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Abstract

Viral infections affect millions of people every year, yet broad-spectrum virucidal therapies
are not available. Antiviral substances in current use act on specific viral mechanisms
against only a small number of viruses. Virustatic materials interfere with the viral infection
cycle before the cells become infected. By targeting highly conserved attachment receptors,
they can be broad-spectrum and non-toxic. However, their reversible virus binding renders
them ineffective in-vivo and therapeutically irrelevant. Broad-spectrum virucidal substances
that irreversibly inhibit viral infectivity do exist, but are too toxic for therapeutic applica-
tions. An ideal antiviral method would be broad-spectrum, virucidal instead of virustatic

and therefore irreversible, and non-toxic.

The scientific literature describes gold-nanoparticles (NPs) with 2-mercaptoethanesul-
fonate (MES) ligands as virustatic since these NPs only bind reversibly to viral attachment
ligands. In our research group, we postulated that by lengthening the ligands to 11-mercapto-
1-undecanesulfonate (MUS), their binding would be stronger and induce a force on the vi-
ruses sufficient to damage the virus irreversibly. Virological testing indicated that these

MUS NPs do exhibit a virucidal effect against a wide range of viruses.

The present study was able to show the structural damage to viruses in their near-native
state imaged in cryo-electron microscopy (cryoEM). We found that while virustatic MES
NPs attach only in small numbers to the viruses virucidal MUS NPs avidly attach to viruses
and show a clear progression towards fully NP-covered viruses, which we interpret as the

morphology of the virucidal endpoint.



Abstract

The analysis of the immediate interaction of virucidal NPs and viruses showed that virucidal

NPs bind to proteins vital to the viral infection cycle:

(1) Virucidal NPs bind to glycoproteins on the viral envelope that exert a force onto
the viral envelope leading to envelope breakage.

(2) Virucidal NPs attach to released viral capsids that break upon interaction with vir-
ucidal NPs and become fully NP covered, which is the morphology of the virucidal

endpoint.

This project provided an opportunity to advance the field of NPs - based antivirals. It is the
first study to provide a solution-state visualisation of the interaction of viruses and virucidal
NPs. The study further offers important insight to the association of single NPs with viral
proteins of the envelope and virus capsid as well as their effect upon them, and offers a new

approach for the future of broad-spectrum non-toxic virucidal therapies.

Keywords

Nanoparticles, Viruses, CryoEM, CryoET, broad-spectrum antivirals, virustatic, virucidal,

HSPG, HSV



Kurzdarstellung

Virusinfektionen betreffen jedes Jahr Millionen Menschen, dennoch gibt es bisher keine
breitband-antiviralen Therapien. Existierende antivirale Substanzen sind spezifisch fiir be-
stimmte Wirkungsmechanismen und nur fiir wenige Viren verfiigbar. Virustatische Wirk-
stoffe hingegen hemmen die Viren bevor die Zellen infiziert werden. Indem sie evolutionar
konservierte Viren-Bindungsrezeptoren blockieren, kdnnen sie eine Vielzahl von Viren in-
hibieren und sind dabei von geringer Zelltoxizitdt. Da sie aber nur reversibel an Viren bin-
den, sind sie leider in-vivo ineffizient und damit therapeutisch irrelevant. Es gibt Substan-
zen, die breitgefachert viele Viren inhibieren indem sie irreversibel ihre Infektiositat hem-
men, also viruzid wirken. Sie sind jedoch zu toxisch fiir eine therapeutische Anwendung.

Eine ideale antivirale Therapie ware breitbandwirksam, nicht toxisch und viruzid.

In der wissenschaftlichen Literatur wurden antivirale Gold-Nanopartikel mit 2-Mercap-
toethansulfonat (MES) beschrieben. Da sie aber nur reversibel an die Viren binden sind sie
virustatisch. In unserer Forschungsgruppe haben wir festgestellt, dass bei Verlangerung der
Liganden der Nanopartikel zu n-mercapto-1-undecansulfonat (MUS) deren Bindung an die
Viren stark genug wird um diese irreversibel zu schiadigen. Virologische Versuche ergaben,
dass diese MUS Nanopartikel einen viruziden Effekt gegen eine grofde Bandbreite von Viren

aufweisen.

In der vorliegenden Studie konnten Nanopartikel-induzierte Schaden an Viren cryo-elekt-
ronen-mikroskopisch dargestellt werden. Wir konnten zeigen das virustatische MES Nano-
partikel nur in geringer Zahl an Viren binden. Viruzide MUSOT Nanopartikel hingegen bin-
den zahlreich und in zunehmendem Mafie an die Viren bis diese vollkommen von Nano-
partikeln umgeben sind, wir interpretieren dies als die Morphologie des viruziden End-

punkts.



Kurzdarstellung

Eine Analyse der initialen Nanopartikel -Virus Interaktion zeigt, dass viruzide Nanopartikel

an Proteinen binden, welche essentiell fiir den viralen Infektionszyklus sind:

(1) Viruzide Nanopartikel binden sich an virale Zuckerproteine, welche eine Kraft auf
die Virushiille ausiiben und ein Brechen dieser bewirken.

(2) Viruzide Nanopartikel binden zahlreich und stark an die dann freigesetzten Virus-
kapside, welche durch diese Interaktion mit den Nanopartikel aufbrechen und
vollstandig von Nanopartikeln umgeben werden und somit wieder die Morpholo-

gie des viruziden Endpunkts aufweisen.

Dieses Projekt konnte Fortschritte im Bereich von antiviralen Nanopartikel erreichen. Es ist
die erste Studie die eine Interaktion der Viren und der viruziden Nanopartikel in Losung
bildlich darstellen konnte. Die Studie bietet wichtige Einblicke in die Bindungsprozesse von
einzelnen Nanopartikel mit viralen Proteinen von Viruskapsid und Virushiille, sowie deren
Auswirkungen. Sie bietet einen neuen Ansatz fiir die Zukunft von Breitband-, nicht-toxi-

schen viruziden Therapien.

Schlagworter

Nanopartikel, Viren, CryoEM, CryoET, Breitband Antivirale Therapien, virustatisch, viruzid,
HSPG, HSV
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Chapter 1  Viruses and Antivirals

Viral diseases affect billions and kill millions of people worldwide every year. Alt-
hough effective vaccines against some viruses have been developed, and, with smallpox and
rinderpest, two of them are even considered eradicated, it has not been possible to develop
vaccines against all viruses. In this chapter I will outline the state of the art in the develop-
ment of antiviral substances, including their current shortcomings and detail approaches to

develop broad-spectrum antiviral substances.

1.1 Viral diseases

About 20% of worldwide mortality are caused by infectious diseases' and to a great extent
by viruses. Not all viruses are pathogenic: disease occurs when our immune system is not
able to keep a pathogenic virus in check. Diseases can range from a minor cold to deadly
epidemics. Smil et al. calculated the risk for ‘massively fatal discontinuities’ worldwide and
rated that a pandemic is more likely to change the course of humanity in the next 50 years
than other events such as war and famine Dye et al quantified that 84% of all international
health hazards between 2001 and 2013 were infectious diseases’®. Globally a rise in human

infectious diseases can be noted, about half of which can be attributed to viral diseases®.
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Figure 1-1: Infectious diseases on the rise: International health hazards by country 2001-2013; 84% were outbreaks
of infectious diseases, Graphic reproduced from Dye et al.? (left); Global number of human infectious disease
outbreaks from 1980 to 2010, Graphic reproduced from Smith et al.* (right).



Viruses and Antivirals

1.2 Vaccines

Our best defence against viruses are vaccines. Vaccines stimulate a protective immune re-
sponse and tap into our immunologic memory. Two different forms of vaccination exist:
active and passive vaccines. Passive immunisation instils the products of the immune re-
sponse: the antibodies; be it delivered by mother’s milk, humanized antibodies or convales-
cent serum’. Active vaccines are a modified form of a pathogen such as inactivated viruses,
subunit proteins, attenuated microorganisms or viruses or conjugates that modify the poly-
saccharide outercoats of bacteria. For a more efficient immune response the production of
neutralizing antibodies has to be induced. Vaccines have to protect against the disease, be
safe with minimal side effects, be long lasting and affordable®. For combating diseases, ef-
fectively and to avoid pandemics, it is important to attain a critical level of immunity in a
population to generate herd immunity. This herd immunity threshold depends on the basic
reproduction number of the virus, the number of secondary cases generated by a typical
infectious individual’. The herd immunity threshold is generally above 75%, for smallpox it
is 80-85%, for measles 93-95%°. Above this threshold the risk of infection for individuals
who have no immunity against the pathogen is lowered by the presence of immune individ-

uals.

To fully eradicate a viral disease several criteria have to be met: it must only replicate in one
host and the vaccination must confer lifelong immunity®. These criteria apply, for example,
to smallpox that was declared eradicated the in 1980". Polio has also been largely eradicated
with the exception of Nigeria, Afghanistan and Pakistan. Today 97% of children are reached
by essential vaccines. Measles for example could potentially be eradicated as well, but in
2012 still 157000 children died from measles, a fully preventable infectious disease. The vast
majority of cases occurred in the developing world in areas of insufficient vaccine coverage,
but cases also occur in European small wealthy communities that are in only little danger of

a fatal disease outcome?®.

Herd immunity cannot be reached everywhere, especially in remote regions of the world
that lack a well-structured health care system®. Only a limited number of vaccines can be
administered orally, most vaccines have to be injected by trained health care personnel. This
problem is amplified by the cold-chain-problem - attenuated vaccines are especially ther-
mally unstable and although great efforts have been taken to stabilize vaccines with sugars”

12,13

or silk: these remains at a research level and have not been approved yet

20
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Figure 1-2: Poliomyelitis cases registered in 2016, Polio was eradicated from almost the entire world except Af-
ghanistan, Pakistan And Nigeria with 37 cases of wild type polio in total in 2016; Graphic from http://polioerad-
ication.org/polio-today/polio-now/.

Despite advances in vaccine production, such as the use of cell cultures and the develop-
ment of novel additives such as oil-in-water adjuvants, in case of a pandemic it would not
be possible to produce enough vaccines to limit the spread of the infection. Post-exposure
prophylaxis is only possible in rabies and only highly effective if administered in the first 24

hours of infection™.

There is a lack of vaccines to address emerging diseases such as severe acute respiratory
syndrome (SARS), Middle east respiratory corona virus (MERS-CoV), avian and swine flu,
influenza and re-emerging diseases such as Dengue, Ebola or West Nile virus and most
haemorrhagic fevers®. Additionally, vaccines are difficult to design against viruses with a
high mutation frequency such as HIV and Influenza. For example, the development of vac-
cines against herpes simplex have failed, because not only an antibody response, but also a
T-cell response has to be elicited to confer immunity'®. In cases in which no vaccination is

amendable antiviral therapies are necessary to keep the viruses in check.

1.3 Herpes infection and treatment
Herpes simplex viruses are members of the family of herpesviridae, subfamily alphaherpes-
virinae, genus simplexvirus. These are enveloped viruses that contain their double stranded

DNA in an icosahedral capsid surrounded by tegument proteins and the viral envelope”.
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Herpes infections can lead to different clinical manifestations spanning from asymptomatic

infections to life threatening conditions.

Herpes simplex virus (HSV) infections are ubiquitous. In 2004 57% of all adults in the US
were HSV1 seropositive and 17% HSV2 seropositive’®, other estimates suggest infection rates
as high as 90% . While HSV1 is mostly associated with a commonly mild orolabial disease,
HSV2 is more often associated with a genital disease. Regardless the type, the viruses most
commonly infect skin and mucosal membranes'. The primary infection shows a lytic infec-
tion cycle in epithelia and fibroblasts that usually resolves within a week, but additionally
the viruses are retrogradely transported from the skin to the innervating neurons of the
sensory ganglia, where life-long latent infection with frequent virus reactivation and muco-
cutaneous shedding is established. The viruses are spread from person to person via infected

secretions™.

Although herpes infections are mild in otherwise healthy patients, they are potentially fatal
for neonates® or immunocompromised patients®. Neonates acquire the infection usually
during birth from their mother and the prognosis highly depends on the location of the
infection with a rather good prognosis for skin, eye and mouth infections, with increasing
severity for CNS or disseminated multi-organ infections®. CNS infections from reactivation
of the virus in the brain or herpes simplex keratitis present a major cause for blindness™.
Immunocompromised patients present all kinds of clinical HSV manifestations often neces-

sitating long-term antiviral treatment.

The most widely used antiviral treatment for herpes simplex infections is acyclovir, a gua-
nosine analogue that is phosphorylated intracellularly by HSV1 thymidine Kinase (HSV1-TK)
and acts as a chain terminator of the viral DNA polymerase®. Antiviral treatment can
shorten the duration of the episode and decrease viral shedding, for example in the case of

HSV2 shedding has reportedly been reduced by 60-80%".

Prolonged treatment as in the case of immunocompromised patients builds the perfect
ground for the development of resistances. Most frequently, HSV1-TK mutates to no longer
phosphorylate Acyclovir® or the viral DNA polymerase mutates to not take acyclovir as a
chain terminator. In such cases the only antiviral left is Foscarnet: it inhibits the HSV DNA
polymerase directly, but imparts significant kidney and bone toxicity*. The development of

new antivirals for herpes simplex and many other viruses is an active area of research.

22



Viruses and Antivirals

1.4 Antivirals currently in clinical use

Antivirals are designed targeting either viral or cellular host proteins. As obligate intracel-
lular parasites, viruses hinge on the hosts’ molecular functions, so antivirals have to be de-
veloped carefully to limit side effects on the host®®. As of March 2014, 50 antivirals that di-
rectly affect the viruses have been approved”. For HIV, more than 25 antiviral compounds
are on the market”. Other antivirals target the viruses for hepatitis B and C, influenza and
herpes. The substances have been developed in mechanism-based screens, cell-based
screens based on natural products, chemical libraries or combinatorial chemical libraries,
often with high throughput screening methods. Moreover in-silico screening designs mole-
cules to fit into the active site of the viral enzymes. This has been successfully applied to
develop LEDGINS, antivirals that block the HIV integrase®®*. This technique might further
prove useful in the development of antiviral substances for viruses that are hard to grow in
culture, such as Hepatitis B Virus (HBV) and Human Papilloma Virus (HPV). Further chal-
lenges in the development of antiviral substances are posed by viruses for which only limited

animal models exists or dangerous viruses such as Ebola or Lassa’.

With increasing knowledge about the viral life cycle, antiviral substances have been devel-
oped for every crucial step of the viral replication cycle ranging from the viral attachment,
over penetration and uncoating, to mRNA and protein synthesis as well as DNA or RNA

replication to the assembly and eventual release of the viral particles as shown in Figure 1-3.

The high replication count of viruses including their high mutation rate poses a problem to
antivirals: they have to not only completely block replication of the viruses but also avoid
the fast development of resistances. RNA viruses show a mutation frequency of 1 in 104-105
nucleotides, resulting in 1 mutation per replication. DNA replication incudes exonucleases
and error control producing less frequent mutations. Therefore, DNA viruses evolve more
slowly and develop resistances more slowly. Indeed, this proved especially important in the
case of HIV where therapeutic approaches using single antiviral substances rapidly lead to
the development of resistances®. Antiviral combination therapy successfully overcame this

hurdle for HIV; there are now multiple approved drugs and drug combinations®.
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Function Lead compound or example Virus

Attachment Peptide analogs of HIV
attachment protein

Penetration Dextran sulfate, HIV, herpes

and uncoating heparin simplex virus
mRNA synthesis Interferon Hepatitis A, B, and
C viruses; papillomavirus
Antisense Papillomavirus, human

Protein synthesis/ * Interferon Hepatitis A, B, and
Initiation a—— C viruses; papillomavirus
DNA/RNA Nucleoside, Herpesviruses, HIV,
replication nonnucleoside analogs hepatitis B and C virus
Assembly Peptidomimetics HIV, herpes simplex virus

oligonucleotides

cytomegalovirus

Figure 1-3: Based on the viral life cycle different general targets for antiviral substances
have been identified and developed. Graphic reproduced from Flint et al.’

Another hurdle in the application of antivirals is that short acute infections with fast pro-
gression further limit the time window in which a specific antiviral substance can success-
fully be administered. The higher the virus load upon beginning antiviral therapy the more
difficult®®. Here new virus identification systems would be very important to immediately

be able to test which virus causes the infection to treat accordingly®.

1.5 Towards broad-spectrum antivirals

Diverse emerging viruses as well as clinical situation where viruses cannot be identified
quickly enough necessitate not a specific but rather a broad-spectrum antiviral approach as
comparable to broad-spectrum antibiotics. The paradigm of ‘one-drug-one-bug’ has to be
changed towards a broader approach to respond to the increasing diversity of viruses caus-
ing diseases in humans, including the broad variety of zoonoses posing a constant treat to
global health®. A broad-spectrum antiviral would not only present a tool for emerging or
novel pathogens, but also if multiple viruses or genotypes of viruses are implicated in an

infection®. Broad-spectrum antivirals targeting host factors used for viral replication or used
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in viral restriction have been proposed *’, but when targeting host factors the very high risk
of side-effects has to be taken into consideration. At present ribavirin is the only broad-
spectrum antiviral that has been Food and Drug Administration (FDA) approved. It is a
guanosine analog, but its exact mechanism remains elusive and extensive side effects limit

its use. 3

A different approach towards the development of broad-spectrum antivirals is to target a
common, highly-conserved, essential region or mechanism of viruses, which would addi-
tionally pose a higher barrier to the development of resistances™. The attachment and entry
to the cell represent such a step in the viral life cycle®. Viruses of different classes share
common attachment factors bearing negatively charged groups such as sialic acid or Hepa-

ran Sulfate Proteo Glycans (HSPG)**.

HSPG are built of a glycosaminoglycan (GAG) and are categorized based on their core pro-
tein as either syndecans composed of transmembrane proteins interacting with the cyto-
skeleton or as glypicans that are glycosyl-phosphatidylinositol (GPI)-anchored proteins®.
HSPG can be found on almost all cells as well as in the extracellular matrix. They are impli-
cated in various biological functions such as blood coagulation or wound healing®. Its abun-
dance and importance in the function of eukaryotic cells makes HPPG an ideal viral attach-

ment factor3”3®,

Human diseases in which HSPG is implicated include HSV*, Dengue virus, HIV, Cytomeg-
alovirus, Vaccinia virus, Hepatitis C virus, HPV, Respiratory syncytial virus and Varicella
zoster virus®. The viruses express glycoproteins with domains rich in basic amino acids to
bind to the negatively charged HSPG*. Domains rich in Lysine and arginine have been pub-
lished for the L1 capsid protein of HPV, glycoproteini2o of HIV and glycoproteins B, C and
D of HSV-1®. Mutations in these amino acids reduce the attachment of HSV1 virions to
cells*. The first binding event of the viruses to the glycoproteins usually presents the begin-
ning of a cascade leading to the internalisation of the virus as shown in the example of HSV1
entry into cells in Figure 1-4. The glycoproteins B and C mediated adhesion to HSPG is fol-
lowed by glycoprotein D binding to one of three entry receptors: HVEM a TNF-receptor,
Nectin immunoglobulins or O-sulfated heparan. Following this, viral fusion supported by

gB and gH-gL is induced*.

25



Viruses and Antivirals

Binding

Figure 1-4: HSV1 entry cascade from the initial binding of HSPG by the virus’ glycoproteins B or C to the binding
to entry receptors such as HVEM, nectins or O-sulfated heparan by glycoprotein D that induces the fusion of
virus and cellular membrane. Graphic reproduced from Shukla at al 3®

HSPG thus presents a pivotal point in the initiation of the viral entry cascade of several
viruses; it is therefore a promising target to design broad-spectrum antiviral substances. The
receptor-virus interactions could be prevented in two ways: by either blocking the adhesion
by blocking the viral glycoproteins with heparin or polyanions, or by blocking all HSPGs on
the cells with polycations. The first approach seems to be the more promising one, as in the
second approach, the risk of not only blocking the virus from adhering to the cells but also
blocking several of the cellular functions of HSPG is high®. Several different heparins and
heparin derivatives have been proposed to block adhesion of heparan sulfate binding de-
pendent viruses*. Native heparin is a very potent anticoagulant, so care has to be taken to
develop antiviral derivatives lacking the anticoagulant activity. HSPG binding peptides®,
heparin and sulfated polysaccharides®*™, sulfonic acid decorated polymers*® as well as
dendrimers****have been studied and showed potent in-vitro antiviral activity. These prom-
ising in-vitro results unfortunately could not be translated into successful in-vivo activity.
Three polyanionic HIV microbiocides (Carrageenan, cellulose sulfate, Pro20ooo naphthalene
sulfonate) successfully passed Phase 2b ‘proof of concept’ trials, but failed in large scale
phase III clinical trials intended to test the substances full efficacy***°. The cellulose sulfate

trial had to be stopped based on concerns of enhanced infection®.

Rider at al. proposed that that not only the high degree of sulfonation, but also structural
features are highly important to elicit a potent antiviral activity*. Nanoparticles (NPs) pre-
sent an adjustable versatile system where various surface structures and chemistries can be

engineered. Nanotherapeutical antiviral approaches range from Heparin nanoassemblies
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>*53 to nanoparticulate delivery systems for antiviral drugs® to the direct application of silver
and gold NPs as antiviral agents. Silver NPs (AgNPs) have been proposed as potential Anti-
viral Agents>>>°, Lara et al. tested the antiviral action of commercially available PVP-coated
30-50 nm AuNPs and proposed a binding to the HIV glycoporteini20”, but even after 1h at
smg/ml, the residual infectivity in a virucidal assay was only about 30%. Later experiments
on cervical tissues were successful at lower concentrations®, but considering that AgNPs
have been shown to be toxic at concentrations above 6pg/ml, a potential antiviral applica-
tion of these NPs seems currently rather unlikely. Other attempts with PVP-coated silver
NPs on respiratory syncytial virus (RSV) also only showed a reduction in infectivity of 44%°

or a 50% reduction in transduction efficiency upon treatment with silica-NPs®.

A more targeted approach using sulfonate functionalisation was tested by different groups.
A Pt and a Pd metal-thiolate complexes with 2-mercaptoethanesulfonate (MES) showed an-

tiviral activity®”. Baram-Pinto et al.*>

synthesized AuNPs capped with MES and were able to
inhibit in-vitro HSV1 infections of a viral load of 2500 plaque forming units (pfu) by 97%.
The same group tested MES-capped AuNPs against HSV-1and could again prove an antiviral
effect in a plaque reduction assay. The free MES and plain gold NP in contrast showed no
inhibition, suggesting that the structure of the sulfonate ligands plays an important role in
the antiviral efficacy. Bowman et al. studied multivalent AuNPs functionalized with a deriv-
ative of a C-C chemokine receptor type 5 (CCR5) antagonist. CCR5 is an essential co-receptor
in HIV infection. They proved that the multivalent presentation of a monovalently inactive
molecule on AuNPs could be an active antiviral®. Bastian et al. confirmed this hypothesis

and enhanced the antiviral potency of an antiviral peptide triazole by presenting it on large

AuNPs®,

Our group, as well as others® proposed that this lack of effectiveness of the proposed anti-
virals targeting the interaction of HSPG and viruses is due to the only virustatic nature of

the interaction and a poor virucidal effect.

Virustatic materials act on the initiation of the viral replication cycle outside of the cells.
Targeting a common and highly conserved mechanism such as heparan sulfate or sialic acid
binding, they can be broad-spectrum antiviral as well as potentially non-toxic to the cell as
no cellular mechanisms should be affected. However, a merely virustatic interaction is re-

versible. It can be compared to a competitive effect: Once the competitor, the antiviral, is
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diluted out, the virus is liberated in its fully infective form. This could explain why the afore-
mentioned antiviral substances presented as highly effective in-vitro, but non-effective in
humans, where bodily fluids readily dilute the virustatic antiviral and release an again fully

infective virus.

An ideal antiviral would thus be a virucidal substance that causes irreversible inactivation®

of the virus that cannot be reverted by dilution as schematically represented in Figure 1-5.

Dilution
/‘ — . Virustatic
\ ‘ — z& Virucidal

Figure 1-5: Schematic representation of the effect of high dilution upon a virus treated with a
virustatic antiviral material (top) and on a virus treated with a virucidal antiviral material(bottom). A virustatic
material can upon high dilution be diluted off the virus and releases a fully infective virus. A virucidal material
irreversibly alters a virus, so that even when the active substance is diluted off the virus the virus remains non-
infective.

Most of the published research (201 of 313 papers as of April 2017) on virucidal substances
focusses on the development and testing® of disinfectants® such as glutharaldehyde®, de-

77 non-alcoholic substances™, alcohols and strong acids”. Though those sub-

tergents
stances are highly effective, their high toxicity to humans renders them inappropriate to be
used as a drug. Other published virucidal materials are also limited by their low tolerabil-
ity”*”. Not only should the general toxicity be carefully tested, in the case of e.g. topical
antivirals the danger in toxicity is further enhanced as a damaged mucus layer or cell is more

susceptible to infections than an intact cell. %

A successful drug candidate ought thus to combine the beneficial properties of a virustatic
material being broad-spectrum efficient at low toxicity, but simultaneously irreversibly block
the viruses’ infectivity. Our research group developed a method to engineer NPs such as to
render a virustatic material into a virucidal material. As introduced above, sulfonated lig-
ands have been shown to exert an antiviral effect onto viruses using HSPG as their attach-
ment ligand to cells. Previous research on sulfonated NPs as antiviral agents only studied

short rigid ligands that we presume to bind only weakly to a limited number of receptors on
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the viral surface resulting in a solely virustatic effect. Consequently, we hypothesized that a
virustatic sulfonated NP could be engineered into a virucidal NP by introducing longer lig-
ands enabling strong multivalent binding on the viruses that would irreversibly inhibit viral
infectivity by inducing local distortions in the virus structure. Figure 1-6 schematically illus-
trates this hypothesis. Short, rigid 2-mercaptoethylenesulfonate (MES) ligands were pro-
posed to bind only weakly and reversibly to viruses, whereas long, mobile 11-mer-
captoundecanoic sulfonic acid (MUS) could bind multivalently to viruses to induce distor-

tions in the virus. Studies on local distortions induced in membranes when NP bind”®

Infective Virus

strongly support this concept.

o

MES-‘/:ur:IPs ;"Q

ST,
’ i

HSPG Binding Infective Virus

MUS-AuNPs

Dilution

>

Inert Virus

Figure 1-6: Schematic representation of the hypothesized virustatic and virucidal effect exerted by Au-NPs func-
tionalized with short MES or long MUS ligands, Graphic reproduced from Cagno et al. (submitted) 7.

In the study, heparin, short ligand and long ligand NPs have been compared regarding their
antiviral and virustatic effect on a range of HSPG-binding dependent viruses. HSV, RSV and
Dengue and Zika virus have been tested as examples of enveloped viruses, HPV as an exam-
ple for a non-enveloped virus. As long ligand NPs, we chose MUS:OT particles coated with
a 2:1 mixture of MUS and 1-octanethiol (OT) that have been shown to be biocompatible,

water soluble and protein resistant 775,

From the dose response, which can be seen in the graphs below, it can be concluded that all
tested substances exert an antiviral effect on HSV-2. Control samples such as only the ligand
or different non-sulfonated NPs did not yield a reduction in infection. The particles showed

no toxicity at the concentrations tested. To test for a virucidal effect, a sample is incubated
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with virus at a concentration above the ECgo. The ECqo is the effective concentration at
which an effect has been exerted onto at least 90% of the viruses, in our case the inhibition
of the virus. In the virucidal assay, the active substance and the virus are pre-incubated at
an ECgo concentration and diluted sequentially to ascertain that the antiviral effect is not
merely competitive, but irreversible. The bottom graphs in Figure 1-7 show that both hepa-
rin and MES do not show a virucidal effect, the virus infectivity is fully recovered after dilu-
tion; MUS:OT particles on the other hand reduce the virus titer by 5 logs showing a clear

virucidal effect.
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Figure 1-7: Comparison of virustatic and virucidal action of heparin, MES-NPs and MUSOT NPs on HSV-2: the
top graphs show the dose response curves, the bottom graphs show the virucidal activity, Graphic reproduced
rearranged from Cagno et al. (submitted) 7.

A comparably high virucidal effect could be measured for several other HSPG-dependent
viruses, as shown graphically in Figure 1-8. Tests on adeno-associated virus serotypes AAV2
and AAV5 indicated that the virucidal activity is indeed specific to HSPG binding viruses.
While a clear virucidal effect was measured for AAV2 that binds cellular HSPG, no virus
inhibition could be measured for AAVs5, a sialic acid binding virus.
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Figure 1-8: Virucidal activity of MUS:OT NPs onto a range of different viruses: Lentiviruses, Respiratory syncitia

virus, human papilloma virus and Dengue virus; Graphic reproduced rearranged from Cagno et al. (submitted)
77
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Later, molecular dynamics simulations of the binding of short versus long ligand sulfonate
NPs were performed on HPV-16 capsids. It was shown that the NP’s sulfonates bind to the
positively charged HSPG binding arginine residues of the capsid proteins. While short lig-
and MES-NPs only bind to single residues, long-ligand MUS:OT particles bind multivalently

and exert a stress onto the viral capsid that generates a force of ~125 pN.

Moving the system more towards potential applications in-vivo the virucidal effects could
be repeated in a post-treatment approach where cells were beforehand infected with viruses
and then treated with NPs. A further step towards a real-life application was taken testing
the NPs on EpiVaginal tissues, tissue culture system to model vaginal mucosa. MUSOT NP
were both virucidal and non-toxic. A final test has been taken synthetizing the effective

ligand shell onto an iron core NP that proved as effective as its gold counterpart.

Taken together the results suggest that a highly efficient broad-spectrum virucidal system
has been designed. The question though of how the interaction of these NPs with more
complex capsids or viral envelopes looks and if this can lead to a better understanding of

the molecular processes involved will be answered in this thesis.
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Chapter 2 Electron microscopy characteri-

sation of viruses

In this chapter I am presenting an overview of the development of techniques to
elucidate the structure of viruses, form the first crystallographic approaches to negative
staining in electron microscopy (EM). I will finish this chapter with advances in cryo elec-
tron microscopy (CryoEM) from 2D representations of viruses to 3D reconstructions of sin-
gle virus particles to viruses in their cellular environment. In my description, I will illustrate
the steps taken on herpes viruses, the determination of their capsid structure to the more

complex enveloped structure to studies of its infection process.

2.1 The development of electron microscopy for biological specimen

Starting from the setup of the first electron microscope by Ernst Ruska in 1931 * there was
great interest in imaging biological samples. Ruska’s brother, Helmut, successfully obtained
the first image of dried tobacco mosaic virus in 1939 *, but imaging biological samples poses
major challenges to the EM community. Biological samples are not only soft, sensitive ma-
terials, but they also contain a lot of water and are, being composed of mostly light elements
such as Carbon, Hydrogen, Nitrogen, not electron-dense enough to be imaged in an EM.
Therefore, both fixation and contrasting methods had to be developed to increase resolution

of EM images taken of biological specimens.

In 1945 Williams and Wyckoff imaged tobacco mosaic viruses increasing contrast by depos-
iting a thin layer of metal over the sample and coined the term metal shadowing®. The first
human pathogen visualized was influenza in 1946*. The metal shadowing technique was
later enhanced by Heinmets et al. who developed rotary metal shadowing in 1949 to gain a
better understanding of the sample shape *. Brenner and Horne developed the basic nega-
tive staining technique® by mixing the viruses with a preparation of 1% phototungstic acid
and could resolve structural details that had previously been described by X-ray crystallog-

raphy. Today a range of negative stains is used, such as the cationic uranyl acetate or anionic
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stains such as ammonium molybdate and sodium phosphotungstate. They are classically
used at concentrations of 1-2% in water to ‘support or embed’ the sample *”. With the devel-
opment of antibody-labelling of gold colloids®® it became possible to locate specific proteins
with electron dense gold particles. Stannard et al. studied the distribution of different gly-
coproteins on the surface of herpes simplex virus 1**. As depicted in Figure 2-1 glycoproteins
on the surface of HSV1 virions show different shapes as well as different distributions on the

viral surface.

HSV1gB |
s 2

Figure 2-1: HSV1 negatively stained and immunogold labelled for glycoprotein B (left) and glycoprotein D (right),
Graphic reproduced and modified from Stannard et al.%% The Scale bars are 100 nm.

Today, negative staining is used as a readily available technique for a quick assessment of
sample composition, purity or aggregations. Goldsmith et al. described the importance of
EM as a rapid technique, that in contrast to molecular diagnostics did not require prior
knowledge of the nature of the sample and hence offers an unbiased view of the sample
contents®, which proved especially important in the detection of e.g. infections in 1972
when Norovirus was first described®® or at the first description of corona virus as causative
agent of the Severe Acute Respiratory Syndrome SARS in 2002, Negative staining remains

pivotal also in virus surveillance to identify unknown diseases or terrorist attacks™.

Techniques to examine samples that were too thick to be imaged in a thin film, such as
tissue samples or whole cells, were significantly advanced in the 1950s with the development
of efficient microtomy techniques® epoxy as embedding medium® as well as heavy metal

stains for tissue sections®®. Samples are fixed, washed, stained with Osmium tetroxide,
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washed, stained with uranyl acetate, washed, dewatered in washes of increasing ethanol
concentration to be then embedded in resin. Cured samples are then cut in an ultra-micro-
tome to obtain 50-70 nm thick sections of the tissue sample that can be imaged in TEM to
gain insight of the virus interactions in tissues, for example to study the infection cycle of

herpes simplex® or the human immunodeficiency virus®.

Golgi

8 7 ~
Cytoplasm é::} - %

" Endoplasmic
: reticulum

Figure 2-2: Herpesvirus egress studied in epoxy embedded cells showing that an inside the nucleus assembled
virus capsid is shuttled through the nuclear membrane by engulfing and acquires its viral membrane in the Golgi
apparatus to then be exocytosed off the cell Left: EM ; Right: schematic representation of the process ; Scale bars
100 nm. Graphics reproduced from Mettenleiter et al. %

2.2 Cryo electron microscopy of viruses

A paradigm shift for the electron microscopy of viruses was introduced by Adrian and
Dubochet in 1984%”. They developed the method of CryoEM to image samples in their native
solution state without the introduction of further fixation or stains. Figure 2-3 shows the

first published electron micrographs imaged in CryoEM.

A drop of a suspension containing viruses is suspended over an EM grid, frozen rapidly into
its vitreous state, transferred into the microscope avoiding heating over the devitrification
temperature of approximately -135°C and imaged while taking care to preserve the sample
structure. The frozen layer has to be sufficiently thin (below 300 nm) to obtain enough con-
trast, therefore small mesh uncoated carbon grids or grids covered with a perforated carbon
film were utilized. The hydrophilicity of the grid is important for an even and thin spread of
the liquid. Appropriate cryogens such as liquid ethane or propane are crucial to avoid a

Leidenfrost effect as in the case of liquid nitrogen at room temperature®®. The Leidenfrost

35



Electron microscopy characterisation of viruses

effect of forming a thin gas layer on the sample has an insulating effect that would slow the
cooling of the sample so much as to enable the formation of ice crystals. Vitreous ice is
obtained by rapid cooling (10™s for a thin-layer vitrification) to avoid even the first nuclea-
tion steps %°. The vitrified water is described as a supercooled liquid without a visible inter-
nal structure and without scattering. The state of the sample is thus referred to as frozen
hydrated state '*°. Devitrification, the formation of ice crystals, happens when the samples
are warmed during the transfer, stressed under a strong electron beam or upon mechanical

stress .

Figure 2-3: Electron micrographs of viruses in their frozen-hydrated state; Left: Adenovirus type 2 at a magnifi-
cation of 12.500x with a total dose of about 10 electrons per A* at about 8 ym underfocus in an ice layer of a
thickness of 120 nm, adenovirus spikes are highlighted by black arrows, ice contaminations are marked with an
I; Right: Vesicular stomatitis virus imaged at two different defocus values (a) 4 pm and (b) 0.7 um showing global
details at high defocus and fine details at low defocus; Graphics reproduced from Adrian et al. ¥’

In electron microscopy, contrast is generated by amplitude and phase contrast. Amplitude
contrast is produced as heavy atoms scatter electrons. Phase contrast is generated when a
scattered electron wave and an unscattered electron wave interfere. The amplitude contrast
in biological specimens is very low, so CryoEM relies on phase contrast for high resolution
acquisitions. A compromise has to be met to interpret both the overall aspects of the viruses
at high defocus as well as fine details at lower defocus as depicted in Figure 2-3 on the right.
Erickson et al. recommend a moderately under-focused image as the best compromise be-
tween resolution and contrast for biological specimen "*>. Compared to a sample at room
temperature, electron damage is reduced by imaging at -175°C ' and images can be acquired
at doses of 10 electrons per A*. The phenomenon of bubbles emerging from samples at
higher electron doses could be explained by the formation of volatile fragments induced by
the beam that are hindered from escaping'®. The sample distribution in solution resembles

that of the suspended liquid, but is different for every virus or sample depending on their
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hydrophilicity as well as their dimensions. The virus dimensions measured were also well

comparable to previously reported X-ray diffraction sizes®.

Dubochet’s innovations made CryoEM of thin films a simple and powerful method that has
since widely been applied, but the basic principle to prepare a vitrified thin film has not

changed as illustrated in Figure 2-4.

AL
)

~500nm

Deposition of a suspended Sample blotting and Vitrified ice supported by Low dose TEM imaging of
sample onto a TEM grid plunging into liquid cryogen carbon mesh with di sample in thin vitrified ice

Figure 2-4: Schematic representation of cryoEM principle, Graphic modified and reproduced from Newcomb et
al. "

The advantages of enabling a visualisation of fragile structures, directly in the solvent, with-
out drying the sample, and at lesser flattening largely outweigh certain limitations that have
to be taken into consideration in CryoEM. The still high radiation sensitivity of the samples
necessitates the use of low dose techniques, hence inducing a lower signal to noise ratio.
The limitations imposed by the imaging in phase contrast have already been mentioned.
Additional challenges in sample handling further render CryoEM anything but a trivial tech-
nique. The samples have to consistently be cooled to avoid heating and the consequent for-
mation of cubic or hexagonal ice °°; moreover it is important to take great care during sam-
ple preparation to avoid contaminations from air (condensation of air humidity on the sam-
ples and in liquid nitrogen or liquid ethane) or from liquid ethane directly, that can form
droplets on the vitrified ice surface'”. Although samples are imaged suspended in their sol-
vent, interactions at the air-liquid interface cannot be excluded and poor handling might
still lead to drying of the sample. Classically humidified chambers are utilized for the blot-
ting process to avoid full or partial drying of the sample inducing excessive buffer concen-
tration. High salt concentrations in the ice for example induce a grainy structure and cryo-
protectants such as sugars can lead to blurry images. The uniform formation of a thin ice
layer additionally poses its own set of challenges ranging from sample preparation to the
choice and treatment of the holey carbon grid'*®. Despite these challenges, tremendous pro-
gress has been made using CryoEM especially because the image presents a full two-dimen-
sional projection through the specimen and not only a representation of the surface as in

most negative staining techniques.

37



Electron microscopy characterisation of viruses

2.3 Towards a three-dimensional structure of viruses

The first three-dimensional input on the structure of single viruses brought about by Wat-
son and Crick in 1956, who determined that the genetic material in small spherical viruses
could only accommodate a limited number of proteins, thus the protein coat was composed
most likely of identical subunits arranged in an icosahedral fashion to best accommodate
the DNA'”. Steve Harrions crystallized the first virus - Tomato bushy stunt virus**® and Mi-
chael Rossman later crystallized human rhinovirus 14 and highlighted functional relation-

ships with other picornaviruses'”.

Crystallisation has provided a lot of insight into virus structures, but it is limited to regular
virus capsids that can crystalize: to study the structure of viruses as a whole, electron mi-
croscopy was necessary. Although the advances in metal shadowing and negative staining
had greatly enhanced the quality of the information that could be obtained from biological
specimen in EM, these samples still had to be dehydrated, adsorbed to a supporting film
and be covered with an electron-dense material limiting the information that could be
gained about the original material; molecular flattening, selective sample orientation, posi-
tive staining or partial staining are only some of the further artefacts that can be encoun-

tered®”.

For regular viruses algorithms for single particle reconstruction elevated CryoEM from a

110

low-resolution technique to a versatile tool for structural biology™. As of April 2017, 94 full
virus structures acquired from single particle reconstruction were published and listed in
the EMDataBank with resolution below 4 A. Algorithms to reconstruct 3D density maps of
single particles from thousands of 2D projection images have proven successful for symmet-
rical samples such as non-enveloped viruses or viral capsids where e.g. an icosahedral sym-

metry can be imposed. For less structurally homogeneous samples, calculations without im-

posed symmetry remain challenging™.

2.4 Cryo electron tomography and the resolution revolution

A different methodology is necessary to probe the structure of extremely heterogeneous
samples, flexible, short-lived samples or membrane bound proteins. In cryo electron tomog-
raphy (CryoET) a sample is rotated around a fixed axis to acquire the specimen at different
tilt angles usually from -70 to 70° with increments of 1 to 2° or increments in relation to the

12

cosine of the tilt angles™. The total electron exposure must be minimized to about 1 electron
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per A” per image and is adapted to the respective tomography setup and the sample sensi-
tivity. Today samples up to a thickness of 1 pm can be imaged, but sample thickness and the
attainable resolution are inversely related. Fiducial markers (colloidal gold particles of 10-20
nm in diameter) are classically imaged with the samples to accurately realign tilt series. In
a marker-free alignment, other identifiable features of the sample or cross-correlation can
be utilized. Tomogram reconstruction is classically performed in a weighted back-projection
method™. As the tilt series are only acquired at + 70°, the missing wedge can lead to elonga-
tion of the tomograms in the direction of the electron beam 2. Further sub-volume averag-
ing of regions of interest between tomograms can further enhance information on the struc-

ture of single molecules of interest in their natural context™.

Integrative approaches, such as the structure determination of the 26S proteasome holo-
complex, by fitting crystal structures with the help of residue specific crosslinking and pro-
teomic techniques into a low resolution CryoEM, can produce understanding of the se-

quence of events of the protein action™.

Advances in the field, including the development of energy filters, phase plates "* as well as
advances in sample preparation (more stable gold grids, graphene films) and especially the
development of new direct electron detectors™ and faster automated readouts lead to a ‘res-
olution revolution™”. Consequently, it was possible to obtain a high-resolution structure of
the 26S proteasome by CryoEM in weeks instead of years as for the 2012 published 26S pro-

8
teasome structure™.

Proteins or viruses, however, do not naturally function intracellularly in an isolated manner,
but in a densely-crowded environment. For bulky samples cryo-ultramicrotomy (CEMO-
VIS) was developed, where a sample is first vitrified and then cut into TEM thin sections to
observe bulkier samples in CryoEM. The method was first published by Bernhard et al. in
1965 on frozen sections and further developed on vitrified samples™. The work on vitrified
samples improved the resolution, but despite improvements including cryo-protectants
such as sugars it still suffers from systematic sectioning artefacts, such as deformation, cre-
vasses, chatter and surface deformations that can clearly be ascribed to the cutting direction
and hence be identified. However, artefacts caused by dehydration and chemical fixation
remain more difficult to identify. Sectioning tools have been greatly advanced by serial block

face imaging™ and focussed ion beam (FIB) -milling of thick sample slices imaged by SEM".
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This has been applied both to resin embedded as well as high pressure frozen brain sam-

122

ples™. Hence, to gain more high resolution insight on protein function, FIB milling was

further developed to prepare tomography samples to study proteins inside their “close-to-
» 123

living-state

Recent integrative approaches that use cryo-light microscopy to identify regions of interest

for later CryoET further enable a direct functional correlation between molecules within

124

their cellular context™*. Kukulski et al. applied this for example to the study of the plasma

125

membrane reshaping during endocytosis in time-resolved electron tomography™.
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Figure 2-5: Four-dimensional data representation of time-lapse electron tomography of the first 15 seconds of
endocytosis showing on the top left representative tomographic slices of the stages, in the top middle an isosur-
face representation of said stage, in the top right image a 3D surface rendering of the membrane and the actin-
network volume, bottom temporal representation of the endocytosis development over time including the re-
spective fluorescence markers utilized to identify the respective stages; Graphic reproduced from Kukulski et
al.™

2.5 Cryo electron microscopy to elucidate structure and function of herpes
simplex viruses

From the first negative staining micrographs of viruses and the imaging of the infection

mechanism inside cells, the field of herpes simplex microscopy has advanced substantially.

Herpes simplex virus 1 presents a perfect example where an ample number of the new ‘close-

to-native’ imaging techniques have been applied to gain combined information of dynamic
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processes at EM resolution. Avoiding harsh sample preparation methods such as fixation,
dehydration, embedding or staining of the sample is important, especially to understand
ultrastructural processes in a mixed hydrophobic-hydrophilic environment. Several groups
worked on HSV1 as a model virus for complex herpesviridae such as varicella-zoster virus,

Epstein Barr virus, cytomegalievirus or karposi’s sarcoma-associated herpesvirus.

0 100 200 300 400 500 600 650 A

Figure 2-6: CryoEM image (a) and reconstruction (b) of HSV1 capsid and tegument; (c) reconstruction of HSV1
capsid; Graphics reproduced from Zhou et.al. *%

Zhou et al produced the first 3D reconstruction of HSV1”°. Figure 2-6 presents a CryoEM
micrograph of several HSV1 (a) as well as their reconstruction that reached a resolution of
20 A. The virus consists of its envelope, tegument proteins, its icosahedral capsid and double
stranded DNA. The icosahedral capsid is mainly built of 995 molecules of VP5, the major
capsid protein that is arranged in 12 pentons (12) and 150 hexons”®. Comparing the capsid
structure of isolated capsids and capsids inside a full virion, Zhou et al. proposed an im-
portant role of the proteins in DNA packing and cytoplasmic transport; also, they suggested
that the DNA inside the capsid is arranged in a spool model indicating that the genetic ma-
terial would pass through a single-entry port. Shortly after, they also published the first 8.5

127

A resolution map of the HSV1 purified capsids™.

The postulated single entry port was further investigated by Cardone et al. using immuno-
labeled gold against the portal protein, providing a first orientation for the capsid recon-
struction (Figure 2-7)"*°. For objects of lower symmetry, a reconstruction approach without
imposing symmetry is important. Advances in Zernike-Phase-contrast enabled Rochat et al.
to reconstruct virions without symmetry enforcement and could show that portal protein

UL6 (responsible for injection and ejection of DNA into and from the viruses) is situated
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beneath the capsid proteins on one of the 5-fold vertices of the icosahedral capsid and pre-
sents a 12-fold symmetry, similar to one described before for the tail of bacteriophages™’.
The protein is 19 nm long, its bottom diameter was reported as 16 + 1.1 nm, the diameter of
the part of the protein pointing outwards was measured to be 5.0 + 0.7 nm™ In a CryoET
approach using sub-volume averaging of regions of interest between tomograms, Schmid et
al showed similarities between the structure of the portal protein of HSV2 and the tail struc-
tures of bacteriophages'®. The internal pressure to accommodate the full genome inside of
the capsid is ~18 atm was measured to be at the same order of magnitude as that of bacteri-

132

ophages®*. Accordingly, capsids of herpes viruses and phages are well-reinforced by stabi-

lising proteins as characterized by Sae-Ueng et al. by means of CryoEM and Atomic Force
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microscopy (AFM)™.

Figure 2-7: CryoEM images and reconstructions of HSV1 capsids showing the portal protein: (a) Immunogold
aided symmetry imposed reconstruction of HSV1 with it portal protein *°, (b) HSV1 capsid partly resected to
show portal vertex *°, (c) HSV1 capsid with portal attached proteins showing similarities to bacteriophage tail
organisation'. Graphics reproduced from respective sources.

From capsid structures, researchers advanced to the study of complete virus particles, in-
cluding those with envelopes and associated glycoproteins. In a non-symmetry driven
CryoET approach Griinewald et al. showed that neither tegument- nor glycoproteins are
evenly distributed in or on the virions. Also, the capsid did appear slightly asymmetric, in-
dicating a proximal and a distal pole that, based on their different distribution of tegument

and envelope glycoproteins, suggest different functionalities”.

Of the 12 different glycoproteins (gX) on the surface of HSV2, five are directly involved in
the virus entry process to lower the kinetic barrier to induce membrane fusion®*: gB, gC,
gD, gH and gL. Stannard et al.*® had described shape and distribution of gC, gD and gB in
negatively stained electron micrographs labelled with immunogold. gC appeared as thin 24

nm long spikes that randomly distributed on the virus surface, while gD was 8 to 10 nm long
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and tended to cluster on the virus envelope, without a clear pattern. gB was measured as 14

nm long spikes that formed clusters and were often seen at membrane protrusions.

Figure 2-8: CryoET tomographic reconstruction of HSV1 virions showing (a) untilted virions with 10 nm gold
fiducial markers and (b) Parallel averaged planes of the reconstructed tomogram of one virion with red high-
lighted filaments in the tegument protein layer, (c) segmented surface rendering of a virion tomogram with the
viral envelope in blue and envelope embedded glycoproteins in yellow, (d) cutaway image with the light blue
capsid proteins and orange tegument proteins, dp and pp indicate the location of the distal and proximal pole
of the virus, (e) zoom on the tegument - envelope - glycoprotein organisation; Scale bars are 100 nm; Graphic
reproduced from Griinewald et al.”

The ‘molecular gymnastics’  of the different glycoproteins on the HSV envelope have fur-
ther been studied in native 3D intermediates of membrane fusion published by Maurer et
al. by CryoET of cells upon virus entry. First, gC binds HSPGs on the cell surface, then gD
binds one of three receptors: herpes virus entry mediator (HVEM), nectin-1 or modified
heparan sulfate. Thereafter the gH-gL complex approaches the two membranes and gB ini-
tiates membrane fusion. Based on glycoprotein densities in cryoET reconstructions, Maurer
et al. suggest a more detailed view of the process, proposing that conformational changes in
gD upon binding induce the flip-out of a gH/gL complex to the plasma membrane to con-

nect the viral and the plasma membrane and that gB is recruited later to stabilize the fusion

pore.

Figure 2-9: HSV1 virion entry and fusion into a synaptosome showing slices of 2/7-12.8 nm thickness of tomo-
graphic reconstructions of different stages of virus entry with schematic drawings in the bottom row; (A) Virus
attachment, (B) Fusion pore formation at proximal side of the virion, (C) capsid entering the cell, membranes
fuse but retain curvature and glycoprotein studding, (D) tegument protein initially remains at the place of virus
entry, (E and F) cell membrane flattens again and viral glycoproteins are spread on the membrane, Scale bars
are 100 nm; Graphic reproduced from Maurer et al.
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Furthermore, they suggested a functional arrangement of the glycoproteins at the proximal
pole that appears to serve as the entry pole. At this pole, proteins are less densely packed,
minimizing steric hindrance of the glycoproteins. This is in contrast to the densely packed

‘glycoprotein ‘cap’ that forms during the virus assembly on the distal pole®®.

The full infection cycle of HSV1 has been revisited in close-to-native EM approaches (Cemo-
vis, cemovis correlated with fluorescence and soft-x-ray microscopy, live cell imaging corre-
lated to cryoEM and ET) to understand HSV1 action in its native environment in all parts of

its ‘life cycle’ as presented in Figure 2-10.
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Figure 2-10: Herpes 'life-cycle' illustration showing the full infection cycle from viral entry to the intracellular
release of the capsid that is retrogradely transported via the microtubule network to the nucleus to inject its
DNA. Alternatively, viral entry starts by endocytosis and the viruses fuse out of the endosome into the cell.
Following transcription and genome replication pro-capsids are formed and DNA is enclosed inside the nucleus
from which capsids egress by envelopment and de-envelopment through the nuclear membrane. Capsids are
then anterogradely transported close to the cell surface for the assembly of the full virion with tegument and
glycosylated envelopment by binding to vesicles produced in the Golgi apparatus. Finally, viruses are released
by fusion of the virus containing vesicle with the cell-membrane. Graphic reproduced from Mordehai et al.””

The herpes life-cycle based on ‘close-to-native’ acquisition underlines the importance of gly-
coproteins as well as their sequential activation. The concerted action of the fusion machin-
ery is generally well-agreed on and understanding of this mechanism has been advanced as

3% Yet, the pivotal action of gB remained poorly understood. Positions in

presented above
the protein sequence tolerating insertion only partially matched with the crystal structure

obtained by Heldwein et al. in 2006®. The structure presents only the post-fusion confor-
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mation of the protein as did another EM reconstruction of gB based on the membrane in-
teraction of two glycoprotein ektodomain forms®®. Indeed, Mordehai et al.** studied the
full-length HSV1-gB molecule to probe its native, less stable conformation integrated in
membranes. Presenting the protein on lipid vesicles of different diameter yielded not only
the previously known post-fusion structure, but also a shorter, more condensed form of the
protein extending only 10 and not 14 nm from the envelope. Fitting of the known gB domains
into the new condensed conformation yielded a structure that matched well with the pat-
tern of tolerated and non-tolerated insertions in the gB genome. This fit of the condensed
form showed a different arrangement of the gB domains most strikingly that of the hydro-
phobic fusion loops, which are responsible for the interaction with the cells’ membrane in

the two different conformations as depicted in Figure 2-11.

Figure 2-11: CryoET sub-volume averaging of HSVi-gB on vesicles showing two different conformations: short
pre-fusion conformation (A, B) and elongated post-fusion conformation (C, D); (A, C) isosurface representation
of the protein parts inside (blue) and outside (yellow) of the membrane; (B, D) Fitting of domains identified in
crystal structures of HSVi-gB into the isosurfaces as determined form; Graphics reproduced and merged from
Mordehai et al. *°

2.6 Electron microscopy in antiviral research

To summarize, EM has provided invaluable insight into the workings of viruses. opening
more possibilities to interfere in these processes with antiviral substances. To date, most
research on antivirals is conducted using molecular biology or virology methods, though
EM can provide a more direct insight into the workings of antiviral substances. Up to now,
microscopy studies have been limited to single images of negatively stained or resin embed-

. . . . .. 6
ded viruses after interaction with an antiviral substance®7>'4°,

In order to understand the effect of the broad-spectrum virucidal NPs presented in Chapter
1 that were developed in our research group we undertook initial negative staining EM ex-

periments on two HSPG dependent viruses: HPV and HSVz.
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Figure 2-12: Dry negatively stained TEM of HPV-16 Pseudovirus treated with 0.1 mg/ml MUSOT 131008 for 1h at
37°C, (Sample preparation by V. Cagno, imaging by M. Valino; the scare bars are 100 nm).

Dry negatively stained TEM imaging revealed clearly visible 8o nm HPV virus capsids with
occasionally well-resolved capsomers. Samples treated with MUSOT 131008 NPs showed
that a considerable fraction of the viruses co-localized with the NPs as shown in Figure 2-12.
A comparable association of viruses and NPs can be observed when treating HSV2 with
MUSOT 131008 NPs as illustrated in Figure 2-13. HSV displayed a similar NP-association seen
in the case of HPV, but additionally collapsed viruses were imaged as shown in the last pic-

ture of Figure 2-13 and appeared in a considerable fraction of the grid scanned.

Figure 2-13: Dry TEM images of HSV2 after treatment with o.2mg/ml MUSOT 131008 NPs for 1h at 37°C. The
viruses exhibit different amounts of NPs associated ranging from none to deflated viruses with many NPs (Sam-
ple preparation by V. Cagno, imaging by M. Valino; the scare bars are 100 nm).

As mentioned above negative staining has a lot of advantages: it is simple and fast to provide
a first high contrast glance into the sample morphologies. On the other hand, it has signifi-
cant limitations, especially in the case of sensitive samples such as viruses. Although uranyl
acetate provides a certain fixation to the viruses upon drying onto the carbon surface on the
grid, the viruses flatten and distort. Additionally, the images obtained show the electron
dense stain and not directly of the light elements that make up the viruses. Certain areas of
the sample become as electron dense as the metallic core of the NPs, rendering it difficult
to clearly identify the NPs on the viruses. Additionally, this type of sample preparation is

prone to form NP aggregates upon drying: the possibility that NPs merely aggregate onto
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the viruses during sample preparation, instead of actually interacting in the solvated state
must be taken into account for any interpretation of images that use negative staining. To
address these concerns, CryoEM allows for an imaging of complex structures in their near
to native solvated state. Although CryoEM presents its own sets of challenges and limita-
tions as explained above, we regard it as the only tool to enable a true view into the associ-
ation and morphology of the viruses upon interaction with our broad-spectrum antiviral

NPs in solution.

This study uses EM to verify whether the treatment of viruses with broad-spectrum antiviral
NPs can be correlated to detectable morphological damage to the viruses. To this end we
examined the differences between the association of virustatic and virucidal NPs to different
HSPG-dependent viruses in their near-native solution state using cryoEM. Research ques-
tion 1: Can the treatment of viruses with antiviral or virucidal NPs be correlated to detectable
morphologies or morphological damage to the viruses? By employing qualitative and quanti-
tative assessments of the treated virus populations we aimed to establish differential asso-
ciation characteristics and morphologies of virustatic and virucidal NPs on viruses. In a fur-
ther exploratory examination of the association of single NPs onto viruses we aimed to iden-
tify determinants of the interaction of virucidal NPs with viruses. Research question 2: Can

a mechanism for the interaction of virucidal NPs with viruses be hypothesised?

This project provided an opportunity to advance the field of NP - based antivirals. It is the
first study to provide a solution-state visualisation of the interaction of viruses and different
types of NPs, to demonstrate, using CryoEM, that the virucidal effect depends on the type
of monolayer that covers the NPs. This study further offers important insight on the associ-

ation of single NPs with viral proteins of envelope and capsid and their effect upon them.
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Chapter 3 Materials and Methods

All chemicals were purchased from Sigma Aldrich unless otherwise noted.

3.1 Nanoparticle Synthesis and characterisation

3.1.1 Ligand synthesis

The ligand n1-mercapto-1-undecanesulfonate (MUS) was synthesized by Paulo H. Jacob Silva
synthesized based on the method described in Verma et. al. ¥ through an adapted synthesis
protocols described in Jacob-Silva et al. ***. HS-(CH2)6-(OCH2CH2)2-OH (EG20H) was or-
dered from Prochimia Surfaces, Poland. Sodium 2-mercaptoethanesulfonate and 1-Oc-

tanethiol were purchased from Sigma Aldrich.

3.1.2 Nanoparticle synthesis

There are many methods to synthesize monolayer protected metallic NPs". In this thesis,
NPs were synthesized via “direct” methods: the gold precursor was reduced in the presence

of the ligands that compose the monolayer.

Generally, tetrachloroaurate HAuCl,3H,O was dissolved in ethanol with an equimolar
amount of the thiolate ligand mixture: after 15 min, a saturated ethanolic solution of sodium
borohydride (NaBH,) was added dropwise. The product was isolated via decantation,
washed with solvents (ethanol and acetone), followed by water-washes using centrifuge-
assisted dialysis filters (Amicon® Ultra-15 Centrifugal Filter Devices (10k or 30k NMWL). This
method enabled the synthesis of sulfonated particles (mixed with 1-Octanethiol or not) with
size distributions between 1-4 nm (see Table 1). These particles were synthesized by Paulo
H. Jacob Silva and Ahmet Bekdemir. The EG2OH NPs were synthesized by Barbara Sanavio

following this same procedure, outlined in Cagno et al. (submitted)””.
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3.1.3 Nanoparticle characterisation
For the NP characterisation, classically two techniques are used: transmission electron mi-
croscopy (TEM) to measure the diameter of the gold core of the NP and Nuclear Magnetic

Resonance (NMR) to determine the ligand ratio in the shell of mixed ligand NPs.

To obtain the NP core size 5 pl of a 0.02 mg/ml solution of NPs were drop-cast onto a carbon
coated TEM grid and dried for at least 30 min. TEM images of the NPs were acquired in a
Tecnai Spirit BioTWIN at a magnification of 100,000x and subsequently processed with a

self-written macro in Image] to yield a size distribution of at least 1000 NPs.

To characterize the ligand ratio of mixed ligand NPs 1 to 5 mg of NPs are decomposed in 0.6
ml of etching solution of Todine (purchased from Acros) in MeOD-d4 (15 mg in 100 ML). The
ligand ratio was determined in '"H-NMR and calculated from the NMR peaks as described in
Jacob-Silva et al. '**. Figure 3-1 shows the NMR spectrum of iodine-etched MUSOT 131008
NPs: the peak at 0.9 ppm corresponds to the methyl terminal of 1-Octanethiol and the other
peaks contain signal from both ligands. The ratio was determined with the values from the

integration of each region and the knowledge of the chemical shifts of both ligands.
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Figure 3-1: 1H-NMR of decomposed MUSOT 131008 NPs, Graphic reproduced from V. Cagno et al. (submitted)
77
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Table 1 summarizes the results of the TEM and NMR NP characterisation showing that the
main difference in the NP characteristics is their ligand shell composition. The molecular
weight of ligand functionalized NPs has been calculated using Analytical Ultracentrifuga-
tion (AUC) based on Carney et al."* where both total volume and total mass of the NP de-

pend on the respective radii of the NP core and the NP shell and their respective densities.

Table 1: Basic NP characterisation

. ng?nd Representative TEM . Mql
Name Ligand ratio [Scale bar 10 nm] ** Core diameter [ nm] weight
[%0T]* [kDa]
EG,0H HS/'@Z@H\ZCH/Z)Z\'%H - 6.2+ 0.8 ¥** 1660
SH’ 0
2-mercaptoethanesul-
fonate
MES N //o - 2.6+ 0.8 nm *** 120
\/\//s\o_
o
11-mercapto-1-un-
decanesulfonate
N,/\/\/\/\/\/\s//c
MUSOT BS A 25 3.310.8 330
+
1-octanethiol
ST SN
MUSOT 131008 “ 34 2.840.6 *** 220
MUSOT 200515 “ 29 2.14+0.5 125

*NMR performed by Paulo H. Jacob Silva, Pelin Z. Guven and Ahmet Bekdemir, ** NP dry sample preparation Marie Mueller,
imaging by Urzula Cendrowska and Pelin Z. Guven, Image processing Marie Mueller, *** TEM and size quantification repro-
duced from V. Cagno et al. (submitted) .
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3.2 Cyclodextrins

B-Cyclodextrins are 7 membered sugar ring molecules with an inner diameter of 7.8 A, an
outer diameter of 15.3 A at a height of 7.9 A. *> CD1 is the commercially available B-Cyclodex-
trin, sulfated sodium salt (CAS Number 37191-69-8) with a molecular weight of 2357.9-2650.0
g/mol.

- 79 A

Figure 3-2: Schematic representation of B-Cyclodextrin with MUS functionalisation; Graphic reproduced and
modified from Haldar et al."*

In addition to the commercially available Cyclodextrin in which the sulfonates are directly
bound to the sugar ring, Samuel Jones synthetized two further sulfonated cyclodextrins
(CD2 and CDS2) with an eleven-carbon chain linker between the ring and the sulfonate
group identical to the ligands on the NPs. Figure 3-2 shows schematically where the cy-

clodextrins have been functionalized.

3.3 Virus culture and antiviral testing

3.3.1 Cell culture
HeLa (human cervical carcinoma cell line) and Vero (African green monkey fibroblastoid
kidney cells) were purchased from ATCC (American Type Culture Collection, Rockville,

MD). All cell culture media as well as supplements were purchased from Thermo Fisher

Scientific Inc. Waltham USA.
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Both cell lines were cultured in Dulbecco's Modified Eagle Medium with high glucose
25mM, sodium pyruvate 1imM, L-glutamine 4mM supplemented with 10% FBS-South Amer-

ica-Origin. They were grown at 37°C with 5% COz at a humidity of 80%.

3.3.2 Pseudo Human Papilloma virus -16 (HPV)

HPV pseudoviruses were grown by transfecting 293TT cells with a plasmid expressing the
papilloma virus major (L1) and minor (L2) capsid protein and a reporter plasmid expressing
GFP. Mature capsids were harvested the next day, clarified and then purified on an Optiprep
gradient. The sample purity was tested in an SDS gel and by titration on 293TT cells for GFP
expression. Samples were stocked frozen at -80°C at a titer of 10° focus forming units per ml.

This sample preparation has been performed by V. Cagno.

3.3.3 Herpes simplex virus type 1 and 2 (HSV1 & HSV2)

Clinical isolates™® were kindly shared by Prof. Lembo (University of Torino, Italy) and were

further propagated on Vero cells.

3.3.4 Viral inhibition assay (Dose response) and Virucidal assay on HPV, HSV1 and HSV2

The antiviral effect of the substances was tested in a plaque reduction assay. Vero cells were
plated in 24-well plates a day in advance (100,000 cells per well). Sequential dilutions of NPs
or CDs were incubated in 2% FBS DMEM with viruses at a multiplicity of infection (MOI)
of 0.005 pfu/cell for 1h at 37°C prior to the infection of the cells or 2 h at 37°C. After the
infection, the cells were washed with fresh medium and covered with medium containing
0.5% wt/v methyl cellulose in 2% FBS-DMEM to limit virus spread though the medium and
incubated at 37°C, 5% CO,. Upon clear plaque formation (HSV1 - 2 days, HSV2 -1 day) the
cells were washed with MilliQ and stained with 0.1% wt/v cystal violet in 20% v/v ethanol
for 20min, washed with MilliQ and dried. Plaques in treated and untreated wells are counted
to determine the percentage of infection and accordingly calculate the dose response. The
effective concentration at which 50% (e.g. 90%) of all viruses are inhibited is called EC 50.
Respective EC50 and ECgo values were calculated from the dose response curve by fitting a
variable slope sigmoidal curve through regression analysis in Prism 7.0 (GraphPad Software,

San Diego, California, U.S.A.).

The virucidal effect of the test substances was evaluated in a microtiter virus yield reduction
assay V. Briefly, Vero cells were plated onto 96 well plates to form a monolayer of approx.

13,000 cells per well. Test substances (at a concentration of ECgo or higher) and viruses (10*-
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10° pfu, an MOI of 1-5 pfu/cell) were incubated for 1h at 37°C prior to infection. Pre-incubated
viruses were sequentially diluted onto the cells down to highest dilution factor of 2x10°. After
2h of infection the cells were treated as described in the dose response assay — washed, cov-
ered with methyl cellulose, incubated until plaques formed, washed, stained, dried, counted.
The viral titer was then calculated from wells where the test substance concentration was
below the ECso. Error bars in the virucidal test represent the standard deviation of all counts

over a single virucidal plate.

Dose response and virucidal assay for the interaction of HPV with NPs were performed by
V. Cagno and showed a clear virucidal effect for MUSOT 131008 and MUSOT BS NPs. Dose
response and virucidal assay for the interaction of HSV2 with NPs were also performed by
V. Cagno and showed a virustatic effect of heparin and MES and a clear virucidal effect for

MUSOT 131008 as shown in Figure 1-7.

The tables following on the following pages summarize the results of the dose response and
virucidal testing of all other particles and cyclodextrins studied for their interaction with

HSV1 and HSV2 here.

Table 2: Dose response and virucidal assay of HSV2 to NPs

EG20H MUSOT MUSOT CcD1 CDS2
200515 230516

HSV2 BSB7 HSV2 MUSOT 200515 HSV2 MUSOT 230516 HSV2CD1 HSV2 CDS2
o

Dose response

curve g £ £ o Eiof s
£ H H H
U T e T e T T T
EC50 in pg/ml 613 2.78 31.1 10.7
EC90 in pg/ml 915 7.32 148.1 32.4
Virucidal activity 16405 16406 16406 18406

= 1405

1.E+05 = 1.E+05
at a dose of = 180 5 - %
200 ml & 16003 N 5 tes0n 3 teo
ug/ B, gleo < 103 g 1E403

£ 1002 £ ] i
E gl g 1602 g 16402

£ H H H
> 101 18001 > eor 16401
' 1.E+00

Hsv2

1.6400 HSV2  HSV2+ HSV2+ 1.£400 HSVI  Hsvi+
HSV2  HSV2+ musoT MusoT HSVL ysvi+ o1 os2
EG20H 201015 230516

1/mi]

HSV2 viruses have been tested against a range of different particles and cyclodextrins. An-
nionic EG20H NPs showed no reduction in virus infectivity nor any reduction of virus titer
in the virucidal assay. These particles served as negative controls for electron microscopy.

MUSOT 200515 and MUSOT 230516 particles showed a steep dose response curve with ECgo
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concentrations of about 10pg/ml, which would be approximately 45 nM. Tested at a concen-
tration of 20o0p1g/ml that is well above the ECgo all three particles exhibited a virucidal effect
when tested on approximately 50,000 viruses. At substantially higher virus loading 20 pg
MUSOT 200515 were shown to irreversibly inhibit 50,000 -100,000 viruses in different ex-
periments (data not shown). Two different cyclodextrins were tested for their antiviral effect
on HSV2 and all inhibited the viruses. The subsequent virucidal test, though, showed that
only CDSz blocked the viruses irreversibly. CD1 could be diluted off the virus and a fully

infective virus was released.

The results of the antiviral testing on HSV1 are presented in Table 3. Short ligand MES par-
ticles showed only a minor effect on the viruses at high doses. The dose-response curves on
HSV1 were largely shifted to higher concentrations leading to ECgo values of well above
1mg/ml for MES. Thus, the virucidal test at 0.2mg/ml naturally yielded no reduction of virus
titer. The MUSOT particles studied showed a dose response comparable to that on HSV2,
though shifted to higher doses as well. Whilst MUSOT 200515 showed an EC50 of 2.78 on
HSV2 the EC50 for HSV1 was shifted to 25.7.

Although a concentration of 0.2mg/ml is above the ECgo of all MUSOT particles tested on
HSV1 in the evaluation of the virucidal activity only MUSOT 131008 showed a 4 log reduc-
tion. The log reduction of CDSz at 0.2mg/ml was only of 1.2 at 0.2mg/ml. Therefore, several
virucidal test were repeated at higher concentrations and yielded clear virucidal effects for
MUSOT 230516, MUSOT 131008 and CDS2. CD 1 tested at img/ml was again diluted off the
virus in the virucidal sequential dilution showing that its antiviral effect is merely virustatic,

not virucidal.

Table 3: Dose response and virucidal assay for HSV1

MES MUSOT MUSOT CD1 CDS2
131008 200515
Dose response WovivES HoVT MUSOT 131008 HSVI MUSOT 200815 Hovi cor Wovi cosz
curve fn \ £
H \ g \\ i H i ?
s - Bos. 3 s s = % sof
= = £ ® ®
T Y e T g Cogpomt — ’
EC50 in pg/ml ~790 0.001 25.7 117.2 31.1
EC90 in pg/ml ~3000 0.06 35.6 346.1 47.6
Virucidal 105 1esos 1evos 1evos Tesos
e Frew = te0s _ taos S e
é Levos % 1E403 2160 é 1ev0s g 16408
= £ 1e02 2100 3 ]
£ 160 2 H £ 16402 g 12
H S 1eo01 S 1es01 g £
> 1es01 1.E+00 1.£+00 1Es01 e
HSV1 HSV1+ Hsv1 HSV1+ 1.€+00
1.E+00 MusoT MUsOT 1.£400 Hsv1 HSV1 HSV1+
HovL Hsve e 131008 20015 Wsvis o1 sz
Virucidal dose 200pg/ml 200pg/ml 1000pg/ml 1000pg/ml 1000pg/ml

55



Materials and Methods

While a dose response is performed at an approximate virus to NP ratio of 5 viruses per pg
of NPs in 200yl of total volume, a virucidal test is typically performed with 2500 viruses per
pg of NPs in 10opl. The results of the dose-response can be considered a good orientation
for the concentration to choose for the virucidal, but it might be taken into consideration

that a certain number of NPs is necessary to irreversibly inhibit a virus.

Different characteristics of NPs, for example median diameter and solubility, can vary across
identical preparations. This issue is often termed batch-to-batch variability. Consequently,
the influence of the NPs size and OT ratio on the virucidal activity on MUSOT-NPs was
tested and showed that in a range of mean core diameters from 2.1 to 3.0 nm size does not
affect the NP’s virucidal activity. Neither does the OT ratio. OT ratios from 1% to 34% did

not correlate with the NPs’ ability to irreversibly inhibit HSV2.

The time course of the virucidal effect as evaluated in a separate virucidal experiment de-
picted in Figure 3-3 showing that a virus titer reduction of 3 logs can already be reached after

30 min at a concentration of 20opg/ml.

HSV2 MUSOT 200515
Virucidal inhibition over time

1.E+06

1.E405

1.E+04

1.E403

1.E+02

1.E+01 '

1.E+00 -

reference 0.5min 30min 60min

pfu/ml

Figure 3-3: Virucidal assay of HSV1 with 230516 NPs over a time frame of 1h. A log reduction higher than 3 logs
can be achieved after 3omin.

Table 4 summarizes the results of the virological testing of the different NPs and cyclodex-

trins that were used in the course of this study.

Table 4: Summary of antiviral and virucidal properties of NPs and Cyclodextrins

Antiviral Virucidal
EG20H x x
MES v *
MUSOT BS v v
MUSOT 131008 v v
MUSOT200515 v v
CD1 v x
CD2 and CDS2 v v
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3.4 Transmission electron microscopy

3.4.1 Dry transmission electron microscopy

Viruses were incubated with NPs in a setup comparable to the virucidal setup and drop cast
onto a glow discharged carbon coated 400 mesh-Copper grid and left to adhere in a humid-
ified chamber for 5 min. Then the grids were washed on a 20 pl drop of MilliQ and stained
with 0.5% Uranyl acetate. Images were taken on a Tecnai Spirit BioTWIN Transmission elec-

tron microscope at an acceleration voltage of 8okV at magnifications of 30,000-50,000x.

3.4.2 Cryo electron microscopy and tomography

For cryo electron microscopy (CryoEM Viruses were treated with NPs and deposited onto a
lacey or quantifoil R2/2 on Copper 30omesh grid inside a FEI vitrobot Marc IV, then blotted
and immediately vitrified in liquid ethane. The samples were continuously kept frozen be-
low -170°C and imaged in a Gatan 626 single tilt cryo tomography holder using a FEI Tecnai
F20 Cryo 200kV transmission electron microscope (TEM) equipped with a 4k by 4k FEI Ea-
gle CD camera at magnifications of 30,000-50,000x in Low Dose mode at an exposure of 4-

10electrons/Angstroem”with a defocus of 1.5 to 2 pm.

The association of NPs and viruses has been counted and classified. The virus morphology

8 . .
' included size

has been evaluated. Image processing of the 2D projection images in Image]
measurements of capsids, virus envelopes as well as enumerating NPs on virus envelopes as

shown in Figure 3-4.

Measure
RE - AT

¥

Crop Threshold Polygon

Figure 3-4: NP enumeration on virus envelopes in Image]J: the cryoEM micrograph was cut to a region of interest,
a threshold to choose all NPs was applied, to remove small densities from ethane droplets or the virus capsid the
thresholded areas were eroded and then dilated one, then a polygon was drawn around the NPs attached to the
viruses and the size and number of the particle was measured for particles with an area above 0.5 nm” and a
circularity above 0.6.

57



Materials and Methods

Crop Zoom Plot profile and measure

T T T T

La ali L L L

Figure 3-5: Measurement of NP distance from viral envelope as well as NP particle to particle distance in Image]:
the cryoEM micrograph is cropped and then zoomed to a region of interest, then the line profile over NPs lining
up on the side of the virus that appear to roughly be at the same focus are plotted, and the centre to centre
distance between NPs is measured.

Cryo-Electron-Tomography (CryoET) the samples have been tilted from -60° to +60° in 2°
increments at a total electron dose of electrons/A* using the Tecnai Imaging & Analysis soft-
ware. Tilt series were aligned and tomograms reconstructed using etomo of IMOD". The

tomograms were further processed in Image]'*®

to produce grouped Z slices of the recon-
structed tomograms by averaging 10 nm in height per slice, 3D gaussian blurring was applied

for increased contrast.

The authors contributions in this thesis cover a large part of the virological testing and all

cryoEM studies as well as the according analyses.
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Chapter4  Overall virus nanoparticle

association

The previously described studies have been solely based on the cytopathic effect
that the viruses exerted onto cells and limited EM observations. This chapter presents re-
sults to answer the first research question: Can the treatment of viruses with antiviral or
virucidal NPs be correlated to detectable morphologies or morphological damage to the vi-
ruses? We examined the differences between the association of virustatic and virucidal NPs
to different HSPG-dependent viruses in their near-native solution state using cryoEM. In a
qualitative and quantitative study of the treated virus populations, we aimed to establish
differential association characteristics and morphologies of virustatic and virucidal NPs on

viruses.

4.1 Cryo electron microscopy of HPV-NP-interaction

The first virus imaged in CryoEM upon interaction with virucidal MUSOT NPs was human
papilloma-16 pseudovirus (HPV) at has been presented in the introduction on page 6o.
It was evident from the images that NPs and capsids co-localize and form different patterns.
Four generally different appearances of capsid-NP associations have been identified and
quantified: capsids without NPs, capsids with single NPs, capsids with clusters of NPs and
fully NP-covered capsids. The relative abundance of each of those classes has been quanti-
fied for the interaction of HPV with the different classes of NPs presented in Table 4: Sum-

mary of antiviral and virucidal properties of NPs and Cyclodextrins (page 56).

The non-virus interacting NP EG20H showed almost uniquely viruses free of NPs. Two dif-
ferent virucidal MUSOT-NPs on the other hand largely associated with the viral capsids.
Upon 5 min incubation with MUSOT BS the viral capsids were only up to 20% free of NPs.
20% of the viruses are associated with single NPs, 20% with clustered NPs and 40% were
fully covered. The proportion of the latter class increased to 81% upon prolonged incubation
for 45 min. Upon treatment with MUSOT 131008, no virus remained free of NPs and more

than 80% of the viruses were directly fully covered. The size of the fully covered viruses was
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88 + 21 nm, which compares well with that of the virus capsids 65 + 8 nm, suggesting that

the virus capsids are potentially covered by at least a monolayer of NPs.

Fully NP-covered

reference 120

100
80
60
40
20

EG20H (45 min)

MUSOT BS (5min)

MUSOT BS (45min)

Diameter [nm]

MUSOT 131008 (5min)

MUSOT 131008 (45min)

Capsid  Fully NP
0% 20% 40% 60% 80% 100% alone  covered

OONo NPs Osingle NPs Eclustered NPs M Fully NP-covered eapsld

Figure 4-1: CryoEM of HPV-NP association. Top panel: CryoEM images of HPV-NP association showing repre-
sentative images of the different categories of NP-virus association that have been quantified. Bottom panel:
quantification of HPV-NP association for three different NPs (10-50 viruses classified per sample). The Scale bar
is 100nm.

HPV pseudovirus proved to be, not only very unstable but also the achieved concentrations
were low so that only a small number of viruses could be imaged (10 to 50 viruses per con-
dition). Additionally, imaging of HPV was impeded by the density gradient based on opti-
prep, an electron-dense medium that largely decreases the attainable contrast of the virus
under CryoEM. Consequently, conclusions from HPV imaging can only conclude that viru-

cidal NPs do numerously attach to and fully cover viruses.

4.2 Cryo electron microscopy of Herpesviridae

Herpes simplex viruses belong to a more complex class of HSPG-dependent viruses. As de-
scribed in on page 40 following. Herpes viruses consist of an outer envelope studded with
glycoproteins, tegument proteins and capsid proteins enclosing the double stranded DNA.
CryoEM studies were conducted on two different batches of HSV2 and one batch of HSV1.
Figure 4-2 shows different virus morphologies of HSV1 and HSVz a and b as imaged in
CryoEM. The viruses clearly present an icosahedral capsid of about 120 nm in diameter. The
enveloped virus has an approximate diameter of 200 + 47 nm for HSV1 and 180 + 49 nm for

HSV2b. The bottom panel depicts the respective proportion of capsids only and envelopes
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capsids. Both viruses show an approximate 1:1 ratio between capsids only and full enveloped

viruses, except in the batch HSV2a where only free capsids could be observed.

Virus Diameter in CryoTEM
300

250
200

150

Diameter [nm]

100

50

HSV1 HSV2a HSV2b

B Capsid only @ Enveloped virus

HSV1

HSV2b

0% 20% 40% 60% 80% 100%

@ Capsid only @ Enveloped virus

Figure 4-2: CryoEM micrographs and diameter of capsid only and fully enveloped viruses in HVS1 and two HSV2
batches (top) Quantification of the relative abundance of virus capsids and fully enveloped virus by virus and
batch (bottom). The scale bar is 100 nm.

4.3 Cryo electron microscopy of HSV2-NP interaction

NPs again avidly associated to viruses. In order to systematize the observations in CryoEM,
we categorized the different morphologies of virus-NP interactions as follows: viruses free

of NPs, viruses co-localizing with one up to 50 single NPs with an emphasis on single NPs.
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When NPs clustered on the viruses they were placed in a separate category. The last category
comprises all viruses that appeared fully covered with NPs. Representative CryoEM micro-

graphs per category are depicted in Figure 4-3.

single NPs Fully NP-covered

Figure 4-3: Representative CryoEM images for the different general classes of NP- virus association as observed
in incubation durations, ranging from 5 min to 2h. The scale bars are 100 nm.

Based on this categorisation the relative proportion of the different classes has been deter-
mined as shown in Figure 4-4. The incubations have been performed in a manner compara-
ble to that of a virucidal test with pre-incubation for 1h at 37°C. Different abundances per

category clearly highlighted a difference in virus interaction between virustatic and virucidal

NPs.

Reference samples as well as the non-virus inhibiting EG20OH predominantly show no or
only single NPs co-localizing with the virus capsids. A comparable association pattern ap-
plies for the virustatic MES NPs. Virucidal MUSOT NPs on the other hand seem to avidly

associate with the viruses showing predominantly fully NP-covered viruses.

In line with the virology results indicating a time dependence of the virucidal effect as can
be seen from Figure 3-3, shorter incubation times were tested and viruses associated with
MUSOT 131008 were tested after 5, 15 and 30 min of incubation at 37°C. No virus remained
free of NPs, even starting at the shortest incubation time of 5 min. Rates of fully covered
viruses present are 74% at smin, 61% at 15min, 76% at 30 min and 39% at 9o min of incuba-
tion. Fully clustered viruses appeared to bundle even at short incubation times, hence the
rate of fully covered NPs with time should be evaluated with caution, as it is likely to be

underestimated (see Figure 4-4d)
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a HSV2a-NP association [5-90min, 0.2mg/ml , 37°C]
ref | |
EG20H 90min | FA
MES 90min ]

MUSOT 200515 90min

MUSOT 131008 5min
MUSOT 131008 15min
MUSOT 131008 30min
MUSOT 131008 90min

0% 20% 40% 60% 80% 100%

ONo NPs Bsingle NPs  Bclustered NPs  WFully NP-covered [ [ref capsid broken]

b 60 C 50
45
20 M 40
g 20 E 35
E € 30
8 8
o 30 o 29
@ o
2 22
S 20 S 15
10 10
I 5)
b fv"n el M om d P
ref EG20H MES MUSOT MUSOT ref  MUSOT MUSOT MUSOT MUSOT
90min 90min 200515131008 131008131008131008131008
90min 90min S5min  15min 30min 90min

Figure 4-4: Quantification of NP-HSV2 association for different NPs at a concentration of 0.2mg/ml incubated
with NPs from 5 min to 9o min at 37°C. Per data set at least 30 viruses have been classified, the counts are
displayed in (b) and (c). (d): cluster of fully covered viruses after 5 min of incubation with MUSOT. The scale
bar is 100 nm.

The high degree of NP association to the viruses after only 5 min of incubation suggests a
rapid binding and full coverage. The following experiments therefore focussed on the im-
mediate interaction between NPs and viruses. Figure 4-5 shows that the association of viru-
cidal NPs with viruses happens as quickly as within 0.5 min. Virucidal MUSOT 131008 and
MUSOT 200515 fully covered more than 25% of all viruses counted and no virus remained
free of NPs. Virustatic MES NPs, on the other hand only showed an association to HSV2
virions as single or clustered NPs. Even at increased concentration of virustatic MES parti-
cles (img/ml), only an association of single NPs (43%) and clustered NPs (17%) became ap-

parent.
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Figure 4-5: Quantification of NP-HSV2 association for different NPs at a concentration of 0.2mg/ml incubated
with NPs for 0.5 min at RT before plunging into liquid ethane. Top: virus counts for the different association
classes with example pictures of Virus-NP interaction per NP sample. Scale bars are 100 nm. Bottom: ratio rep-
resentation of the different virus NP associations per NP after 3o0sec of contact of NP and virus: left comparison
of different NPs at a concentration of 0.2mg/ml, right: comparison of two different MES concentrations.

Figure 4-6 summarizes all HSV2-NP association classes and their respective proportions
over time from short (0.5min) to long time scale (9omin) comparable to the tests performed
in the virucidal assays. It can be seen that over time, particles do associate with viruses in-
dependently of their virucidal properties. EG2OH that initially seemed to not associate to
the viruses, showed 36% of viruses with single NPs co-localized in the images after go min
of incubation. In the MES sample, it was apparent that the proportion of viruses that initially
associated with single NPs evolved to have formed NP clusters. The MES-clusters, as de-
picted in Figure 4-5, appeared both in solution and on the viruses, suggesting a mere co-

localisation with the clusters. MUSOT 131008 NPs showed an immediate strong association
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to the viruses leaving no virus free of NPs. Even after only 0.5 min of incubation all viruses
presented with at least single NPs associated to them. The fluctuations in the percentage of
single NP associated, clustered NP associated and fully covered viruses might predominantly
be due to the aggregation of fully covered viruses with themselves over time as shown pre-
viously in Figure 4-4. MUSOT 200515 particles were generally less prone to aggregation and
associated progressively over time from almost half of the viruses with single NPs, to 22%
with NP clusters and 20% fully covered to an 87% full coverage after gomin and 13% pre-

senting as associated with single NPs.

Time dependent interaction of NPs with HSV2
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Figure 4-6: Quantification of NP-HSV2 association for different NPs at a concentration of 0.2mg/ml incubated
with NPs for 0.5 min to 9o min.

Interestingly, the immediate incubation of NPs and viruses showed that NPs not only cover
the viruses, but also influence the virus morphology. Figure 4-7 summarizes the different
morphologies of HSV2 that have been observed and afterwards quantified: intact capsids,
distorted, opened and broken capsids as well as enveloped viruses, though most viruses in

this HSV2 batch were envelope-free.
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Capsid intact

Figure 4-7: Representative pictures of virus morphologies identified in CryoEM. Scale bars are 100 nm.

The proportion of the respective morphologies changes largely upon NP treatment, see com-
parative Figure 4-8. The reference showed 88% of intact and 12% of broken capsids as well

as 4% of enveloped viruses, from 30 viruses counted in 2 samples.

It is not possible to evaluate the morphology of all viruses in our samples, because an exces-
sive number of NPs can conceal the underlying virus. This is an issue especially when using
the highly virus-avid MUSOT batch 131008 that consistently showed more than 60% of all
viruses as fully covered and hence left only a small proportion of all viruses for morpholog-
ical inspection. Figure 4-8 shows both the full virus counts of intact capsids, broken capsids,
enveloped viruses and fully covered viruses as well as the relative proportions of intact and

broken capsids and envelopes.

HSV2a-NP morphology over time
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Figure 4-8: CryoEM quantification of different virus morphologies after 30sec incubation of HSV2a with
o.2mg/ml NPs. Left: Virus counts, error bars are standard deviations of the mean. Right: Relative proportions of
the different virus morphologies in observable samples (all but fully-covered viruses)

The non-virus inhibiting EG2OH NP and the virustatic MES NP showed a low number of

broken capsids comparable to that of the reference samples between 3% (EG20OH gomin)
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and 17% (MES o.5min) of the viruses. Incubations with MUSOT particles in contrast showed
an up to three times increased number of broken capsids: MUSOT 131008 42%(30sec), 33%
(smin), 41% (15min), 70% (9omin) and MUSOT 200515 52% (30sec), 50% (9omin) of observ-
able viruses, that is the total of viruses minus fully-covered viruses. The countable number
of capsids in several MUSOT samples was very low, but a general trend to a high proportion
of broken capsids can be observed. In summary, when counting all MUSOT treated viruses
60 intact capsids, 54 broken capsids, 10 enveloped viruses and 196 fully NP covered viruses

were imaged.

As introduced above the first HSV2 batch only showed a small number of enveloped viruses.
NP treatments appear to impart a colloidal stability to the envelopes so that upon imaging
immediately after NP treatment more envelopes can be observed in the MES and
MUSOT200515 treated samples. At later time points the evaluation of this effect was im-
peded because the viruses were progressively fully-covered. The size of the fully-covered
viruses was 122 + 31 nm, only slightly larger than that of the naked virus capsids (116 nm + 7
nm) as measured from CryoEM images in Image]. To conclude the study on HSV2 we re-
tested the NPs on a second HSV2 batch that was richer in envelopes as shown in Figure 4-2.
We were able to reproduce similar NP-association patterns as with HSV2a. The results of

HSV2 incubation with 0.02mg/ml and o0.2mg/ml of MUSOT 131008 are shown in Figure 4-9.

At a concentration of 0.2mg/ml MUSOT 131008 particles show a lower proportion of fully
covered viruses, but no virus is free of NPs. The immediate association of a 10 times lower
concentration of these particles showed, as expected, lower NP-virus association. 4% of the
viruses even remained free of NPs, 90% of the viruses associated with single NPs (in contrast
to 30% in the 0.2mg/ml sample), none associated with clusters and 6% of the viruses were
fully covered. Morphologically, a decreased number of enveloped viruses as well as an in-
creased number of broken capsids could be observed in the NP-treated samples as illus-
trated in Figure 4-9. While the reference sample showed roughly the same number of non-
enveloped as enveloped viruses, the NP-treated samples only showed 17% (0.02mg/ml) or
28% (0.2mg/ml) of the viruses enveloped. Regarding broken capsids both NP-treated sam-
ples presented a ratio of almost 1:1 whereas the proportion of broken capsids in the reference
sample is 1:8. By comparing the two NP concentrations, a clear progression towards more
clustered and fully covered viruses was observed, whereas at the lower NP concentration, a

higher number of broken capsids was present. Most broken capsids in the 0.02mg/ml sam-
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ple showed only single NPs mostly below 5 NPs attached, in the high concentration incuba-
tion on the other hand broken capsids were associated with 20 or more single NPs or clus-
tered NPs. This increase as well as the decreased proportion of broken capsids upon treat-
ment with 0.2mg/ml of NPs suggests that an initially broken capsid is readily fully covered,

if a sufficient number of NPs is available to cover the viruses.
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Figure 4-9: CryoEM quantification of HSV2b association and morphology upon immediate treatment with
MUSOT 131008. Left: representative CryoEM micrographs showing two fully NP covered viruses (top) and a bro-
ken capsid with non-agglomerated NPs (bottom) (Scale bars are 100 nm). Centre: relative proportions of different
virus-NP association classes (top) and virus morphologies (bottom). Right: counts of NP-virus association classes
and virus morphologies

4.4 Cryo electron tomography of HSV2-NP interaction

The images presented so far only represent a 2D projection of a 3D object, one dimension
cannot be evaluated, therefore we studied the three-dimensional NP association to the vi-
ruses in several cryo electron tomography (CryoET) experiments. The following pictures
show grouped Z-slices of about 8 nm thickness through HSV2 tomograms as explained in
the Materials and Methods. Single images of the full tomograms were averaged over a range
of 10 nm in z to obtain the images shown below. A 3D Gaussian Blur has been applied to
increase contrast. The image montage representation was assembled to show 15 slices of 8
nm thickness to encompass the entire virus capsid volume to better evaluate the NP associ-

ation at all depth levels.
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Figure 4-10: Grouped (22) z-slice montage of a CryoET reconstruction of HSV2 incubated for th with MUSOT
131008 particles, Tomogram acquired by Dr. Ricardo Guerrero-Ferreira. Scale bar is 100 nm

Figure 4-1: Grouped (13) z-slice montage of a CryoET reconstruction of HSV2 incubated for ith with MUSOT
131008 particles, Tomogram acquired by Dr. Ricardo Guerrero-Ferreira. Scale bar is 100 nm

Figure 4-10 and Figure 4-11 provide clear evidence that MUSOT 131008 NPs localize close to
the virus capsids and are not merely superimposed. Both tomograms have been acquired
after 1h incubation of HSV2a with o.2mg/ml MUSOT NPs. Figure 4-10 is representative of

the class of viruses associated with single NPs; Figure 4-11 depicts the association of a cluster
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of NPs to a viral capsid. Moreover, the sheet-like aggregates typical for MUSOT 131008 can
be observed on the lower right of every image in Figure 4-u1. Figure 4-12 supports the 2D

observation of the fully NP-covered viruses and confirms that these are round in three di-

mensions instead of mere flat sheets of NP aggregates that can be found in NP samples.

Figure 4-12: Grouped (10) z-slice montage of a CryoET reconstruction of HSV2 incubated for 30sec with MUSOT
131008 particles. Scale bar is 100 nm.

4.5 Cryo electron microscopy of HSV1-NP interaction

The third virus studied in interaction with NPs was HSV1. As in the case of HPV and HSV2,
MUSOT NPs exerted a virucidal effect on HSV1. As was pointed out above, HSV1 presents a
considerably higher proportion of enveloped viruses than HSV2a. Although CryoEM is a
technique that imparts low stresses on the sample, a lot of broken envelopes were imaged,
especially in the reference sample. The proportions are presented in Figure 4-13. NP-treated
viruses overall showed 30% more intact envelopes and up to 80% less broken viruses than
the reference, suggesting that NPs impart a colloidal stability to the virions. Upon presence
of EG20H in solution, the proportion of broken viruses was reduced to 4%. For MUSOT
131008, only non-fully covered viruses could be evaluated and showed an equal distribution
of intact, protruded and broken viruses. Interestingly, 91% of all MUSOT 200515 treated vi-

ruses showed protrusions of the viral envelope as presented in Figure 4-13 f.
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Figure 4-13: Representative images of different envelope morphologies counted in HSV1 samples treated with
different NPs: (a) intact envelope (b,e) broken envelope, (c,d) protruded envelope; (a,b) reference images, (c,d,e)
MUSOT 200515 treated viruses.

Representative CryoEM images of the association of NPs with HSV1 envelopes after 3osec of
incubation are shown in Figure 4-14. Both the appearance as well as the overall proportions
of NP association to HSV1 compare well to the effects observed previously on HSV2. While
non-virucidal EG2OH NPs as well as virustatic MES NPs only marginally co-localize with
the viruses, the virucidal NPs fully cover the viruses. Yet for the two different MUSOT
batches imaged the coverage of the virus envelopes is very different. MUSOT 131008 particles
cluster much more densely on the viruses than MUSOT200515 particles. MUSOT 131008 as
well as several other MUSOT particles frequently show sheet-like aggregates - as highlighted
by an arrow in Figure 4-14 - upon incubation with biological specimens such as viruses, red
blood cells or amyloid fibres. In high resolution STEM these have been imaged as superlat-
tices of ordered clusters. The presence of NP clusters is difficult to address, they have been
observed in batches occasionally. We believe that these sheets cover fully these viruses ren-
dering them electron dense. We have never seen such aggregates in MUSOT200515 and
therefore assume a NP-virus association as shown on the very right in Figure 4-14 as the

equivalent of a fully-covered MUSOT131008 virus and quantified these as such.

EG20H MES MUSOT 131008 | MUSOT 200515

R

Figure 4-14: Representative CryoEM micrographs of the most represented classes in the interaction of HSV1 with
non-virus inhibiting EG20H, virustatic MES and virucidal MUSOT 131008 and 200515. Scale bars are 100 nm.

The quantification of the respective association classes of NPs to viruses is provided in Fig-
ure 4-15 (b). At o.2mg/ml virucidal MUSOT 131008 and 200515 particles showed no virus

without NPs and displayed full-coverage rates of 91 and 94% respectively. The incubation

71



Overall virus - nanoparticle association

with o0.02mg/ml of MUSOT 131008 shows that the number of NPs in the incubation limits
this quick full coverage. A ten times reduced amount of NP results in a largely decreased
proportion of immediately fully covered HSV1 virions (91% - 23%), comparable to the effect
seen previously on HSV2 (see Figure 4-9). This supports the hypothesis, that once an ample

amount of NPs is available broken viruses quickly become fully covered.

Morphologically the HSV1-NP association differs significantly from that of HSV2 (Figure
4-15). MUSOT 131008 shows a comparable profile to that on HSV2 with an even higher rate
of full coverage of 91%. Interestingly, the previously described difference in aggregation pro-
pensity between the two MUSOT batches is relevant regarding their interaction with the
viral envelopes. Upon treatment with MUSOT 200515 76%, the fully-covered envelopes can
be clearly be identified. The dense coverage with small aggregates seen in MUSOT 131008
leaves this conclusion only for 6% of the entire sample. The incubation of 0.02mg/ml of
MUSOT 131008 NPs on HSV1 showed an overall comparable trend to the morphologies ob-
served on HSV2 (see Figure 4-9), in which 18% of the capsids were intact, 49% broken, 9%

of the envelopes were intact and 22% of the viruses were fully covered.
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Figure 4-15: Quantification of HSV1-NP association and morphologies after 0.5 min incubation with MUSOT NPs
(a) MUOST 131008 fully covered virus (b) HSVi-MUSOT association quantified (c) counts of (b). (d) MUOST
200515 fully covered virus(e) HSVi-MUSOT morphology quantified (f) counts of (e). Scale bars are 100 nm.

The imaging of the long-term association of NPs with HSV1 was limited, because prolonged
incubation significantly reduced the number of viruses visible on the cryo grid. The thin ice-

layer provides an inherent bias to the measurement as only objects up to 400 nm can be
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adequately visualized. This happens because thick ice absorbs too many electrons, which
reduces the contrast and can create black areas on the grid. It was only possible to image
the HSV1 NP interaction at a short time frame of 10 min with a lower concentration of
o.02mg/ml. The results of this experiment are shown in Figure 4-16. MES and MUSOT 131008
NP association to HSV1 as well as their respective morphology was evaluated from CryoEM
images. MES NPs in this sample largely presented as clusters both in solution as well as next
to the viruses (48%) (see also Figure 4-14 middle). 37% of the viruses remained free of NPs
and 16% appeared fully covered. The percentages in this case should be considered with
caution because the total virus count was low (19 viruses quantified). MUSOT 131008 on the
other hand only presented as 85% fully covered, but with some less dense coverage showing

that 10 out of the 81 fully-covered viruses were enveloped.
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Figure 4-16: CryoEM quantification of HSV1 association and morphology upon immediate treatment with MES
or MUSOT 131008; Left: (a) image of two fully-covered MUSOT viruses, one densely covered, one less covered
enabling the observation of the enclosed virus envelope, (d) HSV1 treated with MES co-localizing with MES
clusters (Scale bars are 100 nm); Centre: Relative proportions of HSVi-MUSOT association (b) and morphology
(e) after 10 min of incubation at 37°C; Right: according counts of association (c) and morphology (f)

To summarize the results on densely fully-covered viruses, Figure 4-17 shows the respective
sizes of the virus capsids, envelopes and fully-covered viruses. For both viruses, the size of
the fully-covered viruses spanned the entire size distribution of the viruses. For HSV1 the
size distribution appeared bimodal with a peak around the size of the capsids (~120 nm # 5

nm) and another peak around that of the enveloped virus (HSV1: 200 + 47 nm, HSV2: 180 +
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50 nm). The size distribution of fully covered HSV2a was centred around the capsids diam-
eter, but showed a number of fully covered viruses at sizes up to 40 nm below that of the

intact capsids as well as single fully covered particles up to 230 nm in diameter.
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Figure 4-17: Comparison of capsid, enveloped and fully covered virus diameter for HSV1 and HSV2, 262 and 314
viruses were measured, respectively 3.9 nm

4.6 Discussion

In this chapter, we aimed to establish a protocol to evaluate the antiviral and virucidal ac-
tivity of different NPs through CryoEM by examining the differences between the associa-
tion of virustatic and virucidal NPs to different HSPG-dependent viruses in their near-native

solution state.

Very little was found in the literature on imaging the interaction of antiviral NPs with vi-
ruses. The key limitation of the studies found that only negative staining of viruses treated
with antiviral NPs has been performed. In the current project, we support initial studies on
dry TEM using CryoEM that is substantially less prone to artefacts that arise from sample
drying, aggregation and heavy metal stains. In CryoEM, samples are visualized in a thin 200-
400 nm of vitrified ice that preserves the solvated state of the visualized structures. Great
care has been taken to preserve fragile structures well by preparing grids in a humidified
chamber to minimize evaporation, by optimizing the blotting setup as well as the general
procedures for sample handling and imaging. Potential artefacts from occasional formation
of excessively thick ice, cubic ice in the samples, ethane or water droplets frozen onto the
ice or damages to the radiation-sensitive sample can be minimized, but not fully avoided.
These challenges are taken into consideration in the interpretation of the images. A further
limitation that should be considered is the high number of broken virus envelopes. The
CryoEM procedure appears to impart a stress on the envelopes making them burst even in

reference samples. The reason a the commonly used stabilizer sucrose is not applicable in

74



Opverall virus - nanoparticle association

our study is that initial virological experiments showed that sucrose interferes with the vir-
ucidal effect of our NPs Also reported procedures such as a grid pre-treatment with polyly-
sines have not proven useful for the scope of this study. Although a polylysine grid pre-
treatment resulted in largely intact virus envelopes on the grid they were not applicable to

this study as the polylysines induced heavy aggregation of NPs.

For the interpretation of the results of this study, one procedural limitation has to be taken
into account: the total volume of CryoEM samples is 3.5 pl of viruses treated usually with
o.2mg/ml of NPs. To obtain a reasonable number of viruses on the TEM grid, the highest
concentration of viruses possible is used resulting at a high virus-to-NP ratio of about 45,000
viruses per pg of NPs (~3x10” NPs). In the plaque assays though, the virus-to-NP ratio is 0.1-
1 pfu/pg of NPs for a dose response test, and 5000 viruses per pg of NPs in the virucidal tests.
In all experiments, the virus concentrations are determined by experimental constraints: in
a dose response setup, the number of plaques is limited by the size of the plate used to
perform the test — in our case, 24-well plates that can accommodate not more than 50-100
plaques well-separated and countable. In the virucidal assay on the other hand, higher virus
concentrations are required to sequentially dilute virus and the putative virucidal substance.
For EM studies, classically high virus concentrations up to 10°pfu/ml are used to acquire
many virions per picture. For CryoEM, often sucrose gradients are used to concentrate the
viruses, but sucrose stabilizes the viruses and this interferes with the scope of this study that
aims to visualize the damaging effect of the presented virucidal NPs. Preliminary tests also
showed a decreased virucidal efficacy upon pre-treatment of viruses with sucrose. A virus
titer log reduction of 3.9 was scaled down to 1.6 upon virus pre-treatment with sucrose. We
therefore performed CryoEM experiments directly on the viral stock solutions (HPV:
10%ffu/ml, HSV2a: 3x10°pfu/ml, HSV2b and HSV1: 10°pfu/ml). The NP concentration tested
in the virucidal assays was o0.2mg/ml. The virucidal tests were performed at a pfu per pg of
NP ratio of 2500. To yield a similar ratio in a CryoEM experiment on the virus stock a 20-
fold increased NP concentration would be necessary, but a NP concentration of 4mg/ml is
a pitch-black solution that does not allow for any virus to be visualized. The imaging condi-
tions in this cryo setup hence presents the best compromise between an unaltered virus
solution and well-dispersed NPs. In turn, this limits the number of viruses that can be im-
aged per sample as usually only single viruses were observable per field of view and low dose
imaging is both time consuming as well as limited by contaminations of the column on

prolonged imaging on ice.
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4.6.1 Association of nanoparticles with viruses

In this study, we compare the NP association and morphology of different viruses
upon treatment with non-virus inhibiting EG20OH NPs, virustatic MES NPs and virucidal
MUSOT NPs. Overall we could observe that viruses treated with non-virus inhibiting
EG20H particles present as free of NP or associated with single NPs. This finding was con-
sistent over all viruses tested: HPV (Figure 4-1), HSV2 batch a and b (Figure 4-4 and Figure
4-9) and HSV1 (Figure 4-15).

The treatment of viruses with virustatic MES particles mostly showed viruses free of NPs.
Both single MES NPs and clusters of MES NPs have been found associated with viruses: to
at most 30% of the for HSV2 capsids, but up to 60% for HSV1 full virions. Incubation with a
5x increased concentration of MES particles increased the number of NP associated viruses.
This could be attributed to more binding, but also to more NPs floating in solution ready to

superimpose on viruses.

Virucidal NPs on the other hand, showed a clear tendency to associate numerously onto the
viruses. Predominantly viruses associated with clusters of NPs as well as with fully NP-cov-
ered viruses. A high propensity of fully NP covered viruses has been seen with all viruses
tested: HPV (Figure 4-1), HSV2 batch a and b (Figure 4-4 and Figure 4-9) and HSV1 (Figure
4-15). Differences in the aggregation behaviour of the NPs greatly influence the appearance
of the fully covered viruses ranging from electron dense black objects where no internal
structure can be visualized, as in the case of MUSOT 131008, to a more dispersed NP-attach-
ment on the viruses, as in the case of MUSOT 200515. The MUSOT 131008 batch presented
dense sheet-like aggregates (Figure 4-14 arrow) in solution that also appeared to cover the
viruses and thus formed a much denser coverage of the fully-covered viruses. MUSOT 200515
a more recently prepared NP batch did not present these features in solution and neither

was it found on the viruses.

To ascertain whether or not the NP-virus association is not merely non-contact, superim-
posed NPs and viruses in the 2D projection of the EM image, we verified their co-localisation
using CryoET. We confirmed a close co-localisation of NPs and viruses in 3D as well as the

fully NP covered viruses are 3D round objects.

We further observed that the association of virucidal MUSOT NPs to viruses is progressive
in nature. This finding supports the idea that different categories of NP-virus association

actually represent stages of gradual NP coverage: stage 1 includes all viruses without NP
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attachment, stage 2 viruses associated with single NPs, stage 3 viruses associated with clus-

ters of NPs and stage 4 fully NP-covered viruses as presented below in Figure 4-18.

Figure 4-18: Stages of virus-NP association. Scale bar 100 nm.

These stages have been found consistently in all viruses imaged: HPV, HSV2 and HSV1 and
in our interpretation, relate clearly to the virustatic and virucidal action of the different NPs
as seen from the antiviral and virucidal testing presented in the Materials and Methods.
Stages 2 and 3 show the first stages of NP attachment, hence possibly the appearance of a
transient binding, a virustatic effect. Stage 4 on the other hand showed fully covered viruses
having partly lost their structural integrity, which we interpret as the imaging of the viruci-

dal endpoint.

The hypothesis that fully NP covered viruses correspond to the virucidal endpoint is further
supported considering that the CryoEM has been performed at NP concentrations below a
full virucidal effect. The progression from 63% to 79% of full coverage for HSV2 treated with
MUSOT 131008 for 0.5 and 5 min, respectively, showed that this concentration of NPs is
sufficient to fully cover the majority of viruses (compare Figure 4-6). The following long-
term differences in the extent of full coverage (44% at 15min, 77% at 30 min and 40% at
gomin) can be attributed to two phenomena. As explained fully MUSOT 131008 covered vi-
ruses appear to cluster substantially after smin. If those clusters exceed a size of 500 nm it
is not possible to image them anymore and the probability of them being removed in the
blotting process increases further upon increased cluster size. Fully NP covered viruses de-
plete a lot of NPs, which can explain the higher proportion of single NP and clustered NP
associated viruses in the 9o min sample. Possibly at later time points there are no longer
enough NPs left to fully cover the remaining viruses at a low initial concentration of NPs.
High proportions of fully covered NPs even at sub-virucidal concentrations point to the uni-
versality of the progression towards the final stage of the virucidal effect which we define as

the fully NP covered viruses seen under CryoEM. The observation of virus envelopes fully
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covered by NPs, as shown for MUSOT 200515 particles in Figure 4-15, and in the size distri-
bution of the fully covered viruses in Figure 4-17, indicates that the full NP coverage repre-
sents a virucidal NP association phenomenon, not only for non-enveloped viruses such as
HPV, but also for enveloped viruses such as HSV. Overall these results support the hypoth-

esis that fully NP covered viruses present the imaging of the final virucidal.

4.6.2 Morphology of nanoparticle treated viruses

In order to understand how full coverage takes place we studied the initial effects
of the NPs on the viruses to elucidate how the stable virus capsid that initially only associates
to single NPs progressively becomes fully covered by NPs. An inspection of the morphology
of the viruses revealed that the proportion of viruses imaged presenting broken capsids in-
creased significantly upon NP treatment. Figure 4-8 presents an overview of the virus mor-
phologies imaged. In a careful evaluation of the morphologies, fully-covered viruses cannot
be evaluated because their electron dense NP coverage conceals any internal structures: we
therefore evaluated the morphology of the remaining viruses. Considering that in certain
samples the number of non-fully covered viruses is very low, care had to be taken to inter-

pret the remaining viruses whose morphology could be evaluated.

HSV2a treated with virustatic MES NPs or a reference amount of water showed a high pro-
portion of intact capsids and only some (3-17%) broken capsids. Viruses treated with viruci-
dal MUSOT NPs on the other hand presented with proportions of broken capsids ranging
from 32 to 70% as presented in Figure 4-8. Interestingly, the proportion of broken capsids
was even higher for samples treated with 10 times lower amounts of NPs as shown in Figure
4-9. The reduced amount of MUSOT NPs resulted in a smaller proportion of fully covered
viruses (6%), but a vast proportion of the viruses associated with single NPs (91%) and 4%
remained bare of NPs. The viruses associated with single MUSOT NPs showed the following
capsid morphologies: 42% intact capsids [16 counted] and 57% broken capsids [22 counted].
At the standard concentration used the ratio of broken to intact capsids was higher (6 bro-
ken capsids with single NPs [3] and clustered NPs [3] versus 4 intact capsids with single
NPs), but the low counts of capsids visible comparable to the viruses fully covered limits the
statistical relevance of these counts. A comparable pattern of NP association and virus mor-
phology was established for HSV1 virions in contact with MUSOT NPs (see Figure 4-15):
whereas at 0.02mg/ml MUSOT 131008 concentration 4 intact (2 with and 2 without NPs)
and 11 broken capsids (10 with single NPs attached and 1 with a NP cluster) could be imaged,

the sample at 0.2 mg/ml only showed one single intact capsid in 53 viruses imaged. Viral
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capsids are metastable supramolecular structures, with a precisely defined 3D structure.
These grant viruses exceptional colloidal stability that enables them to open only upon con-
tact with its target. If the capsid structure is perturbed, the stability of the system is affected,
which leads to a loss of this inert structure in the presence of other interfaces. This can
explain why NPs aggregate and accumulate more readily onto the damaged viruses leading
to fully NP covered viruses. Based on the observed progression from high ratios of broken
capsids to high ratios of fully covered viruses we deduced that initially broken capsids im-
mediately get covered by NPs in case there is an ample amount of particles available in so-

lution.

4.6.3 Summary

Despite limitations regarding the virus counts and the attainable NP concentration
in CryoEM, we were able to establish that viruses treated with virucidal NPs break and be-
come progressively fully covered by NPs, which we interpret as the morphology of the viru-

cidal endpoint.

Based on these observations on the virus populations, the following chapter will
further study the details of the NP - virus interaction on a single virus level and study the

location and distribution of NPs on broken capsids as well as on envelopes.
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Chapter 5 An in-depth study of the nano-
particle virus interaction

The previous chapter confirmed our hypothesis that we can find a correlation be-
tween the treatment of viruses with virucidal MUSOT NPs and their morphology. We
showed that both full virus coverage with NPs and broken viruses correlate with a virucidal
NP treatment, even at the earliest time points. In this chapter, we perform an in-depth anal-
ysis of the association of the virucidal NPs to the envelope and capsid of herpes simplex
viruses. The research question is: Can a mechanism for the interaction of virucidal NPs with

viruses be hypothesised?

Therefore, I will detail the interactions of NPs with the envelopes of HSV as well as
with the HSV capsids, and will discuss these results with respect to the current understand-
ing of virus structures and their function in virus infectivity to hypothesize a mechanism for

the virucidal action of MUSOT NPs.

5.1 Cryo electron microscopy of nanoparticle association to viral envelopes

In order to understand the early steps of the virucidal mechanism, we studied the CryoEM
micrographs taken of virucidal MUSOT NPs and herpes simplex viruses after 3osec of in-

cubation, before freeze plunging.

Upon interaction of MUSOT NPs with the viral envelope, several observations have been
made. NPs decorate the envelope, but do not attach directly at the lipid bilayer of the enve-
lope, nor do they distribute evenly over the entire envelope. The following section is fo-

cussed on the study of these interactions.

81



An in-depth study of the nanoparticle virus interaction

*: o) A o e
f # NP per virus g Dist. NP - envelope h Distance NP - NP
40% 80 70
70 60
£ £
S 20% 8 40 8
g 23 g3
“mll l "II II | ||I|I
. <mEAmmEm o [ [T IS | (] | I r—
Number of NPs per virus (Bin 25) Distance NP to envelope (border to border) [nm] Distance NP centre-to-centre [nm]
333 + 54 NPs 8.4+ 3.9nm 11.6 + 4.0nm

Figure 5-1: CryoEM images of MUSOT200515 (0.2mg/ml) immediate association to HSV1 envelopes showing in-
tact viruses (a, e) as well as viruses with long protrusions (b, ¢ and d); areas of thicker glycoprotein coverage are
marked with a black arrow, envelope protrusions are marked with a white arrow. Scale bars are 100 nm. (f-h)
Quantification of MUSOT 200515 distribution on the virus envelope: number of NPs per fully covered enveloped
virus (g), border-to-border distance of NP and envelope (f); centre-to-centre distance of NPs on the virus enve-
lope (h)

Figure 5-1 contains an overview of HSV1 virions immediately upon interaction with MUSOT
200515 particles. NPs associate all around the envelope, but in a more spaced fashion than
in the case of MUSOT 131008 particles, so that the virus underneath is not completely con-
cealed. The arrangement of the NPs on the virus envelope was analysed, focusing on: their
distance from the envelope, the number of NPs per virus and the NP centre-to-centre dis-
tance on the virus envelope. The results of these quantifications are presented in Figure 5-1
(g-h). The distance between the rim of the NPs and the virus envelope was measured for
466 MUSOT 200515 NPs on 20 virus envelopes and plotted in Figure 5-1g. 71% of MUSOT
200515 NPs were located between 5 and 10 nm away from the virus envelope. The most fre-

quently observed distance was 7 nm, but overall distances ranged from 3 nm to 25 nm with
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an average of 8.4 + 3.9 nm. NPs covered the viruses at a high density: the number of particles
was counted on 11 viruses that provided sufficient contrast to clearly threshold NPs from the
virus in the background (see Figure 5-1f). Between 237 and 395 NPs with an average of 333 +
54 NPs bound to the virus envelope were counted from the 2D projection images of the
enveloped viruses. The total number of particles attached to the three-dimensional virus is
likely to be slightly higher, especially on densely covered viruses in which the probability
that NPs superimpose each other is higher. Not only do distances between the envelope and
NP show a repetitive pattern, but so do the NP core-to-core distances between NPs that line
up on the virus envelope. The NP arrangement on densely covered viruses shows an average
centre-to-centre NP distance of 11.6 + 4.0 nm. The most frequently observed distance is 1

nm (13%), followed by 9 nm (11%) and 8 nm (10%) as can be seen from Figure 5-1 (left).

Protrusion length comparision

200
180

-
(=]
(=]

100

20 |
0

ref MES MUSOT

Figure 5-2: Membrane protrusions after treatment with MUSOT 200515 NPs for 0.5min; (Left) CryoEM micros-
graphs of protruded viruses. Scale bars are 10onm. (Right) Comparison of the protrusion lengths between refer-
ence viruses, MES treated viruses and MUSOT treated viruses

We furthermore observed that the viruses treated with MUSOT-NPs showed long protru-
sions. Protrusions in viruses treated with MUSOT NPs show a dense decoration with single
as well as clustered NPs. Reference samples or MES treated samples on the other hand only
showed short protrusions that are not densely decorated with NPs. Increasing protrusion

length furthermore reduced the average radius of the envelope around the capsid.

A more detailed analysis on a single virus level was performed based on the CryoEM micro-
graph presented in Figure 5-3. HSV2 batch b was treated with 0.02mg/ml of MUSOT 131008
for 30sec before plunge freezing. The virus showed a comparably low number of NPs bound

to the virus, therefore left mores space to study the exact position of those NPs.
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single long glycoprotein spikes

Figure 5-3: CryoEM image of 0.5 min MUSOT 131008 treated HSV2 with well resolved viral glycoproteins. Left:
HSV1 after 30sec of incubation with 0.02mg/ml of MUSOT 131008 NPs. Right: colour coded representation of the
same picture: capsid blue, tegument proteins light brown, envelope green, glycoprotein layers light yellow in-
cluding its respective thickness at different parts of the circumference of the virus in light brown. Individually
distinguishable glycoproteins are labelled yellow, their length extending outside the virus envelope is written in
black, NPs at the outer rim of the viruses glycoprotein layers have been labelled in red. Scales bars are 100 nm.

The cryoEM micrograph clearly showed all key constituents of the virus: the DNA arranged
inside the capsid, the dense layer of tegument proteins, the virus envelope and studded gly-
coproteins. The original image and a colour coded scheme of that image are depicted in
Figure 5-3. Structures visible inside the capsid are due to the circular arrangement of the
DNA inside HSV1 capsids. The tegument proteins appear dense and internally structured
showing different densities that seem to connect the capsid and the envelope. The dark
structure visible next to the capsid cannot be unambiguously determined. Glycoproteins are
studded on the virus envelope or appear to emerge from it connecting to the tegument pro-
teins under the virus envelope. The glycoproteins cover the entire virus envelope forming a
layer of varying thickness on two different sides of the virus. In the top part of the virus the
glycoprotein layer appears 8 to 1 nm thick; on the bottom part the overall glycoprotein layer
thickness is between 20 and 29 nm. One part of the glycoprotein layer appears to distend
outwards to 64 nm with an apparent density at the end of the distention. Single glycopro-
teins emerge as long spikes (14 nm to 42 nm) from the glycoprotein layer, mostly perpen-
dicularly, but in several cases lower angles. Different lengths and directions of single glyco-
proteins visible have been highlighted in the cartoon next to the original CryoEM image

depicted in Figure 5-3
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On the enveloped viruses, the NPs distributed discretely at a distance of 8-10 nm from the
viral envelope. On the other hand, more clustered NPs were located on regions of a glyco-
protein layer thickness of more than 20 nm. In the cartoon, NPs at the outer rim of the
glycoprotein layer have been highlighted in red to underline the different distances of the
NPs from the virus envelope. A cluster of NPs co-localized with a part of the glycoprotein
coat that appeared to protrude: near this area a part of the virus envelope appears less clearly
outlined than on the rest of its circumference. The potentially opened area is shown in the
colour coded representation as a gap. Densities next to this area cannot ultimately be as-

signed to glycoproteins or out of focus NPs from this single image, but we interpret this area

as an early stage of the protrusions presented in Figure 5-3.

Figure 5-4: HSV1 enveloped virus 3o0sec after incubation with 0.2mg/ml MUSOT 131008 showing a virus capsid
expelled out of the virus envelope. Left: original CryoEM micrograph, Right: zoomed, colour coded representa-
tion of the same picture: capsid blue, tegument proteins light brown, envelope green, glycoprotein layer light
yellow, NPs have been labelled in red. Scales bars are 100 nm.

A potentially later stage of the aforementioned envelope opening is illustrated in Figure 5-4
that depicts a capsid that was expelled from the virus envelope. HSV1 was incubated with
o.2mg/ml MUSOT 131008 NPs for 30sec and then plunge frozen. The grainy ice in the back-
ground of the image indicated partial formation of cubic ice. Figure 5-4 shows the imaging
of an opened virus envelope. The area where the viral envelope opened is densely covered
with NPs. The tegument proteins appeared to extend out of the envelope and remained

partly attached to the expelled capsid. Around these tegument proteins expelled together
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with the capsid a substantial number of NPs were found. Close proximity of the capsid as
well as the high curvature of the lipid membrane suggest that the virus was frozen immedi-

ately upon expelling the capsid.

5.2 Cryo electron microscopy and tomography of the interaction of nanopar-
ticle with viral capsids

The then liberated capsids as well associate with virucidal NPs that appear to alter the cap-
sids structure. Figure 5-5 shows representative pictures of capsid alterations visible in
these samples. A detailed observation of the breaking and broken capsids showed that ir-
respective of the virucidal NP batch or herpes simplex virus tested NPs appear to attach to
capsid vertices (f,g,k,p,r,n,s), rather than the sides of the capsids. Frequently aggregates of

NPs at the capsid vertices have been observed (b,d,e,g).

SV1 MUSOT 200515
4c d

Figure 5-5: CryoEM of breaking and broken capsids: (a-j) HSV1 treated with MUSOT 200515 0.2mg/ml for 0.5
min at RT; (k-t) HSV2 treated with MUSOT 131008 0.2mg/ml for 0.5 min at RT. Scale bars are 100 nm
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Moreover particles did not only cluster, but frequently appeared lined up in the direction
of the vertex opening (c,e,g,h,n,p,r,s). In a number of images it was evident that these lines
of particles were connected to a deformed, elongated capsid vertex that formed an elon-
gated opening (d,g,h,n,r,s). On a number of capsids the overall shape appeared altered
(c,I,m,p,0,t), including impressions (c) or missing densities (i,k,m,o,t) loss of angular ar-
rangement of the capsid proteins (t,i) and capsid inflation (i). Images such as Figure 5-5
(h,i,0) that show a capsids with decreased internal electron density can be assumed to be
an opened emptied capsids, from which DNA has already been released®. This opening of
the capsid can, not only be observed in a 2D projection CryoEM image, but also in 3D us-
ing CryoET. To this end, tilt-series of broken capsids were acquired, aligned and tomo-
grams reconstructed. The images in Figure 5-6 and Figure 5-7 present a montage of
grouped z-slices of about 10 nm in height through the capsid from the bottom of the cap-

sid (top left) to be top of the capsid (bottom right).

Figure 5-6 depicts a virus with clustered NPs attaching to the lower part of the viral capsid
(labelled by an arrow) apparently distorting the capsid at that region. It is apparent that the
capsid is opened at the bottom vertex (black arrows) and NPs integrated as well into the top
of the capsid (white arrows). White streaks are due to the shading effect that the electron-
dense gold core of the NPs imparts when the sample is tilted; the dense particles hide infor-
mation behind them, hence the area appears are as a white streak in the reconstructed tomo-
gram. In other tomograms with fiducial markers (15 nm citrate or ProteinA coated gold NPs)
this phenomenon also occurs, but classically, a region of interest is chosen in which fiducial
markers are distant enough not to conceal the object. In in our images though the NPs are
not only fiducial markers for the tomogram reconstruction, but also part of the objects of

interest.

The later stage of the virucidal effect is presented in Figure 5-7: an opened virus capsid where
the rim of the remaining capsid proteins at the site of breakage appears to be lined by
MUSOT 200515 NPs. The opened capsid does not present the angular arrangement of the

capsid proteins that formed the icosahedral shell.
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Figure 5-6: Grouped z-slice montage of a CryoET reconstruction of HSV2 incubated for 30sec with MUSOT
200515 particles, white and black arrows indicate areas where the NPs are integrating into the capsid and distort
the capsid, small black asterisks highlight striations due to the NPs electron density shading effect in the tilt
image acquisition. Scale bar is 100 nm

Figure 5-7: Grouped z-slice montage of a CryoET reconstruction of HSV2 incubated for 30sec with MUSOT
200515 particles. Scale bar is 100 nm
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We hypothesize that the insertion of NPs at the capsid vertex destabilizes the capsid ar-
rangement sufficiently to eventually liberate the tightly packed DNA out of the capsid. We
suggest that this process starts from the insertion of single NPs at one of the 12 vertexes of
the icosahedral capsid and following aggregation of NPs further destabilizes the capsid pro-

tein assembly until it bursts and releases its DNA.

5.3 Discussion

Chapter 4 proposed that the full coverage of the viruses by MUSOT NPs is the final
stage of the virucidal effect of these NPs. This chapter focussed on an in-depth examination
of the action of the virucidal MUSOT NPs on capsids and on the virus envelope, to elucidate

how these NPs affect the morphology of the viruses, hence their function.

CryoEM offers tremendous advantages in the imaging of biological samples, yet again gen-
eral limitations, as outlined extensively in Chapter 2 as well as at the beginning of the dis-
cussion of Chapter 4, have to be taken into account in the evaluation of the obtained micro-
graphs. For the in-depth evaluation of these micrographs several further considerations
have to be taken into account in the interpretation of the images. In single particle analysis,
it is well-known that biological specimens tend to adopt an orientation towards the carbon
of the TEMgrid. In cryoEM on holey carbon this effect is less pronounced, but viruses have
been found to preferentially locate near the carbon rim of the holes. It cannot be excluded
that they adopt a preferential orientation concealing a part of the information, especially
when 2D images are evaluated. To evaluate the interaction between capsid proteins with
NPs, the high difference in contrast between gold particles and the soft constituents of the
viruses creates difficulties in analysing the images. NPs have a high molecular mass, hence
high amplitude contrast and can be imaged close to focus. The light elements that make up
the viruses on the other hand necessitate a high defocus (-2 to -3 um) to be visualized in
phase contrast. The thus necessary compromise in focus renders the allocation of NPs to
specific regions on the capsid more challenging. Moreover, when NPs are imaged with a 1.5
pm defocus, strong Fresnel fringes form as a white rim around the NPs that can conceal

other underlying structures such as parts of a capsid.

The analyses in this chapter are based on a range of cryoEM micrographs. The interpretation
of these images must consider that these are 2D representations of three dimensional vi-

ruses. Accordingly counts of electron-dense objects such as gold NPs can be slightly under-
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estimated by the superposition of these in 3D, particularly on a densely-covered virus. Meas-
urements of distances between structures on the images are likely to be underestimated, as
their exact distance in z-height on the 3D object is not known. The thickness of the fresnel
fringes around the NPs was used as an orientation to perform measurements of NP distances
at roughly comparable z-height to limit the underestimation of distances measured. Regard-
ing the distances measured between envelope and NPs the same limitation was taken into
account. The distance was thus measured between the outer rim of the envelope and the
particles located there, still the distance of a NP located on the envelope, but at higher z-
height would be shorter than the real distance in 3D. This limitation particularly applied to
particles located close to the envelope. A detailed evaluation of different morphologies of
the envelope upon treatment with the NPs would be highly interesting, but statistical infor-
mation can only be gained after an optimisation of the cryoEM procedure to yield higher

ratios of intact envelopes in the reference samples.

A further biological limitation to consider in this part of the study is that, per se, the HSV
capsid is not infective. This disadvantage is outweighed by: (1) the capsid size that is ame-
nable to imaging and (2) because HSV is a readily available member of the herpesviridae
family, which represents a good model to investigate the interaction between NPs and viral
capsids. It would have been ideal to directly study the NP-capsid association on a non-en-
veloped HSPG-dependent virus such as HPV rather on a sample rich in non-infective HSV
capsids, but the preparation of HPV samples in an optiprep gradient impossibilitated the
visualisation of these viruses under cryoEM. And (3) on a long-term perspective the direct
effects on HSV capsids could be of high interest when the capsids themselves are targets, as

for example in a therapeutic approach on latently infected neurons.

5.3.1 Nanoparticle interaction with viral envelopes

Turning now to the experimental results we examined position and distribution of
virucidal MUSOT 200515 and 131008 NPs on the surface of HSV1 and HSV2 viruses. For the
study of these interactions it was pivotal that the viruses were not fully concealed by the
NPs. Hence incubations with MUSOT 131008 NPs, that were more aggregation-prone due to
more tiny clusters in the NP batch (as outlined on page 70), were performed on short term
at low concentration (0.02mg/ml). MUSOT 200515, on the other hand, did not aggregate on
the viruses in a way that fully concealed the virus, hence the fully covered virucidal endpoint

could be studied on these NPs.
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Fully MUSOT 200515 covered HSV1 virions depicted in Figure 5-1 showed that the virucidal
NPs do not directly associate to the viral envelope, but localize at a distance of 8.4 + 3.9 nm
from the surface of the viral envelope bilayer. The distances of NPs to the virus envelope
agree with the length of different viral glycoproteins: gC 24 nm®, gD 8 nm®, gH/gL 8 nm *°
and gB 10 nm in prefusion-conformation and 14 nm in postfusion-conformation*’. The im-
portance and function of glycoproteins in the viral infection cycle has been introduced in
Chapter 2.1.5. The distance-distribution of MUSOT 200515 NPs on virus envelopes centres
around a distance of 7 to 9 nm off the virus envelope. Fewer particles were located further
from the envelope at distances up to 21 nm. The suggests a binding of the NPs to the shorter

glycoproteins: gB, gD and gH/gL.

The number of NPs bound to the virus surface has been quantified and showed, on average,
333 t 54 NPs bound per virus envelope. Griinewald et al. counted 600-750 spikes on the viral
envelope that they attribute to glycoproteins per HSV1 in a CryoEM reconstruction of the
full virion"”. Therefore we suggest that NPs bind to every second glycoprotein on the viral
envelope. The glycoprotein spacing on the virus has been reported to be 13 nm on the prox-
imal pole and as small as 9 nm at the distal pole. The spacing of virucidal MUSOT NPs on
the virus envelope was measured to be on average 11.6 + 4.0 nm, yet as introduced above this
value is likely underestimated for short distances. Comparable to the glycoprotein spacing
differences on proximal and distal pole of viruses different densities of NPs have been ob-
served on viruses e.g. in Figure 5-1 (e). The theoretical spacing of 330 NPs on a sphere of 200
nm diameter would be approximately 19 nm. By comparing real and theoretical spacing of
NPs calculated based on the number of NPs per virus and its diameter, an underestimation
factor of about two could be determined from five viruses. The average distances between
NPs measured on the virions support the hypothesis that NPs bind every second glycopro-
tein. It can therefore be summarized from the study of densely MUSOT 200515 covered vi-
ruses that the virucidal NPs bind numerously and densely to the glycoprotein layer of the

viral envelope, covering on average half of the there presented glycoproteins.

The study of the NP association to two single viruses (Figure 5-3, Figure 5-4) supports the
hypothesized interaction with short glycoproteins on the viral envelope. A schematic repre-
sentation of the binding we hypothesize is depicted in Figure 5-8 as will be detailed in the
following. As explained in Figure 5-3 MUSOT 131008 NPs predominantly associated to the
virus envelope layer at a distance between 8 and 10 nm on the proximal pole and up to 20

nm at the distal pole of the virus. A clustering of the NPs was observed at the protrusion
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that extends as far as 64 nm off the virus surface. Single long glycoproteinspikes emerging
more than 20 nm out of the glycoprotein layer do not seem to be associated to NPs, which
suggests a preferential binding to the short glycoproteins. Judging from the abundance,
length and angle of those spikes it can be assumed that these are 20-40 nm long gC spikes,
that has been deemed non-essential for the virus entry. The 8-10 nm short glycoproteins gB,
gD and gH/gL are essential, as is their organisation. It has been reported that the organisa-
tion of different glycoproteins onto different poles of the virus serves the purpose to keep
large, bulky glycoproteins far away from the entry associated short glycoproteins gB, gD and
gH/gL to avoid steric hindrance®®. Figure 5-8 summarizes the allocation of the different

densities imaged on the virus envelope to glycoproteins.

B t- o
E2pos gB post- virucidal
fusion MUSOT NPs

Figure 5-8: Schematic representation of the aforepresented CryoEM of an HSV1 virion after 30sec of treatment
with 0.02mg/ml of MUSOT 131008: Left: CryoEM image of 0.5 min MUSOT 131008 treated HSV2 with well re-
solved viral glycoproteins, Right schematic representation of the proposed glycoproteins virudical MUSOT NPs
bind to; The scale bar is 100 nm.

To summarise virucidal MUSOT NPs have been found to preferentially bind to gB, gD and
gH/gL. The number of virucidal NPs bound per virus in the case of abundant MUSOT 200515
NPs was high enough to cover half of all glycoproteins on the viral envelope. Based on these
observations we suggest that by multivalently, irreversibly binding to vital viral glycopro-
teins virucidal MUSOT NPs firstly impose steric hindrance and can act as spacers to hinder

the establishment of stable binding and membrane fusion.

Secondly, we propose that the strong binding of virucidal NPs to viral glycoproteins leads to

the induction of conformational changes in the viral glycoproteins. The function of the short
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glycoproteins gd, gH/gL and gB is to exert a force onto the membranes of virus and cell to
induce membrane fusion. As introduced in Chapter 2.5 after initial gC binding to HSPG gD
approaches the membranes of the cell and the virus. Then the gH/gL. complex pulls the
membranes together to induce membrane fusion. This initial fusion pore is stabilised by gB
to form a stable envelope opening through which the viral capsid enters the cell. T-shaped
gB in post-fusion form could clearly be identified by Mordehai et al. on the merged mem-
branes after membrane fusion as depicted in Figure 5-9. The high curvature of regions rich

in postfusion gB highlights the force gB exerts on the membrane.

virucidal
MUSOT NPs . 2 °

Y

gB postfusion

Figure 5-9: Left: Membrane fusion pore reproduced from Maurer et al. *® with colour coding: capsid blue, virus

envelope green line, viral glycoproteins yellow, cell membrane red line; Right: schematic representation of NP
decorated virus with gB postfusion rich region and envelope opening highlighted.

We hypothesise that the action of virucidal NPs on the virus envelope glycoproteins induces
comparable conformational changes leading to protruded region in the glycoprotein coat of
the virus and suggest that the observed opening of the envelope could be induced by the

action of the glycoprotein conformational change and clustering.

5.3.2 Hypothesized mechanism for virucidal NP action

Based on the results of the NP association to viral envelopes and viral capsid we propose the
following mechanism for the virucidal action of MUSOT-NPs. We hypothesise that the as-
sociation of NPs to viral glycoproteins induced conformational changes leading to the for-
mation of membrane distortions and protrusions is sufficient to destabilise the viral envelop

enough to eventually expel the viral capsid. The viral capsid in turn as well interacts with
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the virucidal NPs showing a sufficient destabilization to open the capsid and liberate the
enclosed DNA. Further progressive coverage with NPs then leads to the morphology of the
virucidal endpoint that has been established in the previous Chapter. In the following par-

agraphs, I am going to detail the separate steps of the hypothesized virucidal mechanism.

number of all viruses are ‘

viruses observed  scaled the same

< -«

Figure 5-10: CryoEM micrographs of the hypothesized mechanism for the action of virucidal NPs on viruses
showing different stages of NP-virus interaction from the initial association of NPs to the virus to the formation
of protrusions that open to liberate the capsid that in turn is opened and decorated by virucidal NPs. The small
number at the lower left of each image indicates the total number of images in which such a morphology has
been imaged. All images have been obtained after 0.5 min short incubation of virucidal NPs with HSV1. The Scale
bar is 100nm.

5.3.2.1 Nanoparticle binding and formation of membrane protrusion

We propose that starting from the initial binding of NPs to the viral glycoproteins confor-
mational changes are induced in the viral glycoproteins leading to the formation of mem-
brane protrusions. In samples treated with virucidal NPs these protrusions were both longer
than in reference samples and densely decorated with NPs. Stannard et al.*® described mem-
brane protrusions as rich in gB, which could suggest binding of virucidal NPs to gB. The gB
trimer in it prefusion conformation presents a central cavity of a width of approximately 4
nm. This cavity is flanked by the domain containing the hydrophobic, charged fusion loops
that stabilize the membrane merging and could structurally present an ideal binding pocket
for amphiphilic NPs. An image of the two conformations of the protein are depicted in Fi-
gure 2-11. The binding of virucidal NPs to the exposed part of the metastable prefusion-gB
could trigger a conformational change of gB to its postfusion form which exerts a force onto
the membrane as illustrated in Figure 5-9 inducing high membrane curvature. How the do-
mains arrange during the conformational change is still debated, as is the effect this would
have on the virus envelope if this were to happen numerously by a concerted induction

through NPs. Evidence as to the membrane curvature changing action of gB can be found
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both in the post-membrane fusion conformations imaged by Maurer et al. as well as in the

B7 utilized for

size distribution of extracellular vesicles enriched in gB that Mordehai et al.
their 3D structure study in gB. Vesicles with post-fusion gB were smaller, showing a higher
curvature than those with pre-fusion gB. This protein additionally shows a high propensity
to form clusters™ and thereby further drives the membrane fusion process during virus in-
fection. Membrane breakage as depicted in Figure 5-4 where an event of capsid expulsion
from the viral envelope was imaged could be based on excessive NP binding to said gB and
the induction conformational changes of this protein lacking its cellular counterpart. The
propensity of gB to cluster could further drive this process to lead to the formation of gly-
coprotein clusters and membrane protrusions that exert a sufficient force onto the mem-

brane to induce its breakage. The then liberated capsid again interacts with the NPs in so-

lution.

5.3.2.2 Capsid-nanoparticle interaction

Quantitative image analysis presented in Chapter 4 showed that the proportion of broken
capsids in viruses treated with virucidal NPs is substantially increased: from 10% in the HSV2
reference sample to 46% over all capsids counted in MUSOT treated on HSV2, see Figure
4-8. Hence, the possibility that some images show NPs that attached to already broken vi-
ruses cannot be completely excluded. As in previous experiments, higher counts, based for
example, on a higher initial virus concentration, would facilitate the interpretation of the
results. This is especially relevant when analysing broken or non-stabilized capsids which
we suspect to be short-lived structures as has been reported for unstabilized viral procapsids
in solution®. As in the previous interpretation of the effects of NPs on the viral envelope
the interpretation of the NP effects on viral capsids is based on images that have been cate-

gorized from different samples at short (0.5 min) incubation time.

From the images presented in Figure 5-5 we propose the following sequence of events lead-
ing to the breaking of the capsid and fully NP covered virucidal endpoint: association of NPs
to capsid vertices followed by NP clustering and lining up at capsid vertices to the defor-

mation and opeing of the vertices as presented in Figure 5-11.

95



An in-depth study of the nanoparticle virus interaction

associating to capsid vertices clustering lining up at capsid vrtices

-100 nm

deformigapsid vertices opening capids . fully covering the viral capsid

Figure 5-11 Hypothesised sequence of NP-capsid association events leading to the eventual breakage and full NP
coverage of broken capsids. Scale bars are 10onm.

We have observed that particles predominantly attack the virus pentons (Figure 5-5 b and
e) rather than the virus hexons. A capsid opened by the NPs at more than one site has only
been observed twice (Figure 5-5 d and Figure 5-6). We hypothesise that this observation of
a single point where NP attachment starts, is linked to structural details of the capsid. The
icosahedral capsid is built of the major capsid protein VP5 arranged in pentons and hexons
that are packed primarily by electrostatic interactions™. The capsid structure of HSV has
been described in detail in Chapter 2.1.5. The pentons are more spaced than the hexons,
hence the channel formed by the protein pentons is wider™. One of the 12 pentons is occu-
pied by the portal protein that is of particular importance in the viral life-cycle as it is both
responsible for the loading of the DNA from the nucleus into the capsids as well as the ejec-

°. Clustering and lining up of NPs on capsid vertices

tion out of the capsid into the nucleus
are most likely linked to tegument and portal proteins on the virus capsids. We hypothesize
that once the particles interact with the metastable capsid, it causes irreversible structural
modifications in the capsid such as elongations and deformations. The CryoET slices repre-
sented in Figure 5-6 and Figure 5-7 show empty capsids devoid of their DNA at different
stages of capsid degradation. Whereas the first virus depicted still shows a polyhedral struc-

ture, the second virus is round with a large opening on the capsid.

Compared to the capsid thickness of 15 nm"™ the MUSOT NPs have a core diameter around
2.8 nm, and a hydrodynamic radius of 5-6 nm: thus, large enough to disrupt the capsid upon
insertion. Excessive aggregation and the insertion of virucidal NPs into the penton or the
portal protein could create enough distortion to destabilize the electrostatic binding of the

capsid proteins, or that of the small part of the protein that plunges the penton channel, to
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induce the ejection of the DNA that is confined in the capsid at high pressure ~18atm"”* The
concept that multivalent binding of NPs to a viral capsid can exert a force onto the capsid

of has as well been proposed based on simulations of one of our collaborators”.

An intact virus is a supramolecular assembly that, through evolution, has developed remark-
able colloidal stability in complex biological fluids >. This allows viruses to avoid establishing
deleterious interfaces and activates only upon recognizing its target host. However, once

the viral structure is damaged, the NPs adsorb avidly onto the broken virus.

To summarize the capsid - NP interaction we propose that MUSOT NPs fit between the
capsid proteins at the vertices of the icosahedral capsid. The, there located, penton channels
and the portal protein of the virus present anchoring points for the NPs where they are able
to establish multivalent binding to induce local distortions that destabilize the metastable
capsid sufficiently to release their DNA and hence become irreversibly inactivated. Once the
viral structure is damaged, the NPs adsorb avidly onto the broken virus leading to the fully

NP covered morphology of the virucidal endpoint.

5.3.2.3 Summary of the hypothesized virucidal mechanism
Figure 5-12 summarizes the hypothesized mechanism of virucidal NPs on enveloped and

non-enveloped viruses:

: . Protrusion.
" NP binding to relo_ngation
'\(iral _glycoprdteins i

Fully NP .. Capsid NP
covered breaking “binding
capsid : to capsid
‘ vertex

Figure 5-12: Hypothesized virucidal mechanism
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Chapter 6  Conclusion

6.1 Achieved results

This study set out to determine whether the treatment of viruses with broad-spectrum an-
tiviral NPs can be correlated to detectable morphological damage to the viruses imaged by
Electron Microscopy. Therefore, we examined the differences between the association of
virustatic and virucidal NPs to different HSPG-dependent viruses in their near-native solu-
tion state using CryoEM. By employing qualitative and quantitative assessments of the
treated virus populations we established differential association characteristics and mor-

phologies of virustatic and virucidal NPs on viruses.

We found that virustatic NPs only attach in low numbers and without significant progres-
sion over time: we interpret this binding to be only transient. Virucidal NP on the other
hand attach to viruses in high number and show a clear progression towards fully NP cov-
ered viruses, which we interpret as the imaging of a the final virucidal effect. This effect
could be imaged both on HPV, HSV1 and HSV2 as well as with two different virucidal
MUSOT NPs. In a further examination of the association of single NPs with viruses, we iden-
tified determinants of the interaction of virucidal NPs with herpes simplex viruses to con-
clude a mechanism for the virucidal action of MUSOT NPs. We found that NPs appear to
interact with proteins vital to the viral infection cycle. On the viral envelope we propose that
the stable multivalent binding of numerous NPs exerts a force onto the viral envelope lead-
ing to envelope breakage. The released capsids in turn as well interact with NPs and we
propose that the interaction of viruses with the major capsid protein of HSV destabilizes the

metastable capsids sufficiently to release the enclosed DNA.

This project provided an opportunity to advance the field of antivirals. It is the first study to
provide a solution-state visualisation of the interaction of viruses and virucidal NPs. The in-
depth study further offers important insight into the association of single NPs with viral
proteins, of capsid and envelope and that could govern the development of new antiviral

therapies.
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6.2 Future development

For future studies, we propose two focus areas: one on the mechanism underlying the viru-
cidal properties of these NPs and another aiming towards the in-vivo use to treat viral infec-
tions. Here especially potential side effects stemming from the similarity of the presentation

of sulfonates on the NPs surface to heparin has to be considered.

6.2.1 A deeper mechanistic study

For a deeper study of the protein-NP interactions an exhaustive CryoET study should be
conducted to reconstruct the internalisation of virucidal NPs between capsids proteins, or
to demonstrate the conformational changes in the glycoproteins. In such a study both the
virus titer and the CryoEM procedure should be optimized to obtain a sufficiently high num-
ber of viruses per image and tomogram at high virus quality. Therefore, a study of cryopro-
tectants that could be used in CryoEM, but do not interfere with the virucidal effect to be
imaged would be required. Virus pre-treatment with sucrose for example rendered the vir-
ucidal action either less effective or prohibited viruses from effectively binding. A combined
ultracentrifugation and ultrafiltration protocol could both concentrate the viruses and re-
move residual sucrose from the viruses. Additionally, CryoEM sample preparation setup to
reliably have a high proportion of perfect round viruses in the reference is important for an

unbiased evaluation of the morphological effects NPs exert on the virus membranes.

Preliminary experiments where the virus-NP pre-incubation has been conducted at 4°C con-
trary to the incubation at 37°C showed that the previously observed virucidal effect of

MUSOT NPs only manifests as virustatic upon pre-incubation at 4°C as shown in Figure 6-1.

HSV2 MUSOT 230516 HSV2 virucidal assay preincubated at 4 vs 37°C
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Figure 6-1: Dose response and virucidal assay testing the temperature influence on NP-virus pre-incubation. Left:

Dose response of MUSOT 230516 at 37°C and 4°C. Right: HSV2 pre-incubated with MUSOT 230516 at 4°C and
37°C.
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We propose that this effect supports the hypothesized mechanism. For a conformational
change to be induced or a membrane to be distorted energy is necessary that is not provided
at 4°C. The additionally reduced mobility of lipids at 4°C could explain why not virucidal
effect could be observed when the virucidal testing is performed at 4°C. An investigation, if
this observation can be connected to an according NP-virus association and morphology in
CryoEM could greatly support the proposed mechanism of conformational changes from

metastable to stable systems.

For a further biological and virological evaluation of the virucidal effect of NPs a quantifica-
tion of the liberation of the major capsid protein VPs5 from the viruses could be tested to
support the hypothesis of virus envelope opening upon virus action. Additionally, the DNA
release ** could be quantified to support the concept of capsid opening, initial tests showed
that for this to work, concentrated virus samples would be necessary to obtain a measurable

amount of DNA.

6.2.2 Towards application as a pharmaceutical active agent

Nanotherapeutics have, for now, only made it through FDA approval in the form of lipo-
somes, polymer based platforms (predominantly involving poly-ethylene glycols PEG) or

nanocyrstalline active substances™”

. Metallic NPs have only recently made it into clinical
trials predominantly in the form of iron and iron oxide NPs as contrast agents or enhanced
iron supplements. Although a lot of research effort is invested into gold NPs, none have

been FDA approved to date. >

Therefore, our research group invested into translating the virucidal design principle estab-
lished on gold NPs onto different materials, namely on iron NPs as presented in Cagno et
al. [submitted] 7 and on cyclodextrins. Cyclodextrins show low cytotoxicity, do not elicit an
immune response and are widely used in pharmacology to enhance the bioavailability of
active substances®*. B-cyclodextrin, as received, is FDA approved in several drug formula-
tions and made the FDA list of Generally Regarded as Safe (GRAS) food additives™*. A com-
mercially available short linker sulfonated B-CD, termed CD1, showed an antiviral response
in the dose response assay, but released infective viruses again upon dilution, i.e. showed
only a virustatic effect (see Table 2). Samuel Jones replicated the supramolecular design we
employed on the NP on cyclodextrin by functionalizing 3-CD with 11 carbon long hydro-

philic chains terminated with sulfonates. The virological testing of this molecule, termed
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CDSz showed a steep dose response curve and the virucidal assays could confirm the viru-
cidal action of CDS2, confirming a successful design replication. The virustatic action of the
short-linker CD1 and the virucidal action of the long-linker CDS2 were shown both on HSV1

and HSV2 as presented in the characterization in the Materials and Methods on pages3.

A first CryoEM study on the morphologies of viruses after 0.5 min of incubation with
0.02mg/ml virucidal CD2 showed a high proportion of broken capsids as depicted in Figure
6-1. CDS2 treated viruses show a markedly increased proportion of broken capsids: 44% for
0.02mg/ml and 33 + 3% for 0.2mg/ml. Morphologies upon CDS2 0.2mg/ml treatment have

been counted in two separate samples.

Capsid intact Capsid broken

reference

0.02mg/ml CDS2

0.2mg/ml CDS2

I I I

0% 20% 40% 60% 80% 100%
O Capsid intact M Capsid broken

Figure 6-2: CryoEM imaging and quantification of HSV2 capsid morphology immediately after treatment with
CDS2 (approximate incubation time below 0.5 min): the top panel shows representative CryoEM images of intact
versus broken capsids; the diagram below shows the ratio of intact vs. broken capsids for a reference sample
versus samples treated with 0.02mg/ml CDS2 or 0.2mg/ml CDSz. The scale bar is 100 nm

The interaction of HSV1 with the virucidal CDS2 and virustatic CD1 was comparable to that
seen in HSV2 viruses. The proportion of broken capsids increases from 3% in the reference
sample to 15% in the CD1 sample, further to 13% upon exposure to 0.02g/ml CDS2 to 20%
for a high concentration of CDS2 of 0.2mg/ml as depicted below in Figure 6-3. On a closer
observation of the glycoprotein arrangement on the envelope periodicities comparable in
size to those for CD crystals have been observed and could hint towards a possible cross-

linking of the proteins through CDSz.
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HSV1-CD morphology [30sec, RT]

I E— B
T oo EEE—
B A=
T cosoznm By

0% 20% 40% 60% 80% 100% 0 5 10 15 20 25

Percentage of viruses counted Viruses counted

DOCapsid intact W Capsid broken  BEnvelopes M Fully NP-covered

Figure 6-3: Diagrams of counts of the CryoEM HSV1 morphology after treatment with the virustatic CD1 and
virucidal CDSz2 for 0.5 min at RT (Left), CryoEM micrograph of HSV1 incubated for 30sec with 0.02mg/ml CDS2
after 30sec, an area of increased glycoprotein organisation is highlighted by a black arrow (middle), CDz crystals
observed in a less soluble production of sulfonated cyclodextrins. Scale bar is 100 nm

Nonetheless for an antiviral substance or nanomaterial to be relevant, it must perform its
role in an infected living organism. Although the morphological studies presented in this
thesis showed a novel way of approaching this complex problem, its relevance will ulti-
mately be judged by its efficacy as a tool against viral infections. As described in the intro-
duction, little can be offered to victims of viral infections, that can be fatal, not only to indi-

vidual patients, but to entire populations.

To summarize this work showed that, by tuning the surface chemistry on gold NPs and
cyclodextrins, viral activity could be manipulated along with the observation of drastic mor-
phological alterations in-vitro. These findings pave the way for both in-vivo research towards
broad spectrum antiviral treatments and also to further fundamental in-vitro studies that

can reveal otherwise unanticipated viral vulnerabilities.
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