virucidal nanomaterials against influenza

Thése N°9114

Présentée le 8 mars 2019

a la Faculté des sciences et techniques de I'ingénieur
Laboratoire des nanomatériaux supramoléculaires et interfaces - Chaire Constellium
Programme doctoral en science et génie des matériaux

pour I’obtention du grade de Docteur és Sciences

par

Ozgiin KOCABIYIK

Acceptée sur proposition du jury

Prof. A. Fontcuberta i Morral, présidente du jury
Prof. F. Stellacci, directeur de thése

Prof. M. Prato, rapporteur

Prof. L. Liz-Marzan, rapporteur

Prof. J. Fellay, rapporteur

G\

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE






Acknowledgments

First of all, I am grateful to Francesco. He always believed in me, contributed to my
career development so much. He has been like a father to all of us, rather than a boss.

I feel very lucky to have him as my advisor.

When I was doing my master at EPFL, I learned a lot about colloids from Javier
Reguera, organic chemistry from Stephen Schrettl and Caroline Sugnaux. The

knowledge I gained from them helped me very much during my phd thesis.

Thanks to Valeria Cagno, I almost became a virologist. It was great that we always
worked in harmony together. I also would like to thank to Caroline Tapparel for
advises and for accepting me in her lab. Thanks to Ronan Le Goffic, who performed
the in-vivo experiments, my thesis became much more prestigious. Special thanks to
Nicholas Dorma who brought me a lot of luck from Italy and introduced me to the
world of virology. It was also a great pleasure to work with Matteo, Rosie and Mate;j
in the bio-lab. I will miss our interesting discussions about nano-bio world. Besides

my colleagues, | am grateful to Sam and Nikea, they changed the fate of my project.

I spent more than seven years in Lausanne. Thanks to my friends and colleagues, I
skipped adult lifestyle during these years. We had very cheerful days together, great
Sat and Zelig evenings and delicious BBQs. During my first years, it was great to be
with my friends from university in Lausanne: Gozde, Gorkem and Mete. I am missing
those days so much. Big thanks to Anna Dalmau, Louis, Gian-Luca and Andi for
after-work drinks and great company. Riccardo, Ghil, Hale, Jose, Guiseppe,
Andreana, Jessica and Thibault made me forget that my family was far away... We
always had great discussions and fresh lab gossips with our morning coffee team in

sunmil: Elif, Ahmet, Ula, Pelin, Evi and Nikos. I will miss you guys!

Lastly, I am grateful to my parents and my sister. [ feel very strong because of the

huge support they give me...



Abstract

Influenza affects millions of people in all parts of the world. The fact that influenza
virus can spread through air increases the chance of influenza outbreaks. There are 3
to 5 million severe cases of influenza resulting in 290,000 to 650,000 deaths every
year. Not as common as outbreaks, but in the 20" century four influenza pandemics
appeared: Spanish influenza (1918, 50 million deaths), Asian influenza (1957, 2
million deaths), Hong Kong influenza (1968, 1 million deaths) and swine influenza
pandemic (2009, 150,000 to 500,000 deaths). World health organization (WHO)
emphasizes that influenza is the only pathogen that has a reasonable chance of
causing a new pandemic in the near future. It is unlikely that current influenza

vaccines and therapeutics will be sufficient to prevent a coming pandemic.

Presented within this thesis is a novel approach to irreversibly inhibit influenza virus
with non-toxic and highly effective nanomaterials. These nanomaterials are designed
so to bear glycan end-groups that bind to the influenza virus with high-affinity. Their
design is such that binding determines a chain of events that leads to the irreversible
loss of viral infectivity (i.e. virucidal mechanism). There are two key elements in the
design of these materials. The first is the correct glycan sequence, terminating with
sialic acid, needed to bind with high affinity to the influenza virus attachment ligand
that is hemagglutinin. The second is a certain hydrophobic content in the drug, needed
to impart the irreversibility in the antiviral effect. We show that when both elements
are present, a virucidal non-toxic drug can be achieved either with gold nanoparticles

or with cyclodextrins.

With these materials several human influenza strains of type A and B were inhibited
with virucidal mechanism. Furthermore, ex-vivo and in-vivo antiviral activity of the
nanomaterials with cyclodextrin core was investigated against a very aggressive
influenza A strain. Ex-vivo studies clearly demonstrated that the mechanism of

inhibition is virucidal. In the in-vivo studies, nanomaterials prevented the mice to
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loose weight and body temperature; significantly reduced the virus concentration in
the lungs and in the nose. These materials can be further developed to target animal
strains of the influenza virus. This is particularly important since influenza pandemics
usually appear when humans are infected with a new animal strain such as avian and

swine influenza.

Keywords: influenza, nanomaterials, virucidal, irreversible inhibition
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Résumé

La grippe touche des millions de personnes a travers la planéte. Le fait que la grippe
puisse se propager par I’air augmente les risques d’épidémie. Chaque année, ce sont
plus de 3 4 5 millions de cas sévéres de grippe qui sont reportés, causant de 290 000 a
650 000 morts. Au cours du 20°™ siécle, pas moins de quatre épidémies majeures de
grippe ont eu lieu: la grippe espagnole (1918, 50 millions de morts), la grippe
asiatique (1957, 2 millions de morts), la grippe Hong-Kongaise (1968, 1 million de
morts), et la grippe porcine (2009, 150 000 a 500 000 morts). L’Organisation
Mondiale de la Santé (OMS) souligne que la grippe est le seul pathogéne qui a des
chances de causer de nouvelles épidémies dans 1’avenir. Il est improbable que les
vaccins actuels contre la grippe ainsi que les thérapeutiques établies suffisent pour

empécher une prochaine épidémie.

Dans cette thése, une nouvelle approche pour inhiber irréversiblement le virus de la
grippe par le biais de nanomatériaux efficaces et non toxiques. Ces nanomatériaux
sont congus pour porter des terminaisons a base de glycane, qui se fixent au virus de
la grippe avec une excellente affinité. De part leur structure, cette étape de fixation
engendre par la suite une chaine d’événement qui conduit a une perte irréversible de
I’infectiosité virale (i.e. mécanisme virucide). Deux éléments sont clés dans la
conception de ces nanomatériaux. D’une part, il est nécessaire de synthétiser une
séquence de glycane, particuliére se terminant par de 1’acide sialique, nécessaire pour
se fixer avec une grande affinit¢é a 1’hémagglutinine, ligand d’attache du virus
grippaire. D’autre part, un contenu hydrophobe au sein du médicament est nécessaire
afin d’assurer I’irréversibilité de 1’effet antiviral. Nous démontrons que, lorsque les
deux éléments sont réunis, un médicament virucide non-toxique peut étre obtenu soit

gréce a des nanoparticules d’or ou bien par le biais de cyclodextrine.

A l’aide de ces nanomatériaux, plusieurs souches de grippe humaine de type A et B

sont inhibées par un mécanisme virucide. L’activité antiviral in-vivo et ex-vivo des
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nanomatériaux avec cyclodextrine est étudié contre une souche de type A
particuliérement agressive. Les études ex-vivo démontrent clairement que le
mécanisme d’inhibition est virucide. Lors des études in-vivo, les nanomatériaux
permettent d’empécher une perte de poids ainsi que de température corporelle a une
population de souris, tandis que la concentration en virus est largement réduite dans
leurs poumons et leur nez. Ces matériaux peuvent étre adaptés pour cibler des souches
animales du virus de la grippe. Ceci est particuliérement important car les épidémies
de grippe apparaissent lorsque les humains sont infectés par de nouvelles souches

animales tels que la grippe aviaire ou porcine.

Mots-clefs : Grippe, Nanomatériaux, virucide, inhibition irréversible.
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CHAPTER 1

Scope of the Thesis and the Extended Synopsis

Viruses are our selfish life partners. Moderately selfish ones reproduce a few billion
copies, make us a little sick and leave our bodies in a few days. Occasionally they
come back, and the cycle continues. Markedly selfish ones alter our genes, travel with
us from Europe to America and meet new hosts, make us very sick and eventually kill
us. The immune system is our superhero that protects us against viruses. However,

when our superhero is late or the danger is severe, we end up taking antiviral drugs.

Current antiviral drugs are virustatics that are designed to suppress the viral
replication process. They interfere with one step in the viral replication process and
prevent the virus from reaching high concentrations. Virucides (virucidal drugs) that
inactivate the virus particle with limited host toxicity are not currently used to treat
viral infections. Indeed, these types of drugs that fight against bacteria have been in
therapeutic use for many years. For instance, Penicillin is a bactericide, which leads to
lysis of the bacteria. It is well known that Penicillin has saved millions of lives since

the early 20" century.

infective virus

o

virustatic drug

infective virus

virucidal drug
*

inert virus

Figure 1.1: Virucidal drugs permanently inactivate the virus. The difference between the
virucidal and virustatic inhibition mechanism is clearly observed upon dilution of the virus-

drug complex
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There is a need for broad-spectrum antiviral drugs that inhibit viruses with virucidal
mechanism despite viral mutations (figure 1.1). This type of drugs is particularly
important to fight against viral mutations as well as emerging viruses. It was
previously demonstrated that MUS-OT NPs inhibit HSPG dependent viruses with
virucidal inhibition mechanism. Sulfonate end-groups target conserved HSPG binding
points of the virus, whereas the rigid hydrophobic spacers initiate deformations in the
viral proteins. MUS-OT NPs successfully inhibited several HSPG binding viruses
such as Herpes Simplex Virus 1 and 2 (HSV-1, HSV-2), Human Papilloma Virus
(HPV), respiratory syndical virus (RSV) and lentivirus.

The objective of this thesis is translating the concept described above to the sialic acid
targeting viruses. Unlike HSPG dependent viruses, sialic acid targeting viruses make
distinctive interactions with the host-cell glycoproteins. Each virus prefers a different
glycan arrangement involving sialic acid, for high affinity binding. Therefore, sialic
acid alone may not be sufficient to target these viruses. A material design specific to

the virus has to be done.

In the family of sialic acid targeting viruses, influenza affects the highest number of
people in the world. People from all ages in the developed and developing world;
even animals such as birds and pigs are affected by influenza. More importantly,

influenza virus occasionally leads to pandemics.

Over the last 100 years influenza virus A HINI subtype caused two pandemics. The
first one is Spanish influenza which caused 50 millions deaths in 1918 and the second
one is 2009 swine influenza pandemic which caused around half million deaths.
Despite the fact that influenza is a rapidly mutating virus, these two HIN1 strains

targeted the same glycans on the host-cell receptors to start the infection.

Human upper respiratory track tissues are rich with glycans terminating with -2,6
linked sialic acids. Even though influenza virus rapidly mutates, sialic acid binding
pockets of the hemagglutinin (HA) does not significantly change. If this part of the
virus would mutate, the chance for successful infection would decrease. Therefore,

the glycan array studies show that the majority of human influenza viruses bind to
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glycans terminating with 6-Sialyl-N-acetyllactoseamine (6’SLN). 6’SLN trisaccharide
was grafted onto nanomaterials (gold or B-cyclodextrin core) bearing a rigid spacer
ligand (figure 1.2). Antiviral and virucidal activity of the modified nanomaterials
against human influenza A and B viruses was then investigated. The nanomaterials
with the gold core were synthesized in order to conduct structure-activity relationship.
In the case of nanomaterials based on cyclodextrin scaffolds, the focus was complex
biological assays since organic materials have a greater potential to become a drug.
Ultimately, this thesis demonstrates how to design nanomaterials that irreversibly

inhibit influenza and what is potential of nanomaterials to become a drug.

-
OH\ OH So0k 2) Incubation of the Influenza with the NMs
eSLN O 070 oH , -2
ci OH ot N X
AcHN A };Y ?ng\\&f?\ o L Y » ) Aﬁ
HO g5 7 £I » )
Ak ¥ Wy

1) 6’SLN grafting onto NMs

~

3) Tight binding btw the NMs and HA trimers,
followed by a chain of events that lead to
the inactivation of the virus particle

4) Inert virus

Figure 1.2: 6’SLN is the trisaccharide that binds to human influenza virus with high affinity.
In order to irreversibly inhibit the influenza virus, Nanomaterials (NMs) based on gold or
cyclodextrin scaffolds were modified with 6’SLN molecules. The tight binding between the

HA trimers and NMs, followed by a chain of events lead virus to loose infectivity.

The thesis is divided into six chapters:

Chapter 2 starts with a brief introduction to viruses and antiviral drugs. The
mechanism of inhibition of conventional drugs as well as the virucidal drugs is
described. The chapter continues with the concepts of non-covalent interactions and
multivalent interactions that are important for the virus-host interactions. The last
topic of chapter 1 is antiviral materials that mimic the virus-host interactions. A

detailed summary of previous antiviral materials targeting HSPG or sialic acid
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dependent viruses is given. Possible mechanism of inhibition of these materials,

virustatic or virucidal, is also discussed.

Chapter 3 is about influenza virus and how to design antiviral materials that
irreversibly inhibit influenza virus. The characteristics, classifications as well as
potential dangers of the influenza virus are described in detail. Following the
background information on the influenza virus, previous glycan array studies on the
influenza virus that demonstrates the glycan sequences providing high-affinity
binding to influenza is discussed. Accordingly, 6-Sialyl-N-acetyllactoseamine
(6’SLN) provides the high affinity binding to the majority of the human influenza
viruses. Lastly, designing virucidal nanomaterials against human influenza virus in

the light of glycan array studies is described.

In chapter 4, the experimental work on the 6’SLN coated gold nanoparticles that
irreversibly inhibit influenza is described. It was shown that the density of the 6’SLN
end-groups as well as the chemical structure of the spacer ligand is important on the
inhibitory activity. In these studies, the optimum density of 6’SLN trisaccharide
providing high-affinity binding is determined. The ideal spacer ligand that contributes

to both binding and virucidal activity is also suggested.

Gold NPs showed virucidal activity against influenza A virus HIN1 and H3N2 strains
as well as against influenza B virus. Apart from the virucidal activity, gold NPs are
found to be non-toxic to cells and highly specific to influenza virus. There was no
inhibitory activity against HSV-2 and enterovirus 68. In the beginning of this chapter,
synthesis and experimental procedures are summarized. The methods to conduct NP
characterization are also involved. Additional data on the characterization of NPs can

be found in the appendix A.

Chapter 5 is about virucidal nanomaterials against influenza bearing a cyclodextrin
core. Biodegradability of a material is very important for pharmaceutical applications.
Therefore, the gold core was replaced with B-cyclodextrin so that the nanomaterials

would have the potential to become a drug.
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In this part, the importance of the spacer length on the inhibitory activity was
investigated. It was found that sufficiently long spacer ligand is important for end-
group flexibility. 6’SLN modified B-cyclodextrins without spacer ligands poorly
inhibited influenza virus. On the other hand, 6’SLN modified B-cyclodextrins bearing
a spacer ligand, showed a strong antiviral activity against human influenza strains.
The mechanism of inhibition was determined to be virucidal, as it was the case for

gold NPs.

The virucidal activity was also demonstrated with more complex biological assays
such as ex-vivo and in-vivo. In the ex-vivo experiments, modified B-cyclodextrins
reduced the virus concentration by several log units relative to non-treated controls. In
the ex-vivo experiments modified B-cyclodextrins prevented the mice to loose weight
and body temperature; significantly reduced the virus concentration in the lungs and
in the nose. The experimental procedures as well as NMR characterization of
cyclodextrin derivatives are given in the beginning of the chapter. The additional data

on the characterization of modified B-cyclodextrins can be found in appendix B.

Chapter 6 summarizes the important conclusions of this thesis and what additional
studies can be done in the near future. This thesis only covers human influenza strains
and excludes avian influenza strains. However, avian influenza virus potentially leads
to pandemics. Targeting the avian influenza strains such as H5N1 is suggested as the

most straightforward yet important future study.

Overall, this thesis demonstrates that it is possible to design highly specific materials
that irreversibly inhibit viruses. The concepts demonstrated here could be an
inspiration to new studies that aim to irreversibly inhibit other HSPG or sialic acid

targeting viruses.



CHAPTER 2

Antiviral Materials

Viruses are infectious organisms that use the machinery of the host-cells to replicate.
The interaction of the viral ligands with the host-cell receptors is the first step of the
viral replication process. This step involves many non-covalent interactions and plays
a crucial role in the success of the viral replication process. Multivalent antiviral
materials that mimic the interaction between the viruses and the host-cell receptors
are the main topic of this chapter. The inhibition mechanisms and design principles
will be discussed with several examples from literature. To give a background
information, the chapter begins with a brief description of the whole viral replication
cycle that ends up with the invasion of the host. It continues with antiviral
therapeutics: their mechanism of action, advantages and limitations. Non-covalent
interactions in the biological systems and the concept of multivalency are then

introduced before the antiviral materials are discussed in detail.

2.1. Viruses and viral diseases

Viruses are infectious organisms that have evolved to replicate using the machinery of
the living cells. They carry a genetic material, DNA or RNA, which starts the
replication process inside the host-cell. The genetic material is protected by the capsid
proteins. and in certain cases additionally with an envelope. The size of the viruses
varies from a few nanometers to hundreds of nanometers, and enveloped viruses are

usually larger in comparison to the non-enveloped viruses.

Although, the study of viruses has made great contributions to many research fields

such as macromolecules, medicine and genetics, the main reason why viruses are



Chapter 2: Antiviral Materials

investigated is that they can be the source of diseases in humans, animals as well as
plants (figure 2.1). Diseases start because the viruses lead to malfunctioning of certain
cells as well as organs. Some well-known examples of the virus caused diseases are
human immunodeficiency syndrome by HIV; chronic hepatitis and liver carcinoma by

Hepatits B; enteric infection by poliovirus; smallpox by variola virus.

Overview of
Viral infections

Encephalitis/.

meningitis Common cold Eye infections

- JC virus - Rhinoviruses - Herpes simplex virus

- Measles - Parainfluenza virus - Adenovirus

- LCM virus - Respiratory syncytial - Cytomegalovirus

- Arbovirus virus " .

- Rabies Parotitis ,Pneumonia
L . - Influenza virus,

Pharyngitis”  Gingivostomatitis Types A and B

- Adenovirus - Herpes simplex type 1 - Parainfluenza

- Epstein-Barr virus virus

- Cytomegalovirus - Respiratory

syncytial virus
Cardiovascular - Adenovirus

- Coxsackie B virus - SARS coronavirus

Hepatitis
- Hepatitis virus
types A, B,C,D, E

Myelitis
- Poliovirus
- HTLV-I

Skin infections

- Varicella zoster virus Gastroenteritis
- Human herpesvirus 6 - Adenovirus

- Smallpox - Rotavirus

- Molluscum contagiosum - Norovirus

- Human papillomavirus " Sexually transmitted - Astrovirus

- Parvovirus B19 diseases - Coronavirus

- Rubella - Herpes simplex type 2

- Measles - Human papillomavirus Pancreatitis

- Coxsackie A virus - HIV - Coxsackie B virus

Figure 2.1: The summary of viral diseases that appear in humans. Copryright: Higgstrom,

Mikael (2014)

The immune system protects humans and animals against viral diseases. During the
course of a viral infection, foreign proteins (antigens) are recognized by B-cell
(humoral) immunity and T-cell (cell-mediated) immunity. B-cell immunity detects
and clears the virus particles, whereas T-cell immunity detects infected cells and
induces apoptosis. However, the immune system alone is not sufficient to fight
against severe viral infections. Vaccination provides protection against viral

infections whereas antiviral drugs cure the viral infections.

2.2. How viruses invade the host?

The first step of the viral replication process is the attachment of the viral ligands onto

the host-cell glycoproteins through non-covalent interactions. Majority of the viruses
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have two attachment receptors on the host-cell surface: primary-receptor and entry-
receptor. These receptors can be proteins, carbohydrates and lipids." As a primary
binding point, viruses commonly target either heparan sulfate proteoglycans (HSPG)
or sialic acid moieties on the host-cell surface. For example, Herpes Simplex Virus
(HSV), Human Papillomavirus (HPV), Human Immunodeficiency Virus (HIV)

targets HSPGs; Rotavirus, influenza virus and enterovirus target sialiated glycans.

Once the virus binds to the primary-receptors, the interaction with the entry-receptors
starts. In general, high affinity interactions (nM-puM) between the viral attachment
proteins and its corresponding receptor lead to conformational changes in the viral
proteins.' For instance, binding of HIV-1 to CD4 and CCRS5 lead to conformational
changes. The conformational changes on the viral proteins may facilitate the entry
process.” Conversely, low affinity interactions (uM-mM) do not lead to any

significant conformational changes.

Viruses enter into the host-cell via two main entry-routes: endocytic or non-endocytic.
As a general rule, non-enveloped viruses are uptaken via endocytic route whereas
enveloped viruses enter via membrane fusion. Exceptionally, some viruses with an
envelope, such as influenza virus, can enter the host via endocytic route as well.
Once the virus enters into the host-cell, cellular enzymes disassemble the capsid so
that the genetic material is released to start the viral reproduction. Majority of the
RNA viruses copy their genetic material in the cyctoplasm whereas DNA viruses in
the nucleus. Following the transcription or translation of the genome, the viral
proteins are synthesized and different parts of the virus assemble. Finally, the progeny

virus leaves the host in order to infect new cells.

2.3. Conventional Antiviral Drugs and their mechanism of action

Antivirals are the most common type of medication to cure viral infections. They can
be in the form of a small molecule (smaller than 900 Dalton and with a size in the
order of 1 nm) or larger such as peptides, proteins and polysaccharides.””” Most of the
current antivirals are small molecules and suppress the viral reproduction, interfering

one step in the viral replication process (figure 2.2). A viral replication process
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involves seven steps that are: 1) virus attachment to the host-cell glycoproteins 2)
entry via fusion or endocytosis 3) uncoating of the capsid, 4) transcription/translation
of the genetic material 5) virion synthesis and assembly 6) release of the mature virus

particle.

Binding
to the target

Budding

N
Viral @
proteins

synthesis

New virion

Figure 2.2: Illustration demonstrating the replication cycle of a virus particle. Viruses use the
machinery of the host-cell in order copy the viral components. Once the replication process is
complete, the virus progeny leaves the cell in order to infect new cells. Graphic copyright:

designua.

For instance, Zanamivir, a neuraminidase inhibitor against influenza, targets the exit
step so that the virus progeny cannot leave the host-cell to infect new cells.
Azidothymidine (AZT) targets the transcription step of HIV virus, preventing the
virus from synthesizing the viral genetic material. Antiviral drugs can function inside
the cell (intra-cellular) or outside of the cell (extra-cellular) depending on which step

of viral replication it targets.

In-vitro antiviral assays are the first step of investigating the efficacy of an antiviral
drug. Dose-response assays are conducted by incubating a fix virus concentration
with a varying dose of the antiviral. The antiviral concentration required inhibiting
half (ECsp), 90% (ECqp) and 99% (ECyqy) of the virus are determined with dose-
response assays. The virus concentration to conduct the experiment is determined by
multiplicity of infection (MOI) calculations, which is the ratio of virus particles to the

number of cells. For longer infection durations (24h to 72h) smaller MOI values (0.05
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to 0.1); for shorter infection durations (8h to 24h), larger MOI values (0.5 to 1) is
convenient. There are several quantitative methods that can be followed to read-out a
dose-response experiment. Plaque assay, focus-forming assay and end point dilution
assays are some of the widely used methods to evaluate the results of a cell-based
antiviral assay. Once the in-vitro antiviral assays are successful, the efficacy of the

drug in tissues (ex-vivo) and in animals (in-vivo) is then tested.

2.4. Virucides: a sub-category of antiviral drugs

Virucides (virucidal drugs) are a sub-category of antivirals. Unlike traditional
antivirals that suppress one step in viral replication process, virucidals deactivate or
destroy the virus particle. Therefore, virucides irreversibly inhibit the virus particle.
At first glance, virucidal drugs seem to be similar to the entry or fusion inhibitors.
However, most of the entry/fusion inhibitors are virustatic and reversibly inhibit the

virus.

Virucidal drugs deform the virus particles to different extent. They can alter the
conformation of the viral proteins, which in turn lead viruses to loose infectivity. On
the other extreme, virus particle can completely be destroyed. Although virucidal
drugs are efficient to inactivate the virus particle, they are in general toxic to the host.
Therefore, virucidals are currently used as disinfectants.® Bleach, acids and virkon are

efficient virucides, but also highly toxic to the host.

Even tough virucidal drugs do not yet exist, drugs that irreversibly inhibit bacteria
(bactericides) are very common. Penicilin, for example, is a bactericide, which leads
the bacteria to lyse. It has been used as a medication to treat bacterial infections and

do not have serious toxicity on the host.

Similarly, the ideal antiviral drug would be a virucidal drug that has limited host
toxicity. Therefore, there is an ongoing research to synthesize non-toxic virucidal
drugs.gf11 For example, a protein called Cyanovirin-A is under investigation due to its

virucidal activity on viruses such as HIV, HSV, RSV and enteric viruses.!!'!?
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Cyanovirin-A interacts with the glycoproteins on the viral surface and on average

10,000 times more toxic to the virus in comparison to the host-cells.
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Figure 2.3: In order to find out if an antiviral drug is virucidal, virus-drug complex undergoes
several dilutions following an incubation period. If the mechanism of inhibition is virucidal
(irreversible inhibition), the virus is no more infective. If the mechanism is virustatic

(reversible inhibition), the virus regains the ability to infect.

Dose-response assays do not show if a drug is virucidal or virustatic. In order to
determine if the mechanism of inhibition is virucidal (irreversible), virucidal assays
are conducted.”'® Before conducting the virucidal assay, dose-response assay should
be conducted in order to determine the ECo9 concentration of the antiviral drug. Virus
and the antiviral are then incubated for a period of time, at the ECq9 concentration of
the antiviral. As a control, non-treated virus is incubated as well. Then the serial
dilutions of the inoculum are conducted and transferred onto cells in a similar way to

dose-response assays. Finally, the titer of the treated virus is compared to the non-

treated virus. A significant difference (at least 1 log unit) between the titers of the
treated and non-treated virus indicates a virucidal effect. The bigger the difference,
the stronger the virucidal effect is. If the inhibition mechanism is merely virustatic,
then the infective virus reappears (figure 2.3). It is important to note that virucidal
assays should always be conducted together with the toxicity assays. If the drug is
toxic to host-cells while being virucidal, the results of the virucidal assay may not be

reliable.
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The reasoning behind this assay is that interaction between a drug and the virus is not
possible upon significant dilutions since a large entropic penalty is paid for binding. If
the infectivity of the virus disappears after dilutions, the virus probably became inert

once incubated with the drug.

2.5. Non-covalent interactions in the biological systems

Non-covalent bonds are a type of chemical interaction that can be formed
intermolecular or intra-molecular. Unlike covalent bonds, non-covalent bonds are not
formed by electron sharing but the momentary charges form the bond. Therefore, they

are in general weaker in comparison to ionic, covalent and metallic bonds.

NH,

—CH, —OH s+ O = C—CH,— CH,—Hydrogen bond
—CHy —CHp<NH3* "0
~C —CH,— CH,— Ionic bond
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O
Figure 2.4: Examples of different non-covalent interactions between molecules. The

interaction between biological macromolecules usually involves several types of non-covalent

interactions. Graphic reproduced from Kim et al."?

Van der Waals forces, electrostatic effect (involves hydrogen bonding and ionic
bonding), m-effect, and hydrophobic effect are different categories of non-covalent
interactions (figure 2.4). A weak yet reversible bonding is formed by non-covalent
interactions. Reversible nature of non-covalent interactions makes them important in
the biological processes.'* Non-covalent interactions hold two helices of DNA

together; mediate protein folding and cell-to-cell communications; enable pathogens
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to start the infection process. Multiple types of non-covalent bonds are simultaneously

involved in the interaction between the biological macromolecules.

A non-covalent interaction involves the dynamic equilibrium of binding and
unbinding reactions. Binding reaction is governed by the association constant (K,)
whereas its inverse, unbinding reaction, is governed by dissociation constant (Kj).
Dissociation constant (Kq) is typically used to describe binding affinity in a non-
covalent interaction. In a reaction where A,B, complex separates into x subunits of A
and y subunits of B (equationl), the dissociation constant is described with the
equation 2. Smaller K4 values represent a higher binding affinity (stronger interaction)
whereas larger Kq4 values represent a weaker binding affinity. There are several
methods to measure the K4 such as surface plasmon resonance (SPR), gel-shift assays,

ELISA and spectroscopic assays.

Ay + B, = AB, (1)
_ [A"[B}” )
=B,

The weak nature of the secondary bonds is compensated by multivalent
interactions.'>'® Simultaneous binding of the multiple points enhances the non-
covalent interactions by reducing the dissociation constant.'” For instance, several
binding sites are involved in the interaction between a viral ligand and the cell
receptors. Once a ligand binds to the receptor, the binding chance of the next ligand
increases due to spatial proximity. Dissociation then slows down as it involves

multiple groups. The interaction between a multivalent ligand and a multivalent

receptor is considered “multivalent”. On the other hand the interaction between a
monovalent ligand and multivalent receptor is not multivalent but “monovalent”
(figure 2.5).'® Multivalent interactions may involve identical or different groups.'®
Homo-multivalent interactions involve the identical binding groups, whereas hetero-

multivalent interactions involve non-identical binding groups. The term
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“multivalency” is often replaced with “polyvalency” when the binding sites are

numerous (>>10).'® Indeed, many biological interactions are polyvalent.

Monovalent Multivalent Monovalent
interaction interaction interaction

Figure 2.5: Illustration showing the monovalent and multivalent interactions. Both of the

interacting substances should have multiple interacting points for a multivalent interaction.

2.6. Antiviral Materials

Most of the conventional small-molecule antiviral drugs are virus specific. When a
new virus or mutation of an existing virus appears, antiviral drugs in the therapeutic
use are usually not sufficient. Furthermore, small-molecule antiviral drugs interfere in

the cellular functioning since most of them act intracellular.

In the recent years, antiviral materials have widely been studied as an alternative to
the conventional small-molecule antivirals. These materials can be designed to target
the conserved parts of the viral proteins. Therefore they are potentially resistant to
viral mutations. Moreover, they do not necessarily interfere with the natural processes

in the cell as they target the virus extra-cellular.

Antiviral materials in this chapter involve any kind of organic or inorganic
biocompatible multivalent material inhibiting viruses. However, non-therapeutic

antiviral materials are excluded.
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As it was mentioned previously, the first step of the viral replication process is the
attachment of the viral ligands to the host-cell receptors. Multivalent interactions
between the ligands and the receptors prolong the binding event. Prolonged times of
binding increase the chance of cell-entry. Antiviral materials, in general, are
multivalent entry-inhibitors mimicking the interaction between the glycoproteins and
the viruses. Therefore they are commonly functionalized with sulfonate or sialic acid
groups since most of the viruses primarily attach to HSPG or sialic acid moieties that
are abundant on the host-cell surface (figure 2.6). In some studies, the materials are

modified with other molecules that bind to viral proteins with high affinity.
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Figure 2.6: Inorganic or organic scaffolds are modified with ligands bearing sialic acid or
sulfonate end group in order to target sialic acid and HSPG dependent viruses, respectively.
Materials coated with other end-groups that bind viruses with high affinity were also

investigated.

Unless specially designed, most of the antiviral materials are virustatic. The inhibitory
activity is reversible and usually lost upon dilutions. However, most of the previous
studies on the antiviral materials do not involve virucidal assays. Indeed, the half
inhibitory concentration (ECsg) of antiviral materials is usually a good indication of

mechanism of inhibition. High ECsy values (uM to mM) is an indication of virustatic

15



Chapter 2: Antiviral Materials

activity. On the other hand, lower ECs, values (nM to pM) may result from virucidal

activity.

The importance of the virucidal inhibition mechanism is more pronounced in the ex-
vivo and in-vivo experiments. Ex-vivo and in-vivo experiments are natural virucidal
assays since the virus-material complex undergo dilutions in the tissues. Therefore, a
material, that was demonstrated to be virucidal with in-vitro virucidal assay, has a
higher chance for in-vivo success. It is unlikely that a virustatic material has an
antiviral activity at micromolar concentrations in-vitro, will have a strong ex-vivo or
in-vivo activity. Upon dilution of the inoculum in the host, the antiviral effect will

probably disappear.

8377

R

2 Dilution’ .

Infective Virus

Inert Virus
MUS-AuNPs

Figure 2.7: Illustration demonstrating the virucidal activity of the MUS coated gold NPs.'®

Cagno et al. claimed that the rigidity originates from core and linker generate local
forces that lead to irreversible viral deformations.'® According to this study, virucidal
activity can be introduced by sufficiently long, rigid ligands (figure 2.7). Therefore,
antiviral materials having a rigid core and spacer ligand are more likely to be

virucidal than soft, flexible materials.

In summary, it is possible to estimate if a material is virucidal or virustatic by

considering at the chemical structure as well as the inhibitory activity against viruses.
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Antiviral materials with inorganic core

Inorganic nanoparticles are widely used in biomedicine as imaging tools, cancer
therapeutics and drug delivery vehicles.'”?® They are typically formed of a
biocompatible inorganic core and an organic shell. Inorganic core provides properties
such as defined size and shape, increased uptake by cells and contrasting agent. On
the other hand, organic shell provides colloidal stability in the aqueous medium and

can be designed for targeting specific biomolecules.

Antiviral properties of several inorganic nanoparticles were previously
investigated.”’ *° All these studies showed that inorganic nanoparticles coated with
sulfonate bearing ligands inhibit HSPG-dependent viruses. Di Gianvincenzo et al.
showed that gold nanoparticles modified with 11-mercaptoundecane sulfonate (MUS)
inhibit HIV virus at nanomolar concentrations.” Regarding the structure of the
nanoparticles and inhibiting concentration, the mechanism of inhibition is likely to be
virucidal. However, the study does not involve any virucidal assay. Similarly,
antiviral properties of (2-mercaptoethane sulfonate) MES coated silver nanoparticles
on the HSV-1 was investigated.”' The inhibiting concentration was found to be much
higher indicating a virustatic effect. Comparing these two studies, both viruses are
HSPG-dependent and the core material as well as the size of the NPs is similar.
However, the spacer length is different. MES has two carbons whereas MUS has

eleven carbons.

It is possible that longer spacer length enhances the virucidal activity, as Cagno et al.
studied it in detail (figure 7)."* Antiviral activity of MES and MUS coated gold NPs
against HSV-2 were compared and the latter found to be virucidal. MUS coated NPs
were demonstrated to be broad-spectrum virucides against HSPG-dependent viruses
while being non-toxic to cells. The results were supported with TEM studies, which
showed that more than 80% of the viruses were deformed (stage 4 in figure 2.8) after
90 minutes incubation period with MUS coated NPs. On the other hand less than 10%

of the viruses incubated with MES NPs were deformed.
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Figure 2.8: TEM images showing the virucidal activity of MUS coated gold NPs against
HSV-2 virus. TEM studies demonstrated that more than 80% of the viruses treated with MUS
coated gold NPs were deformed (stage 4) after 90 minutes of incubation." On the other hand

less than 10% of the virus particles were deformed after 90 minutes of incubation with MES

coated NPs.

Apart from inorganic NPs coated with sulfonated ligands, peptides conjugated to
inorganic NPs were studied as antiviral materials. Peptide triazole is a known
inhibitor of HIV-1. Bastian et al. prepared gold NPs-peptide triazole conjugates in
order to target HIV-1.2° Gold NPs were found to be enhancing the inhibitory activity
of peptide triazole. Another approach is to block receptors on the cell-surface using
NPs.?”” Bowman et al. coated gold NPs with molecules binding to CCR5, a known
entry receptor of HIV-1. Resulting NPs inhibited the fusion of HIV-1 into cells.

Similarly, sialic acid coated inorganic NPs were tested against influenza that is a

sialic acid dependent virus. Papp. et. al. demonstrated the antiviral activity of sialic

18



Chapter 2: Antiviral Materials

acid modified gold NPs against A virus/X-31 strain.”® As an alternative strategy to
target influenza virus, Lin et al modified silver NPs with Zanamivir and inhibited

HIN1 replication as well as virus-induced apoptosis.”

Antiviral materials with organic core

Biodegradability is the major problem with inorganic NPs. Hydrolysis or enzymatic
pathways cannot degrade the majority of inorganic nanoparticles. Therefore, after a
treatment using inorganic NPs, bio-elimination is the only way to clear the NPs from
body. Certain inorganic NPs, such as iron oxide NPs, are degradable. However,
excess amount of iron after degradation may cause problems. The main advantage of
the organic materials over the inorganic ones is that they are degraded and eliminated

30-33

from the body effectively. Therefore, organic scaffolds such as dendrimers and

polymers were modified in order to target viruses.

Antiviral activity of sulfonated polylysine dendrimers as potential topical
microbicides against HSPG-dependent viruses were investigated.”**> The dendrimers
successfully inhibited HSV-2 and HIV-1. In addition to in-vitro studies, the inhibiting
activity of the dendrimers was demonstrated with ex-vivo studies. Similarly,
Poly(lactic-co-glycoic acid) (PLGA) nanoparticles modified with sulfonated
carbosilane dendrons were demonstrated to be antiviral against HIV in-vitro.*®
Dendritic polyglycerol sulfate nanogels (100-200 nm) inhibited the entry of HSV-1 to
the cells.’’ Antiviral activity of many polymers, natural or synthetic, bearing sulfate
groups were investigated particularly against HIV virus.*® These materials were
envisioned to be vaginal creams in order to prevent HIV transmission and the research
proceeded until the clinical trials. However, all the materials under investigation
failed at one stage of the clinical trials. As discussed earlier, these polymers are likely
to inhibit the viruses with virustatic mechanism. Therefore, the limited in-vivo

efficacy is not surprising.
Apart from the nanomaterials coated with sulfonate groups, other nanomaterials with

different functional groups were tested against HSPG dependent viruses. Carbon

nanodots with boronic acid and amine functional groups were found to be effective
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entry-inhibitors against HSV-1.* Phosphonate coated polylysine dendrimers were
designed to target HIV-1 virus.* These dendrimers were further decorated with
hydrophobic alkyl chains in order to enhance binding via hydrophobic interactions.
Different from other organic materials, they can potentially be virucidal because of

their hydrophobic content.

Several sialic acid modified antiviral materials were designed against influenza since
it affects millions of people in the world. Reuter et al. synthesized sialic acid
decorated polymeric materials in various architectures such as lineer polymer, comb-
branched polymer and dendrons; tested them against different strains of influenza A
virus. Only high molecular weight (>100 kDa) branched architectures were found to
be inhibiting one strain of influenza virus, X-31, at micromolar concentrations of
sialic acid.*" Similarly, Sumati et al. demonstrated that inhibitory activity of linear
polysialoside against influenza X-31 is stronger relative to its dendritic analogs.*
Papp et al synthesized sialic acid decorated glycoarchitectures of different sizes and

inhibited X-31 strain at millimolar concentrations.*’

It is known that, human influenza virus preferentially binds a2,6-linked SA on the
glycoproteins. More recently, multivalent materials bearing 02,6-sialylactose were
demonstrated to inhibit influenza virus at low micromolar concentrations. Tang et al.
synthesized brush polymers bearing a2,6-sialylactose which inhibited influenza A
PRS strain at micromolar concentrations of sialic acid unit.** Kwon et al. decorated
PAMAM dendrimers with 02,6-sialylactose (6’SL) and inhibited several strains of
influenza such as influenza A PR8, CAL 09 and NWS 33.* The density of the
trisaccharides on the dendrimers was demonstrated to be important for the inhibitory
activity (figure 2.9). Even though the dendrimers had also showed in-vivo inhibitory
activity, the material concentrations at which the experiment was conducted were

very high (in the milligram range).
Different from sialic acid modified materials, a peptide-nanoparticle conjugate (non-

carbohydrate based material) was also tested against influenza virus X-31 strain and

inhibited the virus at nanomolar concentrations in-vitro.*
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Figure 2.9: Dendrimers with a varying density of 6’SL trisaccharides. Dendrimers with a
lower density of 6’SL trisaccharides were demonstrated to be more potent to inhibit influenza

virus.®

In summary, antiviral properties of many materials were investigated against HSPG
and sialic acid dependent viruses. Majority of the materials showed a strong in-vitro
inhibitory activity. Unfortunately, most of the studies did not involve ex-vivo and in-
vivo experiments. It is still possible to estimate if the mechanism of inhibition is
virucidal, regarding the structure and the antiviral activity of these materials. Except a
few of them, most of the antiviral materials appear to be virustatic. However,
virucidal assays and ex-vivo experiments should be conducted in order to make a

conclusion.
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CHAPTER 3

Designing Virucidal Materials Against Influenza

Influenza is an airborne virus that affects millions of people every year. High
mutation rate of the virus limits the efficacy of the drugs and vaccines. Therefore,
there is a huge research effort on the novel antivirals against influenza that resist virus
mutations. This chapter is a brief introduction to the influenza virus, current
therapeutics and how to design antiviral materials against influenza. The chapter starts
with the interaction of influenza virus with the host-cells and its replication cycle.
Current therapeutics and vaccines under development is then discussed in detail. The
chapter continues with a description of the previous glycan array studies conducted on
the influenza virus. The last topic of this chapter demonstrates how to design antiviral
materials against influenza with the help of glycan array studies and protein crystal

structures.

3.1. Influenza virus: a member of sialic acid targeting viruses

Sialic acid is a monosaccharide that is widely expressed in animal tissues. There are
more than 50 types of sialic acids, all derived from neuraminic acid. In animal
tissues, two most abundant sialic acids are N-acetylneuraminic acid (Neu5Ac) and N-
glycolylneuraminic acid (Neu5Gc) (figure 3.1 a).*” Sialic acid can be linked to the
next sugar from different points (figure 3.1 b). The linkage point is very important
since it determines the proteins that sialic acid interacts with. A regular animal cell

contains millions of sialic acids on its surface that have crucial roles such as keeping
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water at the cell surface; providing adhesion between cells and conducting neural
transmission.”** A number of viruses also evolved to target sialic acid moieties on
the host-cell surface, perhaps due to abundancy of the sialic acid moieties on the host-

cell glycoproteins.*

As mentioned previously, the primary receptor for many viruses is either heparan
sulfates or sialic acids on the host-cell surface. The family of sialic acid targeting
viruses is smaller in comparison to HSPG targeting viruses. Members of this family
do not share any genetic or structural similarity. They can be an RNA or a DNA virus;
they can have an envelope or not; the attachment ligands can be spike like or canyon
like. Certain types of rotavirus and adenovirus, enterovirus, reovirus and influenza

virus are some examples of sialic acid targeting viruses.
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Figure 3.1: Two most abundant types of sialic acid, Neu5SAc and Neu5Gc, on the animal
tissues (a). Sialic acid can be bonded to the next sugar from the point of 02,3, 02,6 and 02,8
(b). Different binding points enables sialic acids to make specific interactions with the

proteins.
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In the family of sialic acid targeting viruses, rotavirus and influenza affect the highest
number of people around the world.””? Rotavirus causes inflammation of stomach
and intestines. It is particularly dangerous for children, as it is the main cause of fatal
diarrhea in young children. Developing countries are affected more by the rotavirus.
However, in developed countries rotavirus outbreaks occasionally appears as well. In

2013, rotavirus caused 215,000 deaths worldwide.

Rotavirus related diseases are mostly limited to children in developing countries. On
the other hand, influenza virus affects people from all the age groups, both in
developed and developing countries. It also affects animals such as birds, ducks and
pigs.”® More importantly, mixture of animal and human strains may lead to influenza
pandemics that can end up in millions of deaths.’® Therefore, influenza virus is the

first sialic acid binding virus that is targeted in this project.

3.2. Structure, Properties and Classification of the Influenza Virus

Influenza virus is a member of Orthomyxoviridae family and typically 80-120 nm in
diameter. The shape of the virus is in general spherical, and occasionally filamentous.
It is an enveloped virus with two main glycoproteins on the surface, hemagglutinin
(HA) and neuraminidase (NA) (figure 3.3). The core of the virus contains negative
single strand ribonucleic acid (-)ssRNA, which is protected by the viral proteins

called capsid.

Influenza is categorized into three as influenza A,B, C and D. Influenza A and C
viruses affect both humans and animals whereas type B is exclusive to humans and
type D is exclusive to animals. Among the different types, Influenza A virus
circulates the most. Therefore the mutation rate of the influenza A virus is very high.
Influenza A subtypes are described with H and N letters followed by a number. These
numbers represent the genes, which produce the surface proteins. H stands for
Hemagglutinin whereas N stands for Neuraminidase that is two important
glycoproteins on the envelope. Currently 18 known subtypes of hemagglutinin and 11
known subtypes of neuraminidase exist. This means 198 subtypes of influenza may

exist. Three most common A subtypes are HIN1, H3N2 and H5N1. Influenza A
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subtypes undergo further mutations resulting in different strains such as HINI

Spanish Flu 1918 or HIN1 California 2009.

Protein
envelope

Haemagglutinin (HA)

M2 protein

Neuraminidase (NA) M1 protein

Figure 3.2: Main components of an influenza virus particle. Influenza is an enveloped virus
with two important glycoproteins, hemagglutinin and neuraminidase, located on the envelope.
The genetic material (RNA), which is protected M1 and capsid proteins, is at the core of the
virus. (image copyright: 123RF Stock Photo)

3.3. Replication cycle of the Influenza Virus

Influenza virus is replicated in the living-cells, following a typical viral replication
process consisted of 9 steps. The first step of viral replication is the attachment of the
hemagglutinin proteins to the sialic acid moieties on the host-cell glycoproteins (step
1). The virus particle is then uptaken into cells by endocytosis (step 2). M2 protein is
responsible to form channels between the endosome and the viral envelop. Through
this channel, protons travel from the endosome to the interior part of the virus so that
the internal pH is reduced (step 3). Reduction in the internal pH leads the viral
proteins to disassemble and eventually (-)ssRNA and RNA-dependent RNA
polymerase is released (step 4). RNA-dependent RNA polymerase enables the (-
)ssRNA to synthesize (+)ss RNA in the nucleus (step 6). (+)ss RNA mediates the
synthesis of different viral components such as viral proteins and (-)ssRNA (step 7).

Viral components are assembled to form the new virus particle (step 8). The progeny
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virus is cleaved from the cell surface by neuraminidase to further infect new cells

(step 9).

3.4. The impact of influenza on the human health

Influenza is an infectious disease that has symptoms like muscle pain, fever and soar
throat. Deaths directly resulting from influenza are rare although possible, particularly
in young and old people, and more importantly in people with immunodeficiency.
More often than deaths, influenza virus can lead to serious complications such as

pneumonia or inflammation of the heart (figure 3.4).>

COMPLICATIONS

Neurological

Febrile convulsions*
Reyes syndrome*
Meningitis/encephalitis
Transverse myelitis

SYMPTOMS

Neurological Guillain-Barré syndrome
Fever
Headac_he Cardiac
Confusion Pericarditis
Myocarditis
Respiratory Exacerbation of cardiovascular disease
Dry cough
Sore throat Respiratory
Nasal congestion Otitis media*
Croup*
Sinusitis/bronchitis/pharyngitis
Gastrointestinal Pneumonia (viral, or secondary bacterial)
Nausea Exacerbation of chronic lung disease
Vomiting
Diarrhoea

Pregnancy

Increased maternal complications
Increased infant perinatal mortality
Increased risk of prematurity
Smaller neonatal size

Lower birth weight

Musculoskeletal
Myalgia
Fatigue

Musculoskeletal
Myositis

0, 14
Up to 75% have no symptoms’ Rhabdomyolysis

*More common in children

Figure 3.3: Influenza virus affects millions of people every year. The symptoms like fever,
headache and sore throat appear after infection. Healing time varies between a few days to a
few weeks. In case of prolonged times of infection, the virus can lead to serious
complications such pneumonia and cardiovascular diseases. Graphic reproduced from

Ghebrehewet et al.™
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Humans are mostly affected by the influenza types composed of H1, H2, H3 and N1,
N2 glycoproteins. These viruses are called human influenza viruses and typically
replicate in the upper-respiratory track where the cells are rich with the receptors that
HI1,H2, H3 proteins preferentially binds to. On the other hand, humans can also be
infected by animal strains such avian influenza HSN1. HS preferentially binds to
receptors that are located deep in lungs. Therefore it is less likely for humans to be

infected with H5 strains, but once the infection is starts, it is usually fatal.

Unlike many other viruses, influenza virus can spread through air, forming aerosols. It
can also be transmitted through saliva, blood and nasal secretions. The fact that
influenza virus can spread through air increases the chance of influenza outbreaks.
Influenza virus leads to 3 to 5 million severe cases; 250,000 to 500,000 deaths every
year. Influenza pandemics are less common, still in the 20" century four influenza
pandemics that are Spanish influenza (1918, 50 million deaths), Asian influenza
(1957, 2 million deaths), Hong Kong influenza (1968, 1 million deaths), California
(2009, 100,000-400,000 deaths) occurred.**

Influenza pandemics usually appear when humans who already carry the influenza
virus is further infected with a new animal strain such as avian or swine influenza.
The mixture of the human and animal strains leads to drastic changes in the HA and
NA proteins, resulting in the antigenic shifts. The immune system can detect small
changes, i.e. antigenic drifts, in the influenza surface proteins. Changes caused by
antigenic shifts, on the other hand, cannot easily be recognized by the immune system

resulting in the influenza pandemics.’’

3.5. Prevention and treatment of influenza infections

One of the most effective ways to protect against influenza is vaccination. Influenza
vaccines contain attenuated influenza strains of coming year predicted by WHO
Global Influenza Surveillance Network. The traditional influenza vaccines (trivalent
vaccines) provides protection against two influenza A strains (HIN1 and H2N3) and
one influenza B strain. Vaccines are in general safe and effective. However allergic

reactions and varying efficacy of vaccines are the drawbacks.
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As an alternative to traditional vaccines, that contain the attenuated virus particle,
novel vaccines were developed in the recent years. DNA vaccines, which contain the
DNA sequence encoding the antigen, are promising influenza vaccines. DNA
vaccines invoke both B and T cell responses, more stable than traditional vaccines,
and easy to manufacture.”® Broadly neutralizing antibodies (bNADbs), which recognize
the conserved regions in the globular head or stem part of the HA and evoke an
immune response, is another promising approach to generate new generation
vaccines. Improved resistance to the viral mutations is the advantage of broadly

neutralizing antibodies.***

For the high-risk population, antiviral drugs are used to treat influenza infections
(figure 3.5). The most widespread drug type is Neuraminidase inhibitors. Zanamivir
(nasal), oseltamivir (oral) and peramivir (intravenous) are neuraminidase inhibitors
with a similar chemical structure. Neuraminidase inhibitors are effective on most of
the influenza strains. However, certain influenza strains have started to show drug

resistance.®!%?

Ion channel (M2 proteins) inhibitors, such as amantadine, were also
developed.® However, these drugs have lost popularity since most of the influenza

strains immediately developed drug resistance.

Drugs targeting the hemagglutinin protein are currently under development.
Umifenovir and TBHQ are small molecule drugs that target hemagglutinin, inhibiting
its fusion activity.” Several other drugs are also in the stage of clinical trials.® Two
of these drugs, DAS 181 and Nitazoxanide, target the host. DAS 181 is a drug, which
removes the sialic acids from glycoproteins on the upper respiratory track in order to
prevent viral attachment to cells.® It is currently in clinical trial phase 2.
Nitazoxanide is another drug in the clinical trial phase 3, which prevents
hemagglutinin maturation.”” The other drugs in clinical trials target the viral
replication process. Favipiravir inhibits RNA dependent RNA polymerase and
currently in clinical trial phase 3. Favipiravir work against influenza A (including
avian strains), B and C.*® Five different monoclonal antibodies targeting stem part of
the influenza are currently under clinical trial.** "> Monoclonal antibodies prevent the
virus from fusing into the host-cell. Even though many drugs are under clinical trials,

it is very unlikely that one drug will treat all the influenza infections appearing next
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10 years. Influenza is a rapidly mutating virus that already has several subtypes and
strains. Therefore more and more therapeutics should be developed that resist viral

mutations.
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Figure 3.4: Antiviral drugs against influenza that are currently in the market or in the phase

of clinical trials demonstrated together with their target step in the viral replication process.

Graphic reproduced from Li at al®

3.6. Previous glycan array studies on the influenza virus

Cells are decorated with glycoconjugates that are carbohydrates covalently linked to
other molecules such as proteins, peptide and lipids. Glycoproteins, proteoglycans
(heavily glycosylated proteins) and glycolipids are three major classes of
glycoconjugates. Glycoconjugates have diverse functions such as providing intra and
extra-cellular communications, labeling proteins for transport and recognizing
extracellular signal molecules such as growth factors. Viruses interact with
glycoconjugates in order to enter host-cells. Every virus has evolved to recognize a
specific glycoconjugate presented on the host-cell surface. For instance, HIV
interacts with heparin sulfate rich glycoconjugates whereas influenza A interacts with

sialic acid rich glycoconjugates. Indeed, each virus prefers a certain glycoprotein with
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specific glycan termini in the family of sialic acid binding viruses. For example,
adenovirus 37 and reovirus are both sialic acid binding viruses. However, adenovirus
37 binds to the GDla receptor whereas reovirus binds to the GM2 receptor, each

terminate with a different glycan sequence.49

Cell-based infectivity assays can be used in order to reveal the interaction between a
virus and sialylated glycan where sialyated glycans are blocked with lectins or cut by
neuraminidases in the control experiment.”’ However, these cell-based assays do not

provide any specific information about the glycan preference of a virus.

Glycan binding specifity of proteins, antibodies and microorganisms can be detected
using glycan micro-arrays.””* To conduct glycan micro-array studies, hundreds of
glycan sequences are printed onto glass slides through a peptide bond (the glycan
sequences are amine functionalized and the glass slides contain NHS-active
carboxylic acid). The subject under investigation is labeled with a fluorescent dye and
left for interaction with the glycan array. If there is an interaction between the subject
and a glycan sequence, a strong fluorescence signal is observed for that specific
glycan sequence. As a result, glycan sequences that bind to the subject with high

affinity are determined (figure 3.6).

In the past, one limitation of the glycan array technology was the limited availability
of glycans with amino linkers. Consortium for Functional Glycomics initiated a large
scale research to modify hundreds of glycans with an amino linker.”” Robot-produced
glycan arrays that contain hundreds of glycan sequences were then prepared. The
glycan binding specificity of several viruses, proteins and antibodies were determined
in this platform. The diverse dataset produced by functional glycomics is currently

open-access.

The dataset involves the results of many studies that were conducted to investigate the
glycan binding patterns of influenza virus. Hemagglutinin was known to be binding to
sialic acid moieties. However, the exact glycan sequence for different types and
strains of influenza was not investigated in depth. Indeed, the amino acid sequence of

hemagglutinin change in line with the high mutation rate of influenza. The glycan
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array studies demonstrated the exact glycan sequences providing high affinity binding

to the tens of different influenza strains.
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Figure 3.5: To fabricate glycan arrays, glycan sequences are modified with amino groups and
printed onto NHS-active glass slides. The subject under investigation is tagged with a
fluorescent dye. The strength of interaction between the subject and a specific glycan is

determined by the fluorescence intensity. Graphic reproduced from Smith and Cummings.”™

Every subtype or strain of influenza virus binds to slightly different glycan sequences
with high affinity. However, there is a general trend: the majority of the influenza
viruses that originates from humans bind to glycans terminating with 6-Sialyl-N-
acetyllactoseamine (6’SLN) and the majority of influenza viruses that originates from
avians bind to glycans terminating with 3-Sialyl-N-acetyllactoseamine (3’SLN). The
glycan sequences forming the trisaccharides are the same, but the attachment point of
sialic acid is different (figure 3.7 a). In general the glycans that terminate with a2,3-

linked sialic acid have smaller conformational freedom whereas the glycans that
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terminate with 02,6-linked sialic acid have larger flexibility.* Perhaps, the hook-like

shape of 6’SLN compensates for the larger flexibility of the glycan (figure 3.7 b).
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Figure 3.6: Chemical structures of 3’SLN and 6’SLN trisaccharides (A). 3’SLN binds to
avian strains with high affinity whereas 6’SLN binds to human strains with high affinity.
[lustrations of 3’SLN and 6’SLN trisaccharides together with crystal structure of HA head
domain where sialic acid binding points are highlighted (B). Graphic B reproduced from

Stencel-Baerenwald et al.*

3.7. Designing virucidal nanomaterials against influenza

Cagno et al. demonstrated that gold nanoparticles coated with MUS ligand inhibit a
broad range of HSPG-dependent viruses with virucidal mechanism.'® There are two
key points in the virucidal mechanism of inhibition described in this study: 1.
Multivalent nanoparticles with sulfonate end groups bind to viral ligands with high
affinity 2. Sufficiently long, rigid linker exerts local forces that eventually lead to

deformations in the viral proteins.

32



Chapter 3: Designing Virucidal Materials Against Influenza

Initially, a similar approach was followed in this project. Gold NPs were coated with
sialic acid and their antiviral activity was tested against different sialic acid dependent
viruses such as influenza, adenovirus 37 and enterovirus 68. However, NPs did not
show any antiviral activity against these viruses. The results were attributed to the
weak interaction between the viruses and the sialic acid molecule that is in the
millimolar (mM) range.” As previously described in this chapter, every sialic acid
targeting virus binds to a different glycan sequence with high affinity. Therefore, the

antiviral materials should be designed specific to the virus.
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Figure 3.7: Sialic acid binding points of hemagglutinin is at the top of the head domain (A)
whereas it is at the side of the head domain and in the lower part of the body domain the case

of reovirus. Graphic reproduced from Stencel-Baerenwald et al.*

Hemagglutinin has a spike-like structure with exposed sialic acid binding points on
the head domain. Therefore, to target HA with multivalent nanomaterials is relatively
straightforward. To target some other sialic acid binding viruses can be difficult due
to the structure of the viral ligands. For example, in the case of reovirus, the sialic
acid binding points are hidden at the bottom part of the head domain.* Therefore, to
form multivalent interactions between the nanomaterial and the reovirus can be

difficult to achieve. Enterovirus 68, on the other hand, has canyon-like viral
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ligands.”®”” To reach the sialic acid binding points with nanomaterials should be more
complicated in comparison to spike-like viral ligands. Therefore, in-depth studies are

required to inhibit these viruses with nanomaterials.

Crystal structure of HA and its distribution on the viral surface should be considered
when the antiviral nanomaterial is designed (figure 3.8). The distance between sialic
acid binding points on HA is 4-5 nm. Therefore very high density of 6’SLN
molecules on the nanomaterial surface is not necessary for efficient binding. On the
contrary, binding affinity may decrease if the density of 6’SLN molecules is very
high.*> Moreover, sufficiently long, rigid spacer is important for strong inhibitory
effect. The importance of the spacer in a multivalent material was deeply discussed in
a review by Sumati et al.”® Free energy of interaction between a multivalent material
and the viral ligand has enthalpic (AH) and entropic (-TAS) contributions (Equation
1). In a multivalent binding event, enthalpic change due to simultaneous binding adds
to the strength of interaction. In return, entropic penalty should be paid since spacer
ligands loose the degree of freedom. To reduce the entropic penalty paid, the spacer

size and rigidity should be optimum.

Very long, hydrophilic spacers lead to large entropic penalties in the aqueous
medium, whereas smaller, hydrophobic spacers are more favorable for a strong
interaction. As discussed earlier, rigidity of hydrophobic ligands is also important for

virucidal inhibition mechanism.'®

Another important consideration is the core size of the nanomaterial. Influenza virus
has around 300-500 HA trimmers with a spacing of 10-14 nm.” Therefore,
nanomaterials that have a size below 10 nm, can only reach one HA trimer. To reach
more than one HA with a single nanomaterial might offer advantages and
disadvantages. Higher number of binding points between the nanomaterial and the
viral surface is the advantage of bigger nanomaterials. On the other hand, the size
mismatch between the bigger nanomaterials and the hemagglutinin may limit the local

deformations induced.
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On the basis of concepts discussed above, nanomaterials that are coated with rigid
spacer bearing 6’SLN trisaccharide should be ideal to inhibit human influenza viruses
with virucidal inhibition mechanism. As mentioned above, it is difficult to speculate
on the ideal core size of the nanomaterials to target influenza. However, in this
project, the total size of the nanomaterial was envisioned to be relatively small (<10
nm). Two different nanomaterials bearing gold or cyclodextrin core were designed in
order to inhibit human influenza virus with virucidal inhibition mechanism. The next

two chapters discuss in detail the synthesis protocols as well as antiviral activity of

the nanomaterials designed.
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Figure 3.8: Crystal structure of the HA should be considered to design nanomaterials to
target human influenza strains. Optimum density of the 6’SLN moieties as well as relatively

long, rigid linker is important to inhibit influenza with virucidal mechanism.
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CHAPTER 4

Gold Nanoparticles Against Influenza

Gold NPs are widely studied in the field of nanomedicine due to the stability of gold
in the aqueous medium as well as straightforward synthesis and modification
methods.””**™ 1In this project, multivalent gold nanoparticles bearing 6’SLN end-
groups were synthesized in order to target the human influenza virus. The NPs were
designed according to the parameters highlighted in the previous two chapters. The
easiness of gold NP modification enabled us to conduct a deep structure-activity

relationship.

The first topic of this chapter is the synthesis protocols of gold NPs against influenza.
Second topic is comparative dose-response assays, which demonstrates the antiviral
activity of NPs having different ligand compositions. Dose-response assays are also a
good indication of binding affinity between the viruses and NPs. Following the dose-
response assays, the virucidal activity of NPs, which is the crucial part of this project,
is demonstrated. The chapter also involves data on the toxicity as well as virus

specificity of the NPs.

4.1. Materials and Methods

4.1.1. Synthesis of gold nanoparticles targeting Influenza virus

Materials: All the solvents were purchased from sigma Aldrich. Tetrachloroauric
acid (HAuCls) was purchased from Acros chemicals. HS-PEG(5) and HS-PEG(4)-
COOH was purchased from PurePEG. Sodium borohydride (NaBHj4), 16-
mercaptohexacanoic acid, N-hydroxysuccinimide ester (NHS), ethylcarbodiimide

hydrochloride (EDC-HCI) and 4-(dimethylamino)-pyridin (DMAP) were purchased
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from Sigma-Aldrich. HS-PEG(8)-COOH was purchased from Iris Biotech.
NeuSAca(2,6)-GalB(1-4)-GlcNAc-B-ethylamine was purchased from TCI chemicals.

Methods: The nanoparticles were synthesized in four steps (figure 4.1). Firstly, PEGS5
NPs were synthesized. Then the ligand exchange reactions were conducted with the
spacer ligand having a carboxylic acid end group. Thirdly, carboxylic acid end group

of the spacer ligand was NHS activated in order to graft the trisaccharide, 6’SLN.

1- PEG protected gold NPs 2- Place exchange with the spacer 2- NHS activation of the spacer 4- 6’SLN grafting onto NPs
synthesis ligand having -COOH end ligand

Figure 4.1: Illustration showing the steps to synthesize 6’SLN grafted gold NPs.

Synthesis of PEG(5) NPs: 88.6 mg of HAuCl, in 15 mL of EtOH was stirred with 56
mg of HS-PEG(5) in 5 mL of EtOH for 10 minutes. To the mixture 94.6 mg NaBHj, in
37.5 mL of ethanol (EtOH) was added dropwise within 5 minutes. For complete NP
formation, the reaction was allowed to run overnight. Resulting NPs were diluted in
H,0 and concentrated using amicon filters (cut-off MW: 30kDa). Once concentrated,

NPs were further washed with H»O.

PEG(5) C15-COOH mixed ligand NPs: A ligand exchange reaction was performed
with 1.5 mg of 16-mercaptohexacanoic acid and 20 mg of PEG(5) NPs, in DMF,
overnight. The NPs were precipitated from DMF-diethyl ether mixture and further
washed three times with the same solvent mixture. A last wash with only diethyl ether

was done and NPs dried under vacuum.
PEG(5) PEG(4)-COOH mixed ligand NPs: A ligand exchange reaction was

performed with 3 mg of HS-PEG(4)-COOH and 20 mg of PEG(5) NPs, in DMF,
overnight. The NPs were precipitated from DMF-diethyl ether mixture and further
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washed three times with the same solvent mixture. A last wash with only diethyl ether

was done and NPs dried under vacuum.

PEG(5) PEG(8)-COOH mixed ligand NPs: A ligand exchange reaction was
performed with 20 mg of HS-PEG(8)-COOH and 20 mg of PEG(5) NPs, in DMF,
overnight. The NPs were precipitated from DMF-diethyl ether mixture and further
washed three times with the same solvent mixture. A last wash with only diethyl ether

was done and NPs dried under vacuum.

NHS Activation of of NPs: NHS activation of all the mixed ligand NPs described
above was conducted following the same method. 15 mg of NPs were activated using
10 mg N-hydroxysuccinimide ester (NHS), 2 mg of ethylcarbodiimide hydrochloride
(EDC-hcl) and 0.1 mg of 4-(dimethylamino)-pyridin (DMAP) in DMF, overnight.
The NPs were precipitated from DMF-diethyl ether mixture and further washed three
times with the same solvent mixture. A last wash with only diethyl ether was done

and NPs dried under vacuum.

NPs with low grafting density of 6’SLN (L): 5 mg of NHS-activated NPs in 1 mL of
dmso was mixed with 1.7 mg of Neu5Aca(2,6)-Galp(1-4)-GlcNAc-p-ethylamine in 3
mL of 0.1 M phosphate buffer (pH: 7.5). After 5 hours reaction, 6’SLN grafted NPs

were diluted in H,O and cleaned with amicon filters.

NPs with high grafting density of 6’'SLN (H): 5 mg of NHS-activated NPs were mixed
with 1.7 mg of NeuSAcw(2,6)-GalB(1-4)-GIcNAc-B-ethylamine in 2 mL of DMSO
and the reaction was stirred overnight. 6’SLN grafted NPs were diluted in H,O and

cleaned with amicon filters.

Synthesis of the initial NPs (group A) can be found in the appendix A.
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4.1.2. Characterization of gold nanoparticles targeting Influenza virus

Determining the core size of the NPs:

The core size of the NPs was determined using transmission electron microscopy
(TEM). Aqueous solution of PEG(5) NPs was further diluted with EtOH and dripped
onto the carbon grid with drop casting method. The measurement was conducted
using Talos transmission electron microscope, at 200kV accelerating voltage. TEM
micrographs were analyzed with Fiji software using a custom-made macro (developed

by Dr. Marie Mueller) (figure 4.2).

|
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Mean: 2.973 Max: 8.205
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Bins: 100 Bin Width: 0.200

Figure 4.2: TEM measurements were conducted in order to determine the core size of the

NPs. The average size of the NPs was determined using Fiji software.

Ligand Packing Density:

The ligand packing density can be estimated from TGA and TEM results, by doing
certain assumptions. Mass based ratio between the organic and the inorganic part can
be determined doing TGA analysis. TGA analysis was conducted after ligand
exchange reactions, before grafting the trisaccharide. It was assumed that the ligand
ratio does not change during 6’SLN grating, since no thiolated molecule is involved in
the reaction. 5 mg of NPs were put in the alumina crucibles and heated up to 900°C
with a rate of 10°C/minute. The organic content melts and evaporates before 900°C.
The resulting curve represents the change in the total mass due to the loss of the

organic part. From this curve, the ratio between the organic and inorganic content of

39



Chapter 4: Gold Nanoparticles Against Influenza

NPs can be calculated. NPs loose 20-25% of their weight in a typical TGA
measurement (figure 4.3). This corresponds to an average ligand density of ~5.2
ligands/nm®. As an example, TGA curve of HS-PEG(5) & HS-PEG4-COOH mixed
ligand NPs was demonstrated. TGA measurement alone is not sufficient to determine

the ligand ratio of NPs. NMR studies are required to determine the ligand r ratio.
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Figure 4.3: TGA curve of HS-PEG(5) & HS-PEG(4)-COOH NPs shown as an example

NMR Characterization of Nanoparticles:

Ligand ratio of NPs as well as the density of 6’SLN molecules on the NP surface was
determined with "H NMR. All the experiments were conducted with Bruker AV-400
Mhz and the data analyzed with MestreNova. First of all, gold NPs have to be etched
before doing NMR measurements. Etching can be done with iodine or potassium
cyanide (KCN) in methanol-d4. Since both chemicals are very reactive, it is possible
to observe some changes in the NMR spectrum of organic molecules due to etching.
However, peak integrals are not significantly affected. In this project iodine etching
was done in order to determine the ligand ratio between HS-PEGS5 and the spacer
ligand. A specific peak from HS-PEGS ligand, near hydroxyl end group, clearly
appears after etching with iodine whereas it is hidden after etching with KCN. This
peak appears between 3.5-3.7 ppm and corresponds to two hydrogens near hydroxyl

end group. The specific peak from the spacer ligand that have a carboxylic acid end

40



Chapter 4: Gold Nanoparticles Against Influenza

appears between 2.0-2.6 ppm and corresponds to two hydrogens near carboxylic acid
end. By comparing the integral of these triplets, the ligand ratio of the NPs can be
calculated. Figure 4.4 shows 'H NMR spectra of binary ligand NPs where the spacer
ligand is HS-C15-COOH (left) and HS-PEG4-COOH (right). The other NPs with
PEG spacer ligands have NMR spectrums similar to the one on the right. It should be
noted that iodine alters the peak positions as it reacts with functional groups or
coordinates to the polar parts of the molecule. The specific peak that belongs to HS-
C15-COOH molecule is divided into two because the majority of —COOH groups
reacted with iodine. The small peak belongs to the remaining molecules, which did

not react with iodine.
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Figure 4.4: Ligand composition characterization of NPs after the ligand exchange reaction.
The specific peak from HS-PEG(5) is compared to the specific peak from HS-C15-COOH
(left) and HS-PEG(4)-COOH (right).

Iodine solution to etch gold NPs may lead to peak broadening if the quantity of
organic molecules on the NPs is small. 6’SLN coated NPs were etched with KCN in
order to obtain sharper peaks. The only problem is that KCN reacts with certain end-
groups from the 6’SLN trisaccharide.
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Figure 4.5: The NMR spectrum of 6’SLN trisaccharide with and without KCN.

To determine a specific peak from the 6’SLN trisaccharide, which is not affected by
KCN etching, is important. Figure 4.5 shows the NMR of 6’SLN with and without
KCN. Two singlets of acetylamine end-groups merge with the addition of KCN.
Therefore these singlets may not be reliable for the analysis. The doublet at 4.3-4.4
ppm is not hidden under the other peaks and is not much affected by KCN. Therefore,
it is a reliable peak to calculate the density of 6’SLNs on the NPs.

For the NMR characterization of 6’SLN coated NPs, it was assumed that the ligand
ratio between the PEGS5 and the spacer ligand does not change during 6’SLN grafting
since no thiol is involved in the reaction. Then the specific peak (2H, triplet at 2.0-2.6
ppm) from the spacer ligand was compared to the specific peak from the 6’SLN (1H,
dublet at 4.3-4.4 ppm). The triplet from the spacer ligand is usually divided into two
due to amide bond formation. Number of spacer ligands with 6’SLN can also be
calculated through these triplets, as long as they do not overlap. In the case of PEG
spacers, two triplets are quite separate. Therefore, it is possible to calculate the 6’SLN
density through these triplets, as well (figure 4.6). On the other hand, there is an

overlap between the two triplets in the case of C15 spacer (figure 4.7). Therefore, it is
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not possible to

divided triplets.

calculate the number of spacers with 6’SLN groups through the
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Figure 4.6: NMR spectrum of 6’SLN grafted gold NPs where the spacer ligand is C15.
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Figure 4.7: NMR spectrum of 6’SLN grafted gold NPs where the spacer ligand is PEG4.
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4.1.3. Antiviral assays against influenza

Materials: DMEM- Glutamax medium was purchased from thermofischer scientific.
Wash buffer (Tween®), 3,3’-diaminobenzidine (DAB) tablets were purchased from
Sigma Aldrich. Primary antibody (Influenza A monoclonal antibody) was purchased
from Light Diagnostics. Secondary antibody (Anti-mouse IgG, HRP-linked antibody)
was purchased from Cell Signaling Technology®. The CellTiter 96® AQueous One
Solution Cell Proliferation Assay that contains a tetrazolium compound [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2Htetrazolium,
inner salt; MTS] and an electron coupling reagent (phenazine ethosulfate; PES) was

purchased from Promega.

Dose-response Assays

All the experiments were conducted using MDCK cell line. The cells were passaged
and plated using DMEM-Glutamax medium with fetal bovine serum (fbs). Dose-
response experiments were conducted at the MOI value of ~ 0.1. In a 96-well plate,
10,000 cells/well plated the day before the experiment. A fix virus concentration
(~10° virus particles) was incubated with varying dose of materials, for 1 hour at
37°C. The mixture then transferred onto cells. After one 1 hour, the mixture was

removed, the cells were washed and fresh medium was added.

In 24 hours, the infection was analyzed with immunocytochemical (ICC) assay.
Primarily, the cells were permeabilized with methanol. Then the primary antibody
wash added and incubated for 1 hour. The cells were washed with wash-buffer three
times; then secondary antibody was added. After 1 hour the cells were washed again
with wash buffer and the DAB solution was added. After the addition of the DAB
buffer, the infected cells turned into brownish color. The infected cells were counted
using the light microscope. ECsy, ECoo and ECyy concentrations of NPs were

calculated using the software GraphPad Prism.
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Virucidal Assays

The virus (ffu:10°/mL) and the NPs (at their ICgo concentration) were incubated for 1
hour at 37°C. Serial dilutions of the virus-material complex together with the non-
treated control was conducted, and transferred onto the cells. After 1 hour, the mixture
was removed and the fresh medium was added. Next day, viral titers were evaluated
with ICC assay. For the ICC assay, the same procedure described above was

followed.

MTS Assays

In a 96-well plate, 10,000 MDCK cells/well plated the day before the experiment.
MDCK cells were incubated with a varying dose of NPs (same concentration range in
the dose-response assays) overnight. The NPs were removed and the cells were
washed. 100 pL of medium and 20 pL of MTS solution were added onto the cells.
After an incubation time of 4 hours, absorbance measurements (at 490 nm) were

conducted using a plate-reader.

4.2. Designing gold NPs to target the influenza virus

As discussed in the previous two chapters, multivalency enhances the binding affinity
between the virus and the NPs by reducing the dissociation constant. At the start of
the project, 6’SLN trisachharide (molecule only) was tested against influenza HIN1
Netherlands/09 strain. However, a proper dose-response assay could not be conducted
since the toxicity limit was reached before 90% inhibition of the virus. Still, ECs
concentration was higher than 500 pg/mL. To conjugate 6’SLNs onto NPs
considerably improved the antiviral activity and eliminated the toxicity problem, as it

will be shown in this chapter.

In order to find out the ideal spacer to target the HA trimer, two different NPs with a
similar 6’SLN density but different type of spacer ligand, HS-PEG8-COOH and HS-
C11-COOH (MUA), were synthesized at the start of the project (figure 4.8). PEGS8
spacer is hydrophilic and longer whereas C11 is hydrophobic and shorter. Antiviral
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activity of NPs against two different human Influenza strains, Neth/09 and HIN1
Clinical, were tested. Clinical strains are particularly important since they are the
circulating influenza strains. HIN1 subtype was selected since the HINI strains bind
to 6’SLN with high affinity, almost with no exception, according to glycan array
studies. On the other hand, not all the H3N2 strains bind to 6’SLN with high affinity.
Both NPs inhibited the tested strains (table 4-1). However, in the case of C11 the
variation between the half inhibitory concentrations was larger. We therefore we

concluded that C11 might be too short to inhibit certain influenza strains.

L1: peg4-CHg L6: peg8-SA
OH ~ JoH COONa
\(*o/\);\SH EWOO%&/ OH o O, oH COONa o
o
"o HO %%OV\NMOMS/\SH \%W \/\/\/\HNMOM{;\SH
! H
[o]
"OMO/\)S/\SH L5: peg8-3'SLN L7: MUA-6'SLN

OH OH

CcoONa
H
A G i T ok
. Hel o o AcHN HO oH o
L3: MUA GtnLr2 © o%o\/\ M VAR o °
2 OH
OH Ho AcHN N 0" Ty SH -

Surface composition and core diameter of NPs

L1: 30 % L1: 30 % L1: 30 % L1: 30 %
A A A
E - @ @
L5: 35 % L5: 33 %

L5: 38 %

core size NPs: 2.7+0.9 nm

Figure 4.8: The NPs with different linkers as well as end-groups synthesized for the

preliminary antiviral assays.

Moreover, to demonstrate 6’SLN is the glycan sequence that binds human influenza
viruses with high affinity, NPs coated with 6’SLN, 3’SLN and sialic acid (SA) were
synthesized. The resulting NPs have similar ligand compositions but different
saccharide end-groups. A big difference was observed between the ECs
concentrations of 6’SLN coated NPs versus 3’SLN and SA coated NPs. A-PEGS-
3’SLN and A-PEGS-SA poorly inhibited Neth/09 strain and did not inhibit the clinical

strain.
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Table 4-1: Preliminary studies in which the antiviral activity of NPs with different linkers as
well as end-groups were compared

ECsp HIN1  Neth/09 ECsy HIN1  Clinical

(ng/mL) (ng/mL)
A-MUA-6’SLN 0.5 12
A-PEG8-6’SLN 0.2 0.1
A-PEGS8-3’SLN 117.8 N/A
A-PEG8-SA 92 N/A

Apart from the binding affinity, virucidal activity of NPs is the other important focus
of this project. NPs with PEG(8) spacer efficiently inhibited influenza. However, for a
strong virucidal activity hydrophobic spacer is needed. As concluded from the first
experiments, C11 was hydrophobic but probably too short to target HA of certain
influenza strains. Therefore, the crystal structure of hemagglutinin was reconsidered
to design gold NPs to target HA. Three sialic acid binding pockets that are ~3 nm
apart from each other, are located on the globular head of HA. The surface structure
of NPs is important in order to target shallow sialic acid binding pockets (figure 4.9).
In this respect, chemical properties of spacer ligand as well as the density of 6’SLN

groups influence the binding between the NPs and HA.

Regarding the preliminary results as well as the structural considerations described
above, HS-C15-COOH was envisioned to be the ideal linker based on two reasons: 1)
C15 is sufficiently long to target three sialic acid binding points, that are ~4 nm apart,
on the HA trimer 2) Carbon based rigid linker enhances the virucidal activity.
Comparative dose-response studies were conducted with multivalent gold NPs having

different ligand compositions to support this hypothesis.

4.3. The influence of density of 6’SLN groups on the NP-HA interaction

In order to investigate the importance of 6’SLN density, HS-PEG(5)& 16-
mercaptohexadeconic acid (C15) mixed ligand gold nanoparticles with varying
density of 6’SLN were synthesized (figure 4.10). PEG(5) enhances water solubility of
NPs whereas C15 is the spacer ligand to graft the triscahharide.
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Figure 4.9: Gold NPs target HA located on the viral envelope. Therefore, crystal structure of

the HA trimer was taken into consideration to design NPs.

An optimum trisachharide density is important for high affinity binding between the
HA trimer and NPs since any extra trisaccharide will hinder the interaction. In order
to find out the optimum trisaccharide density, NPs having the same core and ligand
composition but different 6’SLN density were synthesized. 3’SLN grafted NPs and
PEG(5) NPs served as control NPs.

Dose-response assays against two human influenza A subtypes HINI
(Netherlands/09), H3N2 (Singapore/04) and one B type were conducted in order to
compare the antiviral activity of NPs. NPs were compared based on their half-
inhibitory concentrations (ECsg). Lower ECsy concentrations indicate a stronger

antiviral activity.

The strain, which was inhibited with the smallest NP concentration, was HIN1
Netherlands/09 (table 4-2). NPs also inhibited H3N2 strain Singapore/04 with high
efficiency (table 4-3). On the other hand, higher NPs concentrations were needed to

inhibit influenza B virus, relative to influenza A subtypes (table 4-4).

C15-6’SLN-L NPs (22 trisaccharides/NP) had the lowest ECsy concentration against
three different influenza viruses tested. This result indicates that optimum
trisaccharide concentration is independent from the hemagglutinin mutations. C15-
6’SLN-H NPs (38 trisaccharide/NP) showed a stronger inhibition activity than the
C15-6’SLN-LL NPs (8 trisaccharide/NP). It is possible that C15-6’SLN-H NPs have

48



Chapter 4: Gold Nanoparticles Against Influenza

slightly excess trisaccharide, whereas C15-6’SLN-LL NPs are probably unable to
target three sialic acid binding points on the HA.
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Figure 4.10: Gold NPs having different 6’SLN density. 3’SLN coated NPs were synthesized

as well for an additional comparison.

Control experiments were conducted with C15-3’SLN-L NPs and PEG(5) NPs.
3’SLN grafted NPs inhibited the tested viruses at much higher NPs concentrations,
relative to the NPs with a similar density of 6’SLN trisachharides: almost 50 times
higher ECsy concentration to inhibit HIN1/Neth09 strain (table 2) was required.

PEG(5) NPs on the other hand showed no inhibition activity against any virus tested.

Table 4-2: Comparative dose-response assays against Influenza A H3N2 Singapore/2004

NPs ECso (ng/mL) ECs) NPs(nM) ECs 6’SLN
(nM)

C15-6’SLN-L 0.13 0.64 14.08

C15-6’SLN-H 0.45 2.2 83.6

C15-6’SLN-LL 1.1 54 43.2

C15-3’SLN-L 53 27.2 544

NPs

PEGS5 NPs N/A N/A N/A
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Table 4-3: Comparative dose-response assays against Influenza A H3N2 Singapore/2004

NPs ECs) (ng/mL) ECs) NPs(nM) ECs 6’SLN
(nM)

C15-6’SLN-L 0.58 2.8 61.6

C15-6’SLN-H 1.12 5.9 224 .4

C15-6°’SLN-LL 1.9 94 75.2

C15-3’SLN-L 4.5 22 440

NPs

PEGS5 NPs N/A N/A N/A

Table 4-4: Comparative dose-response assays against Influenza B Yamagata

NPs ECs) (ng/mL) ECs) NPs(nM) ECsg 6’SLN
(nM)

C15-6’SLN-L 13.7 67 1474

C15-6’SLN-H 17.25 85 3230

C15-6’SLN-LL 533 260 2080

C15-3’SLN-L >100 >100 >1000

NPs

PEGS5 NPs N/A N/A N/A

4.4. The influence of the spacer ligand

In order to further demonstrate C15 enhances the antiviral activity of NPs, three
different NPs with a similar 6’SLN density but different type of spacer were
synthesized (figure 4.11). PEG(5) NPs were initially synthesized followed by ligand
exchange reactions with C15, PEG4 and PEGS spacer ligands (figure 4.12). C15 and
PEG4 spacer have a similar length but different chemical structure. CI15 is
hydrophobic whereas PEG4 is hydrophilic. PEG8 spacer is also hydrophilic but its
molecular weight is higher than PEG4 hence it is a longer spacer. The NPs
synthesized are similar in chemical composition with a variation limited to 10%. Low
6’SLN density (22+2 triscahharides/NPs) and high 6°’SLN density (36+3

triscahharides/NPs) NPs were synthesized in order to make a better comparison.
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Figure 4.11: 6’SLN coated gold NPs with PEG4, PEGS8 or C15 spacer ligands

Comparative dose-response assays were conducted against HIN1 Neth/09 (table 4-5).
ECso concentration of NPs with C15 spacer was considerably lower than the NPs with
PEG spacers. In the case of NPs with C15 spacer, lower 6’SLN density provided a
stronger antiviral activity. Conversely, lower 6’SLN density provided a weaker
antiviral activity when the spacer ligand is PEG4 or PEGS. Even though the NPs have
similar density of 6’SLNs, their distribution on the NPs surface can be different. This,
in turn, may affect the inhibitory concentrations. Also, not necessarily every NP
inserts exactly three 6’SLN molecules onto the sialic binding pockets of the HA
trimer. It can be only two or even one, in some NP-HA interactions. In the case of
C15 spacer, two 6’SLN molecules can be sufficient for high affinity binding, whereas

it may not be sufficient for PEG spacers.
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Comparative dose-response studies showed that the chemical structure of the spacer
ligand significantly affects the NP concentration required to inhibit the influenza
virus. The shift in dose-response curves clearly demonstrates the influence of spacer

on the ECsg values (figure 4.13).

Table 4-5: Comparative dose-response studies against Neth/09 strain with NPs having

different spacer ligands.

Spacer ECs (ng/mL) ECs (ng/mL)
Low 6’SLN density High 6’SLN density

C15 0.17 0.5

PEG4 33.56 6.53

PEGS 22.81 13.83

This result indicates that chemical structure of the linker is an important factor
determining the binding affinity. Hydrophilic ligands have a higher degree of freedom
in aqueous media and therefore higher entropic penalty must be paid for binding. This
in turn leads to a higher dissociation constant and reduces the binding affinity

between the NPs and the virus.
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Figure 4.12: Chemical structure of C15, PEG4 and PEGS spacer ligands.

Additionally, C15 ligand is capable of making hydrophobic interactions with the viral
proteins whereas PEG4 and PEGS ligands are not. It is possible that, once NPs
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interacts with 6’SLN binding pockets on the HA, hydrophobic interactions between
the HA and the linker may contribute to binding.

1507 150+ ,
5 PEG4-6'SLN-H 5 PEG4-6'SLN-L
§ PEG8-6'SLN-H '§ PEG8-6'SLN-L
E 1001 == C15-6'SLN-H ‘E 1004 A —~— C15-6'SLN-L
5 5
2 o
g g
T 507 £ 50
3 @
4 o
g 5
s g
0 T T T T T 1 o T T T 1
-2 -1 0 1 2 3 4 -4 -2 0 2 4
Log ug/mL Log ug/mL

Figure 4.13: Dose-response curves showing the antiviral activity of NPs with different

spacers having high density of 6’SLN (left) and low density of 6’SLN (right).

In comparison to other NPs, C15-6’SLN-L NPs showed a strong antiviral activity
against all the viruses tested. ECso and ECyg values were considerably lower, perhaps
due to the sufficient amount of 6’SLN moieties as well as the length and the
hydrophobicity of the spacer. Therefore, the following experiments were mainly

conducted with C15-6’SLN-L NPs.

4.5. Antiviral Activity of gold NPs against different influenza strains

Influenza A is a rapidly mutating virus. Therefore, many influenza A subtypes and
several strains of each subtype exist. For example H3N2 has strains such as H3N2
Hong Kong/1968, H3N2 Singapore/2004 and H3N2 Victoria/2011. It is important to
demonstrate the antiviral activity of NPs against different influenza strains since the
project is about targeting conserved sialic acid binding pockets on the HA trimer.
Therefore, C15-6’SLN-L NPs were tested against different influenza strains (table 4-
6). Most of the strains tested are influenza A virus HIN1 or H3N2 subtypes.
Additionally NPs were tested against one strain of influenza B, Yamagata. NPs
inhibited majority of strains tested, at sub-nanomolar NP and nanomolar 6’SLN
concentrations. Exceptionally, NPs had no inhibitory activity against some H3N2

strains such as Bej/92. Indeed, many studies demonstrated that recently the crystal
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structure of H3 protein was significantly altered. Therefore, some H3N2 strains gave
unexpected results on the glycan array studies.** ™ It is possible that, 6’SLN binding

pockets of these H3N2 strains were modified or lost upon years.

Table 4-6: Antiviral activity of C15-6’SLN-L NPs against different influenza strains.

Strain EC50 (ng/ml) EC50 NPs(nM) EC50 6’SLN (nM)
HI1IN1 Neth/09 0.17 0.84 18.4
HIN1 Wsn 8.5 42 924
H3N2 Vic/11 0.1 0.49 10.7
H3N2 Sing/04  0.54 2.6 57.2
H3N2 Bej/92 N/A N/A N/A
B Yamagata 0.63 3.08 67.7
HIN1 0.11 0.53 11.6
Clinical/18

B Clinical/18 0.76 3.7 81.4
H3N2 N/A N/A N/A
Clinical/18

It is also very important to show the inhibitory activity of NPs against the recent
clinical strains. Clinical influenza strains are isolated from patients in the hospitals.
They are usually from the current year or the previous year. To conduct antiviral
assays against clinical strains is important for two reasons. Firstly, they are the recent
strains in circulation. Therefore, if a drug is successful on the clinical strains, it has a
bigger potential of reaching the market. Secondly, clinical strains do not have a long
passage history. Viral reproduction using several different cell-lines affects the
attachment ligands of the virus. Particularly viral reproduction on the egg cells
completely changes the receptor preference of the viruses originated from humans.
Clinical strains have the minimum number of passages so they best represent the
original human viruses. C15-6’SLN-L NPs inhibited clinical strains, influenza A
HINI1 and influenza B, from 2018. ECso concentration to inhibit the clinical strains
was comparable to other strains tested. However, NPs could not inhibit clinical H3N2

strain.
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In order to determine if NPs are specific to influenza, dose-response assays against
HSV-2 and enterovirus 68 were conducted. HSV-2 is known to be HSPG dependent
virus and enterovirus 68 is known to be sialic acid dependent virus. C15-6’SLN-L

NPs showed no inhibitory activity against these viruses.

4.6. Virucidal assays against human influenza viruses

The ultimate goal of this project is to inhibit influenza virus with virucidal
mechanism. In the previous sections of this chapter, antiviral activity of NPs was
demonstrated with dose-response assays. Virucidal assays were then performed in
order to find out if the inhibition is irreversible (figure 4.14). In a typical virucidal
assay, NPs are incubated with the virus at their corresponding ICy concentration for a
certain amount of time. The inoculum then undergoes into serial dilutions and the
residual infectivity of the virus relative to the control is measured.” A significant
reduction in the viral titer (at least 1 log unit) relative to the control is an indication of
virucidal inhibition mechanism. One challenge of virucidal assays is adjusting
concentration of the virus and NPs at which the assay is conducted. To have reliable
results in a virucidal assay, the virus titer should be high enough (>10° virus
particles/mL). However, dose-response assays are conducted with a smaller virus
concentration (10°-10* virus particles/mL). Therefore, the concentration of NPs

should be adjusted if the viral concentration is very high.
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Figure 4.14: Illustration showing the steps of a typical virucidal assay
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At the beginning of this chapter, it was demonstrated that one of the initial NPs, A-
PEG8-6’SLN, showed a strong antiviral activity against influenza. However, NPs
were redesigned to have the C15 spacer instead of PEGS since hydrophobic content is

important for the virucidal activity.

A-PEGS8-6’SLN and C15-6’SLN-L NPs have different ligand compositions but
similar inhibitory concentrations against Neth/09 strain (table 4-7). Despite the fact
that the inhibitory concentrations are comparable, there is a difference in the virucidal
activity (figure 4.15). A-PEG8-6’SLN NPs shows some virucidal activity due to the
rigidity of the gold core. Also A-PEG8-6’SLN NPs contains PEG(4)-CH; ligands.
The hydrophobic end of the PEG ligand may also contribute to the virucidal activity.
In the case of C15-6’SLN-L NPs, the virucidal activity was enhanced by the rigid

spacer (almost 1 log unit more reduction in the viral titer).

Table 4-7: The inhibitory concentrations of A-PEG8-6’SLN and C15-6’SLN-L NPs against
HIN1 Neth/09 strain.

ECs) (ug/mL) ECy (ng/mL) ECy (ng/mL)
A-PEG8-6’SLN 0.2 24 34
C15-6’SLN-L 0.13 35 57
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Figure 4.15: Comparison of virucidal activities of A-PEG8-6’SLN and C15-6’SLN-L NPs
against HIN1 Neth/09.
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The virucidal activity of the C15-6’SLN-L NPs against other influenza strains was
tested, as well. Virucidal assays have to be conducted with a high concentration of
virus, however reaching high titers with certain influenza strains is difficult.
Therefore, in this project virucidal assays against Netherlands, B and Singapore, and
Vic/11 were conducted (figure 4.16). Virucidal activity of the C15-6’SLN-L NPs
against Neth/09 and Sing/04 strains was tested by increasing the virus concentration

ten times relative to the dose-response experiments.

Table 4-8: Inhibitory concentrations of C15-6’SLN-L NPs against different influenza strains.

The virucidal assays were conducted at EC99 concentrations.

HIN1 Neth/09 0.13 3.5 57
H3N2 Sing/04 0. 45 4.3 37
H3N2 Vic/11 <0.16 <0.16 100
B/Yam 13.7 339 -
H1N1 Netherlands/09 H3N2 Singapore/04
1000000 100000
100000 10000
1 10000§ = 1000
% 1000§ % 100
F 1004 E
105 10
14 1
& M & Q?
%é&\ bﬁe}}; ;}‘9 6{9\;\e
& &
H3N2 Victoria/11 B/Yamagata
100000
600000~
10000
_E, 400000 :EI 1000:
5 S
é 200000 g0
10
0- 1 T
o\" > & Q
R\, ‘)g"f"v 0(\0 66&)’
o’\ '3’;
[

Figure 4.16: Virucidal activity of C15-6’SLN-L NPs against different influenza strains
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The titer of the Neth/09 strain was reduced by 2 log units whereas Sing/04 was
reduced by 1.5 log units. 1-2 log units reduction in the viral titer indicates that the
inhibition is irreversible. One problem with influenza B/Yamagata was the big
variation between different results. Also the inhibitory concentrations were higher in
comparison to influenza A strains. Therefore, the virucidal assay was conducted at

ECyy concentration of NPs. As a result, the virucidal activity was weaker.

To conduct the virucidal assays, NP concentrations were not increased linearly with
the virus concentration, to be on the safe side. However, it is possible to increase the
NP concentration further for a stronger virucidal activity. Indeed, the virucidal assay
for Vic/11 strain was conducted at higher virus as well as NPs concentrations. The
main purpose of working with this strain was the TEM studies, which requires higher

concentrations of the inoculum.

In order to study the effect of the 6’SLN density on the virucidal activity, comparative
studies with C15-6’SLN-L and C15-6’SLN-H NPs were conducted. The latter has a
higher ECyy concentration; therefore the NP concentrations in the virucidal assays
were different. There was a slight difference in the virucidal activity, but nothing
noteworthy (figure 4.17). If the ECqy9 concentration of the material is very high (above
500 pg/mL), to results of the virucidal assay may give false positive results.

Therefore, virucidal assays were not conducted with the other NPs.

ffu/mL

Figure 4.17: The effect of 6’SLN density on the virucidal activity was evaluated by
comparing C15-6’SLN-L and C15-6’SLN-H NPs.
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4.7. TEM studies demonstrating the interaction between the influenza
virus and the NPs

In order to visually demonstrate the interaction between the NPs and the influenza
virus, dry TEM studies were conducted. C15-6’SLN-L NPs were incubated with the
purified influenza H3N2 Vic/11 virus for 1 hour. TEM grids were prepared, without
further dilution because high inoculum concentration is important for the TEM
studies. Methyl tungsten staining was then applied onto the grids. The control
experiment was conducted with PEG(5) NPs which showed no inhibitory activity

against influenza virus in the dose-response assays.

Figure 4.18: TEM image of the H3N2 Vic/11 influenza virus (A). TEM image of gold NPs
(B). TEM image of C15-6’SLN-L NPs-H3N2 Vic/11 influenza virus complex (C) TEM
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image of PEG(5) NPs-H3N2 Vic/11 influenza virus complex. TEM images with viruses are
produced by Valeria Cagno in the Universtiy of Stanford.

Figure 4.18 A shows the virus before incubation with NPs. The viral envelop covered
with the HA and NA proteins is clearly seen in the image. Figure 4.18 C shows the
virus incubated with C15-6’SLN-L NPs for 1 hour. As the image demonstrates, NPs
are densely located on the viral envelope. Figure 4.18 D shows the virus incubated
with PEG(5) NPs. Similar to dose-response assays, no interaction between the virus

and the NPs was observed.

4.8. Cell Viability Assays

The aim of this project was to design NPs that are virucidal against influenza while
being non-toxic to cells. Therefore, toxicity tests were an important part of the project.
During the initial stage of the project, we only focused on the viability of the cells. It
is possible to conduct very detailed toxicity studies at later stages of the research.
Particularly in the in-vivo stage, it is very important to characterize the toxicity of

NPs on the tissues.
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Figure 4.19: The plot shows the viability of the cells treated with a varying concentration of

C15-6’SLN-L NPs.

MTS assay is a colorimetric assay demonstrating metabolic activity of the cells.

Number of viable cells correlates with NAD(P)H-dependent cellular oxidoreductase
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enzymes that reduce MTS tetrazolium. The reduction reaction results in a color

change and can be observed through absorbance measurements.

NPs were incubated with the cells overnight, and then MTS treatment was conducted.
The MTS assay was evaluated with the plate reader. Similar to dose-response assays,

the median lethal dose (LDso) can be calculated from the MTS assay.

Table 4-9: Table showing the toxicity of other gold NPs synthesized. The assays were

conducted at the same concentration range dose-response assays were conducted.

NPs LDso (pg/mL) NPs LDso (ng/mL)
C15-6’SLN-L >100 PEG4-6’SLN-L >100
C15-6’SLN-H >100 PEGS8-6’SLN-L >100
C15-6’SLN-LL >100 PEG4-6’SLN-H >100
C15-3’SLN-L >100 PEG4-6’SLN-H >100

Toxicity tests were conducted at the same NP concentration range as the dose-
response assays. NP treated cells were compared to non-treated cells. There was no
significant difference between the NP treated cells and non-treated cells at the NP
concentration range of 0.03-100 pg/mL. Almost, 100% of the cells were viable.
Indeed, any gold NPs synthesized in this project, were non-toxic in this concentration

range (table 4-9). Figure 4.19, shows the toxicity test results of C15-6’SLN-L NPs.

4.9. Conclusion

In this chapter it was shown that gold NPs successfully inhibited human influenza
viruses with virucidal inhibition mechanism. The chemical structure of the spacer
ligand as well as 6’SLN density plays a big role in the inhibitory activity. Any
hydrophobic content, even if it is a small quantity, enhance binding as well as
virucidal activity. For example, A-PEGs-6’SLN NPs that contain PEG ligand with a
hydrophobic end (HS-PEG4-CH3) inhibited influenza virus at very small NP

concentrations and showed some virucidal activity. C15-6’SLN-L NPs inhibited
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several human influenza viruses at very low NP concentrations, including recent
clinical strains. Virucidal assays against HIN1 Netherlands/09, H3N2 Vic/11 and
Sing/04 resulted in more than 1 log unit reduction in the viral titer, indicating
virucidal inhibition mechanism. Certain H3N2 strains could not be inhibited, probably

due to changes in the glycan binding affinity of the viral ligands.
Gold is a biocompatible however, not biodegradable material. Therefore, it is unlikely

that gold nanoparticles will be used to treat influenza. For this reason, further

biological assays such as ex-vivo and in-vivo were not conducted with gold NPs.
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CHAPTER 5

Modified Cyclodextrins Against Influenza

Cyclodextrins are cyclic oligosaccharides that can be formed by 6 (a-cyclodextrin), 7
(B-cyclodextrin) or 8 (y-cyclodextrin) glucose molecules (figure 5.1). Among the
three, B-cyclodextrin has the most stable chemical structure. Cyclodextrins are widely
used in the drug delivery systems for different purposes such as enhancing the
solubility and stability of the drug; increasing the circulation time; reducing
irritations.*” ™ Furthermore, cyclodextrins can serve as multivalent scaffolds as they
can be modified selectively with functional groups such as azide, thiol and carboxylic
acid.”™" In this project cyclodextrins were used as multivalent scaffolds to target

hemagglutinin trimer as an alternative to gold NPs.
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Figure 5.1:Chemical structure of alpha, beta and gamma cyclodextrin

B-Cyclodextrin (B-CD) was envisioned to be the ideal organic scaffold to replace gold
NPs in comparison to other organic scaffolds such as dendrimers, dendrons and
polymer nanoparticles (figure 5.2). First of all, the core diameter of B-CD (d~1.5 nm)
is comparable to the gold NPs (~3 nm) and matches well with the HA globular head
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(~5 nm). Different from many other organic materials, cyclodextrin has a rigid
structure, which contributes to the virucidal activity together with the spacer ligand.
Also, cyclodextrins can be modified to have maximum 7 trisaccharides, and more
realistically 2-4, that corresponds to the number of sialic acid binding points on the
HA globular head. Therefore, B-CD was modified with rigid spacer ligands and

6’SLN was grafted in a similar way to gold nanoparticles.

Figure 5.2: To target HA trimers, gold core was modified into cyclodextrin core, to make a

completely organic nanomaterial.

5.1. Materials and Methods

5.1.1. Synthesis of the modified cyclodextrins

Materials: All the solvents were purchased from sigma Aldrich. N-
hydroxysuccinimide ester (NHS), ethylcarbodiimide hydrochloride (EDC-HCI) and
4-(dimethylamino)-pyridin (DMAP), 6-heptenoic acid was purchased from Sigma-
Aldrich. Neu5Aco(2,6)-GalB(1-4)-GlcNAc-B-ethylamine was purchased from TCI
chemicals. Heptakis-(6-deoxy-6-mercapto)-beta-Cyclodextrin and Carboxymethyl-
beta-Cyclodextrin sodium salt was purchased from cyclodextrin shop. 11-dodecenoic
acid was purchased from abcr GmbH. 14-pentadecenoic acid was purchased from

Larodan AB.
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Methods: Cyclodextrin derivatives to target influenza virus were synthesized in three
steps (figure 5.3). The first step is the conjugation of the spacer ligands onto the [3-
cyclodextrin through thiol-ene reaction, which is an organic reaction between a thiol
and alkene to form an alkyl sulfide under UV light. The second step is NHS
activation of the —-COOH end group of the spacer ligand. The last step is 6’SLN
grafting onto the spacer ligands. To conduct the control experiments, 6’SLN modified
B-cyclodextrin without additional spacer ligands, which lacks the first step, was

synthesized.

dmso, overnight

2) NHS, EDC, DMAP
dmso, overnight

Purification: ice-cold water, acetonitrile
R R
3) 6’SLN,TEA

dmso, overnight
Purification: amicon filters MWCO: 3kDa

OH OH

COONa
R: wo
AcHNOH HO} o o o% o °
H S s
HO OH&W”W or HOM or -SH

Figure 5.3: Reaction procedure to synthesize 6’SLN modified B-cyclodextrin.

Stepl: Modification of cyclodextrins with spacer ligands

0.04 mmol Heptakis-(6-deoxy-6-mercapto)-beta-Cyclodextrin was mixed with 0.28
mmol of bi-functional molecules bearing an allyl and a carboxylic acid groups. (6-
heptenoic acid, 11- dodecenoic acid or 14-pentadecenoic acid) in 5 mL of dmso. An

overnight reaction was conducted under the UV light.
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Step2: NHS activation

To the reaction mixture described above 1.12 mmol NHS 0.56 mmol EDC-HCI and
0.02 mmol DMAP was added. The activation reaction was conducted overnight. Next
day, the resulting cyclodextrin was first precipitated from ice-cold water. Then from

acetonitrile and lastly from diethyl ether. The product was dried under vacuum.

Step3: 6’SLN grafting

5.6 umol NeuSAco(2,6)-GalP(1-4)-GlcNAc-B-ethylamine was mixed with 1.6 pumol
of the CD derivative obtained in the step 2. 15 pumol TEA was added and the reaction
was conducted overnight in 1 mL dmso. Next day, the material was diluted with 0.01
M phosphate buffer (pH:7.5) and concentrated using amicon filters (MWCO:3k). The

resulting material was further washed ten times with distilled water.

6 ’SLN grafted B-cyclodextrins without spacer ligands

Carboxymethyl-beta-Cyclodextrin sodium salt (0.04 mmol) was activated with 1.12
mmol NHS 0.56 mmol EDC-HCI and 0.02 mmol DMAP was added. The activation
reaction was conducted overnight. Next day, the resulting cyclodextrin was first
precipitated DCM-diethyl ether mixture and further washed three times. The product

was dried under vacuum. 6’SLN grafting was conducted in the same way as step 3.

Sialic acid (aminohexyl Neu5Ac) grafted B-cyclodextrins

Aminohexyl Neu5Ac was synthesized following a previously reported protocol.”” The
details of the synthesis as well as the characterization results can be found in the
appendix B. Step 1 and 2 were conducted with 6-hexadecenoic acid modified B-
cyclodextrin. 5.6 pmol aminohexyl NeuSAc was mixed with 1.6 pmol of the CD
derivative obtained in the step 2. 15 pmol TEA was added and the reaction was
conducted overnight in 1 mL dmso. Next day, the material was diluted with 0.01 M
phosphate buffer (pH:7.5) and concentrated using amicon filter (MWCO:3k). The

resulting material was further washed ten times with the distilled water.
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5.1.2. Antiviral Assays Against Influenza

In-vitro dose-response and virucidal assays were conducted in the same way with the

gold NPs described in chapter 4.1.2.

Ex-vivo experiments

Ex-vivo experiments were conducted by Dr. Valeria Cagno, in the University of
Geneva. Human airway epithelia reconstituted in vitro, MucilAir tissues, (Epithelix
Sarl, Geneva, Switzerland) were cultured at the air-liquid interface from a mixture
of nasal polyp epithelial cells originating from 14 healthy donors. Influenza HINI
Neth/09 (5X10° virus particles/mL) and CD-C11-6’SLN (25 pg) were transferred
onto tissues without pre-incubation, together with non-treated control. After 4 hours
of incubation time, the tissues were washed twice. On a daily basis, the basal medium
was changed. To conduct daily qPCR measurements, 200 ulL of medium was added
onto tissues and then collected in 20 minutes. RNA extracted with NucliSens
easyMAG (bioM¢érieux, Marcy L'Etoile, France) was quantified by using qPCR with
the QuantiTect kit (#204443; Qiagen, Hilden, Germany) in a StepOne ABI

Thermocycler.

In-vivo experiments

In-vivo experiments were conducted by Dr. Ronan Le Goffic and Dr. Valeria
Cagno in French National Institute for Agricultural Research,Paris. Four groups of
five BALB/c mice were intranasally treated at day 0 with 50 ul of PBS or CD-C11-
6’SLN (25 pg) and immediately inoculated with HINT Neth/09 (10* pfu). On a
daily basis, body temperature and the weight of the mice were measured. Two days
post-infection, 2 groups of mice were killed. Lung homogenate and nose mucosa
were collected to quantify the viral titer through qPCR mesurements. The other
treated group was retreated with the same amount of CD-C11-6’SLN. Two days
after, all the remaining mice were killed, lung homogenate and nose mucosa were
collected. After the tissue disruption, the RNA was extracted with Trizol and
quantified by using qPCR.
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5.1.3. Characterization of the modified cyclodextrins

"H NMR studies were conducted in order to characterize the cyclodextrin derivatives.
First of all, peak broadening occurs once the spacer ligands are grafted onto the

cyclodextrin since the freedom of the molecules is restricted (figure 5.4).
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Figure 5.4: Peak broadening effect upon grafting of spacer ligands onto 3-CD (solvent: D,0).

Even though, broadening may increase the error percentage of the integrals, it is

possible to calculate the average number of 6’SLN trisaccharide and spacer ligand per

CD (figure 5.5).
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Figure 5.5: NMR spectrum of the CD-C11-6’SLN. Average number of 6’SLN per B-CD is

calculated by comparing the specific peaks from each molecule (NMR solvent: D,0).
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The specific peak from the 6’SLN molecule (the doublet at 4.4 ppm which
corresponds to 1H) was compared to the specific peak from cyclodextrin (the peak at
5-5.5 ppm, corresponds to 1H/glucose forming the cyclodextrin). The specific peak
for the spacer ligand (the peak at 2.2-2.5, corresponds to 2H near carboxylic acid end-
group) involves both free and 6’SLN grafted spacer ligands.
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Figure 5.6: The grafting of 6’SLN onto spacer ligand is monitored through the shift of a peak

from the amine terminated 6’SLN.

It is also possible to observe amide bond formation in the NMR spectrum. When
amine terminated 6’SLN trisaccharide is grafted onto the spacer ligand, the hydrogens
near the amine end-group shifts from 3.1-3.3 ppm to 3.3-3.5 ppm (figure 5.6). This

small shift is typically observed upon amide bond formation.

Table 5-1: Average number of 6’SLN/CD core calculated by NMR. To calculate the

estimated molecular weight the average number of spacer ligands was assumed to be 4.

6’SLN/CD Estimated MW
CD-C1-6’SLN ~2.8 ~3.7kDa
CD-C6-6’SLN ~2.8 ~3.9 kDa
CD-C11-6’SLN ~2.7 ~4kDa
CD-C14-6’SLN ~3.1 ~4.4kDa
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6’SLN grafted cyclodextrins bearing a spacer of different length were characterized in
the same way (table 5-1). The increase of the spacer ligand length can be observed in
the stacked spectrum (figure 5.7). As the spacer length increases (from top to bottom),

the peak between 1-1.8 ppm enhances.

Linker length

c6

Figure 5.7: The stacked NMR spectrum of 6’SLN grafted B-CDs with different spacer size.

5.2. The influence of the spacer on the inhibitory activity

6’SLN coated Gold NPs bearing C15 spacer successfully inhibited influenza with
virucidal inhibition mechanism. To repeat these results with the cyclodextrin core,

certain structural considerations have to be done.

I=

Figure 5.8: 6’SLN grafted B-CDs with different spacer size
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The size of the gold core (~ 3 nm) and B-CD (~ 1.5 nm) are comparable. However,
gold NPs contain much higher number of ligands. Therefore, the ideal spacer may not

be the same. For this reason, 6’SLN trisaccharides were grafted onto B-CD bearing

C6, Cllor C15 spacers as well as onto B-CD without any additional spacer (C1).

Table 5-2: Comparative dose-response assays against Influenza HIN1 Neth/09

CD EC50 (pg/mL) EC506’SLN (nM) EC50CD (nM) EC90 (pg/mL)
C6-6’SLN 0.29 213 74 2.7
C11-6’SLN 0.17 114 42.5 34
C14-6’SLN 0.79 570 179 36

C1-6‘SLN 171 121,000 46,000 -

Table 5-3: Comparative dose-response assays against Influenza H3N2 Sing/04

CD EC_ (nM) EC_ 6’SLN(nM) EC_CD(nM) [EC, (ng/mL)
C6-6’SLN 0.27 185 69 1.7
C11-6¢’SLN  0.17 121 425 0.7
C14-6°SLN  0.22 156 50 2.7
C1-6°SLN 191 121,000 51,600 -

Table 5-4: Comparative dose-response assays against Influenza B Yamagata

CD (B/Yam) ECs (npg/mL)  ECsy 6°SLN (uM) EC_CD(uM) [ EC_ (ng/mL)
C6-6’SLN 45 3 1 -
C11-6’SLN 2.2 1.5 0.5 48
C14-6¢°SLN  20.38 14 45 92
C1-6°SLN 127 89 34 -

In a similar way to the previous chapter, the resulting cyclodextrins were tested
against HIN1 Neth/09, H3N2 Sing/04 and B/Yamagata. Except the cyclodextrin
without additional spacers (C1), all the other cyclodextrin derivatives had a good

inhibitory activity against the influenza strains tested. Introducing a sufficiently long
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spacer ligand clearly enhanced the end-group flexibility. Therefore, the binding
affinity between the CD-C1-6’SLN and the HA trimer is much weaker in comparison
to other CD derivatives. As a result, the inhibitory concentrations were much higher.
As it was the case for gold NPs, influenza B/Yamagata was inhibited (table 5-3) at
higher material concentrations in comparison to Neth/09 and Sing/04 strains (table 5-
1 and 2). In comparison to CD-C11-6’SLN and CD-C6-6’SLN, the inhibitory
concentrations of the CD-C15-6’SLN was higher. However, this can also be because
of aggregation of the macromolecule, since it has more hydrophobic content. In terms
of toxicity, there was no big difference between the three CD derivatives (figure 5.9).

At all the concentrations tested, the cell viability was above 90%.
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Figure 5.9: Cell Viability assays. MDCK cells were treated with varying concentration of
CDs and MTS assays were conducted.

At this point, it was important to select the most promising cyclodextrin derivative to
conduct the further biological assays such as ex-vivo and in-vivo. Therefore, a
comparative virucidal assay was also conducted (figure 5.10). CD-C11-6’SLN and
CD-C6-6’SLN had comparable inhibitory and virucidal activity. At a concentration of
100 mg/mL, both reduced the viral titer by three logs. To conduct these experiments,
several batches of 6’SLN grafted CDs were synthesized. All the batches of CD-C11-
6’SLN had a good inhibitory activity, however one batch of CD-C6-6’SLN had a
weaker inhibitory activity. We thought that CD-C6-6’SLN might be more sensitive to
synthesis related variations. Therefore, CD-C11-6’SLN was selected to conduct ex-

vivo and in-vivo experiments.
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Figure 5.10: Comparative dose-response curves (left) and virucidal assays against HIN1

Neth/09
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5.3. Mono sialic acid grafted p-CD

In the previous chapter, it was demonstrated that mono sialic acid grafted gold NPs
poorly inhibited HIN1 Neth/09 and Clinical strains. Mono sialic acid was also grafted
onto B-CD and was tested against HIN1 Neth/09, H3N2 Sing/04 and B/Yam.
Surprisingly the inhibitory activity was strong this time (table 5-5).

Table 5-5: Inhibitory activity of SA grafted B-CD against influenza

CD EC50 Neth/09 ECSOSing/04 ECSOB/Y am

C12-SA 0.9 pg/mL 1.2 pg/mL 2.2 pg/mL

Figure 5.11: Chemical structure of sialic acid (Neu5Ac) grafted p-CD
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This is probably because the structure of the scaffold as well as the spacer positively
contributes to binding. Therefore, three sugars may not be necessary for a strong
binding to the HA trimer. This result indicates that the spacer ligand and the core
material have a strong influence on the binding affinity. Sialic acid grafted f-CD also
showed some virucidal activity (figure 5.12). However, the assay needs to be repeated

since the virus concentration was very low.

For the time being, sialic acid grafted f-CDs were not further investigated since the
scope of this thesis is specific irreversible inhibition. However, sialic acid grafted [3-
CDs have the potential of becoming broad-spectrum antivirals against sialic acid
targeting viruses. Therefore, the broad-spectrum virucidal activity of sialic acid

grafted B-CDs will be studied in the near future.
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Figure 5.12: Virucidal activity of SA-CD against HIN1 Neth/09

5.4. In-vitro Virucidal activity of CD-C11-6’SLN

In-vitro virucidal activity of CD-C11-6’SLN against influenza HIN1 Neth/09, H3N2
Sing/04, H3N2 Vic/l1 and B/Yam was firstly evaluated with in-vitro assays.
Virucidal assays were conducted with 100 mg/mL CD-C11-6’SLN, even though ECyy
concentration was lower. Therefore, it is possible that some degree of virustatic
inhibition was also involved. However, most of the effect is virucidal. As it was
mentioned in the previous chapter, to enhance the virucidal effect, it is possible to
increase the material concentration. The limit is, to increase the material concentration

linearly with the virus concentration. The reason why the concentrations were
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increased is to make a good estimation for ex-vivo and in-vivo concentrations. For ex-
vivo and in-vivo, to inactivate the virus (almost completely) at the first instance is

important. Virustatic effect will not be a problem, since the virus continuously

replicate.

Figure 5.13 shows that CD-C11-6’SLN reduced the viral titers of HIN1 Neth/09,
H3N2 Sing/04, H3N2 Vic/11 by 2-3 log units. As it was the case for gold NPs, the

virucidal activity against influenza/B was weaker.
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Figure 5.13: Virucidal activity of CD-C11-6’SLN against different influenza strains

To show the time dependence of the virucidal activity, HIN1 Neth/09 was incubated
with CD-C11-6’SLN for 15 minutes, 1 hour and 2 hours (figure 5.14). Following the
incubation period, the dilutions were conducted. We observed that the virucidal
inhibition starts within 15 minutes, then further increases next 45 minutes. After 1

hour, the viral titer does not further decrease.
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Figure 5.14: Time dependence of virucidal activity. Influenza strain:HIN1 Neth/09

5.5. CD-C11-6’SLN against Clinical Strains

As it was mentioned in the previous chapter, the clinical strains are very important
because of two reasons: 1) they are recently circulating strains 2) the viral ligands are
not adapted to cell-lines. Therefore, CD-C11-6’SLN was tested against HIN1, H3N2
and B Clinical influenza strains. In line with the other results, the strongest inhibitory
activity was against influenza A HIN1. The inhibitory activity was weaker against

influenza B and there was no inhibitory activity against H3N2 (table 5-6).

Table 5-6: Antiviral activity of C11-6’SLN against Clinical strains

CDh EC_HIN1 EC B EC_H3N2
50 50 50

C11-6’SLN 0.5 pg/mL 17 pg/mL N/A

5.6. Ex-vivo inhibitory activity of CD-C11-6’SLN

Ex-vivo experiments, where the dilutions naturally occur, are crucial to demonstrate
the virucidal activity. MucilAir® is a human airway epithelia reconstituted in vitro
(figure 5.15). To create the tissues, a mixture ofnasal polyp epithelial cells
originating from 14 healthy donors was cultured at the air-liquid interface. These

tissues mimic very well the human upper respiratory track, where the influenza
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infection begins and progresses. Therefore the results of ex-vivo experiment are very

valuable.

Mucus
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Figure 5.15: Illustration showing the structure of the MucilAir

To conduct the ex-vivo experiments, CD-C11-6’SLN and the virus are (HINI
Neth/09) simultaneously transferred onto tissues, without prior incubation. After a
certain amount of time, the tissues are washed and the progress of the infection was
monitored on a daily basis. It is very important to inactivate the virus as much as
possible at the initial step of the experiment. Therefore, the material concentrations
should be sufficiently high. There is no more concern of virustatic effect as it was the
case for in-vitro experiments since the inoculum will be removed but the experiment

will continue for several days.

As figure 5.16 shows, 24 hours after the first treatment, the viral concentration in the
non-treated tissues increases by two log units, whereas it decreases by two log units in
the treated tissues. The infection further progresses after 48 hours, reaching 10°/mL
virus particles. After 72 hours, the viral titer starts to decrease probably because the
tissues are not healthy enough for the virus to continue replicating. In the case of the
treated tissues, the viral titer increases by 1 log unit after 24 hours and the virus
concentration remain constant the next days. It is interesting that the virus
concentration does not increase or decrease further after 48 hours. If a considerable
amount of active virus would remain, the infection would progress during the days

following the treatment, reaching higher viral titers.
qPCR counts both active and inactive viruses. It is possible that the inactive viruses

are trapped in the cavities of the tissues in the beginning of the assay. As time passes,

the virus particles might be degraded and slowly washed away during the daily
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treatments. More studies needs to be conducted in order to understand the constant

viral titer observed in the treated tissues.
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Figure 5.16: The virus concentration in the tissues was measured on a daily basis. The viral

titer was evaluated with qPCR measurements

All aside, there is a difference of 5 log units between the CD-C11-6’SLN treated and
non-treated tissues at the peak of the infection (72 hours after the treatment), that
clearly shows the virucidal activity. Moreover, CD-C11-6’SLN treated tissues were in
a very good condition, very comparable to their initial state. Successful ex-vivo
results points out that CD-C11-6’SLN can also show a strong in-vivo antiviral

activity. Therefore, in-vivo experiments were performed.

5.7. In-vivo inhibitory activity of CD-C11-6’SLN

After successful ex-vivo results, in-vivo mouse model experiments were conducted.
The mice were simultaneously treated with HIN1/Neth 09 and CD-C11-C6 together
with pbs treated controls at day 0. The temperature and the weight of the mice were

measured on a daily basis.
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Figure 5.17: The curves showing the temperature and weight of the CD-C11-6’SLN treated

mice and non-treated mice

48 hours after the treatment, CD-C11-C6 treated mice kept the initial body weight and
temperature whereas pbs treated mice significantly lost weight and their body
temperature decreased. At day 2, half of the mice were killed and the rest of the mice
retreated with CD-C11-6’SLN. At day 3, the retreated mice were still healthy in terms
of body weight and temperature. However, at day 4, the retreated mice started to

become sick (figure 5.17).
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Figure 5.18: The viral concentration in the lungs and nose of the CD-C11-6’SLN treated and

non-treated mice. The viral titer was evaluated with qPCR measurements.

The nose mucosa and lung homogenate were then analyzed to calculate the
corresponding viral titers. 2 days after the start of the experiment, there was
approximately 2-log unit reduction in the lung viral titers of the CD-C11-6’SLN
treated mice in comparison to pbs treated ones, whereas the difference was 1 log unit
in the nose. 4 days after, the difference between the titers was less than 1 log both in

the lungs and in the nose (figure 5.18).

79



Chapter 5: Modified Cyclodextrins Against Influenza

Additionally, bronco alveolar lavage (BAL) was titrated in order to count the number
of infective viruses. As figure 5.19 shows, the difference between the CD-C11-6’SLN
treated and non-treated tissues is even bigger than qPCR measurements. One mouse
has almost 0 infective viruses. It should be noted that the variations in the treated
mice is larger than non-treated ones. The variations may have two reasons: Either, the
response of the each mouse to the CD-C11-6’SLN is different or the delivery of the
CD-C11-6’SLN at the initial stage of the experiment.
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Figure 5.19: The quantity of the active virus was demonstrated with the titration of the

bronco alveolar lavage (BAL)

Second treatment of the mice with CD-C11-6’SLN might be unnecessary at this stage
of the project. It is possible that the tissues of the mouse were swollen due to
infection, and CD-C11-6’SLN could not penetrate deep into tissues. Therefore,
second treatment of the mice with CD-C11-6’SLN might be unnecessary at this stage
of the project. More elevated methods might be necessary in order to conduct the

second treatment.
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HIN1 Neth/09 is a very aggressive influenza strain. CD-C11-6’SLN treatment
protected the mouse to loose weight and body temperature. Moreover, 99% reduction
of the viral titer in the lungs and 90% reduction in the nose are very successful in-vivo
results. It is important to note that the CD-C11-6’SLN concentrations used in the
experiments are not very high and scalable to humans. If this experiment would be

performed on a human, 100 mg of CD-C11-6’SLN would be used.

5.8. Conclusion

Replacing the gold NPs with cyclodextrin did not affect the virucidal inhibition
mechanism. Cyclodextrin derivatives successfully inhibited influenza strains with
virucidal mechanism. When 6’SLN grafted onto B-Cyclodextrins without any
additional spacer ligands, the antiviral activity was poor. Perhaps, these nanomaterials

lack the flexibility to interact with the HA trimer.

6’SLN grafted B-Cyclodextrins with 6C and 11C spacers showed a similar inhibitory
activity. However, cyclodextrins with 11C spacer were more reproducible. Therefore,

in-vivo and ex-vivo experiments were conducted with CD-C11-6’SLN (figure 5.20).

The virucidal activity was further demonstrated with ex-vivo experiments, where the
dilution of the inoculum naturally occurs. At the peak of the infection, 72 hours after
the treatment, there was 5 log units difference between the viral titers of the CD-C11-
6’SLN treated tissues and non-treated tissues. Moreover, in-vivo antiviral activity of
CD-C11-6’SLN was demonstrated using a mouse model. CD-C11-6’SLN treatment

protected the mice to loose weight and body temperature. There was also a significant

difference between the viral titers in the lungs and the nose. It is worth to mention that
ex-vivo and in-vivo experiments were conducted with very aggressive influenza strain
(HIN1 Netherlands/09) at a reasonable material concentration. Therefore, CD-C11-

6’SLN has a big potential to become a drug against influenza.
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Figure 5.20: Chemical structure of the CD-C11-6’SLN

One reason why 1918 Spanish influenza pandemic was very deadly is that patients
had extensive cell damage in the pulmonary tissues. Ex-vivo and in-vivo results

demonstrate that CD-C11-6’SLN have big potential to prevent the deformations in the

lung tissues which may reduce influenza related deaths.
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CHAPTER 6

Conclusion and Outlook

In the previous chapters, antiviral activity of the 6’SLN bearing nanomaterials having
a gold or cyclodextrin core was demonstrated. 6’SLN trisaccharide provided high
affinity binding between the nanomaterials and the virus, whereas the rigid spacer

provided the irreversible inhibition mechanism.

Gold NPs enabled us to conduct a detailed activity-structure relationship. Chemical
structure of the spacer ligand as well as the 6’SLN density was demonstrated to be
important in order to target influenza virus. Inhibition of the influenza virus was
achieved at sub-nanomolar gold NP concentrations and the mechanism was
demonstrated to be virucidal. NPs were successful to inhibit both influenza A and B
types, including clinical strains. However, certain H3N2 strains could not be

inhibited.

Antiviral nanomaterials have to be fully organic and biodegradable in order to
become a drug that treats influenza infections. For this reason, the gold core was
replaced with B- CD. Similar to gold NPs, B-CD derivatives successfully inhibited
influenza virus with virucidal mechanism. The ex-vivo experiments further
demonstrated that the inhibition mechanism is virucidal. Moreover, B-CD derivatives
successfully inhibited influenza in-vivo (mouse model). Mice did not loose body
weight and temperature when treated with B-CD derivatives. Also the viral titers in
the nose and lungs were significantly lower. More importantly, the drug
concentrations at which the in-vivo experiments were conducted are easily scalable to

humans.
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6.1. Important Conclusions

The influence of the nanomaterial surface structure on the inhibitory activity

The spacer ligand is one of the most important elements of the nanomaterials
targeting influenza. They can significantly enhance the inhibitory activity of the
nanomaterials, even though end-group does not have a high binding affinity to HA.
For example, NPs with 3’SLN grafted PEG8 spacer showed a very weak inhibitory
activity against human influenza viruses, as expected. However, when grafted onto a
rigid spacer (C15), the inhibitory activity was significantly enhanced. Similarly, NPs
with mono sialic acid grafted onto PEGS8 spacer poorly inhibited human influenza
strains. On the other hand, when mono sialic acid was grafted onto -CD core through

a rigid spacer (C11), the inhibition of the human influenza strains was successful.

Three sialic acid binding pockets are located on the globular head of the HA trimer.
Ideally, the nanomaterials interact with these three pockets for a high affinity binding.
However, for virucidal nanomaterials, this may not be needed. For example, targeting
two binding pockets may leave more space to the free hydrophobic ligands so that the

virucidal activity is enhanced.

One big difference between the gold and cyclodextrin scaffolds is the total number of
ligands on the surface. f-CD have ~ 4 ligands whereas the surface of gold NPs is
much more crowded, ~140 ligands/NP. Therefore, the results in these two cases did
not always correlate although the materials were modified similar spacer ligands. For
example, 11C spacer was found to be too short to inhibit certain influenza strains
when grafted onto gold NPs. On the other hand, the same linker showed a very strong
inhibitory activity against many influenza strains when grafted onto the cyclodextrin
core. In the first case, the ligands are densely packed on the NPs surface and perhaps

C11 does not have enough freedom to interact with sialic acid binding pockets.
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Mechanism of inhibition

Irreversible inhibitory activity of the nanomaterials against influenza virus was
demonstrated with in-vitro and ex-vivo experiments. Irreversible inhibition is possible
when 1) the inhibition mechanism is virucidal 2) the dissociation constant, Ky, is
unexceptionally low. The latter is rarely seen in the nature. One well-known example
is the interaction between the streptavidin and the vitamin biotin where K¢= 10
mol/L. The tight bonding mode between the streptavidin and vitamin biotin makes the

interaction close to the covalent interaction.

Irreversible inhibition due to the very low dissociation constant is a possibility in our
case, however it is unlikely. First of all, the nanomaterial concentration to inhibit the
influenza is not unexceptionally low. In a typical dose-response assay, to achieve 90%
inhibition of the virus, the ratio between the number of nanomaterials and the HA
trimers is in the range of 10°-10%. The inhibitory concentrations should have been
much lower if the dissociation constant would be significantly low. Secondly, when
the inoculum is diluted thousand times or ten thousand times, the concentration of HA
proteins decrease to ~10"°-10"'° mol/L. The dissociation constants at this range are
very rare. Therefore, the mechanism of inhibition is probably virucidal.

Nanomaterials potentially distort the viral proteins so that the virus becomes inert.

Potential of the virucidal nanomaterials to become therapeutics

One reason why 1918 HIN1 Spanish influenza was very deadly is that the virus
caused extensive cell damage in the lung tissues. Glycan array studies show that this
strain was targeting 6’SLN trisaccharides on the host-cell glycoproteins. Similarly,
swine influenza pandemic virus HIN1 CAL/09 was also targeting 6’SLN
trisaccharides. Perhaps, an influenza virus that does not target highly expressed sialic
acid moieties on the respiratory track cannot lead to pandemics. For humans this sialic
acid type is 6’SLN and for avians 3’SLN. Therefore, to decorate the nanomaterials

with these glycans is indeed a good strategy to fight against the pandemics.
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Previously, several multivalent materials bearing a sialic acid end-group were
demonstrated as potential antivirals against influenza. However, most of these studies
did not involve in-vivo results or the reported results were not complete. There is only
one study in which 6’sialyllactoseamine (6’SL) grafted PAMAM dendrimers were
tested against several influenza strains.*> This study also involves very detailed in-
vivo results where the condition of the mice as well as the viral titers in the lung was
demonstrated. One big difference between our study and their study is the material
concentrations. Our experiments were conducted with ~ 25 pg/mouse of materials
whereas their experiments were conducted with ~ 25 mg/mouse of materials. If the
concentrations would be scaled to humans, we would do the experiment with ~100
mg/human whereas they would do with 100g/human. Also, the antiviral activity of the
cyclodextrin materials seem to be stronger considering the condition of the mouse as
well as viral titers. Thus, cyclodextrin based nanomaterials have big potential to

become drugs, in particular to fight against influenza pandemics.

6.2. Future Work: Targeting Other Sialic Acid Binding Viruses

6’SLN is a trisachharide that human influenza virus utilizes to attach host-cells
receptors. In this thesis, it was demonstrated that 6’SLN grafted onto nanomaterials
with a rigid spacer irreversibly inhibited influenza virus. This concept can be adjusted
to other sialic acid targeting viruses. In order to do so, it is important to know the
glycan sequence that the virus binds to with high affinity. This information can be
obtained from glycan array studies. Additionally, crystal structure of the viral ligands

should also be taken into account.

The family of sialic acid binding viruses is relatively small. Influenza is the virus
affecting the highest number of people in the world. Therefore, in this project the
focus was the human influenza virus. The other viruses that can be interesting to

target are avian influenza virus, rotavirus and certain types of enterovirus.
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Targeting Avian Influenza Strains

Avian influenza is a very dangerous and fatal virus, both for avians and humans. It
also has lots of economic consequences since many animals have to be killed once the

infection appears.

Easily spread Spreads slowly
Rarely fatal Often fatal

Figure 6.1: Human influenza strains primarily affect the upper respiratory track where the
cells are rich with 2,6 linked sialic acid, whereas avian influenza strains affects the lungs

where the cells are rich with 2,3 linked sialic acid.

Avian influenza preferentially binds to 3°’SLN moieties on the host-cell receptors.
Humans have tissues rich with -2.,3 linked sialic acid, but deep in lungs (figure 6.1).
Therefore, it is more difficult for humans to be infected with avian influenza.
However, once the infection starts, it is usually fatal. For this reason, to irreversibly
inhibit the avian strains can be even more valuable than inhibiting human influenza

strains.

Nanomaterials coated with 3’SLN can irreversibly inhibit avian influenza strains. The
next step of this project is to conduct antiviral and virucidal assays against avian
influenza strains, particularly against HSN1. H5N1 is a highly pathogenic strain,
which causes pandemics. HSN1 pandemics usually result in millions of animal deaths
and are also fatal for humans. It is therefore very important to inhibit this strain with

virucidal mechanism.
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Targeting Rotavirus and Norovirus

Rotavirus causes inflammation of stomach and intestines. It is particularly dangerous
for children, as it is the main cause of fatal diarrhea in young children. In 2013,
rotavirus caused 215,000 deaths worldwide. Currently vaccination is the only method
to protect against many strains of rotavirus. Therefore, to design nanomaterials

targeting the rotavirus can be interesting.

Even though rotavirus is known to be a sialic acid targeting virus, many studies
showed that some human rotavirus strains changed their binding affinity from sialic
acid to the histo-blood group A antigen o-D-GalNAc-(1-3)-(a-L-Fuc-[1-2])-D-Gal.”*~
% Therefore, this trisaccharide can be grafted onto NPs to target the rotavirus. We
conducted some preliminary experiments on the rotavirus DS-1 strain. Similar to the
experiments against influenza, the gold NPs with blood group A trisaccharide were
synthesized and tested against rotavirus DS-1 strain. However, we could not achieve
any inhibition. One challenge to target rotavirus is the position of the receptor binding
points on the viral ligands (figure 6.2). The binding point is at the side of the viral
ligand and therefore, it is difficult to target the virus with multivalent nanomaterials.
In this respect, nanomaterials having different sizes, shapes as well as trisaccharide

densities should be investigated.

Norovirus is a similar virus to the rotavirus and it is the most common cause of
gastroenteritis in humans. Norovirus was also demonstrated to target the histo-blood
group antigens.®”*® Therefore, a similar approach might be followed to target the

norovirus.

To target these viruses, collaboration with Functional Glycomics should be
established. Different strains of purified Noro and Rotavirus can be then analyzed for
their glycan binding affinity. The glycan sequences providing high affinity binding
can be then grafted onto nanomaterials to target the viruses. In parallel, crystal
structure of the viral ligands should be investigated in order to improve the design of

the nanomaterials.
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a Rotavirus VP4 5 i% = #
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Nature Reviews | Microbiology
Figure 6.2: Illustration showing rotavirus viral ligand VP4 where the attachment point
is shown with red circle (a). Human rotavirus target blood group A trisaccharide a-D-
GalNAc-(1-3)-(a-L-Fuc-[1-2])-D-Gal (b and d). On the other hand, rhesus rotavirus target

sialic acid (c).

Broad spectrum antivirals against sialic acid targeting viruses

Sialic acid coated gold NPs did not show a good inhibitory activity against the
influenza virus. On the other hand, sialic acid grafted cyclodexrin was successfully
inhibited influenza HIN1 Netherlands/09, H3N2 Singapore/04 and B/Yamagata at
concentrations comparable to 6’SLN grafted cyclodextrins. Probably, the chemical
structure and the density of the spacer ligand as well as the scaffold improved the
binding in comparison to gold NPs. Therefore, sialic acid grafted cyclodextrins have a

potential to become broad-spectrum antivirals against sialic acid targeting viruses.
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Appendix A

Synthesis Protocols of the group A gold NPs:

Synthesis of PEG(4)-CH; NPs: 88.6 mg hyaluronic acid (HAuCly) in 15 mL of
EtOH was stirred with 48 mg of HS-PEG(4)-CH3 in 5 mL of EtOH for 10 minutes. To
the mixture 94.6 mg sodium borohydrate (NaBH4) in 37.5 mL of ethanol (EtOH) was
added dropwise within 5 minutes. For complete NP formation, an overnight reaction
was performed. Resulting NPs were diluted in H,O and concentrated using amicon

filters (cut-off MW: 30kDa). Once concentrated, NPs were further washed with H,O.

PEG(4)-CH; PEG(8)-COOH mixed ligand NPs: A ligand exchange reaction was
performed with 70 mg of HS-PEG(8)-COOH and 20 mg of PEG(4)-CH3;NPs, in
DMF, overnight. The NPs were precipitated from DMF-diethyl ether mixture and
further washed three times with the same solvent mixture. A last wash with only

diethyl ether was done and NPs dried under vacuum.

PEG(4)-CH; MUA mixed ligand NPs: A ligand exchange reaction was performed
with 1.5 mg of 11-mercaptoundecanoic acid and 20 mg of PEG(5) NPs, in DMF,
overnight. The NPs were precipitated from DMF-diethyl ether mixture and further
washed three times with the same solvent mixture. A last wash with only diethyl ether

was done and NPs dried under vacuum.

NHS Activation of of NPs: 15 mg of NPs were activated using 10 mg N-
hydroxysuccinimide ester (NHS), 2 mg of ethylcarbodiimide hydrochloride (EDC-
hel) and 0.1 mg of 4-(dimethylamino)-pyridin (DMAP) in DMF, overnight. The NPs
were precipitated from DMF-diethyl ether mixture and further washed three times
with the same solvent mixture. A last wash with only diethyl ether was done and NPs

dried under vacuum.

Synthesis of A-PEGS-6’SLN NPs: 5 mg of NHS-activated NPs were mixed with 1.7
mg of NeuSAca(2,6)-Galp(1-4)-GlcNAc-B-ethylamine in 2 mL of DMF. After an
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overnight reaction, 6’SLN grafted NPs were precipitated from diethyl ether and

washed with H,O using amicon filters.

Synthesis of A-PEG8-3’SLN NPs: 5 mg of NHS-activated NPs were mixed with 1.7
mg of Neu5Aca(2,3)-Galp(1-4)-GlcNAc-B-ethylamine in 2 mL of DMF. After an
overnight reaction, 3’SLN grafted NPs were precipitated from diethyl ether and

washed with H,O using amicon filters.

Synthesis of A-PEGS8-SA NPs: 5 mg of NHS-activated NPs were mixed with 1.7 mg
of 6-aminohexyl Neu5Ac in 2 mL of DMF. After an overnight reaction, SA grafted

NPs were precipitated from diethyl ether and washed with H,O using amicon filters.

Synthesis of A-MUA-6’SLN NPs: 5 mg of NHS-activated NPs were mixed with 1.7
mg of NeuSAca(2,6)-GalB(1-4)-GlcNAc-B-ethylamine in 2 mL of DMF. After an
overnight reaction, 6’SLN grafted NPs were precipitated from diethyl ether and

washed with H,O using amicon filters.

"H NMR Spectrum of the A-PEG(8)-6’SLN NPs
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"H NMR Spectrum of the A-PEG(8)-3’SLN NPs
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Appendix B

Synthesis of the 6-aminohexyl Neu5Ac:

Carboxylic acid group of N-Acetyl neuraminic acid is methylated by using Dowex
resin. The hydroxide group adjacent to this acid can then be activated using acetyl
chloride. This simultaneously protects the other hydroxyl groups whilst converting the
hydroxide adjacent to the protected acid to a chloride. This product (1) can then be
purified via silica column chromatography and further used to react to the hydroxyl
terminus of the molecule 2. This protected-amine modified sialic acid has all of its
protecting groups removed readily using sodium methoxide followed by lithium
hydroxide and Pd/C. The final product (3), is then capable of being used in the sialic

acid modification of the nanomaterials.

COOH HO™ ™
H COOMe
MeOH O\ AcCl
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ESI-Mass Spectrum of the 6-aminohexyl Neu5Ac
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"H NMR Spectrum of the modified CD-C1-6’SLN
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