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Abstract

Adenoviruses are a diverse virus family, infecting a range of animal hosts. The
human adenoviruses comprise over 100 types, divided into seven species, A-G.
Adenoviruses are clinically important as both engineered therapeutic vectors and

pathogens.

Adenoviruses are non-membrane bound viruses with double stranded DNA
genomes, making them amenable to genetic manipulation and manufacturing at
scale. This makes them attractive candidates as therapeutic vectors, currently
under development as gene therapy vectors, viral vaccines, and oncolytic
viruses. Adenovirus based vectors are in clinical trials for the prevention and
treatment of diseases as diverse as Ebola infection and cancer, but are hindered
by pre-existing antiviral immunity, leading to neutralisation of the virotherapy
before it can have its therapeutic effects, and off-target tissue infections resulting

in reduced delivery of therapeutic vector to the site of need.

Many natural adenovirus infections do not require medical intervention as they
are easily neutralised by the hosts immune system, though they can result in
serious disease. Predominantly, this is a concern for immunocompromised
patients. However, some types can cause symptoms including gastroenteritis,
epidemic keratoconjunctivitis (EKC), and potentially fatal acute respiratory
distress syndrome, in healthy adults.

Species D adenoviruses are especially diverse, accounting for more than 50% of
total adenovirus diversity and many instances of disease, including outbreaks of
EKC. They can also be attractive as a basis for therapeutic viruses due to low
rates of seroprevelance in the population and favourable immunogenicity profiles.
However, little is known about most members of this species or the mechanisms

which can make them either pathogenic or therapeutically useful.

The work presented herein seeks to better understand how species D
adenoviruses infect cells. We therefore investigate their fiber proteins, which
mediate primary cell surface receptor binding. We identify previously unknown
adenovirus receptor interactions and examine these results in the context of

developing new therapeutic adenovirus vectors.
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CHAPTER 1. Introduction



1.1 Introduction

The work in this thesis focuses on the virology of adenoviruses and how this
understanding can be exploited in the design of new adenovirus vectors which
overcome limitations related to targeted administration of virotherapies to
cancer cells. As such, this introduction will focus upon the engineering of
adenoviruses to specifically infect cancer cells, rather than healthy tissues.
Another major topic within oncolytic virotherapy is utilising the viruses to

manipulate the immune system to instigate an anti-tumour immune response.

Viruses are inherently immunogenic as they are recognised by the immune
system as foreign agents, leading to clearance, this can be beneficial in the
context of virotherapies by recruiting T-cells to the tumours and breaking
immunological tolerance. There are numerous virotherapies expressing
immunomodulatory transgenes in attempts to better stimulate anti-tumour
immunity. This review will discuss adenovirus and immunomodulation in the
context of manipulating the native adenovirus biology, rather than adding
transgenes or manipulating replication, which are post-infection enhancers of
oncolysis rather than a means of viral targeting, and therefore beyond the

scope.
1.2 The Principle of Oncolytic Virotherapy

Viruses were once described by Peter Medawar, the 1960 Nobel prize recipient
for the discovery of immunological tolerance, as “a piece of bad news wrapped

up in protein™

. Whilst this is an apt description of viruses in disease, it now
stings of irony. Viruses have emerged as clinically important agents in the
treatment of many diseases, including cancer, where one of its key modes of

action is breaking of immune tolerance to tumour cells®.

The idea that viruses can of benefit to cancer patients has existed since at least
1904, when it was observed that influenza infection can be beneficial for
leukaemia patients®>. However the effort to harness viruses as cancer
therapeutics were stunted until the development of cell culture techniques, and
clinical trials began in the 1950’s*. Viruses were first reported to destroy
sarcoma in mice in 1949, using Russian Far East Encephalitis virus®, and

shown to specifically kill cancer cells as long ago as 1953, when Koprowski et al
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stated that “Studies on the specificity of such a reaction for a given virus[...]
may facilitate an understanding of the mechanism of selective cell destruction”,
predicting a now global research effort to harness viruses as anticancer

therapeutics.

The discovery of DNA and ways to engineer it, as well as ex vivo cell culture
and viral propagation techniques, have enabled the investigation of a wide
range of different viruses as cancer therapeutics. These range from wildtype
small RNA viruses like Reovirus (Respiratory Enteric Orphan virus), to

engineered large DNA viruses such as Herpes Simplex”?.

The original principle underpinning the idea of oncolytic virology was to take
advantage of the natural viral characteristics. These are a natural propensity to
replicate more efficiently in rapidly dividing and dysregulated cells, such as
cancer cells deficient in p53°, or innate mechanisms of defence such as the
interferon pathway'®. This remains core to many oncolytic virotherapy
strategies, such as those mediated by unmodified reovirus, or vesicular
stomatitis virus. It is now generally accepted that the viruses also serve to
stimulate the immune system to attack the tumour and assist in clearance,

making oncolytic viruses a form of immunotherapy™.

Wild type viruses have been reported as effective interventions for cancer in
isolated instances®'***. However, they have numerous limitations and risks
associated with them, including pathogenesis, dose limiting toxicity, weak
immunogenicity or rapid clearance, and low efficiency of delivery to the tumour.

This combines to make them unpredictable agents with a poor safety profile.

Wildtype viruses can be engineered to overcome these challenges. Broadly
speaking, these engineering methods are divided into two categories: rational
design and directed evolution*. Rational design is based upon an intricate
understanding of the virus’s native pathways and making deliberate changes to
these pathways to achieve the desired effects when administered as a drug.
Directed evolution approaches allow natural recombination and mutation under

controlled conditions in order to select for a virus with desirable traits.



1.3 Adenovirus Biology

1.3.1 Adenovirus species

The international committee on taxonomy of viruses (ICTV) defines 7
adenovirus species. However, they do not delineate the viruses any further,

avoiding the contentious issue of how to define an individual adenovirus type™.

Canonically there are 57 adenovirus types divided into the 7 species, A-G.
These types were determined by serological testing for neutralising antibody
activity and haemagluttination'®. This method of defining adenovirus serotypes
is extremely coarse due to the potentially for cross-neutralisation. This is typified
by the confusion surrounding Human Adenovirus Species D type 19 (HAdV-
D19). The prototype HAdV-D19 virus, HAdV-D19p, was first isolated in Saudi
Arabia in 1955" and is not a cause of Epidemic Keratoconjunctivitis (EKC).
However, another virus, HAdV-D19a, is a cause of EKC and possesses an
similar serological fingerprint'®. It has now been shown to have a very different
genome, helping to explain its different pathology®. This has led to HAdV-D19a,
the EKC causative agent, being reclassified as HAdV-D64, leaving HAdV-D19p
as the sole HAdV-D19. This shows how serological methods can misidentify an
adenovirus and is neither surprising, given the ease with which they recombine

20,21

to generate new recombinant types and alter the serological determinants™“-,

or the first time such misidentifications have occurred®2*,

Phylogenetic analysis of the species D adenoviruses (the most diverse of the
human adenoviral species) reveals homologous recombination between
hypervariable regions in each of the major capsid proteins and in every member
of this subtype. In turn, there will be a direct impact on capsid structure and thus
immune recognition”®. The authors of this study estimate that serology testing
(the standard on which the canonical 57 serotypes is based) can only identify
53% of 38 fully characterised Species D adenoviruses unambiguously®’. An
alternative taxonomic proposal attempts to reflect the genetic variation observed
in the =35Kbp linear dsDNA genomes of isolated adenoviruses, yielding 103

candidate serotypes as of July 2019%>%°.

This alternative taxonomic proposal is championed by the human adenovirus

working group (HAdVWG). This method uses the genetic sequence of the three
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major capsid proteins (described in the next section), the Penton, Hexon, and
Fiber proteins, as the determinants of adenovirus type, defining a new type as
any new combination of these three proteins. However, how to define a new
type of these proteins is difficult as some viral proteins may differ in very few
amino acids. Similar proteins may belong to very different adenovirus types with
different clinical profiles, as is the case for the fiber proteins of HAdV-D37 and
HAdV-D19p. While the fiber knob protein of HAdV-D37 (HAdV-D37K) is
identical to that of HAdV-D64 (formerly HAdV-D19a) it differs with HAdV-D19pK

by only 2 amino acids®.

There have been proposals regarding the best ways to define these proteins
based on cut-offs defining the degree of similarity?®. However, adenoviruses
belonging to the same type may acquire mutations, potentially resulting in
greater sequence differences that those between the HAdV-D37 and D19p fiber
but may not cause any changes in clinical presentation. This makes the
definition of a significant difference difficult. For now, no consensus has been
reached on an answer to the typing problem. The solution for researchers
reporting their findings is to work on carefully defined viruses and to report the

viral protein sequences which their findings relate to alongside their results.
1.3.2 Neutralising antibodies in adenovirus infection

Neutralising antibodies (nAbs) are a key consideration in all adenovirus
research. Firstly, they are the traditional means by which adenoviruses are
typed. By utilising serum from patients infected with particular adenovirus types
the way in which the adenoviruses relate to each other can be determined by
the ability of different patient sera to neutralise the virus, rendering it unable to
cause haemagglutination and/or infect cells®®. This is the source of the former
name for adenovirus types: serotype. There are numerous variations on this
test, each purporting to make serology based identification of adenoviruses
more rapid and accurate’*'. However, as mentioned in the previous section,
this method of typing adenoviruses remains controversial. Serotyping provides
no information about internal differences between viruses, as it is based upon
nAb recognition of the solvent exposed capsid regions. Further, viruses may be
neutralised by similar nAbs but have different structures as was observed with

the incorrect typing of HAdV-D19a and subsequent retyping as HAdV-D64".
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Adenoviruses which have very similar proteins have also been shown to have
different pathologies, as observed with the fiber proteins of HAdV-D37 and
HAdV-D19p*’. Recombination’s between viruses could therefore result in
broadly similar capsids with different amino acids at key locations which alter
their pathology. Such subtle recombination’s have been observed repeatedly in
the human adenoviruses, though their effect on pathogenicity is as yet

21,25,32,33

unknown To further support this, genetic analysis has already

evidenced a novel adenovirus type, not identified through serology*.

Neutralising antibodies are also a critical consideration in the development of
adenovirus derived therapeutics, such as vaccines, gene transfer vectors, and
oncolytic virotherapies. If a patient has nAbs against the serotype of adenovirus
being utilised as a vector it may be neutralised before it is capable of having its
therapeutic effects®. This is further complicated by the fact that populations
from different geographical areas have different levels of pre-existing immunity
to different adenovirus serotypes. For example, an international study of patient
epidemiology showed that 61-78% of patients had high or very high levels of
HAdV-C5 nAbs, compared to 0.4-5.0% with nAbs against HAdV-B35. Within the
Ad5 serotype there was a great deal of variance, approximately 27% of
American adults at low risk of HIV infection had anti-HAdV-C5 nAbs, compared
to 79% of high risk Kenyans®*. Some adenovirus species are generally lower
seroprevelance than others though, with multiple studies showing species D
adenoviruses having lower seroprevelance in all tested populations compared
to the extremely common HAdV-C5 serotype®*°. This means that adenovirus-
based therapeutics must be developed such that they either use rare
adenovirus species which patients do not have pre-existing nAbs against, as

39-41

with the selection of the HAdV-D26 virus as a vaccine vector’™ ", or engineered

to be unrecognised by pre-existing nAbs, as with the anti-HIV vaccine, using
adenovirus pseudotyped with the HAdV-D48 hexon variable regions**.
Epitope selection is also key to the design of antiviral vaccines, as key epitopes
for viral function can be targeted for neutralisation without the virus being easily
able to mutate to evade neutralisation, as has been achieve in adenovirus type

4 and 74,



1.3.3 Adenovirus capsid structure

Adenovirus genomes are approximately 35kbp long and made of double
stranded DNA (dsDNA). The exact makeup of an adenovirus genome varies
depending on type, and the specific isolate. However, the overall structure of
the virus capsid remains broadly similar, consisting of an icosahedral capsid
comprised of 3 major proteins, the penton base, the hexon, and the fiber (Figl-
1A), and 4 minor proteins (Figl-1B)***®.

The hexon is the most abundant capsid protein and makes up the 20 facets of
the icosahedral viral capsid. This gives a total of 120 hexon trimers (360
monomers) per viral particle. Each hexon is a homotrimer, which gives the
hexon the eponymous hexagonal tertiary structure, yielding 360 monomers per
viral capsid. The hexagonal base of the protein tessellates to form the capsid
and projections extend away from the capsid. The projections are highly

variable (the hypervariable regions, HVRs) between species and are a major

Penton

Figure 1-1 Cartoon View of Adenovirus highlighting the major capsid proteins, labelled.
Structural view of an Adenovirus vertex modelled from CryoEM structure 6B1T. Penton Protein
is in Green, the hexon proteins immediately adjacent to the penton are in dark blue, the
remaining hexons are in light blue. Minor capsid proteins are shown in Red, Fiber is not shown.

determinant of immunogenicity®’.

The penton base protein is pentameric complex and is found at the 12 vertices
of the icosahedral capsid, which are the five-fold symmetry axes of the main

d46,48

capsi This enables tessellation of the hexons into the 3-dimensional

icosahedron. The surface of the penton interacts, non-covalently, with the N-
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terminal domain of the trimeric fiber-protein. From the N-terminal domain the
fiber extends away from the capsid to form the semi-flexible shaft domain®.
This then forms a globular domain, the fiber knob, at the C-terminus. The fiber
knob protein consists of a central 3-sandwich (sometimes called a 3-barrel) fold
consisting of approximately 10 B-strands (A-J) which are mostly conserved
between species. The B-stands are joined by semi-flexible loops with highly
variable sequences, named after the B-stands they are between (e.g. the HI
loop falls between B-stand H and I). This fiber knob protein is the primary

tropism determinant.

In the course of infection, the fiber knob protein forms the primary interaction
with the cell surface. There are several possible receptors for the fiber knob

051~ Coxsackie and

including CD46 (Membrane Complement Protein, MCP)
Adenovirus Receptor (CAR, CXADR)>***, Desmoglein 2 (DSG2)***, and sialic
acid”’”*>°. The identity of the receptor for the fiber knob on the cell surface is
dependent upon the adenovirus species. The penton protein then forms a

secondary interaction with integrins avp3/5 which triggers endocytosis®®*.

The hexon is also capable of acting as an indirect tropism determinant. When
the adenovirus enters the blood it is exposed to numerous proteins, including
blood coagulation factors. Coagulation factor X (key to adenovirus hepatic
tropism, described in section 1.4.6.) has been shown to bind to HAdV-C5 hexon
with high affinity, and then bind heperan sulfate proteoglycans (HSPGs), in
turn®>®. This makes FX an indirect receptor for the adenoviruses capable of

interacting with it.

The adenovirus capsid also includes several minor proteins. These include
pllla, pVI, pVIll, and pIX. Proteins pllla and pVIll act as a kind of cement, with
each capsid containing 60 and 120 copies, respectively. These two proteins are
in the capsids interior and stabilise interactions between the penton base and
hexons to assist capsid formation*®. Protein VI is also interior and plays a part in
several processes including endosomal escape and importing hexon proteins to
the nucleus for virion assembly*®®*. Protein IX forms a unique triskelion shape
and has 240 copies on the capsid exterior which helps to stabilise the facets of

the icosahedron*®®*,



1.4 Disrupting natural adenovirus tropisms to reduce off-

target infection

Adenoviruses are not tumour selective during infection, in their natural
pathogenic state. The wildtype viruses cause transient and generally non-life-
threatening infections of the respiratory and gastro-intestinal tracts, as well as
ocular infections. This is due to the native adenoviruses tropisms, which result
in infection and spread of virus within healthy tissues. If left unrefined,
adenovirus-based therapies have little uptake in cancerous cells and exhibit
reduced efficacy due to sequestration of the virus in non-target tissues,
clearance of the virus prior to delivery to the target tissue, and consequently
result in dose limiting toxicities'*®. Therefore, to achieve maximum therapeutic
efficacy with minimal off-target toxicity, extensive refinement of adenovirus

tropism is required to tailor the virotherapy into a cancer selective agent.

Adenoviral serotypes bind different receptors, reflecting the diversity of natural
adenoviral pathogenicity as reviewed by Ghebremedhin®. Of note is the fact
that adenoviruses capable of binding the same receptors may do so with
different affinities, exemplified by HAdV-B11 and HAdV-B21, the latter has
substantially lower affinity for, and a different binding mode to CD46°". Receptor
tropisms can be predicted from sequence alignments and structural informatics,
but often remain biologically unconfirmed. The modifications required for
effective viral detargeting strategies depend upon the choice of adenoviral
serotype used, and a detailed mechanistic understanding natural virus: host
receptor interactions is therefore essential to enable rational modification of the

capsid proteins.

The information about adenovirus receptors described in this section is

summarised in table 1-1.



Table 1-1 Adenovirus receptors, the residues shown to facilitate receptor interactions,
and demonstrated tropism ablating mutations. Prototype viral receptor refers to the
adenoviral serotype and protein used in the receptor interaction study for which the binding
residues and mutations are described. Named mutations are in bold with the mutations in
brackets. amino acids are described with single letter code. A indicates a deletion mutation,
while substitution mutations are described with the original residue letter codes preceding the

residue numbers and then the respective substituted amino acid code.

Prototype .
y.p Receptor Previously
Adenovirus .. .
Receptor Binding Demonstrated Tropism References
Attachment . . .
) Residues Aablating Mutations
Protein
KO1 (SP408-409EA); KO2
(AVK441-44s); KO3
(R460E); KO4 (AGK509-
s, 10 1OSUCTI 50 e
AR HadV-C5—Fiber  P409; R412; V466H( KOlO)'PSOSA @
Protein knob Y477; R481; (K011 A)’404 58(1 o I)’
L485; Y491 (4404- ole
region)
Roelvink et
ATAYT (ATAYT489-492) 112
al 1999
F132; N133;
HAdV-B35 — Fiber T136; R169; Wang et al
CD46 , F242; R279; 5282 126
Protein knob M170; S172; 2007
N194; E192
N186D; V189G; S190P;
N186; V189;
. D261N; F265L; L296R;
HadV-B3 — Fiber $190; D261, Wang et al
DSG2 . E299V; ND186-261DN; 152
Protein Knob F265; L292; 2013
AD261+L296R; NDL186-
L296; E299
261-296DNR.
. . Y308; Y312; .
GD1a/Sialic | HadV-D37 - Fiber Nilsson et al
. . P317; V322; None reported 160
acid Protein knob 2011
K322
Ad5HVR48 (Ad5 with the Waddington
187
HVR’s of Ad48) et al 2008
HVR regions 3;
Blood and 7 HVR5-BAP (71aa BAP Kalyuzhniy
. HadV-C5 — Hexon . o 188
Coagulation . , (Individual peptide insert) et al 2008
Protein HVR’s .
Factor X residues not

clearly defined).

HVR5* (TE268-269AT);
HVR7* (ITEL420-422-423-
425GNSY); E451Q

Alba et al
189

2009
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HSPG

Integrin

MARCO

HadV-C5 — Fiber
Protein shaft

HAdV-C5 — Penton
Protein

HadV-C5 — Hexon
Protein

KKTK91-94

R340, G341,
D342

HVR1; implied

but not

conclusively

determined

S* (KKTK91-94GAGA);
KKTK91-94RGDK

RGE (D342E)

EGD (R340E)

None reported

Paolo et al
2007, Kritz
et al

183,184

2007

Bai et al
201
1993

Henning et

202
al 2005

Stichling et
203
al
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1.4.1 CAR (Coxsackie and Adenovirus Receptor)

Perhaps the best studied adenovirus tropism is Coxsackie and Adenovirus
Receptor (CAR), which is widely expressed in the tight junctions of epithelial

®7%8 CAR was originally shown to be the receptor for adenoviruses

tissues
HAdV-C2 and HAdV-C5%. It has since been shown to be a receptor for a
diverse range of adenoviruses across the species’. This includes members of
species A, C, D, F, and G’®"!. Recent work suggests that CAR is likely to be a

receptor for most, if not all, of the species D adenoviruses’?.

Crystal structures have been obtained for HAdV-A12>* and HAdV-D37”® in
complex with the CAR-D1 domain, as well for canine adenovirus type 2
(CAV2)”. Oddly, the CAR bound fiber knob structure has not been described
for the prototypical CAR interacting HAdV-C5. However, the HAdV-C5: CAR
interaction has been characterised in detail through mutational analysis of the

Figure 1-2 CAR interacting residues within the HAdV-C5 fiber knob domain. Known CAR
interacting residues are shown as green sticks. The blue and yellow mesh shows the surface of
the KO1 and ATAYT mutations, respectively. The trimeric structure (A) is derived from the
original fiber knob monomer from PDB: 1KNB (B).

HAdV-C5 Fiber knob domain’"".

Mutations to ablate the interaction between adenovirus and CAR have been
well explored in the context of Ad5’*’®”’. The most efficacious, and therefore
most widely used, of these are the KO1 (Figl-2, the 1% of 10 CAR binding

74,76

ablation mutations in the same study), KO2, and ATAYT mutations (Figl-2)
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KO1 has been shown to almost completely disrupt the ability of HAdV-C5 to
bind CAR both in vivo and in vitro, though it is not sufficient to alter the native

viral hepatic tropism following intravascular administration’® .

The ATAYT mutation removes residues 489-492 in the FG loop ofHAdV-
C5(Figl1-2). The TAYT motif was predicted to be important to receptor binding
due to its high conservation between 14 adenovirus species (Ad2, 4, 5, 8, 9, 12,
15, 17, 19, 28, 31, 37, 40 long, and 41 long)’*, suggesting that this mutation
may be effective in other Adenoviruses. The avp6 targeted Ad5-3A-A20T
oncolytic virus shows the efficacy of this mutation in CAR binding ablation in
vivo, though as with the KO1 mutation, ablation of CAR binding alone is

insufficient to eliminate accumulation in the liver®®®!

. However, CAR-binding
ablation may combat sequestration of adenovirus in the blood by preventing
binding to CAR expressing erythrocytes, with the KO1 mutation being shown to

prevent hemagglutination as evidence to support this further®®®*#>,

1.4.2 CD46/MCP (Membrane Cofactor Protein)

Cluster of Differentiation 46 (CD46), also known as Membrane Cofactor Protein
(MCP), is a complement regulatory protein expressed on the surface of all
known nucleated cells®. This nearly ubiquitous protein has been shown to be
important to the pathogenicity of several pathogens®®. It's native function is to
protect against complement activity, and it has been implicated in the induction

of regulatory T-cells. This is all covered in the review by Yamamoto et al®’.

Presently the only full length crystal structure of the CD46 extracellular domain
has been determined in complex with the fiber knob domain of Adenovirus
serotype 11%%. The SCR1 and SCR2 domains of CD46 have been crystallised in
complex with HAdV-B21>*. This is one of several Species B adenoviruses which
have been shown to utilise CD46 as their primary cell entry receptor> %,
Crystallographic structures are available for Ad11l and Ad21 in complex with
CD46. The authors of the Ad21 complex structure suggest that there may be
two modalities of CD46 interaction governed by the length of the HI and DG

|OOpS 51,88,90

Mirroring the situation with the Ad5:CAR interaction, there is no ligand bound

structure of the quintessential CD46 interacting fiber knob, HAdV-B35. Despite
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this, the interaction is well explored, and the individual key binding residues
characterised (Fig1-3)”'. The analysis of CD46 contact residues reveals the
locations of critical mutations which have been used to abrogate CD46

interaction (Fig1-3)”".

At the time of writing there is no published development of therapeutic vectors
for which CD46 binding has been ablated. This is curious when compared to the
widespread adoption of de-targeted CAR binding adenoviruses. This may be a
result of the perceived benefit of a universal entry pathway and regulation of
replication post infection. While this approach has the benefit of a simpler vector
design strategy, it has significant drawbacks. These include CD46 usage by
adenoviruses being associated with reduced expression of pro-inflammatory
cytokines and immunosuppression, as well as dose limiting toxicities resulting
from larger adenovirus titres required to overcome off-target infection and reach
the tumour present difficulties®*. Immunosuppression is of particular concern
with the knowledge that immune stimulation and the breaking of tumour immune
tolerance are key mechanisms by which oncolytic adenoviruses are effective at

eliminating the tumour®®.

While CD46 binding ablating mutation have not been identified, the differences
observed between serotypes offer clear mechanisms by which CD46 interaction
may be inhibited. The involvement of four loops has been observed for HAdV-
B7, B11, B35, and B21 in binding CD46 domain SCR1 and SCR2°"*%° HAdV-
B21 was shown to cause CD46 to bend further to accommodate its longer DG-
loop. This was suggested as the reason for its lower CD46 binding affinity (Kp =
284nM) compared to HAdV-B11 (Kp = 13nM) and HAdV-B35 (Kp = 19nM)>%.
Therefore, it is logical that longer DG-loops would inhibit CD46 binding further,
as they would cause it to bend to a point where it was unable to contact the

interacting loops.

CD46 utilising adenoviruses remain a popular choice for the development of
oncolytic virotherapies since CD46 is upregulated in numerous cancers, though
CD46 is far from unique to cancer as it is present on the surface of all nucleated
cells®®. An example is ColoAd1l/Enadenotucirev (EnAd), an evolved and
selected for Ad11p/Ad3 chimera, generated by recombination and selection of
adenoviruses rather than rational modification, and has progressed to phase /Il
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clinical trials’. EnAd possesses promising oncolytic properties derived from

97,98

several mutations, including E3 and E4 region deletions”"~°, and is purported to
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Figure 1-3 CD46 interacting residues, and known mutation sites, within the HAdV-B35 fiber knob domain: The key residues which interact with CD46
are shown as green sticks. The yellow surface shows the region in which known mutations which abrogate CD46 interaction occur. The trimeric HAdV-B35
fiber repeats this interface 3 times (A). A detailed view of the 4 loops which interact with CD46, HI (Blue), DG (Yellow), GH (Red), and 1J (Green) shows how
the interface is formed in space (B) and the monomeric HAdV-B35K shows where this is located on the monomer (C). Structure from PDB: 2QLK.
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have a primary tropism to both CD46 and Desmoglein 2. Though the
affinities have not been fully defined, the fiber protein drives the affinity of
HAdV-B11 for CD46 and DSG2°>*'% is 100% identical to that of EnAd at an
amino acid sequence level'®. It therefore seems reasonable to assume that

EnAd will behave similarly in terms of tissue tropism.

It has previously been suggested that the species D adenoviruses HAdV-D26
and HAdV-D48 may also utilise CD46; vectors derived from these viruses are
currently under development as HIV and Ebola vaccines*'®®. This alleged
tropism has been challenged, with other papers suggesting CAR as the primary
receptor'®®'?’,
determining fiber knob proteins of HAdV-D26 and HAdV-D48 are incapable of

binding to CD46, while they have only a weak affinity for CAR’>. The true

However, recent work shows that the primary tropism

receptor for these fiber knob proteins appears to be sialic acid*®.
1.4.3 Desmoglein 2

Desmoglein 2 (DSG2) is part of the Desmoglein subfamily of Cadherin
junctional adhesion proteins and is one of four desmoglein isoforms. DSG2 acts
as a cell entry receptor for species B Adenoviruses 3, 7, 11, and 14>. DSG2
requires knob domains to form a constellation to mediate cell entry as shown by
studies of whole virus, dimerised knob domains, and penton dodecahedrons (a
natural particle produced by HAdV-B3 composed of 12 penton-fiber complexes

which is capable of opening DSG2 mediated cell junctions)'® "2,

Similar to CD46 utilising viruses, efforts have focused on exploitation of this
tropism rather than abolition of DSG2 binding. Work from the lab of David Curiel
generated an HAdV-C5 pseudotyped with the fiber knob of HAdV-B3 (HAdV-
C5/B3K) which was shown to efficiently infect prostate cancer cells'®™.
Development of the HAdV-C5/B3K virus led to the CGTG-102 virus, engineered
to express granulocyte-macrophage colony stimulating factor (GMCSF)'*“.
CGTG-102, now branded as ONCOS-102, has progressed into phase 2 clinical
trials in colorectal cancer and pleural mesothelioma having shown safety in a
small phase | trial, while a similar virus showed efficacy in a phase | trial of

114-

ovarian cancer'** ™, ONC0OS-102 has recently announced the recruitment of

31 patients to a phase Ib/ll clinical trial of unresectable pleural mesothelioma®.
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Figure 1-4 DSG2 interacting residues, and known mutation sites, within the HAdV-B3 fiber knob domain. The key residues which interact with DSG2 are
shown as green sticks on the trimeric fiber knob (A) and on the monomer (B). The yellow surface shows the region in which known mutations which abrogate DSG2
interaction occur. Structure from PDB: 1H7Z
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Work has been performed to increase the affinity of Ad3 fiber knob for DSG2 in
pursuit of a therapeutic molecule capable of loosening epithelial cell junctions to
improve tumour penetration, culminating in the JO-4 molecule™**°***, In the
process of finding these affinity enhancing mutations, the lab of André Lieber
identified several mutations capable of reducing or ablating the Ad3-DSG2
interaction (Figl-4). When mapped to the Ad3 fiber knob crystal structure all of
these mutations are at the extreme distal end suggesting the location of the
binding interface which may overlap with that of GDla glycan (see section
1.4.4)'**** This has now been confirmed with the recent publication of the
cryo-electron microscopy (CryoEM) structure of HAdV-B3K in complex with
DSG2'. This shows a loop invading the apical indentation of HAdV-B3 where
the sialic acid would otherwise bind, and confirms a previous publication
asserting that, unlike CAR and CD46, DSG2 has a 1:1 stoichiometry with

HAdV-B3K, though a minor population of 2:1 stoichiometry was also shown*.

It has been suggested that Adenovirus binding DSG2 can induce an Epithelial
to Mesenchymal Transition (EMT) phenotype, and induce transient opening of
cell junctions®™**°. Presumably this facilitates viral spread through the tissue.
However, EMT has also been linked to cancer metastasis, though it is unclear if
EMT is strictly necessary for metastasis and remains an area of investigation'?’~
% DSG2 interacting molecules may be capable of inducing EMT/MET
(Mesenchymal Epithelial Transition) and treatments based on the ability to bind
DSG2 must therefore be monitored closely for this potential limitation, especially

in the context of a cancer targeted oncolytic virus.
1.4.4 Sialic acid, Glycan interaction, and GD1a

Sialylated glycans are expressed on the surface of innumerable proteins, and
are the receptor for many viruses™'. Sialic acid makes an attractive target for
viruses as they are conserved, presented on the cell surface, and available in
large numbers. Several adenoviruses have been shown to utilise sialic acid as a
cell entry receptor. These include HAdV-G52 which uses polysialic acid as a
receptor to the lateral region of its short fiber knob (HAdV-G52SFK)*’, as well as
Turkey Adenovirus 3 (TAdV-3)"? and CAV2”® which also attach to sialic acid in

the lateral regions of their fiber knob proteins. However, the most widely
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observed mode of sialic acid binding is in the central apical depression of the

fiber knob protein seen in many species D adenoviruses®’>%,

1.4.5 Polysialic acid

A recent study from the Arnberg lab reveals HAdV-G52, which has two different
fiber proteins (SFK — Short Fiber, LFK — Long Fiber), bind to polySia (a-2,8-
linked poly sialic acid) via its SFK, the LFK binds to CAR>"’*. The authors
demonstrate a primary hydrogen-bond interface with the first sialic acid of the
polySialic acid glycan chain and use molecular dynamics simulations to argue,
convincingly, that transient electrostatic contacts stabilise the interface,

explaining the increased affinity with polySia chains =3 units.

PolySia is a rare post-translational modification (PTM). Expression is largely
restricted to neurological tissues of the hippocampus, olfactory bulb, and

hypothalamus in healthy adult brains™**®.

It has been proposed that
polysialylated protein is involved in the development of other organs via
polysialylated NCAM (Neuronal Cell Adhesion Molecule), and also in innate
immunity via polysialylated CCR7. This are just two of the reported polySia
carrier proteins™®**’. It is not known if HAdV-G52 infection is limited to particular
polySia carrier proteins. While the only known isolation of HAdV-G52 is from a
patient with gastroenteritis the expression pattern of polySia suggest a potential
neurological tropism™2. However, much is unknown about polySia and the

HAdV-G52 adenovirus, making predicting its behaviour difficult at best.

Given polySia is expressed on NCAM, a neurological tropism is of potential
concern when engineering a virus for cancer virotherapy in the context of off-
target infection. However, several cancers including glioma, astrocytoma,
neuroblastoma, and NSCLC (Non-Small Cell Lung Cancer) over-express
polySia making it a potentially interesting candidate therapy for these
cancers™® . While general polySia expression within the brain seems likely to
generate off target effects this could be controlled post viral entry using
strategies such as tumour specific promoters to control replication. This tropism
could have potential for usage in vectors for NSCLC or neuroendocrine tumours

when used in conjunction with the appropriate selectivity mutations.
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The paper by Lenman et al, describes a receptor binding modality reliant upon
transitory interactions. When the primary sialic acid contacts the first sialic acid
it forms a weak interface, which is then stabilised by roving electrostatic
interactions. This could make engineering of this tropism extremely challenging
as any alteration to ablate the interaction would have to alter the electrostatics
of the entire region. Conversely, any effort to enhance the interaction would
have to preserve the overall electrostatic character of the region while finding

mechanisms to enhance polar interactions with the primary sialic acid residue”’.
1.4.6 Sialic acid binding in the species D adenoviruses

The most widely observed and best studied mode of adenovirus binding to sialic
acid in typified by HAdV-D37 which binds to sialic acid in the apical depression
of the fiber knob*”. HAdV-D37K, which has an identical fiber knob protein to
HAdV-D64 (formerly HAdV-D19a), HAdV-D19pK, and HAdV-D26K have all

been crystallised in complex with sialic acid®”®.

The interaction of HAdV-D37K with sialic acid is well established>%*®*’,
HAdV-D37K has high sequence identity to several other fiber knob proteins, all
of which are belong to viruses known to cause EKC. Consequently, it has been
assumed that the similar EKC causing viruses, HAdV-D8, HAdV-D53, HAdV-
D54, HAdV-D56, and HAdV-D64, use sialic acid for infection. This has recently
been confirmed for all these viruses with the exception of HAdV-D56 which was
shown to infect human conjunctival epithelial (HCE) cells even in the absence of

sialic acid on the cell surface®.

The recent discovery that HAdV-D26K is capable of binding to sialic acid and
using it to initiate a productive infection changes our understanding of sialic acid
usage in the species D adenoviruses®®. HAdV-D26K is situated outside of the
clade occupied by the EKC causing adenoviruses’. This suggests that sialic
acid usage in the species D adenoviruses may not be as limited as previously

thought and may extend across the species D adenoviruses.

There are an array of sialic acid terminating glycans which could act as
receptors for adenovirus infection. HAdV-D37 has been shown to prefer the

disialylated GD1a glycan for cell entry (Figl-5)**’. The asymmetric interaction
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with the fiber knob means only one copy of the GD1a can interact per fiber knob

domain, in
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Figure 1-5 GD1a/Sialic Acid interacting residues within the HAdV-D37 fiber knob domain. Key residues forming the GD1a-Ad37Fkn interaction are shown as
green sticks, with the GD1a in orange, on the HAdV-D37 fiber knob trimer (A). Hydrogen bonds are shown by red dashes. While the interface can occur in three
orientations, only one set of interacting residues is shown. On the close-up view of the fiber knob apex (B) the blue dots the surface of all residues shown to be able
to interact with GD1a or support the interaction, seen to create a large apical binding pocket. Structure from PDB: 3NOI.
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contrast with the three copies of CAR and CD46. In addition to the conservation
of key binding residues, preincubation of HAdV-D8, D9, D19p, or D37/64 fiber
knob protein with soluble GD1a inhibited virus binding to human corneal cells to
varying degrees'’. However, it seems unlikely that GD1a glycan is the only
glycan which these viruses can use as an entry receptor, especially since
HAdV-D26 is more strongly associated with respiratory infection. Interestingly
HAdV-G52, HAdV-D37, and CAV2 have both been modelled in complex with
CAR and sialic acid simultaneously, demonstrating the ability of adenoviruses to

bind two different classes of receptor at once’"®.

Most research regarding sialic acid binding adenoviruses has been in pursuit of
an effective antiviral treatment for EKC. As a result efforts have focused on the
design of sialic acid mimetic inhibitors, similar to those used to treat

influenza#®4°

. Since genetic variants are of little help in treating naturally
acquired infections, no sialic acid/GD1la binding ablation mutations have yet
been reported in adenoviruses. Nevertheless, Tyr312 and Lys345 residues are
shown to be critical for GDl1la binding in HAdV-D37 and are completely
conserved in other species D adenoviruses’*'’. These and the supporting
Tyr308, Pro317, and Val322 residues present obvious targets for mutation, but

remain untested (Fig1-5).

1.4.7 Coagulation Factor X (FX), Heparan sulfate proteoglycans
(HSPGs), and IgM

HSPGs are expressed on all cell surfaces and represent the receptor for myriad
viruses including those with oncogenic properties (except Epstein-Barr

virus) o1,

adenoviruses have been shown to interact with HSPG’s through
differential mechanisms. HAdV-C2, B3, and C5 have all been shown to interact
with HSPG’s in a sulfation dependent manner (higher sulfation increases
binding). The interaction is mediated by a BBXB motif (B is a basic residue, X is
a hydropathic residue) typified by the KKTK motif which occurs in the HAdV-C5
and C2 fiber-shafts. BBXB is one of two consensus sequences proposed for
Heparan sulphate glycosaminoglycans (HSGAG) interaction, the other being

BBBXXB™* 1,
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The idea that the KKTK motif and subsequent HSPG interaction via the fiber-
shaft was solely responsible for trafficking of adenovirus to the liver has been
dispelled by studies utilising viruses with mutated or deleted KKTK motifs.
Chimerism between the fiber proteins of HAdV-A31 and F41 (CAR interacting
Adenoviruses lacking the KKTK motif), the S* modification (HAdV-C5 residues
01KKTKgs 2 91GAGAg,), and the ¢:KKTKgs 2 91RGDKg4 mutation to substitute
KKTK for an additional integrin interacting motif, all abolish HSPG binding, but
hepatic tropism is retained** ™%, These studies also demonstrate the fiber-shaft
KKTK motif is needed to create enough flexibility to be able to bend and
facilitate engagement between the viral penton protein and cellular av3/5
integrins. Mutation of these key residues (as in the S* mutation) render the virus

fiber-shaft inflexible compromising the virus’s fitness.

It has now been shown that adenovirus liver transduction is mediated by a high
affinity, Ca®* ion dependent, interaction between the major capsid protein,
hexon, and blood coagulation factor X (FX)®2. CryoEM was able to identify
hexon hypervariable regions (HVR) 3, 5, and 7 as critical interaction

determinants®>® ¢,

Mutations in HVR5 and 7 have been shown to efficiently
abrogate HAdV-C5 trafficking to the liver by ablating the hexon: FX interaction.
This has been achieved by both rational modification of the hexon, and by
pseudotyping of the HAdV-C5 HVRs with the HVRs of non-FX interacting
adenoviruses, namely Ad26 and Ad48°'%°1%218  The HVR7 mutant was

especially effective in detargeting HAdV-C5 from the liver in vivo'®.

FX may also shield HAdV-C5 from complement mediated attack via inhibition of
IgM binding'®*. Therefore, it is plausible that ablation of this interaction may
result in an increase rate of clearance of the non-FX binding virus from the
body, potentially reducing therapeutic efficacy'®>. However, mutation of hexon
protein to ablate FX interactions could also be made to inhibit IgM binding.
Albeit, this may preclude the potential beneficial effects provided by steric
inhibition of hexon interaction by large molecule binding (such as FX), which
may represent a broadly effective mechanism for inhibiting immune recognition.
Such a mechanism was described by Schmid et al (discussed later in this

review)*°°.
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Not all adenoviruses bind FX, proving that interaction with FX is not a
requirement for immune evasion, and this immune evasion could be achieved
through incorporation of a hexon or hexon hypervariable region(s) derived
adenoviruses that are unrecognized by the immune system*®’. Therefore, whilst
ablation of FX binding may have effects on adenovirus clearance the virus must
be considered individually in the context of its native FX binding ability and
seroprevelance in the population. Consequently, all engineered viruses must be
considered as unique entities and tested for these properties since the interplay
of HVR regions with clearance, immune protection, and HSPG binding is
difficult to predict.

Hepatocyte mediated viral uptake occurs via an indirect interaction. HAdV-C5
hexon binds to FX, in turn the FX binds to cellular HSPGs. The tripartite

complex is then internalised by the hepatocyte'®.

This pathway was found to
be particularly dependent on O-linked HSPG sulfation state, which are
abundant on hepatocytes, with higher sulfate levels being linked to more

efficient uptake'®.

Despite the strong interaction between FX and HSPGs the fiber protein
continues to influence the final tissue tropism. HAdV-C5/B35K pseudotyped
viruses exhibited differential liver tropism to HAdV-C5 when FX interaction was
ablated'”. The mechanism underlying this effect remains undetermined, but pH
dependent effects on endosomal transport may relate to differential properties
of the HAdV-B35K vs HAdV-C5K in endosomal escape, rather than a direct
interaction with HSPG. Alternatively the relative receptor abundance of CD46 or

CAR may overcome part of the alternative tropism and alter the tropism.

Most vector development has focused on ablation of HSPG binding, but the
HSPG interaction has been exploited in therapeutic development. The HAdV-
C5.pk7-A24 virus contains a poly-lysine motif in the C-terminus of the fiber to
facilitate CAR independent infection via HSPG'"".

These studies highlight that FX interaction must be eliminated to effectively
disrupt HSPG interaction. However, the effectiveness of the poly-lysine
modification, and the ability of peptides to form electrostatic interactions implies
that absolute abolition of HSPG binding may be unfeasible given the adenovirus

capsid has an inherent charge'’"*’?. The electrostatic mode of HSPG binding
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means any patch of positive charge on the capsid represents a potential binding
site. Given the variability of adenoviruses net electrostatic potential it seems
likely that the robustness of the aforementioned mutations will vary depending
upon serotype'’®. However, if interactions are brought to sufficiently low affinity

this is unlikely to have in vivo relevance to the tissue tropism.
1.4.8 Integrins av3 and av5

Integrins avB3 and avp5 were shown to be required for internalisation of HAdV-
C2 in 1993 via interaction with the penton base, which initiates clathrin

dependent endocytosis'’'**"”.

Endocytosis IS requires PI3K
(Phosphotidylinositol-3-OH) Rho GTPase reorganisation of the actin
cystoskeleton'’®'”’. Integrins interact via a canonical RGD motif which is widely
conserved despite occurring within a hypervariable region of the penton base
protein®’. Mutation of the RGD motif to RGE is enough to prevent efficient
infection; RGE mutant HAdV-C2 virus is shown to accumulate on the cell
surface without internalising. This mutation has been shown to be effective in an
HAdV-C5 backgorund®’”*’*'’¢ " Alternatively, there is the EGD mutation which
achieves similar ends'’®. This integrin mediated endocytosis mechanism has
been shown to apply across almost the whole adenoviral species, with only the
Ad40 species F serotype reported to have a naturally occurring RGA rather than

an RGD motif®*e°,

There are reports that avB1, aMB2, alLB2, and o2 may also enable
adenovirus internalisation in the absence of avB3 and avp5, though these

interactions are not as well described™ ™

. The penton base RGD loop
interacts with an NPXY motif (X is any amino acid), conserved at the C-terminus
of integrin B-subunits; this motif is sometimes extended to include an N-terminal
phenylalanine (FNPXY)*®%'®  Alteration of this motif has been shown to limit
adenovirus infection'®. Given the diversity of a-subunits in the integrin dimers
which adenovirus has been observed to interact with and the conservation of
the C-terminal NPXY motif in the [-subunits, it seems plausible that
adenoviruses only requirement for penton base: integrin interaction is the

presence of a 3-subunit.
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The complex between HAdV-C2 and HAdV-A12 with avp5 has been solved by
CryoEM'®. Integrins bind the penton base at 5 RGD sites and form a
continuous ring structure with ~60A spacing between the 5 RGD motifs (similar
to that of FMDV — Foot and Mouth Disease Virus)*****. The authors suggest
that this clustering of integrins stimulates endocytosis. An updated CryoEM
structure of HAdV-A12 in complex with avB5 reveals that steric hindrance limits
integrin engagement to four copies per penton base, despite pentavalency'®.
Comparison of the HAdV-C2 and HAdV-A12 structures in complex with integrin
reveals the more stable conformation of RGD is in HAdV-A12, constrained by
lower flexibility of the loop on which RGD resides. This enables more stable
integrin interaction, presenting an opportunity to engineer tighter integrin
interaction and potentially modulate the viral dependency upon fiber mediated

interactions®.

Whilst normally a secondary co-receptor, av5 binding alone has been reported
to facilitate efficient HAdV-C5 infection alone, and that the virus can interact
with the penton base with picomolar affinity (Kp of 1.4x10™° M) as determined by
HAdV-C5 virus binding to CAR™ MDA-MB-435 cells'®. It is worth noting that
this study does not preclude non-integrin non-CAR means of infection and
would benefit from being reassessed with surface plasmon resonance
experiments to determine virus-integrin affinities in isolation. It was previously
predicted that engagement of avf5 was not required for viral attachment, and
while this may be true when cells bear a high affinity primary receptor the

aforementioned study suggests it is not an absolute requirement’.

Previously studies suggest that insufficient flexibility of the fiber-shaft would limit
integrin binding as the shaft would hold the capsid away from the integrin®.
Recent CryoEM of a mutant HAdV-C5 with a short fiber protein from Ad35
(Ad5F35) indicates that this prediction was correct and short fibers do have
limited flexibility. However, it does not appear to preclude binding between the
penton base and integrin, and shows simultaneous interaction between short-
fibered adenovirus with their primary receptor and integrins is possible’®. A
recent paper on HAdV-D26 shows that the native HAdV-D26 fiber is short
enough that an integrin could, theoretically, span the distance to the RGD

194

without requiring flexibility Thus, when engineering adenovirus it is
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insufficient to rely upon the primary tropism to retarget the vector, and the
penton RGD motif must be ablated to prevent off target infection. This has been
shown by reduced spleen uptake in double mutated HAdV-C5 viruses, reducing
splenic tropism five fold in mice only once the RGD-RGE mutation was added to

HVR7 mutated virus'’8,

1.4.9 MARCO/SR-A6 Scavenger Receptor (Macrophage Receptor

with Collagenous Structure)

In vivo studies show that macrophage depleted mice have greatly reduced
inflammatory response to adenovirus infection'*>'®. This effect was shown to
be due to reduced adenovirus infected MARCO® macrophages local to the

splenic marginal region'”’.

It is now clear that MARCO has a direct role in
Adenovirus recognition and is needed for anti-adenovirus cytokine response,
via the cGAS/STING pathway'*®. This effect has now been observed in species
B (Ad35), C (Ad5), and D (Ad26) Adenoviruses, and deletion experiments in the
hexon imply that the site of interaction involves HVR-1 (Hyper Variable Region
1)"*°. However, the exact nature of the MARCO: Hexon interaction remains
uncharacterised. With cGAS/STING being identified as a key sensor of
adenovirus infection, and innate antiviral/DNA sensing pathways becoming
increasingly important to the field of oncolytic virology in general, further studies

of this interaction are paramount?® 2%,

1.5 Retargeting adenovirus vectors using engineered

receptor proteins

Once naturally occurring tropisms have been ablated it is necessary to provide
an alternative means of infecting the cell; one which is specific to the tissue of
interest which in this case is cancer. The choice of new cell entry receptor is
severely limited by several factors. It must be expressed on the cell surface,
selectively expressed/upregulated in the target cancer cells, able to facilitate
adenovirus endocytosis following receptor binding, and capable of being

targeted by genetic modification of adenoviral capsid proteins.

The pool of known cancer specific ligands is small, and the aforementioned
restrictions make it even more difficult to find one which is appropriate.

Accordingly, many studies have attempted to engineer a universal vector
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platform using established ligand specific molecules, detailed in this section.
Others have sought to use naturally occurring tropisms from other sources to

generate chimeric viruses.

Both methodologies pose challenges. An important benefit of the chimeric
retargeting approach is highlighted in a study of “knobless” adenovirus. The
fiber protein was engineered to have 7 shaft repeats, a trimerization motif, and
the anti-Taq polymerase Zyq affibody; this generated the Ad5/R7-Zag-Ztaq Virus
based on Ad5°®. This proof of concept study demonstrated a decrease in
neutralisation by sera containing neutralising antibodies (nAbs) against
adenovirus. This is not surprising considering one of the major viral capsid
proteins, and a significant immunogen, is deleted. However, the ability of these
viruses to evade neutralisation in some sera highlights the important
observation that some patients appear to neutralise adenovirus solely via the

fiber knob protein, in contrast with hexon neutralisation as is oft cited*>>*®.

1.5.1 Single chain antibodies (scFv)

By far the most common targetable proteins are antibodies, so it is logical that
many have proposed the use of scFv incorporated into the viral capsid.
However, most scFv require the formation of disulphide bonds, formed in the
endoplasmic reticulum®”’. Adenovirus proteins fold in the reducing environment
of the cytoplasm, followed by packaging in the nucleus, creating a fundamental

biosynthetic incompatibility limiting the effectiveness of this approach?®.

One example of a successful scFv fusion protein is the Ad5FFscFv47-CMV-
GFP virus. An scFv fragment of an anti-IL13Ra2 (a selective marker of glioma)
mAb was fused in place of the fiber knob with a T4-fibritin trimerization motif
between the scFv and shaft’®. The resultant virus selectively infected glioma
cells based on IL13Ra2 expression, but the production process demonstrates
the difficulty of obtaining such a stable scFv. Selection of a viable scFv from the
parental hybridoma required extensive biopanning. An attempt to solve this was
by retargeting a pIX-scFv fusion protein with an ER trafficking signal**°. Whilst
this solved the folding issue, the plX-scFv fusion integrated into the virus
inefficiently. The authors addressed this problem by using an single domain

antibody (sdAb). Though efficacious, this also requires extensive re-engineering

30



of the targeting ligand, nullifying the primary advantage of scFv use: the wide

availability of ligand specific reagents.

The proposed solution is scFv forming a tertiary complex, altering the scFv
sequence to contain a virus specific domain as well as its ligand specificity. This
is the so called “adaptor” method. An example is the addition of leucine zippers,

where the scFv (still expressed from the viral genome) contains one half of the
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Figure 1-6 Overview of antibody-like proteins specific to HER2 which have been genetically integrated into Adenovirus. HERZ2 is composed of 4 domains,
ECD (ExtraCellular Domain)I-IV which can be bound by different proteins (A). The DARPIN’s 9.29 (B) and G3 (C) are seen in orange and red complexing ECD-I and
ECD-IV, respectively. ScFv chA21 (D) is seen in purple complexing ECD-1 (this particular ScFv has not previously been integrated to Adenovirus), and affibody
ZHER?2 (E) is seen in green binding at the ECD-III/IV interface. All molecules are shown to scale, structures from PDB: 4HRL, 4HRN, 3H3B, and 3MZW.
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pair with the other expressed in place of the fiber knob, C-terminal of a
trimerization motif to retain stability’"'. A similar approach used a bispecific
diabody, a genetic fusion of two scFv with different specificities. This molecule
has specificity for CD105 (Endoglin), to target vascular tissues, and adenovirus
fiber knob*'”. Another used a fusion of Ad5’s native CAR receptor with an anti-
HER2 scFv*". A similar scFv (chA21) is seen in figure 1-6A,D, though this clone
has not been integrated into Adenovirus. However, at time of writing, no
adenovirus targeted by using an adaptor molecule has translated to the clinic.
The dependence of these vectors on non-covalent molecular interactions
demands high affinity binding to prevent off target effects from virus not bound
to the adaptor. A potential solution is expression of the adaptor from a virus
which is ablated for all-natural tropism. However, this is yet to be attempted in
the context of an adaptor: virus complex and presents manufacturing difficulties
which are yet to be overcome. More problematic is providing evidence that the
adaptor molecule itself does not have detrimental interactions. This creates
severe regulatory hurdles, leading many to abandon adaptor molecules in
favour of antibody mimetic proteins that do not require disulphide bonds, thus

able to integrate directly into the viral capsid.
1.5.2 Affibodies and FGFR2

Affibodies are antibody mimetic proteins based on a stable 3-helix bundle
scaffold protein derived from Staphylococcus bacteria Protein A. They are
versatile owing to their small size (~6.5kDa), ability to reach picomolar affinities,

and to correctly fold in the cytosol”****.

A proof of concept study using an affibody specific for antibody Fc domain was
fused to the fiber protein, replacing the knob domain, in a proof of concept
study?'®. The authors demonstrated that the modified virus can infect modified
293 cells displaying the Fc on their cell surface, but not wildtype (WT), non-Fc
displaying, cells. However, the retargeted virus has a lower infectivity than the
WT HAdV-C5 and the antibody to which the affibody binds is not a genetically

incorporated modification and therefore the progeny virions lack specificity.

This strategy was implemented against the well-known cancer marker
HER2/neu (AKA ERBB2)’". The FibACAR-HI-Link-ZHZH fiber chimera
contained 22 shaft repeats, an ALTg5,436 deletion to ablate CAR affinity, and a
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head to tail dimer of the anti-HER2 affibody (ZH) in the fiber knob HI loop (seen
in figure 1-6A,E), was integrated into the Ad5/EGD vector (EGD being an
integrin binding ablation mutation described in a previous study of affibody
candidate molecules)'’”®. The Ad5/EGD/FibACAR-HI-Link-ZHZH virus infected
HER2 expressing SKBR-3 (breast carcinoma) and SKOV-3 (ovarian carcinoma)
cells with higher efficiency than WT HAdV-C5 or non-integrin binding ablated
chimeric vectors. A comparable study using different anti-HER2 affibodies
designed with an N-terminal trimerization motif (foldon, from T4 fibritin) entirely

replacing the knob domain showed similarly effective results®*®.

The AdS/EGD/FibACAR-HI-Link-ZHZH includes a ¢1KKTKgs =2 91RKSKgy
mutation in the fiber-shaft to ablate HSPG interactions. The virus was later
renamed Ad-ZH/3%*°. When tested in mice bearing HER2"9" PC346C prostate
cancer tumours the Ad-ZH/3 cohort had significantly prolonged survival
compared to mock, but in mice, survival did not significantly improve vs Ad5SWT.
Analysis of the mouse tumours revealed that those from the HAdV-C5WT
treated mice retained HER2 expression in >40% of tumour mass. Ad-ZH/3
treated tumours were negative for HER2. As the authors note, this suggests
that the virus has infected and killed HER2 positive tumours but left the
remainder of the tumour mass to grow, effectively selecting a treatment

resistant population.

This outcome is unlikely to occur in such an obvious manner in an immune
competent model. The viruses immune stimulatory effects (now accepted as a
primary mode of action for oncolytic viruses) are likely to activate a T-cell
responses against neighbouring cancer cells***°?**. Regardless, this result is a
reminder of the danger of monotargeted therapies, something accounted for in
a proof of concept study using two affibodies, with different targets, inserted into

the fiber Hi-loop to create a virus with dual specificity**.

The most recent example of a virus retargeted using an affibody is HAdV-D43
pseudotyped with another affibody-knob chimera against HER2. The use of
adenovirus HAdV-D43 leverages the low levels of pre-existing immunity to the
rare species D Adenovirus and lack of cross neutralisation by anti-HAdV-C5
nAbs?**>. Whilst the virus can efficiently transduce HER2" cells, it is hampered by

poor production titres due to inefficient incorporation of the chimeric fiber.
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In a departure from the usual fiber-chimeras the integration of an anti-HER2
retargeting affibody to the C-terminus of the plIX protein, C-terminal of an

engineered cathepsin cleavage site®”

. Integration of peptides at the pIX C-
terminal has been shown to be compatible with viral assembly*”’~>*°. However
pIX activity is required for dissociation of the fiber from the capsid during
endosomal escape, to facilitate efficient infection”*'. The authors predicted that
high affinity association between pIX fusion proteins and ligand may prevent
endosomal escape®’. Cathepsin is naturally present inside endosomes?®*®, so
the cathepsin cleavage site N-terminal of the affibody frees the affibody. This
strategy enabled transduction of SKOV-3 spheroid cultures with greater
efficiency than either ADSWT or the pIX fusion lacking the cathepsin site,
presumably by enabling cleavage of the affibody post-endocytosis and thus

dissociation from the endosome.

Overall, affibodies represent an attractive means of retargeting Adenovirus.
However, the chimeric fibers are often result in poor production titres, a
limitation likely to hamper their potential for clinical translation. It is notable that
none of the affibody retargeted viruses have included Factor X binding ablation
mutations, which can result in sequestration of the virus in the liver. The extent
of off target effects in the liver cannot be determined due to the lack of in vivo
imaging of the infected mice, except for the Ad43 vector, which is shown not to
interact with FX naturally. Any future development of these viruses must
address these concerns.

1.5.3 Designed ankyrin repeat proteins (DARPIns)

Another class of antibody mimetic molecules are DARPins (Designed Ankyrin
Repeat Proteins). Similarly to affibodies (and many modern antibodies) they are
generated by library creation from a stable scaffold (in this case ankyrin
proteins) and biopanning”***>. Unlikely affibodies, DARPins have a larger MW
(~14-28 kDa) and are structurally distinct, but otherwise similar in terms of the

engineering opportunities in the context of adenovirus®*.

Despite the free N and C-termini of DARPIns, there has been little development
of them as adenovirus fusion proteins. While similar adaptor strategies have
been employed as with affibodies, enabling retargeting to H-Ras and HER2
(seen in Figure 6A,B,C), the DARPIns are expressed separately, in E.coli, and

35



conjugated to the adenovirus prior to application®*’~**

. The lack of genetic
incorporation of DARPins leaves them open to the same criticism as the
previously mentioned anti-Fc domain affibody strategy. The lack of genetic
incorporation prevents the passing of the targeting molecule on to progeny
virions. This limits any potential therapeutic as they lose their ability to seek out
the disease site after a single round of infection. However, these widely
engineered molecules present a clear opportunity for genetic incorporation so

are examined here.

A dimerised DARPIn molecule was generated with specificity to both HER2 and
adenovirus knob domain with an N-terminal SHP trimerization motif. This
molecule has been reported to retarget HAdV-C5 to HER-2°*°. The authors
used this in concert with a novel antibody derived construct, an scFv (mAb
9C12) against HAdV-C5 hexon trimerized with an N-terminal SHP motif. The
authors demonstrated that the trimerized ScFv has pico-molar affinity for HAdV-
C5 (Kp 10.4 pM). When complexed to the HAdV-C5 virus the DARPIn construct
efficiently retargeted the virus to HER2" tumour cells, while the scFv shielded

the virus from neutralising antibody activity™°®.

This impressive feat of protein engineering presents a clear opportunity to
produce the DARPIn retargeting molecule in cis with the virus, either as a
transgene or fusion protein to the fiber or pIX protein. Similarly, the efficacy of
the shield adaptor may well be achieved by modification of the hexon

hypervariable loops to eliminate immunogenic epitopes.
1.5.4 scTCR (single chain T-Cell Receptor) chimeric fiber proteins

An innovative study by Sebestyen et al used a virus expressing a chimeric fiber
protein with an scTCR, specific to melanoma associated antigen A1 (MAGE-
Al): Ad5.R1-scTCR, as a targeting protein, rather than an antibody mimetic
molecule®”®. The fiber consisted of the N-terminal region of the HAdV-C5 fiber-
shaft, the first pseudorepeat of the shaft, followed by an NRP trimerization motif
and scTCR specific to HLA-A1 presented MAGE-A1 antigen. The virus initiated
productive infection in an epitope specific manner, displaying efficient infection
and transgene expression in cells expressing a MAGE-A1l epitope, but not
MAGE-A2 or MAGE-A1 negative cell lines.
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The melanoma associated cancer-testis antigen MAGE-AL1 is one of many
MAGE cancer antigens. The upregulation of MAGE’s on cancer cells, which are
normally restricted to germ cells, makes them an attractive target for therapeutic

development owing to the potential for cancer selectivity******,

While an approach dependent upon antigen recognition by TCRs is inherently
restricted, both by patient HLA type and the availability of high affinity scTCRs,
this presents an effective method of targeting cancer neo-antigens with
virotherapy. As such it is intriguing that this is the first and last reported usage of
a TCR retargeted adenovirus, such a vector could surely benefit from modern
capsid detargeting mutations. Especially in light of more recent work
demonstrating the potential effectiveness of oncolytic adenoviruses targeted to
MAGE-A1, utilising non-genetic targeting technique (electrostatic coating of
HAdV-C5 based conditionally replicating vector with MAGE-A1 peptide), and

the ongoing development of therapeutic TCR molecules®’#****,

1.5.5 Retargeting by peptide incorporation

There have been many attempts to retarget adenovirus by integration of
peptides specific to ligands of interest. Peptide insertion into the fiber knob can
exceed 100 residues, 50% larger than the knob itself, without major
detriment***. Though this is probably very dependent upon the character of the

inserted sequence.

Attempts so far include incorporating peptides into the adenovirus fiber knob to
target EGFR or FGFR1’*. “Deknobbing” of the virus by removal of the fiber
knob domain, and replacement with a trimerization motif and integrin binding
RGD sequence®*®. Directed evolution approaches displaying peptides on the C-
terminal of the fiber knob to generate affinity to a glioma, pancreatic cancer,
Transferrin receptor, and thyroid carcinoma®’*°. Further specific examples of
peptide incorporation and a discussion of non-fiber knob incorporation sites
including the pIX C-terminus are given in the excellent review by Dmitriev et

a|251.
1.5.6 The A20 peptide to target avp6

avp6 integrin, an oncofoetal antigen, is highly expressed in many aggressive

and invasive cancers but absent in healthy adult tissues making it an ideal
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therapeutic target®**>*, Foot and Mouth Disease Virus (FMDV) naturally uses

425 1t is from this

avpB6 as a receptor, attaching via a semi-helical loop
interface that the A20FMDV2 peptide (A20) was derived, a 20mer with the
amino acid sequence NAVPNLRGDLQVLAQKVART, shown to specifically bind
avB6 with high affinity”>®*’. A20 was integrated into the HI loop of HAdV-C5
fiber knob by genetic modification and shown to enable efficient infection of

avB6 positive cells in a CAR independent manner®,

The addition of the TAYT mutation in order to ablate the native HAdV-C5 CAR
tropism, which is not abolished by the A20 peptide, reduced hepatocyte tropism
and uptake by liver resident macrophages (Kupffer cells)*>*. However, this was
not enough to enable the virus to permeate the tumour mass in tested mice.
The A20 peptide was incorporated into the fiber knob loops (CD and 1J) of an
adenovirus with low seroprevelance, HAdV-D48, replicating the success of the
Ad5.A20 vector. The HAdV-D48 fiber knob, in contrast to HAdV-C5, was shown
to be insensitive to neutralisation by serum, raising hopes of a long sought after

goal of oncolytic virotherapy: systemic delivery*®.

Several HAdV-C5 based viruses were developed with and without the HAdV-
D48 fiber knob pseudotype, or the KOl (CAR binding ablation) mutation:
Ad5.HI.A20, Ad5.KO1.HI.A20, Ad5/48kn.DG.A20. Respectively, these viruses
were shown to transduce avB6” primary epithelial ovarian cancer (EOC) cells
with 70, 60, and 16-fold improvements in affinity compared to HAdV-C5, and
160, 270, and 180-fold improved affinity in avB6"9"/CAR'™ BT-20 triple negative
breast cancer cells. Importantly, these modified A20 vectors appeared capable
of infecting EOC cells in the presence of HAdV-C5 neutralising antibodies,
demonstrating ~1000 fold improvement in the transduction of EOC cells after

pre-incubation with adenovirus neutralising ovarian ascites samples’.

One example of the successful implementation of the A20 peptide retargeting
technique is in the Ad5-3A-A20T virus, in pancreatic cancer models. Three early
phase viral genes were deleted (3A) in this virus: E3gp19K to promote antigen
presentation, ELACR2 to render the virus conditionally replicative in tumour
cells by preventing S-phase transition in non-replicating cells, and E1B19K to
prevent apoptosis from being inhibited*®'. The A20 FMDV2 peptide was inserted
into the HAdV-C5 fiber knob protein, which was further modified with the TAYT
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CAR binding ablation mutation (A20T). This is one of the most intricately
engineered adenoviruses described to date, combining manipulation of the viral
replication cycle via manipulation of the early genes to enhance cancer specific
viral replication, with capsid modifications to improve viral specificity to tumour
targets. The Ad5-3A-A20T was shown to kill effectively in cocultured pancreatic
cancer and stromal cells, and prolong survival in xenograft models of pancreatic

cancer in mice®,

The latest example of the A20 peptide combined with adenovirus is the
Ad5nyL.-A20 vector. While Ad5-3A-A20T relies upon early gene manipulation
and preferential entry to the tumour cells, AdS5yu..A20 uses capsid
modifications to achieve similar ends. In Ad5yyL.A20 a KO1 mutation is used to
ablate CAR interaction with the HAdV-C5 fiber knob and the A20 peptide is
integrated into the Hi-loop. This is combined with an RGE mutation in the
penton base to prevent interaction with integrins, and an HVR7 mutation to
inhibit binding to coagulation factor X. This virus showed a remarkable 10’-fold
decrease in off target transduction of the liver, and 100%-survival at 100 days in
a xenograft model of ovarian cancer in mice’®”. The natural extension of the
aforementioned technologies, Ad5-3A-A20T and Ad5nu.A20, is to combine
them. This would theoretically create a virus capable of tumour specific
transduction of tumour cells after systemic administration and tumour specific

replication.

Despite successes, peptide retargeting is still limited by two key factors, which
remain unaddressed: the availability of high affinity peptides for relevant tumour
specifc biomarkers, and inability to post-translationally modify adenovirus
capsid proteins. While modern biopanning techniques can raise suitable
peptides they are constrained by their nature as (usually) short 1-dimensional
molecules, a structural constraint which frequently fails to translate into effective

retargeting once integrated into a 3-dimensional viral protein.

This places peptides at a disadvantage compared to non-linear recognition
motifs capable of forming 3-dimensional binding structures on antibodies and
their mimetics®®****. So far the only approaches to attempt to overcome this
weakness in peptide design come in the form fiber knob chimeras utilising large,

non-adenoviral proteins such as single-chain antibodies. It is possible that
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modern de novo protein design techniques, in combination with biopanning, can
be applied to the loop structure projecting from the adenovirus fiber knob to
enable construction of highly avid 3-dimensional recognition sites against a pre-

determined recognition epitope?®”.

The final constraint on peptide-based approaches to adenoviral retargeting is
the lack of availability of PTMs. As the adenovirus capsid is assembled in the
cytoplasm without trafficking through the ER or Golgi, precluding disulphide
bond formation and glycosylation. Unless a method is found to facilitate in vivo
post translational modification of adenoviral proteins without inhibiting virion
assembly the peptide-based approach will remain limited to motifs which do not

require PTMs.

1.6 Making adenovirus replication conditional upon

oncogenic mutations in the cellular environment

As mentioned with the Ad5-3A-A20T virus, targeting strategies are not limited to
capsid modification strategies®. Modification of adenoviruses native replication
strategy can make the virus conditionally replicating within cells with certain
characteristics. The goal of post-entry modification strategies to make the
adenovirus capable of replicating only within tumour cells, regardless of ingress
method, thereby limiting the potential damage from on off-target infection of a
non-cancerous cell. This can involve modification or deletion of the virus’'s

native genes, or addition of non-native genetic elements.

The first oncolytic virus in clinical trial, called dl1520 then Onyx-015, was
deleted for the E1B55K protein®®?’!, E1B55K enables adenoviruses to
replicate within cell which have functioning p53 protein. p53 arrests cell cycle
growth in the presence of foreign (e.g. viral) DNA and in cells with damaged
genomes. Adenovirus protein E1B55K binds to an inhibits the action of p53 to
enhance G1/S cell cycle transition, consequently upregulating DNA and protein
synthesis machinery to stimulate viral replication®’.

This makes E1B55K vital for adenovirus replication within normal cell. However,

273,274

p53 is dysfunctional is around 50% of cancer, depending on type , making

expression of E1B55K redundant in these cancers. Therefore, in theory,
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deletion of the E1B55K gene from the viral genome renders the virus selectively

replicating within p53 dysfunctional cancers.

In practice Onyx-105 was observed to replicate preferentially within cancer cell,
but not due to a depency upon p53 dysfunction?””. Clinical trials yielded
disappointing results for Onyx-015 and the next generation H101 virus, which is
deleted for both E1B55K and E3B, which is encodes immunomodulatory genes
supressing expression of MHC-I1>’**’. It appears that mRNA export of virus
MRNA from the cell nucleus was inhibited due to other E1B55K functions,
binding to E4orf6 and suppression of host cell protein synthesis®’®. This leads
to poor replication of Onyx-015 in cancer cell and associated low levels of
cancer cell destruction and poor clinical outcomes®’®. However, this did not
prevent approval of the H101 virus by the Chinese state food and drug

administration (SFDA) as Oncorine®”.

Engineering of early phase adenovirus genes therefore progressed to the E1A
region, to avoid the issues associated with E1B55K deletion. The E1A gene is a
requirement for adenovirus replication, it consists of conserved regions 1-4
(CR1-4). EIACR2 binds to retinoblastoma protein (pRb), competitively inhibiting
the transcription factor E2F from binding. This free E2F induces cell cycle entry
into S-phase, again upregulating cellular machinery related to protein synthesis
to aid viral replication®®°. Therefore adenoviruses with mutant ELACR2 domains,
such as dl922-947 (also called AdA24), are only capable of replicating in
cancerous cells with a dysfunctional pRb pathway******. The AdA24-RGD (DNX-
2401) virus, retargeted to integrins, was shown to prolong glioma survival by
20% in a Phase-I clinical trial’®>. An HAdV-C5/B3 chimeric adenovirus with the
A24 mutation, and expressing granulocyte-macrophage colony stimulating
factor (GM-CSF) as a transgene, has progressed to Phase-I and Il clinical trials,

in combination with chemotherapy under the name Oncos-102**>"19%4,

Another E1ACR2 deleted adenovirus, ICOVIR-7, controls E1A expression
under an E2F promotor to increase expression in cells over-expressing this
replication promoting gene’®. There have been numerous iterations of this
virus, including VCN-01 with the KKTK ablating RGDK motif to reduce HSPG
interaction, which is in clinical trials to treat pancreatic ductal adenocarcinoma
(PDAC)*%%%,
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The E3gpl9K protein supresses MHC-I antigen presentation on the cell
surface®®. Whilst early efforts in oncolytic virotherapy worked on the
assumption that it was better to reduce immune recognition of the viral infection
to facilitate viral replication, it is increasingly clear that immunogenicity of the
virus helps recruit T-cells to the tumour and aid in tumour destruction®. A
single base mutation within the E3gp19K gene (K455A) results in constitutively
expressed membrane protein (E3gp19K-T1), by destroying the endoplasmic
reticulum retention sequence. This was incorporated into the ELACR2 deleted
RGD-integrin targeted virus ORCA-010%°. This E3gp19K-T1 gene results in
permeabilization of the cell membrane, assisting with progeny virion release

and viral spread.

Another virus, ColoAd-1 or Enadenotucirev (EnAd) was not generated by
rational design, but instead used a selected evolution method®’. This virus was
generated by facilitating recombination between various species of
adenoviruses in HT29 colon cancer cells and selecting for the virus with the
greatest rate of replication. EnAd is predominantly a chimera ofspecies B
adenoviruses HAdV-B3 and HAdV-B11p, but has lost the entire E3-region and
the E4orf4. The rarer HAdV-B11lp capsid was less efficiently neutralised by
human serum than HAdV-C5 which has relatively high seroprevelance®. E4orf4
limits E1A expression and helps to control AMPK related cell metabolism®*.

The various replication controlling genetic mutants of adenovirus have been
regulated in many ways, including the use of tumour specific promotors®®* 2%,
Predominantly replication has been dependent upon controling E1A
expression. An example of this is the AdV-TERTp-E1A virus which regulates
E1A expression with the human telomerase reverse transcriptase (hTERT)
promotor, making expression of this critical adenovirus replication protein
commensurate with that of the hTERT proteins which is often upregulated in

cancer’®.

Human prostate specific antigen (PSA) is often used as a diagnostic marker for
prostate cancer as it is upregulated. The CN706 is another example of selective
expression of E1A, in this case controlled by a promotor construct derived from
the 5’ flanking region of the PSA gene. When developed in the 1990’s this virus

293

showed promise but did not progress to an approved therapy“”>. More recently,
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the CG7870 virus also targets prostate cancer, controlling E1A and E1B
expression with rat probasin promotor and PSA promoter, respectively**®*”’.
This virus progressed to clinical trial and it's double promotor control serves to
enhance specificity further, requiring both tumour associated genes to be

sufficiently upregulated to facilitate viral replication.

The tumour specific promotor method of controlling viral replication is still being
refined. Since human genes are usually expressed in heathy human tissues as
well as cancerous ones, promotor based control can cause off target replication
of the virus and, theoretically, damage to healthy tissues. This can be overcome
by selecting genes which are upregulated specifically in cancer and/or adjusting
promotor strength to only be effective at very high levels of gene expression
associated with cancer. However, overly tight regulation will hamper viral
replication and therefore oncolysis, a major source of the therapeutic activity.
The nature of this balance will depend upon the tumour cells targeted and the

specificity, packaging efficiency, and replication rate of the virus.
1.7 Clinical trials of adenovirus derived oncolytic viruses

As of 31/07/2019 there are 89 active clinical trials studying adenovirus-based
drugs (figl-7). Of these four are in Phase-lll clinical trials, though 3 of these are,
arguably, not oncolytic virotherapies but cancer gene therapies. In these trials of
INSTILADRIN (rAd-IFN)****° and ADV-Tk’® the adenovirus is being used a
non-replicating gene transfer vector for interferon a and herpes simplex
thymidine kinase. The goal is to sensitise cancer cells to drug based treatment

rather than use the virus itself as a means of destroying the cancer®*' %,

The oncolytic adenovirus in Phase-lll clinical trial is H101. This engineered
adenovirus type 5 is E1B55K and E3 deleted, designed to make replication p53
dependent and present viral antigens via MHC. In this trial H101 is being trailed
in combination with hepatic artery infusion chemotherapy (HAIC). No results are

available yet®®.

A subset of clinical trials which are active at the time of writing is shown in table
2. The majority of these are in phase-Il, examining safety. Also, a majority are in
combination with chemotherapy, highlighting the fact that whist oncolytic

adenoviruses are presently effective as combination therapies, they are not yet
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viable agents alone®”. However, LOAd-703 is showing promise, having
progressed to phase-Il/ll clinical trials as a single agent. This adenovirus is a
CD46 receptor binding HAdV-C5 virus with the fiber protein of HAdV-B35, with
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Table 1-2: A subset of active clinical trials utilising adenovirus derived oncolytic viruses.

NCT Number

Title

Conditions

Interventions

First
Phases Posted

NCT03916510

NCT03896568

NCT03852511

NCTO03773744

NCTO03740256

NCT03714334

NCT03618953

NCT03281382

NCT03225989

NCT03190824

NCTO03178032

NCT03072134

NCT03029871

Chemoradiation With Enadenotucirev as a Radiosensitiser in Locally
Advanced Rectal Cancer

Oncolytic Adenovirus DNX-2401 in Treating Patients With Recurrent
High-Grade Glioma

First in Human Study of NG-350A (an Oncolytic Adenoviral Vector
\Which Expresses an Anti-CD40 Antibody)

MG1-MAGEA3 With Ad-MAGEA3 and Pembrolizumab in Patients With
Previously Treated Metastatic Melanoma or Cutaneous Squamous Cell
Carcinoma

Binary Oncolytic Adenovirus in Combination With HER2-Specific CAR
VST, Advanced HER2 Positive Solid Tumors (VISTA)

DNX-2440 Oncolytic Adenovirus for Recurrent Glioblastoma

This is a Trial of MG1-E6E7 With Ad-E6E7 and Atezolizumab in
Patients With HPV Associated Cancers

Phase 1 Trial of Interleukin 12 Gene Therapy for Metastatic Pancreatic
Cancer

Trial Investigating an Immunostimulatory Oncolytic Adenovirus for
Cancer

Evaluate Efficacy, Immunological Response of
Intratumoral/Intralesional Oncolytic Virus (OBP-301) in Metastatic
Melanoma

Oncolytic Adenovirus, DNX-2401, for Naive Diffuse Intrinsic Pontine
Gliomas

Neural Stem Cell Based Virotherapy of Newly Diagnosed Malignant
Glioma

Oncolytic Adenovirus-Mediated Gene Therapy for Lung Cancer

Locally Advanced Rectal Cancer

IDH1 wt Allele|Recurrent Anaplastic Astrocytoma|Recurrent

Glioblastoma|Recurrent Gliosarcoma|Recurrent Malignant
Glioma

Metastatic Cancer|Epithelial Tumor

Metastatic Melanoma|Squamous Cell Skin Carcinoma

Bladder Cancer|Head and Neck Squamous Cell
CarcinomalCancer of the Salivary Gland|Lung
Cancer|Breast Cancer|Gastric Cancer|Esophageal
Cancer|Colorectal Cancer|Pancreatic Adenocarcinoma
GlioblastomalGlioblastoma, Adult

HPV-Associated Cancers

Metastatic Pancreatic Cancer

Pancreatic AdenocarcinomalOvarian Cancer|Biliary
CarcinomalColorectal Cancer

Melanoma Stage Ill|Melanoma Stage Iv

Brainstem Glioma|Neoadjuvant Therapy

GliomalAnaplastic AstrocytomalAnaplastic
OligodendrogliomalAnaplastic
Oligoastrocytoma|Glioblastoma Multiforme|Astrocytoma,
Grade lll|Astrocytoma, Grade IV|Brain Cancer

Non-small Cell Lung Cancer Stage |

Biological: Enadenotucirev|Drug:

Capecitabine|Radiation:
Radiotherapy

Biological: Oncolytic Adenovirus
Ad5-DNX-2401|Procedure:
Therapeutic Conventional
Surgery

Biological: NG-350A

Drug: Ad-MAGEA3|Drug: MG1-
MAGEAS3|Drug:
Pembrolizumab|Drug:
Cyclophosphamide

Biological: CAdVEC

Drug: DNX-2440 injection
Biological: Ad-E6E7|Biological:
MG1-E6E7|Biological:
Atezolizumab

Biological: Ad5-
yCD/mutTKSR39rep-hIL12

Drug: LOAd703

Drug: OBP-301

Biological: DNX-2401

Biological: Neural stem cells
loaded with an oncolytic
adenovirus

Biological: Ad5-
yCD/mutTKSR39rep-ADP
Adenovirus

Phase 1 16/04/2019

Phase 1 01/04/2019

Phase 1 25/02/2019

Phase 1 12/12/2018

Phase 1 14/11/2018

Phase 1 22/10/2018

Phase 1 07/08/2018
Phase 1 13/09/2017
Phase

1|Phase 21/07/2017
2

Phase 2 19/06/2017

Phase 1 06/06/2017

Phase 1 07/03/2017

Phase 1 24/01/2017
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NCTO03004183

NCTO03003676

NCT02879760

NCT02879669

NCT02798406

NCT02705196

NCT02555397

NCT02285816

NCT02045602

SBRT and Oncolytic Virus Therapy Before Pembrolizumab for

Metastatic TNBC and NSCLC

A Pilot Study of Sequential ONCOS-102, an Engineered Oncolytic
Adenovirus Expressing GMCSF, and Pembrolizumab in Patients With
Advanced or Unresectable Melanoma Progressing After Programmed
Cell Death Protein 1 (PD1) Blockade

Oncolytic MG1-MAGEA3 With Ad-MAGEAS3 Vaccine in Combination
\With Pembrolizumab for Non-Small Cell Lung Cancer Patients

A Randomised Phase Il Open-label Study With a Phase Ib Safety lead-
in Cohort of ONCOS-102, an Immune-priming GM-CSF Coding
Oncolytic Adenovirus, and Pemetrexed/Cisplatin in Patients With
Unresectable Malignant Pleural Mesothelioma

Combination Adenovirus + Pembrolizumab to Trigger Immune Virus

Effects

LOAd703 Oncolytic Virus Therapy for Pancreatic Cancer

Phase 1 Trial of Interleukin 12 Gene Therapy for Locally Recurrent

Prostate Cancer

MG1 Maraba/MAGE-A3, With and Without Adenovirus Vaccine, With
Transgenic MAGE-A3 Insertion in Patients With Incurable MAGE-A3-

Expressing Solid Tumours

Phase | Dose Escalation Study of Intravenous VCN-01 With or Without

Gemcitabine and Abraxane in Patients With Advanced Solid Tumors

Metastatic Non-small Cell Lung Cancer|Metastatic Triple-
negative Breast Cancer

Advanced or Unresectable Melanoma Progressing After
PD1 Blockade

Non-Small Cell Lung Cancer

To Determine Safety, Tolerability and Efficacy of ONCOS-
102 in Combination With Chemotherapy

Brain Cancer|Brain
Neoplasm|Glioma|Glioblastoma|Gliosarcoma|Malignant
Brain Tumor|Neoplasm, Neuroepithelial|[Neuroectodermal
Tumors|Neoplasm by Histologic Type|Neoplasm, Nerve
Tissue|Nervous System Diseases

Pancreatic Cancer

Prostate Cancer

Advanced/Metastatic Solid Tumours

Locally Advanced Solid Tumors|Metastatic Solid
Tumors|Pancreatic Adenocarcinoma

Biological: ADV/HSV-tk|Drug:
Valacyclovir|Radiation:
SBRT|Drug: Pembrolizumab

Biological: ONCOS-102|Drug:
Cyclophosphamide|Drug:
Pembrolizumab

Biological: Ad-
MAGEAS3|Biological: MG1-
MAGEA3|Biological:
Pembrolizumab

Biological: ONCOS-102|Drug:
Pemetrexed/cisplatin
(carboplatin)|Drug:
Cyclophosphamide

Biological: DNX-2401|Biological:

pembrolizumab

Biological: LOAd703|Drug:

Gemcitabine|Drug: nab-paclitaxel

Biological: Ad5-
yCD/mutTKSR39rep-hlL12

Biological: MG1MAS3|Biological:

AdMA3

Genetic: VCN-01|Drug:
Gemcitabine|Drug: Abraxane®

Phase 2 28/12/2016

Phase 1 28/12/2016

Phase
1|Phase 26/08/2016
2

Phase

1|Phase 26/08/2016
2

Phase 2 14/06/2016

Phase
1|Phase 10/03/2016
2

Phase 1 21/09/2015
Phase

1|Phase 07/11/2014
2

Phase 1 27/01/2014
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promoter controlled E1A expression, engineered to express CD40L and 4-1BB

immunomodulators%°—3%,

It is notable that none of the clinical candidates discussed so far are targeted
via their capsid. Whilst LOAd-703 and Enadenotucirev are engineered, they
both use CD46 as a receptor, which is ubiquitously expressed on human cell
surfaces. This shows that, from a safety perspective, it is enough to control
adenovirus replication through a combination of careful administration, dose
control, and regulated replication post-infection. However, these methods also

have associated disadvantages.

If an oncolytic virus interacts with, and infects, cells non-specifically then it will
enter many cells which are not the tumour. This is often overcome by
intratumoural administration of the oncolytic virus directly into the tumour.
However, this method negates a key advantage of oncolytic virotherapy:
systemic dissemination of the virotherapy to tackle metastatic tumour sites.
Instead, any progeny virions made within the tumour will spread locally. Initially
this will be into the tumour mass, but as the tumour mass decreases progeny
virions will be absorbed by surrounding cells expressing the receptor for the
virotherapy and leakage of the therapeutic vector away from the tumour. These
off-target interactions also mean that for any given number of progeny, more will
enter cells where they have no therapeutic benefit, reducing the overall efficacy
of a given therapeutic dose and requiring a larger number of viral particles to be
efficacious. These issues can only be resolved at the primary point of infection,

which is cellular attachment and internalisation.

The adenovirus targeting methods discussed so far all have drawbacks. These
are associated with difficulty in achieving specificity, or in damaging the viruses
efficacy as a drug. A multilevel targeting approach is likely to be the key to

overcoming these challenges.

LOAd-703 has attempted multilevel targeting, using a combination of two
different tumour specific promotors. While this may alleviate issues with off-
target replication, it does not relieve problems with off-target infection. The
Ad5nuLL.A20 virus achieves exquisite levels of tumour selectivity at the infection

level but is limited to cancers with the avB6 surface receptor.
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Colors indicate the number of studies with locations in that region.

Least :- Most
Labels give the exact number of studies.
Figure 1-7 Map of the number and locations of active clinical trials using adenovirus vectors from clinicaltrials.gov using the following search criteria: on
30/07/2019: Recruiting, Not yet recruiting, Available, Active, not recruiting, Enrolling by invitation, Approved for marketing Studies | Cancer | Adenovirus OR AdV OR
Ad | Phase Early Phase 1, 1, 2, 3, 4

48



Huge progress has been made in achieving tumour specific infection with
adenovirus based oncolytic viruses. However, no virus has yet attempted to
overcome the next inevitable problem in the field, which is tumour
heterogeneity. Every virus discussed in this introduction and, to the best of our
knowledge, under development, is directed against a single target. Whether this
target is a cell surface receptor or a mutated intracellular pathway, the fact
remains that the virotherapies mode of action is dependent upon a particular
cancer phenotype. Tumour heterogeneity is now an accepted part of cancer
biology, and plays a significant role in recurrence after remmision®*®. Oncolytic
viruses have an inherent advantage in respect to attacking heterogeneous
tumour cells, as they engage the immune system which can then recognise and
attack other tumour cells not directly affected by the virus. However, it remains
to be seen if this is efficient and could well be improved by making the virus

itself capable of attacking multiple tumour targets.
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1.8 Aims

The aims of this study were as follows:

1. Identify phenotypes potentially useful for the treatment of cancer in
adenovirus species D

2. Clarify the primary cell entry receptors being utilised by adenovirus
species D
Identify previously unknown receptor usage by adenovirus species D

4. Understand the mechanisms which govern adenovirus species D

infection

The work in this thesis aims to enhance our understanding of adenovirus
mechanisms of infection and receptor tropism in order to engineer more
effective viral vectors. We begin by investigating an understudied species of
adenoviruses, species D, and observing a type with potentially beneficial
infection properties for gene transfer, and as a cancer vaccine. We continue our
investigation of the species D adenoviruses, seeking to clarify a long-standing
controversy within the field regarding the usage of CD46 as a primary receptor
tropism. We clarified this interaction and demonstrate affinity for a different
receptor: CAR, in the processes showing that fiber knob hypervariable loops
play a role in regulating fiber knob proteins through steric hindrance’. We
continued our investigation into receptor tropisms of species D adenoviruses
and demonstrated a previously unknown tropism towards sialic acid for HAdV-
D26K. HAdV-D26 is a clinically important adenovirus due to it's usage as a
vaccine vector in phase-lll clinical trials. Our investigation of HAdV-D26
demonstrates that sialic acid binding is not restricted to adenoviruses which
cause epidemic keratoconjunctivitis (EKC) as has previously been thought™®.
Instead, the results presented here-in show that several other species D
adenoviruses with no know EKC association can interact with sialic acid and

that it may be a broadly utilised receptor for the entire adenovirus species.
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CHAPTER 2. Materials & Methods
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2.1 Sequence comparison and Phylogenetic Tree generation

2.1.1 Sequence alignment and visualisation

All sequence alignments were performed using the EMBL-EBI Clustal Omega
tool*'>*!!, Sequences were visualised using BioEdit (V5.10, Isis Therapeutics).
Fiber knob sequences were defined as the conserved TLW hinge motif to the C-

terminus of the protein.
2.1.2 Wu-Kabat variability analysis

Amino acid sequence variability scores were calculated from the Clustal omega
aligned amino acid sequences of the fiber knob domains of either adenoviruses
1-56, or only the species D adenoviruses. Analysis was performed using the
protein variability server (PVS), using a consensus base sequence and the Wu-

Kabat method".
2.1.3 Phylogenetic Maximum likelihood tree generation

Representative whole genomes (nucleotide) of adenoviral species 1-56 were
selected from the National Center for Biotechnology Information (NCBI), and
aligned using the EMBL-EBI Clustal Omega tool*'**'*, Fiber knob domain amino
acid sequences of the fiber knob proteins were derived from the same genome
sequences, defined as the translated nucleotide sequence of the fiber protein
(plV) from the conserved TLW hinge motif to the protein C-terminus, and
aligned in the same manner as the whole genomes. Phylogenetic relationships
were inferred using the maximum likelihood method based upon the Jukes
Cantor model for the whole genome nucleotide analysis®", and the Poisson
correction model for the fiber knob amino acid analysis®*, using MEGA X

software®”. Confidence was determined by bootstrap analysis (500

316

replicates)”™ and trees displayed condensed at 70% confidence (percentage

confidence values shown at each node).

Genomic sequences from which fiber knob domain sequences were
determined, which have been used in phylogenetic analysis, have the following
NCBI Accession numbers: AC_000017| AF532578| X73487| AY803294|
AB562586] AY601636| AF108105|] GU191019] JQ326209] AC_000007|
JIJN226749| KF528688| FJ404771| JIN226750| JIN226751] JIN226752|
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EF153474|IN226753| FJ824826| JN226754| IN226755| AM749299| IN226756|
IN226758| AY737797] AC_000019| GQ384080| JIN226759| JIN226760)
KU162869] DQ315364| JN226761| JN226762] JN226763| JIN226764|
AYS875648| JIN226757| EF153473] DQ393829] AC_000008| AY737798]
IN226765| DQO923122| AB605243| NC_012959] FJ643676|HM770721]
HQ413315| AC_000018| DQO086466| JIN226746| JIN226747| AB448776|
AB448767| AJ854486| KF006344]

2.2 Expression of recombinant fiber knob proteins

SG13009 E.coli harbouring pREP-4 plasmid and pQE-30 expression vector
containing the fiber knob DNA sequence (synthesised by TWIST Biosciences)
were cultured in 20ml LB broth with 100ug/ml ampicillin and 50ug/ml kanamycin
overnight from glycerol stocks made in previous studies’®***° 1L of TB
(Terrific Broth, modified, Sigma-Aldrich) containing 100ug/ml ampicillin and
50ug/ml of kanamycin were inoculated with the overnight E.coli culture and
incubated at 37°C until they reached an optical density (OD) of 0.6 at A570nm.
IPTG was then added to a final concentration of 0.5mM and the culture
incubated at 37°C for 4hrs. Cells were then harvested by centrifugation at
3000g, resuspended in lysis buffer (50mM Tris, pH8.0, 300mM NaCl, 1% (v/v)
NP40, 1mg/ml Lysozyme, 1mM (-mercaptoethanol), and incubated at room
temperature for 30mins. Lysate was clarified by centrifugation at 30,000g for
30mins and filtered through a 0.22um syringe filter (Millipore, Abingdon, UK).
Clarified lysate was then loaded onto a 5ml HisTrap FF nickel affinity
chromatography column (GE) at 2.0ml/min and washed with 5 column volumes
into elution buffer A (50mM Tris [pH8.0], 300mM NaCl, 1mM -
mercaptoethanol). Protein was eluted by 30min gradient elution from buffer A to
B (buffer A + 400mM Imidazole). Fractions were analysed by reducing SDS-
PAGE, and fiber knob containing fractions further purified using a superdex 200
10/300 size exclusion chromatography column (GE) in crystallisation buffer (10
mM Tris [pH 8.0] and 30 mM NacCl). Fractions were analysed by SDS-PAGE
and pure fractions concentrated by centrifugation in Vivaspin 10,000 MWCO

(Sartorius, Goettingen, Germany).
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2.3 Cell Culture Methods

2.3.1 Culture of cell lines

Cell lines were maintained at 20-90% confluency in T150 cell culture flasks
(Corning) in a human tissue act (HTA) certified cell culture incubator (HERA
Cell, Thermofisher) at 37°C under a 5% CO, humidified atmosphere. Media
was. changed under sterile conditions as necessary until cells reached 90%

confluency.

Cells were sub-cultured every 3-4 days at a 1:5 ratio as follows. Cells were
washed with 10ml phosphate buffered saline (PBS) and 5ml of 0.05% Trypsin-
EDTA (Gibco) was applied. Cells were incubated until they lost adherence to
the culture flask, the monolayer dissociated by pipetting, and cells passed
through a strainer (Cole-Parmer). 1ml of trypsinised and strained cells were
applied to a new T150 cell culture flask and 20ml of culture media (described in
Table 2-1) added.

All cell lines were routinely tested for mycoplasma contamination and found to

be negative.

Table 2-1 Cell lines used in this study, their origins, and the media which was used to
support them.

Cell Line Origin of cell line Culture FBS Supplements

Name Media (%viv)

Human Embryonic

293 T-Rex DMEM 10  5mM Glutamine
Kidney
A427 Lung carcinoma EMEM 10  5mM Glutamine
A549 Lung carcinoma DMEM 10  5mM Glutamine
Pancreatic

5mM  Glutamine,

ASPC1 adenocarcinoma (Ascitic RPMI 1640 10
1mM NaP

metastasis)

BT-20 Breast carcinoma DMEM 20 5mM Glutamine
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BT-474

BxPc3

CFPAC-1

CHO-BC1

CHO-CAR

CHO-K1

DLD-1

hMDDC

Kyse-30

MCF7

MDA-MB-
231

MDA-MB-
361

Breast ductal carcinoma DMEM
Pancreatic
, RPMI 1640
adenocarcinoma
Pancreatic ductal
adenocarcinoma (Liver DMEM

metastasis)
Chinese Hamster Ovary DMEM-F12
Chinese Hamster Ovary DMEM-F12

Chinese Hamster Ovary DMEM-F12

Colorectal
_ DMEM
adenocarcinoma
Human monocyte
derived dendritic cells IMDM
(Human Blood)
RPMI 1640
Eosophageal squamous
) + Ham's
cell carcinoma
F12 (1:1)
Breast adenocarcinoma
(Pleural effusion EMEM
metastasis)
Breast adenocarcinoma
(Pleural effusion DMEM
metastasis)
Breast carcinoma
DMEM

(Brain metastasis)

20

10

10

10

10

10

10

10

10

20

20

5mM Glutamine

5mM Glutamine

5mM Glutamine

5mM Glutamine

5mM Glutamine

5mM Glutamine

5mM Glutamine

5 U/ml GM-CSF, 5
U/ml IL-4, 50 uM

p2-

mercaptoethanol

5mM Glutamine

5mM Glutamine

5mM Glutamine

5mM Glutamine
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Pancreatic
MIA PaCa2 . DMEM
adenocarcinoma

Mouse monocyte
mMDDC derived dendritic cells RPMI 1640
(Mouse Blood)

Large cell lung
NCI-H460 _ RPMI 1640
carcinoma

Pancreatic ductal
Panc0403 _ RPMI 1640
adenocarcinoma

Pancreatic
Panc10 ) DMEM
adenocarcinoma

Pancreatic ductal
PT45 _ RPMI 1640
adenocarcinoma
Ovarian
SKOV-3 adenocarcinoma (Acitic DMEM
metastasis)
_ Pancreatic carcinoma
Suit2 _ _ DMEM
(Liver metastasis)
Pancreatic
SW1990 adenocarcinoma DMEM

(Splenic metastasis)

2.3.2 Long term cell storage

10

10

10

10

10

10

10

10

10

5mM Glutamine

5U/ml GM-CSF, 5
U/ml IL-4

5mM Glutamine

5mM  Glutamine,
10mM HEPES,
1mM NaP

5mM Glutamine

5mM Glutamine

5mM Glutamine

5mM Glutamine

5mM Glutamine

Cell lines were grown until fully confluent in T150 cell culture flasks (Corning),

washed and trypsinised as described previously (section 2.3.1) then neutralised

in complete media with a 1:1 ratio. Cells were then centrifuged for 5mins at

1200 rpm and the supernatant discarded. The cell pellet was then resuspended
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in 3ml of Fetal bovine serum containing 10% (v/v) of dimethyl sulfoxide
(DMSO). 1ml aliquots we dispensed into 1.5ml cryovials (Corning) and placed
into Mr Frosty freezing containers (ThermoFisher) according to the
manufacturer’s instructions and frozen overnight at -80°C. Cryovials were then

placed in vapour phase liquid nitrogen tanks for long term storage.

To resuscitate the cells they were thawed at 37°C. The cells were then pipetted
into a T150 cell culture flask containing 20ml of cell culture media and incubated
at 37°C over night to allow the cells to adhere. The media was then replaced

and cells cultured as normal.
2.3.3 Monocyte derived dendritic cells (MDDC)

MDDC were a kind gift from collaborators. James Wheeldon (Piquet group,
Cardiff university) provided human MDDC, and Marta Williams (Humphreys
group, Cardiff University) provided mouse MDDC.

2.4 Virus generation

2.4.1 Generation of pseudotype virus Dbacterial artificial

chromosomes

Pre-existing bacterial artificial chromosomes (BACs) encoding the genome of
replication deficient (E1A and E3 deleted) HAdV-C5 virus expressing luciferase
or GFP as a transgene were used as the template for the pseudotyped
adenovirus genomes used in this study. The fiber knob is defined as beginning
from the TLW hinge motif, which is conserved in all adenovirus fiber proteins™.
The DNA sequences of the fiber knob proteins used in this study were
synthesised commercially (GeneWiz, or TWIST Biosciences). The pre-existing
BAC was modified using the AdZ recombineering methodology developed by
Stanton et al*"’. This methodology utilises homologous recombination in SW102
E.coli harbouring the BAC to integrate a marker cassette at the site to be
engineered, and then a second round of homologous recombination to replace
the marker cassette with the gene of interest; in this case the replacement fiber

knob protein.

Primers were designed to have homology to a RPSL DNA selection cassette,
provided by Dr Richard Stanton, at the 3’ end®"’. The 5 end of the primer was

designed to have 70bp of homology to the region of interest. For the forward

57



primer this is the region directly 3’ of the TLW hinge DNA sequence, and, for the
reverse primer, the region immediately 5’ of the end of the HAdV-C5 fiber open
reading frame. These primers were used to amplify the RPSL cassette DNA by
PCR (HiFi expand DNA polymerase system, ThermoFisher). The resultant fiber
knob region specific DNA selection cassette was purified from the PCR mix
using the QIAquick PCR Purification kit (QIAGEN).

The SW102 E.coli harbouring the HAdV-C5 BAC were cultured to OD 0.6
(600nm wavelength) in 25ml of LB at 32°C in a shaking incubator. The
recombination genes were then induced by incubation at 42°C for 15mins. The
SW102 were then cooled on ice for 20mins, then pelleted by centrifugation at
4000RPM for 5mins. The supernatant was discarded, and the pellet was
washed by resuspension in 50ml of cold ddH,O and centrifugation, twice. The
pellet was then resuspended in residual ddH,O after the supernatant was
discarded. 50ul was transferred to pre-cooled electroporation cuvettes (2mm
HiMaX, Isogen life science) and 4ul of purified fiber knob region specific RPSL
DNA selection cassette was added and electroporated (Micropulser
electroporator, BioRad) using pre-set program Ec3. 1ml of LB was then added
to the electroporated SW102 and incubated at 32°C in a shaking incubator for
lhr to recover. 50ul of these cells were plated out onto LB agar (1.5%)
containing 15ug/ml Kanamycin, 12.5ug/ml chloramphenicol, 25ug/ml of X-GAL,
and 200mM IPTG and cultured at 32°C for 48hrs. A blue colony was then
selected and inoculated into two different culture conditions: LB containing
15ug/ml Kanamycin and 12.5ug/ml chloramphenicol, or LB containing 400ug/ml
streptomycin and 12.5ug/ml chloramphenicol. This was done to verify that the
blue colony contained the gene encoding streptomycin sensitivity, so only
colonies which failed to grow in streptomycin containing media were utilised in

the next steps.

The synthesised DNA sequences encoding the fiber knob genes were amplified
by PCR (HiFi expand DNA polymerase system, ThermoFisher) using primers
with the same 3’ homology sequences as used to integrate the marker cassette
and a 5’ sequence homologous to the fiber knob DNA. The resultant DNA, the
fiber knob encoding sequence with homology arms to either side of the RPSL
cassette, was purified using the QIAquick PCR Purification kit (QIAGEN).
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The selected E.coli from the previous step which now contain the HAdV-C5
BAC with the RPSL marker in place of the fiber knob DNA were prepared for
electroporation in an identical manner to the first step. 4ul of the fiber knob DNA
with homology arms to the regions either side of the integrated RPSL cassette
was then mixed with the cells in the cuvette, electroporated, and recovered as
in the previous step. 50ul of these cells were then plated out onto an LB agar
(1.5%) plate containing 400ug/ml streptomycin, 12.5ug/ml chloramphenicol,
25ug/ml of X-GAL, and 200mM IPTG and cultured at 32°C for 48hrs. A white
colony was then selected from the plate and inoculated into 5ml LB containing
12.5ug/ml chloramphenicol, then cultured at 32°C overnight in a shaking
incubator. This culture was used to generate a glycerol stock by mixing 300ul of
glycerol with 700ul of culture in a cryovial and frozen at -80°C. DNA was
extracted from the rest of the culture using a miniprep kit (QlAgen). The purified
BAC DNA was sequenced commercially (Eurofins) to determine the correct
fiber knob sequence is present in the new BAC.

2.4.2 Amplification of BAC DNA

SW102 E.coli containing the correct BAC DNA encoding viral genomes were
cultured at 32°C in 10ml of LB containing 12.5ug/ml chloramphenicol for 6-8hrs
prior to inoculation of this starter culture into 250ml of LB containing 12.5ug/mi
chloramphenicol and incubation at 32°C overnight. This culture was harvested
by centrifugation at 6000RPM for 20min at 4°C in a high-speed centrifuge
(Avanti J-20 XP, Beckman Coulter). This pellet was resuspended by pipetting in
24ml of buffer S1 (NucleoBond BAC 100 Kit, Machery-Nagel), then mixed with
buffer S2 (NucleoBond BAC 100 Kit, Machery-Nagel) and mixed by inversion
and incubated for 5min at room temperature. 24ml of buffer S3 (NucleoBond
BAC 100 Kit, Machery-Nagel), pre-cooled on ice, was then added, mixed by
inversion, and cooled on ice for 5mins. This mixture was then centrifuged at
6000RPM for 15ml at 4°C, whilst the BAC purification column was equilibrated
by addition of 6ml of buffer N2 (NucleoBond 100 Kit, Machery-Nagel). The
supernatant was passed through the column by gravity, then the column was
washed twice with 18ml of buffer N3 and the flow through discarded. The DNA
was then eluted with 15ml of buffer N5 pre-heated to 50°C and the eluant mixed

with 11ml of isopropanol. The solution was then centrifuged at 15000RPM for
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30min at 4°C to pellet the DNA. The pellet was then washed with 70% ethanol
(30% H,0, v/v), vortexed, and pelleted again at 15000RPM for 30min at 4°C.
The wash solution was then discarded, and the pellet allowed to dry at 37°C.
The DNA pellet was then resuspended in 100ul of water and allowed to dissolve
for 15mins. DNA was then stored at -20°C until ready to be used for virus

transfection.
2.4.3 Transfection of BAC DNA and virus rescue

Transfections were performed in 293 T-Rex cells using Effectene transfection
kit (QIAgen). 5x10° 293 T-Rex cells were seeded in a T25 CellBind cell culture
flask (Corning) and allowed to adhere overnight in 5ml of complete cell culture
media at 37°C in a humidified 5% CO, atmosphere. 1ug of BAC DNA was
mixed with 8ul of buffer EC, mixed by pipetting, and incubated at room
temperature for 5min. 25ul of Effectene transfection reagent was then added to
the DNA enhancer mix, mixed by inversion, and incubated at room temperature
for 5min. This mixture was added to 1ml of cell culture media and add the whole
mixture added to the prepared 293 T-Rex cell culture, drop-wise, and then
replaced in the cell culture incubator. A second T25 flask was treated identically
except for the absence of the BAC DNA to be used as a control. Media was
removed from the transfected cell culture after an over night incubation and
replaced with 5ml of complete cell culture media. The cells were then cultured
as normal, exchanging media when it became discoloured and inspecting the
cell monolayer for signs of cytopathic effect (CPE, rounding of the cells and loss
of adherence to the cell surface), which usually occurred in 7-14 days, and
should be apparent in the BAC transfected cells and not the control flask. When
CPE was observed the monolayer was closely monitored and allowed to
progress through the entire monolayer. Cells exhibiting CPE were then
dissociated from the cell surface by tapping the side of the culture flask. Cells
were then collected in the cell culture media and centrifuged at 1200RPM for
5min in a 15ml falcon tube (Corning) to pellet them. 1ml of supernatant was
retained and the rest discarded. The cell pellet was resuspended in the retained
1ml of cell culture media. This 1ml suspension of infected cells was transferred

to a 1.5ml cryovial and stored at -80°C.
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2.4.4 Propagation of rescued viruses

293 T-Rex cells were sub-cultured into 11x T150 CellBind cell culture flasks
(Corning) and grown to approximately 80% confluence. Media was then
replaced on one flask to be used as a control. 250ml of complete cell culture
media was mixed with 20ul of the cell suspension from the rescue of the virus
by transfection of the genome containing BACs. This infected media was used
to replace the cell culture media on the 10 remaining T150 cell culture flasks.
Flasks were cultured under normal 293 T-rex cell culture conditions, replacing
the media as it became discoloured, and inspecting for CPE by comparison to
the control flask. When CPE became apparent (usually 4-7 days) it was allowed
to propagate through the entire monolayer and the cells were harvested by
tapping on the flask to dislodge the cells, collection of the media containing the
cells, and then centrifugation at 1200RPM for 5mins. Supernatant was
discarded and cell pellets stored at -80°C pending purification.

2.4.5 Purification of viruses into high titre stocks

Pellets of cells virus infected cells were thawed and resuspended in 5ml of PBS,
5ml of tetrachloroethylene (TCE, Fisher Scientific) was then added and mixed
by vigorous shaking. The mixture was then centrifuged at 2000RPM for 5min in
a 15ml falcon tube causing the mixture to separate into layers. The top,
agueous, layer contains the viruses and was collected whilst the supernatant

was discarded.

Caesium chloride (CsCl) gradients were prepared in UltraClear 14 x 89mm
tubes (Beckman Coulter). 2.5ml of 1.40g/ml CsCl in PBS was added to the
tube, 2.5ml of 1.25g/ml CsCl in PBS was slowly pipetted on top to create a
separation between the two densities of CsCl. The aqueous phase from the
previous TCE purification of the virus pellet was then pipetted, slowly, on top of
the CsClI gradient without disrupting the CsCl interface. The remaining volume
in the tube was filled with PBS. The tube was placed in an Sw41Ti rotor then
centrifuged for 1.5hrs at 18°C at 35600RPM. The tube was carefully removed
from the rotor and a series of milky white bands were visible. The uppermost
band was cell debris while middle band(s) were immature virions. The lower
most band is the mature virus, and was harvested by stabbing a needle through

the side of the tube and drawing the band of virus into the attached syringe.
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This material was placed on top of a second 5ml CsClI gradient with a single
density of 1.34g/ml. the tube was filled with PBS without allowing mixing with
the CsCI. This second gradient was centrifuged under the same conditions as
above overnight, for a minimum of 15hrs. This time only a single milky white
band was visible, which was extracted with a needle in the same manner as

previously.

This material was dispensed into dialysis tubing with a 12-14kDa molecular
weight cut off (Visking 6.3mm, MediCell Membranes Ltd), and sealed at both
ends with Mediclips (MediCell Membranes Ltd). This tubing was placed into 1L
of dialysis buffer (10% glycerol, 10mM Tris-HCI (pH7.8), 135mM NaCl and 1mM
MgCl,x6H,0) at 4°C for approximately 6hrs, the dialysis buffer was then
replaced with another 1L and left to dialyse overnight. The dialysed virus
containing material was then extracted and divided into 50ul aliquots and stored
at -80°C.

2.4.6 Purification of viruses into high titre stocks

Titres of purified virus aliquots were determined based on protein concentration.
Total protein concentration was determined using the Pierce Micro BCA protein
assay kit (Thermofisher) according to the manufacturers protocol. In brief, 5ul of
purified virus stock was dispensed into a 96 well Nunc plate (ThermoFisher) in
triplicate and diluted to 150ul total volume in PBS. 150ul of working reagent was
added and incubated in the plate for 2hrs along side the protein standards. The
absorbance was measured on an iMark microplate absorbance reader (BioRad)
at 570nm.

Data was analysed as follows in order to calculate the viral titre. The blank was
subtracted from each of the absorbance readings and then the mean of the
three measurements taken. The mean was then multiplied by the dilution factor
(30) incurred when the virus stock was diluted up to 150ul of PBS. This value
was divided by the coefficient of X for the standard curve (calculated from the
protein standards as described in the manufacturers instructions) to give the
total protein concentration. The protein concentration in pug/ml was then
multiplied by 4x10°, the number of viral particles per 1ug of protein. The

equation is as follows:
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Mean(Absorbance — Blank)
Coefficient of x from Standard Curve

X Dilution factor X 4 x 10°

= Viral particles/ml

This gives the total number of viral particles per ml used as the viral titre
throughout this study.

2.5 Infectivity Assays
2.5.1 GFP infectivity assay

Adherent cells were seeded into a Nunc delta surface 96-well cell culture plate
(ThermoFisher) at a density of 50x10°® cells/well in 200pl of cell culture media
and left to adhere overnight at 37°C in a 5% CO, humidified atmosphere. Media
was removed and cells washed twice with 200ul of PBS. Virus was added to the
necessary wells at the required titre in 200ul of serum free RMPI 1640 and
incubated under cell culture conditions for 3hrs. The virus containing media was
then removed and replaced with complete cell culture media and the cells
incubated for a further 45hrs. Cell culture media was then removed, the cells
washed twice with 200ul of PBS, trypsinised in 50ul of 0.05% Trypsin-EDTA
(Gibco), and dissociated by pipetting. The trypsinised cells were transferred to a
96-well V-bottom plate (ThermoFisher), neutralised with 100ul of complete cell
culture media, and pelleted by centrifugation at 1200RPM for 3mins.
Supernatant was removed, the cells washed once in 200yl of PBS, and
resuspended in 100ul of 2% PFA (PBS containing 2% w/v paraformaldehyde)
and incubated at 4°C for 15mins. Cells were again pelleted, washed twice in

200ul PBS, then resuspended in 200ul PBS prior to analysis by flowcytometry.

Samples were analysed by flow cytometry on Attune NXT (ThermoFisher),
voltages were set prior to each experiment, for each cell type, using an
uninfected cell population treated identically. Data was analysed using FlowJo
v10 (FlowJo, LLC), gating sequentially on singlets, cell population, and GFP
positive cells. Levels of infection were defined as the percentage of GFP
positive cells (%+ve), and/or Total Fluorescence (TF), defined as the
percentage of GFP positive cells multiplied by the median fluorescent intensity
(MFI) of the GFP positive population. These measures are distinct in that %+ve
describes the total proportion of cells infected, and TF describes the total
efficiency of transgene delivery.
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2.5.2 Luciferase infectivity assay

Luciferase infectivity assays were performed using the luciferase assay system
kit (Promega). Cells were seeded into a Nunc delta surface 96-well cell culture
plate (ThermoFisher) at a density of 20x10° cells/well in 200yl of cell culture
media and left to adhere overnight at 37°C in a 5% CO, humidified atmosphere.
Media was removed and cells washed once with 200ul of PBS. Luciferase
transgene encoding replication incompetent viruses were added to the
necessary wells at the required titre in 200ul of serum free RMPI 1640 and
incubated under cell culture conditions for 3hrs. The virus containing media was
then removed and replaced with complete cell culture media and the cells
incubated for a further 45hrs. Cell culture media was then removed, the cells
washed twice with 200ul of PBS, and were then lysed in 100ul of cell culture
lysis buffer (part of the Promega kit) diluted to 1x in ddH,O. The plate was then
frozen at -80°C.

After thaw, 10ul of lysate from the cell culture plate mixed then was transferred
to a white Nunc 96-microwell plate (ThermoFisher) and 100ul of luciferase
assay reagent (Promega Kit) added. Luciferase activity was then measured in
relative light units (RLU) by plate reader (Clariostar, BMG Labtech). Total
protein concentration was determined in the lysate using the Pierce BCA protein
assay kit (Thermofisher) according to the manufacturers protocol, absorbance

was measured on an iMark microplate absorbance reader (BioRad).

Relative virus infection was determined by normalising the measured luciferase
intensity to the total protein concentration (RLU was divided by protein

concentration). This gave a final infectivity readout in RLU/mg of protein.
2.5.3 Receptor blocking assay

This assay was also performed using the luciferase assay system kit
(Promega). Cells were seeded into a Nunc delta surface 96-well cell culture
plate (ThermoFisher) at a density of 20x10° cells/well in 200pl of cell culture
media and left to adhere overnight at 37°C in a 5% CO, humidified atmosphere.
Media was removed and cells washed 2x with 200ul of cold PBS and the plate
cooled on ice. 20pg/cell of recombinant adenovirus fiber knob was added to
each well in 200ul of cold PBS and incubated on ice in a 4°C cold room for 1hr.
Media was then removed and luciferase transgene encoding replication
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incompetent viruses added to the necessary wells at the required titre in 200pl
of cold serum free RMPI 1640 and incubated on ice in a 4°C cold room for 1hr.
The virus containing media was then removed and replaced with complete cell
culture media and the cells incubated for a further 45hrs under normal cell
culture conditions. From this point forward the assay is identical to the one

described in section 2.5.2.
2.5.4 Neuraminidase and Heparinase cleavage assays

Cells were seeded at a density of 50x10° cells/well in a flat bottomed 96 well
cell culture plate and incubated overnight at 37°C to adhere. Cells were washed
twice with 200ul of PBS. 50ul of neuraminidase (from Vibrio Cholera, Merk) at a
concentration of 50mU/ml, or 50ul of Heparinase Il (from Flavobacterium
heparinum, Merck) at a concentration of 1U/ml was diluted in serum free media,
added to the appropriate wells, and incubated for 1hr at 37°C. Cells were
cooled on ice and washed twice with 200ul of PBS. Green Fluorescent Protein
(GFP) expressing, replication incompetent viruses were added to the
appropriate wells at a concentration of 5000 viral particles per cell, in 100ul of
serum free media, at 4°C, and incubated on ice for 1hr. Serum free media alone
was added to uninfected control wells. Cells were washed twice with 200pl of
cold PBS, complete media added (DMEM, 10% FCS) and incubated for 48hrs
at 37°C. Cells were then trypsinised and transferred to a 96 well V-bottom plate,
washed twice in 200ul of PBS and fixed in 2% paraformaldehyde containing
PBS for 20mins before wash, and resuspension in 200pul of PBS.

Samples were analysed by flow cytometry on Attune NXT (ThermoFisher),
voltages were set prior to each experiment, for each cell type, using an
uninfected cell population treated identically. Data was analysed using FlowJo
v10 (FlowJo, LLC), gating sequentially on singlets, cell population, and GFP
positive cells. Levels of infection were defined as the percentage of GFP
positive cells (%+ve), and/or Total Fluorescence (TF), defined as the
percentage of GFP positive cells multiplied by the median fluorescent intensity
(MFI) of the GFP positive population. These measures are distinct in that %+ve
describes the total proportion of cells infected, and TF describes the total

efficiency of transgene delivery.
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2.5.5 Competition inhibition assay

CHO cells expressing the appropriate receptor (CAR: CHO-CAR, or CD46:
CHO-BC1) were seeded at a density of 30x10° cells per well in a flat bottomed
96 well tissue culture plate and incubated at 37°C overnight. Serial dilutions
were made up in serum free RPMI 1640 to give a final concentration range of
0.0001-100 ug/10® cells of recombinant soluble knob protein. Cells were
incubated on ice for 30mins, then washed twice with cold PBS. Fiber knob
dilutions were then added to the cells and incubated on ice for 30mins. Cells
were then washed twice in cold PBS and stained with the primary CAR or CD46
antibody, RmcB (Merk) or MEM-258 (Bio-Rad), respectively, to complex
receptors unbound by fiber knob protein, and incubated for 1hr on ice. Cells
were washed twice further in PBS and incubated on ice for 1hr with Alexa-647
labelled goat anti-mouse F(ab’)2 (ThermoFisher) 7>*%*° All antibodies were
used at a concentration of 2ug/ml.

Samples were run in triplicate by flow cytometry on Attune NXT (ThermoFisher),
and analysed using FlowJo v10 (FlowJo, LLC) by gating sequentially on
singlets, cell population, and Alexa-647 positive cells. Total fluorescence (TF)
was used as the measure of inhibition, rather than percentage of fluorescent
cells in the total population, to account for the presence of multiple receptor
copies per cell surface which can enable partial inhibition of antibody binding on
the cell surface. TF was defined as the percentage of Alexa-647 positive cells in
the single cell population for each sample and multiplied by the median
fluorescent intensity (MFI) of the Alexa-647 positive single cell population in
each sample. Data points are the mean total fluorescence of three biological
replicates with error given as the standard deviation from the mean. ICs curves
were fitted by non-linear regression, and used to determine the ICsg

concentrations’?*®?*°. CHO-CAR and CHO-BC1 cells were originally derived by

Bergelson et al®®, and Manchester et al®>, respectively.
2.5.6 Statistical analysis of infectivity assays

Figures were generated in GraphPad Prism version 4.03 (GraphPad Software
Inc). Unless otherwise states all data is n=3 (See figure legends for specific n

numbers), with error given as standard deviation from the mean (SD). P values

66



are indicated as follows: ns (not significant) indicated P>0.05, * indicates
P<0.05, ** indicates P<0.01, *** indicates P<0.005, **** indicates P<0.001.

2.6 Structural Analysis of fiber knob proteins

2.6.1 Homology modelling of HAdV-D8K

318320 \vas used

The I-TASSER protein structure and function prediction server
to generate a homology model of HAdV-D8 based on the published sequence
of HAdV-D8**, using the published structure of its closest relative (by sequence
identity), HAdV-D19p*’. The resultant monomer was then copied three times,
using the HAdV-19p trimer as a template, and the monomers aligned in

PyMol*** to generate a model of the complete HAdV-D8K trimer.
2.6.2 Crystallisation of fiber knob proteins

Protein samples were purified into crystallisation buffer (10 mM TRIS [pH 8.0]
and 30 mM NacCl) during SEC. The final protein concentration was between 5
and 10 mg/ml. Commercial crystallisation screen solutions were dispensed into
3-lens low profile UVP/PS 96-well microplates (SwissSci) using the siting drop
format. Drops containing 200nl of protein solution and crystallisation screen at a
1:1, 2:1, and 3:1 ratio were equilibrated against a reservoir of 60ul crystallisation
solution. The plates were sealed and incubated at 18°C. Crystals appeared
between 1hr and 1 week later.

Successful crystallisation conditions for each structure are detailed in the
associated data collection statistics tables in chapters 3-5 and in the associated
wwPDB depositions.

2.6.3 Soaking with sialic acid

Reservoir solution was made up to a concentration of 30mM N-
Acetylneuraminic acid (Neu5Ac, Sigma-Aldrich Cat#A2388) and added to the
drop in which the crystals formed in a 1:3 ratio, for a final concentration of
10mM Neu5Ac. HAdV-D26K crystals were incubated overnight prior to harvest,

other crystals were soaked in the same manner but for a period of 5mins.
2.6.4 X-Ray structure data collection

Crystals were harvested in thin plastic loops and stored in liquid nitrogen for

transfer to the synchrotron. Data were collected at Diamond Light Source
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beamline 104, running at a wavelength of 0.9795A. During data collection,
crystals were maintained in a cold air stream at 100°K. Dectris Pilatus 6M
detectors recorded the diffraction patterns, which were analysed and reduced
with XDS*?, Xia2***, DIALS®*®, and Autoproc®?®. Scaling and merging data was
completed with Pointless**’, Aimless®® and Truncate®® from the CCP4
package®°. Structures were solved with PHASER®**, COOT**? was used to

5333 was used to refine

correct the sequences and adjust the models, REFMAC
the structures and calculate maps. Graphical representations were prepared

with PyMOL?*,
2.6.5 Calculation of electrostatic surface profile

The PDB2PQR server (V 2.1.1)*** was used to assign charge and radius
parameters using the PARSE forcefield, and assigned protonation states using
PROPKA, at pH7.35 to approximate the pH of extracellular fluid. APBS>** was
used to calculate electrostatic surface potential, and the map output was

visualised in PyMol**.

2.6.6 Fiber knob to receptor docking

Fiber knob proteins were modelled in complex with CAR or CD46 using the
existing HAdV-D37K - CAR liganded (PDB 2J12)” or the HAdV-B11K - CD46
liganded (PDB 308E)*® structures, respectively, as a template. Non-protein
components and hydrogens were removed from the template model and the
fiber knob protein of interest. The two fiber knob proteins were then aligned with
respect to their Ca chains, in such a way as to achieve the lowest possible
RMSD. Models containing only the fiber knob protein of interest and the ligand
were saved and subjected to energy minimisation, using the YASARA self-
parametrising energy minimisation algorithm as performed by the YASARA

energy minimisation server, and results were visualised in PyMol****®.
2.6.7 Calculation of structure interface energies

Interface energies were calculated using QT-PISA using biological protein
assemblies and excluding crystallographic interfaces**’. Values are the mean of

the three symmetrical interfaces in each trimer and error is the standard
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deviation from the mean, any values above -3.0 kcalmol™ were considered to

be background as shown as a red dashed line on graphs>*®.

2.7 Stable Isotope Labelling of Amino acids in Cells (SILAC)

SKOV-3 cells were cultured in T150 CellBind cell culture flasks (Corning) in
DMEM (Dulbeccos modified eagles medium) for SILAC (ThermoFisher) which is
deficient in both L-lysine and L-arginine, the media was supplemented with 10%
(v/v) of dialysed FBS (ThermoFisher), 100ug/ml of penicillin-streptomycin
(Gibco), L-proline to prevent arginine to proline interconversion, and
supplemented with either unmodified L-lysine and L-arginine or Lysine
13C6/15N2 and Arginine 13C6/15N4 in the heavy isotope labelling media. Cells
were split in a 1:5 ratio every 72hrs for 2 weeks, for a minimum of 5 passages.
Two T150 flasks were seeded with 30x10° cells each per condition (i.e. two
flasks for the heavy condition and two for the light condition, per sample). The
cells were all washed 2x in 10ml of PBS and chilled on ice. PBS was removed
from the cells and 50ng of recombinant fiber knob protein, diluted in 5ml of ice-
cold PBS, was added to the heavy isotope labelled cells while PBS only was
added to the light labelled cells. The flasks were then incubated on a rocking
platform at 4°C for 30mins, on ice. The cells were then washed with 10ml of ice-
cold PBS, twice, and scraped off the cell growth surface into 5ml of cold PBS
and the two flasks per condition combined into a single pellet by centrifugation
at 1200RPM for 5min. The supernatant was discarded and 3ml of lysis buffer
(0.025M Tris [pH7.4], 0.15M NaCl, 0.001M EDTA, 1% (v/v) NP-40, 5% (v/v)
glycerol) added to each sample and incubated with rotation at 4°C for 30min.
The samples were then centrifuged at 13000RPM for 20min, the pellet was
discarded, and the supernatants of both the heavy and light labelled samples
combined into a single tube and 50pul of Ni-NTA agarose (ThermoFisher) was
added. The lysate and beads were incubated together at 4°C for 2hrs then
centrifuged at 13000RPM at 4°C for 5min. The agarose pellet was washed three
times by adding 1.5ml of lysis buffer, rotating at 4°C for 5min and pelleted by
centrifugation at 13000RPM at 4°C. Residual lysis buffer was discarded, and
the pellet was resuspended in 30ul of NUPAGE MOPS SDS running buffer
(ThermoFisher) with 0.1M dithiothreitol (DTT) and heated to 100°C for 10min.

The sample was pelleted again to separate the Ni-NTA agarose beads. The
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supernatant, now containing the pulled down fiber knob protein and any

associated proteins it had bound to, was stored at -20°C.

This sample was shipped on dry ice to the commercial vendor FingerPrints
Proteomics facility in Dundee, Scotland. This facility performed tandem mass
spectrometry (MS/MS) to analyse the peptide content and use the MaxQuant
software to determine what proteins peptide sequences are derived from by
comparison to a library of human proteins. MaxQuant was then able to
calculate a ratio of heavy vs light labelled protein in the sample. For this pull
down experiment a 1:1 ratio of heavy to light labelled protein indicates non-
specific background interaction between the lysate and the Ni-NTA beads.
Enrichment of the heavy labelled proteins indicates that they were associated
with the pulldown of the recombinant adenovirus fiber knob protein. The results
of the MaxQuant analysis were analysed using the R software environment to

determine Altmann Z-scores. Significance was defined as a Z value of >2.0.

2.8 Determination of receptor binding affinity by surface

plasmon resonance (SPR)

Binding analysis was performed using a BlAcore 3000™ equipped with a CM5
sensor chip (GE Healthcare). Approximately 5000 RU of CD46, CAR and DSG2
was attached to the CM5 sensor chip, using amine coupling, at a slow flowrate
of 10 yL/min to ensure uniform distribution on the chip surface. A blank flow cell
was used as negative control surface on flow cell 1. All measurements were
performed at 25°C in PBS buffer (Sigma, UK) at a flow rate of 30 pl/min. For
equilibrium binding analysis, the HAdV-D26K and HAdV-B3K fiber knob
proteins were purified and concentrated to 367 and 3 uM respectively. Five
seperate 1.3 serial dilutions were prepared for each sample and injected over
the relevant sensor chip. The equilibrium binding constant (KD) values were
calculated assuming a 1:1 interaction by plotting specific equilibrium-binding
responses against protein concentrations followed by non-linear least squares
fitting of the Langmuir binding equation. For single cycle kinetic analysis, HAdV-
D26K, HAdV-D48K, HAdV-B35K, HAdV-C5K and HAdV-B3K were injected at a
top concentration of around 200 uM, followed by four injections using serial 1:3
dilutions. The KD values were calculated assuming Langmuir binding (AB = B x

ABmax / (KD + B)) and the data were analysed using the kinetic titration
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algorithm  (BlAevaluationTM 3.1). Receptor proteins were obtained
commercially, as follows: Recombinant Human Desmoglein-2 Fc Chimera
Protein, R&D systems, Catalogue number 947-DM-100. Recombinant Human
CXADR Fc Chimera Protein (CAR), R&D systems, Catalogue number 3336-CX-
050. Recombinant Human CD46 Protein (His Tag), Sino Biological, Catalogue
number 12239-HO8H.
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CHAPTER 3. Results: Investigating the broad tropism

of species D adenovirus type 49
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3.1 Introduction:

The Species D adenoviruses are the largest of the 7 adenovirus species,
making up over 70% of their diversity, and are the least well studied®*%*%.
Adenovirus vectors which have previously been developed have exploited viral
properties which are beneficial to the application at hand. For example, the
Enadenotucirev (formerly ColoAdl) vector we selected for its ability to
preferentially replicate in colorectal cancer cells, but not in non-transformed
cells'®?**'. The HAdV-D26 vector was selected as a vaccine vector, now in
phase Il clinical trials for Ebola, due to its strong immunogenicity and
subsequent ability to stimulate a lasting immunity*>'®>**'. Enadenotucirev was
selected based on the recombination of various adenovirus species known to
efficiently infect colorectal cancer cells, and the immunogenic properties of
HAdV-D26 were investigated due to knowledge from epidemiological studies of
the species D adenoviruses of the naturally low seroprevelance of wild type
HAdV-D26 in the population®**.

These cases highlight the inescapable truth that regardless of the strategy
selected for development of a novel therapeutic vector platform, it must be
informed by knowledge of the basic virology underpinning the host range,
pathogenicity, and tissue tropism. While cases like the HAdV-D26 vaccine

against Ebola'®

and the field of AAV gene therapy** evidence that complete
understanding is not a prerequisite for therapeutic efficacy, both are led by

basic understanding of the viruses behaviour in human tissues.

Therefore, in order to investigate the potential of previously understudied
species D adenoviruses in vector development we sought to explore the
receptor diversity present in a subset of species D adenoviruses. These
pseudotypes use HAdV-C5, a well understood adenovirus, as a backbone while
expressing the fiber knob proteins of various species D adenoviruses,
controlling for differences between adenovirus types mediated interactions apart

from the attachment receptor.

During this investigation we observed that the HAdV-C5/D49K pseudotype
exhibited the ability to infect cells which were refractory to other adenovirus
infection. We further investigated this virus through a series of infectivity assays,
and structural comparisons.
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HAdV-D49 is a member of the species D adenoviruses for which little is known.
It was first isolated from the faeces of a patient with no observable disease,
where the prototype T87-677 strain (ATCC VR-1407) was derived from>*>*, |t
has also been isolated from nosocomial epidemic keratoconjunctivitis
infections®***. HAdV-D49 is most associated, however, with patients who are
immunocompromised due to HIV infection**’. A study of adenovirus infections in
patients from the UK and Netherlands found 11 instances of HAdV-D49
infection in 183 HIV positive patients (6% HAdV-D49 positive), compared to just
two instances in 2301 tested healthy patients (0.09% HAdV-D49 positive)**®.

HAdV-D49 has been of interested previously in the development of therapeutic
viruses due to it's very low rates of seroprevelance, thus raising the possibility
of circumventing pre-existing immunity in patients. In a cohort of 100 members
of the Belgian population only 2% had HAdV-D49 positive sera®®. A similar
experiment showed none of a 103 patient cohort from Scotland had nAbs
against HAdV-D49%*°, compared to 22% of patients in a cohort of 200 adults
from sub-Saharan Africa, highlighting significant geographical variation in

seroprevelance?.

Previous studies have suggested that HAdV-D49 may be effective as a vaccine
vector. Crucell Itd vectorised HAdV-D49 in order to make it express simian
immunodeficiency virus GAG protein (SIVGag). This vector was able to induce
strong anti-SIVGag CD8" mediated immunity to SIV, greater than that of a
comparable HAdV-C5 vector®'. Another study sought to exploit this HAdV-D49
vector as a gene therapy to reduce excessive cell proliferation in vascular
pathologies due to surgery. This work demonstrated that HAdV-D49 was highly
efficient at infecting both endothelial cells and vascular smooth muscle cells,
more than the other tested HAdV-C5, D26, B35, or D48 viruses, even after

short exposure times*>°.

Studies in CAR, CD46, and a2-3 linked sialic acid expressing cells suggested
that HAdV-D49 may use CD46 as a receptor, however this seems unlikely
based on the receptor studies performed in this thesis (Chapters 3 and 4)***.
Despite these investigations of HAdV-D49 as a therapeutic vector little is known

about its virology, perhaps leading to the lack of recent information about the
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vectors progress. This work expands the body of knowledge surrounding HAdV-

D49 by investigating its fiber protein (HAdV-D49K) in a controlled context.
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3.2 Phylogenetic analysis of the fiber knob domain reveals

hidden diversity within the species D

To investigate the degree of diversity present within the major receptor binding
determinant, the fiber knob domain, of adenovirus, we performed a phylogenetic
analysis. Maximum likelihood tree generation based upon the aligned whole
genome sequences of the earliest available strains of each of the canonical
adenovirus types separates the adenovirus species into the seven distinct
adenovirus species, with numerous sub-clades within the species B and D
viruses (Fig3-1A). A separate phylogeny was generated using only the amino
acid sequences of the fiber knob domains, derived from the same adenovirus
sequences (Fig3-1B). In this tree the relative organisation of the top-level clades
containing the seven adenovirus species remained the same. A clear difference
is seen, however, in the number of sub-clades within each species. The species
B shows less branching when the tree is generated based only on the fiber
knob protein (Fig3-1B) compared to the whole genome (Fig3-1A), suggesting
the interspecies diversity is dependent on parts of the viral genome other than
the fiber knob. The inverse is true of the species D adenoviruses, where we
observe a large increase in the number of subclades compared to the whole
genome tree. This suggests that not only are the species D adenoviruses the
largest species, but they also contain the most diverse set of fiber knob proteins

in terms of amino acid sequence.

All the currently available adenovirus fiber knob structures share a similar -
sandwich fold with variable loops, as first described by Xia et al’®>. Wu-Kabat
variability analysis confirms that this distribution is conserved across the
adenovirus species (Fig3-1C). The plot shows that regions associated with -
strands (by alignment to the known HAdV-C5 structure) have a much lower
amino acid variability compared to the intervening regions. This suggests that
the diversity in adenovirus fiber knob proteins is primarily within the loops while
the core structure is conserved in the B-strands, consistent with previously

published structures of fiber knob proteins®’>*3%
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Figure 3-1 Phylogenetic
analysis of adenovirus
genomes and fiber
knob domains reveals
increased diversity in
the species D
adenoviruses. Maximum
likelihood trees generated
from the fiber knob
sequence of the 56
investigated prototype
adenoviruses (A) show
different nodes and clade
formation compared to
trees generated using the
aligned whole genomes
of these viruses (B). Wu-
Kabat variability analysis
of the clustal omega
aligned fiber knobs of the
56 analysed adenovirus
species (C) shows that
regions of low variability
(lower variability score)
correlate with regions
known to be involved in
B-strand formation in
HAdV-C5 (black arrows
and red bars).
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3.3 Adenovirus fiber knob pseudotypes exhibit different

infectivity characteristics in test cell lines

We generated a series of HAdV-C5 based viruses pseudotyped with the fiber
knob domain of various other adenoviruses. We investigated the ability of these
different adenovirus pseudotypes to infect CHO cells expressing known
adenovirus receptors. CHO-K1 cells express no known adenovirus receptors,
except for heparan sulfate proteoglycans (HSPGs) which are utilised by HAdV-
C5 only when complexed with coagulation factor X**'®® while CHO-CAR and
CHO-BCL1 cells express human CAR and CD46 (BC1 isoform) respectively. We
performed transduction assays utilising replication incompetent HAdV-C5
pseudotypes expressing either Luciferase (Luc) or green fluorescent protein

(GFP) as a transgene to investigate virus receptor usage and cell tropism.

We observed that CHO-CAR cells were efficiently transduced by HAdV-C5,
which is the prototypical CAR utilising adenovirus, while HAdV-C5/B35K does
not infect CHO-CAR cells since HAdV-B35 is known not to interact with CAR in
any way (Fig3-2A). We also observed that HAdV-C5/D26K, D48K, D30K, and
D49K also infect the CHO-CAR cells with 40-70% efficiency depending upon
virus pseudotype, while HAdV-C5/D10K shows no detectable infection (Fig3-
2A).

Transduction efficiencies were reversed for HAdV-C5 and HAdV-C5/B35K in
CHO-BC1 cells. HAdV-C5 shows 15% transduction efficiency, while HAdV-
C5/B35K transduces CHO-BC1 cells very efficiently (approx. 95%) (Fig3-2B).
This reflects the known CD46 tropism of the HAdV-B35 fiber knob. HAdV-C5
fiber knob has never been observed to interact with CD46, and the low level of
transduction is likely to be background caused by non-specific charge-based
interactions between the cell surface and the capsid, direct penton binding to
cell surface integrins, or both. HAdV-C5/D26K was shown to achieve around
30% transduction of CHO-BC1l cells, while HAdV-C5/49K was seen to
transduce CHO-BC1 cells with similar efficiency to HAdV-C5/B35K. All other
tested viruses were seen to infect CHO-BCL1 cells at an efficiency similar to, or
lower than, the HAdV-C5 negative control (Fig3-2B).

CHO-K1 cells were tested similarly. Commensurate with previous studies®?,

CHO-K1 cells were shown to be refractory to infection by adenoviruses,
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including our pseudotypes, with the exception of HAdV-C5/D49K. HAdV-
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Figure 3-2 Transduction efficiency of adenovirus fiber pseudotypes in CHO cell lines
expressing known primary adenovirus receptors, or no known adenovirus receptors.
Chinese hamster ovary (CHO) cells expressing human CAR receptor (CHO-CAR, A), CD46
receptor (CHO-BC1, B), or no known primary adenovirus receptors (CHO-K1, C). Cells were
infected with 5,000 viral particles per cell with replication deficient HAdV-C5 and the indicated
pseudotypes expressing a GFP transgene, n=3 error is +SD.

C5/D49K is capable of transducing CHO-K1 cells, despite them not expressing

80



any known adenovirus receptor, with an efficiency of approximately 90% (Fig-
2C). Interestingly, this virus is less efficient at transforming the CAR expressing
CHO cells, than the other types, indicating that CAR may inhibit transduction by
the HAdV-D49K virus (Fig3-2).
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We wished to rule out the possibility of HAdV-C5/D49K being able to infect cells
through an HSPG mediated pathway. As such, we performed a transduction
assay in which heparinase was used to remove cell surface HSPGs in CHO-K1
and SKOV-3 cells (Fig3-3). In both cell lines the same pattern was observed.
HAdV-C5 was unable to transduce the cells efficiently, due to low levels of CAR
expression. However, once the infection media was supplemented with
coagulation factor X (FX) HAdV-C5 was able to infect the cells highly efficiently.
However, when heparinase has been used to cleave the cell surface HSPGs
HAdV-C5 is unable to infect the cells regardless of the presence of FX. By
contrast, the transduction efficiency of HAdV-C5/D49K was unaffected by
heparinase treatment (Fig3-3A, B), though it is markedly lower than was
previously observed in CHO-K1 cells (Fig3-2). This is likely a consequence of
the method of the infection assay. In the previous transduction assay (Fig3-2)
the virus was incubated with the cells at 37°C for 3hrs, but in order to prevent

regeneration of cell surface HSPGs cells were kept on ice and the virus
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incubated with the cells for 1hr (Fig3-3). This shorter exposure is likely the
cause of the reduced transduction efficiency.

We also needed to rule out whether HAdV-D49K could use another previously
established adenovirus cell entry receptor: sialic acid. We performed
neuraminidase transduction assays to determine this. As in the heparinase
assays, CHO-K1 (Fig3-4A) and SKOV-3 (Fig3-4B) cells were treated with
neuraminidase to remove cell surface sialic acid prior to infection. HAdV-C5
transduction efficiency was low, as would be expected due to low CAR
expression in CHO-K1 and SKOV-3 cells. The transduction efficiency of HAdV-
C5/B35K was low in the non-CD46 expressing CHO-BC1 cells (Fig-4A), but
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Figure 3-3 Removal of cell surface HSPGs by heparinase treatment does not affect
HAdV-C5/D49K transduction efficiency. The infectivity of HAdV-C5 was unaffected by pre-
treatment with heparinase in CHO-K1 (A) or SKOV-3 cells (B) though infection levels were low
due to low CAR expression. Infectivity could be restored by the addition of FX during infection
and then abolished by heparinase treatment demonstrating dependence upon HSPG
expression for efficient HAdV-C5 infection and that heparinase treatment effectively removes
cell surface HSPG. HAdV-C5/D49K transduction efficiency was unaffected by heparinase
treatment. Cells were infected with 5,000 viral particles per cell with replication deficient HAdV-
C5 and the indicated pseudotypes expressing a GFP transgene, n=3 error is +SD. *= P<0.05,
**= P<0.01, ***= P<0.005, , ****= P<0.001

high in the CD46 expressing SKOV-3 cells (Fig3-4B), while HAdV-C5/D49K
transduction efficiency is the same as observed in the heparinase assay (Fig3-
3). When the cells were treated with neuraminidase the HAdV-C5 transduction
efficiency was unaffected. The same is true of the HAdV-C5/B35K and D49K
pseudotypes in CHO-K1 cells (Fig3-4A). in the SKOV-3 cells HAdV-C5/B35K
and D49K transduction efficiency significantly increased (approx. 2-fold) after
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neuraminidase treatment for reasons which are unclear. However, it is evident

that the removal of cell surface sialic acid does not inhibit HAdV-C5/D49K
infection.

To examine the differential infection efficiency in CAR and non-CAR expressing
CHO cells, we investigated the ability of the HAdV-D49 fiber knob to affect CAR
mediated infection. To do this we utilised a blocking assay in which we used the
known CAR utilising HAdV-C5, or the HAdV-C5/D49K to transduce cells which
have previously been blocked with either the CAR binding HAdV-C5K, or HAdV-
D49K under investigation.
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Figure 3-4 Removal of cell surface sialic acid by neuraminidase treatment does not
diminish HAdV-C5/D49K transduction efficiency. CHO-K1 (A) and SKOV-3 (B) cells were
infected by HAdV-C5, HAdV-C5/B35K, and HAdV-C5/D49K with and without pre-treatment with
neuraminidase. None of the viruses were inhibited by neuraminidase treatment, though HAdV-
C5/D49K and HAdV-C5/B35K transduction efficiency improved after the removal of cell surface
sialic acid for a reason which is unclear. Cells were infected with 5,000 viral particles per cell
with replication deficient HAdV-C5 and the indicated pseudotypes expressing a GFP transgene,
n=3 error is +SD. *= P<0.05, **= P<0.01, ***= P<0.005, , ****= P<0.001
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Figure 3-5 HAdV-C5 transduction in CHO-CAR cells is inhibited by HAdV-C5K and HAdV-
D49K, but HAdV-C5/D49K is not inhibited by either, suggesting a CAR independent
infection pathway. Pharmacological blockage of HAdV-C5 infection by HAdV-C5K significantly
inhibited transduction (A), while blockade by HAdV-D49K also inhibited HAdV-C5 infection it
was not as efficient (B). The transduction of HAdV-C5/D49K was not significantly inhibited by
blockade with either HAdV-C5K (C) or HAdV-D49K (D). Cells were infected with 5,000 viral
particles per cell of replication deficient HAdV-C5 or HAdV-C5/D49K expressing a luciferase
transgene, with and without blockade by 20ug of recombinant HAdV-C5 or HAdV-D49 fiber
knob protein. n=3 error is +SD. *= P<0.05, **= P<0.01, ***= P<0.005, , ****= P<0.001

HAdV-C5 infection of CHO-CAR cells was significantly inhibited when blocked
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by preincubation with HAdV-C5K (Fig3-5A) or HAdV-D49K, though the latter
was less inhibitory (Fig3-5B). However, infection by HAdV-C5/D49K was not
significantly inhibited by either HAdV-C5K (Fig3-5C) or HAdV-D49K (Fig3-5D).
This highlights a puzzling situation where HAdV-C5/D49K is unable to be

blockaded by preincubation with its own primary receptor engaging protein.
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Figure 3-6 HAdV-C5 transduction in CHO-K1 cells is inefficient and not significantly
affected by pharmacological blockade, while HAdV-C5/D49K transduction can be
inhibited by blockade with its own fiber knob protein. HAdV-C5 infection was inefficient in
CHO-K1 cells and no significant effect was observed when blockaded by HAdV-C5K (A) or
HAdV-D49K (B). HAdV-C5/D49K transduction efficiently was not affected by HAdV-C5K
blockade (C) but was reduced by HAdV-D49K blockade (D). Cells were infected with 5,000 viral
particles per cell of replication deficient HAdV-C5 or HAdV-C5/D49K expressing a luciferase
transgene, with and without blockade by 20ug of recombinant HAdV-C5 or HAdV-DA49 fiber
knob protein. n=3 error is £SD. *= P<0.05, **= P<0.01, ***= P<0.005, , ****= P<0.001

The same experiments were performed in CHO-K1 cells. No significant
differences were observed when HAdV-C5 infection was block with either
HAdV-C5K (Fig3-6A) or HAdV-C49K (Fig3-6B). Similarly, HAdV-C5/D49K was
uninhibited by HAdV-C5K (Fig3-6C). This is unsurprising since very low levels

86



of transduction were observed due to the absence of CAR receptor. However,
HAdV-C5/D49K infection was significantly inhibited in CHO-K1 cells when they
were pre-treated with HAdV-D49K, suggesting the ability to interact with a
receptor other than CAR on the CHO-K1 cell surface. However, the
transduction efficiency of HAdV-C5/49K virus in CHO-K1 cells was still high
when blocked with HAdV-C49K, achieving approximately 7x10° RLU/mg of
protein with blocking compared to 2x10° RLU/mg without (Fig3-6D).

3.4 The HAdV-C5/D49K pseudotyped virus infects cancer cell

lines with high efficiency

Based on the ability of HAdV-C5/D49 to infect cells which are normally
refractory to adenovirus infection we tested whether it would efficiently infect
human cancer cell lines, using HAdV-C5 for comparison. We examined a range
of nine Pancreatic cancer (Fig3-7), breast cancer (Fig3-8), and lung cancer
(Fig3-9) cell lines, as well as an oesophageal, colorectal, and ovarian cancer
cell lines (Fig3-9).

In pancreatic cancer cell lines HAdV-C5 transduction efficiency varies widely
between approximately 1x10* RLU/mg (APSC1 and Panc0403 cells) and 5x10°
RLU/mg (PT45 cells), while HAdV-C5/D49K varies between 4x10°> RLU/mg
(Panc0403) and 6x10° RLU/mg (Panc10). Panc0403 were the least permissive
of adenovirus infection for both virus types, though the most similar transduction
efficiency when comparing between HAdV-C5 and HAdV-C5/D49K was
observed in MIA PaCa2 cells with only a 4.6-fold improvement in transduction
by HAdV-C5/D49K. This is in stark contrast to the 210.9-fold enhance
transduction efficiency mediated by HAdV-C5/D49K compared to HAdV-C5
observed in BxPc3 cells (Fig3-7).

Consistent with the pancreatic cancer cell lines, breast cancer cell lines were all
more efficiently transduced by HAdV-C5/D49K than by HAdV-C5 (Fig3-8).
MCF7 cells were the most permissive to HAdV-C5/D49K infection, achieving
6x10° RLU/mg, while MDA-MB-231 cells were least efficiently transduced by
HAdV-C5/D49K at 1.5x10° RLU/mg. MDA-MD-361 and MDA-MD-231 cells only
exhibited a 6.7 and 4.6-fold improvement, respectively, in transduction
efficiency with HAdV-C5/D49K compared to HAdV-C5. However, the MCF7 and
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BT-20 cell lines showed similar improvements in transduction efficiency at 497.3

and 481.2-fold increase, respectively (Fig3-9).

Two tested lung cancer cell lines, NCI-H460 and A549 demonstrated a similar
trend observed in the breast and pancreatic cell lines tested. HAdV-C5/D49K
demonstrated a similar enhanced transduction efficiency. However, in a third
lung cancer line tested, A427 cells, showed HAdV-C5/D49K was less efficient
than HAdV-C5 (Fig3-9).
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Figure 3-7 HAdV-C5/D49K can transduce human pancreatic cancer cell lines with high efficiency. Transduction was more efficient with HAdV-C5/D49K
than with HAdV-C5 in all tested pancreatic cancer cell lines (names given above plots). HAdV-C5/D49K transduction efficiency was measured to be >10° in all
cases, where as HAdV-C5 transduction efficiency varied greatly resulting in variable fold change between the two viruses (boxes below cell line name). Cells were
infected with 5,000 viral particles per cell of replication deficient HAdV-C5 or HAdV-C5/49K expressing a luciferase transgene, n=3 error is £SD. *= P<0.05, **=
P<0.01, ***= P<0.005, ****= P<0.001
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Figure 3-8 HAdV-C5/D49K can transduce human breast cancer cell lines with high efficiency. Transduction was more efficient with HAdV-C5/D49K than
with HAdV-C5 in all tested breast cancer cell lines (hames given above plots). HAdV-C5/D49K transduction efficiency was measured to be approximately
10° or greater, in all cases, where as HAdV-C5 transduction efficiency varied greatly resulting in variable fold change between the two viruses (boxes below cell line
name). Cells were infected with 5,000 viral particles per cell of replication deficient HAdV-C5 or HAdV-C5/49K expressing a luciferase transgene, n=3 error is +SD.
*= P<0.05, **= P<0.01, ***= P<0.005, ****= P<0.001
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Figure 3-9 HAdV-C5/D49K can transduce human lung, oesophageal, colorectal, and ovarian cancer cell lines with high efficiency. NCI-H460, A427, and
A549 cells are lung cancer cell lines, Kyse-30, DLD-1, and SKOV-3 cells are oesophageal, colorectal, and ovarian cancer cell lines, respectively (hames given
above plots). Transduction was more efficient with HAdV-C5/D49K than with HAdV-C5 in all tested cancer cell lines except for DLD-1 and A427 cells. HAdV-
C5/D49K transduction efficiency was measured to be >5x10° in all cases, whereas HAdV-C5 transduction efficiency varied greatly resulting in variable fold change
between the two viruses (boxes below cell line name). A427 cell were transduced slightly more efficiently by HAdV-C5 than by HAdV-C5/D49K, whereas DLD-1 cells
transduced with similar efficiency by each virus. Cells were infected with 5,000 viral particles per cell of replication deficient HAdV-C5 or HAdV-C5/49K expressing a
luciferase transgene, n=3 error is +SD. *= P<0.05, **= P<0.01, ***= P<0.005, ****= P<0.001
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The SKOV-3 ovarian cancer cell line and Kyse-30 oesophageal cancer cell lines
demonstrated modest improvements in transduction efficiency between HAdV-
C5 and HAdV-C5/D49K, compared to the Breast and Pancreatic lines tested
(Fig3-9). DLD-1 colorectal cancer cell transformation was more like the A427
lung cancer cells, with HAdV-C5 demonstrating a similar level of transduction
efficiency to HAdV-C5/D49K (Fig3-9).

3.5 HAdV-C5/D49K can infect dendritic cells with high

efficiency

Previous work has shown adenoviruses to have limited ability to infect dendritic
cells (DC)**. Previous work has also demonstrated that the species D
adenovirus HAdV-D26 is an effective vaccine vector (discussed in later
chapters)**!. Given the broad tropism observed for HAdV-C5/D49K we sought
to test the vectors ability to transform dendritic cells with the view to

investigating its suitability as a vaccine delivery vehicle.

An initial infectivity assay shows that both HAdV-C5 and HAdV-C5/D49K are
capable of infecting human monocyte derived dendritic cells (hnMDDC, Fig3-
10A). HAdV-C5 was observed to transduce 6.7% and 25.2% of the hMDDC at
doses of 1000 viral particles per cell at 1K VP/Cell and 5K VP/Cell, respectively.
In the same experiment we observed that HAdV-C5/D49K could infect 37.3%
and 89.8% of hMDDC at 1K and 5K VP/Cell, respectively. HAdV-C5/D49K
therefore represents a 5.6x increase in transduction efficiency of hMDDC at 1K
VP/Cell, and a 3.6x increase at 5K VP/Cell, compared to HAdV-C5 (Fig3-10A).

Further investigation of the transduction efficiency reveals larger shifts in the
efficiency of transduction than may be expected based upon the percentage of
infected hMDDC. We calculated the total fluorescence intensity (TFI), the
product of the median fluorescence intensity of the GFP positive hMDDC and
the percentage of GPF positive cells, as a relative measure of the total
transduction efficiency. Comparing the TFI we observe an 18.1x increase in
transduction efficiency between HAdV-C5 and HAdV-C5/D49K at 1K VP/Cell
(Fig3-10B). At 5K VP/Cell HAdV-C5/D49K was 16.7x more efficient at
transducing hMDDC than HAdV-C5 (Fig3-10C). Therefore, HAdV-C5/D49K is
not only transducing more hMDDC than HAdV-C5 is, but it is expressing higher
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levels of transgene once it does. Since the transgene expression gene and the

rest of the viral capsid are
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Figure 3-10 Transfection of donor human monocyte derived dendritic cells (hnMDDC) is more efficient by HAdV-C5/D49K than by HAdV-C5. HAdV-C5/D49K
transduces 30.6% more hMDDC than HAdV-C5 using 1,000 VP/cell, and 64.6% more when using 5,000 VP/Cell (A). This is equivalent to an 18.1x and 16.7x
improvement in transduction when measured in terms of total fluorescent intensity at 1,000 VP/cell (B) and 5,000 VP/cell (C). Cells were infected using replication
deficient viruses expressing a GFP transgene.
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Figure 3-11
Transduction of
donor hMDDC is

more efficient using
HAdV-C5/D49K, but
may result in
increased cell death.
Transduction of
hMDDC was more
efficient than with
HAdV-C5 at all tested
viral doses, however
fewer cells are left in
the live cell gates for
HAdV-C5/D49K than
for HAdV-C5 at
equivalent doses.
Cells were infected
using replication
deficient viruses
expressing a GFP
transgene at the
indicated doses.
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Figure 3-12 Transduction of mouse MDDC shows similar improvement in efficiency using HAdV-C5/D49K rather than HAdV-C5. The cells also
exhibit greater cell death when infected with AHdV-C5/D49K than HAdV-C5 at equivalent doses. Cells were infected using replication deficient viruses
expressing a GFP transgene at the indicated doses.



the same between the two viruses and they are replication incompetent the
implication is that HAdV-C5/D49K is infecting the GFP positive hMDDC cell
population multiple time, delivering multiple transgene copies to yield higher

MFI in a given percentage of cells.

A repeat of this experiment, using hMDDC derived from a different donor also
showed greater transduction efficiency for HAdV-C5/D49K, but not to the same
magnitude (Fig3-11). We observed that increase virus dose results in a larger
percentage of cells being transformed, however, higher viral dose is associated
with fewer live hMDDC (Fig3-11).

In order to assess the suitability of testing the HAdV-C5/D49K virus in vivo as a
DC vaccine vector we sought to test weather this ability to transform hMDDC
translated to mouse MDDC (mMDDC). We show a similar trend in the infection
of mMDDC as observed in hMDDC, where the HAdV-C5/D49K virus is
approximately 40% more efficient than the HAdV-C5 virus at delivering the GFP
transgene (Fig3-12).

3.6 The structure of the HAdV-D49 fiber knob domain is
highly homologous to that of HAdV-D30 with a different

infectivity profile

The data described thus far demonstrates that HAdV-C5/D49K can mediate
highly efficient transduction of a range of therapeutically important cell types.
CHO cell transduction data suggests that CAR may negatively influence
transduction efficiency by the virus (Fig3-2), an effect which was previously
observed using whole HAdV-D49 vector®*, whilst blocking data suggests that it
can interact with CAR but is able to infect the cells in a CAR independent
manner (Fig3-5,6). However, it remains unclear as to the mechanisms by which
HAdV-C5/D49K mediates cellular infection.

Comparison of HAdV-C5 with different pseudotypes shows different
transduction efficiencies (Fig3-2). Of interest is the stark difference in
transduction efficiency between HAdV-C5/D49K and HAdV-C5/D30K. In CHO-
K1 cells HAdV-C5/D49K is extremely efficient at infecting the cells, while D30K
shows only background levels of infectivity (Fig3-13A). In CHO-CAR cells both
HAdV-C5/D30K and HAdV-C5/D49K infect with approximately 40% and 60%
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efficiency, respectively (Fig3-13B). Finally, HAdV-C5/D49K is capable of
infecting CHO-BC1 cells with high efficiency (approx. 95%) similar to that of
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Figure 3-13 HAdV-C5/D49K and HAdV-C5/D30K show different infectivity profiles despite
differing in only four residues. HAdV-C5/D49K can efficiently infect CHO-K1 cells while
HAdV-C5/D30K is not (A). HAdV-C5/D30K can infect CHO-CAR cells, though not as efficiently
as HAdV-C5/D49K or the HAdV-C5 positive control, suggesting the ability to use CAR as a
primary receptor with low affinity (B). HAdV-C5/D30K is unable to efficiently transduce CHO-
BC1 cells, whilst HAdV-C5/D49K transduces them as efficiently as the HAdV-C5/B35K positive
control (C). The HAdV-C5/D30K and HAdV-C5/D49K viruses differ in only four residues,
highlighted in blue (D). Cells were infected using replication deficient viruses expressing a GFP
transgene at the indicated doses. n=3, error is +SD.

HAdV-C5/B35K (Fig3-13C).
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Table 3-1 Data collection and refinement statistics for HAdV-D49K (6QPN) and HAdV-
D30K (6QPM). One crystal was used for determining each structure. Figures in brackets refer to
outer resolution shell, where applicable. MMT (DL-Malic acid, MES monohydrate, Tris: pH 4.0-
9.0), SPG (Succinic acid, Phosphate, Glycine). ! Coordinate Estimated Standard Uncertainty in

(A), calculated based on maximum likelihood statistics.

PDB Entry

HAdV-D49K - 6QPN

HAdV-D30K - 6STU

Data Collection

Diamond Beamline 103 103
Date 2017-02-27 18/04/2019
Wavelength 0.97628 0.95372

Crystal Data

Crystallisation Conditions

0.1IM MMT, 25% w/v PEG

0.1M SPG, 25% w/v PEG

1500 1500
PH 8.0 6.0
a,b,c (A) 106.83, 56.28, 115.70 63.35, 87.36, 217.86
o=p=y (°) 90.00, 112.95, 90.00 90, 90, 90
Space group P121 P2,2,2;
Resolution (A) 2.74 - 106.54 2.39-54.76
Outer shell 2.74-281 2.39-2.45
R-merge (%) 8.2 (163.3) 0.116 (1.376)
R-meas (%) 9.7 (191.0) 0.134 (1.583)
CC1/2 0.981 (0.400) 0.998 (0.623)
I/ a(l) 6.8 (1.0) 11.2 (1.4)
Completeness (%) 99.1 (98.9) 100.0 (100.0)
Multiplicity 3.7 (3.7) 7.5 (7.8)

Total Measurements
Unigue Reflections

122,219 (9,179)
33,350 (2,461)

365,880 (28,110)
48,897 (3,589)

Wilson B-factor(A?) 68.9 48.7

Refinement Statistics

Total number of refined 9,346 9,637

R-work reflections 31,740 46,478

R-free reflections 1,609 2,348

R-work/R-free (%) 22.0/26.2 21.7/26.8

rms deviations

Bond lengths (A) 0.009 0.010

!Coordinate error 0.438 0.293

Mean B value (A% 94.2 8.7

Ramachandran Statistics

Favoured/allowed/Outliers 1121/55/12 1122/78/8
944/46/1.0 92.88/6.46 /0.66

%




This difference in the ability to transduce cells is surprising as HAdV-D30K is
highly homologous to HAdV-D49K, differing in only 4 residues (Fig3-13D). In
order to gain greater insight into the properties of HAdV-D49K and the
differences with HAdV-30K which grant it this ability to transduce so efficiently

we generated crystal structures of both fiber knob proteins (Table 3-1).

HAdV-D30K crystallised with a 2.39A resolution as 2 biological trimers, 6
monomeric units, per asymmetric unit in a P 2; 2; 2; space group (Fig3-14A).
Density was sufficient to clearly define side chain orientations and generate a
complete structure (Fig3-14B), and statistics were all acceptable (Fig3-14C).
HAdV-D49K also crystallised with a similar arrangement as two biological
trimers (Fig3-15A). This structure was in the lower symmetry P 1 2 1 space
group (table 3-1) suggesting that despite the high sequence homology the
packing arrangement is altered by the residue changes observed in figure 13D.
The HAdV-D49K data gave similar resolution in the electron density enabling
placement of the side chains (Fig3-15B) and the description of a complete

structure with acceptable statistics (Fig3-15C).

Inspection of the crystal structures of HAdV-D30K (Fig3-14) and HAdV-D49K
(Fig3-15) reveals that the hydrophobic residues (HAdV-D30K - V337 and HAdV-
D49K - 1337, Fig3-13D) are buried within the 3-sandwich domain as part of a [3-
strand. These residues are both structurally and functionally homologous,

stabilising the core fold in a solvent inaccessible region.

Examination of the crystal structures revealed residues which differ between
HAdV-D30K (Fig3-16A) and HAdV-D49K (Fig3-16B) are similarly located, as
would be expected from the amino acid sequence alignment and high degree of
homology (Fig3-13D). The single residue substitution at position 238 is more
distant from the 3-fold axis, whereas the dual residue substitution at positions
330 and 331 is closer to the central depression.

Closer inspection of the substituted residues in the context of the HAdV-D30K
structure shows that not only are the substituted residues positioned almost
identically, but the side chains are similarly oriented (Fig3-16C). This is also
observed in the context of the HAdV-D49K structure, which is structurally

identical in the region, excepting the 3 residues (Fig3-16D).
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Figure 3-14 Overview of the solved crystal structure of HAdV-D30K, deposited in the wwPDB as 6STU. The asymmetric unit consisted of 6 fiber-knob
monomers, creating a pair of trimers, representing two biological units (A), the quality of the map (blue mesh) through the main -strands was sufficient to define
side chain positions (B). The statistics showed scores commensurate with other wwPDB entries at this resolution (C). Map is displayed at 0=1.0, and carved at 2.0A.
Protein is shown as a cartoon representation, with missing portions shown as dashed loops.
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Figure 3-15 Overview of the solved crystal structure of HAdV-D49K, deposited in the wwPDB as 6QPN. The asymmetric unit consisted of 6 fiber-knob
monomers, creating a pair of trimers, representing two biological units (A), the quality of the map (blue mesh) through the main B-strands was sufficient to define
side chain positions (B). The statistics showed scores commensurate with other wwPDB entries at this resolution (C). Map is displayed at 0=1.0, and carved at 2.0A.
Protein is shown as a cartoon representation, with missing portions shown as dashed loops.
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In both crystal structures the different residues at amino acid positions 238, 230,
and 231, are at the apex of two loops (Fig3-16C, D). The amino acid side
chains are oriented to be solvent facing. The swap from E238 in HAdV-D30K to
K238 in HAdV-D49K swaps a long & glutamate residue for an even longer
positively charged lysine residue. The exchange of glutamine at position 331 in
HAdV-D30K trades the polar, but overall charge neutral, residue for a positively
charged lysine in HAdV-D49K. The final glycine 330 in HAdV-D30K is swapped
for alanine in HAdV-D49K, adding a small hydrophobic side chain to HAdV-
D49K. Overall this adds positive charge at the apex of the fiber knob of HAdV-

Q331, G330

K331, A330

Figure 3-16 Non-conserved residues in HAdV-D30K and HAdV-D49K are similarly
oriented in space at the apex of the fiber knob. Viewing the fiber knob protein from the apex,
down the 3-fold axis, as it would project away from the virus capsid, we see the residues which

differ between HAdV-D30K (pink sticks, A) and HAdV-D49K (green sticks, B). These residues
can be seen projecting into the solvent from loops on the apex of HAdV-D30K (yellow, C) and
HAdV-D49K (blue, D), residue numbers and names match those as they occur on the fiber-knob
protein depicted in that frame.

103



DA49.

104



HAdV-D30K HAdV-D49K

Figure 3-17 The differences in residues between HAdV-D30K and HAdV-D49K have a large effect on the surface electrostatic potential of the fiber knob.
The calculated pl of HAdV-D30K and HAdV-D49K is very different as a result of the residue changes, which are shown as green sticks as they occur in that fiber

knob protein. The calculated electrostatic surface potential at pH7.35 is projected on a -10mV to +10mV ramp (Red to Blue). HAdV-D49K can be seen to have much
more basic potential around the apex where the residue substitutions are.
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To investigate the effect of these residue changes on the surface charge we
calculated the electrostatic surface potential of both HAdV-D30K and HAdV-
D49K (Fig3-17). Though the sequence is only different in 3 surface exposed
amino acids there is a large shift in the isoelectric point (pl). HAdV-D30K has a
predicted pl of pH5.57 compared to pH8.26 for HAdV-D49K, a nearly 3-log shift,
making HAdV-D30K a net acidic protein and HAdV-D49K net basic. Since the
difference in charge is due to the difference in bases, it makes sense that the
difference in electrostatic potential would be concentrated at the apex of the
protein. When the electrostatic surface potential is projected onto the protein
surface (Fig3-17) this is what we observe. HAdV-D30K is slightly basic within
the central apical depression but is surrounded by a “crown” of negative charge
caused by the glutamate residue at position 238 on the surrounding loops (Fig3-
17C,D). By contrast HAdV-D49K has a much stronger basic charge within the
central depression, and this positive surface potential extends out to the crown
ending at lysine 238, the most apical residues on the protein.

3.7 SILAC Co-precipitation suggests that HAdV-D49K may

interact with an adhesion protein

To attempt to determine the primary receptor partner is for HAdV-D49K, we
performed stable isotope labelling of cells (SILAC) and co-precipitation (Co-
precipitation). In this study we labelled SKOV-3 cells by growing them in the
presence of amino acids made of either heavy or light carbon isotopes. We then
incubated the heavy labelled cells with recombinant HAdV-D49K fiber knob
protein. The heavy and light cells were then lysed and combined together, then
the HAdV-D49K and any binding partners precipitated onto Ni-NTA agarose
beads to extract the fiber knob and its binding partner. The extract was then
examined by mass spectroscopy, were we can determine the heavy to light
ratio of peptides belonging to different proteins. In theory, peptides with an
equal ratio of heavy and light peptides should be non-specific background
interactions, and specific HAdV-D49K interactions should be enriched by

interaction and pulldown with the fiber knob protein.
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We observed that peptides belonging to five unique proteins were enriched in
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the SILAC Co-precipitation experiment (Fig3-18). The lowest significance of
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these, with a Z-score of 2.10 (Cut off for significance was Z=2.0), was dual
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Figure 3-18 Proteins enriched upon affinity pull down assay performed with recombinant
rAd49kn protein as determined by SILAC mass spectrometry in labelled SKOV-3 cells.
Scatter plot shows the average Z-scores of biological replicates vs the protein index number,

assigned arbitrarily (A). Solid line represents Z=2.0. The table shows the 5 significant hits which

were significantly enriched (Mean Z>2.0) across both biological replicates of the rAd49kn
SKOV-3 pull down assay and the associated protein identifying accession number, as well as

the Z-score in each sample (B).

specificity kinase CLK3 (CLK3, Fig3-18B). CLK3 a kinase protein involved in
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alternative mRNA splicing. Annexin, a group of proteins involved in cytoskeletal
organisation and vesicle trafficking, was also found to be moderately enriched
(Z=3.72) in the SILAC Co-precipitation experiment. With a Z-score of 5.92
Glyceraldehyde 3-phosphate-dehydrogenase (GAPDH) was the third most
enriched protein and is involved in glycolysis, transcription regulation, and ER-
Golgi transport (Fig3-18B).

The two most enriched proteins were Desmoplakin (DSP, Z=13.69) and
Junction Plakoglobin (JUP, Z=7.19). Both of these proteins are involved in the
formation of desmosomes, a form a intercellular junction key to the normal
function of cardiac and epithelial tissues®*. None of the pulled down proteins
are cell surface localised, so it seems implausible that they are the primary cell
surface receptor for HAdV-D49K. However, these proteins are key to processes
involved in viral trafficking and in the formation of cell-cell junctions, which are
known targets of adenovirus infection as both CAR and DSG2 are involved in

tight junction formation.
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3.8 Discussion

This study explores the natural diversity within the species D adenovirus fiber
knob proteins and seeks to understand their impact on infectivity. We first
explored the degree of phylogenetic diversity in adenovirus fiber knob domains
(Fig3-1), then used pseudotyped HAdV-C5 virus expressing different species D
fiber knob proteins to investigate the capacity of those proteins to engage
known adenovirus receptors, CAR and CD46 (Fig3-2A,B). One of the virus
pseudotypes, HAdV-C5/D49K (Adenovirus type C5 expressing the fiber knob
protein of adenovirus type D49), displayed the surprising ability to infect cells
which do not express any known adenovirus receptors (Fig3-2C). Further
investigation of HAdV-C5/D49K revealed that the virus was able to interact with
CAR, as evidenced by the ability of the HAdV-D49 fiber knob protein to inhibit
infection by the CAR utilising HAdV-C5 (Fig3-5), it was not dependent upon
CAR for infection (Fig-4). Based on this broad ability to infect cells it was
compared to HAdV-C5, which is widely used in clinical trials, in pancreatic
(Fig3-7), breast (Fig3-8), lung, oesophageal, colorectal, and ovarian cancer cell
lines (Fig3-9). Here, HAdV-5/D49K was shown to infect the various cancer lines
more efficiently than HAdV-C5 in 18 of the 20 lines tested. HAdV-C5/D49K was
also found to infect both human (Fig3-10) and mouse (Fig3-12) dendritic cells
efficiently, though increased infection titres appeared to provoke increased DC
death (Fig3-11). It was then observed that while HAdV-D30K is highly
homologous to HAdV-D49K in terms of amino acid sequence, it displays
markedly different infectivity characteristics and does not exhibit a broad
tropism as observed in HAdV-C5/D49K (Fig3-13). Exploration of the crystal
structures of HAdV-D30K (Fig3-14) and HAdV-D49K (Fig3-15) demonstrated
that the residues which are different have their loops exposed to the solvent at
the apex of the fiber knob (Fig3-16), and have a large effect on the surface
electrostatic profile making HAdV-D49K much more basic (Fig3-17). Finally, a
SILAC pull down experiment implicated the desmosome in HAdV-D49K binding
to the surface of SKOV-3 cells (Fig-3-18).
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3.8.1 Adenovirus diversity is under-represented by whole virus

phylogenetics

The investigation of the adenovirus phylogeny showed the expected division of
adenoviruses into seven species, A-G (Fig3-1A,B). However, generating the
phylogenetic tree using the whole adenovirus genome or by the fiber knob
amino acid sequence, gave a different degree of branching within the species.
When the tree was generated using the fiber knob sequences the number of
nodes within the species D increased compared to the tree generated using the
whole adenovirus genomes. This suggests that the degree of diversity within
the species D adenovirus fiber knobs may be underestimated based on
standard whole genome phylogenies, with more diversity appearing within the
fiber knob sequence compared to the rest of the genome. This diversity is likely
derived from recombination events between the species D, as has previously

been observed, though would require additional analysis to confirm®*3>>.

Interestingly, the species B adenoviruses were found to display the opposite
trend, with less nodes when their phylogeny was analysed based on the fiber
knob, suggesting less diversity within the fiber knob proteins compared to other
regions of the species B adenovirus genomes. The species B adenoviruses
have previously been shown to engage one, or both, of two receptors: CD46
and Desmoglein 2 (DSG2)>*®*'*. CD46 and DSG2 are broadly expressed cell
surface receptors in humans. It could be that this broad tropism has encouraged
development of selectivity post-cell entry, resulting in the greater diversity in
other regions of the genome while the entry mechanism is conserved.

The development of the oncolytic adenovirus Enadenotucirev (formerly
ColoAdl) seems to support this idea. Enadenotucirev was developed by
facilitating recombination between various adenoviruses®’’. The final
Enadenotucirev virus is predominantly a recombination between HAdV-B3 and
HAdV-B11lp, with the capsid proteins being entirely derived from HAdV-B11p,
which naturally engages both CD46 and DSG2 as primary cell entry receptors.
The recombination with HAdV-B3 imparts mutations in non-capsid protein
producing, early genes®®. DSG2 and CD46 utilisation is retained in the
Enadenotucirev virus while proteins expressed post cell entry are thought to be
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the determinants of cancer cell selectivity™". Regardless of the selective
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pressures which have been exerted on the adenoviruses to recombine in a form
which replicates preferentially in colorectal cancer cells, enadenotucirev has
maintained the CD46 and DSG2 pan-tropism of HAdV-B1llp. Despite the
selective pressure to evolve preferentially in colorectal cancer cells, and
CD46/DSG2 being non-specific for these cells, the virus retained this receptor
tropism. This suggests that the receptor usage of the fiber protein and its
receptor prevalence is a stronger determinant, and evolutionary rate limiting
step in adenovirus evolution, than the early genes, making it difficult to select for
new cellular tropisms in the context of whole adenovirus serotype

recombination.

This phylogenetic investigation has exposes hidden sources of adenovirus
genetic diversity, in this case within the fiber. Extending this method to compare
the diversity within other adenovirus proteins will likely reveal other regions of
both increased and reduced variation which may help in predicting the
behaviour of previously under studied adenoviruses and elucidate as yet

unknown adenovirus-host interactions.

3.8.2 Infectivity studies using HAdV-C5 pseudotypes suggest
previously unknown receptor interactions within the species D

adenoviruses

In order to investigate the effect of the fiber knob proteins, responsible for the
primary adenovirus-cell interaction, we generated pseudotyped of HAdV-C5
vector expressing the fiber knob of species D adenoviruses. These
pseudotypes enable us to investigate the effects of the fiber knob proteins and
control for the non-fiber knob protein effects. HAdV-C5 (CAR binding)
pseudotyped with the fiber knob domains of HAdV-B35 (CD46 binding), HAdV-
D10, D26, D30, D48, or D49 were tested in CHO-CAR cells (Fig3-2A). The CAR
utilising HAdV-C5 infected CHO-CAR cells efficiently, as expected, while the
CD46 utilising HAdV-C5/B35K control did not. The HAdV-D26K, D48K, and
D49K all infected approximately 70% of cells, while the HAdV-D30K pseudotype
was less efficient infecting 40% of CHO-CAR cells. This was a surprising result
since none of these viruses had previously been reported to engage CAR as a
primary receptor. This has now been explored in more detail as will be detailed
in subsequent chapters (Chapter 4), and is described for HAdV-D26K and
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HAdV-D48K in our recent publication’®. In summary, it appears likely that many
of the species D adenovirus fiber knobs possess low affinity for CAR, and that
this affinity may be moderated by the length of the DG-loop of the fiber protein
and, in some cases, masked by other receptor interactions such as sialic

acid>®.

We next tested the same pseudotypes in CHO-BC1 cells. The CAR engaging
HAdV-C5 was no longer able to infect, while the B35K pseudotype was highly
efficient, commensurate with the known HAdV-B35 tropism for CD46 (Fig3-
2B)*. HAdV-C5/D26K infected approximately 30% of CHO-BC1 cells, which is
above the background observed with HAdV-C5. The mechanism by which
HAdV-D26K mediates this above background infection is unclear since it has
now been shown that HAdV-D26K does not enage CD46 as a primary entry
receptor as detailed in the next chapter and our recent publication’. It is
possible that this is derived from the fact that CD46 is a glycoprotein and HAdV-
C5/D26K is utilising sialylated glycosylation motifs on the CD46 to enable
infection, as supported by our other recent publication and the work in chapter
5°°°. However, the level of infectivity observed using HAdV-C5/D49K was
significantly higher, matching the 95% of cells infected by the HAdV-C5/B35K

pseudotype (Fig3-2B).

It would be tempting, therefore, to assume that HAdV-D49K binds to CD46 as a
means of infection, as has previously been proposed®*. However, similar levels
of infectivity (90%) were observed in CHO-K1 cells which do not express CD46
or any other known adenovirus receptors (Fig3-2C), and surface plasmon
resonance experiments confirm a lack of any interaction between HAdV-D49K
and CD46 (See chapter 4).

We observed that recombinant HAdV-D49K protein was able to inhibit HAdV-C5
infection of CHO-CAR cells (Fig3-5B), and therefore must be able to engage
CAR in order to mediate this inhibition. However, it was surprising to see that
the same protein was unable to inhibit the HAdV-C5/D49K virus, which uses the
same fiber protein, in the CHO-CAR cells (Fig3-5D), though it did inhibit
infectivity by nearly 50% in CHO-K1 cells (Fig3-6D). Therefore, HAdV-D49K
must be capable of binding to CAR, but with a weaker affinity than HAdV-C5K,
since it does not inhibit HAdV-C5 as strongly as the HAdV-C5K (Fig3-5A,B).
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This inference was confirmed by surface plasmon resonance and competition
inhibition assays, as described in chapter 4. However, it must also be true that
transduction by the HAdV-C5/D49K virus is not dependent upon CAR
engagement (Fig3-5C, Fig3-6C,D). This is not the only example of a species D
adenovirus having a dual tropism. HAdV-D26 is known to utilise CAR, but at low
affinity, and to also use sialic acid as a primary cell entry receptor and HAdV-
Bllp is known to engage both DSG2 and CD46 as a primary cell entry

I’ecepto r.55,72,101,356.

Taken together it seems likely that HAdV-D49K binds to both CAR and another
as yet unidentified receptor. Given that HAdV-D49K only appears to be capable
of self-inhibition in the absence of CAR (Fig3-6D) and its infection efficiency is
reduced in the presence of CAR, we suggest that the differences are due to
either post cell-entry factors, or alternative trafficking. One hypothesis is that
HAdV-D49K traffics though the cell differently when utilising CAR as a receptor
or the other unknown molecule, which should be investigated by intracellular

tracking studies.

3.8.3 Structural comparison reveals electrostatic surface profile is
key to the broad tropism of HAdV-D49K

Further information about the nature of the broad HAdV-D49K tropism became
apparent with the realisation that it differed with HAdV-D30K at only 4 amino
acid positions (Fig3-13D). Despite this high degree of homology between
HAdV-D49K and HAdV-D30K, the HAdV-D30K pseudotyped virus
demonstrated a remarkably different infectivity profile compared to HAdV-
C5/D49K, exhibiting only basal level of infection (Fig3-13A,C). We therefore
sought to evaluate a structural basis for this biological observation by
generating crystal structures of these fiber knob proteins. We observed that one
of the amino acid changes at position 337 is likely to be functionally
homologous and is not exposed to the solvent (Fig3-13D, Fig3-16A,B). Since
this residue is buried in the protein and not capable of forming intermolecular
interactions, we presumed that it is not involved in the difference between the
HAdV-D30K and D49K receptor binding capabilities.

In contrast, the other three amino acids which differ between HAdV-D30K and

D49K are positioned at the turn of two loops on the apex of the fiber knobs
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(Fig3-16). The side chains of these residues are solvent exposed; thus they
affect the surface properties of the protein. It follows then that these surface
changes must be the factor which alters the infectivity characteristics of the

virus.

We observed that these three amino acid changes have a significant affect
upon the pl of these proteins, making the electrostatic surface of HAdV-D49K
more basic than that of HAdV-D30K (Fig3-17). The substitution of glycine in
HAdV-D30K for alanine in HAdV-D49K at position 330 (Fig3-13D) adds a small
hydrophobic motif, the effect of which is difficult to speculate on. It is the E-K
and Q-K substitutions at positions 238 and 331 in D30K and D49K, respectively,
drive the change in surface potential. Superposition of the two crystal structures
and comparison of the altered residues shows that while the substitutions alter
the electrostatic profile they are similar in terms of their orientation and steric
bulk (Fig3-16C,D). It should be noted that these surfaces are a snapshot of the
average surface conditions seen in the crystal lattice. Solvent exposed side
chains of this length are likely to be flexible under biologically conditions,

creating a mobile and constantly fluctuating electrostatic surface.

The central apical depression of HAdV-D30K is seen to be moderately basic
(Fig3-17). This depression lays between three apical protrusions formed of the
core fiber knob B-strands and the loops pictured in figures 3-16C and 3-16D. As
the viewer looks around the central depression climbing the protrusions toward
the loop the electrostatic surface becomes more neutral and eventually slightly
positive at the tip of the protrusions: E238. The three amino acid substitution
disrupt this gradient in HAdV-D49K where the protrusions remain
electropositive, culminating in the apical K238. This means that HAdV-D49K
has an electropositive funnel leading to the central depression, though the
significance of this is unclear it would seem plausible that this funnel may guide
an oppositely charged molecule to towards a binding site in the central

depression.

3.8.4 Pull down implicates the desmosome in HAdV-D49K mediated

infection

In an attempt to isolate the cell surface receptor, we performed the SILAC Co-

precipitation experiment in figure 3-18. It was therefore disappointing that the
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experiment did not isolate any cell surface proteins, however it may still provide
valuable insights into the potential receptor, or the pathway(s) upon which viral
entry depends.

The pull down of annexin and GAPDH could potentially be explained by their
roles in vesicle trafficking. Annexin has previously been shown to be involved in
the trafficking of membrane binding proteins, including viruses, to the golgi and
ER*’2>°. GAPDH has been shown to be involved in vesicle transport between
the golgi apparatus and the ER**. The reason the pull down of CLK3 is less
clear, but could be due to its regulation of mRNA splicing®". It would make
sense for all these proteins to be upregulated in response to a large influx of
vesicles endocytosed from the cell surface, which is a likely result of binding
large numbers of foreign proteins to receptors on the cell surface such as
HAdV-D49K.

The discovery that DSP and JUP were pulled down in association with HAdV-
D49K was patrticularly interesting (Fig3-18). Both JUP and DSP are involved in
the formation of desmosomes. DSP has been shown to interact with JUP and
bridge its interaction to components of the cytoskeleton, while JUP can form
interactions with numerous cadherin proteins, including DSG2, a known

adenovirus receptor®>*3°%3%,

While desmoglein 2 is known to interact with species B adenoviruses, it has not
previously been observed to interact with species D adenoviruses®*>>'*. In the
next chapter we further investigate the potential for interaction between HAdV-
D49K and DSG2 by surface plasmon resonance and did not detect any binding,
while we confirm the previously reported interaction between HAdV-B3K and
DSG2 (See chapter 4). However, if the desmosome is involved with HAdV-
D49K surface binding there are numerous other partners for JUP which are
structurally homologous to DSG2, other members of the cadherin family, and
are therefore potential HAdV-D49K partners which should be examined in future

studies.

If HAdV-D49K does bind to a cadherin molecule, in a manner similar to how
HAdV-B3K interacts with DSGZ2, this could explain why they were not isolated
by the SILAC Co-precipitation experiment'®. HAdV-D3K has been shown to
preferentially form a 1:1 stoichiometry with DSG2 due to steric hinderance, and
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to require multimerization to efficiently infect cells, which has been suggested to
be a driving force behind the viruses generation of penton
dodecahedrons®'°*'%'*> Our own studies in chapter 4 confirm that HAdV-B3K
binding to DSG2 is a relatively low affinity interaction. SILAC Co-precipitation
assumes a stable interaction between ligand and receptor. However, if this
complex was unstable then the complex could break down and reform during
wash and incubation steps during the lysis and Co-precipitation steps of the
experiment, which would equilibrate the heavy to light peptide ratio as reformed
complexes could come from either cell population after sample mixing. Further,
the SILAC Co-precipitation experiment was performed using recombinant
HAdV-D49K fiber knob which would not reveal interactions which require
polyvalence, presumably as the low affinity necessitates this for a stronger
avidity, such as the HAdV-B3K interaction with DSG2.

Further SILAC Co-precipitation experiments should be modified to account for
these limitations by utilising crosslinking prior to the mixing of the heavy and
light labelled samples to prevent loss of low affinity interactions. Furthermore,
the SILAC Co-precipitation experiment could be repeated using whole virus to
grant polyvalence, enhanced avidity, and hopefully improve the quantity of

receptor in the initial pulldown.

The final limitation of SILAC Co-precipitation is that it assumes the proteins
primary binding partner is another protein. However, it is known that many
adenoviruses, including members of the species D, utilise sialylated glycans as
binding partners, and may interact with heparan sulphate proteoglycans
(HSPGs) either as receptors or as a cellular defence mechanisms (decoy
receptors)?’*°®3%43% _|f this is the case the SILAC Co-precipitation will not pull-
down specific proteins, but instead would be likely to co-precipitate with
peptides associated with glycosylation motifs on the myriad glycoproteins on the
cell surface, assuming they are not lost due to the aforementioned issues with
low affinity. It would be interesting to retool the library screening software to
reanalyse the mass spectrometry outputs and quantify the ratio of peptides in
which consensus glycosylation motifs are located. Were the HAdV-D49K
interacting with a glycan, as seems plausible given the results in chapter 5, we

would expect to see a statistically significant increase in pulled down peptides
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containing consensus glycosylation motifs in the heavy isotope labelled cells
incubated with HAdV-D49K.

3.8.5 Infectivity studies of HAdV-C5/D49K in cancer cell lines reveal

high efficiency infection and pan-tropism

Given the broad infectivity profile observed using HAdV-D49K we sought to
explore its utility as a vector in cancer cell lines, with a view to using it as a
virotherapy. Testing in nine pancreatic cancer cell lines showed HAdV-C5/D49K
infecting the cells more efficiently than HAdV-C5 in all instances (Fig3-7).
However, the degree to which the efficiency of infection improved was highly
variable, ranging from a 4.6x improvement in MIA PaCa2 cells to a 211x
improvement in BxPc3 cells, even though both lines are pancreatic
adenocarcinoma. A similar pattern was observed in five breast cancer cell lines
where, again, all tested lines were more efficiently transduced by HAdV-
C5/D49K than HAdV-C5 (Fig3-8). In this instance the change in efficiency
ranged from a 4.6x improvement in MDA-MB-231 cells to a 497x improvement
in MCF7 cells, both cell lines are breast adenocarcinoma cell lines derived from
metastasis found in pleural effusions. Finally, the HAdV-C5/D49K pseudotype
was tested in three lung cancer cell lines, an oesophageal, colorectal, and
ovarian cancer cell line (Fig3-9). The A427 lung cancer cell line and DLD-1
colorectal cancer cell lines were the only ones of the 20 tested lines where

HAdV-C5/D49K was not more efficient at infecting the cells.

Looking at the relative level of transduction observed in the lines, as measured
by the luciferase transduction assay, HAdV-C5/D49K appears to transduce all
lines effectively. Rather than the variation in fold change between the two
vectors being due to lack of transformation by HAdV-C5/D49K, it is due to
improvement in transduction by HAdV-C5. For example, in MCF-7 cells HAdV-
C5 infection produces <1x10° RLU/mg while HAdV-C5/D49K produces >6x10°
RLU/mg (Fig3-8). In DLD-1 cells the fold change is not significant between the
two vectors, but HAdV-C5/D49K still mediates 5x10° RLU/mg, it is just that
HAdV-CS5 is also producing 6x10° RLU/mg. It therefore seems that the HAdV-
D49 fiber knob grants an apparent pan tropism, with none of the tested cell lines

refractory to infection.
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3.8.6 HAdV-C5/D49K can infect dendritic cells with high efficiency

and may have utility as a vaccine vector

Given this pan tropism, and without a known mechanism by which the HAdV-
D49K grants this ability, it is difficult to engineer a more refined tropism by which
this virus could be used as a tumour targeted virotherapy with minimal off target
infection. We therefore considered alternative applications whereby pan
tropism, and especially highly efficient cell transformation, could be beneficial.
Other work with adenovirus vectors has highlighted species D adenoviruses as
potential viral vaccine vectors, such as the HAdV-D26.ZEBOV vaccine,
antigens for more pathogenic viruses are encoded within and expressed by the
adenovirus after infecting the patient. Immune cells recruited to the site of
infection are then presented with the pathogen antigen with the goal of
generating a persistent immune response®****>?, Dendritic cells are particularly
important in this response as broad range antigen presenting cell capable of
stimulating T-cell response and memory formation. Therefore antigen “loading”
of DC can mediate stronger immune responses capable of generating lasting

humoral immunity and to break tumour immune tolerance®*3%3¢7,

We therefore tested the ability of HAdV-D49K to infect dendritic cells. We tested
the ability of HAdV-C5/D49K to infect human dendritic cells derived from donor
blood monocytes (human monocyte derived dendritic cells — hMDDC). We
observed that HAdV-C5/D49K was significantly more efficient than HAdV-C5,
achieving nearly 90% infection in the first experiment (Fig3-10). A repeat of this
experiment using cells from a different donor also showed HAdV-C5/D49K was
more efficient than HAdV-C5, though the increase seen when infecting with
AHdV-C5/D49K was less (Fig3-11). Comparing virus given at the same dose of
1000 VP/Cell it appears that this is not due to less efficient infection by HAdV-
C5/D49K in the second donor, but due to more efficient infection by HAdV-C5.
In this experiment we tried a broader dosage of virus and stained for only the
live population. We observed that while higher doses resulted in a greater
proportion of the cells being infected there were fewer cells in the live gate as
the virus dose increases, and less cells in the live gate for HAdV-C5/D49K than
for HAdV-C5 at equivalent doses (Fig3-11). It seems clear that increased viral
transduction of DC results in greater cell death, therefore the HAdV-C5/D49K
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virus, while efficient at infecting the hMDDC, also results in more death.
However, the cause of this death is not clear, since the viruses used in this
infectivity experiment are replication incompetent and thus death is not a result
of adenovirus mediated lysis. We can speculate that the mechanism of hMDDC
death may be due to overstimulation of the cells. This has previously been
reported as a cause of hMDDC death and proposed as a means of regulating
the magnitude and of, and maintaining, immune tolerance®®. However, whilst
this is an important proof of concept experiment demonstrating the potential of
this vector to infect hMDDC and express foreign proteins, isolated hMDDC
expressing GFP are of little relevance therapeutically.

Therefore, to further investigate the potential of this virus as a vaccine vector
requires in vivo studies. We tested the HAdV-C5/D49K virus in mouse MDDC
(mMDDC) to establish whether similar infectivity patterns are seen and
therefore the potential to run further studies of the vector in mice, an experiment
which is ongoing. We observed similar results to the hMDDC study in so far as
the mMDDC was infected approximately 40% more efficiently than the HAdV-
C5 treated mMDDC and less live cells at increased viral doses (Fig3-12). The
only difference we observe is that, for a given dose, the mMDDC are infected
more efficiently than hMDDC. Based on these results we have generated
versions of the HAdV-C5/D49K virus expressing cancer (5T4 and NY-ESO) and
viral (pp65) antigens and will be continue to assess the value of this virus as a

vaccine vector in mouse models of disease.

Based on the results in this chapter we cannot definitively identify the receptor
binding partner of HAdV-D49K. However, the results are strongly suggestive of
a low affinity interaction with an as yet uncharacterised adenovirus receptor.
These results and those in the subsequent chapters show that HAdV-D49K can
bind to CAR, but that it is not dependent upon it for cell infection (Fig3-2, 3-5, 3-
6), a trait which appear to be common in the species D adenoviruses’>**®. Our
Co-precipitation experiment indicate that the receptor may be associated with
the desmosome (Fig3-18) but is unlikely to be DSG2 (see chapter 4).

Considering these results regarding the receptor tropism of HAdV-D49K it is
less surprising that we see such a broad cell tropism, and ability to infect so

many different cell lines efficiently (Fig3-7-12). The ability to efficiently
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transduce DC is especially of interest given the recent success of the HAdV-
D26 vector as a vaccine*®'****% Further studies of this vector should account

for this broad tropism, and focus upon applications in which this is beneficial,
being mindful of the likelihood of off target interactions.
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3.9 Summary of Chapter 3

The major findings in this chapter have been:

1. Different adenovirus species appear to have differing levels of diversity
localised to particular regions of their genomes. This is evidenced in
Figure 3-1, especially figure 3-1C which shows the regions of variability.

a. Species D adenoviruses have more diverse fiber knob domains
than species B adenoviruses. Figure 3-1A and B demonstrates
this by showing the number of separate nodes generated during
phylogenetic analysis by fiber knob amino acid sequence or whole
viral genome, respectively.

2. HAdV-C5/D49K can infect a broad range of cells with very high
transduction efficiency.

a. Cancer cell lines (Fig3-1 to 3-9).

b. Dendritic cells (Fig3-10 to 3-12).

3. HAdV-D49K differs from HAdV-D30K in only four amino acids, 3 of which
are exposed, but HAdV-D30K does not exhibit the same broad tropism
as HAdV-D49K, as seen in cell infectivity assays (Fig3-13).

a. These changes result in radical alterations to the electrostatic
surface potential. This is seen in the electrostatic surface potential
of the two proteins, as compared in Figure 3-17.

4. SILAC Co-precipitation experiments indicate that the desmosome may
be important in HAdV-D49K mediated cell infection. This is evidenced by
the pull down of two desmosome associated proteins, desmoplakin and

desmoglobin (Fig3-18).
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CHAPTER 4. Results: Characterisation of three
species D adenovirus fiber knob proteins and their

interaction with known adenovirus receptors
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4.1 Introduction:

Designing efficacious viral vectors requires intricate knowledge of the
underlying biology of the virus from which the vector is derived'. This essential
knowledge is a pre-requisite to manipulate the vector into behaving as a

therapeutic agent, rather than as a pathogen.

Inappropriate consideration and manipulation of the virus from which the vector
is derived will result in only a small proportion of vector successfully reaching
the intended tissue, with the majority being sequestered in off-target tissues or
neutralised by antiviral immune responses. This will result in a larger dose being
required to deliver enough vector to the diseased tissue to have a therapeutic
effect. Such high doses of virus increase the risk of significant dose limiting
toxicities and associated adverse immune responses, such as cytokine release
syndrome. Whilst vectors can be engineered to replicate selectively post
infection, it is clearly preferable, where possible, to achieve equivalent
therapeutic index using a smaller dose of virus to alleviate dose limiting

toxicities.

Altering viral vector tropism towards a specific site of disease requires defining
the native means of cellular entry and infection. This requires detailed
knowledge of the native viral receptor, the mechanism by which the virus binds
these receptors, in order to make the refinements necessary to ablate such
interactions. This reduces binding and sequestration of the virus in non-target
tissues, thus increasing the pool of vector available to be trafficked to sites of

disease®®?.

The adenovirus fiber knob protein is the primary tropism determinant of
adenovirus, as it is the classical means by which the virus attaches to the cells
and begins the infection pathway®*'**>. Non-classical tropism determinants are
indirect cell surface attachment, whereby a protein interacts with the adenovirus
capsid and another cell surface protein to initiate infection. An example of this
non-classical pathway is the binding of coagulation factor X (FX) to the hexon
and then to heparan sulphate proteoglycans (HSPG)®*'**'®_ |n this chapter we
provide structural insight into the fiber knob proteins of 3 clinically important
species D adenoviruses; Human adenovirus species D type 26 fiber knob
(HAdV-D26K), Human adenovirus species D type 48 fiber knob (HAdV-D48K),
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and Human adenovirus species D type 49 fiber knob (HAdV-D49K), and
investigate their ability to bind to previously identified adenovirus receptors
CD46 (MCP, Membrane Cofactor Protein)***>*"**”*  Desmoglein 2

(DSG2)***>1%1% "and coxsackie and adenovirus receptor (CAR)™">*”2,

To achieve this, we developed an integrative structural biology workflow based
on newly determined crystal structures, and confirmed the predictions using
competition inhibition assays and surface plasmon resonance. Using this
strategy, we clarify the receptor usage of these species D adenoviruses by

investigating their affinity for known receptors.
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4.2 Novel species D fiber knob crystal structures:

4.2.1 Expression and purification of recombinant fiber knob

proteins

After expression in SG13009 E.coli we lysed the harvested bacteria and purified
the lysate by Ni-IMAC (Fig4-1A). We observed a minor peak of unknown
content, followed by a large major peak beginning at 50% concentration of the
imidazole containing buffer, equivalent to 200mM imidazole (Fig4-1A). We
assessed the purity of these fractions by SDS-PAGE and Coomassie staining,
demonstrating that with careful fraction collection Ni-IMAC purification alone
may be enough to achieve high purity recombinant fiber knob protein (Fig4-1B).
However, in some fractions small fragments are visible below 25kDa, indicating
possible impurities. The major protein bands ran around 27kDa when boiled
and reduced, the size expected of a monomeric fiber knob domain. The
unreduced and boiled fractions show a major band at around 68kDa, below the
expected size of the trimer, though above the expected size of dimer.

The second purifications step, size exclusion chromatography (SEC), produced
a very sharp major peak prior to a similar peak in the conductance,
demonstrating that the protein has exchanged into the SEC running buffer
(Fig4-1C). Analysis of the fractions (Fig4-1D) shows extremely high protein
purity, and that the protein runs at the expected size of around 75kDa when run
natively, indicative of a trimer. Interestingly some small, approximately 15kDa,
protein bands are still visible in the higher concentration fractions, as were seen
in the previous purification step. These bands persisted even after repeating
SEC. Since all proteins in a given fraction should be of a similar size these
smaller fragments may be generated during the running of the protein on the gel
rather than during purification. Matching smaller “ghost” bands are seen below
the trimeric protein for the same fractions. It is possible the smallest fragments
are cleaved tail regions from the fiber knob, consisting of the His-tag and shaft
fragment, while the ghost trimer bands and full trimeric fiber knobs in which the

tails have been lost, affecting the running on the gel.

These proteins were used for several assays, including crystallisation,
calculation of ICsp in competition inhibition assays, and surface plasmon
resonance (SPR).
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Figure 4-1 Example of
purification of fiber-knob
protein by Ni-IMAC and SEC.
Chromatography trace of fiber-
knob protein elution from the
Ni-IMAC column by gradient
elution shows a minor peak
early in the elution (fractions 6
and 7) and a major peak
spanning fractions 11-23 (A).
SDS-PAGE gels stained with
Coomassie brilliant blue reveal
the analysed fractions, run
both native and reduced with
0.1M DTT and boiled (RB), run
around 65kDa and 27kDa,
respectively, with other small
fractions also visible (B).
Purification of the fractions
from the major peak of the Ni-
IMAC elution by SEC gives a
sharp elution peak between
fractions 17 and 20, with a
small peak visible at fraction
28 (C). SDS-PAGE and
coomassie brilliant blue
staining of the major peak
fractions reveal protein at
around 29kDa when run
reduced and boiled, and at
around 72kDa when run
native, corresponding with the
predicted monomeric and
trimeric molecular weights
expected from an adenovirus

fiber-knob protein (D).
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4.2.2 Novel crystal structures of human adenovirus fiber knob

proteins:

The novel crystal structures of 3 fiber knob proteins crystallised in this study, as
well as a new, higher resolution structure for adenovirus serotype 5 fiber knob
protein are seen in figures 4-2 to 4-5. Different fiber knobs appeared in different
space groups with variable resolutions. All are deposited in the wwPDB,
validated, and authorised for release. Statistics for the structures solved and

deposited in this study are given in Table 4-1.

The asymmetric unit of HAdV-D26K contains a single fiber knob monomer
(Fig4-2A). The exceptionally high resolution obtained (0.97A) meant clear
density was visible for numerous water molecules. No other non-protein
molecules were evident in the density. The map showed the high level of detail
expected of a structure at this resolution (Fig4-2B). The summary PDB report
(Fig4a-2C) shows the key measures of quality, as determined in the deposition
process. While the Rgee Value is excellent compared to most structures it is not
as high as many structures at similar resolution, though the data is an excellent
fit to the density. This may be due to the lack of anisotropic refinement during

structure refinement prior to deposition.

HAdV-D48K crystallised in a different space group to HAdV-D26K, resulting in a
larger asymmetric unit than HAdV-D26K, containing two opposing monomers
(Fig4-3A). Translation of the asymmetric unit creates a pair of trimers with
unbroken 3-fold symmetry, generating two separate examples of the biological
unit. HAdV-D48K is characterised by several very long loops, found coordinated
to sulphate ions, as well as glycerol and 1,2-Ethanediol (EDO). This
coordination does not completely alleviate the flexibility inherent to these long
loops, resulting in a lower resolution map (Fig4-3B), and correspondingly
weaker statistics (Fig4-3C, Table.1), but the map still shows clear density for

side chains enabling the determination of a complete structure.

The existing structure of HAdV-C5K was generated by Xia et al in 1995 (PDB
1KNB)*”? and has no associated map data. We generated a new structure for
HAdV-C5K at higher resolution (1.4A, compared to 1.7A), which solved as a

single trimer copy per asymmetric unit (Fig4-4A), with an Mg2+ ion at the apex
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of the fiber knob on the 3-fold axis and several EDO molecules contacting

loops.
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Table 4-1 Statistics of the adenovirus fiber-knob crystal
structures generated in this study, as deposited in the
wwPDB. One crystal was used for determining each
structure. Figures in brackets refer to outer resolution shell,
where applicable.1 Coordinate Estimated Standard
Uncertainty in (A), calculated based on maximum likelihood
statistics. MMT (DL-Malic acid, MES monohydrate, Tris: pH
4.0-9.0).

PDB Entry 6FJN — Ad26K 6HCN — AdSK 6FJQ — Ad48K
Diamond Beamline 104 124 104
Date 2017-05-12 2018-01-26 2017-05-12
Wavelength 0.9795 0.96859 09795
Crystallisation 0.1 MMMT 0.1 M MMT.25% 0.1 M Bis-Tris-
Conditions 25% PEG 1500  PEG 1500 propane, 20% PEG
3350, 0.2M NaNO3
pH 6.0 7.0 6.5
ab,c(A) 86.01.86.01.86.01 102.16.102.44.77.0 145.18.145.18.145.18
B,y (°) 90.0.90.0, 90.0 90.0.90.0.90.0 90.0. 90.0, 90.0
Space group P23 P22,2 P4:32
Resolution (A) 0.97-60.82 1.49-61.56 291-83.82
Outer shell 0.97-1.00 1.49-1.53 291-2.99
R-merge (%) 43 (74.5) 13.4(183.8) 12.5 (302.6)
R-meas (%) 4.5(97.5) 15.9(218.3) 12.7 (306.3)
CcCl1/2 1.00 (0.427) 0.983 (0.565 1.00 (0.705)
I/o(I) 27.3(0.7) 7.1(0.7) 22.2(1.7)
Completeness (%)  94.9 (43.9) 99.8 (99.9) 100.0 (100.0)
Multiplicity 16.7 (1.6) 6.6 (6.3) 41.2 (414)

Total Measurements
Unique Reflections

1.978.768 (6.429)
118.603 (4.055)

876.648 (60.950)
131.951 (9.638)

496.751 (5.136)
12.061 (877)

Wilson B-factor(A?) 8.2 18.3 74.5
R-work reflections 112,612 125.479 11.371
R-free reflections 5.879 6.388 572
R-work/R-free (%) 18.2/19.5 21.1/23.3 20.1/29.1
Bond lengths (A) 0.025 0.011 0.019
Bond Angles (°) 2339 1.534 2293
!Coardinate error 0.020 0.087 0370
Mean B value (A?) 17.6 30.6 84.9
Favoured/allowed/Outliers 138 /7 /1 133/10/1 350/28/7

% 945/48/0.7 924/69/0.7 90.7/75/138
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¢ Metric Percentile Ranks Value
Rfree IEfjI 0.202
Clashscore I 0 . 4
Ramachandran outliers I 0
Sidechain outliers I T 6.0 %
RSRZ outliers N 14.7 %
Worse Better

0 Percentile relative to all X-ray structures

[ Percentile relative to X-ray structures of similar resolution

Figure 4-2 Overview of the solved crystal structure of HAdV-D26K, deposited in the wwPDB as 6FJN. The asymmetric unit consisted of a single monomer of
the fiber-knob (A), the quality of the map (blue mesh) through the main B-strands was excellent and clearly defined the location of each residue (B). The statistics
showed acceptable scores compared to other wwPDB entries (C). Map is displayed at 0=1.5, and carved at 1.5A. Protein is shown as a cartoon representation.
Waters are shown as white, non-bonded spheres.
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Metric Percentile Ranks
Rfree
Clashscore I

Ramachandran outliers I]

Sidechain outliers

RSRZ outliers I

Worse

0 Percentile relative to all X-ray structures

Figure 4-3 Overview of the solved crystal structure of HAdV-D48K, deposited in the wwPDB as 6FJQ. The asymmetric unit consisted of two apically opposed
fiber-knob monomers (A), the quality of the map (blue mesh) through the main B-strands enabled definition of individual side chain orientations (B). The statistics
showed acceptable scores compared to other wwPDB entries (C). Map is displayed at 0=1.0, and carved at 2.0A. Protein is shown as a cartoon representation.
Waters are shown as white, non-bonded spheres. Sulfate ions are shown as a space filling model, with oxygen atoms in red and sulfur in yellow. EDO and Gycerol

molecules are seen as a stick representation in green, with oxygen atoms in red.

Value
T 0.295
_ 5
T 1.8%
N 15.6%
T 2.6%

Better

[ percentile relative to X-ray structures of similar resolution



Metric Percentile Ranks Value
Rfree I D (.232

Clashscore I I I 7
Ramachandran outliers INN[] T 0.4%
Sidechain outliers IEfjI TN 4.4 %
RSRZ outliers T 9.1%

Worse Better
 Percentile relative to all X-ray structures

[l Percentile relative to X-ray structures of similar resolution

Figure 4-4 Overview of the solved crystal structure of HAdV-C5K, deposited in the wwPDB as 6HCN. The asymmetric unit consisted of 3 fiber-knob
monomers, creating a trimer which is also the biological unit (A), the quality of the map (blue mesh) through the main g-strands was excellent and clearly defined the
location of each residue (B). The statistics showed acceptable scores compared to other wwPDB entries (C). Map is displayed at 0=1.5, and carved at 1.5A. Protein
is shown as a cartoon representation. Waters are shown as white, non-bonded spheres. EDO molecules are seen as a stick representation in green, with oxygen

atnme in rad
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The map clearly defines the location of each residue (Fig4-4B) and obtained
good statistics (Fig4-4C). It is notable that the while the structures of are almost
identical (RMSD 0.19A) the 1KNB structure differs from this one significantly in
the orientation of the DG-loop, suggesting flexibility.

By this means we were able to generate reliable models of previously
undescribed fiber knob proteins and place the main chain carbons and side
chains. This structural data provides a basis for exploration of the interface

forming regions through computational analysis and guided the remainder of
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Figure 4-5 Overview of novel crystal structures of species C and D adenoviruses fiber-
knob trimers generated in this study. When solved all crystal structures either formed a
biological trimer in the native asymmetric unit or enable the reconstruction of the biological

trimer through symmetry translations. Representative biological trimers of each adenovirus fiber-
knob domain are shown. Individual residues are shown as sticks, coloured as a spectrum from
green to blue to red, with the surface representation of the trimer shown as a semi-transparent
white surface.
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this study.

4.2.3 Biological trimers determined from crystallographic

structures:

The biological units obtained from each of the discussed crystal structures are
summarised in Fig4-5. The trimeric fiber knob domains of the 4 structures are
viewed looking toward the apex of the fiber knob, down the 3-fold symmetry
axis: the point most distal from the virus’ centre. They are similar in that they all
exhibit a central depression, surrounded by extended loops of varying length.
They all exhibit 3-fold symmetry, though this is imperfect in structures solved as
full trimers rather than individual monomers. The structure has a similar overall
fold, having the B-sandwich structure which is prototypical of adenovirus fiber
knobs (and many other virus attachment proteins) as first described by Xia et
al’”. The differences are in the loops which are highly heterologous, both in the

cleft between monomers in the lateral regions, and in the apex extending away
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Figure 4-6 Stability of adenovirus fiber-knob trimers. QT-PISA estimates of the interface
energy of fiber-knob trimers based upon their crystal structures, suggesting HAdV-D49K may
have a substantially stronger trimeric interface than other fiber-knob trimers, whilst HAdV-D48K
and HAdV-D26K are the next strongest. Values are the mean of n=3 calculations based upon

the 3 interfaces found in each native trimer, error is standard deviation from the mean. Dashed
red line denotes -3.0 Kcalmol-1.
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from the depression.

Despite the conserved main fold, the trimers show variation in the strength of
the trimeric interface, as calculated by QT-PISA (Fig4-6). HAdV-D5K and D37K
are seen to be very similar in interface binding energy, with HAdV-B35K slightly
weaker. HAdV-B11K is slightly stronger than HAdV-D5K and weaker than D48K
and D26K. However, HAdV-D49K exhibits a substantially stronger binding
energy than any of the other fiber knobs. The significance of this observation is

not yet clear, but it follows that it would affect the efficiency of trimer formation.

4.3 Examination of species D adenovirus fiber knob binding
to known adenovirus receptor proteins:

4.3.1 Investigated species D adenovirus fiber knobs are unlikely to

utilise CD46 as a primary receptor:

We utilised the crystal structures of HAdV-D26K, HAdV-D48K, and HAdV-D49K
to produce models of their fiber knob proteins in complex with CD46. As well as
the template structure, the previously published HAdV-B11K in complex with
CD46%, we generated similar models using the non-CD46 binding fiber knob of
HAdV-C5K, and the CD46 engaging fiber knob of HAdV-B35K as negative and
positive controls, respectively. The template PDB of HAdV-B11K in complex
was treated with the same modelling procedure.

The CD46 binding interface comprises of CD46 domains SC1 and SC2 and the
HI, DG, GH, and 1J loops of HAdV-D11K (Fig4-7A). It was the interface at these
loops which we investigated by modelling. Both HAdV-B11K and HAdV-B35K,
known CDA46 utilising viruses were seen to form numerous polar bond with
CD46 (Fig4-7A,B), as would be expected from a strong interface. HAdV-C5K
formed very few polar interactions with CD46, again as would be expected from
a weak interface by a known non-CD46 binding virus (Fig4-7C). HAdV-D26K
formed only 2 polar interactions with CD46 (Fig4-7D), the same as HAdV-C5K,
and HAdV-D48K (Fig4-7E). HAdV-D49K formed 3 polar contacts with CD46
(Fig4-7F). The species C and D adenovirus fiber knobs were only capable of
forming contacts within the HI loop, possibly owing to broadly similar

morphology to the species B in the region.
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Amino acid sequence alignment of the modelled fiber knob proteins shows
significant sequence divergence between the species B compared to the
species C and D fiber knobs (Fig4-7G). The species B, CD46 binding, fiber
knobs form more polar contacts than the others are predicted to and that they

do SO in more
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Figure 4-7 Species D adenovirus fiber-knobs are unlikely to form a stable complex with
CD46. Homology modelling of adenoviruses in complex with CD46, based on the known crystal
structure of HAdV-B11K in complex with CD46, shows interfaces at the HI, DG, GH, and IJ
(From left to right, respectively) loops. HAdV-C5K, a non-CD46 utilising adenovirus species, is
seen to form very few polar contacts (interacting residues shown as sticks, connected by red
dashed lines) with CD46 when modelled (A). HAdV-B11K (B) and HAdV-B35K (C), both known
CD46 utilising viruses, show large numbers of polar interactions with CD46. Similar modelling of
HAdV-D26K (D), D48K (E), and D49K (F) reveals few polar contacts with CD46, similar to
HAdV-C5K. Sequence alignment of the modelled adenovirus fiber knob proteins reveals
significant sequence divergence in which the species D fiber-knobs share few, if any, residues
associated with CD46 binding (highlighted in green) in HAdV-B11K or B35K (G). QT-PISA
predictions of interface energy for each fiber-knob with CD46 concur, showing strong binding
energies for the known CD46 binding knobs HAdV-B11k and 35K, weaker binding for the non-
CD46 interacting HAdV-D5K, and very weak interaction for the species D fiber-knobs (H).
Values are the mean of n=3 calculations based upon the 3 interfaces found in each native
trimer, error is standard deviation from the mean. Dashed red line denotes -3.0 Kcalmol-1.

diverse regions of the protein, both at a 3-dimensional and a sequence level.
Indeed, the species D adenoviruses do not share any of the same residues

predicted to bind to CD46 as are in the species B controls.

Calculations of the binding energy between each of these fiber knob proteins
and CD46 show that very low interface energies (indicating a more stable
interaction interface) are found with HAdV-B11K and HAdV-B35K (Fig4-7E).
HAdV-C5K exhibited a stronger interface than expected, which is likely due to
the proximity of the relatively large HAdV-C5K fiber knob HI loop compared to
the other proteins. The species D fiber knobs are all higher energy than that of
the species B’s, indicating a weaker interaction. HAdV-D26K and HAdV-D48K
energies approach -3.0kcalmol™®, which is the value expected for random
proteins passing in solution. HAdV-D49K interaction with CD46 is similarly
weak, but appears slightly stronger than the other two species D viruses, again
likely due to the slightly more extended HI loop in which the contacts are seen
(Fig4-7F,G,H).

Based on these computational simulations it appeared unlikely that any of the
investigated species D adenoviruses could interact with CD46 in a stable
manner. We sought to confirm this finding by conducting competition inhibition
assays and measuring the ICsy concentration (the concentration of protein

capable of inhibiting a response by 50%), using antibody binding as a read out.

The HAdV-D35K positive control strongly inhibited detection of CD46 using the
corresponding antibody, with an ICsy of 300ng/10° cells (Fig4-8A,B). The other
tested fiber knob proteins were all incapable of reducing antibody binding
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(measured as total fluorescent intensity) by 50% and followed a similar profile
as HAdV-C5K negative control (Fig4-8A).
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Figure 4-8 Competition inhibition assays suggest species D adenovirus fiber-knobs cannot bind CD46. ICg, curves show potent inhibition of CD46 binding by
anti-CD46 antibody by HAdV-B35K, whilst the non-CD46 utilising HAdV-C5K follows a similar profile to the species D fiber-knob proteins which are all incapable of
effectively inhibition CD46 binding by the antibody (A). HAdV-B35K has an ICs, value of 0.003;19/105 cells (B), no other fiber-knobs tested were capable of achieving
50% inhibition. SPR measurements were performed using recombinant virus fiber knob and CAR, showing specific interactions between all the tested species D and
C fiber-knob proteins (C). n=3 biological replicates, curve fitted by variable slope least squares regression. Short form names used for readability (Ad5 is HAdV-C5,
etc).
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We used surface plasmon resonance to make a direct measurement of any
affinity between the fiber knobs and CD46. As expected HAdV-D35K bound
tightly (Kp = 0.027uM), while HAdV-B3K bound CD46 with a lower affinity (Kp =
0.16uM). This is consistent with previous reports regarding the two viruses.
Surprisingly HAdV-D26K was capable of CD46 interaction, albeit with weak
affinity (Kp = 50.8uM), more than 1800x lower affinity that of HAdV-B35K.
however, the precise kinetics of the HAdV-D26K interaction were too fast to

measure, suggesting a highly unstable interaction (Fig4-8C).

Table 4-2 Surface plasmon resonance (SPR) measurements confirm finding regarding
CD46 and Car affinity and rule out desmoglein 2 as a potential receptor for these species
D adenoviruses. The on (K,,) and off (Ky) rate of the indicated adenovirus fiber-knob proteins

were measured for CAR, CD46, and DSG2 and used to calculate the affinity (Kp).

DSG2

Kon (M? 54} Koﬂ’ (5_',} KD CUM)

HAdV-B3K nm nm 66.9
No
HAdV-C5K nb nb o
binding
No
L L binding
No
L L binding
No
L L binding
No
L L binding

nm = kinetics too fast to measure
nb = no binding

4.3.2 Desmoglein 2 is unlikely to be the primary receptor for the

investigated species D adenovirus fiber knobs:

We also investigated the ability of the HAdV-D26/48/49K to bind to DSG2.
Surface plasmon resonance showed interaction between HAdV-B3K, the best
studied of the DSG2 binding viruses (Table4-2). While the interaction was not

highly stable, as demonstrated by the fast kinetics, we were able to use the
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single injection method at multiple concentrations to determine the affinity. The
same experiment with HAdV-D26K, HAdV-D48K, and HAdV-D49K showed no
interaction in all cases, seemly ruling out DSG2 as a potential viral receptor
(Table4-2).

4.3.3 Adenoviruses D26, D48, and D49 fiber knob proteins bind CAR

with low affinity and suggest regulation through steric hindrance:

Modelling of the fiber knob proteins in complex with CAR was performed in a
similar way as with CD46, using the previously published structure of HAdV-
D37K in complex with CAR as a template (PDB 2J12)”. The energy minimised
models of fiber knobs in complex with CAR (Fig4-9A) show the conservation of
the fiber knob core fold and the two major interfaces (a and ) between CAR

and the virus proteins.

Amino acid sequence alignment shows that the different fiber knob proteins all
form numerous polar contacts to CAR throughout the a-interface, while the non-
CAR binding HAdV-B35K negative control shows few (Fig4-9B). Residues
which have previously been shown to be important for CAR interaction (Kirby et
al”) are seen to be partially conserved. Similarly, there is a high degree of
similarity between polar contact forming residues for the various species C and
D fiber knobs at both a sequence (Fig4-9B) and tertiary structure level (Fig4-
9C).

Calculation of the interface energy between CAR and the fiber knob a-interface
showed all the species D adenovirus fiber knobs had more stable binding
interfaces than the non-CAR binding HAdV-B35K fiber knob. This data
regarding the a-interface therefore suggests that HAdV-D26/48/49K should be
capable of interacting with CAR.

However, the B-interface shows a significant clash between the DG-loops of
HAdV-D26/48/49K and the apical facing domain of CAR (Fig4-9E). HAdV-C5K,
the prototypical CAR binding adenovirus, and HAdV-D37K do not form a clash
at the B-interface. However, HAdV-D26K forms a small clash, while the more

extended DG loops of D48K and D49K form more significant clashes.

Based upon this clash we would expect to see a reduced affinity for CAR in

species D adenoviruses with longer loops due to a propensity for the loop to
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prevent stable interface formation when extended in a conformation which
would clash with CAR. This was confirmed through competition inhibition, SPR,

and time course infectivity experiments.
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Figure 4-9 Adenovirus fiber-knob interaction with coxsackie and adenovirus receptor
(CAR) is made up of two interfaces, and steric hinderance by the DG loop of species D
adenoviruses may inhibit CAR interaction. Simulation of adenovirus fiber-knobs (coloured

cartoon representations) in complex with CAR, based upon the existing structure of HAdV-

D37K in complex with CAR (Grey cartoon), revealed two interfaces (A): a and B (red boxes).

Fiber-knob residues which interact with CAR (highlighted in blue) show a high degree of
conservation at both an amino acid sequence. Residues previously found to be critical for CAR
interaction in HAdV-C5K (Kirby et al) are underlined. (B, Clustal Omega alignment of fiber-knob

amino acid sequences) and a structural level (C, Grey surface is the maximum spatial
occupancy of CAR, sticks are predicted CAR interaction residues coloured by virus). QT-PISA
calculations of the interaction energy between CAR and the fiber-knob a-interface suggest
stable interaction for all investigated fiber-knobs (D), however inspection of the S-interface
shows severe clashes between CAR and the DG-loop of the fiber-knob (E). Values are the
mean of n=3 calculations based upon the 3 interfaces found in each native trimer, error is
standard deviation from the mean. Dashed red line denotes -3.0 Kcalmol-1.

Competition inhibition assays show that HAdV-C5K has the strongest affinity for
CAR (ICso = 0.007pg/10° cells). HAdV-D26K and D49K have approximately
100x lower affinities, with 1Cso values of 0.110ug/10° cells and 0.160ug/10°
cells, respectively (Fig4-10A,B). The weakest IC5p was observed for HAdV-
D48K at 3.359 ug/10° cells (approximately 500x weaker than HAdV-C5K), while
the non-CAR binding HAdV-B35K control did not produce an ICsy value. SPR
experiments confirmed the weak affinities of HAdV-D26/48/49K, however these
experiments showed that it was HAdV-D49K had a stronger of the three
affinities to CAR, with HAdV-D26K and HAdV-D48K appearing similar (Fig4-
10C).

This contradiction cannot be explained by differences in the B-interface loop
lengths alone, leaving methods of determination we used as a possible
explanation. In the ICsy experiments the level of inhibition is a function of the
affinity of the antibody used to infer blocking and the affinity of the recombinant
fiber knob. In SPR the measurement is based upon an artificial environment,
and affinities can be affected by myriad factors including flow rate and receptor

density on the sensor chip.

In order to clarify the biological significance of the different affinities for CAR we
performed an infectivity time course in which CHO-CAR cells were exposed to
virus for different lengths of time. CHO-CAR cells express no known adenovirus
receptor except for CAR, making them an important test cell line for HAdV:CAR
interaction. Replication deficient HAdV-C5K pseudotypes were used to control
for replication rate by preventing duplication of the transgene, and other non
fiber knob mediated effects. If viral infection via CAR is the function of a
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successful collision which is hindered by the DG loop at the B-interface then the

viruses with
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Figure 4-10 Competition inhibition assays suggest species D adenovirus fiber-knobs bind to CAR with variable affinity. ICso curves show potent inhibition of
CAR binding by anti-CAR antibody by HAdV-C5K, whilst the non-CAR utilising HAdV-B35K is incapable of effectively inhibition CAR binding by the antibody. The
species D fiber-knobs are all capable of inhibiting CAR binding by the antibody but require greater amounts of protein than HAdV-C5K suggesting a weaker affinity
(A). HAdV-C5K has an ICsq value of 0.007ug/105 cells, the species D fiber-knobs were between 2 and 3 orders of magnitude less inhibitory (B). SPR measurements
were performed using recombinant virus fiber knob and CAR, showing specific interactions between all the tested species D and C fiber-knob proteins (C). n=3

biological replicates, curve fitted by variable slope least squares regression. Short form names used for readability (Ad5 is HAdV-C5, etc).
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longer loops should require longer times to infect, which is what was observed

in the assay (Fig4-11).

HAdV-C5K infected CHO-CAR cells rapidly, infecting 80% of cells with only an
initial exposure (Omins, on ice) and rapidly approaching 100% infectivity (Fig-
12A), which the non-CAR utilising HAdV-C5/B35K was unable to achieve
efficient transduction (Fig4-11B). HAdV-C5/D26K, possessing the shortest loop
of the 3 species D fiber knobs of interest, was the next most efficient with an
initial infectivity of 65% (Fig4-11C). HAdV-C5/D48K and HAdV-C5/D49k,
possessing the longest loops, were the least efficient requiring between 10 and
30 minutes to improve over the initial infectivity. HAdV-C5/D48K required
180mins to reach maximum infectivity (Fig4-11D). HAdV-C5/D49K did not reach
100% infection, an affect which has been observed repeatedly in CHO-CAR
cells and is yet to be explained. However, the HAdV-C5/D49K seems to follow
the same rate of infection profile as HAdV-C5/D48K, which as a similarly long

loop.

Taken together these results support the hypothesis that the length of the DG
loop directly impacts CAR interaction with the adenovirus Fiber knob by steric
hindrance at the B-interface. This leaves in question why HAdV-D48K is seen to
have a 21x weaker inhibitory effect than HAdV-D49K (Fig4-10A), despite
theoretically creating less steric hindrance due to the HAdV-D48K DG loop

being 3 residues shorter.

The answer to this question may be due to the composition of the HAdV-D48K
DG-loop (Fig4-12A). The HAdV-D48K loop contains numerous polar bonds
which help to restrain its kinked, hairpin like, tertiary structure (Fig4-12A,B). The
N-terminal half of this loop has many proline residues which provide increased
rigidity compared to other residues. Combined with 5 polar bonds to the
opposing fiber knob monomer with the non-proline rich half of the loop, this may
create a situation which holds the HAdV-D48K DG loop in a conformation
inhibitory to CAR binding, reducing the affinity further than it would were it more

flexible.
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Figure 4-11 Efficiency of infection by adenovirus fiber-knob pseudotypes is proportional to incubation time in CHO-CAR cells. HAdV-C5 is a known CAR
utilising adenovirus and is seen to infect CHO-CAR cells efficiently immediately upon contact with further incubation slightly improving the percentage of infected
cells (A), whereas HAdV-C5/B35K (HAdV-C5 pseudotyped with the fiber-knob domain of HAdV-B35) which binds CD46 was unable to efficiently infect even with a
long incubation (B). HAdV-C5/D26K was more affected by short incubation times (C), but not as significantly as HAdV-C5/D48K which did not maximally transform
cells until two hours of incubation (D). HAdV-C5/D49K was most affected, however did not achieve complete transduction of the cells at any time point, despite
appearing to have neared maximum transformation efficiency between 2 and 3 hours of incubation (E). n=3 biological replicates.
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Figure 4-12 The proline rich loop of HAdV-D48K contributes to a low CAR affinity. The HAdV-D48K DG-loop is highly proline rich and forms polar contacts (red
lines are single bonds, orange lines are two bonds) between residues which help retain its’ tertiary structure (A). The DG loop (cyan cartoon) forms further polar
contacts to residues in the opposing monomer (contact forming residues shown as sticks, opposing monomer in white) which stabilise its location in the inter-
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4.4 Discussion:

The data in this study demonstrates that none of the three investigated species
D adenovirus proteins, HAdV-D26K, HAdV-D48K, HAdV-D49K, are unlikely to
utilise CD46 or DSG2 as a primary receptor. Instead we show that the viruses
are capable of low affinity CAR engagement. This is in direct contradiction of
previous studies suggesting CD46 as the primary receptor for HAdV-D26 and
HAdV-D49K, this has implications for the therapeutic use of vectors based upon

these viruses.

We demonstrated the ability to purify recombinant fiber knob protein to high
purity and generate multimeric protein of the correct size and multimer number
(3-mer) to be a fiber knob protein (Fig4-1). In both chromatograms minor peaks
are visible at the start (Fig4-1A) or end (Fig4-1C). The low molecular weight
bands visible on the gels are also intriguing, as they appear despite SEC, which
should remove proteins of significantly different molecular weights. A possible
explanation for both the minor peaks and low molecular weight bands is that
there is breakage occurring in the proteins as they are dragged through the
matrix, either of the gel or column. It seems probably that these are the tail
domain of protein containing a 6-HIS purification tag and 13 residues of the fiber
knob shaft domain. This tail is left exposed, protruding from the globular
structure of the fiber knob trimer and is thus likely to be more prone to
breakage. This would explain the minor peak at the beginning of the Ni-IMAC
chromatogram, as small his tagged peptides would elute easily compared to
relatively large proteins and would have a low absorbance due to their small
size, which explain the presence of a small peak at the end of the SEC
chromatogram as the small peptides are retained on the column longer. It also
offers an explanation for the low molecular weight bands presence even after
SEC, as further tails could be cleaved from the fiber knob during the running of

the gel.

We describe the crystallisation of multiple fiber knob proteins (Table.1),
including two previously undescribed structures (Fig4-2,3) and a higher
resolution version of HAdV-C5K (Fig4-4). The three different species of fiber
knob protein described in this study crystallised in three different space groups.

This might be surprising given the similar overall morphology of the proteins,
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with the most significant difference between them being the size of the loops.
These loops are likely to be what is disrupting the packing arrangement as we
see the proteins with larger loops (HAdV-D49K and HAdV-D48K) have lower
level symmetry compared to the more compact fiber knobs such as HAdV-
D26K. The interesting feature, in terms of biological impact, is that his suggests
the loops are not fully flexible, and instead have preferred conformations to an
extent which dictates the crystal packing arrangement. This implies that the
loops are not the fully flexible motifs they have sometimes been purported to be,
but instead are evolved motifs with a distinct structure. This is further supported
by the tertiary structure observed in the DG-loop of HAdV-D48K (Fig4-12A,B).

Despite the differences in the crystallographic arrangement, we could solve the
structures of all 4 of these species. This provides new insight into the
differences between the primary tropism determining proteins of the
understudied species D viruses. We calculated that different virus serotypes
fiber knob domains have different interface energies (Fig4-6). Since we have
not determined the interface energies of the fiber-shaft domains we cannot
determine the overall strength of the trimeric interface of the fiber proteins.
However, this finding shows that trimeric interface stability is not consistent
throughout the adenoviruses, the implications for this variable level of trimer

stability for the virus’ life cycle are unclear.

Previous studies have asserted that CD46 is the primary receptor for HAdV-
D26'%, HAdV-D48*, and HAdV-D49*'. Our computational simulations based
on the crystal structure of the primary receptor determining fiber knob protein of
these three viruses suggested that it was unlikely that they would be able to
form a stable interface (Fig4-9), and without a stable interface the virus cannot
attach to the cell to initiate infection. More factors than just polar contacts can
be important in interface formation, including hydrophobic interactions and

electrostatic interactions as seen previously*”*

, though they are unlikely to be a
critical determinant in such a solvent exposed loop. To account for these
factors, we performed interface energy calculation with QT-PISA to determine
the total binding interface energy which confirmed a weak interface with CD46

for the three species D adenovirus fiber knobs (Fig4-9H).
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An unexpected observation in the QT-PISA calculations was a surprisingly
strong predicted interface energy between CD46 and HAdV-C5K (Fig4-9H).
HAdV-C5K has a long HI-loop compared to the other investigated fiber knobs.
This increase length means that, after energy minimisation, the loop invades
between CD46 motifs creating a large surface to surface contact area. This
results in QT-PISA measuring an artificially large interaction interface which is
unlikely to exist in nature due to the energetic requirements of creating such a
large shift in the tertiary structure of CD46 to enable the HI loop penetration.
This action by the HAdV-C5K HI-loop has a further effect of creating a large
distance between the other loops and CD46 precluding any interaction with
them (Fig4-9C).

The relative position of the four critical loops (HI, DG, GH, 1J) is important in
successful CD46 interactions, not just in the prevention of the HAdV-C5K
interaction. CD46 interaction between HAdV-B11K has been shown to be two
orders of magnitude stronger than the interaction HAdV-B16K due to a 2 amino
acid insertion in the FG-loop of HAdV-B16K requiring a greater angle between
the SC1 and SC2 domains of CD46 to enable binding®’!. A similar mechanism
was reported for HAdV-B21K, where a shorter IJ loop was also seen to
important (as was theorised in the HAdV-B16K study) by enabling closer
interaction®’. The adenoviruses with shorter FG-loops (synonymous with the
DG-loop in other adenoviruses) had higher affinities than those with longer
loops. HAdV-B35K (KD = 19nM) and HAdV-B11K had dissociation constants of
19nM and 13nM, respectively, compared to the long looped HAdV-B16K and
HAdV-B21K which had dissociation constants of 437nM and 281nM.

The DG-loops of HAdV-D26/48/49K are longer than the DG(FG)-loops of HAdV-
B11K and HAdV-B35K by 3, 10, and 9 amino acids respectively. Since just a 2
amino acid increase in length is enough to reduce the CD46 binding capability
of the species B adenoviruses by >10x it seems likely that the limiting effect of
the CD46 SC1-2 bond angle would preclude an effective interaction with these
species D adenoviruses even if they did share crucial CD46 interacting residue
identities, which they do not (Fig4-9G).

This hypothesis was confirmed by biological assay, in which no quantity of

recombinant fiber knob protein was capable of completely inhibiting aCD46
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antibody binding up to 100upg/10° cells (Fig4-10A,B). Interestingly, while
competition inhibition assay showed no binding, SPR showed that HAdV-D26K
had low affinity for CD46 (KD = 50.8uM) (Fig4-10C). This unexpected finding
places the CD46 binding affinity of HAdV-D26K >10x lower than the weakest of
the measured species B adenoviruses, HAdV-B16K*'!, Our own SPR analysis
of CD46 binding places HAdV-D26K affinity for CD46 >300x weaker than that of
HAdV-B3K, another known weaker CD46 binding adenovirus (Fig4-8C)*”°This
suggests that plasticity is allowed in CD46 interaction, with loop binding be a
more significant factor than would previously have been thought. It seems
unlikely that HAdV-D26K can utilise CD46 as a primary receptor tropism when
the affinity is so low and it is incapable of stable interaction under biological
conditions (Fig4-10A,B).

HAdV-B3K, the best studied of the DSG2 binding adenoviruses, showed low
affinity interaction with DSG2. Low affinity is to be expected since it has
previous been observed that HAdV-B3 requires polyvalence suggesting an
avidity effect is required for the functional utilisation of DSG2 as a

reCeptor.54,55,110,125 )

Regardless of the need for polyvalence, there was a
measurable direct interaction between HAdV-B3K and DSG2. None of the
tested species D adenovirus knobs were found to be capable of interacting with

DSGZ2, making its use as a primary receptor for these viruses highly improbable.

Modelling of the complexes with CAR showed a two-part interface. At one end
of the protomer a large relatively flat region of the fiber knob, termed the a-
interface, is seen to be able to form a CAR binding interface (Fig4-11A,C,D).
This supports previous observations of plasticity within the CAR binding

interface”.

On the opposite end of the protomer, but immediately opposite the a-interface
due to the quaternary protein structure, is the B-interface. This B-interface is
seen to act to reduce CAR binding affinity through steric hindrance (Fig4-11E),
protruding from the intermonomer cleft and, presumably, preventing collision in
an orientation which enables stable complex formation. This hypothesis is
further supported by the interaction data showing that, in a biological context,
viruses with DG-loops (the critical determinant at the B-interface) with greater

occupancy of the intermonomer cleft infect cells less efficiently (Fig4-10-14).
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Taken together, these data suggest that the species D adenoviruses are
capable of engaging CAR as a receptor. HAdV-D26K is only =15% less
infectious than HAdV-C5K in the time course infectivity assay (Fig4-13A,C).
HAdV-C5/49K is seen to infect CHO-CAR cells with a similar profile to that of
HAdV-D48K, which is unsurprising given the similar DG-loop lengths (Fig4-
11D,E). What is more surprising is the inability of HAdV-C5/49K to infect CHO-
CAR cells beyond 50%. The reason for this seemingly arbitrary lack of
increased infectivity over time is unclear. However it has previously been
observed in an assay utilising the whole HAdV-D49 serotype that when CAR is
present HAdV-D49 has a lower infectivity37. The reason for this is unclear,
however we know that HAdV-C5/49K does not require CAR to infect cells (See
later), so this oddity of infection kinetics may be a result of an alternative

mechanism of infection mediated by an as yet unidentified receptor.

Despite these viruses displaying the ability to infect via CAR, their engagement
of CAR as a primary receptor makes little sense from an evolutionary
perspective. Recombination events are common among adenoviruses®®****3’¢,
so isolated instances of viruses with sub-optimal affinities for their primary
receptors are to be expected. However, HAdV-D26K is persistent in the
Japanese population, being a cause of EKC*’. While HAdV-D49 does not
require CAR for infection®*!, and data shows CAR actually diminishes HAdV-
D49% and HAdV-C5/49K infections (see chapter 3). Therefore, given the
evolutionary pressure to maximise infectivity and subsequent virus propagation,
it is counterintuitive that these viruses would persist in the population without
mutating/recombining to eliminate these loops which hinder their infection. We
therefore suggest that these adenoviruses must use an alternative molecule on
the cell surface as their primary means of infection, alleviating the negative
consequences of this CAR inhibitory loops.

An HAdV-D26 based virotherapy which is currently in phase-Ill clinical trials as

a vaccine for Ebola'®

, and as protective agents against HIV****’® and zika®”
has shown excellent efficacy and potent immunogenicity. Similarly HAdV-D49K
derived vectors are seen to be highly infectious, both in our own studies and

those of other teams, making them effective gene transfer vehicles®>%***3%,
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Previously it has been thought that HAdV-D26'%, HAdV-D48***! and HAdV-
D49%', viruses utilise CD46, it now seems unlikely’>”®?*®. The receptor which
these viruses engage plays an important role in the mechanism of action of
vectors derived from viruses. Elucidation and characterisation of these virus:
receptor interactions, therefore, represents something of a priority, such that the
phenotypes which make them useful vectors (immunogenicity, and efficient

infectivity) might be exploited for therapeutic application.
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4.5

Summary of Chapter 4

The major findings in this chapter have been:

1.

Comparison of adenovirus fiber knob protein structures can predict CAR
and CD46 binding ability.
a. Predicted by computational simulation (Fig4-9), then confirmed by

competition inhibition assays and SPR analysis (Fig4-10)

. None of the investigated species D adenoviruses appear to utilise CD46

as a primary cell entry receptor.
a. Shown by computational prediction of CD46 binding interfaces
(Fig4-7), competition inhibition assays and SPR analysis (Fig4-8).
None of the investigated species D adenovirus fiber knob proteins
appear to interact with desmoglein 2.
a. Confirmed by SPR analysis (Table 4-2).
All the tested species D adenoviruses appear to be capable of using
CAR as a cell entry receptor, but with low affinity.
a. As confirmed by competition inhibition assays and SPR analysis
(Fig4-10)
The DG loop likely influences CAR binding affinity by sterically hindering
interaction at the B-interface.
a. Longer DG loops, or those with less flexibility to move out of a
conformation which obstructs binding, will be more inhibitory to
CAR binding (see discussion).
b. This in inferred by analysis of the time course infectivity assay in
Figure 4-11, the preferred conformation of the DG loop of HAdV-

D48K, and knowledge of the DG loop published previously .
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CHAPTER 5. Results: Evaluation of Species D

adenovirus fiber knob tropisms
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5.1 Introduction:

Sialic acid is a known adenovirus receptor for multiple species D types, the first
description being in HAdV-D37/64 (The fiber knob of HAdV-D37 and HAdV-D64
are identical) and HAdV-D19p, which differs with HAdV-D37 fiber knob by just 2

amino acids®®463%

. This was further explored by crystallography, which
demonstrated sialic acid binds to the apical depression of these fiber knobs?’.
However, apical binding is not the only mechanism by which adenovirus can
bind to sialic acid, with turkey siadenovirus 3'** and canine adenovirus 2%
binding sialic acid in lateral regions. Lateral sialic acid binding is also reported in
Human species G adenovirus type 52”*, which has been shown to be especially
dependent on polysialic acid®’, a rare glycan motif which is associated with

141,144

neuronal adhesion proteins although may not be expressed there

exclusively®**. HAdV-D37 also exhibits a glycan preference, utilising to GD1a to

147

infect cells™’, although it seems unlikely to be a strictly specific interaction, as

sulfated glycosaminoglycans (GAGs) having been shown to be effective decoy

receptors, reducing viral infectivity***>®.

Based upon the work with HAdV-D37, a known cause of epidemic
keratoconjunctivitis, and infectivity assays performed in human conjunctival
epithelial (HCE) cells*®*, sialic acid has been presumed to be the primary means
of infection for EKC causing adenoviruses. The most severe varieties of
adenovirus keratoconjunctivitis are caused by HAdV-Dg3??838¢ 37321387388 gng
64 (formerly HAdV-D19a)'®**'. However, recent outbreaks have been
associated with HAdV-D53 (previously classified as HAdV-D22/H8)**** HAdV-
D54°®* and HAdV-D56°"*, with further instances reported for other species D
adenovirus including HAdV-D26 (formerly the Kobe-H strain) and HAdV-D49
(formerly the Kobe-S strain)***3***”’. Usage of sialic acid has been confirmed in

these EKC causing adenoviruses in recent work™.

After eliminating known primary adenovirus receptors as the primary means of
infections for HAdV-D26 we explored the potential for the usage of sialic acid,
based on structural homology to known sialic acid utilising EKC causing

adenoviruses. In this study we demonstrate sialic acid as a primary receptor for
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HAdV-D26K and explore the possibility of sialic acid and other sugars as a

receptor in other species D adenoviruses.
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5.2 HAdV-D26 fiber knob has homology with known sialic
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HAAQV-D37/64K TLWTTPDTSPNCTIAQDKDSKLTLVLTKCGSOILANVSLIVVAGKYHIINNKTNPKIKSFTIKLLENKN
HAJV-D19pK TLWTTPDTSPNCTIAQDKDSKLTLVLTKCGSQILANVSLIVVAGKYHI INNKTNPKIKSFTIKLLENKN
HAQV-D8/53K  TLWITPDTSPNCRIDODKDSKLTLVLTKCGSQILANVSLIVVAGRYKIINNNTNPALKGETIKLLEDKN
HAJV-D54k TLWTTPDTSPNCRIDODKDSKLTLVLTKCGSQILANVSLIVVAGRYKI INNNTQPALKGFTIKLLEDKN
HAJV-D56K TLWTTPDTSPNCKIDODKDSKLTLVLTKCGSQILANVSLIVVAGKYKI INNNTQPALKGEFTIKLLEDEN
267 277 287 297 307 317 327
e P P S |
HAQV-D26K ILLPSSSLSKDYWNYRSDDSIVSQKYNNAVPFMPNLTAYPKPSAQNAKNY SRTKIESHVELGALENOPVE
HAAdV-D37/64K VLLDNSNLGKAYWNFRSGNSNVSTAYEKATIGEMPNLVAYPKPSN--SKKYARDIVYGEIYLGCGKPDOPAY
HAAV-D19pK VLLDNSNLGKAYWNFRSGNSNVSTAYEKAIGEFMPNLVAY PKPSN - - SKKYARD IV TIEL KPDQPAV
HAQV-D8/53K  VLMESSNLGKSYWNFRNONSIMSTAYEKAIGFMPNLVAYPKPTTG-SKKYARDIVY I MLGGKRHOPVT
HAJV-D54k VLMESSNLSKSYWNFRNENS IMSTAYEKATGFMPNLVAYPKPTTG- SKKYARDIVEGHIMI.GGKBHOPAT
HAJV-D56K VLMESSNLGKSYWNFRNENSIMSTAYEKALGFMPNLVAY PKPTAG-SKKYARD IVE G IMLGGKEDQPVT
337 347 357 367 377
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HAQV-D26K ITIAFNQETENGCAYSITFTFTWPRDYSAQQFDVTSFTFSYLTQENKDKD
HAQV-D37/64K IKTTFNQE--TGCEYSITFNFSWSKTYENVEFETTSFTFSYIAQE-—---
HAJV-D19pK IKTTENQE--TGCEYSITFNF SWSHTYENVEFETTSFTFSYIAQE---~~
HAQV-D8/53K  IKTTFNQE--TGCEYSITEDFSWAINTYVNVEFETTSFTESYIAQE----—
HAAQV-D54k IKTTENQE--TGCEYSITFDF SWANTYVNVEFETTSFTFSYIAQE--———
HAJV-D56K IKTTFNQE--TGCEYSITFDE SWANTYVNVEFETTSFTFSYIAQE---~~
B Fiber-Knob Sequence Used Sequence ldentity Theoretical |
Serotype (Accession) to HAdV-D37
HAdV-D8 AB448767.1 85.16% 9.14
HAdV-D53 AB605243.1 85.16% 9.14
HAdV-D54 NC_012959.1 84.62% 8.87
HAdV-D64 AB448772.1 100.00% 9.14
HAdV-D19p J0326209.1 98.90% 8.64
HAdV-D26 EF153474.1 56.76% 6.49
HAdV-D37 AB448776.1 100.00% 9.14

Figure 5-1 HAdV-D26K shares key sialic acid binding residues with EKC associated
adenoviruses (A) but has low overall sequence identity and a very different predicted
isoelectric point (B).

acid utilising adenoviruses

To explore potential receptor tropisms of HAdV-D26 we investigated the fiber
knob protein, as it is the primary tropism determinant which forms initial
interactions on the cell surface, in all known adenoviruses. Sequence alignment
of HAdV-D26K shows homology to known sialic acid utilising adenoviruses
(Fig5-1A). Crucially, the Lys352 and Tyr317 in HAdV-D26 are conserved. These
residues have been shown to be critical to stable sialic acid binding in other
adenoviruses?’. Other residues which are important for sialic acid binding in
HAdV-D37 are not conserved in HAdV-D26K but have similar character. For
example, 11e313 and 1le327 are not identical but are still hydrophobic like the
tyrosine and valine at the equivalent, respective, positions in HAdV-D37.
Interestingly Asn315 is not conserved between HAdV-D37 and HAdV-D26, but

the asparagine is the more common residue in the EKC causing viruses despite
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HAdV-D37 being the classical and best studied of the sialic acid utilising
adenoviruses (Fig5-1A).

However, whole sequence level analysis of HAdV-D26K in comparison to the
other EKC causing viruses highlights greater differences. The EKC viruses all
have sequence identity to HAdV-D37K of >84%, whilst HAdV-D26K is <57%,
showing the level of divergence between HAdV-D26K and the EKC causing
viruses fiber knobs at the primary sequence level (Fig5-1B). Similarly, all the
EKC viruses have basic predicted isoelectric points of >pH8.6, whilst HAdV-

A

C D HAdV-D26

Figure 5-2 Comparison of the electrostatic surface potential of EKC associated
adenoviruses. Models of the fiber-knob proteins derived from a homology model of HAdV-
D8/53K (A), the crystal structure of HAdV-D37/64K (B), HAdV-D19pK (C), and HAdV-D26K (D)
are based on crystal structures (LUXA, 1UXB, and 6QUS, respectively) are displayed coloured
by electrostatic surface potential. Blue and red region indicate more basic and acidic regions,
respectively. Surface potentials were calculated at pH7.35 and the colour ramp is +/- 10mV
(blue to red).

D26K is acidic overall with a predicted pl of pH6.49 (Fig5-1B).
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We modelled the electrostatic surface potential of the best studied sialic acid
utilising adenovirus fiber knob domains, as this has previously been shown to
be important to sialic acid binding®’, in an attempt to clarify the relationship
between the conserved sialic acid residues, the divergent overall sequence, and

differing pl’s.

As no crystal structure exists for the fiber knob domain of HAdV-D8 we
generated a homology model using the closest relative by sequence identity,
HAdV-19p, which has an existing crystal structure(Fig5-2A)*’. Calculation of the
electrostatic surface potentials of HAdV-D8 and HAdV-D37/64 fiber knob
domains show an extremely positive overall surface potential (Fig5-2A,B). The
fiber knob of HAdV-D19p is less basic (Fig5-2C), in agreement with the
predicted pl (Fig-1B). HAdV-D26K shows a similar apical region to HAdV-
D19pK, in terms of electrostatic potential, with higher acidity in the lateral
regions of the fiber knob (Fig5-2D). Critically, the apical depression of all the
modelled fiber knob domains retained basic regions in the apical depression
spanning between two monomers, which corresponds to the three sialic acid
binding locations previously observed in HAdV-D37 and HAdV-D19p*. This
indicates that HAdV-D26K retains the necessary residues and electrostatic
potential to form an interaction with sialic acid in a similar manner to known

sialic acid interacting adenoviruses.

5.3 HAdV-D26 pseudotyped viruses require sialic acid for

efficient cell entry

To test if HAdV-D26 utilises sialic acid as a means of infection we performed
infectivity assays treated and untreated with neuraminidase to cleave cell
surface exposed sialic acid. We used pseudotyped viruses to ensure the
observed effects were due to the fiber knob protein, and not due to interactions
with other viral proteins. The tests were performed in SKOV-3 ovarian
adenocarcinoma, A549 lung carcinoma, and BT-20 breast carcinoma cells. All
three cell lines express CD46 at high levels, A549 cells are high in CAR

expression, while BT-20 and SKOV-3 cells only express CAR at a low level.

Our data demonstrate that HAdV-C5/B35K (HAdV-C5 pseudotyped with the
fiber knob domain of the CD46 utilising HAdV-B35 virus) infected the three

166



tested cell lines regardless of neuraminidase treatment, which is unsurprising
given the ubiquitous expression of CD46 (Fig5-3A). Similarly, the CAR utilising
HAdV-C5 virus retained infectivity following neuraminidase treatment (Fig5-3B).
Interestingly HAdV-C5/B35K and HAdV-C5 was more infectious in all tested cell
lines, though the effect was more pronounce in HAdV-C5 (Fig5-3A,B). The
reasons for this are unclear, but has previously been observed and suggested
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Figure 5-3 Neuraminidase treatment significantly inhibits infection by HAdV-C5/D26K, but
not HAdV-C5 or HAdV-C5/B35K, in three cancer cell lines. HAdV-C5/B35K infectivity is
unaffected by neuraminidase pre-treatment of SKOV-3, BT-20, or MDA-231 cells (A). HAdV-C5
infectivity increases after neuraminidase treatment of the same cells (B), and HAdV-C5/D26K
infectivity is significantly reduced post-neuraminidase treatment (C). n=3 biological replicates,
error=tSD, *P<0.05, **P<0.001, ***P<0.005, ****P<0.0001

to be due to altered electrostatic interactions with the virus capsid retarding cell

entry, since the HAdV-C5 capsid is negatively charged'*®**2.

Infection by the HAdV-C5/D26K virus was significantly inhibited (P<0.005) by
neuraminidase treatment, resulting in >5-fold inhibition, in all three cell lines
tested (Fig5-3C). This indicates that the HAdV-D26 fiber knob forms an
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interaction with sialic acid which can be utilised for infection, and that there is a

clear preference for sialic acid as the infectious pathway compared to CAR or

CD4e6.

5.4 Crystal structures reveal sialic acid binding in the apex of

HAdV-D26K

Table 5-1 Refinement statistics for structures of HAdV-D26K used in this study. One
crystal was used for determining each structure. Figures in brackets refer to outer resolution
shell, where applicable. MMT (DL-Malic acid, MES monohydrate, Tris: pH 4.0-9.0), SPG
(Succinic acid, Phosphate, Glycine). ! Coordinate Estimated Standard Uncertainty in (A),

calculated based on maximum likelihood statistics.

PDB Entry 6QU6 6QUS 6FJO
Data Collection

Diamond Beamline 104 104 104

Date 25/10/2018 25/10/2018 05/12/2017
Wavelength 0.91587 0.91587 0.9795

Crystal Data

Crystallisation Conditions

0.1 M MIB, 25 % w/v

0.1 MMIB, 25 % w/v PEG

0.1 M SPG, 25% PEG

PEG 1500 1500 1500
pH 40 8.0 40
a=b=c (A) 85.73 85.92 85.78
o=p=y (°) 90.0 90.0 90.0
Space group P23 P23 P213
Resolution (A) 1.03-495 1.19-42.96 1.17-85.78
Outer shell 1.03-1.06 1.19-122 1.17-1.23
R-merge (%) 53(125.3) 8.5(276.1) 6.5(137.0)
R-meas (%) 5.5(161.3) 8.8(283.2) 6.6 (1404)
CC1/2 1.0 (0.224) 1.0 (0.505) 1.00 (0.825)
I/6() 219(0.7) 20.7(1.3) 248(23)
Completeness (%) 97.7 (76.5) 100.0 (100.0) 100.0 (100.0)
Multiplicity 149 (2.0) 21.4(20.3) 21.8(21.2)
Total Measurements 1.509.159 1.448.478 1.568.641
Unique Reflections 103.975 67.799 71.878
Wilson B-factor(A?) 84 111 1222
Refinement Statistics
Total number of refined atoms 1.936 1.846 1.761
R-work reflections 96.027 64.286 68.283
R-free reflections 4.907 3.441 3,558
R-work/R-free (%) 136/148 14.17/17.20 17.0/19.0
rms deviations.
Bond lengths (A) 0.012 0.011 0.021
Bond Angles (°) 1.754 1.661 2.080
!Coordinate error NULL NULL 0.026
Mean B value (A?) 17.6 29.6 19.9
Ramachandran Statistics
Favoured/allowed/Outliers 119/9/0 126/10/0 133/10/1

% 93.0/7.0/0.0 927/74/00 924/69/0.7

5.4.1 Sialic acid binding is stable at high and low pH

We obtained crystal structures for HAdV-D26K in complex with sialic acid
(Table 1) at pH’s between pH4.0 (Fig5-4A-C) and pH8.0 (Fig5-4D-F). Sialic acid
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was seen to bind to the same location at both pH4.0 (Fig5-4A) and pH8.0 (Fig5-
4D), showing that the interaction is stable throughout the range of pH’s. The

HAdV-D26K trimer showed very few changes in morphology with only minor
variations
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Figure 5-4 Crystal structures show silic acid interacts with HAdV-D26K in the apical depression at high and low pH. The crystal structure of HAdV-D26K in
complex with sialic acid at pH4.0 (PDB 6QUG6) shows three copies of sialic acid interact in the apical depression (A). The omit map shows clear electron density (B)
which is best described by a double conformer of sialic acid (C). The same in seen at pH8.0 (PDB 6QU8, D) with electron density (E) showing a different sialic acid

double conformer (F).
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inside chain orientation in solvent exposed areas of the loops, showing unusual

resilience to changes in acidity.

The omit maps for the sialic acid in the pH4.0 (Fig5-4B) and pH8.0 (Fig5-4E)
structures are predominantly similar, but with small differences towards the right
of the ring structure. These differences in the map to the right of the ring can be
explained best by a double conformer of sialic acid, seen super imposed on the
pH4.0 and pH8.0 omit maps, respectively, in figure 4C and 4F. Sialic acid is
similar at both pH’s with the only significant differences being visible in the
glycerol arm. At pH4.0 the arm pivots about the C7-8 bond Fig5-4C), whereas

at pH8.0 the carbons are less mobile, and the C8-9 bond rotates the position of

A B Plane of Pyranose Ring

Glycerol

N-Acetyl

Figure 5-5 The biologically relevant conformation of sialic acid, when in complex with
HAdV-D26K. Viewing sialic acid normal to the pyranose ring of sialic acid (A) the glycerol and
N-Acetyl functional groups are visible projecting from C6 and C5, respectively. Viewing sialic
acid parallel to the pyranose ring the carboxyl group is seen in an axial conformation (B), which
is most biologically relevant as it enables access the C2 oxygen group available for a2 linkages
to other sugar monomers.

the OH group (Fig5-4F).

The omit maps show clear density for two orientations of the C1 carboxyl group,
both in a planar and an axial conformation (Fig5-4). After refinement the density
can be explained with equal occupancy in each conformation, suggesting each

are equally valid models of the structure. However, previous work has
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demonstrated that in HAdV-D37K*"** and HAdV-D19pK* the glycan chain
extends in the planar direction from C2. This makes the biologically relevant
conformation of sialic acid one in which the C2 oxygen is planar (Fig5-5A) and

the carboxyl group containing C1 is axial (Fig5-5B).

5.4.2 HAdV-D26K binding to sialic acid utilises multiple types of
bond

HAdV-D26K interacts with sialic acid using a combination of polar contacts,
water bridges, and hydrophobic interactions at both pH4.0 and pH8.0, showing
almost no variation in sialic acid contact residue positions between pH’s (Fig5-
6). The axial carboxyl group forms polar contacts with a main chain oxygen and
a lysine (Fig5-6A,B). While the lysine is seen as a double conformer at pH8.0
(Fig5-6B) it is still in range to form a polar contact. The nitrogen atom of sialic
acid also forms a main chain oxygen contact, and the C4 OH group contacts the
apical oxygen of a tyrosine side chain. The N-acetyl group forms a polar contact
with an asparagine residue, anchoring the sialic acid and orienting the methyl
group at C11.

The final polar contacts are seen between a glutamine reside and the closest
oxygen of the glycerol arm. The glycerol arm is in a different orientation in each
of the two pH’s depicted (Fig5-6), though the density evidences that it can form
a different pair of conformations at each pH (Fig5-4C,F), suggesting a minimum
of 4 possible conformations. However, in all 4 conformations, an oxygen is
positioned in the direction of the threonine and in the direction of the glutamine,
placing similar polar groups in the same region of space. The oxygen group
planar to the ring forms a polar contact with glutamine (Fig5-6A,B), while the
oxygen which is oriented towards the threonine forms a water bridge with that
amino acid (Fig5-6C,D).

Water bridges are an important mode of interaction for sialic acid binding to
HAdV-D26K. At pH4.0, five water bridges are visible (Fig5-6C), and eight are
observed at pH8.0 (Fig5-6D). The increased number of water bridges owes to
the additional water seen in the pH8.0 structure, contacting between the
carboxyl group and a main chain oxygen atom and the side chain nitrogen atom
of a lysine residue. Whether or not this water is present in the pH4.0 structure

as well is unclear. The pH4.0 structure has higher resolution (1.0A) compared to
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the pH8.0 structure (1.2A) (Table 1), so we would expect the water bridge to be
visible in both. However, it could be that the water is not coordinated enough to
form a stable water bridge due to differing protonation states at the lower pH.
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Figure 5-6 HAdV-D26K forms a similar interaction with sialic acid at both pH4.0 (PDB
6QU6) and pH8.0 (PDB 6QUS8) through a combination of polar, water-bridge, and
hydrophobic interactions. At pH4.0 sialic acid forms numerous polar contacts to charged side
chains in HAdV-D26K (A), similar contacts are seen at pH8.0 and exhibits a lysine double
conformer (B). At pH4.0 sialic acid forms several water bridges stabilising the interaction of the
glycerol group (C), the same bridges are seen at pH8.0 with the addition of a water-bridge
contact on the carboxyl group not seen at pH4.0 (D). A hydrophobic interface is formed around
the N-Acetyl methyl group which appears to be similar and stable at pH4.0 (E) and pH8.0 (F).
Polar bonds to residues are shown as red dashes, water-bridge contacts as blue dashes, and
waters as cyan spheres. Sialic acid is shown in orange, polar HAdV-D26K residues as green
sticks, and purely hydrophobic residues as red sticks. The HAdV-D26 surface is shown in white
with hydrophobic regions in red. Oxygen and nitrogen atoms are coloured red and blue,
respectively.

The final major interaction mode is a hydrophobic interface between a pair of
isoleucine residues and the methyl group of the N-acetyl domain of sialic acid.
The isoleucine’s form a hydrophobic cradle which the methyl group can fit into.
As an uncharged mechanism it is unaffected by pH (Fig5-6E, F), however the
cyclic face of the tyrosine residue contributes to the hydrophobic interface while
also forming a polar contact. This marks an unusual instance of a residue acting

as both a polar and hydrophobic agent, simultaneously.

Further inspection of the residues suggests that the sialic acid binding interface
in HAdV-D26K may display an induced fit mechanism. Examination of the
density by o-level surrounding the glutamine at position 348, closest to the
glycerol arm of sialic acid, indicates that the side chain of GIn348 forms a
double conformation. While the main chain is clearly defined up to 0=3.3-37, at
pH4.0 the side chain is shown to be in a conformation contacting sialic acid at
0=0.5-1.2 (Fig5-7A) and in this conformation at pH8.0 at 0=1.3-1.7 (Fig5-7B).
Weak density is also visible in an alternative confirmation in which the Glu348
side chain is unable to form a polar contact with sialic acid. The Glu348 side
chain may have further possible conformations not visible in the density. This
suggests that the Glu348 may be labile up until sialic acid binding, then forming
a bond with the glycerol arm of sialic acid upon its entry into the binding pocket,

stabilising both molecules conformations.

Similarly, 1le324 is seen to have a double conformation for its side chain when
not bound to sialic acid (Fig5-7C). One confirmation makes an indentation able
to accommodate the methyl group of C11 (Figh-6E, F), while in the other the
long arm of 1le324 rotates to occupy this space. The polar interactions of sialic
acid’s nitrogen and N-acetyl oxygen hold the methyl in an orientation where it
must occupy the hydrophobic cleft formed by Ile324, 1le310, and Tyr312 (Fig5-
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Figure 5-7 HAdV-
B D26K affects an
induced fit
mechanism in sialic
acid binding. HAdV-
D26K residue GIn348
can occupy multiple
conformations, with a
greater preference for
conformation A
(capable of forming a
polar contact with the
glycerol arm of sialic
acid) at pH8.0 (A) than
at pH4.0 (B). 1le324
has two conformations
when HAdV-D26K is
unliganded (C, PDB
6FJO). However, upon
sialic acid binding the
lle324 adopts a single
confirmation creating a
hydrophobic
indentation around the
N-Acetyl methyl group
bounded by
lle324,1le310, and the
ring of Tyr312 (D).
Shells describe the o of
the density: Blue:
0=0.5-1.2, Cyan:
0=1.3-1.7, Green:
0=1.8-2.2, Yellow=2.3-
2.7, Orange: 2.8-3.2,
Red: 0=3.3-3.7.

GIn348-B

GIn348-B

GIn348-A
GIn348-A
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6A, B; Fig5-7D). It is unclear whether the lle324 must already be in a permissive
conformation for sialic acid interaction, or if it can be “pushed” into this side
chain orientation by sialic acids other interactions. Regardless of the order in
which this occurs, it is an example of the conformation of sialic acid and HAdV-
D26K morphing into a shape permissive for an interaction, and thus is an

example of induced fit.

5.5 HAdV-D26 binds to sialic acid in a manner similar to

known sialic acid utilising species D adenoviruses

The interaction of HAdV-D26K with sialic acid is similar to that of HAdV-D37K
and HAdV-D19pK. Figure 8 shows a comparison of HAdV-D26K and HAdV-
D37K in complex with sialic acid. Both demonstrate a similar overall mechanism
of binding sialic acid, with the N-acetyl domain of sialic acid anchored to a polar
residue, the methyl group contacting a hydrophobic patch, and the nitrogen,
carboxyl, and C4 OH group restrained by direct polar interactions. However,
HAdV-D26K has a more numerous network of bonds which restrain the sialic
acid residue more tightly. How this affects the binding affinity is unclear, though
it seems likely to increase the affinity of the interaction, though the steric

interacts with the isoleucine arms could diminish the on rate.

The carboxyl group of both HAdV-D26K and HAdV-D37K is restrained by a
direct polar contact to Lys349/Lys345 respectively, while the HAdV-D26K
carboxyl group is further restrained by a water bridge and another direct polar
contact with the main chain oxygen of Tyr320 (Fig-8A). In HAdV-D37K the
oxygen of the N-acetyl group is bound by a pair of water bridges to the oxygen
of Thr310 (Fig-8B). In HAdV-D26K Thr310 is substituted for an asparagine
residue (Asn312, Fig-8A). The Asn312 side chain is longer, and further differs
from threonine by having both a positively charged oxygen, and negatively
charged nitrogen group. This enables the formation of both a direct polar
interaction, and a water bridge. The same water is close enough to the C7 OH

group to form another water bridge (Fig-8A).

The glycerol arm of HAdV-D37K is restrained by a single water bridge between
the C7 OH and Ser344 (Fig-8B). The serine side chain is too short to form a
direct polar interaction. The equivalently positioned residue to Ser344 in HAdV-

D26K is GIn348. Much like the Thr310-Asn312 difference, GIn348 is also
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significantly longer than its equivalent residue in HAdV-D37K and has both
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HAdV-D26

HAdV-D37

Thr310

Figure 5-8 HAdV-D26K forms a complex interaction network of hydrophobic and
electrostatic interactions with sialic acid. Sialic acid (orange) is seen to bind HAdV-D26 (A)
and HAdV-D37 (B) through a network of polar contacts (red dashes) and hydrogen bonds (blue
dashes). The interaction is stabilised by hydrophobic interactions (red regions on white surface)

with the N-Acetyl CH3 group, but different residues in HAdV-D26 (C) and HAdV-D37 (D).
Waters are shown as cyan spheres, residues forming comparable contacts in HAdV-D26 and
HAdV-D37 are shown as blue sticks, other residues are shown as green sticks. Oxygen and
nitrogen are seen in red and blue, respectively.

positive and negative charges. GIn348 forms a direct polar interaction to the C9
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OH group of sialic acid, and further stabilises the glycerol arm by water bridge
contacts to both C7 and C9 OH groups (Fig5-8A). Finally, Thr319 forms a water
bridge to the C8 OH group. By these mechanisms HAdV-D26K appears to
restrain sialic acid more tightly than HAdV-D37K, forming contacts at 8 points,

rather than 5, and many more bonds overall.

The “cradle” conformation formed by 1le310 and lle324 in HAdV-D26K is
another example of sialic acid being more restrained than in HAdV-D37K (Fig-
8C). In HAdV-D37K the equivalent interface is composed of Tyr308 and Val322,
forming a flat hydrophobic patch (Fig5-8D). This flat region provides empty
space which the sialic acid could move into, in contrast to the cradle formed in
HAdV-D26K which is likely to be further controlled by the pressure from the
labile lle324 side chain (Fig5-7C, D).

5.6 Species D adenoviruses conserve sialic acid binding

features

Recent research has confirmed that the majority of the EKC causing
adenoviruses utilise sialic acid as a cell entry receptor, which follows, given their
shared pathology and high sequence similarity, including key sialic acid binding
residues™’. However, the above finding that HAdV-D26 utilises sialic acid as a
receptor suggests that this tropism may not be restricted to the EKC causing

adenoviruses and may exist more broadly.

Amino acid sequence alignment of all the known species D adenoviruses shows
conservation of many residues known to be involved in sialic acid interaction
(Fig5-9). HAdV-D26K has isoleucine residues at positions 310 and 324 which
correspond to tyrosine in previously known sialic acid binding viruses HAdV-
D37/19p/8/64. In other species D fiber knobs position 310 is typically valine,
while 324 is poorly conserved. In HAdV-D26K residue 312 is asparagine, and
threonine in HAdV-D37K and HAdV-D19p. However, the asparagine is the
common, being conserved at that position in the entire species D except for
HAdV-D10K/37K/19pK Lys349 is also conserved across the entire species D,
similarly Tyr314.

We have generated crystal structures of HAdV-D10K (Fig5-10), D15K (Fig5-11),
D29K (Fig5-12), and D30K (Fig3-14). HAdV-D10K packed as a pair of biological
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trimers in P63 at a resolution of 3.39A (Fig5-10, Table5-2). This low resolution
would be difficult to solve in the absence of a close pre-existing model, but
molecular replacement with the very closely related structure of HAdV-D37K

Table 5-2 Refinement statistics for deposited structures of previously undescribed
species D adenoviruses. One crystal was used for determining each structure. Figures in
brackets refer to outer resolution shell, where applicable. SPG (Succinic acid, Phosphate,
Glycine). ! Coordinate Estimated Standard Uncertainty in (A), calculated based on maximum
likelihood statistics.

enabled successful phasing. We were able to define the main chain of the

PDB Entl'y HAdAV-D10K - 6QPM HAJdV-D15K — 65TW HAdV-D29K — 65TV
Data Collection

Diamond Beamline 104-1 103 103

Date 2018-03-12 18/04/2019 18/04/2019
Wavelength 091587 0.95372 0.95372

02MNaNO3,0.1M

25% wiv
Bis-Tris Propane, 0.IM SPG, 23% wiv

Crystallization Conditions 0.IM SPG, 25% Wi PEG

20.0 % PEG 3350 PEG 1500 1500
pH 75 8.0 6.0
a, b, c(A) 183.57, 183.57.94.88  59.58. 89.18, 106.20 104.29, 104.29, 104.29
o, B,y (©) 90.0, 90.0, 120.0 90, 90, 90 90, 90, 90
Space group P6; P2,2:12 P23
Resolution (A) 3.395-79.49 1.37-39.64 1.60—73.85
Quter shell 339-3.58 1.37-141 1.60-1.63
R-merge (%) 10.0 (245.5) 0.036 (1.604) 0.105(3.525)
R-meas (%) 104 (256.9) 0.041 (1.862) 0.109 (3.690)
CC1/2 0.999 (0.426) 1.000 (0.478) 1.000 (0.444)
1/06(I) 15.5(1.0) 18.4(1.1) 18.1(1.0)
Completeness (%) 996 (97.1) 100.0 (100.0) 100.0 (100.0)
Multiplicity 11.3(11.3) 7.4(7.6) 22.6(22.5)
Total Measurements 285.257 (40.066) 881.087 (66.057) 1,131,680 (54.939)
Unique Reflections 25.265 (3.551) 119,296 (8.721) 50.042 (2.447)
Wilson B-factor(A?) 118.1 19.9 242
Total number of refined 8.631 5.429 3.247
atoms
R-work reflections 23,861 113.301 47,543
R-free reflections 1,235 5,905 2.470
R-work/R-free (%) 20.3/234 17.3/19.9 17.6/20.1
Bond lengths (A) 0.008 0.012 0.012
Bond Angles (°) 1.695 1.722 1.699
ICoordinate error 0451 0.049 0.075
Mean B value (A?) 170.2 27.8 30.0
Favoured/allowed/Outliers 974/96/6 451/27/4 317/13/0

% 90.5/89/0.6 93.57/560/0.83 96.06/3.94/0

structure with confidence; however, the specific side chain positions are only
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defined with confidence in higher quality map regions (Fig5-10B). The statistics
were commensurate with other structures of this resolution (Fig5-10C).

HAdV-D15K packed as a biological trimer per asymmetric unit (Fig5-11A). The
high resolution (1.37A) provides excellent density enabling us to define side
chain positions confidently (Fig5-11B, Table5-2). The statistics were good in
comparison to other structures at similar resolution (Fig5-11C).

HAdV-D29K formed a crystal structure in space group P 2 3, containing two
copies of the monomer per asymmetric unit, each forming a separate trimer
when the symmetry copies are viewed (Fig5-12A). Density was seen to a
resolution of 1.60A and enabled clear definition of most residues (Fig5-12B),
and generated statistics were acceptable quality. However, no density was
visible for 6 residues contained within a loop at the base of the HAdV-D29K

monomer, seen in Figh-12A, as such these residues were not modelled.

Using the species D fiber knob crystal structures we investigated the potential to
interact with sialic acid. Sequence alignment (Fig5-9) identified the amino acids
at equivalent positions to known sialic acid contact residues in HAdV-D26K and
HAdV-D37K. These residues were compared using the non-ligand bound
structures to avoid visualising the effects of induced fit conformations for HAdV-
D26K and HAdV-D37K in complex with sialic acid (Fig5-13).

This comparison revealed, as would be expected from the sequence alignment,
that HAdV-D10K has an identical sialic acid binding pocket to HAdV-D37K.
HAdV-D29 shares most of the residues in this pocket with HAdV-D26K, but with
the two hydrophobic residues (Tyrosine and Valine) being the same as those in
HAdV-D37K. These similarities suggest that HAdV-D10K and HAdV-D29K are

likely to interact with sialic acid.

HAdV-D30K, 48K, and 49K have nearly identical pockets to each other (Fig5-
13), the only difference being HAdV-D49K has an Alanine rather than a
Guanine at position 320 (Fig5-9) as occurs in HAdV-D30K and 48K. However
amino acid changes at this position are unlikely to affect sialic acid binding as
the side chain faces out of the binding pocket and the contact is formed with the
main chain oxygen. The high degree of similarity to known sialic acid binding
pockets suggest that these three fiber knobs may be able to interact with sialic
acid.
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Metric Percentile Ranks Value

Rfree NN T 0.234
Clashscore I I 20
Ramachandran outliers I I N 0.8%
Sidechain outliers ] T 13.4%
RSRZ outliers (. 10.0%

Worse Better

Figure 5-10 Overview of the solved crystal structure of HAdV-D10K, deposited in the wwPDB as 6QPM. The asymmetric unit consisted of 6 fiber-knob
monomers, creating a pair of trimers, representing two biological units (A), the quality of the map (blue mesh) through the main B-strands was sufficient to suggest
likely side-chain positions(B). The statistics showed scores commensurate with other wwvPDB entries at this resolution (C). Map is displayed at 0=1.0, and carved at
2.0A. Protein is shown as a cartoon representation, with missing portions shown as dashed loops.
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Metric Percentile Ranks Value
Rfree I 0 D 0.208
Clashscore I
Ramachandran outliers I

Sidechain outliers Ijjmmm D 5.5%
RSRZ outliers I D 3.1%
Worse Better

0 Percentile relative to all X-ray structures

[ Percentile relative to X-ray structures of similar resolution

o] o
o (o]

Figure 5-11 Overview of the solved crystal structure of HAdV-D15K, deposited in the wwPDB as 6STW. The asymmetric unit consisted of 3 fiber-knob
monomers, creating a trimer, representing the biological unit (A), the quality of the map (blue mesh) through the main B-strands was sufficient to clearly define the
side chain positions and their orientation (B). The statistics showed scores commensurate with other wwPDB entries at this resolution (C). Map is displayed at 0=1.5
and carved at 1.5A. Protein is shown as a cartoon representation, with water molecules shown as white non-bonded spheres.
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Value

Percentile Ranks

@ c Metric
Rfree NN I i 0.204
Clashscore I I
Ramachandran outliers IE{j= I 0.4%
Sidechain outliers Ifjmmms I 5.3%
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Figure 5-12 Overview of the solved crystal structure of HAdV-D29K, deposited in the wwPDB as 6STV. The asymmetric unit consisted of 2 opposing fiber-
knob monomers (A), the quality of the map (blue mesh) through the main -strands was sufficient to clearly define the side chain positions and their orientation (B).
The statistics showed scores commensurate with other wwPDB entries at this resolution (C). Map is displayed at 0=1.5 and carved at 2.0A. Protein is shown as a
cartoon representation, with water molecules shown as white non-bonded spheres, and phosphate atoms as Van der Waal spheres. Missing portions of structure
are shown as dashed lines.
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Figure 5-13 Sialic acid binding residues of HAdV-D26K and the equivalent residues, as defined by amino acid sequence alignment, in other species D
adenovirus crystal structures. The sialic acid binding residues of HAdV-D26K and the residues at equivalent positions as defined by ClustalQ amino acid

sequence alignment of the fiber-knob domains are shown. Sialic acid (black lines) is placed by homology alignment to the unliganded structures, and is only present
as a guide to assist with orientation, not as a model of interaction.
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HAdV-D15K shares the Asp312 and Tyr314 residues found in HAdV-D26K, as
well as the Lys349 found through the species D fiber knobs. The hydrophobic
region is also conserved, consisting of a pair of valine residues. HAdV-D15K is
dissimilar to other fiber knobs compared in figure 5-13 as the residues at
position 319 is a large hydrophobic (isoleucine) which faces into the pocket in
which the N-Acetyl methyl group of sialic acid interacts with the fiber knob in
HAdV-D26K and 37K. HAdV-D15K Tyr348 is also different in that it is a much
larger side chain compared to the serine and glutamine found in HAdV-D37K
and 26K, respectively. While the overall character of the pocket is similar to that
of the known sialic acid binding fiber knobs, the blocking of the hydrophobic
pocket for the N-acetyl methyl group and occupancy of the area required for the
glycerol arm of sialic acid suggest HAdV-D15K is unlikely to bind to sialic acid.

Using existing crystals of HAdV-D15K, D29K, D30K we performed soaking
experiments to investigate their ability to bind sugars. Since sialic acid is not the
only potential sugar monomer on glycans which the fiber knob proteins could,
potentially, bind to, we tested binding to a mixture of sialic acid (Neu5Ac),

Mannose, Galactose, Fucose, and N-acetyl Glucosamine.

In HAdV-D29K we observe evidence of ligand binding. Density was visible for
an N-Acetyl domain, and weaker density extended from a C6 suggesting an
“‘arm” in both likely sialic acid binding sites observed in the soaked crystal
structure (Fig5-14A, B). Since sialic acid is the only ligand soaked into the
structure with both a large extended functional group (“arm”) and an N-acetyl
domain is sialic acid, it is the only explanation for the density. Sialic acid is seen
to bind HAdV-D29K in much the same manner as it does to HAdV-D26K. The
best for the electron density places one arm lateral to the plane of the pyranose
ring (Fig5-14A) and the other copy under torsion (Fig5-14B). However, the
glycerol arm has weak density suggesting poor localisation regardless of the

refined orientation.

Solving the structure of the soaked HAdV-D30K crystal showed density for a
small molecule ligand in the region expected for sialic acid binding (Fig5-14C).
However, the density in this region was poorly defined, this may due to
insufficient resolution of the data set obtained (2.56A) or partial occupancy at

the site due to insufficient soaking duration. While a ligand can bind in this
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location, attempting to fit the density with Mannose, Galactose, or Sialic acid, all

gave a plausible
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Figure 5-14 Data collected from small molecule soaked HAdV-D29K crystals shows density corresponding to sialic acid binding while similar data from
HAdV-D30K shows non-descript small molecule binding. Two copies of HAdV-D29K monomer are present in the asymmetric unit of the crystal structure of
HAdV-D29K. Density corresponding to the shape of sialic acid was visible in both, with one copy placing sialic acid under less torsional stress (A) than the other (B)
and both showing weak density for the glycerol arm. HAdV-D30K shows a large region of undefined density in the region of the soaked HAdV-D30K crystal structure
but does not have sulfficient resolution to define features (C).
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Figure 5-15 Soaked
structure of HAdV-
D15K does not show
clear sialic acid
binding density, and
has a very tight crystal
packing arrangement.
The data set obtained
from a small molecule
soaked HAdV-D15K
crystals included 12
copies of the HAdV-
D15K monomer for 4
biological trimer and 12
possible sialic acid
binding sites in the apical
domain. Some potential
sites showed weak
(0<1.0) density in
regions of the possible
sialic acid binding pocket
in some copies (A) and
either no density or
negative density in other
copies (B). The crystal
packing arrangement
showed a very close
packing arrangement
with no clear diffusion
channels running parallel
to the 3-fold axis (C) and
large loops blocking
access to the apical
domains of the biological
trimers (D).
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explanation for the density at all three of the potential bind sites, leaving the

identity of the ligand inconclusive.

Soaking experiments in HAdV-D15K showed no evidence of sugar binding, as
suggested by earlier modelling of this binding pocket (Fig5-13). The structure of
HAdV-D15K which was solved had four copies of the HAdV-D15K trimer, and
thus twelve possible binding sites for sialic acid. Adding sialic acid by homology
and re-refining the data set showed some density around one potential site of
sialic acid binding (Fig5-15A). However, most sites showed no density (Fig5-
15B). The packing arrangement of the soaked HAdV-D15K structure exhibited a
particularly close packing arrangement with small channels in the direction of
the trimers three-fold axis (Fig5-15C) and loops extending into the trimer’s apex,
across the plane normal to the three-fold axis (Fig5-15D). This packing

arrangement could inhibit diffusion through the crystal.

We further assessed the biological significance of sialic acid presence on the
cell surface for viral infection by performing luciferase infectivity assays and
treating with neuraminidase (Fig5-16). We tested viral pseudotypes HAdV-
C5/D10K, HAdV-C5/D15K, HAdV-C5/D24K, HAdV-C5/D29K, HAdV-C5/D53K,
HAdV-C5/D26K. As in the flow cytometry assay, HAdV-C5/D26K was
significantly inhibited by neuraminidase treatment in SKOV-3 cells and is now
shown to depend upon sialic acid to infect A549 lung carcinoma cells as well
(Fig-16A). HAdV-C5/D10K was significantly less capable of infecting A549 cells
after neuraminidase treatment, and while a reduction in infectivity was seen in
SKOV-3 cells as well it was not significant (Fig5-16B). This pattern was also
seen in HAdV-C5/D15K, and may be explained by rotation of the isoleucine
seen to inhibit the hydrophobic interface being possible in a non-crystallised
structure (Fig5-16C). A reduction in infectivity was seen for HAdV-D24K in A549
cells, but neither this nor the effect in SKOV-3 cells was significant. HAdV-
C5/D29K followed the pattern observed in HAdV-C5/D10K and D15K, while
HAdV-C5/D53K showed the opposite with a significant reduction in infectivity
observed in SKOV-3 cells but a non-significant reduction in A549.
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Figure 5-16 Sialic acid cleavage significantly reduces the infectivity of 5 of 6 tested HAdV-C5 viruses pseudotyped with species D fiber-knob domains.
After neuraminidase treatment the infectivity of HAdV-C5/D26K was significantly inhibited in SKOV-3 and A549 cells (A). HAdV-C5/D10K saw a non-significant
reduction in infectivity in SKOV-3 cells, but was significantly inhibited from infecting A549 cells (B), the same is true of HAdV-C5/D15K infectivity (C). HAdV-
C5/D24K was not significantly inhibited from infecting either cell line (D), while HAdV-C5/D29K was significantly inhibited from infecting A549 cells, but only a non-
significant reduction was observed in SKOV-3 cells (E). Conversely the HAdV-C5/D53K pseudotype was significantly inhibited from infecting SKOV-3 cells but not
A549 cells where a non-significant decrease was seen (F). Cells were infected with replication incompetent virus expressing a luciferase transgene. n=4, Error=£SD.
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5.7 Discussion

In this study we sought to evaluate whether HAdV-D26 could utilises sialic acid
as a cell entry receptor. We demonstrated that HAdV-D26K can form a stable
complex with sialic acid through a combination of crystallographic and biological
assays. We observed that it is likely that other members of the species D
adenoviruses bind sialic acid. We investigated this further and observed that
HAdV-D29K can also form a complex with sialic acid, and that HAdV-D30K
appears to bind to a small molecule ligand as well, though at this stage we
cannot conclusively define the identity of this ligand. Neuraminidase assays
confirm sialic acid usage by HAdV-D29K in A549 cells, and significant
reductions in infectivity after neuraminidase treatment for several other species
D adenoviruses in SKOV-3 and/or A549 cells. Taken together this suggests that
sialic acid may be used widely across the species D adenoviruses and identified

a broadly conserved sialic acid binding pocket.

We demonstrated that HAdV-D26K can form a stable interaction with sialic acid
(Fig5-4), and that this interaction can be used to initiate infection (Fig-3).
Cleavage of sialic acid by neuraminidase treatment was seen to reduce the
infectivity of the HAdV-C5/D26K pseudotyped virus. After neuraminidase
treatment the total fluorescence intensity of cells infected by the HAdV-C5/D26K
virus were reduced to levels slightly above those seen in the comparable cell
lines infected by HAdV-C5, which infects via CAR (Fig5-3B,C). It is plausible
that the residual levels of infection seen post-neuraminidase treatment in HAdV-
C5/D26K are due to interaction with CAR, which is expressed only at low levels
in these cells, and which HAdV-C5/D26K was seen to be able to bind to with
weak affinity’”, and residual sialic acid not removed during the neuraminidase
treatment. Future work could investigate this by simultaneously blocking CAR

and sialic acid binding.
5.7.1 pHis unlikely to affect sialic acid binding to HAdV-D26K

We were able to solve the structure of sialic acid in complex with HAdV-D26K at
pH4.0 (Fig5-4.A,B,C) and pH8.0 (Fig5-4D,E,F). The differences observed in the
interactions at each pH were in the conformation of the glycerol arm, an
additional water bridge at pH8.0, and double conformer of Lys349 (Fig5-6). The

Lys349 double conformer and additional water bridge are likely due to
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differences in resolution. Lysine has a long side chain and is likely to be at least
partially flexible, the high resolution of the data obtained allows both the
preferred conformations to be seen in the density, giving the double conformer.
Since both the observed conformations maintain the polar contact with sialic
acid it is unlikely to affect the sialic acid binding. Similarly, the additional water
observed in the pocket for the pH8.0 structure of sialic acid in complex with
HAdV-D26K is likely due to the slightly increase resolution and/or averaging of
the data, rather than a biologically important difference between the two pH'’s.
However, we cannot rule out that the difference in electrostatic potential
observed when the fiber knob protein is at different pH’s could alter the ability to

form polar contacts and coordinate water molecules.

5.7.2 HAdV-D26K contains residue substitutions in the sialic acid

binding pocket enabling more direct bonds

Examination of the intensity of the electron density around sialic acid in complex
with HAdV-D26K at each pH shows the possible positions of the arm (Fig5-
7A,B). In comparison to HAdV-D37K*" and D29K (Fig5-14A,B), HAdV-D26K has
a well localised glycerol arm. However, more than one conformation is visible at
both pH’s (Fig5-6,7). This appears to be because the long GIn348 side chain
and the orientation of Thr310 side chain (Fig5-8) means that regardless of the
orientation of the glycerol arm it can still form similar polar contacts and water-
bridges (Fig5-6). The high number of glycerol arm conformations observed is
therefore likely to be due to the plasticity in the interface enabling multiple
conformations, and the high resolution of the dataset enabling even rare
conformations to be observed in the density.

The side chains which enable HAdV-D26K to form direct interactions with the
sialic acid glycerol arm are an important difference with the best studied sialic
acid binding adenovirus, HAdV-D37K***’. HAdV-D37K also forms direct polar
contacts with Lys345 and Tyr312 (Fig5-8B) in the same manner as HAdV-D26K
has equivalent contacts to Lys349 and Tyr314 (Fig5-8A), as well as sharing a
main chain oxygen contact with the sialic acid nitrogen. However, the rest of the
HAdV-D37K bonds to sialic acid are water bridges due to the short side chains
of Thr310 and Ser344. In contrast HAdV-D26K possesses long side shines at
the equivalent Asn312 and GIn348 residues, respectively, as well as a polar
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Thr319 rather than Pro317. This residue substitutions enable direct polar
contacts, which are observed to be complemented by water bridges, due to the
closer proximity of the charge residues side chains to sialic acid. This results in
HAdV-D26K having a much more complex and extensive network of sialic acid

binding interactions compared to HAdV-D37K.

This closer sialic acid binding contact in HAdV-D26K compared to HAdV-D37K
also extends to the hydrophobic interface observed with the N-acetyl methyl
group. In HAdV-D37K the hydrophobic interface is formed by Tyr308 at the
base with Tyr312 and Val322 forming hydrophobic surfaces lateral to the methyl
group of sialic acid (Fig5-8D). In HAdV-D26K the hydrophobic interface is
formed by 1le310 at the base, with Tyr310 and lle324 laterally (Fig5-8C). The
HAdV-D26K hydrophobic interface uses the long and short arms of the lle324
side chains, respectively, to form a cradle, with the long Ile324 arm remaining
mobile (Fig5-7C,D) and creating the correct space for the methyl group next to
the Tyr314 hydrophobic face. This results in a much closer hydrophobic
interface leaving far less space for the methyl group to move in, and correctly

orienting the opposing N-acetyl oxygen to form contacts with Asn312.

5.7.3 Regions of weak density around residues with long side

chains may indicate an induced fit model of sialic acid binding

The mobile 1le324 arm in HAdV-D26K is likely to be an example of induced fit
(Fig5-7C,D). Similarly, the GIn348 residue is seen to have two possible
conformation in both pH4.0 and pH8.0 crystallisation conditions. Conformation
A (Fig5-7A,B) forms polar contacts with the glycerol arm of sialic acid whereas
the B conformation hangs in space. In both cases we cannot determine whether
the binding of sialic acid results in the confirmation observed with sialic acid
bound, or whether that confirmation is induced upon proper collision with sialic
acid. The most plausible explanation would seem to be that GIn348 is mobile
and, upon sialic acid binding, prefers the confirmation in which it contacts the
glycerol arm as it is lower energy, “locking” the arm in position after binding,
regardless of the arms confirmation upon the GIn348 forming the bond. While
the 1le348 long arm would seem likely to be pressured into this conformation as
sialic acid collides and forms bonds elsewhere. However, we cannot rule out

other induced fit mechanisms without further studies.
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The sialic acid binding pocket in HAdV-D26K can, therefore, be summarised as
three synchronous mechanisms. First, an N-acetyl anchor, in which the oxygen
forms both a direct polar contact and a water bridge to Asn312 and the methyl
group is held in position by a hydrophobic cradle. Second, an inducible lock in
which GIn348 bonds the glycerol arm in place. Third, a network of polar
contacts to the carboxyl group, C4-OH, and nitrogen atoms around the central

pyranose ring.

5.7.4 HAdV-D26K and HAdV-D19pK may belong to a wider subset of

non-EKC causing sialic acid binding adenoviruses

Taken together thus shows HAdV-D26 to have a much more sophisticated
mechanism of sialic acid interaction than HAdV-D19p and the EKC causing
adenoviruses, suggesting HAV-D26 is likely to have a higher affinity for sialic
acid.

This was an unexpected result as HAdV-D26K is dissimilar to the known sialic
acid binding species D adenovirus fiber knobs. Sequence analysis of the HAdV-
D26 fiber knob amino acid sequence highlighted that while many residues
which are known to contact sialic acid in other fiber knob proteins are conserved
(Fig-1A) the overall sequence is dissimilar, with just 56.76% similarity to the
HAdV-D37K sequence (Fig5-1B). The electrostatic surface of HAdV-D26K is
more acidic than any of the previously identified species D sialic acid binding
fiber knobs (Fig5-1B, Fig5-2D). The fiber knobs surface electrostatic profile
showed some degree of similarity with that of HAdV-D19pK (Fig5-2). While
HAdV-D26 has been implicated in EKC?** the instances are very rare and it is
generally associated with respiratory disease®*****. HAdV-D19p prototype was
discovered in an ocular conjunctival infection, but has not been isolated in
humans since its initial discovery in Saudi Arabia in 1955, and has never been

associated with EKC3%73%7,

Alignment of all species D fiber knob sequences shows that many of the HAdV-
D26K residues which contact sialic acid are conserved in most or all the other
viruses (Fig5-9). For example, tyrosine which contacts C4-OH is completely
conserved, as is the Lys349. Those residues which are not conserved are often
functionally homologous, such as 11e310 in HAdV-D26K is valine in most other
species, while the equivalent residue in HAdV-D37K is tyrosine, other species
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have a phenylalanine. All those options are possible of fulfilling the role as the

base of the hydrophobic interface.

Having determined homology between sialic acid contact residues at a
sequence level in the species D adenoviruses we wished to investigate the
structural homology. We have solved the crystal structures of seven previously
undetermined species D adenovirus fiber knob proteins belonging to HAdV-
D10, D15, D26, D29, D30, D48, and D49 (see previous chapters, Fig5-5, Fig5-
10 to 13). Using these structures, we visualised the known sialic acid binding
residues of HAdV-D26K and HAdV-D37K and compared them to the
homologous residues of the other virus fiber knob proteins (Fig5-15).

We saw broad conservation of sialic acid contact residues in species D fiber
knob proteins commensurate with what would be expected from the sequence
analysis (Fig-9,Fig5-15). An interesting finding is that there appear to be two
variations seen in the hydrophobic pocket. HAdV-D37K is prototypical of the
first type, in which a hydrophobic ring structure (tyrosine) forms the base of the
hydrophobic patch. This creates a flat hydrophobic patch in which the sialic acid
methyl group may retain flexibility (Fig5-8D,Fig5-15). This is also seen in HAdV-
D10K and D29K (Fig5-15). The second type is that exhibited by HAdV-D26K in
which hydrophobic side chains make up the base of the hydrophobic interface
forming a “cradle” around the N-acetyl methyl group (Fig5-8C,Fig5-15). This is
exhibited in HAdV-D15K, D30K, D48K, D49K. Sequence alignment data shows
that all residues positioned at the base of the hydrophobic patch conform to one
of these two models (Fig5-9). Either they are tyrosine or phenylalanine,
suggesting the flatter interface, alternatively they are valine or isoleucine

suggesting the cradle interface.

5.7.5 Fiber knob binding to sialic acid does not preclude the
possibility of binding to alternative sugar monomers

Recent work has shown that HAdV-D37K can form interactions with sulphated

glycosaminoglycans without initiating infection, acting as “decoy receptors”*®

and that that these decoy interactions may make effective drug targets®®.
Interactions were detected with glycans terminating in residues other than sialic

acid, including mannose, glucuronic acid, unsaturated hexaronic acid, and N-
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acetyl glucosamine. This shows that interaction with glycans is not necessarily

sialic acid dependent.

Given this information that the sialic acid binding interface is conserved, but
species D fiber knob glycan binding may not be limited to sialic acid we
investigated the possibility of interaction with sugar monomers other than sialic
acid. To this end we performed soaking experiments on species D fiber knob
crystals using equimolar concentrations of 5 different glycan terminating sugar
residues: galactose, mannose, fucose, N-acetyl glucosamine, and sialic acid
(Neu5Ac). We theorised that we would see density for the highest affinity
interaction, given high enough resolution diffraction.

Soaking of HAdV-D29K crystals showed clear density for sialic acid, having
both a glycerol arm and an N-acetyl group (Fig5-14A,B). In one of the monomer
copies the sialic acid was relaxed (Figb-14A) forming a similar confirmation to
that seen in HAdV-D26K (Fig5-4C,F), but in the other the pyranose ring is
forced into a boat conformation to accommodate the glycerol arm being angled
away from the three fold axis (Fig5-14B), creating strain. This unlikely pose may
be a result of error in the data refinement as the overall sialic acid density for
the glycerol arm was weak. Therefore, repeating the crystallisation with a longer
sialic acid soak may enhance the quality of the density and allow better

definition of the sialic acid binding location to be achieved.

Sialic acid is the largest of the 5 molecules which were soaked into the HAdV-
D29K crystals. Since all crystallographic data represents an average of all the
repeating units within the crystal it is possible we are seeing the outline of sialic
acid but in some monomers different sugar monomers are interacting. Due to
this we cannot preclude the possibility that other residues in the soaking mixture
may interact at this site. Further soaking experiments will need to be performed

in the absence of sialic acid to assess this.

Sugar soaked HAdV-D30K crystals also showed density for a ligand partner in
the same location as has been observed for HAdV-D19pK, D37K, D26K, and
D29K. However, the data was relatively low resolution. Refinement was
attempted with all 5 possible ligands, and the resultant maps all provided

plausible explanations for the density. With this data set it is not possible to
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identify which of the 5 sugar monomers which were soaked into the crystal is

the binding partner.

HAdV-D15K did not show any clear density for ligand binding upon soaking
(Figh-15A,B). This can be explained by 2 factors. First, the close packing
arrangement does not afford easy diffusion of the small molecules through the
crystal, limiting the effectiveness of the soak (Fig5-15C,D). The soaking
experiment supports this, as the non-soaked crystal structure crystallised in P
2: 21 21, while the soaking broke symmetry to P 1. Longer soaks were
attempted but resulted in the crystals dissolving. This suggests that sialic acid

interaction disrupts the crystal packing arrangement.

The second reason explaining the lack of sialic acid observation during soaking
experiments with HAdV-D15K is seen in the sialic acid binding pocket observed
in Figure 15. HAdV-D15K is unique among the investigated fiber knob proteins
in having an isoleucine residue at position 319. In the conformation observed in
the unliganded crystal structure of the predicted sialic acid binding residues the
long arm of this residue is extending into the hydrophobic interface where it
would inhibit the N-acetyl methyl group from binding (Fig5-13). In the soaked
crystal the structure the pocket in which some density can be observed in the
sialic acid binding this isoleucine is oriented with the long isoleucine arm away
from the hydrophobic interface, potentially make space for the N-acetyl methyl
group (Fig5-15A). Conversely, the isoleucine is oriented in the inhibitory
conformation in the pocket when negative density was observed (Fig5-15B).
Taken together, this data regarding the HAV-D15K interaction with sialic acid
suggests that the sialic acid may be incapable of binding due to crystal
properties rather than biological ones. Co-crystallisation of HAdV-D15K may
afford the greater flexibility for the isoleucine residue and enable sialic acid
binding, if the sialic acid does indeed interact.

5.7.6 Neuraminidase assays suggest many species D adenovirus

fiber knobs can utilise sialic acid as a receptor to varying degrees

Neuraminidase assay data suggest the possibility that HAdV-D15K, and other
tested species D adenovirus fiber knob proteins, can bind to sialic acid and
utilise it to form an infection (Fig5-16). This assay found significant reduction in

the infectivity of HAdV-C5 pseudotyped with species D fiber knobs for all the
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tested viruses, except for HAdV-C5/D24K. However, the reduction was not
significant in all cell lines tested. This assay utilised luciferase expressing
adenovirus pseudotypes, necessitating the use of a luminescence read out and
controlling the experiment by protein concentration in the well, measured by
BCA assay. Therefore, there are numerous points in this assay where error
could be introduced, such as warming of the cells after neuraminidase cleavage
resulting in regeneration of the sialic acid bearing glycans, inaccurate
measurement of protein concentration in the well, protein concentration not
being representative of luciferase concentration. Generation of GFP expressing
viruses would eliminate much of this experimental error and enable more
accurate determination of the effect of cell surface sialic acid on the
transduction ability of these pseudotypes. Until such a time as this data can be
replicated with improved resolution no definite statements can be made

regarding the sialic acid binding status for these viruses.

Despite this uncertainty, it seems likely that many other species D adenovirus
fiber knobs may be capable of binding to sialic acid. This sialic acid binding
seems to be capable of forming a productive infection in the context of the
HAdV-C5/D26K pseudotype, making it seem likely that the native viruses also
display some degree of affinity for the sialic acid receptor. Indeed, HAdV-D37,
D53, D54, D64 (formerly HAdV-D19a), and D8 (identical to that of HAdV-D54)
have been shown to bind to sialic acid in the context of the wildtype virus and
initiate infection. However, the degree of CAR binding in most species D
adenoviruses remains uncharacterised as well, therefore it is equally plausible

that many will utilise CAR over sialic acid.

HAdV-D37K has been shown to have preferential binding to the di-sialylated
GD1la glycan'”. However, recent data shows that this interaction, whilst
apparently preferential, is not specific*®*. Given the apparent plasticity in the
interface and the high degree of structural similarity between sugar monomers,
it would be more surprising if the interaction was entirely sialic acid specific. If
HAdV-D37K has this flexibility in the types of glycan chains which it can interact
with it seems likely that it will transfer to other fiber knob proteins which bind to
sialic acid in similar way, which seems to include much if not all of the species D

adenoviruses.
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The various fiber knob proteins display variable affinities for sialic acid and have
very different isoelectric points. For example, HAdV-D37K and HAdV-D19pK,
while HAdV-D37 is strongly associated with EKC HAdV-D19p is not. Similarly,
HAdV-D26 is more generally associated with ARDS than with EKC. HAdV-D26
and D19p have more acidic isoelectric points than HAdV-D37K and the rest of

27,59

the EKC associated adenovirus fiber knobs (Fig5-2)

Given that these fiber knobs bind to sialic acid but are not all associated with
ocular infections they must be utilising sialic acid to infect other tissues. It
therefore seems logical that the sialic acid binding adenoviruses have
preferences to different glycans. The availability of suitable glycan binding
partners may be the means which controls tissue tropism. Glycan arrays, as
performed by the Arnberg lab in the identification of GD1a as a binding partner,

may present an effective means of determining specifically

Presently, the investigation of sialic acid binding adenoviruses is largely focused
upon the EKC causing adenoviruses. As a result, most papers use either A549
(lung carcinoma) cells or human corneal epithelium (HCE) cells as a model of
infection in biologically relevant tissue. A potential pitfall of this approach is that,
while it is an effective model under these specific circumstances, different cell
lines have very different glycosylation patterns. Therefore, ruling out viral
infectivity in one or two cell lines does not exclude infection in that tissue. A
better alternative would be to match the results of virus binding to glycan micro-
array vs the glycosylation profiles of various tissues.

These findings build upon the increasingly complex body of knowledge
surrounding the species D adenoviruses which account for nearly 70% if the
known adenovirus diversity, both in terms of the fiber knob and total species
diversity’>. The knowledge that these viruses utilise sialic acid to infect cells
raises the prospect of using antiviral drugs which mimic it, including the ME0462
compound being developed out of the Arnberg lab>®, suramin®®*® which is already
approved for the treatment of African sleeping sickness, and the host of

neuraminidase inhibitors developed against influenza such as Zanamivir'*2.
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5.8

Summary of chapter 5

The major finding in this chapter are as follows:

1.

2.

3.

HAdV-D26K binds to sialic acid and HAdV-C5/D26K can utilise sialic acid
as a primary cell entry receptor, as shown by the inability to infect cells
efficiently in the absence of cell surface sialic acid (Fig5-3).

The mode of sialic acid interaction is like that of EKC causing
adenoviruses as determined by comparison of new HAdV-D26K crystal
structures in complex with sialic acid (Fig5-4) with HAdV-D37K in
complex with sialic acid (Fig5-6 to Fig5-8).

a. This suggests that sialic acid binding alone is not the driver of
EKC pathogenesis, as if it were then HAdV-D26 would be
associate with EKC as well.

The residues involved in sialic acid binding in HAdV-D26K and the EKC
causing adenovirus fiber knob proteins are widely conserved in the

species D fiber knob proteins (Fig5-9 and Fig5-13).

. Sialic acid is likely to be a receptor for other species D adenoviruses as

inferred by analysis of figures 5-9 to 5-15.
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CHAPTER 6. General Discussion
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The focus of this study has been to examine the diversity present in the species
D adenovirus fiber knob proteins. This is undertaken with a view to how this
influences Adenovirus receptor usage, and how this knowledge can be applied

to the engineering of improved adenovirus derived therapeutic vectors.

This work reveals an exceptionally broad tropism mediated by the HAdV-D49
fiber knob protein in chapter 3. HAdV-D49 had previously been demonstrated to
efficiently transduce vascular smooth muscle and endothelial cells®*°. In chapter
4 we describe how three species D adenovirus fiber knob proteins, belonging to
HAdV-D26, HAdV-D48, and HAdV-D49, do not appear to utilise CD46 as a
primary cell entry receptor as had previously been reported for all three of these
viruses*1933°1381 ‘Instead, we show that these three viruses all have a limited
CAR tropism. While the affinity of this CAR tropism is variable, likely moderated
by steric inhibition caused by variable DG loop sequences, they all bind with
significantly lower affinity than HAdV-C5, suggesting that CAR may be a
receptor of last resort, rather than the key tropism determinant. In chapter 5 we
identify what appears to be the primary receptor for HAdV-D26 fiber knob
protein as sialic acid, a receptor which has only previously been shown to be
utilised by EKC causing adenoviruses. We conclude by showing broad
conservation of key sialic acid binding residues across the species D
adenovirus fiber knobs and show significant decreases in transduction affinity of
pseudotypes bearing species D fiber knob proteins after treatment with

neuraminidase to remove cell surface sialic acid.

The discovery of a broadly occurring adenovirus tropism, as was observed for
HAdV-D49K, is not in itself surprising. Previously identified receptors for
adenoviruses are also broadly expressed. CD46 is found on the surface of all

nucleated human cells3%-4%°

, whilst CAR is expressed on the surface of
platelets, erythrocytes, and most epithelial tissues, and is especially highly
expressed in gastrointestinal tissues and the skin“®*“%?, Desmoglein 2 has a
similar expression profile to CAR, highly expressed on epithelial tissues and
gastrointestinal tissues, likely due to its similar function in intercellular
adhesion*®4%_ Sjalic acid is similarly broadly expressed, as it is the terminal
residue of complex glycosylation motifs found on most human cells, though the
distribution of sialic acid is unlikely to correlate exactly with receptor interaction
due to the influence the variable glycan chains supporting the sialic acids*®.
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While we were able to exclude previously described adenovirus receptors
CD46, DSG2, and sialic acid as primary cell surface receptors for HAdV-D49K,
we were unable to exclude a mechanistic basis for this broad tropism derived
from its CAR binding ability or potential non-sialic acid based glycan

interactions.
6.1 Adenovirus receptor tropism as a driver of viral evolution

In evolutionary terms it is preferable for a viral cell receptor to be broadly
expressed, so long as the cells it is expressed on are permissive to replication.
In theory the more the cell entry receptor for a virus is expressed the more
opportunities it has to infect cells and replicate, resulting in an evolutionary
advantage. On a population level this is advantageous, though is not beneficial
to the individual viral genome as it can lead to super-infection by another strain
of the same virus with the potential to dilute the pool of progeny and
outcompete it. This behaviour is observed in numerous viruses, including
hepatitis C, Influenza A, and phage viruses, among others*®™° but not in
adenoviruses. Indeed, adenoviruses exhibit the inverse, where superinfection
enables recombination between virus strains and the generation of new viral
serotypes, representing a more cooperative mode of viral evolution?!32376.411.412
This often leads to the “swapping” of proteins, for example the recently (2019)
described isolates HAdV-D100, HAdV-D102, and HAdV-D103, all possess
identical fiber proteins to HAdV-D30, but with hexon proteins belonging to
HAdV-D17, HAdV-D38, and HAdV-D33, respectively, and newly described

penton proteins® 437415,

One inference from our phylogenetic comparison of adenovirus genome
variation to fiber knob amino acid sequences (Fig3-1A, B) is that different
adenovirus species may have differing evolutionary strategies in terms of
receptor utilisation. Species D fiber knob receptors exhibit more diversity,
individually, than the average for their genomes. Species B fiber knob proteins
exhibit the opposite trend, with less diversity in the fiber knob sequence
compared to their average genome diversity. The species B fiber knobs all use
either DSG2, CD46, or both as primary cell entry receptors, as far as is
known®>89379371 " Oyr previously published work, and the data in this thesis

(chapters 4 and 5), suggest that many of the species D adenoviruses could
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utilise some combination of CAR and sialylated glycans as their primary

receptors’?3°,

It therefore seems plausible that the species B adenoviruses employ a strategy
reliant upon near universal cell infection, mediated by their ubiquitous primary
cell receptors. They then have more specialised post-cell entry replication
machineries to allow efficient replication in tissues for which it is adapted. In the
case of HAdV-B3 and HAdV-B7 this is epithelial airway tissue, leading to acute
respiratory disease syndrome (ARDS), sometimes even in healthy adults***™*'8,
Therefore, adaptations of these viruses for therapeutic use are more likely to
generate specialised post-cell entry machineries, as is observed in
Enadenotucirev, than adaptations of the capsid and cell entry machinery*®*#*,
Genetically, this would result in a convergence of the sequences of the capsid
into a few clades, while the rest of the genomes diverged, as we witness in the

analysis in Figure 3-1.

The inverse strategy may be apparent in the species D adenoviruses. A wide
variety of cellular host receptors and a less specialised replication machinery,
leading to diverse capsid proteins, with reduced diversity in the rest of the

genome.

Sialic acid as a primary cell entry receptor presents a challenge to any virus
using it. Sialic acid is only the terminal residue of a longer glycosylation chain,
the exact sequence of which is variable depending upon a variety of conditions,
such as tissue type, environment, and available protein carriers, creating an
ever shifting glycosylation landscape****?*. This requires the pathogen to adapt
to use types of sialylated glycan with amenably charged chains. This drives
enormous diversity in the sialic acid binding receptor protein, requiring rapid
adaptation from any pathogen utilising these sialylated glycan chains as entry
receptors. The best studied example of this is influenza. Influenza has seasonal
variants, which are caused by recombination events between flu viruses which
cause novel combinations of, and recombination between, its receptor proteins,

neuraminidase and haemagglutinin#9422-424,

Were species D adenoviruses using sialic acid as a broadly applicable receptor

we would expect to see three indications:
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1. Large amounts of diversity in the receptor proteins, enabling binding to
diverse sialylated glycan chains.

2. Low levels of pre-existing seroprevelance as a result of the shifting viral
capsid morphology.

3. Varying, but not strict, sites of pathogenesis due to the use of different

specific glycan moieties, preferentially expressed on different tissues.

This is exactly what is observed in the species D adenoviruses. Species D
adenoviruses account for more than 50% of total adenovirus diversity, most of
which occurs in the capsid®®*?*%°%%® The human adenovirus working group
isolates and defines new adenovirus serotypes strictly based upon their capsid
proteins. The vast majority of new adenovirus types are species D, and the
most commonly varied capsid component is the fiber protein, there are currently

84 different fiber proteins defined®. This fulfils the first criteria.

To fulfil the second criteria, we look to the previously discussed information
about adenovirus seroprevelance. Species D adenoviruses are rarely occurring,
and have low rates of seroprevelance in the population as determined by the
prevalence of neutralising antibodies®"39340:3%0:351.426 “Thagh it appears certain
groups may have higher rates of nAb activity against particular serotypes than
the rest of the population. For example men who have sex with men were found

to have higher rates of HAdV-D26 nAbs than the general population®?’.

nAbs are not only found against the fiber protein, which would be most selected
against in this mode of evolution, but also other capsid proteins, especially the
hexon. Previous studies have suggested that the hexon is the primary target of
nAbs®®. However, follow-up studies find the fiber can be a more important
target for nAbs during natural adenovirus infections, as opposed to deliberate
administration. Patients are observed to be capable of neutralising
adenoviruses based only on anti-fiber nAbs®®. Clearly nAb activity is not limited
to any one adenovirus capsid protein, making the fiber only a part of the picture
in terms of anti-adenovirus immunity. However, any fully neutralising antibody
directed against the fiber would, conceivably, be enough to create a selective
pressure which could be evaded by rapidly shifting fiber morphology.

Finally we suggest that any sialic acid using species of virus would have broad

tissue tropism and varying sites of pathogenesis due to preference for different
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glycopatterns, as observed in influenza*?®**. Indeed, species D adenoviruses

are most commonly associated with epidemic keratoconjunctivitus®®-30>377:388,

340,418,431
and

346

However, they are also associated with acute respiratory illness

gastroenteritis!38:340:427.432

, as well as from the faeces of asymptomatic adults
and HIV patients®*"**3_ A study of clinical symptoms associated with species D
adenovirus infection causing diarrhoea, nausea, abdominal pain, ocular
disease, and respiratory disease®*°. HAdV-D26 alone has been associated with
EKC, ARDS, HIV, and healthy patient faecal matter, the latter being the original
isolation34°377:393434435  Thjs indicates species D adenovirus infection of three
sites, the eye, gastrointestinal tract, and respiratory tract, all heavily sialylated

and exposed mucus membranes.

6.2 Further investigation of species D adenovirus receptor

tropism is imperative to understanding its pathogenesis

While the evidence in this thesis, previous publications, or the discussion above
absolutely do not conclusively show that all species D adenoviruses utilise sialic
acid as a primary cellular receptor, it does provide a plausible explanation for
behaviour which is seemingly unigue to species D, within the adenoviruses. It
also presents avenues of investigation to begin unpicking the species D
adenoviruses phenotypes. First, more extensive phylogenetic comparisons of
the species D and B adenoviruses can help define the genes which contribute
more and less to the species genetic diversity. Second, neuraminidase assays
such as the ones performed in this thesis can be utilised to investigate more
species D adenovirus species, both as fiber knob pseudotypes and in the whole

virus species.

It is also crucial to understand the role of CAR in species D adenovirus biology.
Our data demonstrates a spectrum of different CAR binding affinities by
different species D adenovirus fiber knob proteins (chapter 4)2. Whilst the
utilisation of sialic acid bearing glycans as primary receptors does explain much
of the activity observed in the species D adenoviruses, it fails to address the
role of CAR. It is possible that CAR truly is an incidental binding activity, an
evolutionary vestige, but more likely it is a viable tropism in the absence of a
preferable glycan. It thus seems conceivable that the species D adenoviruses
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exist on a spectrum between largely CAR dependent to largely sialylated glycan
dependent, though the nature and breadth of this distribution is unknown.

Regardless of the receptor tropism of the entire species, evidence in this thesis,
and our recent manuscript®™®, provides the first examples of non-EKC
associated sialic acid utilising species D human adenovirus fiber knob proteins.
The only other known example of a non-EKC associated sialic acid binding
human adenovirus is HAdV-G52, which is reported to utilise polysialic acid as a
receptor’’. HAdV-G52 has been isolated only once, from a patient with
gastroenteritis, and possesses two different fiber proteins (long and short). The
short fiber protein binds to sialic acid, while the long binds to CAR, granting it
the same overall cell binding characteristics as we propose for the species D

adenoviruses and observe in HAdV-D26K, but by a different means®3.

Therefore, any complete understanding of species D adenovirus tropism
depends on understanding of their interactions with sialylated glycans. Recent
work from the Arnberg lab shows that non-sialylated glycans may also play a
role as decoy receptors®=>**. The Arnberg lab also previously showed that
HAdV-D37 had a preference for GD1la glycan, which helps drive its ocular
tropism, by use of glycan array**’. Exploration of adenovirus diversity by this
method would reveal any glycan preferences, so long as the glycans of interest
are present on the chip. A less biased method may be the use of cross-linking
mass-spectrometry to pull down cell associated glycans. However this

technology is still emerging*®**’.

6.3 The potential for species D adenoviruses as therapeutics

The findings in this thesis demonstrates that species D adenoviruses an even
more attractive therapeutic platform than previously believed. The previously
discussed low levels of pre-existing immunity in the population make species D
adenoviruses less likely to be rapidly cleared by the human immune system,
and therefore more likely to achieve therapeutic effect. The diversity observed
in receptor tropism opens several intriguing possibilities, both as retargeted

oncolytic adenoviruses, and in other modes of virotherapy.
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6.3.1 Towards target specific species D adenovirus vectors

It appears that some degree of CAR utilisation as a cell surface receptor may
be retained in HAdV-D26, D48, and D49, as observed in chapter 4. Many of the
key CAR binding residues are conserved across the species D adenovirus,
implying that these are unlikely to be isolated incidences. There are previously
described mutations in HAdV-C5 which can ablate CAR binding affinity, such as
the KO1 and TAYT mutations’*’®. By applying the mutations to other

adenovirus fiber knobs it should be possible to ablate CAR binding.

Similarly, knowledge of the sialic acid binding domain of HAdV-D26, and other
species D adenoviruses enables engineering of ablation mutations. Whilst no
sialic acid binding mutation have previously been described, reversing the
nature of the key sialic acid binding residues presents clear candidates for sialic
acid binding ablation mutations. Mutation of the tyrosine residue which binds to
the C4 oxygen of sialic acid (Tyr312, Fig5-8) is likely to be particularly effective
as it would disrupt both the hydrophobic interface and remove the most
completely conserved polar contact (Fig5-9). It is clear, however, that there is a
high degree of plasticity in the sialic acid binding motif and that much of it may
derive from the electrostatic surface potential. As such any mutation to ablate
sialic acid binding should be conscious of this and aim to create a more
negatively charged surface to repel sialylated glycans entirely, rather than rely

entirely upon disruption of the anchor.

There has already been a described attempt to generate a targeted HAdV-
C5/D48K virus, with a view towards developing an oncolytic virotherapy, by the
Parker group’®. This involved the insertion of an avp6 specific A20 peptide into
the DG loop of the HAdV-D48 fiber knob (HAdV-C5/D48K.DG-A20). In av6
expressing BT-20 cells both variants were effective at enabling expression,
while the unmodified HAdV-C5/D48K pseudotype exhibited only basal
infectivity. However, in patient derived ovarian ascites cells (EOC) these viruses
were outperformed by a KO1 (CAR binding ablated) mutated HAdV-C5 virus
expressing the A20 peptide in the HI loop.

Interestingly the HAdV-C5/D48K.DG-A20 outperformed the HAdV-C5/D48K
control by 10-fold in CAR expressing EOC. However, in low CAR EOC the
HAdV-D48K.DG-A20 outperformed the control by 66-fold. Given the new
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information regarding HAdV-D48K CAR binding presented in chapter 4 it seems
likely that the reason for this difference was enhanced transduction by the
control HAdV-C5/D48K in CAR expressing cells, making the improvement by
the virus expressing A20 in the CAR inhibitory DG loop (Fig4-12) relatively

weaker.

Given this new information regarding HAdV-D48K receptor tropisms it would be
extremely interesting to revisit the avp6 targeted HAdV-C5/D48K pseudotype.
The addition of CAR ablation mutations may reduce off target infection. When
compounded with sialic acid ablation mutations, should HAdV-D48K have such
an interaction, this could yield a truly specific vector, with low levels of pre-
existing immunity in the population. Success in this pseudotype would warrant
exploration of this in the whole HAdV-D48 type. The same approach could be
taken to the design of similar HAdV-D26 based vectors, where the effectiveness
of sialic acid binding ablation mutations could be more easily assessed given its

clear sialic acid binding ability (Fig5-3)°°°.

6.3.2 The potential of species D adenoviruses in vaccine

development

HAdV-D26 has seen significant development as a vaccine, as has been
previously discussed (chapter 5)*°1%3° HAdV-D49 has also been subject to
interest as a vaccine vector®!. Whilst the Ad26 vaccine has been highly
effective the mechanisms which make it so capable of generating a lasting

immune response remain unclear.

The discovery that HAdV-D26 can utilise sialic acid as a cell entry receptor may
provide a new insight into what make this virus so immunostimulatory. Binding
to cell surface sialic acids will necessarily desialylate the cell surface as the
virus becomes internalised, taking the sialic acid bearing glycan with it. This has
previously been observed in influenza*®. Desialylation of tissues has been
shown to promote inflammation****?° promoting cytokine release by
monocytes**, and even stimulating the recruitment of CD8" T-cells to the site of
desialylation®*. It would therefore seem logical that a virus such as HAdV-D26
which utilises sialic acid as a receptor could help stimulate greater
immunogenicity than a non-sialic acid binding virus. This would assist the

formation of lasting immunity by the recruitment of memory forming CD8" T-cells
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to the area in which viral antigens, or antigens added as a transgene in a

vaccine, are being presented after infection.

We also observed in this study that HAdV-D49K enables efficient transduction
of dendritic cells (Fig.3-10 to 12). This virus has already been investigated and
found to be a potentially useful vaccine vector®***. The ability in infect DC is
particularly appealing, since dendritic cell vaccines have begun to re-emerge as
potential cancer treatments, but in the absence of safe and effective tools with

which to transduce them**+44°,

The field of glycobiology itself is still relatively new, as immunology and virology
undergo a renaissance as their roles in cancer immunology and novel therapies
become more widely accepted and utilised. As such no robust conclusions can
be drawn regarding the role of sialic acid in HAdV-D26’s success as a vaccine,
nor can any predictions be made about the effectiveness of HAdV-D49 as a DC
vaccine. However, both these findings offer intriguing new avenues of
exploration for those developing species D adenovirus-based vaccines or
studying the role of sialic acid, and other cell surface receptors, in adenovirus

pathology.
6.4 Concluding remarks

In this work we have identified the HAdV-C5/D49K pseudotype virus as a
potentially useful vector. While the lack of specificity may limit its usefulness as
an oncolytic virotherapy it's broadly infectious characteristics may hold promise
as a gene transfer vector, perhaps for dendritic cell mediated cancer vaccines,
fulfilling the first of my aims: to identify potentially useful phenotypes in the

species D adenovirus for the treatment of cancer.

We have also clarified that CAR is a receptor utilised by several members of the
species D adenoviruses and shown CD46 usage to be unlikely, satisfying the
second aim: to clarify species D adenovirus receptor usage. We go on to show
that sialic acid is utilised by HAdV-D26K and may be a broadly used species D
adenovirus receptor, fulfilling my third aim: to identify previously unknown

receptor usage in species D adenoviruses.

The fourth and final aim was to understand the mechanisms which govern

species D adenovirus infection. We were successful in this regard in relation to

214



HAdV-D26, showing sialic acid to be a primary receptor. However, we were
unable to clarify the receptor tropism of HAdV-D48K or D49K beyond the
observed weak CAR tropism. However, we do demonstrate that species D
adenovirus receptor usage may be even more diverse than previously imagined
for a virus species of this size. We have begun to illuminate the structures of
these viruses receptor enabling future investigation of the tropisms and

mechanisms of infection for these viruses.

As with all novel technologies, viral vectors are built upon understanding.
Directed evolution experiments and panning of genetic diversity can assist in
the development of new agents by presenting candidates with beneficial
properties. However, the proper application of these technologies can only be
achieved by determining the mechanisms which make them effective. The
efforts in this thesis have been towards improving the understanding of how a
subset of adenovirus types can infect cells. When adding to the body of
knowledge surrounding adenovirus biology we have sought to understand how
it impacts development of new adenovirus vectored therapies. The arms race to
develop more effective viral vectors for vaccines, oncolytic virotherapy, gene
therapy, and beyond, will continue rapidly and is not limited to a single virus
type. Therefore, virology must match or exceed this pace in order to enable

these new technologies to be properly applied for therapeutic benefit.
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Diversity within the adenovirus fiber knob
hypervariable loops influences primary receptor
interactions
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Adenovirus based vectors are of increasing importance for wide ranging therapeutic appli-
cations. As vaccines, vectors derived from human adenovirus species D serotypes 26 and 48
(HAdV-D26/48) are demonstrating promising efficacy as protective platforms against
infectious diseases. Significant clinical progress has been made, yet definitive studies
underpinning mechanisms of entry, infection, and receptor usage are currently lacking. Here,
we perform structural and biological analysis of the receptor binding fiber-knob protein of
HAdV-D26/48, reporting crystal structures, and modelling putative interactions with two
previously suggested attachment receptors, CD46 and Coxsackie and Adenovirus Receptor
(CAR). We provide evidence of a low affinity interaction with CAR, with modelling suggesting
affinity is attenuated through extended, semi-flexible loop structures, providing steric hin-
drance. Conversely, in silico and in vitro experiments are unable to provide evidence of
interaction between HAdV-D26/48 fiber-knob with CD46, or with Desmoglein 2. Our
findings provide insight into the cell-virus interactions of HAdV-D26/48, with important
implications for the design and engineering of optimised Ad-based therapeutics.
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denoviruses are increasingly important vectors for wide-

ranging therapeutic interventions, from gene delivery

and oncolytic agents to platforms for vaccine applica-
tions!-3. As vaccine vectors, their use clinically has been
popularised by their excellent safety profile coupled with their
ability to induce robust cellular and humoral immunogenicity
in humans® Phylogenetically, the human adenoviruses
(HAdV’s) are diverse, subdivided across seven species, A-G>,
based classically on serological cross-reactivity, receptor usage,
haemagglutination properties and, more recently, phylogenetic
sequence similarity®’.

Most experimental and clinical studies have focussed on the
well-studied species C adenovirus, HAdV-C5. Although
potently immunogenic, the efficacy of vaccines based on HAdV-
C5 appears hampered by high seroprevalence rates in humans,
and enthusiasm for their use as clinical vaccine platforms has
been dampened by the well-publicised failure of the MERCK
sponsored STEP vaccine trial. This trial, to evaluate an HAdV-
C5-based HIV vaccine encoding HIV gag/pol/nef antigens, was
abandoned due to apparent lack of efficacy upon 1st term
analysis. The study also identified a non-significant trend
towards increased HIV acquisition in a specific high-risk,
uncircumcised subset of patients who also had high levels of
baseline pre-existing neutralising antibodies (NAbs) to HAdV-
C589. As a result, attention has switched from HAdV-C5-based
vectors towards the development of alternative adenoviral ser-
otypes with lower rates of pre-existing immunity. Most notably,
vectors under development include those based on species D
serotypes including HAdV-D26, which has entered Phase-III
clinical trials as an Ebola vaccine and recently reported pro-
mising immunogenicity in an HIV trial. Chimeric vectors uti-
lising the hexon hyper variable regions (HVRs) of HAdV-D48
which have undergone Phase-I evaluation as an HIV
vaccine>10-12, However, despite extensive clinical advances
using these vaccine vectors we possess very limited knowledge
of their basic biology, particularly with regards to the deter-
minants underpinning their tropism, mechanisms of cellular
entry, and receptor usage. In this study, we address these
shortcomings through analysis of adenoviral diversity in the
context of their receptor binding, fiber proteins. Whilst ade-
noviruses are historically divided into seven species, A-G, this
may underestimate their diversity!3-1°. Phylogenetic examina-
tion of 56 human adenovirus fiber proteins from different
species shows deviation from the taxonomy expected based
upon whole genome taxonomy, likely due to recombination
events as seen in other adenoviral proteins'4. Here, we have
sought to generate high-resolution crystallographic structures of
the cellular interacting fiber-knob domains of species D ade-
noviruses HAdV-D26 and HAdV-D48. The fiber-knob is the
receptor interacting domain of the fiber protein, one of three
major capsid proteins along with the hexon and penton base, as
shown schematically in Fig. la.

In this study, we employ an integrative workflow utilising X-ray
crystallography, in silico modelling, and in vitro assays to dissect
previous findings'®!7 suggesting interactions by HAdV-D26 and
HAdV-D48 with Coxsackie and Adenovirus Receptor (CAR)>18
and CD46 (Membrane Cofactor Protein, MCP)16:17:19-21  {Jtilis-
ing surface plasmon resonance (SPR), we also investigate the
potential for HAdV-D26 and HAdV-D48 to interact with Des-
moglein 2. Our findings shed new light on the cell-virus inter-
actions of adenovirus and have potential implications for
the design and engineering of optimised HAdV-based ther-
apeutics, both for vaccine applications and oncolytic develop-
ment, allowing us to minimise off-target or undesirable
interactions in vivo.

Results

Genetic variability in adenovirus fiber-knob protein. We gen-
erated phylogenetic trees of human adenovirus serotypes 1-56
which revealed greater diversity in the fiber-knob domain
(Fig. 1b) than might be expected based upon the taxonomy of the
whole virus (Fig. 1c). These phylogenetic trees have been con-
densed to 70% bootstrap confidence (500 bootstrap replicates) to
exclude poorly supported nodes and display the projected
diversity. A full dendrogram showing to-scale branches is pro-
vided in Supplementary Figure 1. In both phylogenetic trees, the
adenoviruses divide into seven clades corresponding to the seven
adenoviral species, A-G. However, the tree based upon the fiber-
knob domain (Fig. 1b) shows the species D adenoviruses forming
a greater number of sub-groups than in the whole genome tree
suggesting greater diversity in the receptors of this species than
might be expected when comparing serotypes. This may be the
result of recombination events, as reported previously for other
adenoviral proteins!31>22-24 The opposite is observed in species
B adenoviruses, where simpler groupings are seen when analysing
fiber-knob domain alignment than by whole genome analysis.
When divided into sub-species based on whole genome, they
divide into species B1 and B2, but when the tree is generated
based on fiber-knob alone the species B viruses do not divide into
similar groups. The significance of this fiber-knob diversity is
unclear, but it has previously been suggested that the species B1/
B2 designation may more closely represent the tissue tropism,
than receptor usage?>-26,

We next calculated the amino acid variability at each position
in the aligned adenoviral fiber-knob sequences, which revealed
regions of broad conservation corresponding to B-strands which
make up the main fold of the fiber-knob trimer (Fig. 1d). The
positions corresponding to the B-strands of HAdV-C5, as
originally reported by Xia et al.?’, are shown by arrows.
Comparison shows that the more N-terminal (A, B, and C) and
C-terminal (I and J) B-strands have greater homology across the
adenoviral species than the other strands. This may relate to the
intervening loops between the less tightly conserved p-strands (D,
E, F, G, H) being more apical, a region which is often involved in
receptor interactions26-28-32,

Structural analysis of HAdV-D26 and HAdV-D48 fiber-knob.
To investigate diversity within the species D adenoviruses fiber-
knob protein, recombinant, 6-His-tagged fiber-knob protein from
HAdV-D26 and HAdV-D48 (hereafter referred to as HAdV-
D26K and HAdV-D48K) were generated, purified, and used to
determine X-ray crystallographic structures of HAdV-D26 (PDB:
6FJN) and HAdV-D48 (PDB: 6FJQ) at resolutions of 0.97 and
2.91 A, respectively (Fig. 2a-d). Table 1 shows the data collection
and refinement statistics for the crystallographic structures gen-
erated in this study.

The monomers (red, green, blue) form an anti-parallel p-
barrel, typical of adenoviral fiber-knob protein, as described by
Xia et al. (PDB 1KNB)?’. Each monomer interacts with two
neighbouring copies to form a homotrimer with 3-fold symmetry
(Fig. 2b, d) and a highly stable interface (Supplementary
Figure 2A). Stability analysis using PISA (Protein Interactions,
Surfaces and Assemblies) software calculates the HAdV-D26 and
HAdV-D48 trimers to have >20% lower interface energy than
that of HAdV-C5, indicative of a more stable interaction
(Supplementary Figure 2A) between the monomers of the
HAdV-D26 and HAdV-D48 fiber-knobs.

As with the pan species analysis (Fig. 1d), variability of the
aligned species D fiber-knobs (Fig. 2e) confirmed that the
B-strands comprising the hydrophobic core of the trimers are
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Fig. 1 Phylogenetic analysis of adenoviruses mapped by whole genome and fiber-knob domain. A diagrammatic representation of the adenoviral major
capsid proteins shows the icosahedral capsid structure with the Hexon (orange) comprising the facets, pentons (green) at the vertices, from which the
fiber proteins (fiber-shaft in light blue, fiber-knob in dark blue) protrude (a). Condensed maximum likelihood trees (percentage confidence shown by
numbers next to nodes) were generated from alignments of fiber-knob domain amino acid sequences of adenoviruses 1-56 (b) or whole genome NT
sequences (c). Adenoviruses divide into 7 subspecies, as denoted in the key, regardless of alignment used, but the species D adenoviruses divide into
additional sub-species when determined by fiber-knob alignment, for readability simple nomenclature is used, all are human adenovirus. Numbers next to
nodes denote confidence. Wu-Kabat variability analysis of the Clustal Omega aligned fiber-knob domains amino acid sequences of adenoviruses 1-56
(d) reveals regions of low amino acid variability corresponding to beta-sheets. The locations of HAdV-C5 p-strands, as described by Xia et al. (1994)27, are
aligned to the structure and shown by arrows, the corresponding positions are coloured in red

highly conserved, with p-strands demonstrating a high degree
of overlap in both spatial position and sequence variability
(Supplementary Figure 2B).

Fiber-knob loops are stabilised by inter-loop interactions.
Particularly relevant to this study are the DG, GH, HI, and IJ
loops, linking the indicated strands corresponding to those in the
originally reported HAdV-C5 fiber-knob loops (Supplementary
Figure 2B)2’. These loops have previously been shown to be
critical in engagement of CD46 for Adll, 35, and 2133-36.
Alignment of these loops with the corresponding loops of HAdV-
C5 (species C, CAR interacting), HAdV-B35 (species B, CD46
interacting), Adl1 (species B, CD46 interacting), and Ad37
(species D, CAR and Sialic acid/GD1a glycan interacting) reveals
different topologies in these critical receptor interacting regions
(Fig. 32)3>-38. The HI loops of HAdV-D26K and HAdV-D48K
are most homologous to those of HAdV-B35K and HAdV-D37K
respectively in terms of amino acid sequence identity (Supple-
mentary Figure 2B) and spatial alignment. The HAdV-D26K DG
loop is most homologous to HAdV-B35K but incorporates a

three amino acid insertion, while HAdV-D48K DG loop displays
a differing and unique topology. The GH and IJ loops of HAdV-
C5K, HAdV-D26K, HAdV-D37K, and HAdV-D48K demon-
strate similar spatial arrangements (though the similarity does not
extend to the sequence identity) but differ from the CD46 uti-
lising HAd-B11K and HAdV-B35K.

The high-resolution structures obtained allowed us to robustly
characterise the loops, seen in the electron density maps (Fig. 3b,
c). To assess loop flexibility and mobility, we assessed the
B-factors (also known as temperature factor), a measure of the
confidence in the position of an atom which can be used to infer
flexibility. By assessing the B-factors, the relative flexibility of the
moieties of interest can be inferred. While the apical domains of
some loops demonstrated increased B-factors relative to the rest
of the molecule, the loops” B-factors are surprisingly low (Fig. 3b,
¢), suggesting that they may exhibit limited flexibility.

To investigate whether the different loop conformations were
the product of flexibility, or restricted mobility we investigated
the inter-loop interactions in the HAdV-D26K and HAdV-D48K
structures. This analysis shows that the GH loop of HAdV-D26K
(like those of HAdV-C5K, HAdV-D37K, and HAdV-D48K) does
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HAdV-D26 Fiber-Knob Domain (6FJN)

HAdV-D48 Fiber-Knob Domain (6FJQ)
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Fig. 2 Overview of the HAdV-D26 and HAdV-D48 fiber-knob protein structures. The surface representation of the trimeric HAdV-D26K (PDB 6FJN)
biological assembly is shown side-on with the cartoon representation shown for the nearest monomer (a) and the top-down view of the same HAdV-D26K
trimer, as it would appear looking towards the virion, is seen as a cartoon representation (b), with each monomer coloured in red, green, or blue with the
hypervariable loops extending between the B-strands (dark blue) coloured as follows: AB—green, BC—purple, CD—brown, DE—orange, DG—red, EG—
pink, GH—purple, Hl—yellow, IJ—light blue. The HAdV-D48K (PDB 6FJQ) trimer is shown similarly (¢, d). The Wu-Kabat variability plot of the fiber-knob
domains of species D adenoviruses shows regions of low variability (e) with the locations of the HAdV-D48K B-strands shown by arrows above the graph,
and the positions coloured blue, or red when the position is a -strand in both HAdV-D26K and HAdV-D48K

not extend directly away from the G and H f-sheets, but forms a
B-hairpin (Fig. 3a, b) that is maintained by seven polar contacts
within the neighbouring IJ loop which restrict the loops’
orientation (Fig. 4a, Supplementary Figure 3A). Polar contacts
were also observed at the apex of several loops, notably the GH
and CD loops (Fig. 4a, b). The IJ loops form fewer intramolecular
polar contacts but are stabilised by interactions with the adjacent
CD and DG loops (Supplementary Figure 3C, D). These
interactions retain the apical residues in a stable conformation,
rather than leaving the side chains fully labile.

The B-factors of the HAdV-D48K DG loop were observed to
be polarised about the hairpin, with the outer face of the loop
having higher B-factors compared to the inner face (Fig. 4c). This
is likely the result of polar contacts formed between Ser-307, Gln-
308, Ala-309, and Leu-304 with Asp-359 and GIn-357 of the
opposing monomer stabilising the conformation of the DG loop.
The proline-rich nature of this loop provides further rigidity
(Supplementary Figure 2D).

Crystal contacts did not reveal any specific interactions
between these DG-loops and neighbouring non-trimer copies.
We calculated the energy of interaction to be below the

background threshold (<—3.0kcal mol~!) for all loops except
DG. The DG-loop of HAdV-D26K is calculated to have
interaction energy of —6.5kcalmol~! in two separate stretches
of this exceptionally long loop (Supplementary Figure 4).
Importantly, no strong contacts are found within the inter-
monomer cleft.

Based on this analysis of the inter and intra-loop bonds, we
suggest that these adenoviral loops may not be fully flexible
variable regions, but organised receptor engagement motifs with
carefully evolved structures. This has direct implications for
receptor engagement of these viruses, as the loops govern
previously characterised interactions with CAR and CD46, and
are directly involved in their pathogenicity?*33-39,

In silico evaluation of HAdV-D26/48K interaction with CAR.
Both CD46 and CAR have been proposed as primary attachment
receptors for HAdV-D26 and HAdV-D481617. Previously gen-
erated crystal structures of HAdV-B11K in complex with full-
length CD46 (PDB: 308E), and HAd-D37K in complex with
CAR-D1 domain (PDB: 2]J12) reveal the loops to be essential to
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Table 1 Data collection and refinement statistics (molecular
replacement)
HAdV-D26K HAdV-C5K HAdV-D48K
Data collection
Space group P 2:3 P 2,22 P 4532
Cell dimensions
a, b, c (A) 86.01, 86.01, 10216, 102.44, 145.18, 145.18,
86.01 77.01 145.18
a py(©® 90.0, 90.0, 90.0, 90.0, 90.0, 90.0,
90.0 90.0 90.0
Resolution (A) 0.97-60.82 1.49-61.56 2.91-83.82
(0.97-1.00) (1.49-1.53) (2.91-2.99)
Rsym OF Rmerge 0.043 (0.745) 0.134 (1.838)  0.125 (302.6)
I/ol 273 (0.7) 7.1 (0.7) 222 Q.7
Completeness (%) 94.9 (43.9) 99.8 (99.9) 100.0 (100)
Redundancy 16.7 (1.6) 6.6 (6.3) 412 (41.4)
Refinement
Resolution (A) 0.97-60.82 1.49-61.56 2.91-83.82
No. reflections 12,612 125,479 1,371
Rwork/ Riree 18.2/19.5 21.1/23.3 20.1/29.1
No. atoms 181 4825 317
Protein 1579 4395 3091
Ligand/ion 8 21 20
Water 224 409 6
B-factors 16.0 34.0 87.0
Protein 15.8 33.6 94.2
Ligand/ion 29.3 35.7 129.5
Water 23.9 429 61.0
R.M.S. deviations
Bond lengths (A) 0.025 0.011 0.019
Bond angles (°) 2.339 1.534 2.293
One crystal was used for each dataset
Values in parentheses are for highest-resolution shell

receptor interactions?’. To investigate the ability of HAdV-D26K
and HAdV-D48K to bind these receptors we generated homology
models by alignment of the new HAdV-D26K and HAdV-D48K
fiber-knob structures modelled, using the existing fiber-knobs in
complex with the receptor of interest, and performed energy
minimisation to optimise the conformation to achieve the lowest
possible energy interface with which to analyse the interaction.
We performed similar experiments with the well-described CAR
and CD46 binding fiber-knob proteins of HAdV-C5 (PDB:
6HCN) and HAdV-B35 (PDB: 2QLK), respectively, as controls.

Modelling of HAdV-D26K and HAdV-D48K in complex with
the CAR-D1 domain revealed a region of high homology with the
CAR utilising HAdV-C5 fiber-knob, hereafter termed the a-
interface (Fig. 5a). Sequence alignment with HAdV-C5K shows
that many of the residues previously shown to be critical for CAR
interaction in HAdV-C5K are conserved in HAdV-D26K and
HAdV-D48K (Fig. 5b), including Ser-408, Pro-409, and Tyr-
37637. The same is true of residues predicted to interact with CAR
directly, such as Lys-417 (number is for HAdV-C5K). The
residues predicted to form direct CAR binding interactions for
HAdV-C5K, HAdV-D26K, and HAdV-D48K are pictured in
complex with the maximum spatial occupancy of the energy
minimised CAR-D1 (Fig. 5¢). The high levels of homology are
seen to extend to the proteins’ fold as well as the linear sequence.

Binding energies were calculated between the modelled fiber-
knob proteins and CAR, restricting the calculation to only the a-
interface to best model the conserved region. For the modelled
complexes, a stable a-interface was predicted for all complexes
modelled, albeit weaker for the known non-CAR utilising HAdV-
B35K (Fig. 5d) which has lower sequence conservation with
HAdV-C5K. However, the interaction is complicated by a second
CAR interface, termed the P-interface (Fig. 6a). The loops

forming the B-interface with CAR-D1 differ between HAdV-CS5,
HAdV-D26, and HAdV-D48 fiber-knob (Fig. 6b). The shorter
HAdV-C5K DG loop does not clash with the CAR-D1 surface,
whereas the extended HAdV-D26K DG loop forms a partial steric
clash, with surface seen to clash with the aligned CAR-D1, and
HAdV-D48K DG loop is seen to form an even larger steric clash.
Whilst the longer loop of HAdV-D26K is expected to be more
flexible than that of HAdV-C5K, the HAdV-D48K DG loop is
surprisingly stable due to the characteristics described (Fig. 4c).

Biological evaluation of HAdV-D26/48K interaction with
CAR. Our modelling studies indicate that the longer, inflexible
DG loop of HAdV-D48K would be likely to sterically hinder the
HAdV-D48K: CAR interaction at the P-interface to a greater
extent than the more modest inhibition of the smaller and more
labile loop of HAdV-D26K, which in turn would exhibit more
inhibition of CAR binding than that of HAdV-C5K, where no
steric inhibition is observed. Competition inhibition assays using
recombinant fiber-knob protein to inhibit antibody binding to
CAR receptor in CHO-CAR cells (which express CAR, while the
parental cell line (CHO-K1) is established to be non-permissive to
adenovirus infection) support our observations (Fig. 6¢). The ICs,
(the concentration of protein required to inhibit 50% of antibody
binding) of HAdV-C5K is 7.0 ng/10° cells, while HAdV-D26K
and HAdV-D48K demonstrate ICsy values 15.7 and 480 times
higher at 0.110 pg/10° cells and 3.359 ug/10° cells, respectively,
reflecting their reduced ability to engage CAR.

SPR analysis indicates that HAdV-C5K binds strongly to CAR
(Fig. 6d) with a K, of 0.76 nM. HAdV-D26K and HAdV-D48K
have lower overall affinities for CAR (Fig. 6e). While the Ko of
the three fiber knob proteins (Fig. 6e) are similar, the Ko, is
fastest for HAdV-C5K, with HAdV-D26K Ko, being slower, and
HAdV-D48K exhibiting the slowest Ko,. This shows that the
Kon—the ability to form the initial interaction with the receptor
—is the major limiting factor in the fiber knobs overall affinity for
CAR.

In silico evaluation of HAdV-D26/48K interaction with CD46.
A similar approach was taken to model HAdV-D26K and HAdV-
D48K in complex with CD46. Alignments with the previously
published HAdV-B11K-CD46 complex were generated and
energy minimised to obtain the lowest energy state of the
complex>*41. This interface utilises loops DG, GH, HI, and IJ to
form a network of polar interactions with the CD46 Scl and Sc2
domains (Fig. 7a)%.

When HAdV-B35K was modelled in complex with CD46, a
network of polar contacts between HAdV-B35K and CD46 was
predicted (Fig. 7b) similar to that observed in the HAdV-B11K-
CD46 complex crystal structure, PDB: 308E (Fig. 7a)%.
Previously, HAdV-B35K residues Phe-243, Arg-244, Tyr-260,
Arg-279, Ser-282, and Glu-302 (underlined in Fig. 7c) have been
implicated as key contact residues for CD46 interaction, and are
conserved in HAdV-B11K (highlighted in blue, Fig. 7¢)3°. Our
modelling suggests that conversely, HAdV-D26K and HAdV-
D48K are predicted to form very few polar contacts with CD46
with just two contacts predicted for HAdV-D26K (Fig. 7d) and
three predicted for HAdV-D48K (Fig. 7e). Furthermore, they do
not share any of the critical CD46 binding residues which have
been reported previously (underlined, Fig. 7¢c) for HAdV-B11K
and HAdV-B35K, or any of the predicted interacting residues
(blue highlight, Fig. 7c).

We again employed PISA to calculate the binding energy of the
various modelled and energy minimised fiber-knob CD46
complexes (Fig. 8a). HAdV-B11K, the strongest known CD46
binding adenovirus33, was predicted to have the lowest binding
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Fig. 3 Comparison of HI, DG, GH, and 1) loops of adenoviruses used in this study. a The hypervariable loops of HAdV-D26K (green) and HAdV-D48K
(cyan) relevant to this study (HI, DG, GH, and 1)) are shown in the context of the control virus fiber-knob domains, HAdV-C5K (orange), Ad11K (yellow),
HAdV-B35K (pink), and Ad37K (purple). The electron density achieved in the loops of HAdV-D26K (b) and HAdV-D48K (c) are shown as mesh. The
fitted residues are seen as stick representations, with oxygen and nitrogen atoms coloured red and blue, respectively and other atoms coloured according
to their relative B-factors with warmer colours indicating higher B-factor values

energy reflecting its high stability interface, with HAdV-B35
demonstrating a similar but slightly reduced binding energy.
Conversely, HAdV-D26K and HAdV-D48K are predicted to have
lower binding energies, similar to that which may be expected for
random proteins passing in solution, indicating that any
interaction between either the HAdV-D26K, or HAdV-D48K
with CD46 is unlikely*2,

While still low compared to the known CD46 interacting
HAdV-B11K and HAdV-B35K binding energies, that for HAdV-
C5K was higher than expected for a known non-CD46 interacting
adenovirus (Fig. 8a). Inspection of the model shows that this is
due to the close proximity of the large HAdV-C5 HI loop to
CD46 (Fig. 8b). The residues involved in the predicted interaction
are not conserved in any known CD46 interface and suggesting
these are random interactions. Furthermore, interaction between
the DG loop and CD46 is integral to known CD46 binding
interfaces and is prevented by the HAdV-C5K HI loop laying
between them (Fig. 8b).

Biological evaluation of HAdV-D26/48K interaction with
CD46. Antibody competition inhibition assays in CHO-BCI cells
(CHO cells transduced to express the BC1 isoform of CD46) were
used to test the predictions made by modelling (Fig. 8c). These
data confirm that recombinant HAdV-D26K and HAdV-D48K
proteins are incapable of inhibiting antibody binding to CD46 at

any concentration tested (up to 2 ng/cell), whilst the well-defined
CD46 interacting HAdV-B35K demonstrates strong inhibition,
with a calculated ICs, of 0.003 ug/10° cells.

SPR analysis of the interaction between recombinant fiber-
knob protein with CD46 confirms these findings. The known
CD46 utilising HAdV-B35K is seen to bind CD46 even at low
concentration, while HAdV-D48K shows no interaction (Fig. 8d).
HAdV-D26K shows a very low affinity interaction with CD46,
however the kinetics are extremely fast making it impossible to
measure an accurate Kopof at any of the concentrations
measured, suggesting an unstable interface. The calculated Kp
for HAdV-D26K is seen to be more than 1.5x 103 times lower
than that of HAdV-B35K (Fig. 8e).

In silico evaluation of HAdV-D26/48K interaction with DSG-
2. The third major protein receptor for human adenoviruses is
Desmoglein 2 (DSG2), shown to enable infection by HAdV-B3,
B7, B11, and B144344 Whilst we have not been able to model the
interaction of HAdV-D26 or D48 with DSG2, due to the lack of
an available high-resolution complexed structure at the time of
writing, we investigated the interaction by SPR analysis. HAdV-
B3 is the best studied DSG2 binding adenovirus and showed
binding in the uM range when tested by SPR (Fig. 9a), however,
no binding was observed when the same experiment was run with
HAdV-D26K or HAdV-D48K (Fig. 9b).
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Fig. 4 Hypervariable loop conformations and contacts residues. The residues comprising the indicated loops of HAdV-D26K (a) and HAdV-D48K (b) are
shown diagrammatically with numbers indicating the start and end residues of each loop depicted. The network of intraloop polar interactions is shown by
solid lines (one polar bond), and dashed lines (two polar bonds, colour variations are only for ease of viewing) between interacting residues, similar
interloop bonds are also present as visualised in Supplementary Figure 2. Residues forming part of a helical motif are shaded in blue. The HAdV-D48K DG-
loop is seen to form contacts to the opposing monomer across the inter-monomeric cleft (¢). The labelled residues forming polar contacts (shown as
sticks) are coloured by relative B-factor, with warmer colours indicating higher relative B-factors, as is the cartoon representation of the loop. The opposing
HAdV-D48K monomer is seen as a ribbon representation of the carbon-a chain in cyan and the surface of the HAdV-D48K trimer seen as a semi-

transparent grey surface

Discussion

This study reveals the crystal structure of two adenovirus proteins
critical to primary receptor engagement, HAdV-D26 and HAdV-
D48 fiber-knob, which are important viral vectors currently in
human clinical trials>!112, Despite their advanced development,
the field lacks fundamental knowledge regarding the mechanisms
of infection for these viral vector platforms. The work we
described here provides a combined crystallographic, in silico,
and in vitro approach to investigate adenovirus fiber-knob:
receptor interactions with CAR and CD46, two receptors pre-
viously proposed to be utilised by these viruses>17.

Analysis of the phylogenetic relationship between 56 adeno-
virus serotypes, by both whole genome and fiber-knob domain
alignment (Fig. la), confirms diversification into the widely
accepted seven adenoviral species’”. However, generating the
phylogenetic tree with fiber-knob sequences, rather than whole
genomes, shows additional diversity, not revealed by the whole
virus taxonomy. Adenovirus species D breaks up into several
additional sub-clades when focused on the fiber-knob, suggesting
greater receptor diversity than might be expected based on the
whole virus phylogeny. Similar observations have previously been
made in species D hexon and penton!3.

In contrast to species D, the phylogeny of species B adeno-
viruses, which are known to utilise Desmoglein 2 and CD46 as
primary receptors, is simplified when focused upon the fiber-
knob, indicating less diverse receptor usage3*43-4>. This simpli-
fication in comparison to the whole genomic alignment implies
that much of the species diversity must lay in other proteins. The
E3 protein, for example, is known to be highly diverse within

species B adenoviruses, having previously been exploited in the
selection of the oncolytic (cancer killing) virus enadenotucirev,
which is currently in clinical trials!346:47,

That we see such opposing effects on the species B and D
phylogenetic trees when focusing on the fiber-knob, highlights
the limitations of simple taxonomic approaches. The current
adenoviral taxonomy is based on antibody neutralisation
assays, which are limited by antibody's reliance on surface
accessible proteins in the capsid, and does not account for
diversity in other viral proteins, as the above suggests for spe-
cies B. This supports a taxonomic proposal based upon viral
genetics rather than antibody neutralisation, as has previously
been suggested!3-48,

Many studies on adenovirus neutralisation have focused upon
NAbs which bind to the hexon**->!. Following intramuscular
vaccination with non-replicating adenoviral vectors, most NAbs
are targeted to the hexon; a reflection of its high abundance and
surface availability in each viral capsid*®>2. However, during
natural infection, many NAbs target the fiber protein®2, pre-
sumably due to the abundance of fiber produced in the early
stages of hAdV replication to loosen cell-cell junctions and
facilitate viral spread, prior to lysis and entry of large amounts of
whole virus to the bloodstream?3. For individuals with pre-
existing anti-adenovirus immunity derived from natural infec-
tions, anti-fiber NAbs are likely to limit the use of vectors with
common adenovirus fiber proteins by neutralisation of the viral
vector prior to its therapeutic effect. Thus, for the development of
vectors to circumvent pre-existing anti-adenovirus immunity for
therapeutic use further exploration of this fiber protein diversity

NATURE COMMUNICATIONS | (2019)10:741 | https://doi.org/10.1038/541467-019-08599-y | www.nature.com/naturecommunications 7


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-08599-y

HAdV-C5K
HAdV-B35K 129
HAdV-D37K
HAdV-D26K
HAdV-D48K

HAdV-C5K

HAdV-B35K
HAdV-D37K
HAdV-D26K
HAdV-D48K

HAdV-C5K
HAdV-B35K
HAdV-D37K

HAdV-D26K
HAdV-D48K
"

NDRLTLWTTP BPEBNCRLNA ---BRDARLT LVLTRCGSQI LATVSVLAVK GSLAPISGTV
DSINTLWIGI NPPPNCQIVE NTNTMDGELT LVLVKNGGLV NGYVSLVGVS DTVNQMFTQK
YDTRTLWTTP BTEPNCTIAQ ---DKDSKLT LVLTKCGSQI LANVSLIVVA GKYHIINNKT NP--KIKSFT IKLLFNRKNGV
DDRRTLWTTP DSPNCKMST ---BRDSKLT LTLTKCGSQV LGNVSLLAV{] GEYHQMTATT
NDKLTLWTTP DPSPNCKIDQ ---DKDSKLT FVLTKCGSQI LANMSLLVWK GKFSMINNKV NGTDDYKKFT IKLLFDEKGV

LLNNSFLDPE EWNFRNGDLT EGTAYTNAVG FMPNLSAYPK SHGK------
LLTEESDLKI PLKNKSS-TA TSETVASSKA FMPSTTAYPF NTTTRDSEN-
LLDNSNLGKA YWNFRSGNSN VETAYEKAIG FMPNLVAYPK PSNSKK----

kcal mol™

PR L I
ffffff QSAH LIIRFDENGV
----- TANIQ LRLYFDSSGN

TAKSN IVSQVYLN-- -GDKTKPVTL
Y---- IHGICYYMT§ YDRSLFPLNI
YARDI VYGTIVLG-- -GKPDQPAVI

TITLNGTQET GDTTPSAYSM SFSWDWSGHN YI---NEIFA TSSYTFSYIA QE-----
SIMLNSRMIS ---SNVAYAI QFEWNLNASE SPESNIATLT TSPFFFSYIT EDDN---

-CEYSI TFNFSWSK-T YE---NVEFE TTSFTFSYIA QE-----
-CAYSI TFTFTWQK-D YS---AQQFD VTSFTFSYLT QENKDKD

|
[¢]

-10 °
Pa¥
-15
Ad37K Ad5K Ad35K Ad26K Ad48K

Fig. 5 Modelling of the HAdV-D26K and HAdV-D48K interaction with CAR at the a-interface. The a-interface region is shown by the box on the structural
alignment of HAdV-C5K (orange), 26K (green), and 48K (cyan) fiber-knob domain crystal structures in complex with CAR-D1 domain (grey) as
determined by homology alignment to the previously reported Ad37K CAR-D1 structure (PDB: 2J12) (). The aligned amino acid sequence of the
investigated fiber-knobs (b) and the predicted a-interface forming CAR-D1 binding residues are highlighted in blue, with the underlined residues
representing the HAdV-C5K amino acids shown by Kirby et al. (2000)37 to be important for CAR interaction. Conservation of key residues can be seen
between HAdV-C5K, HAdV-D26K, and HAdV-D48K fiber-knobs. This conservation is visualised, with the contact residues comprising the a-interface with
HAdV-C5K, 26K, and 48K shown as sticks in complex with the energy minimised CAR-D1 domain (grey), shown as the surface of the maximum spatial
occupancy of the aligned CAR-D1 monomers from each of the energy minimised models in complex with HAdV-C5K, 26K, and 48K fiber-knobs (c). d Plots
the predicted binding energy of the energy minimised fiber-knob proteins to CAR-D1 complex in the a-interface, only. Lower binding energy indicates a
more stable interface with the red line depicting 3.0 kcal mol=, which can be considered background. n = 3, where each calculation is an independent fiber-

knob: CAR interface, error bars indicate mean £ SD

may be beneficial, as well as the on-going studies using hexon
HVR pseudotypes to circumvent anti-hexon immunity!!->4,

Analysis of the adenovirus loops (Fig. 4, Supplementary Fig-
ure 3) reveals an intricate network of polar interactions which
stabilise their three-dimensional structures. These bonds appear
to hold the loops in a conformation which, in the case of HAdV-
B11K and HAdV-B35K, facilitates receptor binding. In the
HAdV-D26 and HAdV-D48 fiber-knob structures presented in
this study the loops are also held in a stable conformation, though
not one which enables CD46 interaction.

Modelling of HAdV-D26K/HAdV-D48K in complex with
CD46 (Fig. 7) suggested few contacts, and interface energy cal-
culations using these models predict a weak binding energy
(Fig. 8). SPR indicated that HAdV-D26K has an affinity for CD46
that is approximately 1500x weaker than that of HAdV-B35K
(Fig. 8d, e). Combined with the extremely fast kinetics, this is
suggestive of a highly unstable interface. HAdV-D48K showed no
affinity for CD46 at all. This was confirmed by in vitro compe-
tition inhibition assays, in which no tested quantity of recombi-
nant fiber-knob was capable of inhibiting antibody binding to
CD46 (Fig. 8c). These findings appear contradictory to previous
studies which suggest CD46 as the primary receptor for these
viruses!®!7. Our findings improve knowledge of the cell entry
mechanisms of these viruses and the vectors derived from them,

and do not diminish the observed effectiveness of these vaccines.
However, if CD46, a protein expressed on the surface of all
nucleated cells, is not the receptor for these viruses then it is as yet
unknown what the primary tissue tropism determinant is for
these clinically significant viruses>>°°.

A similar methodology was applied to the interaction HAdV-
D26K/HAdV-D48K with CAR. Inspection of the modelled
complexes (Fig. 5) indicated a conserved a-interface enabling
CAR binding in adenovirus 5, 26, and 48, fiber knobs. However,
the structure of the P-interface interaction appears to indicate a
mechanism modulating the fiber-knob’s CAR affinity (Fig. 6).
When occupying the intermonomer cleft in the conformation
shown in Fig. 6b, the DG loops of HAdV-D26K and HAdV-
D48K are likely to inhibit CAR binding by steric hindrance, but if
the loops were to shift into a conformation which relieves this
clash CAR binding could occur. Therefore, the ability of these
vectors to interact with CAR is likely a function of the steric
hindrance provided by these loops, reducing the ability of the
fiber-knob domain to engage CAR in a permissive conformation.
SPR analysis supports this hypothesis (Fig. 6d, ), where the larger
the DG loop of the investigated fiber-knob the slower the Kqp,.

The inter-loop contacts described in Fig. 4a, b, and Supple-
mentary Figure 3, and the normalised B-factors described in
Fig. 6b will influence the molecular dynamics of the DG-loops.
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Fig. 6 Modelling of the HAdV-D26K and HAdV-D48K interaction with CAR at the p-interface. The p-interface region is shown by the box on the structural
alignment of HAdV-C5K (orange), 26K (green), and 48K (cyan) fiber-knob domain crystal structures in complex with CAR-D1 domain (grey) as
determined by homology alignment to the previously reported Ad37K CAR-D1 structure (PDB: 2J12) (a). A dot surface shows the surface of HAdV-C5K,
26K, and 48K DG-loops in the inter-monomer cleft (b). The boxes denote the maximum B-factor of the corresponding loops, which are shown as putty
representations with thicker regions indicating higher relative B-factors, from which we can infer the relative stability of the loops. Antibody competition
inhibition assay (c) shows the relative inhibitory ability of the HAdV-C5, 35, 26, and 48, fiber-knob domains in CAR expressing CHO-CAR cells, with the
calculated ICsq values shown in boxes. n = 3 biological replicates. Surface plasmon resonance (SPR) traces are shown by coloured lines, and the fitted
curves by black lines (d). The calculated binding coefficients on rate (Ko,), off rate (Kos), and dissociation coefficient (Kp) are given in the table (e). ICso
curves are fitted by non-linear regression. Error bars represent standard deviation of 3 biological replicates. Error bars indicate mean £ SD

Loops which can occupy a CAR inhibitory conformation but have
fewer stabilising contacts, such as that of HAdV-D26K (Supple-
mentary Figure 3A, C), should be more permissive to CAR
binding. While loops which are less flexible and/or stabilised in a
CAR inhibitory conformation, such as HAdV-D48K (Fig. 6b,
Supplementary Figure 3B, D) should result in a fiber-knob which
is less able to bind CAR. This hypothesis fits the competition
inhibition studies shown in Fig. 6c, which demonstrate that
HAdV-D26K has an approximately ~15x lower affinity for CAR
than HAdV-C5K, and HAdV-D48K has 500x lower affinity.
Interestingly, the affinity of HAdV-D48K for CAR as measured
by SPR is approximately 2x higher than that for HAdV-D26K,
due to the slower Kog of HAdV-D48K (Fig. 6e) which is in
contrast with the ICsy curves (Fig. 6¢) in which HAdV-D48K is
observed to bind to CAR less strongly than HAdV-D26K. The
incongruity may be explained by the methodology. It is possible
that the large fluid volume in the wells during the inhibition assay
(in comparison to the BIAcore microfluidics system), favoured
greater binding by HAdV-D26K due to its faster Ko,,, compared
to HAdV-D48K. This discrepancy does not alter the proposed

model of CAR interaction, and seems to confirm the importance
of the Kp,, presumably mediated by the p-interface.

Species D adenoviruses have a large range of different DG
loops (Supplementary Figure 5). Most sequences have lengths
equal to, or greater than, that of HAdV-D26K, making it plausible
that they too could modulate the fiber-knob interaction with
CAR. However, the magnitude of this effect will be dependent on
the individual molecular dynamics of the DG-loops and its
interactions with adjacent residues.

Assuming this mechanism of CAR binding regulation is
broadly applicable, it may have important implications for ade-
noviral vector design. The presence of a high affinity receptor for
the virus can mask the low affinity CAR interaction, creating a
hidden tropism only observed if the virus is forced to rely upon it.
Expression of CAR on human erythrocytes suggests the potential
for sequestration of virotherapies in the blood>”. CAR expression
in lung epithelial tissues offers another site for potential off target
activity®$°%, Therefore, many virotherapies previously thought to
be non-CAR binding adenoviruses may in fact demonstrate weak
CAR tropism, driving off target infections or resulting in
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Fig. 7 Modelling of the HAdV-D26K and HAdV-D48K with CD46. Red dashes show contacts between the energy minimised crystal structure of CD46 SC1
and SC2 domains (grey cartoon) and Ad11K in complex (PDB 308E) (a). The known CD46 interacting fiber-knob, HAdV-B35K (purple), is aligned to the
above crystal structure and energy minimised (b). Amino acid sequence alignment of the tested fiber-knob proteins (¢) shows conservation of residues
previously shown by Wang et al. (2007)36 to be key to CD46 binding (underlined) between the known CD46 binding fiber-knobs, Ad11K and HAdV-B35K.
Residues highlighted in blue are predicted to form direct contacts with CD46 in the energy minimised models. Similar alignments to that performed with
HAdV-B35K are shown for HAdV-D26K (Green—d) and HAdV-D48K (cyan—e). In all models, red dashes indicate polar contacts between the residues

shown as stick representations

sequestration of the vector in tissues other than that target. This
may not be of grave consequence for non-replicating vectors,
such as viral vaccines, but in vectors which rely upon controlled
replication in targeted tissues, such as oncolytic virotherapies, this
could result in off-target infection, dysregulated expression of
therapeutic protein, and reduced delivery to the point of need.

DSG2 was also shown to be unable to bind HAdV-D26K or
HAdV-D48K at any concentration by SPR. It is notable that the
Kp measured for the HAdV-B3K (66.9 uM) is much lower than
that measured during the original investigation of DSG2 as an
HAdV-B3K receptor (2.3 nM)*4. This is likely due to our use of
recombinant knob trimers, rather than the multivalent penton
dodecahedrons.

The final, known, adenovirus fiber-knob receptor, which has thus
far not been addressed in this study is sialic acid, as part of gly-
cosylation motifs. Several adenoviruses have been shown to bind to
sialylated glycans, including HAdV-D373238, HAdV-G523060, and
Canine adenovirus serotype 2 (CAdV-2)*’. Each of these three
viruses binds to sialic acid by different mechanisms (Supplementary
Figure 6). Supplementary Figure 6 shows that HAdV-D26/48K do
not share the sialic acid binding residues found in HAdV-G52K or
CAV-2 but do share the Tyr-142 and Lys-178 contact residues with
HAdV-D37K. Further, the HAdV-D37K contact residue Pro-147 is
between the sialic acid and the main chain oxygen which is func-
tionally identical at the similar position in HAdV-D26/48K. Taken

together, it remains plausible that HAdV-D26/48K may be capable
of binding sialic acid in an HAdV-D37K-like manner. However,
binding does not equate to functional infection, as seen with
HAdV-D19pK3? and further studies are required to ascertain
whether HAdV-D26/48 are capable of utilising sialic acid to gen-
erate a productive infection. Further, HAdV-D37 was shown to
require a specific glycosylation motif (GDla) in order form a
functional infection, so any assessment of sialic acid as an adeno-
viral receptor must be in the context of its glycan carrier®S.

The work undertaken in this study presents, for the first time,
the crystal structures of the fiber-knob domain protein of HAdV-
D26 (PDB: 6F)JN), and HAdV-D48 (PDB: 6FJQ) fiber-knob
protein. In addition, we report a new crystal structure for HAdV-
C5 fiber-knob protein (PDB: 6HCN) with improved resolution
compared to the existing structure (PDB: 1KNB)?”. We utilised
these structures to investigate the ability of these proteins to
interact with the putative receptors, CAR and CD46, by an
integrative structural, in silico, and in vitro workflow. We
demonstrate that HAdV-D26 and HAdV-D48 fiber-knob
domains have a weak ability to bind CAR, and negligible CD46
interaction, suggesting that these viruses are unlikely to utilise
these proteins as a primary receptor in vivo. Finally, we showed
that DSG2 is also unable to form a stable interaction in the
context of SPR analysis. We suggest that CAR binding is mod-
erated by a previously unreported mechanism of steric inhibition
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competition inhibition assay (c) shows the relative inhibitory ability of the HAdV-C5, HAdV-B35, HAdV-D26, and HAdV-D48 fiber-knob domains in CD46
expressing CHO-BC1 cells, with the calculated ICsq values shown in boxes. n = 3 biological replicates. Surface plasmon resonance (SPR) traces are shown
by coloured lines, and the fitted curves by black lines (d). The calculated binding coefficients on rate (Ko,,), off rate (Ko, and dissociation coefficient (Kp)
are given in the table (e), nm (not measured) indicates that the kinetics were too fast to measure, nb denotes no binding. ICsq curves are fitted by non-

linear regression. Error bars represent standard deviation of 3 biological replicates. Error bars indicate mean + SD
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Fig. 9 Desmoglein 2 is unlikely to be a receptor for HAdV-D26K or HAdV-D48K. The dissociation constant was calculated for HAdV-B3K binding to DSG2,
but kinetics were too fast to determine Ko, or Kogs (@), the Kp curve is shown for HAdV-B3K while HAdV-D26K and HAdV-D48K are seen to form no
interaction with DSG2 (b). nm (not measured) indicates that the kinetics were too fast to measure, nb denotes no binding
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which may apply to other adenoviruses and demonstrate an in
silico methodology capable of rapidly predicting these interac-
tions. These findings enhance our understanding of the virology
of adenovirus infection, and have direct implications for vir-
otherapy vector design, which often rely upon carefully controlled
receptor tropisms to achieve specificity and efficacy®18:28.

Methods

Genome alignment and analysis of genetic diversity. Representative whole
genomes (nucleotide) of adenoviral species 1-56 were selected from the National
Center for Biotechnology Information (NCBI), and aligned using the EMBL-EBI
Clustal Omega tool®!:62. Fiber-knob domain amino acid sequences were derived
from the same genome sequences, defined as the translated nucleotide sequence of
the fiber protein (pIV) from the conserved TLW hinge motif to the protein C-
terminus, and aligned in the same manner as the whole genomes. Phylogenetic
relationships were inferred using the maximum likelihood method based upon the
Jukes Cantor model for the whole genome nucleotide analysis®3, and the Poisson
correction model for the fiber-knob amino acid analysis®4, using MEGA X soft-
ware®. Confidence was determined by bootstrap analysis (500 replicates)®® and
trees displayed condensed at 70% confidence (percentage confidence values shown
at each node) where stated.

Fiber-knob amino acid variability. Amino acid sequence variability scores were

calculated from the Clustal Omega aligned amino acid sequences of the fiber-knob
domains of either adenoviruses 1-56, or only the species D adenoviruses. Analysis
was performed using the Protein Variability Server (PVS), using a consensus base
sequence and the Wu-Kabat method®”.

Generation of recombinant fiber-knob protein. SG13009 Escherichia coli har
bouring pREP-4 plasmid and pQE-30 expression vector containing the fiber-knob
DNA sequence were cultured in 20 ml LB broth with 100 ug/ml ampicillin and
50 ug/ml kanamycin overnight from glycerol stocks made in previous studies!$:68:69,
1L of TB (Terrific Broth, modified, Sigma-Aldrich) containing 100 pg/ml ampicillin
and 50 pg/ml were inoculated with the overnight E. coli culture and incubated at
37°C until they reached ODO0.6. IPTG was then added to a final concentration of
0.5mM and the culture incubated at 37 °C for 4 h. Cells were then harvested by
centrifugation at 3000g, resuspended in lysis buffer (50 mM Tris, pH 8.0, 300 mM
NaCl, 1% (v/v) NP40, 1 mg/ml Lysozyme, 1 mM B-mercaptoethanol), and incu-
bated at room temperature for 30 min. Lysate was clarified by centrifugation at
30,000g for 30 min and filtered through a 0.22 um syringe filter (Millipore,
Abingdon, UK). Clarified lysate was then loaded onto a 5ml HisTrap FF nickel
affinity chromatography column (GE) at 2.0 ml/min and washed with 5 column
volumes into elution buffer A (50 mM Tris [pH 8.0], 300 mM NaCl, 1 mM
B-mercaptoethanol). Protein was eluted by 30 min gradient elution from buffer A to
B (buffer A + 400 mM Imidazole). Fractions were analysed by reducing SDS-PAGE,
and fiber-knob containing fractions further purified using a superdex 200

10/300 size exclusion chromatography column (GE) in crystallisation buffer

(10 mM Tris [pH 8.0] and 30 mM NaCl). Fractions were analysed by SDS-PAGE
and pure fractions concentrated by centrifugation in Vivaspin 10,000 MWCO
(Sartorius, Goettingen, Germany) proceeding crystallisation.

Competition inhibition assays. CHO cells expressing the appropriate receptor
(CAR: CHO-CAR, or CD46: CHO-BC1) were seeded at a density of 30,000 cells
per well in a flat bottomed 96-well tissue culture plate and incubated at 37 °C
overnight. Serial dilutions were made up in serum-free RPMI-1640 to give a final
concentration range of 0.0001-100 pg/10° cells of recombinant soluble knob pro-
tein. Cells were incubated on ice for 30 min, then washed twice with cold PBS.
Fiber-knob dilutions were then added to the cells and incubated on ice for 30 min.
Cells were then washed twice in cold PBS and stained with the primary CAR or
CD46 antibody, RmcB (Millipore; 05-644) or MEM-258 (Abcam; Ab789),
respectively, to complex receptors unbound by fiber-knob protein, and incubated
for 1h on ice. Cells were washed twice further in PBS and incubated on ice for 1 h
with Alexa-647 labelled goat anti-mouse F(ab’)2 (ThermoFisher; A-21237)18:68:69,
All antibodies were used at a concentration of 2 ug/ml.

Samples were run in triplicate and analysed by flow cytometry on Attune NxT
(ThermoFisher), and analysed using FlowJo v10 (FlowJo, LLC) by gating
sequentially on singlets, cell population, and Alexa-647 positive cells. Total
fluorescence (TF) was used as the measure of inhibition, rather than percentage of
fluorescent cells in the total population, to account for the presence of multiple
receptor copies per cell surface which can enable partial inhibition of antibody
binding on the cell surface. TF was defined as the percentage of Alexa-647 positive
cells in the single cell population for each sample and multiplied by the median
fluorescent intensity (MFI) of the Alexa-647 positive single cell population in each
sample. Data points are the mean total fluorescence of three biological replicates
with error given as the standard deviation from the mean. ICs, curves were fitted
by non-linear regression, and used to determine the ICs, concentrations!8:68:6%,
CHO-CAR and CHO-BCI cells were originally derived by Bergelson et al.”® and
Manchester et al.”}, respectively.

Crystallisation and structure determination. Protein samples were purified into
crystallisation buffer (10 mM Tris [pH 8.0] and 30 mM NaCl). The final protein
concentration was approximately 7.5 mg/ml. Commercial crystallisation screen
solutions were dispensed into 96-well plates using an Art-Robbins Instruments
Griffon dispensing robot (Alpha Biotech, Ltd.), in sitting-drop vapour-diffusion
format. Drops containing 200 nl of screen solution and 200 nl of protein solution
were equilibrated against a reservoir of 60 pl crystallisation solution. The plates
were sealed and incubated at 18 °C.

Crystals of HAdV-C5K appeared in PACT Premier condition D04 (0.1 M
MMT, pH 7.0, 20% PEG 1500), within 1-7 days. Crystals of HAdV-D26K appeared
within 1-7 days, in PACT Premier (Molecular Dimensions, Suffolk, UK) condition
A04; 0.1 M MMT [DL-malic acid, MES monohydrate, Tris], pH 6.0, 25% PEG
1500. Crystals of HAdV-D48K appeared in PACT Premier condition D02 (0.1 M
Bis-Tris-propane, pH 6.5, 20% PEG 3350, 0.2 M NaNOs3), within 2 weeks. Crystals
were cryoprotected with reservoir solution to which ethylene glycol was added at a
final concentration of 25%. Crystals were harvested in thin plastic loops and stored
in liquid nitrogen for transfer to the synchrotron. Data were collected at Diamond
Light Source beamline 104, running at a wavelength of 0.9795 A. During data
collection, crystals were maintained in a cold air stream at 100 K. Dectris Pilatus
6M detectors recorded the diffraction patterns, which were analysed and reduced
with XDS, Xia272, DIALS, and Autoproc’>. Scaling and merging data was
completed with Pointless, Aimless and Truncate from the CCP4 package’4.
Structures were solved with PHASER?%, COOT’% was used to correct the sequences
and adjust the models, REFMAC577 was used to refine the structures and calculate
maps. Graphical representations were prepared with PyMOL’S. Reflection data and
final models were deposited in the PDB database with accession codes: HAdV-
C5K, 6HCN; HAdV-D26k, 6FJN; and HAdV-D48k, 6JFQ. Full crystallographic
refinement statistics are given in Supplementary Table 2; stereo images depicting
representative areas of the model and map are provided in Supplementary Figure 7.

Modelling of fiber-knob ligand interactions. Fiber-knob proteins were modelled
in complex with CAR or CD46 using the existing HAdV-D37K—CAR liganded
(PDB 2J12) or the HAdV-B11K—CD46 liganded (PDB 308E) structures, respec-
tively, as a template. Non-protein components and hydrogens were removed from
the template model and the fiber-knob protein of interest. The two fiber-knob
proteins were then aligned with respect to their Ca chains, in such a way as to
achieve the lowest possible RMSD. Models containing only the fiber-knob protein
of interest and the ligand were saved and subjected to energy minimisation, using
the YASARA self-parametrising energy minimisation algorithm as performed by
the YASARA energy minimisation server, and results were visualised in PyMol787°.

Calculation of interface energy. Interface energies were calculated using QT-
PISA using biological protein assemblies and excluding crystallographic inter-
faces®0. Values are the mean of the three symmetrical interfaces in each trimer and
error is the standard deviation from the mean, any values above —3.0 kcal mol~!
were considered to be background as shown as a red dashed line on graphs*2.

Sequence alignments. Alignments were performed using the Clustal Omega
multiple sequence alignment algorithm and visualised with BioEdit0!:62.

B-factor normalisation. Comparing order between different structures by com-
paring individual B-factors can be misleading. Post-refinement B-factors relate to
the Wilson B-factor, which can vary widely between data sets, even from the same
crystal preparation. A valid comparison between different structures can be
achieved by comparing normalised B-factors instead. Normalisation was per-
formed by dividing individual atomic B-factors by the average B-factor of the
whole data set, quantifying the range of internal flexibility in a structure. This
normalised B-factor can then be compared between different data sets.

Surface plasmon resonance (SPR) analysis. Binding analysis was performed
using a BIAcore 3000™ equipped with a CM5 sensor chip. Approximately 5000 RU
of CD46, CAR, and DSG2 was attached to the CM5 sensor chip, using amine
coupling, at a slow flow-rate of 10 ul/min to ensure uniform distribution on the
chip surface. A blank flow cell was used as a negative control surface on flow cell 1.
All measurements were performed at 25 °C in PBS buffer (Sigma, UK) at a flow rate
of 30 ul/min. For equilibrium binding analysis, the HAdV-D26K and HAdV-B3K
fiber knob proteins were purified and concentrated to 367 and 3 pM respectively.
5% 1:3 serial dilutions were prepared for each sample and injected over the relevant
sensor chip. The equilibrium binding constant (Kp) values were calculated
assuming a 1:1 interaction by plotting specific equilibrium-binding responses
against protein concentrations followed by non-linear least squares fitting of the
Langmuir binding equation. For single cycle kinetic analysis, HAdV-D26K, HAdV-
D48K, HAdV-B35K, HAdV-C5K, and HAdV-B3K were injected at a top con-
centration of around 200 uM, followed by four injections using serial 1:3 dilutions.
The Kp values were calculated assuming Langmuir binding (AB = BxABmax/(KD
+ B)) and the data were analysed using the kinetic titration algorithm (BIAeva-
luationTM 3.1). Receptor proteins were obtained commercially, as follows:
Recombinant Human Desmoglein-2 Fc Chimera Protein, R&D Systems, Catalogue
number 947-DM-100. Recombinant Human CXADR Fc Chimera Protein (CAR),
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R&D Systems, Catalogue number 3336-CX-050. Recombinant Human CD46
Protein (His Tag), Sino Biological, Catalogue number 12239-HO08H.

Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

Macromolecular structures generated during this study have been deposited in wwPDB
(worldwide Protein Data Bank; https://www.wwpdb.org/), and have PDB ID’s 6F]N,
6HCN, and 6FJQ. PDB ID’s for macromolecular structures utilised, but not generated in
the course of this study, are as follows: HAdV-B11K in complex with CD46, PDB 308E.
HAdV-D37K in complex with CAR-D1, PDB 2J12. HAdV-B35K, PDB 2QLK. Genomic
sequences from which fiber-knob domain sequences were determined, which have been
used in phylogenetic analysis, have the following NCBI accession numbers: AC_000017|
AF532578|X73487| AY803294| AB562586|AY601636| AF108105|GU191019]]Q326209)|
AC_000007|JN226749|KF528688|FJ404771|JN226750|JN226751|JN226752|EF153474|
JN226753|F]824826|JN226754|]N226755| AM749299|TN226756|JN226758| AY737797|
AC_000019]GQ384080|JN226759|JN226760|KU162869|DQ315364|JN226761|JN226762|
JN226763|IN226764|AY875648|JN226757|EF153473|DQ393829| AC_000008|AY737798|
TN226765|DQ923122|AB605243|NC_012959|FJ643676|HM770721|HQ413315)|
AC_000018|DQ086466|IN226746|]N226747| AB448776| AB448767|A]854486|KF006344].
All other data pertaining to this manuscript are available from the authors upon request.
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VIROLOGY

Human adenovirus type 26 uses sialic acid-bearing
glycans as a primary cell entry receptor

Alexander T. Baker', Rosie M. Mundy', James A. Davies', Pierre J. Rizkallah?, Alan L. Parker'*
Adenoviruses are clinically important agents. They cause respiratory distress, gastroenteritis, and epidemic kerato-

conjunctivitis. As non-enveloped, double-stranded DNA viruses, they are easily manipulated, making them pop-
ular vectors for therapeutic applications, including vaccines. Species D adenovirus type 26 (HAdV-D26) is both a
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cause of EKC and other diseases and a promising vaccine vector. HAdV-D26-derived vaccines are under investigation
as protective platforms against HIV, Zika, and respiratory syncytial virus infections and are in phase 3 clinical trials
for Ebola. We recently demonstrated that HAdV-D26 does not use CD46 or Desmoglein-2 as entry receptors, while
the putative interaction with coxsackie and adenovirus receptor is low affinity and unlikely to represent the
primary cell receptor. Here, we establish sialic acid as a primary entry receptor used by HAdV-D26. We demon-
strate that removal of cell surface sialic acid inhibits HAdV-D26 infection, and provide a high-resolution crystal

structure of HAdV-D26 fiber-knob in complex with sialic acid.

INTRODUCTION

Adenoviruses are clinically important, both as human pathogens
and as platforms for therapeutic applications. As pathogens, human
adenoviruses (HAdVs) have been isolated from severe infections in
both immunocompromised and healthy individuals (). Some adeno-
viruses have been associated with acute infection of the eye (2),
respiratory (3), and gastrointestinal tract (1). In rare cases, infections
prove fatal, as observed in a recent neonatal infection of species
D adenovirus type 56 (HAdV-D56) (4), among adult patients in
New Jersey with HAdV-B7d (5) and infamously with HAdV-E4,
where large epidemics of adenovirus infection have been seen in
military recruits (6). However, most fatal infections are observed in
immunocompromised individuals (7), such as those suffering from
graft-versus-host disease (8) or HIV (9, 10).

Adenoviruses are classified into seven species (A to G) and be-
tween 57 and 90 types depending on the taxonomic definitions used
(11, 12). Some adenoviruses have been studied in detail, having
well-defined receptor tropisms, including as coxsackie and adeno-
virus receptor (CAR) (13), cluster of differentiation 46 (CD46, also
known as membrane cofactor protein) (14), desmoglein 2 (DSG2) (15),
or sialic acid-bearing glycans (16). However, most types have low
seroprevalence in the population (17), though this varies significantly
by geographical location (18, 19). Their rarity means that many types
remain understudied, with poorly defined primary receptor interactions.
This is especially true of the species D adenoviruses (HAdV-D), the
largest of the adenoviral species, containing 35 of 57 canonical types (12).

Species D adenoviruses are associated with several pathogenicities.
HAdV-D56 is a potentially fatal emergent respiratory pathogen
composed of a recombination between four species D adenoviruses
(4). Opportunistic adenovirus infection isolated from patients with
HIV/AIDS are most commonly from species D, where they are as-
sociated with prolonged shedding in the gastrointestinal tract (9).
HAdV-D has also been associated with genital disease (20). The
species D adenoviruses are best known, however, for causing epidemic
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keratoconjunctivitis (EKC) infections, which is endemic, but not
isolated, to Japan (21). Classically, the primary EKC causing adeno-
viruses have been HAdV-D8, HAdV-D37, and HAdV-D64 (22)
[previously classified as 19a (23)]. More recently, other species
D adenoviruses have been associated with EKC, including HAdV-D53
(previously classified as HAdV-D22/H8) (24, 25), HAdV-D54 (26),
and HAdV-D56 (27).

The double-stranded adenovirus DNA genome makes them readily
amenable to genetic modification (28) and therefore has made them
attractive candidates for genetic manipulation for therapeutic ap-
plications in cancer (oncolytic viruses) (29) and as vaccine vectors
(30). Species D adenoviruses are of special interest as vaccine vectors.
Their ability to induce robust cellular and humoral immunogenic
responses in humans, coupled with low seroprevalence rates in the
general population (17), makes them attractive platforms for vac-
cines, as evidenced by their progression through clinical trials for
HIV (31), Zika (32), and Ebola treatment (33). However, there re-
mains a lack of understanding regarding their basic biology and
mechanisms of cellular infection. This is exemplified by HAdV-D26,
which is being investigated as a vaccine vector for Zika (32), HIV
(34), and respiratory syncytial virus (35), and has entered phase 3
clinical trials as an Ebola vaccine (33).

Despite its clinical success, recent findings further highlight the
lack of clarity over the primary receptor usage of HAdV-D26. It is now
clear that, despite previous publications to the contrary, HAdV-D26
cannot engage CD46 as a primary cellular entry receptor (36). Instead,
the HAdV-D26 fiber knob protein (HAdV-D26K) may engage CAR
as a primary receptor, although the affinity of this interaction is at-
tenuated compared to the classical HAdV-C5 interaction with CAR
due to the presence of an extended HAdV-D26 fiber knob DG loop,
which sterically inhibits the interaction with CAR (36). The de-
duced low affinity of the interaction between CAR and HAdV-D26
fiber knob makes it unlikely that CAR represents the definitive primary
receptor of HAdV-D26.

Here, we demonstrate that HAdV-D26 uses sialic acid-bearing
glycans as a primary entry receptor and that this interaction can
form a productive infection. We solve the structure of HAdV-D26K
in complex with sialic acid [N-acetylneuraminic acid (Neu5Ac)],
revealing a similar topology to the known sialic acid-interacting
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HAdV-D37 fiber knob in the sialic acid-binding pocket, but high-
light crucial mechanistic differences likely to enhance HAdV-D26
affinity for sialic acid compared to other types.

RESULTS

HAdV-D26K has an electrostatic profile permissive to sialic
acid interaction

Our recent findings highlight that HAdV-D26K is unlikely to use
CD46 as a primary cellular receptor. We further confirmed this ob-
servation using surface plasmon resonance to confirm that the
HAdV-D26 fiber knob protein does not stably interact with either
CD46 or DSG2. A weak affinity for CAR was observed for HAdV-
D26K; however, this is unlikely to represent a primary receptor.
Previous amino acid sequence alignments demonstrated little
conservation of sialic acid-binding residues with the fiber knob
domains of the known sialic acid using HAdV-G52SFK (short
fiber knob) or canine adenovirus type-2 (CAV-2) (36). However,
these alignments indicated that HAdV-D37, known to bind sialic
acid in the apex of the fiber knob, bore some similarity at a se-
quence level. We sought to evaluate the ability of HAdV-D26K to
interact with the remaining previously described adenovirus receptor,
sialic acid.

HAdV-D37 fiber knob is identical to that of HAdV-D64 and
highly homologous to that of HAdV-D8 (Fig. 1A). These three
viruses have been shown to cause EKC and to interact with sialic
acid. The closely related HAdV-D19p, differing from HAdV-D64 at
only two residues, has also been shown to bind sialic acid, but does

A
Fiber-knob Sequence Sequence Theoretical
serotype used identity to of
(accession)  HAdV-D37

HAdV-D8 AB448767.1 85.16% 9.03
HAdV-D64 AB448772.1 100.00% 9.14
HAdV-D19p  JQ326209.1 98.90% 8.64
HAdV-D26 EF153474.1 56.76% 6.49
HAdV-D37 AB448776.1 100.00% 9.14

D HAdV-D19p

not cause EKC. We compared HAdV-D26K to these viruses to de-
termine whether a similar binding mechanism was possible.

These sialic acid-binding viruses all have highly negative predicted
isoelectric points (pIs) (Fig. 1A). We calculated the surface electro-
static potentials of these fiber knob proteins at pH 7.35 to simulate
the pH of extracellular fluid, using previously published crystal
structures where available. There is no published structure of HAdV-
D8K; thus, we generated a homology model based on the closest
known relative with a crystal structure (Fig. 1B).

The analyzed fiber knob proteins are highly charged. We observed
a concentration of positive charge in the central depression around
the threefold axis, which corresponds to the previously reported sialic
acid-binding sites (Fig. 1, B to D). HAdV-D8 has the most basic
surface potential (Fig. 1B), followed by HAdV-D37/64 (Fig. 1C).
HAdV-D19p is less basic due to the two amino acid substitutions,
compared to HAdV-D37/64, though the central depression is un-
affected, as has previously been noted (Fig. 1D) (37).

HAdV-D26K has a lower predicted pl, 6.49, and a less positive
surface potential (Fig. 1, A and E). However, the central depression
of HAdV-D26K remains basic around the region where sialic acid is
observed to bind in HAdV-D19p and HAdV-D37. HAdV-D26 retains
the charge needed for sialic acid binding in the apex of the protein
in the context of an otherwise acidic protein (Fig. 1E).

HAdV-D26 requires cell surface sialic acid for efficient
infection

Sequence alignment of HAdV-D26K with these known sialic acid-
using viruses, bearing a positively charged apex, showed conservation

HAdV-D37/64

Fig. 1. HAdV-D26K forms a local basic area in the apical depression to facilitate sialic acid binding despite an overall acidic predicted isoelectric point. (A) HAdV-D26K
has low (56.76%) sequence identity with fiber knobs known to bind sialic acid by a similar mechanism and an acidic isoelectric point. The electrostatic potential surfaces
of HAdV-D8K (B), HAdV-D64/37 (C), and HAdV-D19p (D) fiber knobs are highly basic, especially about the central depression about the threefold axis. (E) HAdV-D26
fiber knob is less basic overall but maintains positive potential in the central depression. Surfaces are displayed at £10 mV, and the two residues that differ between HAdV-D19p

and HAdV-D37/64 are shown as green sticks.
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of key binding residues between types (Fig. 2A). We observe complete
conservation of Tyr’'* and Lys** across the four types and conserva-
tion of Asp312 with HAdV-D8 (Fig. 2A). Furthermore, while HAdV-
D26K Tyr**” is not conserved, inspection of the crystal structure of
HAdV-D37K and HAdV-D19p in complex with sialic acid [Protein
Data Bank (PDB) 1UXA and 1UXB, respectively] (37) reveals this
to be a main-chain oxygen contact, positioned similarly in HAdV-D26,
and can be considered homologous.

To investigate the ability of HAdV-D26 to use sialic acid as a cell
entry receptor, we used a replication-incompetent HAdV-C5 vector
pseudotyped with the HAdV-D26 fiber knob, expressing a green
fluorescent protein (GFP) transgene. We performed infectivity studies
in three cell lines, with and without pretreatment with neuraminidase,
to remove cell surface sialic acid. The tested cell lines could be infected
by the CD46-mediated (Fig. 2B) or CAR-mediated (Fig. 2C) pathways
to some extent, by HAdV-C5/B35K or HAdV-CS5, respectively. How-
ever, infection via these routes was uninhibited by neuraminidase
treatment. Transduction efficiency of HAdV-C5 and HAV-C5/B35K
was actually enhanced by neuraminidase treatment in some cases,
an effect that has been previously observed (38, 39). This has been
suggested to be due to a reduction in the electrostatic repulsion of
the negatively charged capsid of HAdV-C5.

Infection by the HAdV-C5/D26K pseudotype was significantly
reduced in all three cell lines following treatment with neuraminidase

(Fig. 2D). This inhibition is significant (P < 0.005), resulting in >5-fold
decrease in infection in all three cell lines tested, similar to the de-
crease observed when performing similar experiments with EKC-
causing viruses HAdV-D37/53/64, of five- to eightfold inhibition (40).
These data indicate that HAdV-C5/D26K is using sialic acid, not
CD46 or CAR, to infect these cells.

HAdV-D26 forms a stable complex with sialic acid

We crystallized HAdV-D26K in complex with sialic acid to clarify
the mechanism of interaction. Refinement of structures generated
from HAdV-D26K crystals soaked in sialic acid shows electron
density for a small-molecule ligand in the apical depression (Fig. 3A);
this is best described by a racemic mixture of o and B anomers, in
conjunction with double conformations of sialic acid (Fig. 3B). The
cubic space group (table S1) enabled assembly of the biological trimer.
We observed three copies of sialic acid bound within the apex of the
fiber knob trimer (Fig. 3C), as previously observed in HAdV-D37
and HAdV-D19p.

Sialic acid binding was observed in structures crystallized at both
pH 8.0 (PDB 6QUS6) and pH 4.0 (PDB 6QU8). Observation of sialic
acid density at high ¢ values suggests a highly stable interaction (fig. S1).
Electron density demonstrates the C2 carboxyl and OH groups in
two conformations, and the C6 glycerol group is flexible, with the
C7-C8 bond rotating to alter the orientation of the glycerol arm,

197 207 217 227 237 244 254
A B L T I L T I [ N [P I T IR I
HAdV-D26 188 TLWITPDTSPNCKMSTEKDSKLTLTLTKCGSQVLGNVSLLAVTGEYHQOMTATTK---KDVKISLLFDEN
HAdV-D8 181 TLWITPDTSPNCRIDQDKDSKLTLVLTKCGSQILANVSLIVVAGRYKIINNNTNPALKGFTIKLLEDKN
HAQV-D37(64) 185 TLWTTPDTSPNCTIAQDKDSKLTLVLTKCGSQILANVSLIVVAGKYHIINNKTNPKIKSFTIKLLEFNKN
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HAdQV-D8 251 VLMESSNLGKSYWNFRNQNSIMSTAYEKAIGFMPNLVAYPKPTTG-SKKYARDIVYGNIYLGGKPHQPVT
HAdV-D37 255 VLLDNSNLGKAYWNFRSGNSNVSTAYEKAIGFMPNLVAYPKPSN--SKKYARDIVY(OIYLGGKEDQPAY
HAdV-D19p 255 VLLDNSNLGKAYWNFRSGNSNVSTAYEKAIGFMPNLVAYPKPSN--SKKYARDIVYGTIYLGGKPDQPAV
334 344 354 364 374
D e T T e I |
HAdV-D26 325 ITIAFNQETENGCAYSITFTFTWQOKDYSAQQFDVTSFTFSYLTQENKDKD
HAQV-D8 320 IKTTFNQE--TGCEYSITFDFSWAKTYVNVEFETTSFTFSYIAQE--—-- Note: HAdV-D37K is
HAdV-D37 323 IKTTENQE--TGCEYSITFNFSWIKIYENVEFETTSFTFSYIAQE--—-— identical to HAdV-D64K
HAdV-D19p 323 IKTTFNQE--TGCEYSITFDFSWSKTYENVEFETTSFTFSYIAQE-----
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Fig. 2. HAdV-D26K shares key binding residues with sialic acid-using adenoviruses and exploits sialic acid to infect cells. (A) Sequence alignment of HAdV-D26K
shows conservation of key binding residues with known sialic acid-binding adenoviruses; top numbering is according to HAdV-D26K. Residues boxed in red form polar
contacts with sialic acid, those boxed in black denote contact sialic acid via water bridge, and those boxed in orange indicate hydrophobic contacts; all HAdV-D26K polar
contacts also form water bridges. Neuraminidase treatment does not reduce the ability of HAdV-D5/B35K (B) or HAdV-C5 (C) to infect SKOV-3 (ovarian adenocarcinoma),
BT-20 (breast carcinoma), or MDA-231 (metastatic breast adenocarcinoma) cells, while HAdV-D5/D26K (D) is significantly inhibited. n = 3 biological replicates; error bars

indicate +SD.
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Fig. 3. Sialic acid binds in the apical depression of HAdV-D26 fiber knob protein. The map shows clear density for a ligand (A), which is best described by a double
conformer of sialic acid (B). (C) Sialic acid (orange) is seen to bind in three locations in the apical depression of the HAdV-D26 fiber knob, bridging between monomers
(shades of blue) of the trimeric assembly. Crystallization statistics are provided in table S1; 2F,F. map (blue mesh, o = 1.5) and FoF. (green mesh, 6 =3.0).

relative to the pyranose ring and binding pocket (Fig. 3, A and B,
and fig. S1). The glycerol group exhibits further flexibility at the
C8-C9 bond, making the terminal oxygen mobile. The distribution
of the density for the glycerol group is different at each pH (fig.
S1), suggesting that pH could affect the preferred mode of inter-
action.

The most biologically relevant sialic acid conformation places the
carboxyl group axial to the chair conformation pyranose ring (fig. S2),
leaving the OH group pointing away from the fiber knob and free
to form an 0(2)-glycosidic bond as part of a glycan. This is suggestive
of a terminal sialic acid residue, as the chain can extend out of the
central depression, as was observed in the previously described
HAdV-D37K:GD1a glycan structure (37, 41).

HAdV-D26 has a sophisticated sialic acid-binding pocket
Comparison between the HAdV-D26K and HAdV-D37K, the best
described of the sialic acid-binding adenoviruses, reveals that several
sialic acid contacts are conserved (Fig. 4, A and B). Lys** and Tyr’**
are identical, and while Lys®* exhibits some flexibility, all observed
lysine conformations form a contact with the carboxyl group of the
sialic acid (fig. S3). While Thr" is not conserved in HAdV-D37
(which has a proline at this position), the main-chain oxygen contact
to the N-acetyl nitrogen is spatially similar; hence, the bond can be
considered homologous.

The HAdV-D26K sialic acid interface forms further contacts with
sialic acid that are not observed in HAdV-D37K (Fig. 4, A and B).
HAdV-D26K contacts the N-acetyl oxygen of sialic acid using Asn”'?,
which forms a polar contact and a water bridge (Fig. 4A). The com-
parable residue in HAdV-D37K, Thr’'?, is too short to form a direct
polar interaction (Fig. 4B); instead, a pair of water bridges is used.

In HAdV-D37, the glycerol arm of sialic acid was only contacted
by a water bridge between Ser’** and the C7-OH. However, in
HAdV-D26, all three OH groups in the glycerol arm form contacts.
C7-OH is coordinated by water bridges to both Asn*'? and GIn**®,
C8-OH forms a water bridge with Thr’"®, and C9-OH forms both a
water bridge and a polar contact directly to GIn***, Similar to Thr*'°,
the serine belonging to HAdV-D37 at position 344 is too short to
form a polar bond equivalent to the one with GIn**,

Notably, the density for the glycerol arm of sialic acid suggests
several possible conformations (fig. S2), which can be interpreted as

Baker et al., Sci. Adv. 2019; 5 : eaax3567 4 September 2019

HAdV-D26

HAdV-D37

Fig. 4. HAdV-D26K forms a complex interaction network of hydrophobic and
electrostatic interactions with sialic acid. Sialic acid (orange) is seen to bind
HAdV-D26 (A) and HAdV-D37 (B) through a network of polar contacts (red dashes)
and hydrogen bonds (blue dashes). The interaction is stabilized by hydrophobic
interactions (red regions on white surface) with the N-acetyl CHs group, but different
residues in HAdV-D26 (C) and HAdV-D37 (D). Waters are shown as cyan spheres,
residues forming comparable contacts in HAdV-D26 and HAdV-D37 are shown as
blue sticks, and other residues are shown as green sticks. Oxygen and nitrogen are
seen in red and blue, respectively.

flexibility. However, we suggest that, in HAdV-D26, this is unlikely
since it is so well coordinated in all conformations observed, at both
pH 8.0 and pH 4.0 (fig. S3). We propose that HAdV-D26K can form
a stable interaction with the glycerol arm, regardless of the specific
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confirmation. The variable density can be explained as the average
distribution (or partition) of the different discrete positions.

We also observe a hydrophobic interaction in HAdV-D26 with
the N-acetyl methyl group at C11 (Fig. 4C). A similar hydrophobic
interaction is seen in HAdV-D37, where Tyr’'? and Val** form a
hydrophobic patch (Fig. 4D), but the HAdV-D26 interaction appears
to be more selective, where Ile*'® and Ile*** form a hydrophobic cradle
around the methyl group (Fig. 4C).

HAdV-D26 binds sialic acid through
an induced-fit mechanism
We observe split density for GIn>* in both pH 8.0 (Fig. 5A) and pH
4.0 (Fig. 5B). While conformation A can form polar contacts with
sialic acid, conformation B points into the solvent and cannot. It is
possible that GIn**® is flexible, but then is attracted to the charged
density of the glycerol arm upon sialic acid interaction. We also ob-
serve greater occupancy of conformation A in the pH 8.0 structure
(approximately 0.7), while at pH 4.0, the occupancy is evenly split.
This suggests that the interaction may be more stable at higher pH,
such as that associated with the pH found at the cell surface.

Ile?*, which is seen to be involved in hydrophobic interactions
with the N-acetyl methyl group (Fig. 4C), can also have multiple
conformations. In an unliganded structure of HAdV-D26 fiber knob

A

-

GIn**-A

(PDB 6FJO), the long arm of Ile*** is seen to rotate (Fig. 5C). How-
ever, in the ligated structure, Ile*** occupies a single conformation
(Fig. 5D), forming a cradle. This creates a larger hydrophobic patch
and restricts the methyl group in space by pinching it between the
pair of hydrophobic isoleucines, anchoring the N-acetyl group.

DISCUSSION

Other adenoviruses have been shown to interact with sialic acid.
These include CAV-2 (42), Turkey adenovirus 3 (43), and HAdV-G52
short fiber knob (44, 45), but these viruses interact with sialic acid
in lateral regions of the fiber knob, dissimilar from HAdV-D26K.
Four other HAAV fiber knob proteins (HAdV-D8/19p/37/64K) have
been previously shown to use sialic acid, binding in the apical region.
These viruses have high sequence similarity to each other, but not to
HAdV-D26K, though they all share key sialic acid contact residues
(Figs. 1A and 2A).

The structure of HAdV-D8 has not been determined, either alone
or in complex with sialic acid, but infection by HAdV-D8 is sensitive
to neuraminidase treatment, suggesting sialic acid utilization (46).
Furthermore, HAdV-D8K has very high sequence homology and
shared sialic acid contact residues with HAdV-D19p/37K, making
it logical to expect a similar interaction mechanism. In support of this,

Fig. 5. HAdV-D26K uses an induced-fit mechanism in sialic acid binding. HAdV-D26K residue GIn3* can occupy multiple conformations, with a greater preference for
conformation A (capable of forming a polar contact with the glycerol arm of sialic acid) at pH 8.0 (A) than at pH 4.0 (B). (C) lle*2* has two conformations when HAdV-D26K

is unliganded (PDB 6FJO). (D) However, upon sialic acid binding, the 11e3%

group bounded by lle3%, 11e3'°, and the ring of Tyr*'2

Baker et al., Sci. Adv. 2019; 5 : eaax3567 4 September 2019

adopts a single confirmation, creating a hydrophobic indentation around the N-acetyl methyl
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we observe a similar electrostatic profile in the modeled fiber knob
as seen in HAdV-D37/64 (Fig. 1, B and C). HAdV-D64 has an identical
fiber knob domain to that of HAdV-D37; thus, fiber knob inter-
actions with sialic acid are likely to be conserved between these types.
HAdV-D26K conserves the key region of positive potential in the
apical depression, but in the context of an otherwise more acidic
protein (Fig. 1E).

Inspection of the sialic acid—binding pocket of HAdV-D26K reveals
a much more complex mechanism of interaction than that previously
reported for HAdV-D37K (Fig. 4) (37). The overall topology of the
pocket is similar, with hydrophobic residues around the N-acetyl
group and polar contacts between the carboxyl and C4-OH group.
However, HAdV-D26K has several differences that increase the number
of contacts between the sialic acid and the fiber knob.

Subtle sequence changes enable more numerous interactions be-
tween HAdV-D26K and sialic acid than are possible in HAdV-D37K.
In HAdV-D37, Pro’"’ forms a main-chain oxygen contact to the
nitrogen of sialic acid; however, it also creates tension, which rotates
the N-terminal residue away from the carboxyl group of sialic acid.
In HAdV-D26K, Tyr**, which is C-terminal of the Thr*® that is
equivalent to Pro®"” in HAdV-D37K, does not create this tension
and enables the main-chain oxygen at position 320 to contact the
sialic acid carboxyl group. Thr’" also forms a water bridge with the
C8-OH group, helping to stabilize the glycerol side chain (Fig. 4A).

This is one of several examples of HAdV-D26K forming additional
contacts with sialic acid that are not observed with HAdV-D37/19p.
The substitution of the Thr*'* and Ser*** found in HAdV-D37K for
longer charged residues (Asn®'* and GIn**®, respectively) in HAdV-
D26K enables direct polar contacts, as well as additional water-bridge
contacts. Substitution of Tyr’® and Val’** for more hydrophobic
isoleucine residues in HAdV-D26 (Tle *'° and Tle’*, respectively)
creates a hydrophobic indentation better tailored to fit around the
N-acetyl methyl group.

The high resolution of the datasets generated to determine the
sialic acid-bound HAdV-D26K structure enables visualization of
multiple residue conformations with partial occupancy. In unliganded
structures of HAdV-D26K (PDB 6FJO), Ile*** exhibits a double
conformer, occupying the available space (Fig. 5C). However, when
sialic acid is bound, it is restricted to have a single conformation
with the long arm facing away from the sialic acid site, toward the
intermonomer cleft. Ile’'” has the opposite orientation and creates
an indentation, which cradles the methyl group of sialic acid. Tyr’'?
may further contribute to the hydrophobic cradle. Tyr*'* would not
normally be considered a hydrophobic residue, but the side-chain
oxygen faces toward the solvent, where it forms a polar interaction
with the C4-OH on sialic acid (Fig. 4A), leaving the face of the tyrosine
ring exposed to the methyl group, which may contribute hydrophobic
character to the cradle. This tyrosine behaves in both a polar and
hydrophobic manner at the same time. We suggest that the long
arm of Ile*** adopts the sialic acid-binding conformation in re-
sponse to the hydrophobic pressure exerted by sialic acid entering
the pocket, minimizing the exposed hydrophobic surface when un-
bound, holding the methyl group between the short arm of Ile*°
and the Tyr’'? ring, making this an example of induced fit.

The double occupancy of GIn?*® may indicate a second induced-fit
mechanism. We observe two possible conformations of Gln*® (Fig. 5C).
While conformation A does not form any contacts, conformation B
forms a polar bond and water bridge, with the sialic acid glycerol
group. In HAdV-D37K, the glycerol group forms only a water bridge
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from C7-OH to Ser’*, the spatial equivalent of GIn***, While we
have not determined the ?referred conformation of the sialic acid
glycerol group versus GIn>*® conformation, we observed that it can
form polar contacts with it regardless, while GIn348 is in conforma-
tion B (Fig. 5C).

We suggest that GIn**® may be labile until the binding of sialic acid.
Upon sialic acid binding, GIn®*® becomes attracted to the charged
glycerol group, causing it to stabilize in conformation A. This has
the effect of “locking” the glycerol side chain in place, which is further
restrained by water-bridge contacts to Thr*'® and Asn’%,

GIn**® has greater occupancy in a sialic acid-binding conforma-
tion (conformation A) at pH 8.0, which corresponds more closely to
the physiological conditions in which it would encounter at the cell
surface (Fig. 5A). At pH 4.0, GIn**® has approximately half occu-
pancy in each conformation (Fig. 5B). This implies the possibility of
HAdV-D26K having lower sialic acid affinity under more acidic
conditions, such as those encountered during endosomal trafficking
down the lysosomal pathway.

Therefore, the HAdV-D26K binding pocket to sialic acid is sum-
marized by three synchronous mechanisms: an N-acetyl anchor
composed of a polar contact to Asn>'* stabilized by a water bridge
and an induced hydrophobic cradle around the methyl group; an
inducible lock, where GIn**® forms a polar contact to the most terminal
atoms in the glycerol arm, supported by a network of water bridges;
and, last, a network of polar contacts to the carboxyl, C4 oxygen,
and nitrogen atoms, which stabilize the pyranose ring.

This interaction in HAdV-D26K is a much more sophisticated
binding mechanism compared to HAdV-D19p and HAdV-D37/64.
However, the overall pocket topology and several key residues bear
similarities. It may be unexpected to observe such similarity given
the low level of sequence homology HAdV-D26K has to the HAdV-
D37K (56.76%, Fig. 1A). Other regions, especially the loops, have
highly dissimilar sequences. There is precedent for this within adeno-
virus, with recombination events being reported in numerous set-
tings (23, 24).

It has previously been suggested that many of the species D adeno-
viruses may have dual sialic acid-binding affinity and CAR affinity
(37). This has been observed in HAdV-D37/64, CAV-2 (13, 42), and,
now, HAdV-D26 (36). The species G adenovirus HAdV-G52 has
also been observed to bind both CAR and sialic acid, but using two
different fiber knob proteins on the same virus and a different
mechanism of sialic acid interaction in the knob (44), which is
shown to bind polysialic acid (47). Previous work has proposed that
CAR may be a receptor for many, if not all, of the species D adeno-
viruses with variable affinity (36, 37) and suggests that sialic acid
could also be widely used (37). These findings support that assertion,
adding another species D adenovirus, with low sequence similarity, to
the pool of adenoviruses observed to bind both CAR and sialic acid.

HAdV-D43, HAdV-D27, and HAdV-D28 fiber knobs share high
sequence homology with HAdV-D26K, sharing most of the critical
binding residues, and/or having structural homologs at those positions
(fig. S4). HAdV-D26K is the only species D adenovirus to have a
glutamine at position 348 (HAdV-D26K numbering), though many
have the shorter (but similarly charged) asparagine at this location,
share the serine or similarly charged residue found in HAdV-D37K,
or have an asparagine that could behave similarly to glutamine.
However, HAdV-D8 has an uncharged alanine at this position, sug-
gesting that a charged residue may not be strictly required for sialic
acid binding, though it may alter affinity (fig. S4).
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HAdV-D8K shares an asparagine at the same position as HAdV-
D26K, which we have shown to form polar and water-bridge
contacts to sialic acid (Fig. 4A). While this is unique among the
classical EKC-causing viruses HAdV-D19p/37/64, it is the most
common residue at this position in the species D adenoviruses
(fig. S4).

The HAdV-D26K surface electrostatics most closely resemble
those of HAdV-D19pK. HAdV-D19pK is capable of binding sialic acid
(37), and a limited effect is seen on infection of A549 cell binding after
neuraminidase treatment to remove cell surface sialic acid (46).
HAdV-D19p binding to Chang C (human conjunctival) cells was
completely unaffected by neuraminidase treatment, though binding
was very low regardless of neuraminidase treatment (38). This in-
ability to bind Chang C cells was shown to depend on a single lysine
residue (Lys240) in the apex of the fiber knob, but distant from the
sialic acid-binding pocket, creating a more acidic apical region in
the lysine’s absence (48). HAdV-D26K also lacks a lysine in this po-
sition and has the most acidic electrostatic profile observed in this
study (Fig. 1).

HAdV-D37K and the identical HAdV-D64K have been shown
to preferentially interact with the sialic acid-bearing GD1a glycan
on the corneal cell surface, causing EKC (41). However, it seems
unlikely that a protein capable of trivalent sialic acid binding is
completely specific for GD1a, a disialylated glycan, given the wide
range of available glycan motifs that are di- and trisialylated. The
GD1a preference may be diminished in HAdV-D19p by the acidic
surface caused by the two amino acid substitutions, creating a glycan
preference for tissues outside of the eye. Similarly, HAdV-D26K
may have a unique glycan preference, driving its tissue tropism toward
cells with different glycosylation patterns.

The infectivity assays demonstrate sialic acid utilization by
HAdV-C5/D26K in multiple cell types (Fig. 2D), suggesting either
that HAdV-D26K binds to a glycosylation pattern conserved in
all three cell lines or that HAdV-D26K can bind to variable glyco-
sylation motifs. In this assay, a non-sialic acid-using HAdV-C5
virus (Fig. 2C) pseudotyped with the fiber knob domain of HAdV-D26
was used. This pseudotype (and HAdV-C5/B35K) retains the fiber
shaft domain of HAdV-C5, which is 212 amino acids longer than
the native HAdV-D26 fiber shaft. This could potentially increase
the avidity of the virus for its receptor, providing greater range
and flexibility than the equivalent short species D fiber shaft.
However, it is unlikely to affect the receptor binding that is largely
governed by the interaction with the knob portion of the fiber protein.

Previous work by Nesti¢ ef al. (49) suggested that avp3 integrin
is used by HAdV-D26 during infection and provided evidence for a
role for CAR as a low-affinity receptor for HAdV-D26, supporting
our previous structural and biological observations (36). Enhanced
ovf3-dependent infection by HAdV-D26 is likely explained by
secondary interactions with the penton base, which has a shorter
Arginine, Glycine, Aspartic Acid (RGD)-containing loop than HAdV-C5,
demonstrated previously using cryo—electron microscopy (50). The
infectivity of the pseudotyped HAdV-C5/D26K vector described here
is not limited by this reduced integrin affinity due to the retention of
the HAdV-C5 penton base protein; thus, conclusions cannot be
drawn from the present study regarding secondary interactions that
govern internalization of HAdV-D26.

Our findings clarify the receptor tropism of HAdV-D26 and build
upon the increasingly complex body of knowledge describing species
D adenoviruses. The comparison of different sialic acid-binding
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residues suggests greater plasticity regarding the specific residues
needed for sialic acid binding than previously thought (fig. S4). It
seems highly likely that many adenoviruses in species D and per-
haps other species may interact with sialic acid in this manner. This
suggests potential causes of off-target infection by species D-derived
viral vectors. Conversely, investigation of their specific glycan pref-
erences may enable more tissue-specific targeting. Knowledge of the
sialic acid-binding mechanism suggests mutations, which may ab-
late sialic acid interaction, enabling engineering of better restricted
tropisms for future virotherapies. This knowledge regarding HAdV-D26
receptor can inform clinical practice in the rare cases of acute HAdV-D26
infection or in the face of adverse reactions to HAdV-D26-based
vaccines, suggesting that sialic acid-binding inhibitors, such as
Zanamivir, or trivalent sialic acid derivatives (51) may make effective
anti-HAdV-D26 therapies.

MATERIALS AND METHODS

Generation of fiber knob pseudotyped HAdV-C5 viral vectors
HAdV-C5 viruses pseudotyped with the HAdV-D26 or HAdV-D35
fiber knob proteins were generated by the recombineering method, as
published by Stanton et al. (28). In brief, a marker cassette was gen-
erated using the SacB cassette template (28), with the SacB primer pair
(table S1) with homology to the HAdV-C5 fiber knob DNA sequence
before the Threonine, Leucine, Tryptophan (TLW) hinge sequence
(forward primer) and after the stop codon (reverse primer). This tem-
plate was integrated into a bacterial artificial chromosome (BAC) con-
taining the genome of a GFP-expressing HAdV-C5, which had been
rendered replication incompetent by deletion of the E1A gene, now con-
taining a marker cassette instead of the HAdV-C5 fiber knob domain.

The DNA sequence of the HAdV-D26K and HAdV-B35K fiber
knobs was amplified using the 26K and 35K primer pairs, respec-
tively (table S1), containing similar homology to the SacB cassette.
A second round of recombineering was used to generate the final
HAdV-C5 pseudotyped genomes by integrating the HAdV-D26K
and HAdV-B35K polymerase chain reaction (PCR) transcripts. After
recombineering, the new BACs were sequenced to confirm the correct
fiber knob DNA sequence.

The BAC DNA for the new vector genomes was transfected into
293 cell line stably expressing the tetracycline repressor protein (TREx-
293) cells (1.5 x 10°), cultured in a T25 cell bind flask (Corning)
in 5 ml of Dulbecco’s modified Eagle’s medium (DMEM, Gibco)
supplemented with 10% v/v fetal bovine serum, using the effectene
system (QIAGEN). Cells were kept in culture until a cytopathic effect
(CPE) was observed, at which point they were harvested by scraping
and centrifugation at 1200g for 3 min. Cells were resuspended in
1 ml of media and frozen at —80°C to create a crude stock of virus.
TREx-293 cells were cultured at 70% confluency in 5x T150 cell
bind flasks (Corning) containing 20 ml of complete DMEM and
then inoculated with 10 pul of crude virus stock. Cells were main-
tained in culture until CPE was observed and harvested by scraping
and centrifugation at 1200g.

Virus was then purified from this cell pellet using the Cesium
Chloride (CsCl) gradient method (52). Virus titer was determined in
viral particles per milliliter (VP/ml) using the Pierce BCA Protein Assay
Kit, assuming 4 x 10° VP/ug of protein (52). By using this method, we
were able to generate HAdV-CS5 viruses pseudotyped with the fiber
knob domains of HAdV-D26 or HAdV-B35. These viruses retained
the HAdV-CS5 fiber shaft domain and were replication incompetent.

7of 10

6T0Z ‘v JoqWIaAON uo /610’ Bewaduslos saoueape//:dny wolj papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

Infectivity assays

Cells were seeded at a density of 30,000 cells per well in a flat-bottomed
96-well cell culture plate and incubated overnight at 37°C to adhere.
Cells were washed twice with 200 pl of phosphate buffered saline (PBS),
and 50 pl of neuraminidase (Sigma-Aldrich, cat. no. 11080725001)
was added to the appropriate wells at a concentration of 50 mU/ml,
diluted in serum-free media, and incubated for 1 hour at 37°C. Cells
were cooled on ice and washed twice with 200 pul of PBS. GFP-
expressing, replication-incompetent viruses were added to the ap-
propriate wells at a concentration of 2000 or 5000 VP per cell, in 100 pl
of serum-free media, at 4°C, and incubated on ice for 1 hour. Serum-
free media alone were added to uninfected control wells. Cells were
washed twice with 200 pul of cold PBS, and complete media were
added (DMEM, 10% fetal calf serum) and incubated for 48 hours at
37°C. Cells were then trypsinized and transferred to a 96-well V-bottom
plate, washed twice in 200 pl of PBS and fixed in 2% paraformaldehyde
for 20 min before wash, and resuspended in 200 ul of PBS.

Samples were run in triplicate and analyzed by flow cytometry
on Attune NxT (Thermo Fisher Scientific), analyzed using Flow]Jo v10
(Flow]Jo, LLC), gating sequentially on singlets, cell population, and
GFP-positive cells. Levels of infection were described in terms of
total fluorescence, defined as the percentage of GFP-positive cells
(% + percentage positive) multiplied by the median fluorescence in-
tensity of the GFP-positive population.

Amino acid sequence alignments

Representative whole genomes of HAdV-D64, HAdV-D19p,
HAdV-D26, and HAdV-D37 were selected from the National Center
for Biotechnology Information (NCBI), and the fiber knob domain
amino acid sequences were derived from them, defined as the translated
nucleotide sequence of the fiber protein (pIV) from the conserved
TLW hinge motif to the protein C terminus. The fiber knob domains
were aligned using the European Bioinformatics Institute Clustal
Omega tool (53).

Generation of recombinant fiber knob protein

SG13009 Escherichia coli harboring pREP-4 plasmid and pQE-30 ex-
pression vector containing the fiber knob DNA sequence were cul-
tured in 20 ml of LB broth with ampicillin (100 pg/ml) and kanamycin
(50 ug/ml) overnight from glycerol stocks made in previous studies
(54). One liter of Terrific Broth (modified, Sigma-Aldrich) containing
ampicillin (100 pg/ml) and kanamycin (50 pg/ml) was inoculated with
the overnight E. coli culture and incubated at 37°C until they reached
an optical density of 0.6. Isopropyl-B-p-thiogalactopyranoside was
then added to a final concentration of 0.5 mM, and the culture was
incubated at 37°C for 4 hours. Cells were then harvested by centrif-
ugation at 3000g, resuspended in lysis buffer [50 mM tris (pH 8.0),
300 mM NacCl, 1% (v/v) NP-40, lysozyme (1 mg/ml), and 1 mM
B-mercaptoethanol], and incubated at room temperature for 30 min.
Lysate was clarified by centrifugation at 30,000¢ for 30 min and filtered
through a 0.22-pm syringe filter (Millipore, Abingdon, UK). Clarified
lysate was then loaded onto a 5-ml HisTrap FF nickel affinity chroma-
tography column (GE Healthcare) at 2.0 ml/min and washed with
5 column volumes into elution buffer A [50 mM tris (pH 8.0), 300 mM
NaCl, and 1 mM B-mercaptoethanol]. Protein was eluted by 30-min
gradient elution from buffer A to B (buffer A + 400 mM imidazole).
Fractions were analyzed by reducing SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE), and fiber knob-containing fractions were
further purified using a Superdex 200 10/300 size exclusion chroma-

Baker et al., Sci. Adv. 2019; 5 : eaax3567 4 September 2019

tography column (GE) in crystallization buffer [10 mM tris (pH 8.0)
and 30 mM NaCl]. Fractions were analyzed by SDS-PAGE and pure
fractions were concentrated by centrifugation in VivaSpin (10,000
molecular weight cutoff) (Sartorius, Goettingen, Germany) preced-
ing crystallization.

Crystallization and structure determination

Protein samples were purified into crystallization buffer [10 mM
tris (pH 8.0) and 30 mM NacCl]. The final protein concentration was
approximately 10 mg/ml. Commercial crystallization screen solu-
tions were dispensed into 96-well plates using an Art-Robbins In-
struments Griffon dispensing robot (Alpha Biotech Ltd.) in sitting
drop vapor diffusion format. Drops containing 200 nl of screen
solution and 200 nl of protein solution were equilibrated against a
reservoir of 60 ul of crystallization solution. The plates were sealed
and incubated at 18°C.

Crystals of HAdV-D26K appeared in PACT Premier conditions
B01 and B04 [0.1 M MIB (malonic acid, imidazole, and boric acid)
and 25% w/v polyethylene glycol 1500, pH 4.0 and pH 8.0, respec-
tively], within 1 to 7 days. Crystals were then soaked in reservoir
solution containing Neu5Ac (Sigma-Aldrich, cat. no. A2388) at a final
concentration of 10 mM and incubated overnight before harvest.
Crystals were cryoprotected with reservoir solution to which ethylene
glycol was added at a final concentration of 25%. Crystals were har-
vested in thin plastic loops and stored in liquid nitrogen for transfer
to the synchrotron. Data were collected at Diamond Light Source
beamline 104, running at a wavelength of 0.9795 A. During data col-
lection, crystals were maintained in a cold air stream at 100°K. Dectris
PILATUS 6M detectors recorded the diffraction patterns, which
were analyzed and reduced with XDS (55), Xia2, DIALS (56), and
autoProc (57). Scaling and merging data were completed with Pointless,
Aimless and Truncate from the CCP4 package (58). Structures were
solved with Phaser, COOT was used to correct the sequences and
adjust the models, and REFMACS was used to refine the structures
and calculate maps. Graphical representations were prepared with
PyMOL. Reflection data and final models were deposited in the PDB
database with accession codes 6QU6, 6QUS, and 6FJO. Full crystal-
lographic refinement statistics are given in table S1.

Calculation of electrostatic surface potentials and pls
HAdV-D37, HAdV-D19p, and HAdV-D26 used PDB IUXA (37),
PDB 1UXB (37), and PDB 6QUS, respectively, as the input. HAdV-D8
was calculated using a homology model, generated as described below,
for input.

The PDB2PQR server (V 2.1.1) (http://nbcr-222.ucsd.edu/
pdb2pqr_2.1.1/) was used to assign charge and radius parameters
using the PARSE force field and assign protonation states using
Propka, at pH 7.35. APBS was used to calculate electrostatic surface
potentials, and the map output was visualized in PyMOL (59).

Homology modeling of adenovirus type 8

The I-TASSER protein structure and function prediction server
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) (60) was
used to generate a homology model of HAdV-D8 based on the
published sequence of HAdV-D8 (22), using the published struc-
ture of its closest relative (by sequence identity), HAdV-D19p
(37). The resultant monomer was then copied three times, using
the HAdV-19p trimer as a template and the monomers aligned
in PyMOL to generate a model of the complete HAdV-D8K trimer.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/9/eaax3567/DC1

Fig. S1. Sialic acid forms a stable interaction with HAdV-D26K 654 at both pH 4.0 (PDB 6QU6)
and pH 8.0 (PDB 6QU8).

Fig. S2. Structure of sialic acid (Neu5Ac) in a biologically relevant conformation.

Fig. S3. HAdV-D26K forms a similar interaction with sialic acid at both pH 4.0 (PDB 6QU6) and
pH 8.0 (PDB 6QU8) through a combination of polar, water bridge, and hydrophobic
interactions.

Fig. S4. Species D adenoviruses conserve known sialic acid-binding residues.

Table S1. Data collection and refinement statistics for structures generated in this study.
Table S2. Primers used to generate recombineering PCR products in this study.
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