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Abstract

Over the last few decades, the utility of viral vectors has expanded from their initial
use as clinical therapeutics for debilitating genetic diseases to include their use as
vaccination platforms. When deciding on the optimal viral vector for use,
considerations must be made that include target tissue, dose, immunogenicity, and
overall safety. Adenovirus vectors have been a compelling vector in gene therapy
due to their ability to package large gene-of-interest transgenes. Conversely, while
adeno-associated viruses (AAV) have one of the smallest packaging capacities,
the wide tissue tropism between different serotypes has made them a select

candidate for tissue specific applications even with systemic delivery.

Adenovirus vectors are an optimal vaccine platform as they stimulate robust innate
and adaptive immune response. They have higher efficacy and/or safety than live-
attenuated, subunit, or nucleic acid vaccines. Upon expression of the delivered
transgene antigen they stimulate both innate and adaptive immune responses.
Such approaches have been used in attempts to vaccinate against diseases where
development of vaccines by traditional routes has struggled. This has included
HIV, influenza, Ebola, and bacterial and protozoan pathogens. The ability to
produce adenovirus vectors at high titer and recent advances in stabilizing the
shelf-life of vectors outside of cold chain storage make them ideal for use in non-

clinical settings, such as field use in global vaccination strategies.

Mayaro virus, initially discovered in the Mayaro Province of Trinidad & Tobago in
1954, a member of the family Togaviridae, genus Alphavirus. While Mayaro most

iX



predominantly circulates in rainforests, especially the jungle canopy, it has
emerged as an infectious disease agent with the potential for global distribution
and spread in recent years. Increasing tourism to the region and global travel have
led to the identification of virus-infected patients in North America, Western
Europe, and the Caribbean in recent decades. Currently, there are no licensed
vaccines or therapeutics for Mayaro or any other alphavirus, necessitating the
development of such approaches. To this end, we developed an adenovirus
serotype 5 (AdV) vector that encodes the full-length structural proteins from
Mayaro virus that are expressed following intramuscular vaccination. Vaccination
with the engineered Mayaro adenovirus vector vaccine rendered wildtype mice
largely resistant to infection and enabled survival of highly susceptible interferon
alpha receptor knockout mice. Intriguingly, the vaccine also protected mice from
Una and Chikungunya alphavirus challenge; viruses that share overlapping
regions of distribution and symptoms. Such findings demonstrate the applicability

of adenovirus vector-based vaccines against related alphavirus member species.

Adeno-associated virus vectors have also been of significant interest in the field of
gene therapy, and the development of novel pseudotyped and rationally designed
viral vectors has been of significant interest. Such techniques benefit from deeper
understanding of virus biology and key mechanisms in virion assembly and life
cycle. In 2010, a +1 frameshifted assembly-activating protein was discovered and
identified as critical in the assembly of AAV serotype 2. We undertook a

comprehensive analysis of AAV serotypes 1-12 as well as phylogenetically distant



serotypes to examine its functional requirement. We determined that it is not a
shared requirement in virion assembly across serotypes and identified varying
levels of capsid assembly when heterotypic AAP and structural proteins were co-
transfected into production cell lines. These results indicated distinct differences
exist in both the ability of structural proteins to self-assemble and absolute

requirement of functional AAP for certain serotypes.
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Chapter 1.

Introduction
1.1 History of Gene Therapy
1.1.1 Theorizing the Future of Medicine: Early Beginnings

Gene therapy, the process by which foreign genetic material is introduced for
therapeutic benefit, has been a continually evolving field since the early 1960’s.
The idea of a single, long-lasting, and durable treatment that could provide clinical
benefit was an alluring prospect, and many postulated that such a breakthrough
could be the future of medicine [1-3]. For conditions that lack long term effective
treatments, such as inborn errors of metabolism, this field has been of great
interest [4-7]. Initial studies identified the potential to utilize innate viral genes for
therapeutic benefits in cultured cells from small animals and human patients.
Rodgers & colleagues found that Shope papilloma virus (SPV) could increase the
arginase activity in rabbit fibroblasts as well as in fibroblasts from patients suffering
from argininemia [8, 9]. Similar evidence of therapeutic viral gene expression was
observed from UV irradiated herpes simplex virus, SV40, and polyoma viruses
following infection of cultured cells [10, 11]. These studies solidified the concept
that viral infection could result in long lasting genetic modification of mammalian

tissues.

Based on the early findings with SPV, Rodgers and colleagues controversially
elected to test the efficacy in humans by injecting three German girls suffering from
hyperargininemia with wild-type SPV. This initial trial found that there was no

clinical benefit to sisters (age two and seven), and that a larger dose provided to

1



their five month old sister resulted in a severe allergic reaction and no observed
clinical benefit [12, 13]. With the growing advances in the field, and in response to
the human testing undertaken by Rodgers and colleagues, Friedmann and Roblin
published what would become a landmark article regarding the evolving field and
potential therapeutic uses of genetic engineering in humans [14]. Although they
echoed prior researchers in elucidating the potential benefits of gene therapy in
the treatment of genetic disorders, they largely discussed the ethical and scientific
standards that should be considered moving forward [1-3]. These centered on the
principle that until standards of care and an understanding of short and long-term

effects were developed, human testing should not be further pursued.

In order to adapt the potential of viral elements for gene therapy, major hurdles still
existed. While the knowledge that RNA and DNA oncoviruses could be used to
express beneficial genes, the understanding of how to amplify and purify human
genes and the subsequent safe utilization of viral integration for stable expression
was absent [15, 16]. In 1972, Berg et al. reported a technique to insert foreign DNA
into the SV40 genome using the Rl enzyme from Escherichia coli (EcoRI). Using
this method the galactose operon of E. coli was inserted into SV40, providing initial
evidence that viral genomes could be edited to introduce new genetic elements
[17, 18]. Shortly after, Maniatis et al. reported on the ability to insert foreign rabbit
B-globulin DNA into bacterial plasmids, which could then be transformed in E. coli

and grown to obtain large quantities of full length rabbit B-globulin mRNA in vitro



[19]. Together, these efforts overcame the previous limitations on obtaining large

guantities of recombinant DNA.

In addition to viral based approaches, researchers had also explored the possibility
of transfection to deliver naked DNA to cultured cells. These efforts identified
DEAE-dextran and calcium phosphate as optimal transfection reagents, although
this approach was challenged by low efficiency that resulted in minimal gene
expression [20-22]. Even with such knowledge, Martin Cline attempted to transfect
hematopoietic stem cells from bone marrow extracted from two patients suffering
from B-thalassemia. While the procedure did not overtly harm them, there was no
clinical benefit observed. Such a result was not unexpected as it was estimated
that transfection of ~10° cells would be needed in order to modify one
hematopoietic stem cell for long-term gene expression [23, 24]. Although Cline
admitted that it was understood that the experiment was unlikely to provide clinical
benefit to the patients, he argued that it served merely as a proof-of-principle
experiment to establish such an approach [23, 24]. This defense was not accepted,
resulting in the loss of funding and moved the field to again assess the
fundamentals that should be observed and practiced in moving towards clinical
trials [24, 25]. The results of the study, which are largely unpublished, were

important in pushing the field to explore more effective alternatives.

1.1.2 Evolving the Approach: Transformation to Viral Vectors

As transfection was plagued by issues of low efficiency and restricted to ex vivo

manipulation of cells, the field began to examine new approaches. Although early



efforts utilized oncogenic live viruses such as SV40, polyoma, and herpes simplex
viruses to deliver innate viral genes, safer alternatives that were equally effective
were explored. Multiple groups were investigating the potential of designing
replication incompetent viruses. By removing genetic elements required for viral
replication, these vectors would still be able to infect cells and express genetic
elements from their viral genomes, but with significant risk reductions when
compared to live viruses. Previous studies had identified that viral genomes could
be altered without affecting the formation of competent plant and mammalian
viruses. Outstanding questions remained on what viruses would be optimal
vectors, as well as what viral proteins were necessary for the formation of
competent viruses and could not be removed to insert foreign genes [22, 26-28].
By the early 1980’s, multiple groups were examining the potential of replication
incompetent retroviruses and lentivirus, adenoviruses, adeno-associated viruses,
and herpes simplex viruses for use as gene therapy vectors. While each option
offered distinct advantages and disadvantages, they were of great interest as they
offered increased efficiency over transfection-based approaches, the potential for
long term expression from vectors that could integrate into the host genome, and
the ability for in vivo treatment of solid organs. Continued research and
development resulted in increased safety profiles and potential applications. To
date, over 3700 clinical trials with viral vectors have been conducted. Close to 100
or more trials have been registered yearly since 1999 [29, 30]. While these trials
have predominantly utilized adenoviral and retroviral vectors, the use of other

vectors, such as adeno-associated virus, has been consistently rising (Figure
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1.1.1). The design, production, and applications of adeno-associated virus and

adenovirus vectors will be discussed in section 1.4.

Vectors Used in Gene Therapy Clinical Trials

WILEY

Adenovirus 20.5% (n=547)
Retrovirus 17.9% (n=478)
Naked/Plasmid DNA 16.6% (n=442)
Adeno-associated virus 7.6% (n=204)
Lentivirus 7.3% (n=196)

Vaccinia virus 6.6% (n=175)
Lipofection 4.4% (n=117)

Poxvirus 4% (n=107)

Herpes simplex virus 3.5% (n=93)
Other vectors 8.4% (n=223)
Unknown 3.3% (n=88)

0000000000

The Journal of Gene Medicine, © 2017 John Wiley and Sons Ltd www.wiley.co.uk/genmed/clinical

Figure 1.1.1 Distribution of Viral Vectors used in Clinical Trials Through 2017

Adenovirus vectors have been, and continue to be, the predominant vector utilized in gene therapy
trials. Reprinted with permission from Ginn et al., 2017 [29].

1.2 Adenovirus
1.2.1 Classification

Adenovirus was first discovered in 1953 during experiments on cultured adenoid
tissues obtained from young patients after observing that 63% of cell lines
displayed marked cytopathic effect [31]. Transfer of the supernatant from these

cultures to fresh adenoids, HelLa cells, or human embryonic tissue resulted in



appearance of the cytopathic effects. These observations were replicated in a
number of human, rabbit, hamster, and chicken cell lines. Inoculation of culture
supernatant into experimental animals did not replicate any recognizable disease,
and as such they designated the pathogen as “adenoid degeneration agent”.

Today it is known as adenovirus.

Human adenovirus (Ad) is a member of the family Adenoviridae, genus
Mastadenovirus, and there are 7 phylogenetic species. These species are
categorized A — G, and currently over 88 different types have been determined
based on novel genomic sequences (Figure 1.2.1) [32-35]. Species B is
subdivided into two classes, B1 and B2, based on differences in tropism, receptor
usage, and sequence homology. Human adenovirus category D (HuAd-D) is the
largest species, comprising over half of the identified types. The increasing number
of types is the result of genomic recombination events between circulating
adenoviruses, the majority of which occur within a designated adenovirus species
[36]. Category C (HuAd-C) members serotype 2 (Ad2) and 5 (Ad5) are the

predominantly studied serotypes.
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Figure 1.2.1 Phylogenetic Organization of Adenovirus Species and Types

Maximum likelihood phylogenetic tree of adenovirus genomes. Full-length genomes from classified
(species A to G) and unclassified human and simian adenoviruses, in addition to the novel vectors,
were used to infer an ML phylogenetic tree. The different species are highlighted by colored
rectangles (sA, simian species A), and in the case of simian vectors, the host species are noted
(Rh, rhesus macaque; Cy, cynomolgus macaque; Go, gorilla; Ve, vervet monkey; Ba, baboon; Bo,
bonobo; Ch, chimpanzee). Three novel isolated vectors were closest to species G adenoviruses
(red arrows). Other vaccine candidates are highlighted with a V. Reprinted with permission from

Abbink et al., 2014 [35].



1.2.2 Genome & Viral Proteins

The adenovirus genome is linear dsDNA roughly 36 kb in length but can vary from
26-45 kb depending on the serotype [37]. The ends of the genome are flanked by
inverted terminal repeats (ITR) ranging in size from 36 to over 200 bp [38]. The
genome is packaged into a large icosahedral capsid shell with a pseudo-T = 25
confirmation that is approximately 150 MDa and 90 nm in diameter [37]. The Ad
genome contains three distinct temporally regulated transcription units separated
on both strands of the genome, classified as early (E1A, E1B, E2, E3, and E4),
delayed-early (IX, IVa2, and E2 late), and late (L1 — L5). They are transcribed by
RNA polymerase Il (Fig 1.2.2) [39]. In contrast, small virus-associated RNAs (VA
RNA) are transcribed by RNA polymerase Ill [40]. The VA RNA products play
important roles in transcriptional control, especially the translation of late genes
through inhibiting the activities of Dicer and the RNA-induced silencing complex
[41, 42]. Transcription of the genes results in ~30 — 40 mRNAs largely by way of
alternative splicing, as all but polypeptide IX encode for 2 or more alternative splice

products [39].

During infection, the immediate early E1A gene is the first to be expressed and
serves to activate genome transcription of the E1B, E2, E3, and E4 genes.
Additionally it induces a cellular state favorable for viral replication by driving cells
to S-phase and blocking cellular replication [43, 44]. These properties reside in the
fact that the E1A protein interacts with a vast array of host cell transcription factors,

co-activators, co-repressors, nucleosome remodeling factors, and general



transcription machinery with over 50 different distinct protein targets identified [45,
46]. This dramatic alteration of the steady-state cell environment induces a
hospitable environment for viral replication until cell death at the end of the lytic
cycle. While the majority of E1A host-cell protein interactions occur in the nucleus,
up to ~50% of E1A remains cytoplasmic and induces alterations of proteasomal
ATPases and Golgi network assembly/disassembly [46, 47]. Along with this, E1A
also functions to reduce the inflammatory response following infection through the
transcriptional regulation of type | interferon genes triggered from initial Ad binding

and cellular entry as discussed in section 1.2.4 [46, 48].
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Figure 1.2.2 Schematic Representation of The Ad5 Genome and the
Expressed Viral Transcripts

The early transcripts are shown in red and the late are marked in yellow. Intermediate genes are
indicated as black arrows. Reprinted from under an open access Creative Common CC BY license
Biasiotto et al., 2015 [39].



E1B produces at least five different polypeptides through alternative reading
frames and splicing. Two of these, E1B-19K and E1B-55K, have well defined roles
in viral replication and cell transformation [49]. Both proteins function to inhibit P53
mediate transcription, working as antagonists to the E1A induced apoptosis [50,
51]. They also work cooperatively with E1A to activate cell cycle progression. E1B-
19K, a Bcl-2 homologue, also functions to prevent co-oligomerization of BAK and
BAX to block caspase activation, and prevents signaling from Bik/Nbk, and Nip 1,
2, and 3 [52, 53]. E1B-55K has been shown to bind the activator domain of p53,
inhibiting its function and transactivation of promoters with a p53 binding site [49].
Transcriptional repression is not p53 specific, as fusion of E1B-55K to Gal4 also
results in transcriptional repression from Gal4 binding site promoters, indicating a
broad repressive role [54]. Along with the early functions of E1B-55K to establish
a permissive environment for viral replication, it also serves to promote viral mMRNA
export and translation while inhibiting these functions for cellular mRNA.
Interaction between E1B-55K and E4orf6 is required for proper function and
localization of E1B-55K to the nucleus and viral replication centers. The assembled
E1B-55K/E4orf6 complex forms an E3 ubiquitin ligase through E4orf6é host cell
interactions. This complex induces proteasomal degradation of host-cell
substrates that include p53, DNA damage recognition proteins, and DNA repair

proteins [55, 56].

The E2 protein is divided into a promoter proximal (E2A) and distal (E2B) region

with unique polyadenylation sites. Together these transcription units encode three
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proteins required for viral replication. E2A encodes the ssDNA binding protein
(DBP) while E2B encodes the precursor terminal protein (pTP) and DNA
polymerase [57]. Due to its role in priming replication, infectious Ad is assembled
with pTP covalently bound to the 5’ termini of the genome. During replication, DBP
protects ssDNA during the elongation phase of replication and enhances the rate
of replication [58]. DBP also plays important roles in stabilizing viral mMRNA, host-
cell transformation, and potentially in capsid assembly/genome packaging [37, 57].
Synthesis of the E2 proteins is regulated by two distinct promoters, one active early
in infection, and a second that is active in late stages of infection. Activation and
expression from the E2 early promoter is coordinated through E1A following the
binding of E2F, activating transcription factor (ATF), transcription initiation factor Il
D, and E4orf6/7 upstream of the promoter [59]. At this time, activity from the late
promoter is repressed by E1A. As the time post infection increases, E1A levels
begin to decrease, allowing expression to switch between the promoters. This
coordinated switch enables expression from the E2 promoter throughout the

course of infection [59].

E3 protein expression is intrinsically important in Ad infection as it regulates the
host immune innate and adaptive immune response. It contains two
polyadenylation sites that results in the production of two transcription units — E3A
and E3B. Proteins from E3 have no effect on viral replication. Instead, they function
to reduce the host immune response induced by viral genes upon expression.

They have no effect on the initial immune response elicited by viral binding and
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cellular uptake [48]. Proteins produced by E3 protect infected cells from cytotoxic
T cells by blocking MHC class | restricted antigen presentation, promoting
internalization of proapoptotic receptors such as FAS and TRAIL from the cell
surface, and downregulating cytokine and chemokine production and signaling
[60, 61]. Along with immunomodulatory effects, E3 also produces the adenovirus
death protein (ADP) that is largely expressed late in the course of infection and
facilitates efficient cell lysis through nuclear membrane breakdown. Typically
cultured cells infected with Ad lyse within 2-7 days post infection (dpi), but lysis
was impeded and began significantly later in Ad viruses with a non-functional ADP

(26 dpi)[62].

Located at the 3’ end of the Ad genome, the E4 region of the genome produces 6
known polypeptides (E4orf1, E4orf2, E4orf3, E4orf4, E4orf6, E4orf6/7) with a
seventh, yet unobserved but proposed E4orf3/4 [63, 64]. Together these serve
important roles in the viral life cycle that include DNA replication, transition from
early to late gene expression, and host cell protein synthesis shutoff [65]. Whole
deletions of the E4 region resulted in defective viruses, although the deletion of
some regions can be tolerated. For example, E4orf3 and E4orf6 produce
polypeptides with similar but non-identical functions that compensate for each
other in mutant viruses. These two polypeptides function to increase the production
of viral late proteins through stabilization of viral RNA in the nucleus, accumulation
of the mRNA in the cytoplasm, and support efficient DNA synthesis and genome

replication [64]. As previously mentioned, E4orf6 binds to E1B-55K and this
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complex plays important roles in modulating host-cell responses to DNA damage
and apoptotic pathways. E4orf4 plays an important role in temporal regulation of
viral and cellular gene expression through the hypophosphorylation of E1A and c-
Fos, resulting in the reduction of cellular transcription activators and regulators that
include AP-1, JunB, and c-Myc [66, 67]. Together, these activities drive replication
towards delayed-early and late gene synthesis. E4orf1 and E4orf2 have been
indicated as required for the development of tumors in infected tissues for Ad
species with observed oncogenic effects in animal models [68]. Following
localization to the nucleus, E4orf1 has been shown to promote enhanced
glycolysis. This occurs through activation of c-Myc through PI3-kinase and AKT
signaling, enabling increased nucleotide biosynthesis for optimal viral replication
[69]. E4orf6/7 is responsible for stabilization and activity of the E2 early promoter
through the E2F transcription factor, and may also be involved in the regulation of

cell cycle genes with E2F promoter sequences [64].

As the infection continues, gene synthesis switches next to the production of the
delayed-early structural genes. The role of these delayed-early genes (IX and
IVa2) will be discussed in the next section. Finally, late gene synthesis of L1 — L5
occurs. The products of these genes have important roles in temporal regulation
of early viral gene expression as well as production of the structural proteins [39].
L1 encodes two structural proteins L1 52K and L1 55K (L1 52/55K), while L2 pre-
mRNA is spliced into 4 capsid proteins plll (penton), pV, pVIl, and py. Similarly, L3

pre-mRNA also undergoes splicing that results in the production of another 3
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structural proteins pVI (hexon), pll, and the adenovirus protease (AVP). L5
encodes the plV (fiber) structural protein. The L4 pre-mRNA produces 3 regulatory
proteins that down regulate early gene expression while enhancing late gene
transcription (L4-22K), activate splicing of late gene mRNA (L4-33K), or inhibit
cytotoxic lymphocyte induced apoptosis of infected cells (L4-100K). L4 also
produces the structural protein pVIII [70, 71]. The roles and interplay between

these structural proteins will be discussed below.

1.2.3 Assembly of Viral Nucleocapsid

The capsid structure is composed of three major proteins (penton, hexon, and
fiber) along with four minor capsid proteins (llla, VI, VIII, and IX). An additional 6
proteins (V, VII, y, IVa2, terminal protein, and adenovirus protease) are packaged
inside of the capsid structure along with the dsDNA genome [37, 72]. Originally,
Caspar and Klug predicted Ad to conform to a T = 25 triangulation number,
requiring that the capsid be formed from 60 icosahedral asymmetric units (AU)
consisting of 25 polypeptides [73]. Instead, each AU is in fact formed by 4 trimers
of hexon and one penton protein, resulting in a total of 13 polypeptides. In total the
capsid is formed from 720 monomers of hexon that form 240 trimers, and 12

penton proteins, resulting in a pseudo-T = 25 structure (Figure 1.2.3)[74-77].

Hexon is able to adopt a pseudo-hexagonal form that is key to this structural design
due to the presence of an 8-stranded B-barrel with a “jellyroll” topology [76, 78].
Each capsid facet is formed through the association of 3 AUs with each other in

two tile arrangements. Nine central hexon proteins of each facet belong to the

14



group of nine (GON) (Figure 1.2.3 panel A) while the hexons and penton that are
in contact at the 5 fold axis of symmetry (peripentonal hexons) belong to the group
of six (GOS) (Figure 1.2.3 panel B). These designations and their defining
features will be discussed later. The remaining major structural protein, fiber, forms
into trimers and extends as projections from penton at the 5 fold axes [79, 80].
Fiber is composed of 3 domains: a N-terminal tail that anchors to penton, a central
shaft, and a C-terminal knob. The length of the shaft is dependent on the number
of B-strand repeats and is variable between serotypes (5.5 in Ad 35 to 22.5 in Ad

12) [81]. The knob is responsible for receptor binding.

Penton base
. }’« N terminus of IX ) { ' w

@ Peripentonal hexon

@ GON hexon

Figure 1.2.3 Facets of the Adenovirus Icosahedron

(A) External view of an adenovirus capsid facet. The GON hexons are multi-colored and the H1
peripentonal hexons are either lettered in black when they are on the same plane as the GONs or
lettered in red where they are associated with GONs on a different facet. Similarly, the H2 hexons
lettered in orange are associated with GONs on a different facet. The symbol for protein IX is not
to scale. (B) Internal view of the adenovirus capsid facet with the same hexon designations as in
(A). Note symbols for other structural proteins are not to scale. (C) Internal structure at the GOS
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indicating hexon association with penton at the pentameric complex. Reprinted with permission
from Russel, 2009 [74].

The minor capsid proteins are commonly referred to as cement proteins. They play
integral roles in the formation of the overall capsid structure and GON and GOS
designations. Cryo-electron microscopy (cryo-EM) has played an integral role in
understanding the structure of the Ad capsid, and specifically the minor proteins.
Imaging with 6 A resolution provided key data on the location of the minor proteins,
but it was not until structures were resolved at 3.6 A that identification of the binding
interactions of the minor proteins could be determined [82, 83]. Three of these
minor proteins (llla, VI, and VIII) are synthesized as precursor proteins and then
processed by the Adenovirus protease (AVP) for capsid maturation and will be

discussed later.

Protein IX plays one of the most important structural roles in the formation and
stability of the capsids. When capsids were dissociated under mild conditions, the
GON structures remained intact and led to their aforementioned designation, while
the 6 peripentonal hexons and penton in the GOS fully dissociated [84]. This
disparity was later resolved when it was identified that 12 copies of the minor
capsid protein IX reinforce the association of the hexon trimers at the GON 3-fold
axes [85]. While capsids can assemble in the absence of IX, the resulting mutant
capsids were substantially more thermolabile than wild-type virus, and following
dissociation and sucrose gradient purification did not result in the canonical pattern

of GOS and GON structures [86]. In total, 240 copies of IX are present in the Ad
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capsid, making it the most abundant minor protein. While IX is present on the
outside facets of the capsid the remaining three minor proteins (llla, VI, and VIII)

reside within the interior of the capsid.

GOS structure and stability is provided by polypeptide llla. The important structural
role between the GOS members led to the colloquial designation of llla as the
GOS-glue domain. Five monomers of llla are present at each vertex, arranged in
a ring around penton, and tether the peripentonal hexons to penton. This binding
is facilitated by the N-terminal domain of llla. The C-terminus of llla possess a
polypeptide VIII binding domain that enables tethering of the GOS members to the
GON [76, 83]. Along with providing stability at the capsid vertex, Illa has also been
identified to play a role in conjunction with the Ad L1 52/55K protein to promote the
packaging of the viral genome into assembled capsids through its positioning at

the vertexes [87].

Polypeptide VIII functions as another interior surface protein of the capsid to
provide structural support. Each capsid contains a total of ~120 copies of VIII.
Stabilization of the AU occurs through a copy of VIII that binds to polypeptide llla
on peripentonal hexons and the adjacent hexon trimers of the GON, as well as at
the 3-fold axis among GON trimers. These binding interactions serve to ‘glue’ the
GOS and GON together, keeping the 12 hexons on each facet bound to each other
and providing structural support to the capsids. The monomers of VIl exist in

extended conformations with a head, neck, and body domain. Each VIl monomer
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binds with four hexon trimers [83]. Two hexons are bound on either side of the

body, while the body and head domains each bind to a single hexon themselves.

The remaining minor protein, VI, plays a multi-dynamic role in capsid structure and
the infectivity of the virus. Structurally, it binds to a loop in the inner cavity of the
hexon trimers, as well as to the dsDNA viral genome [88, 89]. This association
does not appear to follow icosahedral symmetry. It is estimated that there are ~360
copies of VI per capsid which is half the amount of hexon monomers (720), but
more than the number of hexon trimers (240). It has been observed that VI acts as
a cement protein, binding between the peripentonal hexon trimers and penton [72].
It forms a stable complex with polypeptides Illa and V to stabilize GOS and GON
associations, and also binds to polypeptide VIII to stabilize GON hexon trimers
[72]. These interactions provide for a total of 6 monomers of polypeptide VI in each
AU of the Ad capsid. Reddy et al. proposed that another copy of VI could associate
with the central hexon trimer in the group of nine (Figure 1.2.3 — designated H3).
These associations would account for a total of 180 copies of VI (120 at the
peripentonal interface and 60 at the GON central hexons). It is possible that the
remaining copies may also function as non-structural core proteins. Along with its
structural role, VI also plays an integral role in endosomal escape and nuclear

trafficking as discussed in section 1.2.4.

The six additional Ad structural proteins (V, VII, y, IVa2, terminal protein, and AVP)
reside within the core of the assembled capsid. Like the minor capsid proteins, VI,

M, and terminal protease are cleaved by AVP in order to form mature infectious
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particles. Proteins V, VII, and p are positively charged and associate closely with
the viral genome. Each capsid contains approximately 150 copies of V, 500 — 800
copies of VII, and 100 — 300 copies of u [90]. Dissociation studies of assembled
virions identified that disruption with pyridine resulted in cores with a thick fibrous
appearance and a morphology similar to cellular chromatin. Following dissociation
V, VI, and p were still bound to the genome resulting in a “beads-on-a-string”
morphology [91]. As previously mentioned, polypeptide V binds to both the
genome and to polypeptide VI and llla. Although it is known that the C-terminus of
V binds to VI and the N-terminus binds to the viral genome, the region that binds
llla is unresolved [72]. These interactions serve to bridge the viral core to the
capsid structure. There is limited knowledge on the properties of polypeptide y,
although it is believed to act with bridging functions between either V or VII, and
the genome, potentially through protamine-like properties [74]. Polypeptide VII
represents ~10% of the total mass of the Ad particle and directly interacts with the
viral genome. Upon high ionic strength treatment conditions, only VII remained
associated with the viral DNA. Micrococcal nuclease digestion of the resulting
product following ionic dissociation resulted in the identification of protected
fragments indicating a chromatin-like structure. The resulting products were of
heterogenous size and demonstrated that the associations are significantly less
conserved than mammalian histones [91]. Polypeptide p also plays a supportive
role in DNA condensation in the core through charge based interactions between
nine arginine residues and the phosphate backbone of the genome [92]. TP is the

remaining minor protein that directly interacts with the Ad genome, binding to the
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5" termini of the ITR. While it was originally believed that genome packaging was
dependent on the presence of TP bou