Inhibition of Influenza Binding by a Liposome
Targeting Viral Hemagglutinin

Kevin Yu

A
thesis
submitted in
partial fulfillment of the
requirements for the degree of
Master of Science
in
Biomedical Engineering

Tufts University
May 2012

Advisor: James Comolli (Draper)

Acknowledgments
This thesis was funded by the Defense Advanced Research Projects Agency (DARPA) as
part of the 7-Day Biodefense Project at the Charles Stark Draper Laboratory.
First and foremost, I would like to thank my family for their support in my desire to
pursue a graduate degree and a career in biomedical engineering. I am very grateful for the
support and guidance from my Draper advisor James Comolli and my Tufts advisor Qiaobing Xu.
The opportunity to study at Tufts and to work at Draper has enhanced my understanding of the
challenges in anti-viral research and of the complexities of influenza virus. I would also like to
thank all members in the Biomedical Engineering Department at Tufts and at Draper. Special
thanks to fellow DLFs, Else Frohlich, Jane Wang, and Aleks Jonca, for their friendship and support
during the preparation and writing of this thesis. In addition, special thanks to Draper staff
Amanda Lever, Joe Bauer, and Joe Ricker for their technical support, to Albert Tai at Tufts for his
technical guidance on SPR, and to all members of the ENVELOP project.

i

Abstract
The ever-evolving nature of influenza virus strains continues to be a cause for concern in
preventing the next influenza pandemic or epidemic and combating resistance. In this work, the
mechanism of action of a novel anti-influenza liposome formulation is explored. Since the
liposome is designed to bind to influenza hemagglutinin receptor, interaction of the virus and
liposome was investigated by size analysis and quantified by surface plasmon resonance, which
demonstrated that binding between the two can be characterized by a dissociation constant (K d)
3

in the nanomolar range. Sialylated liposomes were found to inhibit the infection of 10 plaque
forming units (PFU) on MDCK and human airway epithelial cells by 70-90% at nanomolar
concentrations when pre-mixed with virus, but were less effective when given prophylactically or
post-infection. Thus, binding of sialylated liposome to virus seems to be a prerequisite for
preventing infection, and consequently, for disrupting the kinetics of viral replication.
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Chapter 1 – Influenza
1.1

Influenza: Pandemic Threat to Global Health
The potential threat to human health from a pandemic strain of influenza virus

continues to be a public concern and a challenge to prevent. The Centers for Disease Control and
Prevention (CDC) estimates that roughly 3,000 to 49,000 influenza-associated deaths occur
yearly, and despite the success of vaccines and antivirals, influenza virulence remains
unpredictable from season to season [1]. Influenza virulence is due to rapid evolution through
antigenic shift, especially when an animal influenza strain circulates among humans. When a new
infectious strain emerges, the lethality, transmission rate, and virus reproduction rate are
typically unknown, which makes policy decisions and distribution of current antiviral challenging.
In addition, if the virus is readily transmissible and a large population is known to lack immunity,
then there is the threat of an epidemic if preventative measures are delayed [2]. One estimate
for a high transmissibility scenario suggests that a 32% increase in the number of infected
persons can occur when treatment is delayed by one day [3].
An influenza infection causes acute lung damage and may lead to hospitalization and/or
death depending on the severity of inflammation and damage to respiratory functions. When
airway epithelium is damaged by influenza infection, the damage is characterized by the
destruction and desquamation of pseudostratified columnar epithelial cells in the trachea and
bronchi [4]. As a result, influenza infection in humans can increase airway resistance leading to
bronchial hyperreactivity [5].
Of the three classes of influenza (influenza A, B, and C), only influenza A and B are
further classified by subtype on the basis of surface proteins and only influenza A has the
potential to cause a pandemic. Classification (e.g. H1N1) of influenza is based upon a particular
form of the membrane proteins hemagglutinin (HA) and neuraminidase (NA). By the process of
antigenic shift or drift, pandemic strains may arise when a significant change is made to the
surface proteins HA and NA.
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Two historic events that embody the lethality and variability of influenza infection are
the 1918 “Spanish flu” pandemic and the 2009 H1N1 pandemic; the former being the most
significant event that not only caused the death of millions worldwide in all age groups but also
resulted from two different H1N1 strains of avian origin [6]. One hypothesis on the pathogenesis
of the 1918 pandemic flu is that the hyper-virulent virus enabled the colonization of bacteria
which led to highly lethal pneumonia [7]. Examining the bacteriologic and pathologic data of
postmortem samples from the 1918 pandemic, Morens et al. (2008) concluded that the majority
of fatalities were attributed to secondary bacterial pneumonia [6]. In the 2009 pandemic, the
H1N1 virus emerged from a combination of avian, swine, and human influenza genes, and
affected 34%-43% of people between the ages of 5 and 19 compared to only 2%-3% of older
adults, who were believed to have developed immunity to the virus [8].
These events serve as examples of the challenges and complications that may arise with
the emergence of an influenza pandemic. Traditionally, those immediately at risk are
immunocompromised, young children, and older adults; however, a new pandemic influenza
strain may have the capacity to infect healthy individuals and potentially circumvent vaccines
and antiviral drugs. Thus, there is a need for an antiviral with broad specificity toward humanadapted influenza strain that could help mitigate an influenza pandemic.

1.2

Influenza: Mechanism of Infection and Virus Life Cycle
The life cycle of an influenza virus infection can be described in a series of events as

illustrated in Figure 1.1. These events include the binding of virus to cell surface receptors,
internalization of virus by endocytosis, fusion of the viral membrane with endosomal membrane,
release of viral RNA for replication in the host cell’s nucleus, translation of viral proteins,
assembly of viral particles, and the release of progeny virus. Once a virus infects a cell and
replicates, the infection may lead to cell lysis or programmed cell death 20-40 hours postinfection [9].

2

Figure 1.1 Simple schematic of influenza virus life cycle. (A) Attachment of virus onto cell surface
via sialic acid-HA binding. (B) Internalization of virus. (C) pH dependent fusion of viral membrane
with endosomal membrane and release of virus RNA. (D) Replication of viral RNA and
transcription of mRNA. (E) Synthesis of viral proteins. (F) Assembly of viral RNA polymerase and
nucleoprotein (vRNP). (G) Assembly of progeny virus. (H) Budding and release of progeny virus.

Briefly, the dynamics of influenza infection begins when virus multivalently binds onto
the cell surface via sialic acid and hemagglutinin interaction. Next, internalization of the virus is
thought to involve the clathrin-mediated pathway leading to the formation of endosomes
containing bound virus particles. At the end of the endosomal pathway, the acidic pH of the
endosome induces conformational change in the influenza HA protein causing fusion of the viral
membrane with endosomal membrane. Subsequently, viral RNA is released and transported into
the nucleus for gene expression and replication [10]. Transcribed mRNAs are transported out
from the nucleus so that viral surface proteins HA, NA, and M2 are synthesized as well as
influenza nucleoprotein and proteins associated with RNA polymerase. Viral surface membrane
proteins remain in the cytoplasm while nucleoprotein and RNA polymerase-associated proteins
are transported into the host nucleus. Viral proteins are packaged inside lipid vesicles resulting in
the formation of progeny virus particles.

3

1.3

Influenza: Binding and Receptor Specificity
Infection from a specific strain depends on the specificity of the glycoprotein (HA and

NA) present on the virus membrane and the binding affinity of hemagglutinin to sialic acid. Sialic
acid is the only ligand that binds to influenza HA, and the type of sialic acid conformation
determines host specificity. Although the majority of HA and NA subtypes are found in avian
influenza strains, human infection from avian strains is limited since the HA of avian strains is
specific for only α-2,3 sialylated glycans, which is not pre-dominantly expressed in human
trachea and bronchi epithelium [11]. Variations in HA and NA arise in the avian population
through antigenic drift and shift, and a pandemic in the human population may occur from the
crossover of α-2,3 sialylated glycan specificity to α-2,6 sialylated glycan specificity. Sixteen types
of influenza HA and nine types of influenza NA have been identified to be circulating in the avian
population. Among both types of glycoproteins, only three forms of hemagglutinin (H1, H2, and
H3) and two forms of neuraminidase (N1 and N2) have adapted to humans [12].
Neuraminidase is an enzyme that cleaves sialic acid and is responsible for releasing
progeny virus from the cell surface. Recent studies have provided evidence that neuraminidase
may also have a role in viral entry [13]. However, influenza hemagglutinin, a trimeric protein, is
mainly responsible for the binding of virus onto cell surface receptors and has a binding site on
each of the three HA chains [14]. The structure of the glycan receptor is shown in Figure 1.2, and
studies on HA-glycan interaction have concluded that binding occurs in a pocket of conserved
amino acids surrounded by antibody-binding sites and that each of the ring substituents on sialic
acid interacts with HA [14].
Human-adapted influenza HA binds specifically to sialic acid that is conjugated in the α2,6 configuration to galactose. This specificity has been reported to be a critical requirement for
human adaptation of influenza, including avian-adapted strains that prefer binding to α-2,3
sialylated glycans [13,14].

4

Figure 1.2 Structure of sialic acid (NeuAc) and the two possible conjugations to galactose. HA
from human-adapted influenza is specific for α-2,6 linked sialic acid and avian influenza is specific
for α-2,3 linked sialic acid.

Although sialic acid and galactose linkage is critical for determining binding specificity, the
topology of the glycan created by the linkage of the galactose and the anteultimate
monosaccharide is equally important. The trisaccharide motif, composed of the terminal sialic
acid, galactose, and N-acteylglucosamine, may be in one of two forms.

As reported by

Viswanathan et al., the trisaccharide motif may exhibit umbrella-like topology or cone-like
topology, and human-adapted strains bind with high affinity to the α-2,6 motif with umbrella-like
topology [15]. The umbrella-like topology is characterized by a sugar chain that spans a wider
region than the sugar chain in cone-like topology. Thus, the affinity difference between α-2,3 and
α-2,6 linked sialic acid is related to differences in the glycan conformation

1.4

Human Airway: Biology, Physiology, and In Vitro Models
Human airway epithelial cells express both sialylated glycans necessary for human and

avian influenza virus binding. Human-adapted strains mainly infect the upper respiratory tract
since a large proportion of α-2,6 sialylated glycans are present in nasal mucosa, paranasal sinuses,
pharynx, and parts of the lower respiratory tract including the trachea, bronchi, and terminal and
respiratory bronchioles [16]. A smaller percentage of α-2,3 sialylated glycans is also present in
primary tracheobronchial epithelial cells, and studies have shown that α-2,3 sialylated glycans
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are found on goblet cells, ciliated cells, and mucin proteins whereas α-2,6 sialylated glycans are
predominantly found on non-ciliated cells [13,17].
The composition of the human tracheal and bronchial epithelium consists of three main
cell types: goblet cells, ciliated cells, and basal cells. Goblet cells function to produce mucus and
ciliated cells function to provide the mechanical mechanism for mucus transport from the lungs
to the pharynx [18]. Surfactants and mucins produced in the airways contain anti-hemagglutinin
properties that can limit influenza infection of underlying cells. Of the three major surfactant
proteins (SP-A, SP-B, and SP-C), SP-A is the most abundant and is secreted by alveolar type II cells
and non-ciliated bronchiolar cells [19]. Surfactant protein A interacts with influenza virus via sialic
acid and cause formation of virus aggregates [19]. Thus, clearance of surfactants and mucus is an
important host defense against influenza infection. Without a defensive barrier against influenza
infection, influenza virus can cause cell death from structural changes such as shrinkage,
vacuolization, and desquamation of cells, leading to loss of epithelium, congestion, and edema.
[20].
In vitro models of airway epithelium have been developed to mimic the morphology and
function of various cells that are present in vivo. A standard cell line used for propagating virus
and quantifying virus titer is Madin-Darby Canine Kidney (MDCK) epithelial cell culture. MDCK
cells are immortalized and express both conformations of sialic acid. Other in vitro cell models
that have been used to study influenza infection are immortalized A549 and CALU-3 epithelial
cells [21,22]. However, the ideal model uses primary cells. Primary normal human bronchial
epithelial (NHBE) cells grown on porous transwell inserts in air-liquid interface develop into
pseudo-stratified mucociliary epithelial monolayer upon differentiation and express both α-2,3
and α-2,6 sialylated glycans [23]. The use of a well-differentiated primary airway cell model
enables the study of influenza infection and replication kinetics, and provides a mean to evaluate
the efficacy of anti-virals against influenza infection.
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1.5

Influenza Prevention and Treatment
Many strategies have been developed to prevent and treat influenza infection. Vaccines

are the most common prophylactic measure against seasonal and pandemic influenza; however,
since vaccines vary from season to season, rare and serious adverse effects may not be detected
before widespread distribution as a result of limited vaccine trials [24]. For example, causal
association was found between Guillan-Barré syndrome (GBS), which is a disorder affecting the
peripheral nervous system, and the 1976-1977 swine flu vaccine [24].
In addition to vaccines, antivirals such as neuraminidase inhibitors Oseltamivir and
Zanamivir are typically used post-infection. Neuraminidase inhibitors act by inhibiting the
functionality of virus neuraminidase, which prevents progeny virus from budding off an infected
cell. However, new influenza strains can develop resistance to existing antivirals [25]. Examples
of FDA-approved antivirals that have become ineffective, at least to the 2009 H1N1 influenza
strain, are amantadine and rimantadine, which were used for prophylaxis treatment against
influenza A [26]. Other types of antivirals have been designed but are only in the experimental
phase. Some act by disrupting cellular enzymes responsible for HA cleavage, by disrupting RNA
transcription, by direct cleavage of HA, or by blocking viral M2 ion channel [27].
Another class of antivirals is entry inhibitors, which function to inhibit the initial binding
event between virus and cell surface receptors. Entry inhibitors can be anti-hemagglutinin,
attachment to influenza HA, or anti-neuraminidase, attachment to influenza NA. An example of
an anti-NA entry inhibitor is sulfatide, a non-sialyl-glycolipid. Suzuki et al. developed a multivalent approach to inhibit influenza PR8 virus infection in which the mechanism of inhibition was
determined to be the binding between sulfatide-containing glycolipid and neuraminidase [28,29].
Similarly, others have used liposomes to formulate an HA-specific multi-valent binding anti-viral
to inhibit influenza infection [30]. Spevak et al. synthesized the C-glycoside onto a lipid backbone
and demonstrated that liposomes prepared with the glycoside increased inhibition of
agglutination (clumping of red blood cells as a result of influenza virus binding) by four orders of
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magnitude when compared to soluble glycoside alone. When tested on MDCK cell culture,
inhibition of viral infectivity reached 96% when only 1% of sialic acid was used in the liposome
preparation [30]. Thus, as demonstrated by previous examples, entry inhibiting multi-valent
binding antiviral can be an improvement over current antivirals.

1.6

Polyvalent Synthetic Anti-HA Ligands Inhibit Influenza Infection
Monovalent and polyvalent synthetic compounds containing the sialic acid N-

acetylneuraminic acid (NeuAc) have been designed to bind to influenza HA and inhibit infection.
Monovalent sialosides can bind to influenza virus HA but have shown to have low affinity
necessitating a high concentration to be effective [25]. Alternatively, several strategies for
polyvalent binding onto influenza HA have been designed to mimic the multivalent binding ability
of influenza virus. An influenza virus can multivalent bind onto the cell surface because of
multiple HA receptors, which has been estimated to be 550 HA receptors per virion [31].
Antivirals that take advantage of multiple HA receptors have been synthesized on dendritic and
liposomal backbones and have shown to increase avidity for virus [25]. A few polyvalent
strategies are illustrated in Figure 1.3.
Synthesis of a dendrimer, which are repetitively branched molecules, is one method for
localizing multiple sialic acid molecules. Roy et al. (1994) synthesized water-soluble
sialodendrimers with hyperbranched fractal structures and showed that the sialodendrimer was
five-fold more potent than inhibition from soluble monosialoside [32]. Another polyvalent
sialodendrimer was designed using polyamidoamine (PAMAM). Acting as decoys to prevent
influenza infection, the polyamidoamine sialodendrimer was shown to inhibit all H3N2 and some
H1N1 subtype strains; however, PAMAM sialodendrimer fell short of being a broad specificity
anti-viral as it had no inhibitory effect on H2N2 strains [33].
.
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Figure 1.3 Polyvalent binding of influenza HA to sialic acid receptors. (A-B) Illustration of
polyvalent binding between virus and cell surface sialic acids. (C) Illustration of a linear polymeric
inhibitor with polyvalent binding. (D) Illustration of sialic acids on dendritic backbone to inhibit
infection by multiple virions. (E) Illustration of polyvalent binding by sialylated liposomes.

Other synthetic polyvalent antivirals have been designed using polyacrylamide because
of its excellent solubility in water, ease of synthesis, and flexibility [25]. Enhanced binding
through multivalent interactions was reported by Sigal et al. with sialosides linked to a
polyacrylamide backbone resulting in binding constants that were 3 to 6 orders of magnitude
greater than the affinity of solubilized HA to sialic acid [34]. A synthetic polyacrylamide-based
sialylglycopolymer (PAA-YDS) has also been shown to inhibit influenza infection and that postinfection treatment resulted in increased survival of mice, alleviation of influenza-like symptoms,
and less lesions in the mouse lung [35]. Despite the strong evidence for polyvalent binding and
inhibition, a few disadvantages of polyacrylamides are poor clearance by the kidney, difficulty in
controlling the terminal functionality of the polymers, and high polydispersity [25].
One solution to control the size of multivalent antivirals is the synthesis of
functionalized nanoparticles with sialic acid. SA-functionalized gold nanoparticles with diameters
between 2 nm and 14 nm have been shown to have high binding affinity to influenza HA and
have been shown to reduce infections by 40% [36]. Alternatively, liposomes bearing sialic acids
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can be as potent as sialic acids on dendritic and polymeric backbones. As demonstrated by
Kingery-Wood et al., a polyvalent liposome system with sialic acid on the surface can inhibit
4

infection with 10 less SA residues than inhibition by soluble SA [37]. The reasons for using
sialylated liposomes to inhibit influenza infection are that (1) binding is optimized by the lateral
diffusion and uniformity of the sialic acid moiety in the lipid bilayer, (2) the spatial distance
between SA molecules are more localized than soluble SA and favors polyvalent binding, and (3)
that binding of intact liposomes to virus blocks multiple HAs, even those that are not bound to
the sialic acid on the liposome.

1.6

Sialylated Liposomes as Entry Inhibiting Decoys for Influenza Virus
The focus of this thesis project is on the inhibitory effects of a sialyloligosaccharide,

specifically, lactosyl tetrasaccharide c (LSTc). LSTc is a pentasaccharide consisting of the terminal
N-acetylneuraminic acid (NeuAc), galactose (Gal), N-acetylglucosamine (GlcNAc), and glucose
(Glc) and is arranged as NeuAcα(26)Galβ(14)GlcNAcβ(13)Galβ(14)Glc. The structure of
LSTc exists in the folded umbrella-like conformation with an α-2,6 linked sialic acid, and previous
studies by Eisen et al. (1997) suggest that LSTc has a binding mode that best represents the
influenza virus receptor in vivo [38]. Since human influenza specifically binds to α-2,6 linked sialic
acid in the umbrella-like topology, the expectation for LSTc conjugated to a lipid backbone and
incorporated into a liposome is multivalent binding with high avidity resulting in a potent, entry
inhibiting anti-viral. The scope of this manuscript includes characterization of liposome and virus
size and concentration, exploration of the binding kinetics between soluble HA and intact
sialylated liposomes, and utilization of a fluorescence-based assay to determine the mechanism
of inhibition by sialylated liposomes. The presumed mechanism of inhibition of the decoys can
be verified by altering the order of decoy treatment and virus infection on MDCK cell culture. The
experiments involve prophylactic, pre-mixed, and post-infection treatment. The hypothesis is
that pre-mix treatment results in the greatest virus inhibition since the interaction time between

10

sialylated liposomes and virus is greatest, that prophylactic treatment would be less effective,
and that post-infection treatment would be ineffective. In addition, the inhibitory capacity is
further evaluated on normal human bronchial epithelial (NHBE) cells to show that as a result of
sialylated liposome treatment, virus replication is disrupted.
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Chapter 2 – Liposome and Virus Characterization
Physical characteristics of individual sub-micron particles have traditionally been
measured and visualized by electron microscopy. Methods that have been utilized to image
liposomes include the freeze-fracturing method, transmission electron microscopy, and cryoelectron imaging [39]. However, the methods involve manipulation of samples by staining and
fixation and are not ideal for studying liposomes in their natural state. Alternatively,
environmental scanning electron microscopy (ESEM) offers the ability to visualize liposomes
without manipulation but is costly. To characterize liposome and virus size in a high-throughput
manner, optical and non-optical techniques are considered.
Liposome and virus size was determined by two methods: dynamic light scattering (DLS)
and scanning ion occlusion sensing (SIOS). Dynamic light scattering is an optical method that
approximates the diameter of a particle in suspension based on the particle’s Brownian motion.
The measurement technique is also known as photon correlation spectroscopy. Smaller particles
diffuse faster than larger particles, and the relationship between size and speed due to Brownian
motion for a spherical particle in suspension is described by the Stokes-Einstein equation:

Eq. 2.1

where D is the diffusion constant and is determined by measuring the scattered light from
diffusing particles. Other constants in Eq. 2.1 are the gas constant (R), Avogadro’s number (N),
absolute temperature (T), viscosity of the solvent (Z), and the radius of the diffusing particle (r).
The relationship is valid assuming that particles possess the same kinetic energy as gas molecules
at the same temperature and move independently of each other [40]. Particle diameter
measured by DLS is often reported as the Z-average (Z), which is the mean diameter based on the
intensity of scattered light, and with a measure of particle size variation known as the
polydispersity index (PDI); a higher PDI indicates a wide size distribution.
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Particle size can also be measured by scanning ion occlusion sensing. An important
difference between DLS and SIOS is that DLS calculates size by measuring the average scattered
intensities from an ensemble of particles whereas SIOS measures particle size one particle at a
time. A comparison of the two methods is illustrated in Figure 2.1. Scanning ion occlusion sensing
is identical to the Coulter principle in that an electric field is applied to transport charged
particles through an aperture in a conducting liquid suspension. Although benchtop Coulter
counters can measure size and particle concentration, these instruments have a fixed aperture
and the smallest size detectable is approximately a few microns in diameter. Alternatively, SIOS
uses a tunable nanopore to detect sub-micron particles.

Figure 2.1 Sub-micron particle characterization techniques. (LEFT) Dynamic light scattering
measures particle size by detecting scattered light from particles in suspension. (RIGHT) Scanning
ion occlusion sensing measures size from the magnitude of resistance of a single particle. (A)
Illustration of bi-axial stretch to increase nanopore diameter. (B) Illustration of single particle
analysis. (C) Illustration of real-time acquisition.

As shown in Figure 2.1, different sized particles may be detected by tuning the nanopore
size. The electrode above the nanopore is designated as ground and the electrode beneath the
nanopore is designated as the positive terminal. When a potential difference is applied across
the nanopore membrane, ionic current flows through the nanopore carrying with it any charged
particles. As a single particle passes through the nanopore, a drop in ionic current is detected,
and the resistance is characterized by a single peak with the magnitude indicating size and the
width indicating translocation duration. The transport of particles through the nanopore is
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influenced by several transport mechanisms: diffusive, electrophoretic, and convective. The
contribution from diffusion to the particle flux across the nanopore is much less than the
contributions from convective transport by electro-osmosis and from electrophoresis [41]. Under
experimental conditions and in the absence of an external force, electrophoresis is the dominant
force that contributes to particle transport. However, if an external force is applied, such as
pressure, the total particle flux is a contribution from both forces. With an applied pressure,
particle concentration can be determined by calculating the slopes from frequency-pressure
curves.

Eq. 2.2
Equation 2.2 shows that the sample concentration is proportional to the slope of frequencypressure line for a sample (mS) and inversely proportional to the slope of frequency-pressure line
for a reference particle (mR) of known size.
Since sialylated liposomes and influenza virus both have a net negative charge, it is
hypothesized that SIOS measurements can provide accurate size and concentration
measurements. The importance of measuring size and particle concentration for liposomes and
virus is to better understand the interactions between them. For instance, it is unknown whether
if sialylated liposomes bind 1:1 with virus or if multiple virus-liposome entities bind together to
form aggregates. In addition, since size of the virus-liposome entity is unknown, SIOS
measurements could provide insight on the physical characteristics of multi-valent binding.

2.1

Measurement of Liposome and Virus Size by DLS and SIOS
2.1.1 Materials and Methods
Purified influenza A/Puerto Rico/8/34 (H1N1), which will be referred as influenza PR8, in

allantoic fluid was acquired from Charles River Laboratories. In liposome characterization studies,
seven variations of liposomes bearing 0%, 0.1%, 0.5%, 1%, 5%, 10%, and 15% surface LSTc were
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measured for size. These liposomes, prepared by our collaborators at MIT and UCSB, were
formulated by extrusion through a 20 nm filter pore.
For dynamic light scattering measurements with a Zetasizer Nano (Malvern,
Worcestershire, UK), liposomes removed from 4°C and virus thawed from -80°C were allowed to
equilibrate to room temperature for at least 10 minutes and at least 2 minutes in the instrument
before each measurement. For liposomes and virus, serial dilutions were prepared to determine
the optimal signal from scattered light, and the Z-average (Z) and polydispersity index (PDI) were
measured for each liposome formulation and virus strain. Stock liposome solution was diluted to
300 ul in a cuvette for a final lipid concentration between 20 and 25 uM. The standard deviation
(σ) of the distribution, was calculated using the relationship between Z-average and PDI,
assuming a single size population that follows a Gaussian distribution.

Eq. 2.3

For particle size measurement by SIOS, four different sized tunable polyurethane
nanopore membranes were purchased for the qNano (Izon, Christchurch, NZ). The qNano is a
small bi-axial tensile instrument with the unique feature of applying a voltage across a nanopore
membrane. The instrument can mechanically stretch the nanopore or contract the nanopore size
by passive relaxation of the polyurethane material. Nanopore membranes were tunable in the
ranges of 70-200 nm, 100-400 nm, 200-800 nm, and 400-1600 nm. For virus and liposome
samples, the smallest size membrane was used and the larger membranes were used as controls.
The qNano was prepared by first injecting 75 ul of PBS into the lower fluid cell and 30-100 ul of
PBS into the upper fluid cell (See Figure 2.1). Each membrane was initially stretched an additional
3-5 mm to establish a steady-state current through the nanopore with a voltage of 0.3 V. Once
established, fluid in the upper chamber was removed and 10-30 ul of sample volume was added
for measurement. When necessary, the membrane was stretched or contracted to establish
resistance pulse amplitudes of at least 0.1 nA above signal noise, which typically was less than 20
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pA. For data analysis, a minimum of 100 particles was collected. After each sample, the upper
fluid chamber was washed multiple times with PBS to establish a flat signal trace, and an
appropriate sized carboxylated polystyrene bead was used for calibration.

2.1.2 Results
Influenza Virus Size
Electron microscopy studies of influenza virus have shown considerable variations in size
and shape among strains, but one estimate of the diameter of spikeless and intact influenza PR8
virus is between 115 ± 12 nm and 140 ± 12 nm, respectively [42]. The size of influenza virus as
measured by dynamic light scattering was 160 ± 70 nm (Figure 2.2). Measurements appeared to
-4

be dependent on sample dilution since dilutions higher than 10 would result in insufficient
detection of scattered light. An optimal dilution for size measurement was determined to be 10

-1

for samples prepared from stock 2 mg/ml viral protein aliquots.

Figure 2.2. Size distribution of influenza PR8 as determined by DLS shows that influenza virus
diameter is approximately 160 ± 70 nm.

With SIOS measurements of a particle population of n > 100, the average diameter of
influenza size was 123 ± 40 nm and the stock particle concentration was approximately 1.0 × 10

9

particles/ml. Figure 2.3 shows a histogram of particle count as a function of particle diameter
and shows that virus size agrees with sub-micron values as stated earlier. The difference
between DLS and SIOS measurements of virus may be the presence of aggregates and larger
sized particles not detected by SIOS since particles smaller than the diameter of the nanopore
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are more likely to make a significant contribution to the average size whereas aggregates and
larger particles may affect light scattering in DLS measurements. In Figure 2.3, a small fraction of
larger particles were also observed up to 250 nm; these were hypothesized to be virus
aggregates. To determine if virus aggregates could be detected, membranes with larger pore
sizes were tuned to accommodate a particle size up to 1 to 2 microns; however no virus particles
were detected. Thus, the conclusion is that if a single sialylated liposome were to bind onto virus,
then particle sizes greater than 200 nm may be considered a liposome-virus entity if the
frequency of detection was significantly greater than the frequency of particles from virus
sample alone.

Figure 2.3. SIOS measurement of influenza PR8 virus size. The diameter of virus was 123 ± 40 nm.
The virus measurement was calibrated without pressure using 100 nm carboxylated polystyrene
10
beads at particle concentration of 1.5 × 10 particles/ml.

Sialylated Liposome Size
Size measurement of seven different liposome formulations is shown in Figure 2.4.
Results from DLS and SIOS measurements suggest that all formulated liposomes are small
nanoparticle vesicles under 100 nm in diameter. Although the SIOS results generally agree with
the measurements by DLS, larger particles were most likely not accounted for when measuring
with SIOS. The reason is that the nanopore was tuned for detection of sub-100 nm sized particles
and not for larger particles.
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Figure 2.4 Size distribution of sialylated liposomes prepared with different percentages of LSTc as
determined by SIOS and DLS. SIOS measurements were made with a single nanopore membrane
(70-200 nm range) and a calibration standard of 100 nm.
To test if stock liposome solution contained particle sizes greater than 100 nm, larger
nanopore membranes were used. The result of liposome size measurement is shown in Figure
2.5. The stacked histogram shows the size distribution from a single liposome formulation and
the corresponding size distribution of standards that were used for calibration. In this
experiment, four different sized membranes were used to quantify size from a single liposome
formulation. The objective was to determine if liposomes could be detected with each type of
membrane. The results suggest that the liposome population is not homogenous but rather
heterogeneous. The average sizes measured with the four types of membranes, from smallest to
largest, were 122 ± 38 nm, 260 ± 71 nm, 370 ± 101 nm, and 716 ± 177 nm and particle
11

12

10

concentrations of 1.5 × 10 particles/ml, 1.1 × 10 particles/ml, 2.8 × 10 particles/ml, and 5.6 ×
9

10 particles/ml. Although the liposome population appears to be heterogeneous, only a single
peak was detected with each membrane. Previous measurements of liposome size was shown to
be under 100 nm, but as shown in Figure 2.5, the smallest sized membrane measured an average
liposome diameter greater than 100 nm. The reason may be that the actual nanopore diameter
was different between the two experiments, and that even though sub-100 nm particles may
have been transported across the membrane, the combination of particle size and larger
nanopore diameter did not produce a measurable current drop. One of the limitations of the
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method is that the current drop caused by the translocation of a small particle may become less
than the threshold for detection, 20 pA, if the nanopore membrane is stretched so that the
diameter is much larger than the diameter of the particle. Since the actual nanopore diameter is
not known in real-time, size measurements may be variable between nanopore membranes even
if the same amount of macroscopic stretch is applied. The theoretical relationship between
absolute change in resistance, diameter of a spherical particle, and a linear conical pore is
derived in Wilmott et al. (2010), and is shown in Equation 4 where a’ is the diameter of the
particle, a and b are the end radii of the conical pore model, and ρ is the resistivity of an
electrolyte.

Eq. 2.4
Thus, a clear change in resistance is ideal when the pore size matches closely to particle size. In
our experiments, sub-100 nm particles may not have been detected and the final particle
12

concentration of the stock liposome solution may be greater than 10 particles/ml.

Figure 2.5. SIOS measurement of a single sialylated liposome formulation using four different
sized nanopore membranes, each with a specific detection size range, shows a heterogeneous
population.
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2.2

Evidence of Virus Interaction with Sialylated Liposomes by Size Analysis
Methods that have been developed to study particle-particle interaction often involve

modifications to a particle such as the addition of a fluorophore if visualizing by fluorescence
microscopy or a staining agent if visualizing by scanning electron microscopy. One method to
study liposome-virus interaction is by incorporating fluorescence membrane markers [43]. Two
strategies have been employed with membrane markers. First, two different fluorescent
molecules with non-overlapping excitation spectrum but with overlapping emission spectrum
from one molecule and excitation spectrum from the second molecule can be used for FRET.
Fluorescence resonance energy transfer can only occur when the two different fluorophores are
spatially close enough; within less than 10 nm apart. Thus, a FRET signal would indicate either a
binding event or fusion between a liposome and an influenza virion. Chams et al. (1999)
demonstrated by FRET that influenza virus can bind onto ganglioside-containing liposomes and
can be induced to fuse with each other at 37°C only in pH 5.1 and not pH 7.4 [44]. However, the
method measures the fluorescence change from an ensemble of particles and does not provide
information on the extent of binding or fusion on a per particle basis. A second approach is
fluorescence dequenching which is similar to the first approach but uses only a single membrane
marker. A common lipid membrane marker is octadecylrhodamine (R18), which can be
incorporated into viral membrane by simple mixing. When R18 molecules are close together, the
fluorescence is quenched by neighboring R18 molecules, but in the event of fusion, the spatial
distance between R18 molecules increases resulting in a detectable fluorescence signal. Fusion
between liposomes and fusion between liposomes and cells have been studied with R18 [45].
Very few methods have been developed to study particle-particle interaction in their
natural state without modification. In the previous section, liposome and virus size was
measured and different nanopore membranes were used to determine the potential for size
measurements of virus-liposome entities. To characterize the particle size in a mixture of
sialylated liposomes and influenza PR8 virus, both DLS and SIOS were considered as neither
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method required surface modification. The hypothesis is that the interaction between sialylated
liposomes and influenza virus would produce a distinct particle population with a size different
from the size of either a single liposome or virion. Since the size of an influenza virus and the size
of a sialylated liposome is less than 200 nm, it is hypothesized that an increase in the frequency
of particles with size greater than 200 nm would be indicative of liposome-virus interaction.

2.2.1 Materials and Methods
To establish that one or both methods could distinguish two or more size populations
convincingly, carboxylated polystyrene beads of various sizes were mixed together and size
measurements were made using DLS and SIOS. For DLS measurements, particles standards of
200 nm and 400 nm in diameter were mixed and sonicated for at least 10 minutes before
measurement. For SIOS measurements, a calibration sample of 100 nm, 200 nm, and 350 nm
-3

carboxylated polystyrene standards were mixed together at a dilution of 10 for each, and
measurements were made using a single nanopore membrane rated to detect particles in the
range of 100 nm to 400 nm in diameter.
To characterize a mixed population of sialylated liposomes and influenza PR8 virus, two
approaches were considered. Before liposome or virus measurement, the calibration sample was
used to tune (mechanically stretch) the nanopore until all three populations were observed in
real-time. Following calibration sample, the upper fluid chamber was washed thoroughly until
the current signal was completely flat. For the first method, a base current was established with
30 ul of PBS followed by the addition 2 ul of either sialylated liposome or control liposome.
Liposome size measurements were acquired for 1 or 2 minutes and the acquisition was paused to
allow a 2 ul addition of liposome-virus mixture. The liposome-virus mixture had previously been
incubated for 30 minutes at 37°C to allow binding between liposome and virus. The decoy to
virus ratio tested was approximately 7:1. After the addition of liposome-virus mixture, acquisition
was resumed for another 5 to 10 minutes. For the second method, a decoy to virus ratio of 1:10
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was tested. Instead of beginning the acquisition with liposomes, influenza virus size was
measured for the first 1 or 2 minutes followed by size measurement of liposome-virus mixture.
9

After acquisition, a 200 nm standard at 5.0 × 10 particles/ml was used to calibrate for particle
size. For both methods, no external pressure was applied and a potential of 0.2 V was applied
across the membrane. The advantage of both methods is that a size control can be done in a
single run while the baseline current remained the same. From previous experience, the base
current had tendency to shift either up or down when switching between samples; changes in
the base current indicate a change in the nanopore size which may add error in size
measurement. Thus, by maintaining the same base current for control and sample, differences in
size can be measured with minimal error.

2.2.2 Results
When a mixture of 200 nm and 400 nm carboxylated polystyrene beads was measured
by DLS, the result was a single peak centered at 270 nm (Figure 2.6). However, when a mixture of
100 nm, 200 nm, and 350 nm standards was measured by SIOS, three distinct size distributions
were observed (Figure 2.7). Thus, the conclusion is that the size resolution is insufficient when
using DLS and that the size resolution is adequate when using SIOS. Moreover, a single nanopore
membrane can be used to resolve three different sized populations, eliminating the need to use
three different sized membranes for a single sample. Although the 100 nm peak is not visible in
Figure 2.7, relative to the 200 nm standard, the tail end of the 100 nm size distribution is visible
and distinguishable. The most accurate peak is always the one closest to the size of the standard.
The 350 nm peak is quite accurate but slightly higher than expected.
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Figure 2.6 Example of DLS size distribution of a heterogeneous sample. Sample contained 200
and 400 nm carboxylated polystyrene standards. Z-average = 270 nm.

Figure 2.7 Example of SIOS size resolution with 100 nm, 200 nm, and 350 nm carboxylated
polystyrene beads. Three separate size distributions resolved with a single nanopore membrane.
200 nm standards are used for calibration.

After establishing that a single nanopore membrane could separate three size
populations, samples containing virus only, liposomes only, and virus-liposome mixtures were
measured. Figure 2.8 shows the result of mixing sialylated liposomes and influenza PR8 virus at a
ratio of 1:10 (more virus than liposomes) and using virus-only sample as a size control at the start
of acquisition. Virus particles were detected between 150 nm and 200 nm at a very low rate and
upon addition of control liposomes, the size distribution of the entire sample remained centered
around 190 nm. In contrast, the mixture of sialylated liposomes and influenza virus showed a size
distribution that extended up to 600 nm. The result suggests that the interaction between
sialylated liposomes and virus can create entities of variable size.
When the mixture contained more liposomes than virus, a ratio of 7:1 decoy to virus,
very few entities greater than 300 nm were observed. The reason may be that since the
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11

concentration of liposomes (~9×10 particles/ml) was greater than the concentration of virus
11

(~1×10

particles/ml), the detection of liposome-virus entities was less frequent and

overshadowed by the detection of liposomes alone which were detected at a much faster rate. In
these experiments, the duration of measurement was only several minutes so as to avoid
disruption from clogging (blockage in the nanopore), which was often the case with liposome
samples but less with virus samples. Alternatively, the size of liposome-virus entities may have
been greater than 600 nm and outside the detection range. Further investigation is warranted at
similar decoy to virus ratios but at lower concentrations for both.
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Figure 2.8 Stacked histogram: Size analysis of pre-mixed sialylated liposomes with influenza PR8
virus using a single nanopore membrane and virus as a size control at the beginning of
acquisition. In this experiment, virus to decoy ratio was 10:1.

Figure 2.9 Stacked histogram: Size analysis of pre-mixed sialylated liposomes with influenza PR8
virus using a single nanopore membrane and liposomes as a size control at the beginning of
acquisition. In this experiment, virus to decoy ratio was 1:7.
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Sialylated liposome and virus interaction as measured by SIOS is only suggestive of the
mechanism of inhibition. As the Izon qNano instrument is relatively new in the field, there are a
lack of methods for studying particle interactions, particularly for functionalized liposomes and
virus. From these experiments with SIOS, the conclusions are that (1) SIOS measurements using
tunable nanopores can resolve up to three size populations with a single nanopore, (2) there is
no binding interaction between control liposomes and influenza virus, (3) sialylated liposome and
virus interaction results in the formation of entities of variable size and suggest multi-valent
binding, and (4) there remains an uncertainty as to why the same sample of liposome solution
can be detected with larger membrane sizes, which should not be able to detect sub-100 nm
particles. Transmission electron images (Lever, unpublished data) support the notion that stock
liposome solutions may not be homogenous but rather heterogeneous as shown in Figure 2.10.
Nonetheless, binding between sialylated liposomes and influenza PR8 virus appears to be the
mechanism of inhibition. To further study the interaction between sialylated liposomes and
influenza virus, the binding kinetics was examined by surface plasmon resonance (SPR) as
discussed in the next chapter.

Figure 2.10 TEM image of influenza virus and sialylated liposomes. (LEFT) Sialylated liposomes
range between 30 – 100 nm in diameter as measured by TEM. (Center and RIGHT) Examples of
size variation in sialylated liposomes and influenza PR8 virus. [Lever, unpublished data].
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Chapter 3 – Binding Kinetics of Sialylated Liposomes to Influenza HA
3.1

Surface Plasmon Resonance
A reliable method to characterize the kinetics, specificity, and affinity between an

analyte and ligand is by surface plasmon resonance (SPR). Surface plasmon resonance is an
optical technique for measuring the association and dissociation between two particles.
Interactions are detected by measuring changes in the resonance angle, also known as SPR angle
(θspr), and related to mass concentration. The resonance angle is the angle at which total internal
reflected (TIR) light is completely absorbed by surface plasmons, which is a phenomenon
characterized by oscillations of valence electrons in a solid when excited by light. A change in the
reflected light intensity is dependent on the local index of refraction of the surface. Thus,
particles that adhere to the surface change the index of refraction, and the resonance angle is
changed until the reflected light intensity is at a minimum, indicating resonance or a match
between the momentum of incident light and oscillations of surface plasmons [46].
For studying particle interactions, the method involves immobilization of a ligand onto a
glass support so that real-time kinetic measurements can be made by injecting the analyte across
the sensor area. Since the ligand (e.g. influenza HA receptor) is immobilized, the analyte (e.g.
sialylated liposome) is free to associate during injection and dissociate during washes. Real-time
kinetic data is described in terms of resonance units (RU). A change in resonance unit is caused
by a change in the resonance angle. A standard conversion is that a change of 0.1° in the
resonance angle is equivalent to 1000 RU. As the analyte flows across the sensor area, an
increase in the number of resonance units indicates binding between the analyte and ligand.
Once the injection of analyte stops and sensor area is washed, a decrease in RU indicates the
dissociation between analyte and ligand. The kinetic parameters k on (on-rate) and koff (off-rate)
characterize the association and dissociation between analyte and ligand. The dissociation
constant Kd is the ratio of koff/kon and is a measure of affinity. One limitation of SPR is that
quantitative analysis requires monovalent binding of analyte to ligand.
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Several studies on the interaction between influenza HA and sialic acid have been
reported using SPR [47]. In one study, gangliosides terminating with an α-2,6 sialic acid were
prepared in a liposome formulation, and after injection on a Biacore L1 chip, gangliosideliposomes were immobilized on the surface by formation of a bilayer. The interaction between
intact human influenza A/Aichi/2/6,8 (H3N2) and ganglioside-containing lipid bilayer was
6

-1 -1

-4 -1

reported to have an on-rate of 2.74 × 10 M s and an off-rate of 0.9 × 10 s [47]. In Suenaga et
al. (2012), a protocol was developed to analyze glycan-HA interaction using reversible biotin
capture on a Biacore CAP-chip, which allowed for regeneration of the sensor area and high
throughput screening of various HA-glycan complexes. The dissociation constant from the
interaction between soluble HA derived from influenza A/H1N1/04/2009 and a biotinylated
multivalent-glycan with an α-2,6 sialic acid was determined to be 120 nM [48].
To date, no studies have been done with intact sialylated liposomes on immobilized
influenza HA. In this chapter, the kinetic parameters from the interaction between three
different sialylated liposome formulations and influenza HA are determined using SPR. The
hypothesis is that liposome formulations with increasing amounts of LSTc would have higher
affinity for influenza HA.

3.1.1 Materials and Methods
To study the binding kinetics between sialylated liposomes and influenza HA, a Biacore
CAP-chip was employed on a Biacore T100 instrument so that the sensor surface could be easily
regenerated with fresh ligand. A unique advantage of the CAP-chip is that single-stranded DNA
molecules are pre-immobilized on the sensor area so that upon addition of a complementary ssDNA that is conjugated with streptavidin, regeneration of the surface is performed by separation
of the double-stranded DNA; one ss-DNA becomes soluble while the other complementary
strand remains immobilized on the surface. A schematic of the SPR experiment is shown in Figure
3.1.
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Figure 3.1. Experimental setup on a Biacore CAP-chip for studying the interaction between
sialylated liposomes and influenza HA by surface plasmon resonance.

First, biotin CAPture reagent, which contains a complementary ss-DNA strand
conjugated with streptavidin, is injected onto the chip. Second, biotinylated HA is injected and is
immobilized on the surface as a result of biotin-streptavidin binding. Biotinylated HA was
prepared by mixing EZ-Link Sulf-NHS-LC-LC-Biotin (Pierce/Thermo Fisher) in 0.1 M sodium borate
buffer at pH 8.4 with soluble HA (Protein Sciences Corp.,) derived from influenza A/New
Caledonia/20/99 (H1N1) at a molar ratio of 0.75 mol biotin to 1 mol HA. This particular HA is
specific for α-2,6 sialic acid and is expected to bind to LSTc. Before each experiment, the buffer
in the biotinylated HA solution was exchanged with running buffer (150 mM PBS, 1.5 mM EDTA
at pH 8.76, and Surfactant P20) using Zeba Spin desalting columns (Pierce/Thermo Fisher). Third,
sialylated liposomes and control liposomes are injected at a flow rate of 10 ul/min for 3 minutes
into at least two channels on the CAP-chip; one channel is void of biotinylated HA and acts as a
control. After allowing time for liposome association and dissociated with influenza HA, the
surface is regenerated and washed. Regeneration buffer was injected to all flow cells and lasted
for 120 seconds at a flow rate of 10 ul/min. For each liposome formulation, triplicate
measurements were made for 5 different concentrations. The kinetic parameters for liposome
formulations containing 10%, 20%, and 30% LSTc were determined using Biacore software and
analysis utilized the 1:1 Langmuir binding model. The software utilized a calibration-free
concentration analysis (CFCA) method to determine kinetic parameters and the dissociation
constant was calculated as the ratio of rate of dissociate to rate of associate (k off/kon).
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3.1.2 Results
Results of SPR are shown in Figure 3.2. The two sensograms represent real-time SPR
data from the interaction between influenza HA and liposomes. The data shows resonance units
(RU) as a function of time, and acquisition is divided into three phases. In the first phase of
acquisition, the rise in RU indicates the immobilization of streptavidin-conjugated
complementary ss-DNA (CAPture reagent). The second phase represents the immobilization of
biotinylated HA to streptavidin. The third phase represents interaction of control liposome or
sialylated liposome with immobilized influenza HA. Lastly, the fourth phase is the dissociation
period in which running buffer is injected across the sensor area. A fifth phase (not shown) is the
regeneration phase, which removes the ss-DNA-HA complex from the surface and changes the
RU response back to baseline.
As shown in the third phase of acquisition, the control liposome has no affinity for
influenza HA and is indicated by a flat signal. In contrast, the injection of sialylated liposomes
results in an increase in RU in the third phase, indicating affinity of sialylated liposome for
influenza HA. The relative increases in RU for 10%, 20%, and 30% LSTc liposome formulations
were 15 RU, 32 RU, and 22 RU, respectively. Differences in the results may be attributed to the
fact that the final amount of immobilized HA is not known, and as shown in Figure 3.2, the
amount of immobilized HA immediately before injection of liposomes is not the same as the
amount of immobilized HA at the end of HA injection. However the flow rate, injection duration,
and HA concentration were kept constant in all cases. The kinetic parameters for 10%, 20%, and
30% LSTc liposomes were determined after fitting the data to a 1:1 Langmuir binding model and
the values are tabulated in Table 3.1.
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Figure 3.2. Examples of real-time SPR data showing the resonance unit (RU) response from
control and sialylated liposomes as a function of time. The signal trace shown is the difference
between the sample response and the reference response (not shown). The first phase (1)
indicates immobilization of streptavidin-conjugated ss-DNA. The second phase (2) indicates
immobilization of biotinylated HA. The third phase (3) indicates interaction between liposome
and HA. The fourth phase (4) indicates dissociation.

Table 3.1 Kinetic parameters for the interaction between sialylated liposomes and HA derived
from influenza A/New Caledonia/20/99 (H1N1).
-1 -1

% LSTc
10
20
30

-1

k (M s )
on

136.7 ± 1.2
2093 ± 20
2514 ± 40

K (nM)

k (s )
off
-4

2.3 × 10 ± 1.5 × 10
-4

2.7 × 10 ± 3.2 × 10
-4

2.3 × 10 ± 5.2 × 10

d

-6
-6
-6

1600
130
91

The strength of binding affinity is characterized by the dissociation constant (K d) such
that a small Kd value indicates strong binding. The dissociation constants for each of the three
liposome formulations (lowest to highest % LSTc) were 1,600 nM, 130 nM, and 91 nM. The 10%
LSTc liposome formulation is characterized by a slow on-rate and a slow off-rate while the 20%
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and 30% liposome formulations are characterized by a fast on-rate and slow off-rate. Thus, a
combination of high affinity and slow off-rate is indicative of the mechanism of inhibition by
sialylated liposomes.
Compared to dissociation constants for glycan-HA reported in literature, the results
obtained for sialylated liposomes suggest high affinity between influenza HA and LSTc. A study by
Sauter et al. (1989) determined the dissociation constant for the interaction between soluble HA
from X-31, a recombinant strain of influenza H3N2, and α-methylsialoside to be 3 mM [49].
Although the binding constant was determine for a different strain of influenza, the binding
affinity is several orders of magnitude less for the interaction between soluble HA and a sialic
acid monomer. Based on the dissociation constants for 20% and 30% LSTc liposome formulations,
the interaction between LSTc and HA from H1N1 is strong and comparable to other multivalent
antivirals. As stated earlier, the binding affinity between a multi-valent anti-viral and soluble HA
from H1N1 was 120 nM [48]. Differences in the values obtained here and those reported in
literature may be related to influenza strain and glycan conformation. Nonetheless, the binding
affinity data suggests that sialylated liposomes can be potent entry inhibitors on influenza virus.
In the next two chapters, the inhibitory potency of sialylated liposomes is assessed on
immortalized epithelial cells and primary human bronchial epithelial cells.

32

Chapter 4 – Mechanism of Influenza Inhibition by Sialylated
Liposomes
The mechanism of influenza inhibition by sialylated liposomes is hypothesized to be
through direct binding onto hemagglutinin to prevent virus-cell interaction. Data from size
analysis was suggestive of the interaction between virus and liposome, and the data from surface
plasmon resonance experiment further supported the notion that sialylated liposomes directly
bind to virus. In this chapter, it was determined that sialylated liposomes can inhibit infection by
quantifying the amount of influenza nucleoprotein expression from cells treated prophylactically
and post-infection as well as when cells were treated with pre-mixed sialylated liposomes and
virus. For these studies, immortalized Madin-Darby Canine Kidney (MDCK) cells are used since
both α-2,3 and α-2,6 sialic acids are known to be expressed, making them a standard cell line for
propagating influenza virus. In the first few sections, the dynamic range of the assay is
determined after which the assay is used to assess liposome stability. In the remaining sections,
experiments are presented to support the hypothesis for the mechanism of influenza inhibition.

4.1

Quantification of Influenza Nucleoprotein by Fluorescence Focus Assay
The fluorescence focus assay (FFA) is an alternative endpoint assay to quantify virus

activity. Unlike a plaque or TCID50 assay which require several days for infected monolayers to
develop plaques or show cytopathic effects, the fluorescence focus assay can estimate virus
infectivity 24 hours post-infection by counting the number of fluorescent focus units after
immunofluorescent staining for influenza nucleoprotein (NP). Influenza NP is present on all
negative-sense virus such as influenza, and its primary function is to encapsulate viral RNA and
interact with cellular polypeptides such as actin for intracellular transport in the host cell [50].
The synthesis of influenza NP in a cell indicates an infected cell and is one of the advantages of
FFA over a plaque assay since an infected cell does not always produce a visible plaque. In the
remainder of this chapter, FFA is the primary assay used to study the mechanism of influenza
inhibition by sialylated liposomes.
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4.1.1 Materials and Methods
Purified influenza A/Puerto Rico/8/34 (H1N1) virus in allantoic fluid was acquired from
BEI Resources. Aliquots were stored in -80°C and virus dilutions for experiments were prepared
with PBS-1% BSA and kept on ice.
The fluorescence focus assay was adapted from a procedure developed at Centers for
Vaccines and Immunity [51]. For each experiment, staining buffer (PBSTA) was prepared fresh
and contained 0.1% triton X-100, 0.1% sodium azide, and 0.1% BSA in PBS. To stain influenza
nucleoprotein, anti-influenza A virus NP mouse monoclonal antibody (AA5H) was purchased from
Abcam. Aliquots were stored at -20°C and working solutions were prepared with 1 ug/ml AA5H
antibody in staining buffer. For fluorescent staining, a secondary goat polyclonal antibody to
mouse IgG with FITC-conjugation was also purchased from Abcam. Preparations of secondary
antibody were made at 2 ug/ml in staining buffer. Concentrations for both antibodies were
determined after a series of optimization experiments.
To determine an appropriate virus titer for experiments and an appropriate endpoint,
confluent Madin-Darby canine kidney (MDCK) epithelial cells in a 96-well plate were infected
with three-fold serial virus dilutions in triplicate for 1 hour at 37°C. Each well contained 100 ul of
virus inoculum. After 1 hour, the virus inoculum was aspirated, and cell monolayers were washed
three times with PBS and incubated for another 24 and 48 hours with MDCK growth medium,
which consisted of 10% FBS and 1% antibiotic-antimycotic in Dulbecco’s Modified Eagle Medium
(DMEM). After 24 and 48 hours, cell monolayers were washed and fixed with 3.7% formaldehyde
for 30 minutes at room temperature. After fixation, monolayers were washed with PBSTA,
incubated with primary AA5H antibody for 1 hour at room temperature, washed, and incubated
with IgG-FITC secondary antibody for 1 hour at room temperature. A final wash with PBS was
made before imaging.
Fluorescent images of influenza nucleoprotein were acquired with a Zeiss LSM 510
META confocal microscope system, and IgG-FITC emission between 500 and 530 nm was excited
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with a 488 nm argon laser. Images with resolution of 1024 x 1024 pixels were acquired with a
2

10X objective having a field of view (FOV) of 0.85 mm . For each well in a 96-well plate, images
from nine different FOVs, which covers approximately 25% of the well, were combined and
analyzed as a single data point in ImageJ software. For image processing of each image, noise
reduction was performed using a median filter with a 2 pixel radius and pixel intensity threshold
was applied to accept intensity greater than 1% of max (255 for an 8-bit image). The process of
thresholding converts the fluorescent image to black and white; black representing
nucleoprotein focus units and white representing background. However, the process of
thresholding also includes small artifacts that may represent early stages of nucleoprotein
expression by a cell but not large enough to form a fluorescent focus unit (FFU). Thus, these
small artifacts were excluded from analysis by accepting particle sizes greater than 100 pixel

2

2

(approximately 80 um ) and circularity between 0 and 1 (Figure 4.1). Automation of image
processing and analysis using ImageJ functions was programmed in Matlab incorporating the MIJ
plug-in, which contains a library of Matlab functions for bi-directional communication and data
exchange with ImageJ developed by Sage et al [52].

Figure 4.1. (LEFT) Fluorescent focus units representing influenza nucleoprotein expression in
MDCK cell monolayer. (RIGHT) Fluorescent focus units, selected based on pixel intensity and size,
are outlined in blue.
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4.1.2 Results
A linear change in the number of fluorescent forming units was observed as a function
of virus concentration. Figure 4.2 shows the result of influenza nucleoprotein expression after 24
and 48 hours with multiplicity of infection (m.o.i) at 0.15, 0.05, 0.015, and 0.005. At all dilutions
tested, the number of fluorescent focus units is greater at 48 hours than at 24 hours suggesting
that infected MDCK monolayers are capable of replicating virus and releasing progeny virus for
infection of neighboring cells. Although the assay is relatively quick to perform, the assay is
limited to a range of 3 to 4 logs under these particular conditions. At virus titers greater than 1.7
4

× 10 PFU/ml, nearly every cell is infected and the image analysis algorithm can no longer isolate
individual focus units. For subsequent experiments, the virus titer selected was between 1.7 ×
3

3

10 PFU/ml and 5.7 × 10 PFU/ml and 24 hours post-infection was selected as the endpoint.

Figure 4.2. Influenza nucleoprotein expression in MDCK cells after 24 and 48 hours.

4.2

Investigation into Sialylated Liposome Decoy Efficacy and Stability
The stability and lifetime of liposomes in vivo is an important property in determining

their function, particularly for liposomes that are used as drug delivery vehicles as the liposomes
must survive long enough in the blood to be effective. Assessing liposome stability in the
presence of serum and albumin in vitro can give an indication of their stability in vivo.
Components in serum that are known to interact with liposomes include high density
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lipoproteins, which destabilize liposome bilayer by removal of phospholipids, and albumin, which
can adsorb onto liposomes [53,54]. A study by Law et al. (1986) on the adsorption of bovine
serum albumin to positively, negatively, and neutral charged liposomes concluded that the
driving force for adsorption is mainly from the hydrophobic effect [55]. Furthermore, bovine
serum albumin has been shown to rapidly destabilize certain liposomes at 20 mg/ml and cause
complete lysis [56]. Stability of a liposome can be measured by the rate or percentage of solute
release. The effects of serum-induced leakage of anionic liposomes has been studied by
Comiskey et al. (1989) in which they compared the leakage of solute from neutral liposomes
composed of 33% cholesterol and 67% egg-phosphotidylcholine (EPC) to anionic liposomes
composed of 33% cholesterol and 67% egg-phosphotidylcholine (EPG) or 1,2-dioleoyl-sn-glycero3-phosphatidylglycerol (DOPG) [57]. In the presence of 10% fetal bovine serum, anionic
liposomes leaked between 70%-90% of solute while neutral liposome leaked only 18% of solute
[57].
Although the stability of sialylated liposomes in plasma is of little concern since the
delivery of sialylated liposomes would be by inhalation rather than intravenous, it is unknown
whether the same destabilizing mechanism of serum and albumin would affect decoy
functionality and if incorporation of a glycan along with polyethylene glycol (PEG) and/or
cholesterol in the liposome formulation improves or degrades decoy efficacy. Cholesterol is
known to stabilize lipid bilayer membrane fluidity and reduce solute leakage, and the surface
modification with PEG has been reported to reduce liposome size and improve stability [54,58].
In this section, the efficacy of sialylated liposome to inhibit influenza is examine using the MDCK
cell line. Furthermore, the inhibitory capability of decoy liposomes with and without cholesterol
and PEG is assessed in the presence of bovine serum albumin (BSA), fetal bovine serum (FBS),
and cell culture medium.
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4.2.1 Materials and Methods
Purified influenza A/Puerto Rico/8/34 (H1N1) virus in allantoic fluid was acquired from
4

BEI Resources. Stock aliquots were diluted to a virus titer of 3.4 × 10 PFU/ml in PBS-1% BSA.
To test decoy liposome efficacy when diluted in PBS-1% BSA and in MDCK cell culture
4

medium, 2.5 nM liposomes (7.5% LSTc) were mixed with 2 pM influenza PR8 (3.4 × 10 PFU/ml)
and incubated at 37°C for 30 minutes to allow decoy and virus interaction. The final
concentrations for decoy liposomes and virus were 0.125 nM and 1 pM, respectively, which
yields a decoy to virus ratio of 125:1. As a control, virus at the same final concentration was also
incubated at 37°C for 30 minutes. After pre-incubation, 50 ul of either PBS-1% BSA or MDCK
growth medium were added to confluent MDCK monolayers in a 96-well plate, and decoy-virus
mixtures and virus-only sample were added in triplicate at 100 ul/well for 1 hour at 37°C. Upon
removal of inoculum after 1 hour, cells were washed and incubated with MDCK growth medium
for 24 hours before fixation with 3.7% formaldehyde. Staining of influenza nucleoprotein was
performed as described previously.
In a subsequent experiment, 2.5 nM decoy liposomes (15.5% LSTc, 0% cholesterol, 0%
PEG) were prepared in either 1% BSA, 10% BSA, 10% FBS, or 50% FBS before mixing with
influenza PR8. Decoy-virus mixtures contained a final concentration of 0.125 nM decoy and 1 pM
virus and were pre-incubated for 30 minutes at 37°C before addition to MDCK monolayers at 100
ul/well. After 24 hours of incubation, cells were fixed and stained for influenza nucleoprotein.
To evaluate the effects of formulations with 10% polyethylene glycol (PEG2000) and
30% cholesterol on liposome stability and efficacy, LSTc-bearing decoy liposomes (7.5% LSTc)
with PEG, PEG and cholesterol, and without PEG or cholesterol were tested for virus inhibition.
The amount of PEG or cholesterol incorporated into the liposome formulation was 10% and 30%,
respectively. Stock liposome solutions were diluted in 10% and 50% FBS to a vesicle
4

concentration of 1 nM. Liposomes were mixed with 2 pM influenza PR8 (3.4 × 10 PFU/ml)
immediately, and final concentrations of decoy and virus were 0.05 nM and 1 pM, respectively.
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After 1 hour of 100 ul/well decoy-virus inoculum on MDCK monolayers, cells were washed and
incubated for an additional 24 hours in MDCK growth medium. Cells were fixed with 3.7%
formaldehyde and stained for influenza nucleoprotein.

4.2.2 Results
LSTc-bearing liposomes inhibit influenza PR8 infection on MDCK monolayers with a
potency of 91% and 88% inhibition (Figure 4.3) in the presence of 1% bovine serum albumin and
cell culture medium, respectively. The result suggests that when given time to interact, sialylated
liposomes can be effective inhibitors of infection. Comparing sialylated liposomes to control,
Figure 4.3 shows that liposomes lacking sialic acid, (-) LSTc, do not inhibit virus infection since the
amount of nucleoprotein expression is approximately the same as virus control and suggests that
sialic acid-deficient liposomes and virus do not interact. In addition, the results suggest that
sialylated liposomes bound to influenza virus during pre-incubation are not affected by
components in cell culture medium. An example of the difference in nucleoprotein expression
between virus control and decoy-virus mixture is shown in Figure 4.4.

Figure 4.3. Sialylated liposomes inhibit virus infection. The amount of influenza nucleoprotein
reduction from treatment with sialic acid bearing liposomes, (+) LSTc decoy, was determined to
be significantly different from the amount of nucleoprotein expression when MDCK cells were
infected with virus only. When diluted in either 1% BSA or cell culture medium, 0.125 nM
sialylated liposomes inhibited 91% and 88% of infection.
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Figure 4.4. Differences in infection as shown by FFA. (LEFT) Control: MDCK cells infected with
influenza PR8 only. (Center) Control: MDCK cells infected with virus pre-mixed with 2.5 nM
liposomes lacking sialic acid. (RIGHT) Inhibition of influenza infection as shown by the reduction
of influenza nucleoprotein expression when 2.5 nM LSTc-bearing liposomes were mixed with 2
pM influenza PR8.

Figure 4.5. Decoy stability as measured by nucleoprotein reduction. 0.125 nM sialic acid-bearing
decoys (15.5% LSTc, 0% cholesterol, 0% PEG) pre-incubated with 1% BSA, 10% BSA, and 10% FBS
for 0, 2, and 4 hours before mixing with influenza virus showed significant reduction in
nucleoprotein expression with respect to virus control.

When decoy dilutions were prepared with 1% BSA, 10% BSA, or 10% FBS prior to mixing
with virus, all three conditions showed greater than 85% reduction in nucleoprotein expression
(Figure 4.5). The results suggest that decoy functionality is not diminished when incubated with
BSA concentrations up to 100 mg/ml and 10% FBS for up to 4 hours. However, decoy
functionality diminished by approximately 25% when incubated with 50% FBS at 2 and 4 hour
end points. Similarly, decoys diluted in 50% FBS and immediately mixed with virus resulted in a
25% reduction in inhibition relative to decoys diluted in 1% BSA. Although 50% FBS diminished
decoy activity, the highest concentration of FBS did not diminish the ability of virus to infect.
Interestingly, virus infection seemed to be enhanced with increasing concentration of FBS, but
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may be a coincidence as the same magnitude of infection was not observed in a subsequent
experiment (Figure 4.6).

Figure 4.6. Sialic acid-bearing decoys (7.5% LSTc) are stable and functional without PEG or
cholesterol and are as potent as LSTc-bearing liposomes with PEG, cholesterol, or PEG and
cholesterol.

Since pre-incubation with 50% FBS appeared to diminish decoy liposome functionality,
additional liposome formulations were tested to determine if stability in 50% FBS could be
improved. The experiment involved decoy liposomes containing either cholesterol, PEG, or both
cholesterol and PEG. As shown in Figure 4.6, LSTc-bearing decoys without PEG or cholesterol
inhibited virus infection by 80% when diluted in 10% or 50% FBS. LSTc-bearing decoys with both
PEG and cholesterol were equally potent with approximately 90% and 80% inhibition in 10% and
50% FBS, respectively; however, decoys with only PEG but no cholesterol showed approximately
38% reduction in potency relative to the other decoys. The results in Figure 4.6 of decoys (7.5%
LSTc, 0% PEG, 0% cholesterol) diluted in 50% FBS show a significant difference in the amount of
inhibition when compared to results in Figure 4.5 of decoys containing 15.5% LSTc, 0% PEG, and
0% cholesterol in 50% FBS. Previously, decoys with 15.5% LSTc in 50% FBS showed approximately
60% inhibition relative to infection from virus diluted in 50% FBS or 0% if relative to virus diluted
in 1% BSA (Figure 4.5). However, decoy functionality with 7.5% LSTc did not appear to be
inhibited by 50% FBS. With all other experimental conditions being equal, the difference in sialic
acid content may or may not contribute to diminished decoy functionality at high concentrations
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of FBS. The diminished functionality may be attributed to the spatial distance between adsorbed
BSA and sialic acid. As BSA can penetrate into the phospholipid bilayer and bind to hydrophobic
regions, the BSA at a higher FBS concentration may inhibit the liposome-virus interaction since
the spatial distance between BSA and sialic acid is shorter in the 15.5% LSTc liposome
formulation than in the 7.5% LSTc liposome formulation. Thus, liposome formulations with
different amounts of sialic acid may have different tolerances for BSA concentration.
Although high concentrations of serum and albumin typically increase permeability of
drug-loaded cationic liposomes or cause lysis of large unilamellar vesicles, the high serum and
albumin content do not appear to have a detrimental effect on decoy stability and functionality
of 7.5% LSTc liposome formulations. In the results shown in Figure 4.5, control decoys without
sialic acid show inhibitory effects between 13-60% when incubated in 1% BSA for several hours,
but in other conditions, these decoys showed levels of nucleoprotein expression greater than
nucleoprotein expression from virus only control. Thus, inhibition of virus by sialic acid-deficient
liposomes may or may not occur and the mechanism by which inhibition does occur is unknown.

4.3

Prophylactic Treatment with Sialylated Liposomes Inhibit Virus Infection
on MDCK Monolayer.
We next investigated further the entry inhibiting mechanism of sialylated liposomes by

prophylactic treatment of MDCK cells. Prophylactic treatment is the treatment with an anti-viral
before infection, and it would be expected that the anti-viral remain stable and functional in the
extracellular environment as long as possible. The difference between prophylactic treatment
and pre-mix treatment is that pre-mixing decoys and virus together before addition onto cells
enables decoy-virus interactions. For prophylactic treatment, the same dilutions of decoy and
virus are prepared on top of cell monolayers but without allowing time for interaction.
Assessment of prophylactic potency is done by quantifying nucleoprotein expression of infected
MDCK cells treated with decoy liposomes for several minutes to hours prior to the addition of
virus. Thus, any significant differences between previous results from pre-mixed decoy-virus
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mixtures to results from prophylactic treatment may be associated with cell-liposome interaction
or issues with the stability and degradation of liposomes.
Cell-liposome interactions in vitro have been studied extensively. It is known that
anionic liposomes can bind to cells and be endocytosed more efficiently than neutral liposomes
[59]. Fluorescence microscopy studies of sonicated unilamellar liposomes show that liposomes,
regardless of the overall net charge, associate with the cell surface; however, cationic liposomes
associate to cell surface the greatest [60]. Thus, the hypothesis is that prophylactic treatment
with sialylated liposomes may not be as effective as pre-mix treatment since sialic acid
contributes to the negative charge of the liposome and may have a role in cell-liposome
association.

4.3.1 Materials and Methods
To test the prophylactic potency of decoys, a dilution of liposomes was first added to
cell monolayers followed by virus. Sialylated liposomes (15.5% LSTc) at 2.5 nM vesicle
concentration were diluted to 0.25 nM in either 1% BSA or cell culture medium and incubated for
1 hour on MDCK monolayers. Stock aliquots of influenza PR8 virus were diluted to a titer of 3.4 ×
4

10 PFU/ml (2 pM) in PBS-1% BSA and pre-incubated for 30 minutes at 37°C after which an equal
volume of virus dilution was added to wells for 1 hour at 37°C. The addition of 2 pM virus diluted
decoy concentrations to 0.125 nM and virus concentration to 1 pM in each well. Influenza
nucleoprotein staining was performed 24 hours post-infection.
To test whether longer incubation of decoy liposomes with MDCK cell monolayer would
affect influenza virus infection, 0.5 nM sialylated decoys (7.5% LSTc) diluted in cell culture
medium were incubated with cells for up to four hours after which an equal volume of influenza
PR8 was added at 1,700 PFU/well. Decoy pre-mixed with virus were compared to decoys
incubated with cells for 1 hour, 2 hours, 4 hours, and cells that were treated immediately with
both decoys and virus.
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To test if prophylactic potency of decoys is dose dependent, liposomes at 5.7 nM, 0.57
nM, and 0.057 nM vesicle concentration were diluted in each well to concentrations of 0.3 nM,
0.03 nM, and 0.003 nM and allowed to incubate on MDCK monolayers for 1 hour at 37°C. After
4

incubation, 2 pM influenza PR8 virus (3.4 x 10 PFU/ml) was added to each well resulting in an
approximate decoy to virus ratios of 300:1, 30:1, and 3:1. Results were compared to the amount
of inhibition when decoys were pre-mixed with virus. Control liposomes were charge balanced
with 7.5% DOPG, a negatively charged phospholipid, and prepared at the same dilutions.

4.3.2 Results
Previous results from pre-mix treatment suggested that sialylated liposomes could
inhibit influenza in the absence or presence of albumin proteins. However, incubation of
sialylated liposomes in medium with or without albumin proteins was limited to 30 minutes with
virus followed by 1 hour incubation with cells. To further investigate stability under prophylactic
conditions, a similar experiment was designed to provide additional evidence of decoy stability
when added 1 hour to cell monolayers followed by another hour with virus. As shown in Figure
4.7, sialylated decoys that were treated on MDCK cell monolayers for 1 hour inhibit
approximately 50-70% of infection when diluted in either 1% BSA or cell culture medium. Results
of pre-mix treatment show approximately 90% inhibition. The result suggests that a proportion
of liposomes remain in suspension to act as entry inhibitors and that another proportion may
have interacted with the cell surface resulting in fewer amounts of available decoys. Alternatively,
the results may be a consequence of the short interaction time between virus and sialylated
liposomes as compared to the 30 minutes interaction time in pre-mix treatment. Comparing to
liposomes pre-mixed with virus prior to addition on cells, prophylactic treatment with 0.25 nM
decoys did not inhibit an inoculum of 3,400 PFU as well at the same dilutions. Under pre-mix
conditions, infection was 85% less than infection under prophylactic conditions. Statistical
analysis using a two-tailed T-test comparing pre-mix condition to prophylactic condition
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determined statistical significance at the 95% level with a p-value ≤ 0.03. Results also show that
prophylactic treatment with the control liposome inhibited virus infection by 80% in 1% BSA
dilution medium but not cell culture medium. As a possible explanation, there may be an
adhesion effect that occurs between the control liposome and virus that enhances delivery of
virus to the cell surface.

Figure 4.7. Effects of dilution medium on one hour prophylactic treatment with 0.25 nM LSTc
decoy (15.5% LStc, 0% DOPG) compared to pre-mixtures of 0.25 nM LSTc decoy with 2 pM
influenza PR8 virus. When diluted in 1% BSA or cell culture medium, decoys pre-mixed with virus
inhibited 90% of infection whereas one hour prophylactic treatment with decoys inhibited
between 50-70%. Control liposomes (15% DOPG) did not inhibit infection.

With evidence of prophylactic efficacy, the extent of prophylactic inhibition was further
investigated by extending treatment up to 4 hours. As shown in Figure 4.8, liposomes deficient of
sialic acid did not inhibit infection at all time points tested, and pre-mixed decoy-virus samples
inhibited the greatest. Prophylactic inhibition after 0, 1, 2, and 4 hour treatment was 84%, 76%,
73%, and 77% and appeared to be time-dependent; however, the amount of nucleoprotein
detected between 0 hour and 4 hour prophylactic conditions was not statistically significant at
the 95% confidence level. For comparison, pre-mix condition showed 92% inhibition. The results
suggest that the mechanism of inhibition requires a longer interaction time between virus and
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liposomes and that the short virus-liposome interaction may be the main factor for increased
infection rather than the disappearance of liposome from cell-liposome interactions.

Figure 4.8. Effects of prophylactic treatment up to 4 hours. 0.5 nM sialylated decoys (7.5% LSTc,
0% DOPG) diluted in cell culture medium were incubated with MDCK cells for several minutes, 1
hour, 2 hours, and 4 hours and inhibited infection by 84%, 76%, 73%, and 77%, respectively.
Decoys pre-mixed with virus before addition to cells inhibited 92% relative to virus control.
Decoys lacking sialic acid (0% DOPG) did not inhibit influenza infection.

Figure 4.9 Effect of decoy concentration in prophylactic treatment of MDCK cells. Sialylated
decoys at full log dilutions exhibit dose dependence. 0.3 nM, 0.03 nM, and 0.003 nM sialylated
decoys (7.5% LSTc) inhibited 97%, 90%, and 64%, respectively, when treated on MDCK cells for 1
hour before virus infection.

Previous results showed that prophylactic inhibition was possible up to four hours but
only a high concentration was tested. To investigate the prophylactic inhibitory capacity of decoy
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liposome at lower concentrations, MDCK cells were treated with full log dilutions of sialylated
and non-sialylated decoys for 1 hour at 37°C (Figure 4.9). At the highest vesicle concentration
tested, 0.3 nM, inhibition was 97% and at the lowest vesicle concentration tested, 3 pM,
inhibition was 64% relative to virus control. The results in Figure 4.9 also show that liposomes
deficient of sialic acid show increasing inhibitory effect with increasing liposome concentration.
An explanation is that at higher concentrations, unlabeled negatively charged liposomes may
have a greater opportunity to interact with virus by adhesion as the spatial distance between
virus and liposome is shorter than mixtures of virus and lower concentrations of liposomes.
The results from three separate experiments suggest that prophylactic treatment at
nanomolar concentrations has at least 50% inhibitory capacity under the conditions tested.
However, the ability of sialylated decoys to inhibit influenza infection requires the liposomes to
remain in the extracellular environment. How the cell-liposome interaction affects decoy
functionality remains an unknown, but the data suggests that some amount of decoy liposome
becomes unavailable since results of prophylactic treatment is not as effective as when decoy
liposomes are pre-mixed with virus before addition onto cells. In the next section, the inhibitory
capacity of sialylated liposomes is examined when treated post-infection to provide evidence
that without sialylated liposomes acting as entry inhibitors, inhibition of infection is limited.

4.4

Post-infection Treatment with Sialylated Liposomes on MDCK
Monolayer Has Limited Inhibitory Capacity
Thus far, pre-mix and prophylactic conditions have shown decoy efficacy against

influenza infection. As most anti-virals are designed to be given therapeutically, investigation into
post-infection capability is warranted. The mechanism of post-infection inhibition by sialylated
liposomes is hypothesized to be by inhibition of virus in the extracellular environment and by
inhibition of re-infection by progeny virus. The time when an infected cell begins to produce and
release progeny virus has been estimated to be approximately 6 hours and an infected cell is
estimate to have a lifetime of approximately 11 hours. In addition, an infected cell may continue
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to produce virus for another 5 hours with a reproductive number of 22 infectious virion per cell
and each new virion with a half-life of 3 hours [61]. Moreover, Seitz et al. have shown that when
MDCK cells are infected with influenza PR8 at an m.o.i of 0.025, an increase in the amount of
viral titer as measured by the HA assay begins after 8 hours post-infection [62]. Thus, sialylated
liposomes may be able to inhibit at least one cycle of virus replication and act as a prophylactic
entry inhibitor of progeny virus since the decoys have been shown to be stable and functional for
several hours in cell culture.
In this section, experiments were designed to test the hypothesis for the mechanism of
post-infection inhibition. First, a single dose is treated onto infected MDCK cells at a time before
the appearance of progeny virus to determine if sialylated decoys can inhibit non-adherent virus.
Since one hour post-infection is adequate time for virus adhesion to cell surface but too short of
a time for production and release of progeny virus, a single dose of sialylated decoys would be
expected to inhibit any virus from the initial inoculum in the extracellular space. Next, the postinfection inhibitory capacity is explored further by adjusting the timing of treatment. Lastly, a
second dose is administered and left in cell culture for 24 hours to determine if decoys could
inhibit progeny virus.

4.4.1 Materials and Methods
Single Dose
To test the post-infection inhibitory capacity of sialylated liposomes, infected MDCK
cells were treated 1 hour post-infection with a single dose and allowed to incubate in cell culture
for another hour before washing. Ten-fold dilutions of sialylated decoys (7.5% LSTc, 0% DOPG)
and control liposomes (0% LSTc, 7.5% DOPG) starting at a vesicle concentration of 5.7 nM were
added to MDCK cells, which were infected with an m.o.i of 0.25 or equivalent to 3,400 PFU/well,
after which the concentration of liposomes per well was 0.3 nM. Treated cells were incubated for
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an additional hour at 37°C and cell monolayers were washed and incubated with MDCK culture
medium for 24 hours.

Time-Dependent Post-infection Dose
To examine post-infection inhibition at different times of treatment, MDCK cells were
first infected with an m.o.i of 0.25 or equivalent to 3,400 PFU/well. After 15, 30, and 60 minutes,
sialylated liposomes were added to infected wells, without removing virus inoculum, at vesicle
concentrations of 10 nM and 1 nM resulting in a final vesicle concentration per well of 0.5 nM
and 0.05 nM. Again, treatment with decoys post-infection was an hour after which cells were
washed and incubated for 24 hours in MDCK cell culture medium.

Double Dose
MDCK cells were first treated with pre-mixed virus and decoy solutions. The pre-mixed
solution was prepared by mixing 3,400 PFU/ml of influenza PR8 virus with 2.7 nM decoy
liposomes, and the final concentrations of virus and liposome in the pre-mix were 1700 PFU/ml
and 0.125 nM, respectively. After one hour, cells were washed with PBS, and 5 ul of 2.7 nM
decoy liposomes was added to 100 ul of MDCK growth medium in each well and allowed to
incubate for 24 hours.

Figure 4.10 Timeline of infection and treatment for single dose, time-dependent dose, and
double dose post-infection experiments.
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4.4.2 Results
At vesicle concentrations of 0.3 nM, 0.03 nM, and 0.003 nM, inhibition from 1 hour
post-infection treatment was 0%, 32%, and 73%, respectively, and was not as significant as
inhibition under pre-mixed condition (Figure 4.11). Pre-mixed sialylated liposomes and virus
resulted in more than 90% inhibition. Results of treatment with sialylated liposomes 1 hour postinfection did not inhibit virus infection at the two highest vesicle concentrations tested; however,
a statistically significant reduction was observed at the lowest concentration. There is
uncertainty in the results since inhibition appears to be inversely proportional to concentration
and additional experiments may refute the results shown. Nonetheless, results suggest that the
initial virus inoculum completely infects after 1 hour of incubation and that treatment with
sialylated decoys at one hour post-infection is not effective. Moreover, the results indicate that
with the lack of available virus in the extracellular environment after 1 hour, sialylated liposomes
cannot prevent infection.
When sialylated liposomes (7.5% LSTc) were added 15 and 30 minutes post-infection at
10 nM and 1 nM vesicle concentrations (Figure 4.12), statistically significant reduction was
observed for three variables at the 95% significance level; treatment at 15 minutes post-infection
with either 0.05 nM or 0.5 nM and treatment at 30 minutes with 0.5 nM decoys, albeit all
conditions inhibited less than 50% relative to virus control. At the 15, 30, and 60 minute
endpoints, inhibition was 41%, 36%, and 0% with 10 nM decoy treatment and 39%, 17%, and 0%
with 1 nM decoy treatment. Results suggest that over half of the initial virus inoculum infect
within 15 minutes and that sialylated liposomes can inhibit infection of remaining virus after 30
minutes post-infection with a dose of 10 nM sialylated liposomes.
To answer the question of whether infection from progeny virus could be inhibited, a
second dose of sialylated liposomes was incubated with infected MDCK cell culture for a period
of 24 hours. The initial infection consisted of a solution of pre-mixed virus and sialylated decoys.
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Figure 4.11 Post-infection treatment with sialylated liposomes one hour after initial virus
infection does not reduce influenza nucleoprotein expression when quantified 24 hours later.

Figure 4.12 Post-infection treatment at 15, 30, and 60 minutes with 10 nM and 1 nM sialylated
liposomes (0.5 nM and 0.05 nM after dilution with virus inoculum) inhibit infection on MDCK
cells but only when treated within 30 minutes. Statistical testing was between

By mixing virus and decoys for 30 minutes at 37°C, a single dose would be expected to inhibit
infection and that a second dose would inhibit progeny virus resulting in fewer infected cells than
the number of cells without a second dose. As shown in Figure 4.13, incubating decoy liposomes
on infected MDCK cells did not decrease the number of fluorescent focus units since inhibition
was 86% compared to 91% from a single pre-mixed dose. The result suggests that either
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sialylated liposome became unavailable over the 24 hour incubation period, or that progeny virus
immediately re-infected a neighboring cell upon release. For future experiments on multiple
dosing, infected cell cultures would need to be incubated for several days to better compare the
inhibitory capacity of multiple dosing.

Figure 4.13 A second dose of sialylated liposomes incubated for 24 hours on infected MDCK cells
do not show further inhibition when compared to a single dose. “Single” is the condition
whereby decoys are premixed with virus and washed after 1 hour infection. “Double” is the
condition whereby decoys are premixed with virus, washed after 1 hour infection, and a second
dose diluted in MDCK growth medium for 24 hours.

The post-infection inhibitory capacity of sialylated liposomes appears to be dependent
on the availability of free virion in the extracellular environment, the time at which treatment is
given, and vesicle concentration. The results of prophylactic treatment and post-infection
suggest that the mechanism of inhibition involves the binding of decoys prior to virus infection
and that once a virus infects a cell, sialylated liposomes would need to survive long enough to
have a chance to prophylactically inhibit progeny virus from infecting neighboring cells. Further
investigation into the latter is warranted. In addition, the observation that sialic acid-deficient
liposomes showed inhibitory effects in some experiments also merits additional investigation,
but an explanation may be that at high concentrations, the liposomes simply act as physical
barriers, reducing the probability of infection; longer incubation times may show complete
infection.
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Chapter 5 – Inhibitory Capacity of Sialylated Liposomes on NHBE Cell
Monolayer
In the previous chapter, MDCK cells were used to study the mechanism of inhibition by
sialylated liposomes. We next wanted to investigate the inhibitory capacity is further using
normal human bronchial epithelial cells, which better represents the area of initial human
influenza infection in vivo. Primary bronchial epithelial cells can be induced to differentiate into a
population of mixed cell types. Unlike immortalized MDCK cells, well-differentiated NHBE cells
consist of goblet cells, basal cells, ciliated cells, and non-ciliated cells. When cultured on porous
transwell inserts and with retinoic acid, NHBE cells can be maintained in air-liquid interface (ALI)
such that the basolateral membrane is exposed to culture medium and the apical membrane is
exposed to air. Retinoic acid is an important component of NHBE differentiation as it induces
mucinous differentiation by down-regulating Tgase I, an enzyme involved in the process of
squamous differentiation, and up-regulating MUC2, a mucin gene that is expressed within 6
hours of retinoic acid exposure [63]. Typically in the span of 21 days, a layer of air-surface liquid
(ASL) and mucus accumulate on the apical surface. In the in vivo environment, these components
are critical host defense mechanisms that function to trap inhaled particles [64]. In addition,
cilium aids in the clearance of trapped particles by transporting mucus. In in vitro cultures, the
movement of mucus is confined to the growth area and is cleared only by aspiration.
Nonetheless, investigating the inhibition of influenza infection on a well-differentiated bronchial
epithelial monolayer cultured in air-liquid interface can provide insight into inhibitory potency in
vivo. As discussed in the previous chapter, prophylactic treatment with decoy liposomes is most
effective when cell-liposome interactions are minimal as it would resemble conditions closest to
pre-mixed virus and decoy liposomes. Thus, by anchoring onto mucus, there is potential for
liposomes to remain functionally available for a longer time and act as an additional barrier
against influenza infection
It unknown whether the same vesicle concentrations used to inhibit influenza virus
infection on MDCK cells are sufficient to inhibit infection on NHBE cells. The hypothesis is that
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sialylated liposomes not only inhibit influenza virus infection at nanomolar concentrations but
also disrupt the rate of virus infection as a result of inhibition of the initial virus infection. In the
experiments described herein, mucus is washed away to ensure that virus inhibition is solely
from sialylated liposomes. First, well-differentiated NHBE cells are lectin stained to confirm the
expression of sialic acids on the surface. Second, sialylated liposomes are pre-mixed with virus to
confirm that the binding of sialylated liposomes inhibits infection in the same manner as in
MDCK cells. Lastly, an increase in nucleoprotein expression over time is shown to be altered as a
result of inhibition by sialylated liposomes of the initial virus infection..

5.1

Culture of Normal Human Bronchial Epithelial Cells and Sialic Acid
Expression
As discussed in Chapter 1, sialic acids expressed on cell surface are the primary ligands

for influenza virus attachment and infection. Like MDCK epithelial cells, a well-differentiated
NHBE monolayer expresses both types of sialic acids but the proportion of each varies on
different cell types. Studies on the distribution of sialic acids in human airway epithelium suggest
that α-2,6 sialic acid is most abundantly expressed in non-ciliated cells and that ciliated cells
express both α-2,3 and α-2,6 sialic acids [23]. Despite the differences, influenza PR8 (H1N1) virus
has the potential to infect more than one cell type since the virus has specificity for either α-2,3
or α-2,6 sialic acid. Here, the culture of NHBE cells is described and the presence of sialic acid is
confirmed by lectin staining to demonstrate that differentiated cells express both influenza
ligands.

5.1.1 Materials and Methods
Normal human bronchial epithelial cells (Lonza, Walkersville, MD) were expanded with
B-ALI growth medium in T-75 flasks until 50-70% confluency. For passaging cells, 0.05%
trypsin/EDTA was used to detach cells after which trypsin was inhibited using defined trypsin
2

inhibitor (Invitrogen). One day before harvesting cells, 0.3 cm polyester transwell inserts
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(Corning) were coated with 0.03 mg/ml collagen I (Invitrogen) for 1 hour at 37°C and washed
with PBS before seeding of cells. NHBE cells at passage 3 were seeded at 50,000 cells/well and
expanded in BEGM for three days in liquid-liquid interface after which the medium on the apical
side was removed and the medium on the basolateral side was changed to B-ALI differentiation
medium (Lonza, Walkersville, MD). Differentiation medium consisted of bovine pituitary extract,
insulin, hydrocortisone, GA-1000, retinoic acid, transferring, triiodothyronine, epinephrine, and
hEGF. Complete differentiation medium was prepared fresh with 10 ul inducer per 5 ml of
medium and changed every 2 to 3 days. On the days when medium was changed, the apical
surface was washed with 25 mM HEPES and supernatant was aspirated to maintain culture in airliquid interface. Cell cultures were visually verified for confluency whenever medium was
changed and experiments were conducted when cell cultures reached 21 days in air-liquid
interface.
To show that differentiated NHBE cells express both types of sialic acids, α-2,6 sialic acid
was stained with FITC-conjugated Sambucus Nigra (Elderberry) bark lectin (SNA) and α-2,3 sialic
acid was stained with a combination of biotinylated Maackil Amurensis Lectin II (MAL II) and
streptavidin Alexa Fluor 555; all reagents were purchased from Vectorlabs. Lectin staining
protocol was adapted from Ibricevic et al [65]. Cells were fixed with 3.7% formaldehyde for 30
minutes at room temperature, washed, blocked with 3% BSA for 1 hour, and incubated with
either SNA or MALII for one hour at room temperature. Fluorescent images were acquired with
on an LSM510 META confocal microscope system.
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5.1.2 Results
As shown in Figure 5.1, the distributions of α-2,6 sialic acid and α-2,3 sialic acid are not
uniform across the NHBE monolayer, and both sialic acid conformations appear to be equally
expressed. Based on fluorescent intensity, some cells appear to have higher affinity for lectin
than other cells, which may be indicative of the different cell types. However, since influenza PR8
has specificity for either ligand, monolayers would be excepted to show uniform infection.

Figure 5.1. Sialic acid distribution on well-differentiated NHBE cell monolayer. (LEFT) SNA staining
of α-2,6 sialic acid and (RIGHT) MALII lectin staining of α-2,3 sialic acid.

Figure 5.2. Confocal z-slice showing SNA staining (green) on the apical side of well-differentiated
NHBE cells. Nucleus (yellow) was stained with propidium iodide.

5.2

Decoy Efficacy on Normal Human Bronchial Epithelial Cells
Based on previous data, the minimum decoy to virus ratio at which sialylated liposomes

effectively inhibited at least 50% virus infection was 30 to 1. It is hypothesized that at the same
decoy to virus ratio, infection could be inhibited regardless of the cell culture model.
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5.2.1 Materials and Methods
Normal human bronchial epithelial cells were grown on transwell inserts as described
before. After 21 days in air-liquid interface, the apical surface was washed thoroughly with PBS
to remove mucus so that virus infection would only be inhibited by sialylated decoy liposomes.
The fluorescence focus assay was performed similarly as with previous experiments on MDCK
cells. One exception was that NHBE cells remained in air-liquid interface post-infection. For the
experiment, 20 nM and 2 nM sialylated liposomes, both with approximately 15% LSTc in the
4

4

formulation, were mixed with either 2 pM (3.4 x 10 PFU/ml) or 1 pM (1.7 x 10 PFU/ml)
influenza PR8 virus. After dilution, liposome concentrations were 1 nM and 0.1 nM, and virus
concentrations were 1 pM and 0.5 pM. Control liposomes were prepared identically as well as
virus-only controls. Virus and liposome mixtures were incubated together for 30 minutes at 37°C
after which 100 ul of each mixture was added to well-differentiated NHBE monolayers in
duplicate for 1 hour and washed. After 24 hours post-infection, cells were fixed and stained for
influenza nucleoprotein. The amount of influenza nucleoprotein expressed after 24 hours was
compared for a total of four different decoy to virus ratios: 100, 200, 1000, and 2000 sialylated
liposomes to virus.

5.2.2 Results

Figure 5.3. Decoy efficacy on NHBE cell model. (A) Data in which 20 nM and 2 nM sialylated
liposomes were mixed with 2 pM influenza PR8 virus. (B) Data in which 20 nM and 2 nM
sialylated liposomes were mixed with 1 pM influenza PR8 virus. Statistical significance at the 95%
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level was only observed for decoy to virus ratios at 1000 and 2000 where approximately 70%
infection was inhibited relative to virus control.
As shown in Figure 5.3, statistical significance of sialylated liposome inhibition was
found only for decoy to virus ratios of 1000:1 and 2000:1 when comparing inhibition from
sialylated liposomes relative to control liposomes. Previously, significant inhibition of influenza
on MDCK cells required a ratio of at least 100:1, decoy to virus. With NHBE cells, only 20-40%
inhibition was observed at ratios of 100:1 and 200:1 decoy to virus compared to 70% inhibition
observed when the ratio of decoy to virus increase by ten-fold. Additional experiments exploring
the cell-liposome interaction is warranted to provide an explanation of the results; particularly,
experiments designed to investigate prophylactic treatment. Since the NHBE monolayer is
composed of several cell types, there may or may not be interaction between the cell monolayer
and liposomes, making liposome unavailable for inhibiting virus entry.

5.3

Sialylated Liposomes Affect Influenza Viral Kinetics in Normal Human
Bronchial Epithelial Cell Culture
In chapter 1, the virus life cycle was briefly discussed, and in subsequent chapters, data

was presented to show that the mechanism of inhibition by sialylated liposomes prevents the
initial binding of virus onto cells. However, little is known about the viral kinetics of infected cells
after 24 hours and whether the inhibition by sialylated liposomes delays infection.
The kinetics of influenza virus infection in humans has been studied extensively by
others using real patient data, in vitro human airway cell models, and through computational
modeling with ordinary differential equations (ODE). In studies by Mitchell et al. (2011) and
Baccam et al. (2006), there is general agreement that influenza virus titer does not increase until
6 to 8 hours post-infection [61,66]. In adults, virus titer continues to grow exponentially but
peaks after 2 or 4 days, and illness and appearance of interferon usually coincides with peak viral
titers [67].
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There are several ODE models that have been developed to fit experimental data; one
being the target cell-limited model which assumes that influenza infection is limited by the
number of cells and does not take into consideration negative feedback mechanisms such as
immune response [61]. The common parameters, which are not measurable, among the various
virus kinetic models are the reproductive number R0 (the number of infected cells that results
from a single infected cell), the virion production rate per cell p, the rate at which infected cells
undergo apoptosis δ, the rate at which free virus is cleared c, and infection rate β [61]. The three
differential equations for the simple target cell-limited model are listed as follows:

Eq. 5.1

Eq. 5.2

Eq. 5.3

Initial values for T (number of uninfected cells), I (number of productively infected cells), and V
(infectious viral titer) are pre-determined to be number of cells seeded in a known area, zero,
and the dilution of virus that yields a known viral titer, respectively. The first equation is an
explicit relationship between the number of uninfected cells and the rate of infection; the rate of
change in the number of uninfected cells is also dependent on the viral titer. The second
equation shows that the rate of change in the number of infected cells is dependent on the rate
of infection, viral titer, and the rate of cell death. Lastly, the third equation describes how the
change in viral titer depends on production rate of virus per cell and clearance of virus. In
another model, two additional variables are added to account for interferon response: F (a
unitless quantity of antiviral factor produced by an infected cell) and e (the effectiveness of the
antiviral factor at inhibiting virus production) [66]. Based on these equations, a simple model of
virus infection can provide insight into how well an anti-viral affects viral kinetics and since
different strains are known to be more or less efficient than others, estimating the viral kinetics

59

can help in deciding the amount and frequency of dosage to effectively mitigate an influenza
infection. Thus, modifications to these kinetic models to account for the inhibitory potency of
sialylated liposomes may be useful.
The kinetics of influenza virus infection has also been studied with in vitro airway cell
models, particularly normal human bronchial epithelial (NHBE) cells. As reported by Mitchell et al.
(2011), the viral kinetics in NHBE cell culture can be studied by collecting apical washes 6 hours
post-infection and washes collected at different intervals may be pooled together for viral titer
quantification. Moreover, additional virus may be collected with pronase treatment on the apical
surface; the authors report that incubation with pronase releases more viable virus without
losing cell integrity or affect plaque forming abilities of virus. In their study, well-differentiated
NHBE cells were infected with two strains of influenza A/New Caledonia/2009 (H1N1) virus at a
multiplicity of infection of 0.01, and results showed nearly a two-log increase in viral titer after
24 hours and at least a full log difference in viral titer after 48 hours between seasonal and
pandemic H1N1 virus [66]. Their results suggest that virus titer assays are sufficiently sensitive to
differences in kinetics. Thus, it can be expected that differences in influenza PR8 virus kinetics in
NHBE cells can be distinguished from the viral kinetics of influenza virus inhibited by sialylated
liposomes.
Previously, results from prophylactic treatment with sialylated liposomes on MDCK cells
suggested that decoy liposomes are capable of inhibiting virus infection when treated four hours
before virus infection. However, our assay measured nucleoprotein expression only at 24 hours
post-infection. Thus, the viral kinetics over several days with and without decoy liposome
treatment is unknown. The hypothesis is that if decoy liposomes act as entry inhibitors, then
virus titer should not increase as fast as uninhibited virus infection. As a result, the severity of
infection would be expected to decrease, delay the spread of infection, and allow the cells
sufficient time to respond with innate interferons.
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5.3.1 Materials and Methods
A protocol similar to that of Mitchell et al. was adapted for studying the virus kinetics of
uninhibited and sialylated liposome-bound influenza virus infection on well-differentiated NHBE
monolayers. To determine if the amount of nucleoprotein expressed in NHBE monolayers that
were treated with a single dose of sialylated liposomes would be less than the amount of
nucleoprotein expressed from uninhibited virus infection with or without control liposomes, two
approaches were considered.
First, nucleoprotein expression was assayed 1 day, 3 days, or 5 days post-infection.
On the day of infection, 5 nM sialylated liposomes (7.5% LSTc) and control liposomes were added
on NHBE monolayers to an initial concentration of 1 nM. Immediately upon treatment with
4

liposomes, an equal volume of influenza PR8 virus (4 × 10 PFU/ml) was added to bring the final
volume of inoculum to 100 ul per well. The final concentration of liposomes per well became
0.25 nM after addition of virus. The inoculum was incubated with cells for 1 hour at 37°C after
which the inoculum was removed and the apical surface was washed with 25 mM HEPES.
Monolayers were maintained in air-liquid interface and medium in the basal chamber was
replaced with fresh differentiation medium. After 24 hours post-infection, virus was collected
from the apical surface by incubating with 100 ul of warm PBS-1% BSA for 1 hour at 37°C. All
other sets of NHBE cells designated for day 3 and day 5 post-infection were not disturbed and
remained in air-liquid interface. Similarly on day three, only the virus supernatant from the set of
transwells designated to be assayed was collected and the set for day 5 was left undisturbed. On
each day, 100 ul of virus supernatant was diluted to 2 ml and saved for TCID50 assay. The TCID50
assay is a limiting dilution assay that is used to determine the dilution at which 50% of cell
culture show cytopathic effects (e.g. rounding of cells and structural changes in cell monolayer).
Both FFA and TCID50 assays were performed on the same day. For the TCID50 assay, twelve halflog dilutions were prepared from the 100 ul of virus supernatant in PBS-1% BSA so that for each
dilution there were 8 replicates. Confluent MDCK cell monolayers, prepared 24 hours before
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virus collection, were infected with virus dilutions for 1 hour at 37°C. After infection, monolayers
were washed and incubated with virus growth medium (2 ug/ml TPCK-trypsin in complete
DMEM) for 72 hours. Cytopathic effect was monitored on each day but scored after 72 hours. A
TCID50 value was determined by the Reed-Munch method [68]. In addition to FFA and TCID50
assays, cell viability was quantified on each day with alamarBlue (Invitrogen). After collecting
virus for TCID50 assay, NHBE monolayers were washed with 25 mM HEPES and incubated with
100 ul of alamarBlue (Invitrogen) for 1 hour at 37°C and transferred to a 96-well plate for
fluorescence measurement in a SpectraMax M2 microplate reader (Molecular Devices, Sunnyvale,
CA). After incubation with alamarBlue, NHBE monolayers were washed and fixed in 3.7%
formaldehyde for 30 minutes at room temperature and stained for influenza nucleoprotein.
In a subsequent experiment, nucleoprotein expression was assayed 1 day, 2 days,
or 3 days post-infection. All experimental conditions remained the same as before except that on
each day virus was collected in all sets to collect as much viable virus as possible. In each well,
free virus was collected in 100 ul PBS-1% BSA for 1 hour at 37°C. For example, on day 1 postinfection, free virus was also collected from NHBE monolayers designated for day 2 and day 3
post-infection. Similarly on day 2, free virus from day 3 monolayers were collected. At the end of
each time point, apical wash from each day was pooled and diluted the same amount. Thus, at
each time point, the amount of secreted virus is the sum of the apical wash from each day. To
save samples for the TCID50 assay, apical washes from each day were immediately frozen in liquid
nitrogen. Both FFA and cell viability assays were performed as described previously.

5.3.2 Results
The results of nucleoprotein expression 1 day, 3 days, and 5 days post-infection are
shown in Figure 5.4. On each day, nucleoprotein expression was less than the amount expressed
at the previous time point for each variable. The expected result was that the number of
fluorescent forming units would increase as a function of time; however, the opposite was
observed, but NHBE monolayers that were pre-treated with sialylated liposomes showed
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significantly less nucleoprotein expression compared to virus only control on day 1 and day 3
post-infection. On both days, cells treated with sialylated liposomes showed 50% less infection
compared to cells without liposome treatment. Although the data suggests that sialylated
liposomes were able to inhibit virus infection, approximately 20-40% of virus that could be
inhibited was not. In this experiment, the approximate decoy to virus ratio was 170:1, which may
be the reason why a significant reduction in nucleoprotein expression was not observed. Since
2

previous data suggested that a decoy to virus ratio of 10 would be ineffective on NHBE
monolayers, the results shown in Figure 5.4 are in agreement with previous experiments on
NHBE cells. A reason for the observed decrease in fluorescent forming units may be that infected
cells from day 1 are no longer actively producing virus and have undergone cell death or cell lysis
or that the transmission of progeny virus was not efficient when infected monolayers in air-liquid
interface was left undisturbed for 5 days. In the former case, the cell viability data (Figure 5.5)
may support this notion, but there is uncertainty as the trend is different for each variable. To
determine whether viral titer decreased over time, TCID50 values were determined for apical
washes. Figure 5.6 shows that the TCID50 values after 3 days post-infection were several orders
of magnitude lower than viral titers from 1 day post-infection. At 5 days post-infection, apical
washes were collected but not assayed for TCID50. Although sialylated liposomes reduced viral
titer, there is additional uncertainty in the TCID50 values since control liposomes appear to inhibit
virus infection as well. Alternative, the reason for the inconsistency between data from control
liposomes and sialylated liposomes may be that the method of collecting free virus was not
optimal and required the addition of pronase. Nonetheless, the results from all three assays
suggest, albeit with uncertainty, that sialylated liposomes have the potential to alter viral kinetics
over time and that other factors may be involved that inhibit virus replication and transmission.
The differences between assays also attribute to the uncertainty in the effects of
sialylated liposomes on viral kinetics. Since FFA stains for influenza nucleoprotein, there is
uncertainty in whether productively infected cells 24 hours post-infection remain productive at
48 and 72 hours post-infection. Thus, nucleoprotein may be lost after cell death. In regards to the
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cell viability assay, the assay is dependent on incubation time and the number of viable cells to
convert resazurin, a non-fluorescent molecule, into resorufin, a fluorescent molecule. Thus, there
may be variability from day to day and from the number of cells in each well. As for the TCID 50
assay, MDCK cell cultures are used as the standard cell line for determining cytopathic effects
(CPE) and a value may be difficult to determine if the amount of collected virus from NHBE cells
is insufficient to produce cytopathic effects.

Figure 5.4. Effects of sialylated liposome treatment five days post-infection. Approximately 50%
influenza virus infection is inhibited by sialylated liposomes but the amount of fluorescent
forming units decreased over time.

Figure 5.5 Cell viability of NHBE monolayers 1 day, 3 days, and 5 days post-infection. Raw
fluorescence readings for each variable were normalized with fluorescence readings from healthy
NHBE monolayers.
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Figure 5.6 TCID50 values determined from NHBE apical washes collected 1 day and 3 days postinfection. Viral titers from NHBE monolayers at 3 days post-infection were several orders of
magnitude less and 5 days post-infection TCID50 values were not determined.

Results from an additional experiment to study the effects of sialylated liposomes on
viral kinetics are shown in Figures 5.7-5.8. At the same decoy and virus concentrations, influenza
nucleoprotein in NHBE monolayers was quantified at 1, 2, and 3 days post-infection. All
experimental conditions remained the same as before except that the kinetics was disrupted by
the collection of free virus each day from all sets to aid in the spread of infection. The hypothesis
was that inhibition by sialylated decoys would result in less infection when assayed 48 and 72
hours post-infection and that the rate of infection would not be as great as the rate from
uninhibited virus infection. The result in Figure 5.7 supports this hypothesis and shows that the
amount of fluorescent focus units detected increased between 1 day and 3 days post-infection
for both controls while in NHBE monolayers that were treated with sialylated liposomes, the
amount of infection remained relatively the same but increased from day to day. The amount of
inhibition by sialylated liposomes after 24 hours was 75% relative to virus control. Between day 1
and day 3 post-infection, infection on NHBE cells from wells treated with virus, control liposome,
and sialylated liposome increased by 38%, 104%, and 39%, respectively. On days 2 and 3 postinfection, no significant difference was determined between virus control and liposome control,
but statistical significance of inhibition was determined for sialylated liposomes for all three days.
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Figure 5.7 Effects of daily virus collection on NHBE infection. Apical wash was collected for one
hour daily and collected from all sets. After 24 hours, approximately 75% reduction in infection
was observed as a result of sialylated liposome decoy inhibition.

Figure 5.8 Cell viability data associated with data from Figure 5.7.

Interestingly, cell viability data (Figure 5.8) suggests that infected monolayers may
recover after 2 days post-infection, but differences between each variable was not observed.
Although there is potential for regeneration of epithelium after viral infection, that conclusion
cannot be made since cell viability was not measured every day from the same well. Thus, the
health of NHBE monolayers and population of cell types were assumed to be equal, which may
not be the case. Additional cell viability studies would need to be conducted to determine, if
possible, the virus dilution and incubation period that completely causes 100% cytopathic effect.
It is important to note that none of the NHBE monolayers in the results showed visible CPE and
monolayers at five days post-infection remained intact.
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Conclusions
Influenza infection can be inhibited by LSTc-bearing liposomes. The anti-viral mechanism
involves the inhibition of virus attachment on the cell surface and subsequently, entry into the
cell. The entry inhibiting mechanism is directly related to the binding between influenza HA and
LSTc, a glycan receptor terminated with an α-2,6 linked sialic acid. The receptor specificity was
confirmed by kinetic parameters obtained from surface plasmon resonance experiments, and the
inhibitory mechanism of LSTc-liposomes was deduced from in vitro infectivity experiments.
Results obtained with the fluorescence focus assay suggested that inhibition was greatest when
LSTc-liposomes were pre-mixed with virus before addition onto cells, plausible when cells were
prophylactically treated with LSTc-liposomes, and poor when LSTc-liposomes were given postinfection. Thus, the results support a mechanism of inhibition that is characterized by the binding
of sialylated liposome to virus. In addition, decoy efficacy was shown on well-differentiated
human bronchial epithelial cells and that the inhibition of virus entry directly affected viral
replication over time, suggesting that peak viral titer is delayed. Thus, if extrapolating results to
the in vivo environment, the delay in peak viral titer would delay illness and allow time for
autoimmune response to combat the spread of infection.
As influenza virus is ever evolving, the need for a broad specificity anti-viral was
addressed with the current research. Additional testing of LSTc-liposomes with multiple humanadapted influenza strains would strengthen the case for LSTc-liposomes as a universal entry
inhibiting anti-viral. The implications would be that current anti-virals that have lost efficacy
against new strains could be replaced by the use of LSTc-liposomes, and more importantly, an
entry inhibiting anti-viral with broad specificity would have significant impact on global health by
reducing the transmissibility of the virus.
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