

HAdV5 DBP-mCherry ADP-

HAAV5 DBP-mCherry ADP+

HAAV5 pV-mCherry ADP-

HAAV5 pV-mCherry ADP+

HAQV5 pIX-mCherry ADP-

HAAV5 pIX-mCherry ADP+

HAAV5 pIX-PA-TagRFP

HAAV5 pIX-mEos4a

HAdV5 ADP-HA

HAAdV5 pV-mCherry
pIX-mNeonGreen

HAdV5 DBP-mCherry
pIX-mNeonGreen

HAdV5 containing a 1863 bp deletion (nucleotides 28602
— 30465) in the E3 region (KINDSMULLER et al., 2007)

HAdV5 AE3 with ADP coding sequence reinserted into E3
region

HAdV5 AE3 derived strain with N-terminal fusion of
mCherry to DBP

HAdV5 AE3 ADP+ derived strain with N-terminal fusion
of mCherry to DBP

HAdV5 AES3 derived strain with C-terminal fusion of
mCherry to pV

HAdV5 AE3 ADP+ derived strain with C-terminal fusion
of mCherry to pV

HAdV5 AES3 derived strain with C-terminal fusion of
mCherry to pIX

HAdV5 AE3 ADP+ derived strain with C-terminal fusion
of mCherry to pIX

HAdV5 AE3 ADP+ derived strain with C-terminal fusion
of PA-TagRFP to pIX

HAdV5 AE3 ADP+ derived strain with C-terminal fusion
of mEos4a to pIX

HAdV5 AE3 ADP+ derived strain with C-terminal fusion
of an HA tag to ADP

HAdV5 AE3 ADP+ derived strain with C-terminal fusion
of mNeonGreen to pIX and N-terminal fusion of mCherry
to pVvV

HAdV5 has AE3 ADP+ derived strain with C-terminal
fusion of mNeonGreen to pIX and N-terminal fusion of
mCherry to DBP
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2.4 Nucleic acids

2.4.1 Oligonucleotides

The listed oligonucleotides were used for sequencing, colony PCR or PCR amplification for

Red recombination. Oligonucleotide numbers correspond to their Filemaker Pro Advanced

database entry.

Table 4: Sequence and use of oligonucleotides

# Name Sequence Use
820  Abra. seq fw 28097 5-GCTAGTTGAGCGGGACAGG-3’ Sequencing
1101 T7 Prom fw 5-TAATACGACTCACTATAGGG-3’ Sequencing
2621 T7 Terminator 5-GCTAGTTATTGCTCAGCG-3’ Sequencing
3611 mCherry seq fw 5-CCAAGGCCTACGTGAAGCAC-3’ Sequencing
Sequencing
3612 mCherry seq rv 5’-CTTCAGCCTCTGCTTGATCTCG-3’
v seq Colony PCR
810 Abra. seq fw 16410 5’-CATTAGTGCTATGACTCAGGG-3’ Colony PCR
822  Abra. seq fw 23481  5-CGTGGTACTTGTCCATCAGC-3’ Colony PCR
1219 L4 100K early rev 5’-GACTTGTTCCTCGTTTGCCTC-3’ Colony PCR
5’-GCTTAGAAAACCCTTAGGGTATTAGGCCAA
3388 ADP rescue fw AGGCGCAGCTACTGTGGGGTTTATGACCAAC Red recomb.
ACAACCAACG-Z
5’-GGACAGAAATTTGCTAACTGATTTTAAGTA
3389 ADP rescue rv AGTGATGCTTTATTATTTTTTTTTATCATACTG Red recomb.
TAAGAGAAAAGAACATGTG-3’
5-TAGACTCGTACTGTTGTATGTATCCAGCGG
3605 pV ccdB amp fw CGGCGGCGCGCAACGAAGCTGCCAGTATACA Red recomb.
CTCCGCTAG-¥
5’-TCCGGCGCGATGACCTGGAGCATCTCTTCT
3606 pV ccdB amp rv TTGATTTTGCGCTTGGACATCAGCCCCATACG  Red recomb.
ATATAAGTTG-3’
5-TGCGCCAGCAGGTTTCTGCCCTGAAGGCTT
3616 pIX ccdB amp fw CCTCCCCTCCCAATGCGGTTGCCAGTATACACT  Red recomb.
CCGCTAG-3
5’-ACTTGCTTGATCCAAATCCAAACAGAGTCTG
3617 pIX ccdB amp rv GTTTTTTATTTATGTTTTACAGCCCCATACGATA  Red recomb.
TAAGTTG-3’
5’-GGGATGAAGCTGCTACTGCTCTTGAAATA
3619 HexH1 ccdB amp fw  AACCTAGAAGAAGAGGACGATGCCAGTATACA  Red recomb.

CTCCGCTAG-3
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Name

Sequence

Use

3620

3621

3622

3746
3747

4037

4038

4039

HexH1 ccdB amp rv

HexH5 ccdB amp fw

HexH5 ccdB amp rv

ADP mCherry fw
ADP mCherry rv

ADP HA ccdB amp
fw

ADP HA ccdB amp
rev

ADP HA rescue

5’-ACGTGAGTTTTTTGCTGCTCAGCTTGCTC
GTCTACTTCGTCTTCGTTGTCCAGCCCCATAC
GATATAAGTTG-3’

5’-AAAGTCAAGTGGAAATGCAATTTTTCTCAA
CTACTGAGGCAGCCGCAGGCGCCAGTATACACT
CCGCTAG-3’

5-TCTACATCTTCACTGTACAATACCACTTTAG
GAGTCAAGTTATCACCATTCAGCCCCATACGA
TATAAGTTG-3

5-CAAGCTAGCATGACCAACACAACC-3’
5-CTGACCGGTTACTGTAAGAGAAAAGAAC-3

5’-GAATCCATAGATTGGACGGACTGAAACAC
ATGTTCTTTTCTCTTACAGTAGCCAGTAT
ACACTCCGCTAG-3

5-ATTTGCTAACTGATTTTAAGTAAGTGATGC
TTTATTATTTTTTTTTATCACAGCCCCATA
CGATATAAGTTG-3

5’-GAATCCATAGATTGGACGGACTGAAACACA
TGTTCTTTTCTCTTACAGTATACCCATACGA
TGTTCCAGATTACGCTTGATAAAAAAAAATA
ATAAAGCATCACTTACTTAAAATCAGTTAGC
AAATTTCTG-3’

Red recomb.

Red recomb.

Red recomb.

Red recomb.

Red recomb.

Red recomb.

Red recomb.

Red recomb.
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2.4.2 Vector plasmids

The listed vector plasmids were used for sub-cloning of recombinant plasmids or as vector
controls in transfection experiments. Plasmid numbers correspond to their Filemaker Pro

Advanced database entry.

Table 5: Characteristics of vector plasmids

# Name Characteristics Source

136 PCDNA3 For expression in mammalian cells, CMV Invitrogen
promoter

146 pEGFP C1 For' expression of EGFP or insertion of EGFP Clontech
fusion proteins
For expression of mCherry or insertion of Group

2 h 1

85 pCherry C mCherry fusion proteins on the C-terminus database

Includes an inserted linker corresponding to ~ Group

3483 pCherry C2 method in (PUNTENER et al., 2011) database

For insertion of mCherry fusion proteins on Group

3484  pCherry C3 the N-terminus database
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2.4.3 Recombinant plasmids

The listed recombinant plasmids were used for or generated in this work. Their purpose is

described and plasmid numbers correspond to their Filemaker Pro Advanced database entry.

Table 6: Characteristics of recombinant plasmids

# Name Characteristics Source
. . Group
271 P15A ccdB amp Agel  PCR template for first red recombination
database
2520 p15A HAdVS AE3 Bacterial plasmid for generation of Group
ADP+ HAdV5 AE3 ADP+ database
Mammalian expression plasmid for
L. Group
3482  pADP-mCherry transfection in H1299 cells and
. database
ADP-mCherry expression
Mammalian expression plasmid for Grou
3500 pcDNA3-ADP transfection in H1299 cells ADP wt P
. database
expression
Plasmid including two homologous
3649  pcDNA3-Hom1+2 sequences of the HAAV5 pIX gene. Used Group
for insertion of fluorophores in between database
homologous sequences
PCDNA3 Plasmid for amplification of rpNeonGreen Group
3650 flanked by pIX homologous sites for the
pIX-mNeonGreen LS database
second red recombination
pIX-PA-TagRFP y P 10708 database
second red recombination
Plasmid for amplification of mEos4a Grou
3652  pcDNAS3 pIX-mEos4a  flanked by pIX homologous sites for the p
S database
second red recombination
Mammalian expression plasmid for
3653 Ef"ll?a NQEP—NE S transfection in H1299 cells and g;?;Jpase
& mTagBFP-NES expression
3490 p15A HAAV5S Bacterial plasmid for generation of virus Group
pV-mCherry ADP- strain HAdV5 pV-mCherry ADP- database
3491 pl5A HAdV5S Bacterial plasmid for generation of virus Group
pV-mCherry ADP+ strain HAdV5 pV-mCherry ADP+ database
3499 p15A HAAV5S Bacterial plasmid for generation of virus Group
pIX-mCherry ADP- strain HAdV5 pIX-mCherry ADP- database
3493 p15A HAAV5 Bacterial plasmid for generation of virus Group
pIX-mCherry ADP+ strain HAdV5 pIX-mCherry ADP+ database
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# Name Characteristics Source
3495 p15A HAAV5S Bacterial plasmid for generation of virus Group
HexH1-mCherry strain HAdV5 HexonH1-mCherry database
3497 p15A HAAV5 Bacterial plasmid for generation of virus Group
HexH5-mCherry strain HAdV5 HexonH5-mCherry database
pl15A HAAV5 Bacterial plasmid for generation of virus Grou
3636  DBP-mCherry strain HAdV5 DBP-mCherry databr;se
pIX-mNeonGreen pIX-mNeonGreen
p15A HAdAV5 Bacterial plasmid for generation of virus Grou
3647  pV-mCherry strain HAdV5 pV-mCherry databpase
pIX-mNeonGreen pIX-mNeonGreen
3643 p15A HAdAV5 Bacterial plasmid for generation of virus Group
pIX-PA-TagRFP ADP+  strain HAdV5 pIX-PA-TagRFP database
3644 p15A HAAV5 Bacterial plasmid for generation of virus Group
pIX-mEos4a ADP+ strain HAdV5 pIX-mEos4a database
Bacterial plasmid for generation of virus Group
3648 pI5A HAdVS ADPHA strain HAdV5 ADP-HA database
3654 pLeGO iVLN2 Lentiviral vector for generation of an Group
mTagBFP-NES mTagBFP-NES expressing cell line database
1970 pGagPol Transfe(ftlon plasmid for lentivirus Group
production database
1969 pRev Transfe(fuon plasmid for lentivirus Group
production database
1968  pCMV-VSV-G Transfec'uon plasmid for lentivirus Group
production database
Gene synthesis carrier plasmid for
3485  pEX mCherry pV amplification (‘)f mCherry with pV Eurofins
homologous sites for homologous
recombineering
Gene synthesis carrier plasmid for
3486 pGH mCherry pIX amplification <‘)f mCherry with pIX Eurofins
homologous sites for homologous
recombineeringg
Gene synthesis carrier plasmid for
amplification of mCherry with hexon ,
3487 pEX mCherry HexH1 HVR1 homologous sites for homologous Eurofins
recombineering
Gene synthesis carrier plasmid for
3489  pEX mCherry HexHS amplification of mCherry with hexon Eurofins

HVRS homologous sites for homologous
recombineering
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2.5 Antibodies

2.5.1 Primary antibodies

The listed primary antibodies were used for detecting viral and cellular proteins in western

blot and IF microscopy.

Table 7: Characteristics of primary antibodies used for IF or western blot (WB) stain.

Name Characteristics Dilution (v/v)  Source
B6.8 Mouse monoclonal antibody (ab) against WB 1:10 Group
HAdV5 E2A protein (REICH et al., 1983) IF 1:10 database
Sigma
AC-15 Mouse monoclonal ab against (3-actin WB 1:5000 Aldrich,
A5441
3F10 Rat monoclonal ab against HA ta IF 1:1000 Roche,

8 & ' 2013819
4C11 Mouse monoclonal ab against lamin A IF 1:1000 Abcam
ooV Rabbit polyclonal ab against HAdV5 pV WB 1:5000 ‘I?é)clliirsld

P (MATTHEWS and RUSSELL, 1998) IF 1:1000
(Bordeaux)
Dr. Haral
wepIX Rabbit polyclonal ab against pIX (LUTZ et al., WB 1:5000 Wro dr;f}? d
P 1997) IF 1:1000
(Bordeaux)
Mouse monoclonal ab against HAdV5 hexon . Group
o-hexon trimer (RUSSELL et al., 1981) I 1:500 database
S-REP Mouse monoclonal ab against red fluorescent WB 1:1000 Abcam

protein (RFP)

Pfitzner

32



CHAPTER 2. MATERIALS

2.5.2 Secondary antibodies

The listed secondary antibodies were used for detecting primary antibody binding in western

blot and IF microscopy.

Table 8: Characteristics of secondary antibodies

Name Characteristics Dilution (v/v)  Source
Goat polyclona} ab against mouse WB 1:10,000 Jackson,
HRP-x-mouse IgG (H+L) conjugated to in PBS.T 115-035-003
horseradish peroxidase (HRP)
. Goat polyclonal ab against rabbit WB 1:10,000 Jackson,
HRP-oerabbit o (1141) conjugated to HRP in PBS-T 111-035-003
Goat polyclonal ab against rat IgG WB 1:10,000 Jackson,
HRP--rat . .
(H+L) conjugated to HRP in PBS-T 112-035-003
Alexa Fluor IG cgt(g(f{;lg;lslua];;gdaltlgszi ::;lse IF 1:1000 in Invitrogen,
488 cvmouse  ° Vg PBS A-11001
Fluor 488
Alexa Fluor IG (?t(ﬁf{;lsgi}uazzegdags;f:;;lt IF 1:1000 in Invitrogen,
488 ocrabbit o Ius PBS A-11008
Fluor 488
Alexa Fluor IG oGat(g(j_l{;lggs}uazt?e%ais;f:;;1t IF 1:1000 in Invitrogen,
555 o-rabbit  ° 68 PBS A-21428
Fluor 555
Alexa Fluor ? ?iﬁf{;lggi}uazlgdaigsgg )(();lse IF 1:1000 in Invitrogen,
647 a-mouse  ° Vg PBS A-21235
Fluor 647
Alexa Fluor IG ?Egﬁi;lggs}uaz,?e%atzszf:;;lt IF 1:1000 in Invitrogen,
647 o-rabbit  © Vg PBS A-21244
Fluor 647
Alexa Fluor ?I—?j—tl_.l))czlgfsﬁnie?tigzigs(;rFaltqung IF 1:1000 in Invitrogen,
647 o-rat g PBS A-21247

647
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2.6 Standards and markers

The listed standards and markers were used for protein and DNA size estimation in agarose gel

and sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis (PAGE) separation.

Table 9: Standards and markers

Marker

Use

Source

1 kbp DNA ladder
100 bp DNA ladder

Agarose gels

Agarose gels

Page Ruler Prestained Protein Ladder SDS-PAGE

New England Biolabs, N3232
New England Biolabs, N3232
Thermo Scientific, 26617

2.7 Commercial systems

The listed commercial kits were used for DNA cloning purposes or western blot protein

detection.

Table 10: Commercial systems for DNA and protein preparation

Kit

Application

Source

Gateway BP Clonase II
enzyme mix

Gateway LR Clonase II
enzyme mix

Protein Assay

SuperSignal West Pico
PLUS Chemiluminescent
Substrate

QIAPrep Spin
Miniprep/Maxiprep kit
QIAquick Gel Extraction
kit

QIAquick PCR
Purification kit

BP Gateway cloning reaction

LR Gateway cloning reaction

Thermo Scientific

Thermo Scientific

Bradford determination of solubilised

protein concentration

HRP substrate for western blot signal

detection

Isolation of E. coli plasmid DNA

Biorad

Thermo Scientific

Quiagen

Purification of DNA from agarose gels  Quiagen

Purification of PCR product

Quiagen
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2.8 Software and databases

The listed software and databases were used to store, record, analyse and visually represent

data of this work.

Table 11: Use and source of software and databases.

Software Implementation Source
(PEI and
Al2CO Protein residue conservation analysis GRISHIN,
2001)
Acrobat Pro PDF data processing Adobe
Chimera 1.12 Molec1.11ar structure visualisation and UCSF
analysis
CLC Main Workbench . .
701 Sequence data processing Quiagen
Clustal Omega Multiple sequence alignment EMBL
DigitalMicrograph Electrc?n microscope control and image Gatan
analysis
Epson Scan Western blot raw data digitisation Epson
Fiji Image processing and analysis (SCHINDELIN
! gep & y et al., 2012)
FileMaker Pro Advanced .
Database management Claris
17.0.2
Gene tools Agarose gel documentation Syngene
.. . . .. (XIE et al.,
PS-Lipid Palmitoylat dict
GPS-Lipi almitoylation prediction 2016)
GraphPad Prism 5 Data visualisation and statistics Statcon
(GAUTIER

HeliQuest

Illustrator CS6

Imaris 8.2.1

IMOD 4.10

JPred 4

Leica Application Suite X
2.0

MAPS 10.3

«-helix property prediction

Data visualisation and layout processing
Microscopy image analysis

3D biological data processing and
visualisation

Protein secondary structure prediction

Fluorescence microscopy image acquisition

Microscopy data processing, correlation
and navigation

et al., 2008)
Adobe
Bitplane

(KREMER et al.,
1996)

(DROZDETSKIY
etal., 2015)

Leica

Thermo
Scientific
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Software

Implementation

Source

Mendeley Desktop 1.17.13

MotionCor2 1.4

NetOGlyc 4.0

NIS Elements Advanced
Research 4.51

Office 365 Word/Excel
Pubmed

RELION 3.0

SerialEM
SnapGene Viewer 5.0.7
SPRINT-Gly

Tecnai imaging and
analysis

Tomography 5.1

Reference management

Beam-induced TEM motion correction

O-glycosylation prediction

Fluorescence microscopy image acquisition

and analysis

Text and numerical data processing

Literature database

Cryo-EM data processing

Cryo-ET acquisition
Sequence data processing

N-glycosylation prediction

Electron microscopy control and raw data

acquisition

Cryo-ET acquisition

Mendeley

(ZHENG et al.,
2017)

(STEENTOFT
et al., 2013)
Nikon

Microsoft
NCIB

(SCHERES,
2012)

(MASTRONARDE,
2005)

SnapGene

(TAHERZADEH
et al., 2019)

Thermo
Scientific
Thermo
Scientific
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Chapter 3

Methods

3.1 Bacterial cell techniques

3.1.1 Growth and storage conditions

For selection of single colonies, E. coli cells were grown on 1x lysogeny broth (LB) agar plates
(15 g/L agar; see Table 12) mixed with an appropriate antibiotic solution (1:1000 (v/v) see
Table 13) in an incubator (Heraeus B6) at 37 °C for 16-20 h. LB agar plates can be stored at

4 °C for several weeks.

Liquid cultures of E. coli cells were inoculated from single colonies and grown overnight
in 1x LB medium in the presence of an appropriate antibiotic (1:1000 (v/v) see Table 13). The
cells were grown at 37 °C (Innova 4000, New Brunswick Scientific) and shaken at 200 rpm for
16 h. For storage of freshly grown cultures, 600 L of cell culture were mixed with 600 uL

50 % (v/v) glycerol and stored in cryogenic tubes (1.8 mL CryoPure, Sarstedt) at —80 °C.

Table 12: LB medium composition

LB medium 10 g/L tryptone
5¢g/L yeast extract
5g/L NaCl
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Table 13: Antibiotic concentrations used for LB medium preparation

Antibiotic stock solutions 100 mg/mL ampicillin
15 mg/mL chloramphenicol (in EtOH)
25 mg/mL kanamycin
100 mg/mL streptomycin

3.1.2 Preparation of competent cells

3.1.2.1 Chemically competent cells

50 pL of the E. coli strain DH5a was spread on an agar plate and grown overnight without
antibiotics. A single colony was used to inoculate 10 mL of 1x LB medium. The cultures were
grown overnight at 37 °C (Innova 4000, New Brunswick Scientific) and shaken at 200 rpm.
2ml of E. coli DH5x was used to inoculate 200 mL of LB medium. The cultures were grown
to an ODg, of 0.43 at 37 °C and shaken at 200 rpm. Absorbance measurements were taken
on a spectrophotometer (SmartSpec Plus, BioRad). The cells were cooled on ice for 15 min
before centrifugation at 3,800 g for 5 min at 4 °C. The supernatant was removed and the cells
were resuspended in 60 mL ice-cold transformation buffer (TFB) 1 (see Table 14). The cells
were centrifuged again at 3,800 g for 5 min at 4 °C. The cell pellet was resuspended in 4 mL
of ice-cold TFB 2 (see Table 14) each. The cell suspension was then split into 100 uL aliquots,

snap-frozen in liquid nitrogen and stored at —80 °C.

Table 14: Transformation buffers for generation of chemically competent cells

TFB 1 (pH 5.8) 15 % (v/v) glycerol
10 mM CaCl,
30 mM KOAc
100 mM RbCl,
50 mM MnCl,
TFB 2 (pH 7.0) 15 % (v/v) glycerol
75 mM CaCl,
10 mM RbCl,
K-3-(N-morpholino)
10 mM propanesulfonic acid (MOPS)
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3.1.2.2 Electro-competent cells

Electro-competent cells were prepared fresh for each transformation. All tubes were kept on
ice during the entire process. The cells were centrifuged at 7,800 g for 30 s at 2°C. The
supernatant was discarded and the pellet was resuspended in 1 mL ice-cold H,O. For another
wash round, the cells were centrifuged at 9,600 g for 30 s at 2°C. The wash step was
repeated with 1 mL ice-cold H,O. The last centrifugation was performed at 11,600 g for 30 s
at 2°C. Subsequently, the supernatant was decanted and the cell pellet was resuspended in

the remaining H,O. The cells were used for electro-transformation immediately.

3.1.3 Transformation of competent cells

3.1.3.1 Heat-shock transformation

100 uL of chemically competent E. coli DH5a cells were thawed on ice. Appropriate amounts
of plasmid DNA (1 pg - 50 ng) were added and incubated on ice for 30 min. Cells were
subjected to a heat shock at 42 °C for 45 s and subsequently incubated on ice for 5 min. 750
uL of LB medium was added and cells were grown for 1 h at 37 °C and shaken at 350 rpm.
The cells were pelleted by centrifugation for 3 min at 800 g. The medium was discarded and
the pellet was resuspended in 50 uL LB medium. Varying volumes of the cell suspension were

plated on LB agar plates containing an appropriate antibiotic and grown for 16 h at 37 °C.

3.1.3.2 Electro-transformation

50 uL of electro-competent cells were mixed with plasmid DNA destined for transformation.
The cells were transferred to an electroporation cuvette (Gene Pulser Cuvette, 0.1 cm electrode
gap). The cells were pulsed with a single pulse at 1.8 kV (MicroPulser Electroporator, BioRad)
before adding 600 uL of ice-cold LB medium. The cells were left to recover on ice for 5 min
before they were grown for 1 h at 37 °C and shaken at 350 rpm. The cells were centrifuged at
800 g for 3 min. 550 uL of supernatant were removed and the cell pellet was resuspended in
the remaining 50 uL of LB medium. The cells solution was plated on LB-agar plates containing

an appropriate antibiotic.
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3.1.4 Red recombination

A pre-culture of the appropriate E. coli strain (GBred gyr A462; GBO5 red) was grown
overnight at 37 °C for 16 h and shaken at 200 rpm. 1.4 mL of fresh LB medium containing
100 pg/mlL streptomycin was inoculated with 30 pL of cell culture and grown in a
thermomixer (ThermoMixer comfort, Eppendorf) at 37 °C for 2 h at 850 rpm. The cells were
induced with 0.35 % (w/v) L-arabinose for 50 min before following the steps for making
them electro-competent (as described in Section 3.1.2.2). 500 ng of vector DNA and 500 ng
of ccdB-amp cassette DNA with appropriate homologous regions for insertion into the region
of interest within the vector DNA were added into the electro-competent cell suspension. The

cells were then transformed by electroporation (as described in Section 3.1.3.2).

3.2 Mammalian cell techniques

3.2.1 Maintenance and cell line passage

Mammalian cell culture techniques were performed under sterile conditions within class II
biological safety cabinets (Herasafe KS 12, Thermo Scientific). Cells were grown in adherent
monolayers on polystyrene tissue culture dishes (Sarsted; Thermo Scientific) in dulbecco’s
modified eagle medium (DMEM) (Gibco DMEM, high glucose, pyruvate, Thermo Scientific)
supplemented with 10 % (v/v) fetal calf serum (FCS) (FCS Superior, Merck) and 1 % (v/v)
penicillin/streptomycin solution (final 1000 U/mL penicillin and 1 mg/mL streptomycin,
Pan-Biotech). All cells were grown at 37 °C in CO, incubators (Heraeus BBD 6220, Thermo
Scientific) at 5 % (v/v) CO,.

The cells were passaged at at 80-90 % confluency. First, the growth medium was removed
and the cell monolayer was washed once with phosphate buffered saline (PBS) (Table 15).
Next, the cells were covered with trypsin/EDTA solution (0.05 %, 0.02 % (v/v) in PBS, Pan-
Biotech) and incubated for 15 min at 37 °C until all cells were detached. The trypsin solution
was inactivated by addition of 1:1 (v/v) growth medium. The cell number was determined
using a counting chamber (Neubauer Improved, Marienfeld). To distinguish between living
and dead cells the cell suspension was mixed with trypan blue solution (0.15 % (w/v) trypan
blue, 0.85 % (w/v) NaCl). The mixture was added onto the cell chamber and the cell number

was counted in 4 squares under a light microscope (Leica DMIL). The total number of cells per
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mL was given by the following formula:

ted cells
cells/mL = counted ce x dilution factor x 10% (D
number of counted squares

The inactivated cell suspension was transferred to a 50 mL reaction tube (Sarstedt) and

centrifuged at 670 g (Heraeus Multifuge 3S-R, Thermo Scientific) for 3 min.

Table 15: Phosphate buffered saline composition

PBS (pH 7.0) 140 mM NaCl
3 mM KCl
5 mM Na,HPO,
1.5 mM KH,PO,

3.2.2 Cryopreservation and re-cultivation

To store cells for later use, the cells were detached by trypsinisation (Section 3.2.1). After
centrifugation, the cells were resuspended in FCS + 10 % DMSO (v/v). The cell suspension
was stored in 1 mL aliquots in cryogenic tubes (1.8 mL CryoPure, Sarstedt). To achieve a
cooling rate of 1°C/min the tubes were stored in a freezing container (Mr. Frosty, Thermo

Scientific) and kept at —80 °C.

Re-cultivation of a cell strain was achieved by thawing the cells in a water bath (GFL
Gesellschaft fiir Labortechnik) at 37 °C. 1 mL of thawed cell suspension was diluted by addition
of 20 mL pre-warmed culture medium. The cells were plated on a 15-cm culture dish and
incubated at standard conditions (as described in Section 3.2.1) overnight. The following
day the culture medium was replaced and cells were passaged as soon as they reached 90 %

confluency.
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3.2.3 Transfection

3.2.3.1 Transfection of viral genomes

A 6-cm cell culture dish was seeded with 1.8 x 10® H1299 cells. 20 ug of p15A plasmid DNA
(prepared as described in Section 3.4.1) containing the viral genome were digested with the
restriction enzyme Swal for 5 h at 25 °C. The linearised viral genomic DNA was precipitated
by addition of isopropanol. After wash and resuspension, the DNA was digested with Pacl at
37 °C overnight. The following day, 8 ug of digested genomic DNA were mixed with DMEM to
a final volume of 500 pL in a 1.5 mL reaction tube (Sarstedt). A second reaction tube was filled
with 20 uL Lipofectamine 2000 Transfection Reagent (Thermo Scientific) and adjusted to a
total volume of 500 mL with DMEM. The content of both tubes was mixed and incubated for 20
min at room temperature. Meanwhile, the H1299 cells were washed with DMEM once, before
adding 600 pL. DMEM. The Lipofectamine 2000/DNA mixture was added drop-wise onto the
cells. The cells were then incubated for 6 h at 37°C and 5 % CO,. Within the incubation
period the cell medium was mixed by swirling it hourly. After 6 h the medium was preplaced

by full culture medium.

3.2.3.2 Transfection of plasmid DNA

A 6-cm cell culture dish was seeded with 2.5 x 10° H1299 cells. A polyethylenimine (PEI) stock
solution was prepared in H,O (1 mg/mL, pH 7.2 adjusted with HCI) and filter sterilised (0.45
nm pore size, Millex-GP). 1 pg of plasmid DNA (prepared as described in Section 3.4.1) was
added to 500 upL DMEM in a 1.5 mL reaction tube. The PEI stock solution was added to the
tube to a final DNA:PEI ratio of 1:10 (w/w). The solution was vortexed once and centrifuged
down briefly. After 15 min incubation at room temperature the DNA-PEI mix was added onto
the H1299 cells, which were washed with DMEM once. The cells were incubated for 5 h at
37°C and 5 % CO,. After the incubation period, the cell medium was replaced by full culture

medium.
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3.2.4 Generation of stable expression cell lines

3.2.4.1 Generation of recombinant lentivirus particles

A 10-cm cell culture dish was seeded with 5 x 10® human embryonic kidney (HEK) 293T
cells. The cells were co-transfected with plasmids encoding for the gene of interest as well as
the envelope and packaging proteins (pCMV-VSV-G; pGagPol; pRev). All plasmid DNA
together with CaCl, was prepared in water (see Table 16). The transfection solution is mixed
dropwise to final ratio 1:1 (v/v) with 2x precipitation buffer (see Table 17) under constant
aeration and incubated for 15 min at room temperature. The cell culture medium was
removed and replaced by DMEM mixed with 25 uM (w/v) chloroquine. DNA solution was
added to the medium and swirled gently. After 8-12 h the medium was replaced by fresh
DMEM supplemented with 10 % (v/v) FCS, 1 % (v/v) penicillin/streptomycin and 20 mM
(w/v) 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). The medium containing
lentivirus particles was collected 24 hpi and 48 hpi and passed through a sterile filter (0.22
nm, Millex-GP). The filtered medium was either stored at 4 °C for prompt use or at —80 °C

for later use.

Table 16: Transfection solution composition

Transfection solution 20 ng/uL pGagPol
1 ng/pL pRev
0.4 ng/uL pCMV-VSV-G
20 ng/uL plasmid of interest
25 mM CaCl,

Table 17: Precipitation buffer composition

2x Precipitation buffer | 12 mM dextrose
50 mML HEPES
10 mM KCl
280 mM NaCl
1.5 mM NA,HPO,
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3.2.4.2 Transduction of mammalian cell lines with lentivirus vectors

A 6-well cell culture dish was seeded with 2 x 10° A549 cells per well. Per condition, cells
were covered by 1:1 (v/v) DMEM supplemented with 10 % (v/v) FCS, 1 % (v/v)
penicillin/streptomycin and 8 p.g/mL polybrene and lentivirus stock solution. The cells were
prompted for infection by centrifugation at 670 g (Heraeus Multifuge 3S-R, Thermo
Scientific) for 1 h. Afterwards, cells were incubated for 5 h at 37°C and 5 % (v/v) CO2 after
which DMEM supplemented with 10 % (v/v) FCS and 1 % (v/v) penicillin/streptomycin at a
ratio of 1:1 (v/v). The next day, the cells were transduced a second time according to the
procedure described above. Selection of cells was either achieved by subsequent addition of
hygromycin (500 pwg/mL) or selection of fluorescence markers by fluorescence-activated cell

sorting (FACS).

3.3 Adenovirus techniques

3.3.1 Infection of mammalian cells

HAAVS5 infection of mammalian cells was performed at a multiplicity of infection (MOI) of 1

ffu/cell. The correct virus stock amount was calculated according to the formula:

MOI (ffu/cell)

virus stock solution (uL) = number of cells x virs stock titre (Fiu/ul) (2)

After addition of the virus stock solution, cells were incubated in DMEM without FCS or
antibiotics for 1 h at 37°C and 5 % (v/v) CO2. Subsequently, DMEM supplemented with 10 %
(v/v) FCS and 1 % (v/v) penicillin/streptomycin was added to a final ratio of 1:1 (v/v) leading

to a final supplement concentration of 5 % (v/v) FCS and 0.5 % (v/v) penicillin/streptomycin.

3.3.2 Virus progeny production

New recombinant virus particles were produced in H1299 cells. A 10-cm culture dish of 90 %
confluent cells was transfected as described in Section 3.2.3.1 Alternatively, an existing virus
stock solution was used to infect H1299 cells. Upon visible cytopathic effects, the cells were

harvested by detaching them with a cell scraper (Sarstedt). The medium containing detached
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cells was collected in 15-mL or 50-mL reaction tubes (Sarstedt). For non-lytic recombinant
virus strains, the cells were centrifuged (Heraeus Multifuge 3S-R, Thermo Scientific) at 670 g
for 2 min and the cell pellet was resuspended in DMEM without FCS or penicillin/streptomycin
to concentrate the final virus stock solution. Virus particles were released from harvested cells
by three freeze-thaw cycles. The resulting cell debris was removed by centrifugation (Heraeus
Multifuge 3S-R, Thermo Scientific) at 3,400 g for 15 min. The supernatant was used to infect
a 15-cm cell culture dish of 90 % confluent A549 cells for another round of infection. After 5
passages the supernatant was stored as virus stock solution in 200-500 u.L aliquots in cryogenic
tubes (1.8 mL CryoPure, Sarstedt) at —80 °C. The virus particle titre in the virus stock solution

was determined via flow cytometry (as described in Section 3.3.3).

3.3.3 Titration of infectious particles

A 12-well cell culture dish was seeded with 2 x 10° A549 cells. The cells were infected in
triplicate with 20 pL of a serial dilution of virus stock solution at a range between 1072 and
107 After 24 h, the cells were washed once with PBS and detached by addition of
trypsin/EDTA solution (0.05 %, 0.02 % v/v in PBS, Pan-Biotech) and incubated for 15 min at
37°C. The detached cells were transferred to a 96-well plate (Greiner Cellstar, clear well
V-bottom) and pelleted by centrifugation (Heraeus Multifuge 3S-R, Thermo Scientific) at
3,400 g for 15 min. The supernatant was removed and the cells were fixed and permeabilised
in 100 % (v/v) methanol. The cells were washed and blocked with fluorescence-activated
cell sorting (FACS) buffer (1 % (v/v) FCS in PBS) twice and centrifuged at 3,400 g for 15
min after each wash step to discard the supernatant. Infected cells were incubated in 1:10
(v/v) primary mouse B6-8 anti-DBP antibody (REICH et al., 1983) in FACS buffer for 1 h.
Afterwards the cells were washed with FACS buffer twice. The cells were incubated in
1:1000 (v/v) secondary anti-mouse Alexa Fluor 488 antibody (Invitrogen) in FACS buffer for
45 min. The cells were washed once, resuspended in FACS buffer and transferred to 5-mL
round bottom tubes (Falcon, cell strainer cap). The percentage of live, individual fluorescent
cells in the population was determined by flow cytometry on a LSRFortessa cell analyzer (BD

Biosciences). The titre of the virus stock solution was calculated according to the formula:

no. fluorescent cells

(ffuw) x dilution factor

s tit 1) = no. total cells 3
virus titre (ffu/uL) volume of virus stock used for infection (uL) (3)
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3.3.4 \Virus release growth curves

A 12-well cell culture dish was seeded with 1.5 x 10° A549 cells. The cells were infected in
triplicate with HAdVS5 strains of interest at an MOI of 1 ffu/cell. The supernatant medium
was carefully collected at 0, 24, 48, 72 and 96 hpi and stored at —80 °C. The virus titre in the

supernatant from all time points was determined (as described in Section 3.3.3).

3.3.5 Purification of virus particles

Virus particles were purified from virus stock solution (stock made as described in Section
3.3.2). A single CsCl, gradient (1.25 g/cm®/4.4 g/cm®) was established by filling a 13.5-mL
ultracentifugation tube (open top, polypropylene, Beckman Coulter) with 4.4 mL of 2.15M
CsCl,. The first CsCl, layer was under-filled with 3.6 mL of 3.68 M CsCl,. The virus stock
solution was pipetted onto the CsCl, gradient and separated by densities by ultracentrifugation
at 104,000 g for 3 h at 18°C (Optima L-90K Ultracentrifuge, Beckman Coulter). The band
corresponding to purified virus particles was extracted from the ultracentrifugation tube by
puncturing the tube from the side and removing the solution with a 5 mL syringe (Sarstedt).

The virus particles were split in 50 pL aliquots and stored at —80 °C.

3.4 Nucleic acid techniques

3.4.1 Plasmid isolation

Liquid E. coli cell cultures were grown overnight (as described in Section 3.1.1). For small scale
analytic purposes, 1 mL of cell culture were pelleted in a 1.5-mL reaction tube (Eppendorf)
by centrifugation at 12,000 g for 30 sec at 4 °C (centrifuge 5417R, Eppendorf). Alkaline lysis
was performed using commercially available buffers P1, P2 and P3 (Qiagen). The pellet was
resuspended in 350 pL P1, cells were lysed by addition of 300 uL P2 and the reaction was
neutralised by addition of 300 p.L. P3. Cell debris was removed by centrifugation at 12,000 g for
15 min at 4 °C. The 750 pL of the supernatant was transferred to a new 1.5-mL reaction tube
and mixed with 600 uL 100 % (v/v) isopropanol. NaOAc was added to a final concentration
of 15 mM. The precipitated DNA was pelleted by centrifugation at 12,000 g for 15 min at
room temperature. The DNA pellet was washed once with 75 % (v/v) ethanol (EtOH) and

centrifuged at 20,000 g for 10 min at room temperature. Subsequently, the supernatant was
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removed by aspiration and the DNA pellet was dried at 37 °C for 5 min. The DNA pellet was

rehydrated in H,O and the DNA concentration was determined (as described in Section 3.4.2).

For large scale plasmid DNA isolation 250 mL of cell culture were pelleted by
centrifugation at 4,000 g for 15 min at 4 °C (Aventi J-E, Beckman Coulter). The supernatant
was discarded and plasmid DNA was extracted from the cell pellet according to the
manufacturer’s instructions using a QIAPrep Spin Maxiprep kit (Qiagen). The DNA was
rehydrated overnight in 200 uL 10 mM TRIS/HCL (pH 8.0) and the DNA concentration was

determined (as described in Section 3.4.2).

3.4.2 Quantification of DNA concentration

DNA concentration and quality were assessed using a microvolume spectrophotometer
(NanoDrop 1000, Thermo Scientific). The optical density (OD) at 280 nm was measured and
used to determine the nucleic acid concentration. Quality control was performed by
comparison between the OD at 260 nm and 280 nm, which should have a ratio of 1.8 for

DNA.

3.4.3 Agarose gel electrophoresis

Agarose gels were prepared by dissolving 0.8 — 2 % (w/v) agarose (Seakem LE agarose,
Biozym) in TBE buffer (see Table 18) and heating it to boiling temperature. The dissolved
agarose solution was left to cool, mixed with 0.3 p.g/mL ethidium bromide and poured into
appropriate gel chambers (PerfectBlue gel system, Peqlab). The gel was covered by TBE
buffer and DNA samples were mixed with 6x loading buffer (see Tables 19 & 20) to a 1x final
loading buffer concentration. PCR product or molecular cloning products were separated at
80 V (constant voltage). For restriction pattern analysis of HAdV5 bacmid DNA, the gel was
run at 15 V (constant voltage). For reference of DNA fragment length either 1 kbp DNA
ladder or 100 bp DNA ladder (New England Biolabs) was co-loaded with DNA samples of
interest. DNA bands were visualised by UV light irradiation (302 nm) on a UV table (GelVue
GVM20, Syngene) or UV transilluminator (G:Box System, Syngene). Images were recorded
using GeneTools Syngene software. For isolation of DNA bands of interest from agarose gels,
the desired bands were first excised from the gel using a scalpel. The weight of the gel pieces
was determined. DNA was extracted from gel pieces according to the manufacturer’s

instructions using a QIAquick Gel extraction kit (Qiagen).
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Table 18: Tris-borate-EDTA buffer composition

1x TBE buffer (pH 7.8) | 90 mM Tris/HCl
90 mM B(OH),
2mM EDTA

Table 19: DNA-loading buffer composition

6x loading buffer 0.25 % (v/v) bromophenol blue
0.25 % (v/v) xylene cyanol
50 % (v/v) glycerol
2% (v/v) 50x TAE buffer

Table 20: Tris-acetate-EDTA buffer composition

50x TAE buffer (pH 8.3) | 2 M Tris/HCI
1M B(OH),
50 mM EDTA

3.4.4 Polymerase chain reaction

Polymerase chain reaction (PCR) was performed to amplify DNA fragments of interest from
template DNA in vitro (SAIKI et al., 1988). The incorporation of additional nucleotides in the
amplification primer sequence allowed for introduction of single nucleic acid changes as well
as addition of linker or restriction enzyme sites. Reaction were run in 50 uL total volume per
PCR reaction tube (Biozym) including 15 ng template DNA, 1 unit Q5 High-Fidelity DNA
polymerase (New England Biolabs), 1x Q5 reaction buffer (New England Biolabs), 200 uM
dNTPs, 0.5 uM forward primer, 0.5 uM reverse primer and 3 % (v/v) DMSO. The
amplification reaction was performed in a thermal cycler (FlexCycler, Analytik Jena). After
initial denaturation at 98 °C for 30 sec, 40 cycles of denaturation, annealing and elongation
were performed. The double stranded DNA was denatured for 30 s at 95 °C, annealing was

performed for 30 sec at 56 °C and extension was performed at 72 °C for 1 min for each kbp
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fragment length. After 40 cycles, a final extension was performed for 5 min at 72 °C and the
reaction stopped by lowering the temperature to 4 °C. To test for positive PCR results, 1 uL of

reaction volume was separated on a 1.2 % (w/v) agarose gel (as described in Section 3.4.3).

3.4.5 Colony polymerase chain reaction

Individual E. coli colonies resulting from transformation of Red recombination DNA (as
described in Section 3.1.4) were probed for successful recombination product by colony PCR
prior to plasmid DNA isolation. The PCR reaction was performed using DreamTaq PCR
Master Mix (Thermo Scientific). Reactions were run in 30 pL total volume per PCR reaction
tube (Biozym) including 1x DreamTaq PCR Master Mix, 0.33 uM forward primer, 0.33 uM
reverse primer and E. coli cells (a pipette tip used to pick the colony was briefly submerged in
the reaction volume to add appropriate amounts of cells). After initial denaturation and lysis
of E. coli cells at 95°C for 3 min, 40 cycles of denaturation, annealing and elongation were
performed. The double stranded DNA was denatured by incubation for 10 s at 98°C. The
annealing temperature varied between 55°C and 70°C depending on the primer melting
temperature. Primers were left to anneal for 45 s. Extension was performed at 72°C for 1
min for each kbp fragment length. After 40 cycles, a final extension was performed for 10
min at 72°C and the reaction stopped by lowering the temperature to 4°C. PCR quality
control was achieved by separating the product on a 2 % (w/v) agarose gel (as described in

Section 3.4.3).

3.4.6 Restriction enzyme digestion

Target DNA was fragmented along palindromic nucleotide sequences using restriction
endonucleases (New England Biolabs). The reaction times and temperatures were chosen as
recommended in the enzyme-specific protocols by New England Biolabs. 0.5 - 10 u.g of target
DNA was incubated with 5 - 30 units of enzyme in appropriate NEBuffer (New England
Biolabs) in a thermomixer (ThermoMixer comfort, Eppendorf). In case of digestion with
multiple enzymes requiring the same reaction buffer, the reaction was performed
simultaneously. In case enzymes required different reaction buffers, digestions were run
sequentially, with isopropanol precipitation of DNA after the first digestion and resuspension
of DNA in the second buffer for the second restriction digestion. To validate the success of

the enzymatic digestion and/or to purify DNA fragments, the reaction volume was separated
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by gel electrophoresis (as described in Section 3.4.3).

3.4.7 Ligation of DNA fragments

Purified DNA digestion fragments with matching restriction overhangs were ligated using the
Rapid DNA Dephos & Ligation Kit (Roche). 50 ng destination vector was mixed with ligation
insert at a molar ratio of 1:3. 5 units of T4 DNA ligase were added and the ligation reaction
was performed in 1x rapid ligation buffer in a total reaction volume of 20 pL. All ligation
reactions were at 30 min at room temperature. 2 — 5 pL of reaction volume were used to

transform chemically competent E. coli DH5x cells (as described in Section 3.1.3.1).

3.4.8 Gateway cloning

Gateway cloning was performed to insert genetic material into vectors of interest based on
site-specific recombination (HARTLEY et al., 2000). As first step of the Gateway cloning process
the BP reaction was performed. The gene of interest was amplified by PCR (as described in
Section 3.4.4). The PCR primers contained attB sites to flank the gene of interest. The gene
was inserted into a donor vector by homologous recombination between the attB sites of the
PCR product and the attP sites of the donor vector. 10-75 ng PCR plasmid was mixed with 75
ng of donor vector and incubated in TE buffer (see Table 21). The reaction was catalysed by
the BP Clonase Il enzyme mix (Thermo Scientific) for 1 h at 25 °C. The reaction was terminated
by addition of 1 ug proteinase K (Thermo Scientific) and incubation for 10 min at 37°C. 1 pL
of the final reaction volume was used to transform E. coli DH5« chemically competent cells (as
described in Section 3.1.3.1). As second step of the Gateway cloning process the LR reaction
was performed. The gene of interest was inserted into the destination vector by homologous
recombination between the attL sites of the entry vector and the attR sites of the destination
vector. 25-75 ng of entry vector was mixed with 75 ng of destination vector and incubated in
TE buffer. The reaction was catalysed by the LR Clonase II enzyme mix (Thermo Scientific) for
1 h at 25 °C. The reaction was terminated by addition of 1 ug proteinase K (Thermo Scientific)
and incubation for 10 min at 37 °C. 1 pL of the final reaction volume was used to transform

E. coli DH5«x chemically competent cells (as described in Section 3.1.3.1).
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Table 21: Tris-EDTA buffer composition

TE buffer (pH 8.0) 2M Tris/HCl
1M EDTA-Na,

3.4.9 Sanger sequencing

Sequence quality control of purified plasmid DNA or PCR product was performed by Sanger
sequencing (SANGER et al., 1977). 500 — 1200 ng plasmid DNA or 400 ng PCR product were
mixed with 30 pmol of appropriate sequencing primer in a total volume of 15 uL. The
sequencing reaction was performed by Microsynth Seqlab (Goéttingen). The obtained
sequence data was analysed using CLC Main Workbench (Qiagen) or SnapGene Viewer

software (SnapGene).

3.5 Protein techniques

3.5.1 Preparation of whole-cell lysate

Cells were harvested by detaching them from the cell culture dish using a cell scraper
(Sarstedt) or trypsinisation (as described in Section 3.2.1). The cells were pelleted by
centrifugation at 670 g (Heraeus Multifuge 3S-R, Thermo Scientific) for 3 min, the
supernatant was discarded, the cells were washed with PBS once and centrifuged again. The
supernatant was discarded and the pellet was either stored at —20°C or directly used for
lysis. The cell pellet was resuspended in a suitable volume of ice-cold radio
immunoprecipitation assay buffer (RIPA) buffer (see Table 22) supplemented with 0.2 mM
phenylmethylsulfonyl fluoride (PMSF) (Sigma), 5 mg/mL aprotinin (Sigma), 1 mg/mg
pepstatin (Sigma) and 10 mg/mL leupeptin (Sigma) protease inhibitors and incubated for 30
min with intermittent vortexing steps every 10 min. Afterwards the cells were lysed by
sonication (Branson Sonifier 450, Branson) for 37.5 s at 0.8 pulses/s at 4°C. The protein
concentration in the whole-cell lysate was determined and normalised (as described in
Section 3.5.2). The lysate was either prepared for immunoprecipitation (IP) (as described in
Section 3.5.3) or directly prepared for SDS-PAGE separation (as described in Section 3.5.5).
In this case, the cell lysate was mixed with SDS loading buffer (see Table 23) to a final
concentration of 1x and boiled in a thermomixer (ThermoMixer comfort, Eppendorf) for 2

min at 95 °C. The denatured protein lysate was stored at —20 °C.

51 Pfitzner



CHAPTER 3. METHODS

Table 22: RIPA buffer composition

RIPA buffer 50 mM Tris/HCI (pH 8.0)
150 mM NaCl
5 mM EDTA
1% (v/v) nonidet P-40
0.1 % (w/v) SDS
0.5 % (v/v) sodium desoxycholate

Table 23: 5x SDS loading buffer composition

5x SDS loading buffer 100 mM Tris/HCI (pH 6.8)
200 mM dithiotreithol (DTT)
10 % (w/v) SDS
0.2 % (w/v) bromophenol blue
200 mM p-mercaptoethanol

3.5.2 Determination of protein concentration in whole-cell lysate

The protein concentration of whole-cell lysate preparations was determined via the Bradford
protein assay (BRADFORD, 1976). Per condition, 800 pL of diluted protein solution were
mixed with 200 pL of Bradford reagent (Protein assay dye reagent concentrate, BioRad) in a
semi-micro cuvette (Sarstedt). The solution was incubated for 5 min at room temperature
and the absorbance at 595 nm was measured using a spectrophotometer (SmartSpec Plus,
BioRad). First, a protein standard curve was established using BSA (New England Biolabs)
protein concentrations ranging from 1 pg/mL to 16 pwg/mL and absorbance values were
measured. Finally, 1 uL of protein lysate (prepared as described in Section 3.5.1) was diluted
in 799 uL H,0,4d and mixed with 200 pL Bradford reagent. After absorbance measurements,
the protein concentration per sample was interpolated from the absorbance values of the

standard curve.
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3.5.3 Immunoprecipitation of proteins of interest

Proteins of interest were enriched from whole-cell lysate in RIPA buffer (as described in
Section 3.5.1) by immunoprecipitation. The samples were pre-cleared by incubation with 50
uL pansorbin cells (Calbiochem) for 1.5 h at 10 rpm at 4°C in an overhead shaker (GFL,
Gesellschaft fiir Labortechnik) to reduce non-specific protein binding. Pansorbin solution
contains heat-killed, fixed Staphylococcus aureus cells displaying protein A on their surface.
Protein A has a high affinity for the fragment crystallisable (Fc) region of immunoglobulin G.
Prior to incubation in whole-cell lysate, the pansorbin suspension was washed three times
with RIPA buffer. The RIPA buffer was removed each time by centrifugation at 3,800 g for 3
min at 4°C (centrifuge 5417R, Eppendorf). In parallel, per condition, 3 mg lyophilised
protein A-sepharose beads (Sigma Aldrich) were re-hydrated in RIPA buffer for 30 min at 10
rpm at 4°C. Afterwards they were washed three times with RIPA buffer with intermittent
centrifugation at 600 g for 3 min at 4°C. Appropriate amounts (Section 2.5.1) of antibody
were bound to the protein A-sepharose beads by incubation for 2 h at 10 rpm at 4°C. All
non-bound antibody was removed by three wash steps with RIPA buffer and the beads were
resuspended in 100 pl RIPA buffer. Subsequently, the pansorbin cells were sedimented by
centrifugation at 3,800 g for 3 min at 4 °C and the supernatant was transferred to the protein
A-sepharose beads. Antibody binding to proteins of interest in the protein supernatant was
performed for 2 h at 10 rpm at 4°C. Subsequently, the beads were sedimented by
centrifugation at 600 g for 3 min at 4°C and the supernatant was discarded. Non-specific
proteins still bound to the beads were removed by 3 wash steps in RIPA buffer with
intermittent centrifugation at 600 g for 3 min at 4 °C. Finally, the beads were resuspended in
10 pL 2x SDS loading buffer (see Table 24) and boiled for 5 min at 95 °C in a thermomixer
(ThermoMixer® comfort, Eppendorf) to elute all specifically bound protein. The denatured

protein-bead solution was stored at —20 °C for later use.

Table 24: 2x SDS loading buffer composition

2x SDS loading buffer 40 mM Tris/HCI (pH 6.8)
80 mM DTT
4% (w/v) SDS
0.08 % (w/v) bromophenol blue
80 mM p-mercaptoethanol
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3.5.4 Preparation of purified virus lysate

Virus particles were purified (as described in Section 3.3.5). Purified virus particles in CsCl,
were fixed by addition of PFA to a final concentration of 4 % (v/v) and incubated for 20
min at room temperature. The protein concentration was determined using a microvolume
spectrophotometer (NanoDrop 1000, Thermo Scientific) measuring the absorbance at 280 nm.
Appropriate amounts of virus solution were mixed with 5x SDS loading buffer (see Table 23)
to a final buffer concentration of 1x and heated in a thermomixer (ThermoMixer comfort,

Eppendorf) at 95 °C for 3 min. The denatured virus lysate was stored at —20 °C.

3.5.5 Protein separation by sodium dodecyl sulphate polyacrylamide gel

electrophoresis

Denatured proteins were separated according to their molecular weight by SDS PAGE
(LAEMMLI, 1970). Negatively charged SDS molecules in the running buffer surround
denatured proteins, giving them a comparable charge-to-mass ratio. The proteins were run
on discontinuous gels comprised of a stacking gel (see Table 25) to condense proteins in a
sharp band and a resolving gel to separate proteins based on their molecular weight.
Depending on the size of the proteins of interest varying acrylamide concentrations were
used (see Tables 26 & 27). Electrophoresis was performed at 20 mA (constant current) in

TGS buffer (see Table 28) in vertical electrophoresis system (Multigel SDS-PAGE system,

Biometra).
Table 25: Stacking gel composition
. 30 % acrylamide/bisacrylamide stock
0, 0,
5 % stacking gel 17% (v/v) solution (Rotiphorese gel 30, Roth)

120 mM Tris/HCI (pH 6.8)

0.1 % (w/v) SDS

0.1 % (w/v) APS

0.1 % (v/v) TEMED

0.01 % (w/v) bromophenol blue
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Table 26: SDS-PAGE 10 % resolving gel composition

g s e e s
250 mM Tris/HCI (pH 8.8)
0.1 % (w/v) SDS
0.1 % (w/v) APS
0.04 % (v/v) TEMED

Table 27: SDS-PAGE 15 % resolving gel composition

s rivng | s e e mideso
250 mM Tris/HCI (pH 8.8)
0.1 % (w/v) SDS
0.1 % (w/v) APS
0.04 % (v/v) TEMED

Table 28: Tris-glycine-SDS buffer composition

TGS buffer 25 mM Tris
200 mM glycine
0.1 % (w/v) SDS

3.5.6 Coomassie stain detection

To detect all proteins separated on a polyacrylamide gel, it was stained using Coomassie Blue
stain (see Table 29). The gel was submerged in stain and heated for 30 s in a microwave at
maximum power. All non-protein-bound stain was removed by submerging the gel in
destaining solution (see Table 30) and heating it for 30 s in a microwave at full power.
Afterwards the gel was incubated in the heated destaining solution for 30 min. Finally, the

gel was fully destained in H,O overnight.
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Table 29: Coomassie blue stain composition

Coomassie blue stain 40 % (v/v) isopropanol
10 % (v/v) glacial acetic acid
0.1 % (w/v) Coomassie brilliant blue

Table 30: Coomassie destaining solution composition

Coomassie destaining 95

0, .
solution % (v/V) isopropanol

10 % (v/v) glacial acetic acid

3.5.7 Western blot detection

To detected specific proteins of interest on a polyacrylamide gel, a western blot was
performed. All separated proteins were transferred from the polyacrylamide gel to a
nitrocellulose membranes (Amersham Protran 0.45 pum, GE healthcare) or PVDF membranes
(Immobilon 0.2 um, Merck) for immobilisation and subsequent immunodetection. Proteins
were transferred by wet blotting in a blotting cassette (Trans-Blot electrophoretic transfer
cell, Biorad) in Towbin buffer (see Table 31) at 400 mA (constant current) for 75 min. To
prevent non-specific antibody-binding to the membrane, it was blocked in 5 % (v/w) non-fat
milk (Frema) in PBS overnight on an orbital shaker (3011 Analogue Orbital Rocking Motion
Shaker, GFL) at 4 °C. Subsequently, the membrane was washed three times with PBS-T (0.1
% (v/v) polysorbate (Tween) 20 in PBS) for 5 min on an orbital shaker. Primary antibodies
were diluted in PBS-T to appropriate concentrations (see Section 2.5.1) and proteins of
interest were bound to their respective antibody by incubation for 2 h on an orbital shaker at
4°C. After primary antibody incubation, the membrane was washed three times with PBS-T
for 5 min. Secondary /glsHRP-coupled antibodies (see Section 2.5.2) were diluted in PBS-T
at a ratio of 1:10,000 (v/v) and supplemented with 3 % (w/v) non-fat milk. The membrane
was incubated in secondary antibody suspension for 45 min on an orbital shaker at 4°C.
After three wash steps in PBS-T for 5 min the membrane was incubated in chemiluminescent
substrate (SuperSignal West Pico PLUS, Thermo Scientific) mixed with H,0, at a ratio of 1:1

(v/v) for 2 min at room temperature. HRP is catalysing the chemiluminescence reaction
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based on luminol in the substrate. Chemiluminescence was detected on medical X-ray film
(RP new, CEA) in a dark room by varying exposure (2 sec — 16 h) of the X-ray film to the
membrane and subsequent development (GBX developer and replenisher, Kodak). Protein
signal on X-ray film was digitalised using a scanner (Epson Perfection 4490 Photo, Epson)

and visualised on Illustrator CS6 (Adobe) software.

Table 31: Towbin transfer buffer composition

Towbin buffer 25 mM Tris/HCI (pH 8.3)
100 mM glycine
0.5 % (W/v) SDS
20 % (v/v) methanol

3.6 Imaging techniques

3.6.1 Live-cell fluorescence microscopy

Cell culture dishes (u-Dish 35 mm, glass bottom, ibidi) were coated with 1 % (v/v)
fibronectin (Sigma Aldrich) for 40 min. Cells were seeded at varying densities (0.5 x 10° -
2 x 10°), infected with HAdVS5 strains of interest (as described in Section 3.3.1) and imaged
at appropriate time points (16 — 72 hpi). Images were recorded using two microscope
systems. For fast imaging of a large region of interest (ROI) at low sample irradiation an
inverted confocal spinning-disk microscope (Nikon Eclipse Ti-2 stand, Yokogawa CSU-W1
spinning disk, 2x Andor888 EM-CCD camera, Nikon 100x oil-immersion numerical aperture
(NA) 1.49 objective) equipped with a heating chamber at 37°C and 5 % (v/v) CO, was used.
For higher resolution images of smaller ROIs an inverted confocal scanning laser microscope
(Nikon A1R HD25, Nikon 60x oil-immersion NA 1.40 objective) equipped with a heating
chamber at 37°C and 5 % (v/v) CO, was used. Images on both microscopes were recorded
using Nikon NIS-Elements software. Further image processing was performed in Fiji
(SCHINDELIN et al., 2012), Imaris (Bitplane) or NIS-Elements (Nikon). Colocalisation
quantification of fluorescence signal was performed using the Fiji JaCoP colocalisation plugin
(BoLTE and CORDELIERES, 2006). Statistical significance was calculated using the unpaired

Student’s t-test. Manual image segmentation was done in NIS Elements Advanced Research
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(Nikon) using a touchscreen tablet (Cintiq 16, Wacom).

For live-cell imaging of cells destined for plunge freezing (as described in Section
10.6.8), an inverted widefield microscope (Leica DMi8; 20x air NA 0.4 objective, Lumencore
Sola SE FISH 365 LED-lightsource, filter cubes including 480/50 nm excitation and 527/30
nm emission for green fluorescent protein (GFP) and 560/40 nm excitation and 630/75 nm
emission for mCherry) equipped with a heating chamber at 37°C and 5 % (v/v) CO, was
used. Images on the Leica widefield microscope were recorded using Leica LASX software.

Further image processing was performed in Fiji (SCHINDELIN et al., 2012).

3.6.2 Immunofluorescence microscopy

Cell culture dishes (u-Dish 35 mm, glass bottom, ibidi) were coated with 1 % (v/v)
fibronectin (Sigma Aldrich) for 40 min. Cells were seeded at varying densities (0.5 X 10° -
2 x 10°), infected with HAdVS5 strains of interest (as described in Section 3.3.1) and prepared
at appropriate time points (24 — 48 hpi) for analysis of the localisation of proteins of interest.
First, the cells were washed in PBS and subsequently fixed. Fixation was achieved by
incubation in 4 % (v/v) PFA in PBS for 20 min at room temperature or incubation in 100 %
(v/v) methanol for 20 min at —20 °C. In case of PFA fixation, the cells were quenched with
25 mM NH,4CI for 10 min, washed in PBS for 5 min and permeabilised with 0.5 % (v/v)
Triton X-100 for 10 min. Since methanol fixation also permeabilises the cells these steps
were not necessary. After two wash steps in PBS for 5 min, the cells were blocked with 1x
TBS-BG buffer (see Table 32) for 10 min to reduce non-specific antibody binding and washed
three times for 5 min with PBS again. Primary antibodies were prepared at appropriate
concentrations (see Section 2.5.1) in PBS and the cells were incubated in primary antibody
suspension on an orbital shaker (3011 Analogue Orbital Rocking Motion Shaker, GFL) for 1 h
at room temperature. Secondary antibodies were prepared at appropriate concentrations
(see Section 2.5.2) After three wash steps for 5 min in PBS the cells were incubated in
secondary antibody suspension containing 0.05 % (v/v) Hoechst 33342 in the dark on an
orbital shaker for 30 min at room temperature. Images were recorded on an inverted
confocal scanning laser microscope (Nikon A1R HD25 equipped with a Nikon 60x
oil-immersion NA 1.40 objective). Images on the Nikon laser scanning microscope were
recorded using the Nikon NIS-Elements software. Further image processing was performed
in Fiji (SCHINDELIN et al., 2012). Colocalisation quantification of fluorescence signal was

performed using the Fiji JaCoP colocalisation plugin (BOLTE and CORDELIERES, 2006).
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Statistical significance was calculated using the unpaired Student’s t-test. Manual image
segmentation was done in NIS Elements Advanced Research (Nikon) using a touchscreen

tablet (Cintiq 16, Wacom).

Table 32: IF TBS-BG buffer composition

TBS-BG buffer 100 mM Tris/HCI (pH 7.6)
685 mM NaCl
15 mM KCl
7.7 mM MgCl,
0.25 % (v/v) polysorbate (Tween) 20
0.25 % (w/v) NaN,
25 mg/mL BSA fraction IV (Roche)
333 mM glycine

3.6.3 Fluorescence recovery after photobleaching

Cell culture dishes (u-Dish 35 mm, glass bottom, ibidi) were coated with 1 % (v/v) fibronectin
(Sigma Aldrich) for 40 min. 0.5 x 10° A549 cells were seeded and infected with HAAV5 pIX-
mCherry and HAdV5 pV-mCherry (as described in Section 3.3.1) and selected for fluorescence
recovery after photobleaching (FRAP) analysis at 48 hpi. FRAP imaging was performed on
an inverted confocal scanning laser microscope (Nikon A1R HD25, Nikon 60x oil-immersion
NA 1.40 objective) equipped with a heating chamber at 37 °C and 5 % (v/v) CO,. Stimulated
image acquisition was performed using the Nikon NIS-Elements software. Three different ROIs
of 1 um diameter were selected. The stimulation ROI (A) marked the area of laser stimulation
containing protein signal, the reference ROI (R) marked a non-stimulated area containing
protein signal and the background ROI (BG) marked a non-stimulated area not containing any
protein signal. The experimental sequence consisted of acquisition for 10 s, a laser pulse at the
stimulation ROI at 561 nm excitation and 120 sec of subsequent acquisition for 2 min. Relative
fluorescence intensities (I) were calculated according to the following procedure: Background

correction of stimulation and reference ROIs:

Acorrectedl(t) =A(t)—B(t) @
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Rcorrectedl(t) =R(t)—B(t) (5)

Reference correction of stimulation ROI:

Acorrectedl(t)

A d2(t) = ©)
correcte Rcorrectedl(t)
Normalisation of stimulation ROI pre-bleach level:
A (t)
Acorrected:%(t) = corrected? (7)

AcorrectedZ (pre'bleaCh)

Mobile fractions were calculated by curve fitting the signal intensities after bleaching in Fiji.

Assuming exponential recovery described by:

y=ax(1—e_bxx)+c 8)

with a being a slowly recovering fraction ¢ being a rapidly diffusion fraction b being the

recovery rate The fraction of mobile protein is given by:

fmobile =a+tc (9)

3.6.4 (lassical transmission electron microscopy

3.6.4.1 TEM of purified virus particles

Virus particles were purified (as described in Section 3.3.5) and fixed by addition of
paraformaldehyde (PFA) to a final concentration of 4 % (v/v) and incubation for 20 min at
room temperature. Copper-coated grids (200 mesh, Plano) were glow-discharged (Q150R
ES Plasma cleaner, Quorum Technologies) for 1 min. Virus particles were absorbed to the
grids by covering the carbon grid surface with a drop of diluted (1:10 (v/v) in PBS) virus
suspension for 5 min. Subsequently, the grid was washed 3 times by sequentially covering
the carbon grid surface by a drop of H,0. Excess liquid was removed by touching the side of
the grid to filter paper (Grade 1 Qualitative Filter Paper, Whatman). Virus particles were

negatively stained by covering the carbon grid surface with a drop of 2 % (w/v) uranyl
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acetate for 3 s. Excess liquid was removed again by touching the side of the grid to filter
paper after which the grids were air-dried for 5 min at room temperature. Particles were
imaged with a transmission electron microscope (CM120, Philips) equipped with a LaB6

cathode operated at 80 kV and CDD camera (MultiScan 794, Gatan).

3.6.4.2 TEM of ultra-thin sections of resin-embedded cells

Cell culture dishes (u-Dish 35 mm, high Grid-500, ibidi) were seeded with 0.5 x 10° A549
cells, infected with varying HAdV5 strains and prepared at 48 hpi for TEM imaging. For
correlative analysis, the cells were imaged on an inverted confocal spinning-disk microscope
(as described in Section 3.6.1) directly before TEM preparation. First, the cells were washed
with PBS and fixed by incubation in 2.5 % (v/v) glutaraldehyde in PBS at 4°C overnight.
The cells were washed twice in PBS for 10 min and stained with 1 % (w/v) OsO, in PBS for
20 min. After two wash steps in PBS and one wash step in H,O for 10 min each the cells
were incubated in 1 % (w/v) uranyl acetate solution for 20 min. After two wash steps in H,O
for 10 min, the cells were sequentially dehydrated in 50 %, 70 %, 90 % and 100 % (v/v)
EtOH solution for 10 min each. Final dehydration in 100 % (v/v) EtOH was repeated three
times before cells were embedded in epoxy resin (see Table 35) (LUFT, 1961) by incubation
with 1:1 (v/v) EtOH/epoxy for 30 min on a rocking platform (MR-1, Biosan), followed by
incubation in 3:7 (v/v) EtOH/epoxy overnight. Afterwards, cells were incubated in 100 %
(v/v) epoxy resin for 6 h before polymerisation at 60 °C for 48 h. Polymerised cells of interest
were removed from the cell culture dish by a 6 mm disk punch (hollow punches twinnable,
Hoffmann) and mounted onto an epoxy resin stub using epoxy glue (UHU PLUS Endfest 300,
UHU). Rough trimming was performed using a scalpel to generate a flat-top pyramid with 4
sides at approximately 30° angles. 170 pm of the ibidi polymer culture dish layer on the face
of the flat-top pyramid was removed by serial sectioning on an ultramicrotome (Leica
Ultracut EM UCT, Leica Microsystems, Austria). The area of the pyramid block-face was
further reduced by removing the access material with a scalpel. The pyramid was transferred
back to the ultramicrotome and ultra-thin (~50nm) sections were cut. Carbon-coated copper
grids (200 mesh, Plano) were washed in 100 % (v/v) EtOH and left to dry. The ultra-thin
resin sections were collected on grids and post-contrasted with saturated uranyl acetate
solution in 70 % (v/v) EtOH for 7 min, thoroughly washed in a running stream of H,O, dried
on filter paper (Grade 1 Qualitative Filter Paper, Whatman) and finally imaged on a

transmission electron microscope (CM120, Philips) equipped with a LaB6 cathode operated
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at 80 kV and CDD camera (MultiScan 794, Gatan).

Table 33: Epon I resin composition

Epon I 44 % (w/w) glycid ether 100 (Epon 812)

(2-Dodecen-1-yl)succinic anhydride

56 % (w/w) (DDSA)

Table 34: Epon II resin composition

Epon II 53.6 % (w/w) glycid ether 100 (Epon 812)

1-Methyl-5-norbornene-2,3-dicarboxylic

0,
46.4 % (wW/w) acid anhydride (MNA)

Table 35: Epoxy resin composition for embedding of cells

Epoxy resin 27.4 % (w/w) Epon I (see Table 33)
71.3 % (w/w) Epon II (see Table 34)

2,4,6-Tris(dimethylaminomethyl)-phenol

1.3 % (w/w) (DMP-30)

3.6.5 3view block-face scanning electron microscopy

3.6.5.1 OTO contrasting and PLT dehydration

A culture dish (u-Dish 35 mm, high Grid-500, ibidi) was seeded with 1 x 10> A549 cells and
infected with varying HAdVS5 strains (as described in Section 3.3.1). The cells were fixed at
varying time-points by addition of 2 % (v/v) PFA and 2.5 % (v/v) glutaraldehyde (GA) in
PBS for 5 min at room temperature. The cells were further fixed by addition of 2 % (v/v)
PFA and 2.5 % (v/v) GA in PBS for 55 min 4 °C and washed with PBS for 1 min at room
temperature once. For correlation between light microscopy and electron microscopy,
z-stacks of fixed cells were recorded by confocal fluorescence microscopy (as described in
Section 3.6.1). Afterwards the cells were post-fixed in ice-cold 2 % (w/v) OsO, and 2.5 %
(v/v) GA in PBS for 30 min at 4°C. After 5 wash steps in ice-cold PBS, cells were stained

based on the osmium-thiocarbohydrazide-osmium (OTO) contrasting method (SELIGMAN
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et al., 1966). Each contrasting step was followed by 10 wash steps in H,O for 1 min at room
temperature. First, cells were contrasted with 2 % (w/v) OsO4, 1.5 % (w/v) potassium
ferrocyanide and 2 mM CaCl, in H,O for 1 h at room temperature. Then cells were
incubated in 0.5 % (w/v) thiocarbohydrazide for 10 min at room temperature. Afterwards
cells were contrasted again in 2 % (w/v) OsO, for 20 min at room temperature. Further
staining was achieved by incubation in 1 % (w/v) gallic acid for 10 min at room
temperature, 2 % (w/v) uranyl acetate overnight at 4 °C and Walton’s lead aspartate solution
(see Table 36) (WALTON, 1979) for 10 min at 60 °C. The cells were dehydrated according to
the progressive lowering of temperature (PLT) principle (CARLEMALM et al., 1982). First,
cells were incubated in 30 % (v/v) EtOH for 30 min at 0°C. Then, the EtOH concentration
was increased to 50 % (v/v) while lowering the temperature to —20°C for 30 min.
Afterwards the cells were incubated in 70 % (v/v) EtOH for 30 min at 20°C. The
temperature was further lowered to —35°C and cells were incubated in 100 % (v/v) EtOH
for 20 min. This step was repeated with fresh 100 % (v/v) EtOH for 20 min at —35 °C.
Finally, the cells were gradually embedded in epoxy resin (see Table 35). Cells were rocked
in 1:1 (v/v) EtOH/epoxy resin for 30 min at 4°C, followed by incubation in 1:1 (v/v)
EtOH/epoxy resin for 1 h at room temperature and 100 % (v/v) epoxy resin overnight at
room temperature. The next day, cells were incubated in polymerisation medium (see Table
37) for 6 h at room temperature. The medium was removed to a level that only a thin layer

was covering the cells and polymerisation was carried out for 48 h at 60 °C.

Table 36: Walton’s lead aspartate solution composition

Walton’s solution
(pH 5.5 with | 30 mM aspartic acid (pH 3.8 with KOH)
KOH)

20 mM PbNO,

Table 37: SEM charge-reducing epoxy resin composition for embedding of cells

polyfnerlsatlon 3% (w/v) silver particles
medium
Ketjenblack EC-600JD (Lion Specialty
0,
5% (w/v) Chemicals)
92 % (v/v) epoxy resin (see Table 35)
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3.6.5.2 Probe mounting and 3view imaging setup

Polymerised cells of interest were cut out of the culture dish with a heated scalpel and mounted
onto an epoxy resin stub using epoxy glue (UHU PLUS Endfest 300, UHU). Rough trimming
was performed using a high-speed milling system (Leica EM TRIM2, Leica) to generate a flat-
top pyramid with 4 sides at 45° angles. 160 pm of the ibidi polymer culture dish layer on
the face of the flat-top pyramid was removed by serial sectioning on an ultramicrotome (Leica
Ultracut EM UCT, Leica Microsystems, Austria). The area of the pyramid block-face was further
reduced to about 0.25 mm? by removing the access material with a scalpel. The top of the
pyramid was then cut away at a depth of about 1 mm and transferred to an aluminium stub
(3View SEM pin stub, Gatan). The sample block was attached to the stub by surrounding
the sides and bottom of the block by conductive silver epoxy resin (CircuitWorks Conductive
Silver Epoxy, Chemtronics). The silver epoxy was polymerised overnight at 60 °C and the
sides of the pyramid were fine-trimmed to retain a thin silver epoxy layer covering the sample.
As final step to increase conductivity of the sample surface, it was sputter-coated with a 8
nm layer of gold. The sample was then transferred to a serial block-face scanning electron
microscope (Jeol) equipped with a 3view stage (Gatan) operating at 3 keV. A biasing-charge
of 600 eV was applied to the stage to reduce charging effects of the sample during prolonged
image acquisition. The sample block-face was sequentially trimmed by 50 nm followed by
acquisition of scanning electron microscopy (SEM) images of the newly exposed surface using
DigitalMicrograph software (Gatan). The same software was used to align SEM image stacks
for generation of 3D volumes. Further image processing was performed in Fiji (SCHINDELIN
et al., 2012). Manual image segmentation was performed in IMOD software (KREMER et al.,

1996) using a touchscreen tablet (Cintiq 16, Wacom).

3.6.6 Electron cryo-tomography

3.6.6.1 Growing infected cells on electron microscopy grids

Before seeding, carbon-coated gold finder grids (Quantifoil, Au G200F1 finder R2/1) were
glow-discharged (PDC-002-CE Plasma cleaner, Harrick Plasma) for 1.5 min. The grids were
coated with 1 % (v/v) fibronectin and left to dry under UV-light for sterilisation for 1 h. The
grids were re-moisturized with PBS and placed in a 2 x 9 chambered culture dishes (u-Slide

2 Well Co-Culture, ibidi) and covered by 50 ul of DMEM (Gibco DMEM, high glucose,
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pyruvate, Thermo Scientific) with 10 % (v/v) FCS (FCS Superior, Merck). A549 or A549
lamin A mTagGFP (PFITZNER et al., 2020) cells were harvested from a 10-cm culture dish at
80 % confluency by addition of stable trypsin replacement enzyme (TrypLE Express enzyme,
Gibco) for 15 minutes. The reaction was quenched through addition of DMEM to a final ratio
of 2:3 (v/v), the cells were pelleted at 670 g (Centrifuge 5920 R, Thermo Scientific) for 3
min and the supernatant was replaced with DMEM at equal volume. The cell density was
determined in a counting chamber (Neubauer Improved, Marienfeld) and the cells were
mixed with HAdV-5 pIX-mCherry at an MOI of 1-2. Cells and virus were seeded on the gold
grids by addition of 5 - 15 pL of cell suspension to each well. At 36-48 hpi, the grids were
imaged by live-cell fluorescence microscopy (as described in Section 3.6.1) and subsequently
plunge-frozen for focussed ion beam (FIB)-milling (as described in Section 3.6.6.3) and

electron cryo tomography (as described in Section 3.6.6.4).

3.6.6.2 Plunge-freezing of infected cells

After live-cell fluorescence microscopy of infected cells (as described in Section 3.6.1) grown
on carbon-coated gold Finder grids, the cells were cryo-fixed by plunge-freezing. Grids were
removed from the growth chamber, wetted with 5 uL. DMEM and transferred to a manual
cryoplunger (Max Planck Institute of Biochemistry, Martinsried, Germany). Grids were blotted
(Grade 1 Qualitative Filter Paper, Whatman) from the back for 8 s and plunged into a 37:63

(v/v) mixture of ethane/propane (Linde) cooled to liquid nitrogen temperature.

3.6.6.3 Focussed-ion beam milling

The cryo-fixed grids were clipped into Cryo-FIB Autogrids (Thermo Scientific) and loaded
into an Aquilos Cryo-FIB microscope (Thermo Scientific). Correlation between live-cell
fluorescence microscopy images was achieved by importing the images into MAPS software
(Thermo Scientific) and overlaying them with an SEM tile-scan. Appropriate sites for milling
were selected based on the HAdV5 pIX-mCherry fluorescence signal. After an initial SEM
scan, grids were sputter-coated with platinum, followed by gas injection deposition of a
platinum layer to protect the milling edge of the lamella and prevent curtaining (HAYLES
et al., 2007). The final lamella thickness was achieved by sequentially lowering the ion beam
current and distance between milling areas. All lamellae on a grid were first pre-milled to

1,500 nm at a current of 1.0 nA. At this step, the overall stability of the lamella was improved
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by addition of ‘micro-expansion joints’ adjacent to either side of the lamella (WOLFF et al.,
2019). Milling was continued to an intermediate lamella width of 800 nm at 0.1 nA, and
further thinning to 300 nm at 0.05 nA. Final thinning to 180 - 280 nm was then performed at
a current of 0.03 nA. A thin 2 nm layer of platinum was applied by sputter-coating to
dissipate charge resulting from transmission electron microscopy imaging (see Section

3.6.6.4).

3.6.6.4 Cryo-tomography of thin lamella

Cryo-tomography of thin lamella was performed on a Titan Krios cryo electron microscope
(Thermo Scientific) operating at 300 keV and equipped with a K3 direct electron detector
(Gatan). Tomograms were acquired using a dose-symmetric tilt scheme (HAGEN et al., 2017).
The stage was tilted within the limits of the maximal allowed tilt range for each lamella at 3°
tilt steps and a defocus of -4 or -5 um. The total allowed electron dose per tomogram was
130 electrons. Data acquisition and microscope control was operated using Tomography 5.1

(Thermo Scientific) or SerialEM (MASTRONARDE, 2005) software.

Tomography raw data was corrected for sample motion using MotionCor2 as
implemented in RELION 3.0 software (SCHERES, 2012; ZHENG et al., 2017). Individual tilt
images were aligned and reconstructed using IMOD software (KREMER et al., 1996).
Computational alignment was based on the IMOD patch tracking algorithm and tomography
reconstruction was run using the IMOD SIRT-like reconstruction filter setting. Manual image

segmentation was performed in IMOD using a touchscreen tablet (Cintiq 16, Wacom).
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Results

4.1 Late nuclear morphogenesis of adenovirus infection

4.1.1 Selection of HAAV5 target proteins for labelling with fluorescent fusion

proteins

To generate fluorescently labelled adenovirus particles, three structural viral proteins, pIl, pV
and pIX, were selected as targets for fusion to fluorescent proteins. The target proteins exist
in a high copy number in the mature capsid and are as such useful targets to result in a high
fluorophore density per capsid and generate strong fluorescence signal. The core protein pV
has a copy number of 150, the minor capsid protein pIX has a copy number of 240 and the
major capsid protein plI exists as 720 copies forming 240 hexon trimers (LIU et al., 2010;
PEREZ-BERNA et al., 2015). pV was previously shown to accommodate fusion of proteins to
the N-terminus (MATTHEWS, 2001; PUNTENER et al., 2011). Similarly, pIX is known to allow for
protein fusion to its C-terminus, which is forming a four-helix coiled-coil on the outside of the
adenovirus capsid (Figure 5A) (DMITRIEV et al., 2002; MEULENBROEK et al., 2004; VELLINGA
et al., 2005). There are no examples of fluorescent protein fusions to pIl. The HVRs, which
are presented on the surface of pll trimers, were selected as potential fluorophore insertion
sites. Such strategy was demonstrated as feasible for HIV-1 glycoprotein (NAKANE et al., 2015).
The fluorophore GFP was successfully inserted into the variable loops V4 and V5 for display
and fluorescent imaging of HIV-1 particles. For the selection of appropriate hexon HVRs, a
multiple sequence alignment was performed for pIl sequences from HAdV species 1-51 to
calculate the level of conservation present per residue of plIl protein. This analysis allowed for

the identification of pII loops with low conservation as indication for likely tolerance of amino
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acid modifications (Figure 5B & 5C). The two most promising targets were HVR 1 and 5,
which combine low sequence conservation, are positioned on the outside of the hexon trimer

and suffer the least from sterical hindrance of neighbouring hexon trimers.

Hexon asymmetric unit

plX four-helix coiled-coil Top view

Thr273 - Asn279

o | L Ala138-Gin164 (

High conservation

Low conservation

Figure 5: Structural and sequence homology analysis of pII identifies pIIl HVRs 1 and 5 as
potential fluorophore fusion targets. A) Position of pIX four-helix coiled-coil bundle on the outside
of hexon tetramer. The C-terminus of pIX is located on the capsid exterior and is accessible for fusion
of fluorophores. B) Position of HVRs on pII protein as part of hexon trimer. HVR1, HVR4, HVR5 and
HVR?7 are facing the capsid exterior. C) Sequence conservation of pII monomer. pll sequences of HAdV
types 1-51 were aligned and the conservation is presented as colour code on the tertiary structure of the
protein. HVR1 (Alal38 — GIn164) and HVR5 (Thr273 — Asn279) were selected as targets for addition
of mCherry fluorophore. The images were generated using Chimera software (PDB 6B1T & 1P30,
structures solved by (RUX et al., 2003; DAI et al., 2017)). Multiple sequence alignment and sequence
conservation analysis were performed using Clustal Omega and AI2CO software.
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4.1.2 Fusion of mCherry fluorophore to hexon, pV and pIX by homologous

recombination

The fluorophore mCherry was selected for fusion to all three HAdV5 target proteins (SHANER
et al., 2004). It combines fast folding with a strong monomeric stoichiometry, which differs
from other brighter proteins that in turn dimerise and lead to aggregation artefacts upon
expression of the tagged proteins (COSTANTINI et al., 2012; CRANFILL et al., 2016). pV, pIX
and hexon were tagged within the HAdV5 genome which allows infection of target cells for
visualisation of the proteins instead of transfection of the isolated proteins of interest. To
allow for later analysis of the role of ADP in infection, fluorescent mutants were generated in

both ADP- and ADP+ genomic backgrounds.

mCherry fusion mutants were generated by homologous recombineering in E. coli
(WANG et al., 2014). The integrity of the viral genome after homologous recombination was
validated via restriction pattern analysis and Sanger sequencing of the modified genetic
regions. Each restriction pattern resulting from HindIII, Xmal or EcoRV digest matched its
in-silico prediction (Figure 6B). Virus particles were obtained by transfection of the linearised
viral genome into H1299 cells. After transfection, the cells were analysed for mCherry
fluorescence. All constructs were positive for fluorescence signal, which indicated a
successful expression of pV-mCherry, pIX-mCherry, hexon-HVR1-mCherry and
hexon-HVR5-mCherry but cannot be taken as proof for successful virion assembly (data not

shown).

To test for the formation of infectious virus particles, the transfected cells were lysed by
three freeze-thaw cycles to release virus particles from infected cells and the supernatant was
used to infect fresh H1299 cells. After one week, mCherry fluorescence was analysed.
Detection of fluorescence signal at this stage of the experiment indicates that the mutant
virus particles are able to infect new cells. Only HAdV5 pV-mCherry ADP+/- and HAdV5
pIX-mCherry ADP+/- infection resulted in fluorescent cells. HAdV5 hexon-HVR1-mCherry
ADP+/- and HAdV5 hexon-HVR5-mCherry ADP+/- showed no fluorescence. It is likely that
due to the essential nature of hexon and its high copy number in the virion, either particle
assembly was hindered, or the decoration of virus particles with mCherry fusion on the
surface disturbed attachment of the virus to new cells. Nevertheless, pV-mCherry and
pIX-mCherry fusion mutants were successfully generated and were the focus of the following

analysis (Figure 6A/B).
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4.1.3 Characterisation of HAdV5 pV-mCherry and HAdV5 pIX-mCherry mutants

The newly generated mutants were characterised regarding particle appearance, protein
labelling success and virus growth kinetics. First, virus particles were purified by single CsCl,
gradient ultracentrifugation. The virus particles were imaged in negative stain TEM (Figure
6C). Both HAAV5 pV-mCherry and pIX-mCherry mutants retained icosahedral shape and
formed intact particles. Additionally, the virus release kinetics from infected cells were
compared to wild type (wt) HAdV5 infection by flow cytometry (Figure 6D). The HAAV5
pV-mCherry and pIX-mCherry mutants show similar virus release at 24 and 48 hours post
infection (hpi) compared to wt. Only from 72 hpi to 96 hpi, about tenfold more wt virus
particles were released compared to the mutants. Additionally, the fluorescence of purified
virus particles was tested by confocal laser-scanning fluorescence microscopy. Purified virus
particles were adsorbed to a glass surface (Figure 6E). Both HAdV5 pV-mCherry and HAdV5
pIX-mCherry virus particles were visible as single fluorescent dots when imaged at 568 nm

excitation.
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Figure 6: Characterisation of HAdV5 fusion mutants expressing pV and pIX fused to fluorophore
mCherry shows successful labelling of particles. A) Schematic of pV and pIX mCherry-fusion
constructs. Protein V and protein IX were fused to the mCherry fluorophore in combination with a
varying flexible linker region. mCherry was fused N-terminally to pV and C-terminally to pIX. B)
Restriction analysis of wt, pV-mCherry and pIX-mCherry bacmid DNA on the left (lanes labelled A,
B, C) including in-silico prediction of restriction pattern on the right. The digested viral genomes
show the expected restriction pattern. C) Negative stain TEM of purified virus particles. The virus
particles of each mutant were purified, contrasted with uranyl acetate negative stain and imaged by
TEM. Scalebars indicate 100 nm. HAdV5 pV-mCherry ADP- particles are shown in i), HAdV5 pV-
mCherry ADP+ particles are shown in ii), HAdV5 pIX-mCherry ADP- particles are shown in iii), HAdV5
pIX-mCherry ADP+ particles are shown in iv). Virus particles show normal icosahedral shape. No
difference between any of the mutants was observed D) Growth curve of virus particle release from
infected A549 cells from O to 96 hpi. The supernatant of infected cells was collected at each time-point
and their titre was measured as fluorescence forming unit (ffu) /ul by FACS analysis. Since ADP is
important in the process of particle release, only ADP+ mutants were probed. Three replicates (n=3)
were measured. E) Fluorescence microscopy of purified virions adsorbed to glass surface. Virions were
purified by ultracentrifugation and analysed for fluorescence. Both HAdV5 pV-mCherry ADP+ and
HAdV5 pIX-mCherry ADP+ were detected as fluorescent spots (white arrows). Scalebars indicate 1

um.

purified virions
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For assessment of labelling success on the protein level, whole-cell lysate of infected cells
was extracted, separated by SDS-PAGE and pV and pIX were probed by western blot in both
ADP+/- backgrounds. As a control for having equal amount of protein in cell lysates, 3-actin
was stained. As a control for mCherry labelling, each fusion construct was additionally probed
with an RFP antibody, which recognises the mCherry label. HAdV5 pV-mCherry and HAdV5
pIX-mCherry act as reciprocal controls such that infection with HAdV5 pV-mCherry expresses

wt pIX and infection with HAdV5 pIX-mCherry expresses wt pV (Figure 7A).

Overall, no differences in protein expression between HAdV5 ADP- and HAdV5 ADP+
infected samples were detected when comparing lanes 1 & 2 and 3 & 4. The western blot
probing pV wt (lanes 3 & 4) showed a pV band at the expected size of 41.6 kDa. pV-mCherry
was expected to appear at a size of 70.2 kDa. Instead, multiple bands extending from about
70 kDa to 42 kDa were detected, indicating a variety of pV-mCherry protein lengths (lanes 1
& 2). The western blot probing pIX wt showed a pIX band at the expected size of 14.3 kDa
(lanes 1 & 2). pIX-mCherry was expected to appear at a size of 43.1 kDa and did indeed show
a band at the corresponding gel position (lanes 3 & 4). Additionally, a single band at about
24 kDa was detected. Interestingly the pIX-mCherry bands were stronger than pIX wt bands,
which could indicate protein stabilisation by the tag. The anti-RFP stain showed a single band
at the full-length pV-mCherry size as well as a single band at the full-length pIX-mCherry size.
If degradation would have occurred in the pV or pIX part of the fusion proteins, then the RFP
antibody would also show a band pattern. Since only single bands were detected, pV-mCherry
and pIX-mCherry degradation most likely occurred within the mCherry locus of the fusion
proteins. If the RFP epitope was lost in these degradation products, they would not show on

the anti-RFP western blot.

Additionally, the labelling success of pV and pIX proteins that were incorporated into
virions was probed by western blot. CsCl, gradient purified virions were denatured, separated
by SDS-PAGE and pV and pIX were probed by western blot (Figure 7B) and Coomassie stain
(Figure 7C). As in whole-cell lysate, pV and pIX wt protein showed a single band at their
expected size. pV-mCherry appeared as a smear of multiple degradation intermediates (lane
1) and pIX-mCherry showed two bands at the sizes measured for whole-cell lysate before (lane
2). In the Coomassie-stained gel, the fragmented band pattern of pV-mCherry was visible as
well. Additionally, other expected capsid proteins were detected, including, plIl, pIIl, pVI, pV

and pVII.
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Figure 7: Fusion of mCherry to pV and pIX does not exclusively produce full length labelled
protein but yields degradation products with shortened mCherry component. The protein labelling
success of pV and pIX in whole-cell lysate of infected A549 cells and purified virus particles was probed.
A) Whole-cell lysate analysis. A549 cells were infected with HAAV5 pV-mCherry ADP+/- and HAdV5
pIX-mCherry ADP+/- and cells were harvested at 48 hpi. The whole-cell lysate was analysed by western
blot with primary antibodies against pV, pIX, RFP and f(-actin. Each lane was numbered (1 - 4) for
reference. Degradation products of pV-mCherry and pIX-mCherry were only detected when probing pV
or pIX. The anti-RFP antibody only displayed full-length pV-mCherry and pIX-mCherry. B/C) Purified
virus particle lysate analysis. A549 cells were infected with HAdV5 pV-mCherry ADP+ and HAdVS5 pIX-
mCherry ADP+ and the culture supernatant was harvested at 96 hpi. Virus particles were purified from
the supernatant by single CsCl, gradient ultracentrifugation. Th virions were lysed and the proteins
were separated by SDS-PAGE. Each lane was numbered (1 - 2) for reference. Labelling of pV and
pIX with primary antibodies against pV and pIX in western blot (B) as well as labelling of all proteins
by Coomassie stain (C) showed similar degradation product of pV-mCherry and pIX-mCherry being
incorporated into progeny particles.

A549 cells were chosen as a suitable cell system to study HAdV5 infection. This cancer cell
line originates from lung epithelial tissue and is a well-studied target cell line of HAdV5 (SMITH
et al., 1986). To allow an analysis of the localisation of pV-mCherry and pIX-mCherry signals
in a more cellular context, the nuclear envelope was visualised through a mTagGFP-coupled

nanobody recognising lamin A. This nanobody was stably expressed in a A549 monoclonal cell
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line. The expression of free nanobody throughout the cells resulted in moderate background
signal (Figure 8A). However, lamin A-specific signal of the nanobody was clearly visible over
the background and colocalised with an anti-lamin A antibody. Similarly to purified virions,
single virus particles could be detected when analysing infection at early time points in a
cellular context (Figure 8B/C). Here, HAAV5 pV-mCherry and HAdV5 pIX-mCherry particles
were located on the outside of the nuclear envelope, potentially in the process of virus genome

release into the nucleoplasm.
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Figure 8: The cell line A549 lamin A mTagGFP allows to visualise the nuclear lamina and shows
single virions early in infection. A) A549 lamin A mTagGFP cells were co-stained for lamin A as
a control for the localisation of anti-lamin A mTagGFP-nanobodies. Both anti-lamin A nanobody-
mTagGFP signal and anti-lamin A immunofluorescence antibody signal colocalised. B) Detection of
HAdV5 pV-mCherry and HAAV5 pIX-mCherry particles at the nuclear lamina early in infection. The
cells were imaged by live-cell confocal laser-scanning fluorescence microscopy. A representative cell is
shown for each condition. The nuclear lamina is represented by an mTagGFP-nanobody recognising
lamin A (Lamin A-mTagGFP) or by an anti-lamin A antibody (anti-Lamin A). pV and pIX localisation is
detected through the viral pV-mCherry and pIX-mCherry fusion construct (pV-mCherry/pIX-mCherry).
The signal overlap is represented in colour (merge). Scalebars indicate 10 pm.

As a first step, the phenotype of cells infected with HAdV5 pV-mCherry and HAdV5
pIX-mCherry was analysed at 24 hpi and 48 hpi. In addition to lamin A, dsDNA was stained
by addition of Hoechst 33342, a dye which binds to the minor groove of dsDNA (Figure 9).
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Non-infected cells displayed a clear lamin A-nanobody signal tracing the nuclear
envelope. There was low background signal of unbound mTagGFP-nanobody throughout the
cytoplasm. Hoechst 33342 stained the genomic DNA inside the entire nucleus. In infection,
the localisation of lamin A and dsDNA changed considerably. At 24 hpi, the dsDNA lost its
regular distribution throughout the nucleus and was partially condensed and marginalised to
the nuclear envelope. At this time-point, the lamin A signal was still intact and comparable
to non-infected conditions. At 48 hpi, Hoechst 33342 stained strongly marginalised dsDNA
at the periphery of the nucleus as well as a dsDNA-filled compartment in the centre of the
nucleus. The lamin A nanobody only showed residual staining at the nuclear envelope but
instead was found to be weakly distributed throughout the infected cells with some signal
enrichment in individual spots in the cytoplasm. Importantly, the phenotype of lamin A and

dsDNA did not differ between HAdAV5 pV-mCherry and HAdV pIX-mCherry-infected cells.

The fusion of mCherry to pV and pIX allowed for successful detection of soluble
expressed protein in infected cells. At 24 hpi, the nucleus was filled by a faint pV-mCherry
signal, which was locally enriched in subnuclear compartments previously identified as the
nucleoli (MATTHEWS and RUSSELL, 1998). Noticeably, the weak pV-mCherry signal was
excluded from ring- and dot-like subnuclear areas, which closely resemble the localisation
that is known for adenoviral DBP replication centres at this time-point in infection (POMBO
et al., 1994). A549 cells infected with HAdV5 pIX-mCherry, showed the protein signal to be
mainly localised to the cytoplasm at 24 hpi. Only a very weak signal was recorded in the
nucleus, but, other than pV-mCherry, was not excluded from replication centre-resembling

areas.

At 48 hpi, the pV-mCherry protein mainly localised to the same compartment within the
nucleus that was also stained by Hoechst 33342. Importantly, pV-mCherry did not
homogeneously fill out the compartment but instead appeared to be localised in a
honeycomb-like distribution. pIX-mCherry protein was still strongly expressed in the
cytoplasm at 48 hpi. Other than at 24 hpi, the protein was also found within the nucleus.
The transition between cytoplasm nucleus was visible in the pIX-mCherry channel as the
protein was devoid from the nuclear periphery. Besides homogeneously distributed signal
within the nucleus, pIX-mCherry signal was detected as individual spots within the
subnuclear compartment indicated by Hoechst 33342. A quantitative analysis of these
pIX-mCherry spots at 48 hpi showed their occurrence in 77 % of infected cells imaged in a

single confocal plane, making them a prevalent phenotype in infection. The subnuclear
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compartment consisting of pV-mCherry, pIX-mCherry spots and dsDNA will be referred to as

late virion accumulation compartment (IVAC) in the following.
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Figure 9: Infection with HAdV5 pV-mCherry and HAdV5 pIX-mCherry causes formation of a large
intranuclear compartment late in infection. A) Infection of A549 cells with A) HAdV5 pV-mCherry
and B) HAdV5 pIX-mCherry at 24 hpi and 48 hpi. The cells were imaged by live-cell confocal laser-
scanning fluorescence microscopy. A representative cell is shown for each condition. The dsDNA
signal is represented by Hoechst 33342 stain (Hoechst). The nuclear lamina is represented by an
mTagGFP-nanobody recognising lamin A (Lamin A). pV and pIX localisation is detected through the
viral pV-mCherry and pIX-mCherry fusion construct (pV-mCherry/pIX-mCherry). The signal overlap is
represented in colour (merge). Nuclear regions of interest are enlarged (zoom) with coloured corners
indicating the channel colour. Scalebars indicate 10 pm.

Pfitzner 76



CHAPTER 4. RESULTS

To exclude cell line-specific artefacts, the infection with HAdV5 pV-mCherry and HAdV5
pIX-mCherry was carried out in the lung epithelial cell line H1299 and the lung fibroblast cell
line MRC-5 (Figures 10 & 11). All cell lines showed phenotypes similar to infection in A549
cells. At 24 hpi, pV-mCherry was enriched in nucleoli and excluded from DBP-replication
centres. pIX-mCherry was mainly localised in the cytoplasm. At 48 hpi, the IVAC was formed
in all cell lines. pV-mCherry and dsDNA localised in a honeycomb-like conformation and pIX-
mCherry was detected as spots within the IVAC in addition to the dispersed signal throughout

the cell.
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Figure 10: LVAC formation can be detected in H1299 cells. Infection of H1299 cells with A/B)
HAdV5 pV-mCherry and C/D) HAdV5 pIX-mCherry at 24 hpi and 48 hpi. The cells were imaged by
live-cell confocal laser-scanning fluorescence microscopy. Three representative cells are shown for each
condition. The dsDNA signal is represented by Hoechst 33342 stain (Hoechst). The nuclear lamina
is represented by an mTagGFP-nanobody recognising lamin A (Lamin A). pV and pIX localisation is
detected through the viral pV-mCherry and pIX-mCherry fusion construct (pV-mCherry/pIX-mCherry).
The signal overlap is represented in colour (merge). Scalebars indicate 10 pm.
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Figure 11: IVAC formation can be detected in MRC-5 cells. Infection of MRC-5 cells with A/B)
HAdV5 pV-mCherry and C/D) HAdV5 pIX-mCherry at 24 hpi and 48 hpi. The cells were imaged by
live-cell confocal laser-scanning fluorescence microscopy. Three representative cells are shown for each
condition. The dsDNA signal is represented by Hoechst 33342 stain (Hoechst). The nuclear lamina
is represented by an mTagGFP-nanobody recognizing lamin A (Lamin A). pV and pIX localization is
detected through the viral pV-mCherry and pIX-mCherry fusion construct (pV-mCherry/pIX-mCherry).
The signal overlap is represented in colour (merge). Scalebars indicate 10 pwm.
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So far, the involvement of DBP replication centres was only hypothesised from the
appearance of pV-mCherry-devoid areas at 24 hpi. To confirm this observation, a
co-immunofluorescence stain was performed to label wt pV and pIX as well as DBP in
infection with HAAV5 wt virus. Infected cells were fixed with PFA at 24 hpi and stained with

pV and DBP or pIX and DBP antibodies, respectively (Figures 12 & 13).

Hoechst anti-pV anti-DBP merge

non-infected

HAdV5 wt

Figure 12: wt pV is devoid from replication centres and accumulates in nucleoli at 24 hpi.
A549 cells were infected with HAdV5 wt, fixed at 24 hpi, stained with Hoechst 33342 (Hoechst), and
immunostained against pV (anti-pV) and DBP (anti-DBP). The signal overlap is represented in colour

(merge). Cells were imaged by confocal laser-scanning fluorescence microscopy. Three representative
cells are shown. Scalebars indicate 10 pm.
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Figure 13: wt pIX forms aggregates throughout the cell at 24 hpi. A549 cells were infected with
HAdV5 wt, fixed at 24 hpi, stained with Hoechst 33342 (Hoechst), and immunostained against pIX
(anti-pIX) and DBP (anti-DBP). The signal overlap is represented in colour (merge). Cells were imaged
by confocal laser-scanning fluorescence microscopy. Three representative cells are shown. Scalebars
indicate 10 pm.

pV protein signal was weakly detected in the entire nucleus. Similar to the observation
with pV-mCherry (Figure 9A), the protein was enriched in nucleoli and also was excluded from
multiple foci and ring structures. The co-stain with DBP antibody confirmed these areas to be
filled with DBP protein. pIX protein was found to be localised throughout the entire infected
cells. Additionally, strongly fluorescent aggregates of pIX were detected both in the cytoplasm
and nucleus. This phenotype differs from the observation of pIX-mCherry at 24 hpi, which did
not show aggregates and had the majority of the protein expressed in the cytoplasm. As in the
costain with pV, DPB localised as foci and rings in the nucleus. No apparent colocalisation or

interaction between pIX and DBP was detected at 24 hpi.
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4.1.4 IF microscopy characterisation of the ’late virion accumulation

compartment’

Since the addition of fusion tags to proteins of interest may lead to the induction of functional
and localisation artefacts, the localisation of pV and pIX was analysed at 48 hpi in HAdV5 wt
infection to probe whether the IVAC is also formed in wt infection. pV and pIX were detected
by their respective antibodies. The nuclear envelope was visualised through the anti-lamin
A nanobody and dsDNA was stained by Hoechst 33342. Additionally, the adenoviral DBP

was immunostained to reveal the connection of the IVAC with adenovirus replication centres

(Figures 14 & 15).

Hoechst i i anti-DBP
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Figure 14: Antibody staining against wt pV and DBP in HAdV5 wt infection shows ring structure
around IVAC at 48 hpi. A549 cells were infected with HAdV5 wt, fixed at 48 hpi, stained with
Hoechst 33342 (Hoechst), and immunostained against pV (anti-pV) and DBP (anti-DBP). The nuclear
lamina is represented by an mTagGFP-nanobody recognising lamin A (Lamin A). The signal overlap is
represented in colour (merge). Cells were imaged by confocal laser-scanning fluorescence microscopy.
Three representative cells are shown. Scalebars indicate 10 pm.
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Hoechst anti-DBP

non-infected

HAdV5 wt

Figure 15: Antibody staining against wt pIX and DBP in HAdV5 wt infection does not show
pIX spots within the IVAC. A549 cells were infected with HAdV5 wt, fixed at 48 hpi, stained with
Hoechst 33342 (Hoechst), and immunostained against pIX (anti-pIX) and DBP (anti-DBP). The nuclear
lamina is represented by an mTagGFP-nanobody recognising lamin A (Lamin A). The signal overlap is
represented in colour (merge). Cells were imaged by confocal laser-scanning fluorescence microscopy.
Three representative cells are shown. Scalebars indicate 10 pm.

The dsDNA localisation was identical to the phenotype observed in infection with HAdV5
pV-mCherry and HAdV5 pIX-mCherry. dsDNA localised to a large compartment within the
nucleus, which was termed IVAC. Importantly, the phenotype of pV and pIX at 48 hpi did
not fully resemble the observation that was made in infection with the fusion proteins. pV
antibody signal was detected in a ring-like structure surrounding the IVAC. Intriguingly, the
pV-ring signal intensity decreased towards the centre of the IVAC. As pV, the DBP antibody also
stained a ring-like structure of closely spaced individual DBP foci. The DBP ring was located
around the IVAC and, like for pV, the antibody signal decreased towards the centre. Similar
to the pIX fusion protein, the pIX antibody signal was mainly detected in the cytoplasm of
infected cells. However, the area of the IVAC was scarcely stained by the pIX antibody and
no strong pIX spots were detected. Since the localisation of IVAC dsDNA is identical in wt

and fusion mutant infection, IVAC formation does not seem to be an artefact of labelling pV
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or pIX with mCherry. The ring of pV indicates that native pV is also localised to the IVAC in
wt infection. Since none of the antibodies against pV, pIX and DBP showed signal within the

centre of the nucleus, a limited antibody penetration into the IVAC was hypothesised.

The IVAC formation was further characterised by staining with anti-hexon antibody. For
the purpose of this immunofluorescence stain, the protein is hypothesised to behave similarly
to pIX since both are structural proteins that are incorporated into the progeny HAdV
capsids. A549 cells were infected with HAdV5 wt and stained with antibodies against hexon
and DBP The nuclear envelope was visualised through the anti-lamin A nanobody and

dsDNA was stained by Hoechst 33342 (Figure 16).

Hoechst Lamin A anti-hexon anti-DBP
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Figure 16: Antibodies against hexon in HAdV5 wt infection do not fully stain the LVAC. A549
cells were infected with HAdV5 wt, fixed at 48 hpi and imaged by confocal laser-scanning fluorescence
microscopy. Cells were stained with Hoechst 33342 (Hoechst), and immunostained against hexon (anti-
hexon) and DBP (anti-DBP). The nuclear lamina is represented by an mTagGFP-nanobody recognising
lamin A (Lamin A). The signal overlap is represented in colour (merge). Three representative cells are
shown. Scalebars indicate 10 wm.

The dsDNA, lamin A and DBP localisation was the same compared to the previous

immunofluorescence stain with pV and pIX antibodies. Hexon protein localised throughout
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the entire cell including cytoplasm and nucleoplasm. As pIX, hexon could not be detected in
the centre of the nucleus, where most of the dsDNA signal was found. This observation again

indicated a potential lack of epitope availability in this region of the cell.

As a first step to confirm the hypothesised antibody penetration limitations, the phenotype
of anti-pV and anti-pIX antibody labelling was investigated in HAdV5 pV-mCherry and HAdV5
pIX-mCherry infection. Should the localisation of antibody signal be comparable to HAdV5
wt infection, it would indicate that the pV-mCherry honeycomb and pIX-mCherry spots within
the IVAC are not labelling artefacts. To confirm this, an immunofluorescence stain of pV, pIX
and DBP was repeated in cells infected with either of the two HAdV5 mutants. A549 cells
expressing an mTagGFP-coupled nanobody recognising lamin A were infected and fixed with
PFA at 48 hpi. pV, pIX and DBP were detected by immunofluorescence stains. dsDNA was
visualised by Hoechst 33342 stain (Figures 17 & 18).

Hoechst anti-pV pV-mCherry anti-DBP merge

non-infected

HAdV5 pV-mCherry

Figure 17: Antibody staining against pV and DBP in HAdV5 pV-mCherry infection does not the
IVAC to be filled by a honeycomb-like structure of pV. A549 cells were infected with HAdV5 pV-
mCherry, fixed at 48 hpi, stained with Hoechst 33342 (Hoechst), and immunostained against pV (anti-
pV) and DBP (anti-DBP). pV localisation is detected through the viral pV-mCherry fusion construct
(pV-mCherry). The signal overlap is represented in colour (merge). Cells were imaged by confocal
laser-scanning fluorescence microscopy. Three representative cells are shown. Scalebars indicate 10
p.m.
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Figure 18: Antibody staining against pIX and DBP in HAdV5 pIX-mCherry infection does not
show pIX spots within the IVAC. A549 cells were infected with HAdV5 pIX-mCherry, fixed at 48 hpi,
stained with Hoechst 33342 (Hoechst), and immunostained against pIX (anti-pIX) and DBP (anti-DBP).
pIX localisation is detected through the viral pIX-mCherry fusion construct (pIX-mCherry). The signal
overlap is represented in colour (merge). Cells were imaged by confocal laser-scanning fluorescence
microscopy. Three representative cells are shown. Scalebars indicate 10 pm.

Both DBP and Hoechst 33342 signals did not differ phenotypically from their previously
observed localisation in wt infection (Figure 14 & 15), indicating that the infection phenotype
observed in the HAdVS5 mutants is comparable to HAdV5 wt. Additionally, the pV antibody
stained a ring around the IVAC, similar to the pattern observed in HAdV5 wt infection. Also
the pIX antibody localisation was comparable to HAdV5 wt infection as it only stained pIX

protein in the cytoplasm and nucleoplasm excluding the dsDNA-filled IVAC.

4.1.5 Colocalisation analysis reveals limited antibody penetration into LVAC

only late in infection

Since a divergence between mCherry-labelled pV and pIX protein signal and pV and pIX

antibodies was detected, this phenomenon was further investigated by colocalisation
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analyses between the respective fluorescent probes. A549 cells were infected with HAdV5
pV-mCherry or HAdV5 pIX-mCherry, fixed at 24 hpi or 48 hpi and probed with pV and pIX
antibodies (Figure 19). The colocalisation of signal was quantified by calculating Pearson’s
correlation coefficient and Mander’s coefficients. The Pearson’s correlation coefficient is an
indicator of the overall pixel intensity correlation. Mander’s coefficients describe the overlap
of antibody signal with mCherry signal (M1) and mCherry signal with antibody signal (M2).

A B
anti-pV pV-mCherry merge

B 24 hpi
EE3 48 hpi

24 hpi

48 hpi

anti-pIX pIX-mCherry

Bl 24hpi
EE3 48hpi

24 hpi

48 hpi

Figure 19: The signal of mCherry fusion constructs and pV and pIX antibody only diverges in
late infection. A549 cells were infected with A) HAdV5 pV-mCherry and B) HAdV5 pIX-mCherry. The
cells were fixed at 24 and 48 hpi, stained against pV-mCherry or pIX-mCherry using anti-pV and anti-
pIX antibodies and imaged in confocal fluorescence microscopy. A representative cell for both time
points of HAdV5 pV-mCherry and HAdV5 pIX-mCherry infection is shown. Scalebars indicate 10 pm.
Quantification of mCherry-antibody signal colocalisation for B) pV and D) pIX as represented by the
average Pearson’s coefficient r and Mander’s coefficients M1 and M2 (n = 12). Statistical significance
was calculated using Student’s t-test with preceding F-test and is indicated as stars above the bars.

At 24 hpi, the antibody stains showed high colocalisation with the respective fusion
proteins. pV measured Mander’s coefficients M1 and M2 of 0.88 and 0.95 as well as a
Pearson’s coefficient of 0.86. pIX measured Mander’s coefficients M1 and M2 of 0.75 and

0.90 as well as a Pearson’s coefficient of 0.89. These values indicate that areas of high
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pV-mCherry signal are likewise populated by pV antibody signal. At 48 hpi, a discrepancy in
localisation between pV and pIX antibodies and their respective fusion protein was detected.
Interestingly, pV antibody signal still colocalised strongly with pV-mCherry signal, which was
indicated by a Mander’s coefficient M1 of 0.67. However, inversely, pV-mCherry signal only
partially colocalised with pV antibody signal, as shown by a Mander’s coefficient M2 of 0.31.
Such phenomenon was also observed for pIX. pIX antibody signal still colocalised strongly
with pIX-mCherry signal, measuring a Mander’s coefficients M1 of 0.88, whereas the inverse

relationship was reduced to an M2 of 0.34.

These results confirmed that the mCherry fusion tags successfully indicate the localisation
of pV and pIX at early time points in a comparable fashion to pV and pIX antibodies. However,
at late stages of infection, the staining capability of both fluorescent probes diverged. At 48 hpi,
the antibodies only detected a subpopulation of pV and pIX. The ring stains that were observed
indicate that the subpopulation is a spatially more readily accessible fraction of pV and pIX
protein. Overall, the fusion tags provided more detail and allowed to uncover structures that

were not detectable with the antibodies.

4.1.6 Live-cell imaging captures congregation of pV-mCherry rings to form the

LVAC

As a next step, the phenotype progression of infection with both virus mutants was followed
by time-lapse confocal spinning-disk fluorescence microscopy. Infected cells were selected at
24 hpi and recorded in 1 h intervals until 48 hpi. The suitability of mCherry fusion tags for
live-cell microscopy allowed for recording cellular morphological changes that connected the

phenotypes previously recorded at 24 and 48 hpi (Figure 20).

At the start of HAAV5 pV-mCherry imaging, pvV mCherry was detected as weak, uniformly
dispersed signal throughout the nucleoplasm, only devoid from ring- and dot-like intranuclear
areas. Within the first hour of imaging, the pV signal changed localisation and congregated
towards the previously devoid ring-structures, thus emulating ring-structures as well as foci
in the centre of each ring. These pV-mCherry rings further congregated to a single LVAC,
which could be observed at 48 hpi. Intriguingly, the pV intermediate rings resembled the ring

structures observed for DBP replication centres in adenovirus infection (POMBO et al., 1994).

At the beginning of the live-cell recording of HAdV5 pIX-mCherry signal, the protein was

detected mainly in the cytoplasm. The signal remained in the cytoplasm throughout the entire
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imaging period. Inside the nucleus, initially only a weak pIX-mCherry signal was observed.
Throughout the progression of infection, the nuclear pIX-mCherry signal intensity increased.

pIX-mCherry spots in the LIVAC were first observed between 30 and 33 hpi.

pV-mCherry pIX-mCherry

Figure 20: pV forms ring-like structures within the nucleus before congregating into the LVAC,
while pIX-mCherry spots appear. Infection progression of a A) HAdV5 pV-mCherry and B) HAdV5
pIX-mCherry infected cell. The cells were selected for imaging in live-cell spinning-disk confocal
fluorescence microscopy at 24 hpi. The initial nuclear boundaries for the HAdV5 pV-mCherry or pIX-
mCherry infected cell are visualised as a dashed line. The cells were imaged as z-stack to be able to
adjust for z-movement of infected cells. The image histograms along infection progression have been
modified to adjust for changes in protein intensity. A representative cell for each condition is shown.
Scalebars indicate 10 pm.

Since the formation of pV-mCherry ring-like structures was suspected to be connected to
DBP replication centres, this intermediate pV-mCherry phenotype was further analysed with
immunofluorescence confocal microscopy to allow for DBP staining. A549 cells were infected
with HAdVS5 wt and fixed with PFA at 30 hpi. The viral proteins pV and DBP were indirectly
stained with antibodies and dsDNA was stained with Hoechst 33342. Cells of interest

displaying the pV intermediate phenotype were analysed (Figure 21).

DBP was mainly localised as two phenotypes, including ring-like structures as well as
smaller foci within the nucleus. Both Hoechst 33342 signal and pV protein were surrounding
these DBP replication centres rings and foci. Thus, the co-immunofluorescence stain indicated
that pV-mCherry ring formation is linked to the formation of DBP replication centres in the

course of infection.
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Figure 21: pV-ring formation is linked to DBP replication centres. A549 cells were infected with
HAdVS5 wt, fixed at 30 hpi, stained with Hoechst 33342 (Hoechst), and immunostained against pV (anti-
pV) and DBP (anti-DBP). Selected DBP replication rings are enlarged (zoom) with coloured corners
indicating the channel colour. Cells were imaged by confocal laser-scanning fluorescence microscopy.
The signal overlap is represented in colour (merge). Three representative cells are shown. Scalebars
indicate 10 um.

4.1.7 The IVAC substructure resembles a honeycomb-like conformation of pV-

mCherry and dsDNA surrounding pIX-mCherry spots

The relative localisation of pV-mCherry, pIX-mCherry and dsDNA within the IVAC was further
investigated. Upon closer examination, pV-mCherry protein formed a connected protein
network with pV-mCherry-free spaces in between. In this way, pV-mCherry resembled a
honeycomb. Such honeycomb-like pattern was also populated by dsDNA as indicated by the
Hoechst 33342 stain. In contrast, pIX-mCherry spots were detected at dsDNA-free spaces
within the honeycomb-like network. To obtain a better picture of the pV-pIX-dsDNA spatial
relationship within the LVAC, the colocalisation between pV-mCherry/pIX-mCherry and
Hoechst 33342 signals was quantified (Figure 22).

Pfitzner 90



CHAPTER 4. RESULTS

>
w

Hoechst pV-mCherry merge

Il pV-mCherry
E= plX-mCherry

%k ¥ %k ok ¢k %

Hoechst pIX-mCherry

HAdV5 pIX-mCherry HAdV5 pV-mCherry

Figure 22: Inside the LVAC, pIX-spots are located within cavities of a dsDNA and pV honeycomb-
like organization. A) Colocalisation of pV-mCherry or pIX-mCherry with dsDNA in the LVAC. A549
cells were infected with HAdAV5 pV-mCherry or HAAV5 pIX-mCherry. At 48 hpi, the cells were
stained with Hoechst 33342 and imaged in confocal laser-scanning live-cell fluorescence microscopy.
A representative cell for each virus mutant is shown. Scalebars indicate 10 um. B) Colocalisation
quantification between Hoechst 33342 and pV-mCherry or pIX-mCherry signal in the IVAC. The overlap
between both signals is represented by the average Pearson’s coefficient r and Mander’s coefficients M1
and M2 (n = 12). Statistical significance was calculated using Student’s t-test with preceding F-test and
is indicated as stars above the bars.

pV-mCherry and dsDNA significantly colocalised within the LVAC as shown by Mander’s
coefficients M1 and M2 of 0.75 and 0.76 as well as a positive Pearson’s coefficient r of 0.57.
On the contrary, pIX-mCherry and dsDNA significantly populated opposite spaces. Mander’s
coefficients M1 and M2 of 0.15 and 0.37 were measured, indicating a limited colocalisation of
both signals. A Pearson’s coefficient r of -0.27 showed a negative correlation between dsDNA
and pIX-mCherry spots indicating pIX-mCherry signal to mainly populate the spaces devoid of
dsDNA. The colocalisation analysis allowed to reveal indications of spatial interaction between
dsDNA and pV-mCherry within the IVAC, as opposed to the spatial separation found between
dsDNA and pIX-mCherry.

4.1.8 Correlative light and electron microscopy (CLEM) allows to identify pIX-

mCherry spots as paracrystalline virus arrays

So far, the pV-mCherry and pIX-mCherry fluorescent tags allowed to probe the subcellular
localisation of both proteins. However, fluorescence microscopy did not allow to ascertain
whether the proteins exist as soluble protein, aggregate, or are incorporated into virions. With

the aim of identifying the cause of pIX-mCherry spot formation within the LVAC, fluorescence
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microscopy (FM) images were correlated with TEM images. For this purpose, A549 cells were
infected with HAdV5 pV-mCherry and pIX-mCherry. At 48 hpi, selected cells were imaged as
z-stacks by live-cell confocal spinning-disk fluorescence microscopy. The use of cell culture
dishes with numbered grid squares allowed for exact identification of the individual cells of
interest. After FM imaging, the cells were chemically fixed through addition of GA, embedded
in Epon resin and cut into ultrathin 50 nm sections. The exact cells of interests were identified
by their position on the cell culture dish grid squares and were selected for TEM imaging. Both

TEM and FM images of cells of interest were correlated (Figure 23A & B).

The general cell shape showed slight deviations between FM and TEM imaging, as the cell
retained plasticity in the time period between imaging and fixation. Nevertheless, important
cellular features such as the position of large protein crystals could be found back in TEM
images. These protein crystals appeared as large regular rectangular areas devoid of mCherry
signal in FM images and as large regular rectangular areas consisting of a crystalline pattern
in TEM images. As was the case for the overall cellular shape, the fine structure of the nuclear
envelope showed some differences between both FM and TEM images. However, the overall
kidney shape of the nuclear membrane was the same. In TEM, the IVAC could be identified
by a difference in protein/DNA composition in the nucleoplasm which was made visible as a

darker TEM stain.

In both HAdV5 pV-mCherry-infected and HAdV5 pIX-mCherry-infected cells, fully
assembled virions could be detected within the LVAC (Figure 23Aiii & Biii). Interestingly, the
majority of virions within the IVAC were grouped in a pattern of specific regular
paracrystalline virus arrays of varying size and shape. Outside the IVAC, virions were
detected as individual dispersed particles throughout the nucleus as well as in some cases as
paracrystalline arrays positioned at the nuclear envelope (Figure 23Aiv). Comparison
between the fluorescence microscopy images of HAAV5 pIX-mCherry suggested that the
paracrystalline arrays are found in positions where pIX mCherry spots were detected. The
spots of pIX-mCherry could therefore be caused by a local concentration of pIX-mCherry
protein, incorporated within fully formed virus capsids. Other non-correlatively imaged cells
in TEM also showed the same phenotype of paracrystalline arrays within the nucleus (Figure

230).
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Figure 23: Paracrystalline virus arrays form within the IVAC and correspond to the pIX-mCherry
spots found in the IVAC. Representative A549 cell infected with A) HAdV5 pV-mCherry and B) HAdV5
pIX-mCherry. Both cells show paracrystalline virus arrays within the IVAC. The cells were stained with
Hoechst 33342 and imaged by live-cell spinning-disk confocal fluorescence microscopy at 48 hpi (FM).
Immediately after imaging, the cells were fixed and prepared for TEM. 50 nm sections of the epon-
embedded cells were imaged by TEM (TEM). FM cell overviews are shown in images i) with Hoechst
33342 in blue and pV-mCherry and pIX-mCherry in red. TEM cell overviews are shown in images
ii) including scalebars indicating 5 pm. Higher magnification images of areas of interest are shown
in images iii) and iv) for both sections A) and B) including scalebars indicating 0.5 pm. Scalebars for
fluorescence images indicate 10 um. C) Non-correlative TEM images of A549 cells infected with HAdV5
pIX-mCherry. These cells also show the phenotype of paracrystalline arrays forming within the nucleus.

Since slight changes in cell morphology occurred between imaging and subsequent
fixation in the first version of the correlative light and electron microscopy (CLEM) protocol,
which only allowed a general comparison of an overlay of both images, a second modified

correlation experiment was performed. Importantly, infected A549 cells were first fixed in
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PFA and GA to prepare them for serial block-face SEM and only after initial fixation were
imaged by spinning-disk confocal FM at 42 hpi. Subsequently, the cells were contrasted and
imaged by serial block-face SEM. Individual sections of the SEM 3D data set were overlaid

with the appropriate slice through the 3D light microscopy data set (Figure 24).
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Figure 24: Chemical fixation of cells before FM and TEM imaging allows CLEM and strong
correlation between pIX-mCherry spots and paracrystalline arrays. Representative A549 cell
infected with A) HAdV5 pV-mCherry and B) HAAV5 pIX-mCherry. The cells were fixed with PFA and
GA, stained with Hoechst 33342 and z-stacks were recorded by confocal spinning-disk fluorescence
microscopy at 42 hpi. The dsDNA signals is represented by Hoechst 33342 stain (Hoechst). The
nuclear lamina is represented by an mTagGFP-nanobody recognising lamin A (Lamin A). pV and
pIX localisation is detected through the viral pV-mCherry and pIX-mCherry fusion construct (pV-
mCherry/pIX-mCherry). The FM signal overlap is shown in colour (merge). After fluorescence
microscopy imaging, the cells were prepared for serial block-face SEM and a 3D SEM image was
recorded. A 2D slice of the fluorescence microscopy image of the mCherry channel (FM) is compared
with a suitable z-slice of the electron microscopy image (SEM) by superimposing both images (overlay).
An enlarged region is shown (zoom). Scalebars indicate 10 um for overview images and 1 um for zoom
images.
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The change in preparation and imaging sequence allowed for very fine correlation
between light and electron microscopy images. In infection with HAdV5 pV-mCherry, the
darker EM stain within the IVAC was correlated with the pV-mCherry red fluorescence signal
of the FM image (Figure 24A). These areas appeared darker than in the previous TEM
experiment, potentially due to the difference in contrasting protocol between TEM and SEM
staining. In infection with HAdV5 pIX-mCherry, the identity of pIX-mCherry spots as
paracrystalline arrays could be confirmed, since both signals in FM and SEM highly
overlapped (Figure 24B).

4.1.9 Generation of a pIX fluorescent labelling toolset

Labelling pIX with fluorophores of different photoreactive characteristics is of interest to
further analyse the mobility of pIX-spots and achieve co-labelling with other viral proteins
such as pV or DBP To allow for easier generation of these mutants, a cloning toolset was
generated. The toolset required PCR amplification and ligation of the desired fluorophore orf
into a recombination vector instead of requiring costly synthesis of the fluorescent protein
flanked by long homologous repeats. First, both 400 bp homologous sites flanking the pIX
gene were PCR-amplified. Primers were used to add the restriction sites EcoRV and BamHI to
homologous site 1 (Hom1) and EcoRI and EcoRV to homologous site 2 (Hom2). These sites
were ligated into a pcDNA3 vector to generate the pcDNA3 Hom1+2 vector. The desired
fluorescent proteins of interest can then be PCR-amplified with primers adding the BamHI
and EcoRI restriction sites to the N- and C-terminus of the protein which allowed for its
ligation into the pcDNA Homl+2 vector. The resulting protein includes the same linker
region between pIX and the fluorophore as was used for the original pIX-mCherry construct
with the exception of two amino acids that were introduced by the BamHI restriction site.
The resulting final fluorescent protein construct is flanked by HAdV5 homologous sites on
either end, can be excised by restriction digestion with EcoRV and can then be used for the

second homologous recombineering step (Figure 25A).

This procedure was used to fluorescently label pIX with the fluorescent proteins
mNeonGreen, mEos4a and PA-TagRFP mNeonGreen was used to generate two
double-labelled HAdV strains, HAdV5 pV-mCherry pIX-mNeonGreen and HAdV5
DBP-mCherry pIX-mNeonGreen. The fluorophores mFEos4a and PA-TagRFP have
photoactivation and photoswitching properties. PA-TagRFP is non-fluorescent in its naturally

expressed form. Upon irradiation with light at 405 nm, the protein becomes activated and is
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red-fluorescent (SUBACH et al., 2011). mEos4a is green-fluorescent in its naturally expressed
form. Irradiation with light at 405 nm causes the fluorophore to switch to a red-fluorescent
state (SEGALA et al., 2015). In this way, regions of interest of labelled pIX protein can
selectively be activated and imaged in live-cell fluorescence microscopy. To test the
photoswitching and photoactivation properties of PA-TagRFP and mFEos4a, A549 cells were
infected with either virus mutant, stained for dsDNA using DRAQ5 and imaged at 48 hpi.

Cells which displayed an IVAC were irradiated at a wavelength of 405 nm (Figure 25B/C).
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Figure 25: LVAC forms in infection with HAdV5 pIX-mEos4a and HAdV5 pIX-PA-TagRFP and both
proteins display functional photoactivation. A) Photoactivation of pIX-PA-TagRFP via irradiation at
405 nm. The LVAC is visible via dsDNA localisation and pIX-PA-TagRFP spots appeared post-activation.
B) Photoactivation of pIX-mFEos4a via irradiation at 405 nm. The LVAC is visible via dsDNA localisation
and pIX-mEos4a spots when imaged at 488 nm. The identical pIX-mEos4a spots appeared when imaged
at 561 nm post-activation. C) Infection with HAdV5-mEos4a can lead to induction of bright fluorescent
aggregates in a number of cells. The formation of aggregates did not appear to hinder IVAC formation.
The dsDNA signal is represented by DRAQS5 stain (DRAQS5). pIX localisation is detected through the
viral pIX-mEos4a or pIX-PA-TagRFP fusion construct (pV-mEos4a/pIX-PA-TagRFP). Acquisition of pIX-
mEos4a was either performed by excitation at 488 nm or 561 nm (488 nm ex./ 561 nm ex.). The signal
overlap is represented in colour (merge). Scalebars indicate 10 pm.

For HAAV5 pIX-mFEos4a-infected cells, the IVAC was visible in the green channel, whereas
for HAAV5 pIX-PA-TagRFP-infected cells the IVAC was detected only by the dsDNA stain. Prior

to activation of pIX-PA-TagRFB no pIX signal could be observed. After activation, clear pIX spots
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could be detected within the IVAC. Apart from pIX spots, strong pIX signal was detected outside
of the IVAC whereas pIX signal was only weak outside of the nucleus. Before photoswitching
of pIX-mEos4a, the signal could be detected by excitation with the 488 nm laser. pIX spots
as well as pIX signal outside of the IVAC were visible. Only weak pIX signal was observed
outside the nucleus. After photoswitching, the IVAC could still be detected by excitation with
the 488 nm laser, indicating that not all fluorophores were switched. Additionally, excitation
at 561 nm allowed detecting the IVAC in a different imaging channel. Importantly, HAdV5
pIX-mFEos4a infection resulted in a frequent occurrence of aggregates of labelled protein in the
cytoplasm (Figure 25D). These aggregates were strongly fluorescent and were not detected
in infection with pIX-mCherry or pIX-PA-TagRFP. The appearance of these aggregates did not

affect IVAC formation.

4.1.10 Labelling pIX spots with photoswitchable fluorophores and FRAP

analysis shows low mobility of HAdV5 paracrystalline arrays

pV-mCherry and pIX-mCherry within the IVAC of infected cells were probed by fluorescence
recovery after photobleaching (FRAP) experiments to characterise the protein mobility
within the compartment. FRAP is based on a short and focussed laser pulse that is aimed at a
region of interest (ROI), which causes bleaching of fluorophores located within the ROL
After ROI irradiation, the temporal changes in fluorophore signal were recorded and
compared to reference areas (Figure 26A). Individual pIX-mCherry spots, as well as
pV-mCherry regions within the IVAC, were chosen for FRAP irradiation. The recovery of
fluorescence signal was recorded for 2 min after bleaching and compared to fluorescence
changes in a background ROI and non-bleached ROI to yield a relative fluorescence intensity
change over time. Analysis of the fluorescence curve provides information about the mobile
fraction in the population of protein of interest and the motility as given by the half-time of

recovery (Figure 26B).

pIX-mCherry spots only slowly recovered after bleaching. Curve fitting showed the mobile
fraction of pIX-mCherry to be 22 %, which indicated that a major fraction of the protein was
immobilised within the LIVAC spots and that there was only a limited exchange with the non-
bleached surrounding pIX-mCherry population. Bleaching of pV-mCherry showed the protein
to have different recovery properties than pIX-mCherry. The majority of the fluorescence signal
recovered which corresponded to a mobile fraction of 80 %. Therefore, only a small fraction of

pV-mCherry appeared to be immobilised within the honeycomb-like organisation and was not
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capable of being replaced by the surrounding non-bleached pV-mCherry pool. Interestingly,
despite the different mobile fractions, both proteins displayed similar half times of recovery,
which were measured as 20 sec for pIX-mCherry and 18 sec for pV-mCherry. Accordingly, the
exchange kinetics of both populations of fusion protein, appear to behave similarly within the

LVAC.

Next, the mobility of entire paracrystalline virus arrays within the IVAC was analysed by
live-cell confocal fluorescence microscopy. For this purpose, A549 cells were infected with
HAdAV5 pIX-mCherry, cells showing pIX-mCherry spots were selected and imaged over 54 min
or 9 h, respectively. Over the shorter time period of 54 min, the position of pIX-mCherry spots
remained stationary (Figure 26C). When imaged over multiple hours, the pIX-mCherry spots
slightly shifted position within the IVAC, but did not show a high degree of mobility (Figure
26D).

To confirm the previous results that pIX spots display relatively low motility within the
LVAC, live-cell confocal fluorescence microscopy was repeated in infection with HAdV5 pIX-
mEos4a and HAAV5 pIX-PA-TagRFP (Figure 27). Selective photoactivation of individual pIX
spots was shown to be possible by either direct selection and activation of pIX-mEos4a spots
in the 488 nm channel or by targeting the empty spaces within dsDNA honeycomb of LVAC
for pIX-PA-TagRFP After a quick irradiation pulse at 405 nm, selected pIX spots were visible.
(Figure 27A/B). To avoid the addition of the intercalating agent DRAQS5 prior to extended live-
cell imaging, which was shown to cause cytotoxicity (ZHAO et al., 2009), HAdV5 pIX-mEos4a
was selected over HAdV5 pIX-PA-TagRFP for imaging the movement of pIX spots over a period
of 18 h (Figure 27C). During this time, the activated pIX spots did not escape the IVAC and

showed very little movement relative to the position of the IVAC.
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Figure 26: The paracrystalline virus arrays are highly immobile within IVAC and show little
signal recovery after photobleaching. A) Overview of FRAP laser bleaching of pV-mCherry and pIX-
mCherry signal within IVAC constituents in A549 cells infected with HAAV5 pV-mCherry and HAdV5
pIX-mCherry. A dashed red circle is indicating the laser target area for signal bleaching. A representative
cell per virus strain is shown before bleaching (pre-bleach), at the time-point of bleaching (bleach) and
after 2 min recovery (2 min post-bleach). B) Quantification of FRAP signal recovery. The relative
fluorescence intensity is plotted against time. The average signal change is indicated (n = 6) with
the standard deviation indicated as coloured underlying area. C/D) Time-lapse live-cell fluorescence
microscopy analysis of A549 cells infected with pIX-mCherry. The position of paracrystalline virus
arrays (pIX-mCherry spots) remained largely unchanged over 54 min (indicated by white arrows) and
only slowly shifted in the course of multiple hours. Images in D) were denoised using the Noise2Void
algorithm (KRULL et al., 2018). Scalebars indicate 10 pm.
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Figure 27: Selective photo-activation confirms pIX-mEos4a spots to display low mobility within
IVAC. A) Selective activation of pIX-mFEos4a spots within the LVAC. Prior to activation, the spots are
visible at 488 nm excitation. After selective activation within a small ROI (red circle), a pIX-spot is
visible through excitation at 561 nm. B) Selective activation of pIX-PA-TagRFP spots within the IVAC.
Prior to activation, no pIX spots are visible and their position can only be estimated by the gaps within
the dsDNA (DRAQS5). After selective activation within a small ROI (red circle), a pIX-spot is visible
through excitation at 561 nm. C) Live-cell time-lapse imaging of a photoactivated pIx-mEos4a spot
within the IVAC over 16 h starting at 24 hpi. The activated spot remains within the IVAC. Scalebars
indicate 10 pm.
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4.1.11 Double-labelled HAdV5 pV-mCherry pIX-mNeonGreen mutant confirms

LVAC spatial organisation

The relative colocalisation of pV and pIX in comparison to the dsDNA honeycomb was
previously analysed (see Section 4.1.7). However, a simultaneous co-stain of pV and pIX was
neither achievable with the single fluorescently tagged virus mutants nor with antibody
co-labelling due to the penetration restrictions of antibody labelling. Thus, the new
pIX-labelling toolset was used to generate the double mutant HAdV5 pV-mCherry
pIX-mNeonGreen. The double-labelled mutant showed reduced growth and did not reach
titres comparable to the single-labelled fusion mutants. Nonetheless, A549 cells were

infected and analysed by live-cell confocal fluorescence microscopy (Figure 28).

Hoechst pIX-mNeonGreen pV-mCherry merge

EDD

HAdV5 pV-mCherry pIX-mNeonGreen

Figure 28: Double-labelled virus HAdV5 pV-mCherry pIX-mNeonGreen forms LVAC and confirms
pIX-spots to sit within pV honeycomb-like structure. A549 cells were infected with the double
mutant HAdV5 pV-mCherry pIX-mNeonGreen and imaged at 48 hpi. A region of the LVAC is enlarged
(zoom) showing pIX-mNeonGreen spots to populate the cavities of the pV-mCherry honeycomb.
Coloured corners indicate the channel colour. Three representative cells are shown. Scalebars indicate
10 pm.

At 48 hpi, the infection with HAdV5 pV-mCherry pIX-mNeonGreen resulted in the
formation of an IVAC, as shown by the formation of a dsDNA honeycomb. As in wt infection,
some dsDNA was found marginalised to the inner edge of the nuclear envelope. Similar to
HAAV5 pIX-mCherry infection, pIX-mNeonGreen was expressed throughout the cytoplasm

and the nucleus. Additionally, pIX-mNeonGreen spots were found within the empty cavities
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of the dsDNA honeycomb, even though their size appeared to be reduced. Similar to the
single labelled HAdV5 pV-mCherry mutant, pV-mCherry still localised to the IVAC in the
double-labelled mutant. As dsDNA, pV-mCherry showed a honeycomb-like distribution and
overlapped with the Hoechst 33342 signal. Enlargement of sections of the IVAC clearly
showed the pIX-mNeonGreen spots to sit within the pV-mCherry. In this way, the

double-labelled mutant confirmed the previous suggestion of the IVAC architecture.

4.1.12 Double-labelled HAdV5 DBP-mCherry pIX-mNeonGreen does not allow

to reveal DBP localisation within IVAC

All previous immunofluorescence microscopy experiments at 48 hpi have shown DBP to
localise as a ring of individual DBP spots around the LVAC. However, limited antibody
penetration of pV and pIX antibodies gave rise to the hypothesis that DBP can also be found
within the IVAC. To test this hypothesis, the pIX labelling toolset was used to generate a
double-labelled HAdV5 DBP-mCherry pIX-mNeonGreen. Similar to the double-labelled HAdV
pV-mCherry pIX-mNeonGreen (see Section 4.1.11), this double-labelled mutant showed
reduced growth and did not reach titres comparable to the single-labelled fusion mutants.
Nevertheless, A549 cells were infected with the single labelled HAdV5 DBP-mCherry and the
double-labelled HAdV5 DBP-mCherry pIX-mNeonGreen and imaged by live-cell spinning-disk

confocal fluorescence microscopy at 48 hpi (Figure 29).

At 24 hpi, cells infected with the single-labelled HAdV5 DBP-mCherry virus showed an
intact nuclear lamina and partially marginalised dsDNA. DBP-mCherry was localised as small
foci and large protein-filled regions. Interestingly, the DBP-mCherry signal occupied larger
areas of nucleus than was previously observed for wt protein, which displayed a higher
number of smaller rings and foci. At 48 hpi, the nuclear lamin A signal was strongly reduced.
DBP-mCherry protein localised as a large non-structured area in the nucleus. Importantly, no
honeycomb of dsDNA was visible. At this time-point, the double-labelled HAdV5
DBP-mCherry pIX-mNeonGreen showed a similar distribution of DBP-mCherry as was
detected for the single labelled virus. DBP-mCherry occupied a large area of the nucleus but
did not take up a particular structure. dsDNA was not detected in a honeycomb-like
conformation. Instead, it mainly localised in areas devoid of DBP-mCherry. pIX-mNeonGreen
signal was detected in the cytoplasm with some strongly fluorescent foci in the perinuclear
region. However, generally, a lower fluorescence level of pIX-mNeonGreen protein was

detected in the nucleus and no pIX-mNeonGreen spots were detected.
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Overall, labelling with DBP-mCherry did not display the phenotype of the IVAC at 48 hpi
since no dsDNA honeycomb, DBP foci surrounding an IVAC or pIX spots were detected within
the nucleus. Therefore, it did not appear as a suitable system to study DBP localisation at late

states of HAdV5 infection.
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Figure 29: LVAC formation cannot be detected when infecting with DBP-mCherry labelled virus
mutants. A) The infection of A549 cells with HAdV5 DBP-mCherry was analysed at 24 hpi and 48
hpi. A representative cell is shown for each condition. B) The formation of pIX-mNeonGreen spots
was analysed in infection with the double mutant HAdV5 DBP-mCherry pIX-mNeonGreen. Three
representative cells are shown. The cells were imaged by live-cell confocal spinning-disk fluorescence
microscopy. The dsDNA signal is represented by Hoechst 33342 stain (Hoechst). The nuclear lamina
is represented by an mTagGFP-nanobody recognizing lamin A (Lamin A). pIX localisation is detected
through the viral pIX-mNeonGreen fusion construct (pIX-mNeonGreen). DBP localisation is detected
through the viral DBP-mCherry fusion construct (DBP-mCherry). The signal overlap is represented in
colour (merge). Scalebars indicate 10 wm.
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4.1.13 DBP spots are likely populating space within pV honeycomb

A DBP-mCherry fluorescent fusion label was not successful to indicate the localisation of DBP
within the IVAC since it caused DBP to localise differently than in HAdV5 wt infection and
stopped the IVAC from forming. Instead, DBP protein was visualised by serial block-face SEM

and compared to the DBP phenotype in immunofluorescence microscopy (Figure 30).

At 24 hpi, DBP can be found as replication rings, as shown by a single z-slice through
a 3D fluorescence volume (Figure 30A). At 48 hpi, DBP was detected as a ring of individual
foci, when imaging a z-slice in the centre of the IVAC. The periphery of the DBP ring can be
visualised in a different z-slice. Here, multiple adjacent DBP foci covered a larger area in x and
y (Figure 30B). These DBP replication centres can also be detected by serial block-face SEM.
Here, DBP was detected as intranuclear rings of higher electron density than the surrounding
nucleoplasm (Figure 30 C). At this stage of the infection, a few progeny virions were detected
around the DBP replication ring. In cells containing an IVAC, protein spots of similar electron
density were detected at the periphery of the IVAC (Figure 30D). Importantly, in a z-slice
through the centre of the IVAC these spots were detected in multiple layers and not just as a
single circle, as was indicated by fluorescence microscopy. In both slices, groups of progeny
virions were found in close proximity to these protein spots. This experiment suggested the
LVAC to be filled by DBP replication centres rather than being surrounded by a single ring of

DBP replication spots as was previously shown by immunofluorescence microscopy.
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Figure 30: DBP replication foci intersperse LVAC and do not localise as a single ring of spots. DBP
replication centres were analysed by IF microscopy and serial block-face SEM at 24 hpi and 48 hpi. A)
DBP replication at 24 hpi. A 3D volume of an HAdV5-infected cell was recorded. A single z-slice of
the 3D volume (red square) shows DBP to be localised as multiple rings. B) DBP replication foci at
48 hpi. A 3D volume of an HAdV5-infected cell including an LVAC was recorded. A single z-slice of
the 3D volume at the periphery of the IVAC shows the DBP foci to be sitting adjacent to each other
(orange square). A single z-slice of the 3D volume at the centre of the IVAC shows the DBP foci to be
localised as a one-layered ring around the IVAC (red square). C) Serial block-face SEM z-slice of a cell
displaying replication rings. The protein is visible as dark rings. D) Serial block-face SEM z-slices at
the periphery and centre of an IVAC. At the periphery, dark protein foci are localised as adjacent spots.
At the centre of the IVAC these spots do not localise a single-layered ring, but instead intersperse the
LVAC. The fluorescence image scale bars indicate 5 um, The SEM overview scale bars indicate 5 pm.
Zoomed images are indicated by a white, dashed square and the scalebars indicate 2 pm.
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4.2 Nuclear egress of adenovirus particles

4.2.1 Expression of adenovirus death protein facilitates release of infectious

virus particles

The egress of HAdVS particles has been described to be linked to the HAdV5 10.5 kDa protein
ADP (DORONIN et al., 2003; TOLLEFSON et al., 1996a,b). However, the mechanism of ADP
function is now known. Here, the protein was bioinformatically analysed for post-translational
modifications (PTMs) and motifs that can give a hint towards its mechanism of function (Figure
31).
A
Disordered pred.

N-glycosylation pred.
O-glycosylation pred

N—MTNTTNAAAATGLTSTTNTPQVSAFVNNWDNLGMWWEFSIALMFV...
1 33 44
lumenal domain transm. domain

Palmitoylation pred.
| | Basic proline-rich

...CLIMWLICCLKRKRARPPIYSPIIVLHPNNDGIHRLDGLKHMFFSLTV—C
45 55 93

transm. domain cytoplasmic domain

Figure 31: HAdAV5 ADP protein is predicted to by glycosylated, palymitoylated and has a
single transmembrane region. A) Overview of the ADP protein sequence including confirmed and
putative PTMs and domains. ADP is a short protein of 93 amino acids consisting of a single-spanning
transmembrane domain. A basic region in the cytoplasmic domain could act as nuclear localisation
signal and the N-terminal region of ADP is predicted to possess intrinsically disordered properties.
Single posttranslational modifications are predicted to consist of N-glycosylation at residue Asn3, O-
glycosylation at residues Thr2, 4, 5, 11, 14, 16 and 17 and palmitoylation at residues Cys53 and
Cys54. B) The ADP transmembrane helix has a hydrophobic surface and does not possess amphipathic
properties. Small amino acids (Gly, Ala) are coloured in grey, hydrophobic amino acids are coloured
in yellow and hydrophilic amino acids are coloured in red. Structural and PTM predictions were
run using GPS-Lipid (XIE et al., 2016), Heliquest (GAUTIER et al., 2008), JPred (DROZDETSKIY et al.,
2015), NetOGlyc (STEENTOFT et al., 2013), PrDOS (IsHIDA and KINOSHITA, 2007) and SPRINT-Gly
(TAHERZADEH et al., 2019).

ADP has a single transmembrane domain including two predicted palmitoylation sites at
residues Cys53 and Cys54 for further anchoring in the membrane. The lumenal N-terminal
side has predicted PTMs including N-glycosylation at residue Asn3 and O-glycosylation at
residues Thr2, 4, 5, 11, 14, 16 and 17. The luminal N-terminus is predicted to be intrinsically

disordered and a basic, proline-rich region in the cytoplasmic domain could act as a nuclear
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localisation signal. The position and properties of the amino acid residues within the
transmembrane domain were analysed but did not show properties of amphipathic helices.
Amphipathic helices in viral proteins have been shown to lead to membrane pore formation
aiding the release of viral particles (LEE et al., 2008; RAGHAVA et al., 2011; GIORDA et al.,

2013).

To test the effect of ADP expression on the release of virus particles, virus titre growth
curves were measured. The usual laboratory HAdV5 strain has a deletion in the E3 region
since most of the E3 proteins are required for host cell immune evasion and are not necessary
for cell culture systems. This HAdV5 AE3 strain is labelled HAdV5 ADP- in this work. For
expression of ADP, the protein was reinserted in the E3 region by homologous recombineering
in E. coli (WANG et al., 2014). Virus particles were generated by transfection of the linearised
viral genome including ADP into H1299 cells. The virus strain was passaged three times by
infection of A549 cells with infection supernatant of the previous infection cycle. The resulting
strain was labelled HAdV5 ADP+. For virus release growth curves, A549 cells were infected
and the supernatant medium was collected every 24 hpi from O hpi to 96 hpi. The titre of each
supernatant was determined by FACS analysis of A549 cells infected with serial dilutions of

the supernatant (Figure 32).
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Figure 32: ADP expression accelerates HAdV5 particle release from infected cells. A growth curve
of virus particle release from infected A549 cells from 0 to 96 hpi is displayed. The two virus strains
HAdV5 ADP- and HAdV5 ADP+ were compared together with a ctrl in which no virus was used. The
supernatant of infected cells was collected at each time-point and their titre was measured as ffu/uL
by FACS analysis. Three replicates (n=3) were measured and the standard deviation is displayed.

At 24 hpi, no HAdAV5 particles were detected in the supernatant for either virus strain.
At 48 hpi, virus particles were detected to have been released from infected cells for HAdV5
ADP+. From 48 hpi to 96 hpi, increasing infectious particles were found in the supernatant for

HAdV5 ADP+. HAdV5 ADP- particles were only detected at 96 hpi at a four-time lower level
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compared to HAdV5 ADP+. This time-course experiment demonstrated the increased release

of virus particles upon ADP expression in infection.

4.2.2 Fluorescent protein labelling of ADP with mCherry

ADP from HAdV type 2 was described to be localised in the nuclear envelope as well as Golgi
and ER (SCARIA et al., 1992; TOLLEFSON et al., 2003). To analyse whether ADP from HAdV
type 5 localises similarly, it was first tested in a transfection experiment. To this end, the
HAdV5 CR1f gene coding for HAAV5 ADP was ligated into the mammalian expression plasmid
pCherry-C2. In this way, ADP was fluorescently labelled by fusion to the fluorescent protein
mCherry. Since HAdV2 was shown to retain lytic activity upon mutations within its C-terminus,
C-terminal fusion of pCherry-C2 to HAdV5 ADP was performed (TOLLEFSON et al., 2003). The
ADP-mCherry expression plasmid was transfected into H1299 cells and the localisation of ADP-
mCherry was analysed by live-cell fluorescence microscopy at 48 hours post transfection (hpt)

(Figure 33).

The predominant ADP-mCherry phenotype showed localisation of the protein in vesicles
in the perinuclear region. The second most common phenotype showed similar vesicles in
the perinuclear region together with a dispersed mCherry signal throughout the entire cell.
Only 3.7 % of transfected cells showed fluorescently labelled ADP to be localised in the
nuclear envelope. In these cells, the protein could also be detected in the within the ER. The
localisation of ADP-mCherry in these transfection experiments differed from the described

localisation for HAdV2 ADP.
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Figure 33: Only a minority of ADP-mCherry localises to the nuclear membrane. A) Transfection
of H1299 cells with pcDNA3-mCherry and pcDNA3 plasmid DNA as a control. B) Quantification of
protein localisation phenotypes (n=297). At 48 hpt, transfected H1299 cells were imaged by confocal
laser-scanning fluorescence microscopy. The cells were stained with Hoechst 33342 (Hoechst) and the
localisation of ADP-mCherry was probed (ADP-mCherry). The signal overlap is represented in colour
(merge). Nuclear envelope regions of interest are enlarged (zoom) with coloured corners indicating
the channel colour. A representative cell is shown for each observed transfection phenotype. Phenotype
A showed ADP-mCherry in the nuclear membrane and perinuclear vesicles, phenotype B showed only
perinuclear vesicles and phenotype C showed dispersed signal throughout the entire cell. Only 3.7 %
of cells showed ADP-mCherry to be localised in the nuclear envelope and ER. Scalebars indicate 10 pm.
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4.2.3 Addition of an HA tag to ADP by homologous recombination

Since the addition of an mCherry tag to HAdV5 ADP resulted in localisation differences of the
protein compared to previous publications for HAdV2, two variables of the experiment were
changed. First, a smaller protein tag, the HA tag was used instead of mCherry. This epitope tag
is derived from the human influenza hemagglutinin (FIELD et al., 1988). Second, in contrast
to the mCherry fusion construct, ADP-HA fusions were generated in the context of the HAdV5
genome by homologous recombineering in E. coli (WANG et al., 2014) to yield the virus strain
HAdV5 ADP-HA which can be tested in infection instead of transfection experiments. Mutant
virus particles were generated by transfection of the linearised viral genome into H1299 cells.
After transfection, the cells were analysed for cytopathic effects. The culture supernatant
was used to infect new A549 cells and progeny virions were produced by three rounds of
infection. The localisation of ADP-HA in HAdV5 ADP-HA infection of A549 cells was analysed

by immunofluorescence microscopy at 24 hpi and 48 hpi (Figure 34).
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Figure 34: ADP-HA is localised to vesicles in the perinuclear region. A549 cells were infected
with HAdV5 ADP-HA. At 24 and 48 hpi, the cells were fixed and imaged by confocal laser-scanning
fluorescence microscopy. Cells were stained with Hoechst 33342 (Hoechst) and immunostained against
the HA-tag (ADP-HA). The signal overlap is represented in colour (merge). Nuclear envelope regions
of interest are enlarged (zoom) with coloured corners indicating the channel colour. A representative
cell is shown for each time-point. Scalebars indicate 10 pm.

In contrast to some cells in ADP-mCherry transfection, ADP-HA was not detected in the

nuclear envelope at all. The protein was found to be exclusively localised in cytoplasmic
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spots, most likely vesicles. This phenotype was comparable to phenotype B described for
ADP-mCherry. These vesicles appeared to be more strongly associated with the perinuclear
regions at 48 hpi, compared to 24 hpi. Infection with HAdV5 ADP-HA showed marginalisation
of cellular DNA and the formation of a central IVAC in the Hoechst 33342 fluorescence channel.
Still, the localisation of HAdV5 ADP-HA in infection differed to the reported localisation of the

HAdV2 ADP protein.

4.2.4 HAAVS5 infection causes destabilisation of the nuclear envelope

Since fluorescent labelling of ADP did not point to specific regions of the nuclear envelope
to be enriched of ADP protein, the overall nuclear envelope morphology of infected cells was
compared in HAdV5 ADP- and HAdV5 ADP+ infection. For the selection of infected cells,
the virus strains HAdV5 pIX-mCherry ADP- and HAdV5 pIX-mCherry ADP+ were used, which
express mCherry labelled protein IX as a visible marker. The cell line A549 expressing a lamin
A nanobody fused to mTagGFP was used to analyse the morphology of the nuclear envelope

(Figure 35A).

Non-infected cells showed a clear nuclear envelope stain as was previously shown (Figure
8). Depending on the progression of infection, different lamin A phenotypes were detected. At
an early stage, when no IVAC was detectable, the nuclear envelope was still visible. However,
the mTagGFP-nanobody signal levels were already reduced. This observation was made for
both virus strains. At a later stage when the IVAC was visible, very little mTagGFP-nanobody
signal remained at the nuclear envelope. Again, this phenotype was visible for infection with
both virus strains. Interestingly, a high proportion of cells showed a formation of strongly
fluorescent lamin A-mTagGFP-nanobody spots in the cytoplasm. A reduction in anti-lamin
A nanobody signal could originate from degradation of lamin A, redistribution of lamin A
from the nuclear envelope to the ER and cytoplasm, a loss of nanobody affinity for lamin A
in infection or infection-induced aggregation of the protein in the cytoplasm. To exclude a
nanobody affinity loss for lamin A, A549 cells were infected with HAdV5 pIX-mCherry ADP+
and the nuclear lamina was immunostained for lamin A (Figure 35B). In non-infected cells, a
strong lamin A signal was detected by the antibody. In comparison, the HAdV5 pIX-mCherry
infected cells showed a reduced anti-lamin A antibody signal at the nuclear envelope. Thus,
the anti-lamin A nanobody is a suitable system to analyse levels of lamin A at the nuclear
envelope. Overall, judging from the nuclear lamin A morphology, no differences in infection

with HAdV5 ADP- or ADP+ were detected.
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Figure 35: The nuclear membrane loses lamin A signal during infection. A) A549 cells were
infected with HAdV5 pIX-mCherry ADP- and HAdV5 pIX-mCherry ADP+ and imaged by live-cell
fluorescence microscopy at 48 hpi. B) A549 cells were infected with HAdV5 pIX-mCherry ADP+, fixed
with PFA at 48 hpi and imaged by confocal fluorescence microscopy. The pIX-mCherry fluorescence was
used to identify infected cells for analysis of their lamin A phenotype. A non-infected cell was analysed
in comparison. A representative cell for each phenotype is shown. The dsDNA signal is represented
by Hoechst 33342 stain (Hoechst). The nuclear lamina is represented by an mTagGFP-nanobody
recognising lamin A (Lamin A) or an anti-lamin A antibody (anti-Lamin A). pIX localisation is detected
through the viral pIX-mCherry fusion construct (pIX-mCherry). The signal overlap is represented in
colour (merge). Nuclear membrane regions of interest are enlarged (zoom) with coloured corners
indicating the channel colour. Scalebars indicating 10 pm.
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To control for potential artefacts from pIX-mCherry labelling, the lamin A localisation was
also tested in HAdV5 wt ADP- and HAdV5 wt ADP+ infection (Figure 36A). Additionally, the
lamin A fluorescence levels at the nuclear envelope were quantified and compared between
non-infected cells, and infected cells using HAdV5 pIX-mCherry ADP-/ADP+ and HAdV5 wt
ADP-/ADP+ strains (Figure 36B).

No difference in lamin A phenotype was detected in infection with HAdV5 wt compared to
HAdV5 pIX-mCherry. At the early infection stage, lamin A signals were reduced at the nuclear
envelope. This effect was increased in cells showing the IVAC. Cells with IVAC were detected
via their Hoechst 33342 dsDNA honeycomb-like conformation. To quantify the lamin A signal
levels, the nuclear lamina was manually segmented and the average signal was measured
across the entire nuclear envelope. No significant difference could be detected between any
of the tested HAdVS5 strains. All infected cells showed a significantly reduced lamin A signal
compared to non-infected cells. These results indicated an infection-dependent reduction of

lamin A, which is not modulated by ADP function.
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Figure 36: No difference in lamin A signal reduction at the nuclear envelope upon ADP expression
of pIX labelling with mCherry. A) A549 cells were infected with HAdV5 wt ADP- or HAdV5 wt ADP
and imaged by live-cell fluorescence microscopy at 48 hpi. The Hoechst 33342 fluorescence was used
to identify infected cells for analysis of their lamin A phenotype. A non-infected cell was analysed in
comparison. A representative cell for each phenotype is shown. The dsDNA signal is represented
by Hoechst 33342 stain (Hoechst). The nuclear lamina is represented by an mTagGFP-nanobody
recognising lamin A (Lamin A). pIX localisation is detected through the viral pIX-mCherry fusion
construct (pIX-mCherry). The signal overlap is represented in colour (merge). Nuclear membrane
regions of interest are enlarged (zoom) with coloured corners indicating the channel colour. Scalebars
indicate 10 pm. B) Quantification of anti-lamin A mTagGFP-nanobody signal intensity at the nuclear
envelope in infection with multiple virus strains. The fluorescence intensity of multiple cells is shown
as a box plot including the median, upper quartile, lower quartile, maximum and minimum of the
population (n = 20). Statistical significance was calculated using a one-way ANOVA with post-hoc
Tukey test.
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Apart from the reduction in lamin A fluorescence level, the nuclear envelope of infected
cells showed a loss of structural integrity. In non-infected cells, the nuclear membrane had
an oval shape, whereas the nuclear envelope of infected cells developed into a kidney shape
and showed local membrane invaginations. To gain more information on the global
membrane deformations caused by HAdV5 infection, these nuclear membrane invaginations
were analysed using serial block-face SEM. A non-infected and HAdV5 pV-mCherry
ADP+-infected cell each were recorded as sequential z-slices, allowing to reconstruct the 3D
volume of the entire cells. By tracing and segmenting their nuclear envelopes, the nuclear

global fold was analysed (Figure 37).

The non-infected cell had an oval-shaped nucleus. Interestingly, it had a small channel,
which was spanning one side of the nucleus to the other (Figure 37 images i and iii). Overall,
the nuclear envelope showed no major deformities (Figure 37 image v). In contrast, the
infected cell showed a fragmentation of the nucleus into multiple parts including a small part
of the nucleus that had separated into the cytoplasm (Figure 37 images ii and iv). Overall,
the nucleus of the infected cell had a kidney-shape morphology. In particular, the part of the
nuclear envelope which was facing the centre of the cell showed strong membrane
invaginations and budding events of multiple small vesicles containing nucleoplasm (Figure

37 image vi).
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non-infected HAdV5 ADP+

Figure 37: The nuclear membrane in HAdVS5 infection loses global stability, fragments and forms
invaginations. A549 cells were infected with HAdV5 pV-mCherry ADP+ and fixed at 42 hpi. The pV-
mCherry fluorescence was used to identify infected cells for serial block-face SEM sample preparation.
A non-infected cell was analysed in comparison. The 3D volume of cells of interest was recorded by
serial block-face SEM. The nuclear envelope of a non-infected and infected cell was manually segmented
using the IMOD segmentation tool (KREMER et al., 1996). A mesh overview of both nuclei is shown in
images i) and ii). An overlay of a surface render onto a SEM z-image is shown in images iii) and iv).
An enlargement of a surface render of the nuclear envelope is shown in images v) and vi).

HAAV5 infection often induces the formation of large intranuclear protein crystals
(Figure 38A). In TEM analysis, virus particles were found to localise around these crystal
structures. The composition of these crystals was previously described as fibre and penton
protein, which are imported into the nucleus to such a high extent that they pack in regular
patterns (FRANQUEVILLE et al., 2008). These large crystals were hypothesised to potentially
lead to membrane rupture when they grow large enough to extend beyond the normal size of
the nuclear envelope. Such examples were found by fluorescence microscopy in which the
crystals can be detected as large rectangular structures devoid of pIX-mCherry (Figure 38B).
The nuclear envelope appeared to be stretched around the spatial constraint that was given

by the nuclear crystals. The shape of the nuclear envelope of these protein crystals was
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analysed by TEM (Figure 38C). No evidence was found that the protein crystals caused

membrane rupture of the infected cells that were analysed.

A

o HAdV5 pIX-mCherry o HAdV5 DBP-mCherry

HAdV5 pIX-mCherry

Figure 38: HAdV5 infection induces the formation of large intranuclear protein crystals that grow
large enough to distort the nuclear membrane. A) Classical TEM image of intracellular protein
crystals surrounded by HAdV5 particles in A549 infection with HAdV5 DBP-mCherry at 48 hpi. The
crystal structure appeared as regular dots or slabs depending on the orientation of the crystal lattice.
Scalebars indicate 1 pm in image i) and 200 nm in images ii) and iii). B) Appearance of large protein
crystals in A549 cells infected with HAAV5 pIX-mCherry at 48 hpi. The proteins are visible as areas
devoid of pIX-mCherry signal and are traced by white dotted lines. Crystals extend beyond the normal
geometry of the nucleus and distort the nuclear envelope. Three representative cells are displayed.
Scalebars indicate 10 pm. C) Protein crystals distorting the nuclear membrane. A549 cells were
infected with HAdVS5, fixed at 48 hpi and prepared for classical TEM. Three representative cells are
shown. Areas of nucleoplasm (np), cytoplasm (cp) and protein crystals (cr) are labelled. Scale bars
indicate 1 pm.

4.2.5 HAAVS5 infection causes nuclear envelope damage

Due to the detection of large scale stability defects of the nuclear envelope of
HAdV5-infected cells, the nuclear membrane was analysed in more detail. Initially, the

presence of HAdV5 particles near the nuclear membrane was probed under the assumption

Pfitzner 118



CHAPTER 4. RESULTS

that the capsids themselves could be targeted to sites of egress or cause membrane damage
by means of capsid-membrane interactions. Interestingly, there are only few a positions in
infected cells in which particles localised close to the membrane. The nuclear envelope was
often surrounded by a layer of marginalised chromatin that isolates virions from direct
interaction with the inner nuclear membrane (Figure 38C). When comparing infection with
HAdVS5 expressing ADP and lacking ADP, there is a difference in HAdV5 particles found in
the cytoplasm. Only HAdV5 ADP+ infection showed varying levels of particles outside of the
nucleus at 48 hpi (Figure 39A/B). However, since only a small number of infected cells could
be screened, no clear significance can be deduced from this observation. Instead of probing
membrane damage on individual ultra-thin sections, serial block-face SEM was performed.
This method allows recording the entire volume of the infected cell and thus increases the
chances of finding regions of nuclear membrane damage. Cells were infected with HAdV5
pIX-mCherry ADP- and HAdVS5 pIX-mCherry ADP+. Appropriately infected cells were
detected via the pIX-mCherry fluorescence signal at 42 hpi. These cells were prepared for

serial block-face SEM (Figure 39C).

The nuclear envelope of non-infected cells did not show any signs of membrane damage.
In contrast, multiple sites of nuclear membrane disruptions could be detected in HAdV5
infection. While more of these sites were detected in infection with HAdV5 ADP+ than
HAdV5 ADP-, the number of analysed cells does not allow for a meaningful quantification.
However, since, no damage was detected in non-infected cells, it is unlikely that they arise

from EM-preparation-induced artefacts.

In the process of analysing the nuclear membrane in infection, a few strongly infected cells
were detected by TEM that showed strong nuclear membrane disruptions. (Figure 40). These
cells did not only show small nuclear lesions, as were previously detected by serial block-face
SEM, but had large membrane gaps through which nucleoplasm together with virus particles
entered the cytoplasm. In one of these disrupted cells, a large protein crystals was detected in
the cytoplasm. These cells were rarely detected, since strongly infected cells eventually lose

contact to the cell culture support and are lost during the TEM preparation procedure.
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Figure 39: HAdV5 infection induces small membrane disruptions while initially only a few virus
particles are found in the cytoplasm. A/B) Depending on the state of infection varying numbers
of HAdV5 particles can be detected in the cytoplasm at 48 hpi. Cells were infected with HAdV5 pIX-
mCherry ADP+ to allow for fluorescence-based targeting of cells of interest for ultra-thin sectioning
of cells for TEM analysis. Two example cells are shown in images i) and iii) with scalebars indicating
1 um. Higher magnification images selected areas of interest are shown in images ii) and iv) with
scalebars indicating 500 nm. Areas of the nucleoplasm (np) and cytoplasm (cp) are indicated and virus
particles are highlighted by white arrows. C) Nuclear membrane disruptions by HAdV5 pIX-mCherry
ADP+ infection. A549 cells were infected with HAdV5 pIX-mCherry ADP+ and prepared for serial
block-face SEM at 42 hpi. A non-infected cell was analysed as a comparison. An overview image is
shown, with a white square indicating a selected ROI. Sequential z-sections of the ROIs are shown and
the nucleoplasm (np) and cytoplasm (cp) are labelled.
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non-infected

HAdV5 pIX-mCherry ADP+

Figure 40: HAdV5 infection causes large membrane disruptions. A549 cells were infected with
HAdV5 pIX-mCherry ADP+. A non-infected cell was analysed as a control. Before total cell lysis, large
nuclear membrane disruptions were detected. Large quantities of HAdV5 particles were detected in
the cytoplasm together with nuclear content and protein crystals. Two infected cells are shown with
overview images in i) and higher magnification images ii) and iii) shown by white dotted squares. Areas
of nucleoplasm (np), cytoplasm (cp) and protein crystals (cr) are labelled. Scalebars indicate 5 pm for
images i) and 500 nm for images ii) and iii).

To confirm the apparent nuclear lesions of classically fixed EM probes, the nuclear
membrane was analysed by electron cryo-tomography. For this method, instead of chemical
fixation, the cells were preserved in their natural state by rapid freezing to liquid nitrogen
temperature. While the edges of cells are thin enough to be penetrated by the electron beam,
the thickness of nucleus would cause too much interaction of the beam with the sample and
does not allow to simply target the nucleus without further preparation. Instead, cells were
prepared by FIB-milling, which can clear away cellular material above and below a z-plane of
interest (Figure 41). To allow for targeted milling of infected cells, A549 cells were infected
with HAdV5 pIX-mCherry ADP+ and a fluorescent image was correlated with the SEM image
in the FIB-SEM microscope (Figure 41A). After generation of ultra-thin (~200 nm) lamellae,

the nuclear envelope could be visualised by electron cryo-tomography (Figure 42).
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The 3D reconstruction of tomograms allowed to detect a site of membrane damage,
similar to the events previously detected by serial block-face SEM. The tomogram showed a
cytoplasmic region flanked by two nucleoplasmic regions caused by nuclear envelope
infolding. Within the volume of the tomogram, a high number of virions was detected in the
nucleoplasm, but three particles were also detected in the cytoplasm. These particles sit close
to an opening in the nuclear membrane, which is larger than the typical nuclear pore size
and opens up further to the top of the tomogram. For better visualisation the nuclear

membrane, four virions and a lipid droplet were segmented.

A

SEM merge

SEM

)

i T&s TR

Figure 41: pIX-mCherry fluorescence correlation allows to target HAdV5 infected cells for FIB-
milling. A) CLEM microscopy of A549 cells infected with HAdV5 pIX-mCherry ADP+. The cells were
seeded on TEM gold grids and imaged by live-cell wide-field fluorescence microscopy (LM). Cells of
interest to be targeted for FIB-milling in the scanning electron microscope (SEM) were identified by
correlation with the light microscopy image. The scalebar indicates 10 pm. B) FIB-milling procedure
to thin the cellular material to image HAdV5 particles in the nucleus in electron cryo-microscopy. The
appearance of the thin lamella in SEM (SEM) is shown from the direction of milling and from the top
in images i) and ii). The appearance of the entire lamella and a selected nuclear region in the cryo
transmission electron microscope is shown in images iii) and iv). Scalebars indicate 5 um for images
i)-iii) and 500 nm for image iv).
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Figure 42: Cryo tomogram showing nuclear membrane disruptions together with virions outside
of the nucleus A single z-slice of the reconstructed 3D volumen is shown in image i). Areas of
nucleoplasm (np), cytoplasm (cp) and and a lipid droplet (Id) are labelled. The scalebar indicates
100 nm. A region of interest of the tomogram is shown in image ii). The nuclear membrane (cyan),
selected HAAVS5 particles (magenta) and a lipid droplet (yellow) were manually segmented using the
IMOD segmentation tool (KREMER et al., 1996). A virion outside the nucleus was found at a site of
nuclear membrane damage.

4.2.6 HAAVS5 infection causes nuclear membrane permeability late in infection

independent of ADP

Since EM analysis detected nuclear lesions and virus particles in the cytoplasm of cells at 48
hpi, a mechanism leading to egress of particles independent of total nuclear rupture was
hypothesised. To test the involvement of ADP in this process, the permeability of the nuclear
envelope in infection was probed. The nuclear permeability assay was based on the influx of
blue fluorescent protein (BFP) labelled with an NES. The BFP-NES fusion protein is efficiently
transported out of the nucleus by CRM1 nuclear transport (FORNEROD et al., 1997; FUKUDA
et al., 1997). The BFP-NES construct was constitutively expressed in a polyclonal A549 cell
line. A population of similarly strong fluorescent cells was selected by FACS sorting. As part
of the expression construct a GFP protein is expressed constitutively, which allowed tracing
the cell boundaries. The rationale behind this assay is that, when nuclear pores or lesions
appear in adenovirus infection, the influx of BFP-NES will increase and will not be efficiently
counteracted by CRM1 export. The A549 BFP-NES cell line was infected with HAdV5
pIX-mCherry ADP- and HAdV5 pIX-mCherry ADP+ and analysed by spinning-disk confocal
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fluorescence microscopy (Figure 43A).
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Figure 43: Infection by HAdV pIX-mCherry increases BFP-NES amounts in the nucleus. A549
cells were infected with HAAV5 pIX-mCherry ADP- or HAdV5 pIX-mCherry ADP+ and analysed at
48 hpi. A) Phenotype of A549 cells expressing BFP-NES construct. The cells were imaged by live-
cell confocal spinning-disk fluorescence microscopy. A representative cell is shown for each condition.
The permeability probe BFP-NES is detected via the BFP fluorescence (BFP-NES). The whole-cell area
was detected via constitutively expressed GFP (GFP). Infected cells were detected by expression of
pIX-mCherry (pIX-mCherry). The dsDNA signal is represented by DRAQ5 stain (DRAQS5). The signal
overlap is represented in colour (merge). Scalebars indicate 10 um. B) Representation of ROIs for BFP-
NES signal analysis. The nuclear ROI was chosen based on the dsDNA signal, the whole-cell ROI was
chosen based on GFP expression and the cytoplasmic ROI was selected as the whole-cell ROI excluding
the nucleus ROL. C) Quantification of BFP-NES signal ratio between cytoplasm and nucleus of infected
cells (n = 50). The ratio is shown as a box plot including the median, upper quartile, lower quartile,
maximum and minimum of the population. Statistical significance was calculated using a one-way
analysis of variance (ANOVA) with post-hoc Tukey test.
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The non-infected cells showed BFP-NES fluorescence outside of the nucleus, while the NES
caused the protein amounts in the nucleus to be minimal. DRAQ5 stained the nucleus but also
accumulated in vesicles and led to background stain. GFP was expressed throughout the cell
and in contrast to BFP-NES was not excluded from the nucleus. In infected cells, the exclusion
of BFP-NES from the nucleus was not as clear anymore since more protein was detected in the
nucleus. Phenotypically, no strong difference between cells infected with HAdV5 pIX-mCherry
ADP- or ADP+ was observed. Originally, the separate fluorescent markers were intended to
be used for automated cell segmentation of the nucleus, whole-cell area and cytoplasmic area
to allow automated analysis of the BFP-NES fluorescent intensity inside the nucleus versus in
the cytoplasm. However, the marginalisation of dsDNA and formation of the IVAC prevented
automated detection. Alternatively, the nuclear area, whole-cell area and cytoplasmic area
were traced as ROIs by hand (Figure 43B). Subsequent quantification of the BFP-NES ratio
between cytoplasm and nucleus showed the average BFP-NES signal ratio to be 1.54 for non-
infected cells, 1.14 for infection without ADP and 1.27 for infection with ADP (Figure 43C).
Thus, infection by HAAV5 significantly increased BFP-NES levels inside the nucleus. While this
assay indicates an increased nuclear permeability upon infection it does not control for changes
in the CRM1-dependant export that might be induced by HAdV5 infection. It is unlikely that
HAAV5 infection would block CRM1-mediated export since HAdV infection has been shown
to rely on CRM1 function to catalyse nuclear export of mRNA transcripts (STRUNZE et al.,
2005; SCHMID et al., 2012). Inhibitors of CRM1 have even been suggested as antivirals against
influenza virus or human cytomegalovirus (hCMV) infection (WATANABE et al., 2011; SANCHEZ

et al., 2007; SCHMID et al., 2012).

Since ADP expression did not show an increase in nuclear permeability compared to
infection lacking ADP, a second nuclear permeability assay was performed to control for
possible inhibition of nuclear export during infection. The second assay was based on the
nuclear influx of 70 kDa dextran molecules labelled with the fluorescent dye fluorescein
isothiocyanate (FITC). Dextran-FITC molecules are not able to pass the NPC and can thus
only reach the nucleoplasm through other, larger nuclear pores or lesions. The dye is not
cell-permeable, which is why cells were pre-treated with digitonin to selectively permeabilise
the cytoplasmic but not the nuclear membrane. To induce nuclear permeability in a positive
control, cells were incubated in triton X-100. The A549 cells were infected with HAdV5
pIX-mCherry AE3 and HAdV AE3 ADP+, semi-permeabilised by digitonin, incubated in
dextran-FITC and then analysed by spinning-disk confocal fluorescence microscopy (Figure

44A).
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The non-infected cells showed dextran-FITC fluorescence in the space between cells as
well as the cytoplasm. Dextran-FITC signal was weaker inside the cytoplasm compared to
the extracellular space and the dye was excluded from intracellular vesicles. The dextran-
FITC fluorescence inside the nucleus was very weak. Hoechst 33342 clearly stained cellular
chromatin inside the nucleus. The positive control showed stronger dsDNA signal due to the
increased permeation of the dye, which showed the nuclear area. The fluorescence of dextran-
FITC appeared to be higher compared to the negative, non-infected control. In infection,
Hoechst 33342 stained the marginalised dsDNA as well as viral DNA that has accumulated
in the IVAC. Dextra-FITC signal was detected inside the nucleus, however, it did not show an
even distribution. Instead, sub-nuclear areas outside of the IVAC showed high dextran-FITC
fluorescence, while the probe was excluded from the IVAC. As for the BFP-NES assay, it was
not possible to perform automated cell segmentation to quantify the ratio of dextran-FITC
in the cytoplasm versus the nucleus. Instead, the nuclear area was hand-traced by means of
the dsDNA signal and the whole-cell area was selected based on the cellular outline that was
visible in the dextran-FITC channel (Figure 44B). Subsequent quantification of the dextran-
FITC ratio between cytoplasm and nucleus showed the average signal ratio to be 1.25 for
non-infected cells, 1.11 for the positive triton X-100 control, 1.03 for infection without ADP
and 1.03 for infection with ADP (Figure 43C). As for the previous nuclear permeability assay,
the nuclear permeation of the dye was significantly increased by infection. No statistically
significant difference in nuclear permeability between infection with and without ADP was

detected.

Pfitzner 126



CHAPTER 4. RESULTS

A
Hoechst Dextran-FITC plX-mCherry

o
2
7]
2
£
c
)
c
o
=
x
c
2
=
o
(=]
<
wm
>
T
<
T
+
o
(=]
<
w
>
T
<
I

B Cc

Control Infection
s .
x
% = 1.6+
o 2
2 <
_ o 1.44
: 3
= i o i
of g 12
2 [T
S Q
_ S 1.0-
2 S
£ =
% 0-8 T 1 1 1
sl > . x
z ¥ 3\@ & &
& ¥ oY oF
& S ) N
& o0 Y‘b Y‘b
< N R >

Figure 44: Infection by HAdV pIX-mCherry increases 70 kDa dextran-FITC permeability of the
nuclear envelope. A549 cells were infected with HAdV5 pIX-mCherry ADP- or HAAV5 pIX-mCherry
ADP+ and analysed at 48 hpi. A) Phenotype of A549 cells after incubation in dextran-FITC. The
cells were imaged by live-cell confocal spinning-disk fluorescence microscopy. A representative cell
is shown for each condition. The dsDNA signal is represented by Hoechst 33342 stain (Hoechst). The
permeability probe dextran-FITC is detected via the FITC fluorescence (Dextran-FITC). Infected cells
were detected by positive expression of pIX-mCherry (pIX-mCherry). The signal overlap is represented
in colour (merge). Scalebars indicate 10 pm. B) Representation of ROIs for dextran-FITC signal
analysis. The nuclear ROI was chosen based on the dsDNA signal, the whole-cell ROI was chosen based
on dextran-FITC cell outline and the cytoplasmic ROI was selected as the whole-cell ROI excluding the
nucleus ROI. C) Quantification of dextran-FITC signal ratio between cytoplasm and nucleus of infected
cells (n = 50). The ratio is shown as a box plot including the median, upper quartile, lower quartile,
maximum and minimum of the population. Statistical significance was calculated using a one-way
ANOVA with post-hoc Tukey test.
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4.2.7 pIX phenotype of lytic lymphocyte infection with HAdV5 pIX-mCherry is

not dependent on the presence of ADP

It has been described that ADP expression is a modulator for lytic versus latent infection in
lymphocytes (MURALI et al., 2014). Infection with an ADP-deleted virus was shown to allow
Jurkat survival for over a month. The effect of ADP on the formation of the IVAC in Jurkat cells
was probed by immunofluorescence microscopy. This experiment could allow to show how
latent infection might alter the phenotype of infected cells with respect to structural proteins

required for productive infection of progeny particles.

To this end, Jurkat cells were infected with HAdV5 pIX-mCherry ADP- and HAdV5
pIX-mCherry ADP+ and fixed at 48 hpi (Figure 45A). The presence or absence of ADP did not
have an effect on IVAC formation in the Jurkat cells. dsDNA was marginalised and
accumulated as a honeycomb-like structure in the centre of the nucleus. Additionally,
pIX-spots were detected within the IVAC. Additionally, the appearance of DBP was probed by
immunofluorescence stain (Figure 45C). As for the cell line A549 (Figure 18), DBP was
detected as a ring of individual foci surrounding the IVAC. To test the observation of Murali
et al. that Jurkat cells can accommodate HAdV5 ADP- infection for long periods of time, a
time-course experiment was performed to test the percentage of infected cells over the course
of three weeks (Figure 45B). Indeed a clear difference between the presence or absence of
ADP was measured. Over the first few days, the number of infected cells increased to about
25 % for both virus strains. After this, the percentage of infected cells for HAdV5 ADP-
steadily decreased to about 5 % at 22 days post infection (dpi). In contrast, HAAV5 ADP+
reached an infection percentage of about 58 % at 6 dpi before that value decreased to a
steady-state level of about 30 %. This experiment showed that the lytic IVAC phenotype of
infection of Jurkat cells does not differ in the presence or absence of ADP. When analysing
the population dynamics, ADP expression allows a faster infection of the cell population,

whereas the absence of ADP leads to a slow loss of lytically infected cells over weeks.
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Figure 45: HAdV pIX-mCherry infection spreads faster in Jurkat cell population upon ADP
expression, while and pIX-mCherry localisation is not altered by ADP expression. A) Comparison
between pIX-mCherry localisation in infection with HAdV5 ADP- and HAdV5 ADP+ virus. B) FACS
analysis of infection spread in Jurkat population. The average percentage of fluorescent cells indicating
pIX-mCherry expression was measured over time (n = 3). C) DBP detection relative to IVAC in
Jurkat infection with HAdV5 pIX-mCherry ADP+. The cells were imaged by confocal laser-scanning
fluorescence microscopy. A representative cell is shown for each condition. The dsDNA signal is
represented by Hoechst 33342 stain (Hoechst). pIX localisation is detected through the viral pIX-

mCherry fusion construct (pIX-mCherry). DBP localisation is detected through an anti-DBP antibody
(DBP). The signal overlap is represented in colour (merge). Scalebars indicate 10 pm.
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Discussion

5.1 Late nuclear morphogenesis of adenovirus infection

The majority of studies on the human adenovirus life-cycle characterise infection events
within the first day of infection. These include virus adhesion within the first minutes,
endosomal escape of virions within the first hour, viral genome import into the nucleus after
about 3 hours, and the establishment of viral replication centres from 8 hours to up to 24
hours after infection (GREBER et al., 1993; WICKHAM et al., 1993; WODRICH et al., 2006;
KOMATSU et al., 2016b, 2018). The first part of this work was aimed at even later infection
events from 24 hpi to 48 hpi and mainly employed cellular imaging techniques including
fluorescence and electron microscopy to study HAdV5-induced morphological changes. The
analysis workflow was based on HAdV5 mutants expressing fluorescently tagged viral
proteins V and IX. These mutants allowed to study the localisation of capsid components in
live-cell conditions. The morphological changes that were observed included chromatin
reorganisation as well as relocalisation of viral proteins DBE pV and pIX to form a large
intranuclear compartment. The compartment was characterised by an enrichment of
pV-mCherry and dsDNA surrounding paracrystalline arrays of HAdV5 capsids. This large

viral membrane-less compartment was termed ‘late virion accumulation compartment’.

5.1.1 Fluorescent fusion protein labelling strategies allow to surmount

antibody penetration limitations and can visualise the LVAC

In this project, the two adenoviral proteins V and IX were fused to fluorescent proteins as to

study their intracellular localisation in light microscopy. One of the advantages of this
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approach over immunofluorescence microscopy is that it allows to study morphological
changes within single, live cells over time. Immunofluorescence microscopy can only achieve
similar time-resolved results by analysing the phenotype of multiple chemically fixed cells
within the entire population at different time-points. Another advantage of fluorescence
fusion tagging is that the fluorescent tag is covalently bound to the protein of interest upon
expression and enables direct imaging without the need for secondary probes. On the
downside, fusion protein labelling should be carefully evaluated since the presence of a

fusion partner can induce functional and structural alterations to the protein of interest.

Both pV and pIX were previously demonstrated to allow N-terminal or C-terminal
modifications, respectively. In the case of pV, its N-terminus was fused to enhanced GFP and
the resulting fusion protein was shown to localise identically to wt, non-tagged pV in
transfection experiments (MATTHEWS and RUSSELL, 1998; MATTHEWS, 2001). In the case of
pIX, the C-terminal coiled-coil domain was deleted without having an effect on incorporation
of pIX into progeny capsids or their subsequent thermostability (VELLINGA et al., 2005).
Additionally, fusion of a FLAG tag and heparan sulfate binding motif to the C-terminus of pIX
demonstrated the feasibility of this approach for ligand display on the HAdV capsid
(DMITRIEV et al., 2002).

A few further studies exist that use pV or pIX in combination with fluorophores to track
virus particles in early HAdV infection. pV was fused to GFP in infection experiments, which
allowed analysing the stability and disassembly of capsids at the NPC and showed that pV does
not enter the nucleus (PUNTENER et al., 2011). pIX was fused to enhanced GFP or mRFP1 to
localise virions in the process of entry in single cells and even mouse tissue (LE et al., 2004;
MEULENBROEK et al., 2004). Moreover, it was shown to be possible to generate a virus mutant
that expresses both labelled pV and labelled pIX to allow for simultaneous detection via two

fluorophores (UGAI et al., 2010).

In this study, the nuclear morphology of HAdV5-infected cells was analysed by both
fluorescently labelled fusion proteins and antibody probes. Comparison between the
observable phenotype for each of these methods showed a lack of antibody penetration into
the IVAC at late stages of the infection cycle. The antibody signal and tagged pV-mCherry
and pIX-mCherry signals were only colocalising at 24 hpi, but not 48 hpi (Figure 19). Since
no impairment to the antibody stain was observed at 24 hpi, a loss of antibody specificity for
the tagged proteins can be ruled out as a cause for the divergence between phenotypes at 48

hpi.
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Additionally, the pV-mCherry phenotype at 24 hpi was exactly the same as for wt pvV when
labelled with an antibody. Interestingly, wt pIX, when labelled at 24 hpi with an antibody,
showed additional strongly fluorescent aggregates throughout the infected cell, a phenomenon
not observed with the pIX-mCherry fusion protein. A similar phenomenon was described by
Rosa-Calavatra et al. for pIX with the exception that the authors exclusively described nuclear
inclusions of pIX (ROSA-CALATRAVA et al., 2001, 2003). While in this work some of these
inclusions were found in the nucleus, a large proportion was cytoplasmic. Only a few cells
showed pIX aggregates exclusively in the nucleus. The authors proposed a model in which pIX
sequesters in PML bodies which contributes to PML body neutralisation. However, judging
from the aggregates in this work, it is entirely plausible that these inclusions simply originate
from overexpression of the protein and thus would be found throughout the entire infected

cell. Potentially, by tagging the small pIX with a large mCherry tag, its aggregation is reduced.

Importantly, the insertion of an mCherry fusion partner did not artificially induce IVAC
formation since the IVAC was detectable in HAdV5 wt infection as well (Figures 14 & 15).
In HAdV wt infection, the IVAC was observed as a honeycomb-like structure of dsDNA in
the Hoechst channel, which was phenotypically identical to the honeycomb-like structure of
dsDNA that was detected in HAdV5 pV-mCherry and HAdV5 pIX-mCherry infection. Assuming
a lack of antibody penetration, it is conceivable how anti-pV would result in the observed
ring structures at the edge of IVACs in HAdV5 wt infection. Presumably, the accumulation
of viral proteins within the IVAC led to a phase, which in turn restricted the permeation of
large antibodies. This explanation is also in line with the observation of the IVAC not being
penetrated by dextran-FITC molecules, which was observed in the nuclear permeability assay

(Figure 44).

Limitations in antibody penetration have already been suggested to be a result of high
local amounts of protein (SCHNELL et al., 2012). Schnell et al. pointed out that these issues
most often could not be overcome by increasing the concentration of antibodies or
permeabilisation agent. They demonstrated a lack of anti-GFP antibody penetration into the
crowded protein environment of the nucleus to detect histone H2B-GFP protein and
concluded that use of fixation and permeabilisation methods in immunofluorescence
microscopy are often overlooked sources of artefacts in light microscopy.  Similarly,
antibodies targeting synaptic membrane proteins synapsin-1 and SNAP-25 were shown to not
reach the perinuclear ER network, a limitation which was overcome by using significantly

smaller cameloid nanobodies (MAIDORN et al., 2019). Thus, a comparison with alternative
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visualisation methods, such as genetically encoded fluorescent fusion proteins would
enhance the biological conclusions that can be taken from immunofluorescence microscopy
as well as control for staining artefacts. In the case of the IVAC, the penetration of Hoechst
stain can also be explained by the significantly smaller size of the fluorophore. Therefore,
these results strengthen the stance that ring-shaped structures in immunofluorescence

microscopy should be cautiously interpreted.

The localisation of the anti-DBP antibody was comparable to the appearance of anti-pV,
which formed a ring when staining the IVAC. The anti-DBP antibody stain also localised as a
ring at 48 hpi, which consisted of individual DBP spots surrounding the LVAC (Figures
12 - 18). Similar separate DBP spots were reported by Genoveso et al. in late adenovirus
replication compartments (GENOVESO et al., 2019). The DBP ring phenotype can be
explained by two hypotheses. Either DBP replication centres cluster on the edge of the LVAC,
which could allow replicated viral genomes to be fed into the compartment. Alternatively,
the IVAC is interspersed by DBP replication centres of which only the outer layer is stained by
the antibody. The first hypothesis is aided by the observation that a similar ring stain
appeared for hCMV DNA polymerase subunit UL44 (STRANG et al.,, 2012). The authors
reported the hCMV replication compartment to be surrounded by a ring of UL44, which led
them to propose the model that newly replicated hCMV genomes are channelled towards to
centre of the replication compartment. In contrast to this observation, a different UL44
antibody was shown to detect UL44 throughout the entire replication compartment and not
just its periphery. This finding which reduces the likelihood of DBP just being localised on the
edge of the LVAC as well (PENFOLD and MOCARSKI, 1997). The second hypothesis of the
IVAC being interspersed by DBP would explain the formation of a dsDNA and pV
honeycomb. In this scenario, DBP replication foci would sit within the empty holes of the pV
honeycomb (Figure 46). A similar localisation was reported for the hCMV single-stranded
DNA-binding protein UL57, which was found as multiple foci throughout the entire hCMV
replication compartment (BENDER et al., 2014). Evidence favouring the second hypothesis
comes from 3view SEM analysis of the IVAC (Figure 30). Here, electron-dense spots were
detected within the IVAC and not just as a single layer around the IVAC. Moreover, a gradual
DBP antibody signal decrease towards the centre of the IVAC was visible, which is in

accordance with the observation for pV and pIX antibodies.

Whereas pV and pIX localisation could be probed by using fluorescent fusion proteins,

this approach was not successful for DBP. mCherry fusion to DBP led to phenotypical artefacts
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compared to HAdV5 wt infection. The virus mutant HAdV5 DBP-mCherry was infectious and
underwent successful replication in host cells, but no IVAC was formed and the dsDNA signal
did not show a honeycomb-like conformation (Figure 29). Additionally, the double-labelled
virus HAdV5 DBP-mCherry pIX-mNeonGreen did not form IVACs and also did not show any
pIX spots late in infection. Accordingly, it can be concluded that even though the tool-set of
fluorescent protein tags can be highly effective in studying the localisation of target proteins
in live cells, potential artefacts arising from the fusion tag have to be carefully considered and
ruled out by the right controls. Nevertheless, fusion of fluorescent proteins to pV and pIX has
proven a powerful tool to study these proteins in live-cell conditions and to uncover nuclear

reorganisation events in HAdV5 infection.

5.1.2 IVAC formation is associated with DBP replication centres and the LVAC

retains assembled virions as paracrystalline virus arrays

The biological role of the IVAC is not entirely clear. It is reasonable to hypothesise the IVAC
to be involved in HAdV5 assembly since the compartment contains necessary components of
progeny virions. This study demonstrated the presence of replicated virus genomes and the
virus core and capsid proteins pV and pIX. Furthermore, IVAC formation was shown to form

in multiple cell lines including A549, H1299, MRC-5 and Jurkat cells (Figures 10, 11 & 45).

Early upon cellular expression, pV is known to be excluded from early DBP replication
centres (MATTHEWS and RUSSELL, 1998). Wt pV, as well as pV-mCherry, showed this
phenotype at 24 hpi. At this time-point, pV-devoid areas were observed to be filled with DBP
(Figures 9 & 12). DBP was described as a marker of distinct nuclear viral replication centres
(MONAGHAN et al., 1994; POMBO et al., 1994). After this early phenotype, pV undergoes
nuclear redistribution, as was detected by live-cell fluorescence microscopy in this study. pV
was found to organise into ring-like intermediate conformations before fully congregating to
the honeycomb-like structure of the IVAC (Figure 20). Similarly, at 24 hpi dsDNA was
detected as ring structures surrounding DBP replication centres. Since both pV and Hoechst
33342 bind double-stranded, but not single-stranded DNA, it is reasonable to hypothesise pV
and Hoechst 33342 to interact with the replicated viral genomes which are accumulating
around DBP replication centres. DBP, a binder of single-stranded DNA clearly occupied a
different space to Hoechst 33342 and pV at time-points when pV rings were detected (Figure

21).
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This organisation of early replication centres has also been described by Komatsu et al.
The authors postulated single-stranded replicating genomes to be localised within the DBP
replication centre and double-stranded replicated viral genomes spreading to the
surroundings where they are histone-chromatinised for efficient transcription of late
adenoviral genes (KOMATSU et al., 2016b). These early replication centres were described to
morph into late replication centres, also called ViPR bodies, after an unknown switch
mechanism. These ViPR bodies consist of a site containing replicated, ready-to-assemble
genomes, which is encircled by replicating genomes and DBP (KOMATSU et al., 2018;
GENOVESO et al., 2019). In HAdV5 infection, multiple ViPR bodies can be detected, which
were demonstrated to include chromatin remodelling proteins nucleophosmin-1 and
Mybbpla. In their study, Genoveso et al. hypothesised ViPR bodies to be relevant for
adenoviral genome maintenance prior to packaging. Interestingly, the ViPR bodies were
described to not contain capsid proteins such as pVI and pIX (GENOVESO et al., 2019). In
contrast, the LIVAC was shown to include capsid proteins pV and pIX, which are required for
the formation of progeny virus particles. The IVAC was detected at later time-points, which
makes it likely that the IVAC develops after and out of viral ViPR bodies. In this timeline,
early viral replication centres would first evolve into late replication centres, thus inducing
ViPR body formation, and finally conclude in IVAC formation. This would be in accordance
with the observation that infected nuclei contain multiple early replication compartments,
late replication compartments and ViPR bodies, whereas mostly a single large IVAC

compartment was detected.

Within the IVAC, pV-mCherry was forming a honeycomb-like structure (Figures 22).
Quantification of the signal colocalisation between pV-mCherry and Hoechst 33342 showed
that both probes occupy the same space within the IVAC. As they both bind replicated viral
genomes, it can be assumed that they indicate the area of viral genomes to be assembled into
progeny virions. The hypothesis of virus assembly within the IVAC is aided by the
observation of pIX-mCherry spots to be localised contiguous to pV. Ugai et al. previously
described the appearance of ‘nuclear speckles’ at a late time-point in infection when tagging
pIX with mRFP1 and eGFP, but did not imply a biological function or speculate about the
formation of these speckles (UGAI et al., 2010). As part of this work, the pIX-mCherry spots
within the IVAC could be described as paracrystalline arrays of fully assembled adenovirus
particles. This was achieved by combining fluorescence microscopy images with transmission
electron microscopy images of selected cells of interest (Figures 23 & 24). The formation of

paracrystalline arrays is a known appearance for adenovirus as well as other viruses
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including iridovirus, nodamura virus or zika virus (CHANDLER et al., 1974; KiM et al., 1997,
Liu et al., 2016; BALL et al., 1992; LiU et al., 2018). The biological role of these virus arrays is
unknown and could be due to physical effects of the crowded environment of the cell.
Molecular crowding was shown to affect the diffusion of larger particles and lead to
abnormal motility in areas of high protein concentration (VILASECA et al., 2011; PARRY et al.,
2014). It is imaginable that newly formed virus capsids accumulate due to a lack of motility
within the IVAC leading to tight virion clustering. Such clusters could then be dispersed upon
cell rupture in infection. An effect that could contribute to the formation of these
paracrystalline arrays could be the effect of Ostwald ripening (OSTWALD, 1900). This
physical effect has been suggested to be the driver for crystal formation as it reduces the total
surface area of small solids within a liquid phase (ANDRIASYAN et al., 2019). A lack of
mobility of these paracrystalline arrays within the IVAC was demonstrated by FRAP and
live-cell analysis of the pIX spots (Figures 26 & 27). In FRAB the pIX-mCherry spots were
characterised as having very slow signal recovery when bleached. This conforms to the
observation that pIX-mCherry spots were correlated with fully formed virions. The
population of pIX that is incorporated into virions would be immobilised by its capsid
protein-protein interactions. In the same FRAP experiment pV was only partially
immobilised. Some pV protein is likely to be bound to dsDNA and corresponded to the
measured 20 % immobile fraction. The remaining mobile 80 % of pV could contribute to a
protein phase that might be hypothesised to be the cause of antibody penetration issues and

could retain the progeny virions within.

5.1.3 Model of LVAC formation

The observations about pV-mCherry, pIX-mCherry and dsDNA localisation and motility can be
joined in a model about the nuclear morphological changes that occur during late stages of
human adenovirus infection (Figure 46). At 24 hpi, pV localises across the entire nuclear
volume where it is interacting with newly synthesized double-stranded viral genomes. The
viral genomes accumulate around viral DBP replication centres and cause pV to show an
intermediate ring-like distribution. As soon as the DBP replication foci and rings congregate
within the centre of the nucleus, pV migrates along subsequently forms the IVAC at 48 hpi.
Since the DBP stain appeared not to penetrate the IVAC properly, the model includes the
hypothesis that the IVAC is filled by DBP foci and does not only include a ring of DBP spots

on its periphery. pV surrounding the DBP foci would appear to localise in the honeycomb
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distribution that was detected by fluorescence microscopy. New progeny virions are likely to
be formed adjacent to sites of replicated viral genomes and are assumed to accumulate
within the IVAC. The motility of newly formed virions within the IVAC is restricted such that
the formation of paracrystalline virus arrays is induced. As the minor capsid protein pIX is
incorporated in progeny virions, it can be detected as fluorescent pIX-mCherry spots which

show very limited signal recovery after photobleaching.

24 hpi 48 hpi
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Figure 46: Model of LVAC formation. Starting from 24 hpi, pV accumulates around DBP replication
centres driven by its interaction with replicated viral genomes. At this time-point, pIX is not found in
the nucleus but is instead localised in the cytoplasm. During the transition between 24 and 48 hpi,
the viral proteins pV and DBP congregate within the nucleus to form the IVAC at 48 hpi. At this time-
point, pIX signal is found throughout the entire cell. Within the IVAC, pIX spots indicate the areas
of accumulated assembled virus capsids. These pIX spots form in areas neighbouring viral genomes
and pV. The model protein localisation of pV, pIX and DBP is accompanied by fluorescence microscopy
images of the proteins observed in this work.

5.2 Nuclear egress of adenovirus particles

A crucial part of the HAdV life-cycle is the release of matured virions from the nucleus of
infected cells into the cytoplasm and eventually into the surrounding of infected cells. This
mechanism has been broadly described as lysis of the cell and release of most cellular

content into the surrounding extracellular space (YAKIMOVICH et al., 2012). However, an
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exact mechanism is still elusive. An initial approach was to image and track HAdV5 particles
crossing the nuclear envelope during egress. However, the strategy to label progeny virions
by incorporating a fluorescent protein marker into capsid-incorporated proteins such as pV
and pIX did not achieve the desired outcome. It was possible to detect individual pV or pIX
labelled capsids upon entry into newly infected cells (Figure 8). However, the expression of
soluble protein and the mere abundance of progeny virions led to a high signal background
within infected cells which made it impossible to distinguish individual particles (Figure 24).
Such an approach was demonstrated as feasible for the herpesviruses pseudorabies virus and
HSV-1 (HOGUE et al., 2014; BOSSE et al., 2015). TFor these viruses, labelling capsid or
tegument components with mRFP allowed to track individual capsid within the nucleus. To
achieve single HAdV particle detection, the local concentration of fluorophores would have
to be increased to give a signal over background, or a virus mutant capable of nuclear egress

but incapable of producing such high virion progeny numbers would have to be used.

5.2.1 ADP localisation is altered upon addition of tags

ADP has been shown to be involved in the release of HAdV5 particles from infected epithelial
cells and leads to higher infection spread within permissive lymphocyte populations (Figures
32 & 45). This effect has also been used in HAdV-based oncolytic vector systems, which
overexpress ADP to increase the spread in cancer tissue and increase cell death (DORONIN
et al., 2003; GROS and GUEDAN, 2010). Since HAdV2 ADP was shown to localise in the
nuclear membrane, it was speculated to facilitate nuclear egress of HAdV particles by causing

nuclear pores or membrane breaks (SCARIA et al., 1992).

To analyse the localisation of ADP in this work, it was tagged with fusion proteins
mCherry and the small HA tag (Figures 33 & 34). No published work exists in which HAdV5
ADP was modified by the addition of tags. The only evidence as to which regions of ADP
might accommodate changes comes from a mutagenesis study in which selected regions of
the protein were deleted and the remaining lytic activity and localisation of ADP were
analysed (TOLLEFSON et al., 2003). The authors showed that ADP is permissive for changes
at the C-terminus and can retain its lytic activity even when not localising to the nuclear
membrane, which hints at an alternative mechanism of ADP function different from
membrane pore formation. When tagging ADP with mCherry and an HA tag, a similar
phenomenon was observed. The tagged ADP protein mainly localised in cytoplasmic vesicles,

rather than in the nuclear envelope as was described for HAdV2 (SCARIA et al., 1992;
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TOLLEFSON et al., 2003).

It is imaginable that ADP function is not dependent on its nuclear membrane localisation
but rather on its post-translational modification in the Golgi apparatus. A mutation of HAdV2
ADP to abolish O-glycosylation has been described to also abolish the lytic function of ADP
and its localisation to cytoplasmic vesicles associated with the Golgi apparatus (TOLLEFSON
et al., 2003). Moreover, the addition of Nelfinavir, an inhibitor against ADP, does not reduce
ADP localisation to the nuclear membrane but abolishes its localisation within cytoplasmic
vesicles (GEORGI et al., 2020a). The HA-labelled ADP variant that was analysed in this work
still retained lytic functionality but did not localise to the nuclear membrane (Figure 34).
Georgi et al. speculate that ADP functionality could depend on its palmitoylation and that
Nelfinavir could inhibit the palmitoyl acyltransferase or disperse its substrate
palmitoyl-coenzyme A. Palmitoylation could be important for dimerisation of ADP and its
membrane sorting. This is in accordance with the observation that palmitoylation is
important for viral release by membrane permeabilisation in SARS-CoV-1 E protein and
mouse hepatitis virus E protein orf3 which act as viroporins (LIAO et al., 2006; DING et al.,

2017; GOUTTENOIRE et al., 2018).

5.2.2 HAdVS5 infection causes nuclear envelope destabilisation and nuclear

membrane breaks independent of ADP expression

A prerequisite for nuclear rupture could be the global destabilisation of the nuclear
membrane by HAdV5 infection. When analysing nuclear lamin A, a clear reduction of signal
at the nuclear envelope could be detected (Figures 35 & 36). This effect was observed
independently of ADP expression. Lamin A/C has been shown to be important for nuclear
mechanics since lamin mutations cause nuclear deformation as well as nuclear membrane
ruptures (LAMMERDING et al.,, 2004; GUPTA et al.,, 2010; CHEN et al, 2018). HAdV5
potentially causes lamin A degradation as part of a cell death process that is induced by
infection. Lamin A has been described to be cleaved by caspases during apoptosis (RUCHAUD
et al., 2002). Alternatively, lamin A cleavage could be caused by a viral candidate such as
AVP, which has been shown to cleave cytokeratin 18 to disrupt the cytokeratin network of
infected cells. This process has been hypothesised to lead to cellular destabilisation and more
efficient virus release (CHEN et al., 1993). Indeed, electron microscopy analysis of the
nuclear membrane in HAdV5 infection showed frequent nuclear membrane invaginations,

fragmentations, as well as breaks in the nuclear envelope (Figures 37 & 39).
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HAAV infection can lead to the formation of intranuclear protein crystals, which were
commonly described in HAdV2 and HAdV5 infection (WEBER and STICH, 1969; MORGAN
et al., 1960). These crystals were described to consist of penton and fibre protein (WILLS
et al., 1973; FRANQUEVILLE et al., 2008). Franqueville et al. suggested the crystals to harbour
a biological role as hubs for virus assembly rather than being overexpression byproducts,
since virus mutants defective of assembly did not show an increased occurrence of
penton-fibre protein crystals. It is also imaginable that these large protein crystals lead to
rupture of the nuclear membrane when they physically grow larger that the confinement of
the nuclear membrane. Some evidence of crystal growing larger than the regular nuclear
boundary were detected for HAdV2 crystals (HENRY and ATCHISON, 1971). This
phenomenon of crystals extending the nucleus could also be detected for HAdV5 (Figure 38).
The nuclear membrane was shown to stretch around the edge of large protein crystals.
However, no evidence for membrane breaks around these sites was observed. It is more
likely that during the loss of cellular structural integrity, when infected cells lose contact to
the support of the culture dish and become more round, the shape of the nucleus changes
and clashes with the elongated shape of the protein crystals. In this way, crystal formation

could aid the destabilisation of the nuclear membrane.

Many viruses express proteins that harbour membrane-modulating properties. In
enveloped viruses, these proteins catalyse fusion between the virus and host cell membrane
and include proteins such as influenza virus hemagglutinin, human immunodeficiency virus
1 (HIV-1) gp4l, HSV-1 gB protein or SARS-CoV-2 spike glycoprotein (HAN et al., 2001;
MCCUNE et al., 1988; VOLLMER et al., 2020; BENTON et al., 2020). In non-enveloped viruses,
such proteins are involved in forming pores or disrupting the plasma or endosomal
membrane. They include poliovirus VP1 and VP4, rotavirus VP4, reovirus penetration
protein y1, polyomavirus VP2 and VP3 or HAdV pVI (BRANDENBURG et al., 2007; DORMITZER
et al., 2004; CHANDRAN et al., 2002; WIETHOFF et al., 2005; GIORDA et al., 2013). These
proteins are all required for overcoming the physical membrane barrier of the host cell
during entry of the virus. However, much less is known about proteins modulating
membranes during nuclear or cellular egress. While cell lysis as part of a cell death pathway
is often suggested to be the main driver for virion release, viral proteins are likely to
modulate the process to ensure strong progeny virion production before host cell death. In
polyomaviruses, two proteins VP4 and agnoprotein have been reported to aid virus nuclear
and cellular egress. Both proteins act as viroporins and can permeabilise membranes to allow

for the passage of large molecules (DANIELS et al., 2007; SUZUKI et al., 2010; PANOU et al.,
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2018). Agnoprotein has been shown to include an amphipathic helix which allows
oligomerisation within the membrane leaflet to produce a hydrophilic core (CORIC et al.,
2014). It is imaginable that HAdVs possess a similar mechanism for membrane pore
formation. However, analysis of the transmembrane helix of HAdV5 ADP showed that it does

not form an amphipathic helix (Figure 31).

Nevertheless, the impact of ADP on nuclear membrane permeability was analysed. The
effect of envelope breaks or pores can be quantified by fluorescence microscopy though
nuclear permeability assays. Two strategies can be deployed here. Either a fluorescent dye is
externally added to cells, or a fluorescent protein including an NES or NLS is intracellularly
expressed. Previously, addition of external dyes of a specific size was used to analyse nuclear
membrane permeability during apoptosis (ROEHRIG et al., 2003; GROTE and FERRANDO-MAY,
2007). Fluorescent proteins with NLS tags were also previously used to quantify the effect of
nuclear membrane breaks as a result of nuclear lamin deletion or cell migration during
cancer metastasis (ROBIJNS et al., 2016; DENAIS et al., 2016; CHEN et al., 2018). In this
work, both assays were used to test the ADP-dependent nuclear membrane permeability in
HAAV5 infection. Using BFP-NES expression, an increased signal of BFP-NES in the nuclei of
infected cells compared to non-infected cells was detected (Figure 43). However, there was
no statistically significant difference in BFP-NES levels with or without expression of ADP.
This assay is dependent on the action of CRM1-dependent transport of the NES-tagged
fluorophore. It is therefore also imaginable that the nuclear export machinery could be
negatively affected by the viral infection rather than having an increased nuclear membrane
permeability. An argument against this hypothesis is that HAdV infection relies on the action
of CRM1 for virion trafficking at the nuclear envelope as well as for export of viral mRNA
transcripts (STRUNZE et al., 2005; SCHMID et al., 2012; WANG et al., 2017). CRM1 inhibitors
have even been suggested as antiviral treatments against influenza A virus, hCMV and
HAdV5 (SANCHEZ et al., 2007; WATANABE et al., 2011; SCHMID et al., 2012). To avoid effects
of the cellular machinery in the nuclear permeability assay, Dextran-FITC was used as a
fluorescent substrate. Again, an increased nuclear permeability was detected in HAdV5
infection, but no ADP-dependence was measured (Figure 44). HAdV2 capsid disassembly at
the NPC has been reported to increase nuclear pore permeability (STRUNZE et al., 2011).
Interestingly, the authors described a time-dependence of this effect in a way that
Dextran-FITC only permeated upon immediate infection of cells, whereas the dye could not
permeate the nucleus at 4 hpi. It is therefore unlikely, that the described effect is identical to

the described nuclear permeability at 48 hpi.
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The observed increased nuclear permeability in infection could be explained by the
appearance of nuclear membrane lesions that were observed in this study through multiple
electron microscopy-based techniques. Membrane breaks were detected by classical TEM and
3view serial block-face SEM (Figures 39 & 40) as well as cryo-tomography (Figure 42). By
combining these techniques, potential artefacts that could occur during preparation for
either method can be ruled out as a cause for membrane damage. Particularly, since no
membrane damage was observed in non-infected cells the membrane damage can be
ascribed to the effect of HAdVS5 infection. Similar nuclear membrane lesions in adenovirus
infection have been described for mouse adenovirus in infection of mouse adrenal glads
(HOENIG et al., 1974). TEM studies showed virions in the cytoplasm accompanied by large
breaks in the nuclear membrane. Additionally, nuclear membrane breaks were reported for
HAdV2 infection of A549 cells and HAdV5 infection of HeLa cells (MORGAN et al., 1960;
GEORGI et al., 2020a). While no virions were observed to be sitting within a gap of the
nuclear membrane, virus particles were observed in the cytoplasm close to nuclear
membrane lesions (Figure 42), which hints at the particle release from the nucleus at these
sites. This observation was only made for HAdV5 ADP+, whereas no virus particles were
detected outside the nucleus for HAdV5 ADP- infection. A possible explanation for this
observation could be that even though nuclear membrane breaks are not directly induced by
ADE their size or frequency may be increased to allow for more efficient release of virus

particles from the nucleus.

5.2.3 The ADP functional mechanism remains elusive

With a size of 10.5 kDa, ADP is a small protein and does not include a known functional
protein motif. Its transmembrane region and palmitoylation anchor the protein in
membranes. It is imaginable that the protein acts as a membrane-anchored hub/scaffold to
recruit further proteins that cause nuclear membrane breakdown and cell lysis. A potential
cell death pathway that may be induced is necroptosis. During necroptosis, MLKL
oligomerisation was shown to induce membrane disruption (WANG et al., 2014). The effect
of necroptosis inhibitors including inhibitors against caspase 8, RIPK1 and RIPK3 were
tested, but none showed a clear effect on the survival of A549 cells during infection with and
without ADP (data not shown). So far, contradictory results have been published as to which
kind of cell death leads to cell lysis in HAdV infection, which has been described as

autophagy, apoptosis, necroptosis or a combination of multiple pathways (JIANG et al., 2011;
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RODRIGUEZ-ROCHA et al., 2011; ZoU et al., 2004; BAIRD et al., 2008; WEIGERT et al., 2017).

To analyse potential binding partners of ADP, a co-immunoprecipitation analysis of ADP
tagged with an HA was performed (data not shown). ADP binding to proposed interaction
partners such as MAD2B, E4orf4 and E1B-19K was tested. MAD2B is, to date, the only
confirmed interaction partner of ADP (YING and WoLD, 2003). E4orf4 is known to cause
membrane blebbing by induction of apoptosis (MARCELLUS et al., 1998; LIVNE et al., 2001).
E1B-19K was speculated to be involved in nuclear egress since it localises to the nuclear
membrane and could thus potentially interact with ADP. In this context, ADP was
hypothesised to inhibit E1B-19K which in turn could abrogate E1B-19Ks anti-apoptotic effect
and cause the cell to undergo cell death to release virus particles. However, no evidence
exists to confirm the interaction between ADP and E1B-19K. Both proteins did not interact in
a Y2H approach (YING and WoLD, 2003) and also were not detected in Co-IP of ADP-HA

with subsequent western blot analysis (data not shown).

Interestingly, the ADP equivalent of HAdV3 of species B, CR1[3, does not have a known
function yet. Knock-out of species B CR1[3 was shown to have no effect on virus progeny
release, plaque size or general cell viability (FRIETZE et al., 2012; NARAYAN and KAJON,
2020). Other than HAdV5 ADP, the HAdV3 CR1{3 localises to the cytoplasmic membrane and
cytoplasmic vesicles when tagged with an HA tag. Additionally, the inhibitor Nelfinavir,
which has recently been described to reduce lytic cell spread of HAdV2 in an ADP-dependent
manner, also has an effect on cell spread independently of ADP (KALDOR et al., 1997; GEORGI
et al., 2020a,b). This effect was demonstrated since HAdVs of species B also were
Nelfinavir-sensitive despite their lack of ADP. In summary, there is still a lot to be discovered
about the mode of action of ADP and the coexisting pathways that lead to virus egress

independently of ADP.

5.2.4 Model of HAAV5 nuclear egress

The observations about lamin A localisation, TEM and SEM imaging of the nuclear membrane
of HAAVS5 infected cells and observations of virus particles outside of the membrane can be
combined in a model about adenovirus nuclear egress. By means of infection, the lamin A
stabilising network of the nucleus is degraded or redistributed such that the nuclear envelope
loses stability. Consequently, the nuclear membrane develops invaginations. In addition to the

global nuclear membrane instability, sites of nuclear damage occur, which are visible as lesions
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in TEM and SEM imaging. Not in all cases virus particles are associated with these lesions,
which is indicating that the lesions do not occur due to direct particle interactions. Single
virus particles can escape via these lesions and are detected in the cytoplasm. Even later
in infection, the nuclear membrane ruptures and releases larger amounts of nuclear material,
including virus particles as well as virus protein crystals into the cytoplasm. The virus particles

are released into the surrounding extracellular space when cells lyse due to cell death.
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Figure 47: Model of nuclear membrane changes occurring in HAdV5 nuclear egress. The nuclear
double membrane is represented as two separate black lines. I) The non-infected, intact nuclear
envelope has a regular, evenly rounded appearance. Nuclear lamins (green lines) decorate the inner
nuclear membrane in give it stability. II) During infection, the nuclear lamina is degraded and
redistributed, likely resulting in a loss of nuclear membrane stability. The membrane loses its even
structure and the distance between the two nuclear membrane layers varies. III) The nuclear membrane
develops small lesions through which few virus particles can escape and can be found in the cytoplasm.
Most of the virus particles stay retained within the nucleus. IV) The small lesions develop to large
nuclear membrane breaks. Large quantities of virus and nucleoplasm can escape into the cytoplasm.
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Conclusion and Outlook

In summary, the work of this dissertation was aimed at characterising the late stages of human
adenovirus infection. In the first part, a novel viral intranuclear compartment was identified
in which virus capsid and core proteins accumulate. This compartment was termed LVAC and
the formation of paracrystalline virus arrays was detected within. As part of characterising
the LVAC with antibodies, a limited penetration capability of antibodies into the LVAC was
detected and characterised. From these fluorescence and electron microscopy observations, a
model of HAAV assembly within the IVAC was derived, which can be used as a basis to study
virion assembly with higher resolution methods, such as PALM/STORM microscopy or electron
cryo tomography after focussed ion beam milling. Higher spacial resolution imaging could
elucidate the fine-organisation of ssDNA, dsDNA, packaging proteins, and structural proteins
that accumulate around viral replication compartments. Higher temporal resolution imaging
by lattice light-sheet microscopy could improve the understanding of virion mobility within
the IVAC and could detect whether paracrystalline arrays at the edges of the IVAC dissociate
to individual virions to be released into the nucleoplasm. The fluorescence protein labelling
strategy that was employed in this study should be extended to other viral proteins involved

in assembly such as packaging protein L1-52/55K or AVP.

In the second part of the work, the nuclear egress of progeny virions was analysed.
While the exact mechanism still remains hidden, the global membrane destabilisation
accompanied by the induction of nuclear membrane breaks was characterised by combining
classical and electron cryo microscopy approaches. Nuclear membrane lesions were
identified under cryo conditions, which can control for potential preparation induced
artifacts of classical EM preparation approaches. The adenovirus death protein, the so-far

only cell lysis modulating factor of HAdV5 egress, did not have a clear influence on the
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nuclear membrane breaks that were observed. Further studies towards the exact localisation
of ADP and its interactions partners could elucidate the mechanism by which ADP causes
accelerated virion release from infected cells. In particular, proteomics approaches and
screening for cell pathways involved in signalling for cell death would be suitable methods. A
deeper understanding of pathways for virion release from cells could increase a targeted
approach for inhibiting HAdV spread in infected tissue as well as improve the effectiveness of

HAdV-based vector systems.
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Appendix

List of hazardous substances according to GHS classification

All hazardous compounds that were used in this work are listed below (Table 38) including
their H-statements, P-statements and hazard pictograms (Figure 48).

Table 38: List of hazardous substances according to Globally Harmonized System of Classification and
Labelling of Chemicals (GHS) classification including H-statements and P-statements and GHS hazard

pictogram references.

Compound/Kit H Statement P Statement H'azard
pictogram
P210, P233, P280,
2-propanol H225, H319, H336 P305+P351+P338, P304+P340, 02, 07
P337+P313
APS H272, H302, H315, P210, P280, P301+P012+P030, 02. 07 08
H317, H319, H334, H335  P302+P352, P305+P351+P338 >
Ammonium chloride H302, H319 P270, P305+P351+P338 07
Ampicillin sodium salt H317, H334 P261, P280, P342+P311 08
H227, H301 + H331,
[3-mercaptoethanol H310, H315, H317, H318, §§82+I;237531f1)238308 Pﬁ,flz(;_l;i%(i 05, 06, 08, 09
H361fd, H373, H410 ’ ’
Boric acid H360FD P202, P281, P308+P313, P405, 08
P501
P210, P241, P280,
bromophenol blue H225, H319 P303+P361+P353, 02, 07
P305+P351+P338, P501
Caesium chloride H361fd P280, P308+P313 08
. . 280, P305+P351+P338,
Calcium Chloride 319 P3374P313 07
P201, P202, P280,
Chloramphenicol H318, H351, H361 P305+351+338, P308+313, 05, 08
P310
Crystal Violet H226, H319, H351, H411 P273, P281, P305+P351+P338 02, 07, 08, 09
DDSA H315, H319, H335 P302+P352, P305+P351+P338 07
P264, P270, P280, P301+P312,
DMP-30 H302, H315, H319 P302+P352, P305+P351+P338, 07

P321, P330, P332+P313,
P337+P313, P362, P501
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Hazard

Compound/Kit H Statement P Statement .
pictogram
P264, P270, P273,
DTT H302, H412 P301+P312+P330, P501 07
Ethanol H225, H319 P210, P233, P305+P351+P338 02, 07
Ethidium bromide H331, H341 P261, P281, P311 06, 08
solution
P260, P280,
- H302, H314, H317, P302+P352,P303+P3614P353, . (. o
H330, H334, H335 P304+ P340, P305+P351+P338, » 90,
P310, P342+P311, P403+P233
P210, P280, P301+P330+P331,
Glacial acetic acid H226, H314, H318 P303+P361+P353, 02, 05
P305+P3514P338, P310
P280, P302+P352,
Glycid ether 100 g;éi,fmw, H341, P305+P351+P338, P308+P313, 07, 08
P3374P313, P501
Hoechst 33342 302, 314, 335 261, 280, 05+351+338, 310 05, 07
L P280, P301 + P330 + P331,
Hydrochloric acid H290, H314, H335 P305-P351+P338, P308 + P310 05, 07
Kanamycin A H360 P201, P202, P280, P308+313 08
. H302-+H332, H360Df, P273, P281, P301+P312,
Lead nitrate H372, H410 P304+P340, P312, P405 07, 08, 09
P260, P301+P310,
Manganese chloride H301, H318, H373 P305+P351+P338, P321, P330, 05, 06, 08
P501
H225,
Methanol H301+H311+H331, P210, P270, P280 02, 06, 08
H370
P260, P261, P264, P270, P271,
P272, P280, P285, P301+P312,
P3014P330+P331, P302+P352,
H302, H314, H315, P303+P361+P353, P304+P340,
MNA H317, H318, H319, P304+P341, P305+P351+P338, 05, 06, 07, 08
H331, H334, H335 P310, P311, P312, P321, P330,
P3324P313, P333+P313,
P337+P313, P342+P311, P362,
P363, P403+P233, P405, P501
P261, P264, P271, P280,
P302+352, P304+340,
MOPS H315, H319, H335 P305+351+338, P312, P321, 07
P332+313, P337+313, P362,
P403+233, P405, P501
P264, P280, P302+352,
Nonidet P-40 H315, H319 P305+351+338, P332+313, 07
P337+313, P362+364
P301+P330+P331, P302+P350,
Osmium tetroxide g§(1)2+H310+H330, P304+P340, P305+P3514+P338, 05, 06
P309+P311
PEI H302, H317, H319, H411  P273, P280, P3054+P3514P338 07, 09
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Compound/Kit H Statement P Statement -
pictogram
PFA ﬁgi;’ ggiﬁ’ Egig’ P304+P340, P305+P351+P338, 05,07, 08
? ’ P308+P313
Penicillin-Streptomycin H302, H317, H361 P280, P302 + P352, P308+P313 07,08
P280, P301+P310+P330,
P303+P361+P353,
PMSF H301, H314 P304+P340+P310, 05, 06
P305+P351+P338
QIAPrep Spin H225, H290, H315, P210, P261, P280, P284, 02, 05. 07 08
Miniprep/Maxiprep kit H317, H319, H334, H336  P304+P340, P342+P311 P
l?iItAquk Gel Extraction 100> 1318 H412 P280, P305+P351+P338+P310 05, 07
QIAquick PCR H225, H315, H319, H336  P210, P280 02, 07
Purification kit
0 .
133105;2 afgif;;ljs)/ck H302, H315, H317, H319, P201, P280, P302+P352, 07 08
.ry H340, H350, H361f, H372 P308+P313 ?
solution
P261, P264, P270, P271,
Sodium deoxycholate H302, H335 P301+P312, P304+P340, P312, 07
P330, P403+P233, P405, P501
DS H228, H302+H332, P210, P261, P280, P302+P352, 02. 05. 07
H315, H318, H335, H412  P305+P351+P338, P312 e
. . P233, P280, P303+P361+P353,
Sodium hydroxide H290, H314 P305--P351+P338, P310 05
P201, P202, P261, P264, P272,
. P280, P301+312, P302+352,
Streptomycin H302, H317, H361 P308+313, P330, P333+313, 07, 08
P362+364
P210, P280, P301+P330+P331,
P303+P361+P353,
TEMED H225, H302+H332, H314 oo oo’ 02, 05, 07
P305+P351+P338
P260, P264, P270, P271, P280,
P284, P301+P310, P302+P352,
Thiocarbohydrazide H300, H311, H330 P304+P340, P310, P312, P320, 06
P321, P322, P330, P361, P363,
P403+P233, P405, P501
) P273, P280, P302+P352,
Triton X-100 H302, H315, H318, H410 o 0o Done pats 05, 07, 09
P260, P284, P301+P310, P320,
Uranyl acetate H300+H330, H373, H411 P405, P501 06, 08, 09
Xylene cyanol H315, H319, H335 P261, P305 + P351 + P338 07
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GHS 01 Explosive  GHS 05 Compressed Gas GHS 07 Harmful

=

GHS 02 Flammable GHS 06 Corosive GHS 09 Health Hazard

GHS 03 Oxidising GHS 07 Toxic  GHS 08 Environmental Hazard

Figure 48: Overview of GHS hazard picograms The GHS hazard pictograms are labelled 01-09 as
referred to in Table 38. Pictograms are shown as published by the United Nations (UNITED NATIONS,
2019)
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